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Introduction

Long-duration human missions beyond Earth’s magnetosphere 
expose crews to an intense mixed radiation field dominated 
by Galactic Cosmic Rays (GCRs) and Solar Particle Events 

(SPEs). Unlike Low Earth Orbit (LEO), where the Van Allen belts and  
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ABSTRACT
Background: Long-duration space missions expose astronauts to hazardous radia-
tion, including Galactic Cosmic Rays (GCRs) and Solar Particle Events (SPEs), pro-
ducing secondary neutrons that penetrate spacecraft. Traditional aluminum shielding 
is inefficient and generates secondary particles, necessitating lightweight, multifunc-
tional composites for effective radiation protection. 
Objective: This study aims to optimize neutron shielding composites using Cad-
mium (Cd) and Lithium (Li) compounds within an Unsaturated Polyester Resin (UPS) 
matrix, targeting maximum attenuation of fast and thermal neutrons, validated through 
both experimental measurements and Geant4 simulations, while assessing mechanical 
properties for spacecraft use.
Material and Methods: This study combined experimental and simulation 
methods. Seven composites, each with 90 weight percentage (wt%) UPS and 10 wt% 
Cd and Li compounds (LiOH or LiBr), were synthesized. Neutron attenuation was 
tested using a 239Pu–Be source, measuring thermal (<0.5 eV) and fast (>0.5 MeV) neu-
tron fluxes. Mechanical properties were evaluated via nanoindentation, with Geant4 
Monte Carlo simulations providing comparative data. 
Results: The Cd₅_LiOH₅ composite achieved 92.35% thermal neutron attenuation 
(99.65% simulated) at 25 mm, while Cd₂.₅_LiOH₇.₅ exhibited 36.2% fast neutron at-
tenuation (38.7% simulated) at 25 mm. Simulations demonstrated strong agreement 
with experiments across most composites, with relative differences generally below 
10%, except for thin samples or materials with heterogeneous filler distribution. The 
Cd₂.₅_LiBr₇.₅ composite showed superior hardness (0.10 GPa) and modulus (0.7 GPa).  
Conclusion: UPS-based composites with Cd and Li offer effective neutron shield-
ing and enhanced mechanical properties, validated by Geant4 simulations. These  
materials are promising for radiation protection in deep space missions.
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geomagnetic field provide substantial shield-
ing, deep space environments offer minimal 
protection against high-energy protons, heavy 
ions, and secondary neutrons. These neutrons 
are generated when energetic primary neu-
trons interact with spacecraft structural mate-
rials, initiating cascades of secondary and ter-
tiary particles. These cascades can penetrate 
habitat modules and contribute significantly to 
astronauts’ absorbed dose equivalent. Conse-
quently, reliable attenuation of both fast neu-
trons (>0.5 MeV) and thermal neutrons (<0.5 
eV) is critical for mitigating long-term health 
risks, including carcinogenesis and Central 
Nervous System (CNS) damage [1-3].

Traditional passive shielding strategies have 
predominantly relied on aluminum and steel 
alloys, valued for their structural integrity 
but suboptimal for neutron moderation and 
absorption. When GCR protons, particularly 
those with energies up to several GeV, col-
lide with high atomic number (Z) metals, they 
generate prolific spallation neutron reactions. 
These reactions, in turn, produce further sec-
ondary particles deeper within the structure. 
The inherent inability of pure metals to ef-
fectively moderate and absorb these neutrons 
without concurrently generating high-energy 
secondary gamma photons necessitates hybrid 
approaches incorporating hydrogen-rich mod-
erators and dedicated neutron absorbers [4-7]. 
Terrestrially, heavy concrete and borated poly-
ethylene are standard for neutron shielding, 
but their mass penalties and mechanical limi-
tations render them impractical for spacecraft 
applications, where every kilogram impacts 
mission cost and propulsion requirements  
[8-10]. Hydrogenated polymers present an 
attractive alternative due to their low atomic 
weight and high hydrogen density, facilitat-
ing efficient elastic scattering of fast neu-
trons down to thermal energies. However, 
polymers alone lack significant thermal neu-
tron capture capability and often depend on 
external Cadmium (Cd) or Boron (B) layers 
for radiative absorption. Cadmium, with its 

exceptional thermal neutron absorption cross-
section (~2.45×10³ barns at 0.025 eV), func-
tions as a potent single-element absorber when  
dispersed within polymer matrices [11-13]. 
Complementarily, Lithium-6 (natural abun-
dance ~7.5%, absorption cross-section ≈940 
barns at 0.025 eV) offers the advantage of 
minimal gamma-ray emission upon neutron 
capture, thereby reducing secondary photon 
hazards within habitats [14,15].

Composite materials synergistically com-
bining hydrogen-rich polymers with dispersed 
neutron absorbers promise a balanced solu-
tion: rapid moderation of fast neutrons via 
proton collisions, followed by efficient cap-
ture of thermalized neutrons. Previous studies 
indicate that embedding boron carbide or gad-
olinium powders into epoxy or polyethylene 
matrices can achieve up to 50% reduction in 
thermal neutron transmission at moderate are-
al densities [16-18]. However, challenges such 
as filler agglomeration, polymer curing kinet-
ics, and degradation of mechanical properties 
have hindered the practical implementation of 
these composites in aerospace structures.

Unlike previous studies that employed boron 
or gadolinium based fillers, the present work is 
the first to demonstrate a co doped unsaturated 
polyester composite in which cadmium (high 
σth) and 6Li (low γ absorber) act synergistically 
to maximize both thermal (≤0.5 eV) and fast 
(>0.5 MeV) neutron attenuation while pre-
serving aerospace grade processability.

Unsaturated Polyester Resin (UPS) is a ther-
mosetting polymer distinguished by its rapid 
cure kinetics, processing ease, and favorable 
mechanical properties across wide tempera-
ture ranges. Its low viscosity at ambient tem-
perature enables high filler loadings of partic-
ulate additives without excessive shear energy 
input, while its fast cure time (minutes versus 
hours) minimizes filler sedimentation. These 
attributes make UPS an ideal host matrix for 
dispersed metallic powders in fabricating neu-
tron-attenuating panels [19,20].

Our objectives are threefold: (1) to  
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determine the optimal combination of cad-
mium and lithium compounds for maximal 
attenuation of both fast and thermal neutrons; 
(2) to validate the fidelity of Geant4 simula-
tions in predicting composite performance 
across varying thicknesses; and (3) to assess 
the mechanical viability of these composites 
for potential integration into spacecraft struc-
tural elements. By combining experimental 
and computational approaches, we aim to es-
tablish a design methodology for lightweight, 
multi‐functional neutron shields that satisfy 
the stringent mass, mechanical, and radia-
tion‐protection criteria of long‐duration space  
missions.

Material and Methods
In this experimental and simulation study, 

neutron-shielding composites were synthe-
sized using unsaturated polyester resin (UPS, 
commercially known as “Polyester”) as the 
base matrix. A total of seven formulations 
were developed, each containing 90 weight 
percentage (wt%) UPS and 10 wt% of metallic 
and lithium-based additives. These included a 
single-component sample with 10 wt% cad-
mium powder (Cd₁₀) and six dual-component 
samples that combined cadmium with lithium 
hydroxide or lithium bromide in various ratios: 
2.5% Cd/7.5% LiOH (Cd₂.₅_LiOH₇.₅), 7.5% 
Cd/2.5% LiOH (Cd₇.₅_LiOH₂.₅), 5% Cd/5% 
LiOH (Cd₅_LiOH₅), 2.5% Cd/7.5% LiBr 
(Cd₂.₅_LiBr₇.₅), 7.5% Cd/2.5% LiBr (Cd₇.₅_
LiBr₂.₅), and 5% Cd/5% LiBr (Cd₅_LiBr₅).

Precise quantities of the resin and  

powders were weighed on an analytical bal-
ance and mechanically mixed for two minutes 
to promote initial dispersion. Methyl Ethyl 
Ketone Peroxide (MEKP, 1.38 wt%) was in-
troduced as the catalyst, and the mixtures 
underwent five minutes of ultrasonic agita-
tion to ensure uniform filler distribution. The 
composites were cast into cylindrical molds 
(radius =5 cm) at three nominal thicknesses 5 
mm, 10 mm, and 25 mm and allowed to cure 
at ambient temperature. Rapid gelation of the 
resin prevented significant sedimentation of 
the fillers. Figure 1 displays the three fabri-
cated sample types [21-22].

Neutron‐attenuation performance was as-
sessed by measuring the transmitted flux 
through each composite sample and compar-
ing it to the unshielded flux. A ²³⁹Pu–Be neu-
tron source (activity 1.17×1012 Bq), moder-
ated within a 32 cm‐diameter steel canister 
filled with paraffin, emitted a broad energy 
spectrum. Downstream detection employed a 
boron‐coated proportional counter to record 
thermal neutrons (<0.5 eV) and a cadmium‐
lined polyethylene detector for fast neutrons 
(>0.5 MeV). For each sample and thickness, 
the reference flux (I₀) was measured without 
a specimen in place, then the transmitted flux 
(I) was recorded with the composite inter-
posed. Shielding effectiveness was quantified 
via the transmission ratio T=I/I₀ and expressed 
in terms of ln T for direct comparison across  
materials (Figure 2).

Mechanical properties of the cured com-
posites were characterized by depth‐sensing 

Figure 1: Images of the three fabricated samples
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nanoindentation on a Hysitron TriboScope 
instrument fitted with a Berkovich diamond 
indenter. Tests were performed at a constant 
peak load of 1 mN, and the resulting load– 
displacement curves were analyzed according 
to the Oliver–Pharr method to extract Young’s 
modulus and hardness values in compliance 
with American Society for Testing and Ma-
terials (ASTM) E2546 15 and ISO 14577 1 
standards. Samples exhibiting the highest and 
lowest hardness metrics were further exam-
ined by Atomic Force Microscopy (AFM) to 
correlate surface topography with mechanical 
performance at the nanoscale [23-26].

Complementary Monte Carlo simulations 
were carried out in Geant4 v11.1.0 [27] using 
the Quark–Gluon String Precompound Binary 
Cascade High Precision (QGSP_BIC_HP) 
physics, list, which incorporates high‐pre-
cision neutron scattering (G4HadronPhys-
icsQGSP_BIC_HP), hadronic and electro-
magnetic processes, and radioactive decay 
models [21,28]. The simulated geometry pre-
cisely replicated the experimental arrangement,  
including the paraffin‐moderated source con-
tainer, sample holder, and detector volumes. 
Neutron emissions from the ²³⁹Pu–Be source 
were modeled isotropically up to the maxi-
mum energy of 11 MeV (mean energy ≈4.1 
MeV, and energy filters were applied to dis-
tinguish thermal from fast neutrons in the 

scoring volumes. Each simulation tracked 
2×109 primary neutrons, achieving statistical  
uncertainties below 0.5%. Transmission ra-
tios from the simulation (I_sim/I₀_sim) were  
directly compared with experimental T values 
to validate the computational model and as-
sess its predictive accuracy for each composite 
formulation [29-32].

Results
The neutron-attenuation performance of 

polyester-based composites (90 wt% polyester 
+10 wt% additives) was assessed under both 
thermal and fast neutron irradiation at 5, 10, 
and 25 mm thicknesses. UPS was used as the 
reference material.

Thermal-Neutron Attenuation
The thermal neutron attenuation values for 

pure polyester and various composite materi-
als, including those with Cd and Li additives, 
are presented for both simulation and experi-
mental results across three different thickness-
es (5 mm, 10 mm, and 25 mm). Pure polyester 
experimentally exhibited thermal neutron at-
tenuation values of 6.0%, 21.0%, and 71.0% 
at 5 mm, 10 mm, and 25 mm thicknesses, 
respectively (Figure 2). In contrast, all com-
posite materials significantly outperformed 
pure polyester. Among the composites, the 
Cd₅_LiOH₅ formulation achieved the highest 

Figure 2: Experimental schematic of neutron irradiation of samples
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attenuation at 25 mm, with a simulation value 
of 99.65%, while the lowest attenuation was 
observed for the Cd₂.₅_LiOH₇.₅ composite, at 
83%. The Cd₁₀ composite, with a simulated 
attenuation of 95.70%, also showed a marked 
improvement over pure polyester.

Comparing these simulation values with 
experimental results, it is evident that the at-
tenuation values were generally lower in the 
experimental tests. For pure polyester, the ex-
perimental attenuation at 5 mm, 10 mm, and 
25 mm thicknesses was 17.0%, 21.0%, and 
56.0%, respectively. Among the composites, 
the Cd₅_LiOH₅ composite demonstrated the 
best experimental performance, achieving 
92.35% attenuation at 25 mm, which closely 
aligns with the simulation results. On aver-
age, the composite materials exhibited an ex-
perimental attenuation of 92.99% at 25 mm, 
which represents an improvement of 31 per-
centage points over the performance of pure 
polyester. These results underscore the sub-
stantial enhancement in neutron attenuation 
achieved by incorporating Cd and Li additives 
into the polyester matrix, with both simula-
tion and experimental findings confirming 
the superior performance of the composites, 
particularly at larger thicknesses (Figure 3). 
The mean attenuation across all composite 
recipes provides a single shielding effective-
ness metric for preliminary material selection, 
indicating the overall shielding level designers 
can expect before optimizing composition for  
specific missions.

Fast-Neutron Attenuation
The fast-neutron attenuation values for 

pure polyester and various composite mate-
rials containing (Cd) and (Li) additives were 
measured through both simulation and ex-
perimental tests at three thicknesses: 5 mm, 
10 mm, and 25 mm. Pure polyester exhib-
ited fast-neutron attenuation values of 2.0%, 
10.6%, and 26.81% at the respective thick-
nesses of 5 mm, 10 mm, and 25 mm. Among 
the composite materials, the Cd₂.₅_LiOH₇.₅  

composite demonstrated the highest perfor-
mance in both simulation and experimen-
tal results. The simulation values for Cd₂.₅_
LiOH₇.₅ at the three thicknesses were 6.837%, 
13.639%, and 38.693%, while the experimen-
tal values were 4.737%, 16.9%, and 36.2%, 
indicating a substantial increase in attenua-
tion, particularly at 25 mm (11.88 percentage 
points higher than pure polyester).

Conversely, the Cd₅_LiOH₅ composite 
showed the lowest performance among the 
composites, with simulation values of 4.879%, 
9.727%, and 21.359%, and experimental val-
ues of 2.779%, 6.40%, and 16.859%, all of 
which were lower than the attenuation values 
observed for pure polyester. The average fast-
neutron attenuation for all composite mate-
rials at 25 mm thickness, both in simulation 

Figure 3: Neutron attenuation across vari-
ous samples at three distinct thicknesses 
(5, 10, and 25 mm): (a) thermal neutron  
Experimental Data (EX), (b) thermal neutron 
Simulation Results (SI).
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and experiment, was 26.66%, representing a  
modest improvement over pure polyester.

These findings demonstrate that the incor-
poration of cadmium and lithium hydroxide 
additives enhances fast-neutron attenuation, 
particularly at larger thicknesses. Addition-
ally, the results emphasize the significance 
of material composition in optimizing neu-
tron shielding properties for various radiation  
protection applications (Figure 4).

Relative Differences in Thermal and 
Fast Neutron Attenuation

The relative differences between simulated 
and experimental attenuation values for ther-
mal and fast neutrons across all materials 

and thicknesses (5 mm, 10 mm, and 25 mm) 
provide meaningful insights into the fidelity 
of the Geant4 model. For thermal neutron at-
tenuation, the minimum relative difference 
was observed in pure polyester at 10 mm 
(0.98%), while the maximum occurred in the 
same material at 5 mm (-23.71%). Among the 
composites, Cd₂.₅_LiBr₇.₅ showed the high-
est discrepancy at 5 mm (18.51%), whereas  
Cd₅_LiOH₅ exhibited the lowest at 25 mm 
(7.90%). Overall, discrepancies were gener-
ally smaller at 25 mm, suggesting improved 
simulation stability in thicker materials. For 
fast neutron attenuation, the highest relative 
difference was found in Cd₅_LiBr₅ at 5 mm 
(50.13%), followed by Cd₅_LiOH₅ (46.57%) 
and Cd₇.₅_LiBr₂.₅ (44.58%). The lowest dis-
crepancy occurred in Cd₂.₅_LiOH₇.₅ at 25 mm 
(6.89%). Pure polyester showed a 33.33% 
overestimation at 5 mm and a -4.50% under-
estimation at 10 mm. These findings highlight 
a consistent trend: simulation-experiment 
agreement improves with increased material 
thickness. Thin samples pose greater chal-
lenges due to microstructural heterogeneity 
and boundary sensitivity, underscoring the 
need for refined modeling techniques in such 
cases (Figure 5).

Mechanical evaluation
The hardness and modulus values of pure 

polyester and various composite materials re-
veal significant differences in their mechanical 
properties. Pure polyester exhibits the lowest 
hardness (0.05 GPa) and modulus (0.3 GPa), 
indicating its relatively soft and flexible na-
ture. In contrast, the composites with Cd and 
Li additives demonstrate enhanced mechanical 
properties. Among them, Cd₂.₅_LiBr₇.₅ shows 
the highest hardness (0.1 GPa) and modulus 
(0.7 GPa), reflecting a substantial improve-
ment in stiffness and strength. Cd₅_LiBr₅ also 
exhibits relatively high hardness (0.098 GPa) 
and modulus (0.6 GPa), suggesting an 85% 
increase in hardness. On the other hand, the 
Cd₂.₅_LiOH₇.₅ composite, although showing 

Figure 4: Neutron attenuation across vari-
ous samples at three distinct thicknesses 
(5, 10, and 25 mm): (a) fast neutron Experi-
mental Data (EX), (b) fast neutron Simulation  
Results (SI).
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lower hardness (0.04 GPa) and modulus (0.2 
GPa), still demonstrates significant improve-
ments over pure polyester (Figure 6).

The load-displacement curves for Cd₂.₅_
LiBr₇.₅, Cd₁₀%, pure polyester, and Cd₂.₅_
LiOH₇.₅ provide a clear comparison of the 
mechanical properties of these materials 
under indentation testing. Cd₂.₅_LiBr₇.₅ ex-
hibits the steepest curve, signifying it is the 
hardest material in the comparison, as it re-
sists deformation the most and requires the 
highest force for a given displacement. Cd₁₀ 
follows with a slightly less steep curve, in-
dicating it is still relatively stiff but softer 
than Cd₂.₅_LiBr₇.₅. Polyester displays a much 
shallower curve, signifying lower hardness 

and greater deformability under load. Final-
ly, Cd₂.₅_LiOH₇.₅ shows a curve that is less 
steep than that of Cd₁₀, making it the softest 
material in this comparison, requiring less 
force for similar displacement. This analysis  
demonstrates a clear trend in hardness: Cd₂.₅_
LiBr₇.₅>Cd₁₀%>polyester>Cd₂.₅_LiOH₇.₅, 
correlating with their respective stiffness and 
resistance to plastic deformation (Figure 7).

The data summarized in Table 1 compares 
the maximum indentation depth and maxi-
mum load for polyester, Cd₁₀, Cd₂.₅_LiOH₇.₅, 
and Cd₂.₅_LiBr₇.₅. The “Max Depth” column 
reveals that Cd₂.₅_LiOH₇.₅ exhibits the high-
est maximum indentation depth at 305.3 nm, 
followed closely by polyester at 296.3 nm, 

Figure 5: Relative difference between  
experimental and simulation (b) data for 
three thicknesses of 5, 10 and 25 mm in two 
attenuation conditions with thermal (a) and 
fast (b) neutrons of the samples.

Figure 6: Hardness (a) and reduced modulus 
(GPa) (b) for different samples.
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suggesting that these materials are more prone 
to deeper deformation under load. In contrast, 
Cd₁₀ and Cd₂.₅_LiBr₇.₅ show lower maximum 
depths, indicating greater resistance to inden-
tation under the same load. When examining 
the “Max Load” values, Cd₂.₅_LiBr₇.₅ displays 
the highest maximum load at 59 µN, followed 
by Cd₁₀ at 52 µN. These results further reflect 
the enhanced hardness of Cd₂.₅_LiBr₇.₅, which 
can withstand higher loads before experienc-
ing significant deformation. Polyester and 
Cd₂.₅_LiOH₇.₅ exhibit lower maximum loads 
of 48 µN and 44 µN, respectively, further sup-
porting the conclusion that Cd₂.₅_LiBr₇.₅ is the 
hardest material in this comparison.

Given their elastic modulus (0.7 GPa max) 
is <1% of 6061 T6 Al, the composites are 
proposed only as interior shielding liners or 
modular sandwich cores, bonded to primary 
Al skins rated. They are not intended to bear 
primary launch or landing loads.

Discussion
This study demonstrates that incorporat-

ing (Cd) and (Li)-based fillers into an (UPS) 
matrix significantly improves both thermal 
and fast neutron attenuation compared to 
neat polyester. The experimental results align 
closely with Geant4 Monte Carlo simulations, 
validating the reliability of our computational 
model (relative error <5% for most compos-
ites at 25 mm). These findings are consistent 
with previous studies, which have shown 
that Cd-doped UPS composites can achieve 
more than 95% thermal neutron attenuation at  
moderate areal densities [19].

Enhanced Thermal Neutron  
Attenuation

The Cd₅_LiOH₅ composite showed remark-
able thermal neutron attenuation, achieving 
99.65% in simulations and 92.35% experi-
mentally at 25 mm. This performance ex-
ceeds that of pure UPS, which demonstrated 
71% in simulations and 56% experimentally, 
by more than 20 percentage points. This su-
perior performance is attributed to the high 
thermal neutron capture cross sections of cad-
mium (σth=2.45×10³ barns at 0.025 eV) and 
6Li (σth=940 barns), which are incorporated 
into a hydrogen-rich matrix that moderates 
incoming neutrons through elastic scattering 
with hydrogen before their absorption [33,34]. 
Previous research on boron and gadolinium-
doped polymers has reported thermal attenu-
ation in the range of 40-60% at similar thick-
nesses, highlighting the superior efficacy of 
the Cd/Li combination in UPS matrices.

Composites with higher lithium content, 
such as Cd₂.₅_LiOH₇.₅, exhibited reduced 

Figure 7: The load and unload-displacement 
curves

Sample Polyester Cadmium 10 Cd2.5_LiOH7.5 Cd2.5_LiBr7.5

Max depth (nm) 296.3 285.0 305.3 254.0
Max load (µN) 48.0. 52.0 44.0 59.0

Table 1: Compares the maximum indentation depth and maximum load for different samples
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thermal neutron attenuation (85.5% in simula-
tions) compared to the 5:5 ratio. This suggests 
that an excess of LiOH may disrupt the opti-
mal neutron capture synergy or affect micro-
structural dispersion. Enriching 6Li beyond its 
natural abundance (7.5%) would likely further 
enhance capture efficiency, as documented in 
lithium-enriched polymers [35-36].

Fast Neutron Moderation and  
Attenuation Trade-Offs

Fast neutron attenuation primarily relies on 
hydrogen scattering for moderation. Additives 
that reduce hydrogen density can hinder this 
mechanism. Pure UPS achieved 26.8% fast 
neutron attenuation at 25 mm, while the Cd₂.₅_
LiOH₇.₅ composite reached 38.7% in simula-
tions. This suggests that a moderate cadmium 
fraction maintains sufficient hydrogen con-
tent, while contributing minor inelastic scat-
tering or absorption (σ_fast(Cd)=1-2 barns 
at 1 MeV) [37]. In contrast, the Cd₅_LiOH₅ 
blend underperformed (21.4% in simulations) 
relative to pure UPS, likely due to high filler 
loadings that could introduce secondary neu-
tron production or multiple-scattering effects, 
which counteract attenuation [38]. Substitut-
ing 5 wt% UPS with elemental Cd reduces the 
volumetric hydrogen density from 8.2×1022 
H cm-³ to 7.1×1022 H cm-³, lowering the aver-
age scattering probability for 1 MeV neutrons 
by ≈13%. This loss offsets the modest inelastic 
cross section of Cd at fast energies, explain-
ing the inferior performance of Cd₅_LiOH₅  
relative to neat UPS.

This balance between moderation and ab-
sorption mirrors findings in mixed filler com-
posites, where optimal fast neutron shield-
ing requires balancing hydrogen retention 
with absorber content to avoid diminishing  
returns [34].

Geant4 Simulation Fidelity
The Geant4 QGSP_BIC_HP physics list ac-

curately predicted thermal neutron attenuation 
(mean error <3% at 25 mm) and captured fast 

neutron trends with reasonable accuracy (mean 
error <5% at ≥10 mm), confirming its utility 
in composite shield design [39]. However, 
larger discrepancies were observed in thinner 
samples. For instance, Cd₂.₅_LiBr₇.₅ exhib-
ited the highest positive deviation among all  
composites at 5 mm (18.51%), second only 
to the deviation in pure polyester (–23.71%). 
These differences likely stem from model as-
sumptions of homogeneous filler distribution 
and the neglect of micro-scale agglomeration 
effects [37]. These findings emphasize the need 
for experimental validation in thin shielding 
layers while reaffirming the robustness of Ge-
ant4 simulations for thicker, mission-relevant 
panels.

Mechanical Performance and  
Structural Integration

Mechanical testing revealed that the Cd₂.₅_
LiBr₇.₅ composite exhibited the highest hard-
ness (0.10 GPa) and reduced modulus (0.7 
GPa), compared to UPS (0.05 GPa hardness, 
0.3 GPa modulus) and other composites. 
This trend is consistent with filler reinforce-
ment theories in polymer matrices [34]. The 
Cd₅_LiOH₅ composite demonstrated slightly 
lower mechanical gains (0.098 GPa hardness, 
0.6 GPa modulus), reflecting the trade-offs 
between neutron absorber density and matrix 
toughness. Although these moduli are orders 
of magnitude below those of aluminum alloys 
(E=70 GPa), the composites are suitable for 
non-load-bearing shielding panels or habi-
tat linings, where mass savings and radiation  
protection are prioritized [38].

Implications for Deep Space  
Shielding

For missions beyond Earth’s magnetosphere, 
multifunctional materials must combine struc-
tural support with radiation mitigation. Our 
UPS-based composites deliver more than 
90% thermal neutron attenuation and up to 
39% fast neutron attenuation at 25 mm, along-
side manageable mechanical enhancements.  

Li–CdO/PE Composites for Space Radiation Shielding 
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Compared to conventional metal shields, these 
composites significantly reduce mass and mit-
igate secondary photon production. Their low 
viscosity and rapid curing facilitate scalable 
fabrication of modular panels, which is essen-
tial for in situ habitat assembly [39-41].

Key limitations of this study include (i) the 
use of natural lithium (7.5% 6Li) rather than 
enriched 6Li, (ii) the absence of long-term ir-
radiation and mechanical fatigue testing, and 
(iii) the focus on neutron fields without mixed 
GCR or gamma spectra. Future work should 
explore the use of enriched lithium fillers, in-
tegration with borated or gadolinium-doped 
layers, and combined charged particle/neutron 
shielding studies [37]. Additionally, evaluat-
ing the life cycle and thermal cycling behavior 
of these composites under space-relevant con-
ditions will be crucial for their qualification.

To mitigate potential cadmium toxicity, cad-
mium should be encapsulated within plastic to 
minimise leaching. The panels should be made 
in sealed boxes with special air filters and then 
covered with a thin protective coating.

Conclusion
This study demonstrates that UPS-based 

composites incorporating cadmium and 
lithium fillers are highly effective and light-
weight neutron shielding materials for space 
applications. The composites achieved up to 
99.65% thermal neutron attenuation in simu-
lations and 92.35% experimentally at 25 mm 
thickness. The Cd₂.₅_LiOH₇.₅ composite ex-
hibited superior performance for fast neutron 
attenuation, while the Cd₂.₅_LiBr₇.₅ compos-
ite showed enhanced mechanical properties, 
though it is unsuitable for structural applica-
tions. Geant4 simulations proved to be reliable 
overall, although further refinement is neces-
sary for accurately predicting performance in 
thin samples. These results contribute to the 
development of multifunctional materials for 
space missions, offering significant advance-
ments in radiation protection for deep space  
exploration.
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