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ABSTRACT

This paper summarized a comprehensive study on mechanical, optical, and
shielding features of the binary lithium-tellurite glasses as a function of doped
germanium and lithium oxide content. The Makishima- Makinzie model was
applied to compute and estimate the investigated glass samples’ mechanical
properties. The optical features are studied by determining the optical energy
gap (Eg), Urbach energy (E,) of the TLGe glass system. Both factors vary with
the content of dopant germanium and lithium ions in non-linear correlation.
Refractive index, molar refraction, electronic polarizability, reflectivity, reflec-
tion factor are computed for the studied glasses. The metallization and dielectric
constant for the prepared glasses are estimated. The obtained results depict the
variation of the optical parameters versus the GeO, + Li,O content change. The
investigated glasses can be suitable for applying in optical devices. The exam-
ination showed that the replacement of TeO, by GeO, + Li,O enhances the
investigated glass samples’ shielding properties. The mass attenuation coeffi-
cient improved in order 41.79, 42.31, 42.91, and 42.96 cm?/ g with substitution
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1 Introduction

The interaction of ionizing radiation, which carries
high energy with a medium, is very important in
space technology, nuclear engineering, radiation
medicine, radiotherapy, and other fields. Glassy
materials have dual functions of being transparent to
the light and absorbing the ionizing radiation,
therefore providing protection from the photons for
experimenters, observers, workers, and patients
[1-4]. In the last few years, researchers have focused
on developing different glass types that have appro-
priate shielding properties and can provide adequate
protection from radiation [5-9]. It is essential to
mention that fabricating new glasses for the shielding
aims, possessing the desired shielding features, is still
slow since it needs to overcome some difficulties. The
reason for the slow production of new types of glass
used in radiation protection is the necessity to have
other properties for the prepared glasses. They must
have suitable mechanical, thermal, chemical, and
optical properties [10-12]. In particular, heavy metal
oxides (HMO)-based glasses are favorable in radia-
tion shielding applications because of their high
density and highly effective atomic number. Different
researchers also found that the glasses with HMO
have a low mean free path and high radiation pro-
tection efficiency [13-16].

Glass formers, or glass network formers, are metal
oxides within a glass composition that form the glass
system network’s interconnected backbone. The for-
mer glass germanate (GeO,) has a high density, good
chemical durability, and great thermal stability,
which helps stabilize the glass composition and
improve the glass system’s chemical and thermal
properties. The oxide has been paired up with borate
to create boro-germanate glasses, which have a high
solubility with other metals, good thermal stability,
transparency, resistance to moisture, and a low
melting point. Meanwhile, GeO,-SiO, glasses have
shown to have a strong network and mechanical
properties. Additionally, structurally, GeO, has
fewer vibrational frequencies than other metal oxide
glasses. Recent studies have also explored the
potential of GeO,~TeO, glasses for applications in the
industry [17, 18].

Tellurite (TeO,) can act as a glass modifier (an
oxide that alters the glass network but is not part of
the system’s backbone) and glass former the com-
position of the glasses. Tellurite glasses have proven

15227

to have advantageous features such as good chemical
stability, and a high density, making it a heavy metal
oxide. Since tellurite is an intermediate, however, the
oxide on its own does not form a stable glass system
because of its weak connectivity. Other metal oxides
are typically paired with TeO, to create a stable glass
network because of this property. The germanate-
tellurite combination, for instance, enhances the
chemical resistance and thermal stability of the glass
system. It creates glasses with unique optical and
structural properties due to the existence of structural
units such as TeO;, TeO4, GeOs, and GeO,. Because
of these oxides’” many desirable properties, GeO,—
TeO, glasses with additional oxides have recently
gained much attention from researchers [19-21].
Different researchers recently found that the dense
TeO, and GeO, glass systems are good candidates for
radiation shielding purposes and are undoubtedly
planned for radiation protection applications
[3, 17, 18].

The present study aims to estimate the optical,
mechanical, and radiation shielding properties of a
glasses contains TeO,, Li;O, and GeO, compounds.
The mechanical properties examined using the
Makishema—-Makinazie (M-M) model. Besides, the
beneficial Monte-Carlo simulation code was utilized
to estimate the radiation shielding properties of the
investigated glass system.

2 Materials and methods
2.1 Mechanical properties

The hardness and elastic properties are fundamental
to achieve suitable performance shielding materials.
Thus, the mechanical properties and elastic moduli
were theoretically estimated for the glass system
contain TeO,, Li,O, and GeO, compounds with var-
ious ratios using the M-M model. The glass samples
were coded in the present study as TLGel0, TLGel5,
and TLGe20. The chemical composition (mol%) and
density (p, g/cm?) of the fabricated samples were
enlisted in Table 1 [22].

Starting from the constating compounds dissocia-
tion energy G;, the total dissociation energies (G, kJ/
cm®) were computed for the tested samples. The
packing factor (V;, cm®/mol) was also calculated for
the investigated TLGe glasses. The packing density
(V) is based on the molecular weight (M, g/mol),
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Table 1 Chemical
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composition, density, molar Samples  Chemical composition (mol%) Density (g/cm®)  Molar volume Vy; (cm*/mol)
volume of LTGe glass samples TeO, Li,O GeO,

TLGel0 80 10 10 5.18 27.25

TLGel5 70 15 15 5.01 26.33

TLGe20 60 20 20 4.97 24.68

the molar fraction (x;), and the predicted values for V;
where V= (p/My)> v; x;. After that, the elastic
moduli Young (Y, GPa), bulk (B, GPa), shear (S, GPa),
and longitudinal (L, GPa) were computed using the
estimated values of V, and G,;, where Y =2V,G,,
B=12V.Y,S5=@GBEB)/9B — E),and L = B + 0.75S.
Moreover, the Poisson ratio (o) calculated from
o = 0.5-0.1388V, and the micro harness (H, GPa)
based on the computed ¢ values, where H = (1-2 ¢)/
(6(1 + 0)). The softening temperature (T), ultrasonic
velocities (V} and V), and fractal bond connectivity
(d) were calculated [23-25].

2.2 Shielding capacity

The MCNP-5 code was applied to assess the protec-
tion parameters for the TLGe samples. The emitted
gamma photons average track length (ATL) was
simulated in the energy interval between 0.15 and 15
meV. An input file was created to achieve the
required target. Figure 1 presented the 3D geometry
that describes the created input file. The 3D geometry
illustrates a big lead cylinder with a height of 500 mm
and a diameter of 200 mm. This cylinder prevents the
photons from escaping outside the geometry and

Detector tally (F4)

ﬂ CTFBSm glasses

protects geometry from the surrounding background
radiations. Inside this big cylinder, the radioactive
source was placed in the center of this cylinder at
point (0, 0, 0). The source type, dimensions, radioac-
tivity distribution, and emission direction were
introduced to the source specification card (SDEF).
The photons emitted by the radioactive source were
directed to the TLGe glass samples using a cylindrical
collimator of lead with a height of 70 mm and a
diameter of 10 mm. The collimator contains a vertical
slit with a diameter of 10 mm to collimate the emitted
photons. The glass samples were introduced to the
input file as a small cylinder with a diameter of 15
mm and various thicknesses. The detector used in the
present simulation has a type of F4 tally to estimate
the number of photons incident per unit detector cell.
The NPS card was set up to stop the interaction after
10° historical. The MCNP-5 code uses the photo
atomic cross-section data from ENDF/B-VL8 [26].
The simulated ATL was transferred to the linear
attenuation coefficient (LAC, ). From the LAC for
the synthesized TLGe glasses, the mass attenuation
coefficient (MAC, u,) was calculated where “pp,.
= up~ . Moreover, the transmission factor (TF, %)

Gamma ray source

~

Lead sluelding

Lead Collimator

Fig. 1 The 3D geometry representing the input file used in the present simulation
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was calculated to describe the percentage of photons
penetrated the glass thickness, where “TF = (1 — (I/
Io)) x 100”. Iy and I represent gamma-ray intensities’
values before and after passing the glass thickness
[27, 28].

The BXCOM program is also a beneficial program
utilized to compute the photons accumulated in the
TLGe samples. The photons buildup describes the
shielding parameters EBF and EABF, representing
the exposure buildup factor and energy absorption
buildup factor [29].

3 Results and discussion
3.1 Mechanical properties

The glass density p (g/cm’) and molar volume (Vy,
cm’/mol) were determined and graphed in Fig. 2 as a
function of the GeO, content. The V), is calculated
based on the measured values of density where
“Vm = Mw/p)” and My refers to the investigated
glass samples’ theoretical molecular weight. Both p
and Vy; were decreased by raising the TeO, substi-
tution ratio. The illustrated reduction is due to
replacement of TeO, with higher density (p = 5.67
g/cm® and My = 159.6 g/mol) by GeO, (p = 4.25
g/cm’® and My = 104.61 g/mol) and Li,O (p = 2.01
g/cm’ and My = 29.88 g/mol). The glass p reduces
from 5.18 to 4.97 g/ cm®, and the Vi decreased from
2724 to 24.68 cm®/mol. The increment of GeO,.
+ Li,O in TLGe glasses leads to the molecular
weight reduction due to the insertion of lighter Ge*"

5.3 28
=
=]
g
| —m—p (g/cm’) -
5.2 —Hl-Vy (cm*/mol) k27 E
—_ S
«é -
P
k% >
o = >
< 5.1 26 &
> =
= o
z z
o <
A S
5.0 \ L5 =

4'9 T T T T T 24

15 20 25 30 35 40 45

GeO,+ Li,0 (mol %)

Fig. 2 Variation of the molar volume and density of the fabricated
glass samples with GeO, + Li,O content
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ions and Li, and the density diminishes. Conse-
quently, this procures to the increment of the molar
volume.

The heat enthalpy (AHp) and the ionic radius
(R) were used to calculate the studied glass samples’
G; and V;. The G; and Vjs calculated values were
presented in Fig. 3 versus the (GeO, + Li,O) con-
tents. The V; values decrease between 13.98, 13.62,
and 13.26 cm®/mol while the G, exceeds in the order
55.48,56.22, and 56.96 k] / cm?®. The observed behavior
is related to V; and G; for the glass constituent TeO,,
Li,O, and GeO,. In the present work, the TeO, (V;.
= 14.7 cm®/mol and G; = 54 KJ/ cm®) replaced by the
Li,O (V;=8 ecm®/mol and G; =779 kJ/cm®) and
GeO, (V; = 14.2 em®/mol and G; = 44.9 kJ/cm®). As a
result, the Te-O bond was replaced by stronger
bonds Li-O and Ge-O bonds (Figs. 4, 5).

The V; values were utilized to calculate the V, of
the studied samples. The calculated V, values for the
TLGe glasses were calculated and tabulated in
Table 2. The elastic moduli (Y, B, S, and L) were
calculated and plotted versus the V. values. The
elastic moduli increased between 56.93-61.20 GPa,
35.05-39.45 GPa, 23.15-24.64 GPa, and 65.93-72.32
GPa with increasing the V, of the glass samples
between 0.513 and 13.26 for Y, B, S, and L, respec-
tively. The estimated values for the TLGe glasses
compared to elastic moduli were measured experi-
mentally for some previously prepared glasses (see
Table 3). The elastic moduli’s estimated values using
the M-M model agree with those experimentally
measured to 35V,05 + (55 — x)TeO, + xLiO [30].

14.0

o
N
=}

—H—v,; (cm*/mol)
—m—G, (kJ/em®)

%)

13.8
- 56.5
13.6 4
r 56.0
13.4 4

L +55.5
13.2 |

Dissociation energy (G, kJ/cm

Packing factor (V,, cm?/mol)

3
o
=}

13.0 T T T T T
15 20 25 30 35 40

GeO,+Li,0 (mol %)

'S
(2]

Fig. 3 Variation of the glasses packing factor (V;) and
dissociation energy (G,) versus the GeO, + Li,O content
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Also, both ¢ and H are observed to increase with
raising the TeO, substitution ratio. The ¢ was
increased in the order 0.229, 0.231, and 0.241, besides
the H increased between 4.17, 4.22, and 4.24 GPa with
rasing the GeO, + Li,O between 20, 30, and 40 mol%,
respectively. As early discussed, the Te-O bonds’
replacement with stronger Ge-O or Li-O bonds
increases the G, while reducing the V; of the

P——
S —

—a—Y
——G
—A—§
—v—L

L

70

B a (2]
o o o
1 1 1

Elastic moduli (GPa)

w
o
1

A———A—
20 T T T T T T T T T T
0.515 0.520 0.525 0.530 0.535

Packing density (V)

Fig. 4 The elastic moduli versus the packing density (V) and
dissociation energy (G,) of the TLG samples
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0.228 . 447
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Fig. 5§ Variation of the micro-hardness and the Poisson ratio as a
function of the GeO, + Li,O content
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investigated TLGe glass samples. The elastic moduli
increase with raising the Te,O substitution. Hence,
the o and H depended on Y and S moduli. Thus, ¢
and H increase with raising the GeO, + Li,O content
in the investigated samples.

The calculated values of Ty and d were listed in
Table 2, where the T, were observed to increase in the
order 240, 244, and 245 with increasing the GeO,.
+ Li,O content. The observed increase may be due
to the high melting point (MP) of GeO, and Li,O
(MPgeoz = 1115 °C and MPpj0 = 1438 °C) compar-
ing to the TeO, MP (MPr.0, = 732 °C). The d values
varied between 2.64, 2.62, and 2.5, and they were
close to 3. Thus, the investigated glass samples have
3D networks of tetrahedral coordination polyhedral
[31, 32].

In the present study, V; and V' values were cal-
culated based on L and S elastic moduli; they are
enlisted in Table 2. The V) varied in the range
between 3567 and 3814 m/s, and V; increased in the
range between 2114 and 2227 m/s with raising the
GeO, + LiO ratio between 20 and 40 mol%, respec-
tively. The calculated values of V; and V; compared
to some previously measured similar glasses as in
Table 3. The estimated and measured values are in
good agreement. This agreement between the theo-
retical and experimental measurements confirmed
the M-M mode’s ability to predict the mechanical
properties of similar glasses containing TeO,, Li,O,
and GeO,.

3.2 Optical features of the studied glasses

Based on the absorbance spectra for TLGe glasses, the
absorption coefficient o is estimated using Tauc
expression [56] and modified by of Davis and Mott
[33] for various optical transitions.

a(hv) = [A (hv—E,)]"".

(1)
The value of n is an index with different values

1/2, 2 related to indirect and direct allowed transi-
tions, and 3/2 and 3 for indirect and direct forbidden

Table 2 Some physical

properties for the studies Sample code M, (g/mol) Vi Vi (m/s) Vs Ts (K) d
TLGe glass samples (m/s)
TLGel0 141.13 0.51 3567.69 2114.35 240.05 2.64
TLGel5 131.90 0.52 3673.34 2171.17 244.59 2.62
TLGe20 122.66 0.54 3814.77 2227.04 245.25 2.50
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Table 3 Compare the elastic properties of the studied samples (using the M—M model) with some of previously fabricated glasses (using

experimental ultrasonic velocities measurements)

Sample Density (g/ Molar volume Viw/ Vy(m/ Y (GPa) B (GPa) S (GPa) L (GPa) o H T

codes cm?) (cm3/m01) s) s) (GPa) (K)
TLGel0 5.18 27.25 3567 2114 56.9 35.0 23.1 65.9 022 4.17 240
TLGe20 4.97 24.68 3814 2171 61.2 394 24.6 72.3 0.24 4.24 241
10 [28] 4.26 36.00 3510 2130 47 19.3 26.7 52.5 021 3.8 238
20 [28] 4.10 34.50 4090 2270 54 21.1 40.8 68.8 0.28 3.1 241

gap transitions. Figure 6a—c reveals the indirect
transition of Tauc’s plot between [a(fv)]'/? with the
incoming photon energy (hv). The optical energy gap
(Eg) between valence and conduction bands can
acquire from the prolongation of the linear fitting of
Tauc’s plot to intercept the x-axis at [a(hv)]*/? equal
zero. Figure 6d illustrates the E; values vary non-
linearly with the increment of GeO, + LiO content
in TLGe glasses. It is clarified that, initially, the E.

(o)}

TLGIOI a

(ahv)®3 eV em™)*®

Energy (hv)
2 4.0 ¢

N’ T T T

1 2 3 4
Energy (hv)

N A
(o)

value diminishes at x = 0.15. This decrement is owing
to the disturbance in the network of glass and the
modification in glass structures. The addition of
GeO; in lithium-tellurite glasses leads to the elon-
gation fluctuation of tetrahedra non-bridging oxygen
(NBOs) (Ge-O bond). Additionally, the deforming
(O-Ge-O bond) vibrations with tetrahedral coordi-
nation. Yankov et al. [22] reported that FTIR of TLGe
10, 15, and 20 displays strong and weak band which

(o)}

b

()]
|

N

(ahv)®3 eV em™)’®
[\e) w

—
L

Energy (hv)

10 15 20
GeO, + Li,O (mol %)

Fig. 6 a—c represent the dependence of (v)*> on the photon energy () for the TLG samples; inset shows the GeO, + Li,O content,

d dependence of the optical energy gap
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attributed to Te-O bond stretching vibrations: trigo-
nal bipyramids (TeO,4) and trigonal pyramids (TeO5)
units. Besides, the band is contributed from Te-O-X,
Ge-O-X (X =Te, or Ge) bending vibrations and
associated from uniform stretching of GeO,. After
that, the E, increases at TLGe20, where the alteration
attributed to the structural diversity in TLGe glass
structure with the variation in the molar volume of
GeO2.

To describe the disorder in the studied amorphous
glass, the Urbach energy (E,) is detected where the
higher values refer to the major disorder in the glass
system and tend to appear defect [34, 35]. The Urbach
energy can be computed based on Urbach Eq. (2) [35]
is given by:

In(or) = In(o) + g, (2)
where « refers to the absorption coefficient, o, is the
stationary constant, and E, is the Urbach energy.
Figure 7a—c describe the variation of In (x) against
photon energy (hv) with various GeO, content in

1.6/
~1.21
k)
= 0.8

0.4

0.0

1 2 3
Energy (hv)

1.24

0.8

0.4+

In (o)

0.0

Energy (hv)

J Mater Sci: Mater Electron (2021) 32:15226-15241

TLGe glasses. The slope reciprocal of the correlation
is intercepted at the Y-axis equal to zero. Thus, the
values of E,, can be extracted. Figure 7d shows the E,
values vary in a non-linearly fashion with the incre-
ment of GeO, + Li,O content due to the rise of the
defects number in the TLGe glasses network [36, 37].
At TLGel5, the highest E,, value indicates that alter-
ing the weak bonds in the mentioned glass to the
defects [38]. The obtained results are consistent with
the XRD patterns of the studied glasses which cited
from Ref. [22]. The results illustrate the amorphous
nature of the examined glasses.

The refractive index is an important optical
parameter that is affected by the glass chemical
composition [39]. The refractive index for the studied
glasses is computed using formula (3):

n -1 E\ 2

L = A

n?+2 (20) 3)
Figure 8 reveals the refractive index values vary in

decrement with the variation of GeO, + Li,O content
in the TLGe glasses. The density values of TLGe

1.6 TLG15|

1.24

In ()

T T

1 2 3 4
Energy (hv)

10 15 20
GeO + Li O (mol %)

Fig. 7 a—c Depict the variation of In(z) of all compositions with photon energy. d Variation of Urbach energy with the concentration of

GeO, + Li,O
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Fig. 8 Variation of refractive index and polarizability with the
concentration of GeO, + Li,O

glasses reduce with the rise of the GeO, + LiO
content; therefore, glass material compactness
diminishes. Consequently, this decrement is owing to
the decrease of non-bridging oxygen (NBOs), the low
oxide ion polarizability. It is also evident in Fig. 8 the
electronic polarizability of the investigated glasses
directly proportional with the refractive index, which
is evidence of the obtained results [40].

The molar refraction (R,), electronic polarizability
(o), reflectivity (R), and the reflection factor (P)
values are computed using the following formulas
[41, 42] and tabulated in Table 4:

v (221), .
= (5)
() ®

15233

*= (win) ”

The values of molar refraction (R,,) fall from 18.29
to 7.98 for TLGel0 and TLGe20, respectively. The
reflectivity (R) and the reflection factor (P) values of
the investigated glasses are calculated and tabulated
in Table 4. Apparently, in Table 4, the R values lessen
with the augmentation of the GeO, content in TLGe
glasses while the P values rise with the increment of
GeO, + Li,O concentration.

The metallization (M) factor is detected using

Eq. (8) [43].
R

The metallization (M) of the mentioned glasses is
computed to check the studied glasses’ conductivity.
M'’s values are situated between 0, which refers to the
conductive state, and 1, which indicates the insulator
state [44].

M'’s obtained results illustrate the TLGel0 glass is
an insulator where the M value is closed to zero. In
contrast, the high concentration of GeO, + Li,O in
TLGel5 and TLGe20 leads to the elevation of M
values between 0.67 and 0.68, respectively. Therefore,
TLGel5 and TLGe20 glasses tend to the metal case.
Where in the metal case, the free electrons have
fluctuated under the application of electromagnetic
waves. Consequently, the reflection of the incident
light wave may be observed.

The dielectric constant is calculated using the
Eq. (9) [45]:

e =n’. 9)

The dielectric constant values for the studied
glasses are registered and systemized in Table 4. The
trend of dielectric constant values is adverse with the
metallization constant values. Thus, the boost of

Table 4 Estimated values of refractive index (n), dielectric constant (&), polarizability («e), molar refraction (R,,), metallization constant

(M), reflection factor (P), Reflectivity (R), for all prepared glass samples

x Refractive Dielectric Polarizability =~ Molar refraction Metallization Reflection Reflectivity
index (1) constant (&) (0e) (Ry) constant (M) factor (P) (R)
TLGel0 2.67 7.13 7.26 18.29 0.33 0.66 0.21
TLGel5 1.58 2.50 3.49 8.79 0.67 0.90 0.06
TLGe20 1.56 2.43 3.17 7.98 0.68 0.91 0.05
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GeO; + LiyO concentration in the studied glass cau-
ses a reduction of the dielectric constant. The dielec-
tric features depend on the chemical composition and
the material preparation. What's more, the dielectric
constant impacted the material bonding (Table 5).

The third order non-linear optical susceptibility
(®) calculated based on the refractive index (1)
values and given by Eq. (10) [46, 47]:

(10)

The variation of ¥® with the GeO, + Li,O content
in the TLGe glasses is studied and presented in Fig. 9.
The elevation of polarization and the formulation
(TeO3) 2 clusters in TLGe glasses’ network increase
the optical susceptibility. Meanwhile, the addition of
GeO, + Li;O with high concentration procured to
form defects in the glass matrix structure, which is
accepted with the computed Urbach energy values.

The basicity is the optical parameter utilized to
determine the acid-base features of glasses [48]. This
depends on detecting the ion polarizability and the
energy gap. Dimitrov and Komatsu [49] are predicted
the electronic polarizability (¢3~) of oxygen ion using
the following Eq. (11):

Vim E |1
ﬁ(l\g—o>zp“']q ’

27
%o

(11)
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20 0.6
£}
s ~~
o 159 <
'3 10.5 :
101 .g
z 104 2
= 54 2
£ =
E S
2 04 103
wn
10 15 20
GeO, + Li,O (mol %)

Fig. 9 Variation of third-order non-linear susceptibility and
optical basicity of the samples with the concentration of
GeO, + Li,O

where E, is the optical energy band gap, p and g are
the cations number and oxide ions, respectively, in
each chemical oxide A,O,.

Subsequently, the optical basicity (A) values have
been computed using the formula (12) [48, 501

A= 1.67<1 —%)
og

The dependence of optical basicity on the GeO,.
+ Li,O content in TLGe glasses is explained in Fig. 9.
It is recognized in Fig. 9 the values of optical basicity

(12)

Table 5 The mass attenuation coefficient and the difference between MCNP and XCOM program

Energy (MeV) Mass attenuation coefficient (cmz/g)

TLGel0 TLGel5 TLGe20
MCNP ~ XCOM  Diff (%)  MCNP  XCOM  Diff(%)  MCNP  XCOM  Diff (%)
0.015 417984 41.8300  — 0.0755 423179 423600  —0.0995 429160  42.9600  — 0.1026
0.03 63983 64940  — 14953 64770 65670  — 13900 65679 66500  — 1.2502
0.15 0.5611 05130 85716 05372 04927 82905 0.5098  0.4694  7.9244
0.3 0.1553 01512 2.6619 0.1526  0.1485  2.6719 0.1451  0.1454  —0.2299
0.6 0.0797  0.0799  — 03088  0.0795 00797  —0.2908 00792 00794  — 02819
0.8 0.0663 00665 — 02321 00663 00665 — 02239 00663 00664 — 02178
1.5 0.0462 00467  — 1.1531 0.0463  0.0468  — 1.1091  0.0464  0.0469  — 1.0481
3 0.0358 00359  —0.5202 00357 00359  —05085 00356 00358  — 0.4922
5 0.0330 00331  —02715 00328 00328 —02735 00325 00326 — 0.2640
8 0.0332 00333  —0.1899 00328 00329 —0.1740 00323 00324  — 02018
10 0.0341 00342  —0.1640 00336 00337 —0.I588 00330 00331  —0.1489
15 0.0368 00369  —0.1122 00362 00362 —0.1281 00354 00354 —0.1316

@ Springer



] Mater Sci: Mater Electron (2021) 32:15226-15241

drop from 0.53 to 0.3 with the germanium oxide
content. The value of A indicates the ionic or covalent
natures in the studied glasses [49]. Thus, the high
value of A refers to the ionic bonding, whereas the
small value mentions covalent bonding. In the pre-
sent study, the optical basicity declines with the
increment of germanium oxide, which indicates the
rise of the covalent bonding in the TLGe glasses.

3.3 Shielding properties evaluation

The materials with diverse chemical compositions in
recent years were developed for utilization in various
radiation protection applications. Thus, shielding
properties are important to investigate. Among these
shielding parameters are the LAC, or u which was
detected to measure glass material’s ability to atten-
uate the incoming gamma-ray. Figure 10 reveals the p
of TLGe glasses’ variation with the incoming energies
in the low range (0.015-1.5 meV). It is clarified in
Fig. 10 the pu values drop with the elevate of the
incoming energy. The maximum values of the sim-
ulated p are evidenced in the photoelectric effect (PE)
region, especially at low energy of 0.015 meV. An
unforeseen increase in the p values in the PE region is
observed. This is linked to the X-ray k-absorption
edge of at 0.0318 meV for the tellurium (Te) [52].
Above 0.1 meV, the p values gradually reduce with
the excess photon energy. This lessening is concern-
ing the cross-section of the Compton scattering (CS),

—a—TLG10
——TLGI15
200 —A—TLG20
-
=
)
E_:IOO-
Q
<
=)
0_
T T T T T T
0.01 0.1 1

Energy (MeV)

Fig. 10 The linear attenuation coefficient (1) as a function of the
incoming photon energy and the GeO, + Li,O concentrations in
the prepared glasses
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which is inversely proportional with the photon
energy (ocs o E™1) [52, 531.

The insertion of GeO, + Li,O content in the binary
lithium-tellurite glasses impacted the u values.
Decreasing the TeO, at the expense of GeO, + Li,O
leads to a decrease in molecular weight, and thus the
Zegs and the density of TLGe glasses will reduce.
Figure 10 displays the x4 amount to the superior val-
ues diminished from 216.5 to 213.2 cm™' for TLGel0
and TLGe20, respectively, at low energy 0.015 meV.
The p reaches the least values lessened from 0.239 to
0.230 cm™ ! TLGe10 and TLGe20, respectively, at high
energy 1.5 meV. At low photon energy range, the u
values increase by adding the germanium (Ge) con-
tent in the lithium tellurite glasses because the p of
(Ge) is higher than the tellurite (Te), especially in
between 0.015 and 0.04 meV. However, the atomic
number of (Te) is high compared with the (Ge). On
the other hand, it is found the p values tend to
increase in the intermediate photon energies wherein
the CS region is the triumphant and the p of Te is
high compared with the Ge [7]. Thus, it is concluded
the addition of GeO, in the binary lithium—tellurite
glasses will enhance the shielding factors like the p in
the mentioned low energies, but it is not good
applied at higher photon energies.

The investigated glass samples LAC were compared
to some previously published germanate-based glass
(TG1 and TG4) [54] besides the commercial shielding
glasses (RS 253, RS 323 G19, RS 360, and RS 520) [55], as
shown in Fig. 11. The investigated glass samples have

0.5 0.662 MeV i

LAC (u, cm™)

RO

B\ z\"’ a0 ’1«‘-’3 0\9 ”36“ PO
SRS

Fig. 11 Comparison between investigated glass samples’ LAC
and those of commercial and previously reported glass samples

@ Springer



15236

LAC varied between 0.38658 and 0.369 cm ™' for glass
samples TLGe 5 and TLGe 15, respectively, at gamma
photon energy 0.662 meV. These mentioned values are
higher than the commercial shielding glasses RS 253,
RS 323 G19, and RS 360, with values 0.19, 0.28, and 0.32
cm ™. On the other hand, the investigated glass sam-
ples’ LAC is lower than the previously published glass
TG1 and TG4 due to the high content of TeO, and GeO,
in these glasses. Also, it is lower than the commercial
glass sample RS 520, which has around 71% of PbO in
its content.

The radiation shielding can impact the thickness of
the investigated glass material. The applied thickness
measures the ability of glass materials to prevent the
incident photons transfer through the material. Thus,
photons’ transmission through the glass material
thickness defines the transmission rate (TR) where it
is computed and presented in Fig. 12. Figure 12
exhibits the dependence TR on the incoming photons
energy and the thickness of glass material. The TR is
studied at the selected gamma energy (0.15 and 1.5
meV) at various thicknesses 1, 2.5, and 5 cm to
illustrate this effect. The values of TR are raised with
the growth of incoming photons energy. At 0.15 meV,
the maximum values of TR are appeared at TLGe20
varied from 0 to 7.94%, while the little values are

0.09
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ranged from 0 to 5.47% for the TLGel0 glass. More-
over, at 1.5 meV, the TR values are varied between
30.3-78.7% and 31.6-79.4% for TLGel0 and TLGe20,
respectively. The elevation of TR is due to the
increase of incoming photons’ ability to penetrate the
glass material, and the gamma photon wavelength
reduces (E = hc/A). Then the number of photons
interactions within the TLGe material will diminish,
and TR will increase.

The photon TR varied with the rise in the thickness
of the studied glasses. Figure 12 displays at 1.5 meV,
the TR values tend to drop from 79.4 to 31.6% with
the increased thickness of TLGe20 glasses from 1 to 5
cm. This results in an increase in photon lifetime
within the glass and increased photon buildup from
scattering. In effect, the number of photon interac-
tions increases, and the TR decreases.

The BXCOM program is employed to compute the
additional radiation shielding parameters such as the
equivalent atomic number (Z.q), EBF, EABF. The
equivalent atomic number (Z.,) is calculated based
on the studied glasses’” mass attenuation coefficient
and plotted against the incoming photon energies in
Fig. 13. It is exhibited in Fig. 13 the minimum Zq
values are founded in the PE region (0.015-0.1 meV),
where they boost gradually with the elevation of the

1.0

- lem
- 25cm
[ |5em

1.5MeV

0.9-
0.8-.
0.7-

g 0.6-.

EO.S-.
0.4 -
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0.1 ]

0.0 -

TLG10 TLG15
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Fig. 12 The incoming gamma photons’ transmission rate as a function of the glass thickness
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Fig. 13 The equivalent atomic number of the TLG glasses as a
function of the incoming photon energy and the GeO, + Li,O
concentration

incoming photon energies. Subsequently, in the CS
region (above 0.1 meV), the incoming photon energy
rises, but the Z, tardily increases.

The EBF describes the passing of incoming photons
through the glass material thickness and accumula-
tion in the air. The accumulation number of photons
inside the material thickness is detected with EABF.
Therefore, the buildup factors EBF and EABF depend
on the incoming photon energy and the penetration
depth (PD). Figures 14, 15, 16 illustrate the EBF and
EABF of the germanium according to lithium-tellu-
rite glasses which have minimum values at the low
incoming photon energies because of the PE interac-
tion. The incoming photons are totally consumed of
energy to expel the boundary electron. Thus, all
photons are absorbed and are not accumulated inside
the glass material. Around the photon energy, 0.04
meV sudden elevation of the EBF values is monitored
for all germanium lithium-tellurite glasses. This is
expected to the X-ray K-absorption edge for the tel-
lurium (Te) [52]. Thus, K absorption edges’ maxi-
mum values reduce with diminishing the tellurium
oxide (TeO,;) and increase the germanium and
lithium oxides (GeO, + Li;O) in binary lithium-tel-
lurite glasses. Then in the intermediate energy range,

15237

Fig. 14 The exposure buildup factor as a function of the incoming
gamma photon energies (0.015-1.5 meV) at some fixed
penetration depths

the CS interaction is the epidemic. Therefore, the
incident photons interactions will increase where
photons will pass through the glass material, and the
rest part will be stacked with the scattering photons.
Consequently, EBF and EABF values increase.

The dependence of accumulation photons within
the TLGe glasses is studied and presented in Figs. 15,
16, 17. It can be recognized of EBF and EABF varia-
tion rise slowly with the increase in penetration
depth up to 10 mfp. The EBF and EABF reach the
maximum at the PD = 20 mfp for all fabricated TLGe
glasses. This is associated with the number of pho-
tons that expend long periods to penetrate the glass
material thickness, and consequently, photons’
interaction with the glass material increases. The
lowest EBF and EABF are detected at PD = 0.5 mfp.

Additionally, it can be seen in the figures that the
addition of GeO, + Li,O in the investigated glasses
influenced EBF and EABF. The highest EBF and
EABF are adjusted at the TLGe20 for all penetration
depths in between (0.5-40 mfp). Meanwhile, the little
values are predicted in TLGe10 glasses. Finally, it can
be concluded that the replacement of TeO, with
GeO, + Li;O will enhance the radiation shielding
applications of TLGe glasses.
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Fig. 15 The EBF variation with the penetration depth of TLG glasses at various gamma photons energy
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Fig. 16 The variation of the energy absorption buildup factor as a
function of the incoming gamma photon energies (0.015-1.5
meV) at some fixed penetration depths
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4 Conclusions

The bandgap energy and Urbach energy reduces
with the increment of the GeO; + Li,O in the pre-
pared glasses. The studied glasses are considered
suitable candidates for applications in optics devices.
Regarding the mechanical properties, the elastic
moduli were enhanced and varied between
56.93-61.20 GPa (for Young), 35.05-39.45 GPa (for
bulk), 23-25-2464 GPa (for shear), and
65.93-72.32GPa (for longitudinal). Moreover, the
glasses micro-hardness increased between 4.17 and
4.24 GPa with raising the GeO, + Li,O ratio between
20 and 40 mol%, respectively. Furthermore, studying
the investigated glass samples’ shielding capacity
showed that the MAC progressed in the order 41.79,
4231, 4291 cm?/g with raising the GeO, + Li,O
insertion ratio between 20, 30, and 40 ml%, respec-
tively. The results presented in this paper concluded
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Fig. 17 The EABF variation with the penetration depth of fabricated glasses at various gamma photons energy

that the substitution of TeO2 by GeO, + LiO
enhances the investigated glass’s optical, shielding,
and mechanical properties. Thus, it is suitable for
optical devices and radiation shielding applications,
especially for low and mid energy regions.
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