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Samples of strontium borate glass containing bismuth
vanadate nanocrystallites were prepared. Nanocompo-
sites containing up to 45 %mol of the Bi,VOssphase ex-
hibit electrical properties closer to the strontium-borate
glass than to the ferroelectric Bi,VOss ceramic. The
glass matrix still may contain some part of bismuth and
vanadium ions even after crystallization process and
there is too little of crystalline phase to observe its ferroe-
lectric properties. The glass-ceramic nanocomposite con-

1 Introduction Ferroelectric glass-ceramic nanocom-
posites show unique physical properties which may be
used in certain electronic applications. Electric parameters
of such nanocomposites mostly depend on quantity and
size of dispersed crystallites as well as phase boundaries
occurrence [1-6]. Therefore in order to receive ferroelectric
nanocomposites it is important to select appropriate con-
tent of both glassy and crystalline phases and crystalliza-
tion process parameters.

One of ferroelectric ceramics which may be dispersed
in a glass matrix is Bi,VOss (BiV) [7-9]. This ceramic ex-
hibits two first order phase transitions a«f phase at 730 K

taining 50 %mol of Bi,VOsg phase exhibits electrical
properties closer to the Bi,VOss ferroelectric. The elec-
tric parameters of conduction processes in the Bi,VOss
nanocrystallites, glass matrix and phases boundaries are
discussed. The conduction process mechanism in all
nanocomposites for the low temperatures is mixed ionic-
electronic and in the higher temperatures the oxygen ion
hopping starts to dominate.

and B>y phase at 835 K. All three main polymorphs of
BiV contain oxygen ion vacancies in the V-O layers which
give rise to the high ionic D.C. conductivity of an order of
10° Q' - cm™ at 730 K and 10° Q™ - cm™ at 923 K [10-
14].

The strontium-borate glass (SBO) is a promising host
matrix for dispersing ferroelectric crystallites and can be
easily prepared by the traditional melting method [15-17].
It shows rather high value of electric permittivity about 14
and low D.C. conductivity of an order of 10™* Scm™ (at
813 K). The conduction mechanism of this material is ox-
ygen vacancies hopping [17].
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There are some studies on the properties and structure
of composites of the bismuth vanadate (BiV) with glasses
[17-23]. However the structural and thermal measurements
results of these materials presented in [18-23] are not co-
herent and only basic information about electrical permit-
tivity behavior is included.

The aim of this work is to find the appropriate amount
of crystalline phase and optimal crystallite size necessary
to obtain ferroelectric properties in Bi,VOs5-SrB,O; sys-
tem. There is a lack of detailed knowledge of the electrical
behavior of these materials. Our goal is to determine the
mechanism and electric parameters of conduction process-
es in the Bi,VOs 5 nanocrystallites, glass matrix and phases
boundaries. For this purpose an analysis of A.C. permittivi-
ty and conductivity of obtained glass-ceramic nanocompo-
sites and the Bi,VOs 5 ceramic as well as strontium-borate
glass will be performed.

2 Experimental In order to prepare glass-ceramics
composites two compounds: Bi,VOss and SrB;O; were
synthesized via a solid state reaction route. The Bi,VOss
was synthesized from the stoichiometric mixture of initial
powders of Bi,Oz and V,0s which were ball-milled in pure
acetone for 6 h at room temperature. The milling was per-
formed in steps of 1 h with rest intervals of 10 min. The
mixture was heated up to 1020 K in air and kept at this
temperature for 24 h. The heating and cooling rate was of
50 K.h™. The obtained powder was checked by X-ray dif-
fraction method. It can be seen that it consists of one phase
Bi,VOss (Fig. 1). The SrB4O; was synthesized from the
stoichiometric mixture of analytical grade SrCO; and
H;BO; which were mashed in a mortar. Next the mixture
was heated up to 1073K and kept at this temperature for 12
hours.
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Figure 1 XRD pattern of Bi,VOsspowder at room temperature.

Samples of a composition of xBi,VOs s-(100-x)SrB,0O5,
where x=30, 35, 40, 45 and 50 (in %mol) were prepared by
the conventional melt quenching technique. The melting
was conducted in alumina crucibles at 1373 K for 2 hours.
The melts were poured onto a preheated (573 K) brass
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plate and pressed by another plate to obtain flat circular
disks of 1-2 mm thickness and 20-30 mm diameter. In the
following, sample symbols were simplified to xBiV(100-
X)SBO. Their compositions and short names are listed in
Tab. 1. In addition, a Bi,VOss ceramic sample was pre-
pared for comparison.

The color of as-quenched samples changes with the in-
crease in amount of Bi,VOss phase from light to dark
brown and their transparency decreases. All materials were
crystallized in order to obtain glass-ceramics nanocompo-
sites. The crystallization temperature was determined on
the basis of DSC curves. Samples were heat-treated at 813
K for 3 hours. During the crystallization the samples dark-
ened and their transparency was reduced. It was impossible
to prepare physically stable samples containing more than
50 %mol of BiV phase because they easily broke during
quenching and heat-treatment.

The structure was studied by the X-ray diffraction
(XRD) method with a Philips X 'Pert Pro MPD system
with the CuKa radiation. Differential scanning calorimetry
(DSC) measurements were performed on powdered sam-
ples in a flow of nitrogen at 50 cm®min™ using a Netzsch
STA 449F1 thermal analyser. The heating rate was main-
tained at 15 K.min™ within a temperature range of 373-913
K. The topography of the samples was investigated using a
Scanning Electron Microscope (SEM), FEI Company
Quanta FEG250 with Energy Dispersive X-ray Analysis
(EDAX Genesis APEX 2i with Apollo x SDD Spectrome-
ter). SEM measurements were conducted on fractured
samples on which a 7 nm thick gold layer was deposited,
using a 10 or 20kV beam accelerating voltage with a SE-
ETD (secondary electron - Everhart-Thornley detector) de-
tector working in the high vacuum mode (pressure 10 Pa).

For electrical measurements gold electrodes were
evaporated onto the surface of the polished samples. Linear
impedance measurements were carried out in air in a fre-
quency range from 10 mHz to 1 MHz with an A.C. voltage
of 1 Vs in the temperature range from 373 to 813 K with
a step of 10 K using a Novocontrol Concept 40 broadband
dielectric spectrometer and high temperature Novotherm
HT 1600 Controller. The measurements were carried out
during both increasing and decreasing temperature.

3 Results

3.1 Structure and morphology The XRD patterns
for all as-quenched samples are shown in Fig. 2a. There is
a broad X-ray peak around 28° which suggests the exist-
ence of nanocrystalline phase in all as-quenched samples.
The results for all samples after the crystallization process
are presented in Fig. 2b. It may be seen that some reflec-
tions of the Bi,VOss crystalline phase are visible in all
crystallized samples. Their intensity increases and broad-
ness decreases with an increase in BiV amount.

Figure 3 shows as example the DSC curve obtained
for the as-quenched 50BiV50SBO sample. The results ob-
tained for the samples containing from 35 to 50 %mol of
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BiV were similar. They showed one exothermic and one
endothermic process. The sample containing 30 %mol of
Bi,VOs 5 exhibits only one endothermic process. The tem-
peratures of exo-/endothermic processes for all measured
materials are listed in Tab. 1. The glass transition tempera-

tures are hard to determine reliably because of visible noise.
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Figure 2 XRD pattern of (a) as-quenched and (b) heat-treated

samples at room temperature.

Table 1 Summary of DSC results for all samples: exo- and endo-
thermic processes temperatures.

Sample composition  Texo  Tendor  Tendo2
Short name (K) (K) (K)

30Bi,VOs5- - 837 -
70SrB,O;
30BiV70SBO

35Bi,VOs5- 686 829
65SrB,O;
35BiV65SBO

40Bi,VOs5- 677 842 -
60SrB,O;
40BiV60SBO

45Bi,VOs5- 681
55SrB,O;
45BiV55SBO

824 -

50Bi,VOs 5- 688 845 -
50SrB4O;
50BiV50SBO
Bi,VOs s - 715 841
BiV [14]
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Figure 3 An example of DSC curve for as-quenched
50BiV50SBO sample.

Figure 4 presents examples of SEM images of frac-
tured as-quenched samples containing (a) 30, (b) 40 and
(c) 50 %mol of the BiV phase. The SEM results for other
35BiV65SBO and 45BiV55SBO samples are similar to
40BiV60SBO one. It can be seen that all glass materials,
exhibit a specific nanostructure. An increase in the BiV
phase from 30 to 45 %mol, slightly increases the size of
the visible structures. For 50BiVV50SBO sample the change
in the surface topography is more noticeable. EDS results
confirmed the average amount of bismuth, vanadium,
strontium and boron but small traces of aluminium were
also detected. The origin of these impurities may be from
alumina crucibles used.
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Figure 4 The examples of SEM pictures of fractured as-
quenched (a) 30BiV70SBO, (b) 40BiV60SBO and (c)
50BiV50SBO samples (in %mol) for 50 000x magnitude and SE-
detector.

The morphology of all samples changed after the crys-
tallization process. Figures 5a, 5b and 5¢ show examples of
SEM pictures of the heat-treated 30BiV70SBO,
40BiV60SBO and 50BiV50SBO samples, respectively.
There is no distinct difference between samples containing
up to 45 %mol of BiV phase. The crystallization process
increased the size and amount of visible nanostructures.

Figure 5 The examples of SEM pictures of fractured heat-treated
(a) 30BiV70SBO, (b) and 40BiV60SBO (c) 50BiV50SBO sam-
ples (in %omol) for 50 000x magnitude and SE-detector.

3.2 Electrical properties Figure 6a shows the tem-
perature dependence of the real part of A.C. conductivity at

10Hz (the middle point of frequency range) for all samples.

The results obtained during heating and cooling cycles
were marked by arrows. It may be seen that all samples
containing up to 45 %mol of BiV phase exhibit similar
conductivity behavior during the first heating-cooling cy-
cle. The 50BiV50SBO sample (crosses) during the first
heating-cooling cycle shows significantly different trend of
conductivity curve than the other materials. During the first

Copyright line will be provided by the publisher

heating the conductivity of the 50BiV50SBO sample ex-
hibits a minimum near temperature of 653 K whereas
above 683 K (Texo1) it sShows a monotonic increase. The
cooling curve of this sample presents conductivity values
higher than these in the first heating. The conductivity of
this material is significantly higher than that of the other
samples.

The temperature dependence of the real part of electric
permittivity at 10 Hz for all samples is displayed in Fig. 6b
(the first heating-cooling cycle). It may be seen that mate-
rials containing up to 45 %mol of BiV phase show similar
values of electric permittivity (from 9 to 23). The
50BiV50SBO sample (crosses) shows the electric permit-
tivity significantly higher than the other materials. During
the first heating its permittivity increases with temperature
and between 640 K do 700 K a rapid increase of more than
two orders of magnitude is visible. It achieves the maxi-
mum value of the order of 10°. During the cooling, the
permittivity of this sample monotonically decreases. The
behavior of its electric parameters (conductivity and per-
mittivity) was the same during the cooling and subsequent
measurements.

¢ heating
f=10Hz , cooling
m 30BiV70SBO
—0— 35BiV65SBO o= 688Kt
—A— 40BiV60SBO 4
—%— 45BiV55SBO et A
—+—50BiV50SBO i I
o 0 el
5 10°] R *
@ + + + ¥
= 10 + + + v 6y
P 1074 | {I/*
1 Fe's
xr 10" ’f:— P22 S 2 gg
107 4 ;@;Q'fﬁ‘gg R AL
10" ] A - -
10 b— T T T T T T T T
400 450 500 550 600 650 700 750 800
T(K)
@)
“ heatin
m 30BiV70SBO| f=10Hz cooling
—O— 35BiV65SBO . ot
—A— 40BiV60SBO A
—%— 45BiV55SBO T,.= 688 K+ +
—+—50BiV50SBO A
A
Jred
+"+ F‘ 4
+
& 100 L
x A+
A+
Tt
A+ /
1074 o . |
4+
+ TR
+ + *
1"’-"‘::%i=~'QQﬁfQ’QQ
10"
T T T T I’ T T T T
400 450 500 550 600 650 700 750 800
T(K)
(b)

Figure 6 The temperature dependence of the real part of (a) A.C.
conductivity and (b) electric permittivity at 10 Hz for all samples.
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Figure 7 The Cole-Cole plots for (a) 35BiV65SBO and (b)
45BiV55SBO glass-ceramics nanocomposites.

Figure 7 displays an examples of Cole-Cole plots for
35BiV65SBO (Fig. 7a) and 45BiV55SBO (Fig. 7b) glass-
ceramics nanocomposites. All samples containing less than
50 %mol of BiV phase show similar behavior. For these
materials two relaxation processes are visible in the low
temperature region. The 50BiV50SBO sample did not
show any distinctive semicircles in Cole-Cole plots.
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Figure 8 The imaginary part versus real part of impedance (the
Nyquist plot) for (a) 30BiV70SBO, (b) 50BiV50SBO glass-
ceramics nanocomposites and (c) BiV ceramic. The solid lines in
the picture represent the results of fitting.

Figure 8 presents an examples of Nyquist plots (imagi-
nary versus real part of the impedance) for 30BiV70SBO
(Fig. 8a) and 50BiV50SBO (Fig. 8b) glass-ceramics nano-
composites. The Nyquist plots for all glass-ceramics nano-
composites consist of two (BiV phase content < 35 %mol)

or three (BiV phase content > 40 %mol) overlapping semi-
circles. They correspond to two or three relaxation pro-
cesses. Figure 8c presents the Nyquist plot for BiV ceramic
in order to facilitate the comparative analysis. Impedance
spectra for this ceramic show two relaxation processes in
the low temperature range. There may be also seen the on-
set of the third relaxation process which starts to dominate
in the higher temperatures (above 643 K).

4 Discussion

4.1 Structure and morphology All samples even
directly after preparation contain traces of nanocrystalline
phase. The heat-treatment results in formation of clearly
detectable Bi,VOs s nanocrystallites in all tested materials.
In order to estimate Bi,VVOs s crystallite size the line profile
analysis on the two strongest reflections observed in XRD
diffraction patterns was performed. Figure 9 presents the
crystallite size as a function of BiV phase content. The ob-
tained crystallite size is between 15 and 40 nm and it in-
creases with the BiV amount. The heat-treated
50BiV50SBO sample exhibits the highest amount of BiV
with a mean crystallite size of about 40 nm. The crystalli-
zation of BiV is observed from about 680 K (exothermic
process visible in DSC curve in Fig. 3). Electrical proper-
ties suggest that some changes in the samples structure
take place up to a temperature of 813 K, close to the endo-
thermic process which may be correlated with the second g
< v phase transition of BiV (in 814 K) [14].
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Figure 9 The average crystallite size as a function of BiV con-
tent in samples.

The available literature about similar materials [18-20]
is not coherent. Materials tested in this work does not show
exothermic processes above 700 K, in contrast to what was
observed in N. Syam Prasad et al. work [18]. In all glass-
ceramics nanocomposites the f < y phase transition of
BiV was detected, which was not observed before. No ad-
ditional crystalline phase was observed in contrast to N.
Syam Prasad et al. observations [18] and average BiV
crystallites size is higher than obtained in [18-20].
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4.2 Complex impedance The analysis of different
dielectric functions such as: complex electric permittivity
e* complex impedance Z* and complex conductivity o*
may allow us to link the electrical parameters with the mi-
crostructure of studied materials [24].

Modeling of the relaxation processes observed in
Nyquist plots may be carried out using different empirical
relations: Debye, Cole-Cole, Cole-Davidson and Havriliak-
Negami [25]. The best fitting results of the experimental
data analyses were obtained with a superposition of two or
three Cole-Cole relaxation processes. This model allows to
separate the components of the conductivity processes tak-
ing place through the different composite regions: the crys-
talline phase and the amorphous matrix. The Cole-Cole
expression for impedance describes an equivalent circuit
consisting of a resistance and a CPE element connected
parallel, and is given by [26]:

R

7= —E (1)

1+(jotrpcg) ™%

where Z" is the complex impedance, R is the equiva-
lent resistance of a process, zrcpe is the mean dielectric re-
laxation time, w (=2xf) is an angular frequency and « is a
parameter which describes the width of the relaxation time
distribution.
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Figure 10 The temperature dependence of the conductivity cal-
culated with the use of Cole-Cole relation for impedance for (a)
glass-ceramics nanocomposites containing up to 45 %mol of BiV
phase, (b) 50BiV50SBO glass-ceramic nanocomposite and (c)
BiV ceramic. Symbols: hf - high frequency process, if — interme-
diate frequency process, If — low frequency process.

The solid lines in figures 8a, b and ¢ show the results
of Cole-Cole relaxations fitting to the experimental data. In
the 50BiV50SBO nanocomposite and the BiV ceramic on-
ly the onset of the third low frequency process is visible
and there is impossible to reliably fit it to relaxation equa-
tion. In all glass-ceramics nanocomposites the process pro-
ceeded in the high frequency region, shows a close to De-
bye-type character (a=0). The conductivities were calculat-
ed from resistances determined using relation (1).

Figures 10a, b and ¢ show the temperature dependence

of the conductivity for 30BiV70SBO (squares),
35BiV65SBO  (circles), 40BiV60SBO  (triangles),
45BiV55SBO  (upside-down triangles), 50BiV50SBO

glass-ceramics nanocomposites and BiV ceramic. The re-
laxation time for thermally activated relaxation is de-
scribed by the expression [27]:

T = Toexp(2) @

where: 7o is the relaxation time at an infinite tempera-
ture and E, is the activation energy.

The activation energy of conduction processes were
evaluated using the Arrhenius relation:

Eag
oT = opexp(5%) 3)

where op is a constant. Table 2 presents activation en-
ergy of conduction processes. The a parameter is displayed
for all glass-ceramics nanocomposites in Fig. 11a and for
BiV ceramic in Fig. 11b.

The BiV ceramic shows the activation energy of both
conduction processes between 0.9 and 0.5 eV depending
on the temperature region. It is known that the lower the «
parameter, the narrower the distribution of the relaxation
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time is, and the more ordered the structure is [26]. The
structure of crystallites is more ordered than the structure
between them, therefore lower values of the a dispersion
parameter suggests that the high frequency process is due
to conduction process within crystallites. The intermediate
frequency process in such a case would be connected with
the phases between crystallites (boundaries). The third
process proceeding in the lowest frequency region may be
related with the space charge accumulation, which is usual-
ly visible in the high temperatures and shows high values
of relaxation time. In the BiV two conduction mechanisms
are possible. The first one is polaron hopping (electron
with the accompanying local lattice deformation) hopping
from transition metal ion at lower V** to neighboring ion at
higher oxidation level V°* [28]. The second one is ion
hopping of oxygen vacancies, dominating in the higher
temperature region (above 553 K).
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Figure 11 The « dispersion parameter for (a) all glass-ceramics
nanocomposites and (b) BiV ceramic. Symbols: hf - high fre-
quency process, if — intermediate frequency process, If — low fre-
quency process.

Table 2 The activation energy of conduction processes for all
heat-treated samples. T| means temperature range 393-593 K and
T, 563-643 K.

Short name  Conduction Ea(®) Ea(o)

process (eV) (eV)

The high 1.79 1.79
frequency
30BiV70SBO

The low 1.66 1.77
frequency

The high 1.73 1.64
frequency

The low 1.69 1.79
frequency

35BiV65SBO

The high 1.78 1.92
frequency

The inter- 1.59 1.58
mediate
frequency

The low 1.56 1.90
frequency

40BiV60SBO

The high 1.79 1.95
frequency

The inter- 1.62 1.53
mediate
frequency

The low 0.64 1.46
frequency

45BiV55SBO

The high 1.08 1.04
frequency

50BiV50SBO ~ 113 117

mediate
frequency

T Th T Ty

The high
frequency

BivV Theinter- 059 - 090 -
mediate
frequency

0.78 0.57 0.76 0.54

The glass-ceramics nanocomposites containing up to
45 %mol of BiV phase exhibit the activation energy of
conduction processes between 1.5 and 2 eV. Whereas the
both, low- and high frequency processes for the
50BiV50SBO sample are described by significantly lower
activation energy (about 1 eV). In all glass-ceramics nano-
composites the dispersion parameter o for the high fre-
quency process is practically 0. The other processes in the
intermediate and low frequency regions show higher val-
ues of the a parameter. The fastest process in all nanocom-
posites (practically Debye relaxation) is due to conduction
process through the nanocrystallites of Bi,VVOs s phase (the
most ordered structure). The low frequency process ob-
served in samples containing up to 35 %mol of BiV phase

Copyright line will be provided by the publisher
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is characterized by similar parameters to the intermediate
frequency process visible in materials with the BiV phase
content more than 35 %mol. This process may occur with-
in the residual glass matrix. The third process in the lowest
frequency region detected in 40BiV60SBO, 45BiV55SBO
and 50BiV50SBO samples may be related to space charge
accumulation. For nanocomposites containing up to
45 %mol of BiV phase the relatively high activation ener-
gy and temperature of all the processes occurrence suggest
ion hopping. The 50BiV50SBO glass-ceramic hanocompo-
site shows a large increase in conductivity and decrease in
activation energy of the both processes in the comparison
to the other nanocomposites. This change may be caused
by an increase in BiV crystalline phase content and devel-
opment of an additional conduction mechanism — polaron
hopping. Only this sample exhibits electrical behavior sim-
ilar to the BiV ceramic.

4.3 A.C. and D.C. conductivity The conductivity
of many dielectric systems may be described by Jonscher

power law called UDR ‘Universal dielectric response’ eX-
pressed by relation [25, 29, 30]:

o' (@) = opc(T) + A(Tw*® (4)

where: ¢’(w) is the real part of total conductivity, opc
is the frequency independent (D.C.) conductivity and the
coefficient A and exponent s (0<s<1) depend on tempera-
ture and material properties. The term Aw® contains the
A.C. dependence and characterizes dispersion. Later also
conductive systems began to be modelled using this formu-
la and the UDR abbreviation has been extended to ‘Uni-
versal dynamic response’ [31, 32]. S. Kumar et. al [33]
proposed a different method for the conductivity spectrum
analysis - double power law. They found that for materials
in which apart from frequency independent plateau region,
the conductivity spectrum consists of two dispersions in
the A.C. region, the A.C. conductivity fulfills relation:

0'(w) = opc + Ap(Tw1™ + Ap(T)wueM (5)

where the exponent 0<sy<1, characterizes the low-
frequency dispersion corresponding to the translation ion
hopping and the exponent 1<s<2 characterizes the high
frequency dispersion, indicating the existence of well lo-
calized relaxation process [33].

Figure 12 displays the frequency dependence of the re-
al part of A.C. conductivity at several temperatures for
45BiV55SBO (Fig.12a) and 50BiV50SBO (Fig. 12b)
glass-ceramics nanocomposites. The samples A.C. conduc-
tivity shows good agreement with double power law only
at temperatures in which relaxation processes are not visi-
ble. The solid lines represent the results of equation (5) fit-
ted to experimental data. The sy, S dispersion parameters
as a function of temperature for glass-ceramics nanocom-
posites and BiV ceramic are presented in Fig. 13. In

Copyright line will be provided by the publisher

45BiV55SBO nanocomposite in A.C. conductivity curves
the relaxation processes are present in all temperature
range and fitting is impossible.

In the BiV ceramic the high frequency dispersion is at-
tributed by impedance analysis to conduction process with-
in crystallites. Its sy dispersion parameter increases to 1
with an increase in temperature. Literature data of ionic
conductors [34] suggests that materials with high concen-
tration of mobile ions are characterized by s dispersion pa-
rameter of about 0,5-0,6. In a such situation it may be sug-
gested that the concentration of mobile ions in crystallites
is rather high. We believe that in the BiV ceramic the low
frequency dispersion is due to conduction process within
crystallites boundaries which is assigned to intermediate
frequency process visible in impedance analysis. The BiV
ceramic in the low frequency range shows dispersion ex-
ponent s;; almost temperature independent with value of
0.1. H. Jain et. al [34] suggest that s — 0 when the mobile
ions concentration approaches zero. In such a case this re-
gion is poor in mobile ions and ion hopping within it is
limited.

1074 Q@Q
e
o ] O 553K
10 ® 603K Bﬂﬂ
10° A 853K o®

Res (Sem™)

1074 ﬁﬂgg
m”;;aa

f (Hz)
(@
10°
O 503K
O 513K
A 523K
|| v 533K
1079 & sa3k
¥ 553K
E —— double power law fit
1S
Q 8
@ 1074
b
9}
12
10° 3
T T T T T T T T
10 10" 10° 10" 10 100 100 10° 10°
(b) f (Hz)

Figure 12 The frequency dependence of the real part of A.C.
conductivity at several temperatures for (a) 45BiV55SBO and (b)
50BiV50SBO glass-ceramics nanocomposites.
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Figure 13 The temperature dependence of s dispersion parame-
ter for glass-ceramics nanocomposites and BiV ceramic. Sym-
bols: hf - high frequency dispersion, If — low frequency disper-
sion.

In nanocomposites containing up to 40 %mol of BiV
phase both high and low frequency dispersions exhibit
similar values of s dispersion parameter. Two dispersions
may be correlated with conduction process within two re-
gions respectively: Bi,VOs s nanocrystallites and surround-
ing glass matrix. The situation in 50BiV50SBO glass-
ceramic nanocomposite is similar to BiV ceramic: it shows
s exponent values for the both dispersions significantly
lower than the other nanocomposites; the high frequency
dispersion is correlated with conduction process within
BiV nanocrystallites which contain high concentration of
mobile ions; the low frequency dispersion is correlated
with glass matrix and phases boundaries which are poor in
mobile ions.
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Figure 14 The D.C. conductivity versus 1000/T with activation
energy for all glass-ceramics nanocomposites.

Figure 14 shows D.C. conductivity versus the recipro-
cal of the temperature for all glass-ceramics nanocompo-
sites. These values were calculated from a low frequency
plateau. The activation energy was calculated with the use
of Arrhenius relation (3). It may be seen that the D.C. con-

ductivity increases and activation energy decreases with
the increase in BiV quantity. The activation energy of D.C.
conductivity for all glass-ceramics nanocomposites has
values typical for ionic conduction mechanism. Literature
data shows that strontium-borate glass exhibits rather low
values of D.C. conductivity (an average order of magni-
tude of 10™ Scm™ at 753 K with Ex = 1.51 eV) and its
conduction mechanism is due to oxygen vacancies [17].
The BiV ceramic shows D.C. conductivity significantly
higher than SBO glass (from an order of magnitude of 10
Scm™ at 913 K with Ex = 1.27 eV to 10™° Scm™ at 503 K
with Ex = 0.57 eV) [14].

The glass-ceramics nanocomposites containing up to
45 %mol of BiV phase shows D.C. conductivity and its ac-
tivation energy closer to strontium-borate glass than to BiV
ceramic. The D.C. conduction process in all studied nano-
composites may be caused by oxygen vacancies occurring
in the both glass matrix and Bi,VOss nanocrystallites. For
the 50BiV50SBO sample may be seen that the BiV phase
has dominant influence on its conductivity and lower acti-
vation energy suggests an additional conduction mecha-
nism appearance — the polaron hopping.

4.4 Complex electric permittivity The
50BiV50SBO glass-ceramic nanocomposite shows a rapid
increase in electric permittivity above 652 K (Fig. 6b)
which is close to the ferro-paraelectric phase transition,
characteristic for the BiV phase [14]. Therefore this ob-
served change may be due to the phase transition. At the
same time the conductivity significantly increases what
may also induce similar effect on account of the space
charge accumulation. For the other studied materials their
electric permittivity is closer to this of a strontium-borate
glass [17].

The complex electric permittivity (Fig. 7) was fitted
using the sum of two Cole-Cole relations which describes
the polydispersive nature of the dielectric relaxation. The
Cole—Cole distribution for electric permittivity for each
process may be written as [25]:

* Es— €0
& =&nt 1+(joteg)l—a (6)

where ¢* is the electric permittivity, ¢ and ¢, are the
static and high-frequency limiting electric permittivity for
the process, 7. is the mean dielectric relaxation time, and a
is a parameter lower than 1 [25]. The solid lines in Fig. 7
show the fitting results.
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Figure 15 The temperature dependence of the mean relaxation
time of dielectric loss for all glass-ceramics nanocomposites con-
taining up to 45 %mol of BiV phase. Symbols: hf - high frequen-
cy relaxation process, If — low frequency relaxation process.

Figure 15 displays the mean relaxation time of the die-
lectric polarization processes versus temperature for glass-
ceramics nanocomposites containing up to 45 %mol of
BiV phase. The activation energy was calculated using Ar-
rhenius relation (2). In almost all samples the high fre-
quency process is described by the lower activation energy
than the low frequency one. The calculated values of acti-
vation energy in analyzed materials have possible physical
meaning for the both polaron and ion hopping.

5 Conclusions All as-quenched xBi,VOss-(100-
X)SrB;O; samples contain nanocrystalline phase. After
heat-treatment the size and amount of detected Bi,VOss
nanocrystallites increase. The crystallization process of this
phase was observed from temperature of about 680 K up to
813 K. In all materials the second p — y phase transition of
crystallized phase is visible at about 830 K.

On the basis of electrical properties analysis it is sug-
gested that all nanocomposites with the exception of
50Bi,VOs5-50SrB,O-, despite the presence of Bi,VOss
crystalline phase, show electrical properties closer to the
strontium-borate glass. Contrary to expectation, the behav-
ior typical for ferroelectrics was not observed. It is sug-
gested that in these materials, some part of the bismuth and
vanadium oxides still play a role of glass formers and built
the glass matrix even after crystallization process. The
glass-ceramics nanocomposites show two or three disper-
sion processes for the complex impedance, conductivity
and complex electric permittivity. It is suggested that the
fastest process is correlated with conduction process
through the Bi,VOss nanocrystallites, the others two pro-
cesses are associated with the residual glass matrix or the
space charge accumulation. The conduction process mech-
anism for the low temperatures may be mixed ionic-
electronic and in the higher temperatures the oxygen ion
hopping starts to dominate.

Copyright line will be provided by the publisher

The 50Bi,VOs5-50SrB,O; glass-ceramic nanocompo-
site is the only one which exhibits the electrical properties
similar to the Bi,VVOss ferroelectric. It presents significant-
ly higher conductivity and electric permittivity. It shows
two dispersion processes. The faster one is assigned to the
conduction through the Bi,VOss nanocrystallites and is
due to the high concentration of the mobile ions. The other
dispersion may be associated with the glassy phase sur-
rounding nanocrystallites and phase boundaries. It is
shown that in these regions the mobile ions concentration
is low.
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