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Abstract: In recent years, space agencies, such as the National Aeronautics and Space Administration
(NASA) and European Space Agency (ESA), have expanded their research activities in the field
of manufacturing in space. These measures serve to reduce limitations and costs through fairing
size, launch mass capabilities or logistic missions. The objective, in turn, is to develop technologies
and processes that enable on-demand manufacturing for long-term space missions and on other
celestial bodies. Within these research activities, in-situ resource utilization (ISRU) and recycling
are major topics to exploit local resources and save transport capacity and, therefore, costs. On the
other hand, it is important to carefully consider which items can be brought and which must be
manufactured on the Moon. Consequently, on-demand needs in future space missions are considered
regarding frequency, raw material and required manufacturing processes according to investigations
by ESA and NASA. In conclusion, manufacturing in space state-of-the-art shows a strong focus on
additive processes, primarily considering semicrystalline or amorphous plastics. The subtractive
processing of metallic or ceramic materials, in turn, currently represents a research gap. Consequently,
an approach for in-situ resource utilization-based subtractive manufacturing in space is presented to
supplement the existing processes. The latter uses a high-pressure jet of water, with regolith simulate
as abrasive in suspension, being directed at the workpiece, which is moved to separate metal and
glass. Proof-of-concept results are presented, including suitable process windows, achieved cutting
geometries, as well as the effects of parameter variations on the system technology and consumables
used. The focus of the investigations supplements the general requirements for the design of machine
tools for space applications with inertial process-specific boundary conditions as a step towards
higher technology maturity.

Keywords: in-situ resource utilization (ISRU); subtractive manufacturing; in-space manufacturing

1. Introduction
1.1. Manufacturing in Space

Manufacturing in space is a scientific field with synonymous use of terms (Table 1).
Nevertheless, manufacturing in space is seen as a promising option to produce

spare parts on demand in order to reduce launch mass and cost, which is seen as a basic
requirement for the exploration of other celestial bodies. In fact, Owens et al. show
that the launch mass of traditional spare parts can be reduced by almost 78% using
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in-space manufacturing (Figure 1). This, however, is linked to their manufacturability,
which illustrates the importance of suitable manufacturing processes for space missions.
Moreover, the proportion can be increased significantly if the potential of recycling is
also exploited (Figure 1).

Table 1. Current definition of activities related to manufacturing in space.

Term Description Source

In-space manufacturing
(ISM)

Manufacturing in an intravehicular (crew)
environment and takes place inside a pressurized
habitat structure (e.g., International Space Station)
and is primarily focused on logistics reduction and
on-demand manufacturing of spares.

[1]

Out-of-Earth Manufacturing
(OoEM)

Aims to foster and support the development of
manufacturing and assembly technologies adequate
for implementation in space.

[2]
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Figure 1. Reduction in spares mass requirements for items manufactured in space [3].

Venditti et al. [4] analyzed the cost per kilogram for space launches worldwide since
1960 using data from the Center for Strategic and International Studies. A significant price
reduction between Soyuz (1967) and Falcon 9 (2010) is evident, and it is expected that this
decrease will continue if we take current developments into account (Figure 2).

Either way, the transport costs are significant and the payload is limited. Therefore, it
is obvious that the space agencies increased their activities on developing in-situ manu-
facturing solutions to overcome the limitations related to size, launch mass capabilities or
logistic mission cost and complexity [13].
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1.2. In-Situ Resources Utilisation (ISRU)

In-Situ Resource Utilization (ISRU) involves the practice of collecting, processing, stor-
ing, and using materials brought to, found, or manufactured on other celestial bodies [12].
ISRU aims to harness and utilize local or in-situ resources to create products and services
for robotic and human exploration and sustained presence [14]. Local resources include
‘natural’ resources found on extraterrestrial bodies, residues, garbage, as well as equipment
and hardware that are no longer used [14], such as:

• Water [15];
• Solar wind implanted volatiles (hydrogen, helium, carbon, nitrogen, etc.) [16];
• Vast quantities of metals in mineral rocks and soils [17];
• Atmospheric constituents [18];
• Human-made resources (trash, waste from human crew, discarded hardware) [19].

Instead of bringing everything from Earth (Section 1.1), ISRU covers a wide range of
potential applications [20], technologies [21] and technical disciplines [22]. According to
Del Bianco et al. [14] ISRU covers three broad areas:

• In-Situ Propellant and Consumable Production;
• In-Situ Construction;
• In-Space Manufacturing with, for example, ISRU-Derived Feedstock.

1.3. Natural Lunar Resources

The uppermost layer of the Moon, which consists of loose mineral material, is called
lunar regolith. This layer covers the entire lunar surface and has an average thickness of
2 to 8 m [23]. Due to its full surface presence and loose composition, the regolith is easily
accessible and represents the main raw material for the planned exploration of the Moon.
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Such technologies are referred to as ISRU. The first planned application for the regolith
is the construction of infrastructure, such as landing pads, roads and habitats. For this
purpose, additive processing methods have been investigated for several years in order to
process regolith, for example laser melting [24], contour crafting [25] and strengthening by
adding additives [26]. The construction of large infrastructure components from locally
available regolith leads to a significant reduction in the payloads to be transported from
the Earth and, thus, to considerable cost savings [27] (Section 1.1). At the same time,
the flexibility of activities on site increases since components can be manufactured or
repaired as required. Another possible use is the use of regolith to build up walls and
as a shielding material to protect against cosmic rays and micrometeorites [28]. More
advanced processing methods under development involve the extraction of oxygen, silicon
and metals, which are then available for further processing [29]. This would provide a
lunar base with important components for the production of technically more sophisticated
components, solar cells for energy production and supplying astronauts with oxygen.
Either way, the regolith layer was formed by mechanical crushing of the original bedrock
as a result of impacts from different-sized celestial bodies over a period of several hundred
million years. These impacts caused a fractionation of the bedrock of the lunar crust [30].
Very fine particles dominate, with more than 50% of the regolith consisting of particles
with a size of <100 microns [31]. A lack of erosion mechanisms, such as flowing water
or wind, prevents the particles from rounding off, making them very sharp-edged. In
addition to crushed rock particles, regolith also contains 10 to 30% of mineral glass. The
origin of the glass lies in volcanic activity and melting effects during asteroid impacts [8].
In addition, regolith contains significant proportions of 5–45% of agglutinates. These are
particles with an irregular and partly open-pored structure, which were created by local
melting processes when micrometeorites impacted. Before they solidify, the melts combine
with unmelted particles and form irregular shapes [30]. The dominant bedrocks of the
Moon and, thus, the main source materials of regolith are anorthosite and basalt. While
anorthosite forms the original old crust of the Moon, the basalts are younger and can be
found in the lunar flatlands, the maria [32]. Anorthosite consists mainly of the mineral
plagioclase ([Ca,Na]Al[Al,Si]3O8), while basalt is mainly a mixture of plagioclase, pyroxenes
((M1)(M2)[T2O6]) and olivine ((Mg,Mn, Fe)2[SiO4]) [33]. Therefore, these minerals are
widespread on the Moon and found in different proportions in each regolith due to mixing
processes. Table 2 shows the average element distributions of the terrae and mare regolith
as oxide sums.

Table 2. Average oxidic composition of the maria (dark plains) and terrae (bright highlands)
regolith [34].

Oxide Maria [wgt%] Terrae [wgt%]

SiO2 45.4 45.5
TiO2 3.9 0.6
Al2O3 14.9 24.0
FeO 14.1 5.9
MgO 9.2 7.5
CaO 11.8 15.9
Na2O 0.6 0.6

In the polar regions, especially in the permanently shadowed craters directly at the
poles, large amounts of frozen water have been detected [35] (Figure 3). The face of the
Moon has been divided into two areas (maria and terrae) from the near side of the Moon,
where the lighter colored areas are the lunar highlands, called terrae, and the dark areas
are relatively flat plains, called maria.

Research is currently focused on the form in which the water is present, for example,
finely distributed and bound to regolith particles or in the form of chunks of ice. These
water deposits could be of enormous importance for space travel as a source for the
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production of fuel since the transport of fuel from the Moon into space is possible with
significantly less energy and is, therefore, considerably cheaper than transporting it from
Earth. Corresponding calculations have shown that delivery of fuel from the Moon up to
the geostationary orbit of the Earth is associated with cost advantages [37]. Water is also
key to establishing a permanent base on the Moon, as it is required for many uses. The
use of the water sources thus simplifies the development of the Moon and, at the same
time, enables the establishment of a business model. For this reason, most plans for a
lunar base target a south polar crater with ice deposits as a construction site [38] (Figure 3).
The construction of the necessary infrastructure must be carried out with local resources,
especially regolith, to reduce costs.
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1.4. Discarded Hardware

In addition to the natural resources on other planets (Section 1.3), recycling hardware
is an important source of raw materials. In fact, an ESA study [39] examined the material
distribution of the relevant hardware (Table 3). Obviously, most of the materials brought
are light metal alloys.

Table 3. Material composition of typical spacecraft [39].

Material Nature Mass Selection Arguments 1

Al-alloys 44%

-Medium strength at low density;
-Cryogenic capability;
-Weldability;
-Corrosion resistance.

Ti-alloys 15% -High strength-temperature resistance;
-Corrosion resistance-reduced density.

Steel 5% -High strength.

Super-alloys 2% -Highest strength.

Cu-alloys 1%

-Special applications.Polyurethane 1%
Silicone 5%
Epoxy 4%

CFRP 15%
-Highest strength achievable;
-Low density;
-Corrosion resistance.

GFRP 2%

-Special applications.
Polyimide

1%
Linear Polyesters
Ceramics
Others

1 Not necessarily applicable for the whole material group.
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If future developments are included in this consideration [39], their share will increase,
with a reduction in the number of alloys expected (Table 4). Consequently, it can be assumed
that these materials are available as construction materials.

Table 4. Expected material composition of future spacecraft [32].

Material Nature Mass Specific Improvements for Spacecraft

Al-alloys 60% -Improvement of material characteristics;
-Harmonization, for example, reduction of number of alloys;

Ti-alloys 10% -Minimize cost (material price);
-Reduce manufacturing effort;

Steel incl. Super-alloys 2% -Minimize cost (material price);
-Reduce manufacturing effort;

CFRP 25% -Minimize mass (density);

Others 3%
-Improve manufacturing effort and capabilities;
-Minimize mass;
-Improve reusability.

1.5. Hardware Identified as Relevant to Manufacturing in Space

The construction of a lunar base is planned to be carried out in phases categorized as
survivability (1st), sustainability (2nd) and operational (3rd), while in the final phase, it is
expected that six astronauts will live and work at the lunar outpost [40]. As part of an ESA
study [39], it was examined which hardware types are required in the individual phases
(Table 5). Moreover, within this study, professionals involved in both human spaceflight
and analog site campaigns were asked which objects and utensils are needed (Table 5).

Table 5. Summary of the identified hardware [39].

Group Hardware Survey Objective [%]

1 Permanent Infrastructure and maintenance 21
2 Permanent machinery and maintenance 16
3 Long-lasting items and commodities 20
4 Temporary and made-on-demand items 46

It can be seen (Table 5) that the highest number of elements are those manufactured
on demand, which underpins the mass reduction approach (Section 1.1). In addition, the
main material distribution of the identified hardware was also determined [39] (Table 6).

Table 6. Main material distribution of the required hardware across the phases [39].

Main Material Distribution [%]

Plastic 39
Steel 19
Aluminum 15
Glass 12
Rubber 6
Ceramic 4
Textile 3
Copper etc. 2

Hence, it can be concluded that to produce this hardware (Table 5), the materials
mentioned (Table 6) must be processed using in-space manufacturing.

1.6. In-Space Manufacturing Processes

In-space manufacturing is the transformation of raw (Section 1.2) or recycled mate-
rials (Section 1.3) into components, products, or infrastructure (Section 1.4) performed in
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space [41]. According to a NASA study [42], additive manufacturing, subtractive manu-
facturing and formative manufacturing technologies (Figure 4) are of primary interest in
terms of ISRU (Section 1.2).
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Either way, in-space manufacturing is currently a rather new field of research with
largely low technology maturity. In fact, this is supported if looking at the latest technology
demonstrations (Table 7), while the materials examined also support the category of greatest
need (Table 6).

Table 7. State-of-the-art in-orbit manufacturing.

PA
YoD Process Material PoD Source

3DP
12/2014

Polymer
manufacturing/recycling

ABS [44]

AMF
02/2016 ABS, PEI-PC Orbit [45]

REFAB
11/2018

PEI/PC
(Ultem 9085) [46]

IOM
05/2017

Composite and Polymer
Manufacturing unlimited size

Epoxy–carbon fabric Ground demo [47]

AIMIS
11/2019 Photo-reactive resin Parabolic flight [48]

IMPERIAL
01/2019 Engineering polymers Ground demo [49]

POP3D
03/2016

Composite and Polymer
Manufacturing limited size

PLA Flight demo [50]

MELT
03/2018 PEEK Ground demo [51]

05/2020 Carbon fiber-reinforced thermoplastics Flight demo [52]

Legend: PA—Project acronym, YoD—Year of Demonstration, PoD—Place of Demonstration.

Nevertheless, current research also addresses metallic 3D printing with powder [53]
and wire [54]. However, the technological maturity of wire-based systems is currently
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ahead of powder bed solutions. In fact, the transfer of the wire-based “METAL3D” system
to the ISS is scheduled for 2023 [55]. In the long term, application on other planets with
ISRU (Figure 5) and discarded hardware is to be expected.
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In summary, 3D printing is explored dominantly. On the other hand, if looking at the
entire AM process chain, mechanical postprocessing in terms of subtractive machining is
frequently required to achieve fit-for-purpose hardware [56].

2. Methods and Materials
2.1. Workflow

Table 8 subdivides this paper into a thematic workflow with central actions, exemplar-
ily supported by events, giving a better overview of the essential content.

Table 8. Thematic workflow with chapter-specific actions and central events.

Part ACTIONS (Events)

Introduction

• Problem description (space transport costs and capacity);
• Approaches to problem solving (In-Situ Resource Utilization (ISRU));
• Resources available on the Moon (lunar regolith and water);
• Possible resources through space missions (space materials);
• Hardware identified as relevant to manufacturing in space (objects and materials);
• State-of-the-art in-space manufacturing (focus on additive manufacturing).

Methodology

• State-of-the-art in-space subtractive manufacturing (identified research gap);
• Abrasive Water Jet (AWJ) Cutting (ISRU responsive approach);
• Regolith simulate as analog abrasive (chemical composition, morphology and particle size);
• Space material samples (focus on Moon-village-relevant (recycling) materials);
• Experimental procedure (experimental setup, abrasive preparation, parameters, strategy, evaluation criteria).

Results
• AWJ Cutting light metal (process windows, cutting geometry, parameter variation and result);
• AWJ Cutting glass analog material (process windows, cutting geometry, parameter variation and result)

Discussion and
Conclusions

• Proof of concept evaluation of Abrasive Water Jet (AWJ) cutting as ISRU responsive approach for potential
lunar application;

• Suitability of regolith simulants as abrasive and suggestion of suitable particle sizes (preprocessing);
• Identification of associated process windows for water jet pressure, particle mass flow and feed rate (processing);
• Qualitative assessment of the results in comparison to the use of conventional abrasives for the materials

examined (classification);
• Suggestion for process adjustment when transitioning from ductile to brittle materials (recommendation).

Outlook
• Expansion of the proof-of-concept results through comprehensive tests and statistical evaluation, analysis of the cut

edges, deeper examination of the process window and recycling of the abrasive while taking into account boundary
conditions for the design of machine tools for space applications.



Appl. Sci. 2024, 14, 18 9 of 25

2.2. Subtractive Machining State of the Art and Trade-Off

Subtractive processes are processes of cutting technology, which are designed for
geometric shaping with high flexibility, quality and process reliability. The associated
mechanical processes of milling, turning and drilling comprise the class of processes
with a geometrically defined cutting edge, whereas the grinding process is classified as a
process with a geometrically undefined cutting edge with bonded grain. A special type
is represented by the processes with jet control, which operate with non-bonded grain
and use a fluid, which can be either liquid or gaseous and, thus, generate an abrasive or
separating effect. A central point for the applicability of subtractive processes in extrater-
restrial conditions is their adaption to local constraints so that crucial challenges can be
highlighted from the analysis of the environmental conditions of the Moon and Mars and
the supply logistics compared to terrestrial processing. As the most important aspect, the
availability of raw materials with high hardness can be mentioned, which can be used as
cutting material and occasional going beyond the property profiles of terrestrially used
raw materials in terms of performance or design due to environmental conditions [57].
The current research focus on OoE processing addresses the significantly subtractive
processing of extraterrestrial rocks and raw materials using terrestrial technology. The
technically implemented solutions are mainly suitable for the extraction of rock samples
and drilling for analysis purposes. As part of the NASA-led Perseverance mission on
Mars, a special core drilling tool was successfully used to extract samples from rock
formations [58]. This mechanical acting tool is characterized by a specific robust design
for reliable sample collection. However, the main challenges are the autonomous process
control for the drilling process and the core removal from the tool. Either way, tool
developments include technologies that, in addition to targeted chip/dust removal from
the machining zone, utilize energy source coupling for greater efficiency to machine
larger volumes of rock with greater energy efficiency. Consequently, pneumatic units for
rock fragmentation are used, removing the fragmented raw material by expedient use
of gas pressure [59]. All these technologies, however, require a holistic approach con-
sidering the aggregate control, the applied technology and the structural design of the
tool system. The aspect of focused and flexible coupling of energy, in turn, is addressed
by ultrasonic processes. Although complex process control is necessary, demonstra-
tors proved the general feasibility and practicability [60–64]. In fact, drilling systems,
considering the tool, the tool guidance and the machine technology, are available for
surface area applications and as deep drilling units up to Technology Readiness Level
(TRL 6) [59]. Either way, in contrast to terrestrially applied jet cutting with synthesized
abrasive materials, the application of regolith as a cutting material is insufficiently ad-
dressed in the literature. That is counterintuitive because of the tremendous abrasive
effect, requiring, for example, extensive protective safeguards for engineering units,
as accelerated regolith particles can severely damage surrounding hardware due to
rocket plumes from landing missiles [65]. This impact mechanism, in turn, can be made
usable, controlled and managed by a liquid jet system, tailor-made for a continuous
ISRU approach (Section 1). The advantages of using an abrasive material guided in a
liquid are the high flexibility of the blasting, the negligible thermal influence on the
material to be cut, and the high precision of the cut [66]. That extraterrestrial fluids can
be conveyed, considered a prerequisite for technical feasibility in orbit is feasible and
experimentally proven [67]. Moreover, due to the rather simple principle and setup,
an extraterrestrial implementation, for example, supported by robots, seems feasible,
resulting in the following development goals in line with existing in-orbit manufacturing
approaches (Table 9).
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Table 9. Relevance of selected parameters for subtractive processes on their impact on the terrestrial
and extraterrestrial applicability.

Parameter Terrestrial
Relevance

Extraterrestrial
Relevance

Modularity and Plug and Play o +
Intelligent production plants/machines + o
Autonomous or semiautonomous processing
(low interaction with humans) - +

Energy efficiency o +
Weight and space optimized - ++

Legend: Importance: - low; o medium; + high; ++ very high.

2.3. Abrasive Water Jet Cutting

In all abrasive water jet (AWJ) processes, a high-pressure water jet is used to accelerate
added hard and sharp-edged abrasive particles. Garnet sand, corundum and SiC are primarily
used for this purpose [68]. The particles impact the workpiece surface with high kinetic energy
in a locally concentrated manner and remove material. The advantages of this process over
other jet processes are the smallest jet diameters (<0.1 mm) [69] and low process forces [70],
allowing thin-walled components to be manufactured with high material utilization. Another
advantage is the high flexibility. This is demonstrated by the large number of manufacturing
processes for which the abrasive water jet can be used in addition to cutting. For example,
it can also be used for drilling, surface structuring, decoating, polishing, cleaning or for
nonseparating processes, such as surface peening, which increases the relevance of the process
for manufacturing in space. Further flexibility of the AWJ is demonstrated by the fact that
a wide range of materials, for example, relevant for space applications (Section 1.4), can
be machined. This includes soft materials, such as plastics [71], tough materials, such as
metals [72], as well as thermal shock-sensitive and brittle materials, such as glasses [73] and
technical ceramics [74]. In addition, composite materials, such as CFRP or sandwich materials,
can also be processed [75]. However, according to the state of the art, two methods exist
for generating an abrasive water jet. These two methods, the injection jet method and the
suspension jet method, are shown in Figure 6.
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In the first one, water is pressurized to 300–600 MPa and pressed through a nozzle,
while accelerating to several 100 m/s. The jet formed entrains air corresponding to the
Venturi effect and creates a negative pressure in the mixing chamber, drawing air into the
mixing chamber through the abrasive feed. This gas flow is used to transport the abrasive
into the mixing chamber. Furthermore, the three-phase jet is focused in the focusing tube.
The suspension jet process, on the other hand, differs since a two-phase jet is formed.
This is enabled by mixing the abrasive with the high-pressure water ahead of the nozzle,
dispersing it and accelerating it together. Due to the absence of air in the jet, higher energy
densities and higher particle loadings can be achieved in the water jet.

2.4. Regolith Simulate

Due to a lack of original material from the Moon, synthetic lunar soils, so-called
regolith simulants, are used for earthly research. For the experiments described in this
paper, two advanced regolith simulants, LX-T100 and LX-M100, from the TU Berlin were
used. Each simulant consists of one of the dominant bedrocks of the Moon, basalt and
anorthosite. In addition to the chemical and mineralogical composition, the simulants have
the same particle shape and particle size distribution as the lunar regolith. LX-T100 is based
on anorthosite rock. It consists predominantly of plagioclase (>95%). This material, thus,
corresponds to the terrae material of the Moon in its pure form. LX-M100 is a simulant made
of basalt, i.e., the material of the mare regions. It consists of 39% plagioclase, 42% pyroxene
and 19% olivine. In terms of their particle morphology and particle size distribution, both
simulants correspond to the average values of lunar regolith, which were determined from
the samples from the Apollo and Luna missions. The chemical composition in the form of
total oxides is shown in Table 10.

Table 10. Chemical composition of the regolith simulants.

Oxide LX-M100 [wt. %] LX-T100 [wt. %]

SiO2 48.3 49.5
TiO2 2.5 0.1

Al2O3 13.1 31.2
FeO 10.2 0.9
MgO 8.8 0.2
CaO 8.5 15.4

Na2O 3.6 2.4
K2O 1.7 0.1

2.5. Aluminium Alloy

The key alloys used for the construction of current and future spacecraft are based on
the main alloying element, aluminum (Section 1.4). The various types of aluminum may be
divided into two general classes (a) casting alloys (those suitable for casting, for example,
in regolith [76]) and (b) wrought alloys (those which may be shaped by rolling, drawing,
or forging) and rather brought from planet earth (Section 1.4). However, a selection of
aluminum alloys relevant to space applications [77] is shown in Table 11.

Table 11. Aluminum alloys, alloy code, scope and related source.

Alloy AA-Code Application Source

AlCu(Li) 2xxx Pressurized Tanks [78]
AlCuMg 2xxx Intertanks, Skirts, Adapters [79]
AlSiMg(Cu) 6xxx Structural materials [80]
AlZnMg 7xxx Structural materials [81]
ALZnMgCu 7xxx Unpressurized structures [82]

El-Hameed et al. [83] note that AA6061 is the most widely used 6xxx series alloy
(Table 11) for spacecraft structures and satellite surfaces. One of the main characteristics
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of this alloy is its reduced sensitivity to solution heat treatment and quench variation
compared to 7xxx and 2xxx series aluminum [84]. As a result, the nominal properties
of the alloy can be achieved for greater material thicknesses, which, on the other hand,
is beneficial to achieve greater moments of inertia, for example, to compensate for the
comparatively low modulus of elasticity, which explains the use of the alloy class for
structural components. Either way, it is plausible to assume that Al-Alloy 6061 is available
for further use (Section 1.4). Moreover, according to Gradl [85], this alloy is also available for
additive manufacturing (Section 1.6). Hence, Al-Alloy 6061 is selected as the representative
metallic test material, while the chemical compositions of the samples are given in Table 12.

Table 12. Chemical composition for AA6061according to alloy specification EN 573-3 10.2019 [86].

Alloy Element Min Amount [wt. %] Max Amount [wt. %]

Al Rem.
Si 0.4–0.8 0.8
Fe - 0.7
Cu 0.15 0.4
Mn - 0.15
Mg 0.8 1.2
Cr 0.04 0.35
Zn - 0.25
Ti - 0.15

Other each - 0.05

The selected test specimens have dimensions of 50 mm length, 90 mm width and
2.286 mm (0.09′′) thickness with a specification according to Table 12. All the samples
have an inspection certificate 3.1 according to DIN EN 10204 [87]. For the experimental
investigations, a separating cut in the direction of the thickness was selected (cut thickness
2.286 mm, cut length 50 mm).

2.6. Lithium Silicate

A crystallizable lithium silicate glass (Table 13) was chosen as a feasibility material for
developing glass and ceramic materials using in situ resources on the surface of the Moon.

Table 13. Composition of lithium silicate glass and glass ceramic.

Component Amount in wt-%

SiO2 59.4
Li2O 18.8
P2O5 5.9
K2O 2.0

Al2O3 2.0
ZrO2 9.9
CeO2 2.0

Like most glass ceramic materials, a lithium silicate glass ceramic is produced in
three steps:

• Cast of the initial glass from a glass building melt;
• Nucleation;
• Crystal growth of the nuclei.

To build a glass ceramic with about 50% crystalline content, in the case of lithium
silicate, first, lithium metasilicate crystallizes, which can be converted into lithium disilicate.
For dental applications, this effect is used to yield, in the first step, glass ceramic with
rather weak mechanical properties. Here, the glass ceramic can be easily machined to
shape, for example, a dental crown. In the second step, by a short temperature process,
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the material is converted to a high-strength material. The crystallization processes for the
lithium metasilicate and the lithium disilicate glass ceramics are listed in Table 14.

Table 14. Crystallization programs of the lithium silicate glass ceramics (heating rate 10 K/min).

Main Crystal Phase Temperature Program

Lithium metasilicate 620 ◦C/60 min
Lithium disilicate 620 ◦C/60 min + 850 ◦C/10 min

Therefore, the lithium silicate glass ceramic is predestinated as a feasibility material
because it can be investigated in three stages:

• Glass, representing other glasses;
• Lithium monosilicate as the main crystal phase, representing rather weak ceramics;
• Lithium disilicate as the main crystal phase, representing high-strength ceramics.

This is of special interest for lunar applications because it was shown that it is possible
to manufacture a variety of basaltic glasses using lunar a regolith simulant and heating
it within a susceptor-assisted microwave oven [88]. Either way, from these glasses, glass
ceramics can also be built. Application scenarios for the use of glasses, on the other hand,
are provided by Ulubeyli [89]. For the experimental investigations, a separating cut in the
direction of the thickness was selected (cut thickness 7 mm, cut length 15 mm).

2.7. Experimental Procedure

The self-constructed five-axis fine jet test rig, partly shown in Figure 7, was used for
the experimental investigation. A cutting head configuration with a water nozzle diameter
of 0.1 mm and a focusing tube diameter of 0.3 mm was used (Figure 7, left). To convey the
regolith simulate abrasive, a dosing unit (Allfi Group AG) adapted for lowest delivery rates
was used (Figure 7, right). The latter can be adjusted via the speed control of the conveyor
belt speed (Figure 7, right). Moreover, the flowability of the regolith simulate abrasive was
supported using a vibration motor (Figure 7, right).

The basic prerequisite for a stable cutting process in abrasive water jet machining is a
homogeneous abrasive flow. This requires a free-flowing abrasive since the smallest parti-
cles adhere to larger ones and consequently agglomerate with others (Figure 8a). To avoid
agglomeration, small particles were removed from the abrasive by wet sieving (Figure 8b).
The dried screenings were sieved and divided into fractions with particle sizes of 45–63 µm,
63–90 µm and 90–125 µm. These fractions were chosen because coarser particles can clog
the focusing tube, whereas finer particles cannot be conveyed homogeneously.

Due to the lower density of the regolith simulant (2.90–3.25 g/cm3) [90], compared to
conventional abrasives, such as garnet sand (4.12 g/cm3) [74], the common mass flow was
reduced from a rate of 10 g/min [91] for garnet sand to 8.5 g/min for the regolith simulants.
A test plan was set up for the aluminum material. For this purpose, the nozzle diameter
dd, the stand-off distance s between the focusing tube outlet and the workpiece surface
(Figure 9), the abrasive mass flow rate ṁp and the material thickness h are set as constant
(Table 15).

Four parameters were selected for the feasibility study. The pressure p, converts the
hydraulic power built up in the pump into the kinetic energy of the water and, thus, also of
the abrasive particles. In preliminary tests, it was found that below a pressure of 200 MPa,
no stable abrasive conveyance occurred due to powder agglomeration. The particle size
fraction SF was chosen as the second factor. The three selected factor levels represent
the particle sizes available on the Moon for potential lunar abrasive water jet processing.
Furthermore, the particle size influences their mass and, thus, their material removal rate.
The third factor is the chemical composition of the regolith material. The fourth factor is
chosen to evaluate the performance of the process. For this purpose, the parameter of the
related abrasive mass flow per 1 mm of machined workpiece surface ṁl is calculated from
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the ratio of feed rate vf and m’l. For the adjustment of ṁl, the abrasive mass flow was kept
constant and vf was varied. All factors and factor levels are summarized in Table 16 with
reference to Figure 9.
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Table 15. Constant test parameters.

Parameter Symbol Value Unit

Nozzle diameter dd 0.1 mm
Focusing tube diameter DF 0.3 mm

Stand-off distance s 2 mm
Abrasive mass flow rate ṁp 8.5 g/min

Al material thickness hAl 2.286 mm
Lithium silicate material thickness (all conditions) hLi 7 mm
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Table 16. Processing parameters Al-Alloy.

Parameter Symbol Value Unit

Water jet pressure p 200, 300 MPa

Particle size fraction SF
45–63
63–90
90–125

µm

Mass flow per 1 mm of machined workpiece m’l1-3 0.3, 0.1, 0.05 g/mm
Feed rate vf1-3 0.5, 1.5, 3 mm/s

Abrasive material - LS-M100;
LS-T100 -

Legend: With LS-M100 equivalent to sieved LX-M100, LS-T100 equivalent to sieved LX-T100.

Moreover, Figure 9 schematically shows the execution and traversing strategy of the
machining tests. After switching the water jet on, the abrasive supply is also switched on.
Then, the lowest vf-level (Table 16) is applied in Section 1 of the workpiece (Figure 9). In
Section 2, vf1 is increased to vf2 while m’l1 is reduced to m’l2. In Section 3, vf2 is increased
to vf3 while m’l2 is reduced to m’l3.

After machining, the kerfs on the jet inlet and outlet side bt and bb (Figure 10) are
measured using a Makrolite light microscope from the company Eurovision. However, the
angular error u is calculated from the two kerf widths using Formula (1) to evaluate the
parallelism of the cut.

u =
|bt − bb|

2
, (1)

If no complete cut through the material can be achieved, an evaluation of the angular
error is not useful. For these cases, referred to as surface structuring, the erosion rate
E is evaluated. The erosion rate indicates how much volume has been removed from
the workpiece surface in relation to one gram of abrasive over a machined length of
one millimeter. Furthermore, to assess the quality of the cut surfaces, the roughness Ra and
Rz are measured in the lower 10% of the cut surface, as indicated in Figure 10. Nevertheless,
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a Keyence VK-9700 confocal microscope (KEYENCE, Osaka, Japan) with a scanning plane
height of 2 µm was used to measure the kerfs and the cut surfaces. The variables to be
measured and the positions of the variables to be evaluated are shown schematically in
Figure 10.
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Following the test plan with the aluminum material (Table 16), individual cutting tests
were carried out with the lithium silicate materials in the various states analogous to the
tests described for the aluminum material. However, the parameter combinations used for
the individual tests are summarized in Table 17.

Table 17. Parameter combinations used for the individual tests.

Symbol Value Unit

p 200 MPa
SF 45–63; 63–90 µm
m’l 1.4; 0.7; 0.35 g/mm
vf 0.1; 0.2; 0.4 mm/s

Specimen material
Lithium silicate without crystallization

Lithium silicate with nucleation
Lithium silicate with nucleation and crystallization

-

Abrasive Material LS-M100 -

3. Results
3.1. Water Jet Machining of Al-Alloy

The aluminum material could be processed with regolith simulants. The identified
process limits are shown in Figure 11. This diagram shows a classification of the process
stability during AWJ of the aluminum alloy 6061 T6 as a function of the feed rate vf, the
pump pressure p and the particle size distribution for the regolith substrates LS-M100
and LS-T100 and the limits for the varied factors indicating where the workpiece could no
longer be cut completely. The result, however, is a transition towards surface removal in
terms of surface structuring, as explained in Section 2.7.

As is common for AWJ machining, the kerfs showed tapering gaps (Figure 10). The
kerf width on the jet entry side was independent of all factors (Table 17) in the range of
0.3–0.4 mm (Figure 12).

On the other hand, as shown in Figure 13, all investigated factors show an effect on
the angular error u. As expected, u is reduced with increasing pressure. In fact, this is
explained by the higher kinetic energy due to the increased particle velocity since higher
energy input increases the erosion rate. The energy input, again, increases as the feed rate
is reduced or ṁl is increased. Hence, a high ṁl also leads to a reduction of the angular
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error. Furthermore, an influence of the particle size on the angular error could be observed.
This is explained by the higher mass and the resulting increase in the kinetic energy of the
particles. However, the influence of the particle size change on the angular error turns out
to be small.
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Figure 12. Example of a tapering cut kerf geometry.

A higher material removal rate, in turn, can be achieved by varying the particle size at
shallower impact angles, as is the case with surface erosion where a full-cut kerf has not yet
been formed. This can be deduced from the increase in erosion rate due to the increase in
particle size at the lowest m’l. Furthermore, differences were found due to the variation of
the abrasive material used. During the tests, it could be observed that the conveyability of
LS-M100 is better than LS-T100. Moreover, the erosion rates of the LS-M100 material were
higher than those of LS-T100 and the angular errors were lower. Although LS-T100 has a
significantly higher amount of Al2O3 as a hard abrasive than LS-M100, the higher erosion
rates can be attributed to the much better conveyability of LS-M100.
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As a result, it was possible to machine the samples with higher feed rates and, thus,
higher productivity. As an example, two notches where only the abrasive material was
the varied parameter are shown in Figure 14. Either way, determining the cause of this
difference requires further investigation, while the chemical composition is expected to
be the cause (Table 12). Regarding the roughness (Figure 10), in turn, no effect could be
observed for the pressure factor. In fact, minimum roughness’s of Ra 2 µm and Rz 25 µm
could be achieved by increasing m’l.
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Figure 14. Comparison of the kerfs produced via variation of the regolith simulant abrasive materials.

However, Figure 15 shows different confocal microscope images of samples where
only m’l was varied. In these images, it can be observed how typical grooves of the water
abrasive jet process develop on the jet exit side with decreasing m’l. It can also be seen that
the deflection of the water jet increases with increasing feed rate or increasing mass flow
per 1 mm of machined workpiece. The jet, therefore, lags, as the cutting pressure to cut the
material remains almost constant (Figure 15).
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Either way, this characteristic can be avoided by suitably adjusting the process param-
eters (Figure 16).
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Figure 16. Characteristic cut surface without typical grooves of the water jet process with associated
process parameters. Nevertheless, the opposing trends require an application-specific trade-off,
which favors cutting quality (roughness) or productivity, depending on individual requirements.

3.2. Water Jet Machining of Lithium Silicate

First, parameter adjustments were necessary for the lithium silicate samples because
of the deviations compared to the aluminum samples (Sections 2.5 and 2.6). In fact, the
lithium silicate samples have a greater thickness, and the material has higher hardness.
Either way, all three states of lithium silicate are suitable for both cutting and surface
removal with the abrasive water jet process using regolith simulate as the abrasive. Only
the lithium silicate in nucleation and crystallization conditions (representing high-strength
ceramics) could inertially be processed to a limited extent, as samples broke in the clamping
during processing, despite the low process forces. Moreover, the materials tended to crack
at pressures of 300 MPa (Table 17), resulting in a water pressure reduction to 200 MPa.
The qualitative evaluation (Figure 17) shows a larger kerf width on the jet entry side
(0.5–0.6 mm) of the aluminum material. Furthermore, a larger taper is visible, which is
in line with the state of the art for water jet machining of hard materials. Either way, the
notched sample in Figure 17 shows a uniform cutting depth.
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4. Discussion and Conclusions

This paper addresses an innovative approach to subtractive processing based on in
situ resource utilization. Based on a review of the available resources on the Moon, a
comprehensive literature search on the state of the art in in-space manufacturing pro-
cesses was presented. Moreover, a research gap in the field of subtractive processing was
identified. On this basis, water jet cutting was selected as a versatile cutting technique
and explored for its applicability on the Moon. The main purpose of the investigations
was a proof of concept with a focus on the use of local resources and space-representative
materials. In summary, it is concluded that no contradictions were identified about the
line of argument that led to the selected method using the selected system technology
and materials, although further research is needed. From a technical point of view, it is
concluded that:

• It is possible to perform an abrasive water jet cutting and removal process with regolith
simulant on the tested materials;

• LS-M100, the sieved regolith simulant made of basalt representing the material of the
mare regions, has a higher suitability as an abrasive due to the higher erosion rates
that could be achieved;

• In order to enable the regolith simulant to be conveyed, the abrasive must be sieved,
and small particle adhesions must be removed;

• For the regolith particle fractions of 45–63 µm, 63–90 µm and 90–125 µm, the exper-
imentally determined water jet pressure for stable particle transport was between
200 and 300 MPa;

• It is possible to cut and kerf the aluminum material in the investigated test field,
whereby the generated geometries are similar to the geometries generated by means
of common abrasives with regard to their topography;

• It is possible to machine the investigated lithium materials with the selected test
parameters. As with the Al material, typical cutting and kerf geometries are produced
for the abrasive water jet technology;

• Uniformly deep kerf can be created with the regolith simulant;
• In the case of lithium silicate materials, due to the brittleness of the materials, the

machining strategy must be adapted, for example, via pressure ramps, in order to
prevent breakouts.

5. Outlook

The following aspects will be considered as part of the continuation of the present
research work:

• Comprehensive quantification of the results;
• Comparison of test results;
• Analysis of the cut surfaces;
• Determination of erosion rates in surface structuring;
• Check the reusability of abrasives;
• Scale/scalability of hardware in terms of power (maximum power for ISS payload is

2 kw), mass and volume, safety (chip debris capture), limited crew interaction, remote
commanding, etc.;

• Operation in reduced gravity (physics of removal);
• Application/operation in an encapsulated environment with circulation of the

utilized materials.
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