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Abstract

Effects on mechanical and y-ray shielding competence of TiO,-based glasses of chemical composition:
30Pb0O-4Mo005: (66 — 2)B,05:zTi0, (0.0 <z <2.0 mol%) was calculated in this report. The glass density was found to
increase in the range of 4.650—4.696 g/cm’ concurrent with a decline in the oxygen molar volume (OMV) from 10.633
t010.547 cm?®/mol when [Ti*"] molar fraction is increased in the glass samples. The Gibbs free energy was found to be
between 20.874 and 22.586 kJ/cm® and was found to be influenced by TiO, concentration in these glasses and on the
valance states of Ti*" and Mo>*. The affinity of mass attenuation coefficient (MAC) values (0.039 < MAC <6.198 g/
cm?) in the examined photon energy domain 0.015<E < 15.0 MeV has the following chronological sorting:
MAC;y<MACt, < MACp, < MAC, < MAC1s < MACr; i <MACt,s <MACr,,. The half-value-layer (HVL) trend of Mo-
glasses was balanced against two standard RS-glass systems and discovered to possess a less y-ray shielding competence as
RS-(360, 520) or concrete. Also, we found that when the [Ti**)/[Mo>*] ratio exceeds 0.8 mol%, then both ions participate
in the studied properties via de-polymerization of the glass network. These outcomes revealed that the safety effectiveness
against radiation and physic-mechano-properties can be synchronized for diverse purposes.
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Introduction

Titanium dioxide is a unique inorganic compound with the
chemical form TiO, [1]. This remarkable substance does not
exist in its pure state in nature and is derived from naturally
occurring ores that may contain trace amounts of other ele-
ments, depending on the ore’s origin. These geological ores,
which contain titanium minerals such as ilmenite, rutile,
and anatase, are employed to synthesize pure TiO, [2, 3].
The intriguing TiO, is a polymorphic oxide that exhibits
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three distinct crystal structures: monoclinic, tetragonal, and
orthorhombic [3—6]. Fascinatingly, the primary function of
TiO, is to serve as a pigment modifier [3—6]. This lustrous
and brilliant solid-like colorless oxide is water-insoluble,
while it may materialize as a black mineral. Its pigmentary
properties have a vast variety of applications, which include
paint, sunscreen, and/or food coloring. It is truly astonish-
ing that it has been estimated that two-thirds of all pigments
contain titanium dioxide [6]. Its splendor is unmatched, and
since it was first produced on a large scale in 1916, TiO,
has been extensively utilized in pallid pigment due to its
resplendence and exceptionally high-refractive-index, which
is only exceeded by other transparent glasses [7, 8]. It is
interesting to notice that purity has a significant impact on
the finished pigment is optical characteristics. In reality, the
crystal structure can be disrupted by a few ppm of several
metals, such as, but not limited to, chromium and Niobium,
to the point that it can be identified during quality control
[8]. Because TiO, is potent in its powdered type, it is utilized
as a pigment assist in coatings, paints, plastics, inks, papers,
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foods, dietary supplements, pharmaceuticals (i.e., pills and
tablets), and even the majority of toothpastes [9, 10].
Glasses’ employment in non-linear optical devices has
been revolutionized by the addition of titanium oxide to
them. This is because Ti** ions’ unfilled d-orbitals greatly
increase the non-linear polarizability [11]. These character-
istics make them perfect for use in power limiters and ultra-
fast switches [12, 13]. Moreover, it has been demonstrated
that glasses containing TiO, have a negative non-linear
refractive index, which causes radiation beams to self-focus
within the substance. This indicates that these gadgets can
function with less input power [14]. Fascinating fluorescence
has also been seen in TiO, colored-glass materials, at signifi-
cant oscillating power and broad band-widths. TiO, has been
found to operate as a nucleating agent for crystallization,
and it has been demonstrated that even modest amounts of
titanium oxide in glass-based lead molybdenum borate mate-
rials can improve the shaping capacity and chemo-physico
stability of these glass networks [15]. These findings have
broad ramifications and could have a big impact on a lot of
different sectors. Titanium oxide has long been regarded as
a potent crystallization nucleating agent in the field of mate-
rials research. Furthermore, scientists have found that even
modest amounts of TiO, in glass matrices can provide those
improved glass-forming capabilities and chemical resistance
[16]. Titanium-ions often present as a Ti** state and interact
with the structural elements of TiO,, TiOg, or TiO5 (made
up of trigonal bi-pyramids) to create networks [16, 17]. The
Ti** state of Ti-ions can also evolve in such glassy struc-
tures, according to various study studies [13, 18]. Regarding
lead-borate-glass networks, the existence of two transition
metals, more specifically, Mo and Ti-ions, is enticing since
it is thought that their presence will have a significant impact
on the glasses’ physical characteristics [11-18]. Due to their
propensity for catalysis, the molybdenum borate glasses have
received the most attention of any of them [19, 20].
Molybdenum ions are known to occupy at least two
steady valence states in systems like PbO-B,0;, namely
molybdenum(V) and molybdenum(VI), in which they func-
tion as glass backbone structures catalysis, interspersing
[M0042_]-[BO4] structure units. However, whether or not
they can function as network modifiers also depends on their
chemical weight fraction of the hosted structural networks
[18-20]. Moreover, the addition of different metal oxides
can act as a catalyst for significant modifications in structural
and optical properties [21-24]. Alkali metals such as CaO,
Zn0O, MgO, and Na,O might be useful modifiers to develop
these characteristics. Moreover, when added to glass com-
positions, rare earth oxides such as Sm,03, Nb,O3, Er,0;,
Ce0,, Dy,05, and Gd,O; cause obvious alteration in opto-
electro properties [21-28]. The opto-physio and gamma-
ray safety characteristics of glasses can also be significantly
improved by the existence of HMO such PbO, WO;, Bi,0;,
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and MoO; [24-27]. Depending on their presence in the
glass composition, intermediate oxides like Y,05, Al,O3,
Zr0O,, and Cr,05 can function as either glass formers or
glass modifiers [28]. Of interest, Prasad et al. delved into
the impact of titanium oxide (TiO,) on lead molybdenum
borate glasses with an exploration of their dielectric, lumi-
nescence, optical absorption, luminescence, electron spin
resonance, infrared spectra, and structural properties [29].
Also, different groups have studied the effect of incorpo-
rating the TiO, on various glass systems; see for instance
[30]. The research showed that the density increased as TiO,
content increased; also, the optical band gap and the reflec-
tive index increased up to a certain Ti ions addition and
then gradually decreased. In the current effort, the unsettled
effect of titanium oxide on the following glass chemical sys-
tems in the form: 30PbO +4MoO; + (66 — 7)B,05 +TiO,
(0.0<z<2.0 mol%). This research report will shed a light on
the properties of neutron, gamma-ray radiation competence,
and the physical, elastically, and mechanics of these glasses.

Materials and methods
Materials

Molybdenum-based glasses with promising catalytic prop-
erties may be tested for radiation protection for possible
indoor or outdoor applications. Among them, Mo-PbO-
B,0; systems which exhibited two stable valance states
in the glass network acting as structure stabilizer with
[MoOf‘]—structure—units flashing those of [BO,]-units and
enhancing their electrical and dielectric properties to be used
as a radiation shield with high interaction cross-section with
incoming photon radiation. This research work deals with
these types of glassy materials consisting of the different
molar ratios by the addition of titanium oxide to it as a func-
tion of B,0,/TiO, molar ratio from 0 to 2 mol%. The sam-
ples were ground and optically polished. The final dimen-
sions of the samples used for dielectric and optical studies
were about 1 1x0.2 cm?. The density d of the glasses was
determined to an accuracy of 0.001 by the standard Archi-
medes’ principle using o-xylene (99.99% pure) as the buoy-
ant liquid. Table 1 displays the glass components in detail,
and the sample coding has been done according to Ref. [29].

Theoretical and computational background

Geant4 Monte Carlo simulation

Due to obvious experimental difficulties in carrying out
experiments due to financial restrictions or time manage-

ment, scientists usually choose different approaches utilizing
the well-known method of Monte Carlo simulations. Here,
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Table 1 Chemical composition and the density of studied glass sam-
ples and the corresponding coding

Sample code PbO  MoO; B,0; TiO, Density (g/cm?)
TO 30 4 66 0 4.650
T2 30 4 65.8 0.2 4.662
T4 30 4 656 04 4.668
T6 30 4 654 0.6 4.671
T8 30 4 652 08 4.676
T10 30 4 65.0 1.0 4.680
T15 30 4 64.5 1.5 4.688
T20 30 4 640 2.0 4.696

we have used Geant4 to simulate the shielding characteristics
of the current samples. Among various numerical techniques,
Geant4 simulation ranked as one of the most popular plat-
forms to execute the Monte Carlo simulations in radiation-
related research, nuclear physics, biomedical physics, and
other science branches. For the radiation studies, Geant4
simulation provides a numerical pathway for studying the
matter-radiation interactions that include a huge number of
propagating particles, energies, and different nuclear models
spanning an ample radius of energies from a few keV to MeV
[31]. A Geant4 code has been used to model a high-purity ger-
manium detector resembling shielding measurements to carry
out the real-life experiments. Bioglass specimens were mod-
eled as slabs in the current Geant4 model. The pre-defined
detector geometry including shape, size, logical volume,
physical volumes, material, sensitivity, and user limits has
been set according to the internal codes of Geant4. Also, the
material model follows the following procedure: describes the
properties of atoms, the properties of elements, and the mac-
roscopic properties of matter (i.e., density and state). Finally,
build up from chemical molecules to a defined mixture with
their own ratio of the components as a fractional mass and
densities. Simulations were executed at incoming photon
energies 150 keV <E <350 keV at defined steps. An evacu-
ated pathway is used in order to transmit the emitted photon
intensity from the radioactive source to the detector. Then, the
attenuated photon intensities were measured by placing the
samples on the photon track between the source and the detec-
tor. The latter is achieved by employing Beer Lambert’s law.
Sample thickness was altered between 1.0 and 3.0 cm with
0.5 cm increment. A more detailed description of the simula-
tion procedure and setup can be found in references [31].

XCOM program
The XCOM software [32, 33] is the oldest used web-based

program to calculate the radiation mass attenuation coeffi-
cients of defined samples. XCOM program is a user-friendly

calculation program, and the input parameter specifications
are quite flexible and easy to access via an internet database.
In the XCOM program, each sample (i.e., shielding material)
was defined by their elemental fractions. The mass attenu-
ation coefficient of the investigated materials is then calcu-
lated by the XCOM program. This program does not perform
the calculation of the other shielding parameters (i.e., LAC)
and has to be calculated separately depending on the user’s
external software. Very recently, web-based programs have
emerged to overcome these difficulties making it easy for
the scientists to perform all of the shielding parameters via
online platform [34].

Phys-X/SPD software

A user-friendly online photon shielding and dosimetry (PSD)
software available at https://phy-x.net/PSD has been devel-
oped for the calculation of parameters relevant to shielding
and dosimetry [34]. These parameters include linear and
mass attenuation coefficients (LAC, MAC), half and tenth
value layers (HVL, TVL), mean free path (MFP), effective
atomic number and electron density (Z.g, N g), and exposure
buildup factors (EABF, EBF). The software can generate
data on shielding parameters in the continuous energy region
(1 keV-15 MeV). The software is freely available online after
having registered into the Phy-X platform [34].

Physical properties

Using the Archimedes method and distilled water as a sus-
pended solution, the density (p) of glass samples was evaluated
at room temperature. Bulk glass samples were weighed twice,
once in the air and again in distilled water, using calibrated
five decimal point scales. This allowed calculating the value
of glass density through the following equation:

Wﬂ
p= m X Pp 1)
where w, and wy, are the sample weight in the air and dibu-
tyl-pthalate (DBP) and pp, is the DBP density. Units of den-
sity are g/cm? and an experimental accuracy of +0.01 g/cm?.
At a particular temperature and pressure, the molar volume,
V., is the volume occupied by 1 mol of a substance from a
chemical compound or chemical element [1, 35]. The fol-
lowing formula can be used to compute the molar volume
(cm®/mole) of each glass sample. In addition, the parameter
OMY, which represents the volume of glass in 1 mol of oxy-
gen, was evaluated from the equation shown below [1, 35]:

_ (x;M;) 1
oMV = <2 p > <E(xini)> @
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where i is the number of oxygen atoms in each ingredient
oxide, Mi is the molecular weight, and xi is the molar frac-
tion of each component i.

The oxygen packing density (OPD) values, which repre-
sent the arrangement of oxygen atoms in the glass system,
were evaluated in terms of density and composition values
by using the following formula:

OPD = 10000(1%) 3)

Mechanical parameter basic relations: Makishima and Mac-
kenzie theory

The elastic parameters of a material were evaluated by using
Makishima-Mackenzie’s theory [36-38]. This theory is
based on the molecular weight (M), molar volume (V,,), and
density (p) of the sample (see Table 1). Also, it depends on
the measured dissociation energy which models the chemi-
cal bond strength between the oxide constituent (G;) and the
atomic packing factor (V;) [36-38] for each oxide presented
in the sample along with the calculated atomic packing den-
sity (V,) defined as the ratio between the minimum theo-
retical volume occupied by the ions and the corresponding
effective volume of glass. Then, the total dissociation energy
of the glass mixture is readily determined according to the
following equation:

G= Y %G, @

where G; and x; are the dissociation energy and molar weight
fraction of the ith component of the investigated glass, and
the sum runs over all the glass mixture components. For
poly-component glasses, the Young’s modulus is expressed
in terms of the packing density and the dissociation energy
as

E=2VG )

where the atomic packing density is given in terms of the
individual atomic packing factor of the oxide according to
the following equation:

_ P
Vi= invi ©6)

The atomic packing factor (V;) is obtained from the fol-
lowing equation for the oxide of the form A4Oy:
4
V,=N, ?(XRZ +YR}) 7

1

In the last equation, each ion is modeled as a uniform
sphere of ionic radius R, and R, for the metal and oxygen
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respectively [36-38]. It is worth noting that the values of
V; and G; can be readily obtained from references [39, 40].
Furthermore, other elastic moduli of the poly-component
glasses (i.e., B, bulk modulus; S, shear modulus; L, longi-
tudinal modulus; o, Poisson’s ratio; and H, micro-hardness)
are calculated according to the following equations:

B=12VE 8)
3EB
S=3B-E ©)
3
L=B+2S (10)
1
0=05--2V, (11)
1-20
“6(+0) (12)

Shielding parameters basic relations

When a material of a thickness “x” is placed in the way of
a radiant X-ray or gamma beam, the intensity of this beam
is attenuated according to the exponential attenuation law
(Beer Lambert’s law)

 —
I~ ¢ 13)
where I, and I are the intensity before and after the attenu-
ation respectively, x is sample thickness, and y is the linear
attenuation coefficient (LAC, y in cm'l) [32, 33]. The mass
attenuation coefficient (MAC in cm.?/g) is a quantity that
evaluates the probability of interaction of the photon with
the material. MAC can be theoretically evaluated according
to the mixture rule [32, 33]

1 Iy
MAC=p, =% = "m(2
My, > x n( I) (14)

The MAC values have been calculated using the above-
mentioned web-based programs. The difference (Diff %)
between the two calculated MAC values is evaluated accord-
ing to the following equation

)(”M)Phys - (Mm)BUF’

(#m)Phys

Diff (%) = as)

However, the HVT is a shielding parameter that intro-
duces the thickness of the shielding material that is able to
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diminish the incoming photon intensity to half of its value 25.55 T T — T T 4.70
and can be calculated based on the LAC values according to bl S
the following equation [32, 33] =S 25.50
£
HVL = In(2) (16) ng 25.454 -4.68%‘
H P >
5 >
The transmission factor (TF) is used to predict the ratio S 25:40- "Z"
of y-photon flux that can transmit a known thickness at any k- L 4.66 &
gamma photon energy and can be calculated as: S 25351
TF%) = 2 = ¢ (17) 25301
1 r Y T Y : 4.64
0.0 0.5 1.0 15 2,0
Also, the radiation protection effectiveness (RPE) is Timol%

defined as:
RPE=1-TF (18)

Another important shielding property which may be
derived from the basic physical quantities presented above
is the removal cross-section (X) which is defined as the
probability of a neutron collision in a specific homogenous
material. The effective removal cross-section of the current
glasses can be calculated based on the value of 2/, for each
element that is used to prepare the glass mixture [32, 33]:

ZR/p - 2 W"(ZR/;»)"&Ind
DIEDIIO I (19)

where p; is the partial density of each element in the glass
sample (g.cm™), p is the total sample density (g.cm™). In
the current study, the effective removal cross-section was
also determined using the new friendly Phy-X/PSD program
[36].

Results and discussion
Physical features

Figure 1 depicts the molar volume (V) and density (p) of
the investigated samples plotted against the Ti mol% on the
left and right axes, respectively. The data reveals that the
(V) decreased from 25.51 to 25.31 cm’/mol, as evident from
Table 2. Figure 1 and Table 2 also illustrate a rise in sample
density from 4.65 to 4.696 g/cm®, as the Ti mol% increased
within the glass network. The results indicate that the p of
these glasses steadily improved as TiO, was introduced at
the expense of B,O;. This replacement affected both p and
V.- resulting in an increase and decrease in these intrinsic
materialized quantities, respectively. This phenomenon can
be ascribed to the replacement of the high molecular-weight

Fig.1 Variation of density and molar volume as a function of Ti
molar fraction present in glass samples. The lines are guide for the
eyes and do not represent any empirical model

TiO, compound of 79.866 g/mol with the less molecular-
weight B,O; of 69.63 g/mol [38]. Furthermore, this substi-
tution process caused an increase in NBO entities in these
glassy networks, leading to an enhancement in glass density
and oxygen packing density (OPD). This can be attributed to
the Ti-atom functioning as a network stabilizer between the
MoO,*~ and the BO, primitive unit cell that evolves in the
molecular structure of the compound [29]. Titanium atoms
may also function as structure modifiers, as their concentra-
tions or chemical composition are altered in the host network.
Previous ESR research works in similar glassy networks,
including Ti-ions, have confirmed the dual existence of octa-
hedral coordinated Mo>" ions mixed with deformed octa-
hedrons, with probable tetragonal structures [39—41]. The
glass systems contain PbO in their composition, which can
cause further structural modification via oxygenation bridg-
ing between MoO, and PbO or BO,. Furthermore, the OMV
and the corresponding OPD values are displayed in Table 2.
The OMYV was found to decrease with Ti mol%, while OPD
increased (see Fig. 2). Figure 2 also shows a non-linear rela-
tionship between OMV and OPD as a function of Ti mol%.
OPD values increased from 94.044 to 94.81 g.atom/L, while
OMV values decreased from 10.63 to 10.54 cm’/mol (see
Table 2). This could be due to the fact that the investigated
glassy structures are more firmly packing the oxygen atoms
as their chemical structures were tailored by bridging into the
glass molecules TiO, compound [42-45].

Mechanical properties
When estimating the dissociation energy of TiO, glasses,
the Makishima-Mackenzie model [36] typically takes into

account the coordination changes, bond length, and pack-
ing volume [36, 37]. The estimated elastic modulus and
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Table 2 Physical properties of

C o - i Sample code Average molecular Molar volume Oxygen molar volume Oxygen packing
the studied glass samples weight (cm*/mol) (cm’/mol) density (g atom/l)
TO 118.66668 25.51972 10.63322 94.04492
T2 118.68717 25.45842 10.60768 94.27136
T4 118.70766 25.43009 10.59587 94.37639
T6 118.72815 2541814 10.59089 94.42076
T8 118.74864 25.39535 10.5814 94.50549
T10 118.76914 25.37802 10.57418 94.57003
T15 118.82036 25.34564 10.56068 94.69084
T20 118.87159 25.31337 10.54724 94.81156
exhibit the same systemic behavior. Furthermore, for this
10.64+ | 94.75 glass series, there was no discernible variation in hardness
(e.g., around 23.5 MPa) with [TiO,] molar proportion. In
= 10624 theory, the inter-atomic binding, the coordination number,
g -94.50 5 and the directional-order-parameter in the primitive cells
£ 10604 *;; determine these elastic properties of such glasses [43—45].
2 =g It should be highlighted that these parameters are not known
© 10.58+ (94258 with absolute certainty because of blatant experimental
roadblocks.
10.56 -
-94'00 . . . . .
Radiation shielding properties
10'54 ) L) L) L) L)
0.0 0.5 1.0 15 2.0 . . .
Ti mol% A 3D comparison graphic of the obtained MAC values cal-

Fig.2 Oxygen molar volume (OMV) and oxygen packing density
(OPD) as a function of Ti molar fraction presented in glass samples.
The lines are guide for the eyes and do not represent any empirical
model

Poisson’s-ratio are summarized in Table 3. Here, through
a discussion of the -parameter, we outline and go over the
results of these elastic moduli. Since TiO, and B,0; are
competing for space in the glass networks’ backbone net
hardness despite having differing hardness, the observed
non-monotonic trend in the -values may be the result of this
[43-45]. A clear dependency on the combined effect of the
Ti*" ion concentration is also indicated by other moduli that

culated acquired from the online Phys-X software in the
photon-energy range of 0.015<E < 15.0 MeV is shown
in Fig. 3a. These data can be least-squared fitted using a
decaying exponential function against the incoming photon
energy. The figure also demonstrates that as the mol% con-
centrations of the component TiO, in the glasses rise, these
values increase for the glasses encoded as TO-T,, where k €
[1, 19], respectively. These values at the lowest incoming
photon energy E=0.015 MeV are 60.019, 60.037, 60.055,
60.073, 60.091, 60.109, 60.153, and 60.198 cm2/g. The asso-
ciation between the ,,Ti*® element and the internal glass
structure, which reflects the strength of the O =Ti=0 bonds
and the matching O =Bi-O-Bi=0 bonding, can be used to
explain this tendency. Such observable results were caused

Table 3 The mechanical parameters and elastic moduli of the investigated samples

Sample code  ZV; (cm*mol) G (kJ/em®)  V (cm*mol)  E (GPa) B (GPa)  S(GPa) L (GPa) c H (GPa)
TO 18.0940 20.874 0.70902 29.60017  25.18453  11.34879  33.69612 040153  0.02342
T2 18.0816 21.0452 0.71024 20.89429 2547854 1145860  34.07249  0.40136  0.02346
T4 18.0692 21.2164 0.71054 30.15020  25.70751  11.55596  34.37448  0.40131  0.02347
T6 18.0568 21.3876 0.71039 30.38707  25.90401  11.64712  34.63935 040133 0.02347
T8 18.0444 21.5588 0.71054 30.63678  26.12239  11.74245  34.92923  0.40131  0.02347
T10 18.0320 21.730 0.71054 30.88007  26.32983  11.83570 3520660  0.40131  0.02347
T15 18.0010 22.158 0.71022 3147411  26.82425  12.06420  35.87240  0.40136  0.02346
T20 17.9700 22.586 0.70990 3206760  27.31775  12.29252  36.53714  0.40140  0.02345
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Fig.3 a MAC in the energy
range 0.015<E<15MeV.b A
comparison of the MAC values
between XCOM data base and
the online Phys-X program for
the sample encoded as T6

a)

Fig.4 a LAC as a function
incoming photon energy. b A
comparison of the LAC values
at selected incoming photon
energies

by an enhancement in the mole% of TiO, sub-molecular
unit structures at the outlay of the evolution of the other
molecular units in the molecular structure. Figure 3b shows
an excellent agreement between the XCOM and Phys-X pro-
grams results approximately at the k-absorption-edge of Pb
for the calculated MAC values.

The linear-attenuation coefficient (LAC) is illustrated
as a three-dimensional illustration in Fig. 4a as a role of

b)
65 100, XCOoM
gg ® Phys-X
40 £ 3
35 O <
30 g
259 =4
205 g1
15
10 =
5
9 0.14
0.01 vy T T T
0.01 0.1 1 10
E (MeV)

0.1
E (MeV)

(E). At the least incoming E, LAC values are as follows:
279.090, 279.893, 280.337, 280.601, 280.985, 281.309,
281.999, and 282.690 cm™! for the sample TO, T2, T4, T6,
T8, T15, and T20, respectively. Sample T20 has the high-
est LAC values since it has the greatest denser sample
among them, but has the smallest molar volume and B,0,
molar content (see Fig. 4b). The internal caging structure
of 30Pb+4MoO;+ (66 —x)B,0;+xTiO, can be seen as

Fig.5 The linear mass attenu- 6.65
: . 6.604 a) - b)
ation coefficient at selected 6.55 — p-m—u—-a—0 0.170 -
. . —n— R -
incoming photon energy: a 0.08, g-ig' =0 - E':'o -
0.30, and 1.0 MeV and b 5.0, 6.40] -/'
8.0, 10.0, and 15.0 MeV —-TE‘ 6.351 01684 m
£ 6.30 g
=~ 6.255 % O
g ° E=10.0 /.
< i E—m—m—nZ
. e . . < 0.166 / —n -/- u
14 E=0.30
| -l —l—N
/ E=15.0
E= 01644 m
u —E-E—E—-E—a—n
0 : T T T T T
465 466 467 468 469 470

T T T
4.65 4.66 4.67

4.:58 4.69 4.70
Density (glcm’)

Density (g/cm’®)
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[E= I 0.08 [ 0.3 N 1.0 1 5.0 [H 8.0 1 10.0 [ 15.0

TF %

4650 4.662 4.668 4.671 4.676 4.880 4.688 4.696
Dendity (g/cm®)

Fig.6 The TF% as a function of density at selected incoming photon
energy (in MeV) at sample’s thickness x=1.0 cm

physical encasing and instantaneous trap of the y-rays
beam as follows: The existing glass systems of the various
composite kinds and compression moduli can be shown in
Table 2, which suggests that this type of high energetic rays
is a scattering protecting process. Therefore, for such type
of structural materials, the transmission coefficient (i.e.,
TF %) diminished as the vertex-angle in molecular packing
structures is also reduced in agreement with the calculated
elastic moduli (see below). The sample’s density effects on
the LAC behavior may be also inferred at selected incom-
ing energies (see Fig. 5). Our data demonstrates that this
coefficient gained values are smaller than 6.5 cm™' for at
low energies (E=0.08 MeV), fewer than 0.3 cm™! for inter-
mediate energetic photons (E=1.0 MeV), and much lower
than 0.17 cm™! for high energetic photons (E=1.0 MeV).
Yet, this factor’s general performance versus sample’s den-
sity maintains the similar tendency. These results have been
also confirmed by Dong et al. [46] who have investigated
the effect of adding oxides of the form where A, O,, (e.g.,
Nb,05=0.01, 5; Nd,0;=3, 5; and Er,0;=5 mol%) into a
glass system of the chemical form 80TeO,—5TiO,—(15—x)
WO;—xA,0O,, glasses. The variations of the shielding

Fig. 7 Comparison between
HVL for studied samples with
concrete, and two RS-glasses
at:a E=411keV and b
E=1010 keV
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Fig.9 The X for studied samples as a function of TiO, content mol%

parameters such as mass attenuation coefficients, half value
layers, and macroscopic effective removal cross-section for
fast neutrons have been computed by using the WinXCom
program and MCNP5 Monte Carlo code. Also, the geometric
progression method (G-P) was used to explore their effects
on exposure buildup factor values [42]. Moreover, the effect
of Fe,0;, TiO,, and CdO semiconductor metal oxides was
incorporated into the ZnO-MWCNT composite at different
weight percentages. This group has explored the y-ray shield-
ing properties of these novel materials using MCNPX-Mote-
Carlo-simulations. They found that at 5% oxide addition, the
maximum electrical conductivity was found in all groups
for all temperatures. Moreover, 5% oxide reinforcement into
these glass systems resulted in maximum y-ray attenuation
properties for the CZnOCds sample [43, 44]. Also, ElBatal et.
al. [45] investigated MoO;-doped lithium phosphate glasses
containing varying molybdenum concentrations. They com-
bined both UV-visible and infrared (FTIR) spectroscopic to
analyze these glasses before and after gamma irradiation.
Their experimental findings suggested that molybdenum ions

are distributed across distinct local sites, including Mo,
Mo**, and Mo+, in varying proportions depending on the
composition of the lithium phosphate glass host and the con-
centration of molybdenum ions. Moreover, borophosphate
glasses, with a composition of 50% P,0s, 30% B,0;, and
20% Na,O (mol%), were prepared and subsequently meas-
ured via infrared and UV-visible absorption spectra before
and after exposure to gamma irradiation. They found that the
y-irradiation produced marked changes in the UV—visible
spectra of MoO;-doped glasses. Such changes were related to
the production of induced defects from photochemical reac-
tions and the generation of positive holes. Also, they con-
cluded that these changes are related to alternations in the
bond angles and/or bond lengths of a few structural groups
upon irradiation while the main structural groups remain
unchanged in their number and position [30].

Figure 6 shows the TF% of the glass samples to
y-radiations as a role of density for selective photonic ener-
gies at x=1.0-cm-thick blocks. This picture can be used to
extract the following features. The principle of Beer-Lam-
bert’s law is evident in the observation that the transmis-
sion of gamma rays is minimal for low-energy photons and
reaches a plateau as the energy of the photons increases.
Additionally, it uncovers how the glass material’s density
influences these rays transmitted across an interacting media
when it encounters several scattering sites on its journey
through the medium. This information can be found in the
work by Kavaz et al. [46]. Drawing the HVL against the
sample code (TiO, concentration) in Fig. 7 adds to these
facts. The figure demonstrates how HVL varies on sample
density and input photon energy at the same time. Also,
for E=0.411 and 1.010 MeV, the figure compares the
HVL of these glasses to that of reference glass typed as
RS-360 and 520. The figure unequivocally demonstrates
that the TiO,-based glasses have less effective shielding
than those common materials. On the other hand, Fig. 8
shows a displacement of the radiation-defense efficacy
(RPE% =1—-TF%). For a lower-energy regime, the RPE%

15.375
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Fig. 10 A summary of the variation of the radiation protection effectiveness (RPE %) and Vickers Hardness (H,) as a function of the sample
density. The RPE is evaluated at a low, b medium, ¢ high incoming photon energy. The RPE is evaluated at sample thicknesses x=1.0 cm
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is approximately at maximum level (RPE=100%), and the
trend is then to decrease as the energy of the incoming pho-
ton increases. Because it has the smallest molar volume,
sample T20 exhibits the most excellent RPE% behavior
across all incoming photon spectrum energy.

For all samples in Fig. 9, the FNRCS X (cin m%/g) is
depicted as bars. According to the computed X of these
glasses, it is found that the glass sample encoded as T10
encloses the peaked X =0.121011 cm?*/g value, indicating
that the TiO, compound is enhancing X, thereby lessen-
ing the impact of B,0;. T10 also has the highest Vick-
ers hardness value (Hv=23.47 GPa), compared to other
studied samples. Contrarily, the sample TO with the lowest
concentration of TiO, compound, which is related to the
biggest molar volume, highest B,0; mol% concentrations,
and lowest Vickers’s-hardness (H,=23.42 GPa) amid
other glasses, had the lowest calculated Z; =0.120695.
The figure further demonstrates that when the concen-
tration of Ti** ions in the sample increases, the Ty pro-
gressively rises and finally falls in accordance with the
measured elastic moduli. Figure 10 displays the RPE%-H,
as roles as a sample’s density aiming at a link between
the mechano-shielding equivalents. The RPE% for low-,
medium-, or high-incoming photonic ray is shown in the
figure. It is obvious from this figure that the RPE%-H,
relation behaves differently depending on the incoming
photon energy as a penetrating glass network. For high
TiO, concentration, the H,-RPE association accomplishes
its greatest protection effectiveness performance. From
a protection-engineering perspective, this linkage among
both physically unrelated properties may pave the way for
the concurrent creation of tailored glasses for particular
shielding needs [30, 42-46].

Conclusion

The physical, mechano-elastic, and radiation-shielding
effectiveness of various glass systems in a quarterly
form 30Pb +4MoO; + (66 — z)B,05 + zTiO,, (z€[0.0,
2.0] mol%) were explored with distinctive TiO,-based
glasses. Elastic and mechanical behavior and the cor-
responding Poisson’s-ratio showed a non-monotonic
tune with TiO, accumulation in the glassy networks.
We found that the following numerical values of the
studied elastic properties, namely 20.87 < G <22.59 kJ/
cm3, 29.60 <E <32.07 GPa, 0.410153 <5 <0.401400,
and 0.02342 <H < 0.02345 GPa. The inferred trend of
LAC-values in the spanned energy 0.015 <E < 15.0 has
an order: LACy <LAC;, <LAC,<LAC;;<LAC <L
ACt o <LAC} ;5 <LACr,,. These values ranged between
279.09 < LAC <282.70 cm™!, at incoming photon energy
of E=15 keV. This highlights the communal competence

@ Springer

between titanium oxide and boron oxide molar fraction
on the molecular structures. After being calculated, it was
discovered that the X exhibits the same trending pattern
as the elastic parameters. These results were also exam-
ined in terms of Ti’>* and Mo>" ion sites and found that
when TiO, exceeds 0.8 mol%, then both ions affect the
studied properties via de-polymerization of the glass net-
work. This work showed that the mechanical and shielding
properties might be adjusted for scientific and/or medical
purposes simultaneously.
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