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Abstract

This work investigated an empirical equation to predict the density of different fluoride glass compositions. The calculated values
showed a close match with the theoretical density model proposed by Makishima and Mackenzie (1973), showed strong agreement
with the experimental values. The calculations were used some compositional factors including molecular weight, molecular
fractions, and the ionic radii of different elements mixed with fluoride, the values of ionic radii derived from "Revised Effective
Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides" (Shannon, 1976). In order to
theoretically evaluate the radiation shielding properties of fluoride glasses, such as the Mean Free Path (MFP), Half-Value Layer
(HVL), Tenth-Value Layer (TVL), Linear Attenuation Coefficient (LAC), and Mass Attenuation Coefficient (MAC), the density
value is essential (Inaba and Fujino, 2010).

Keywords- Mass attenuation coefficient, Half-value layer, Mean free path, Molecular weight, lonic radii.

1. Introduction

Glass is so prevalent in our daily surroundings that we often overlook its presence. In ancient Egypt, glass
was regarded as a valuable material. Before that, prehistoric humans utilized sharp fragments of obsidian,
a naturally occurring volcanic glass, to create tools and weapons such as scrapers, knives, axes, spears, and
arrowheads. For thousands of years, humans have created glass by melting various raw materials, including
sea salt (NaCl), bones (Ca0O), and sand (SiO»). Naturally occurring glass, formed from the cooling of molten
rock or lava, comprises a diverse range of components, such as alkali, alkaline earth metals, and transition
metal oxides (Stroganova et al., 2003; Shelby, 2005; Le Bourhis, 2014). Initially, glass served solely as a
decorative element. However, advancements in glass manufacturing techniques have significantly
increased the material's value, leading to its essential role in various scientific applications across numerous
technological domains. These include electronic devices, telecommunications (Ahmmad et al., 2021),
optoelectronic systems, photonics (Boutarfaia et al., 2002; Nazabal et al., 2012), laser optics, biosensors
(Panda et al., 2022), biomedicine, and radioactive waste storage, in addition to traditional uses such as
windows, battery technology (El-Desoky et al., 2021; Abdel-karim et al., 2023), lenses, architecture and
containers (Donald et al., 1997; Brauer et al., 2011; Musgraves et al., 2011). Physical properties of the glass,
such as density, optical properties (Shaukat et al., 2001; Alsaif et al., 2023), thermal properties, chemical
properties, mechanical properties (Mishra et al., 2024), brittleness, and viscosity, are directly linked to its
versatility, and they define its broad range of industrial, scientific, and everyday applications (Doremus et
al., 1974; Boolchand, 2000; Abd El-Moneim, 2019; Kawamoto et al., 2001).
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Density is one of the fundamental properties of glass materials (Slater and Fong, 1982; Feller, 2015). It is
defined as mass per unit volume and is commonly determined through Archimedes' principle by comparing
the weight of glass in air and liquid (Macrelli et al., 2019). Density facilitates the calculation of various
other attributes, including refractive index, strength-to-weight ratio, thermal conductivity, acoustic
properties, elastic traits, and radiation shielding properties. From an academic perspective, density is
associated with molar volume and ionic packing ratio. It is crucial to understand the structure of materials,
whether inorganic, polymeric, or metallic (Inaba and Fujino, 2010). For glass, density is primarily
influenced by its chemical composition. Therefore, the calculation of the density of the glass needs much
attention from experts. Priven and Mazurin (2003) conducted a comparison of different methods for density
estimation, revealing estimation errors ranging from 0.038 to 0.11 g/cm? for glasses with 450 mole% silica
content (Scholze, 1991). It also provided a summary of several significant density models. In such a way,
few studies were done on the oxide glasses to calculate density. However, no one worked on the fluoride
glasses regarding the theoretical calculation of density.

Motivated by past research on oxide glasses, we adapted our approach to fluoride-based systems to evaluate
their potential as radiation shielding materials. For this purpose, we referenced experimental density values
from the literature to support the theoretical framework. In this investigation, we evaluated the packing
density parameter and theoretical density of fluoride glasses, which revealed an excellent alignment with
experimental values, confirming the validity of the applied model. Among the systems analyzed, the
composition of IBSCZ fluoride glass showed a notably close alignment between theoretical and
experimental density. Therefore, the Phy-X computational tool was used to assess this glass's radiation
shielding properties, and the results were compared with conventional shielding materials.

2. Theoretical Procedure

2.1 Density Model

Using the theoretical density model of oxide glasses (Makishima and Mackenzie, 1973), we have calculated
packing density parameters for coordination numbers 4 and 6 of fluoride compositions using ionic radii
(Shannon and Prewitt, 1969; Shannon and Prewitt, 1970) and also calculated the density for the different
fluoride glasses, Considering this model (Inaba and Fujino, 2010).

The empirical equation for the density determination of oxide glasses is
2(Vi'Xi)
\Y%

= PRy M
_ X(MiX;)
P=VPywx) 2)
_ 2(M;X;)
p=0535 0 3)

where, they are treated as V;, ionic packing ratio, which is constant equal to 0.53, M;is molar weight (g/mol),
X; is molar fraction (mol %), p is density (g/cm?), and. V; is the packing density parameter (m>/ mol)
obtained from the following equation for an oxide MxOy. X denotes the number of metal atoms, and Y
indicates the number of oxygen atoms in the compound MxOy. For instance, in the case of GeO», X is equal
to 1 and Y is equal to 2.

vi=§ NAX Py + Y o) 4)

where, N4 is Avogadro’s number (mol™!) and rv and ro are the ionic radius of the metal and the ionic radius
of the oxygen, respectively. In this study, ionic radii were used (Shannon, 1976). In the packing density
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parameter equation, when we replace fluorine instead of oxygen, the composition will become MF, X
denotes the number of metal atoms, and Y indicates the number of fluorine atoms in the compound MxFy.
For instance, in the case of GeF», X is equal to 1 and Y is equal to 2. Then Equation (4) becomes as follows,

Vs iNAX Py + Y 1) (5)

where. 1 is the ionic radius of the fluorine. By using these equations, we have calculated the packing density
parameter and the density of the fluoride glass compositions.

2.2 Radiation Shielding Properties

The process of reducing ionizing radiation, like X-rays and gamma rays, by interposing materials in their
path to reduce radiation intensity through scattering or absorption is referred to as radiation shielding.
Thickness, density, and atomic composition these are all affect a material's capacity to attenuate incoming
photons, which is a critical component of radiation shielding performance. The attenuation of photon beams
as they traverse a shielding material follows the Beer—Lambert law, mathematically expressed as
(Mariyappan et al., 2018; Gayathri et al., 2024; Ornketphon et al., 2024).

[=]pe™™ (6)

where, Ipand I are the incident and transmitted photon intensities, respectively, p is the linear attenuation
coefficient (LAC), and x is the thickness of the material. This exponential relationship highlights that a
higher LAC value indicates a material's superior ability to absorb or scatter photons, thereby enhancing its
shielding effectiveness. To account for material density and allow comparison between different materials
or compositions, the mass attenuation coefficient (MAC) is used. It normalizes the LAC by the material's
density (p), and is given by

MAC = E (7

In practical uses of shielding analysis, the Linear Attenuation Coefficient (LAC) gives rise to a number of
important parameters, such as the Half-Value Layer (HVL), Tenth-Value Layer (TVL), and Mean Free Path
(MFP). The HVL is the thickness that will cut the amount of radiation in half. It directly shows how well a
material protects against radiation. A smaller HVL means that the material is better at protecting against
radiation. The TVL, on the other hand, is the thickness needed to decrease radiation levels to 10% of their
original level. This is particularly crucial when designing safe places such as radiotherapy rooms and
nuclear plants. Lastly, the Mean Free Path signifies the average distance a photon travels within the material
before it interacts through absorption or scattering, with the relationships defined as

HVL = ln_2 — 0.693 (8)
H il

TVL = H — 2.302 (9)
H H

MFP = ﬁ (10)

The Phy-X computational tool was used to theoretically evaluate the radiation shielding properties of the
IBSCZ glass. This tool can calculate the above parameters for a wide range of photon energies. These kinds
of studies are very important for figure out the glass systems in radiation shielding, especially in medical,
nuclear and industrial settings, where, both protection and transparency are needed.
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3. Result and Discussions

3.1 Density Model

The packing density parameter and density of the fluoride glass compositions are investigated in this work
by utilizing Equations (5) and (3), respectively. Table 1 shows the packing density parameter (V;) for
different fluoride chemical compositions for both 4 and 6 coordination numbers. Calculated V; values are
distinguished by small fractions, and not all elements have ionic radii for coordination number 4, but all
elements have ionic radii for coordination number 6, and a coordination number of six was adopted, as the
majority of fluoride glass constituents exhibit octahedral coordination in both crystalline analogues and
glassy states. This selection ensures consistency with experimentally observed densities, reflects the
inherent structural compactness of fluoride-based networks, and aligns with established structural models
reported in the literature (Tanabe et al., 1995; Inaba and Fujino, 2010). So that while calculating the density
of the different fluoride glass compositions, we have used the packing density value of coordination number
6. Equation (4) is satisfied for oxide glass compositions, and Equation (5) is satisfied for fluoride glass
compositions. As we noted from the literature survey, there have been a lot of theoretical and empirical
studies in the past for oxide glasses (Inaba and Fujino, 2010; Komatsu et al., 2021; Coskun et al., 2023;
Kumar et al., 2024; Tian et al., 2024). Although fluoride glasses have been widely investigated
experimentally, their theoretical modeling has not been explored to the same extent as oxide glasses. To
bridge this gap, we have performed theoretical calculations for fluoride glasses using adapted models from
oxide glass systems and compared them with experimental data, demonstrating that such calculations can
be successfully extended to fluoride glasses.

Fluoride glass compositions, theoretical density values, and experimental density values are listed in Table
2. Experimental density values for the mentioned fluoride glass compositions were taken from the existing
literature (Poulain et al., 1992), which was measured by using Archimedes' principle. Experimental values
are closely matched with the theoretical density values obtained from the Equation (3). The relative error
is roughly 0—8%, as indicated by the absolute deviations (|ptheo — pexp|), which vary from 0.00 to 0.35
g/cm?®. Since these deviations are affected by composition and do not follow a consistent trend, Equation
(3) is considered a reliable method for estimating the densities of fluoride glasses without the need for a
universal correction factor.

A histogram was plotted for the theoretical density values for the studied fluoride glass compositions as
shown in Figure 1, which vary from 3.16 to 6.08 g/cm?. The peaks indicate that the distribution of density
values is around 3.0, 4.0-4.2, 5.0-5.3, and 6.08 g/cm?. This reflects the effect of chemical compositions on
the density values. The density values of glasses containing heavier cations, such as Th*', In*', Zn**, and
Yb*", are higher than those of glasses containing lighter cations, such as AI**, Li*, Na*, and Mg?*. With a
deviation of 0-8%, Table 2 demonstrates that theoretical values and experimental density values are in the
good agreement. Among the fluoride glass compositions IBSCZ glass is exactly matched with the
experimental value (5.10 g/cm?), which confirms the reliability of the adopted density model. Density is a
crucial parameter for governing the radiation shielding, optical, elastic properties (Shi et al., 2020) and
physical properties of the fluoride glasses.

Density directly impacts the refractive index; the higher the density of a glass, the tighter its atomic packing,
so when light passes through, it slows down and can be bent more. Density also correlates with dispersion;
i.e., the splitting of light into a spectrum, which is a sought-after characteristic in devices for spreading
light, such as lenses and prisms. As the density and refractive index of the glass increase reflectance also
increases, while density does not solely dictate transparency, it indirectly affects light absorption, especially
at higher wavelengths. Therefore, the density is crucial to determine such optical parameters as refractive
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index, dispersion, and reflectance that underpin the development of glass designed for optical use (Halimah
et al., 2018; Abouhaswa and Taha, 2024).

Table 1. Chemical Composition, Molecular weight (M;), and Packing Density Parameter (V;) for the coordination
number 4 and coordination number 6 of the elements of the chemical composition.

Composition Molar weight (M;) Packing density parameter (V;) Packing density parameter (V;)
(g/mol) (10° m*mol), Coordination number 4 (10° m*mol), Coordination number 6

ZrF, 167.22 23.19 24.671

BaF, 175.32 - 18.069

LaF; 195.9 - 20.801

ThF, 308.03 - 26.046

AlF; 83.98 17.15 18.184

NaF 41.99 8.115 8.6084

HfF, 254.48 23.16 24.632

YF; 145.9 - 19.636

CaF, 78.08 - 14312

ScF; 101.96 - 18.84

CdF, 15041 12.534 14.166

ZnF, 103.39 11.88 12.887

SrF, 125.62 - 15.408

YbF; 230.04 - 19.39

InF; 171.81 17.60 19.088
MgF, 62.3 11.80 12.806

Table 2. Glass composition, Theoretical density [p (g/m?)], Experimental density [p (g/m?)], Absolute deviation [Ap
(g/m?)], and Relative error (%).

Glass code Glass composition Theoretical density Experimental Absolute deviation Relative
Pine (g/cm®) density p.,, (g/cm®) Ap (g/cm®) error (%)
ZBL 627rF,-33BaF,-5LaF; 4.90 4.60 0.30 6.12
ZTL 60ZrF4-30ThF,-10LaF; 5.32 5.25 0.07 1.31
ZBLA 57Z1F4-34BaF,-5LaF;-4AlF; 4.21 4.54 0.33 7.84
ZBLAN | 53 ZrF,4-20BaF,-4LaF;-3AlF;-20NaF 4.19 4.35 0.16 3.82
AYTB 28.7AIF;-28.7YF;-22.6ThF,-20BaF, 5.34 5.10 0.24 4.50
YABC 20YF;-40Al1F;-20BaF,-20CaF, 4.12 4.00 0.12 291
TLB 30ThF4-60LiF-10BaF, 5.61 5.29 0.32 5.70
ZBTY 28.3ZnF>-15BaF,-28.3ThF;-28.3YbF; 6.08 6.43 0.35 5.76
IBSCZ 40InF;-15BaF,-20SrF,-5CdF,-20ZnF, 5.10 5.10 0.00 0.00
ASCM 39AIF;-23SrF,-28CaF,-10MgF, 3.16 3.42 0.26 8.23
Frequency v/s Density
20 -
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g
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Figure 1. Theoretical density histogram of fluoride glass composition.
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3.2 Radiation Shielding Properties

In many fields like industries, nuclear power plants, aerospace engineering, and medical imaging, where
ionizing radiation exposure must be kept to a minimum, radiation shielding is essential. Despite their
widespread use of traditional shielding materials like regular concrete, ilmenite, and hematite-serpentine
frequently have drawbacks like limited flexibility and possible toxicity. Radiation shielding parameters,
including MAC, LAC, HVL, TVL, and MFP values of conventional shielding materials, as well as density
(Table 3) were gathered from publications already in existence (Bashter, 1997). Advanced materials that
are not only more effective but also lightweight, transparent, and non-toxic are becoming more and more
necessary as a result, because of their superior attenuation capabilities and advantageous physical
characteristics. Fluoride-based heavy metal glasses, particularly those made of high atomic number (high-
Z) elements have emerged as promising substitutes. We looked more closely at the radiation shielding
qualities of IBSCZ glass because, in this case, it has a theoretical density value that is much more accurate
than the experimental density value among the evaluated fluoride glasses. gamma-ray shielding properties
of IBSCZ glass with the composition 40InFs—15BaF>—20SrF>—5CdF>—20ZnF- has been evaluated. The
fluorine-rich matrix improves the optical clarity and lower material weight, while the presence of In and
Cd greatly improves photon interaction. Using crucial parameters like MFP, HVL, TVL, MAC, and LAC.
This study methodically examines the shielding effectiveness of IBSCZ glass over a broad photon energy
range (0.015—15 MeV). When the outcomes are contrasted with traditional shielding materials, it is evident
that IBSCZ performs better. According to these results, IBSCZ glass is a cutting-edge radiation shielding
substance that is perfect for portable and high-performing protective systems.

Table 3. Density (in g/cm?) of shielding materials.

Shielding materials Density in (g/cm®)
Ordinary concrete 2.30
Hematite-Serpentine 2.50
Ilmenite-Limonite 2.90
Basalt-Magnetite 3.05
Ilmenite 3.50
IBSCZ glass 5.10
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Figure 2. Mass attenuation coefficient of IBSCZ glass and other shielding materials.
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Figure 3. Linear attenuation coefficient of IBSCZ glass and other shielding materials.
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Figure 4. Half value layer of IBSCZ glass and other shielding materials.
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Figure 5. Tenth value layer of IBSCZ glass and other concrete materials.
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Figure 6. Mean free path of IBSCZ glass and other shielding materials.

IBSCZ shows the top MAC value of 34.53 cm%g at 0.015 MeV. This beats other materials like I[lmenite—
limonite (29.64 cm?%g) and IImenite (29.12 cm?/g) by a wide margin. As photon energy rises, MAC values
drop for every material. The reason is a shift from photoelectric absorption to Compton scattering. Still,
IBSCZ keeps the lead in all cases (Figure 2). At 1 MeV and 10 MeV, IBSCZ reaches 0.059 cm?/g and
0.032 cm?/g which are still higher than the conventional shielding materials, which range from 0.021 to
0.034 cm?*g respectively (Sekaran et al., 2024).

At 0.015 MeV energy level, IBSCZ has a high LAC value of 176.13 cm™ as shown in Figure 3. This value
is significantly higher than ilmenite (102.0 cm™), ilmenite—limonite (86.00 cm™), and ordinary concrete
(16.28 cm™). It continuously maintains the highest values throughout entire energy range, while the LAC
values for all materials reduces as the energy increases and Compton scattering takes over as the primary
interaction mechanism. Other materials exhibit a LAC of 0.148 to 0.215 cm™ at 1 MeV, whereas IBSCZ
exhibits a LAC of 0.300 cm™. At extremely high energies, such as 15 MeV, where attenuation is more
difficult, IBSCZ maintains a leading value of 0.174 cm™ (Kumar et al., 2025a).

IBSCZ has a remarkably low HVL of only 0.004 cm at low photon energy (0.015 MeV), which is much
lower than that of ilmenite (0.007 c¢cm), ilmenite—limonite (0.008 c¢cm), and ordinary concrete (0.043 cm).
IBSCZ continuously maintains the lowest HVL throughout the spectrum as photon energy rises (Figure 4),
indicating its high attenuation capacity. IBSCZ has an HVL of 2.307 cm at 1 MeV, whereas the HVL of
other materials is between about 3.226 and more than 4.692 cm. IBSCZ exhibits HVLs of 4.215 cm and
3.974 cm, respectively, even at high energies like 10 MeV and 15 MeV, where shielding becomes more
difficult. These values are significantly lower than those of conventional materials like concrete (13.15 and
14.19 cm) and ilmenite (7.722 and 7.872 c¢m) at the same order of energy (Mariyappan et al., 2018).

The TVL of the shielding materials is shown in Figure 5. IBSCZ exhibits an exceptionally low TVL of
0.013 cm at low photon energy (0.015 MeV), greatly surpassing concrete (0.141 cm), ilmenite (0.023 cm),
and ilmenite—limonite (0.027 cm). All across the energy range, this exceptional performance is maintained.
At 1 MeV Ilmenite and ordinary concrete have TVLs of 10.70 cm and 15.6 cm respectively, while IBSCZ
records a TVL of 7.663 cm. IBSCZ maintains the lowest TVL of 13.20 cm even at high energies like 15
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MeV, while ilmenite and concrete have TVLs of 26.20 cm and 47.2 cm, respectively (Kumar &
Lenkennavar, 2025b).

The mean free path of shielding materials is shown in Figure 6. IBSCZ has a very low MFP of 0.006 cm
at low photon energy (0.015 MeV), which is much lower than that of concrete (0.060 cm), ilmenite (0.010
cm), and ilmenite—limonite (0.012 c¢cm). This suggests that IBSCZ is very effective for low-energy
applications like diagnostic radiology because gamma photons are more likely to be absorbed or scattered
within a shorter distance. Because the interaction probability decreases with increasing photon energy, MFP
values increase for all materials; however, IBSCZ continuously maintains the lowest values throughout the
spectrum. IBSCZ records an MFP of 3.328 cm at 1 MeV, whereas other materials have MFPs ranging from
4.655 to more than 6.770 cm. IBSCZ exhibits MFPs of 6.081 cm and 5.733 cm, respectively, even at high
energies like 10 MeV and 15 MeV. These are significantly lower than those of concrete (18.979-20.488
cm) and ilmenite (11.143—-11.360 cm) (Gayathri et al., 2024). However, the shielding efficiency of glass
materials is naturally limited when photon energies surpass 10 MeV. Photonuclear reactions and pair
production predominate in this regime, producing secondary neutrons and photons that reduce net
attenuation. Therefore, even though IBSCZ performs better up to 15 MeV, it would need to be combined
with neutron-absorbing additives or composite barrier systems to provide effective shielding at ultra-high
energies (Judith and Oryema, 2024).

In comparison to other shielding materials, IBSCZ glass is a very effective and sophisticated material for
gamma-ray shielding, as shown by the thorough examination of the radiation shielding parameters,
including MAC, LAC, HVL, TVL, and MFP. Its superior performance is largely due to its fluorine-based
composition, which contributes to desirable properties like high density, optical transparency, and reduced
toxicity, as well as the presence of high atomic number elements like indium and cadmium, which increase
the probability of photon interactions. All of the results point to IBSCZ glass's superior attenuation ability
with low HVL, TVL, and MFP values, demonstrating how well it protects against radiation while being
small, light, and non-toxic. These characteristics make IBSCZ glass a promising and versatile material for
cutting-edge applications in medical imaging, nuclear facilities, and aerospace radiation shielding systems.

The glass systems contain heavy metal oxides like PBO and Bi203, which provide excellent gamma ray
shielding due to their high atomic number and high density; however, these are have some limitations in
practical applications because of their toxicity. The recent works reported that these borate glasses show
high densities with superior gamma ray attenuation (Aloraini et al., 2021; Almugrin et al., 2022). Tellurate
glasses having intermediate densities and which balances the shielding performance and optical
transparency (Putra et al., 2025). In contrast, silicate glasses are light weight but they provide poor shielding
performance. However, IBSCZ glass is a safer alternative that offers a balance between radiation protection
and optical functionality because of its moderate density, wide UV—mid-IR transparency, and non-toxicity
(Majewski et al., 2018).

The efficiency of the gamma ray shielding in glasses is determined by the combined effects of elemental
composition and density, rather than density alone. Both the energy and the elemental makeup of the
photons affect their interactions; elements with high atomic numbers (Z) enhance Compton scattering at
intermediate energies and photoelectric absorption at lower energies. The IBSCZ glass has elements with
mid-to-high atomic numbers (In, Cd, Ba, and Zn) and shows strong gamma-ray attenuation across 0.015-
15 MeV. Cadmium increases neutron-capture efficiency at higher energies. Compared to denser but
potentially hazardous thorium-based glasses (ZBTY, TLB, AYTB), IBSCZ offers a safer and more
effective shielding performance. Excellent structural compactness is indicated by the perfect alignment of
its theoretical and experimental densities. IBSCZ is the most effective fluoride glass for radiation shielding
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overall, according to metrics like mean free path, half-value layer, and mass and linear attenuation
coefficients.

4. Conclusion

This work represents a major breakthrough in glass science by offering a novel theoretical method for
assessing the density and radiation shielding properties of fluoride glasses. We were able to determine the
packing density and theoretical density of fluoride glasses with remarkable accuracy by modifying the
Makishima—Mackenzie model that is typically used for oxide glasses. These values closely matched the
experimental values that were obtained using Archimedes' method. Our research enables anyone to refine
the formula for improved precision. This validation creates a new path for predictive modeling in glass
design in addition to filling the theoretical gap for fluoride systems. The novel IBSCZ glass (40InFs—
15BaF>—20SrF>—5CdF>-20ZnF2) was the most noteworthy of the fluoride glasses that were evaluated. Its
fluorine-rich matrix and high-Z constituents, such as indium and cadmium, allowed IBSCZ to outperform
traditional shielding materials like ilmenite and ordinary concrete in terms of gamma-ray attenuation over
a broad energy spectrum (0.015-15 MeV). Its high shielding efficiency, lightweight design, and optical
clarity are confirmed by the remarkably high MAC and LAC values along with low HVL, TVL, and MFP.
IBSCZ glass is a next-generation material for high-performance, non-toxic, and compact radiation shielding
in nuclear, aerospace, and medical applications because of these qualities. Overall, this work not only
confirms the feasibility of theoretically modelling physical properties in fluoride glasses but also positions
IBSCZ as a transformative material in radiation protection technologies.
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