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Abstract

Glasses with the chemical composition of 52B,03 — 12Si0,—26Bi,03 — (10 — x)TiO, - xY»03, :(0 <x < 10) prepared using the
melt-quench method. The goal of this study is to investigate the structural, mechanical, and radiation shielding characteristics of
these samples. XRD analysis has explored the nature of the glass system. Molar volume obtained reduced while the density
denotes increased in the present system. As the molar volume decrease inter-ionic distance, polaron radius, inter-nuclear distance,
and Y-Y separation of the investigated glasses decreased. The mechanical characteristics depend on the glass structure of the
current glasses sample. Ultrasonic velocities and elastic moduli (experimental and theoretical) for these glasses obtained they
were observed to get enhanced. The radiation shielding efficiency was investigated by Phy-X/PSD software. The mass attenu-
ation coefficient, mean free path, half-value layer, tenth value layer, and effective atomic number of glasses have been designed to

simulate gamma photon energies between 0.015 and 15 MeV.
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1 Introduction

Due to the importance of glass materials containing many
transition metal ions (TMI) for many applications, these
glasses have existed intersected over the past few years. In
specific, the glass based on B,0O3 and SiO, has become com-
mon among a wide variety of glass systems, keeping in mind
its glass status, transparency, and a variety of physical and
chemical properties. The B element can transform its coordi-
nation number between 3 and 4 with oxygen supplying by
modification of metal cations [1-5]. Due to their unique prop-
erties such as hardness, transparency, UV-transmission abili-
ty, and corrosion resistance, SiO,-B,0; glasses were investi-
gated for many years. B,Os- SiO, glass modified with Bi,O;
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is characterized by its excellent optical, mechanical, radiation,
and electrical properties [5—12].

The physical characteristics of the glass change based on its
formulation and can be linked with the network structures and
interatomic forces. Glasses with more bridging oxygen (BOs)
have a more compact glass framework and high elastic mod-
uli. Introducing Y,05 to SiO, - B,Oj3 glasses improve chem-
ical stability durability, a vast compositional variety of glass
forming, and increased transmission with promising proper-
ties reported. The presence of trivalent oxide like Y,05 in
borosilicate glass exhibits dual nature as former or intermedi-
ate in the glass network. These glasses obtained noticed to
withstand atmospheric moisture and are accept a good quan-
tity of doping transition metal (TM) or rare-earth (REs) [13,
14].

Glasses doped intermediate oxides such as TiO, and Y,0;
have specific mechanical and optical characteristics such as
hardness, elastic moduli, and higher refractive index [15-18].
It is also significant to observe that the inclusion of Y,0;
improves the capability of UV transmission, enhances thermal
stability and chemical durability. The emergence of Y,Oj3 into
the glass network improved the glass’s mechanical, thermal,
and shielding characteristics [19]. Because of the good con-
ductivity of these glasses in ionic terms, it is probable to use
them in UV optics, solid-state batteries, and radiation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12633-021-01125-0&domain=pdf
http://orcid.org/0000-0002-5969-3089
mailto:khamies1078@yahoo.com

3420 Silicon (2022) 14:3419-3427
. . 5.2 48
Table 1 Chemical composition of prepared glasses (mol. %)

Sample name B,03 SiOy4 Bi,03 TiO, Y,03 -
mol.% — 3
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protection. These glasses possess lower photon energy and a
greater refractive index than other glasses. The significant
development of bismuth yttrium titanate borosilicate glasses
is very important scientifically and technologically. The best
candidate for photon shielding applications is 52B,05 —
12810, — 26Bi,03- (10-x)TiO,- xY,03, :(0 <x<10) a glass
system. Acquiring the physical and mechanical values of these
glasses can aid in the development of a variety of equipment
and innovations, such as batteries, and gamma ray protection.
The recent glasses displayed excellent properties for use in
mechanical and radiation shielding applications. The creativ-
ity of this research paper is reflected in the structural, mechan-
ical, and radiation shielding characteristics of B,O3 — SiO, —
Bi,05-TiO, glass undoped and doped with Y™ ions.

2 Methodology

Five glass samples in Table 1 with the nominal compositions
52B,05; — 12Si0, — 26Bi;03- (10-x)TiO,- xY,03, :(0<x<
10) prepared using the solid-state conventional method. By
melting together specific weights of B,O5 in the form of
H;BO; (Merck), SiO, (Aldrich), Bi,O5; (Merck), TiO,
(Merck), and Y,03 (Merck) in an open porcelain crucible.
H;BO; converted into B,05 after the H,O evaporation

Intensity(A.U)

26 degree
Fig. 1 XRD of the studied glasses
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YZO3 content mol %

Fig. 2 Density and molar volume of the prepared samples versus Y,05
concentration in mol %

process throughout the melting in porcelain crucibles. Thus,
it is possible to estimate the required amount of oxide to match
the chemical formula used by knowing the molecular weight
of H3BOj;, and B,0;. The porcelain crucible with the blend
was kept at 650 °C for 45 min to decrease the tendency to
volatilize. The furnace temperature programmed to rise to the
melting temperature at 1150 °C and kept for 50 min. The
melting glass was cast in a clean stainless-steel mold. After
that, glass samples annealed at 400 °C to remove the internal
stresses.

To verify the status of fabricated glasses, the Philips X-ray
diffractometer (model PW/1710) was used. The densities of
glasses were quantified by the Archimedes method.

0 =P (M%MJ where M and M; are the weights of samples
in air and fluid, the glass density is p and the density of toluene
is po (0.865 g.cm ) with error £0.001 g.cm . Using a pulse-
echo method, the ultrasonic velocities estimation character-
ized (Echograph model 1085). The molar volume can evaluate
asV, = 7M where M the molar weight of the glass. Besides the

density, velocities are used to evaluate elastic

90

-
3

* k-0, -%-V, Ed
sk

\
'}

o

(=)

[
>
T
7
\
N
'l
-
n

Oxygen packing density ,Opy) (Mol/L)
~
n
L)
A 1 A
—
LS
Oxygen molar volume,V, (cmj/mol)

" " L i " ‘* ll
0 2 4 6 8 10
YZO3 content mol %

n
n

Fig. 3 Oxygen packing density and oxygen molar volume of the
investigated glasses versus content of Y,03; mol.%
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Table 2 Various physical

parameters of the studied glasses Samples Gl G2 G3 G4 G5
Ton conc. (¥;) (10*! ions/cm®) - 0.854 2.93 4.17 5.58
Inter ionic Distance R; (A) - 10.71 7.11 6.32 5.73
Inter-nuclear distance, ri (A) - 124 8.24 7.33 6.66
Polaron radius, ,, (A) 3.55 2.37 2.11 1.91
Y-Y separation(dy_y), nm 0.61 0.59 0.55 0.54 0.52
Average coordination number (m) 3.94 398 4.06 4.1 4.14
Number of bonds per unit volume ny, (108 m™) 5.12 5.65 6.59 7.1 7.68
Bond-stretching constraints, Nyg 1.97 1.99 2.03 2.05 2.07
Bond-bending constraints, Ny, 2.44 248 2.56 2.6 2.64
Total number of constraints, Ny, 441 4.47 4.59 4.65 471
The floppy modes, M¢ 1.28 1.32 1.38 1.42 1.45
The cross-linking density, D 241 247 2.59 2.65 2.71
Effective coordination number CN g 4.764 4.788 4.836 4.86 4.884

moduli. longitudinal waves L = pv7, transverse waves  Qp—j32 (y,-0.57457), ~ the  oxygen  molar  volume

G = pv?, Young’s modulus Y=(1 +0)2G , bulk modulus K
= L—($) G The clastic moduli of the samples can be evaluated
using the exemplary [20-23] based on packing density Vi
= (3)N4 (mR*+n RE) m*.mol”", and dissociation energy
Gi= (Vi) >;GiXi, the metallic and oxygen Pauling ionic ra-
dii are R,, and Rp. Longitudinal waves L = K + (A)G trans-
verse waves G = 30*( ) Young’s modulus Y=8.36V,G;,

bulk modulus K = lOVfGi. Poisson’s ratio o =
Acoustic

E_(W)

Impedance; Z=v;p. Micro Hardness;

_ (1-20)Y
H =50

Where /1 and k are the constants of Planck and Boltzmann
and N, is the number of Avogadro [23, 24]. Average veloci-
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Fig. 4 Dependence of the longitudinal and shear ultrasonic velocities v;,
and v of the investigated glasses with Y,0; concentration by mol. %

V, = (—) (szm)’ Oxygen Packing Density OPD =
() ().

In this article, radiation parameters have computed using
Phy-X/PSD software [19], and these parameters calculated
using the following equations: Beer-Lambert law

/n

w=- . Where p the linear attenuation coefficient

(cm ) Io and I respectively, the coefficient of mass attenua-
tion samples ( / ) Zx, (“ / ) Effective atomic number

o Z,f, ZSA(), Half and tenth value layer (HVL), and
T2 ),
(TVL): HVL (22903’ TVL = { AC The mean free path (MFP)

was predictable as MEP = (ﬁ)
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Fig. 5 Elastic moduli calculated of the studied glasses with Y,03 content
by mol. %
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Fig. 6 Elastic moduli theoretically of the studied glasses with Y,03
content by mol. %, according to Makishima — Mackenzie Model

3 Results and Discussion
3.1 XRD

The XRD characteristic of the glass with a wide hollow band
at 20° between (20° - 30°) demonstrated in Fig. 1, which
signifies the amorphous status of the glass. The width of the
small mound differs from one sample to another but is not no
indications of the crystalline phases have displayed in all the
glasses. The two humps around (~25) 26° values concerning
Y,»0s3 concentration can be related to the decrease in the bond
length and the higher coordination number with oxygen.

3.2 Physical Studies

Different factors, such as chemical constituents and internal
structure have affected the density of 52B,0; — 12Si0, —
26Bi;03-(10 —x) TiO,- xY,03, where x:(0<x<10) glass
system. Its values are in the range 4.213-5.07 g/em® for dif-
ferent glass compositions and it follows a linear trend. The

Y,0, content mol %

Fig. 8 Values of packing density (Vi), dissociation energy (Gi), of glass
system doped and undoped Y,05 oxide by mol. %

density of the glass under investigation increases with the
increment in the content of Y,Os. This observation because
of the high Y,05 density (5.03 g/cm®) relative to TiO, (4.23 g/
cm®) and the high Y,0; atomic mass (225.81) relative to TiO,
(79.866). The emergence of Y,Oj3 in a glass matrix enhances
the structural network by raising the oxygen level, resulting in
the transformation of BO; into BO, units, and may also an-
other reason lead to an increase in glass density. In the science
of glass, the molar volume also plays an important role. The
reduction in molar volume could be related to the formation of
bridging oxygens that reduce the voids within the configura-
tion. The density and molar volume of prepared glasses are
exemplified in Fig. 2 [20-22].

OPD value of prepared glasses increases with the increase
of Y,03. As a result of the creation of new links among YOgq
and the other structural units established in the glass matrices,
this can accredit to the increasing network connectivity. Due
to the formation of new linked B-O-Y bonds, the significant
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Fig. 7 Debye temperature and average velocities of the studied glasses
with Y,03 concentration by mol. %
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Fig. 9 Acoustic impedance (Z), dimensionality (d), Poisson ratio (o) and
micro-hardness (H) of glass system doped and undoped Y,O; oxide by
mol. %
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Fig. 10 Thermal expansion coefficient «p (K", of glass system doped
and undoped Y,0; oxide by mol. %

increase in OPD, which is an indicator of the packing stiffness
of the oxide network, suggests a packed amorphous structure.
The increase in OPD with the addition of Y,0s5 is also
accredited to the creation of bridging oxygen (BO).

V, value of prepared glasses decreases with the increase of
Y,05. V,, shows an inverse sequence with OPD. The reduc-
tion in V with the addition of Y,O3 may be accredited to the
decrease in the V,,. The decreasing trend in V,, can be related
to NBO disappearing and BO creation. OPD and V,,of pre-
pared glasses exemplified in Fig. 3.

Table 3 Mass attenuation coefficients (in cmz/g) in comparison with
different glass samples
Samples MAC, (MeV)
0.02 10
G5 [Present work] 58.8 0.0392
20Si0,-30Bi,05-40B,05-1Fe,05-9Na,0 20.429 0.028
66B,03-5A1,03-29Na,0 1.074 0.020
5Bi,05-61B,05-5A1,05-29Na,0 5.059 0.022
10Bi,05-56B,05- 5A1,03-29Na,0 9.043 0.023
0PbO-30Si0,-46.67B,05-23.33Na,0 1.386 0.023
5Pb0O-25Si0,46.67B,05-23.33Na,0 5.167 0.021
10PbO-20Si0,-46.67B,05-23.33Na,0 8.952 0.024
49.46S10,-26.38Na,0- 23.08Ca0- 1.07P,05 3.982 0.024
47.84S10,-26.67Na,O- 23.33Ca0- 2.16P,05 3.985 0.023
44.47Si0,-27.26Na,0- 23.85Ca0- 4.42P,05 4.057 0.024
40.96S10,-27.87Na,0- 24.39Ca0- 6.78P,05 4.113 0.024
37.28S10,-28.52Na,0- 24.95Ca0- 9.25P,05 4.061 0.024
48.98S10,-26.67Na,0- 23.33Ca0- 1.02P,05 3.983 0.023
43.66S10,-28.12Na,0- 24.60Ca0- 3.62P,05 4.100 0.024
38.14S810,-29.62Na,0- 25.91Ca0- 6.33P,05 4.190 0.022
40.718i0,-28.91Na,0- 25.31Ca0-5.07 P,0s5 4.131 0.022

Energy, (MeV)

Fig. 11 Mass attenuation coefficient prepared glasses a function of
photon energy according to Phy-X/PSD

Y+ concentration computed
23 . . L
Y+3 — (6,023>< 10~°x mol ﬁactton‘;)_r/; cationxvalency of catton) _ Because

of molar volume reduction, it exemplified (Y+3) enhanced.

1

1 3
Concentration of Y) ’ the
polaron radius 1, and internuclear distance r;, determined as,

Quantified inter-ionic distance, R; = (

p=1 (6%)%, ri= (NL)% .Y — Y separation (dy-y) computed
va % B Vm

as (dY-Y) = (VM) and V,, = 5755y - It has been con-
firmed that these perceived values reduce with Y, because of
the reduction in molar volume. With the addition of Y,03
content, these parameters decrease, which indicates that the
network is more compact because of the creation (BO). This
information is described in Table 2.

For BO or NBO connection confirmation, the coordinated
average number is a significant criterion and characterized as
m= Y n.X; where cation coordination is 7. It was noticed

——G1 §
6 ——-G2 9’“‘%\

+—G3
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MFP (cm)

0.01 10
Energy, MeV)

Fig. 12 Mean free path of prepared glasses a function of photon energy
according to Phy-X/PSD
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Fig. 13 Comparison of MFP of prepared glasses with other materials

that m increases with an increase in Y,O5 content. Calculate
the number of bonds per unit as n, =% V,, Yn.X;. It dis-
covered that perceived n,;, through Y,05 content increased.
The glass network influenced by the total number of me-
chanical constraints and computed as N..,, = Nps + Ny, where
Ny, 1s bond bending constraints and N, is bond stretching,
Npp = 2”2’ 2 Nps= Y xi(2m—3). From the results of N,,,,,
Ny and Ny, we observed that, with an increment in Y,Os3,
the overall constraints of N, are expected to enhance.
Floppy modes considered as M ; = 2— %’", cross-linking den-
sity D¢y, considered as Dey=Neop =2, CNeg =2 Negn + 3.
Results calculated to increase with increasing Y,O3 content.
From the data of results obtained, it can be suggested that the
glass ‘s enhance its 2D network with an increment in Y,05.

h

HVL, (cm)

Energy, (MeV)

Fig. 14 Have value layer of prepared glasses a function of photon energy
according to Phy-X/PSD
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Fig. 15 Comparison of HVL of prepared glasses with other materials
3.3 Ultrasonic Studies

Figure 4 exemplified the ultrasonic velocities (v vy7) of the
glass samples with Y,O3 content [25-33]. As exemplified in
Fig. 4, the ultrasonic velocity of these samples enhanced by an
increment in the Y,O5 concentration. Particularly, the incre-
ment in ultrasonic velocities was due to an increment in the
network structure’s connectivity. Thus, the transformation of
the essential glass former B,O5 from BOj3 units to BO, units
with increasing Y,0O5 concentration explained the increase in
both ultrasonic wave velocities in the investigated glass sys-
tem. The structural groups of BO, are denser than BO; and are
accountable for increment the binding of the glass structure
and the compactness [25-33].

In this article, the elastic moduli behave in the same manner
as observed for ultrasonic velocities as shown in Figs. 5 & 6.
With the addition of Y,Oj5 content, the values of elastic mod-
uli demonstrated a significant increase. The increment in
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Fig. 16 Tenth value layer of prepared glasses a function of photon energy
according to Phy-X/PSD
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Fig. 17 Z,;of prepared glasses a function of photon energy according to
Phy-X/PSD

elastic modules with an increment in Y,O5 concentration was
due to an increase in the number of coordinates and higher
bond strength of YOy relative to BOj3 structural units.

A glass matrix’s dimensionality (d) can attribute to the elas-
tic moduli as d = 4*(KQ ). For the examined glasses, the d
values are about 2.2, i.e., the structure is a three-dimensional
one with more cross-links that are increased. The Poisson ratio
of these glasses demonstrated a constant value of about 0.27 +
002. This value may have attributed to slight changes in the
glass structure cross-link density. In identifying elastic moduli
and atomic vibrations, the Debye temperature (fp) plays an
important role. It considered that 6, relies immediately on upon
M. Thus, as Y,O; content increases, 6, and M, increase as
shown in Fig. 7. This have enhanced because of the conversion
of BOs to YOy, the expansion in cross-link density, and the
structure of the glass connectivity. The values of V;G;H, Z,

1.5E24

1E24 |

1 " PR | " P ar ey |

0.01 0.1 1 10

Energy, (MeV)

Fig. 18 N, of prepared glasses a function of photon energy according to
Phy-X/PSD
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FNRCS, (cm™)
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Fig. 19 FNRCS of prepared glasses a function of photon energy
according to Phy-X/PSD

and « increased by the addition of Y,Oj3 as explained before.
This information is described in Figs. 8, 9 & 10.

3.4 Photon Shielding Studies

By using Phy-X/PSD source code, the photon shielding com-
petencies for the investigated glass under study have been
introduced. For the glass system, essential features, such as
MAC, LAC, MFP, TVL, and HVL, were quantified. The
changes in MAC values with an energy range of 0.015—
15 MeV are shown in Fig. 11. The highest values of MAC
were found at low energy, and it has shift toward the greater
energy, MAC decreased. The conduct of these concepts could
attribute to the Photoelectric effect, Compton scattering, and
pair production. On the other hand, due to the higher MAC
value, we know that excellent photon shielding features can be
achieved. Comparable improvement in MAC values with
Y,05 increased. In comparison to various glass samples,
Table 3 shows coefficients of mass attenuation (in cmz/g)
[11,34-39].

The average distance travelled by a movable photon colli-
sion was identified by MFP, so evaluating the MFP is very
important. Figure 12 exemplified the MFP of the glass system
against energy. It is obvious that with the increase of photon
energy, the MFP values are increased. The MFP is ascending
after certain photon energy, i.e., 0.1 meV. We can conclude
that Y,05 can establish MFP. Figure 13 exemplified the MFP
of the glass system compared with other glasses.

Photon shielding materials are generally linked to create a
more comprehension HVL. Figure 14 exemplified the HVL of
the glass system against energy. It is obvious that with the
increased photon energy, the HVL values are increasing.
Figure 15 exemplified the HVL of the glass system compared
with other glasses. It becomes more competitive with heavy-
weight concrete due to the decreasing HVL value in the RS-
253 sample. We can summarize that the investigated glasses
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have a greater potential to contribute to use as radiation
shielding materials. Figure 16 exemplified the TVL of the
glass system against energy. It is obvious that with the increas-
ing of photon energy, the TVL values are increased like HVL.

To determine the photon interactions of the glass system,
Z.grand Negps values are calculated in this article. The findings
of the Z.¢ estimation linked to the radiation shielding func-
tion. Figures 15 & 16 exemplified Z.gand Neg of glass system
against energy. As is visible in Figs. 17 & 18 glass with a
higher Y,0j3 value usually has higher Z.g& Negr values. Zqg
& N values decrease in the energy range (0.01 < energy <1).
In this selected region of energy, it can mention that Compton
scattering is dominant. The highest Z i & N values at the
low-energy region and these alterations are insignificant. Z.g
& Ny values reached to smallest value at the energy range (1
<energy <5). As is visible in Figs. 17 & 18 Compton effects,
pair production, and photoelectric effects, where Z.; & Negr
values are dominant.

Fast neutron removal cross-section (FNRCS) is shown in
Fig. 19. It was noted that FNRCS increased with Y,05. We
can say that the addition of Y,0O; to glass samples enhances
the FNRCS. Figure 19 exemplified FNRCS of glass system
compared with other glasses as RS-253-G18, RS-360, RS-
520, chromite, and ferrite. It becomes more competitive with
RS-253-G18, RS-360, RS-520, due to its higher FNRCS
values than the RS-253-G18, RS-360, and RS-520, samples,
but it lower than values of the chromite and ferrite.

4 Conclusions

The melt-quenching method has been used to fabricate
52B203 — 128102*26B1203 - (IO_X)T102 - XY203, (OS
x < 10) glasses. The physical, mechanical, and shielding vari-
ables were examined for these glasses. The density of these
samples increased while molar volume decreased. It was ob-
served that ultrasonic velocities and elastic moduli (experi-
mental and theoretical) for these glasses are increased.
Gamma shielding characteristics of these glasses were predict-
able by the Phy-X / PSD program between 0.015-15 MeV.
The effect of the addition of Y,05 on the shielding ability of
the glasses were discussed. Furthermore, it is possible to use
present glass as a shield from radiation in the radio clinical
building and x-ray centres.
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