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Abstract

Different concentrations of bismuth oxide (x= 0, 5, 10, 15, 20, 25, 30) are added at the expense of boron oxide in the
synthesized glassy matrix containing a fixed concentration of lead oxide. All the prepared samples are characterized using FTIR,
UV/Vis. spectroscopic techniques and XRD before and after being exposed to y-radiation of doses 8 and 12 Mrad. No changes
are observed in the wavenumber positions related to the functional groups of the constituents after irradiation. The optical band
gap shows a decreasing trend after irradiation that depends on the irradiation dose. The number of coordinate boron reveals a
minor variation in their values correlated to the radiation dose. Besides, all glasses show amorphous nature before and after
irradiation indicating that samples can be used for radiation shielding.
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1. Introduction

B,0s is considered one of the serious former glass
and influx materials. It dissolves in high viscosity-rich
compositions of B2Os; and tends to form glass. The
important  features of, borates with various
compositions are important because of their versatile
optical characteristics [1, 2]. Boron oxide can be
considered as one of the most prevalent glass-formers
which have two different structural units that are
arranged or linked with each other to form vitreous
structural groups namely [BOgs] triangular units and
[BO.] tetrahedral units depending on the glass
composition.

Bismuth oxide is a heavy metal oxide with
substantial third-order nonlinear optics susceptibility
when used as a conditional glass, forming a higher
refractive index combined with higher density within
the glassy matrix [3, 4]. Bismuth oxide is also used
for the  preparation of  high-temperature

superconducting ceramics having the ability to absorb
gamma radiation. The addition of Bi,O3 to different
glass matrices results in  higher corrosion
characteristics and low crystallization tendency
through crosslinking characteristics resulting from
both distorted octahedral [BiOs] that may act as a
network modifier and/or pyramidal [BiO3] units that
act as a glass former within different glass network.
The high density and optical transparency of glasses
containing heavy metal oxide including bismuth and
lead make them ideal for radiation shielding
applications besides other optical and optoelectronic
applications. Both bismuth and lead ions are used as
modifiers in the borate matrix which may result in the
lowering of the glass melting temperatures and
extension of the glass formation region [5-8].

Gamma rays are considered a part of ionizing
radiation that interacts with the material through three
different processes. Namely, photoelectric effect,
Compton scattering, and pair production depending on
the energy of the incident photons. Gamma rays
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usually produce point defects most of them resulting
from the secondary fast electrons while the vacancies
in solid materials are mobile and combined with
themselves from a complex defect to attain lower
energy levels in the forbidden gap [9].

Presented work aims to introduce an optimized
glass structure containing different amounts of heavy
metal oxide (HMO) that may be used in different
radiation applications as a glass shielding or
dosimeter. The work extended to study the effect of
different additives in the structure and optical
characteristics of studied glasses.

2. Experimental Work

Pure chemical materials are used for the glass
preparation including Boron oxide (B2O3) obtained
from Orthoboric acid (H3BOs) supplied by EI-Nasr
chemicals. Lead oxide and bismuth oxide are supplied
by Rayasan chemicals and used as received. Melt-
quenching method is used for preparation of sample
with compositions of (60-x)B203-40(PbO)-xBi0s
where (x = 0.0, 5, 10, 15, 20, 25, 30). Sample notation
and composition are recorded in table (1).

Table (1): Sample notation and composition

Composition mol%

Notation B.O;  PbO  Bi:Os
PbBBI0 60 40 0.0
PbBBIi5 55 40 5
PbBBIi10 50 40 10
PbBBI15 45 40 15
PbBBIi20 40 40 20
PbBBIi25 35 40 25
PbBBIi30 30 40 30

For spectroscopic characterization, pulverized
glass samples are used for FTIR while polished
samples are used for UV/Vis. measurements. All
samples are subjected to the same gamma-ray doses
(8Mrad and 12Mrad). FTIR spectral data is recorded
within full range extended between 4000-400 cm™
using Nicolet i10 ThermoFisher using traditional KBr
disc techniques. Minor amounts of pulverized glass
sample to KBr (1:100 g) are mixed in an agate mortar
and subjected to a pressure of 5 tons/cm? until clear
homogeneous discs are obtained. FTIR spectral data
are recorded immediately after disc preparation to
avoid moisture attacks. Polished glass samples with
required dimensions are employed to measure the
UV/Vis. optical absorption spectra using JASCO V-
570 double beam spectrophotometer within the range
200 to 900 nm. All samples are measured before and
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after the irradiation process. XRD experimental data is
recorded for fine glassy powdered samples via
PANalytical X Pert PRO system adopting copper K,
line in the range 26 diffraction angle between 4 to 70°
to ensure the amorphous nature of the prepared
samples and to confirm the absence of any phase
separation or tendency for crystallization processes.

3. Results and discussion

3.1. X-ray diffraction

Figures (1-a,b, and c) show the XRD pattern of the
studied glasses before and after being irradiated with
two different gamma-ray doses namely 8 and 12 Mrad.
The lack of a prominent peak establishes the absence
of any long-range organization pattern in the
crystalline structure [10]. In other words, it proves the
glassy attitude of the studied samples before and after
irradiation with gamma radiation doses.

3.2. FTIR Spectral Absorption data

Figure (2) shows FTIR spectral absorbance of the
prepared glass samples before irradiation. Obtained
data shows the general behavior of previously studied
lead borate glasses comprising several broad peaks
characterizing the presence of both triangular borate
units (BOs) and tetrahedral borate units (BOa).
Introducing heavy metal oxide (Bi2O3) may result in
some important variations including change in
intensity of some peaks and change of wavenumber
position of the band originally located at 1320 cm is
assigned to BOs vibration groups. The broad less
intense band centered at about 940 cm™ is usually
assigned to BOs structural unit vibrations [11-13].

The spectra also reveal maintenance of a small peak
with a fixed position nearly in all samples located at
695 cm™. Further addition of HMO results in the
generation of a new low-intensity band centered at
about 485 cm™ attributed to the presence of Bi.Os
oxide with higher contents (15-30 mole%). The same
behavior is observed for the samples that irradiated
with 8 and 12 Mrad with minor changes. Band
assignment and correlation with the experimental data
are well estimated and conducted through
deconvolution analysis technique (DAT) of the
spectral data for smeared and overlapped peaks within
the fingerprint region extended from 2000 to 400 cm™
[14].
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Figure (1): XRD pattern of (a) samples before irradiation (b)
samples after 8Mrad gamma irradiation and (c) samples after
12Mrad gamma irradiation
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Figure (2): FTIR spectral absorbance of the prepared glass samples
before irradiation.

Obtained spectra are corrected for background and
dark current noises using the Peak fit 4.12 program
while the position of the suggested Gaussian spectral
peaks is determined from previous studies of the same
base glass in addition to the second derivative of
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original spectral data [15, 16]. Obtained data is shown
as an example in Figure (3) and employed to calculate
the fraction of tetrahedral boron (N4) using the well-
known formula:

BO,
BO4+ BO3

N, = 1)

Where BO3 and BO4 represent the areas corresponding
to both BO3 and BO4 structural groups respectively.
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Figure (3): deconvolution analysis for the sample PbBBi20

Table (2) summarizes the analyzed FTIR main
spectral bands associated with their assignments.

Additional bands can be observed in lead borate
glass resulting from the introduction of lead oxide.
Several authors reported that lead can be introduced in
the borate matrix as former or modifier oxide based on
their content [18]. Therefore, Pb-O-B bending
vibrations can be observed in the spectral range 400-
650 cm™. In addition, it is noticed that different
irradiation doses generate minor variations in the
intensities of the characteristic peaks without any
change in their position indicating that gamma
irradiation does is not effective on the structural
building units and the changes in FTIR bands may
result from the rearrangement of the building units.
Figures (4-a,b) show an example of FTIR for parent
glass sample and samples that contain 25 mol%
Bismuth oxide before and after being irradiated with
two different doses (8 and 12 Mrad)

The deconvolution analysis technique (DAT) is
used again to calculate the fraction of four coordinated
boron and to retrace the structural changes associated
with the irradiation processes. Calculated data are
listed in the table (3) and shown in Figure (5).
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Table (2): FTIR spectral bands of studied borate units associated

with their assignments

Wavenumber Assignment Ref.
(cm™)

600-800 BOs bending stretching of 11-14
trigonal BOs groups

800-1200 B-O-B (and Pb-O-B) 13,15
bending and borate ring
deformation of BO4 units

1200-1600 BOs stretching vibrations of 13, 15,
trigonal BO3 units 18
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Figures (4-a,b): FTIR spectra of parent glass and samples that
contain 25 mol% Bismuth oxide before and after gamma
irradiation

Table (3): fraction of the four coordinated boron before and after

irradiation
. N4
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Figure (5): fraction of the four coordinated boron before and after
irradiation.

Distortion for both kinds of unit’s borate is between
600 and 800 cm~*. Bands with the range 200-400 cm™
explained the last region and these bands are specified
to cations metal vibrations at their sites. The existence
of dense structural units made up of interconnected
BO.sand BOsgroups, as well as heavy Bi® cations such
as BiOs and/or BiOg units, display shielding properties
against successive gamma irradiation. The presence of
Bi»Os; and B,O3 together reveals the appearance of
BO, vibrational bands at about 950 and 1100 cm due
to the sharing of oxygen from Bi,O3to form tetrahedral
BO, groups. The absorption band at 695 cm™ indicates
the presence of BO3. The absorption band at 943 cm
coincides with the BO4 vibration groups that from Bi—
O vibrations which lie in the same position [18].

3.3 UV/Visible Spectral Absorption data

Figure (6) shows UV/Vis. spectral absorption data
of the prepared glassy samples before irradiation
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Figure (6) UV/Vis. spectral absorption data of the studied glasses

The spectral data shows the presence of a
prominent peak located at 235 nm in all samples
originally attributed for the presence of unavoidable
trace impurity of iron from the chemicals used in the
preparation of refractory when melted. Such band is
followed by another weak band at 305 nm and
combined with a more intense band with a shoulder
whose peak shifts from 380 to 485 nm due to the
increasing of bismuth content pointing to the expected
changes in the values of the optical energy gap. The
UV-near visible absorption bands in the range 275-
440 nm are observed in high bismuth borate or high-
bismuth silicate glasses and correlated to Bi*® ions
[19].

Abdelghany et al. [20, 21] and Ehrt et al [22, 23]
confirmed this postulation that characterizes the
absorption of charge transfer in un-doped alkali
phosphate glass. Some metal ions (such as Pb?* and
Bi®*) are thought to absorb radiation during electronic
transitions involving the metal ions orbitals, and such
spectra have been given the term "Rydberg." Duffy
[24] investigated the absorbed ultraviolet in lead
glasses and proposed that lead ions (Ph?*) play a role
in UV absorption generation in such glasses.
Therefore, the optical energy gap is calculated for both
direct allowed and indirect allowed transition using
Davis and Mott's equation describing the absorption
coefficient o as a function of frequency v [25]:

a(v)hv=B(hv—Egz)™ 2

Where B, hv and Egp, are a constant, the photon
energy and the energy gap respectively while the
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power m is a constant characterize the type of
transition concerning the momentum space. The
values of the optical energy gap are estimated by
plotting the photon energy versus (ahv)? for the
indirect allowed transitions as shown in the spectrum
of base glass and glass containing 25 mol% bismuth
oxide as exemplified in Figures (7. a, b).
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Figure (7) photon energy versus (athv)? for the indirect allowed
transitions

The same calculations are made after the samples
are irradiated with two different doses of gamma rays,
namely 8 and 12 Mrad as shown in figure (8), while
the obtained data is tabulated in table 4.

From the previous data, it is clear that both density
and optical energy gap can be considered as a function
of bismuth concentration, and increasing bismuth
content results in an increase in both density and
optical energy gap resulting from the fact that bismuth
replaces boron. In addition, it is observed that the
optical energy gap is sensitive to gamma-ray radiation
doses and the optical energy gap is reduced with
increasing radiation doses as a result of the
rearrangement of structural units as previously
discussed by different authors [26, 27].
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Figure (8): photon energy versus (ahv)? for gamma-irradiated
samples

Table (4): density and Optical energy gap before and after
radiation.
Optical energy gap (eV)
Before | After After
8Mrad | 12 Mrad

PbBBI0 5.66 3.38 3.22 2.89
PbBBI5 5.64 3.43 3.27 2.97
PbBBi10 5.92 3.49 3.35 3.02
PbBBI15 6.36 3.57 3.42 3.15
PbBBi20 6.11 3.63 3.50 3.21
PbBBi25 6.24 3.75 3.58 3.28
PbBBI30 6.11 3.84 3.66 3.31

Density

Sample (glemd)

It is already known that the exposition of glasses to
high-energy radiation (X-ray, y-rays, ultraviolet light)
gives various features such as chemical, optical,
electrical, magnetic, and mechanical properties [28].
Gamma rays may result in a change in the UV/Vis.
electronic transitions resulting from centers that
generated due to capturing liberated pairs of electrons
and positive holes through a radiation process pointing
to the shielding attitude of the studied samples [29].

4. Conclusion

Sample of the ternary glass system composed of
lead-bismuth borate including bismuth at expense of
boron atoms is successfully synthesized using the
traditional melt quenching route. Prepared samples are
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studied using spectroscopic techniques before and
after irradiation with two different gamma-ray doses
to retrace the effect of both irradiation doses and
bismuth content. FTIR Spectral data shows the
maintenance of the absorption bands related to both
trigonal BOs and tetrahedral BO4 units. Calculations
of the four coordinated boron N4 before and after
gamma irradiation reveal that the number of four
coordinated boron increases with increasing both
bismuth content and irradiation doses. Bismuth
addition is noticed to introduce limited variations due
to the formation of extra structural causing some
polymerization.
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