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Abstract The incorporation of fluoride ions (F~) as glass modifiers in oxide glasses has
garnered considerable interest due to their benefits in various advanced applications (solar energy
conversion, laser systems, infrared fiber optics, electronic devices). A deeper understanding of the
elastic properties of fluoroborate glasses is crucial for exploring the unique structural features they
exhibit. In particular, studying the mixed alkaline earth effect (MAEE) is important, as it introduces
compositional variations that alter both structure and mechanics of the glass network. This study
focuses on the elastic behavior of xBaF2—(50 — x)CaF2—-50B20s3 glasses (x = 5-35 mol%),
synthesized via melt-quenching. Ultrasonic velocity measurements were used to probe the elastic
moduli, providing key insights into material stability and performance. Three theoretical models
(Makishima—Mackenzie, Bulk Compression, Ring Deformation) were employed to interpret the
results. The elastic moduli, particularly longitudinal and bulk moduli, exhibit non-linear
compositional trends with two distinct minima at 10 and 25 mol% BaF2. These deviations from
linearity are attributed to MAEE-induced phase separation and disrupted cross-linking in the glass
network. Such non-linearity reveals underlying structural heterogeneity; for example, certain
mixed-cation compositions likely promote local phase separation or network fragmentation, which
in turn softens the glass. Notably, the Makishima—Mackenzie model shows a drop in overall bond
dissociation energy at 25 mol% BaF2, indicating a significant structural change at this composition.
Meanwhile, the Bulk Compression model suggests that elasticity is governed by bond-length
adjustments (without bond-angle changes), and the Ring Deformation model points to isotropic
borate ring compression as the dominant elastic mechanism. Understanding these MAEE, driven
anomalies is practically advantageous for materials engineers to pinpoint compositions that either
maximize rigidity or, conversely, signal structural weaknesses. Our findings demonstrate that
MAEE can be harnessed to tailor the elastic behaviour and mechanical stability of fluoroborate
glasses, enhancing their potential for high-performance applications requiring robust and reliable
glass materials.

Keywords: Mixed alkaline earth effects (MAEE), Elastic properties, Bulk compression model,
Makishima-Mackenzie theory, Alkaline earth fluoride, Mixed modifier effects (MME).

Introduction

Glasses are non-crystalline materials or amorphous solids because they lack the long-range order of an
atomic structure [1]. The variety of uses and applications of glass depends on its properties, which are
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determined by the composition and modifying components in the glass former [2, 3]. Borate (B203) is
one of the best oxide glass formers because it exhibits high glass forming ability, low melting
temperature, high thermal stability, and high chemical resistance [4]. The compound also possesses a
small cation size and high atomic bond strength, which enhances its durability and stability [5].
Additionally, the coordination number of borate can change from three to four when alkali or alkaline
earth cations are introduced, resulting in unique properties related to the change in structure and
elasticity of the resulting glasses [5], [6].

The incorporation of borate-containing fluoride ions as glass modifiers has garnered attention due to its
benefits in various applications, such as solar energy converters, lasers, infrared fibre optics, and
electronic devices. Moreover, fluoride-containing glasses exhibits relatively high moisture resistant [7]
and demonstrate greater mechanical strength [8], [9] compared to other alkali borate glasses.
Consequently, structural studies of binary fluoroborate CaF2—B203 and BaF2—B203 glasses have been
performed to investigate the role of fluoride ions (F~) [10]. This investigation revealed a large glass-
forming region in the oxyfluoride systems, which was excellent and easy to form. Additionally, it was
found that most fluorides entered the glass network and converted the BOs3 units into BOsF (Ba units)
with B—F linkages. Other studies on NaO—-NaF-B203 [11] also demonstrated that monovalent F~ ions
formed non-bridging B—F bonds and partially disconnected the six-membered rings with BOs.zF:
tetrahedra from the rest of the borate network.

Mixed alkali effects (MAE) represent the non-linear relations of physical properties associated with alkali
ions’ movement and structural properties when a type of alkali ion in a glass is gradually replaced by a
different kind of ion at a constant total alkali oxide concentration. Research on MAE revealed that
numerous physical properties, notably ionic conductivity, activation energy, glass transition temperature,
and viscosity, exhibited remarkable deviation from the linearity [12], [13]. Similar effects were observed
in mixed alkaline-earth glasses (MAEE) [14], where significant deviations from linearity were reported in
density, packing fraction, activation energy, and all mechanical properties.

Previous investigations on the structure of MAEE (40 — x)SrO-xBa0-45Si02-10B203- 5ZrO2 (x = 0, 10,
20, 30, and 40 mol%) glass system [15] have demonstrated that the deviation of linearity in the molar
volume (Vm) with the change of BaO concentration in glass was associated with the presence of two
alkaline modifiers. Additionally, the modifiers have been reported to induce micro-heterogeneities or local
segregation that disturb the cross-linking in the glass matrix due to varying field strength,
electronegativity, and local chemical environment among the glass constituents [15]. In our system, XRD
measurements confirm that all compositions remain amorphous, excluding long-range crystallisation.
However, anomalies observed in density, molar volume, and elastic moduli, together with earlier optical
and spectroscopic data on the same glasses [16], suggest that the non-linear trends are consistent with
MAEE-driven structural disorder within the amorphous network. Direct microstructural characterisation
(e.g., FESEM or TEM) would be valuable to confirm such nanoscale features and remains a direction for
future work.

Besides that, these structural anomalies can be explained by the presence of non-bridging oxygen (NBO)
and non-bridging fluorine (NBF) atoms. NBOs are generated when boron atoms form fewer bridging
linkages than in a fully connected BO4 tetrahedral network, which weakens the connectivity and reduces
stiffness [11], [17]. Similarly, fluorine substitution for bridging oxygen creates NBFs, resulting in B—F
bonds that depolymerise the glass network [11], [18]. Because B—F bonds are weaker and less
directional compared to B—O bonds, their presence increases free volume and lowers resistance to
compression and shear [6], [9]. Both NBO and NBF units are therefore key contributors to the observed
non-linear elastic behaviour, as they directly disrupt cross-linking density and modify the rigidity of the
glass matrix. Their formation is especially relevant in mixed alkaline earth systems, where variations in
cation field strength and ionic radius intensify these effects.

Generally, structural changes in glasses are closely related to elastic properties. The ultrasonic velocity
measurement technique, which is sensitive to glass network changes and compactness, is useful in
studying the elastic properties of glasses [19], [20]. Previous ultrasonic studies of several fluoroborate
glass systems, such as (70 — x)B203—-30BaF2—xLiF [21], 20Na20—(20 — x)ZnO- xZnF2>—60B203[22], and
60B203—(40 — x)PbO—xPbF2 [23], have provided insights into how the compositions and addition of
fluoride modifiers contributed to changes in the rigidity and elastic moduli of glasses. Ultrasonic studies
on BaF2>—TeOz2 glasses have revealed that the ultrasonic attenuation coefficient increases with higher
BaF2 content, leading to a decrease in density, ultrasonic velocities, and glass transition temperature
[18]. Additionally, research on xMgO—(50 — x)Ca0O-50SiOz2, showed a clear indication of the MAEE in
the elastic moduli (K, L, S, and Y), suggesting affecting ion conduction. The specific role of F- in modifying
ultrasonic velocities and elastic moduli in MAEE may contribute to the significant knowledge gaps as
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they could support a comprehensive understanding of the structural and optical properties. Besides,
understanding elastic properties of fluoroborate MAEE is essential, as it also rely on the structure of
glass and ion conduction. In addition, it is also crucial to initiate research on elastic behaviour in mixed
alkaline fluoroborate glass that employs multiple theoretical models to understand how the mixed alkaline
earth effect behaves and gain insights into the function of F- in the glass system. Conducting elastic
studies with the aid of ultrasonic measurements would offer more detailed insights into the stiffness,
rigidity, cross-linking, and ring deformation in the transition areas influenced by a mixed alkaline earth
environment.

Therefore, in this current study, the ultrasonic velocity of xBaF>—(50 — x)CaF2-50B203 glasses was
measured to investigate the influence of MAEE on elastic properties. Furthermore, the study determined
experimental values for longitudinal (L), shear (S), bulk (Ke), and Young's (Y) moduli, Poisson's ratio (o),
microhardness (H), and Debye temperature (6p). The theoretical approach based on the Makishima-
Mackenzie and bond compression models was also discussed.

Materials and Methods

Ternary fluoroborate glass samples of xBaF2—(50 — x)CaF2—50B203 (x = 5 to 35 mol%) were prepared
using the conventional melt-quenching method. High-purity analytical grade BaF2 (99.99% purity), CaF2
(99.99% purity), and B20s (99.999% purity) commercial powders were accurately weighed and
thoroughly mixed. The powder mixture was then continuously ground using an agate mortar and pestle
for one hour to ensure a fine and homogeneous blend. Subsequently, the mixed powder was placed in
an alumina crucible, covered, and melted in a furnace at 1000 °C for one hour.

After the melting process, the molten glass was rapidly poured into a pre-heated stainless-steel mold
maintained at 350 °C for three hours. This step was essential to minimize the mechanical stresses that
can occur during the quenching process. Subsequently, the glass sample was allowed to cool to room
temperature.

The density (p) of the glass samples was measured according to Archimedes’ Principle. The weight of
the glass in air and liquid (immersed in toluene) was determined. Subsequently, the density was
calculated according to equation (1), while the molar volume was determined with equation (2).

H Wair
Density, p = mpl (1)
Molar volume, V,, = % 2)

Wair is the weight of the sample in air, Wi is the weight in the immersion liquid, ps is the density of the
immersion liquid, toluene, 0.8690 g cm™ at 25 °C, and M is the molecular weight of the glass sample.
Before ultrasonic measurements, the bulk samples were polished with fine sandpapers approximately 4
to 5 mm thickness to obtain smooth parallel surfaces on both sides. The ultrasonic wave velocities
(longitudinal and shear) were recorded at room temperature at 5 MHz via the pulse-echo technique with
a RITEC RAM-500-M6 high-performance ultrasonic. The longitudinal and shear velocities were
determined based on the relation v = 2d/t [24], where d is the thickness of the samples and tis the round-
trip delay time obtained from the oscilloscope pulse. The elastic constants, L, S, Y, Ke, 6p, H, 0, and vm,
were determined with equations (3) to (10) [25], [26].

Longitudinal modulus, L = pv,? 3)

Shear modulus, S = pvg? 4)
) _ 9K,S

Young’s modulus, Y = TR (5)

Bulk modulus, K, = L —=$ (6)
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_ (1) (3PN % 7
Debye temperature, 6, = (kb) (4nvm) Ui (7)
_ (1-20)Y
Hardness, H = olro) (8)
. s . _ L-2§
Poisson’s ratio, o = YO 9)
1
. _ 3Vf1;§ 3 10
Mean velocity, v, = [ug+zug] (10)

Where v and vs are longitudinal and shear velocities, respectively, h is Planck’s constant, ks is
Boltzmann’s constant, Na is Avogadro’s number, P is the number of atoms in the chemical formula, and
Vm is the molar volume.

Results and Analysis

Density and Molar Volume

The variations in p and Vm of the xBaF2—(50 — x)CaF2—50B203 (x = 5 — 35 mol%) glass samples are
listed in Table 1. As shown in Figure 1, increasing the BaF2 content in the samples led to an increase in
o from 2822 to 3252 kg m~3 (error bar for density cannot be shown due to very small standard deviation
compared to actual value) and an increase in Vi from 2.79 x 1078 to 3.32 x 107> m® mol™"'. Although
glasses typically exhibit a decrease in Vi as p increases [27], [28], the opposite behaviour was observed
in the present study. These findings are consistent with similar observations in studies on MAEE glasses,
such as xMgO—(50 — x)CaO-SiO2 glass [14] and xMgO—(30 — x)Ba0O-69.8B203—0.2Cr203 [29].
Additionally, an off-trend observation occurred at x = 25 mol% BaF2, where there was a dramatic increase
p, while Vi demonstrated a sudden drop.

Table 1. The p and Vi of the xBaF2—(50 — x)CaF2-50B203 (x = 5 to 35 mol%) glass samples

' P Vm
(mol%) (kg m3) (x 1075 m?3 mol™)

5 2821.53 £ 0.89 2.79
10 2918.45 £ 0.52 2.86
15 2985.74 £ 0.39 2.96
20 3065.01 £ 0.35 3.04
25 3320.23 £ 0.44 2.96
30 3185.99 £ 1.42 3.23
35 3252.34 £ 0.37 3.32
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Figure 1. The p and Vi of the xBaF2—(50 — x)CaF2-50B203 (x = 5 — 35 mol%) glass samples

Experimental Elastic Properties

Figure 2 shows the plot of longitudinal velocity (v.) and shear velocity (vs) data against the change of
BaF2 content, indicating a general reduction in both values as the BaF2 content increases. Upon closer
inspection, v. exhibited a sharp decline at 10 and 25 mol% but increased again up to 35 mol%. On the
other hand, vs decreased between 5 to 30 mol%, with a drastic reduction observed at 20 mol% before
escalating abruptly at 35 mol%. Interestingly, the v. and vs trends observed in this study differed from
previous investigations on glasses with different compositions, which showed almost identical v. and vs
patterns [25], [27], [30].In addition to these velocity values, Table 2 provides the corresponding calculated
values for longitudinal modulus (L), shear modulus (S), Young's modulus (Y), bulk modulus (Ke), Debye
Temperature (6p), Poisson's ratio (o) and Hardness (H). Graphs illustrating the changes in L, S, Ke, and
Y with varying BaF2 content are presented in Figure 3 and Figure 4.

The L and Ke values variations closely followed v, with two minima observed at 10 and 25 mol% of BaF2.
On the other hand, S and Y exhibited a similar trend to vs, with a drastic drop at x = 20 mol% followed
by an increase again at 35 mol%. Figure 5 summarizes the changes in 6p and vm values of the glass
system under study. Throughout the addition of BaF2, both 6p and vm decreased, with a slightly more
significant drop at 20 mol%, before quickly escalating at 35 mol%. Meanwhile, the o exhibited nonlinear
fluctuations similar to L and Ke, while H showed an opposite trend to 0. The values for o ranged from
0.24 to 0.30.
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Table 2. The Values of vi, vs, vm, L, S, Y, Ke, 6b, 0, and H of xBaF2—(50 - x)CaF2-50B203 (x = 5 — 35 mol%) Glass System

VL Vs Vm L S Y Ke 6o o H
X (mol%) +0.01 +0.01 +0.02 +0.37 +0.20 +2.00 £0.60 +0.50 +0.01 +0.30

(km s™) (km s™) (km s™) (GPa) (GPa) (GPa) (GPa) (K) (GPa)
5 6.323 3.444 3.841 112.82 33.46 86.27 68.20 441 0.29 4.70
10 5.804 3.397 3.766 98.30 33.68 83.49 53.39 436 0.24 5.85
15 5.910 3.270 3.643 104.27 31.93 81.69 61.71 425 0.28 4.70
20 5.705 3.024 3.379 99.74 28.03 73.13 62.37 397 0.30 3.65
25 5.168 2.922 3.249 88.66 28.34 71.71 50.88 391 0.27 4.44
30 5.331 2.861 3.194 90.51 26.07 67.66 55.75 379 0.30 3.52
35 5.474 3.049 3.394 97.44 30.23 57.13 77.10 405 0.28 4.53
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Figure 2. The plotted v. and vs values of the xBaF2—(50 — x)CaF2 —-50B203 (x = 5 to 35 mol%) glass samples
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Figure 3. The plotted L and S values of the xBaF2—(50 — x)CaF2-50B203 (x = 5 to 35 mol%) glass samples
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Figure 5. The plotted 6p and vm values of the xBaF2—(50 — x)CaF2—50B203 (x = 5 to 35 mol%) glass samples

Theoretical Elastic Model

Quantitative analysis of experimental elastic moduli can be performed using three theoretical models:
the Makishima-Mackenzie model [31], the bond compression model, and the ring deformation model
[32]. The Makishima-Mackenzie model calculates theoretical elastic moduli values based on packing
density and dissociation energy values, considering the atomic arrangement in the material and the
energy required to dissociate the bonds between atoms. The bond compression model, on the other
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hand, considers the atomic geometry of oxides, including bond length and coordination number [33], to
determine elastic moduli by considering the distances between atoms and their coordination with
neighbouring atoms. The ring deformation model involves observing changes in ring size (/) through the
ratio of Kve/Ke, focusing on changes in the size of rings formed by atoms in the material and their effects
on the elastic properties.

The Makishima-Mackenzie Model

Theoretical Y values from the Makishima-Makenzie model were calculated using equation (11) [31], [34],
[35], after determining the dissociation energy with equation (12). The packing density of the compound
AaOp was found by employing equation (13) [23], while the packing factor was calculated with equation
(14)[36].

The Makishima-Makenzie Young’s modulus, Yy, = 8.36 VG, (11)
Dissociation energy, G, = Z G; x; (12)
i
Packing density, V; = izi V; x; (13)
Packing factor, V; = 4mN,(aR3 + bR3)/3 (14)

Where G; represents the dissociation energy per unit volume of glass, Giis the dissociation energy per
unit volume of the oxide or fluoride component (i), x; is the mole fraction of the component, Vi is the
atomic volume or packing factor of the component (i), Vm is the molar volume of the glass, Ns is
Avogadro’s number, and Ra and Ro are Pauling’s ionic radii of the cation and oxide or fluoride,
respectively. Dissociation energies per unit volume, (Gj) of B203, BaFz, and CaF: for the glass system
xBaF2—(50 — x)CaF2—50B20s3 (x = 5 to 35 mol%) were obtained directly from [37] and presented in Table
3.

Table 3. The reference values of p, molar mass (M), bond length (r), stretching force (f), coordination number (nr), cross-link density per
cation (n¢), Vi, and G; of the BaF2, CaF2, and B203 components

Vi Gi Ref
Oxide or p m r f e n
fluoride s S » ¢ (x108m3®  (x10°kJ
(x10°kgm™) (g mol™)  (nm) (N) mol) m)
BaF: 4.89 17534 0230 51550 10 8 18.57 89.6 [ég]]’ [[:jl%]]‘
CaFa 3.18 78.07 0200 13972 8 6 14.39 132.2 [37]
0137 66113 3 1 15.6
B203 2.55 69.63 20.79 [17]
0.148 52440 4 2 82.8

In the current study, borate glass was used as the former glass. The coordination number of borate has
been reported to change from three to four with alkali or alkaline earth contents [41], [42]. Previous
studies have also demonstrated that coordination numbers affect the elastic properties of the glass
systems. Therefore, when calculating the dissociation energy per unit volume of B203 using equation
(15), the change of coordination number must be considered [17].

From equation (15), N4 represents the ratio of 4 coordinated boron units to all boron units which the data
were sourced from previous reports on the structural and optical properties of the studied glasses [16].
Additionally, G4 and Gs denote the dissociation-free energies of the pure four and three-coordinate
components respectively.
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Table 4 summarizes the theoretical Young’s modulus (Ym-m), bulk modulus (Ku-m), shear modulus (Swu-
m), longitudinal modulus (Lm-m) and Poisson’s ratio (om-m) based on the Makishima-Mackenzie model, all
calculated in GPa, with the Gt in kcal/cm?3. These theoretical elastic moduli of a multi-component oxide
glass, expressed in V: and G, were calculated using equations (16) to (19) [20] and were observed
higher than the experimental values. However, these calculated values decrease, with a drop at 25 mol%
as shown in Figure 6. Similarly, om-u values decrease slightly, ranging from 0.28 and 0.26.

Gg = NyGy + (1 — NGy (15)
Bulk modulus, Ky_y = 10.0 VZG, (16)
2
Shear modulus, Sy_y = 300V Gt/(lo 2V, — 1)
e Ve

Longitudinal modulus, Ly_y = Ky_m + 4Sm-m/3 (18)

Poisson’s ratio, py_m = 0.5 — (1/7.2 V) (19)

Table 4. The elastic moduli, N4, V%, and Gt values calculated according to the Makishima-Mackenzie model of the xBaF>—(50 — x)CaF2—
50B203 (x = 5 to 35 mol%) glass system

Yum-m Ku-m Sw-m Lv-m om-m) Gt
x (mol%) N4 Vi
(GPa) (GPa) (GPa) (GPa) (GPa) (kcal/cm?)

5 119.73 91.37 49.81 157.78 0.28 0.659 0.638 22.45
10 113.95 86.12 47.84 149.91 0.28 0.632 0.630 21.72
15 110.67 81.81 46.73 144.12 0.27 0.680 0.615 21.60
20 105.77 7715 44.99 137.14 0.27 0.669 0.606 21.00
25 91.38 67.32 37.47 117.28 0.28 0.290 0.621 17.45
30 98.82 69.57 42.60 126.37 0.26 0.726 0.583 20.44
35 93.43 64.63 40.32 118.39 0.26 0.688 0.574 19.63

e-ISSN 2289-599X| DOI: https://doi.org/10.11113/mjfas.v21n5.3894 2834



MJFAS Sahapini et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 21 (2025) 2825-2843

160 4
e
* e
140 — e
.2 |
~ N * L
S o= M-M
A 21204 wm— —
23 | [ — v
[+ —
== N
= % 100 ~ R f73Y
o] — —m
E g i [ 2 m
o
= —
§ ,.f:.‘; 80 . o <
=g o * M-M
i) ®
S 60 ¢
| s,
0 ‘\‘\A\_\‘/ /‘_\M
20 T 7 T y T T T ' T T T T T
5 10 15 20 25 30 35
BaF, (mol%)

Figure 6. The theoretical Makishima-Mackenzie elastic moduli values ( Yu-m, Ku-m, Smu-m, and Lu-m) against the change in BaF2 content

The Bulk Compression Model

A previous investigation reported findings on theoretical elastic moduli known as the bulk compression
model, Krc, as the continuation of the Makishima-Mackenzie study [32]. The Kic can be determined using
equation (20) [28] for three-dimensional network structures. The first-order stretching force constant for
each oxide, fi, was determined by equation (21) [28].

Bond compression bulk modulus, K, = QNT“Zixi nffl-ri2 (20)

First-order stretching force, f; = :—7 (21)

.3
i

For equation (20) and equation (21), xi represents the mole fraction of the oxide/fluoride component, nf
is the coordination number of the cations, Nz is Avogadro’s number, riis the bond length, and i denotes
the oxide/fluoride component. To determine the average coordination number of B2O3 components,
equation (22) was utilized [28], [43]. This equation facilitated the establishment of the average B-O-B
bond length (rsz03) in the presence of both three and four-coordinated boron atoms within the glass
network [44].

Ny gpe = (4 —3)xN, + 3 (22)

"B,0, = (TBO4 - TBO3) xN, + TBo, (23)
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Table 5. The nrave, Ncave, 8203, and fa203 of the B203 of xBaF2—(50 — x)CaF2-50B203 (x = 5 to 35 mol%) glass system

BaF: content N ave e ave rs203 fBzos_
(mol%) (nm) (Nm™)
5 3.330 1.330 0.1406 591.87
10 3.316 1.316 0.1405 496.04
15 3.340 1.340 0.1407 563.36
20 3.335 1.335 0.1407 576.46
25 3.145 1.145 0.1386 496.76
30 3.363 1.363 0.1410 544.52
35 3.344 1.344 0.1408 563.56

Table 5 represents the calculated values of the average coordination number (nfave), average cross-link
density per cation (nc ave), average bond length (rs203), and first-order stretching force constant (fs203)
of the B-O bonds in the glass samples. According to the bond compression model, the average cross-
link density per unit formula, 7., was expressed by equation (24) [45]. In this equation, nc represents the
cross-link density per cation (number of bridging bonds per cation minus two), and N is the total number
of cations in the component. The ideal Poisson’s ratio for the poly-component oxide glasses, as
determined by the bond compression model, can be calculated using equation (25) [28].

Average cross-link density, 71, = % (24)

Ocal = 0-28(7_10)70'25 (25)

The bulk compression model suggests an isotropic deformation that alters network bond lengths and
sizes without changing in the interatomic bond angles. According to this model, the ring deformation
mechanism may occur if the Kv/Ke ratio exceeds 1, indicating a relatively open (or large-ringed) three-
dimensional network, with an increase in ring size as the Kio/Ke ratio rises [38]. This network is described
as less stable and easily compressed. Meanwhile, ratios approaching 1 indicate a more stable glass
structure, where the connection between its structural units strengthens. Conversely, a high Ku/Ke ratio
is indicative of a layered and chained network. The non-existence of bonds in specific directions in both
types of structure resulted in the bending of the bonds once isotropic force is applied. Consequently,
network bond-bending would dominate when the glass sample is subjected to bulk compression.

The Ring Deformation Model

This model relates the ring size of the vitreous network and the Ki/Ke ratio which was proposed by [32].
Based on the model, the increment of ring size (/) in the amorphous network could be observed from the
Kbo/Ke ratio. Accordingly, a loaded-beam assembly’s deformation approach strongly depends on beam
lengths. The central depression of a uniformly loaded beam clamped at both ends with a length of /, is
proportional to /.

Bridge et al. (1983) also suggested that the bulk modulus of ring atoms applied with a uniform pressure
would predominantly depend on the ring diameter. Any changes in the atomic ring diameter (the number
of cation-anion bonds in one ring multiplied by bond length and divided by 1r) and average first-order
stretching force constant would alter the bulk modulus of the glass following the semi-empirical
relationship. Consequently, the average ring size diameter of the network could be calculated with
equation (26) [28]:
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0.0106 —
K,

l [ F]o.% (26)
a e

Where Kk is the experimental bulk modulus and F is the glass’s average bond stretching force constant

from equation (27), employed in multi-component glasses [28]. The xi, nr, and f in the equation are

defined previously.

Fe 2ixingf; (27)

Zixinf

The values of the calculated bulk modulus (Kkc), the calculated ratio of Koe/Ke, average cross-link density
(), ideal Poisson’s ratio based on the bulk compression model (o.4;), and average stretching force
constant (F) of the glass samples prepared in the present study are listed in Table 6. The Ksc decreased
as the BaF2 content increased. Nevertheless, decreased Kbc with a minimum of 10 mol% and a large
drop at 25 mol% of BaF2 demonstrated an almost similar pattern with the experimental bulk modulus, Ke
(Figure 7). Moreover, based on Figure 8, the / fluctuated with a maximum at 10 mol% and 25 mol%, and
the Kbo/Ke variations exhibited similar values between 1.89-2.24.

Table 6. The calculated bulk modulus (Ksc) values based on the bulk compression model, Koo/Ke ratio, ideal Poisson’s ratio (ocar), average
ring size (/), average bond stretching force constant F, and average crosslink of the xBaF2—(50 — x)CaF2—50B203 (x = 5 to 35 mol%)

glass system

X (mol%) Hoe Koc/Ke Ocal ! F 7,
(GPa) (nm) (N m™)

5 129.00 1.89 0.26 0.457 315.65 1.44
10 118.75 2.22 0.25 0.472 280.71 1.46
15 120.91 1.96 0.25 0.459 292.27 1.50
20 119.15 1.91 0.25 0.457 288.57 1.52
25 114.26 2.24 0.26 0.466 235.46 1.45
30 111.65 2.00 0.25 0.460 250.59 1.58
35 110.43 1.93 0.25 0.457 264.58 1.60
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Average ring size, / (nm)

Figure 8. The / and Kho/Ke ratio of the xBaF2—(50 — x)CaF2—50B203 (x = 5 to 35 mol%) glass system
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Density and elastic properties are crucial parameters for exploring the structural properties of glass
networks, including compactness, rigidity, geometrical configuration, coordination number, cross-link
density, and dimensions of interstitial spaces in the glass [46]. In this study, the glass system exhibited
increased p (see Figure 1) due to the replacement of the heavier molecular mass of BaF2 (175.32 g
mol~") with the lighter molecular mass of CaF2 (78.07 g mol™"). The increased Vi denoted the
development of an open structure with more BaF2, which loosened the network structure, making it less
tightly packed [47]. The Vm of the glass samples investigated in this study increased with elevated
density, which might be associated with the larger ionic radius of barium (2.68 A) compared to calcium
and boron. Additionally, the longer bond length of BaF2 (2.32 A) compared to B203 (1.48 A) and CaF:

(2.10 A) led to the formation of excess free volume that increased the Vi of the samples [48], [49].
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Previous investigations have reported that density strongly influenced elastic velocities, such as v, and
vs. These velocities are inversely proportional to density and are influenced by the L and S moduli, which

can be calculated using the formula v, = \/L/p and vg = ,/S/p. In the present study, it was observed
that adding BaF2 to the glass system decreased vi. and vs, aligning with these formulas. However, the
v. exhibited nonlinearity, with two minimums at 10 and 25 mol%. Moreover, the vs decreased between
5-30 mol% with a sharp drop at 20 mol%. Variations in the v. and vs values could be understood by
examining the behaviours of the independent elastic moduli, L and S. Based on Figure 3, S decreased
at x < 30 mol%, indicating that the incorporation of BaF2 might have weakened the glass network, making
the glass system less compact and rigid [18]. Furthermore, adding the larger Ba?* ions caused the glass
to expand and formed empty spaces.

The Y values demonstrated similar behaviours to S. The decrease in Y (Figure 4) corresponded to a
decrease in the stiffness of the glass system. However, beyond 30 mol%, the Y and S exhibited an
abrupt increase, indicating stiffness improvement. This behaviour can be explained by structural
reorganisation once Ba?* becomes the dominant modifier. At lower concentrations, Ba?* addition
promotes network depolymerisation and non-bridging sites, reducing stiffness. However, above 30 mol%
BaF,, FTIR studies on related systems show that more BO, units form [16], raising the N, fraction and
restoring connectivity. In addition, Ba—F-B bridges likely become more prevalent at higher BaF,,
strengthening the network. These changes explain the observed stiffness improvementin Y and S at 35
mol% BaF,.

The bulk modulus, Ke, measures the resistance of a material to uniform compression. As portrayed by
equation 6, Ke depends on both the elastic moduli of L and S [3], [50]. Consequently, the nonlinearity in
Ke (Figure 4) with two minimums at x = 10 and 25 mol% might predominantly be due to L, which also
demonstrated nonlinearity with minima at the same compositions. At 10 mol%, Ke, L, and o showed an
anomaly where their values decreased. This can be explained by the formation of non-bridging fluorine
(NBF) sites. In the Ca-rich region, additional fluorine introduced by BaF, cannot fully integrate as bridging
units and instead forms terminal B—F bonds. These NBFs terminate borate chains, reducing compressive
stiffness and resulting in minima in Keand L. At 25 mol% BaF,, FTIR data revealed a drastic reduction
in BO4 units and an increase in BOs units, indicating extensive formation of non-bridging oxygens
(NBOs). The presence of these NBOs significantly depolymerised the network, again leading to minima
in Ke and L. The anomaly in o at 25% is consistent with Ca2* which NBO ionic interactions that compact
the structure even though covalent rigidity is reduced.

The apparent inconsistency in attributing anomalies to NBO or NBF can be resolved by considering their
relative roles at different compositions. At lower BaF2 concentrations (€15 mol%), NBF formation is more
prominent, as fluorine produces terminal B—F bonds that depolymerise the network. At equimolar
composition (25 mol% BaFz2), the collapse of BO4 connectivity results in a surge of NBO formation. Both
species weaken the structure, but their relative dominance shifts with composition: NBF governs the low-
BaF, anomaly, while NBO dominates at the equimolar point. This unified interpretation emphasises that
the anomalies arise from the overall increase in non-bridging defects, with the type of non-bridging site
depending on composition.

At 25 mol%, Ke, L, and o, also recorded a minimum. Intriguingly, p and Vmn exhibited an off-trend
behaviour where p increased and Vim decreased abruptly. At this composition, the concentrations of BaF2
and CaF2 were equal. A decline in o might not be expected due to field strength since the mol% of both
modifiers were the same. The unusual increase in density and drop in Vm despite network
depolymerisation can be explained by Ca?* ions occupying interstitial positions within Ba2*-induced free
volume. These smaller Ca?* ions can coordinate with non-bridging oxygens, providing ionic cross-links
that contract the structure, increase density, and reduce Poisson’s ratio. FTIR spectra at 25% BaF,
showed a sharp drop in N4, confirming a lack of BO4 units, yet density was highest, which implies extra-
framework ionic linking. While direct spectroscopic proof of interstitial Ca?* is not available in this study,
the combined evidence of densification, o0 anomaly, and literature reports of mixed-cation clustering at
equimolar ratios strongly support this explanation.

The behaviour of Ke, 6, and Vim might not exhibit a clear correlation since the decrease in Ke should lead
to increased Vmn and o of the glass. The rare behaviour was believed to be due to MAEE at 25 mol%,
where the BaF2 and CaF2 content was at 1:1. In other studies on glass MAEE, composition with a similar
ratio also exhibited anomalies [51]. For example, in a study on the composition of (40 -
Xx)SrO-xBa0-45Si02-10B203-5Zr0O2 glass, deviation from linearity at 20 mol% was assumed to be due
to the presence of two alkaline modifiers, leading to several phase separation and disturbing cross-
linkages in the glass matrix.
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The 6p is a vital parameter in studying elastic properties corresponding to the temperature at which
nearly all lattice vibrations in a solid material are excited. An elevated 6p indicates the glass network’s
high interatomic bond strength and rigidity [30]. Based on equation 7, 6p depends on the number of
atoms in chemical composition (P), Vm, and vm. The strong influence of elasticity on 6p denoted the
significant effect of vm on Op due to the generally similar behaviours between 6p and vm. The reduced 6b
and vm values up to 30 mol%, accompanied by a decrease in the lattice vibrations, indicated a decline
in the average rigidity and stiffness in the region. The observations supported the data obtained from the
elastic moduli S and Y, as well as V.

The value of o is defined as the ratio of transverse (lateral) to longitudinal (axial) strain produced when
a tensile force is applied. Typically, the parameter depends on the dimensionality of the structure and is
inversely affected by changes in nc of the glass network. According to Bridge et al., the cross-link density
of two, one, and zero are associated with ¢ values of 0.15, 0.3, and 0.4, respectively. In the present
study, o values ranged from 0.24 to 0.30, indicating an average cross-link per cation between one and
two. This range suggests a medium resistance to lateral expansion, typical of a covalently bonded
network. The results coincided with a previous study on borate glass [3].

The elastic moduli of S and Y exhibited a sharp decrease at 20 mol% of BaF2 which could also be
observed in the 6p and vimn. Nonetheless, Ke exhibited maxima at a similar BaF2 content. This observation
could depict the interstitial occupation of Ba?* that replaced the Ca?* in the borate structure, resulting in
an abrupt weakening in the borate structure. Nevertheless, compression was tougher with the formation
of B4 units. The scenario might indicate that the region involved a complex structural adjustment related
to the MAEE that is yet entirely comprehended.

The Makishima-Mackenzie model estimated the elastic moduli by calculating the bond strength from the
dissociation energy and bond density using specific bond energy and atomic packing fraction. The results
show that the calculated moduli for Ly-v, Ku-m, Ym-m, and Su-m were higher than the experimentally
obtained values. This discrepancy can be attributed to the glass bonds’ higher packing density and
dissociation energy values. Nevertheless, the theoretical elastic moduli decreased slightly, sharply
dropping at 25 mol%. The decrease in calculated values supports the decrease in stiffness observed in
the experimental elastic moduli. Additionally, the data suggest that the strength of atomic bonds in the
glass structure becomes weaker even with enhanced density.

The sudden drop in calculated elastic moduli at 25 mol% of BaF2 may be influenced by the value of Na,
which exhibited a significant and drastic drop at the same composition, indicating signs of MAEE.
Moreover, the sudden decrease in elastic moduli (M-M model) at 25 mol% coincided with the minimum
recorded by elastic moduli L and Ke. As reported in a previous FTIR study, this behaviour can be
attributed to forming a large NBO. The observation may also be due to the dissociation energy of the
borate with coordination number three, which is much lower than that of the borate with coordination
number four. At 25 mol%, the Ns value is much lower than in other compositions, indicating a greater
proportion of borate units with coordination number three. However, L and Ke also have a minimum at
10 mol%, but the minimum is not demonstrated in the theoretical elastic moduli based on the Makishima-
Mackenzie model. The anomaly at 10 mol% may not be caused by dissociation energy due to changes
in bonds but by other factors that cannot be ascertained.

In the bulk compression model, the ideal bulk modulus (Kbc) was calculated based on the assumption
that each covalent bond within the glass network experiences ideal compression, requiring higher
compression than experimental bulk compression. The Kic values decrease with the increased BaF:
concentration in the current study, with a slight drop occurring at 10 and 25 mol%. According to the bulk
compression and ring deformation models, the average stretching force constant (F ) decreases with
increased BaF2 content, resulting in a change in Kb that also affects a change in the ring diameter, as
shown in Figure 8. The changes in the bulk compression model, similar to the variations observed in the
experimental bulk modulus, support the change in elastic modulus. The average stretching force, F, the
number of network bonds per unit volume, and the average coordination number also affect the
alterations.

According to the ring deformation model, Kic/Ke is greater than one, indicating the presence of ring
deformation alongside isotropic elastic compression [50]. Nevertheless, the present work demonstrates
Kbc/Ke values within 1-3, denoting that the main compression mechanism of the glass system is isotropic
ring compression. In the current study, the Kic/Ke ratios are maxima at x = 10 and 25 mol%, coinciding
with the anomalies on some elastic moduli. The larger Kic/Ke ratio reveals the reduction in isotropic
compression due to bending or ring deformation between structural units. Similarly, the maximum /
obtained from both compositions indicates ring size enlargements, possibly due to large open ring
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structures forming. The findings also demonstrated that the elevated ring deformation reduces
resistance, explaining the large Kbc/Ke ratio value from similar concentrations.

Although the discussion above focuses on structural interpretation, the MAEE-induced elastic anomalies
also offer valuable opportunities for engineering applications. Compositions outside the anomaly
windows (<10 mol% or >30 mol% BaF,) exhibit stable rigidity, making them suitable for structural optical
components. Intermediate compositions (around 25 mol% BaF,) combine high density with reduced
stiffness, which is advantageous for acoustic damping layers or radiation shielding, where energy
absorption and impact tolerance are required. The ability to tune acoustic velocities and Poisson’s ratio
may be harnessed in acousto-optic devices and laser host media, while dielectric measurements on the
same glass system suggest potential in electronic substrates that require both compliance and controlled
permittivity. In this way, the non-linear elastic behaviour can be viewed not as a limitation but as a means
to tailor glass compositions for specific advanced applications.

Conclusions

This study investigated the elastic properties of xBaF2—(50 — x)CaF2—-50B203 (x = 5 to 35 mol%) glasses
and revealed pronounced non-linear trends consistent with the mixed alkaline earth effect (MAEE).
Measurements of density, ultrasonic velocities, and elastic moduli (Y, S, L, Ke, and o) showed anomalies
at 10 and 25 mol% BaF2. These deviations were explained by structural rearrangements within the glass
network: at lower BaF2 concentrations, excess fluorine introduced non-bridging fluorine (NBF) sites that
disrupted connectivity, while at the equimolar Ca/Ba ratio, extensive non-bridging oxygen (NBO)
formation dominated, depolymerising the network. The unusual densification at 25 mol% BaF2, despite
reduced BO4 connectivity, was attributed to Ca?* ions occupying interstitial positions and coordinating
with NBOs, thereby providing ionic cross-links. Collectively, these mechanisms demonstrate that both
NBO and NBF formation, as well as modifier rearrangements, contribute to the MAEE.

Theoretical modelling supported these observations. The bond compression model showed good
agreement with the experimental data, with minima in Ke and Ksc at 10 and 25 mol% reflecting changes
in stretching force, bond density, and coordination number. The ring deformation model further indicated
that isotropic ring compression was the dominant mechanism, with maxima in / at 10 and 25 mol%
corresponding to ring size enlargements caused by BaF2 substitution and increased NBO concentration,
respectively. In contrast, the Makishima—Mackenzie model showed no anomaly at 10 mol%, confirming
that the behaviour there was not driven by changes in bond dissociation energy but rather by
compressive-type deformation, as predicted by the bulk compression model.

Beyond structural interpretation, the results carry important implications for applications. Compositions
outside the anomaly windows (<10 and >30 mol% BaFz) exhibited stable rigidity and are suitable for
optical components requiring predictable stiffness. In contrast, intermediate compositions (around 25
mol% BaF2) offered high density but reduced stiffness, a combination useful for acoustic damping layers,
protective or radiation-shielding glasses, and substrates where impact absorption is advantageous. The
tunability of acoustic velocities and Poisson’s ratio further suggests potential for acousto-optic devices,
laser host media, and dielectric substrates, where mechanical compliance can be matched to functional
requirements.

Overall, the study demonstrates that elastic anomalies arising from the MAEE are not limitations but
opportunities: by adjusting modifier ratios, glasses with tailored mechanical and functional properties can
be engineered for advanced technological applications.
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