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ABSTRACT ARTICLE HISTORY
Ba0'7Pbo'3TiO3 and Bao'7PbO.3Ti03+yCUO (y:01 Wt%, 0.5 Wt%, Received 2 October 2018
1wt% and 3 wt%) samples were prepared by a solid state reaction Accepted 8 February 2019
method. High purity raw materials were used. Structural proper-
ties of the sintered pellets were studied by X-ray diffractometer
X'Pert PRO (PANalytical). A single phase of perovskite structure
with tetragonal phase was identified at room temperature. The
surface morphology of the obtained specimens was characterized
by the scanning electron microscopy (Hitachi S4700). The investi-
gations has shown that the synthesized ceramic materials are
characterized by the high density, homogeneity of microstructure
and low porosity. Dielectric spectroscopy was used to study the
electrical properties of the solid solution on the basis of BaTiOs
doped CuO.
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1. Introduction

The BaTiO; based compounds is one of the most favored ferroelectric oxides due to
its exceptional electrical properties and finds application in ultrasonic transducers,
thin-film memories and multilayer ceramic capacitors among others [1]. It was
determined very early that the electrical properties of barium titanate ceramics may
be changed and optimized by doping [2] (there are multiple incorporation mecha-
nisms for dopants in the perovskite structure). The introduced cation may behave
like donor if occupies Ba®" site, or like an acceptor if it takes a titanium Ti*" ion
site [3-6]. In addition, this type of doping is also a reason of the formation of mul-
tiple defects.

Among others, the shifting of the temperature Curie point is accomplished by using
of Pb** for Ba®" substitution. The temperature Curie point raises monotonically at rate
of 3.7 K, towards that of PbTiO3, reaching the temperature of 760 K [7, 8]. The aim of
this paper is to present the study of the Cu-doping influence on the structure, micro-
structure and electrical properties of barium lead titanate.



2. Experimental

The Bag;Pbg;TiO; and Bagy,;Pby;TiOs;+yCuO for y=0.05wt%, 0.1wt%, 1wt% and
3wt% ceramics (abbreviated to 70B30PT, 70B30PT-0.05Cu, 70B30PT-0.1Cu, 70B30PT-
1Cu and 70B30PT-3Cu respectively) were prepared by the solid-state reaction method
using reagents: barium carbonate (BaCOj3), titanium dioxide (TiO,), lead oxide (PbO)
and copper oxide (CuO) as starting materials. The starting powders were weighed in
accordance to the chemical formulas in case of BaTiO; and in accordance to the
expected nominal compositions for Bay;Pbg 3TiO; and Bay,Pbg;TiO34yCuO. The mix-
ture of the raw materials was homogenized and ground in an agate ball mill in ethanol
for 24 h to obtain a well-dispersed mixture. The dried material was calcined for 1-2h at
the temperature of 1323-1373 K. After calcination, the powder was ground in ethanol
and cold pressed under the pressure of 100 MPa. The sintering was performed in air at
the temperature range from 1473 K to 1623 K (depending on the composition) for 2h
with a heating rate of 2 K/min. To compensate for the evaporation of lead in the sinter-
ing process, 5% of PbO by weight excess was added.

The structural characteristics of all the sintered samples were determined by the
X-ray diffraction (Panalytical Xpert Pro MPD diffractometer). The microstructure of the
natural fracture surfaces was observed by means of high resolution scanning electron
microscopy (Hitachi S4700), equipped with an Oxford Instruments Energy Dispersive
X-Ray Spectroscopy (EDS) stage. All samples for the SEM/EDS analysis were cut to give
cross sections and polished with abrasives. The homogeneity of element distribution in
the samples was investigated by means of the EPMA method with the use of an
X-ray microprobe.

The electric properties were characterized using a Novocontrol System consisting of
an Alpha-AN HighPerformance Frequency Analyzer combined with Quatro Cryosystem
for the temperature control and software package WinDeta. The measurements were
performed in the temperature range from 173 K to 593 K, where nitrogen gas was
used as a heating and cooling agent. The accuracy of the temperature stabilization was
+0.5 K. The frequencies varied from 10Hz to 10 MHz at applied voltage 0.1 V. Prior to
the electrical characterization, the pellets were polished and silver electrodes were placed
on the both opposite surfaces.

3. Results

Basing on the obtained X-ray diffraction patterns (Figure 1) a phase analysis has been
performed. It confirmed the mono-phase character of samples as to the chemical com-
position according to the assumed standards. The XRD analysis (at room temperature)
revealed tetragonal phase with the P4Amm space group. The obtained values of the unit
cell parameters and axial ratio are given in Table 1. The slight reduction of ¢/a with the
increase of the Cu-doping content was observed. Nevertheless, all investigated speci-
mens showed a greater tetragonality than unity and exhibit the perovskite ABO; ferro-
electric material structure [9].

The Table 1 also shows the sintering temperature and density for all the investigated
samples. A slight decrease in density with increasing copper concentration was noticed.
It is noteworthy that through the use of copper oxide as sintering additive, the
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Figure 1. X-ray diffraction patterns for (a) 70B30PT; (b) 70B30PT-0.05Cu; (c) 70B30PT-0.1Cu;
(d) 70B30PT-1Cu and (e) 70B30PT-3Cu samples.

Table 1. Sintering temperature for investigated samples and unit cell parameters at room temperature.

Sintering Density (X-ray)
Sample temperature [K] [g/cm3] a (Al c [A] c/a ratio Vv [A3]
70B30PT 1546 6.2233 3.87445(6) 4.05034(5) 1.04539 63.80
70B30PT-0.05Cu 1546 6.1692 3.97120(4) 4.04974(2) 1.01977 63.87
70B30PT-0.1Cu 1546 5.9883 3.97071(3) 4.05242(4) 1.02057 63.89
70B30PT-1Cu 1523 6.0874 3.97347(3) 4.04916(6) 1.01904 63.87
70B30PT-3Cu 1473 5.9909 3.97347(1) 4.04522(1) 1.01805 63.87

pronounced improvement in 70B30PT sintering was achieved. The sintering tempera-
ture for achieving the right density was lowered by 73 K. The microstructures of the
obtained compositions based on BaTiO; with A-site and B-site substitution are shown
in Figure 2. The images of fracture surfaces of all the investigated samples indicate the
existence of the mixture of transgranular and intergranular modes of fracture. The frac-
ture has a fragile character, and a tendency to the formation of crystalline structures
can be observed in the grains. The pores have an irregular shape without curvings and
narrowings. A well-developed microstructure in BaTiO; and 70B30PT samples with the
integrated growth terraces of about 2.5 um thickness was noticed. They indicate that the
growth of grains took place according to the layer mechanism. These are also found in
the doped ceramic. The reduction in the surface of the layered sheets is noticeable (with
the distance between them preserved) as a result of a decrease in grain size of the doped
ceramics. The grain size was estimated by the intercept line method. With the increase
in cooper content in the investigated samples, the grains size decreases probably due to
the conditions of the sintering process — the lowering of sintering temperature (the
magnitude of grain size order is retained).

The Cu-distribution measured by the EPMA for the 70B30PT-3Cu is shown in
Figure 3. All the samples modified with copper exhibit the expected nominal doping
concentration in the grain. All the investigated samples, modified with copper exhibit
the expected nominal doping concentration in the grain. In many cases an insignificant
amount of the remaining dopant may be a segregated region spanning across the grain
boundary. Such behavior can be related to the lower degree of solubility of Cu®* ions
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Figure 2. The SEM micrographs of the microstructure of (a) BT; (b) 70B30PT; (c) 70B30PT-0.05Cu;
(d) 70B30PT-0.1Cu; (e) 70B30PT-1Cu and (f) 70B30PT-3Cu sample surface, magnified 1000x.

in BaTiO; and can be attributed to a cationic disorder due to the random distribution
of B-site cations having a different ionic radius (73 pm and 60.5 pm for Cu** and Ti*",
respectively).

The feature of the EPMA maps is the negligible segregation of lead at the grain boun-
daries, which can be linked to the A-site substitutions in the BaTiO; structure. Lead
ions, due to their greater volatile, are attracted to the imperfect areas of grain bounda-
ries during sintering, and the distribution may vary for grains (each grain developing a
different strain gradients during the sintering) [10, 11]. The obtained maps of the
remaining elements indicate their homogeneous chemical distribution. In the EDS sur-
vey spectrum (not shown here) nothing more than the expected elements is seen.
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Figure 3. The photograph of the surface fragment of the 70B30PT-3Cu sample, on which the EPMA
mapping was performed (magnified 1000x); the distribution of titanium, copper, barium, lead and
oxygenium on the sample surface.
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Figure 4. The temperature dependence of the real part of the complex dielectric permittivity for
70B30PT and CuO doped 70B30PT samples. The inset shows a magnified version of the selected tem-
perature range.

Dielectric properties of all the investigated samples are shown as the temperature
dependence real ¢'(T), (Figure 4) and imaginary &’(T), (Figure 5) parts of electric per-
mittivity, as well as electric ac conductivity o(1/T), (Figure 6). The maxima of ¢(T) and
¢’(T) seen in the Figures 4 and 5, respectively are observed at the temperatures of the
paraelectric-ferroelectric phase transition. For the 70B30PT sample and those with CuO
content up to 0.1 wt%, the temperature of the paraelectric-ferroelectric phase transitions
is the same and equals 523 K.

On the other hand, the maximum value of ¢(T) for 70B30PT-1Cu and 70B30PT-3Cu
samples occurs at temperatures of 528 K and 513 K, respectively. Simultaneously with
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Figure 5. The temperature dependence of the imaginary part of the complex dielectric permittivity
for 70B30PT and CuO doped 70B30PT samples. The inset shows magnified version of the selected
temperature range.
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Figure 6. The temperature dependence of ac conductivity (¢’) for 70B30PT and CuO doped 70B30PT
samples. The inset shows magnified version for 70B30PT and 70B30PT-3Cu samples.

the increase of the CuO content in the 70B30PT solid solution, the value of maximum
¢ (T) decreases and the paraelectric-ferroelectric phase transition is more diffuse and
broadened. Dependence of ¢”(T) describes the dielectric properties related to the energy
loss processes of the electric field in the investigated samples. The temperature of max-
ima ¢"(T) is correlated with the maxima temperature in the graphs ¢(T) and corre-
sponds to the structural phase transitions. The dielectric losses of the investigated
samples were also presented via the dependence of ac conductivity on the inverse of
temperature in the so-called Arrhenius system (Figure 6).

The character of the ac conductivity plots indicates a complex mechanism of electric
charge transport. The thermal activation energy determined by a linear regression
method, at the frequency of measured electric field 10 Hz, is 0.67 eV (for 70B30PT sam-
ple). For the next two samples with a low content of CuO (up to 0.1 wt%), the ac con-
ductivity mechanism is the same as for 70B30PT sample. The further increase of the
CuO content in the 70B30PT solid solution enhances the ac conductivity in a low tem-
perature range. The analysis of different theoretical models leads to the conclusion that



ac conductivity at lower temperatures originates from the migration of ions by hopping
between neighboring potential wells [12, 13]. The fastest and most mobile carriers in
perovskites are oxygen vacancies [14], which may be trapped by acceptor defects or can
form stable pairs or larger carrier complexes [15].

4, Conclusions

The samples exhibit a crystalline perovskite structure, no formation of other phases was
observed. The EDS and EPMA measurements performed in the chosen microregions
during the samples surface analysis confirmed the purity and experimentally assumed
qualitative and quantitative composition. Cu-doping reduced the grain sizes and led to
a slight decrease in the tetragonality (c/a) of the perovskite lattice of the investigated
samples. Increasing concentration of copper Cu causes the shift of the Curie tempera-
ture towards lower temperatures. It also reduces the maximum permittivity value and
the paraelectric-ferroelectric phase transition is more diffuse.
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