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INFLUENCE OF Sr** DOPANT ON MICROSTRUCTURE AND ELECTRIC PROPERTIES
OF (Bay 35Cay15)(Zry1Tiy )O3 (BCZT) CERAMICS

The discovery of (Ba,Ca,_)(Zr,Ti;.,)O; lead-free ceramics drawn a lot of attention to those novel materials because of their
excellent piezoelectric properties. However, quite a little attention has been paid to other features of the material. This article reports
a wide range of research, including composition, structure and microstructure, dielectric response and impedance spectroscopy in
order to systematize and expand knowledge about this peculiar ceramics and strontium doping effect on its properties. In order to
test that influence a series of samples with various strontium concentration, precisely the admixtures of 0.02, 0.04 and 0.06 mol%
were prepared, as well as basic ceramics to compare obtained results.
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1. Introduction

Recently lot of attention was given to unleaded ceramics
due to the worldwide tendency to exclude heavy metals from the
environment, and produce more eco-friendly materials. Among
the others BaTiO; (BT) ceramics seems a good starting point
for obtaining efficient material due to its relatively low Curie
temperature (7= 120°C) [1,2] and a great potential for applica-
tion. There are variety of possibilities to change BT because of
its isomorphism, but the solution provided by W. Liu and X. Ren
[3] seems very promising, as the Ba(Zr, ,Tij g)O3;—x(Baj ,Cay 3)
TiO; (BZT-xBCT) system they have obtained showed surpris-
ingly good properties, especially for x = 0.5, which is near the
morphotropic phase boundary (MPB). In hereby article Authors
have decided to go a step further and additionally dope ceramics
with strontium. Of course there already were attempts of doping
that system with different ions, but neither the rare earth materials
nor lanthanides, nor tantalum, iron or holm [4-10] had desired
effect on the material. Thus we have decided to use strontium,
as it is homovalent and it is expected to decrease T, and preserve
the shape of ¢(T'), especially near its peak. Although the topic had
been raised by Bai et all [11] further investigation had to be pro-
vided, especially as it comes to the impedance spectroscopy (IS).

In the present investigation (BaggsCag 15)(Zrg 1 Tig9)O3
(BCZT) ceramics was modified by an admixture of strontium
in the amounts of 0, 0.02, 0.04 and 0.06 mol%, and the effects
of doping on electrical properties of the obtained material was
studied.

2. Materials and method

The described ceramics of the selected compositions were
prepared using traditional mixed oxide (and carbonates) method,
and the substrates for obtaining basic ceramics, as well as the
doped one — (Bag g5.xSr,Cayg ;5)(Zrg 1 Tip 9)O3, were high purity
(99.9%) strontium, barium, and calcium carbonates (SrCOs,
BaCO; CaCOs3) and zirconium and titanium oxides (ZrO,, TiO,).

All of the compounds were thoroughly weighted in a
stoichiometric amounts according to the following chemical
reaction:

(0.85-X)BaCO5+xSrC0O5+0.15CaCO5+0.1ZrO+
+0.9TiO,—(Bay g5S1,Cay 15)(Zrg 1 Tip 9)O5+CO,

for x = 0, 0.02, 0.04 and 0.06mol%.Then, prepared powders
were milled for 24 h in a planetary mill, pressed into mouldings
and synthesized. The conditions of synthesis were determined
in accordance with thermal analysis and were set to =2 h at
the temperature of 75 = 950°C. Obtained materials were crum-
bled, milled and sieved and once more pressed into cylindrical
mouldings and sintered for 4h at 7= 1450°C. The Archimedes
displacement method with distilled water was conducted to
evaluate the sample density. The bulk density of pure BCZT
ceramics was 5.07 g/cm® but there is no simple relation between
composition and value of the density, as for x = 0.02, 0.04 and
0.06 it has a value of 5.21, 4.65 and 5.21 g/cm’ respectively
with average theoretical density of about 90%. After obtaining
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the material a series of investigations has been done, including:
microstructure examination, as well as element distribution,
dielectric response and impedance spectroscopy (IS), described
in the following section.

The microstructure of the discussed ceramics samples was
analysed by a scanning electron microscope equipped with an
energy dispersive X-ray spectrometer (EDS) with Si(Li) X-ray
detector.

The obtained ceramics exhibit perovskite structure, which
was confirmed by XRD measurements. XRD measurements were
carried out on using PANalytical diffractometer X’Pert Pro with
filtered Cuy, radiation. The diffraction diagram was measured
from 10° to 145° with 0.05° steps and a 2s counting time.

The computerised automatic system based on precision
LCR meter Agilent E4980A was used to measure the temperature
dependencies of permittivity as well as the impedance specta.
Ceramics samples prepared for dielectric measurements as well
as IS were coated with silver electrodes, using an appropriate
silver paste, without thermal treatment. After that investigated
materials were deaged by thermal treatment to allow recombi-
nation and relaxation of the frozen defects, formed during the
sintering process.

Fig. 1. SEM images of BCZT samples

3. Results and discussion

3.1. Microstructure, EDS microanalysis
and X-Ray Diffraction

The microstructure of strontium modified ceramics is illus-
trated on Fig. 1. An analysis of the results shown that the grain
size decreases slightly with an increase of the dopant content. For
the samples with strontium admixture of 0, 0.02 and 0.04 mol%
grains are flat, well developed (their size is about 20 um) and
they have clearly defined boundaries, but for the last sample
(0.06 mol%) it is visible that the ratio of smaller grains rises.

The distribution of all elements was investigated with
Energy Dispersion X-ray spectrometer (EDS) and carried out
for randomly selected areas. The analysis of the obtained data
proved a homogenous distribution of elements throughout the
grains and stoichiometry close to nominal.

The exemplary X-ray diffraction pattern (XRD) of BCZT
ceramics obtained at room temperature is shown in Fig. 2.

The XRD profile was analysed and the materials were as-
signed to one phase — BaTiO; using ICDD PDF-2 database, but
in all of the diagrams a presence of additional, yet not identified,
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Fig. 2. An example of XRD pattern for sample with x = 0.04 mol%
phase can be observed at 28°, with an amount increasing with

growing dopant concentration. The lattice parameters obtained
from X-ray patterns are collected in Table 1.

TABLE 1
Lattice parameters obtained with XRD
x=0 x=0.02 x=0.04 x=0.06
ay [A] 4.000(0) 4.002(8) 4.000(3) 4.005(1)
by [A] 4.017(5) 4.018(2) 4.015(1) 4.012(4)

3.2. Dielectric response

The measurements of real (¢") and imaginary (¢") parts of
dielectric permittivity versus temperature were performed at
frequencies in the range of 20 Hz-1 MHz. Temperature charac-
teristics of dielectric response for 1kHz of without additives and
strontium modified ceramics are shown in Fig. 3.
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Fig. 3. Temperature dependence of dielectric permittivity measured at
frequency of measuring field equal to 1 kHz
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As it can be clearly seen, the rise of the dopant concentration
leads to the increase of the dielectric permittivity peak value,
with a simultaneous shift of the corresponding temperature to
lower values. Moreover this process is approximately linear,
both for dielectric permittivity maximum and temperature, what
is typical for BT-based material, called “grain size effect” and
widely described in literature [12-15]. However obtained ceramic
materials show very small temperature hysteresis (about 4K),
they do exhibit hysteresis as it comes to maximum of dielectric
permittivity during the heating and cooling of the sample (Fig. 4).
This process is a characteristic feature of the first kind phase
transitions [16,17].

The investigated samples do not demonstrate frequency
dispersion of temperature of maximum dielectric permittivity
as well (Fig. 5). The difference in temperature for extreme fre-
quency values do not exceed 2K.

The temperature dependence of dielectric permittivity
above the Curie temperature is described by the Curie-Weiss law.
An attempt of fitting obtained data was conducted, and it turned
out that the law is fulfilled only above certain 7, temperature,
what leads to conclusion that the phase transition is broaden.
The quantitative assessment of diffusion (y) in the paraelectric
phase was evaluated using the modified Curie-Weiss low given
by Martirena and Burfoot [18]

1 1 (T_Tmax )7

& & C

max

where y and C are constants. It is known that the value of y
(1<y<2) is the expression of the diffuseness degree [19]. The
formula was used to describe the temperature dependence of 1/¢
in the range of temperatures between T and 7. (Fig. 6).

After applying the modified Curie-Weiss law for the meas-
urements the y parameter was determined, and as it was approxi-
mately the same for all the samples, equal to 1.6 what proved
the conclusion made above. It is worth to note that the strontium
modification does not change the diffusion of phase transition.
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Fig. 4. Dielectric permittivity hysteresis during heating and cooling of a sample measured at frequency of measuring field equal to 1 kHz
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Fig. 5. Temperature dependences of dielectric permittivity for several frequencies chosen for range of 10°-10° Hz
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Fig. 6. Curie-Weiss temperature determination for sample containing  Fig. 7. Temperature dependence of loss tangent measured at frequency
0.04 mol% of strontium, as example of measuring field equal to 1 kHz



The increase of the strontium concentration in the basic
ceramics also influences the shape of temperature dependence
of loss tangent, causing a change in loss tangent (Fig. 7). For the
low concentrations loss tangent decreases, but for 0.06 mol%
it rapidly grows. This increase is probably connected with the
enhancement of the electrical conductivity of grains or grain
boundaries.

It should be also emphasized that the loss tangent show
a strong frequency dispersion — with an increasing measurement
field it has decreased rapidly as well (Fig. 8).

3.3. Impedance spectroscopy
Impedance data was investigated as a function of tempera-

ture in the range of 473-833K and for the frequencies between
20-10° Hz using a precision LCR meter Agilent E4980A. Before

x=0

004 ———F———7—

0.03

wo 0.02

tg

0.01

0. 00 " 1 " 1 " 1 " 1 " 1 " 1 "
300 325 350 375 400 425 450

TIK]

475

1299

further detailed analysis a coherence of obtained data had to be
confirmed. Using Kramers-Kroning (K-K) validation test [20],
the obtained data was confirmed compliant as the distributions of
the residuals around frequency axis are random and the values do
not exceed 0.5%.Results of residuals for BCZT ceramics without
additives and modified by 0,04 mol% of strontium, measured at
753K, as an example, are given in Fig. 9.

The main purpose of the investigation was to determine the
contribution of microstructure elements to macroscopic electric
properties especially total electric conductivity. This goal was
achieved by finding an adequate electric equivalent circuit (EEC)
of behaviour similar to the one observed in the tested ceram-
ics. The shape of presented on Nyquist diagram of Z’ and Z”
in chosen temperatures from the range 578-758K leads to the
conclusion that the impedance response comes from two different
components of microstructure, as the plots have a shape of two
combined semicircles (Fig. 10).
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Fig. 8. Examples of loss tangent temperature dependency several frequencies chosen for range of 10?-10°Hz
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Fig. 10. Example of Nyquist diagram for pure BCZT measured in dif-
ferent temperatures

The consequence of these findings was selection of EEC
consisting of two parallel resistance-capacitance (RC) elements
connected in series, whereas the capacities were replaced with
constant phase elements (CPE) (Fig. 11). This type of replace-
ment is often practiced in the analysis of the electrical response
of solids [21,22], as a CPE factor more accurately describes the
behaviour of both the grains and grain boundaries.

The final step in analysing impedance spectra was data fit-
ting to a proposed model. It was carried out by ZView equivalent
circuit software produced by Scribner Associates, using complex
nonlinear least square method. As a result the parameters of the
material in a different temperatures were obtained. The most
useful in interpretation of the processes occurring in the samples
were values of resistance in grains (R;) and grain boundaries
(Rgp) collected in Table 2, determined at 723K.

TABLE 2

Resistance values for grains and grain boundaries
for different BCZT concentrations

Sample Rg [€2] Rge [€2]
x=0 3838 9232
x=0.02 5512 12011
x=0.04 6416 14362
x = 0.06 6746 13388
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Fig. 11. Equivalent circuit used to represent the impedance response
of BCZT

|

|
|

C GR

As it can be clearly seen with an increase of dopant concen-
tration the resistivity of both grain and grain boundaries increase.
The InR; and InRgp as a function of temperature have linear
character, which indicates activated character of conductivity
process (Fig. 12), and confirms that it might be described by
a following Arrhenius formula:

R=R, exp (—_Eaj
kT

The directional coefficient of linear equation allowed us to
estimate the activation energy of grain and grain boundary con-
ductivity for all of discussed samples. As it can be seen in Table 3
activation energy in grains greatly exceeds the value obtained for
grain boundaries. This leads to a conclusion that the conductivity
process is mostly happens trough grain boundaries both for doped
and undoped BCZT. Moreover the activation energy of grains
barely changes with an admixture content increases which means
that used dopant have no influence on that feature. However for
the grain boundaries activation energy rises significantly with
a dopant concentration, leading to deterioration of conductivity
in investigated ceramics materials.

TABLE 1

Values of activation energies for(Bag gsSr,Cay 15)(Zr 1 Tig 9)O3
ceramics for x =0, 0.02, 0.04 and 0.06 mol%

Sample Eac [eV] Ence [eV]
x=0 1.13 0.85
x=0.02 1.14 0.92
x=0.04 1.11 0.91
x=10.06 1.11 1.00

4. Conclusions

Various properties of the obtained ceramics materials were
widely investigated proving good quality and novel properties
of strontium doped BCZT. Especially it was confirmed that, as
theoretically intended, increase in the content of strontium entails
a gradual increase in the dielectric constant at 7 and linear shift
towards the lower temperatures, from 344.6 to 311.3K respec-
tively. Moreover all of the investigated samples have broaden
phase transition what is confirmed by the parameter y value. It
has been proven that strontium admixture decreases loss tangent
and do not show temperature hysteresis.

The impedance spectroscopy data are consistent, and in-
dicate, that process of conductivity takes place through grains
and grain boundaries. What is more the applied admixture has
no influence on grains conductivity, what is shown by constant
activation energy of the process, but it does decrease conductivity
of grain boundaries significantly.

Taking into the consideration the presented results it could
be said that the admixture of strontium improves properties
of obtained ceramics material, but this effect needs further
studies.
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