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In-Situ Resource Utilization (ISRU) approaches hold significant importance in plans for space colonization. This
work explores a different ISRU concept applying fast-firing, a robust and well-known industrial process, to Mars
regolith simulant (MGS-1). The fast-fired specimens were compared to the ones obtained by conventional sin-
tered under low heating rates. When the holding time at the firing temperature is longer than 15 min, fast-fired
specimens exhibited higher density and flexural strength (> 35 MPa) than conventional sintering. For both

processes, the bulk density values and the mechanical properties of the regolith compacts were enhanced with
increasing dwell time. This was attributed to higher heating rates changing the densification/crystallization
kinetics involving the basalt glass in the regolith composition. Specifically, high heating rate promotes sintering
over crystallization. On these bases, fast firing can be considered a potential candidate for ISRU on Mars.

1. Introduction

Promising plans to colonize space require appropriate use of the
available resources for a sustainable life outside our planet. In this sense,
materials found in outer space deserve particular attention (Alexiadis
et al., 2017). In-situ resource utilization (ISRU) is the on-site collection,
processing, storing, and use of indigenous materials encountered during
human or robotic space exploration. Therefore, early colonization sce-
narios propose using regoliths composed of various oxide minerals (Karl
et al., 2018).

In previous studies, a few number of ISRU approaches of regolith
simulants have been proposed, including dry consolidation (Chow et al.,
2017; Meek et al., 1987; Simonds, 1973), melting (Blacic, 1985; Dalton
and Hohmann, 1972; Zocca et al., 2020), geopolymerization (Alexiadis
et al., 2017; Mills et al., 2022; Montes et al., 2015), self-propagating
high-temperature synthesis (Corrias et al., 2012), slip casting (Karl
et al., 2018), additive manufacturing (Altun et al., 2021; Karl et al.,
2020a, 2020b), and cold sintering (Karacasulu et al., 2023). Clearly,
further studies are still required to establish new ISRU approaches.

Generally, the regoliths obtained from Lunar or Mars contain largely
silica (~50 wt%); this means it may be possible to produce glass or
ceramics by sintering or melting (Hintze and Stephanie, 2013; Moses
and Bushnell, 2016; Naser, 2019; Roberts et al., 2021; Rousek et al.,

2012). Therefore, different sintering approaches, including conven-
tional sintering under various atmospheric conditions (Dou et al., 2019;
Han et al., 2022; Meurisse et al., 2017; Song et al., 2019; Warren et al.,
2022), laser processing (Farries et al., 2022; Fateri and Gebhardt, 2015;
Ginés-Palomares et al., 2023; Krishna Balla et al., 2012), solar sintering
(Meurisse et al., 2018), cold sintering (Karacasulu et al., 2023), micro-
wave sintering (Kim et al., 2021; Lim et al., 2021; Meek et al., 1987;
Rousek et al., 2012; Taylor and Meek, 2005), spark plasma sintering
(Licheri et al., 2022) have been proposed to densify such regoliths.
Fast firing (FF), introduced at the beginning of the 80s, is a funda-
mental “unconventional” sintering process. It allows rapid densification
by utilizing a high heating rate (102-10% °C/min) with a short dwell time
at the sintering temperature (Bordia et al., 2017; Harmer and Brook,
1981; Karacasulu et al., 2024). During FF, the green sample is intro-
duced quickly into the hot zone of a pre-heated furnace to reach high
temperatures in a few seconds/minutes. When considering crystalline
ceramics, the fast-heating rate is crucial in enhancing densification by
suppressing grain growth, thus facilitating consolidation (Bordia et al.,
2017). For the same density, fast-fired samples generally result in
smaller grain and pore size, and reduced pore/grain boundary separa-
tion (i.e., breakaway phenomenon) compared to the conventional sin-
tering process (Bordia et al., 2017; Kim and Kim, 1993). This
phenomenon is associated with the different activation energies for the
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two processes, where densification (involving only bulk/grain boundary
diffusion) is typically characterized by higher activation energy than
coarsening and, as such, requires a higher temperature to be activated
(Harmer and Brook, 1981; Kang, 2020; Leriche et al., 2017). However,
the said considerations are valid only for crystalline systems where
densification takes place via solid-state diffusion. More limited attention
has been focused on the FF of systems characterized by liquid phase
sintering or viscous flow sintering to which Mars regolith simulants
belong.

Due to its rapidness and simplicity, fast-firing has gained popularity
as a sintering technique with several industrial applications and has
been used to sinter both traditional and advanced ceramics (Hotza et al.,
2015). It could also be applied to an extra-terrestrial environment as it
requires a heating element, a single chamber, and an electric power
source, which could be integrated with a photovoltaic energy source.

The main goal of this work was to demonstrate proof of concept to
sinter Mars regolith (MGS-1) simulant monoliths via fast firing tech-
nique for the first time. The densification ability of Martian regolith by
FF was investigated, and the results were compared to those of con-
ventional sintering.

2. Materials and methods

Various Martian Regolith simulants were developed (Allen et al.,
1998a, 1998b; Cannon et al., 2019; Clark et al., 2020; Gupta et al., 2024;
Karl et al., 2022) following the Mars Science Laboratory (MSL) rover
Curiosity’s X-ray diffraction (XRD) results of global basaltic soil at the
Gale crater on Mars (Bish et al., 2013). Commercial and relatively eco-
nomic (~50 $ / kg current price, 2024 current price) sources are also
available, e.g., a selected MGS-1 simulant was acquired from Space
Resource Technologies (SRT, USA). The simulant bulk chemistry is
constituted by approximately 45 wt% SiOj, with the remainder
composed mainly of Al;03, FeO, MgO, CaO, and NayO with ~5 wt% loss
on ignition (LOI), measured by X-ray fluorescence (XRF) (Long-Fox and
Britt, 2023). Although mineralogic compositions of regolith simulants
vary from batch to batch, the MGS-1 has plagioclase (27.1 %), glass-rich
basalt (22.9 %), pyroxene (20.3 %), olivine (13.7 %), Mg-sulfate (4 %),
ferrihydrite (3.5 %), hydrated silica (3.5 %), magnetite (1.9 %), anhy-
drite (1.7 %), Fe-carbonate (1.4 %), and hematite (0.5 %), all in wt%. It
should be underlined that the powder characteristics, such as raw ma-
terial sources, size distribution, and angle of repose, can also alter (Long-
Fox and Britt, 2023).

MGS-1 simulant powder was initially milled by vibratory milling and
sieved in a 60-mesh sieve to reduce the particle size. Measurement of the
particle size distribution of the as-received and milled powders was
performed utilizing the dry measurement with an assumption of a
refractive index of 1.5 (Martikainen et al., 2023) by a laser scattering
particle size analyzer (Partica LA-960 V2, Horiba, Japan). Thermogra-
vimetric analysis (TGA) of the MGS-1 powder was conducted in an air
atmosphere up to 1200 °C with a heating rate of 20 °C/min using the
thermobalance STA 409 (NETZSCH Geraetebau GmbH, Germany). True
density was measured with 99 repetitions using a helium gas pycnom-
eter Ultrapyc 5000 (Anton Paar GmbH, Graz, Austria), with integrated
Peltier cell temperature control of the measuring chamber.

0.2 g of MGS-1 simulant was uniaxially pressed in a cylindrical die
with an 8 mm diameter under a pressure of 200 MPa. To understand the
sintering characteristics of the MGS-1 simulant, the optical dilatometry
analysis was performed on the pressed MGS-1 green bodies at a heating
rate of 2.5-50 °C/min using a heating microscope (EM301, Hesse In-
struments, Osterode am Harz, Germany). The green samples were sin-
tered by fast firing and conventional sintering. For the fast firing process,
the obtained pellets were inserted quickly into the hot zone of the tube
furnace (Nabertherm P330, Lilienthal, Germany) at the selected tem-
peratures (1080-1120-1160 °C) and kept there for varying times
ranging from 1 min to 1 h. After the set dwell time, the samples were
rapidly taken out from the furnace. The conventional sintering
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experiments were carried out in the same furnace under 5 °C/min
heating and cooling rate. The sintering temperature and dwelling time
were the same as for FF.

The bulk densities of the samples were determined by Archimedes’
method using water as a buoyancy medium and a balance with a
sensitivity of 0.1 mg. The polished surfaces were observed by scanning
electron microscopy (SEM) (JEOL Ltd.©, JSM-5500, Tokyo, Japan).
Phase analysis was conducted by X-ray diffractometer (XRD, Ital-
structures IPD3000 diffractometer, Italy) with a copper anode X-ray
source (CuK, = 1.5406 i\). Scans were carried out in between the
10°-130° (20) range with 0.2°/s. To determine mechanical properties,
the flexural strength values of the produced specimens were calculated
using the piston-on-three balls test (Shetty et al., 1980). The
piston-on-three balls test was performed using an MTS 810 mechanical
testing machine equipped with a 5-kN load cell at a loading rate of 0.1
mm/s.

3. Results and discussion

Fig. 1(a,b) shows particle characteristics of MGS-1 regolith simulants
used for conventional sintering and fast-firing. The particle size distri-
bution (PSD) data for the milled MGS-1 powder revealed a multimodal
distribution, as given in Fig. 1(a). After milling, the median particle size
(dsp) was around 14 pm. The true density of the used MGS-1 simulant
powder was found to be 2.89 g/cm® by using a gas pycnometer.

Fig. 1(b) reports the TGA/DTA analysis of MGS-1 simulant powder.
TGA analysis demonstrated about ~4.7 % total weight loss until
1200 °C for the MGS-1 simulant, which is consistent with the result (~ 4
%) at 1000 °C by Cannon et al. (Cannon et al., 2019) and the LOI of 5 wt
% as reported by Long-Fox and Britt (Long-Fox and Britt, 2023). Typi-
cally, the main losses in the TGA analysis are accompanied by firstly the
loss of physisorbed water around 100 °C and then chemisorbed water
until around 400 °C, and then the decomposition of carbonates and
sulfates in the regolith composition (mainly Fe-carbonate and Mg-
sulfate, and anhydrite). It should be noted that the MGS-1 simulant
contains a considerable amount of iron constituents (e.g., Fe-carbonate)
susceptible to oxidation in the air environment, which might slightly
affect weight loss (Kadziotka-Gawet et al., 2023).

Fig. 2(a) reports shrinkage of the MGS-1 regolith compact upon
heating with 2.5, 5, 10, 25, and 50 °C/min up to 1200 °C. We observe
that up to 1080 °C the sample undergoes thermal expansion when low
heating rates are considered. Surprisingly, no noticeable difference in
sintering shrinkage/temperature plot was observed under “low” heating
rates, especially for 2.5, 5, and 10 °C/min. When considering higher
heating rates (25 and 50 °C/min), the shrinkage occurs at a lower
temperature and increases in magnitude. Besides, some similarities
might be spotted with previous works on JSC-2A Lunar regolith (Zocca
et al., 2020), usually, increasing the heating rate, the opposite behavior
in ceramics is expected: when heating is fast, the sintering curves shift to
the right, i.e., at higher temperatures, as a result of the reduction in the
time available for mass transport to occur. Our results highlight that
increasing the heating rate sintering is facilitated. The impact of the
heating rate is relevant, considering that comparing the different sam-
ples, the time available for densification varies by a factor of 20x.

Fig. 2(b) shows hot-stage microscopy images of the sintered simu-
lants at 700-1200 °C. While no observable shrinkage could be found
even at 1100 °C in the samples produced under low heating rates,
shrinkage has already started in the high-speed samples. The difference
between the shrinkages at the determined sintering temperature
(1160 °C) is also clearly visible. Higher temperatures make the materials
melt and lose shape (1200 °C). Note that the area increase above
1160-1180 °C (Fig. 2(a)) is not really due to a swelling of the material
but likely originates just from the loss in the sample geometry.

Besides, the glass transition temperature (T,) of glass-basalt in the
regolith composition was detectable by dilatometry. Its signature is the
slope change at around 910 °C in the thermal expansion plots visible in
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Fig. 1. Characteristics of MGS-1 regolith simulant, (a) particle size distribution (PSD) data of the milled MGS-1 regolith powders with cumulative percent finer (CPF)
data of the as-received and the milled, and (b) TG / DTA analysis of MGS-1 simulant.
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Fig. 2. (a) Dilatometer curves of green MGS-1 pellet with different heating
rates and the bottom-left inset shows the determination of glass transition
temperature (Tg) by dilatometry, (b) Hot stage microscopy images of MGS-1
pellets at different temperatures. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

the inset of Fig. 2(a). After heating a sample up to 1200 °C (10 °C/min)
in the optical dilatometer, it was cooled down and re-analyzed. Its
repeated dilatometric path in Fig. 2a inset reveals a thermal expansion
behavior similar to the green body but with an apparent absence of the
slope change associated with the basalt T,, thus pointing out that sub-
stantial crystallization occurs during the sintering process.

Based on the dilatometric results, we selected three firing tempera-
tures (1080, 1120, 1160 °C) for the conventional sintering (1 h) of the
MGS-1 simulant. The specimens sintered at 1080 and 1120 °C had bulk
densities of around 2.09 and 2.18 g/cm® respectively, resulting in

limited densification. As expected, the samples produced at 1160 °C for
1 h were the densest, reaching a bulk density value of 2.39 g/cm>. As
such, the sintering evolution of the MGS-1 simulant was further inves-
tigated utilizing different dwell times and compared with FF (Fig. 3).
Note that the heating time for the sample can be estimated in a matter of
a few seconds. In previous work on FF of YSZ with similar sample
thickness, the heating time was to equilibrate the temperature of about
7 s (Biesuz et al., 2024). This corresponds to a heating rate in the order of
102 °C/min.

It is worth noting that samples sintered by both methods did not
exhibit any visible cracks, which could have been caused by thermal
shock or other potential reasons. While the samples FFed for 1 min were
not properly densified (p: 2.1 g/cm®), those processed using conven-
tional sintering exhibited a density of 2.24 g/cm®. The conventionally
sintered samples still had a higher density than FFed, when considering
a firing time of 5 min. This is not surprising as conventional sintered
specimens were heated at low rates thus being exposed to elevated
temperatures for longer periods. On the other hand, when the sintering
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Fig. 3. The bulk density values of MGS-1 regolith compacts produced via
conventional sintering and fast-firing process.
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isotherm is longer than 15 min, it is evident that the densities of the
samples produced by fast firing surpass those of conventional sintering.
We can observe that most of the sintering takes place in the first 15 min,
with only a slight enhancement in density for dwell time. These results
confirm, in agreement with the dilatometric data, that rapid heating can
facilitate the consolidation of the MGS-1 simulant and provide a valu-
able tool for ISRU.

Fig. 4 reports SEM micrographs of fast-fired and conventional sin-
tered samples at 1160 °C for varying dwell times ranging from 1 to 60
min. The samples fabricated by both processes exhibited a heteroge-
neous microstructure similar to common traditional ceramic compo-
nents. In samples produced within 1 min, only a weak bonding between
particles takes place. Specifically, the samples FFed for 1 min possess
porous microstructure. Substantial microstructural evolution can be
detected after 5 min of dwell time. Considering the abundant presence of
basalt glass and its Ty at around 910 °C, we can infer that it should
contribute significantly to the densification process. As the dwell time
progresses to 15 and 60 min, the samples get denser, and the porosity is
reduced and partially converted from open (interconnected) to closed
pores. The pore shape is rounded, suggesting their evolution within a

Fast firing

5 min 1 min

15 min

60 min
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possibly isotropic vitrified matrix, similar to traditional ceramics.

We can observe that the pore size in FF does not seem smaller than
what is achieved by conventional sintering, so the origin of the enhanced
densification by high heating rate must not lay on a mere microstruc-
tural refinement (generally observed in crystalline ceramics) leading to
the larger capillarity stresses. This marks a clear distinction between the
fast-firing behavior of the Martian regolith and crystalline ceramics,
which lay on different physical phenomena. Besides, as expected, SEM
micrographs reveal the presence of a considerable amount of Fe (white
grains due to the SEM Z-contrast) in all samples.

Fig. 5(a,b) reports the X-ray diffraction patterns of the MGS-1 sim-
ulant powder, conventional sintered, and fast-fired specimens. All
samples formed via conventional sintering and FF exhibited similar
patterns with a high number of diffraction peaks that match those
detected in the MGS-1 simulant powder but with different proportions
between the main crystalline constituents. The main crystallographic
phases detected by diffraction are plagioclase, Cag ggsNag.12Al; 77Si2.230g
(ICDD # 00-052-1344); pyroxene (Cao_o43Mg1.155Fe0_802)Si206 (ICDD #
01-086-0163); forsterite Mgj gFe( 2SiO4 (ICDD # 07-0075); hematite
Feo03 (ICDD # 89-0597); and magnetite Fe3O4 (ICDD # 089-3854) (Karl

Conventional sintering

Fig. 4. Backscattered images obtained from polished MGS-1 specimens sintered by fast firing and conventionally using different holding times from 1 to 60 min.
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Fig. 5. X-ray diffraction patterns of (a) fast-fired samples at 1160 °C, (b) conventional sintered samples at 1160 °C with MGS-1 powder (as is, milled).

et al., 2020a; Pajares et al., 2024). It should be noted that when samples
are conventionally sintered, the peak at 35.5° is the highest even after
just 1 min of sintering, whereas it was only a secondary peak in the
starting powder. In contrast, during FF the peak at 35.5° becomes
dominant only after 15 min of dwell time and acquires an intensity
similar to conventional sintering only after 1 h. Such a peak is related to
the formation of iron oxides like hematite and magnetite. These can
originate from the decomposition of Siderite (Fe-carbonate) and ferri-
hydrite in MGS-1 (Kadziotka-Gawetl et al., 2023). However, we can point
out that these two phases account for only about 5 wt% of the regolith
mass; therefore, they cannot explain the formation of such a strong
diffraction feature alone. Hence, we can infer that the basalt glass
partially crystallizes during the thermal treatment leading to the for-
mation of iron oxide crystals. The crystallization of the basalt is fully
consistent with the dilatometry in Fig. 2(a), which shows the disap-
pearance of the basalt T, after sintering.

Iron may exist in silicate glass in two forms, thus influencing the
viscosity. Ferrous iron (Fe®™) serves as a network modifier, thereby
reducing the viscosity of the glass. In contrast, ferric iron (Fe>") acts as a
network former (Kleest and Webb, 2022; Le Losq et al., 2021). We can
observe that after 15 min of FF, the sample is definitively denser than
after 1 min of conventional sintering, but the peak at 35.5° is not fully
developed, as is the case with the conventionally sintered counterpart.
This suggests a difference in the crystallization/sintering kinetics at
different heating rates, where an evident retardation of crystallization
phenomena is associated with rapid heating (in other words, the acti-
vation energy for sintering must be higher than that for the crystalli-
zation process). Hence, iron is still present in the glass structure at the
firing temperature during FF, likely lowering the melt viscosity and
enhancing sintering. On the other hand, during conventional heating,
the glass in the simulant already largely crystalizes while heating with
the formation of iron oxides, resulting in increased viscosity and a lower
amount of glass. Such a result agrees well with previous reports on the
sintering behavior of other silicate glass systems. For instance, Panda
et al. showed that densification was significantly enhanced by increasing
the heating rate in calcium aluminume-silicate glasses due to delayed

crystallization (Panda et al., 1989). Therefore, fast firing enables higher
densification of the simulant by altering crystallization, viscosity, and
densification kinetics compared to conventional sintering.

The flexural strength data of the fast-fired and conventional sintered
specimens at 1160 °C are given in Fig. 6 as a function of the firing time.
Indeed, the strength obtained by both processes increases with
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Fig. 6. Flexural strength values of fast-fired and conventional sintered MGS-1
regolith compacts produced at 1160 °C at different dwell times.
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increasing dwell time. The FFed bodies are generally stronger than
conventional sintered ones except for a dwell time of 1 min, thus
mimicking the density evolution in Fig. 3. The FFed samples possess a
flexural strength exceeding 35 MPa starting from the 15 min with only
modest changes for longer dwell times. The evolution of mechanical
strength can be attributed to different porosity volumes and morphol-
ogies, which are known to affect the stress concentration in the ceramic
body (Romero and Pérez, 2015). Typical non-technical ceramics such as
ceramic tiles, engineering brick, facing brick, and terracotta exhibit
flexural strength of up to ~ 25 MPa, such values can be easily reached
by the regolith simulant with a 15 min treatment by fast firing.

Fig. 7 reports a comparison of different ISRU approaches. The flex-
ural strength utilizing different Mars regolith simulants (JSC-Mars-1A
and MGS-1) is plotted against the amount of additives needed for
shaping and processing the simulant. Most ISRU processes have reported
a relatively low flexural strength when a large fraction of additives (e.g.,
water (Karl et al., 2020b; Morris et al., 2016), dispersant (Karl et al.,
2020b), various binders, and solutions (Alexiadis et al., 2017; Buchner
et al., 2018; Hedayati and Stulova, 2023; Sen et al., 2010; Shiwei et al.,
2020; Tute and Goulas, 2024; Wan et al., 2016)) are used. Besides, some
3D printed simulants showed high strength values (up to 58 MPa (Karl
et al., 2020b)), and such approaches require large amounts of additives
that cannot be easily moved in extra-terrestrial environments. On the
other hand, Chow et al. developed a specific type of dry consolidation
involving high pressures (up to 800 MPa). This was applied on a
different regolith simulant (JSC-Mars-1A), resulting in a flexural
strength of 10-50 MPa (Chow et al., 2017). It is also worth noting that no
transportation of additive material or material synthesis, i.e., binder,
would be necessitated to produce sintered ceramics in this study. To
evaluate the applicability of diverse ISRU material systems on Mars,
their prior utilization on Earth is crucial, considering proper material
systems with enough material availability, straightforward processing,
and favorable properties over alternative options (Karl et al., 2020b).
Besides, considering the widespread industrial utilization of fast firing, it
could emerge as a promising candidate ISRU process, compared to the
other methods, thereby stepping ahead in its applicability.

Despite various ISRU studies being developed, many have been
commonly conducted under Earth’s atmospheric conditions (Farries
etal., 2021). It should be noted that there have been many reports on the
influences of the sintering atmosphere on densification and properties of
the technical ceramics (Kang, 2020). Some experiments have utilized
different inert atmospheres (Dou et al., 2019), simulated the Martian
atmosphere (Karl et al., 2020b), or have been carried out under vacuum
conditions (Song et al., 2019) during the sintering processes of regoliths.
In these studies, the obtained properties were usually superior compared
to the samples produced in air (Han et al., 2022; Meurisse et al., 2017;
Song et al., 2019). Consequently, atmosphere-controlled fast-firing
systems (e.g., under vacuum (Mostaghaci and Brook, 1986)), could
potentially play a significant role in future endeavors.

4. Conclusions

MGS-1 simulants without any additive were sintered by fast-firing as
a different ISRU approach. The regolith compacts were densified at
1160 °C for varying dwell times ranging from 1 min to 1 h by comparing
with conventional sintering method for the same conditions. If the dwell
time at the firing temperature was longer than 15 min dwell, the spec-
imens produced via fast-firing are denser and possess enhanced flexural
strength values (>35 MPa) compared to the conventionally sintered
materials. This is attributed to a heating rate-induced change in the
densification/crystallization kinetics of the basalt glass in the simulant,
where high heating rate promotes densification over crystallization.
Fast-firing technique could be a promising approach in terms of ISRU.
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