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Montréal, Québec, Canada

November 2025

© Mohammad Azami, 2025



CONCORDIA UNIVERSITY

School of Graduate Studies

This is to certify that the thesis prepared

By: Mr. Mohammad Azami

Entitled: Additive Manufacturing of Lunar Regolith and Regolith-Based Com-

posites for Sustainable Manufacturing on the Moon

and submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy (Electrical and Computer Engineering)

complies with the regulations of this University and meets the accepted standards with respect to

originality and quality.

Signed by the Final Examining Committee:

Chair
Prof. Chunjiang An

External Examiner
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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 lunar 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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Chapter 1

Introduction

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

lished work:

Azami, M., Kazemi, Z., Moazen, S., Dubé, M., Potvin, M.-J., and Skonieczny, K. (2024). A com-

prehensive review of Lunar-based manufacturing and construction. Progress in Aerospace Sciences

150, 101045. doi:10.1016/j.paerosci.2024.101045.
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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
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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 Tg ≈ 55–65 ◦C and

Tm ≈ 160–170 ◦C [36, 37], while polyethylene families have even lower Tg and modest Tm [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 (Tg = 143 ◦C, Tm = 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
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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].
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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, Ilmenite, 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
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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,
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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, 10-3 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
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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±1.03MPa (at yield), 72.88±1.92MPa (at break), and 9.99±0.94MPa (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 98MPa (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 0.33±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 PEI. Additionally, the inclusion of ether groups within the poly-

mer’s structure introduces chain flexibility, contributing to its favorable printability in the molten
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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/cm3 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
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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 2.5× for 20 wt%

CF and 3× 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 AI 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, AI 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].

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.

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 a notable 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 µm 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

µm and 300 µm. 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 µm. 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 µm 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 µm, and a 210 µm hatching

space (with a 35% overlap) on each layer, resulting in a laser energy density of 1.011 J/mm2. 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/mm2 yielded favorable morphological characteristics and mechanical

properties. For this study, they set the laser scanning speed at 320 mm/s, layer thickness at 150

µm, and hatch spacing ranging from 170 to 250 µm 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/mm3. 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.m0.5, 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-AlSi10Mg composite. The CAS-1 Lunar regolith,
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sieved through a 200-mesh screen, was mixed with spherical AlSi10Mg powder with a mean particle

size of 33.1µm 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 20µm, 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 TiO2

in simulant Lunar regolith, while Al2O3 was transformed into gaseous Al2O at high temperatures.

L-PBF processes have also found applications for larger-scale projects on the Moon. Recently,

a high-power CO2 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 mm×250

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 mm×10 mm×10 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

21



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 ×8.5 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 3.6×10-6 °C-1 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, TiO2, Ca, and Al) [150, 151].

Manufactured solar cells consist of a Lunar glass substrate, a doped silicon layer between aluminum

electrodes, and a TiO2 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.
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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 m2 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 1.2MW/m2 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 100µm-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 47mm/s, a layer thickness

of 100µm, 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 1.0MW/m2 for lamp intensity and a scanning speed of 65mm/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 × 0.3 m × 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 a road. 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.

• 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):

• 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 5 (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 µm. Subsequently, the pulverized

PEEK is pre-mixed with 30wt% (18 vol%) of regolith using as-received Lunar regolith simulant

(LMS-1D, Exolith, United States), with a particle size range of < 0.04− 32 µm, mean particle size

of 7 µm, and grain density of 2.92 g/cm3. 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 µm, 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 (YDK02MS, 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.

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/LRS30

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/LRS30 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/LRS30 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/LRS30 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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Figure 2.5: EDS point analyses collected from five regions of the as-printed PEEK/LRS30 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.

45



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 Kα, O Kα, Al Kα, Si Kα, Mg Kα, Na Kα, K Kα, Ca Kα,
Fe Kα, Mn Kα, Ti Kα) 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 (< 20µm), small rocks (< 1 cm), 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 (Tg) are typically well
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below these levels, leading to softening and deformation. For example, polylactic acid (PLA) has

a Tg of approximately 55–65 ◦C and a melting temperature (Tm) around 160–170 ◦C or slightly

above [36, 37], while the polyethylene (PE) family exhibits an even lower glass transition temper-

ature (Tg), 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 (Tg = 143 ◦C, Tm = 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, 10−3 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%. Furthermore, regolith content increased brittleness and re-

duced elongation at break. Microstructural analysis revealed a random dispersion of regolith par-

ticles throughout the PEEK matrix, confirming the effectiveness of the mixing approach, but also

indicated the presence of pores in both filaments and printed samples. Interestingly, the inclusion

of regolith improved interlayer bonding [3, 4]. However, Phase I served primarily as a proof-of-

concept, constrained by the inability at that stage to achieve regolith loadings above 30 wt% and by

the limited scope of characterization.

To address the aforementioned challenges, this Phase II study additively manufactured PEEK/regolith

composites via MEX at 0–50 wt% regolith (10 wt% increments), including pure PEEK. Pulverized

52



PEEK and Lunar regolith were blended and processed into filament form via a twin-screw extruder

with a customized screw configuration. The resulting filaments were printed using an FFF MEX

system equipped with a heated chamber and a fine-tuned, previously unreported setup, under con-

ditions that enabled in-situ annealing during the printing process. To assess the effects of thermal

post-processing, a subset of the printed samples underwent additional annealing, while others re-

mained untreated. The printed composites were evaluated and compared in terms of crystallinity,

density, mechanical performance, and microstructural characteristics. To the best of our knowl-

edge, this study reports the highest Lunar regolith content incorporated into PEEK to date, using

a 50:50 wt% ratio. PEEK, as a high-performance, high-temperature thermoplastic, was processed

via MEX. Specifically, (i) PEEK/regolith composites were developed and successfully printed, (ii)

processing parameters were fine-tuned to ensure printability and dimensional fidelity, and (iii) key

mechanical, thermal, and microstructural characterizations were conducted. The results highlight

both the promise and the practical design limits of regolith-rich thermoplastic composites, represent-

ing a significant step toward ISRU for the additive manufacturing of Lunar infrastructure, outposts,

and functional components.

3.2 Materials and Methods

3.2.1 Filament making

Polyether–ether–ketone (PEEK) pellets (90G, Victrex, United Kingdom) were pulverized using

a 254 mm Lab Pulverizer (Orenda, Canada) to achieve an average particle size of approximately

150µm. The resulting PEEK powder was pre-mixed with 10–50 wt% of as-received Lunar regolith

simulant (LMS-1D, Exolith, United States), which features a particle size distribution ranging from

< 0.04 to 32µm, with a mean particle size of 7µm, a median (D50) of 4µm, D10 of approximately

1µm, and D90 of 15–16µm. According to the supplier, these values were obtained via laser diffrac-

tion analysis using a CILAS 1190 particle size analyzer (CILAS, France) [5]. The simulant has

a reported grain density of 2.92 g/cm3. LMS-1D was selected for its close resemblance to Lunar

mare dust in terms of particle size distribution, which is a critical parameter influencing composite

printability and mechanical performance. The fine particle size aids in achieving uniform dispersion
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of the regolith within the polymer matrix, thereby reducing stress concentrations and minimizing

mechanical failure risks [187].

Compared to Phase I [3, 4], substantial improvements were made to the filament production

process to ensure consistent filament diameter and to increase the extruder’s capacity for higher

regolith loading. These enhancements included replacing the previously used custom-built filament

tensioner with a commercial model, which enabled more stable filament formation and eliminated

fluctuations in filament thickness during extrusion. Additionally, a high-performance polymer screw

configuration (see Figure 3.1) was implemented in the extrusion system to further improve process-

ing quality. While the prior setup limited regolith content to a maximum of 30 wt%, the optimized

screw design allowed successful processing of filaments containing up to 50 wt% regolith.

Figure 3.1: Schematic of the filament making process using the Process 11 twin-screw extruder.
The standard screw configuration used in [3, 4] is compared with the high-performance polymers
screw configuration employed in the current study. The updated setup enabled processing of up to
50 wt% Lunar regolith simulant (LRS). L/D denotes the length-to-diameter ratio.

The PEEK/Lunar regolith simulant (PEEK/LRS) composite powder was extruded into filament

using a parallel twin-screw extruder (Process 11, Thermo Scientific™, Germany), with temperature

zones ranging from 355 ◦C to 380 ◦C and a screw speed of 50–100 rpm.

For comparative purposes, identical procedures were applied to a commercial PEEK filament

(K10, Kexcelled, China), which served as the baseline material in this study.

Prior to printing, all filaments were dried at 65 ◦C for 24 hours using a filament dryer to minimize

moisture content and ensure consistent extrusion quality.
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3.2.2 Additive manufacturing

A high-temperature FFF MEX 3D printer (PEEK 300, CreatBot, China) was utilized to process

the prepared composite filaments. To enhance crystallinity and reduce thermal-induced stress, the

printer’s Direct Annealing System (DAS) was employed, which delivers a controlled stream of

hot air at 420 ◦C directly to the printed component. Additionally, the build chamber temperature

was maintained at 120 ◦C to minimize thermal gradients and residual stresses throughout the part.

Printing parameters were fine-tuned for each composition to ensure reliable printability and defect-

free structures.

In Phase I [3, 4], the following samples were fabricated using the printing parameters sum-

marized in Table 3.1: neat PEEK (PEEK), PEEK reinforced with 20 wt% chopped carbon fiber

(PEEK/CF20), and PEEK composites containing 15 wt% and 30 wt% Lunar regolith simulant

(PEEK/LRS15 and PEEK/LRS30, respectively). While acceptable results were achieved, further

enhancements in print quality were identified as possible. Consequently, a revised set of print-

ing parameters was applied to a second series of samples, which included neat PEEK and PEEK

composites containing 10–50 wt% LRS. These samples are referred to as PEEK, PEEK/LRS10,

PEEK/LRS20, PEEK/LRS30, PEEK/LRS40, and PEEK/LRS50 throughout this study. The up-

dated parameters used for their fabrication are summarized in Table 3.2.

For the prior batch of samples [3, 4], printing was performed on a raft made from the same

material as the part, using a single-nozzle configuration. To improve both bed adhesion and bond-

ing between the raft and the printed PEEK/LRS part, a dual-nozzle approach was adopted for this

study. In this configuration, the raft, which serves as an intermediate layer between the build plate

and the printed component, was fabricated using polyether–ketone–ketone (PEKK). Due to its su-

perior adhesion to the build surface and strong interfacial bonding with PEEK, PEKK significantly

reduced detachment during printing and minimized warpage. This improvement enhanced dimen-

sional accuracy and improved the overall structural integrity of the printed parts. The use of PEKK

as a dedicated raft material effectively mitigated common challenges in PEEK printing, includ-

ing delamination, warping, and dimensional inconsistency. The layer-by-layer deposition sequence

used for all specimens is illustrated in Fig. 3.2, highlighting the raster orientation and the two-pass
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perimeter strategy applied after each infill region. The figure shows the toolpath for two successive

layers, printed with alternating raster angles, representing the pattern repeated throughout the build

until the full specimen height is achieved.

Figure 3.2: Illustration of the deposition sequence used for fabricating tensile specimens over two
successive layers. This alternating raster and perimeter sequence is repeated throughout the build
until the full specimen height is achieved. (a) Initial raster pattern deposited at a 45◦ angle in the xy-
plane on a raft. (b) After depositing the infill, two perimeter (wall) passes are printed following the
contour of the specimen. (c) Subsequent layer printed with a 90◦ rotated raster. (d) Two perimeter
passes deposited after completing the rotated raster. In all subfigures, orange denotes the infill, gray
denotes the raft, and red/green lines indicate the nozzle path for the perimeter walls.

To evaluate reproducibility, three specimens of each composition were printed. In Phase I [3, 4],

the surface smoothness of the first set of samples was improved using the ironing feature in Ulti-

Maker Cura; ironing may also reduce residual stress through localized reheating. However, ironing

was omitted for the samples in the current study, as it introduced inconsistencies in properties and

resulted in nozzle clogging at higher regolith loadings.

3.2.3 Annealing heat treatment

Although the printer’s DAS provided in-situ annealing during the printing process, an additional

post-processing annealing step was carried out on a subset of samples to assess its influence on the
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Table 3.1: Summary of the printing parameters used in Phase I. [3, 4].

Material
Nozzle
Temp.
(°C)

Bed
Temp.
(°C)

Ambient
Temp.
(°C)

Layer
Thickness

(mm)

Print
Speed
(mm/s)

Infill
Density

(%)

Nozzle
Diameter

(mm)

Bed
Adhesion

Mechanism
PEEK 420 180 120 0.25 7.5 100 0.4 PEEK Raft
PEEK/CF20 400 150 120 0.25 20 100 0.4 None
PEEK/LRS15 420 180 120 0.25 7.5 100 0.4 PEEK/LRS15 Raft
PEEK/LRS30 420 180 120 0.25 7.5 100 0.4 PEEK/LRS30 Raft

Table 3.2: Summary of the printing parameters used in the current study.

Material
Nozzle
Temp.
(°C)

Bed
Temp.
(°C)

Ambient
Temp.
(°C)

Layer
Thickness

(mm)

Print
Speed
(mm/s)

Infill
Density

(%)

Nozzle
Diameter

(mm)

Bed
Adhesion

Mechanism
PEEK 430 180 120 0.25 7.5 100 0.4 PEEK Raft
PEEK/LRS 430 180 120 0.25 7.5 100 0.4 PEKK Raft

properties of the as-printed parts. These specimens will be referred to as “annealed” throughout the

remainder of this article. The annealing procedure was conducted in a furnace, where the sample

temperature was increased at a controlled rate of 5 ◦C/min until reaching 300 ◦C. The samples

were held at this temperature for 2 hours, followed by gradual cooling inside the furnace by simply

turning off the heating element and allowing the system to cool down naturally.

3.2.4 Differential scanning calorimetry (DSC)

Thermal behavior was analyzed using a TA Instruments DSC Q200 equipped with Universal

Analysis V4.7A software (TA Instruments, USA). Each specimen, cut from samples, was sealed in a

standard aluminum pan and run against an empty reference under a dry nitrogen purge (50 mL min−1).

The thermal program consisted of a single heating and cooling cycle: samples were stabilized at

50 ◦C, heated to 450 ◦C at 10 ◦Cmin−1, and immediately cooled back to 50 ◦C at the same rate.

No second heating was performed. Various compositions of materials were examined, ranging from

neat PEEK to composites containing up to 50 wt% regolith.

The degree of crystallinity of the polymer phase (χ) was calculated based on the net enthalpy of

fusion, following the approach adopted by Yap et al. [195]:

χ = 100%×
(

∆Hm +∆Hc

∆Hf (1− wf )

)
, (1)
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In this equation, ∆Hm refers to the enthalpy of fusion obtained from the melting endotherm

(J g−1), while ∆Hc is the magnitude of the crystallization exotherm (J g−1). The reference value

∆Hf = 130 J g−1 corresponds to the enthalpy of fusion for fully crystalline PEEK [196], and wf

represents the mass fraction of regolith filler. All enthalpy values were initially normalized to the

total mass of the composite; division by (1 − wf ) subsequently converts them to a polymer-phase

basis, thereby correcting for the dilution effect introduced by the inert filler.

3.2.5 Tensile examination

For tensile testing, all specimens were prepared in accordance with ISO 527. Tests were con-

ducted on a 5000 N universal testing machine (Hoskin Scientific, Canada) at a constant crosshead

speed of 2 mm/min. An extensometer was not used and strain was evaluated from the machine

crosshead displacement, and particular care was taken during specimen gripping to minimize slip-

page.

3.2.6 Density assessment

The density of both the filaments and the printed samples was measured using Archimedean

density analysis, employing a density determination kit (YDK02MS, Sartorius, Germany) with

deionized water at 22 ◦C as the immersion medium.

3.2.7 Micrography

Microstructural characterization of both the filaments and as-printed specimens was performed

using a scanning electron microscope (SEM, S-3400N, Hitachi, Japan). Prior to imaging, cross-

sectional samples were polished to enable high-resolution surface examination. Elemental compo-

sition was analyzed using energy-dispersive X-ray spectroscopy (EDS). To ensure a comprehensive

assessment, EDS mapping was also conducted over broad regions rather than isolated points. Con-

tinuous signal acquisition across the selected areas allowed the generation of spatially resolved ele-

mental distribution maps, providing insights into the homogeneity and dispersion of the composite

constituents.
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3.3 Results and Discussion

3.3.1 Filament preparation

As detailed in Phase I [3, 4], the use of pulverized PEEK, combined with an increased screw

speed of 100 rpm and a maintained processing temperature of 380 ◦C, enabled successful processing

of the PEEK/regolith composite using a twin-screw extruder. This approach yielded a uniform fila-

ment (other than some short-lived inconsistencies), with the extruder’s high shear mixing capability

playing a crucial role in achieving homogeneous dispersion of the regolith particles. This was fur-

ther supported by the stable torque observed throughout the extrusion process. Figure 3.3 presents

an example comparison between the neat PEEK filament and the composite filament containing

30 wt% regolith.

Figure 3.3: Filament comparison: (a) neat PEEK and (b) PEEK/LRS30. The regolith-containing
filament exhibits a noticeably darker color, and its diameter remains consistent with the required
filament specifications.

However, increasing the regolith content beyond 30 wt% resulted in a significant rise in torque,

which adversely affected the extrusion process. A 10–15% increase in torque was already observed

when the regolith content increased from 15 wt% to 30 wt%, primarily due to the elevated melt

viscosity of the mixture. This viscosity increase is attributed to the higher proportion of solid par-

ticles that remain unmelted during processing, as reported in [46]. At contents exceeding 30 wt%,

the torque rose further, making continuous extrusion increasingly difficult. Additionally, intermit-

tent inconsistencies in filament diameter, typically spanning 1–4 cm in length, were occasionally

observed. These defects required manual intervention to remove the affected segments and resume

59



spooling. An example of such an inconsistency is shown in Figure 3.4.

Subsequent improvements implemented in this work included replacing the custom-built fila-

ment tensioner with a commercial unit and adopting the “high-performance polymer” screw config-

uration recommended by the twin-screw extruder’s manufacturer (Thermo Scientific™, Germany).

These modifications collectively resulted in a 30–40% reduction in torque during extrusion com-

pared to the original configuration. Notably, this setup enabled the successful extrusion of com-

posite blends containing up to 50 wt% regolith. This was achieved through a combination of the

improved screw configuration, a 30% reduction in screw speed, and a 10 ◦C increase in process-

ing temperature across all extruder zones. Remarkably, the torque recorded during extrusion of the

50 wt% blend was over 10% lower than that observed for the 30 wt% blend processed with the initial

configuration. Although processing even higher regolith contents may be technically feasible, the

blend ratio was intentionally limited to 50 wt% as a precaution against any potential accumulative

negative effects on the mechanical integrity of the extruder.

Figure 3.4: Example of intermittent filament diameter inconsistency, typically occurring over
lengths of 1 to 4 cm during extrusion prior to implementing the improved screw configuration and
a more effective filament tensioner.

3.3.2 Additive manufacturing

Following filament preparation, a range of printing parameters, including nozzle temperature,

bed temperature, and printing speed, were systematically fine-tuned to enhance the quality of the

printed specimens. Any parts exhibiting visible defects such as cracking or excessive porosity were

excluded from further analysis. The specimens fabricated using the fine-tuned parameters listed in

Table 3.2 displayed no observable defects.

Print consistency and process repeatability were confirmed through visual inspection, tensile
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testing, density measurements, and dimensional analysis. These evaluations indicate that the refined

parameters produced reliable and reproducible results across different material compositions.

A key finding of this study is that incorporating regolith into the polymer matrix significantly

reduced delamination and warping, which are common challenges in pure PEEK prints, resulting in

enhanced dimensional accuracy and higher print success rates.

To further enhance print quality, PEKK was introduced as the raft material in place of PEEK/LRS

composites. This modification proved critical for print reliability. When PEEK-based rafts (com-

posed of the same material as the printed part) were used, success rate was less than 50%. In

contrast, substituting PEKK as the raft material resulted in an almost 100% success rate. This out-

come underscores the importance of interfacial adhesion, both between the raft and the print bed and

between the raft and the printed structure. Acting as an effective intermediary, PEKK provided su-

perior bonding at both interfaces, thereby eliminating adhesion-related failures. This improvement

represents a significant advancement in the additive manufacturing of PEEK-regolith composites,

especially in the context of space-based fabrication, where minimizing material waste and maxi-

mizing print reliability is critical. Representative samples from this phase are shown in Figure 3.5.

Figure 3.5: Representative as-printed tensile specimens spanning the full composition range from
neat PEEK to PEEK reinforced with 50 wt% regolith. The progressive darkening of the material
with increasing regolith content reflects the oxide-rich particulate phase, while all compositions
retain consistent overall geometry.
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3.3.3 Effect of annealing

Upon annealing, no notable changes were observed in the color or overall dimensions of the

samples, aside from a slight and uniform shrinkage likely associated with pore consolidation. The

parts retained their structural integrity. The effects of annealing on other material properties are

discussed in the corresponding sections.

3.3.4 Density analysis

The relative density of the feedstock filaments, as-printed specimens, and annealed samples for

neat PEEK as well as all PEEK/LRS composites was determined using the Archimedean method

and reported as a percentage of the corresponding nominal theoretical density (see Table 3.3). It

was observed that, for all compositions and manufacturing strategies, the variation in relative den-

sity across replicates remained below 3%. To facilitate a clearer interpretation of compositional

trends, the values reported here correspond to the samples exhibiting median tensile strength for

each composition.

For pure PEEK, the filament exhibited a high density of 99.0%, while both the as-printed and

annealed specimens maintained densities exceeding 99%. These results confirm that the selected

thermal and processing parameters, particularly the nozzle temperature and chamber conditioning,

were effective in promoting sufficient melt flow and inter-raster bonding during printing, yielding a

slight improvement over the outcomes reported in Phase I [4].

For the PEEK/LRS10 composite, the filament exhibited a relative density of 97.8%. Printing

improved this to 98.5%, indicating that the melt pressure and thermal conditions were sufficient

to overcome the moderate viscosity increase due to filler addition. Annealing at 300 ◦C further

increased the density to above 99%, highlighting the effectiveness of post-processing in eliminating

residual porosity.

The PEEK/LRS20 filament showed a slightly lower density of 97.0%, attributed to increased

melt viscosity with higher filler content. After printing, the density increased to 97.6%, and subse-

quent annealing restored it to above 99%, confirming that the matrix retained sufficient mobility for

defect healing and densification.
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For the PEEK/LRS30 composite, filament density dropped further to 96.1%, and printing of-

fered only a marginal improvement (96.2%), indicating that inter-raster fusion was hindered by the

higher viscosity. Annealing yielded a modest increase to 97.2%, reflecting the diminishing effec-

tiveness of thermal post-treatment at higher filler contents.

The PEEK/LRS40 filament exhibited a higher density (98.2%) than PEEK/LRS30, which is

attributed to process modifications during extrusion: the twin-screw rpm was reduced by half, al-

lowing more time for air evacuation, and the increased solid content elevated die pressure, enhanc-

ing melt compaction. Nevertheless, the as-printed density dropped to 95.1% (–3.1%), primarily due

to inadequate flow under the high-viscosity conditions. Annealing offered limited improvement,

increasing density by only 0.5%.

In the PEEK/LRS50 case, filament density declined to 96.9% (–1.3% compared to PEEK/LRS40).

High viscosity prevented adequate melt pressure and flow continuity during printing, leading to a

substantial reduction in as-printed density to 92.5% (–4.5% compared to filament). Annealing re-

sulted in only a 0.3% gain, underscoring the limited mobility of the polymer chains within the highly

constrained matrix.

Trend analysis. Up to 30 wt% regolith, filament porosity increases progressively with filler

content due to rising melt viscosity. At 40 wt% there is a discontinuity in the trend, with im-

proved filament density (i.e. a drop in porosity) resulting from longer residence time and higher

die pressure during extrusion. At 50 wt%, porosity increases again, likely due to the limits of de-

gassing efficiency under extreme viscosity. Further reduction in screw speed might have improved

air evacuation, but was avoided to prevent material degradation due to prolonged residence in the

high-temperature barrel. For regolith contents of 10 wt% to 30 wt%, porosity decreases during

printing (relative to filament porosity), as the process conditions effectively promote interbead dif-

fusion. Beyond this point in regolith content, the trend reverses: the as-printed porosity increases

sharply due to poor flow and inadequate bead fusion at high filler loadings. Further increasing the

nozzle temperature was not pursued, as the selected setting (430 ◦C) approaches the onset of thermal

degradation in PEEK.

Post-processing annealing was effective for composites with 10 wt% and 20 wt%, closing in-

terfacial voids. However, as regolith content increases further, the benefits diminish considerably.
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This trend is attributed to reduced chain mobility: at the annealing temperature of 300 ◦C (ap-

proximately 44 ◦C below the melting point of PEEK), polymer segments must diffuse around rigid

filler particles. As the filler content increases, the available free matrix volume decreases, limiting

molecular rearrangement and the potential for crystallinity development, weld healing, and poros-

ity reduction. Consequently, the mechanical enhancement achievable through annealing becomes

increasingly constrained at higher regolith loadings.

Table 3.3: Representative as-printed tensile specimens spanning the full composition range from
neat PEEK to PEEK reinforced with 50 wt% regolith. The specimens gradually darken with in-
creasing regolith content, consistent with the inherent color of the Lunar regolith simulant, while
maintaining comparable overall geometry across all compositions.

Regolith Content (wt%) Filament (%) As-Printed (%) Annealed (%) %∆ Fil→Pr %∆ Pr→Ann %∆ Fil vs Prev %∆ Pr vs Prev %∆ Ann vs Prev
0 (Pure PEEK) > 99 > 99 > 99 – – – – –
10 97.8 98.5 > 99 +0.72% ≥+0.51% – – –
20 97.0 97.6 > 99 +0.62% ≥+1.44% –0.82% –0.91% –
30 96.1 96.2 97.2 +0.10% +1.04% –0.93% –1.43% –
40 98.2* 95.1 95.6 –3.16% +0.53% +2.19%* –1.14%* –1.65%*
50 96.9 92.5 92.8 –4.54% +0.32% –1.32% –2.73% –2.93%

3.3.5 Differential scanning calorimetry (DSC)

As shown in Figure 3.6a, DSC revealed that the as-printed neat PEEK exhibited a degree of

crystallinity of 17.4%. Incorporation of regolith increased the crystallinity to 20.5 ± 1.3% across

the composites, with a gradual increase up to 40 wt%, followed by a slight decrease at 50 wt%. The

regolith particles, particularly those at the nano- and submicron scales, serve as effective heteroge-

neous nucleation sites, lowering the energy barrier for crystallization during cooling. This promotes

rapid nucleation and leads to the formation of numerous fine crystal grains. However, in the pres-

ence of filler, the crystallization peak temperature (Tcp) shifts to lower values, decreasing from

296.6 ◦C for pure PEEK to 289.1 ± 0.7 ◦C for the PEEK/LRS composites (see Figure 3.6b). This

downward shift indicates an increasing restriction in PEEK chain mobility during solidification.

In this regime, the reduced molecular mobility becomes the dominant influence, limiting crystal

growth and slightly decreasing both Tcp and the overall crystallinity (Xc). Consequently, at high

filler contents, the inhibitory effect on chain mobility outweighs the nucleation-enhancing benefits

of the particles [197].

A representative DSC thermogram is provided in Figure 3.7 to illustrate the typical thermal
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(a) Degree of crystallinity. (b) Crystallization-peak temperature, Tcp.

(c) Crystallinity after cooling, Xc. (d) Glass transition temperature, Tg .

Figure 3.6: Differential scanning calorimetry (DSC) results for as-printed neat PEEK and
PEEK/LRS composites. The degree of crystallinity after the heating cycle increases from 17.4% in
neat PEEK to about 20.5% in the regolith-filled blends, with a slight reduction at 50 wt% LRS, while
the crystallization-peak temperature Tcp decreases from 296.6 ◦C to approximately 289 ◦C, indicat-
ing reduced chain mobility during solidification. Crystallinity after cooling Xc remains similar for
all compositions, averaging about 38%, and the glass transition temperature Tg stays near 165 ◦C up
to 30 wt% LRS but decreases for 40 and 50 wt% LRS, consistent with increased processing-induced
defects and porosity at higher filler loadings.
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behavior, while key thermal parameters for various compositions are summarized in Figure 3.6.

Figure 3.7: Representative DSC thermogram of as-printed neat PEEK, showing the heating and
cooling cycles. The heating curve displays the glass transition region, followed by the endothermic
melting peak near 340–350 ◦C, while the cooling curve exhibits the crystallization exotherm with a
peak at approximately 296.6 ◦C.

The crystallization exotherms recorded during the cooling cycle revealed that the neat PEEK

sample achieved a crystallinity of 35.3%, while all PEEK/LRS composites exhibited comparable

values, averaging 38.3±0.7% (see Figure 3.6c). This consistency is primarily attributed to the fixed

cooling rate of 10 ◦Cmin−1, which ensured uniform and sufficiently slow thermal conditions across

all samples. For neat PEEK, the relatively high crystallization peak temperature (Tcp = 296.6 ◦C)

and high chain mobility provided adequate time for lamellar growth. In contrast, the PEEK/LRS

composites underwent rapid heterogeneous nucleation due to the abundance of regolith particles,

resulting in an average increase of 3.0 percentage points in crystallinity (from 35.3% to 38.3%). At

these higher crystallinity levels, the process becomes growth-limited rather than nucleation-limited.

Once nucleation sites are saturated, further increases in filler content no longer enhance crystallinity,

and the final degree of crystallinity is largely governed by the imposed cooling conditions.

The glass transition temperature (Tg) of as-printed neat PEEK was measured to be 166± 1 ◦C,

based on four repeated tests. Notably, these values are significantly higher than the typical Tg

reported in data sheets (onset at 143 ◦C and midpoint at 150 ◦C), which can be attributed to the

elevated thermal conditions applied during printing. Specifically, Creatbot’s DAS was employed,
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wherein both tuyeres directed hot air at 420 ◦C, complemented by a heated bed at 180 ◦C, and

a build chamber maintained at 120 ◦C. Similar Tg elevations have also been reported in previous

studies [198, 199]. The observed increase in Tg results from a combination of crystallization and

thermally induced changes in the amorphous phase. While annealing is commonly associated with

enhancements in crystalline structure and degree of crystallinity in semi-crystalline polymers such

as PEEK, it also significantly reduces chain mobility within the rigid amorphous regions. This

reduced mobility contributes to the observed elevation in Tg [199, 200].

As shown in Figure 3.6d, the glass transition temperature (Tg) remained stable at 165.2±0.5 ◦C

for composites containing up to 30 wt% LRS. However, it decreased noticeably to 157.9 ◦C and

156.9 ◦C for the 40 wt% and 50 wt% LRS composites, respectively. This reduction is attributed

to the increased incidence of processing-induced defects and increased porosity in as-printed parts

at higher filler loadings, which elevate the free volume and enhance segmental mobility within the

polymer matrix [201].

For the annealed samples, a modest increase in crystallinity was observed for neat PEEK, ris-

ing from 17.4% to 20.1%. In contrast, no meaningful change was detected in the DSC data of

the PEEK/LRS composites compared to the as-printed specimens. DSC analysis indicated that

annealing at 300 ◦C should be sufficient to promote crystallization in PEEK without risking part de-

formation. Specifically, the cooling curves of the as-printed samples display a pronounced exother-

mic crystallization peak ending just below 300 ◦C, confirming that this temperature lies within the

effective crystallization window. Meanwhile, the heating curves reveal that melting onset begins

around 321 ◦C, suggesting that annealing above 300 ◦C would approach the deformation thresh-

old. Therefore, holding the parts at 300 ◦C should, in principle, enable further crystal growth while

maintaining dimensional stability, making it a practical and thermally safe annealing temperature.

This annealing condition is more aggressive than many protocols reported in the literature. For

example, Lannunziata et al. [199] and Sarasua et al. [202] used temperatures as low as 200 ◦C.

However, no appreciable increase in the crystallinity of the PEEK/LRS samples was observed. One

contributing factor may be the partial crystallization that occurred during the printing process itself.

The slow-cooling environment, characterized by a high bed and ambient temperature, and the simul-

taneous annealing enabled by the DAS system facilitated primary crystal formation during printing.
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Once a lamellar network is established, further crystal growth requires long-range chain diffusion,

which becomes increasingly limited under these conditions.

Additionally, in the PEEK/LRS composites, the regolith particles disrupt the continuity of the

polymer matrix by creating isolated domains and interfacial layers where chain mobility is sup-

pressed. These particles act as barriers to lamellar propagation, restricting crystallization to already

available polymer-rich regions. Furthermore, the presence of interlayer gaps in MEX-printed PEEK

introduces microvoids and poorly bonded interfaces, which reduce chain continuity and hinder the

nucleation and growth of crystalline domains.

Although slightly higher annealing temperatures (e.g., 315−320 ◦C) might enhance recrystal-

lization, they also pose a higher risk of deformation. In the context of space applications, such

thermal treatments may be impractical due to additional energy, equipment, and time demands.

Thus, while 300 ◦C is thermodynamically favorable for crystallization, the combination of kinetic

constraints, filler-induced barriers, and structural discontinuities limited the observed crystallinity

increase in the samples from post-process annealing.

3.3.6 Tensile testing

Figure 3.8 presents the engineering stress-strain curves for the as-printed samples fabricated in

the current work, including neat PEEK and PEEK/LRS composites containing 10–50 wt% Lunar

regolith simulant. As-printed neat PEEK exhibited the highest tensile performance among all sam-

ples, with an ultimate tensile strength (UTS) of 107.4 MPa and elongation at break of 14.1 %. The

material demonstrated ductile fracture behavior with a visible necking phenomenon prior to fail-

ure. When compared to the results reported in Phase I [4], this corresponds to a 17.3 % increase in

UTS and a 30.1 % reduction in elongation at break. Given that the porosity levels in both studies

remained nearly unchanged, these mechanical differences are attributed primarily to the increased

crystallinity achieved in the current study. This enhancement is likely due to the use of a higher

nozzle temperature combined with the activation of both DAS tuyeres during printing. These condi-

tions promote better thermal management and improved interbead fusion. The Young’s modulus for

neat PEEK in the current work was 1,094.0 MPa, reflecting a 19.3 % increase relative to the value

reported in Phase I [4].
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The addition of regolith (up to 40 wt%) resulted in a gradual reduction in both elongation at

break and ultimate tensile strength (UTS), while stiffness increased with filler content. The as-

printed PEEK/LRS10 sample exhibited an elongation at break of 10.4 %, a UTS of 100.5 MPa,

and a Young’s modulus of 1,225.3 MPa, corresponding to a 26.2 % reduction in elongation, a

6.4 % decrease in UTS, and a 12.0 % increase in stiffness relative to neat PEEK. For as-printed

PEEK/LRS20, the corresponding values were 9.8 %, 97.2 MPa, and 1,307.9 MPa, representing a

30.5 % reduction in elongation, a 9.5 % reduction in UTS, and a 19.6 % increase in elastic mod-

ulus relative to neat PEEK. The trend continued with as-printed PEEK/LRS30, which showed

values of 8.5 %, 94.8 MPa, and 1,402.6 MPa, corresponding to a 39.7 % reduction in elongation,

an 11.7 % decrease in UTS, and a 28.2 % increase in elastic modulus relative to neat PEEK. As-

printed PEEK/LRS40 exhibited elongation, UTS, and modulus values of 7.5 %, 90.3 MPa, and

1,544.9 MPa, respectively, representing a 46.8 % reduction in elongation, a 15.9 % decrease in UTS,

and a 41.2 % increase in stiffness compared to neat PEEK.

A direct comparison with the as-printed PEEK/LRS30 data from Phase I [4] further highlights

the superiority of the current process. In the prior work, PEEK/LRS30 exhibited a tensile strength of

only 67.1 MPa, 7.9 % elongation, and a Young’s modulus of 1152.1 MPa. In contrast, the present re-

sults show improvements of 41.3 % in UTS, 7.6 % in elongation, and 21.7 % in elastic modulus over

the prior results. These improvements are attributed to higher print quality, diminished porosity, and

stronger interbead bonding achieved through the refinements of the process parameters described

earlier.

However, when the filler content was increased to 50 wt%, the mechanical performance began

to deteriorate. The as-printed PEEK/LRS50 composite showed a UTS of 70.4 MPa, elongation of

6.0 %, and Young’s modulus of 1,268.2 MPa. This represents a 22.0 % decrease in UTS, a 20.0 %

reduction in elongation, and a 17.9 % decrease in stiffness compared to the PEEK/LRS40 sample.

Interestingly, the modulus dropped below the value observed for PEEK/LRS30, indicating a devia-

tion from the earlier increasing trend. This behavior is likely the result of excessive melt viscosity

at such high filler concentrations, which severely restricted polymer chain mobility and extrusion

flow, leading to higher porosity and weaker interbead bonding.

All PEEK/LRS composites exhibited brittle fracture behavior, characterized by the absence of
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necking. The mechanical properties follow a consistent trend with increasing regolith content: for

every additional 10 wt% of filler, the UTS decreased by approximately 2.5–6.4 %, elongation at

break dropped by less than 12 %, and Young’s modulus increased by 6.7–12.0 %. Between neat

PEEK and PEEK/LRS10, for instance, there was a 26.2 % decrease in elongation, while the modulus

increased by 12.0 %.

The observed mechanical response is governed by two competing mechanisms. On one hand,

the presence of submicron- and nanoscale regolith particles may act as nucleating agents during

solidification, enhancing crystallinity and contributing to improved stiffness and potentially strength

[188, 189]. On the other hand, increased regolith content raises the melt viscosity of the composite,

making extrusion more difficult and increasing the risk of pore formation [46]. It also limits chain

mobility during annealing by acting as a barrier to polymer chain movement, thereby hindering

crystallization. While the potential reinforcement effects of the nanoscale particles are beneficial,

the increase in porosity due to poorer flow dominates, leading to reduced tensile strength despite

gains in elastic modulus.

Figure 3.8: Engineering stress–strain curves for the as-printed specimens produced in this study,
including neat PEEK and PEEK/LRS composites containing 10–50 wt% Lunar regolith simulant.
Each curve corresponds to the specimen exhibiting the median ultimate tensile strength for its com-
position. The results show a progressive decrease in ductility and tensile strength and an increase in
stiffness with regolith loading up to 40 wt%, followed by a marked reduction in both strength and
stiffness at 50 wt%, likely due to more significant processing-induced defects at high filler contents.

One final observation concerns the fracture surface morphology. The fracture surface of pure
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PEEK shows a distinct layered structure. With the addition of 10 wt% regolith particles, this lay-

ered structure becomes nearly indistinguishable, and for composites with higher filler contents, it

is completely absent. This suggests a progressive improvement in interlayer bonding, which may

enhance Z-direction mechanical properties. The improvement is likely due to the higher thermal

conductivity of the regolith-filled composites, which promotes more uniform thermal distribution

and better fusion between layers during the printing process.

As shown in Figure 3.9, following annealing, all compositions demonstrated modest yet con-

sistent enhancements in mechanical performance, particularly in stiffness. For neat PEEK, the

ultimate tensile strength (UTS) increased from 107.4 to 109.9 MPa, representing a 2.3% improve-

ment, while the Young’s modulus rose from 1,094.0 to 1,135.3 MPa. This corresponds to a 3.8%

increase, which is a larger effect than that observed on the UTS. It should be noted that the annealed

PEEK sample retained a layered structure similar to that of the as-printed sample, indicating the

limited effectiveness of the annealing process in altering the microstructural morphology.

In the case of PEEK/LRS10, the UTS increased from 100.5 to 102.1 MPa (+1.6 %), and the

modulus improved from 1225.3 to 1248.1 MPa (+1.9 %). For PEEK/LRS20, the UTS rose to

100.2 MPa (+3.1 %) and the modulus to 1340.5 MPa (+2.5 %). PEEK/LRS30 experienced more

modest gains, with a UTS of 96.8 MPa (+2.1 %) and a modulus of 1426.0 MPa (+1.7 %). These

enhancements are primarily attributed to the reduction in processing-induced porosity during the

annealing step.

The enhancements were even less pronounced for higher filler loadings. PEEK/LRS40 exhib-

ited a UTS of 91.5 MPa (+1.3 %) and a modulus of 1560.7 MPa (+1.0 %), while PEEK/LRS50

showed the smallest improvements, reaching 70.9 MPa in UTS (+0.7 %) and 1278.2 MPa in mod-

ulus (+0.8 %). As anticipated from the observed changes in density and crystallinity after anneal-

ing, the mechanical benefits become limited at higher filler contents. This is primarily due to the

increased prevalence of structural defects and disrupted matrix continuity, which hinder chain mo-

bility during annealing and collectively restrict further improvements in mechanical performance.
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(a) Ultimate tensile strength (UTS) of as-printed and annealed samples.

(b) Young’s modulus (E) of as-printed and annealed samples.

Figure 3.9: Comparison of mechanical properties for as-printed and annealed specimens, including
(a) ultimate tensile strength (UTS) and (b) Young’s modulus. All compositions exhibit modest im-
provements after annealing, with the most pronounced gains observed in neat PEEK and composites
containing up to 30 wt% regolith. At higher filler contents, the benefits of annealing diminish, likely
due to increased structural defects and reduced matrix continuity, which limit further enhancement
of mechanical performance.
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3.3.7 Microstructural analysis

Scanning electron microscopy (SEM)

Backscattered electron (BSE) SEM micrographs of polished cross-sections are obtained for

filaments and the as-printed samples with median UTS from the second phase. These micrographs

appear to be consistent with the reduction in mechanical performance observed in tensile testing

with increasing regolith particle concentration. As the regolith content increases, a corresponding

rise in defect incidence is observed.

Figure 3.10a presents the microstructure of the neat PEEK filament, which appears nearly

defect-free. In contrast, Figure 3.10b shows the cross-section of an as-printed PEEK sample. No sig-

nificant defects are observed within individual layers; however, visible interlayer gaps are present,

which are characteristic of the layer-by-layer deposition inherent to the MEX process. This mor-

phological observation is consistent with the fracture behavior seen during tensile testing. Fracture

surfaces of neat PEEK specimens reveal a distinctly layer-controlled failure mode. Cracks typi-

cally initiate at the interlayer interfaces and propagate as planar segments oriented perpendicular

to the loading direction. However, rather than forming a continuous break across the specimen

width, the fracture surface often appears stepped, with adjacent layers failing at different positions

along the gauge length. This staggered rupture pattern may indicate non-uniform stress transfer

across layers, resulting from limited polymer chain diffusion and insufficient interlayer entangle-

ment during printing. Notably, despite achieving near-full bulk density (> 99%) as measured by the

Archimedean method, the interlayer regions appear to remain mechanically weak. Cracks tend to

initiate and propagate along these interfaces under tensile loading or during post-fracture handling

(e.g., cutting), underscoring the pronounced anisotropy inherent to MEX-processed PEEK.

The addition of LRS significantly alters the fracture behavior of the printed composites. Even at

the lowest filler content investigated (PEEK/LRS10), the fracture path propagates uniformly across

the specimen width and occurs nearly in the same plane perpendicular to the tensile loading di-

rection, cutting through multiple printed layers rather than varying in position from layer to layer.

SEM analysis of the fracture cross-sections (Figures 3.11a and 3.11b) reveals no discernible inter-

layer boundaries, indicating a potential improvement in interlayer cohesion. This behavior suggests
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(a) Neat PEEK filament. (b) As-printed PEEK sample.

Figure 3.10: (a) Microstructure of the neat PEEK filament prior to printing. (b) Cross-section of the
as-printed PEEK sample, where the interlayer boundary is clearly visible as a result of the layer-by-
layer deposition process.

improved material integrity and interlayer bonding, even at modest regolith loadings. Two key

mechanisms may contribute to this altered failure mode. First, particle-mediated stress redis-

tribution: the rigid ceramic particles could promote mechanical bridging across adjacent rasters,

enabling localized stress transfer between layers. As a result, crack fronts may be forced to de-

flect or branch, increasing the fracture surface area and improving the effective interlayer fracture

toughness. Second, crystallization inhibition and thermal stress relaxation: the presence of re-

golith particles during PEEK solidification may disrupt spherulite growth, thereby reducing residual

shrinkage stresses between layers. Although the thermal conductivity of the regolith is lower than

that of metals, it remains significantly higher than that of polymers. This enhanced thermal conduc-

tivity could facilitate better heat dissipation during printing, reduce thermal gradients, and minimize

residual stresses that might arise from differential cooling.

The transition in fracture morphology is further supported by the observed increase in elastic

modulus with increasing regolith content (up to 40 wt%), despite reductions in ultimate tensile

strength. These findings may suggest that particle-induced stiffening and improved resistance to

interlayer crack propagation can partially compensate for the brittleness introduced by the ceramic

filler.

SEM micrographs of the as-printed PEEK/LRS10 sample (Figures 3.11a and 3.11b) reveal a
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(a) PEEK/LRS10 (100×). (b) PEEK/LRS10 (500×).

(c) PEEK/LRS20 (100×). (d) PEEK/LRS20 (500×).

Figure 3.11: Backscattered SEM micrographs of polished cross-sections of as-printed
PEEK/regolith composites. (a, b) PEEK/LRS10 and (c, d) PEEK/LRS20 at 100× and 500× magni-
fications, respectively. Both compositions exhibit uniform particle dispersion and low pore density,
with no evidence of particle agglomeration and no resolvable interlayer boundaries, indicating good
interlayer cohesion and effective mixing during compounding and extrusion.
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uniform and randomly distributed dispersion of regolith particles within the PEEK matrix, demon-

strating the effectiveness of the compounding and filament extrusion process. The observed process-

induced pores are relatively small, typically less than 5 µm in diameter, and are predominantly lo-

cated near regolith particles. This spatial correlation suggests that pore formation may result from

incomplete particle–matrix wetting or localized thermal shrinkage mismatch during solidification,

leading to microvoid nucleation at the particle–polymer interface.

SEM micrographs of the PEEK/LRS20 composite (Figures 3.11c and 3.11d) reveal microstruc-

tural characteristics similar to those observed in the PEEK/LRS10 formulation. The pore population

remains relatively low, with small and sparsely distributed voids consistent with the 2.4 % porosity

measured via the Archimedean method. Notably, the increased regolith content does not lead to

particle agglomeration; individual regolith grains remain well dispersed throughout the matrix, and

their maximum observed diameter aligns with the nominal particle size distribution (PSD) of the

LRS feedstock. At 500× magnification (Figure 3.11d), sub-micron-scale fragments are also visible,

likely corresponding to the fine tail of the PSD, further supporting the conclusion that the mixing

and extrusion process can achieve uniform dispersion without particle segregation.

An increase in pore density is observed when transitioning from PEEK/LRS20 to PEEK/LRS30,

as evident in Figures 3.11d and 3.12d. This microstructural change is consistent with a 1.4 percent-

age point decrease in relative density, as determined by the Archimedean method, and a corre-

sponding 2.5% reduction in ultimate tensile strength (UTS), from 97.2 MPa to 94.8 MPa. Despite

the increased filler content, no particle agglomeration is observed, and the regolith remains well-

dispersed throughout the matrix.

Furthermore, SEM micrographs appear to reinforce the mechanical performance improvements

achieved in the present study relative to those reported in Phase I [4]. As shown in Figure 3.12, the

PEEK/LRS30 specimens fabricated in the current work exhibit visibly fewer and smaller defects

compared to those from the previous study. This notable microstructural refinement is consistent

with a significant increase in UTS (from 67.1 MPa to 94.8 MPa), highlighting the effectiveness of

the optimized processing conditions employed in this work.

As shown in Figure 3.13, BSE–SEM micrographs of the PEEK/LRS40 and PEEK/LRS50 fila-

ments reveal only minor differences in defect density and pore size between the two compositions.
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(a) Phase I [4], PEEK/LRS30 (200×). (b) Phase I [4], PEEK/LRS30 (500×).

(c) This work (Phase II), PEEK/LRS30 (200×). (d) This work (Phase II), PEEK/LRS30 (500×).

Figure 3.12: Comparison of backscattered SEM micrographs of polished cross-sections of as-
printed PEEK/LRS30 composites from Phase I [4] and the current work (Phase II). (a, b) Micro-
graphs from Phase I at 200× and 500× magnifications show larger and more numerous defects. (c,
d) Corresponding images from the present phase demonstrate a substantially refined microstructure,
with fewer and smaller pores, reflecting improvements in extrusion quality and printing parameters.
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This observation is supported by Archimedean porosity measurements, which show just a 1.3 per-

centage point decrease in porosity when increasing the regolith content from 40 to 50 wt%. How-

ever, the PEEK/LRS50 filament exhibits a noticeably rougher surface, likely due to the higher melt

viscosity of the composite at elevated filler loadings. The increased regolith content also makes the

filament more brittle, consistent with its higher ceramic fraction.

Figures 3.14a and 3.14b present SEM micrographs of the as-printed PEEK/LRS40 sample. A

gradual increase in both pore number and size is evident in samples ranging from neat PEEK to

PEEK/LRS40, aligning well with the trends observed in porosity and mechanical performance based

on Archimedean and tensile test results, respectively.

In contrast to the relatively small changes observed in the filaments (Figure 3.13), SEM images

of the corresponding as-printed samples (Figure 3.14) display a pronounced increase in both the

density and size of defects when the regolith content is raised from 40 to 50 wt%. This microstruc-

tural deterioration is consistent with the 2.6 percentage point increase in porosity observed via the

Archimedean method and corresponds with the measured decline in mechanical properties at higher

regolith loadings.

(a) PEEK/LRS40 filament. (b) PEEK/LRS50 filament.

Figure 3.13: Backscattered SEM micrographs of extruded filament cross-sections for (a)
PEEK/LRS40 and (b) PEEK/LRS50. Both compositions exhibit similar internal pore densities,
consistent with Archimedean measurements. At 50 wt% regolith, the filament displays a rougher
surface and increased brittleness due to the higher ceramic fraction and elevated melt viscosity dur-
ing extrusion.

All SEM analyses in this study were conducted on the fracture surfaces of the extruded fila-

ments and as-printed specimens. Although a limited set of annealing experiments was conducted to
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(a) PEEK/LRS40 as-printed (100×). (b) PEEK/LRS40 as-printed (500×).

(c) PEEK/LRS50 as-printed (100×). (d) PEEK/LRS50 as-printed (500×).

Figure 3.14: Backscattered SEM micrographs of polished cross-sections of as-printed composites:
(a, b) PEEK/LRS40 and (c, d) PEEK/LRS50 at 100× and 500× magnifications. A notable increase
in pore density and defect size is observed when the regolith content increases from 40 to 50 wt%,
consistent with the higher porosity and reduced mechanical properties measured for PEEK/LRS50.
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evaluate crystallinity gains and defect closure, the primary focus of this work remains on as-printed

properties. This choice is deliberate and grounded in practical constraints specific to space-based

ISRU manufacturing.

First, annealing introduces an additional thermal cycle that runs counter to the ISRU objectives

of minimizing operational complexity, energy consumption, and processing time. Transporting an

oven to the Moon incurs significant cost and logistical challenges. Printing 1 kg of PEEK typically

consumes 1–5 kWh depending on printing parameters, whereas heating and maintaining a well-

insulated 30 × 30 × 30 cm oven at 300°C for a 2-hour annealing cycle requires approximately

5 kWh, placing the annealing energy demand within the same range or potentially exceeding the

energy required for printing alone. For off-Earth manufacturing systems, where power and time

are highly constrained, this extra step, along with the necessary hardware and energy expenditure,

represents an inefficient overhead. From a system-level perspective, the added equipment, extended

processing time, and substantial energy demands are difficult to justify given the relatively marginal

mechanical property improvements achieved through annealing.

Second, repeated thermal exposure can negatively affect the long-term durability and reusabil-

ity of thermoplastic components. PEEK is susceptible to molecular chain scission and oxidative

degradation under extended or repeated high-temperature cycles [203, 204]. For ISRU applications,

where components may be repurposed, repaired, or recycled across multiple mission cycles, limiting

cumulative thermal history helps preserve performance and extend material service life.

Third, and most critically, the mechanical and densification benefits of annealing diminish sub-

stantially at higher regolith contents. As detailed in Table 3.3, annealing almost fully eliminated

residual porosity in neat PEEK and composites up to 20 wt% regolith. However, for 30–50 wt%

formulations, the relative density gains were minimal (typically less than 1 %) and produced neg-

ligible improvements in tensile strength. These high regolith loadings are the most relevant for

ISRU, as they most significantly reduce the amount of imported PEEK required. For example,

composites with 50 wt% regolith content halve the mass of polymer needed, which is a key advan-

tage in logistics-constrained environments. At these concentrations, porosity and interlayer defects

become the dominant limiting factors while annealing offers little remediation. Conversely, for

regolith contents up to 30–40 wt%, the as-printed quality already seems to be sufficient for many
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aerospace structures, with only slightly lower mechanical performance compared to post-process

annealed parts.

Elemental composition characterization

Energy-dispersive X-ray spectroscopy (EDS) was performed at the nine labelled sites shown

in Figure 3.15, and the corresponding elemental compositions are summarized in Table 3.4. El-

emental distribution maps further illustrate, in line with the SEM data, that the regolith particles

are dispersed randomly and uniformly throughout the matrix, highlighting the consistency of the

material’s microstructure.

Matrix locations (Points 1 and 9). These regions exhibited high carbon (74–79 wt%) and

oxygen (18–24 wt%) content, with only trace amounts of metals. This composition is consistent

with the polymer matrix, confirming that these points are located within the PEEK phase. Minor

elements such as Si, Na, and Fe were detected at levels below 1.5 wt%, likely attributable to surface

contamination or polishing debris.

Mg–Si-rich silicates (Points 2 and 3). These inclusions were dominated by oxygen (60–

63 wt%), magnesium (13–15 wt%), and silicon (18–20 wt%), along with minor iron (2–3 wt%).

Such a composition suggests the presence of pyroxene or olivine fragments, commonly found in

regolith simulants.

Na–Al–Ca feldspathic particles (Points 4 and 5). These sites contained oxygen concentrations

around 63 wt%, along with notable amounts of Na (1.6–2.7 wt%), Al (11–12 wt%), Si (17–18 wt%),

and Ca (4–5 wt%). The overall chemistry aligns with plagioclase-type feldspars ranging from sodic

to calcic composition.

Ti-bearing oxide inclusions (Points 6 and 8). These regions were characterized by high oxy-

gen content (73–75 wt%) and elevated titanium (13–14 wt%), along with iron (6–9 wt%), and minor

amounts of Mg, Si, and Mn. This composition is typical of ilmenite-like phases, frequently observed

in Lunar regolith.

Fe-rich inclusion (Point 7). This point revealed an exceptionally high iron content (48.7 wt%),

with reduced oxygen (35.6 wt%), accompanied by Mg, Si, and minor Ti and Al. The data indicate

a dense iron oxide such as magnetite.
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In summary, the EDS results effectively distinguish the carbon-rich PEEK matrix from the

oxide-based regolith particles, while also highlighting the chemical heterogeneity of the filler phase.

The identified phases include Mg–Si silicates, feldspathic materials, ilmenite, and Fe-rich inclu-

sions, all of which are representative of the complex oxide distribution expected in Lunar regolith

simulants. These findings have direct implications for the thermal, mechanical, and interfacial be-

havior of the composite.

Figure 3.15: Backscattered SEM micrograph of the PEEK/LRS50 composite showing the nine lo-
cations selected for EDS point analysis. Points 1 and 9 correspond to the PEEK matrix, while the
remaining points represent distinct regolith particles exhibiting varied oxide chemistries character-
istic of Mg–Si silicates, feldspathic phases, Ti–Fe oxides, and Fe-rich inclusions.

Table 3.4: Elemental composition (wt%) at the nine EDS acquisition points shown in Fig. 3.15.

Point C O Na Mg Al Si Ca Ti Mn Fe
Point 1 73.64 23.66 0.19 0.56 0.37 1.27 0.16 0.16 – –
Point 2 – 63.44 – 13.08 0.94 18.28 2.04 – – 2.21
Point 3 – 60.36 – 14.81 1.02 20.21 0.64 – – 2.97
Point 4 – 62.94 1.64 0.48 12.12 17.62 5.20 – – –
Point 5 – 63.62 2.73 0.53 11.24 17.85 4.04 – – –
Point 6 – 72.82 – 1.05 0.73 1.84 0.54 13.05 0.74 9.24
Point 7 – 35.57 – 5.48 1.57 6.76 0.82 1.10 – 48.69
Point 8 – 74.62 – 1.64 0.91 1.95 – 13.50 0.65 6.73
Point 9 78.72 18.20 – 1.22 0.25 1.39 – – – 0.22

Figure 3.16 presents a BSE SEM overview (upper-left) together with quantitative X-ray maps

for the principal elements detected. A clear two-phase architecture emerges:

Carbon map. A bright, continuous signal outlines the polymer phase, while angular and

rounded voids correspond to the locations of regolith particles. This contrast is consistent with

carbon being predominantly confined to the PEEK matrix.
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Oxygen map. Oxygen is broadly distributed, with the highest intensity observed in the carbon-

deficient regions, which appears to highlight the oxide-rich nature of the filler particles. In contrast,

the matrix shows a lower oxygen signal.

Silicon and aluminum maps. Silicon exhibits strong and widespread contrast across nearly

all regolith inclusions, while aluminum is concentrated in a subset of these Si-bearing regions.

Their co-localization is characteristic of feldspathic silicates (e.g., Na- or Ca-rich plagioclase) and

is consistent with the earlier point analyses.

Magnesium map. Magnesium appears in discrete, elongated clusters that coincide with the

Mg–Si-enriched domains identified in Table 3.4 (Points 2 and 3). These areas can be interpreted as

fragments of, or at least are compatible with, Mg-rich pyroxene or olivine.

Titanium and iron maps. Titanium shows a sparse distribution of bright pixels that often

coincide with intense iron signals, suggesting the presence of Ti–Fe oxides such as ilmenite. Several

areas exhibit strong iron with negligible titanium, in line with the Fe-rich particle observed at Point 7

in Figure 3.15.

Calcium, sodium, and potassium maps. Calcium is localized within a limited number of

grains and commonly co-occurs with silicon and aluminum, suggesting the presence of, or at

least compatibility with, calcic plagioclase. Sodium and potassium appear as weak, diffuse sig-

nals, broadly following the feldspathic regions. Their low intensity is in good agreement with the

quantitative point spectra.

To summarize, the elemental maps are broadly consistent with the EDS point analysis: (i)

the carbon-rich continuous phase is most reasonably interpreted as PEEK, and (ii) the embedded

filler phase appears to consist of a chemically heterogeneous mixture of feldspathic materials, Mg-

silicates, Ti–Fe oxides, and isolated Fe-rich particles. This compositional diversity, clearly visu-

alized in the X-ray maps, is consistent with the mineralogical complexity of the Lunar regolith

simulant and with the pronounced matrix–filler contrast that is expected to govern local thermal and

mechanical behavior.
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Figure 3.16: Backscattered electron SEM micrograph (a) and EDS X-ray maps of the as-printed
PEEK/LRS50 composite acquired using C Kα, O-Kα, Al-Kα, Na-Kα, Mg-Kα, Si-Kα, Ca-Kα,
Ti-Kα, Fe-Kα, and K-Kα radiations. The maps corroborate the point-analysis data, delineating the
carbon-rich PEEK matrix from oxide-based regolith particles and highlighting the heterogeneous
distribution of feldspathic, Mg–silicate, Ti–Fe oxide, and Fe-rich phases.

3.4 Conclusion and future work

This phase of the study demonstrates the material extrusion (MEX) additive manufacturing of

polyether–ether–ketone (PEEK) and its composites containing 10–50 wt% Lunar regolith simulant

(LRS), addressing key challenges in developing ISRU-compatible structural materials for Lunar

infrastructure. Filaments were produced via twin-screw extrusion, printed in a high-temperature

chamber, and post-processed by annealing at 300 ◦C. The resulting composites were systematically

evaluated in terms of density, crystallinity, mechanical performance, and microstructural character-

istics.

The main findings are as follows:

• Processability: All filament compositions achieved densities above 96%. However, as-printed

porosity rose from under 1% in neat PEEK to 7.5% at 50 wt% LRS due to increased melt vis-

cosity. A practical printability limit of 40 wt% LRS is identified for mechanically critical

parts, while 50 wt% remains viable for non-load-bearing or secondary structures. LRS incor-

poration and the use of a PEKK raft reduced delamination and warping, leading to improved
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dimensional accuracy and higher print success rates compared to pure PEEK.

• Thermal and mechanical performance: Regolith addition increased matrix crystallinity from

17.4 % to 20.5 %, and enhanced the elastic modulus by 6–41 %. Tensile strength declined

steadily from 107 MPa for neat PEEK to 90 MPa at 40 wt% LRS, followed by a sharper

reduction to approximately 70 MPa at 50 wt%.

• Post-processing response: Furnace annealing improved both density and stiffness in compos-

ites containing up to 30 wt% LRS. Above this threshold, gains were minimal, likely due to

entrapped porosity, indicating the need for advanced post-processing methods at higher filler

contents.

• Microstructural integrity: Scanning electron microscopy (SEM) and energy-dispersive spec-

troscopy (EDS) revealed a carbon-rich PEEK matrix with uniformly dispersed regolith parti-

cles. The detected fillers included feldspathic, Mg-silicate, Ti–Fe oxide, and Fe-rich phases,

confirming effective mixing and good phase contrast.

Overall, the results define a viable processing window for regolith-filled thermoplastic com-

posites, with 40 wt% LRS representing an important trade-off point balancing between mechanical

performance and reduction in Earth-derived material. At 50 wt%, the composite remains printable

and structurally coherent, offering potential for non-critical or shielding applications where high

stiffness is valued over strength.

Future work should focus on extending the printing process to simulated vacuum and low-

gravity environments, exploring additional Lunar regolith simulants and alternative high-performance

polymers, and integrating finite element simulation to model material flow and stress evolution.

Further studies are also needed to assess durability under Lunar-relevant thermal cycling, radiation

exposure, and micrometeoroid impacts. Scaling up to robotic, large-format extrusion systems will

be critical for enabling autonomous, ISRU-driven additive manufacturing for long-duration Lunar

operations.
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Chapter 4

Phase III: Finite-Element Analysis of

Additively Manufactured

PEEK–Regolith Composites
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4.1 Motivation

A rigorous understanding of the intrinsic capability of PEEK–regolith composites is essential to

distinguish composition-driven behavior from performance losses caused by manufacturing defects.

Without a defect-free reference, measured stiffness and strength conflate the effects of regolith load-

ing with porosity, weak interlayer welds, and particle–matrix debonding, obscuring clear guidance

for process optimization and design allowables. To address this, we used finite-element analysis to

establish an upper-bound (defect-free) response for compositions spanning 10–50 wt% regolith in

10% increments, mirroring the experimental matrix. We then incorporated imaging-derived poros-

ity fields and representative interfacial flaws to quantify the shortfalls attributable to the specific

defects. This framework isolates true material potential, identifies the effect of defects, and defines

actionable targets to close the gap between printed parts and their defect-free limits.

4.2 Methodology

The first step is to create a material model with varying regolith contents that includes both the

matrix and particles while excluding structural defects. This establishes the idealized mechanical

potential under flawless conditions. A representative volume element (RVE) of the composite is

generated in CAD, followed by assignment of boundary conditions and material properties. The

RVE is meshed and subjected to uniaxial tension at a constant nominal strain rate, mirroring the

experimental setup to characterize elastic behavior. Plastic deformation is outside the scope of this

study; we focus on the elastic regime to determine Young’s modulus.

The analysis of idealized PEEK–regolith composites involves simplifying assumptions to keep

the problem computationally tractable. First, additive manufacturing process effects are neglected;

in particular, anisotropy and inhomogeneity from layer-by-layer fabrication are ignored, and the

material is treated as isotropic and homogeneous. Second, the semi-crystalline nature of PEEK is

simplified by neglecting spatial variations in crystallinity between amorphous and fully crystallized

regions. Third, the morphology of regolith particles is idealized as random polygons, despite their

inherently irregular shapes. Fourth, each particle is treated as homogeneous with a single effective

(composition-averaged) elastic modulus, while in reality, regolith grains are multiphase aggregates
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with spatially varying properties. Finally, nanoscale effects are excluded because continuum fi-

nite element tools such as ABAQUS and ANSYS cannot capture quantum-scale interactions or

surface-dominated phenomena. These assumptions enable practical modeling but limit fidelity to

real composite behavior.

Two-dimensional (2D) modeling is adopted as the most practical approach. The high particle

count, complex morphologies, and broad size distribution render 3D models computationally pro-

hibitive; trial runs show that a 4 × 4 × 4 mm RVE produces CAD files on the order of tens of

gigabytes, exceeding available resources. This choice is justified on two grounds. First, scanning

electron microscopy indicates a reasonably homogeneous particle distribution, so an in-plane rep-

resentation captures the essential microstructural statistics for elastic response. Second, the elastic

tensile behavior of interest is well represented by planar stress–strain relationships; out-of-plane in-

teractions and plasticity are not analyzed here, so a 3D model would add cost without commensurate

insight. The 2D approach therefore balances computational efficiency with the study objectives.

Generating CAD models of the particles. The particulate geometry is generated with a MATLAB

script. We first construct a 3D stochastic RVE populated with non-overlapping particles, then extract

a 2D mid–plane section to obtain the planar CAD used for analysis. Under standard stereological

assumptions, the areal fraction measured in the 2D section provides an unbiased estimate of the

3D particle volume fraction. User inputs include the maximum particle size, the matrix (RVE)

dimensions, and the target particle volume fraction.

For robust control of volume fraction we seed the 3D RVE with spherical particles and later

replace each sphere by a cube having the same circumscribed diameter. If the diameter of the

(temporary) sphere is d, the edge length of the cube is a = d/
√
3 (since the circumscribed sphere

of a cube has diameter a
√
3). The corresponding single-particle volumes are

V olumesphere =
π

6
d3, V olumecube = a3 =

d3

3
√
3
,

so that
V olumecube

V olumesphere
=

2

π
√
3
.
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Hence, to achieve a desired cubic particle volume fraction Vcube in the final model, the temporary

spherical packing fraction V◦ used during seeding must be scaled as

V◦ =
π
√
3

2
Vcube.

The script first places spherical particles at random locations with randomly assigned radii, per-

forming collision checks after each placement and discarding overlaps. As the cumulative particle

volume approaches the target, the particle size is adjusted via a prescribed relation to match the

LMS-1D particle size distribution. Once the target volume fraction is reached, particle generation

stops and three random rotation angles are assigned to each particle.

A second script then checks for intersections with an XY plane through the matrix and writes

only the intersecting particles to an OPENSCAD script. OPENSCAD renders cubes with the as-

signed rotations applied, inscribed within the spheres using the stored parameters.

After defining all particles, a 2D section is taken along the central XY plane of the matrix. This

section is saved as a .dxf file representing the particles. The script is then rerun with a subtraction

operation to generate the complementary matrix geometry, also saved as a .dxf.

Under standard stereological assumptions, the areal fraction measured in the 2D section pro-

vides an unbiased estimate of the 3D particle volume fraction. This procedure is effective because

the target particle volume fraction is first enforced in 3D, and the subsequent mid–plane cut yields

a 2D areal fraction that is representative of the true regolith content.

These sketches are imported into ABAQUS to create individual parts, assign materials, and as-

semble the 2D matrix–particle system. The next sections describe how the input parameters required

for simulation are extracted, calculated, or estimated.

4.3 Composite Density Estimation and Regolith Characterization

The LMS-1D datasheet (Exolith Lab, USA) reports two densities: (i) the uncompressed bulk

density of loose simulant, which includes inter-particle voids (0.70 g/cm3), and (ii) a particle den-

sity measured by Archimedean displacement in water (2.92 g/cm3). Neither value is suitable for

finite-element inputs in PEEK–regolith composites. The bulk value reflects packing voids rather
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than the solid phase. The Archimedean value likely overestimates the effective regolith phase den-

sity in PEEK because water penetrates open porosity and surface asperities that molten PEEK (high

viscosity, different wetting) does not fill during processing. Neither reconciles with the compos-

ite densities obtained via the Archimedean displacement method when combined with the known

density of PEEK and the pore fraction estimated from micrographs.

This section therefore, estimates the true particle-phase density and the porosity-free (dense)

composite density by combining mass–volume measurements, image-based porosity quantification,

and back-calculations across compositions.

Regolith simulant composition

Lunar regolith simulant consists of several oxide phases. Based on the fact sheet, the weight

percentages for LMS-1D [5] closely resemble those presented in Table 4.1.

Table 4.1: Weight fractions of different oxides in the material composition [5].

Oxide Weight Fraction Wi (%)

SiO2 (Silica) 46.9
TiO2 (Rutile) 3.6
Al2O3 (Alumina) 12.4
FeO (Wüstite) 8.6
MnO (Manganosite) 0.2
MgO (Periclase) 16.8
CaO (Lime) 7.0
Na2O (Sodium Oxide) 1.7
K2O (Potassium Oxide) 0.7
P2O5 (Phosphorus Pentoxide) 0.2

Densities of Oxides (g/cm3)

Table 4.2 summarizes room–temperature densities for the relevant oxide constituents used in our

calculations. Values are taken from standard handbooks and compilations [6–9], where available.
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Table 4.2: Density of each oxide [6–9].

Oxide ρi (g/cm3)

SiO2 (Silica) 2.65
TiO2 (Rutile) 4.23
Al2O3 (Alumina) 3.97
FeO (Wüstite) 5.7
MnO (Manganosite) 5.4
MgO (Periclase) 3.58
CaO (Lime) 3.34
Na2O (Sodium Oxide) 2.27
K2O (Potassium Oxide) 2.43
P2O5 (Phosphorus Pentoxide) 2.39

Estimation of regolith solid density

To estimate the solid density, we use the equation:

1

ρregolith
=

∑ Wi

ρi
(2)

where:

• Wi is the weight fraction of each oxide,

• ρi is the density of each oxide.

Assuming no intermediate compositions and ignoring ionic bonding effects, the estimated den-

sity of regolith is:

ρregolith ≈ 3.15 g/cm3 (3)

4.3.1 Image-Based Porosity Estimation

A backscattered electron (BSE) SEM image of the PEEK–regolith composite filament is pro-

cessed to estimate porosity. Using grayscale thresholding and circular masking, the porosity is found

to be approximately 1.45%. The measured density of the 40 wt% regolith composite is 1.623 g/cm3.

Correcting for the porosity using:
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ρdense =
ρmeasured

1− ϕcomposite
=

1.623

1− 0.0145
= 1.6469 g/cm3 ≈ 1.647 g/cm3. (4)

4.3.2 Back-Calculation of Regolith Density

Assuming PEEK has a density of 1.30 g/cm3 and that the composite contains 40 wt% regolith,

the back-calculated (bulk) density of the regolith phase is 2.77 g/cm3. If the fully dense (pore-free)

regolith has a true density of 3.15 g/cm3 (see above), the intra-particle porosity of the regolith phase

ϕ and the corresponding density correction are

ϕregolith phase =
ρtrue − ρbulk

ρtrue
=

3.15− 2.77

3.15
≈ 0.121 (12.1%). (5)

This indicates that the regolith phase contains approximately 12.1% porosity.

4.3.3 Dense Composite Density Calculation

Using the regolith phase density (2.77 g/cm3) and PEEK density (1.30 g/cm3), the following

table presents the calculated dense composite densities for varying regolith weight fractions:

Table 4.3: Calculated dense composite densities using regolith phase density (2.77 g/cm3) and
PEEK density (1.30 g/cm3).

Regolith wt% Composite Density (g/cm3)

10 1.373
20 1.454
30 1.546
40 1.650
50 1.770

4.4 Young’s Modulus of LMS-1D: Calculation Using Voigt and Reuss

Models

We do not have direct access to the Young’s modulus of the regolith particles, either for the

bulk material or for individual grains. Moreover, regolith grains are multiphase aggregates with
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spatially varying properties. For simplicity, each particle is treated as homogeneous with a single,

composition-averaged elastic modulus. This assumption is reasonable because our experimental

measurements provide bulk moduli at the composite scale, and our goal is to bound effective behav-

ior rather than resolve intragrain heterogeneity. The effective mechanical properties of the regolith

particle phase are estimated using classical bounds, primarily the Voigt (iso-strain) [205] upper

bound and the Reuss (iso-stress) [206] lower bound, which relate the effective Young’s modulus to

phase properties and volume fractions.

Voigt upper bound. The Voigt model assumes all phases experience the same strain (parallel

arrangement), giving:

Eupper =
∑
i

ViEi, [Voigt; 205] (6)

Reuss lower bound. The Reuss model assumes all phases experience the same stress (series ar-

rangement), yielding:
1

Elower
=

∑
i

Vi

Ei
, [Reuss; 206] (7)

Effect of Porosity: Accurate estimation of Eeff is essential when comparing defect-free Voigt/Reuss

bounds to measured moduli in materials with complex internal porosity. In practical materials,

porosity can significantly reduce the effective Young’s modulus, as pores act as stress concentrators

and limit the material’s load-bearing capacity. This mechanical degradation is commonly captured

using the following empirical relation:

Eeff = E0

(
1− aϕ

)n [207, 208], (8)

where E0 is the Young’s modulus of the fully dense material, ϕ is the porosity fraction, and

a and n are empirical constants reflecting pore morphology and connectivity. For highly irregular

and partially connected porosity (e.g., regolith-based composites), literature fits for porous ceramics

justify using parameters toward the upper end of typical ranges. In this work we adopt a = 3.85 and

n = 4.62 as representative values [207–210]. Introducing the morphology factor a > 1 generalizes

the simple (1 − ϕ)n form and improves agreement with data for non-spherical/connected pores
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[207, 209].

Young’s Modulus of each oxide in Lunar Regolith Simulant

Based on the literature, the Young’s modulus values for the oxide phases are summarized in

Table 4.4 [8, 10–15].

Table 4.4: Young’s modulus values for the oxide phases [8, 10–15]. The values cited here are
compiled from primary measurements and standard handbooks. Dense, stable bulk data for Na2O
and K2O at room temperature are scarce due to their reactivity and hygroscopicity; several studies
report single-crystal elastic constants (from which E can be derived), but reliable bulk experimental
E values are limited. For FeO (wüstite) and MnO (manganosite), the modulus depends strongly
on stoichiometry and defect content, and reported values are frequently inferred from single-crystal
elastic constants. For P2O5, reported moduli span crystalline polymorphs and phosphate glasses.
Where literature variability exists, we provide a representative value.

Oxide Ei (GPa)

SiO2 (Silica) 73
TiO2 (Rutile) 230
Al2O3 (Alumina) 380
FeO (Wüstite) 150
MnO (Manganosite) 160
MgO (Periclase) 280
CaO (Lime) 110
Na2O (Sodium Oxide) 30
K2O (Potassium Oxide) 20
P2O5 (Phosphorus Pentoxide) 10

4.4.1 Volume Fraction Calculation

The volume fraction Vi is given by:

Vi =
Wi/ρi∑
(Wi/ρi)

(9)

as per Tables 4.1 and 4.2. Computing the denominator:

∑
(Wi/ρi) = 31.191 cm3/g (10)
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Resulting computed Vi for each oxide is summarized in Table 4.5.

Table 4.5: Volume fractions of different oxides in the material composition.

Oxide Volume Fraction Vi

SiO2 (Silica) 0.567
TiO2 (Rutile) 0.027
Al2O3 (Alumina) 0.100
FeO (Wüstite) 0.048
MnO (Manganosite) 0.0012
MgO (Periclase) 0.150
CaO (Lime) 0.067
Na2O (Sodium Oxide) 0.024
K2O (Potassium Oxide) 0.0093
P2O5 (Phosphorus Pentoxide) 0.0027

4.4.2 Resulting Young’s Modulus Estimates

This section reports the composite stiffness predicted from the micromechanics framework.

First, we establish the defect-free bounds using Voigt (iso-strain) and Reuss (iso-stress) estimates

and their mean, which together bracket the elastic response of a fully dense material with the mea-

sured phase fractions. We then account for processing-induced porosity using an empirical stiff-

ness–porosity relation to obtain the effective Young’s modulus at realistic pore levels.

Fully Dense Material

For a porosity-free composite, the classical bounds provide a stiffness interval that reflects the

best- and worst-case phase load sharing. The Voigt bound corresponds to perfectly constrained

(parallel) phases, while the Reuss bound corresponds to perfectly compliant (series) phases. So,

their average serves as a practical central estimate for isotropic polycrystals.

• Upper Bound (Voigt): Eupper = 143.94 GPa

• Lower Bound (Reuss): Elower = 89.40 GPa

• Average (VRH midpoint): Eavg = 116.67 GPa
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Effective Modulus f the Regolith Phase with Porosity

To reflect the characteristics of the regolith phase, we reduce the dense modulus by the measured

porosity using Equation 8. Here, E0 is the dense (porosity-free) estimate, ϕ is the porosity fraction

obtained from image analysis, and (a, n) capture the sensitivity to pore morphology/connectivity.

This converts the idealized stiffness to an effective modulus suitable for comparison with experi-

ments.

With E0 = 116.67 GPa, a = 3.85, and n = 4.62, we obtain for a representative porosity of

ϕ = 0.121 (12.1%):

E(ϕ=0.121) = 116.67×
(
1− 3.85× 0.121

)4.62
= 116.67× (0.534)4.62

≈ 6.45 GPa .

(11)

The calculated value of Er = 6.45 GPa provides a reasonable estimate of the Young’s modulus

for the regolith particle phase. Again, the true modulus E of a defect-free material lies between the

Reuss and Voigt limits. However, in practice, microstructure, phase distribution, and porosity must

be considered, since porosity reduces stiffness. This result highlights the severe stiffness knock-

down imposed by ∼12% porosity relative to the dense upper-bound behavior, consistent with the

strong porosity sensitivity of ceramic materials.

4.5 Homogenized Matrix Modulus Estimation for Fine Regolith Par-

ticles in PEEK

4.5.1 Objective

To reduce computational complexity in the finite element simulations, regolith particles smaller

than 1 µm, comprising approximately 11% of the total regolith volume [5], are excluded from the

explicit geometry in Abaqus. Instead, their mechanical contribution is incorporated by homoge-

nizing them with the PEEK matrix. This section outlines the methodology used to compute the

effective elastic modulus of this modified matrix using Voigt and Reuss bounds.
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4.5.2 Material Properties

• Elastic modulus of PEEK (Em): 1.14 GPa

• Elastic modulus of regolith (Er): 6.45 GPa

• Fine regolith fraction: 11% of the total regolith volume

4.5.3 Methodology

The homogenization procedure follows these steps:

(1) Converting the target regolith weight fraction (Wreg) into a total volume fraction (Vreg,orig),

using:

Vreg,orig =
Wreg/ρreg

(Wreg/ρreg) + ((1−Wreg)/ρPEEK)
(12)

where ρreg = 2.77 g/cm3 and ρPEEK = 1.30 g/cm3.

(2) Separating the regolith volume into coarse (explicitly modeled) and fine (homogenized) com-

ponents [5]:

Vcoarse = 0.89 · Vreg,orig, Vfine = 0.11 · Vreg,orig (13)

(3) Calculating the total matrix volume, which consists of the PEEK matrix and the fine regolith:

Vmatrix = (1− Vreg,orig) + Vfine (14)

(4) Normalizing the fine regolith and PEEK fractions within the matrix:

V ′
fine =

Vfine

Vmatrix
, V ′

PEEK = 1− V ′
fine (15)

(5) Calculating the homogenized matrix modulus using the Voigt and Reuss bounds:

EV = V ′
PEEK · Em + V ′

fine · Er (16)

ER =

(
V ′

PEEK
Em

+
V ′

fine
Er

)−1

(17)
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Eavg =
EV + ER

2
(18)

4.5.4 Sample Calculation for 10 wt% Regolith

Vreg,orig =
0.10/2.77

(0.10/2.77) + (0.90/1.30)
= 0.0496 (4.96%) (19)

Vfine = 0.11 · 0.0496 = 0.00546 (0.55%) (20)

Vmatrix = 0.9504 + 0.00546 = 0.95586 (95.59%) (21)

V ′
fine =

0.00546

0.95586
= 0.00570, V ′

PEEK = 1− 0.00570 = 0.99430 (22)

EV = 0.99430 · 1.14 + 0.00570 · 6.45 = 1.1703 GPa (23)

ER =

(
0.99430

1.14
+

0.00570

6.45

)−1

= 1.1454 GPa (24)

Eavg =
1.1703 + 1.1454

2
= 1.1578 GPa (25)

4.5.5 Results for 10–50 wt% Regolith

Table 4.6 reports the homogenized PEEK matrix modulus when blended with fine (smaller than

1 µm) regolith particles, assuming the fines constitute 11% of the regolith volume.

Table 4.6: Homogenized matrix modulus considering fine regolith particles (11% of the regolith
volume) blended with the PEEK matrix.

Reg. wt% Volume Fractions (%) Normalized Matrix Fractions Homogenized Modulus (GPa)

Total Reg. Coarse Fine Matrix PEEK Fine Reg. Voigt Reuss Average

10 4.96 4.41 0.55 95.59 0.9943 0.0057 1.1703 1.1454 1.1578
20 10.50 9.35 1.16 90.49 0.9873 0.0127 1.2077 1.1521 1.1799
30 16.75 14.90 1.84 85.10 0.9784 0.0216 1.2549 1.1607 1.2078
40 23.83 21.21 2.62 78.79 0.9667 0.0333 1.3167 1.1721 1.2444
50 31.94 28.43 3.51 71.57 0.9509 0.0491 1.4007 1.1880 1.2943

Incorporating submicron regolith particles into the PEEK matrix via homogenization results in

an effective matrix modulus ranging from approximately 1.16 to 1.29 GPa across the studied range

of 10–50 wt% regolith. These moduli are used in Abaqus simulations to represent the matrix phase,

while only the coarse regolith particles are explicitly modeled. This approach maintains mechanical
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accuracy while substantially reducing meshing complexity and computational cost.

4.6 Simulation Results

This section summarizes the finite element simulation results conducted in Abaqus. Each sim-

ulation is performed using a CAD model that includes only coarse regolith particles (above 1 µm),

while the matrix is assigned an effective modulus computed from the homogenization of PEEK and

fine regolith particles (below 1 µm), as detailed in Section 4.5.

4.6.1 Mesh Sensitivity Analysis

This section presents the mesh sensitivity analysis conducted to ensure that the finite element

results are independent of mesh resolution. The analysis is conducted on the most demanding case,

which corresponds to an RVE with the highest regolith loading (50 wt%, approximately 31.94 vol%)

and the largest domain size (0.3 mm × 0.3 mm). This configuration results in the highest particle

count and the most extensive matrix–particle interfacial area.

Three mesh resolutions are tested by progressively halving the global seed size: 2 µm, 1 µm,

and 0.5 µm. All simulations are run in Abaqus using CAD models containing only coarse regolith

particles (above 1 µm). The matrix phase is assigned an effective modulus accounting for the fine

particles, as detailed in Section 4.5.

The table below summarizes the results of the sensitivity analysis. Effective Young’s modulus

of the composite (Ecomposite) is recorded at each level. Mesh convergence is considered achieved

when the change in modulus between successive refinements is below 1%. Based on this criterion,

the 1 µm mesh is deemed sufficient and adopted for the rest of the study.

4.6.2 RVE Size Sensitivity Analysis

This section presents the RVE size sensitivity analysis, which is performed to ensure that the

finite element predictions are independent of the RVE domain size. The analysis is conducted using

the most demanding configuration, which corresponds to an RVE with the highest regolith content

(50 wt%, approximately 31.94 vol%). This setup results in the largest particle count and the most
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Table 4.7: Mesh sensitivity analysis for the worst-case RVE. Simulation parameters and resulting
composite modulus are shown.

CAD
File

RVE
Dimensions

(mm)

Particle
Density

(%)

Mesh
Size
(µm)

Element
Count

Elongation
(%)

Eregolith
(GPa)

Ematrix
(GPa)

Ecomposite
(GPa)

15 0.3×0.3 31.94 2 242212 10 6.45 1.29 1.99
15 0.3×0.3 31.94 1 394612 10 6.45 1.29 1.96
15 0.3×0.3 31.94 0.5 990720 10 6.45 1.29 1.95

complex matrix–particle interface.

Two RVE sizes are evaluated by doubling the domain dimensions, thereby increasing the area by

a factor of four: 0.15 mm (see Figure 4.1) and 0.3 mm (see Figure 4.4). All simulations are carried

out in Abaqus using CAD models that include only coarse regolith particles (larger than 1 µm).

The matrix phase is assigned an effective modulus to account for the fine particles, as described in

Section 4.5.

Figure 4.2 shows the longitudinal strain field E11 for the 0.15 × 0.15 mm RVE (CAD file

No. 31), and Figure 4.5 presents the corresponding field for the 0.30 × 0.30 mm RVE (CAD file

No. 15). In both cases the matrix carries most of the deformation, with the highest E11 concentrated

in narrow polymer ligaments and near sharp particle corners, while inclusions remain comparatively

strain-shielded. The strain-partitioning pattern is similar between the two RVEs. Enlarging the edge

length from 0.15 to 0.30 mm smooths some fine-scale fluctuations yet preserves the topology and

areal fraction of high-strain paths. No new banding or emergent length-scale effects appear.

Figure 4.3 displays the axial stress field S11 for the 0.15 × 0.15 mm RVE and Figure 4.6 for

the 0.30 × 0.30 mm RVE under identical macroscopic loading. The stress maps are governed by

matrix-borne streaks aligned with the loading direction and by local hot spots at inclusion con-

tacts and re-entrant corners. With the larger RVE these hot spots appear slightly more diffuse due

to averaging over a broader particle population, but their intensity levels and spatial frequency re-

main comparable. The similarity of the stress-bearing skeleton and the limited change in upper-tail

stresses indicate convergence of the micro-stress response with respect to RVE size.

Overall, doubling the in-plane RVE dimension from 0.15 to 0.30 mm does not significantly alter

strain- and stress-partitioning mechanisms or the homogenized response. Within this size window
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the microfields are stationary.

In terms of the global elastic modulus, Table 4.8 shows that the homogenized response is essen-

tially size-insensitive over the tested window: Ecomposite = 1.98 and 1.97 GPa for the 0.15 × 0.15

and 0.30× 0.30 mm RVEs, respectively. The relative change is ≈ 0.5%, meeting our convergence

criterion of < 1% between successive sizes. Nevertheless, we adopt the larger 0.30 mm RVE for

all subsequent analyses as a conservative choice. The larger domain reduces potential finite-size

bias, better averages microstructural clustering, and yields smoother tail statistics in the strain/stress

fields. In short, the global modulus has converged, but the 0.30 mm RVE offers greater statistical

representativeness at acceptable computational cost and is therefore selected going forward.

Table 4.8: RVE size sensitivity analysis for the highest regolith content (50 wt%). Simulation
parameters and the resulting composite Young’s modulus are presented.

CAD
File

RVE
Dimensions

(mm)

Particle
Density

(%)

Mesh
Size
(µm)

Element
Count

Elongation
(%)

Eregolith
(GPa)

Ematrix
(GPa)

Ecomposite
(GPa)

31 0.15×0.15 31.94 1 56,753 10 6.45 1.29 1.98
15 0.30×0.30 31.94 1 394,612 10 6.45 1.29 1.97

Figure 4.1: CAD file No. 31, with an RVE of 0.15 mm × 0.15 mm and a particle loading of 50 wt%.

4.6.3 Effect of Particle Density

This section examines the influence of particle density on the composite’s mechanical behavior.

The analysis is carried out using an RVE of dimensions 0.3× 0.3 mm with a mesh size of 1 µm. In
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Figure 4.2: Contour plot of the strain component E11 obtained from the Abaqus simulation. The
results correspond to CAD file No. 31 with an RVE size of 0.15 mm × 0.15 mm and a mesh size of
1 µm. The matrix and regolith phases have Young’s moduli of 1.29 GPa and 6.45 GPa, respectively,
with a prescribed elongation of 10 %.

Figure 4.3: Contour plot of the stress component S11 obtained from the Abaqus simulation. The
results correspond to CAD file No. 31 with an RVE size of 0.15 mm × 0.15 mm and a mesh size of
1 µm. The matrix and regolith phases have Young’s moduli of 1.29 GPa and 6.45 GPa, respectively,
with a prescribed elongation of 10 %.
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Figure 4.4: CAD file No. 15, with an RVE of 0.3 mm × 0.3 mm and a particle loading of 50 wt%.

Figure 4.5: Contour plot of the strain component E11 obtained from the Abaqus simulation. The
results correspond to CAD file No. 15 with an RVE size of 0.3 mm × 0.3 mm and a mesh size of
1 µm. The matrix and regolith phases have Young’s moduli of 1.29 GPa and 6.45 GPa, respectively,
with a prescribed elongation of 10 %.
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Figure 4.6: Contour plot of the strain component S11 obtained from the Abaqus simulation. The
results correspond to CAD file No. 15 with an RVE size of 0.3 mm × 0.3 mm and a mesh size of
1 µm. The matrix and regolith phases have Young’s moduli of 1.29 GPa and 6.45 GPa, respectively,
with a prescribed elongation of 10 %.

alignment with the experimental setup, five regolith loadings are considered: 10 wt% (4.96 vol%),

20 wt% (10.50 vol%), 30 wt% (16.75 vol%), 40 wt% (23.83 vol%), and 50 wt% (31.94 vol%).

Representative CAD geometries for these cases (CAD files 1, 6, 7, 10, and 15) are shown in Fig. 4.7.

Representative strain (E11) and stress (S11) maps for 10, 20, 30, 40, and 50 wt% regolith are

shown in Figs. 4.8b–4.9b, 4.8c–4.9c, 4.8d–4.9d, 4.8e–4.9e, and 4.8f–4.9f, respectively. Together

they reveal a consistent, matrix-dominated load-transfer mechanism with progressively tighter poly-

mer ligaments as the inclusion content increases.

10 wt% (CAD 1). In Figs. 4.8b and 4.9b, inclusions are well separated within a continuous

polymer matrix. The E11 field is smooth at the mesoscale, with small, localized low-strain halos

around particles and mild strain amplification in intervening ligaments. The S11 map shows sparse,

short stress streaks aligned with loading and limited hot spots at re-entrant corners.

20 wt% (CAD 6). Figs. 4.8c and 4.9c show reduced inclusion spacing due to higher particle

loading. Strain-shielded zones expand and begin to overlap, producing more tortuous high-strain

paths through the matrix. The S11 field exhibits more numerous hot spots and longer streaks, espe-

cially where two particles approach within a ligament thickness.

30 wt% (CAD 7). In Figs. 4.8d and 4.9d, quasi-continuous clusters appear. Polymer ligaments

are thinner and more anisotropic, so E11 localization becomes more segmented. Stress hot spots
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(a) CAD 1 (10% wt) (b) CAD 6 (20% wt) (c) CAD 7 (30% wt)

(d) CAD 10 (40% wt) (e) CAD 15 (50% wt)

Figure 4.7: Representative CAD geometries generated for finite-element analyses, corresponding to
regolith loadings of (a) 10 wt%, (b) 20 wt%, (c) 30 wt%, (d) 40 wt%, and (e) 50 wt%.

concentrate at multi-particle junctions and along narrow ligaments. The stress-bearing skeleton is

denser, and the spacing between hot regions is reduced relative to 20 wt%.

40 wt% (CAD 10). Figs. 4.8e and 4.9e show common particle clusters and a thinned polymer

network. Connectivity is reduced, but the matrix remains continuous. The E11 maps display exten-

sive low-strain zones with high-strain channels threading the remaining ligaments. In S11, elongated

streaks and near-contact hot spots dominate, with higher intensity and frequency than at 30 wt%.

50 wt% (CAD 15). As seen in Figs. 4.8f and 4.9f, ligaments are very narrow and strain is strongly

partitioned. Inclusions remain low-strain while the matrix accommodates most deformation along a

fine network of high-E11 channels. The S11 field is saturated with short-wavelength streaks and hot

spots reflecting frequent near-contacts and sharp corners. Despite this micro-level intensification,

the macroscale stiffness gain is moderate because the regolith–matrix modulus contrast is only of

order unity. The composite remains matrix-controlled even at the highest loading.
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(a) Scale. (b) CAD 1 (10 wt%). (c) CAD 6 (20 wt%).

(d) CAD 7 (30 wt%). (e) CAD 10 (40 wt%). (f) CAD 15 (50 wt%).

Figure 4.8: Representative E11 strain microfields for regolith loadings of 10, 20, 30, 40, and 50 wt%,
shown together with the corresponding color scale. Increasing particle content produces progres-
sively narrower polymer ligaments and stronger strain partitioning.

Trend synthesis. Across 10 → 50 wt% (Figs. 4.8 and 4.9), (i) the matrix carries the majority of

strain while inclusions are strain-shielded; (ii) the density and intensity of S11 hot spots increase

with content due to thinner ligaments and more frequent near-contacts; and (iii) the stress-bearing

skeleton becomes finer and more continuous, with no obvious shear-band organization. This ex-

plains the change in homogenized stiffness alongside progressively heavier local stress tails.

Table 4.9 includes three independent RVEs per composition to demonstrate reproducibility. Un-

der the idealized assumptions (linear-elastic phases, perfect particle–matrix bonding, and no process

defects), the simulations exhibit a smooth, monotonic increase in the homogenized modulus with

rising regolith content. Table 4.10 then compares these predictions against measurements from

additively manufactured coupons produced in Phase II (Chapter 3).

The small scatter (≤ 0.02 GPa) indicates that the 0.30× 0.30 mm RVE captures the statistics of

the microstructure with good repeatability.
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(a) Scale. (b) CAD 1 (10 wt%). (c) CAD 6 (20 wt%).

(d) CAD 7 (30 wt%). (e) CAD 10 (40 wt%). (f) CAD 15 (50 wt%).

Figure 4.9: Representative S11 stress microfields for regolith loadings of 10, 20, 30, 40, and 50 wt%,
shown together with the color scale. Stress hot spots intensify and become more frequent with
higher filler contents due to thinner ligaments and increased particle proximity.

The AM measurements show acceptable agreement with the simulations up to 40 wt%. As

the particle volume fraction increases from 5 to 24 vol% (10–40 wt%), the maps indicate that (i)

inclusions remain largely strain-shielded, (ii) the matrix develops a progressively finer network of

high-E11 channels, and (iii) S11 hot spots become more numerous but remain discontinuous. The

E11/S11 maps (Figs. 4.8b–4.9f and geometries in Fig. 4.7) explain this trend. This morphology

preserves a continuous, load-bearing polymer skeleton, so the global modulus increases modestly

and the idealized FE agrees reasonably with experiment. Over this range the stiffening is gradual,

a trend which is captured both in simulation and experiment. Percent differences between simu-

lation and experiment of approximately 3.5%, 5.9%, 9.3%, and 10% at 10–40 wt%, respectively;

these small but growing residual gaps are consistent with the observed increase in defect content

and the progressive loss of matrix continuity as regolith loading rises, as corroborated by density

measurements and microstructural analyses in Chapter 3, and with the simplifying assumptions in
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Table 4.9: Finite-element predictions of composite Young’s modulus for RVEs with different re-
golith particle densities. Three statistically independent RVEs are included per composition to
demonstrate reproducibility.

CAD
File

RVE
Dimensions

(mm)

Particle
Density
(vol%)

Mesh
Size
(µm)

Element
Count

Elongation
(%)

Eregolith
(GPa)

Ematrix
(GPa)

Ecomposite
(GPa)

1 0.3×0.3 4.96 1 335,268 10 6.45 1.16 1.27
2 0.3×0.3 4.96 1 315,282 10 6.45 1.16 1.27
3 0.3×0.3 4.96 1 328,974 10 6.45 1.16 1.28
4 0.3×0.3 10.50 1 360,310 10 6.45 1.18 1.38
5 0.3×0.3 10.50 1 336,102 10 6.45 1.18 1.39
6 0.3×0.3 10.50 1 359,858 10 6.45 1.18 1.39
7 0.3×0.3 16.75 1 346,902 10 6.45 1.21 1.54
8 0.3×0.3 16.75 1 355,626 10 6.45 1.21 1.53
9 0.3×0.3 16.75 1 348,202 10 6.45 1.21 1.52
10 0.3×0.3 23.83 1 360,466 10 6.45 1.24 1.71
11 0.3×0.3 23.83 1 358,802 10 6.45 1.24 1.70
12 0.3×0.3 23.83 1 351,312 10 6.45 1.24 1.71
13 0.3×0.3 31.94 1 396,622 10 6.45 1.29 1.96
15 0.3×0.3 31.94 1 394,612 10 6.45 1.29 1.97
16 0.3×0.3 31.94 1 387,558 10 6.45 1.29 1.99

the simulations.

The results deviate strongly at 50 wt% (experiment 1.27 GPa vs. FE 1.97 GPa, a ∼ 55% gap).

The simulated value shows continued gradual increase, while in the experimental dataset there is a

drop in E between 40 and 50 wt% (Fig. 3.9). To attempt to capture this reversal in trend, defect-

aware and single-printed-layer modeling is adopted, presented in the next subsections.

Defect-aware tiling strategy. A 0.9 × 0.9 mm region of the SEM image is shown in Fig. 4.10,

also indicating a partitioning into a 3 × 3 grid of 0.3 × 0.3 mm tiles. As can be seen, different

0.3× 0.3 mm patches in the same micrograph exhibit very different defect populations, so directly

reproducing the exact defect field from SEM in a single 0.3× 0.3 mm RVE is not reliable.

Two paths are considered: (i) a much larger single RVE that statistically averages the hetero-

geneity, which is computationally prohibitive at these particle counts; or (ii) a defect-aware tiling

strategy that preserves spatial variability, described here.

A corresponding RVE is assigned to each tile in which the observed local defects are embedded.

Each tile is analyzed in the small-strain elastic regime to obtain its axial modulus Eij . The effective
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Table 4.10: Mean FE-predicted modulus with sample standard deviation (three RVEs per com-
position), experimental modulus from AM coupons, and percent difference computed as (EFE −
EExperiment)/EExperiment × 100.

wt% vol% EFE (GPa) EExperiment (GPa) Diff. (%)

10 4.96 1.27± 0.01 1.23 3.50
20 10.50 1.39± 0.01 1.31 5.88
30 16.75 1.53± 0.01 1.40 9.29
40 23.83 1.71± 0.01 1.55 10.13
50 31.94 1.97± 0.02 1.27 55.35

stiffness of the entire 0.9× 0.9 mm region is estimated using the classical Voigt and Reuss bounds

[205, 206] and their arithmetic mean (Hill average).

EVoigt =
1

9

3∑
i=1

3∑
j=1

Eij , (26)

EReuss =

1

9

3∑
i=1

3∑
j=1

1

Eij

−1

, (27)

EHill =
1
2

(
EVoigt + EReuss

)
. (28)

Application to a representative 3 × 3 set. The procedure is applied to the region shown in

Fig. 4.10. The tile moduli (GPa) are taken as

[
1.90, 1.97, 1.97; 1.95, 1.60, 1.96; 1.97, 1.93, 1.95

]
,

from which the following region-level estimates are obtained:

EVoigt = 1.911 GPa, EReuss = 1.903 GPa, EHill = 1.907 GPa.

These values remain significantly above the experimental modulus of 1.27 GPa at 50 wt%. It is

therefore concluded that, although realistic heterogeneity and weak tiles are introduced by the tiling

approach, the full reduction measured in the printed coupons is not captured by this method alone.
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Figure 4.10: A 0.9 × 0.9 mm region from the SEM micrograph of the PEEK/LRS50 specimen,
subdivided into a 3 × 3 array of 0.3 × 0.3 mm tiles. Each tile is used to construct a defect-aware
RVE that captures local defect variability.

To further interrogate the discrepancy, a complementary approach is adopted: the worst tile

is selected (i.e., the tile containing the defect with the largest perpendicular extent relative to the

loading direction). Figure 4.11a shows a larger SEM field of the PEEK/LRS50 sample with the

printed-layer boundaries and the selected tile (black box) used for the single-layer RVE. A single-

printed-layer RVE with in-plane dimensions 0.3 mm (along x, parallel to the load) and 0.24 mm

(along y, equal to one printed-layer thickness) is constructed. Figure 4.11 shows the zoomed-in

SEM defect and the corresponding idealized geometry used in the model, and Fig. 4.12 presents the

resulting E11 and S11 fields. For this tile, the homogenized modulus decreases from ∼ 1.96 GPa

(defect-free) to ∼1.45 GPa, confirming the pronounced stiffness penalty when the defect height-to-

tile height ratio, hdefect/htile, is large.

Single-printed-layer response. With a large, crack-like void inside one printed layer (Figs. 4.11

and 4.12), strain localizes within the thin polymer ligament around the void. Load is then transmit-

ted through a few narrow ligaments, and the layer effectively behaves like two stiff pieces joined
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(a) Larger SEM field of the 50 wt% sample. Dashed red lines indicate printed lay-
ers (layer height ≈ 0.24 mm); the black box marks the single-layer RVE location.

(b) Zoomed tile with a representative de-
fect.

(c) Single-layer geometry adopted from the
SEM.

Figure 4.11: Defect-aware single-layer RVE construction. (a) Larger SEM field of the PEEK/LRS50
sample with printed-layer boundaries marked by dashed red lines; the black box denotes the selected
tile. (b) Zoomed-in view of the representative defect. (c) Idealized single-layer geometry extracted
from the SEM image for finite-element modeling.

111



(a) E11 field for the defected layer.

(b) S11 field for the defected layer.

Figure 4.12: Computed microfields for the defected single-layer RVE. (a) Axial strain field E11

showing strong localization within the narrow ligament surrounding the defect. (b) Axial stress
field S11 illustrating pronounced stress concentrations and reduced effective stiffness at the layer
scale.
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by a soft seam. The narrow ligament exhibits strong stress concentration and a locally reduced

effective modulus, which lowers the overall (RVE-level) stiffness. In the representative case of

Figs. 4.12a–4.12b, the RVE modulus falls from about 1.96 GPa (no defect) to about 1.45 GPa,

showing how a single tall void, representing a significant proportion of the layer thickness (≈ 41%

in this example), can strongly reduce stiffness.

Part-level implications. In the printed part, many such interfacial voids are distributed across

successive layers. Although the total porosity at 50 wt% is modest, the defect morphology is likely

highly deleterious. Elongated voids and partially starved welds occurring along bead–bead and

layer–layer boundaries (as shown in Fig. 4.11a), together with local crystallinity variations and

early particle–matrix micro-debonding, may create a network of compliant interphases. As these

weak regions become connected across multiple layers, the effective load path must repeatedly

traverse them, plausibly leading to a network-controlled stiffness that is substantially lower than

that predicted by defect-free RVEs or tile-wise averaging. This network effect offers a plausible

explanation for why the defect-aware tiling approach still overpredicts E for the whole coupon,

whereas the single-printed-layer analysis captures how tall, crack-like interfacial defects can drive

the modulus toward the experimental value at 50 wt%.

A broader mechanistic interpretation of this drop is provided in the following section.

4.7 Mechanistic origin of the modulus drop at 50 wt% under in-plane

loading

4.7.1 Observation and problem statement

For the 50 wt% (volume fraction ϕ ≈ 0.32) PEEK/regolith composite loaded parallel to the

printed layers, a defect-agnostic finite-element (FE) model predicts EFE = 1.97 ± 0.02 GPa,

whereas tensile tests yield EExperiment = 1.27 GPa. Micrographs and porosimetry indicate a modest

total porosity (ϕ ≈ 0.0751), but the defects seem to be strongly interfacial and crack-like (elongated
1Here, porosity refers to the bulk porosity of the composite, measured experimentally in Chapter 3. The 12.1% value

refers specifically to the porosity of the regolith phase within the composite. It was estimated by (i) measuring part
porosity for the 40 wt% sample via image analysis (1.45%), (ii) combining that measurement with the Archimedean
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voids aligned with bead–bead and layer–layer boundaries and polymer-starved welds). Adding a

few large defects to the RVEs through ”tiling method” explained earlier lowers the prediction only

to about 1.90 GPa. However, for a worst-case tile containing a single 0.24 mm printed layer with a

major defect it is reduced to about 1.45 GPa.

The measured 1.27 GPa therefore requires additional interfacial compliance beyond isolated

pores or a single extreme defect.

4.7.2 How interfaces could dominate even when load is parallel to layers

The main mechanisms that could explain the significant drop in Young’s modulus are summa-

rized below. The aim is to indicate where the basic FE assumptions become limiting at 50 wt%.

(a) Parallel loading does not ensure uniform strain.

If interlayer welds were fully consolidated and defect-free, strain sharing would be expected

to remain nearly uniform. At 50 wt%, however, the welds are likely polymer-starved and

may exhibit partial debonding, so adjacent roads may transfer load inefficiently. Numerous

defects appear at interfaces between successive layers, suggesting weakened interlayer bond-

ing, reduced adhesion, and non-uniform strain transfer. Collectively, these features imply that

interlayer regions may act as early-compliant seams that disrupt load continuity even at small

strains.

(b) Porosity fraction is modest; porosity shape is harmful. Although the overall porosity is

modest (ϕ ≈ 7.5%), the elongated interfacial voids likely behave more like short, crack-like

defects than conventional rounded pores. Their geometry can amplify local strain at weld roots,

interrupt stress transfer between adjacent roads, and may even trigger interfacial slip or opening

at very small global strains. When such voids are aligned along bead or layer boundaries, the

resulting crack-like porosity can impose a disproportionately large stiffness penalty, consistent

with the localized strain and stress patterns observed in Fig. 4.12.

composite density to infer the fully dense composite density, (iii) using PEEK’s density (1.30 g/cm3) to back-calculate
the in-composite regolith-phase density, and (iv) comparing that density to the fully dense regolith density computed from
its oxide constituents and weight fractions. The resulting ratio yields a regolith-phase porosity of 12.1%.
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(c) Early particle–matrix micro-debonding lowers the initial tangent modulus. At high filler

loading, angular particles and residual stresses likely hinder wetting. Nanoscale gaps at par-

ticle–matrix interfaces may open at very small strains, creating a compliant annulus around

particles while both phases remain nominally elastic. Since welds already concentrate strain,

micro-debonding is expected to initiate and grow preferentially along these regions, which

lowers the effective stiffness relative to models that assume perfect bonding.

(d) Local losses of crystallinity and orientation at welds. Higher melt viscosity at 50 wt%

probably reduces the time available for chain interdiffusion and sintering at bead contacts.

Faster heat extraction near interfaces may further depress crystallinity and orientation. Because

PEEK stiffness depends on both, weld zones are likely softer than road interiors. The gauge

then behaves like stiff road segments separated by softer seams, which adds series compliance

through interfacial slip.

(e) Connectivity of weak regions. At Vregolith ≈ 0.32, the compliant interphases, starved welds,

imperfect particle shells, and strings of crack-like voids may approach a percolation threshold.

Once a weak network forms, every load path is likely to cross it, so the macroscopic response

becomes governed by the soft network rather than by the volume-average properties of the

phases. The effective modulus becomes series-controlled (i.e., weak segments lie in series

along the load path, so their compliances add and the softest/thinnest ligaments dominate).

Even thin ligaments with locally low stiffness can dominate the overall response when they

connect from one side of the gauge to the other. Practically, this may manifest as (i) a rise

in the area fraction and contiguity of high-S11 zones at weld roots, (ii) reduced minimum

ligament width along layer boundaries, and (iii) the emergence of a single connected weak

cluster across the field of view. This connectivity provides a plausible explanation for the non-

monotonic trend in stiffness: it rises with filler up to about 40 wt%, then drops at 50 wt%

despite the higher solid fraction predicted by perfectly bonded micromechanics.
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4.7.3 Synthesis

Up to 40 wt% regolith, the experimental modulus remains close to defect-free FE predictions.

Including modest, isolated defects would likely improve agreement and is expected to have only a

limited influence in this range. At 50 wt% a substantial gap appears: the FE response decreases

only slightly, from about 1.97 GPa to about 1.90 GPa when defects are added in an averaged sense,

whereas the experiment gives 1.27 GPa. The frequency of tall interfacial defects appears high, with

several large defects present in each layer. Interlayer welds are likely weak, so load may not be

transferred uniformly between layers. These effects lower the modulus of individual layers and

hinder uniform load transfer through the thickness. Particle–matrix boundaries are likely polymer-

starved at 50 wt%, and interfacial opening may initiate at relatively low strains.

Overall, the data and observations suggest a transition to an interface-controlled regime in which

starved welds, early interfacial debonding, and local losses of crystallinity and orientation combine

to form a connected, slip-compliant network along layer boundaries. The simplifying assump-

tions in the model, especially the neglect of the nonlinear and connected effects of defect mor-

phology, imperfect bonding, and spatial heterogeneity, likely contribute to overprediction when the

tensile axis is parallel to layers. A closer match between simulation and experiment is expected

for compression-molded parts, where printing-induced interfacial weaknesses and crack-like inter-

facial defects are absent or strongly reduced. Beyond a threshold filler content, the in-plane elastic

response of printed PEEK/regolith composites appears to be governed more by interfacial mechan-

ics, defect morphology, and the percolation of weak seams than by porosity fraction and phase

moduli alone.
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Chapter 5

Phase IV: Feasibility Study on Laser

Powder Bed Fusion of Lunar

Regolith-based Materials

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

preparation work:

Azami, M., Lam, R., Patel, S., Walls, X., Oluwajuyigbe, T., Darroch, A., Skonieczny, K., Vlasea,

M.,& Feehan, M. (2025). Comparative Investigation of Laser Powder Bed Fusion of Lunar Regolith

Simulant and Its Composite with Invar 36. In preparation, 2025.
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5.1 Motivation

Trends in in-situ resource utilization (ISRU) reinforce the need for on-site manufacturing. Lu-

nar regolith is the loose, unconsolidated layer of material that covers the Moon’s solid bedrock.

The composition of regolith varies by location, but it is generally rich in silicate minerals such as

plagioclase feldspar, pyroxene, and olivine, along with oxides of iron and titanium [26, 211–213].

Using Lunar regolith as the base manufacturing and construction material reduces dependence on

Earth and enables a more sustainable Lunar-based manufacturing and construction (LBMC) [24].

For LBMC, no single AM technique is inherently preferred. Instead, the choice depends on

factors such as available resources, including energy, equipment, and off-site materials, as well as

part requirements like dimensional accuracy and mechanical properties. Among these methods,

powder bed fusion (PBF), particularly laser powder bed fusion (LPBF), offers distinct advantages

over binder-based techniques. LPBF is especially suited for fabricating small parts that require high

dimensional precision and excellent thermal stability. Furthermore, LPBF does not rely on imported

binders or consumables, improving sustainability by primarily using in-situ materials. This process

also produces parts with superior thermal resistance, making it highly advantageous for the harsh

Lunar environment [24, 211].

For instance, in a recent study, Iantaffi et al. [211] investigated the additive manufacturing of

Lunar regolith using LPBF with the LMS-1 simulant. They developed a process regime map and

identified that the highest quality of sintering occurred at an energy density of 1.5 ± 0.5 J/mm2,

which yielded no more than 47% relative density and a compressive strength of approximately

5 MPa [211]. In another work, Caprio et al. [214] employed LPBF to process the NU-LHT-2M

simulant, identifying a printable process window at laser powers of 50–60 W and scan speeds of

200–225 mm/s. Interestingly, the highest compressive strength of 31.4 MPa at roughly 37% relative

density is achieved at the edge of this feasible process range (P = 50 W, vscan = 225 mm/s) [214].

Similarly, Shi et al. [215] explored LPBF of the OPRH2N simulant and observed that increasing

the recoating speed improved powder bed quality. Their parameter study, covering laser powers

of 75–90 W and scan speeds of 180–260 mm/s, revealed a general trend in which relative density

increased with higher energy density within the tested range [215].
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However, despite the trials conducted in the literature, the success of parts fabricated through

LPBF of regolith has been limited. Several challenges remain. For instance, the laser coupling

efficiency of fiber lasers is generally poor with ceramic-based materials, and particularly with re-

golith [2, 24]. In addition, the poor flowability and limited layer uniformity of regolith powders

hinder effective recoating during the build process [215, 216]. The heterogeneous particle chem-

istry of regolith presents further difficulties, especially due to the significant differences in melting

points and thermal expansion coefficients among its constituent phases [212, 217]. Moreover, as

regolith composition varies across different Lunar regions, exploring various simulants can pro-

vide valuable insights into the influence of particle size distribution (PSD), morphology, cohesion,

chemical composition, and printing conditions on the quality of fabricated parts [24, 217, 218].

Addressing these challenges requires further targeted research.

In this work, we investigate the LPBF of OPRH2N Lunar regolith simulant under a range of

processing conditions. To improve powder spreading and laser coupling, we also examine the fea-

sibility of enhancing printability by incorporating 20 wt% Invar 36 as a metallic additive. Invar is

selected as it can potentially be produced in-situ on the Moon through suitable resource extraction

and alloying processes. To the best of our knowledge, this is the most comprehensive and detailed

study reported to date on the LPBF of the OPRH2N simulant. It is also the first study to investigate

the influence of metallic additives on the processability of this material in LPBF, building on the

approach reported in [2]. The findings of this research provide valuable insights into the LPBF of

Lunar regolith and have significant implications for advancing sustainable in-space manufacturing

(ISM) and enabling future space exploration.

5.2 Materials and methods

5.2.1 Regolith simulant

This study employs the OPRH2N Lunar–highlands regolith simulant, formulated to approxi-

mate the modal mineralogy of Apollo highlands soils. The simulant is dominated by plagioclase-

bearing anorthosite (∼70 wt%) with a subordinate basaltic fraction (∼30 wt%), reflecting the

feldspar-rich character of Lunar highland material. The bulk oxide composition of the powder
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lot used is summarized in Table 5.1.

Table 5.1: Bulk oxide composition of the OPRH2N Lunar–highlands simulant used in this work.
Values are in wt%. “Balance” denotes minor/trace oxides.

Oxide wt%

SiO2 47.89
Al2O3 27.06
CaO 14.19
Fe2O3 3.68
MgO 2.84
Na2O 2.43
TiO2 0.52
K2O 0.25
P2O5 0.20
MnO 0.06
Balance 0.88

5.2.2 Selection criteria for the metallic additive

To improve laser–matter coupling, powder flowability, and to mitigate thermal-expansion mis-

match among silicate constituents, we investigate the addition of a metallic phase. To preserve

LBMC cost relevance, the additive fraction is limited to 20 wt%. Candidate metals are screened us-

ing three criteria: (i) in situ accessibility on the Moon with minimal Earth-supplied inputs; (ii) a co-

efficient of thermal expansion (CTE) compatible with silicate phases to reduce residual stresses and

crack formation during solidification; and (iii) high absorptivity at the processing wavelength to sta-

bilize the melt pool. With respect to ISRU, plausible extraction routes from regolith include molten-

regolith electrolysis (MRE), carbothermal reduction (CR), and molten-salt electrolysis (MSE) [24].

Common targets are Si (abundant in mare and highlands), Fe and Ti (mare-basalt rich), and Al

and Ca (highlands-anorthosite rich). Considering Lunar availability, CTE compatibility, and optical

absorptivity, Ti-, Fe-, and Al-based systems are promising. Kenny et al. [219] demonstrate a single-

layer regolith–metal composite using Inconel 718. However, Inconel 718 contains ∼50–55 wt% Ni,

17–21 wt% Cr, 4.75–5.50 wt% Mo, and 2.80–3.30 wt% Nb (elements scarce on the Moon), which

limits ISRU practicality.
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As an ISRU-lean alternative, we select Invar 36 (Fe–36 wt% Ni) as the metallic additive. The

alloy is primarily Fe and Ni: Fe can be produced at high yield via MRE/CR/MSE, and Ni may be

accessed from meteoritic materials or, if necessary, supplied in small quantities. Invar 36 exhibits

an exceptionally low CTE, reducing thermal mismatch with the silicate matrix, and a relatively high

near-IR absorptivity that can raise the effective absorptivity of Lunar-highlands regolith, promoting

melt-pool stability and lowering defect incidence. Key properties for OPRH2N and Invar 36 are

summarized in Table 5.2. In this work, Invar 36 is used at 20 wt%.

Table 5.2: Selected physical properties of the OPRH2N Lunar–highlands simulant and Invar 36
used in this work. Densities reported in g cm−3.

Property Invar 36 OPRH2N simulant

Coefficient of thermal expansion, CTE [K−1] 1× 10−6–2× 10−6 5.4× 10−6–15.3× 10−6

Laser absorptivity, Am [–] 0.55–0.65 0.05–0.20
Density, ρ [g cm−3] 8.05 2.74–3.00
Melting temperature, Tm [K] ∼ 1700 1400–1900
Vaporization temperature, Tv [K] N/A 2300–3300

Regolith simulant preparation for LPBF

Prior to LPBF, the OPRH2N simulant is conditioned to achieve a powder state suitable for

uniform spreading and stable processing. First, the powder is sieved to isolate a target particle-size

fraction; material finer than 30 µm and coarser than 40 µm is removed to keep the 30–40 µm cut,

which lies within a desirable processability range for LPBF.

Residual moisture is a critical variable because it degrades flowability and increases cohesion,

hindering the formation of consistent layers. To reduce water content, powders are annealed (dry-

baked) at 200 ◦C for 2, 3, and 6 h, and the associated mass loss is measured to quantify drying

effectiveness. Results are summarized in Table 5.3.

Powder cohesion analysis

Powder flow behavior is characterized with a rotating-drum rheometer (Granudrum, Granutools,

Liège, Belgium). Prior to testing, the regolith simulant is rolled in a sealed canister to homogenize
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Table 5.3: Mass measurement results under different treatment conditions

Treatment
Conditions

Resulting mass
measurements

Annealing
time (hr)

Temperature
(◦C)

Initial
mass (g)

Final
mass (g)

Mass
loss (g)

Remaining
mass (%)

2 200 500.46 498.99 1.47 99.71
3 200 500.00 498.56 1.44 99.71
6 200 500.00 498.07 2.93 99.61

the blend. During measurement, the drum is rotated at controlled speeds (2–60 rpm) while a CCD

camera captures the free-surface profile; image analysis yields the dynamic angle of repose and the

cohesive index. Each condition is tested in triplicate to assess repeatability.

5.2.3 Powder mixing

The Lunar regolith simulant is blended with Invar 36 at 80/20 wt% (regolith/Invar). Powders

are loaded into a sealed metal canister, pre-mixed by hand, and then tumbled on a roller mill for

1.5 h to promote homogeneous mixing.

5.2.4 Scanning electron microscopy (SEM)

OPRH2N powders are imaged using a Tescan VEGA-II XMU scanning electron microscope

(SEM). Because the regolith is non-conductive, samples are mounted on conductive carbon tape to

minimize charging during imaging.

5.2.5 Printing process

All experiments are performed on a Renishaw AM 400 laser powder bed fusion (LPBF) system

operating in argon. The machine employs a modulated laser with a dwell time of 10 µs. Builds are

carried out on reduced-build-volume plates made of fused silica and aluminum. Two recoating tools

are evaluated: the standard elastomer (rubber) blade supplied with the AM 400 and a cylindrical rod-

type metal recoater. Following [220], the effective power Peff and effective scan velocity veff for a

point-exposure strategy are

Peff = P
te

te + td
, (29)
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veff =
pd

te + td
, (30)

where P is the commanded laser power, te is the exposure time per point, td is the dwell time

between points (10 µs in this study), and pd is the point (pulse) spacing.

An investigation of LPBF studies on Lunar regolith simulants informs the initial process win-

dow [211, 214, 215]. Shi et al. [215] print up to 40 layers using the OPRH2N simulant with a

150 µm layer thickness, reporting improved outcomes at higher energy inputs and a maximum part

density of 2.70 g cm−3. Iantaffi et al. [211] investigate LMS-1 and identify five regimes (no depo-

sition, balling, sintered, vitrification, vaporization). They find the optimal window in the sintered

regime and show that re-scanning helps. Printing on aluminum rather than ceramic substrates re-

duces delamination.

Printing is conducted on the reduced-build-volume (RBV) plate. A custom metal rod recoater

is used to improve spreading of angular, low-flow powders. For feasibility screens (Prints 1–3

and 6–7), small cylinders are used to increase sample throughput (3 mm diameter, 12 mm height).

After identifying a workable window, larger cylinders are produced (6 mm diameter, 12 mm height;

Prints 4–5).

The majority of conditions target the sintering regime reported in the literature and are refined

iteratively across prints.

Print 1 (silica substrate). A broad parameter space is explored for the initial assessment. Layer

thickness is 30 µm. The minimum calibrated machine power is 40 W, so larger beam diameters are

used to lower energy input. Varied ranges are: 40 < Peff < 55 W, 0.15 < veff < 0.30 m s−1, beam

diameter 100–300 µm. Outcomes indicate excessive energy input with glassy features.

Print 2 (silica substrate). To reduce volumetric energy density (VED), veff is increased to

0.30–1.20 m s−1 and the layer thickness to 150 µm. Power remains 40–55 W; beam diameters

follow Print 1.

Print 3 (aluminum substrate). Repeat of Print 2 on aluminum. No meaningful change in adhe-

sion is observed compared to silica, so aluminum is used thereafter.

Print 4 (aluminum substrate; re-scan study). A subset of successful recipes from Prints 2–3 is

re-tested using larger cylinders to gauge scalability. Beam diameter is fixed at 200 µm and layer
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thickness at 150 µm. The matrix covers Peff = 40–55 W and veff = 0.15–0.35 m s−1. Sixteen

parameter sets are built, followed by a second set of sixteen with an immediate re-scan using Peff =

40 W and veff = 0.30 m s−1 (lowest VED).

Print 5 (location sensitivity; aluminum substrate). Seven recipes from Print 4 are selected and

each built in four distinct locations on the plate to probe spatial sensitivity. Power matches Print 4;

velocities are 0.15–0.30 m s−1.

Prints 6–7 (regolith + Invar 36, 20 wt%). A 20 wt% Invar 36 addition is introduced to improve

flowability and thermal conduction. Print 6 performs an initial sweep based on the Print 2 window,

updated using the thermo-physical characteristics of the blend. However, the samples overheat and

vaporize, indicating that the method used is not transferable to the metal-containing powder. Print 7

repeats the Print 2 parameters exactly with the regolith–Invar mixture to confirm this behavior.

5.2.6 Micro–computed tomography (micro-CT)

Printed specimens are characterized for internal defects by X-ray computed tomography (Zeiss

Xradia 520 Versa) at an isotropic voxel size of 6 µm. Reconstructed volumes are imported into

Dragonfly 3.0 (Object Research Systems, Montreal, QC) for visualization and quantification.

Two representative specimens are selected for detailed analysis: Part 2 from Print 5 (regolith

only; highest integrity in the regolith series) and Part 51 from Print 7 (regolith + Invar; most intact

example of the blend). Unless otherwise noted, “porosity” refers to the closed-pore fraction within

the cropped region of interest.

5.3 Results and discussion

Powder cohesion analysis

The Granudrum results are shown in Fig. 5.1(a) (dynamic angle of repose) and Fig. 5.1(b)

(cohesive index). The dynamic angle of repose represents the slope of the flowing free surface;

lower values indicate better flowability and, by extension, fewer recoating difficulties in LPBF.

Likewise, a lower cohesive index corresponds to more regular flow, with conventional qualitative

bands of: good (< 10), fair/passable (10–30), and poor/very poor (> 30).
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Across the tested speeds, the dynamic angle of repose remains relatively high, with only a

modest downward trend at higher rpm. Error bars are substantial at low–mid speeds, indicating pro-

nounced run-to-run variability and intermittent avalanching, both symptomatic of cohesive, friction-

dominated flow. This behavior implies that forming uniform layers during printing is likely to be

challenging.

The cohesive-index plot reinforces this picture. From ∼5 to 35 rpm, the index consistently sits in

the poor/very-poor regime (> 30), indicating strong interparticle cohesion. A marked improvement

occurs around 40–50 rpm, where the index drops into the fair/passable band (≈10–30), before

rising again at ≥55 rpm, a range not generally used for LPBF recoating. The partial improvement at

intermediate speeds is consistent with enhanced aeration/agitation reducing cohesive bridges within

the bulk [221]. Annealing dries the powder, removing residual moisture that otherwise raises friction

and cohesion [221, 222]. Nevertheless, cohesion remains high, which is plausibly explained by the

existence of fine particles and the associated increase in particle–particle contacts [222, 223].

Micrography of the powder

Secondary-electron SEM images of the OPRH2N regolith simulant (300× and 1000×) reveal

a highly angular, faceted morphology comprising platy and elongate shards spanning from a few

micrometres to > 100 µm. Fracture-dominated surfaces show step edges and asperities, and many

large fragments are decorated with fines (< 10 µm), indicating a broad, multimodal particle-size

distribution. Irregular shapes and rough surfaces increase interparticle contact area and mechanical

interlocking, while fines raise electrostatic attractions. Together, these effects promote cohesive,

friction-dominated flow, consistent with the high dynamic angles and cohesive indices measured by

Granudrum. For LPBF, this morphology implies reduced packing efficiency, spatial variability in

local bed density, and greater recoater shear demand. Micro-roughness and fines may also modestly

enhance optical absorption through multiple scattering.

5.3.1 Observations during the printing process

Print 0 (initial trial) Pure regolith is processed using a rubber recoater on a silica build plate. The

build is aborted due to poor powder spreading arising from low flowability and high inter-particle
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(a) Dynamic angle of repose vs. rotational speed (rpm). Error bars: triplicate
variability. Lower angles indicate better flow; values remain relatively high
across most speeds.

(b) Cohesive index vs. rotational speed (rpm) with qualitative regions: good
< 10, fair/passable 10–30, poor/very poor > 30. Cohesion is high at
5–35 rpm, improves at 40–50 rpm, and rises again ≥55 rpm (generally not
used in LPBF).

Figure 5.1: Granudrum rotating-drum rheometry of OPRH2N simulant after annealing. Together,
(a) and (b) indicate limited flowability and elevated cohesion in LPBF-relevant speed ranges, im-
plying challenging recoating behavior.

cohesion. Friction with the rubber blade jams the spreader, dislodging it from its mount.
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(a) OPRH2N powder at 300× magnification. The
field shows angular, platy shards with abundant ad-
herent fines; scale bar: 50 µm.

(b) OPRH2N powder at 1000× magnification.
Rough fracture surfaces and fines (< 10 µm) are ev-
ident; scale bar: 10 µm.

Figure 5.2: Secondary-electron SEM of the OPRH2N regolith simulant used for Prints 1–5. An-
gular morphology and fines illustrate the origins of cohesive, friction-dominated flow observed in
rheometry.

Print 1 All settings are retained except the recoater and layer thickness: the rubber blade is re-

placed with an in-house machined cylindrical steel recoater, and the nominal layer thickness is

increased from 30 µm to 150 µm. Powder spreading is improved markedly, attributable to lower

blade–powder friction. However, specimens exhibit extensive vitrification (glassy appearance) after

a few layers, prompting build termination. This response indicates operation at an energy input

above the solid-state sintering window [211].

Print 2 Hardware, powder handling, and substrate conditions are unchanged from Print 1. Laser

parameters are reduced to lower the volumetric energy input and intentionally target a sintering

(rather than melting) regime. Many builds still require early termination due to defect initiation and

growth (most commonly interlayer cracking and local swelling) that progress to partial detachment

from the bed. The most complete and geometrically stable parts are obtained for Samples 1, 17,

19, 20, and 50–53. When the energy input is too low, neck growth is insufficient, yielding fragile

“green” bodies prone to interlayer cracking, and when it is excessive, localized vitrification and

thermal-expansion mismatch cause swelling and early loss of adhesion.
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Print 3 Print 3 replicates the Print 2 parameter matrix on an aluminum-alloy build plate to isolate

substrate effects. No systematic improvement in bed adhesion is detected relative to the porous

silica plate. As in Print 2, several builds are terminated early due to cracking and swelling, although

some complete with acceptable integrity: Samples 2, 3, 4, 17, 18, 50, and 51. Two competing

mechanisms may offset each other: (i) silica has a closer affinity to regolith, potentially aiding

interfacial adhesion; (ii) aluminum’s higher thermal conductivity enhances heat extraction, reducing

thermal stresses and the chance of defect formation. Given the availability, flatness, and thermal

uniformity of aluminum, and to ensure consistency, we perform subsequent prints on the aluminum

plate.

Print 4 Print 4 scales the geometry to twice the diameter and height used in Print 3 in order to

investigate size effects under otherwise similar settings. In addition, a subset of samples employ

double exposure (rescanning). The second pass uses a constant energy input to assess whether

track homogenization can improve layer continuity. Despite the relatively low energy input for

the second exposure, the cumulative dose (from the first and second laser scanning) remains high.

This raises the local temperature and the dwell time, promotes viscous spreading and vitrification

of surface asperities, and leads to swelling and warping. As a result, most rescanned builds are

terminated early. Only one rescanned specimen (Sample 23) completes successfully. Sample 23

has a comparatively large unprinted buffer around it, which reduces lateral heat accumulation and

minimizes recoater interference from neighboring parts.

A substantial fraction of other build aborts in Print 4 are attributable to powder-spreading distur-

bances rather than intrinsically poor melt settings. Specifically, all specimens in the row closest to

the powder hopper (Samples 1 to 6) are completed, while only three in the second row (Samples 9,

11, 14) are finished, and none in the remaining rows survive other than Sample 23. This pattern is

consistent with position-dependent flowability. The first row encounters the freshest powder and the

earliest, cleanest recoater pass. Downstream rows experience increased blade or roller drag across

partially sintered surfaces and nascent ridges at the edges of upstream parts, which can cause local

powder starvation, streaking, and bed nonuniformity. The effect is amplified when the local energy

input is high enough to overheat the top surface, so powder catches on roughened features as the
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recoater traverses.

Among completed specimens, geometric fidelity correlates with the applied energy input and

the local thermal history. Lower to intermediate energy inputs favor porous, necked microstructures

that are dimensionally closer to the CAD but remain mechanically weak. Higher energy input,

including cumulative effects from rescanning and heat accumulation, produces a vitrified (glassy)

surface and measurable distortion. Sample 4 exhibits the best overall geometric compliance despite

a vitrified skin, which suggests that its parameter set balances surface energy input and scan-path

heat distribution more favorably than adjacent conditions.

Failure morphology also repeats across builds. Most specimens fracture from the build-plate

side. In one representative case, the coupon is split into three radial petals that open from the bottom,

and the exposed faces are the original first layers. This behavior is attributed to limited preheat and

the resulting constrained-sintering stresses. As early layers shrink during neck growth while being

rigidly constrained by the plate, tensile hoop stresses accumulate. Large through-thickness thermal

gradients during layer cycling further elevate these stresses, so radial cracks nucleate at the interface

and propagate upward. A heated build plate is expected to reduce these gradients and the associated

stress. In addition, reducing part packing density to mitigate neighbor-induced heat accumulation

and recoater interactions should further decrease the incidence of swelling and bottom-initiated

cracking.

Print 5 Seven recipes from Print 4 are selected and each built in four distinct locations on the

plate to probe spatial sensitivity. Power matches Print 4 and velocities are 0.15–0.30 m s−1. The

overall trends are consistent with the previous round. Specifically, Samples 1–6, which are located

closest to the powder hopper, again survive to completion. Several specimens in the second row

also progress well and approach the end of the build; however, they are terminated due to sudden

flowability issues that disrupt powder spreading. No specimens fabricated using the re-scanning

strategy survive. This outcome reinforces the interpretation from Print 4 that survivability is strongly

correlated with part position and the associated powder delivery conditions. The repeatability of

these position-dependent results confirms that powder-spreading limitations, rather than process

parameter variability, are the dominant factor governing print success under the present setup.
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Print 6 This print evaluates the effect of adding 20 wt% Invar 36 to the OPRH2N simulant. We

revert to the rubber recoater because the steel rod recoater attracts the Invar-bearing powder via its

magnetic response, which impairs spreading and causes local powder starvation. Visual inspection

indicates that fine regolith particles adhere to Invar surfaces by electrostatic attraction, limiting any

gain in flowability and diminishing the expected improvement in laser coupling despite the metal

phase’s higher absorptivity. In combination with the rubber recoater, this behavior yields flowability

that is slightly worse than in the previous prints with pure regolith.

Printing parameters are adjusted to match the effective heat input and scan speed of Print 2,

with blend properties estimated by a weighted average of the thermo-physical values for OPRH2N

and Invar 36. This surrogate proves insufficient to reproduce the actual process behavior. As shown

in Fig. 5.3, the build exhibits an excessively bright melt pool and vigorous spatter, consistent with

overheating and partial vaporization. These observations indicate that the Print 2 strategy does not

transfer to the Invar blend with the method used, and that the operating point shifts into a vitrification

or vaporization regime because the mixture experiences an energy density above the required level.

For subsequent trials, the energy input should be reduced to limit heat accumulation.

Figure 5.3: Print 6 (OPRH2N + 20 wt% Invar). The image shows a bright melt pool with extensive
spatter, consistent with overheating and partial vaporization.

Print 7 Print 7 repeats the Print 2 parameter set exactly with the regolith–Invar mixture to test

transferability. The outcomes largely mirror the pure-regolith trials at comparable parameters and

geometry. Several builds are terminated early due to cracking and swelling, while a subset are

completed with acceptable integrity (Samples 3, 4, 17, 18, 20, 22, 23, 40, 49, 50, 51). The process
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Table 5.4: Successful samples by print.

Print Successful samples
1 N/A
2 1, 17, 19, 20, 50, 51, 52, 53
3 2, 3, 4, 17, 18, 50, 51
4 1, 2, 3, 4, 5, 6, 9, 11, 14, 23
5 1, 2, 3, 4, 5, 6
6 N/A
7 3, 4, 17, 18, 20, 22, 23, 40, 49, 50, 51

window that yields surviving parts is therefore similar to that identified in Prints 2 and 3.

A potential explanation is that fine regolith particles coat the Invar particles, reducing the ex-

pected difference in optical and thermal response. Consequently, the addition neither improves laser

coupling in a meaningful way nor provides sufficient heat-sink behavior to moderate thermal gradi-

ents and residual stresses. In practical terms, the process continues to operate as regolith sintering,

with metallic particles remaining solid throughout. Because the Invar melting point is substantially

higher than the onset of regolith softening/vitrification, increasing input to melt the metal would

drive the regolith into overheating and vaporization, as observed in Print 6. Overall, under the

present conditions, the net effect of adding 20 wt% Invar 36 appears limited.

5.3.2 Micro-CT of the samples

X-ray micro–CT of a representative OPRH2N cylinder shows a predominantly dense core sur-

rounded by a more porous shell with surface-connected voids and several through-thickness cracks

(Fig. 5.4). After threshold-based segmentation (removing open surfaces), the apparent relative den-

sity is 95.8% (porosity ≈ 4.2%). Correlating CT with visual inspection indicates that the core is

largely vitrified (glassy), whereas the outer regions appear less glassy. This radial contrast is con-

sistent with LPBF thermal fields: (i) in the interior, track overlap and reduced heat loss promote

heat accumulation and slower cooling, pushing the silicate phase above the softening/melting range

and enabling glass formation; (ii) near the sidewall, higher heat extraction (radiation/convection to

the gas, conduction to cooler powder, and edge effects from incomplete hatch overlap) keeps peak

temperatures and dwell times lower, favoring sintering with limited vitrification. The outer shell

also shows larger, near-spherical pores and unbonded pockets associated with spreading defects and
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denudation, while the dense, glassy core contains longitudinal cracks that originate at the perimeter

and propagate inward, consistent with tensile residual stresses generated by differential shrinkage

between vitrified and sintered zones. Together, these features point to strong thermal gradients

and nonuniform packing. Mitigation should involve lowering the effective energy input to avoid

over-vitrification and crack formation.

X-ray micro-CT of a representative regolith-Invar cylinder indicates a predominantly sintered

microstructure rather than a melted/vitrified one (Fig. 5.5). In the slices, dark/black regions are

pores (low attenuation), bright/white speckles are higher-density Invar particles, and mid-gray corre-

sponds primarily to the sintered regolith phase. Relative to the pure-regolith specimen, the regolith-

Invar sample shows a more uniform core, a thinner porous shell, and far fewer through-thickness

cracks. Pores are mostly rounded and intergranular, consistent with solid-state neck growth and

limited liquid-phase flow. We do not observe large glassy domains or the long, opening cracks

characteristic of vitrified cores. This behavior is attributed to (i) a lower volumetric energy den-

sity used for the build and (ii) the smaller geometry (about half the height and diameter), both of

which accelerate cooling and shorten the thermal dwell above the softening range of the silicate

phase. The faster thermal cycle promotes solid-state necking between particles and limits liquid

flow, which prevents the heavy vitrification and residual-stress cracking seen in the pure-regolith

cylinder. The apparent relative density here is 92.8%. The lower value relative to the pure-regolith

case is consistent with sintering-dominated consolidation rather than melt-driven densification.

In this sample, the pore density is slightly higher near the edges, but the interior also contains

pores, unlike the strongly edge-biased porosity in the pure regolith. This more uniform distribution

reflects more uniform heating and faster overall cooling in the smaller regolith-Invar geometry.

From a processing standpoint, these CT observations suggest that the regolith–Invar window is

closer to solid-state sintering. Incremental increases in energy input or modest preheat could densify

the porosity, but pushing too far risks reintroducing melt-driven defect modes (coalesced pores and

post-solidification cracking) observed in the pure-regolith case.
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Figure 5.4: X-ray micro–CT of a representative OPRH2N (pure regolith) cylinder, shown as an
isometric rendering with orthogonal slices. The images reveal a dense, vitrified core surrounded
by a more porous outer shell containing surface-connected voids and several through-thickness
cracks. The radial contrast reflects strong thermal gradients during LPBF: interior heat accumulation
promotes glass formation, whereas the sidewall experiences lower peak temperatures and limited
vitrification, leading to sintering-dominated consolidation and larger edge-localized pores.

5.4 Conclusion and future work

This study evaluated the laser powder bed fusion (LPBF) of the OPRH2N Lunar–highlands

regolith simulant across a broad process space and assessed the feasibility of improving printability

via a 20 wt% Invar 36 additive. In line with Lunar in-situ resource utilization (ISRU) constraints, the

work emphasizes binder-free processing with minimal imported consumables. To our knowledge,

this is the most detailed LPBF investigation of OPRH2N to date and the first to examine a metallic-

additive route for this simulant.

Key findings.

• Powder flowability is the primary limiter. OPRH2N shows high cohesion at LPBF-relevant

speeds (consistent with angular shards and fines), making uniform recoating difficult. Print

survivability correlated with local powder delivery (parts near the hopper fared better). A

steel-rod recoater and thicker layers improved spreading relative to a rubber blade.
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Figure 5.5: X-ray micro–CT of a regolith–Invar cylinder, highlighting pores (dark), dense Invar par-
ticles (bright), and the sintered regolith phase (mid-gray). In contrast to the pure-regolith cylinder,
the microstructure is predominantly sintered with a thinner porous shell, fewer through-thickness
cracks, and a more uniform interior. These features reflect the reduced volumetric energy den-
sity and smaller part geometry, which favor rapid cooling and solid-state neck growth rather than
vitrification-driven consolidation.

• A narrow, low-energy sintering window exists but is easy to overshoot. Most complete

parts arose at low–intermediate inputs; rescans largely degraded outcomes via cumulative

heating (vitrification, swelling, early aborts). Switching silica to aluminum plates did not

yield a systematic adhesion benefit. Micro-CT of a representative pure-regolith sample re-

vealed a vitrified, crack-prone core surrounded by a more porous shell; the high apparent

relative density (∼97%) stems from melt-driven gap filling but accompanies residual-stress

cracking. These trends favor lower effective energy, wider spacing, and thermal manage-

ment/preheat over rescanning.

• Adding 20 wt% Invar 36 did not deliver net gains under the present setup. Electrostatic

adhesion of fines to Invar particles limited the additive’s ability to improve powder–laser

coupling and flowability. At reduced inputs, the blend behaved as solid-state sintering (rep-

resentative density ∼92.8%) with fewer through-thickness cracks than vitrified pure-regolith

parts, but without the anticipated densification or coupling benefits.
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Future work. Priorities include: (i) flowability enhancement (e.g., low-dosage silica-based flow

aids to create micro-spacers and limit moisture bridges), (ii) tighter thermal control (plate preheat

and reduced part packing) to remain within the sintering window, and (iii) post-processing (sinter-

annealing and/or polymer/metal infiltration) to close pores and mitigate cracking. Expanded pow-

der/part characterization (SEM/EDS, CT-based defect statistics) together with mechanical testing

(compression, hardness) on geometrically consistent coupons will quantify strength–defect trade-

offs and guide parameter refinement.

For comparison, FFF of PEEK/LRS composites demonstrates higher technology maturity than

LPBF of pure regolith for in-space manufacturing. FFF entails lower system and process complex-

ity, scales more readily to large components, integrates better with robotic platforms, and, impor-

tantly, exhibits lower energy demand. In this study it also achieved higher strength and adequate di-

mensional accuracy for the targeted parts, whereas LPBF was more sensitive to build size increases

and even millimeter-scale upscaling introduced notable process challenges. Given its relatively

lower dependence on Earth-supplied consumables, LPBF of regolith remains promising for small,

high-precision components that require high thermal resilience, especially if challenges in process

control and powder conditioning are addressed. With continued advances, LPBF can complement

FFF by enabling niche, high-temperature, fine-feature parts, while FFF remains the primary option

for structural, large-format regolith-based manufacturing. Ultimately, neither process is universally

superior, and the choice depends on mission logistics, part scale, performance targets, and available

resources.

Overall, these results clarify the dominant failure modes in LPBF of highlands-type regolith

and outline a practical pathway for powder handling, thermal management, and targeted post-

processing, toward robust, binder-free regolith parts relevant to sustainable in-space manufacturing.

135



Chapter 6

Conclusion and Future Work
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Synthesis of Key Findings across Research Phases

Material extrusion additive manufacturing of PEEK/regolith (Phases I–II). Phase I estab-

lished the feasibility of filament manufacture and FFF of a high-temperature thermoplastic (PEEK)

reinforced with 30 wt% LMS-1D Lunar regolith simulant (LRS), using a commercial neat-PEEK

filament as a baseline. At 30 wt% LRS, tensile strength decreased by 26.8% relative to neat PEEK,

driven primarily by an ∼21% reduction in relative density. Nevertheless, the measured strength

of 67.0 MPa remains adequate for many practical applications. The LRS addition increased the

Young’s modulus from ∼917.3 MPa (neat PEEK) to 1152.1 MPa, a 25.6% gain.

Phase II extended the same route with refined filament making and print conditions to enable

higher LRS loadings and improved part quality. Filaments compounded via twin-screw extru-

sion yielded dense feedstocks (> 96%) and mechanically coherent filaments from 10 to 50 wt%

LRS. As-printed porosity increased with LRS content (from < 1% for neat PEEK to ∼7.5% at

50 wt%), consistent with higher melt viscosity and flow resistance. Regolith raised matrix crys-

tallinity (from ∼17.4% to ∼20.5%) and increased elastic modulus by +6–41%, while reducing

delamination/warping. Tensile strength declined progressively from ∼107 MPa (neat) to ∼90 MPa

at 40 wt% and then sharply to ∼70 MPa at 50 wt%. Post-print annealing at 300 ◦C improved den-

sity and stiffness up to ∼30 wt% LRS, with diminishing returns at higher loadings due to entrapped

porosity. Overall, ∼40 wt% LRS emerged as a practical trade-off for mechanically critical parts,

whereas 50 wt% remains printable for non-critical or shielding applications.

Defect-aware simulation of PEEK/LRS composites (Phase III). A hierarchical modeling frame-

work, comprising (i) a homogenized matrix with fine-particle estimates, (ii) RVE-based defect-free

composite models, and (iii) defect-aware RVEs was employed to analyze composite behavior across

particle–matrix ratios. The defect-free models captured the measured stiffness trends with accept-

able accuracy up to ∼ 40 wt% LRS. The model–experiment divergence increased from ∼ 3.50%

at 10 wt% to ∼ 10.13% at 40 wt%, consistent with acceptable but rising defect density, and then

jumped to ∼ 55.35% at 50 wt%. This large mismatch at 50 wt% is most plausibly attributed to the

combined effects of a higher critical void fraction and weak/partly debonded inter-bead interfaces.

The simulations quantify how tall interfacial defects and polymer-starved welds may suppress load
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transfer, even under in-plane loading, producing a clear modulus knock-down attributable to real-

istic AM defect ensembles. Once a weak, percolating network forms, all load paths traverse it, so

the macroscopic response is likely governed by that soft network rather than by volume-average

phase properties. The effective modulus might become series-controlled (compliant segments lie in

series along the load path, their compliances may add, and the thinnest or softest ligaments could

potentially dominate). Practically, this appears as (i) an increased area fraction and contiguity of

high-stress zones at weld roots, (ii) reduced minimum ligament width along layer boundaries, and

(iii) the emergence of a single connected weak cluster across the field of view. This connectivity pro-

vides a plausible explanation for the non-monotonic trend: stiffness rises with filler to ∼ 40 wt%,

then falls at 50 wt%.

LPBF feasibility with OPRH2N (Phase IV). LPBF outcomes were dominated by powder flowa-

bility and thermal management. Rotating-drum rheometry and SEM confirmed cohesive, angular

OPRH2N powders with fines, leading to position-sensitive recoating and a narrow low-energy sin-

tering window that was easy to overshoot. Rescans generally raised cumulative heat (vitrification,

swelling, early aborts). Micro-CT of representative pure-regolith cylinders showed a vitrified, crack-

prone core surrounded by a porous shell. High apparent density (via melt gap-filling) coexisted with

residual-stress cracking. A 20 wt% Invar 36 blend did not yield net gains under the present hard-

ware/recipes. Electrostatic adhesion of fines to Invar particles reduced the additive’s effectiveness in

improving flowability and powder–laser coupling. At reduced inputs, the blend operated in a solid-

state sintering regime (representative relative density ∼ 92.8%), exhibiting fewer through-thickness

cracks but lacking the higher densification observed in the melting/vitrification regime.

Overall, FFF of PEEK/LRS composites appears to demonstrate higher technology maturity than

LPBF of pure regolith for in-space manufacturing. FFF entails lower system and process complex-

ity, scales more readily to large components, integrates better with robotic platforms, and impor-

tantly, exhibits lower energy demand. In this study it also achieved higher strength and adequate di-

mensional accuracy for the targeted parts, whereas LPBF was more sensitive to build size increases

and even millimeter-scale upscaling introduced notable process challenges. Given its relatively

lower dependence on Earth-supplied consumables, LPBF of regolith remains promising for small,
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high-precision components that require high thermal resilience, especially if challenges in process

control and powder conditioning are addressed. With continued advances, LPBF can complement

FFF by enabling niche, high-temperature, fine-feature parts, while FFF remains the primary option

for structural, large-format regolith-based manufacturing. Ultimately, neither process is universally

superior and the choice depends on mission logistics, part scale, performance targets, and available

resources.

Future Work

A. PEEK/LRS composites.

(1) Compression molding of PEEK/LRS. It will be valuable to pursue hot-press consolidation

of compounded pellets for PEEK and PEEK/LRS. In this configuration, compression molding

is expected to reduce entrapped porosity and eliminate inter-bead weld defects, simplify the

thermal history by removing toolpath-induced cold interfaces, and yield cleaner microstruc-

tures that enable more direct comparison with FE predictions that rely on simplifying as-

sumptions. A press-based route would also lower system complexity relative to AM and help

establish an upper-bound baseline for properties at each LRS loading.

(2) Pushing the 50 wt% limit (only if mission-justified). It will be informative to investigate

targeted increases in melt temperature and residence time, coupled with slower, steadier ex-

trusion using a high-torque extruder and larger nozzle diameters. The anticipated benefit is

a higher ISRU fraction with reduced reliance on Earth-supplied polymer, while the corre-

sponding trade-offs include elevated risk of thermal oxidation and chain scission, wider heat-

affected zones that promote dimensional drift, and crystallinity-driven brittleness. A DOE

framing would bound a safe window across melt temperature, chamber temperature, speed,

nozzle size, and cooling rate, while tracking porosity, interlayer adhesion, crystallinity, and

oxidation markers (e.g., DSC).

(3) Broaden materials space: polymers and simulants. It will be useful to replicate the work-

flow with space-grade matrices (e.g., PEKK, ULTEM/PEI) and multiple LRS types in order
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to isolate the influence of simulant chemistry and particle-size distribution. Comparative as-

sessment should highlight both gains and added difficulties arising from differences in resin

viscosity, crystallization kinetics, and PSD-driven rheology.

(4) Post-processing, with feasibility checks. It will be worthwhile to evaluate lower-energy

densification routes (such as staged sinter-anneals, warm pressing, and localized roller com-

paction), before considering higher-overhead options. Hot isostatic pressing (HIP) should

be contemplated only where mass and energy budgets support Lunar deployment; otherwise,

Earth-side HIP baselines can be developed to quantify the theoretical ceiling on properties.

(5) Advanced characterization of thermal, mechanical, and interfacial behavior. It will be

useful to expand the characterization toolbox to more fully capture the mechanisms that gov-

ern stiffness loss, interlayer bonding, and particle to matrix interaction in high regolith con-

tent composites. Dynamic mechanical analysis (DMA) can quantify storage and loss moduli,

glass transition behavior, and temperature dependent damping, providing insight into inter-

phase mobility and the softening of weld zones. Thermomechanical analysis (TMA) can

measure dimensional stability and thermal expansion mismatch between layers, while ther-

mogravimetric analysis (TGA) can clarify polymer degradation onset and thermal stability.

Melt flow index (MFI) measurements on compounded pellets can further establish how filler

content influences melt viscosity and flowability. Mechanical testing in the z direction, in-

cluding through thickness tensile tests or interlaminar fracture tests, can directly evaluate

weld integrity and quantify the influence of particle loading on layer to layer adhesion. In-

terface focused methods such as cryo fracture field emission scanning electron microscopy

(FE-SEM), ion-polished cross-section imaging, nanoindentation modulus mapping, focused

ion beam scanning electron microscopy (FIB-SEM) tomography, and X-ray micro-computed

tomography (micro-CT) can be employed to assess nanoscale debonding, interfacial porosity,

stiffness gradients within the interphase, and three-dimensional pore connectivity.

B. Modeling: toward predictive design.

(1) 3D microstructure-resolved FE. It will be valuable to extend the present 2D mid–section
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analysis to statistically representative 3D RVEs that capture through–thickness weld topol-

ogy, bead curvature, and defect connectivity. Fully 3D simulations would help avoid possible

scaling discrepancies that may arise due to inherent 2D/3D differences. In addition, future

work should explore improved boundary conditions beyond the current fixed constraint at the

left edge of the specimen. Implementing periodic boundary conditions (PBCs) in both in-

plane and through-thickness directions, or employing mixed periodic–kinematic constraints,

would better mimic an infinite repeating microstructure and reduce artificial stress concen-

trations induced by fixed boundaries. These boundary conditions are more physically rep-

resentative of printed rasters embedded within a continuous material field. The transition

to 3D RVEs will likely require advanced numerical techniques and/or higher-performance

computing hardware (e.g., GPU-based solvers, reduced-order modeling, or adaptive mesh

refinement) to manage the substantially higher element counts and defect complexity. Incor-

porating experimentally derived pore size and shape distributions obtained from micro-CT,

together with interface traction–separation laws calibrated from fracture testing or micro dig-

ital image correlation (micro DIC), would enable more realistic predictions. In parallel, ad-

vanced characterization such as FE-SEM, FIB-SEM tomography, ion-polished cross-sections,

and nanoindentation modulus mapping can be used to assess particle–matrix interfacial qual-

ity and interlayer bonding. Complementary Z-direction tensile testing may further quantify

interface strength.

(2) Process physics coupling. It will be useful to develop process-to-structure models for (i) fil-

ament extrusion and cooling (non-Newtonian flow, heat transfer, crystallization kinetics), (ii)

bead–bead sintering and neck growth, and (iii) transient chamber thermal fields. Calibration

with IR thermography and embedded thermocouples during FFF can then be propagated to

predict resulting stiffness and strength.

(3) Uncertainty quantification (UQ). It will be important to propagate variability in particle

size/morphology, porosity, and interface toughness through to mechanical response, thereby

establishing conservative design allowables for Lunar service.
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C. LPBF of regolith.

(1) Flowability enhancement. It will be valuable to assess low-dosage silica-based flow aids

(fumed or precipitated silica) alongside controlled fines reduction to lower the cohesive index

without compromising ISRU mass budgets. Screening should confirm that flow gains do not

degrade downstream consolidation or contaminate chemistry.

(2) Process window refinement. It will be useful to systematically map low-energy sintering

regimes using in-situ sensing (photodiodes, coaxial cameras) to identify the onset of vitrifi-

cation and the margins to overheating. The resulting maps can guide stable, power-efficient

builds.

(3) Post-processing. It will be worthwhile to apply sinter-annealing cycles tailored to the silicate

softening range and, where justified, polymer or metal infiltration to close pores and heal

microcracks. Micro-CT statistics (pore size and connectivity, crack density) should be used

to quantify the resulting gains.

D. Environmental durability and mission integration.

(1) Lunar-relevant conditioning. It will be important to expose PEEK/LRS and LPBF coupons

to Lunar day–night thermal cycling, vacuum outgassing checks, UV/ γ radiation, and dust

abrasion, so that degradation pathways and knock-down factors are quantified under mission-

realistic stressors.

(2) Scale-up and autonomy. It will be valuable to demonstrate PEEK/LRS printing with a mo-

bile robotic 3D printer for large-scale components, then transition to large-format extrusion

and modular presses for panels/brackets. Integrating in-line quality monitoring (vision, IR)

with simple closed-loop controllers under constrained power will help avoid defects and sta-

bilize build quality.
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Closing Remarks

This work provides an experimentally anchored and simulation-informed map of what is fea-

sible today for ISRU-relevant polymer–regolith composites and regolith laser sintering on Earth-

based hardware with consideration of Lunar constraints. The results show that (i) carefully man-

aged PEEK/LRS extrusion can deliver structurally useful parts for Lunar-based manufacturing, (ii)

defect-aware modeling is essential to interpret and predict performance at high loadings, and (iii)

LPBF of regolith is presently flow- and heat-limited but can progress via powder handling, thermal

control, and post-processing. Together, these findings establish a practical foundation for sustain-

able in-space manufacturing and a clear research agenda to translate materials and processes to the

Lunar surface.
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