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Abstract: Mechanical properties, elastic moduli, transmis-
sion factors (TFs), and gamma-ray shielding performance
of quaternary glass systems with chemical composition
(0.25-x)Bi,03-xB,03-0.75(50%P,05-50%V,05), where x =
0.05 (S1), 0.10 (S2), 0.15 (S3), and 0.20 (S4) mol%, were
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comprehensively studied. The MCNPX code, Phy-X/PSD
software, and the Makishima—Mackenzie model were uti-
lized to achieve the mentioned purposes. The values of the
packing density (V;) decreased from 0.634432 to 0.600611,
while those of the dissociation energy (G;) increased
from 51.6125kJ/cm’ for the S1 glass sample (with Bi,03 =
5mol%) to 56.7525k]/cm> for the S4 glass sample (with
Bi,03 = 20 mol%). This means that the mechanical proper-
ties were enhanced by increasing the Bi,Os; content in
glasses. Linear (4) and mass attenuation (uy,) coefficients
for the S4 glass sample were the greatest compared to
those for glass materials investigated, i.e., (U, Ym)s1 < (U,
Mm)s2 < (Us Um)s3 < (Us Mm)s4- Half- and tenth-value layers
(HVL and TVL, respectively) follow the trend: (HVL, TVL)s; >
(HVL, TVL)s, > (HVL, TVL)s3 > (HVL, TVL)g,. The effective
atomic number (Z.5) of investigated glasses has the same
trend as of linear and mass attenuation coefficients. Our
findings indicate that increasing the amount of Bi,O; rein-
forcement decreased the exposure buildup factor and energy
absorption buildup factor values for all mean free path
values (0.5-40 mfp). All glasses recorded the minimum TF
values at a thickness of 3 cm. The findings would benefit the
scientific community in determining the most appropriate
additive bismuth(m) oxide/diboron trioxide type and related
glass composition to provide the shielding properties pre-
viously mentioned in terms of needs and utilization require-
ments, as well as the most suitable glass composition.

Keywords: quaternary glasses, transmission factors, MCNPX,
Makishima—Mackenzie model

1 Introduction

Ionizing radiations (particle and electromagnetic) are
increasingly used in medical and industrial applications
for various purposes. The advantages of these radiations
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are increasingly being used in electric power generation,
radiotherapy, medical diagnosis, nuclear power, and many
industrial operations. Several organizations and institutes
have developed guidelines for safely using and dealing with
this type of radiation. Time, distance, and shielding are the
three basic concepts of radiation protection [1-5]. The effi-
ciency of shielding materials can be improved by increasing
absorption of these materials to different types of ionizing
radiations. For many years, lead (Pb) and concrete have
been considered ideal shielding materials. Toxic properties,
opacity, installation difficulties, and space consumption are
only the few disadvantages and concerns of these two mate-
rials. Glass shielding is logical when clear protection against
ionizing radiations is required [6—8]. Borate-based glasses
are fascinating optical materials because of their excep-
tional and unique properties, including high transparency,
high thermal stability, low cost, and low melting tempera-
ture points [9,10]. Many applications of oxide-based glasses
in various science disciplines have sparked research interest
on these materials. The study of vitrified materials is now
considered a subset of the larger area of materials science.
The use of alkaline oxides to modify borate glasses is parti-
cularly intriguing. Heavy elements and oxides are added to
the borate-glass network as modifiers to improve the radia-
tion absorption performance of the material. Among the
several types of oxides, bismuth oxide (Bi,Os) has excellent
compatibility with borate glasses. Bi,0s is the utmost sub-
stitute for toxic lead oxide because it forms glasses easily
[11]. Lakshminarayana et al. [12] have investigated the
effect of Bi,O; in compositions B,03;-Bi,0s—Ca0 and
B,03-Bi,05-SrO on radiation shielding properties using
MCNPX, Geant4, and Penelope codes. They concluded
that increasing the amount of Bi,0O5 resulted in an improve-
ment in shielding properties. The results obtained by Alsaif
et al. [13] further indicate that glass (compositionally graded
Pb-free lithium borate glass) has demonstrated its support
of a superior-ray shielding effectiveness compared to the
other types of glasses tested [14]. The physical and optical
properties of glass systems are improved by combining
other glass formers such as SiO,, B,O3;, P05, and GeO,
[15-17]. Phosphate (P,05)-based glasses, on the other hand,
are attractive materials for opto-electronic and electronic
equipment due to their environmental friendliness, low
melting temperatures, good UV-transmittance qualities,
and high thermal expansion [18]. In a similar way, com-
bining phosphate glasses with boron oxide improves dur-
ability. Both phosphate and borate glasses have poor
chemical resistance, which is critical for their practical
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applications [19,20]. Simultaneously, it was discovered
that adding B,0O; to phosphate glasses or P,O5 to borate
glasses improves chemical stability by forming P-O-B
bonds in the glass network [21-23]. The addition of B,03
to phosphate glasses improves their mechanical [24] and
optical [25] properties while also increasing their ionic
conductivity [26].

Furthermore, while adding boron oxide to the phos-
phate network initially reduces the potential for crystal-
lization, borophosphate glasses with a high B,05 content
have lower thermal stability [27]. The development of
new glasses with unusual properties and unique applica-
tions, such as biological materials, sealing and packaging
materials, solid electrolytes, and so on, demonstrates the
progress in the study of borophosphate glasses [28—30].
Many researchers have recently thrown light on the impor-
tance of transition-metal oxides (TMO) as glass modifiers.
Vanadium oxide (V,0s) is a smart TMO that may be used as
a conditioned glass former and has excellent electrical and
optical properties [31-33]. Because of their wider glass-
forming region and potential technological uses, V.05
glasses have been regarded as a new branch in semicon-
ducting glasses [34,35]. Radiation shielding parameters
may be calculated theoretically using Phy-X/PSD [36]. Sev-
eral researchers previously evaluated the mass attenuation
coefficient factor (u/p), HVL, mean free path (mfp), effective
atomic number (Z.¢), and other parameters to see whether
borate glasses could be used as y-radiation protective
materials [37-39]. The various types of bismuth (i)
oxide/diboron trioxide reinforcements used to optimize
the glass’s features were hypothesized to change the glass’s
fundamental nuclear radiation shielding, mechanical prop-
erties, elastic moduli, and transmission factor (TF) qualities.
As a result, we wanted to see how bismuth(m) oxide/
diboron trioxide additions affected these glasses’ nuclear
radiation shielding and mechanical properties. The goal of
this research is to develop a new, highly efficient, and envir-
onmentally friendly shielding material that may be used
in nuclear medicine units to replace lead or lead-based
shielding materials. The efficiency and quality of each
sample will be examined and debated as the additive con-
centration increases. The current study determined and
detailed the shielding properties of gamma rays and neu-
tron beams associated with the Bi,05—P,05—B,0s—V,05 qua-
ternary glass system, as well as several key physical and
mechanical aspects. The findings of this inquiry could be
used in future investigations or added to prior ones with the
same goal.
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2 Materials and methods

2.1 Studied glasses

In this article, four glass samples of bismo-vanadio-borophosphate

with chemical composition (0.25-x)Bi,03-xB,03-0.75(50%

P,05-50%V,05), where x = 0.05, 0.10, 0.15, and 0.20, were

selected from ref. [40]. The studied samples are coded as

follows:

e S1: 0.05Bi,03-0.20B,05—-0.75(50% P,05—50% V,0s) with
a density of 3.158 (g/cm®) and a molar volume of 50.226
(cm?/mol).

¢ S2: 0.10Bi,05-0.15B,03-0.75(50% P,05-50% V,05) with
a density of3.501 (g/cm’) and a molar volume of 50.973
(cm>/mol).

¢ S3: 0.15Bi,05-0.10B,03-0.75(50% P,05-50% V,05) with
a density of 3.690 (g/cm?) and a molar volume of 53.724
(cm?/mol).

¢ S4: 0.20Bi,05-0.05B,05-0.75(50% P,05-50% V,05) with
a density of 4.010 (g/cm®) and a molar volume of 54.378
(cm?/mol).

Sample codes, elemental weight fractions, densities,
and molar volumes of the investigated glasses are given
in Table 1.

2.2 Elastic moduli and Poisson’s ratio

Poisson’s ratios (oy_p) and elastic moduli (shear [Sy_ml,
Young’s moduli [Ey], bulk moduli [Ky_ym], and longitu-
dinal moduli (Ly_pm)) of the studied (S1-S4) glasses were
computed using the Makishima—Mackenzie (M-M) for-
mulas [41-45]. The M-M principle mainly depends on
the packing density factor (V;) and the dissociation energy
per unit volume (G;) for the glass system oxides (here,
Bi,0s, B,03, P,0s5, and V,0s). The G; and V; values of these
oxides are tabulated in Table 2. The computed formulas of
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Table 2: Packing density factor (V;) and dissociation/bond energy
per unit volume (G;) of the oxides Bi,03, B,03, P,05, and V,05

Oxide V; (cm®/mol) [32,33] G; (kJ/cm>) [32,33]
Bi,05 26.1 31.6
B,05 20.8 16.4
P,0s 34.8 62.8
V,05 35.6 69.5

(Om-m)> (Svm)s Enviem), Kn-m), and (Ly_m) are given in
Table 3.

2.3 Monte Carlo simulation phase and
studied gamma-ray-shielding properties

Including the fundamental gamma-ray-shielding cap-
abilities, it is vital to assess the shielding materials’
unique attenuation capacities when primary and sec-
ondary gamma rays are available. This technique could
provide crucial data on the proportion of gamma rays
transmitted through the attenuator medium. The term
TF [46] is a critical metric that can assist in determining
the aforementioned values in order to gain a better
understanding of shielding materials’ attenuation prop-
erties against ionizing gamma rays. The TF of the studied
glasses was determined in this study using the Monte
Carlo simulation algorithm MCNPX [47] (version 2.7.0).
The ratio of the radiation flux (F) flowing through the
material medium to the flux incident on the absorber’s
surface is the TF value attributed to a specific absorber.
The mean gamma-ray flux in the F4 tally mesh is divided
by the mean gamma-ray flux in the uniform detection
field to get the TF of the analyzed glasses. Two detecting
fields are positioned in front and behind the glass to
convert this formulation to the MCNPX code. While the
intensity of primary gamma rays was measured on the
right front of the glass material, the intensity of

Table 1: Sample code, elemental weight fraction, density, and molar volume of (0.25-x)Bi,05—xB,05-0.75(50% P,05—50% V,05), where x =

0.05, 0.10, 0.15, and 0.20 glasses

Sample code Elemental weight fraction (wt%)

Density (g/cm®) [31]  Molar volume (cm3/mol) [31]

B (0] P v Bi
S1 0.027254  0.453788  0.146422  0.240816  0.13172 3.1589 50.2263
S2 0.018171 0.403401 0.130164  0.214076  0.234189  3.5016 50.9738
S3 0.010903  0.363085  0.117155 0.192681  0.316176 3.6909 53.7240
S4 0.004956  0.330095  0.10651 0.175174 0.383264  4.0108 54.3781
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Table 3: Total ionic packing density (V,), total dissociation energy (G), Young’s modulus (Ey-m), bulk modulus (Km-m), shear modulus
(Sm-m), and Poisson’s ratio (om_m) based on the Makishima—Mackenzie model of the studied glasses.

Parameters and elastic moduli S1 S2 S3 S4
0.6 2 0.630334 0.60298 0.600611

V= (;*m)Z;(ViXi) 3443 3033 989
Gy = Y,(Gix)) (kJ/cm?3) 51.6125 55.2325 55.9925 56.7525
En-m = 2V;G; (GPa) 65.48928 69.62981 67.52576 68.1723
Km-m = 1.2 ViEn-m (GPa) 49.85822 52.66802 48.86078 49.134
SM—M = (3EM—MKM—M)/(9KM—M - EM—M) (gPa) 25.56015 27.20641 26.59194 26.86585
Lm = Km + §5M-M (GPa) 83.85322 88.85255 84.22806 84.86558

_ .281082 2 .2 2
Oy = (2GMM_MM) ~ 1 (GPa) 0.28108 0.279658 0.269666 0.268754

The x; is mole fraction of the component i of an oxide glass and V,, is the molar volume of the glass samples.

attenuated gamma rays flowing through the glass was
measured immediately behind the glass. The MCNPX
simulation setup for the gamma-ray TF is shown in
Figure 1. As the first stage in the simulation approach,
the geometry of the TF measurement was generated using
the code’s INPUT file. MCNPX’s INPUT file is divided into
three primary sections: a CELL card, a SURFACE card,
and a DATA card. For example, we assessed the equip-
ment’s CELL structures by determining their covering
surfaces and densities. Additionally, the CELL card com-
ponent provides material identification numbers (Mn).
After that, the geometrical orientations of the TF config-
uration’s surfaces were used as input, as well as their
geometrical structures, which may be planar, spherical,
or cone. The DATA card section also incorporates radio-
isotope energies and the source geometry as a point iso-
tropic source. All simulations were run using a Lenovo
ThinkStation-P620/30E0008QUS Workstation-1x AMD-Ryzen,
Threadripper PRO Hexadeca-core (16 Core) 3955WX
3.90 GHz-32 GB DDR4 SDRAM RAM.

3 Results and discussion

3.1 Mechanical characteristics

In order to evaluate Poisson’s ratios and the elastic
moduli of the investigated (S1-S4) glasses, first, the total
ionic packing density (V;) and total dissociation energy
(Gy) of the contribution glass system oxides are computed
and tabulated in Table 3. The values of V; and G; for
S1-S4 glasses revealed that there is a slight decrease in
V; from 0.634432 for the S1 glass sample to 0.600611 for
the S4 glass sample, as shown in Figure 2. The noted

decrease may be attributed to the higher value of the ionic
radius of Bi,03 than that of B,0s. Therefore, increasing
Bi,O; in the S1-S4 glasses increases G; of the system
from 51.6125kJ/cm? for the S1 glass sample (with Bi,O5 =
5mol%) to 56.7525 kJ/cm? for the S4 glass sample (with
Bi,03 = 20 mol%), as shown in Figure 2. This is due to the
substitution of B,0s;, which has a dissociation energy of
16.4 kJ/cm?, with Bi,05, which has a dissociation energy of
31.6KkJ/cm>. Second, Poisson’s ratio (oy_y) and elastic
moduli ([Sp-ml, [Emal, [Km—m], and [Ly_m]) are computed
for the studied glasses (S1-S4) and tabulated in Table 3. A
slight variation in Ejy;_y from 65.48928 GPa for the S1 glass
sample to 68.1723 GPa for the S4 glass sample, Ky_y from
48.86078 GPa for the S3 glass sample to 52.66802 GPa for
the S2 glass sample, Sy_y from 25.56015 GPa for the S1
glass sample to 27.20641GPa for the S2 glass sample,
and Ly from 83.85322GPa for the S1 glass sample to
88.85255 GPa for the S2 glass sample, respectively, is observed,
as illustrated in Figure 3. Poisson’s ratio decreases from
0.281082 (S1 glass sample) to 0.268754 (S4 glass sample)
(Figure 4). The noted variation in the studied mechanical prop-
erties was attributed mainly to the increase in defects and
vacancies and the formation of a large number of non-bridging
oxygen with increasing Bi,O; and decreasing B,0; ratios in
S1—S4 glasses [41-45].

3.2 Gamma-ray-shielding properties

Another phase of the characterization processes of the
studied glass group was the multiple examinations of
the shielding properties of four different glass samples
with different parameters against ionizing gamma rays.
The variation in the material densities of the studied glass
group is shown in Figure 5. The figure shows a linear
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Figure 1: (@) 2-D view of the designed MCNPX simulation setup and (b) 3-D illustration of designed MCNPX setup (2-D and 3-D views are
obtained from MCNPX Visual Editor VisedX22S).
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Figure 3: Variation of elastic moduli as a function of Bi,03 content
mol% for all S1-S4 glasses.

density increasing trend from sample S1 to sample S4.
The primary reason for this rise is because the Bi additive
rate in the S1 sample has been increasing consistently
for each sample, resulting in the S4 sample having the
highest Bi additive rate (0.383264 wt%). As a consequence
of the influence of the highest Bi additive rate, the max-
imum glass density for the S4 sample was 4.0108 g/cm’.
Meanwhile, the term linear attenuation coefficient (1) may
be used to describe a significant parameter dependence on
the material density and can be investigated for each
energy value. Figure 6 illustrates the linear attenuation
coefficient’s fluctuation concerning various energy values
and its representation as a function of increasing energy
values. When an energetic photon interacts with matter,
various types of interactions might dominate the process
depending on the photon’s energy. For instance, the
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Figure 4: Variation of Poisson’s ratios as a function of Bi,03 content
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photoelectric effect is the most prevalent interaction in
the low-energy area. As seen in Figure 6, the linear
attenuation coefficients in the low-energy area have
shown a strong downward trend, with some reports
indicating a dramatic decrease. Following this decline,
a peak in the value of the Bi k-absorption edge was
found, and the linear attenuation coefficient values
resumed their steady decline. We reported the highest
linear attenuation coefficients for the S4 sample among
the glass materials investigated. The primary reason for
this situation is the maximum Bi contribution described
above, as well as the indirect effect of the additive on
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Figure 5: Variation of investigated glass densities.
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glass density. Next, we calculated another essential
gamma-ray-shielding parameter, a density-independent
parameter, namely, mass attenuation coefficient (up,).
Figure 7 shows the variation in mass attenuation coeffi-
cients (cm?/g) with photon energy (MeV) for all S1-S4
glasses. In general, we observed comparable behaviors,
such as linear attenuation coefficients, over a range of
gamma-ray energy areas, including low, mid, and high.
On the other hand, the S4 sample showed the highest
mass attenuation coefficient values among the investi-
gated glasses. This may be explained by the fact that the
highest proportion of Bi in the structure of S4 has influ-
enced the attitude of mass attenuation coefficients due
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0055
0050

0045
i

0.040 \

0035
0030

0025

23 4 56 7 8 9 101 121314 15 16 17

Mass Attenuation Coefficient (cm?/g)
1

0.14
—a—S1
S2
S3
—v— S84
0.01 T T T
0.01 0.1 1 10

Energy (MeV)

Figure 7: Variation of mass attenuation coefficients (cm?/g) with
photon energy (MeV) for all S1-S4 glasses.
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to its higher atomic number. The HVL is one of the prac-
tical definitions that include the attenuation that occurs
as a consequence of shielding materials interacting with
gamma rays at the atomic level. In principle, the HVL
result represents the material thickness at which the
intensity of the gamma ray affecting the shielding mate-
rial is reduced to half [48,49]. Therefore, materials that
halve the same gamma-ray intensity at lower thick-
nesses can be considered superior in terms of shielding
properties [50-57]. The HVL values of the glass samples
studied in this research were determined to be in the
energy range of 0.015-15MeV. The HVL values of sam-
ples S1, S2, S3, and S4 are shown in Figure 8 as a func-
tion of the incoming gamma-ray energy values. As can
be seen, the examined glass samples showed notable
variations in behavior as the photon energy increased
the thickness of the HVL. For example, although the
half-value thicknesses are minimal in the low-energy zone,
they increase proportionately as the energy increases. The
fundamental reason seems to be that the intensity of low-
energy photons may be reduced by a factor of two at very
thin layers due to their poor penetrating abilities. Due to the
glass’s density and weight, the required half-value thickness
for the low-energy region is very minimal for all the glass
samples investigated. However, as seen in the graph, these
thickness values increase up to the range of 3—4 cm in the
high-energy zone. As seen in Figure 8, the S4 sample has the
lowest HVL values at all energy values. As a result of the S4
sample’s attenuation coefficients, it is understood that it per-
forms the halving process at the smallest thickness possible
among all the glass samples examined for given radiation
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Figure 8: Variation of HCL (cm) with photon energy (MeV) for all
S1-S4 glasses.
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energy by taking the lowest values in the half-value thick-
ness values directly related to these coefficients. On the other
hand, a TVL may be used to create another component that
is identical to the HVL and gives comparable functioning
information. As HVL, this parameter defines the thickness
of material required to lower the radiation intensity on the
material by one-tenth [38,39]. Figure 9 illustrates the energy-
dependent fluctuation in the one-tenth thickness of the
examined heavy metal oxide glasses. As can be observed,
TVL values have larger quantitative values compared to HVL
values for identical energy values. This is a normal occur-
rence, and there is a requirement for greater shielding mate-
rial to limit the radiation intensity with a particular energy
value to one-tenth. Although these two characteristics have
quantitative values that vary for the same energy values, the
study’s findings indicate that the S4 sample also has the
lowest one-tenth value thickness values. Including these
two critical properties, the S4 sample will provide minimal
HVL and TVL thicknesses in any process operating between
0.015 and 15 MeV photon energy. This reveals that among
the glass samples studied, employing the S4 sample is the
most beneficial at the lowest cost and with the least physical
space occupied by the glass shielding sample. Individual
interactions between the photon and the material atoms
begin inside the material after the first contact of the radia-
tion with the shielding material and its penetration into the
interior regions. As a consequence of these interactions,
the incoming radiation loses energy, and total absorption
occurs when the energy is reduced to zero. The mfp para-
meter determines the required space between two successive
photon interactions in a material [25-29]. The mfp can be
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Figure 9: Variation of TVL (cm) with photon energy (MeV) for all
S1-S4 glasses.
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computed for a given energy value, and it offers crucial
information about how doping and chemical composition
changes impact the following interaction distance, which
is especially valuable in comparison-based research. The
change in the mfp (cm) as a function of photon energy
(MeV) is shown in Figure 10 for all S1-S5 glasses. As seen
in Figure 10, the mfp values of the examined glass samples
vary according to the incoming photon energy (MeV). This
offers compelling evidence for a relationship between the
penetrating properties of gamma rays and mean distance
traveled by gamma rays. Even though the mfp value
increases with gamma-ray energy, the S4 sample exhibited
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Figure 11: Variation of effective atomic number (Z.¢) with photon
energy (MeV) for all S1-S4 glasses.
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the lowest mfp values for a given gamma-ray energy. In
other words, gamma rays of certain energy may interact in
close proximity inside the S4 sample and are therefore
more effectively absorbed by the material. The fluctuation
of the effective atomic number (Z.g) with photon energy
(MeV) for all S1-S4 glasses is shown in Figure 11. Due
to the predominance of photoelectric interaction in this
energy zone, the greatest Z.; values were observed here.
In the lowest energy range, a considerable increase in Zug
was observed due to the increase in Z (Bi = 83) in the glass
matrix. Following that, due to the frequency of Compton
scattering, the Z.g values in the intermediate zone decreased
considerably. Finally, the growth of Z.¢ was seen in the most
energy-intensive site as a consequence of the bulk of the
phenomena related to steam production. This ensures that
the S4 with the largest mass attenuation coefficients has
the maximum Z. feasible. The effective atomic number
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Figure 13: Variation of EBFs of investigated glasses at different mfp values.
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(Zog) is proportional to the effective electron density (Neg),
which is stated in terms of electrons per mass unit [40].
The N.g values of the S1, S2, S3, and S4 glasses were deter-
mined in this research using the compound concept for the
multi-element glass samples. Figure 12 depicts the variation
in effective electron density (electrons/g) with photon energy
(MeV) for all S1-S4 glasses. The fact that the effective atomic
number (Z.s) value and the effective electron density (Neg)
values are directly proportional to each other caused the Neg
values to show a similar tendency in the energy-dependent
change. The results suggested that the S4 sample, which has
the highest numerical values for the effective atomic number,
has the highest values for effective electron density, theoret-
ically proving the association between these two parameters.
The phrase buildup factor (E, x) is frequently used to refer to
the percentage of total exposure to un-scattered radiation.
Accordingly, the buildup factor may be considered a critical
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metric to consider when designing radioactive shielding
sources such as nuclear reactors. Similarly, for medical radia-
tion protection equipment, the buildup factor is remarkable
for gaining a better understanding of the material’s total
interaction with incoming gamma rays. It is often utilized
to determine the amount of gamma irradiation absorbed by
equipment underutilization. When absorption is dominating,
or the scattering cross-section decreases, the buildup factors
exceed or approach unity. There are two types of buildup
factors that may be expressed as exposure buildup factor
(EBF) and energy absorption buildup factor (EABF). The first
one, namely, EBF is defined as the photon accumulation ratio
when the exposure is the desired amount and the detector
response function is air absorption. On the other hand, the
term EABF is sometimes defined as the photon accumulation
factor multiplied by the quantity of energy absorbed or
deposited in the investigated substance. The variation in
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Figure 14: Variation of EABF of investigated glasses at different mean free path values.
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EBF and EABF values as a function of gamma-ray energy
(MeV) along different mfp values is shown in Figures 13
and 14. As can be seen, both EBF and EABF values are
exceedingly low in the low gamma-ray energy area due to
the photoelectric interaction’s dominance in the absorption
of the vast amount of incoming gamma rays. However, at
around 0.1 MeV, when Compton scattering becomes domi-
nant, the EBF and EABF values significantly increase. Our
findings indicate that increasing the amount of Bi,05 reinfor-
cement decreased the EBF and EABF values for all mfp
values (i.e., from 0.5 to 40 mfp). In other words, the collision
rate of incoming gamma rays significantly increased in the
glass samples as a result of the increase in the amount of Bi
from S1 to S4. Finally, another critical parameter for shielding
materials, the gamma-ray TF, was determined for S1, S2, S3,
S4, and S5 glass samples at various well-known radioisotope
energies, such as 0.0086 MeV (Ga-67), 0.0093 MeV (Ga-67),
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0.0144 MeV (Co-57), 0.0230 MeV (In-111), 0.0532MeV (Ba-
133), 0.0710 MeV (TI1-201), 0.0796 MeV (Ba-133), 0.0810 MeV
(Ba-133), 0.1221 MeV (Co-57), 0.1350 MeV (T1-201), 0.1365 MeV
(Co-57), 0.1405MeV (Tc-99m), 0.1670 MeV (T1-201), 0.1710
MeV (In-111), 0.1840 MeV (Ga-67), 0.2450 MeV (In-111),
0.2764 MeV (Ba-133), 0.2843 MeV (I-131), 0.3029 MeV (Ba-
133), 0.3201 MeV (Cr-51), 0.3560 MeV (Ba-133), 0.3645 MeV
(I-131), 0.3838 MeV (Ba-133), 0.5110 MeV (Co-58), 0.6370 MeV
(I-131), 0.6617 MeV (Cs-137), 0.7229 MeV (I-131), 0.8108 MeV
(Co-58), 1.1732MeV (Co-60), and 1.3325 MeV (Co-60). Two
processes were used to determine the TF values of the exam-
ined glasses. First, we measured the TF factors of S1, S2, S3,
and S4 samples at various glass thicknesses. The TFs of
studied glasses are shown as a result of the radioisotope
energy (MeV) employed at various glass thicknesses, as
shown in Figure 15. It is seen that as the radioisotope
energy increases from 0.0086 to 1.3326 MeV, the TF
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Figure 15: TFs of investigated glasses as a function of used radioisotope energy (MeV) at different glass thicknesses.
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Figure 16: Comparison of the TFs as a function of used radioisotope energy (MeV) for different glass thicknesses.

increases, correspondingly. The glass samples showed the
lowest TF values in the low-energy region for all thicknesses.
This is because these thick samples have high attenuation
capacity for low-energy gamma rays. However, at around

0.1MeV, a significant separation appears. After 0.1 MeV,
glass samples with varying thicknesses begin to behave dif-
ferentially to incoming gamma rays. Maximum attenuation
(also known as minimum transmission) values were
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determined for all glass samples studied at a thickness of
3 cm. This condition is explained by the fact that the shield
thickness influences the attenuation capacities of any
shielding material, implying that increasing shield thick-
ness increases incoming gamma-ray attenuation. Following
that the TF values of the studied glasses were assessed
extensively by comparing their attenuation capacities
throughout various glass thicknesses, including 0.5, 1,
1.5, 2, 2.5, and 3 cm. Figure 16 compares the TFs of various
glass thicknesses as a function of the radioisotope energy
(MeV) employed. As can be observed, the TF values vary as
the incoming gamma-ray energy increases at all thick-
nesses. Additionally, the minimum TF values for all glass
samples were recorded at a thickness of 3 cm. However,
the S4 sample exhibited the least transmission behaviors
across all glass thicknesses examined.

4 Conclusion

Multidisciplinary approaches to technology and mate-
rials sciences that have been developed globally have
also allowed the use of many kinds of novel materials
in areas other than their conventional applications. One
of the best examples of this situation is the use of high-
featured and strengthened glass materials as a shielding
material in medical, industrial, and research radiation
fields. According to the purpose of use and the type of
radiation field to be used, it is necessary to characterize
each glass material in detail and determine its properties
before use. In the current study, the gamma-ray- and neu-
tron-beam-shielding properties of Bi,03—P,05—B,05—V,05
quaternary glass systems with chemical composition

(0.25-x)Bi,03-xB,05-0.75(50% P,05-50% V,05), where

x = 0.05 (S1), 0.10 (S2), 0.15 (S3), and 0.20 (S4) mol%,

and the physical and mechanical aspects of the investi-

gated glasses have been determined and described.

Results reveal the following:

1. Values of the packing density (V;) decreased from
0.634432 for the S1 glass sample to 0.600611 for the
S4 glass sample. Values of the dissociation energy (Gy)
increased from 51.6125 kJ/cm’ for the S1 glass sample
(with Bi,05 = 5 mol%) to 56.7525 kJ/cm’ for the S4 glass
sample (with Bi,O; = 20 mol%).

2. The mechanical properties were enhanced by increasing
the Bi,O5 content in the glasses.

3. Linear (u) and mass attenuation (u,,) coefficients for
the S4 glass sample were the greatest among the glass
materials investigated, i.e., (4, Um)s1 < (Us Um)s2 < (U,
Mm)s3 < (M, Mm)ss-
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4, HVL and TVL value for the S4 glass sample were the
lowest among all investigated glasses. Therefore, (HVL,
TVL)s; > (HVL, TVL)s, > (HVL, TVL)s3 > (HVL, TVL)g,.

5. The effective atomic number (Z.¢) of the investigated
glasses showed the same trend for linear and mass
attenuation coefficients.

6. The effective electron density (N.g) values of glasses
had a similar tendency to (Z.g) in the energy-depen-
dent manner.

7. Our findings indicated that increasing the amount of
Bi,05 reinforcement decreased the EBF and EABF values
for all mfp values (i.e., from 0.5 to 40 mfp).

8. The minimum TF values for all glass samples were
recorded at a thickness of 3cm. However, the S4
sample exhibited the least transmission behaviors
across all glass thicknesses examined.

According to the study’s findings, it can be con-
cluded that such glass materials, some of whose critical
material characteristics were evaluated, may be employed
as shielding materials in accordance with existing stan-
dards and physical limitations associated with the energy
ranges utilized. On the other hand, it may be beneficial to
investigate how the optical qualities and potential draw-
backs of these materials may be enhanced for diagnostic
radiology rooms, reactor areas, and other applications
requiring high optical transmittance. Finally, it can be
concluded that certain kinds of radiation, such as alpha,
proton, and neutron, are worth further investigating. On
the other hand, mechanical and thermal properties and
elastic moduli are also worth further investigating because
durability and thermal conductivity are other important
properties for any shielding material.
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