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Abstract: This study introduces a novel composite construction material composed of
lunar regolith combined with PEEK in dry powder form. The work demonstrates sig-
nificant advantages over alternative methods, primarily by reducing production power
consumption and simplifying the manufacturing process. Building on previous research
that explored binder optimization through process simplification and targeting predefined
shapes, this work delves deeper into a comparative analysis of high-performance thermo-
plastics. Among the various options, PEEK demonstrates the most favorable properties.
The study investigates key processing parameters and evaluates the effects of vacuum pro-
cessing and temperature testing on mechanical properties. The research also evaluates the
effects of vacuum processing and temperature testing to assess the material’s performance
under lunar conditions. Comparative analysis is performed with standard performance
of various reinforced and unreinforced concretes and with standard requirements for con-
struction bricks as per ASTM standards. This shows that the composite, with an organic
binder content as low as 5 wt%, has great potential. Notably, the improvements achieved
through vacuum curing ensure compliance with lunar environmental conditions and align-
ment with most Earth-based engineering standards. Samples compacted at 7.50 MPa with
10 wt% binder, and tested at room temperature, achieve a compression strength of 16.3 MPa,
exceeding that of industrial floor bricks and matching that of building bricks used on Earth.
Bending strength (7.4 MPa) aligns with steel fiber-reinforced and high-strength concretes.
Vacuum curing further enhances these properties, with an observed increase of +66% in
bending strength and +33% in compression strength.

Keywords: ISRU; lunar regolith; PEEK; moon; composite material; bricks; sustainability

1. Introduction

In Situ Resource Utilization (ISRU) is critical for sustainable operations beyond Earth,
as it prioritizes using local materials over transporting them, significantly reducing costs
and logistical complexities [1]. For what concerns lunar missions and infrastructure man-
ufacturing, this approach focuses on processing regolith, a layer of loose rock and dust,
into resources such as construction materials, oxygen, water, and fuel [2—4].

In [5], the authors highlighted that brick-based structures offer several advantages:
standardized elements provide uniformity, simplify construction, and optimize manufac-
turing. Their modular nature makes them ideal for early colonization, particularly when
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leveraging self-supporting designs (e.g., Nubian vaults) or interlocking shapes that elimi-
nate the need for mortar. Building on these principles, the authors investigated aggregate
bonding approaches and proposed a composite material whose manufacturing process
utilizes minimal quantities of thermoplastics as binders. To demonstrate the feasibility of
interlocking concepts, they presented two proof-of-concept designs: an interlocking brick
(Figure 1a) [6], and an interlocking tile (Figure 1b) [7].

(a) Interlocking brick (b) Interlocking tile

Figure 1. Proof-of-concept designs for interlocking elements made from regolith-rich composite
material, demonstrating the feasibility of constructing modular, mortar-free structures using minimal
thermoplastic binders.

Aggregate bonding solutions are particularly appealing, as they enable complex de-
signs without the high-temperature requirements of sintering or melting. However, they
depend on a defined quantity of Earth-sourced consumables, which must be minimized.
For practical implementation, these processes need to be robust, avoid reliance on sophisti-
cated control systems, and be adaptable to autonomous operations on the Moon. While
polymer-based solutions are discussed extensively in the literature [8-14], significant gaps
remain in developing efficient, sustainable, and scalable methods for real-sized lunar com-
ponents. Furthermore, limited efforts have been made to align or verify these requirements
with processes compatible with the Moon’s environment.

1.1. Insights from Previous PLA-Based Samples

The manufacturing process developed in this study relies on a thermoplastic phase.
This choice allows the raw powders to transform into the final product simply by heating
above the polymer’s melting point, without any chemical reaction. Additionally, dry pro-
cessing simplifies the initial blending and reduces overall complexity. Thermoplastics also
offer recyclability [15]: components can be crushed, remelted, and reshaped, making them
a sustainable and efficient choice for space applications. Selecting an appropriate grade
is critical due to the extreme conditions in space, such as large temperature fluctuations
(from +124 °C at the equator to —178 °C before sunrise [16]), high vacuum (10~ mbar
overnight to 10~ mbar during the day [17]), radiation, and potential meteorite impacts.
Additionally, the mechanical properties of the thermoplastic are essential, as they establish
the performance limits of the composite material in this context [10].

In the companion paper [5], PLA (polylactic acid) was used as a non-space-grade
option to simplify the initial phase of process understanding. This choice allowed for a rapid
assessment of key parameters before transitioning to specialized polymers that are more
challenging to process. The study focused on compression and bending strengths, finding
that both properties improved with increased binder content (investigated between 5 wt%
and 20 wt%), higher compaction pressures (0.50 MPa to 5.00 MPa), and a heterogeneous
grain size distribution within the regolith phase. At just 10 wt% binder, the compression
strength met the Earth construction requirements per the ASTM standards for industrial
floor [18], building [19], and hollow bricks [20], while the equivalent requirements on the
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Moon, scaled down by the same factor as lunar gravity [21-24], were already met at 5 wt%.
Compression strengths equivalent to concrete (grades 20 to 85 MPa) [25,26] for foundational
and structural uses on the Moon were achieved with 5 wt% binder, though the bending
strength results were less conclusive due to the setup limitations. This study seeks to further
advance the technology by integrating advanced thermoplastics as the binder, optimizing
process parameter selection, and evaluating the influence of critical environmental factors
on both the manufacturing process and the quality of the final products.

1.2. Organic Phase Selection

This subsection provides a comparative analysis of high-performance thermoplas-
tics frequently considered for space-grade applications, including polyetheretherketone
(PEEK), thermoplastic polyimide (TPI), polyphenylene sulfide (PPS), polytetrafluoroethy-
lene (PTFE), and polyetherimide (PEI). It examines their thermal and mechanical properties,
as well as the effects of radiation and UV exposure. Notably, all materials considered meet
the requirement for Total Mass Loss (TML) below 1% [27]. Based on reference values from
the literature [28], these materials can be ranked from most to least performant as follows:
PTFE, PPS, PEEK, TPI, and PEL

The melting temperature is a critical parameter for processing, where, in principle,
a lower melting temperature is advantageous for easier handling. However, both the
melting and glass transition temperatures must be sufficiently high to withstand the
Moon’s extreme temperatures. PEEK has a melting point (T;;) of 343 °C and a glass
transition temperature (Tg) of 143 °C [29]. In comparison, TPI exhibits a significantly
higher T, of 250 °C and Ty, of 388 °C [30]. PPS, lower in thermal resistance, has a melting
point of 280 °C and a glass transition temperature of 85 °C [31]. PTFE presents a unique
case; while its glass transition temperature remains debated [32], it has a melting point of
260 °C. Lastly, PEI offers a T, of 215 °C; as an amorphous thermoplastic, it lacks a distinct
melting point, but processing temperatures between 340 °C and 400 °C are generally used
to achieve a molten state [33]. Another important thermal property to consider is the
Coefficient of Thermal Expansion (CTE), as it indicates the material’s tendency to deform
with temperature changes. Among the materials under consideration, PEEK performs best,
with the lowest CTE at 46 x 10~ 1/°C, followed closely by PPS, TPI, and PEI, with values
of 52,55, and 65 x 10~° 1/°C, respectively. In contrast, PTFE is more affected, with a higher
CTE around 124 x 10~¢ 1/°C.

Beyond mere survival, the material must retain key properties under the temperature
fluctuations to be expected on the Moon. Thus, evaluating how they affect mechanical
properties is essential. The tensile strength, for which data are available in the literature
across a wide temperature range, can be considered as an indicator. At room temperature,
PPS, TPI, PEEK, and PEI exhibit strong performance for structural applications, with yield
strengths of 93, 92, 90, and 86 MPa, respectively. PTFE, however, shows a significantly
lower yield strength of 21 MPa. At low temperatures (—196 °C), PPS stands out with the
highest yield strength at 260 MPa, while PEEK and TPI also maintain structural stability
with yield strengths of 200 MPa and 189 MPa. Although lower, PTFE and PEI still offer
essential values for low-temperature applications, with 140 MPa and 101 MPa, respectively.
At high temperatures (150 °C), TPI leads with a yield strength of 58 MPa, followed by PEEK
at 35 MPa and PEI at 17 MPa. PPS and PTFE, however, experience significant declines at
high temperatures, dropping to 3.5 MPa and 2 MPa, which limits their suitability.

The degradation of mechanical properties due to ionizing radiation varies significantly
across different materials. In general, when polymers are irradiated, the breaking of
the main molecular chains might occur [34], contributing to the decline in the material’s
overall performance. When it comes to mechanical performance, residual tensile strength
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after irradiation is a good parameter for assessing material degradation. However, direct
comparisons between different polymers are challenging due to the substantial variation
in their initial properties. Moreover, experimental conditions, such as radiation sources
and doses, differ across studies. For consistency, this paper compares the properties of
the materials in their original state with those measured after exposure to a standardized
dose of 1 MGy, if available. A study on high-performance plastics [35] demonstrated that
both PEEK and PEI exhibit exceptional radiation resistance. PEI maintained its mechanical
properties after a 1 MGy dose. Similarly, PEEK showed no significant degradation up to
5 MGy. Further confirmation of the stability of PEEK up to 8 MGy was provided in [36],
along with that of PPS, which retained its tensile strength even after irradiation. Polyimides
also display excellent radiation resistance as demonstrated by studies on Kapton [37] and
AURUM [38], which showed no loss of tensile strength up to doses of 12 MGy. In contrast,
PTFE is highly sensitive to radiation, with its mechanical properties deteriorating rapidly at
relatively low doses [39,40]. No tensile strength data were available for PTFE at the 1 MGy
level due to its fast degradation. However, the literature reports a significant reduction in
tensile strength to 10.3 MPa after exposure to a dose of just 12 kGy [41].

To enhance the understanding of their performance across various criteria, Table 1
summarizes the properties discussed. When considering the full spectrum of temperature
performance, PEEK exhibits the most favorable properties overall, alongside TPI. With
PEEK, its slightly lower melting point, glass transition temperature, and TML further
enhance its suitability. While TPI demonstrates superior tensile properties at elevated
temperatures, these benefits appear to be achieved through commercial grades specifi-
cally formulated for such conditions. Furthermore, PEEK is already extensively used in
extreme environments [42,43]. In the aerospace industry, PEEK plays a crucial role in
high-performance components such as seals, gaskets, and insulation for jet engines and
rocket propulsion systems, where it withstands extreme temperatures and mechanical
stress. The material’s resistance to radiation and its stability in a vacuum make it indispens-
able in space exploration, being used in components for satellites, spacecraft, and lunar
rovers. In the oil and gas sector [44], PEEK is found in seals, bearings, and valve seats
for drilling equipment operating in deep-sea environments and at high temperatures, of-
ten above 250 °C, where it resists exposure to corrosive chemicals and intense pressures.
Additionally, PEEK is used in applications involving intense thermal cycling, such as in
high-performance electronics and military-grade equipment.

Table 1. Comparison of advanced thermoplastics for space applications.

Tm T CTE? o

°C oC 1/°C LT® RT  HTY a@wcmy | Mb Refs
PEEK DEXNYL 343 143 46 x 106 200 90 35 stable 014  [28,36,45,46]
TPI PL450C 388 250 55 x 106 189 92 58 stable 058  [47-49]
PPS 280 85 52 x 106 260 93 35 stable 005  [28,31,36,50]
PTFETEFLON 260 a 124 x 106 140 21 2 lowers 001  [2851-53]
PEI ULTEM 340 217 65 x 10 101 86 17 stable 040  [28,54-56]

2 The exact glass transition temperature is debated [32]. b Measured at room temperature. © Measured at —196 °C.
d Measured at 150 °C.

Beyond these considerations, it is worth mentioning that polymers are generally sus-
ceptible to photodegradation when exposed to UV radiation, which can result in material de-
terioration [57]. To enhance UV resistance, UV screeners are often used. Bragaglia et al. [58]
demonstrated that incorporating TiO; particles into PEEK slows and confines photodegra-
dation to the material’s external surface. Notably, TiO, is naturally abundant in lunar
regolith, constituting approximately 10% of its composition in weight [59]. Furthermore,
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the limited organic phase content in the composite and the high weight percentage of
regolith are expected to provide additional UV protection, acting as an effective shield for
the material’s inner core.

2. The Manufacturing Process and Parameter Refinement

The manufacturing process builds on the methodology validated in [5], where PLA
was used as a binder and EAC-1a as a lunar regolith simulant. EAC-1a is the lunar
regolith simulant currently in use at the European Astronaut Centre. While it shares several
physical and chemical similarities with lunar regolith, as with all simulants, it exhibits
distinctions that, in principle, may influence its applicability. Detailed analyses of its grain
size distribution and chemical composition are provided in [60]. The EAC-1a particle size
distribution falls within the upper and lower boundaries observed in Apollo lunar regolith
samples, although it exhibits a higher median grain size. Its particles display a variety of
shapes similar to lunar regolith but lack the extreme angularity and features caused by
space weathering, which might lead to differences in cohesion and compaction behavior.
From a chemical standpoint, major mineralogical components are shared between EAC-1a
and lunar regolith samples, but the simulant contains higher levels of alkali components
(K20 and Na;0), feldspathoids, quartz, and chlorite, rare or absent in actual samples. These
components, particularly the crystalline water in chlorite, could influence specific processes
such as sintering and oxygen extraction. Additionally, EAC-1a features ilmenite in its
oxidized state and lacks the reduced ilmenite and nanophase iron typical of lunar regolith,
potentially impacting its magnetic properties. Despite these differences, the authors expect
EAC-1a to perform effectively in particle binding processes, as the binder acts as the
primary adhesive, while the simulant primarily serves as an inert filler.

Transitioning to a PEEK-based process requires refining several processing parameters,
leveraging insights gained from the PLA-based process to focus on key factors. The core
phases of the process and their respective refinements are detailed below; in addition,
Figure 2 highlights the differences in the manufacturing steps between PEEK- and PLA-

04 COMPACHON 05 CURING DG COOLING
PEEK-based, PEEK based, PEEK-based,

Sto 15 wit% 0.50 10 7.50 MPa Shs - 400°C

R R In air, at room
temperature

PLA based,

20to¢'50m:n

200to 240°Cin air

based samples.

02 SIEVING

EAC-1a grains

' <500 um
PLA 50°C/12h PLA-based, PLA based,
EAC-1a 250°C / 2h J 5 to 20wi% DSUtoSDQMPa

Figure 2. Manufacturing steps for PEEK- and PLA-based samples: The blue boxes indicate the

01 DRYING 03MIXING

MOLD FILLING

f €
PEEK 80°C/12h

EAC-1a 250°C/ 2h

process parameters specific to PLA, highlighting where they differ from those used for PEEK.

Drying : Both the regolith simulant and the binder are dried to remove moisture. For PEEK,
drying is performed at 80 °C for 12 h, and for EAC-1a at 250 °C for 2 h, using a Memmert
UN30 universal oven.

Sieving: The regolith simulant is sieved to ensure that only particles within a specific size
range are included in the process. The previous study demonstrated that a heterogeneous
particle size distribution enhances the mechanical properties of the parts, especially when
all particles are below 500 um. Consequently, this threshold is set during sieving, performed
using a Nexopart EML 200 sieve machine.

Mixing and Mold Filling: The dried regolith simulant and binder are mixed in the desired

weight percentage (wt%) for a few minutes before being transferred into a metallic mold
for shaping.
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Compaction: The mixture within the mold is compacted using a press at the specified
pressure level. Depending on the sample size and compaction pressure, the mixture is
compacted using either a toggle press with a 2 kN load sensor or a 10-ton Unicraft WPP
10 hydraulic press.

Curing: The compacted green body undergoes heating to a temperature above the melting

point of the binder. PLA-based samples show no significant differences within a narrow
range above its melting point. For PEEK, curing is conducted at 400 °C using a Carbolite
Gero STF 15/450 tube furnace. A preliminary study shows no significant variation in the
material properties at higher temperatures, though shorter curing times are achievable.
Both air and vacuum curing are examined, with a uniform curing time of 3 h chosen for
consistency. For vacuum curing, an Edwards RV3 vacuum pump is used to maintain
pressures of 0.17-0.23 mbar.

Cooling: After curing, samples are cooled in air at room temperature, as this parameter has
no impact on the final properties of the processed parts.

PLA-based samples revealed that binder weight percentage (wt%) and compaction
pressure (p.) have a major impact on the selected mechanical properties, specifically bend-
ing and compression strength. Therefore, the study with PEEK focuses solely on these two
key factors. The levels of binder weight percentage are reduced to three: 5, 10, and 15 wt%.
Higher values are not considered, as the ISRU context emphasizes optimizing the use of
consumables brought from Earth. Additionally, the properties achieved within the 5 to
15 wt% range for PLA are already satisfactory. Four levels of compaction pressure are
selected, instead: 0.5, 2.5, 5.0, and 7.5 MPa. Compared to the previous analysis, the 7.5 MPa
value is added to determine whether an asymptote might occur in the mechanical properties
at higher compaction pressures.

Introducing PEEK into the process also allows for considering two additional variables,
both crucial for applying the material in real-world scenarios: vacuum processing and
temperature behavior. The former variable is fundamental for assessing whether the
material can be processed directly on the Moon'’s surface. The letter is critical for providing
an initial indication of how the material would perform across a range of temperatures.
A summary of all the processing parameters is detailed in Table 2; Section 3 details how both
the processing parameters and environmental variables are accounted for in the analysis.

Table 2. Process parameters and levels.

Compaction Organic Grain Size Curing Curin Cooling
Pressure Phase wt% Distribution Temp. 8 Mode
Level P1 P.2 P.3 P4 P5 P.6
1 0.50 MPa 5%
2 2.50 MPa 10% o 3h o
3 5.00 MPa 15% <500 pm 4007C air/vacuum mair
4 7.50 MPa -

3. Mechanical Characterization Campaign

Two experimental campaigns are conducted, each comprising both compression and
bending tests. The first campaign is focused on evaluating the influence of manufacturing
process parameters on the mechanical properties of the samples. A full-factorial Design
of Experiments (DoE) is employed, combining the parameters and levels described in
Section 2 to generate a DoE matrix (see Table 3), resulting in 12 sample combinations.
Given the large number of samples, curing is performed in air, providing a simpler and
faster setup.
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Table 3. Processing parameters for the L12 DoE characterization campaign. The table lists the levels
of each factor varied during the experimental design. The combinations follow the orthogonal array
structure of an L12 design, ensuring a systematic exploration of the parameter space.

DoE Run No. 01 02 03 04 05 06 07 08 09 10 11 12
Organic phase wt% 5% 5% 5% 5% 10% 10% 10% 10% 15% 15% 15% 15%
Comp. press. MPa 0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50

After the processing parameters are fixed, a second experimental campaign is con-
ducted, again including both compression and bending tests. In this case, the samples are
cured under vacuum, and the testing temperature is varied across three levels to assess the
material’s behavior at different temperatures.

Bending and Compression Tests

For both bending and compression tests, standardized procedures referenced from
ASTM and ISO are followed, specifically targeting reinforced rigid plastics and concrete.
To keep consistency with [5], the same prism-shaped and cylindrical molds are used.
The internal surfaces of these molds are coated with a high-temperature release agent
(Cirex Si 041 WB) to ensure easy demolding. After manufacturing, all specimens are
measured for weight and dimensions before testing. Data on load and displacement are
recorded at a frequency of 10 Hz. Prism specimens with rectangular cross sections (see
Figure 3a) are prepared in molds with internal dimensions of 150 mm in length, 25 mm in
width, and 25 mm in depth. The mold is filled with powder to a depth of 10 mm; powders
are leveled with a spatula before compaction takes place. Each specimen undergoes a
three-point bending test at a constant speed of 2 mm/min until failure, using an MTS
QTest10 Universal Testing Machine equipped with a 1 kN load cell. Bending stress and
strain are calculated according to [61], and bending strength is determined at the maximum
load each sample can bear. Cylindrical specimens (see Figure 3b) are produced using molds
with nominal dimensions of 14 mm in diameter and 30 mm in height. The mold is filled
completely with powder, leveled before compaction takes place. Each specimen undergoes
a compression test at a constant speed of 1.3 mm/min until failure, using an Instron 8801
Universal Testing Machine equipped with a 10 kN load cell. Compression stress and strain
are calculated following [62], and compression strength is determined at the maximum
load each sample can withstand.

(a) Bending specimens (b) Compression specimens
Figure 3. Example of reference bending and compression specimens used throughout the experimen-
tal campaign. The geometries shown are representative of all specimens, which were ideally identical
and used for both air-cured and vacuum-cured samples.

The elastic moduli of the samples from both compression and bending tests are also
evaluated. An adaptive and robust data analysis method is implemented to compensate
for the variable behavior exhibited by specimens, due to differences in the manufacturing
parameters. The heterogeneity of the samples results in stress—strain curves with varying
trends and characteristics, particularly in the initial toe region, which often displays non-
linear behavior due to the initial slack or settling of the material under stress. The algorithm
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Bending Strength [MPa]

20.0

17.59

15.01

12.54

10.09

7.59

5.01

2.51

dynamically identifies the linear region within each stress—strain curve by performing a
rolling linear regression. A windowed approach is used, wherein the slope of the curve is
calculated over multiple and overlapping windows. The consistency of these slopes is then
assessed, identifying the most stable linear portion of the curve. This stability is quantified
by requiring that the variation among the slopes does not exceed 10%. By progressing
through the curve and recalculating the regression for each window, the algorithm can effec-
tively adjust to variations in curve trends, allowing for the identification of the true linear
region regardless of the initial non-linear characteristics presented by different specimens.

4. Discussion on the Material Properties

This section presents the results of the two campaigns. In both, six identical specimens
are tested under bending and compression for each combination of process or environmen-
tal parameters. This approach allows the removal of potential outliers within each set while
still meeting the ASTM requirements for statistical significance with five valid samples.

While this section presents graphical data for the quantities under study, Appendix A
extends the discussion by presenting the specific values.

4.1. Impact of the Process Parameters

Figure 4 presents a summary of the first bending campaign, showing the strengths
(Figure 4a) and moduli (Figure 4b) measured across the samples. The bars represent the
average values for each run, with error bars indicating the standard deviation. The bars
correspond to the data after removing (possible) outliers, which are excluded based on
the two standard deviations criterion. In all cases, each sample set includes a minimum of
five specimens as required by ASTM standards for mechanical characterization. Both bar
charts are divided into three sections, each representing a different binder weight percentage
(wt%). At the same binder weight percentage, the compaction pressure increases from left
to right as described in Table 3. Significant variability is observed, with bending strengths
ranging from 0.6 to 14.9 MPa and moduli from 66.0 to 1877.5 MPa, as both properties are
strongly influenced by binder content and compaction pressure.

PEEK 5 wt%

Compaction Pressure [MPa] Compaction Pressure [MPa]
050 250 5.00 7.50 0.50 250 5.00 7.50 0.50 2.50 5.00 7.50 050 2.50 5.00 7.50 0.50 2.50 500 7.50 0.50 2.50 5.00 7.50
T 2500 T T
| i i
o H o 1 1
(PeEK 10 wis) i (PeEK 15 Wi ) i (PEEK 10 Wt i (PeEK 15 Wi
1 1 1
i 2000 : :
1 1 1
: 5 : ; I
I © ] i
o
| s | | !
H v 1500 - ! !
| 2 | LB
! 3 : il
; S : ;
: 3 : :
(=)}
! £ 1000+ ! I !
1 © 1 1
: g : "1 |
| @ " |
i i i
1 5001 1 s I
1 1 1
1 1 1
i i i
1 T = 1
i = 1 i i
0= T T am— T T — T T T
6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
DoE run no. DoE run no.

(a) Mean bending strength

(b) Mean bending modulus

Figure 4. Experimental results: bending strength and modulus per DoE run.

Figure 5 follows an analogous approach while presenting a summary of the compres-
sion campaign, showing the strengths (Figure 5a) and moduli (Figure 5b) measured across
the tested samples. Similarly, the compression properties are significantly affected by the
compaction pressure and binder weight percentage. There is notable variability across the
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Compression Strength [MPa]

30

full sample set, with compression strengths ranging from 1.9 to 25.0 MPa, and moduli from
35.5 MPa to 558.0 MPa.

Compaction Pressure [MPa]

0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50 Compaction Pressure [MPa]

0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50

1 1 T
1 1 1 1
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(a) Mean compression strength (b) Mean compression modulus

Figure 5. Experimental results: compression strength and modulus per DoE run.

To separate the individual effects of the two processing parameters on the mechanical
properties, Figures 6 and 7 present the main effects plots for bending and compression
properties. The vertical axes display the response variables, with blue representing the
bending and compression strengths, and red indicating the bending and compression mod-
uli. The horizontal axes show the levels of the control factors, specifically the compaction
pressure and the binder weight percentage (wt%). The analysis confirms that both parame-
ters are critical in determining the mechanical properties of the samples, as adjusting them
enables tailoring the material properties by enhancing the strengths and moduli. When
ranking the two parameters, the effect of the binder is far more pronounced than that
of the compaction pressure. The trend appears monotonic across all response variables,
following a consistent and overlapping pattern. Within the considered ranges, there is no
clear indication of an asymptote or saturation point where the positive effects of increased
binder content or compaction pressure diminish. This suggests that even higher mechanical
properties could be achieved with further increases in these parameters. However, caution
must be exercised in pushing these limits: binder weight percentage cannot be increased
indefinitely, as minimizing the use of Earth-sourced raw materials is crucial. Similarly,
compaction pressure should not be excessive, especially when considering applications for
large-scale components.

4.2. Effects of Vacuum Processing and Temperature Testings

To evaluate the effects of vacuum processing and different testing temperatures, the de-
cision is made to fix the processing parameters as follows: compaction pressure at 7.50 MPa
and binder weight percentage at 10 wt%. As will be discussed in more detail in Section 4.3,
these values already result in components that, processed in air and tested at ambient
temperature, exhibit mechanical properties suitable for construction. The compression
strength (16.3 MPa) exceeds that of industrial floor bricks and is comparable to that of
the building bricks used in Earth applications, while the bending strength (7.4 MPa) falls
within the range of steel fiber-reinforced concrete and high-strength concrete. Figures 8
and 9 present the results of the second campaign, following a similar approach to the first
one. In each graph, a red line highlights the reference value for the corresponding quantity
(strength or modulus) measured at ambient temperature (20 °C) on the samples cured in air.
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Figure 6. Bending strength and modulus: main effects plots for means.
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Figure 7. Compression strength and modulus: main effects plots for means.

The effects of vacuum processing and conditioning temperature can be discussed
separately by analyzing the graphs with different focus areas. The performance of the
samples cured in vacuum and tested at room temperature is significantly superior to that
of the corresponding samples cured in air. This improvement is evident across all the
mechanical properties, with an increase of +66% in bending strength, +125% in bending
modulus, +33% in compression strength, and +53% in compression modulus. The results
indicate that the effect of vacuum processing is more pronounced on the moduli than on
the strengths. Notably, the effect on the bending properties is approximately double that
on the compression properties. Since bending involves a combination of both compression
and tensile forces, this disparity implies that vacuum processing has a dramatic impact on
the material’s tensile properties. This suggests that vacuum curing likely improves particle
cohesion and reduces internal voids, resulting in a material that is not only stiffer but also
better able to withstand tensile stresses.



Appl. Sci. 2025, 15, 679

11 0f 19

20 3500
Reference samples Reference samples

— Cured in air, —_ i Cured in air,
& - teusrtZdlanta-:-r20°C © 3000 - teLlsrteedlgtaJ»r20°C
g 16 :
— — 2500
£ 3
o12 S 2000
g g
b g = 1500
2 2
S :5 10001
g 4 N
m m 500

0 0-

-40 +20 +130
Conditioning temperature [°C]

-40 +20 +130
Conditioning temperature [°C]

(a) Bending Strength (b) Bending Modulus
Figure 8. Summary of experimental results for the vacuum-processed samples: bending strength/modulus
at different conditioning temperatures.

w
(6]

1000

Reference samples

Cured in air,
"7 tested at +20°C

Reference samples

Cured in air,
"7 tested at +20°C

w
o

800

N
ul

600 -

N
o

-
(6]

4001

—-
o

200 1

Compression Strength [MPa]
(8]

Compression Modulus [MPa]

o

—-40 +20 +130
Conditioning temperature [°C]

-40 +20 +130
Conditioning temperature [°C]

(a) Compression Strength (b) Compression Modulus

Figure 9. Summary of experimental results for the vacuum-processed samples: compression
strength/modulus at different conditioning temperatures.

The conditioning temperature has a distinct impact on both bending and compression
properties, with varying effects on the strength and modulus. For the bending strength and
modulus, there is a clear monotonic trend: lower conditioning temperatures enhance both
properties, while higher temperatures degrade them. Specifically, at —40 °C, the bending
strength and modulus show improvements of +15% and +7%, respectively, compared to the
room temperature reference, while at +130 °C, the variations are —15% and —13%. How-
ever, these temperature-induced changes are secondary compared to the impact of vacuum
processing. Even in the worst-case scenario, the bending properties of vacuum-cured sam-
ples remain superior to those of air-cured specimens tested at room temperature. In contrast,
the trend for compression strength differs from that of bending strength. At —40 °C, com-
pression strength decreases by —9% compared to the room temperature reference, while at
+130 °C, it increases by 2%. The compression modulus behaves differently, reaching its peak
at room temperature, with decreases observed at both —40 °C (—21%) and +130 °C (—29%).
Again, despite these variations, the compression properties of vacuum-cured samples still
outperform those of air-cured specimens tested at room temperature, underscoring the
dominant effect of vacuum processing over temperature conditioning.

The conditioning temperatures are constrained by the capabilities of the climatic cham-
ber used in the experiment, with the upper limit (130 °C) aligning with the maximum
temperature observed on the lunar surface and the lower limit (—40 °C) still being rela-
tively high compared to actual lunar conditions. Consequently, further validation using
more representative temperature ranges will be necessary. Nonetheless, the literature



Appl. Sci. 2025, 15, 679

12 of 19

provides encouraging insights, indicating that the tensile strength of PEEK increases at
lower temperatures, a trend that is reflected in its bending strength at least down to —40 °C.
For compressive strength, the observed decrease is minimal, with a reduction of only 9%
when transitioning from room temperature to —40 °C.

4.3. Comparison with Standards for Bricks Classification

This section compares the experimental results with standard and experimental bench-
marks commonly used for structural applications on Earth. In this sense, the comparison
adopts a conservative approach, as preliminary estimates of strength requirements on the
Moon [21-24] should be scaled down by the same factor as lunar gravity (1/6 of Earth’s
gravity). Figure 10 shows the mean bending strengths of the DoE runs (black dots), with all
samples cured in air and tested at +20 °C. Three additional data points, associated with
run 8 (compaction pressure of 7.50 MPa and binder weight of 10 wt%), represent samples
cured in vacuum and tested at different temperatures. Steel fiber-reinforced concrete in
three different grades serves as a reference for comparison. For samples cured in air and
tested at ambient temperature, all samples at 15 wt% PEEK meet or exceed all grade require-
ments, regardless of compaction pressure. The 10 wt% PEEK and compaction pressures
above 5 MPa already meet the 35 MPa requirements, while the 10 wt% PEEK at 7.50 MPa
meets those of the 65 MPa grade. On the other side, samples cured in vacuum exhibit
bending strengths that meet or significantly exceed the requirements for all grades across
all tested temperatures.

Compaction pressure [MPa]

0.50 2,50 5.00 7.50 0.50 2.50 5.00 7.50 0.50 2.50 5.00 7.50
20.0 L L L L _ L L ) L _ L L L L
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17.51 H .
15.0 A : tested at -40°C e )
. —! Qs
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= : I i3 i
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1 2 3 4 5 6 7 8 9 10 11 12
Run no.

Figure 10. Bending strength: Comparison of the requirements for three grades of steel fiber-reinforced
concrete [26] against experimental data. The black dots show the bending strengths of DoE samples
(cured in air, tested at +20 °C); the additional points associated with run 8 (same compaction pressure
and binder percentage) represent samples cured in vacuum and tested at various temperatures.

Figure 11 follows the same approach and presents the compression strength results,
evaluated against the minimum requirements for various brick types as specified by
ASTM standards. The analyzed combinations of compaction pressure and PEEK weight
percentage accommodate the performance needs of industrial floor, building, hollow,
and pedestrian/light-traffic paving bricks. Specifically, the requirements for hollow bricks
and pedestrian/light-traffic paving bricks are met and exceeded with 15 wt% PEEK at
compaction pressures above 2.50 MPa and 5.0 MPa, respectively. Industrial floor and
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building brick requirements are satisfied with 15 wt% PEEK regardless of compaction
pressure and with 10 wt% PEEK when the compaction pressures exceed 0.5 MPa and
2.50 MPa, respectively. Samples cured in vacuum meet or exceed the requirements across
all cases and tested temperatures, except for the sample tested at high-temperature, where
performance slightly falls below the requirements for pedestrian/light-traffic paving.

Compaction pressure [MPa]
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Figure 11. Compression strength: comparison of the requirements for different brick applica-
tions [18-20,63] against experimental data. The black dots show the bending strengths of DoE samples
(cured in air, tested at +20 °C); the additional points associated with run 8 (same compaction pressure
and binder percentage) represent samples cured in vacuum and tested at various temperatures.

Appendix B extends this comparison by incorporating requirements and standard
values from a broader range of applications.

5. Conclusions

This study explored regolith-based composites with minimal thermoplastic binders,
selecting PEEK as the binder after a thorough trade-off analysis of manufacturing and envi-
ronmental constraints. The manufacturing process involved compacting regolith grains and
binder powders in molds, heating to melt the binder, and cooling to solidify the composite.
The effects of binder content and compaction on compression and bending properties were
evaluated under varying conditions, including vacuum and different temperatures. The re-
sults demonstrated the feasibility of producing standardized components with mechanical
properties compatible with or exceeding equivalent lunar construction requirements:

*  Abinder content of 5 wt% met and exceeded equivalent compression strength require-
ments for lunar applications, including building and paving bricks.

*  The compression strength needed for lunar concrete applications, such as basement
walls, slabs, and reinforced beams, was achieved with 5 wt% binder.

* At 10 wt%, the composite satisfied strength requirements for similar Earth-based
structures.

e Bending strength results mirrored these trends, with 5 wt% meeting the equivalent
performance for conventional and reinforced concretes on the Moon, and 10 wt%
ensuring compliance for Earth-based requirements.
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*  Vacuum curing significantly enhanced mechanical properties, enabling compatibility
with all lunar and most Earth-based requirements.

¢ Binder weight percentage and powder compaction positively influenced all mechan-
ical properties. The minimal binder content and low pressures used in the process
underscore its scalability for larger structures.

Despite these promising results, several limitations must be overcome before this
formulation can be effectively adapted for applications on the lunar surface:

e  Thermal and Mechanical Constraints: The performance of PEEK-based composites

under the combined extreme thermal cycling and radiation exposure on the Moon
requires further validation. Current tests only partially replicate lunar conditions,
and additional experimentation under representative environments will be crucial.

*  Processing Efficiency: Achieving vacuum processing on a medium to large scale with

precise temperature control poses significant engineering challenges, especially given
the limited power and mass budget of lunar missions.
*  Material Availability: While regolith is abundant on the Moon surface, ensuring the

uniformity of particle size and composition for consistent performance remains a
logistical and processing challenge at the time.

To build on the findings of this study, several avenues for future research are here proposed:

¢  Environmental Testing: Conduct extended experiments under conditions that more

accurately mimic the lunar environment, including prolonged exposure to high vac-
uum, thermal cycling, and micro-meteoroid impacts. To address these added issues in
the real environment, novel solutions could be proposed such as the integration of
additional fillers or external coatings to improve radiation resistance, and mechani-
cal toughness.

*  Automation and In Situ Adaptability: Develop autonomous systems for regolith col-

lection, material processing, and construction to align with lunar mission constraints.
*  Multi-functional Applications: Investigate the feasibility of these composites in multi-

functional roles, such as structural components that also serve as radiation shielding
or thermal insulation.

By addressing these limitations and pursuing these research directions, the potential
for PEEK-regolith composites to serve as a cornerstone material for lunar construction can
be significantly enhanced.
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PEEK  Multidisciplinary Digital Publishing Institute
ISRU  In Situ Resource Utilization

PLA  Polylactic Acid

TPI Thermoplastic Polyimide

PPS Polyphenylene Sulfide

PTFE  Polytetrafluoroethylene

PEI Polyetherimide

TML  Total Mass Loss

CTE  Coefficient of Thermal Expansion

T, Glass Transition Temperature
T Melting Temperature

wt%  Weight Percentage

Pc Compaction Pressure

DoE Design of Experiment

oy Tensile Strength

LT Low Temperature

RT Room Temperature

HT High Temperature

Appendix A
Appendix A.1

This appendix presents the detailed results of the mechanical characterization cam-
paigns conducted on the material. Table A1 summarizes the compression and bending
strengths and moduli obtained during the L12 DoE characterization campaign, where
all specimens were cured in air under varying process parameters. Table A2 reports the
corresponding data for samples cured in vacuum and subsequently conditioned at different
temperatures. These results provide a comprehensive overview of the material behavior
under varying curing and testing conditions.

Table Al. Summary of the compression and bending strengths and moduli, obtained during the L12
DoE characterization campaign. The process parameters for each Run follow the scheme outlined
in Table 3. All specimens were cured in air. The values are reported in MPa; y represents the mean
value, and o denotes the standard deviation, calculated after excluding potential outliers.

Compression Bending
DoE Strength Modulus Strength Modulus
Run
7 o u o 7 o 7 o

RO1 1.90 0.31 35.46 10.30 0.62 0.07 66.02 11.07
R0O2 3.66 0.12 82.70 10.27 1.00 0.11 109.58 37.94
RO3 5.13 0.20 135.42 11.91 1.32 0.17 210.03 18.51
R0O4 6.05 0.48 164.24 26.24 1.72 0.09 245.42 15.39
RO5 6.85 0.34 136.50 22.20 3.52 0.28 498.38 33.56
RO6 10.72 0.35 389.89 29.80 4.61 0.28 709.82 47.29
RO7 13.82 0.26 445.04 19.02 6.40 0.48 823.67 86.22
RO8 16.33 0.31 481.93 37.73 7.41 0.43 946.60 75.44
R0O9 15.21 0.32 391.87 45.70 10.61 0.29 1323.45 65.71
R10 20.06 0.10 468.49 40.61 11.48 0.33 1485.39 75.24
R11 21.92 0.29 537.92 69.27 13.53 0.38 1699.09 7191

R12 2498 0.73 558.02 49.91 14.89 0.48 1877.45 96.1
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Table A2. Summary of the compression and bending strengths and moduli for samples cured
in vacuum and tested after conditioning at different temperatures. Values are reported in MPa,
with p representing the mean and o denoting the standard deviation, calculated after excluding
potential outliers.

Compression Bending
Cond. Strength Modulus Strength Modulus
Temp.
I o i o i o I o
—40°C 19.79 1.13 580.49 45.49 14.20 0.35 2282.89 55.73
+20 °C 21.70 1.10 738.70 23.18 12.33 0.18 213597  151.59
+130°C 2217 0.63 520.66 84.93 10.54 0.48 1859.95 86.11
Appendix B

Appendix B.1

Table A3 summarizes the minimum compressive strength requirements for bricks in
various Earth-based applications and compares them with the results of the experimental
campaign. C indicates compliance with Earth-based standards, while C* denotes compli-
ance with the reduced requirements for lunar applications (scaled to 1/6 of Earth’s values).
N indicates non-compliance for both Earth and Moon applications. Table A4 shifts focus to
concrete, listing strength requirements based on construction type, with the same notation
applied. Table A5 examines flexural strength, comparing the experimental results to typical
values for different concrete types. Samples classified as E demonstrate equivalent or supe-
rior performance to the reference concrete, E* indicates equivalence or superiority under
lunar conditions, and N signifies non-equivalence. In all the tables, the first twelve columns
consider the samples of the DoE, cured in air and tested at RT (+20 °C); the last three
columns the samples processed in vacuum and tested at HT (+130 °C), RT, and LT (—40 °C).
The comparisons highlight promising performance across both Earth and Moon contexts.
Most runs with higher organic binder content met the stringent Earth-based requirements.
Although increasing regolith content leads to reduced performance, the requirements for
lunar applications are met in the majority of cases. Vacuum-processed samples satisfied
most Earth-based standards across all testing temperatures and exceeded all criteria for
lunar applications.

Table A3. Compressive strength: comparison of experimental values with standard requirements of
various bricks. C denotes compliance, C* compliance under lunar conditions (requirements scaled by
1/6), and N non-compliance.

Ref. Min. DoE Run No. Vacuum Proc.
Standard Cat. [MPa] 01 02 03 04 05 06 07 08 09 10 11 12 HT RT LT
IBC [64] - 10.3 Cc* Cc* C* C* c* C C C C C C C C C C

ASTM T/H 6.9 Cc* Cc* C* C* c* C C C C C C C C C C
C4102 [18] M/L 13.8 N C* C* Cc* (g Cc* C C C C C C C C C
ASTM NW 10.3 Cc* C* C* Cc* c* C C C C C C C C C C
C62b [19] MW 17.2 N Cc* C* (G c* Cc* Cc* Cc* Cc* C C C C C C
SW 20.7 N C* C* Cc* Cc* Cc* Cc* Cc* Cc* C* C C Cc* C (@

ASTM MW 17.2 N C* C* Cc* c* Cc* Cc* Cc* Cc* C C C C C C
C652 € [20] SW 20.7 N Cc* (g (G c* c* Cc* Cc* Cc* C* C C C* C C
ASTM MX/NX  20.7 N Cc* C* C* c* Cc* Cc* Cc* Cc* Cc* C C c* C C
€902 4 [63] SX 55.2 N N N N N c* c* Cc* Cc* C* C* Cc* C* C* C*

2 Industrial Floor Brick. ® Building Brick. ¢ Hollow Brick. ¢ Pedestrian and Light Traffic Paving Brick.
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Table A4. Compressive Strength: comparison of experimental values with standard requirements of
various concretes. C denotes compliance, C* compliance under lunar conditions (requirements scaled
by 1/6), and N non-compliance.

Exp. Val. DoE Run No. Vacuum Proc.
[MPa] 01 02 03 04 05 06 07 08 09 10 11 12 HT RT LT
(<17)2 C C C C C C C C C C C C C C C
(17-24)® N ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ c
[25] (21-28) © N C* C* C* (G C* C* C* Cx C* C C (G C C
(21-48) d N (g Cc* c* C* (g Cc* Cc* C* c* C C C* C C
(28-48)° N N ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ oc
(69-109) f N N N N N N eI ¢ I ¢ ¢ S o SN ¢ S . A . o
a Concrete fill. P Basement and foundation walls and slabs, walks, patios, steps, and stairs. ¢ Driveways, garage,
and industrial floor slabs. 9 Reinforced concrete beams, slabs, columns, and walls. © Precast and prestressed
concrete. f High-rise buildings (columns).
Table A5. Bending strength/modulus of rupture: comparison of experimental values with standard
performances of various concretes. E denotes equivalence or superiority, E* equivalence or superiority
under lunar conditions (requirements scaled by 1/6), and N non-equivalent.
Grade Exp. Value(s) DoE Run No. Vacuum Proc.
[MPa] 01 02 03 04 05 06 07 08 09 10 11 12 HT RT LT
[65] 20 MPa 3.5 E* E* E* E* E E E E E E E E E E E
35 MPa 5276 N E E B FE E E E E E E E E E E
[26] b 65 MPa 7.2-10 N N E* E* E* E* E* E E E E E E E E
85 MPa 8.0-11 N N N E F FE E E E E E E E E E
LWplain € 4.4 N E* E* E* E* E E E E E E E E E E
[66] LWP ¢ 46-5.3 N E E E E E E E E E E E E E E
LWS ¢ 5.2-7.9 N E* E* E* E* E* E E E E E E E E E
NWHS f 6.9 N N E E E E E E E E E E E E E
0.5 %vol 8.2 N N N E* E* E* E* E* E E E E E E E
s L0 %vol 10.1 N N N E E E E E E E E E E E E
1.5 %vol 12.3 N N N N E* E* E* E* E* E* E E E* E E
2.0 %vol 14.5 N N N N E* E* E* E* E* E* E* E E* E* E*
2 Standard Concrete. P Steel Fiber-Reinforced Concrete. © Plain Lightweight Concrete. ¢ Steel Fiber-Reinforced
Lightweight Concrete. ¢ Polypropylene Fiber-Reinforced Lightweight Concrete. f Normal Weight High-Strength
Concrete. 8 High-Strength Steel Fiber-Reinforced Concrete.
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