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Abstract

Additive Manufacturing of Lunar Regolith and Regolith-Based Composites for Sustainable
Manufacturing on the Moon

Mohammad Azami, Ph.D.

Concordia University, 2025

NASA’s Artemis program targets sustained lunar presence, making in-space manufacturing
(ISM) and in-situ resource utilization (ISRU) essential. Materials extrusion (MEX), notably fused
filament fabrication (FFF), offers a low-mass, energy-efficient route for ISM. This thesis investi-
gates FFF of space-grade PEEK composites filled with Iunar regolith simulant (LRS), supported by
modeling and a powder bed fusion (PBF) benchmark.

Using a FFF system, we compounded and printed 70/30 wt% PEEK/LRS (PEEK/LRS30) to
study the feasibility of using LRS as a filler, with neat PEEK as baseline. LRS increased melt vis-
cosity and porosity, yielding a ~27% strength loss attributable to porosity. Fractography showed
embrittlement and reduced elongation, and microstructural analysis confirmed uniform LRS disper-
sion with visible pores. LRS also improved interlayer bonding and reduced warping.

PEEK and LMS-1D LRS were melt-compounded (0-50 wt%), FFF-printed, and annealed at
300 °C. Characterization (density, thermal, tensile, microstructural/elemental) showed all filaments
above 96% dense. As-printed porosity rose from below 1% (neat PEEK) to 7.5% at 50 wt% LRS.
Regolith increased crystallinity (17.4% — 20.5%) and elastic modulus (6—41%), while reducing
delamination/warping and improving dimensional accuracy and yield. Tensile strength fell from
107 to 90 MPa through 40 wt% LRS, then to ~70 MPa at 50 wt%. Annealing improved density and
stiffness up to 30 wt% LRS (diminishing thereafter). Process refinement cut defect size/frequency,
raising PEEK/LRS30 tensile strength from 67.1 to 94.8 MPa. At 50 wt% strength and ductility
declined more sharply, consistent with micrography-observed defect growth.

Finite element analysis (FEA) of defect-free printed composites matches the measured stiffness
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up to ~ 40 wt% LRS. The divergence at 50 wt% aligns with higher porosity and weak inter-bead
bonding. A defect-aware model that incorporates large crack-like discontinuities at layer boundaries
derived from micrographs predicts a marked reduction in modulus and, together with mechanistic
reasoning, explains the observed gap.

A PBF feasibility study is conducted on regolith simulant and a 20 wt% regolith—Invar 36 com-
posite. FFF is simpler and lower in energy/cost, while PBF enables alternative densification and re-
silience at higher temperatures with greater on-site use, but poor flowability and weak laser—powder
coupling in regolith feeds yield porous parts with frequent large defects. The results include lessons
learned on the processability window for key parameters and print conditions.

This study strengthens the technological basis for AM in lunar conditions and accelerates ISM

adoption.
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1.1 Motivation

Humanity is planning to return to the Moon under NASA’s Artemis program. In parallel, mul-
tiple nations are fielding robotic landers and orbiters at an accelerating pace [16]. Most of these
missions are self-contained: if something fails, there is no in-situ repair. Recent successes have
been tempered by notable losses [17], underscoring the operational difficulty of the Lunar envi-
ronment. Payload constraints have also favored small rover deployments over larger, more capable
systems because placing mass in Lunar vicinity remains costly and complex.

However, bringing humans back to the Moon for more than a few hours at a time will require
substantial installations, many of which will be crucial for human survival and will need methods
for repair and maintenance. Planning to bring every conceivable spare part would be infeasible.
Therefore, means to fabricate on-site what is required to develop, maintain, and repair systems are
essential. Likewise, delivering bulk feedstocks from Earth is prohibitively expensive, reinforcing the
imperative to exploit local resources via in-situ resource utilization (ISRU). Reducing dependence
on Earth-sourced materials by leveraging Lunar regolith and other indigenous resources is therefore
a central objective [18, 19]. These drivers motivate Lunar-Based Manufacturing and Construction
(LBMC), spanning traditional and additive approaches and tailored to the Moon’s environmental
and operational constraints.

Additive manufacturing (AM) is particularly attractive for LBMC. AM reduces material waste,
can lower energy usage, enables complex geometries, and supports on-demand customization [2,
20-22]. These attributes matter where many parts are first-of-a-kind, logistics are constrained, and
equipment mass and volume must be minimized. Practical Lunar implementations may combine
compact printers for small components with mobile or scalable systems for structural elements [23—
25]. Within this landscape, incorporating Lunar regolith into AM feedstocks is an active research
area [24, 26]. Because returned Lunar soil is scarce, numerous Lunar regolith simulants (LRS)
have been developed to emulate key physical and chemical properties and to enable technology
maturation on Earth [27-30].

Among AM modalities, binder-based methods are appealing for Lunar use because they are

generally more tolerant of regolith compositional variability than sintering or melting routes such as



powder-bed fusion. Material extrusion (MEX), especially fused filament fabrication (FFF), offers
additional advantages by employing solid thermoplastic binders that avoid the handling, outgassing,
and temperature-management challenges associated with liquid binders in vacuum and extreme ther-
mal environments [4]. MEX is mechanically simple, compatible with low-gravity printing demon-
strations, and well suited to integration on small, mobile robotic platforms that are preferred for
in-space manufacturing (ISM) [25, 31-34]. These characteristics position MEX as a promising
pathway for responsive, fieldable Lunar fabrication.

Thermoplastic binder selection is critical. Many common polymers are not viable for Lunar day
temperatures of 120-130°C [24, 35]. For instance, polylactic acid (PLA) has T}, ~ 55-65 °C and
T ~ 160-170°C [36, 37], while polyethylene families have even lower T, and modest 7}, [38—
40]. Under unshielded Lunar conditions, such materials soften or deform, and many do not satisfy
NASA’s strict vacuum outgassing limits. By contrast, polyether—ether—ketone (PEEK) combines
thermal stability (7, = 143°C, T}, = 343 °C), acceptable outgassing behavior, and resistance to
radiation, chemicals, and abrasive dust, while remaining compatible with MEX [41-44]. PEEK is
thus a strong candidate binder for Lunar MEX.

Significant challenges remain for PEEK-regolith composites. PEEK printing demands tight
thermal control, as fluctuations can introduce residual stresses, warpage, and poor interlayer bond-
ing. PEEK’s relatively high melt viscosity complicates both compounding and extrusion [41, 45].
From a logistics perspective, PEEK must be Earth-supplied because Lunar regolith lacks carbon
for in-situ polymer synthesis. Increasing regolith content reduces reliance on imported polymer but
raises composite viscosity, which can hinder mixing, flow, and print quality [46]. Finally, while
PEEK is more recyclable than many high-performance polymers, repeated thermal cycles still de-
grade properties, so processes that limit re-melt and rework are desirable [47, 48].

Prior MEX studies with regolith-filled PLA demonstrate the general feasibility of extrusion
with particulate Lunar media, including under simulated thermal-vacuum conditions, but they also
highlight the material limitations of PLA for outdoor Lunar use [49]. By comparison, the use
of space-grade, high-temperature thermoplastics as binders for regolith-rich composites remains
underexplored. This gap motivates the present work: we develop PEEK-based, regolith-rich feed-

stocks and establish MEX AM process windows that enable robust, low-waste, and maintainable



fabrication for LBMC, thereby reducing launch mass, supporting on-site repair, and accelerating

progress toward sustained Lunar operations.

1.2 Problem statement

The overall problem is to enable reliable on-site fabrication and repair of functional parts on
the Lunar surface using material-extrusion additive manufacturing with regolith-rich, space-grade
thermoplastic binders (e.g., PEEK), with consideration of the coupled constraints of low gravity,
hard vacuum with strict outgassing limits, extreme thermal gradients, and tight energy, mass, and
volume budgets. The process must maximize in-situ resource utilization by accommodating high
regolith loadings while minimizing Earth-supplied polymers and additives, maintain extrudability
and interlayer bonding, and deliver parts with low porosity, low warpage, and sufficient mechanical

and thermal stability for Lunar service.

1.3 Literature review

Additive manufacturing (AM) is a method in which components are created by depositing suc-
cessive layers until a 3D structure is formed. AM empowers various industries to craft intricate
shapes using a variety of materials, including metals, polymers, ceramics, and composites. It is
revolutionizing numerous sectors, including construction, aerospace, automotive, food production,
healthcare, electronics, and fashion, due to its capacity for customization and its ability to reduce
both production time and material/energy waste [50, 51]. Various AM techniques can be catego-
rized into seven primary groups: powder bed fusion [2, 20, 52], material jetting [53, 54], material
extrusion [55, 56], binder jetting [57, 58], directed energy deposition [59, 60], vat polymerization
[61, 62], and sheet lamination [63, 64].

When it comes to polymers or polymer matrix composites, AM is typically carried out through
three principal methods: material extrusion, specifically fused filament fabrication (FFF) [65, 66];
vat polymerization, also known as stereolithography (SLA) [67, 68]; and powder bed fusion, specif-

ically selective laser sintering (SLS) [69, 70].



1.3.1 Lunar regolith

Lunar regolith is the most abundant substance on the Moon [71]. Based on specimens col-
lected from various Lunar regions during the Apollo missions, Lunar regolith primarily consists of
Plagioclase, Pyroxene, Olivine, Silica, [lmenite, Mare glass, and Highland glass, albeit in varying
proportions [26]. During the Apollo missions, only 400 kg of regolith were collected and returned to
Earth. As a result, researchers have endeavored to develop Lunar regolith simulants (LRS) with the
goal of replicating them as closely as possible in terms of chemical composition, crystal structure,
particle size distribution, and other characteristics [61].

In existing literature, various manufacturing techniques have been employed to manufacture
samples using different Lunar regolith simulants. For example, Goulas et al. [72] used Laser-PBF
to 3D print samples composed entirely of JSC-1A. Altun et al. [61] employed SLA-based ceramic
fabrication, followed by debinding and sintering, to produce components from EAC-1A. Fateri et al.
[73] chose solar sintering as the method for additively manufacturing JSC-2A specimens. Pilehver
et al. [56] applied extrusion-based AM to print samples of DNA-1 mixed with an alkaline solution
and urea. Additionally, Toutanji et al. [74] used casting techniques to create sulfur concrete based

on JSC-1A.

1.3.2 Material Extrusion

Material Extrusion (ME) is categorized within ASTM’s classification of AM technology, offi-
cially defined as a specific additive manufacturing process where the material is deposited through a
nozzle or orifice [75]. Fused Filament Fabrication (FFF), also known as Fused Deposition Modeling
(FDM), is a major subcategory of MEX and one of the most widely adopted AM techniques overall.
Direct Ink Writing (DIW) is another significant subcategory of ME. Another intriguing category
within ME, particularly relevant for AM using regolith, involves the extrusion of molten regolith,

typically produced as a by-product during regolith oxygen extraction.

Fused Filament Fabrication Fused Filament Fabrication (FFF) is one of the most commonly
used AM techniques for manufacturing objects from a filament, usually made of thermoplastic

polymers. This method involves a layer-by-layer process in which the 3D printer warms up the



thermoplastic material until it loses enough viscosity to be deposited in bead-like patterns to build
individual layers [22, 45]. FFF is recognized as one of the most cost-effective AM techniques,
requiring lower energy levels compared to other AM methods, minimizing the waste of materials,
and being very effective in terms of manufacturing time [76-78]. Also, it does not involve the
usage of any liquid-phase material. It has also been proven to work well in low-gravity or zero-
gravity conditions [31, 32]. All these features make it a promising method to be used in a Lunar
environment.

However, considering the extreme heating/cooling cycles that occur, along with the outgassing
requirements [44], not all materials can be used as feedstock for FFF on the Lunar surface. High-
performance thermoplastic polymers like Polyether ether ketone (PEEK) [79], Polyether ketone
ketone (PEKK) [80], and Polyetherimide (PEI) [81], along with their composites containing glass
fiber [82], carbon fiber [81, 83], and ceramic particles [84], have gained particular attention for
in-space manufacturing. The reinforcement part can be added to improve the material’s specific
properties or make it easier to fabricate. For example, adding chopped carbon fiber can enhance
the mechanical strength of the polymers [85] and simplify the printing process by forming a more
uniform heat distribution in the part while printing, reducing the probability of warpage caused
by thermal stresses [86]. Despite ongoing research in space agencies, including NASA [87], and
academia, there remains a research gap in the literature concerning ISRU-based FFF. This method
involves incorporating on-site materials, such as Lunar regolith, into a space-grade polymeric binder
to reduce the cost of raw material launches and enhance the properties of the final product. When
it comes to AM of polymer/regolith, in comparison to methods with the potential to use 100%
ISRU-based materials, such as PBF, it is important to note that this method is not entirely reliant
on ISRU and necessitates the use of off-site materials. Nonetheless, the inclusion of polymer in
the composition of the fabricated component offers several advantages. The polymer can sustain
stresses and transfer them to reinforcing fiber or other agents. The beneficial effects of the polymer
on ductility, toughness, and elongation have been extensively validated [2, 88, 89].

Gelino et al. [49] studied various regolith/Polylactic Acid (PLA) formulations. They tested
mixtures including 70:30, 80:20, and 85:15 weight percent ratios of Lunar mare simulant Black

Point-1 (BP-1) with PLA, an 80:20 mixture of Lunar Highlands Simulant-1 (LHS-1) with PLA,



and an 80:20 BP-1 with PLA blend that included a flow enhancer additive. These samples were
printed under simulated Lunar dirty thermal vacuum conditions (-190 °C, 1073 torr). Each formula-
tion underwent several tests to evaluate the achieved mixture ratio, mechanical strength, outgassing
products during vacuum printing, and the porosity and density of the printed items. The LHS-1/PLA
composite exhibited a favorable combination of properties and was used in the AM of the samples
and the subsequent tests. The 80:20 LHS-1 weight percent formulation was selected as the pre-
ferred material because the regolith simulant closely represents the south polar Lunar regions and
the composite has acceptable mechanical properties. This formulation achieved a flexural modulus
of 5.3 GPa and flexural strength of 24 MPa in the 0° orientation. Despite the promising results,
PLA is not suitable as a space-grade polymer and does not meet NASA’s outgassing standards or
the temperature resistance requirements for Lunar conditions.

PEEK is particularly well-suited for use in extraterrestrial environments, especially Lunar condi-
tions, due to its 3D printability, high glass transition temperature Tg (143 °C), and operating temper-
ature (250 °C). It also offers high tensile strength (around 100 MPa) and low density (1320 kg/m3),
meets NASA and ESA’s outgassing requirements, high radiation and chemical resistance, and a
semi-crystalline structure. These characteristics make it a potential alternative to metals in some
applications and a suitable choice for structural and mechanical applications [41, 90, 91].

However, printing PEEK can be challenging due to its semi-crystalline nature, high melting
point, and high melt viscosity. Printing PEEK in a heated environment is usually recommended,
at a minimum of 70 °C, preferably above 150 °C. Given the high printing temperature of PEEK,
printing at room temperature increases the cooling rate, causing significant temperature gradients
and thermal stresses in part, resulting in warpage, low fabrication accuracy, poor layer adhesion,
or even delamination thereafter. Therefore, it is typically printed on a heated bed and in a heated
environment, with a low printing speed [41, 92, 93]. In some studies, the as-fabricated PEEK
samples underwent an annealing heat-treatment phase to allow them to recrystallize and improve
their mechanical properties [94-96]. However, when printing in a vacuum environment, due to
the lack of a convection cooling mechanism, the cooling rate is lower compared to a non-vacuum
ambient, resulting in lower temperature gradients. Liu et al. [92] showed that similar or slightly

better tensile properties can be expected when printing PEEK in a vacuum, compared to the results



obtained with a 150 °C ambient air temperature by Yang et al. [96]. This is a promising conclusion
for Lunar-based manufacturing, facilitating the printing requirements in a vacuum.

Liu et al. [92] employed a 100 MPa vacuum environment for printing PEEK samples using FFF.
They observed an improvement in the crystallinity of the samples, increasing from 14.9% to 27.8%,
representing an 86.6% increase. This rise in crystallinity resulted in a shift in fracture behavior,
transitioning from ductile failure to brittle failure, as anticipated. The parts printed in the vacuum
environment achieved a relative density of 99.37%.

One remaining challenge in the FFF of materials, particularly PEEK, is the significant anisotropy
in different directions. While the strength in the plane parallel to the layers (X-Y plane) is usually
acceptable, parts exhibit lower strength levels in the direction perpendicular to the layers (Z direc-
tion) [76, 97, 98]. This is attributed to the weaker bonding between adjacent layers compared to
the materials in the same layer. This presents challenges for specific applications that require high
strength in all directions [98]. Although research is being conducted to reduce this anisotropy in
FFF parts [99], the problem persists to some extent. Designers typically consider this limitation
when designing for AM.

In a study conducted by Arif et al. [76], the effect of build orientation on the mechanical prop-
erties of PEEK (Victrex® 450G) samples was investigated. It was found that the tensile strength of
the samples with building orientations and raster angles of horizontal/0°, horizontal/90°, and ver-
tical/90° is 82.58+1.03 MPa (at yield), 72.88+1.92 MPa (at break), and 9.99+0.94 MPa (at break),
respectively, which represents a reduction of more than 87% from horizontal/0° to vertical/90°
samples. In comparison, the tensile strength of molded PEEK is 98 MPa (at yield). Furthermore,
the horizontal/90° and vertical/90° samples exhibited brittle fracture behavior, with tensile elon-
gation percentages of 2.91+0.14% and 0.332£0.03%, respectively. In contrast, the horizontal/0°and
molded samples displayed ductile fracture characteristics, with tensile elongation percentages of
110.97+£5.31% and 45%, respectively [76].

Polyetherimide (PEI) is another high-performance thermoplastic polymer that, in contrast to
PEEK, lacks a distinct crystalline structure. The presence of imide groups imparts impressive me-
chanical and thermal properties to PEL. Additionally, the inclusion of ether groups within the poly-

mer’s structure introduces chain flexibility, contributing to its favorable printability in the molten



state. It should be noted that when compared to PEEK, PEI shows a reduced service temperature
range [100, 101].

PEI has a 1.27 g/lem® density and a tensile stress (at yield) of 110 MPa. PEI boasts a wide
processing temperature range, spanning from 350 °C to 425 °C, and exhibits a high glass transition
temperature, ranging from 217 °C to 250 °C. Consequently, PEI finds applications in various indus-
tries, including aerospace. Similar to PEEK, its outgassing values fall within the allowable range
specified by NASA for in-space processing. Furthermore, owing to its favorable melt viscosity, PEI
has gained popularity as a material of choice for AM techniques, such as FFF. ULTEM® is one
of the most renowned PEI brands, initially introduced to the market by General Electric in 1982
[100-102].

Despite its lower operating temperature compared to PEEK and its high tendency to absorb
moisture, which can result in print quality issues [103], PEI offers several advantages over PEEK,
particularly in the context of space applications. PEI is often considered easier to work with for 3D
printing due to its lower printing temperature, improved layer adhesion at similar ambient temper-
atures, and lower melt viscosity. This also makes it suitable for open printing environments [104].
Another advantage of PEI is its inherent flame resistance. PEI boasts a high Limiting Oxygen In-
dex (LOI) and carries a UL-94 V-0 rating [100]. Additionally, PEI can be transparent, a property
that proves advantageous in applications where visibility or light transmission is required [101].
Furthermore, PEI tends to be more budget-friendly, although this advantage may be marginal for
space-related applications when compared to other incurred costs. It should be noted that PEI and
PEEK are miscible, allowing for the blending of the two to create PEI/PEEK filament with desired
properties [105].

Similar to PEEK, a significant number of experimental [106] and modeling [107] research stud-
ies have been conducted on the FFF of PEI and its composites. As an example, Gilmer et al. [108]
utilized finite difference models to concurrently assess heat transfer, polymer diffusion (quantified
as the degree of healing, Dh), and the emergence of residual stress during FFF of PEI material.
Their findings indicated that the stress development in FFF demonstrates periodic fluctuations over
time, influenced by temperature profiles. They concluded that variations in deposition and bed tem-

peratures had a limited impact on stress development, whereas layer deposition time, particularly



concerning print speed and duration above Tg, exerted significant influence [108].

The printability of high-performance thermoplastic polymers is significantly dependent on their
rheological characteristics. Ajinjeru et al. [109] assessed the impact of introducing carbon fiber
(CF) into PEI They observed an increase in the viscosity of the composites (by 2.5x for 20 wt%
CF and 3x for 30 wt% CF) and a strengthening of the shear-thinning effect. This noticeable varia-
tion in viscosity for PEI composite materials when exposed to varying shear rates and temperatures
provides a wide processing range for their use as large-scale FFF feedstock materials. This adapt-
ability can be achieved by adjusting either the screw speed or the processing temperature [109]. In
another study conducted by researchers affiliated with NASA [46], the feasibility of manufacturing
large-scale complex aircraft parts using Ultem 9085 and Ultem 1000/10 wt% chopped carbon fiber
was investigated. The study concluded that the addition of just 10% carbon fiber content signifi-
cantly increased the viscosity of the materials, making printing more challenging and resulting in
higher porosity in the fabricated samples. While the initial Ultem 1000/CF blend showed porosity
ranging from 0% to 15%, the filaments produced through extrusion and the Ultem 1000 composite
vanes printed via FFF exhibited approximately 25% porosity. This increased porosity can also be
attributed to the presence of trapped moisture or outgassing due to degradation at the high printing
temperature of 420 °C in the FFF process. In contrast, the Ultem 9085 filament produced parts with
5 to 8% porosity when printed at 375 °C [46].

While incorporating Lunar regolith into PEI can potentially reduce manufacturing costs on the
Moon, a research gap exists in exploring its impact on mechanical properties, printing quality, and
determining the upper limit for regolith content.

Another promising material for use in space industries and in-space manufacturing is Polyether-
ketoneketone (PEKK). In comparison to PEEK, PEKK features an additional ketone group in its
chemical structure. While PEKK shares many similarities in properties with PEEK, there are a few
noteworthy differences. PEKK offers superior thermal stability, boasting a higher glass transition
temperature (Tg) at around 162 °C in contrast to PEEK, with a Tg of about 143 °C. Additionally,
PEKK has a lower melt viscosity, making it easier to work with during printing. Furthermore, the
printing temperature of PEKK is slightly lower than that of PEEK. However, due to PEEK’s ear-

lier introduction to the market and its established track record, PEKK has remained somewhat less
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popular when compared to PEEK [110-112].

While research on the FFF of PEKK is not as extensive as that on PEEK, a body of research is
dedicated to the FFF of PEKK and its composites. Rabinowitz et al. [113] employed the Taguchi
method to optimize FFF process parameters to maximize the flexural strength of PEKK samples.
This study revealed that varying parameters such as raster angle and layer height significantly im-
pacted the flexural strength of carbon fiber-reinforced PEKK. Optimized settings resulted in a flex-
ural strength of 111.3+5.3 MPa and a flexural modulus of 3.5 GPa. Furthermore, post-processing
through pressing significantly improved both the samples’ flexural strength and flexural modulus
[113].

In two papers published by Rashid et al. [114, 115], they investigated the impact of various
process parameters, including build orientation, infill pattern, number of contours, and raster angle,
on the properties of PEKK samples. Their research revealed that build orientation had the most sig-
nificant influence on tensile properties (similar to the results obtained in [76] for PEEK), followed
by the number of contours, resulting in variations in Young’s modulus and elongation at break.
Additionally, the studies found that differences in porosity, rather than crystallinity, were respon-
sible for the variations in mechanical properties among the different sample groups, emphasizing
the importance of carefully optimizing FFF process parameters for desired material performance.
The research findings also highlighted the significant influence of the number of contours on poros-
ity and its substantial impact on a range of mechanical properties. Specifically, increased contours
were associated with reduced porosity and improved mechanical and dynamic mechanical proper-
ties [114, 115].

One notable project is the Marsha initiative by Al SpaceFactory, aimed at creating sustainable
habitats for human habitation on Mars using locally sourced Martian materials. The habitat fea-
tures a vertical, cylindrical design optimized for Martian conditions, ensuring stability, efficient
spatial utilization, and protection against the planet’s harsh weather and radiation. Marsha utilizes
a biopolymer-basalt composite, facilitating its construction using a form of Fused Filament Fabri-
cation (FFF) process controlled by robotic arms [116-118]. Marsha achieved first place in NASA’s
3D-Printed Habitat Challenge, Phase 3 (2019) [119]. Similarly, Al SpaceFactory’s Lina project
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focuses on developing sustainable habitats for the Moon, employing advanced 3D printing tech-
nologies akin to those used in the Marsha project for Mars. Lina aims to construct durable, livable
structures capable of withstanding the Lunar environment, using Lunar regolith-based materials to
reduce dependence on Earth-sourced resources. LINA will be 3D printed using a high-performance
mixture of Lunar regolith and Earth-sourced polymer binder, exploring various configurations to
optimize between low reliance on off-site polymers and load-bearing capacity. The project uses
BP-1 Lunar regolith simulant and employs a unique 60-degree printing angle to create continuous,
vaulted roofs. A prepared regolith berm acts as an inclined print bed, supported by reusable metal
tiebacks to anchor initial layers and prevent warping during cooling. As construction progresses,
a mobile excavator follows to cover LINA with a protective regolith overburden. Unlike Marsha,
designed as a freestanding structure on Mars, LINA is designed to expand from a single unit into a
cluster, forming a larger, interconnected Lunar outpost. Its orientation provides natural self-shading,
utilizing Lunar topography to shield inhabitants from solar and cosmic radiation hazards [120].

Additionally, research has been conducted on printing metals or ceramics using the FFF tech-
nique. In this process, after preparing a metallic [66, 121] or ceramic [55, 122] filament that con-
tains a polymeric binder, it is printed using the FFF technique. Subsequently, the as-printed samples
(known as green bodies) undergo a polymer removal process, typically referred to as debinding,
followed by sintering. Ultimately, this results in metallic or ceramic samples [55]. This method also
holds promise for Lunar-based manufacturing, particularly for printing regolith samples. However,
if the process is carried out in a Lunar outdoor environment, there will be limitations in the choice
of binder polymer due to outgassing requirements [44]. It is worth mentioning that the use of re-
cyclable polymeric binders is advantageous, as it helps reduce the cost of raw materials delivery
[123].

All in all, the most crucial problem for Lunar-based FFF is that carbon is very scarce on the
Moon (around 142-226 ppm by mass, based on Apollo 11 data [124]), and polymers cannot be con-
sidered a material that can be developed on-site. This makes the 3D printing/extrusion of polymer-
based materials on the Moon challenging. However, there are some points that make on-site polymer

manufacturing important. The first case is when a part is needed on-site urgently, and fabrication
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and transportation from Earth (lead time) can be lengthy. This necessitates enhancing the capabil-
ities of manufacturing, particularly using FFF, on-site. Second, as discussed above, enabling the
fabrication of polymer/regolith composite parts through materials extrusion can make the process
considerably more economical by greatly reducing the mass launched from Earth. Lastly, FFF of-
fers great potential for fabrication using repurposed thermoplastics. Therefore, conducting research

on this topic is crucial.

Fused Granulate Fabrication Fused Granulate Fabrication (FGF) is an AM technique that uti-
lizes granular materials as the primary feedstock for object fabrication. Sometimes referred to
as "Fused Granular Fabrication,” this method diverges from traditional filament or resin-based ap-
proaches by employing granules or pellets composed of various materials, including plastics, metals,
or ceramics. In this process, granules are heated to their melting point and then extruded through
a nozzle, closely mirroring the fundamental principle of FFF. The extruded material is deposited
layer by layer to form the desired object. Figure 1.1 illustrates the conceptual difference between

FFF and FGF [1, 125].
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Figure 1.1: Comparison of the concept between Fused Filament Fabrication (FFF), depicted on the
left, and Fused Granulate Fabrication (FGF), illustrated on the right, reproduced from [1]. FFF
feeds a prefabricated filament through a short heated block, resulting in melting over a limited zone,
lower throughput, and reduced material flexibility. In contrast, FGF processes polymer pellets using
a heated screw barrel, providing longer residence time, improved melt homogenization, and higher
deposition rates, albeit with reduced fine-scale control over the extrusion process.

extr

FGF offers several advantages, including material versatility, simplification of filament manu-
facturing, and the potential for cost savings through the use of readily available granules instead

of specially manufactured filaments. Moreover, when compared to filament-based techniques, FGF
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typically expedites the fabrication process, enabling the rapid production of large-scale components.
FGF can achieve higher throughput in mass production scenarios due to its continuous extrusion
process [1, 125].

As indicated in the literature [126], whenever a material undergoes a process involving melt-
ing, it can adversely affect its properties, including tensile Young’s modulus, strength, and impact
strength. This is primarily due to chain scission and crosslinking (when done in the atmosphere)
[127]. One significant advantage of FGF over FFF is its potential to eliminate the melting step
associated with filament production. This advantage becomes even more pronounced for in-space
manufacturing, where recycling becomes necessary due to the high material delivery costs. This
capability allows for greater material recycling over multiple cycles.

However, it is important to note that FFF still holds specific advantages over FGF. FFF often
delivers higher print resolution and surface quality because it relies on pre-manufactured filaments
with consistent properties. Furthermore, FFF 3D printers are typically less complex because they
do not require the additional equipment necessary for granulate processing and extrusion [1, 125].
Another issue for FGF arises when attempting to let pellets or other initial material fall naturally
through a funnel, as the lower gravity reduces the efficiency of this process.

The choice between FFF and FGF hinges on specific project requirements. FGF excels in sce-
narios where material flexibility, cost-efficiency, and rapid manufacturing are critical, particularly
for large-scale parts. In contrast, FFF is preferred for applications that require higher print quality
and simplicity. In contexts such as in-space manufacturing, where energy resources may be limited,
the advantages of FFF, with its streamlined complexity and finer resolution, become particularly
valuable [1, 125].

As anotable research on FGF using space-grade materials, Martin-Perez et al. [128] investigated
the processability of company scrap LMPAEK containing 40% short carbon fiber through FGF,
providing a sustainable solution for aircraft structural parts. Similar to PEEK and PEKK, Low-
melt Polyaryletherketone (LMPAEK) is a high-performance polymer developed by Victrex from
the Polyaryletherketone (PAEK) family. It is designed to exhibit thermal, mechanical, tribological
behavior, and chemical resistance similar to PEEK but with a less complex manufacturing process

due to its lower melting point [129].
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Similar to other fabrication techniques, ISRU is a necessity for space-based FGF. However,
ISRU-based FGF has received relatively less attention. Researchers at Polytechnique Montreal con-
ducted a study on FGF using PEI/Lunar regolith simulants under the supervision of the Canadian
Space Agency (CSA) [130]. Still, further research needs to be conducted on the FGF of poly-

mer/regolith to assess the real potential of this technique for in-space manufacturing.

Extrusion of Molten Regolith One potential option for in-space additive manufacturing involves
extruding molten regolith to achieve the desired shape. This approach is of particular interest be-
cause molten regolith/ceramic/glass represents one of the few viable options for extrusion without
polymer binders. Although accessing the equipment and energy necessary for regolith melting on
the Moon poses challenges, these resources could potentially be obtained from specific candidate
metal/oxygen extraction processes that require regolith melting. Metals can be extracted as a by-
product of the process. Another possibility is to directly use the molten material created during the
oxygen extraction process for additive manufacturing. As an example of existing/ongoing research,
Kilncore, a company based in Quebec, Canada, has introduced and patented a technology that com-
bines molten regolith electrolysis and AM, enabling better efficiency than when these processes are
carried out separately [131, 132].

Lunar regolith has a wide range of compositions and properties (see Section 1.3.1). Conse-
quently, there is no single, uniform melting point for it. The melting point of Lunar regolith materi-
als can vary depending on their specific composition and the presence of various minerals. Gener-
ally, its melting temperature range is 1100 °C to 1380 °C. Above 1380 °C, the regolith is completely
molten [133]. Therefore, finding a temperature suitable for printing would be challenging, and a
trade-off should be made between the fabricated part’s characteristics and energy consumption. Ad-
ditionally, the presence of various materials in the molten substance can complicate and make it
challenging to control the solidification phase.

In a study carried out at NASA’s Kennedy Space Center, Mueller et al. [28] melted and ex-
truded BP-1 basalt regolith and JSC-1A Lunar regolith simulant using a robotic arm to explore the
potential of extrusion-based additive manufacturing for Lunar-based construction. They conducted

an analysis of flexural strength using a 3-point bending test. Their findings revealed that the strength
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of the samples surpassed that of typical residential concrete and was comparable to certain types of
less durable glass materials [134]. Despite these promising results, the researchers concluded that
the technology is still in its early stages of development and that further research is necessary to
fully realize its potential [28].

This technology holds great promise for in-space manufacturing. One key advantage is its
potential for 100% ISRU-based fabrication, providing independence from off-site materials. Addi-
tionally, as mentioned, it utilizes the molten regolith already produced for oxygen extraction, which
helps energy efficiency. However, compared to AM of regolith with a polymeric binder, this method
offers less control and requires significantly more power. All in all, limited research has been con-
ducted on this technology, and it is still in its early stages. Conducting more research and assessing
the characteristics of the fabricated components will provide additional evidence to evaluate the true

potential of this technology.

1.3.3 Powder Bed Fusion

Powder Bed Fusion (PBF) is a major AM category in which a fine layer of powdered material,
evenly distributed across the build platform, is exposed to a high-power energy source, such as a
laser beam, electron beam, microwave, or solar radiation to melt and fuse powder particles layer-
upon-layer selectively. A schematic representation of the PBF process is depicted in Figure 1.2.
PBF is commonly implemented through various methods, including selective laser sintering (SLS),
selective laser melting (SLM), electron beam melting (EBM), selective solar light sintering (SSLS),
and selective microwave sintering (SMWS). Researchers have found several of these methods ap-
plicable to challenging Lunar environments, particularly for printing with Lunar regolith. This
technique is also widely used for fabricating polymer parts. However, its greatest potential in the
Lunar environment lies in metal printing. By extracting metals from Lunar regolith, this approach
could significantly enhance the technique’s ability to fabricate locally sourced metal components

with high dimensional accuracy and mechanical strength.

Laser Powder Bed Fusion (L-PBF) L-PBF-based technologies, including SLM and SLS, rely

on laser energy to fully melt/sinter material particles and fuse them together [20]. These processes
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Figure 1.2: Schematic representation of the PBF process, reproduced from [2]. Powder Bed Fusion
(PBF) works by repeatedly spreading a thin layer of powder and selectively melting it with an
energy source. Each cycle, the build platform lowers, the feed piston rises to supply fresh powder,
and the recoater blade spreads a new layer before the next scan. This layer-wise process enables
high precision.

are particularly notable for their ability to work with materials with high melting points, such as
powdered ceramics and multiphase soil. Thanks to this capability, these methods have been pro-
posed for the direct fabrication of fine geometries from Lunar regolith with no need for additives.
Considering that laser processing parameters directly influence the properties and characteristics of
the printed materials, researchers have worked to precisely optimize the processing parameters to
control and improve the outcome of the print.

Fateri et al. studied the feasibility of laser melting technology for printing Lunar regolith
[135, 136]. To minimize particle size variation and ensure uniform energy absorption within the
powder bed, JSC-1A regolith simulant was sieved through a 63 pm mesh. Optimal process settings
were determined to be 50 W for laser power and a scan speed of 50 mm/s, which yielded accept-
able microscopic results with uniform surface properties. The layer thickness was set between 100
pm and 300 um. They printed various complex geometries at both millimeter and micrometer
scales. The authors investigated the morphology and hardness of the manufactured objects using
the Berkovich method, which yielded a surface hardness of 1245 HV. The measured surface rough-
ness averaged at Ra = 1.5 um. They reported promising outcomes in terms of structural integrity,
geometrical accuracy, and density for the manufactured parts.

Laser processing parameters were optimized in another research by Goulas et al. [137]. They
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conducted experiments within an inert argon environment. The as-received JSC-1A regolith sim-
ulant was filtered through a 125 pm mesh. Their optimized parameters consisted of a 50 W laser
power, a scanning speed of 210 mm/s, a laser beam spot size of 300 um, and a 210 um hatching
space (with a 35% overlap) on each layer, resulting in a laser energy density of 1.011 J/mm?. These
settings produced macroscopically flawless specimens. Subsequent analysis involved SEM, X-ray
fluorescence, and Vickers micro-hardness testing on the laser-processed specimens. The printed
material exhibited a relative porosity of 40.8% and a material hardness of 670+11 HV. Notably,
they achieved a dimensional accuracy of 99.8%. In another study [138], Goulas et al. documented
that an input energy of 0.92 J/mm? yielded favorable morphological characteristics and mechanical
properties. For this study, they set the laser scanning speed at 320 mm/s, layer thickness at 150
pum, and hatch spacing ranging from 170 to 250 um to produce configurations with fine features
without failures. The printed objects displayed a porosity ranging from 44% to 49%. The authors
reported a maximum compressive strength of 4.2+0.1 MPa, an elastic modulus of 287.3+6.6 MPa,
and an average hardness value of 657+14 HV. The authors concluded that the achieved strength
value is sufficient for manufacturing structures or relevant replacement parts on the Moon, partic-
ularly considering the absence of storms. However, the Moon’s lower gravity might negatively
affect PBF-based printing processes. They also implemented the SLM method to 3D print Martian
regolith [139].

The processability of regolith from other Lunar regions has also been studied. In an investi-
gation carried out by Caprio et al. [140], the L-PBF of NU-LHT-2M highlands regolith simulant
was analyzed. They investigated the feasibility and limitations of the process and thoroughly exam-
ined the optimal base plate and energy conditions. They reported a maximum compressive strength
of 31.4 MPa, well above the properties achieved through alternative methods. The corresponding
microhardness and porosity were measured at 680 HV and 37%, respectively. These properties
were attained using specific process parameters, including a laser power of 50 W and a scan speed
of 225 mm/s. The study discussed atmospheric and gravitational conditions through a simplified
theoretical framework, analyzing particle settling and free-fall times [140]. However, these find-

ings are purely theoretical and lack experimental validation at this point. Additionally, the study
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did not assess how these conditions affect the properties and qualities of the print; a more thor-
ough evaluation is necessary. These aspects are fundamental for process stability and print quality
due to the Rayleigh and Mie scattering effect [141]. Rayleigh scattering involves the dispersion of
the laser beam in multiple directions by fine particles smaller than the laser wavelength, leading
to inefficient energy transfer and inconsistent energy absorption in the powder bed. In the pres-
ence of atmospheric gases, gas molecules can further contribute to the dispersion of laser beams.
Therefore, Rayleigh scattering is minimal in the vacuum environment. Mie scattering, on the other
hand, refers to the phenomenon where a laser beam is scattered by suspended particles whose di-
ameters are comparable to the wavelength of the incident laser. The suspended particulate matter
comes from particle ejections near the melt pool and vaporized ejecta [141]. The presence of an
atmosphere can affect Mie scattering by introducing additional particles like dust, which further
disturb the laser beam. Thus, the vacuum conditions on the Moon might mitigate Mie scattering.
However, Mie scattering can become more significant in the Moon’s low gravity because of the
higher concentrations of suspended powder particles. In other laser-based fabrication processes,
any step that increases the density of suspended particles, such as the powder deposition step, can
increase the Mie effect. For instance, in the Laser Directed Energy Deposition (L-DED) technique,
the powder is actively blown from a nozzle, increasing the chances of particles becoming airborne
and suspended in the air, thus enhancing the Mie effect. Despite their significance, the scattering
effects in laser-based sintering of Lunar regolith have not been addressed in the literature. Caprio
et al. studied the vacuum environment and noted substantial particulate outgassing during the fu-
sion of the Lunar regolith simulant. They recommended implementing a strong gas recirculation
system to prevent suspended particles from interfering with laser emission [140]. However, such a
system adds complexities while in extraterrestrial environments simplicity is preferable. Detailed
experiments by Sibille et al. [142] evaluated the strength properties and quality of sintered regolith
under vacuum conditions. Their findings indicated that the processing temperature for FJS-1 basalt
could be reduced by 100°C to achieve similar densification and compressive strength as in air. For
the JSC-1A mare simulant, vacuum-sintered specimens showcased higher compressive strength at
lower temperatures compared to those sintered in the air (152 MPa vs. 98 MPa). The sintering

temperatures were 1100°C in vacuum and 1125°C in air. This reduction in temperature is attributed
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to the formation of iron and magnesium oxide layers on mineral grains in air, leading to higher
processing temperatures than in vacuum or reduced atmospheres. For NU-LHT-2M Lunar high-
land regolith, test specimens processed at 1300°C and cooled at 1°C/min were fully sintered with
5.3-5.6% open porosity. In a vacuum, samples with similar porosity were obtained at 1250°C [142].

Mechanical properties have also been reported for L-PBF-printed HIT-L-1 simulant with L-
PBF parameters of a 75 W laser power, a 4 mm spot diameter, a 1 mm/s scan speed, a 2 mm hatch
spacing, and a 1.2 mm layer thickness [143]. These settings correspond to a volumetric energy
density in the range of 3.5 to 4.3 J/mm?®. The glass-ceramics were formed at 823°C during thermal
post-treatment, and polycrystalline glass-ceramics with better mechanical properties were achieved
at 1100°C. The average compressive strength, fracture toughness, and Vickers hardness were mea-
sured at 50.71 MPa, 1.49 MPa.m%®, and 897.91 HV, respectively. These enhanced mechanical
properties, compared to those reported by Goulas et al. [137, 138], are attributed to the higher
energy input, facilitating sufficient melting, improved fusion, and inter-layer bonding. This results
in enhanced densification and overall improved mechanical properties. The relative porosity of the
print was determined to be 40% [143]. While Wang et al. were successful in 3D printing Lunar re-
golith with favorable mechanical characteristics, their proposed processing method raises concerns
regarding its energy consumption and sustainability in the Lunar environment. Additionally, their
use of a scan speed as slow as 1 mm/s makes the printing process exceedingly time-consuming.

Laser-based AM technology is capable of printing Lunar soil without any additives. Researchers
were able to achieve high microhardness [135-138], as well as compressive strength [140, 143] for
the printed regolith simulant. However, these prints are characterized by remarkably high porosity,
primarily attributed to the high melting point of soil minerals that do not fully liquefy during laser
processing [2, 137]. The low absorption coefficient of the soil and the problematic absorption of
laser energy further contribute to this challenge, resulting in improper flowability and fluidity [2].
Moreover, the printed regolith is brittle due to the oxide ceramic elements it contains [137, 144].
The inclusion of metallic particles demonstrated a considerable enhancement in the quality and
characteristics of the final product [2, 145].

In this regard, using the SLM method, Liao et al. [145] incorporated aluminum alloy into

the Lunar regolith and produced a Lunar regolith-AlISi10Mg composite. The CAS-1 Lunar regolith,
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sieved through a 200-mesh screen, was mixed with spherical Al1Si10Mg powder with a mean particle
size of 33.1pm in a 1:1 weight ratio. The process parameters were set as follows: laser power of 200
W, scanning speed up to 800 mm/s, layer thickness of 20pum, and a hatching space of 0.1 or 0.12
mm. The experiments were conducted within an inert argon gas atmosphere to prevent oxidation.
Based on microstructure analysis, two types of defects were observed in the printed composites.
Pore defects were predominant at low scan speeds, while lack-of-fusion defects occurred at high
scan speeds, with other process parameters held constant. The maximum relative density of the
fabricated test specimens reached 92.5% for an 800 mm/s scan speed and a 0.12 mm hatching
space. Correspondingly, compressive strength testing of the Lunar regolith-AlSi10Mg composite
yielded a strength of 264 MPa. During the process, various metallurgical reactions were observed
in the molten pool, leading to the loss of Lunar regolith. Aluminum reduced SiO2, FeO, and TiO4
in simulant Lunar regolith, while AlsO3 was transformed into gaseous Al O at high temperatures.

L-PBF processes have also found applications for larger-scale projects on the Moon. Recently,
a high-power CO; laser was implemented for paving on the Moon and the creation of dust-free
roads, with a maximum laser spot diameter of 100 mm [146]. Large samples, each 250 mmx250
mm with interlocking capabilities, were produced by melting the EAC-1A simulant directly on
the powder bed using the laser. The process employed laser parameters of 3 kW and a speed of
5 mm/min in a single-layer fabrication approach. These printed samples can cover large areas of
Lunar soil, forming roads and launchpads. The manufactured samples were analyzed for their min-
eralogical composition, internal structure, and mechanical properties. To ensure the printed samples
could support the weight of heavy exploration equipment, their compressive strength was tested and
compared to solar-sintered specimens from the RegoLight project [73]. Compressive strength was
measured using 10 mmx10 mmx10 mm cubic samples. The results showed a compressive strength
range of 56.19 to 216.29 MPa, with an average of 93.97 MPa, approximately 50 times higher than
the 2.49 MPa achieved in the solar-sintered project [73]. However, a significant standard deviation
of 55.88 MPa was observed, likely due to internal defects such as porosity and micro-cracks within
the samples [146].

ICON and SEArch+ have developed design schematics with concepts for surface-site deploy-

ment, construction sequencing, and structural design for large-scale infrastructures for permanent
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Lunar settlements [147]. These designs include landing pads, roadways, habitats, shelters, and blast
shields, and their double-protective “Lunar Lantern,” all constructed using Lunar regolith and en-
abled by additive construction technologies. They have investigated various extrusion deposition
and sintered-based additive methods. In collaboration with NASA KSC, ICON developed the Laser
Vitreous Multi-Material (VMX) transformation process. This process autonomously deposits, com-
pacts, and selectively preheats and sinters thin layers of prefiltered Lunar highland regolith. The
system operates with 6-DOF robotic arms inside a Lunar surface simulation chamber that measures
6.4 m x8.5 m in area with a bed depth of 0.9 meters [148]. The Laser VMX vacuum-produced ma-
terial showcased high performance, with compressive strengths of 344.7 MPa at 25°C and 251.66
MPa after one year of Lunar thermal vacuum (TVAC) cycles. Its flexural strength was 37.92 MPa,
and the thermal expansion coefficient was 3.6x10° °C"! over a temperature range from -150°C to
50°C in a vacuum. Simulations of the Laser VMX process are conducted to predict how the labora-
tory results will scale to actual Lunar surface conditions.

The feasibility of using the SLS method on the Moon to 3D print Lunar regolith has also been
studied by Xu et al. [149]. They conducted experiments to print CLRS-2 Lunar highlands regolith
powder and ilmenite powder and investigated the impact of laser manufacturing parameters on the
properties of the printed Lunar regolith. More pores were present in the printed CLRS-2 specimens
compared to the ilmenite printed specimens, resulting in inferior mechanical properties for CLRS-2.
To enhance these properties, CLRS-2 powder and ilmenite powder were pre-pressed at pressures of
10 MPa and 40 MPa to become denser. This preprocessing step reduced the porosity of the laser-
sintered CLRS-2 but had no effect on ilmenite. Laser-sintered materials that underwent 10 MPa
pre-pressurization displayed much smoother surfaces and fewer porosities than samples without
pre-pressurization.

The substantial energy density required for laser-based processes poses challenges for Lunar
operations, given that energy production and storage remain issues in extraterrestrial settings. The
electrical energy required for laser-based additive manufacturing is a major concern on the Moon.
To enhance sustainability for Lunar operations, it is essential to rely on in situ resources for elec-
tricity generation to support laser-based additive manufacturing. Solar light, an abundant renewable

resource, can be converted into electricity through photovoltaic (PV) cells, which are a standard
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method for energy conversion. In situ fabrication of solar PV cells has been proposed, as more than
90% of solar cell materials are available on the Moon (e.g., Si, Fe, TiOs, Ca, and Al) [150, 151].
Manufactured solar cells consist of a Lunar glass substrate, a doped silicon layer between aluminum
electrodes, and a TiO» antireflective coating. Single-crystal thin-film Si solar cells can potentially
achieve efficiencies of around 25%, though this necessitates the use of advanced deposition and
surface coating technologies [152]. However, in situ fabrication of solar cells from extraterrestrial
sources presents difficulties due to limited controllability, leading to efficiencies as low as 5-10%
[150, 153]. Moreover, these manufactured cells experience long-term degradation from radiation
exposure and the high temperatures of the Lunar day [154], which further reduces their energy con-
version efficiency by an additional 30%. An alternative solar-electric energy generation method
proposed by Ellery [150] involves leveraging Lunar resources for solar power production using a
Fresnel lens-thermionic conversion system. This system can achieve conversion efficiencies around
15-20%, with the potential for higher efficiencies through advanced techniques and improvements.
Therefore, although solar light is abundant, the conversion of this energy into electricity for laser
operations presents certain challenges, making laser-based additive manufacturing highly inefficient
in the Lunar setting.

Although substantial research has been conducted in this area, the primary challenge with print-
ing Lunar regolith is its low optical absorption due to its ceramic composition, resulting in fabricated
parts with poor mechanical strength. While preprocessing techniques, such as mixing locally ex-
tracted metallic particles with regolith, can enhance laser absorption, the technique’s true potential
lies in metal fabrication. Since transporting metals to the Moon is extremely costly, extracting
metals from Lunar regolith offers a viable solution.

For instance, Ellery et al. [155] explored the use of LPBF with titanium (Ti) extracted from
Lunar regolith via the Metalysis Fray Farthing Chen (FFC) process. A significant achievement of
their study was the successful extraction of Ti powder from rutile using the FFC method, which was
then utilized to fabricate test structures through LPBF. The high energy efficiency of these processes
makes them highly suitable for Lunar-based ISRU [155]. The combination of metal extraction from
regolith and subsequent LPBF offers nearly 100% ISRU-based fabrication of robust, complex parts,

making it highly promising for the future of LBMC.
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Given the extensive literature, including textbooks and review papers, on terrestrial metal LPBF,
delving into further detail here would add limited value (Please refer to [156]). However, there is
very limited literature on adapting metal LPBF for the Lunar environment, highlighting the need for

further research to fully tailor this technique for Lunar applications.

EB-PBF Electron-beam PBF (EB-PBF), commonly known as EBM, replaces the laser with an
electron beam to selectively melt and fuse powdered materials. EB-PBF operates in a vacuum
[157], which is particularly well-suited for applications in space environments. While laser-based
printing often results in materials with high porosity due to its sensitivity to the reflectivity of the
processed material, impacting the overall mechanical properties of the final product [2, 137], EBM
is less influenced by the absorption characteristics of the material. However, EBM machines are
typically more complex and expensive to operate and maintain, making them less accessible for Lu-
nar missions. It also comes with a limitation that prevents its widespread application for LBMC: its
applicability is limited to metals and is less effective for non-metallic materials [158, 159]. This lim-
itation can be attributed to the fundamental differences in how electrons interact with various types
of materials. In response to this limitation, Howell and colleagues [158] incorporated aluminum as
a binder material to enhance the ductility of the material and improve its fluidity within the melt
pool. They successfully printed Lunar soil simulants (JSC-1 and LHT-1M) aluminum composites
via the EBM method. There is no information available about the mechanical properties of their
prints. Despite the potential shown by Howell et al., there has been a notable absence of subsequent
research on the topic. This gap in research may stem from the limitations of EB-PBF technology
in processing non-metallic materials like regolith. However, this technique holds significant poten-
tial for fabricating metallic components using metals extracted from Lunar regolith. Another issue
is the interaction of electrons with powder particles, which can lead to the emission of powders,
particularly in the microgravity Lunar environment. Given these limitations and challenges, there

exists a research gap that must be addressed before this process can be used on the Moon.

24



SS-PBF Solar sintering PBF (SS-PBF), also known as SSLS, harnesses concentrated sunlight to
fuse powdered materials. Taking into account the full potential of resources present on the Lu-
nar surface, including solar light and Lunar regolith, while avoiding the use of additive binders in
methods like binder jetting or direct ink writing, and direct sintering without the need for a laser or
EB source, like those used in L-PBF or EB-PBF methods, represents a viable approach to on-site
manufacturing, thereby reducing reliance on Earth-supplied materials and technology.

The solar sintering of Lunar regolith was initially limited to sintering a thin layer of Lunar
regolith to fabricate launchpads, aiming for surface stabilization and dust mitigation [160-162]
during take-off and landing of missions, which can cause problems for nearby infrastructures and
human activities on the Moon [163—166]. Hintze et al. [167] constructed a 1 m? solar concentrator,
comprising a Fresnel lens installed on a frame designed to track the sun and collect solar energy for
sintering JSC-1 regolith simulant. The highest measured temperature produced by the concentrator
was 1350°C, well above the temperature required to melt the regolith simulant. Their work also
discussed the physical and mechanical assessments, including load strength and abrasion resistance,
both in the field and for the laboratory-prepared sintered test specimens. Their findings showcased
the potential of the proposed method, which uses a simple and cost-effective technology for sintering
Lunar regolith and preparing large launch pads.

Meurisse et al. [168] and Fateri et al. [73], in their collaborative works, demonstrated the
feasibility of printing basic geometries through selective solar sintering of Lunar regolith using
mirror-based solar collectors. Their setup included artificial sunlight-Xenon lamps and a water-
cooled mirror inclined to 45° onto which the horizontal irradiated light was projected to adjust
the light beam orientation and direct it vertically onto the build platform. These two Xenon lamps
collectively delivered a concentrated light density of 1.2 MW/m? onto a 20 mm focal point. The
lamps were calibrated to obtain a sharp beam with the smallest focal point. The as-received JSC-
2A powder, resembling Lunar mare soil, was dispersed in 100pum-thick layers and sintered layer
upon layer through the selective solar sintering process. Tests were carried out under both ambient
conditions and in a vacuum. Bricks were printed with a scanning speed of 47 mm/s, a layer thickness
of 100pm, a hatch spacing of 15 mm, and a focal spot of 12 mm in the ambient condition. However,

these printing parameters led to a molten state for the layers and a porous brittle medium for the print
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in the vacuum environment. The processing parameters were subsequently adjusted for the vacuum
condition and set at 1.0 MW/m? for lamp intensity and a scanning speed of 65 mm/s. Morphological
analysis of the printed cubes revealed the presence of open pores, some of which measured up to
0.60 mm in size, indicating weak interlayer bonding. Additionally, closed porosity with dimensions
of up to 0.45 mm was observed due to the outgassing of minerals at the melting temperature. Solar
sintered materials under ambient atmosphere were characterized by compressive strength of 2.49
MPa and Young’s modulus of 0.21 GPa. For a given set of sintering parameters, smaller sintered
components displayed greater strength compared to larger ones. The assessment of vacuum-sintered
parts was omitted. It was speculated that the absence of an atmosphere might adversely affect the
sintering process due to a substantial release of gases from the highly molten material, causing the
fracture of the initial sintered layers or resulting in uneven surface textures. On the other hand, the
vacuum environment might enhance mechanical properties by preventing the oxidation of Lunar
minerals and facilitating a more uniform distribution of heat within the sintered material, improving
material strength and reducing thermal stresses.

Outward Technologies utilized concentrated solar energy to power powder bed fusion (PBF)
and fused deposition modeling (FDM) processes [169]. These methods were used to fabricate vol-
umes of 1 m x 0.3 m x 0.1 m and various lab-scale components from CSM-LHT-1 Lunar highlands
regolith simulant. The components included rover parts and structural elements like trusses for
bridges, towers, and ramps. The sintered specimens achieved 95% density. The fused regolith
demonstrated a compressive strength of 25 MPa and Young’s modulus of 10.3 GPa, comparable to
M25 concrete. Additionally, its stress-strain curve revealed 20% more strain at failure and greater
toughness than M25 concrete. The flexural strength of the PBF-printed specimens was measured at
3.5 MPa. This solar-powered PBF process could be suitable for large-scale manufacturing, poten-
tially replacing concrete-type infrastructure on the Moon. However, the solar sintering AM presents
certain geometric limitations due to the low precision of its beam focus, making it inappropriate for
creating highly complex designs with fine details, acute angles, and smooth surface finish. As a bulk
method, solar sintering is a simple and cost-effective technology, ideal for sintering Lunar regolith
to prepare large launchpads for dust-free stabilized road and landing pads, as well as for fabricating

less detailed parts [160-162, 167]. In contrast, laser-based and electron beam sintering technologies
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use high-powered energy beams with precise energy delivery in controlled environments, ensuring
consistent quality and enabling intricate details with fine resolutions [135-137]. Notably, laser-
based additive manufacturing methods have showcased a promising dimensional accuracy of 99.8%
[137]. Long sintering processes can also be challenging, particularly with the sintered parts’ thermal
stresses. Slow scanning speed and rapid cooling resulted in stress buildup, causing the sintered part
to warp during the process. The most effective strategy involved alternating scanning of successive
layers along the length and width of the part and sintering a contour before each layer to minimize

warping of the part edges.

MWS-PBF The Microwave sintering PBF, also known as SMWS, is a method that involves sub-
jecting powdered material to controlled microwave radiation to induce heating and initiate the sin-
tering process. Microwave heating is currently recognized as a more practical approach for con-
structing structures and extracting resources on the Moon compared to solar [73, 168] and laser
sintering [136] methodologies. This preference is due to the volumetric heating characteristic of
microwave processes, which consumes approximately 23% less energy than laser sintering and in
shorter fabrication times [170]. Microwave radiation can penetrate the material deeply (up to 65
cm), making it an efficient method for subsurface heating [171, 172]. This ensures a more con-
sistent sintering process and minimal temperature gradients across the targeted material, ultimately
improving the mechanical properties of the sintered material.

Based on successful microwave sintering of Lunar regolith in previous studies [172-178], the
SMWS method was suggested for on-site additive manufacturing on the Moon. NASA researchers
in [179, 180] developed a 3D microwave print head facility using a 2.45 GHz wave generator to
explore the feasibility of additive manufacturing using Lunar and Martian simulants. This involved
integrating a temperature-resistant quartz tube vertically through the cavity. The JSC-2A simulant
was gradually fed through the tube and heated beyond its melting point to enhance the flow rate. The
resulting melted simulant exited the tube to be selectively placed onto a substrate to form walls or
pave aroad. The researchers understood how to control the sintering and melting of the target mate-

rial subjected to microwave radiation and determined optimal operating parameters for large-scale
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manufacturing. Various operating parameters such as power, flow rate, tube diameter, and loca-
tion were adjusted based on sample size and the estimated temperature dependence of the dielectric
constant to optimize performance. Evaluation extended to Lunar highland and mare simulants as
well as Mars soil simulants. To verify whether the enhanced heating effect was associated with a
chemical interaction with oxygen in the surrounding atmosphere, measurements were repeated on
a Lunar JSC-2A simulant with a nitrogen atmosphere surrounding the cavity, yielding consistent
results. Consequently, the remaining studies were then performed in Earth’s atmosphere. To es-
tablish a suitable construction procedure, it is essential to ensure that regolith simulants’ particle
size and shape distribution align closely with those of authentic Lunar regolith [181]. A thorough
examination of the necessity for nanophase iron in Lunar simulants is also advised.

Although promising for additive manufacturing on the Moon, microwave sintering takes a dif-
ferent path in the fabrication process compared to laser and solar sintering methodologies, which are
typically used for layerwise sintering and material addition to building up geometries. This diver-
gence is attributed to the challenges associated with fine-tuning and controlling process parameters
to achieve the desired material properties and print resolution. The relative lack of attention to
this specific method for Lunar additive manufacturing could hold potential for future research and
development. Microwave radiation’s deep penetration into materials allows for processing within
the volume, ensuring an even distribution of heat throughout the substance. Reduced temperature
gradients throughout the sintered material minimize the risk of fracture and pore formations. This
characteristic makes microwave heating a promising method for thermal post-treatment to alter the

microstructure and mechanical properties of pre-sintered materials [182, 183].

1.4 Gaps and positioning of this work

While space agencies such as NASA [87] and academic institutions continue active research
in the field of in-space manufacturing, a notable gap persists at the intersection of in-situ resource
utilization (ISRU) and fused filament fabrication (FFF). In an ISRU-oriented FFF approach, locally
available feedstocks, such as Lunar regolith, are combined with high-performance, space-grade

polymeric binders. The goal is twofold: to reduce the mass and cost associated with transporting
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raw materials from Earth and to enable, where feasible, improved or tailored properties in the final
parts.

This research addresses the fabrication of structures intended to operate in the demanding Lunar
environment while meeting requirements set by space agencies, including constraints on vacuum
outgassing and tolerance to extreme thermal cycling. Achieving these targets requires process routes
that maximize on-site resource utilization and minimize reliance on imported constituents, which
are logistically and economically expensive to deliver from Earth.

The findings of this thesis carry direct implications for advancing additive manufacturing (AM)
capabilities in Lunar settings and, more broadly, for in-space production. By demonstrating the
use of PEEK within an ISRU-compatible FFF framework, this work lays the groundwork for more
robust, efficient, and maintainable manufacturing pathways that can support long-duration missions

and the progressive build-out of Lunar infrastructure.

1.5 Thesis statement

Lunar regolith can be added to space-grade PEEK as a filler to reduce the cost of transporting
materials from Earth for in-space additive manufacturing. Below a threshold percentage, it results
in a gradual and acceptable decline in strength, while actually reducing warping and improving
interlayer bonding to a point. At a critical threshold, however, high melt viscosity causes large

defects and reduced interlayer bonding, and a subsequent dramatic decrease in part strength.

1.6 Potential applications of PEEK/regolith composites in Lunar sur-

face operations

The mechanical performance, thermal stability, printability, and ISRU compatibility demon-
strated in this thesis position PEEK/regolith composites as promising candidates for a range of
structural, functional, and environmental protection components for sustained Lunar operations.
These applications primarily target small to medium engineering parts suitable for in-space manu-

facturing platforms and robotic fabrication systems.
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1.6.1 Structural and Functional Parts

PEEK/regolith composites can support low to moderate load-bearing functions while providing
abrasion resistance, thermal stability, and acceptable dimensional accuracy. Representative applica-

tions include

* Rover body components: panels, housings, sensor mounts, dust-shielding covers, and ther-

mal or radiation shielding tiles.

* Habitat interior hardware: brackets, cable trays, equipment mounts, and small structural

frames for modular layouts.
* ISRU system parts: hoppers, chutes, regolith-handling linings, fixtures, and support frames
for material preprocessing and transport.
1.6.2 Construction and Assembly Uses

The favorable printability and on-demand fabrication capability of PEEK/regolith feedstocks

enable their use in construction and assembly tasks, for example

* Interlocking blocks and connectors for joining sintered-regolith elements or attaching poly-

mer components to regolith-based structures.

* Formwork and molds for cast or sintered regolith architectures, where the composite pro-

vides lightweight, thermally stable tooling.
* Repair parts and adapters for on-demand replacement of damaged components without
requiring Earth resupply.
1.6.3 Protection and Environmental Functions

The combination of stiffness, toughness, and thermal stability also makes these composites

suitable for protective roles:

* Sacrificial dust or micrometeoroid skins placed over vulnerable surfaces to mitigate erosion

and impact damage.
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* Locally thickened composite panels for enhanced shielding around sensitive electronics

bays or crew-adjacent areas.

* Wear-resistant liners in dust-exposed interfaces within mechanisms or ISRU hardware.

1.7 Past and Forthcoming Publications

This proposal contains research that has either already been published or is planned for publi-
cation in the following sources:

In preparation:

* Azami, Mohammad, Rene Lam, Sagar Patel, Xavier Walls, Tomisin Oluwajuyigbe, Alexan-
dra Darroch, Krzysztof Skonieczny, Mihaela Vlasea, and Madison Feehan. “Comparative
Investigation of Laser Powder Bed Fusion of Lunar Regolith Simulant and Its Composite

with Invar 36.” Manuscript in preparation (2025).
Preprints:

* Azami, Mohammad, Pierre-Lucas Aubin-Fournier, Mehdi Hojjati, and Krzysztof Skonieczny.
” Additive Manufacturing of PEEK/Lunar Regolith Composites for Sustainable Lunar Manu-

facturing.” arXiv preprint arXiv:2508.00894 (2025).
Journal papers:

* Malekpour, Farshad, Marjan Abdali, Krzysztof Skonieczny, Mohammad Azami, and Mehdi
Hojjati. ”Sustainable Lunar Additive Manufacturing of High Regolith-Loaded PEKK Com-

posites for Space Infrastructure.” Composites Part B: Engineering 310 (2026): 113176.

e Azami, Mohammad, Zahra Kazemi, Sare Moazen, Martine Dubé, Marie-Josée Potvin, and
Krzysztof Skonieczny. ”A comprehensive review of Lunar-based manufacturing and con-

struction.” Progress in Aerospace Sciences 150 (2024): 101045.

* Azami, Mohammad, Pierre-Lucas Aubin-Fournier, and Krzysztof Skonieczny. “Enhancing

economical Lunar-based manufacturing by incorporating Lunar regolith into polyether—ether—ketone
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(PEEK): material development, additive manufacturing, and characterization.” Progress in

Additive Manufacturing (2025): 1-7.

Conference papers:

* Azami, Mohammad, Pierre-Lucas Aubin Fournier, and Krzysztof Skonieczny. ~Additive
manufacturing of polyether ether ketone (PEEK)/Lunar regolith composites via fused fila-
ment fabrication.” In Earth and Space 2024: Engineering for Extreme Environments, pp.

976-986. 2024.

Oral/poster presentations (presenter bolded):

e Oral presentation: “Toward adapting mobile 3D printing to metals and regolith,” HI-AM

Conference, 2022, Mohammad Azami, Pierre-Lucas Aubin-Fournier, Krzysztof Skonieczny

 Oral presentation (Online): “Toward Mobile 3D Printing of Lunar Regolith via Simultane-
ous Localization and Additive Manufacturing,” ASME IMECE, 2022, Mohammad Azami,

Pierre-Lucas Aubin-Fournier, Krzysztof Skonieczny

* Oral presentation: "Toward Mobile 3D Printing of Lunar Regolith through Simultaneous Lo-
calization and Additive Manufacturing,” CASI ASTRO, 2022, Mohammad Azami, Pierre-

Lucas Aubin-Fournier, Krzysztof Skonieczny

* Poster presentation: “Robotic 3D printing of Lunar Regolith/Polymer Composite by Simul-
taneous Localization and Additive Manufacturing,” HI-AM Conference, 2023, Mohammad

Azami, Pierre-Lucas Aubin-Fournier, Krzysztof Skonieczny

* Oral presentation: “Robotic 3D Printing of Lunar Regolith/polymer Composite Through Si-
multaneous Localization and Additive Manufacturing,” ASTM ICAM, 2023, Mohammad

Azami, Pierre-Lucas Aubin-Fournier, Krzysztof Skonieczny

* Oral presentation “Robotic 3D printing of Lunar regolith/PEEK large-scale parts through si-
multaneous localization and additive manufacturing (SLAAM),” ASCE Earth & Space, 2024,

Mohammad Azami, Pierre-Lucas Aubin-Fournier, Krzysztof Skonieczny
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 Oral presentation ”Additive manufacturing of polyether ether ketone (PEEK)/ Lunar regolith
composites through fused filament fabrication,” 35th Canadian Materials Science Conference

(CMSC), 2024, Mohammad Azami, Pierre-Lucas Aubin-Fournier, Krzysztof Skonieczny

* Oral presentation "Lunar-based Manufacturing and Construction: A Comprehensive Review,”
CASI ASTRO, 2024, Mohammad Azami, Zahra Kazemi, Sare Moazen, Martine Dubé,

Marie-Josée Potvin, Krzysztof Skonieczny

* Oral presentation “In-Space Manufacturing: Developing Lunar Infrastructure with Robotic
Additive Manufacturing and In-Situ Resources,” Formnext, 2024, Mohammad Azami, Pierre-

Lucas Aubin-Fournier, Krzysztof Skonieczny

» Keynote presentation ”Advancing Lunar Manufacturing and Construction: Leveraging In-
Situ Resources and Additive Manufacturing for Sustainable Space Exploration,” 36th Cana-

dian Materials Science Conference (CMSC), 2025, Mohammad Azami, Krzysztof Skonieczny

1.8 Outline

The remainder of the thesis is as follows: Chapter 1 introduces the problem context and
motivation for Lunar-based manufacturing, reviews prior work on Lunar regolith and ad-
ditive manufacturing modalities (with emphasis on MEX/FFF and PBF), identifies gaps,
and states the objectives; Chapter 2 (Phase I) demonstrates initial feasibility of FFF with
PEEK-regolith composites, describing materials, fabrication, density, tensile behavior, and
microstructural observations; Chapter 3 (Phase II) develops composition—property relation-
ships for PEEK/LRS (0-50 wt%), including annealing effects, DSC, density/porosity, me-
chanical performance, and microstructure improvements; Chapter 4 (Phase III) constructs
finite-element models (homogenized and defect-aware RVEs) to explain stiffness trends and
the modulus drop at high regolith loadings; Chapter S (Phase IV) assesses LPBF feasibility
for regolith-based materials (and a regolith—Invar blend), reporting powder attributes, print-

ing observations, and micro-CT insights to distill processability lessons; finally, Chapter 6
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concludes the work, synthesizes key findings, and outlines prioritized directions for future

research and Lunar deployment.
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Chapter 2

Phase I: Initial Demonstration of
Additive Manufacturing with
PEEK-Regolith Composites

This chapter is based on, and in parts reproduces with minor editorial changes, the following pub-
lished work:

Azami, M., Aubin-Fournier, P.-L., & Skonieczny, K. (2025). Enhancing economical Lunar-based
manufacturing by incorporating Lunar regolith into polyether—ether—ketone (PEEK): material de-
velopment, additive manufacturing, and characterization. Progress in Additive Manufacturing, 1-7.

doi:10.1007/s40964-024-00934-0.
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2.1 Motivation

NASA’s Artemis Program is motivating future Lunar settlement and resource utilization. In-
space manufacturing (ISM), particularly Lunar-based manufacturing and construction (LBMC), is
crucial for extending human exploration beyond Earth [49]. Additive manufacturing (AM) offers
great promise for ISM. Materials extrusion (MEX), and more particularly fused filament fabrica-
tion (FFF), stands out as one of the most commonly used AM techniques for creating objects with
thermoplastic polymer matrices [184]. Utilizing thermoplastics gives FFF a significant edge over
techniques employing thermosets due to their recyclability [24]. Furthermore, FFF is increasingly
recognized as one of the most cost-effective AM methods, characterized by lower energy require-
ments, reduced material wastage, process simplicity, and efficient fabrication times [22, 41, 76-78].
Its capability to perform well in low-gravity or zero-gravity conditions [31, 32] positions FFF as a
promising approach for LBMC.

Polyether ether ketone (PEEK) is a high-performance, space-grade, recyclable thermoplastic
that can be 3D-printed using FFF, making it particularly intriguing for LBMC [41, 185]. However,
transporting materials to space comes at great expense. In-Situ Resource Utilization (ISRU) in-
volves using local resources at mission sites, rather than solely relying on off-site supplies [186].
Lunar regolith, abundant on the Moon, presents a significant advantage as a raw material for LBMC
[26]. Despite various studies investigating the feasibility of using regolith for LBMC [26], there
is a literature gap concerning ISRU-based FFF. This method entails incorporating Lunar regolith
into a space-grade binder to reduce the costs of launching raw materials. While polymer/regolith
composites are not made from exclusively in-situ materials, recycling can further reduce the amount
of polymer required from Earth [24].

This phase demonstrates the feasibility of FFF to produce PEEK-LRS composites, using PEEK
as the binder and regolith as the filler. Pulverized PEEK and regolith blend, in a 7:3 weight ratio,
is processed into filaments with a twin-screw extruder. Samples are printed using an FFF machine
with a heated chamber and undergo simultaneous annealing. Pure PEEK samples are also made
for comparison. Investigations evaluate density, mechanical properties, and microstructure. These

findings have significant implications for advancing AM capabilities in Lunar environments and
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ISM.

2.2 Materials and Methods

2.2.1 Filament making

PEEK pellets (90G, Victrex, United Kingdom) are ground using a 254 mm Lab pulverizer
(Orenda, Canada) to achieve a particle size of approximately 150 um. Subsequently, the pulverized
PEEK is pre-mixed with 30 wt% (18 vol%) of regolith using as-received Lunar regolith simulant
(LMS-1D, Exolith, United States), with a particle size range of < 0.04 — 32 um, mean particle size
of 7 um, and grain density of 2.92 g/cm?. This simulant, designed to mimic Lunar mare dust, was
chosen for its fine particle size distribution, which is crucial for both the mechanical properties and
printability of the composite. Finer particles promote a more uniform dispersion within the poly-
mer matrix, reducing weak points and minimizing the risk of mechanical failure caused by stress
concentration [187]. Given the limitations of the current equipment, the maximum concentration
achievable with the current setup is 30 wt%. Despite differences in some characteristics between
real Lunar regolith dust (which is not available for incorporation into composites at this point) and
LMS-1D, particularly in surface morphology (regolith can be highly irregular), particle size distri-
bution is the prime consideration when using the simulant as a filler. The composite ’PEEK/LRS30’
powder is then fed into a parallel twin-screw extruder (Process 11, Thermo Scientific™, Germany)
operating at 380 °C and a rotary speed of 100 rpm to make filament. For comparison, all subsequent

steps are also conducted for pure PEEK, using commercial filament (PEEK K10, Kexcelled, China).

2.2.2 Sample preparation

A high-temperature FFF AM machine (PEEK 300, CreatBot, China) was employed for printing.
To enhance print quality and prevent warping, we discovered that printing on top of a raft combined
with using Nano Polymer Print Adhesive (Vision Miner, USA) on the bed yielded the best results.
To enhance the crystallization of the samples and mitigate thermal stresses, the printer’s simulta-
neous annealing feature (Direct Annealing System by CreatBot) was activated for all samples, set

at 420 °C, eliminating post-process annealing. The printer’s chamber temperature was adjusted to
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120 °C. Printing parameters for all samples were refined to ensure improved printability and the
absence of visible defects. These parameters included nozzle and bed temperatures of 420 °C and
180 °C, respectively, a layer thickness of 250 um, and a print speed of 7.5 mm/s. To assess re-
producibility, three samples of each composition were printed. For a smoother surface finish, all

samples underwent ironing using the UltiMaker Cura printing software’s ironing feature.

2.2.3 Tensile examination

Tensile testing followed the guidelines outlined in the ISO 527 standard. A 5000 N machine

(Hoskin Scientific, Canada) was utilized, with the test conducted at a tensile speed of 2 mm/min.

2.2.4 Density assessment

The density of both filaments and printed samples was examined using Archimedean density
analysis. This analysis utilized a density determination kit (YDKO2MS, Sartorius, Germany) and

water at 22 °C.

2.2.5 Micrography

Microstructural analysis was performed on both filaments and samples using a scanning elec-
tron microscope (SEM, S-3400N, Hitachi, Japan). Polished cross-sections of the samples were
examined, and an energy-dispersive X-ray spectrometer (EDS) was employed to analyze their ele-
mental composition. EDS maps were also generated. For EDS mapping, instead of analyzing just a
few isolated points, a broad region was investigated to ensure a comprehensive elemental analysis.
The EDS system continuously collected signals, which were processed by the software to produce

detailed maps illustrating the distribution of each element across the region.

2.3 Results and Discussion

2.3.1 Fabrication

Despite the challenges associated with elevated melt viscosity after incorporating regolith (sim-

ilar to those reported by Chuang et al. [46]), we successfully produced a PEEK/LRS30 filament
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with consistent color, surface quality, and diameter. This achievement was made possible through
the careful selection of a high-shear twin-screw extruder, optimization of a pre-mixing strategy, and
precise adjustments to feeding and extrusion parameters (as mentioned in Section 2.2.1). While
increasing the extrusion temperature can reduce melt viscosity to some extent, it must be managed
carefully to prevent material degradation, as highlighted by Zanjanijam et al. [41]. After filament
preparation, three samples of each composition were fabricated under identical conditions. Samples
showing poor bed adhesion, warpage, visible cracks, or significant porosity were excluded from
further analysis. The as-printed samples are shown in Figure 2.1. The process demonstrated ac-
ceptable reproducibility, as evidenced by visual assessments, tensile testing, density measurements,

microstructural analysis, and dimensional accuracy.

PEEK/LRS30 PEEK

lcm P —

Figure 2.1: Tensile specimens printed from pure PEEK and PEEK/LRS30, with three samples fab-
ricated for each composition to assess printing reproducibility. The regolith-filled specimens appear
darker and slightly rougher, while both materials retain similar geometry and dimensional consis-
tency.

2.3.2 Impact of ironing on surface finish quality

The impact of ironing and sanding on the surface finish quality of both PEEK and PEEK/LLRS30
samples was found to be significant. Figure 2.2 presents the appearance of the samples under three
conditions: without ironing, with ironing immediately after printing, and with ironing followed by

light sanding.
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Figure 2.2: The as-printed PEEK/LRS30 sample (a) shows a pronounced bead texture and visible
toolpath patterns. After ironing (b), the surface becomes noticeably smoother with reduced ridges
and improved uniformity. Ironing followed by light sanding (c) produces the smoothest finish,
effectively eliminating most surface irregularities.

2.3.3 Density analysis

Density analysis was performed using the Archimedean method on samples and filaments, with
the results presented as percentages relative to the reference density of the material. In the case
of pure PEEK, the relative density of the filament was determined to be 99.0%, whereas for the
as-fabricated samples, it ranged from 98.2% to 98.8%. This demonstrates that the printing parame-
ters, including nozzle temperature, were appropriately chosen to ensure the desired viscosity of the
molten polymer during the AM process.

For PEEK/LRS30, the relative density of the filament was determined to be 79.7%, whereas for
the as-fabricated samples, it ranged from 75.6% to 78.4%. The disparity in density values between
the filament and the samples ranged from 1.5% to 4.0%. This discrepancy can be attributed to
the elevated melt viscosity of the composite, stemming from its 30 wt% solid materials content,
which poses challenges during extrusion, as discussed in previous literature [46]. The FFF method’s

inherent limitations could also further contribute to this variation.
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2.3.4 Tensile testing

The stress-strain graph presented in Figure 2.3 illustrates the tensile properties of the as-printed
specimens. For PEEK samples, tensile strength ranged from 88.1 MPa to 94.9 MPa, with the me-
dian tensile strength measured at 91.6 MPa, achieved at a strain of 15.2%. The maximum elon-
gation at break observed for these samples was 20.43%. All subsequent data and tests for PEEK
refer to the sample with this median tensile strength, unless otherwise noted. These samples exhibit
ductile fracture characteristics, including noticeable necking before failure. PEEK/LRS30 samples
exhibit a reduced tensile strength, ranging from 65.2 MPa to 69.1 MPa, with a median value of
67.0 MPa. All subsequent data and tests for PEEK/LLRS30 are based on the sample with the median
tensile strength unless indicated otherwise. The maximum elongation at break for PEEK/LRS30
was 7.8%. The results represented a 26.8% decrease in tensile strength and a 62.0% reduction in
elongation compared to pure PEEK samples. This reduction is primarily attributed to the approx-
imately 23% porosity in the PEEK/LRS30 composite, compared to less than 2% porosity in pure
PEEK samples. Additionally, the PEEK/LRS30 composite displays brittle behavior, with no ob-
servable necking. The Young’s modulus for the PEEK samples is approximately 917.3 MPa, while
for the PEEK/LLRS30 composite, it is 1152.1 MPa, indicating a 25.6% increase. This increase in
stiffness can be attributed to the inherent properties of the regolith particles, which are ceramic-
based materials with a higher modulus of elasticity compared to PEEK. When these rigid particles
are dispersed within the polymer matrix, they constrain the deformation of the polymer chains under
stress, resulting in an overall increase in the composite’s stiffness [188].

Regolith introduces two opposing mechanisms affecting mechanical strength. Firstly, the pres-
ence of nanoparticles within the incorporated regolith, even at low percentages of the regolith parti-
cles falling within the nanometer range (i.e., below a few hundred nanometers), could significantly
impact the composite’s properties. This is particularly noteworthy given that the matrix consists of
a semi-crystalline polymer like PEEK. These nanoparticles could function as a nano-reinforcement
phase, enhancing mechanical properties by acting as nucleation points during solidification, result-
ing in finer crystals [188, 189]. Consequently, this could improve the crystallinity of the samples,

with the mechanical strength and deformation-fracture behavior of PEEK being highly contingent
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Figure 2.3: Engineering Stress vs. Strain (%) curves for as-printed samples: PEEK and
PEEK/LRS30. The plot includes median curves with error bars indicating the range of uncertainty.
The PEEK/LRS30 samples exhibit a higher initial slope than neat PEEK, indicating an increase
in Young’s modulus. However, regolith addition reduces both the ultimate tensile strength and the
elongation at break. Overall, the stress—strain response shifts from more ductile behaviour in PEEK
toward a comparatively more fragile (brittle-like) failure in PEEK/LRS30.

on its degree of crystallinity. Secondly, the presence of regolith content diminishes the strength of
the materials due to a reduction in density percentage caused by the more challenging extrusion
process resulting from higher melt viscosity [46]. While including nanoparticles could potentially
enhance the tensile strength of the PEEK/LRS samples, it appears that the porosity ratio is the
dominant mechanism leading to an overall decrease in mechanical strength.

All in all, although the inclusion of regolith particles decreased the tensile strength of the sam-
ples, the composite still provides sufficient strength for many Lunar applications, such as radiation
shielding and structural components, where the Moon’s lower gravity reduces strength requirements
[190]. Also, as discussed earlier, the reduction in strength is mainly due to porosity in the mate-
rial. Post-processing techniques like annealing and Hot Isostatic Pressing (HIP) can help minimize
porosity and improve the crystallinity of the PEEK matrix, which is expected to enhance the com-

posite’s overall mechanical properties.

2.3.5 Microstructural analysis

Figure 2.4 presents backscattered electron (BSE) SEM micrographs depicting the polished

cross-section of the specimen. The PEEK sample exhibits no visible defects in the bulk (in-layer)
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region (Figure 2.4(a & b)). However, visible gaps are evident between the layers, which is consis-
tent with the FFF process. The PEEK filament cross-section shows no discernible features and is,

therefore, not included in the figure.

Figure 2.4: Backscattered SEM micrographs of polished cross-sections: (a—b) as-printed PEEK
showing a defect-free bulk region with visible inter-layer gaps typical of FFF; (c—d) PEEK/LRS30
filament exhibiting uniform, random regolith dispersion with two pore populations (large irregular
extrusion-induced pores and fine air-entrapment pores); and (e—f) as-printed PEEK/LRS30 where
pore size is reduced, inter-layer boundaries are less pronounced (indicating improved bonding) and
particle sizes span from tens of micrometers down to the nanometer scale.

The PEEK/LRS30 filament showcases a uniform and random distribution of regolith particles
within the PEEK matrix, without any noticeable accumulation of regolith particles over the matrix,
indicating the efficacy of the mixing strategy (Figure 2.4(c & d)). Nonetheless, pores are present in
the structure, exhibiting two size ranges: irregularly shaped pores larger than roughly 30 microns,
attributed to the extrusion process and high melt viscosity of the composite due to the solid material
content, and smaller pores in the range of a few microns or less, attributed to air entrapment.

Figures 2.4(e & f) depict the as-printed samples of PEEK/LRS30, revealing that the regolith

particles remain randomly distributed after printing. Additionally, there appears to be a reduction in
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the size of the pores post-printing, suggesting the proper selection of printing parameters. However,
due to the high melt viscosity of the material and the limitations of the FFF process, complete
elimination of pores is unattainable. Moreover, the inter-layer area of the composite is not visible,
unlike in PEEK samples, aligning with the fracture behavior of the samples, where the PEEK/LRS30
sample demonstrates better inter-layer bonding compared to the PEEK sample. This improvement
can be attributed to the effect of regolith particles, which mitigate shrinkage and warping tendencies
by providing better heat distribution and promoting more uniform cooling. Furthermore, they act as
nucleation agents in solidification, leading to smaller crystals and spherulite sizes. Figure 2.4(c-f)
additionally shows the size variety of the regolith particles, ranging from a few tens of microns to
the nanometer range.

EDS was employed to reveal the elemental composition and spatial distribution of elements
within the microstructure of the PEEK/LLRS30 specimen. The investigation encompassed five dis-
tinct regions of the as-printed specimen, as depicted in Figure 2.5. Zone 1 (matrix) exhibited a dense
presence of carbon and oxygen atoms, confirming the presence of PEEK within this region. In this
zone, the total percentage of metallic elements was negligible, with any detected presence likely
attributable to sample preparation contamination. Zones 2 to 5, associated with various regolith
particles, displayed significant oxygen content, as anticipated due to the regolith’s composition of
diverse oxides. It is important to note that the EDS analysis, combined with the color contrast be-
tween the particles and the matrix, allowed us to distinguish between them without encountering
significant difficulties. In Zone 2, Ti and Fe were the predominant metallic elements, constituting
13.08% and 8.58% of the composition, respectively. Zone 3 showcased notable proportions of Mg,
Si, and Fe, comprising 21.64%, 14.75%, and 3.70%, respectively. Zone 4 was characterized by a
substantial Si presence, accounting for 31.4% of the composition. Lastly, Zone 5 unveiled a compo-
sition comprising 15.90% Si, 11.64% Al, 5.11% Ca, and 1.45% Na. The diverse oxide compositions
observed across different regolith-containing zones underscored the heterogeneous distribution of
oxides inherent in the Lunar regolith simulant used. This diverse oxide composition aligns with
expectations for Lunar regolith [191].

EDS X-ray maps for the as-printed PEEK/LRS30 sample are depicted in Figure 2.6. These maps

illustrate the distribution of different elements within the microstructure and further demonstrate that
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Spectrum C O Na Mg Al Si Ca Ti Mn Fe

1 78.48 19.06 052 035 111 016 017 0.15
2 72.49 127 090 2.04 034 1308 130 858
3 58.95 21.64 059 1475 037 3.70
4 67.18 064 026 3170 0.24

5 65.00 145 0.69 1164 1590 511 0.20

Figure 2.5: EDS point analyses collected from five regions of the as-printed PEEK/LLRS30 speci-
men. Zone 1 (matrix) contains primarily C and O, confirming the presence of PEEK with negligible
metallic content. Zones 2 to 5 correspond to individual regolith particles and show diverse oxide
chemistries with varying amounts of Ti, Fe, Mg, Si, Al, Ca, and Na, which reflects the hetero-
geneous mineralogy of the Lunar regolith simulant. The contrast between particles and matrix,
combined with the compositional data, allowed clear identification of each region.
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the regolith particles are dispersed randomly and uniformly throughout the matrix. Additionally,

they highlight variations in composition among the various regolith particles.

Figure 2.6: Backscattered electron image and EDS X-ray maps of the as-printed PEEK/LRS30
specimen. The elemental maps (C K., O K,, Al K,, Si K,, Mg K,, Na K,, K K,, Ca K,,
Fe K., Mn K,, Ti K,) confirm a uniform and random dispersion of regolith particles throughout
the PEEK matrix. The maps also reveal particle-to-particle compositional differences, which is
consistent with the mineralogical diversity of the Lunar regolith simulant.

2.4 Conclusion and future work

In summary, this phase investigated the potential of incorporating Lunar regolith into polyether
ether ketone (PEEK) to reduce raw material costs for Lunar-based manufacturing and construction
(LBMC) using fused filament fabrication (FFF). In this approach, PEEK acts as the binding agent,
while regolith primarily serves as a filler, making it suitable for creating PEEK composites with
various regolith blends. This adaptability ensures versatility in Lunar applications across different
regions. Density analysis revealed that higher solid material contents pose challenges in extrusion
due to increased melt viscosity, resulting in greater sample porosity. Adding 30 wt% of Lunar
regolith simulant to PEEK decreased the tensile strength by 26.8%, primarily due to around 21%
lower relative density. However, the resulting 67.0 MPa remains high enough for many practical
applications. The addition of 30 wt% regolith also increased Young’s modulus from approximately

917.3 MPa for pure PEEK to 1152.1 MPa, representing a 25.6% enhancement. Moreover, a higher
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content of solid materials leads to more brittle fracture and reduced elongation at break. SEM
micrography alongside EDS confirmed the random distribution of regolith in the PEEK matrix,
along with the presence of pores in both filament and sample after adding regolith, albeit with
improved in-layer bonding.

The next phase will concentrate on exploring a wider range of PEEK/regolith ratios and achiev-
ing higher regolith weight percentages, which could significantly reduce launch costs. Additionally,
we will focus on mitigating porosity through techniques such as annealing, which can also enhance
the crystallinity of the PEEK matrix. We will also conduct a more comprehensive characterization

of the resulting parts.
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Chapter 3

Phase II: Additive Manufacturing of
PEEK-Regolith Composites:
Process—Composition—Property

Relationships

This chapter is based on, and in parts reproduces with minor editorial changes, the following
preprint:

Azami, M., Aubin-Fournier, P.-L., Hojjati, M.,& Skonieczny, K. (2025). Additive Manufactur-
ing of PEEK/Lunar Regolith Composites for Sustainable Lunar Manufacturing. arXiv preprint,

arXiv:2508.00894. doi:10.48550/arXiv.2508.00894.
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3.1 Motivation

NASA’s Artemis program marks the beginning of a new era of sustained human exploration
on the Moon, requiring the development of substantial infrastructure to support long-term human
presence and mission activities on the Lunar surface [49]. Developing all required materials and
components on Earth and subsequently transporting them to the Lunar surface is neither practical
nor sustainable, especially considering significant mass and volume constraints. Furthermore, if
a component or structure on the Lunar surface requires development, replacement, or repair, it
is impractical and unsafe for astronauts to await deliveries from Earth. Consequently, in-space
manufacturing (ISM), and more specifically Lunar-based manufacturing and construction (LBMC),
has become a central element in the strategic planning of future Lunar missions, regardless of the
organization involved. [24, 26, 61, 192].

Significant volume and mass launch costs and limitations underscore the critical need for max-
imizing the utilization of the Moon’s local resources through in-situ resource utilization (ISRU).
Therefore, reducing dependence on Earth-sourced raw materials by leveraging available Lunar re-
golith and other indigenous resources is essential [18, 19].

To enhance operational efficiency and reduce dependency on heavy equipment transported from
Earth, additive manufacturing (AM) techniques offer substantial advantages. These methods are
preferred due to their minimal material waste, reduced energy consumption, increased geometric
freedom, and enhanced customization capabilities [2, 20-22]. Such capabilities are particularly
valuable since many Lunar-manufactured components are likely to be unique or unprecedented.
Therefore, additive manufacturing, using compact printers for smaller parts and mobile, scalable
systems for larger structural elements, represents a critical technological pathway toward sustain-
able, efficient, and responsive Lunar manufacturing and infrastructure development [23-25].

Incorporation of Lunar regolith into additive manufacturing is thus an active area of research
[24, 26]. The limited availability of authentic Lunar regolith on Earth, brought back by Lunar
missions, poses considerable challenges for technology development and validation for future Lunar
applications. To address this limitation, several international research groups have developed Lunar

regolith simulants (LRS), which are synthetic materials engineered to replicate the physical and
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chemical properties of Lunar regolith [27-30].

Ensuring reproducibility on the Moon of testing results with simulants motivates manufacturing
processes that exhibit minimal sensitivity to variations in regolith geochemistry. This requirement
arises from two primary considerations. Firstly, current simulants cannot fully replicate all Lunar
regolith properties because accurately reproducing Lunar conditions on Earth is inherently diffi-
cult [193, 194]. Lunar regolith comprises a diverse mixture of highly angular and irregular min-
eral fragments, agglutinates, dust particles (< 20 pm), small rocks (< 1cm), and larger boulders,
varying significantly in composition, cohesion, packing density, abrasion resistance, and flow char-
acteristics. These variations result from regolith maturity, location-specific geochemical processes,
and environmental exposure to meteorite impacts, solar wind, and galactic cosmic radiation [194].
Secondly, significant variability in Lunar regolith properties across different Lunar regions further
complicates direct replication efforts [191].

Consequently, binder-based manufacturing methods are highly attractive for Lunar applications
due to their reduced sensitivity to variations in regolith composition, especially when compared
to sintering or melting-based techniques such as powder-bed fusion. Among these binder-based
methods, material extrusion (MEX), specifically fused filament fabrication (FFF), stands out as
particularly advantageous due to the use of solid-state thermoplastic binders [4]. This preference
arises because traditional liquid binders face substantial operational challenges on the Lunar sur-
face, including incompatibility with NASA’s stringent outgassing regulations in vacuum conditions
and risks of boiling or freezing under the Moon’s extreme temperature fluctuations. Furthermore,
FFF-based material extrusion offers additional benefits such as process simplicity, minimal reliance
on large, heavy equipment, and demonstrated efficiency in low-gravity environments [31-34]. No-
tably, MEX is highly compatible with robotic systems, particularly small mobile robots, which are
preferred for ISM due to the critical need to minimize the mass and volume of equipment [25]. This
makes MEX a promising approach for the construction of large-scale structures and components in
future Lunar and space missions.

Among the thermoplastic binders used for MEX, many are not suitable for the harsh thermal
conditions of the Lunar surface, particularly during the Lunar day when temperatures can reach

120-130°C [24, 35]. This is because their glass transition temperatures (1}) are typically well
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below these levels, leading to softening and deformation. For example, polylactic acid (PLA) has
a Ty of approximately 55-65°C and a melting temperature (7,) around 160-170°C or slightly
above [36, 37], while the polyethylene (PE) family exhibits an even lower glass transition temper-
ature (Ty), typically ranging from approximately —125°C to —73°C, and a melting point gen-
erally between 105 and 130 °C, depending on its density [38—40]. Under Lunar daytime condi-
tions, these materials would easily deform or fail to maintain structural integrity. Another crit-
ical limitation is that not all thermoplastics comply with NASA’s strict outgassing requirements
for use in vacuum environments. These challenges make high-performance thermoplastics like
Polyether—ether—ketone (PEEK) especially attractive for Lunar applications. PEEK offers excellent
thermal stability (7, = 143°C, T}, = 343 °C), meets NASA’s outgassing standards, and provides
additional benefits such as radiation resistance, chemical stability, and abrasion resistance against
Lunar regolith dust [41-44]. With its high strength-to-weight ratio and proven compatibility with
MEX processes, PEEK stands out as a promising material for reliable and efficient Lunar manufac-
turing.

Processing and printing PEEK-regolith composites, however, present several significant chal-
lenges. Printing PEEK-based materials is demanding, as PEEK is highly sensitive to temperature
fluctuations during fabrication. Variations in thermal conditions can induce thermal stresses, lead-
ing to deformation, warpage, and compromised part quality. In addition, PEEK exhibits relatively
high melt viscosity, which complicates both the material mixing process and AM process [41, 45].

A higher proportion of PEEK in the composite increases material delivery costs, as polymers
cannot be synthesized or sourced in situ on the Moon due to the extremely low carbon content in
Lunar regolith. Therefore, PEEK remains an off-site, Earth-supplied material. Conversely, increas-
ing the weight fraction of regolith in the composite is desirable to reduce reliance on Earth-sourced
materials; however, high regolith filler content further increases the melt viscosity of the composite,
making extrusion and processing more difficult [46]. These trade-offs must be carefully considered
when designing the printing process and material formulation.

PEEK is well-regarded for its proven performance in space environments and its relatively high
potential for recyclability, which can help offset the substantial costs associated with transporting

materials from Earth. Although it can withstand more thermal cycles than many other polymers,
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repeated melting and reprocessing can still degrade its mechanical properties over time [47, 48].
Therefore, fabrication strategies should aim to minimize the number of thermal cycles to preserve
material integrity and ensure long-term performance.

Efforts have been made to explore the use of MEX AM methods for fabricating regolith—thermoplastic
composites. Gelino et al. [49] investigated several regolith/PLA composite formulations, including
weight ratios of 70:30, 80:20, and 85:15 for Lunar Mare simulant Black Point-1 (BP-1), as well
as an 80:20 blend of Lunar Highlands Simulant-1 (LHS-1) with PLA. An additional BP-1/PLA
mixture incorporating a flow enhancer was also evaluated. These composites were printed under
simulated Lunar thermal vacuum conditions (—190 °C, 10~2 torr) and characterized in terms of
mixture uniformity, mechanical strength, outgassing behavior, porosity, and density. The 80:20
LHS-1/PLA composite, selected for its favorable mechanical performance and its relevance to the
Lunar south polar regions, exhibited a flexural modulus of 5.3 GPa and a flexural strength of 24
MPa [49]. Despite these promising results, as previously discussed, PLA remains inherently un-
suitable for uncontained Lunar applications because of its poor outgassing behavior and inadequate
thermal resistance under Lunar environmental conditions.

The Phase I [3, 4] reported the first demonstration of manufacturing space-grade high-performance
thermoplastic composites with Lunar regolith via MEX. That initial work focused on the FFF of
PEEK/regolith composites, with comparisons drawn against pure PEEK and PEEK/carbon fiber
blends. The study identified that increasing the fraction of solid particles led to extrusion chal-
lenges, particularly an increase in sample porosity. The addition of 30 wt% Lunar regolith as filler
decreased tensile strength by 26.78%. 