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Abstract: This study investigates the effectiveness of transparent aluminum oxynitride (AION) in neutron shielding, focusing on both
fast and thermal neutrons. Using conventional radiation attenuation parameters, the macroscopic neutron removal cross-sections of
AION were calculated for varying neutron energies and material thicknesses. The Geant4 simulation toolkit was employed to model
and analyze the neutron interactions with AION. The results indicate that AION exhibits a high neutron shielding capacity for fast
neutrons (2 MeV), with transmission factor values ranging from 0.783 to 0.260 for material thicknesses between 1 and 10 cm. These
values are nearly identical to those for water, which range from 0.782 to 0.257, highlighting AION's comparable performance.
However, for thermal neutrons, AION's performance was less effective, only surpassing lead but not concrete or water. The findings
suggest that while AION is highly effective for fast neutron shielding, it may require complementary materials to adequately shield
thermal neutrons. This could involve using AION in combination with other materials to create a more comprehensive neutron
shielding solution. AION shows significant potential as a neutron shielding material, particularly for fast neutrons. Its integration with
additional shielding materials could enhance its overall effectiveness, making it suitable for various nuclear and radiation protection
applications.
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1. Introduction

Although encounters with neutron sources in daily life
are relatively rare, the highly destructive nature of
neutrons makes them significantly more hazardous than
the more commonly encountered gamma rays. Moreover,
neutrons are frequently utilized in nuclear reactors,
accelerator facilities, and various industrial applications,
where they can generate high fluxes. The high
penetrative capability of neutrons, due to their lack of
charge, necessitates enhanced and complicated
protective measures for radiation workers operating in
environments with neutron sources (Kim et al, 2014;
Lakshminarayana et al., 2022; Alomayrah et al, 2024;
Reda et al,, 2024).

Given the increasing need for more effective radiation
shielding, there is considerable motivation to develop
new materials that surpass traditional methods in
reducing biological damage (ALMisned et al, 2021;
ALMisned et al,, 2024a; Alzahrani et al., 2024a; Alzahrani
et al, 2024b; Alzahrani et al, 2024c; Ozdogan et al,
2024). Advances in material science hold promise for
innovative shielding solutions that can provide superior
protection against neutron radiation (Al-Buriahi et al,,
2020; ALMisned et al.,, 2024b, Alrowaili et al., 2024). For
instance, Ali et al. (2024), investigated the use of
unglazed ceramic materials in Boron Neutron Capture

Therapy (BNCT), highlighting their dual effectiveness in
both gamma attenuation and neutron beam shaping.
Their study emphasized the potential of ceramics doped
with Pb and Ba, which were found to attenuate gamma
radiation without significantly affecting the neutron flux,
aligning with International Atomic Energy Agency (IAEA)
recommendations. Additionally, research by Katubi et al.
(2024), explored the neutron and charged particle
attenuation properties of Apatite-Wollastonite (AW)
glass ceramics doped with B,03. Their findings suggest
that these materials are particularly suitable for
absorbing fast and thermal neutrons, with fast neutron
removal cross-section (FNRC) values measured at
0.0913, 0.0972, and 0.1024 for AW, AW-B10, and AW-
B20 samples, respectively. The study indicates potential
applications in neutron and ion beam therapy. Similarly,
Zayed et al. (2024), studied the gamma and neutron
shielding properties of heavy minerals such as hematite
and barite. Their results revealed that while barite is
superior in gamma attenuation, hematite excels in
thermal neutron shielding, outperforming barite by
210%. However, better
performance for fast illustrating  the
importance of material selection based on the specific
type of radiation encountered.

As space travel becomes an increasingly discussed and
attainable venture, the exposure of astronauts and space

barite demonstrated

neutrons,
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travelers to cosmic ray-induced neutrons is expected to
rise. The challenging space environment, with its
heightened levels of neutron radiation, emphasizes the
critical importance of advancing neutron shielding
technologies (Tellili et al., 2014; Kagal et al, 2019;
Cherkashina et al, 2024). In the coming years, the
necessity for effective neutron shielding will become
even more pronounced, highlighting the urgency of
research and development in this field.

Current shielding methods often rely on materials like
boron, polyethylene, and heavy metals, which, while
effective, come with limitations such as weight and
material degradation over time (Singh and Badiger,
2014; Singh et al., 2014; Pavlenko et al.,, 2015; Fahmi et
al.,, 2024). Novel materials, including polymer composites
and nanomaterials, are being investigated for their
potential to provide lighter and more effective neutron
shielding (Pianpanit and Saenboonruang, 2024; Reda et
al, 2024). Research into these advanced materials
suggests they could offer substantial improvements in
shielding
protective
extraterrestrial environments.

efficiency,  potentially
measures in  both

revolutionizing
terrestrial and

Aluminum oxynitride (AION) is a material that finds
numerous applications due to its excellent mechanical
properties and optical transparency in the visible
spectrum. AION is produced by combining Al,0; with
AIN and is typically represented by the formula
Al(64+x)/30(32-x)Nx,» Where x can range from 0 to 8.
Studies have shown that when x equals 5, the resulting
aluminum oxynitride (Al,30,7N5) achieves its most
stable and stoichiometric phase (Li et al., 2024). Some of
the material properties of AION, as reported by Salifu and
Olubambi (2023), include a density of 3.67 g/cm3, 80%
transparency from the near-ultraviolet through the
visible to the near-infrared regions, high durability,
stability up to 1200 °C, three times the hardness of steel
of the same thickness, scratch resistance, and excellent
refractive index, along with large-scale homogeneity
(Salifu and Olubambi, 2023). More generally, the
mechanical and optical properties of AION are
summarized in Table 1 and Table 2.

Considering these mechanical and optical characteristics,
AION presents numerous potential applications. It could
replace traditional glass in a range of products, from
smartphone screens to automotive components.
Moreover, AION could play a significant role in the
emerging space travel industry. It might be used in
spacecraft windows, exterior coatings for radiation
shielding and thermal insulation, protection of electronic
equipment against cosmic radiation, and in astronaut
suits during space missions or extravehicular activities.
Additionally, AION could be critical in protecting solar
cells from radiation without obstructing visible light,
which is essential for space exploration. In environments
like the lunar surface, where the atmosphere is absent or
extremely thin, and cosmic radiation can directly reach
the surface, AION could be suitable as a construction

material. Its mechanical properties, comparable to

concrete, and its optical characteristics make it
particularly  useful for  transparent structural
components.

Table 1. Some mechanical properties of the aluminum
oxynitride (Ramisetty et al, 2013, Salifu and Olubambi,
2023)

Property Value
Young Modulus 334 GPa
Poisson’s Ratio 0.24
Knoop Hardness 1800
kg/mm?
Shear Modulus 135 GPa
Compressive Strength 2.68 GPa
Fracture Toughness 2 MPa/m?/?
0.38-0.7
Flexural Strength GPa
Weibull Modulus 8.7
Thermal Conductivity at 25 °C 12.6 W/(mK)
Thermal Expansion Coefficient (30 - 7.5
900 °C) x 1076K™?
Thermal Shock Resistance, R’ =
o1-vk 1.2
akE

Table 2. Some optical properties of the aluminum
oxynitride (Ramisetty et al, 2013, Salifu and Olubambi,
2023)

Property Value
R fT issi
ange of Transmission 334 GPa
Wavelength
Typical clarity in the visible range 0.24
Typical haze in visible range 1800 kg/mm?
Ab ti fficient at
sorption coefficient at a 135 GPa
wavelength of 3.39 um
Refractive index at 0.5 um
2.68 GPa
wavelength
Typical t itt ithout AR
ypllca r‘."msml .arllce (withou 2 MPa/m1/?
coatings) in the visible range
Optical homogeneity achieved in a
(15in x 25 in) part having 3.4 in 0.38 - 0.7 GPa
aperture
Weibull Modulus 8.7
Total integrated optical scatter at
a wavelength of 0.64 um, and 12.6 W/(mK)
sample thickness of ~5 mm
dn/dT in th length 3-
n/dT in the wavelength range 76 % 10-6K-1

5um

Given these attributes, it is evident that AION would be
highly useful in neutron shielding applications if it also
provides good radiation protection. Previous study
indicating AION's effective gamma radiation shielding
suggests that its neutron shielding performance warrants
investigation (Yildirim, 2024). In this study, Yildirim
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(2024), investigated the gamma-ray shielding capabilities
of AION and presented the following results. As
evidenced by the findings of the study, while AION
exhibits superior shielding properties
compared to Ordinary Portland Concrete in its undoped

gamma-ray

form, its efficacy does not surpass that of lead. The mass
attenuation coefficients (MACs) for AION have been
reported to range between 2 X 1072 and 2 x 103 cm?/g.
Furthermore, the study compared AION with
commercially available lead-equivalent glasses (e.g., RS-
253, RS-253-G18, RS-323-G19, RS-360, RS-250),
demonstrating that AION offers superior shielding
compared to non-lead alternatives, while exhibiting
comparable performance to lead-containing options,
particularly at higher energies. In addition to its potential
applications in space, AlON's glass-like structure and
transparency in the visible range make it a promising
candidate for use as a lead-equivalent glass in radiation
shielding, particularly in contexts such as nuclear power
plants and healthcare facilities.

The aim of this study is to investigate the shielding
performance of aluminum oxynitride against fast and
thermal neutrons. The study proceeds as follows: Section
2 describes the interaction of neutrons with matter and
discusses neutron shielding parameters and their
calculation methods. Section 3 presents the results
obtained for fast and thermal neutrons, comparing
AlON's performance with traditional shielding materials
and discussing its neutron shielding effectiveness. The
final section summarizes the study and lists the
conclusions.

2. Materials and Methods

2.1 Theoretical Calculations

In this study, the effective neutron removal cross-section
of transparent aluminum oxynitride for fast and thermal
neutrons was investigated using Geant4 simulations. The
cross-section discussed here is not the true interaction
probability cross-section but a useful parameter that can
be calculated for materials with insufficient hydrogen
content. It is generally lower than the true cross-section,
approximately two-thirds of its value.

Neutrons interact with the medium primarily through
absorption and scattering. The total cross-section (o7) is
expressed as the sum of the absorption cross-section (ag,)
and the scattering cross-section (og). The relationship
between these cross-sections is outlined below (equation
1):

o = 04 + 05 (1)

To calculate the total macroscopic cross-section for a
compound or mixture, we use the formula (equation 2):

Ir= )N, (2)

In this equation, N; represents the number of nuclei per
unit volume of the i_th element in the mixture
(Akyildirim, 2019). For the macroscopic neutron removal

cross-section (2), the calculation is performed using
(equation 3):

g = Z pi (3)

Here, p; is the density of the i_th component, and refers
to the neutron removal cross-section of the i_th
component. Extending this to a material comprising
multiple components, the generalized macroscopic
neutron removal cross-section (2z) can be determined as
follows (equation 4):

n n (4)
Zpg = Z pc(Zr/p)c = Z(Fw)cps
c=1

c=1

In this expression, p, denotes the density of the c-th
component, (Xr/p). signifies the mass removal cross-
section of the c_th component, pg is the overall density of
the material, and (F, ). represents the weight fraction of
the c_th component (El-Khayatt, 2010; Gaylan et al,
2021).

In this study, the cross-section to be calculated is the
macroscopic removal cross-section, based on the
principle of measuring the fraction of incident neutrons
that remain unaffected after passing through the
material. This calculation is quite similar to the gamma
attenuation coefficient and can be computed using the
equation given below (equation 5):

| =le Xt (5)

Here, I, represents the number of incident neutrons,
while I denotes the number of neutrons that pass
through the material without interaction. The parameter
t in equation 5 refers to the thickness of the material the
neutrons traverse, and ) corresponds to the Xy
parameter shown in equations 1 - 4. Another useful
parameter for discussing equation 5 in the context of
neutrons is the Transmission Factor (TF), defined by the
equation below (equation 6):

TF =+ ©)

When considering equations 5 and 6, a relationship
between TF and the neutron shielding effectiveness of
the material can be observed; the smaller the TF, the
better the material's neutron shielding capability
(ALMisned et al., 2024b).

2.2 Geant4 Simulation Setup

The Geant4 simulation toolkit was utilized to calculate
the macroscopic neutron removal cross-sections, thus
providing detailed insights into the interaction of
neutrons with aluminum oxynitride (AION). Geant4 is a
versatile and widely used simulation program that is
particularly effective for modeling particle interactions
across various domains, including nuclear physics, space
science, high-energy physics, and accelerator physics
(Agostinelli et al, 2003; Allison et al,, 2006, 2016). The
flexibility and precision of the tool make it an invaluable
resource for optimizing the design and performance of

BS] Eng Sci / Aydin YILDIRIM

1024



Black Sea Journal of Engineering and Science

high-budget experiments. In this study, the simulation
setup involved a detailed definition of the geometry of
the test material. This included the specification of all
constituent elements, compounds, or mixtures, along
with the material's density, physical state, and spatial
configuration relative to the neutron source. The
accurate representation of AION was achieved by
incorporating 23 Al 27 O, and 5 N atoms into the
simulation model, with a density of 3.67 g/cm3® as
reported in the literature (Johnson et al,, 2012; Salifu and
Olubambi, 2023). The experimental conditions were set
to reflect typical room temperature and atmospheric
pressure conditions, with the material in its solid state, in
order to ensure that the simulation closely mimicked
real-world parameters used in
simulations are given in Table 3. The SHIELDING physics

conditions. The

list from Geant4 was selected for the simulations, a
choice particularly suitable for neutron shielding studies
comprehensive treatment
interactions. The physics list includes models for elastic
and inelastic scattering, absorption, and capture, thus
providing a robust framework for the analysis of neutron
attenuation.

due to its of neutron

Table 3. Geant4 simulation parameters for AION

Property Value

Chemical Formula  Ale4+x)/30@2-9Nx (0 <x < 8)
Most Stable Form Aly30,Ns

(x=15)

Density 3.67 g/cm’3

Elemental M
emental Hass 55.28% Al, 38.48% 0, 6.24% N
Fraction

Elemental
41.82% Al, 49.09% 0,9.09% N
Abundance

A critical aspect of the simulation was the configuration
of the neutron source. The source was positioned 5 cm
from the target, designed with a radius of 0.5 cm and a
beam spread of 0.2 mm, directed along the +z axis. To
achieve a narrow, focused beam, which is common in
neutron shielding research, a beam-type source was
utilized instead of a collimated point source. This
approach ensures that the neutron flux impinging the
target material is consistent with experimental setups
typically used shielding studies. The
simulation was run with 1,000,000 events per scenario to
ensure statistical significance. This large number of
events allows for a detailed analysis of neutron
interactions within AION, providing precise macroscopic

in neutron

neutron removal cross-sections. The high granularity of
the data obtained from these simulations enables a
thorough understanding of AION's effectiveness as a
neutron shielding material, which is crucial for its
potential space
environments. Moreover, post-simulation data analysis
focused on evaluating the
characteristics of AION across a range of neutron

applications in nuclear and

neutron attenuation

energies. The results were benchmarked against other
common shielding materials, such as lead, water and
standard concrete, to assess AION's relative performance.
This comparison highlights the strengths and limitations
of AION in practical shielding scenarios, offering valuable
insights for its application in environments where
neutron radiation is a concern.

The simulation for neutron removal cross-sections
prepared with Geant4 is shown in Figure 1. In this figure,
the red block represents the AION material, which serves
as the primary target for the neutron beam. The large
blue block immediately behind it indicates the region
where the energy losses of neutrons, after passing
through the material, are recorded. This region is crucial
for determining the degree of interaction the neutrons
undergo as they traverse the AION target. The green lines
in the figure represent the neutrons that are sent in a
well-collimated beam, ensuring a focused and uniform
interaction with the target material. The simulation is
designed to capture and record all possible interactions
of neutrons with the material, including scattering,
absorption, and transmission without interaction. Each of
these interactions is significant as they contribute to the
overall understanding of how AION interacts with
neutron radiation. However, for the specific calculation of
neutron removal cross-sections, as defined in the
literature, only the neutrons that pass through the
material without any interaction are considered relevant
(El-Khayatt, 2010). These non-interacting neutrons are
essential for calculating the macroscopic removal cross-
section, which is a measure of the material's effectiveness
in attenuating or filtering out neutron radiation.
Furthermore, the data recorded in the blue block is
analyzed to determine the energy distribution of
neutrons post-interaction, which provides insight into
the material’s shielding capabilities. The energy losses
are directly related to the material's ability to absorb or
scatter neutrons, which is critical for applications where
neutron attenuation is required, such as in radiation
shielding or nuclear reactors. By comparing the number
of neutrons that pass through the material without
interaction to the total number of neutrons sent in the
beam, the macroscopic neutron removal cross-section
can be accurately calculated, offering a quantitative
measure of AION’s neutron shielding effectiveness.

These comprehensive simulations not only help in
predicting the material's performance
neutron-rich environments but also provide a basis for
optimizing the material's composition and thickness to
achieve desired neutron attenuation characteristics.

in various
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Figure 1. The image of the Geant4 simulation geometry. The red block presents the aluminum oxynitride while the blue
block presents the neutron detector. The green lines represents the neutron beam. The incident and outgoing neutron

flux can clearly be clearly seen in the figure.

3. Results and Discussion

In the study, the effectiveness of transparent aluminum
oxynitride in stopping fast and thermal neutrons was
calculated using conventional radiation attenuation
parameters. As described in Section 2, the macroscopic
neutron removal cross-section of AION was calculated for
different energies and thicknesses. Subsequently, for a
fixed thickness and energy, the cross-sections of each
element constituting AION were considered, and the sum
of these cross-sections was compared with the directly
calculated cross-section.

First, we analyze the change in neutron removal cross-
sections with increasing energy for fast neutrons. The
graph shown in Figure 2 illustrates the variation of cross-
sections with energy. Given that the neutrons in question
are fast, the energy range is 2 to 10 MeV. The cross-
sections obtained by varying the energy with 0.5 MeV
intervals are plotted on the graph. As previously
discussed, a larger macroscopic cross-section or a
smaller transmission factor indicates superior shielding.
As illustrated in Figure 2, while an increase in neutron

energy is typically associated with a reduction in the
macroscopic cross-section, the graph reveals a number of
instances where the cross-section exhibits a sudden rise
at specific intermediate energy values. For example, the
macroscopic cross-section reaches its maximum value at
approximately 3.5 MeV, after which it begins to decline
and reaches a second maximum at approximately 6 MeV.
These points may be indicative of resonance points for
neutron capture or peak points for neutron scattering.
Expanding on the data in Figure 2, Figure 3 presents the
variation in fast neutron removal cross-sections with
respect to material thickness for selected neutron energy
values. As seen in Figure 2, the values for 4 MeV and 6
MeV are lower than those for 3 MeV and 5 MeV,
respectively. Here, since the vertical axis represents the
transmission factor instead of the macroscopic removal
cross-section, correspond to Dbetter
shielding properties. As an example, the removal cross-
section values calculated for a neutron energy of 2 MeV
are given in Table 4.

lower values

Figure 2. Comparison of macroscopic fast neutron cross-sections with increasing neutron energy.
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- TF [3 MeV]

TF [4 MeV]
= TF [5 MeV]
- TF [6 MoV]

Transmission Factor (TF)

0.000
Thickness [cm]

Figure 3. Comparison of transmission factors (TFs) with increasing target thickness. The graph also shows the effect of
the neutron energy.

Table 4. The table shows the Macroscopic Neutron Removal Cross-Section for transparent aluminum oxynitride. It
shows cross-section values for only 2 MeV neutron energy

Macroscopic Neutron Removal Cross-Section for 2 MeV

Thickness [cm] 1 2 3 4 5 6 7 8 9 10

Cross-Section [1/cm] 0.245 0.184 0.163

0.153

0.147 0.143 0.140 0.138 0.136 0.135

For thermal neutrons, the TF values for AION range from
0.663 to 0.104, proportional to the material thickness
(lower values indicate better shielding). As expected, the
best result is obtained at a thickness of 10 cm with a TF
value of 0.104, whereas this value is 0.026 for concrete
and 0.125 for lead. The same value is calculated as
0.000014 for water. Similarly, when AION is evaluated for

0900
0200
0700
0 200
0 500

0 200

Transmission Factor (TF)

0000
[ 2 4 0

fast neutrons (2 MeV) over a thickness range of 1 to 10
cm, the TF values range from 0.783 to 0.260 (again, lower
values indicate better shielding). These values are very
close to the values calculated for water, which are 0.782
to 0.257, and it has been observed that AION provides
better shielding than both lead and concrete. As shown in
Figure 4, water and AION behave almost identically.

@ - <TF (AION)
. TF (Concrate)
e TF (Leoadl)
e TF (Woter)

Thickness [cm]

Figure 4. A comparison of conventional shielding materials with aluminum oxynitride for fast neutrons. The y-axis
displays the transmission factor. In the case of fast neutrons, AION is superior to concrete and lead, and is almost

identical to water.

The last two graphs in this section compare the shielding
capabilities of thermal and fast neutrons with other
conventional shielding materials. First, the shielding
capacity of AION against fast neutrons is shown in Figure

4. In Figure 4, the change in the transmission factor with
material thickness is shown for a constant fast neutron
energy (2 MeV). Here, the neutron shielding capacity of
AION is compared with three other materials: concrete,
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lead, and water. Their thicknesses were varied between 1
and 10 cm and compared with AION. As can be seen in
Figure 4, AION provides superior performance in
stopping fast neutrons compared to both concrete and
lead. However, it yields nearly the same transmission
factors as water. This indicates that AION is a suitable
material for neutron shielding when fast neutrons are
concerned.

The graph in Figure 5 is an adaptation of the comparison
for fast neutrons to thermal neutrons. The first
noticeable feature is that AION's excellent shielding
performance for fast neutrons is not observed for
thermal neutrons. Although it still provides better
shielding than lead, it performs worse than both concrete

sion Factor (TF)

Transmis

and water.

According to the comparisons, transparent aluminum
oxynitride demonstrates excellent shielding properties
against fast neutrons but not for thermal neutrons. AION,
which provides better values than lead for thermal
neutrons, may not be sufficient alone to stop or attenuate
these neutrons. Neutron shielding has a more complex
mechanism compared to gamma shielding and involves
slowing down fast neutrons to thermal neutrons and
then absorbing them to stop them (Ouardi, 2021).
Therefore, ALON can be used either alone or as the initial
shielding material to stop fast neutrons, depending on
the application and conditions. The resulting thermal
neutrons can then be stopped using a secondary material.

-8 TF (AION)
== TF [Concres)
e TF (Load)
i TF (Wiker)

Thickness [cm]

Figure 5. The figure presents the comparison of the four materials. Three of them are conventional radiation shielding

materials while the third one is novel aluminum oxynitride. The AION is superior to lead but worse than ordinary

portland concrete and water for thermal neutrons.

4. Conclusion

This study investigated the
effectiveness of transparent aluminum oxynitride (AION)

neutron shielding
using a Geant4 Monte Carlo simulation. The macroscopic
neutron removal cross-sections were calculated for
various neutron energies and material thicknesses to
assess AlON's performance. The results demonstrate that
AION has a high capacity for shielding fast neutrons,
outperforming traditional materials like concrete and
lead, and showing nearly identical performance to water.
However, AION's effectiveness in shielding thermal
neutrons is more limited, only surpassing lead but falling
short compared to concrete and water. Figures 4 and 5
further illustrate these findings. As shown in Figure 4,
AION proves superior to both concrete and lead in
shielding fast neutrons, with performance almost
equivalent to that of water. Conversely, Figure 5 reveals
that while AION outperforms lead in thermal neutron
shielding, it does not match the effectiveness of Ordinary
Portland Concrete or water. These findings suggest that
AION is a promising candidate for fast neutron shielding
in various nuclear and radiation protection applications.
However, its limited effectiveness against thermal
neutrons highlights the potential need for a dual-material
approach, where AION could be combined with other
materials to enhance overall neutron shielding efficiency.

While this study has provided valuable insights, several
limitations must be acknowledged. The simulation
results are contingent on the accuracy of the input
parameters and the assumptions made, such as material
purity and homogeneity. In real-world applications, these
factors may vary, potentially affecting the material's
performance. Future research could explore these
limitations by conducting experimental validation of the
simulation results and investigating the effects of
impurities and material variations on AION's shielding
properties. Furthermore, studies could explore the
potential of combining AION with other materials to
develop hybrid shielding solutions that offer enhanced
protection against both fast and thermal neutrons.
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