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Abstract

LOW TEMPERATURE SINTERING PIEZOELECTRIC CERAMICS

TRF SENIOR RESEARCH SCHOLAR GRANT CONTACT NO. RTA 4580004

Principal Investigator:  Prof.Dr.Tawee Tunkasiri

In this project, attempt to reduce densifying (sintering) temperature of the
piezoelectric ceramics has been carried out.

This project can be divided into 4 subprojects, as follow:

Subproject I Thick Film Ceramics With Sintering Aids

In this subproject, thick film microware ceramics of BaTi,0,, BaT1,0, and BaTi,0O,
were synthesized employing conventional mixed oxide, sol-gel and co-precipitation methods
respectively. Sintering temperature BaTi,0, and BaTi,0, powders (which prepared via chemical
route, sol-gel and co-precipitation) are relatively low compared to that of BaTi,O,. Single phase
of these ceramics were obtained with exceptional high densities compared with that of theoretical
densities. Responses to the microwave frequencies were also excellent.

Submicro size particle of lead zirconate titanate (Pb(Zr,,,Ti, )0, PZT) were
obtained via spray drying of the mixed solution. The comesponding ceramics were sintered at
low temperatures (< 1200 °C) as expected, with exceptional good physical properties (dielectric
and piezoelectric,...etc.). Phase evolution of other lead based compounds were also studied.
Sintering aids were mixed to the lead based compounds and it was found that they can reduced

the sintering temperature (~ 1000 °C) with reasonable physical properties.

Subproject 11 Thin Film PLZT

Thin film of PZLT (~ 500 nm) can be produced by sol gel and spin coating methods.
Annealing was accomplished at 600 °C resulting in very dense, ferroelectric phase with PLZT
films of ~ 500 nm with exceptional low porosity and good electrical properties. Results from

subproject I, study of phase evolution PZ, PT and ZT was carried out. Forming of thin film PLZT



green sheets (~ 100 1m) was done via tape casting. The corresponding ceramics showed good

dielectric constant and low dielectric loss.

Subproject 11X Composite Materials

Composites are at least 2 compounds mixed together in various connectivities. In this
subproject, epoxy was impregnated into porous ceramic of PT and PZT. Their electrical
properties lie between the individual property of each compound, which is appropriate for using
as a medium for acoustic wave penetration between 2 different density media such as human
body and ceramics.

Ceramic-ceramic composites (PZT+PZN, PZT+BFN and BMN+BT) were also
prepared inorder to obtain high dielectric constant for capacitor applications. All composites
show high dielectric constants (> 10,000), especially, BMN+BT shows very high dielectric

constant with low dielectric loss.

Subproject 1V: Lead Free Piezoelectric compounds

Work in this subproject was concentrated on the lead free piezoelectric compounds,
such as bismuth sodium titanate (BNT), barium strontium titanate (BaSrTiO,) and BMN+BT with
sintering aids. However, attempt was carried out to produce thin film Ni doped CdS solar cell via
chemical both deposition. The films showed good sensitivity to light. Now, consistence of these

films is being tested.

Keywords: piezoelectric, dielectric, low sintering temperature, low sintering aids, composite.



Executive Summary

TRF Senior Research Scholar Grant (No. RTA 4580004)

1. Tile  Woladdnainassinfigumpidumeid

Low Temperature Sintering Piezoelectric Ceramics
2. Principal Investigator

MANIINTG ATND Funds

Professor Dr.Tawee Tunkasiri

Department of Physics, Faculty of Science

Chiang Mai University, Chiang Mai 50200

E-mail; tawee{@chianpgmai.ac.th

3. Research Field: Physical Properties of Materials

4. Budget: 7,400,000.- Baht

5. Research Period: 3 yrs. (1 August 20002 — 31 July 2005)
6. Support from other Agencies:

6.1 The Royal Golden Jubilee (RGJ), Ph.D. Program, TRF.

6.2 The Post-graduate Education Development (PED} Program (The Comrmission on
Higher Education)

6.3 National Metal and Materials Technology Center (MTEC)

6.4 National Research Council (NRC)
7. Research Work

The research work was aimed to develop processing techniques and materials for
producing piezoelectric and dielectric ceramics. Production of composite and cadmium sulphide
solar cells were also the objectives of this research. Emphasis was on low sintering temperature
of these materials with comparatively good physical properties inorder to reduce the cost of
production.

This project consisted of 4 subprojects as follow:

l.  Thick film ceramics synthesized with sintering aids.

2. Thin film PLZT

3. Composite materials and



4. Lead free piezoelectric compounds
8. Outputs
This research has resulted in:
- 20 papers (14 published, 6 in press)
- 3 submitted
- 1 patent
- 23 presentation international meeting
These were carried out by professors, assoctate professors, reader, lectures, researchers
and students from universities, institute. These are Chiang Mai university, Prince Songkla
University, National Metal and Materials Technology Center (MTEC), Ceramics division, Leeds
University (UK) and Victoria University of Wellington (NewZealand).
Industrial linkage has been established with the Uyemnura Ltd. (Japan).
There was an annual meeting on “TRF Senior Research Scholar on : Low Temperature
Sintering Piezoelectric Ceramics” (16 July 2003). Research members all presented their work,
Dr.8.J. Milne of Leeds University, UK. also joined the meeting and presented a topic of the work
of his research program. The team has received honors to arrange (jointly with Fac. of Science,
CMU and MTEC) an international serninar on “Smart/Intelligent Materials and Nanotechnology”
(1-3 December 2004). Leading scientist of the world joined the events, such as ProfR.E.
Newnham, Supaporn Seraphin, Kenji Uchino USA, and Prof.A.J. Cheetham, Ron Stevens (UK),
Ram P. Tandon, Yao Xi, Brian J. Tighe, John Wang, Amar S. Bhalla, David P. Cann, Derek C.
Sinclair, Geoffrey R. Mitchell, Qi Zhang, Weiguang Zhu, Ahmad Safari
Members of the teamn have received various awards as follow:
- Member of the executive board in Asian Ferroelectric Association (AFA),
(Prof.Dr.Tawee Tunkasiri)

- Reviewer of Journal of Materials Research (JMR) and Nuclear Instrumentation
Measurement, Nuclear, Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms (NIMB) (Prof.Dr. Tawee Tunkasiri)

- Micrograph Award 2003, LM: Materials Science 1" Prize Arranged by the

Electron Microscopy Society of Thailand (2-4 February 2005)



Best Poster Presentation 2003, 3" Prize Arranged by the Electron Microscopy
Society of Thailand

QOut standing researcher of the Institute for Science and Technology Research and
Development Chiang Mat University

Lecturer of the year 2002 (Prof.Dr.Tawee Tunkasiri) in science and technology of

the Council of the University Faculty Senates of Thailand
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1. Thick film ceramics synthesized with sintering aids.
2. Thin film PLZT

3.  Composite materials and

4.  Lead free piezoelectric compounds
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Abstract Calcining of the mixture of BaCO, and TiQ,
with a ratio 14 at different temperatures was carried out
to synthesize BaTi,O4 powders. Phase evolution of the
samples was studied using the differential thermal analy-
sis5 (DTA) and X-ray diffractometry (XRD). Both tech-
nigues confirmed that the formation of BaTi Oy started
around 1000 °C. The XRD peaks showed that BaTi,Oq
was most proncunced at 1250 °C. X-ray line broadening
methods were employed to study the variation of particle
size and microstrain of the BaTi, Qg powders. The Voigl
funviion in a single line and the pseudo-Voigt function in
the variance methods were used in our case. We found
that both funcuions resulted in the same trends, i.e., the
particle size increased with the temperature with the big-
cest size of 180 and 160 nm, whilst the microstrain
yielded the opposite trend with the lowest values of 6.2 X
{0-* and 1.1 x 103, The scanning electron microscopy
(SEM) study revealed the size of the large particles
formed. due 10 agglomeration, 10 be about 0.5-1.9 um.
Furthermore, it was shown that irregular shapes of
BaTi,0y powders necked to each other appeared at
1000 =C and grew into ellipse and rod shapes at 1250 °C.

Keyvwords Solid stale reaction - BaTi, Oy - X-ray line
broadening method

Introduction

Barium tetratitanate (BaTi,Oy) ceramic is of particular
inzerest and subject 1o much research due to its many al-
tractive properties. For example, its high temperature
stabilitv, Jow loss, high dielectric constant etc, make
BaTi, Oy compatible with microwave cireuits [1, 2]. It
was Masse et al. [3] who first mentioned the suitability
tor BaTi,Oq to be employed as microwave dielectric ma-
terial. This is because its dielectric contant (¢) and tand

S, Tungpuank - T. Tunkasin (2=1)
Depurtment of Physics, Facully of Seience,
Chiang Mai University, Chiang Mai 50200, Thailand,

c-nunls tawee @ ehiangmai.ac.th

were reported to be about 38 and 10~ respeciisely [3].
These are very close 1o the required values £(35-—-0) and
of tand(10-3) in microwave applications. The effect of
microstructure on the electrical properties of barium
based ceramics has been studied by many authors. It has
been confirmed by Mcneal et al. (4] that BaTiQ, ceramic
with an average grain size of 66 nm exhibits resonant be-
haviour. Tunkasiri and Rujijanagul [5] revealed thal the
relationship between the breakdown strength and grain
size is in the same form as observed for the mechanical
strength of ceramics. These may be due o the vanation
of the particle size and microstrain occurring i the ce-
ramic powder during sintering. The degree of crvstalli-
nity and lattice disorder of materials may atfcet the sta-
bility of their properties. Therefore, the study of the vari-
ation of the particle size and microstrain of BaTi,04 ce-
ramics, especially as a function of the fabrication tem-
perature, is of great impoctance for microwave ceramic
fabrication.

Many techniques have been employed regarding the
measurement of particle size of the BaTi,O, powders
prior to sintering. For example, Pfaff [6] empioved the
Brunauer, Emmett and Teller (BET) technique while
Choy et al. [7] and Cernea et al. [8] employed transmis-
sion electron microscopy (TEM). Choy et al. [7} also
used the Scherrer formula to calculate the crystallite size
from the X-ray diffraction profile. Since different mea-
surement methods would yield different resulis on the
crystallite and particle, we decided to employ two meth-
ods for confirmation of the results. In the widelv used X-
ray line broadening techniques to measure the parlicle
size and microstrain, different methods have shown their
limitations. It 15 well known that the measurement based
on the Scherrer formula does not yield microstrain val-
ues. Tunkasiri and Rujijanagul [9] and Pakokthom et al.
[10] successfully employed Wagner method and pseudo-
Voigt function in the variance method [11], respectively,
to measure the particle size and microstrain of Ba-based
compounds. Moreover, the pseudo-Voigl function in the
variance method and the Voigt function in a single line
method [12] can be applied on one single peuk. thus



avoiding the problem of the peak overlap, to estimate the
particle size and microstrain. Therefore, we used the two
methaods in our measurement.

BaTi Oy can be prepared by many techniques such as
solid state reaction [13], sol gel process [14], citrate [7]
and oxalate routes [8]. For simplicity, in this work,
BaTi O, powder was prepared by the solid state reaction.
X-ray diffraction {XRD) method was used to study the
phase evolution of BaTi,O,. The heating rates were var-
ied in order to obtain the best conditions of BaTi Oy
yield. Esumation of the particle size and microstrain
were carried out. Electron microscopy was also used to
study the morphology of the particies.

Relation to previous work

Barium based ceramics such as barium tetratitanate
(BaTi,Og}.and barium uitanate (BaTiO4} have become the
most widely used microwave ceramics [1, 2, 3, 4]. These
are due to the suitability of their properties such as high
temperature stability, low loss, high dielectric con-
tents.... etc. Resuits obtained from Tunkasiri and
Rujijanagul {5] revealed close relationship between the
grain size and other physical propertics of BaTiO; ce-
ramics. These may be due to the vanation of the particle
size and microstrain occurring in the ceramic powders
prior to sintering. Many techniques such as Brunauer,
Emmett and Teller (BET) [6]. transmission eleciron mi-
croscopy (TEM) [7, 8] were employed to measure the
particle size of BaTi,O4 powder. However, the methods
used do not yield any information about the microstrain
of BaTi;Qqy powder. Both particle size and microstrain
can be measured from the XRD line prefiles of the pow-
der using Wagner [9] and pseudo-Voigt function in vari-
ance method {10, 11]. Furthermore, the pseudo-Voigt
function in the variance method and the Voigt function in
a single line method can be applied on one single peak.
These two methods were thus employed in the present
work where there is only one clear single XRD peak in
the case of BaTi,Oy Morphology of the particles was
also studied using scanning electron microscopy.

Experimental

BaTi Oy powder was prepared by coaventicnal solid
state reaction from BaCOj and TiO, with the mole ratio
of barium carbonate (BaCO;) and titanium oxide (TiO,)
at 1:4. The powders were mixed and mibled for 24 h in a
polyethylene container with zirconia balls. Ethanot was
used as a milling medium. The mixture was then dried
and calcined in air at temperatures of 1000 °C, 1050 °C,
1100 °C, 1200 °C and 1250 °C respectively, for 2 h.
Heatirg rates were 3 “C/min. 10 *C/min and 15 °C/min
respectively for each calcination temperature. A differ-
ential thermal analyzer {DTA. Dupont 9000) was used to
study phase transformation of BaTi,Oq. The mixed pow-
der and oAl Oy as a reference were put into a platinum
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cell and heated. The unalysis was performed from room
temperature up 10 1200 °C with a heating rate of
20 °C/min. The X-ray diffraction profiles were obtained
using « Siemens powder diftractometer with Ni-filtered
CuK,, radiation. The X-ray scan speed was 26 min-! and
the scan angle from 20-60° of 20 was chosen. A slow
scanning speed of 1/8 min-' was also used on the (302)
peak for measurement of the particle size and micro-
strain. Rachinger’s method [15] was used to resolve the
K., and K, lines. The Voigt function in a single line
and the pseudo-Vaoigl function in the variance methods
were employed (o estimate the particle size and micro-
strain. The data weatments were performed according (o
the methods described by De Keijser et al. [12] and
Sanchez-Bajo and Cumbrera [11] respectively. The (302)
peak of BaTi O, was selected for measurement, since it
was the only peak with high intensity and not overlapped
by other peuks. Morphology of BaTi,O, was studied
from scanning cleciron micrographs.

Results and discussion

Figure | shows the DTA thermogram obtained from
heating the mixture of BaCO; and TiO, to 1200 °C. It is
indicated that moisture removal took place from room
temperature to 250 °C and phase change approximately
ocurred at about 950 °C, corresponding to forming of
BaTi,0,. Figure 2 shows a series of the X-ray diffracto-
grams, belonging to the as-mixed and calcined tempera-
tares from 1000 °C (rate of 3 °C/min). The analysis of
XRD patterns is based on the Joint Committee on Pow-
ders Diffraction Standard (JCPDS), card No.77-1565.
Every pcak can be attributed to BaTi,Oy. The results
show that the orthorhombic BaTi,Og phase started to
form at about 1000 °C and became most pronounced at
1250 °C. The heating rates and the temperature range of
BaTi,QOy forming, nbtained from our XRD results, are
agreeable to those obtained by Pfaff [6, 14], Choy et al.
[71, Cheng et al. {16] and Cernea et al. [8). In these pre-

Temperature Ditference (°C)
o

600 800 1200

Temperature (°C)

0 200 400 1000 1400

Fig. 1 SEM micrographs of BaT O, powders calcined for 2 h at
() 1000 °C (b) 1250 -C
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Fig. 2 X-ray diffractograms of BaTi,0, calcined at 1000 to
1250 °C for 2 h with heating rate of 3 °C/min

vious investigations BaTi,O, single phase was found at
900 °C [6]. 1250 °C [7], 1200 °C [16], and 1300 °C [8]
respectively. Furthermore, their results suggested that the
longer heating time could enable BaTi,O, to form at the
lower annealing temperature, though most of their prepa-
rations were carried out via different routes such as per-
oxide [6], sol gel [14], citrate [7] and oxalate routes [8].
Figure 3 shows some of the scanning electron micro-
graphs of the calcined BaTi Qg powders. it can be seen
that the BaTi,Qq powders consist of aggregated fine par-
ticles in almost irregular shape. They are slightly necked
each other at 1000 °C and gradually grow larger at high-
er lemperatures. At 1250 °C, large particles in ellipse
and rod shapes were observed, resemble to that observed
by Choy et al. [7]. The particle sizes obtained from our
SEM techniques are in the range of 0.5-1.9 um for the
calcination temperatures from 1000-1250 °C. They are
bigger than that observed from X-ray line broadening
techniques. This may probably be due to agglomeration
of 1he fine particles. However, their magnitudes are in
the same order as that obtained from Pfaff [6], who em-
ployed BET method for measuring and prepared the
powders via the peroxide route. Table 1 shows the parti-
cle size and microstrain values at each calcining temper-

Fig. 3 DTA thermogram of the mixed powder from BaCQO. mnd
TiO; with the mole ratio 1:4 (BaCO;:TiO,)

alure. The particle sizes calcvlated from the pseudo-
Voigt function in the variance method [11] were found
smaller than that obtained from the Voigt functicn in a
single line method [12]. This may be due 10 the different
ireatments of the two functions. However. they are in 1he
same order and show the same trend, i.e.. the purticle
size increases at higher temperatures. The microsirain
values calculated from both functions show the opposite
tend to that of the particle size, i.e., thev decrease
higher temperatures. The particle sizes obtained from
others [6, 7, 8] are also tabulated for comparison. The rc-
sults show that the magnitudes of our particle size values

Table 1 Particle size and microstrain of the BaTi, Oy powders at various heating temperatures

Cernea et al. [8)

Temp. {(°C) This work Pfaff [6] Choy et al. (7]
Do{nm) <2120 D,, (nm) «:s;lu‘,2>“2 (=10-3) Dy (nm) D, (nm) Dy (nm)
900 - - - - 90 36 -
1000 100 85 33 i3 - - 100
1030 107 8.3 40 3.1 - - -
1100 t15 8.0 66 2.1 170 — -
1130 130 T4 94 1.6 - N
1200 150 7.1 104 1.3 - -
1230 180 6.2 160 L1 - 3 =

D = Particle size by the Voigt function in a single line

D.. = Particle size by the pseodo-voigt function in the variance
method

Dy = Particle size by BET method

D_. = Particle size by Scherrer formular

- — Sy

Dy = Particle size by TEM

<p *»2 = Microstrain by the Voigt function in a single line

<€, ?>H = Microstrain by the pseudo-veigt tuncrion in the il
ance method



are in the same order as that obtained from Pfaff [6),
Choy et al. |7] and Cernea et al. |8], who though mea-
sured the size through BET technique, Scherrer formula
and transmission electron microscopy respectively. The
decrease of the strain is thought 10 have significant ef-
fects on some physical propertics such as permittivity
etc. of the BaTi, 0y ceramics.

Conclusions

BaTi, Oy powder was obtained from calcining the mix-
ture of BaCO; and TiO, with the ratio 1:4 at different
temperatures. Both DTA and XRD analysis reveal the
formation of the crystalline BaTi,O4 powders at the tem-
perature around 1000 °C. Esumation of the BaTi,04 par-
ticle size and microstrain in the powder was carried oul
employing X-ruy {ine broadening methods. The Voigt
and pseudo-Voigt functions were used. The particle size
values show that they increase at higher temperatures,
whereas the values of the microstrain show the opposite
trend, 1.e.. they decrease at higher temperatures. The big-
gest particle size and the lowest microstrain, estimated
from the Voigt function, are 180 nm and 6.2 x 10-3, re-
spectivelv. From the micrestructure analysis, it can be
concluded that at 1000 °C the BaTi O, powders in irreg-
ular shape are necked to each other and eventually
evolve into ellipse and rod shapes at 1250 °C. The ag-
giomeration of the fine powders results in bigger particle
sizes (~0.3-1.9 um). ’

159

Acknowledgements The authors would like to express their sin-
cere thanks 1o the Thailand Research Fund for the financial sup-
port. Thanks are also to Dr. L.D. Yu for his helpful comments and
correction on the manuscript.

References

1. Negas T, Yeager G, Bell 5, Coats N (1993) Am Ceram Soc
Bull 72¢1):80

2. Plourde K. Ren CL (1981) IEEE Trans Microwave Theory
Tech MTT 29(8):754

3. Masse DJ. Pucel RA, Readey DW, Maguire EA. Hanwig CP
(1971) Proc IEEE 59(11):1628

4. McNeal MP, Jang SJ, Newnham RE (1998) J App! Phys

83(6):3288

. Tunkasirt T, Rujijanagul G (1996) J Mater Sci Lett 15:1767

. Pfaff G (1991) J Mater Sci Leti 10:129

. Choy JH. Han YS. Sohn JH, Irch M (19933 ] Am Cerum Soc

78(5):1169

8. Cemea M, Chirtop E, Neacsu D, Pasuk [. lordancscu S 12002
J Am Ceram Soc 85(2):499

9. Tunkasiri T, Rujijanagul G (1994) ] Mater Sci Leu 13:163

10. Pakokthom C, Rujijanagul G, Tunkasiri T ¢1999) | Mater Sci
Leuw 18:747

11. Sanches-Bajo F, Cumbrera GL (1997)  Appl Cryst 30:427

12. De Keijser TH, Langford JI, Mittemeijer EJ (1982) I Appl
Cryst 15:308

13. Mhaisatkar §G, Lee WE, Readey DW (1989 J Am Ceram Soc
7201102154

14, Pfaft G (1992) ] Mater Chem 2(6):591

I5. Rachinger WA (1948) J Sci Inst 25:254

16. Cheng CM, Yang CF, Lo SH, Tseng TY (2000) J Euro Ceram
Soc 20:1061

~t O Ln



PNAIHNIEAY 1.2



GRI R bR SIS 1.2

PV Availabie anline at www.sciencedirect.com
-

b SclENCE(dDIHECT'

ELSEVIER

MATERIALS
LETTERS

Maiterials Letters 57 (2003) 26372642

wwnwv.elseviercomlocate/matlet

Synthesis, formation and characterization of zirconium
titanate (ZT) powders

S. Ananta™, R. Tipakontitikul, T. Tunkasiri

Department of Physics, Faculty of Science. Chiang dai University, Chiang Mai, 30200, Thailand

Received 30 May 2002; received in revised form LI October 2002, accepted 25 October 2002

Abstract

Zirconium titanate (ZrTi0,) powders have been prepared and charactenised by differental thermal analysis (DTA}, X-ray
diffraction (XRDY), scanning electron microscopy {SEM)} and energy-dispersive X-rav (EDX) techniques. The effcct of
calcination temperature, dwell time and heating/cooling rates on phase formaiion. morphology and particle size disinbution of
the powders are examined. The calcination temperature and dwell time have been found 1o bave a pronounced effect on the
phase formation 2nd particle size of the caicined zircomum titanate (ZT) powders. {t has been found that the miaer phases of
ZrO; and TiO+ tend to torm together with ZrTiOy, depending on calcinanion conditiens. Optimisation of calcipation conditians
can lead 1o a single-phase ZrTiOy in an orthochombic phase.

T 2002 Elsevier Science B.V. All rights reserved.

Kevwords: Zirconium tianate: ZrTiQy,; Powder syathesis; Oxides: Calcination; X-ray diffracton

i. Introduction order—order transition has been observed, the reported

phase transition is characterized by (1) a decrease in
the length of the the & axas [10], (2) ordered arrange-
ment of metal ions gives rise to a doubled axis along
the a direction [11], and the reconstructive transition

Zirconium titanate-based compositions are exten-
sively used as dielectric resonators for microwave
ielecommunications [1-3). They also are of interest

for a wide range of applications including catalysis,
hurmidity sensors, high-temperature pigments and
composites [4—8]. It 1s known that ail forms of
ZrTiO4 have the orthorhombic structure [9]. Above
{200 °C, the high temperature phase of ZrTiQ, was
related to that ¢f a-PbOa, having random distributions
of cations in available octahedral sites. On cooling
within the teroperature range 1200-1100 °C, a dis-

* Corresponding author. Tel.: +66-53-943376; fax: +66-53-
357512,
E-maif address: supon@chianemai.ac.th (8. Anant).

requining a large scale rearrangement of the cations in
the lamice [12].

The stoichiomertry of zirconium titanate 15 known
to be an important factor for ensuring good properties
[2-5]. In order to obtain fine-grained, high quality
and stoichiometric zirconium titanate powders at low
processing temperatures, various chem:cal routes, for
example, hydrolysis of alkoxides [13], sol-gel [14],
Pechini [15], and co-precipitation [161, have been
devefoped as alternatives to the conventional solid
state reaction of mixed oxides [17]. All of these
techniques are aimed at reducing the temperature of

0167-577X/02'S - sce front matter © 2002 Elsevier Science B.V. All nights reserved.

doi:10.1016:50167-57TX(0201342-3
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preparation of the compound even though they are
more involved and compheated than the mixed oxide
route. Generally, the mixed oxide method involves the
heating of a mixfure of zirconium oxide and ttanium
oxide above 1200-1600 >C tor long times [! 7], and
has been employed intensively in the last decade [18-
20]. The optimisation of calcination conditions used
in the mixed oxide process, however, have not
received detailed attenuion. and the etfects of applied
dwell time and heating/cooling rates have not yet been
stuched extensively to our knowledge. The purpose of
this work was to explore a simple mixed oxide
synthetic route for the production ot zirconium tita-
nate (ZT) powders and perform a systematic study of
the reaction between the starting zirconium oxide and
titanium oxide precursors. The phase formation, mor-
phology and pacticle size ot the powder caleined at
vanous conditions wiil be studied and discussed.

2. Experimental procedure

Laboratory grade punrty oxides of zirconium oxide,
Zr0, (baddeleyite: JCPDS file number 37-1484) and
tilanium oxide, TiQ- (anatase: JCPDS file number 21-
1272) (Fluka, 99.9% purity) were used in this study.
The two oxide powders exhibited an average particle
size n the range of 3.0-5.0 pym. ZrTi0, powder was
synthesised by the solid state reaction of thoroughly
ground mixtures of ZrQ- and Ti()» powders that were
milled in the required swichiometnc ratio. The milling
operation was carried out for 24 h in isopropanal. High
purity zirconia balls with diameter of 10 mm were used
as the milling media. After drying at 120 °C, vanous
calcination conditions, t.e. temperatures ranging from
1100 to 1350 °C, dwell times ranging from 0.5 to 6 b
and heating/cooling rates ranging from 2 to 20 °C/
min., were applied, in order to investigate the forma-
tion of zircomium titanate. The reactions of the uncal-
cined ZT powders taking place durdng heat treatrnent
were investigated by differential thermal analysis
{DTA) (NETZSCH-Geriitebau GmbH Thermal Anal-
ysis STA 409) using a heating rate of 10 °C/min in air
from room temperature up to 1400 °C. Calcined
powders were subsequently examined by room tem-
perature X-ray diffraction (XRD; Philips PW 1729
diffractometer) using CuK,, radiation to identify the
phases formed and optimum calcination conditions for

the manufacture ot ZT powder. Powder morphologies
and grain sizes were directly imaged using scanning
electron microscopy (SEM; JEOQOL JSM-840A). The
chemical compositions of the phases formed were
elucidated by an energy-dispersive X-ray (EDX) ana-
lyser with an ultra-thin window. EDX spectra were
quantified with the virtual standards peaks supplied
with the Oxford Instruments eXL software.

3. Results and discussion

A DTA curve obtained for a powder mixed in the
stoichiomettic proportions of ZrTiQ, is shown in Fig.
1. Two exothermic peaks with maxima at 1150 and
1240 °C, and two endothermic peaks centered at ca.
1200 and 1270 °C were observed in this profile.
These temperatures having been obtained from the
calibration of the sample thermocouple. It is to be
noted that there is no obwvious interpreration of the
peaks, although it is likely to correspond to a phase
transition reported by a number of workers [10-12],
These data were used to define the range of temper-
atures for XRD imvestigation to between 1100 and
1350 °C. Powder XRD patterns of the calcined ZT
powders are given in Figs. 2—-4. In general, the
strongest reflections apparent in the majority of the
XRD patterns indicate the formation of zirconium
titanate phase, ZrTiQ,, which could be matched with
JCPDS file no. 34-415. To a first approxirmation. this
major phase has orthorhombic structure. space group
Pnab (no. 60), with cell parameter a =503 pm, b= 340
pm and ¢=480 pm. It is aiso of interest that no
evidence has been obtained for the existience of the
o-PbO»-like orthorhombic phase (space group Pend)
reported by Newnham [9]. Depending on the calcina-
tion conditions, at least four minor phases were
identified, i.e. monociinic-ZrQ-» (*), teragonal-ZcO-
(V), anatase-TiO, (*) and rutile-TiG, {+), which can
be correlated with JCPDS files numbers 37-1484, 17-
923, 21-1272 and 21-1276, respectively. The precur-
sor ZrO- has a baddeleyite-type structure with mono-
clinic unit cell (a=5.3t A, b=5.21 A, c=5.14 A and
f#=99.22°), space group P2,/a (no. 14), whereas
tetragonal symmetry (@=3.78 A and ¢=9.51 A) is
associated with anatase-TiO, precursor, space group
f4,/amd {no. 141). Both mnor phases found in the
calcined ZT powder of Zr0, (V) and TiO, (*) have
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Fig 2. XRD paniems of ZT powder cajcined at various temperatures for 4 h with heatingfcooling rates of 20 *C/min.
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tetragonal symmetry with urut cell parameters:
=512 A and c=5.25 A, space group P4m2 (no.
113), and ¢ =3.78 Aand c=9.51 A, space group P4/
mnm (no.|36). respectively. 1t is well established that
there are a number of polymorphic forms of ZrO, and
TiOa stable at different temperature and pressures. In
the work reperted here, monoclinic/tetragonal trans-
formations of ZrO, and the anatase/rutile trans-
formation of TiC- have been found. Monoclinic
zirconia {*) is detecied from the orginal mixture up
to 1200 °C, whereas partial conversion to tetragonal
zirconia {V) was observed after heating at 1100 °C,
which is associated to the DTA exothermic effect
previously observed in Fig. 1. It is seen that
completed conversion of anatase-TiQ, (*) precursor
to rutile (+) was found afier calcination at 1100 °C, in
agreement with other work [21]. No evidence of
T12Z2r0 was found. nor was there any ndication of the
orthorhombic phase of ZrsTi;004 [22] being present.
This study shows that minor amounts of the ZrO-
and TiQ, phases tend to co-exist along with the
zirconium titanate ZeTiQ, phase, after caleinations in
the range 11001200 °C. By increasing the calcina-

S. Ananta et al. / Materials Letters 57 (2003) 2637-2642

tion temperature, the yield of ZrTiQ, phase incrz..es
significantly uatil 1300 °C, whereafter higher te:r -~ :r-
atures do not enhance the yield (Fig. 2). Apant =-.m
the calcination temperature, the effect of dwell ~me
was also found to be quite significant (Fig. 3. = 13
seen that the single phase of ZrTiO, (yield of 1009,
within the limitations of the XRD technique) was
found to be possible only in powders, calcined at
1300 °C with dwell time of 4 h or more. [n the prassnt
study, an afttempt was also made to calcine T
powders under various heating/cooling rates (Fiz. 45
In this connection. it is shown that the yvield of Z: 7.0,
phase did not vary significantly with different heazing
cooling rates ranging from 2 to 20 *C/min, [t is 0 e
noted that doublets observed in the XRD patte Tor
ZrTiQ, at 28=48°, 50°, 52°, 54° and 57° couic ze
attnibute to the formation of minor phase Zr<T:-C ...
This phase also has the x-PbO- type structure 23 a
well-define superstnucture with a tripled a-axis (25 {t
15 well established that zwconium titanate-based :_m-
ples exhibiting difference degrees of ordering mav oe
generated by employing high temperature treat “nent
and different heating/cooling rates [23].

{411}

{*) ZrD; JCPDS lte no 77-1434

{+) T3d; JCPDS filc no. 21-1276
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Fig. 3. XRD patterns of ZT powder calcined at 1300 °C with heating/cooling rates of 20 °C/min for various dwell times.
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Fig. 5. SEM micrographs of the ZT powders calcined for 4 h at {a) 1106°C, {b) 1175°C, {c} 1200°C and (d) 1300°C.
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Fig. 4. XRD patterns of ZT powder calcined at 1300°C for 4 h with vanous heating/cooling rates.
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Abstract

BaTisQ, powders with microwave diclectric application potentials were
synthesized using the homogeneous precipitation method and characterized.
The precursor of the powders was prepared by co-precipilation of a solution
of barium and titanium species with oxalic acid at a temperature of §0 °C
and subsequent calcination at different temperawres. The phase evolution
and charuacteristics of the samples were studied using differential thermat
analysis, Fourier transform infrared spectroscopy, x-ray diffractometry, and
transmission electron diffraction. The results show that fermation of
BaTisQ,, starts around 700 °C and contirues until 1100 °C in air, and in this
calcination temperature range all powders appear to be single-phase,
nionoclinic BaTisO)). Scanning electron microscopy and transmission
electron microscopy obscrvations reveal that the sizes of the particles, ncarly
round in shape, formed due 1o agglomeration, are about 100 nm at a

calcination temperature of 700 °C, and 600 nm at 1100 °C.

1. Introduction

Nowadays, microwave communication systems such as
personal comnunication systems, global positioning systems,
and cellular systems are widely used. There is great interest in
developing dielectric resonator ceramics for these applications
due to their high dielectric constants, high quality f{actors,
low dielectric loss, and near-zero temperature coctiicients of
the resopant frequency [1]. BaTisO is one of the most
important titania-rich compounds in the BaO-TiQ, system,
which is of considerable interest for microwave diclectric
applications. Since Ritter et af [2] concluded from O'Bryan’s
data [3) that singie-phase BaTisQy, might have superior
microwave properties, relevant work has been carried oul
aimed at producing single-phase BaTis Oy powder. According
to O’ Bryan [4]. it was shown that the conventional solid-state
reaction could not yield single-phase BaTi;O,;. Chemical
processes were then employed in an atiempt to obtain single-
phase BaTi<O),. Fukui etal [5] and Ritter et al 2] showed (hat
BaTis Oy powder could be produced by annealing alkoxide-
derived powder at 700-1100°C, but for a prolonged heating
time (48 h) at 1200°C. BaTisOy, would be decomposed.
Javadpour and Eror [6] and Lu er al [7] employed a liquid-mix

0964-1726/034)40656+04530.00  © 2003 10P Publishing Lid  Printed in the UK

technique and a new sol—gel process. respectively, (o prepare
BaTi; Oy, powder and oblained single-phase BaTisQ,, powder
at 700-1100°C.  Nevertheless, new chemical preparation
methods for obtaining single-phase BaTisO,, were still
searched for. 1t had been thought that the homogeneous
precipitation method [8] could also have potential for yielding
single-phase BaTi; Oy, since it was successfully employed to
prepare single-phase BaTiO; powder [8—10] and lead zirconate
ttanate {PZT) {11]. This method has the additional merit of
being abie to produce fine particles with high purity. Therefore.
the homogeneous precipitation method was employed 1o this
work.

2. Experimental detzils

The preparation of BaTisO), is similar 1o that described by
Tunkasisi and Rujijanagul [8]. Barium chloride (BaCl; H:O)
(>99% purty, Carlo Erba), titanium tetrachtoride (TiCly)
(>98% purty, Carlo Erba), hydrochloric acid (HCl). and
oxalic acid were used as the starting matenals. These
malerials were mixed and treated in the following steps 10
produce the targeled BaTisO);.  The solution of barium
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Figure 1. A DTA thermogram of the precipitated precursor of
Ba'ﬁ;O,,.
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Figure 2. XRD powder patierns of the precipitated precursor of
BaTis O, calcined at various temperatures for 4 k (o = BaTisOyy
and x = BaTiyOy).

chioride was prepared by dissolving BaCly-H,O in distifled
water, The solution was then slowly added 10 a solution of
titanium tetrachloride in 1IN HCI (i.¢. 36.5 gm HCI/1 of water)
at 4°C to reach the stoichiometric BaTisQ;; composition.
After vigorous stirring. this mixture was slowly added to
aqueous oxalic acid (30% in excess over the stoichiometric
amount fequired for precipitation) aed beated up 10 86°C
for about 1 h. After barium titanyl oxalate tewrahydrate
(BaTiO(C304)2-4H,0) precipitated [8], the precipitate was
filtered and washed with distilled water three times, dried, and
then heated to vield BaTisOy,. The heating was carried out for
4 h at each of the temperatures ranging from 700 to 1200°C
with a scparation of 100°C. The phasc development of the
dried powders was analysed by differential thermal analysis
(DTA), which was performued up to the temperature of 1200 °C
at a heating rate of 20 °C min™ ', The calcined powders were
characterized by x-ray diffraction (XRD) (Cu Ka radiation}.
scanning electron microscopy (SEM), transmission electron
microscopy (TEM)., and transmission electron diffraction
(TED). The reaction features in the calcination processes were
studied using Fourier transform infrared spectrascopy (FTIR}
al room temperature using the KBr plate method {12].

Table 1. Resubts of the phase analysis a1 various calemation
leinperatures.

Calcination Phases present
temperature e
. This work  Refereace (7] Relerence (6]
T3 RilTi50|, Ba'['l;U.. BHT|50|1
800 BaTi; Oy, — —
850 BaTi, O, BaTisO
900 BaTisOy, — —
1000 BaTiyC, BaTisOQ, BaTi.Oyy
1100 BaTis 05 BaTi<Oy, BaTi0y;
1200 BaTi_gO., = BuTi\()”
+ BaTi.Oy + BaTi; 0,

3. Results and discussion

Figure [ shows the DTA thermograrmn obtained from the
dried precipitates of banum Lltanyl oxalate letrahydrate, up
to 1200°C. It can be scen that evaporation of water and
crystal water occurred at below 250°C, there 15 o loss of
remnant organics indicated by the broad peak ar ahout 376 °C,
and decomposition of barium carbonate and ttaniurn oxide
and the reaction between fresh nucler 1o form single-phase
BaTisQyy occur al about 700°C. The formation of the final
phase has been noted to be related 10 the ratio between the
main components. such as Ba and Ti, in the precussor. With
the same precursor, when the ratio of Ba and Ti wus 1:1, the
formation of BaTiOy could occur [8], whereas the present
Ba-Ti ravo of 1:3 resulted in the formation of BaTis0);.
The formatiog of the BaTis Oy, single phase is confimmed by
the XRD characterization. Figure 2 shows a series of x-ray
diffractograms for the as-mixed powder and those calcined
at various temperatures. The XRD patterns were analysed
on the basis of the Joint Comunittee on Powder Diffraction
Standard (JCPDS), card No 35-0805. Every peak in the
patterns at the temperatres from 700 to 1100 °C can be
atiributed to BaTi<Q),. This indicates that the powderis single-
phase monoclinic BaTisOy;, which stans to form from about
700°C. However, the BaTisO,; phase decomposes into a
mixture of BaTisOy; and BaTwOy when heated up 10 1200 °C
as demonstrated by the increasing height of the BaTi; Oy
peaks that overlap the BaTisOg¢ peaks. The formation and
decomposition of BaTisQy in relalion to temperature obtained
from our XRD results agree with those obtained by Riuer er al
2], Lu er al [7]. Fukui er al [5]. and Javadpour and Eror {6],
as shown in table 1. Figure 3 shows the FTIR spectra of
the BaTisQ,, powders calcined at various temperatures. The
absorption peaks for the dried precipitates {110 °C) appear at
1686, 1420, 1354, 1306, 808, and 535¢m ™, which correspond
to the modes of vibration of the oxalate group [13], resembling
those reported by Potdar er af [10] and Cemnea er of [14] for
BaTiO; and BaTi,Og respectively. At 700-1100 °C, the same
infrared (IR) peaks appear at 844 and 743 cm™", whereas the
peaks at 1686, 1420, 1354, 1306, 808, and 535 cm™? disappear.
This indicates that a reaction between banum carbonate and
litanium oxige took place and resulied in formation of the
BaTisO,, powder. Electron diffraction experiments were
carried out on une sample, calcined at 800 °C. The diffraction
rings confirmed a crystaliine phase (figure 4), comresponding

657



Sl

77.2 R,
A4
70 L i)
6oy =T - @
o) iy
F 50 d fe 4
s i fooy
c | ,"
Z 40 :
E i y @
£ 307 i ¥
' ' v
f : 64
i : TR
"J A s == _:(l)'
‘ . fet it
10 i ) - ~ :fm.
J’ Pt - :l:‘si
0L - E————— D — . ' + e —
2000 1800 1600 1400 1200 . 1GG0 R00 600 370

Wavenurther (em )

Fizure 3. FTIR spectra of the precipitated precursor of BaTisOy, calcined at different temperatures: 110°C (specwum L), 700°C
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Figure 4. A TED patern of the BaTizO,, powder calcired at
RO0=C.

{This hgure 35 1n colour oaly in the electronic version)

to JCPDS card No 35-0803. of BaTisO), with planes (hk!) of
(031), (040). (0=1), (221), (241), (341), and (361). Figure 5
shows some of the scanning electron micrographs of the
calcined BaTi;0Qy) powders at 800 and 1100 °C, and figure 6
shows a TEM micrograph for the powder calcined at 800 °C.
It can be seen that the BaTisQ, powders consist of weakly
aggregated fine particles almost round in shape: these are
expected grow larger at higher temperatures. The particle sizes
are estimated o be 100 nm at a calcination temperature of
700 °C. and 600 om a1 1100 -C.

4. Conclusions

BaTisO,, powders were prepared using the homogeneous
precipitation method in which the BaTisO)y precursor was
calcined at temperatures from 700 to 1100 °C for 4 h. DTA,

658

Figure 5. Scanning elecwron micrographs of BaTi;0), powders
calcined at: (a) 800°C; and (b) 1100°C.

FTIR, XRD, and TED analyses show that the powders formed
exhibit a stable single phase of BaTisOy; in this temperature
range, whereas the phase dissociates into BaTisO), and
BaTisOy when the calcination temperature is as high as
1200 °C. The microstructure analyses reveal that the BaTis Oy
powders consist of weakly apgregated fine particles almost
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Figure 6. A TEM micrograpb of the BaTisQy, powder calcined al
300 C.

round in shape. The particle sizes are estimated to be 100 nm
at a calcination temperature of 700 °C, and 600 om at 1100 °C.
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Effects of Ba(Mg,3Nb>/3)03 on microstructure and dielectric properties

of barium titanate ceramics

A MUNPAKDEE,J. TONTRAGOON, K. SIRIWITAYAKORN, T. TUNKASIRI
Duepartment of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

L mail: tawee@chiangmai.ac.th

The current trends in the electronic apparatus require
small sized electronic components with high volumet-
ric efliciency, high reliabitity and low caost. Ceramic
capacitive components must have high permittivity for
volumetric efficiency and low temperature coefficient
of capacitance for reliable circuit performance. These
capacitors are based primarily on ferroelectric com-
pounds such as barium titanate (BaTiOs; BT), lead
magnesiem niobate (PbMgNbOz: PMN) and lead zir-
conale niobate (PhZrNbO;: PZN) [1].

Due to environmental concerns, specific work has
been devoted to lead free compounds over the last
few vears. Same promising compounds arc modified
BaTiGs ceramics. BaTiOz exhibits u high dielectric
constant about 3000-18 000 betow its Curie temper-
ature (~-133°C) |2] but rather narrow dielectric con-
stant peak which makes tt not suitable for high per-
formance capacilers in a wide temperature range. The
idea of incorporating tons 1o this material in order to
adjust or change its properties has been suggested and
realized many years ago. Various modifications have
been considered and prepared to cause homovalent or
heterovalent substitution on the Ba or the Ti-site, es-
pecially on the Ti-site which yields more interesting
result [3]. In order to obtain the required diclectric
properties of modified BT ceramics, oxides or complex
compounds such as zirconium oxide (ZrQO;) [4, 3], nio-
bium oxide (NbaOs) [6], strontivm titanate (SrTi0Oz)
[6. 7). lead ttanate (PbTiOs) [7] and banum mag-
nesium nicbate (Ba(Mg;3Nba,3)01, BMN) {8] were
emploved for substitutions. Weill er al. [9] obtained
very high dielectric constant (g,) by adding BMN onto
BT ceramics. However, the bechavior of g, over wide
range of temperature and evolution of the microstruc-
ture of the modified BT ceramics are not fully un-
derstood. Furthermore, the starting powders prepared
by Welll er al. [9] were carried out via a chemical
route which would rather be costly on the manufac-
turing scale. The purpose of this work 1s therefore 1o
examine the effects of smalt additions of BMN on the
microstructure and dielectric properties of BaTiO; ce-
ramics by synthesizing all compounds via mixed oxide
route.

The raw materials used in this work were all reagent
griude chemicals such as barium carbonate (BaCOs;).
magnesium oxide (MgO). niobium oxide (Nb,Os) and
utamum oxide (T02). They were weighed in appropsi-
ate proportionality on the basis of the formula (1 — x}
BaTiOz., BaMg,aNbz,21)0: (where 0 < x < 0.06).

0261-5028 1 2003 Ktinwer Academic Publishers

the mixed chemical powders were then ball milled with
zirconia balls in ethyl alcohot for 24 h and dried in an
oven (at about 100 °C). The samples were caleined at
1200°C for 2 h in air. The calcined powders were ball
milled again in PVA 2 wi% sotution for 2 h and dried.
Disc shaped, green compact sampies were produced
by uniaxially cotd pressing the powder at 60 MPa. The
green compact samples were sintered L various lcmper-
atures for 2 h in air. They were heated by conurolling
the turnace temperature at the rate of 5C/min. The
bulk densities of the sintered samplex were determingd
by the Archimedes method. The sintered samples were
analyzed by scanning electron microscopy (SEM) and
X-ray diffractometry (XRD). Silver paste was applied
on both fuces of the sample discs for elecirical measure-
ments. Evolution of the dielectric constant against the
lemperature was measured al various ambient temper-
atures ranging from room temperature (¢ 200+ C, using
an LCZ meter (Hewlett Packard 4276A) opcrated at
1 kHz.

Fig. | shows the XRD patterns ol the BMN doped
BT and the pure BT powders. Various amounts of BMN
were used for doping. All the peaks can be attributed to
cubic phase BT. The analysis was carricd out based on
the Joint Cammittee on Powder Diffraction Standard
(JCPDS) [10, 11]. No trace of BMN was observed.

The X-ray diffractograms of the BMN doped BT
ceramics are alse shown in Fig. 2 afler sintering at
1400 -C. It was found that tetragonal BT structure [10)]
became cubic [11] at room temperature when more than
4 mol% of BMN was added 1o BT. This 1s quite agree-
able with Weill er al. [9] who found that tetragonal-
cubic {ransformation for BMN doped BT ceramics oc-
curred when the doping ratio was higher than 5 mol%
though employing chemical route in preparation.

Fig. 3 reveals the observation of chemically etched
polished ceramic surfaces of undoped and doped BT.
The grain size grew bigger as X = 0.01 to 0.03 mol
(Fig. 3b) with reasonably homogeneous shape of abowt
50 pm. Discontinuous growth showed up when X =
0.04. (Fig. 3c). This is in accordance with the oblained
XRD data(Fig. 2} which indicates that the tetragonai—
cubiv transformation oceurs at X = (.04, However.
continuous growth of the grain size. of about less than
S0 jam. appeared at hivher doping ratio (X = 0.006).
These results are agreeahle with the report made by
Weill er al. 18], who found that the grain size was
less than 50 pm for X' < (106 and decreased as X was
increased.
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Changes of dielectric constant of the sample sintered
at 3 different sintering temperatures (7)) and dissipa-
tion factor (tané) of the sample sintered al 1350 -C,
against lemperature were plotted n Fig. 4. The doping
rate of 2% was selected due 1o its highest value of .. It
can be concluded that a very small variation of &, with
temperature occurs in the range of 20 °C1o 80 'C which
is the normal operating temperature range of most ca-
pacitors. The sample sintered at 1300 7C was lound
have the highest g, of 43000. The dissipation factor
(tan 8) slightty increased after 50 *C while the highest
tan & was 0.04 which is generally acceptable.
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+ xBMN ceramies when v varies from 0.00 1o 0.06 (sinteied at 1400°C).

Physical property data such as density and dielectric
constant {&;) of the BMN doped BT ceramics at dif-
ferent sintering temperatures are tabulated in Table 1.
It can be concluded that the Curie temperature (7¢}
tends to decrease from around 120°C to 30°C as v
mereases, Shrinkuge of the ceramics was found (o in-
vrease with inereasine 7, The sintlering iemperatuce
has the tendency to increase as the dopant increases.
At the doping rate ol 4% where the abnormal grain
srawth occurred the density decreased and became rea-
sonably constant at higher doping rate. The highest &
vilue was about 43 000 for the BT ceramic containing



Fizure 3 Evolution of grain size against the doping ratio of (I — v)BaTiOy + vBaMg,3Nby,a0:: (3) X =0, {by X =002, (c) X = 0.04. and

td X = Q.06 {All the samples were sintered at 1400°C).
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© tand o o
= 1350 °C
Q
L 20,000 - 0.04
L
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1300 °C
Loz
10,000 1350 °C
1400 °C
0% — ; . - — 0.00
0 50 100 150 200 250 300

Temperature (°C)

Fizure 4 Changes of dielectric constant {at | kHz} and dissipation factor (1an 8) against temperature of 2 mot% BMN doped BT ceramics at various

sintenng temperatures.,

2 moi% BMN sintered at 1300°C, which is lower
than that obtained by Weill er o/, [9). This may be
due to different methods of preparation. i.e., we sin-
tered via mixed oxide route while Weill er al. em-
ptoved the chemical methed. Consequently. the starting
powders of our methed are considerably bigger which
may result in lower &, value. This reasoning in accor-
dance with the result obtained by Enomoto and Yamaji
[12| who found that the dielectric constant of BaTiOs

ceramic depends markedly on its particle size prior 1o
sintering.

In conclusion. the effects of BMN on microstructure
and dielectric properties of BT ceramics were studied.
Various amounts of BMN were used for doping corre-
sponding to the general formula (1 — x)BT 4+ xBMN
where v varies from 0.01 to 0.06. The sintering tem-
perature was varied from 1300 °C 1o 1450°C. Results
showed that higher 7, was required for higher amount of
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TABLE I Phesical properies of BVN duped BT ceraics

Sintering Shiinkage  Densin [ielectric Tc

wiperatwre 704 C1 (%) (om0 consiant (7,3 {"C)
1340 1371 84 0l 9600 126
1330 [3.47 5.4 10 000 119
1400) 13.63 .80 8500 {20
1300 15.81 585 002 43000 08
1330 15,72 AN1 22000 93
1400 1593 5080 16000 103
1400 15.60 580 .03 9500 74
1450 15.4h 5.5 10000 73
1400 1593 5.01 001 12000 54
14350 15.90 376 14 3(k) 54
1400 15.68 541 003 21000 ~30
1450 15.62 B 15600 ~30
1400 16.27 3.580 0.06 15000 ~30
1450} 16.90 576 0300 ~30

T = Curie temperature.

dopant. The grain size became bigger and more homo-
gencous al higher 7. The XRD data confirmed the fer-
roelectric phase of the ceramics at the low doping ratios
(x == 0.01-0.03). The rransformation from ferroelectric
to paraelectric phase occurred when x = 0.04. The mi-
crostructurg also showed discontinuous grain growth at
x == {104 but homogeneous grain shape pronounced at
x > 0.04. The dielectric constant of the doped samples
was found to be considerably higher than that of the
undoped ones,
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Perovskite phase formation and ferroelectric properties of the
lead nickel niobate-lead zinc niobate-lead zirconate titanate

ternary system
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The ternary system of lead nickel niobate Pb{Ni ,Nb.,;)0, (PNN), lead zinc mobate
P(Zn | ,3Nby, )05 (PZN), and lead zirconate titanate Pb(Zr,,Ti )0+ (PZT) was
investigated to determine the influence of different solid state processing condinons on
dielectric and ferroelectric propenies. The ceramic materials were churacterized using
x-ray diffraction, dielectric measurements, ard hysteresis measureinenis, To suabilize
the perovskite phase, the columbite route was utilized with a double crucible techmque
and excess PbO. The phase-pure perovskite phase of PNN-PZN-PZT ceramics was
obtained over a wide compositional range. It was observed that for the temary system
0.5PNN—(0.5 — x)PZN-xPZT, the change in the transition temperature {7,,,) is
approximately linear with respect to the PZT content in the range x = 0 to 0.5. With
an increase in x, 7., shifts up o high temperatures. Examination of the remunent
polarization (P} revealed a significant increase with increasing x. [n addition, the
relative permittivity (e.) increased as a function of x. The highest permittivities

(g, = 22,000) and the highest remanent polarization (P, = 25 nC/om?) were recorded
for the binary composition 0.5Pb(Ni,,3Nb4,2)05-0.5Pb(Zr, ,Ti, 5)O5.

I. INTRODUCTION

Lead-based complex perovskites, such as Pb(Zn, ;0Nb, )04
{PZN} and Pb(Ni,sNb. YO, (PNN), having the general
formula Po(B'B”)O have received significant atiention
since the 1970s because of their peculiar dielectric and
pieroelectric behavior. These materials have been ap-
plicd in many areas such as electrosiriclive actuators,
transducers, and muhilayer ceramic capacitors.'™®

Lead zinc niobaie, PZN, was first synthesized in the
1960s.” Its permittivity versus temperature curve dis-
played a broad peak around 140 °C (T,) with a strong
frequency dependence. Extremely high relative permit-
tivities have been measured in the vicinily of the peak
with a €, ~ 60,000 reported for single crystals.*®"’
Nanometer-level chemical heterogeneity in the form of
shor range order of Zn?* and NB™ a1 B-sites was pro-
pused to account for the observed diftuse phase transi-
don. ' The crystal structure of PZN is rhembohedral
Vi) at room temperature and transforms to cubic
tPm3an) at high lemperatures.

Unfortunately, phase-pure perovskite PZN polycrys-
walline ceramics have not been syvnthesized by conven-
conal solid-reaction methods because of u steric and an
electrostatic interaction betweea high polarization of the

i%)

382 J Malet. Res., Vol. 18, No. 12, Dec 2003

Pb™ cation and the Zn®* cation, which favors the ror-
mation of the pyrochlore phase instead of the perovskite
phase.'™ Moreover. the low tolerance factor and sl
electronegativity difference” makes the perovskiwe pi
unsiable, requiring the addition of nonmnal ferroeleciric
compounds such as BaTiO4'® and PbTiO3'® to stabilize
the perovskite phase. Recently, Fun er af'™'® mixed
Pb(Zr, 47T 53002 with PZN by a conventional solid-
state reactior method and successfully stabilized perov-
skite PZN. A morphotropic phase boundary {NPB)
between the PZN-rich rhombohedral phase and the PZT-rich
tetragonal phase was reporied at PZN:PZT47/33 = 1:1.
At this composition. 2 high electromechanical coupling
factor of &, = 0.67 was measured.

Lead nicke! nicbate (PNN) exhibits a diffuse phzse
transition around —120 °C with a much lower peak per-
mittivity of about 4000." The crystal structure of PNN at
room temperature is cubic (Pm3nr) with a lattice paran-
eter of 4.03 A.'Y Phase-pure perovskite PNN can be
prepared viu the columbite methad. ™™ Luff er al.”'
investigaied solid solutions in the PNN-PLTIiOQ —PbZrO+
system and identified the composition of (L3PNN-
0.353PT-0.15PZ with optimal pitezoelectric properics.
Detailed reaction kinetics during sofid state processiny of

© 2003 Malerials Research Society
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PNN-PZT was recently investigated by Babushkin and
several pyrochlore phases have been detecied.®® The
piezoelectric PNN-PZT ceramics have found wide ap-
plications and are now commercially available.

The investigation of the ferroelectric properties of the
PNN-PZN-PZT ternary system is of interest for a num-
ber of reasons. Both PNN and PZN have distinet transi-
tion temperatures, and the transition temperature for the
solid solution of PNN-PZN should lie in the ambient
temperature range. This implies that the ultrahigh per-
mittivity values can be realized at room temperature, As
demonstrated in the binary PZN-PZT and PNN-PZT
systems, the addition of PZT imparts superior piezoelec-
tric properties to the solid solutions. Therefore, there is
areat petential for excetlent dielectric and piezoelectric
properties within the ternary system PNN-PZN-PZT.

Information in the literature on the PNN-PZN-PZT
ternary system is extremely limited. Lee e al.?* tried to
fabricate phase-pure perovskite PNN-PZN-PZT ceram-
ics with a Zr/Ti ratio in PZT of 1.0. In their study, pow-
ders of PZT, PZN, and PNN were prepared separately
and then mixed and calcined again to form perov-
skite PNN-PZN-PZT. The highest amount of perovskite
phase in their work was found to be 92%. The Curie
ternperature was found to vary from 50 to 250 °C, de-
pending on the mol fraction of PZT. The best piezoetec-
tric properties at room temperature, &,= 0.63, were found
in the composition 0.5PNN-0.3PZN-0.2PZT.

The presence of pyrochlore phase is extremely detri-
mental to the dielectric and piezoelectric properties in
most perovskite ceramics. The process of prereacting the
B-site cations to form a columbite phase B'B",0, prior
to the addition of PbO has been successfully applied to
many systems to suppress pyrochlore phase forma-
tion. %33 However, this technique has been largely
unsuccessful for PZN and fabrication of phase-pure
PZN-containing solid solutions remains a challenging is-
sue. In this work, a processing route different from that
used previously by Lee er al. ** was used to successfully
prepare phase-pure perovskite PNN-PZN-PZT ceram-
ics. The use of the double crucible technique, using ex-
“cess PbO, and maintaining a fast heating rate were all
found to be essential factors in perovskite phase devel-
opment. Dielectric and ferroelectric properties of single-
phase perovskite ceramics are reported in the present
article and piezoelectric characterization is underway and
will be published in a separate paper.

. EXPERIMENTAL

In this method, the columbite precursors ZnNb,Oy and
NiNb,O, were prepared from the reaction between ZnQ
(99.9%) and Nb,O; (99.9%) at 975 °C for 4 h and be-
tween NiQ (99.9%) and Nb,O, ($9.9%) for 4 h at 1100 °C,
respectively.?*?* The wolframite phase ZrTiOQ, was

formed by reacting ZrO. (99.9%) with Ti0,(99.9%) at
1400 °C for 4 h.?® The powders of ZnNb.Og, NiNb,Oy,
and ZiTi0Q, were mixed in the required stoichiometric
amounts with PbO (99.99% ) with an excess of 2 mol% of
PbO added. The compositions syathesized in this study
were x = 0, 0.1, 0.3, and 0.5 in the termary sysiem
0.5PNN—0.5 - x)PZN-xPZT. The milling process was
carried out for 24 h in isopropyl alcohol. After drying at
120 °C, the powders were calcined at 900-950 °C for
4 h in a double crucible configuration with a heating rate
of 20 °C/min. Afier grinding and sieving, 5 wi.% of
polyvinyl alcohol binder was added. Disks with a diam-
eter of 1.5 cm were prepwred by cold uniaxial pressing at
a pressure of 150 MPa. Binder burnout occurred by slow
heating te 500 °C and holding for 2 h. To investigate the
sintering behavior, the disks were sintered in a sealed
alumina crucible at temperatures ranging from 950 to
[250 °C using a heating rate of 5 °C/min and a dwell
time of 2 h. To prevent PbO volatilization from the disks,
a PbO atmosphere was mmntained by placing PbZrC,
powders in the crucible. Phase formaton and crystal
structure of the calcined powders and sintered discs were
examined by x-ray diffraction (XRD). Data collection
was performed in the 20 range of 20-60° using step
scanning with a step size of 0.02° and counting time of
2 s/step. The relative amounts of perovskite and pyro-
chlore phase were determined by measuring the primary
x-ray peak intensities of the perovskite and pyrochlore
phase. The percentage of perovskite phase was estimated
by the following equation:

!

perov

)XIOO

(1)
where { e Ty ANd fpgo refer o the intensity of the
(110) perovskite peak, and the intensity of the (220) py-
rochlore and PbO peaks, respectively. The pellets were
polished and electroded via gold sputtering, over which a
layer of air-dried silver paint was applied. The relative
permittivity {e,) and dissipation factor (tan §) of the pel-
lets sample were measured at various termperatures rang-
ing from —100 to 180 °C with a heating and cooling rate
of 3 °C/min over the frequency range between 100 Hz
and 100 kHz using an LCR meter (HP 4284A, Tokyo,
Japan) in conjunction with a Delta Design 9023 (San
Diego, CA) temperature chamber. The remanent polari-
zation P, was determined from a P-E hysleresis loop
measurements using a Sawyer-Tower circuit at tempera-
tures between —66 and 60 °C,

ill. RESULTS AND DISCUSSION
A. Perovskite phase development

% perovskite phase = ( —
/ + [p}'m + 'fPhO

perov

The perovskite and pyrochiore phase formation at dif-
ferent calcination temperatures in O.5PNN—(0.5 ~ x)
PZN-xPZT powders with x = 0.1 10 0.5 were studied
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and analyzed by XRD. XRD patterns from this system
are given in Fig. 1. The cubic pyrochlore-type structure
of Pb, g3(Nb; 4, Zng20)04.20°" was identified in the x =
0.0, 0.1, and 0.3 compositions at the 900 °C calcination
temperature. The pyrochlore formation reaction from
PbO and the columbite precursors is an extremely fast
process, which is completed within 2-3 min at tempera-
tures as low as 750 °C.*® With increased calcination tem-
peratures the amount of perovskite phase increased
sharply. In our work, it was observed that the primary
phase in all of the compositions at 950 °C was well-
crystallized perovskite. Within the detection limits of the
XRD technique, the samples were essentially 100%
perovskite and free of pyrochlore. The heat treatment
and percent perovskite phase for all the compositions are
listed in Table I. The first two rows listed are for the
calcined powders, and the remaining data are derived
from sintered samples using powders calcined at 950 °C.

In this study, the combination of using a double cru-
cible, excess PbO (2 mol%), and a fast heating/cooling
rate (20 °C/min) were shown to be effective in reduc-
ing the total amount of pyrochlore phase during calcina-
tion at 950 °C. The 2 mol% excess PbO was chosen

(Leo)

* pyeo(122)

Intensity{a.u.)
(1om

{a)
e]E O l
g S ,}L,i ..,JL::‘.E
- i
tj \...../\.._J =3

(b) ZGJ’D‘gzgrecs

FIG. 1. Powder XRD patterns ol a stoichiometric composition of
C.5PNN—{0.5 — HPZN-sPZT ceramics: (a) calcined a1 900 “C lor
+ h with 20 °C/fmin heating rate, (b} calcined a1 950 °C for 2 h with 20
*Cimin heating rate; pyrochlore phase indicated with {*).

2884

because there were observations reported that composi-
tions with excess PbO additions greater than 2.8 mol%
resulted in degraded elecirical properties. This was z1-
tributed to the presence of an excess PbO Jayer at the
grain boundary.**-°

XRD patterns from a set of samples prepared ot
various sintering temperatures are given in Fig. 2. In
this study, for the x = 0 composition single-phzse
perovskite was obtained for sintering temperatures beiow
1150 °C. Above 1130 °C, the cubic pyrochlore phzse
PD, g3(Nby 4, 70520)0¢ 20° formed and the percentags of
pyrochlore phase increased as the sintering temperazZre
increased, as shown in Tabie 1. This behavior also =p-
peared in the ¥ = 0.] composition at sintering tempearz-
tures above 1200 °C. The behavior is believed to =e
due to the volatilization of PbO at high zemperaturs:.
Nevertheless, the XRD patterns for the v = 0.3 znd
0.5 compositions do not show the fermation of he

TABLE 1. Perovskite phase development during calcinations and sin-
tering process ol 0.3PNN—~0.5 — O PZN-xPZT syster. (The first 720
rows indicate the dawa in czleined powders and the res: of the rows -2
data from sintering of powders calcined at 950 °C.)

Perovskite phase (<%
Teinperature

(°Cy x=00 x = 0.1 x =0z xo= 5
906 91.53 92.67 925 |EES
950¢ 100 100 100 1
1000 100 10¢
1050 100 100 100

1100 100 100 100 B
115¢ 160 100 [[6] e
1200 84.468 100 100 [EXR
1223 76.249 76.79 100 I
1250 100 [
1275 100 LN

“Calcination temperatures.

(i
(200}
(2H)

Intensity(a.u.)

1 . ) i
LA VS N [ —— e
W 25 3‘0 ':IE L) -“5 5‘0 SIS a0
26/Degrees

FIG. 2. XRD patterns of O.3PNN-(Q.3 = 2PZN-xPZT szromics =270
optimum sintering conditions.
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pyrochlore phase. Tt is interesting to note that the inten-
sity of (100) perovskite peak decreased at high tempera-
tures for the 0.1 < x = 0.5 composition,

In the PNN-PZN-PZT sysiem, the A-site is occupied
by Pb2* (1.630 A) ions, and the Ni?*, Nb™, Zn>*, Zr**,
and Ti** ions occupy the B site of the ABO, perovskite
crystal structure. The average ionic radius of B-site
ions in the composition 0.5Pb(Ni;,sNb,,3)0,—(0.5 - x)
Ph(Zn, 3 Nb.,)O3-xPb(Zr, - Ti, )05 can be calculated
from the following equation:

Py = 0.3 l’/erih + ZfarthJ + (0.5 - x)

o @

l'/,wan2+ + 2/3rNb5-J +x ['fﬁrzr"* + Yarg

where the ianic radii of Ni**, Nb**, Zn®*, Z¢**, and Ti™
are 0.830, 0.780. 0.880, 0.860 and 0.745 A, respectively.®!
A simple description of the geometric packing within
perovskite structure can be characterized by tolerance

factor 1, which is defined by the fellowing equation:>®'*?

e {ry +ro)
. “\/E(I'B + ro)

where r,, rg. and rqn are the 1onic radii of the A, B and
O ions, respectively. The calculated average B-site ionic
radii and tolerance factor of the PNN-PZN-PZT system
is presented in Table 11 using 1.260 A for the radivs of
02" The effective size of the B-site ion decreases with
an increasing mol faction of PZT primarily due to the
smaller ionic radii of Ti*". This results in a slight in-
crease in the tolerance factor as it approaches 1.0. How-
ever, the lattice parameter is found to increase as the mol
faction of PZT increases, and the symmetry changes
from pseudocubic to iiombohedral.

The crystal symmetry of PNN at room temperature
was determined to be pseudo-cubic perovskite with a cell
parameter a = 4.0308 A. The PZN composition at room
temperature was determined to be the rhombohedral
space group R3m. According to the PbZrO;-PbTiO,
phase diagram. at room temperature Pb(Zr ,Ti, 50, is
withia the tetragonal phase field near the- MPB region.™
In this work. the crystal structure and lattice parameters
of the PNN-PZN-PZT compositions were determined
through room temperature diffraction experiments. The
indexing procedure of the perovskite phase in the

(3)

x = 0.0 and x = 0.1 samples was performed based on
cubic symmetry, For the x = 0.3 and 0.5 samples, how-
ever, no splitting of 002 and 200 peak was observed with
increased PZT concentration, as shown in Fig. 2. How-
ever, the superposition was clearly observed for the (220}
peak as shown in Fig. 3. This result indicates that the
crystal structure was rhombohedral. In addition, from
the data listed in Table II, it is evident that the lattice
parameter g increased with increasing concentration of
PZT due to the increase in B-site radius.

B. Dielectric properties

The permittivity at 1 kHz as a function of temperature
for 0.5PNN-{0.5 - x)PZN—xPZT ceramics under differ-
ent sintering conditions is shown in Fig. 4. The sintering
temperature was found to have a significant effect on the

(2}
s
P
{f
r
4 4
s
=i’ S
a- - < < .
o
£
=
E]
= A
- PN
A b
‘_u‘ g \‘\
- x’—w-._\v
()
SV
e
- .
’ﬁl :
& P,
- S
{d) 26/Degree

FIG. 3. XRD paterns of the (220) peak of 0.5PNN-(0.5 - x)PZN-
APZT ceramics: () x = G, (b) x = 0.1, () x = 0.3, (d) x = 0.5

TABLE 1I. Comparison of the calculated average B-site ionic radii, the crystal structure, and lauice parameters derived from XRD data.

Composition Average B-site Tolerance Lattice parameter, . Distortion
USPNNAU.5 ~ cPZN-vPZT jonie radii (A) factor, ¢ a (A) Crystal structure angle, «
=00 0.8050 0.989% 4.049 Cubic 90U
X =01 0.8039 0.9901 4.034 Cubic 90.0
v= U7 0.8018 09912 4057 Rhombohedral #9.88
v=05 0.7996 0.9922 4.060 Rhombohedral 29.89
J. Mater. Res., Vol. 18, Nc. 12, Dec 2003 2885
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permitivity. All compositions exhibited an increase in
the permittivity with increased sintering temperatures.
However, at the highest sintering temperature the per-
mittivity decreased due (o the formation of a pyrochlore
phase. The x = 0 composition showed an increase in
perrittivity up to a maximum of 10,000 at a sintering
temperature of 1150 °C. At higher sintering temperatures
there is both a decrease in permittivity and a shift in the
temperature al which the permittivity is maximum (77,)

Relative perinittivity

from —20 to —50 °C. This shift in T,, is likely 10 be the
result of a change in the stoichiometry of the perovskite
phase due to the effects of Zn volatilization and the fos-
mation of the pyrochlore phase Pb, g (Nb| 5,720, 55)0; 50
This shified the overall perovskite composiion closer
to PNN, with a lower T of =120 °C. In addition, the
decrease in permittivity that was observed wus the re-
sult of the Jow permittivity of Pb, g:(Nb ;,7n,;59)0¢ 5
(e, ~ 100).

¢ 2 e e m Eed

Temperiiure( )

Dielectric data for ditferent sintering temiperatures is shown.

{d}
FIG. 4. Relative permillivity and dissipation factor at 1kHz for 0.5PNN—(0.5 — X)PZN —xPZT: () x = 0, (b)) x = 0.1, {c) x =
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0.3, ceramics sintered at 1200 °C lor
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The x = 0.1 composition exhibited a maximum per-
mittivity of approximately 12,000 witha T, ~0°Cata
sintering temperature of 1200 °C. Higher sintering tem-
peratures resulted in a decrease in the permitiivity. Like-
wise the v = 0.3 composition exhibited a maximum
permittivity of 17,000 av 7, = 70 °C at a sintering
temperature of 1200 °C. Consisient with the other
compositions, increased sintering temperatures resulied
in a decrease in permittivity and a shift in T,,. Finally, the
highest permittivities in this study were recorded for
the ¥ = 0.5 composition at a sintering temperature of
1250 °C with €, .« = 22,000 ot 7, ~ 120 °C. This is
significantly larger than the previous value reported in
the literature.?”

In this work, the diclectric experimenis showed that
the optimum sintering conditiens for 0.5PNN-(0.5 ~ x)
PZN—xPZT were for 2 h at 1130, 1200, 1200, and
1250 °C, forthe x = 0, x = 0.1.x = 0.3, andx = 0.5
compositions, respectively. Ceramics sintered under
these conditions were used in the determination of ihe
crystal structure and lattice parameters. which had been
shown in Figs. 2 and 3, and Table II. The following

25000
140 4
120 -|
|- 2ca00
"i 100 4
T = o0 &
5 e 15000 &
£ = o :
o 4 g . nd -=
E . ’,f 1]
= 09 - . - L 1cco0 2.
c 1 - .
5 z
2 204 /. 3
g L] -
g 5 A -=Aee (T ) This study L scoo
e (T ) Calculated
-20 a” - s
7 --w - Relative pemnitivin
40 T T v 1 T T T 0
0.0 0.1 02 03 0.4 0.5
Composition x in § SPNN (2. 3 PZN-xPZT ceramic
FIG. 6. T, calculated T, and maximum relative permillivity as a

function of compaosition x at | kHz.

characterization of the dielectric and ferroelectric prop-
erties of each composition was also carried out in sample
sintered at their optimum conditions.

Figure 5 shows the dielectric properties for each com-
position at the optimum sintering conditions. All of
compositions showed a broadening of the permittivity
maxima and the 7,, increased with increasing meas-
urement frequency. as expected. Experimemal results
indicate that all of compositions show a diffuse phase
transition with the sirong frequency dispersion, which is
characteristic of relaxor ferroelectrics.”™'** From this
result, it is clear from the sharpness of the permittivity
peak that the compositions gradually approached nommal
ferroelectric behavior as the mol fraction of PZT increased.
As x approached 0, the behavior was suwongly relaxer in
nature. This may be a Function of the degree of B-site cation
ordering or the influence of the macro-domains.

In general, the sintering temperature of this sysiem
increased with increased mol percent of PZT. Both the
maximum permiltivity, €.,,.. and T, increased quasi-
linearly as the molar fraction of PZT increased. The T,
of the constituent compounds PNN, PZN, and PZT are
—120, 140, and 390 °C, respeciively,'™'”* which can
be used to caleulate an empirical estimate of T,, via the
equation:

T, =05
+ .

X (=120 °C) + (0.5 — x) % (140 °C)
* A (4)

390 °C)

The variation of the measured T, the calculated T,
and the measured €, with compaosition x is shown in
Fig. 6. It is evident that Eq. (4) gives a reasonable indi-
cation of the transition temperatore 7, A summary of
the dielectric properties for each of the compositions is
shown in Table TIT. As Table IIl illustrates, the PNN-
PZN-PZT ceramics in this study resulted in significantly
higher permittivities thar in previous studies. Through
conirolling PbO loss and preventing pyrochlore phase
formation, single-phase perovskite ceramics can be proc-
essed with excellent electrical properties.

TABLE lI. Comparisens of dieleciric properties ol ceramics in the 0.5PNN—(0.5 - x) PZN—xPZT system at the optimum siatering condilions.

Composition Percent - Reltive permittivity Relative permittivity Dielectric loss
OSPNN=(0.3 - o PZNaPZT perovshite (°C Gt 25°Cyar ! kHz it Toat 1 kHz (at 25°CYw | kH«
Lee er al?? X =00 85 S5 4000 6000
xo= {1 37 80 ANK) BOOO
a= 403 92 140} 5500 13000
x =143 78 225 2504 OO0
Vierheitig ef ol ¥ A= 00 100 —1¢ G077 5980 0.010
This work x = .0 100 =20 §504 9700 Q.011
ao= 0l 100 0 [RRIEY) 13060 0,032
xo= (3 Y 70 SO0 18004 0.050
R ] 100 125 SO 22000 0.048
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C. Ferroelectric properties

Polarization hysteresis measurcments at reom iem-
perature were performed using a modified Sawyer—
Tower circuit. The hysteresis loops as a function of v are
shown in Fig 7. The x = { and x = 0.1 compositions
exhibited slim loops characteristic of relaxor ferroelec-
trics. The saturation polarization £, remanent polari-
zation P, and coercive field E_ were increased with
increased mol percent of PZT as illustrated in Table IV.
The loop area values were calculated by integrating the
polarization with respect 10 the electric field. The maxi-
mumn remanent polarization was observed for the x =
0.5 composition, The values of P, P, and £, for the
1 = 0.5 composition are 31.9 )J.C/le, 25.2 uCem™®, and
4.0 kVicm, respectively.

These hysleresis data are consistent with the dielectric
results in illustrating the gradual trend from relaxor o
normal ferroelectric as the mol fraction of PZT is in-
creased. % The hysteresis loops for the compositions
x = 0 and x = 0.3 at various temperatures are shown in
Fig. 8. The coercive field values for each composition

10 20 30
.30
_AQ
x=0.0

a0 40 40 30 20 -0 .

-40

x =103

FI1G. 7. Room-temperature polarizition versus clectric feld hysieresis loops Tor 0.5PNN—(0.5 - x}PZN-rPZT ceramics af the ©

conditions.

40 40

were found to exhibit an increase with decreased tem-
perature. This is due o the influence of the metasiable
macro-domain structure and the immaobilizations of the
domain walls.'-*>36

The x = 0.3 and 0.5 compositions exhibited square
loop behavior at —66 °C. However, as the tempera-
ture increased the square loops transformed to shim loops
and the remanent polarization and coercive filed values
decreased significantly. The x = 0 and x = 0.]
compositions exhibited slim loop behavior near room
temperature. All of compositiens displaved a clear tran-
sition from square-ioop behavior to slim-loop behavior in

TABLE V. Polarization hvstercsis data as a function of x in tha
0.5PNN={0.5 = PIN-xPZT system.

P P £, Loop arz.

Camposition (nClem?) (uClem?y (k\‘f:"ma (mClem™s
x = {4 223 ¢4 0.003 4953
£ = 0. 238 1.8 L0110 728!
=03 2801 8.3 1.221 23512
x =45 319 =2 4425 62847

“1
30
20

o)

=30 26 -1

—a
— T T

-0

-40

x=0.5

UM SN S
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FIG. 8. Temperature dependence of the P-E hysteresis of 0.5PNN-
(0.5 = X)PZN-xPZT ceramics at optimum sintering conditions, com-
positions x = Oand x = 0.3 are shown

the vicinity of T,,. In addition, the hysteresis loops
showed that the remanent polarization is nonzero at 7,
but decays 10 zero atl lemperatures above T,

IV. CONCLUSIONS

In this work, it was shown that by controlling PbO loss
and preventing pyrochlore formation high permittivity
ceramics in the PNN-PZN-PZT system can be processed
through high-temperature calcination. This can be ac-
complished by utilizing a double crucible during calcei-
nation, adding excess PbO (2mol%). and maintaining a
fast heating/cooling rate (20 °C/min). The dielectric
properties and the 7, of 0.5PNN-(0.3 — x)PZN-xPZT
was found to increase with increasing PZT concentration.
Furthermore, the transition from the normal ferroelectric
10 the relaxor ferroelectric state was clearly observed as
the mol fraction of PZT decreased. The optimum dielec-
tric properties were observed for the x = 0.5 composi-
non with a permittivity ot 22,000 and P,, £, and £,
values of 31.9 pClfem*. 25.2uClom”. and 4.0 kV/iem,
respectively.
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Abstract

In this report. eflect of sintering temperature on the phase traasition temperature from antiferroelectric phase to paraelectric
phase of PbZrQ: is presented. PbZrO; ceramics were prepared via the solid state reaction route. Calcination and sintering were done
at 730 °C for 2 b and 1150-1250 °C for 2 h respectively. The transition temperature increased with increasing sintering temperature

up to 1200 °C then decreased with the temperature.
© 2003 Elsevier B.V. All rights reserved.

PACS: 77.80.—¢
Kevwrords: Antiferroelectrics; Lead zirconate; Ceramics

1. Introduction

Lead zirconate (PbZrQO;) is an antiferroelectric cera-
mic. It is reported that PbZrO; has an orthorhombic
crystal structure at room temperature with lattice
parameters of a = 587 A, b=11.74 A, c = 820 A. The
dielectric constant of PbZr(Q; shows a sharp maximum
at the phase transition from orthorhombic to cubic at
the Curie point near 230 °C [l1]. It is reported that
antiferroelectric to ferrcelectric transition (under the
application of a strong electric field to the ceramics in
the antiferroelectric phase) leads to significant energy
storage [2]. Thus, PbZrQO; i1s a candidate material for
energy storage applications. It is reported that the
properties of PbZrQO; can be improved by adding Ba
lons into the Pb sites of PbZrO; [3-6]. The important
modified PbZrO: compound is (Pb,_.Ba )ZrO;. Many
authors have reported that as the Ba ions in
{Pby_.Ba,)ZrO: increase, the Curie temperature of the
(Pb.Ba,)ZrO: shifts to a lower temperature [3,7].
However there 1s no report about effect of sintering
temperature on the phase transition of PbZrO;. In the
present paper. experimental results of the preparation of
PbZrQ; by solid state reaction are presented. The effect

" Corresponding author.
E-mail address: kungmic2002@yahoo.com (C. Puchmark).

1567-173%/$ - see Iront matler © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/.cap.2003.11.003

of the sintering temperature on the phase transition was
studied.

2. Experiment

In the present study, PbZrQ3 powders were prepared
by the mixed-oxide method. Reagent-grade PbO and
ZrQ;, powders were used as the starting materials. The
starting powders were ball milled in ethyl alcohol for
24 h using zirconia balls as the grinding media. After
mixing, the slurry was dried and the powder ground into

~ a fine powder using an agate mortar and pestle. The

mixed powder was calcined at various temperatures
ranging from 300 to 900 °C for 3 h at a heating rate of
5 °C/min. In order to study the phase formation of the
calcined powders, X-ray diffraction analysis (XRD) was
performed using a diflractrometer with Cu K, radiation.
It was found that powders calcined at 2775 °C provide a
single phase of PbZrO;. To improve compaction.
0.3 wi% of PVA binder was blended with the powder
before pressing at 40 MPa into cylindrical pellets 15 mm
in diameter and 2 mm in thickness. The pellets were then
sintered at 1100-1300 °C for 2 h at a heating rate of
5 °C/min. The density of the sintered samples was
measured by the Archimedes method with distilled
water as the fluid medium. (The phases present in the
sintered samples afler various sintering temperatures
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icnts. gold electrodes were sputtered on the samples
¢hich were then subjected to an automated dielectric
vstem measurement controlled by a computer. An
mpedance analyzer was also used to measure the
delectric constant and dissipation factor. The dielectric
onstant and dissipation factors were measured at

kHz. as the samples were heated in the range of
5-230 °C at a rate of 3 °Cfmin. The phase transition of
he samples was studied by measuring the dielectric—
2mperature curve,

. Results and discussion

From the XRD pattern (Fig. 1), the second phase was
‘bserved at calcination temperatures below 775 °C. The
nalysis was carried out based on the Joint Committee
0 Powder Diffraction Standard (JCPDS) [8]. A plot of
lensitv as a function of calcination temperature is
hown in Fig, 2. The density increases with increasing
he calcination temperature up to 1200 °C and decreases
vith further increase of the calcination temperature. Fig,

shows SEM micrographs of the PbZrQ; ceramics
intered at various temperatures, The grain size in-
reases slightly with increasing sintering temperature.
“ully dense grain packing was found in samples sintered
1 higher sintering temperatures.

The dielectric constants of PbZrQ, at {emperature
bove the phase transition may be expressed by an

approximation to the Curie—Weiss law. In the present
work. the Curie temperaturc of the samples was nor-
mally obtained from the plot of ¢ ' as a function
of temperature. The variation of Curie temperature
with sintering temperature is shown in Fig. 4. Many
authors have reported that as the Ba ions added 1o
PbZrOs increased, the Curie temperature of the mate-
rials is shifted to a lower temperature [3.7]. In this work.
the Curle temperature increases with sintering temper-
ature up to 1200 °C, then decreases with further increase
of the sintering temperature. It can be noted that the
dielectric results corresponded well with the density
results.

4, Conclusion

In the present work, PbZrO; was prepared via the
mixed oxide method. The single phase of PbZrO; was
found in samples calcined at temperatures = 775 °C.
The sintering temperature aftects the density, micro-
structure and phase transition.

Acknowledgements

We would like to thank the Thailand Research Fund,
Graduate Schoeol, Chiang Mai University, Faculty of
Science Chiang Mai University and Ministry of Uni-
versity Affairs for financial support throughout the
project.

References

[1] B. Jaffe, W.R. Cook, H. Jafle, Piezoelectric Ceramics, RAN
Publishers, 1971, pp. 123-131.

{2} E.E. Oren, E. Taspinar, A.C. Tas, J. Am. Ceram. Soc. 80 (10)
(1997 2714.

[3] G. Shirane, Phys. Rev. 86 (2) (1952) 219.

[4] B.P. Pokharel, M.K. Datta, D. Pandey, J. Mater. Sci. 34 (199%}
691.

{51 B.P. Pokharel, D. Pandey, J. Appl. Phys. 88 (9) {2000} 5364.

[6] K.H. Yoon, S.C. Hwang, J. Mater. Sci. 32 (1997) i7.

[7] S. Roberts, J. Am. Ceram. Soc. 33 (2) {1930) 63, 64 (9){1981) 533~
538.

[8] Powder Diffraction File, Card No0.80-0569. Joint Commitize on
Powder Diffraction Standards, Swarthmore. PA.






Copyright @ Faylar & Francis, inc. Yaykor b Franch Groop
ISSN: 0731-5171 princ / 1543-5288 online
DOI- 10.1680/07315 1704904497623

Ferroetectrie Letrers, 31:1-13, 2004 e Tayior & Francis

Effect of Sintering Temperature on Phase
Transition and Mechanical Properties of Lead
Zirconate Ceramics
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Phase wransitien and mechanical properties of PbZrQ3 (PZ) at different sintering temperatures
were studied. The Curie temperature depends on the sinteriag temperature. Hardness and frac-
ture wughness of the PZ were measured using Vickers asd Knoop microhardness testers. The
lower density at the higher sintering wemperature resulting from the loss of lead oxide (PbO)
causes the lower value of the Curic ternperature, hardness and fracture woughness. The results
were well corresponding to the microstructure of the PZ ceramics.

Keywords: lead zirconate ceramics; PbZrQO;; phase transition; mechanical properties

INTRODUCTION

PbZ:04 (PZ) is an antiferreelectric material, which is reported to have an or-
thorhembic crystal structure at room temperature with lattice parameters of
a=823Ab=1177A,c=581 A [1]. The dielectric constant of PZ ceramic
shows a sharp maximum at the phase transition from orthorhombic to cubic
atthe Curie point near 230°C [2]. Previous author reported that antiferroelec-
tric to ferroelectric transition (under the application of a strong electric field
to the ceramics in the antiferroelectric phase) leads 1o significant energy stor-
age [3]. Then PZ is a candidale material for energy storage applications. PZ
was also searched for its microwave dielectric properties because its dielec-
tric relaxation is near microwave frequencies (3, 4]. The dielectric properties
of PZ can be improved by incorporation of Ba ions into the Pb sites of PZ
[5-8]. Therefore, the important medification of PZ becomes {Pb,_Ba,)

WBAMITHUIgEY 1.8
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Zr04 (PBZ). Many authers found that as the number of Ba ions in PBZ 1s
increased, the Curie temperature of the PBZ is shifted to a lower temper-
ature [5, 9]. Because of a large volume change in the phase transition, the
PBZ is selected as a candidate material for energy conversion [8]. For the
past decade, the electrical properties of PZ were widely studied, however,
its mechanical properties have not been well researched. In this paper, the
experimental results of the preparation of PZ by solid state reaction method
are presented. Effect of sintering temperature on phase transition, electrical
properties, and mechanical properties were also studied.

EXPERIMENT

In the present study, PZ powders were prepared by the mixed-oxide method.
Reagent-grade of lead oxide (PbQ) and zirconium dioxide (ZrO;) powders
were used as the starting materials. The starting powders were ball milling
in ethanol for 24 h using zirconia balls as a grinding media. After mixing,
the slurry were dried, the powder was then ground using an agate mortar and
pestle into a fine powder. The mixed powder was calcined at various temper-
atures ranging from 500 to 900°C for 3 h with a heating rate of 5°C/min. To
study the phase formation of the calcined powders, x-ray diffraction analysis
(XRD) of the powders was performed using a diffractrometer with CukK,
radiation. To improve the powder compaction, 0.3 wt% of PVA binder was
blended with the powder before pressing at 40 MPa into cylindrical pellets
with 15 mim in diameter and 2 mm in thickness. The pellets were then sin-
tered at 1100-1300°C for 2 h with a heating rate of 5°C/min. Density of the
sintered samples was measured by Archimedes method with distilled water
as the fluid medium. The phase of the sintered samples at various sintering
temperatures was investigated by XRD. The microstructural evolution of the
sintered samples was examined by scanning electron microscopy (SEM). For
dielectric measurement, gold electrodes were sputtered on the samples and
then subjected to an autemated dielectric system measurement controlled
bv a computer. An impedance analyzer was also used 1o measure the dielec-
tric constant and dissipation factor. The dielectric constant and dissipation
factors were measured at | kHz, as the samples were heated in the range of
25-250°C at a rate of 3°C/min. Phase transition of the samples was studied
by measuring the dielectric-temperature curve. The dielectric constants of
the PZ at temperature above the phase transition may be expressed to an ap-
proximation by the Curie-Weiss law. The Curie temperature of the samples
can be normally obtained from the plot of &' as a function of temperature.
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Effect of sintering termperatures on the mechanical properties of the cerarnics
was studied by Vickers and Knoop microhardness testers. Indentations were
applied on the polished surfaces of PZ ceramics. Applied loads were in the
range of 200-1000 g with an indentation period of 15 s. Indentation crack
lencth (c) and indemation diagonal (d) was measured, and then used to
culculate Vickers hardness, Knoop hardness and fracture toughness by the
following equations:

P
Hy = 18544 — (D
dy
where Hy- s a Vickers hardness {(in GPa), dyv {in um) and P is an applied
load (in NJ.
P
Hy = 1.451 d—%— (2)

where Hy is a Knoop hardness (in kg/me), dy is a longer diagonaf length
of a Knoop indentation {in mm) and £ is an applied load (in N).

ENY P
co-t() ()

where K¢ is a fracture toughness (in MPa-m'‘?), Hy is a Vickers hardness
{(in GPa), P is an applied load (in N}, £ 15 Young’s modulus (in GPa)and ¢ is
the radial Jengih measured from the centre of indentation impression (in m)
[10. 11). £ is a material independent, dimensionless calibration constant
which characterizes the geometry of the deformation filed. Studies on many
coramics led to an average value of £ = 0.016 £ 0.004 [12]. After indenta-
non, the sumples were etched by 10% HCl + 1 drop HE Microstructure of
the erched samples was again studied by SEM.

RESULTS AND DISCUSSION

Effect of calcination temperatures on the phase formation of the PZ powder
was shown by XRD patterns in Fig. 1. At the calcination temperatures start-
ing from 775°C. a single phase of PZ was detected. The phase analysis was
carned out based on the Joint Committee on Powder Diffraction Standard
(JCPDS) | 1]. The density and Curie temperature of PZ ceramics were plotted
as a function of sintering temperature are shown in Fig. 2. The value of den-
sity is in the range of 7.88~7.95 g/cm? or 97.68—98.48% of the PZ theoretical
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Figure 1. X-ray ditfraction patierns of PbZrQO; calcined at different temperatures.

density. The density increases with increasing the sintering temperature up to
1200°C and decreases with funher increasing the sintering temperature. The
maximum value of density is 98.48% of the theoretical density, observed in
the ceramic sintered at 1200°C. Decreasing of the density is likely due to a va-
porization of PbO at the temperatures above 1200°C [14]. Figure 3 shows the
plot of grain size and porosily as a function of sintering temperature. Grain
size of the samples is in the range of 0.9 to 1.5 um and found to slightly
increase with the increasing of the sintering temperature. Weight foss of the
PZ ceramics as a function of sintering temperature is shown in Fig. 4. The
weight loss increased with increasing the sintering temperature as expected.

The temperature dependences of dielectric constant and dissipation fac-
for at various sintering temperatures were studied and as shown in Table |
and plotted in Fig. 3, The measurement of dielecinc constant at room tem-
perature is in the range of 157 10 170, while the dissipation factor (tan §)
is in the range ot 0.0042 o 0.0205. The highest dietectric constant at room
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Figure 4. Weight loss of PZ ceramics at various sintering temperatures.

temperature is 170, observed in the PZ ceramic sintered at 1200°C with the
grain size of 1 um. Kong et al. prepared PZ ceramics from high-energy
ball-milling method and found that the dielectric constant of their PZ ce-
ramic decreases at the higher sintering which is caused by the loss of PbO
[13]. The highest dielectric constant in their work is about 218 for the
sample sintered at 1200°C with grain size of 8 pm. However, the high-
est value of the dielectric constant {¢, = 170) at room temperature in our
work for the ceramics with 1 pm grain size is close to the value found in their
work.

TABLE I Dieleciric propenies of PbZrQ; ceramics sintered at different
temperatures

Sintering Dielectric constant Dissipation factor Curie temperature
2 P

temperatore (*C) at 27°C at 27°C O
1100 Y63 0.0042 227
1130 157 0.0147 228
120G 170 0.0205 232
1250 155 0.0230 231

1300 164 0.0229 230
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The variation of Curie temperature as a function of the sintering temper-
ature is also shown in Fig. 5. The maximum dielectric constants at the phase
transition temperature are between 6750 and 7762, while Robert {9] and
Shirane [5] reported the maximum values of dielectric constant at the phase
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Figure 3. Temperature dependence of the dielectric constant and dissipation factor
of PZ sintered at: (a) 1 100°C, {b) 1150°C, (c) 1200°C, (&) 1250°C, and (e} 1300°C.
(Coniinited)
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transition termperature are approximately 3260 and 2300, respectively. In the
present work, the Curie temperature increases with the sintering temperature
up to 1200°C and then decreases with further increasing the temperature.
It can be noted that the Curie temperature results are well comresponded
o the density results. This is well corresponded with the work done on a

—— ——
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ferroelectric materials, i.e., BaTiOs by Fang er al., where the Curie tempera-
ture increased with increasing the density of BaTiO4 which is a ferreelectric
materials [14].

The effect of sintering temperature on the mechanical properties of the
samples was studied by using Vickers and Knoop microhardness testers.
The values of Vickers hardness, Knoop hardness, and fracture toughness
are listed in Table I, and the plot of these values as a function of sintering
temperature are shown in Fig. 6. The hardness values trend to decrease as in-
creasing the sintering temperatures. This result would be well corresponding

TABLE II Mechanical properties of PbZrQ; ceramics sintered at different
lemperatures

Sintering Vickers Knoop Fracture toughness
temperature (°C) hardness {GPa) hardness (GPa) (MPa-m'/2)
1100 5.37 4.42 1.38
1150 . 4.85 4.54 2.91
1200 4.77 4.49 2.9]

1250 4.50 4.45 1.97

1300 4.65 3.94 1.12
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Figure 6. (4 M) Hardness and (@) fracture toughness of the PZ ceramics plotted as
a function of sintering temperatures.

with the density (Fig. 2.) and porosity (Fig. 3.} results, where they are signif-
icantly changed due to the loss of PbO at the temperature above 1200°C. For
the fracture toughness values which were caiculated mainly from the hard-
ness and crack extension from the Vickers indentation impressions, seem to
depend significantly on the density and porosity as well, The fracture tough-
ness dramatically increases with the sintering temperature up to [ [50°C and
then decreases with further increasing the temperature. Figure 7(a) and (b)
are SEM micrographs of Vickers and Knoop indentations performed on pol-
ished PZ samples sintered at 1200°C. The examples of crack characteristic
extended from the Vickers indentation impressions are shown in Fig. 7(c)
and 7(d). The cracks of PZ sintered at 1150°C are followed the grain bound-
aries, so called intergranular crack (Fig. 7(c)), while those cracks found in
the sample sintered at 1300°C are rather straight through the grains indicat-
ing transgranular fracture (Fig. 7(d)). According to the Table I1, the fracture
toughness value of PZ sintered at 1150°C (K¢ = 2.91 MPa-m'/?) is higher
than that of PZ sintered at 1300°C (K;c = 1.12 MPa-m'/?). This result is
well corresponding to the microstructure; the higher the fracture toughness,
the harder the crack cut through the grains and vice versa. Generally, the
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(b

Figure 7. SEM micrographs of (a) Vickers indentation on surface of PZ sintered at
1200°C, {b} Knoop indentation on surface of PZ sintered at 1200°C, (c) indentation
crack of PZ sintered at 1150°C, and (d) indentation crack of PZ sintered at 1300°C.
{Continued)

hardness and fracture toughness of lead base ceramics depends on many
factors such as grain size and porosity [15, 16]. In the present work, the
reduction of hardness and fracture toughness at higher sintering temperature
is likely to cause by the loss of PbO during sintering which form the lowes
density and imperfect ceramics [13].
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Figure 7. (Continued)

CONCLUSIONS

In the present work, the PbZrQy (PZ) was prepared via the mixed oxide
method. The single phase of PZ was found in the powders calcined at the
temperature >775°C. The sintering temperature has effects on phase tran-
sition behavior and mechanical properties of the PZ. Curie temperature and
density of the PZ ceramics increased with increasing sintering temperature
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up to 1200°C. However, they decreased for higher sintering temperature. The
lower density is likely to cause by the loss of Pb( during sintering above
1200°C which then result to the reduction of density, Curie temperature,
hardness, and fracture toughness values.
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Abstract

Ceramics solid solutions within the binary system of xPb(Zn 3 Nby 3 JO1—{1 — X)Pb(Zr ;2 Tiy,2)0: with x = 0.1-0.5 were synthesized vi2
the mixed oxide method and the columbite method. Phase development of calcined powders and the crystal struzcwure of sintered ceramics
were analyzed by X-ray diffraction. Ferroelectric properties were measured to elucidate the phase ranstormation and identify the impact o7
the processing conditions. [tis shown that there was no sigmificant difference in P, across the composition range. However, the coercive field
E,; was shown Lo exhibit a strong compositional dependence. Compared with ceramics prepared by the columbite method, ceramics prepared
by the mixed oxide method showed a lower remanent polanzation £ and a higher coercive ficld £.. In additon, both X-ray diffraction
and ferroelectric measurements indicated a phase transformanon from a tetragoenal o a pseudo-cubie thombohedral phase when the fracnion
of Pb(Zn);3Nby,3)0 (PZN) was increased. The morphotropic phase boundary (MPB) 15 located between « = 0.2 and 0.3 according to
observations made on ceramics prepared with the ¢olumbite method. However, this transformation was obscuted in the ceramics prepared

with the mixed oxide method. It is proposed that compositional heterogeneities were responsible for these experimental investigations.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Phase transition; Ferroelectric propenies: Ceramics

1. Introduction

Ferroelectric materials are widely used for various de-
vices, including multilayer capacitors, sensors, and ac-
tuators. By the 1950s, the piezoelectric solid solution
Po(Zr -, Ti )O3 (PZT) was found to host exceptionally
high dielectric and piezoelectric properties for compositions
close to the morphotropic phase boundary (MPB). This
MPB is located around PbTiO3:PbZrOs ~1:1 and separates
the Ti-rich tetragonal phase from the Zr-rich thombohedral
phase [1). Most commercial PZT ceramics are thus de-
signed in the vicinity of the MPB with various dopings in
order to achieve high properties.

* Corresponding author. Tel.: 4 1-315-294-3801:
fox: +1-515-294-5444,
E-mail addresy: naratip@iastate.edu (N. Vittayakorn).

0Y21-5107/5 — see front matter © 2004 Elsevier B.V. All rights reserved.
do: 10, 1016/).mseb 2004 01 006

Pb(Zn1/3Nba2)035 (PZN) is an important relfaxor {erro-
electric material with the rhombohedral structure at room
temperature. A diffuse phase transition from the paraclec-
tric state 10 a ferroelectric polar state occurs at 140°C
[2]. Extensive research has been carried on PZN single
crysials because of their excellent dielectric, electrosiric-
tive, and optical properties [2,3]. Although single crystals
of PZN can routinely be grown by the flux method. [2]
it is known that perovskite PZN ceramics cannot be syn-
thesized by the conventional mixed-oxide method withou:
doping. This is because PZN has a low tolerance facior
and small electronegativity difference between the cations
and the pyrochlore phase appears to be more thermody-
namically stable than the perovskite phase [3]. Attempts
1o synthesize perovskite PZN ceramics invariably resuits
mn the formation of pyrochlore phase with inferior diclec-
tric and piezoelectric properties. The columbite method.
as suggested by Schwartz and Shrout [6] for the prepa-
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ration of perovskie PbiMarsNb23)0;5 (PMN) ceramic.
is not effective in suppressing pyrochlore phase forma-
tion in PZN ceramics [3]. Hot isostatic pressing was re-
aored to be able to produce phase-pure perovskite PZN
ceramics [7]. However, relatively poor piezoelectric prop-
2rmies were measured in the as-pressed ceramic. Various
chemical additives, such as Ba(Zny;Nbyys3)03, BaTiOs,
ard 5rTi0; have thus bzen explored in an attempt 10
stabtlize the perovskite PZN ceramic and retain the ex-
cellent piezoeliectric propercies. Hallival et ab. (8] pre-
parad BaTiO;-swabilized PZN ceramics using BaCOs3, PO,
Zn0, Nb20s, and TiO, as the starting materials. Villle-
gas et al. [9] mcorporated BaTiO; and Pb{Zrg.sTip)O;
into PZN 10 produce the ternary svstem with the per-
ovskite structure from ZnNbaOg powder. Howewer. a
wade-off was made with these additives which yielded re-
cuzed dieleciric constants and piezoelectric coefficients.
Trerefoce, there is significant interest in finding 2 methoed
10 siabilize the perovskite phase in PZN without sacri-
ncing the excellent dielectric and piezoelectric proper-
n2s.

Since both PZT and PZN have perovskite structure and
are known to have excellent dielectric and piezoelecinic
properties, it 15 suggesied to alloy PZN with PZT to stabi-
lize and opumize the PZN ceramics. Recent work by Fan
znd Kim [10] has shown promise in producing phase-pure
serovskite PZN-PZT ceramics with the conventonal
mixed-oxide method. The present work aims to provide a
z>mprehensive study on the process-preoperty relationships
in the binary svstem of PZN-PZT with a wide composition
range. Both the conventional mixed-oxide method and the
columbite precursor method have been used in synthesizing
ihe PZN-PZT ceramics. The conventional method utilized
2 one-step reaction with all of starting materials whereas
:he columbite method was used an initial step of preparing
columbite precursor (ZnibaQg) and wolframite precarser
1Z1Ti0s) followed by a reaction with PeO to form the
PZN-PZT czramics. Finally, 2 cemparison of the important
“zrroelectric properties was made to identify the optimum
orocessing conditions.

2. Experimentil procedure

For the conventional method, regent grade oxides of PbO,
7n0, Zr01, TiO; and Wb-0Os were mixed in the required
s:oichiomet:c ratios for the general composition xPZN—(1 —
PZT wherz x = 0.1, 0.2, 0.3, 0.4, and 0.5. After ball
=illing for 24h and drving at 120°C, the mixwmre was
s2lcined at tzmperatures between 750 and 950°C for 4h
.= a double crucible configuration [11). A heating rate of
22 *C/min wazs selected for all of the compositions in this
:wsiem [11]. For the columbite methed, the columbite pre-
sursor ZniNb-Qg was prepared from the reaction between
720 (99.9%) and Nb2Os (99.9%) at 975°C for 4h. The
wolframite rracursor ZrTiC, was formed by reacting ZrO»

(99.9%) with TiO3 (99.9%) at 1400°C for 4 h. The precur-
sors ZnNba Oy, ZrTiQ4 were then subsequently mixed with
PbO (99.9%) (with 2 mol% excess PbO) [11] and milled,
dried, and calcined under the same conditions as the pow-
der prepared by conventional method. The caicined pow-
ders of both metheds were cold isostatically pressed into
pellets at a pressure of 150 MPa. Five sintering conditions
were selected to be used with both methods ranging 1173,
1200, 1225, 1250, and 1275°C dwell 2h. To prevent PbO
volatilizaton from the pellets, a PbO atmosphere was coa-
trolled with a bed of PbZrO; powder placed in the vicinity
of the pellets. The calcined powder and sintered pellets were
checked for perovskite phase formation by X-ray diffrac-
uon (XRD). Datw collection was performed in the 28 range
of 20°—60° with a step scan with a step size of 0.02° and
counting time of 25 per step. For profile fiting, a step scan

Columbite method
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Fig. 1. XRD panerns for 0.3PZN-0.7PZT ceramics calcined at varies
ternperature for 4 h. {a) Columbite method; (b) conventional method.
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with st2p size of 0.004° was vsed with a counung time of
55 per siep and peak deconvolution was done with JADE
v.6.

The relauve amounts of perovskite and pyrochlore phases
were approximated by calculating the ratio of the major
XRD peak intensites of the perovskite and pyrochlore phase
via the following equation:

"perov

) x 100
[pcruv + IQ)'TO + {pyo

where [oerov, fpvro, and fpyo refer o the intensicty of the (1 1 0)
perovskite peak, (222} pyrochlore peak, and the intensity
of the highest lead oxide peak, respectively.

To investigate the influence of post-sintering heat treat-
ments. specimens from both methods which had been sin-
tered 2t 1175 °C were annealed at [230°C for a dwell time
of 6 h i a closed Al2O+ crucible with PhO-rich atmosphere.
The specimens were polished and electroded via gold sput-
tenng, over which a layer of air-dry silver paint was applied
10 enhance the electrical contact. The ferroelectric polariza-
non versus elecwic field (P-£) measurements was made us-
ing an RT66A standard ferroelectric test system.
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Fig. 2. Percentage of perovskite phase as a function of caleination tem-
peraturs for xPZN—(1 — 1)PZT ceramics: (a) columbite methed, (b) con-
ventional method.
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3. Results and discussion
3.1, Perovskite phase formution and the MPB

Powder XRD patierns of the calcined 0.3PZN-0.7PZT
powders at different caicination temperatures for both meth-
ods are shown in Fig. 1(a) and (b). The XRD results show
that the pvrochlore phase Phy g3(ZngsNb | 25105305 (JCPDS
No. 25-0446) was dominant at calcination temperatures be-
low 750°C for all of the columbite-derived powders. The
precursor phases PoQ, ZrTiCy, ZnNb: Og were also detected
by XRD at below 800°C. No evidence of the precursor
phase ZrO2, TiOa, NbaOs or ZnO was detected by XRD for
convenuonal preparation. Morgover, the pvrochlore phase
was only observed in the conventional method-derived paw-
ders for compositions with a high concentration of lead zinc
niobate. It is assumed that the columbite phase ZniNb>Og
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decomposed via reaction with PbO at low temperatures 1o
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the conveational method, Pb b, O. pyrochlore phases were
{found at calcination temgperatures below 800°C for x = 0.3.
In the work by Chen et. al. [12] it was reported that in
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800°C, the pyrochiore phase began to decrease and disap-
oeared completely at 850°C for powder prepared bv con-
ventional method and at 960 °C Tor the columbite methodl.
The opumum calcination temperature for the formation
of phase pure perovskite was found o be about 850°C
for the conventional method and 900°C for the columbite
method.

The perovskite phase formation for both processing meth-
ods at various calcination temperatures is shown in Fig. 2(a}
and (b), respectively. All the compositions from both meth-
ods in the present work showed pyrochlore-free XRID scans
at caleination temperatures at above 900°C. These experi-
ments indicate that for both methods as the concentration of
he PZN phase increased the calcination temperature must
be increased in order to obtain phase-pure perovskite. Most
processing procedures for PZN-based ceramics make use of
calcination teinperatures in excess of 900°C. The experi-
ments in this stdy suggest that the conventional methed
helps to stabilize the perovskite phase compared with the
columbite method. Moreover the perovskite formation tem-
perature for the conventional method was significantly lower
than that of the columbite method. The difference in the for-
maiton temperatures was presumably due o a different re-
action path to the formation of the perovskite phase for the
two methods.

Fig. 3 shows the XRD patterns of ¥yPZN-(i — v)PZT
ceramics sintered at 1200°C for 2h 1o iHlustrate the
change In crystal structure as a functien of composition
tor both processing methods. The results indicate that,
Yor the same composition, different processing methods
may develop a perovskite structure with differeat sym-
metries. Fig. 4 shows the evolution of the (200) peak as
a function of composition and processing method. The
PbZrO3-PbTiO3 phase diagram predicts that at room tem-
perature Pb{Zr 2 Ti2)0; falls within the tetragonal phase
ficld near the MPB. The XRD paterns with fow PZN
conceniration show strong {200} peak splitting which is
indicative of the tetragonal phasc. As the PZN concen-
tration increased, for both processing metheds the (200)
transformed to a single peak which suggests rhombohedral
SYImmetry.

Fig. 5(a—d) show the XRD patterns for both processing
methods in the vicinity of the MPB at x = 0.2 and 0.3 over
the range 28 = 43-45.5. The data shows the appearance of
a triplet peak due to the superposition of the tetragonal and
rhombohedral (20 0} peaks. The columbite prepared samples
show a relauvely sharp transition between the tetragonal
phase at v = 0.2 to the rhombohedral phase at x = 0.3.
[n the conventional prepared samples. while the x = 0.3
samples shows the presence of the tetragonal phase there
is a strong co-existence of both phases for the x = 0.3
pattern.

While Fan and Kim report a phase boundary in the same
PZN-PZT sysiem at the composition x = 0.3, [13] there
are no prior reports of the phase boundary observed in this
work between x = 0.2 and 0.3.
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3.2, Effect of sintering temperature and post-sinter
unniealing

The effect of sintering temperature on the properties was
assesscd by rthe polanzatien—field (P-£) measurements.
Fig. 6 shows the results for the composition of x = 0.2 for
both methods at different sintering temperawres. Ceramics
from both methods showed normal ferroelectric behavior
with a rectangular loop. The remanent polarization, Py, was
observed to increase with increasing sintering temperature.
This is probably due to the smaller grain size at low sinter-
ing temperarure. This may result in a smaller domain size,
and furthermore domain wall motion in smaller grains is
subject to stricter constraints [1]. Strong internal stresses
are expected in fine-grained specimens and polarization
switching is thus greatly suppressed. This was accompa-
nied by the decrease in the coercive field with increasing
sintering temperature [{4].

For compositions with x = 0.3, the P, deereased at high
sintering temperatures. For the composition of x = 0.1,
rectangular hyvsicresis ioops were not observed even at a
sintering temperature of 1250°C, as shown in Fig. 7. It
has been reported that post-sinter annealing is effective
in improving the dielectric and ferroelectric properties of
lead-based ceramics [15]. Specimens for each composition
sintered at the lowest temperature (1175 °C) were annealed
at 1250°C for 6h. Indeed, significant improvements of
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the ferroelectric properuies were demonstrated (see Fig. 7
for the 0.IPZN-0.9PZT). The results on other composi-
tions are listed Table 1. Very limited unprovements were
observed for the x = 0.3 composition because the higher
PZN content required lower sintering temperatures, thus
limiung the efficacy of the annealing step. It has been sug-
gested that PZT ceramics should be sintered at temperatures
above 1200°C [8,9,16) and PZN-based ceramics should

Table |

be sintered below this temperature [17] to achieve the best
cornbination of density and propertics. This explains the
results tn our present siudv where increasing molar {rac-
non of PZN directly led to a lower sintering emperamre.
Therefore, post-sinter heat treatment is not necessary for
ceramics with high PZN content.

Based on these ferroelectric measurements, the optimum
sintering conditions for compositions of x = 0.3, 0.4, and

Post-sinter annsaling effects on the remonent polarization P and saturation polarization Py in yPZN—{1 — )PZT ceramucs sintered at 1175 C for 2k

and annealed at 1250"C for 6h

x IPZN—(1 = PZT

Coiumbite method

Conventional method

[ Py P P,
Sintered Annealed Sintered Annealed Sintered Anngaled Sinterzd Annealed
0.1 T.6 37.1 15.8 42.9 94 34 19.0 192
0.z 116 36.1 206 38.9 i3.8 3.3 24 150
0.3 3.9 30.4 372 333 238 20.0 279 232
0.4 325 0.6 35.8 342 305 23.2 350 287
0.5 36 6.4 40.4 121 9.4 295 343 34
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0.5 15 1200°C for 2h. The sintering process was not com-
pleted at these sintering conditions for compositions of x =
0.1 and 0.2 and therefore post-sinter annealing at 1250°C
for 6 h is necessary for improvement of ferroelectric prop-
erties. Further characterization techniques and comparisons,
which are described in the following section, were made
on these as-sintered specimens (for x = 0.3, 0.4, 0.5) and
annealed specimens (for x = 0.1, 0.2) because they were
found to have the optumurm ferroelectric properties.

3.3 Eifect of processing method on the phase
transjormation

The P-£ ferroelectric property measurements for the
specimens processed at optimum conditions are summarized
in Fig. 8. It is shown that there is no significant difference
in P across the composition range. However, the coercive
field £; is well dispersed over the compositions. This is

further illustrated in Fig. 9. Compared to the conventicnal
method, columbite method produces a slightly higher re-
marnent polarization P, as well as a lower coercive field
E.. Both methods show a considerable decrease in E¢ with
increasing molar fraction of PZN. However, the variation
in ceramics prepared by conventional method is gradual
and continuous, while an abrupt change in £, oceurs in ce-
ramics processed by the columbite method, as indicated in
Fig. 9(6). Combined with the XRD examination described
in Section 3.1, the change in £ ¢learly indicates a phase
transformation over that compositional range. Therefore,
an MPRB separating the tetragonal phase (PZT-rich} from
the pseudo-cubic rhombohedral phase (PZN-rich) exists
between x = 0.2 and 0.3. Also consistent with the XRD
data, the phase transformation in ceramics prepared by the
conventional method is smeared out due probably ta the
chemical hetercgeneities. These results lead to the conclu-
sion that the columbite method produces ceramics with bet-
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ter ferroelectric properties even though this method scems
intially be prone to form pyrochlore phase. These results
underscore the important role that B-site ordering plavs
in determining the thermodynamic stability and electrical
properties of perovskite ferrgelectrics.

4. Conclusion

A comparison between the conventional method and the
columbite method was made in the preparation of ceram-
ics within the solid solution of xPZN—(1 — x}PZT over a
wide range in composition (x = 0.1-0.5). The optimum pro-
cessing conditions for excellent ferroelectric properties were
1dentified. Based on the X-ray structural analysis and ferro-
clectric property measurernents, the following conclusions
can be drawn:

1. Compared to the columbite method, the conventional
method requires lower calcination temperawre to elim-
inate the pyrochlore phase formation. Increasing in the
molar fraction of PZN requires increased calcination tem-
peratures in order to achieve phase-pure perovskite. At
200°C, all the compositions for both methods can be
converted 10 single-phase perovskite.

2. In ceramics sintered from columbite method pre-
pared powders, a sharp transition from tetragonal to
pseudo-cubic rhombohedral phase was evidenced by the
XRD analvsis. Thus, an MPB exists between x = 0.2
and 0.3. However, such a phase transformation is diffuse
in ceramics prepared by the conventional method.
The results from XRD analysis are consistent with the
ferroelectric property measurements. An abrupt change
in coercive field, L, was observed in ceramics prepared
by the columbite method at the same composition range
of x = 0.2-0.3. In contrast, gradual change was found in
ceramics prepared by the conventional method.

4. Lower sintering temperanures were required for compo-
sitions with an increasing molar fraction of PZN. For the
x = 0.1 and 0.2 compositions, sintering at 1250°C for
2h was obscrved to produce inferior ferroelectric prop-
erties and post-sinter annealing was required to achieve
excellent ferroelecince properties.

3. For both methods, no considerable vanaton of the rema-
nent polarization with compositions was cbserved. How-
ever, the coercive field was observed to decrease with
increasing amount of PZN. The columbite method was
found to produce ceramics with better ferroelectric prap-
erties with higher remanent polanzation and lower coer-
cive field.
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Abstract

BaTi:O;, powder was successfully prepared and characterized by the sol-gel method. The mechanisms of BaTisO,, formation were
studied by the fourier transform infrared spectroscopy (FTIR). The IR absorption peaks confirm the existence of a substitution reaction with
1the chelating reagent corresponding 1o different modes of vibration characteristic of the acetate group. The X-ray diffraction (XRD) results
showed that the formation of single-phase monaclinic BaTisOy, began at 700°C and were stable up to 1100°C in air. The panticle sizes
chserved from scanning electron microscopy (SEM) are about 100 nm for a calcination temperature at 700 °C and 600 nm at 1100°C.

© 2003 Elsevier B.V. All rights reserved.

Keywords: BaTis 0| powder: Sol-gel method; FTIR; Caicination (emperalure

1. Introduction

Now a days, microwave communicalion systems have
a great need for wireless communication such as personal
communication, global positioning systems, etc. Dielectric
resonator ceramics have been widely exploited in these
systems because of their high dielectric constants, high
quality factors, low dielectric loss, and near-zero tempera-
ture coefficients of resonant frequency [1]. BaTisOy has
recently received much attention after Ritter et al. [2] used
O’Bryan’s et al's. [3] data to point out that single-phase
BaTisO, ceramic might have superior properties suitable
for microwave applications. A number of researchers (ried
to produce single-phase BaTisO;; powder using several
methods. O'Bryan and Thomson [4] prepared BaTisOpy
using solid state reaclion but the technique could not yield
single-phase material. Chemical processes were however
successfully employed to obtain single-phase BaTisOy.
Fukui et al. {57 and Ritter ¢t al. [2} reported that BaTisOy,
powder could bc obtained by preparing via the alkoxide
method at the calcination temperatures between 700 and
1100 °C. Other chemical preparation methods are stil! being
searched in order to obtain single-phase and fine powder of

* Corresponding author. Tel: +66-53-043376; [ox: +66-53-357512.
E-mail address: tawee @chiumgnniacth (T. Tunkasiri).

0921-5107/5 ~ see front matter © 2003 Elsevier B V. All rights reserved.

BaTisQ) . Since these methods were successfully employed
to prepare single-phase barium titanate (BaTiOz) pow-
der {68} and barium tetratitanate (BaTi4Og) powder [9].
Javadpour and Eror [10] prepared BaTisO; by liquid-mix
technique of barium carbonate with tetraisopropy! titanate
in an ethylene glycolcitric acid solution, while Lu et al.
{7] used sol-gel process of barium granules with titanium
ethoxide in nitric acid solution. Single-phase BaTisO1y
were obtained at 700~1100°C in both cases. However, the
reaction mechanisms, structural evolution and morphology
of BaTisOy) powder due to heat treatment are still not
clearly understood. In this work, the sol-gel process was
employed to prepare BaTisO); powder using barium oxide
and titanium(I'V) isopropoxide in acetic acid solution, Var-
ious lechniques were used to characterize the synthesized
powder.

2. Experimental

Barium oxide (BaO), titanium{IV) isopropoxide (C)2H3g-
O4Ti), concentrated acetic acid (CaHi03), methanol
(CH1OH), and dried n-butancl {CH3{(CH2)3:0H) were used
as starting compounds. To form barium methoxide, BaO
(0.1 mol) was dissolved in 30 cm® acetic acid and methanol
(50cm?) was used as a solvent. Dried r-butanol {80 cm?)
was added to 50cm? titanium(1V) isopropoxide to obtain a



224 S Tangjuank. T. Tunkasiri/Muterials Science and Engineering B 108 (2004) 223-226

stable Ti-solution. The mixed solution of barium and tita-
nium was heated at 80°C on a hot plate with continuous
stirring for 1h. After that, 20cm” of distilled water was
added to the solution to form gel. The gel was dried in an
oven at 110°C for 24 h during which the white powder
precursor was formed. The dried precursor was ground and
heated in air at temperatures ranging from S00 e 1200°C
in steps of 100°C. The annealing time at each temperature
was 4 h to completely yield BaTisO, phase. The differen-
tial scanning calorimetry (DSC) and the thermogravimetic
analysis (TGA) were used for the analysis of phase trans-
formations of dried powders. In these analytical techniques,
the samples were heated up to 1000 °C with a heating rate
of 5 °C/min. Phase evolution of the calcined powders was
carried out by X-ray diffraction {(XRD). The morphology of
the calcined powders was studied using scanning electron
microscopy (SEM). The reaction mechanisms related to the
calcination processes were studied using the fourier trans-
form infrared spectroscopy (FTIR) at room temperature in
the KBr plate method. [11].

3. Results and discussion

The DSC and TGA data are shown in Fig. 1. The results
suggested that the decomposition occurred in three different
weight loss steps. The first endothermic peak in the DSC
curve was due to the vaporization of water at the tempera-
tures below 100°C and crystal water at below 300°C, and

'\MLWWWM 1200°C
f\ww\,»f\.ﬁM . 900°C
Wwf\ Mo T00°C

‘“‘M‘memv Q00°C

WWWMMH oy 2

powder

Intensity (a.u.)

20 30 40 50 60(20)

Fig. 2. XRD powder patterns of the dried precursor of BaTi:Qy calcined
at vanous temperatures for 4h (o BaTisQyy and x: Ba:TigOwy).

corresponded to 12% weight loss in the TGA curve. The
second peak, corresponding 1o an endothermic peak accom-
panied by weight loss of 20.5%, was cbserved from 250
to 600°C. This is related to the decomposition of the ac-
etate groups and organic derivatives inlo carbonate which
barium carbonate took place. Finally, the exothermic peak
between 600 and 750°C was probably due to the begin-
ning of BaTisO\ | formation which can occur by the decom-
position of the intermediate carbonate phase without any
weight change. X-ray diffraction analysis (Fig. 2) showed
that the dried powder and powders heated below 700°C
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Fig. |. DSC and TGA thermograms of the dried precursor of BaTisOQy.
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Fig. 3. FTIR spectra of the dried precurser of BaTi<Qy) calcined at dil-
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were amorphous. This amorphous phasc was converted to
single-phase crystalline BaTi; Oy only after heat treaiment
at 700°C untii 1100°C. The phase analysis was buased on
the available data from joint committee on powders diffrac-
tion standard (JCPDS), card no. 35-0805. Heat treatment at
1200°C for 4 h resulted in the crystallization of BaTisO,
and Ba;TigOjq phases. The results agree with those obtained
by Lu et al. [7] and Javadpour and Eror [10]. However, the
samples calcined at 1200°C, Javadpour and Eror {10] ob-
tained BaTisO and BaTigOg (Table 1). Some FTIR spectra
of the BaTisQ); powders calcined at various temperatures
are shown in Fig. 3. The absorption peaks lecated at 1552,
1414, 1323, 1020, and 645¢m™" for the dried precursor
(110°C) corresponded 0 the vibration modes of the acetate
group [12]. This agrees well with the reports of Woei-Kwo
and Yong-Chien {13] and Xionghui et al. [14] for BaTiOa
and PbTiOs, respectively. Both groups employed acetate
route. At 400-600°C, the similar spectra showed up a1 1342
and 1610 cm~" whereas the peaks at 1552, 1414, 1323, 1020,
and 645cm™' disappeared. This may be due to decompo-
sition of the acelate group and can be aitributed (o the vi-
bration medes of the ioni¢ carbonate [12]. At 700-110G°C,
the peaks of 1342 and 1610cm™' disappeared and the in-
frared (IR) peaks were found at 835 and 729cm™}. This
indicates that the carbonate group decomposed and the re-

Table |

Results of phuses analysis of BaTh = 15 at varicus calcination temperatures

Fig. 4. The scanning eleciron mi-crographs of BaTisOy powders calcined
at (a) 800°C and (b) 1100°C.

action occurred between barium carbonate and titanium ox-
ide to form BaTisO,; powder. The results are confirmed by
DSC, TGA, and XRD characterizations as described earlier.
Fig. 4 shows the particle morphology of BaTisO|| powder
after calcination at 800 and 1100°C. The calcined powders

Calcination temperature (C) Phases present

This work Lu et al. [7) Javadpour and Eror [10]

700 BaTisOy, BaTisOy, BaTi<Oy,

800 BaTieQyy - -

850 - BZI'T-'I_QO” BCI.T‘I".O”

900 B:JT-1_<O|| - —

1 (30X R;JTE‘O” Ba"ﬁsO” Bﬂ.T‘IjO[(

1100 BaTisOyy BaTisQ BaTisOyy

1200 BﬂTi‘sO” + Ba;TigOa BaT‘ijOH + BuzTi-)OQ() Baﬁ5011 + BaTiuOy
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consisied of fine particles and the agglomerates were almost
round in shape and were slightly bigger for higher calci-
nation temperatures. With increasing the calcination tem-
perature, the amount of agglomeration also increased. The
occurring of aggregated particles during heat treatment re-
sulted from a dense and rigid resin intermediate of acelic
acid. The particle sizes were estimated to be in the range
of 100-600 nim for the calcination temperatures from 700 to
1100°C.

4. Conclusion

BaTisO | powder could be synthesized using the sol-gel
method. Analysis by DSC, TGA, and XRD confirmed that
the stable single-phase of BaTisQ); occurred at the calci-
nation temperatures ranging from 700 w 1100°C, whereas
at 1200°C, the BaTisO; phase converted into a mixture
of BaTisO, and Ba;TigOz9. The IR absorption peaks
confirmed the existence of a substitution reaction with the
chelating reagent, corresponding to different modes of vibra-
tion characteristic of the acetate group. The morphology of
the BaTisO), powder indicated hard aggregates of fine par-
ticles which were almost round in shape. The particle sizes
were estimated 10 be in the range of 100-600 nm and was
found to increase with increasing calcination temperature.
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titanate ceramics

P. BOMLAI N. SIRIKULRAT, T. TUNKASIRI

Department of Physics, Faculty of Science, Chiang Mai University 50200, Thailand

E-mail: scphi003@chiangmai.ac.th

Ferroelectric badum titanate (BaTiO3) shows a high
intrinsic resistivity of more than 10'% Q-cm when pre-
pared in an oxidizing atmosphere [1, 2]. When poly-
crystalline BaTiQOs ceramics are doped with higher
valence cations such as La**, Y3+ Nb>* or Ta>*, semi-
conducting properties and the positive temperature co-
efficient of resistivity (PTCR) effect can be obtained
[1-5]. These effects involve a nonlinear change in
the resistivity with temperature occurring around 120—
130°C which is known as the Cure temperature (7¢)
[6, 7. The T¢ of BaTiQ; can be shifted to lower
temperatures by substituting barium with strontium
{8-10]. The solid solution of (Ba,Sr)TiO; materials has,
therefore, been widely used for fabrication of positive
termperature coefficient (PTC) thermistors with various
Curie temperatures [8]. The most acceptable model to
explain the temperature dependent conduction mech-
anism in the PTCR barium titanate ceramics was pro-
posed by Heywang and Jonker [7, 8, 1 1-13]. Above the

Curie temperature, Heywang suggested that the forma-
tion of a Schottky barrier is caused by the presence
of electron traps. Below the Curie temperature, Jonker
proposed that the highly conductive semiconductor re-
sults from the charge compensation due to the polarized
charges at the grain boundaries [11, 13].

In recent PTCR processing, excess titanium and
silicon are commonty used to create a liquid phase
and reduce the sintering temperature [14]. The eu-
tectic temperature resulting from excess titanum is
around 1320 °C. After addition of silicon, this temper-
ature decreases to approximately 1260°C [15]. Cheng
et al. [11] prepared Bag gSrg 2 TiO3 ceramics by adding
12.5 mole percent aluminum, silicon, and titanium (50
called AST) with a ratio of 4:9:3. After sintering at
1353°C for 1.5 h, a uniformly small granular struc-
ture was obtained with an increase in resistivity of
5 orders of magnitude (from 10* to 10% Q-cm) at
the Curie temperature. Many investigations have been
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undertaken to study the effects of silicon additions
1o the PTCR ceramics [2, 14, 16]. However, the mi-
crostructures were found to be inhomogeneous due 1o
\he considerable difference in the densities of barium ti-
tanate and silicon [ 16]. Most of the investigations were
performed with small (1-4 mol%) silicon addiliqns
(7, 14, 16). The microstructural evolution might be sig-
nificantly different when the liquid phase is incospo-
rated in a larger proportion. The aim of the present
investigation is, therefore, focused on studying the sin-
tering behavior, microstructures and PTCR character-
istics of antimony-doped Bag gS192 TiO3 materials with
high levels of silicon addition.

Ceramic specimens in this work were prepared by
the conventional mixed oxide process. The starting ma-
terials (BaCQs, TiO;, SrCO3, Sby05, Si0O,, Aldrich
Chemical Company, Inc.) were weighed according to
the composition BaggSro2TiO3 +0.15 mol% Sb2 03 +
1 mol% TiQ; + 2510, where x varied from 0 to 20 mole
percent. Antimony was used in order to form an n-type
semiconductor and the amount of 0.15 mole percent
was found to be optimum in these experiments. The
excess of TiO, (1 mole percent) was added as a sinter-
ing aid to create a liquid phase during sintering so as to
reduce the sintering temperature. The mixed powders
were ball mitted for 24 h and calcined at 1100°C for
2 h in an alumina crucible using heating and cooling
rates of 10 °C/min. Ir order to obtain compact pellets,
the calcined powder was mixed with a small amount
of polyvinyl alcohol (PVA) before being pressed into
pellets and the specimens were sintered in air at 1275,
1285, 1300, 1350, 1400 and 1450°C, for 2 h using
heating and cooling rates of 5 °C/min. X-ray diffrac-
tion (Siemens D500) was employed to characterize the
samples. The microstructures of the as-sintered surface
were observed by scanning electron microscopy (Jeol
JSM-840A). The resistivity change of the specimens
as a function of temperature from room temperature
to about 285°C was measured using a digital multi-
meter (Agilent 34401 A) and a D.C. power supply, af-
ter both sides of specimens were painted with silver
paste.

Fig. 1 shows the X-ray diffractograms of the spec-
mens with various silicon contents. Traces of fres-
noite (Bas TiS1,04) and BagTi 704 are found, in addi-
tion to the major tetragonal barium-strontium titanate
(Bag 7751923 TiO3) phase. Peaks were identified on the
basis of Joint Committee on Powder Diffraction Stan-
dards (JCPDS) data (card number 44-0093, 84-0924,
35-0817). Furthermore, it was found that the amount of
the Ba; TiSi;Og increased with increasing silicon con-
tent. The presence of Ba;TiSi>0g and BagTi7Q40 in
these results is in agreement with those obtained by
Abicht ef al. [16] and Felgner et al. [17).

The develapments of the microstructures of the spec-
imens with various amounts of silicon are shown in
Figs 2 and 3. It is obvious that the specimens show an
abnormal grain growth and the size of the abnormally
erowing grains decreases with increasing sintering tem-
perature as shown in Fig. 2. The grain structures of all
the specimens when sintered above 1300°C become
rather uniform with sizes of 3—12 gem. The grain struc-
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Figure 2 Microstruciures of the specimens containing 5 mole percent
of 8510; after sintering at various lemperatures: (a) 1285 “C. (b 130 °C.
and {c} 1350°C.

tures in the specimens with various amounts of silicon
are shown int Fig. 3. li can be concluded that the grain
size tends to decrease with increasing silicon contents.
although the grain size of the sample with 5 mole per-
cent of silicon (Fig. 2c) is slightly larger than that of
the sample with 3 mole percent of silicon (Fig. 3b. In
the specimen without silicon, the grains are irregularly
sized and roughly equiaxed. However, in the specimens
with higher silicon content (up to 20 mole percent) they
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become rounder and smaller with a grain size of about
2-5 um as shown in Fig. 3d. The decrease in grain
size with increasing silicon content is most probably
caused by the large amount of liquid phase formed dur-
ing sintering. Subsequently, the solid grains dissolve
and become rounder in shape and smaller.

Parosity of the samples was also measured. Itis found
that porosily increases with decreasing sintering tem-
perature but increases with increasing silicon content
(Tables Tand IT).

The resistivity-temperature characteristics of the
specimens prepared at various sintering temperatures
and siticen contents are shown in Fig. 4. The Curte tem-
peratures of these specimens are around 60 °C. [t is also

TABLE [ Porosity, grain size and magnitude of PTCR eflccl in
the specimens containing 3 mele percent Si0; sintered at various
(emperatures

Sinwring Order ol magnitude
lemperature Grain size of change in

(S ] % Porosily (z¢em) resistivity

1285 10.3 3.0 290 23

1200 8.6 3.5 120 4.7

1350

7.6 4.0-11.0 4.5

found that the room temperature resistivity (ggy) varnes
as a function of silicon content and sintering tempera-
ture. The specimens without silicon cannot be sintered
attemperatures lower than 1350 °C. The specimens sin-
tered at 1350°C show high resistivity. According to
Liu and Roseman [14], however, low resistivity can be
achieved by the addition of silicon to BageSrg2TiO;.
The resistivity at room temperature decreases to 10! -
10% §2-cm in the specimens containing 1-20 mole per-
cent silicon. The lowest room-temperature resistivity of
about 25 $2-cm can be obtained in the specimens con-
taining 3 mole percent silicon when sintered at 1300 °C
(see Fig. 5). The change in pgr 10 higher values with
decreasing sintering temperature is due to the coex-
istence of very large and very fine grains, as seen in
Fig. 2a, As the silicon content increases so does the
amount of Ba;TiS1>Og second phase (see Fig. 1). Con-
sequently grt increases and there 1s a decrease in the
magnitude of the PTCR characteristics (see Fig. 4d).
Abicht ez af. [16] found that the silicon containing ~ce-
ond phases affect the electrical properties in an indi-
rect manner. The resistivity changed over five orders of
magnitude for the samples with 8—13% porosity (sam-
ples with 5-10 mole percent of silicon content, sintered
at 1300 °C). Change of resistivily reduced to 2-3 orders

1R



TABLE 11 Porosity, grain size and magnitude ol PTCR ¢lfect in the specimens with varous SiO; contents sintered at 1300 and 1350°C

Grain size Order of magnilude
% Porosity {gem) change n resistivily
51045 contenls —— - _
(mole %} 1300°C 1350°C 1300°C 1350°C 1300°C 1350° C
0 - 52 - 10.0-30.0 - -
3 8.4 5% 3.0~11.0 3.1-10.0 38 33
10 13.2 11 3.2-10.0 3.6-7.0 5.0 3.
20 208 169 2.7-5.5 23-35 32 2.0

if the porosity was less than 8%. It can be noted that the
appropriate silicon addition brought a considerable en-
hancemeni of the PTCR characteristics. However, grain
size, sintering lemperature, porosity, and other second
phases still affect the PTCR properties.

In conclusion, antimony-doped Bag gSro2Ti05 pos-
itive temperature coefficient resistors can be prepared
below 1300°C by the conventional mixed oxide pro-
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cess using silicon addition. The grains of the speci-
mens sintered with a large addition of SiO; become
rounder and smaller. However, Ba;TiSiy,Og appeared
as a second phase resulting in a decline in the elecirical
properties. The lowest room temperature resistivity of
about 25 €2-cm was obtained in the specimens contain-
ing 3 mole percent silicon, sintered at 1300°C and the
highest magnitude change in PTCR characteristics of
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Figure 5 The room temperature resistivity of specimens with vanous amounts of Si0y sintered 1300°C.

about 5 orders of magnitude was found in the specimens
containing 5-10 mole percent silicon.

Acknowledgments

The authors would like to express their sincere thanks
to the Thailand Research Fund, the National Metal and
Materials Technology Center (MTEC) and the schol-
arship under the Ministry Staff Development Project
of the Ministry of University Affairs, Thailand for the
financial support. The authors would also like to thank
Dr. L.D. Yu for his useful comments and correction on
the manuscript. )

References

I.R. D. ROSEMAN, J. KIM and R. C. BUCHANAN, in
Proceeding of the 81h [EEE International Symposium on Application
of Perroele s trics (ISAF-92), 1992, edited by B. M. Kulwiki, A. Amin
and A. Safari (IEEE, Piscataway, NJ, 1992) p. 185,

2. H. F. CHENG, /. Appl. Phys. 66 (1989) 1382.

3. B. HUYBRECHTS, K. ISHIZAKI and M.
Mater. Sci. 30 (1995) 2643.

4.5, QI, Z. GUL, Y. WANG, Q. ZHU. Y. WU andL. LI,
Ceram. Inrern. 28 (2002) 141,

5.5, G. KIM, W. 5, CHO andK. PARK. Mater. Sci. Eng. B 83
(2001) 123.

TAKATA, [

6. D. C. HILL and H. L. TULLER, in “Ceramic Materials for
Electronics,” edited by R. C. BUCHANAN (Marcel Dekker, New
Yark, 1991) p. 249.

7.4, J. MOULSON andJ. M. HERBERT, in “Electroceramics:
Materials, Properties and Application” (Chapman & Hall, London,
1995) p. 147.

8. 1. ZHAQC, L. Ll and Z. GUI, Sens. Actuators A 95 (2001)
46.
9. M. VIVIANI, P. NANNI, M. T. BUSCAGLIA, M.

LEON] and V. BUSCAGLIA, J. Eur. Cerant. Soc. 19 {1599)
781.

. D. KOLAR, M. TRONTELJ and Z.
Ceram. Soc. 65 (1982) 470.

.H. F. CHENG, T. F. LIN, C. T. HU andI. N. LIN,ibid.
76 (1993) 827.

. B. HUYBRECHTS, K. ISHIZAKI and M. TAKATA, ibid.
75 (1992) 722

. fdem., ibid. 77 (1994) 286.

. G. LIU and R. D. ROSEMAN, J. Mater. Sci. 34 (1999}
4439.

. H. M. AL-ALLAK, T. V. PARRY, G. J.
and J. WOODS, ibid. 23 (1988) 1083.

. H. P. ABICHT, H. T. LANGGHAMMER and K. H.

FELGNER, ibid. 26 (1991) 2337.

K. H. FELGNER, T. MULLER, H. T. LANGHAMMER

andH. P, ABICHT,J. Eur. Ceram. Soc. 21 (2001) 1657.

STADLER, J. Amer.

RUSSELL

17.

Received 15 May
and accepted ! October 2003

122K



PAaTIHNeaY 1.12



Ferrrolecine Leters, 31:79-85, 2004 e Taylor & Francis
Copyright & Taylor & Francis. Inc. Cayion & Feancis Group
1$SN: 0731-£171 print / 1543- 5288 online

PO 1Y HRITRIS | TUAIBS R TS

Analysis of X-Ray Diffraction Line Profiles
of Lead Zirconate Titanate Using
the Fourier Method
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Lead zirconate titanate (PZT) powder was prepared by a solid state reaction. The X-ray line
broadening produced in PZT powder was analyzed by the Fourier method to estimate particle
size and microstrain. It was found that an increase of the annealing temperature caused the
microsirain to decrease owing 10 an increase in particle size. The Schester formula used 10
calculate the particle size yielded considerably smaller values.

Keywords: PZT, particle; Fourier method

INTRODUCTION

in the world of modern electronic ceramics, lead zirconate titanate (PZT)
ceramics have become most widely employed as transducer materials. This
is due 10 its high electromechanical coupling coefficients, enabling them to
yield a high degree of mechano-electrical conversion [1]. As a result, PZT
ceramics are being widely employed in hydrophones [2], ignitors, actuators
for fine moverment control [3] and many other applications.

Properties of fine ceramics such as PZT or barium titanate (BaTiOs)
depend greatly on the particle size of the starting materials [4]. Various
techniques have been employed to measure the particle size of the starting
powder prior to sintering, such as sedimentation, laser diffraction techniques
[3], or scanning electron microscopy (SEM) [6].

X-ray diffraction profiles are also widely used to estimate the particle
size and mnicrostrain of materiais. Uchino et al. [7], and Tornoda et al. [8]
used the Scherrer formula to estimate the particle sizes of BaTiOs and lead
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titanate (PT) powders, respectively. Tunkasiri and Rujijanagul [9] employed
the integral breadth method of Halder and Wagner [10] to estimate the parti-
cle size and microstrain of BaTiQy powders. X-ray line broadening can also
be analyzed employing the Fourier method of Warren and Averbach [11].
According to Lewis and Northwood {12], the particle sizes of filed lithium
fluoride estimated by the Fourier method as well as by electron microscopy
were of the same order of magnitude. The main purpose of this paper is the
estimation of the particle size and the microstrain of PZT powder using both
the Fourier method and the Scherrer formula,

EXPERIMENTAL PROCEDURE

PZT powder was prepared by the mixed oxides route. Lead oxide (PbQ), zir-
conium oxide (ZrO;) and titanium oxide (Ti0,), (mole ratio of 1:0.52:0.48),
were mixed and milled in a zirconia pot with zirconia balls for 24 hours.
The product was heated for 1 hour at temperatures ranging from 400°C (0
1300°C in steps of 100°C. X-ray diffractometry was employed to study the
sample obtained from each annealing step.

The X-ray diffraction profiles were scanned using a Jeo!l diffractometer
with Ni filtered CuK,, radiation, at the speed of 1/8 degree per minute in
28. The (111) interplanar spacing was selected to estimate the particle size
and microstrain. Rachinger’s method [13] was used to resolve the K, and
Kqz lines. Indexing of the samples was carried out according to the Joint
Committee on Powder Diffraction Standards [ 14]. The measured line profiles
were corrected for the instrumental broadening by the deconvolution of
Fourier method of Stokes [15]. The sample annealed at 1300°C was used
as the standard to estimate the contribution of the instrument broadening.
The Fourier coefficients were determined using a computer programme, and
analyzed by the procedure of Warren and Averbach [11]. For comparison,
Scherrer’s formula was also employed to estimate the particle sizes of the
samples al each annealing step. The Scherrer methed was performed in the
way described by Klug and Alexander {16]. Both correction and without
correction for instrumeatal broadening on the line profiles were camried oul
in the particle size estimation. Correction of the instrumental response was
dore according to the method described by Li and Shih [17].

RESULTS AND DISCUSSION

Fioure 1 shows the variation of the Fourier coefficients (A ) of some samples
as a function of the harmonic number n, where n is the particular Fourier
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Figure 1. Variation of the Fourier coefficients A, with n. From the bottom: ball
milled sample at 25°C, and samples annealed at 500, 700, 900. 1000 and 1100°C,
respectively.

series under consideration. The particle sizes and microstrains were calcu-
lated for each annealing step and plotted in Fig. 2. The microstrain decreased
slowly with temperature up to about 900°C with little increase in particle size.
At annealing temperatures above 900°C, the microstrain showed rapid de-
crease while the particle size increased by a factor of four. Beyond an anneal-
ing temperature of 1100°C both the change in microstrain and particle size
slowed down. In Fig, 2 the particle sizes obtained {rom Scherrer’s formula
are presented together with other results from the literature (6, 18, 19]. The
particle size obtained by Wu et al. [18] is rather close to those reported here,
though their samples were prepared by the solgel technigue and the average
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particle size were estimated using scanning electron micrographs. On the
other hand, the results presented by Yarnamura et al. [6] and Chakrabarti and
Maiti {19] show much larger particle sizes. This may be due to the method
of preparation and estimation since Yamamura et al. [6] Chakrabarti and
Maiti [19] prepared the samples by co-precipitation and auto-combustion of
citratenitrate gel methods, and particle size estimation were carried out from
scanning electron micrographs and selected surface area respectively.
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X-ray diffractograms indicated that the sample consist of PZT with trace
of PbO. The line sphitting of (100) and (001} PZT peaks showed that the
tetragonal phase appear between 1100°C-1200°C, whereas the cubic phase
exists at lower temperatures. Annealing at 1100, 1125, 1150, 1175 and
1200°C were carried nut and the samples were re-examined. Some of the
diffractograms are shown in Fig. 3. It may be concluded that transformation

1200C
1 H 1 1
21,9 21.4 22,0 22.8% 2:|Jo
H

Figure 3. XRD pattern of the (100) and (001) peaks of PZT powder anngaled at
different tlemperatures.
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of the cubic to the tetragonal phase starts at 1125°C, and is essentially com-
pleted at 1200°C. Tetragonality {c/a) was also calculated using Cohen’s
method [20] to be 1.011, 1.012, 1.013 and 1.015 for annealing temperatures
of 1125, 1150, 1175, and 1200°C, respectively.

CONCLUSIONS

In conclusion, X-ray line broadening produced in PZT powder by ball milling
is mainty due to the decrease in particle size. The Fourier analysis of Warren
and Averbach can be used as a suitable method to analyze the microstruciural
changes introduced into the powder as aresult of annealing. As the annealing
temperature increases, an increase in particle size and a subsequent decrease
in the intra-particle microstrain are observed. X-ray diffraction technigue
confirmed that the cubic to tetragonal phase started at 1125°C and was
essentially completed at 1200°C.
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Abstraci— Ceramic solid soletions within the ternary system of
PB(ZR, Nbyy)O; - PLINi;5Nby) O - PhLr,Tig)Oy (PLN-PNN-
PZT) were svnthesized via two methods: thie mixed oxide method
and the columbite method. Phase development of the ealcined
powders and the crystal structure of sintered ceramics were
analyzed by x-ray diffraction. The ferroclectric propertices of the
ceramics were characterized by a combination of diclectric and
hysteresis measurements. [ was observed that for the binary
systems PZN-PZT and PNN-PZT, the change in the transition
temperature (T,) is nearly linear with respect to the PZT
content. Ferrocleetric properties were analyzed to clucidate the
nature of the phase transformation and identily the impact of the
processing conditions.  With these data, ferroclectric phase
diagrams were derived showing the transition belween the
pscudo-cubic relaxor behavior of PZN and PNN to the tetragonal
normal ferroelectric behavior of PZT. This transition was also
correlated to changes in the diffuseness parameter &, When
comparing ceramics preparcd by the columbite method and the
mixed oxide route, ceramics prepared by the mixed oxide method
showed a lower remanent polarization P, and a higher coercive
ficld E_. Additionally, ceramics preparcd by the columbite
method displayed sharp transitions in ferroelectric properties
acrass the MPB composition, whereas these transitions were
obscured in ceramics prepared by the mixed oxide method. Itis
proposed that the different reaction paihs influenced the degree
of compositional heterogencity in these complex perovskite solid
solutions, which was clearly reflected in the nature of the phase
transition.

Keywords: morpotropic phase boundary, columbite merhed,
perovskite, phase transition

1. INTRODUCTION

Ferroelectric materials based on Pb-perovskites have found
use in countless applications including piezoelectric sensors
and =aciuztors, capacitors, pyroelectric and  electro-optic
devices. and ferroelectric memories [1,2). In many instances,
composiiions near a morphotropic phase boundary (MPB)
between ferroclectric phases of different symmelry have
advantzzeous  dielectric  and  piezoeleetric  performance

0-7803-8410-5/04/520.00 (¢)2004 [EEL.

Naratip Vittayakorn, Gobwute Rujijanagul, and
Tawee Tunkasiri

Department of Physics, Faculty of Science
Chiang Mai University
Chiang Mai, 50200 Thailand

characteristics [1,3]. There have been a number of MPB's
identified in Pb-based systerns including the most widely
exploited system PbZrO;-PbTiQ; (PZT) [3]. Other MPB
systems include Pb{MgsNby)O5-PbTIO; (PMN-PT) [4],
Pb{Zn;sNbys)04-PbTIOy  (PZN-PT) {51, Pb(ScieNbi2)0s-
PbTiQ; (PSN-PT)} [6], and many others.

This work will focus on perovskite solid solutions in two
quasi-binary systems within the overall ternary system
PO{Zr5Tii2)O05- Pb(ZnsNb2n)O;- PB{Ni|sND23)0;5
specifically Po(Zn sNb2n)03-Pb(Zr) 2 T11,2)0; (PZN-PZT) and
Pb(N1,3Nbys)05-Po(Zr 2 Ti 2)05 (PNN-PZT). Polycrystailine
ceramics based on Pb-perovskites are typically synthesized
through high temperature solid state processes. A number of
processing methods have been proposed to ensure phase pure
perovskite. In this work, two common processing methods will
be contrasted with the aim of understanding the influence of
processing conditions on the phase equilibria and ferroclectric
properties. The conventional mixed oxide method involves
simply reacting all of the binary oxides (e.g. PbO, TiO,, ZrO,,
elc.) in a single calcination step to form the desired perovskite
phase. In the columbite method, first proposed by Swariz and
Shrout [7], the B-site oxides are first pre-reacted to form
intermediate phases such as ZnNb,Og, ZrTiQ,, NiNb,O,, etc.
These intermediate phases are then reacted with PbO to form
the desired perovskite phase.

Given that the PZN-PNN-PZT phases are ali perovskite
solid solutions, it is likely that the different reaction paths may
lead to distinct differences in the homogeneity of the B-cation
distributions. In this study, a combination of x-ray diffraction
(XRD), dielectric measurements, and Raman spectroscopy will
be employed to probe the influence of the different processing
methods on such parameters as the perovskite phase
distributions, remanent polarization (P,), coercive field (Ec),
diffuseness parameter (8,), and others. With this information, it
will be possible to optimize the processing conditions for solid
solutions near MPBs.
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11. EXPERIMENTAL

The columbite precursors ZnNb,Osg and NiNb,Os were
prepared from the reaction between ZnQ {99.9%) and NbyOs
(99.9% ) at 975°C [or 4h and between NiO (99.9%) ar}d Nb,0s
(99.9% ) for 4h at 1100°C, respectively. The wolframite phase
7Ti0, was formed by reacting ZrO; (99.9%) with
Ti0,(99.9%) at 1400°C for 4h. The powders of ZaNb0s,
NiNb,Qg and  ZrTiO,  were mixed in the required
stoichiometric amounts with PbO (9%9.9%) with an excess of 2
mol% of PbO added. The milling process was carried out for
24 hours in isopropyl alcohol. The powders were calcined at
G00°C-950°C for 4 h in a double crucible configuration with a
heating rate of 20°C/min. After grinding and sieving, 5 wi% of
polyviny! alechol (PVA) binder was added. Discs withl a
diameter of 12.5 mm were prepared by cold uniaxial pressing
al a pressure of 150MPa. Binder burnout occurred by slow
heating to 500°C and holding for 2h. The discs were sintered in
a seuled alumina crucible at temperatures ranging from 950°C-
1250°C using a heating rate of 5°C/min and a dwell time of 2 h.
To prevent PbQ volatilization from the discs, a PbO
atmosphere was maintained by placing a bed of PbZrQ;
powder in the crucible.

Phasc formation and crystal structure of the calcined
powders and sintered discs were examined by x-ray diffraction
(XRD). The peilets were polished and electroded via gold
sputlering, over which a layer of air-dried silver paint was
applied. The relative permittivity (€7 and dissipation factor (tan
&) of the pellets sample were measured at various temperatures
over the frequency range between 100 and 100KHz using an
LCR meler {HP 4284A). The remanent polarization P, was
determined from a P-E hysieresis loop measurements using a
Sawyer-Tower circuil at temperatures between -66°C and 60°C.

[fl.  RESULTS

Single phase perovskite was obtained for the pseudo-binary
syslems over the composition ranges (/-x)PZN-xPZT at 0.5 < x
<0.9 and for (/-x)PNN-xPZT at 0.4 <x <0.9. For the 0.6PZN-
0.4PZT composition a small amount of pyrochlore phase was
noted.  The results of the XRD, dielectric, and Raman
measurements and the influence that can be atlributed o
processing conditions are summarized for each pseudo-binary
system in the foilowing sections.

A PIN-PZT System

In the PZN-PZT sysiem, phase pure perovskite was
obtained av lower <calcination temperatures using the
conventional method compared 10 the columbite method. As
shown in Fig. 1, the columbite method required calcination
temperatures as much as 130°C higher for some PZN-PZT
compositions. This effect was especially prevalent at high
mole fractions of PZT, tn analyzing the phase evolution at low
lemperatures, a high volume fraction of a pyrochlore phase was
observed in the XRD data for the columbite derived powders.
In the conventionally prepared powders the perovskite phase
was the dominant phase even at 750°C. This suggests that each
processing route followed a different reaction path in
cventually forming the perovskite phase.
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Figure |. Calcination temperature at which phase pure perovskite is obtamed
for both the conventional and columbite methods,

The symmetry of the resultant perovskite phases obtained
through XRD allows a pseudo-binary phasc diagram lo be
derived (Fig. 2). Compositions close to PZT are tetragonal al
room temperature, with a transition Lo rhombohedral symmelry
for compositions at x < 0.7. Inspection of the XRI> paucrns ot
compositions close 1o the MPB at x = 0.7 revealed ihat the
processing method had an influence on the phase distribution
(Fig. 3). In columbite derived powders, only the thombohedral
perovskite phase was observed. However, in conventionall
prepared powders a mixture of the rhombohedral and
tetragonal phases were observed. This is strong evidence that
the conventional method produces non-uniform mixing of the
B-site cations as compared to the columbite method.
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Figure 2. PZN-PZT phase diagram obtained through room semperature XRD

and dielectric measurements.

Further evidence is seen in the dielectric data presented in
Fig. 4. For compositions near the MPB at x = 0.7, a phase
transition was clearly seen in the columbite derived ceramics at
284°C.  As indicated in the phase diagram (Fig. 2), this
corresponds to a transition from rhombohedral to tetragonal
symmeltry. The conventionally prepared ceramics at x = 0.7
did net show any anomalies within that temperature range.

Comparisons of the dielectric data for PZN-PZT ceramics
prepared by the two methods are presented in Table [ These
data show that ceramics prepared via the colurabite method
exhibit a significantly higher room temperature permittivity,
higher permittivity at Tp.., and a higher remanent polarization
(P,) determined from hysteresis measurements,
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Figure 4. Relative permittivity versus temperalure for a 0.3PZN-0.7PZT
ceramic at measurement frequencies of 0.1, 1, 10, and 100 KHz

It is important to note that there were no significant
differences in the density or grain size when comparing the two
processing methods. All samples in this study were of high
density (Pricorcicat > 26%) with grain sizes close to 5 pm.
Therefore, it is possible to exclude the influence of density or
grain size effects from these results.

In Fig. 3, the coercive field (E¢) as a function of x exhibits
very different trends comparing the conventional and cotumbite
prepared ceramics. The columbite ceramics exhibited a sharp
transition in E. at the MPB,. whercas the conventionaily
prepared ceramic displayed a gradual transition.
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TABLE L PZN-PZT DIELECTRIC DATA

K at 25°C Kaf Toen Tq
* i Couv___r"/Co[_ Conv. Cof. Conv. Col
04 ‘ 230 | 1440 | 11,300 | 13200
0.5 } 1220 | 1430 | 20800 | 21200 | 295 36.4
0.6 ‘ 1230 | 1440 | 17000 | 20800 | 232 30.6
0.7 980 1580 | 14300 | 15700 | 200 L 04 |
03 1230 | 1ss0 | 25000 | 25800 | 315 | 360

Eos 10 | 1590 | 13300 | 20200 | 330 | 371

Taking all of these results into account, PZN-PZT ceramics
prepared by the columbite method exhibited more clearly
defined phase transitions and MPBs compared to
conventionally processed ceramics. Rhombohedral distortions
in perovskites are linked 1o the geomeiric tolerance factor (1).
In the PZN-PZT system, the magnitude of 1 is determined by
the average B-cation radius. In the conventionally prepared
ceramics, the coexistence of the tetragonal and rhombohedral
phases near the MPB are indicative of a significam degree of
variation in the composition of the B-site. Regions which were
rich in smaller cations would favor tetragonal distertions,
whereas regions rich in larger cations would favor
rhombohedral distortions. The formation of columbite oxides
prior to perovskite formation assures intimaie mixing of the B-
site cations. This ultimately leads to a more homogeneous
distribution of B-site cations.
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Figure 5. Coercive field as a funciion of composition x for columbite and
conventionally prepared ceramics.

B. PNN-PZT System

In the PNN-PZT system, the columbite method was utilized
to prepare phase-pure perovskite ceramics, Based on room
temperature XRD and measurements of the relative
permittivity versus temperature a phase diagram for PNN-PZT
was derived (Fig. 6). At x = 0.8, an MPB region separates a

tetragonal normal ferroelectric  phase field from a
rhombohedral relaxor ferroclectric phase field. XRD data

within the MPB region featured splitting of both (2C0) and
(I11) peaks. This is indicative of the coexistence of both
rhombohedral and tetragonal phases. Alternatively, as has been
demonstrated in PZT the multiple peak splitting could be
indicative of another lower symmetry phase (e.g. menoclinic)

(8].
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Table Il summarizes the results of the dielectric
measurements on the PNN-PZT ceramics. As expected, the
relative permittivity peaked at the MPB composition (x = 0.8)
at a value of 36,000. A general transition from normal
ferroelectric to relaxor ferroelectric behavior was observed as
the mole fraction of PNN increased. Fig. 7 illustrates the
relative permittivity versus temperature for 0.4 < x £0.9. The
transition from normal ferroelectric behavior 10 relaxor
ferroelectric behavior was clearly observed from the dispersion
in the vicinity of T pac

40000
IV x=08 3
o . b =09
5 32000
b= 7
£ 24000
T
e
= 16000
o
2
5 8000-
g
0 T T— I i
0 100 200 300 400
Temperature (;C)
Figore 7. Relative permittivity versus temperature for (1-x)PNN-xPZT
ceramics.
TABLE i PNN-PZT DIFLECTRIC DaTa
I' x T (°C) K at tanSat | Kat T, 8,
] 5°C. 25°C 4 -
! 04 754 T.500 0.062 17,500 29.5
0% 1289 2,500 0.042 22,000 24.4
0.6 169.7 1,600 0.042 27,000 ii 4
I 07 2255 1,060 0.029 31,200 | 14.0
{8 2774 &35 0011 36,000 12
09 326.7 950 | 0005 | 32,000 8.6

The parameter & can be used to quantify the diffuseness of
the ferroelectric ransition through the equation [9):

0-7803-8410-5/04/520.00 {c)2004 IEEE.
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where y= 1 for Curie-Weiss behavior and y= 2 for pure relaxor
character. As shown in Table 11, the &, parameter increased
linearly with increased PNN content.

IV, CONCLUSIONS

In this work, the ferroelectric phases within the pseudo-
binary systems PZN-PZT and PNN-PZT were characierized.
Far the PZN-PZT compositions, MPBs were noted at x = 0.75
and x =~ (0.45. It was observed pre-reacting the B-site cations
via the columbite method had significant effects on the
perovskite phase stability and dielectric properties. These
effects were most pronounced in the vicinity of the MPB,
located near x = (.75. It is likely that the columbite method
produced a more homogeneous distribution of the B-site
cations compared to the mixed oxide prepared ceramics. These
compositional variations could be inferred from the observation
of multiple phases near the MPB and poorly defined phase
transitions.

In the PNN-PZT compositions, two MPBs were noted al x
= 0.8 and x = 0.45. Ewven with columbite prepared ceramics,
rhombohedral and tetragonal phases were found to coexist at
the MPB at x = 0.8. It is inleresting to note that in PNN the
transition from the tetragonal PZT phase to the relaxor
thombohedral phase is more gradual than in PZN.  This is
likely due to the much closer B-cation radii malch between
ZrysTigs (0.803 A) and Ni ,yNbys (0.797 A), as compared 10
Zﬂ},qsz,g (0 813 A)
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ABSTRACT PZT/epoxy resin composites of combined (-3 and
1-3 connectivities were fabricated, for the frst time, using
suction, dice and fill techniques. Two types of composiles
(PZT(m)/epoxy resin and PZT(sp)/epoxy resin} were produced
using PZT powders prepared by mixed oxide and spray-drying
methods. Physical, mechanical, dielectric and piezoeleciric
properties of the composites were examined. Generally, overall
results between the two composites were found to be very simi-
lar {(volumetric changes ~ 34%-37%, d33 ~ 20.2-25.3 pC/N,
Kp~ 0.54-0.61). Higher density was found in PZT(sp)/epoxy
resin, however, due to better packing of particles. Moreover,
both PZT/epoxy resin composites exhibited very low acoustic
impedance {Z ~ 4.12-4.84 Mrayls), which is very close to that
of human tissue and water. Therefore, these new composites
may be suitable for use in medical applications.

PACS 81.05.Qk; 81.05.Zx; 77.87.-s5

1 Introduction

Piezoelectric ceramics, such as lead zirconate ti-
tanate (Pb(Zr, Ti)~ )01 or PZTY}, have been employed as sen-
sors, actuators and transducers due to their high piezoelectric
coefficient (d33) and dielectric constant (&) [1.2]}. Neverthe-
less. their transverse charge coelficient (), the hydrostatic
voltage coefficient (gn) and the hydrophone figure of merit
(dngn) are low. Furthermore, PZT ceramics are hard and brit-
tle in nature and may not be Aexible enough to suit a curved
surface. They also exhibit high acoustic impedance, causing
great acoustical mismatching between ceramics and the trans-
mitting medium, like water or human tissue [3,4]. In order
to obtain fow acoustic impedance for matching these media,
piezocomposites which employed an active piezoelectric ma-
terial in conjunction with an active or passive polymer phase
have been suggested with different connectivity patterns [5].

Early reports revealed that the connectivity of 1-3
ceramic/polymer composites, which comprise an active
piezoceramic rod embedded with a passive polymer, pos-
sessed excellent overall piezoelectric properties when used
in hydrophone and medical-imaging applications {3, 6-8].

=2 Fax: +66-5335-7512, E-mail: nhuapeng @yahoo.com
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Schwarzer and Roosen (1] fabricated 1-3 PZT/polymer com-
posites by diee and fill, tape_casting and injection-molding
methods. These composites were found 1o exhibit good
piezoelectric and dielectric properties (diy = 466 pC/N and
g, = 1146). Janas et al. [3] produced 1-3 piczocomposites
by tape casting, honeycomb dicing and ceramic fiber weav-
ing, obtaining dy3 = 370 pC/N and & = 300. Taunaumang
et al. [7] also fabricated 1-3 piezocomposites by the dice and
filt method; the obtained d3; and K, for the composites were
746 pC/N and 0.64, respectively. Furthermore, other tech-
niques which may be regarded as novel in producing -3
piezocomposites have been developed by weaving PZT fiber
bundles through 2 honeycomb support [6], lost mold [8] and
laser cutting [9].

On the other hand, the 0-3 connectivity of piezoceramic
polymer is considered to be less complicated in terms of fab-
rication and appropriate to be molded to any designed surface
due to its high flexibility. In this type of compasite, the ce-
ramic powder has no physical particle-particle contact while
the polymer phase has a three-dimensicnal connection. One of
the methods used to prepare the 0—3 ceramic/polymer was the
centrifuge method by Nhuapeng and Tunkasir [ 10]. However,
the acoustic impedance (Z) obtained from their results was
about 6 Mrayls (at a volumetric percentage of ceramic phase
of 30%), which is still high in comparison to that of human
tissue or water (1.6 Mrayls [11]). In order to obtain a reason-
ably low acoustic impedance compared to that of water and
a considerably high piezoelectricity of piezocomposites, we
have attempted to fabricate piezocomposites with a combina-
tion of 0--3 and 1-3 connectivities. In this work, the samples
were fabricated based on the dice and fill techniques. The
physical, mechanical and electrical properties of composite
samples were investigated. The microstructure of piezocom-
posites was also studied with the use of scanning electron
microscopy (SEM).

2 Experimental details

Combinations of 0-3 and 1-3 connectivities com-
posites were produced based on the dice and fill method [7].
Firstly, PZT powders obtained from the mixed-oxide method
{particle size ~ 4 pm) and the spray-drying technique (par-
ticle size ~ 1 um) were used as active phase and epoxy resin
(Epofix, Strurer) was employed as passive polymer phase.
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Thereafter, 0-3 PZT/epoxy resin composites were fabricated
by the suction technique. Details of the suction technique are
described in Fig. 1. PZT powders were put in a plastic sy-
ringe with a filter paper (Whatman) placed underneath. Epoxy
resin was then poured into the syringe with PZT powders
and the resin was plugged in a flask partly filled with wa-
ter, as shown in Fig. |; suction was carried out using an air
pump for enhancing the flow of the resin through the PZT
powders. A filter (no.42) was used to prevent the powders
flowing into the suction system. The samples were left for
two days at room temperature, allowing them to settle, The
sample in the syringe is now a 0-3 piezoceramic/epoxy resin
composite, about 1-cm thick and 1.5 ¢m in diameter. The sam-
ple was then diced using a diamond saw (sedes 15HC Di-
amond, Buehler) into squares of 0.35 x 0.35 mm? to create
a 1-3 connectivity pattem. Epoxy resin was then poured in
again to fill up the spaces. The samples were left for two days
to settle. These new samples are now a combined 0-3 and _
1-3 ceramic/epoxy resin composite where each column (0—
3 ceramic/epoxy resin) formed a 1-3 connectivity with the
resin in the spaces. The composite sample was then taken out
from the syringe and cut into disks with a thickness of 1 mm
(Fig. 1b). The density of the samples was measured by the
conventional Archimedes’ method.

Syringe —
EPOXY RESIN —

PZT POWDER

FILTER PAPER
—» AIR PUMP

‘b 0-3 ceramic/polymer squarc rods

FIGURE L (a) Schematic of the equipment to prepare 0-3 piezoceramic/
epoxy resin composites. The PZT/powders and resin were filled in a syringe
with a filter underneath. The sydinge was plugged in a flask parlly filled with
water. Suction was carried out through an air pump. (b) Schematic of photo-
graph of {0—3) and (1-3) combined piezocomposite sample where polymer
matrix = epoxy resin filled in the spaces to form the 1-3 connectivity with
0-3 ceramic/polymer rods (0.35 x 0.35 mm). Thickness (4) = 1| mm, peri-
edicity = 0.7 mm. (picture based on [7]} {c) Top view photograph of the
composite

Disks of the composite samples were electroded by sil-
ver paste (Electrodrag 1415M, Acheson) to the top and bot-
tom surfaces and left to dry at room temperature. Dielectric
properties were measured using a LCZ meter (model 4276,
Hewlett-Packard). Poling was done in silicone oil at 80°C
with a poling field of 8 kV/mm for 30 min. The piezoelectric
coefficient (d33) of the samples was measured using a piezo
d33 meter, while the echo-shift method [12] was used for
the acoustic impedance measurements. Distributions of PZT
powder phase in the composites were investigated using SEM.

3 Results and discussion

Figure 2 shows a typical SEM micrograph of the
top view of the composite (combined 0-3 and 1-3 connec-
tivities). Particles obtained from both preparation techniques
were found to have similar morphology. The dark area be-
longs to the resin while the brighter squares belong to the 0-3
composites. Enlarged pictures of some squares are shown in
Fig. 3. It can be concluded that the average size of the pow-
ders obtained from the mixed-oxide route is bigger (~ 4 pm)
than that obtained from the spray-drying technique (~ 1 pm).
This is confirmed by the cross-section micrographs (Fig. 4).
However, in Fig. 3 the PZT phase shows agglomeration of the
particles produced from the spray-drying technique. The com-
posites fabricated by the suction, dice and fill method have
a very low acoustic impedance (4—5 Mrayls).

Table 1 illustrates the volumetric percentage of density (2)
and acoustic impedance (Z) of the composites, compared with
those obtained by others [10, 13-15].

PZT/epoxy produced from PZT powder of smaller par-
ticle size (PZT(sp)/epoxy resin) yields higher volumetric per-
centage (37%) and possesses higher g (2119.6kg/m?) and Z

vol(%) density z

COMposites
(kg/m?*)  (Mrayls)

PZT(m)/epoxy resin k=t 1878.6 4.12
PZT(sp)/epoxy resin 37 2119.6 4.84
Nhuapeng and Turkasiri [10] 60 5026 11.41
Sripada et al. [13] - 42254 13.94
Grewe et al. [14] 40 7.50
Slayton and Serty [15] 70 - 8.00

TABLE L Physical and mechanical properties of the PZT/polymer com-
posites PZT(m), PZT(sp) = powders obtained from mixed oxide method and
spray drying techniques, respectively

composites i3 Ky &r tand
(pC/N)
PZT{(m)/epoxy resin 253 0.61 14  0.026
PZT(sp)/epoxy resin 202 054 15  0.05
Schwarzer and Roosen [1] 466 0.58 1146 0.028
Janas et al. [3] 370 300 0.029
McNulty et al, [6] 230 130 -
Taunaumang et al. [7] 29.6 - - -
Nhuapeng and Tunkasiri [16] 26 - 8 0.0141
Sripada et al. [13] - 04 - -
Shrout et al. [16] 270 - 480  0.017
Ohara et al. [17] 274 - 536 -
TABLE 2 Diglectric and piezoelectric properies of the PZT/polymer

composites compared with those of previous work



THAMIAREE et al. Fabrication of combined 0-3 and 1-3 connectivities PZT/epoxy resin composites

{4.84 Mrayls) values as compared to the PZT(m)/epoxy resin
composite with corresponding values of 34%, 1878.6kg/m’
and 4.12 Mrayls, respectively. Both composites fabricated
by our methods {(combination of suclion, dice and fill)
were noted to have very low acoustic impedance (4.12 and
4.84 Mrayls). These values are lower than those previously re-
ported by Nhuapeng and Tunkasir [10), Sripada et al. [13],
Grewe et al. [14] and Slayton and Setty [15]. This is due
to the different fabrication routes and different volumetric
percentages.

Furthermore, our Z values were found to be compara-
ble to that of water (1.6 Mrayls). Therefore, this fabrication
method could be secn as suitable in preparing fow acoustic

_impedance PZT/epoxy resin composites for biomedical ap-
plications. Table 2 shows dielectric properties (g, and tan§)
and piezoelectric properties (d33 and K}) of the compos-
ites, together with those of Schwarzer and Roosen [1], Janas
etal. [3], McNulty et al. [6], Taunaumang et al. [7], Nhuapeng
and Tunkasir [10], Sripada et al. [13], Shrout et al. [16] and
Oharaetal, [17).

The djz and K values obtained from PZT(m)/epoxy com-
posite are 25.3 pC/N and 0.61, respectively, while the d13 and

FIGURE 2 The typical SEM microg_;raphs of
top view of PZT fepoxy resin coroposiles

FIGURE 3 SEM micrographs of PZT fepoxy
resin which PZT composites employing pow-
ders prepared from mixed oxide route (a) and
spray dry techniques (b}

FIGURE4 SEM micrographs of cross sec-
tion of PZT fepoxy resin composites employ-
ing powders PZT powder prepared from mixed
oxide route {a) and spray dry techniques (b).
Dark and brighter areas correspond to the resin
and the PZT powders, respectively

K, values of PZT{sp)/epoxy composite are 20.2 pC/N and
0.54, respectively. It can be seen that the d33 values for both
composites are very close to the value reported by Nhuapeng
and Tunkasin [10], who fabricated the 0-3 PZT/polymer
composites by the centrifuge method. The £, values obtained
from this work are quite low (14-20), which may be due to the
effect of quantity of PZT particles in the composites.

4 Conclusions

Through a combination of suction, dice and fill
techniques, a new type of PZT/epoxy resin composites
combining 0—3 and 1-3 connectivities was fabricated. The
measured piezoelectric coefficient (d33) and coupling factor
(Kp) were 25.3 pC/N and 0.61 for PZT(m)/epoxy resin, re-
spectively, while the values for PZT (sp)/epoxy resin were
20.2 pC/N (d33) and 0.54 (K,).

The most interesting finding in this investugation, how-
ever, is the very low acoustic impedance obtained for both
PZT/epoxy resin composites (4. 12 Mrayls for PZT(m)/epoxy
resin and 4.84 Mrayls for PZT (sp)/epoxy resin). There
is, therefore, a potential for these composites to be used
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in biomedical applications since these acoustic impedance
values are very close to those of human tissue and water.

Furthermore, from SEM, the patlicles from the spray-
drying technique were shown to be better packed together,
resulting in the composite being denser than the one prepared
from the mixed-oxide method.

ACKNOWLEDGEMENTS The authors would like to express
their sincere thanks to the Thailand Research Fund and the Graduate Scheol
of Chiang Mal University for financial support. .

REFERENCES

1 §. Schwarzer, A. Roosen: 1. Eur. Ceram. Soc. 19, 1007 (1999)

2 S.T. Lau, K.W. Kwok, H.L.W. Chan, C.L. Choy: Sens. Actuators A 96,
14 (2002)

3 V.F Jamas, T.F. McNulty, F.R. Walker, R.P. Schaefler, A. Safani: I. Am.
Ceram. Soc. 78, 2425 (1995)

4 R.P. Tandon, D.R. Chaubey, R. Singh, M.C. Seni: J. Mater. Sci. Lent. 12,
1182 (1993}

5 §.8. Livieh, EV. Janas, A. Sufac: J. Am. Ceram. Soc. 78, 1900
(1993)

6 T.F. McNulty, V.F. Janas, A. Safari: J. Am. Ceram. Soc. 78, 2913 (1995)

7 H. Taunaumang, L.L. Guy, HL.W. Chan: J. Appl. Phys. 76, 484 (19%4)

8 R.K. Panda, V.F. Janas, A. Safari: in Proc. [0th IEEE Int. Symp. Appli-
cations of Ferreelectrics, 1996, Vol. 2, p. 551

9 K. Li, D.W. Zeng, K.C. Yung, H.L.W. Chan, C.L. Choy: Mater. Chem.
Phys. 75. 147 (2002)

10 W. Nhuapeng, T. Turkasiri: J. Am. Ceram. Soc. 85, 2 (2002)

1l T.R. Gururaja, W.A. Schulze, L.E. Cross, R.E. Newnham, B.A. Auld,
YJ. Wasng: Trans. Son. Ultrasen. 32. 481 (1985)

12 T. Bui, H.LL.W.CJ. Unsworth; J. Acoust. Soc. Am. 83, 2416 (1988)

13 S. Sripada, J. Unsworth, M. Krishnarnurty. Y.S. Ng: Mater. Res. Bull. 31,
731 (1996)

14 M.G. Grewe, T.R. Gururaja, R.E. Newnham, T.R. Shrout: in JEEE Ulira-
sonics Symp., 1989, p. 713

15 M.H. Slayton, H.S.N. Seny: in /EEE Int. Sxmp. Applications of Ferro-
electrics, 1990, p. 90

16 T.R. Shrout, LJ. Bowen, W.A. Schulze: Mater. Res. Bull, 15, 1371
(1980)

17 Y. Ohara, M. Shiwa. H. Yanagida. T. Kishi: §. Ceram, Soc. Jpn. 102, 368
(1994}




HTIIHNEaY 2







BT HLnY 2.1

Materials Research Cenire
Indian Institute of Science
BANGALORE - 560012

Prof. S.B. Krupanidhi 16" July, 2004.

Dear Author,

We sincerely thank you for participating in the recent AMF-4 meeting at Bangaiore, India.
Your manuscript has been reviewed and the reviewer's evaluation sheet is enclosed
herewith. Following is the recommendations of the referee for your paper.

D Accepted in its present form. Please send the soft copy on a floppy or e-
mail us as an attachment file if you have not given it to us already during
the conference.

Revise and send two copies of revised manuscript, along with the soft
copy on a floppy or e-mail us as an attachment file

D Rejected

Your response should reach us not fater than August 20, 2004, so that it can be included in

the conference proceedings as the special issues of either “Ferroelectrics” or "Integrated
Ferroelectrics™,

Looking forward 1o hearing soon from you.

Thanking you,

B-KRUPANIDHI)
Chairman, AMF-4, Gueslt Editor
Ferroelectrics, Integrated Ferroelectrics

Phone: ++91-B0-23601330; FAX: ++91-80-23600683; E.Mail: sbk@mrc iisc ernet.in

Prof. S.B. Krupanidhi
Conference Chalr, AMF-4
Meterizl Research Centre
Indian Institute of Sclence
BANGALQORE - 560 012, INDIA



PIEZOCERAMIC-POLYMER COMPOSITES
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ABSTRACT

Ferroelectric powders of PbTiO; were fabricated and sintered at low-temperatures. .
The ceramic pores were filled with an epoxy using a2 vacuum impregnation technique.
SEM analysis showed a composite with 3-3 connectivity. The piezoelectric coefficient
of the composite was evaluated as (6.0 % 1.0))(10'}2 m/V by an interferometric
technique. The pyroelectric coefficient was 23 uC/m*°C. The pyroelectric detector
properties and figures-of-merit of the composite are reported.

Keywords composite; piezoelectric; pyroelectric, interferometric; IR detector, thermal
detector.

INTRODUCTION

n are now an

Piezoceramic-polymer composites with various conneclivity paiterns
alternative 1o conventional piezoelectric materials. Owing to the advantages over
other materials in terms of cost and ease of manufaclure, epoxy-based composites
were of interest in this work. Fine grained ceramic of Lead Titanate (PbTiO5.:PT) was
fabricated to produce a porous PT the pores of which were impregnated with an
epoxy. The PT-epoxy composites were tested as materials for pyroelectric long
wavelength infrared (IR) radiation detectors.'™ The imporstant parameters investigated

were the strain piezoelectric coefficient, the pyroeleciric coefficient. the thermal
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diffusivity, the voltage responsivity, the specific detectivity, and the three figures-of-

merit.
MATERJIALS AND METHODS

Sample Preparation

In order to prepare PT powders, commercial powders of lead oxide (PbO) and
titanium oxide (Ti0;) supplied by Fluka Ltd. were mixed and wet-ball milled for 24 h.
The mixture was dried before sieving, then calcined at 750°C for 2 h. The X-ray
diffraction pattern analysed by a PHILIPS X'Pert MPD diffractometer confirmed the
tetragonal phase of the calcined powders. The calcined powders were crushed and
sieved into an alumina crucible for sintering at 1150°C to produce a porous-structure
ceramic. The ceramic voids were filled with an epoxy by a vacuum impregnation
technique at room temperature. The PT-ecpoxy composite was cut into disk samples
and surface finished by grinding and polishing. The density of the sample was found
to be 4.4 x 10° kg/m® so the volume fractions of ceramic : epoxy was determined to be
50:50.

The microstructure morphology of the composite was studied using a JEOL
JSM-5200 scanning electron microscope (SEM). In order that the SEM micrographs
would show the regions of the PT ceramic and epoxy more clearly, the micrographs
were made on the polished surface before and after the epoxy was etched with
acetone. As seen in FIGURE 1, cach phase was almost completely interconnected.
Therefore, this composite had a 3-3 connectivity.

The composite samples were electroded with silver paint and subjected to a
ferroelectric hysteresis measurement at room temperature and the coercive field E. of
4.5 MV/m was observed. The samples were poled with a DC electric field of 6 MV/m

for 20 min at room temperature.

Experimental procedure

A single-beam interferometer of a Michelson type as developed by the
PennState group’Mhas been successfully used for determining the di3 piezoelectric
coefficient of the 1-3 PZT-epoxy composites. “! A similar technique was used to find

a value for the poled PT-epoxy composite.
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The pyroelectric coefficient was measured by detecting the charges generated

for a known temperature change!™

. To minimize the humidity in the surounding
environment and avoid the softening temperature of the polymer, the measurements

were made below room temperature and at a reduced pressure of 10™ Pa.

FIGURE 1 SEM micrographs of polished (left) and polished-etched (right)
surface of PT-epoxy at (a) x 200 and (b) x 3000

(6]

Thermal diffusivity measurements ©' were made on the composite using a

commercial LiTaO; wafer as a pyroelectric detector. A sinusoidally modulated laser
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beam from a Lasiris diode laser (Edmund Scientific Co.) was incident on the sample
surface so that the heat diffused through the sample to the LiTaQ5 detector. The heat
capacity of the sample was measured using a Differential Scanning Calorimeter
(Perkin Elmer, DSC7).The unknown thermal diffusivity of the composite was
analysed from the dimensions, density, heat capacity and the measured phase lag vs
modulation frequency. Similar measurements were made on a glass sample with the
PT-epoxy composite acting as a detector in order to determine the thermal diffusivity
of the glass.

In the responsivity measurements, the modulated laser beam was incident on
the electroded surface of a free-standing sample of the composite. The pyroelectric
voltage was measured at different modulation frequencies. The voltage responsivity,
Ry, was the voltage divided by the absorbed laser power. The voltage (Fy), current
(Fr) and noise (Fp) figures-of-merit and the specific detectivity (D*) of the composite
were calculated at the frequency of the maximum responsivity of the composite. The

following equations were used in the calculations: "' :

Ry (max) = npA[Re/Gr(te+tr )] (H
Fy = plc'eg 2)
E = pic’ (3)
Fp = ple'(e gotand)'™ (4)
D*= A /NEP (5)

The compaosite element had an arca A, emissivity 1), pyroelectric coefficient p, and
volumetric heat capacity ¢'. Gr is the thermal conductance to the surroundings which
gave the thermal time constant tr, Rg is the input resistance of the lock-in amplifier,
giving the electrical time constant tg. €, and tand are the relative permittivity and loss
tangent of the composite. respectively. g is the permittivity of free space. NEP is the

noise-equivalent power which depends upon the Johnson noise voltage and Ry,

RESULTS AND DISCUSSIONS

During the interferometric measurements, the composite was rigidly glued on the

substrate and only a surface of the composite was monitored. The measured d3; value
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was corrected for substrate clamping ®) and the value obtained was (6.0 + 1.0))(10"2

. . . P : Auuudnus:
m/V. FIGURE 2 shows a linear piezoelectric response observed from the 1.3 mm PT- ’/ {Soatn: awnitnns: e J
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FIGURE 2 Piezoelectric responses at 1 kHz for PT-epoxy composite.

The pyroelectric coefficient of the composite was found to be 23 uC/m? °C.
The low piezoelectric and pyroelectric activities were due both to incomplete poling
and to porosity in the composite. At room temperature and 1 kHz . the composite had
a hieh dielectric constant of 96 and low loss tangent of 0.03.

Using a LiTa0; detector, the thermal diffusivity of PT-epoxy composite was
found to be 2.2x10 7 m¥s. A value of 5.1x10°® m%s was found for a glass microscope
stide using the PT-epoxy composite as a thermal detector.

For the IR detector data, FIGURE 3 shows the Ry vs frequency curve. Fy, Fj,

Fp and D* were found to be 0.031 m%C, 26x10°'? m/V, 5.2x10°® Pa and 1.4x10°
cmHz"* /W, respectively.
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FIGURE 3 The voltage responsivity as a function of modulation frequency

obtained from the PT-epoxy composite acting as an IR detector.

SUMMARY

A first attempt to produce a piezoceramic-polymer composite was described in this
work. SEM investigations showed a composite with 3-3 connectivity. TABLE 1
preéents the measured physical properties of the composite. A comparison with other
ceramic and polymeric materials is listed in TABLE 2. As seen from the tables, after
further development, the PT-epoxy composite will have a good potential for various

ferroelectric devices.

TABLE I Measured physical properties of PT-epoxy composite.

Volume fract. Density Heat Capacity Dielectric const. tand Thermal diffusivity
(10° kg/m®)  (J/kg °C) (107 m*/s)

50-50 4.4 200 96 0.03 2.2
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TABLE 2 Detector properties of PT-epoxy composite compared with those
of other materials.

Parameter PT-Epoxy 50/50 P(VDE/TIFE)® pT" pZT"Y LiTa0,!"!
dy (10 " m/v)y 6.0 25 56 374 9.2
p (uC/m* °C) 23 40 250 380 180
Fy (m%C) 0.031 0.11 0.046 0.059 0.14
Fi (10 2m/v) 26 17 78 152 56

Fp (10 *m/Pa '™ 5.2 7.4 25 55 39
D* (10° cmHz"%/W) 1.4 ; -

The relatively high detector parameters of the PT-epoxy composite showed that it
could be used as an IR detector or a thermal detector in applications such as thermal
diffusivity measurements. In order to make a real detector"™] the fabrication
processing and various parameters of the composite will be optimized beEfore the

material is fabricated into its final form.
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Abstract

A modified chemical method in which considerably low-purity and low-
price chemicals were employed to produce fine and homogeneous PZT powders in the
composition of Pb{Zrys:Tipag)Os by spray drying and calcining techniques was
developed. Phase evolution, thermal properties and microstructure of the spray dried
granules were studied using X-ray diffractometry (XRD), Differential thermal
analysis (DTA) & Thermogravimetric analysis (TG) and Scanning electron
microscopy (SEM) techniques respectively. The results showed that the high-purity
PZT phase started to appear at 500°C and become increasingly pronounced as
temperature rose. No impurity was detected as can be confirmed by transmission
electron diffraction (TED) analysis and energy dispersive spectroscopy (EDS). The
corresponding ceramics were sintered between 900 °C and 1250 °C. The planar
coupling coefficient (K,), piezoelectric constant (ds3), loss angle (tand), density and
dielectric constant (g), as well as grain size of the ceramics were measured. The
highly dense ceramics with the relative density of 97 % to the theoretical value could
be obtained at the sintering temperature of 1000 °C. All the values obtained in this
work were among those of the ceramics produced from high-purity chemicals in

previous work.

Keywords : Piezoelectric and dielectric properties, PZT; Spray drying



Introduction

Lead zirconate titanate (PZT) ceramics have been widely studied due to
their very high electromechanical coupling coefficient. As a result they have been
employed in many applications such as hydrophones [1], igniters, fine movement
controllers, etc. [2] Earlier studies [3-5] revealed that the PZT properties are affected
by their microstructures which partly depend on size and homogeneity of the starting
powders. Generally, those conventional methods [6] using ball milling of the
constituent oxides have the difficulty in controlling the powder size, particle size
distribution and homogeneity of the PZT powders. However, fine, homogeneous PZT
particles can be obtained via chemical processes [7,8,9,10]. Ceramics produced from
these powders often yield encouraging piezoelectric and dielectric properties. The
PZT ceramics produced via the chemical processes usually require very high purity (>
99.9 %) and high cost chemicals which are not appropriate for large scale production.

The spray drying technique was of particular interest because the quality
powders may be produced in a large quantity. Lal ef al. [11] and Uematsu ef al.[12]
revealed that fine and very homogeneous particles of strontium-doped PZT and
silicon nitride (S1;N4) respectively could be produced via this technique. Both of
them used the reagent grade of high cost chemicals as starting materials. However,
the problem arises as the powders produced via spray drying technique using starting
chemical of reasonably lower purity (<99.9 wt%) often yield unexpected secondary
phase particles.

In this work, the attempts have been made in order to develop a modified
chemical method via the spray drying technique followed by calcining process using
low purity grade (< 99 wt %) and comparatively low price chemicals to produce PZT

powders, which have comparable properties with those produced via the previously



described processes. The pH of the mixed nitrate solution of the constituents was
carefully controlled and the spray drying process was carried out. The characteristic
of the spray-dried PZT powders was investigated. The piezoelectricity, dielectricity

and densities of the corresponding ceramics were also studied.

Experimental procedure

The low-price chemicals used in this work are solutions of lead nitrate
(Pb(NOs);, 99 % by weight), zirconyl nitrate hydrate (Zr(NO3)4.6H;0, ~27 % of Zr by
weight and tetraisopropyl orthotitanate (C12H304T1, ~99 % by weight). The molar
ratio of those solutions was kept at 1:0.52:0.48 which is corresponding to the crystal
phase of Pb(Zrys;Tip48)03. By following the work done by Tunkasiri {7], the aqueous
solutions of Pb(NO3); and (Zr(NO3)4.6H,0 were firstly mixed. Then the mixture of
the Cj3H,504Ti solution and strong nitric acid (HNOs, pH ~ 1) was gradually added
into the previously mixed solution. In order to stabilize the metals in the solution, the
hydrogen peroxide (H,0,) was added. Aqueous ammonium solution was then slowly
added to control the pH of the mixture solution. In order to obtain manganese-doped
PZT ceramics for reducing the loss angles and increasing the resistivity [13], a
solution of manganese chloride (MnCl) was admixed. The solution was then fed into
the nozzle of a spray dryer at an operating temperature of 130 °C to obtain fine
granules. The granules were subsequently calcined at 500, 600, 700, 800 and 850 °C
for 1 hour. An X-ray diffractometer (XRD, Siemens ) was employed to study the
phase evolution. The microstructures of the powders and ceramics were investigated
using SEM. The purity of the PZT particles was observed using TED and EDS. The

thermal charactenistics of PZT powders were studied using DTA and TG.



In order to obtain Mn-doped PZT ceramics, the powder that was calcined at
700 °C for 2 hours was pressed (3500 psi) into circular disks with approximately 2.5
em in diameter and | mm in thickness. Polyvinyl alcohol (PVA) was used as a binder.
The samples were sintered at 900, 1000, 1100, 1200 and 1250 °C for 1 hour
respectively, with the heating rate of 100°C/h. Then the samples were held at 500°C
for 30 mins for binder removal before heating up to their sintering temperatures. The
XRD was used to study the phase formation and SEM was used to obse_rve the surface
microstructure of the sintered ceramics.

Silver paste was applied to the samples for electrical contact. Poling was
carried out at 130 °C in a stirred silicone oil bath using a field of 18 kV cm” for about
S min. The dielectric constant (g,), loss factor (tand) and planar coupling coefficient
(K,) were measured using an impedance/gain-phase analyzer (LCZ) (Model 4276,
Hewlett Packard). The piezoelectric coefficient (dss) was measured using a plezo-ds;
meter (Model CADT Berlincourt). Relative densities of the prepared ceramics were
also measured using Archimedes’ principle.  X-ray diffraction and electron

microscopy were employed to analyse the ceramic samples.

Results and Discussion

Fig.1{a) shows X-ray diffractograms of the prepared samples after the
calcination, at different calcination temperatures, indicating the phase evolution of the
spray dried granules. It can be seen that the PZT phase began to appear at 500 °C and
became even more pronounced at 850 °C. Every peak can be attributed to PZT [14].
No impurities or secondary phases were detected using this XRD method. The

formation of the perovskite PZT phase is agreeable to that formed in other methods,



such as the coprecipitation method [9] and the mechanochemical method. {15] The
X-ray diffractograms of the PZT ceramics sintered at different sintering temperatures

are also shown in Fig.l{(b). It can be seen that transformation of the cubic to

tetragonal phase occurred at 1100 °C onward.

The thermograms of DTA and TG indicating the phase tranformation and
weight loss, respectively, of the spray dried granules at various temperatures are
shown in Fig. 2. The first weight loss accompanied by an endothermic peak is around
100 °C. This is due to the evaporation of water and volatile residues that generally
exist in the powder. The endothermic peak at about 400 °C may be attributed to the
evolution of gases as indicated by Wang e al. [8] and Das ef a/.[10], which can be
confirmed by the weight loss in TG trace from about 80 wt% down to 60 wi%. The
noticeable exothermic peak at around 530 °C is possibly due to the crystailization of
PZT phase. [9] This is consistent with the XRD result in Fig 1(a), which shows the
growth of PZT cubic phase starting at S00°C.

The microstructure and morphology of the as-sprayed and calcined PZT
powders obtained by the spray drying technique are shown in the SEM micrographs
(Fig.3). It can be seen that the size of the as-sprayed granules 1s about 1-2 pm and the
shape is almost spherical but with dimples (Fig.3a). The granules grew bigger at the
higher calcining temperature (Fig.3b) as generally expected. The same shape was
also observed in the spray-dried granules produced by Uematsu ez al. [12]

In order to confirm the purity of the PZT particles, the EDS and TED analyses
were employed. A typical EDS spectrum was illustrated in (Fig.3¢), showing no sign

of impurity excepting gold particles which were sputtered on the sample. The

transmission electron diffraction (TED) patterns of selected area were studied. The



typical TED and its corresponding TEM were shown in Fig 4. By using the method
from Andrews ef al. [16], the TED spots (Fig. 4a) were analysed. It was found that all
TED spots are corresponding to the PZT phase [14]. This confirmed the high-purity of
the PZT powders. lts corresponding transmission electron micrograph (Fig. 4b)
shows thin layers of PZT locating on top of each other which 1s contributed to the
spots and rings in the TED.

For the correspondingly produced PZT ceramics, the XRD study of the
phase evolution indicated that the transformation of the cubic to tetragonal phase
occurred at the sintering temperature of 1100°C, as shown in Fig. ib. The SEM
micrographs in Fig.5 show that the grain grew from 0.5 um (sintered at 1000 °C) to
2.5 pm (sintered at 1250 °C) on an average. This result is closed to that obtained
from Lal ef al. [11], who prepared ceramics from spray-dried granules using high
purity chemicals.

n Table 1, the dielectric, piezoelectric and physical properties of the
prepared ceramics are compared with those of Tunkasiri [7], Lal e/ «/. [11] and Zhilun
et al. [17]. It can be seen that the ceramic sintered at 1000 °C has the highest density
(about 7.82 g/ch or 97 % of theoretical density) which is closed to that of Tunkasiri
[7], who however used the high-quality and high-cost chemicals. The density of the
ceramics 1s noticed to increase as the temperature rises up to 1000 °C and gradually
decrease as further increasing of temperature. This is probably owing to the lead loss
that normally occurs at the high sintering temperature thus resulting in shrinkage and
subsequent porosities in the ceramics. The values of the dielectric constant, with the
maximum of 780 obtained Ivom the ceramics sintered at 1100 °C, are pretty well

between those of the previous work [7.11,17}. The tand, d3; and K, values of our



results are mn the ranges of 0.004 to 0.02, 130 to 168 pC/N and 0.52 to 0.60
respectively. These are comparable to those obtained by Lal er al. [11], Tunkasiri [7]
and Zhilun ef al. [17], though the former two used the high purity chemicals for their

preparations and the latter employed mixed oxide route plus low melting frit.

Conclusions

A modified chemical method using spray drying technique followed by
calcinations using low-purity and low-cost chemicals has been developed to produce
flue, homogenous and high-purity PZT powders. The round-shape particles of PZT
phase started to form at 500 °C and the complete crystallization occured at about 850
°C. The particles grew accordingly as temperature rose. No impurity was detected.
The values of the grain size, piezoelectricity, dielectricity and densities of the
ceramics sintered from the spray-dried PZT powders were among those of the

ceramics produced from high purity chemicals.
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Table 1. Piezoelectric, dielectric and physical properties of the PZT ceramics

produced from the spray dried granules.

10

Dielectric
Sintering temperature Density Loss angle diz
constant K,
(C°) (gm/ce) (tand) (PC/N)
(er)
900 7.65 675 0.02 0.54 136
960 [16] 7.56 1100 0.008 0.57 250
1000 7.82 690 0.001 0.60 168
1050 [7] 7.94 490 0.001 0.44
1100 7.80 780 0.002 0.52 130
1200 7.75 675 0.004 0.60 156
1200 [11] 7.61 1180 0.007 0.45 230
1250 7.66 630 0.002 0.58 153
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Figure 1. X-ray diffractograms of the spray dried granules and ceramics after

calcining (a) and sintering (b), respectively, at various temperatures.
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Figure 3. Scanning electron micrographs ot the (a) as-sprayed and (b ) heat treated

{at 700 °C) particles and (¢) EDS spectrum of corresponding PZT powders.
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Figure 4. TED (a) and TEM (b} micrographs of selected area of PZT powder.



Figure 5. Scanning electron micrographs of the microstructure of the PZT ceramics

sintered at 1000 °C (a) and 1250 °C (b).
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Abstract

BaT1;05 powders was synthesized using the sol — gel method and characterized. Phase
evolution and characteristics of the samples were studied using the differential scanning
caloriemetry (DSC), the themmogravimetic analysis (TGA) and X-ray diffractometry
{(XRD). The results show that the formation of BaTi,Os starts around 800°C and continues
until 1200°C in air and in this calcination temperature range all powders appear to be
single-phase monoclinic BaTi20s. The mechanism of BaTi;,0s formation was studied by
Fourter transform infrared spectroscopy (FTIR). The IR absorption peaks confirm the
existence of a substitution reaction with the chelating reagent corresponding to different
modes of wibration characteristic of the acetate group. Scanning electron microscopy
(SEM) observations reveal that the size of the particles in nearly round shape formed due to

agglomeration is about 0.1-1.5 pm and increases with calcination temperature.

1. Introduction

The compounds in the BaO — Ti0; system about their properties are widely used 1n

electronic ceramic because of having high dielectric constant and lead-free.  BaTizOs is



one of the most important compounds of the titania-rich compounds in this system which is
of considerable interest for electronic dieleciric applications. In recently, Yukikuni er af, [1]
reported that the BaTi:Os showed a large dielectric constant of 30,000 at a curie
temperature of T, = 430 °C.  BaTiOs was first studied by Rase and Roy [2], they
suggested that BaTi,Os prepared by solid state reaction was not stable below 1200°C. By
this method, several researchers [3-6] concluded that BaTi;Os could be obtained above the
solidus temperature (1300°C) or from melt but was not stable below this temperature.
Therefore, the newly evolving wet chemical techniques have been considered. Ritter es al.,
[7] Paft]{8] and Javadpour er al.[9] employed liquid mix technique, peroxide method an.d
Pechini method, repectively. They reported that BaTi, 05 started to form at about 700°C to
1150°C, but at higher temperature about 1200°C BaTi;Os decomposed into BaTiO; and
BagT1;704. Xu el al[l0] also prepared BaTiOs by sol — gel method using
ethylenediammetetraacetic actd (EDTA) as a chelating agent. They found that BaTi,Os
formed at 800 — 1200°C for 2 h. Nevertheless, new chemical preparation methods have still
been researched in order to obtain single-phase BaTi,Os.  Therefore in this paper, we
prepare BaT1;0s by a sol — gel method using acetic acid as a chelating agent, since it was
successfully employed to prepare single-phase BaTiO; powder [11-12] and has an
additional merit of achieving fine particles with high purity and use of low — temperature
synthesis techniques. In addition, we investigate the phase and morphology evolution of
BaT1,0s powders after various firing conditions with attention paid on the correlation
between the effects of calcination, phase formation and morphology development.

2. Experiment details

Banum oxide, titanium (IV) isopropoxide, cone. acetic acid, methanol and dried n-

butanol were used as the starting compounds. To form a barium methoxide, BaQ (5.2 g )



was dissolved in 30 cc acetic acid and methanol (50 cc) was used as solvent. For Ti/Ba =
2, dried n-butanol (50 cc) was added to 20 cc ttanium (IV) 1sopropoxide to obtain the
stable Ti- solution. The mixed solution of barium and Titanium was heated at 80 °C on a
hot plate with continuous sturing for 1 h.  After that 20 cc of distilled water was added to
the solution to form a gel. The gel was dried in an oven at 110 °C for 24 h, the white
powder precursor was form. The dry precursor was ground and then heated in air al the
temperature which ranged from 400 to 1250°C for 4 h 1o yield BaTi;Os. Phase
transformations of the dried powders were analyzed by differential scanning caloriemetry
(DSC) and thermogravimetic analysis {TGA), which was preformed up to a temperature of
1200°C with a heating rate of 10°C/min. Phase evolution of the calcined powders was
characterized by X-ray diffraction (XRD) (CuK, radiation). The morphology of ihe
calcined powders was studied using scanning electron microscopy (SEM). The reaction
mechanism related to the calcination processes was studied using Fourier transform

infrared spectroscopy (FTIR) at room temperature in the KBr plate method. [13]

3. Results and discussion

Fig. 1 shows the DSC/TGA thermogram obtained from the dried precursors of
BaT1;,05 to 1000°C. 1t can be seen that evaporation of water occurred at below 250°C,

corresponding to endothermic peak with 12.5% weight loss, losing of remnant organics or

decomposition of acetate group to form barium carbonate accompanied by the endothermic

peak at about 370°C with 19% weight loss located at 2350°C to 450°C, and the

decomposition of barium carbonate and titanium oxide and the reaction between fresh
nuclei to form single-phase BaT1,0s observed in exothermic peak at about 750°C to 900°C

with no weight change. Fig. 2 shows a series of the X-ray diffractograms from the as-



mixed powder and those calcined at various temperatures. The XRD patterns were analyzed
based on the Joint Committee on Powders Diffraction Standard (JCPDS), card No.70-1188.
They showed that the powder heated at below 700°C are amorphous. Every peak in the
patterns at the temperatures from 800°C to 1200°C can be attributed to BaTi,Os. This
indicates that the powder is single-phase monoclinic BaTi:O;_ which starts to form from
about 800°C. However, the BaTi;0s phase decomposes into BaTiOs and BagT1,504 when
heated over 1200°C. The formation and decomposition of BaTi,Os in relation to
temperature between 800 to 1200°C obtained from our XRD results are agreeable to those
obtained by Rutter e af ,[7] Paff[8] and Javadpour ef a/.[9] But at the samples calcined at
1200°C appeared to be somewhat different where their results of BaTi,O5 decomposed into
BaTiQ; and BagT1,7040 while our result also showed BaT1,Qs and was consistent with the
results of Xu et a/[10]. Fig. 3 shows the IR spectra of dried precursor powders calcined at
various temperatures i.e., 400, 500, 600, 700, 800, 900, 1000, 1100 and 1200°C. The [R
peaks of dried precursors appeared at 1555, 1411, 1325, 1045, 1022, 934, 783 and 650
cm’'. These IR data are consistent with the modes of vibration of acetate groups{14]. Peak
at 1022 1s assigned to Ti-O-C vibration and peaks at 1325 and 1411 are ascribed to the
symmetric COO vibration. While peak at 1535 cm’' is ascribed to the asymmetric COO
vibration. So we conclude that acetate groups existed in ge! network by 1onic form. For
the powders calcined at 400 to 600°C, the similar spectrums show bands at 1607, 1419 and
1386 cm’' whereas the peaks at 1555, 1411, 1325, 1045, 1022, 934, 783 and 650 cm’’
disappear.  This implies that acetate group decomposed and can be attributed to the
vibration modes of the ionic carbonate. But these peaks disappear at 700°C and peaks of
896, 891, 755, 663, 656 and 503 cm’' are observed. This indicates that the carbonate group
decomposed and occurs reaction between bariwm carbonate and titanium oxide and resulted

in formation of the unknown phase. While the formation of BaTi;Os powders occurs



completely at 800 to 1200°C with the similar spectrums at 845, 756, 549 and 451 cm™.
These results were confirmed by XRD pattems (Fig.2). Fig. 4 shows some of the scanning
electron micrographs of the calcined BaTi,Os powders at 800°C and 1200°C. It can be seen
that the BaTi,Os powders consist of hard aggregated fine particles in almost round shape
and slightly grow at higher temperatures. The particle sizes are estimated to be in the range

of 0.1 — 1.5 um for the calcination temperatures from 800°C to 1200°C.

4. Conclusion

Single — phase BaTi,0s powder could be prepared using sol - gel method with
calcining the BaTi,Os precursor at temperatures from 800°C to 1200°C for 4 h. XRD
analyses of BaT1;,0s powders show that the formed powders have the stable single phase of
BaTi,Os in this temperature range, whereas the phase dissociates into BaTiO; and
BagT1704 when sample is heated up to 1250°C. The IR absorpiion peaks confirm the
existence of a substitution reaction with the chelating reagent corresponding to different
modes of vibration characteristic of the acetate group.  The microstructure of BaTi,Os
powders consist of weakly aggregated fine particles in almost round shape. The particle

size s estimated to be in the range of 0.1- 1.5 pm and increases with temperature.

Acknowledgement

The authors would like to express their sincere thanks to the Thailand Research Fund for

the financial support.



References

10.

11

12.

A. Yukikuni, F. Katsuhiro, S. Hirotake: Jpn. J. Appl. Phys. 42, L946 (2003)
D. E. Rase, R. Roy: J. Am. Ceram. Soc. 38, 33 (1955)

H. M. O’Bryan, J. Thomson: J. Am. Ceram. Soc. 57, 522 (1974)

T. Negas, R. S. Roth, H. S. Pakker, D. Minor: J. Solid. State. Chem. 9, 297 (1974)
K. W_Kirby, B. A. Wechsler: J. Am. Ceram. Soc. 74, 1841 (1991)

J.P. Guha: J. Am. Ceram. Soc. 60, 246 (1997)

J.J. Ritter, R.S. Roth, J.E. Blendell: J. Am. Ceram. Soc. 69, 155 (1986)

G. pfaff: J. Mater. Sci. Lett. 9, 1145 (1990)

J. Javadpour, N.G. Eror: J. Am. Ceram. Soc. 71, 206 (1988)

Y. Xu, G. Huang, H. Long: Mater. Letts. 22, 3570 (2003)

A. Cuneyt Tas: J. Am. Ceram. Soc. 82, 1582 (1999)

L. Christine, G. Bernard, J. L. Andre: J. Appl. Phy. 175, 1 (1994)

. K. William: Organic Spectroscopy, 2™ ( Macmillam Education Ltd., London

1980)

. K. Nakamoto: Infrared and Ramann Spectra of Inorganic and Coordination

Compounds., 5" edition ( John Wiley & Sons Inc., New York 1997)



@nesviungiay 2.4



BATTHBEaY 2.4

Journals 101 Philip Drive | Assinippi Park el +1781 871 6600 @ Sprlnger

Editorial Office Norwell | MA 02061 [ USA fax +1 781 878 0449

www.springeroniine.com

Prof. T. Tunkasiri

Chiang Mai University
Department Of Physics

Faculty Of Science

Materials Science Research Lab.
Chiang Mai

50200 Thailandg

Date: 04 January 2005

Qur ref,: JMSL10387-04 . J3AUT1 76558
Properties of CdS5:Ni Films Prepared by Chemical Bath
Deposition Method

EITSSAYEAM/INTATHA/PENGPAT/TUNKASIRI

Dear Prof. Tunkasiri:

1 am pleased to inform yocu that your .
manuscript has been accepted for publication

and will appear in one of the next issues <f the
JOURNAIL OF TERIALS SCIENCE LETTERS

Any %ueries concerning the production of your manuscript
should be sent to:

Mrs. Angela DePina
Sﬁrlnger

JMSL_ . :
101 Philip Drive
A551n1§p1 Park
Norwell, MA 02061 _U.S.A. _

Email address: angela.depina@springer-sbm.com

Please remember to_guote the manuscript number
JMSL10387-04 at all times. Thank you.

it would be greatly appreciated if you_could provide us_with
an electronic version of your paper (please see the enclosed
instructions) . Thank you.

Sincerely yours,
Springer

R~

Be;Ey Pinney & Amiee DeSouza
Editorial Office JMSL
Email address: jms@springer-sbm.com

P.S.: If you would like to submit your accepted gaper
to the Ogen Cholce program, %lease access thé following
URL : http://www.springeronline.com/openchoice

S t §41

Sprir R s 1ce-Business Media



Properties of CdS:Ni films prepared by Chemical bath deposition method

S. Eitssayeam, U. Intatha, K. Pengpat and T. Tunkasiri

Department of Physics. Faculty of Science, Chiang Mai University,

Chiang Mai 50200, Thailand

Cadmium sulphide (CdS) is one of the well known 11-VI compounds, which has gained

considerabie attention as a promising candidate for photodetecter application. It has a wide

range of applications in the technology of optical detectors, field-effect transistors and

oploelectronic devices [1, 2, 3]. CdS thin films are also widely used as n-type window layers in

thin film solar cells. There are many methods to fabricate CdS thin films, such as vaccum

evaporation (VE), hot-wall vacuum evaporation (HWVE), close-spaced vapor transport (CSVT),

spray pyrolysis (SP), chemical vapor deposition (CVD), screen printing (ScP), electrodepaosition

(ED). sputtering (ST) and chemical bath depasition (CBD) [4]. Among them, the chemical bath

depositicn (CBD) was the most suitable method to produce CdS thin films for n-CdS/p-CdTe

solar cells applications because it has 15.8% cell efficiency, cost-effective and large-scale

method [4,5]. In the CBD, CdS films were formed by precipitation from solution that containing

cadmium ons and thiourea molecules in ammaonia solutions. In order o improve the efficiency



-2

of the CdS films, many works have been attempted to mix or cope other materials into the films.
For examples, Atay el. al [6] prepared CdS:NIS films which prepared by spray pyrolysis, as
nickel sulphide (NiS) is an interesting compound, it has a good electronic conduclivity and an
energy band gap of 0.35 eV [7]

n this work, we have synthesized thin films of CdS:NIS by CBD method. Various
quantities of Ni were used for mixing. Surface characterization, structure, microstructure and
morphclogy of the films due to heat treatment as well as their resistivities have been studied.

The CdS and CdS:Ni films, at the Ni molé percentages of 10 to 40, were deposited by
chemical bath deposited method on 2.5x7 cm’ commercial glass substrates. The starting
solutions containing 0.05 M CdCl, (cadmium chloride}, 0.01 SC(NH,), (thiourea), ammonia
solution {NH,0H 25%) was added to maintain the pH value of the solution at 11. The CdCl,,
NICl, solutions were mixed together at room temperature with continuous stirring, afterthat, the
NH,OH solution was added until a colorless solution was obtained. Then the SC(NH,}, solution
was added. The mixed solution was maintained at 80°C. The clean glass supstrates were

immersed vertically in the bath. The solution was continuosly stirred during 30 min of film

deposition to keep a homogeneous distribution of chemical components. Finally, after
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deposition, the glass substrates were removed from the chemical bath, and cleaned for several
times with de-ionized water, then dried in air atmoshere. The experimental setup is shown in
Fig.1.

The structural properties of the films were studied by an x-ray diffractometer with Culy
radiation {Jeol madel JDX-8030). Microstructure and surface characterization of the films were
investigated using the scanning electron microscopy (Jeol SEM 6335F) and the atomic force
microscopy (Seiko model SPI 3800 N), respectively. The compaositions of the fiims were
determined by the energy dispersive X-ray spectroscopy (EDS) and the resistivity of films (both
dark and light conditions) were determined by the two-probe technique, using Fluke digital
multimeter medel 111, Various intensities of light were used for the light conditions employing a
40 W Phiplip superlux lamp. Intensities of light were detected using Foot Candle/lLux meter
(EXTECH INSTRUMENTS : model 407000).

The plots of resistivities against the light intensities of CdS and CdS:Ni films at various
ratios of Ni, were presented in Fig. 2. The plot of CdS:Ni, 7:3 was omitted since it is almost
similar to the graph of ratio 6:4. It was seen that the resistivities of the films decreased sharply at

high tight intensities. However, the drop of resistivities becomes constant at 10830 Lux (40% of



light source). This may be due to the fact that the fight energy raises the electrons across the

energy band gaps of CdS and NiS. The higher light intensities the more electrons jump pass the

gaps. Subsequently their mobility increases and nence reduces their resistivities. The dark and

light resistivity vaiues of CdS and CdS:Ni films were tabulated in the Table 1. It can be seen that

all the films are photoconductive materials and that the resistivity of the film decreases as the Ni

concentration increases both dark and light conditions. The values oblained in our work are in

the same order as that obtained by Atay et. al [B], though they employed spray pyrolysis for

preparing. Eventually at Ni concentration of 40%, both dark and light resistivities are equal.

Fig. 3. shows the x-ray diffractograms of the Cd& and CdS:Ni films. It can be seen that

the as-deposited CdS films appear to be in cubic form which is in agreement with that obtained

by Qliva el. al [8) who used the same methed for preparing. In contrast to the films prepared by

Atay et. al [6], which were in hexagconal phase. This may due to the occurrence of heat during

spraying process. However, after heat freatment at 300°C onward the cubic CdS films in our

work transformed into hexagonai phase. The undeped cubic structure CdS films gradually

distorted as the Ni concentration increased. Eventually the hexagonal nickel sulphide (NiS) film

appeared to mix with the CdS film. Furthermore, the more Ni concentrations were mixed in the
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films. the broader peaks of CdS were detected, indicating of the smaller paricle size we

obtained. The same trend was also obtained by Atay et al. [6]. Analysis of the XRD peaks was

carried out based on the Joint Commitiee Powder Diffraction Standard (JCPOS) file No. 75-1546

[8] and No.50-1781 {10] respectively.

From the AFM abservation of the CdS films, it was found that the Ni concentration affects

the thickness and rounghness of CdS films. These values are tabulated in Table 2. The

thickness and rounghness of the films were found to vary as the Ni concentration. This may be

due io the fact that the ionic radius of Ni (0.720 A® } is smaller compared to that of Cd (0.976

A%}, Therefore, the roughness increases as the Ni concentration increase. The reason for

thickness increasing can be altributed to the strong ionic bonding between Ni and S which may

reduce the rate of evaporation of S, which, in turn, increase the thickness of the films with

increasing Ni conceniration. Qur resulis on thickness agree well with that obtained by Alay et al.

(6].

The elements on the films were analysed by the energy dispersive X-ray spectroscopy

(EDS. The resuits are shown in Fig. 4. EDS analysis results show that the films contain O, Na,

Mg, Al 50, S, Ca. Ni, Cd and Au eiements. The Cd, Ni and S elements were found as expected.



The other elements such as Q, Na, Mg, Al, Si and Ca are the composition of glass substrates

and Au element resulted from the Au coating for SEM observation.

The surface morpholagy of the films were investigated by scanning electron microscopy

{(SEM) and atomic force microscopy (AFM). SEM micrographs of the films are shown in Fig. 5.

and AFM micrographs of the films are shown in Fig. 6. It was seen that the CdS films have

different sizes of spherical particles stacking on glass substrate which high perosity. In the

CdS:Ni films with different concentrations showed hard aggomerate of spherical particles.

In conclusion, CdS and CdS:Ni films were prepared by chemical bath deposition

lechnique (CBD). Effects of the Ni concentration on the structural, morphological properties as

well as the resistivities both dark and light conditions were investigated. The as-depositied CdS$

fiims were found to be in cubic form which transform into hexagonal after annealing at over

300°C. Incorporation of Ni concentration causes some damage regarding the crystallinity of

Cds films. The hexagonal NiS appeared o mix with the CdS in the CdS:Ni fiims. Roughness and

thickness increased with increasing of Ni concentration. Spherical particles of 200-400 nm in

diameter were found 1o pack into thin CdS sheets with high porosity while hard aggomeration of



the spherical particles appeared on CdS:Ni films. Resistivities of CdS and CdS:Ni films

decreases with increasing of light intensities and decrease with Ni concentrations.
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Fig. 1. Experimental setup for preparation of chemical bath deposited CdS and CdS:Ni.
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Fig. 2. The surface morphologies of CdS and CdS:Ni from SEM (A) CdS, (B} CdS

N



- 16 -

Fig. 6. The surface morphologies of CdS and CdS:Ni from AFM (A) CdS, (B} CdS :Ni.
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Table 1. The resistivity values of CdS and CdS:Ni films.

The resistivity in dark (€ cm)

The resistivity in light (Q em)

Sample

{0 Lux) (28100 Lux)
Cds 1.55x 10° 1.82 x 10°
CdS:Ni (at 10%) 154 x 10° 856 x 10°
CdS:Ni (al 20%) 2.34 x 107 6.84 x 10°
CdS:Ni (at 30%) 7.90 x 10° 6.02x10°
CAS:Ni (at 40%) 0.54 x 10° 0.54 x 10°

‘Table 2. The surface charaterization of CdS and CdS;Ni films observed from AFM.,

Sample Rounghness (nm) Thickness (nm)
Cds 246 _ 69
CdS:NI{10%NI) 389 143
CdS:Ni(20%Ni) 432 144
CdS:NI{30%Ni) 360 168
CdS:Ni(40%Ni) B47 164
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Dielectric properties of low firing 0.98BaTi0;-0.02Ba(Mg,3Nb,4) O3 with

PbO/Li;CO1-Bi,04 ceramics

A. Munpakdee, J. Tontragoon and T. Tunkasiri
Department of Physics, Faculty of Science. Chiang Mai University, Chiang Mai,

350200, THAILAND

In a previous paper(l) we discussed the additions to barium titanate with
barium magnesium niobate (Ba(Mg,.;Nb2:)O3 : BMN) and their effects on dielectric
properties of the material. Preparation was carried out via a solid selution which
would rather be costly on the manufactuning scale while Weill er o/ (2.3) employed
the chemincal method. It is the dielectric properties of barium titanate doped which
give rise to this interest. Our earlier work showed that composition containing mostly
barium titanate with 2 mol% of BMN reached a higher dielectric constant than pure
barium titanate. The barium titanate modified was often used as capacitor dielectrics
however, disadvantage of barium titanate was sintering of high temperature about
1300 °C, reduce sintering temperature by using flux was interesting the last few years.
In order to reduce sintering temperature down to about 1000 °C the powder small
amount of fluxing agents such as Bi2Os, PbO and Li;COs(4-8) have been used. To
promote densification by liquid phase sintering at lower temperatures. Unfortunately,
lower sintering temperature are often accompanied by a significant decrease in
dielectric censtant. In some case, however, the reaction between the base and flux

was found to produce dielectric properties advantageous for using in capacitor.



The objection of this work are to obtain both tow firing and high dielectric constant of
barim titanate doped with barium magnesium niobate based with some suitable

dopants by solid solution method.

Experimental procedures.

The spectmens studied in this investigation were fabricated according to
formula 0.98 BaTiO; — 0.02Ba(Mg;;3Nby3)Os. The purity of the starting raw
materials was 99% and the specimens were prepared bv the mixed oxides method.
They were ball milied with zirconia ball in ethvi alcohol for 24 11 and dired in an oven.
The powder was calcined at 1200 °C for 2 h in atr. The calcined powders were bal!
milled again with fluxing agents as xL1,CO;—xBi>03+vPbO (where x = 5.20, 2.63,
1.315 wt% and y = 1.75, 0.875, 0.4375 wit%) for 24 h. Sample composition arc
shown in Table |. After dried, green compact samples were sintered at various
temperature for 2 h in air. They were heated by controlling the furnace temperature at
the rate of 5 °C/min. The densities of all sintered pellets were measure volumetrically
and determined. The calcined and sintered specimens were analyzed by x-ray
diffractometer. The sintered pellets were polish on difterent grades of silicon carbind
papers to obtain paralled surfaces. Sample discs were electroded using silver paste for
dielectric measurement. Evolution of dielectric constant against the temperature was
measured at various ambient temperature rang from room temperature to 200 °C,

using an LCR meter.



Table 1. Sample composition

ol
@]
o
o

Amount of ﬂuxﬁg agent

| 0.98BaTiO; — 0.02Ba(Mg)3Nby3)0; (No flux)

> |

pb] 5.26\—\'{‘_’--6(Li3CO3 - 81203) — 1.75wt% PbO

2pbl 2.63w1"y(L1,COz - B1;0;) — 0.875wt% PbO

4pbl | 1.315w1%(Li2CO; — Bi,03) — 0.437wt% PbO

Result and Discussion

The different kind of additives are added simultaneously, densification will be
faster since more hquid phase 15 present. Moreover, using monovalent carbonate and
trivalent oxides as liquid phase to correct the instability by way of charge
compensation. So, in this study, Li-CO3, PbO and Bi;0O; with melting temperatures
between 700 °C, 880 °C and 8§50 °C are selected as the liquid phase formers in the

sintering 0.98BT-0.02 BMN ceramics.

dansity

siatenng lenperature (') SAIEANG iy o e (70)

—+—pht —C—Ipbt —k——Jgn —H—2ima ~———pbl —O—2p0l —k—apbl —F—DI-mn

Figure 1. shows the relative densities and linear shrinkage of 0.98BT-0.2BMN
sintered  with different ameunt of PO, LiCO:. BiO; Versus the sintering

remperature.



In liquid phase sintering, the microflow of the liquid phase will rearrange the grain
configuration so that it can eventually approach a denser structure. This flow gives 1o
densification and accelerates the sintering process which is the first stage of liquid
phase sintering. Linear shrinkage and density are shown in Figure 1. The linear
shrinkage also tends to be saturated after sintering at 850 °C and the more liquid
phase former added, the larger will be the shrinkage. In case, densities are up side
down. A higher amount of fluxing agent gives lower density products as a
consequence of mainly glassy phase to occurred during sintering 1f often
accompanied by significant decrease in density compared with undoped sample. The
slight decrease in density and shrinkage at high temperatures, can be attributed to the
vaporization of additives. However, all of amount of fluxing agents is sufficient for

sintering 0.98BT-0.02BMN ceramics below 1000 °C.

Through XRD, the phase of all the sintered ceramics were perovskite are
shown in Figure 2. The sharp lines observed indicate good crystallinity which
rﬁatched with BT phase. The analysis was carried out base on the Joint Committee on
Powder Diffraction Standard (JCPDS). The trace of BiyT130,; was observed in
PbO/Bi,05/ L1,CO; added samples. The shift of the diffraction peak can be usualized
as the shift of d-space and thus the change of the lattice constant of 0.98BT-0.02BMN
due to the modification by BiOy/LCOs. It was found that tetragonal BT structure

become cubic at room temperature when highest of amount of fluxing agents were

added.
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Figure 2. XRD pattern of ceramics of flux-sintered ceramic. (* BizT1:042 )

Figure 3. Typical microstructure of flux-sintered ceramic.



The actions of hquid phase formers on sintering are disclosed by observing the
microstructures of specimens. One can also sec that more amount fluxing agents
added simultaneously, densification will be faster since more liquid phase (Figure 3).
In case of highest flux-added (pbl), densification is fast occurred with sintering at 800
°C, the liquid phase coats grains and provides interconnection among them. With
decreasing on grain size with increasing of fluxing agents and sintering temperature
are observed (6,7,9). So, Bismuth and Lithium oxide have been added to BaTiO; to
enhance sintering without grain growth. The rich in Bi-content was found at GB,
detected by energy dispersive X-ray analysis(EDX), and are formed by substitution to

Ba ion in lattice. This result is confirmed by XRD techniques.



Table 2. Dielectric characteristics of flux-added 0.98BT-0.02BMN ceramics.

composition sintering £ T
temperature
A 1300 *"'46}iifﬁAr_)?ET—*L‘g_' O

1350 25,000 95
1400 16,000 103
4pbl 850 6245 77
900 9410 80
950 9570 83
1000 10,080 84
1050 14,650 85
2pbl 750 1962 35
800 2,200 100
850 10,252 84
900 17,327 94
950 30,485 33
pbl 750 3,645 {lat
800 2,500 flat
850 2,500 flat
900 2,500 | flat
950 3,595 78

1060 18,000

!

T
dielectric

loss

1

0.35

0.25

[.25

1.25

0.3

40

50

25

20

50

_ 7p (€2.cm)

C45x10°
4.9%10°
6.3x10°
3.3x10°
3.610
3.2%107
5.2x10°
1.2x10°
32x10°
0.32x10°
0.83x10°
0.56x10°
5.3x10°
1.2x10"

1.63%10°

| 2.15x107
1
2.15%107
3.4%10%

9% 10"




The effect of doping on dielectric characteristics, the substituting and
interstitial process of additive jons must be occurred 1nto bulk. These maybe A-or B-
site substitution and the possibility of either octahedral or tetrahedral interstitial
packing by doping into ABO; perovskite structure. Which effect is dominant will
depend on valency and radius of doping ion. It is believed that Bi**, Pb’" and Li"
undergo A-site substitution.(9-12) The dielectric properties of flux-added 0.98BT-
0.02BMN ceramic with different sintering temperatures are tabulated in Table 2 and
Figure 4. -From the result, the highest & value was about 30,000 for ceramic
containing 2.63 wt% (Li;C0O;3-Bi,03)-0.83wt%PbO sintered at 950 °C. Effect of Bi’*
substituted at A-site was shown in Figure 4. At high B1;03 amount the permittivity
peak was depressed and broadened. Morecover, in the Bi®' state tended to shift the T,
downward. However, the interstitial effect with Li* can be confirmed by anomalous

increase of dielectric loss when temperature is higher than T..

35000 | 25
30000 1 |

_ 20 _
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:; 25000 | c
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= ' 15 5
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— .- 2Zptlloss — — — -pblloss - ---... 4oblloss

Figure 4. Change of dielectric constant (at 1 kHz) and dissipation factor (tand)

against temperature of flux-added 0.98BT-0.02BMN ceramics at 950 °C.



Conclusion

0.98RaTiO; — 0.02Ba(MgsNbys)O3  system to accelerate the densification process
without grain growth. Phase transformation between tetragonal to cubic at room
temperature at highest amount of fluxing agents but smaller grain size were found.
Effect of Bi** and Li* on dielectric properties were found by substitution and
interstitial process at A-site in perovskite structure. To cause Te shifted downward and
broaden peak of dielectric characteristic. The optimum condition from this work 1s

contain 2.63 wt% (Li;CO3-Bi;03)-0.83w1%Pb0O sintered at 950 °C. The highest

Li,CO4/ Bi,O; (equal ratio) and PbO were used as liquid phase sintering in

relative permittivity was about 30000.
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Structural and physical properties of Nd-doped Pb(Zros:Tig.45)O3 ceramics

W. Thamjaree, W. Nhuapeng, and T. Tunkasiri

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai

50200 Thailand

Lead zirconate titanate (PZT) ceramics (Zr/Ti = 52/48) have been modified with
different quantities of neodymium oxide (Nd;03). The preparation was carried out

via the solid-state-reaction route. The samples were calcined and sintered at 850 °C

and 120Q°C, respectively. The structural evolution and the microstructure were
investigated using an X-ray diffractometer (XRD) and a scanning electron microscope

(SEM), respectively.  The physical properties such as dielectric constants,

piezoelectric coefficients, density etc. were also studied.



INTRODUCTION

Lead zirconate titanate [Pb(Zr,Tii.x)Q3, PZT] ceramics have been intensively studied

due to their applications in electronics, microphone, ignitors, ultrasonic transducers,

accelerometers, piezoelectric sonar, radio and communication filter [1-4]. Many

studies have been carried out to enhance the piezoelectric properties for some
technological demand. Various dopants were added into the PZT ceramics as well as
the ratios of Zr/Ti were varied in order to improve their piezoelectricity. He and Li
[5] doped the PbgosSroos(Zro.s2Tio.48)O3 and Pb(Zro 53Ti0.47)0.98(Sb2sMnu3)0.0203 with

various quantities of MnCO; (x = 0-7.5 mol%). They found that for the low

concentration of Mn ion (less than 0.5 mol%), k, and ds: of the samples increased.

On the other hand, Om was found to increase without any significant change in k, and

dyy if Mn ion was added in the range of 0.5-1.5 mol%. Moreover, the piezoelectric

properties detertorated when the concentration is more than 1.5 mol%. Garg and Goel

{61 emploved 2.0 mol% rare-earth oxides (M>Q;) where M = Er, Gd. Eu, Nd and La

to modify the Pb3x.yMx(Zrg 40Tip60)05 using solid-state-reaction route. They found

that the additive preferably goes to the A site with increasing ionic radius. Garg and

Agrawal [7] and Shannigrahi et al. [8] improved the electrical properties of

Pbp osMy 02(Zrp 535T1g 265 )0.99503_and Pb;,Nd,(ZrpoTioaoh.2O0:_ by adding Nd,O;3

where the Nd,Os quantities were used at 0.02, 0.07, 0.08 and 0.10 mol. Since PZT

ceramics have five different phases including, orthorhombic and tetragonal




antiferroelectric phases (x > 0.9), two different ferroelectric rhombohedral phases(x >

0.53), and a ferroelectric tetragonal phase (x < 0.53). The rhombohedral phases_have

a mutual phase transition at Zr-content dependent _temperatures. At room

temperature, the high-temperature rhombohedral phase covers the Zr-composition

range of 0.53< x < 0.64. Above the Curie temperature of about 350 °C, paraelectric

PZTs always have the cubic perovskite structure. The composition at the phase

boundary between the ferroelectric tetragonal and high-temperature rhombohedral

phase are very important effects on the piezoelectric properties of PZT around this

composition value [9]. Especially, the composition where PbZrO;:PbTiO; 1s 1:1, the

domain structure has a very important effect on behavior of piezoceramics.
Therefore, it is reported that different ratios of Pb:Zr:Ti result in structural change
with composition at constant temperatures in a solid solution range [10]. For example

at about 350 °C the Pb(Zr, Ti;.4)O1 system has a tetragonal unit cell where x less than

0.53 and changes to high temperature rhombohedral where x more than 0.53. As a

result, this affects their electric properties significantly. The coupling coefficient and

dielectric constant show remarkably high values when x = 0.52 [11]. Therefore, it

would be very interesting to attempt to achieve better piezoelectric properties for PZT

ceramic at exactly x = 0.52 using a wider range of Nd>O; for doping. This paper

reports the authors’ work on the production of this tvpe of PZT ceramics and

characterization of their physical properties.




EXPERIMENTAL PROCEDURE
PZT ceramics with the morphotropic phase boundary (Zt/Ti = 52/48) incorporated
with various amounts of Nd;Os (0.1, 0.3, 1.5 and 2.7 mol%) were prepared via the

conventional solid-state-reaction route. Lead oxide (PbO ~ 99%, Fluka), zirconium

oxide (ZrO; ~ 99%, Fluka), titanium dioxide (TiO; ~ 99%, Reidel) and neodymium

oxide (Nd;O3 ~ 99%, Reidel) were employed as precursors. They were weighed

according to appropriate molar fractions, mixed and wet milled (in ethanol) for 24 h

in the zirconia grinding media. The mixtures were dried and calcined at 850 °C. The

mixtures were then reground and formed into circular disks with diameter of 15 mm.

and thickness of 2.5 mm. 2 wt% polyvinyl alcohol (Fluka) was emploved as binder.

The samples were sintered at 1200 °C with heating/cooling rate of 5 °C/min n a close
alumina crucible with a lead atmosphere provided by lead zirconate (PZ) powder.
The polished samples were electroded and poled in an electric field of 10 kV/mm for
30 min 1n silicone o1l at 120 °C. The planar coupling coefficient (k;), dielectric
constant (g,), loss angle (tan &) were measured (using Hewlett Packard 4192 LF

impedance analyzer and 16048 A test lead). An X-ray diffractometer (XRD, Philips)
and a scanning electron microscope (SEM, Philips XL 30 ESEM) were employed to

study phase evolution and microstructure of the samples, respectively.



RESULTS AND DISCUSSION

The XRD patterns of the ceramics with Nd amount of 0 to 2.7 mol% and a typical

pattern of the 1.5 mol% Nd doped sample are shown in Fig. 1. The analysis was

carried out based on the Joint Committee on Powder Diffraction Standards (JCPDS).

From the calcined sample at 850 °C, the second phases of NdjesTiO5 [13] and

Pbi.) 5:Ndx(Z1g65Tip35)0; [14] were detected together with tetragonal PZT phase and

2L

small trends of unknown peaks which may be from the unreacted of starting powders.

The tetragonal Pb{Zrps:Tigag)YD3 phases [12] were found in all patterns of the

ceramics samples which is corresponding to JCPDS file no 33-784. However, these

phases disappeared in the ceramic samples. It is scen that the single phase of

tetragonal perovskite PZT structure could be obtained from undoped and doped

samples with Nd content of lower than 0.3 mol%. The second phases of Pb;Ti;O4

[15], Nd,Zr>0; [16] and trace of unreacted Nd;O5 [17] were found in ceramic samples

when the amount of Nd dopant was higher than 1.5 mol%. The Pb,;Ti;04 phase was

also found by Hirashima et al. [18] though their preparation of PZT powder was

carried out by metal alkoxide method. In our present work, it is found that both

tetragonal and rhombohedral PZT phases appeared when the amount of Nd,0O, were

in the ranege of 0-0.3 mol%. but tetragonal is more outstanding than rhombohedral

phase. However, the rhombohedral distinctively separated from tetragonal phase as

the amount of Nd was greater than 0.3 mol% which can be observed from the extra

peak of (102)R. Garg and Agrawal [7] and Nasar et al. [19] also found both




rhombohedral and tetragonal PZT phase in their work. The appearance of the

tetragonal phase in the PZT ceramics agrees well with our previous work {20]. The
piezoelectric, dielectric and other physical properties are tabulated in the Table 1.
The results from Garg and Goel [6], Garg and Agrawal {7] and Shannigrahi et al. [8]
are also presented for the sake of compararison.

From the Table, it may be concluded that the ds; increased with the
increasing amounts of Nd,O; upto 1.5 mol%. It tends to drop slightly at higher

quantity. These are probably due to the occurrence of the drop of density and the

existing of second phase (see Fig. 1). The values of s, obtained here decrease with

increasing Nd»O5 contents, (from 29,200 down to 4450). It should be noted that the

values are higher than those obtained by Garg and Goel [6], Gare and Agrawal [7]

and Shannigrahi et al. [5] who prepared sample by mixed oxide method with excess

PbO and acetate alkoxide sol-gel technique, respectively. Similar trend was found in

the T, values. The fall of these values may be due to the formation of microscopic

heterogeneity, second phase and internal stress in the compounds. Mareover, the

coating of glassy phase around the erains may exhibit the lower dielectric constant of

these materials. Consequently, it may be assumed that the addition of Nd-dopant in

the PZT system has a significant effect on properties of the ceramics such as unit-cell

4

size, spontaneous polarization and resistivity. The densities and shrinkages of the

ceramics samples were relatively constant, whereas the tan &, ki and k, values



obtained in our work show slightly decrease, though not significantly. Our results are
comparable to those of Garg and Agrawal [7], though the ratios of Zr/Ti of their

samples are slightly different.

Fig. 2. shows the surfaces of the as-sintered of the undoped and doped
ceramics. It can be concluded that the grain size tends to decrease (from 8.2 um
down to 1.1 um) with increasing Nd,O; dopant as generally expected. Though at the

Nd,0; quantities higher than 0.3 mol%, the grain size are almost constant (slightly

over 1 um). Furthermore, there is a trend that the values of e drop with increasing

grain size. This agrees very well with Randall et al. [21] .

CONCLUSIONS

In this work, it has been found that the addition of the Nd-dopant has the effect to
phase transformation of PZT system. The rhombohedral phase was found together
with tetragonal phase and the second phase disappeared in the sintered samples. With
high quantities of Nd (over 1.5 mol%), however, new second phases and trace of
unreacted Nd,O; were found. The piezoelectric coefficients obtained in our works are

comparable to those obtained by others, whereas the dielectric constants are higher.
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Table 1. The piezoelectric, dielectric and physical properties of PZT doped with Nd

sintered at 1200 °C

Quantity Density Shrinkage Tc & tan & d ksi Kk
of (%) (%) °C) (pC/N)
dopant—
Nd
(mol%)
0.1 92 14.42 378 29,200 0.01 38.8 021 031
0.3 95 15.23 370 17,800  0.03 42,8 021 0.31
1.5 94 16.01 250 8,114 0.01 483 0.20 0.30
2.7 93 15.74 250 4450 0.002 263 0.18 0.27
20[6] 97 ; . 680 } i L
2.0 (7] i i 371 3490 003 128 029 049
0.07(8] 97 : 196 5878 003 - -

N.B. - means they were not shown in the original papers.



(110)

2.7 mol%Nd

1.5 mol1%Nd

0.3 mol%Nd

0.1 mol%Nd

0 mol% Nd

850 °C (1.5 mol%) Nd

20 (degree)
Fig 1. The top 5 X-ray diffractograms are the undoped and Nd-doped ceramics,

sintered at 1200 °C. The bottom plot is an XRD pattern of 1.5 mol% Nd
doped sample calcined at 850 °C.

(*) NdyOs (102)R Rhombohedral

(=) PbTi,O4

(a} NdyZr05

(*) NdogerTiOs

(*) [Pb115Ndx(Zro.65Ti035)]O03

(x) unknown



(e}

Fig. 2 SEM micrographs of as sintered surface of PZT ceramics sintered at 1200°C

doped with (a) 0 (b) 0.1 (c) 0.3 (d) 1.5and (e) 2.7 mol% of Nd,O;

13



List of Figure

Figure 1.  The top 5 X-ray diffractograms are the undoped and Nd-doped ceramics,

sinter at 1200 °C . The bottom plot is an XRD pattern of 1.5 ;mol% Nd
doped sample calcined at 850 °C.

(*) Nd,03

(w) PbyT1206

(a) Nd2Zr;07

(*) Ndg667TiO3

(*) [Pb 1-1.5:Ndx(Zrg 65Tl 35)] O3
(x) unknown

(102)R Rhombohedral

Figure 2. SEM micrographs of as sintered surface of PZT ceramics doped with
(a)0  (B)0.1 (¢)0.3 (d) 1.5and (e) 2.7 mol% of Nd,O; sintered
at 1200 °C.

Table 1. The piezoelectric, dielectric and physical properties of PZT doped with
Nd sintered at 1200 °C

N.B.

Figure 1. should appear after paragraph 1, page S

Figure 2. should appear after paragraph 1, page 7

Table 1. should appear after paragraph 2, page 6
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Current Folder: INBOX Sign Out
Compose Addresses Folders Options Search Help Calendar Fetch

Message Previous | Next  Forward | Forward as Attachment | Reply | Reply Al
List | Delete

Subject: RE: Greetings and Report on Recent Development of Asian
Ferroelectric Association
From: “"Zhu Weiguang \(Prof\)" <EWZHU@ntu.edu.sg>
Date: Sat, July 9, 2005 10:09 am
To: tadashi@takenaka.ee.noda.sut.ac.jp (more)
Cc: yfchen@nju.edu.cn (more)
Priority: Normal
Options: View Full Header | View Printable Version | View Messaqe details

Dear all AFA Executive & Advisory Board Members:

Greetings and wish all of you weli. This is a half-year short

circulation to report all Board Members on recent development of AFA,
Prof. T. Takenaka (Chair}, Prof. X. Yao (Immediate-Past-Chair}, Prof. W.
Zhu (Chair-Elect), and other several board members including Prof. Q. R.
Yin, Prof. T. Shigsaki, Prof. T. Y. Tseng met at the 4th Asian Meeting

on Electroceramics held 27 - 30 June in Hangzhou of China, exchanged
information and views. Below is the brief report on the recent
development or change for the past ~ half-year.

Sth Asian Meeting on Ferroelectrics (AMF-5). AMF-5 will be held 27-31
August 2006 in Noda of Japan near the Tokyo area. The 1st Call for

Papers is ready. For more information, please contact Professor T.
Takenaka or find at hitp:/f/www.amf5.com. For AMF-5, Prof. T. Takenaka is
the General Chair, Prof. T. Tsurumi of TIT is the Program Chair, and

Prof. T. Shicsaki is the Chair for Prof. Y. Ishibashi Workshop.

Confirmation of Prof. Tawee as the Executive Board Member. Prof. Tawee
of Thailand was recommended in the last circulation as the Executive
Board Member to represent the Thai's ferroelectric community. There is
no any objection has been received since the last circulation about
half-year ago, and Prof. Tawee is therefore confirmed as an AFA's
Executive Board Member. Let's warmly welcome Prof. Tawee to AFA's
Executive Board and congratulate to Prof. Tawee!

Retirement from Executive Board, Change to Advisory Board and New
Replacement

* Prof. YAO Xi requested to relinguish his Executive Board
Membership, and his request was accepted by the Executive Board
Standing/Working Committee. However, the Executive Board
Standing/Working Committee asked Prof. YAO Xi to remain as his
Immediate-Past-Chair and as a Member of Advisory Board; and Prof. YAO
has kindly agreed on it.

* Prof. T. Shiosaki also kindly requested to relinquish his

Executive Board Membership, and his request was accepted by the



CXCLULIVE DUAIU SLAQNIUITIGS YYLARIIIY LA ittt 1IMsy vyt wiie —esm—ae -
Board Standing/Working Committee asked Prof. T. Shiosaki as a Member of
Advisory Board; and Prof. Shiosaki has kindly accepted it.

* Prof. Yan-Feng CHEN of Nanjing University of China has been
proposed and recommended by the Chinese community to replace Prof. YAQ
Xi as an Executive Board Member for China. Attached please find Prof.
Chen's short CV. If any board member has objection, please feel free to
contact or email any one of us. If the objection ratio is less than 1/3

by about at the end of this year, Prof. Chen will be confirmed his
membership in AFA's Executive Board.

* Prof. T. Tsurumi of Tokyo Institute of Technology has been

proposed and recommended by the Japanesee community to replace Prof. T.
Shiosaki as an Executive Board Member for Japan. If any board member has
objection, please feel free to contact or email any one of us. If the

objection ratio is less than 1/3 by about at the end of this year, Prof.
Tsurumi will be confirmed his membership in AFA's Executive Board.

Thanks, have a nice weekend and with our best wishes,

T. TAKENAKA YAQ Xi

Weiguang ZHU

Chair Immediate-Past-Chair
Chair-Elect
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Professar ZHU Weiguang

School of Electrical & Electronic Engineering
BLK 52, B2a-03

Nanyang Technological University

50 Nanyang Avenue

Tel: (65) 6790 4541

Fax: (65) 6792 0415

Email: ewzhu@ntu,edu.sq
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Download this as a file
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Dear Prof. Tawee Tunkasiri,

The manuscript titled

High Curie Temperature Perovskite BilnO<sub>3</sub>-PbTiO<sub>3</sub> Ceramics

by

1) Robert Speyer 2) Runrun Duan 3) Edward Alberta 4) Thomas Shrout

has been submitted to Journal of Materials Research. I would
like to ask you to serve as reviewer on this paper. In an effort
to expedite the review process, please respond to this request
by e-mail (reply} as soon as possible (within 1 to 2 working
days). I hope that you will agree to review this paper, in which
case you will be notified by e-mail within 3 calendar days

about how to access the complete manuscript through our
online review system. You will receive a personalized UserID
and password with which to access the manuscript. I know that
our expert reviewers greatly contribute to the high standards

of the Journal, and I thank you in advance for accepting this
request. If you are unable to review the manuscript, I would
greatly appreciate your recommending another expert reviewer.

Sincerely,

Doh-Yeon Kim
IMR Principal Editor

JMR-2004-0123

High Curie Temperature Perovskite BilnO<sub>3</sub>-PbTiO<sub>3</sub> Ceramics
Corresponding Author: Prof. Robert Speyer

Contributing Authors: 1) Robert Speyer 2) Runrun Duan 3) Edward Alberta 4)

Thomas Shrout

The extent of BilnO<sub>3</sub> substitution in the perovskite system
<i>x</i>BilnQ<sub>3<fsub>-(1 - <i>x<fi>)PbTiO<sub>3</sub> and the corresponding
raise in the Curie temperature were investigated using thermal analysis, X-ray
diffraction and electron microscopy. Maximum tetragonal perovskite distortion
{<i>cfa</fi> = 1.082) was obtained for <i>x</fi> = 0.20, with a corresponding Curie
temperature of 582{{deg]]C. Phase-pure tetragonai perovskite was obtained for
<i>x</fi> [[lteq]] 0.25. Compound formation after calcining mixed oxide powders
resulted in agglomerated cube-shaped tetragonal perovskite particles, which could be
fired o 94.7% of theoretical density (TD) by crushing after calcining, dry pressing
and firing. Sol-gel fabrication resulted in nano-sized tetragonal or pseudo-cubic
perovskite particles, which after two-step firing, resulted in a tetragonal

perovskite microstructure at as high as (<i>x</fi> = 0.25) 98.2% of TD.

http://mail.chiangmai.ac.th/webmail/src/read_body.php?mailbox=INBOX&pas...
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FUTIET I N UL 4.5

PLEASE ACKNOWLEDGE RECEIPT OF THIS MANUSCRIPT FOR YOUR REVIEW.
We need a review as soon as possible.

Manuscript No.; P5-2843

Titde: Phase transitions of natura! corals monitored by ESR

spectroscopy
Author{s): V. Vongsavat, P. Winotai and S. Meejoo

Dear Professor T. Tunkasiri,

The enclosed manuscript (.PDF) has been submitted quite some time ago for
publication in NIM B: Beam Interactions with Materials and Atoms. [ seem to
be unable to locate a suitable referee. I hope that you will consent to

review it for us.

It is essential that a timely and careful review be given to all manuscripts
in order to maintain a high quality for the Journal. Please consider the
originality, quality of presentation, and scientific merit in your review.

If you know at the outset that you will be unabie to review this manuscript
within the next two weeks, please inform our office and suggest another
reviewer if possible. You may refer this manuscript to a qualified

colleague at your laboratory for review if you wish. You may e-mail {e-mail
is preferred), fax or mail your reply to the listed information below.

Your help is greatly appreciated.
Sincerely,

Lynn E. Rehn, Editor, NIMB

Dr. Lynn E. Rehn

Editor, NIMB

Building 223, MS7, Room S-231
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60433 USA

Phone: 630-252-9297 / Fax: 630-252-3308
E-mail: nimb@an!.gov

http://mail.chiangmai.ac.th/webmail/src/read_body.php?mailbox=INBOX&pas... 13/7/2548
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Progress in Electroceramics in Thailand

Tawee Tunkasin

Research in Electroceramics in Thailand, has actually started since 1987.
Work has been carried out in universities/institutes mainly on property and structure
of Piezoelectric ceramics such as barium titanate (BaTiO;, BT) and lead zirconate
titanate (Pb(Zro45Tip52)0;, PZT. With high permittivity and rapid change in
resistance at Curie temperature, enable BT ceramics to be employed as capacitors and
thermistors. Also with appropriate compositions barium based ceramics can be
employed in microwave circuits. Many research works have been carried out in a few
institutes/universities on PZT compounds. Due to their high planar coupling
coefficient enables PZT ceramics to be fabricated in ultrasonic cleaners, igniters,
buzzers...etc.

Regarding to the processing, mixed oxides route has been chosen for
simplicity. However, chemical route (Co-precipitation, Oxalate...etc.} has been used
to obtain smaller particles, higher purity and more precise compositions.

The relation of microstructure and the physical properties of ceramics has
been studied, mainly employing electron microscopy (SEM, TEM). X-ray line
broadening method has also been used to measure the particle size of the staring
powder. Inorder to bring down some physical properties, the study of composite
matenals such as piezoceramic (PZT) - polymers (HDPE, Epoxy resin) has been done
in some universities. Thin sheets of the PZT-polymer-composite (0-3 type) can be
achieved via calendering method.

Other materials, such as zinc oxide varistors (employed as surge arrestors)
and the solar cell group such as thin film of CdS, Cd; Zn, S and Culn,, Ga, Se;

have been studied in some universities.
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Low Temperature Sintering Piezoelectric Ceramics
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Thick film ceramics with sintering aids
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PLZT thin film
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Lead-free piezo compound
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High Permittivity Ceramics
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®1319% | Physical properties of BMN doped BT ceramics. (T¢ = Curie temperature)

Sintering
Temperature Shrinkage Densiiy y Dielectric Te
T °C) (%) (g/cm™) Constant (g;) {°C)
1300 13.71 5.84 9,600 126
1350 13.47 5.84 0.01 10,000 119
1400 13.65 5.86 8,500 120
1300 15.81 5.85 43,000 98
1350 15.72 5.81 0.02 32,000 95
1400 15.93 5.80 16,000 103
1400 15.60 5.80 9,500 74
1450 15.46 5.84 007 10,000 73
1400 15.95 561 004 12,000 54
1450 15.90 5.76 14,300 54
1400 15.68 5.81 o 0s 21,000 ~30
1450 15.62 5.82 15,000 ~30
1400 16.27 5.80 e 15,000 ~30
1450 16.90 5.76 9,300 ~30

naznswiaeansivuutavoedt g wag dissipation factor (tand) fagyii 3
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Based on the DTA and XRD data, it may be
concluded that, over a wide range of calcinations
conditions, single phase ZrTiO4 cannot be straight-
forwardly formed via a solid state mixed oxide
synthetic route. Between 1100 and 1150 °C, TiO,
anatase is transformed into the rutile phase. After
1200 °C. ZrO- totally disappeared. vet, up tw 1240
°C, Ti0- is remaining. A large temperature decrease
observed at temperature greater than 1275 °C may
be aurbute to the crystallization of ZrTiQ4. The
experimental work carmed out here suggests that the
optimal calcinaton conditions for single phase
ZrTi0, is 1300 °C for 4 h with heating/cooling
rates as fast as 20 °Cl/min.

The morphological evolution during calcination
was investigated by scanning electron microscopy
(SEM). Micrographs of ZT powders calcined at
various [emperatures from 1100 to 1300 °C for 4
h are shown in Fig. 3. In general. the parncles are
agglomerated and baswaily irregular in shape, with
a substantial variation in pacuicle size, particularty in
samples calcined at high temperatures. The range of
particle diameter was found to be about 0.2-1.0,
0.2-1.5, 03-2.0 and 0.5-3.0 pm for the sarnples
calcined at 1100, 1175, 1200 and 1300 >C for 4 h,
respectively. The resuits indicate that averaged par-
ticle size and degree of agglomeration tend to
increase with calcination temperature. Moreover,
the grain shape tends towards greater sphencity at
higher temperatures. Energy dispersive X-ray (EDX)
analysis showed the calcined compositions of the
pawder calcmed at 1300 °C for 4 b with heating/
cooling rates of 20 °C/min. to be ZrTiQ,4, in
agreement with XRD results.

4, Conclusions

Single-phase of zirconium titanate powders may
be produced by employing a solid state reaction
process using oxides as starting materials. Evidence
has been obtained for a 100% yield of an ortho-
thombic ZrTi0, at a calcination temperature of
1300 °C for 4 h with heating/cocling rates of 20
"C/min. The resulting ZT powders consist of
aggiomerated particles of 0.5 to 3.0 um in size,
which are rounded in morpholegy.

Acknowtedgements

The authors would like o acknowledge the
Thailand Research Fund (TRF) for the financial
support. One of the authors {R. T.) wishes to thanks
the University of Ubon Ratchatanee and The Ministry
of University Affair, Thailand for the scholarship.

References

(1] K Wakino, K. Minai. H. Tamura. J. Am. Ceram. Soc. 67
{1983) 278=281.
21 A Moulsen. .M. Herbert, Electroceramics, Chapman &
Hall, New York, 1990
[31 M. Leeni. M. Viviani. G. Bauilana. A.M. Fiorelio, M. Viticoli,
J. Bur. Ceram. Soc. 21 (2001) 17391741,
{4} K. Tanabe. Solid Acids and Bases: Their Catalytic Activity,
Academic Press. New York, 197,
[31 FJ. Parker. J. Am. Ceram. Soc. 73 (1990) 929932
[6) D.A. Chang. P. Lin. T. Tseny, J. Appl. Phys. 77 (1995}
Has - LT
(71 MK Jan, M.C. Bhamagar, G.L. Sharma, Sens. Acmators,
B 535 (1999) 17-15
{81 B.V. Cockeram. D.P. Measures. A.J. Mueller, Thin Solid
Films 355- 336 (1999) 17-25.
(91 R.E. Newnham, J. Am. Ceram. Soc. 50 (1967) 216.
{101 B. Bordet, A. Mchale, A, Santore. R.3. Roth, J. Solid State
Chem. 64 (1986) 30-46.
[11] A. Yamamoto. T. Yamada, H. lkawa. O. Fukunaga. K. Tanaka.
F. Marumao. Acta Crystallogr. C47 (1991) 15881591,
[12] R. Ruh. G.W. Hollenberg, E.G. Chavies. V.A. Pale. J. Am.
Ceram. Soc. 29 (1976) 495-499,
[13} . Hirane, T. Hayashi. A. Hauori. J. Am. Ceram. Suvc. 74
{39913 1320-1324.
[14] LA, Mavio, FJ. Marchena, M. Macias. P.J. Sanchez-Soto, P,
Pichat, J. Maier. Sci. 27 {1992) 2463 -2447.
[15] A. Biance. M. Paci. R. Freer, ). Eur. Ceram. Soc. 18 (1998)
1235-1245.
[16] M. Dawn, A Cremonza, F, Milella. G. Busea. E. Vogna, f. Eur
Ceram. Sue. 18 (1998) 1079 - L 087.
{17} G. Wolfram. H.E. Gobel, Mater. Res. Bull. 16 (1981)
j455- 1463,
(18] A.E. Mchafe. R.S. Roth, J. Am. Ceram. Soc. 66 {1983)
C18-C20.
[19] Y. Park 105 (1998) 735-738.
(201 D. Houiver, I.E. Fallah. 1.M. Haussonne, J, Eur. Ceram. Sec.
19 {1999) 10951099,
[21] RJ. Sanchez-Soto, M.A. Anlés, G. Colon, M. Macias. LA.
Navig, Mater. Lett. 20 {1994) 339,
{221 C.L. Wang, H.Y. Lee, F. Azough, J. Mater, Sci. 32 (1997)
1693-1701.

227 F. Azourh, R. Freer, ], Petzelt, ). Maier. Sci, 28 (1993)
2373-12276.



wnaIriveaY 1.3



	RTA4580004_s1
	RTA4580004_s2
	RTA4580004_s3
	RTA4580004_s4

