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Abstract

The direct effects of tungsten trioxide (WO;) on gamma radiation attenuation properties of tungsten/barium/phosphate glasses
with chemical form xWO;—(50-x/2)BaO—(50-x/2)P,05, x=0 (S1)-60 (S7) in steps of 10 mol% has been investigated. To this
end, Phy-X/PSD software and Monte Carlo code were applied. The increased amount of WO; in the glass composition, on
the other hand, contributed positively to the increase in density and radiation sensing properties. At the lowest and highest
WOj; contributions, a nearly twofold increase in HVL value was seen for the S1 and S7 glass samples, respectively, with
S7 having the lowest HVL values. The HVL has obeyed the trend as: (HVL)g; > (HVL)g, > (HVL)g3> (HVL)g, > (HVL)gs
> (HVL)gs> (HVL)g,. The variation of the tenth value layer (TVL) for all studied glasses has the same trend of HVL. In
terms of mean free path (MFP), there was negative effect of WO; concentration on the trend of MFP. Consequently, S7 glass
sample has the lowest values of MFP, while the S1 glass sample has the highest values. Therefore, (MFP)g, > (MFP)g, > (
MFP)g; > (MFP)g, > (MFP)g5 > (MFP)g¢ > (MFP)g,. A comparison of the HVL of S7 glass sample with some commercial
radiation shielding materials such as different types of concrete and RS-253-G18 glasses has been performed and concluded
that the S7 glass sample is superior as radiation shielding material than several commercial materials. It can be concluded
that WO; reinforcement serves a multipurpose of increasing the density and hence the gamma-ray-shielding characteristics
of comparable glass compositions.

Keywords BaO-WO;-P,05 glass system - Elastic moduli - Radiation shielding - MCNPX

< H. O. Tekin 3

tekin765 @ gmail.com

P< Ghada ALMisned
gaalmisned @pnu.edu.sa

Department of Medical Diagnostic Imaging, College
of Health Sciences, University of Sharjah, 27272 Sharjah,
United Arab Emirates

Faculty of Engineering and Natural Sciences, Computer
Engineering Department, Istinye University, 34396 Istanbul,
Turkey

Department of Physics, College of Science, Princess
Nourah Bint Abdulrahman University, P.O. Box 84428,
Riyadh 11671, Saudi Arabia

Department of Physics, Faculty of Science, Menoufia
University, Shebin El-Koom 32511, Menoufia, Egypt

Published online: 07 May 2022

Department of Physics, Faculty of Science, Istanbul
University, 34134 Istanbul, Turkey

Center for Advanced Materials Research, Research Institute
of Sciences and Engineering, University of Sharjah,
27272 Sharjah, United Arab Emirates

Vocational School of Health Sciences, Medical Imaging
Techniques, Istanbul Kent University, 34433 Istanbul, Turkey

Institute of Physics and Technology, Ural Federal University,
620002 Ekaterinburg, Russia

Physics Department, Faculty of Science, University
of Tabuk, Tabuk 47512, Saudi Arabia

Physics Department, Faculty of Science, Al-Azhar
University, Assiut 71524, Egypt

@ Springer


http://orcid.org/0000-0002-0997-3488
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-022-05620-y&domain=pdf

470 Page 2 of 11

H. O.Tekin et al.

1 Introduction

Lead (Pb) and Pb-based materials are the most utilized
materials in radiation protection applications. Recent
investigations, however, have revealed that the hazardous
consequences of Pb on people’s health and the environ-
ment, in general, are severe problems due to its toxicity.
Consequently, its use as a shielding material is restricted.
Following Pb, concrete is yet another material that is well
suited for shielding of ionizing electromagnetic radia-
tion types such as gamma-ray and X-ray. Nevertheless,
its primary disadvantage is that it is largely used in the
building of shields and is very heavy and costly. Con-
crete, on the other hand, tends to crack when it is used.
Alternative materials in radiation protection studies are
alloys, rocks, marbles, slag, precious stones, steel, poly-
mers, lead-based materials, and lead-free materials [1, 2].
On the other hand, glass is an efficient radiation shield-
ing material for gamma-rays due to its transparency to
visible light, simplicity of manufacture, high amount of
recyclability, and ease of property modification through
preparation and composition operations [3—6]. To improve
the shielding properties, a variety of radiation-shielding
glasses have been produced considering their optical,
mechanical, structural, and other related properties [7, 8].
Meanwhile, Phosphate (P) glasses have distinct features
that allow them to be used in a variety of applications.
Different varieties of these glasses could be useful in a
variety of fields. Phosphorus oxide-based glasses have
been investigated as attractive materials for a variety of
applications in recent years due to their low viscosity, low
melting and glass transition temperatures, high refrac-
tive indices, and great thermal expansion. The employ-
ment including both network formers and glass modifiers
may help enhance the phosphate glasses' poor chemical
durability [9-14]. However, by including appropriate
oxides within the glass structure, the characteristics of
phosphate glasses may be increased. Glasses containing
elements with a high Z number (elements having a big
atomic number but a small gamma-ray cross-section), such
as Ba (Z=56), W (Z=74), Pb (Z=82), and Bi (Z=83),
are some great choices for shielding people from X-ray,
gamma-ray, and neutron interference radiation. A balanced
mix of low and high Z elements is required for shielding
materials against gamma and neutron combinations [15].
Tungsten trioxide (WO3) is one of the few oxides that may
form glasses with P205 over a wide range of compositions
[16, 17]. The doping level of tungsten trioxide glasses is
extremely dependent on the glass forming process; how-
ever, they are exciting technical materials. An intriguing
optical feature of tungsten trioxide is used in solid-state
micro batteries, optical smart windows, display devices
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and gas sensors [18-21]. For several purposes, glasses
incorporating WO; have been developed. There are a
variety of applications for amorphous semiconductors that
include smart windows, anti-glare rear view mirrors, opti-
cal recording devices and non-emitting displays [22-26].
There are also sensors for temperature and humidity, solid-
state gas sensors, biosensors, and mechanical and thermal
sensors [23—-26]. To compensate for the loss of bridging
oxygens caused by the alkaline earth oxides (CaO, SrO,
and BaO) added to P,0Os, non-bridging oxygens are pro-
duced instead. Barium oxide glasses, rather than lead or
zinc oxide glasses, have two advantages: the first is that
they are lead-free, and the second is that they are more
chemically, thermally, and mechanically resistant than zinc
phosphate glasses. With the addition of BaO to phosphate-
based glasses, the optical band gap energy increases while
the refractive index decreases slightly. According to the
literature, BaO can be employed as a suitable radiation
shielding material in a variety of glass matrices with good
optical properties [27, 28]. Radiation shielding properties
of glass include its ability to absorb gamma-rays and neu-
trons, as well as its transparency and the ability to simply
modify its composition. Since glass systems have such
different properties, they've attracted the interest of many
radiation shielding researchers. Analysis of mass attenu-
ation coefficients (MAC), half values, tenth values, mean
free path, Z g effective number, exposure build-up factor,
energy absorption build-up factor were all calculated in
this study (EABF). MCNPX general purpose Monte Carlo
simulation code [29] and Phy-X/PSD [30] program was
used to determine the transmission factor (TF), and other
essential gamma-ray-shielding parameters. The obtained
results were also compared with some conventional and
commercial shielding materials in a wide energy range.
The findings of this research may be useful for evaluating
the materials created in the source article on a large scale,
as well as for gaining a better knowledge of the absorption
enhancement offered by the WO; addition in relation to the
percentage increase in the glass compositions investigated.

2 Materials and methods
2.1 Bismuth borosilicate glasses

To achieve the aims of this study, seven glass samples of
tungsten/barium/phosphate glasses with chemical formula
xWO;-(50-x/2)BaO—-(50-x/2)P,0;, x =0-60 in steps of
10 mol% were chosen from the previous work [31]. In a
previous study on this group of materials, Sayyed et al. [32]
explored gamma-ray reduction characteristics for a particular
and limited energy range. Going beyond this research, in this
study, the gamma-ray energies of nuclear type radioisotopes
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are utilized to determine TF factors, which will give impor-
tant information for more practical applications by maintain-
ing the photon energy range explored in this study consider-
ably larger. A few more essential shielding metrics like as
build-up factors that were not offered in the prior research
were also given in this study, thereby broadening the size of
the current study. Detailed information of the investigated
glasses is stated as follows:

S1: OWO,-50Ba0-50P,0s: density (p=3.64 g/cm’ and
molar volume (V,,=40.6 cm®/mol)),

S2: 10WO,—45Ba0—45P,0s: density (p=23.89 g/cm’ and
molar volume (V,,=40.1 cm*/mol)),

83: 20W0;—40Ba0O—40P,0s: density (p=4.18 g/cm® and
molar volume (V=394 cm?/mol)),

S4: 30W0;-35Ba0-35P,05: density (p=4.48 g/cm® and
molar volume (V,,=38.6 cm?/mol)),

S5: 40W0;-30Ba0-30P,0s: density (p=4.88 g/cm’ and
molar volume (V,,=37.4 cm?/mol)),

S6: 50W0;-25Ba0-25P,0s: density (p=5.16 g/cm?® and
molar volume (V,_,=36.8 cm?/mol)), and.

S7: 60W0O;—-20Ba0O-20P,0s: density (p=5.47 g/cm® and
molar volume (V,,=36.2 cm?/mol)).

All details and elemental weight fraction of the studied
glasses are collected in Table 1.

2.2 Calculation of transmission factors (TFs) using
MCNPX code

Another critical characteristic of radiation shielding mate-
rials is their ability to absorb a fraction of the primary
radiation impacting on attenuator. This condition may be
represented in terms of the value produced from the pro-
portionate assessment of the primary—secondary radiation
beam pair used to determine the entire material, rather
than the explicitly stated gamma-ray-shielding parameters.
The physical equivalent of this application is the shielding
material's transmission factor (TF) [33]. The TF values

Table 2 Radioisotopes and gamma-ray energies used for gamma-ray
TF calculations

Radioisotope Gamma-ray energy (MeV)

% Ga 0.0086, 0.0093, 0.1840

Co 0.0144, 0.1221, 0.1365

B i) 0.0230, 0.1710, 0.2450

133Ba 0.0532, 0.0796, 0.0810,
0.2764, 0.3029, 0.3560,
0.3838

200 0.0710, 0.1350, 0.1670

99m e 0.1405

ey 0.3201

1311 0.2843, 0.3645, 0.6370, 0.7229

BCo 0.5110, 0.8108

137Cs 0.6617

0o 1.1732, 1.3325

of the glass samples tested in this research were carefully
explored for a variety of radioisotopes used therapeutically
and diagnostically in the nuclear type (see Table 2). For
this portion of the investigation, the MCNPX algorithm is
used to simulate a wide transmission assembly. Figure 1
shows a three-dimensional depiction of the setup built
using the MCNPX algorithm. As shown in the figure, the
quantity of gamma rays’ incident on and absorbed by the
glass material in the center of the two detection zones were
the primary parameters utilized to calculate the TF val-
ues. In addition, to determine the fluctuation in TF values
with thickness, each glass sample was modeled in various
thicknesses and the radioisotopes given in Table 2 were
determined. The infrastructure for the modeling shown in
Fig. 1 began with the development of the MCNPX INPUT
file and concluded with the export of the TALLY values
from the OUTPUT file and the definition of the TF val-
ues. Additional technical details on TF simulation may be
gleaned from our prior research and the literature [34, 35].

Table 1 Samples code,

' ’ Samples code Elemental weight fraction (wt.%) Density, p (g/  Molar
elemfental weight fraction, cm3) [30] volume,
density, and molar volume of
(50-x/2)BaO—xWO;—(50-x/2) ( 0[11113 /mol)
P,0;: (x=0,10, 20, 30, 40, 50, [30]
and 60 mol% glasses

o P Ba w
S1 0.325104 0.2098 0.465097 0 3.64 40.6
S2 0.307562 0.178632 0.396002 0.117804 3.89 40.1
S3 0.291817 0.150655 0.333981 0.223546 4.18 394
S4 0.277606 0.125403 0.278002 0.318989 448 38.6
S5 0.264714 0.102497 0.227222 0.405567 4.88 374
S6 0.252967 0.081624 0.180948 0.484461 5.16 36.8
S7 0.242218 0.062524 0.138608 0.556651 5.47 36.2

@ Springer



470 Page 4 of 11

H. O.Tekin et al.

Point Isotropic Gamma-ray Source

xaxis

————zaxis

“yaxis

()

Detector for Primary Gamma-ray
(Fa* Tally Mesh - Average Flux)

Primary Gamma-rays

Secondary Gamma-rays

Investigated Glass Sample
for Transmission Factors

Detector forSecondary Gamma-ray
(F4* Tally Mesh - Average Flux)

(b)

Fig.1 (a) 2-D view of designed MCNPX simulation setup (b) 3-D illustration of designed MCNPX setup (2-D and 3-D views are obtained from

MCNPX Visual Editor VisedX22S)
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Fig.2 Variation of investigated glass densities

3 Results and discussion

The radiation attenuation characteristics of seven distinct
glass samples doped with varying quantities of WO; were
studied in this work. The WO, additive ratio was gradually
raised in several glass compositions from S1 to S7 and
achieved its highest value in the S7 sample. Figure 2 illus-
trates the variation in density of the studied glass samples
as the quantity of WOj; in the glass composition increases.
This increase in weight resulted in a rise in the elements
composition and a considerable increase in glass density,

@ Springer

Linear Attenuation Coefficient (cm™)

Energy (MeV)

Fig.3 Variations of linear attenuation coefficient (cm™") with photon
energy (MeV) for all S1-S7 glasses

resulting in a difference of 1.83 g/cm? between the lowest
and maximum WOj; reinforcement. Among the gamma-
ray-shielding properties, the linear attenuation coefficient
(W) is the one that is proportional to the material density.
A material’s linear attenuation coefficient is a crucial
parameter that can be computed for each gamma-ray
energy and serves as the fundamental condition for calcu-
lating other critical parameters. Figure 3 illustrates the
pattern of change in linear attenuation coefficients deter-
mined for seven different glass samples as a function of
gamma-ray. As seen in the image, the linear attenuation
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coefficient values are presented as maximal in the low
energy zone. This is because the photoelectric effect is the
main mechanism for low energy photons. This large reduc-
tion in the low energy area created a peak for the k-absorp-
tion edge and then declined again, indicating that Compton
scattering was the dominating interaction in the mid-level
energy region and that the decrease was accompanied by
a lighter acceleration. As seen in Fig. 3, the elemental
compositions of the seven glass samples investigated had
a substantial effect on the linear attenuation coefficient
values. As a consequence, S7 samples with the highest rate
of WOj; addition had the highest linear attenuation coef-
ficients for all energy values investigated. This demon-
strates that the increase in density caused by doping also
has a major influence on the linear attenuation coefficient
in multi-glass samples. The half value layer (HVL) is
another critical gamma-ray-shielding characteristic that
can be calculated using the linear attenuation coefficient.
The HVL physically represents the thickness at which the
amount of a photon of a certain energy incident on a mate-
rial will reduce to half its value. The fact that this thick-
ness varies for the same energy values indicates that mate-
rials with a low half value thickness have better gamma-ray
attenuation characteristics. In other words, decreasing a
material’s HVL value for a given photon energy improves
its shielding properties. Figure 4 illustrates the range in
HVL values between 0.015 and 15 MeV energy for the
seven different glass samples investigated. As seen in the
figure, although the HVL values are modest for low photon
energies, a proportionate increasing trend in the HVL val-
ues has begun as photon energy increases. The primary
explanation for this condition is that the higher WO; addi-
tive ratio results in a rise in the linear attenuation

0.1

Half Value Layer (cm)

o

o

=
1

001 o1 1 T
Energy (MeV)

Fig.4 Variations of half value layer (cm) with photon energy (MeV)
for all S1-S7 glasses

coefficients, which results in a fall in the HVL values (i.e.,
HVL =0.693/u). As a consequence, the S7 sample received
the lowest HVL values. A deeper analysis of Fig. 4 reveals
an average difference of two times between S1 and S7
samples for the same energy value, particularly in the high
energy range. This is another situation where the WO,
addition noticeably improves shielding for the two samples
with the lowest and highest doping percentages. Generally,
HVL has followed the trend as: (HVL)g; > (HVL)g, > (H
VL)g3> (HVL)g, > (HVL)gs> (HVL)g¢ > (HVL)g,. Fig-
ure 5 shows the variation of the tenth value layer
(TVL =2.302/p) as a function of photon energy in MeV
for all studied glasses. From Fig. 5, it was observed that
TVL parameter has a similar trend of HVL for all studied
glasses. In terms of mean free path (MFP = 1/p), the vari-
ations of MFP with the incident photon (E) for S1-S7

Energy (MeV)

Fig.5 Variations of tenth value layer (cm) with photon energy (MeV)
for all S1-S7 glasses

MFP (cm)

Energy (MeV)

Fig.6 Variations of mean free path (cm) with photon energy (MeV)
for all S1-S7 glasses
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glasses is depicted in Fig. 6. As shown in this figure, there
was negative effect of WO; concentration on the trend of
MFP. Consequently, S7 glass sample has the lowest values
of MFP =0.002 cm at photon energy 15 keV and 4.329 cm
at photon energy 15 MeV, while the S1 glass sample has
the highest values of MFP =0.008 cm and 8.584 cm at
photon energy 0.015 MeV and 15 MeV, respectively.
Therefore, (MFP)g, > (MFP)g, > (MFP)g; > (MFP)g, > (M
FP)g5> (MFP)gs > (MFP)g,. Results of the HVL, TVL, and
MFP confirm that the S7 glasses have the best shielding
capacity among all investigated glasses. Figure 7 shows a
comparison of the HVL of S7 glass sample with some
commercial radiation shielding materials such as Ordinary
concrete (OC) [36], Hematite—Serpentine concrete (HSC),
(Ilmenite—Limonite concrete (ILC), Basalt—-Magnetite con-
crete (BMC), Ilmenite concrete (IC), Steel-Scrap concrete
(SSC), Steel-magnetite (SMC) [36], and RS-253-G18
glasses [37]. From Fig. 7, it was observed that the S7 glass
sample is superior as radiation shielding material than sev-
eral commercial materials. Figure 8 illustrates the varia-
tion of the effective atomic number (Z.4) with photon
energy (MeV) for all S1-S7 glasses. The maximum Z g
values were recorded in this energy zone due to the preva-
lence of photoelectric contact. As a result of the increase
in Z (W =74) in the glass matrix, a statistically significant
rise in Z g was seen in the lowest energy band. As a result,
the Z.; values in the intermediate energy zone reduced
dramatically as a result of the frequency of Compton scat-
tering occurring in the intermediate energy region.
According to our results, the S7 sample with the greatest
mass attenuation coefficients also has the maximum feasi-
ble Z  values at the energies under consideration. Vari-
ances in exposure build-up factor (EBF) and energy

40 |
——s7
—e—o0cC
B _ausc .
—v—ILC
0F  _—pme
25 —>—IC |
e [ —e—ssc
S 2 —@—sMC
= —@— RS-253-G18
> 4
T 15
10
5
0 P = 5 ;.=
L] L] L]
0.01 0.1 1 10

Energy (MeV)

Fig.7 Comparison between HVL of sample S7 with some commer-
cial materials in photon energy (MeV)

@ Springer

Energy (MeV)

Fig.8 Variations of effective atomic number (Z.;) with photon
energy (MeV) for all S1-S7 glasses

absorption build-up factor (EABF) values are shown in
Figs. 9 and 10 as a function of gamma-ray energy (MeV)
over a range of mean free path values. Since photoelectric
absorption accounts for the vast majority of incoming
gamma-rays in the low gamma-ray energy area, as can be
shown, both EBF and EABF values are very low in the low
gamma-ray energy range. The EBF and EABF values, on
the other hand, dramatically increase when Compton Scat-
tering becomes evident around roughly 0.1 MeV. Accord-
ing to our results, increasing the amount of WO3 supple-
mentation resulted in a decrease in the EBF and EABF
values across the board (i.e., from 0.5 to 40 mfp). In other
words, when the amount of W grows from S1 to S7, the
collision rate of incoming gamma-rays increases consider-
ably in the glass samples. Figure 1 shows the effect of
increasing the quantity of W. Finally, another crucial
parameter for shielding materials, the gamma-ray trans-
mission factor (TF), was calculated for S1, S2, S3, S4 and
S5 glass samples for a range of well-known radioisotope
energies (see Table 2). The TF values of the investigated
glasses were determined using two distinct methods. To
begin, the TF factors of S1-S7 samples were determined
at varied glass thicknesses. At different glass thicknesses,
in Fig. 11, the TFs of the studied glasses are shown as a
function of the radioisotope energy (MeV). The transmis-
sion factor rises in synch with the radioisotope energy,
from 0.0086 MeV to 1.3326 MeV. When testing at low
energies, the lowest TF values were found in glass samples
of all thicknesses tested. Low-energy gamma-rays may be
easily attenuated by thick samples because of their high
attenuation capacity Thus, at around 0.1 MeV, there is a
significant discrepancy. As the gamma-ray energy
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Fig. 10 Variation of EABF values as a function of photon energy at 0.5-40 mfp
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Fig. 11 Transmission factors (TFs) of investigated glasses as a function of used radioisotope energy (MeV) at different glass thicknesses

increases beyond 0.1 MeV, the reactivity of glass samples
increases as well. All glass samples were tested at a thick-
ness of 3 cm to find their maximum attenuation (also
known as minimum transmission). Increasing shield thick-
ness leads in a decrease in incoming gamma-ray attenua-
tion because shield thickness affects the attenuation capa-
bility of any shielding material. Subsequently, the
attenuation capabilities of various glass thicknesses
(0.5cm, 1 cm, 1.5cm, 2 cm, 2.5 cm and 3 cm) were used
to assess the TF values of the tested glasses in detail. For
example, in Fig. 12, the transmission factors of different
glass thicknesses as a function of the radiation energy
(MeV) used are shown. This chart shows how TF values
drop with increasing gamma-ray energy. A thickness of
3 cm had the lowest TF values of all of the glass samples
tested. The S7 sample, on the other hand, showed the least
transmission behavior across all the above-mentioned
studied glass thicknesses.

4 Conclusion

Recent years have seen a spike in interest in the potential
of reinforced glasses for a variety of applications in radia-
tion areas. While this scenario has benefited the devel-
opment of novel glass combinations and the literature
in the material sciences in recent years, it continues to
allow for the development of radiation protection settings
with the highest possible level of protection. In this study,
Phy-X/PSD software and MCNPX Monte Carlo code were
applied to investigate the direct effects of tungsten triox-
ide (WO;) on gamma radiation attenuation properties of
tungsten/barium/phosphate glasses with chemical form
xWO0;—(50-x/2)BaO—-(50-x/2)P,05, x =0 (S1)-60 (S7) in
steps of 10 mol%. The increased amount of WO; in the
glass composition contributed positively to the increase
in density and radiation sensing properties. At the lowest
and highest WO; contributions, a nearly twofold increase
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Fig. 12 Comparison of the transmission factors (TFs) as a function of used radioisotope energy (MeV) for different glass thicknesses

in HVL value was seen for the S1 and S7 glass samples,
respectively, with S7 having the lowest HVL values. Gen-
erally, HVL has followed the trend as: (HVL)g, > (HVL
)s2> (HVL)g3 > (HVL)g, > (HVL)gs > (HVL)g6 > (HVL
)g7- The variation of the tenth value layer (TVL) for all
studied glasses has the same trend of HVL. In terms of
mean free path (MFP), there was negative effect of WO,
concentration on the trend of MFP. Consequently, S7 glass
sample has the lowest values of MFP, while the S1 glass
sample has the highest values. Therefore, (MFP)g, > (MFP
)s2 > (MFP)g; > (MFP)g, > (MFP)gs > (MFP)g > (MFP)g.
A comparison of the HVL of S7 glass sample with some
commercial radiation shielding materials such as different
types of concrete and RS-253-G18 glasses has been per-
formed and concluded that the S7 glass sample is superior
as radiation shielding material than several commercial
materials. The major purpose of this work was to evalu-
ate the synergistic behavioral changes that occur because
of varying degrees of WO; heavy metal oxide structure
in the glass, as suggested by a review of the literature.
Although this research concentrated on glass samples and
their elastic, mechanical and gamma-ray-shielding prop-
erties as a function of WO; content, other factors such
as mechanical, thermal, and cost assessments relevant to
application settings may be examined in future studies
to offer a more complete view of these glass samples for
practical applications.
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