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ABSTRACT

This article reports the influence of barium oxide (BaO) on mechanical and radiation protection characteristics of
BaO-K30- CoO-Al,03-B203 glass. The obtained results confirmed the enhanced the elastic moduli, confirming a
high cross-linked density, high impact resistance, and toughness of the network, with the good mechanical
stability of samples with further additives of BaO. In detail, with increasing BaO contents, it is observed that the
shear modulus increased from 33.8 GPa reaching 37.7 GPa (increased by about 11.5%), while the longitudinal
modulus enhanced from 100.5 GPa up to 117.4 GPa (enhanced by ~ 16.8%), besides Young’s modulus
augmented from 84.4 GPa to 95.3 GPa (augmented by ~ 13%), and bulk modulus is increased from 55.4 GPa
reaching 67.2 GPa (increased by ~ 21.3%). These enhancements in the elastic moduli are attributed to the
increased tetrahedral units (BO4 and AlO4 units) inside the glass matrix with increasing BaO additives. On the
other hand, with increasing BaO, optical band gaps increase from 3.07 eV to 3.58 eV, and ligand field strength
values decrease from 3494 cm™! to 3273 cm L. Furthermore, the addition of BaO reduces the linear and
nonlinear refractive indices. Moreover, the obtained radiation shielding parameters were studied and compared
to those of well-known shielding materials. The comparison confirmed that the glass specimen with the highest
barium oxide content has better radiation shielding ability than others and is suitable for radiation shielding
applications.

1. Introduction

tissue to cell, depending on their intensities and kinds of these radia-
tions. Consequently, it is crucial to utilize adequate shields to inhibit

Radiation shielding concept is one of the most widely preventive
ways against the scathes of high energy radiations [1]. On the applica-
tion side, ionizing radiations are increasingly being used in industrial
settings for topics like generating power, food sterilization, and related
procedures. In addition to these advantageous circumstances, there is
also another issue to take into account: protecting against the damaging
effects of ionizing radiations sources. When interacting with live bio-
logical tissues, ionizing radiations may result in damage ranging from
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interplay between harmful ionizing radiation sources and living tissue
[2,3]. To lower the radiation dose from external exposure, different
parameter should be considered. These parameters include: reduced
exposure duration in the radiation field, increased separation from the
source, and the use of a shield. Due to experimental constraints,
reducing exposure duration can occasionally be challenging, but remote
operation calls for sophisticated instrumentation to track the process.
The most effective method is to utilize an absorber, which will lower the
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radiation’s intensity and, as a result, the effective dose. Depending on
the radiation type, energy, and temperature of the area around the
source, as well as taking space and cost into consideration, different
types of shielding materials are utilized [4]. Several studies including
both theoretical and experimental techniques have been attempted to
assess the radiations attenuation capabilities of various shielding ma-
terials such as radiation shielding glasses [5-11].

The addition of several modifier cations such as alkali and alkaline
cations were observed to enhance the glass stability and homogeneity
[12]. The barium oxide (BaO) is one of alkaline earth oxide. Barium ions
have distinct role in shielding properties due to their physical features
including high atomic radius, high transparency, and high mass-density
compounds. Barium oxide is suitable for utilization at wide energy
windows such as x-ray and gamma-ray [13,14].

Recently, several studies were reported on the significance of
shielding against harmful radiation. N. K. Libeesh et al. [15] studied the
radiation shielding properties of the rock types, along with the remote
sensing aspects using the image processing technique. While P. E. Teresa
et al. [16] used the classical melt-quenching method to add some of
modifiers to alkali borotellerate glasses. We used the same method to
prepare our samples. Moreover, M. A. Imheidat et al. [17] studied the
radiation shielding, mechanical, optical, and structural properties for
tellurite glass samples doped with 20 mol % of barium oxide. They
evaluated all mechanical features such as dissociation energy per unit
volume, packing density, Young (E), Bulk (B), Shear (S), and Longitu-
dinal (L) modulus. Simultaneously, the radiation shielding properties
were assessed experimentally within the energy range from 0.184 to
0.810 MeV.

Moreover, several studies reported effective attempts to assess the
radiations attenuation capabilities of various shielding materials such as
radiation shielding glasses including barium oxide. Zakaly et al. [14]
have studied the role of barium oxide on shielding features of
alumino-borate glasses network. They compared the obtained experi-
mental results with theoretical ones of shielding coefficients such as
MAC, LAC, HVL, and TVL. Moreover, Mhareb et al. [18] have studied the
role of barium oxide on physicochemical and shielding properties of
sodium zinc borate glasses. Using Phy-X program, their results indicate
that the best performance in shielding protection were obtained for
high-density sample (Ba-30). Furthermore, Aloraini et al. [19] have
studied the impact of barium oxide on shielding competence of glass
material. The linear attenuation coefficient (LAC) of these glasses is
reached maximum for 20 mol % of BaO, between 0.0395 MeV and 0.411
MeV, while the effective atomic number of 10 mol % of BaO was equal to
36.66 at 0.0395 MeV. They conclude that the further addition of BaO
content exhibits more desirable radiation protection characteristics.
Overall, according to the previously reported works [20-22], glass
materials grant distinguished properties for shielding against harmful
radiations compared to other materials. In addition, the obtained
properties of heavy-weight barium-based borate glasses were compared
to those obtained in the recent glass materials reported in Refs. [23-25].

Harsh glasses including the mechanical properties of being “hard”
and “crack-resistant” are demand in many high technological advanced
applications such as construction, means of transportation, and elec-
tronics [26]. Furthermore, the high mechanical strengths of shielded
glasses are required; therefore, some precautions should be considered
for these glasses. The investigation of mechanical characteristic is a
suitable technique that was exploited to evaluate the elastic features of
the studied glass system. However, the well-known innate fragility of
glass material districts its utility in modern applications. The realization
seeking of best hardness and harsh resistance of cracks has been a topic
of interest for researcher in glass science. It is established that Vickers
hardness (HV) is exploited to determine the hardness of glass material
[26]. In oxide glasses, Vickers hardness can be induced through the
compositional and structural parameters. Yamane et al. proposed a
relation, for silicate glasses, in which HV is proportional to the square
root of the product between the bulk modulus K, shear modulus G, and
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the average single-bond energy between the constituent component
cations and oxygen anions [27]. Regarding the relation between Vickers
hardness and Young’s modulus (E), positive linear tendencies have been
obtained [28,29]. According to the Makishima and Mackenzie model,
the elastic moduli including Young’s modulus E, bulk modulus K, and
shear modulus G of glass material are related to both the energy of
dissociation per unit volume of the constituent components and the
calculated atomic packing density [30,31]. In case of silicate glasses
including alkali-alkaline earth metal oxides, it was reported that such
glasses with more packed structures had higher values of both hardness
and elastic moduli [32]. The impactive role of barium oxide on the
elastic parameters in glasses was evaluated by Bhattachary and Sha-
shikala [33].

In this regard, we investigated the role of barium oxide addition
(0-20 mol %) on mechanical and radiation shielding competence. The
distinguished mechanical-shielding relationship of heavy-weight
barium-based borate glasses paved the route toward the applicability
of our samples in radiation shielding application.

2. Experimental methodology

Cobalt-alumino-borate glass system with the following composition
were successfully prepared using the traditional melt quenching
method; [x BaO - (20-x) K3 O 63.5 B,O3 — 15 Al,03 — 1.5 CoO]. Barium
oxide was loaded at the expense of potassium oxide with content from 0
mol % reaching 20 mol %. Raw materials of H3 B O3, K5 C O3, CoO,
BaCOj3 and Al;O3, with high purity, were utilized as starting ingredients.
These substances are weighed in accordance with their mol. % by an
electronic balance with a 0.001 g accuracy, then they ground in an agate
mortar until a uniform mixture is achieved. Thereafter, the powder put
into crucibles, which made from porcelain, in a furnace to carbonize at
600 °C for 30 min then increasing the temperature at 600 °C for 45 min.
The melting process occurred at [1100 °C-1180 °C], depending on
chemical composition. The resulting molten was carefully stirred to
ensure some homogeneity of samples. Finally, the resulting molten was
poured and quenched at room temperature between two smoothed
copper plates. The obtained specimens at the end of preparation were
brilliant, bubble-free, and hard.

The ultrasonic wave velocities (shear and longitudinal), at room
temperature, were measured using X-cut and Y-cut transducers (KARL-
DEUTSCH, Germany). The operating frequency was 4 MHz. A digital
detector of ultrasonic flaw type of (Krauthramer USIP 20, Germany)
were utilized in this method.

3. Theoretical backgrounds
3.1. Radiation shielding parameters

Generally, the linear attenuation coefficient (LAC) is an important
factor for measuring any material’s shielding effectiveness. The LAC is a
constant that describes the portion of decreased assigned photons on a
material with unit thickness.

The formula that follows can be used to calculate this coefficient:
LAC :é ln% 1
Where the Ny and N are the intensity of incidental and transmitted
photons and d is the thickness of the medium. The unit of LAC is cm ™~ * or
mm .

The LAC is affected by the atomic number of the medium and its
density. Also, it is an energy-dependent parameter. If we divided the
LAC by the density of the medium, then we get the mass attenuation
coefficient, namely:

1 No

MAC=—In— 2
dxp nN 2



A. Samir et al.

Table 1
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Measured values of both longitudinal (V;) and shear (V;) ultrasonic wave velocities, shear modulus (S), longitudinal modulus(L), Young’s modulus (E), bulk modulus

(K), and Poisson’s ratio op

), microhardness (H,), mean sound velocity (Vmea), Debye temperature (0p), and softening temperature (T;) of all glass samples.

Sample (mol. Vi, (m/s) V, (m/s) S (GPa) L (GPa) E (GPa) K (GPa) Op H, (Kg/m m?) Vinean (M/S) Op (K) T, (K)
%
%) +2 +2 +10 Pa +10 Pa +10 Pa +10 Pa 4+0.001 +2 +2 +2
0 Ba 6886 3996 33.8 100.5 84.4 55.4 0.246 5.729 4434 552 1082
5 Ba 6794 3905 35.1 106.3 88.0 59.5 0.253 5.771 4337 546 1083
10 Ba 6679 3824 35.9 109.4 90.1 61.6 0.256 5.833 4248 538 1089
15 Ba 6586 3742 37.0 114.7 93.4 65.3 0.262 5.882 4160 532 1091
20 Ba 6474 3669 37.7 117.4 95.3 67.2 0.263 5.948 4080 524 1096
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Fig. 1. Variations of shear modulus (S) versus BaO contents for KAlICoBBaO-

glass samples. Fig. 3. Variations of Young’s modulus (E) versus BaO contents for KAlICoBBaO-

glass samples.
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Fig. 2. Variations of Longitudinal modulus (L) versus BaO contents for KAl-
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glass samples.

In the aforementioned equation, p is the density of the medium.

Half value of layer (HVL) refers to the specified absorbing material From the LAC, we can also derive the mean free path and TVL as:

thickness that can reduce the intensity of the incoming radiation in 50%. MFP — 1 @
Numerically, T LAC

~0.693 23
HVL="7= (C) R ic 5)
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Fig. 5. Variations of Microhardness (H,) versus BaO contents for KAICoBBaO-
glass samples.

It is noting, to gain insights into the radiation shielding character-
istics for the prepared glasses, we can use Phy-X software, which is a free
online software and can derive different shielding parameters using a
package software available online at https://phy-x.net/PSD [34].

3.2. Mechanical properties

The ultrasonic pulse-echo method is suitable technique that was
exploited to gain insights into the elastic features of the studied glass
system. Specifically, the ultrasonic velocities were measured using the
well-known relation: V = 2x/At, where x is the thickness of samples and
At is time interval. The measured values of both longitudinal (V;) and
shear (V;) ultrasonic wave velocities. Moreover, the determination of
elastic properties, such as shear modulus (S), longitudinal modulus (L),
Young’s modulus (E), bulk modulus (K), and Poisson’s ratio (cp), is an
essential issue in understanding the structural-mechanical relationships
of the studied glasses. To understand the nature of these moduli, it is
well-known that the elasticity, in general, is the is the ability of a ma-
terial to resist the deformation when an exerted force is applied on it and
returns to its pristine shape when such force is omitted. Glass is one of
material that undergoes three important types of stress (i.e., stress) such
as uniaxial, triaxial stresses, and free or pure stress. Strain is due to these
stresses [35].

Shear modulus (S) is the ratio of the triaxial stress to the resulting
strain, and could be determined from the relation [36,37]:

S=pv 6)

while the longitudinal modulus (L) is determined by the following
relation [36,37]:

L=pV/? )

where p is the samples’ density.

Young’s modulus (E), as one of such important elastic moduli, is the
ration of uniaxial stress to the formed strain in the glass sample, and is
determined through the following relation [36,37]:

3V72 — 4V,
’7} (8)

E=S
{ Vi = V,?

Bulk modulus (K) is the ratio of pure stress to the formed stain and is
estimated from the following relation [35-37]:
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Poisson’s ratio is well-known that it is the ratio between the lateral to
axial strain of the material. It is calculated using the relation [35-37]:

_ {Lateral Strain} 10)

axial Strain

Other additional informative parameters that describe the mechan-
ical properties of material are microhardness, mean sound velocity,
Debye temperature, and softening temperature.

Microhardness (H,) determines the ability of material to withstand
friction and predicts some mechanical properties such as tensile strength
and toughness. The microhardness can be determined from the
following relation [35-37]:

V72— vf} an

H,=|1--—+—"*
u { ‘/12+ng

The mean sound velocity (Vipea:) is determined from the relation
[36]:
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Fig. 7. The optical absorbance of KAlICoBBa-glass samples within ultraviolet
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Debye temperature (6p) is the temperature at which approximately

all network vibrational modes are excited. Debye temperature is deter-
mined through the relation [36]:

B h 3Ny
Op = Viean {K_J { 1 HV,J 13)

where Kg, Nj, Vi, and y are Boltzmann constant, Avogadro number and
number of atoms in the chemical composition, respectively.

Finally, softening temperatures (T5) is defined as the temperatures at
which the flow converts from viscous to plastic type. It is determined
from the relation [38]:

ViM
-l

where M is the molecular weight and C is a factor has value of 507.4 m
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Fig. 9. The variations of optical band gap (Eqp) versus BaO content for KAl-
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Table 2
Optical band gap energy (E,p), Urbach energy (Ey), metallization criterion (M)
and electron-phonon interaction (E._p), of all glass samples.

Sample (mol. %) Eop (€V) Ey (eV) M E., (eV)
0 Ba 3.07 1.06 0.392 27.69
5Ba 3.23 0.85 0.402 22.24
10 Ba 3.4 0.67 0.412 17.35
15 Ba 3.51 0.45 0.419 11.78
20 Ba 3.58 0.37 0.423 9.60
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Plot B
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Intercept 2.37564 + 0.00705 )
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Residual Sum of Square 2.48548E-4
Pearson's r -0.98327
R-Square (COD) 0.96683
Adj. R-Square 0.95577
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Fig. 10. The variations of refractive index (ng) versus BaO content for KAl-
CoBBal5-glass samples.

e
4. Results and discussion
4.1. Mechanical properties
The obtained values of shear, longitudinal, Young’s and Bulk moduli,

with their uncertainty values, were estimated and recorded in Table 1.
Furthermore, the variations of the values of shear, longitudinal, Young’s
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and Bulk moduli against BaO contents are displayed in Figs. 1-4
respectively. Here, from the free-barium sample to the highest content of
barium oxide here involved, it is observed that the shear modulus
increased from 33.8 GPa reaching 37.7 GPa (increased to ~ 11.5%),
while longitudinal modulus enhanced from 100.5 GPa up to 117.4 GPa
(enhanced to ~ 16.8%), besides Young’s modulus augmented from
84.4 GPa to 95.3 GPa (augmented to ~ 13%), the last modulus is bulk
that increased from 55.4 GPa reaching 67.2 GPa (increased to ~
21.3%). This plausible augmentation in the elastic moduli is back to the
introduced structural modifications when barium oxide was loaded
instead of potassium oxide from 0 mol % to 20 mol %. There are more
factors caused this observed increase such as the creation of BO4 and
AlOy4 units in the network. Other factor is the increase in bond strength,
where the strength of Ba-O (84 kJ/mol) is larger than that of K-O (50
kJ/mol), (i.e., the dissociation energy of BaO is larger than that of K;0).
Furthermore, the increased cross-link density reflects high connectivity,
causes more increasing in the elastic properties of the prepared glassy
specimens [36,37]. It is noted that the values of Poisson’s ratios are
increased in the range (0.246-0.263) (increased to ~ 7%) with
increasing the barium oxide content. It is observed that all values of
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Poisson’s ratio lie in the range of 0.2 till 0.3. This range is the normal
range of oxide glasses [36]. Such result of Poisson’s ratio indicates a
relatively high cross-linked density. Further, the augmentation in values
of Poisson’s ratio exhibits an increase in the number of structural bonds
and consequently increases the system rigidity.

In this context, the obtained values of microhardness, Debye tem-
perature and softening temperature were recorded in Figs. 5, 6a and 6b
respectively and listed in Table 1, with their values of experimental
error. Same reasons that explained the elastic moduli, it can also use to
explain these additional informative parameters. Astonishingly, the in-
crease in microhardness from 5.729 GPa reaching 5.948 GPa (increased
to ~ 4%) is an indicator to the additions of barium oxide hardens the
glassy network and increases the impact resistance and toughness of
network. Furthermore, it is important to observe that the increase in
softening temperature from 1082 K up to 1096 K with the increasing of
barium contents in the borate glass matrix means more stability of the
elastic characteristics of the glass structure, confirming that the alka-
linity modifications have impacted role on the mechanical properties of
the prepared glasses.



A. Samir et al.

10
~
g1
S
Nt
—
>
ja )
0.1
—=&— KAIBCoBa0
—®  KAIBCoBa5
—4A— KAIBCoBal0
0.01 —v¥— KAIBCoBa1l5
—4 KAIBCoBa20
T
0.01 0.1 1 10

Photon energy (MeV)

Fig. 15. The half value layer (HVL) as a function of the energy for KAIB-
CoBa-glasses.

01 - — = KAIBCoBa0 |
{" /o —®  KAIBCoBa5
/. —A— KAIBCoBa10
‘ —v¥— KAIBCoBal5
—&— KAIBCoBa20
0.01 :
0.01 0.1 1 10

Photon energy (MeV)

Fig. 16. The tenth value layer (TVL) as a function of the density for KAIB-
CoBa-glasses.

4.2. Optical properties

4.2.1. Optical band gap and Urbach energy

The typical optical absorption spectra of the prepared samples are
displayed in Fig. 7. The optical absorbance spectra were recorded in
ultraviolet (UV) and visible of electromagnetic spectrum. Normalization
process was implemented on all spectra of samples.

Fundamentally, the absorption edges of the glassy specimens were
observed to be a “single” absorption edge, assuring the high homoge-
neity of the prepared specimens and there is no existence of the phase
separation. Such original absorption edges were found to undergo a
clear blue shift with the progressive addition of alkaline content, pre-
dicting a widen in the optical band gaps. Important optical parameters
are extracted from these edges such as the optical absorption coefficient
(a) is computed from the well-known relationship:

a=2.303 * Absorbance/t (15)

where t is the sample’s thickness. The obtained optical absorption
spectra of glass specimens are displayed in Fig. 7. The o was exploited to
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calculate the optical band gaps (E,) utilizing Davis and Mott relation
[37,39,401:

ohv=m (hv — Eoy)" (16)

herein, the index n takes the value of 2 corresponding to the indirect
allowed electronic transitions model. Then, the optical band gaps are
obtained from drawing the relation between hv as X-axis versus (ahv)®®
as Y-axis (i.e., Tauc’s plot). By extrapolating the first linear portions to
(ah)*® = 0), then the intersection with X-axis directly gives the value
of Eopy, as exhibited in Fig. 8. The outcome values of E,, were displayed
in Fig. 9. The E,y of barium-free sample was 3.07 eV, then with the
progressive additions of barium oxide contents, it jumped to be 3.58 eV
for the highest barium content here involved. This obvious increase in
the E, is related to alkalinity modulations representing in the bond
length and bond strength. The increase in the E,, originates from two
factors: (i) the decrease in bond length, where the length of K-O is
higher than that of Ba—O [38]. (ii) the increase in bond strength, where
the strength of Ba—O (84 kJ/mol) is larger than that of K-O (50 kJ/mol)
[41].
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Urbach tails correlates to the tail of electronic states density that
extends between the valence and conduction bands [42-44]. In more
detail, for oxide glass materials, the defect states are formed by the
vacancies of oxygen in the glass matrix, making a disturbance in the
band structure of sample. To understand the mechanism of Urbach tails
occurrence, when the electromagnetic waves (light) are falling on the
electrons in the excited states, these defects states catch them and pre-
vent them from transferring to the conduction band, minimizing expo-
nentially the absorbance process, causing the absorption tails in the
optical absorption spectra. The energy-related these tails is known as
Urbach energy, and it is determined by exponential relation between the
absorption coefficients and the incident photons energy. The exponen-
tial relation used to calculate Urbach energy was proposed by F. Urbach
[42-44] and given through:

a= constant exp [hv(Ey) '] 17)

by simplification of Eq. (17), by taking the logarithm of both sides of

Eq. (17), one can get:
Ln () =Ln (1) +ho (Ey) ™ (18)

Here, Ey values were found to mitigate with barium addition in glass

host. The alkalinity modifications by intercalation of barium oxide
instead of potassium oxide into the network has a harsh impact on
Urbach energy. The deterioration in Urbach energy is mainly related to
the decrease in the disorder of samples with the addition of barium
content. The substitution of K;O by BaO makes the band tails less
extended inside the band gaps energy. The introduction of Ba?* ions
(with high field strength) compared to K" (with low field strength) ions
leads to strength the bonding in the network, which minimizing the
defects in the band gap. The healing of such band tails or defects pushes
the absorption edges to shift toward the high energy (i.e., blue shift), this
is a good agreement with behavior of E.

4.2.2. Optical constants

Metallization criterion (M) is an effective parameter was established
to forecast the metallicity behavior of samples. Metallization criterion
could be computed based on optical band gaps values using the

following relation [39-41]:
M= (Ey /20)" (19)

The values of M ranges between two sets (0) and (1). The center
between them is related to the semiconductor materials [43,45]. If M
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values near to (0), hence, the materials behave as metals. While the
materials behave as dielectrics when M values near to (1). Here, the
obtained values of M were furnished in Table 2. The increment in M
values indicates that the glass samples tend to the dielectric nature with
the progressive additions of barium contents.

Urbach energy is resulting from trapping the free electrons by the
defect states. So, there is need to additional energy for controlling the
interaction between these electrons. Therefore, the electron-phonon
interaction parameters (E._) is known as “the interplay energy that is
needed to bind two free electrons as pair states [40,46,47]. Ey strongly
contributes to calculating such electron-phonon interaction parameters
from the mentioned relation in Ref. [33]. The obtained values of E._,
were displayed in Table 2. One can notice the mitigation of this
parameter, referring to the paucity of the free electrons in the glass
matrix, therefore, there is no need for more phonon energies to pair the
free electrons through the glassy matrix.

In addition, the velocity of light in space (c) is divided by the velocity
of light in the medium (v) to determine the refractive index (ng). Esti-
mated with Saad’s formula, no represents the path and propagation of
electromagnetic radiations within materials and is thus the most
important quantity [48],

oo 30V 20)
E0p1

The obtained values of refractive index of our KAICoBBa-glass sam-
ples are 2.38, 2.35, 2.31, 2.29 and 2.28 for KAlCoBBa0, KAlCoBBa5,
KAICoBBal0, KAICoBBal5 and KAICoBBa20 samples, respectively (as
shown in Fig. 10). From this figure, we can detect the increased BaO
doping produces a decrease in the nj values. This behavior can be
ascribed to the structural modifications and the increased values of Eqp
of KAlCoBBa-glasses. Furthermore, the obtained increase is realized
from the composition change. The addition of the high-density alkaline
cations (Ba?") at the cost of the low-density alkali cations (K") leads to
densification the network. This results in glassy specimens with a denser
structures that minimizes the speed of light and rises the index of
refraction [48,49]. Furthermore, the nonlinear optical susceptibility
(x®) or nonlinear refractive index (n,) by using certain linear optical
characteristics of glassy material. Therefore, the ny and X(S) are calcu-
lated from the Eg values through the Ticha-Tichy equation [50].

B
-5 @D

n, B=126x 10" [esu eVﬂ
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The n, values for all KAICoBBa-glasses are 51.6 x 10710, 45.2 x
10719, 39.6 x 1071, 36.4 x 107*%nd 34.5 x 107 for KAICoBBaO,
KAICoBBa5, KAlCoBBal0, KAICoBBal5 and KAlICoBBa20 glassy speci-
mens, respectively (as shown in Fig. 11). The x® values for all
KAICoBBa-glasses are 3.26 x 10712,2.82 x 10712,2.42 x 107!2,2.21 x
107'2 and 2.09 x 107'2 for KAICoBBa0, KAICoBBa5, KAICoBBal0,
KAICoBBal5 and KAICoBBa20 glassy specimens, respectively (as shown
in Fig. 12). The values of ¥ and n, demonstrate decreasing trends when
BaO is added more. These trends are attributed to the decreased disor-
ders [33], and the increased value of the optical band gaps for the glassy
matrix [33].

1)4} ; B=1.7x107" (for x(*) in esu) (22)

4.3. Radiation shielding studies

4.3.1. Energy dependence

The significance of pre-experimental considerations by means of
mathematical and theoretical computations for radiation-shielding
material is still a focus of intense research [7]. Herein, the Phy-X on--
line software [34] was employed to calculate various radiation shielding
characteristics of KAIBCoBa-glasses, for example, the mass (MACs) and
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linear (LACs) attenuation coefficient, half value layer (HVLs), tenth
value layers (TVLs), mean free paths (MFP), and effective atomic num-
ber (Z.g) within the photons energies range 0.015-15 MeV. For
KAIBCoBa-glass, the MAC and LAC were computed and shown as against
the photons energy (MeV) in Figs. 13 and 14 for various BaO additions
(from 0 to 20 mol%). From Figs. 13 and 14, we can detect that the MACs
and LACs values are greatest at lower photons energy; however, when
the energy of photons is augmented from 0.015 to 0.03 MeV, the MACs
and LACs values for all KAIBCoBa-glasses show a quick reduction.
Despite this quick decrease, a minor rise from 0.03 to 0.04 MeV is seen
for all KAIBCoBa-glasses. These behaviors can be described in terms of
mechanisms of interaction of photons as follows: the photoelectric ef-
fects (PE) that describe how the photons interact with matter, this type
of mechanisms favored at lower energy, and the interaction cross sec-
tions of (PE) proportionate to Z**)/E3® (where Z is the atomic numbers
of the material and E is the photon energies). The rise from 0.03 to 0.04
MeV is caused by the K-shells absorption edges of high Z-numbers
element, such as Ba, present in KAIBCoBa-glasses. When the photons
energy rises from 0.3 to 4 MeV (middle energy range), the MAC and LAC
values for all KAIBCoBa-glasses show a slow reduction. The change from
fast reduction (at low energies) to slow reduction (at medium energies)
can be related to that, the Compton scattering (CS) effect is predomi-
nated when photons energy rises from 0.3 to 4 MeV. Where, the
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Compton scattering cross-sections (6¢s) is inverse proportional to (E)
and direct proportional to (Z) from the equation (6¢s @ Z/E) [10]. More
than 5 MeV (at high energies), the MAC and LAC values for all
KAIBCoBa-glasses show the slowest reduction compared to other energy
ranges. This behavior may be attributed to the dominating pair pro-
ductions (PP) mechanism opp is exactly proportional to % [7,51,52].

Additionally, the half value layer is crucial factor to determine the
effectiveness of shielding materials (HVL). HVL is the thickness at which
the intensity of photons is halved [51]. Similar to HVL, the tenth value
layers (TVLs) refer to the thickness that reduces the intensity of photons
to 1/10 of its initial values. Figs. 15 and 16 display the changes in HVL
and TVL against the photon’s energy for various BaO concentrations.
HVL and TVL readings begin with minimal values from 0.015 to 0.03
MeV, then a sharp decrease is detected from 0.03 to 0.04 MeV. Then
their values rapidly increase from 0.04 MeV to 15 MeV. All
KAIBCoBa-glasses exhibit the same behaviors of HVL and TVL values
against the photon energy. This phenomenon may be described as fol-
lows: at low energies, photoelectric processes need thin glasses (low
values of HVLs and TVLs), but secondary Compton scattering necessi-
tates thick glasses (large values of HVLs and TVLs) at medium energies
[51]. In addition, when the photons have high energy levels, a sub-
stantial number of photons may penetrate the substance. Hence, a
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thicker absorber is required to lower the quantity of transmitted photons
by half or by a factor of ten [7,52].

Additionally, the mean free paths (MFPs) are a valuable measure for
establishing the radiation-shielding capabilities of shielding materials.
The relationship between MFP and LAC is MFP = 1/LAC [7,45]. Fig. 17
illustrates the dependence of MFP on photons energy for all
KAIBCoBa-glass samples. The minimal MFP values begin between 0.015
and 0.03 MeV, then a sharp decrease is observed from 0.03 to 0.04 MeV.
Then their values rapidly increase from 0.04 MeV to 15 MeV. According
to these observations, the highest MFP corresponds to a photon energy
of 15 MeV. The material can prevent a lower flux of photons with the
greater energy and a higher flux of photons with the lower energy. In-
creases in MFP imply that thicker KAIBCoBa-glasses are preferable for
radiation shielding applications.

Zfr is an additional crucial parameter that must be addressed in the
radiations shielding fields. This quantity quantifies the effectiveness of a
radiations shielding materials. Where the shielding capacity of more
material relates to bigger Z.¢ values. This indicates that more photons
are absorbed by materials with high Z.¢ values [52]. Fig. 18 depicts the
relationship between Z.¢ and photon energies for all KAIBCoBa-glasses.
Fig. 18 demonstrates that Z.g values decrease as photons energies in-
crease from 0.015 to 0.03 MeV, and subsequently rise significantly as



A. Samir et al.

Optical Materials 143 (2023) 114195

—=—0.015 MeV 8.8 . 0\ D
0.25 AL —e—0.02 MeV o4 - =08 Me
. ~ 4 0.03 MeV ] N ¢ 1MeV
N E ~
. 8.0 ~ 4 1.5MeV
0.20 | N
\\ 7 -
— AL —7.6 A
:0.15— o 7.2 —
Lr. A E E {
= . 6.8
0.10 4 T ®
6.4 -
[ | .
1 ®
o 6.0
0.05 . o . | — °
- 5.6 -
l”””’”***wl7777,,,,7. ] -— ]
0.00 LI e — T T T T T T 52 .
4 8 10 12 14 16 18 20 22 T T T T T T T T T
BaO content (mol. %) 4 6 8 10 12 14 16 18 20 22
BaO content (mol. %)
(<)
—=— 8 MeV
20 —o— 10 MeV
—4A— 15 MeV
—~18 4
g
&
[
=9
= 16
14 ~ T
|
12 T T T T T T T T T
4 6 8 10 12 14 16 18 20 22

BaO content (mol. %)

Fig. 23. (a—c): The mean free path versus BaO content for KAIBCoBa-glasses at (a) low energy range, (b) medium energy range and (c) high energy range.

photon energies increase from 0.03 to 0.04 MeV which may be ascribed
to photoelectric absorption, where the interaction cross sections of (PE)
proportionate to Z(4'5)/E3‘5 [52,53]. Then the values diminish signifi-
cantly as energy of photon raises from 0.04 to 1 MeV. This can be
ascribed to the predominance of CS in this energies range and the fact
that 6¢g has inverse proportionate to (E) and has a direct proportionality
to (Z) agreeing to the equation (6¢s a Z/E). In addition, an obvious rise is
seen from 1 to 15 MeV. Because of the prevalence of the PP interactions
in which the pairs formation cross section (opp) is has a direct propor-
tional to (Z2), this rise in Zes values is seen for higher energy photons
[54].

4.3.2. Compositions dependence

Fig. 19(a—c) and 20 (a-c) depict the variations of MACs and LACs vs
BaO concentration as typical figures for sequence of energies (lower,
medium and higher energy) from 0.015 to 15 MeV. We see a clear in-
fluence of BaO additions on the values of MACs and LACs. Both pa-
rameters exhibit increasing trends for low, middle, and high energies
with further BaO additions from 5 to 20 mol%. These behaviours may be
explained by the influence of BaO on the structural variations within
KAIBCoBa-glasses, such as their increasing density from 2.120 g/cm? to
2.802 g/cm®. It is generally recognised that density is one of the most
important criteria for enhancing a medium’s capacity to attenuate
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photons of radiation. In addition, the two parameters (MACs and LACs)
are dependent not only on photon energy but also on the shield’s den-
sity. The photons energies affect the changes produced in MACs and
LACs with the density.

As presented in Fig. 21(a-c) and Fig. 22(a—c), the values of HVLs and
TVLs decreased as the BaO concentration rose from 5 to 20 mol% in the
lower, medium, and higher energies from 0.015 to 15 MeV. This is
because of the inverse relationships between density and HVLs and
TVLs; when BaO concentration increases, the density of KAIBCoBa-
glasses increases, resulting in decreasing behaviours for HVLs and
TVLs. Lower HVL and TVL values suggest better and enhanced radiation
shielding characteristics. In this instance, the inclusion of BaO instead of
K20 reduces both HVL and TVL, reflecting the positive effects of BaO on
the shielding characteristics of KAIBCoBa-glasses. In addition, Fig. 21
(a—c) and Fig. 22(a—c) reveal that the slope of HVLs and TVLs vs BaO
curves at high energies are greater than those at low energies. At high
energy levels, BaO has noticeable influences (decreasing behaviours) on
both the HVLs and TVLs of KAIBCoBa-glasses.

Instead, Fig. 23 (a, b, and c) demonstrates that the increases of BaO
resulted in decreased MFP values for the lower, medium, and higher
energies range from 0.015 to 15 MeV. These decreases are a result of the
augmentation in density, that is accountable for the reduction in MFP
values. In addition, Fig. 23(a—c) reveals that the slope of the MFP vs BaO
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curves at higher energy are steeper than those at lower energy. At high
energy levels, BaO has a noticeable influence on KAIBCoBa-glasses. The
significance of density is that: it determines the thickness required to
attenuate certain target radiations level is further emphasised by these
findings. The different shields attenuate the smallest quantities of radi-
ations at the greatest energy values. This suggests that the increments in
photons energy is proportional to the increase in MFPs values and
therefore thicker KAIBCoBa-glasses are needed for certain applications.

Fig. 24(a—c) demonstrated that increases of BaO resulted in increased
Z.ff value for the lower, medium, and higher energies range of 0.015-15
MeV. Results for Zg values exhibit comparable tendencies to MAC and
LAC values. For KAIBCoBa-glasses at various energy ranges, Z.g values
are directly related to BaO concentration. In other words, Zs values
exhibit the trends KAIBCoBa20 > KAIBCoBal5 > KAIBCoBalO >
KAIBCoBa5 throughout all energy ranges. This response of Zg demon-
strates once again that the greater the BaO concentration in glasses
materials, the better their radiation-shielding properties. regarding to
the Zegr values, the KAIBCoBa20 glassy specimen has the best shielding
characteristics compared to KAIBCoBa-glasses.
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4.3.3. Comparing KAIBCoBa-glasses to well-known shielding glasses and
concretes

In order to use KAIBCoBa-glasses as radiation shields, it is necessary
to compare all KAIBCoBa-glasses with other well-known shielding
glasses and concretes, such as commercial windows glasses, popular,
IImenite, Hematite serpentine and serpentine concretes and SCHOOT
RS253. This comparison is shown in Fig. 25, which comprise the values
of the HVLs for at 0.662 MeV. The HVLs values were investigated in Refs.
[55-58]. Examining Fig. 25, we see that the HVL values of all KAIB-
CoBa20 glass specimen is less than those of the shielding glasses and
concretes except [lmenite concretes. Thus, we can assert that our glassy
specimens employed in radiation shielding applications have excep-
tional shielding capability.

5. Conclusion

The addition of barium oxide enhanced the elastic moduli, con-
firming a high cross-linked density, high impact resistance and tough-
ness of the network, with a good mechanical stability of samples. In
detail, from the free-barium specimen to the maximum content of
barium oxide here involved, it is observed that the shear modulus
increased from 33.8 GPa reaching 37.7 GPa (increased to ~ 11.5%),
while longitudinal modulus enhanced from 100.5 GPa up to 117.4 GPa
(enhanced to ~ 16.8%), besides Young’s modulus augmented from
84.4 GPa to 95.3 GPa (augmented to ~ 13%), the last modulus is bulk
that increased from 55.4 GPa reaching 67.2 GPa (increased to ~
21.3%). This increase in the elastic moduli resulted from introduced
barium oxide instead of potassium oxide from 0 mol % to 20 mol %.
Furthermore, the effectiveness of radiations shielding of the KAIBCoBa
glass samples were studied and compared to those of well-known radi-
ation protection materials. The comparison confirmed that the glassy
sample with the maximum barium oxide content is better than the well-
known radiation shielding materials and is suitable for use in radiation
shielding application, especially at low energies.
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