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ABSTRACT
The basic gamma-ray shielding parameters such as mass attenuation coefficient, mean free path and
effective atomic number of glass matrix with composition 0.45B2O3. 0.1Na2O. (0.1+x)Bi2O3. (0.35-x)CuO (x=0,
0.07, 0.14, 0.21, 0.28, 0.35) have been determined experimentally. The removal cross-section for fast neutrons is
also calculated for the samples. The obtained results are correlated to their structural properties obtained from
their infrared spectra.
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1. INTRODUCTION

The branch of radiation shielding materials
has become very important in several important
domains. It is well known that lead and
concrete are the most commonly inexpensive
shielding materials. The toxicity of lead, the
variability in water content of concrete and
non-transparency of both of them raise the
necessity to develop better gamma-ray
shielding materials [1]. In the recent years,
there has been increasing interest in using glass
materials as radiation shielding. Several
researchers, have attempted to prepare lead free
glasses [2-6]. It is observed that, for bismuth
borosilicate glasses the mean free paths have
lower values than the values of several types of
standard
shielding
concretes
[7,8].
Additionally, Marzouk et al., [9] observed that
Bi2O3 borate glasses are not affected by
continuous irradiation and can be considered as
a very good shielding material. But, the main
disadvantage of bismuth is the formation of
metallic bismuth, which causes a deep
coloration [10,11]. It is found that, the presence
of CuO in the glass composition reduces its
deep coloration and improves its optical
properties. The addition of transition metals
such as Cu is very important in memory
switching devices [12] and non-linear optical
devices applications [13]. While, the addition
of sodium oxide is useful to provide low
melting point of glass and expand the glassforming region [14, 15].

The aim of the present work is to study the
shielding parameters for gamma and neutrons
radiations of produced glass systems to
investigate the use of such glasses as radiation
shielding material. Additionally, the aim is
expanded to investigate the dependence of the
structural properties of the present glass system
on Bi2O3 concentrations by using Fourier
Transform Infrared Spectroscopy (FTIR).
2. EXPERIMENTAL WORK
Glass batches of the system 0.45B2O3.
0.1Na2O. (0.1+x)Bi2O3. (0.35-x)CuO (x = 0,
0.07, 0.14, 0.21, 0.28, 0.35) were prepared by
melt quenching technique. The H3BO3 and
Na2CO3 were used as sources of B2O3 and
Na2O. The chemicals were mixed thoroughly
and melted in porcelain crucible at 980oC for 2
h. The glass samples were properly annealed at
350oC. Then the annealing furnace was left to
cool slowly to room temperature to avoid
internal stress. The density of the samples was
measured by Archimedes' principle using
Tetracloride as immersion liquid.
The micro-hardness was measured at load
100 grams by a Vicker’s diamond indentor
tester (Leco AMH 100, USA).
The attenuation coefficient of gamma-ray
was measured by a narrow beam transmission
geometry by using 3″ x 3″ NaI(Tl) scintillation
detector and radioactive sources 137Cs and 60Co
having activities 9.5 Ci and 4.9 Ci
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respectively. The counting time was chosen
such that 103-105 counts were recorded under
each photo peak.
The infrared absorption spectra of the glass
samples were measured by using FTIR Perkin
Elmer-Spectrum at room temperature in the
range 400-4000 cm-1.

there is a relative decrease of the hardness
values (0.86-4.5%) with the replacement of
CuO by Bi2O3, this may be due to the decrease
of the covalence character of Bi-O than that of
Cu-O.
Table 1. Chemical composition, molar volume and
hardness of glass samples.

3. RESULTS AND DISCUSSION

B2O3

Na2O

Bi2O3

CuO

Molar volume
Hardness
(cm3/mol.)
kg/mm2
(Vm)exp (Vm)emp

1

0.45

0.10

0.10

0.35

28.78

25.26

486.49

2

0.45

0.10

0.17

0.28

32.25

30.13

482.28

3

0.45

0.10

0.24

0.21

38.00

34.63

476.39

4

0.45

0.10

0.31

0.14

41.71

38.81

473.65

5

0.45

0.10

0.38

0.07

44.75

42.69

470.21

6

0.45

0.10

0.45

0

48.95

46.30

464.32

Sample

3.1 Density, molar volume and
hardness
The density of the prepared glass can be
calculated from the empirical relation,

(1)

Composition (mol. %)

No.

where wi and ρi are the weight fraction and
density of the oxide i in the glass sample
respectively.
Accordingly, the empirical molar volume
(Vm)emp was given by,
(Vm)emp=M/ρemp

(2)

where M is the molecular weight of a glass
sample. For experimental molar volume (Vm)exp
replacing ρemp by ρexp in Eq. (2).
The study of glass density informs about
any variation in the network structure of the
glass. Additionally, the amorphous property of
glasses can be confirmed by comparing the
experimental and empirical values of both
density and molar volume. Fig. 1 shows
approximately linear increase in the density
with increase of Bi2O3 and the empirical values
of the density ρemp is higher than the
experimental one, this gives an evidence for the
pure glassy state of the prepared samples [16].
Moreover, Table 1 shows increase the molar
volume with increase of Bi2O3 concentration
and (Vm)emp is lower than (Vm)exp , which confirm
the amorphous nature of the present samples.
The increase in molar volume and density
with increase of Bi2O3 content on the expense
of CuO may be attributed to the difference in
the molecular weights of CuO(Mw=79.55) and
Bi2O3(Mw=466). This result agrees with Saudi
et al., (2016) [17]. Also, Table (1) shows that

Fig. 1 The experimental and empirical density of the
present glasses.

3.2 Theoretical aspect and experimental
results for attenuation of gamma-ray
It is well known that the linear attenuation
coefficient of a parallel beam of monoenergetic gamma-ray is calculated according to
the Lambert–Beer law
(3)
where Io and I are the incident and transmitted
intensities, t the thickness of the absorbing
medium and  is the linear attenuation
coefficient. The experimental values of mass
attenuation coefficient / (cm2/g) were
compared with the theoretical values which
were calculated by Win X com program [18].
Fig. 2 shows that the values of / increase
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with increasing the concentration of bismuth.
This increase in mass attenuation coefficient is
related to the increase in the density due to the
formation of condensed structure of these
glasses.
The mean free path (MFP) can be calculated
as follows:
MFP= 1/

(4)

Fig. 3 shows that the MFP values of the
glass samples decrease with increasing of
bismuth concentration. It is well known that the
MFP represents the average traveled distance
between two successive photon collisions or
interactions. So, the shorter MFP means more
interaction of photons with the material and
better shielding properties. This indicates that
the glass system in the present work can be
used as good radiation shielding materials.
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(5)
Where M is the molecular weight, NA is the
Avogadro's number and ni is the number of
formula units of ith element.
While the average electronic cross-section

t.el is given by:

(6)
where, Ai is the atomic weight of the i th
element, Zi its atomic number and f ni is
i
 i ni
the fractional abundance of the i th element.
The effective atomic number (Zeff) indicates
that the gamma-ray attenuation in the material
is related to the interaction of radiations with
matter. The effective atomic number is given
by:
(7)

Fig. 2. The mass attenuation coefficient of the present
glass samples at different energies.

The variation of Zeff as a function of photon
energy in all samples is shown in Table 2. From
this table, it can be seen that Zeff increases with
increasing the concentration of Bi2O3which
indicates that there are more interactions of
photons with the material that improve the
shielding properties.
Table 2. Effective atomic number Zeff of the
present glass samples.
Bi2O3
0.662 MeV
1.173 MeV
1.33 MeV
(mol
Experiment Theory Experiment Theory Experiment Theory
%)

0.1

14.02

14.37

10.30

10.51

9.27

9.81

0.17

16.53

16.96

11.79

12.14

10.69

11.31

0.24

18.85

19.39

13.07

13.57

11.93

12.62

0.31

21.03

21.68

14.18

14.86

13.03

13.80

0.38

23.09

23.86

15.16

16.03

14.03

14.83

0.45

25.06

25.92

16.03

17.09

14.93

15.80

Fig. 3. The mean free path of the present glass
samples at different energies.

3.3 The neutron removal cross-section (R)

By using the mass attenuation coefficient,
the average atomic cross-section t.a can be
calculated by using the following relation[19]:

There are some accurate empirical
expressions for calculation of the mass removal
cross-section (R/)e for any element e were
given in Wood [20]. For a compound C which
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consistent of l elements, the mass removal
cross-section (R/)c (in cm2g-1) is given by
[21]:



/  c   Re R /  e
R
l

(8)

e 1

where Re is the mass fraction of the element e
in the compound c. While, the removal crosssection ∑RS (cm-1) for a sample that has n
compounds will be given by [21]:

RS   ( FW ) c  s R /  c
n

(9)

c 1

where (Fw)c is the weight fraction of the
compound c and s is the density of the sample.
Table 3 shows that there is a relative decrease
(1-5.6%) in the values of ∑RS as the
concentration of Bi2O3 increases. This is due to
the difference between (∑R /) of Bi2O3(.0134
cm2g-1) and (∑R /) of CuO (0.0239 cm2g-1).
Table 3. The manual calculated removal crosssection ∑RS (cm-1) for glass samples.
Bi2O3
(mol %)
0.1
0.17
0.24
0.31
0.38
0.45

∑RS
(cm-1)
0.117
0.116
0.114
0.113
0.112
0.110

3.4 IR results
The infrared spectra of the studied glass
samples are displayed in Fig. 4, which shows
that the band profile of the samples is nearly
similar, but there is a systematic change in the
relative intensities as CuO is replaced by Bi2O3.
For a quantitative analysis of the IR spectra, the
deconvolution method was carried out for the
absorption profiles using the "peak fit" program
applying the Gaussian band shapes. The
deconvolution data has been represented in
Table 4. An example of a deconvolution spectra
for sample 4 is illustrated in Fig. 5, which
shows that the band centered at~500 cm-1
represents the characteristic stretching band of
Bi-O bonds in BiO6 octahedral units. This
result agrees with Dimitrov et al., and
Iordanova et al., [22, 23]. The aforementioned

band lies on the same position of B-O-B bond
bending vibration [24-26]. Fig. (6 a) shows that
the relative intensity of this band increases as
the concentration of Bi2O3 increases up to about
0.31 mol.% and then the relative intensity
decreases. This behavior may be due to the
replacement of CuO by Bi2O3 where the
structure is affected by the magnetic properties
of Cu2+ [27].
The band at ~ 700 cm-1 is attributed to both
Bi-O bonds in BiO3 pyramid and O3B-O-BO3
bending vibrations [26,28,29]. The relative
intensity of this band increases as the
concentration of Bi2O3 increases up to 0.31
mol% and then the relative intensity decreases
with increasing Bi2O3 concentration as shown
in Fig. (6 a).
Table 4. IR deconvolution data for the glass
samples.
Sample
No.

Bi2O3
(mol. %)

1

0.10

0.078

Relative intensity
BO4
 (8001200) cm-1
0.022
0.348

2

0.17

0.062

0.024

0.393

0.521

3

0.24

0.096

0.025

0.357

0.520

4

0.31

0.102

0.029

0.408

0.460

5

0.38

0.090

0.025

0.359

0.470

6

0.45

0.065

0.017

0.441

0.474

 (400-500)  (500cm-1
700) cm-1

BO3
 (12001500) cm-1
0.550

The behavior of the band region from 800 to
1200 cm-1 is shown in Fig. (6 b), this band is
related to the vibration of B-O in BO4 groups. It
is obvious that the relative intensity of this band
increases as the concentration of Bi2O3
increases on the expense of CuO. In contrast,
the relative intensity which is related to the
stretching vibration of B-O in BO3 groups in
the region from 1200-1500 cm-1 is found to
decrease as Bi2O3 concentration increases. Both
the increase in BO4 relative intensity and the
decrease of BO3 relative intensity which
represent the conversion of BO3 groups into
BO4 groups may be due to the increase of the
number oxygen atoms as the Bi2O3
concentration is increased on the expense of
CuO. The increase of the BO4 which is denser
than BO3 leads to increase the density of the
prepared samples.
The decrease of BO3
reduces the strength of the bonds which agrees
with the decrease of the hardness values.
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CONCLUSION
In the present work, the radiation shielding
and some other properties of borate glasses
containing Na, Bi and Cu oxides have been
investigated. The amorphous property of the
samples was confirmed by comparing the
experimental and the empirical values of both
density and molar volume. It is observed that
the values of / increase with increasing the
concentration of Bi2O3. From the FTIR
analysis, there are small relative decrease of
hardness values (0.86-4.5%) related to decrease
of bonds because of decrease of BO3 with
increase of the Bi2O3 concentration.

Fig. 4. Infrared absorption spectra of the 0.45 B 2O3.
0.1Na2O. (0.1+x) Bi2O3. (0.35-x) CuO (0≤x≤
0.35) glasses.
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The results of this work indicated that the
present glass system can be considered as
suitable shielding materials for gamma rays and
neutrons.

Data: Data1_B
Model: Gauss
Chi^2
R^2

= 0.00014
= 0.99893

y0
xc1
w1
A1
xc2
w2
A2
xc3
w3
A3
xc4
w4
A4
xc5
w5
A5
xc6
w6
A6

-0.10045
494.93751
190.82123
88.38259
700.52793
72.95145
25.41887
905.34966
185.28717
200.12495
1053.41445
148.46657
152.71754
1236.17776
81.28894
28.61256
1353.76471
243.28975
369.16022
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