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H I G H L I G H T S

• Addition of BaO leads to increase the
MAC values for BaO-Bi2O3-B2O3 glass
system.

• 30BaO–30Bi2O3–40B2O3 glass showed
excellent nuclear radiation shielding
properties.

• BaO-Bi2O3-B2O3 system has better
shielding properties than ZnO-Bi2O3-
B2O3 system.
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A B S T R A C T

A melt quenching method has been used to prepare xBaO-30Bi2O3-(70-x)B2O3 and xZnO-30Bi2O3-(70-x)B2O3

glasses, where 5≤ x≤ 30mol. %. The mass attenuation coefficients (MAC) for the prepared glasses have been
calculated using MCNPX (version 2.6.0) Monte Carlo code in the energy range 0.122–1.33MeV and the results
have been compared with those obtained by XCOM program. From the obtained MAC, different shielding
parameters such as effective atomic number (Zeff), half value layer (HVL) and mean free path (MFP) for the
prepared glasses have been evaluated. The MAC and Zeff values are found to increase with an increase in the BaO
(for BaO-Bi2O3-B2O3 glasses) and ZnO (for ZnO-Bi2O3-B2O3 glasses) concentrations. By the addition of BaO and
ZnO, a remarkable difference in HVL between the BaO and ZnO glasses is noticed. Additionally, the elastic
moduli results have been measured by sound velocity at 4MHz and computed according to Makishima-
Mackenzie model and Rocherulle model. The results observed that the 30BaO–30Bi2O3–40B2O3 glass system
showed excellent nuclear radiation shielding and elastic properties. All the obtained results indicated that BaO-
Bi2O3-B2O3 glass system has shielding properties that is better than ZnO-Bi2O3-B2O3 glass system.

1. Introduction

There is a growing utilize of nuclear radiation in different fields
such as nuclear power plants, the design of the nuclear reactor, nuclear
engineering, application of space technology, imaging, medical physics,

and radiation treatment. The broad use of nuclear radiation in various
applications encouraged radiologists and radiation physicists and nu-
clear engineers to focus on appropriate designing for nuclear radiation
shielding. Some relevant parameters such as mass attenuation coeffi-
cient (MAC), effective atomic number (Zeff), half value layer (HVL),
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mean free path (MFP) and elastic modulus must be measured to esti-
mate the properties of radiation shielding. The most important and
useful parameter is the MAC especially when the mixtures, composites,
and compounds are used as radiation shielding. The borax based glasses
(B2O3) have been used in many applications. Borate glass is important
as a result of certain characteristics such as their melting temperature is
low, highly transparent, various coordination numbers and high
thermal stability [1]. B2O3 can be considered as having the highest glass
formation tendency because molten B2O3 does not crystallize by itself
even when cooled at the slowest rate [2–10].

Borate glass based heavy oxide has gained an importance due to
their potential use in the mechanical and thermal sensors, devices of
electronic and optical and radiation shielding [11]. Boron atom has
smaller cation size, and show higher bond strength including heat of
fusion. Besides, boron has the ability to change its oxidation state easily
from three (BO3) to four (BO4). It is reported that the addition of BaO to
glass network, can create nonbridging oxygens and modify glass
structure as well as thermal properties [12]. Morever, the addition of
ZnO in glasses causes low rates of crystallization, enhances the glass
forming region and lower melting temperature. On the other hand,
Bi2O3 has high density and high effective atomic number, therefore th
inclusion the Bi2O3 to the glass systems enhances the radiation
shielding properties.

Numerous investigations had been achieved to identify the radiation
shielding performance of borate heavy metal oxide glasses. For ex-
ample, Sharma et al. [13], calculate the effective atomic number of
calcium–strontium-borate glasses in the energy range 1 keV–100 GeV
using two methods (logarithmic interpolation of atomic cross-section
values and atomic to electronic cross-section values). Besides, Singh
et al. [14] used the G-P fitting method and evaluated the exposure
buildup factor (EBF) for bismuth borosilicate glasses. The authors
compared the EBF values for the bismuth borosilicate glasses with
steel–magnetite concrete and lead. Kaewkhao et al. [15], studied the
shielding properties of borate glass matrices containing heavy metal
oxides (Bi2O3 and BaO). They evaluated the shielding properties at
662 keV photon energy and concluded that the mass attenuation coef-
ficient values were increased with increasing of Bi2O3 and BaO content.
Recently, Lakshminarayana et al. [16] evaluated the shielding proper-
ties of titanate bismuth borotellurite glasses using Monte Carlo simu-
lation code. The glass systems exhibit superior radiation shielding
features compared to several types of concretes. Furthermore, Laksh-
minarayana et al. [17] investigated the radiation shielding properties of
multicomponent borate glasses using MCNPX code in the energy range
of 0.015–15MeV. As reported by authors, the glass systems have better
radiation shielding performance than lead-zinc phosphate glass and
zinc oxide soda lime silica glass.

In this work, two series of glass systems with the composing xBaO-
30Bi2O3-(70-x)B2O3 and xZnO-30Bi2O3-(70-x)B2O3 glasses, where
x=5, 10, 15, 20, 25 and 30mol. % were synthesized by the melt
quenching method. For the prepared glasses, we reported the gamma
radiation shielding properties using MCNPX (version 2.6.0) Monte
Carlo code in the energy range 0.122–1.33MeV and XCOM program.
Also, the elastic moduli for the prepared glasses were measured by the
sound velocity at 4MHz and computed according to Makishima-
Mackenzie model and Rocherulle model.

2. Materials and methods

2.1. Glass synthesis

The melt quenching method has been used to prepare the glass
samples xBaO-30Bi2O3-(70-x)B2O3 and xZnO-30Bi2O3-(70-x)B2O3,
where x=5, 10, 15, 20, 25 and 30mol. %. The fine powders of glasses
have been obtained by mixing the ZnO, BaO, Bi2O3, and H3BO3 together
using grinding. Under ordinary atmosphere and by using porcelain
crucibles, the powder has been melted in an electrically heated furnace

at about 1270 K for 3 h. The glasses have been formed by quenching the
melt on a preheated mold which immediately transferred to another
furnace to anneal the glasses at 623 K for 3 h. The two opposite sides of
prepared glasses with thickness 1 cm have been polished to be suitable
for elastic measurements. The structure examination of the glass sam-
ples has been done using the Philips X-ray (PW/1710) with the power
of Cu-Kα radiation and Ni-filter at 0.03 A and 40000 V. The densities of
glass sample were measured using Archimedes method using toluene
immersion fluid. The longitudinal (VL) and shear (VS) ultrasonic ve-
locities have been measured at room temperature using X- and Y-cut
transducers (KARL DEUTSCH Echograph model 1085) operated at
4× 106 Hz with the uncertainty of± 10m/s.

XCOM program provides total cross sections and attenuation coef-
ficients as well as partial cross sections for the following processes:
incoherent scattering, coherent scattering, photoelectric absorption,
and pair production in the field of the atomic nucleus and in the field of
the atomic electrons. For compounds, the quantities tabulated are
partial and total mass interaction coefficients, which are equal to the
product of the corresponding cross sections times the number of target
molecules per unit mass of the material. The reciprocals of these in-
teraction coefficients are the mean free paths between scatterings, be-
tween photo-electric absorption events, or between pair production
events. The sum of the interaction coefficients for the individual pro-
cesses is equal to the total attenuation coefficient. Total attenuation
coefficients without the contribution from coherent scattering are also
given, because they are often used in gamma-ray transport calculations.
The XCOM program has been published for the computation of mass
attenuation and mass energy-absorption coefficients for different ele-
ments, compounds and mixtures [18].

2.2. MCNPX (version 2.6.0)

Computational approaches and numerical methods such as Monte
Carlo simulation are one of the best processes to analyze the physical
issues when the experimental conditions are limited or difficult to
reach. Monte Carlo N-Particle Transport Code System-extended
(MCNPX) version 2.6.0 (Los Alamos national lab, USA) has been used
for the calculations of mass attenuation coefficients of the prepared
glasses (i.e.5Ba, 10Ba, 15Ba, 20Ba, 25Ba, 30Ba, 5Zn, 10Zn, 15Zn, 20Zn,
25Zn and 30Zn). MCNPX code is a general purpose Monte Carlo ra-
diation transport code for simulating the radiation interaction and with
the matter at wide energy range [19]. MCNPX can provide fully three-
dimensional simulation and can utilize extended nuclear cross section
libraries and uses physics models for particle types [19]. MCNPX Monte
Carlo code applications for investigation of radiation mass attenuation
coefficients for different types of materials such as glasses and concretes
have been studied in the literature [17,20–22]. The applications of
numerical methods and computational modeling of the radiation in-
teraction problems, all depends upon material definitions. The input
structure of MCNPX code has three important portions to define the
primary details of the simulation. The required information in MCNPX
input file can be ordered as; definition of the problem geometry, the
definition of the materials with their chemical composition and the
definition of the radiation source structure. Moreover, it is also required
to define the results that desired from the calculation. The geometry of
simulation is constructed by defining cells. Each cell in the simulation is
bounded by one or more geometric surfaces. In the present investiga-
tion, square prism geometry was employed for the modeling of each
glass sample. The edge lengths of this square prism geometry are de-
fined as 5 cm while the axial z-length is defined for each simulation in
different sizes because it is the thickness of the glass sample. The inside
of modeled square prism has been considered as a cell in the input file.
For each calculation, this cell is modeled as a different glass sample
with the different elemental mass fraction. To model a cell with a
certain elemental mass fraction, it should be defined as Mn in the ma-
terial card. The MCNPX material card block provides the material
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definition according to the format required by the radiation transport
code Monte Carlo N-Particle eXtended (MCNPX). The form of the ma-
terial card can be shown as;

Mm ZZZ0001 fraction1 ZZZ0002 fraction2 ZZZ0003 fraction3

In this form, the acronym of n is the arbitrary material number
match with a material number in cell card and ZZZ is the atomic
number of each element forming the material. Moreover, fraction n is
the elemental mass fraction of the ZZZ in the compound. In this study,
we have defined twelve different glass with their elemental mass frac-
tions. The MCNPX encoding of the material card of the glass samples
from 1 to 12 with their codes can be seen below, respectively.

M1 5000 0.201871 8000 0.484249 56000 0.044783 83000 0.269097 $
5Ba

M2 5000 0.186343 8000 0.454995 56000 0.089565 83000 0.269097 $
10Ba

M3 5000 0.170814 8000 0.425741 56000 0.134348 83000 0.269097 $
15Ba

M4 5000 0.155285 8000 0.396487 56000 0.179130 83000 0.269097 $
20Ba

M5 5000 0.139757 8000 0.367233 56000 0.223913 83000 0.269097 $
25Ba

M6 5000 0.124228 8000 0.337979 56000 0.268695 83000 0.243966 $
30Ba

M7 5000 0.201871 8000 0.488861 30000 0.040171 83000 0.269097 $
5Zn

M8 5000 0.186343 8000 0.464218 30000 0.080342 83000 0.269097 $
10Zn

M9 5000 0.170814 8000 0.439576 30000 0.120513 83000 0.269097 $
15Zn

M10 5000 0.155285 8000 0.414933 30000 0.160684 83000 0.269097 $
20Zn

M11 5000 0.139757 8000 0.390291 30000 0.200855 83000 0.269097 $
25Zn

M12 5000 0.124228 8000 0.365648 30000 0.241027 83000 0.269097 $
30Zn

Here, M1 is the definition of material number and 5000 is the en-
coding of the atomic number of Boron since the atomic number of

Boron is 5. Finally, the value of 0.201871 is the elemental mass fraction
of Boron in the composition of 5Ba glass sample. The rest of the M1
encoding and other glass samples can be considered and handled in this
way. The mass attenuation coefficients of glass samples were measured
in a narrow beam transmission geometry using a point isotropic source
with the collimated and monoenergetic beam. The radiation energy
value of the point isotropic source has been defined for 0.122MeV,
0.356MeV, 0.511MeV, 0.662MeV, 1.17MeV and 1.33MeV photon
energies for each calculation, respectively. On the other hand, the
geometric center of detection area on central axis was considered for
the location of point isotropic source which emits gamma rays per-
pendicular to the front face of the glass sample in the direction of the z-
axis. In the present MCNPX simulation, to obtain the absorbed dose
amount in the detection field, average flux tally (F4) was employed.
This type of tally mash gives the sum of the average flux in the cell. The
analysis of recent investigation was performed using the
D00205ALLCP03 MCNPXDATA package is comprised of DLC-200/
MCNPDATA cross-section libraries. This library typically extends
ENDF/B-VI data from 20MeV to 150MeV. The initial quantity of
gamma ray is set as 108 particles. The mass attenuation coefficient
calculations were done by using Intel® Core™ i7 CPU 2.80 GHz com-
puter hardware. Finally, the error rate has been observed less than 0.1%
in the output file. The total simulation geometry of the present in-
vestigation for the mass attenuation coefficient calculations can be seen
in Fig. 1. In Fig. 1, five main simulation equipments such as point
isotropic radiation source, Pb collimator for primary radiation beam,
attenuator glass sample, Pb blocks to prevent scattered radiation and F4
detection cell can be seen, respectively. Moreover, it can be also seen
that primary beam axis has been defined on z axis. Finally, the total
simulation geometry shown in Fig. 1 is defined in MCNPX input code
and the cross-sectional screenshot of simulation setup obtained from VE
program (Visual Editor for MCNPX) shown in Fig. 2.

2.3. Basic radiation shielding parameters

The mass attenuation coefficients (MAC) can be considered as the
simplest parameter that can be utilized to understand the absorption
ability of the glass sample for the incident photon. Different shielding
parameters such as effective atomic number, half value layer … etc can
be evaluated from this quantity. The effective atomic number is an
important parameter that describes the multi-element materials in
terms of equivalent elements and is used in radiation response char-
acterization. Additionally, the concept of half value layer is used to
quantify the ability of a photon to penetrate the glass sample. It re-
presents the thickness of a sample required to diminish the intensity of

Fig. 1. Total simulation geometry.
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a photon to half of its initial intensity. Another parameter of interest is
the mean free path which represents the average distance that a photon
can travel between two successive collisions through the glass sample,
Low values of half value layer as well as mean free path are desirable
for radiation shielding applications. For the detailed knowledge on
calculations of these parameters of the glass systems under investiga-
tion, we may refer to previous studies [23–25].

3. Results and discussion

3.1. Radiation shielding parameters

Fig. 3 shows the XRD profiles for 5ZnO, 10ZnO and 25ZnO glasses,
while Fig. 4 shows the XRD profiles for 5BaO, 15BaO and 30BaO
glasses. Figs. 3 and 4 presented the absences of crystallization peak that
revealed the amorphous nature of these glasses. The other glass samples
(i.e. 15ZnO, 20ZnO, 30ZnO, 10BaO, 20BaO and 25BaO) have the same
XRD profiles. Fig. 5 and Fig. 6 are a 3D representation of the mass
attenuation coefficients (MAC) for xZnO/BaO-30Bi2O3-(70-x)B2O3

glasses (where x= 5, 10, 15, 20, 25 and 30mol%) at which the XY-
plane represents the ZnO/BaO concentration and the selected photon
energy while the vertical z-axis presents the calculated values of μ/ρ
obtained from both XCOM program and MCNPX code (see Tables 1 and
2). It is obvious from these two figures that the MCNPX MAC results are
in a good agreement with those obtained by XCOM for the photon
energies under investigation. These results confirm the use of the
MCNPX geometry in the MAC calculations. It is clear that the MAC
values increase with the increase of ZnO (Fig. 5) and BaO (Fig. 6)

content which is attributed due to the replacement of the lower atomic
number B (Z=4) with the higher atomic numbers Zn (Z= 30) for the
first glass system and Ba (Z= 56) for the second glass system. Also,
from Figs. 5 and 6, it is clear that when the photon energy was in-
creased from 0.122 to 0.356MeV, the MAC of the glasses was decreased
sharply, but the MAC was decreased slowly with increasing the energy
from 0.511MeV to 1.33MeV. For example, the MAC decreased from
1.048 to 0.1515 cm2/g and from 1.093 to 0.1535 cm2/g for 5Zn and

Fig. 2. The screenshot of MCNPX visualization screen.

Fig. 3. The x-ray diffraction of xZnO-30Bi2O3-(70-x)B2O3 where x=5, 15 and
25mol %.
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5Ba glass samples, respectively with an increase in the photon energy
from 0.122 to 0.356MeV, while they decreased from 0.1049 to
0.05466 cm2/g and from 0.1055 to 0.05453 cm2/g for 5Zn and 5Ba
glass samples respectively with an increase in the photon energy from
0.511MeV to 1.33MeV. The MAC values are high at 0.122MeV than at
other photon energies and this can be explained according to the
domination of photoelectric process in the low energy region, where the
photoelectric absorption probability is very high [26–29].

Additionally, the XCOM and MCNPX values of MAC for xZnO/BaO-
30Bi2O3-(70-x)B2O3 glasses were compared in Fig. 7 (for Zn glasses)
and Fig. 8 (for Ba glasses) at the selected photon energies. It can be seen
from Figs. 7 and 8 that the XCOM and MCNPX results show very no-
ticeable and promising agreement. Fig. 9 represents the MAC values

versus the photon energy for 30mol% of Zn and Ba. The two insets in
Fig. 9 show the mass attenuation coefficient of two glass systems at
0.511 and 0.662MeV. At two photon energies the insets observed that
the value of mass attenuation coefficient of glass system contain 30BaO
is higher than that for glass system contain 30ZnO. It is evident that the
MAC values for 30Ba are higher than those of 30ZnO, and this is ex-
pected since the molecular weight of the Ba atom is higher than Zn.

From the obtained MAC values, we can determine other shielding
parameters such as HVL [30], MFP [31], and Zeff [32]. The HVL and
MFP were plotted with respect to different ZnO and BaO concentrations
at the selected photon energies as shown in Fig. 10 (HVL) and Fig. 11
(MFP). Both HVL and MFP decreased with increasing ZnO and BaO
concentrations, indicating that gamma-ray shielding properties of the
two glass systems are enhanced with increasing concentration of ZnO
and BaO. By the addition of ZnO and BaO, a remarkable difference in
HVL, as well as MFP between the BaO and ZnO glasses, is noticed. For
example, at 1.33MeV and for 5 Mol%, the HVL is 2.491 cm and
2.389 cm for 5ZnO and 5BaO glasses respectively, but for 30 Mol%, the
HVL is 2.324 cm and 2.999 cm for 30 ZnO and 30BaO glasses respec-
tively.

The effective atomic number Zeff values were calculated for xBaO/
ZnO-30Bi2O3-(70-x)B2O3 glasses and the results are shown in Fig. 12.
The Zeff values are found to increase with an increase in the ZnO (for
ZnO-Bi2O3-B2O3 glasses) and BaO (for BaO-Bi2O3-B2O3 glasses) con-
centrations as shown in Fig. 12. The ranges of Zeff as exhibited in Fig. 12
are 10.91–15.18, 11.84–16.50, 12.89–17.99, 14.10–19.68, 15.50–21.85
and 17.14–23.74 for 5–30mol% ZnO respectively, while the Zeff for
BaO glasses are in the range of 10.98–15.33, 11.98–16.83,
13.14–18.54, 14.47–20.48, 16.03–22.68 and 17.85–25.20 for 5–30mol
% BaO respectively. The increase in Zeff is referring to the replacement
of B2O3 by ZnO and BaO which have a higher effective atomic cross-
section than B2O3. Fig. 12 reveals that the Zeff values for the BaO glasses

Fig. 4. The x-ray diffraction of xZnO-30Bi2O3-(70-x)B2O3 where x=5, 15 and
30mol %.

Fig. 5. Total mass attenuation coefficients versus photon energy for xZnO-30Bi2O3-(70-x)B2O3 glass samples.
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are higher than those for ZnO glasses and this is due to the higher mass
attenuation coefficient values for BaO glasses. All the obtained results
indicated that BaO-Bi2O3-B2O3 glass system has shielding properties
that are better than ZnO-Bi2O3-B2O3 glass system. Formulae used in the
evaluation of these parameters were given in details elsewhere.

3.2. Analysis of physical parameters

Chemical composition, density (ρ), molar volume (MV), oxygen
packing density (OPD), oxygen molar volume (OMV), fractal bond

connectivity (d), average cross-link density (nc) and Number of bonds
per unit volume (nb) of glass samples are listed in Table 3. The density is
an important physical property capable of describes the changes in
glasses structure. As listed in Table 3 the densities of glass samples
increase as ZnO and BaO content increase. The density values of 30ZnO-
30Bi2O3-40B2O3 and 30BaO-30Bi2O3-40B2O3 glass samples are 5.44 (g/
cm3) and 5.82 (g/cm3), respectively. This behavior may be attributed to
the replacement of B2O3 with the greater molecular mass and density
oxide such as ZnO (81.408 g/mole and 5.606 g/cm3) and BaO
(153.33 g/mole and 5.72 g/cm3). The values of molar volume (MV) of

Fig. 6. Total mass attenuation coefficients versus photon energy for xBaO-30Bi2O3-(70-x)B2O3 glass samples.

Table 1
Calculated mass attenuation coefficients for xZnO-30Bi2O3-(70-x)B2O3 glass samples using MCNPX and Xcom.

Energy (MeV) Mass attenuation coefficient (cm2/g)

5Zn % 10Zn % 15Zn %

XCOM MCNPX ± XCOM MCNPX ± XCOM MCNPX ±

0.122 1.0480 1.0706 2.15 1.0560 1.0705 1.38 1.0630 1.0825 1.84
0.356 0.1515 0.1596 5.37 0.1517 0.1585 4.51 0.1519 0.1596 5.09
0.511 0.1049 0.1099 4.75 0.1049 0.1096 4.52 0.1049 0.1069 1.94
0.662 0.0854 0.0886 3.78 0.0853 0.0869 1.87 0.0853 0.0867 1.71
1.17 0.0589 0.0599 1.68 0.0588 0.0598 1.77 0.0587 0.0599 2.03
1.33 0.0547 0.0572 4.58 0.0546 0.0577 5.81 0.0545 0.0565 3.75

Energy (MeV) 20Zn % 25Zn % 30Zn %

XCOM MCNPX ± XCOM MCNPX ± XCOM MCNPX ±

0.122 1.0710 1.0937 2.12 1.0790 1.1099 2.86 1.0870 1.1100 2.12
0.356 0.1521 0.1586 4.25 0.1523 0.1583 3.96 0.1525 0.1570 2.94
0.511 0.1048 0.1099 4.84 0.1048 0.1075 2.53 0.1048 0.1069 2.04
0.662 0.0852 0.0899 5.47 0.0851 0.0883 3.77 0.0851 0.0887 4.34
1.17 0.0586 0.0599 2.20 0.0585 0.0599 2.40 0.0584 0.0599 2.56
1.33 0.0544 0.0559 2.69 0.0543 0.0568 4.56 0.0542 0.0572 5.55
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investigated glasses have been calculated using the density results. The
values of MV are ranged from 39.00 to 35.33 (cm3/mol) and from 38.80
to 36.69 (cm3/mol) for ZnO-Bi2O3-B2O3 and BaO-Bi2O3-B2O3 glass
samples, respectively. It means that the values of molar volume de-
crease with an increase both ZnO and BaO content (Table 3). It could be
caused by compression of the glass network due to the formation of BO4

units when the B2O3 replaced with ZnO and BaO [33].
Oxygen packing density (OPD) and oxygen molar volume (OMV) for

the two glass systems are in opposite trend to each other. The values of
OPD decrease from 92.31 to 73.59 (mol/L) while the values of OMV
increase from 10.83 to 13.59 (cm3/mol) as the ZnO content increase
from 5 to 30mol % for ZnO-Bi2O3-B2O3 glass system. Additionally, the
values of OPD decrease from 92.78 to 70.87 (mol/L) while the values of
OMV increase from 10.78 to 14.11 (cm3/mol) as the BaO content in-
crease from 5 to 30mol % for BaO-Bi2O3-B2O3 glass system. This means
that the structure of glass become more compact and dense due to a
substitution of B2O3 with ZnO and BaO [34]. The fractal bond con-
nectivity (d) is a beneficial parameter relating the mechanical proper-
ties of glasses to their structures. The fractal bond connectivity gives the
information about the effective dimensionality and cross-links of the
glass network. The d is 1, 2, 3 for the chain, layer structure and 3D

Table 2
Calculated mass attenuation coefficients for xBaO-30Bi2O3-(70-x)B2O3 glass samples using MCNPX and XCOM.

Energy (MeV) Mass attenuation coefficient (cm2/g)

5Ba % 10Ba % 15Ba %

XCOM MCNPX ± XCOM MCNPX ± XCOM MCNPX ±

0.122 1.0930 1.1125 1.79 1.1450 1.1566 1.01 1.1980 1.2011 0.26
0.356 0.1535 0.1599 4.16 0.1557 0.1590 2.11 0.1579 0.1598 1.23
0.511 0.1055 0.1079 2.26 0.1061 0.1077 1.52 0.1066 0.1087 2.01
0.662 0.0856 0.0898 4.96 0.0857 0.0887 3.53 0.0858 0.0878 2.37
1.17 0.0588 0.0601 2.31 0.0586 0.0609 3.99 0.0583 0.0602 3.18
1.33 0.0545 0.0587 7.73 0.0543 0.0587 8.01 0.0541 0.0543 0.30

Energy (MeV) 20Ba % 25Ba % 30Ba %

XCOM MCNPX ± XCOM MCNPX ± XCOM MCNPX ±

0.122 1.2500 1.2613 0.90 1.3020 1.3126 0.81 1.3550 1.3621 0.53
0.356 0.1601 0.1633 1.99 0.1623 0.1653 1.86 0.1645 0.1663 1.11
0.511 0.1072 0.1098 2.45 0.1078 0.1100 2.00 0.1084 0.1103 1.71
0.662 0.0859 0.0869 1.12 0.0860 0.0884 2.74 0.0861 0.0892 3.63
1.17 0.0581 0.0602 3.65 0.0579 0.0604 4.29 0.0577 0.0605 4.83
1.33 0.0539 0.0544 0.94 0.0537 0.0546 1.79 0.0534 0.0551 3.11

Fig. 7. XCOM and MCNPX values of mass attenuation coefficient for xZnO-
30Bi2O3-(70-x)B2O3 glass samples.

Fig. 8. XCOM and MCNPX values of mass attenuation coefficient for xBaO-
30Bi2O3-(70-x)B2O3 glass samples.

Fig. 9. Mass attenuation coefficient values versus the photon energy for 30mol
% of ZnO and BaO.
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Fig. 10. Half value layer (HVL) versus photon energy for the prepared glass samples.

Fig. 11. Mean free path (MFP) versus photon energy for the prepared glass samples.

M.I. Sayyed et al. Materials Chemistry and Physics 217 (2018) 11–22

18



networks of tetrahedral coordination polyhedral, respectively [35]. As
seen in Table 3, the values of d ranged from 2.22 to 2.44 and from 2.22
to 2.31 for ZnO-Bi2O3-B2O3 and BaO-Bi2O3-B2O3 glass systems. These
values are closed to 2 which means that the glasses network has 2D
layer structure [36]. It is clear from Table 3, the average value of the
cross-linking density (nc ) changes from 2.00 to 2.59 for both glass
systems ZnO-Bi2O3-B2O3 and BaO-Bi2O3-B2O3. The calculated values
observed that the nc increase with increase the content of ZnO and BaO
from 5 to 30mol %. The Number of bonds per unit volume (nb) values

increase from 6.29×1022 to 7.88×1022 (m−3) and 6.29×1022 to
7.88×1022 (m−3) for ZnO-Bi2O3-B2O3 and BaO-Bi2O3-B2O3 glass sys-
tems, respectively. These behaviors may be attributed to the acting role
of BaO and ZnO as network modifier [26]. Moreover, these results
agreed with the analysis of FTIR of glasses had similar compositions
that is previously mentioned [33].

3.3. Elastic properties

The elastic moduli of the proposed glass shielding BaO-Bi2O3-B2O3

and ZnO-Bi2O3-B2O3 are other decisive parameters. The elastic moduli
were determined from experimental measurements and computed from
two theoretical models. The experimental results of longitudinal ul-
trasonic velocity (VL), shear ultrasonic velocity (VS), longitudinal (L),
shear (G), bulk (K), Young's (E) modulus, hardness (H) and Poisson's
ratio (σ) are listed in Table 4 for both glass systems ZnO-Bi2O3-B2O3 and
BaO-Bi2O3-B2O3. The results show that the values VL, VS, L, G, K, E and
H increase with increasing ZnO and BaO content (see Fig. 13). The
additives ZnO and BaO convert the BO3 units into BO4, it means that the
replacement of B2O3 by ZnO or BaO in glass samples improves the
elastic properties of investigated samples. Fig. 13 observed that the
results of longitudinal (L), shear (G), bulk (K), Young's (E) for BaO-
Bi2O3-B2O3 glass system are higher than for ZnO-Bi2O3-B2O3 glass
system. This behavior indicates that the BaO-Bi2O3-B2O3 glass system
produces a lesser number of non-bridging oxygen as compared to ZnO-
Bi2O3-B2O3 glass system [33]. Therefore, it means that BaO-Bi2O3-B2O3

glasses are for designing radiation shielding better than ZnO-Bi2O3-
B2O3 glasses in terms of higher rigidity and stability. Poisson's ratio (σ)
can be used to confirm this hypothesis. If the glass system has high
cross-link density, the values of Poisson's ratio (σ) will range 0.1–0.2,
and for low cross-link density, the values of Poisson's ratio (σ) will
range 0.3–0.5. In our glass samples the Poisson's ratio (σ) changed from

Fig. 12. Variation of effective atomic number (Zeff) as a function of photon energy for the prepared glass samples.

Table 3
Chemical composition (mol%), sample code, density (ρ) (g/cm3), molar volume
(MV) (cm3/mol), oxygen packing density (OPD) (mol/L), oxygen molar volume
(OMV) (cm3/mol), fractal bond connectivity (d), average cross-link density (nc )
and number of bonds per unit volume (nb) (cm−3) of glass samples.

Chemical
composition (mol.
%)

code ρ MV OPD OMV d nc nb x1022

BaO Bi2O3 B2O3

5 30 65 5Ba 4.97 38.80 92.78 10.78 2.22 2.00 6.29
10 30 60 10Ba 5.16 38.15 89.12 11.22 2.18 2.11 6.63
15 30 55 15Ba 5.31 37.87 84.51 11.83 2.47 2.22 6.92
20 30 50 20Ba 5.52 37.16 80.74 12.39 2.25 2.33 7.29
25 30 45 25Ba 5.70 36.72 76.25 13.11 2.34 2.46 7.63
30 30 40 30Ba 5.82 36.69 70.87 14.11 2.31 2.59 7.88
ZnO Bi2O3 B2O3

5 30 65 5Zn 4.85 39.00 92.31 10.83 2.22 2.00 6.25
10 30 60 10Zn 4.97 38.20 88.99 11.24 2.18 2.11 6.62
15 30 55 15Zn 5.08 37.48 85.37 11.71 2.29 2.22 6.99
20 30 50 20Zn 5.20 36.72 81.70 12.24 2.35 2.33 7.38
25 30 45 25Zn 5.31 36.03 77.72 12.87 2.38 2.46 7.77
30 30 40 30Zn 5.44 35.33 73.59 13.59 2.44 2.59 8.18
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0.266 to 0.247 (closed to 0.3) and from 0.266 to 0.258 (closed to 0.3)
for BaO-Bi2O3-B2O3 and ZnO-Bi2O3-B2O3 glass systems respectively, see
Table 4. This indicates that these samples have high of cross-link den-
sity and hence the increase in the rigidity of glass structure.

Makishima and Mackenzie (MM) have been suggested a theoretical
model to compute Young's modulus for oxide glasses. The MM model
based on the chemical composition, packing density (PD) and dis-
sociation energy per unit volume (Gt) of glasses have been used to
calculate Young's (E), bulk (B), shear (G), longitudinal (L) modulus,
Poisson's ratio (σ), fractal bond connectivity (d) and hardness (H) as the

following [37,38]:
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The packing density (PD) expression which presents by Makishima
and Mackenzie has been modified by Rocherulle et al. to be as the
following [39]:

∑=C C Xt
i

i i
(10)

Table 4
Experimental results of longitudinal ultrasonic velocity (VL), shear ultrasonic velocity (VS), longitudinal (L), shear (G), bulk (K), Young's (E) modulus, Hardness (H)
and Poisson's ratio (σ) of glass samples.

Sample code VL (cm/s) VS (cm/s) L (GPa) G (GPa) K (GPa) E (GPa) H (GPa) σ

5Ba 4167 2355 84.21 26.88 48.37 68.04 4.20 0.266
10Ba 4383 2463 92.44 30.11 52.29 76.45 4.63 0.269
15Ba 4429 2524 99.58 32.33 56.48 81.45 5.18 0.260
20Ba 4486 2575 104.59 34.47 58.64 86.46 5.65 0.254
25Ba 4523 2606 108.71 36.09 60.59 90.33 5.98 0.252
30Ba 4584 2657 114.2 38.39 63.02 95.72 6.48 0.247

5Zn 3914 2211 79.03 24.29 43.70 62.59 3.80 0.266
10Zn 4017 2258 86.21 27.05 48.20 69.35 4.05 0.269
15Zn 4069 2368 94.17 29.78 52.63 75.55 5.08 0.244
20Zn 4262 2416 99.63 31.88 55.51 81.49 5.09 0.263
25Zn 4337 2485 106.19 33.75 58.12 87.37 5.74 0.256
30Zn 4419 2524 111.85 35.62 60.21 92.18 5.98 0.258

Fig. 13. Experimental values of elastic modulus (L, G, K and L) as a function of
ZnO and BaO concentration for glass samples.

Table 5
Packing density (PD), longitudinal (L), shear (G), bulk (K), Young's (E) modulus, Hardness (H) and Poisson's ratio (σ) using Makishima and Mackenzie model and
Rocherulle model of glass samples xBaO-30Bi2O3-(70-x)B2O3.

Sample code PD GT L (GPa) G (GPa) K (GPa) E (GPa) H (GPa) σ

Makishima and Mackenzie model (MMM)
5Ba 0.581 5.17 30.51 10.42 16.62 24.50 1.59 0.255
10Ba 0.568 5.45 32.16 10.99 17.51 25.83 1.68 0.255
15Ba 0.553 5.74 33.34 11.47 18.05 26.90 1.77 0.252
20Ba 0.541 6.02 35.03 12.05 18.97 28.26 1.86 0.252
25Ba 0.529 6.31 36.33 12.55 19.60 29.40 1.95 0.251
30Ba 0.517 6.60 37.00 12.93 19.76 30.18 2.05 0.246
Rocherulle model (RM)
5Ba 0.524 5.17 27.28 9.80 14.21 22.65 1.62 0.235
10Ba 0.522 5.45 28.61 10.31 14.86 23.80 1.71 0.234
15Ba 0.520 5.74 29.91 10.81 15.50 24.93 1.80 0.233
20Ba 0.517 6.02 31.20 11.31 16.12 26.05 1.89 0.232
25Ba 0.515 6.31 32.47 11.80 16.73 27.17 1.98 0.230
30Ba 0.513 6.60 33.73 12.30 17.33 28.27 2.08 0.229
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According to the Makishima and Mackenzie and Rocherulle models,
the theoretical values of elastic moduli are listed in Tables 5 and 6. As
seen in Tables 5 and 6, as the experimental results of elastic moduli the
theoretical values of elastic moduli increase with increasing ZnO and
BaO content. This may attribute to the fact that the elastic moduli de-
pend on the density and dissociation energy per unit volume (Gt),
which increase by the addition of lead dioxide content, compacting the
glass structure and increasing the rigidity of network. In addition
Figs. 14 and 15 show the correlation between measured and calculated
values of elastic moduli. As seen in supplementary Tables S1-S4 the
experimental results of elastic moduli observe high deviation with both
the theoretical values calculated from the Makishima and Mackenzie
(MMM) model and Rocherulle model (BM) for both ZnO-Bi2O3-B2O3

and BaO-Bi2O3-B2O3 glass systems. Formulae used in the evaluation of
different physical, experimental and theoretical parameters were given
in details elsewhere [37–43].

4. Conclusion

The shielding and elastic properties of ZnO-Bi2O3-B2O3 and BaO-
Bi2O3-B2O3 glass systems have been studied. The amorphous nature of
the investigated both glass samples was confirmed by XRD analysis. The
results revealed, the addition of ZnO and BaO into ZnO-Bi2O3-B2O3 and
BaO-Bi2O3-B2O3 glass systems increases both the mass attenuation

coefficient and effective atomic number and decreases both half value
layer and mean free path and the best shielding sample is that contains
30BaO mol%. It can be concluded that results obtained from MCNPX
Monte Carlo code has closer results with standard XCOM data and
modeled standard MCNPX geometry can be useful for scientific com-
munity for similar future studies since the number of radiation
shielding studies by using different types of glassy system is increasing.
The elastic modulus of the ZnO-Bi2O3-B2O3 and BaO-Bi2O3-B2O3 glass
systems observes an enhancement with the progressive addition of ZnO
and BaO. This enhancement may attribute to the increase in the rigidity
of the glass network.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.matchemphys.2018.06.034.
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