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Abstract
Mechanical properties, uncharged and charged particles shielding capacity of  60Bi2O3-(40-x)  B2O3-xSiO2: x = 0 (S1), 10 
(S2), 20 (S3), 30 (S4), and 40 (S5) mol% glasses have been investigated. The enhancement in Young’s, shear, and longitudi-
nal elastic moduli and Poisson’s ratio of the denser Bi content of the S-glasses was confirmed via bond compression (B–C) 
and Makishima–Mackenzie (M–M) models. The trend order of the mass attenuation coefficient (MAC) is consistent with 
that of the mass density as (S1)MAC < (S2)MAC < (S3)MAC < (S4)MAC < (S5)MAC. The highest value of the linear attenuation 
coefficients (LAC) for each of the S-glasses was obtained at photon energy of 15 keV with values of 601, 624, 640, 648, and 
661  cm−1 for S1–S5, respectively. The increasing trend of the mean free path (MFP) is opposite to that of MAC and LAC 
with the order: (S1)MFP > (S2)MFP > (S3)MFP > (S4)MFP > (S5)MFP. The maximum tenth value thickness (TVT) of the glasses 
was recorded at 4 MeV with values of 3.93, 3.79, 3.70, 3.67, and 3.60 cm for S1, S2, S3, S4, and S5, respectively. The trend 
of the effective atomic number  (Zeff) directly follows the MAC. Both exposure and energy absorption buildup factors (EBUF 
and EABUF) were increased with photon energy and depth of penetration except at Bi absorption edges where spikes were 
seen. Comparing the effective linear attenuation coefficient (ELAC) of the glasses, it is affirmed that S5 has the greatest 
photon absorption coefficient for all the considered energy and depth. Therefore, the S-glasses are better photon absorber 
and will perform better in gamma radiation shielding in nuclear facilities compared to commercially available glass shields 
(RS360 and RS520) and a recently investigated glass matrix (TVM60). In addition, the glass system can thus be used for 
fast neutron absorber rather than ordinary concrete or water.
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1 Introduction

Due to ease of production, low cost, and ability to be shaped 
into different shapes, glass has over the years become one 
of the commonest materials with diverse applications in dif-
ferent human societies. Today, glass is used to manufacture 
everyday household items, optical devices, for aesthetics, 
and as building material. Glasses are also used for optical 
coatings, semiconductors, microelectronics, radiation detec-
tors, nuclear waste management, telecommunication, pho-
tonics, and many more advanced applications [1–5]. The use 
of glass for a particular purpose is a function of its chemical 
composition which in turn dictates its physical, mechani-
cal, and other useful properties. The ease of fine-tuning 
the chemical composition of glasses have produced novel 
glasses with more useful applications that have continued 
to grow. One of the fast-growing areas of application is for 
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ionizing radiation shielding [6–10]. The synthesis and radia-
tion shielding characterization of glass materials has contin-
ued to gain worldwide attention among research and material 
science communities [11–15]. This is because of the strong 
radiation shielding potential shown by many investigated 
glass compositions [16–25]. To this end, many glass spe-
cies have been recommended for shielding application while 
some have been fabricated and commercialized for ionizing 
radiation shielding purposes under different brand names. 
One major take away from the many research into radiation 
shielding studies of glasses is that the shielding capacity of a 
glass against a particular radiation type and energy depends 
strongly on its chemical composition [6, 11, 26–30]. Using 
the glass for source or structural shield in a particular facility 
would further rely on its physical and mechanical characteri-
zation. Consequently, studies on the shielding potential of 
glasses are incomplete without discussions on their mechani-
cal and physical features.

Ionizing radiation is broadly classified into uncharged 
and charged radiations like photons, neutrons, electrons, 
and heavy charged particles. Out of these, of major concern 
to radiation shielding engineers are neutrons and photons 
[31–40]. This is due to their high penetration ability. Thus, 
the classification of a glass as good shielding materials 
must include assessment of its neutron and photon shield-
ing parameters [35, 38–42]. While effective photon shields 
are expected to be dense and have high mass attenuation 
coefficient, on the other hand, neutron shield simply require 
that the shield hold high neutron absorbing elements such 
as H, B, Li, and Cd. Thus, for glasses that are needed as 
shields in a mixed radiation field comprising of both photons 
and neutrons, its composition must strike a balance between 
light and heavy elements. Hence, the composition of the 
glass shield would determine the type of radiation, it has a 
potential of adequately shielding.

The presence of heavy metal oxides (HMO) such has 
PbO,  Bi2O3, MoO3,  WO3, and BaO in different glass matri-
ces has produced improvement in the photon shielding effec-
tiveness of the glasses [6–19, 23, 29, 32, 40, 43].

In this study, we investigate the mechanical proper-
ties, electron, proton, photon, alpha particle, proton, fast, 
and thermal neutron shielding capacity of  60Bi2O3-(40-x) 
 B2O3-xSiO2 glasses.

2  Materials and methods

2.1  Materials

Five samples of bismuth boron-silicate glasses of the 
form  60Bi2O3–(40-x)  B2O3–xSiO2: x = 0, 10, 20, 30, and 
40 mol%) were chosen from Ref. [44]. The chosen samples 

were named in general as S-glasses and individually as 
follows:

S1 for  60Bi2O3–40B2O3-0SiO2 mol%,
S2 for  60Bi2O3–30B2O3-10SiO2 mol%,
S3 for  60Bi2O3–20B2O3-20SiO2 mol%,
S4 for  60Bi2O3–10B2O3-30SiO2 mol%, and,
S5 for  60Bi2O3–0B2O3-40SiO2 mol%
Sample’s code, compositions, density, and molar volume 

of S1–S5 glasses are tabulated in Table 1.

2.2  Calculation of mechanical properties

In the present work, the mechanical properties include bulk, 
Young’s, shear, and longitudinal elastic moduli and Pois-
son’s ratio of the investigated S1–S5 glasses were evaluated 
via bond compression (B–C) and Makishima–Mackenzie 
(M–M) models as in previous articles [28, 43, 45]. The used 
parameters for calculation process are tabulated in Tables.

2.3  Interaction of photons, neutrons, and charged 
particles with matter

2.3.1  Photons

The transmission of a narrow beam of photons (x- and 
gamma-rays) through an absorbing material of thickness d 
is described via Eq. (1).

where Xo , X , and � are the photon energy/particle flux or any 
measurable photon transmission quantity before and after 
passing from the irradiated material and the linear attenu-
ation coefficient (LAC) of the said medium, respectively. 
LAC is a measure of the photon flux that penetrates absorb-
ing medium without interaction. It thus expresses the photon 
absorption ability of the absorber. Many more parameters 
can be used to measure the photon absorbing ability of a 
shield. Mass attenuation coefficient (MAC), mean free path 
(MFP), half-value thickness (HVT), tenth value thickness 

(1)X = Xoe
−�d

Table 1  Code, chemical composition, and density of the  60Bi2O3-(40-x)
B2O3-xSiO2: x = 0, 10, 20, 30, and 40 mol%) glasses

Sample code Composition, 
(mol%) [44]

Density, ρ (g/
cm3) ± 0.001 
[44]

Molar volume, 
Vm  (cm3/mol) 
[44]

SiO2 B2O3 Bi2O3

S1 0 40 60 6.3298 48.5668
S2 10 30 60 6.5527 46.7691
S3 20 20 60 6.6948 45.6339
S4 30 10 60 6.7449 45.1535
S5 40 0 60 6.8550 44.2891
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(TVT), and the effective atomic number ( Zeff  ) are some of 
these parameters. They are related to LAC according to Eqs. 
(2, 3, 4, 5. 6) [28, 46]:

where wi , Zi , and Ai is the weight fraction, atomic and mass 
number of the ith elemental component of the absorbing 
material.

In this current investigation, the MAC values of S1–S5 
glass samples were estimated via the WinXCOM [47] com-
puter code for photon energies between 0.015 and 15 meV. 
Based on Eqs. (2, 3, 4, 5. 6), LAC, HVT, TVT, MFP, and 
Zeff  of the glasses were calculated.

In practical situations, where there is always a deviation 
from narrow beam transmission of photons, the transmitted 
photon flux comprises primary and secondary (scattered) 
photons. Hence, Eq. (1) is adjusted to take care of the con-
tribution due to the scattered photons. To do this, a nondi-
mensional multiplying factor (called photon buildup factor 
of the radiation quantity X ) BX is added to Eq. (1) as follows:

where  BX is the photon buildup factor of the radiation quan-
tity X . BX = 1 for idealized narrow beam (good transmis-
sion) geometry.  BX was explained in more details and much 
published articles mentioned and discussed the methods of 
estimating it and can be found in [48–50]. The calculated 
values of BX can be used to correct the value of LAC accord-
ing to Eq. (8).

where x = d∗LAC

ELAC is called the effective linear attenuation coeffi-
cient [51]. Just like LAC, ELAC depends on photon energy 
and materials thickness x (in MFP). The buildup factors for 
exposure (EBUF) and energy absorption (EABUF) in the 

(2)MAC =
LAC

�

(3)MFP = 1∕LAC

(4)HVT = ln 2∕LAC

(5)TVT = ln 10∕LAC

(6)Zeff =

∑

i wiAi(MAC)i
∑

i wi

Ai

Zi
(MAC)i

(7)X = XoBXe
−�t

(8)ELAC(E, x) = LAC(E, d) −
lnBX(E, x)

d

S1–S5 glasses were calculated for selected depth up to 40 
MFP via the EXABCal computer code [49].

2.3.2  Neutrons

The relative neutron shielding efficacy of a medium may be 
described using proper microscopic and macroscopic cross 
sections depending on the class/energy of neutrons of inter-
est. For fast neutrons, the fast neutron removal cross section 
( FNRC − ΣR ) which is the macroscopic cross section for 
fast neutrons may be used. While for thermal neutrons, the 
microscopic scattering and absorption cross section may be 
adopted. FNRC is almost constant for neutrons having ener-
gies in the range of 2 to 12 meV. It can be calculated for 
glass via the equation [52, 53]:

where �, wi , and 
(

ΣR

�

)

i
 is the mass density of the glass, 

weight fraction, and mass removal cross section of the ith 
element in it. ΣR

�
 is a smooth function of atomic number, thus 

for constituent elements of any glass medium, it may be 
calculated through their atomic numbers, Z as follows:

and,

ΣR of S1–S5 glasses were estimated via Eqs. 9, 10, and 
11.

Total macroscopic cross section ΣT  (cm−1) of the glasses 
were calculated through Eq. 12 as found in [54–56]:

where �T  (cm2) is the total microscopic cross section.

2.3.3  Electron and proton

The stopping powers and range of charged particles are some 
of the parameters that can be used to assess their interac-
tions with any medium. Total stopping powers (TSP) and 
range (R) of electron and proton in S1–S5 glasses were 
evaluated using ESTAR and SRIM-2013 software [57, 58], 
respectively.

(9)ΣR = �

∑

wi

(

ΣR

�

)

i

(10)
ΣR

�
= 0.19Z−0.743 for Z ≤ 8;

(11)
ΣR

𝜌
= 0.125Z−0.565 for Z > 8

(12)ΣT = 6.02 × 1023�
∑

i

wi

Mi

(

�T

)

i
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3  Results and discussion

3.1  Elastic moduli of S1–S5 glasses

As shown in Table 2 and Fig. 1, the increase in modulus 
of elasticity may be due to the substitution of  B2O3 (coor-
dination number = 3) by  SiO2 which have the coordination 
number of 4 which leads to the increase of total number 
of bonds. Theoretically, values of bond compression bulk 
elastic modulus (KB-C) were found to increase from 68.61 to 
73.32 GPa. This increase in (KB-C) can be interpret based on 
the dependence of the (KB-C) on the number of the network 
bonds per unit volume (nb) and the average bond lengths (l), 
which is related to the first order stretching force constant 

( F ) [45]. The addition of  SiO2 causes (nb) to increase from 
3.7 to 4.6 (×  1028(m−3)) despite of the increases in the aver-
age stretching force constant from 393.6to 3.17.6 (N/m). 
Also, the average cross-link density ( nc ) increases from 0.5 
to0.87 due to the higher coordination number of  SiO2. Val-
ues of bond compression elastic moduli (shear (SB–C), lon-
gitudinal (LB–C), and Young’s (EB–C)) were found to increase 
from 25.79 to 35.90 GPa, from 102.91 to 121.08 GPa and 
from 68.76 to 92.61 GPa, respectively. Values of theoretical 
Poisson’s ratio (σB-C) were also found to decrease from 0.33 
to 0.28 which is due to the increase of average cross-linking 
density.

The second theoretical treatment for calculating the mod-
uli of elasticity of oxide glasses is based on the Makishima 
and Mackenzie (M-M) model [28, 43, 45]. As in Table 3, 
coordination number per cation (nf), cross-link density per 
cation (nc), stretching force constant (F), packing density fac-
tor  (Vi), and dissociation/bond energy per unit volume (Gi) 
of the oxides  SiO2,  B2O3, and  Bi2O3 are recorded. Figure 2 
and Table 4 show the values of the total packing density 
 (Vt), total dissociation energy  (Gt), (Young`s (EM-M), bulk 
(KM-M), and shear (SM-M)) elastic moduli, and Poisson’s ratio 
(σM-M). It was clear that, the increasing in the total packing 
density of the glass from 0.44 to 0.47 which is attributed to 

Table 2  Values of total number 
of cationic per glass formula 
unit (η), 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 (σB-C) of S1–S5 glasses

Parameters and elastic moduli S1 S2 S3 S4 S5

η 2 1.9 1.8 1.7 1.6

nc =
1

�

∑

xi(nc)i(NC)i 0.5 0.578 0.666 0.764 0.875

F =
∑

(xnf f )i
∑

(xnf )i (N/m)
393.60 372.77 353.25 334.90 317.64

nb =
NA

Vm

∑

(nf x)i ×  1028  (m−3) 3.74 3.99 4.22 4.40 4.62

l =
(

0.0106
F

KB−C

)0.26

(nm)
0.48 0.47 0.46 0.45 0.44

KB−C =
NA

9Vm

∑

i

(nf xFr
2)

(GPa)
68.61 70.87 72.19 72.47 73.32

SB−C =
(

3

2

)

KB−C

(

1−2�B−C

1+�B−C

)

(GPa)
25.79 28.81 31.43 33.55 35.90

LB−C = KB−C +
4

3
SB−C(GPa) 102.91 109.19 114.01 117.10 121.08

EB−C = 2SB−C(1 + �B−C)(GPa) 68.76 76.12 82.36 87.21 92.61
�B−C = 0.28(nc)

−0.25 0.33 0.32 0.30 0.29 0.28

Fig. 1  Elastic moduli via bond compression (B–C) model of S1–S5 
glasses

Table 3  Coordination number per cation  (nf), cross-link density 
per cation  (nc), Stretching force constant (F), packing density factor 
 (Vi), and dissociation/bond energy per unit volume  (Gi) of the oxides 
 SiO2–B2O3–Bi2O3

Oxide nf nc F (N/m) Vi  (m3/mol) Gi ×  106 (KJ/m3)

SiO2 4 2 432 13.6 68
B2O3 3 1 660 15.2 22.6
Bi2O3 3 1 216 26.1 31.6
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the higher value of ionic radius of  SiO2 than  B2O3. Increas-
ing the  SiO2 increases the total dissociation energy per unit 
volume of the system from 28 to 46.16 kJ/cm3. This is due 
to the substitution of  B2O3 which have dissociation energy 
(22.6) by  SiO2 which have dissociation energy (68 kJ/cm3). 
The calculated values of (EM–M), (KM–M), and (SM–M) were 
increased from 25.6 to 43.98 (GPa), from 13.46 to 25.14 
(GPa), and from 10.53 to 18.19 (GPa), respectively. This 
behavior is like the increasing behavior of the corresponding 
moduli measured by bond compression model which are in 
good agreement.

4  Radiation shielding parameters of S1–S5 
glasses

4.1  Photons

Results of mass attenuation coefficients (MAC) of the inves-
tigated S-glasses and its variation with photon energy in 

0.015–15 MeV range are shown in Fig. 3. From the figure, 
MAC values vary with energy in common patterns in the 
glasses. Recorded MAC values for each glass were max-
imum at 15 keV with corresponding values of 949, 953, 
956, 960, and 964  cm2/g for S1, S2, S3, S4, S5, respec-
tively. Beyond 15 keV, the mass attenuation coefficient of 
each glass dropped sharply with energy up to an energy of 
800 keV after which the decrease slowed down. The slow 
decrement in MAC values continues up to 4 MeV. Beyond 
4 MeV, MAC values start a gradual increase as photon 
energy increase further. This behavior of MAC is attributed 
to the photon interaction modes whose interaction cross 
sections have maximum values at different photon ener-
gies. The initial rapid drop in MAC value was due to the 
dominance of the photoelectric effect. The photoelectric 
absorption cross section is dominant in the low energies 
below 800 keV, however, it changes inversely as the fourth 
power of the photon energy. In the energy range between 
0.8 and 4 MeV, the incoherent scattering process dominates 
the interaction mode. The incoherent scattering cross sec-
tion changes inversely with energy and thus the MAC values 
decrease slowly as energy increases. The subsequent grad-
ual increase in MAC values is due to the pair production 
absorption process. This process is dominant in the energies 
beyond 4 MeV and the fact that its cross section increases 
slowly with increase in energy explains why MAC values 
of the glasses increased steadily with photon energy. The 
nuclear pair production cross section has an energy threshold 
of 1.022 MeV but becomes significant at energies beyond 
4 MeV. Furthermore, a sharp peak at 0.1 MeV is seen on the 
MAC spectra. This distinguishable peak is attributed to the 
K-x-ray absorption of Bi atom. The constant molar concen-
tration of  Bi2O3 in all the studied glass samples ensures that 
this peak was found and seen in all the MAC spectra. The 
intensity of the peak increases as the mass concentration of 
Bi increases in the glass samples (Table 1). Throughout the 
energy spectrum considered, the MAC values vary slightly 
according to the order S1 < S2 < S3 < S4 < S5. However, 
this difference is more prominent in the low energy region 
where the photoelectric effect is most dominant. The trend 

Fig. 2  Elastic moduli via Makishima–Mackenzie (M-M) model of 
S1–S5 glasses

Table 4  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 (σM–M) based on 
Makishima–Mackenzie model 
of S1–S5 glasses

Parameters and elastic moduli S1 S2 S3 S4 S5

Vt =
�

1

Vm

�

∑

i

(Vixi)
0.447631 0.461416 0.469388 0.470838 0.476415

Gt =
∑

i

(Gixi)(KJ/m3) 28 32.54 37.08 41.62 46.16

EM−M = 2VtGt(GPa) 25.06 30.02 34.80 39.19 43.93
KM−M = 1.2VtEM−M(GPa) 13.46 16.62 19.60 22.14 25.14
SM−M = (3EM−MKM−M)∕(9KM−M − EM−M)

(Gpa)
10.53 12.52 14.45 16.26 18.19

�M−M =
(

EM−M

2GM−M

)

− 1
(GPa)

0.189 0.198 0.204 0.205 0.208
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order of MAC is consistent with that of the mass density. 
This suggests that MAC values of S1–S5 are linked to their 
composition. The slight increase in the denser Bi content of 
the glasses from S1–5 could be the major factor since Bi has 
a superior MAC compared to the other components in the 
glass matrix [9, 35, 39].

The values of LAC of the present S-glasses and their vari-
ation with photon energy is shown in Fig. 4. This shows that 
LAC varies with energy in a similar fashion as MAC. Con-
sequently, the highest value of LAC for each of the S-glasses 

was obtained at photon energy of 15 keV with values of 601, 
624, 640, 648, and 661  cm−1 for S1–S5. On the other hand, 
the smallest values obtained at 4 MeV were 0.255, 0.264, 
0.027, 0.0272, and 0.278  cm−1 for S1–S5, respectively.

The mean free path (MFP) of photon beam in a medium 
is the average distance moved by a photon between two suc-
cessive interactions in the medium [28, 46]. It is a parameter 
that may be used to compare the photon shielding ability of 
the medium. Changes in the values of the MFP of photons as 
a function of photon energy (E) for the glasses is depicted in 
Fig. 5. The figure shows that MFP rise in value with photon 
energy up to 4 MeV after which it dropped slightly with 
increase in E for all the glass samples. As the photon energy 
rises the probability of interaction reduces consequently, the 
photon can travel longer distance before interaction. How-
ever, as E increased beyond 4 MeV, the dominance of the 
pair production process sets in. Thus, photons are converted 
to electron positron pairs which increase their interaction 
and hence, lowering MFP. The increasing trend of the MFP 
is opposite to that of MAC and LAC with the order: (S1)MFP 
> (S2)MFP > (S3)MFP > (S4)MFP > (S5)MFP.

Figure 6 shows the variation in the values of TVT with 
photon energy for all the glasses as calculated from Eq. (5). 
The TVT is the thickness of the glass needed to reduce pho-
ton flux of specified energy to 10%. Like MFP, Fig. 6 shows 
that TVT increases with E and decreases beyond 4 MeV. 
This is a sign that more thickness of the glasses is needed to 
absorb photons of greater energy. The drop in TVT at ener-
gies beyond 4 MeV emphasizes the pair production effect at 
higher energies. Also, TVT of the glasses follow the order 
(S1)TVT > (S2)TVT > (S3)TVT > (S4)TVT > (S5)TVT. The maxi-
mum TVT of the glasses was recorded at 4 MeV with values 
of 3.93, 3.79, 3.70, 3.67, and 3.60 cm for S1, S2, S3, S4, and 

Fig. 3  MAC of S1–S5 glasses as function of photon energy

Fig. 4  Changes in LAC values of S1–S5 glasses as function of photon 
energy

Fig. 5  Variation of MFP with photon energy for S1–S5 glasses
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S5, respectively. Obviously, the slight increase in the relative 
weight/mole fraction of Bi in the glass from S1 to S5 handles 
the observed reduction of TVT of the glasses.

To confirm and ascertain the relative photon shielding 
effectiveness of the  60Bi2O3-(40-x)  B2O3-xSiO2 glasses 
in contrast to commercially available glass shields (RS360 
and RS520) [59] and a recently investigated glass matrix 
(TVM60) [28], their HVT were compared at photon ener-
gies of 200 and 662 keV as shown in Fig. 7. The HVT is the 
thickness of the glass needed to reduce photon flux by 50% 
after interaction. Figure 7 shows that the HVT of S1– S5 
were lower than those of the compared material. This is 
a sign that S1– S5 glasses are better photon absorber and 

will perform better in gamma radiation shielding in nuclear 
facilities.

Effective atomic number (Zeff) is a dimensionless quantity 
that may be used to understand and analyze the interaction 
of photons of different energies with a medium. Unlike the 
atomic number (Z) of an element, Zeff varies with photon 
energy [46]. It also describes the chemical nature of com-
posite material the way Z does and may be used to com-
pare photon interaction in different media. The relationship 
between values of Zeff of S-glasses and E is presented in 
Fig. 8. Throughout the energy spectrum, Zeff  between 30.64 
to 58.42, 31.64 to 59.02, 33.01 to 59.64, 34.32 to 60.31, 
and 35.75 to 61.02 for S1–S5, respectively. Maximum and 
minimum value of Zeff  was obtained at 0.04 and 1.5 MeV, 
respectively. for all the glasses, Zeff  initially increased with E 
up to 40 keV; dropped and rose sharply at the K-absorption 
edge of Bi before gradually dropping as energy increased 
further. This behavior is a strong sign of the dependence of 
photon interaction on chemical composition of absorbing 
material. Figure 8 also showed that at each energy, the trend 
of the effective atomic number directly follows the MAC. 
Furthermore, an increase in Bi concentration by mole or 
weight fraction increased Zeff  of the glasses.

Figures 9, 10, 11, 12, 13 show variation of EBUF and 
EABUF as functions of photon energy for selected penetra-
tion depths up to 40 MFP in S1 –S5 glasses. The varia-
tions in the values of the buildup factors with respect to 
energy is similar for all the glasses. The buildup factors 
sharply increased with energy at Bi atom absorption edges. 
Generally, both EBUF and EABUF increased with photon 
energy and depth of penetration except at Bi absorption 
edges where spikes were seen. Low EBUF and EABUF at 
the lower energy region is due to the contribution of the 

Fig. 6  Variation of TVT values of S1–S5 glasses with photon energy

Fig. 7  HVT of S1–S5 glasses compared to other glasses at 0.2 and 
0.662 MeV

Fig. 8  Relationship between values of Zeff of S1–S5 glasses and pho-
ton energy
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photoelectric absorption process which removes photons and 
hence prevents buildup. Compton scattering process handles 
high buildup of photons at energies beyond the photoelectric 
interaction dominated range. The buildup factors continue 
to grow to the end of the energy spectrum. Such continu-
ous increase in buildup factors have been seen in materials 
containing high atomic number composite such as Mo, Pb, 

Bi etc. [28, 40, 42, 43]. Figures 14, 15, 16, and 17 show the 
comparison of EBUF and EABUF S1–S5 glasses at energies 
of 0.15, 1.5, and 15 MeV as functions of depth. There was a 
general increase in BUF as the penetration depth increased. 
Figures also showed that at 0.15 and 15 MeV, there were 
noticeable differences between the buildup factors of the 
glasses. However, the differences were more noticeable at 

Fig. 9  Variation of EBUF and 
EABUF of S1 with photon 
energy

Fig. 10  Variation of EBUF 
and EABUF of S2 with photon 
energy
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0.15 MeV. This is due to the dominance of photoelectric 
effect and pair production effect at the energies of 0.15 and 
15 MeV, respectively, and their dependence on atomic num-
ber. At 1.5 MeV, the buildup factors of the glasses strongly 
overlapped, a sign that the number of free electrons per mass 
in the glasses are nearly equal.        

Figure 17 presents the effective LAC (ELAC) estimated 
from Eq. (8) as a function of depth and for 4 selected ener-
gies (0.015, 0.15, 1.5 and 15 MeV). The result showed 
that at 0.015 MeV, ELAC has no noticeable change with 
respect to depth unlike LAC. Beyond this energy, as the 
depth increased, ELAC also rose as expected. It therefore 
means that with a thicker absorber, absorption is higher. 

Fig. 11  Variation of EBUF 
and EABUF of S3 with photon 
energy

Fig. 12  Variation of EBUF 
and EABUF of S4 with photon 
energy
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Comparing the ELAC of the glasses, it is affirmed that S5 
has the greatest photon absorption coefficient for all the con-
sidered energy and depth. The presence increases in  SiO2 led 
to a corresponding increase in Bi content in  60Bi2O3-(40-x) 
 B2O3-xSiO2 glasses. This led the observed improved pho-
ton absorption ability of the glasses. The consideration of 

the BUF in ELAC showed that photon absorption capacity 
is overestimated when LAC rather than ELAC is used as 
depicted in Fig. 18. The figure showed the % difference in 
LAC and ELAC (i.e., 1 − ELAC

LAC
 ) for all the S-glasses. It can 

be deduced from the figure that both attenuation coefficients 
are almost equal at low energies. However, at higher energies 

Fig. 13  Variation of EBUF 
and EABUF of S5 with photon 
energy

Fig. 14  Variation of EBUF 
and EABUF of S1–S5 at 0.15 
MeV with depth
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and at absorption edges the difference is rather high. The 
maximum energy of 15 meV, ELAC was less than 30% of 
LAC.

4.1.1  Neutrons

The macroscopic fast neutron removal cross section ( ΣR) of 
the S-glasses is presented in Table 4 together with the partial 
densities of composite elements in the glass system. The 

Fig. 15  Variation of EBUF and 
EABUF of S1–S5 at 1.5 MeV 
with depth

Fig. 16  Variation of EBUF and 
EABUF of S1–S5 at 1.5 MeV 
with depth
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result showed that ΣR increased from 0.1033 to 0.105  cm−1 
for S1–S3 and further reduced S4 and S5 with values of 
0.1038 and 0.1034  cm−1, respectively. The increase in Bi 
atom initially compensated for the reduction in B atom as 
seen in the increase of the fast neutron removal cross sec-
tion. However, as the B mass fraction drops beyond that 
of S3, ΣR began to reduce. Among the glasses S3 has the 
optimum ΣR value among the S-glasses. The value of ΣR for 
the S-glasses were better when compared to those of water 
(0.1024  cm−1), ordinary concrete (OC) (0.094  cm−1) but less 
than that of TVM60 (0.1055  cm−1) [28], it is obvious that 
 60Bi2O3-(40-x)  B2O3-xSiO2 glasses are poor fast neutron 
absorber compared TVM60 but better than ordinary concrete 
and water. The glass system can thus be used for fast neutron 
absorber rather than ordinary concrete or water.

The presence of B in the  60Bi2O3-(40-x)  B2O3-xSiO2 
glass system writes down a potential for thermal neutron 
absorption. This is due to the high thermal neutron absorp-
tion ability of B atom. Calculated total thermal neutron cross 
sections-ΣT of the glasses are given in Table 5. The table 
wrote down that ΣT reduced from 7.95 to 0.31  cm−1 as the 
molar fraction of  B2O3 reduced from 40 to 0% in the glasses.

Fig. 17  Comparison of ELAC of S1–S5 at 0.015, 0.15, 1.5, and 15 MeV at different depths

Fig. 18  Relative difference between LAC and ELAC for S1–S5
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4.1.2  Total stopping powers and range of electron 
and proton

Figure 19 depicts the total stopping power (TSP) and CSDA 
range of electrons in the S1–S5 glasses. TSP is an impor-
tant parameter that may be used for the characterization 
of charged particle interaction within a medium. TSP is 
a measure of energy losses by a charged particle per unit 
thickness of the material due to collision or radiation loses 
as it travels in the medium. The TSP of electrons in the 
glasses in variance with kinetic energy is depicted in Fig. 19. 
From the figure, the TSP decreases smoothly with energy 
up to kinetic energy of 0.8 MeV. Outside this energy, TSP 
increased gradually up to the maximum kinetic energy of 
10 MeV. The values of TSP at all energy were remarkably 
close with no significant differences. Also, in the continuous 
slowing down approximation (CSDA) the electron ranges in 

the glasses as functions of energy are also shown in Fig. 19. 
The range rose with particle kinetic energy all the glasses; 
showing that higher energy electrons would penetrate deeper 
in the glasses. The CSDA range of electrons in the glasses at 
electron energy of 10 MeV was about 5.98  cm2/g in all the 
glasses. Obviously, there is not much difference between the 
electron’s absorption abilities of S1–S5 glasses.

Figure 20 shows the total mass stopping powers (TMSP) 
and projected ranges of proton in S1–S5 glasses. TMSP ini-
tially increased up to proton energy of 0.09 MeV before 
decreasing with increase in energy although the TMSP of 
the glasses were very. Also, the values of projected range 
(R) of proton generally show an increase with proton energy. 
This writes down that higher energy protons are more pen-
etrating. Like what obtained of the electrons, the projected 
range of protons in the glasses is nearly the same (Table 6).  

Table 5  Partial density, ( ΣR ), and total ( ΣR ) of S1–S5 glasses

Glass code Density (g/cm3) Partial density (g/cm3) ΣR(cm−1) Total ΣR(cm−1)

B O Si Bi B O Si Bi

S1 6.3298 0.1778 0.988 – 5.1632 0.0102 0.04 – 0.0531 0.1033
S2 6.5527 0.1389 0.992 0.0596 5.362 0.0079 0.0401 0.0016 0.0552 0.1048
S3 6.6948 0.095 0.9814 0.1231 5.495 0.0054 0.0397 0.0034 0.0565 0.105
S4 6.7449 0.0478 0.9564 0.1868 5.5537 0.0027 0.0387 0.0052 0.0572 0.1038
S5 6.855 – 0.9391 0.2536 5.6622 – 0.038 0.0071 0.0583 0.1034

Fig. 19  Total stopping power 
and CSDA range of electron in 
S1–S5 as function of energy
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5  Conclusion

In the present study, the mechanical properties, electron, 
proton, photon, alpha particle, fast, and thermal neutron 
shielding capacity of  60Bi2O3-(40-x)  B2O3-xSiO2 glasses, 
namely as S1–S5 glasses were investigated and compared 
with existing shielding glasses. Young’s, shear, and longi-
tudinal elastic moduli, and Poisson’s ratio have been cal-
culated via bond compression and Makishima–Mackenzie 
models. Photon shielding parameters of the glasses were 
mostly influenced by the chemical composition. Higher 
molar fraction of Bi in the glasses produced better photon 
shielding coefficients. The increase in the molar fraction 
of Bi also increased mass density in the glasses. All the 
S-glasses showed almost similar charged particle shielding 
ability. On the other hand, the thermal neutron absorption 
ability of the glasses was dictated by their B content, hence, 
S1 and S3 was the best thermal and fast neutron absorbing 
glass. There was no significant difference in the proton and 

electron shielding abilities of the investigated glasses. The 
investigated glasses showed superior shielding efficacy when 
compared with some traditional materials consequently, the 
S1–S5 glasses are recommended for use as ionizing radia-
tion shields.
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