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The glasses of series xTiO,-xCe0,-(30-x) PbO-(70-x) B,03 where 2 <x < 10 mol% were made using con-
ventional melt-quench method and X-ray diffraction technique has been used to ascertain the amorphous
nature of these glasses. The analysis of the compositional dependence of the physical parameters like
density, molar volume and oxygen packing density along with the elastic parameters (Young's modulus,
shear modulus, Vickers hardness number) of the studied glasses has been done. Infrared (IR) spectra re-
vealed BO3; and BO,4 units as main glass forming groups in these glasses but at higher concentrations of TiO5,
Radiation Shielding Ti>* and Ti** ions get significantly incorporated in glass matrix thereby creating TiO4 and TiOg structural
TiO, Glasses units. Optical spectral studies indicated that the band gap energy values decreased with increasing TiO,
Ce0, content and these glasses had good UV-blocking efficiency which could be exploited for their use as
Optical Properties transparent UV shielding materials. The radiation shielding parameters such as Half Value Layer, Linear
Elastic Constant Attenuation Coefficient, Exposure Buildup Factor, Mean Free Path including thermal and fast neutron cross
section were deduced which indicated that the attenuation performance of these glasses improved with the
addition of TiO,. Lower values of Exposure Buildup Factor and higher values of thermal and fast neutron
removal cross section reflect the proficient shielding ability of these glasses.
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1. Introduction

The continuous growth in different industries and technologies
demands utilization of more and more ionizing radiations. The io-
nizing radiation has great importance from the past era as they have
potential applications in various fields like telecommunication, nu-
clear accelerator medical diagnosis and treatment, food preservation
industry, space technology [1-6] etc. The manpower working in
these industries with radiation appliances is daily exposed to dif-
ferent types of radiations and is facing enormous risk to their life.
Among these radiations, gamma rays, due to zero mass and charge
have the maximum penetrating power. So, the longer exposure to
gamma radiations on humans can damage physical (cellular struc-
ture) and biological structure (genetic structure) leading to serious
ailments like cancer [7-9]. For the safety and protection from these
harmful gamma radiation exposures, many researchers have
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fabricated various kinds of shielding materials in the past [10-12].
One such material fabricated is concrete; which is used in many
industries/ nuclear research centres for the safety of workers from
the harmful exposure of these radiations. But due to some draw-
backs of concretes like immovability/replacement, opacity and effect
of water [13,14], it is less preferred presently and is replaced by more
advantageous materials. More attention to glasses has been given as
gamma-ray shielding materials due of their low cost, easy fabrica-
tion in a huge range of sizes of any form varying from optical fibres
to glass windows [15-22], lightweight and thus easy movement or
replacement, good mechanical strength and above all high trans-
parency. In addition, glasses are more sustainable alternatives to
lead when it comes to radiation shielding, as lead is highly toxic
[23,24]. These properties are sufficient to say that glasses are pos-
sible contestants for their applications in gamma ray protec-
tion [23,24].

In particular, borate glasses were extensively considered in past
era for diverse technological applications [25-27] because of their
exceptional glass forming ability, high optical transparency, ex-
cellent radiation and thermal stability, interesting linear and
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nonlinear optical properties and good solubility of rare-earth (RE) or
transition metal (TM) elements [28-30].

In glass matrix, role of transition metal ions has been widely
studied because their presence helps to modify various properties of
glasses namely electrical, optical, physical and structural properties
[31-33]. The metals possessing wide band gap like zinc, tungsten,
and cerium have been surveyed as fabulous radiation protecting
materials [34-36]. Among transition metal oxides (TMO), titanium
oxide (TiO,) has been utilized in enhancing the optical properties of
glasses [37-43]. It more often exists in electronic states Ti*" and Ti>*
in glass matrix [44-46]. TiO, cannot make glass itself but since it
acts as a modifier, it is used in many glass compositions [47]. The
occurrence of minute quantities of TiO, within the glass environ-
ment boosts the glass making capability and chemical durability of
glasses [48,49]. In titanium, the unfilled p-shells contribute ex-
tensively to the non-linear polarizability; consequently titanium
based borate glasses are highly capable materials to be exploited as
nonlinear optical devices. Recently, titanium based materials are
used in some promising applications like efficiency enhancement of
silicon solar cells [50], radiation protection [9], bioactive glasses [51],
DSSC (Dye-Sensitized Solar Cells) [52] and UV radiation protection
and as sunscreens [53].

Among RE metals, cerium doped oxide glasses are very useful
because of their existence in two stable states Ce>* and Ce*" in
glasses. Consequently, the investigated glasses have optical and
lasing properties in near UV or visible and infrared region. These
glasses are highly capable to absorb UV-radiation which also shows
that in the visible light range, these have high transparency
[35,54-56]. Use of Cerium based glasses as brighter scintillation
materials under X-ray irradiation has also been reported [57].

However, the gamma ray shielding properties of titanium and
cerium doped glasses have been described by few studies
[14,46,54,58]. In light of this, five glass samples with composition
xTi0,-xCe0,-(30-x)PbO-(70-x)B,03 (where with 2 <x < 10 mol%)
were fabricated. The hypothesis is to examine the positive impact of
adding TiO, in CeO,-PbO-B,05 glasses on the radiation shielding
competencies as well as structural, physical and optical properties of
these glasses. This is expected to increase their radiation hardness
and stability; henceforth making them eligible candidates to be used
in radiative environments.

The structural and optical properties were determined using
XRD, FTIR, and UV-visible measurements. Various shielding para-
meters such as Linear Attenuation Coefficient (1), Half Value Layer
(HVL), Mean Free Path (MFP), Exposure Buildup Factor (EBF) and
Fast/Thermal neutron cross section have been evaluated to find out
most effective glass composition for protection against gamma-rays.
The outcome of the prepared glasses on comparing with different
concretes unquestionably indicated the dependence of these para-
meters on the incident photon energy and chemical composition of
the glass samples. The T5 glass sample having high density emerges
as the most effective shield and might be helpful in the construction
of active shielding against hazardous gamma radiation. The authors
believe that the aftermaths of the presented work will be advanta-
geous for understanding the direct impact of TiO, on the structural,
optical, physical and nuclear radiation shielding properties of cerium
borate glasses.

2. Experimental procedure
2.1. Preparation of glasses

The glasses with formula xTiO,-xCe0,-(30-x)PbO-(70-x) B,03
with 2 <x <10 mol% are prepared with the help of melt quenching
technique. The necessary mixture of chemicals mentioned in Table 1
is grinded to get a fine powder and is melted in a silica crucible at a
temperature of 1100-1200 °C for 60 min until a homogenous
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Table 1
Nominal composition of glasses (mole %).
Glass TiO; (%) CeO, (%) PbO (%) B,03 (%)
T1 2 2 28 68
T2 4 4 26 66
T3 6 6 24 64
T4 8 8 22 62
T5 10 10 20 60

Fig. 1. TiO,-Ce0,-Pb0-B,05 glass samples.

bubble-free liquid is formed. The melt is poured into a preheated
steel mould and annealed at a temperature of 390 °C for 1 h to se-
cure against the breaking of the sample by residual internal strains
[59,60]. The samples are polished with cerium oxide to obtain
maximum flatness. The prepared glasses with composition are ta-
bulated in Table 1. In the present investigation, the experimental
techniques are same as deployed in our earlier work [59,60]. The
physical appearance of glasses is shown in Fig. 1.

3. Results and discussion
3.1. X-ray diffraction

As depicted from X-ray diffractograms of TiO, doped
Ce0,-Pb0-B,05 glasses (Fig. 2), not any of the prepared samples
displayed sharp crystalline peaks. The attribution to the fact that
concentration of crystalline phases is not present in prepared glasses
reflects the characteristics of amorphous structure. A broad hump
was observed for all samples at 20 ~28° - 30° confirming that there
does not exist any long-range atomic order confirming their amor-
phous structure. Similar observations have also been made by many
researchers [24,61]. The enhancement in the TiO, concentration
substitution proportion did not disturb the amorphous nature of the
glass samples. So, we can make clear observation that prepared
samples are far from crystallinity and have amorphous structure.
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Fig. 2. X -Ray diffraction pattern of TiO,-CeO,-PbO-B,05 glasses.
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Fig. 3. Optical Absorption of TiO,-CeO,-Pb0O-B,03 glasses.

3.2. Optical properties

To explore the UV-shielding capability of samples, UV-Vis ab-
sorption spectra of T1-T5 samples are presented in Fig. 3. As com-
pared to T1 and T2 samples, a strong UV-shielding effect is observed
in T3-T5 samples. At the same time, all visible light has not been
absorbed by these samples. Absorption spectrum indicates that all
glass samples have optical absorption beyond the 400nm i.e in
visible region. The absorption edge shifts to a longer wavelength
from T1 to T5 samples. The band edge shifts from 439 to 595 nm in
sample T1, from 449 to 610 nm in sample T2 and from 449 to 663 nm
in samples T3 to T5. But in our previous study of CeO,-PbO-B,03
glasses, band edge shifted from 334 to 469 nm [59]. This large shift
in band edge happens only due to presence of TiO, that played ef-
fective role to alter the glasses network so that band edge gets
shifted more towards the longer wavelength as compared to in-
corporation of cerium addition in glass samples.

It is a proven fact that titanium exists primarily in Ti** state in the
glass network. On the other hand, during the process of melting of
the glasses, there may be a possibility of reduction of Ti** ions into
Ti>* ions [51-53,62]. The band observed in the optical absorption
spectra at about 480 nm of the studied glasses is identified as being
due to 2B, — 2By 4 octahedral transitions of the Ti** (3d') ions [62]
which were missing in our previous studies of CeO,-PbO-B,03
glasses. This band is growing in glasses samples T4-T5 at high con-
centration of TiO, which indicates the increase in number of Ti**
ions at the expense of reduction of Ti** ions [62-66].

To determine the band gap, absorption coefficient («), Planck's
constant (h) and frequency (v) are used which are relatively ex-
pressed in the Urbach plots between («hv)”? and energy (hv) of
TiO,-Ce0,-Pb0O-B,03 as shown in Fig. 4 [59,60]. As depicted in
Table 2, the optical band gap energy of glasses declined due to
presence of titanium. Many factors are accountable for this red shift
in absorption edge and shrinkage in the energy band gap.

First factor of this amendment in band energy is the configura-
tion of tetrahedral BO4 units in glass network. These BO,4 units are
proficient to formulate more strongly bonded glass network and also
these BO,4 groups are denser than trigonal BO3 groups because the
bond strength of B-O (808.7 kcal/mol) > Ce-O (795 kcal/mol) > Ti-O
(672 kcal/mol) > Pb-0 (382 kcal/mol) which results in the decrease
in optical band gap [60]. Therefore these tetrahedral units of borate
are responsible for reduction in the band energy along with change
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Fig. 4. Band gap of TiO,-Ce0,-Pb0-B,03 glasses.

of absorption edge on longer wavelength side which results in
forming more stable glasses structures [60].

At higher concentration of TiO,, the change in band gap energy is
seen which is due to growth in the fraction of network forming Ti>*
ions and it may prominently act as a modifier in the glass network.
Usually, the higher concentration of Ti** in the glass host creates
more donor centers which results in the creation of negatively
charged electrons [64,66,67]. One cause of reduction in the propor-
tion of Ti** ions in the glass network is creation of donor center
[66,67]. This progression shifted its absorption edge towards the
longer wave number and thus the value of the optical band gap
energy decreases [67].

One more factor accountable for this red shift is the easily oxi-
dizing nature of Ce>* ions to Ce®" ions because of their electron
donor ability i.e Ce>*— Ce**+e” [60,68].

Fajan and Kreidle have given a rule that the polarizing power of
cation enhances on diminishing its size and increasing its positive
charge. As the ionic radius of cations Ti**, Ce**and Pb** are 0.64 A,
1.02A and 1.32 A respectively i.e ionic radius of Pb?*>Ce**>Ti*",
therefore, the cation polarizability of titanium is greater than other
components of glasses [69,70]. This factor causes shifting of the
absorption edge to the larger wavelength side which results in re-
duction of the band gap [70].

The UV-Vis transmission spectra of T1-T5 samples are presented
in Fig. 5. All samples indicate visible light transmittance at
400-800 nm. It is significantly revealing that the transmittance of all
samples in the UV region from 200 to 380 nm is zero which is
worthwhile for applying in UV-shielding devices [14,46]. Hence
these glasses have full-band UV-shielding ability.

Additionally, Transmittance simultaneously gets reduced with an
increase of TiO,. This behaviour could be related to the lot of defect
energy levels present inside the optical band gap energy level [71,72].

Refractive index of a glass is a vital tool to determine any change in
its structure due to variation in glass system’s composition. In the
present study, we observe that on replacement of borate oxide by high
atomic mass, high field strength TiO,, the refractive index increases
from 2.64 to 2.74 (Table 2). The reason for this is the defect energy
levels introduced by network metal oxide [73,74]. As pointed out above
that diminishing the fraction of network forming Ti*" ions in the glass
system continuously leads to an enhancement in the creation of donor
centres resulting in an escalating overlap between empty 3d states of
Ti** sites and the nearby excited states of circumscribed electrons that
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Table 2
Optical properties of glasses.
Glass Optical Band Gap (Eop:.) (eV) Refractive Index Electronic polarizability (A%) Theoretical Optical Basicity TPA
T1 2.25 2.64 2.956 1.398 18.54
T2 219 2.66 2.970 1.406 19.02
T3 213 2.68 2.985 1414 19.51
T4 2.02 2.73 3.011 1.429 20.40
T5 2.00 2.74 3.016 1431 20.56
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Fig. 5. Transmittance of TiO,-CeO,-Pb0O-B,03 glasses.

were trapped originally on Ti>* ions [40]. Such overlap is one more
cause for enhancement in refractive index.

This increase in refractive index may also be explained with the
help of optical basicity (OB) of glass constituents. According to V.
Dimitrov and T. Komatsu, the values of optical basicity of each oxide
are: ATiO, 0.96 > ACe0, 0.65 > A B,050.42 [74]. The values indicate
that titanium has greater values of OB than other elements in glass
sample resulting in an enhancement in refractive index of the
glasses [75].

3.3. Theoretical optical basicity and electronic polarizability

The optical basicity of glasses gets altered with the presence of
oxygen ions available in the glasses network which creates of ne-
gative charges. Optical Basicity depends on the basicity of different
metal oxides present during the creation of glasses.

The theoretical optical basicity (Ary) and electronic polarizability
(ae) are determined using the expression [68,75,76].

Theoretical Optical Basicity (Ag5) = —x*0.5 + 1.7.

Electronic polarizability (ce) = —0.9%¢ + 3.5 where electro-
negativity (y) =0.2688 Eg.

It is calculated that as the content of TiO, increases, corre-
spondingly its theoretical optical basicity and electronic polariz-
ability get increased (Table 2). Here it is confirmed that the increased
value of optical basicity revealed the capability of oxide ions to
transfer electrons to the nearby surrounding cations. So, one more
factor is that these results are in support of donor centres formation.
This is one of the causes of the shift in absorption edge and decline
in band gap [68].

3.4. Two-photon absorption coefficient

To search about the ability of these glasses to have some solid
state photonic applications, TPA (two-photon absorption coefficient)

T T I T T
1500 2000 2500 3000 3500

Wave No. (cm™)

T T
500 1000

Fig. 6. FTIR spectra of TiO,-CeO,-PbO-B,05 glasses.

is very important tool. It is obtained by using the subsequent
equation [77].

Two Photon Absorption Coefficient g(cm/GW) = [36.76 — 8.1E;Jwhere
Eg is optical band gap.

The TPA of the glasses is increasing gradually from 18.54 to 20.56
with the inclusion of titanium oxide as given in Table 2. Here it in-
dicates that these glasses may be useful in some photonic devices.

3.5. FTIR (Fourier Transform Infrared Spectroscopy)

The FTIR spectra of titanium oxide doped CeO,-Pb0O-B,053 glasses
in 400-4000cm™! region with TiO, concentration 2-10 mol% are
illustrated in Fig. 6. FTIR spectra of the borate glasses are generally
characterized by three fundamental absorption bands. The first re-
gion lies around 600-700 cm™! due to the bending of B-O-B linkages
of the BO5 group. The second region ranges from 800 to 1200 cm™!
because of B-0 stretching of tetrahedral [BO,4] units of borate. The
third region located among 1200-1600 cm™! is because of the B-O
stretching of [BOs] units [78-81].

1. In the FTIR spectrum, origin of a band at 515cm™' in T3 glass
sample is due to presence of vibration of Ti-O bond in the TiOg
octahedral structural units [82]. The intensity of this band is
decreasing at a higher concentration of titanium oxide in samples
T4 and T5. One thing to be noted here is that this band was ab-
sent in our previous study of CeO,-PbO-B,03 glasses [59]. This
indicates that titanium addition affects the structure of the stu-
died glasses.

2. A small and sharp peak in sample T1 is observed at about
689cm™! which substantiates the existence of B-O-B bending
vibration of [BOs] groups. It is observed that intensity of this band
increases in samples T3-T5 at mole percent (4-10%) of TiO,
contents and also its position gets shifted towards the higher
wave number (689-717 cm™'). This behaviour comes up, when
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vibration of B-O linkages is distorted in the glass network and
also vibrations of B-O-Ti linkages of TiO,4 groups are present both
at tetrahedral and octahedral positions in the glass network
[62,82,83]. This reveals the alteration of borate network on
adding titanium oxide.

3. The band present at 962 cm™! in sample T1 is due to the occur-
rence of stretching vibrations of different tetrahedral [BO4] units
in tri, tetra and penta-borate groups [63,64]. When titanium
oxide is incorporated (6-10 mol%), this band gets shifted towards
the higher wave number (1009-1066 cm™') in T3 to T5 samples
and its intensity also gets raised with an enhancement of TiO,
contents [68,70]. This is due to the development of more BO4
units in the glass matrix with the addition of titanium oxide.

4. In sample T1, band present at 1332cm™! is due to [BOs] groups
[63]. The intensity of this band gets reduced and its location is
shifted to higher wave numbers in other samples [60,68]. Ac-
cordingly, the intensity of peak at 900-1000cm™' increases
which indicates that more tetrahedral boron groups are formed
in glass network at higher concentrations of titanium oxide.

5. It has been noticed that the higher concentration of TiO, helps to
offer more oxygens which facilitates to alter the trigonal [BOs]
into [BO4] groups and Ti** (tetrahedral and octahedral) and Ti**
(only octahedral) groups of titanium are also formed [62,83,84].

3.6. Density and molar volume

The density and molar volume of prepared TiO,-CeO,-PbO-B,03
glasses are given in Table 3. In our previous study the density of the
cerium glasses got increased (3.34-3.99 g/cm?) with an incorpora-
tion of cerium [59]. But now it is calculated that with an addition of
TiO,, there is greater increase in value of density from 3.35 to 4.21 g/
cm?. It is because of the increase of molecular weight with increase
in the concentration of titanium in the glass system as B,0s is re-
placed with TiO, having higher molecular mass (79.866 g/mol) than
B,03 (69.63 g/mol). One more reason for enhancement in density is
the creation of more compact [BO4] groups which arise because of
the availability of more oxygens. Consequently, this factor alters BO3
units into BO,4 [68,85]. The change of molar volume and density with
increasing titanium oxide content is depicted in Fig. 7. The density
has higher value in samples T3-T5, which is also due to the creation
of B-O-Ti linkage in the borate system which strengthens the glass
system [84].

The molar volume played an imperative role as it is observed in
this system that decrease in the value of molar volume leads to a
reduction in inter-atomic spacing or bond length which causes
contraction of glass structure.

Contracting of glasses is established by the calculated value of
average boron-boron separation <dg_g > [68,77,85].

Table 3

Physical parameters of glasses.
Sample Code T1 T2 T3 T4 T5
Density (D) (g/cm®) 3.35 3.44 3.68 3.89 4.21
Molar Vol. (cm?/mol) 3429 3316 30.78 289 26.51
<dpp > (nm) 0446 0433 0414 0398 038
Vo 14.29 13.82 12.83 12.04 11.05
oPD 69.98 7238 7799 83.04 90.53
Average Coordination (m) 4,08 416 424 432 44

Bond density (n;, x 10° m™) 0717 0.756 0.830 0900 1000

Average Molecular 114.88 114.07 113.25 11243 111.62
weight (M)

Number density: N (*102° 3.51 7.27 11.74 16.67 22.72
ions/cm?)

Polaron radius (rp) (A) 123 0.966 0.823 0.732 0.604

Inter-nuclear distance (r;) (A) 3.05 24 2.04 1.82 1.64

Field Strength (F) (*10"cm™) 383 622 856 1082 159
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. 1%
Average boron — boron separation < dg_p > = -
‘A

where Ny is Avogadro number and V2 = ﬁ Vi is molar volume,

Xg molar fraction of B;0s.

The value <dg_p > dwindles progressively with increase of TiO,
contents. Thus, the existence of titanium ions facilitates to reduce
the average boron-boron separation which shows the way to com-
paction of glass network. Consequently, there is change in molar
volume and the density of glasses.

The oxygen packing density (OPD) and molar volume of oxygen
are also calculated by the formula mentioned below [68,85].

Oxygen packing density (OPD) = 1000C (ﬁ)
Molar volume of oxygen (Vp) = ). Y
Xil;

1
The value of molar volume of oxygen and oxygen packing density
are in opposite trends i.e decline in Vo and enhancement in OPD
shows that the structure of glass is tightly packed [as shown in
Table 3] which is due to the presence of more bridging oxygen forms
in the glass system [41,42]. These forms create a compact structure
of glass.
The lon concentration (N), inter-nuclear distance (r;), polaron
radius (rp) and field strength (F) are estimated using the rela-
tions [68].

Ion Concentration (N)
_ Density (p) x Avogadro No. (Na) x mole%(RE)
B Average Molecular Weight (M)

. 1/3
Inter — nuclear distance r;(A) = (%)

) iy 1(mm\PB
Pol d A)=—(—
olaron radius r, (A) Z(GN)

z

Field strength (F) =

The calculated outcomes of inter-atomic distance, r;, and con-
centration of ions, N, are listed in Table 3. It is seen that the inter-
atomic distance decreases gradually from 3.05A to 1.64 A and po-
laron radius decreases from 1.23A to 0.604 A whereas the ions
concentration (N) increases with enhancement of TiO, content. This
decrease in rj and r,, indicates the rise in compactness of glass matrix
with the concentration of TiO,. As observed from Table 3, the field
strength enhances with enhancement of TiO, content. This boom in
field strength is ascribed due to the lowering in inter-atomic dis-
tance, polaron radius and increase in value of BO4 groups in
glasses [68].

Increase in density and the resulting decrease in molar volume
expose that titanium oxide acts as a modifier in these prepared
glasses.

3.7. Packing density

The molar volume is utilized to find out an imperative parameter
that helps to explain the atomic packing density of atoms (V) or
atomic packing fraction (APF) and the compactness of glasses. APF or
Packing density (V) is calculated by the equation mentioned
below [85].

Vixi

Packing density (Vr) =
Vin
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Table 4
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Packing Density (Vr), Poisson ratio (), Young's Modulus of Elasticity (E), Modulus of Compressibility (K), Modulus of Elasticity in Shear (G) and Vickers Hardness Number (H) of

the glass samples respectively.

Glass Packing Poisson Young’s Modulus of Modulus of Compressibility Modulus of Elasticity in Vickers Hardness Number
Density (Vr) ratio (¢) Elasticity (E) (GPa) (K) (GPa) Shear (G) (GPa) (H) (Kg/mm?)

T1 0.526 0.236 70.23 44.35 28.41 655.91

T2 0.543 0.244 80.17 52.28 32.21 759.83

T3 0.585 0.262 94.48 66.27 37.42 923.63

T4 0.622 0.277 109.24 81.49 42.79 1096.97

T5 0.677 0.295 128.45 104.31 49.60 1338.51
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Fig. 7. Density and molar volume of TiO, doped glasses.

where V; is packing factor of oxides, X; is the mole fraction of oxides
and V, is the molar volume of the prepared glasses. V; is calculated
by using the equation given in [86-88].

APF of the system increases with an increase in a mole percent of
titanium oxide (Table 4). The addition of TiO, modifies the glass
network by enhancing the rigidity of glasses.

3.8. Elastic properties

The rigidity of glasses is also explained with the help of Poisson’s
ratio (¢) which can be calculated by using the equation [86-88].

. ) 1
P ’ t =(0.5) - | ==
oisson’s ratio (o) = (0.5) (7,2VT)

Any change in the cross link density of glass network directly
affects its value of Poisson’s ratio. For three-dimensional glasses like
silicon oxide glasses (SiO,), the Poisson ratio has value 0.15, whereas
for a two-dimensional structure like borate glasses (B,03), it has a
value approximately 0.3 [89-91].

The Poisson's ratio gets augmented continuously with the in-
sertion of titanium in a given glasses system (Table 4) which en-
hanced the stiffness of the glasses by decreasing its dimensionality.

The elastic properties of the prepared glasses have been eval-
uated by using Yamane and Mackenzie's procedure [86,87].

The theoretical values of Young's modulus (E) are estimated from
the values of Vi and dissociation energy with the help of standard
relations adopted elsewhere [87]:

Young's modulus (E) = 83.6 V1 ) Gix;

Where G; are the Dissociation energies per unit volume and x;.

In glasses, both bulk modulus (K) and shear modulus (G) are
known to be related to Young's modulus (E) and Poisson's ratio (c)
by the equations [87].

E

Bulk modulus (K) = m

E

Shear modulus (G) = 20+ 20

The packing density V; and the dissociation energy G; obtained in
the present study are listed. The glasses structure is well char-
acterized by the results of Young's modulus, bulk modulus (K) and
shear modulus (G) calculation. The value of these parameters is af-
fected for any amendment in the temperament of the chemical bond
and its strength in the glass matrix. These are especially valuable in
exploring the alteration in the cross-link density of glasses. It has
been observed in prepared glasses that the value of elastic moduli
increased almost in linear manner with increasing the content of
TiO,. This indicates that titanium oxide addition helps to increase
the glasses’ rigidity due to change in the structural units BOs into
tightly packed units BO4. The higher value of the bulk modulus is
confirmed by the increase in number of bonds (np,) in a unit volume
of glass and value of average coordination as given in Table 3. The
variation of elastic constants with mol% of TiO, of glasses is shown
in Fig. 8.

The Vickers hardness number of glass is calculated by the
equation given by M. Yamane and ].D. Mackenzie [87]. It has been
seen that hardness of the glasses gets enhanced with enhancement
in the mol% of TiO, which once more supports the density, molar
volume and band gap results.

3.9. Gamma ray shielding parameters

The theoretical values related with photon attenuation ability of
the studied glasses are examined at a particular choice of energy
with the help of Phy-X/PSD software [92]. It can exploit the nu-
merous shielding parameters accurately at any energy range; like
LAC (linear attenuation coefficient), half value layer (HVL), mean free
path and Exposure Buildup (EBF) etc. [93].

3.9.1. Linear attenuation Coefficient (LAC) (u)

LAC measurement is vital tool to find out the shielding ability of
any material. The variation of LAC (p) with the concentration of TiO,
as a function of photon energies 0.015-15 MeV for the present glass
samples is plotted in Fig. 9. It is clear that the LAC value increases
from 197.756 to 221.523 cm™! for the samples T1 to T5 indicating its
compositional dependence with TiO,. The values of LAC decreases
sharply in low energy region (0.015-0.06 MeV) and gradually in in-
termediate energy range (0.06-1 MeV). This behaviour of LAC values
is attributed to various possibilities of interaction of gamma rays
with glasses. There are three main causes of the variation in LAC;
first at low energy, where the photoelectric effect is a dominant
mechanism; second at intermediate energy, where Compton scat-
tering plays the role in declining the LAC values and third one
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corresponds to pair production which occurs at photon energies
higher than 1 MeV. The variation of LAC (p) for present CB (Cerium
Borate) glasses with mol% of TiO, at selected photon energies
0.356 MeV, 0.662 MeV, 1.17 MeV and 1.33 MeV is illustrated in Fig. 10.
The observations mark that at each particular value of energy, p of
glass samples increases with the increase in concentration of TiO,.
These results are just similar to the results reported in different glass
systems i.e p depends on content of higher atomic weight oxide
present in the glass network [93]. Fig. 10 also indicates that at-
tenuation coefficient varies inversely to the photon energy (at higher
photon energy p has lower value). At 0.356 MeV energy, T5 glass has
higher linear attenuation coefficient (0.775cm™) but at 1.50 MeV
energy, value of p decreases continuously (0.235cm™!). It has also
been noticed that p decreases abruptly in the beginning with small
increase in photon energy which is due to photoelectric effect, and
this variation is smaller in the mid region of photon energy due to
Compton scattering and almost constant at higher energy value
more than 5 MeV. Since Hematite serpentine concrete (HSC), Basalt
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Magnetite concrete (BMC), Ilmenite Concrete (IC) and Steel Scrap
concrete (SSC) are reported as best shielding materials [94], so to
find out superlative attenuation capacity in prepared titanium
glasses, we have compared the p of T5 glass sample with above
mentioned concretes at selective energy values 0.6, 1 and 1.5 MeV as
shown in Fig. 11. It indicates that T5 glass has value higher than these
concretes. So, it may be concluded that TiO, doped glasses help to
improve attenuation ability of glasses towards gamma radiation.

3.9.2. Half value layer (HVL) and Mean free Path (MFP)

Phy-X/PSD program is utilized to acquire the HVL and MFP values
which are very important parameters to find out gamma radiation
blocking tendency of any materials. The material that has lesser
value of these two parameters will have a better shielding profi-
ciency. As depicted in Figs. 12 and 13, MFP and HVL values of these
glasses got diminished with rise in photon energy and also with the
concentration of TiO,. The deviation of HVL with TiO, mol% at se-
lected energy values 0.356, 0.662, 1.17 and 1.33 MeV are represented
in Fig. 14 that signifies that as the contents of titanium increases,
HVL decreases continuously at selected energy value. Also the HVL of
these glasses compared with Ordinary Concrete, Barite, Ferrite,
chromite, serpentite concretes and radiation shielding glasses
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Rs253G18 and RS360 as shown in Table 5. This comparison shows
that TiO, glasses have better shielding ability than concretes. It has
been reported that the Hematite serpentine concrete (HSC), Basalt
Magnetite concrete (BMC), Ilmenite Concrete (IC) and Steel Scrap
concrete (SSC) are best shielding materials [94]. We have matched
up to their MFP values with T5 sample (10% TiO,) as exposed in
Fig. 15. This helps to conclude that the MFP for the T5 sample has
lower value than different concretes. We have also evaluated the
MFP of T5 sample against the MFP value of some commercial glasses
RS323G19, RS360 and RS520 made by Schott Company [95] shown
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Table 5

Comparison of HVL of prepared glass samples with other radiation shielding con-
cretes and glasses.

Glass 0.356 0.662 117 (MeV)  1.33 (MeV)
(MeV) (MeV)
T1 1.05 2.2 3.42 3.7
T2 1.05 215 334 3.61
T3 1.01 2.05 315 34
T4 0.97 1.9 2.99 322
T5 0.85 1.84 2.79 3
Ordinary Concrete  2.96 3.87 5.09 5.43
Barite 2 2.54 35 3.75
Ferrite 1.5 1.98 2.62 2.79
Chromite 2.05 2.82 3.72 3.97
Serpentite 3.05 4.07 6 6.40
RS253G18 2.61 35 4.98 5.5
RS360 1 2.01 3.41 3.85

in Fig. 16. This comparison is again in the support that T5 glass
composition has better shielding ability as compared to RS323G19
and RS360 materials. Hence this composition of glasses (T5) can be
build up as superior radiation safe guard material.

3.9.3. Exposure buildup and energy absorption buildup factors (EBF
and EABF)

The photon energy and penetration depths (1-40cm™) tend to
change the EBF and EBAF values of titanium doped glasses as shown
in Fig. 17 and Fig. 18 since in the phenomenon of photoelectric effect,
the photons are totally absorbed, so minimum values of EBF and
EABF of the glass samples are produced at low photon energy. As
energy of the photon boosts at an intermediate energy region, this
causes an increase in EBF and EABF values of glasses and this be-
haviour may be attributed to Compton Effect’s multiple scattering.
At higher energy, the values of EBF and EABF show an increment
which may possibly be a result of pair production [6,97]. The pair
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production cross-section gets altered with equivalent atomic
number as (Zeq). So, a higher probability of pair-production is ex-
perienced by the glass having higher Z.y [96,97]. The investigation
illustrates that the sample T5 with high concentration of titanium
has lowest value of EBF and should be considered for gamma-ray
shielding.

The variation of EBFs of the glasses with penetration depths at
particular photon energies is depicted in Fig. 19. The EBF values show
an increasing trend with the enhancement in penetration depths
since at high penetration depths, many more scattering events occur
and it happens at particular value of incident energy (1, 3, 5, 10 and
15 MeV) [96]. It is noticed that values of EBF increases with rise in
mfp. The buildup factors are quickly developed at higher penetration
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depths (20-40 mfp) as the pair production cross-section changes to
72 at high energies [6]. At 1 MeV energy sample T5 has highest value
of EBF. But at 3 MeV, values of EBF are almost not dependent on
chemical composition of glasses and there is nearly a constant
magnitude of EBF. The reason behind this may be the compton
scattering as it is the main interacting process in this region for
glasses whose cross-section varies linearly with Z.q [97]. Conse-
quently, there is not any remarkable variation of EBF at this energy.
At energy more than 3 MeV, the trend of EBF values gets reversed.
The same trend has been observed by many researchers in their
studies [97-101]. The reason for this trend may be the dominance of
the phenomenon of pair production in this energy region. Here, EBF
decreases with increase in molar concentration of titanium oxide as
is evident from Fig. 19. The EBF value is less for T5 sample in the
energy range 3-15 MeV which contains high concentration of TiO,.
This is a known fact that the material with low EBF and high ef-
fective atomic number is a good shielding material. Hence it is re-
vealed that high titanium concentration makes the glass sample a
better radiation shielder in terms of buildup factor [98-101].

Dependence of EBFs on the atomic number of elements indicates
that the value of EBF of the materials is also dependent on its che-
mical compositions [100,101]. EBF dependency on chemical com-
position is analyzed with energy at constant penetration depths
shown in Fig. 20. It is observed that the EBF values are small at low
energy photons whereas maximum at higher energy photons. The
reason behind this variation is the photo-electric and pair-produc-
tion which are dominant interaction processes in low- and high-
energy, respectively that completely removes the photons. The
sample T5 has lower EBF value as compared with other glass sam-
ples. These results indicate that higher concentration of titanium in
glasses is favourable to enhance the shielding efficiency towards the
gamma radiations.

The EBF values of T5 glasses and some concretes of steel-mag-
netite (SM), Ilmenite-limonite (IL), Ordinary Concrete (OC), Steel-
scrap (SC) and Lead have been compared and are given in Table 6
[99]. The buildup factors of TiO, glasses are found to be lesser than
all concretes which indicate that titanium glasses are appropriate for
producing some shielding materials [96].

3.9.4. Neutron attenuation

The fast neutron removal cross section (FNRCS in cm ™) (Xgr) plays
an important role to check the ability of the medium to block the
neutron beam in fast (or fission energy) neutron attenuation. FNRCS
helps to measure the probability for the happening of first interac-
tion that removes the incident neutron. The fast neutron removal
cross section (FNRCS) for the mentioned glasses has been calculated
by using the equation mentioned elsewhere [92]. It is observed that
Y& value enhances with titanium concentration in the glass matrix
that may be because of increasing density of glass samples with rise
in titanium contents. The FNRCS value of the glasses prepared in this
study and some other neutron shielding concretes/glasses (SBC-B35
glass, Graphite, HSC, ILC, Ordinary concrete and Basalt magnetite
concrete (BMC) has been compared as depicted in Fig. 21
[96,100-102]. It is found that neutron shielding capability of glasses
prepared in this study is more than previously stated glasses/con-
cretes. The prepared glasses prove to be very effective in attenuating
the fast neutrons as inferred from the comparison of Y values of
studied glasses to that of water which is considered as a good
neutron absorber (0.1023 cm™!) [96]. Table 7 revealed that FNRCS of
T5 glass has higher value than many good neutron shielding glasses
studied by different researchers [103-106].
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For thermal neutrons, boron is a well-known candidate for its
outstanding shielding property [96]. So the presence of boron has a
remarkable impact in improving the neutron absorbing/attenuating
properties of the mentioned glasses. The total cross-section (or)
gives the probability when a neutron interacts with the target nuclei,
whatever may be the interaction type. In present study, the total
cross-section (or) to find the neutron attenuation is expressed by the
relation [97], (o1)= (o¢)* (oic)* (ca) Where o is the coherent and o;. is
the incoherent scattering cross-section and o, denotes the

1

absorption cross-section due to nuclear capture processes. The va-
lues o, 6ic, 6a, and oy calculated by using the given formula reported
in [96,107,108] for all samples is shown in Table 8 and it can be found
that all these values increase with increase in TiO, contents. More-
over, the T5 sample has highest o1 and Zt value among all the glass
samples. Thus, comparing the titanium element content of all
glasses, we can conclude that more the titanium content in samples,
better be the thermal neutron shielding features. So T5 glass sample
is preferred for thermal and fast neutron attenuation.
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Table 6
Comparison of EBF of T5 glasses with Ordinary Concrete(OC), [lmenite-limonite (IL),
Steel-scrap (SC), steel-magnetite (SM) and Lead.

0.15 MeV
MFP T5 ocC IL SC SM Lead
1 119 291 1.99 1.87 179 14
5 133 16.68 5.59 1.96 4.19 1.84
10 141 50.1 10.23 1.96 6.83 213
20 1.55 193.53 21.19 1.96 12.34 2.87
40 1.68 940.68 46.1 1.94 22.89 6.65
1.5 MeV
MFP T5 ocC IL SC SM Lead
1 1.52 1.91 1.8 1.78 1.76 1.38
5 3.83 719 6.17 6.07 5.87 2.74
10 7.25 16.42 13.46 13.37 12.75 4.47
20 15.8 40.34 31.89 32.65 3045 8.11
40 35.48 105.85 77.84 85.17 76.26 15
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Fig. 21. Comparison of fast neutron removal cross section with some commercial
glasses/concretes.

Table 7
Comparison of FNRCS of T5 glasses with other shielding
glasses.

Glass FNRCS (cm™)

T5 0.113

TVM60 0.106

VPZn8 0.092

S2 Ceramics 0.070

C20 glass 0.107

Table 8

Coherent scattering cross-section (oc), absorption cross-section (c,), incoherent
scattering cross-section (o;c), total cross-section (or) and macro cross section (Zy) of
glasses for thermal neutron attenuation.

Glass o oA Gic ot o

T1 0.306 18.322 0.054 18.682 3.28134
T2 0.309 18.394 0.059 18.762 3.40815
T3 0.324 19.221 0.067 19.612 3.8386
T4 0.335 19.829 0.075 20.239 4.21779
T5 0.355 20.924 0.085 21.364 4.85376
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4. Conclusion

The reported work presents the additive impact of TiO, on the
physical, elastic and optical properties of cerium based borate
glasses. The recent investigation also aimed to study comprehen-
sively that the radiation shielding properties of studied glasses
varied with composition. Accordingly, Phy-X/PSD software was uti-
lized to estimate LAC (Linear Attenuation Coefficient), HVL (Half
Value Layer), MFP (Mean Free Path) values including Exposure
Buildup and Energy Absorption Buildup factors of these glasses. To
further facilitate the shielding design, estimation of the fast and
thermal neutron removal cross section has been done. The results
derived henceforth are summed up below:

1. The absence of sharp peaks in XRD pattern confirms the amor-
phous nature of all glass samples.

2. Optical spectral studies indicated that a strong UV-shielding effect is
observed in T3-T5 samples. In addition, a band is observed in the
optical absorption spectra at about 480 nm and grows in the glass
samples T4-T5 having high concentration of TiO,. This indicates the
increase in number of Ti>* ions at the expense of reduction of Ti*"
ions. The glasses showed a strong UV-blocking efficiency also as they
blocked all the three regions of UV (UVA, UVB and UVC) making
them suitable to be used as transparent UV shielding materials or UV
filters. Lower values of band gap energy (2.25-2 eV) indicate higher
degrees of disorder in these glasses. The refractive index increases
from 2.64 to 2.74 which is possibly due to replacement of borate
oxide by high atomic mass and high field strength TiO».

3. FTIR spectroscopy revealed that glass structure is primarily
composed of BO5; and BO, structural units. As TiO, concentrations
are made higher, there is observation of Ti>* and Ti** ions in glass
samples and a structural modification appears because there is
development of TiO4 and TiOg groups.

4. Outcome of physical (molar volume, density) and elastic para-
meters (Young's modulus, shear modulus and Vickers number)
exposed that the glasses’ stability gets augmented by adding TiO»
content. As TiO, increases, correspondingly theoretical optical
basicity and electronic polarizability of glasses also increase. The
TPA of glasses increases gradually from 18.54 to 20.56 with the
inclusion of titanium oxide which indicates that these glasses
may be useful in some photonic devices.

5. The studies carried out on radiation interaction parameters and
attenuation properties of prepared glass samples depict that T5
glass sample is set up to have superior gamma-ray shielding ef-
ficiency owing to its elevated linear attenuation p and declined
MEFP values. Additionally, this sample T5 has poorer HVLs than
those of other concretes and commercial glass samples apart
from RS520 commercial glass. Finally, after comparing our results
with some gamma shielding glasses reported in the past, we can
conclude that by adding TiO,, attenuation performance of in-
vestigated glasses is improved. The glass which has high con-
centration of titanium (T5 sample) has lower value of EBF as
compared to OC, IL, SMC concretes.

6. Thermal and fast neutron shielding results showed that the
neutron attenuation ability has higher value for T5 glass which
has higher concentration of TiO,.

In Conclusion, researchers have always been motivated to dis-
cover superior, new-generation and eco-friendly shielding materials
since radiations have found their use extensively in different fields
such as medicine or health services, agriculture, nuclear power in-
dustry, exploration of space etc. The recent work is one such in-
itiative to find modification of a base borate glass system on adding
TiO, such that it may be used in radiative environments and also to
have an insight in structure of these glasses.
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