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A B S T R A C T

The development of in situ fabrication methods for the infrastructure required to support human life on the Moon
is necessary due to the prohibitive cost of transporting large quantities of materials from the Earth. Cellular
structures, consisting of a regular network (truss) of micro-struts with ~500 μm diameters, suitable for bricks,
blocks, panels, and other load-bearing structural elements for habitats and other infrastructure are created by
direct-extrusion 3D-printing of liquid inks containing JSC-1A lunar regolith simulant powders, followed by sin-
tering. The effects of sintering time, temperature, and atmosphere (air or hydrogen) on the microstructures,
mechanical properties, and magnetic properties of the sintered lunar regolith micro-trusses are investigated. The
air-sintered micro-trusses have higher relative densities, linear shrinkages, and peak compressive strengths, due to
the improved sintering of the struts within the micro-trusses achieved by a liquid or glassy phase. Whereas the
hydrogen-sintered micro-trusses show no liquid-phase sintering or glassy phase, they contain metallic iron
0.1–2 μm particles from the reduction of ilmenite, which allows them to be lifted with magnets.
1. Introduction

Due to the very high costs of transporting equipment and raw mate-
rials from Earth, the establishment of human bases on the Moon for
scientific lunar investigations and further explorations of the solar system
will require in situ fabrication using local, abundant materials, to create
the infrastructure needed to support human life and laboratory equip-
ment. Building materials must provide protection from the extreme
thermal cycles and the vacuum environment of the Moon as well as solar
and cosmic radiation [1–3]. Lunar regolith (lunar dust) is a promising
material that could be utilized for the construction of the lunar infra-
structure due to its abundance, ease of collection, ability to withstand the
extreme lunar thermal cycles, and radiation shielding abilities [4,5]. The
use of binder materials such as sulfur and the direct melting or sintering
of the lunar regolith are two approaches that have been reported for the
fabrication of lunar regolith objects. Numerous studies have focused on
the use of lunar sulfur concrete, which uses sulfur as the binding agent for
the lunar regolith rather than a water and cement mixture, as is used in
hydraulic concrete on Earth. However, the use of this technology is
limited by the narrow working temperature range for sulfur concrete
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(~130–140 �C), the sublimation of sulfur in lunar vacuum, the limited
geometries and complexity of objects produced by the casting process,
and the additional steps associated with sulfur supply (discovery, mining,
transport, beneficiation, and reduction to elemental sulfur of sulfur-
bearing ore) [6–8]. Recently, Khoshnevis et al. reported Contour Craft-
ing, an additive manufacturing (AM) process based on extrusion, of lunar
sulfur concrete to produce large scale domes and walls [9,10]. Although
this method is capable of rapidly producing large scale structures on the
Moon, sulfur concrete performs poorly when subjected to simulated lunar
temperature cycles due to the large differences in the coefficients of
thermal expansion between the lunar regolith and the sulfur [7]. Addi-
tions of fly ash or recycled aggregates have been reported to improve the
thermal cycling capabilities of terrestrial sulfur concrete [11].

Additive manufacturing or 3D-printing (3DP) of objects from pure
regolith powders, which are densified by sintering or fusing rather than
by the addition of sulfur or water as in concrete or cement, is another
viable manufacturing technique for the in situ fabrication of lunar rego-
lith parts on the Moon [1,12–19]. Balla et al. first demonstrated AM of
lunar regolith cylinders using Laser Engineering Net Shaping [12].
Cesaretti et al. reported a feasibility study of a lunar habitat using the
017
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D-shape process, which selectively sprays a liquid binder onto a layer of
lunar regolith to bind the printed structures together via a chemical re-
action of magnesium oxide with magnesium chloride, to produce large
scale parts [13]. Blocks, gears, nuts, and mesh grids with high surface
hardness values [14,15] and multi-layered structures and lattices
[16–18] have been produced via selective laser melting of lunar regolith.
Zhang and Khoshnevis proposed Selective Separation Sintering of JSC-1A
simulant to produce interlocking parts using alumina as the separation
coating [19]. The use of AM techniques allows the fabrication of a wide
variety of both simple and complex part geometries without the use of
molds. Additionally, AM techniques can be used to produce a variety of
different ordered, truss-based microarchitectures within a part. Such
micro-trusses are lightweight with high specific strengths and stiffnesses
and high surface areas [20–26].

In this work, we characterize the microstructures, mechanical prop-
erties, and physical properties of lunar regolith micro-trusses produced
via a combination of extrusion-based 3DP of liquid inks containing JSC-
1A lunar regolith simulant powders, followed by sintering in either air or
hydrogen atmospheres (Fig. 1). The as-printed micro-trusses are ther-
mally processed to remove the polymer binder and to sinter the lunar
regolith particles to form oxide struts. Two atmospheres were considered
for sintering: air and hydrogen. Several studies, including current NASA
projects, have proposed the reduction of the ilmenite (FeTiO3) mineral in
lunar regolith using hydrogen to produce the water, or subsequently
oxygen, required for human survival on the Moon [27–33]. For the
micro-trusses sintered in hydrogen, the iron-oxide-containing minerals
present in the lunar regolith are reduced to metallic iron, creating micro-
trusses whose struts show a ceramic-metal composite structure, which
could have an increased toughness or strength compared to the purely
ceramic counterpart [34]. Thus, sintering in a hydrogen atmosphere may
be used not only to create stronger, tougher building materials, but also
for oxygen extraction. Although robotic fabrication in high vacuum
outside a lunar habitat may occur, we consider here the scenario where
3DP and post-printing reduction and sintering of parts is done by humans
within the habitat. Thus, an air atmosphere was chosen for comparison.
Similar 3D printing platforms involving the extrusion of liquid
particle-containing inks can also be used to produce metals and alloys
[35–40], ceramics and ceramic-based composites [41–44], electronic
materials [45,46], materials for bone regeneration and tissue engineering
[45,47,48], and graphene for tissue engineering and electronics [45,49],
Fig. 1. Schematic of the 3D fabrication process for lunar regolith cellular structures. Inks are c
liquid ink is direct-extrusion 3D-printed at room temperature into green bodies consisting of lay
ceramic (air) or a ceramic-metal composite (hydrogen) micro-truss. (For interpretation of the
this article.)
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making extrusion 3D-printing a suitable option for the production of
additional materials on the Moon with the same printer. Flexible
ceramic-loaded elastomer composites have also been fabricated using the
same extrusion-based 3DP of liquid inks containing lunar or Martian
regolith particles that is used in the present work [50]. A complete
description of this 3D-printing process and a discussion of its suitability
for a lunar environment are provided by Jakus et al. [50]. Moreover, the
lactic acid and the glycolic acid monomers used to prepare the
poly(lactic-co-glycolic acid) copolymer binder in the inks may be derived
from urine [51,52] and the solvents used in the ink synthesis can be
recovered after thermal processing, and distilled, making the present
processing method particularly appropriate for lunar outposts with
limited ex situ resources.

2. Methods

Fig. 1 shows a schematic of the 3D fabrication process. Lunar regolith
inks were synthesized through physical mixing of (i) poly(lactic-co-
glycolic acid) copolymer (PLGA, 85:15 PLA-PLG (poly-lactic acid –

poly-glycolic acid) by mass, from Boehringer Ingelheim, Germany), (ii)
JSC-1A bulk lunar mare regolith simulant (sieved to <50 μm, from
Orbitec, Madison, WI, USA) and (iii) a 15:2:1 by mass mixture of
dichloromethane (DCM), ethylene glycol butyl ether (EGBE), and dibutyl
phthalate (DBP) (all from Sigma-Aldrich, St. Louis, MO, USA) using the
methods described previously [35,50,53]. The lunar regolith simulant is
composed of olivine, plagioclase, Ca-pyroxene, glass, and ilmenite
(FeTiO3) mineral phases [54,55]. The oxide compositions of each min-
eral as well as the overall composition from the technical specification
sheet are shown in Table 1 [56,57]. The bulk density of the lunar sim-
ulant determined via helium pycnometry is 2.95 g/cm3. The solid
component of the ink contains 74% JSC-1A simulant and 26% PLGA by
volume. For every cm3 (corresponding to 2.95 g) of JSC-1A powder,
16.2 g of solvent mixture were used. The PLGA was dissolved in
approximately half of the solvent mixture in the ink cartridge (Nordson
EFD 30 cc fluid dispensing system). The JSC-1A powder was added to the
remaining solvent mixture in a separate 50 mL Falcon tube. After the
PLGA dissolved, the powder suspension was poured into the ink cartridge
and mixed using a mini vortex mixer. The ink was thickened under
ambient conditions via DCM evaporation, with occasional hand stirring,
until its viscosity reached 30–35 Pa s.
omprised of lunar regolith powder, PLGA, and three solvents (DCM, EGBE, and DBP). The
ers of parallel struts. The green bodies are then sintered in air or in hydrogen to produce a
references to colour in this figure legend, the reader is referred to the web version of



Table 1
Composition (wt.%) of JSC-1A lunar regolith simulant powders (from orbitec) [56].

Oxide Mineral Phase Compositions (%) Overall Composition

Plagioclase Silica Glass Ca-Pyroxene Olivine Titanomagnetite/Ilmenite

SiO2 49.8 46.1 47.2 37.7 1.9 46.7
Al2O3 31.4 14.9 5.6 0.6 6.1 15.8
Fe2O3 – – – – – 3.4 [57,66]
FeO 0.9a 12.7a 10.3a 23.2a 65.4a 7.6 [57,66]
TiO2 0.1 2.8 2.5 0.2 14.4 1.7
MnO <0.1 0.2 0.2 0.4 0.5 0.2
MgO 0.2 5.1 12.3 36.1 4.8 9.4
CaO 14.2 10.0 20.3 0.7 0.5 9.9
Na2O 3.2 4.0 0.6 0.1 0.2 2.8
K2O 0.1 1.4 <0.1 <0.1 <0.1 0.8
P2O5 <0.1 1.0 0.3 0.4 <0.1 0.7
Cr203 <0.1 <0.1 <0.1 <0.1 1.1 –

The compositions in bold indicate the majority (>20%) constituents of each mineral phase.
a Total Fe calculated as FeO.
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All micro-trusses were 3D-printed using a 3D-BioPlotter (Envi-
sionTEC, Germany) at extrusion speeds of 5–6 mm/s and extrusion
pressures ranging from 450 to 550 kPa, using a nozzle with a 510 μm
inner diameter tip (Nordson EFD). Cylindrical micro-trusses measuring
10 mm in diameter and 20 mm in height were 3D-printed with layers of
parallel, cylindrical struts spaced 1.0 mm apart. Each subsequent layer
was rotated by 90� from the previous layer, resulting in a 0/90 truss
containing 64 layers.

A two-stage heat treatment was performed in either an air or a
hydrogen atmosphere: (i) a pyrolysis stage at 300 �C for 1 h to remove the
PLGA and (ii) a sintering stage at 1050 �C for 4 h or 1100 �C for 4 or 24 h.
The hydrogen-sintered micro-trusses were sintered in a hydrogen tube
furnace (MTI Corporation GSL-1500X-50HG) using 99.999% pure H2 gas
(Airgas) at a flow rate of ~160–200 mL/min and the air-sintered micro-
trusses were sintered in a box furnace (SentroTech St-1600�C-445) in
laboratory air. Heating and cooling in the furnaces was performed at 10
and 5 �C/min, respectively. The micro-truss dimensions and masses were
measured before and after sintering. Radial cross-sections of the sintered
micro-trusses were mounted in epoxy, polished using 320, 400, 600, 800,
and 1200 grit SiC paper followed by 3 and 1 μm diamond and 0.05 μm
alumina polishing suspensions, and imaged using a Nikon Eclipse MA200
inverted light microscope. The polished cross-sections were then coated
Fig. 2. Photographs of the as-printed lunar compression micro-trusses (left image in each box) a
(right image in each box). Scale bars are 1 cm. The 3DP z-direction is up.
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with ~15 nm of Au/Pd and imaged using a Hitachi SU8030 scanning
electron microscope (SEM) equipped with an Oxford X-max 80 SDD en-
ergy dispersive spectroscopy (EDS) detector at an accelerating voltage of
15 kV and a current of 15 μA. The strut porosity was determined using
ImageJ image analysis on optical micrographs obtained from the pol-
ished cross-sections. The relative density of the sintered micro-truss, ρ*

ρs
,

(where ρ* is the density of the micro-truss and ρs is the density of the solid
lunar regolith taken as 2.95 g/cm3), was calculated from the mass and
overall volume measurements (measured with calipers).

After sintering, the top and bottom faces of the micro-trusses used for
the compression tests were polished using 400 μm SiC paper until they
were flat and parallel. Compression tests on the sintered micro-trusses
were performed using a piston-in-sleeve compression cage with carbide
inserts on an MTS Sintech 20G with an 89 kN (20,000 lb) load cell at a
displacement rate of 2 mm/min until a strain of ~50%was reached or the
micro-truss completely fractured. Strain was measured using the cross-
head displacement, corrected for the machine compliance. X-Ray
diffraction (XRD) was conducted using a Scintag XDS2000 XRD machine
at a voltage of 20 kV and a current of 15 mA. One sample for each of the
four heat treatment conditions tested in compression as well as the as-
sieved powders were measured to identify the mineral phases and, in
the case of the hydrogen-sintered samples, metallic iron.
nd the same micro-trusses after sintering at 1100 �C in either air or hydrogen for 4 or 24 h



Table 2
Relative density, linear shrinkage, ferromagnetic response of 3DP lunar regolith micro-trusses.

Material/Sintering
Atmosphere

Sintering
Temperature (�C)

Sintering
Time(h)

Truss Relative
Density(%)

Truss Linear
Shrinkage (%)

Strut Relative
Density (%)

Ferromagnetic
Responsea

Color

JSC-1A Powder – – – – – strong dark
gray

As-printed – – – – – strong black
Air 1050 4 – – 36 ± 4 weak red
Air 1100 4 43 6.5 ± 2.4 53 ± 8 weak red
Air 1100 4 27 3.8 ± 0.3
Air 1100 4 24 5.8 ± 1.0
Air 1100 24 30 1.1 ± 2.6 87 ± 4 none red
Air 1100 24 37 3.4 ± 1.0
Air 1100 24 40 1.3 ± 2.4
Hydrogen 1050 4 – – 35 ± 3 strong dark

gray
Hydrogen 1100 4 18 16.7 ± 1.8 39 ± 2 strong dark

grayHydrogen 1100 4 26 10.2 ± 3.9
Hydrogen 1100 4 24 13.6 ± 0.2
Hydrogen 1100 24 19 17.1 ± 2.9 40 ± 2 strong dark

grayHydrogen 1100 24 21 12.4 ± 0.6
Hydrogen 1100 24 24 14.9 ± 0.9

a Strong: could lift sample with magnet; weak: could move, but not lift, sample with magnet; none: could not move sample with magnet.
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3. Results and discussion

3.1. Microstructure of sintered lunar regolith

Fig. 2 shows examples of the micro-trusses used for the compression
testing before and after sintering. The air-sintered micro-trusses have a
reddish color as a result of a change in the FeO to Fe2O3, which is red. The
micro-trusses sintered in air for 24 h at 1100 �C also have a shiny, glassy
appearance. The color of the hydrogen-sintered micro-trusses remains
relatively unchanged from the color of the JSC-1A simulant powers (dark
gray). The relative densities of the six micro-trusses sintered in hydrogen
at 1100 �C range from 18 to 26% with no significant differences between
the micro-trusses sintered for 4 h and those sintered for 24 h. The relative
densities of the six air-sintered micro-trusses range from 24 to 43% with
the micro-trusses sintered at 1100 �C for 24 h denser (34 ± 4%) than
those sintered for 4 h (31 ± 10%). Table 2 lists the relative densities, as
well as the linear shrinkages, strut densities, and color changes after
sintering for all of the micro-trusses presented in this work. The wide
range of relative densities for the micro-trusses may be due to the
Fig. 3. Low magnification stereoscope images of micro-trusses sintered in air and hydrogen and
or hydrogen. M represents the mineral grains comprising the micro-truss strut, E represents ep
porosity within a mineral grain. The numbers in the insets are the strut relative densities calcu
spacing between the struts. The 3DP z-direction is into the page.
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heterogeneous composition, non-uniform size distribution, and irregular
shape of the regolith powder, which could lead to variations in extrusion
and sintering behaviors.

On average, the linear shrinkage of the hydrogen-sintered micro-
trusses is <5% after sintering, but the linear shrinkage of the air-sintered
micro-trusses is ~10–15% (see Table 2). This is because the struts of the
air-sintered micro-trusses are better sintered, as illustrated in the optical
micrographs of the cross-sections of the struts of the micro-trusses after
sintering in either air or hydrogen shown in Fig. 3. At 1050 �C, the
densities of the struts are similar for the micro-trusses sintered in air or
hydrogen (36 ± 4% vs. 35 ± 3%). As expected, the density of the struts
increases to 53 ± 8% and 39 ± 2% for air and hydrogen, respectively, as
the sintering temperature increases from 1050 to 1100 �C. The density of
the air-sintered struts increases more than the density of the hydrogen-
sintered struts as a function of temperature. When the sintering time
increases to 24 h, the density of the hydrogen-sintered struts is only
slightly higher than after 4 h of sintering (39 ± 2% vs. 40 ± 2%), while
the density of the air-sintered struts significantly increases from 53 ± 8%
to 87 ± 4%. The significant increase in the strut densities of the air-
optical micrographs of polished cross-sections of the struts in micro-trusses sintered in air
oxy-filled pores, and P represents pores not infiltrated by the mounting epoxy or closed
lated via image analysis of the cross-sections; they do not include 3DP porosity from the



Fig. 4. SEM backscatter images of the polished cross-sections with the constituent phases labeled for (a) an as-received JSC-1A lunar regolith simulant powder, (b) a 3DP micro-truss
sintered in air at 1100 �C for 4 h, and (c) a 3DP micro-truss sintered in hydrogen at 1100 �C for 4 h. Phases are marked, with M representing the Ca-pyroxene and glass matrix. Back
scatter SEM images and corresponding EDS maps for oxygen, iron, and titanium of the cross-sections of 3DP lunar regolith micro-trusses sintered in (d) air and (e) hydrogen. In the
hydrogen-sintered micro-trusses, ilmenite is reduced to form metallic iron particles, but in the air-sintered micro-trusses the iron oxides remain in the oxide form as indicated by the red
circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sintered micro-trusses with increased sintering time is likely due to the
melting of one or more mineral phases which provides liquid phase
sintering [54]. Some melting occurs in the micro-trusses sintered in air at
1100 �C for 4 h, as indicated by the glassy appearance of the samples in
some regions, but significantly more melting occurs in the micro-trusses
sintered in air at 1100 �C for 24 h, as indicated by the smooth strut
microstructure shown in Fig. 3. No indications of melting are observed in
the microstructures of the micro-trusses sintered in hydrogen at the same
temperature, most likely because of the reduction of iron oxide which is
then unavailable for the formation of low-melting mixed oxides [5]. The
sintering of the struts could be further improved by increasing the tem-
perature; however, significant melting occurred in the micro-trusses
sintered at 1110 �C (a melting point of 1120 �C has been reported for
the JSC-1A simulant [58]) in air and resulted in slumping and a loss of the
3DP microarchitecture.

XRD and EDS analysis of the as-sieved powders and the sintered
micro-trusses was performed to identify the constitutive phases based on
mineral compositions given in the technical specifications for the regolith
simulant [56]. Fig. 4(a)-(c) shows the SEM backscatter images of the
cross-sections of the sintered micro-trusses as well as the as-sieved
powders. The olivine, plagioclase, Ca-pyroxene, and glassy phases are
present in all micro-trusses, as confirmed by EDS compositional analysis
and XRD phase analysis. However, in the hydrogen-sintered micro--
trusses, the ilmenite is reduced to form metallic iron particles, but in the
air-sintered micro-trusses the iron oxide-containing minerals, including
ilmenite, remain in the oxide (hematite) form (Fig. 4(d)-(e)).
3.2. Magnetic properties

Both the as-sieved lunar regolith simulant powders and the 3DP green
bodies (~1–1.5 g) can be moved and picked up with a
2.5 � 2.5 � 1.2 cm3 Nd–Fe–B magnet. This is due to the presence of
ferromagnetic ilmenite and iron oxide phases within the powders. When
5

the sintered micro-trusses were placed near the Nd–Fe–B magnet, the
air-sintered micro-trusses (~0.5–1 g) could be moved around but not
lifted, while the hydrogen-sintered micro-trusses (~0.5–1 g) could both
be moved around and lifted. Thus, the presence of the metallic iron (vs.
iron oxides which may also be ferromagnetic depending on the oxidation
state of Fe) increases the ferromagnetic response of the sintered micro-
trusses. Several studies have also reported ferromagnetic behavior of
raw materials from the Moon, suggesting that a similar increase in the
magnetic response of 3DP objects sintered in a hydrogen atmosphere
fabricated using real lunar regolith rather than the terrestrial simulant
would be observed [59–62]. The magnetic properties of the green bodies
and the hydrogen-sintered objects could be utilized to transport and
handle the objects on the Moon via electromagnetic grippers.
3.3. Compressive properties of sintered lunar regolith structures

The compressive stress-strain curves for the micro-trusses sintered at
1100 �C are shown in Fig. 5(a)-(d). The micro-trusses sintered at 1050 �C
were not tested in compression due to their low degree of sintering. The
serrated shapes of the stress-strain curves are characteristic of brittle
cellular materials which undergo internal damage or spalling during
compression [23]. The peak compressive stresses for the sintered 3DP
micro-trusses as well as the compressive yield strengths for AM lunar
regolith objects from literature are shown in Fig. 5(e)-(f). The peak
compressive stresses range from ~1 to 19 MPa and increase sharply with
increasing relative density, as is expected for porous materials [23]. The
hydrogen-sintered micro-trusses are weaker than the air-sintered
micro-trusses, which is likely due to their lesser degree of sintering and
higher porosity. The partial melting and glass formation improves the
sintering of the air-sintered micro-trusses, which thus increases the
relative density and strengthens the micro-trusses. In general, spalling
began at strains of ~5% in all of the micro-trusses, resulting in the sharp
serrations in the stress-strain curves, but significantly more spalling



Fig. 5. Compressive stress-strain curves for micro-trusses with various relative densities, sintered at 1100 �C in (a) air for 4 h, (b) air for 24 h, (c) hydrogen for 4 h, and (d) hydrogen for
24 h. (e) Plot of peak compressive stress vs. relative density showing present data with a power law fit and (f) literature data for lunar regolith simulant blocks sintered (relative density not
reported, but assumed to be between 0.5 and 0.9) at 1000 and 1050 �C in vacuum (red box) [9], pressed and sintered regolith bricks (purple oval) [63], chemically bonded D-shaped
regolith blocks (green star) [13], commercial ceramic foams (yellow line) [23], and terrestrial clay bricks (blue rectangle) [64]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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occurred in the hydrogen-sintered micro-trusses. Significant splitting of
the air-sintered micro-trusses results in a significant, sharp decrease in
the engineering compressive stress at strains of ~2–4% (due to the
reduced cross-sectional area of the micro-trusses). No splitting was
observed in the hydrogen-sintered micro-trusses, which may be due to
crack bridging by the metallic iron particles formed upon reduction of
the ilmenite.

The maximum compressive stresses for all the micro-trusses are
similar to those for commercial ceramic foams with relative densities of
~10–25% (0.8–1.2 MPa) [23], despite the fact that the lunar regolith
simulant is an unrefined, raw material rather than a refined powder
typically used in sintered ceramics. Bricks fabricated by sintering (at
1100 �C) of pressed MLS-1 lunar regolith simulant had compressive
strengths of ~14 MPa, with porosity not reported but below the
as-pressed density of 29% [63]. Compressive strengths of 7–10 MPa for
regolith blocks fabricated with JSC-1A simulant sintered at 1000 and
6

1050 �C, which are within the range of values achieved here, have been
reported [9]. However, the relative densities of these sintered blocks,
while not reported by the authors [9,63], are likely much higher
(assumed between 0.5 and 0.9) than those of the 3DP micro-trusses
because the present 3DP micro-trusses contain a significant amount of
3DP porosity from the spacing between the printed struts in addition to
the porosity from sintering, while the sintered blocks only contain
porosity from sintering. A compressive yield strength of ~20 MPa was
reported for non-sintered, chemically bonded, D-shaped lunar regolith
simulant blocks with a relative density of 87% [13]. Increasing the
relative density of the cellular structures by decreasing the strut spacing
would likely improve the compressive strength. For comparison, clay
bricks (>75% relative density) used for terrestrial construction have
compressive strengths of 10–20 MPa [64]. Given that the lunar gravity is
~1/6 of Earth's gravity, this would correspond to a required strength of
~1.7–3.3 MPa, which is within the range of the peak compressive
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stresses reported here for the micro-trusses, making them suitable for
bricks and other load-bearing elements.

The hydrogen-sintered micro-trusses did not display an increase in
the peak strength, and/or energy absorption during crushing from the
presence of the metallic iron inclusions. However, this could be because
of the poor sintering from the lack of liquid or glassy phase formation or
because the Fe2O3þ FeO content (~12%) in the JSC-1A simulant was not
high enough to form a percolating network of metallic iron upon
reduction [58]. The addition of metallic particles to the inks may
improve the strength and toughness of the sintered lunar regolith [9].
Increasing the sintering temperature could also improve the degree of
sintering and, thus, the strength; however, for micro-trusses sintered in
air at 1110 �C, large-scale melting resulted in slumping and a loss of the
3DP microarchitecture. These melting temperatures are consistent with
values reported in the literature [54,58,63,65]. Beneficiation, enrich-
ment (e.g. magnetically), and sieving of the lunar regolith may also
improve the sintering of the resulting concentrates, from which
micro-trusses with increased strength could be sintered. Additionally, the
oxygen/water produced during the reduction of the ilmenite minerals in
the micro-trusses sintered in hydrogen could be collected for human
use [27–33].

4. Conclusions

This work investigates the microstructures, compressive properties,
and ferromagnetic properties of porous lunar regolith micro-trusses (with
18–43% relative density) produced via direct-extrusion 3D-printing and
subsequent polymer removal and sintering in either air or hydrogen.
Strut densification and relative density improved when the sintering
temperature was increased from 1050 to 1100 �C in both air and
hydrogen. Improvements were particularly marked for sintering in air
when time increased from 4 to 24 h. The increased relative density, linear
shrinkage, and peak compressive stresses in the air-sintered micro-
trusses, as compared to the hydrogen-sintered micro-trusses, are due to
liquid phase sintering from the formation of a glassy phase. The further
oxidation of the iron-containing minerals in the air-sintered micro-
trusses results in a reduced magnetization compared to the hydrogen-
sintered micro-trusses, which contain metallic iron. This method could
be used for the in situ fabrication of micro-truss structures for construc-
tion materials such as bricks, blocks or support materials for communi-
cation, energy, and transportation systems, as well as habitats on
the Moon.
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