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Abstract: A series of high iron content sodium borosilicate glasses having composition 10 SiO»-40 B,03-50
Na,O:x (CoO-Fe,05);0<x<50 wt% were prepared by conventional melt quench method. Density of these glasses
was found to increase in the range of 2.47-3.03 g/cm?, along with increasing glass molar volume. FTIR showed
the gradual conversion of BO; units to BO, units along with enhanced B-O-Si linkage with the increasing of
(CoO-Fe,03) content. AC electrical conductivity and dielectric properties were investigated at room
temperature within frequency range 100 Hz to 100 KHz. Dielectric parameters such as dielectric constants &’
and &” with the ac. conductivity o, were found to increase with increasing of (CoO-Fe,O3) content. The
increase in ac conductivity with iron content is likely to arise due to structural changes of the glass network.
Magnetic hysteresis loops were traced at room temperature using VSM and values of saturation magnetization
Ms and coercive field Hc were determined. The obtained results revealed that a ferrimagnetic behavior was
observed and as (CoO-Fe,03) concentration increases the values of Ms increase whereas that of Hc
dramatically decreased from 271.12 to 179.230e.
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. Introduction

Borosilicate glasses based on the Na,0-B,0;-SiO, system play a significant role in various
applications, ranging from chemically and thermal resistant technical glass to optical, sealing and nuclear waste
glasses [1]. It is well known that, borosilicate glasses have mixed network formers and combine the advantages
of the stability of silicate glass and the higher transition metal (TM) ion solubility of borate glass without
producing heavy concentration quenching, and thus are promising candidates for good TM ion hosts [2]

In the past few decade, glasses doped with transition metal oxides have attracted a great deal of attention due to
their important physical and chemical properties [3- 4].

LONG-TERM storage of nuclear waste has become an important application of borosilicate glasses. In
this use, however, the physical properties of the borosilicate matrix can be modified by the elements to be
stored, many of which (Ce, Fe, ...) are multivalent [5].

The nuclear waste often contain many non-radioactive components such as Fe and may vary widely
composition. Glass composition that could bear high iron content without crystallization hence is a candidate for
nuclear waste storage. In particular, Fe,O; has been considered as one of the most promising candidate for
improving physical properties of glasses such as electrical, optical and magnetic properties [6,7]. Because iron
lends itself readily to experimental investigation, we have examined how the structure of a sodium borosilicate
glass is affected by iron content. Itwas shown that the magnetic and electrical properties of prepared glass are
highly affected by (CoO-Fe,03) additive.The improved chemical durability of phosphate glasses system is
caused by the addition of Fe,O; which strengthens the cross bonding between the phosphate chains [8]. In
addition, glass doped with multivalent ions, such as Fe** and Co*, have been used for many applications, such
as semiconducting glass, active oxide catalysts to oxidize Co and hydrocarbons, and glassy behavior in
manganites [9, 10].

The main problem associated with the synthesis of oxide glasses with high concentrations of transition
metals using standard melting techniques is that the corresponding products may crystallize spontaneously [11-
15].

The main objective of the present work is to prepare iron and cobalt rich glass without crystallization in
order to study the effect of high (CoO-Fe,0s) content on the physical properties of the prepared glass. Such
glasses are expected to possess magnetic and electrical properties that are of significant importance in many
technological applications at room temperature such semiconducting glass and nuclear waste.
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Il.  Experimental Technique

2.1 Samples Preparation

The glass system 10 SiO,-40 B,03-50 Na,O : x (CoO-Fe,03); 0<x<50 wt% was prepared by melting
dry mixtures of analytical grade chemicals of SiO,, B,HO; Na,CO3, CoO, Fe,0;. The oxides used herein were
analytical regent grade (more than 99% pure). The raw materials were weighed using an electronic balance with
accuracy on order of 0.1 mg. Approximately 15 g of chemicals good mixed in a porcelain crucible. The glass
melt was kept at 1150 °C for approximately 30 min, for complete fusion of the glass. Glass sample was obtained
by casting the melt on a steel plate.

2.2 Density And Molar Volume Measurements
The density (pg) of the glasses was determined at room temperature using Archimedes' principle with
toluene (density = 0.867 g/ml at 20°C) as buoyant liquid. The density of each glass was obtained according to

the formula,
w
p = —2 X (1)
g (Wa _Wt] Pt

Where pg the density of the sample, W, the weight of the sample in air, W, the weight of the sample in
toluene, and p; the density of toluene. The molar volume (V,,) of each glass sample was calculated using the
formula,

\/ :ZXiMi (2)

m pg

Where, X; is the molar fraction and M; is the molecular weight of the i™ component. The reproducibility of the
density data obtained was no worse than +0.01 g cm,

2.3 X-ray diffraction

XRD patterns of the prepared glasses were obtained by grounding small pieces of them in an agate
mortar to obtain very fine powder. The structure of the samples have been investigated by using (BRUKUR
D8SADVANCE) provided with Cu-Ka target of a wavelength 4 = 1.542 A. XRD patterns were recorded in the
diffraction range 26 =4-80° with a step of 0.03°.

2.4 IR transmission spectra
The measurements of IR transmission spectra wererecorded at room temperature by the KBr disk method
using an FTIR spectrophotometer type Tensor 27, Brulear over the wave number 4000-200 cm™.

2.5 Electrical properties measurements

Room temperature electric measurements were carried out using (Hioki 3520 LCR HiTester Meter Bridge) in
the frequency range of 100 Hz-100 kHz. For good electrical contact during measurements, the opposite sides of
the bulk samples were painted with silver paste.By using the measured values of capacitance C, dielectric loss
factor 6 and dimensions of the samples we have calculated the dielectric constant, €', dielectric loss, €", and ac
conductivity, gy, using following expressions

9

E-:E

Ead (3)
E” = g'tand 4)
_d
Jac— =a (5)

Where, &, is the dielectric constant of the free space (8.854x10™° F/cm), d is the thickness, A is cross sectional
area of the sample and Z is the impedance.

2.6 Magnetic properties measurements,

Room temperature magnetic measurements were carried out using the Lake-Shore vibrating sample
magnetometer (VSM) model 7410. Hysteresis loops were traced in a magnetizing range from -15000 to 15000
G and values of saturation magnetization Mg and coercive field Hc were determined automatically.
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I11.  Results And Discussion
3.1 X-Ray Diffraction Analysis
X-ray diffraction (XRD) spectra of all investigated glasses are shown in Fig. 1(a,b). All samples were
found to be in glassy form. For the sample with the highest concentration of (CoO-Fe,03) 50 wt%, it was
observed a crystalline diffracted line, especially the more intense one, (311) plane for the spinel cubic structure,
at angle about 20= 35°, combined with the hump of the glass structure.
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Fig.1 X-ray diffraction patterns for 10 SiO,-40 B,05-50 Na,O: x (CoO-Fe,05) glasses

3.2 Density Measurements

Fig. 2 shows the variations of the density (pg) and molar volume (V) with wt % of (CoO-Fe,O3) content this
figure indicates that the glass den3|ty is increased gradually from 2.47 to 3.03 g/cm® and the molar volume also,
increased from 33.91 to 66.35 cm® as the (CoO-Fe,0;) content is increased up to 50 wt %, almost in a linear
behavior.
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Fig. 2. Variation of density and molar volume as a function of composition of the prepared glass.

The increase of both density and molar volume could be attributed to an increase of the average
molecular weight of oxide ions in the glass due to that, both CoO and Fe,O; have a higher relative molecular
mass. The molar volume depends on both the changing rate of density and molecular weight. However, when
the (CoO-Fe,0O3) concentration was increased, the increasing rate of molecular weight is greater than the
increasing rate of density. As shown in Fig. 2, the molar volume increased with increasing of Fe,O; content, this
is attributed to an increase in the number of non-bridging oxygen (NBOs). The obtained results indicated that
the CoO and Fe,03 could enter in the glass network and acted as a modifier by occupying the interstitial space
in the network and generating the NBOs to the structure. It was observed that the addition of Fe,O; might
accordingly result in an extension of glass network [16]. These structural changes are confirmed by the obtained
FTIR spectra.
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3.3 Infrared Measurements

IR spectra of the prepared samples are shown in Fig. 3 the spectra are characterized by seven main
absorption peaks. Due to low SiO, content in the present samples the spectra is dominated by the borate network
finger print. The absorption peak in the far infrared region around 320 cm™ is attributed to Fe-O and Co-O
vibrations. Another peak in the far infrared region at about 460 cm™ is related to Fe-O bonds stretching
vibrations in FeOs units [17]. The absorption peak at 700 cm™ is attributed to the bending vibrations of B-O-B
linkage in borate network [18]. It was observed that, the intensity of this peak increased with increasing (CoO-
Fe,03) content.
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Fig. 3 IR spectra of the prepared samples

The two broad absorption bands in the mid IR region around 950 and 1350 cm™ are assigned to BO,
and BO; units respectively. The first band that extends from 840 to 1140 cm™ is assigned tothe B-O stretching
vibrations in BO, units from diborate, tri-, tetra- and penta-borate groups [18] with overlapped absorption of Si-
O-Si network vibrations that give rise to absorption near 815 cm™. The intensity of the BO, units related band
increases and shifts toward higher wavenumbers with increasing (CoO-Fe,03) content. The second band that
extends from 1250 to 1490 cm™ is assigned toB-O asymmetric stretching vibrations of BO3 units in pyro- and
ortho-borate groups with overlapped absorption of the stretching vibration of B-O-Si linkage centered around
1120-1150cm™. It is observed that the intensity of this band showed a little decrease and it shifted toward lower
wavenumbers with increasing (CoO-Fe,05) content. It could be concluded from the previous discussion about
the shape and the intensity of the two bands that, the BO3; bonds convert to BO, with the increase in (CoO-
Fe,Os) content as the metal cation makes chains with BO3; which converts it to BO, units. The conversion of
BO; to BO, leads to more open structure, which is confirmed, from the observed increase in the molar volume
Fig. 2. Si-O-Si network vibrations absorption near 815 cm™, the absorption intensity in this region decreases
with increasing the stretching vibration of B-O-Si linkage absorption around 1120-1150 hence we could
conclude that with the conversion of BO3 units to BO, units the Si-O-Si network converted to B-O-Si linkage.
The absorption peak around 1600 cm™ is assigned to asymmetric stretching relaxation of B-O bonds of
triagonals BOs units [17].  The absorption peak around 3400 cm™ is assigned to OH group [18].

3.4 Electrical Properties
The frequency dependence of dielectric constant, &' and &" of 10 Si0,-40 B,03-50 Na,O: x (CoO-Fe,03);
0<x<50 wt % glass system is shown in Figs. 4 and 5 .
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Fig. 4 Frequency dependence of the dielectric constant for the investigated samples at room temperature.
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Fig. 5 Frequency dependence of the dielectric loss for the investigated samples at room temperature.

It can be observed that, values of &' decrease with frequency up to a certain frequency and beyond that
frequency they remain almost constant. This behavior could be interpreted in terms of the presence of permanent
electrical dipoles in the glass that were produced due to the charge pairs formed by the iron ions and non-
bridging oxygen. Where at low frequency, where these dipoles can match the frequency of the applied field, the
values of &' are maximum. By increasing the frequency of the applied field, these dipoles cannot follow the
alternating field an so the values of dielectric constant decrease. Similarly, the decrease of the imaginary part of
dielectric constant €" (which represents the dielectric loss) frequency could be interpreted as follows. Due to the

relaxation of these dipoles its orientations, especially at high frequency, cannot follow the applied field
frequency.
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Fig. 6 Frequency dependence of ac conductivity o, for the studied samples at room temperature.

Fig. 6 illustrates the frequency dependence of ac conductivity o, () of the glass system. The figure shows that
the conductivity obeys a power relation, o, (m) =A ®°, where A is a constant depends on temperature and s is
the frequency exponent.

Fig.7 shows the composition dependence of dielectric constants €' and " with o, at (frequency=300
Hz) for the investigated samples. It is clear that, all of €’, €" and o, are almost increase as the (CoO-Fe,03) wt%
content increases. The variation of dielectric constants €' and ¢’* with composition could be, also, discussed in
terms of the presence of permanent electric dipoles in the glass. As the iron concentration increases, more of

these permanent dipoles will be arise to share in the polarization leading to increase the values of both &' and &"
with (CoO-Fe,05) content .
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Fig. 7 Composition dependence of dielectric constant €', €" and o, for the investigated samples at
(frequency = 300 Hz).

The increase in ac conductivity with (CoO-Fe,03) wt % concentration presented in Fig. 7 could be explained in
view of the structural changes occurring in the glass network. IR and molar volume measurements of this
system revealed that the addition of (CoO-Fe,03) to SiO,-40 B,05-50 Na,O: x (CoO-Fe,03) glass system
increases the number of non-bridging oxygen atoms. Such a creation of non-bridging oxygen leads to open the
network and to weak the structure. Therefore, the conductivity increase could be attributed to the increase of
mobility of iron ions .

3.5 Magnetic properties

Room temperature M-H loops for all the investigated samples are shown in Fig. 8. One can easily
observe two notes for all the measured samples. Frist, the loops are open hysteresis loops. Second, there is
nearly a full saturation behavior observed especially at the high values of magnetizing field. These observations
revel and indicate to the presence of an ordered magnetic structure [19, 20]. This result supports that obtained
from the x-ray diffraction .Where, it was observed a crystalline diffracted lines at the highest concentration of
(CoO-Fe,05), especially the more intense one (311) plane at angle about 20~ 35°, combined with the hump of
the glass structure. So, one can note that, although there was no crystalline lines are observed in the diffraction
patterns especially at low concentrations of (CoO-Fe,03), the magnetic measurements could indicate the
formation of ordered phase.

Magnetization (emu/g)

Magnetic field H (G X 103)

[
(4]

Fig.8 Hysteresis loops of the 10 SiO,-40 B,03-50 Na,O: x (CoO-Fe,03) glass system

The dependence of saturation magnetization Ms, determined by extrapolation of the magnetization
curve to H=0, on (CoO-Fe,03) concentration is illustrated in Figure9. It is obvious that as the concentration of
(CoO-Fe,0,) increases, the values of Mg are continually increases. This trend could be attributed to that, as the
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weight percentage (wt %) of (CoO-Fe,03) increases the concentration of ferrimagnetic phase, the ordered one,
in the prepared samples increases. This leads to increase the number of magnetic moments per unit volume
which is called magnetization.
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Fig. 9: Variation of saturation magnetization Mg (emu/g) and coercive field H¢ (Oe)
with (CoO-Fe,03) concentration (Wt %)

Fig.9 shows also the change of the coercive filed (H¢) with (CoO-Fe,03) —concentration. It is obvious
that Hc decreases dramatically with increasing (CoO-Fe,05) content. This behavior could be explained in light
of Brown's relation. Where, the coercivity depends upon particle size, saturation magnetization Mg and
magnetocrystalline anisotropy constant (k;). Brown's relation is given by,

2K,
|’Lr:.~ M_‘-'

(6)

H. ®

where, |, is the magnetic permeability. It is known that the anisotropy field in ferrites results mainly
from the presence of Fe?" ions [21, 22]. Since the ferrimagnetic phase which is formed is CoFe,O, for all the
investigated samples, then the concentration of Fe?* ions is almost constant leading to make Kjis the same for all
the samples. Thus, according to Brown's relation, as (CoO-Fe,03) concentration increases the values of Mg
increases leading to decrease the values of Hc which is obtained in the results.

IV.  Conclusion

Addition of (CoO-Fe,05) to the glass system 10 SiO,-40 B,03-50 Na,O: x (CoO-Fe,05) leads to:

e Gradual increase of the density because of the high molecular weight of Fe and Co ions.

e The conversion of BO3 units to BO, units results in an increased molar volume of the studied glass system.
A slower rate of molar volume increase at high (CoO-Fe,03) content is attributed to enhanced B-O-Si
linkage.

o Dielectric parameters such as dielectric constants €', €", and a.c. conductivity o, were found to increase
with increasing of (CoO-Fe,03) content.

e Formation of nano-crystalline particles of CoFe,0, ferrite phase.

e Increase the values of saturation magnetization and decrease that of coercive field.
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