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BaggCap 1Tig.oZro 103 (BCTZ) lead-free piezoelectric ceramics were successfully prepared by Pechini poly-
meric precursor method using low thermal treatments. XRD analysis shows single-phase perovskite type
structure for powders synthesized at 700 °C for 1 h. Dense ceramics were obtained from these reactive
precursors using sintering temperatures below 1300 °C (1200 °C, 1250 °C and 1275 °C for 5h). The
ceramics sintered at 1275 °C for 5 h exhibited the best ferro-piezoelectric properties: ds3 =390 pC/N,
d31 = —-143 pC/N, k,=50% , &}, =2253 and tané=0.06 (100 kHz) at room temperature, Tc =112 °C,
2P, =24 pC/cm? and 2E¢ = 4.07 kV/cm. Dense ceramics sintered at 1250 °C for 5 h (97% theoretical den-
sity) have average grain size ~5um, Tc=115°C and high ferro-piezoelectric performance
(d33 =340 pC/N, ky, = 49%). The high piezoelectric sensitivity is due to the high polarizability of the ceram-
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Pechini method ics at local level.
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1. Introduction

The development of lead-free ceramic materials with high pie-
zoelectric sensitivity remains to date as a primary scientific chal-
lenge driven by the toxicity of lead oxide, and, nowadays,
directives for environmental protection [1]. Barium titanate (BT),
a classical lead-free ferroelectric (FE) [2], has been widely studied
because of its important properties applied to several electronic
components, but its piezoelectric properties cannot compete with
those of commercial ceramics. A number of chemical substitutions
of the A and/or B sites of the BT perovskite structure have been
made to tailor the electrical properties by appropriated shifting
the temperatures of the rhombohedral-to-orthorhombic (T;), FE-
FE, the orthorhombic-to-tetragonal (T), FE-FE, and the tetrago-
nal-to-cubic (T¢), FE-paraelectric phase transitions [2].

Dopants, such as Ca%* in A-site up to 24 at.%, reduces T; and T,
causing little modification of the Curie temperature (T¢), and thus,
stabilizing the tetragonal FE phase at room temperature [3], while
doping the B-site produce an undesired reduction of T¢ [4]. There-
fore substitution of B-site with Zr** (BZT) improves the piezoelec-
tric parameters because the three phase transition temperatures
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get together below room temperature at 15 at.% of Zr*" content
[5], which gives place to phases coexistence and causes instability
in the polarization state. Such effect should promote an easily
reorientation of the domains during the poling process and en-
hanced piezoelectricity, similar to the morphotropic phase bound-
ary (MPB) of lead titanate-zirconate (PZT) or the polymorphic
phase boundary (PPB) of sodium-potassium niobate (KNN).

Zr** substitution also promotes a dielectric relaxor behavior
that limits this effect [5,6]. Relaxor behavior is linked with the exis-
tence of polar nanoregions (PNRs) which have distinct symmetry
than the average structure. In fact, Extended X-ray Absorption Fine
Structure (EXAFS) and Atomic Pair Distribution Function (PDF)
analyses on BZT showed that structural distortion arises due to
the Ti**/Zr*size mismatch and the local structure is distinct from
the average long-range structure [7,8].

Recently, by a combination of A and B sites substitution, high-
performance lead-free ceramics in the pseudo-binary solid-
solution system (1 — x)Ba(Zr,Ti;_,)03-x(Ba;_,Ca,;)TiO3 (BZT-xBCT)
are being developed and extensively studied [9-14]. In particular,
(1—x)Ba(Zrg,Tipg)03-x(Bag7Cag3)TiO3, which show a high piezo-
electric coefficient ds3 of ~620 pC/N at x =0.50 (i.e. BaggsCag 1s-
Tip90Zrp1003) has been reported [9]. Such composition stays at
the vicinity of a tricritical point of this system, in the frontier of
the high temperature cubic non-ferroelectric phase, with the two
ferroelectric ones, rhombohedral and tetragonal phases. It has been
suggested that there is a coexistence of the cubic phase with the
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two ferroelectric ones enhancing the polarizability of the ceramic.
In addition to the polarization rotation mechanism (rhombohe-
dral-tetragonal) there would be and additional mechanism of
polarization extension (cubic-tetragonal and cubic-rhombohedral)
[15].

The drawbacks of this composition for being amenable for com-
mercial processing and practical use are the low Curie temperature
Tc ~ 93 °C and the high synthesis (1300 °C for 2 h) and sintering
(1450 °C for 3 h) temperatures. Some works have been focused
on increasing Tc (up to 114 °C) at the expenses of the piezoelectric
performance (down to 450 pC/N) by changing the composition to
(17X)Ba(zr0_15Ti0.35)03—X(BaO.7C30.3)TiO3 with x=0.53 (le Ba0.34,
Cag.16Ti.93Zr0.0703), and still sintering at 1450 °C for 3 h [10]. Nev-
ertheless, sintering these ceramics at lower temperatures is a
difficult task. Nowadays, state of the art on low temperature pro-
cessing using conventional ceramic technology is that BaggsCag. 15-
Tig.90Zr0.1003 ceramics, including CeO, addition, calcined at 1250 °C
for 2 h and sintered at 1350 °C for 4 h possesses a piezoelectric
coefficient d33 ~ 600 pC/N [11] or BaggsCag 15Tig.90Zrg.1003 ceram-
ics, including MnO addition, calcined at 1100 °C for 4 h and sin-
tered at 1350°C for 2h possesses a piezoelectric coefficient
d33 ~ 373 pC/N [12]. Also LiF, Ga;05 and Y,03 have been added to
Ca%*-Zr"" doped BaTiO; ceramics with sintering temperatures
ranging from 1350 to 1500 °C and d33 over 360-440 pC/N were ob-
tained [16-18].

As an alternative to conventional solid state synthesis and in or-
der to reduce the processing temperatures, the Pechini method has
been recently used to obtain BCTZ ceramic materials [13]. This
technique is based on having individual cations complexed with
poly-functional organic acids (citric acid is preferred) and a poly-
hydroxyl alcohol (commonly ethyleneglycol). The effectiveness of
this method is maintaining ions mixed at atomic level when they
form a polymer resin after heating around 80-110 °C. This resin
can be calcined at low temperature (500-800 °C) to produce very
fine powders with narrow crystal size distribution.

In this work, BaggCag 1Tig9Zr 103 ceramics have been synthe-
sized by the Pechini route and sintered at temperatures below
1300 °C, which facilitates the commercial use of these lead-free
and high sensitivity ceramics. The effects of reducing synthesis
and sintering temperatures on the structure, microstructure and
electrical properties are discussed.

2. Experimental details

BCTZ powders were prepared by Pechini polymeric precursor method. Zr(OCs.
H7)4 (70% in 1-propanol) and Ti[OCH(CHs),]4 were mixed using absolute (99.9%)
ethyl alcohol as solvent. Also, (CH3COO),Ba (99.0%) and Ca(NOs),-4H,0 (99.8%)
were mixed using deionized water and added to the first solution. Immediately, cit-
ric acid (C3H4(COOH); —99.5%) and ethylene-glycol (C;HgO, —99.0%) in a 3:1 M ra-
tio were incorporated to the above solution. Then, this solution was stirred at room
temperature for 30 min. The mixture was heated at 60 °C until it gradually became
transparent. After that, the temperature was raised to 70 °C for evaporating sol-
vents, until a yellow viscous resin was obtained. Then temperature was raised again
to 85 °C in order to promote the polymerization of the material. The resin was pre-
calcined at 300 °C for 30 min obtaining dark-brown powders. The powders were
further calcined at 700 °C for 1 h and ball milled for 8 h with zirconia ball media
and alcohol. After that, they were dried and pressed into pellets of 13.0 mm diam-
eter. Then, these samples were sintered at 1200 °C, 1250 °C and 1275 °C for 5 h.

The crystal structure of the ceramics was examined using X-ray diffraction with
a Cu ko, radiation (1.54178 A, Bruker D8 Advance with a 0.016 step size and 1s
integration time). The morphology of the samples was observed by field emission
Scanning Electron Microscope (JEOL-J7600f) and computer aided image analysis
using Image ] software. Average grain size of a large sample area was determined
by the interception method. The samples were polished and silver electrodes were
painted in both circular faces and annealed at 600 °C for 30 min for the dielectric
and piezoelectric measurements. Before measuring the piezoelectric properties,
the sintered ceramics were poled under 2 kV/mm DC field at room temperature.
The dielectric permittivity (¢l;) and losses (tand) were measured with a precision
impedance analyzer (Agilent 4294A) from room temperature up to 220 °C. The
piezoelectric constant d3; was measured after 24 h of the poling process using a
ds3-meter (APC International). The ds;; constant, as well as the electromechanical

coupling factor kj, the elastic compliances st,,st,, the piezoelectric gs; constant
and the frequency number N, were calculated using the resonance method and
an automatic iterative analysis method of the complex impedance at the radial
mode [19]. Ferroelectric hysteresis loops were measured at room temperature
using a Radiant RT66 workstation at 100 Hz.

3. Results and discussion

Fig. 1 shows the XRD patterns of BCTZ powders calcined at
700 °C for 1 h and sintered at different temperatures for 5 h. All
samples showed single-phase perovskite crystal structure at the
technique resolution. The diffraction peaks of the samples were in-
dexed belonging to the perovskite-type tetragonal structure with
space group P4mm in agreement with recent literature [20].
Fig. 2 is a magnification around the 002/200 doublet of the BT-like
tetragonal structure. The wide and strongly asymmetric peak
around 45° for the ceramic sintered at 1200 °C indicates the 002/
200 doublet of the tetragonal structure at room temperature. The
subtle shift of diffraction peaks to lower angles as the sintering
temperature increases in Fig. 2 indicates the expansion of the cell
volume. This also indicates a more effective substitution of Ti*',
with 0.605 A ionic radius, by Zr**, with 0.72 A ionic radius in octa-
hedral coordination, for the higher sintering temperature, which
will give place to a cell volume increase. It is plausible that the
residual Zr** for the lower sintering temperature materials could
be present at grain boundaries in small amount as secondary
phase, undetectable by XRD.

The 002/200 tetragonal doublet seen for the ceramic sintered at
1200 °C merge into a symmetric single peak for the sample sin-
tered at 1275 °C, which indicates a pseudo-cubic structure. Such
a pseudo-cubic structure is not compatible with the ferro-piezo-
electric performance.

Fig. 2 also shows the effect of the electric field in the structure,
obtained after removing the electrode used for poling. For the cera-
mic sintered at 1200 °C, the 002/200 peak has higher asymmetry,
which shows that the 002 peak is more intense in the poled cera-
mic revealing the well-know effect of texture change by domain
reorientation under the electric field. However, there is no effect
of the poling on the structure of the ceramic sintered at 1275 °C.
This seems to indicate that the electric field does not change the
global symmetry of the ceramics. The XRD results obtained in this
work are comparable with those reported before for similar com-
positions [21-24]. The splitting and intensity ratio of the 200/002
diffractions are considered as the coexistence of tetragonal and
rhombohedral phases in different proportions depending of the
composition.
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Fig. 1. XRD patterns of BCTZ ceramics: (a) calcined at 700 °C for 1 h; and sintered
for 5 h at: (b) 1200 °C, (¢) 1250 °C and (d) 1275 °C.
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Fig. 2. Magnified XRD patterns of unpoled and poled ceramics in the 37.5-48° 20
range.

Fig. 3 shows the SEM micrographs of BCTZ powders and ceram-
ics sintered at different temperatures for 5 h. As expected, the cera-
mic microstructure changes with the sintering temperature. The
average powder crystal size is around 50 nm, while the pellets sin-
tered at 1200, 1250 and 1275 °C have 0.4, 4.6 and 15.2 pm, respec-
tively. The theoretical density calculated with lattice parameters
obtained from XRD patterns is 5.81 g/cm>. Measured relative den-
sities in sintered samples were found between 95-98% as the sin-
tering temperature increases.

Current work on BCTZ ceramics synthesized by conventional so-
lid state reaction and using high sintering temperatures, com-
monly up to 1450 °C [9-10] or even higher [21], leads to large

grain microstructures (average crystal size ~30 pum). Recent work
regarding relation between microstructure and properties in these
ceramics, shown that below an average grain size ~10 pm, it is not
possible to obtain BCZT ceramics with good piezoelectric proper-
ties [21]. However, coarse grained ceramics needs undesirable high
sintering temperatures or complex two-steps sintering schedules
to be produced and, besides, are not optimized for the present
trend of miniaturization of devices based on piezoceramics, in or-
der to increase the frequency range of the ultrasonic transduction.

The dielectric permittivity and losses as a function of tempera-
ture up to 220 °C are shown in Fig. 4.The data for the ceramic sin-
tered at 1200 °C do not show an increase in permittivity near room
temperature, expected in the proximity of a phase transition. This
suggest that the combined Ca?* incorporation in A-sites of the
perovskite and some Zr** substitution made T; and T, phase tran-
sition temperatures of BT shift to lower values, below room tem-
perature, whereas the Curie temperature undergoes a small
change (Tc =118 °C) [3]. This is in agreement with the observed
XRD patterns (Figs. 1 and 2) suggesting that the Ca®" incorporation
stabilizes the tetragonal phase at room temperature. The proper
ferroelectric character of this structure is shown by the minor fre-
quency dispersion shown in these permittivity curves. The fine
grain size, in the sub-micron range, of the ceramic sintered at
1200 °C explains the reduction of the permittivity [21].

As the sintering temperature increases, the curves for the
ceramics sintered at 1250 and 1275 °C show higher permittivity
values, subtle reduction of T¢, to 115 °C and 112 °C, respectively,
and a higher frequency dispersion than the curves for the ceramic
sintered at 1200 °C. Moreover, for higher sintering temperatures,
and despite of the increase in grain size (Fig. 3), the maximum in
permittivity at the phase transition is still broad. For the sample
sintered at 1275 °C there is a soft anomaly in the permittivity curve
at 42 °C, that could correspond to the phase transition from the

Fig. 3. SEM images for BCTZ ceramics: (a) calcined powders at 700 °C for 1 h; sintered ceramics for 5 h at: (b) 1200 °C, (c) 1250 °C and (d) 1275 °C.
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Fig. 4. Dielectric permittivity and losses of BCTZ sintered ceramics for 5 h at: (a-b) 1200 °C, (c-d) 1250 °C and 1275 °C (e-f).

rhombohedral to tetragonal ferroelectric phases (Tg.t). All these
characteristics correspond to the diffuse transitions of systems
which have a locally disordered structure, i.e., relaxor behavior.
This is compatible with increasing amount of Zr** ions incorpora-
tion into the perovskite lattice [5,6] as the sintering temperature
increases. The thermal evolution of the permittivity for the ceram-
ics sintered at 1250 °C and 1275 °C show their ferroelectric charac-
ter, with a transition from a polar to a non-polar phases at Tg,
despite of the global pseudo-cubic crystal structure observed
(Figs. 1 and 2).

Fig. 5 shows the P-E hysteresis loops of BCTZ ceramics recorded
at room temperature. Loops for fine grained material sintered at

1200 °C show a small ferroelectric contribution with a remnant
polarization 2P, < 10 pC/cm?. However, as the sintering tempera-
ture increases the loops become well saturated and 2Pr increases
to ~24 uC/cm? for ceramics sintered at 1250 and 1275 °C together
with low coercive fields that indicates an easy polarization mech-
anism of the material.

The piezoelectric properties of BCTZ ceramics are summarized
in Table 1. The values of piezoelectric constant d3; and the electro-
mechanical coupling factor k,, are similar to those reported for sim-
ilar compositions [21-23]. Fig. 6 shows the radial resonance
spectra (real part of the impedance and phase angle as a function
of the frequency) for the samples sintered at 1200 and 1250 °C
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Fig. 5. Ferroelectric hysteresis loops of BCTZ sintered samples at different
temperatures.

for 5 h. In agreement with the low polarization level of this ceramic
(Fig. 5), the impedance spectra shows a very weak resonance, as a
consequence of the very fine grain size (Fig. 3), in comparison with
the observed for the ceramics sintered at higher temperatures. The
smaller crystal size, and the corresponding smaller domain size, re-
quires more energy for domain wall motion, as evidenced by the
low dielectric permittivity, ferroelectric loop and the resonance
spectra for this sample. Although the best properties are obtained
for the ceramic sintered at 1275 °C, the ceramic sintered at 1250 °C
already have the characteristics of a high sensitivity piezoelectric
material. Both poled ceramics share the same crystal structure
characteristics and the pseudo-cubic structure (Fig. 2) that is not
compatible with a ferro-piezoelectric behavior. Current explana-
tions of this apparent contradiction are in the coexistence of three
phases if the studied composition were in the vicinity of a tricriti-
cal point. However the sharp (111) peak observed for these sam-
ples (see Fig. 2) could be pointing to the fact that a long-range
rhombohedral phase is not present in the studied ceramics.

The explanation of the apparent contradiction of a pseudo-cubic
structure together with a high ferro-piezoelectric response could
be found by similitude with another high piezoelectric sensitivity
complex compound, 0.5Ba(Zrg,Tigg)03-0.5(Bag;Cag3)TiOs, i.e.
Bag gsCag.15Tig.90Zr0 1003, for which detailed structural results were
recently reported [21]. For this, the long-range structure observed
by XRD does not fully represent the actual crystal structure due to
local structural disorder caused by the large size mismatch be-
tween Zr# and Ti** ionic radii, as well as the inequality of the octa-
hedral tilting between TiOg and ZrOg. This was first found in lead
zirconate-titanate (PZT) [7] and BZT [8].

The global pseudo-cubic structure observed in the ceramics sin-
tered at 1250 °C and 1275 °C could in fact average a range of local
polar configurations. Both global and short-range structure is
needed to understand the structural response under the electric
field near a tricritical point, however, this is out the scope of this
work. With similar structural features to other materials reported
in the literature [25], we may speculate that for the high sensitivity

Table 1
Properties of BCTZ sintered ceramics for 5 h.
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Fig. 6. Radial resonance spectra of sintered samples at: a) 1200, b)1250 and c)
1275 °C for 5 h.

studied ceramics, the order-disorder type polarization mechanism
couples with the strain, resulting in the large ferro-piezoelectric
response.

sintering temp. () p (glem®)  di (102 C/N)  diy (102CN) k(%) Np(%) s, (102m2N) £, (102 m?N)  gx (1072 Vm/N)
1200 5.49 45 -14 5 2801 171 -9.8 -0.7
1250 5.64 240 -120 49 2691 114 -34 -6.4
1275 5.70 390 —143 50 2689 111 -29 -7.2
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4. Conclusions

Summarizing, single-phase perovskite-type structure Ba;_,Cay.
ZrooTip.103 ceramic powder was synthetized by Pechini polymeric
precursor method at 700 °C for 1 h. Dense ceramics (95%-98% the-
oretical density) were then obtained using low sintering conditions
(1200 °C, 1250 °C, 1275 °C for 5 h). The tetragonal crystal structure
at room temperature and the observed T¢ at 118 °C of ceramics
sintered at 1200 °C indicates that Ca?* incorporation takes place
in A-sites of the perovskite structure. The fine grain size of this
ceramics explains the depletion of the permittivity curves and
the reduced ferro-piezoelectric properties. For a complete Zr**
incorporation and corresponding high sensitivity characteristics,
higher sintering temperatures are needed. The XRD patterns and
dielectric permittivity curves shows that ceramics obtained at
1250°C and 1275 °C possesses a pseudo-cubic crystal structure
and undergoes a ferroelectric-relaxor to a paraelectric phase tran-
sition at Tc=115°C and 112 °C, respectively, which indicates an
increasing Zr** incorporation in the lattice. The low coercive field
of ceramics sintered at 1250 and 1275 °C, together with their high
piezoelectric properties, indicates that they are highly polarizable.
The best piezoelectric properties are obtained for the ceramic
sintered at 1275 °C (d33 =390 pC/N, d3;=—143 pC/N, k,=50%).
The long-range pseudocubic structure observed by XRD may not
fully represent the actual crystal structure due to local structural
disorder caused by the large size mismatch between Zr* and Ti**
ionic radii, as well as the inequality of the octahedral tilting
between TiOg and ZrOg. This will give place to high local polariz-
ability and piezoelectric sensitivity in these ceramics.
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