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Abstract

This study presents a theoretical investigation of the composition-property relationships in the glass
system 50 Si02—(40—x) Pb304—-10 Y203—x Ti02, x=0 to 1 mol% using empirical models and theoretical
frameworks, key properties such as density, molar volume, oxygen packing density (OPD), dielectric
constant, optical band gap are calculated. The results reveal that the incorporation of TiO: influences the
structural and functional properties of the glass, with trends such as a decrease in density, refractive index,
dielectric constant and an increase in oxygen packing density and optical energy gap. These findings
provide valuable insights into the design and optimization of lead-based silicate glasses for applications
in optical materials, dielectrics, and radiation shielding. The study highlights the potential of theoretical
modelling as a powerful tool for predicting and tailoring the properties of multicomponent glass systems.
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Introduction

Each glass system exhibits unique properties resulting from the synergistic interactions of its constituents.
Fine-tuning these properties by varying the relative concentrations of the components and introducing
additional constituents can enable the synthesis of glasses with customized characteristics.

Silicate glasses doped with red lead and yttrium (SiO2-Pb304-Y203) exhibit unique properties such as
radiation shielding and increased optical transparency [1][2]. The presence of red lead by virtue of its high
density and high atomic number contributes to the attenuation of ionizing radiation like X-rays, gamma
rays. Yttria on the other hand due to its high melting point, resistance to corrosion and compatibility with
other oxides contributes for the high thermal stability and chemical durability. PbsOs enhances the
refractive index, while Y20s improves infrared transparency and durability, making the glass ideal for
advanced optical applications such as lenses, laser components, and IR windows. PbsO4 provides radiation
shielding, while Y203 enhances thermal and chemical resistance, making the glass ideal for nuclear and
medical applications. Y20; improves mechanical strength, while Pb:O4 lowers the melting temperature,
facilitating the production of durable, high-performance glass coatings. Addition of these two compounds
with such wonderful complementary properties can create glass systems with tailor made optical, thermal
and mechanical behaviour.

Addition of transition metal oxides in glass systems is already reported to have positive effects on
achieving desired characteristics [3][4][5]. But the effect of the addition of transition metal oxides like

IJFMR250237629 Volume 7, Issue 2, March-April 2025 1



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

Titanium oxide to SiO2-Pb304-Y203 glass systems is not yet well explored. To be more specific, there
is a lack of detailed studies on minimal incorporation of TiO2 (0—1 mol%) in to these glass systems and
how the inclusion can induce subtle modifications in the glass matrix architecture, particularly within
compositional frameworks where Pb:Os and Y:0s function as predominant network-modifying and
structural-stabilizing constituents. Even though the individual effects of SiO2, Pb304, and Y203 on glass
properties are well-documented, the synergistic effects of these components with TiO2 are not fully
understood.

TiO: incorporation alters the coordination environment of Pb** and Y** by modifying their bonding and
spatial distribution within the glass network. It influences the glass transition temperature (Tg) and thermal
expansion coefficient by affecting network rigidity and cross-linking density. Additionally, TiO» impacts
the optical bandgap and refractive index by modifying electronic polarizability and the density of non-
bridging oxygen species. Hence such a scientific investigation is crucial for designing advanced glass
materials with tailored properties for specific applications. This paper proposes a novel glass composition,
50 Si02-(40-x) Pb304-10 Y203-x TiO2, where x ranges from 0 to 1 mol%, and discusses the potential
effects of TiO2 incorporation on the structural, thermal, and optical properties of the glass. The proposed
composition addresses a key gap in the literature by investigating low-concentration TiO2 doping in a
Pbs04-Y20s-rich glass system, elucidating its synergistic interactions with network constituents, and
establishing a basis for future experimental validation of predicted properties and applications. This work
not only advances the fundamental understanding of TiO2-doped SiO2-Pb304-Y203 glasses but also
opens new avenues for the development of advanced materials for radiation shielding, optical devices, and
other high-performance applications[6][7][8].

Literature review

Silicate glasses, particularly SiO.-based systems, are extensively studied for their superior thermal,
mechanical, and optical properties. The SiO: network ensures high chemical durability and thermal
stability, though its high melting temperature and limited functionality necessitate the incorporation of
modifiers and intermediates.

PbO or PbsO4 additions reduce the melting point while enhancing density and refractive index, making
the glass suitable for optical and radiation shielding applications.PbsO4 functions as a potent network
modifier in silicate glasses, inducing structural depolymerization through the generation of non-bridging
oxygen (NBO) species. This modification lowers the glass transition temperature (Tg) while concurrently
enhancing density and refractive index. PbsOa-rich glasses exhibit superior radiation attenuation due to
the high atomic number of Pb, optimizing gamma-ray and X-ray shielding (Singh et al., 2020). However,
excessive PbsOs incorporation compromises chemical durability and raises environmental concerns,
necessitating stabilization via Y20 or TiO2 to mitigate lead-induced degradation.[9][10]

Y20:s serves as a network stabilizer in glass systems, enhancing thermal stability, mechanical strength, and
resistance to crystallization. Its incorporation increases hardness and fracture toughness by reducing non-
bridging oxygen (NBO) species and improving chemical durability in SiO2-PbsOs matrices. However, its
role in multi-component systems containing TiO: remains insufficiently characterized, particularly
regarding its structural interactions with transition metal oxides.

The physicochemical properties of multi-component glasses are predominantly governed by the intricate
synergistic interactions among their constituents. In Si02-PbsO4-Y-20s systems, the combined influence of
Pbs0O4 and Y205 induces structural modifications that yield distinct thermal and optical characteristics
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unattainable in binary counterparts. The incorporation of a fourth component, such as TiO., further
complicates the network dynamics, as it can participate in both network-forming and modifying roles,
potentially altering bond coordination, electronic polarizability, and structural connectivity. However, the
precise influence of TiO: on the local coordination geometry of Pb?" and Y ions, as well as its impact on
glass polymerization and network cross-linking, remains insufficiently characterized, necessitating further
investigation.[11][12][13]

Theoretical analysis:

The incorporation of TiO:2 (0—1 mol%) into the SiO2-PbsO4+-Y20s glass system is expected to enhance
structural and functional properties without significantly disrupting the glass network. As a network
intermediate, TiO2 can partially integrate into the SiO. framework, forming [TiOa4] or [TiOs] units that
improve mechanical strength and thermal stability, as observed in soda-lime silicate and lead-silicate
glasses. The synergy between PbsOa, which introduces NBOs and Y203, which stabilizes the network by
reducing NBOs is further optimized by TiO: through the formation of strong Ti-O-Si bonds. This
interaction enhances network connectivity, improves chemical durability, and modulates key optical
properties such as refractive index and optical band gap, making the glass composition promising for
applications in optical systems and radiation shielding.[14][15][16][17]

Theoretical Computation of Physical Parameters for SiO:-Pbs;04-Y20s-TiO: Glasses:
To support the argument regarding the stabilizing role of TiO2 in Si02-Pbs0s-Y20s glasses, various
physical parameters have been computed using the following well-established theoretical models. These
calculations provide insights into the structural, optical, and dielectric modifications induced by TiO-
doping.
1. Density (p)
The density of the glass system is estimated using the additive rule.
20 My)
SaTeAn
x; is the molar fraction of each oxide component, M; is the molecular weight of each oxide component,
V; is the molar volume of each oxide component.
2. Molar Volume (V)
Molar volume provides insight into the compactness of the glass network and is given by
Mglass

Vn =

Mg,45 is the average molar mass of the glass composition, p is the computed density.

3. Oxygen Packing Density (OPD)
Oxygen packing density (OPD) measures the concentration of oxygen atoms per unit volume, which

influences the glass’s compactness and mechanical stability.
1000 X Zx;f;
OPD = —————=
2(x V)
fi 1s the number of oxygen atoms contributed by each oxide.
4. Refractive Index (n)
The refractive index is computed using the empirical relation proposed by Dimitrov and Sakka (1996),
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which accounts for the electronic polarizability of oxide constituents:

— (1 + 2 xiRi)l/Z
n= inVi

R; is the oxide refraction parameter.
5. Dielectric Constant (&)
The dielectric constant is related to the refractive index by the Lorentz-Lorenz equation.
2
& =n

6. Optical Band Gap (E»)
The optical band gap energy, which determines the electronic transition threshold, is estimated using the
empirical relation.

£ 20
9 n-1
n is the refractive index.
Oxygen
samolel Composition Density |Packing |Refractive|Dielectric (E;r;ergy
P P (g/cm3) |Density |Index Constant (e\f)
(mol/cm3)
TO 50 Si02-40 Pb304-10 Y203 6.686459 |0.05932 [2.25313 |5.07657 |4.90608

T1 50 Si02-39.8 Pb304-10 Y203-0.2 TiO2 [6.678575 |0.05939 [2.25185 |5.07081 |4.91302

T2 50 Si02-39.6 Pb304-10 Y203-0.4 TiO2 [6.671501 [0.05947 |2.25056 |5.06502 |4.92002

T3 50 Si02-39.4 Pb304-10 Y203-0.6 TiO2 |6.664443 |0.05955 |2.24927 |5.05920 |4.92708

T4 50 Si02-39.2 Pb304-10 Y203-0.8 TiO2 [6.656611 |0.05962 |2.24796 |5.05335 |4.93419

T5 50 Si02-39 Pb304-10 Y203-1 TiO2 6.649584 (0.05970 |2.24666 |5.04746 |4.94137

6.690000
0.05970
—_ 6.680000
™ 6.671501 —_
£ 2 0.05960 0.05955
f_-)_ 6.670000 6.664443 o
) =
~ [} 0.05947
2 6.660000 E 005950
17}
% 6.649584 E 0.05939
O 005940
o 6.650000 0.05932
6.640000 0.05930
TO T1 T2 T3 T4 T5 TO T1 T2 T3 T4 T5
Increasing TiO2 Concentration Increasing TiO2 Concentration

IJFMR250237629 Volume 7, Issue 2, March-April 2025 4



https://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com
2.25400 5.08000
5.07081
2.25185
X 225200 = 507000 5.06502
3 225056 £ 5.05920
£ = 5.06000
© 225000 2.24927 8 509335
% | o 5.04746
o 2.24796 g 5.05000
©  2.24800 %
[va 2.24666 L 504000
o
2.24600 5.03000
TO T T2 T3 T4 T5 TO T T2 T3 T4 T5
Increasing TiO2 Concentration Increasing TiO2 Concentration
4.95000 4.94137
4.94000 493419
oy 4.92708
51_3, 4.93000
a 492002
(‘D“ 4.92000 491302
= 4.90608
D 491000
(]
C
W 490000
4.89000
TO T1 T2 T3 T4 T5
Increasing TiO2 Concentration

The theoretical evaluation of physical parameters reveals systematic trends with increasing TiO- content
in the Si02-PbsO4-Y20; glass system. Density, Refractive Index and Dielectric Constant exhibit a
decreasing trend, while Oxygen Packing Density (OPD) shows a steady increase. Additionally, the Optical
Bandgap follows an increasing trend, consistent with its inverse relationship with refractive index.

The decrease in density suggests that TiO: incorporation leads to subtle modifications in the glass
structure, likely due to the partial replacement of high-density PbsO4 with lower-density TiO.. Similarly,
the reduction in refractive index indicates a decrease in overall electronic polarizability, which can be
attributed to structural rearrangements and a possible increase in the number of bridging oxygens, reducing
the contribution of high-polarizability Pb*" ions. This also explains the observed decline in dielectric
constant, as it directly correlates with refractive index and electronic polarization.

In contrast, the increasing oxygen packing density suggests a more compact structural arrangement, likely
facilitated by the formation of [TiOa4] or [TiOs] units, which enhance the glass network connectivity. The
corresponding increase in optical bandgap supports this interpretation, as a more rigid network with
reduced NBOs typically results in a wider energy gap.

Although the theoretical trends appear linear, the actual experimental variations are expected to exhibit
non-linear behavior due to structural relaxation, phase separation, and variations in local coordination
environments. This highlights the complexity of TiO-'s role in modifying the glass network and suggests
the need for further experimental validation to fully elucidate its impact on the material's structural and
optical properties.
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Conclusion:

The proposed glass composition, 50 SiO2-(40-x) Pb304-10 Y203-x TiO2, has significant implications
for both fundamental research and practical applications. By systematically exploring the effects of low-
concentration TiO2 doping, this study advances the understanding of how transition metal oxides
influence the structural, thermal, and optical properties of complex glass systems. The findings could guide
the design of advanced materials with tailored properties for specific applications, such as radiation
shielding (leveraging the high density of Pb304 and the stabilizing effects of Y203), optical devices
(benefiting from TiO2's ability to enhance UV-shielding and thermal resistance properties), and high-
performance glass ceramics (utilizing the improved thermal and mechanical stability imparted by Y203
and Ti0O2). Furthermore, the theoretical framework and predictive models developed in this work provide
a foundation for future experimental studies, enabling the optimization of glass compositions for emerging
technologies in optics, photonics, and nuclear engineering. This research not only bridges critical gaps in
the existing literature but also opens new avenues for the development of sustainable, high-performance
glass materials.
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