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Abstract

Space exploration and the prospect of developing permanent lunar settlements in the near
future will require the need for innovative building construction techniques using locally
sourced materials, without the need for excessive input of simple, reusable energy. The
Moon'’s surface is covered by regolith, a superficial layer of unconsolidated heterogeneous
dusty aggregate that covers solid bedrock. This material needs to be agglomerated to
create a cohesive composite that can be used as building blocks or bricks. In this study,
the OPRH2N'’s Lunar Regolith Simulant (LRS) was used and agglomerated with Potato
(Solanum tuberosum) Starch (PS) polymer aerogel. Starch was chosen because of its excellent
binding properties at very low concentrations. The resulting low-starch-containing LRS/PS
aerogel composite bricks (2 and 4 wt%) were tested for their mechanical and thermal
insulation performance to evaluate their potential application in lunar building structures.
The composite resistance to intense beta-radiation and very large thermal amplitude was
investigated to test the bricks’ resistance. This new lightweight and porous material shows
promising mechanical and thermal performance, making it a potential candidate for the
construction of larger structures, especially in low gravity.

Keywords: lunar regolith simulant; potato starch; lunar building composite; mechanical
properties; thermal properties; cosmic rays; recycling

1. Introduction

The late 1960s and early 1970s brought a wave of groundbreaking achievements in
space exploration with the space race and the Moon landing. However, the cost of launching
material (approximately USD 1 million per kilogram as reported on the NASA website [1])
and equipment from Earth, associated with technological difficulties in developing reliable
reusable launchers and waning public interest, put a damper on the initial momentum.
Today’s renewed interest in space exploration has sparked ambitious programs to return
to, build, and stay on the Moon as a springboard for further planetary explorations to
Mars and beyond. One of the key challenges remains using local resources from the Moon.
In-situ resource utilization (ISRU) [2] is the practice that promotes the use of local collection
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and indigenous material instead of bringing it from Earth. The perspective of setting up
permanent lunar settlements as a gateway to further space exploration in the near future
will require the need for new alternative materials produced in situ, with a particular focus
on locally sourced materials as innovative construction materials. The Moon’s surface is
covered by regolith [3], constituted of unconsolidated, loose, heterogeneous superficial
powdery deposits covering solid pyroxene, olivine, or plagioclase basalt bedrock. It
includes dust, broken rocks, and a variety of other minerals. This regolith needs to be
agglomerated to make cohesive composites, able to be used to create solid “Lunarcrete”
blocks or bricks [4]. These bricks could be used as elements for constructing external
protective wall structures over inflatable habitats. They must be sufficiently strong to allow
the construction of self-standing walls in high-vacuum and low-gravity environments
and insulate the habitats against extreme temperature variations and radiation. The walls
should be able to protect the highly exposed lunar surface, which is devoid of a protective
magnetic field and atmospheric layer. The Moon’s surface is subjected to the intense solar
ionizing radiations and cosmic rays’ relentless aggression, as well as deadly micrometeoritic
impacts. The literature related to lunar construction refers to several techniques [5], of
which the two main ones implement chemical or thermal processes. The first involves
mixing the regolith with a binder or polymer [6]. It requires little on-site energy, but large
quantities of binder have to be brought from Earth as a heavy payload; moreover, the
pressure and temperature conditions on the lunar surface render these outdoor fabrications
and manipulations problematic [7]. The second one revolves around creating sintered or
molten regolith as an alternative technical solution. The main advantage is that it only
requires regolith and considerable energy, which could potentially be provided by capturing
solar energy. The technology needed, such as 3D printing for example, is complex, very
expensive, and not necessarily very fast. For example, the process could require up to
five hours of work for the manufacturing of a single brick [8]. Roberts et al. [9] recently
proposed an interesting composite they called “Starcrete” obtained by compacting regolith
simulants under three tons of pressure with various additives, such as MgCl,, acetic acid,
NayCO3, and FeSOy, using various starch polymers as the binder. They assessed the effect
of adding in situ produced human excretion, such as urea and saliva, to the material. This
technique has the advantage of only using local resources and being less energy-intensive
but still requires the use of a heavy press. Benefiting from a long experience in the field of
starch composite materials [10,11], we investigated the possibility of creating starch-regolith
aerogel composite bricks as a building material, using minimal equipment and process
conditions. The choice of potato (Solanum tuberosum) starch (PS) was determined by several
factors. It has already been shown that starch has excellent agglomerating properties in
many composite materials [10] and can be used at low concentrations. It could either be
shipped in payloads or produced in situ from scrubbing the habitat atmosphere’s CO; in
local greenhouses. Potatoes have been suggested as a crop for a regenerative life support
system to be grown on regolith and/or base-produced biowastes [12,13]. Potatoes were
one of the first vegetables grown in space! Seed potato production was first tested aboard
the Columbia Space Shuttle Microgravity Lab during the Oct. 1995 STS-73 mission [14].
This fast-growing crop can capture carbon dioxide very efficiently from space habitat and
transform it into useful organic matter such as starch polysaccharides in high yields, while
regenerating precious oxygen, with very little solar energy and water input. Even if the
presence of water on the Moon has been known for a long time [15], the discovery of very
important quantities in the form of ice in permanently shadowed craters at the south poles
and almost everywhere in the subsoil is more recent [16], the extraction of which is also
well referenced [17]. The water could also simply come from recycling gray waters and
residues from the life support systems on which potatoes could be grown in greenhouse
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reconstituted soil [18,19] lit by LEDs or optic fibers, conveyed sunlight. Therefore, in
addition to providing alternative sustenance, the cultivation of potato plants would be an
essential part of maintaining life in the habitat [20]. In previous studies, we have shown that
(PS) is a very efficient binder for various aggregates to create valuable large cohesive porous
aerogel materials in the shape of bricks or panels [20-24]. In the present study, OPRH2N’s
Lunar Regolith Simulant (LRS) was used and agglomerated with PS polymer hydrogel
to create an LRS-bonded aerogel, or what should be more accurately called a “vacuogel”
composite when used in the atmosphere-depleted Moon environment. In the literature,
numerous LRS have been tested to mimic lunar regolith for experimentation, mainly based
on volcanic scoria [25,26] or powdered Archean Anorthosite. In the present work, LRS
was agglomerated with PS polymer hydrogel at various concentrations and molded in
brick-shaped molds. The resulting LRS-PS gel composites were dried by different methods
(air, oven, or freeze-drying), providing composite aerogels with distinct densities, porosities,
physicochemical, and engineering properties. The freeze-drying process was chosen, as it
only requires very low temperature and pressure, conditions that are easily reproducible
on the Moon’s surface at low energy cost, using particularly low payload equipment.
Moreover, it allows complete recovery of the precious water used in the fabrication process
in a purified form. The resulting LRS composite bricks were tested for their mechanical
and thermal insulation performances to study their potential in lunar building applications.
The behavior of the composite towards extreme temperature variations and beta-radiation
was also investigated. The aim of this work was to add alternative solutions to building
lunar structures using ISRU-available material and the minimum of shipped equipment.
This work shows that, despite the extreme conditions prevailing on the Moon, the novel
combination of lunar soil and a simple organic compound can withstand and help protect
future inhabitants of lunar missions. To this end, the thermal properties and ability to
withstand radiation and temperature variations on the mechanical strength of samples
were tested.

2. Materials and Methods
2.1. Composition and Granulometry of LRS

OPRHZ2N is the general simulant of lunar Highlands regolith produced by Off Planet
Research (98201 Everett, Washington, DC, USA) by mixing the basaltic feedstock from
Arizona and Archean Anorthosite from the Ontario Precambrian shield in Canada in a 7:3
ratio to simulate average composition and particle sizes of regolith collected during the
Apollo 16 and 17 missions [27-29]. The composition of this simulant mimics that of the
general nearside highlands, which is similar to that of the Apollo 16 mission, as shown in
Figure 1 and Table 1.

Apolo17 @ 40

-e-OPRH2N

£ ® Apolo11

-=-Apollo-16

—&—Apollo-17

® Apolo 16

§i02  Ti02 A203 FeO  MnO Mg0 CaO  Na20 K20  P205
Composition

(b)

Figure 1. (a) Localization of Apollo’s mission (Photo credit F. Bogard 2025); (b) Comparison of
LRS composition.
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Table 1. OPRH2N composition (Off Planet Research).

OPRH2N Composition % by Weight
Aluminum Oxide (Al,O3) 27.06
Ferric Oxide (Fe;O3) 3.68
Magnesium Oxide (MgO) 2.84
Calcium Oxide (CaO) 14.19
Silicon Dioxide (5i05) 47.89
Sodium Oxide (Na,O) 243
Titanium Oxide (TiO,) 0.52
Potassium Oxide (K,O) 0.25
Phosphorus Pentoxide (P,0Os) 0.20
Manganese(II) Oxide (MnO) 0.06
Particulate Not Otherwise Regulated 0.88

The LRS granulometry was measured by sifting through a series of 1 to 0.25 mm sieves,
and the finest portion passing the 250 pm screen was analyzed by laser granulometry [30].
Figure 2 presents the associated cumulative curve.
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Figure 2. Cumulative particle size distribution of OPRH2N.

Particle size distribution plays a role in the fabrication process and the properties of
the obtained composite. The finer the particles, the higher the cohesivity, notably due to
the increased surface area of contact, which will have an impact on the preparation of the
brick [31].

2.2. LRS Brick Preparation

The Potato Starch (PS) used in this study was provided by Tereos (Haussimont, France).
Two compositions with varying starch content were tested, namely LRS-PS2 and LRS-PS4
for 2 and 4 wt% PS dry base, respectively.

The choice of these PS contents was dictated by technical processing constraints. It
was observed that beyond 5 wt%, the viscosity of the LRS/gel mixture drastically increases,
which degrades its workability. Similarly, below 1 wt% starch content, the composite was
discarded prior to mechanical testing, in view of its brittle behavior.

In typical LRS-PS sample preparation, a formulation was prepared by mixing 4 or 8 g
of PS in 200 mL of water. The starch suspension was heated to boiling under vigorous
mechanical stirring until the mixture turned into a clear viscous paste. The paste was
cooled to 70-80 °C, then 200 g of LRS was added rapidly, and the mixture was stirred
to a homogeneous paste as shown in Figure 3. The gel was obtained by boiling a starch
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suspension in water with constant and vigorous mechanical stirring until the mixture
turned into a viscous paste. The hot LRS/PS gel mix was poured into specific molds to
create 50 x 50 x 50 mm? samples. The prepared samples were cooled to 50 °C before
being frozen to —30 °C. The frozen samples were pulled out of the molds and freeze-dried
at 0.6 mbar in a Heto Power Dry LL3000 freeze dryer vacuum chamber. No shrinkage
phenomenon was observed in the obtained freeze-dried LRS-PS samples.

(b)

Figure 3. Sample preparation: (a) starch gel mixture; (b) addition of regolith; (c) molding.

2.3. Density and Porosity of LRS and LRS-PS2/4
The bulk density of the composite material is the ratio of the sample mass to the bulk
volume, which includes the volume of the solids and voids, calculated as:

m
Poulk = 17 1)

where m (kg) is the mass of the aggregates and V (m?) is the volume taken up by the
aggregates. The different bulk densities measured on the final samples are presented
in Table 2. The skeletal density of the composite material represents the density of the
solids without the voids; it was determined for LRS and LRS-PS2/4 samples using the
cyclohexane/pycnometer method described by Bourdot et al. [32]. In short, a given mass of
dried sample was placed in a pycnometer filled with cyclohexane to 2/3 of the total volume
in such a manner that the entire sample was entirely covered with cyclohexane. The system
was placed under reflux for six cycles of 30 min of boiling and cooling (10 min); during
these cycles, air escaped from the sample cavities, leaving the pores, and was gradually
replaced by cyclohexane. After cooling at room temperature, the pycnometer is filled and
plugged with the stopper, ensuring no bubbles are trapped. The system was then weighed
with an accuracy of 1 x 10™* g. The skeletal density is calculated as follows:

psk - pC Ms _ (Mz _ Ml)

)

where pg is the skeletal density, p. is the density of the cyclohexane, M is the mass of the
sample, M is the mass of the pycnometer filled with cyclohexane alone, and M is the mass
of the pycnometer with cyclohexane and the sample.

The porosity was calculated as:

Porosity = 100@ .
sk

In the experiments, the porosity of the composite samples was found to be close to 50%.
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Table 2. Physical properties of LRS and LRS-PS composites.

Bulk Skeletal .
Samples . . Porosity
Composition Density Density Y%
(kg/m®) (kg/m3)
LRS (OPRH2N) 1704 2422 29.6
LRS-PS2 1318 2420 45.5
LRS-PS4 1355 2418 44.0

2.4. Thermal Tests

To evaluate the thermal resistance of the starch binder, an attempt was made to
simulate the thermal conditions prevailing on the Moon. To this end, three different sets of
tests were carried out on separate samples. A first set of samples was subjected to thermal
fatigue in the form of 10 temperature rises and falls (between —40 and +170 °C), noted
as LRS-PS2c and LRS-PS4c. A second set was subjected to a +150 °C plateau for 15 days
(corresponding to half a lunar day). A third set of samples was exposed to a brutal cooling
to the core (visual control) in liquid nitrogen at —196 °C, followed immediately by a 30-min
stay at 150 °C in a muffle furnace. The aim was not only to demonstrate the resistance of
the LRS-PS composite against thermally induced stresses at the Moon’s surface but also
to show that our unique combination (LRS-PS) exhibits satisfactory thermal insulation
properties, resulting in energy savings at the habitat scale [33].

2.4.1. Thermal Properties

For insulation materials, thermal conductivity (A), diffusivity a, and specific heat
capacity Cp, are the most important parameters. In the context of thermal insulation,
the thermal conductivity A of a material is defined as its ability to conduct heat. For a
homogeneous material, the higher the thermal conductivity, the more heat the material
allows for pass through; conversely, the lower the conductivity, the more insulating the
material. The thermal diffusivity “a” is the capacity of a material to transmit heat inside
through itself, more or less rapidly. The lower the thermal diffusivity inside a material, the
longer the heat transfer will be and the better the thermal inertia. The specific heat capacity
Cp [J/(kg-K)] delineates the amount of energy needed to raise the temperature of 1 kg of
material by 1 K (=1 °C). Thermal properties were assessed using a thermal characteristic
analyzer (ISOMET 2114 (Applied Precision s.r.0., Bratislava, Slovakia)) based on heat flux
pulses applied to the material surface. These three thermal parameters were measured
for three cubic samples (100 x 100 x 100 mm) of each composite formulation, namely,
LRS-PS2, LRS-PS4, LRS (OPRH2N), and PS aerogel.

2.4.2. Thermal Fatigue (Cycling)

Given the extremely high vacuum (about 10712 Pa) surrounding the lunar surface, the
amplitude of temperature variations is very high; during the cycle of a lunar day (27 Earth
days, 7 h, 43 min, and 12 s), the temperature variation ranges from —180 to 130 °C [25].
This significant temperature variation, which can be rapid during the day/night transition,
is approached experimentally by subjecting specimens to thermal cycles (temperature rise
and fall at the maximum capacity of the enclosure used, cycle repeated 10 times).

The climatic chamber used, Figure 4, was a Votsch VC4 with a large temperature range
of —42 °C to +180 °C, with a rate of variation of 3.2 K/min for heating and 4 K/min for
cooling. Humidity was set to zero, and to ensure no condensation during cycling, samples
were placed in sealed glass jars containing activated silica gel to ensure drying conditions.
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Figure 4. Climatic chamber (a); samples in glass jars (b).

2.4.3. Prolonged Thermal Exposure

To simulate the prolonged thermal exposure associated with the lunar day, LRS-PS2
and LRS-PS4 samples were subjected to a constant temperature of 150 °C for a duration
of 15 days. This exposure corresponds to half a lunar cycle, specifically the lunar daytime
phase. Following the completion of the fabrication process, the specimens were placed in a
temperature-controlled furnace maintained at 150 °C for the specified period. Subsequent
mechanical testing was performed after the samples were allowed to return to ambient
temperature under dry atmospheric conditions.

2.4.4. Thermal Shock to Extreme Temperatures

Since temperature variations can be extreme on the Moon'’s surface, a series of thermal
shocks was tested by placing the LRS-PS2 and LRS-PS4 samples at 150 °C in a conventional
muffle furnace and then sharply cooling them to —196 °C by immersion in liquid nitrogen
(Figure 5). The specimens were kept until N, boiling stopped to ensure core cooling and
then placed straight back in the muffle furnace preheated at 150 °C for 30 min. The resulting
samples showing no apparent damage were further tested for a mechanical compression test.

Figure 5. Visualization of the sample cooling process.

2.5. Radiation Exposure

Without a magnetosphere and atmosphere, the lunar surface is subjected to a wide
range of radiation types [34]. To investigate the consequences of the composites” exposure
to radiation, prismatic 50 x 50 x 30 mm LRS-PS2 and LRS-PS4 specimens were subjected to
intense beta radiation. The beta radiation was chosen because of its penetrating properties
in dense material.

The experiment was conducted on a 10 MeV 20 KW electron accelerator on the ION-
ISOS facility (Chaumesnil, France, https://www.ionisos.com accessed on 2 March 2025).
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As soon as they were manufactured, the specimens were sealed in a plastic bag and stored
in a controlled atmosphere. They underwent irradiation in these vacuum bags, taped to a
tray. An automatic conveyor system fed the specimens into the irradiation chamber, where
they passed under the electron beam at an appropriate speed (depending on the selected
dose). The samples were subjected to a consecutive series of 8 x 25 KGy irradiations. The
dosimeters placed in front and back of the samples indicated a level of dose of 210 + 3 kGy
(2.1 x 105 Sv). The electrons emitted had a single energy level of 9.8 + 0.2 MeV. No
apparent degradation was noticed after the treatment, only a typical slight increase in the
temperature of the specimens, observed immediately after the irradiation. The samples
were then tested for mechanical resistance.

2.6. Mechanical Testing (Compression Test)

An Instron 34TR50 testing machine, equipped with a 50 kN load cell, was used
for compression tests. The tests were performed in the same direction as the specimen
compaction, according to the ASTM C109 standard used to determine the compressive
properties of hydraulic cement mortars [35] with a rate of 1 mm/min, Figure 6. As soon
as they had been manufactured, the samples were stored in a dry place. The prepared
dry samples kept in sealed bags were opened just before the start of the compression test.
The indoor conditions were 23 °C room temperature and less than 50% relative humidity.
Starch aerogels and LRS-PS2 and LRS-PS4 specimens with dimensions 50 x 50 x 50 mm
were tested.

Figure 6. Experimental set-up used for the compressive test on an LRS-PB composite sample.

The apparent tangent Young modulus was determined by using Hooke’s law:
o=E.e (4)

where o denotes the engineering stress (MPa), E stands for the Young’s modulus, and ¢ is
the engineering strain (mm/mm).

These compression tests were carried out on:

untreated reference specimens LRS-PS2 and LRS-PS4

thermally cycled specimens (named LRS-PS2c and LRS-PS4c)

prolonged thermal exposure specimens (named LRS-PS2p and LRS-PS4p)

thermal shock specimens (named LRS-PS2ts and LRS-PS4ts)

irradiated specimens (named LRS-PS2r and LRS-PS4r)

Each type of treatment was applied independently. However, on the Moon, stresses

such as irradiation, thermal cycling, and day-night transitions occur simultaneously. In
an attempt to study the synergy between heat and radiation stress, some specimens were
subjected to the combined effect of irradiation and thermal cycling (named LRS-PS2rc and
LRS-PS4rc, respectively).
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The Young’s modulus was calculated for the six samples and averaged. It was de-
termined from the linear portion of the stress-strain curve, based on the steepest linear
section between 25% and 75% of the maximum applied load (within the limit of 10% strain),
following 1SO844:2021 [36]. The ductility index i’ is an analysis tool used to compare the
different formulations and assess the material’s ability to withstand plastic deformation [37].
It is defined as the ratio egsy, /ey, Where egse, is the strain corresponding to 85% of omax for
each test. The table presents the average value obtained from the tested samples.

3. Results and Discussion
3.1. Thermal Properties of Reference Samples (LRS-PS2 and LRS-PS4)

Table 3 sums up the physical properties of LRS and LRS-PS composites.

Table 3. Mean thermal characteristics of LRS and PS.

Cosni I;‘oili‘t’ison Cj{)l:jlllcgl(‘)/(;;y lzl-fl-f/u_sg/:)tg Specific Hezt Capacity
(W/(m-K)) (10-6 m?/s) (kJ/kg-K)
LRS (OPRH2N) 0.246 1.25 0.115
PS aerogel 0.065 0.38 3.6
LRS-PS2 0.159 0.273 0.443
LRS-PS4 0.145 0.212 0.504

Thermal conductivity, diffusivity, and specific heat capacity were measured to ensure
reproducibility (mean of 15 measurements), Table 3. Corresponding thermal average values
are given in Table 3. It is noticeable that PS aerogel alone has a low thermal conductivity
value of 0.066 W/(m-K).

Overall, the heat treatments undergone by samples LRS-PS2 and LRS-PS4 did not
affect their structural integrity. The samples did not crack, break, or deform significantly
after thermal cycling or thermal shock.

The measured thermal conductivities were 0.159 W/(m-K) for LRS-PS2 and
0.145 W/(m-K) for LRS-PS4. This 8.8% reduction for LRS-PS4 is explained by the fact
that there is slightly more porosity in LRS-PS2 (45.5% and 44% for LRS-PS4). Both LRS
composites can be considered as good thermal insulators, knowing that greater thickness
would further improve thermal resistance and consequently insulation. Compared to
previously studied raw earth as a building material, these values are slightly lower than
those typically reported (0.5-1.2 W/(m-K)) [37]. Moreover, the conductivity would be even
lower in the vacuum moon environment. Thermal conductivity measurements performed
on native OPRH2N LRS dropped from 0.246 W/(m-K) to 0.07 W/ (m-K) when measured
at a pressure of 20 Pa. Thermal diffusivity “a” reflects a material’s ability to store thermal
energy and is a key indicator of thermal inertia. Thermal diffusivity is directly related
to the phase shift phenomenon across a wall during transient conditions. This phase
shift is inversely proportional to thermal diffusivity. Lower thermal diffusivity implies a
longer time for the heat front to penetrate the material’s thickness. The values obtained are
0.273 x 107% m? /s for LRS-PS2 and 0.212 x 10~% m? /s for LRS-PS4, translating to a 22.3%
decrease. This means that during a lunar sunrise or sunset, the material will attenuate
abrupt thermal changes, reducing internal stresses and increasing the durability of the
structure in question. This behavior is crucial on the Moon, where there is no atmosphere
to moderate transitions. For example, these values indicate a much lower thermal diffu-
sivity than concrete (0.83 x 107% m?/s) or Earthen material (0.414 x 10~® m?/s), making
these composites promising for thermal protection. The obtained values of specific heat
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capacity Cp (J/(kg-K)) are 0.443 k] / (kg-K) for LRS-PS2 and 0.504 k] /(kg-K) for LRS-PS4,
corresponding to an increase of 12.6%. The starch-enriched composite therefore stores more
thermal energy without rapidly rising in temperature, acting as a thermal buffer, able to
retain heat during the day and release it slowly at night. This can help stabilize the interior
temperature of lunar habitats, reducing the load on thermal regulation systems.

The 4 wt% starch formulation (LRS-PS4) thus combines low conductivity, high thermal
capacity, and good inertia—qualities perfectly suited to protecting lunar structures against
extreme thermal conditions.

The thermal properties of starch aerogel alone were investigated in a previous study.
Thermal conductivity of starch aerogel alone obtained from the dry freezing of 1 dm?3
was measured to be 0.065 +/— 0.003. The glass transition temperature of dry starch is
known to be around 227 °C [38], whereas for 13% commonly hydrated starch in a 40-75%
relative humidity (RH) atmosphere, Tg decreases to 56 °C. In the moon environment, RH
is null such that the expected Tg of the starch binder should be about 230 °C, close to its
decomposition temperature.

3.2. Aspect of Irradiation and Double Stress (Thermal and Radiation)

Miller et al. [39] have shown that regolith alone is a good substitute for aluminum
or carbon for radiation protection. Moreover, Miller et al. [40] indicate that a thin layer of
compacted regolith is sufficient to protect against most radiation. The density of the regolith
used is important, but at 5 cm thickness and above, 100 MeV radiation can be stopped. As
for the starch binder, Sunder et al. [41] have shown that a high dose of gamma radiation up
to 200 kGy can create radicals. This can lead to amylopectin hydrolysis, producing shorter
dextrins and sugars in the presence of water. In the absence of water, no hydrolysis can
happen, even in the presence of radicals. On the other hand, Delville et al. [42] have shown
that radicals created on dry starch molecules by UV radiation can lead to crosslinking of
the starch polymeric chains.

To analyze the influence of irradiation alone, thermal cycling, thermal shock, pro-
longed thermal exposure, as well as the combination of irradiation and thermal cycling,
mechanical tests have been carried out and presented further in the following section.

3.3. Mechanical Properties, Compression Tests
3.3.1. Compression Test on Reference LRS-PS2 and LRS-PS4 Composite

Table 4 presents the mechanical properties of the two reference composites contain-
ing 2 wt% and 4 wt% starch. The values of omax (the maximum stress applied during
testing) and ¢, (the strain corresponding to omayx) are average values calculated from six
compression tests; the standard deviation is shown in parentheses.

Table 4. Mechanical properties of untreated reference specimens.

Specimen Omax (MPa) €u (%) E (MPa) i = egsw/eu
LRS-PS2 0.58 (0.08) 3.33 (0.01) 23.50 (4.55) 1.65 (0.30)
LRS-PS4 1.18 (0.15) 3.94 (1.17) 43.33 (13.54) 1.93 (0.43)

Table 4 shows the results of compression tests carried out on the 2 wt% and 4 wt%
compositions that had not undergone any particular treatment for six specimens. The results
show that increasing the starch content improves the strength of the composite, as indicated
by the rise in the ductility index i’ from 1.65 for LRS-PS2 to 1.93 for LRS-PS4. An index of
1 typically characterizes brittle behavior, where the material stiffens progressively and then
breaks suddenly at its strength limit. The values indicate a shift away from brittle failure,
suggesting a plastic behavior that could be beneficial for structural applications. This is likely
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due to the high porosity (around 50%) of the starch aerogel in both the 2 wt% and 4 wt%
formulations. The difference in elasticity is reflected in the slope of the stress—strain curves in
Figure 7, where the LRS-PS2 sample exhibits a more abrupt failure than LRS-PS4.
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Figure 7. Compression curves for LRS-PS2 and LRS-PS4.

Additionally, the maximum compressive strength nearly doubles between LRS-PS2
and LRS-P54 (increasing from 0.58 MPa to 1.18 MPa), consistent with the observed increase
in Young’s modulus (23.5 MPa for LRS-PS2 to 43.33 MPa for LRS-PS4, respectively). For
both compositions, the peak stress is reached at nearly the same strain ¢,,. The addition of
4 wt% starch provides enhanced plasticity to the regolith while also increasing omax, an
advantageous combination in shaping bricks for construction purposes.

Compression tests performed on the treated composites are presented in Figure 8 for
direct comparison with the reference averaged curves (LRS-PS2 and LRS-PS4). Overall,
except for the cycling thermal treatment, a decrease in omax is observed across all treated
samples, highlighting the impact of thermal treatment on the starch matrix composites.
The ultimate strain ¢, corresponding to the strain at maximum stress omax, falls within the
range of 4.0-4.6% for LRS-PS2% and 3.6-9.0% for LRS-PS4%, showing more cohesive and
dispersive behavior, respectively. The general decrease in Young’s modulus after treatment
suggests structural damage within the material and the onset of relative ductility. The
addition of starch to the regolith transforms a loose granular assembly into a cohesive solid,
which consequently behaves more like a homogeneous material. Table 5 summarizes the
main mechanical characteristics derived from the results in Figure 8.

Table 5. Mechanical characteristics of 2wt% and 4wt% starch in composites.

Regolith Sample with 2 wt% Starch:

LRS-PS2 Cycling 150j Shock Irra. Cycl.+ Irra.
ey (%) 3.33 3.9 43 3.6 43 9.0
Omax (MPa) 0.58 0.56 0.23 0.38 0.30 0.23
E mean (MPa) 23.50 24 9.7 20.5 12.9 18
Omax relative to LRS-PS2 —3% —60% —34% —34% —60%
Regolith Sample with 4 wt% Starch:
LRS-PS4 Cycling 150j Shock Irra. Cycl.+ Irra.
ey (%) 3.94 4.1 4.6 4.5 4.0 4.6
Omax (MPa) 1.18 1.73 0.39 0.46 0.56 0.67
E mean (MPa) 43.33 33.33 15 24.3 21.4 14

Omax relative to LRS-PS4 +32% —67% —61% —53% —43%
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Figure 8. Mean compression curves for each treatment undergone by the composites studied.

3.3.2. Thermal Cycling Tests

It is worth noting that the omax and E values obtained after thermal cycling are close
to the LRS-PS2 ones (only 3% difference). However, a difference for omax and E can also be
noticed between LRS-PS4 and LRS-PS4c (+33%). This can be explained by the specific setup
of the thermal cycling test. In this test, specimens were sealed in jars containing drying
silica gel as a humidity trap used to prevent condensation during the hot—cold transition.
This reduced the specimens’ exposure to ambient humidity, resulting in drier and thus
mechanically stronger samples. On the Moon, where vacuum and the absence of moisture
prevail, samples would inherently be even drier than in the used lab conditions, suggesting
that mechanical properties in situ could exceed those measured in this study.

3.3.3. Prolonged Thermal Exposure Tests

Upon exposure to a prolonged thermal treatment at 150 °C for 15 days, both composites
exhibited a marked degradation in their mechanical performance. The maximum stress
decreased to 0.39 MPa for LRS-PS4 (—67%) and to 0.23 MPa for LRS-PS2 (—60%), with
Young’s modulus showing a similar downward trend. Despite this decline, LRS-PS4
consistently outperforms LRS-PS2. This superior performance is likely attributable to the
enhanced thermal stability of the matrix reinforced with 4% starch, which better preserves
its mechanical integrity under elevated temperature conditions.
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3.3.4. Thermal Shock Tests

The thermal shock, involving a rapid temperature transition from —196 °C to +150 °C,
induces a notable degradation of the mechanical properties of the material. The maximum
stress decreases to 0.46 MPa for the LRS-PS4 (—61%) formulation and to 0.38 MPa for LRS-
PS2 (—60%). Nevertheless, LRS-PS4 maintains a clear mechanical advantage, exhibiting
a higher Young’s modulus (24.3 MPa versus 20.5 MPa). This observation indicates that
the 4% starch-based composite demonstrates superior resilience under extreme thermal
transitions, likely attributable to a more homogeneous distribution of internal stresses
within the matrix. However, during these thermal shock tests, it was extremely difficult to
keep the specimens protected from ambient humidity and moisture condensation, which
might explain some of the observed property loss.

3.3.5. Irradiation Tests

Irradiation of the samples also resulted in a detrimental impact on mechanical perfor-
mance, although to a lesser extent than the prolonged thermal exposure at 150 °C. LRS-PS4
retained a maximum stress of 0.56 MPa (—53%), whereas LRS-PS2 decreased to 0.30 MPa
(—34%). A similar trend was observed for Young’s modulus, with values of 21.4 MPa for
LRS-PS4 and 12.9 MPa for LRS-PS2. These findings suggest that the 4% starch formulation
exhibits greater resistance to irradiation-induced degradation, likely due to a denser and
more cohesive internal structure that offers improved resilience against ionizing damage.

3.3.6. Irradiation and Thermal Cycling Tests

Finally, the most severe treatment, combining irradiation and thermal cycling, high-
lights the ultimate strength capacity of the materials. LRS-PS4 maintains a maximum stress
of 0.67 MPa (—43%), while LRS-PS2 collapses to 0.23 MPa (—60%). The Young’s modulus
here is surprisingly higher for LRS-PS2 (18 MPa) than LRS-PS4 (14 MPa), but this can be
attributed to increased residual stiffness due to embrittlement, which does not necessarily
reflect improved strength. LRS-PS4 retains a better ability to withstand combined space
environments, while LRS-PS2 shows critical vulnerability.

To sum up, LRS-PS4% features significantly higher initial mechanical strength and bet-
ter response to irradiation alone but is more sensitive to rapid thermal cycling. LRS-PS2%,
although more modest in terms of strength, exhibits a more homogeneous response and
favorable plasticity under thermal stress conditions, which could be relevant for certain
non-structural applications where mechanical damping, dimensional stability, and defor-
mation tolerance are priorities. In lunar conditions, the closest test to real-life conditions
would be the combination of radiation and day/night thermal cycle. As a result, LRS-PS4
would appear to be the most suitable construction material. These observations suggest
that the optimal choice between these two formulations will depend on the type of lunar
environment targeted and the intended constructive function of the material. A combined
or hybrid approach, adapting the binder ratio to local limitations, could be a relevant
avenue for future applications.

3.4. Recycling Properties

The recyclability of the composite was investigated by reconditioning the material after
mechanical testing. The crushed untreated specimens were collected, an equivalent amount
of initially used water was added, and the mix was heated to 100 °C. The obtained paste
was remolded, frozen, and freeze-dried. The obtained samples were tested for mechanical
resistance, showing almost identical mechanical properties.
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3.5. Limitations

This study aimed to highlight the potential of a novel starch/lunar regolith composite
as an alternative or complementary solution for constructing lunar habitats. While the
presented results are promising, several limitations must be acknowledged to contextualize
the findings and guide future research.

Although individual environmental factors—such as radiation, thermal cycles, or
mechanical stresses—were tested independently, real lunar conditions involve their simul-
taneous and potentially synergistic effects. Reduced gravity, vacuum, ionizing radiation
(alpha, beta, gamma, X-ray, solar, and cosmic), and extreme thermal cycling occur together
and may interact in nonlinear ways. To achieve realistic performance assessments, future
experiments should aim to reproduce these combined conditions as closely as possible.

Another key limitation concerns the fabrication of bricks under lunar conditions. The
reduced gravity may significantly affect the agglomeration, setting, and drying processes
of starch-based composites. These parameters remain untested and require dedicated
investigations in simulated or extrapolated lunar environments.

The long-term behavior of the composite under lunar stressors is still unknown.
Accelerated aging protocols that realistically mimic lunar surface exposure over time
will be necessary to validate their durability and mechanical integrity. To significantly
reduce radiation, thermal aggression, and the problems caused by micrometeorites on
our composite materials, one technical solution would be to use a thick layer of ordinary
regolith on a brick structure protecting an inflatable habitat, for example.

4. Conclusions

Space exploration and the perspective of the development of permanent lunar settle-
ments in the near future will require the need for locally produced construction materials.
In this study, a Lunar Regolith Simulant (LRS) was used as a model material to mimic
the chemical, mechanical, particle size distributions, and engineering properties of lunar
regolith. This LRS was agglomerated with Potato (Solanum tuberosum) Starch (PS) polymer
gel to create a cohesive LRS-PS composite that can be used to create bricks with 2 wt% and
4 wt%. These bricks were tested in an extremely low RH environment for their mechanical
and thermal insulation performances and beta-radiation resistance to study their potential
application in lunar building applications. The 4 wt% composite presents very interesting
compressive mechanical behavior, is resistant enough to be used in a harsh lunar surface
environment, and has properties conducive to building large structures, especially in low
gravity. These original results suggest that starch, a simple organic binder, can play a
key role in the development of efficient lunar bricks, provided its mechanical properties
are also sufficient. Further work will enable us to consolidate these results by further
improving experimental conditions, for example, by testing resistance to micro-impacts
and developing a numerical model to extrapolate the properties of the regolith/starch brick
to larger surfaces and thicknesses.
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