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Keywords Abstract: In this study, the gamma radiation shielding characteristics of metallic glasses having
Metallic glass, Fe81B13.5Si3.5C2, Fe79B16Si5, Fe78B13Si9 and Fe40Ni38B18Mo4 components and coded as
Gamma FeBSIiC, FeBSil, FeBSi2 and FeNiBMo were investigated. In order to investigate, the mass
shielding, attenuation coefficients for metallic glasses in the photon energies range of 0.060 MeV to 2.614
WinXCOM, MeV were calculated with the help of WinXCOM program and GEANT4 and FLUKA
GEANT4, simulation codes. The linear attenuation coefficient, half and tenth value layers, mean free path,
FLUKA effective atomic number and electron density parameters were calculated with the help of the

calculated mass attenuation coefficients. Variations of the calculated gamma radiation shielding
parameters with photon energy were discussed. It was observed that mass and linear attenuation
coefficients, effective atomic number and electron density parameters decreased with increasing
photon energy, while half and tenth value layers and mean free path parameters increased with
increasing photon energy. It has been observed that metallic glasses have better gamma
shielding capabilities in the low photon energy region, and metallic glass coded as FeNiBMo
has better gamma radiation shielding capacity than other studied metallic glasses.

Demir Tabanh Bazi Metalik Camlar icin Gama Radyasyonu Zirhlama Karakteristiklerinin
Belirlenmesi

Anahtar Kelimeler Oz: Sunulan bu calismada, Fe81B13.5Si3.5C2, Fe79B16Si5, Fe78B13Si9 ve

Metalik cam, Fe40Ni38B18Mo4 igeriklerine sahip ve FeBSiC, FeBSil, FeBSi2 ve FeNiBMo olarak kodlanan
Gama zirhlama, metalik camlarin gama radyasyonu zirhlama karakteristikleri incelenmistir. inceleme yapmak
WinXCOM, icin WinXCOM programi ve GEANT4 ve FLUKA simiilasyon kodlar1 yardimiyla 0.060 MeV
GEANT4, ila 2.614 MeV foton enerjileri araliginda metalik camlarin kiitle azaltma katsayilari
FLUKA hesaplanmistir. Hesaplanan kiitle azaltma katsayilart yardimiyla lineer azaltma katsayilari, yari

ve onda-bir kalinlik degerleri, ortalama serbest yol, etkin atom numarasi ve elektron yogunlugu
parametreleri hesaplanmigtir. Hesaplanan gama radyasyonu zirhlama parametrelerinin foton
enerjisi ile degisimleri irdelenmistir. Kiitle ve lineer azaltma katsayilari, etkin atom numarasi ve
elektron yogunlugu parametrelerinin artan foton enerjisi azaldigi gézlemlenirken, yar1 ve onda-
bir kalinlik degerleri ve ortalama serbest yol parametrelerinin artan foton enerjisi ile arttig
gozlemlenmistir. Diisiik foton enerjisi bolgesinde metalik camlarin daha iyi gama zirhlama
kabiliyetlerine sahip oldugu ve FeNiBMo olarak kodlanan metalik camin incelenen diger
metalik camlara gore daha iyi gama radyasyonu zirhlama kapasitesinin oldugu goézlemlenmistir.

crystallization in glasses. During this rapid cooling

1. INTRODUCTION process, the atoms in the liquid cannot rearrange

themselves into the regular periodic structure, that is,
Glass generally has an amorphous, non-crystalline as a crystalline solid. On the other hand, the term
structure, produced from silica (SiO2) and oxides of metallic glass refers to an amorphous metallic alloy
metals such as Al, Mg, Ca, K and Na. Rapid cooling of prepared by rapid solidification of the molten metallic

silicate and metallic oxides is provided to prevent alloy. Metallic glasses are used in electricity and
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electronics because of their high electrical resistance,
in nuclear reactor engineering for the preparation of
magnets in nuclear waste disposal containers and
fusion reactors because their magnetic properties do
not change under radiation, and in the biomedical
industry because they can be used as cutting, making
and prosthetic materials of surgical instruments due to
their high resistance to corrosion. In addition, iron (Fe)
and cobalt (Co) based metallic glasses generally show
ferromagnetic properties.

Today, radiation is used to benefit humanity in
medicine, industry, academic studies and electricity
generation. In addition, radiation has useful
applications in many fields such as agriculture, space
exploration, geology and archaeology. lonizing
radiation exposure causes chemical damage to body
tissues. Just as with exposure to any toxic chemical, the
human body can tolerate radiation up to a point without
causing any injury. However, high levels of exposure
can cause serious problems such as skin burns, hair
loss, internal bleeding, anemia and immune system
involvement. Even very high exposure increases the
risk of cancer.

The guiding principle for radiation protection is the
ALARA “As Low As Reasonably Achievable”
concept. The three main principles that will help this
concept for radiation protection are time, distance and
shielding. There is a linear relationship between the
time spent near a radioactive source and the exposed
radiation dose. The greater distance between the
radiation source and the living thing, the less dose will
be exposed. So, exposure is inversely proportional to
the square of the distance. When the distance from the
source is doubled, the exposure level will be four times
less. In these two principles, exposure to radiation is
seen as inevitable. In shielding, radiation exposure can
be kept to a minimum. Today, lead aprons, mobile lead
shields, lead glasses or lead barriers are generally
preferred for protection from ionizing radiation. Due to
the known toxic effects of lead and some problems
arising from its weight, the search for new radiation
shielding materials as an alternative to lead has gained
momentum. Glasses [1-3], alloys [4-6], concretes [7-9],
composites [10-12] and minerals [13,14] are included
in the search new alternative products to lead. In
addition to these, the choice of metallic glasses is a
new alternative for use in this field, as their elements
are adjustable up to a certain point.

Olarinoye and Oche [15] determined some radiation
shielding parameters using XCOM and auto-Zeff
programs in the energy range of 15 keV to 15 MeV to
investigate the radiation shielding properties of
titanium-based two metallic glasses. As a result of the
calculations, they suggested that metallic glasses
Tis28Zr302Nis3CusBez7 and  TiseZrssaFesCus7Bez
could be good radiation shielding materials. Tekin et
al. [16] investigated the radiation shielding capacities
of metallic glasses having eight different
concentrations in  CuxZrigox (x=35 (CussZres)-
70(CuzoZrsp)) combination using MCNPX simulation
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and Phy-X/PSD interface. For this purpose, they
calculated the linear and mass attenuation coefficients,
half value layer, tenth value layer, mean free path,
effective atomic number and electron density
parameters in the energy range of 0.015 to 15 MeV.
They reported that CuzoZrs metallic glass is a better
radiation shielding material than others. Perisanoglu
[17] investigated the alpha, proton, neutron and gamma
radiation shielding capabilities of ZrgsAl7sNigCuizs,
Ti4ozrzeBeng86, CU49Hf42A|9, Pd4oNi4oP20, Nisopdsopzo
and CagsMgisZny metallic glasses. He noted that
among the studied metallic glasses, the CuasgHfsAlg
sample had better alpha, proton, neutron and gamma-
ray shielding ability than the others. Tamam et al. [18]
investigated the effect of Cu on gamma, charged
particle and neutron shielding in metallic glasses with
XCu-(20-x)Ge-40Se-40Te (0<x<20) structure with the
help of FLUKA simulation. They noted that 20% Cu-
doped metallic glass shielded gamma, charged particles
and neutrons better than the others. As can be seen
from the literature review, the examination of the
radiation shielding capabilities of metallic glasses is a
very current issue and there are few studies on such
samples.

There are two classes of metallic glasses as metal-
metal and metal-metalloid. In the present study,
Fe81B13.5Si3.5C2, Fe79B16Si5, Fe78B13Si9 and
Fe40Ni38B18Mo4 metallic glasses belonging to the
metal-metalloid class were preferred. In this study, Fe,
Ni and Mo are metallic, while B, Si and C are
metalloids. Gamma radiation shielding capabilities of
the specified metallic glasses at energies (in the range
of 0.060-2.614 MeV, 18 different energies) emitted
from the most preferred radioactive sources in the
literature were investigated with the help WinXCOM
program [19], GEANT4 [20] and FLUKA [21]
simulation codes. To compare the gamma radiation
shielding capabilities of the specified metallic glasses,
the mass and linear attenuation coefficients, half and
tenth value layers, mean free paths, effective atomic
numbers and electron densities were calculated.

2. MATERIAL AND METHODS

The gamma radiation shielding capacities of the
specified metal-metalloid metallic glasses were
investigated with the help of WinXCOM program,
GEANT4 and FLUKA simulation codes. In order to
estimate shielding performance, the chemical contents
and densities of the metallic glasses presented in Table
1 were used.

Table 1. Codes, chemical compositions and densities of metallic
glasses

Chemical Composition (%)

Sample

Code Fe B Si C Ni Mo ge;f]'t%’
FeBSIC[22] 8L0 135 35 20 - - 732
FeBSi1[23] 790 160 50 - - - 728
FeBSi2[24] 780 130 90 - - - 718

FeNiBMo
5] 400 180 - - 380 40 790
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XCOM [26] is an online platform that gives partial
cross-sections such as photoelectric, Compton
scattering, pair production, triple production as well as
attenuation coefficients of the elements, compounds or
mixtures in the photon energy range from 1 keV to 100
GeV. WIinXCOM is a Windows version of XCOM.
GEANT4 is a code that simulates the passage of
particles or photons through matter. With this code,
operations such as geometry manipulation, tracking,
run management and visualization can also be done.
This code, which is generally used in high energy
physics, is also preferred in space exploration, medical
applications where radiation interactions are simulated,
investigating radiation effects in semiconductors and
nuclear physics. FLUKA is a code that simulates the
interaction and propagation of sixty different particles,
such as photons, electrons, neutrinos with matter in the
energy range for 1 keV to thousands of TeV. FLUKA
has usage areas such as radiation shielding studies,
cosmic rays, neutrinos, detector design and dosimetry.
In the presented paper, studies were carried out at
photon energies of 0.060, 0.081, 0.088, 0.122, 0.136,
0.239, 0.356, 0.511, 0.569, 0.583, 0.662, 0.835, 1.063,
1.173, 1.275, 1.333, 1.770 and 2.614 MeV emitted
from 22Na, 54Mn, 5700, GOCO, 109Cd, 133Ba, 137CS, 2°7Bi,
226Th and 2**Am radioactive sources that are frequently
used in the literature, industry, medicine and research
laboratories. In the simulation codes, the interactions
that can occur when ten million photons are radiated on
the material are simulated. Detailed information about
the simulation process has been reported in previous
studies [27-28].

The mass attenuation coefficients of materials
containing more than one element such as alloy,
mineral, compound can be determined theoretically by
the mixture rule method. In this method, the weight
fraction of each element in the material and the mass
attenuation coefficient of that element are multiplied to
determine the contribution of the materials’ total mass
attenuation coefficient. After determining these
additives for each element, they are summed to
determine the mass attenuation coefficient of the
material. The mixing rule is mathematically expressed
in the equation below.

(’u/p)material - Z ‘/Vi('u/p)i (1)

Here, Wi and (u/p)i are weight fraction and the mass
reduction coefficient of the i element. The weight
fraction of elements in a material can be determined
using the following equation.

W = n;A;
bOXim4;

@)

In the equation, n; and A; express the element number
and atomic weight of the i element in the material.
The mass attenuation coefficient is a parameter
independent of the density and phase state of the
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material. The linear attenuation coefficient is a
parameter that changes with the density and phase state
of the material and can be calculated from the
mathematical multiply of the mass attenuation
coefficient and the density of the material.

With the help of linear attenuation coefficient, half
value layer (HVL), tenth value layer (TVL) and mean
free path (MFP) parameters can be determined. They
are defined as the material thickness that passes 50%,
10% and 36.8% of the initial radiation intensity,
respectively, and these parameters can be determined
with the help of the below equations.

In2  0.693
HVL = —=—""- ©)
i It
In10  2.303
TVL = ——="7— (4)
I T
MFP = (5)
u

The molecular, atomic and electronic cross-sections
can be determined with the help of the mass attenuation
coefficient. The molecular cross-section is determined
by the following equation.

Ttm = % (‘u/pmater) Z(niAi) ©

Here, N, (W/p)mater, Ni and A; are the Avogadro number,
the total mass attenuation coefficient of the material,
the element number and atomic weight of the i
element in the material, respectively. The relationship
between the molecular cross-section and the atomic
cross-section is shown in equation 7.

_ O,
O-t,a - m/Zi n; (7)

The electronic cross-section could be obtained using
equation 8.

Ote = Nz fZi (M/p)i (8)

Here, fi, (uw/p)i and Z;i express the abundance fraction,
mass attenuation coefficient and atomic number of the
i element in the material, respectively. The effective
atomic number is a parameter that can be obtained by
dividing the atomic cross-section with electronic cross-
section, and its mathematical representation is
presented below.

Zeff =— 9)

Finally, the effective electron density can be
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determined with the help of the equation 10.

(10)

Here, Awt Ve N are the total atomic weight and
number of elements in the material, respectively.

3. RESULTS AND DUSCUSSION

In the present study, gamma radiation shielding
parameters of metallic glasses, whose codes, chemical
components and densities are given in Table 1, were
investigated in the photon energy range of 0.060 MeV
to 2.614 MeV using WinXCOM program, GEANT4
and FLUKA simulation codes.

On this purpose, first of all, the mass attenuation
coefficients of metallic glasses were determined by
using the specified program and simulation codes. In
Figure 1, the wvariation of the mass attenuation
coefficients of the investigated metallic glasses
according to the photon energy is presented, and in
Table 2 the results of the mass attenuation coefficients
of WinXCOM, GEANT4 and FLUKA are listed. When
Figure 1 and Table 2 are examined, it is seen that the
mass attenuation coefficients decrease exponentially
with increasing photon energy and this parameter
varies according to the elements in the metallic glasses.
As seen in Figure 1, while the mass attenuation
coefficients show a sharp decrease in the low energy
region, this decrease is lower in the medium and high
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energy region. The reductions in these energy regions
can be explained by the interaction events of the
photon with matter. The dominant interaction process
in the low energy region is the photoelectric event,
while the dominant processes in the medium and high
energy regions are Compton scattering and pair
production events, respectively. Photoelectric cross-
section depends on photon energy and atomic number
as E35 and Z*5, respectively. While the relationship
between Compton scattering cross-section between
energy and atomic number is E?! and Z, these
dependencies are E and Z? for the pair production
cross-section. Considering these proportionalities, the
exponential decrease in the change of the mass
attenuation coefficients with the photon energy is better
understood. As can be seen in Figure 1 and Table 2,
coded as FeNiBMo metallic glass containing nickel
and molybdenum instead of low iron ratio has higher
mass attenuation coefficients, especially in the low
energy region. Therefore, this metallic glass has better
gamma radiation shielding than other studied metallic
glasses.

The linear attenuation coefficient, which is determined
by the mass attenuation coefficient and the density of
the material, is a more important gamma radiation
shielding parameter in terms of usability. The graph of
the linear attenuation coefficients depending on the
photon energy for the investigated metallic glasses is
shown in Figure 2.

Table 2. The mass attenuation coefficient results of WinXCOM, GEANT4 and FLUKA (cm? g*) for metallic glasses

FeBSiC FeBSil FeBSil FeNiBMo

Energy

(MeV) WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA WinX. GEANT4 FLUKA
0.060 1.012 0.929 1.150 0.993 0.911 0.995 0.989 0.907 0.991 1.256 1.159 1.545
0.081  0.499 0.452 0.556 0.492 0.445 0.492 0.490 0.443 0.490 0.603 0.550 0.720
0.088  0.420 0.380 0.464 0.414 0.374 0.414 0.413 0.373 0.413 0.502 0.456 0.594
0.122  0.239 0.216 0.256 0.236 0.214 0.237 0.236 0.214 0.236 0.271 0.246 0.307
0.136  0.206 0.187 0.219 0.204 0.186 0.205 0.204 0.186 0.204 0.230 0.209 0.256
0239 0.124 0.117 0.126 0.123 0.117 0.123 0.124 0.117 0.124 0.129 0.122 0.149
0.356  0.099 0.096 0.100 0.099 0.096 0.099 0.099 0.096 0.099 0.101 0.098 0.103
0511  0.083 0.082 0.083 0.083 0.082 0.083 0.083 0.082 0.083 0.084 0.083 0.090
0569  0.079 0.078 0.079 0.079 0.078 0.079 0.079 0.078 0.079 0.080 0.079 0.082
0583  0.078 0.077 0.079 0.078 0.077 0.078 0.078 0.077 0.078 0.079 0.078 0.082
0.662  0.073 0.073 0.073 0.073 0.073 0.073 0.074 0.073 0.074 0.074 0.074 0.076
0.835  0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.076 0.066 0.066 0.069
1.063  0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.059
1173  0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.056 0.056 0.056
1.275  0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.054
1.333  0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052
1.770  0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.046
2.614  0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038
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Figure 1. Variation of mass attenuation coefficients with photon energy for the studied metallic glasses

As can be seen in Figure 2, the variation of linear
attenuation coefficients with energy shows a similar
trend as the variation of mass attenuation coefficients
with energy. That is, the linear attenuation coefficients
decrease exponentially with increasing photon energy.
At 0.060 MeV, linear attenuation coefficients of
FeBSiC, FeBSil, FeBSi2 and FeNiBMo metallic
glasses are 7.4086, 7.2310, 7.1031 and 9.9196 cm,
respectively, while these values are 0.5372, 0.5338,
0.5280 and 0.5842 cm™ at 0.662 MeV, respectively. It
is seen that the difference between the linear
attenuation coefficients decreases as the photon energy
increases. This can be explained by photon-matter
interaction processes as interpreted by the mass
attenuation coefficients in the low, medium and high
energy regions. While the investigated metallic glasses
show good gamma radiation shielding properties in the
low energy region, coded as FeNiBMo metallic glass
with high linear attenuation coefficients and density
has higher gamma radiation shielding capacity than the
others.

Other parameters that are important for material
usability are half and tenth value layers and mean free
path. The variation of these parameters with photon
energy is shown in Figures 3-5, respectively. As can be

seen from Equation 3-5, these parameters are inversely
proportional to the linear attenuation coefficient and
these parameters are important parameters as they
indicate the absorber thickness required to reduce
certain amounts of radiation intensity.
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Figure 2. Variation of linear attenuation coefficients with photon
energy for the studied metallic glasses

It can be seen from Figures 3-5 that these parameters
increase with increasing photon energy since they are
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inversely proportional to the linear attenuation
coefficient. At 0.060 MeV, the half value layers of
FeBSiC, FeBSil, FeBSi2 and FeNiBMo metallic
glasses are 0.0936, 0.0959, 0.0976 and 0.0699 cm,
respectively, according to WinXCOM results, while
these values are 1.2902, 1.2985, 1.3127 and 1.1864 cm,
respectively at 0.662 MeV. So, in order to reduce half
of the incident radiation intensity at photon energies of
0.060 and 0.662 MeV, the investigated metallic glasses
must have the above-mentioned thicknesses. When the
half value layers at the mentioned energies above and
Figures 3-5 are examined, coded as FeNiBMo metallic
glass has lower half and tenth value layers and mean
free path values. Therefore, this metallic glass is a
better gamma radiation shielding material than others.

y u T ) T ) T
254 [—o— FeBSiC
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Figure 3. Variation of half value layers with photon energy for the
studied metallic glasses
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Figure 4. Variation of tenth value layers with photon energy for the
studied metallic glasses
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Figure 5. Variation of mean free path with photon energy for the
studied metallic glasses

The determined another parameter using the mass
attenuation coefficient is the effective atomic number.
The large values of the effective atomic number
indicate that the material is a good gamma radiation
shielding material. The variation of the effective
atomic numbers with the photon energy for the
investigated metallic glasses is seen in Figure 6. As
seen from the figure, the effective atomic numbers of
metallic glasses are listed as
FeNiBMo>FeBSiC>FeBSi2>FeBSil. Also, as seen in
Figure 6, the effective atomic number decreases
exponentially with photon energy. Changes in different
energy regions can be interpreted according to
photoelectric, Compton scattering and pair production
cross-sections, as explained in other parameters.

Effective atomic number

Figure 6. Variation of effective atomic number with photon energy
for the studied metallic glasses

The effective electron density is a parameter related to
the effective atomic number and their variation with
photon energy is presented in Figure 7. According to
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this figure, the effective electron densities are listed as
FeNiBMo>FeBSiC>FeBSil1>FeBSi2. When Equation
10 is examined, there is a direct proportionality
between the effective atomic number and the effective
electron density. So, as the effective atomic number
increases, the effective electron density also increases,
or vice versa. This proportionality can be seen in
Figure 8. However, the effective electron density is
directly proportional to the total number of atoms in the
material and inversely proportional to the sum of the
atomic weights of the elements in the material, except
for the effective atomic number. The effective atomic
number of FeBSi2 sample is greater than that of
FeBSil sample, but the effective electron density of
FeBSi2 is smaller than that of FeBSil. This difference
is due to the number or atomic weights of the elements
in the metallic glass. When the figures for effective
number and electron density are examined, FeNiBMo
metallic glass has better gamma radiation shielding
than other metallic glasses.

T y T T T T T "

—o— FeBSIiC
—o— FeBSi1
—o—FeBSi2 |-
—a— FeNiBMo

;

N
1

-
1

T T
0.5 1.0 1.5 2.0 25

Energy (MeV)

Figure 7. Variation of effective electron density with photon energy
for the studied metallic glasses
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Figure 8. Variation of effective atomic number with effective
electron density
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4. CONCLUSIONS

In the present study, the gamma radiation shielding
capacities of Fe81B13.5Si3.5C2, Fe79B16Si5,
Fe78B13Si9 and Fe40Ni38B18Mo4 metallic glasses
were investigated in the photon energies range of 0.060
to 2.614 MeV (18 different energies). For this,
WinXCOM program, GEANT4 and FLUKA
simulation codes are used. It was observed that mass
and linear attenuation coefficients, effective atomic
number and electron density parameters decreased with
increasing photon energy, while half and tenth value
layers and mean free path parameters increased with
increasing photon energy for the investigated metallic
glasses. When all the calculated gamma radiation
shielding parameters were examined, it was observed
that all metallic glasses had good gamma radiation
shielding characteristics in the low energy region, and
metallic glass coded as FeNiBMo had better gamma
shielding capacity than other metallic glasses. The
investigated metallic glasses can be used in electrical
and electronics, nuclear waste disposal containers,
nuclear reactors in terms of shielding gamma radiation,
as well as radiation-related units of hospitals, space
research and laboratories where radiation studies are
carried out.
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