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Abstract

We investigate the radiation shielding properties of Fe,Se, sTe; 5 (0.95 <x<1.05) polycrystalline samples prepared by a
conventional solid state reaction method. The mass attenuation coefficient (MAC) was measured experimentally, and the
obtained results are then benchmarked with the simulated data from XCOM (Photon cross sections database). The experi-
mental results exhibit a reasonable correlation with the XCOM data with relative difference between 0.4 and 4.1%. The
Kolmogorov—Smirnov (K-S) test further ascertained from a statistical point of view that the experimentally measured data
matched very well the data obtained from the XCOM with the maximum vertical deviation (D,)) between 0.33% and 1.17%
in all samples. Based on the MAC, different radiation shielding parameters such as linear attenuation coefficient (LAC),
half-value layer (HVL), mean free path (MFP), transmission factor (TF), and radiation protection efficiency (RPE) were
determined for all investigated alloys. The results indicate that the Fe, 9sSe sTe, 5 (x=0.95) sample has superior shielding
features compared to other iron content samples. These findings suggest that this alloy can be used in the ionizing radiation

shielding applications.

Keywords Fe-based polycrystalline alloys - Radiation shielding properties - XCOM software

1 Introduction

Alloys of metals and other elements such as metals, nonmet-
als, or metalloids enhances various physical properties of
metals [1]. During alloys studying, several factors must be
considered as its grain size, solubility, composition, melt-
ing temperatures and preparation technique [2]. Many fac-
tors can affect crystalline structure and physical properties,
such as the solidification processes; nucleation of crystals or
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crystals growth, substitution or doping during the prepara-
tion [3]. Controlling the flow of stresses in the solid phase
is one of the most important difficulties during solidification
processes. The collapse of temperature of molten material
permits freezing which causes a dropping of the solubility of
the alloying elements. The addition of some elements to the
prepared alloys may significantly modify some of its physi-
cal properties [4, 5]. For example, the addition of Boron
and Carbon to Titanium alloys improved their strengths and
heat resistance [6]. Lithium when added to aluminum alloys
decreases the heat conductivity and increases the elastic-
ity [7]. Antimony substituted CrTe,_,Sb, (0 <x<0.2) alloys
increases entropy change and affecting the magnetic state
of the alloy [8]. Adding of Molybdenum and Vanadium
to Fe;AL alloys improved their mechanical properties as
strength, ductility, and bulk hardness [9].

Ionizing Radiations are widely used in medical, agricul-
tural, geological, and fundamental scientific studies. Safety
is the main challenge facing the facility users. The potential
adverse effects of ionizing radiation were realized early on,
a few years after W. Roentgen discovered the x-rays. Occu-
pants need to keep up with the ALARA principle; in particu-
lar, the three major factors in radiation protection: exposure
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time, distance, and shielding. The selection of shield mate-
rial depends on the type and energy of radiation while the
amount of radiation reduction depends on the thickness and
density of the shielding material [1]. These features ren-
der the materials to be the most sought factor for radiation
shielding purposes in medical uses and industrial applica-
tions. Recently, new groups of radiation shielding materials
were used in radiation protection environment; these include
but not limited to alloys [1], glasses [10], ceramics [11, 12],
polymers [13], and multi layered composite materials [14,
15]. The use of the metallic alloys as an alternative protec-
tive shielding material has attracted a lot of attention due to
several short coming of the conventional shielding materials.

Many parameters can be determined from the mass atten-
uation coefficient (MAC), as the mass energy absorption,
total interaction cross-section, the effective atomic number
(Z.g) and effective electron density (V). Several theoreti-
cal and experimental studies were devoted to calculating
these parameters. Limkitjaroenporn et al. measured mass
attenuation coefficients (MAC) and effective atomic num-
bers (Z.g) for Inconel 738 super-alloy for different energies
obtained from Compton scattering in range between 223 and
662 keV [16]. Inconel 738 super-alloy is considered one of
the best materials for the radiation shielding; it consists of
61.5% of Ni and 16 other elements. Han and Demir stud-
ied mass attenuation coefficients (MAC), effective atomic
numbers (Z ) and effective electron density (N.4) for Cr,
Fe, Ni and Au alloys at different photon energies [17, 18].
Mohammed et al. investigated mass attenuation coefficients
(MAC) for Nig,Al,, Zn;(,_ Al and mixtures with differ-
ent weight ratios using Am-241 at 0.04 Ci [19]. Transmis-
sion experiments in the photon energy region 60—400 keV
for W/Cu alloy of two compositions 65/35 and 60/40 were
conducted and the photon cross sections were evaluated by
Murthy et al. [20, 21]. Total attenuation cross sections in
four alloys: telphy, dilver P, anhyster DS, and anhyster M,
at32.1,52,72.1, 84.3, 145.4, 279.2, and 661.6-keV photon
energies were measured by Babu et.al using two Nal(T1)
scintillation detectors [22]. Kaur et al. prepared five alloys
of Pb and Sn in different compositions and explored differ-
ent shielding parameters: mean free path (MFP), effective
atomic number (Z.g), and effective electron density (N,g)
in the wide energy ranges from 1.0 keV to 100.0 GeV [23].
Krishna et al. pointed out [24] that the total photon cross sec-
tions in five Nickle-based alloys, viz., Superimphy, Inconel,
Nimonic-90, Invar, and stainless steel at photon energies of
32.1, 52.0, 72.1, 84.3, 145.4, 279.2, 320.0, and 661.6 keV
are in good agreement with theoretical values.

Iron-based alloys are expected to have good properties
in radiation shielding because of the high density, high
strength, and corrosion resistance. Blink et al. [25] proposed
a Fe-based alloy with 14 wt% Boron for neutrons absorption
for nuclear waste storage uses. The shielding parameters:
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(HVL), (MFP), (N ), and (Z.g) of steel alloys were meas-
ured by Al-Jaff [26] and he determined the relation between
these parameters with photon energy and electron density.
A comprehensive study of photon interaction with alloys
containing iron and steel slag were conducted and shielding
parameters were calculated at various photon energies by
Singh et al. [27].

Recently, we investigated the radiation shielding proper-
ties of five iron-based (Fe, Se, sTe, 5) single crystals using
SRIM code and Phy-X program [2]. The results revealed
that the single crystals with iron content (x=0.95) has a
good radiation shielding properties compared with other
iron contents. These FeSe alloy have been found by Hosono
et al. [28] to be superconductors with transition tempera-
ture ~9 K. Moreover, the Fe-based alloys consist of layers
of iron and an element from group 15 in the periodic table,
like Arsenic and Phosphorus. Several properties of these
alloys (FeSe sTe, 5) have been extensively studied; crystal
structure, critical temperature 7.~ 15 K [29]. However, to the
best of our knowledge, there is no reported radiation shield-
ing properties for this polycrystalline alloy.

In this article, we aimed to develop environmentally
friendly shielding radiation material that is effective over
a wide range of energies. It is a continuation of our earlier
work on single crystals [2, 29]. Furthermore, to investigate
effect of iron content in radiation shielding parameters, such
as the mass attenuation coefficient (MAC), linear attenuation
coefficient (LAC), half-value layer (HVL), mean free path
(MFP), and the projected range for different Fe,Se, sTe 5
polycrystalline alloys at the photon energy values 0.184,
0.28, 0.662, 0.71 and 0.81 MeV. The mass attenuation coef-
ficient (MAC) values of the investigated alloys have been
computed theoretically using XCOM software to test the
confirmation of the experimental results.

2 Materials and methods

High purity (99.99% or higher) Fe, Se and Te elements were
used to prepare Fe,Se sTe, 5 polycrystalline samples. Stoi-
chiometric ratios of the elements were used to prepare five
samples with (0.95 <x<1.05) according to Table 1. The

Table 1 Composition ratio for all alloy samples

Sample Code Molecular Density (g/cm®)
weight (g/mol)

Fej 9sSeqsTeq s FST95 156.338 5.7971

Fej 95SeqsTeq s FST98 158.014 5.3892

FeSe sTe 5 FST100 159.131 5.1450

Fe, 1xSeqsTeq s FST102 160.247 4.8211

Fe, y5SeqsTeg s FST105 161.923 4.4603




Assessment of Fe,Se, s Te, 5 alloy properties for ionizing radiation shielding...

Page3of8 574

powdered elements were mixed and grind using an agate
mortar for about 20 min then pressed into pellets. The pel-
lets were encapsulated in a quartz tube and sealed at partial
pressure of high purity Argon gas. All samples were initially
annealed at 300 °C and 500 °C for 5 h at each temperature,
and then heated to 800 °C and held for 10 h. After that, the
temperature was gradually reduced to 400 °C in about 120 h
then cooled to room temperature. The samples were re-
grinded thoroughly, pressed in pellets then sealed in quartz
tube under partial Argon pressure and re-annealed at 400 °C
for 50 h and furnace cooled to room temperature.

The density for each alloy was measured using a sensitive
density balance (~ 107 g) and Archimedes principle with
distilled water as an immersion fluid. The measured densities
were used in calculating the linear attenuation coefficient
(LAC).

For the radiation shielding properties, a narrow gamma-
beam setup was built in the nuclear physics lab at the King
Fahd University of Petroleum and Minerals (KFUPM).
The setup consists of two radioactive sources ('*’Cs
with 0.662 MeV, and '®Ho with 0.184, 0.280, 0.71, and
0.810 MeV), three steps collimator, and a detection system.
The detailed experimental setup and measurement methods
are described elsewhere [30].

3 Results and discussions

Room temperature X-ray diffraction (XRD) of the prepared
alloys have been investigated and published elsewhere [29].
The results of refinement revealed a PbO-tetragonal struc-
ture which can be described using the P4/nmm space group
symmetry with some minor impurity phases (< 10%). The

impurity phases were found to diminish with increasing
Fe content. The mass attenuation coefficient (MAC) of the
Fe Se, sTe, s polycrystalline alloys was measured experi-
mentally at the mentioned-above selected energies. The
results are then benchmarked with the XCOM results (see
Table 2). The relative difference (RD%) between experimen-
tal and theoretical measurements is calculated according to:
U H
)~ EP)
U

PTh

RD% = % 100%.

To assess how well the experimental data represents the
obtained data from XCOM from a statistical point of view, a
Kolmogorov—Smirnov (K-S) test for all investigated alloys.
The test covers the range of all available incident energies
(0.184-0.810 MeV). The K-S test is based on evaluating the
Cumulative Distribution Fraction (CDF) function of the two
data sets (i.e. experimental and simulated data) and calculate
the maximum vertical deviation (D,) between both func-
tions. A small deviation (D,) implies that the measured data
(experimental) match the XCOM data (simulated) very well
[31, 32]. In other words, if the two CDF of the data set are
not very different, then they are very well matched. Figure 1
shows the CDF functions for both measured and simulated
MAC of Fe 45Se, sTe, s sample. Both CDF functions in
Fig. 1 harmonize completely. In addition, the K-S test gives
D, =0.0096 with a corresponding p value that is equal to
0.983 which is close to one, implies that the two data set are
mutually consistent. Similar analyses were applied to the rest
of samples and the results are shown in Fig. 2.

The linear attenuation coefficient (LAC) for all prepared
samples have been measured using selected gamma energies

Table 2 The experimental mass attenuation coefficient (MAC) and the RD % for the prepared alloys compared to the XCOM calculated values

Energy (MeV) Result type Fe( 95Se( sTeg 5 Fe 9gSe( sTeg 5 FeSe sTe 5 Fe, ,Se( sTeg 5 Fe| g5SesTeg 5

0.184 XCOM 0.26940 0.26830 0.26750 0.26670 0.26560
Experimental 0.26591 0.26529 0.25830 0.26152 0.25509
RD (%) 1.3 1.1 34 1.9 39

0.280 XCOM 0.14560 0.14520 0.1450 0.14480 0.14450
Experimental 0.14969 0.14991 0.14439 0.14552 0.14631
RD (%) 2.8 32 0.4 0.5 1.2

0.662 XCOM 0.07295 0.07296 0.07296 0.07297 0.07297
Experimental 0.07527 0.07153 0.07009 0.071654 0.07468
RD (%) 32 1.9 3.9 1.8 2.3

0.71 XCOM 0.07000 0.07001 0.07002 0.07003 0.07004
Experimental 0.07154 0.068661 0.06714 0.06821 0.07025
RD (%) 2.2 1.9 4.1 2.6 0.3

0.81 XCOM 0.06490 0.06492 0.06493 0.06495 0.06496
Experimental 0.06635 0.06379 0.06203 0.06283 0.06385
RD (%) 22 1.7 4.5 33 1.7
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Fig.1 The cumulative distribution functions CDF of the simulated
MAC using XCOM and of the experimental data for FST95 sample.
Both CDF functions coincide, and therefore the maximum vertical
deviation D, was found very small (see text)
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Fig.2 The cumulative distribution functions CDF of the simulated
MAC using XCOM and of the experimental data for FST98, FST100,
FST102, and FST105 samples. Both CDF functions coincide for all
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from '*’Cs and '%Ho radiation sources. The LAC is obtained
using the lambert law: I = I e™**, where I, I, pandx are the
transmitted and the incident photon beam intensities, the
attenuation coefficient, and the sample thickness, respec-
tively. To calculate the MAC, we simply used MAC = f, for

each sample. Figure 3 shows the variation of the linear atten-
uation coefficient with energy for all studied alloys. The
experimental behavior is then fitted according to the expo-
nential decay equation shown in the figure. The LAC for all
studied samples decreases gradually with increasing the
energy. This is normal behavior because the density of the
samples (the number of atoms per unit volume) decreases
with increasing the Fe content and the interaction probability
between gamma photons and material decreases as well. The
highest LAC (in cm™) is reported at the lowest photon
energy (i.e. E=0.184 MeV) that is equal to 1.562, 1.433,
1.329, 1.286, and 1.138 for FST95, FST98, FST100,
FST102, and FST105 respectively. These values are found
to be decreasing with increasing the incident photon energy,
indicating that the thickness of these alloys needs to be

1.0 - o
0.8 4
D,=0.41%
LL 0.6 - p-value = 0.988
a )
o |
0.4 4 |
FST100
| Experimental
021 | — —XCOM
0.0 T T T T
0.05 0.10 0.15 0.20 0.25
MAC
D,=1.17%
p-value = 0.980
FST105
Experimental
= — XCOM
0.0 T T T T
0.05 0.10 0.15 0.20 0.25

samples, and therefore the maximum vertical deviation D, was found
very small
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y=A*exp(-x/t1)+y0

1.5

0.0 T T T T
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Fig.3 Variation of the measured Linear attenuation coefficient with
energy for Fe Se( sTe( 5 (x=0.95, 0.98, 1.00, 1.02, and 1.05) samples

increasing when dealing with relatively higher energies. This
behavior can be attributed to the Compton scattering which
is dominant interaction between photons and the prepared
alloys in the used range of energy in this study [33]. Fig-
ure 4a and b shows the variation of the experimental LAC
with sample density and Fe content at 0.184 MeV respec-
tively. It is noticed that the linear attenuation coefficient
(LAC) increases with increasing the density (number of
atoms per unit volume), which results in increasing the inter-
action probability (cross-section) of photons with the
medium. This is consistent with the radiation shielding basic
knowledge, which is approved by the results in Fig. 3. This
behavior can also be attributed to the Compton scattering in
the used energy range where the photons have less ability to
penetrate materials with the highest densities (less collisions
at high density). These two factors (i.e. photons energy and
material density) are greatly affecting the linear attenuation
coefficient.

In Fig. 5a we present the experimental half-value layer
(HVL) for the investigated Fe,Se, sTe,, 5 samples versus the
incident photon energy used in this study. The HVL is
obtained using HVL = % inversely proportional to LAC.
The figure reveals an increase in the HVL with increasing
energy and a decrease with increasing the sample density.
The FST95 sample is the most efficient sample in radiation
attenuation compared to other samples. The lowest HVL
among the five prepared samples is observed at 0.184 MeV
and settle within the range of 0.45 cm for the FST95 sample
to 0.61 for the FST105 sample. On the contrary, the highest
HVL is seen at 1.80, 1.94, 2.17, 2.29, and 2.43 cm for the
FST95, FST98, FST100, FST102, FST105 respectively
which occurs at 0.81 MeV incident beam energy. It is worth
mentioning that the half-value layer shows opposite behavior
to the linear attenuation coefficient at the same incident pho-
ton energy.

Figure 5b shows a comparison between the HVL of inves-
tigated FST95 sample in this study with different materials
published in the literature. For instance, when the incident
photon energy is equal to 0.81 MeV, the reported HVL for
the concrete (BC), RS 360 (RS) glass, SnTe and PbTe alloys
are 2.76, 2.32, and 2.09 cm respectively [2, 34], which are
much thicker than our best experimental HVL value 1.80 cm
for FST95 sample. However, it is thinner than the HVL for
the reported PbTe which equals to 1.34 cm (see Fig. 6).
Similar behavior has been seen for all used energies.

The mean free path is another important factor in the radi-
ation shielding features it is defined as the distance between
two successive collisions. It depends on the density of the
interaction medium, and the energy of the incident radia-
tion as shown in Fig. 7. It decreases with the increases in
the density of the medium because increases the number
of collisions which leads to the incident photons losing
their energies within a short distance. Also, it increases
with the energy of the radiation because photons with high

Fig.4 The variation of LAC 1.6 L
with a sample density, and b (a)
the bar-graph of the investigated
samples
1.4
£
L
O
<
-
3
124 b
w

Q@ E=0.184 MeV
Linear Fit

(b)

FST95

1

4.5

Sample Density (g.cm™)

5.0 55 6.0FST9; FSTog FST100 FST102 FST105

Sample ID
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Fig.5 A The experimental ]
Half-value layer (HVL) for the (a)
Fe,Se( sTe, s (x=0.95, 0.98, 2]
1.00, 1.02, and 1.05) samples. ]
b A comparison between the

FST95 sample from this study
with published HVL for differ-
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Fig.6 Comparison between the HVL of the FST95 sample prepared
in this study with reported alloys published in the literature
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Fig.7 The mean free path (MFP) for the investigated alloys at a dif-
ferent incident energies. b Different sample density at constant energy
of 0.81 MeV
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energy can survive for a long time and do more collisions as
shown in Fig. 7. It can be calculated from the LAC, where
MFP = y~!. The MFP of the investigated alloys is shown in
Fig. 7a. The results reveal that the MFP is an energy depend-
ent factor. That means any increasing in the incident photon
energy leads to increase the MFP value for the investigated
samples. Figure 7b shows the MFP for all samples at spe-
cific energy (E=0.81 MeV). The highest MFP is observed
for the FST105 sample which has the lowest density that is
equal to 0.879 cm while on the other hand the lowest MFP
is 0.649 cm which is for the FST95 sample with the highest
density.

To evaluate the impact of the prepared alloys on the
radiative attenuation properties, we obtained the transmis-
sion factor (TF). This factor describes the number of
gamma rays that penetrates through the shielding material.
A smaller TF value indicates better shielding properties.
Moreover, the radiation protection efficiency (RPE) is also
employed to evaluate the efficiency of the prepared alloys
as shielding materials in absorbing the incident photon
beams. Both, TF and RPE are obtained according to
TF = + x 100% = ™ x 100% a n d

RPE :0(1 — e7") X 100% respectively. Figure 8a shows the
TF (in log scale) for the prepared alloys at energy of
0.662 MeV versus the sample thickness in cm (linear
scale), and the results are fitted linearly. the comparison of
TF for all alloys is clearly seen from the figure. For exam-
ple, when the sample thickness is 5 cm, the TF for the
FST95 is about 11% while it is about 18% for the FST105.
This difference reaffirms the better shielding ability for the
FST95 sample among the rest of samples. Figure 8b shows
the RPE (in log scale) for the samples at 0.662 MeV versus
the sample thickness (linear scale). The RPE shows the
samples’ ability to attenuate the radiation effectively,
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Fig.8 a The transmission factor ;\?
of the prepared samples versus 100 ; 100 -
the thickness for each sample at = )
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where it increases exponentially with sample thickness
until it reaches the saturation (100%) when the sample has
a sufficient thickness. For example, the analysis shows that
the RPE at 5 cm is about 89%, 87%, 84%, 82%, and 81%
for FST95, FST98, FST100, FST102, and FST105 respec-
tively. This means that these samples can reduce about
80% of the 0.662 MeV incident beam if the sample thick-
ness is 5 cm.

4 Conclusion

The effect of different Fe content on the gamma radia-
tion shielding properties of the Fe Se, sTe, 5 polycrystal-
line alloys was studied at 0.662, 0.184, 0.280, 0.710, and
0.810 MeV gamma energies. The experimental results
are, within the accepted uncertainty level, in good agree-
ment with the theoretical values calculated by the X-COM
code. Increasing the Fe content affected the most important
radiation shielding parameter, linear attenuation coefficient
(LAC), and the parameters that are derived from it such as
HVL, MFP, transmission factor, and range. The linear atten-
uation coefficient decreases with increasing the Fe content
because the density of samples decreases with the increas-
ing Fe content. The best values for all shielding parameters
were achieved at 0.95 Fe content level, which confirmed that
Fe 955¢, sTe 5 has the most potential for radiation shielding
applications. The Fe,Se, sTe, s polycrystalline alloys have
a low HVL compared with many materials such as BC, RS
glass, and some alloys (SnTe).
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