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FABRICATION, STRUCTURAL AND AC IMPEDANCE STUDIES OF LAYER-STRUCTURED Bi,Ti;0,, CERAMICS

WYTWARZANIE, STRUKTURA ORAZ BADANIA IMPEDANCYJNE WARSTWOWE] CERAMIKI Bi,Ti;0,,

In the present research bismuth titanate Bi;Tiz;O, (BiT) ceramics was synthesized by the standard solid-state reaction
method from the mixture of oxides, followed by free sintering at temperature 7=1000°C. BiT ceramics was studied in terms
of its chemical composition (EDS), crystalline structure (X-ray), microstructure (SEM) and dielectric properties (ac technique
of complex impedance spectroscopy) over a range of frequency (f=100Hz to f=1MHz) and temperature (7=200-500°C).
Experimental results confirmed the phase formation. It was found that BiT ceramics crystallized in orthorhombic symme-
try, best described with Fmmm space group and the following elementary cell parameters: a=5.409(6)A, b=5.449(2)A and
c=32.816(2)A. It was also found that BiT ceramics exhibited the plate—like microstructure and stoichiometric chemical compo-
sition. Impedance spectroscopy measurements showed contribution of three overlapping relaxation processes (three semicircles
in the complex impedance diagrams were observed) ascribed to bulk, grain boundary and electrode/interface polarization
phenomena. Impedance data were fitted to the corresponding equivalent circuit using the complex nonlinear least squares
(CNLS) method. The ac conductivity for grains, grain boundaries and electrode processes was calculated from CNLS fit of
the impedance data and thus the activation energy of ac conductivity (o 4¢) and relaxation () was calculated for the three
revealed components of the impedance spectra from the slopes of o 4¢ and 7 versus 1000/ plots (semi log scale) in the range
of AT=200-500°C.
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W prezentowanej pracy ceramike tytanianu bizmutu Bis Tiz O, (BiT) syntezowano metoda reakcji w fazie stalej z miesza-
niny prostych tlenkéw w 7=1000°C. Zbadano sktad chemiczny (EDS), strukture krystaliczng (X-ray), mikrostrukture (SEM)
oraz wlasciwosci dielektryczne metoda spektroskopii impedancyjnej w zakresie czestotliwosci od f=100Hz do f=1MHz w
temperaturze 7=200-500°C. Analizujac obraz SEM mozna zauwazy¢, ze plytkopodobne ziarna tworza liczne, rozgalezione
prety. Wyniki eksperymentalne potwierdzily wytworzenie si¢ fazy krystalicznej BiT. Ceramika BiT krystalizuje w symetrii
rombowej, opisywana jest grupa przestrzenng Fmmm, charakteryzuje si¢ parametrami komérki: a=5.409(6)A, h=5.449(2)A,
c=32.816(2)A.

Pomiary spektroskopii impendancyjnej wykazaly udziat trzech naktadajacych sie proceséw relaksacyjnych (zaobserwowano
trzy poétkola przedstawione w diagramach impedancji) przypisanych wnetrzu ziaren, granicy ziaren oraz zjawisk polaryzacji na
granicy powierzchni elektroda/prébka.

Dane impedancyjne przyblizono odpowiednimi schematami zastepczymi przy uzyciu metody zlozonych, nieliniowych,
najmniejszych kwadratéw (CNLS). Wyznaczono przewodnictwo zmiennopradowe dla ziaren, granic ziaren i proceséw elektro-
dowych oraz energi¢ aktywacji przewodnictwa Ef i relaksacji E!, w zakresie temperatur AT=200-500°C.

1. Introduction ferroelectrics (BLSFs) may be described as a stacking
of bismuth oxide layers (Bi;0,)** and perovskite lay-
ers (Ay—1BnOzm_i1)?~ along the pseudotetragonal c axis.

The family of oxides having bismuth oxide layers al-
ternating with perovskite structure layers, known as per-
ovskite layered structures, were discovered by Aurivillius
[1-3]. Since the discovery, more than fifty compounds
have been found to adopt this type of structure and
many have shown to exhibit displacive ferroelectric tran-
sitions. The crystal structure of bismuth layer-structured

*

Here A can be mono-, di- or trivalent ions or a mixture
of them, where B represents Ti**, Nb>*, MoS*, Wo*,
Fe3*. In the (A,,_;B,,03,,—1)>" units, B ions are enclosed
by oxygen octahedral, which are linked through corners
forming O-B-O linear chains. A ions occupy the spaces
in the framework of BOgoctahedral. The perovskite slab
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contains (m) oxygen regular octahedrons along its thick-
ness. Adjacent perovskite-like layers are displaced in re-
lation to each other for ay / V2 in [110] direction, where
ap is the prototype lattice parameter (regular perovskite
cell) [4-6].

Fig. 1. Structure of A,,_1Bi,M,,03,,.3 Aurivillius phase for m=3 [16]

Archetypal members of the Aurivillius family
are therefore Bi,WQOg (m=1), SrBi;Ta,O9¢ (m=2) and
BisTizO, (m=3). As shown in Fig. 1 for the case of
BisTizOy, (BiT) the structure can be envisaged as lay-
ers of corner-connected octahedrally coordinated ions,
separated by (Bi,0,)*" layers [4]. The layers with the
octahedrally coordinated ions i.e., (BiyTi3049)* layers,
look like slabs of the perovskite structure. That is to say
that Ti ions are enclosed by oxygen octahedral, which are
linked through corners forming O-Ti-O linear chains. Bi
ions occupy the spaces in the framework of TiOg oc-
tahedral. The height of the perovskite-type layer sand-
wiched between BiyO, layers in BisTizO1; is equal to

six O-Ti-O distances or approximately to m=3 ABOj3
perovskite units [7].

It has been shown [7, 8] that when the perovskite
block is an even number of octahedral thick, the sym-
metry imposes a restriction on the polarization direction,
confining it to the a—b plane. In contrast, when the per-
ovskite block is an odd number of octahedral thick, it
is possible to develop a component of the polarization
along the c-axis (nearly perpendicular to the layers). It
has important implications for the use of the bismuth
layer perovskites structure. Since there are comparatively
few allowed directions for the spontaneous polarization,
the remanent polarization is rather small for many film
orientations.

Bismuth titanate, BisTi3O, (BiT; m=3) is one of
the best studied member of the BLSFs, and wide variety
of solid solutions based on BiT have successfully been
synthesized [e.g. 9, 10]. It is a well-known candidate
for high temperature piezoelectric applications, memory
storage, and optical display devices due to its high Curie
temperature (7~675°C), a good resistance vs tempera-
ture, low dielectric dissipation, a relatively high dielec-
tric constant £~200 and an anisotropic nature originating
from its layered structure [11, 12]. Excellent electrical
and even electro-optic properties could be achieved in
ferroelectric films of BiT [13].

Electrical and physical properties of bismuth ti-
tanate layer-structured ferroelectrics can be formed and
/or changed due to their large possibilities of changing
(their) chemical composition (e.g. by ionic substitutions
in A and B positions) and crystalline structure (due to
displacement of ions from their regular positions, twist
of octahedral chains or displacement of ions with mutual
twist of octahedrons).

In the present study the authors have focused on fab-
rication of BisTi3O;, ceramics by mixed oxide method
followed by free sintering and characterizing it from the
point of view of its thermal behavior, crystalline struc-
ture, microstructure, chemical composition and ac im-
pedance behavior at low frequency (f=100Hz-1MHz)
and in the temperature range up to 7=500°C.

2. Experimental

The synthesis of BiyTi3O1, ceramic powders was
performed according to the formula:

2Bi203 + 3T102 g Bi4Ti3012 (l)

from the stoichiometric mixture of bismuth oxide Bi, O3
(99.9% ALDRICH) and titanium oxide TiO, (99.9%
POCH) by the standard mixed oxide method (MOM).



The consolidation of the powders was reached by
free sintering method at 7=1000°C. The soaking time
of the sintering process was =2h.

Simultaneous thermal analysis (STA), was used to
investigate synthesis effects in the stoichiometric mix-
ture of powders in which both thermal analysis (DTA)
and mass change effects (TG) are measured concurrent-
ly on the same sample. The measurements were ob-
tained with Netzsch STA409 thermal analyzer which is
a combined DTA/TG/DTG system. The heating rate was
k=10°C/min.

Microstructure of the ceramic samples was ob-
served by scanning electron microscopy with HITACHI
S-4700-type equipment. The stoichiometry of Biy TizO1;
ceramics was studied with the EDS chemical composi-
tion analysis system. The X-ray patterns were recorded
in a 20 range from 10° to 105° with the X’Pert Pro
diffractometer in the @-20 mode at room temperature
using CoKa radiation, detector scan step A260=0.01° and
a counting time #=7s. The analysis of the X-ray diffrac-
tion patterns of the ceramic powders was carried out
using the X’Pert HighScore Plus software (PANalytical
B.V). X Pert HighScore Plus program has enabled phase
analysis, using the latest available ICSD and ICDD data-
base. The phase analysis was also conducted using free-
ware databases IUCt/COD/AMCSD using the Match!
-computer program (Crystal Impact, Inc.). Microstruc-
ture and crystalline structure studies were carried out at
room temperature.

For impedance measurements, sintered samples
were polished and silver paste was deposited on both
sides. The ac impedance behavior of BisTizO;, ce-
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ramics were studied with the impedance analyzer of
HP4192A type. All impedance data were fitted to appro-
priate equivalent circuits using ZView Software (Scrib-
ner Associates, Inc.). The validity of the CNLS (com-
plex non-linear least squares method [14]) fitting proce-
dure was estimated according to the following methods:
x-squared and the weighted sum of squares, referred to
as x> and WSS [15]. In the present study we chose a
“modulus data weighting” [16].

3. Results and discussion

The results of the simultaneous thermal analysis of
the stoichiometric mixture of starting oxides, i.e. Bi;O3
and TiO, that were used for synthesis of BisTizO;, ce-
ramics are given in Fig.2. One can see from Fig. 2
that the mass loss starts at about 7=250°C and fin-
ishes at about 7=500°C. The total value of the mass
loss measured at 7=500°C is rather small and amounts
to Am=0.29%. No DTA peak corresponds to this mass
change effect.

Taking into account the results of thermal analysis
of pure titanium oxide and bismuth oxide [4] one can
say that pure TiO, titanium oxide does not exhibit any
thermal events being heated to temperature 7=1300°C
while pure Bi,O3 suffers phase transitions (exemplified
as peaks on DTA curve) from the monoclinic d-phase
to the high temperature cubic phase at approximately
T=730°C. The 6-phase is stable up to its melting point at
approximately 7=825°C [4]. No such effects are visible
on thermal analysis curves of the stoichiometric mixture
of oxides given in Fig. 2.
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Fig. 2. Thermal analysis data of stoichiometric mixture of powders, viz. 2Bi,03 + 3TiO, leading to formation of Bi;Ti;O;, compound
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According to the experimental data on mechanism
of formation of BisTizO;, [17] its thermal behavior and
crystal structure [18], BisTi3O;, formation occurs by the
mechanism of successive rearrangements of @-Bi, O3 in-
to Bij»TiOyg (initiated by incorporation of titanium diox-
ide into Bi, O3 structure) and Bi;TiO,y into BisTizO,
(transport processes) [17]. Formation of an intermediate
Bi,TiOy phase, determined from X-ray analysis and re-
ported in [17], starts at about 7=300°C reaches its max-
imum value at about 7=550°C. With a further increase
in temperature up to 7=800°C the amount of Bi;>;TiOy
phase monotonously decays to zero. Within the tempera-
ture range 47=500-800°C formation of BisTi3O;, phase
takes place [17]. Taking into account the above results
the mass loss observed in Fig. 2 can be assigned to the
formation of an intermediate Bi;;TiOyy phase whereas
formation of BisTi3O1, occurs without a mass loss.

The sharp endothermic peak on DTA curve at
T=1210°C (onset at T=1193°C; Fig. 2) is in a good
agreement with both differential thermal analysis and
differential scanning calorimetry data performed for syn-
thesized BiyTizO;; compound. One can state that the
peak corresponds to the solidus temperature of the syn-
thesized materials [18, 19].

Fig. 3. shows the SEM images and EDS spectrum
of BiT ceramic samples fabricated by free sintering at
T=1000°C. One can see from Fig. 3 that microstruc-
ture of BiT ceramics consists of unusually straight and
orthogonally branched rods and well packed platelets.
The grains exhibited a plate-like shape and were about
d=0.1ym wide and /=0.2um long. It is usually thought
[1] that the plate-like grains are useful as materials for
making grain-oriented ferroelectric ceramics. Stoichio-
metric ratio of the main metallic components was calcu-
lated for simple oxides BiO3; and TiO, on the base of
EDS measurements and the results of such calculation
are presented in Tab.1 where both theoretical and exper-
imental content of elements for Bi;Ti3O;, ceramics can
be compared. It can be seen from Tab. 1 that BiT ce-
ramics fabricated according to our technology exhibited
stoichiometric composition with an accuracy typical for
the measuring method applied.

TABLE 1
Theoretical and experimental content of elements (calculation for
simple oxides) for BisTi30,, ceramic

Formul Theoretic contents | Content of oxides
OMMUI - of oxides [%] from EDS [%]
Bi, 03 79.55 79.58
TiO, 20.45 20.42

Fig. 3. SEM micrograph and analysis spectrum EDS of BisTi;O,, ceramic prepared by free sintering at 7=1000°C
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Fig. 4. X-ray diffraction pattern of BisTi;O;, ceramic powder at room temperature

The room temperature X-ray diffraction pattern of
BisTizOy, ceramic powder is shown in Fig.4. The struc-
ture of BisTizO;, was found as orthorhombic (space
group Fmmm) with the following unit cell parameters:
a=5.409(6)A, b=5.449(2)A and ¢=32.816(2)A. A more
detailed description of the X-ray analysis performed for
the fabricated ceramics can be found elsewhere [20].

Impedance spectroscopy (IS) was utilized for char-
acterization of BiT ceramics. It is a powerful method of
characterizing many of the electrical properties of mate-
rials and their interfaces with electronically conducting
electrodes. A great strength of impedance spectroscopy
lies in the fact that, with the appropriate data analysis, it
is often possible to characterize the different electrically
active regions in a material by demonstrating their exis-
tence and by measuring their individual electric proper-
ties [21, 22].

In the present study the complex impedance formal-
ism expressed as:

7t=7 - j7' =Rg— L )
a)CS
was used. Z’ and Z” are the real and imaginary compo-
nents of impedance, w=2n f— angular frequency, Ry and
Cy are series components of equivalent circuit compo-
nents, i.e. resistance and capacitance, respectively.

The idealized plot in the complex plane (i.e. Z” vs.
Z’) that describes a polycrystalline oxide material usu-
ally includes three components with their corresponding
relaxation frequencies. At higher frequencies the com-
ponent normally corresponds to the bulk properties, at

intermediate frequency the element corresponds to the
grain boundaries and at low frequency the contribution
of electrode processes or processes occurring at elec-
trode/interface are represented [21, 22].

Visual analysis of the individual IS data plots giv-
en in Fig. 5 (T=200°C (a), T=400°C (b), T=500°C (c))
have shown that the experimental points form smooth
curves with three partially overlapping depressed semi-
circles (Fig. 5, open circles). To check the quality of the
impedance data, which is essential for a proper CNLS
analysis [14], the Kramers—Kronig (K-K) validation tests
were performed.

In this connection it is worth noting that the CNLS
method centers on minimizing the object function S with
respect to the parameters @, of the model function Z*(v,
ak):
al c P 2
S=> w {[Z,. ~Z viap|r+|Z] -2 i) } 3)
=1

1

where Z; - jZ;' represent the measured impedance at fre-
quency v; and w; is the weight factor. However, it is
sometimes difficult to obtain an acceptable match be-
tween measurement and model. The reason can be an
inadequate model function or date that is corrupted by a
systematic deviation. Therefore it is important to discern
between “bad” data and an inappropriate model function.

The Kramers-Kroning relation present a very use-
ful tool for data validation [23]. The Kramers-Kroning
rule states that the imaginary part of the dispersion is
completely determined by the form of the real part and
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vice-versa — the real part is determined by imaginary
dispersion over the frequency range 0<v<<co. These re-
lations can be expressed for real and imaginary part of
impedance or admittance and found in literature [eg. 6,
23]. In the course of the present study the computer pro-
gram by B.A.Boulamp was used [23, 24] for performing
the K-K validation tests.
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Fig. 5. Impedance diagram for BisTi;O;, ceramics at 7=200°C (a),
T=400°C (b), T=500°C (c), open circles, measured data, crosses,
Kramers-Kronig transform test results. The insets show results of the
K-K test in the form of the relative differences plot

The results of the K-K validation test are shown as
insets in Fig. 5a,b,c. The resulting “pseudo Chi-squared”
value is also shown in the figure.

An important control tool is the distribution of the
residuals versus frequency. It is commonly known [eg.
14, 21-24] that for a correct impedance data set, the rel-
ative differences between the measured and calculated
value for the real part of impedance and the imaginary
part (residuals) should be randomly distributed around
the log(v) axis.

In the present case, as indicated in the insets of
Fig. 5, one can see a clear trace which shows devia-
tion from K-K behavior. The deviation, however, is quite
small as the residuals are less than 0.5%. The combina-
tion of the measured data (open circles) and its K-K
transformation (crosses) shown in Fig. 5 proves that the
impedance data of Bi;TizO,, ceramics is of a good qual-
ity and can be used for the further analysis.

In order to extract as much information as possible
from impedance measurements, the experimental spectra
were subjected to CNLS fitting procedure with ZView
computer program (Scribner Associates, Inc.). The ele-
ments of an equivalent circuit model represent the vari-
ous (macroscopic) processes involved in the transport of
mass and charge. Equivalent circuit used for impedance
spectroscopy data simulation in the present study was
composed of resistors R and constant phase elements,
CPE (symbol Q in Fig. 6). In solid materials, a distri-
bution of relaxation times is usually observed and the
capacitance is replaced by a CPE, which represents the
behavior of the grain interior, grain boundary and elec-
trode processes more accurately [25]. The CPE causes
depression of the ideal semicircle, observed on the com-
plex plane plots by an angle 8. Results of the data simu-
lation in a form of estimated parameters of the relaxation
processes are given in Tab. 2, whereas the combination
of the measured data and its CNLS-fit in a complex
Z"-Z' plane are given in Fig. 7 (T=200°C (a), T=400°C
(b), T=500°C (c)). Calculations of were performed on
the base of the equivalent circuit parameters fitting and
equations given elsewhere [21, 22].

The quality of the parameter fit of an equivalent
circuit to a set of impedance data can be best seen in fit
quality plot (FQ-plot) [14, 21, 22]. The FQ — plot shows
frequency distributions of the residuals defined by:

Z - Z (vi,ar)
ARej = —5——— 4
1Z*(vi, ar)
Z - Z (vi,ar)
Imi = ——S———— (5)

1Z*(vi, ai)l
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Fig. 6. Schematic representation of the equivalent circuit used in the dispersion analysis of BisTi3O,, ceramics within the temperature range

AT=200-500°C

TABLE 2

Estimated values of resistance (R;), capacitance (C;), relaxation frequency (v,u...;) and depression angle (3;) calculated from equivalent

electric circuit parameters. The validity of the fitting procedure was estimated by y? and WSS

Parameter T=200°C T=400°C T=500°C T=550°C
R [Q] 14.9 136.9 175.8 176.6
R [Q] 1516.3 569.1 188.6 88.4
C, [F] 1.75x10710 2.88x10710 6.49x1071° 1.56x10710

Vimax [Hz] 0.599194x10% 0.970258x10° 1.29957x10° 1.15456x10°

B [deg] 23.56 14.79 3.31 -7.16
R, [Q] 1867.7 682.7 270.7 177.8
C, [F] 1.29x1078 1.17x1078 0.88x1078 0.78x1078

Vomax [Hz] 6600 19881 66866 115379

B> [deg] 20.23 25.89 27.53 26.11
R; [Q] 3539.9 990.8 330.6 192.3
C; [F] 7.16x1077 6.20x1077 6.10x1077 6.80x1077

Vamax [Hz] 62 259 789 1217

B3 [deg] 35.52 37.30 49.03 52.67
WSS 1.82x107* 5.46x107* 1.55x1074 3.59%x107°

x* 1.20x1076 3.59x10°6 1.05x1076 2.42x1071

where Z’, Z"” — real and imaginary components of the
measured impedance, Z*(v, a;) — impedance model func-
tion, a; — parameter of the model function.

The residual are plotted against frequency (v) on a
log scale (Fig. 8). For a good fit these deviations should
be distributed randomly around the frequency axis. In
our experiment a clear sinusoidal type trace is seen in
Fig.8 (T'=200°C (a), T=400°C (b), 7=500°C) (c), how-
ever, the residuals are less than 0.5%. In this connection
it is worth noting that a good quality of the simulation
was reached during present studies.

From the estimated values of grain, grain bound-
ary and material/electrode interface resistances calculat-

ed from the semicircular arcs in the impedance spec-
trum by CNLS fitting of experimental impedance spec-
tra to the equivalent electric circuit parameters (Tab. 2)
the corresponding values of conductivity (o) at differ-
ent temperatures in the measuring range were calculated
according to the general equation:

)

= 6
7 SXR’ ©)

where: [, S — dimensions, R — resistance.
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Fig. 7. Plot of Z” vs. Z’ for BiyTizOy, at T=200°C (a), T=400°C (b), T=500°C (c). Combination of the measured data (circles) and its

CNLS-fit (line) is given
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Fig. 8. FQ-plots for the final parameter set obtained with the dispersion analysis program for BisTi;O;, ceramics at temperature range
AT=200-500°C (T=200°C (a), T=400°C (b), T=500°C (c))
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Fig. 10. Arrhenius plot of bulk (75) grain boundary (r55) and material/electrode interface (7z.) relaxation times for BiyTiz; O, ceramics

The variation of grain (o) grain boundary (o¢gg)
and material/electrode interface (og; ) conductivity was
expressed as a function of inverse absolute temperature A —-E¢
(1000/T) and is shown in Fig. 9. The Arrhenius plot of o= ( )e p( T )’
these data made it possible to calculate the activation
energy for the electrical conduction process according

to the formula: where A is a constant, 7 the absolute temperature, E¢
the activation energy of conductivity, and k is the Boltz-
mann’s constant [26].

T

(N



From the relaxation times, the activation energies
for relaxations were calculated using the relation:

Et

T=1 exp(_kT“), )

where E! is the activation energy for relaxation. Fig. 10
shows the temperature dependence of relaxation time in
a log — 1/T scale.

The results of calculation of activation energies for
both ac conductivity and relaxations for grain (bulk),
grain boundary and electrode processes in polycrys-
talline BiyTi301, ceramics are given in Tab. 3.

TABLE 3
Activation energy for bulk (Ep), grain boundary (Egp) and
electrode processes (Eg.) for BisTizO;, ceramic

Parameter Ep [eV] | Egp [eV] | Egp [eV]
activation energy
for conductivity (o) ES 0.60 0.40 0.54
activation energy
for relaxation (7) E/, 0.07 0.56 0.46

E¢ obtained in these samples in the temperature
range 47=200-500°C is around E¢=0.6eV for grain in-
teriors, £5=0.4eV for grain boundaries and E{=0.54eV
for ceramic sample/electrode interface.

The activation energy for relaxation is about
E'=0.07eV, E!=0.56eV and E!=0.46eV for bulk, grain
boundaries and electrode processes, respectively.

It is worth noting that E¢ values of conductivity ob-
served in the present studies are consistent with the acti-
vation energies of bismuth layer-structured ferroelectrics
in which conductance is determined by oxygen vacancies
[26]. It was found that the activation energies for relax-
ation processes differ from those obtained from conduc-
tivity plots. The activation energy for relaxation ascribed
to grain boundaries is higher than the activation energy
for ac conductivity, whereas in case of grain interior
and material/electrode interface the activation energy of
conductivity is higher than the activation energies for
relaxations in the temperature range selected. In case of
bulk compound activation energy for relaxation is about
ten times smaller than activation energy for conductivity.
Usually small activation energy is ascribed to instability
in the systems [27].

Taking into consideration that both relaxation and
conduction processes are dependent on defect—vacancy
impurity complexes and that the space charges de-
veloped in the sample may also affect the relaxation
processes—higher activation may be obtained from relax-
ation temperature plot in case of grain boundary com-
ponent.
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4. Conclusions

Bismuth titanate (BizTizO;,) ceramics was synthe-
sized by the mixed oxide method. It was found that BiT
ceramics sintered at 7=1000°C adopted the orthorhom-
bic symmetry of Fmmm space group and the following
elementary cell parameters: a=5.409(6)A, b=5.449(2)A
and ¢=32.816(2)A. Impedance diagrams of BiyTizOq;
ceramics show three overlapping semicircles that were
well resolved by CNLS fitting. Each of them correspond-
ed to the a particular microstructural region of the ceram-
ic material, i.e. grain interior (bulk), grain boundaries
and material/electrode interfaces. The proposed equiva-
lent electric circuit consisted of a series combination of
three parallel combinations of the resistance (R) and the
constant-phase element (Q). The experimental response
was found to be in excellent agreement with the simu-
lated one thus indicating that the proposed model gave
an adequate representation of the electrical properties
of the sample. From the estimated values of resistances
the corresponding values of conductivity were calculat-
ed and activation energies of both ac conductivity and
relaxations were calculated.
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