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Abstract

Nanocrystalline BaTi0.95Sn0.05O3 (BTS-5) powder was synthesised from glycolate-precursors, and used to sinter fine-grain BTS-5 ceramics.
We compare sintering behaviour, microstructure as well as dielectric and electromechanical properties of the advanced ceramics with ceramics
sintered from classical mixed oxide powder.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

The strong temperature dependence of macroscopic prop-
rties limits the applicability of most ferroelectrics with sharp
hase transition in technical devices. The performance of dis-
rdered ferroelectrics is usually higher, due to the smeared
ielectric anomaly accompanying its diffuse phase

ransition.1 In BaTi1−xSnxO3 (BTS-100×) ceramics for
xample, the isovalent Sn-substitution on Ti-sites makes

t possible to reduce the temperature dependence and to
ontrol the room temperature values of dielectric, electrome-
hanical and elastic coefficients in a fairly wide range.1–6

ith increasing Sn-content, the temperatureTc of the
araelectric–ferroelectric phase transition decreases con-
iderably. In addition, the phase transition of BTS becomes
ncreasingly diffuse,1 as displayed by significant deviations
rom the Curie–Weiss-law of the temperature dependent per-
ittivity reported forx> 0.05.2 Below the permittivity maxi-
um temperatureTm, the ferroelectric domain-structure was
bserved forx≤ 0.13, confirming ferroelectric long-range
rder in this composition range.3 The analysis of temperature
ependent permittivity data taken at various frequencies

revealed characteristic features of relaxor ferroelectric
x≥ 0.2.2,4 Recent electromechanical studies5,6 demonstrate
that BTS is basically suitable as environmental-friendly m
rial for electromechanical sensor and actuator applicatio7

Beside the variation of the chemical composition, the
duction of grain size represents another tool widely use
improve the temperature stability of macroscopic prope
in ferroelectric ceramics. Moreover, fine-grain piezoelec
ceramics have been shown to posses improved machina
increased mechanical strength and higher reliability.8 This al-
lows to design miniaturised devices operating at low driv
voltages. Numerous work has been done to elucidate th
fluence of grain size on the dielectric9,10 and piezoelectric11

properties, the domain structure,10,12 the tetragonal lattic
distortion13 and the Curie-temperature13 of barium titanate
ceramics. In BTS-10 corresponding to the diffuse phase
sition state of BTS, the electromechanical strain inducib
large electric fields was shown to be less temperature d
dent in the fine-grain ceramics.5

Fine powders with uniform grain sizes are required to
tain fine-grain ceramics. In contrast to barium titanate, w
several chemical techniques such as sol–gel,14 modified
∗ Corresponding author. Tel.: +49 345 5525544; fax: +49 345 5527158.
E-mail address:mueller@physik.uni-halle.de (V. Mueller).

Pechini processes15 and precipitation methods16 have been
developed to fabricate ultra-fine powders, most data avail-
able for BTS focus on ceramics sintered from conventional
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powders, obtained from solid state reaction of BaCO3 with
TiO2, SnO2 or mixtures of both oxides. Thermolysis reac-
tions of coordination compounds, although more complex in
nature, offer clear advantages for the synthesis of ultra-fine
powders at relatively low temperatures. In particular, the
stoichiometric ratio between barium and titanium ions can
be controlled on a molecular basis. In this study, we used
fine powder synthesised from barium–titanium/tin glycolate-
precursors to sinter fine-grain BTS ceramic. We present
results illustrating the influence of microstructure and pow-
der processing onto the electromechanical response of BTS
both in small and large electric fields. The experiments were
carried out on BTS-5, which composition displays a sharp
ferroelectric phase transition, as far as conventional coarse-
grain ceramics are concerned. We compare the properties
of the fine-grain BTS-5 ceramic with those of coarse-
grain ceramics sintered from conventional mixed oxide
powder.

2. Experimental

Conventional BT-powder was synthesised by solid state
reaction of BaCO3 (Sabed VL 600) and TiO2 (Merck 808).
In order to obtain BTS, BaCO3 and SnO2 (Merck 7818) were
added in a second calcination step (t = 2 h atT = 1375 K).
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From the fine-milled powders, green bodies were pressed
to a densityρ = 3.1 g/cm3, and sintered in air for 1 h at
1400◦C (heating rate 10 K/min). The shrinkage of the
pellets upon sintering was examined with a dilatometer
(TMA92, Setaram Inc.) After sintering, samples were
polished and chemically etched to investigate the ceramic
microstructure by environmental scanning microscopy
(ESEM) and optical microscopy, respectively.

sThe dielectric characterisation was carried out on
bar-shaped samples, whose large faces were evaporated with
Al-electrodes. The small signal permittivityε = ε′ − iε′′ was
measured with a HP4192A impedance analyser. The sample
geometry chosen (l × w × t= 20.0 mm× 2.2 mm× 0.72 mm
for the coarse-grain and 13.3 mm× 1.9 mm× 0.48 mm for
the fine-grain ceramic) assured isolated length vibration of
the poled sample, if the frequency of the ac-measuring field
(Eac= 0.017 V/mm) approached the mechanical resonance
frequency fr. The dielectric resonance spectrum of the
sample, contacted with thin Cu-wires positioned at the vibra-
tion node, carries information about the electromechanical
coupling factorK31 = d2

31/(ε0ε
T
33s

E
11), and the elastic and

piezoelectric coefficientssE
11 and d31. It was least-squares

fitted to the theoretical expression
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hermolysis reactions of ionic barium–titanium a
arium–tin complexes were used to obtain phase pure
owders with fine and uniform grain size. The method ch
llows similar reaction conditions for the synthesis of th

anium and tin compounds, respectively, and leads to ho
gous derivatives for both elements. First we modified
eaction described by Day et al.17 which was recently used
ynthesise [Ba(C2H6O2)4(H2O)][Ti(C2H4O2)3]. According
o the equations

a(OH)2·8H2O + Ti(OiPr)4 + 7C2H6O2

→ [Ba(C2H6O2)4][Ti(C2H4O2)3] + 4iPrOH + 10H2O

(1)

a(OH)2·8H2O + SnO2·2H2O + 7C2H6O2

→ [Ba(C2H6O2)4][Sn(C2H4O2)3] + 14H2O, (2)

e obtained [Ba(C2H6O2)4][Ti(C2H4O2)3] (BTG) and the
omologous [Ba(C2H6O2)4][Sn(C2H4O2)3] 18 (BSG). Crys

al structure analyses revealed that BTG and BSG cryst
sotypically (space group R3c). Corresponding amoun
oth compounds were dissolved in ethyleneglykol and
rystallised. As confirmed by XRD, this results in two ty
f BTSG mixed crystals which are either rich in Ti,
ich in Sn. Upon heating, the solvate molecules are e
nated at 220◦C and Ba[Ti1−xSnx(C2H4O2)3] is formed.
fter annealing at 1000◦C for 2 h, we obtained BTS-5 pow
er with rather uniform globular grains (average diam
00 nm).
11 (s11)
(3)

or the length extensional vibration of a piezoelec
esonator.19 From the complex coefficientsE

11 andd31, we
dditionally obtained information about the elastic
lectromechanical losses in BTS-5.

The ac-electric fieldEac=Em sinωt (Em = 2 kV/mm,
/2π = 0.1, . . ., 200 Hz), generated by a high voltage a
lifier Trek609E-6, was applied in order to investigate
ielectric and electromechanical large field response of B
. P(E)-hysteresis loops were recorded with a home m
iller-integrator, whose output voltage was analysed us
2-bit PC-data acquisition board DT3010 (Data Transla

nc.). “Butterfly” strain-field-loopsS(E) were measured wit
capacitive dilatometer described elsewhere.20

. Results

.1. Sintering behaviour and microstructure

Sintering of the conventional and of the glycola
recursor powder lead to BTS-5 ceramics with significa
ifferent microstructures. From the glycolate-precursor

airly narrow grain size distribution, ceramics were sinte
ith, as it can be seen from the ESEM image (Fig. 1),

ew larger grains (≤5�m) within a matrix of smaller grain
<2�m). For the same sintering regime, we obtained from
onventional mixed oxide powder ceramics with an ave
rain size of 60�m, containing some large grains with up
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Fig. 1. ESEM image showing the microstructure of the fine-grain BTS-5
ceramic.

150�m size. Due to the different grain sizes of the ceramics
examined, we refer in what follows to the glycolate-precursor
ceramic as fine-grain BTS-5, in contrast to the coarse-grain
BTS-5 obtained from the conventional mixed oxide powder.

Densities of 5.4 and 5.7 g/cm3 were determined for the
fine- and coarse-grain ceramic, respectively. The reduction
of the sintering temperature to 1350◦C lead to incomplete
densification of the glycolate-precursor pellet. Although the
differences between both batches with respect to the final
density, accomplished after 1 h atTs = 1400◦C, are rather
small, the shrinking behaviour during the sintering time dif-
fers significantly (Fig. 2). The shrinking curve of the mixed
oxide pellet shows two distinct maxima. The high tempera-
ture maximum, corresponding to the eutectic temperature of
the system BaO/TiO2, is not observed upon sintering of the
glycolate-precursor pellet, which is characterised by a single
broad maximum.

F /min)
o ) and
o

The different sintering behaviour of both batches should
be discussed in terms of the different mixing agents used dur-
ing fine-milling. The conventional powder was fine-milled in
water, resulting in bleaching of Ba2+-ions out of the surface
of the BaTiO3 grains.21 Due to the Ti-excess thus established
in the fine-milled powder, liquid phase forms upon sintering
at 1330◦C, leading to accelerated grain growth. As the gly-
colate precursor powder was fine-milled in isopropanol, the
stoichiometric Ba:Ti ratio was maintained.

3.2. Dielectric characterisation

Temperature scans were carried out to investigate the
complex permittivity in the vicinity of the temperatureTc of
the paraelectric-ferroelectric phase transition. As shown in
Fig. 3, the dielectric anomaly of the BTS-5 sample sintered
from glycolate-precursors displays characteristic features
of fine-grain barium titanate ceramics.9 The peak height at
Tc amounts to only 45% of the conventional mixed oxide
sample. In addition, the phase transition of the fine-grain

Fig. 3. Temperature dependence of (a) the real part and (b) the imaginary
part of the permittivity, measured upon cooling of the coarse-grain (full line)
and fine-grain (dash line) ceramic measured at 120 Hz, 1, 10 and 100 kHz.
ig. 2. Densification rate observed during sintering (heating rate 10 K
f the mixed oxide powder (open symbols connected with dashed line
f the glycolate precursor powder (full line).
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ceramic is considerably diffuse, as the peak width increases
by a factor of two, and the peak becomes more symmetric.
In barium titanate, the gradual smearing of the dielectric
anomaly with decreasing grain size was explained in terms
of a local distribution of Curie-temperatures, which arises
due to internal stress within the grains, rather than due to
chemical inhomogeneity.9 The maximum permittivity tem-
peratureTm, on the other hand, does not differ significantly
between both samples. This temperature decreases steeply
(dTm/dx≈ 800 K) with Sn-contentx.1 As the grain sizes of
the ceramics examined are large enough so that the decrease
of the transition temperature, observed in BaTiO3 for very
small particle size,22 should be neglected, we conclude that
the Sn-content established during powder processing was
nearly the same.

The permittivity of the coarse-grain BTS-5 ceramic
exceeds those of the fine-grain ceramic in the whole
paraelectric phase. In the ferroelectric phase, however, the
bigger permittivity values are observed for the fine-grain
ceramic. This holds for the tetragonal ferroelectric phase of
BTS-5, as well as for temperatures below the temperature
T2 ≈ 307 K of the tetragonal-orthorhombic phase transition,
which manifests as a shoulder in theε′(T)-curve. The grain
size dependent dielectric properties in the ferroelectric
phase of BaTiO3 ceramics were explained in terms of the
dielectric domain-wall contribution.12 Enhanced dielectric
r
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Fig. 4. Ferroelectric hysteresis loop (f= 200 Hz) measured at room temper-
ature for (1) coarse-grain and (2) fine-grain BTS-5.

dispersion, which is much more pronounced in the fine-grain
ceramic due to the considerably bigger total grain surface.

BTS-5 examined in this study belongs to BTS-
compositions with long-range ordered ferroelectric phase,
where the polarisation reversal in large electric fields
proceeds by ferroelectric switching (i.e. processes of
domain-nucleation and -growth), which manifests in the
hysteresis loopP(E). As it can be seen from the data plotted
in Fig. 4, the ferroelectric hysteresis loop of BTS-5 does not
show a true saturation branch. If the maximum polarisation
Pmax is obtained atEmax and the electric field decreases
again, pronounced “backswitching” (i.e.P decreases before
the negative coercive field—Ec is reached) leads to a rather
small remnant polarisationPrem, which amounts only to
50% of Pmax. (Both parametersPmax and Prem increase
slightly if the frequency of the sinusoidal field is reduced.)
The hysteresis loops of the coarse-grain and fine-grain
ceramic are similar, but quantitative differences are obvious:
as compared to coarse-grain BTS-5, the coercive field of
the fine-grain ceramic is 40% bigger andPrem andPmax are
approximately 25% smaller.

3.3. Electromechanical properties

The remnant polarisation induced during theP(E) mea-
s cient
t sub-
j
F n in
t arly,
t d
b -
e ty
Q

l
rse-

g orted
esponse was observed for grain sizes 0.5–2�m, for which
he domain-wall density (i.e. the total wall area per volu
s biggest. Further indication for relevant domain-w
ontributions in our fine-grain BTS-5 ceramic provid
he pronounced low-frequency dispersion belowTc, which
s clearly stronger than in the coarse-grain sample.
omain-wall response of the glycolate-precursor cer
ay be further increased due to its higher chemical pu

eading to smaller pinning and higher mobility of t
omain-walls.

The ferroelectric phase transition is accompanied
eak of the imaginary partε′′, whose height depends
easuring frequency (Fig. 3b). The ε′′(T)-peak depend
lso strongly on microstructure, as the anomaly is much
ronounced in the fine-grain ceramic. Due to the loss ac
anying the dielectric domain-wall contribution, the big
′′ values in the ferroelectric phase are observed for the
rain ceramic. In the paraelectric phase,ε′′ starts to increas
gain at elevated temperatures. This is related both to the
erature increase of the conductivity, and to dielectric

requency dispersion, which manifests in theε′(T) curve of
he fine-grain ceramic above 130◦C (seeFig. 3a). In coarse
rain BTS-5, the dielectric loss in the paraelectric pha
onsiderably smaller, and the low-frequency dispersionε′(f)
ecomes discernible only atT> 205◦C (data not included i
ig. 3a). The strong relationship between microstructure
ielectric loss points to the crucial role of the grain bounda

or the high temperature dielectric properties at elevated
eratures. Apparently the dielectric contribution of cha

ocalised at the grain boundary causes the low-frequ
urements in the orthorhombic phase of BTS-5 was suffi
o excite piezoelectric length vibrations of the samples
ected to the small ac-measuring field (Eac= 0.017 V/mm). In
ig. 5, real and imaginary part of the admittance are show

he vicinity of the mechanical resonance frequency. Cle
he frequency dependenceY(ω) can well be approximate
y Eq.(3). The elastic coefficientsE

11 = sE′
11 − sE′′

11, the piezo
lectric coefficientd31 = d′

31 − d′′
31, the mechanical quali

= sE′
11/s

E′′
11 and the coupling factorK31, determined from

east square fits of the data, are given inTable 1.
The piezoelectric coupling factor of the poled coa

rain ceramic is rather small, as compared to values rep
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Fig. 5. Resonance spectra measured for (a) coarse-grain and (b) fine-grain BTS-5.

for lead zirconate titanate (PZT) piezoceramics,23 and is
even smaller in fine-grain BTS-5. This seems to be mainly
due to the small remnant polarisation of our samples (see
Fig. 4). According to results reported for BTS-10,5 consid-
erably bigger piezoelectric coefficients should be expected
for the dc-biased sample. Interestingly, the imaginary part
K′′ of the coupling factor is non-zero, as it was recently
also observed in soft and hard PZT’s.24 We find the bigger
ratio K′′/K′ ≈ 0.013 in the fine-grain ceramic (coarse-grain
BTS-5:K′′/K′ = 0.0075).

The microstructure also influences significantly the elas-
tic properties. The fine-grain ceramic is considerably softer,
and its mechanical quality decreases by nearly 50%. As the
motion of non-180◦ domain-walls contributes to the elas-
tic coefficient, this provides another indication for increased
domain-wall activity in the fine-grain ceramic. However, we
find thatsE′

11 decreases with the electric field applied during
poling of the sample. Therefore, the differentsE′

11 values may
also point to differences with respect to the poling level es-
tablished in the samples.

Strain-field curvesS3(E3), characterising the electrome-
chanical response in large electric fields, are shown inFig. 6.
The data were taken after several cycles of the sinusoidal
field (f= 10 Hz). As it can also be seen from the results of
our piezoelectric resonance investigations, the grain size
c of
B t
E %
s into

T

-5

−
−
s

Q
K
K

account previous results obtained for BTS-10,5 it may be
expected that the detrimental reduction ofS3max is at least
partially compensated by the advantage of the reduced
temperature dependenceS3max(T) in fine-grain ceramics. In
BTS-10 and BTS-13, strain-field curves were reported which
display remarkable linear regions and are nearly hysteresis-
free.5 These compositions belong to the diffuse phase
transition state of BTS, where both relaxor-like and domain-
switching contributions are relevant.6 Similar to the result of
Oh et al.,3 the strain-field curve of our coarse-grain ceramic
clearly shows hysteresis. Despite the fact that the permittivity
peak of the fine-grain BTS-5 ceramic displays characteristic
features of diffuse phase transition ferroelectrics, the hystere-
sis of theS(E)-curve remains unaffected. This indicates that
domain-switching governs the electromechanical large-field
response in our samples BTS-5 irrespective of its grain size.

In conclusion, we have shown that BTS powder obtained
from glycolate-precursors is basically applicable to sinter
BTS-ceramic with modified microstructure and thus mod-
ified dielectric and electromechanical properties. Further

F ure
f

rucially influences the electromechanical properties
TS-5: the maximum strainS3max=S3(Emax) inducible a
max= 2 kV/mm in the fine-grain ceramic is about 15
maller than in coarse-grain BTS-5. However, taking

able 1

Fine-grain BTS-5 Coarse-grain BTS

d′
31 (pm/V) 10.63 26.58

d′′
31 (pm/V) 0.14 0.58

E′′
11 (×10−12) (Pa−1) 12.31 9.46

77 138
′ (×10−4) 225 740
′′ (×10−4) 2.9 5.6
 ig. 6. Strain-field dependence (f= 10 Hz) measured at room temperat

or (1) coarse-grain and (2) fine-grain BTS-5.



2542 L. Geske et al. / Journal of the European Ceramic Society 25 (2005) 2537–2542

efforts are required to find appropriate sintering-additives
and -conditions, leading to optimised microstructure and per-
formance of the ceramic for electromechanical applications.
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