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ABSTRACT

The amorphous glasses containing PbO, ZnO, MgO, and B»,O3 have been fabricated using the melt quenching
technique. The structural properties have been analysed using the Fourier-transform infrared (FTIR) and Raman
spectroscopy. Derivative of Absorption Spectra Fitting (DASF) method have been used to estimate the band gap
energy from the UV-Vis absorption data which decreases from 3.02 eV to 2.66 eV with increasing the concen-
tration of the PbO.The four glass samples 0.284 and 0.826 MeV showed unique variations in terms of gamma
attenuation ability. LZMB4 glass sample proved to be the mist effective in terms of shielding of gamma radiation
as it requires little distance compared to LZMB3, LZMB2 and LZMB1 to attenuate. RPE revealed a raise with
increase in the thickness of the material and reduces as the energy raises. TF is superior in LZMB1 compared to
LZMB2, LZMB3 and LZMB4, confirming that, LZMB4 will attenuate better. The Zgg of the materials was seen
falling as the energy increases, confirming that the linear attenuation coefficient of the glass materials decreases
when the energy is increased. The results confirmed that, glass material LZMB4 is the best option especially for

gamma radiation shielding applications compared to LZMB3, followed by LZMB2, then LZMB1.

1. Introduction

It is most necessary to impose radiation shielding protocols in order
to stop the adverse health implications ionizing radiation on the sensi-
tive equipment and well-being of human because of the threat it posed in
different sectors [1]. This necessity was based on the fact that this ra-
diation is highly ionizing, especially the gamma radiation with their
ability to cause ionization in atoms, and subsequent disruption of the
structures of molecules in a living tissue [2]. Sicknesses related to ra-
diation, mutations in the cellular and damages in tissues are part of the
serious health effects that might results from such ionization processes
[3]. In places like hospitals where radiation is mostly employed in
processes like imaging (diagnoses) and treatments (therapy), there is
always an urgent need for shielding of such ionizing radiation [4]. This
shielding urgency is based on the fact that the patients, the public and
the health personnel needs to be protected against unwanted exposure to

* Corresponding author. University College, Benra, Dhuri, 148024, Punjab, India.

this harmful radiation while ensuring its benefits in medical procedures
[5]. Being radiation a byproduct in nuclear power plants, it is similarly
necessary to protect the workers as well as to prevent contamination of
environment from this byproduct by employing as a matter of urgency, a
strict shielding modality [6]. It is also important and necessary for in-
dustries with research laboratories, space explorations and
non-destructive testing to shield their workers and their environments
from these challenges of radiation exposure [7]. More so, since there is
advancement in the technological applications of ionizing radiation, it is
also a requirement to shield electronic components in order to prevent
them from damaging and also to be sure of the sensitive instrument’s
integrity [8]. Accordingly, different materials such as ceramics, alloys,
glasses and others are used for radiation shielding purpose.

Structural assessment of glass entails complex analysis of the glass’s
compositions, crystalline structures and density, as such features
notably improve the gamma radiation attenuating ability [9]. Since
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different glasses responds to radiation differently, it is necessary to have
clear apprehension in order to have direction while fabricating these
glasses for a particular purpose [10].

The crystal structure and the density of a glass material have advance
impact on the glass’s attenuation ability, promising that the choice of
the glass material gives an improved fencing in opposition to radiation
[11]. At the same time, optical features such as lucidity, dispersive na-
ture and index of refraction plays an important part in practical appli-
cations of such glasses [12].

In places like nuclear power plants as well as medical tools where
there is need to be monitoring and seeing the procedures going on,
optically transparent materials for shielding are most needed [13].
There is hence need for a detailed study on the optical and structural
features of glasses to be applied for shielding purposes in order to
delicately maintain efficiency in protection against radiation and prac-
tical utilization, putting the glass in order with the demand of different
industries [14].

Despite the advantages of glasses in shielding applications, glasses
comprising of PbO, ZnO, MgO and B,03 might have more advantage in
terms of shielding applications over other glasses [15]. This may be due
to their high optical and structural properties. PbO play an important
part in shielding gamma radiation effectively because of its high Z [16].
Introduction of MgO and ZnO also may increase the quality of the
structure while retaining the lucidity (an important prerequisite in a
purpose where transparency is required) [17,18]. ByOs serve to
customize the glass matrix to an appreciable level, determining features
like heat expansion and density [19]. Mutual exchange between PbO,
ZnO, MgO and ByO3 produces glass materials which succeeds both
optically and structurally [20]. Such glass materials provide a lucent
fence, solving the double disputes of giving structural equilibrium and
effective shielding of gamma radiation [21]. Also, comparing these glass
materials with other conventional materials such as concrete or lead,
these glass compositions give a diverse solution, promising efficient
protection against gamma radiation with no compromise to visible
features of the glasses [22]. This edge is especially vital in health or
medical settings, making it possible for procedures like diagnoses where
regular observation is required [23]. The proceeding significance on
analyzing and upgrading such glass materials implies a tactical method
of improving materials for shielding against radiation, offering solutions
which does not only solve the present disputes but equally clear ways for
later technologies in protection against ionizing radiation [24].

We have studied the physical and mechanical properties of the
PbO-ZnO-MgO-B,0s3 glasses in our previous reporting [25]. In contin-
uation of this research work, we characterized glasses composing of
PbO, ZnO, MgO, and B203 in terms of their structural, optical, and
gamma ray shielding properties for ionizing radiation shielding
applications.

2. Materials and methods
2.1. Preparation of samples

The fabrication of PbO-ZnO-MgO-B203 glasses involved the use of
the melt-quenching technique. In the initial phase, oxides of the AR

grade of desired quantity as specified in Table 1 were weighed using an
electronic scale with a precision of 0.001 g. Creating a reliable blend

Table 1

Composition and Optical parameters.
Sample code Moles of oxides present p (g/cm?) Eg (eV)

PbO Zno MgO B,0s

LZMB1 0.45 0.1 0.1 0.35 4.701 3.02
LZMB2 0.5 0.1 0.1 0.3 5.044 291
LZMB3 0.55 0.1 0.1 0.25 5.366 2.81
LZMB4 0.6 0.1 0.1 0.2 5.687 2.66
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with the use of an agate mortar, essential for breaking down an array of
chemicals into fine particles. The resultant mixture was carefully placed
in an alumina crucible within a muffle furnace. The furnace was heated
to 1050 °C and maintained at this temperature for 2 h, with periodically
stirring the molten mixture to ensure even distribution of the compo-
nents. Subsequently, another furnace with graphite mold was kept at
300 °C during the annealing process. The molten material was poured
into the graphite mold. The purpose of the annealing process was to
mitigate internal stress in the material, thus minimizing the risk of
breakage. The densities of the prepared glasses have been measured
using the Archimedes’ principle as described in our previous reporting
[25].

2.2. X-ray diffraction (XRD) spectroscopy

X-ray diffraction analysis is conducted using the Panalytical X' Pert
Pro X-Ray Diffractometer. The instrument utilizes Cu-K, radiations with
a wavelength of 1.54 A, operating at 45 kV and 40 mA, covering a 20
range from 2° to 90°.

2.3. FTIR spectroscopy

Perkin Elmer-2, an advanced FTIR apparatus, was used to capture the
FTIR spectra spanning a broad wavelength from 4000 to 400 cm ™! using
KBr as a matrix.

2.4. Raman spectroscopy

The high-resolution STR500Airix Confocal Raman Spectrometer
with PL with precision levels below 0.5 cm™! was used to record the
Raman spectra. This system utilizes a 532 nm laser.

2.5. UV-Vis spectroscopy

By analysing its UV-Vis absorption data, the DASF approach may be
employed to ascertain the energy band gap (Eg) of a substance [26-28].
The DASF method provides a systematic approach for extracting infor-
mation about the energy band gap from UV-Vis absorption data without
requiring detailed knowledge about the specific nature of electronic
transitions. It leverages the discontinuity in the derivative plot to
pinpoint the wavelength associated with the band gap, allowing for the
determination of the material’s optical band gap energy. The DASF
method involves the analysis of the derivative of a particular expression
related to the absorption data. The expression is given by Refs. [27,28]:

@

Where A(2) is the absorption intensity at a given wavelength 1, m is a
constant and 4y is the wavelength at which the derivative plot has a
discontinuity.

2.6. Phy-X/PSD software

For the theoretical assessment of a material’s radiation shielding
effectiveness, the Phy-X/PSD software is used [29]. It is a online simu-
lation tool that requires the material’s densities and chemical compo-
sitions as input and provides a specific set of shielding parameters at
required energies as an output.
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3. Results and discussion

1 —— LZMB1

3.1. Structural analysis —— LZMB2
, , ‘ . i ——LZMB3

The obtained XRD spectra for the studied materials are shown in LZMB4

Fig. 1. The lack of a sharp peak and the presence of two wide humps
between 20° and 37° and 40° and 60° respectively demonstrate that the
structures of glasses are amorphous [30,31]. The d-spacing variations
within the glass network are responsible for the formation of broad
humps in the spectra.

Fig. 2 presents the FTIR spectra in the 400-1800 cm ™! range of the
LZMB glass series. It can be divided into four significant regions. In
Region-I, spanning 400-550 cm ™}, we observe small peaks about ~450
em™! and ~500 cm_l, which are associated with the vibrations of
0-Pb%*, 0-Zn?*, and O- Mg?* [32,33] which becomes prominent with
the increasing concentration of PbO as network modifier PbO fills empty
spaces between [BOs] units with Pb%" ions [34]. An increase in PbO
content affects the electrostatic fields of the highly polarizing Pb>" ions,
potentially leading to an increase in the wavenumber of B-O-B bending
vibrations [35]. Region II, spanning 550770 cm ™}, correlates with the
B-O-B bending modes of BO3 units [36]. The absorption about ~620
cm ™! may corresponds to the bending of O-B-O bonds or to the vibra-
tion of PbO [34,36]. Lead plays a dual function. When these cations
create ionic bonds, it functions as a network modifier. Secondly, it act as
glass formers when Pb-O is covalent [37]. Thus lead ions have the po-
tential to create BO4 tetrahedra by disturbing the network. The bending
of B-O-B correlations extends to 707 cm ! [38,39]. Region-III,
stretching from 770 to 1100 cm ™!, corresponds to the stretching of

---- % Transmission (a.u.) ---------->

1 T T T T T T " T T 1
400 600 800 1000 1200 1400 1600 1800

Fig. 2. FTIR plot for different samples.

B-O bonds in (BO4) units [40]. The vibrations in this region can be due
to stretching vibrations of B-O and stretching vibrations of BO4 tetra-
hedra about ~815 cm’l, ~905 cm’l, and ~995 em ™! [41]. Region-1V,
spanning 1100-1500 cm 2, involves B-O stretching in BO3 and BO,0~
units [42]. In contrast to the second zone, the last FTIR region, which
extends from 1100 to 1500 cm ™!, shows more pronounced bands, which
represent the stretching vibrations of the trigonal BO3 structural units.
Within the (B03)3' unit, the stretching vibrations of the B-O bonds are
reflected by the band at around 1250 cm ™', The majority of this process
relies on oxygen atoms bonding with various groups [43,44]. B-O
asymmetric stretching causes the band about 1290 cm™~! [45]. At about
1383 cm ™!, metaborates, pyroborates, and orthoborates experience the
stretching vibrations of B-O trigonal (B03)3' groups [46].

The Raman spectra of the glasses under investigation (Fig. 3) display
peaks within the range of 100-1600 cm™!. The Raman spectra have
revealed the presence of eight prominent peaks about 144, 292, 622,
725, 930, 999, 1250, and 1284 cm™ . The presence of a peak about 144
cm ™! might be attributed to the structural arrangement of the PbO,
pyramid, where Pb?" ions coordinate with the pyramid’s apex four times
[47,48]. The highly polarised shoulder, which occurs at around 292
cm"l, is attributed to the bending modes of ZnO4 units [49]. The band
seen about 622 cm ™! was assigned to the bending mode of the Pb-O-B
links and the localised breathing movements of oxygen atoms in the
boroxol ring [50,51]. The strength of the band about 725 cm’l, formed
j T j T j T ) T ) due to the presence of metaborate groups, decreases with PbO content.

20 40 60 80 100 The formation of orthoborate and pyroborate groups are responsible for

. the Raman bands about 930 cm ! and 1250 cm ! respectively [52]. The

- 26 (In degree)""> kink observed about 919 cm™! in LZMB3 and LZMB4 sam};’)les corre-

sponds to the elongation vibrations of B-O bonds in orthoborate

---- intensity (a.u.)---->

Fig. 1. XRD plot for different samples.
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structures composed of pyramidal BO3 units [53]. The wide spectral
range centred about 930 cm ™! may be attributable to the asymmetric
stretching motion of anions in B-O-Pb, B-O-Bi, and/or B-O-Zn bridges.
The peak about ~919 cm ™ is missing in LZMB1 and LZMB2 samples
where another peak around ~999 cm ™! represents the B-O stretching
vibration of tetrahedral BO4 in BO3. orthoborate units [54]. The band at
1284 cm™! is the cause of B —O— vibrations in ortho and pyroborate
segments [40,54].

3.2. Optical analysis

Al)
Then % is plotted against 1 in Fig. 4. The discontinuity in the

plot signifies a unique point where the derivative experiences a sudden
change. This point is 1 = /11_3’ and it represents the wavelength at which
the material undergoes an electronic transition. The wavelength 1g
corresponding to the discontinuity is then used to determine E using the
relationship:

1239.82
:LeV

2 % (2)

From Fig. 4, the discontinuity corresponding to = t are 0.002436

nm~},0.002349 nm ™}, 0.002266 nm ! and 0.002147 nm ! respectively
for the LZMB1, LZMB2, LZMB3 and LZMB4 samples. From the reciprocal
of these values, one can find the value of 1; which is equal to 410.51 nm,
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425.71 nm, 441.31 nm and 465.77 nm respectively for the LZMB1,
LZMB2, LZMB3 and LZMB4 samples. Using the expression from Eq. (2),
one can find the E; which is equal to 3.02eV, 2.91 eV, 2.81 eV and 2.66
eV respective for the LZMB1, LZMB2, LZMB3 and LZMB4 samples. It
suggests that the amount of energy necessary for electronic transitions
inside the glass structure has also reduced. This is because of the
structural alterations that are caused due to weakening of the metal
oxygen bond which results is an increase in the number of non-bridging
oxygens (NBOs) [55]. Thus inclusion of PbO promotes the creation of
NBOs in the glass matrix, which provide new energy levels to the band
structure and, as a result, reduce the energy required to bridge the band

&ap.

3.3. Gamma ray shielding analysis

Fig. 5 presented the analysis of the HVL, TVL and MFP each at energy
of 0.284 MeV. It could be observed in Fig. 5 that, for glass sample
LZMB1, the distance required to reduce the energy of 0.284 MeV to half
(0.142 MeV) is 0.429 cm while glass sample LZMB2, LZMB3 and LZMB4
at the same energy, required 0.386 cm, 0.352 cm and 0.323 cm
respectively to achieve the same goal. It obviously be seen from the same
Figure that, in glass sample LZMBI1, the distance needed to attenuate the
energy of 0.284 MeV to tenth (0.0.0284 MeV) is 1.425 cm while glass
sample LZMB2, LZMB3 and LZMB4 at the same energy, required 1.282
cm, 1.169 cm and 1.073 cm respectively to achieve the same aim.
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Fig. 5. HVL, TVL, MFP Plots for different samples at 0.284 MeV.

Moreover, it is clearly seen that, in glass sample LZMBI, the distance
that must be needed to for possible interaction is 0.619 cm while glass
sample LZMB2, LZMB3 and LZMB4 at the same energy, required 0.557
cm, 0.508 cm and 0.466 cm respectively to achieve the same aim.

Fig. 6 presented the analysis of the HVL, TVL and MFP each at energy
of 0.826 MeV. A similar trend to that of Fig. 5 could be observed in
Fig. 6, with glass sample LZMB1 requiring a distance of 1.84 cm to
attenuate 0.826 MeV photons by 90%, while glass sample LZMB2,
LZMB3 and LZMB4 at the same energy, will need 1.701 cm, 1.588 cm
and 1.489 cm respectively to achieve 90% attenuation. It is also clear
from Fig. 6 that, glass sample LZMB1 required a distance of 6.112 cm to
attenuate 0.826 MeV photons to tenth of its initial intensity, while glass
samples LZMB2, LZMB3 and LZMB#4 at the same energy, needs 5.652 cm,
5.276 cm and 4.947 respectively to achieve the same attention. From
same Figure, it is clearly seen that, in glass sample LZMBI1, the distance
that must be needed to for possible interaction is 2.655 cm while glass
samples LZMB2, LZMB3 and LZMB4 at the same energy, required 2.455
cm, 2.291 cm and 2.148 cm respectively to similarly have one possible
interaction each. The result implied that, less distance is required for
photon energy in the material LZMB4 to get attenuated compared to
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Fig. 6. HVL, TVL, MFP Plots for different samples at 0.826 MeV.
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LZMB3, then LZMB2 and LZMB1 with the highest required distance,
making LZMB4 the better material in terms of gamma radiation
shielding applications compared to other examined materials.

Also, RPE of LZMBI1 has been computed at different thickness and
presented in Fig. 7. Based on Figure, it is clear that the radiation
shielding efficiency (RPE) increased with enhanced thickness of the
material, and also falls with raise in energy. This could be observed from
the chart (Fig. 7), since at x = 1.2 cm, the material exhibits better RPE
when compared RPE at x = 0.75 cm, and when x = 0.5 cm the material
exhibits the lowest RPE.

Raise in radiation transmission factor (TF) leads to fall in linear
attenuation coefficient (p), as TF is a reciprocal of p. Fig. 8 present the
computed results for TF of all samples at thickness of x = 0.5 cm. It could
be seen that, at varying energies, the TF was highest in glass sample
LZMB]1, followed by glass sample LZMB2, then glass sample LZMB3 and
glass sample LZMB4 has the lowest TF. This confirmed that the glass
material LZMB4 has better attenuation, followed by LZMB3, then
LZMB2 with LZMB1 having the lowest radiation attenuation.

In Fig. 9, the HVL for the prepared glasses have been compared to
other glasses [56]. Clearly, the HVL for LZMBI1 is lower than
14Pb0O-21PbF,-35B,03-30Si04, while the HVL for LZMB2 is lower than
14PbO-28PbF2-28B5,03-30SiO, and LZMB4 glass has lower HVL than
all the PbO-PbF,-B203-SiO- glasses.

4. Conclusion

The PbO-ZnO-MgO-B,03glasseshave been fabricated using the melt
quenching technique. The XRD spectroscopy reveals that glasses are
amorphous. The various kinds of the stretching and bending modes vi-
bration and the presence of different structural units have been revealed
using FTIR and Raman spectroscopy. The DASF method have been used
to estimate the Eg from the UV-Vis absorption data. The Egdecreases
from 3.02 eV to 2.66 eV with increasing the concentration of the PbO.
The four glass samples 0.284 and 0.826 MeV showed unique variations
in terms of gamma attenuation ability. LZMB4 glass sample proved to be
the mist effective in terms of shielding of gamma radiation as it requires
little distance compared to LZMB3, LZMB2 and LZMB1 to attenuate. RPE
revealed a raise with increase in the thickness of the material and re-
duces as the energy raises. TF is superior in LZMB1 compared to LZMB2,
LZMB3 and LZMB4, confirming that, LZMB4 will attenuate better. The
HVL results showed that LZMB1 requiring a distance of 1.84 cm to
attenuate the energy of 0.826 MeV by 90%, while glass sample LZMB2,

0.9 - —&—x=0.5cm
| —e— x=0.75cm
0.8 4 —A—x=1.2cm
0.7
0.6
w 0.5
o
o |
0.4
0.3
02 A
| — o
0.1 4 T ————na
T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
E (MeV)
Fig. 7. RPE Plots for different samples versus energy at some selected
thicknesses.
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Fig. 9. Comparison of the HVL of the present glasses with
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LZMB3 and LZMB4 at the same energy, will need 1.701 cm, 1.588 cm
and 1.489 cm respectively to achieve 90% attenuation.
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