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Abstract
Fe-doped Big <Nay, J’O, ceramics with Fe-ion content varied from 0 to 0.15 at% were fully prepared by | solid state
reaction method. The g temp used was t 850 and 1000 °C. X-ray diffraction pattems showed that all produced ceramics were
single phase with a rhombohedral SEM mi phs of the ceramics showed a dramatic change in demnrcahcn behavior as a result of

Fe-ion doping. At 850 °C, the undoped BNT ceramic had a very porous structure. As the Fe-ion d, the showed
denser microstructures and, for the sample containing 0.15 ar.% Fe, a very dense grain structure with almost no pumsny was obtained. This
microstructural observation agreed well with the measured density whose value increased with irlcreasing Fe content. The relative density of at
least 95% was achieved in 0.15 at.% Fe-doped BNT ceramics even when it was si d at 850 °C. L g the sinteri p only had
an effect of increasing the grain size of this sample without appreciably affecting its density. The results of ﬂus :nvmngahon showed that addition

of Fes0; in BNT could help improve the densification process and significantly reduced the sintering temperature of BNT ceramics.

© 2006 Elsevier B.V. All rights reserved.

Kevwords: Bismuth sodium titanate; S:nlmng, Microstructure; Ceramics; Defects

1. Introduction

In ceramic processing, the use of low sintering temperature is
often desired. Apart from energy cost consideration, the lower
the sintering temperature, the closer stoichiometric or nominal
composition the produced ceramics will have. This is because at
high temperature the presence of intrinsic point defects as well
as the loss of volatile compounds usually occur.

Consequently, various techniques have been utilized in order
to lower the sintering temperature and improve the densification
process of ceramics. These include the use of non-conventional
sintering processes such as spark plasma sintering [1] and
microwave sintering [2]. Other processes such as multi-step
sintering and heating [3,4] and reactive sintering [5] were also
employed. These methods, though found very effective in
producing high-density ceramics, involve a rather complicated
experimental set up and/or need longer processing time than
conventional single-step firing process. An alternative method

* Comesponding author. Tel.: +66 53 941 921x632; fax: +66 53 892 271.
E-mail address: anuchal@: i.org (A

0167-577X/S - sec front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/.matlet.2006.10.059

is to fabricate ceramics by utilizing fine particles in sub-
micrometer or nanometer range that are produced by high-
energy ball milling or some chemical routes [1,6]. The former
has some risk of contamination from milling media while the
latter still faces the problem of mass production capability.

One method that has been utilized the most to lower the
sintering temperature is to use sintering aid which can be in the
form of a single compound (e.g. B;O;, LiF, LiCO;, MnO,,
CaF,) or mixture of these compounds [7-13], glassy phase
(e.g. PbO+Si0;) [14] and complex oxides (e.g. Pb(Yb,Nb; )
0;-PbTi0;-PbZr0; system) [15]. The purpose of these sin-
tering aids is to provide a low melting point material where
liquid phase can form along the grain boundaries of the
ceramics and, hence, help promote atomic diffusion. However,
it is often found that the presence of the low melting tem-
perature phase along grain boundaries degrade the properties of
materials.

Apart from these methods, one can add a small amount of
aliovalent dopant that substitutes ions in the lattice sites in ionic
compounds to produce point defect such as vacancies that can
help promote diffusion during sintering. Notable for this effect
is the oxygen vacancies whose number can be increased by

82



A, Watcharapasorn et al. / Materials Letters 61 (2007) 2986-2989

...
2
(110f

g

| x=0.0015 - - E 4

%*=0.0010 5 .
=, A A \ J

(100)
(11

210)
211)

(

| x=0.0005 , i : A

Intensity (a.u)

x=0 \ 2
e e A e A

20 30 40 50 80
26 (degrees)

(b)

=(1oy

(100)
~{111)
= (200)

210)

| x=00015, | z

r‘-{2|1:|

. %=0.0010 ' “ A »
e ] -

Intensity (a.u)

x=0 0005
|

"

2i) (degrees)

Fig.

. X-ray diffraction patterns of Big sNaqsTij-Fe.Os-ps.: (2) calcined
powders and (b) ics si

d at 1000 °C.

introducing an acceptor dopant to substitute for cations [16,17].
Based on this defect chemistry, this paper attempts to
investigate the effect of doping Fe ions into BiysNagsTiO;
(BNT) compound, which is currently considered as a potential
lead-free ferroelectric material [18-20]. The phase formation,
microstructure and density of Fe-doped BNT ceramics in
relation with sintering temperature are presented and discussed.

2. Experimental procedure

Fe-doped Bip sNag sTiO; powders were prepared from
binary oxides and carbonate, i.e. Bi,0; (>98%, Fluka),
Na,CO; (99.5%, Carlo Erba), TiO; (>99%, Riedel-de Haén)
and Fe;0, (99.9%, Fluka). The amount of Fe,0; varied from 0
to 0.075 mol%. This corresponds to the nominal composition,
Biy sMay sTi; - Fe, 05 5., where x varied from 0 to 0.0015. The
powder mixtures were ball milled in ethanol using zirconia
milling media for 24 h, calcined at 800 °C for 2 h, and checked
for phase purity using a powder X-ray diffractometer (XRD,
JEOL JDX-8030). The calcined powders were re-ground using
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densities using Archimedes method and the surface morphol-
ogies were studied using a scanning electron microscope (JEOL
JSM-5910LV).

3. Results and discussion

X-ray diffraction patterns of undoped and Fe-doped BNT powders
are shown in Fig. 1{a). The materials were single phase with a
rhombohedral structure, in ag) with the | reported in the
literature [21,22]. The relative peak intensities in all samples were
virtually the same which suggested that the presence of small amount
of Fe ions in BNT lattice did not cause any significant change in crystal
structure. Investigation of peak position indicated a very small peak
shift to lower angle for all reflections. Assuming the rhombohedral
symmetry and using the peak positions of (200) reflections, the lattice
constants of all samples were approximated and listed in Table 1. X-ray
diffraction pattemns of undoped and Fe-doped BNT ceramics sintered at
various temperatures were virtually the same as their correponding
powder patterns. Fig. 1(b) showed X-ray diffraction patterns of the
ceramic samples sintered at 1000 *C,

SEM micrographs of undoped and Fe-doped BNT ceramics sintered
at 850 °C are shown in Fig. 2. It can be noticed that, in undoped BNT
ceramics, the surface morphologies showed a very porous structure. As
the amount of Fe concentration in BNT lattice increased, the structure
became more dense and a well developed grain morphology with almost
no porosity was finally obtained in BNT ceramics doped with 0.15 at.%
Fe. Increasing the sintering temperature had the effect of enhancing the
densification in low-density samples while for the 0.15 at.% Fe-doped
BNT ceramics, the only observed effect was a slight increase in grain
size.
The resulting microstructures of these ceramics were in good
agreement with their measured densities. From Fig. 3, the undoped
BNT ceramics possessed lowest density among all samples. At 850 °C,
the sample was so porous that its density could not be measured using
the Archimedes method. I ing the sintering temperature caused
the sample to be better densified and therefore to possess higher
density. As the amount of Fe increased, the density of the ceramics
increased and became less dependent on sintering temperature.
Eventually, the samples with highest Fe ion had about the
same density regardless of their sintering temperature. The highest

1 density corresponded to about 95% of the theoretical value.
Based on these results, the Fe-doped BNT ceramics apparently could be
sintered at a much lower temperature than typical sintering tempera-
tures, which ranged between 1050 and 1200 °C [21-24].

This densification behavior may be explained in terms of defect
chemistry and the creation of oxygen vacancies. As it has been known
theoretically and experimentally that the number of ies g Ity
increase with 1 ing )y and therefore, allows better
atomic diffusion during the sintering process. At a lower temperature,
the number of these vacancies is reduced and the ability for atoms to
diffuse is also less. The creation of vacancies by using dopant is
therefore thought to have some benefit in sintering process. For the

Table 1
Peak position of (200) reflections and determined lattice constants

agate mortar and pestle, sieved, pressed into small p
sintered at temperature ranging between 850 and 1000 °C for
2 h and re-checked for phase purity using X-ray diffraction
technique. The sintered ceramics were characterized for their

BNT  0.05au%  0.10at%  0.15aL%
llets and Fe Fe Fe
Position of (200) reflection 46.801  46.761 46.701 46.739
)
Lattice constant (A) 38792 3.8823 3.8870 3.8840
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Fig. 2. SEM micrographs of Big sNag sTi;—,Fe,05 g <, ceramics sintered at 850 °C.

system under investigation, the defect equation could be written as the
following:

Fe,03 = 2Fey; + 305 + Vi (1)

It has to be noted that the above defect reaction only assumed ionic
defect compensation. In addition, it was assumed that Fe ions
preferentially substituted Ti sites. The latter assumption was based
on the fact that the ionic radius of Fe ion (rpe-=0.69 A) was much
closer to the ionic radius of Ti ion (rr; =0.61 A) than those of Bi ion
(rgp- ~1.38 A) and Na ion (ry,-=1.39 A). Furthermore, the ratio of
cationic radius to anionic radius (rge = 1.40 A) would exclude the Fe
ion from residing at the Bi or Na site due to the instability of the
structure [17]. Based on the nominal charge of Fe', the amount of
oxygen vacancies could be approximated from this equation and it
obviously increased with increasing amount of Fe'* ions substituting
Ti*" sites.

Although exact mechanisms involved in the sintering behavior of
Fe-doped BNT ceramics still needs further investigation, this study

7
5 o
o
§% &
& &
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2 o —0—850°C
o o
o —a—900°C
3 &
—~Q— 950 °C
—&—1000°C
2 - - -
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Fig. 3. Density variation of Fe-doped BNT ceramics as a function of Fe
1on and si

clearly showed that the addition of small amount of FesO; in
Big sNag sTiO; during synthesis based on the defect Eq. (1) could
significantly improve the densification of the ceramics and the sintering
temperature as low as 850 °C could be used to sinter this ceramic to a
near theoretical value.

4. Conclusions

Fe-doped Big sNag sTiO; ceramics were successfully pre-
pared using the conventional method with the starting
compositions based on defect chemistry consideration. SEM
micrographs of the undoped BNT ceramics sintered at 850 °C
showed a rather porous structure. Increasing the amount of Fe
ions in BNT lattice caused the BNT ceramics to be better
densified, and in the sample containing 0.15 at.% Fe, a very
dense grain morphology with nearly no porosity was obtained.
The well developed grain structure in 0.15 at.% Fe-doped BNT
ceramics also agreed with its measured density which was
found to be at least 95% of the theoretical value. This
experiment clearly showed that the presence of Fe' acceptor
ions which induced the oxygen vacancies in BNT lattice helped
promote the densification process and dramatically reduced the
sintering temperature used in BNT ceramic processing.
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Abstract

Dysprosium-doped bismuth sodium titanate ceramics were prepared using the conventional mixed-oxide method. The of dysp

used was varied from 0 to 2 at.%. The mixed powders were calcined at 800 °C and checked for phase purity using X-ray diffraction technique. The
calcined powders were then cold-pressed into pellets and sintered at 1050 °C for the time ranging from 2 to 48 h. The ceramics were checked for
phases and microstructures using an X-ray diffrac and a ing electron microscope, respectively. The analysis showed that undoped
BNT ceramics sintered at longer time exhibited a significant grain growth with non-uniform grain size distribution and shape. The Dy-doped BNT
however showed a much more limited grain growth behavior, resulting in smaller grain size and more equiaxed grain shape. It was also found that
all Dy-doped BNT jcs si datd48h p 4 lower porosity than those sintered for shorter time.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywonds: A. Grain growth; A. Sintering; B. Electron microscopy; B. Defects

1. Introduction Furthermore, Yi et al. [10] found that the inhibition of grain
growth was much more effective when La** ions substituted the
Bismuth sodium titanate (BigsNagsTiO; or BNT) is  A-site of BNT, inducing the B-site vacancies. The substitution
currently considered as a potential lead-free ferroelectric  at A-site of BNT by Pb** ions was also found to have the same
material [1-3]. Although this material has been investigated in  effect as other previously mentioned dopants [8].
terms of variation in their dielectric and piezoelectric properties Besides La** and Pb?*, the dysprosium ion was also used to
due to various dopants [4-6) and the formation of solid solution ~ dope BaTiO; and it was found that it also caused a reduction in
with other compounds [7-9], the studies on grain growth  grain growth. Unlike La** and Pb**, Dy ion could substitute
behavior of pure and doped BNT has not been studied much.  either A-site or B-site [13,14] and this seemed to suggest a
Yi et al. [10] has investigated the microstructure of complex role in densification and grain growth behavior of
lanthanum-doped BNT and it was found that the substitution  ceramics. In this study, Dy-doped BNT ceramics are prepared
of La** ions in the A-site (Bi** or Na* ions), inducing A-sitt  and their grain growth behavior is investigated in order to
vacancies, resulted in grain growth inhibition as well as  provide some insight in terms of dopant substitution and its
improvement of densification. Based on the study of aliovalent  effects on grain morphology.
doping in BaTiO; by Desu and Payne [11] and Rahaman and
Manalert [12], similar reduction in grain boundary mobility 5 Experimental procedure
was observed regardless of whether the dopants were donors or
acceptors if their concentration was above the threshold values. The Dy-doped BNT powders were prepared from the mixed
The effects of these dopants were attributed to the segregation  powder of Bi, O, (>98%, Fluka), NayCO; (99.5%, Carlo Erba),
of cation vacancies as well as acceptor solutes at the grain (), (>99%, Riedel-de Haén) and Dy,0; (99.9%, Cerac). The
bounda:ries‘ i‘} which the space-charge r‘egion Was, induced  amount of Dy,0; used was calculated according to the
and this limited the movement of grain boundaries [12]. chemical formula (Big sNag )1 —1.5:Dy,TiOs, where x = 0.005,
0.010, 0.015 and 0.020. The starting powder mixtures were ball
milled for 24 h, calcined at 800 °C for 2 h, and checked for
* Corresponding author. Tel.: +66 53 941921x632; fax: +66 53 943445. phase purity using a powder X-ray diffractometer (Siemens
E-mail add) ha@stanfordalumni.org (A. Watch D500). The calcined powders were then ball milled for another

0272-8842/$34.00 © 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
doi:10.1016/j.ceramint.2007.09.098
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24 h and pressed into small pellets, which were subsequently
sintered at 1050 °C for 2, 10, 24 and 48 h in a presence of BNT
powder. X-ray diffraction analysis was performed on these
samples to re-check for phase purity. The ceramic samples were
then polished and thermally etched at 950 °C for 15 min prior to
microstructural investigation using a scanning electron micro-
scope (JEOL JSM-5910LV). The grain size was measured from
the SEM micrographs using a mean linear intercept method.

3. Results and discussion

X-ray diffraction patterns of Dy-doped BNT ceramics
sintered at 1050 °C for 2 and 48 h are shown in Fig. 1. The
results showed that all ceramic samples were virtually single
phase with rhombohedral structure. The peak splitting due to
rhombohedral symmetry was difficult to observed in this
compound since peak overlapping occurred and it was known
that its lattice dimension was nearly cubic [1]. As the Dy
concentration increased, there was a slight shift of peaks to
greater 20 angle corresponding to smaller lattice size. This
seemed to indicate that the substitution of smaller Dy** ion
(rpys+ ~1.2 A) in larger Bi** ion (rg+ ~1.38 A) or Na* ion
(rna+ ~1.39 A) occurred during synthesis.

SEM micrographs of Dy-doped BNT ceramics sintered at
1050 °C for 2 h are shown in Fig. 2. The micrographs showed
that the grain size generally decreased when Dy content was
increased. The grain size values ranged from about 3.2 pm in
pure BNT to about 0.8 pm in 2.0 at.% Dy-doped BNT. For
these ceramics, a rather wide grain size distribution could be
observed from the figure and in this study, the standard
deviation (S.D.) from grain size measurement was used to
represent the distribution. The S.D. for pure BNT was about 1.3
while that for 2.0 at.% Dy-doped sample was about 0.3. The
grain size as well as the standard deviation for these two
samples were also plotted and are shown in Fig. 4 (note that all
samples had a range of grain size with their corresponding
S.D.'s but were omitted form Fig. 4 for clarity in comparison).
The general trend was that the standard deviation decreased
with increasing Dy content. This indicated that not only was the
grain size reduced but the grain size distribution also decreased,

I 34 (2008) 769-772

suggesting a more uniform grain size in the samples containing
high Dy concentration.

It could also be seen from Fig. 2 that the porosity increased
with increasing Dy concentration. This observation was in
agreement with the slightly higher measured density of pure
BNT compared to Dy-doped BNT ceramics. Nevertheless, all
samples were found to have densities of at least about 95% of
their theoretical values. The effect of Dy ions in a reduction of
grain size but with a somewhat non-uniform grain size
distribution was observed by Yamaji et al. for BaTiO, system
[15]. The authors attributed this observation to the original
particle size prior to sintering and they also found that a use of
fine starting BaTiO; powder having the size in nanometer range
could produced Dy-doped BaTiO; ceramics having small
grains with narrower size distribution [16). Since the average
starting particle size for powders used in this study was about
0.3 pm, these were probably not small enough to allow uniform
distribution of Dy ions.

After increasing the sintering time to 10, 24 and 48 h, the
grain sizes of all samples increased. SEM micrographs of
ceramic samples sintered for 48 h are shown in Fig. 3. In pure
BNT and lowly doped samples, the grain size increased such
that some grains grew faster than other grains which resulted in
the presence of very large grains as well as very small grains
and, hence, a wider grain size distribution. From grain size
measurement, it was found that the pure BNT ceramic sintered
for 48 h contained grains as small as 0.7 um and grains as large
as 14.2 um. At such long sintering time, the effect of grain
growth inhibition was more pronounced for 2.0% Dy-doped
BNT ceramics and, hence, resulting in narrower grain size
distribution. The 2.0% Dy-doped BNT ceramics sintered for
48 h contained grains having minimum size of ~0.5 pm and
maximum size of ~8.7 wm. It could also be noticed from Fig. 3
that all Dy-doped samples showed denser microstructures when
sintered at longer time.

The effects of sintering time on grain size and grain size
distribution for all pure and Dy-doped BNT ceramics
investigated are summarized in Fig. 4. It could be seen that
regardless of sintering time, the 2.0 at.% Dy-doped samples had
the smallest grain size compared to the rest of samples. The
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Fig. 1. XRD patterns of Dy-doped BNT ceramics sintered at 1050 °C for (a) 2h and (b} 48 h.
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Fig. 2. SEM micrographs of Dy-doped BNT ceramics sintered at 1050 “C for 2 h: (a) 0 at.%, (b) 1.0 at.% and (c) 2.0 at.%.

error bars for samples sintered as 2 and 48 h indicated the
standard deviation from grain size measurement. These rather
large standard deviations indicated that, for all samples, the
grain growth was not truly uniform. Therefore, the study on the
rate of increase in grain size in order to determine the effect of
Dy ions on grain boundary mobility was difficult. Comparing to

the work by Yi et al. [10], it seemed that doping BNT with La
ions were more effective in producing ceramics with uniform
grain size and hence, grain growth kinetics based on grain
growth law could be studied in details.

From this study, it has been shown that addition of Dy
ions into BNT lattice could inhibit grain growth but the

Fig. 3. SEM micrographs of Dy-doped BNT ceramics sintered at 1050 °C for 48 h: (a) 0 at.%, (b) 1.0 aL.% and (c) 2.0 at.%.
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Effects of AL,O; Nano-particle Addition on Electrical and Mechanical
Properties of PLZT Ceramics

Anucha Watcharapasorn and Sukanda Jiansirisomboon"
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ABSTRACT

PLZT (9/65/35) ceramics with addition of 0-2 vol% y-Al,0; nano-particles (~40
nm) were sintered at various temperature ranging from 1100-1250 °C. X-ray diffraction
analysis of these ceramics indicated that they were single phase with cubic structure. At
sintering temperature of 1100 and 1150 °C, the density of PLZT/AL,O; ceramics
decreased with increasing Al;O; content. At higher sintering temperatures, the
ceramics were densified to at least 95% of their theoretical densities regardless of Al,0;
content. The samples sintered at 1200 °C were used for mechanical and electrical
property measurements. It was found that the Knoop and Vickers hardness values were
improved with addition of Al,0; nano-particles up to 1.0 vol% at which the Young’s
modulus was also optimized. The fracture toughness was also found to be improved
with increasing amount of Al;O; especially at higher applied mechanical load. The
dielectric constant and dielectric loss at 1 kHz of 0.5 vol% Al,O; added PLZT ceramics
were found to be about 4000 and 0.04, respectively. These values were comparable to
those of pure PLZT. The ferroelectric measurements of PLZT/AL,O; ceramics indicated
that all samples showed similar hysteresis behavior with comparable values of
remanent polarization and coercive field. These results suggested that small addition of
ALO; nano-particles could improve mechanical properties while maintain good
electrical properties of PLZT ceramics.

Key words: PLZT, Al;O; nano-particles, Mechanical, Dielectric, Ferroelectric properties
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Dielectric and Piezoelectric Properties of Zr-doped
Bismuth Sodium Titanate Ceramics

A. Watcharapasom* and S. Jiansirisomboon

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
* Corresponding author : anucha@stanfordalumni.org

BiMNaO‘STi I_"Zr"‘O:‘, where x = 0, 0.05, 0.10, 0.15 and 0.20, were prepared by solid state reaction
between stoichiometric mixture of Bizos, NajCOJ, TiOz and Zr*Cl2 powders. The mixture was calcined at
800 °C for 2 h and checked for phase purity using X-ray diffraction analysis. The calcined powders were
pressed into pellets and sintered at 1100 °C for 2 h to form dense ceramics. These ceramics were re-checked
for second phases using X-ray diffraction analysis. It was found that single phase solid solution could be
produced, indicating that high solid solubility limit is possible for this system. The approximate relative
density of all sintered samples was found to be at least 95% of theoretical value. Microstructural
investigation using a scanning electron microscope of fractured surface showed that the fracture mode
changed from intergranular to intragranular mode when Zr concentration increased. The grain size of these
ceramics was found to slightly increase with Zr content. Dielectric properties of Zr-doped BNT ceramics
showed more diffused behavior with addition of Zr. However, the piezoelectric properties seemed to be
degraded possibly due to the aging effect typically found in isovalent-ion substituted solid solutions. These
behaviors were discussed and compared to the more common systems such as PZT and Ba{Zr,Ti)O,.
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