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Abstract
Recent studies have shown that the particle size of the shielding material and photon energy has significant effects on the 
efficiency of radiation-shielding materials. The purpose of the current study was to investigate the shielding properties of 
the bismuth–silicon (Bi–Si) composite containing varying percentages of micro- and nano-sized Bi particles for low-energy 
X-rays. Radiation composite shields composed of nano- and micro-sized Bi particles in Si-based matrix were constructed. 
The mass attenuation coefficients of the designed shields were experimentally assessed for diagnostic radiology energy 
range. In addition, the mass attenuation coefficients of the composite were comprehensively investigated using the MCNPX 
Monte Carlo (MC) code and XCOM. The X-ray attenuation for two different micro-sized Bi composites of radii of 50 µm 
and 0.50 µm showed enhancement in the range of 37–79% and 5–24%, respectively, for mono-energy photons (60–150 keV). 
Furthermore, the experimental and MC results indicated that nano-structured composites had higher photon attenuation 
properties (approximately 11–18%) than those of micro-sized samples for poly-energy X-ray photons. The amount of radia-
tion attenuation for lower energies was more than that of higher energies. Thus, it was found that the shielding properties of 
composites were considerably strengthened by adding Bi nano-particles for lower energy photons.
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1  Introduction

Since the introduction of diagnostic radiology, it has become 
an essential tool in all medical disciplines and specialties. 
Although the clear benefits of radiation in medicine are 
undeniable, a large number of unnecessary radiations can 
lead to health hazards in medical imaging examinations [1, 

2]. New shielding materials are being utilized to protect radi-
osensitive organs during medical imaging procedures while 
maintaining the quality of diagnostic images that result in a 
very high benefit/risk ratio [3].

With the advent of nanotechnology and access to nano-
materials, this technology was introduced as a novel way to 
increase the efficiency of the conventional shielding used in 
medical radiation sciences. Many researchers have demon-
strated the effects of the particle size of the filler material 
on the attenuation of photons of energy range higher than 
1 MeV [4]. It is widely believed that nano-sized particles 
can improve the γ-ray attenuation ability of the composite-
shielding materials [5, 6]. For instance, Malekie et al. [7] 
found that tungsten trioxide (WO3) nano-particles displayed 
a larger increase in linear attenuation coefficient than micro-
sized particles did. Nambiar et al. [8] reported that nano-
particles have unique properties that make them suitable as 
fillers in radiation-shielding materials. The investigation of 
effective WO3 size on mass attenuation coefficients of con-
crete showed that nano-particles have a superior potential 
to attenuate the radiation [9, 10]. Reviewing the published 

 *	 Asghar Mesbahi 
	 amesbahi2010@gmail.com

1	 Medical Radiation Sciences Research Team, Tabriz 
University of Medical Sciences, Tabriz, Iran

2	 Department of Medical Physics, School of Medicine, Tabriz 
University of Medical Sciences, Tabriz, Iran

3	 Student Research Committee, Tabriz University of Medical 
Sciences, Tabriz, Iran

4	 Molecular Medicine Research Center, Tabriz University 
of Medical Sciences, Tabriz, Iran

5	 Medical Physics Department, Medical School, Tabriz 
University of Medical Sciences, Attar Street, Tabriz, Iran

http://orcid.org/0000-0001-9159-2168
http://crossmark.crossref.org/dialog/?doi=10.1007/s12194-019-00529-3&domain=pdf


326	 R. Malekzadeh et al.

1 3

papers revealed that only a few studies have examined the 
influence of particle size on the X-ray attenuation at low 
energies (diagnostic radiology energy range). For example, 
a recent study showed that the reduction of X-ray beams pro-
duced from low tube voltages [26–30 kV, with copper oxide 
nano-particles (CuO)] was better than with microstructure 
particles. However, there was no significant difference in the 
attenuation rate in the X-rays produced from diagnostic tube 
potential (60–120 kV) [11].

As another way of enhancing shielding properties in 
recent times, metal-matrix composite shields have also been 
developed for protection from photons [12, 13]. The addition 
of an element with a high atomic number (filler), such as 
bismuth (Bi), to a radiation shield mainly containing an ele-
ment with a low atomic number significantly increases the 
absorption of radiation by the shield [14, 15]. The advantage 
of adding Bi stems from its high atomic number (Z = 83), 

high density (9.78 g/cm3), availability, and low cost [16]. 
Moreover, it is important to note that the total absorption 
depends mainly on the exact ratio of the primary to second-
ary absorbers (weight ratio), size of the primary and second-
ary absorbers (micro or nano), and photon energy.

The analysis of studies performed on nano-particle 
metal-matrix composites for low-energy X-ray shielding 
is summarized in Table 1. A review of the studies has 
shown that only few have investigated the effect of par-
ticle size on attenuation of low-energy photons used in 
diagnostic radiology. All of the previous studies empha-
sized on the higher attenuation of nano-sized fillers as 
compared to microparticles in different energy ranges of 
photons. However, there is no definite pattern of the effect 
of nano-particles or microparticles on the amount of radia-
tion attenuation; therefore, several improvements in radia-
tion attenuation using nano-particles and microparticles 

Table 1   Comparison of recent results on the improvement of shielding properties with nano-based composites for low-energy photons

References (year) Nano-particle Matrix Method Energy (keV)/
tube voltage 
(kVp)

Attenuation 
enhanced 
(%)

Mesbahi and Ghiasi [17] (2018) PbO2 Concrete MCNPX 142 8.4
167 7.6

Fe2O3 Concrete MCNPX 142 8.9
167 7.7

WO3 Concrete MCNPX 142 8.7
167 7.8

H4B Concrete MCNPX 142 8.7
167 8.1

Mahmoud et al. [18] (2017) PbO Polyethylene Experimental 59 15.11
80 15.07

Tekin et al. [19] (2018) Bi2O3 Hematite–serpentine concrete MCNPX 142 7.73
168 6.39

Li et al. [20] (2017) Gd2O3 Epoxy resin Experimental 60 28
Zhou et al. [21] (2017) Bi6B10O24 Polystyrene Experimental 86 20

105 30
511 7

Verdipoor et al. [9] (2018) PBO Silicon MCNPX 355 12.04
WO3 Silicon MCNPX 355 5.58
Bi2O3 Silicon MCNPX 355 11.12

Tekin et al. [4] (2017) WO3 Concrete MCNPX 663 7.96
778 7.65

Kim et al. [5] (2014) W Polystyrene Experimental and MCNP 300 76
662 25

Aghaz et al. [10] (2016) WO3 Poly vinyl chloride Experimental 40 kVp 23
50 kVp 29
70 kVp 38
80 kVp 13
100 kVp 7
662 25
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of different elements have been reported (Table 1). The 
investigation of the composites filled with WO3 micro- and 
nano-particles demonstrated promising results for better 
attenuation and shielding properties due to the nano-par-
ticles. Another study by Mesbahi et al., evaluated γ-ray 
shielding properties for ordinary concrete filled with PbO2, 
Fe2O3, WO3, and H4B in different concentrations, and 
found that the concrete doped with nano-sized particles 
had higher photon attenuation coefficient (8%) than that 
of microparticles [17]. Mahmoud et al. studied the γ-ray 
shielding properties for polyethylene-based composites of 
lead oxide nano-powders. The results showed that nano-
particles had higher mass attenuation coefficients (up to 
15%) than those made of microparticles [18].

In recent years, various types of polymer composites 
with nano-material fillers have been introduced for shield-
ing application in different radiations. In this study, the 
effect of nano-sized and micro-sized bismuth–silicon 
(Bi–Si) composites on X-ray interactions was investi-
gated by calculating the mass attenuation coefficients in 
a diagnostic radiology energy range of 60–150 keV using 
the Monte Carlo (MC) code. The composite shields were 
separately modeled according to the standards and doped 
separately with different percentages of Bi nano-sized 
(radius 50 nm) and micro-sized (two radii of 0.50 µm and 
50 µm) particles at 10%, 20%, 30%, and 40% concentra-
tions. Furthermore, the 10 weight-percentage (wt%) Bi 
composites were manufactured based on the nano-sized 
and micro-sized Bi metal particles and the characteristics 
of their attenuation coefficient by the X-ray spectrum beam 
(voltages of 60, 80, and 100 kVp) were experimentally 
explored using a radiology imaging equipment. Finally, 
the aforementioned 10 wt% Bi composites were compared 
with the experimental outcome.

2 � Materials and methods

Based on the objectives, the current study can be categorized 
into three parts.

2.1 � Monte Carlo simulation code

2.1.1 � MCNPX simulation geometry

In the present research, MCNPX (version 2.6.0, Los Alamos 
National Laboratory cross-sectional libraries data) was used 
for the determination of X-ray mass attenuation coefficients 
of Bi–Si composite shields for diagnostic radiology energies. 
MCNPX code is a well-known MC code used for modeling 
the radiation transport and the interaction of particles with 
the matter and tracking all particles at different energies 
[22, 23]. MCNPX input parameters, such as cell card defi-
nitions, surface card definitions, material card definitions, 
and features of energy sources, have been defined in input 
files according to their properties.

The mass attenuation coefficients for different types of 
Bi-composite shields in this study were calculated by X-ray 
photon in imaging range energies using narrow beam trans-
mission geometry. Figure 1 shows the defined simulation 
geometry setup in MC code. The total simulation geometry 
was inserted into one cylindrical space of height 140 cm 
and diameter 60 cm. The importance of particle transport 
outside this box was considered zero. As shown in Fig. 1, 
the radiation source is located in front of the lead collimators 
(density = 11.3 g/cm3). The lead collimators have been mod-
eled as a plane of width and length 20 × 20 cm and a thick-
ness of 5 cm. A disk-like source with radius 0.5 cm emitted 
X-rays perpendicular to the surface of the composites. The 
samples were located between the lead collimators, and a 

Fig. 1   Simulation geometry 
employed for the MCNPX 
Monte Carlo code in this study
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spherical-shaped detector with radius 2 cm was defined. The 
cylindrical-shaped source was defined in MCNPX data card 
as ERG, PAR, POS, AXE, VEC, and DIR commands for 
energy, particle type, position, and direction. To calculate 
the photon flounce reaching the detector cell, the F4 tally 
that scores the number of photons entering a cell in terms of 
n/cm3 was used for photons. Simulations were performed for 
30 min on a personal computer. The statistical error of MC 
results was less than 1% for all calculations.

The X-ray transmission was related to Lambert through 
the following equation:

where I0 and I represent the incident and transmitted intensi-
ties, respectively, x is the thickness of the absorbing medium, 
and � is the linear attenuation coefficient. Mass attenuation 
coefficient 

((

�

�

)

cm2∕g
)

 is another parameter defined for 
the photon interaction that is independent of the medium 
density and calculated by the mixture rule, given by

where wi is the proportion by weight and 
(

�∕
�

)

i

 is the mass 
attenuation coefficient of the ith element. Measurements 
were performed for each energy in three thicknesses and 
plotting ln(I0/I) versus thickness, where the slope was 
obtained using Eqs. (1) and (2), and the mass attenuation 
coefficients were calculated. The definitions of composite 
shields were performed by considering the elemental mass 
fractions and densities of materials (Table 2).

2.1.2 � Validation study

To assess the accuracy of the developed MC geometry, we 
modeled well-known composites as attenuators by consid-
ering elemental density properties. The results obtained 
were then compared with standard XCOM data. The calcu-
lated mass attenuation coefficients by MCNPX were at par 
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with the XCOM results. Thus, input code was validated for 
the calculation of the radiation mass attenuation coeffi-
cients’ composite shields doped by different percentages of 
Bi micro- and nano-particles. The mass attenuation coef-
ficients were determined by calculating the transmission 
of X-rays through different compositions individually at 
the mono-energies of 60, 80, 100, 120, 140, and 150 keV.

2.1.3 � Definition of micro‑ and nano‑particles in MCNPX 
code

The nano-sized and micro-sized Bi particles were defined 
into Si in the MCNPX input file. The schematic view of 
nano-Bi added matrix is shown in Fig. 2. In this study, 
each nano- and microparticle was defined using the lattice 
(LAT) and universe (u) properties of MCNPX.

In all composites, nano-particles with a radius of 50 nm 
and microparticles with two radii of 50 and 0.5 µm were 
considered. For each composite, the number of nano-par-
ticles or the number of microparticles of Bi metal pro-
viding the required wt% was calculated. After obtaining 
the required number of particles in each composite, the 
dimension of a cubic cell surrounding a single Bi parti-
cle was calculated. In the simulation process, the number 
of micro- (radii 0.50 µm and 50 µm) and nano (radius 
50 nm)-particles for all composites was in the order of 104, 
1010, and 1013 per cm3, respectively. The percentage dif-
ference in the mass attenuation coefficients between nano- 
and microparticles was obtained by the following formula:

2.2 � Fabrication of composites

2.2.1 � Composites preparation

Bi-composite shields of 10 wt% Bi were fabricated by add-
ing nano-sized (< 100 nm) and micro-sized (< 50 μm) Bi 
metal particles within the Si matrix (Fig. 3). The compos-
ites were prepared in dimensions of 20 × 20 cm and 1 mm 
thickness in the dosimetry laboratory of the Medical Phys-
ics Department, Tabriz University of Medical Sciences. 
These composite shields were placed in the laboratory for 
2 weeks to dry the composite mixtures and to eliminate 
air bubbles. Once they were stable, they were employed in 
the experiments. Details about the preparation of the Bi–Si 
composite samples are available in Ref. [24].

(3)Differences (%) =
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)
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−
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)
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)

nano

× 100.

Table 2   Weight percentage (wt%) of constituent elements and density 
of composite shields

Composite Density (g/cm3) Weight percentage (%)

Silicon Bismuth

100 wt% silicon 2.32 100 0
10 wt% bismuth 2.52 90 10
20 wt% bismuth 2.74 80 20
30 wt% bismuth 3.03 70 30
40 wt% bismuth 3.35 60 40
100 wt% bismuth 9.78 0 100
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2.2.2 � Measurements of X‑ray transmission

This work was carried out using a conventional radiography 
unit (VARIAN tube type) and a DIADOS E (PTW Company, 
Freiburg, Germany) at the radiology unit 29 of the Bahman 
hospital in Tabriz. The DIADOS E is a small size dosimeter 
for any type of diagnostic X-ray installation. Shields were 
placed at a distance of 1 m from the X-ray tube and the 
dosimeter was placed below the shield (Fig. 4). Experiments 
were carried out at the tube voltages of 60, 80, and 100 kVp. 

For each composite shield, four readings were recorded at 
each tube voltage level. The transmission of X-ray spectrum 
in three energies (60, 80, and 100 kVp), with and without 
Bi-composite shields, was calculated. The X-ray transmis-
sion was related to the equation proposed for polyenergetic 
spectra [25, 26], and then, linear attenuation coefficients (μ) 
were calculated through the following equation:

(4)T(x) = e−�x(1−�x),

Fig. 2   Distribution of bismuth 
micro- and nano-particles in 
the silicon matrix using cell 
definition

Fig. 3   Bismuth nano- and microparticles used in the manufacture of composite shields. a Scanning electron microscopy image of bismuth nano-
particles; b image of bismuth microparticles in a silicon composite using invert optical microscope
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where T(x) represents the transmitted fraction for the thick-
ness of x, and � is the beam-hardening coefficient. Measure-
ments were made for thicknesses of 0.5, 1, and 1.5 mm for 
each photon beam.

2.2.3 � Simulation of fabricated composites

As we are aware, the output of the X-ray tube is in the form 
of a polychromatic spectrum. Therefore, our experimental 
data were obtained using the spectrum. To compare the 
experimental data with simulations correctly, SpekCalc 
software was used to obtain the X-ray spectra emitted from 
the X-ray tube at different voltages. SpekCalc is an execut-
able software used for calculating the X-ray emission spec-
tra, similar to those used in diagnostic radiology [27]. We 
defined polychromatic spectrum in MCNPX data card as 
the ERG command for energy.

3 � Results and discussion

The mass attenuation coefficients of composite shields 
with different percentages of nano- and micro-sized Bi 
particles were calculated using the MCNPX simulation 
for different photon energies of 60, 80, 100, 120, 140, and 
150 keV. In addition, the mass attenuation coefficients 
of homemade composite shields with micro- and nano-
Bi particles in three X-ray tube voltages of 60, 80, and 
100 kVp were obtained and compared with the MCNPX 
simulation results.

3.1 � Validation of simulation geometry

To test the validity of the advanced MCNPX code in this 
study, we calculated the radiation mass attenuation coeffi-
cients for pure Bi and pure Si using MCNPX simulation 
and XCOM data (Fig. 5). As seen here, good agreement was 
achieved between the MCNPX and XCOM standard data. 
Consequently, the developed MCNPX simulation geometry 
has been considered as a precise and usable simulation input 
for the definition of nano- and microparticles in MCNPX at 
different energies for the rest of our study.

3.1.1 � Experiment and MCNPX results for 10 wt% Bi 
composites

The results of the photon attenuation measurements for con-
structed composites for three photon beams are shown in 
Fig. 6. It shows that there is good agreement between mass 
attenuation coefficient values obtained from both MCNPX 
code and experimental data.

The possible reasons for the complete mismatch appar-
ent discrepancy between experimental and simulation data 
could be due to laboratory errors in the construction of 
the shield, as well as the uncertainty of the size of the 
purchased nano-particles. Based on experimental and 
simulation results (Table 3), it was observed that attenu-
ation of the poly-energy polychromatic X-rays for by the 
nano-Bi composite was 11–18% higher than micro-Bi 
under the same X-ray tube voltage. This clearly shows that 
the amount of radiation attenuation in lower energies was 
more than the higher energies, which means that shielding 

Fig. 4   a Conventional radiography unit and dosimeter setup for evaluating the bismuth–silicone composite shields; b placement of the dosimeter 
in the radiation field for assessing dose reduction
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was more effective for low-energy photons. Furthermore, 
as expected, the mass attenuation coefficients of the Bi–Si 
composites calculated by MCNPX code were higher than 
the experimental results. Mass attenuation coefficients 
obtained for the Bi shields at three tube voltages are pre-
sented in Table 3.

3.2 � Effect of increased Bi amount on mass 
attenuation properties of composite

The calculated mass attenuation coefficients for differ-
ent amounts of Bi–Si nano-composites in terms of photon 
energy are shown in Fig. 7. It can be seen that the lowest 
values of mass attenuation coefficients for all energies are 
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Fig. 6   Measured attenuation curves for nano-sized bismuth composite (a) and micro-sized bismuth composite (b) under three different tube 
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Table 3   MCNPX and 
experimental results for mass 
attenuation coefficients of 10 
weight-percentage bismuth–
silicon composite shields made 
up of micro- and nano-particles

kVp kilo voltage peak, wt% weight percentage

Energy tube volt-
age (kVp)

Experimental Increased (%) MCNPX Increased (%)

Micro Nano Micro Nano

60 0.141 0.171 17.5 0.154 0.188 18.0
80 0.124 0.138 11.3 0.133 0.152 12.5
100 0.098 0.110 10.9 0.108 0.122 11.4
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obtained in the pure Si sample. With gradual increase in the 
Bi amount, an increase in the mass attenuation coefficients 
is observed. However, in low wt% of Bi, the characteristic of 
K-edge absorption cannot be clearly seen. By increasing the 
Bi metal in the composites, the effect of the K-shell is more 
pronounced with the increase in the mass attenuation coef-
ficients at that energy. In the vicinity of the K-edge of Bi at 
90.53 keV, the mass attenuation coefficient rose quickly due 
to the dominance of the photoelectric effect [28]. Therefore, 
it is clearly observed that by increasing the percentage of Bi 
in the composites, the mass attenuation coefficient for each 
energy increases.

3.3 � Effect of Bi‑particle size on mass attenuation 
properties of composites

To investigate the effect of Bi-particle size on the radia-
tion-shielding properties of composites, the mass attenu-
ation coefficient of radiation shields for X-ray photons for 
three different sizes of micro- and nanostructure Bi par-
ticles was calculated (Fig. 8). At the initial glance, it was 
clear that there was a noble agreement between the mass 
attenuation coefficient values from both MCNPX code 
and XCOM data. As per the main result seen in Fig. 8, the 
composite samples doped with nano-Bi had good radia-
tion-shielding properties than those with micro-Bi parti-
cles in the same mixture. As noted above, the density of 
nano-particles (with radius 50 nm) was much higher than 
the microparticles (radii 50 µm and 0.50 µm) in each of 
the wt% in the order of 109 and 103, respectively. There-
fore, the abundance of nano-particles in shields led to an 
increase in the number of interactions between photons 

and matter. Second, the distribution of the nano-sized Bi 
in the Si would be different from that offered by micro-
sized Bi, thus resulting in a uniform dispersion in the 
matrix. The shielding efficiency of all samples decreased 
when the photon energy was increased. Photons at this 
energy interact with high atomic number matter elements 
mainly by photoelectric interaction. It should be noted 
that all composite samples revealed stronger shielding 
ability at around 100 keV than at other energies, because 
Bi atom has a K-edge at 90.53 keV [29].

As shown in these figures, the differences in mass attenu-
ation coefficients of the micro-sized (radius of 0.50 µm) and 
nano-sized Bi became larger for all the samples at 100 keV 
and all composites with different Bi percent composition. 
The lowest and highest differences of mass attenuation coef-
ficients occurred at 150 and 100 keV, respectively. This trend 
was also observed for all the other loadings. The calculated 
results for mass attenuation coefficients of different micro- 
and nano-Bi composites are presented in Table 4. There 
was an obvious difference in mass attenuation coefficients 
of micro- and nano-Bi-composite mixtures.

The results showed that Bi nano-particles, as compared 
to Bi microparticles of radius 50 µm, increased by approxi-
mately 37–79% of the attenuation coefficients over the diag-
nostic energy range.

We also observed that using microparticles of radius 
0.5 μm, mass attenuation coefficients’ differences between 
the nano and microparticles fell over. The results revealed 
that mass attenuation coefficients for nano-composites 
in comparison with micro-composites of radius 0.5 μm 
increased by approximately 5–24%. Similar studies showed 
that the filler particle size in the polymer composite shields 
is very determinative and the addition of nano-particles to 
the matrix leads to enhancement of the radiation-shielding 
characteristics [4, 20, 21, 30].

4 � Conclusion

In our work, 10 wt% Bi-composite shields based on nano-
sized and micro-sized Bi metal were manufactured. The 
mass attenuation coefficients of nano-structured and micro-
structured of 10 wt% Bi–Si composites as well as those 
simulated by MCNPX were obtained. In addition, the effect 
of Bi-particle sizes on the shielding properties in nano-sized 
and micro-sized Bi–Si composites was investigated at 60, 80, 
100, 120, 140, and 150 keV X-rays using MCNPX code and 
XCOM program data. The results indicated that nano-sized 
particles have greater attenuation properties as compared to 
micro-sized particles.

The composites doped with nano-Bi showed significantly 
improved attenuation property as compared to those doped 
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with micro-Bi particles and showed a higher attenuation 
efficiency at the lower energy (60–80 kVp) than the higher 
energy (100–120 kVp) used in diagnostic radiology.
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Table 4   Comparison of mass attenuation coefficients for different percentages of nano-particles and microparticles of bismuth for different ener-
gies

Bi bismuth, Diff 1 and Diff 2 the difference between the mass attenuation coefficients of nano-particles and microparticles of 50 and 0.50 µm, 
respectively, according to formula (3), wt% weight percentage

Energy (keV) 10 wt% Bi 20 wt% Bi 30 wt% Bi 40 wt% Bi

Diff 1 (%) Diff 2 (%) Diff 1 (%) Diff 2 (%) Diff 1 (%) Diff 2 (%) Diff 1 (%) Diff 2 (%)

60 52.5 23.8 68.5 17.3 69.1 15.2 67.9 14.9
80 37.2 20.9 50.8 16.9 51.1 14.8 45.5 12.7
100 70.0 21.4 78.4 14.4 79.1 12.6 77.8 11.3
120 61.2 18.4 69.9 8.4 72.4 12.2 72.1 7.5
140 48.6 14.3 64.5 6.5 65.6 11.8 66.7 5.6
150 50.0 12.5 62.0 6.0 61.4 8.6 67.4 4.5
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