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ABSTRACT

This work evaluated the gamma rays shielding properties of tungsten carbide alloys.
The mass attenuation coefficients (um) of gamma rays for these alloys have been
obtained at gamma rays energy ranges of 356—1,332 keV using WinXCom software
and FLUKA Monte Carlo code simulation. The results are found to be in good
agreement. The 0.832W+0.0498C+0.002C0+0.00092Fe+0.107Ni alloy sample
showed the highest ym and radiation protection efficiency (RPE%) values, while half
value layer (HVL), mean free path (MFP) and transmission factor (TF%) values
showed the lowest value compared with the others. These results indicate that this
alloy sample, which has the highest density, possesses excellent y-rays shielding
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1. INTRODUCTION

Lead is employed as a shielding material in a variety of
radiation-related industries and other sectors. They are
one of the most extensively utilized radiation shielding
mediums for X-rays and gamma rays because of their
high density (p), atomic number (Z), linear and mass
attenuation coefficient (¢ and p,, ) (Obaid et al., 2018;
Manjunatha et al, 2017). However, ingesting or inhaling
lead or lead-contaminated substances can be hazardous.
After being exposed to lead at work, irradiation workers
may bring lead residues and lead-exposed parts
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unknowingly back home (Mirji & Lobo, 2017; Kaur et al,
2019; Wani et al, 2015). Gamma rays are particularly
harmful since they are uncharged and have a high-energy
photon, resulting in an overpenetration that can harm
human cells (Bushberg et al., 2012). The gamma rays could
travel hundreds of meters through air and readily pass
through the human body. The gamma rays attenuation is
caused by its interaction with materials. The gamma rays
attenuation capability is affected by incident gamma rays
energy, atomic number, constituent density in the
shielding material, and shielding material thickness
(McAlister, 2012).
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One of the most important elements to consider
protecting people and the environment from the effects of
radiation is the radiation attenuation capabilities of
materials. Therefore, the radiation exposure to the
operator in medical applications can be lowered to the
lowest possible level by utilizing appropriate radiation
shielding. High Z of elements are significant in radiation
attenuation because the probability of photoelectric
absorption to atoms within a material depends on the
energy of the X-rays photon at impact and the atom’s
constituents of the irradiated body (Gavrish et al., 2016).
As a result, the most appropriate form of attenuation is
determined primarily by the cost, weight, chemical and
physical durability of the material. Materials with a higher
atomic number density are more attenuated than those
with lower Z.

Toxic heavy metals, such as lead, have long-term
negative impacts on health and the environment. As a
result, several groups of radiation shielding scientists
are interested in creating and researching non-toxic,
lightweight, flexible, and low-cost shielding mediums to
replace lead, which is desperately needed to replace lead
shielding materials to attenuate radiation (AbuAlRoos et
al,, 2019). Lead-free materials, such as tungsten, are non-
toxic; also, because of its higher atomic number, tungsten
has a higher density and better masking capabilities than
lead (Kobayashi et al., 1997). However, pure tungsten is
relatively expensive, while having higher attenuation
qualities and a lower half-value layer than standard lead
shielding materials (Buyuk & Yugrul, 2014; Lukovi¢ et al,,
2015). The shielding capabilities of tungsten and epoxy
composites were studied for low-energy gamma radiation
at 122 keV (Chang et al,, 2015), with the goal of evaluating
the effectiveness of tungsten carbide as a shielding
material for new lead-free radiation in nuclear medicine.
The attenuation properties analysis results show that a
high percentage of tungsten increases the radiation
shielding properties of the samples.

The purpose of this research was to assess the
performance of tungsten carbide alloys (WC-Fe, WC-Co,
and WC-Ni) (Roulon et al, 2020) as lead-free radiation
shielding alternatives in nuclear medicine. The FLUKA
Monte Carlo code was used to simulate radiation
transmission in the energy range of 356 to 1332 keV. The
major characteristics to be investigated were the mass

attenuation coefficients, half-value layer, mean free path,
transmission factor, and radiation protection efficiency.
The simulation results were compared with the theoretical
values calculated by WinXCom software.

2. MATERIALS AND METHODS

2.1 Simulation setup and gamma rays interaction
The FLUKA is a Monte Carlo algorithm that was developed
by CERN and INFN that includes a FLAIR interface for
applications (Vlachoudis, 2009). This research was carried
out using FLUKA version 4-3.3 under Fedora 37 (a Linux-
based operating system), and the input file was edited with
Flair version 3.2-4.5. The simulation computer system is an
Intel Core i5-1235U with a 6.0 GHz CPU and 8 GB DDR4
RAM. To improve data dependability, the statistical error
of the results to be less than 0.09% was chosen.

The FLUKA code was used to model the detector
from Canberra Company. Previously, this detector was
employed in similar experimental and modeling research
(Shi et al, 2002; Tekin, 2016). The Nal(Tl) detector was
used in this FLUKA simulation. The simulation of the
Nal(Tl) scintillator detector can be referenced from
previous research (Mouhti et al, 2017; Demir &
Kuluéztiirk, 2021). The relevant energy in the simulations
is defined as isotropic gamma rays sources in the BEAM
card (Ferrari et al, 2005). Figure 1 depicts the overall
geometry of the successfully modeled Nal(Tl) detector.

The mass attenuation coefficients of the WC (Fe, Co,
and Ni) were calculated at 356, 511, 662, 1173, 1275, and
1332 keV of gamma rays energies, which were also
employed in absolute detector efficiency calculations. To
simplify the mass attenuation coefficient (um), it is
necessary to understand the Lambert-Beer law, as
illustrated in Eq. (1) (Sayyed et al., 2022):

I=Ipet (1)

where Ip and I are the outputs of the USRTRACK scorecard
without and with an absorber, respectively, p is the linear
attenuation coefficient, t denotes the absorber thickness,
and I is the gamma rays intensity after passage through the
absorber.
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Figure 1. FLUKA code provided the schematic 2-D perspective and detailed coordinates of the simulated Nal(Tl) detector
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The um is p divided by the density (p). It is commonly
expressed in cm?/g and can be calculated using the
following Eq. (2) (Sayyed etal., 2022):

-
/-lm_p )

Half value layer (HVL) is defined as the thickness
of alloys that decreases the gamma rays intensity to
50% of its initial intensity and was determined using p by
given in Eq. (3) (Sayyed et al, 2022; AbuAlRoos et al,
2020):

HVL = 222 3)

Mean free path (MFP) is the average distance between
two successive interactions of gamma rays in alloys and
is evaluated from Eq. (4) (Sayyed et al., 2022; AbuAlRoos
etal, 2020):

=1
MFP = (4)

The transmission factor (TF) is a value used to predict
the coefficient of gamma rays transport through a
thickness of alloys as can be calculated using the Eq. (5)
(Sayyed et al,, 2022; Hanfi et al., 2023):

TF = —x100 = e (5)
where x is sample thickness.

The radiation protection efficiency (RPE) can be
determined using Eq. (6) (Hanfi et al., 2023):

RPE= (1- Ii) x 100% (6)

2.2 Alloys description
The chemical composition for tungsten carbide alloys: WC
(Fe, Co, and Ni) alloy samples is displayed in Table 1.

Table 1. Chemical composition for tungsten carbide alloys (% w/w) (Roulon et al.,, 2020)

Alloy code Chemical composition (% w/w)
w C Co Fe Ni

S1 0.8290 0.0555 0.0021 0.1100 0.0034
S2 0.8320 0.0530 0.0021 0.1095 0.0034
S3 0.8200 0.0593 0.0020 0.1158 0.0029
S4 0.8230 0.0525 0.0027 0.0009 0.1127
S5 0.8320 0.0498 0.0020 0.0009 0.1070
S6 0.8210 0.0549 0.0020 0.0006 0.1160

3. RESULTS AND DISCUSSION

The density of tungsten carbide alloys was exhibited as
shown in Figure 2. It was found that the density of the S5
alloy sample had the highest value. This event is due to the
S5 alloy sample having high W and Ni content (Sriwongsa
etal, 2023).

14.5

Density (g/cm®)

S1 S2 S3 S4 S5 S6
Samples

Figure 2. Density of tungsten carbide alloys

The mass attenuation coefficient (um) for tungsten
carbide alloys at gamma rays energy ranges from 356-1332
keV at thicknesses of 0.1-0.3 cm, as exhibited in Figure 3.
The sources of gamma rays were 22Na (511 and 1275 keV),
133Ba (356 keV), 137Cs (662 keV), and 6°Co (1173 and 1332
keV) for the transmission event. It was found that the
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results from WinXCom software and FLUKA Monte Carlo
code simulation are in good agreement. In addition, it was
found that the um values decreased with increasing the
gamma rays energy. It is according to the major
photoelectric effect (PE) process at low energy ranges
where the PE probability is large (Sriwongsa et al., 2023).

The HVL and MFP values at gamma rays energy ranging
from 356-1332 keV were displayed in Figures 4 and 5. It
was found that these values increased with increasing
gamma rays energy, and the S5 alloy sample shown the
lowest value. It indicated that high density would be superb
gamma rays shielding (Sriwongsa et al., 2023).
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Figure 3. Mass attenuation coefficient for alloys at gamma
rays energy range of 356-1332 keV
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Figure 4. HVL for alloys at gamma rays energy range of
356-1332 keV
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Figure 5. MFP for alloys at gamma rays energy range of
356-1332 keV

TF of alloys with gamma rays energy is shown in
Figure 6. TF values increased with increasing gamma rays
energy and S5 alloy sample has the lowest TF value at the
same gamma rays energy. It indicated that the S5 sample
exhibited good transmission value shielding powerful
gamma rays (Tekin et al,, 2022).
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Figure 6. Transmission factor (TF) for alloys at gamma
rays energy range of 356-1332 keV
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The RPE for alloys is shown in Figure 7. It was found that
the S5 alloy sample has the maximum RPE value. It indicated
the excellent shielding performance of the S5 alloy sample.
Also, from Figure 7, more gamma rays are being transmitted
with increased energy. So, to improve the shielding
properties, it can be done by increasing the thickness of the
alloy (Sayyed et al., 2019).
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Figure 7. Radiation protection efficiency (RPE) for alloys
at gamma rays energy range of 356-1332 keV

4. CONCLUSION

From the available results of the study, shielding
properties for gamma rays of the tungsten carbide alloys,
including the pm, HVL, MFP, TF, and RPE values were
discussed at energies range of 356-1332 keV using the
FLUKA Monte Carlo code simulation and compared with
WinXCom software. The simulation results were in a
good agreement with theoretical data. In addition, the
0.832W+0.0498C+0.002C0+0.00092Fe+0.107Ni alloy sample,
which had the largest density, has the highest um and RPE,
while HVL, MFP, and TF showed the lowest values. These
results indicated that gamma rays shielding properties
depended on the density of the alloy.
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