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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In the framework of the future manned exploration of planet Mars, the availability of efficient manufacturing

techniques for the in-situ exploitation of regolith represents a key target. In this regard, the newly developed

Keywords: Laser Induced Slip-Casting (LIS) technique is investigated in this work, starting from 100% in-situ available
ISSPI:ICJe resources materials, as an additive manufacturing route. For the sake of comparison, traditional Slip-Casting (SC) was also

employed.

The use of clay-containing (2.5 wt%) materials and a Martian saltwater simulant as dispersion medium led to
compact green bodies for both LIS and SC technologies. The obtained parts, after being characterized for their
thermal stability both in oxidizing and inert conditions, have been sintered to produce dense specimens, with the
best results observed operating at 1190 °C for 3h holding time in air, and 1180 °C for 3h in simulated Martian
atmosphere. Compositional and magnetic analyses revealed different phase transformations occurring during the
thermal treatments, i.e., Magnetite or Hematite formation, indicating that different phenomena occur in air and
Martian atmosphere conditions. The modest compressive strength of the LIS-printed green bodies (about 0.9
MPa) can be significantly improved after sintering (about 100 MPa), obtaining values higher than most literature
data. The LIS results are still inferior to the outstanding ones obtained in this work via the well-consolidated SC,
underlining how promising the more advanced LIS technology, paired with oven sintering, could be in the ISRU
framework.

Martian regolith simulants
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Compressive strength
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1. Introduction

In the past ten years, most of the space agencies and companies
around the world have discussed programs that involve the exploration
of the planet Mars [1-5]. Prolonged human presence on the Red Planet is
expected to extensively rely on the so-called In-Situ Resource Utilization
(IRSU) approach, which is based on the principle of maximizing the
in-situ utilization of available space resources to obtain products that
significantly reduce the mass, cost, and risk of near-term and long-term
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space exploration, allowing to cut payload costs especially associated
with longer-term missions [6].

Construction materials are expected to be among the most needed
resources for the development of permanent bases on Mars's surface [7],
as well as an early concern, given the harsh environmental conditions
that include harmful radiation, dust storms and boulder impacts [8-10].

Due to the high availability of rocks and regolith, such materials can
be considered an easier solution to address this need. The separation of
the different mineral phases would require significantly higher energy
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consumption compared to their direct utilization [10]. However, as
Mars is a differentiated terrestrial planet with a complex geological
history, mineral deposits could be exploited in order to enrich the pro-
posed construction materials of particular phases, with the ultimate aim
of tailoring the regolith properties and facilitating processability [11]. In
this regard, numerous clay deposits have been detected on the surface of
Mars [12].

Given its high versatility, clay shaping is expected to have extraor-
dinary impact as an ISRU technique [13], but water is required for this
scope. Numerous pieces of evidence of HoO presence on planet Mars
have been proposed, either as subsurface ice [14], hydrated materials
[15], or salt-rich brines [16-18]. The latter two sources of water are
usually associated with high concentrations of dissolved salts, that could
allow the stability or metastability of brines on the surface of Mars,
where pure liquid water is not stable [19].

While most previous clay processing studies were based on the use of
pure HyO [11,13,20], the direct utilization of salt brines for construction
materials would eliminate the need for purification processes, thus
enhancing the applicability of the proposed technology, especially in the
early stages of human presence on Mars.

Given the unavailability of Martian soils and brines for research,
which have never been brought to Earth, both regolith and brine sim-
ulants are required for Earth-based ISRU studies. In this regard, while
several Martian regolith simulants are currently available for re-
searchers [10], limited efforts have been made to simulate Martian
saltwater, whose composition is known, based on measurements carried
out by the Phoenix lander on Mars [19,21].

A previous study revealed that additive manufacturing (AM) of clay-
rich simulants can lead to green bodies with compressive strength
similar to general-purpose concrete, albeit with the aid of polymeric
binders [13]. If further increases in mechanical performance are needed,
consolidation techniques such as sintering could be employed [11].
Additive manufacturing is expected to play an important role in ISRU
technologies, as it would enable flexible remote production. Recently,
several AM-based approaches have been proposed in this framework.
For example, laser fusion of regolith powder beds led to samples with
high porosity (>59%) and Vickers hardness of 710 + 30 HV [8], ma-
terial extrusion with phosphoric acid (33 wt% non-ISRU-compatible) led
to compressive strengths of about 20 MPa [22]. Robocasting resulted in
green bodies with compressive strengths of 7.55 + 1.33 MPa [13].
Layerwise Slurry Deposition (LSD) led to compressive strength of 30.8
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+ 2.47 MPa, before sintering [13], and flexural strength of 57.5/53.3
MPa, when sintered in terrestrial/simulated Martian atmosphere [11].
Recently, injection molding was tested to simulate the binder jetting
process by using a 6.25% NaCl aqueous solution as a binder, achieving a
peak compressive strength of 25.46 MPa after sintering at 1200 °C for 1
h [23].

Among the traditional technologies employed to process ceramic
slurries, slip casting (SC), capable of processing a broad range of particle
sizes, allows to obtain high powder packing density, up to 60 % of the
theoretical density and a low organic content (typically 2 wt%) is
generally employed in the process [24]. These features, including the
possibility of employing limited or no polymeric additives, make this
technology particularly interesting in the ISRU scenario. SC has previ-
ously been employed on Martian regolith slurries both for the obtain-
ment of unfired green bodies (compressive strength of 3.34 + 0.22 MPa,
42.2% porosity) [11] and sintered parts (flexural strength of 51 MPa,
28.23% porosity) [20].

Recently, the innovative Laser Induced Slip Casting (LIS) technology,
falling in the category of additive manufacturing processes, has been
proposed as the evolution of conventional SC, being capable of obtaining
voluminous ceramic parts with properties comparable to those of
conventionally manufactured ones [25].

LIS technology is based on the selective drying of a slurry using a
laser (Fig. 1), with many features resembling the well-established ster-
eolithography [25]. If compared to conventional SC, LIS allows faster
generation of parts with random geometries without the need for gyp-
sum molds [26] and with the automation advancements associated with
AM processes [25]. In the framework of ISRU studies, LIS technology
could provide control of the density of the printed part, from low values
(e.g., compatible for thermal insulation applications), to very high
compaction levels [27]. Moreover, this technology could enable fast
production of regolith-based parts, as higher build rates, with respect to
other ceramic AM forming techniques, have been reported (up to 60
mm/h throughput versus 5-10 mm/h) [27]. LIS is therefore compatible
with remote automated production, which could anticipate and prepare
a human mission on Mars, an aspect that is often identified among the
main advantages of AM within the ISRU context [10].

LIS technology is evaluated for the first time in the present work as a
possible ISRU additive manufacturing technology for the obtainment of
sintered parts with compressive strength equal to, or higher than,
general-purpose concrete (i.e., 20-40 MPa). Samples obtained with

Infrared

Laser Doctor Blade

Infrared
Laser

Green Body

Green Body

To the slurry tank
—_—

Fig. 1. Illustration of the LIS process, a) The first layer of slurry is deposited in the build platform by the doctor blade. b) The laser locally dries the slurry, producing
the first layer of the green body. ¢) A new layer of slurry is deposited. d) The laser locally dries the second layer of slurry. e) The excess slurry is drained. f) The printed

green body remains.
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conventional SC have been produced for the sake of comparison. No
polymeric dispersant or binder is employed and, to maximize applica-
bility as well as ISRU compliance of the proposed technology, a Martian
Saltwater Simulant [21], instead of deionized water, is used as a
dispersion medium.

Relative density, linear sintering shrinkage, composition, micro-
structure and compressive strength of the obtained green bodies are
evaluated. Sintering experiments are carried out in both terrestrial and
simulated Martian atmosphere conditions [11]. Relative density, water
absorption (as frost-resistant ceramics are expected to have water ab-
sorption < 3-5% [11,28]), composition, microstructure, magnetic
properties, thermal conductivity in the Martian temperature range, and
finally compressive strength of sintered parts are examined. Obtained
results are compared with literature data.

2. Experimental materials and methods
2.1. Regolith and saltwater simulants

The third-generation simulants, Mars Global Simulant (MGS-1) and
(MGS-1C), consist of blends of minerals of appropriate composition and
physical properties that closely mimic the Martian soil [10,29]. Their
chemical and mineralogical compositions are reported in Tables 1 and 2,
respectively[13,30,31].

The main difference between MGS-1 and MGS-1C simulants is the
presence of phyllosilicate in the latter. MGS-1C is specifically crafted to
simulate a clay-rich Martian terrain, albeit using montmorillonite (Na
smectite) instead of nontronite and saponite (Fe/Mg smectites), which
have been reported to dominate on the Martian crust but are rare on
Earth [13]. Clay minerals allow for the wet processing of Martian
regolith without the need for any additional binder or plasticizer, as was
reported in previous literature findings [13]. However, high amounts of
clay can be detrimental, particularly due to problems associated with
shrinkage and cracking phenomena occurring during drying and sin-
tering. The scenario usually proposed to mitigate this issue is to properly
temper a high clay content terrain, possibly sourced from phyllosilicate
deposits on Mars, with a generic soil with composition close to the
Martian average [13]. MGS-1C (40% montmorillonite, see Table 2) and
MGS-1 are good candidates to mimic the former and the latter, respec-
tively. In this work, MGS-1C was added to MGS-1 according to different
extents, varying from 1:32 to 1:4. The calculated oxide constituents and
mineral composition of the 1:16 mixture (MGS-1/16) have been re-
ported in Tables 1 and 2, respectively.

Given the rather coarse dimensions of the as-received simulants, a
preliminary dry milling step of the two materials was performed

Table 1

Oxide constituents (wt.%) of MGS-1 and MGS-1C simulants and the MGS-1/16
mixture employed in this work. Producer values, as well as values obtained
via XRF on the same batches used in this work, have been taken from Karl et al.
2020a and references therein [13]. The calculated MGS-1/16 mixture values
refer to the latter.

Oxide  MGS-1 MGS-1 MGS-1C MGS-1C MGS-1/16
(Producer (measured) (Producer (Measured) mixture
data) data) (calculated)

SiO, 45.57 44.36 53.16 51.15 44.78

Al,03 9.43 12.71 16.89 13.98 12.79

FeOr 16.85 16.85 8.24 10.86 16.48

MnO 0.1 0.1 0.04 0.05 0.10

MgO 16.5 13.84 12.57 6.84 13.40

CaO 4.03 7.36 2.02 3.48 7.12

Na,O 3.66 1.65 1.91 2.24 1.69

K0 0.43 0.46 0.47 0.54 0.47

TiOy 0.3 0.39 0.21 0.28 0.38

P,0s 0.37 0.11 0.35 0.09 0.11

Cry03 0.12 0.13 0.02 0.04 0.12

SO3 2.63 1.73 1.16 1.05 1.69
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Table 2
Phase composition (wt.%) of MGS-1 and MGS-1C simulants and the MGS-1/16
mixture employed in this work (n.r.: not reported).

Mineralogical MGS-1 [30] MGS-1C [31] MGS-1/16 mixture

Phase (Calculated)

Glass-rich 229 13.7 22.3

basalt

Plagioclase 27.1 16.4 (Anorthosite) 26.4 (Anorthosite)
(Anorthosite)

Pyroxene 20.3 12.2 19.8

Olivine 13.7 8.2 13.4

Mg-sulfate 4.0 2.4 3.9

Anhydrite 1.7 1.0 1.7

Ferrihydrite 3.5 21 3.4

Spinel 1.9 1.1 (Magnetite) 1.9 (Magnetite)
(Magnetite)

Hematite 0.5 0.3 0.5

Fe-carbonate 1.4 0.8 1.4

Hydrated silica 3.0 1.8 2.9

Phyllosilicates n.r. 40.0 2.5 (Montmorillonite)

(Montmorillonite)

separately. For such a procedure, a steel milling vessel in a vibratory disc
mill TS250 (Siebtechnik GmbH, Germany) was employed for treatments
of 8 min duration. The Martian saltwater simulant (MSW) was prepared
according to the Mars “dirty” water recipe based on the chemical com-
pounds detected by the Phoenix lander [21], as reported in Table 3.
Double-deionized water (DDW) was used as a solvent.

2.2. Wet processing

2.2.1. Slurry preparation

After the milling step, powders were mixed according to different
MGS-1C to MGS-1 ratios to obtain blends with clay content ranging from
1% to 10 wt%. MSW was added to the desired extent. A wet milling step
was then performed to guarantee a proper dispersion of the regoliths in
the saltwater simulant. A 1h treatment on a roller bank (ROBO, Alpine,
Germany) set at 150 rpm was performed using 8 mm diameter (30% of
slurry weight) and 3 mm diameter (10% of slurry weight) zirconia balls
as milling media.

2.2.2. Slurry characterization

Prior to printing, a rheological characterization was performed by
tuning clay content in solids and solid loading to find an optimum that
guaranteed the best slurry processability.

Viscosity of the slurries was measured by means of a Physica
MCR301 rheometer (Anton Paar, Austria). The shear rate was system-
atically varied using a linear ramp from 5 to 100 1/s over a duration of
145 s, and then kept constant at 100 1/s for a duration of 10 s before
being linearly ramped back down to 5 1/s.

Other than viscosity, shear stress was investigated as a function of
shear rate.

Slurries produced according to different MGS-1C to MGS-1 ratios and
50 wt% solid loading were then preliminary slip cast with a conical mold
and characterized in terms of the extent of cracks formed during printing
and subsequent drying.

Particle size distribution of the solids dispersed in the slurry was
determined using an LS13320 laser diffraction size analyzer (Beckman
Coulter, USA). Each measurement was repeated three times.

Given the use of a CO; infrared laser to dry the slurry during LIS
printing, the optimized composition was characterized in terms of
infrared radiation absorbance, taking inspiration from the work of
Goulas et al. [8]. To this aim, spectra were obtained by means of a
Fourier transform infrared (FTIR) Vertex 70 (Bruker, Germany) spec-
trophotometer in the wavelength range 4-20 pm. For the sake of com-
parison, powders mixed according to the optimized clay content were
also characterized.
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Table 3

Ceramics International 52 (2026) 21303-21316

Mars saltwater simulant (MSW) composition (1 L solution) taken from Linne et al., 2019 [21].

Formula Compound Quantity (g) Supplier Product Code
H,0 Double deionized water 1000 - -
CaCOs3 Calcium Carbonate 1.6 Riedel-de Haen AG Seelze-Hannover 12003
MgCO3 Magnesium Carbonate 0.8 Roth 3530.2
MgSO4 Magnesium Sulfate Heptahydrate 1.2 Merck 5886
*7H,0
KCl Potassium Chloride 0.032 Roth 6781.1
NaHCO3 Sodium Bicarbonate 0.14 Honeywell Fluka 31437
Ca(ClOy4)» Calcium Perchlorate Tetrahydrate 0.46 ThermoFisher Scientific 39063
*4H,0
Mg(ClO4), Magnesium Perchlorate Hexahydrate 0.332 Aldrich 309303
*6Ho0
2.2.3. LIS printing
Table 4

LIS printing was performed using a CeraMax Vario V900 LIS machine
(Lithoz, Austria).

The CeraMax Vario V900, depicted in Fig. 2a, is equipped with a 120
W CO,-Laser that has a focused spot with a diameter of ~0.5 mm. The
slurry is stored in a reservoir from which it is pumped and spread out by
a doctor blade, which deposits it on a build plate (Fig. 2b) that is lowered
into the vat for every new layer. During printing, the infrared CO, laser
progressively dries the slurry according to customizable parameters, as
described in the Supplementary Material.

Fig. 2c and d shows examples of alumina parts printed through
optimized LIS parameters.

In this study, two configurations, namely A and B, respectively, are
tested (Table 4). With respect to the B one, configuration A is an
enhanced drying program which aims to maximize water removal from
each printed layer, thanks to an increased Wattage and Number of
Hatches. To maximize the output of the printing sessions, rather simple
blocks of dimensions 80x80x5 mm are printed with the LIS machine, and
smaller square-section green bodies with a 2:1 aspect ratio (dimensions
about 15x5x6 mm) are cut from them.

2.2.4. Slip casting
For the sake of comparison, the same optimized slurry composition
employed for LIS printing was used to obtain, via slip casting, cylindrical

Investigated parameters for the LIS process. Values reported in italics identify a
parameter that was varied and optimized for the obtainment of the LIS printed
part.

Parameter Config. A Config. B
Laser Speed 7 m/s 7 m/s
Wattage 0w 22w

Line Spacing 0.025 mm 0.025 mm
Number of Hatches 30 22

Rotation Between Hatches 90° 90°

Line Scheme Snake Snake

Layer Height 0.25 mm 0.25 mm
Dimensions of the Printed Part 80x80x5 mm 80x80x5 mm

samples of aspect ratio >2:1 (dimensions about 15 mm height x 6 mm
diameter). To do so, polymeric cylindrical molds, treated with a mold
release spray, were employed on top of a gypsum plate.

2.3. Thermal treatments

2.3.1. Preliminary Thermogravimetric analyses

Thermogravimetric analyses (TGA) were performed to evaluate the
degassing behavior in oxidizing and inert atmospheres of LIS-printed
green bodies undergoing sintering. The experiments were performed

Fig. 2. (a) The CeraMax Vario V900 machine for Laser Induced Slip-Casting employed in this work. (b) Details of the build platform, (c) and (d) examples LIS printed

alumina parts.
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with a simultaneous DTA-TGA STA 409 PC Instrument (Netzsch, Ger-
many) coupled with an OmniStar mass spectrometer (Pfeiffer Vacuum,
Germany). The weight loss and evolved gas were tracked in the RT-
1200 °C interval, with a heating rate of 10 K/min.

To evaluate the effect of the salts on the thermal stability of the
printed part, tests experiments were conducted in an air atmosphere for
the MSW green body printed via LIS and a special LIS-printed green body
was obtained with DDW. Additionally, inert conditions experiments
were conducted in the N, atmosphere for MSW LIS printed samples.
Each experiment was reproduced at least twice.

2.3.2. Sintering

A custom-built Al,O3 tube furnace inside an HT 1600 (LECO In-
struments GmbH, Germany) was used to heat samples from room tem-
perature to a dwelling value in the range of 1150°C-1210 °C with 3 h
dwelling time and 1.7 K/min heating/cooling rate. Two-step treatments
were performed by augmenting with the same heating rate the lower
dwell temperature up to the upper value, which was kept for an addi-
tional 1 h dwelling time. Experiments were conducted both in oxidizing
(air) and simulated Martian conditions (925 Pa CO»). Further details on
simulated Martian atmosphere sintering can be found elsewhere [11]. A
minimum of three samples (SC and LIS) were placed inside the sintering
area to evaluate experimental deviations.

2.4. Characterizations of the dense samples

Sintered samples were characterized in terms of the corresponding
linear shrinkage and relative density. The latter was evaluated by
Archimedes' method using acetone as a soaking medium (as suggested
by Sizemore et al. [32]) and an MC1 Analytic AC210P (Sartorius, Ger-
many) analytical balance. Relative densities were then calculated by
considering, as reference values, the true densities evaluated on crushed
LIS green body by an Ultrapyc 1200e helium pycnometer (Quantach-
rome Instruments, USA). Water adsorption experiments were conducted
by submerging the samples in double-deionized water for 10 min and
recording the weight before and after the experiments. Phase transitions
occurring after the thermal treatments were evaluated by means of
ex-situ X-ray Powder Diffraction (XRD) analysis on pulverized sintered
samples. A D8 (Bruker, Germany) diffractometer was used (Bragg--
Brentano geometry), equipped with a copper anode (Cu Ka radiation A
= 1.5418 nm) working at 40 kV and 40 mA. The analysis was performed
in the range 20 = 10°- 130°, with a step size of 0.05° and 10 s for each
step. The attribution of the mineralogical phases was performed with
EVA software (Bruker, Germany) with a Search and Match approach,
using the COD (Crystallography Open Database) as a reference database
[33]. Sample microstructure was investigated prior to and after sintering
via high-resolution scanning electron microscopy (SEM, Quanta FEG
400, FEI Company, USA). To estimate the total porosity level and
average pore size (equivalent circular diameter and Feret diameter),
SEM micrographs representing different areas of each sample were
analysed using ImageJ software (National Institute of Health, USA) [34].

Compressive strength was evaluated on 10 LIS and 10 SC samples
produced at the two optimized conditions for oxidizing and reducing
atmospheres, using a Zwick RetroLine (Zwick/Roell, Germany)
machine.

Magnetization measurements on 7 selected samples were performed
using the Vibrating Sample Magnetometer option on a Physical Prop-
erties Measurement System (PPMS, Quantum Design). The material (15
- 25 mg) was filled into plastic capsules and mounted to brass sample
holders. Magnetic hysteresis curves were taken at 300 K in an applied
magnetic field up to +1 T. Heat conductivity between 100 K and 300 K
was measured on selected samples using the Thermal Transport Option
on the PPMS.

Ceramics International 52 (2026) 21303-21316

3. Results and discussion
3.1. Compositional optimization of the slurry

Rheologic experiments, as reported in Fig. 3, show that the higher
the water content in the slurry (lower solid loading), the lower the vis-
cosity. With decreasing viscosity while keeping almost constant shear
stress over the shear rate, the examined slurries show shear-thinning
behavior. As also shown in Fig. 3, the viscosity of the reference Al,O3
slurry, which was provided by the company QEP3D as standard for LIS
printing, is almost constant over the shear rate, linearly increasing with
the shear stress. This slurry shows less shear thinning and behaves as a
Newtonian fluid. While the viscosity of the slurry with 45 wt% water is
the closest to the Al,O3 reference at a shear rate of about 20 1/s, it gets
considerably lower at higher shear rates. Overall, the most similar slurry
to the reference one, particularly for high shear rates, is that with 50 wt
% water. This is important for the LIS process, as the material will
experience similar shear rates while being pumped through the tubes.
Analogous results have been obtained with the 50 wt% saltwater slurry
(50 wt% solid loading), so that such composition was used in all sub-
sequent experiments.

Preliminary slip casting of slurries obtained starting from MGS-1 and
MGS-1C simulants mixtures in the range from 1:32 (1 wt% clay) to 1:4
(25 wt% clay) confirmed that the higher the clay content, the more
extensive the cracks formed after drying. To keep a good compromise
between the processability of the slurry and cracking phenomenon, the
2.5 wt% (MGS-1/16) clay composition was selected and used for all
experiments.

As reported in Supplementary Figure S2, IR spectra of the MGS-1/16
powders show a relatively high absorbance at wavelengths of 10 pm,
suggesting that the CO laser is well suited to dry the slurry efficiently.

According to particle size analysis results reported in Table S1, the
combined effect of dry and wet milling leads to a slurry characterized by
small, dispersed particles, showing a Dgy parameter of 8.28 pm.

3.2. Additive manufacturing
The saltwater-based slurry prepared according to the optimized solid
loading (50 wt%) and mixture of MGS-1 and MGS-1C simulants (MGS-1/

16 powders) was printed according to A and B configurations reported in
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Fig. 3. Viscosity and shear rate over shear stress for different slurries: com-
parison of 60-45 wt% water (dashed lines), 50 wt% saltwater (red solid line
line) content and Al,O3 reference slurry (violet solid line).
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Table 4.

While B succeeded in printing the 80x80x5 mm block (Fig. 4b), when
printing with configuration A, cracks appeared already during the LIS
process, as reported in Fig. 4a. This difference is ascribable to the
harsher drying in the latter configuration, where both laser Wattage and
Number of Hatches parameters were higher. This likely resulted in hu-
midity gradients across the printed part, causing cracks and exfoliation.

This outcome underlines the importance of the tunability of LIS pa-
rameters, if compared to traditional slip casting, when it comes to
controlled drying. By appropriately tuning two of the machine param-
eters, it was possible to obtain 80x80x5 mm blocks, which were then cut
into smaller square-section green bodies dimensions about 15x5x6 mm,
used for subsequent sintering and characterization.

Cylinders of about 15 mm in height and 6 mm in diameter were
obtained through slip casting (Section 2.2.4). Their sintering and char-
acterization results were used as a comparison for those obtained for the
LIS samples.

LIS printed parts showed an average density of 1.63 + 0.07 g/cm?,
while a higher value of 1.83 + 0.03 g/cm? corresponded to SC samples.
If compared to the pycnometric density of 3.03 + 0.01 g/cm?, measured
on the dried starting slurry, the relative densities for the green bodies are
about 53.8% and 60.4% for the LIS and SC samples, respectively.

Such differences could be likely ascribable to the diverse drying
conditions encountered by the same material. In the LIS process, the new
slurry is progressively added on top of each dried layer during printing,
causing water reabsorption that could determine a resulting higher
water content at the end of the process, if compared to SC. This water
content is then eliminated through the final drying step in a controlled
atmosphere. However, a higher porosity is retained.

Such findings are confirmed by the LIS and SC green bodies micro-
graphs reported in Fig. 5a-d. The printed parts consist of agglomerated
particles. The effect of the printing process can be clearly observed in
unpolished LIS samples (Fig. 5b), where ~250 pm wide layers are pre-
sent, consistently with the layer height parameter chosen during print-
ing (see Table 4). Conversely, such a structure is absent in SC specimens
(Fig. 5a). Clearer insights can come from micrographs of resin-
embedded and polished samples, for which higher porosity levels, esti-
mated and reported in Supplementary Table S2, can be observed in the
case of LIS (Fig. 5d). Even if the obtained values are slightly over-
estimated (porosities of ~57 and ~48 % for LIS and SC, respectively),
most probably due to epoxy infiltration, a clear difference can be
observed between the two printed parts.

3.3. Thermogravimetric analyses

Thermal stability of the obtained LIS green bodies was evaluated in
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different atmospheres. Fig. 6a shows the weight loss and developed gas
occurring in air for LIS-printed green bodies according to configuration
B (see Table 4) in the case of MSW-based and DDW-based slurries. This
comparison aims to highlight possible differences deriving from the salts
added during the preparation of the liquid dispersion medium MSW
(Table 3).

From Fig. 6a, it can be observed how both the MSW and DDW-based
green bodies show a rather similar behavior, with progressive mass
decrease when exposed to rising temperatures, and a final loss of about
4.9% at 1200 °C. This phenomenon, other than to water evaporation,
can be attributable to the thermal decomposition of carbonates and
sulfates. The latter takes place both in MSW and DDW samples, indi-
cating that its origin lies not only in the added salts (which account for
no more than 0.5 wt% in the case of MSW-based green bodies) but also
in the raw powders, particularly rich in MgSO4 and FeCOg (see Table 2).
Looking in detail at the spectra of the gases developed during TG ana-
lyses, two peaks in the CO, signal (blue lines) are detected at about
400 °C and 600 °C for both green bodies. These signals are attributable
to carbonates, whose decomposition is expected to produce CO». Indeed,
the same phenomena were detected for natural phases in the 350°C-
450 °C range for the case of siderite (FeCO3) [35], 450-700 °C for
magnesite (MgCO3) [36] and 600-800 °C for pure calcite (CaCO3) [37],
all species either present in the pristine simulants (Table 2), or added
during the preparation of MSW (Table 3).

Looking at the SO, spectra (green lines), a significant increase in
concentration can be observed for temperatures higher than 800 °C, in
agreement with the decomposition of magnesium sulfate usually
observed in the range 800-1100 °C [38]. The consequent drop in the
weight loss curve can be related to such a phenomenon.

Fig. 6b shows that a limited impact is generated when thermal
treatment in inert conditions is conducted, such as in Ny atmosphere.
Indeed, a slight (1.4%) decrease in mass loss is correspondingly
observable, with a final value at 1200 °C equal to 3.5%. The most sig-
nificant difference is the anticipated onset of the SO, degassing, which
could be related to the occurrence of MgSO4 decomposition at lower
temperature levels, as also observed when operating in reducing con-
ditions [38,39]. The latter ones are likely established in this work due to
interactions with other reducing species in the tested powders, which
are allowed by the absence of free oxygen in the flowing gas.

3.4. Sintering conditions optimization

Fig. 7 evidences the recorded results in terms of relative density,
water adsorption and linear sintering shrinkage recorded for the LIS and
SC printed green bodies sintered under oxidizing conditions (air atmo-
sphere). Relative density increases when the dwelling temperature of

(b)

Fig. 4. LIS parts (80x80x5 mm) printed according to configuration A (a) and configuration B (b), starting from MSW slurry. The part printed according to
configuration A was photographed while still in the build platform, when cracks (highlighted with red circles) started to appear due to the more severe drying

routine employed.
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200 prm
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Fig. 5. SEM micrographies of unpolished green bodies (a: LIS, b: SC); polished
green bodies (c: SC, d: LIS); samples sintered at 1190°C-3h in air (e: SC, f: LIS);
and at the 1180°C-3h condition in simulated Martian atmosphere (g: SC, h: LIS),
evidencing the different morphology before and after sintering and between LIS
and SC specimens. The represented samples are those characterized by their
compressive strength.

the sintering process is gradually raised (Fig. 7a). It can be noted that the
relative density gap observed for LIS and SC green bodies is maintained
for all sintering conditions up to Tp = 1190 °C, until an asymptotical
level of about 85-86% is achieved at Tp > 1200 °C for both samples. As
reported in Fig. 7b, specimens obtained at Tp > 1200 °C also show high
linear sintering shrinkages (>9%) and very low water absorption
(<1%), suggesting that the sintering phenomenon is causing significant
shape changes and porosity reduction. To calculate the relative den-
sities, the theoretical value of 3.03 g/cm3, obtained for the crushed LIS
green bodies, was used. Further pycnometer analyses on the crushed
sintered samples suggest that only marginal variations in theoretical
densities occur during sintering, with obtained values ranging from 3.03
to 3.05 g/cmg.

The samples obtained at Tp > 1200 °C (Fig. 8) showed significant
deformation and onset bloating, as well as severe adhesion to the sin-
tering plate. These aspects are not compatible with the acceptable shape
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Fig. 6. Weight loss and evolved gases during the TG analyses in air. (a) Com-
parison between LIS-printed green bodies prepared with DDW (dashed lines)
and MSW (solid lines). (b) Comparison of TG analyses in air (solid lines) and Ny
(dashed lines) for the case of LIS-printed green bodies prepared with MSW. CO,
(blue lines, molar mass of 44 g/mol) and SO, gases (green lines, molar mass of
64 g/mol) have been considered for the mass spectroscopy measurements.

retention goal proposed for this study and have, therefore, been
considered unsuitable for further characterization.

The harsher sintering condition that avoids such phenomena, while
still guaranteeing acceptable densification levels, is 1190°C-3h. How-
ever, water adsorption is still >3% for the case of LIS samples (4.93 +
2.09%). In Karl et al. [11], adding a second sintering step at a 10 °C
higher temperature after the first 3 h dwelling at the original Tp value,
resulted in lower water absorption and more prominent linear
shrinkage, so that bloating and excessive deformation due to the limited
time at the higher temperature level are both prevented. In this study,
operating with a two-step 1190°C-3h + 1200°C-1h sintering routine
succeeded in obtaining samples with low water absorption (0.88 +
0.16% LIS, 0.54 + 0.13% SC), but the same problems observed with
one-step sintering at Tp > 1200 °C were also encountered. This different
behavior, if compared to the results reported in Karl et al. [11], could be
ascribable to the lower clay content in the green bodies (5 vs 2.5 wt% in
this study) and the milder Tp employed in the previous work (1145 °C),
all aspects capable of allowing a higher processability and finer
tunability of the sintering conditions.

Given the negative outcome of the two-step test, the 1190°C-3h
sintering condition was considered as the optimal for producing samples
to be tested for compressive strength and further characterizations. The
relative densities achieved in the case of LIS and SC samples are 77.82 +
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Fig. 8. Samples sintered under different conditions in (a) air and (b) simulated Martian atmosphere. The first row of samples refers to SC, while the second row refers
to LIS ones. Sintering conditions have been reported at the bottom of the pictures. The images were produced by combining photos of individual samples (due to
different perspectives in these photos and slightly varying green body sizes, the heights were adapted to match the observed linear sintering shrinkages).

3.14% and 84.16 + 0.89%, respectively.

When operating under simulated Martian conditions (i.e., 925 Pa
COy), similar trends in relative density, water absorption and linear
sintering shrinkage can be observed (Fig. 9).

In this case, and in agreement with previous findings [11], operating
under a simulated Martian atmosphere causes a slight shift of the sin-
tering window towards milder conditions. Working at 1190°C-3h under
COg, bloating, significant deformation and adhesion occur. Thermal
treating the samples at 1170 °C causes a marked reduction in terms of
relative density, linear shrinkage and an abrupt increase of water ab-
sorption. On the other hand, relatively high densification levels both for
the case of LIS (relative density of 82.08 + 3.26%) and SC samples
(relative density of 82.71 + 1.62%) are obtained when operating at the
middle point of 1180 °C for 3 h. The two-step sintering schedule
1180°C-3h + 1190°C-1h was tested to improve further the water ab-
sorption parameter, which is 4.10 + 1.97% at 1180°C-3h in the case of
LIS samples. This strategy is successful in obtaining the desired water
absorption level while also increasing relative density for both LIS and

SC specimens. However, as recorded for the air atmosphere tests, it is
sufficient to generate pronounced deformation and adhesion to the
sintering plate. For this reason, the 1180°C-3h condition was considered
as the optimal for producing samples to be futher characterized.
Similar relative densities were found between LIS and SC samples for
the case of CO; sintering (Fig. 9a), with respect to the air results
(Fig. 7a). This difference can be ascribable to the fact that the samples
tested under CO, atmosphere earlier approached high densification
levels. Such features might be linked to the evolution of the Magnetite
phase in the samples, as described below. Further considerations on the
sintering behavior of such regolith-like materials can be found in pre-
vious works, both for the case of sintering in air [11,40] and simulated
Martian atmosphere [11]. In particular, Gupta et al. [40] proposed a
sintering mechanism applicable to regolith simulants that indicates how
volume diffusion is the main phenomenon affecting such process.
Details on the microstructure of the LIS and SC samples prior to and
after sintering are depicted in Fig. 5. Sintering of the unconsolidated
green bodies (Fig. 5a-d) allows for the obtainment of more uniform
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samples (Fig. 5e-h). No major morphological differences can be detec-
ted between samples sintered in air and simulated Martian atmosphere.
However, the pores of LIS samples appear larger than those present in SC
ones. Supplementary Table S2 reports that the estimated porosity levels
of the four sintered specimen classes are rather consistent with density
data, between 21.6 and 23.4%. Porosity degree is quite similar for all
samples, even if slightly higher for the air sintered ones. Much clearer
differences can be observed in pore morphology (Fig. 5): LIS samples
display fewer but larger pores, while SC specimens present a finer dis-
tribution, as testified by the related data reported in Supplementary
Table S2. The layers observed in LIS green bodies cannot be distin-
guished anymore after sintering, most probably masked during polish-
ing and by the presence of significant porosity. Indeed, the layered
structure of LIS samples was reported to be retained in the case of highly
dense sintered parts [27].

Let us examine the macroscopic features of the samples. From Fig. 8,
where photographs of the latter ones are depicted, it can be observed
that both LIS and SC samples sintered under an air atmosphere exhibit a
gradual color shift from the yellowish-brown of the unsintered sample,
to bright red (at 1150°C-3h), finally fading to darker shades of red (until
1210°C-3h). On the contrary, when operating under simulated Martian
atmosphere, all samples show a darker color.

This phenomenon is likely an index of undergoing phase transitions
in the sintered pieces. To support the latter statement, the obtained
samples were subject to compositional analysis.

3.5. Compositional and magnetic characterization

Fig. 10 collects a 20 = 20°- 60° focus of the XRD spectra of LIS
samples sintered in air (a) and CO; (b) atmospheres for the case of the
optimal conditions 1190°C-3h and 1180°C-3h, respectively, and the
milder one 1170°C-3h. The XRD spectrum of the crushed green body has
also been reported for the sake of comparison.

To identify the origin of the peaks detected in the latter ones, the
XRD patterns of pristine MGS-1 and MGS-1C simulants have been re-
ported in Supplementary Fig. S3. Two dominant phases ascribable to the
Plagioclase and Pyroxene groups, a minor Olivine and traces of Siderite
(FeCO3) and Epsomite (MgS0O4) have been detected. It is worth noticing
that a significant amorphous content characterizes these simulants.
Basaltic glass, Hydrated silica, and Ferrihydrite all contribute to the
amorphous fraction reported by Cannon et al. [29]. It is then possible to
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state that the detected crystalline phases are in agreement with the
compositions reported by the producer (Table 2). Regarding MGS-1C,
Montmorillonite, Quartz and Calcite (CaCO3) have also been detected,
while the intensity associated with the Epsomite peak is higher than in
the case of MGS-1.

In the LIS green body (black line in Fig. 10), Plagioclase, Pyroxene,
Olivine and Siderite phases are present, with relevant intensities asso-
ciated with Epsomite and Calcite phases, mostly deriving from MGS-1C
and the salts added by employing the MSW simulant, according to
Table 3. The tempering of MGS-1C with MGS-1 caused a reduction in the
intensity of peaks associated with Quartz and Montmorillonite phases,
which have not been assigned in the green body pattern (black line in
Fig. 10).

For the case of the LIS green bodies sintered in air at the intermediate
routine of 1170°C-3h, the main observable differences are a rearrange-
ment in the relative intensities of the Plagioclase and Pyroxene-
associated peaks as well as the appearance of reflections ascribable to
Hematite and Magnetite. This phenomenon is possibly related to a
progressive crystallization of the vitreous phases present in the pristine
simulants, especially Ferrihydrite and Basaltic glass, as well as to the
decomposition of Siderite. Along these rearrangements, it is worth
noticing the disappearance of all peaks associated with carbonates
(Calcite and Siderite) and sulfates (Epsomite). This corroborates the
results obtained by TGA (Fig. 6a), where mass drops associated with CO5
and SO, degassing peaks were evidenced.

The main difference observed in samples processed at 1170°C-3h and
1190°C-3h is the absence of Hematite reflection and the higher in-
tensities associated with Magnetite, as suggested by the zoomed patterns
of the 20 = 30°- 34° region reported in Supplementary Fig. S4a. This
agrees with the progressive pigmentation change of sintered samples
observable in Fig. 8a. The bright red color of 1170°C-3h samples as-
cribable to Hematite progressively fades towards darker brown-red
starting from 1190°C-3h, suggesting a gradual depletion of such phase.

Fig. 10b indicates that a rather similar behavior with respect to the
case of air sintering is encountered when operating in a CO atmosphere.
Siderite, Calcite and Epsomite phases are already lost after the treatment
at 1170°-3h, for which a general rearrangement in Pyroxene and
Plagioclase intensities is also detectable. In this case, no Hematite is
formed, while Magnetite peaks are identifiable, as clearly evidenced by
Supplementary Fig. S4b.

At the optimized 1180°C-3h condition, a slight increase in the
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Fig. 10. 20 = 20°- 60° focus of XRD patterns obtained for the crushed LIS
printed green body (black line) and for (a) crushed LIS samples sintered at
1170°C-3h (red line) and at 1190°C-3h (blue line) in air atmosphere and (b)
crushed LIS samples sintered at 1170°C-3h (magenta line) and at 1180°C-3h
(green line) in simulated Martian atmosphere.

intensity of the Olivine-related peaks was observed, along with a small
decrease in Pyroxene-related reflections.

The absence of hematite in the COy-sintered samples is consistent
with the much darker color of the specimens sintered at 1170°C-3h in
the simulated Martian atmosphere, if compared to the ones sintered in
air (Fig. 8b).

This feature, which was also observed in the literature [11], suggests
that low pressure (925 Pa) CO, can generate reducing conditions, that
favor the Hematite to Magnetite phase transition [41]. Such a transition
was also reported to occurr when exposing these iron oxides to other
reducing gases, such as CO or Hy [41,42].

Due to the scarcity of magnetic data related to Martian regolith
simulants [10], the estimate of relative abundance of magnetite in each
specimen and a general magnetic characterization are provided. To this,
hysteresis curves of the magnetization M were measured at 300 K in an
applied magnetic field up to yoH = + 1 T, as shown in Supplementary
Figs. S5-S7, while the characteristic parameters extracted from these
data are summarized in Fig. 11. All samples exhibit ferro-/ferrimagnetic
behavior with values for the saturation magnetization Mg between 1.5
and 3.3 Am?/kg. Interestingly, all three pristine samples show M ~ 2
Am?/kg. These large magnetization values suggest that all samples
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Fig. 11. Magnetic characterization outcomes of the pristine MGS-1 and MGS-
1C simulants, the crushed LIS green body, and sintered samples obtained in
air for 1170°C-3h, 1190°C-3h and in the simulated Martian atmosphere for
1170°C-3h and 1180°C-3h. Values are extracted from the data presented in
Supplementary Figs. S5-S7.

contain a significant amount of Magnetite. The pristine samples are
characterized by relatively small values of the initial susceptibility (Xg
= dM/dH) at low applied field, while for the sintered ones, this
parameter is significantly enhanced. While the pristine materials show
significant remnant magnetization (M; = 0.14-0.19 Amz/kg) and coer-
citive field (uoH. = 6.5-9 mT), these values appear to be close to zero for
all sintered samples. Given the strong dependence of these parameters
on crystallite size of Magnetite [43], we associate our observations with
the progressive crystallization of the vitreous phases present in the
pristine simulants already discussed above, yielding relatively large
Magnetite crystallites in the sintered specimens. Notably, M is the
smallest for the 1170°C-3h air sintered sample, which, according to XRD
analysis, contains a significant amount of weakly magnetic Hematite
that transforms back to Magnetite for higher sintering temperatures or
under CO; environment. Thus, the increase of M along the row 1170 °C
(air) to 1180 °C (COy) reflects the increasing fraction of Magnetite in
these samples. With the saturation magnetization of Magnetite (92-96
Am?/kg), we may estimate its fraction in the sintered samples ranging
from 1.6% in 1170°C-3h (air) to 3.7% in 1180°C-3h (CO>). In this re-
gard, it should be noted that the formation of this phase might have a
relevant impact on ISRU technologies, as its presence was reported to
enhance densification levels and mechanical properties in cement and
geopolymers, and have a role in electromagnetic shielding as well as in
the removal of metal pollutants [44].

3.6. Thermal conductivity and mechanical characterization

Heat conductivity was measured on the optimal sintered samples
produced in air and simulated Martian atmosphere. Values in the range
0.77-0.53 W/mK (air) and 0.80-0.56 W/mK (CO5), respectively, were
recorded in the temperature range 100 K to 300 K (Fig. 12). These
values, collected in a temperature range resembling day-night condi-
tions on Mars, are in line with data generally reported for Earth concrete
[45].

In Table 5, the compressive strength of LIS and SC green bodies are
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Fig. 12. Temperature dependence of the thermal conductivity of the LIS
1190°C-3h air sintered and the LIS 1180°C-3h sample sintered under simulated
Martian atmosphere.

Table 5
Processing route and compressive strength of unfired samples produced using
LIS and SC additive manufacturing methods, comparison with dry pressing.

Sample Used Used binder Relative Compressive
dispersion Density strength
medium

LIS [this MSW 53.8% 0.93 + 0.2 MPa

study]

SC [this MSW - 60.4% 2.44 £ 0.46

study] MPa

SC [13] DW + PC67 58.1% 3.34 £ 0.22

MPa
Dry pressed - - 68.4% 1.64 £+ 0.08
[13] MPa
Hand build DW + PC67 - 62.4% 3.91 +£0.23
[13] MPa
Robocasting DW + PC67 - 63.4% 7.55 +1.33
[13] MPa
LSD [13] DW + PC67 Polymeric 61.7% 30.8 + 2.47
(5 wt%) MPa

compared with the results of different wet additive manufacturing
methods previously investigated [13]. Most of the wet processed green
bodies characterized in the literature exhibit a compressive strength
higher than dry pressed samples, while the highest values were reported
for robocasting or layerwise slurry deposition specimens, albeit with the
aid of a polymeric binder in the latter case [13]. These results, obtained
with clay containing simulants, underline the importance of water and
clays in the enhancement of particle rearrangement, agglomeration and
formation of interparticle necks during drying. A detailed description of
such phenomena can be found elsewhere [13]. Comparing the SC green
bodies result with previous literature data reported in Table 5, a sig-
nificant drop in compressive strength can be observed (—27%). Two
factors can explain this outcome: firstly, the reduced clay content
employed in this work (2.5 wt%) compared to the one used in Karl et al.
[13] (5 wt%); secondly, the different dispersion medium, in the former,
Martian Saltwater Simulant, while deionized water enriched with 0.5 wt
% PC67 polymer was used in the latter. A halved clay content, while
markedly reduces cracks during drying, also determines a decrease of
the beneficial effects produced when wet processing this kind of mate-
rial, i.e. clay swelling and ion dissolution-precipitation, believed to be
responsible for the occurrence of strong bonds between unsintered
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particles [13].

In the case of LIS-printed green bodies, a further reduction of the
compressive strength is primarly ascribable to the low densification
level achieved (53.8%): high porosities are well known to affect me-
chanical performances negatively in regolith materials [46]. This
outcome opens the possibility of further optimization studies of the LIS
process aimed at obtaining higher relative densities in the unfired parts.

The compressive strengths relative to the 10 tested samples for each
optimized sintering condition are reported in Supplementary Table S3,
while the mean values are depicted as a bar chart in Supplementary
Fig. S8. To identify statistically robust trends, the Weibull characteristic
compressive strength [47] was evaluated and reported in Fig. 13. The
same figure also evidences that the gap in the measured property be-
tween LIS (~100 MPa) and SC (~165 MPa) samples is maintained also
after air sintering, reflecting their different densification level (i.e. 77.8
=+ 3.1% vs. 84.2 + 0.9%, respectively). However, density is not the only
controlling aspect of mechanical performance in the samples processed
in a simulated Martian atmosphere. Slightly lower Weibull characteristic
compressive strengths of about 93 (LIS) and 151 MPa (SC) were ob-
tained, while the achieved densification level accounted for 82.1 4 3.3
and 82.7 + 1.6%, respectively. Regarding the possible contribution of
phase transitions on mechanical properties, the following considerations
can be made. Magnetite formation could play a favourable role to pro-
mote LIS samples densification under simulated martian atmosphere
(Fig. 9), as reported for cements and geoploymers [44]. However,
comparing only the samples produced under optimized conditions,
similar porosity levels and Magnetite content are displayed. Therefore,
neither densification nor composition can be considered responsible for
the observed differences in their mechanical properties. On the other
hand, the following additional factors could play a role in this regard.

The first one is the difference in pore size between LIS and SC sam-
ples (Supplementary Table S2) Porosity features, whose role in regoliths
was discussed in detail in a recent work [46], characterize LIS samples in
terms of their bigger pore size, which is known to negatively affect
mechanical properties [48,49]. The second feature is related to, as
described previously, the intrinsic layered structure of LIS specimens
(Fig. 5b). Indeed, layer-layer interfaces make LIS parts less resistant,
resulting in a dependence of mechanical properties on the testing di-
rection, as it was recently observed for other LIS-printed materials [27].

Since failure of brittle materials such as rocks [50] or MGS-1 sintered
regolith [40] is reported to be due to axial fracture, compressive strength
tests conducted in this work were carried out, as a conservative
approach, along the direction parallel to the layers. Accordingly, the
axial failure of LIS samples along the direction of weak layer-layer in-
terfaces occurred at lower loads, with respect to SC ones.

Based on the results obtained in this work and literature data, it is
possible to state that the techniques employed in this study allowed for
the obtainment of superior compressive strengths for the sintered sam-
ples with respect to most previous studies carried out on consolidated
Martian regolith [10,51-57], as reported in Fig. 14. In particular,
composites of 80 wt% regolith - 20 wt% polyethylene produced by Sen
et al. [51] showed compressive strengths of about 40 MPa. Sulfur con-
cretes prepared by mixing 50 wt% sulfur with JSC Mars-1A simulant at
about 120 °C, achieved a compressive strength above 50 MPa [52]. In
another study, when 30 wt% sulfur was mixed with MGS-1 simulant, a
value of 27 MPa was obtained [53]. Similarly, geopolymers fabricated
starting from Martian regolith simulants and various additives showed
compressive strengths of 55.27 [54] or 62.8 MPa [55]. Based on these
investigations, where the aggregate bonding approach was employed,
values up to around 27-63 MPa were obtained with this method so far
(Fig. 14). Another study involves sintering of MGS-1 simulant enriched
with about 5 wt% polyvinyl alcohol at 1150 °C, which led to samples
with compressive strength of about 40 MPa, providing valuable insights
on sintering mechanisms and compressive strength failure mode of
Martian regoliths [40]. Recently, approaches aimed at maximizing the
use of locally available materials have been also pursued [56-59].
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Fig. 13. Weibull fracture probability plots of the compressive strength measured for the cases of (a) LIS-AIR (LIS sample sintered in air at 1190°C-3h), (b) SC-AIR (SC
sample sintered in air at 1190°C-3h), (c¢) LIS-CO,, (LIS sample sintered in simulated Martian atmosphere at 1180°C-3h), (d) SC-CO, (SC sample sintered in simulated

Martian atmosphere at 1180°C-3h).

Vibrational compaction of MGS-1, followed by sintering at 1150 and
1200 °C for 30 min, resulted in compressive strengths of ~27-77 MPa
[56]. Cold sintering of a 5 wt% clay containing a mixture of MGS-1 and
MGS-1C at 400 MPa with 10M NaOH provided compressive strength of
43 MPa, for 87.5% dense samples [57]. It should be noted that, despite
the higher relative density achieved starting from similar materials,
superior mechanical properties are attained in the present work.
Recently, the Spark Plasma Sintering (SPS) technology enabled to ach-
ieve very promising compressive strength values [58,59]. Specifically,
Min [58] reported values of about 103 and 137 MPa after sintering
MGS-1 and JEZ-1 Martian regolith simulants, respectively. Even supe-
rior properties are reported in Casu et al. [59], i.e. about 310, 141, 152,
and 198 MPa for JSC-Mars-1A, MMS, MGS-1 and JEZ-1 sintered simu-
lants. This outcome can be readily justified by the very high densifica-
tion levels attained (up to >99.9%). It is worth noting that even if the
values obtained by SPS are similar or better than the ones achieved in
this work, this technique appears unsuitable for the fabrication of
complex shapes in one step [59].

It is important to state that, while higher compressive strength are
obtained in this study via conventional SC, the time, cost and automa-
tion advantages described in the Introduction make LIS technology very
promising in the framework of ISRU construction technologies.

Furthermore, since LIS samples have been tested in their most sensitive
direction, their compression performances can be considered lower es-
timates. Further optimization strategy of such process should involve the
reduction of residual porosity and pore size in the LIS printed parts. The
possible exploitation of the anisotropic nature of their layered structure
could be also explored for future applications.

As reported in Fig. 14, the use of 100% in-situ available materials
highlights the results of this study, suggesting that saltwater possibly
present on Mars' crust is well suited to be used as a dispersion medium in
wet-based additive manufacturing technologies.

4. Conclusions

The innovative Laser-Induced Slip Casting (LIS) technology has been
tested in this work for the additive manufacturing of Martian regolith
structures, starting from 100% in-situ available materials. A Martian
saltwater simulant (MSW), based on Phoenix lander findings, has been
employed as a dispersion medium in the fabrication of a 50 wt% solid
loading slurry based on MGS-1 and MGS-1C Martian regolith simulants.
After characterization in terms of rheology, processability and particle
size, LIS technology and traditional slip casting were employed for ad-
ditive manufacturing, obtaining green bodies with relative densities of
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Fig. 14. Comparison of compressive strength over materials required beyond
proven surface minerals of different studies that employed Martian regolith
simulants. Image reworked with open access permission (CC-BY). For the
detailed bibliographic citations of the referenced articles, see Karl et al. [10].

53.8% and 60.4%, respectively. Such green bodies were characterized in
terms of their thermal stability, composition and compressive strength,
showing modest mechanical performances of 0.9 (LIS) and 2.4 MPa (SC).
On the other hand, when sintering was optimized according to different
holding temperatures, first in an air and then in a simulated Martian
atmosphere, samples showed peak compressive strengths of about 101
MPa (LIS) and 165 MPa (SC), overcoming most of the present literature
findings in the Martian regolith consolidation framework. During sin-
tering, phase transitions associated with vitreous phase crystallization,
carbonates and sulfates decomposition, and Hematite and Magnetite
formation have been observed, reflecting changes in the samples' color
and magnetic behavior.

The obtained results demonstrate that, after proper optimization, no
impairing effect is caused either by the use of Martian saltwater as a
slurry dispersion medium or by sintering under simulated Martian
conditions, underlying the transferability of the proposed approach to
future Martian missions. LIS technology, even if further tunable and
adaptable to the proposed Martian employment, represents a valid op-
tion in terms of both the obtained material performances and the pos-
sibility of scaling up and automate the process, if compared to
traditional techniques such as slip casting.
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