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Abstract
The effect of  Bi2O3 content on photon, alpha particle, proton, fast and thermal neutron shielding capacity, and elastic moduli 
of 10ZnO-(90-x)B2O3-xBi2O3 (ZBB-glasses): x = 25–50 mol% has been investigated. The mass density and Bi-content 
of the ZBB-glasses had the greatest impact on the values of mass and linear attenuation coefficients. The mass and linear 
attenuation coefficients values were followed the trend (ZBB25)MAC,LAC < (ZBB30) MAC,LAC < (ZBB35) MAC,LAC < (ZBB40) 
MAC,LAC < (ZBB45) MAC,LAC < (ZBB50) MAC,LAC. The mean free path (MFP) and half value layer (HVL) were having the 
same trend and opposite to which obtained in mass and linear attenuation coefficients. All the ZBB-glasses showed almost 
similar charged particle shielding capacity. However, ZBB50 had a comparable charged particle absorption efficiency. There 
was a 57% growth in fast neutron removal cross section as  Bi2O3 molar concentration increased to 50% in the ZBB-glass 
matrix. ZBB50 possesses the highest fast neutron removal cross section among the ZBB-glasses. In terms of thermal neutron 
absorbing capacity, the presence of B in the glass matrix ensures that the ZBB-glasses are good thermal neutron absorption. 
ZBB25 has the highest thermal neutron absorption capacity among the investigated glasses. Generally, ZBB-glasses can be 
adopted for photon, thermal neutron, proton, and alpha particle shielding purposes. In addition, elastic (shear, longitudinal, 
and Young’s) moduli and Poisson’s ratio are changed significantly with the increase of  Bi2O3 content mol% in ZBB-glasses.
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1 Introduction

The use of ionizing radiation in various fields has continued 
to grow as science and technology have advanced [1–10]. 
As a result, the sources of man-made radiation exposure to 
humans and the environment have increased. The dangers of 
exposing biota and living tissues to ionizing radiation from 
various sources, forms, and energies are well understood. 

[11]. Some radiation—induced effects in human tissues are 
deterministic while others are stochastic all of which may 
constitute health hazards [11]. Radiation protection has thus 
become an important doctrine in all peaceful uses of nuclear/
atomic radiations from various sources. The cardinal objec-
tive of any radiation protection protocol is to eliminate deter-
ministic effects and reduce the chances of stochastic effects 
to the barest minimum in all biological systems [5–11]. 
Protection from radiation via the use of a radiation shield is 
one of the effective ways of achieving these [1–10, 12–14].

Traditional shielding materials are sometimes costly, 
bulky, non-durable, toxic, having unstable chemical, 
mechanical, and ultimately shielding properties. On the con-
trary, advanced radiation protection protocols are required in 
the modern application of radiation need materials that are 
non-toxic, durable, environmentally friendly, and durable 
[5–10, 12–14]. Glass is a class of material that fits into this 
category of materials. Glasses may be used for shielding in 
the medical diagnostic and therapeutic application of radia-
tion, storing, and transporting the nuclear waste of any level, 
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high energy nuclear research, space explorations, and many 
more areas of radiation applications [12–17].

Glass is one of the most and important materials with 
different applications in human society. This is partly due to 
its ease of production, and ability to be shaped into several 
geometries [1–10, 12–17]. Thus, in the past, many products 
have been produced from a glass of diverse compositions 
and properties. The most traditional applications of glasses 
include optical devices, household items, ornaments, decora-
tive, and building materials. Technological development has 
expanded the use of glass in areas such as telecommunica-
tion, photonics, and many more [17–21].

Recent advances in glass research have suggested that 
some glass compositions with good radiation shielding 
properties can be produced and used for radiation shielding 
[1–10, 15–21]. While some of these studies have produced 
glasses, which are currently available for shielding purposes, 
many more glasses are still being investigated. It has been 
proven that one of the ways to improve the radiation shield-
ing capacity and some optical properties of a glass system 
is to include a heavy metal oxide such as  Bi2O3 in its com-
position [3, 22–24]. In 2017, El Bashir et al. [25] showed 
that increasing the  Bi2O3 content of the BaO-  Bi2O3-P2O3 
glass system increased the mass density and elastic moduli 
of the glass system while decreasing the molar volume. It 
was also confirmed through calculated photon interaction 
parameters such as a half-value layer, effective atomic num-
ber, and exposure buildup factors that the photon shielding 
capacity of the glass system improved with an increase in 
 Bi2O3 content. Also, the gamma shielding capacity of the 
Te-Bi2O3-B2O3-ZnO glass system was improved when the 
 Bi2O3 content was increased [23]. Higher refractive indices 
coupled with enhanced radiation shielding features have 
been reported for  B2O3-  Bi2O3-CaO-Na2O glass system 
containing higher concentrations of  Bi2O3 [22]. Similar 
positively linear correlations between  Bi2O3 content and 
photon, proton, and alpha particle shielding efficiency of 
 B2O3-  Bi2O3,  TeO2-V2O5-Bi2O3, and  Al2O3-Na2O-  B2O3- 
 Bi2O3 glass systems [26, 27]. These findings and many more 
have revealed that the inclusion of  Bi2O3 could have a posi-
tive impact on the radiation shielding capacity of any glass 
system. To this end, from the literature on can conclude that 

 Bi2O3 has a positive effect to enhance the physical proper-
ties like density, mechanical properties, optical properties 
to be applicable in optoelectronic devices, solid state lasers, 
thermal sensors, and optical fiber amplifiers. As well as 
being applicable in radiation protection applications to help 
workers in radiation fields from radiation exposure hazards 
[15–24].

Consequently, in this research, we investigate the role 
of  Bi2O3 content in elastic moduli, gamma-ray, alpha par-
ticles, protons, fast, and thermal neutron shielding capacity 
of 10ZnO-(90-x)B2O3-xBi2O3 (ZBB) glasses.

2  Materials and Calculations

2.1  Materials

Six glass samples of zinc bismuth-borate of form 
10ZnO-(90-x)B2O3-xBi2O3 namely as ZBB-glasses and 
x = 25–50 mol% were selected from Ref. [28]. Generally, 
the selected glasses were labeled as S-glasses and individu-
ally as:

ZBB25: 10ZnO-65B2O3-25Bi2O3 mol%, ZBB30: 
10ZnO-60B2O3-30Bi2O3 mol%, ZBB35: 10ZnO-55B2O3-
35Bi2O3 mol%, ZBB40: 10ZnO-50B2O3-40Bi2O3 mol%, 
ZBB45: 10ZnO-45B2O3-45Bi2O3 mol%, and ZBB50: 
10ZnO-40B2O3-50Bi2O3 mol%. Samples code, composi-
tions, density, and molar volume of ZBB-glasses are tabu-
lated in Table 1.

2.2  Radiation Shielding Parameters

2.2.1  Photons

Generally, photons (x- and gamma-rays) transmission in 
narrow beam geometry through an interacting medium of 
thickness t is described via the Beer-Lambert law as:

where, Xo , X , and � is the photon measurable transmission/ 
interaction quantity before and after emerging from the 

(1)X = Xoe
−�t

Table 1  Code, chemical 
composition, density, and 
molar volume of the 10ZnO-
(90-x)B2O3-xBi2O3:(ZBB): 
x = 25–50 mol% glasses

Sample code Composition (mol%) Density, ρ (g/
cm3) ± 0.001

Molar volume,  Vm 
 (cm3/mol) ± 0.01

ZnO B2O3 Bi2O3

ZBB25 10 65 25 4.265 39.83
ZBB30 10 60 30 4.468 42.45
ZBB35 10 55 35 4.675 44.81
ZBB40 10 50 40 4.972 46.12
ZBB45 10 45 45 5.213 47.79
ZBB50 10 45 50 5.313 50.62
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interacting medium, and the linear attenuation coefficient 
of the medium, respectively. the transmission quantity X 
may be intensity, energy, particle fluxes/ fluence, absorbed 
dose or exposure. The linear attenuation coefficient (LAC) 
expresses the flux of the photons that emerge from the 
absorber without interaction. It is a quantity that can thus 
be used to measure the photon shielding capability of an 
attenuating medium. Other parameters that can be used to 
express the photon interaction capacity of a material include: 
the mass attenuation coefficient (MAC, �m ), half-value layer 
(HVT), mean free path (MFP), and the effective atomic 
number (Zeff). They are all derivable from LAC according 
to the expressions [29]:

where, wi , Zi , and Ai  in Eq. (5) represents the weight frac-
tion, atomic and mass number of elemental ith component 
of the absorbing material.

MAC values of ZBB-glasses were estimated in this study 
via the use of WinXCOM [30] for a standard photon energy 
grid between 15 keV and 15 MeV. The calculated MAC 
values were used to estimate LAC, HVT, MFP and Zeff  of 
the glasses using Eqs. (2–5), respectively.

(2)�m =
�

�

(3)HVL = ln2∕�

(4)MFP = 1∕�

(5)Zeff =

∑

i wiAi

�

�m

�

i
∑

i wi

Ai

Zi

�

�m

�

i

In broad beam geometry, transmitted photon flux consists 
of uncollided (primary) and scattered (secondary) radia-
tions. In such a scenario, the Beer-Lambert law (Eq. 1) is 
adjusted to accommodate the contribution of the secondary 
flux. Thus:

where, BX is the photon buildup factor of the radiation quan-
tity X . BX is a non-dimensional adjustment parameter that 
is equal to unity in the narrow beam transmission geometry. 
A detailed discussion about BX and the different methods of 
calculating them have been presented elsewhere [31–33]. 
For shielding calculations, BX is the most practical use to 
evaluate the transmission factor that is defined from Eqs. (1) 
and (6) as:

here

and �′ is called the effective linear attenuation coef-
ficient [34]. The exposure and energy absorption buildup 
factors of the glasses in the present study were calculated 
via the Phy-X/PSD software [33].

2.2.2  Neutrons

The interaction of neutrons with any medium produces 
three types of neutrons depending on the energy of the 
neutrons and the nature of the interacting material. These 
are transmitted, absorbed, and scattered neutron. The 
transmitted neutron escapes interaction, while the scat-
tered and absorbed neutrons are scattered within the 
medium and absorbed via different neutron capturing 
processes. The statistical possibility that one or more of 
these processes occur is through the microscopic cross 
section of the reaction. On the other hand, the total (mac-
roscopic) cross section of a neutron type is the sum of all 
interaction probabilities of such neutrons. The fast neutron 
removal cross section ( FNRC − ΣR ) is the macroscopic 
cross section for fast neutrons having energies between 
2 and 12 MeV. FNRC is almost a constant in this energy 
range and can be calculated via the equation [35]:

where, �, wi , and 
(

ΣR

�

)

i
 is the mass density of the interacting 

medium, weight fraction, and mass removal cross section of 

(6)X = XoBXe
−�t

(7)(TF)X = BXe
−�t = e−�

�t

(8)�
�(�t) = � −

lnBX

t

(9)ΣR = �

∑

wi

(

ΣR

�

)

i

Fig. 1  MAC of ZBB-glasses as function of photon energy
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the ith element in it. ΣR

�
 of constituent element of any medium 

can be estimated via their respective atomic numbers, Z as:

and,

For thermal neutrons (with the energy of 25.30 MeV at 
the ambient temperature of 300 K), the total macroscopic 

(10)
ΣR

�
= 0.19Z−0.743 for Z ≤ 8;

(11)
ΣR

𝜌
= 0.125Z−0.565 for Z > 8

cross-section ΣT  (cm−1) of a medium may be calculated 
through the equation [36–38]:

where, �T  (cm2) is the total microscopic cross section for 
scattering and absorption. ΣR and ΣT were calculated for the 
ZBB-glasses using Eqs. (9–12).

2.2.3  Proton and Alpha Particle

Total Mass Stopping Powers (TMSP) and projected range 
(R) of proton and alpha particles in ZBB-glasses were evalu-
ated using SRIM-2013 software [39].

2.3  Elastic Moduli Calculations

In the current work, bulk, Young’s, shear, longitudinal elas-
tic moduli, and Poisson’s ratio of the proposed ZBB-glasses 
were calculated via Makishima-Mackenzie (M-M) and bond 
compression (B-C) models [40–42]. The applied and used 
parameters for calculation processes for both two models are 
gathered and tabulated in Tables 4, 5, 6.

3  Results and Discussion

3.1  Radiation Shielding Competence

3.1.1  MAC, LAC, MFP, and HVL of ZBB‑Glasses

The mass attenuation coefficient (MAC) spectra of ZBB-
glasses represented as functions of photon energy in the 

(12)ΣT = 6.02 × 1023�
∑

i

wi

Mi

(

�T

)

i

Fig. 2  Changes in LAC values of ZBB-glasses as function of photon 
energy

Fig. 3  Variation of MFP with photon energy for ZBB-glasses

Fig. 4  a HVL as function of energy for the glasses and b compared 
with commercial shielding glasses at 0.2 and 0.662 MeV
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range of 0.015 to 15 MeV are shown in Fig. 1. The result 
showed that the MAC similarly varies with energy in all 
the glasses. It was observed that MAC values were high-
est at the least energy and decreased drastically as energy 

increased for energies below 0.8 MeV except at 0.1 MeV 
where a high sharp peak was noticed at this energy value. 
The peak is related to the K-x-ray absorption edge of the 
Bi atom forming the glass matrix. The sharp decrease in 
MAC values at the lowest energy zone is interpreted due to 
the dominance of the photoelectric absorption coefficient 
(PAC). The PAC generally decreased with the third or fourth 
power of the photon’s average energy. Beyond 800 keV, the 
decrease in MAC becomes less rapid up to an energy of 
6 MeV beyond which the MAC values of the glasses start to 
increase steadily. The slow decrease in MAC is attributed to 
Compton scattering absorption process. Photons are lost to 
Compton scattering process via inelastic collision of a pho-
ton with the free electrons in the interaction medium. The 
Compton interaction absorption is inversely proportional to 
photon energy. This explains why the decrease in MAC val-
ues is less rapid compared to energies less than 600 keV. At 
6 MeV, the pair production absorption process takes place 
and dominates the behavior of the mass attenuation cross 
section. The total pair production cross section has a thresh-
old energy of 1.022 MeV, then increases with photon energy 
and becomes significant at energies beyond 10 MeV [34]. 
This trend discussed the gradual increase in MAC as photon 
energy goes beyond 6 MeV. Comparing the MAC values Fig. 5  Values of Zeff for ZBB-glasses in relation to photon energy

Fig. 6  EBF and EABF as functions of photon energy for ZBB25 glass sample
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of the ZBB-glasses with one another, it could be observed 
that the values are close throughout the energy spectrum. 
However, MAC values increased at each energy following 
the order: ZBB25 < ZBB30 < ZBB35 < ZBB40 < ZBB45 < 
ZBB50. The maximum (minimum) values of MAC obtained 
at energy of 15 keV (6 MeV) respectively were 75 (0.0373), 
79.9 (0.0379), 83.9 (0.0385), 87.2 (0.039), 90 (0.0394), and 
91.2 (0.0396)  cm2  g−1 for ZBB25, ZBB30, ZBB35, ZBB40, 
ZBB45, and ZBB50, respectively. This order follows that of 
the mass density and  Bi2O3 content of the glasses as given 
in Table 1. This shows that the mass attenuation coefficient 
of the glasses is closely linked with their mass density and 
chemical composition. The presence and increase in the 
content of a denser heavy metal oxide with superior MAC 

values ensured that glasses with a higher concentration of 
 Bi2O3 improve the photon absorption capacity of the glasses. 
This trend has been reported in other glass matrices previ-
ously [3, 22–27].

The linear attenuation coefficients (LAC) values of ZBB-
glasses as functions of photon energy are shown in Fig. 2. 
According to the result, LAC similarly varied with energy as 
the MAC. Thence, maximum LAC values were obtained at 
photon energy of 15 keV with values of 320, 357, 392, 434, 
469, and 485  cm−1, while the minimum values obtained at 
6 MeV were 0.158, 0.17, 0.181, 0.95, 0.207 and 0.213  cm−1 
for ZBB25, ZBB30, ZBB35, ZBB40, ZBB45, and ZBB50, 
respectively. The result also showed that the differences 
between LAC values of the glasses at each energy are more 
pronounced in contrast to those of MAC. This is due to the 

Fig. 7  EBF and EABF as functions of photon energy for ZBB30 glass sample
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variation in the mass densities of the glasses as LAC is more 
sensitive to changes in density compared with MAC. The 
effect of the  Bi2O3 content of the glasses is also reflected in 
their LAC values.

Figure 3 shows the mean free path (MFP) of the glasses 
estimated from LAC values using Eq. 4 as a function of 
photon energy. The average distance travelled by a pho-
ton with a particular kinetic energy before collision with 
the particles of an absorbing medium is known as MFP. 
Figure 3 shows that MFP increased with photon energy 
up to 6 MeV for ZBB25 and 5 MeV for the other 5 glass 
samples. Beyond these energies’ MFP decreased gradu-
ally. The initial increase in the MFP of the glasses with 
energy is an indication that higher energy photons inter-
act less and thus possess higher MFP. While the gradual 

decrease in MFP at energies beyond 6 MeV is attributed 
to the decrease in LAC in this energy region. Among the 
glasses, the increasing trend of the MFP is the inverse of 
that of LAC as expected in Eq. 4. Hence, ( ZBB 25) MFP >   
(ZB B30 )MFP >   (ZB B35 )MFP > (ZBB40)MFP > (ZBB45)MFP 
> (ZBB50)MFP.

Figure 4(a) shows the variation of HVL with photon 
energy for all the glasses under study. The HVL is the 
thickness of a photon attenuating medium that gives 
2X = Xo (Eq. 1). It is an easy parameter to use when a 
quick choice of photon shielding material is required. The 
figure shows that HVL increased with photon energy. This 
shows that higher glass thickness is required to absorb 

Fig. 8  EBF and EABF as functions of photon energy for ZBB35 glass sample
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higher energy photons for the understudied glasses. Also, 
at higher photon energies, incoherent scattering and pair 
production interaction processes produce secondary pho-
tons. These secondary photons thus require additional 
material thickness to absorb them. Like the MFP, the 
HVL of the glasses follow the order (ZBB25)HVL > (ZB
B30)HVL > (ZBB35)HVL > (ZBB40)HVL > (ZBB45)HVL > 
(ZBB50)HVL. At 15 MeV, the HVL of the glasses were 
1.65, 1.55, 1.47, 1.35, 1.28, and 1.25 cm respectively for 
ZBB25, ZBB30, ZBB35, ZBB40, ZBB45, and ZBB50. 
Obviously, the increase in the concentration of  Bi2O3 
caused a reduction in the HVT of the ZBB-glass. HVL of 
the ZBB-glasses were compared with those of commercial 
shielding glasses (RS360 and RS520) at photon energies 

of 200 and 662 keV in Fig. 4b. The figure showed that 
HVL, ZBB40–50 have lower HVL compared with RS360 
and RS520 at the two photon energies. This result implies 
that ZBB40-50 are better photon shielding glasses com-
pared with RS360 and RS520 and they can thus replace 
them as choice photon shields for nuclear technological 
applications.

3.1.2  Zeff and Neff of ZBB‑Glasses

The effective atomic number (Zeff) for photons in a medium 
can be used to assess the interaction between photons and 
the medium. It is a number that gives the chemical descrip-
tion of composite material the way the atomic number of 

Fig. 9  EBF and EABF as functions of photon energy for ZBB40 glass sample
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an element does. However, unlike the atomic number, it is 
not a constant but varies with photon energy [29]. It can 
be used to compare photon interaction in diverse media. 
Values of Zeff of ZBB-glasses with energy are presented 
in Fig. 5. Throughout the energy spectrum, Zeff  changed 
from: 18.04–47.4, 20.16–49.51, 22.27–51.95, 24.36–53.65, 
26.45–55.19 and 28.58–56.61 for ZBB25, ZBB30, ZBB35, 
ZBB40, ZBB45, and ZBB50, respectively. The range and 
value of  Zeff  at each energy is dictated by the chemical 
components and their proportion in the glass, and photon 

partial interaction processes [29]. Obviously, the trend of 
the effective atomic number directly follows the MAC. This 
is an indication that higher Zeff corresponds to higher photon 
absorption for different materials. Furthermore, an increase 
in  Bi2O3 content increased the effective atomic number of 
ZBB-glasses. This further showed the inclusion of high 
atomic number components in any glass matrix will ulti-
mately increase the effective atomic number of such glasses.

Figures 6, 7, 8, 9, 10 and 11 show the change of EABF 
and EBF as functions of photon energy for penetration 
depths up to 10 MFP in ZBB-glasses. The variations in 

Fig. 10  EBF and EABF as functions of photon energy for ZBB45 glass sample
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the values of the buildup factors with respect to photon 
energy looks similar for all the glasses. The buildup factors 
enhanced with energy at each depth with peaks at 0.02 and 
0.1 MeV due to Bi absorption edges. The low EABF and 
EBF at lower energies are due to the contribution of the 
photoelectric absorption process which removes photons 
and hence prevents buildup. Compton scattering process is 
responsible for high buildup of photons at energies beyond 
the photoelectric interaction dominated range. At depths 
beyond 5 MFP, the buildup factor continues to grow with 
energy up to maximum photon energy of 15 MeV with a 
slight trough at 6 MeV. This is so as scattered photons and 
those produced via the pair production interactions interact 

to produce more secondary photons (buildup). Such increase 
in buildup factors is observed in materials including high 
atomic number composite like Mo, Pb, Bi etc. [27, 42, 43]. 
EABF and EBF of the ZBB-glasses are compared as shown 
in Figs. 12, 13, 14 and 15 for energies of 0.015, 0.15, 1.5 
and 15 MeV showed that both buildup factors increased with 
penetration depth. Also, EABF and EBF increase with  Bi2O3 
content of the glasses except at 1.5 MeV where the reverse 
was the case. The implies that the buildup factors in the 
glasses increase depending on their effective atomic number. 
However, at 1.5 MeV where Compton interaction cross sec-
tion dominates which is independent of the atomic number 
but electron density. It is thus evident that the number of 
electrons per unit mass is highest in ZBB25 and least in 

Fig. 11  EBF and EABF as functions of photon energy for ZBB50 glass sample
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ZBB50. Thus, ZBB25 presents the highest buildup factors 
among the glasses at this energy.

Figure 16 shows the effective LAC (ELAC) as calculated 
from Eq. 8 as a function of depth and for 4 selected energies 
(0.015, 0.15, 1.5, and 15 MeV). The result showed that at 
least energy, ELAC has no noticeable change with respect to 
depth, however, beyond this energy as the depth increased, 
ELAC also improved as expected. It therefore means that 
with thicker absorber, absorption is higher. Comparing the 
effective LAC of the glasses, ZBB50 possesses the greatest 

absorption coefficient for all the considered energy and 
depth. The effect of the inclusion and increase in  Bi2O3 
content of ZBB-glasses is to improve their photon shielding 
capacity.

3.1.3  6
R
 and 6

T
 of ZBB‑Glasses

Table 2 presents the calculated values of partial densities 
and macroscopic fast neutron removal cross section, ΣR of 
ZBB25—ZBB50 glasses. The result showed that there was 

Fig. 12  Variation of EABF and EBF with penetration depth at 0.015 MeV for ZBB-glasses
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13, 24, 38, 50 and 57% increase in the values of  ΣR for 
ZBB30, ZBB35, ZBB40, ZBB45, and ZBB50 respectively 
with respect to that of ZBB25. The increase in the partial 
density of Bi due to the increase in the  Bi2O3 content of 
ZBB-glasses lead to a corresponding higher fast neutron 
removal cross section. Hence ZBB50 had the highest ΣR  
among the ZBB glasses. Comparing the value of ΣR for 
ZBB25- 50 with those of water (0.1024  cm−1), ordinary 
concrete (OC) (0.094  cm−1) and recently developed glass 
system- TVM60 (0.1055  cm−1) [42], it is obvious that the 
ZBB-glasses are poor fast neutron absorber compared to 
these media. This is due to the high concentration of heavy 

elements such as Bi which are not good absorbers of fast 
neutrons in the glass composition.

Furthermore, the calculated total thermal neutron cross-
sections of the ZBB-glasses are given in Table 3. The table 
showed that ΣT reduced from 15.45 to 7.62  cm−1 for the 
ZBB-glasses as the  Bi2O3 content increased from 25 to 
50 mol%. This represents a 51% reduction between ΣT of 
ZBB25 and ZBB50. This reduction is directly due to the 
reduction of B in the glasses as  Bi2O3 content increased. 
since B is a good thermal neutron absorber, reducing the 
 B2O3 content of the glass correspondingly led to the reduc-
tion of thermal neutron absorption capacity of the glass. 
Comparing the ΣT of ZBB-glasses with those of recently 

Fig. 13  Variation of EABF and EBF with penetration depth at 0.15 MeV for ZBB-glasses
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published bismuth boro-tellurite glass systems [44], it is 
obvious that the ZBB-glasses are better thermal neutron 
absorber with ZBB25 being the best.

3.1.4  TMSP and Projected Range (R) of Proton and Alpha 
Particle for ZBB‑Glasses

The changes in the total MSP (TMSP) of alpha (α)-particle 
and proton in ZBB- glasses are illustrated in Fig. 17. The 

changes for both proton and α are similar for all the glasses; 
increasing with energy until a maximum value is reached 
then sliding down as energy grows. The highest TMSP 
was obtained at energy of 0.09 MeV and 1 MeV for p and 
α-particle respectively in all the investigated glasses. This is 
because of low energy loss of alpha particle per interaction 
thus the maximum (peak) TMSP is delayed for alpha parti-
cles compared to protons for the same energy spectra in sim-
ilar material. It was also observed that TMSP for α-particle 

Fig. 14  Variation of EABF and EBF with penetration depth at 1.5 MeV for ZBB-glasses
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was higher than that of p. This is because of a higher electri-
cal charge and lower velocity of alpha compared to those of 
p. TMSP is directly proportional to ion charge and inversely 
proportional to the square of its velocity. At equal kinetic 
energy, α-particle have lower velocity than p coupled with 
its higher charge, thus higher TMSP. According to Fig. 17, 
the trend in TMSP follows the order: (ZBB25)TMSP > (ZBB
30)TMSP > (ZBB35)TMSP > (ZBB40)TMSP > (ZBB45)TMSP > (
ZBB50)TMSP for both p and alpha particles.

The values of projected range (R) of p and α in the 
ZBB-glasses as a function of kinetic energy of projectile 
ions is illustrated in Fig. 18. Generally, the projected range 
increased in all the glasses as the particle’s kinetic energy 
increased; an indication that more energetic ion is more pen-
etrating. The values of the projected range are very close; 

however, the trend of the calculated projected range follows 
the order: (ZBB25)R < (ZBB30)R < (ZBB35)R < (ZBB40)R < 
(ZBB45)R < (ZBB50)R for both p and alpha particle. Thus, 
ZBB50 is a better proton and alpha particle absorber com-
pared to the other ZBB-glasses considered herein.

3.2  Elastic Moduli of ZBB‑Glasses

As shown in Fig. 19 and Table 4, the values of (KB-C) were 
found to decrease from 81.58 to 66.55 GPa. This decrease 
can be interpreted 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 [40]. The addition of  Bi2O3 

Fig. 15  Variation of EABF and EBF with penetration depth at 15 MeV for ZBB-glasses
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Fig. 16  Variation of effective LAC with penetration depth (a) 0.015 (b) 0.15 (c) 1.5, and (d) 15 MeV for ZBB-glasses

Table 2  Partial density and macroscopic removal cross section of ZBB-glasses

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

Bi Zn O B Bi Zn O B

ZBB25 4.265 2.6234 0.1642 1.1242 0.3531 0.027 0.003 0.0455 0.0203 0.027
ZBB30 4.468 2.9534 0.1541 1.0548 0.3055 0.0304 0.0028 0.0427 0.0175 0.0304
ZBB35 4.675 3.264 0.1458 0.9995 0.2655 0.0336 0.0026 0.0404 0.0152 0.0336
ZBB40 4.972 3.6245 0.1417 0.971 0.2346 0.0373 0.0025 0.0393 0.0134 0.0373
ZBB45 5.213 3.9347 0.1371 0.9372 0.2038 0.0405 0.0025 0.0379 0.0117 0.0405
ZBB50 5.313 4.1282 0.1291 0.8846 0.171 0.0425 0.0023 0.0358 0.0098 0.0425

Table 3  Total thermal neutron 
cross-sections ( Σ

T
 ) of ZBB-

glasses

Glass code Density (g/cm3) σT  (cm−1) Total ΣT  (cm−1)

Bi Zn O B

ZBB25 4.265 0.0694 0.0079 0.1791 15.1945 15.4509
ZBB30 4.468 0.0782 0.0074 0.168 13.1475 13.4011
ZBB35 4.675 0.0864 0.007 0.1592 11.4253 11.6779
ZBB40 4.972 0.096 0.0068 0.1547 10.0974 10.3549
ZBB45 5.213 0.1042 0.0066 0.1493 8.7700 9.0301
ZBB50 5.313 0.1093 0.0062 0.1409 7.3609 7.6173
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causes  (nb) to decrease from 4.98 to 3.92 [×  1028  (m−3)] 
despite of the decreases in the average stretching-force 
constant ( F ) from 478.9 to 378 (N/m). Also, the average 
crosslink density is constant due to the same coordination 
number of  B2O3 and  Bi2O3. Theoretically, the estimated val-
ues of the calculated bond compression elastic moduli [shear 
(SB-C), longitudinal (LB-C), and Young’s (EB-C)] were found 
to decrease from 35.95 to 29.33 GPa, from 129.40 to 105.57 
GPa and from 94.05 to 76.73 GPa, respectively. Values of 
theoretical Poisson’s ratio (σB-C) were constant due to the 
same coordination number of  B2O3 and  Bi2O3.

The second theoretical treatment for calculating the 
moduli of elasticity of ZBB-glasses is based on the Mak-
ishima and Mackenzi model [40–42]. For this model, coor-
dination number per cation  (nf), crosslink density per cation 
 (nc), Stretching force constant (F), packing density factor 
 (Vi), and dissociation/bond energy per unit volume  (Gi) of 
ZnO,  B2O3, and  Bi2O3 oxides are collected and tabulated 
in Table 5. Tables 6 gives the values of the total packing 
density  (Vt), total dissociation energy  (Gt), Young’s modu-
lus  (EM-M), bulk modulus  (KM-M), shear modulus  (SM-M), 
and Poisson’s ratio (σM-M) based on Makishima-Mackenzie 
model of ZBB-glasses. It is clear that, the decreasing in the 

Fig. 17  Variation of TMSP for alpha and proton particles as a function of kinetic energy
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total packing density of the glass from 0.43 to 0.39 which 
is attributed to the higher value of ionic radius of  B2O3 than 
 Bi2O3.The increasing the  Bi2O3 leads to increase the total 

dissociation energy per unit volume of the system from 
27.58 to 29.83 kJ/cm3. This is due to the substitution of 
 Bi2O3 which have dissociation energy (31.6 kj

cm3
 ) by  B2O3 

which have dissociation energy (22.6 kj

cm3
 ). The Calculated 

values of  (EM-M),  (KM-M), and  (SM-M) elastic moduli based 
on Makishima -Mackenzie model were increased as values 
in Table 6 and Fig. 20. Values of Poisson’s ratio (σM-M) were 
0.178, 0.167, 0.160, 0.159, 0.157, and 0.147 for ZBB25, 
ZBB30, ZBB35, ZBB40, ZBB45, and ZBB50 glasses, 
respectively.

4  Conclusion

The main objective of the current work is to investigate 
the role of  Bi2O3 content in photon, alpha particle, pro-
ton, fast and thermal neutron shielding capacity and elas-
tic moduli of 10ZnO-(90-x)B2O3-xBi2O3 (ZBB-glasses): 
x = 25–50 mol%. The values of mass attenuation coeffi-
cient in the ZBB-glasses were mostly influenced by the 
mass density and Bi-content of the glasses. The MAC, 
LAC values of the glasses improved with increase in 
 Bi2O3 molar concentrations in ZBB-glasses. All the pho-
ton absorbing parameters indicated that photon shielding 

Fig. 18  Variation of the range of alpha and proton particles as a function of kinetic energy

Fig. 19  Elastic moduli via bond compression (B-C) model of 10ZnO-
(90-x)B2O3-xBi2O3:(ZBB): x = 25–50 mol% glasses
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increased with mass density and  Bi2O3 content. All the 
ZBB-glasses showed almost similar charged particle 
shielding capacity. However, ZBB50 had a comparable 
charged particle absorption efficiency. There was a 57% 

growth in fast neutron removal cross section as  Bi2O3 
molar concentration increased to 50% in the ZBB-glass 
matrix. ZBB50 possesses the highest fast neutron removal 
cross section among the ZBB-glasses. In terms of thermal 
neutron absorbing capacity, the presence of B in the glass 
matrix ensures that the ZBB-glasses are good thermal neu-
tron absorption. ZBB25 has the highest thermal neutron 
absorption capacity among the investigated glasses. Gen-
erally, ZBB-glasses can be adopted for photon, thermal 
neutron, proton, and alpha particle shielding purposes. In 
addition, elastic (shear, longitudinal, and Young’s) mod-
uli and Poisson’s ratio are changed significantly with the 
increase of  Bi2O3 content mol% in ZBB-glasses.

Table 4  The values of total 
number of cationic per glass 
formula unit (η), average 
cross-link density ( n

c
 ), 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 ZBB-glasses

Parameters and elastic moduli ZBB25 ZBB30 ZBB35 ZBB40 ZBB45 ZBB50

η 1.9 1.9 1.9 1.9 1.9 1.9

n
c
=

1

�

∑

x
i
(n

c
)
i
(N

C
)
i

0.684 0.684 0.684 0.684 0.684 0.684

F =
∑

(xn
f
f )

i

∑

(xn
f
)
i (N/m)

478.909 458.727 438.545 418.363 398.181 378

n
b
=

N
A

V
m

∑

(n
f
x)

i
 ×  1028 (m−3) 4.989 4.680 4.434 4.308 4.158 3.925

l =
(

0.0106
F

K
B−C

)0.26

(nm)
0.485 0.486 0.485 0.482 0.480 0.481

K
B−C =

N
A

9V
m

∑

i

(n
f
xFr

2)
(GPa)

81.586 77.914 74.731 73.130 70.718 66.559

S
B−C =

(

3

2

)

K
B−C

(

1−2�
B−C

1+�
B−C

)

(GPa)
35.956 34.338 32.935 32.230 31.167 29.334

L
B−C = K

B−C +
4

3
S
B−C(GPa) 129.409 123.585 118.536 115.997 112.171 105.574

E
B−C = 2S

B−C(1 + �
B−C)(GPa) 94.053 89.821 86.151 84.306 81.525 76.730

�
B−C = 0.28(n

c
)−0.25 0.307 0.307 0.307 0.307 0.307 0.307

Table 5  Coordination number per cation  (nf), crosslink density per 
cation  (nc), Stretching force constant (F), packing density factor  (Vi), 
and dissociation/bond energy per unit volume  (Gi) of the oxides 
ZnO—B2O3—Bi2O3

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

ZnO 6 4 219 7.9 49.9
B2O3 3 1 660 15.2 22.6
Bi2O3 3 1 216 26.1 31.6

Table 6  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 ZBB-glasses

Parameters and elastic moduli ZBB25 ZBB30 ZBB35 ZBB40 ZBB45 ZBB50

V
t
=
�

1

V
m

�

∑

i

(V
i
x
i
) 0.431701 0.417841 0.408008 0.408248 0.405395 0.393496

G
t
=
∑

i

(G
i
x
i
)(KJ/m3) 27.58 28.03 28.48 28.93 29.38 29.83

E
M−M = 2V

t
G

t
(GPa) 23.812 23.424 23.240 23.621 23.821 23.475

K
M−M = 1.2V

t
E
M−M(GPa) 12.335 11.745 11.378 11.572 11.588 11.085

S
M−M = (3E

M−MKM−M)∕(9KM−M − E
M−M)

(Gpa)
10.104 10.030 10.020 10.183 10.290 10.233

�
M−M =

(

E
M−M

2G
M−M

)

− 1
(GPa)

0.178 0.167 0.160 0.159 0.157 0.147
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