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Abstract
This work aimed to investigate alpha, proton, neutron and gamma shielding qualifications of different bulk metallic glasses 
(Zr65Al7.5Ni10Cu17.5, Ti40Zr26Be28Fe6, Cu49Hf42Al9, Pd40Ni40P20, Ni50Pd30P20, and Ca65Mg15Zn20) for nuclear security appli-
cations. Therefore, vital gamma radiation attenuation parameter namely mass attenuation coefficients ( �

�
 ) of investigated 

bulk metallic glasses (BMG) were determined using WinXCOM program. Next, half value layer (HVL), effective atomic 
number (Zeff), effective electron density (Nel) and exposure buildup factors (EBF) were perused in a wide energy interval 
(0.02–20 MeV). Among the investigated samples, MG3 was found to be superior attenuator sample for gamma radiation, 
while MG6 was the least forceful glasses to reduce the photon intensity. The elements Pd and Hf in MG4, MG5 and MG3 
were enhanced radiation shielding competences of the BMGs. Further, fast neutron removal cross-sections ( 

∑

R ) were evalu-
ated to investigate neutron protection ability of the BMGs. Projected range (PR) and mass stopping power (MSP) values 
were obtained for proton (H1) and alpha particles (He+2). The outcomes showed that elemental composition of the metallic 
glasses was highly powerful on alpha, proton and neutron attenuation. It can be concluded that MG3 sample exhibited high 
nuclear shielding efficiency as deduced from the largest �

�
 , Zeff, and 

∑

R , and the lowest HVL, EBF, MSP and PR values.

1  Introduction

The active use of radioactive sources in many areas of life 
has made essential the production of shielding materials 
to protect against the deleterious impacts of radiation. In 
this sense, researchers have carried out studies on many 
shielding materials such as concretes [1, 2], glasses [3, 4], 
and alloys [5]. Among the these material types, glasses 
have gained a major attention from researchers due to its 
physical and chemical properties such as ease of produc-
tion, optical transparency, high corrosion resistance and 
eco-friendly [6]. Kavaz et al. [7–9] examined the physi-
cal, structural and gamma ray protection features of lith-
ium borate glasses obtained by adding various minerals 
using different codes such as MCNPX and WinXCOM. 
Sayyed et al. [6, 10, 11] have reported many studies on the 
optical, structural and multiple nuclear radiation shield-
ing features of various heavy metal-doped glass sys-
tems using WinXCOM software, GEANT4 and MCNPX 

simulation codes. Previously, Shams et al. surveyed the 
radiation shielding and mechanical properties of the 
TeO2–ZnO–NiO, PbO–Na2B4O7–CaO–Al2O3–SiO2 and 
Al2O3–Na2O–B2O3–Bi2O3 glass systems [12–14]. In all 
studies, it is seen that the use of heavy metal-containing 
oxides in glass synthesis increases density and nuclear radia-
tion shielding ability of the material.

Amorphous alloys, i.e., metallic glasses, have been 
researched and developed about half a century ago. By add-
ing new metals, many important properties of these glasses 
have been investigated for utilization in structural and func-
tional applications. Previously, they were frangible and pro-
duced in micron thicknesses, which limited the application 
areas [15]. However, the studies led by a special working 
group in Japan [16–19] have overcome the problems in size 
and during production. Bulk metallic glasses own unique 
properties such as high toughness [20] and strength, good 
corrosion resistance [21], high elastic tensile, low internal 
friction and elastic modulus, good machinability, tensile 
strength up to 3000 MPa [22]. In addition, their superior 
performance against high temperature and pressure allows 
the use of these amorphous alloys in many industrial appli-
cations (industry, sports equipment, biomedicine and con-
sumer electronics) [23].
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Given the fact that the production of new amorphous alloy 
systems and many of their properties can be modified depend-
ing on the metals used, metallic glasses are extremely attractive 
materials for technological applications and scientific research. 
In recent years, Inoue’s works [17, 19, 24–26] have shown 
that the production of multicomponent bulk metallic glasses 
(BMG) which possess high-glass forming ability (GFA) could 
be produced. Many amorphous alloys such as ZrTiCuNiBe, 
TiNiCuSn, CuZrTiNi, NdFeCoAl, LaAlNi, FeCoNiZrNbB, 
FeAlGaPCB, PrCuNiAl, and PdNiCuP of 5–10-cm thickness 
were reported to be developed [15]. In the present century, 
BMGs are now regarded as the most sought materials in struc-
tural engineering due to their high mechanical properties [27]. 
Ion irradiation method is utilized for exploring the microstruc-
ture and mechanical properties of BMGs [28]. Information 
about their hardness, free volume and atomic structure can be 
obtained by methods such as X-ray diffraction and positron 
annihilation. Moreover, ion irradiation might also support to 
manufacture and use novel BMG for structural nuclear mate-
rial under radiation medium [29].

In addition to the unique features mentioned in the above 
paragraphs BMGs with high density and both glass and alloy 
properties appear to be worth investigating for radiation pro-
tection studies. Due to the lack of studies on the shielding 
parameters of metallic glasses in the literature, the radiation 
shielding competences of NiPdP, CaMgZn, CuHfAl, ZrAl-
NiCu, PdNiP, and TiZrBeFe metallic glasses were surveyed 
in the current work. The main shielding parameter which is 
the mass attenuation coefficient (μ/ρ, cm2/g) was found from 
the chemical compositions of six metallic glasses. From that 
parameter, effective atomic number (Zeff), electron density 
(Nel), and half value layer (HVL) values of the BMGs were 
also calculated. Exposure buildup factor (EBF) values, another 
important gamma interaction parameter, were found for 1–40 
mfp at 0.015–15 MeV photon energies by the Geometric Pro-
gression (GP)-fitting approach. Lastly, fast neutron removal 
cross-sections (ΣR), projected range (PR) and mass stopping 
power (MSP) for alpha (He+2) and proton (H1) particles have 
been found for the particle shielding effectiveness of selected 
metallic glasses. It can be emphasized that the outcomes 
obtained from the current study will beneficial for future 

enforcements of different types of metallic glass in the sense 
of radiation shielding purposes.

2 � Materials and methods

As gamma photons pass through a material of a thickness (x), 
the intensity of the photons is attenuated, and this attenuation 
is defined by Beer–Lambert’s law [30]:

where the I and I0 denote the incident and transmitted photon 
intensities and x refers the mass thickness of the irradiated 
material. � refers the linear attenuation coefficient (cm−1) of 
the sample and depends on the composition of the samples, 
the energy of the incident photon, the density and thickness 
of the sample. Another vital parameter which is the mass 
attenuation coefficient ( �

�
 , cm2/g) is an indication of the 

ability of the material to attenuate against gamma radiation. 
By utilizing the weight fraction (wi) of the ith component of 
a metallic glass sample, the �

�
 can be calculated according 

to the formula [31]:

The detection of �
�
 values of the metallic glasses was 

acquired at 0.02–20 MeV gamma ray energies with using 
WinXCOM program [32].

Mean Free Path (MFP) is described as the average 
length of the path that a photon experiences successive 
interaction and MFP is given with next relation:

(1)� = ln(I0∕I)∕x,

(2)�
�
=
∑

i

wi(�∕�)i.

(3)MFP = (1∕�).

Table 1   Sample codes, name and density of the bulk metallic glasses

Sample code BMG Density (g/cm3)

MG1 Zr65Al7.5Ni10Cu17.5 6.78
MG2 Ti40Zr26Be28Fe6 4.48
MG3 Cu49Hf42Al9 10.12
MG4 Pd40Ni40P20 7.96
MG5 Ni50Pd30P20 7.62
MG6 Ca65Mg15Zn20 2.69

Fig. 1   The changes of mass attenuation coefficient of the BMGs with 
photon energy
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Half value layer (HVL) is an advantageous variable for 
designing and choosing any photon reduction material 
because it demonstrates the thickness of the material nec-
essary to attenuate the radiation level to 50% of its initial 
value and HVL is founded with the next equation [33]:

The effective atomic number (Zeff) is a handy variable 
for explaining the attenuation of gamma radiation in multi-
element medium and ensures information about the target 
material. Effective atomic number (Zeff) and effective elec-
tron density (Nel) of the metallic glasses were calculated 
according to the following relations:

(4)HVL = (ln 2∕�).

To use a single atomic number in complex materials, 
an effective atomic number (Zeff) is needed. By dividing 
Zeff by the average atomic number, Nel is obtained, which 
is the number of electrons per unit mass.

Exposure buildup factor (EBF) depends on the energy 
absorption response of air and EBF is considered equiva-
lent to the measured value of the dose absorbed in air by an 

(5)Zeff =

∑

i fiAi(��
)i

∑

j fj
Aj

Zj
(�

�
)j

(6)Nel = NA

Zeff

⟨A⟩
(electrons/g).

Table 2   The mass attenuation 
coefficient ( �

�
 , cm2/g) of the 

metallic glasses

Energy (MeV) MG1 MG2 MG3 MG4 MG5 MG6

0.02 22.285 16.342 42.438 56.441 20.769 26.800
0.06 2.445 0.818 2.242 2.884 2.834 1.390
0.08 1.156 0.434 3.479 1.340 1.331 0.685
0.122 0.434 0.221 1.213 0.484 0.487 0.288
0.356 0.109 0.102 0.152 0.108 0.111 0.098
0.511 0.087 0.087 0.102 0.085 0.087 0.081
0.662 0.075 0.077 0.082 0.073 0.075 0.071
1.173 0.056 0.058 0.056 0.054 0.055 0.054
1.25 0.054 0.056 0.054 0.052 0.054 0.052
1.33 0.052 0.054 0.052 0.051 0.052 0.050
5 0.033 0.031 0.035 0.033 0.033 0.029
8 0.032 0.029 0.036 0.033 0.032 0.027
10 0.032 0.028 0.037 0.033 0.033 0.027
15 0.034 0.028 0.040 0.036 0.035 0.027
20 0.036 0.029 0.043 0.038 0.037 0.028

Fig. 2   HVL values of the metallic glasses Fig. 3   Variations of Zeff versus gamma energy for metallic glasses
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unperturbed detector. Basically, an equivalent atomic num-
ber (Zeq) must be attributed to each material for the pho-
ton energies studied, when buildup factors are calculated 
for the chosen substance. Since the buildup factor chiefly 
arises from incoherent scattering, the Zeq is computed 

employing the ratio of incoherent scattering to total attenu-
ation with incoherent scattering [34]. Geometric Progres-
sion (GP) fitting coefficients were determined using an 
interpolation formula, with the calculation of equivalent 
atom numbers. GP fitting parameters are obtained from 
the standard reference database ANSI/ANS-6.4.3. Then, 
the GP fitting parameters are used exposure buildup fac-
tors from the GP fitting formula that has been repeatedly 
mentioned in previous publications [35–38]

The effective removal cross-section ( 
∑

R ) is the prob-
ability of one neutron undergoing a specific reaction pass-
ing across the BMG medium. To compute the sum of 

∑

R 
of investigated samples, the next relation is used for each 
sample, respectively [1]:

where Wi and 
∑

R∕� refer the partial density(g/cm3) and 
the mass removal cross-section (cm2/g) of the ith element.

The mass stopping power (MSP) establishes how accom-
plished a material is in reducing the kinetic energy of the 
charged particles and projected range (PR) states the average 
range for stopping the charged particles. The very frequently 
employed method for finding stopping power and projected 

(7)
∑

R =
∑

Wi

(

∑

R∕�
)

i

Fig. 4   Variations of Nel versus gamma energy for glasses

Table 3   Equivalent atomic 
numbers of the metallic glasses 
for the energy range 0.015–
15 MeV

Energy (MeV) MG1 MG2 MG3 MG4 MG5 MG6

0.015 24.953 21.600 59.834 23.284 24.532 19.139
0.02 24.000 21.688 60.189 35.942 24.551 26.024
0.03 32.828 21.819 60.540 36.128 34.923 26.736
0.04 33.235 21.899 64.963 36.274 35.315 27.154
0.05 33.500 21.953 64.896 36.350 35.573 27.427
0.06 33.687 21.999 33.237 36.397 35.751 27.623
0.08 33.895 22.067 51.721 36.427 35.935 27.897
0.1 34.017 22.116 52.420 36.404 36.030 28.088
0.15 34.106 22.194 53.376 36.248 36.050 28.377
0.2 34.104 22.240 53.912 36.077 35.991 28.547
0.3 34.090 22.292 54.546 35.874 35.915 28.742
0.4 34.101 22.322 54.921 35.794 35.902 28.856
0.5 34.121 22.342 55.182 35.754 35.911 28.932
0.6 34.134 22.353 55.356 35.731 35.921 28.966
0.8 34.150 22.366 55.539 35.719 35.932 29.010
1 34.149 22.367 55.622 35.711 35.929 29.020
1.5 33.456 21.670 54.556 35.520 35.225 26.913
2 32.172 21.009 51.919 35.168 33.924 24.016
3 30.988 20.774 39.560 34.868 32.799 22.553
4 30.616 20.715 45.777 34.767 32.388 22.139
5 30.432 20.681 44.778 34.709 32.164 21.950
6 30.300 20.661 44.240 34.685 32.005 21.804
8 30.150 20.642 43.542 34.657 31.852 21.667
10 30.091 20.631 43.158 34.659 31.777 21.615
15 30.111 20.622 42.822 34.704 31.772 21.570
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range is the computer software SRIM (Stopping and Range 
of Ions in Matter) developed by Ziegler et al. [39] SRIM-
2008 version was utilized in that work [40].

3 � Results and discussion

This study is related to extensive investigation of nuclear 
radiation shielding parameters of multi-element metallic 
glasses whose chemical formulas, codes and densities are 
given in Table 1. Figure 1 and Table 2 present the change 
in �

�
 values depending on photon energy. As indicated in 

Fig. 1, it was found that with the increment in gamma ray 
energy at the beginning, �

�
 declined rapidly and gradually 

decreased between 0.06 and 0.2 MeV. Initially, this notable 
reduction in �

�
 is related to photoelectric absorption, which 

is probably the main interaction between low energy pho-
tons and all metallic glasses. In all metallic glasses, �

�
 is 

almost constant beyond 0.02 MeV. Compton scattering and 
pair production are the main processes at medium and high-
energy levels. In addition, �

�
 values have a sudden increase 

near 0.07 MeV for MG3 sample. Due to the fact that the 
possibility of photoelectric absorption occurs, the atomic 
number varies to Z4−5. Therefore, in the MG3 sample con-
taining Hf, a small peak on the K X-ray absorption edge of 
Hf (65.33 keV) was seen. Furthermore, the chemical com-
position of the samples moved the �

�
 values and, therefore, 

all samples indicate comparable protection properties. MG3 
and MG4 own the highest �

�
 values, whereas the lowest 

values of �
�
 pertain to MG2.

The HVL outcomes of the samples under examination 
at 0.02–20 MeV photon energies are plotted in Fig. 2. The 
results showed a relation between the density of and the 
attenuation ability of the samples. It is seen that low-density 
MG6 and MG2 samples have high HVL values. Enhancing 
the density cause lower HVL, which indicates that the high 
density influences assertively the shielding capacity of the 
glasses. Furthermore, as photon energy increases, HVL val-
ues of the samples begin to differ significantly. While low-
energy photons up to 0.1 MeV need shorter distance to lose 
their energy, the high-energy photons mislay their energy at 
a longer thickness. While MG3 sample was more successful 
in stopping photons, MG6 showed the worst performance. 
In general, it can be concluded that BMGs are capable of 
protecting high-energy photons.

The Zeff curve as a function of the gamma ray energy 
for metallic glasses is demonstrated in Fig. 3. It is obvi-
ous that MG6 has the lowest Zeff due to elements with low 
atomic number compared to other samples. MG3 sample 
significantly outscore from other samples with respect to 
Zeff. The Zeff values of the studied samples are in the range 
of 21–46. The Nel values obtained using Zeff values are given 
in Fig. 4. Here, it is noteworthy that Nel values change in a 
different trend from the Zeff curve with photon energy. The 
metallic glasses with lower atomic weight own higher Nel 
values. MG5 and MG6 have the smallest Nel values, whereas 
MG2 and MG3 have the highest number of electrons per 
unit mass.

The calculated values of equivalent atomic number (Zeq) 
for metallic glasses are presented at Table 3. The GP fitting 
parameters of the EBF of MG2 sample is listed in Table 4 
for photon energies of 0.15–15 MeV as an example. Fig-
ure 5a–f shows the change of EBF of the samples versus 
the photon energy at various penetration depths. With some 
exceptions generally, the EBF has smaller values at low and 
high energies whereas the higher values of EBF are seen for 
intermediate energy region. In the low-energy zone, it also 
showed sudden and high peaks around 0.02 MeV for MG1 
and 0.06 MeV for MG3. In the low-energy zone, it showed 
sudden and high peaks around 0.02 MeV for MG1 and 
0.06 MeV for MG3. That could be clarified depending on 
the partial photon interactions in the energy region. The pho-
toelectric absorption is predominant at low-energy region 
and gamma photons are entirely absorbed and this could give 

Table 4   The EBF GP fitting coefficients (b, c, a, Xk and d) of MG2 
sample

E (MeV) EBF

b c a Xk d

0.015 1.011 0.197 0.534 10.77 − 0.5094
0.020 1.012 0.130 0.621 11.39 − 0.619
0.030 1.026 0.370 0.194 24.88 − 0.2485
0.040 1.052 0.334 0.244 12.79 − 0.1096
0.050 1.085 0.359 0.238 13.45 − 0.1381
0.060 1.126 0.382 0.224 13.81 − 0.126
0.080 1.216 0.454 0.188 14.15 − 0.1052
0.100 1.317 0.522 0.159 13.95 − 0.0885
0.150 1.548 0.689 0.096 14.02 − 0.0539
0.200 1.717 0.847 0.049 13.56 − 0.0359
0.300 1.875 1.030 0.004 12.45 − 0.0196
0.400 1.914 1.139 − 0.019 11.40 − 0.0137
0.500 1.912 1.191 − 0.029 9.850 − 0.0105
0.600 1.888 1.214 − 0.035 8.570 − 0.0092
0.800 1.846 1.224 − 0.037 7.110 − 0.0118
1.000 1.815 1.203 − 0.034 7.530 − 0.0114
1.500 1.748 1.196 − 0.04 16.18 0.0110
2.000 1.721 1.132 − 0.024 11.28 − 0.0010
3.000 1.634 1.065 − 0.008 12.66 − 0.0097
4.000 1.566 1.016 0.006 12.41 − 0.0177
5.000 1.499 0.992 0.014 13.18 − 0.0241
6.000 1.453 0.968 0.023 13.25 − 0.0321
8.000 1.369 0.953 0.030 13.56 − 0.0382

10.000 1.308 0.939 0.039 13.72 − 0.0467
15.000 1.213 0.928 0.050 14.05 − 0.0564



	 U. Perişanoğlu 

1 3

801  Page 6 of 11

Fig. 5   a–f EBF at 0.015–15 MeV and 1–40 mfp for the metallic glasses
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rise a very small lifetime to photons which is insufficient for 
them to buildup in the medium. However, as photoelectric 
cross-section is proportional with Z4−5, in the case of sam-
ples including elements with high atomic numbers, abrupt 

increments occur near the absorption edge of the element. 
Therefore, the peaks were seen near the absorption edge of 
Zr in MG1 (17.99 keV) and Hf (65.35 keV) in MG3. There 
are sharp peaks at 24.35 keV on the absorption edge of the 
Pd element contained in MG4 and MG5. Peak intensities 
were varied depending on the percentage of Pd in the content 
of the MG4 and MG5 metallic glasses. At medium energies, 
Compton scattering photons are not fully deducted, but their 
energy are declined and the probability of photons multiply-
ing in the environment increases. When the increases in the 
absorption edges are ignored, EBF values are high at middle 
energies. However, in general the EBF values possess maxi-
mum value of around 150 in this region. This is also quite 
good value for a shielding material. MG3 takes the lower 
EBF values among the other BMGs at medium energies. 
Electron–positron pair production happens at 1.022 MeV. 

Fig. 6   a–c The EBF for the glasses up to 40 mfp at 0.015, 1.5, and 15 MeV

Fig. 7   Effective removal cross-sections of the metallic glasses
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Therefore, the sudden increments are observed for EBF 
values of the MG1, MG4 and MG5 at 1 MeV. As the pair 
production cross-section is proportional to Z2 at high ener-
gies, EBF values increased in metallic glasses with higher 
Zeq values. As the penetration depth rises, secondary photon 
formation increases and EBF values start to increase faster.

The variation in EBF values of the BMGs depending on 
the penetration depth was found for selected fixed energies, 
0.015, 1.5 and 15 MeV (Fig. 6a–c). It was obtained that 
at 0.015 MeV, the EBF values are about 1 and are almost 
constant with increasing photon energy except MG6. The 
changes in EBF with the penetration depth at 0.015 and 
15 MeV are influenced by the elemental composition of the 
metallic glasses. At 1.50 MeV, At 1.5 MeV, it is seen that the 
variation of EBF values increases due to the Zeq values of the 
samples and became biggest at the large penetration depths. 
Since at high energies pair production process is the main 
interactions, EBF is raised with increasing Zeq at 15 MeV 
for 15–40 mfp. The electron–positron pair and the result-
ing radiation might leave the sample for low penetration 
depths. But, when the penetration depth is big, the secondary 
gamma photons contribute to photon buildup and, therefore, 
MG3 own the largest EBF values for 15 MeV (Fig. 6c).

The ΣR outcomes of the studied BMGs are obtained and 
are demonstrated in Fig. 7 and listed in Table 5. It is clear 
from Fig. 7 that the ΣR values are significantly different 
from each other and changed between 0.065 cm−1 for MG6 
(ρ = 2.69 g/cm3) and 0.166 cm−1 for MG3 (ρ = 10.12 g/cm3). 
Its higher density than the other metallic glasses clarifies the 
largest 

∑

R value for the MG3 sample.
The Stopping and Range of Ions in Materials (SRIM) 

codes based on Monte Carlo simulation was written to 
allow the calculation of ion deposition profiles in mate-
rials exposed to energetic ion beam [40]. SRIM Monte 
Carlo code was employed to research proton and alpha 
mass stopping power (MSP), further proton and alpha pro-
jected range (PR) values of selected metallic glasses. The 
alpha and proton MSP values of metallic glasses against 
kinetic energy (KE) are presented in Fig. 8a, b. Initially 
with increasing kinetic energy, MSP values reach maxi-
mum. Then, the MSP values decrease as the kinetic energy 
further increase. As the elements with high atomic num-
ber increases in the metallic glasses, MSP values decrease 
and MG3 sample owns the lowest MSP values of both 
alpha and proton in the selected kinetic energy range. This 
result is also related to the high density of MG3 glass. Fur-
thermore, Fig. 9a, b illustrates the variation of projected 

Table 5   Macroscopic effective removal cross-sections of bulk metallic glasses 
∑

R (cm−1)

Element
∑

R∕� (cm2/g) Ni50Pd30P20 density = 7.62 g/cm3 Pd40Ni40P20 density = 7.96 g/cm3

Partial density (g cm−3)
∑

R (cm−1) Partial density (g cm−3)
∑

R (cm−1)

P 0.0283 1.5240 0.0431 1.5920 0.0451
Ni 0.0190 3.8100 0.0724 3.1840 0.0605
Pd 0.0144 2.2860 0.0329 3.1840 0.0458

Total 0.1484 0.1514

Ca65Mg15Zn20 density = 2.69 g/cm3 Cu49Hf42Al9 density = 10.12 g/cm3

Mg 0.0333 0.4035 0.0134
Ca 0.0243 1.7485 0.0425
Zn 0.0183 0.5380 0.0098
Al 0.0293 0.9108 0.0267
Cu 0.0186 4.9588 0.0922
Hf 0.0112 4.2504 0.0476

Total 0.0657 0.1665

Zr65Al7.5Ni10Cu17.5 density = 6.78 g/cm3 Ti40Zr26Be28Fe6 density = 4.48 g/cm3

Al 0.0293 0.5085 0.0149
Ni 0.0190 0.6780 0.0129
Cu 0.0186 1.1865 0.0221
Zr 0.0156 4.4070 0.0687 1.1648 0.0182
Be 0.0674 1.2544 0.0845
Ti 0.0205 1.7920 0.0367
Fe 0.0214 0.2688 0.0058

Total 0.1186 0.1452
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range (PR), which is another important proton and alpha 
protection properties, with kinetic energy. For the best 
alpha and proton protective materials, the lowest PR is 
required. Therefore, MG3 sample has the lowest PR val-
ues. As a result, it can be said that the MG3 is the perfect 
shield compared to the other samples to be utilized and 
developed for alpha, proton, gamma and neutron shield-
ing practices.

4 � Conclusion

The nuclear shielding calculations of six bulk metal-
lic glasses were acquired in this work. The �

�
 values of 

the samples under study were found for 0.020–20 MeV 

photon energies using WinXCOM program. Besides, the 
HVL thickness of the metallic glasses was estimated using 
the linear attenuation coefficients. The outcomes exhibited 
that MG3 and MG6 samples own the largest and smallest 
HVL among the selected samples. The highest Zeff values 
were found to belong to samples containing heavy ele-
ments in the composition. In addition, it was concluded 
that the EBF values of MG3, MG4 and MG5 were lower 
than those of other samples. The outcomes show that as 
the Zeq values of the metallic glasses increased, the EBF 
values decreased and the elements Pd, Hf, and Zr, in the 
samples prevented the buildup of the photons at medium 
energies. On the other hand, due to the largest 

∑

R value 
of MG3, we can say that it possesses better neutron shield-
ing efficiencies than the others. In addition, it was found 
that MG3 sample owns the lowest PR and the MSP val-
ues among the all of the samples. Taking into account all 

Fig. 8   Alpha and proton mass stopping power (MSP) as a function of 
kinetic energy for metallic glass samples

Fig. 9   Alpha and proton projected range (PR) as a function of kinetic 
energy for metallic glass samples
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these, it can be concluded from this study that metallic 
glasses have superior shielding performance for gamma, 
neutral and charged particle radiations. It is seen clearly 
that selected metallic glasses are promising candidates 
for nuclear shielding applications as compared with some 
important shield materials.
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