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A B S T R A C T

The availability of efficient manufacturing techniques to produce highly resistant structural components from 
Mars regolith represents a key target for accelerating future colonization of this planet. In this regard, the 
fabrication and mechanical characterization of nearly full dense samples is investigated in this work using 
additive-free JSC-Mars-1A, MMS, MGS-1, and JEZ-1 regolith simulants. These systems, which have been 
developed to reliably mimic compositional and structural characteristics of different soils actually present on the 
red planet, show a diverse consolidation behavior when processed by Spark Plasma Sintering (SPS) under vac
uum. Fully dense and rather homogeneous samples are produced at 1000 ◦C from JSC-Mars-1A, originally 
containing a dominant amorphous fraction, which acts as a sintering aid. Superior mechanical performances, 
with respect to the other simulants, are displayed by the corresponding bulk material with compressive strength, 
flexural strength, and hardness values equal to about 310 MPa, 70 MPa, and 1000 HV, respectively. The prop
erties of samples originated from MMS, MGS-1, and JEZ-1, mostly consisting of crystalline phases (>90 wt%), are 
negatively affected by porosity remaining after SPS (up to 5 vol%), even if higher temperatures are used 
(1050–1100 ◦C). Nonetheless, hardness, compressive and flexural strengths in the latter materials are still 
generally better than values reported in literature. It is then apparent that SPS technology represents a powerful 
tool for producing resistant building components from Mars soil, with no need of sintering aids.

1. Introduction

One of the most attractive challenges that currently drive research, 
and human ambition is the exploration of space and near extraterrestrial 
bodies [1]. In this regard, while the Moon is already considered for 
human missions, ongoing space programs mostly target Mars for robotic 
explorations, being the manned ones expected to occur in the 2030s or 
later [2–6].

Nowadays, due to technological and economical constraints, limited 
payload can be launched to Low Earth Orbit and beyond. Earth-based 
space exploration is usually associated with high costs, since all 
launched mass needs to escape Earth’s gravitational field relying on 
launch vehicles technology and large amounts of propellant [7–9].

To mitigate excessive costs and meet technological challenges 

associated with long-term exploration missions or permanent coloniza
tion of the Red Planet, the In-Situ Resource Utilization (ISRU) approach 
represents the ideal solution. ISRU concept is based on the principle of 
maximizing the utilization of available space resources to obtain prod
ucts and services which significantly reduce the mass, cost, and risk of 
near- and long-term space exploration, allowing for the associated 
payload costs to be cut [10].

ISRU is particularly suitable in the case of Mars, which is more 
distant from Earth than the Moon, and presents a stronger gravitational 
field. Given the distance and the limited time windows availability, the 
most feasible short mission profile on Mars accounts for a total of about 
400–650 days [11,12], compared to the 30 days of Artemis III mission to 
the Moon [13]. On this basis, the degree of independence of a future 
permanent base is particularly underlined.
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One of the key aspects for the development of a permanent base on 
Mars is represented by the fabrication of sheltering constructions. The 
latter ones, other than possessing the necessary structural characteris
tics, should also withstand to additional threats Mars environment 
poses, including radiation, dust storms and boulder impacts [7,14,15].

The materials to be chosen would therefore need to comply with 
these requirements. Being the most abundant and readily in-situ avail
able material, regolith, the superficial layer of Martian crust, represents 
the main candidate to be considered to this aim. It consists of a rather 
homogeneous basaltic material with local enrichments in secondary 
minerals, depending on the geology of the specific area. The direct uti
lization of regolith is considered preferable, as the separation of the 
different constituents (minerals, metals or other elements), would 
require significantly higher energy consumption [7]. To overcome the 
fact that Martian regolith has never been brought to Earth, researchers 
rely on appositely crafted Martian regolith simulants that aim to closely 
mimic such soil based on mineralogical, physical, chemical measure
ments performed by probes and rovers. Accordingly, a portfolio of 
diverse simulants, with properties varying according to each composi
tion, is made available [7].

Adequate mechanical properties can be achieved after the consoli
dation of loose Martian regolith. To this aim, various techniques, 
including pressureless sintering [16,17], combustion synthesis-based 
processes [18,19], impact compaction [20], high-pressure consolida
tion [20], solar sintering [21], aggregate bonding [22,23], additive 
manufacturing [17,24], cold sintering [25], and Spark Plasma Sintering 
(SPS) [26–28] have been proposed. Representative examples of these 
literature studies involving the evaluation of compressive and flexural 
strengths, the mechanical properties more typically investigated on 
Martian regolith derived products, are reported in Table 1.

From this Table, it is possible to observe that, regardless of me
chanical testing methods utilized to assess either compressive or flexural 
strengths, adequate densification levels achieved after sintering usually 
led to satisfactory properties, comparable or higher than those of con
crete used on Earth. A further reduction of sample porosity is expected 
beneficial to produce even superior mechanical performances, as re
ported for lunar regoliths or general construction materials [29,30], as 
well as better radiation shielding capabilities against primary particles, 
being the stopping power proportional to the material density, accord
ing to the Bethe-Bloch formula [31]. Another relevant property for the 
proposed application of Martian regoliths is hardness. In a previous 
work, the HV value of 710 ± 30 was measured for 59 % porous 

JSC-Mars-1A consolidated via powder bed fusion [15].
As reported in Table 1, SPS is one of the technologies proposed for 

processing Martian regolith. Compared to conventional hot-pressing, 
which is based on the use of external heating elements, lower energy 
consumption is requested by SPS, where electric current passes directly 
through the die and, when electrically conductive, the powder sample, 
thus generating heat and promoting sintering [32]. In addition, the 
vacuum condition typically adopted during SPS is not so different from 
the pressure level encountered in Martian atmosphere (about 6 mbar) 
[33]. Furthermore, SPS also permits the obtainment of high densifica
tion degree in the sintered regolith, with no need for additional binders, 
which may not be available in-situ. The SPS technology has been also 
successfully used to process lunar regolith simulants [34–38]. More 
recently, JSC-Mars-1A and the Mojave Mars Simulant (MMS) were also 
consolidated by SPS to evaluate their optical properties [26]. To this 
aim, differently densified samples were produced by empirically varying 
the dwelling temperature (TD), and/or the applied pressure (P).

To the best of our knowledge, the mechanical characterization of 
regolith samples produced by SPS was addressed only in two recent 
studies [27,28]. As reported in Table 1, the maximum compressive 
strength values measured by Min et al. [27] on sintered MGS-1 (up to 
85.4 % dense) and JEZ-1 (up to 89 % dense) simulants were 102.7 MPa 
(TD = 1100 ◦C; dwelling time, tD = 60 min; P = 100 MPa) and 136.7 MPa 
(TD = 1100 ◦C, tD = 60 min, P = 51 MPa), respectively. Moreover, 
flexural strength values reported by Hoekman [28] for additive free (90 
% dense, TD = 1060 ◦C, td = 15 min, P = 50 MPa) and 5 % Bi2O3 con
taining (98 % dense, TD = 1050 ◦C, td = 15 min, P = 50 MPa) MGS-1 
samples were 24 and 52 MPa, respectively. Such encouraging pre
liminary results are expected to be further improved if higher consoli
dation levels are achieved.

Along this line, an ad-hoc optimization of the SPS process when 
considering Mars Global (MGS-1) and Jezero Delta Crater (JEZ-1) sim
ulants will be first performed in this work by varying the applied pres
sure (P), dwelling temperature (TD), and holding time (tD). More 
specifically, a fractional factorial design based on Design of Experiments 
(DoE) method is chosen, where the influence of the three tunable SPS 
parameters indicated above is studied according to the so-called Taguchi 
method [39]. This technique, which allows for screening efficiently the 
effects produced by several process parameters, avoids the need for an 
excessive number of experimental runs.

The identified optimal SPS conditions will be used to produce highly 
consolidated bodies, whose compressive strength, flexural strength and 

Table 1 
Examples of research studies involving the processing of different Martian regolith simulants and the mechanical characterization of the resulting bulk samples in terms 
of compressive and flexural strength. When missing, relative densities were calculated from the measured absolute values; n.r.: not reported.

Simulant (additive) Processing technique Sample size (mm) Relative Density (%) Property (method) Measured Value 
(MPa)

Reference

MGS-1 Cold sintering Cuboid: 2.5 × 2.5 × 2.5 88 Compressive Strength 43 [25]
MGS-1 SPS Cylinder: d = 20; h = 20 Up to 85.4 Compressive Strength Up to 102.7 [27]
JEZ-1 SPS Cylinder: d = 20; h = 20 Up to 89.05 Compressive Strength Up to 136.7
JSC Mars-1A (Sulphur) Sulphur concrete Cuboid: 25.4 × 25.4 × 25.4 n.r. Compressive Strength 63 [23]

Cuboid: 25.4 × 25.4 × 127 n.r. Flexural strength 
(three-point bending 
test)

2.3

MGS-1 SPS Cylinder: d = 20; h = 4 90 Flexural Strength 
(ball-on-ring test)

24 [28]
MGS-1 (5 % Bi2O3) 98 52
Mixture of MGS-1-MGS- 

1C (Polymeric binder)
Additive Manufacturing 
+ Pressureless sintering

Cylinder: d = 16; h = 2.5 82.7 (Sintering in Air); 
83.0 (in Martian 
atmosphere)

Flexural Strength 
(ball-on- three balls 
test)

53.5 (Air); 57.6 
(Martian 
atmosphere)

[17]

JSC Mars-1A Quasi-static compaction/ 
impact compaction

Cuboid: 10 × 4 × 3 or 5 × 2 
× 0.6

n.r. Flexural Strength 
(three-point bending 
test)

50 [20]

JSC-Mars-1A 
(Polyethilene)

Liquid infiltration Cylinder (Compressive 
strength): d = 12.7; h = 25.4

n.r. Compressive Strength 41.1 [22]

Cuboid (Flexural strength) 
of 1:16 thickness to height 
ratio

n.r. Flexural strength 
(three-point bending 
test)

45
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Vickers hardness are evaluated. For the sake of comparison, the latter 
mechanical properties will be also measured on the JSC-Mars-1A and 
MMS samples obtained via SPS, according to Casu et al. [26].

2. Experimental materials and methods

2.1. Regolith simulant powders

The Martian regolith simulants used in this work are JSC-Mars-1A, 
MMS, MGS-1, and JEZ-1. The JSC-Mars-1A (Johnson Space Center 
Martian regolith simulant, <1 mm class, Orbital Technologies Corpo
ration, Madison, WI, USA) is a red/brown volcanic tephra mined from a 
quarry in the Pu’u Nene crater of the Mauna Kea volcano (near Hilo, 
Hawaii, USA) sieved to the <1 mm fraction [40,41]. The MMS soil, 
provided by the Jet Propulsion Laboratory (Pasadena, USA), is a 
gray/brown basalt mined from the Saddleback Mountain in the Mojave 
Desert (near Boron, California, USA) [42]. The third generation Mars 
Global (MGS-1) and Jezero Delta Crater (JEZ-1) simulants consist of 
blends of minerals of appropriate compositions and physical properties 
crafted to closely mimic the average Martian soil (MGS-1) or particular 
regions examined during recent exploration missions (JEZ-1) [7,43,44].

The oxides content (wt.%) in the four regolith simulants and their 
mineralogical composition are reported in Tables 2 and 3, respectively.

Thermo-gravimetric analysis was performed on pristine and pro
cessed simulants using a simultaneous DTA-TGA Instrument (NETZSCH 
STA 409 PC Luxx, Germany). The tests were designed with a heating rate 
of 2 K/min from room temperature to 800 ◦C. These tests were aimed at 
evidencing if one or more pristine simulants display significant outgas
sing phenomena and, in this case, at which temperature they cease to 
occur. From the obtained results, we could define if, and at which 
condition, a preliminary heat treatment is needed before consolidation 
experiments. Indeed, the release of large amounts of gases should be 
avoided during SPS, where powders are confined into a graphite 
container, so that a series of negative drawbacks (residual porosity in 
sintered samples, die/plunger breakage, safety problems, etc.) would 
correspondingly take place.

According to the obtained results, prior to SPS experiments, JSC- 
Mars-1A and JEZ-1 powders were heat treated at 700 ◦C for 2 h in air 
using a muffle furnace (LT 24/11/B410, Nabertherm, Lilienthal, Ger
many), and then stabilized in air environment at room temperature.

Theoretical densities of the simulants were determined by a gas 
displacement pycnometer (AccuPyC 1340, Micromeritics, USA) using 
helium as adsorbed gas.

Before being processed by SPS, MGS-1 and JEZ-1 regolith simulants 
were ball milled for 10 min (Spex Mixer Mill 8000M, USA, balls to 
powder weight ratio equal to 2) to reduce their particles size to less than 
150 μm, whereas such condition was already satisfied by as received 
MMS and JSC-Mars-1A powders. Particle size distribution was evaluated 

by a laser light scattering analyzer (CILAS 1180, France).

2.2. Sintering conditions optimization

Bulk samples were obtained by processing regolith powders by SPS 
(515S model, Fuji Electronic Industrial Co., Ltd., Kanagawa, Japan) 
under vacuum conditions (about 20 Pa). To produce 20 mm diameter 
and 3 mm height samples, powders were placed inside a cylindrical die 
(30.2 mm external diameter, 20.7 mm inside diameter, 48 mm height) 
between two plungers (20 mm diameter, 34 mm height), consisting of 
AT101 graphite (ATAL Srl., Italy). The use of a 3 mm thick graphite felt 
(Atal s.r.l., Italy) covering the die was aimed to limit heat losses during 
the sintering process. Graphite foil (0.13 mm thickness, Alfa Aesar, 
Karlsruhe, Germany) was placed in between the sample and the inner 
walls of die/plungers to make sample release easier after SPS. Temper
ature was measured by a K-type thermocouple (TC Misure e Controlli S. 
R.L., Italy) inserted in a small hole drilled on the external die surface. 
Powders were heated first from room temperature to an intermediate 
level, 100 ◦C below the maximum TD value, at a rate of 50 ◦C/min. To 
reduce possible overshooting problems, the heating rate was then low
ered (10 ◦C/min) until the TD level was achieved. Samples were main
tained at the desired temperature for the selected dwelling time (tD) and, 
finally, the temperature decreased following a prescribed cooling pro
gram. A prescribed mechanical pressure (P) is applied.

Sintered specimens were polished using abrasive paper, to remove 
possible residual impurities from the graphite tools. Samples density was 
measured by the Archimedes’ method using an Ohaus Explorer Pro 
(Ohaus Corporation, NJ, USA) analytical balance (±0.0005 g precision) 
and acetone as soaking medium (as suggested by the work of Sizemore 
et al. [47]). Relative densities were then evaluated by considering, as 
reference values, the theoretical densities obtained by pycnometric 
measurements on either the pristine or heat-treated powders then pro
cessed by SPS for obtaining bulk samples.

As mentioned in the Introduction, the Taguchi method was adopted 
in the present work to identify the optimal SPS conditions for processing 
MGS-1 and JEZ-1 simulants. The selected layout for the screening study 
was a fractional factorial design performed according to an orthogonal 
array L9. This array is suitable for a system of 3 control factors with 3 
levels. Thus, 9 experimental conditions are required instead of the 27 
needed using a full factorial study. The next crucial step of the DoE-aided 
optimization is the selection of appropriate control levels for the three 
control factors.

An increase in the values of the chosen processing parameters (TD, tD, 
P) is generally expected to lead to higher samples’ density which, in 
turn, correspond to better mechanical properties. However, temperature 

Table 2 
Oxide constituents (wt%) of JSC Mars-1A, MMS, MGS-1, and JEZ-1 simulants (n. 
r.: not reported).

Oxides JSC-Mars-1A [41] MMS [42] MGS-1 [45] JEZ-1 [46]

SiO2 34.5–44 49.4 45.57 44.2
Al2O3 18.5–23.5 17.1 9.43 11.3
FeO 2.5–3.5 n.r. 16.85 9.5
Fe2O3 9–12 10.87 n.r. n.r.
MnO 0.2–0.3 0.17 0.1 0.1
MgO 2.5–3.5 6.08 16.5 25.9
CaO 5–6 10.45 4.03 3.5
Na2O 2–2.5 3.28 3.66 1.9
K2O 0.5–0.6 0.48 0.43 0.3
TiO2 3–4 1.09 0.3 0.2
P2O5 0.7–0.9 0.17 0.37 0.6
Cr2O3 n.r. 0.05 0.12 0.3
SO3 n.r. 0.1 2.63 2.1
LOI n.r. 3.39 n.r. n.r.

Table 3 
Phase composition of pristine MMS and JSC-MARS-1A simulants obtained by 
Rietveld refinement [26] and as-mixed mineralogy of pristine MGS-1 [45] and 
JEZ-1 simulants [46].

Mineral JSC-Mars-1A 
[26]

MMS 
[26]

MGS-1 
[45]

JEZ-1 
[46]

Amorphous 
fraction

53 3 – –

Glass-rich basalt – – 22.9 13.5
Plagioclase 25 71 27.1 16.0
K-feldspar – 2 – –
Pyroxene 18 16 20.3 12.0
Olivine 3 4 13.7 32.0
Mg-sulfate – – 4.0 2.4
Anhydrite – – 1.7 1.0
Ferrihydrite – – 3.5 2.1
Iron Spinel 1 1 1.9 1.1
Hematite – – 0.5 0.3
Mg-carbonate – – – 11.0
Fe-carbonate – – 1.4 0.8
Hydrated silica – – 3.0 1.8
Phyllosilicates – 3 – 6.0
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should not overcome certain levels, to avoid the occurrence of possible 
melting or bloating phenomena in the regolith undergoing sintering, 
that would cause the extrusion of the material out of the die. Moreover, 
due to the limited bearing capacity of graphite dies used in this work, the 
applied pressure should not exceed 35 MPa. Additionally, the use of long 
dwelling times is not convenient, particularly from the energy saving 
viewpoint.

Based on the considerations above, 35 MPa was selected as the 
maximum P value, while, according to Casu et al. [26], the tD parameter 
was investigated in the range 1–5 min. The maximum TD value (TD,max) 
was established based on preliminary tests to assess the critical tem
perature condition (Tc) to avoid the occurrence of undesired phenomena 
(melting, phases decomposition, etc.) in regolith simulants undergoing 
SPS. As an example, the method used for the evaluation of the Tc value 
for the case of the MGS-1 simulant is summarized in Fig. 1a, when the 
SPS experiment was conducted at TD = 1200 ◦C (tD = 5min, P = 35 
MPa). From the related temperature (blue line) and sample displace
ment (red line) time profiles, it can be observed that after about 22 min 
from the beginning of the experiment, the slope (black line) of the 
displacement curve increases suddenly. This event, which took place at 
about 1100 ◦C (dashed green lines), can be associated with the occur
rence of melting phenomena. This is clearly testified by the image of the 
resulting sample reported in Fig. 1b, which evidences that a molten 
phase was formed and then partially expulsed from the die because of 
the concurrent application of a mechanical load.

Accordingly, the TD,max value was set 50 ◦C below Tc. The factor 
levels finally chosen are listed in Table 4a, while the corresponding 
conditions to be investigated (treatments) for the optimization of the 
SPS process based on Taguchi method are reported in Table 4b.

Density is the primary recorded response selected for the Taguchi 
method, while the secondary one is the energy consumption during the 
SPS run, calculated as integral of the applied electrical power with 
respect to time [32].

Using Minitab software [48] as a computational tool, the 
Signal-to-Noise ratios of obtained densities (SNL) and of consumed en
ergy (SNS) were calculated for each level of TD, P and tD parameters 
according to the “larger is better” and “smaller is better” approach, 
respectively, as follows: 

SNL = − 10 log10

(
1
m
∑m

j=1

1
y2

ij

)

(1) 

SNS = − 10 log10

(
1
m
∑m

j=1
y2

ij

)

(2) 

where m is the number of noise factor levels, yij is the response value of 
i-th treatment and j-th noise factor level.

In principle, the aim of the optimization algorithm is to maximize the 
samples density. In case parameters variation has no effect on the first 
response, the energy minimal consumption level is selected. This 
approach allows for the identification of the optimal set of experimental 
conditions for the two simulants, able to maximize their densification 
while reducing energetic costs.

Once the optimal SPS conditions were identified, samples of different 
sizes were produced for their characterization.

2.3. Characterization

Pristine, heat treated and sintered simulants were analyzed by X-Ray 
Powder Diffraction using a D8 (Bruker, Germany) diffractometer (Bragg- 
Brentano geometry) equipped with a copper anode (Cu Kα radiation λ =
1.5418 nm) working at 40 kV and 40 mA. The analysis was performed in 
the 10◦–130◦ 2θ range, with a step-size of 0.05◦ and for 10 s for each 
step. The attribution of the mineralogical phases was performed with 

Fig. 1. Consolidation of MGS-1 simulant by SPS (TD = 1200 ◦C, tD = 5min, P = 35 MPa): (a) temperature (blue line) and sample displacement (red line) time profile; 
(b) evidence of the formation of a molten phase (red arrow) in the resulting sample. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Table 4 
(a) Sintering parameters and their levels selected for screening of MGS-1 and 
JEZ-1. (b) Sintering optimization treatments prescribed by the Taguchi method.

(a)

Level TD [◦C] P [MPa] tD [min]

1 TD,max 35 5
2 TD,max - 50 25 3
3 TD,max – 100 15 1

(b)

Treatment Tlevel tD, level Plevel

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
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EVA software (Bruker, Germany), with a Search and Match approach, 
using the COD (Crystallography Open Database) as a reference database 
[49]. Mineralogic composition in the differently processed simulants 
was determined by the Rietveld method, using MAUD (Material Analysis 
Using Diffraction) program [50], with the CIF files provided by the COD 
Database [49].

Microstructure and elemental distribution of sintered samples were 
investigated by high-resolution scanning electron microscopy (HR-SEM, 
mod. S4000, Hitachi, Tokyo, Japan) equipped with an UltraDry EDS 
detector (Thermo Fisher Scientific, Waltham, MA, USA). To estimate the 
surface porosity of SPS samples, secondary electron SEM micrographs 
representing different areas of each sample were analyzed using the 
open-source software GNU Image Manipulation Program GIMP (version 
2.10) [51], which allowed the calculation of area percentage based on 
the greyscale intensity values assigned to each pixel.

Compression strength measurement was performed on cylindrical 
samples of 15 mm diameter and 30 mm height using a servoelectric 
Instron 5585H testing machine (Instron, USA) equipped with a 250 kN 
load cell and operating under displacement control at a crosshead rate of 
0.25 mm/min. The specimen was loaded via a compression fixture 
comprising a lower flat platen and an upper spherically seated platen, 
which ensured uniform loading across the top surface of the specimen.

For the evaluation of flexural strength, original SPS samples (25 mm 
diameter and 10 mm in height) were cut to obtain rectangular-section 
specimens with dimensions of 2 × 2.5 × 24 mm. The tests were con
ducted using a three-point bending fixture designed in accordance with 
the guidelines provided by the ASTM standard C1161 [52]. The loading 
and support rollers had a radius of 2.5 mm and the span between the 
axes of the two support rollers was 18 mm. The tests were carried out 
using a Sun 500 servoelectric testing machine (Galdabini, Italy), 
equipped with a load cell calibrated for the 0–100 N load range. The 
machine was operated in displacement control at a crosshead rate of 
0.25 mm/min.

Vickers hardness was assessed using the micro indentation tech
nique, using a Durascan 20 G5 Lite machine (ZwicKRoell Gmbh, Ger
many) and employing a diamond indenter in accordance with the ASTM 
E 384 measurement standard, with applied 50 gf and 10 s dwell time. 
The resulting hardness value for each specimen was the average of 27 
indentations conducted on three selected areas of the sample, across 
which nine indentations were conducted moving from the center of the 
area towards the periphery according to a predetermined path.

At least five specimens were tested in both compression and flexural 
for each simulant.

3. Results and discussion

3.1. Characterization of initial simulants

The TGA curves reported in Fig. 2 show the different behavior 
manifested by the four simulants when they are exposed to progressively 
higher temperatures, up to 800 ◦C. Pristine JSC-Mars-1A shows a much 
higher weight loss (about 28 %), followed by initial JEZ-1 (about 10 %), 
MMS (about 8 %), and MGS-1 (about 4 %) simulants. These values are 
fairly in accordance with literature studies, which reported 30 % for 
JSC-Mars-1A [20], 5 % for MMS [19], and 4 % for MGS-1 [43]. Even if 
most of the weight loss recorded for JSC-Mars-1A can be attributed to its 
hygroscopic nature, as reported in Casu et al. [26] and Karl et al. [7], a 
contribution to this regard is expected to be also played by some plant 
roots found in the as-received regolith. The presence of an organic 
source is further supported by the significant carbon content and the 
traces of nitrates detected in this simulant by Chow et al. [20], and 
Wamelink et al. [53]. Although the existence of organic traces on the 
Mars soil cannot be excluded [54], the larger amount detected in 
JSC-Mars-1A needs to be strongly reduced, to better mimic the actual 
regolith behavior, prior to proceeding to SPS tests. Accordingly, the 
latter simulant received a 2h heat treatment at 700 ◦C, above which the 

related TGA curve does not indicate further weight changes (Fig. 2).
TGA results shown in Fig. 2 also evidenced that JEZ-1 is subjected to 

an abrupt weight change in the range 450–550 ◦C. This can be likely 
attributed to the thermal decomposition of Mg-carbonates, whose con
tent in the initial simulant was about 11 % wt. (Table 3), which is ex
pected to occur at T > 450 ◦C [55]. Since CO2 released by carbonate 
decomposition (MgCO3→MgO+ CO2) is difficult to handle during SPS, 
as it is not allowed to freely escape from the powder container, also 
original JEZ-1 simulant was subjected to the same annealing treatment 
(700 ◦C/2h) received by JSC-Mars-1A. Only minor weight changes are 
finally displayed, following such heat treatment, by these two simulants 
(Fig. 2).

As shown in Fig. 3, annealed JSC-Mars-1A and JEZ-1 powders 
regained some weight when exposed at room temperature to air. This 
can be ascribed to the high hygroscopicity, albeit at different scales, of 
these simulants, as reported by Peters et al. [42] for the case of 
JSC-Mars-1A. Based on results shown in Fig. 3 all powders were stabi
lized, after their annealing, for at least 4 days before being further 
processed.

Table 5 shows the results provided by particle size analysis of the 

Fig. 2. TGA curves reporting weight changes (%) of as received simulants up to 
800 ◦C. The behaviour of JSC-Mars-1A and JEZ-1 simulants after being heat 
treated for 2h at 700 ◦C are also shown.

Fig. 3. Weight gain (%) of JSC-Mars-1A and JEZ-1 simulants following their 
heat treatment (700 ◦C, 2h).
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powders used for obtaining bulk specimens by SPS, with the relatively 
coarser MGS-1 and JEZ-1 simulants preliminarily milled, as described in 
the Experimental section. The four batches of powders display similar 
granulometry, particularly as far as their average size is concerned, with 
d[4,3] values in the range 22.57–27.83 μm.

The theoretical densities of JSC-Mars-1A, MMS, MGS-1, and JEZ-1 
measured by a pycnometer resulted to be 2.84, 2.77, 2.90, and 3.01 
g/cm3, respectively. The slight discrepancies in these values, within 10 
%, can be attributed to the difference in phase composition of the sim
ulants shown in Table 3.

3.2. Optimization of the sintering conditions

The critical temperature values (TC) that should not be reached 
during SPS to avoid the occurrence of undesirable phenomena, as 
described in Section 2.2, were found to be 1100 ◦C and 1150 ◦C, for 
MGS-1 and JEZ-1, respectively. Therefore, the corresponding TD.max 
levels (Table 4) chosen for the two simulants were 1050 ◦C and 1100 ◦C, 
respectively.

Results obtained using the Taguchi method are shown in Fig. 4, 
where the SN Ratios for the density and energy responses are reported 
and can be readily ranked. From Fig. 4a, it is observed that dwelling 
temperature is undoubtedly the most significant parameter, followed by 
the applied pressure, affecting the densification of MGS-1 simulant. 
Accordingly, 1050 ◦C and 35 MPa were considered as the optimal TD and 
P conditions to be applied for the preparation of dense MGS-1 samples. 
In contrast, dwelling time does not display a relevant role on samples 

densification. In contrast, as seen in Fig. 4b, the latter parameter is 
ranked first in terms of energy consumption in the investigated interval. 
Given the smaller-the-better approach selected to calculate the energy 
response SN Ratios, i.e. the higher value in the graph indicates the 
optimal condition, the shortest dwelling time of 1 min has been there
fore selected.

According to the results shown in Fig. 4c, TD is the most important 
factor also affecting the consolidation of JEZ-1 powders. On the other 
hand, both P and tD do not seem to play a noteworthy role when the 
latter simulant was processed by SPS. Therefore, differently from to the 
case of MGS-1 (Fig. 4a), the applied load only mildly affects JEZ-1 
samples densification. This could be ascribed to their compositional 
differences, as seen in Table 3. According to results shown in Fig. 4d, the 
optimal tD value to be chosen for the sake of energy saving was 1 min, as 
for MGS-1. In conclusion, the optimal parameters identified for 
achieving high densification levels when processing by SPS MGS-1 and 
JEZ-1 simulants were 1050 ◦C/35MPa/1min and 1100 ◦C/15MPa/ 
1min, respectively.

Based on the results obtained in Casu et al. [26], 
1000 ◦C/35MPa/3min and 1050 ◦C/35MPa/3min were the SPS condi
tions selected for obtaining highly dense samples using JSC-Mars-1A and 
MMS simulants, respectively.

Samples for the mechanical testing campaign have been then pro
duced using the processing parameters reported in Table 6, along with 
the corresponding relative densities. The latter ones were rather high for 

Table 5 
Particle size parameters of Martian regolith powders used to obtain bulk samples 
by SPS.

Particle size 
parameter 
[μm]

JSC-Mars-1A MMS MGS-1 JEZ-1

d10 2.37 ± 0.34 2.40 ± 0.17 0.94 ± 0.15 1.08 ± 0.24
d50 23.52 ± 1.20 22.12 ± 0.20 13.37 ± 0.91 16.35 ± 1.00
d90 57.37 ± 3.27 62.50 ± 0.32 59.56 ± 5.50 66.89 ± 2.15
d[4,3] 26.82 ± 1.67 27.83 ± 0.19 22.57 ± 1.85 26.15 ± 0.57

Fig. 4. Effect of TD, tD, P on the densification and energy consumption during SPS test according to the Taguchi method. Mean of SN Ratios for (a) MGS-1 density, (b) 
MGS-1 energy consumption, (c) JEZ-1 density, (d) JEZ-1 energy consumption.

Table 6 
Optimized SPS parameters and corresponding relative density values of samples 
used for the evaluation of mechanical properties. The theoretical density of 
initial powders to be processed by SPS (i.e. pristine MMS and MGS-1, and heat- 
treated JEZ-1 and JSC-Mars-1A) was used for the calculation of relative density 
of resulting bulk samples.

Simulant TD [◦C] P [MPa] tD [min] Relative density [%]

JSC-Mars-1A 1000 35 3 >99.9
MMS 1050 35 3 96.2 ± 4.5
MGS-1 1050 35 1 94.3 ± 3.1
JEZ-1 1100 15 1 97.0 ± 5.8
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the four systems, all exceeding 94 % in their average values. The rela
tively lower consolidation level (94.3 %) achieved by the MGS-1 simu
lant at 1050 ◦C/35MPa/1min denotes its significant refractory nature. 
On the other hand, as mentioned previously, an increase of the three 
operating parameters did not produce noteworthy effects (tD) or should 
be avoided for the occurrence of undesired melting/bloating phenom
ena (TD) or for dies breakage (P).

It is worth mentioning that the extremely high dense samples ob
tained from JSC-Mars-1A can be ascribed to the dominant amorphous 
content present in this powder (Table 3), which could act as a sintering 
aid to make the consolidation of such simulant strongly facilitated 
compared to the other three competitors mainly consisting of crystalline 
phases. In the field of ceramics, the addition of a glassy phase is 
generally reported to effectively promote sintering phenomena [56–60]. 
This is also consistent with Farries et al. [61], who showed that Lunar 
regolith simulants containing an amorphous phase sinter at milder 
temperatures and more uniformly with respect to fully crystalline sim
ulants. Such beneficial effect was ascribed to viscous flow generated by 
the presence of the glassy phase, which is also likely the motivation for 
the experimental findings observed in this work.

3.3. Compositional, and microstructural characterization

Compositional modifications occurring when JSC-Mars-1A, MMS, 
MGS-1, and JEZ-1 powders are processed by SPS can be deduced from 
the corresponding XRD patterns shown in Figs. 5, 6, 7 and 8, respec
tively. The relative content of each phase estimated using the Rietveld 
method is reported in Table 7.

Plagioclase, pyroxene and olivine mineral are the main crystalline 
phases detected, along with a minor content of an iron rich spinel, by 
XRD analysis in pristine JSC-Mars-1A simulant (Fig. 5). As evidenced by 
the green line reported in Fig. 5, the original powder is characterized by 
a dominant amorphous fraction (60.5 wt%, Table 7), which only 
partially crystallizes, mainly into plagioclase, during the heat pretreat
ment received by this simulant. A more significant drop in the amor
phous content (from 43.6 to 6.1 wt%), with a further increase in 
plagioclase amount (66.3 wt%), occurred during the SPS step, in 
accordance with Casu et al. [26]. Hematite (11.9 wt%) is also corre
spondingly formed (Table 7). Although, as described above, some 
compositional/structural changes were induced in the JSC-Mars-1A 
powders by the preliminarily heat treatment at 700 ◦C, the final 

characteristics of the sintered samples are mostly defined when the 
simulant was exposed to more severe temperature conditions (1000 ◦C) 
during the subsequent SPS step. Of course, if the heat treatment was 
conducted at higher temperatures, the more significant structural and 
compositional changes correspondingly taking place would likely affect 
the subsequent SPS step and, concurrently, the characteristics of the 
resulting sintered samples.

XRD analysis results reported in Fig. 6 and Table 7 for the MMS 
regolith simulant are in good agreement with previous findings [26,62]. 
Plagioclase (70.4 wt%) is the main crystalline mineral present in pristine 
powders, followed by pyroxene (15.4 wt%) and phyllosilicate (6.4 wt%). 
Fig. 6 and Table 7 show that only slight compositional changes are 
produced in the MMS simulant undergoing SPS, to prove its superior 
thermochemical stability compared to JSC-Mars-1A. Nonetheless, it is 
worth noting that, after SPS, the originally small amorphous content is 
further reduced from 5.9 to 2.6 wt%, while the phyllosilicate phase was 
not detected anymore.

As shown in Fig. 7 and Table 7, the main crystalline phases found by 
XRD in pristine MGS-1 are plagioclase (46.2 wt%), pyroxene (16.8 wt 
%), and olivine (13.7 wt%). Minor amounts of epsomite (4.7 wt%), iron 
spinel (4.2 wt%), quartz (3.1 wt%), and gypsum (2.0 wt%) are also 
detected, while the amorphous content was estimated to be equal to 9.3 
wt%. Although these outcomes qualitatively agree with the information 
reported in Table 1, some differences are found between Rietveld 
analysis results conducted in the present study and data provided by the 
producer, who reported a lower amount of plagioclase (27.1 wt%) and a 
higher content in the total glass-rich basalt (22.9 wt%). Such discrep
ancies can be probably due to the different method utilized to analyse 
such a complex mineral mixture. The main compositional changes 
induced by the SPS treatment in the MGS-1 simulant are the disap
pearance of the hydrated sulfate phases, and the partial crystallization of 
the amorphous fraction, which decreases down to 3.3 wt%. Concur
rently, the amounts of olivine, iron rich spinel minerals and, albeit at a 
lower degree, plagioclase, increase.

XRD patterns plotted in Fig. 8 and the corresponding data reported in 
Table 7 reveal that olivine (33.4 wt%), plagioclase (33 wt%), pyroxene 
(16.2 wt%), and magnesite (10.8 wt%) are the main crystalline con
stituents of pristine JEZ-1. Rietveld analysis findings fairly agree with 
information shown Table 1, as provided by the producer of this simu
lant. However, as for the case of MGS-1, some differences can be 
observed, for instance a relatively larger amount of plagioclase and a 

Fig. 5. XRD patterns of pristine, heat-treated and sintered JSC-Mars-1A samples (Table 6). (a) Extensive view with Rietveld refinement: experimental data (black 
dots), calculated intensity (red solid line) and amorphous content (green solid line). (b) Detailed view indicating crystalline phases detected. (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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lower content of the amorphous phase were estimated in the present 
work. Fig. 8 also evidenced that, after the JEZ-1 simulant received the 
thermal pre-treatment, peaks associated with magnesite disappeared, 
due to decarbonation phenomena correspondingly taking place. Finally, 
the main compositional change observed after SPS was the increase in 
olivine and iron spinel percentages at the expenses of plagioclase.

SEM micrographs of optimal SPS samples produced using the four 
simulants are shown in Fig. 9 along with the related EDS maps of the 
most representative elemental constituents. From these images, it can be 
confirmed that a very high degree of densification is reached in all 
sintered specimens. In addition, residual porosities estimated from SEM 
micrographs by image analysis, i.e. 0.58 ± 0.34 vol % (JSC-Mars-1A), 
3.10 ± 0.89 vol % (MMS), 4.98 ± 0.65 vol % (MGS-1), 2.09 ± 0.62 vol 
% (JEZ-1), further testify the obtainment of nearly full dense JSC-Mars- 
1A samples, whereas relatively lower consolidation levels are achieved 
with MGS-1 powders, consistently with density data reported in Table 6. 
The estimated porosity data reported above are the result of the average 

of the values obtained from different areas of the same sample, so that 
they are representative of the entire material. In this regard, it should be 
noted that, while this approach provides a straightforward method for 
assessing the degree of porosity from SEM images, some limitations lie in 
image quality and in the reduction of the image’s bit depth to a single 
binary value, which might significantly simplify the data [63,64]. 
Nevertheless, this method is useful for obtaining a preliminary estimate 
of surface porosity.

The heterogeneous character of all sintered samples is evidenced by 
the EDS maps. Nonetheless, the JSC-Mars-1A-based specimen displays, 
with respect to the other regolith systems, a more homogeneous 
microstructure, with the elemental constituents distributed quite uni
formly across the sample. This fact is probably related to the occurrence 
of the extensive crystallization phenomena occurring during SPS with 
this simulant, which originally possessed a significantly higher amor
phous fraction compared to the other systems. In addition, the use of a 
relatively lower dwell temperature (1000 ◦C) is also expected to play a 

Fig. 6. XRD patterns of pristine, and sintered MMS samples (Table 6). a) Extensive view with Rietveld refinement: experimental data (black dots), calculated in
tensity (red solid line) and amorphous content (green solid line). (b) Detailed view indicating crystalline phases detected. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. XRD patterns of pristine, and sintered MGS-1 samples (Table 6). a) Extensive view with Rietveld refinement: experimental data (black dots), calculated 
intensity (red solid line) and amorphous content (green solid line). (b) Detailed view indicating crystalline phases detected. (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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role for producing the observed finer microstructure.
In what follows, the EDS analysis results shown in Fig. 9 will be 

correlated to the main phases identified by XRD analysis in the sintered 
samples obtained from the four simulants (Table 7).

As for JSC-Mars-1A (Fig. 9a), the main crystalline phase, Plagioclase, 
appears to be quite homogeneously detected across the sample, as 
proved by the uniform distribution of its elemental constituents. The 
small Mg-rich and Al-poor regions indicated by the yellow arrows can be 
ascribed to either Pyroxene or Olivine. Based on the elemental Fe map, 
also Hematite, whose content was estimated to be about 12 wt by the 
Rietveld analysis (Table 7), could be considered distributed quite ho
mogeneously in the sintered material.

EDS analysis results relative to the MMS specimen (Fig. 9b) evidence 
the presence of zones (white arrows) locally richer in Mg and Fe while 
poorer in Ca and Al, which can be likely associated with Ca-poor Py
roxene. Plagioclase phase is more uniformly distributed along the 
sample.

EDS maps of the sintered MGS-1 sample (Fig. 9c) reveal the presence 
of local regions richer in Mg and deficient in Ca and Al (green arrows) 
that can be attributed to either Olivine or Ca-poor Pyroxene. This sample 
presents also Fe-rich and Si-lacking small zones (red arrows), that can 
unequivocally be attributed to iron spinel, whose content in this simu
lant is relatively higher compared to the others (Table 7).

Finally, the sintered material generated from the JEZ-1 simulant 

exhibits a coarser microstructure (Fig. 9d), consisting of several large 
Mg-rich regions, poorer in Ca and Al (orange arrows) which could be 
ascribed to Olivine (the main phase) or Ca-poor pyroxene. On the other 
hand, Plagioclase occupies quite homogeneously the complemental 
volume of the sample.

3.4. Mechanical properties

The mechanical properties of the bulk samples obtained after pro
cessing JSC-Mars-1A, MGS-1, MMS and JEZ-1 simulants under the SPS 
conditions listed in Table 6 are reported in Fig. 10a–c. As for compres
sive strength (Fig. 10a), the nearly full dense JSC-Mars-1A sample 
showed the best performance compared to the other regolith-like sys
tems here investigated. In addition, the measured value (310 ± 54.37 
MPa) was significantly higher than that (63 MPa) reported by Wan et al. 
[23] for the JSC-Mars-1A-based sulphur concrete. Such consideration 
holds also true when this comparison is extended to other Martian 
simulants, since the highest compressive strength value reported so far 
in literature was that obtained by Min [27] for the JEZ-1 system, i.e. 
136.7 MPa (Table 1).

The 94.3 % dense MGS-1 sample displayed relatively lower 
compressive strength (151.82 ± 44.62 MPa), which is still superior to 
the maximum values reported in literature for bulk specimens obtained 
from the same simulant by cold sintering [25] and SPS [27], i.e. 43 and 

Fig. 8. XRD patterns of pristine, heat-treated and sintered JEZ-1 samples (Table 6). (a) Extensive view with Rietveld refinement: experimental data (black dots), 
calculated intensity (red solid line) and amorphous content (green solid line). (b) Detailed view indicating crystalline phases detected. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 7 
Phase composition (wt.%) of regolith simulants determined with Rietveld Refinement from XRD analysis.

JSC-Mars-1A MMS MGS-1 JEZ-1

pristine HT sintered pristine sintered pristine sintered pristine HT sintered

Amorphous content 60.5 43.6 6.1 5.9 2.6 9.3 3.3 2.0 1.8 0.1
Plagioclase 24.5 38.0 66.3 70.4 71.0 46.2 50.2 33.0 43.3 29.4
Olivine 3.8 2.6 3.2 0.4 1.7 13.7 18.9 33.4 33.0 49.0
Pyroxene 10.7 11.5 11.5 15.4 21.6 16.8 16.4 16.2 18.1 14.3
Iron Spinel 0.5 4.2 1.0 0.5 0.5 4.2 9.2 2.3 3.8 6.0
Phyllosilicate – – – 6.4 – – – – – –
Gypsum – – – – – 2.0 – 2.3 – 1.2
K-feldspar – – – 1.0 2.6 – – – – –
Quartz – – – – – 3.1 2.0 – – –
Epsomite – – – – – 4.7 – – – –
Magnesite – – – – – – – 10.8 – –
Hematite – – 11.9 – – – – – – –
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102 MPa, respectively. This feature can be attributed to the relatively 
lower samples’ density, below 90 % in the latter studies (Table 1). 
Similar considerations can be made regarding samples deriving from 
MMS and JEZ-1 simulants, whose compressive strength properties were 
141.50 ± 16.05, and 197.72 ± 60.45 MPa, respectively. While, to the 
best of our knowledge, no compressive strength data are available in the 

literature on MMS-based samples, Min [27] reported values of 136.7 
MPa, at most, relatively to JEZ-1-based samples prepared by SPS. Also in 
this case, the superior average compressive strength measured in the 
present work can be associated to the higher densification level reached 
(97.0 ± 5.8 %) compared to that of samples obtained by Min [27] 
(about 89 %).

Fig. 9. SEM micrographs and corresponding EDS maps of the most representative elemental constituents of bulk samples obtained under the optimized SPS con
ditions (Table 6) from Martian regolith simulants: (a) JSC-Mars-1A, (b) MMS, (c) MGS-1, and (d) JEZ-1.
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Fig. 10b shows that the JSC-Mars-1A sample also exhibited markedly 
higher flexural strength (70.58 ± 8.39 MPa) compared to the other 
Martial simulants tested in this work, i.e. JEZ-1 (39.04 ± 3.44 MPa), 
MMS (35.54 ± 9.52 MPa), and MGS-1 (24.93 ± 3.14 MPa). As for the 
JSC-Mars-1A system, the value obtained in this work was better that 
those reported in the literature using alternative techniques, such as 
impact compaction (50 MPa) [20], liquid infiltration (45 MPa) [22], and 
sulphur concrete (2.3 MPa) [23], for processing the same simulant, in 
some cases in presence of additives. Hoekman [28] measured the 

flexural strength on MGS-1 samples produced by SPS and the resulting 
value (24 MPa) was nearly close to that obtained in this work (24.93 ±
3.14 MPa). The same authors improved significantly this property (up to 
52 MPa) with the introduction of 5 %Bi2O3. Karl et al. [17] reported 
higher values (53.5 and 57.6 MPa, after sintering in air or Martian at
mosphere, respectively) using a mixture of MGS-1, MGS-1C, and a 
polymeric binder, first processed by additive manufacturing followed by 
a pressureless sintering step.

Based on the results discussed above, it is possible to state that, 
among the four regolith-like resources here investigated, the best 
compressive and flexural performances of the corresponding bulk ma
terials are exhibited in the following hierarchical order: JSC-Mars-1A >
JEZ-1> MMS ≈ MGS-1.

Differently from the mechanical properties discussed above, Fig. 10c 
evidenced that Vickers micro-hardness measurements provided closer 
values among the sintered samples resulting from the four Martian 
simulants. The long error bars in graphs shown in Fig. 10c, which 
indicate that the measured values were rather spread out, are due to the 
heterogeneous nature of these simulants, as observed in Fig. 9. In any 
case, it is possible to state that the JEZ-1 sample possessed the highest 
hardness (1001 ± 93 HV, 1 HV = 0.0098 GPa), followed by JSC-Mars-1A 
(907 ± 168 HV) and MGS-1 (901 ± 107 HV) products, while MMS-based 
specimen resulted relatively softer (802 ± 129 HV). As expected, these 
values are all superior to that (710 ± 30 HV) measured by Goulas et. al. 
[15] on 59 % porous samples prepared by additive manufacturing from 
JSC-Mars-1A simulant. While the hardness values relative to various 
extraterrestrial construction materials resulting from Lunar regolith 
simulants have been reported in the literature [30], no other data, 
except for Goulas et. al. [15], are available, to the best of our knowl
edge, for samples produced using Martian simulants.

The diverse Vickers hardness values of the samples generated from 
the four simulants can be somehow correlated with their compositional 
differences. As discussed above, olivine, plagioclase and pyroxene, are 
the three main mineral families present in these simulants (Table 7). A 
Vickers hardness of about 1100 HV was reported for highly dense olivine 
samples [65,66].

Relatively lower HV values are reported for Plagioclase, in the range 
of 7–9 GP (equivalent to 712–918 HV), depending on the specific phase 
belonging to this mineral family [67,68]. Finally, Pyroxenes are char
acterized by generally lower hardness, in the range 4.9–8.5 GPa 
(equivalent to 500–867 HV) [69].

Therefore, the superior hardness properties possessed by the JEZ-1 
sample can be more likely ascribed to the fact that this material is 
richer in Olivine compared to the other contenders (Table 7). In contrast, 
the lower hardness value exhibited by the MMS sample can be attrib
uted, other than its relatively lower densification degree, also to the 
higher content in the “softer” Pyroxene mineral and the lower fraction of 
“harder” Olivine.

The fact that, despite its higher relative density, JSC-Mars-1A sam
ples show lower HV values compared to JEZ-1 ones, can be explained 
with their different Olivine content, i.e. 3.2 and 49 wt%, respectively.

Therefore, the mineralogical differences of the various Martian 
regolith-like samples obtained in this work by SPS also play an impor
tant contribution for defining their mechanical performances which are, 
in general and regardless of the type of simulant, superior with respect to 
the state of the art.

4. Conclusions

The fabrication of highly dense and mechanically resistant materials 
using additive-free JSC-Mars-1A, MMS, MGS-1, and JEZ-1 Martian 
regolith was successfully achieved in this work. These simulants present 
some compositional differences, to represent the variety of soils avail
able on this planet, which are found to affect their densification behavior 
and the characteristics of the resulting bulk materials. The optimization 
of the SPS process allowed us to provide fully dense and fairly uniform 

Fig. 10. Mechanical properties evaluated for the 4 regolith simulants sintered 
at their tailored optimal conditions. (a) Compressive strength, (b) Flexural 
strength, and (c) Vickers Hardness.
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microstructures from JSC-Mars-1A powders at relatively milder sinter
ing temperature (1000 ◦C). This is mainly ascribed to the dominant 
amorphous fraction present in this simulant, initially equal to about 60 
wt% then reduced to approximately 44 wt% after the preliminary 
annealing treatment carried out to remove water and organics from the 
raw material. During SPS, the amorphous content markedly decreased 
down to about 6 wt% and the obtained ceramics exhibited compressive 
strength, flexural strength, and Vickers hardness values equal to about 
310 MPa, 70 MPa, and 1000 HV, respectively. Relatively lower me
chanical properties were obtained using the other three simulants, and 
this feature can be primarily associated to the residual porosity present 
in the corresponding sintered samples, particularly for the case of the 
MGS-1 system (about 5 vol%).

Regardless of the type of simulant, the sintered materials produced in 
this work exhibited better properties than those reported so far in the 
literature for these systems. In this regard, a beneficial role is certainly 
played using an electric current assisted sintering technique, like the 
SPS, that allows for, after the processing parameters are properly opti
mized, the rapid fabrication of highly performant structural components 
from Martian simulants.

To further reduce the still high thermal budget required with SPS, 
which might represent a problem for in-situ applications, the develop
ment of less energy-demanding fabrication technologies capable of 
producing highly dense Martian-regolith-derived materials, with me
chanical properties similar or even better than those obtained in this 
study, would signify an important advancement in this field. Unfortu
nately, as reported in the Introduction of this paper, the use of more 
energy efficient technologies like cold sintering led so far to less dense 
samples with lower mechanical properties. SPS presents also some 
limitations when complex shapes are needed. In this regard, additive 
manufacturing is expected to be the most convenient and versatile 
fabrication method to apply.

An additional crucial aspect which deserves the due attention is the 
evaluation of shielding capabilities of processed regolith for structural 
applications in a radiation affected environment such as Martian sur
face. Finally, results obtained in this work need to be properly validated 
with the use, when available, of the actual regolith types coming from 
the planet Mars.
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