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ARTICLE INFO ABSTRACT

Keywords: In-situ exploitation of Martian resources to obtain products and services is crucial for promoting future manned
Space resources missions on the planet. Along this line, the JSC-Mars-1A, and MMS regolith simulants which are representative of
ISRU the wide spectrum of soils available on the Mars surface, are investigated in detail to evaluate their possible
Martian regolith simulants e s . . . .

SPS utilization for solar energy applications, when used either in powder form or after being consolidated by Spark

Plasma Sintering (SPS). The markedly different densification behavior shown by the two simulants can be
associated with their diverse compositional and structural characteristics, with the predominant amorphous
constituent (about 50 wt%) in original JSC-Mars-1A observed to strongly favor powder consolidation. For this
system, fully dense samples were obtained by SPS at 1000 °C/3min/30 MPa. Concurrently, the amorphous
fraction was reduced to 16 wt%. In contrast, the highly crystalline nature of MMS (70 wt% of Andesine, only 3 wt
% of the amorphous content) makes this simulant more thermally stable and less prone to be consolidated, with
97.5% dense samples produced by SPS at 1050 °C/3min/30 MPa.

To assess the samples’ solar absorption and thermal radiation properties, optical spectra of both simulants in
the range from 0.2 to 16 pm wavelength were compared by considering pristine powders and bulk samples with
different porosity and roughness characteristics. We found a significantly increased solar absorptance in the
sintered samples with respect to the starting powders, even reaching the remarkable value of 0.93. The thermal
emittance of ceramics was lower than that of powders for temperatures below about 300K, and superior for
higher temperatures. These results have been discussed regarding the possible application of solar energy har-
vesting and thermal energy storage.

Optical properties
Solar absorber

1. Introduction

In the last decades, research and development of new technologies
and solutions for the exploration and colonization of nearby extrater-
restrial bodies saw an increase in the involved players, which nowadays
include not only space agencies of the major superpowers but also
emerging space programs both from new geopolitical agents and private
investors [1,2].

In this context, the Moon is widely regarded as a strategic staging
ground for deep-space missions, while Mars represents the primary long-
term objective for human exploration and potential settlement [3-7].

Earth-based space exploration is associated with high costs, as all
mass launched to Low Earth Orbit (LEO) and beyond needs to escape the
planet's gravitational field relying on the power generated by the
rocket's propellant. On this basis, the development of In-Situ Resource
Utilization (ISRU) technologies and techniques, whose purpose is to
harness and utilize space resources to obtain products and services
which significantly reduce the mass, cost and risk of near- and long-term
space exploration, allows payload costs associated with longer-term
missions to be cut [8]. This approach is particularly relevant for Mars,
given its distance from Earth, relatively strong gravitational field, and
locally available resources. Current mission architectures estimate a
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minimum duration of approximately 500 days for short-stay missions [9,
10], emphasizing the need for a high autonomy in future permanent
bases.

Among the ISRU strategies to be developed, in-situ surface power
generation and storage represents one of the key aspects identified by
NASA, along with the utilization of locally available resources for a
broad range of scopes [8].

In this context, the most abundant and ubiquitous material available
on the Martian surface is certainly represented by regolith [11]. It
typically shows a globally homogeneous basaltic nature with local to
regional enrichments in secondary minerals, reflecting specific geolog-
ical histories. Given the complexity and energy requirements for the
separation of different mineral phases, single metals or other elements,
the direct utilization of regolith is then considered preferable. Differ-
ently from Lunar soil, Martian regolith has not been yet brought to
Earth, so that all the research work performed to date on this subject
makes use of regolith analogues [11,12]. In this framework,
JSC-Mars-1A and Mojave Mars Simulant (MMS) are two of the most
investigated Martian regolith simulants developed so far [11].

As for their possible exploitation for energy generation and storage,
while several works assessed the feasibility of the use of untreated or
sintered Lunar regolith as solar energy absorbers [13] and thermal en-
ergy storage (TES) materials [14-17], to date, to the best of our
knowledge, no systematic investigation has been reported on Martian
regolith simulants that links processing techniques—such as Spark
Plasma Sintering—with the resulting microstructural, densification, and
optical properties relevant for those applications on the Martian surface.

Generally, sintered regolith is considered the best option for TES,
given the enhanced thermal conductivity and mechanical properties of
bulk materials if compared to loose dust [14,18].

Accordingly, different consolidation methods, previously applied to
terrestrial processes, have been considered to convert loose Martian
regolith into sintered bodies. They include pressureless sintering [19],
combustion synthesis-based processes [20-22], impact compaction
[23], high-pressure consolidation [23], solar sintering [24], additive
manufacturing [25,26], and cold sintering [27]. For solar-thermal ap-
plications, optical properties are critical. They are different, and
process-dependent, for powders and their sintered bulks [13].

Spark Plasma Sintering (SPS), also referred to as Electric Current-
Assisted Sintering (ECAS), is a widely used efficient consolidation
method able to guarantee the achievement of high densification levels in
very short times, compared to standard hot pressing or pressureless
sintering [28]. Recently, the SPS technology has been successfully
applied to process lunar regolith simulants [13,29-32].

The low energy demand associated with this technique is expected to
be highly beneficial for its applicability in contexts such as the proposed
Martian outposts. Moreover, the operating conditions typical of the SPS
setup, which requires high vacuum during experimental runs, simulate,
more closely, the actual Martian atmosphere compared to air sintering.
Furthermore, this technique also allows for the obtainment of adequate
densification levels without employing additional binders, which may
not be available in-situ.

In the present work, the JSC-Mars-1A and MMS simulants are first
characterized in terms of mineralogy, thermal stability, and density.
Despite their widespread use, complete datasets—including theoretical
densities and other key parameters—remain scarce [11].

The simulants are consolidated via SPS at different temperatures and
mechanical loads to produce bulk specimens, whose composition, den-
sity, porosity, and surface roughness are evaluated. Finally, spectral
absorptance/emittance, as well as integrated solar absorptance and
thermal emittance are studied in the temperature range of 100-600 K,
representative of potential ISRU-based Martian operating conditions. In
the latter regard, it should be further emphasized that, in contrast with
lunar regolith, whose optical and thermal radiative properties have been
recently evaluated for solar energy applications [13], no previous
studies are available so far in literature on Martian regolith simulants
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addressing energy-related functional properties to target the use of
regolith for solar thermal energy generation and storage on Mars.

2. Experimental materials and methods
2.1. Regolith simulant powders

The Johnson Space Center Martian regolith simulant (JSC-Mars-1A,
<1 mm class, Orbital Technologies Corporation, Madison, WI, USA)
used in this work consists of a red/brown volcanic ash mined from a
cinder quarry in the Pu'u Nene crater of the Mauna Kea volcano (near
Hilo, Hawaii, USA) sieved to the <1 mm fraction [33]. On the other
hand, the MMS simulant, 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) [34].

The chemical compositions (oxide constituents, wt.%) of the two
simulants are reported in Table 1, along with data relative to actual
Martian soil obtained in the framework of Viking 2, Pathfinder and MER
Opportunity missions [35-37].

Thermo-gravimetric analyses were performed on pristine JSC-Mars-
1A and MMS 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 (RT) to 800 °C.

Prior to SPS experiments, JSC Mars-1A powders were first heat
treated in air at 700 °C for 2 h using a muffle furnace (LT 24/11/B410,
Nabertherm, Lilienthal, Germany), and then stabilized in air environ-
ment at RT.

Absolute densities of the two materials were determined by a gas
displacement pycnometer (AccuPyC 1340, Micromeritics, USA) using
helium as adsorbate gas.

The pristine JSC Mars-1A simulant received a 60 min ball milling
treatment (balls to powder weight ratio equal to 2) using a planetary
mill (Tecnotest, Italy) to reduce the original powders size (<1 mm) to
less than 150 pm. Such treatment was not needed in the case of MMS,
which already satisfied the latter condition. Particle size distribution of
both powder batches was evaluated by a laser light scattering analyzer
(CILAS 1180, France).

2.2. Sintered samples

Regolith powders were consolidated by SPS (515S model, Fuji
Electronic Industrial Co., Ltd., Kanagawa, Japan) under vacuum con-
ditions (about 20 Pa). Approximately 2.15 g of either pristine (MMS) or
heat treated (JSC-Mars-1A) simulants were located inside a die cylinder
(30.2 mm external diameter, 20.7 mm inside diameter, 48 mm height)

Table 1

Oxide constituents (wt%) of JSC Mars-1A and MMS simulants. Data for actual
Martian soil from Viking 2 landing site, Pathfinder and MER Opportunity are
also reported for comparison. (n.r.: not reported).

Oxide  JSC MMS Viking Pathfinder MER
Mars-1A [34] Lander 2 soil [36] Opportunity soil
[38] [35] [37]1
SiO, 345-44 494 43 42 43.8
Al,03 18.5 - 17.10 7 10.3 8.6
23.5
Fe03 9-12 10.87 17.8 21.7 n.r.
CaO 5-6 10.45 5.7 6.1 6.67
TiO, 3-4 1.09 0.56 0.8 1.08
FeO 25-35 n.r. n.r. 14.2 15.6
MgO 25-35 6.08 6 7.3 7.1
Na,O 2-25 3.28 n.r. 2.8 1.6
P05 0.7 - 0.9 0.17 n.r. 0.7 0.83
K20 0.5-0.6 0.48 <0.15 0.6 0.44
MnO 0.2-0.3 0.17 n.r. 0.3 0.36
Cry03 n.r. 0.05 n.r. 0.3 0.46
SO3 nr. 0.10 8.1 6.0 5.57
LOI n.r. (3.39) n.r. nr. n.r.
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equipped with two plungers (20 mm diameter, 34 mm height), all
consisting of AT101 graphite (ATAL Srl., Italy). A 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. During sintering experiments, temperature 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. 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. Each sample was first cold com-
pacted in the SPS apparatus at 15 MPa for about 10 min. Then, the
electric current was applied to heat powders first from the RT to an
intermediate level, 100 °C below the maximum value (Tp), at a rate of
50 °C/min. Then, to reduce possible overshooting problems, the heating
rate was lowered (10 °C/min) until the Tp value was achieved. The
sample was maintained for 3 min at Tp and, finally, the temperature was
decreased following a prescribed cooling program. The influence of the
temperature on samples density was investigated in the ranges 800-
1000 °C and 950-1050 °C for the cases of JSC-Mars-1A and MMS sys-
tems, respectively. The effect produced by an increase of the applied
mechanical pressure (P) from 15 to 30 MPa was also explored.

While the displacement output recorded in real time provides an
indication of the evolution of the sample densification during SPS, the
thermal expansion of graphite tools, electrodes and the sample is also
responsible for the measured value. The latter contribution, but that of
the sample, was evaluated separately under the same SPS conditions.
The so-called sample shrinkage (8), a more reliable index of the densi-
fication degree, was then determined.

The obtained bulk samples (about 20 mm diameter and 1.8 to 3 mm
height) were properly polished using abrasive paper, to remove possible
residual impurities from the graphite tools. Each experimental condition
was replicated at least twice.

Samples density was measured by the Archimedes’ method using
acetone as soaking medium (as suggested by the work of Sizemore and
Mellon [39]) and an analytical balance (+0.0005 g precision) (Ohaus
Explorer Pro, Ohaus Corporation, NJ, USA) to weigh them. Relative
densities were then evaluated by considering, as reference values, the
absolute densities of original JSC-Mars-1A and MMS simulants, as
described previously.

To verify the capability of the sintered samples to withstand tem-
perature changes occurring on Mars during the course of each sol [40],
they were subjected to thermal cycles. The latter ones consisted in
exposing JSC-Mars-1A and MMS samples for 12 h at —80 °C (~193K)
(ACS Polar 550H, Angelantoni, Italy) followed by 12 h at RT. After the
test, samples were also examined by a Keyence VHX-S770E digital mi-
croscope (KEYENCE ITALIA S.p.A., Italy) to verify that no cracks were
formed.

X-Ray Powder Diffraction of the simulants, (pristine, heat treated
and sintered) were carried out in a Rigaku SmartLab (Bragg-Brentano
geometry) equipped with a rotating copper anode (Cu Ka radiation A =
1.5418 nm) working at 40 kV and 100 mA. The analysis was performed,
in the 5°-130° theta/2theta range, with a step-size of 0.05° and for 30 s
for each step. The attribution of the mineralogical phases was performed
with QualX [41], with a Search and Match approach, using the COD
(Crystallography Open Database) as a reference database [42]. Crys-
tallographic studies in terms of relative abundance, crystallite size,
crystal disorder, and cell parameters were estimated by the Rietveld
method, using MAUD (Material Analysis Using Diffraction) program
[43]. The CIF files used for the Rietveld refinement were provided by the
COD Database [42].

The microstructural characteristics of the samples surface were
examined by SEM (Zeiss Evo LS 15).

Surface roughness of the polished samples selected for optical mea-
surements was determined using a contact profilometer (Mitutoyo SJ-
201). In particular, the following roughness parameters were consid-
ered: Ra, defined as the arithmetic mean of the absolute ordinate Z(x)
referring to the length of the measurement profile; Rq defined as the root
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mean square error for the absolute ordinate Z(x); Rz, influenced by the
surface defects, representing the sum of the maximum height of a peak
and the maximum depth of a valley (maximum height of the profile
along z).

To estimate surface porosity of the sintered samples, SEM micro-
graphs were analyzed using the open-source software GNU Image
manipulation Program GIMP (version 2.10). In particular, SEM images
were further processed, i.e. brightness and contrast correction, to better
evidence pores. Porosity was determined as the ratio of pixels ascribed
to pores to total pixels.

Thermal conductivity at RT of sintered samples was estimated
following the Brigaud and Vasseur (1989) approach [44]. Accord-
ingly, a rule of mixture, based on mineralogical composition and ther-
mal conductivity data of each constituent, taken from Horai and
Simmons (1969) [45], was used. Values for fully dense materials (kg)
were first determined. Porosity degree (y) was then considered to eval-
uate sample conductivity (k) using Loeb's equation [46]:

k=k(1-7y) €8]

or Landauer's relation [46]:

k:% {kP(Syf 1) +ko(2—-3p) + {[kp(3r — 1) + k(2 — 3y)}2 + Skap}%}
(2)

when y <15% or 15%<y<65%, respectively. Pores conductivity (kp)
was neglected in this work due to the rarefied Martian atmospheric
conditions [47].

2.3. Optical properties

Optical properties of both sintered samples and pristine powders
were investigated in order to evaluate how they behave when subjected
to electromagnetic radiation of different nature. Spectral hemispherical
optical reflectance and transmittance were measured in the range 0.19-
16.00 pm wavelength using two instruments: a double-beam spectro-
photometer (Perkin Elmer Lambda900) with a 150-mm diameter Spec-
tralon®-coated integrating sphere for the spectral range 0.19-2.50 pm,
and a Fourier Transform spectrophotometer (Thermo Fisher iS50) with a
gold-coated integrating sphere and a liquid Np-cooled detector for the
wavelength region from 2.5 to 16.0 pm. The transmittance and reflec-
tance data have been taken for normal or quasi-normal light incidence
angle, respectively.

As a preliminary step, we measured the hemispherical transmittance
tN(A), finding it to be zero across the whole spectral range investigated,
within the experimental uncertainty. Therefore, the normal spectral
absorptance a()\) can be obtained from the experimentally acquired
normal hemispherical reflectance r’"(A) according to the following
relation:

a)=1-tn() -rn(x)=1-rn(x) (3)

Being the surfaces at thermal equilibrium, Kirchhoffs law of
absorptance applies [48]. Therefore, the normal spectral absorptance
a(2) is equal to the normal spectral emittance e(A):

a(A)=¢(A) 4)

Then, the total solar absorptance in the wavelength range (Amin,
AMax) can be obtained by spectral integration as:

e a(2) Lsun(A)-dA
- A MAX

5
A min Isu”(i).dj' ( )

And, similarly, the total thermal emittance at temperature T as:

-4 MAX

E(T) — Jamin S(A)IBBT(A)‘U'

A — 6)
[imin T (A)-da
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where the integration boundaries Apj, = 0.19 pm, Ayax = 16.0 pm,
correspond to the boundaries of the spectral range experimentally
accessible in our case, Isy,()) is the solar irradiance as described below,
and Igp r()) is the blackbody irradiance at the temperature T:

27hc? 1
5 i @
ekT — 1

IBB‘T =

with h, c and k the Planck's constant, the speed of light and the Boltz-
mann's constant, respectively. As discussed elsewhere [49], the values of
a and &(T) obtained from room-temperature spectra, which are widely
used in the literature to characterize solar energy materials, should be
considered as approximate values. They cannot represent the values in
operative conditions, which would need the knowledge of the spectra at
the considered temperatures. They are, however, very useful for a first
comparison among a set of samples, as well as to allow the comparison
with materials already investigated in the literature. For this reason, this
work will consider two significant decimal digits for a and &(T) calcu-
lated from Egs. (5) and (6), despite the actual propagated uncertainty
from the experimental uncertainties on the reflectance and trans-
mittance measurements (+2 on the absolute measured values, which are
normalized to 100) would be lower.

Unlike the Lunar case, where the absence of any atmosphere allows
to consider the extraterrestrial solar irradiance [50] as representative of
the solar irradiance on the surface of the celestial body [13], for Mars
planet the actual solar irradiance on the surface must be considered. It is
site- and season-dependent, due to the characteristics of Mars atmo-
sphere and orbit.

For the sake of clarity, a schematic picture summarizing the work-
flow, from the starting powders to the various characterizations, is
shown in Fig. 1.

3. Results and discussion
3.1. Characterization of initial simulants

The TGA curves reported in Fig. 2 evidence the different behavior
manifested by the two pristine simulants when they are exposed to
progressively higher temperatures, up to 800 °C. JSC-Mars-1A clearly
shows a superior weight loss (about 28%) compared to MMS (about 8%).
These results are fairly consistent with Chow et al. [33] and Corrias et
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Fig. 2. Weight change (%) of JSC-Mars-1A (before and after the heat treatment
carried out for 2h at 700 °C) and MMS simulants during TGA experiment under
dynamic conditions.

al. [20] findings relative to JSC-Mars-1A (about 30%) and MMS (about
5%), respectively.

As seen in Supplementary Fig. S1, and reported by Karl et al. [11],
some plant roots are found in the JSC-Mars-1A original material. This
provides direct evidence of the presence of an organic source. This is also
confirmed by the significant carbon content, in the range 3.01-3.16 wt%
[23,51], as well as by the traces of ammonium nitrates [51] detected on
this simulant. Even if the presence of organics (in traces) on Mars cannot
be excluded [52], the large amount found in JSC-Mars-1A needs to be
significantly reduced to closely mimic the actual Martian soil
characteristics.

Nonetheless, the marked mass loss observed during TGA test of JSC-
Mars-1A should be mostly attributed to the presence of water. Based on
measurements of the Curiosity rover in the Gale crater [53] the observed
water release is far greater than that expected on Martian soil [11,54].
To remove excess water and organic species, JSC-Mars-1A was, before
being further processed, heat treated for 2h at 700 °C, above which the
related TGA curve does not indicate further weight changes (Fig. 1). As
shown in Supplementary Fig. S2, heat treated powders regained some

Heat treatment

Cs mese

JSC-Mars-1A

Martian
Simulants
Powder consolidation

Compositional and
morphological
characterization

- 4
- _b:_

Optical Properties

Fig. 1. Schematic representation of the workflow, showing the different processing and characterization steps.
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weight when exposed to air environment. This phenomenon,
ascribed to the high hygroscopicity of JSC-Mars-1A [34], can be
considered roughly completed within 3 days (Supplementary
Fig. S§2).

Fig. 2 also evidenced that the TGA curve associated with the latter
material is nearly close to that of untreated MMS, with a measured mass
loss of the first simulant equal to about 7 wt%. The characteristics of
both pristine MMS and treated JSC-Mars-1A appear now to be more
coherent with Martian mission's findings regarding the limited water
content in regolith.

To homogenize the coarser JSC-Mars-1A simulant (<1 mm particle
size), the related powders were mildly ball-milled to obtain particles
smaller than 150 pm. In contrast, pristine MMS did not need any milling
step. Particle size parameters of the two simulants are reported in
Table 2.

Mineralogic composition of as received simulants and heat treated
JSC-Mars-1A was deduced by XRD analysis. The related patterns are
reported in Fig. 3. After the identification of the mineral components,
their relative content (wt.%) was evaluated, together with crystallo-
graphic parameters, with the Rietveld method. The obtained results are
shown in Table 3. Each of the simulants presents a relevant texture effect
due to the oriented crystal growth typically observed in natural min-
erals. The corresponding crystallite size, microstrain, and lattice pa-
rameters, also estimated with the Rietveld method, are reported in
Supplementary Table S1-S4.

XRD of pristine MMS (Fig. 3 and Table 3) evidence the presence of a
major content in plagioclase, mainly attributed to andesine, and 14 wt%
of pyroxene, equally distributed between the detected augite and
pigeonite phases. Orthoclase, olivine, montmorillonite, and a small
amount (3 wt%) of an amorphous phase were also found, along with a
phase with the Fd-3m special group, attributed to cobalt iron oxide
(Table 3). The montmorillonite phase presents a stacking fold layer
disposition, that was fitted using the Ufer Model.

Results obtained in the present study on the composition of MMS
simulant generally agree with previous literature findings, with some
differences. Indeed, Peters et al. [34] also identified plagioclase and
pyroxene phases, as well as magnetite and olivine, even though they did
not estimate their quantity. More recently, Clark et al. [54] performed
the quantitative phase analyses of the MMS simulant. The resulting
amount of the plagioclase phase was relatively lower (60.7 wt%) and
that of pyroxene (20.7 wt%) slightly higher compared to the results
obtained in this work and listed in Table 3. Additionally, Clark et al.
[54] identified the presence of calcite (1 wt%) as well as a high phyl-
losilicates content (15.6 wt%) in the MMS simulant. Both phases were
not indicated by the developers of this regolith simulant [34]. Accord-
ingly, in this work no calcite was detected while a significantly lower
quantity of phyllosilicates (3 wt%) was found (Table 3).

Moreover, Clark et al. [54] did not report the presence of olivine (4
wt% in our work). As stated by the same authors [54], the analyzed MMS
batch was possibly sourced from a chemically altered area of the Sad-
dleback basalt, and this feature provides a plausible justification for such
discrepancies.

As for the pristine JSC-Mars-1A, Fig. 3 and Table 3 evidence the
presence of a dominant fraction (53 wt%) of an amorphous phase. In

Table 2
Particle size parameters of Martian regolith simulants used to produce bulk
samples.

JSC-Mars-1A MMS
d10 [pm] 2.04 +0.33 2.52 + 0.09
d50 [pm] 23.85 + 1.06 23.38 4+ 0.95
d90 [pm] 57.39 + 4.03 65.92 + 2.69
d [4,3] [pm] 27.18 + 1.55 29.40 + 1.22

Density of the pristine (MMS) and heat treated (JSC-Mars-1A) simulants
measured by pycnometer are about 2.77 and 2.84 g/cm?, respectively.
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Fig. 3. XRD patterns of (a) JSC-Mars-1A (pristine and heat-treated) and (b)
pristine MMS simulants.

Table 3
Phase composition of pristine MMS and JSC-MARS-1A simulants obtained by
Rietveld refinement (n.d.: not detected).

Phase MMS-Pristine (wt. JSC-Pristine (wt. JSC-HT (wt.
%) %) %)
Amorphous 3 53 47
content
Phyllosilicates 3 n.d. n.d.
(Montmorillonite)
Plagioclase 70 (Andesine) 25 (Andesine) 37
<1 (Bytownite) (Andesine)
Olivine 4 3 (Fayalite) 3 (Fayalite)
Pyroxene 8 (Augite) 18 12
8 (Pigeonite)
Magnetite n.d. 1 1
K-feldspar 2 (Orthoclase) n.d. n.d.
Fe;Co04 1 n.d. n.d.

addition, large quantities of plagioclase (25 wt%) and pyroxene (18 wt
%) were also detected, along with olivine (3 wt%) and magnetite (1 wt
%). These results match, from the qualitatively viewpoint (no quanti-
tative analysis was provided), with the mineralogic phases indicated by
the vendor [38]. More recently, Shindler et al. [33] provided a
semi-quantitative analysis of crystalline phases, whereas the relevant
amorphous counterpart (Table 3) was completely neglected. Nonethe-
less, the crystalline phases identified by Shindler et al. [33] are
consistent with our findings. Given the absence of quantification of the
amorphous part, and the higher accuracy provided by the Rietveld
refinement compared to semi-quantitative analyses, it can be stated that,
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compared to Shindler et al. [33], the data reported in this work more
closely mimic the actual phase composition of the simulant.

Table 3 also evidences the fact that the amorphous fraction in the
JSC-Mars-1A system is reduced from 53 to 47 wt% because of the heat
treatment received. Correspondingly, the content of crystalline phases,
in particular plagioclase, increased from 25 to 37 wt%.

3.2. Spark Plasma Sintering of regolith simulants

The sintering behavior of MMS (pristine) and JSC-Mars-1A (prelim-
inarily heat treated at 700 °C) simulants can be deduced from the cor-
responding SPS outputs, namely sample shrinkage, and gas pressure
inside the chamber, reported in Fig. 3 for experiments performed at Tp
= 1000 °C and P = 15 MPa.

It is apparent that the two simulants behave quite differently during
the SPS test conducted under the same conditions. First, the final value
of sample shrinkage () for the JSC-Mars-1A system resulted to be about
three times higher than that recorded for MMS. Such discrepancy is
consistent with the relative densities of the resulting sintered samples,
equal to 99.3 and 76.5% for JSC-Mars-1A and MMS, respectively. In
addition, the densification of the latter one is observed to occur very
gradually, at a low rate, until the Tp value is achieved. In contrast,
sample shrinkage increased very rapidly, particularly in the temperature
range of 200-900 °C, when the JSC-Mars-1A simulant was processed.
Given the broader sintering window and lower temperatures required
for the consolidation of JSC-Mars-1A, the effect of the dwell temperature
on sample density was investigated in the range of 800-1000 °C for this
system. On the other hand, this study was conducted in the range of 950-
1050 °C when considering the MMS counterpart.

The observed differences in the sintering behavior could be primarily
imputable to the diverse composition of the two simulants. In particular,
as reported in Fig. 3 and Table 3, JSC-Mars-1A is dominated by the
amorphous fraction, which highly promotes sample densification, while
MMS basically consists of crystalline phases such as andesine and
pyroxenes.

The P curves reported in Fig. 4 indicate that the gases release,
starting to occur inside the SPS chamber at about 100 °C, is more evident
with JSC-Mars-1A. Such phenomenon can be likely attributable to the
evaporation of the adsorbed water in both systems.

The effect of the dwell temperature and the applied pressure on
product densification was investigated. Fig. 5(a) and 5(b) underline the
positive effect of both parameters on the final densities of JSC-Mars-1A
and MMS specimens, respectively. As for the JSC-Mars-1A, fully dense
samples are obtained at 1000 °C/30 MPa. In this regard, it should be
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Fig. 4. SPS outputs (sample shrinkage, gas pressure inside the sintering
chamber) and the corresponding temperature time profile recorded during the
consolidation of JSC-Mars-1A (preliminarily heat treated) and pristine MMS
regolith powders for the case of T, = 1000 °C, P = 15 MPa. Filled and empty
symbols refer to JSC-Mars-1A and MMS, respectively.

206

Acta Astronautica 246 (2026) 201-214

304 JSC-Mars-1A theoretical density:
2.84 g/em’ E i ,%
2.8 ’/T
»
(a) L~
264
E 244 =1 7
g
> 221 . /{/-F
= s
S 204 - P
a T Al 5 —s— 15 MPa
i + —e— 30 MPa
/
16 ¥
14 T | 1 T 1
800 850 900 950 1000
Temperature [°C]
3.0+
2.8 4 MMS theoretical density: 2.77 g/cm
264 (D) :
£ 244
2
K=l 22 e
- e ] P = -
.‘ﬁ - --_-_‘*‘.
= +
@ 204 ! -
o ;,,xr* =— 15 MPa
18 1 —e— 30 MPa
1.6 4
T T T
950 1000 1050

Temperature [°C]

Fig. 5. Effect of the dwell temperature, at different mechanical pressure levels,
on the density of bulk samples obtained by SPS from (a) JSC-Mars-1A (pre-
liminarily heat-treated) and (b) pristine MMS regolith simulants.

noted that the measured density of certain samples obtained under such
SPS conditions exceeded the theoretical value. This can be ascribed to
the fact that the latter one refers to the starting simulant. However, as
discussed afterwards, crystallization phenomena occurred on the JSC-
Mars-1A sample during SPS, with consequent compositional/structural
modifications, so that the theoretical density of the material is expected
to change.

From the thermal cycling tests carried out on representative sintered
samples in the range from —80 °C to RT, neither damage nor cracks
formation were evidenced (Fig. 6a and b). This finding testifies the
capability of JSC-Mars-1A and MMS samples to resist the temperature
changes taking place on the planet during each sol.

3.3. Compositional, and microstructural characterization

Compositional and structural changes occurring when JSC-Mars-1A
regolith was processed by SPS under different conditions can be
deduced from the related XRD patterns shown in Supplementary Fig. S3.
The amount of each phase estimated by Rietveld refinement are plotted
in Fig. 7 and summarized in Table 4, while crystallite size, microstrain,
and lattice parameters are reported in Supplementary Tables S1, S2 and
S3, respectively. Fig. 7 shows that, during SPS, the amorphous fraction
in the simulant progressively decreased down to 16 wt% as the dwell
temperature was augmented up to 1000 °C. Correspondingly, the con-
tent of both andesine and, at a lower degree, pyroxene increases up to 57
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Fig. 6. (a) Optical images showing no noteworthy changes occurring on JSC-Mars-1A and MMS samples after each thermal cycling test (five cycles) conducted in the
range from —80 °C to RT; (b) detailed views of the samples after the 5th cycle showing no cracks formation.
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Fig. 7. Phase content changes, as determined by Rietveld analysis from XRD
patterns (Supplementary Fig. S3), of JSC-Mars-1A regolith samples after heat
treatment at 700 °C and during SPS at T, = 800, 900, and 1000 °C with respect
to the pristine simulant.

and 23 wt%, respectively. On the other hand, the relative amount of
fayalite and magnetite remained nearly the same. As reported in Sup-
plementary Table S1, crystallite size of the different phases tends to
increase as the SPS condition became progressively more severe.

In contrast with the behaviour displayed by JSC-Mars-1A regolith,
the significantly lower content of the amorphous phase makes the MMS
counterpart much more thermally stable. This is testified by the minor
changes, with respect to the pristine simulant, in the XRD patterns of the
samples produced at different SPS conditions (Supplementary Fig. S4).
This feature is even clearer when observing the corresponding phases’
amounts plotted in Fig. 8 (see also Table 4 for a summary). The most
considerable, but still limited, phase transition phenomenon is the
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disappearance of the montmorillonite phase, originally present in the
pristine material, in the sample sintered at 950 °C. In conclusion, it is
possible to state that, apart from other minor oscillations, phases orig-
inally present in the MMS simulant preserve their quantitative distri-
bution along the entire SPS experimental campaign.

3.4. Morphological-roughness characterization and thermal conductivity
estimation

Based on the results obtained in previous sections, three SPS condi-
tions have been selected for each simulant to produce the SPS samples to
be subjected to optical measurements. Specifically, the JSC-Mars-1A
specimens obtained at 800 °C/15 MPa (JSC@800-15), 900 °C/30 MPa
(JSC@900-30), and 1000 °C/30 MPa (JSC@1000-30), were considered
to cover a quite wide relative density range, i.e. from 57 to >99.9%. For
the same reason, the MMS samples obtained at 950 °C/30 MPa
(MMS@950-30), 1000 °C/30 MPa (MMS@1000-30), and 1050 °C/30
MPa (MMS@1050-30), were selected.

SEM images reported in Fig. 9 show the morphological differences on
the surface of JSC-Mars-1A and MMS samples sintered at different
conditions which will be further characterized from the optical view-
point. In particular, the JSC@800-15 sample (57% dense) appears to be
poorly consolidated, suggesting that the sintering process is in its early
stage. On the other hand, JSC@900-30 (86.3% dense) and, especially,
JSC@1000-30 (>99.9% dense) products are highly densified. As for the
MMS simulant, Fig. 9 shows a different scenario.

Indeed, with reference to Fig. 9, even if a progressive densification
improvement is achieved as sintering temperature was augmented, bulk
MMS samples appear to be less compacted, compared to the JSC-Mars-
1A ones, even at the most severe conditions adopted for this system
(1050 °C/30 MPa). Thus, consistently with density data reported in
Fig. 5(a) and 5(b) the MMS system clearly exhibits a more refractory
nature with respect to the other simulant.

Since surface porosity and roughness characteristics are expected to
affect the optical properties of the bulk samples, these properties have
been measured. The obtained results are reported in Tables 5, and
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Table 4
Phase composition of sintered JSC-Mars-1A and MMS simulants estimated by Rietveld refinement (n.d.: not detected).
Sample ID Amorphous content (wt. Plagioclase (wt.%) Pyroxene (wt.%) Olivine (wt. Orthoclase (wt. Magnetite(wt. Other (wt.
%) %) %) %) %)
JSC@800-15 37 43 (Andesine) 16 2.4 (Fayalite) n.d. 1 n.d.
JSC@900-30 30 47 (Andesine) 19 2.7 (Fayalite) n.d. 1 n.d.
JSC@1000-30 16 57 (Andesine) 23 3.2 (Fayalite) n.d. 1 n.d.
MMS@950-30 3 71 (Andesine) + 1 8 (Augite) + 10 2 2 nd. 3 (Fe;Co0y)
(Bytownite) (Pigeonite)
MMS@1000- 2 74 (Andesine) + 1 5 (Augite) + 10 1 3 n.d. 4 (FexCo04)
30 (Bytownite) (Pigeonite)
MMS@1050- 2 76 (Andesine) + 1 8 (Augite) + 7 1 1 n.d. 4 (Fe,Co0y4)
30 (Bytownite) (Pigeonite)
basaltic rocks.
80 /ll
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& Olivine simulants, whose hemispherical reflectance spectra are shown in Fig. 10.
& = g“hw;:e The spectrum of untreated JSC-Mars-1A fairly agrees with the available
- -8~ FepCo0y -~ literature data in the range 0.4-2.2 um wavelength for the similar JSC-
g el ot Mars-1 simulant [60]. As for MMS, our measured reflectance also
© 20+ i agrees with available spectra of MMS-2 in the UV-visible-Near-IR [60].
0 - . .
g e - " » The thermally treated JSC powder shows a considerably increased
= reflectance with respect to the untreated one (Fig. 10). In agreement
104 with published data [34,61], MMS powders are characterized by a
higher reflectance than pristine JSC-Mars-1A in the visible-NIR, even if
g N -o . . .
l'_"— e e _! — I still lower than that of the heat-treated simulant. The highest reflectance
0 3 . = f - e for wavelengths longer than 3 pm is shown by MMS. Pristine simulants
Pristine 950 1000 1050 and both JSC-Mars-1A samples’ curves are characterized by a relatively

Sintering Temperature [C°]

Fig. 8. Phase content changes, as determined by Rietveld analysis from XRD
patterns (Supplementary Fig. S4), of MMS regolith samples during SPS at Tp =
950, 1000, and 1050 °C with respect to the pristine simulant.

Table 6, respectively. The obtained values confirmed the trend showed
by the SEM images (Fig. 9). In particular, the MMS@1050-30 sample
resulted to be rougher and more porous than the JSC@1000-30 one.

It should be noted that some surface pores observed in bulk samples
of both systems (Fig. 9(a) and 9(b)) are due to grain pulling-out gener-
ated during the polishing procedure. Therefore, the surface porosity
seen in Fig. 9(a) and 9(b) is not representative of the actual densification
levels achieved during the SPS process, which are significantly higher.

The estimated thermal conductivities of the different JSC-Mars-1A
and MMS sintered samples are listed in Table 7 along with data re-
ported in the literature for regolith-like materials.

It should be noted that the only experimental measurements of this
property on sintered Martian regolith were carried out by Deng et al.
2025 [55]. Thus, the results obtained in the latter study have been used
to validate the modelling approach adopted in the present work to es-
timate thermal conductivity. As reported in Table 7, the measured and
calculated values are in reasonably good agreement, particularly for
highly dense samples, i.e. 3.08 and 3.02 W/mK, respectively. When
considering JSC-Mars-1A and MMS systems, composition and porosity
data reported in Tables 4 and 5, respectively, were used to estimate the
thermal conductivity of the different samples. As expected, the resulting
k values monotonically increased as samples’ porosity was progressively
reduced. In particular, the most conductive sample resulted to be
JSC@1000-30, (k = 2.27 W/mK). The relatively higher k values re-
ported in [55] can be readily ascribed to the different composition of the
diverse Martian simulants investigated, being the one used by Deng
et al. 2025 [55] richer in more conductive pyroxene and olivine con-
stituents [45]. Nonetheless, the results obtained in this work are in line
with values reported in the literature for similar sintered materials or
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featureless ferric absorption edge through the visible, an indication of a
ferric absorption band around 0.8-0.9 pm (more pronounced in MMS),
and relatively flat absorption in the near-IR, except for the bands around
1.4 and 1.9 pm (less intense in MMS), which can be ascribed to OH and
H,0, which are not expected in real Mars regoliths [62] due to the much
drier planetary environment.

Before further describing and discussing the optical properties of
such simulants, it should be briefly recalled, as mentioned in the
Introduction, that the latter ones have been recognized to be represen-
tative of real Mars surface. Indeed, unlike the Moon, no sample return
mission has been carried out to Mars to date. Therefore, real Mars reg-
oliths are not currently available to be used as benchmarks for the same
characterization. Additional considerations regarding the reliability of
these simulants to properly mimic the whole actual Martian soil char-
acteristics are beyond the scope of this work.

Besides, it is known that the surface of the planet is not homoge-
neous, so that several simulants have been, and still are being, developed
to reproduce specific properties of Mars surface, as new sites of interest
are identified or more data become available [54,61], as well as to
replicate the mineralogical content of some Mars meteorites [55,64].

As for optical properties, the simulants here investigated are
considered as a valid approximation for specific planet locations. For
instance, JSC-Mars-1 (of which JSC-Mars-1A is the second produced
batch) is recognized to simulate well the bright regions on the surface
[60], as well as to reproduce the chemical composition of regoliths
analyzed in the course of the Viking lander, Mars and Spirit Rover
missions [19]. As for the MMS simulant, a similar version named MMS-2
is recognized to offer a good match with the observations of the NOMAD
instrument on the ExoMars 2016 Trace Gas Orbiter taken at the Elysium
Planitia in clear sky conditions and available in the 400-600 nm
wavelength range [60].

Fig. 11 shows the reflectance spectra of the ceramics sintered at
various temperatures, and those of the corresponding powders. Despite
the different absolute values in the spectral region below 8 pm between
JSC-Mars-1A (Fig. 11(a)) and MMS-based (Fig. 11(b)) samples, the two
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Fig. 9. SEM micrograph of SPS samples obtained from the two regolith simulants. JSC-Mars-1A-based pellets are shown in the first column: (a) JSC@800-15, (b)
JSC@900-30, and (c) JSC@1000-30; MMS-based ones in the second column: (a) MMS@950-30, (b) MMS@1000-30, and (c) MMS@1050-30.

Table 5
Average values and standard deviation of surface porosity measured by image
analysis on bulk JSC-Mars-1A and MMS samples sintered at different conditions.

Simulant Sample ID Tp (°C), P (MPa) Porosity (vol. %)
JSC-Mars-1A JSC@800-15 800 °C, 15 MPa 38.15+ 5.76
JSC@900-30 900 °C, 30 MPa 24.19 +£9.17
JSC@1000-30 1000 °C, 30 MPa 5.47 £1.59
MMS MMS@950-30 950 °C, 30 MPa 39.86 + 7.10
MMS@1000-30 1000 °C, 30 MPa 34.47 £10.48
MMS@1050-30 1050 °C, 30 MPa 12.69 + 4.23
Table 6

Average values and standard deviation of roughness parameters measured on
the bulk JSC-Mars-1A and MMS samples obtained at different SPS conditions.

Simulant Sample ID Ra [pm] Rz [pm] Rq [pm]
JSC-Mars- JSC@800-15 10.05 + 1.03  86.26 + 9.24 12.86 + 1.35
1A JSC@900-30 1.19+0.08 17.85 + 3.19 1.78 + 0.20
JSC@1000-30 0.48 £0.07 12.70 + 3.33 0.90 +0.18
MMS MMS@950-30 10.49 + 2.47 8416 +27.66  13.71 4+ 3.51
MMS@1000- 2.01 £0.13  20.45 + 2.74 2.66 + 0.19
30
MMS@1050- 1.21 £ 0.09 14.27 4+ 2.21 1.73 £ 0.13
30

groups show a qualitatively similar behavior. As the sintering temper-
ature is augmented, the reflectance decreases for wavelengths lower

than 8 pm, while it increases for longer wavelengths. Sintered samples
have a generally lower reflectance than the starting powders in the
spectral range below 8 pm, whereas its value becomes higher above this
wavelength.

If the spectra of sintered pellets are concerned, it should be observed
that optical properties of ceramic bulks depend on several parameters:
chemical composition, phases occurring and their relative amounts,
total porosity, pore size, grain size, grain crystallographic orientation,
and surface roughness. However, among them, the primary parameters
affecting optical properties of ceramics for solar applications on Earth
have been identified to be the chemical and phase composition [65,66].
This seems to provide a reasonable explanation for the differences
shown in the spectral shapes of curves in Fig. 11, also considering the
opposite trends shown by the curves for wavelengths below and above 8
pm as a function of the sample density. However, surface features like
roughness and porosity, here given in Tables 5 and 6 as pure informative
data to more precisely identify the samples, estimate the thermal con-
ductivity (for porosity) and as a term of comparison for future in-
vestigations, will be useful degrees of freedom to further optimize
optical properties [67], once the most promising composition/process-
ing technique has been identified, similarly to the approach successfully
explored for thermal solar absorbers for terrestrial use [68,69].

4. Discussion

Before evaluating the potential of a technological application, it is
important to define the framework where it should operate. Mars has



M. Casu et al.

Table 7

Thermal conductivity (k) of JSC-Mars-1A and MMS sintered samples estimated
according to Egs. (1-2). Literature data of similar materials are also reported for
the sake of comparison.

Regolith-like Sample type; Estimated k Measured k [W/
material Porosity, y (vol. %) [W/mK]; mK] ;
T condition T condition
JSC-Mars-1A Sintered (JSC@800- 0.97; -
15); see Table 5 RT
Sintered (JSC@900- 1.44; -
30); see Table 5 RT
Sintered (JSC@1000- 2.27; -
30); see Table 5 RT
MMS Sintered (MMS@950- 0.92; -
30); see Table 5 RT
Sintered 1.05; -
(MMS@1000-30); see RT
Table 5
Sintered 1.94; -
(MMS@1050-30); see RT
Table 5
BH-Mars-S Sintered (PSD2- - 2.70 [55]
1200 °C); —100 °C
~10-15 2.67; 2.95 [55];
RT RT
Sintered (PSD2- - 2.80 [55];
1250 °C); —100 °C
<1% 3.02; 3.08 [55] ;
RT RT
Basalt rock Rock - 2.1 [16];
RT
1.5-2.5 [55];
RT
JSC-Mars-1 Powder - ~0.01+~0.10
[56];
RT
- ~0.07+~0.12
[57]
MMS Powder - 0.03 =+ 0.07;
—30 + 30 °C [58]
Actual, data from Soil (63j3 %) - 0.039 + 0.002
InSight Mars [591;
mission Actual Martian
conditions
Lunar regolith Sintered - ~2.0 [16]
simulant Powder - 0.01 [16]

both similarities and important differences with respect to Earth [47], as
summarized in what follows.

a) the duration of the day/night cycle is similar to the terrestrial one;
b) it has an atmosphere, albeit thinner than that on Earth, mainly
consisting of CO2, Ng, Ar and typically containing a significant
amount of suspended dust, which scatters the incoming sunlight;
¢) iceis present on the poles which eventually can be used as a source of
CO; and water;
d) it has a tilted axis, which causes seasons, but they last longer than
terrestrial ones, since the Martian year is about twice longer (669.6
sols i.e. Martian days, equivalent to 687 Earth days). Moreover,
while terrestrial seasons are evenly spread over the year, on Mars
they vary in length because of the more elliptical orbit: spring in the
northern hemisphere (autumn in the southern) is the longest season
at 194 sols. Autumn in the northern hemisphere (spring in the
southern) is the shortest at 142 sols. Northern winter/southern
summer is 154 sols, and northern summer/southern winter is 178
sols. Further differences are concerned with the lower solar irradi-
ance on Mars, being farther from the Sun, and the lower surface
temperatures ranging from 130 to 300K [70].
Finally, dust storms due to winds happen occasionally with a site-
dependent occurrence. These phenomena can be local or global,
with the latter that can last for weeks and even months. Storms
strongly attenuate atmospheric transmission, decreasing the direct
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Fig. 10. Reflectance spectra of the simulants in powder form. (a) Spectral range
0.4-2.2 pm, to allow the comparison with Allen et al. [63] and Peters et al. [34];
(b) Full range 0.19-16.0 pm investigated in this work. The experimental un-
certainty on the measured values is 2.

solar irradiance on the planet surface while increasing the diffuse
component. An extensive database has been built for the optical
depth of Mars atmosphere from the data collected from the rovers
during several missions (Viking [71], Pathfinder [72], Spirit, Op-
portunity [73], Curiosity [74], and Perseverance [75]). These data
allow to identify the latitudes and seasons where dust storms pref-
erentially occur and, on the other hand, those with the lowest
probability. In addition to intensity and light propagation direction,
the atmospheric dust modifies the sunlight spectral distribution as
well, which, at the planet surface, becomes therefore blue-deficient,
enriched in red and IR with respect to the AMO spectrum. These
spectral modifications depend on the dust thickness: the smallest
thickness is at high sun angles (mid-day, low latitudes), and for low
atmospheric dust content (northern hemisphere summer), while the
largest thickness is at low sun angles (early and late in the day) and
for high dust content (northern hemisphere winter).

Therefore, due to such a complex scenario, to preliminarily assess the
potential of sintered regoliths for solar energy harvest and storage, we
have considered, as a case-study, the solar irradiance spectra reported in
Vicente-Retortillo et al. [76], corresponding to specific conditions
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Fig. 11. Reflectance spectra of the sintered ceramics obtained from (a) the JSC-
Mars-1 simulant and (b) the MMS simulant. The spectrum of the corresponding
powders (the annealed one, in case of JSC-Mars-1 simulant) is also indicated for
comparison. The experimental uncertainty on the measured values is +2.

(latitude = 0°, winter solstice at the northern hemisphere, local noon)
and with two values of atmosphere optical depth t: clear-sky (t = 0.3)
and dusty (t = 1). The corresponding solar spectra are shown in Sup-
plementary Fig. S5. We calculated the solar absorptance of the materials
from Egs. 1 and 3 considering both the total solar radiation reaching the
surface and the direct-only component (i.e. the part of radiation which
has not been scattered by the atmosphere). The first case deals with
applications where the materials are subjected to non-concentrated solar
radiation, like in buildings, to harvest and store heat for habitation or
agriculture. The second case deals with applications requiring concen-
tration of solar radiation, i.e. the production of heat at higher temper-
atures for either thermal use or power production, because the direct
component only can be concentrated by optical systems.

Table 8 lists the calculated values of solar absorptance. All the sin-
tered simulants always show a higher solar absorptance than the cor-
responding powders, with values increasing with the sample density. At
the lowest and highest sample densities, the absorptance of MMS-based
bulks is superior to that of JSC-based ones, while the reverse is true for
the samples with the intermediate density level. The absorptance values
of each MMS sintered sample and those of JSC with the highest density
are very stable, and do not change either for different conditions of dust

211

Acta Astronautica 246 (2026) 201-214

Table 8
Solar absorptance values calculated from Egs. 3, 5.
Sample o (total a (direct a (total a (direct
radiation) radiation) radiation) radiation)
Clear Sky Dusty
MMS-Pristine 0.70 £+ 0.01 0.70 £+ 0.01 0.69 £+ 0.01 0.70 + 0.01
MMS@950-30 0.80 = 0.01 0.80 + 0.01 0.80 = 0.01 0.80 + 0.01
MMS@1000-30 0.87 £ 0.01 0.87 £ 0.01 0.87 £ 0.01 0.87 £ 0.01
MMS@1050-30 0.93 £+ 0.01 0.93 + 0.01 0.93 +0.01 0.93 £+ 0.01
JSC-HT 0.72 £ 0.01 0.73 +£0.01 0.72 £ 0.01 0.74 + 0.01
JSC@800-15 0.75 £ 0.01 0.75 £ 0.01 0.74 £ 0.01 0.75 £ 0.01
JSC@900-30 0.88 + 0.01 0.89 £+ 0.01 0.88 + 0.01 0.89 £+ 0.01
JSC@1000-30 0.90 £+ 0.01 0.90 £+ 0.01 0.90 = 0.01 0.90 &+ 0.01

in the atmosphere nor if we consider direct or total radiation.
Conversely, for the lowest and mid density JSC-Mars-1A-based ceramics,
and for both powders as well, some small differences (lower than 1%) in
absorptance have been found depending on the dust conditions or the
total or direct solar radiation. Overall, both dense samples show a
remarkable solar absorptance of 0.90 (JSC-Mars-1A) and 0.93 (MMS),
compared with that of powders (0.69-0.70 and 0.72-0.74 only, respec-
tively), showing the potential of using sintered bodies for solar heat
production.

These noteworthy values are maintained for both total radiation and
the direct component, proposing them to be used for absorption of non-
concentrated solar radiation, for instance as construction material or
residential solar heat collectors (similar to the concept of residential
thermal solar panels on Earth), as well as energy-production material in
solar-concentrating systems. As a term of comparison, it should be
mentioned that optimized solar-selective surfaces for flat-panels solar
collectors on Earth (TiNOX® Energy, Almeco) show a solar absorptance
of 0.94 [77], fully comparable to the value of our MMS dense bulk,
which, however, still has to be optimized.

Fig. 12 shows the samples’ thermal emittance, estimated using Eqgs.
(3), (4) and (6) in the temperature range 100-600 K (see Fig. S6 in
Supplementary for the normalized spectral distributions of blackbody
radiation superimposed to emittance spectra). Below 300 K, which is the
maximum temperature naturally occurring on the Martian surface [70],
higher (JSC-Mars-1A) or comparable (MMS) emittance with respect to
sintered simulants can be found in the powders, which, interestingly,
also displayed the lowest solar absorptance. Conversely, the samples
with the highest solar absorptance values are also characterized by the
lowest emittance. This combination of properties is very promising for
converting solar radiation into heat, as the highest efficiency in collec-
tion (high « value) is merged to the lowest thermal losses by radiative
effects (low €). Such finding proves the promising approach, for energy
applications and within the ISRU perspective, of sintering planetary
regolith to produce materials with radically different properties with
respect to the pristine ones. At higher temperatures, the emittance of
these simulants increases with temperature up to about 1%
(JSC-Mars-1A) and 2% (MMS) at most, with overall values between 0.90
and 0.95. This makes them promising candidates for radiating materials
(e.g. in radiating furnaces or in other applications, where the controlled
heat release is required). As for the powders, emittance monotonically
drops to 0.84 (JSC-Mars-1A) and 0.80 (MMS), making them more suited
as heat storage media. The lowest-density JSC-Mars-1A specimens show
an emittance temperature trend similar to that of starting powders,
albeit with a lower emittance, which similarly potentially qualifies them
for thermal energy storage applications.

For the mentioned applications, a key parameter is thermal con-
ductivity. Table 7 lists the literature values for some Mars and Lunar
regolith simulants, either in powder or bulk forms, together with the
values for our sintered samples, estimated from Eq. (1.2). It is known
that thermal conductivity is affected by several factors besides compo-
sition, including particle size (for powders), porosity and atmospheric
pressure. Typically, thermal conductivity k of bulk solids is higher than
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Fig. 12. Total emittance calculated from normal hemispherical reflectance
spectra (Egs. (3), (4) and (6)).

that of powders, this property decreases with sample porosity, and, for
porous solids, higher ambient pressures entail higher k. For sintered
Lunar regolith simulants, it has been shown a 200-fold increase in
thermal conductivity for sintered ceramics with respect to the original
powders [16].

From Table 7, we can see that the considered powdered simulants,
which have different compositions, all show a thermal conductivity of
the order of magnitude of few 10~2 W/mK, reaching values around 10!
W/mK for higher pressures. On the other hand, as discussed above, the
estimated values for our sintered pellets fairly agree with the literature
values for thermal conductivities of sintered Mars and Lunar simulants,
considering the differences in mineral compositions occurring among
the samples found in the literature. Therefore, our experimental results
on optical properties, associated with the estimated data on thermal
conductivity, confirm the high ISRU potential of regoliths as well as the
high level of property manipulation and optimization supplied by the
parameters of the sintering process.

Notably, such property tunability translates into application flexi-
bility, a highly desirable characteristic within ISRU. For instance, when
thermal insulation is needed (e.g., in lining habitat walls, or in insulation
structures around thermal batteries), regolith should be used as powder
or porous solid. In order to supply the needed level of thermal comfort to
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the interior of habitats, this property should be combined with a high
thermal emittance. On the contrary, insulation of thermal batteries re-
quires low thermal emittance to reduce radiation losses. Still in the field
of buildings application, the exterior of habitats should feature a high
solar absorptance, which fits with the characteristics of dense sintered
regoliths. Similarly, to maximize the thermal solar energy harvest and
the efficient transfer to the storage medium, the high solar absorptance
and thermal conductivity of dense pellets should be considered. In
addition, the storage of sensible heat into a thermal mass would benefit
from low thermal emittance combined with high thermal conductivity,
to reduce losses and to have an efficient charge/discharge, respectively.

5. Conclusions

Two Martian regolith simulants with different compositional/struc-
tural properties are investigated in this work to evaluate the possible use
of in-situ available similar materials for future manned missions on Mars.
To strongly reduce the organic species and water originally present in
JSC-Mars-1A, thus better mimicking the actual Martian regolith char-
acteristics, the latter one required a pretreatment at 700 °C. Such sim-
ulant consisted of a dominant amorphous phase (53 wt%), which is
reduced (47%) after the pretreatment stage, whereas MMS is basically
constituted of crystalline phases (mainly andesine). Such discrepancies,
which are representative of the wide spectrum of soils available on the
Mars surface, are responsible for the quite different behavior manifested
by the two simulants when processed by SPS to produce bulk samples.
Specifically, the MMS system exhibits a relatively higher refractory
character, with the related powders being properly consolidated (up to
97.5 % relative density) only at dwell temperature of 1050 °C. Corre-
spondingly, no marked compositional changes occurred. In contrast,
fully dense samples are obtained by SPS from JSC-Mars-1A at 1000 °C
with a significant reduction of the amorphous fraction (down to 16 wt%)
and the concurrent increase in the amount of crystalline andesine and
pyroxene.

The optical properties of the two systems have been determined by
examining bulk specimens with diverse characteristics produced by SPS
under different conditions. The sintering process drastically changed the
optical spectra. The values of optical parameters, i.e. solar absorptance
and thermal emittance, useful to assess the materials potential for
thermal solar energy conversion, have been evaluated in an exempli-
fying case (0° lat., winter solstice at the northern hemisphere, local
noon), both in clear sky and dusty conditions. Very interestingly, the
bulk specimens showed a significantly higher solar absorptance than the
corresponding powders, with a remarkable value of 0.93 for the densest
MMS sample. As a term of comparison, it is worth to note that this value
is approaching that of one of the most advanced thermal solar absorber
material available in thermal solar collectors for terrestrial building
market to date (TINOX® Energy, Almeco). At the same time, the thermal
emittance of ceramics is lower than that of powders for temperatures
below ~300K, and superior for higher levels, with values which remain
quite stable in the whole investigated temperature range. Various
possible outdoor and indoor applications have been discussed, with
reference to the different combinations of functional properties obtain-
able. Overall, our study, linking energy-related functional properties to
sintering process parameters, proves that sintered and powder regoliths
can be synergistically used for solar energy harvesting, heat production,
storage and release, as well as for buildings application, within the ISRU
perspective.
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