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Abstract

The impact of Aluminum oxide (Al,O3) addition on thermal stability and structural networks present within lithium borate glass defined
by the mixed composition of the simple ternary Li,O—Al,03—B,0O3 system. This approach intends to separate the specific structure of
Al,0s contributions from any potential impacts of additional dopants or the complex chemistry of glasses studied previously. Glasses with
variable amounts of Al,O3; were prepared through a standard melt-quench technique. Structural modifications were investigated using X-
ray diffraction and Fourier transform infrared spectroscopy, with particular emphasis placed on the evolution of three-coordinated boron
(BOs3) and four-coordinated boron (BO4) units and the formation of four-coordinated aluminum (AlO4) tetrahedra.Differential scanning
calorimetry was used to evaluate thermal stability and both the glass transition temperature, crystallization temperature, and thermal
stability window. Higher Al,O; contents translated into enhanced network connectivity, more pronounced structural densification, and
greater thermal stability. The results give an improved understanding of the structure-property relationship of this type of glass by
illustrating the relationship between composition and properties. The findings support the use of the aluminate lithium borate glasses for
applications requiring greater resistance to heat than what current materials can provide.
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1. Introduction (AlOy4) units [9]. The presence of AlO4 tetrahedra in borate

. _ glasses increases the degree of connectivity, increases the
Borate-based glasses have been extensively studied  gensity of the glass, and improves its thermal resistance to

and developed due to their low melting points, large compo- deformation [8]. In previous studies on both Aluminobo-
sitional range, and unique structure derived from the pres-  r4te and Lithium Aluminoborate oxide glasses containing
ence of both trigonal three-coordinated boron (BO3) and  ajyminum, the addition of alumina increased the density
tetrahedral BO4 units [1,2,3]. These attributes allow borate- of the glass, increased the glass transition temperature and
based materials to be used in a number of different ways, crystallization temperature of the glass — demonstrating
such as in sealants, optics and thermally stable glass ma- o jncreased strengthening influence of alumina upon the

trices .[2]' The network connectiv%ty, rigidity _"‘“_ld therm.al glass network [10,11]. Most of the previous studies thus far
behaviour of the boron-oxygen units play a critical part in have been confined to studies involving complex or doped
controlling the glass properties [3,4]. An important subset  glagses and the influence of alumina in these types of sys-

of borate glasses is lithium borate, where Li;O is used a5 {emg has been mixed with the influence of other modify-
a network modifier. The addition of Li,O converts some  jng agents or functional dopants [11]. As a result, the in-

BOj3 units into t.etra.hedral BO4, which increases the d‘?' trinsic structural and thermal role of Al,Oj; is still insuffi-
gree of polymerlz.atlon of the glas§ netwqu [4,5]. Thls ciently isolated from simple glass compositions and not sys-
structural change is often accompanied by increased rigid-  tematically studied. Very few comprehensive studies have

ity, less free volume and greater thermal stability [6]. The been performed to determine the fundamental role of Al,O3
BO3/BOy ratio is often cited as an important structural pa- when it is added to a ternary Li,O-Al,0;—B,05 system
rameter for determining the properties, both physical and  [11]. The present work attempts to bridge that information
thermal, of lithium borate glasses [5,7]. Aluminum oX- o4y by establishing a systematic study to investigate how
ide (Al,O3) has a functionally determined structural role in - ¢he content of Al, 05 affects the structural network and ther-
oxide glasses which can act as either a network former or 4] stability of lithium borate glasses in a simple ternary
an intermediate oxide [8]. Tetrahedrally coordinated Alu- composition. The effect of Al,O on network development
minum cations (AI*") are mainly included in borate-based and thermal properties can be assessed directly by keeping

oxide glasses containing sufficiently high concentration of ¢ amount of B,0; constant (10-20 mol%) while varying
compensating cations, forming four-coordinated aluminum
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Al,O3 within this range. This guarantees there will be sta-
ble homogeneous glasses formed in the laboratory. X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), density and molar volume measurements, and dif-
ferential scanning calorimetry (DSC) are used to develop
well-defined structure—property correlations and to further
clarify the contribution of Al,O; as an element that im-
proves thermal stability and network connectivity. Previ-
ous studies have mainly focused on complex/doped-glass
systems where Al,O3 acts in conjunction with some other
modifier or functional dopant. [12,13].

2. Materials and Methods

Three glass compositions were designed within the
Li,O-Al,03-B,03 system by keeping the B,O3; content
fixed at 60 mol% and varying the Li;O/Al,O3 ratio. The
nominal molar compositions are summarized in Table 1.
High-purity Li,COj; (extra pure; Sigma-Aldrich, St. Louis,
MO, USA), ALLOs3 (99.73%; Sigma-Aldrich, St. Louis,
MO, USA), and H3BO; (99.5% AR; Sigma-Aldrich) were
used without further purification and used as starting mate-
rials. The required amounts of each reagent were calculated
on a molar basis, weighed to an accuracy of £0.1 mg, and
thoroughly mixed in an agate mortar until a homogeneous
batch was obtained.

Table 1. Nominal compositions of the Li, O-Al,03—B,03
glasses (mol%).
Glass ID  Al,O3 (mol%) LiO (mol%)

B,03 (mol%)

L1 10 30 60
L2 15 25 60
L3 20 20 60

Al O3, aluminum oxide.

Each batch (=30-40 g) was placed in a high-alumina
crucible and preheated at 400450 °C for 1 h to remove
physically adsorbed water and to decarbonate the lithium
carbonate. Because of their high purity alumina crucibles’
excellent chemical inertness and thermal stability at the
melting temperatures used for this research project, it was
decided to use these types of crucibles to reduce possible
contamination by material from the crucible itself. The
melting conditions for all of the compositions of glass were
the same (melting temperature and holding time); there-
fore, if there were any contributions from the crucible ma-
terial to the differences in structure, physical properties, or
thermal properties observed in the glass as the amount of
AL, O3 increased, then these contributions would be neg-
ligible and would not have any influence on the calcula-
tions of glass composition or upon the overall findings of
the research project. The crucible was then heated to 1100—
1150 °C and held for 1.5-2 h, with occasional swirling of
the melt to promote homogenization and bubble removal.

The clear, bubble-free melt was poured onto a preheated
stainless-steel plate and immediately pressed with another
plate to form glass slabs with a thickness of about 2—3 mm.
The as-quenched glasses were transferred to an annealing
furnace and held at a temperature 20—30 °C below the glass
transition temperature (T,) for 1 h. This was followed by
slow cooling (=1-2 °C-min!) to room temperature to re-
lieve internal stresses. A schematic representation of the
melt—quenching steps is provided in Fig. 1. The resulting
samples from the process are shown in Fig. 2.

Bulk density (p) of the prepared glasses was deter-
mined at room temperature using Archimedes’ principle
with distilled water as the immersion medium. Each den-
sity value was obtained as the average of at least three inde-
pendent measurements for each glass composition, and the
experimental uncertainty was within £0.005 g-cm™. The
molar volume (V,,) was calculated from the measured den-
sity and the molar mass (M) of each glass composition ac-
cording to:

Vo =M/, (1)

For XRD measurements, a portion of each glass sam-
ple was crushed and ground to a fine powder (particle size
<75 um). XRD patterns were recorded at room tempera-
ture using Cu Ko radiation over the 20 range 10-70° with a
step size of 0.02° on a Aeris Research Edition diffractome-
ter (Malvern Panalytical, Almelo, Overijssel, Netherlands).
The amorphous nature of the glasses was confirmed by the
presence of broad diffuse halos and the absence of sharp
Bragg peaks.

FTIR spectra were collected in the range 200-1700
cm™' using the KBr pellet technique. Approximately 1 mg
of finely ground glass powder was mixed with 100 mg of
spectroscopic-grade KBr, ground again to ensure uniform
dispersion, and then pressed into a transparent pellet under
vacuum. All spectra were acquired on using an IRTracer-
100 spectrometer (Shimadzu Corporation, Kyoto, Japan)
within the range of 200-1700 cm™! using the KBr pellet
method at a resolution of 4 cm™', and at least 32 scans were
averaged for each sample to improve the signal-to-noise ra-
tio.

Differential scanning calorimetry was used to perform
thermal analysis on usinga METTLER TOLEDO DSC sys-
tem with STAR software (Greifensee, Zurich, Switzerland)
in a nitrogen flow environment. Approximately 20-25 mg
of glass in powdered form was added to an alumina crucible
and heated from room temperature to 700 °C at a constant
heating rate of 10 °C-min!. The glass transition tempera-
ture (Tg) was defined by the start of the endothermic step,
while the crystallization temperature (Tyx) was defined by
the start of the main exothermic peak. The thermal stability
was then calculated as:
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Fig. 1. Schematic illustration of the melt-quenching procedure used for preparing Li, O-Al;O3—B,0O;3 glass samples, including

solid-state (dry) mixing of the raw materials prior to melting.
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Fig. 2. Photographs of the prepared Li;O-Al,O3-B,0; glass samples. L1, L2, and L3 correspond to glass compositions containing

10, 15, and 20 mol% Al>Os, respectively, as listed in Table 1.

AT =T, - T, ©)

In this context, the thermal stability window (AT = Ty
— T,) is a representation of the temperature interval that
glass preserves the supercooled liquid state with no crys-
tallization. Larger values of AT indicate higher resistance
to devitrification during thermal processing. This reflects
a glass network with higher structural rigidity and lower
atomic mobility. For this reason, AT is a useful quantitative
measure for the relative thermal stability between different
glass compositions. The overall workflow of the character-
ization techniques used in this study is shown in Fig. 3.

&% IMR Press

Fig. 1 illustrates the glass preparation procedure,
whereas Fig. 3 summarizes the sequence of characteriza-
tion techniques applied to the prepared samples.

3. Results

Table 2 and Fig. 4 show the XRD analysis of the
prepared glass samples L1, L2, and L3. All three spec-
tra exhibited a single broad halo extending across 20 =
25-35°, with no observable sharp reflections throughout
the scanned range (10-70°). The lack of distinct Bragg
peaks indicates that the compositions are completely amor-
phous. The information supports that there is a significant
amount of structural disorder (i.e., no long-range order) of
the glass network and that the glass network is made up
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Fig. 3. Schematic representation of the characterization workflow used in this study. DSC, differential scanning calorimetry; FTIR,

Fourier transform infrared spectroscopy; XRD, X-ray diffraction.

of a random mixture of BO3; and BOy4 units, which cre-
ate diffuse patterns. The gradual increase in Al,O3 con-
centration did not promote crystallinity in the resulting
glass samples, since there were no measurable increases
in peak height or any new structural characteristics within
the XRD spectra due to the presence of Al in the glass net-
work (intermediate-forming species or network-modifying
species). The same trend was observed in lithium borate
systems, which showed that incorporating Al,O3 will in-
crease the structural rigidity of the glass structure while also
maintaining its amorphous character [11].

Table 2. XRD halo parameters (center position and FWHM)
for L1-L3 glasses.
Sample Halo center (20) FWHM (°)

Relative Intensity

L1 29.8° 21.5° 1.00
L2 30.5° 20.8° 1.12
L3 31.2° 20.1° 1.28

FWHM, full width at half maximum.

FTIR spectra of L1, L2 and L3 glass specimens were
taken in the range of 200 cm™ to 1700 cm™' (Fig. 5). The
spectra indicate the presence of characteristic vibrational
modes characteristic of the borate glass network. The spec-
tral region from 1200 cm™' to 1550 cm™ contains a broad
feature that exhibits a noticeable baseline variation, which
may contain noise and other artifacts. However, this region
is largely attributed to an overlapping combination of vi-
brational contributions of the trigonal borate structural units
[14,15]. Another major absorption band appears at approx-
imately 1000 cm™ to 1200 cm™ due to the stretching vibra-
tions of tetrahedral borate units [14,15]. The relative inten-
sity of this band increases as the Al;O3 content increases
and suggests that the glass network is becoming increas-
ingly polymerized and interconnected.

The borate network bending vibrations are responsi-
ble for the absorption band between 800 cm™ and 900 cm™
[14,15] as a result of the increasing amount of Al,O3 in the
glass mixture. The slight increase in the frequency of the
band with higher amounts of Al,O3 indicates that the bo-
rate linkages formed within the glass structure are becom-
ing more rigid and stronger. Another band in the absorption
spectrum located at 550 cm™' to 650 cm™ is caused by the
vibration of metal-oxygen bonds in the glass [14,15]. Fea-

tures seen in the absorption spectrum below 400 cm™' can
be attributed to low-frequency lattice vibrations and bend-
ing modes due to heavier metal-oxygen linkages within the
glass network. Although these modes are less sensitive to
short-range structural changes, they can provide comple-
mentary information about the overall rigidity and connec-
tivity of the glass matrix. The way this band behaves when
additional Al,Oj is incorporated reinforces that aluminium
has entered the glass network and has thus created a greater
rigidity within the glass structure. The changes in spectra
suggest that Al,O; promotes the formation of a continu-
ous structure in glass networks, increasing the number of
structural links in the glass sample. This is also consistent
with the patterns seen in density and thermal analysis of
the three materials [14,15]. The FTIR band assignments
and peak positions of the three glass samples are summa-
rized in Table 3. For each of the three glass compositions,
FTIR spectra were obtained at least twice under similar con-
ditions to ensure consistency of the measurements. There
were no noticeable differences in the spectrum between re-
peated measurements.

The measured (p) and estimated V;, can be summa-
rized in Table 4. Density increased with increasing Al,O3
and molar volume decreased. This indicates that the net-
work will have higher density as more open BO3 groups are
replaced by AlO4 and BO4 units. Although density increase
and molar volume decrease indicate network compaction,
a quantitative calculation of mean boron—boron separation
distance would require detailed structural parameters (e.g.,
boron coordination fractions), which are beyond the scope
ofthe present work. The measured values are L1 =30.2 and
for L2 =29.5.

Vin =M /, 3)

Here, M is the molar mass of the glass composition
and p is the measured density.

The mean boron—boron separation distance was esti-
mated from the measured molar volume using a number-
density approximation (Table 5). The estimated mean
boron—boron separation distance decreases with increasing
Al,O3 content. This confirms the network compaction in-
dicated by the density and molar volume measurements.

The decrease in molar volume with increased Al O3
suggests a tighter packing of the network due to the sub-
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Fig. 4. XRD patterns of the L1, L2, and L3 glass samples. All diffractograms exhibit a broad amorphous halo centered around 20 ~
25-35°, with no detectable crystalline peaks, confirming the fully amorphous nature of the prepared glasses.
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Fig. 5. FTIR spectra of L1, L2, and L3 lithium borate glass samples recorded in the range 200-1700 cm™ .
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Table 3. FTIR band assignments and peak positions for L1-L3 glasses.

Ll(em?) L2(ecm™!) L3 (cm™) Assignment (Vibrational mode)
1200-1550 1200-1550 1200-1550  Trigonal borate stretching modes
1000-1200 1000-1200 1000-1200 Tetrahedral borate stretching modes
800-900 800-900 800-900  Borate network bending vibrations
550-650 550-650 550-650 Metal-oxygen vibrational modes
<400 <400 <400 Low-frequency lattice vibrations

Table 4. Density and molar volume of L1-L3 glasses.

Glass ID Density, p (g'cm™) Molar volume, Vy, (cm?-mol ™)

Average molar mass (g-mol )

L1 2.02 30.2
L2 2.19 29.5
L3 2.37 28.7

60.93
64.54
68.14

Vm, molar volume.

Table 5. Estimated mean boron—boron separation distance (d B-B)) calculated from the measured molar volume.

GlassID Al,O3 (mol%) Vi (cm?-mol™') Np (x10%? atoms-cm>) dB-B) (A)
L1 10 30.2 2.39 3.47
L2 15 29.5 2.45 3.443
L3 20 28.7 2.52 3.412

Vm, molar volume; Ng, the Boron atomic number density.

stitution of BO3 by AlO4. This requires charge compensa-
tion from Li*—leading to a more rigid and denser structure
[16,17,18]. The dependence of glass density on Al,O3 con-
centration is shown in Fig. 6.

The differential scanning calorimetry results are listed
in Table 6. Both the T, and Ty increase with increasing
AlL,O3 content. This behavior is typical for glasses with
enhanced network connectivity and reduced non-bridging
oxygen content.

Table 6. Ty, Ty, and thermal stability parameter (AT).
GlassID Tg (°C) Ty (°C) AT =Ty — T, (°C)

L1 410 540 130
L2 425 560 135
L3 445 585 140

Tg, glass transition temperature; Ty, crystallization temper-

ature.

A larger AT value indicates a reduced tendency of the
glass to crystallize during heating. The gradual increase in
AT from L1 to L3 suggests that Al,O3 addition enhances
the rigidity of the glass network and improves its thermal
resistance. This behavior is consistent with the FTIR re-
sults, which indicate an increase in tetrahedral structural
units, and correlates with the observed decrease in molar
volume [19,20,21]. The variation of T, and Ty as a func-
tion of Al,O3 content is shown in Fig. 7.

The dependence of the thermal stability parameter
(AT) on Al,O3 concentration is illustrated in Fig. &.

4. Discussion

The synthesized glass of the L1-L3 series correspond
to a specific structure-property relationship verified through
the combined results of: XRD, FTIR and DSC. The XRD
pattern established that all the samples were fully amor-
phous. Therefore, the evolution of the physical and ther-
mal properties is solely due to the change in the network
structure with increasing level of Al,Os content and not
introducing other crystallization phases. Furthermore, the
FTIR spectra were used to identify the composition depen-
dent vibrational bands of the BO3; BO4 and Al-O units.
One can observe from the gradual emergence of the vi-
brational modes assigned to BOy; as well as for the asso-
ciated Al-O based vibrational mode, increasing concentra-
tions of Al,Os result in favoring the transition from three-
coordinate B (BO3) species to four-coordinate (or BOy)
species and the formation of tetrahedral AlO,4 units in the
glass structure. The gradual increase in the number of four-
coordinated BO,4 and tetrahedral AlO, units increase the
rigidity and overall polymerization degree of the glass net-
work, which leads to the denser glass structures as shown
in Table 4.

The density increased from 2.02 to 2.37 g-cm™, while
the molar volume decreased from 30.2 to 28.7 cm?-mol~.
This demonstrates the formation of a higher density net-
work, which contains fewer sites for open structures. It
also indicates higher occurrences of tightly packed struc-
ture. The enhancement of the structure transition to be more
connected corresponds to the charge-compensation process
involving the stabilization of AlO4 units by Li" in this sys-
tem. This results a decrease in the amount of non-bridging
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Fig. 7. Variation of glass transition temperature (Ty) and crystallization temperature (Tx) as a function of AlO3 content.
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Fig. 8. Thermal stability parameter (AT = Tx — T;) of the glasses as a function of Al;O3 content.

oxygen (NBOs), while cross-linking becomes more favor-
able within the network. Structural hardening in alumina
borate glasses was reported previously to be linked to their
elevated temperatures durability [21,22,23,24].

This interpretation is also supported by the DSC re-
sults. T, and Ty shift at higher temperature showing an
augmentation in site-average bonding energy or network
connectivity when Al,Os is introduced. The increase of
the thermal stability parameter AT (from 130 to 140 °C)
indicates that these glasses become more resistant to crys-
tallization upon heat treatment. This improved stability is
due to the higher structural connectivity supplied by AlO4
and BO4, which hinders mobility that favors nucleation and
growth of crystalline phases.

In general, the relationship between FTIR data, den-
sity/molar volume behavior and DSC parameters show that
AL O3 plays a role as network-forming oxide in Li,O-
Al,O3-B,03 system. Its inclusion enhances the borate
network, densifies structure and enhances thermal stabil-
ity. These results confirm the beneficial role of Al,O3 in
the construction of borate glasses for durable, controlled-
dissolution glasses and devitrification resistant materials.

Limitations

This study examined the impact of Al,O3 for the com-
position range of 10-20 mol%. For this reason, the insights
concluded from this study are limited to this compositional
interval. No baseline sample (0 mol%) was not included
in the reported results. The analysis provides a comparison
between the samples mentioned above and does not extrap-
olate the observed trends to other compositions. Finally,
the B-B separation was estimated from the V,,, data.

5. Conclusions

Lithium borate glasses with 10-20 mol% of Al,O3
were prepared using the melt—quenching method in the
present work. The structural and thermal behavior as well
as spectroscopic study indicates that Al,O; strongly en-
hances the strength and stability of the borate network.
XRD data showed that all the samples were completely
amorphous without any discernible crystalline phase. FTIR
spectra indicated increased network polymerization from
BO; to BO4 with increasing Al,O3; content. A system-
atic increase in the measured density was observed for all
Al-doped samples, while the calculated molar volume de-
creased, indicating improved structural compactness. The
results of DSC analysis were consistent with the above in-
terpretation, where an upward trend in T, and Ty and higher
thermal stability (AT) was observed. These collective re-
sults serve to confirm that Al,Os3 is a strong network former
in lithium borate glasses, contributing to the densification of
glass structure, enhancement of polymerization degree and
endow them with increased thermal stability. Such results
reveal promising potentials of Al-substituted borate glasses
as thermally and structurally stable glass networks for prac-
tical use.
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