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ABSTRACT

This work presents an extensive study of the optical (linear/non-linear),

mechanical properties and gamma-photon-shielding effectiveness of potassium

titanate biso-phosphate with chemical form 50P2O5-30TiO2-(20-x)K2O-xBi2O3:

x = 0 (Bi-0) mol%, 5 (Bi-5) mol%, 10 (Bi-10) mol%, 15 (Bi-15) mol%, and 20 (Bi-

20) mol%.The linear refractive index (noptical) increased from 2.41 for Bi-0

sample to 2.52 for Bi-20 sample. Both optical susceptibility (v(3)) and non-linear

refractive index (n
optical
2 ) were enhanced with the addition of Bi3? ions in the

investigated glasses. Bond compression bulk elastic (KB-C) modulus was found

to decrease from 72.737 GPa for Bi-0 to 69.266 GPa for Bi-20 glasses, while

Poisson’s ratio (rB-C) for Bi-glasses was increased from 0.251 to 0.256. According

to Makishima-Mackenzie (M-M) model, values of (KM-M) were decreased from

39.370 GPa to 36.775 GPa. In terms of mass and linear attenuation coefficients

(MAC and LAC), the glasses take the order that (Bi-0)MAC,LAC \ (Bi-

5)MAC,LAC\ (Bi-10)MAC,LAC \ (Bi-15)MAC,LAC\ (Bi-20)MAC,LAC. In terms of half

value layer (HVL), at 0.015 MeV, HVL decreased from 0.022 cm to 0.003 cm,

while at 15 MeV, it decreased from 12.062 cm to 4.841 cm for Bi-0 and Bi-20

glasses. In terms of transmission factor (TF), the average photons absorbed in

the energy interval between 0.15 MeV and 1.5 MeV is 43.34%, 51.60%, 57.59%,

62.02%, and 65.16% of the incoming photons for glasses Bi-0, Bi-5, Bi-10, Bi-15,

and Bi-20, respectively. The calculated values of exposure and energy absorp-

tion buildup factors (EBF and EABF) increase with increasing the penetration

depth (PD) values, and a high increase is detected for high PD values (i.e.,
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PD[ 20 mfp). The fast neutron removal cross-section (
P

R) takes values

0.03248 cm2/g, 0.02931 cm2/g, 0.02691 cm2/g, 0.02504 cm2/g, and

0.02355 cm2/g for glass samples Bi-0, Bi-5, Bi-10, Bi-15, and Bi-20, respectively.

1 Introduction

Currently, phosphate-based glasses are applied in

different areas due to their unique advantages over

other glasses such as germanate, silicate, and borate

glasses. Some of these properties such as high-ther-

mal expansion factor, low-melting temperature point,

ultraviolet (UV) transmission, high refractive index

[1–5]. In other side, phosphate-based glasses have

some disadvantages such as poor chemical durabil-

ity, high hygroscopic, and volatile nature, these make

phosphate glasses restrict in their applications [6, 7].

Therefore, several researchers have been aimed to

solve these problems in P2O5 glasses to make them

more stable by introducing oxides such as TiO2, ZnO,

Bi2O3, Al2O3, CdO, Li2O, PbO in the glass network

[8]. Currently, glasses, semiconductor, and thin films

materials have been applied in several electronic and

optical applications [9–14].

Introducing bismuth and potassium oxides (Bi3?

ions and K2O) in the phosphate glasses leads to

enhance the physical and chemical features of the

produced glasses. Shaim et al., and Elmoudane et al.,

[15, 16] have been studied the impact of Bi3? on

structural, thermal, dc conductivity, and dielectric

properties of phosphate glasses. Shams et al., [4]

studied the structure, dielectric, and gamma-ray

efficiency of P2O5 glasses. Rao et al., [17] have been

investigated the optical properties of phosphate

glasses doped with TiO2. The obtained results of the

former studies claimed that the addition of Bi3? ions

to P2O5 glasses polymerized the vitreous network

and induced the creation of water-resist Bi-O-Bi and

P-O-Bi linkages. Another observation that the Bi3?

ions in phosphate glasses played a dual structural

role in the glassy network, either a glass former with

[BiO3] units or a modifier with [BiO6] octahedral [18].

Moreover, the electrical conductivity reduced, while

the real permittivity enhanced with increasing Bi3?

ions due to the presence of strong polarizing cations

Bi3? ions in the glasses [7]. Indeed, the addition of

Bi2O3 to TiO2-P2O5 glasses increased the infrared

transmission range and enhanced the refractive index

of the produced glasses [19]. The produced glasses

also exhibited nonlinear polarizability [17], which

made them interesting for optical applications. It was

observed that the addition of alkaline oxides such as

K2O to the phosphate system can extend the vitrifi-

cation region and reduces the melting temperature

and increases the glass stability [20].

The current work aimed to investigate the effect of

the substitution of potassium (k2O) by bismuth

(B2O3) on the optical (linear/non-linear), mechanical

properties, and gamma-ray shielding effectiveness of

biso-phosphate (Bi2O3-K2O-TiO2-P2O5) glasses using

MCNP-5 simulation and Phy-X/PSD software to

apply these glasses in various optical and medical

applications.

2 Materials and methods

2.1 Bi0-Bi20 glasses

Five samples of potassium titanate biso-phosphate

glasses with chemical form 50P2O5-30TiO2-(20-

x)K2O-xBi2O3: x = 0 mol%, 5 mol%, 10 mol%,

15 mol%, and 20 mol% were chosen from Ref. [21].

These glass samples were synthesized using the

reagents K2CO3 (Aldrich, 99.6%), Bi2O3 (Alfa Aesar,

99.99%), NH4H2PO4 (Aldrich, 99%), and TiO2

(Aldrich, 99.9%) as precursors to prepare batches of

8 g glass sample via the conventional melt quenching

technique. Chemical amounts for each sample were

weighed and mixed in a silica mortar for 30 min. The

mixture was transferred to an alumina crucible and

placed in an electric furnace at 300 �C for 6 h to

remove H2O and NH3, then at 600 �C for 12 h to

decarbonate the compositions, and then the at

1200 �C for 1 h to get the molten glass. Subsequently,

the mixture was quenched rapidly at room temper-

ature on a stainless-steel cylindrical shape and pres-

sed to form glass pellets [21]. The studied samples are

denoted by the following keys:

Bi-0: 50P2O5 – 30TiO2 – 20K2O – 0Bi2O3,

Bi-5: 50P2O5 – 30TiO2 – 15K2O – 5Bi2O3,

Bi-10: 50P2O5 – 30TiO2 – 10K2O – 10Bi2O3,
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Bi-15: 50P2O5 – 30TiO2 – 5K2O – 15Bi2O3, and

Bi-20: 50P2O5 – 30TiO2 – 0K2O – 20Bi2O3. Glass

keys, chemical composition, density, and molar

volume were listed in Table 1.

2.2 Methods

2.2.1 Linear/non-linear optical parameters

For non-crystalline materials, the optical parameters

can be evaluated with the help of the following

relations [22–27]:

(i) The linear refractive index (noptical),

½ðnopticalÞ2 � 1�
½ðnopticalÞ2 þ 2�

¼ 1 � Eoptical

20

� �1=2

ð1Þ

(ii) Molar refraction (Rmolar),

Rmolar ¼ ðnopticalÞ2 � 1

ðnopticalÞ2 þ 2

 !

Vmolar ð2Þ

(iii) Electronic polarizability (amolar),

amolar ¼ Rmolar

2:52
ð3Þ

(iv) The optical electronegativity (v*)

v� ¼ 0:2688Eoptical ð4Þ

(v) Linear dielectric susceptibility (v(1))

vð1Þ ¼ ððnopticalÞ2 � 1Þ=4p ð5Þ

(vi) Optical susceptibility (v3)

v3ðesuÞ ¼ A=ð4pÞ4ðnoptical � 1Þ4 ð6Þ

(vii) Non-linear refractive index (n
optical
2 )

n
optical
2 ðesuÞ ¼ 12pv3

nlinear ð7Þ

Here, Eoptical and Vmolar are the optical energy gap

and the molar volume of the material.

A = 1.7 9 10-10 is a constant obtained by fitting the

experimental values of nlinear and v(3) of different

oxides.

2.2.2 Mechanical properties

In this work, the mechanical factors including

(Young’s, bulk, longitudinal, and shear) elastic

moduli and Poisson’s ratio of the studied Bi-glasses

were calculated via two methods: (i) bond compres-

sion (B-C) model and (ii) Makishima-Mackenzie (M-

M) model. Procedures and relations of calculations

were applied as in earlier reports [28–30] as well as in

Tables 2 and 3.

2.2.3 MCNP-5 simulation and Phy-X/PSD software

The elemental chemical compositions and densities

presented in Table 1 were used by the Monte Carlo

simulation code MCNP-5 and Phy-X/PSD program

to estimate the studied glasses’ radiation shielding

properties. Based on the nuclear database’s primary

sources ENDF, ACTI, ENDL, ACTI, and T-16 files,

the mean track length (MTL) of gamma photons was

simulated [31]. A geometry also describes the

Table 1 Key, chemical composition, density, molar volume, and energy gap of 50P2O5-30TiO2-(20-x)K2O-xBi2O3-: (x = 0, 5, 10, 15, and

20 mol%)

Sample key Composition, (mol%) Density, q (g/cm3) ± 0.02 Vm (cm3/mol) ± 0.03 Energy gap, Eoptical (eV) 0.01

P2O5 TiO2 K2O Bi2O3

Bi-0 50 30 20 0 2.58 44.03 2.95

Bi-5 50 30 15 5 2.93 45.05 2.91

Bi-10 50 30 10 10 3.27 46.08 2.83

Bi-15 50 30 5 15 3.58 47.33 2.75

Bi-20 50 30 0 20 3.84 48.86 2.56
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problem components cell, surface, source, material,

and cut of cards should arrange. The 3D representa-

tion for the geometry used to simulate the present

study’s shielding parameters is illustrated in Fig. 1.

Figure 1 depicts a radioactive gamma-ray source

placed in the center of the geometry. It emits energies

varied in the range between 0.015 MeV and 15 MeV

along the positive Z-axis. The photon flux emitted by

the radioactive source was collimated using a colli-

mator of lead. The glass -photons interaction takes

place after the collimated photons were directed to

the fabricated samples. Then, transmitted photons

were detected by the detector, where the detector was

assumed to be an F4 tally to estimate the mean track

length (MTL) of incident gamma photons. The cut-off

card was set up to stop the interaction after 106 par-

ticles [32, 33].

The most important radiation protection parame-

ters for materials are as the following with their

relations [34–47]:

Table 2 The values of total

number of cationic per glass

formula unit (g), average
cross-link density (�nc), average

stretching force constant (�F),

number of network bond per

unit volume (nb), average bond

length (l), calculated bond

compression elastic moduli

(bulk (KB-C), shear (SB-C),

longitudinal (LB-C), Young’s

(EB-C)) and Poisson’s ratio (rB-
C) of Bi-glasses. xi: molar

fraction of the ith constituent,

nc: the number of crosslinks

for each cation of the oxide,

and NC: the number of cations

per unit glass formula

Parameters and elastic moduli Bi-0 Bi-5 Bi-10 Bi-15 Bi-20

g 1.7 1.7 1.7 1.7 1.7

�nc ¼ 1
g

P
xiðncÞiðNCÞi 1.529 1.500 1.470 1.441 1.411

�F ¼
P

ðxnf fÞiP
ðxnf Þi

(N/m)
312.608 315.956 319.377 322.876 326.454

nb ¼ NA

Vm

P
ðnfxÞi 9 1028 (m-3) 6.391 6.082 5.880 5.661 5.423

l ¼ 0:0106
�F

KB�C

� �0:26
(nm)

0.447 0.450 0.452 0.455 0.458

KB�C ¼ NA

9Vm

P

i

ðnfx�Fr2Þ(GPa) 72.737 72.099 71.474 70.546 69.266

SB�C ¼ 3
2

� �
KB�C

1�2rB�C

1þrB�C

� �
(GPa) 43.269 42.636 42.009 41.204 40.196

LB�C ¼ KB�C þ 4
3 SB�C(GPa) 130.285 128.806 127.347 125.348 122.727

EB�C ¼ 2SB�Cð1 þ rB�CÞ(GPa) 108.327 106.848 105.382 103.469 101.403

rB�C ¼ 0:28ð�ncÞ�0:25 0.251 0.253 0.254 0.255 0.256

Table 3 Total ionic packing

density (Vt), total dissociation

energy (Gt), Young’s modulus

(EM-M), bulk modulus (KM-M),

shear modulus (SM-M), and

Poisson’s ratio (rM-M) based

on Makishima-Mackenzie

model of Bi- glasses

Parameters and elastic moduli Bi-0 Bi-5 Bi-10 Bi-15 Bi-20

Vt ¼ 1
Vm

� �P

i

ðVixiÞ 0.582 0.576 0.569 0.560 0.549

Gt ¼
P

i

ðGixiÞ(KJ/m3) 48.3 48.92 49.54 50.16 50.78

EM�M ¼ 2VtGt(GPa) 56.296 56.389 56.442 56.264 55.789

KM�M ¼ 1:2VtEM�M(GPa) 39.370 38.971 38.583 37.867 36.775

SM�M ¼ ð3EM�MKM�MÞ=ð9KM�M � EM�MÞ(Gpa) 22.310 22.387 22.465 22.463 22.366

rM�M ¼ EM�M

2GM�M

� �
� 1(GPa) 0.261 0.258 0.256 0.252 0.247

Fig. 1 The 3D representation for the geometry used to simulate

the shielding parameters of Bi-glasses
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(i) Mass and linear attenuation coefficients (MAC

and LAC),

ðMACÞsample ¼
l
q

� �

sample

¼
X

i

Wi
l
q

� �

i

ð8Þ

ðLACÞsample ¼ ðlÞsample ¼ ðMACÞsample � ðqÞsample ð9Þ

(ii) Half value layer (HVL),

ðHVLÞsample ¼
0:693

ðlÞsample

ð10Þ

(iii) Mean free path (MFP),

ðMFPÞsample ¼ ðl�1Þsample ð11Þ

(iv) Effective atomic number (Zeff),

ðZeffÞsample ¼

P
i fiAi

l
q

� �

i
P

j
Aj

Zj

l
q

� �

j

ð12Þ

Here, Ai, Zj, and fi are the atomic weight, the atomic

number, and the fractional abundance of the element

i relative to the number of atoms providing that R

fi = 1.

3 Results and discussion

3.1 Linear/non-linear optical properties

With the help of the indirect optical energy gap

(Eoptical) values of the investigated Bi0-Bi20 glasses

[21], the corresponding values of refractive index

(noptical) are calculated via Eq. (1) and listed in

Table 4. Figure 2a shows the dependence of (Eoptical)

on Bi3? ions in Bi-glasses. The decrease in the (Eoptical)

from 2.95 eV (Bi-0) to 2.56 eV (Bi-20) can be explained

as the reduction the addition of Bi2O3 concentration

mol% of the studied glasses results in damage in the

network structure of glass system leads to increasing

the number of nonbridging oxygen (NBO) atoms. In

other words, the decreasing in (Eoptical) with the

introduction of Bi3? ions in Bi-glasses can be related

to the polarizing effect of Bi2O3 and/or the

enhancement of the overlapping of the oxygen O2p

and bismuth 6 s and 6p orbitals in the band gap

[3, 21]. Figure 2b depicts the dependence of the

refractive index (noptical) on Bi3? in Bi-glasses. It is

found that the (noptical) increased from 2.41 for Bi-0

glass sample to 2.52 for Bi-20 glass sample.

Figure 3a and b depict the dependence of the

(Rmolar) and (amolar) on Bi3? ions content in the

studied Bi0-Bi20 samples. It is noticed that the values

of (Rmolar) are in a direct behavior with the values of

(amolar). The increase in both (Rmolar) and (amolar) with

the addition of Bi3? ions content in Bi-glasses relates

to the increasing of the number of nonbridging oxy-

gen (NBO) atoms in the glass structure. This may be

attributed to the increment of the molar volume (Vm)

of the glass samples with increasing Bi2O3 (from

44.03 cm3/mol for Bi-0 glass sample to 48.86

Table 4 Eoptical, Rmolar, amolar, Rloss
, T

optical, Mcriterion, estatic, eoptical, M(n), M(Eoptical), (v*), (v(1)), (v3), and (n
optical
2 ) of the studied glasses

Physical parameter Sample key

Bi-0 Bi-5 Bi-10 Bi-15 Bi-20

Linear refractive index, noptical ± 0.01 P.W* 2.41 2.42 2.44 2.46 2.52

Molar refractivity, Rmolar (cm3/mol) ± 0.001 P.W* 31.101 31.925 32.867 33.979 35.628

Molar polarizability, amolar 9 10–24 cm3 ± 0.001 P.W* 12.341 12.668 13.042 13.483 14.138

Optical electronegativity (v*) ± 0.001 P.W* 0.792 0.782 0.760 0.739 0.688

Linear electric/dielectric susceptibility (v(1)) ± 0.001 P.W* 0.383 0.387 0.396 0.405 0.428

Non-linear optical susceptibility (v3) 9 10–12 (esu) ± 0.001 P.W* 3.660 3.826 4.185 4.586 5.745

Non-linear refractive index (n
optical
2 ) 9 10–10 (esu) ± 0.001 P.W* 5.721 5.953 6.451 7.003 8.567

P.W* = Present work
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cm3/mol for Bi-20 glass sample). The increasing

trend of molar volume (Vm) trend can be attributed

to larger molar volume of Bi2O3 = 52.35 cm3/mol

than that of K2O = 40.08 cm3/mol. Thus, the addition

of Bi3? content leads to the opening of the glassy

structure by raising the bond length and thereafter

the interatomic spacing. The increase of the NBO in

the glassy structure will support the connection of

structural units by sharing their corners and the

interaction between Bi2O3 (BiO6) and P2O5 (PO4) and

form P-O-Bi bonds [21]. The obtained values of

(Rmolar) and (amolar) are listed in Table 4.

Figure 4a depicts the dependence of the optical

electronegativity (v*) on Bi3? ions in Bi-glasses, while

Fig. 4b shows the dependence of the linear dielectric/

dielectric susceptibility v(1). As shown in Fig. 3 and

Table 4, the value of v* reduces from 0.792 to 0.688,

while v(1) increases from 0.383 to 0.428 with the

increase of Bi3? ions from 0 mol% to 20 mol%. These

trends attributed to the defects that occurred in the

glass network after introducing the Bi3? ions and the

increasing number of nonbridging oxygen (NBO)

atoms in the glass framework.

Figure 5a and b illustrate the variation of the v(3)

and n
optical
2 with Bi3? ions content in the studied Bi-

glasses. Values of the v(3) and n
optical
2 are listed in

Table 4. Both of the v(3) and n
optical
2 enhances with the

addition of Bi3? ions in the investigated glasses, this

may be due to the increase in the number non-

bridging oxygen (NBO) number in glass structures,

which simplify the connection of structural units by

sharing their corners and the interaction between

Bi2O3 (BiO6) and P2O5 (PO4) and create P-O-Bi bonds

[3].

3.2 Mechanical properties

Applying the bond compression (B-C) model in order

to evaluate the mechanical properties of the investi-

gated Bi-glasses, the required physical parameters

and their values are tabulated in Table 2. Figure 6

depicts the variation of bond compression elastic

0 5 10 15 20

2.6

2.7

2.8

2.9

3.0
Eop

tic
al

Bi2O3 mol%

a

0 5 10 15 20
2.40

2.45

2.50

b

 n
lin

ea
r

Bi2O3 mol%

Fig. 2 Dependence of a Eoptical and b noptical on Bi2O3 concentration mol% of 50P2O5-30TiO2-(20-x)K2O-xBi2O3: x = 0, 5, 10, 15, and

20 mol% (Bi0-Bi-20) glasses
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moduli ( (Young’s (EB-C), bulk ((KB-C), longitudinal

(LB-C), and shear (SB-C)) with Bi3? ions content in Bi-

glasses. It is found that there is a decrement in all

modulus of elasticity, this trend may be due to the

substitution of Bi2O3 with a coordination number

equal to 3 by K2O with coordination number of 4.

This change in the glass network leads to the decre-

ment of total number of bonds. Values of bulk elastic

(KB-C) modulus were found to decrease from 72.737

GPa for Bi-0 (glass sample free with Bi2O3) to 69.266

GPa for Bi-20 (glass sample rich with Bi2O3). This

decrease in (KB-C) can be attributed to both the

number of the network bonds per unit volume (nb)

and the average bond lengths (l) which depends on

the first order stretching-force constant (�F) [28–30].

The addition of Bi3? ions leads the (nb) to decrease

from 6.391 to 5.423 9 1028 (m-3) despite of the

increasing the (�F) from 312.608 to 326.454 (N/m).

Indeed, the average crosslink density (�nc) decreases

from 1.517 to 1.411 due to the lower coordination

number of Bi2O3. Bond compression values of

Young’s (EB-C) elastic modulus were found to

decrease from 108.327 GPa to 101.403 GPa, from

43.269 GPa to 40.196 GPa for shear (SB-C), and from

130.285 GPa to 122.727 GPa for longitudinal (LB-C).

Due to the decrease of the (�nc), values of Poisson’s

ratio (rB-C) for Bi-glasses were increased from 0.251 to

0.256.

In this work, moduli of elasticity of the investigated

Bi-glasses were evaluated based on the Makishima

and Mackenzie (M-M) model [28–30]. The physical

quantities required to apply this model are tabulated

in Table 5. Figure 7 shows the variation of packing

density and dissociation energy with Bi3? ions con-

tent of Bi0-Bi-20 glasses. From this figure, the addi-

tion of B2O3 will decrease the packing density (Vt)

from 0.582 to 0.549. On the contrary, the dissociation

energy (Gt) increases from 48.3 kJ/m3 to 50.78 kJ/m3.

The increase in the (Gt) for Bi-glasses attributed to the

dissociation energy per unit volume of Bi2O3

(31.6 kJ/m3) is higher than that of K2O (19.2 kJ/m3).

The obtained data of (M-M) elastic moduli (Young‘s

(EM-M), bulk (KM-M), and shear (SM-M)) and Poisson’s

ratio (rM-M) are listed in Table 3 and illustrated in

0 5 10 15 20
30.5

31.0

31.5

32.0

32.5

33.0

33.5

34.0

34.5

35.0

35.5

36.0

a
R

m
ol

ar

Bi2O3 mol%
0 5 10 15 20

12.2

12.4

12.6

12.8

13.0

13.2

13.4

13.6

13.8

14.0

14.2

14.4

b

m
ol

ar
x1

0-2
4 cm

3

Bi2O3 mol%

Fig. 3 Dependence of a Rmolar and b amolar on Bi2O3 concentration mol% of Bi0-Bi-20 glasses
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Fig. 8. Therefore, the substitution of Bi2O3 by K2O

leads to a slight decrease of values of (EM-M) from

56.296 GPa to 55.789 GPa, (KM-M) from 39.370 GPa to

36.775 GPa, and slight increases in the (SM-M) from

22.310 to 22.366 (GPa). Poisson’s ratio (rM-M) for Bi-

glasses was decreased from 0.261 to 0.247. The trend

of all elastic moduli is in good agreement with that in

B–C model.

3.3 Gamma-ray shielding effectiveness

In this study, the gamma-ray shielding efficacies of

heavy metal oxide glasses (HMO) based on bismuth

Bi2O3 followed by the chemical formula 50P2O5-

30TiO2-(20-x) K2O-xBi2O3-: (x = 0 mol%, 5 mol%,

10 mol%, 15 mol%, 20 mol%) have been investigated.

MCNP-5 Monte Carlo code and Phy-X/ PSD [47]

online program was used to investigate the effec-

tiveness of the prepared glasses in terms of mass

attenuation coefficient (MAC), half-value layer

(HVL), mean free path (MFP), effective and equiva-

lent atomic numbers (Zeff, Zeq), transmission and

buildup factors (TF, BUFs), and fast neutron removal

cross-section (FNRCS). Table 1 introduced the

chemical composition, density, and molar volume of

the five glasses coded Bi-0, Bi-5, Bi-10, Bi-15, and Bi-

20 used in this study. After that, the MAC results are

plotted with respect to photon energy in the 0.015–

15 MeV range and presented in Fig. 9. As can be seen

from Fig. 9, MAC possesses maximum values at low

energy photon and sharply decreased with an expo-

nential trend obeying Beer-Lambert law until reach-

ing 0.09053 MeV a distinguished hump is shown due

to the k- absorption edge of (Bi, z = 83) found in the

glass matrix. This hump gradually increased in

height with increasing Bi molar ratio while has been

disappeared in the Bi-0 sample as this sample is free

of Bi. This low energy zone is characterized by Pho-

toelectric (PE) cross-section dominance, and its rela-

tionship with photon energy is presented by (r)E � E
-3.5. After that, Compton scattering (CS) cross-section

is dominant, and all-glass samples behave in the

same manner as its relationship with photon energy

is presented by (r)S � E -1. The input figure in Fig. 9

presents the Compton scattering zone with a slight

change in MAC with photon energy. Finally, the
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trend that MAC possesses is attributed to the domi-

nance of pair production (PP) as its relationship with

photon energy is presented by (r)P � E. MAC of the

prepared Bi glasses obtained from the two methods;

MCNP- 5 and Phy-X/PSD, are presented in Table 6,

and the relative difference in % between the two

methods is calculated from:

Dev: %ð Þ ¼ MACð ÞPhy�X=PSD � MACð ÞMCNP

h i�
�
�

� MACð ÞPhy�X=PSD

�
�
� � 100%

ð13Þ

and found ranged from -0.003 to 0.0777, from

-0.0259 to 0.2223, from -0.0413 to 3.0054, from

-0.0450 to 1.4549, and from -0.0512 to 4.8413 for Bi-

0, Bi-5, Bi-10, Bi-15, and Bi-20, respectively, which

assured the accuracy of the two used methods that

seem to be compatible with each other. Bi samples’

MAC values are ranged from 12.1982 cm2/g to

56.8434 cm2/g in the 0.015 MeV, while found ranged

from 0.0222 cm2/g to 0.0373 cm2/g for Bi-0 and Bi-

20, respectively. All obtained results reach the con-

clusion that is enhancing such glasses with heavy

metal oxide like Bi2O3 with 0.0 mol % to 20 mol% a

great positive effect on the shielding efficacies of

these glasses and increases the ability to use these

glasses in nuclear protection applications. Based on

these MAC results, as well as the glass density which

found increased from 2.58 g/cm3 to 3.84 g/cm3 (see

Table 1), one can calculate the other effective shield-

ing parameters, namely linear attenuation coefficient

(LAC), which seem to be similar to MAC trend with

values greater than MAC as it presented by MAC
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Table 5 Coordination number per cation (nf), crosslink density per cation (nc), cation–anion bond length (r), Stretching force constant (F),

packing density factor (Vi), and dissociation/bond energy per unit volume (Gi) of the oxides P2O5, TiO2, K2O, and Bi2O3

Oxide nf nc r (nm) F (N/m) Vi (m
3/mol) Gi 9 106 (KJ/m3)

P2O5 4 2 0.156 450 34.6 28.2

TiO2 6 4 0.196 226 14.4 101.2

K2O 4 2 0.219 164 20.2 19.2

Bi2O3 3 1 0.240 216 26.1 31.6
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times the sample density. In terms of MAC and LAC

the glasses take the order that Bi-0\Bi-5\Bi-

10\Bi- 15\Bi-20. All these discussed parameters

introduce the Bi-20 sample as a superior candidate

for gamma-ray shielding applications.

Regarding the thickness of glasses used in shield-

ing gamma rays, HVL is an important thickness to be

calculated. It is calculated depending on LAC values

and varied with an inverse relation with LAC. HVL is

presented in Fig. 10 with respect to photon energy for

Bi investigated glasses. As expected, HVL is small at

a small energy zone and increased with the increase

in incident photon energy. The great effect of

enhancing these glasses with high molar ratios of Bi

is observed in Fig. 10 as HVL decreased with

increasing Bi content in the glass matrix, increasing

its shielding ability against ionizing radiation, espe-

cially gamma rays. The trend presented in Fig. 10 can

be divided into three energy zones and discussed due

to interaction mechanisms discussed later in the

above sections. At any definite energy, HVL is seen to

take the order that Bi-0[Bi-5[Bi-10[Bi-15[Bi-

20. Furthermore, at 0.015 MeV, HVL decreased from

0.022 cm to 0.003 cm, while at 15 MeV, it decreased

from 12.062 cm to 4.841 cm for Bi-0 and Bi-20 glasses.

In a similar way to HVL, MFP, which expressed the

distance between two successive interactions

between photon and the glass material, is also cal-

culated and plotted in Fig. 11. the same trend as what

is obtained in HVL is found, and all results intro-

duced Bi-20 glass sample as a superior candidate for

gamma-ray shielding applications.

The transmission factor (%) is used to calculate the

number of photons that penetrate the glass thickness

and reach the detector. This number depended upon

two principal factors, glass thickness, and the inci-

dent photon energy. Figure 12a showed the variation

of the TF values with the projected photon energy. It

is clear that, at low energy, all the projected photon

energies were absorbed inside the glass layers due to

the PE interaction. The projected photons energy

totally absorbed in the PE interaction, and the photon

is annihilated inside the material. Thus, there are

lower photon numbers that can transmit the shield-

ing material. In this case, Bi-5, Bi-10, Bi-15, and Bi-20

glass samples absorb around 99% of the incident

photon in the energy range between 0.015 MeV and

15 MeV. After that, with increasing the photon

energy, the PE interaction decreases, and CS starts to

be the main interaction in the glass layers. Thus, the

number of photons transmitted raised. The average

photons absorbed in the energy interval between

0.15 MeV and 1.5 MeV is 43.34%, 51.60%, 57.59%,

62.02%, and 65.16% of the incoming photons for

glasses Bi-0, Bi-5, Bi-10, Bi-15, and Bi-20, respectively.

Photons with energy higher than 3 MeV possess high

energy and high penetration power. Thus. It can

penetrate the glass layer with the lowest number of

interactions with the material atoms. As a result, the

number of absorbed photons inside the glass layers

decreased. The average number of photons absorbed

in the glass layers is 18.87%, 23.27%, 27.35%, 30.95%,

and 33.951% for the fabricated glasses Bi-0, Bi-5, Bi-

10, Bi-15, and Bi-20, respectively.

Fig. 10 HVL of Bi0-Bi-20 glasses as a function of photon energy

Fig. 11 MFP of Bi0-Bi-20 glasses as a function of photon energy
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Figure 12b illustrates the dependence of the TF

values on the glass thickness. Increasing the glass

thickness leads to occur more interactions between

the incident photons and the glass atoms. As a result,

a high amount of photon energy is absorbed in the

thicker thicknesses. Thus, the number of photons

penetrate the thickness decreases. For example, the

TF values for glass Bi-0 at energy 0.3 MeV decreased

between 76.02%, 57.79%, 43.93%, 33.40%, and 25.39%.

Also, the TF for glass samples Bi-20 decreased

between 39.17%, 15.34%, 6.01%, 2.35%, and 0.92%

with increasing the glass thickness between 1 cm,

2 cm, 3 cm, 4 cm, and 5 cm, respectively.

Effective atomic number (Zeff) is the parameter that

expresses the shielding capacity of material com-

posed of mixture elements, not a single element. It

has been calculated based on the MAC values. The

effect of chemical composition on the shielding

capacity of glasses is more obvious when discussing

the Zeff parameter. It is presented in Fig. 13 for all Bi-

glasses with respect to photon energy from

0.015 MeV up to 15 MeV. Zeff values increase with

photon energy at the beginning of the energy spec-

trum. After that, the giant hump is noticed at

0.09053 MeV for Bi-5 to Bi-20 without an appearance

in Bi-0 due to the K-edge of Bi forming the glass

matrix with high molar ratios. After that, at

0.1 MeV\ energy range\ 1 MeV, Zeff values

declined sharply. At MeV[E[ 1 MeV, a slight

change with photon energy is noticed, and at the

highest energy zone, E[ 3 MeV, Zeff increased again.

Fig. 12 TFof Bi0-Bi-20 glasses as a a function of photon energy at thickness of 3 cm and b a function of glass thickness at 0.3 MeV

Fig. 13 Zeff of Bi0-Bi-20 glasses as a function of photon energy

J Mater Sci: Mater Electron (2021) 32:18145–18162 18157



This behavior is discussed regarding a photon’s three

important interaction mechanisms with matter: pho-

toelectric effect, Compton scattering, and pair pro-

duction. At 0.015 MeV, Zeff values increased from

16.98 to 59.66 while increased from 11.95 to 26.72 at

15 MeV for Bi-0 and Bi-20, respectively.

The equivalent atomic number based mainly on the

ratio of [(MAC)CS/(MAC)total]. Thus, the highest Zeq

values were achieved at the mid-energy region,

where the CS is the highest compared to the low and

high energy regions. The Zeq values reach a maxi-

mum around 1 MeV, where the CS is the predomi-

nant interaction. At the mentioned energy, Zeq takes

values 15.55, 46.87, 55.16, 60.15, and 63.63 for glass

samples Bi-0, Bi-5, Bi-10, Bi-15, and Bi-20, respec-

tively. Above 1 MeV, Zeq values began to decrease

gently with increasing the photon energy due to the

remarkable increase in the PP interaction associated

with CS interaction decrease as in Fig. 14.

The exposure and energy absorption buildup fac-

tors (EBF and EABF) values were calculated for the

Bi-glasses using the Phy-X/PSD software program in

the gamma-ray energy interval between 0.015 MeV

and 15 MeV. The penetration depth in the unit of mfp

was chosen to vary between 0.5 and 40. From the first

look at the presented Figures, we can conclude that

both EBF and EABF values were increased with

raising the Bi2O3 incrementation inside the glass

samples. This is related to the effective atomic num-

ber of the investigated glass where the Zeff increased

with increasing the Bi2O3 ratio. As the Z number of

the shielding materials increases, photons’ accumu-

lation inside the material layer increases, leading to

an increase in EBF and EABF values (Figs. 15 and 16).

In addition, the gamma photon energy affected the

calculated EBF and EABF values. Both EBF and EABF

start small values at low gamma energy due to the PE

interaction, which absorbs the photon energy totally.

For glasses with Bi2O3 concentration[ 0 mol%, an

increase in EBF and EABF values was detected near

0.1 MeV due to K-edges of Bi as shown if Figs. 15 and

16. Another peak appears near 0.02 MeV for glasses

with a higher Bi2O3 content (Bi2O3[ 10 mol%). This

beak may be due to the X-ray L1 edges of Bi. After

that, with increasing the CS interaction in the energy

interval starting from E[ 0.15 MeV, a high accu-

mulation of photons achieved in between the glass

layers. This high accumulation is the CS interaction

that consumes only a part of the photon energy

during the interaction. In the high-energy region

where the PP interaction is dominant, a huge increase

in EBF and EABF values were achieved.

The third and final parameter is the penetration

depth (PD). With increasing the source to detector

distance, the photons make more collisions along

photons’ path length. Thus, the accumulation of

photons increases with increasing the penetration

depth. So, the calculated values of EBF and EABF

increase with increasing the PD values, and a high

increase is detected for high PD values (i.e., PD[ 20

mfp).

Figure 17 showed the effect of Bi2O3 insertion ratio

on the fast neutron removal cross-section
P

R (cm2

g-1). It is clear from Fig. 17 that the
P

R (cm2 g-1)

values diminished with the raising the replacement

of K2O by the Bi2O3 content. The
P

R take values

0.03248 cm2/g, 0.02931 cm2/g, 0.02691 cm2/g,

0.02504 cm2/g, and 0.02355 cm2/g for glass samples

Bi-0, Bi-5, Bi-10, Bi-15, and Bi-20 respectively with

Bi2O3 content 0 mol%, 5 mol%, 10 mol%, 15 mol%,

and 20 mol%. This behavior is related to the

replacement of K with a highly microscopic cross-

section by Bi with a lower microscopic cross-section

for the fast neutron.

4 Conclusion

In this work, we present an extensive study of the

optical (linear/non-linear). Mechanical properties

and gamma photon shielding effectiveness of
Fig. 14 Zeq of Bi0-Bi-20 glasses as a function of photon energy
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potassium titanate biso-phosphate with chemical

form 50P2O5-30TiO2-(20-x)K2O-xBi2O3: x = 0 mol%,

5 mol%, 10 mol%, 15 mol%, and 20 mol% encoded as

Bi-0, Bi-5, Bi-10, Bi-15, and Bi-20. Results revealed

that:

Fig. 15 EBF of the investigated Bi-glasses

Fig. 16 EABF of the investigated Bi-glasses
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1. The linear refractive index (noptical) was

increased from 2.41 for Bi-0 (free from Bi3?

ions) glass sample to 2.52 for Bi-20 (rich with

Bi3? ions) glass sample.

2. The (Rmolar) and (amolar) were enhanced with

the addition of Bi3? ions content due to the

increase of the number of nonbridging oxygen

(NBO) atoms in the glass structure.

3. Value of (v*) was reduced from 0.792 to 0.688,

while (v(1)) was increased from 0.383 to 0.428

with the increase of Bi3? ions from 0 to

20 mol%.

4. Both of the v(3) and n
optical
2 were enhanced with

the addition of Bi3? ions in the investigated

glasses.

5. Bond compression bulk elastic (KB-C) modulus

was found to decrease from 72.737 GPa for Bi-0

to 69.266 GPa for Bi-20 glasses, while Poisson’s

ratio (rB-C) for Bi-glasses was increased from

0.251 to 0.256.

6. According to Makishima-Mackenzie (M-M)

model, values of (EM-M) were decreased from

56.296 to 55.789 GPa, (KM-M) from 39.370 to

36.775 GPa, and slight increases in the (SM-M)

from 22.310 to 22.366 (GPa). Poisson’s ratio (rM-

M) for Bi-glasses was decreased from 0.261 to

0.247.

7. In terms of MAC and LAC the glasses take the

order that (Bi-0)MAC,LAC\ (Bi-5)MAC,LAC \ (Bi-

10)MAC,LAC\ (Bi-15)MAC,LAC\ (Bi-20)MAC,LAC.

8. In terms of HVL, at 0.015 MeV, HVL decreased

from 0.022 to 0.003 cm, while at 15 MeV, it

decreased from 12.062 to 4.841 cm for Bi-0 and

Bi-20 glasses.

9. In terms of transmission factor (TF), the average

photons absorbed in the energy interval

between 0.15 MeV and 1.5 MeV is 43.34%,

51.60%, 57.59%, 62.02%, and 65.16% of the

incoming photons for glasses Bi-0, Bi-5, Bi-10,

Bi-15, and Bi-20, respectively.

10. The calculated values of EBF and EABF

increase with increasing the PD values, and a

high increase is detected for high PD values

(i.e., PD[ 20 mfp).

11. The
P

R take values 0.03248 cm2/g,

0.02931 cm2/g, 0.02691 cm2/g, 0.02504 cm2/g,

and 0.02355 cm2/g for glass samples Bi-0, Bi-5,

Bi-10, Bi-15, and Bi-20, respectively.

Generally, the results in this work confirm that

studied Bi-glasses can be used as a candidate for

several optical application such as optoelectronic

devices, optical fibers, and optical waveguides.

Moreover, Bi-glasses can be considered as superior

candidate for gamma-ray shielding applications.
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