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ABSTRACT

In the present work, untreated Iraqi sand with grain sizes varied between 100 and 200 pm was used to
produce a colored glass sample that has shielding features against the low gamma-ray energy. Therefore,
a weight of 70—60 wt % sand was mixed with 9—14 wt% B,03, 8—10 wt% Na,0, 4—6 wt% of Ca0, 3—6 wt%
Al,03, in addition to 0.3% of Co,03. After melting and annealing the glass sample, the X-ray diffraction
spectrometry was applied to affirm the amorphous phase of the fabricated glass samples. Moreover, the
X-ray dispersive energy spectrometry was used to measure the chemical composition, and the MH-300A
densimeter was applied to measure the fabricated sample's density. The Makishima-Makinzie model was
applied to predict the mechanical properties of the fabricated glass. Besides, the Monte Carlo simulation
was used to estimate the fabricated glass sample's radiation shielding capacity in the low-energy region
between 22.1 and 160.6 keV. Therefore, the simulated linear attenuation coefficient changed between
10.725 and 0.484 cm™!, raising the gamma-ray energy between 22.1 and 160.6 keV. Also, other shielding
parameters such as a half-value layer, pure lead equivalent thickness, and buildup factors were

calculated.

© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. All rights reserved. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Natural sand is a common material used mainly in building
applications in countries with hot, dry climates. Usually, sand
mainly contains silica-rich quartz. The white sand from the deserts
of western Iraq is suitable for glass fabrication due to its high
content of silica (approximately 98.5%.) and low content of impu-
rities such as Fe;0s3. The quartz grain size of the sand in the
mentioned region is varied ranged between 100 and 600 pm.
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Recently, much effort has been paid to create new talented glass
systems with good optical, mechanical, as well as suitable radiation
shielding properties. Glass materials were confirmed to have un-
limited physical features such as ease of manufacture, high trans-
parency, low cost (especially glasses fabricated from natural silica),
and excellent chemical resistance. Furthermore, due to the earlier
beneficial features of glass, radiological attention has been directed
to the utilization of heavy-weight glass (HWG) in gamma-ray
protection applications.

Gamma rays and X-rays are considered the most dangerous type
of ionizing radiation due to their high penetration power. There-
fore, they can travel miles and ease pass through matter. The
transpose of these types of radiation can only be controlled through
three main parameters, distance, time of exposure, and the
shielding material. The third parameter is the most important.
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Thus, Researchers are focusing on providing adequate protection
for workers and patients exposed to radiation daily. A radiation
shield is defined as any material that has the ability to attenuate
radiation and reduce its intensity to a safe level [1—4]. Recently a lot
of articles report the shielding properties of various natural rocks
[5—8], various glass types (silicate, borate, phosphate, and tellurite)
[9—12], ceramic [13,14], and metallic alloy samples [15—17].

Glass-based SiO, is considered one of the common glass-
forming agents due to its excellent features. These properties
include high thermal stability, high electric field strength, and small
cation size [18]. The silicate-based glass properties can be modified
using the reinforcing by alkali metals [19]. An early study reported
by Warren and Biscoe [20] showed that the alkali silicate glass
network included a silicon atom bonded to four oxygen atoms via
crosslinked oxygen (BO) and one via non-crosslinked oxygen
(NBO). He reported that the remaining silicon atoms bonded to the
silicon atoms should be included. When Na,O is introduced into the
Si glass composition, Na cations are present in the random holes
throughout the silicon-oxygen network. Nesbitt et al. [21]
confirmed that in the case of Na,O-rich glass, there is an oxygen
species called free oxygen O, and the amount of O, is important
mainly in NayO-rich Si glass. This free oxygen is urgently needed for
the formation of sodium clusters, especially in the case of high
concentrations of Na,O. Further, when intermediate oxides such as
zirconium oxide (ZrO;), CaO, and MgO are added to the silicate
glass composition, a glass modifier or glass is added depending on
the content in the glass composition. It functions as a forming agent
[22]. Introducing ZrO, into silicate or borosilicate glass alters
chemical and physical features. In brief, it enhances the density,
mechanical strength, and chemical resistance and decreases the
coefficient of thermal expansion. Changes in glass properties due to
the addition of ZrO, are often discussed as a result of the support of
the glass network by the junction corner connections of [ZrOg]
octahedrons and [SiO4] tetrahedra in the glass forming network
[23]. Several attempts have been made to investigate the effects of
zirconium oxide (ZrO;) on silicate glass's physical properties. For
example, Khan et al. [24] reported the role of ZrO, on the structural
and dielectric features of Y503 single-bonded CaO borosilicate glass,
as well as the radiation shielding capacity for silicate and borosil-
icate glasses, were modified with heavy metal oxides such as Y03
and BaO compounds [25,26].

The novelty of this investigation lies in the fabrication of Iraqi
silica glass-reinforced barium oxide (BaO) compounds to produce a
glass with high mechanical and low energy gamma-ray shielding
characteristics. Thus, the mechanical properties of the fabricated
glass-based Iraqi sand were estimated using the Makishia-
Mackenzie model. Furthermore, the radiation shielding properties
for low gamma photon energy were examined using the Monte
Carlo simulation.

2. Materials and methods
2.1. Barium based silicate glass fabrications

The natural Iraqi sand from Al-Arma government was collected.
It is known that the sands in the studied area contain a concen-
tration of 0.1 wt% of iron oxide (III) for the medium and fine grain
sizes' sand. The reason for this is that iron (IIl) oxide is very brittle
compared to quartz sands. Therefore, as a result of transportation,
loading, and drilling, it is somewhat exposed to frictional processes,
which leads to fracture and fragmentation. In contrast, for the sand
with larger grain sizes between 0.1 and 0.2 mm, iron oxide (III)
concentration ranged between 0.12 and 0.15 wt%. This ratio is valid
only for the production of colored glass. In Iraq, where 70-60% of
these sands are used in the production of the glass charge (glass
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mixture), in addition to 9—14 wt% B,03, 10—8 wt% Nay0, 4—6 wt% of
Cao, 3—6 wt% Aly03, in addition to 0.3% of Co,03. The previously
mentioned compounds and sand were mixed, blended, and ground.
Then the glass was melted at a temperature of 1580 °C for 30 min.
The molten was cast easily poured into a copper mold and annealed
at a temperature between 530 and 550 °C to get rid of internal
pressures and surface tension of fabricated glass, as described in
Fig. 1. The chemical composition of the fabricated glass was deter-
mined using the EDX, (see Table 1). Moreover, the densimeter MH-
300A with a detection limit of 0.001 g/cm> was used to measure the
density of the fabricated barium-based silicate glass. The uncer-
tainty in the density measurement was found in the range of +5%,
and the recorded density is 2.645 + 0.132 g/cm®. After five repeti-
tions, we found that the average density is 2.645 + 0.132 g/cm>. The
chemical composition of the fabricated glass is an important factor
in the present study. Thus, a part of the fabricated glass was
crushed, and the highly accurate dispersive energy X-Ray was uti-
lized to determine the chemical composition of the tested samples,
as presented in Table 1.

From Fig. 2, the XRD pattern of the fabricated barium-based
Iraqi silica glass did not show a crystallinity peak. The lack of
widespread humps and sharp peaks indicates the fabricated glass's
amorphousness. The X-ray pattern in Fig. 2 shows no continuous/
discrete sharp peaks. The XRD pattern of all glasses shows the
amorphous hump but at different positions depending on their
chemical compositions. The peak of these hump features usually
correlates with the intense XRD peak of the major components.
Silica exhibits a strong XRD peak at 2theta between 20 and 30°.

2.2. Mechanical properties evaluations

The packing factor (V;) was estimated with the help of the
density (p, g/cm?), chemical composition, and the ionic radiation
and coordination number of the elements constating the glass
sample. Moreover, the heat of formation (enthalpy) for the com-
pounds constating the fabricated glasses was utilized to calculate
the dissociation energy (G, k]/cm?). Also, the packing density (V;)
was reported with the help of the values of V; for the fabricated
barium oxide-based Iraqi silica glass. Finally, the previously
mentioned G; and V; were applied in order to calculate the me-
chanical moduli, Young (Y), Bulk (B), Shear (S), Longitudinal (L)
mechanical modulus, using the Makishima-Makenzi method.
Moreover, other mechanical properties such as Poisson ratio,
Micro-hardness (H, GPa), longitudinal velocity (Vi cm/s), shear
velocity (Vs, cm/s), and softening temperature (Ts, °C) were esti-
mated using the next equations [27—31].

vt:A’L/IXi:V,-x,- 1) (1)
Y=836VG (2) (2)
B=10.0V?G: (3) (3)
:13%8f‘£t216f “) @
L:{lo%(%ﬂvfct (5) (5)
75737 © (6)



EH.E. Al-Saeedi, M.I. Sayyed, EL. Kapustin et al.

Separate the sand samples into
various fractions

Sand and BaO were mixed, then they
placed the mixture in an Aluminum

crucible

The fabricated

Nuclear Engineering and Technology 54 (2022) 3051-3058

The mixture was melted in
the furnace at 1580 °C

Casting the glass molten

barium oxide doped
Iraqi silica

Fig. 1. The barium based Iraqi silica fabrication processes.

Table 1
The chemical composition of the fabricated barium based Iraqi silica.

Chemical concentration (wt%)

Na,O 10.902
AlLO; 6.193
S0, 65.157
K0 0.108
cao 6.358
TiO, 1.185
Fe,03 0.128
BaO 9.967
1-20)
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Fig. 2. The X-ray diffraction pattern for the fabricated barium oxide-based Iraqi silica.
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2.3. Evaluation of gamma-ray shielding capacity

The Monte Carlo simulation [32] is a common technique for the
evaluation of the radiation attenuation parameters for a medium.
Hence, we adopted this technique in our current investigation to
evaluate the radiation shielding capacity for the prepared glass in
the low energy (i.e. between 20.1 and 160.6 keV). The average track
length of low-energy gamma photons was estimated based on the
Monte Carlo simulation nuclear library ENDF/B-VL.8. The geometry
clarifies the simulation cards (cell, source, surface, material, and
importance) was described in detail in many previously published
papers [33—35] and shown in Fig. 3.

3. Results and discussion
3.1. Mechanical properties

Based on the fabricated glass's chemical composition, density,
the heat of enthalpy of the glass consisting compounds, the
dissociation energy (G¢) of the fabricated barium-based silica glass
was calculated. Moreover, using the ionic radius and the coordi-
nation numbers of the elements consisting of the fabricated glasses,
the fabricated glass's packing factor (V;) and packing density were
calculated. As illustrated in Table 2, G, Vj, and V¢ values for the

Lead collimators

The outer Shielding from Lead

Radioactive (| |
Source —

Glass sample

~

Fig. 3. The Monte Carlo simulation geometry.
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Table 2

The physical and mechanical properties of the fabricated barium based

Iraqi silica.
Density (g/cm?) 2.642
Molar mass (g/mol) 65.952
Molar volume (cm?/mol) 24.963
Packing factor V; (cm?/mol) 13.411
Dissociation energy 65.116
Packing density V¢ 0.537
Young model (GPa) 69.965
Bulk model (GPa) 45.105
Shear model (GPa) 28.178
Poisson ratio (o) 0.241
Micro-hardness (GPa) 4,857
Longitudinal model (GPa) 82.675
Longitudinal velocity V| (m/s) 5593.993
Shear velocity Vs (m/s) 3265.799
Softening temperature Ts (°C) 524.713

fabricated glass are 65.116 kJjem®, 13.411 cm®/mol, and 0.537,
respectively. As a result of the high values of the G, the mechanical
moduli have values of 69.965 GPa, 45.105 GPa, 28.178 GPa, and
82.675 GPa, for Y, B, S, and L modulus, respectively. In addition, the
fabricated glass sample also has a high microhardness (i.e.,
4.857 GPa) which is related to the high values of V..

3.2. Gamma-ray shielding properties

The fabricated barium-based Iraqi silica linear attenuation co-
efficient (n) was estimated via Monte Carlo simulation (MC).
Moreover, the MC estimated results were compared to the XCOM
results for the same glass composition. Both methods are
compatible with differences in the range between +2%, as shown in
Fig. 4. We aimed to study the performance of the barium-based
Iraqi silica in shielding the low gamma-ray photons, which are
commonly used in medical applications. Thus, the gamma photon
energy spectrum was selected to extend between 22.1 and
160.6 keV. As illustrated in Fig. 4, the highest p recorded for the
barium-based Iraqi silica is 10.725 cm™!, achieved at 22.1 keV.
Among the examine energy zone, the lowest p value is 0.484 cm™,
recorded at 160.6 keV. The previous trend in the p values is related
to the photoelectric cross-section, which varied with Z*°/E>*°
[36—38]. Therefore, the average 1 values of the fabricated glasses in
the studied energy range are around 4.060 cm~! which is suitable
for application in the low gamma-ray energy shielding application.
Also, around 40 keV, the K-absorption edges that characterized the
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Fig. 4. The linear attenuation coefficient of the fabricated barium based Iraqi silica in
the gamma-ray energy range.
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Ba element appeared [39—41]. This indicates the role of BaO on the
shielding performance of the examined sample. Increasing the BaO
compound in the fabricated glass-based Iraqi silica causes an in-
crease in the p and Zgr of the current glass.

The p value for the fabricated barium based Iraqi silica glass
sample was compared to some of the previously fabricated glasses,
at gamma of 59.5 keV, as illustrated in Fig. 5. The p value for the
current sample is 1.025 cm~! which is better than the p values for
NBSMO (0.708 cm™') and NBSM2 (0.621 cm~!) [42]. On contrast,
the current sample has p value lower than that recorded for sam-
ples BTPZE, TPBE, BTPLE, BTPSE, BTPCE, BTNKD-X (where X = Li, Ca,
Zn, Sr and Ba), ONBDB, and 20NBDB with p values of 9.556, 17.874,
7.713, 10.327, 8.316, 5.050, 5.635, 7.424, 6.958, 10.020, 14.198, and
12.080 cm~! [43—45]. The high p values reported for the previously
fabricated glasses is due to the high percentage of dense com-
pounds such as PbO, BaCOs, TeO,, and Nb,Os.

Based on the simulated p values as well as the measured density
for the fabricated barium oxide-based Iraqi silica glass, the mass
attenuation coefficient (pum, cm?/g) was calculated, as presented in
Fig. 6. The pm highest value is 4.060 cm?/g and decreased rapidly to
0.183 cm?/g between 22.1 and 160.6 keV, respectively. The variation
of the p, against the energy is the same as early presented in the
linear attenuation paragraph.

Moreover, the half-value thickness (Ags) for the silica-based
glass was calculated, as presented in Fig. 6. The Ags is the thick-
ness that has the ability to diminish the photon flux emitted from
the radioactive source to half of its initial value. Between 22.1 and
160.6 keV, the Ag 5 thickness increases from 0.065 to 1.431 cm with
an average value of 0.359 cm. This small Ags value makes the
fabricated glasses one of the more suitable candidates for protec-
tion purposes uses in medical applications.

The thickness equivalent to 0.5 cm of lead (Deq) at this energy
region between 22.1 and 160.6 keV was calculated, as illustrated in
Fig. 6. The Deq varied between 35.253 and 19.928 cm in the studied
energy interval with an average of 28.473 cm. The high Deq values
are related to the fabricated glass's lower density and p values
compared to lead density and p values at the same gamma photon
energies. Around gamma-ray energy of 40 keV, the Deq for the
fabricated glass dropped to 10.5 cm due to the increase of p values
for the current glass and this is related to the absorption K-edges of
Ba.

The transmission factor (TF) and radiation shielding capacity
(RSC) are two important factors related to the photon's penetration.
Both factors were calculated based on the glass thickness and the p

59.5 keVI

Fig. 5. Comparison between the linear attenuation coefficient of the fabricated glasses
and some of the previously prepared glasses.
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of the present barium-based Iraqi silica glass. Fig. 7 clarifies the
change in TF and RSC versus the energy for a sample with a thick-
ness of 0.5 cm. Clearly, the TF values increase, raising the energy
between 22.1 and 160.6 keV. The TF values increase from 0.469% to
78.496%, with an average of 27.232%. This increase in the TF value is
related to diminishing the photoelectric interaction and beginning
the CS interaction with increasing the energy. Thus, the interaction
was associated with the loss of a small part of photon energy, and
the photons have enough energy to escape from the glass thickness.
On the other hand, the RSC decreases gradually, raising the photon
energy. This trend is also attributed to the CS increase inside the
glass. In this regard, the RSC for the fabricated barium-based Iraqi
silica decreased from 99.530% to 21.503%, between 22.1 and
160.6 keV, respectively.

Both TF and RSC depended on the glass thickness, as clarified in
Fig. 8. At 59.5 keV, the TF values decrease with a following order
76.269%, 50.801%, 13.111%, and 60.660%, while the RSC increases in
the order of 23.731%, 49.199%, 86.889%, and 93.340%, growing the
glass thickness between 0.1, 0.25, 0.75, and 1 cm, respectively.
Increasing the thickness of the sample means more impacts and
collisions were carried out between the photons and the glass
atoms, which causes a high loss in the energy of the incident
photos.

The effective and equivalent atomic numbers and the electron
density (Aefr) were calculated theoretically based on the Phy-X/PSD
[46] program between 15 and 200 keV, as clarified in Fig. 9. Both Zegr
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Fig. 7. The TF and RSC as a function of the gamma photon energy in the energy interval
between 20 and 180 keV.
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Fig. 8. The transmission factor (TF) and radiation shielding capacity (RSC) versus the
glass thickness.

and A attach high values at low gamma photon energies followed
by a huge increase around 40 keV. After that, they are reduced
highly by raising the gamma photon energy. This reduction in Zeg
and Aeff is related to the interaction mode, where the photoelectric
interaction is changed with Z*°/E>* in the studied energy range.
For example, Zqr decreases from 21.11 to 21.76. Simultaneously, the
Aefr decreases from 5.782 E+23 to 3.495 E+23 electons/g.

In a separate context, the Zq depends mainly on the ratio be-
tween partial Compton scattering pm to the total um for the
fabricated glass. Hence, Fig. 9 shows a low Zg value in the low
energy region extending to 30 keV, where the photoelectric inter-
action is the main. After that (above 40 keV), the Compton scat-
tering starts to appear inside the glass. Thus, the Z¢q values increase
regard with raising the Compton scattering interaction. For
example, the Zeq values were varied between 14.54 and 15.09,
raising the gamma photon energy between 15 and 30 keV. After
that, a high increase was observed, where the Zeq values varied
between 22.63 and 26.9 between 40 and 200 keV, respectively.

The buildup factor (BUF) for the incident photons was divided
into exposure and energy absorption buildup factors (EBF and
EABF). The EBF is related to the accumulated photons in the air
between the detector and the radioactive source, while the EABF
calculates the predicted accumulated photons inside the shield.
Both BUFs were estimated for the energy ranging from 15 to
200 keV, as clarified in Fig. 10 a and b. The photoelectric effect

35 1 - -
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30 — 24
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15 _ \. | I()
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Fig. 9. The effective and equivalent atomic numbers versus the gamma-ray photon
energy in the interval between 15 and 200 keV.
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Fig. 10. Variation of the buildup factors versus the gamma-ray photon energy in the interval between 15 and 200 keV.

influenced the values of both parameters in the studied energy
interval. The photoelectric interaction absorbs the total energy of
photons to liberate an electron from the outer shell of atoms.
Hence, the number of photons accumulated inside the glass and air
was dropped to its lower values until the Compton scattering
appeared. Above 100 keV, the air and glass sample accumulation
start to rise progressively with raising the energy under the effect of
Compton scattering, which absorbs only a small part of the gamma
photon energy. The accumulation of photons was also affected by
the penetration depth in the unit of mfp. Where increasing the
penetration depth causes an increase in the accumulation of pho-
tons (i.e., EBF and EABF), as presented in Fig. 11. The increase of EBF
and EABEF is relatively small for small penetration depths. After that,
increasing the penetration depth causes an increased path length of
the incident gamma photons, increasing the probability of photons'
accumulation. At 60 keV, the EBF values increase between 1.133 and
2.061. Simultaneously, the EABF increases between 1.153 and 2.119,
raising the penetration depth between 0.5 and 40 mfp, respectively.
The last observation is that the accumulation of photons in glass

6 T T T T T 7
W EBF (60 keV) o
—0O— EBF (100 keV)

—m— EABF (60 keV) =
—O— EABF (100 keV) /D

EBF

3

Penetration depth (cm)

Fig. 11. Variation of buildup factors versus the penetration depth.
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EBF is slightly higher than that achieved in air. This is related to the
Zegr of the fabricated glass, which is higher than the Z of air.

4. Conclusions

The present work presented the method for fabrication of a
barium oxide-based Iraqi sand to be applied in the radiation pro-
tection applications for the low energy gamma photons. The
melting process was performed at a melting temperature of
1580 °C, while the annulling was performed in the energy range
between 530 and 550 °C. In addition, the amorphous phase for the
fabricated glass was confirmed using X-ray diffraction. The me-
chanical properties of the fabricated glass were checked using the
Makishima-Makinzie method, where the mechanical moduli values
are 6.965 GPa, 45.105 GPa, 28.178 GPa, and 82.675 GPa, for Y, B, S,
and L, respectively. Besides, the microhardness of the fabricated
barium oxide-based Iraqi silica glass reaches 4.857 GPa. The
gamma-ray shielding capacity was examined using the MC simu-
lation between 22.1 and 160.6 keV. The p values decreased between
10.725 and 0.484 cm~! while the Ags increases from 0.065 to
1.431 cm when the gamma photo energy increased between 22.1
and 160.6 keV, respectively. Besides the suitable shielding capacity,
the high microhardness value makes the present barium oxide-
based Iraqi sand a good candidate for radiation shielding applica-
tions in medical and low gamma-ray energy applications.
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