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Abstract: This study investigates the mechanical properties as
well as the gamma-ray, neutron, alpha, and proton shielding
capabiliies of PhO-doped titanium-barium-borate based
(TiO,—BaO-B,03-Al,05-K,0) glass-ceramic system. Using the
Phy-X/PSD program, several gamma-ray shielding parameters
such as linear attenuation coefficient (1), mass attenuation coef-
ficient (u/p), half value layer (HVL), mean free path, effective
atomic number (Z.gp), exposure buildup factor (EBF) and energy
absorption buildup factor (EABF) were theoretically computed
in the photon energy range of 0.015-15 MeV. Gamma-ray trans-
mission factors (TFs) were evaluated using Particle and Heavy
Ion Transport Code System. Additionally, the projected range
(PR) values for protons and alpha in the study were computed
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using the Stopping and Range of Ions in Matter code. In addition
to examining gamma, neutron, alpha, and proton shielding cap-
abilities, the study also assessed elastic modulus, density, and
average molecular weight. The mechanical properties for each
glass sample were calculated using Makishima-Mackenzie
model. The results show an inverse relationship between elasti-
city and PbO content, indicating a trade-off between mechanical
rigidity and radiation shielding effectiveness. A higher PbO con-
centration (4.5%) significantly raises the molecular weight, den-
sity (2.80-3.55 g/cmg), and effective atomic number, which leads
to better attenuation. Sample Gl, for instance, has HVL =
3.269 cm at 0.662 MeV, while sample G5 exhibits better shielding
at 2.538 cm. PhO presence causes buildup factors (EBF/EABF) to
rise, particularly at higher photon energies and penetration
depths, which suggests increased absorption of secondary
photons. Denser, lead-rich glasses are known to promote gamma
attenuation, as seen by the continuous reduction in TF with
increasing PbO content, thickness (0.5-3.0cm), and photon
energy (0.662, 11732, 1.3325 MeV). Neutron shielding effective-
ness, measured by the effective removal cross section (Zg),
improved with higher PbO, with G5 (PbO [45%], Xz =
0.071 cm™) demonstrating the promising performance. The G5
sample has the lowest PR (®) values for alpha (®,) and protons
(®,) particles, indicating improved stopping power. Finally, com-
parative benchmarking against literature-reported glass types
confirmed the superior protection against gamma rays of the
G5 sample. These results demonstrate how PhO-doped titanium-
barium-borate based glass-ceramics may be used for sophisti-
cated radiation protection applications by striking a balance
between improved shielding and controllable mechanical
characteristics.

Keywords: glass shield, lead oxide, heavy-charged parti-
cles, elastic modulus

1 Introduction

In the area of radiation protection, the choice of materials
plays a pivotal role in ensuring safety and efficacy. Glass
has become a very promising option among the different
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materials used for shielding because of its special set of
qualities [1-5]. High transparency, ease of production, and
the flexibility to customize their properties with a variety
of modifying agents are key advantages of glass shields [6].
The versatility of glass, coupled with its ability to form
stable [7], homogeneous structures [8], makes it an ideal
choice for various radiation shielding applications, parti-
cularly in environments where both protection and visibi-
lity are paramount, such as medical imaging facilities,
nuclear power plants, and research laboratories. To
enhance the protective capabilities of glass shields, specific
oxides are incorporated into the glass matrix [9-11].

Each component contributes distinct properties that
collectively enhance the overall performance of the glass
shield. It is of great importance to know the properties of
these components. As a network modifier, potassium oxide
(K;0) reduces the glass’ melting point and viscosity while
improving its workability. These features make it easier to
manufacture and process high-performance shielding
glasses, even while specific radiation-shielding data are
few [12]. In order to maintain structural integrity, glass’
amorphous network is usually constructed around a net-
work former. Depending on composition, lead oxide (PbhO)
can behave as an intermediate oxide in certain systems,
but it often acts as a network modifier. In order to create
non-bridging oxygens (NBOs), Pb* ions interact with
oxygen atoms at the atomic level, breaking the network
and decreasing connection. In addition to increasing amor-
phousness and changing characteristics like density, these
NBOs also reduce structural order. By forming areas of
high electron density, Pb** also improves photon interac-
tions because of its wide ionic radius and high atomic
number. Hence, PbO enhances the glass’ total density
and refractive index, greatly enhancing its capacity to
attenuate gamma rays. Superior shielding capability is
indicated by Pb-doped glasses’ lower half-value layers
(HVLs), increased mass, and linear attenuation coefficients
(LAC). PbO also improves clarity and brilliance, which is
helpful in applications that call for vision through the
shield [13]. Barium oxide (BaO) increases glass durability
and refractive index [14]. Additionally, it facilitates easier
production by lowering viscosity and melting temperature.
Adding BaO also improves shielding performance, espe-
cially when combined with other modifiers like PbO [13].
Aluminum oxide (Al,03) strengthens the glass structure by
increasing hardness, chemical resistance, and thermal sta-
bility especially in the presence of strong radiation doses
or harsh environmental conditions [15]. By acting as a glass
forming, boron trioxide (B,03;) improves resilience to
thermal shock and decreases thermal expansion. Addition-
ally, it facilitates more uniform component mixing during
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melting. However, as seen in tellurite-glass investigations
where heavier oxides provide higher gamma attenuation,
adding too much B,03 can reduce density and shielding
capabilities [16,17]. Titanium dioxide (TiO,) increases the
refractive index and UV absorption of glass [18]. It also
enhances chemical durability and mechanical strength,
contributing to the longevity and effectiveness of the glass
shield in harsh radiation environments.

The development of glass-ceramics with enhanced radia-
tion shielding properties has been extensively studied. For
example, it has been demonstrated that adding heavy metal
oxides (HMO), such as PbO and BaO, to the glass matrix
greatly increases the gamma-ray attenuation coefficients
[19,20]. Lead oxide glasses are particularly noted for their
high density and excellent radiation shielding capabilities
[21]. Barium titanate-based glasses have also gained attention
for their dielectric properties and ability to form stable crys-
talline phases, which are beneficial for radiation shielding
and other electronic applications [22,23]. The addition of
Al,0; has been demonstrated to enhance the mechanical
and thermal stability of glass-ceramics, making them more
resistant to radiation damage [24]. Boron oxide, a well-known
network former in glass chemistry, significantly improves the
thermal and chemical stability of glasses [25]. Its incorpora-
tion has been shown to reduce the thermal expansion coeffi-
cient and enhance resistance to thermal shock, which is cri-
tical for maintaining the integrity of the glass shield in
fluctuating temperatures [26]. Titanium dioxide, with its
high refractive index and UV absorption properties, has
been extensively used in the development of photocatalytic
materials [27]. In glass-ceramics, TiO, enhances mechanical
strength and chemical durability, contributing to the overall
robustness of the shielding material [28]. The inclusion of K,0
and B,03 enhances the workability and thermal stability of
the glass, making it more resistant to thermal shocks and
easier to fabricate into complex shapes. Barium oxide further
contributes to the refractive index and chemical durability,
ensuring that the glass remains clear and durable even under
prolonged radiation exposure. The synergy of these compo-
nents can produce a glass with optimized properties, balan-
cing density, durability, and ease of fabrication, making it
appropriate for a variety of radiation shielding applica-
tions [29-33].

This study investigates the mechanical properties as well
as the gamma-ray, neutron, alpha, and proton shielding cap-
abilities of PbO-doped titanium-barium-borate based
TiO,-Ba0-B,03-Al,03-K,0 glass-ceramic system. Given the
lack of studies on the addition of high-density PbO to tita-
nium-barium-borate based glass-ceramic and the distinctive
properties of the compounds in this glass-ceramic system,
combining these compounds (K,O, PbO, BaO, Al,03 B,0s,
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and TiO,) [34] into a single glass system offers the potential to
create a material with superior shielding properties. Also, the
addition of HMOs, such as PbO and BaO, to the glass sample
significantly increases the gamma-ray attenuation coeffi-
cients, which distinguishes this study from other studies. By
hypothetically examining the gamma-ray, neutron, alpha,
and proton shielding characteristics as well as the elastic
modulus of these glasses, this study aims to address this
gap. By understanding the synergistic effects of these compo-
nents, one can design and develop a new class of glass-cera-
mics with enhanced radiation shielding properties. The find-
ings of this study would open the door for the use of glass-
ceramics with tailored properties, paving the way for their
application in nuclear medicine, power plants, and other cri-
tical areas requiring advanced radiation protection solutions.

2 Materials and methods

As illustrated in Figure 1, schematic representation of the
methodological workflow used for mechanical and radia-
tion shielding analysis of PbO-doped titanium-barium-borate-
based glass-ceramic samples was employed. The process
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begins with determining the glass inputs and calculating
the average molecular weights necessary for subsequent ana-
lyses. This step is crucial for establishing the foundational
properties of glass compositions. Following this, the glass
samples’ mechanical characteristics, such as the elastic mod-
ulus, are evaluated to assess their structural integrity and
suitability for various applications. Concurrently, the
gamma-ray, neutron, alpha, and proton shielding properties
of the glass samples are analyzed to understand their effec-
tiveness in radiation shielding. The results from these ana-
lyses are then benchmarked against existing data to validate
and compare the performance of the glass samples.

2.1 Elastic modulus calculations

The glass samples, labeled G1 through G5, with specific molar
compositions comprising TiO,, K,0, BaO, PhO, Al,05, and B,03
were investigated in terms of elastic modulus calculations.
The Makishima-Mackenzie (MM) model is a theoretical
approach widely applied in materials science to link the
elastic properties of glassy systems with their chemical com-
position and structural parameters [35,36]. Based on the
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Figure 1: Schematical representation of the characterization process.
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compositional analysis of the investigated glasses, two essen-
tial parameters packing density (V;) and dissociation energy
per unit volume (G,) were calculated. These values were sub-
sequently used to derive the main mechanical constants,
including shear modulus (G), longitudinal modulus (L),
Young’s modulus (Y), bulk modulus (K), and Poisson’s ratio
(0). This predictive framework enabled a comprehensive eva-
luation of the mechanical performance of the glass samples
without relying solely on experimental testing, thereby pro-
viding valuable insight into the relationship between struc-
ture and mechanical behavior.
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Y
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Here R, and Rg are the ionic radius of metal and oxygen,
respectively. The mechanical parameters are obtained for
PbO-doped titanium-barium-borate-based glass-ceramic
samples using the equations given above.

2.2 Gamma-ray shielding parameters

Several gamma-ray shielding parameters were theoretically
computed in order to assess the glass samples’ gamma-ray
shielding efficacy. These parameters include the LAC (u),
mass attenuation coefficient (MAC) (u/p), mean free path
(MFP), HVL, and buildup factors (exposure buildup factor
[EBF] and energy absorption buildup factor [EABF] [7-10].
The calculations were theoretically computed in the photon
energy range of 0.015-15MeV using the Phy-X/PSD [37] soft-
ware, a robust tool designed for radiation shielding analysis.

2.3 Neutron shielding parameters

Along with gamma-ray shielding parameters, the effective-
ness of the synthesized glass samples in attenuating fast neu-
trons was evaluated. Fast neutrons, with energies typically
above 1MeV, interact with materials primarily through
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elastic and inelastic scattering, as well as neutron capture
reactions. These interactions result in the reduction in neu-
tron energy and eventual removal of neutrons from the
beam. The probability that a neutron will be extracted from
the incident neutron beam per unit route length is repre-
sented by the effective removal cross-section (Zg) [38]. It is
measured in units of cm™ and indicates how well a material
attenuates fast neutrons. A material’s ability to attenuate fast
neutrons increases with its Xy value. The following formula
can be used to potentially calculate the Xy values.

% = g(Ni * Og,i)- ®)

The material’s ith element’s number density (in atoms/cm?)
is N;, and its fast neutrons’ microscopic removal cross-sec-
tion is denoted by oy ;. The microscopic removal cross-sec-
tion data (oz;) used in this study were obtained using the
Phy-X/PSD software, which is based on NIST-supported
cross-section databases and established physical interaction
models [37]. Using their number densities and microscopic
cross-sections, the contributions from each element were
added up to determine the (Z) values for each glass sample.

2.4 Heavy-charged particles shielding
parameters

A charged particle’s total route length before coming to
rest inside a substance is known as its projected range
(PR) (R). It is a crucial factor in figuring out how thick
the material needs to be to stop the particles entirely. PR
of the radiation through the glass samples were evaluated
using the Stopping and Range of Ions in Matter (SRIM)
codes, developed by Ziegler et al. [39], which is one of the
most widely used techniques for such calculations. The PR
is computed by integrating the inverse of the stopping
power over the particle’s energy and is commonly given
in units of g/cm? or cm.

0
1
R= J@dﬂ )

where, R is the PR, Ej is the initial energy of the particle,
and S(E) is the stopping power as a function of energy E.

2.5 Particle and Heavy Ion Transport Code
System (PHITS) simulations for
transmission factor (TF) values

The simulation incorporates physical processes like scat-
tering and absorption to simulate how radiation interacts
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with the alloy. T-track tallies, which measure photon flux
and make it easier to calculate TFs for each alloy, are used
to analyze the detector data. A monoenergetic gamma-ray
source was used to measure the intensity of primary and
secondary photons for the TF calculations. In order to accu-
rately assess the material’s shielding effectiveness, the TF
was calculated as the ratio of photon intensity after passing
through the alloy sample (J) to the original photon intensity
(Iy). The simulated results closely match theoretical expec-
tations and actual findings because of PHITS’s shown
dependability in modeling radiation interactions and
attenuation processes. The TF values of the PbO-doped
titanium-barium-borate-based TiO,—BaO-B,05;-Al,05;-K,0
glass-ceramic system were evaluated in this study using
PHITS simulations [40—43]. Figure 2 shows the simulation
setup, which includes 2D and 3D models of the glass sam-
ples that are modeled and placed inside a lead block that
contains a gamma-ray source. Photons with an energy of
1MeV were to be emitted by the gamma-ray source. The
material definition in the input file was modified to repre-
sent the unique elemental composition of each glass
sample in order to guarantee an accurate simulation of
the various glass compositions. A tally mesh was integrated
inside the cell with the glass cover for detection and mea-
suring purposes. A significant number of particle histories
(NPS 10®) were used in each simulation to guarantee sta-
tistical reliability. The overall relative error from the simu-
lations is less than 0.1%, demonstrating the accuracy of our
results. A high-performance LENOVO® P640 workstation,
selected for its capacity to manage the complex numerical

X axis

z axis

Attenuator
Glass Sample

Point Source

Figure 2: 2D and 3D views of modeled setup for TF calculations in PHITS.
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computations needed by the PHITS code, was used to carry
out the computational operations.

3 Results and discussion

3.1 Elastic modulus properties of the glasses

The analysis of the calculated values reveals distinct varia-
tions in the mechanical performance of the investigated
glass samples. The results obtained for each glass sample
are given in Table 1. The molar volume is highest in G1
(36.19 cm*mol) and gradually decreases toward G5
(29.33 cm®mol). In contrast, V, increases from 0.45 in G1
to 0.56 in G5, indicating the formation of a more compact
structure with more efficiently packed atoms. G, values are
generally around 19 GPa, with G2 showing the lowest value
(16.84 GPa), suggesting weaker bond strength compared to
the other samples. Y increases from 73.88 GPa in Gl to
above 90 GPa in G4 and G5, clearly reflecting the correla-
tion between higher V; and enhanced rigidity of the
glasses. Both K and G follow an increasing trend from G1
to G5. While K rises from 40.14 GPa in G1 to 60.27 GPa in G5,
G increases from 33.14 to 38.49 GPa. These results imply
that the glasses become less compressible and more resis-
tant to shear deformation as the composition evolves. Simi-
larly, L varies between 82.24 GPa (G2) and 112.11 GPa (G4),
with a marked improvement observed in G3-G5, consistent
with the increase in density and bonding strength. g ranges
from 0.19 in G1 to 0.25 in G4-G5. Lower values indicate a
more brittle nature, whereas higher values close to 0.25
suggest a shift toward a tougher, more ductile behavior.
Overall, the findings highlight that G4 and G5 exhibit
superior elastic moduli and relatively higher ¢ values,
making them the mechanically strongest glass composi-
tions within the investigated series.

3.2 Average molecular weight and density
variations

Figure 3 shows that the density and average molecular weight
of glass samples (G1-G5) both dramatically increase when the
PbO level rises. The exact compositions of samples G1 through
G5, where the proportions of other components stay constant
but the PbO level varies, are shown in Table 2. It is clear that
there is an increased trend in the density of the glass samples
as the PbO content rises. From G1 to G5, the manufactured
sample’s p rises from 2.80 to 3.55g/cm’. The rising PbO
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Table 1: Mechanical parameters of the investigated PbO-doped titanium-barium-borate-based (TiO,-BaO-B,03-Al,03-K,0) glass-ceramic system

Sample M Molar volume Ve G Young’s Bulk Shear Longitudinal L (Gpa) Poisson’s o
(g/mol) (cm3/mol) Y (Gpa) K (Gpa) G (Gpa)
Gl 101.34 36.19 0.45 19.45 73.88 40.14 33.14 84.34 0.19
G2 102.04 33.13 0.50 16.84 69.83 4.42 30.62 82.24 0.22
G3 102.74 3132 0.52 1939 84.92 53.23 36.75 102.24 0.23
G4 103.44 29.30 0.56 19.35 90.54 60.61 38.62 12.11 0.25
G5 104.13 29.33 0.56 19.32 90.21 60.27 38.49 111.59 0.25
. . . . . ons Lead-Borate (PbO-B,05) glasses [44,45] have shown that den-
357 o pensiy (glom) . sity rises when PbO content increases, and molar volume,
35 - Average molecular weight (g/mol) @~ F1040 3  which is inversely related to molecular compactness, likewise
34 [ 10ss é rises, This confirms our finding that as mass per unit volume
— - £ rises, heavier PbO additions produce denser glasses. Other
g 331 © . . Do
:% is] L 103.0 ; studl.es on.dlfferent glass S){stems also report a sumla.r mve.rse
> S relationship between density and molar volume, reinforcing
g 31 1255 the correlation with molecular compactness. For instance
2 304 L 1020 ; aluminum lead phosphate glass systems [46], TeO,~CdO-
2.9 S PbO-B,0s glass system [47], and lead-bismuth tellurite glass
284 1015 % gystems (TeO,~Bi,05—PbO) are some of them.
27 101.0

T T T T T
0.5Pb 1.5Pb 2.5Pb 3.5Pb 4.5Pb

Glass Sample

Figure 3: Variation in glass densities and average molecular weights as a
function of PbO contribution.

concentration is the cause of this trend. This finding is con-
sistent with the fact that Pb has a substantially larger atomic
mass than the other elements (Ti, K, Ba, Al, B, and O) in the
glass matrix. Density increases as a result of raising the PbO
fraction since it increases the overall mass per unit volume.
Likewise, as the PbO level rises, so does the average molecular
weight of the glass samples. Once more, the addition of hea-
vier Pb atoms to the glass network is the cause of this rise.
Notable is the close relationship between density and average
molecular weight, which both rise with more PbO. This link
makes sense because density and molecular weight naturally
increase as the glass structure gets denser and contains hea-
vier atoms. This pattern is consistent with research from a
variety of glass systems in literature. For example, studies on

3.3 Properties of gamma-ray shielding
3.3.1 LAC

For the glass samples with compositions listed in Table 2,
Figure 4 shows how the LAC change with incident photon
energy and PbO contribution. The LAC values are observed
to vary significantly with both the photon energy and the
PbO content. At lower photon energies (<0.5 MeV), the photo-
electric effect is the main process, the LAC values are substan-
tially higher, indicating that the glass samples are highly effec-
tive in attenuating low-energy gamma photons. This is
consistent across all PbO contributions, although higher PbO
contents show more pronounced attenuation. This shows that
all glass samples effectively attenuate low-energy photons. This
tendency is anticipated as photoelectric absorption, which is
heavily reliant on atomic number (Z), predominates at low
energies. As the photon energy increases (0.5-1 MeV), the pre-
dominant interaction mechanism shifts to Compton scattering,

Table 2: Molar fractions (%) and densities (g/cm3) of PbO-doped titanium-barium-borate-based [TiO,-BaO-B,05-Al,03-K,0] glass-ceramic system

Sample TiO, (mol%) K0 (mol%) Ba0 (mol%) PbO (mol%) Al,03 (mol%) B,03 (mol%) Density (g/cm3) Ref.
G1 38 9 23.5 0.5 16 13 2.80 [34]
G2 38 9 22.5 1.5 16 13 3.08
G3 38 9 21.5 2.5 16 13 3.28
G4 38 9 20.5 3.5 16 13 3.53
G5 38 9 19.5 4.5 16 13 3.55
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the LAC values decrease sharply but the rate of decrease slows
down. In the high energy region (>1 MeV), pair formation is the
main process for y-photons and attenuation exhibits a weak
reliance on chemical composition. The reduced interaction
probability for higher energy photons explains this tendency.
However, samples with higher PbO content maintain higher
LAC values compared to those with lower PbO content. The
highest PbO content (4.5% PbO, G5) exhibits the highest LAC
values, demonstrating superior gamma-ray attenuation prop-
erties. This improvement is explained by the fact that lead has
a larger atomic number and density, which raises the likeli-
hood of gamma photon interactions inside the glass matrix.

3.3.2 HVL and MFP

Table 2 details the molar fractions (%) and densities (g/cm®)
of the glasses under investigation. Figure 5 illustrates the
variation in HVL, and Figure 6 presents the corresponding
changes in MFP, both plotted as functions of input photon
energy and PbO content. The HVL, which represents the
thickness of material needed to cut gamma-ray intensity in
half, offers vital information on how well the glass samples
shield. The MFP, defined as the average distance travelled
by a photon before undergoing an interaction such as
absorption or scattering, serves as a crucial metric for
assessing a material’s shielding effectiveness. Specifically,
a shorter MFP indicates more frequent photon interactions
and thus superior radiation attenuation. It is evident from
the data that photon energy and PbO content have a

100

0,1

Py, 0,1
Oto,, ene
I‘gy

1

(M"V) 10

Figure 4: Variation in LAC as a function of incident photon energy and
PbO contribution.
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"7 —m-osPb I
——1.5Pb '
6- —A—25Pb s |
—8—3.5Pb \ )
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Figure 5: Variation in HVL as a function of incident photon energy and
PbO contribution.

considerable impact on both HVL and MFP. HVL and
MFP attain their lowest levels at low photon energies
(below ~0.1 MeV), suggesting that all glass samples exhibit
excellent attenuation of low-energy photons. Both para-
meters significantly increase with photon energy, indi-
cating the decreased contact likelihood of higher-energy
photons. Furthermore, there is a noticeable impact on
the concentration of PbO: glasses with a higher PbO con-
tent consistently show improved attenuation performance,

MFP (cm)

Figure 6: Variation in MFP as a function of incident photon energy and
PbO contribution.
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with lower HVL and MFP across all energy levels. The glass
sample with 0.5% PbO (i.e., G1) has the highest HVL and
MFP values, implying the least effective shielding, while
the sample with 4.5% PbO (G5) has the lowest HVL and
MEFP values, suggesting the best shielding efficacy. In this
study, for the glass samples G1-G5, the HVL values at
1.173 MeV were found to decrease from 4.419 to 3.464 cm
as the PbO content increased from 0.5 to 4.5 mol%. Simi-
larly, in the PbO-Mo003s-B;05 glass system reported in the
literature [48], raising the PbO concentration from 30 to
50 mol% decreased the HVL from around 2.693 to 1.752 cm
and the MFP from roughly 3.886 to 2.529 cm at the same
photon energy. The high atomic mass and density of lead,
which facilitate photon interactions and attenuation, are
responsible for this enhancement. Consequently, adding
more PbO greatly improves glass’ ability to shield against
gamma rays, particularly at higher photon energy.

3.3.3 Effective atomic number (Z.¢)

The effective atomic number varies with photon energy
and PbO concentration, as seen in Figure 7. Zqg is heavily
dependent on both variables, just like other shielding char-
acteristics. Every sample shows high Z.¢ values at photon
energies <0.1 MeV, indicating strong photon interaction. As
energy increases, Zeg falls, reaches a minimum close to
1MeV, and then slightly increases at higher energies.
Because of the high atomic number of lead, glasses with
a greater PbO content specifically, G5 (4.5% PbO) consis-
tently exhibit higher Z.s values than low-PbO samples,
such as G1 (0.5% Pb0). This confirms PbO’s role in enhan-
cing photon interaction probability and improving the
glass’ overall shielding effectiveness.

3.3.4 EBF and EABF

The EBF and EABF values for the glass samples range from
0.5 to 40 MFP, contingent on photon energy and PbO con-
centration, as shown in Figures 8(a—e) and 9(a—e). The
EABF measures the amount of energy absorbed by the
interacting material, whereas the EBF indicates the degree
of contact between source and detector in the air. At low
photon energies (0.01-0.1 MeV), EBF and EABF values are
negligible, suggesting little secondary radiation accumula-
tion. Both variables show a large rise with MFP in the
intermediate range (0.1-1MeV), particularly in the 4.5%
PbO sample, indicating higher absorption and scattering.
EBF and EABF continue to climb steadily at high energies
(1-10 MeV), peaking close to 10 MeV. The 4.5% PbO sample
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Zeff

Figure 7: Variation in effective atomic number (Z) values as a function
of incident photon energy and PbO contribution.

once again exhibits the highest values at 40 MFP, demon-
strating the significant influence of PbO concentration and
penetration depth on radiation accumulation. Secondary
radiation buildup is increased by higher PbO levels, parti-
cularly at higher MFP and intermediate to high photon
energies. This pattern emphasizes how crucial it is to max-
imize PbO content in glass compositions in order to
improve gamma-ray shielding.

3.4 Effective removal cross-section (Zg)
values against fast neutrons

Figure 10 illustrates how the PbO content affects the Iy
values. The attenuation of fast neutrons by the material is
measured by X values. According to the findings, the PbO
level of the glass samples causes an increase in Xy values.
For instance, L values were reported as 0.5% PhO (G1): Xy =
0.060 cm ™, 1.5% PhO (G2): Zx = 0.065 cm ™, 2.5% PbO (G3): Ix
=0.068 cm ™, 3.5% PhO (G4): g = 0.070 cm™, 4.5% PhO (G5):
Yg = 0.071 cm™, respectively. Higher PhO content results in
an increase in Xy, which suggests that PbO improves the
glass’ capacity to attenuate fast neutrons. The reason for
this is that the high atomic mass and neutron cross-section
of lead encourage neutron interactions inside the glass
matrix. A higher PbO content considerably enhances neu-
tron shielding, as evidenced by the steady increase in Iy
values, which peaks in the 4.5% PbO sample. These findings
highlight how crucial it is to optimize PbO levels for
improved shielding effectiveness.
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3.5 PR values for proton and alpha particles

PR of the radiation through the glass samples were evaluated
using the SRIM codes. Figures 11 and 12 present the PR (®)
values of the glass samples against energetic protons (®p) and
alpha particles (®,), respectively. These values indicate the
depth at which the particles are expected to be stopped
within the material, providing insight into the material’s
shielding effectiveness. In all glass samples, the PR of protons
(®p) increases as photon energy increases. Higher PbO-con-
taining samples, on the other hand, consistently exhibit lower
®p values, indicating improved proton stopping power.
0.5% PbO (G1) shows the highest PR values, suggesting
the least effective proton stopping power while the 4.5%
PbO (G5) depicts the lowest PR, demonstrating superior
proton stopping capability. Likewise, the PR (®,) for alpha
particles rises with photon energy across all glass samples,
with higher PbO content resulting in lower ®, values. The
fact that alpha particles and protons behave similarly
emphasizes how more PbO improves attenuation and stop-
ping power. The higher atomic number and density of lead
are the main causes of the decreased PR. The 4.5% PhO (G5)
sample has the highest PbO content and the lowest PR
values for both particle types, as shown in Figures 11 and 12.

3.6 TF values against energetic photons

As seen in Figure 13, the TF values for samples G1, G2, G3,
G4, and G5 were examined for a range of sample thick-
nesses from 0.5 to 3.0 cm at three different radioisotope
photon energies: 0.662, 1.1732, and 1.3325 MeV. These results
obtained using PHITS show a similar trend: As sample
thickness and PbO content increase across all energy

PbO-doped K,0-Ba0-Al,03-B,03-TeO,-glasses: Mechanical and shielding efficacy

Figure 11: PR (®p) values of the glasses against energetic protons.

levels, TF values fall. As sample thickness and PbO content
increase, TF values drop at all photon energies examined
(0.662, 1.1732, and 1.3325 MeV). The 4.5% PbO sample exhi-
bits the lowest TF values, indicating the most effective
gamma-ray shielding, whereas the 0.5% PbO sample con-
sistently displays the highest TF values, indicating the
poorest attenuation. The high atomic number and density
of lead, which improve gamma-ray interaction inside the
glass matrix, are responsible for this tendency. Because
higher-energy photons have a better ability to penetrate,
TF values increase with increasing energy for a given
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Figure 12: PR (®,) values of the glasses against energetic alpha particles.
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thickness. The highest TF values among the three energies
are found at 1.3325 MeV, which is in line with the recog-
nized difficulties of attenuating higher powerful gamma
rays. Overall, for all thicknesses and energies, a definite
inverse relationship between PbO concentration and TF
values is seen. These findings demonstrate how crucial it
is to maximize PbO content in glass formulations in order
to guarantee effective gamma-ray shielding performance.

3.7 Benchmarking phase between the G5
(4.5% PbO) and other glasses

Table 3 and Figure 14 provide a comparative analysis of the
HVL values for the glass samples G1-G5, alongside various
glass compositions reported in the literature, including
BCVO0.5, BCBVO0.5, S1, BSBaZn, and LBES5. Below 0.015 MeV,
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i.e., at lower photon energies, the HVL values for the G1-G5
samples are notably low, with G1 at 0.010cm, G2 at
0.009cm, G3 at 0.008cm, G4 at 0.007cm, and G5 at
0.007 cm. In comparison, the HVL values for other glasses
such as BCV0.5 (0.025 cm), S1 (0.008 cm), BSBaZn (0.006 cm),
and LBE5 (0.028 cm) are significantly higher, indicating
that the G1-G5 glasses are more effective at attenuating
gamma rays at this energy level. The addition of PbhO,
which raises the atomic number and density improves
the probability of gamma-ray interactions, is responsible
for this better performance. The HVL values for every
sample increase when the photon energy reaches
0.662 MeV, but the G1-G5 glasses continue to show better
performance compared to the other glass types. For
instance, at 0.662 MeV, G1 has an HVL of 3.269 cm, while
G5 exhibits an HVL of 2.538 cm. In contrast, the HVL values
for BCVO0.5, BCBV0.5, S1, BSBaZn, and LBE5 are 3.026, 3.006,
2.746, 3.895, and 3.486 cm, respectively. The lower HVL

Table 3: Comparison of the HVL (cm) for different types of glass samples [34,43,48-53] as a function of photon energy

Energy (MeV) G1[34] G2[34] G3[34] G4[34] G5[34] BCV0.5[34] BCBV0.5[50] S1[51] BSBaZn[52] LBE5 [53]
0.015 0.010 0.009 0.008 0.007 0.007 0.025 0.025 0.008 0.006 0.028
0.02 0.021 0.019 0.017 0.015 0.014 0.056 0.057 0.013 0.013 0.040
0.03 0.064 0.056 0.050 0.044 0.042 0.169 0.173 0.037 0.040 0.111
0.04 0.041 0.038 0.036 0.034 0.035 0.341 0.347 0.078 0.061 0.220
0.05 0.073 0.067 0.064 0.060 0.061 0.540 0.549 0.137 0.110 0.361
0.06 0.116 0.107 0.102 0.096 0.097 0.736 0.744 0.212 0.178 0.477
0.08 0.237 0.218 0.207 0.195 0.197 1.056 1.060 0.398 0.363 0.792
0.1 0.385 0.334 0.299 0.266 0.254 1.281 1.281 0.237 0.598 0.519
0.15 0.857 0.749 0.677 0.607 0.582 1.621 1.614 0.547 1.237 1.035
0.2 1.312 1.158 1.057 0.955 0.925 1.839 1.829 0.894 1.775 1.498
0.2835 1.895 1.693 1.562 1.427 1.396 2117 2.104 1.411 2.405 2.078
0.3 1.988 1.779 1.644 1.504 1.473 2.166 2.152 1.499 2.503 217
0.3471 2.223 1.996 1.851 1.699 1.670 2.297 2.282 1.727 2.752 2.407
0.4 2.449 2.204 2.050 1.887 1.858 2.435 2.419 1.949 2.992 2.635
0.5 2.803 2.531 2.362 2.180 2154 2.675 2.657 2.297 3.376 2.999
0.6 3.102 2.807 2.623 2.426 2.401 2.896 2.877 2.587 3.707 3.31
0.6617 3.269 2.960 2.769 2.563 2.538 3.026 3.006 2.746 3.895 3.486
0.8 3.613 3.275 3.067 2.842 2.818 3.303 3.280 3.069 4.285 3.847
0.8261 3.674 3.331 3.120 2.891 2.867 3.353 3.330 3.126 4.355 3.912
1 4.061 3.685 3.453 3.203 3.178 3.676 3.651 3.481 4.800 4.320
1.173 4.419 4.011 3.761 3.489 3.464 3.981 3.953 3.805 5.213 4.699
1.333 4723 4.288 4.022 3.732 3.707 4.249 4.220 4.080 5.566 5.028
1.5 5.018 4.557 4.274 3.967 3.940 4.515 4.484 4.341 5.908 5.349
2 5.776 5.245 4.920 4.566 4.535 5.237 5.202 5.012 6.778 6.215
2.506 6.400 5.811 5.450 5.057 5.023 5.884 5.844 5.571 7.477 6.988
3 6.899 6.263 5.873 5.449 5.41 6.436 6.394 6.019 8.026 7.649
4 7.668 6.959 6.523 6.050 6.005 7.389 7.342 6.726 8.831 8.796
5 8.197 7.437 6.968 6.461 6.411 8.159 8.109 7.227 9.350 9.729
6 8.562 7.765 7.274 6.742 6.688 8.780 8.728 7.583 9.677 10.491
8 8.971 8.131 7.613 7.053 6.992 9.702 9.649 8.007 9.980 11.639
10 9.132 8.274 7.743 7.170 7.106 10.321 10.268 8.200 10.038 12.423
15 9.101 8.239 7.705 7.129 7.060 11.153 11.104 8.256 9.821 13.492
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Figure 14: Comparison of HVL values.

values of G1-G5, particularly G5, indicate more effective
attenuation, which is beneficial for radiation shielding
applications. At higher photon energies, such as
1.3325 MeV, the trend continues. BSBaZn and BCVO0.5 have
HVL values of 4.320 and 3.847 cm, respectively, while G5
has an HVL of 3.464 cm. This demonstrates the superior
gamma-ray attenuation capability of the G5 glass com-
pared to other formulations. The HVL values for other glass
samples from the literature, such as those studied by Ilik
et al. [49,50], Barebita et al. [51], Sen Baykal et al. [52], and
Chandrashekaraiah et al. [53], are generally higher across
various photon energies. For example, Ilik et al. [49] inves-
tigated calcium-borate glasses (BCV0.5) doped copper(i)
oxide and found them to have higher HVL values com-
pared to our G5 sample. Similarly, Ilik et al. [50] studied
calcium-borate glasses (BCBV0.5) doped vanadium(V) oxide
and also reported higher HVL values. Barebita et al. [51]
examined Bi,03-P,05-B,03-V,05 quaternary glass systems
(S1) and found them to be less effective than our G5 sample
at higher photon energies. Sen Baykal et al. [52] designed a
lead-free high-density barium-borosilicate glass (BSBaZn),
which also showed higher HVL values. Finally, Chandra-
shekaraiah et al [53] studied Li,B40, glasses doped with
Er3* and Bi*" ions (LBES5), which exhibited significantly
higher HVL values across the energy spectrum.

4 Conclusion

This study investigates the mechanical properties as well
as the gamma-ray, neutron, alpha, and proton shielding
capabilities, elastic modulus, density, and average mole-
cular weight of PbO-doped titanium-barium-borate-based
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[TiO.-Ba0-B203-Al203-K20] glass-ceramic system labeled
G1-G5. Our findings reveal significant insights into the
synergistic effects and inverse relationships between the
components. The shielding parameters (LAC, HVL, MFP,
Zef, Ly, EBF, EABF, and PR for proton and alpha particles
were theoretically computed using the Phy-X/PSD program
in the photon energy range of 0.015-15 MeV. Gamma-ray TF
were evaluated using PHITS. Additionally, the PR values
for protons and alpha in the study were computed using
the SRIM code. The mechanical properties were evaluated
using the MM model. An increase in the PbO ratio
decreases the molar volume of the glass and increases
the relative packing, resulting in a steady increase in
Young’s, bulk, shear, and longitudinal moduli. An increase
in the Poisson ratio indicates that the glass structure
becomes tighter, more rigid, and less flexible. With higher
PbO levels, density and average molecular weight increase
concurrently, improving radiation shielding due to
increased atomic mass and compactness. Low photon ener-
gies had the highest LAC values, while higher photon ener-
gies resulted in lower values. Samples with higher PbO
contents consistently displayed higher LAC values. G5
(4.5% PbO) demonstrated the best shielding performance,
as evidenced by its lowest HVL. HVL values climbed with
photon energy but fell with increasing PbO content. G5
continuously displayed lower HVL values than other glass
compositions documented in the literature, demonstrating
its remarkable gamma-ray shielding capability. According to
sources [49-53], this benefit is particularly evident when con-
trasted with glasses like BCV0.5, BCBV0.5, S1, BSBaZn, and
LBES. Effective attenuation was demonstrated by MFP, which
rose with energy but was lowest in high PbO samples. Zes
rose in glasses with increased PbO, improving photon inter-
action, but it fell with energy. G5's remarkable neutron
shielding capabilities was demonstrated by its greatest Ix
value. The PRs (®) of protons and alpha particles decreased
with increasing PbO content; G5 exhibited the shortest ranges,
highlighting its effectiveness in stopping energetic particles.
G5’s exceptional performance was further validated by PHITS
simulations, which consistently produced the lowest TF
values across a range of gamma-ray energy and thicknesses,
exhibiting exceptional attenuation.

At the atomic level, the network structure is changed
when PhO is added to the glass matrix. It considerably
raises the material’s density and radiation-interaction cap-
abilities while decreasing the structural regularity of the
glass network. Although the mechanical strength may be
slightly diminished as a result of this alteration, the radia-
tion attenuation qualities are significantly improved.
Applications in radiation shielding systems and nuclear
technologies are especially sensitive to this impact.
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It is possible to build and construct a unique class of
glass-ceramics with higher radiation shielding qualities by
comprehending the synergistic effects of these compo-
nents. The results open the door for the use of these PbO-
doped titanium-barium-borate-based glass-ceramics in
nuclear medicine, power plants, and other vital industries
that need cutting-edge radiation shielding technologies.
These developments make the glass system a viable option
for use in high-ionizing radiation settings, such as those
found in the nuclear and medical industries, where
remarkable shielding effectiveness and structural robust-
ness are required. Its potential for incorporation into next-
generation radiation protection systems is highlighted by
this combination.
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