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Abstract: We report the linear thermal expansion coefficient of lead-free ferroelectric ceramic barium zirconate titanate - barium
calcium titanate 0.5Ba(Zrq,Tigs)O5-0.5(Bag,Can) TiO; (BZT-BCT). The material was prepared by solid-state synthesis and consolidated by
sintering at 1450°C. BZT-BCT crystallizes in the perovskite phase. The microstructure of the ceramic with about 95 % relative density
consists of about 10 um-sized grains. The contact dilatometry of the ceramic specimen reveals the change of slope of the linear
thermal expansion curve at 84°C. This is in good agreement with the peak of the dielectric permittivity versus temperature at about
85°C indicating the transition from the low-temperature polar ferroelectric phase to a high-temperature nonpolar phase or Curie
temperature. The thermal expansion coefficients of the polar tetragonal and nonpolar cubic phases of BZT-BCT are 7.69x10° K (40°C
- 80°C) and 12.39x10° K" (100°C - 600°C), respectively. The thermal expansion data are among the material data needed in the design
of thin- and thick-film structures for energy-harvesting and energy-storage applications.
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Linearnt temperaturnt raztezek volumenske

keramike 0.5Ba(Zr,,1t,,)0,-0.5(Ba, Ca, ,)Ti0,

Izvlecek: V delu poro¢amo o linearnem temperaturnem raztezku volumenske keramike barijevega cirkonata titanata - barijevega
kalcijevega titanata 0.5Ba(ZrqTios)O3-0.5(Bag,Cags) TiOs (BZT-BCT). Material smo pripravili s sintezo v trdnem stanju in sintranjem pri
1450°C. BZT-BCT kristalizira v perovskitni fazi. Mikrostrukturo keramike s =95% relativno gostoto sestavljajo zrna velikosti okrog 10

pum. Linearni temperaturni raztezek keramike smo izmerili s kontaktno dilatometrijo od sobne temperature do 600°C. Pri temperaturi
84°C opazimo spremembo naklona krivulje raztezka. Ta podatek se ujema s temperaturo maksimuma dielektri¢nosti v odvisnosti

od temperature, ki oznacuje prehod nizkotemperaturne polarne feroelektri¢ne faze v visokotemperaturno nepolarno fazo oziroma
Curiejevo temperaturo. Vrednosti linearnega temperaturnega raztezka polarne in nepolarne faze BZT-BCT sta 7.69x10° K" (40°C — 80°C)
in 12.39x10° K (100°C - 600°C). Podatke o temperaturnem raztezku keramike potrebujemo pri na¢rtovanju tanko- in debeloplastnih

struktur, namenjenih zbiranju in shranjevanju energije.

Klju¢ne besede: 0.5Ba(Zr,,Tios)O5-0.5(Bag,Caos) TiO; (BZT-BCT), brez svinca, feroelektri¢na keramika, linearni temperaturni raztezek
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1 Introduction

The discovery of the high piezoelectric properties of
the barium zirconate titanate - barium calcium titanate
solid solution 0.5Ba(Zr ,Ti ,)O,-0.5(Ba,,Ca )TiO, (BZT-
BCT) bulk ceramic has revealed its great potential for
many piezoelectric applications including actuators,
transducers, and energy harvesting devices [1] - [3].

As an example, an intravascular ultrasound transducer

made of BZT-BCT has been prototyped [4]. It is also be-
ing studied as a promising biocompatible material for
bone regeneration [5], [6]. BZT-BCT has gained the at-
tention of the ferroelectric/piezoelectric communities
as one of the most promising environment-friendly
alternatives to commercially widely spread lead-based
piezoelectric ceramic materials such as Pb(Zr,Ti)O3
(PZT) due to the Restriction of Hazardous Substances
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(RoHS) regulations [7] - [9]. Recently it has been report-
ed that it possesses promising energy storage proper-
ties [10], [11].

BZT-BCT exhibits a Curie temperature of about 85-90 °C.
In the proximity of room temperature, the coexistence
of rhombohedral, orthorhombic, and tetragonal phas-
es of solid solutions of Ba(Zr,,Ti )0, and (Ba,,Ca,,)TiO,
with the molar ratios close to unity contributes to en-
hanced piezoelectric properties [12], [13]. It was shown
that the grain size strongly influences the piezoelectric
properties and the phase transitional behaviour of BZT-
BCT bulk ceramic; the enhanced piezoelectric response

was characteristic for grain sizes exceeding 10 um [14].

In numerous miniature devices, such as microelectro-
mechanical systems (MEMS) or energy harvesters, the
space constraints favour the use of piezoelectric ce-
ramic elements in the form of thin or thick films [15],
[16]. One of the key parameters for designing such
devices includes the thermal expansion coefficients
of the constituent materials. In case of a large differ-
ence in thermal expansion coefficients of the film and
the substrate, the induced stresses may contribute to
lowering the piezoelectric response [17] - [19]. Clamp-
ing the screen-printed thick film by the substrate re-
sults in poor densification during sintering [20]. Tensile
stresses in the film that arise due to the thermal expan-
sion coefficient mismatch may lead to the evolution of
cracks [19]. Various effects of stresses generated by the
thermal expansion mismatch also affect other func-
tional properties, such as breakdown strength [21],
[22], which is important in energy storage applications.

There are some publications on the thermal expan-
sion coefficient of Ca- and Zr-modified barium titanate
ceramics [23] - [26] but to our knowledge, there is no
reported study on the linear thermal expansion coef-
ficient of BZT-BCT ceramic. Such data would contribute
to efficiently designing the processing of dense and
crack-free BZT-BCT thick films where the powder slurry
is screen-printed on a platinized alumina substrate.
Such films could find applications in energy harvesting.

Our study aims to prepare perovskite BZT-BCT ceramic
with a high relative density, uniform microstructure,
and adequate low- and high-field dielectric properties.
The linear thermal expansion coefficient from room
temperature to 600 °C is measured.

2 Materials and methods

BZT-BCT powder was prepared using alkaline earth car-
bonates ((BaCO,, 99.8% and CaCo,, 99,95% both from
Alfa Aesar, Karlsruhe, Germany) and transition metal
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oxides (TiO,, 99.8% also from Alfa Aesar, Karlsruhe, Ger-
many and ZrQO,, 99.8% from Tosoh, Japan). The metal
content was checked gravimetrically. The 25 g batches
of stoichiometric fractions of the reagents were ho-
mogenized using isopropanol in a planetary mill (PM
400, Retsch) with yttria-stabilized zirconia milling bod-
ies (3 mm, Tosoh, Japan) for 2 h at 200 rpm. The median
particle size of the milled powder was 0.45 um as deter-
mined by laser granulometry (Microtrac S3500 Particle
Size Analyzer) using isopropanol as a dispersion liquid.
The calcination of the loosely pressed reagent mixture
(P =50 MPa) took place at 1300 °C for 4 hours in the air
with heating and cooling rates of 5 K/min. The powder
was again milled for 2h at 200 rpm in a planetary mill,
dried at 120 °C and sieved. The powder was shaped
into pellets (diameter: 8 mm) or bars (40 mm x =7 mm x
=5 mm) by uniaxial (P = 50 MPa) and isostatic pressing
(P =300 MPa). The powder compacts were sintered at
1450 °C for 4 hours in the air with heating and cooling
rates of 5 K/min.

The phase composition of the calcined powders and
crushed sintered specimens was analyzed by X-ray dif-
fraction (XRD, X'Pert PRO MPD, PANanalytical, CuKa1 ra-
diation, time/step: 100 s, interval between data points:
0.0016°). The density of the sintered samples was de-
termined pycnometrically (Micromeritics, AccuPyc llI
1340 Pycnometer).

The ceramic samples were ground and polished using
standard ceramographic techniques. Thermal etching
of the polished sections at 1350 °C for a few minutes re-
vealed the grain boundaries. A field-emission scanning
electron microscope (FE-SEM JEOL JSM-7600) with an
energy-dispersive X-ray spectrometer (EDXS, INCA Ox-
ford 350 EDS SDD) was used for the analysis of the mi-
crostructure. The grain size was determined using the
Image Tool software.

For low- and high-field dielectric measurements, the
disks were cut to the thickness of 0.5 mm and polished.
An annealing step to 600 °C for 1 h followed by a slow
cooling (1 K/min) was used to release the stresses of
mechanical operations. The Au electrodes with a diam-
eter of 3 mm were RF-magnetron sputtered on the fac-
es of the disks (5 Pascal). The dielectric permittivity (g)
and losses (tan ) were measured between +150 °C and
-40°C with a cooling rate of 1 K/min (Agilent E4980A
Precision LCR meter, 1V). The polarization-electric field
hysteresis loops were measured at room temperature
with a sine voltage at the frequency of 50 Hz (Aixacct
TF analyzer 2000).

For the measurement of the thermal expansion, the
ceramic bars were cut to the dimensions of 25 mm x
5 mm x 4 mm. The faces of the bars were plan-parallel
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polished. Thermal stresses were released as described
above. The dimensional changes of the specimen
upon heating and cooling were measured with a con-
tact dilatometer with a corundum measuring system
(Netzsch DIL 402 PC) between room temperature and
600 °C with the heating and cooling rates of 5 K/min
in air.

3 Results and discussion

Figure 1 contains the XRD patterns of BZT-BCT pow-
der after the calcination at 1300 °C (a) and the ceramic
sintered at 1450 °C (b). The XRD patterns of both sam-
ples reveal a perovskite phase without any noticeable
secondary phases. The unit cell distortion could not be
determined using a standard X-ray diffractometer, syn-
chrotron radiation would be needed to obtain a deeper
insight into the phase composition of the material, c.f.
[13], [27] - [29]. According to the phase diagram [13],
the coexistence of the orthorhombic phase cannot
be excluded at room temperature besides rhombohe-
dral and tetragonal phases in the morphotropic phase
boundary region.

The relative density of BZT-BCT ceramic is 95.4 %. The
microstructure shown in Figure 2 a) is uniform, with a
unimodal grain size distribution and a mean grain size
of 9.66 + 4.84 um (Figure 2 b)). EDXS analysis confirmed
a uniform distribution of elements within and between
individual grains (EDXS spectra are not shown). Trace
amounts of a secondary phase were observed at some
grain junctions (see the inset of Figure 2 a)) but due to
their small size, their chemical composition could not
be reliably determined on the level of FE-SEM.
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Figure 1: XRD patterns of BZT-BCT powder calcined at
1300 °C and ceramic sintered at 1450 °C. The peaks are
indexed according to the BaTiO; cubic phase (PDF 01-
074-4539).
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Figure 2: a) SEM micrograph of the microstructure of
BZT-BCT ceramic and b) grain size distribution. Inset
in panel a) reveals an intergranular phase located at a
grain junction.

Figure 3 shows the temperature dependence of the di-
electric permittivity and losses as a function of temper-
ature in the frequency range from 100 Hz to 100 kHz.
Dielectric permittivity and losses at room temperature
and 1 kHz are 3165 and 0.029 in agreement with re-
ported values for ceramics with similar grain sizes [14].
There is no significant change in the dielectric permit-
tivity in the frequency range from 100 Hz to 100 kHz in
the measured temperature range. The change of slope
at about 40 °C is attributed to the rhombohedral-te-
tragonal phase transition, and the dielectric permit-
tivity peak at about 85 °C to transition to the cubic
phase or Curie temperature. The grain size influences
both phase transition temperatures; for the ceramic
with about 10 um-sized grains, the respective values
were 87 °C and 35 °C [14]. Broadening of the permit-
tivity peak, characteristic of polycrystalline ferroelec-
trics, is related to the micron size of the crystallites and
the presence of two cations on each cation sublattice
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site. We do not observe any noticeable frequency peak
shifting in the measured frequency range supporting
the ferroelectric nature of the BZT-BCT ceramic. It has
been shown that processing conditions and grain size
strongly influence the ferroelectric or relaxor nature of
BZT-BCT [14], [27].

Figure 4 shows the room temperature polarization-
electric field (P-E) hysteresis loops measured at 50 Hz.
The sample survived the maximum applied field of 70
kV/cm, indicating its good dielectric breakdown resist-
ance. The remnant polarization P, and coercive field E,
are about 13 pC/cm? and 5.9 kV/cm, respectively, indi-
cating a good ferroelectric response of BZT-BCT. Hao et
al obtained similar P, and E. values for the ceramic with
10 um-sized grains [14].

Figure 5 shows the dilatometric curves of BZT-BCT ce-
ramic, revealing linear thermal expansion or contrac-
tion upon heating or cooling. There is not much dif-
ference between the heating and cooling curves. Two
main slopes are discerned in both cases with the inflex-
ion point at 84.0 °C. The thermal hysteresis between
the heating and cooling runs is quite small. We note
that the inflexion temperature corresponds well to the
dielectric permittivity peak temperature, cf. Figure 3.
The thermal expansion coefficient (TEC = (AL/L))/AT),
determined from the cooling curve in the tempera-
ture range from 40 °C to 80 °C, is 7.69x10° K. In this
temperature range the tetragonal phase prevails [13],
but the coexistence of a rhombohedral phase cannot
be excluded judging from the evident change of slope
at about 40 °C in the dielectric permittivity curve (cf.
Figure 3). As the temperature increases, the TEC pro-
gressively increases as well. From 100 °C to the final
temperature of 600 °C, in the temperature range of the
cubic phase, the TEC is 12.39x10° K.

As explained earlier we could not find the thermal
expansion data for BZT-BCT. The TEC of the base for-
mulation of BZT-BCT solid solution, the prototype fer-
roelectric BaTiO,, is 6.5x10° K in the tetragonal phase
and 9.8x10° K in the cubic phase (125 °C - 200 °C)
measured by contact dilatometry [30]. It is noted that
the change in the slope of the thermal expansion of Ba-
TiO, at the phase transition temperature is sharp and
accompanied by a noticeable shrinkage which is a fin-
gerprint of a first-order phase transition and is not the
case with BZT-BCT. Here, we observe only the change in
the slope of the thermal expansion. Tian et al. studied
(Ba,Ca)TiO,-Ba(Zr,Ti)O, with slightly different molar ra-
tios of cations compared to BZT-BCT formulation, and
they incorporated various rare-earth dopants. They
measured a TEC of about 5x10° K at lower tempera-
tures and a TEC of about 11x10° K" at higher tempera-
tures, the final temperature being 400 °C. The exact
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value of TEC and the TEC-inflexion point’s temperature
depended on the studied materials’ chemical composi-
tion[31], [32]. Our results are in good agreement with
these latter dilatometric studies of the (Ba,Ca)TiO,-
Ba(ZrTi)O, solid solutions.
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Figure 3: The dielectric permittivity and losses as a
function of the temperature of BZT-BCT ceramic.
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Figure 4: Polarization - electric field- loops of BZT-BCT
ceramic measured at 50 Hz and room temperature.

0.8
0.7 ] TEC (40°C - 80 °C) =7.68x10° K"
71 TEC (100 °C - 600 °C) = 12.30x10° K '
0.6
= 0.5—_ cojliy
= 44
S 1 Aaﬁng
3 03
0.2
0.1
0.0{F Tasc
100 200 300 400 500 600
T(°C)

Figure 5: The linear thermal expansion of BZT-BCT ce-
ramic measured between room temperature and 600
°C. The inflexion point and TEC were determined from
the cooling curve.
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4 Conclusions

In conclusion, this study focused on determining
the thermal expansion behavior of 0.5Ba(Zr,Ti )O.-
05(Ba,,Ca,,)TiO, (BZT-BCT) bulk ceramic. The powder,
prepared by solid-state synthesis, was compacted and
sintered to a high relative density at 1450 °C for 4 hours.
The ceramic crystallized in the perovskite phase. The mi-
crostructure consisted of about 10 um sized grains. The
measurement of the dielectric permittivity versus tem-
perature revealed two anomalies which could be related
to the phase transitions of the predominantly rhombo-
hedral to tetragonal phase at about 40 °C and to cubic
phase at about 90 °C. The hysteretic dependence of the
polarization versus the electric field confirmed the ferro-
electric nature of the ceramic. The dilatometric measure-
ments revealed the thermal expansion coefficients of the
polar and cubic phases of 7.69x10° K" (40 °C - 80 °C) and
12.39x10° K" (100 °C — 600 °C). The study results contrib-
ute to the design of thick and thin-film structures based
on BZT-BCT in various energy-harvesting and/or energy-
storage applications.
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