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Abstract Glass of the composition (mol%) (25-x) Na,O—
xFe,0;-25Pb0-50S8i0,x=0, 0.25, 0.5, 1, 3, 5, 7, 10,
15, 16 and 20 (mol%) were prepared by the melt quench-
ing method. The effect of replacing Fe,O; for Na,O on the
optical, structural, electrical and dielectric properties was
studied. Experimental and theoretical density and XRD of
the samples were also reported. Pb**, Fe?* and Fe** ions
contributed to the UV-cut off and the developed bands in
the visible and near IR regions. FTIR revealed the decrease
of the SiO, and increase of FeO, units. XRD indicated
change in the glass structure above 15 mol% Fe,0;. The
electrical conduction seems to occur by ionic and elec-
tronic controlled electron hopping between Fe’* and Fe’*
sites. The activation energy of ionic conduction decreased
from 1.74 eV for un-replaced Na,O sample to 0.16 eV for
sample with 16 mol% Fe,O; at 1 MHz. Samples with 16
and 20 (mol% Fe,0;) showed ¢’ values in the range from
115 to 186 and from 34 to 66, respectively. These results
present promising candidates for the studied glasses to be
used as energy storage materials in electronic devices.

1 Introduction

Lead silicate glasses are applied in many different areas
such as video-screen manufacturing, electrode glass
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production, ophthalmic, biotechnology and radiation pro-
tection [1]. Glasses containing Fe,O; are also used in elec-
trochemical, electronic and electro-optic devices [2]. These
glasses have very interesting structure and offer properties
such as high value of the refractive index, low absorption
in the visible region of the spectrum, an improved chemical
stability and brightness [3, 4].

Lead oxide (PbO) is unique in its influence on the struc-
ture of glasses. Such interesting properties of these glasses
are mainly due to the high polarizability and the relatively
low field strengths of Pb cations as compared to other
conventional glass formers such as SiO, and GeO, [5]. In
lead silicate glasses, Pb>* ions act as glass formers when
PbO is present in high quantities and as network modifi-
ers when lead oxide is present in lower concentrations [6].
When the structural role of Pb** is changed a consider-
able modification in the local environment of the silicate
network occurs. It was suggested [7] that SiO, is the main
glass former in the lead silicate glasses when PbO is pre-
sent up to 40% where PbO is mainly present as glass modi-
fier. When PbO is present over and above this concentration
the polymeric chains of PbO, pyramids were found to be
connected through silicate tetrahedra in the glass. How-
ever, it is reported [8] that, the PbO, groups are dominat-
ing for any concentration of PbO and at low concentrations
the co-existence of the PbO, groups and PbO; pyramids is
possible.

Recent works have shown that principal features for Fe-
containing glasses are dependent on the valence states of
iron ions and their coordination in the glass network [9,
10]. When iron oxides are introduced into glasses, iron ions
exist as equilibrium between the yellow ferric ion, Fe3*,
and the blue ferrous ion, Fe?* [11]. Most of ferrous iron is
believed to exist in octahedral coordination as a network
modifier [12]. On the other hand, ferric iron may exist in
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four fold tetrahedral, and/or six fold octahedral coordina-
tion [13-16]. The oxidation states of iron were extensively
studied in silicate glasses and melts [17-19].

Limited ternary systems of silicate glasses contain-
ing Fe,0; are investigated. Iron doped sodium lead borate
glasses were studied by electrical measurements and Moss-
bauer spectroscopy [20]. Cerium lead borate glasses doped
with iron oxide [21] and lithium lead borate glasses doped
with silver oxide [22] were investigated. Electron para-
magnetic resonance and optical study was performed for
alkali lead tetra borate glasses doped with iron oxide [23].
The transport properties of Fe,0;—PbO-B,0; glasses were
studied by Sanjay et al. [S]. The optical absorption proper-
ties of lead silicate glasses containing high concentrations
of iron oxide were studied by Ookawa et al. [24]. The elec-
tronic conductivity, XRD and atomic force microscopy and
magnetic force microscopy in the SiO,—PbO-Fe,O; glass
were investigated [25]. Lead oxyfluoro silicate glasses con-
taining iron ions were subjected to optical absorption, ESR,
FTIR spectral investigations [6]. The role of Fe in a series
of Fe,0;—PbO-Si0,-Na,O glasses in occupying octahedral
or tetrahedral sites is investigated [26]. The dielectric con-
stant of the system xFe,05;'(1-x)PbO-Si0O, in addition to
IR and Raman spectra have been reported [27].

In previous studies on effect of replacing Fe,O; for Na,O
on the chemical durability and glass structure of glass of
composition (25-x) Na,0—x-Fe,0;-25PbO-50Si0, has
been investigated [28]. The aim of the present work is to
extend such investigation to investigate the electrical and
dielectric properties which have been noticed to receive
less attention. The optical and physical properties will also
be correlated with the glass structures of glasses.

2 Materials and methods

Glass samples of the composition (mol %) (25-—x)
Na,O—-xFe,0;-25PbO-50S10, were prepared by the melt
quenching method. Samples with x=0, 0.25, 0.5, 1, 3, 5,
7, 10, 15, 16, and 20, were denoted as FO, F0.25, FO.5,
F1, F3, F5, F7, F10, F15, F16, and F20, respectively.
Table 1 lists the nominal composition of the studied glass
samples. Chemically pure Na,CO;, Fe,O; and Pb;O,
and washed silica sand were used as materials for glass
batch preparation. The batch materials in the appropriate
amounts were thoroughly mixed and melted in porcelain
crucibles at a temperature of 1200 °C, using electrically
heated furnace. Melting was continued under normal
atmospheric conditions for 2 h after the last addition of
the batch constituents. The melts were swirled about for
every 30 min to ensure homogeneity and the melts were
cast in rectangular forms, and samples were immediately
transferred to electrically heated furnace at 450 °C. The
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Table 1 Nominal composition (mol%) of the studied glasses
Glass No SiO, PbO Na,O Fe,0;
FO 50 25 25 -
F0.25 50 25 24.75 0.25
F0.5 50 25 24.50 0.5
F1 50 25 24 1
F3 50 25 22 3
F5 50 25 20 5
F7 50 25 18 7
F10 50 25 15 10
F15 50 25 10 15
F16 50 25 9 16
F20 50 25 5 20

furnace was switched off and left to cool to room tem-
perature. Some of the obtained samples were transparent
while others were opaque.

Optical absorption measurements were carried out on
the transparent polished rectangular samples of dimensions
3% 10x30 mm using Jasco V-530 spectrophotometer in the
range 190-1100 nm.

FTIR measurements were carried out on powdered sam-
ples after being mixed with KBr and pressed into discs.
FTIR-6100 Jasco instrument was used for measuring the
transmittance in the range 400-4000 wave number cm™".

X-ray powder diffraction (Bruker Axs, D8-Advance -
X-ray Diffractometer, Germany) with Cu-target Cu Ka
radiation with A=1.5405 A, was used to identify the nature
of the samples.

Archimedes method was used for density measure-
ment using xylene of density (0.86 gcm™>) as the immers-
ing liquid. The density was calculated according using the
equation: D = (Wair / Wair_ xylene) X pxylene, where Wair
and W, are the weight of the glass sample in air and in
xylene, respectively, and p is the density of xylene.

The electrical measurements were performed on the pre-
pared samples after painting their opposite sides with silver
paste. Measurements were carried out using a program-
mable automatic LCR HiTester (HIOKI, 3532-50), Japan
over a frequency range from 0.042 kHz to 1 MHz and tem-
perature range from 25 to 300°C. The temperature was
determined using a copper/Constantan thermocouple in
close proximity to the sample. The dielectric constant (g'),
the loss tangent (tan ), and the ac conductivity (c,.) were
determined based on the following expressions [29, 30]:

e=Cdle, A ¢ =¢"tan 6, o,=w €, €", where
C=measured capacitance of the sample (F), d=thick-
ness of the sample (m), &, = permittivity of free space
equals 8.85x10 ' Fm ~!, A=Sample surface area (m?),
o =the angular frequency, tan d =the loss tangent which is
obtained directly from the instrument.
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3 Results and discussion
3.1 Optical studies

Figure 1 shows the absorption spectra of the transparent
glass samples FO, F0.25, FO.5, F1 and F3. Samples with
higher content than 3 mol% Fe,O; were opaque (blackish-
brown) that makes absorption measurement very difficult
(samples thickness 3 mm). From Fig. 1 it can be noticed
that the base glass FO has UV-cut off at 339 nm, which is
associated with s2 lone pair electrons (s2 — slpl) in Pb>",
and no absorption bands in the visible region. Upon the
addition of Fe,O; and increasing its content at the expense
of Na,O the UV-cut off shifts to higher wavelengths. This
shift can be ascribed to the O*~2p—Fe>*3d charge transfer
in octahedral coordinated Fe** ions [13], which increases
as the Fe,O; content replacing Na,O increases. Charge
transferring can also associate with adjacent redox spe-
cies of iron (Fe?*—0>"—Fe*) where the relevant electronic
orbital involves both the ferrous to ferric species. It is
reported that, both ferrous and ferric ions absorb UV light
below 350 nm due to the charge transfer process [31, 32].
The spectra of glasses F0.25 and F0.5 show bands at
379 nm (obscured in F0.5 due to the shift of its UV cut off),
402 and 445 nm, due to d-d transitions of Fe>* ions in FeOy
units [33]. These bands cannot be observed in the spectra of
other glasses due to the red shift of their UV cut off. When
the iron oxide content was increased to 1 mol% two bands
could be observed in the visible region at 511, 662 nm
and one near the infrared region at 949 (nm). Upon fur-
ther increase of the iron oxide content to 3 mol % in glass
F3, the band at 511 nm is obscured, while that at 949 nm
becomes more developed. The band at 949 nm can be cor-
related with that due to Fe>* ions appeared at 1050 nm in
some sodium silicate glasses containing Fe,O5 [31, 34, 35].
The more development of the band at 949 nm in glass F3

Absorbance

330 440 550 660 770 880 990 1100

Wavelength (nm)

Fig. 1 The optical absorption of glasses FO, F0.25, F0.5, F1 and F3
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indicates the increase of Fe’* ions as the Fe,0; content
increases on the expense of Na,O. The band at 511 nm can
be correlated with that recorded around 530 nm due to Fe**
in lead oxyfluoro silicate glasses [6]. Its development at
shorter wavelength in the present glasses can be attributed
to the replacement of fluoride by oxygens legends. The
band at 662 nm in the spectra of glasses F1 and F3 was
assigned to Fe3* in octahedral coordination [24].

From the optical measurements of sample with up to 3%
Fe,0j it can be noticed that iron ions exist as Fe’* and Fe**
states and the latter state increases as the Fe,O; content
increases on the expense of Na,O.

3.2 Infrared spectra

The transmission infrared spectra of the studied sam-
ples in the range 400-4000 cm ~! are illustrated in Fig. 2.
The main structural vibrations are located in two regions:
400-600 and 600-1400 (cm ).

The first region (Fig. 2b) includes complex band with
peaks at 486 and 426 cm™". The first band is due to bending
Si—O-Si bonds in SiO, tetrahedra [36, 37], while the peak
at 426 cm™! is attributed Fe—O bonds in FeOg groups [38]
overlapped with Pb—O vibrations in PbO, units [39, 40].
The area under this complex band decreases and its peaks
decrease in intensity as the Fe,O; content increases which
may be due to decrease in the number of Si—O-Si bond
vibrations in SiO, tetrahedra which may indicate a decrease
in the SiO, units. It can also noticed that the peaks at
486 cm™! shifts to lower wavenumber at 465 cm™! in sam-
ple F20 which may reflect loosening in the glass structure.
The band at 426 cm™! shows a shift to higher wavelengths
as the Fe,05 content increases. It reaches 440 cm™ in sam-
ple F20. This behavior can be attributed to the formation of
FeOQ, at the expense of FeOg [38].

In the second region (600-1400 cm =1y it can be noticed
(Fig. 2b) that a symmetric stretching vibration of Si—~O-Si
bridging oxygen between tetrahedral SiO, is demonstrated
by the band at 618-605 cm™! [41] in glasses with greater
than 15 mol% Fe,O; (F15, F16, F20). This band cannot be
noticed in other samples due to the high intensity of the
neighboring band in the range 754-762 cm™'. The band at
754 cm™! (in glass FO) is assigned to Si-O-Si asymmet-
rical stretching vibration [42] overlapped with Si—-O-Pb
vibration [43]. The decrease of this band, particularly in
samples F15, F16 and F20 enabled the appearance of the
bands in the range 618—605 cm™!. Asymmetric stretch-
ing vibration of Si-O-Si bonds in SiO, units are demon-
strated by the bands at 971 cm™! [44, 45] and the bands in
the region 1121—1054 cm™' [46]. The bands in the range
855-927 cm™! are assigned to asymmetrical stretching
vibrations of Si—O terminals [45] overlapped with Si-O-Pb
bonds [47]. The shift of the band at 855 cm™! in glass FO
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to higher frequency at 927 cm™" in glass F20 can be attrib-
uted to the formation of non-bridging oxygens (NBO) with
higher covalence.

From above discussion the SiO, units dominate in sam-
ple FO as demonstrated by the broad band in the region
600-1400 cm™" (Fig. 2b). The decrease in the width of this
broad band confirms the decrease of the SiO, units upon
substituting increasing amounts of Fe,O; for Na,O.

Some absorption bands due to unavoidable adsorbed
water molecules on the grain surfaces of the samples dur-
ing their preparation for FTIR measurements are noticed.
The bands at 1443 cm™! for samples FO-F3 (Fig. 2b) are
ascribed to bending modes of O—H [48]. This band is not
recorded for samples with Fe,O; higher than 7 mol%,
which indicates better weathering resistant as the amount
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of Fe,0; replacing Na,O increases. The 1640—1614 cm™!
(Fig. 2b) are attributed to bending modes of H-O-H [49]
while those at 2362 cm™! (Fig. 2a, b), 3462, 3479, and.
3782 cm™! are attributed to stretching vibration bands of
O-H in molecular H,O [50].

3.3 Experimental and theoretical densities

Figure 3a shows the experimental densities of the studied
glasses. It can be noticed that the experimental density pro-
gressively increased up to sample F15 after which the incre-
ment rate of the density was increased with increasing iron
oxide content up to F20. The theoretical density calculated
using Huggins and Sun factors [51] shows (Fig. 3b) a pro-
gressive increase in density up to glass F20. This behavior

4.275
Theoretical density
4.270

4.265 -
4.260 -
4.255 -
4.250 - -
4.245 - L

4.240 -

4.235 T T T . T T
10 15 20

FepO3 mol%
(b)

Fig. 3 Variation of (a) experimental density and (b) theoretical density with Fe,O; content, replacing Na,O for the glass samples studied
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differs from that of the experimental density, which may
relate to changes in glass structure, particularly above
15 mol% Fe,05. The calculated density depends mostly on
the coordination geometry of the metal cations [51]. The
weight factor may play the main role which caused the
density to increase with higher rate. The observed devia-
tion above 15 mol% Fe,0; in the relation of density versus
Fe,0; content is in accordance with the observed variation
of the FTIR behavior above 15 mol% Fe,O5. Table 2 lists
the measured and the calculated theoretical density of the
glasses studied.

3.4 XRD

The XRD of glass samples F7, F10, F15, F16 and F20 are
presented in (Fig. 4). The first sample is representative for
samples from FO to F5. The XRD patterns of these samples
indicate that they are mostly amorphous, however XRD
patterns of samples F16 and F20 consist of amorphous halo
and a few reflexes characteristic of crystalline phases in
these samples. Small reflexes which correspond to the XRD
pattern of hematite can be detected. In sample F20 and F16
the presence of lines at 20=22.61°, 33.00°, 39.1°, 41.22°
(41.84° for sample F16), 49.44°, 54.52°, 56.67° (59.90° for
sample F16) are in good agreement with those of hematite
a-Fe,O; (JCPDS, PDF Nos., 85-0599 and 24-0072). The
present findings are consistent with those obtained by other
authors [52, 53]. From the experimental density (Fig. 3a)
the increase in the increment rate of the density of samples
with 15% Fe,O; or more may indicate that denser glass
structures are formed. The crystalline phases revealed by
XRD may explain such increase in the higher rates in den-
sity. Accordingly, the formation of FeO, units, as revealed
by FTIR, and cross linking of the network of glass samples
with more than 15 mol% Fe,O; may enhance the formation
of the hematite phase.

h = Hematite

Intensity (a.u.)
-HE
[3,]

10 20 30 40 50 60 70 80
20 degree

Fig. 4 XRD patterns of samples F7, F10, F15, F16 and F20

3.5 Electrical and dielectric properties
3.5.1 Dielectric behavior

Figure 5 shows the variation of dielectric constant with
temperature as a function of Fe,O; content, replacing
Na,O at two frequencies 100 kHz and 1 MHz. The values
of &' are almost constant for glass samples except for F16
and F20. The almost constant &' for glass samples from
FO to F15 indicates that the short range displacement of
ions may be involved. The temperature dependence of
¢' for Fe,0;>15 mol% indicates that the movement of
heavy dipoles was facilitated by weakening of bonds in
the glass network with the increase of temperature [38].
The dielectric constant of samples FO, F0.25, F0.5, F1,
F3, F5, F7, F10 and F15 shows weak variations. For
example, they have average values of 12.16, 12.41, 12.75,
13.25, 14.09, 14.70, 14.78, 16.35, and 16.34, respectively
at 1 MHz and temperature up to 300 °C, while for sam-
ples F16 and F20 the values of ¢’ increase from —115 to

Table 2 Experimental density,

- . Glass code Density Activation energy (eV) e at 25°C

theoretical density calculated by

Huggins and Sun factors [51], Experimental Theoretical 100 kHz 1 MHz 100 kHz 1 MHz

activation energy and dielectric

constant (¢') of the studied FO 4.2515 4.2397 2.37 1.74 13.90 9.99

glasses F0.25 4.2553 4.2401 1.68 1.67 14.73 10.51
F0.5 4.2568 4.2408 1.51 1.50 15.75 11.18
Fl1 4.2625 4.2415 1.33 1.15 16.82 11.98
F3 4.2828 4.2453 0.96 0.58 17.96 13.08
F5 4.3019 4.2493 0.69 0.51 18.89 13.50
F7 4.3205 4.2529 0.49 0.43 19.43 13.90
F10 4.3481 4.2582 0.47 0.58 21.03 14.90
F15 4.4057 4.2668 0.45 0.40 22.00 15.14
F16 4.4284 42678 0.36 0.16 132.60 115.07
F20 4.5002 4.2740 1.91 1.56 43.87 33.84
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Fig. 5 Variation of dielectric constant with temperature at (a) 100 kHz and (b) 1 MHz for the glass samples studied

186 and from —34 to 66, respectively, at | MHz and tem-
perature up to 300 °C.

Figure 6 shows the variation of dielectric constant
with Fe,O; content, replacing Na,O at the frequencies
50 Hz, 100 Hz, 500 Hz, 1 kHz, 10 kHz, 50 kHz, 100 kHz,
500 kHz, 800 kHz and 1 MHz, at two temperatures (25
and 300 °C). It can be noticed that the dielectric constant
increases to a maximum with the increasing of the iron
oxide content. For example, for sample FO the ¢’ increases
from 13.90 to reach a maximum value of 132.60 for sam-
ple F16 then it decreases to 43.87 at 100 kHz and 25 °C.
This decrease in the dielectric constant after reaching
maximum values with increasing Fe,0;>15 mol% can
be attributed to the decrease of Fe** ions contributing in
the conduction mechanism as a result of increasing the
proportion of Fe>* states in network forming positions
[54]. The present attribution is consistent with the above

obtained IR results where more Fe®* ions are likely to be
introduced as NWF in glasses with 20 mol% Fe,0;.

From Fig. 6 it can be noticed that the values of &' at
100 kHz or lower frequencies are generally higher than
those at higher frequencies up to 1 MHz (Fig. 6) particu-
larly for glasses F16 and F20. It is worth noticing that the
dielectric constant decreases as the measurement is carried
out at higher frequencies, which can be attributed to the
slow response of the heavy dipoles behind the external field
[38, 55, 56].

3.5.2 Electrical conductivity

The introduction of transition metal ions (TMI) with more
than one valence state in glass exhibited semiconducting
properties [57-59], where conduction can occur by electron
transfer from ions in the lower valence state to those in a
higher valence state [58, 60]. Figure 7 shows the variation

25°% 300°C
300- 7000 . 50 Hz 400+ 30000 50 Hz
oo —e—100 Hz 25000 —e—100 Hz
2504 iﬁgﬁ A —4— 500 Hz 350 20000 A —a—500 Hz
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g 3000 300 1€ 10000 —«—10kH
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Fig. 6 Variation of the dielectric constant with Fe,O; content, replacing Na,O for different frequencies at (a) 25 °C and (b) 300 °C
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Fig. 7 Variation of log o, of the glasses studied as a function of inverse temperature (T) at (a) 100 kHz and (b) 1 MHz The results of samples

with Fe,0; content higher than 7 mol% are drawn separately for clarity

of the logarithm of ac conductivity of the glasses studied
as a function of inverse temperature (T) at 100 kHz and
1 MHz. It can be seen that the conductivity increases by
raising the temperature. The plots of logo,. versus inverse
temperature show two parts at low and high temperature
regions. The values of the activation energy of those in the
high temperature region have been determined from their
slopes and listed Table 2. From this table it can be seen
that the activation energy is significantly reduced from the
range 2.37-1.74 eV to the range 0.36-0.16 eV for samples
FO and F16, respectively, then it is increases to the range
1.91-1.56 eV for sample F20. The values of activation
energies for glasses FO, F0.25, F0.5, F1 and F3 reveal that
their conduction is mainly ionic in nature, while glasses
F5, F7, F10, F15 and F16 have lower values indicating the
dominant of electronic conduction. The lowest activation
energy of glass F16 which reached 0.36 eV (at 100 kHz)
or 0.16 eV (at 1 MHz), can be attributed to the dominant
and the increase of the electron charge carriers. For glass
FO the high activation energy (2.37 or 1.74 eV at 100 kHz
and 1 MHz, respectively), can be explained on the bases of
the above obtained FTIR results. The dominate of the SiO,
units with bridging oxygens and the absence of iron ions
in the composition of this glass (FO) results in the higher

@ Springer

energy needed for migration of the charge carriers. The
conduction seems to proceed via electronic at the low tem-
perature regions and via ionic conduction in the high tem-
perature region. These results are consistent with published
data [61]. The increase of the electronic conduction upon
increasing the iron oxide content above 1 mol% seems to
be related to the more increase of Fe?* ions. When glass
containing Fe,O; is melted at high temperature, part of fer-
ric ions (Fe**) are converted into the divalent state (Fe?*):
Fe*™ — Fe®* + e. Usually, iron occurs in silicate glasses in
equilibrium between Fe** and Fe* ions, where their ratio
Fe?*/Fe" is a function of glass composition, pressure, tem-
perature and oxygen fugacity [62]. When melting of such
glasses is carried out in the presence of a reducing material
such as Pb [5], the prepared glasses are expected to con-
tain relatively high Fe** content, consequently the electron
hopping between Fe’* and Fe®* Increases. The increased
activation energy in the high temperature region for glass
F20 (Table 2) to values of 1.91 or 1.56 eV can be attributed
to the re-participation of the ionic conduction which needs
relatively high activation energy.

Figure 8 shows that the conductivity of the glass sam-
ples increases with increasing of Fe,O; content at 25 and
300°C. The increase in ac conductivity with increasing



J Mater Sci: Mater Electron (2017) 28:9566-9574

-2 - —=—50 Hz
_——100 Hz
3] ——500 Hz
¥——1 kHz
4 —<+—5 kHz
7 ——10 kHz
bﬁ ——50 kHz
o 1 —e—100 kHz
o —e—500 kHz
-1 .6 ——800 kHz
——1 MHz
-7
-8 T T T T T
0 5 10 15 20
Fe,0, mol%
(a)

9573
A- —=—50 Hz
—e—100 Hz
o ——500 Hz
-2 1 300°C —v—1kHz
—<—5kHz
0 31 ——10 kHz
" ——50 kHz
<) ——100 kHz
9 44 —e— 500 kHz
—— 800 kHz
.5 ——1MHz
-6 4
0 5 10 15 20
o,
Fe,0, mol%
(b)

Fig. 8 Variation of log o, with iron oxide content at different frequencies at (a) 25 °C and (b) 300 °C

Fe,O; content that replacing Na,O can be attributed to
the increase of charge carriers. It can be noticed that the
increase in conductivity is accompanied by a decrease in
activation energy (Table 2) with increasing Fe,O; content.
This behavior is consistent with several published data
for glasses containing transition metal oxide [63—65]. At
100 kHz and at 25°C, the conductivity is increased from
6.24x 107" to 9.69x10™* S/cm for samples FO and F20,
respectively, while at 300°C it increased from 2.02x 107
to 2.15x107> S/cm for samples FO and F20, respec-
tively. The conduction in the present glasses—containing
Fe,O;_ seems to be a combination of ionic and electronic
controlled by electron hopping between Fe’™ and Fe’*
sites. It can also be noticed (Fig. 8a, b) that the conductiv-
ity increases with increasing the frequency. The increase of
conductivity with increasing frequency confirms the semi-
conducting nature of the studied glasses.

4 Conclusions

Glass of the composition (mol%) (25—x)
Na,0—-xFe,0;-25PbO-50Si0,, where x=0, 0.25, 0.5, 1, 3,
5,7, 10, 15, 16 and 20 (mol%) were prepared by the melt
quenching method.

Replacing Fe,O; for Na,O affect the optical proper-
ties as a result of the contribution of Pb**, Fe?* and Fe3*
ions. Absorption bands due Fe*™ and Fe?* oxidation states
are recorded in the visible and near IR regions. The opti-
cal measurements revealed that iron ions exist as Fe?* state
increases, as the Fe,O; content increases at the expense of
Na,O.

The FTIR indicates that replacement of Na,O by
>15 mol% Fe,O; produces structural changes, where

the SiO, units decrease and FeO, units increase. It also
indicates that samples with better weathering resist-
ant are obtained as the amount of Fe,O; replacing Na,O
increases.

XRD indicated change in the amorphous state after
replacement Na,O by >15 mol% Fe,0;, where the sam-
ple with Fe,O; content of 20 mole% exhibits crystals of
hematite phase to be formed in a glassy matrix.

The electrical conductivity vs. reciprocal temperature
revealed two parts at low and high temperature region.
So, electrical conduction in the studied glasses seems
to proceed by ionic and electronic controlled by elec-
tron hopping between Fe?* and Fe’* sites. The activa-
tion energy of electrical conduction at the high tempera-
ture region decreased from 1.74 eV for glass sample of
un-replaced Na,O to 0.16 eV (at 1 MHz) as the amount
Fe,0; replacing Na,O was increased to 16 mol% Fe,O;.
The electrical conduction is mainly electronic in nature
as the Na,O replaced by Fe,0; increases to 16 mol% and
above this concentration both mechanisms the ionic and
electronic proceed.

The dielectric constants of samples with replaced
Na,0 < 16 mol% Fe,0; show weak variation which reveal
high thermal stability in the studied range of temperature.
They have average values in the range of 12—16 measured
at 1 MHz and temperature up to 300 °C. Samples with 16
and 20 mol% Fe,0; show high &' values of 115 to 186
and from 34 to 66, respectively, at 1 MHz and tempera-
ture up to 300 °C. These results represent promising can-
didates for the studied glasses to be used as energy stor-
age materials in electronic devices.
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