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Abstract 

This study numerically evaluates the radiation shielding performance of a multilayer ceramic architecture consisting of a zirconia 
toughened alumina core with mycelium-based coatings, including melanized variants, under gamma rays, neutrons, and protons. Photon 
attenuation is simulated using Geant4 and benchmarked against XCOM, and standard gamma shielding metrics are reported for the 
multilayer configuration. Neutron response is quantified through macroscopic removal cross sections in the 2 to 10 MeV range and thick-
ness dependent transmission factors for fast and thermal neutrons, where clearer separation among coating options is observed in the
thermal region. Proton stopping power and depth dependent LET profiles are obtained with SRIM/TRIM for 10 to 50 MeV, and
the Bragg peak position is used to assess layer thickness requirements. The composite system shows photon attenuation between concrete
and lead, while neutron performance depends strongly on coating composition. Overall, the results establish a direct link between archi-
tectural parameters and radiation response, providing guidance for the design and optimization of layered ceramic shielding systems.
© 2026 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar
technologies.
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1. Intr oduction

With the expansion of long duration space missions and 
radiation intensive technologies, exposure to ionizing radi-
ation is no longer limited to specific occupational groups
(Mollah, 2018). Among these, space missions, nuclear 
power, nuclear medicine, and particle accelerator facilities 
operate under control led radiation fields while simultane-
ously facing associated exposure risks (Durante and 
Cucinotta, 2011; Durante, 2014; El-Hameed, 2022). 
Because absorbed dose and exposure duration can lead 
to significant acute and late effects, shielding optimization
⁎ Corresponding author. 
E-mail addresses: aydin.yildirim@tenmak.gov.tr (A. Yıldırım), busra. 

kalemci@tenmak.gov.tr (B. Opç in).
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remains a key engineering requirement under the ALARA
principle (Durante and Cucinotta, 2011; Mollah, 2018). 
Consequently, a wide range of materials, including con-
cretes, metallic alloys, glasses, polymer composites, and
hybrid systems, has been investigated for multi-radiation
attenuation (McCaffrey et al., 2007; Al-B uriahi et al.,
2021; Sayyed et al., 2022; Vafapour and Mortazavi, 2025;
Alrowaili and Al-Buriahi, 2025; Al-Bu riahi et al., 2025b;
Echeweozo et al., 2026; Al-Buriahi et al., 2026; Al-
Buriahi et al., 2025a; Alrowaili et al., 2025; Alzahrani
et al., 2024). Since particle type and energy spectrum vary 
by application, modern designs increasingly favor mult i-
component architectures capable of attenuating mixed
radiation fields (Durante and Cuci notta, 2011;
El-Hameed, 2022; Emmanuel and Raghavan, 2016). 
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A prominent example is the renewed ‘‘space race”, 
where private and governmental programs are advancing 
long duration missions and permanent installations beyond
Earth orbit (Durante and Cucinotta, 2011; Durante, 2014). 
Spacecraft and surface systems for lunar and Martian mis-
sions must operate under complex radiation environments 
dominated by galactic cosmic rays (GCR), solar protons, 
and secondary neutrons generated within structures. In
addition, spacecraft materials may also encounter trapped
charged particles while traversing the near-Earth radiation
belts during departure from Earth (Durante and Cuci notta,
2011; Durante, 2014; El-Hameed, 2022; Emmanuel, 2017). 
Under these constraints, shielding materials must combine 
effective attenuation with low mass, mechanical robustness, 
thermal stability, vacuum compatibility, and preferably
partial in situ manufacturability (Durante and Cuci notta,
2011; Emmanuel, 2017; Emmanuel an d Raghavan, 2016;
Vafapour and Mortazavi, 2025). Although lead provides 
strong attenuation due to its high density, its toxicity, lim-
ited mechanical performance, and poor formability restrict 
its suitability for advanced space systems. In addition, high 
energy particle inter actions in lead can generate secondary
fragments, protons, and neutrons that require further mit-
igation, often increasing total shield mass (Cherkashina 
et al., 2024). These limitations have motivated extensive 
research into lighter composite alternatives, including poly-
mer systems reinforced with B4C, metal–boron com-
pounds, fiber composites, and cementitious matrices 
containing neu tron-absorbing or high-Z fillers such as
Fe3O4, PbO, Bi2O3, and BaSO4 (Abdo et al., 2003;
Aldhuhaibat et al., 2022; Abual roos et al., 2023;
Cherkashina et al., 2024; Li et al., 2017; Nambiar and
Yeow, 2012; Shamsuzzaman et al., 2019; Al-Buriahi
et al., 2026; Al-Buriahi et al., 2025a). Overall, the field 
shows a clear transition toward multif unctional composite
shielding concepts.

Within this context, alumina (Al2O3) is a widely used 
structural ceramic because of its hardness, chemical stabil-
ity, and thermal resistance. To improve fracture toughness 
and reliability, zirconia toughened alumina (ZTA) systems 
incorporate metastable tetragonal ZrO2 particles stabilized 
with about 3 mol% Y 2O3. Stress-induced transformation of
t-ZrO2 to the monoclinic phase produces local volume
expansion that contributes to transformation toughening
and crack growth suppression (Thompson and Rawli ngs,
1990; Sommer et al., 2012; Zadorozhnaya et al., 2020). 
The resulting Al2O3–ZrO2 system combines high tough-
ness, wear and corrosion resistance, thermal shock toler-
ance, and relatively low production cost, making it
attractive for demanding energy and space applications
(Li et al., 2024; Tan et al., 2019; Maletskii et al., 2025;
Alrowaili et al., 2025; Echeweozo et al., 2026). In parallel, 
low-density bio-derived materials have been explored as 
hydrogen and carbon rich layers that can contribute to 
neutron moderation. Filamentous fungal mycelium forms
a highly porous three-dimensional network with low den-
sity and geometric adaptability (Wösten et al., 2018;
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Cordero et al., 2025). Although its compressive strength 
is significantly lower than that of conventional structural 
materials, typic ally around 0.5 MPa compared with 8.6–
17.2 MPa for standard bricks (Wösten et al., 2018), myce-
lium is better suited as a lightweight conformal coating 
than as a primary load-bearing component. Melanin, a 
complex aromatic biopolymer produced by many fungi,
contains p-electron rich structures and stable radical popu-
lations relevant to radiation interaction processes
(Dadachova et al., 2007; Dadachova et al., 2008). Experi-
mental observations in high radiation environments, 
including studies near Chernobyl and on the exterior of 
the Inter national Space Station, indicate enhanced radia-
tion tolerance in melanized systems (Dadachova et al.,
2007; Dadachova and Casadevall, 2008; Pacelli et al.,
2017; Cordero et al., 2025; Wösten et al., 2018). These 
characteristics suggest that melanin containing mycelium 
layers may provide complementary func tionality in hybrid
shielding architectures when properly integrated.

Despite increasing interest in ZTA ceramics and bio-
derived radiation-interaction materials, a systematic evalu-
ation of a layered ZTA substrate combined with a melanin 
containing mycelium coating for coupled gamma, neutron, 
and charged particle shielding has not yet been reported. In 
this work, radiation shielding is treated as a design target 
for a multilayer ceramic architecture, and the relationships 
between coating composition, thickness, and transport-
based performance are quantifie d using Monte Carlo mod-
eling. The proposed framework explicitly defines coating
density and volume fractions and establishes design maps
that balance mass efficiency, attenuation capability, and
structural considerations for space relevant shielding sys-
tems. The remainder of this article is organized as follows.
Section 2 describes the materials and numerical methodol-
ogy. Section 3 presents the simulation results. Section 4 dis-
cusses the findings in comparison with conventi onal
shielding approaches. Section 5 summarizes the main 
conclusions.

2. Materials and methods

The numerical model represents the ceramic core and 
the bio-based coatings as effective homogeneous layers to 
enable a systematic comparison of composition and thick-
ness effects. The model focuses on structure property links 
at the architectural level, and layer thickness, density, and 
elemental composition are used to reflect processing and
microstructure effects in an effective manner. The results
are discussed as design guidance for selecting candidate
ceramic cores and coating chemistries before processing
and microstructural characterization.

In this study, we examine the radiation shielding perfor-
mance of a hybrid system that combines a composite cera-
mic primary armor with a bio-based coating material. In 
the proposed model, a composite ceramic core is positioned
between two bio-based coating layers. The core serves as
the structural backbone and the primary shielding element,
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while the bio-based layers surround the core, contribute to 
radiation attenuation, and are discussed as a compliant 
coating that may help maintain surface integrity in the
presence of cracking or damage. A schematic representa-
tion of the model is given in Fig. 1, where the central red 
layer represents the composite ceramic core and the two 
outer blue layers represent the bio-based coating layers.

2.1. Materials and compo site design

Alumina (Al2O3) is a ceramic that has been extensively 
studied and is used in many fields such as heterogeneous 
catalysis, abrasives, and structural ceramic materials. Alu-
mina can exist in eight different polymorphs and several 
metastable phase forms, including c, d, j, q, g, h, and v, 
in addition to the thermally stable a phase. The metastable
phases are generally partially disordered and can be
obtained through different synthesis or heat treatment
routes, whereas the stable a-phase is produced by heating
Al2O3 powder in the range of approximately 1000–1200
C (Bodaghi et al., 2008). During such thermal treatments, 
c-Al2O3 may successively transform into the intermediate 
d- and h-Al2O3 phases and then into a-Al2O3. Therefore, 
in this study, dense a-alumina is taken as the base matrix
material for the ZTA compositions considered.

This study considers a hybrid shielding system com-
posed of three zirconia toughened alumina (ZTA) based 
ceramic core compositions and bio-based coating layers 
applied on both faces of the core. As ceramic cores, the fol-
lowing configurations are examined: ZTA, ZTA + SiC, 
and ZTA + Si3N4. ZTA systems are frequently investi-
gated candidates for heavy duty applications and advanced
engineering components because they combine high hard-
ness and wear resistance with transformation toughening,
which can provide relatively high fracture toughness
(Thompson and Rawlings, 1990; Sommer et al., 2012;
Zadorozhnaya et al., 2020; Li et al., 2024; Tan et al.,
2019; Maletskii et al., 2025). In line with reported trends 
in the literature, the SiC and Si3N4 reinforced variants 
are regarded as representat ive core options that may
improve the high temperature stability, thermal shock
Fig. 1. Model of the proposed c
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resistance, and mechanical performance of the ZTA matrix
within practical limits.

In all configurations, the ceramic core layer is treated as 
the main load bearing structure and the primary shielding 
element. In the Monte Carlo model, this layer is repre-
sented as a nearly fully dense homogeneous volume with 
an effective composition for each core option. The ZTA, 
ZTA + SiC, and ZTA + Si3N4 options are implemented 
within the same geometric layout as alternative core mate-
rials, allowing a direct comparison of their behavior. In this
way, the effect of changing the core composition on radia-
tion attenuation and on potential structural performance
can be assessed qualitatively under a common coating
architecture.

Bio-based coating layers are based on fungal mycelium 
and melanized mycelium. Mycelium is the vegetative 
growth form of filamentous fungi and consists of a three-
dimensional, interlocked network of microscopic thread
like hyphae (Wösten et al., 2018). This morphology pro-
vides mycelium-based composites with low density, high 
porosity, moldability, and compatibility with complex
geometries (Wösten et al., 2018; Cordero et al., 2025). 
Existing studies indicate that the compressive strength of 
mycelium blocks is considerably lower than that of conven-
tional clay bricks, therefore, mycelium is generally con sid-
ered more suitable as a lightweight and adaptable coating
layer rather than as a primary structural element (Wösten 
et al., 2018). Its high hydrogen and carbon content may 
offer an additional benefit for neu tron moderation and
the attenuation of low energy particles (Cordero et al.,
2025). The possibility of growing mycelium-based bio com-
posites from small amounts of inoculum using local 
organic waste also suggests potential for in situ fabrication
on Earth and in space environments (Cordero et al., 2025;
Wösten et al., 2018). (see Tables 1 and 2).

Melanin is a high molecular weight pigment synthesized 
by many fungal species and characterized by an aromatic
polymer network (Dadachova et al., 2007; Dadachova
et al., 2008). The main types, eumelanin and pheomelanin, 
contain p-electron rich aromatic rings and stable free rad-
ical populations, which may contribute to interaction with
omposite shielding material.

move_f0005
move_t0010


A. Yıldırım, B. Opçin Advances in Space Research 78 (2026) 3016–3037

Table 1 
Ceramic core configurations considered in this study.

Core label Matrix Reinforcement phases 

ZTA Al2O3 ZrO2 
ZTA + SiC Al2O3 ZrO2 + SiC
ZTA + Si3N4 Al2O3 ZrO2 +  Si  3N4
radiation energy through photon scattering in energy 
ranges dominated by the Compton effect an d through
buffering of radiation induced reactive species
(Dadachova et al., 2008; Dadachova et al., 2007). Observa-
tions from extreme environments such as the Chernobyl 
reactor site, radionuclide contaminated soils, and Antarctic 
sites, as well as experiments on the outer surface of the 
International Space Station, indicate that melanized fungi
can remain viable and, in some cases become dominant
under high doses of ionizing radiation (Dadachova et al.,
2007; Dadachova and Casadevall, 2008; Pacelli et al.,
2017; Wösten et al., 2018). Laboratory studies have 
reported increased growth, enhanced electron transfer 
capacity, and radiation directed growth (radi otropism) in
melanized cells exposed to gamma and X rays
(Dadachova et al., 2007; Robertson et al., 2012). These 
findings suggest that fungal melanin and melanized bio-
mass may serve as functional components for radiation
interaction when combined with suitable architectures
and compositions. Table 3 presents the elemental composi-
tion of melanin and mycelium compiled from the literature 
for use in this study. In the Monte Carlo calcul ations, these
materials are modeled using the average elemental contents
reported in this table.

In this context, three types of bio-based coatings are 
defined on each face of the ceramic core. A coating con-
taining only mycelium, a coating containing only melanin, 
and a coating containing mela nized mycelium. In all cases,
the coating layer is modeled as an effective (homogenized)
material defined by the average elemental composition
reported in Table 3. In the mycelium variant, the coating 
represents the poro us mycelial skeleton together with the
Table 2 
Density and mechanical properties of the ceramic core materials considered 
reported in the literature.

Core material Density [g/cm3 ] Vickers Hardness [GPa] Flexural stren

Al2O3 (alümina) 3.97 17.2 425.23
ZTA 3.8–4.3 13.0–20.0 420.0–500.0
ZTA + SiC 4.11–4.21 18.0–19.0 800.0–1300.0
ZTA + Si3N4 4.10–4.30 12.8–14.3 –

Table 3 
Elemental composition of melanin and mycelium.

Bio-Material C [%] H [%] N [%]

Eumelanin 56.45 3.15 8.49
Pheomelanin 46.24 4.46 9.36
Mycelium 39.81–41.50 4.70–4.80 2.81–3.31
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average elemental composition of the fungal biomass. In 
the melanized mycelium variant, the same morphological 
skeleton is assumed, but with an increased volume and 
mass fraction of melanin pigment. This composite architec-
ture between core and coating thus spans four
configurations:

• ceramic core only,
• ceramic core with mycel ium coating,
• ceramic core with mela nin coating,
• ceramic core with melanized mycelium coating.

This definition provides a design space that allows a 
direct comparison of these configurations. It also estab-
lishes the basis for the systematic investigation of the atten-
uation behavior of different core coating combinations
under gamma, neutron, and charged particle radiation
fields in the following sections.

2.2. Radiation types and Monte Carlo modelling

In this study, the attenuation performance of the mod-
eled composite material against different types of ionizing 
radiation is evaluated using a set of quantitative parame-
ters. The radiation types considered are gamma photons, 
neutrons, and charged particles. To characterize attenua-
tion, the linear attenuation coefficient (LAC), mass attenu-
ation coefficient (MAC), half-value layer (HVL), tenth-
value layer (TVL), and mean free path (MFP), as well as
fast and slow neutron removal cross sections, are used.
The main definitions and calculation procedures for the
parameters related to gamma photons and charged parti-
cles are summarized in Table 4 (Yıldırım, 2024b). In the 
equations listed in Table 4, x denotes the material thick-
ness, I is the number of photons transmitted through the
material without interaction, is the number of incide nt
photons, and is the material density. These parameters 
allow the shielding efficiency of different core and coating 
configurations to be assessed both in absolute terms and
comparatively.

I0 
q 
in this study. Values are approximate and compiled from typical ranges

gth, [MPa] Fracture toughness, [MP m1/2 ] Ref. 

3.95 Gafur et al. (2021)
4.0–9.0 Gafur et al. (2021, 2024)
7.0–10.0 Chai et al. (2023)
6.5–8.0 Tan et al. (2019)

O [%] S [%] Ref. 

31.82 0.09 Tong et al. (2023, 1985)
30.16 9.78 Tong et al. (2023, 1985)
– – Hnydiuk-Stefan et al. (2024)

a 
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Table 4 
Common attenuation parameters and their calculation methods

Parameter Equation 

Linear attenuation coefficient (LAC) [1/cm]
Mass attenuation coefficient (MAC) [cm2/g]
Half-value layer (HVL) [cm]
Tenth-value layer (TVL) [cm]
Mean free path (MFP) [cm]

l 1 
x ln I 

I0
lm q 

l 

ln 2 

l 

l 
ln 10

1 
l

To examine the accuracy and consistency of the Monte 
Carlo approach used in this work, two computational tools 
are compared for basic con stituent materials (Al2O3, SiC,
and Si3N4). The first tool is XCOM (Berger et al., 2010), 
which is commonly used to calculate mass attenuation 
coefficients, and the second is Geant4 (Agostinelli et al.,
2003; Allison et al., 2006; Allison et al., 2016), which 
enables detailed particle transport and interaction simula-
tions. XCOM has a relatively simple interface, and provid-
ing the atomic composition for material is generally 
sufficient to obtain photon interaction coefficients. Geant4, 
in contrast, is widely used in high energy, nuclear, and 
accelerator physics applications as well as in medical phy-
sics and space research, and it allows simulations to incor-
porate explicit ge ometries, material definitions, and source
configurations that approximate an experimental setup
rather than relying solely on average material parameters.
In this study, XCOM results are used as a reference to val-
idate the Geant4 based Monte Carlo model with respect to
photon interactions.

Fig. 2 shows the Geant4 Monte Carlo setup used to 
model the composite material. The gamma beam propa-
gates in the + z direction (shown in green in the visualiza-
tion). The beam is centered at z = −20 cm and is defined 
within a circular source area in the x–y plane. The nominal
beam diameter is 2 cm; however, the spatial spread is mod-
eled with a radial Gaussian standard deviation of = 
0.2 mm. Thus, the beam spot size is primarily determined
by , while the circular boundary (radi us 1.0 cm) acts as

rr 

rr
Fig. 2. Monte Carlo e
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an upper limit. The red layer represents the ceramic core, 
and the blue layers on the front and rear faces correspond 
to the bio-material coatings. The cylindrical grey volume 
behind the composi te models the detector that counts pho-
tons transmitted through the material without interaction.
In the Monte Carlo calculations, 10,000,000 primary parti-
cles were generated for each run, and the number of 
particles I that reached the detector without interaction
was recorded.

In this study, the attenuation behavior of the composite 
material against fast and thermal neutrons is also evalu-
ated. The main neutron attenuation parameters are sum-
marized in Table 5, and their calculation is carried out in 
a manner analogous to the attenuation appro ach applied
for gamma rays. In the equations given in Table 5, A 
denotes the absorption cross section, S the scattering cross 
section, Ni the number of nuclei per unit volume of the i-th
element in the mixture or compound, the density of the i-
th component, Fw the mass fraction of that component,
and t is the material thickness (Akyıldırım, 2019; El-
Khayatt, 2010; Gaylan et al., 2021; Almisned et al., 2024;
Yıldırım, 2024a). For the generalized macroscopic neutron 
removal cross section, denotes the partial density of the 
c-th compound and denotes the density of the ov erall
sample, with Accordingly, the generalized 
macroscopic neutron removal cross section can be written
as Using 
these definitions, the macroscopic neutron removal cross 
sections and the corresponding transmission factors for 
fast and thermal neutrons are calculated, thereby allowing
the neutron shielding effectiveness of different composite
configurations to be compared.

2.3. Performance metrics and data analysis

In this study, the shielding performance of the proposed 
composite panel architecture against ionizing radiation is
evaluated systematically by considering both particle

(I0) 

r
r

qi 

qc 
qs 

qc F w cqs .

RRs 
n 
c 1qc RR q c 

n 
c 1 F w cqs RR q c.
xperimental setup.
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Table 5 
Common equations for neutron removal cross-sections.

Parameter Equation 

Total cross-section 
Total macroscopic cross-sectio n
Macroscopic neutron removal cross-section
Generalized macroscopic neutron removal cross-section = 
Macroscopic removal cross-sectio n
Transmission factor (TF)

(rT ) rA r S
(RT ) iN i 

(RR) iqi 
(RRs)

n 
c 1qc RR q c

n 
c 1 F w cqs

(R) 1 
t ln I I0

I I0
properties and material parameters. In all scenarios, the 
primary quantities are the number of incident particles

and the number of particles transmitted through the 
material without interaction (I). For gamma photons, the 
linear and mass attenuation coefficients, half-val ue layer
(HVL), and tenth-value layer (TVL) are calculated using
standard definitions derived from the ratios. The 
resulting parameters are compared among the reference 
panel with a ceramic core, the panel with a mycelium coat-
ing, and the panel with a melanized mycelium coating, and 
are also discussed in relation to typical values reported in
the literature for standard shielding materials such as con-
crete, lead, and water.

For neutrons, the total and removal cross sections and 
the energy dependent spectral hardening behavior are 
examined, with particular attention to the influence of the 
hydro gen rich mycelium layer on the thermal and fast neu-
tron components. To make the effects of energy and thick-

(I0) 

I I0 
Fig. 3. Presentation of linear attenuation coefficient (LAC) p
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ness more transparent, selected shielding quantities are 
plotted as a function of panel thickness for representative 
energy ranges. Finally, the percentage improvements pro-
vided by the mycelium and melanized mycelium coated 
panels relative to the bare ceramic reference are calculated 
for all indica tors, so that the contribution of the bio-based
coatings in gamma, neutron, and charged particle fields can
be assessed in a unified framework together with standard
shielding materials.

3. Result s

To demonstrate the consistency of the Monte Carlo sim-
ulations, all constituent components of the composite sys-
tem were evaluated for gamma ray attenuation using 
both XCOM and Geant4. As an initial validation step,
we first examined the linear attenuation coefficient and
used it to assess the consistency of the simulation
lots for the XCOM–Geant4 comparison (biomaterials).
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approach. Fig. 3 and Fig. 4 presents the LAC results for 
both the bio-based materials and the ceramic composite 
constituents. The comparisons were performed over a wide 
photon energy range of approximately 10−3 – 105 MeV.
Since the XCOM calculations and Geant4 simulations were
Fig. 4. Presentation of linear attenuation coefficient (LAC) plots for the X

Fig. 5. Comparison of the linear attenuation coefficients. The graph includes L

3022
generated using the same chemical compositions and den-
sity definitions, the observed agreement supports consis-
tency in the modeling workflow. Overall, the curves show 
good agreement across the full energy range, which sup-
ports the use of the Geant4 model for the subsequent mul-
COM–Geant4 comparison (ceramic matrices and composite systems).

AC of the ordinary portland concrete and lead along with the composites.
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tilayer analyses. After this validation, Geant4 was used as 
the main tool to evaluate architectural details that XCOM 
cannot represent directly, including multilayer geometries, 
coating thickness effects, and realistic source – detector 
configurations. The small differences observed near atomic
shell transition regions are expected and can arise from dif-
ferences in cross-section libraries, physics models, statisti-
cal uncertainty, and idealized geometry conditions.

3.1. Gamma shielding performance

In this section, the Geant4 Monte Carlo toolkit was 
used to calculate gamma ray attenuation parameters for
Fig. 6. Mass attenuation coefficient (MAC) as a function of photon energ
considered in this study.

Fig. 7. Half-value layer (HVL) versus photon energy for 
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ionizing radiation. The model was not limited to material 
elemental compositions, it also included an explicit geome-
try with the source, the shielding sample, and the detector. 
As a first step, all constituent s of the proposed composite
system were evaluated in terms of the linear attenuation
coefficient (LAC), and reference materials were included
for comparison. Fig. 5 presents the LAC curves for all can-
didate components that can form the composite structure.

Overall, the curves show three typical energy dependent 
regions. A steep decrease at low energies, a more gradual 
decrease at intermediate energies, and a weak energy
dependence at higher energies. When the composite
options are compared with each other, no clear separation
y for the candidate composite constituents and the reference materials

the composite configurations and reference materials.
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is observed based on LAC alone. However, all composite 
options show higher attenuation than concrete, which is 
commonly used as both structural and shielding material. 
Lead is clearly separated from both concrete and the com-
posite options, especially at low energies. The zoomed 
region highlights the phot on energy range that is common
for many gamma ray applications. In this range, the com-
posite options continue to outperform concrete, while the
LAC values of lead move closer to those of the other
materials.

Fig. 6 presents the mass attenuation coefficients (MAC) 
of the composite options and the reference materials ov er a
wide photon energy range. MAC is the linear attenuation
Fig. 8. Tenth-value layer (TVL) versus photon energy for

Fig. 9. Mean free path (MFP) versus photon energy for
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coefficient (LAC) normalized by density and expresses 
attenuation on a mass basis (cm2 /g). For this reason, 
MAC curves can show trends similar to LAC, while also
allowing a more direct comparison of materials with differ-
ent densities on a mass normalized scale.

Overall, the plot can be divided into three characteristic 
energy regions. A steep decrease in MAC at low energies, a 
smoother and more gradual decrease over the intermediate 
energy range, and a weaker energy dependence at higher 
energies. When the composite materials are compared with
each other, the MAC curves show a clearer separation than
the LAC results. This separation is most visible in the inter-
mediate energy region, where some composite options exhi-
 the composite configurations and reference materials.

the composite configurations and reference materials.



A. Yıldırım, B. Opçin Advances in Space Research 78 (2026) 3016–3037
bit slightly higher or lower MAC values than others. This 
observation suggests that once density is normalized out, 
differences in elemental content and composition become
more apparent in the mass-based attenuation behavior.

The zoomed window in Fig. 6 highlights the energy 
range where the MAC values of the composite and refer-
ence materials move closer together, making direct com-
parisons easier. The limited spread between cu rves in this
region indicates that the relative ranking of materials can
be energy dependent, and that the interpretation should
Fig. 10. Macroscopic cross-section as a fu

Fig. 11. Macroscopic cross-section a

3025
be based on the target energy range rather than a single
energy point.

In addition to LAC and MAC, the other gamma shield-
ing metrics evaluated in this study are HVL, TVL, and 
MFP. These parameters are derived from LAC and are 
directly related to thickness, allowi ng the required charac-
teristic material thickness to be interpreted for a given level
of attenuation. The HVL, TVL, and MFP curves shown
between Figs. 7–9 were calculated from the LAC data 
using the definitions provided in Table 4, therefore, their
nction of neutron energy for all cases.

s a function of neutron energy.
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overall energy-dependent behavior is consistent with the 
trends observed for LAC and MAC. Because the corre-
sponding curves for the different composite configurations 
were found to be very close to one another, these figures 
were simplified to improve readability and reduce visual
crowding. For this reason, only the ZTA + Si3N4-contain
ing composite cases are presented in these plots as repre-
sentative examples.

Across the plots, a rapid increase is observed when mov-
ing from low to intermediate photon energies, followed by
a clear but slower increase in the intermediate energy
Fig. 12. Transmission factor for fast

Fig. 13. Transmission factor for t

3026
range, and then a region at higher energies where the 
energy dependence becomes weaker. As in the LAC results, 
the separation among the composite options remains lim-
ited, and the HVL, TVL, and MFP values for the different 
core and coating combinations lie within a narrow band. 
This indicates that, when evaluated using these thickness-
based metrics, the composite configurations show broadly
similar gamma shielding behavior. Compared with the ref-
erence materials, the composite curves are located below
concrete and above lead, which implies that, for the same
attenuation target, the composites would require less geo-
 neutron s (2 MeV) vs thickness.

hermal neutrons vs thickness.
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Fig. 14. Depth dependent LET profiles obtained from TRIM for incident protons of 10–50 MeV in the multilayer design.
metric thickness than concrete but more thickness than
lead.

3.2. Neutron attenuati on

The neutron attenuation characteristics of the bio addi-
tive composite material studied in this work were evaluated
using Geant4, and the results are presented between
Figs. 10–13. As noted earlier, the graphical presentation 
was again simplified here to improve readability and reduce
visual density. Fig. 11 shows the energy dependence of the 
macroscopic removal cross-sections of the bio additive 
composite options over the 2–10 MeV ran ge. A key obser-
vation is that, unlike the gamma shielding metrics, the sep-
3027
aration among materials is more pronounced. The curves 
indicate that the composites containing mycelium as the 
bio additive generally have lower macroscopic removal 
cross-sections. For the melanin containing composites, 
the curves are close to each other over most of the range, 
but one option can show a higher removal cross-section
than another in specific energy intervals. This indicates
that, for neutron shielding, material selection should be
based on the target energy band rather than a single energy
point.

Fig. 12 presents the thickness dependence of the trans-
mission factor for fast neutrons (2 MeV), with the compos-
ite options shown together with reference materials. In this
plot, the mycelium containing composites show higher
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Fig. 15. Stopping power graph of bio layer.

Fig. 16. Stopping power graph of ceramic core.
transmission factors, similar to concrete, meaning that they 
allow more neutrons to pass through at the same thickness. 
While water gives the lowest transmission fact ors, the mel-
anin containing composites approach the water trend and
can yield lower transmission factors than lead. Fig. 13 
shows the transmission factors for thermal neutrons, where 
the separation among materials becomes even more evi-
dent. Water shows the strongest attenuation with the low-
est transmission factor, whereas the ZTA + mycelium 
configuration shows the weakest attenuation with the high-
est transmission factor. Lead also shows higher transmis-
sion factors, similar to the mycelium containing options,
while the melanin containing composites fall between water
and the mycelium containing materials. Overall, these
3028
results suggest that the type of bio additive can have a clear 
impact on neutron transmission behavior, especially in the
thermal neutron region.

3.3. Proton atte nuation

Charged particle (proton) interactions were evaluated 
using the SRIM/ TRIM Monte Carlo tool (Ziegler et al.,
2010). Since the overall trends in the gamma and neutron 
attenuation results suggested a similar basis for compar-
ison, the proton analysis was continued using a single 
selected bio additive composite design. The bio-based layer
was defined as a mixture of 25% mycelium and 75%
pheomelanin, while the ceramic core was defined as a mix-
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Fig. 17. Depth dependent LET profiles (Bragg curves) for 10–50 MeV protons.
ture of approximately 97% ZTA and approximately 3% 
Si3N4. Consistent with the earlier modeling approach, a 
three-layer geometry was defined with a ceramic core in 
the middle and bio-based layers on the front and back sur-
faces. The ceram ic layer thickness was set to 5 mm, and
each bio layer thickness was set to 2 mm, and the structure
was implemented in a format compatible with SRIM/
TRIM.

Fig. 14 presents the depth dependent proton behavior 
and LET profiles for incident proton energi es from 10 to
50 MeV in this three-layer design. In Fig. 14a, 10 MeV pro-
tons enter the first 2 mm bio layer and lose their full energy 
within that layer. As proton energy increases, the particle
range increases and the protons penetrate deeper into the
ceramic core. Up to 45 MeV (Fig. 14h), the protons are 
observed to complete their energy loss within the ceramic
layer, whereas at about 50 MeV (Fig. 14i) the protons 
can pass through all three layer s and exit the shielding sys-
tem. Across Figs. 14a–14i, the Bragg region, where the pro-
tons stop and deposit most of their energy, can be identified 
clearly. This is important because it indicates where the 
maximum energy deposition, and therefore potential dam-
age, is concentrated within the layered structure. Based on
the target proton energy range, the optimum layer thick-
nesses can therefore be selected by considering the position
of the Bragg region.

Figs. 15–17 presents summary plots of the stopping 
power and LET behavior derived from SRIM/TR IM data
for the selected three-layer structure. Fig. 15 shows the 
energy dependence of the total stopping power in the bio 
layer, together with the electronic and nuclear contribu-
tions to this total. Similarly, Fig. 16 provides the same 
decomposition for the ceramic core. For both materials, 
the main contribution to the total stopping power comes
3029
from electronic interactions, while the nuclear contribution 
remains secondary over the considered energy range.

Fig. 17 shows the depth dependent LET profiles, i.e., the 
Bragg behavior, for protons in the 10–50 MeV range along 
the target depth axis. The curves clearly indicate that LET 
increases toward the end of the proton range and that the 
maximum energy deposition occurs in this region. The 
same plot also allows changes in LET levels at the transi-
tions between layers to be observed, which makes it possi-
ble to track the depth intervals where energy deposition
becomes concentrated within the three-layer architecture.

An incident and transmitted proton spectrum compar-
ison was also performed for two representative shield 
thicknesses, 9 mm and 5 cm, to evaluate how the multi-
layer structure modifies a space relevant mixed proton 
field. In this analysis, the incident proton spectrum was 
defined as a simplified composite distribution consisting,
in energy contribution terms, of approximately 70%
trapped protons, 20% solar energetic particles (SEPs),
and 10% galactic cosmic ray (GCR) protons. As shown
in Fig. 1 8, the resulting front and back spectra provide 
a direct view of the thickness dependent spectral redistri-
bution after passage through the shield and complement
the stopping power and LET based interpretation of pro-
ton attenuation.

For both thicknesses, the transmitted spectrum is shifted 
toward higher energies and shows a clear reduction in the 
low energy proton population after passage through the 
shield. This effect is more limited for the 9 mm configura-
tion, whereas the 5 cm shield produces a much stronger 
suppression of the lower energy part of the spectrum and
a more pronounced overall reduction in transmitted
counts. These results indicate that increasing shield thick-
ness leads to stronger spectral filtering of the incident pro-
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ton field and improves attenuation particularly in the lower
energy region.

3.4. Final composite design vs reference materials

Figs. 19–23 summarizes the gamma shielding metrics 
(LAC, MAC, HVL, TVL, and MFP) of the selected final 
composite design together with the concrete and lead refer-
ence materials over a wide photon energy range. Overall, 
the plots show that the composite design falls between con-
crete and lead in terms of performance within the studied 
energy band. As the photon energy increases, LAC and
MAC decrease as expected, while the thickness-based met-
rics derived from LAC (HVL, TVL, and MFP) increases.
As a result, this summary provides a clear, side-by-side
comparison of the gamma shielding behavior of the final
Fig. 18. Comparison of the incident (front) and transmitted (back) proton ener
The results illustrate the thickness dependent modification of the proton spect

3030
composite design relative to the reference materials and 
highlights the main energy-dependent trends.

Figs. 24–26 presents, for the final composite design, the 
energy dependence of the macroscopic removal cross-
section over the 2–10 MeV range together with the thick-
ness dependent transmission factors for fast (2 MeV) and 
thermal neutrons. The macroscopic cross-section plot 
shows that the interaction probability varies with neutron 
energy and that the attenuation tendency can change 
across different energy intervals. In the transmission factor 
plots, the transmission factor decreases steadily with
increasing thickness for both fast and thermal neutrons,
indicating that greater material thickness reduces neutron
transmission and improves attenuation. Including the ref-
erence materials on the same axes makes it easier to evalu-
ate the relative position of the final composite design in
gy spectra for two representative shield thicknesses: (a) 9 mm and (b) 5 cm.
rum after passage through the multilayer shielding structure.
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Fig. 19. LAC of the final composite design compared with reference materials.

Fig. 20. MAC of the final composite design compared with reference materials.
both the fast and thermal neutron regions. In this way, the 
results provide a compact and comparable summary of the 
neutron shielding behavior of the selected design, highlight-
ing its dependence on both energy and thickness for the
fast and thermal components.

4. Discuss ion

This study systematically evaluated the shielding per-
formance of a multilayer architecture consisting of a 
ZTA based ceramic core with bio-based coating layers 
on bot h faces. For photon interactions, Geant4 results
were first compared with XCOM to verify the modeling
3031
workflow, after which gamma shielding metrics were ana-
lyzed using the multilayer capability of Geant4. For neu-
trons, energy and thickness dependent behavior was 
assessed through macroscopic removal cross sections 
and transmission factors. For charged particles, SRIM/ 
TRIM was used to obtain stopping power and LET pro-
files and to characterize proton range and Bragg behav-
ior within the three-layer structure. This integrated
approach allows gamma, neutron, and proton responses
to be interpreted within a common architectural frame-
work, where layer thickness and effective composition
serve as design level descriptors for subsequent material
optimization.
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Fig. 21. HVL of the final composite design compared with reference materials.

Fig. 22. TVL of the final composite design compared with reference materials.
The gamma analysis shows that the different core and 
coating combinations follow similar trends over a broad 
energy range, and no strong separation among the compos-
ite options appears in LAC based comparisons. This 
behavior indicates that photon attenuation is primarily 
governed by the dominant energy dependent interaction 
mechanisms, while compositional variations among the 
studied options have limited influence at the LAC level.
However, the MAC results reveal small but noticeable dif-
ferences in selected energy intervals once density normal-
ization is applied. This observation supports the use of
multiple metrics and emphasizes the importance of focus-
ing on the relevant energy band rather than relying on a
3032
single indicator. The monotonic increase of HVL, TVL, 
and MFP with photon energy further confirms that higher 
energy photons require greater geometric thickness to
achieve equivalent attenuation.

Compared with the gamma results, the neutron analysis 
shows clearer separation among materials. In the 2– 
10 MeV range, the macroscopic removal cross sections 
indicate that interaction probability varies with the selected 
bio additive. Transmission factor results demonstrate the 
expected decrease with increasing thickness for fast neu-
trons, while material dependent differences become more
visible in the thermal region. These trends confirm that
neutron attenuation is more sensitive to compositional
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Fig. 23. MFP of the final composite design compared with reference materials.

Fig. 24. Macroscopic cross-section as a function of neutron energy.
effects than photon attenuation within the studied configu-
ration. Although water provides strong attenuation as a 
reference medium, it is not a structural material, therefore 
the more meaningful engineering comparison is the relative
position of the composite system with respect to concrete
and lead.

The proton analysis provides a direct design level view 
of multilayer performance across the investigated energy 
range. The SRIM/TRIM calculations show that proton 
range increases with energy and that peak energy deposi-
tion occurs near the Bragg region. For the selected thick-
nesses, low energy protons are stopped within the first
3033
bio layer, whereas higher energy protons penetrate into 
the ceramic core, and up to approximately 45 MeV the 
energy loss is completed within the ceramic region. At 
around 50 MeV, protons can traverse all three layers and 
exit the structure, indicating that thickness re optimization
would be required for higher energy targets. These results
highlight the importance of locating the Bragg region when
selecting layer thicknesses in multilayer shielding designs.

Engineering level comparisons with reference materials 
help place the final configuration in context. For photon 
attenuation, the composite system falls between concrete
and lead, indicating an intermediate but clearly bounded
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Fig. 25. Transmission factor for fast neutron s (2 MeV) vs thickness.

Fig. 26. Transmission factor for thermal neutrons vs thickness.
performance range. For neutrons, the macroscopic cross 
section and transmission results confirm that performance 
depends on both energy and thickness, while remaining 
comparable with conventional references for fast and ther-
mal components. Accor dingly, the final material selection
was based on a multi component evaluation strategy that
accounts for the geometric effects of the layered
architecture.

Several limitations should be noted. First, although 
overall agreement between Geant4 and XCOM is satisfac-
tory, small deviations near atomic shell transition regions 
may aris e from differences in cross section libraries, physics
models, and statistical uncertainty. Second, the bio-layers
3034
were treated as homogenized media, whereas real systems 
may exhibit additional variability due to porosity, moisture 
content, and microstructural heterogeneity. Third, SRIM/ 
TRIM provides detailed stopping power and LET informa-
tion for monoenergetic protons, but secondary processes 
that may occur under broader source spectra and realistic
space environments were beyond the present scope. Future
studies should therefore address variability in bio derived
layers and extend the analysis to more complex irradiation
conditions.

Although the present study was formulated as a compu-
tational design and screening framework, experimental val-
idation remains an important next step. Future work may
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therefore include gamma, neutron, and proton irradiation 
tests on representative multilayer specimens to compare 
measured attenuation behavior with the present simulation 
results. Such validation would also help assess the effects of 
processing-related factors, including porosity, interfacial
features, and compositional heterogeneity, which were
treated here in an effective homogenized manner.

5. Conc lusion

This study evaluated the gamma, neutron, and proton 
shielding performance of a multilayer architecture consist-
ing of a ZTA ceramic core and bio-based coating layers 
using a Monte Carlo framework benchmarked against
XCOM for photon interactions. The main findings can
be summarized as follows.

• The Geant4 and XCOM results showed good agree-
ment, supporting the consis tency of the photon attenua-
tion model.

• The final composite design exhibited gamma shielding 
performance between concrete and lead, while the
required thickness increased with photon energy.

• Neutron transmission factors decreased with increasing 
thickness, and material-dependent differences became
more pronounced in the thermal region.

• The proton analysis identified the Bragg region within 
the multilayer structure and showed that opt imum layer
thickness depends strongly on the target proton energy
range.

Overall, the results support a multi-metric, architecture-
oriented strategy for shiel ding design in mixed radiation
environments.
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