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Abstract: Novel glass samples with the composition 75TeO,-5Ta;O5—-15NbyO5-5x (where x = ZnO,
MgO, TiOy, or NayO) in mole percent were prepared. The physical, optical, and gamma radiation
shielding properties of the glass samples were studied over a wide energy spectrum ranging between
0.015 and 20 MeV. The glasses” UV—vis spectra were utilized to evaluate the optical energy gap and
refractive index. Glass samples had a refractive index ranging from 2.2005 to 2.0967. The results
showed that the sample doped with zinc oxide (ZnO) recorded the highest density (pg1ass), molar
polarizability («;), molar refraction (Rm), refractive index (n), and third-order nonlinear optical
susceptibility (x%) and the lowest optical energy gap (Eopt) among the samples under investigation.
When comparing the current glass system with various standard glass shielding materials, the
prepared glass system showed superior shielding performance at energies ranging between 40 and
85 keV. These findings indicate that the prepared glass systems can be used in diagnostic X-rays,
especially in dental applications.

Keywords: metal oxide; refractive index; molar polarizability; optical energy gap; MAC; LAC; PRE

1. Introduction

Due to the dramatic increase in the use of radiation in medical and industrial applica-
tions, radiation shielding issues have become an important topic among researchers [1-6].

Several computational models have been developed over the last several years to esti-
mate radiation shielding parameters in order to study the radiation shielding effectiveness
of different kinds of materials. Gerward et al. (2004) [7] developed the program WinXcom
for the Windows system for the estimation of the mass attenuation coefficient (MAC) of
elements, compounds, and mixtures. The calculated MAC values are based on the reported
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data for the mass attenuation coefficient (MAC) provided by Hubbell and Seltzer (1995) [8].
Phy-X/PSD, a user-friendly online software product for evaluating shielding and dosimetry
parameters in a virtual environment for various types of materials, was recently released
by Sakar et al. (2020) [9]. Recently, Khalid et al. (2021) [10] developed a computational tool
for estimating and analyzing the shielding and optical parameters for all different kinds of
shielding materials.

Much research has been conducted to study the effectiveness of glass as a radiation
shield [1-18]. All results concluded that glass could offer excellent shielding against ra-
diation for different applications, such as nuclear power plants, agricultural machinery,
industrial processes, and medical applications [11]. Glass can offer better shielding prop-
erties with good transparency in the range of visible light compared to other shielding
materials [12-18].

The most common network-forming constituents of glass are silicon, phosphorus,
boric, and tellurium oxides. The tellurium-oxide-based glasses have excellent transparency
over a wide range of wavelengths from 400 nm to 6 um, high refractive index, good thermal
stability, non-hygroscopic nature, a low melting point, and chemical durability. It is crucial
to note that tellurium oxide (TeO,) is a unique oxide because it can only be transformed
into glass by adding a suitable modifier [19-21]. Oxides such as ZnO, MgO, TiO,, and
NapO are the most commonly utilized materials in medical and industrial applications,
making them a popular choice [20,21]. For example, adding ZnO, Na,O, or MgO to glasses
results in decreased crystallization rates, lowered melting temperatures, and enhanced
performance in the glass forming zone [22,23]. Ziad et al. [22] studied the effect of zinc
oxide as a modifier in soda lime silicate glass. Their results showed that the density and
the molar volume increased as the ZnO content increased, while the optical band gap
decreased as the ZnO content increased. Sayyed et al. [23] studied the effects of different
modifiers, including ZnO, TiO,, PbO, and BaO, on the optical and shielding effectiveness of
boro-tellurate glasses. Their results show that the addition of heavier oxide (PbO) exhibits
a more effective shielding performance. In addition to that, systems containing TiO, have
a greater volume density of binding energy and reduced ionic volume. The use of high
density and the dual role of oxides like TayOs, TiO;, and Nb,Os5 as modifiers and network
formers in glass networks improves thermal stability and refractive index [24,25], making
them desirable in glass shielding technology [25-29].

However, TeO,-TayOs5-Nb,Os5 oxide glasses doped with metal modifiers (ZnO, NayO,
MgO, TiO;) have not yet been studied, although they are predicted to be one of the best
shielding materials. From this perspective, the primary goal of the present work is to
study the effectiveness of a novel TeTaNb glass doped with different modifiers (ZnO, MgO,
TiO,, and NayO) as a shielding material. The prepared glass samples were evaluated by
measuring the radiation shielding parameters such as mass attenuation coefficient (MAC),
linear attenuation coefficient (LAC), half-value layer (HVL), mean free path (MFP), effective
atomic number (Z.4), and effective electron number (Nef) at certain energies (59.5, 622,
1170, and 1330 keV). The measured values were compared with the calculated theoretical
values at the same energies using PHY-X/PSD [9] and MIKE software [10]. The physical
and optical properties of prepared glasses, such as density and transparency, were also
investigated. The results of the shielding parameters were compared with other commercial
shielding materials commonly used in photon and neutron applications.

2. Materials and Methods

Using the melt quenching technique, glasses with the mole percent composition of
75Te0,-5TayO5-15Nb,O5-5x (where x = ZnO, MgO, TiO,, or Na,O) were prepared from
reagent-grade TeO,, TayO3, NbyOs, TapOs, ZnO, MgO, TiO,, and NayO. The selection of
the modifiers was based on the three categories defined by Dimitrov and Komatsu [30]—
semi-covalent oxides (MgO), ionic or basic oxides (ZnO, TiO,), and very ionic or very basic
oxides (Na;O)—in order to study the different optical characters such as the oxide ion
polarizability, cation polarizability, optical basicity, O 1s binding energy, and metal (or
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nonmetal) binding energy of the prepared oxides. The reagents were weighed, and the
mixtures were poured into a platinum crucible and melted at a temperature of 900 °C. The
melt was then cast into a graphite mold. After that, the samples were transferred to an
annealing furnace at 320 °C for two hours. The samples were then left for a time to cool.
The densities of the prepared glass samples were measured by the Archimedes principle
using toluene as the immersion fluid. The density of each sample was calculated using the

following formula:
WEree

Pglass = ) PLiquid (1)

(WFree - WLiquid

where pp g4 is the density of the liquid (toluene), and Wy, and Wy ;4 are the weights of
the glass samples in air and toluene, respectively.

The glass samples were prepared by cutting, grinding, and polishing. A prism spec-
trometer (A V-block Pulfrich refractometer PR2, Carl Zeiss, Jena, Germany) was used
to measure the refractive index of the prepared samples at a wavelength of 479.98 nm
using the cadmium lamp spectrum. The optical absorption spectra were measured at
wavelengths from 200 to 2500 nm using a UV-VIS-NIR spectrophotometer (JASCO V-570,
Tokyo, Japan). The powder X-ray diffraction (XRD) pattern of glass samples was obtained
on a Siemens Kristalloflex, D500, Karlsruhe, Germany, diffractometer over a 20 range of
5-80°, step size 0.02°.

2.1. Optical Properties

The parameters that characterize the optical properties of glass samples, such as the
molar volume (V;,), the oxygen molar volume (V,), and the oxygen packing density (OPD),
can be calculated using the following equations [31,32]:

Vin = (Zl Xi mi/pglass> 2)
V, = Vm~(1/xini) (3)

o .100'pglass'Ni
OPD = ZZT (4)

where x; is the element molar fraction, m; is the glassy composition molecular weight, and
n; is the number of oxygen atoms in each oxide.

The molar refraction (R;;) and molar polarizability («;,), which depend on the glass
refractive index (r7), molar volume (V;,), and Avogadro number (N4), can be calculated
using the following equations [31,32]:

(n+1)(n—1)
Ry =Vy ———=
m m 7’12 + 2 (5)
3 n%+2
fm = (4(3.14)NAVm ) ' <n2 - 1) ©)
The metallization criterion, M, of prepared bulk glasses at different wavelengths is as
follows [32]:
n?—1 3
M ( n? + 2> n?+2 @

The third-order nonlinear optical susceptibility, x/¥), can be determined by using the
linear optical susceptibility:

3) (n* —1) ! ~10
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2.2. Measurement and Theoretical Evaluation of Glass Shielding Parameters

A Nal detector system (SPECTECH Nal 1.5 PX 1.5/2.0 1V, S/N 010723-6, USA), con-
nected to a computer-based multichannel analyzer (MCA), was used to measure the
shielding parameters (LAC, MAC, HVL, and MFP) of the glass samples. The incident
(Ip) and transmission (I) radiation intensities of collimated beams at the detector level were
measured using different gamma sources (Am?*1-511CI-59.5 keV, Cs!%7-5uCI-662 keV, Co®0-
5uCI-1170 keV, and 1330 keV). The measured values were compared with the theoretical
values at the same energies (59.5, 622, 1170, and 1330 keV) using Phy-X [9] and MIKE [10].
The shielding performance of the glass samples was evaluated and compared with that
of commercially available standard materials [33]. Figure 1 shows the experimental setup
used to measure the radiation shielding parameters.

1.17 MeV 1.3 MeV

Computer
PMT
Dynodes

Photocathode
Nal(TI)

Single hole collimator

Glass

‘ SPECTECH
Metallic holder L 209

Figure 1. The experimental setup used for measuring the shielding parameters of the pre-

pared samples.

The linear attenuation coefficient can be estimated from the ratio of the transmission
intensity across the shielding material to the input intensity, which can be expressed
mathematically by the Beer-Lambert relation [34,35]:

= , )

where I, and I are the transmitted and input photon intensities, respectively; x is the
thickness of the sample material. The mass attenuation coefficient (y,,,) in square centimeters
per gram can be estimated from the linear attenuation coefficient by dividing it by the
density of the shielding material (p) [35-38].

H
m = (10)
: P

The theoretical mass attenuation coefficient (y/p) of a mixture and compound can be
calculated according to the following relation [35-38]:

(),

p P

where w; is the fraction by weight of the ith atomic element, and (u/p); is the mass
attenuation of the ith atomic element.
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The probability of photon interaction with the material can be characterized by the
total atom cross section (0;) and total electronic cross section (c;) using the following
relations [35-38]:

1 "
0= i fidil =),
%= Ny i f (p>i -
_ 1 y Aj
T Na ff’Z <p>,-’ (19

where f; is the fraction by mole of the ith atomic element, A; is the atomic weight of the ith
atomic element, Z]- is the atomic number, and N4 is Avogadro’s constant.

The effective atomic number is an important parameter that characterizes the proper-
ties of the shielding material in terms of photon absorption and scatter interactions. The
effective atomic number, which varies with energy, can be calculated from the ratio of the
atomic and electronic cross sections by the following relation [35-38].

q,
Zepf = — (14)

Oe
The electron density, which represents the number of electrons per unit mass of the
shielding material, can be calculated using the following relation [35-38]:

Ny
N, = Tzeffr (15)

where A is the mean atomic mass, equal to ) f; A;; f; is the fraction by mole of the ith atomic

1
element, and A; is the atomic weight of the ith atomic element.
The protection provided by the prepared glass shielding materials can be evaluated
for the selected thickness by the following equation:

RPE = (1 — e Mact) % 100 (16)

The shielding performance of glass samples was evaluated and compared with calcu-
lated values of the commercially standard glass materials RS-253, RS-360, and RS-520 [33]
using MIKE [10].

3. Results and Discussion

The physical, optical, and radiation shielding characteristics of a prepared TeTaNb
glass system doped with several modifiers (ZnO, MgO, TiO;, and NayO) were investigated
at energy levels ranging between 0.015 and 15 MeV. Table 1 shows the compositions, mea-
sured densities, and refractive indices of the glass samples under evaluation. As observed,
the density decreased from 6.10235 to 5.9278 gm/cm3 for ZnO and Na,O, respectively.
Incorporating ZnO into TeTaNb tellurite glasses increases the density due to the change in
glass structure caused by the Zn*? in breaking the Te-O network. In addition to that, the
molecular weight of the modifier, the coordination numbers with interstitial spaces, and
the glass crosslink density also affect the density values by changing the glass structure

Table 1. Sample codes, compositions, densities, and refractive index values.

Sample Code Glass Composition Density (g:cm™3)  Refractive Index
TeTaNbZn 75Te0y-5TayOs-15Nb, O5-5Zn0O 6.1024 2.2005
TeTaNbMg 75Te0,-5TapO5-15Nb,y O5-5MgO 5.995 2.1367
TeTaNbTi 75Te0,-5TayO5-15Nb, O5-5TiO, 5.954 2.1186

TeTaNbNa 75Te0y—-5TayO5-15NbyO5-5NayO 5.9278 2.0967
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3.1. Optical and Physical Properties

Figure 2 shows the X-ray diffraction (XRD) patterns of the prepared glasses. As shown
in Figure 1, there are no strong peaks associated with crystalline phases. The absence of
strong diffraction peaks indicates the absence of a crystalline phase, and the wide diffraction
pattern confirms the amorphous nature of the prepared glasses.

600

500 1 reTaNbZn f ‘qﬁ

eTaNbMg

300
ATeTaNbTi IJ \

200 -
91 TeTaNbNa
100 =

gy

o

o
L

Intensity (a.u.)

| B m s s s e s
10 20 30 40 50 60 70 80

20° degree

Figure 2. XRD chart of prepared glasses.

Table 2 shows the calculated values of molar volume (V};), molar volume oxygen (V,),
oxygen packing density (OPD), and energy gap. As shown in Table 2, the values of V;,; and
V, increased from 26.08 to 26.69 m>®/mol and from 12.722 to 13.02 m3/mol, respectively.
The OPD value was reduced from 78.60 to 76.82 gm-atm-L~1.

Table 2. The molar volume (V};), oxygen molar volume (V,), optical packing density (OPD), energy
gap (Eopt), and Urbach energy (AE) of the prepared glasses.

Sample Code Vi (em®mol~1)  V, (em3 mol—1) OPD (mol~1) Energy Gap, Eqpt (eV) UrbZCEh(]eE\I;‘)ErgM
TeTaNbZn 26.0807 12.7223 78.6023 2.59 0.36
TeTaNbMg 26.2052 12.7830 78.2286 2.75 0.31
TeTaNbTi 26.7180 12.7229 78.5986 2.86 0.49
TeTaNbNa 26.6851 13.0171 76.8218 3.03 0.34

The changes in the values of V};;, V,,, and OPD are influenced by a variety of parameters,
such as the element molecular weight, the bond length, the number of oxygen atoms, the
coordination number, and the cation radius. The unit structure of TeO, glasses consists
of trigonal bipyramidal TeO,, deformed TeO,, TeOs,; polyhedrons, and trigonal TeOs
structural units. TeOy, TeOs,1, and TeOj structural units are usually labeled Qi, Qi, and
Q3, respectively. The subscript represents the coordination number of oxygen around the
Te atom, and the superscript is the number of bridging oxygens linked to the Te atom.
Therefore, an increase in the number of TeO, units (Qi) due to the influence of the added
modifier leads to an increase in the sample densities in the following order: ZnO > MgO >
TiO, > Nay,O. The added Ta>* and Nb®* with Zn?* modifier fill the interstitial spaces in the
tellurite matrix, thereby resulting in a denser glass [39]. Additionally, the increase in TeO4
concentration indicates that the glass networks are more densely packed as a consequence
of increased oxygen bridging [40,41]. Tables 2 and 3 show the optical parameter values of
the prepared glasses.
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Table 3. The molar refraction (R,;) and electronic polarizability («;,) of the studied glasses.
Molar Molar Metallization x3 x 10-12 Esu
Sample Code Polarizability, Refraction, R,, M ’ Third-Order
oy, A3 (cm3 mol—1) Nonlinear
TeTaNbZn 5.8117 14.6455 0.4385 1.49
TeTaNbMg 5.6473 14.2312 0.4569 1.11
TeTaNbTi 5.7003 14.3647 0.4624 1.02
TeTaNbNa 5.6226 14.1690 0.4690 1.02

Table 2 shows the values of the Urbach energy of the prepared samples. The sample
TeTaNbZn recorded the lowest energy band gap and the highest Urbach energy due to the
fact that the ZnO modifier breaks the O-Te-O chains, increasing the formation of TeO3; and
non-bridging oxygen. As reported by others [23], the formation of non-bridging oxygen
(NBO) leads to the absorption band shifting to a lower energy; this causes the glass network
to become less rigid. The present cations have high polarizability of the Ta>* and Nb>* ions
and a high coordination number, creating a stable glass matrix. The addition of modifiers
showed a decrease in the optical bandgap energies in the order Zn?* > Mg?* > Ti?* > Na2",
attributed to fewer tightly bound oxygen anions (valence electrons).

The TeTaNbZn glass presented the minimum value of AE, which indicates the lowest
defect with a high order of BO; these results are in good agreement with findings by
others [42,43].

The absorption spectra of the prepared glasses are shown in Figure 2. The optical
absorption coefficient a(v) was estimated via Equation (17) [44]:

a(v) = — = T (17)

where F(R) is the Kubelka—Munk function, which can be converted to a linear absorption
coefficient by applying the last equation, and t is the glass sample thickness.

Electron transitions occur when the energy of incident light exceeds the energy of
the bandgap in glasses, which exhibit an energy change between valence and conduction
bands (E,pt) [45]. Eopt was calculated using the following equation [44]:

(ahv) = @ = A(hv—Eg)" (18)
where A is a constant, & is Plank’s constant, v is the frequency, and # is a constant that
depends on the mechanism of electronic transition. For indirectly allowed transitions,
n = 1/ 2 can occur according to Tauc’s relations [46]. E,,+ was estimated using linear
extrapolation from Tauc’s plot, which presents (ahv)!/? vs. (hv), as shown in Figure 3.
Table 3 presents a summary of the results. Indirect optical band gap values of 2.59, 2.75,
2.86, and 3.03 eV were recorded for TeTaNbZn, TeTaNbMg, TeTaNbTi, and TeTaNbNa,
respectively. The Urbach energy (AE), or the localized state’s width, is used to calculate the
atomic structure’s disorder degree using the following equation [47]:

a(v) = Bexpl[hv/AE] (19)

where f is a constant. The linear part of In(«) against (hv) was used to obtain AE by taking
the reciprocal. The resulting values are listed in Table 2. From Figure 4, it was found that
the AE values ranged between 0.36 and 0.33 eV. This finding suggests that the disorder of
the glass samples diminished.



Materials 2022, 15, 1844 8 of 18

5 =im
- =  TeTaNbZn
'% «  TeTaNbMg
+  TeTaNbTi
E: : TeTaNbNa
o =¥
X F
8 3"
= "y
-1 v
-] b [y
e -
¥ 24
=R
1 =
0 T Y T v T v T v T
500 1000 1500 2000 2500
Wavenumber

Figure 3. Optical absorption spectra of TeTaNb (Zn, Mg, Ti, Na) glasses.
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Figure 4. (a) Plot of (2hv)1/? as a function of the photon energy (hv) of prepared glasses; (b) Plot of
In(e) as a function of the photon energy (hv) of prepared glasses.

Table 3 shows the molar refraction (R;;) and electronic polarizability («;,), the metal-
lization (M), and the linear optical susceptibility (x°) of the studied glasses. The R, and &,
values decreased from 14.65 to 14.16 cm®-mol ! and from 5.81 to 5.62 in A3, respectively.
The metallization criterion value M increased from 0.439 to 0.469 at 479.98 nm in the order
ZnO > MgO > TiO > Na,O in the host glass 75TeO;-5Ta;O5—-15Nb,O5 (TeTalNDb).

The highest value of a, (5.812 A%) was recorded for TeTaNbZn, while sample TeTaNbNa
recorded the lowest value of a,, (5.623 A3). The structure of pure TeO, glass is composed
of TeOy trigonal bipyramids (tp) with two axial positions occupied by oxygen and two
oxygens in equatorial positions. The third equatorial position is occupied by a lone pair
of electrons. The network of the present glasses was modified by adding oxides, such as
MgO, TiO, ZnO, or NayO, leading to a combination of bridging /non-bridging oxygens,
and the TeOy trigonal bipyramids, which were transferred into TeOs,; and TeO3 phases,
are strongly dependent on the type of modifier added to the tellurite matrix. Tellurite with
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zinc oxide attributes creates 3-TeO,, y-TeO,, and the formation of Zn,Te3;Og units [48]. The
addition of TiO; to TeO;-based glasses obtain the chain formation of Te-O-Ti-O-Te- at
lower concentration TiO, whereas this chain formation becomes saturated and also creates
the phase of TiO, polyhedrons in the glassy matrix [49]. The addition of alkali ions Na
leads to the network Te-O-Te bridges being broken and forming the non-bridging oxygens
(NBO). At a low concentration of MgO content, the Te-O-Te linkage starts to break down,
and TeOy starts to be asymmetric with one Te-Oax bond being elongated leading to the
formation of TeOs,; with nonbridging oxygen (NBO) [50]. As a result, a larger number of
lone pairs occupying the apex of the sp3 hybrid orbital in the valence shell of Te** occurred
for the modifiers in the order ZnO > MgO > TiO > NaO. The number of TeO, units (3-TeO,,
v-TeO,) is positively correlated to the radiation protection efficiency (RPE); the higher the
number, the better the RPE.

The ability to use the prepared glasses in optical applications is mostly determined by
the optical refractive index (1). The value of n changed from 2.2005 to 2.0967, due to the
variation in a,,. The difference in the polarizability, a;,, between the long and short Te-O
bonds caused the change in the linearity values. This attribute resulted in the TeTaNbZn
glass with the ZnO modifier having the highest value of 1, with &, = 5.812 A3, while sample
TeTaNbNa had the lowest value of 1, with a,, = 5.623 A3. It is concluded that a decrease in
both values of &, and n leads to an increase in the value of M.

The linear optical susceptibility (x*) values of the prepared samples decreased from
1.49 x 10712 t0 1.02 x 1012 esu for TeTaNbZn and TeTaNbNa, respectively; this is due to
the strong dependance of x> on the values of a,, and .

3.2. Radiation Shielding Performance

Table 4 presents the measured MAC, LAC, HVL, and MFP values of the prepared
TeTaNbZn glass samples compared to the theoretical values calculated using Phy-X and
MIKE software at the specific energies of 59.5, 622, 1170, and 1330 keV. As shown in Table 4
and Figure 5, the measured values agree with the theoretical values, though they show a
slight decrease.

Figures 6 and 7 show the mass and linear attenuation coefficients of the prepared
glasses recorded at energies ranging between 15 and 150 keV. The sample doped with zinc
oxide presented the highest values, while that with sodium oxide presented the lowest
values. For example, the recorded LAC values at 80 keV were 18.2, 18.0,17.70, 17.6, 1.15,
7.13, and 12.0 for TeTaNbZn, TeTaNbMg, TeTaNbTi, TeTaNbNa, RS-253, RS-360, and RS-
520, respectively. The MAC and LAC of the prepared glasses are affected by the doped
modifiers, and the K-absorption edges of the present modifiers are shown in Figure 6. The
data show that changing the glass composition causes changes in the MAC and LAC values,
demonstrating the importance of glass system composition with appropriate modifiers in
terms of shielding parameters. The prepared glasses showed significant shielding efficiency
in the lower energy range between 40 and 85 keV compared to the standard materials
due to the low values of the K absorption edge (around 40 keV) of the modifiers under
investigation, as shown in Figures 6 and 7. As zinc oxide (ZnO) is the heavier oxide among
the other modifiers under investigation, the addition of ZnO results in higher density, MAC,
and LAC values when compared with other oxides. As illustrated in Figures 6 and 7, above
85 keV photon energy, the standard materials, namely RS-360 and RS-520, recorded higher
values of MAC and LAC compared to the prepared samples, which is consistent with the
amount of lead oxide in these materials, as well as the effect of the lead K absorption edge
at 88 keV.
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Table 4. The measured values of MAC, LAC, HVL, and MFP of the prepared glass sample TeTaNbZn compared to the theoretical values calculated using Phy-X and

MIKE software.
Linear Attenuation Coefficients (LAC) cm?/g
Photon TeTaNbZn TeTaNbMg TeTaNbTi TeTaNbNa
Energy (keV)
Exp Phy-X MIKE Exp Phy-X MIKE Exp Phy-X MIKE Exp Phy-X MIKE
59.5 26.571 £ 0.05 28.982 29.035 26.273 + 0.039 28.609 28.661 25.613 £ 0.036 28.165 28.217 25.802 £ 0.041 28.129 28.181
622 0.435 £ 0.013 0.471 0.4709 0.411 £ 0.019 0.463 0.4630 0.404 £ 0.017 0.460 0.4595 0.3903 + 0.024 0.458 0.4576
1170 0.302 £ 0.027 0.330 0.3308 0.297 £ 0.024 0.325 0.3251 0.287 £ 0.023 0.322 0.3229 0.2800 + 0.017 0.321 0.3214

1330 0.267 £ 0.019 0.308 0.3082 0.264 £ 0.021 0.302 0.3028 0.255 £ 0.018 0.300 0.3008 0.2489+ 0.020 0.321 0.2994
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Figure 5. The measured and theoretical shielding parameters for TeTaNbZn glass samples at 59.5,
622, 1170, and 1330 keV: (a) MAG; (b) LAC; (c) HVL; (d) MFP.

100 4 - TETANDMg
] »> — 4 TeTaNbTi
J « ;E,w_ v TeTaNbMa
s \
L H s
AN NS . ‘
£ ] SR B S Y R
"9" hd “ S ; \ Sl ;‘ Phaoton Energy (keV)
) TR,
g t." >
& ) . <4
e o
14 @ TeTaNbzn . )
@ TETANbMg w
A TeTaNbTi @&
v TeTaNbNa ¢
& RS253
< RS360 o
> RS529
01 LI T RN S AN O N LTI N S AT DA DRSS RNE. N SANON (RN |
10 20 30 40 50 60 70 80 90 100 110 120 130 140 15
Photon Energy (keV)
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Figure 7. LAC values of TeTaNb (Zn, Mg, Ti, Na) glasses.

Figures 8 and 9 show the calculated HVL and MFP values of the prepared glass
samples. The TeTaNbZn glass sample with a density of 6.1024 g/cm? had the lowest HVL
and MFP values, which indicate that this sample is capable of attenuating more ionizing
radiation than the other glass samples under investigation. The shielding performance of
the prepared glass samples was also compared to that of the commonly used glass shielding
materials R5-253 G18 glass, RS-360, and RS-520. As shown in Figures 8 and 9, the prepared
glasses presented the lowest values in the lower energy range between 40 and 85 keV when
compared with the other prepared samples and the standard commercial glass shielding
materials. The high attenuation recorded is due to the photoelectric interaction process
and the K-absorption edge of the samples’ constituent elements at lower energies. This
effect was also observed in the values of the effective atomic numbers and effective electron
numbers, as shown in Figures 10 and 11. These results are consistent with the findings for
both the MAC and LAC.

Figures 10 and 11 show the computed values of Z,s and N,g. The TeTaNbZn glass
sample presented the highest values among the investigated samples. The Z values for
the prepared glasses were in the order TeTaNbZn > TeTaNbMg > TeTaNbTi > TeTaNbNa.
Photon energy has a large influence on the Z,r and N values, which sharply decrease
in the lower energy region due to photoelectric interactions and remain in a somewhat
constant state in the medium energy region due to the Compton scattering effect, before
gradually rising in the higher energy region due to the pair production domain.
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Figure 11. The elective electron densities (N) of the chosen glass systems.

Figure 12 shows the predicted radiation protection efficiency (RPE) of the prepared
glasses at different energy levels, ranging between 0.015 and 15 MeV using a thickness
of 1 cm. At low energies up to 100 keV, the RPE values reached their maximum for the
prepared glasses. The RPE percentage of the prepared glasses decreased gradually as the
energy increased up to 10 MeV, then started to slowly increase for energies higher than
10 MeV. The prepared glass doped with ZnO had the highest RPE among the samples
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under investigation. These results are consistent with the findings regarding the radiation
shielding parameters. The thickness of 1 cm for the present samples indicated that the
present compounds have good shielding efficiency in the diagnostic range up to 100 keV;
for higher energy, the thickness would need to be increased.
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Figure 12. RPE% of prepared glasses as a function of radiation energy.

The measurements and theoretical evaluation of the prepared glasses showed good
shielding performance at low energies. The best shielding effectiveness in terms of MAC,
LAC, HVL, MFP, and Z.s was found in the low energy range between 40 and 85 keV
compared to commonly used shielding glass materials.

4. Conclusions

The structure and properties of a TeTaNb glass system doped with the modifiers
ZnO, MgO, TiO,, and NayO were investigated. The incorporation of ZnO into the glass
matrix (TeTaNbZn) was shown to lead to a substantial increase in the density (pgjass), molar
polarizability («;;), molar refraction (R;;), refractive index (n), and third-order nonlinear
optical susceptibility (x*) and a decrease in the optical energy gap (E,t). On the other
hand, substituting ZnO by NayO in the TeTaNb glass matrix led to a decrease in pgjass, &m,
n, and x® and an increase in Eqy. The glass system TeTaNb doped with zinc oxide (ZnO)
has the highest number of TeOy units (3-TeO,, y-TeO;), which results in a better radiation
protection efficiency (RPE). Furthermore, the measurement and theoretical evaluation
of the prepared glass showed good shielding performance at different energy ranges.
The best shielding effectiveness in terms of MAC, LAC, HVL, MFP, and Z o was found
in the low energy range between 40 and 85 keV compared to standard glass shielding
materials. These findings indicate that the prepared glass systems can be used in diagnostic
X-ray applications, especially in dental applications. Furthermore, the radiation protection
efficiency (RPE%) evaluation results are consistent with the previous findings regarding the
MAC and LAC. Hence, the glass matrix (TeTaNb) doped with zinc oxide can be considered
as a promising glass material for low energy applications in terms of transparency, thermal
stability, durability, effective optical, and shielding performance.



Materials 2022, 15, 1844 16 of 18

Author Contributions: K.I.H.: Conceptualization, Methodology, Investigation, Writing—Original
Draft, Writing—Review and Editing; K.J.A.: Conceptualization, Methodology, Formal Analysis,
Investigation, Writing—Original Draft; M.S.A.: Methodology, Writing—Review and Editing, Visual-
ization; EF.A.: Formal Analysis, Visualization, Funding Acquisition, Writing—Review and Editing;
H.Y.Z.: Formal Analysis, Review and Editing, Visualization; A.M.A.: Methodology, Formal analysis,
Investigation, Writing—original draft, Writing—review and editing, Visualization; I.5.Y.: Writing—
Review and Editing, Visualization; M.R.: Methodology, Formal Analysis, Writing—Review and
Editing, Visualization; E.S.Y.: Conceptualization, Methodology, Investigation, Funding Acquisition,
Writing—Review and Editing, Visualization. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Deputyship for Research & Innovation, Ministry of
Education, Saudi Arabia, grant number IFP-KKU-2020/7.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in
this paper.

Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & Innova-
tion, Ministry of Education, Saudi Arabia for funding this research work through project number
IFP-KKU-2020/7.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Hussein, K.I.; Alqahtani, M.S.; Grelowska, I.; Reben, M.; Afifi, H.; Zahran, H.; Yaha, L.S.; Yousef, E.S. Optically transparent glass
modified with metal oxides for X-rays and gamma rays shielding material. . X-ray Sci. Technol. 2021, 29, 331-345. [CrossRef]
[PubMed]

Algahtani, M.S.; Almarhaby, A.M.; Hussein, K.I.; AbouDeif, YM.; Afifi, H.; Zahran, H.; Yaha, LS.; Grelowska, I.; Yousef, E.
Radiation attenuation and photoluminescence properties of host tellurite glasses doped with Er3* ions. J. Instrum. 2021, 16,
P01002. [CrossRef]

Algahtani, AM.S.; Massoud, E.E.; Yahaa, L.S.; Yousef, E.S. An evaluation of the radiation protection characteristics of prototyped
oxide glasses utilising Phy-X/PSD software. . Instrum. 2020, 15, P08005.

Rammabh, Y.S.; Al-Buriahi, M.S.; El-Agawany, E1; AbouDeif, Y.M.; Yousef, E.S. Investigation of mechanical features and gamma-
ray shielding efficiency of ternary TeO,-based glass systems containing Li,O, Na,O, K,O, or ZnO. Ceram. Int. 2020, 46, 27561.
[CrossRef]

Rammah, Y.S.; El-Agawany, E1.; Abu El Soad, A.M.; Yousef, E.; El-Mesady, I.A. Ionizing radiation attenuation competences of
gallium germanate-tellurite glasses utilizing MCNP5 simulation code and Phy-X/PSD program. Ceram. Int. 2020, 46, 22766.
[CrossRef]

Rammah, Y.S.; Olarinoye, I.O.; El-Agawany, E1; El-Adawy, A.; Yousef, E.S. The f-factor, neutron, gamma radiation and proton
shielding competences of glasses with Pb or Pb/Bi heavy elements for nuclear protection applications. Ceram. Int. 2020, 46, 27163.
[CrossRef]

Gerward, L.; Guilbert, N.; Jensen, K.B.; Levring, H. WinXCom—A program for calculating X-ray attenuation coefficients. Radiat.
Phys. Chem. 2004, 71, 653-654. [CrossRef]

Hubbell, ].H.; Seltzer, S.M. Tables of X-ray Mass Attenuation Coefficients and Mass Energy-Absorption Coefficients 1 keV to 20 MeV for
Elements Z =1 to 92 and 48 Additional Substances of Dosimetric Interest; National Institute of Standards and Technology: Gaithersburg,
MD, USA, 1995.

Sakar, E,; C)Zpolat, O.F; Alm, B.; Sayyed, M.IL,; Kurudirek, M. Phy-X/PSD: Development of a user-friendly online software for
calculation of parameters relevant to radiation shielding and dosimetry. Radiat. Phys. Chem. 2020, 166, 108496. [CrossRef]
Hussein, K.I; Alqahtani, M.S.; Algarni, H.; Zahran, L.S.; Yaha, I.; Grelowska, M.R.; Yousef, E.S. MIKE: A new computational
tool for investigating radiation, optical and physical properties of prototyped shielding materials. J. Instrum. 2021, 16, T07004.
[CrossRef]

Souto, S.; Massot, M.; Balkanski, M.; Royer, D. Density and ultrasonic velocities in fast ionic conducting borate glasses. Mater. Sci.
Eng. B Solid-State Mater. Adv. Technol 1999, 64, 33-38. [CrossRef]

Shamshad, L.; Rooh, G.; Limkitjaroenporn, P; Srisittipokakun, N.; Chaiphaksa, W.; Kim, H.J.; Kaewkhao, J. A comparative study
of gadolinium-based oxide and oxyfluoride glasses as low energy radiation shielding materials. Prog. Nucl. Energy 2017, 97,
53-59. [CrossRef]


http://doi.org/10.3233/XST-200780
http://www.ncbi.nlm.nih.gov/pubmed/33579888
http://doi.org/10.1088/1748-0221/16/01/P01002
http://doi.org/10.1016/j.ceramint.2020.07.248
http://doi.org/10.1016/j.ceramint.2020.06.043
http://doi.org/10.1016/j.ceramint.2020.07.197
http://doi.org/10.1016/j.radphyschem.2004.04.040
http://doi.org/10.1016/j.radphyschem.2019.108496
http://doi.org/10.1088/1748-0221/16/07/T07004
http://doi.org/10.1016/S0921-5107(99)00150-6
http://doi.org/10.1016/j.pnucene.2016.12.014

Materials 2022, 15, 1844 17 of 18

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Sayyed, M.I; Qashou, S.I.; Khattari, Z.Y. Radiation shielding competence of newly developed TeO,—WOj glasses. ]. Alloys Compd.
2017, 96, 632-638. [CrossRef]

Waly, E.S.A.; Fusco, M.A.; Bourham, M.A. Gamma-ray mass attenuation coefficient and half value layer factor of some oxide
glass shielding materials. Ann. Nucl. Energy 2016, 96, 26-30. [CrossRef]

Sayyed, M.I. Bismuth modified shielding properties of zinc boro-tellurite glasses. J. Alloys Comp. 2016, 688, 111-117. [CrossRef]
Kaur, P; Singh, D.; Singh, T. Heavy metal oxide glasses as gamma rays shielding material. Nucl. Eng. Des. 2016, 307, 364-376.
[CrossRef]

Bagheri, R.; Moghaddam, A K.; Yousefnia, H. Gamma ray shielding study of barium-bismuth-borosilicate glasses as transparent
shielding materials using MCNP-4C code, XCOM program, and available experimental data. Nucl. Eng. Technol. 2017, 49, 216-223.
[CrossRef]

Lakshminarayana, B.G,; Lira, S.O.; Sayyed, A.; Kityk, I.V,; Halimah, M.K.; Mahdi, M.A. X-ray photoelectron spectroscopy (XPS)
and radiation shielding parameters investigations for zinc molybdenum boro-tellurite glasses containing different network
modifiers. J. Mater. Sci. 2017, 52, 7394-7414. [CrossRef]

Yongtao, Z.; Yunxia, Y.; Feihong, H.; Jing, R.; Shuanglong, Y.; Guorong, C.H. Characterization of new tellurite glasses and
crystalline phases in the TeO,-PbO-Bi;O3-B,O3 system. J. Non-Cryst. Solids 2014, 386, 90-94.

Guoying, Z.; Ying, T.; Huiyan, F; Junjie, Z.; Hu, L. Properties and structures of Bi,O3-B,O3-TeO, glass. J. Mater. Sci. Technol.
2013, 29, 209-214.

Halimah, M.K.; Daud, WM.; Sidek, H.A.A.; Zaidan, A.W.; Zainal, A.S. Optical properties of ternary tellurite glasses. Mater. Sci.
2010, 28, 173-180.

Zaid, M.H.; Matori, K.A.; Aziz, S.H.; Zakaria, A.; Ghazali, M.S. Effect of ZnO on the physical properties and optical band gap of
soda lime silicate glass. Int. J. Mol. Sci. 2012, 13, 7550-7558. [CrossRef]

Sayyed, M.I.; Hamad, M.K.; Abu Mhareb, M.H.; Naseer, K.A.; Mahmoud, K.A.; Khandaker, M.U.; Osman, H.; Elesawy, B.H.
Impact of Modifier Oxides on Mechanical and Radiation Shielding Properties of ByO3-SrO-TeO,-RO Glasses (Where RO = TiO,,
ZnO, BaO, and PbO). Appl. Sci. 2021, 11, 10904. [CrossRef]

Ma, X.; Peng, Z.; Li, ]. Effect of TayOs5 Substituting on Thermal and Optical Properties of High Refractive Index LayO3-Nb,O5
Glass System Prepared by Aerodynamic Levitation Method. J. Am. Ceram. Soc. 2015, 98, 770-773.

Zhang, X.; Chen, Q.; Zhang, S. Ta;O5 Nanocrystals Strengthened Mechanical, Magnetic, and Radiation Shielding Properties of
Heavy Metal Oxide Glass. Molecules 2021, 26, 4494. [CrossRef]

Umair, M.M.; Yahya, A.K. Effect of Nb,O5 network stabilizer on elastic and optical properties of xNb,Os5-(20-x)Bao-80TeO,
tellurite glass system. Chalcogenide Lett. 2015, 12, 287-300.

Alalawi, A. Optical features and nuclear radiation shielding efficiency of ZnO-B,O3-Ta,Os glasses. Phys. Scr. 2020, 95, 105302.
[CrossRef]

Agar, O,; Kavaz, E.; Altunsoy, E.E.; Kilicoglu, O.; Tekin, H.O.; Sayyed, M.L; Erguzel, T.T.; Tarhan, N. Er,Oj3 effects on photon and
neutron shielding properties of TeO,-Li,O-ZnO-Nb,O5 glass system. Results Phys. 2019, 13, 102277. [CrossRef]

Sun, K.-H. Fundamental condition of glass formation. J. Am. Ceram. Soc. 1947, 30, 277-281. [CrossRef]

Dimitrov, V.; Komatsu, T. An interpretation of optical properties of oxides and oxide glasses in terms of the electronic ion
polarizability and average single bond strength (review). J. Univ. Chem. Technol. Metall. 2010, 45, 219-250. [CrossRef]

Pawar, PP,; Munishwar, S.R.; Gedam, R.S. Physical and optical properties of Dy3* /Pr3* Co-doped lithium borate glasses for
W-LED. J. Alloy. Compd. 2016, 660, 347-355. [CrossRef]

Herzfeld, K.F. On Atomic Properties Which Make an Element a Metal. Phys. Rev. 1927, 29, 701-705. [CrossRef]

Schott, C. Available online: https:/ /www.schott.com/advanced_optics/english/products/optical-materials /special-materials /
radiation-shielding-glasses/index.html (accessed on 18 January 2022).

Alqgahtani, M.S.; Hussein, K.I.; Afif, H.; Reben, M.; Grelowska, I.; Zahran, H.Y.; Yahia, L.S.; Yousef, E.S. Optical and radiation
shielding characteristics of tellurite glass doped with different rare-earth oxides. J. X-ray Sci. Technol. 2021. [CrossRef]

Hubbell, ].H. Review of photon interaction cross section data in the medical and biological context. Phys. Med. Biol. 1999, 44,
R1-R22. [CrossRef]

Okunade, A. Parameters and computer software for the evaluation of mass attenuation and mass energy-absorption coefficients
for body tissues and substitutes. . Med. Phys. 2007, 32, 124-132. [CrossRef]

Un, A.; Caner, T. The Direct-Z(eff) software for direct calculation of mass attenuation coefficient, effective atomic number and
effective electron number. Ann. Nucl. Energy 2014, 65, 158-165. [CrossRef]

Eyecioglu, O.; Karabul, Y.; El-Khayatt, A.M.; Iclli, O. ZXCOM: A software for computation of radiation sensing attributes. Radiat.
Eff. Defects Solids 2016, 171, 965-977. [CrossRef]

Elazoumi, S.H.; Sidek, H.A.A.; Rammabh, Y.S; El-Mallawany, R.; Halimah, M.K.; Matori, K.A.; Zaid, M.H.M. Effect of PbO on
optical properties of tellurite glass. Results Phys. 2018, 8, 16-25. [CrossRef]

Effendy, N.; Sidek, H.A.A.; Halimah, M.K.; Zaid, M.H.M. Enhancement on thermal, elastic and optical properties of new
formulation tellurite glasses: Influence of ZnO as a glass modifier. Mater. Chem. Phys. 2021, 273, 125156. [CrossRef]

Shaaban, K.S.; Zahran, H.Y.; Yahia, I.S.; Elsaeedy, H.I.; Shaaban, E.R.; Makhlouf, S.A.; Wahab, E.A. Mechanical and radiation-
shielding properties of ByO3-P,O5-Li,O-MoOj3 glasses. Appl. Phys. A 2020, 126, 804. [CrossRef]


http://doi.org/10.1016/j.jallcom.2016.11.160
http://doi.org/10.1016/j.anucene.2016.05.028
http://doi.org/10.1016/j.jallcom.2016.07.153
http://doi.org/10.1016/j.nucengdes.2016.07.029
http://doi.org/10.1016/j.net.2016.08.013
http://doi.org/10.1007/s10853-017-0974-0
http://doi.org/10.3390/ijms13067550
http://doi.org/10.3390/app112210904
http://doi.org/10.3390/molecules26154494
http://doi.org/10.1088/1402-4896/abb49d
http://doi.org/10.1016/j.rinp.2019.102277
http://doi.org/10.1111/j.1151-2916.1947.tb19654.x
http://doi.org/10.1016/j.jnoncrysol.2009.11.014
http://doi.org/10.1016/j.jallcom.2015.11.087
http://doi.org/10.1103/PhysRev.29.701
https://www.schott.com/advanced_optics/english/products/optical-materials/special-materials/radiation-shielding-glasses/index.html
https://www.schott.com/advanced_optics/english/products/optical-materials/special-materials/radiation-shielding-glasses/index.html
http://doi.org/10.3233/XST-211017
http://doi.org/10.1088/0031-9155/44/1/001
http://doi.org/10.4103/0971-6203.35725
http://doi.org/10.1016/j.anucene.2013.10.041
http://doi.org/10.1080/10420150.2016.1263958
http://doi.org/10.1016/j.rinp.2017.11.010
http://doi.org/10.1016/j.matchemphys.2021.125156
http://doi.org/10.1007/s00339-020-03982-9

Materials 2022, 15, 1844 18 of 18

42.

43.
44.

45.

46.

47.

48.

49.

50.

Ramak, K.; Yousef, E.; AlFaify, S.; Riissel, C.; Maalej, R. Raman, green and infrared emission cross-sections of Er3t doped TZPPN
tellurite glass. Opt. Mater. Express 2014, 4, 597-612.

Weber, M.]J. Probabilities for radiative and nonradiative decay of Er3* in LaFs. Phys. Rev. 1967, 157, 262-272. [CrossRef]
Elkhoshkhany, N.; El-Mallawany, R. Optical and kinetics parameters of lithium boro-tellurite glasses. Ceram. Int. 2015, 41,
3561-3567. [CrossRef]

Upender, G.; Prasad, M. Raman, FTIR, thermal and optical properties of TeO,-Nb,O5-B,03-V,05 quaternary glass system. J.
Taibah Univ. Sci. 2017, 11, 583-592.

Sayyed, M.I; Rammah, Y.S.; Laariedh, F.,; Abouhaswa, A.S.; Badeche, T.B. Lead borate glasses doped by lanthanum: Synthesis,
physical, optical, and gamma photon shielding properties. J. Non-Cryst. Solids 2020, 527, 119731. [CrossRef]

Chinnamat, W.; Laopaiboon, R.; Laopaiboon, ].; Pencharee, S.; Bootjomchai, C. Influence of ionic radius modifying oxides on the
elastic properties of glasses using ultrasonic techniques and FTIR spectroscopy. Phys. Chem. Glasses Eur. |. Glass Sci. Technol. B
2017, 58, 207-216. [CrossRef]

Dutta, M.P.E; Graca, M.A. Valente and S.K. Mendiratta, Structural characteristics and dielectric response of some zinc tellurite
glasses and glass ceramics. Solid State Ion. 2013, 230, 66. [CrossRef]

Stambouli, W.; Elhouichet, H.; Ferid, M. Study of thermal, structural and optical properties of tellurite glass with different TiO,
composition. Mol. Struct. 2012, 1028, 39-43. [CrossRef]

Elkholy, H.; Othman, H.; Hager, L; Ibrahim, M.; de Ligny, D. Thermal and optical properties of binary magnesium tellurite glasses
and their link to the glass structure. J. Alloy. Compd. 2020, 823, 153781. [CrossRef]


http://doi.org/10.1103/PhysRev.157.262
http://doi.org/10.1016/j.ceramint.2014.10.182
http://doi.org/10.1016/j.jnoncrysol.2019.119731
http://doi.org/10.13036/17533562.58.5.101
http://doi.org/10.1016/j.ssi.2012.09.023
http://doi.org/10.1016/j.molstruc.2012.06.027
http://doi.org/10.1016/j.jallcom.2020.153781

	Introduction 
	Materials and Methods 
	Optical Properties 
	Measurement and Theoretical Evaluation of Glass Shielding Parameters 

	Results and Discussion 
	Optical and Physical Properties 
	Radiation Shielding Performance 

	Conclusions 
	References

