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Abstract

Moduli of elasticity and the ability of gamma radiation shielding as well as transmission factor (TF) of four samples of
tungsten bario-phosphate glasses with chemical formula xBaO-40WO;-(60-x)P,05: (x =10, 20, 30, and 40 mol% glasses)
have been examined. The glass samples have been coded as S1: 10BaO-40WO;-50P,05, S2: 20Ba0-40WO;-40P,05 S3:
30Ba0-40WO;-30P,05, and S4: 40Ba0-40WO;-20P,05. Makishima-Mackenzie model, the newly online Phy-X/PSD soft-
ware, and Monte Carlo code were applied to achieve the mentioned purposes. The total dissociation energy (G,) values were
decreased from 62.58 (kJ/cm?) for S1 glasses to 55.92 (kJ/cm?) for S4 glasses. The total packing density (V,) was 0.613,
0.626, 0.612, and 0.643, for S1, S2, S3, and S4, respectively. Values of Young’s (EMM) modulus were 76.759 GPa, 75.631
GPa, 71.167 GPa, and 71.966 GPa and Poisson’s ratio (c™™) possessed the values 0.273 GPa, 0.278 GPa, 0.273 GPa, and
0.284 GPa for S1, S2, S3, and S4, respectively. The S4 sample possessed the highest values of both linear (u) and mass (u,,)
attenuation coefficients. However, (1, tu,)s; < (W M)so < (M, Hp)ss < (U, U)ss- Also, The S4 sample possessed the lowest
values of half value layer (HVL), tenth (TVL) value layers, and mean free path (MFP) among all studied glasses. Therefore,
(HVL, TVL, MFP), < (HVL, TVL, MFP)g; < (HVL, TVL, MFP)q, < (HVL, TVL, MFP)y,. Both effective atomic number
(Z.) and electron density (N.q) of the investigated glasses have as similar trend. In terms of transmission factor (TF), the
sample S4 achieved the minimum values at a thickness of 3 cm. However, the S4 sample exhibited superior radiation shield-
ing characteristics.
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Introduction risks of radiation were reported following the discovery

of X-ray [1]. Increased risk of cancer is also associated
Aside from the benefits of ionizing radiation, concerns  with radiation exposure. Studies found an increased risk
about the quantity of radiation generated and absorbed  of cancer among radiation workers [2] and a significant
during the usage of radiation were noted. The biological = association between radiation exposure and mortality [3].
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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)

Therefore, radiation facilities must ensure that radiation
safety procedures and practices are properly implemented
to support safe practice [4]. Protection from radiation,
which poses a hazard to human health, is a fascinat-
ing scientific research area. With decreasing radiation
exposure time and increasing distance from the radiation
source, radiation shielding is one of the cornerstones of
radiation protection. Radiation shields act as barriers and
protect from penetrating radiation such as gamma rays
and neutrons [5-11]. Radiation shielding is commonly
used to protect medical patients and radiation workers
from direct and secondary radiation. Shielding has a sig-
nificant role in reducing radiation dose to patients. Never-
theless, the use of shielding is applied to other industries
applied radiation in practices such as research, nuclear
energy, and defense [12]. The majority of currently avail-
able shielding materials are made of lead (Pb) and have
a number of drawbacks, including weight, strength, and
the lack of transparent glass [13, 14]. Researchers are
working hard to develop better, next-generation shielding
materials that are also ecologically beneficial. Therefore,
additive and alternative materials are to be examined to
increase visibility, cost, weight, and ease of produc-
tion. For this reason, many materials such as glasses,

Table 1 Packing density factor (V,), and dissociation/bond energy per
unit volume (G;) of the oxides BaO, WOj;, and P,05

Oxide V; (cm*/mol) G; (kJ/em?)
BaO 13.1 40.6
WO, 21.3 67.8
P,05 34.8 62.8

@ Springer

metals, and composites have been tested to improve the
efficiency of shielding materials [15-24]. As mentioned
above, nowadays the glass materials are used in several
nuclear radiation facilities. Many of researchers stud-
ied the effectiveness of glass as the radiation shielding
materials such as: Na,05-Al,05-S10,-CaO-WO; glass
[25], Li,B,O; glass [26], TeO,-Ta,05-Bi,05 glass [27],
Ba0O-MgO-Na,0-Al,05-B,0; glass [28], WO; doped
TeO,-B,0; glass [29], TeO,~ZnO-NaF-LiF glass sys-
tem [30], BaO-TeO,-Cr,05-B,0; glass system [31], and
Na,0-BaCl,-B,0;-BCD glass [32]. However, a research
in which a gamma-ray energy range in a very wide spec-
trum was not found on existing glass samples. More
importantly, the TF factor calculations performed in
addition to the photon energy in this broad range also
raised the level of the characterization process, providing
a better understanding of both the particular shielding
parameters and all the absorption characteristics of the
glass samples. As previously, due to glasses have sev-
eral interesting physical and chemical properties such as
transparency, ease in preparation, low cost, have good
optical, thermal, mechanical, and electrical properties,
they can applied in various industrial and medical appli-
cations [20, 33-36]. Therefore, recently several authors
paid their efforts to design and prepare new promising
glasses for optical and radiation shielding applications
[20-24].

The primary objective of the current work is to exam-
ine how barium oxide (BaO) affects the ability of tungsten
bario-phosphate (WO;/ BaO/P,0s) glass to shield radiation
and mechanical forces. The conclusions may help with a bet-
ter knowledge of radiation safety concepts for the examined
glasses and their versatility in use.
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Table2 Total ionic packing density (V,), total dissociation energy
(G, Young's modulus (EMM), bulk modulus (KM™), shear modu-
lus (SMM), longitudinal modulus (LMM) and Poisson's ratio (c™™)

based on Makishima-Mackenzie model of the studied glasses. The x;
is mole fraction of the component i of an oxide glass and V_, is the
molar volume of the glass samples

Parameters and v, G, (kJ/cm?) EMM(GPa) KMM(GPa) SMM(Gpa) LYM(Gpa) cMM(GPa)
elastic moduli
S1 0.613 62.58 76.759 56.490 30.136 96.571 0.273
S2 0.626 60.36 75.631 56.859 29.582 96.204 0.278
S3 0.6120 58.14 71.167 52.267 27.950 89.442 0.273
S4 0.643 55.92 71.966 55.570 28.020 92.838 0.284
Materials and methods
]00 T T T T
Tungsten bario-phosphate glasses A*A\A/‘
90 |
Four samples of tungsten bario-phosphate glasses with .
chemical composition xBaO-40WO;-(60-x)P,05: (x =10, g sr
20, 30, and 40 mol%) were selected from previous work © Ll *\‘\*_—_*
[37]. Some details of the studied glasses as the following: 5 T
é 60 |
S1: 10BaO-40WO,-50P,05 E W |
S2: 20Ba0-40W0;-40P,05 2 SorF
S3: 30Ba0-40WO0;-30P,05 = wh
S4: 40Ba0O-40WO0;-20P,05 ]
We———_o @ o
Mechanical features of tungsten bario-phosphate
20 1 1 1 1 1 1 1

glasses

Makishima-Mackenzie [38-42] was used to calculate the elastic
moduli and Poisson's ratio of the tungsten bario-phosphate glasses
(S1-S4) that were investigated. The elastic moduli are known to be
a function of the packing density (V,) and the dissociation energy
(G per unit volume of the chemical-bonds in the glass, as [38—42]:

63 T T T T T T T 0.65

o f *

61 |-

- 0.64

60 [ 4 0.63

59 F

58k 0 4 0.62

s7k X

Total packing density, V¢

- 0.61
56 0

55 1 1 1 1 1 1 1 0.60
10 15 20 25 30 35 40

BaO content (mol%)

Total dissociation energy, G¢ (kJ/cm®)

Fig.2 Variation of G, and V, as a function of BaO content (mol%) of
the investigated glasses
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Fig. 3 Variation of elastic moduli as a function of BaO content mol%
of the investigated glasses
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Fig.4 Variation of Poisson’s ratio as a function of BaO content
(mol%) of the investigated glasses
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where V; 1is the ionic radius and G; is the average strength

of each oxide

The Young's (EMM), bulk (KM™), shear (S¥M), and longi-
tudinal (LY™) moduli may be calculated in GPa unit through
the following Egs. (3—6) [38—42]:

EMM =2V G, 3)

Fig.6 Variations of linear
attenuation coefficient (cm™")
with photon energy (MeV) for

all S1-S4 glasses 100

N
o

Linear Attenuation Coefficient (cm™)

Poisson’s ratio (o,,,,) can be given as
EMM
MM
=|—=+=)-1
o < 2GMM > )

Radiation shielding parameters and transmission
factors (TFs)

It is well understood that the photon attenuation efficiency
of substances may be affected by changes in their com-
position. Such modifications may be evaluated in several
ways, including by analyzing parameters or by computing
an evaluation of the whole content. TF [43] is the quan-
titative percentage (%) of the incident radiation's inten-
sity to the secondary radiation intensity after attenuation
inside the glass shiled. For several common radioisotope
energies, TFs and gamma-ray attenuation properties of
the explored glasses were quantified using a general-
purpose Monte Carlo simulation software, MCNPX (Ver-
sion 2.7.0) [44]. Moreover, Phy-X/PSD [45] program
was employed in terms of determining the fundamental
gamma-ray shielding parameters. Graphical representa-
tions of the MCNPX simulation structure from two and

1
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Fig.7 Variations of mass
attenuation coefficients (cm?/ 2)
with photon energy (MeV) for
all S1-S4 glasses
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three-dimensional perspectives, respectively, are shown
in Fig. 1a and b. These images are utilized to compute the
gamma-ray transmission factor (TF) values of the glass
shields under investigation. The first step of any Monte
Carlo simulation software is the formation of an appropri-
ate input file. This file should include all the components
that will make up the simulation platform on which the

research will be carried out. Throughout every step of this
investigation, a straightforward input file was constructed
to provide information on the cells, surfaces, and data
cards. This file was afterwards presented in the manner
that is seen in Fig. 1. The percentage distributions and
densities of the elements were provided for each speci-
men are the two key determinants that may be found in the

Fig.8 Variations of half value ]
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input file that was produced consequently. The results of
this investigation will be explained in the sections that fol-
low. Throughout the stages of the Monte Carlo simulation,
we relied on a primary processor that was comprised of a
Lenovo® Think-Station-P620/30E0008QUS Workstation.
In the meanwhile, it was discovered that the total relative
error rate for the process of simulation was less than 1%.

Results and discussions
Mechanical characteristics
Values of V; and G; of P,05, WO;, and BaO oxides are col-

lected in Table 1. Table 2 contains the obtained values for V,
and G,. Figure 2 shows how G, and V| change as a function of

Fig. 10 Variations of mean free
path (cm) with photon energy ] St
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v 54
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to that of BaO (40.6 kJ/cm?). Relation (3) used to calculate the

| =54 /

16 IGlass1 - Young's elastic (EMM) modulus by substituting for (V,) and
Y el g::z:g / (G,) values. The obtained values of the (EMM) are collected in
—@— Glass4 Table 2 and depicted in Fig. 3. The (EM™) values are 76.759

| =/ Glass5

-
N

-
o

Half Value layer (cm)
(2] (=]

E (MeV)

Fig. 11 Variations of half value layer (cm) with photon energy (MeV)
for S4 glass comparing to different glasses and concrete

the amount of barium oxide (BaO) in mol% of S1-S4 glasses.
For S1, S2, S3, and S4, the (Vi) was 0.613, 0.626, 0.612, and
0.643, respectively. This pattern might be explained by the fact
that BaO has an ionic radius that is lower than P,Os. As shown
in Fig. 2, the Gt values fell from 62.58 (kJ/cm?®) for S1 glasses to
55.92 (kJ/cm?) for S4 glasses. The trend of the (G)) is due to the
P,05 has dissociation energy (62.8 kJ/cm?®) higher compared

Fig. 12 Variations of effec- 70 5
tive atomic number (Z ) with E

hoton energy (MeV) for all ] ¥¥x
p gy (MeV) 60] W=

S1-S4 glasses

N
o
sl

GPa, 75.631 GPa, 71.167 GPa, and 71.966 GPa, respectively.
The reduction of the (EMM) can be attributed to the decrease
of the G, with increasing of BaO concentration. Applying rela-
tion (4), values of the bulk (KM") modulus of S1-S4 samples
were given and collected in Table 2. Values of the (KM™) were
56.490 GPa, 56.859 GPa, 52.267 GPa, and 55.570 GPa, respec-
tively. Both shear (SM™) and longitudinal (LMM) elastic moduli
were computed, collected in Table 2, and drawn in Fig. 3. Val-
ues of the (SMM) were 30.136 GPa, 29.582 GPa, 27,950 GPa,
and 28.020 GPa, while values of the (LMM) were 96.571 GPa,
96.204 GPa, 89.442 GPa, 92.838 GPa, for S1, S2, S3, and S4
glasses, respectively. Poisson’s ratio (™) of the investigated
glasses was examined via relation (7). As in Table 2 and Fig. 4,
the values of (6™™) were 0.273 GPa, 0.278 GPa, 0.273 GPa,
and 0.284 GPa for S1, S2, S3, and S4, respectively.

Gamma-ray shielding properties of tungsten
bario-phosphate glasses

The purpose of this research is to investigate novel
glasses derived from the system tungsten bario-phosphate
glasses (BaO-P,05-WO;). The preparation and investiga-
tion will concentrate on the fundamental physical char-
acteristics of these glasses as a consequence of their
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8
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chemical configurations. The glass samples' densities
ranged between 4.04 to 5.33 g.cm™, as S1 has the low-
est density and S4 the highest, presented in Fig. 5. The
variations of (u) and (u,,) of glasses S1-S4 with photon
energy (MeV) are demonstrated in Figs. 6 and 7. Both
figures exhibit nearly identical pattern of trends, as they
start with a gradual decrease in S1-S4 values as photon

60 Y- .
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Fig. 14 Variations of equivalent atomic number (Z.,) with photon
energy (MeV) for all S1-S4 glasses
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energy increases until 0.03 MeV a sudden rise in values
is detected as it is followed by the same previous behavior
of gradual decrease, at 0.06 MeV another rise in values is
depicted, followed by a subsequent drop in values, main-
taining the same pattern in which S4 holds the highest
values, followed by S3, S2 and S1 which is the lowest in
numerical values among glasses. Mass attenuation coef-
ficient (u,,,) graph (see Fig. 7) depicts closer values, almost
identical at some recorded photon energy points (MeV).
Photon-matter interactions in different energy zones, such
as the photoelectric effect and Compton scattering, may
be ascribed to the vast range of values for (u) and (u,,),
respectively. This may be done so in order to explain the
large range of values for (u) and (u,,). The density of a
material is taken into consideration while determining the
linear attenuation coefficient of a substance, in contrast
to the (u,,). According to the findings of our study, the
(w) and (u,,) of the S4 sample were the highest across
the board for all of photons energies. Calculating the half
value layer, also known as the HVL, is required in order to
evaluate how effective a shielding material is against the
radiation that is being used. Both HVL and TVL which
employ absorber materials of varying thicknesses are two
distinct approaches of lowering the intensity of radia-
tion beams. Both of these approaches are known as HVL.
The HVL refers to the minimum thickness of a material
that must be used in order to attenuate X-ray or gamma-
ray radiation to fifty percent of its initial value. A moving
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Fig. 15 Variation of exposure buildup factors (EBF) of investigated glasses at different mean free path values

particle's mean free path is the average distance it travels
between subsequent collisions or impacts; this distance is
referred to as the mean free path (MFP).

Figures 8, 9, and 10 depict the variations of HVL,TVL,
and MFP, respectively with photon energy (MeV), these three
graphs illustrate an identical trend pattern, as the three of them
start with a gradual increase in values proportional to photon
energy until 0.06 MeV a slight sudden drop in values occurs,
after that the trend returns to its previous state of subsequent
rising in values while S1-S4 values maintain the same order
throughout the three trends, S1 ranks highest values, followed
by S2, S3 and S4 is the lowest among four glasses. HVL and
TVL values may be enhanced by using the S4 sample, which
lowers gamma-ray intensity at the thinnest material thick-
nesses. Because of its high gamma-ray absorption rate, the

mean free path (MFP) between two subsequent interactions in
S4 sample is the shortest among the glasses evaluated.

Figure 11 shows the variations of HVL with photon
energy for S4 glass sample comparing to glass1 [46], glass2
[47], glass3 [48], glass 4 [49], glass5 [50], ordinary concrete
(OC) [51], and hematite-serpentine concrete (HSC) [51]. As
shown in this figure, along selected photon energy, the S4
glass sample (this work) has the smallest HVL values.

It is inversely related to the incoming photon energy
(MeV) to the effective atomic number (Z.,) and the
effective electron density (N.s). As both graphs depict
similar type of trend when seen at first glance, both
trends start with a subsequent drop in values as energy
(MeV) rises up to 0.06 MeV a sharp increase is noted.
Then, the trend continues to descend with energy

@ Springer
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Fig. 16 Variation of energy absorption buildup factors (EABF) of investigated glasses at different mean free path values

rising up to 3 MeV values begin to increase gradually.
Main differences between these two trends, in Z ¢ (see
Fig. 12), which starts with slight difference among
S1-S4 values but after first sharp increase at 0.06 MeV,
values diverge and start to depict more significant dif-
ferences while maintaining to keep S4 as the highest
value among glasses throughout the trend, followed by
S3, S2 and S1 the least in value. For Fig. 13, trend starts
with divergent values that illustrate noticeable numeri-
cal differences among S1-S4 then after the first sharp
increase, values take part in coming closer with much
less numerical difference. Throughout the trend, S1 has
maintained the highest value across glasses, with S2, S3,
and S4 having the lowest value. Figure 14 demonstrates

the relationship between equivalent atomic number (Z,)

@ Springer

and photon energy (MeV), as seen, trend starts with an
ascending behavior with two events of sharp rising in
values at 0.03 MeV and 0.06 MeV, it reaches a maxi-
mum peak at 1 MeV recording values between 56.71 and
60.10 for S1-S4 glasses, noting that S4 ranks highest
values followed by S3, S2 and S1. After reaching the
peak, values drop gradually.

The EBF and EABF values of the investigated glasses
are presented in Figs. 15 and 16 as a function of energy
(MeV) for the different mean free paths (i.e., from
0.5 to 40). When the photon's energy increases, there
is a noticeable increase in these values at energies of
0.02 MeV, 0.04 MeV, 0.06 MeV, and 2 MeV. EBF and
EABF variations are less evident at lower penetration
depths up to 15 MeV energy, but they substantially rise
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Fig. 17 Transmission factors (TFs) of investigated glasses as a function of used radioisotope energy (MeV) at different glass thicknesses

as mfp increases with energy intensities up to 15 MeV.
This is because EBF and EABF fluctuations are propor-
tional to the energy strength. It is more likely for photon
build-up to occur when the mfp values are higher, espe-
cially for thicker materials and when there is a larger
spectrum of incoming X-rays or gamma-rays. In addi-
tion, when it came to the fundamental gamma-ray shield-
ing capabilities, we found that the S4 sample had the
highest attenuation out of the four different glasses that
were investigated.

Gamma-ray transmission factors (TFs)

The transmission factors (TFs) of the glasses that were tested
are shown in Fig. 16 as a function of the radioisotope energy
that was employed (MeV) at various glass thicknesses. TFs
were calculated for all the glasses in two phases. In the first

phase, the TFs were calculated of each glass samples for dif-
ferent thicknesses such as 0.5, 1.5, 2.5, and 3 cm as a function
of radioisotope energies. As seen in Fig. 17, all glass samples
have low TF values when gamma energies are low. However,
this behavioral condition was quantified differently in relation to
the TF values for various glass thicknesses. For example, at the
thinnest glass thickness of 0.5 cm, all glasses had the greatest
TF value, indicating that they were capable of resisting primary
gamma-ray penetration to a great degree yet, as the glass thick-
ness increased, the intensity of the transmitted primary gamma
ray reduced, and the majority of the transmitted primary gamma
rays were absorbed in the sample with the greatest glass thick-
ness. This may be explained by the beneficial effect on shielding
qualities of increasing the thickness of the same type of shielding
material. Following observations of the glasses' behavior as a
function of thickness, the second phase investigation compared
four glass samples at four different thicknesses. Figure 18 shows
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Fig. 18 Comparison of the transmission factors (TFs) as a function of used radioisotope energy (MeV) for different glass thicknesses

a comparison of the transmission factors (TFs) for various glass
thicknesses as a function of the radioisotope energy that was
employed (MeV). The S4 sample has the lowest gamma-ray
ratios that are permitted for each thickness value that was ana-
lyzed, making its TF value the lowest possible value. This is a
critical parameter that was determined using a different approach
and independently verifies several types of gamma-ray attenua-
tion parameters that were carefully explored in the previous sec-
tions of the current investigation.

Conclusion
The elastic moduli and the ability of gamma radiation shield-

ing as well as transmission factor (TF) of four samples of
tungsten bario-phosphate glasses with chemical formula

@ Springer

xBa0-40WO;-(60-x)P,05: (x=10 (S1), 20 (S2), 30 (S3),
and 40 (S4) mol%) glasses have been examined. The men-
tioned aims were achieved by applying Makishima-Mac-
kenzie model, the newly online Phy-X/PSD software, and
Monte Carlo simulation code. Our findings revealed that
the (V) was 0.613, 0.626, 0.612, and 0.643, for S1, S2, S3,
and S4, respectively. The (G,) values were decreased from
62.58 to 55.92 (kJ/cm?). Values of Young’s (EM™) modu-
lus were 76.759 GPa, 75.631 GPa, 71.167 GPa, and 71.966
GPa for S1, S2, S3, and S4, respectively. The (KMM) val-
ues were 56.490 GPa, 56.859 GPa, 52.267 GPa, and 55.570
GPa. Poisson’s ratio (6™ achieved the values 0.273 GPa,
0.278 GPa, 0.273 GPa, and 0.284 GPa. In terms of radiation
shielding properties, the S4 sample possessed the highest
values of (u) and (u,,). However, (1, p,)g; < (1, By)sgo < (1,
Um)s3 < (U, Wy )sa- Also, The S4 sample possessed the lowest
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values of half (HVL), tenth (TVL) value layers, and mean
free path (MFP) among all investigated glasses. Therefore,
(HVL, TVL, MFP)y, < (HVL, TVL, MFP)q; < (HVL, TVL,
MFP), < (HVL, TVL, MFP)g,. Both (Z.) and (Ng) of the
proposed glasses have as similar trend. In terms of transmis-
sion factor (TF), the sample S4 achieved the minimum val-
ues at a thickness of 3 cm. However, the S4 sample showed
better radiation shielding properties.
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