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Abstract

The sintering effect on transition parameters and dielectric characteristicg gbBaliO3; (BST 80/20) ceramics prepared by the con-
ventional mixed-oxide processing technique was studied. Grain structure analysis performed by a scanning electron microscope (SEM) and
X-ray diffraction studies showed differences in grain size and contents of crystal phase within the ceramics sintered at constant temperature
for a variety of sintering times. The phase transitions and dielectric properties were investigated by measuring the dielectrie’ cthrestant
loss factor tad and the remanent polarizati®h as a function of temperature. The frequency dependencé€lpfand tars(T) characteristics
was also studied. It was shown that the maximal values of the dielectric constant and the remanent polarization are in general proportional to
the content of the crystal phase in the volume of the studied ceramics.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction models is presented in papg2]. It is worthwhile, how-
ever, to mention that some differences in the experimental

Barium—strontium titanate (BST) ceramics have been data on the grain-size effect in BST ceramics with different

widely studied due to their potential application in mi- grain structure contradict each otlj8r11] and have not yet

crowave devices. Their properties have been reported inbeen fully explained.

a number of papers, cited among others in [&f4] and An interpretation of the experimental data reported in

so has the influence of grain size on the parameters ofour paper takes into consideration certain factors sometimes

ferroelectric phase transitions and dielectric characteristics omitted in earlier papers. We attempt to explain the observed

[5-11]. Up till now the grain-size effects have been in- differences in dielectric characteristics by the influence of

vestigated for a number of ferroelectric ceramics prepared the internal mechanical stress and local electric fields associ-

with the use of the conventional mixed-oxide processing ated with the non-homogeneous distribution of ion defects,

technique with selected conditions of the sintering process and especially oxygen vacancies.

[7,9,12] with the use of different methods of ceram{&}

or by thin film preparatior{5,6,10,13-15] The grain-size

effect was studied both experimental~15]and theoreti- 2. Ceramics preparation and their grain structure
cally [16,17] Some authors not only predicted theoretically ) . , . o
but also observed experimentally the rise of values/gf, The (BagSr2)TiOs ceramics with various grain size

and corresponding temperatufig, with the increase of ~ Were prepared usiqg t_he cor]ventional mixed-oxide process-
grain size[5,6,13-15] On the other hand, the lowering of N9 technique. Stoichiometric amounts of Bag&GrCGy

Tm was also observed and describij11,12,15] Such a_nd TiQ oxides Were_welghed and mlxed. Thermal synthe-
behaviour was also found in BST ceramics with relatively SIS Of the pressed mixture was carried ouf’gt= 925°C

large graing[9,11]. The reweave of various interpretation [OF /s = 4h. Then the crushed, milled and sieved materi-
als were pressed again into cylindrical pellets and sintered

at Ts = 1250°C for ts = 4 h. The latter procedure was re-

* Corresponding author. Tel:48-32-2588211; faxs48-32-2588431.  peated before the final sintering, carried oufat= 1460°C
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Table 1
Average grain size and relative density for BST 80/20 ceramics with
various sintering conditions

Sintering conditions

ts (Ts = 1460°C)

1h 3h 4h 7h
Relative density (%) 87.3 87.1 95.1 95.7
Average grain sizepm) 24.9 31.2 35.6 44.2

sintering times given ifmable 1 It is worthwhile to stress
that some authors studied the BST ceramics with a different
grain structure obtained by a selection of the sintering tem-
peraturg5,6,8]. Hence, these materials could differ signifi-
cantly in the concentration of ion defects, which is strongly
temperature-dependent.

The Archimedes displacement method with distilled wa-
ter was employed to evaluate sample density. Densities of
BST 80/20 ceramics obtained for various sintering condi-
tions are given inTable 1 Increase of the sintering time
at 1460°C leads to higher density of the obtained ceram-
ics. The densification process reaches its maximum for the
sintering timers = 7 h. The experimental results show that
this sintering time makes it possible to obtain ceramics with
optimum dielectric properties. Further increase of the sinter-
ing time leads to the worsening of these properties. This is |
probably caused by the increase of the defect concentration.

The scanning electron microscope JSM-5410 with energy
dispersion X-ray spectrometer (EDS) was used for investi-
gation of the grain structure and to control the distribution
of individual elements within the grains. The grain-size
measurements were performed on the fracture surface of theFig.- 1. SEM images of the fracture surface of BST 80/20 sintered at
ceramics. Images of the microstructure of the BST 80/20 7s=1460°C for 4h (a) and 7h (b).
ceramics for various sintering times are shownFig. 1
The average grain size determined by statistical analysis ofsintered for 7 h shows lower content of the oxygen in com-
the SEM measurements is givenTable 1 As can be ex- parison with ceramics sintered for 1 h. This is the conse-
pected grains grow with the increase of the sintering time. It quence of the oxygen reduction process, which is strongly
is also shown that with the rise of the sintering time a more temperature and sintering time dependent.
complicated mixture of grain size occurs. In the samples The X-ray diffraction patterns (XRD) of BaTi#and
sintered for a longer time up to 7 h large grains from 20 BST 80/20 obtained at room temperature at various sinter-
to 60pm in size are formed in a matrix of smaller grains. ing timests are shown inFig. 2 XRD measurements were
Similar results were obtained by authors of pajygr carried out on powdered samples using a high resolution

Energy dispersion X-ray spectrometer was used to checkSiemens diffractomete{0) D 5000 with filtered Cu k&
the distribution of individual elements within the grains. The radiation (40kV, 30 mA). The powder diffraction diagrams
EDS analysis indicates a fairly homogenous distribution of (Fig. 2) were measured from 10 to 10th 20 with 0.02
these elements throughout the grains. Moreover, the quanti-steps and a 2 s counting time. XRD patterns show that the
tative microanalysis with the implementation of SEMQuant crystal structures exhibit tetragonal symmetry at room tem-
programs elaborated by Oxford Instruments (Link “ISIS” perature (space groupmm) for all the studied BST ceram-
Series 300 system), shows that the content of Sr is almostics. In all of them a single phase, isostructural perovskite
identical when scanning is performed along the individual solid solutions, is observed. No reflections associated with
grains and along the surfaces of the fracture of the ceramicsthe SrTiQ were found. The lattice parameters obtained from
obtained for different sintering times. Differences in the Sr the X-ray patterns were = 3.9783 A andc = 3.9930 A
content do not exceed 0.1 atomic percent. The more signif- (tetragonal distortiorc/a = 1.004) for BST 80/20 ceram-
icant differences, reaching even a few at.%, were observedics sintered affl's = 1460° for ts = 7 h. One can assume
in the oxygen content. As could be expected, the ceramicsthat the increase in diffraction maxim&ig. 2), observed
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Fig. 2. Part of the diffraction patterns of the Bagi(a) and BST 80/20 4TFO»FT y TFT- Pe

sintered atl's = 1460°C for 1 h (b) and 7h (c). Temperature ( °c )

. . . .. . . Fig. 3. Dielectric constant as a function of temperature, measured on
fpr th_e BST 80/20 cer_amlcs, obtained with nsing S'”te””g heating at frequency of measuring field 1 kHz for ceramics with different
time, is caused by a different content of the crystal phase in sintering time. Diffuseness exponeptys. the sintering time is shown in
the ceramics. It is evident that a small-grained sanmygle=( the inserted figure. The example of loss factor vs. temperature, measured
1h) contains a more amorphous phase within the notably for ceramics sintered for 1h, is also shown in the figure.
more developed total grain boundafyid. 1). Relation of
:2? in;i%r?tﬁiﬂgﬁ?'tgna?gﬁr;%fg:gi;ﬁr;‘gf;g?gzﬁﬂ The characteristics/'(T) for a number of frequencies of
small-grained ceramics contain.a- considerably less cr stalethe measuring field are shown fig. 5 for the ceramics

9 y YS@lgintered atls = 1460°C for ts = 1h andts = 7h. The

phase in its volume. emax 1S Strongly dependent on the frequency of the elec-
tric field applied to both these ceramicBids. 5 and §
) . whereas the temperatur@s, corresponding to these max-
3. Dielectric measurements ima are weakly dependent on the frequengig( 6). The

The cut and polished 0.6 mm thick samples, coated with
silver electrodes, were used for the measurements of the di- 56 L B S B
electric constantg() and the loss factor (ta¥) as a func-
tion of temperature. An automatic measuring system with
HP 4192A impedance analyser was used to measure and s
recorde’ and tars numerically. Some characteristie§T)
and tar’(T) obtained on heating at the measuring field of
frequency 1kHz, for ceramics sintered Bt = 1460°C
for various sintering times are shown Fig. 3. Both &/(T)
and tars(T) curves reveal anomalies in the vicinities of
temperatures corresponding to the orthorhombic—tetragonal
(Fo — Fr) and tetragonal—cubid?d — Pc) phase transitions,
respectively. It is noteworthy that,,, increases and the cor-
responding temperaturgy, = Tr_p. decreases with the
increase of the sintering time up t9 = 7 h and associated
increase of average grain siZéd. 4). The peaks on th&(T)
curves are diffused for all the studied ceramics. Deviations
from the Curie—Weiss law were observed in the range of the o 2 . e o0
paraelectric phase. These deviations can be described by the Sintering time, t_(h)
parametety in the formula 1# — 1/ej, . = CH(T — Tmax)"- s
The determined diffuseness expongnersus sinteringtime  Fig. 4. The maxima in(T) curves and corresponding temperatufas
is shown inFig. 3. as a function of sintering timgs for ceramics sintered afs = 1460°C.
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Fig. 5. The temperature dependence &f for ceramics sintered at
Ts = 1460°C with different sintering times for four various frequencies

of measuring field.

frequency dependence f ,, is relatively more distinct for

the ceramics sintered fog = 7 h.

The investigated BST 80/20 ceramics show additional
anomalies ine/(T) and tars(T) characteristics in the range
of the cubic paraelectric phase apart from the above shown
anomalies in the surroundings &b — Fr and Fy — Pc
phase transitions. These additional anomalies and their low
frequency dispersion are shown kigs 7a and bor ce-
ramics sintered fors = 1 and 7 h, respectively. Such be-
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Fig. 6. The maxima ire’(T) curves and corresponding temperatufgs
as a function of frequency of measuring field for ceramics with different

sintering timets.
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Fig. 7. Temperature dependence &fand tar§ measured in the range
of paraelectric phase at frequencies from 0.1 to 100kHz for ceramics
sintered forts = 1 h (a) andis = 7 h (b).

haviour of the mentioned characteristics was often found
in ceramics of perovskite structuf&8—20] The observed
anomalies irz’(T) and tars(T) characteristics originate from
the occurrence of polar micro regions associated with the
non-homogeneous distribution of ion defects. These polar
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T 4 4. Summary

t=7h
t.=4h {3

The experimental data presented above show that an ap-
propriate selection of sintering conditions, and in particular
of sintering time, leads to the increase of density of ceramics
(Table 7 and to considerable higher values of the dielectric
constant Fig. 3) and the remnant polarizatiofi@. 8). It is
evidently the result of the increase of the grain sikb{e 1
andFig. 1) and of the crystalline phase contefRid. 2) in
the ceramics. It is obvious that the content of the crystalline
and amorphous phases is different in the ceramics with small
and large grains. The},,, and P; values are lower in the
UEF, samples containing higher amounts of the amorphous phase
40 20 0 20 40 60 80 within the grain boundaries.

Temperature (°C) It could be assumed that the lowering of temperafire
with the increase in the grain size was caused by the change
Fig. 8. Remanent polarization and coercive fielq vs. temperature qbtaiped of Sr content within the grains of various siz&g(. 4). The
from hysteresis loop measurements, for ceramics with different sintering . . . o
time ts, EDS analysis excluded, however, this assumption and it is
why some other reasons of such behaviourTgf versus
the sintering time should be taken into consideration. In our
micro regions are the traces of non-randomly distributed opinion, the local mechanical stress within the crystal grains
space charges, previously participating in the screening of and the macroscopic stress within the studied ceramics could
FE domaing20]. be assumed as the main factors that are responsible for the

The occurrence of the above mentioned polar micro re- lowering of T, when the grain size increases. It is known
gions and their interaction with free electron and ion space [12] that the resultant mechanical stress is different in the
charges can also be identified by thermally stimulated depo-ceramics with grains of small and large sizes due to the
larization current (TSDC) studies. Such studies, reported in difference in the mutual compensation of the stress in the
our previous papef@0-22]for other ferroelectric materials, neighbouring grains. This compensation is more complete in
were also performed for the BST ceramics. The obtained the small-grained ceramics. This mechanism, relating among
results are the subject of our separate paper in prepara-others to BaTi@ ceramics, is discussed in detail in rgif2].
tion [23]. The distinct correlation between wide maxima in The BST 80/20 ceramics obtained at different sintering
TSDC, anomalies ia’(T) and tar$(T) characteristics occur-  times, show a strongly diffused ferroelectric phase transition
ring in the range of the paraelectric phase was confirmed. and a deviation from the Curie-Weiss lawid. 3). Only

Remanent polarizatiorP() as a function of temperature weak symptoms of the behaviour typical for ferroelectric
was determined from the hysteresis loop measurementsrelaxors can be noticed-igs. 5 and B The values of the
Hysteresis loops were measured at a field of frequency diffuseness exponentlll8 < y < 1.135 show that the com-
of 50Hz and of strength 10kV/cm, using the modified positional fluctuations, considered within the framework of
Sawyer—Tower method. The temperature dependen& of Smolensky’s interpretation model, are not responsible for
and the coercive field5c) obtained on heating for the ce- the observed deviation from the Curie—-Weiss law. Hence, to
ramics with different sintering timefg is shown inFig. 8. understand the diffuse character of phase transition around
The course of thé>(T) curves differs markedly from the T, and the observed distinct dispersion &fin the high
one observed in the vicinity of the normal ferroelectric temperature range of the paraelectric ph&sgs 5 and Y,
phase transition particularly, in a wide temperature range itis necessary to consider the influence of other internal fac-
in the neighbourhood of temperaturgg, corresponding to  tors except the above mentioned internal mechanical stress.
the maxima ire’(7) curves (ferroelectric—paraelectric phase In our opinion, the occurrence of the ion and electron space
transition) Fig. 3). All the investigated ceramics show charges associated with ion defects, and in particular the
relatively small values of the remnant polarization (from oxygen vacancies, should be taken into consideration when
5 to 9uCl/cn?) at room temperature. The (T) curves interpreting behaviour of the dielectric characteristics. The
show a steep decreaseRfin the vicinity of the Fr — Pc possible non-homogeneous distribution of the space charge
phase transition temperature. The measurable from hystereassembling on the various interfaces should be taken into
sis loops remnant polarization disappears at a temperatureaccount. These free charges participate in the screening pro-
considerably higher thamy,. The coercive field Ec) de- cess of the spontaneous polarization, in part of the domains
creases linearly on heating for all the investigated ceramics.and grains, particularly in those situated in the surface lay-
Its values differ considerably for the ceramics obtained for ers of the ceramics and grains. The pinning effect excludes
different sintering times (see examples fgr= 1h and a number of domains from the reversal process and causes
ts = 7 h, shown inFig. 8). a decrease of the remnant polarization determined from

*r

N
Coercive field, E ( kV/icm )

Remanent polarization, P( uC / cmz)
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hysteresis loop measuremenfsy 8). The influence of the [9] J.H. Yoo, W. Gao, K.H. Yoon, Pyroelectric and dielectric bolometer
internal bias electric field, associated with the space charge g;‘gplergggg"f Sr modified BaTgceramics, J. Mater. Sci. 34 (1999)
pola_mzatlon in the n_’nterfaces causes the increase of the_IocaI[lo] L. Zhang, W.L. Zhong, C.L. Wang, P.L. Zhang, Y.G. Wang, Dielectric
Curie temperatur'e in a certain part of dpma'ns and gralr}s. relaxation in barium strontium titanate, Solid State Commun. 107
Both above discussed factors (an internal mechanical (1998) 769-773.

stress and an internal electric field) play a very important [11] J.F. Berton, B. Roelandt, Influence of the sintering parameters on the
role in the behaviour of the investigated ceramics but the electrical properties of a high dielectric constant dielectric ceramic,
macroscopic dielectric characteristics, diffused character of . Bull- So¢. Fr. Ceram. 94 (1972) 51-66. _

. ; . [12] H.T. Martirena, J.C. Burfoot, Grain-size effects on properties of
the phase transition and the bghaymurqu Vversus grain some ferroelectric ceramics, J. Phys. C.: Solid State Phys. 7 (1974)
size are dependent on predomination of one of them. This  3182-3192.
allow to understand the fact that in small-grained BST [13] S. Chattopadhyay, P. Ayyub, V.R. Palkar, M. Multani, Size-induced
80/20 ceramics (size be|0Wp2T1) the temperaturé’m rises diffuse phase transition in the nanocrystalline ferroelectric PpTIO

. ; Phys. Rev. B 52 (1995) 13177-13183.
[5,6] while this temperature decreases when the average[1 4] S. Chattopadhyay, P. Ayyub, V.R. Palkar, A.V. Gurjar, R.M. Wankar,

grain sizes increase (the present paper). M. Multani, Finite-size effects in antiferroelectric PbZr@anopar-
ticles, J. Phys.: Condens. Matter 9 (1997) 8135-8145.
[15] W. Luan, L. Gao, J. Guo, Size effect on dielectric properties of
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