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Abstract: This work prepared a set of six samples of sodium borate glass containing different concentrations of bismuth
and manganese cations using the rapid cooling method. In addition to molar volume calculations, measurements of density,
X-ray patterns, and infrared spectra confirmed the amorphous nature of all samples and that the lower B2O3 content
sample has the highest homogeneity of all samples. FTIR revealed many structural units throughout the glass networks,
like BO3, BO4, BiO3, and BiO6. The replacement of B203 by both Bi2O3 and MnO forced BO3 units to convert to BO4
units, causing an increase in the number of nonbridging oxygen atoms. It also forces BiO3 units, which are glass network
formers, to convert to BiO6 units, which act as glass network modifiers and occupy the interstitial vacancies. The
replacement of B203 by both Bi203 and MnO caused an increase in the glass bulk density, the glass molar volume, the
number of nonbridging oxygen atoms, and the density of the localized states. It also increased the values of the optical
reflectance, absorption coefficient, refractive index, absorption index, and mass attenuation coefficient. On the other side,
such a replacement caused a decrease in the values of the optical band gaps and the half-value layer. The study results
suggest the investigated samples are perfect cathode glasses. It also nominates the sample with the lowest B20O3 content
for gamma ray shielding applications and vice versa for neutrons.
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1 Introduction

Borate glasses have a wide variety of applications and offer varying physical and chemical properties by changing the
chemical composition. Boron can change its coordination with oxygen between three or four. Hence, it forms variable
structural units in the glass network, and such behavior is quite different than that of silicon and phosphorous, which
constitutes only tetrahedral coordinated units with oxygen. Borate glasses have been extensively studied as a glass-
forming system [1-2]. Mainly, borate glasses are having so many potential applications like thin amorphous films for
battery applications, bioactive glasses for tissue engineering, nuclear waste disposal, photonic applications,
development of tunable or short pulse lasers, optical fiber amplifiers and fiber lasers etc. [3-8]. Among oxide glasses,
borate glass structures have disordered geometry with the formation of tetrahedral coordination of BO4 units. Sodium
oxide (Na20) and boron trioxide (B203) are the major components of many industrial important glasses [9]. The main
application of these glasses ranges from cookware to laboratory glassware to optical glass [10, 11]. Because of this
reason, many glass researchers have conducted structural physical studies to understand how the density molar mass of
each oxide affects the glass network structure. Bi2O3-based glass possesses low melting temperature, big mass and high
polarizable Bi3+ ions. Their relatively low phonon energy, high refractive index, high dielectric constant and good
corrosion resistance are attractive in photonics and Magneto-optical (MO) devices [12—-15]. B203 can modify Bi3+ into
a vitreous network [16-18] since they cannot form glass alone. Manganese is one of the TMs with color and can be
considered a catalyst or sensitizer in various glasses and crystals [19-21]. In glasses, manganese is predicted to be
Mn2+, Mn3+, Mn4+, MnO4—, and MnO42- ions or a mixture. Depending on the host materials, the Mn2+ ion is
luminescent with many visible lights, including green light, yellow light, and red-light emission [22-25]. Lately,
Gaddam et al. found that Mn acts as a network modifier or network former and confirmed the presence of Mn3+ in the
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oxidation equilibrium of Mn2+/ Mn3+ in the following glass system [26-27]. Accordingly, this work aims to estimate
the impact of Bi3+ and Mn4+ Impurities on the pure sodium borate-based glass's structural, optical, and shielding
parameters.

2 Experimental methods

A set of six glass samples have been suggested according to the chemical formula, (75-x) mol%B203 — 25mol% Na20
—x mol % (0.1 MnO2 - 0.9 Bi203), where =here x = 0, 5, 10, 15, 20 and 25. The components of each sample were
weighted in a mole percentage approach, and then they were mixed in a porcelain crucible. Finally, all samples were
transferred into an electric furnace, with a temperature of about 1400 oC, for two an hour before they had quenched in
the air between two copper plates. The internal structure of the obtained solid samples was characterized by inspecting
the spectral charts of both XRD and FTIR, where the XRD measurements were obtained by a Burkeraxs d8 advance
type X-ray diffractometer with Cu ka of 0.1541 nm radiation. In contrast, The FTIR absorption spectra were received by
the KBr pellets technique at RT in a wavenumber range of 400-4000 cm-1 using a CARY 630 FTIR spectrometer. The
density (p) was measured using the Archimedes technique at RT using Toluene as an immerging liquid with a density of
(0.864 g/cm3). The molar volume was then calculated using Vm = M/p (where M is the molecular weight). The glass
samples' optical transmittance and reflectance spectra were recorded at RT in the wavelength range of 190-1100 nm
using a Shimadzu UV-3600 UV-Vis-Nir spectrophotometer. The measured samples were cut and polished carefully
before performing optical measurements.

3 Results and discussion

3. 1 Characterization of samples structures:

The bulk density of solid material is one of the easily primary powerful tools that can be affected by any change in the
internal structure of this material, even if it is hyperfine. Because the bulk density increases monotonically with the
degree of crystallinity, the density value of a solid sample in its crystalline form is greater than that of the same sample
in its amorphous form. As seen in Figure 1, the densities of the prepared samples have been measured and compared
with the calculated values to check the deviation in crystallinity degree. The apparent increase in measured and
calculated densities can be attributed to the exchange of B203 (69.62 g) with 0.1 M and 0.9 Bi203 (428.06 g/mol). The
difference between the calculated and measured densities for each sample indicates that the prepared samples are
amorphous due to the short-range order in their structures.
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Fig. 1: Measured and calculated densities of the prepared samples
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Fig. 2: Difference between the measured and calculated densities of the prepared samples

Figure 2 reveals that the difference between the measured and calculated densities increased when MnO and Bi203
replaced B20s. This observation could imply that sample S6, which has the lowest B2Os content, has the highest
disordering degree of all the samples. Such conclusions were confirmed by another more accurate and powerful tool, X-
ray diffraction XRD, in the characterization of the internal structure of the solid materials, where the XRD patterns
differ depending on the internal matrix of the solid. XRD patterns display sharp peaks for crystalline substances,
whereas amorphous solids may indicate one or more wide humps. Therefore, XRD imaging was performed on each of
the samples under investigation.
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Fig. 3: X-ray diffraction XRD patterns for all samples
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As shown in Figure 3, all samples displayed just two humps that varied in relative intensity and bandwidth. An absence
of sharp peaks confirms the amorphous phases (short-range order structures) of the prepared samples, while the
decrease in the enclosed area confirms the increase in the amorphous degree when B20Os was replaced by both MnO and
Bi20s3. Accordingly, according to the density measurements and X-ray patterns, in addition to the method of
preparation, it can be said that the prepared samples have highly homogeneous glass states, and the degree of
homogeneity also increases when B20s is replaced by both MnO and Bi20s. The molar volume (Equation 1 [28], Figure
4) has been calculated as a tool for determining whether or not the glass is homogeneous. Where, it's well known that a
glass with high homogeneity should have a large molar volume, and vice versa [29-30].
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Fig. 4: Molar volumes of the studied samples

Such a procedure has been performed to eliminate confusion caused by increased density values and glass homogeneity.
As shown in Fig. 4, sample S6 (with the lowest B20Os content) has the largest molar volume, which reveals its high

homogeneity.

V, = % (cm® mol™1) (1)
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Fig. 5a: Fourier transform infrared FTIR charts for all samples
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Fig. Sb: Fourier transform infrared FTIR deconvoluted spectrum for sample Se

Figure 5a depicts the collected Fourier transform infrared FTIR spectra for the studied samples in the 4000-400 ¢cm'!
range. Based on the Gaussian distribution function, the FTIR chart of each sample was deconvolution to some of the
individual peaks, where each characterized a certain vibration of a special structural group unit or chemical bond, as
seen in Figure 5b for sample S6 in the range 1500-400 cm™. The detected peaks were assigned to their vibrators based
on the related previously published studies, as seen in Table (1) [31-40]. The deconvolution process increased the
vibration of BO2-O-BOs, which means an increase in the non-bridging oxygen atoms, which confirms the increase in
the glass homogeneity (randomness) as B2Os decreases. Also, it was found that Bi cation was incorporated into the glass
network as BiO3 and BiOg, with an increase in the vibration intensity of BiOg at the expense of BiOs, which explains the
increase in glass bulk density.

Table 1: FTIR peaks assignments:

Peak Assignments Refs.
446 the bending vibration of Bi-O bonds in BiOs polyhedral [17], and/or the vibration of
structural deformations
the vibrations of the Bi—O bonds in the BiOs octahedral unit [7-9], with the bands of the
557 . . o )
in-plane bending vibration of BOs units
Belong the bending vibration of B-O-B in BOs triangles. The intensity of this band
703 . . . .
increases with the gradual increase of Bi2Os.
794 the vibration modes of the Mn—O— Mn bonding in a-MnQO: nanorods [31-40]
965
1099 B-O stretching vibration of tetrahedral BO4 units from pentaborate groups.
1207 B-O symmetric stretching vibration of trigonal BO; units [2, 18], and/or B-O bond
stretching vibrations and B-O bridging between B3Os rings and BOs triangles.
1276 the asymmetric stretching vibration of B—O bond in BOs trigonal units.
1363
1436 B-O stretching vibration (BO3)* units in meta-borate and ortho-borates chains

3.2 Optical & shielding characterization:

The optical reflectance spectra of the examined samples are shown in Figure 6, "reflectance" is the proportion of
incident flux to reflected radiant optical power at a reflecting sample. Generally, the optical reflectance is influenced by
the optical wavelength and incident light angle.
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Fig. 6: Optical reflectance R% of all samples

A(nm)

300 400 500 600 700

| | | | 120
e S s §2 s §3 s 54 e G5 e S|

60

" 1100

%0 : ...oo0000000Oooooooooooooooooooooo_
- 80
® 407 AAAAAAAAAAAAAAAAAAAAAAAAAAAAL N:\
S 5
30 - 60 S
20"
1 40
A
¥
10 3
T T T T T T T T T T T T T T T T T T 20
400 3.75 3.50 3.25 3.00 2.75 2.50 2.25 2.00 1.75

E (eV)

Fig. 7: Optical transmittance T% (dot lines) & Absorption Coefficient a (solid lines) for all samples

Figure 6 demonstrates that the reflectance value increased when B2Os content decreased, which may be explained by an
increase in the density of scattering reactions caused by the increase in the density of negative charge carriers
(nonbridging oxygen atoms), particularly given that all samples are the same thickness. As shown in Figure 7, such a
result was confirmed by the decrease in the optical transmittance T% value and the increase in the value of the optical
absorption coefficient (which was calculated by using Equation 2, where t is the sample thickness)

100—R%—T%

@ =2303 TR [41-42] )

© 2024 NSP
Natural Sciences Publishing Cor.



0}

Inf. Sci. Lett. 13, No. 2, 361-375 (2024)  / http://www.naturalspublishing.com/Journals.asp N =2 367

o« = ConsEtant (E— Eg)l’ [41_42] (3)
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Fig. 8: Optical gap determination for direct transitions
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Fig. 9: Optical gap determination for indirect transitions
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Fig. 10: Linear refractive indices n (dot lines) & Absorption indices K (solid lines) for all samples

The change in the absorption coefficient value indicates that as the B2Os content decreases, a change in the electronic
configurations within the glass networks is required, necessitating a change in the values of the energy gaps of the
electronic transitions, whether direct or indirect. Accordingly, Tauc's approximation (Equation 3) has been used to
estimate how the decrease in B20Os content impacts the optical band gap values, as seen in Figures 8 and 9. It is clear that
with the decrease in the B2O3 content, the energy gap values of direct and indirect electronic transitions are weighed
down from 3.88 to 3.48 eV and from 3.15 to 2.39 eV, respectively, which explains the increase in the values of the
absorption coefficient, especially since the samples have the same thickness. Such a decrease in the energy gaps, as well
as the reported increase in optical reflectance, may explain the increase in the values of the absorption index K and the
linear refractive index n, Figure 10, (that were calculated using Equations 4 and 5) [43]. The increase in the value of the
absorption index may refer to an increase in the density of structural defects (localized states).
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Fig. 11: Urbach’s energies of the studied samples
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Fig. 13: The linear attenuation coefficients of the studied samples, at different energies

This conclusion was confirmed by calculating the Urbach’s energies of all samples (Eq. 6), which showed an increase
as B20s content decreased, see Figure 11. On the other hand, an increase in the linear refractive value n may nominate
the sample S6 as a high-energy radiation attenuator, so the gamma attenuation parameters (linear and mass attenuation
coefficient, HVL half-value layer, MFP average path value and Zeff effective atomic number) were calculated using
WinXcom source software The common radioactive substances are *’Cs, '**Ba, '*?Eu and %°Co (different energies), as
shown in Figures 12 to 16. In Figures. 12, 13, and 14, the linear (LAC), mass attenuation coefficient (MAC)and the
effective atomic number (Zeff) decreased with increasing energy. They increased with increasing MnOz, Bi2Os, and
B20s content decreased, while HVL and MFP showed the opposite in Figure 15 and 16. These results point to the fact
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that the present samples provided radiation protection with decreased B2O3, which may be attributed to the increase of
BiOs in the interstitial voids of the glass and the increase in the unannealed oxygen atoms. With the help of the
NXCOM program [44-47], calculate the fast neutron removal cross-section (FNRCS) (1/cm) of the present glass
system. The values of FNRCS for the current glass, as shown in Figure 17, indicate that the sample containing 75%
boron oxide is the most attenuating of the fast neutrons due to the high cross-sectional area of the boron. The decrease
in neutron attenuation with the increase in bismuth and manganese oxides is due to an increase in non-bridged oxygen
atoms and an increase in the homogeneity of the glass (randomness), which is consistent with the results of IR.
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Fig. 14: The Zestr of the studied samples, at different energies
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Fig. 15: The HVL of the studied samples, at different energies
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Fig. 16: The HVL of the studied samples, at different energies
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Fig. 17: The FNRCS of the studied samples

4 Conclusions

The glass system of (75-x) mol%B203 — 25mol% Na20 — x mol% (0.1 MnO2 - 0.9 Bi203), where here x =0, 5, 10,
15, 20 and 25 has been examined for its physical, optical, and radiation shielding capabilities. The investigation led to
the following conclusion: The density of the glasses increases with increasing MnO2 - Bi203 content because MnO2 -
Bi203 have larger molecular weight than B20O3. The glass's molar volume increases as the amount of MnO2 - Bi203
increases, indicating that the MnO2 - Bi203 functions as a modifier in the glass network. Results of FTIR revealed
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several structural units such as BO3, BO4, BiO3 and BiO6. The replacement of B203 with Bi203 and MnO converted
BO3 into BO4 units, causing an increase in the number of unconjugated oxygen atoms. BiO3 units are also converted to
BiO6 units, which act as modifiers of the vitreous lattice and occupy interstitial vacancies. Replacing B203 with both
Bi203 and MnO increased the values of optical reflectance, absorption coefficient, refractive index, and linear mass
attenuation coefficient. On the other hand, this substitution caused lower optical bandgap values, a half-value layer and
a mean free path. All the results prove that the samples examined are perfect cathode glasses. Also, the sample with the
lowest B203 content can be used for gamma-ray shielding applications and vice versa for neutrons.
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