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ARTICLE INFO ABSTRACT
Article history: The goal of this investigation is to test the barium boro-silicate glass-ceramics with
Received 15 March 2022 different additives against gamma radiation using the FLUKA Monte Carlo code. On four
Accepted 13 May 2022 different glass-ceramics samples, the effect of an equal quantity of Al,03, La;03, Gd,03,
Available online 2 June 2022 and Dy,03 with barium borosilicate glass-ceramics on the radiation shielding capabilities
of the glass-ceramics was investigated. In the examined glass ceramics, densities were
Keywords: obtained to investigate glass samples. The densities obtained were 3.92, 4.432, 4.52, and
Barium borosilicate glass 4.88 g/cm®, respectively. BBSDy sample has the highest density which indicates that it is
FLUKA Monte Carlo more effective for radiation shielding. The shielding parameters have been calculated at
Al,03, Lay03, Gd,03, and Dy,03 0.356, 0.662, 1.173, and 1.333 MeV. The obtained results have been compared with the

NistXCOM web page and Phy-X/PSD platform. The results showed a good agreement
between FLUKA code, NistXCOM, and Phy-X/PSD. The calculated shielding parameters
increase with additive (Al,O3, Lay03, Gd,03, and Dy,03). Moreover, the 50Ba0—15Si0,
—30B,03—5Al,05-5Dy,05 specimen has the best radiation shielding features among the
other glass-ceramics. In conclusion, the BBSDY sample containing 5 mol per cent 5 mol%
Dy—III-Oxide would be the most effective in terms of radiation shielding, based on the
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results obtained in this study. When Dy-III Oxide concentrations were increased, linear

and mass attenuation coefficient values were significantly increased, which contributed

directly to the development of radiation shielding characteristics in the glass-ceramic.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

A variety of ionizing radiations are now routinely used in a
variety of applications, including medical imaging, radiation
therapy, airport security screening, nuclear fuel imaging,
structural fault diagnosis, and even space exploration,
resulting in a high level of human exposure [1-4]. More than
3600 million diagnostic radiology examinations, 37 million
nuclear medicine procedures, and 7.5 million radiation ther-
apy procedures are performed worldwide each year in the
medical industry. If you are exposed to scattered ionizing ra-
diation without proper control, you are increasing your risk of
developing acute radiation syndrome, which can lead to a
variety of long-term health issues [5]. As a result, the use of
lead (Pb) aprons by radiographers and patients alike has
become commonplace when it comes to shielding against X-
ray ionizing radiation [6]. However, the findings revealed that
a lead apron with a thickness of 0.5 mm could block slightly
more than one-third of the scattered radiation recommended
to reduce frequent human exposure to radiation rather than
relying on protection provided by Pb aprons to reduce
frequent human exposure to radiation [7]. Pb is currently
considered a less desirable material for use in wearable radi-
ation protection due to its heavy weight (approximately
4.95 kg for a 0.50 mm Pb apron), inflexibility, poor durability,
and toxicity, among other factors [8]. As a result, researchers
in the field are devoting significant time and resources to the
development of effective radiation protection glass materials
that are free of lead.

There are modern energy materials called solid oxide fuel
cells (SOFCs) which have several advantages that make them
better than current technologies such as high electrical con-
version efficiency (more than 60%), carbon capture capability,
zero nitrogen dioxide emissions, fuel flexibility, low-level
Noise, transport flexibility, and static applications. This
technology constitutes an excellent solution for capturing
visible carbon from separate fuel and airflow systems [9].
Relatively, SOFC is lower in terms of manufacturing cost and
also has a higher energy density when compared to other fuel
cells, but it needs sealed materials to prevent leakage. The
operating temperature of this technology is in the range (of
600—1000 °C) and is dependent on the electrochemical reac-
tion that intervenes as an influencing factor in the efficiency
of cell performance, the selection of components may present
a critical challenge for SOFC applications. The SOFC system's
fuel efficiency and performance benefit from the high oper-
ating temperature. The high cost of the required materials, as
well as the technology's long-term instability, are also disad-
vantages. This is why current research has focused on SOFC

intermediate events in the 600 °C—800 °C working tempera-
ture range. This will reduce system costs while also enhancing
long-term stability [10].

The development of appropriate sealing substances to
separate fuel and air still represents a significant challenge for
intermediate temperature SOFC technology. Suitable seals
should be capable of withstanding temperature operations
over 500 °C and tough oxidizing. These seals should also have
to provide stability in long-term operation at a specific tem-
perature. To have a hermetic seal, some crucial requirements
must be prepared. It is essential that the vitreous ceramic has
good adherence and adheres well to the interface. In addition,
the interface must be very thin to minimize residual stresses
on it. It is also necessary to maintain a minimal level of
chromium diffusion at the interface between the seal and the
interconnect (interconnects with chromium content such as
Crofer22APU) at the seal-interconnect contact. It is necessary
to prevent the diffusion of glass seal materials into the inter-
connect to maintain network structure [11]. Because of their
low leakage rate at the SOFC operating temperature, sealants
consisting of Glass and glass-ceramic are being produced and
developed in large quantities. A glass sealant's viscosity status
and thermal characteristics may be modified by changing the
composition and crystalline volume fraction of its glass ma-
trix to meet the criteria for sealing materials [12]. Seals must
not induce deterioration of neighboring materials when
exposed to high temperatures, and they must maintain long-
term stability in the harsh environments that are character-
istic of SOFC operating conditions. The amount to which gas
fluxes within the fabric and at the interface are hindered de-
termines the length of time the seal will last and its perfor-
mance. Cracking and deterioration in the bulk of the seal, as
well as gaps or separation at the interface, cause the seal's
performance to fail [13].

Glass-ceramics have received a great deal of attention due
to the wide range of qualities made possible by way of
changing the composition of the material. It has been shown
that glass-ceramics and alkaline earth metal-based silicate
glasses have great promise as sealants for the purposes listed
above [14]. As a candidate for sealing material, alkaline earth-
based alumina silicate glasses were extensively studied. Sohn
et al. have investigated the BaO—Al,03;—La,03;—Si0,—B,03
combination to determine its thermal and chemical stability,
and their findings were published in science. According to the
researchers, The coefficients of thermal expansion (CTE) rose
with BaO percentage, and a maximum value of
~11 x 10—6 °C~* was obtained for 40 percent BaO and B,05/
SiO, = 0.7 [7]. Ley et al. studied the SrO—Al,03—La,03—Si0,.
—B,0; glass specimen with changing CTE in the range of
(8—13) x 107 °C~! [15]. It was determined that the SiO,-rich
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alkaline earth metal system was the most promising of the
several glass specimens tested for potential SOFC applica-
tions. Many researchers have studied the radiation shielding
of various glasses [16—26]. Moreover, Other shielding mate-
rials such as concrete, alloys, polymers, and rocks have some
disadvantages compared to glass materials [27—31]. The pur-
pose of this inquiry is to report on the influence of rare earth
elements such as Nd, Gd, Dy, and La on the radiation shielding
properties of 50BaO-(5-x)Al,03-xR,03—30B,03—15Si0, (x = 0,5)
(R =Nd, Gd, Dy, La) glass-ceramics.

2. Materials and methods

A total of four Barium-borosilicate-glasses-ceramics with
compositions of 50BaO0—15Si0,—30B,03-2 (5-%)Al,03-xR,05
(where R = La, Gd, Dy, and x = 0, 5 mol%) have been synthe-
sized using the melt quench technique (Table 1). The glass-
ceramics samples have been coded as: (1) 50BaO—15SiO,.
—30B,05—5A1,05 (BBSAl), (2) 50BaO—15Si0,—30B,03—5A1,05.
—5La,0; (BBSLa), (3) 50BaO—15Si0,—30B,05—5A1,05-5Gd,05
(BBSGd), and (4) 50BaO—15Si0,—30B,05—5A1,05-5Dy,05
(BBSDy) [9]. The FLUKA Mote Carlo code has been used to
compute the transmission factor (TF) = [In (I/Io)] against glass
thickness (x) for all investigated samples [32—37]. The FLUKA
Monte Carlo simulation setup is shown in Fig. 1.

The obtained results have been compared with the NistX-
COM web page [38] and the Phy-X/PSD platform [39]. The pa-
rameters of radiation shielding have been computed using the
following equations [24,25,40—42]:

zln(l#, and p, = pp

Tos=——, A:i and RPE (%) = (1—ln(i))
o 2 Io

Dpp — (,uglass)xglass7 and H(%) = Pglass
Hpp Prb

7 oS
eff = Aj
Z;szﬂj

where, I, Iy, 1, tm, Tos, A, RPE, Dpp, H, and Z.¢ are the attenu-
ated and unattenuated photon intensity, linear attenuation,
and mass attenuation coefficients, half-value layer, mean free
path, radiation protection efficiency, equivalent thickness of
Pb, heaviness, and effective atomic number.

3. Results

For all investigated glass-ceramics at 0.356, 0.662, 1.173, and
1.333 MeV, the transmission factors (TF) against glass thick-
ness are plotted in Fig. 2. As presented in this figure, the TF
values increase with increasing photon energy for BBSA],
BBSLa, BBSGd, and BBSDy glass samples. In addition, at 0.356,
0.662, 1.173, and 1.333 MeV, TF values decreases with additive.
For example, at 0.662 MeV (TF)ggsa1 > (TF)gssra > (TF)srsca >
(TF)Bspy- This is due to the change in density (D) as Dgpsal <-
Dggsta < Dgpsca < Dgpspy- Moreover, the crystalline phases
formed in BBSDy are denser than those for Dggsa; which leads

Table 1 — Chemical compositions and density (p) of studied glass-ceramics.

Code BaO B,Os3 5102 A1203 La,03 Gd203 DYQO3 p (g/Cm3)
BBSAL 50 30 15 5 = = = 3.92
BBSLa 50 30 15 = 5 = = 4.32
BBSGd 50 30 15 = = 5 = 4.52
BBSDy 50 30 15 = = = 5 4.88
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Fig. 1 — Simulation geometries of FLUKA code.
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Fig. 2 — Transmission Factor (TF) against glass-ceramic thickness for all studied glass-ceramics at selected photon energy.

to compactness of the network structure. Also, it means that
the photon attenuation decreases with increasing photon
energy and increases with changing of additive (Al,03, La;03,
Gd,03, and Dy,03). The slope of the TF-thickness graphs and
glass-ceramic density has been used to measure the p, values
for BBSAI, BBSLa, BBSGd, and BBSDy glass samples at 0.356,

0.14
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Fig. 3 — Mass attenuation coefficient (u,,) against photon
energy for all studied glass-ceramics at selected photon
energy.

0.662, 1.173, and 1.333 MeV. Gamma-rays interact with matter
in three ways relying on photon energy. Photoelectric effect,
Compton scattering, and pair production are the three
methods in which the gamma rays interact with glasses at
low, medium, and high photon energy, respectively.

Fig. 3 shows the p, values for all investigated glass-ceramic
at selected photon energy. The n, values, for all glass-
ceramic, decrease with increasing photon energy. At selected
photon energy, the p, values increase with the addition of
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Fig. 4 — Mass attenuation coefficient (u,,) for all studied
glass-ceramics at 0.662 MeV.
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Fig. 5 — Mass attenuation coefficient (u,,) for all studied glass-ceramics at 0.662 MeV.

A1203, La203, GdzOg, and DYQO3. BBSAI (50B30_155102—3OB203_
—5Al1,03) and BBSDy (50BaO—15Si0,—30B,0;—5Dy,03) glass-
ceramic samples have the lowest and highest p, values,
respectively. For example, at 0.662 MeV (im)esal < (1m)BesLa <
(Hm)BBSGd < (Mm)BBSDy @S present in Fig. 4. This behavior may be
due to the Dy*? element having the highest atomic number (66)
and cationic field strength (3.64 A~?), compared to Gd*3
(3.62 A~2), Nd*3 (3.41 A™?), and La*? (2.81 A~?) ions, which in-
creases the glass density [43].

The comparison between data obtained using FLUKA
Monte Carlo code, NistXCOM web page, and Phy-X/PSD plat-
form are shown in Fig. 5. As presented in this figure, a good

3.5 5 0.356 MeV 1 0.662 MeV 1 1.173 MeV 1.332 MeV
3.5 3-2 3.2
3.0 3.0
3.0 & 2.8 2.8
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|
25 23] -
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=] |
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1.1 10
1.0
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0.5 Z
BBSAI BBSLa BBSGd BBSDy

Fig. 6 — Half value layer (T, s) for all studied glass-ceramics
at selected photon energy.

agreement between FLUKA Monte Carlo code, NistXCOM web
page, and Phy-X/PSD platform is found. For example, at
1.173 MeV 0.0542 (FLUKA Monte Carlo code), 0.0539 (NistXCOM
web page), and 0.0546 (Phy-X/PSD) (cm?/g) are the p, values
for BBSAI glass sample with a relative difference of 0.6% be-
tween FLUKA and NistXCOM, and 0.66% between FLUKA and
Phy-X/PSD. 0.0545 (FLUKA Monte Carlo code), 0.0536 (NistX-
COM web page), and 0.0544 (Phy-X/PSD) (cm?/g) are the pm
values for BBSLa glass sample with a relative difference of
1.59% between FLUKA and NistXCOM, and 0.21% between
FLUKA and Phy-X/PSD. 0.0539 (FLUKA Monte Carlo code),

#0.356 MeV 1 0.662 MeV 1 1.173 MeV 1.332 MeV

4.6
4.3
4.1

2.0

1.0

BBSAI BBSLa BBSGd BBSDy

Fig. 7 — Mean free path (T, s) () for all studied glass-
ceramics at selected photon energy.
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Table 2 — Linear attenuation coefficient (i), half-value layer (T s), and mean free path (}) for all studied glass-ceramics

samples.
E (MeV) p(cm ) To.s (cm) A (cm)

BBSAl BBSLa BBSGd BBSDy BBSAl BBSLa BBSGd BBSDy BBSAl BBSLa BBSGd BBSDy
0.356 0.5035 0.5692 0.6134 0.6693 1.38 1.22 1.13 1.04 1.99 1.76 1.63 1.49
0.662 0.3022 0.3342 0.3534 0.3831 2.29 2.07 1.96 1.81 3.31 2.99 2.83 2.61
1.173 0.2140 0.2349 0.2467 0.2668 3.24 2.95 2.81 2.60 4.67 4.26 4.05 3.75
1.333 0.1997 0.2191 0.2299 0.2485 3.47 3.16 3.02 2.79 5.01 4.56 4.35 4.02

0.0538 (NistXCOM web page), and 0.0546 (Phy-X/PSD) (cm?/g)
are the p,, values for the BBSGd glass sample with a relative
difference of 0.18% between FLUKA and NistXCOM, and 1.27%
between FLUKA and Phy-X/PSD. 0.0544 (FLUKA Monte Carlo
code), 0.0539 (NistXCOM web page), and 0.0547 (Phy-X/PSD)
(cm?/g) are the p, values for the BBSDy glass sample with a
relative difference of 0.94% between FLUKA and NistXCOM,
and —0.53% between FLUKA and Phy-X/PSD.

The half value layers (Tos) and the mean free path (})
values have been calculated using p values. Tos and A values
for all investigated glass-ceramic samples at selected photon
energy are plotted in Fig. 6 and Fig. 7 and the numerical values
are listed in Table 2. As seen in these figures, the Tos and A
values increase with increasing photon energy and decrease
with additive. 1.036, 1.809, 2.598, 2.789 (cm) are the Ty 5 values
for BBSDy sample at 0.356, 0.662, 1.173, and 1.333 MeV. While
1.494, 2.610, 3.749, and 4.024 (cm) are the A values for BBSDy
sample at 0.356, 0.662, 1.173, and 1.333 MeV. In addition, 1.377,
1.218, 1.130, and 1.036 (cm) are the To s values at 0.356 MeV for
BBSAl, BBSLa, BBSGd, BBSDy glass samples, respectively.
While 1.986, 1.757, 1.630, and 1.494 (cm) are the A values at
0.356 MeV for BBSAl, BBSLa, BBSGd, BBSDy glass samples,
respectively. The BBSDy sample, which has the highest den-
sity among otherall studied glass-ceramics, has the smallest
To.s values at selected photon energy when compared with
other glass-ceramics (S1 [44], S2 [45], S3 [46], PCNKBi7.5 [47],
Pb20 [48], PbG [49], S4 [50], S5 [51]) and different concrete

Table 3 — Half value layer values of BBSDy glass-ceramic

sample compared to other glass-ceramics.

Glass Half value layer (Tos) (cm) Reference
0356 0662 1.173  1.333
keV kev keV kev

BBSDy 1.04 1.81 2.60 2.79 This work

S1 3.46 4.48 5.87 6.27 [44]

S2 2.92 3.80 4.99 5.32 [45]

S3 2.28 3.06 4.04 4.31 [46]

PCNKBi7.5 3.02 3.92 5.14 5.49 [47]

Pb20 2.80 3.85 5.13 5.48 [48]

PbG 2.88 3.77 4.95 5.28 [49]

S4 2.28 3.06 4.04 431 [50]

S5 2.35 3.36 4.51 4.82 [51]

OoC 2.93 3.80 4.98 5.31 [52]

HSC 2.78 3.62 4.75 5.07 [52]

ILC 2.43 3.19 4.19 4.47 [52]

BMC 2.28 2.98 3.91 417 [52]

SSC 1.76 2.32 3.05 3.25 [52]

(Ordinary concrete (OC), hematite-serpentine (HSC), ilmenite-
limonite (ILC), basalt-magnetite (BMC), steel-scrap (SSC)) [52]
(Table 3).

The effective atomic number (Z.g) and effective electron
density (Negf) values are plotted in Fig. 8 and listed in Table 4,
respectively. Both Z.s and Neg values for all glass-ceramics.
BBSDy sample has the highest Z.g values at 0.356, 0.662,
1.173, and 1.333 MeV. While the BBSAI sample has the Neg
values at 1.173 and 1.333 MeV. The Radiation protection effi-
ciency (RPE) values are shown in Fig. 9. As shown in this figure,
the RPE values increase with increasing glass thickness and
additive. In contrast, it decreases as the photon energy in-
crease from 0.356 to 1.333 MeV. BBSDy sample has the largest
RPE, while the BBSAl sample has the lowest. Furthermore, the
lead equivalent thickness (Dpy) values for BBSAI, BBSLa,
BBSGd, and BBSDy glass samples at 0.32 cm and 1.14 cm have
been plotted in Fig. 10 and Fig. 11, respectively. When shield-
ing against gamma rays, the thickness of the sample required
to achieve the same attenuation as Pb is known as the Dpg
value. For all glass-ceramics, the Dpq values increase as the
photon energy increase from 0.356 to 1.333 MeV. It means that
at high energy, the thicker glass is requested. Also, the BBSDy

.0.356 MeV 0.662 MeV 1.173 MeV 1.332 MeV
23.00
21.00
5
19.00
N
17.78
17.39 17.69
17.00 15.92
15.00
BBSAI BBSLa BBSGd BBSDy

Fig. 8 — Effective atomic number (Z.¢) for all studied glass-
ceramics at selected photon energy.

Table 4 — Effective electron density (Neg x 10%°) (electron/

g) for all glass-ceramic samples.

E (MeV) BBSAl BBSLa BBSGd BBSDy
0.356 3.43 3.44 3.51 3.53
0.662 2.90 2.89 291 2.92
1.173 2.75 2.73 274 2.74
1.333 2.75 2.73 2.73 2.73
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glass-ceramic sample has the highest Dpq4 value at 0.32 cm and
1.14 cm. This is due to that Dggsa1 < Dssta < Dessca < Dggspy-
For the examined glass-ceramic with different additives, the
heaviness (H%) values have been estimated using Pb as a
reference. The computed H values for all studied glass-
ceramic are graphed in Fig. 12. 35, 38, 40, and 43 (%) are H
values for BBSAl, BBSLa, BBSGd, BBSDy glass-ceramic
samples.

4, Conclusions

Specifically, the present research is focused on determining
the radiological characteristics of the borosilicate glass-
ceramic system, as well as the influence of adding an equal
molar percentage of Al,Os, La;0Os3, Gd,O3, and Dy,03 to the
system on these characteristics. Four The typical melt
quenching procedure was used to create glass-ceramic sam-
ples with the chemical composition 50Ba0—15Si0,—30B,05.
—5Al,05—5A1,05, 50Ba0—15510,—30B,03—5A1,05—5La,05,
50Ba0—15Si0,—30B,03—5A1,03-5Gd,03, and 50BaO—15Si0,.
—30B,03—5A1,03-5Dy,05, as well as Glass. At 0.356, 0.662,
1.173, and 1.333 MeV, the shielding features of barium boro-
silicate glass-ceramics with different additives have been
investigated. For all studied glass-ceramic samples and at
selected photon energy, the mass attenuation coefficient
values showed an excellent agreement with NistXCOM and
Phy-X/PSD results. The glass shielding parameters such as p,,
Tos, A, RPE, Dpp, H, and Z.¢ results increase with additive.
Finally, we conclude that the BBSDy glass-ceramic sample has
a better attenuation feature against gamma radiation.
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