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Abstract: The present study investigates the crystallization behavior of aluminum
fluorosilicate glass systems doped with Nb2Os (0, 5, and 10 mol%) within the
composition 45Si0>—15A1:0s—10CaF>—15Na.O-5NaF—(10—x)SrO-xNb.Os. Through
comprehensive analyses using XRD, FTIR, SEM, and physical parameter
measurements, the dual role of Nb2Os as a nucleating agent and network modifier was
elucidated. Results demonstrate that increasing Nb2Os content significantly enhances
crystallization, leading to the formation of niobium-rich phases such as NaNbOs while
reducing the amorphous fraction. FTIR deconvolution revealed the incorporation of
Nb** into the glass network, which promotes polymerization and modifies Al-O
coordination. Theoretical density calculations exceeded experimental values due to
microvoids and structural distortions induced by Nb2Os, highlighting the material’s
complex microstructure. SEM micrographs confirmed the progressive increase in
crystallite density and size with higher Nb2Os concentrations, transitioning from
isolated crystallites to an interconnected crystalline network. The study underscores
Nb2Os’s ability to stabilize the glass network while driving crystallization, offering
valuable insights for designing tailored glass-ceramics with controlled microstructures.
These findings have significant implications for optical and engineering applications,
where precise manipulation of crystallization behavior is critical for optimizing
mechanical, thermal, and functional properties.
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1. Introduction

Fluorosilicate  glasses have  garnered
significant attention in materials science due to
their  unique combination of optical,
mechanical, and thermal properties, making
them suitable for applications in photonics,
laser hosts, and radiation shielding [1-3]. The
compositional flexibility of these glasses allows
for tailoring their properties by modifying the
glass network through the incorporation of
various oxides and fluorides. The system
45S10>-15A1:0s—10CaF>—15Na.O-5NaF—
(10—x)SrO—xNb20s (x = 0, 5, 10 mol%)
presents an intriguing opportunity to study the
interplay between network formers, modifiers,
and intermediate oxides in a fluorine-rich
environment, with particular implications for

crystallization behavior—a critical factor in
glass-ceramic development [4].

The SiO: (silica) serves as the primary glass
former, establishing a stable tetrahedral
network that ensures structural integrity. Al2Os
(alumina) acts as an intermediate oxide,
enhancing chemical durability and thermal
stability by occupying network-forming or
modifying roles depending on composition. In
fluorosilicate glasses, Al.Os also influences
crystallization Kinetics by stabilizing the glass
network or participating in phase separation,
which can promote or inhibit devitrification [5,
6].
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The addition of CaF. and NaF introduces
fluoride  ions, which  lower  melting
temperatures, reduce viscosity, and improve
optical transparency by breaking Si—O-Si
bonds. However, fluorine content also affects
crystallization behavior, as fluoride phases
(e.g., CaF. or NaF crystals) may precipitate
during heat treatment, influencing the final
glass-ceramic microstructure [7]. Meanwhile,
Na:O acts as a network modifier, facilitating
the depolymerization of the silicate network
and enhancing ion mobility, which can alter
phase separation and nucleation rates.

The substitution of SrO with Nb2Os
introduces an interesting dynamic. SrO
(strontium oxide) typically behaves as a
modifier, while Nb2Os (niobium pentoxide) can
act as an intermediate or conditional glass
former, potentially enhancing refractive index,
mechanical strength, and nonlinear optical
properties. Niobium is also known to influence
crystallization mechanisms, either by forming
Nb-rich crystalline phases (e.g., NaNbQO:s) or by
suppressing crystallization due to its high field
strength, which increases glass network
stability [8-10].

Understanding the crystallization behavior
of aluminum fluorosilicate glasses is crucial for
designing glass-ceramics  with  controlled
microstructures and tailored properties [11, 12].
The presence of Al2Os and fluorine modifies
phase separation tendencies, nucleation rates,
and crystal growth, impacting mechanical
strength, optical transparency, and thermal
expansion. By systematically varying Nb:Os
content (x = 0, 5, 10 mol%), this study aims to
investigate how niobium incorporation affects
glass stability against crystallization and
identify the dominant crystalline phases formed
during heat treatment. Moreover, to correlate
structural changes with crystallization trends.

This work provides fundamental insights
into the composition structure crystallization
relationship in fluorosilicate glasses, supporting
the development of advanced glass-ceramics
for optical, biomedical, and engineering
applications. The choice of 0, 5, and 10 mol%
Nb,O; substitution represents a systematic
investigation method that allows for a gradual
and controlled modification of the glass
network.

2. Materials and Methods
2.1. Glass preparation and crystallization

Glass samples of composition 45SiO,-
15Al,05- 10CaF,- 15Na,0- 5NaF- (10-x) SrO-
XNb,Os, where x=0, 5, 10 mol%, were
previously synthesized and studied for their
structural radiation shielding ability [4].
Analytical grade chemicals of Sodium
carbonate and strontium carbonate supplied by
Sigma Aldrich Co. are used to obtain sodium
and strontium oxides. Silicon oxide and
Niobium oxide supplied by Sigma Aldrich Co.
was used as received. Aluminum oxide
supplied by Lenksses Co. was used as received.
Calcium and sodium fluorides from Membai
Co..The two-step heat treatment process
(nucleation followed by crystallization) for the
studied glasses involves controlled thermal
steps to induce crystal formation while
maintaining structural stability. Nucleation is
typically carried out near the glass transition
temperature (Tg) to promote the formation of
stable crystal nuclei without excessive growth.
For this composition, a suitable nucleation
temperature range is 560-580 °C for 1-2 hours
based on a glass composition, allowing
homogeneous distribution of nucleation sites,
particularly for fluoride phases CaF:, and
potential Nb.Os-related clusters in  Nb-
containing glasses. The subsequent
crystallization step is performed at a higher
temperature (between 680-720°C for 1-3
hours, where the nuclei grow into well-defined
crystalline phases.

2.2. Experimental Techniques

The X-ray diffraction (XRD) patterns of the
prepared  films  were collected using
PANalytical X pert Pro MPD (with wavelength
A = 1.5406 A, Cu-Ka radiation, and operating
voltage 35 kV) in the 26 range (5-70°) in a
continuous mode. FT-IR spectra measurements
were carried out using a Bruker FT-IR
spectrometer (Invenio S, Germany). The
spectral resolution was 4 cm™, scan number
was 64 within the wavenumber range of 4000
400 cm™ was applied to the collection of ATR
spectra.  Scanning  electron  microscopy
(QUANTA FEG 250 FE-SEM) was employed
to analyze the surfaces of the specimens, their
exact structures, crystalline structure, and
materials composing the specimens.
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The study involved the determination of
several fundamental physical properties
through both experimental measurements and
theoretical calculations. Key parameters
investigated  included experimental and
theoretical density, molar volume, and packing
density to characterize the glass structure.
Additional derived properties comprised free
volume, average molecular weight, and ion
concentration, which provide insights into the
material's compactness and ionic distribution.
Further analysis included polaron radius and
inter-nuclear distance to assess electron
localization effects and cation spacing, while
field strength was evaluated to understand
modifier ion influences. Finally, oxygen
packing density was calculated to examine the
oxygen ion arrangement within the glass
network. Together, these parameters offer a
comprehensive understanding of the glass
system's structural and electronic
characteristics. The parameters discussed in
this study can be mathematically represented
through the following fundamental equations
[13-15]:

peneo = 2

m
x; is the mole fraction ()

M is the molecular weight of component j
¥y is the molar volume

Theoretical density

v o Ma
molar volume " op 2)
Mz is the average molecular weight of glass
V= Eg(x; Vi)
Packing Density T, 3
¥, is the jonic volume of compenet §
Free Volume Vr =V ‘ZICQVJ )
Average Molecular weight Mapg = Z (x; M) (5)
i
x N,
Ion concentration N= M—Ap [(3)]
avg
R 1 T 1/3
Polaron radius n = 3 (67—N) ()]

F=

Z is the cation charge

r is the fonic radius of the cation
o0PD

_ Total oxygen atoms per formulaunit X p  (9)

M,

avg

Field strength r? ®

Oxygen packing density

3. Results and Discussion
3.1. FTIR analysis of studied glass ceramics

Figure (1) presents FTIR spectra of heat-
treated glass-ceramics in the system 45SiO>—
15A1:05—10CaF2—15Na.0O-5NaF—(10—x)SrO—
xNb20Os (x = 0, 5, 10 mol%). The spectra
maintain the characteristic bands observed in
the previously reported glass [4], but with
altered intensities and FWHM values. Four
distinct features are visible: a medium-intensity

sharp band at 455 cm™, a broad peak centered
at 700 cm™' with a shoulder at 590 cm™ on its
descending slope, and an intense broad peak at
970 cm™. No additional absorption bands are
detected at higher wavenumbers. These spectral
features can be assigned as follows: 455 cm™
(Si-O-Si bending), 590 cm™ (Nb-O stretching
in NbOs octahedra), 700 cm™ (Si-O-Al
bridging vibrations), and 970 cm™ (Si-O
stretching in Q2 and Q2 units) [16-18].
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Figure (1) FTIR spectra of the studied samples

Deconvolution analysis was employed to
quantify structural units (Al-O coordination, Q2
and Q3 silicate species) and elucidate the
structural role of Nb:Os in the glass-ceramic
samples. The spectral components were
separated using Gaussian fitting to resolve
overlapping bands in the FTIR spectra [19, 20].
This analysis revealed changes in the relative
proportions of different structural units as a
function of Nb.Os content, particularly
highlighting the progressive incorporation of
Nb** ions into the glass network. The
deconvolution results, presented in Table 1,
show that increasing Nb2Os concentration (0 to
10 mol%) leads to: (1) a decrease in the relative
proportion of Al-O units, suggesting that Nb**
partially substitutes for AI** in tetrahedral sites;
(2) an increase in Q?3%Q? ratio, indicating
network polymerization; and (3) the emergence
of new bands associated with Nb-O vibrations
in both NbOs octahedra and NbQOs tetrahedra,
confirming the dual structural role of niobium
as both network former and modifier. These
structural changes correlate with the enhanced
crystallization behavior observed in the XRD

patterns. Figures (2:a, b, C) show the
deconvoluted spectral data of the studied
glasses.
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Figures (2:a, b, C) deconvoluted spectral data
of the studied glasses.

Table (1) Deconvoluted data of studied
samples

Sample Center Relative Q1 Q: Qs
area
GC 896 0.231 0.231 0.2601
0% Nb 950 0.260 0.5084
1030 0.508
GC 915 0.3456 0.345 | 0.4983 | 0.1559
5% Nb 1003 0.4983
1109 0.1559
GC 265 0.2613 - 0.2613 | 0.7386
10% Nb 1109 0.7386

3.2. X-ray diffraction (XRD)

Figure (3) reveals the X-ray diffraction
pattern of the heat-treated samples. The

produced pattern shows presence of multiple
crystal peaks superimposed over an amorphous
hump based on glass composition. Base glass
shows broad hump centered at about 29° with
several small peaks at about 21.5, 23, 26, 27,
28,29.5, 31,38, 39 and 45°.

The broad hump centered at 26 = 29°
indicates that a significant portion of the
material remains in the glassy (amorphous)
state after heat treatment while the distinct
peaks at 20 values of approximately 21.5°, 23°,
26°, 27°, 28°, 29.5°, 31°, 38° 39° and 45°
suggest the presence of one or more crystalline
phases. Phase analysis indicate presence of
Sodium Aluminosilicate (NaAlSiOa, nepheline)
(Card No.: 01-076-1858) [21] with major peaks
at 21.8°, 23.1°, 27.2°, 29.7°, 30.9°, 38.4°,
Strontium Aluminosilicate (SrAlSi-Os) (Card
No.: 01-070-1862) [22] with major peaks at
22.1°, 23.9°, 27.0°, 27.9°, 31.2°, Sodium
Calcium Aluminosilicate (Na2Ca2Si:0y) (card
No.: 01-077-0386) [23] with a major peaks at
27.5°, 29.4°, 30.1°, 31.4°, 39.2° and with some
residual of Calcium Fluoride (CaF, fluorite)
(Card No.: 00-004-0864) [24] with a key peaks
28.3°, 47.0°, 55.6° and Sodium Fluoride (NaF)
(Card No.: 00-004-0793) [25] with a Key
peaks: 38.5°, 44.6°.

The relatively small intensity of the
crystalline peaks compared to the amorphous
hump suggests either a low volume fraction of
crystals or nanocrystalline phases embedded in
the glassy matrix.
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Figure (3) XRD pattern of the studied glass-
ceramic
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The addition of 5% Nb,Os at the expense of
SrO has significantly altered the crystallization
behavior of the studied glass system. The new
composition (45S8102—-15A1.0s-10CaF2—
15Na.O-5NaF-5SrO- 5Nb,0s) shows a more
extensively crystallized material, as evidenced
by the higher intensity peaks and reduced
amorphous background. The small amorphous
hump at ~29° indicates that most of the glass
has crystallized, unlike the previous sample
where a significant portion  remained
amorphous while the peaks at 15°, 18°, 21°,
22°,24°, 27°, 28°, 30°, 32°, 35°, 39°, 50°, 51°,
and 60° 20 suggest multiple crystalline phases
have formed including Sodium Niobate
(NaNbO3) (Card No.: 01-073-0803) with a Key
peaks: 22.7°, 32.4°, 39.9°, 46.5°, 57.8°
Calcium Niobate (CaNb,Og) (Card No.: 00-
039-1392) with a Key peaks: 28.9°, 30.1°,
34.8°, 50.3°, Strontium Niobate (SraNb,O-)
(Card No.: 01-070-0413) with a key peaks:
15.3°, 21.6°, 27.5°, 31.9°, 50.6°, in addition to
some of the previously reported phases Sodium
Aluminum Silicate Fluoride (NasAISiO4F,),
Sodium  Calcium Silicate  (Na,Ca,Si30y),
Calcium Fluoride (CaF»).

The appearance of the low-angle peak at 15°
20 is particularly noteworthy, as it often
indicates the formation of layered structures or
phases with large unit cells, which is consistent
with complex niobium-containing compounds
like Sr,Nb,O;. The presence of Nb,Os has
acted as an effective nucleating agent,
significantly enhancing the crystallization
process in the studied glass system. Niobium
compounds tend to form nucleation sites that
promote the crystallization of other phases,
explaining the increased number and intensity
of diffraction peaks.

The further increase in Nb,Os content to
10% (at the expense of SrO, presumably
making the composition 45Si0:—15AL0s—
10canfl5N320*5NaF*OSFO*lONb205) has
led to an even more dramatic change in
crystallization behavior. The almost complete
disappearance of the amorphous hump indicates
a highly crystallized material, while the reduced
number of peaks with higher intensities
suggests preferential growth of specific
crystalline phases. Sodium Niobate (NaNbO;),
Sodium Niobium Oxide (NazNbQO,) (Card No.:
01-076-0977) [26] with a key peaks: 15.2°,

28.9°, 35.4°, 50.3°, 62.1°, Niobium Oxide
(Nb,Os) (Card No.: 00-027-1003) [27] with a
key peaks: 28.4°, 35.1°, 49.7°, 58.8° result
from excess unreacted Nb,Os that may be
present due to its higher concentration, Sodium
Aluminum Niobate (NaAINb,Og) (Card No.:
00-044-0060) [28] with a key peaks: 28.3°,
29.6°, 35.3° 46.2°, 50.5°, Calcium Niobium
Oxide (CayNb,O7) (Card No.: 01-070-1690)
with a key peaks: 28.7°, 35.2°, 49.9°, 59.1°,
64.3° and finally Calcium Fluoride (CaF,).

The significant changes in the XRD pattern
with increasing Nb,Os content can be explained
as Niobium oxide is a powerful nucleating
agent that promotes crystallization. At 10%
concentration, it has induced nearly complete
crystallization of the glass, while the decrease
in the number of diffraction peaks suggests that
certain phases are preferentially growing at the
expense of others, leading to a simpler phase
assemblage dominated by niobium-containing
compounds. With SrO now completely
replaced by NbyOs, strontium-containing
phases have disappeared, and the system is
dominated by sodium and calcium niobate
phases. The increased peak intensities indicate
larger crystal sizes or higher volume fractions
of crystalline phases. The presence of fewer
peaks with higher intensities might also suggest
some preferential orientation of the crystals,
particularly for the layered niobium-containing
phases.

This evolution in crystallization behavior
demonstrates how Nb,Os acts not only as a
nucleating agent but also as a network modifier
that fundamentally alters the structural
organization of the glass-ceramic system. The
complete crystallization and formation of
predominantly  niobium-containing  phases
suggest that the material has undergone a
significant transformation from a glass-ceramic
to an almost fully crystalline ceramic material.

In Nb-free glasses (x = 0), SrO and CaF-
likely dominate crystallization, forming SrF: or
silicate phases, while increasing Nb-Os content
(x =5, 10 mol%) may induce the precipitation
of Nb-rich crystalline phases (e.g., NaNbOs) or
suppress crystallization due to Nb’s high field
strength, requiring optimization of time-
temperature parameters to balance phase purity
and microstructure.
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2.3. Scanning Electron Microscopy (SEM)
Figure (4) presents high-magnification
electron micrographs of the investigated glass-
ceramic samples. The images reveal
nanocrystalline phases embedded within the
amorphous glass matrix, with crystallite density
and size progressively increasing with Nb2Os
content. In the niobium-free sample, sparse,
isolated crystallites are observed, while the 5
mol% Nb:0s sample displays a higher volume
fraction of uniformly distributed crystallites. At
10 mol% Nb2Os, the microstructure is
dominated by an interconnected crystalline
network with minimal residual glass phase.

This  microstructural evolution directly
corresponds to the XRD findings, confirming
Nb2Os's role as an effective nucleating agent.
The transformation from  predominantly
amorphous to highly crystalline character is
evidenced by the decreasing glass background
in the micrographs, paralleling the diminishing
amorphous hump in the diffraction patterns.
The observed crystallites likely represent the
niobium-rich  phases identified by XRD,
including sodium niobate and calcium niobium
oxide compounds. This relationship between
Nb2Os  concentration and  crystallization

behavior demonstrates how controlled additions
of nucleating agents can be used to engineer the
microstructure of glass-ceramics for specific
applications.
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Figure (4) SEM of samples (a) GC-NDO, (b)
GC-ND5, and (c) GC-Nb10.
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2.4. Physical parameters

The higher values of theoretical density
compared to experimental density in glass
systems can be attributed to several factors. The
theoretical calculation assumes an ideal, defect-
free structure with perfect atomic packing and
exact stoichiometric ratios, whereas real glasses
contain microvoids, composition fluctuations,
and residual stresses from processing that
increase volume and reduce measured density.
Additionally, experimental techniques like
Archimedes' method are affected by surface
roughness, bubble entrapment, and
measurement uncertainties, further lowering the
experimental values. In the specific case of
Nb2Os-containing  glasses, the high field
strength of Nb*>* ions may distort the network
structure, creating more open coordination
geometries and increasing interatomic spacing
despite the glass high molecular weight.
Furthermore, rapid quenching during glass
synthesis can trap excess free volume, while
fluorine content may lead to volatilization-
induced porosity. These combined effects—
idealized theoretical assumptions versus real
structural imperfections and measurement
limitations—systematically result in theoretical
density values exceeding their experimental
counterparts, typically by 1-5% in oxide
glasses, with larger discrepancies possible in
systems containing heavy modifiers or flux
additives. The difference serves as an important
indicator of the glass's true microstructure
relative to its idealized composition. All
obtained data were summarized in Table 2.

Table (2) Calculated physical parameters

Glass Code
parameters
S1 S2 83

Density gem?+0.0002 2.667 2.664 2.628
Theoritical density gem™ 3.048 3.043 3.038
Molar volume (Vm) cm*mol10.0001 26.957 30.032 33.529
Packing density (Pd) 0.529 0.518 0.503
Free volume (V{) 12.686 14472 16.680

Average mol.wt. (MAv)(g) 71.896 80.005 88.115

Ton concentration (N) ( 10*2* ions) 0.000 1.002 1.795
Polaron radius (ry) (A’) - 0.867 0.714
Inter-nuclear distance (rj) (A" ) - 2153 1.773
Field strength (F) 10+18 (g mollcm2) - 3.532 5211
Oxygen Packing density (QPd) 10°2! 1.320 1.200 1.070
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2.5. O/N (oxygen per
cation)

The oxygen per network-forming cation
(O/N) ratio provides critical insights into the
structural organization of these aluminum
fluorosilicate glasses. For the composition
containing 10 mol% Nb2Os (with no SrO), we
calculate an O/N ratio of 2.68, reflecting a
highly polymerized network structure. This low
ratio results from niobium's strong tendency to
act as a network former, with Nb*" ions
incorporating into the glass matrix as [NbOs] or
[NbO4] units that enhance three-dimensional
connectivity. The intermediate composition (5
mol% Nb:Os and 5 mol% SrO) shows a
moderately higher O/N of 2.88, indicating a
balance between network-forming (Nb2Os) and
network-modifying  (SrO) influences. In
contrast, the SrO-rich (10 mol%) glass exhibits
the highest O/N ratio of 3.04, characteristic of a
significantly depolymerized structure with
abundant non-bridging oxygens due to Sr*''s
modifier role.

These calculated O/N values correlate
remarkably well with the experimental
observations from XRD and FTIR analyses.
The decreasing O/N ratio with increasing
Nb:2Os content explains the enhanced
crystallization tendency observed in these
glasses, as the more polymerized network
provides favorable conditions for ordered phase
formation. Conversely, the higher O/N values
in SrO-containing compositions correspond to
their greater network disruption and reduced
crystallization propensity. The systematic
variation in O/N ratios (from 2.68 to 3.04)
across these compositions quantitatively
demonstrates how strategic compositional
adjustments can precisely control the glass
network's degree of polymerization, offering a
powerful tool for tailoring material properties
for specific applications in optics, electronics,
or glass-ceramic technologies. This approach
provides a fundamental framework for
understanding and predicting structure-property
relationships in complex multi-component glass
systems.

4. Conclusion
The systematic substitution of SrO with

network-forming

and structural properties. Nb2.Os acts as an
effective nucleating agent, inducing the
formation of niobium-rich crystalline phases
(e.g., NaNbOs) and reducing amorphous
content, as confirmed by XRD and SEM. FTIR
analysis reveals Nb’" integration into the
network, increasing polymerization and
modifying  Al-O coordination.  Physical
parameter calculations highlight the impact of
Nb's high field strength on density and free
volume, with theoretical values surpassing
experimental results due to structural
imperfections. These findings underscore
Nb20Os's dual functionality—enhancing network
stability while promoting crystallization—
enabling the design of advanced glass-ceramics
with optimized mechanical, optical, and
thermal properties for targeted applications.
The study provides a foundation for further
exploration of Nb-doped fluorosilicate systems
in materials science.
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