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A B S T R A C T

The sintering of wet processed Mars global simulant green bodies is explored. Green bodies shaped using slip
casting, throwing on a potter’s wheel and additive manufacturing, including material extrusion (robocasting) and
layerwise slurry deposition (LSD) are sintered in terrestrial and simulated Mars atmosphere. A sintering schedule
is developed using hot stage microscopy, water absorption, sintering shrinkage and sintering mass loss. Sintered
parts are characterized in respect to their density, porosity, phase composition, microstructure and mechanical
properties. Densification behavior for different green bodies was generally similar, enabling the fabrication of
larger green bodies (tiles, cups, bowls) and parts with fines details (test cubes and cuneiform tables) with low
water absorption. Sintered LSD discs had a bending strength between terracotta and typical porcelains with 57.5/
53.3 MPa in terrestrial/simulated Mars atmosphere. Clay ISRU for sintered ceramics can be considered an
eminently favorable construction technology for soft and hard ISRU on Mars.
1. Introduction

Due to the vast distance from Earth, a continued human presence on
Mars will only be feasible using local Martian resources - a practice
labeled as in situ resource utilization (ISRU). Major consumables needed
for aMartian settlement are energy, water, oxygen, food and construction
materials [1]. Construction materials for habitat and equipment building
are an early concern, due to the harsh climate, atmosphere and radiation
conditions. In comparison to materials used in human civilization history
on Earth, the absence of organic materials from plants is a significant
challenge as the only available solid construction feedstock for early
ISRU will be regolith and rocks. However, Mars is a differentiated
terrestrial planet with complex geology and compared with the Earth’s
Moon, has a great variety of minerals, for example, felsic rocks [2], which
in the presence of water can turn into phyllosilicates (clay minerals).
Indeed, various clay resources are abundant on the surface of Mars [3]
and up to this day, three distinct Martian regolith simulants have been
introduced, which take smectite deposits into account [4]. In previous
work, the authors have proposed that such clay deposits are of extraor-
dinary value for ISRU efforts on Mars as the shaping of clay minerals into
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green bodies (one of the earliest human inventions originating before the
Neolithic period) is a universal and versatile tool employed by all human
civilizations [5].

In the same publication, the feasibility of a wet processing approach
for Mars global simulants (MGS-1, introduced by Cannon et al. [6]) was
shown - a versatile slurry system was introduced, which was further
processed using four different wet-shaping methods producing green
bodies with at least twice the green strength of dry pressed samples [5].

What is more, after shaping, such dried green bodies have high
application flexibility, as illustrated by an example from the Roman
empire, whose famous engineers used fired bricks in the harsh climates in
Northern Europe while at the same time employing unfired bricks in the
dry climates of Rome [7].

A similar bilateral approach is a promising clay ISRU scenario for
Mars, as all that is required to wet process clay regolith into unsintered
green bodies is a phyllosilicate resource, a temper mineral and water. If
necessary, the clay green bodies can be further processed into high-
density bricks or complex-shaped Martian pottery by sintering at high
temperatures, which would only require an additional energy source.
020
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Fig. 1. (Top left) Flowchart of MGS slurry production (described in detail in Ref. [5]), (top right) schematic of the layerwise slurry deposition and (bottom) processing
path for cuneiform tablets from 3D scans of original cuneiform tablets made during the Ur III period (ca. 2100-2000 BC), produced as technological demonstrators for
LSD and inspirational artifacts for Mars colonization (image of original and CAD data with kind permission of Colgate University Libraries).
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1.1. Additive manufacturing for ISRU

While half of the shaping procedures used in this work, slip casting
and throwing on a potter’s wheel, have a long tradition in ceramics
manufacturing, the other two, material extrusion (robocasting) and
binder jetting (powder bed 3D printing), fall into the category of additive
manufacturing (AM). AM has received much attention for construction
ISRU recently, as it would enable flexible remote production without
astronauts being present. While many studies have proposed different
AM concepts for ISRU on Mars [8–12], three studies have shown AM
processing of Martian regolith simulants. First, laser fusion of pure
regolith powder beds (powder bed fusion) produced constructs with a
porosity > 59% (no mechanical properties reported) [13]. Second, ma-
terial extrusion of expensive biopolymer dissolved in toxic dichloro-
methane filled with regolith, produced elastic parts [14] and last material
extrusion with phosphoric acid (of which at least 33 wt% would have to
be shipped) gave parts with decent compressive strength [15].

Here, the sintering of green bodies shaped using the four wet pro-
cessing methods (and one reference dry pressed) in Earth-like atmo-
spheric conditions and various Mars-like atmospheric conditions is
described. One aim was a sintering schedule for dense parts with < 3 wt
% absolute water absorption, which is typically the value to consider
sintered ceramics frost-resistant [16]. The study of the sintering
behavior in the current work was focused on samples produced by
layerwise slurry deposition (LSD), as this was the most advanced and
2

sophisticated processing method of the four considered here. The basic
principle of LSD deposition coupled with binder jet 3D printing is
depicted in Fig. 1.

To highlight the importance of clay as a medium for human civili-
zations and thought (along with illustrating the usefulness of the unfired/
fired concept, as cuneiform tablets are found in unfired as well as fired
state), cuneiform tablets from 3D scans we reproduced as inspirational
artifacts, illustrating the excellent LSD printing resolution.

LSD is a novel AM technology that differs conceptually from dry
powder bed AM technologies such as powder bed fusion (e.g., selective
laser sintering/melting) and binder jetting (e.g., binder jet 3D printing)
in that it uses a slurry/slip feedstock which is deposited via a doctor blade
in 25–100 μm thick layers on a substrate and dried. Already during the
deposition process, water is drawn into previous layers (by capillary
forces), which act as a porous mold, creating a high-density powder bed
with similar properties to slip cast green bodies that can reach a theo-
retical packing density of 55–70% [17]. Until now, two working princi-
ples to create 3D parts by fusing crosssections of each deposited layer
have been developed, one in which laser energy is used to fuse the
high-density powder beds [18] and another in which a binder fluid is
ejecting through an inkjet print head [17,19]. For both approaches,
post-processing is done by washing away the high-density powder bed,
which leaves a water-resistant green body that might be used directly [5]
but is typically post-processed by sintering in a furnace. LSD coupled
inkjet printing is promising, as it produces ceramic parts with similar
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mechanical properties to traditionally produced parts by slip casting or
(isostatic-)pressing [17,19,20].

1.2. Sintering of green bodies in simulated Mars atmosphere

The sintering behavior under local atmospheric conditions is essential
for various ISRU scenarios. The authors are only aware of Moon sintering
studies, which have compared sintering of lunar regolith simulants in
Earth-like atmosphere with different simulated Moon atmospheres - in
vacuum [21,22], in hydrogen [23] and in argon [24].

For sintering in simulated Mars atmosphere (which is comprised of
94.9% CO2 [25]), the authors envision a scenario in which minerals from
Rocknest (MGS-1 mineralogy is based on Curiosity’s first scoop [6])
would be sintered in Martian atmosphere in close vicinity to the exca-
vation point. However, Mars atmospheric pressure changes significantly
over the year, as the southern pole receives more sunlight and carbon
dioxide is vaporized. Due to this effect, the atmospheric pressure changes
during one Mars year by about 30%. Data from Curiosity’s REMS in-
strument during the first scoop (made shortly after the autumnal equinox
(Ls¼ 180�) at Ls ¼ 184� corresponding to Mars Science Laboratory (MSL)
sol 61 [26]), showed a pressure of 772 Pa [27]. For sintering experiments
in a tube furnace, with the aim to simulate the highest impact of CO2
pressure on sintering, the authors choose 925 Pa CO2 pressure for Mars
sinter experiments. This would be equivalent to Curiosity’s REMS mea-
surements at the Glenelg Intrigue (400 m from its landing site) 109 sols
later at 252�/MSL sol 170, briefly before the winter solstice (Ls ¼ 270�)
[27], that had the highest atmospheric pressure of all REMS measure-
ments in Curiosity’s first Martian year. Furthermore, sintering in a vac-
uum was examined, as vacuum conditions could easily be reproduced on
Mars (due to the low overall pressure). For in situ XRD sintering exper-
iments, the slightly lower CO2 pressure of 610 Pa was simulated (which is
the global mean annual surface pressure on Mars [28]), using a gas
stream of N2 mixed with CO2 at 610 Pa partial pressure.

The principal goal of this work is to study the sintering of ceramics
from clay ISRU green bodies made of tempered MGS-1C simulant
(shaping experiments using a slurry wet processing approach to produce
the green bodies were discussed in a previous publication [5]). Focusing
mainly on parts produced using LSD, thermal properties using TGA and
HSM are reported. Extensive sintering studies in ambient air and
different simulated Mars atmospheres are undertaken (with sintering
shrinkage, weight loss, water absorption and sintering color). Phase
analysis ex situ and in situ, the microstructure of sintered parts and
mechanical properties using Weibull analysis are described. A compari-
son with other standard non-technical ceramics and Martian ISRU ce-
ramics finalizes the work.

2. Materials and methods

2.1. Materials

Two Mars regolith simulants developed by Cannon et al. (2019) -
MGS-1 [29] and MGS-1C (a clay-modified version of MGS-1) [30] - were
obtained from Exolith Lab (CLASS/UCF, Orlando, USA). MGS-1 is an
open standard developed according to results from the X-ray diffraction
measurements from the Mars Science Laboratory (MSL) rover Curiosity
at the Rocknest aeolian bedform material - representative of the global
basalt soil at Gale Crater on Mars [31]. According to the Exolith Lab data
sheet [29], the phase composition of MGS-1 is (all wt%): plagioclase
(27.1), basaltic glass (22.9), pyroxene (20.3), olivine (13.7), Mg-sulfate
(4.0), ferrihydrite (3.5), hydrated silica (3.0), magnetite (1.9), anhy-
dride (1.7), Fe-carbonate (1.4), hematite (0.5). The clay-modified
MGS-1C is produced by mixing 40 wt% smectite clay (sodium montmo-
rillonite) with the standard MGS-1 simulant. The amount of smectite in
MGS-1C is based on the reference case of hydrated clay from a NASA
Mars water in situ resource utilization study [32] and supported by MSL
data which indicates a clay abundance at Gale crater from ~3 to 28 wt%
3

(mostly smectite) [33]. Our previous publication showed that the
essential properties of this smectite are similar or identical to the
Wyoming MX-80 bentonite [5]. The final raw material for the slurries
was a mixture of MGS-1 and MGS-1C, which is referred to here as
MGS-1C/8.

2.2. Slurry preparation

2.2.1. Dry milling and tempering
MGS-1 and MGS-1C simulants (as delivered) were milled separately

with a steel milling vessel in a TS250 vibrating disc mill (Siebtechnik
GmbH, Germany). For each cycle, 200 g of powder was milled in four 2-
min increments with 2-min cooling breaks to prevent changes in powder
properties due to heat evolution. The ground powders were passed
through a 250 μm sieve to break up clay agglomerates, which supports
prompt dispersion. A new simulant composition with 5 wt% montmo-
rillonite (MGS-1C/8) was produced from these milled powders by
tempering 12.5 wt% MGS-1C (i.e., 1/8 - hence MGS-1C/8) with 87.5 wt
% MGS-1.

2.2.2. Dispersion
Aqueous slurrieswith 58wt%MGS-1C/8 solids loadwere prepared. An

extensive dispersion study to fine-tune slurry rheology for LSD deposition
was conducted earlier [5] and the electrosteric sodium polyelectrolyte
dispersant Dolapix PC67 (kindly supplied by Zschimmer-Schwarz GmbH,
Germany) was chosen in the ratio m(solid components of the slurry):m(-
Dolapix PC67) ¼ 200:1 (which corresponds to 0.5 wt% in relation to solid
components of the slurry). To mix the slurry, the MGS-1C/8 powder was
slowly poured into the water-dispersant mixture, which was vigorously
stirred from above with an impeller stirrer, until all the powder was
wetted. The resulting slurry was aged for 24 h and homogenized for 10
min on a roller bank before use (without milling balls).

2.3. Shaping technologies

2.3.1. Slip casting
For the slip cast samples, a conical cup mold made of casting plaster

was generously filled with MGS-1C/8 slurry with 6 min casting time to
produce thick-walled samples. The mold was emptied to remove the
excess slurry and subsequently rotated for 120 s to create a smooth inner
wall. After 24 h, the casts had detached and small casting defects were
retouched using fresh slurry applied with a brush. After the green bodies
had dried, retouched areas were sanded with 1000 grain sandpaper.

2.3.2. Shaping on potter’s wheel and robocasting
To produce plastic bodies for throwing and robocasting, the water

content of the MGS-1C/8 slurry was reduced by pouring the slurry onto
filter paper, which was placed on a flat gypsum plate and allowed to
stand until the solids/water content was 80 wt% MGS-1C/8 solids
loading for throwing on a wheel and 75 wt% for robocasting. To throw a
simple bowl, a circular polishing plate (Pr€atech Berlin GmbH, Germany)
was used as a potter’s wheel at 25–50 rpm. For robocasting, an Ultimaker
2 go (Ultimaker BV, Netherlands) was converted using a simple air-
pressure controlled syringe-style cartridge and a 0.84 mm diameter
dispensing needle (both Vieweg GmbH, Germany) for extruding the MGS
ceramic mass (75 wt% solid loading) at pressures of 3–4 bar.

2.3.3. Layerwise slurry deposition coupled with 3D printing
A custom build LSD system described previously [17], was used to

deposit layers of MGS-1C/8 slurry. After each layer was dried, an inkjet
printhead was used to infiltrate specific regions (the single slices of 3D
objects) using a proprietary resin binder. This process was repeated until
the whole part was built. For the LSD system, axes are defined with X
being the direction parallel to the movement of the doctor blade, Y
perpendicular to X in the plane of a layer and Z the axis in which layers
are stacked (perpendicular to the layer plane). First, disc-shaped samples
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with diameter 16 mm and height 2.5 mm were printed flat in the XY
plane for biaxial mechanical strength evaluation by the ball on three balls
method, which is well suited for as-sintered samples [34]. Second, cubic
samples with 12/8/10 mm in X/Y/Z-direction for sinter shrinkage
analysis were built (as LSD prints shrink slightly more in Z-direction,
which is typical for powder bed processes - an issue that can be corrected
in the 3Dmodel stage [17,19]). Third, to highlight the importance of clay
for early civilizations and to give an impression of LSD print resolution,
reproduction of Sumerian cuneiform tablets from the Ur III period (ca.
2100-2000 BC) were LSD printed (see Fig. 1). The Hub at Colgate Uni-
versity kindly provided STL files from 3D scans of the tablets held in the
collection of Colgate University Libraries at Hamilton, New York (USA)
and described in detail by Snell and Lager [35]. After printing, the LSD
printed blocks with the substrate were taken out of the machine and
post-cured at 100 �C for 12 h. Subsequently, printed green bodies were
removed from the high-density powder bed by carefully washing with
deionized water, followed by drying in air for at least one week.

2.3.4. Dry pressing
Square MGS-1C tiles (6 � 6 � 1 cm3) were produced by dry pressing

MGS-1C/8. For this, a stainless steel dye was filled with 80 g of milled
(but not pre-dried) MGS-1C/8 (without dispersant) and pressed at 70
MPa for 3 min using an electrohydraulic press (Paul -Otto Weber GmbH,
Germany).

2.4. Sintering

2.4.1. Sintering under oxidizing conditions
Aiming at a sintering schedule for dense parts with little sintering/

pyroplastic deformation, an extensive sintering study was undertaken
using a K1252 oven (Heraeus GmbH, Germany) with open heating ele-
ments. All samples were sintered in air at a heating rate of 1.7 K/min. For
each schedule, a minimumof three samples was placed at the edges of the
sintering area (to investigate deviations from different oven zones).
Sintering temperatures ranged from 1000 �C with 10 min–1160 �C with
10 h dwell time followed in one step and two-step ramps and all sched-
ules were followed by furnace cooling at 1.7 K/min and placing samples
in a desiccator. The final ramp selected to sinter discs for mechanical
tests, was a two-step rampwith the first step at 1150 �C for 3 h dwell time
and the second step at 1160 �C for 90 min dwell time followed by cooling
(all heating and cooling at 1.7 K/min).

2.4.2. Sintering under simulated Mars conditions
Three different sintering atmospheres relevant for ISRU on Mars were

studied: (i) vacuum, (ii) 925 Pa CO2 with non-pre-sintered green bodies
and (iii) 925 Pa CO2 with green bodies pre-sintered at 1000 �C in oxidizing
atmosphere. A custom build Al2O3 tube furnace inside an HT 1600 (LECO
Instrumente GmbH, Germany) was used to heat samples from room tem-
perature to the maximum temperature between 1130 �C and 1160 �C with
10 min to 10 h dwell time at 1.7K/min heating/cooling rate for all three
atmospheres. For (i) vacuum, samples were placed inside the sealed tube
furnace, which was being continuously evacuated (for the duration of the
whole ramp) up to ~2 � 10�3 mbar by a rotary vane vacuum pump RV8
(Edwards Limited, UK). To simulate Martian atmosphere more closely,
samples in different states, with (ii) non-pre-sintered green bodies, and (iii)
pre-sintered at 1000 �C (in the oxidizing atmosphere described above),
were sealed in the tube furnace which was evacuated (10min) and flushed
with CO2 three times before being filled with CO2 at a pressure of 925 Pa
(see the introduction for details) and sealed at 20 �C followed by sintering
at the different temperatures. The final conditions selected to sinter for
mechanical tests, was (iii) at 925 Pa CO2 with pre-sintered discs using a
two-step ramp with the first step at 1145 �C for 3 h dwell time and the
second step at 1160 �C for 90 min dwell time followed by cooling (all
heating and cooling at 1.7 K/min).
4

2.5. Characterization methods

Thermogravimetric (TG) and derivative thermogravimetry (DTG)
characterization were performed in an STA409 PC/PG (Netzsch GmbH,
Germany) using Al2O3 crucibles. Samples were air-dried and ground and
subsequently heated in air from 25 to 1300 �C at a heating rate of 1.7 K/
min. Side-view hot stage microscopy (Hesse Instruments, Germany) was
performed on cylinders with a 3 mm width and height produced by
grinding LSD green bodies and hand pressing with 1.5 N/mm2 as
described before [36]. Area shrinkage was measured in air with a heating
rate of 2 K/min up to the respective temperature and holding for 10 h in a
tube kiln. Due to equipment design, detailed thermal analysis (TG/DTG,
HSM) could only be conducted for sintering in ambient air. Sintering
shrinkage and sintering mass loss of three samples for each temperature
were determined (and results averaged) by measuring the length and
mass of green and sintered bodies before and after sintering using the
digital Micromar micrometer (Mahr GmbH, Germany) and the laboratory
balance Genius ME215P (Sartorius, Germany). Three different water
absorption measurement procedures were used (repeating each mea-
surement three times): Procedure A was a simplified method used to
characterize samples between furnace runs directly. For this fast method,
sintered bodies were taken directly from the furnace, weighed and fully
immersed in deionized water. After 10 min, the individual samples were
taken out and tapped dry once from each side with precision wipes and
the mass was recorded. For selected samples, two further water absorp-
tion procedures were used to calculate a pore interconnectivity factor and
evaluate frost-resistance: Procedure B was similar to the 10 min test A
only with 120 �C for 24 h pre-drying and water absorption for 24 h.
Procedure C was after normative ISO 10545-3:1995 [37] for which
whole sintered samples were dried at 120 �C for 24 h and dry mass was
recorded. Subsequently, the samples were immersed in boiling deionized
water for 2 h after which the heating system was switched off and
samples were left to cool naturally for 4 h still immersed in water for
further saturation. Samples were taken out of the water using plyers and
excess moisture was removed using a damp cloth (the cloth was carefully
wetted with twice its weight of deionized water) before mass was
re-recorded. Bulk density of samples selected for mechanical tests was
determined using Archimedes’ boiling method from ISO 18754:2013(E)
[38]. To determine the amount of closed porosity, pycnometer density of
whole discs was measured with a helium gas expansion multivolume
pycnometer 1305 (Micromeritics Instrument Corp., USA) after thor-
oughly drying discs (105 �C for 24 h under vacuum) using five repetitions
and averaging the results. Subsequently, discs were broken with a
Plattner’s mortar and pulverized by silicon carbide mortar. Finally, fine
powders were dried (105 �C for 24 h under vacuum), after which true
powder particle density was measured by pycnometer as described above
for whole discs and porosity values calculated using equations described
elsewhere [39]. XRDwas measured in situ and ex situ. In situ synchrotron
transmission X-ray powder diffraction (XRD) was performed at beamline
12.2.2 of the Advanced light source (ALS) at the Lawrence Berkeley
National Laboratory (Berkeley, USA) with 25 keV radiation (λ¼ 0.49594
Å) in an oven setup described previously [40,41]. Powder samples were
placed in 700 μm quartz capillary sample holders either in ambient air or
in a simulated Mars atmosphere (a mixture of 33 Nml/min N2 and 0.2
Nml/min CO2 resulting in a CO2 partial pressure of 610 Pa) and heated
with 10 K/min to 1200 �C followed by natural cooling. During heating,
XRD patterns were measured with an XRD 1621 image plate detector
(PerkinElmer, USA). Ex situ XRD measurements were done using a
Bragg-Brentano geometry D8 Advance diffractometer (Bruker Corpora-
tion, USA) with Co-Kα radiation (λ ¼ 1.7902 Å) and a SOL-X detector.
Optical micrographs of sintered discs embedded in epoxy resin using a
vacuum chamber and subsequently polished were taken using the digital
microscope DM4000 M (Leica, Germany). Ball on three balls setup was
used to test the biaxial mechanical strength of LSD printed discs. Two
final sintering schedules were chosen, one in oxidizing atmosphere and
one in (iii) simulated Mars atmosphere both focusing on small sintering



Fig. 2. (a) Thermogravimetric analysis of (2.1) MGS-1C/8 raw powder, (2.2)
dried MGS-1C/8 slurry with 0.5% dispersant and (2.3) LSD printed parts with
dispersant and binder before sintering. (b) Hot stage microscopy (HSM) analysis
of LSD printed samples at temperatures from 1116 �C to 1175 �C with 10 h
dwell time each.

Fig. 3. (a) Sintering conditions in oxidizing atmosphere and (b) images of selected
already present in the green bodies before sintering. (For interpretation of the refere
this article.)
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deformation, a wide processability window and relative dense sintering.
For each sintering schedule, 30 samples (all XY-plane) of the above
described sintered LSD discs were broken with stainless steel balls
(diameter 7mm) on a Z005 testingmachine (Zwick Roell, Germany) with
5 kN load cell at a deformation speed of 10 μm/s. CES Selector 2019
software (Granta Design, UK) was used to draw graphs comparing water
absorption of terrestrial ceramics and evaluating various ISRU material
concepts.

3. Results and discussion

3.1. Choice of sintering conditions

3.1.1. Pre-sintering characterization of thermal behavior
TG curves in ambient air of (2.1) raw MGS-1C/8 powder, (2.2) a slip

cast green body (made from MGS-1C/8 slurry with dispersant) and (2.3)
LSD printed green parts (containing both dispersant and binder) show a
respective mass loss of (2.1) 5.75%, (2.2) 4.26% and (2.3) 6.22% at 1300
�C (Fig. 2a).

(2.1) and (2.2) TG profiles show similar behavior with the surprising
result for the slip cast green body (with dispersant, 85% weight loss on
ignition for dispersant given by manufacturer) of 1.49% less mass loss in
comparison to the starting raw powder (without dispersant). This
discrepancy can be explained by the migration of 4 wt% epsomite/
magnesium sulfate (MgSO4⋅7H2O) component in MGS-1 into the gypsum
mold during casting, which created efflorescence (a concentration
gradient) in the slip cast parts that showed a darker inside when dry.
After sintering, these darker parts gave a light-yellow stain, which is
consistent with a phenomenon called scumming (described further in
3.1.4). Similar scumming was observed for robocast parts and LSD
powder beds where the regions to dry last (corners) were slightly darker -
however, the final LSD parts did not show darker regions (as the powder
bed was printed in the center). With 94.96% mass loss at 1000 �C for
MGS-1C/8, our measurement compares well to 96.4% mass for nonclay
MGS-1 found by Cannon et al. at the same temperature [2]. We attribute
the 1.44% extra mass loss to different amounts of H2O in the simulants
sintered samples. Geometrical and thickness variations, as well as cracks, were
nces to color in this figure legend, the reader is referred to the Web version of



Fig. 4. (a) Sintering conditions in simulated Martian conditions. (b) Images of selected sintered samples (bloated samples not depicted in (a)). (c) Images of samples
sintered without pre-sintering leading to bloating (samples not depicted in (a)).
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due to storage in ambient air, as well as additional H2O retained by the
5% smectite component, which is hygroscopic. In detail both (2.1) and
(2.2) show a continuous mass loss starting from 20 �C due to the release
of H2O, the decomposition of the dispersant (only for (2.2)) and the
breakdown of the 1.4% Fe-carbonate/siderite MGS-1 content releasing
CO2 [42], here until ~ 625 �Cwhere both (2.1) and (2.2) reach a plateau.
The further sharp mass loss starting at ~825–850 �C and slowing down at
1000 �C for (2.1) and (2.2) can be attributed to SO2/SO3 and O2 release
[6] due to the thermal breakdown of the 4 wt% epsomite (that is in the
anhydrous Mg-sulfate state at this temperature) to MgO and SO3 (which
in turn breaks down to SO2 and O2). The TG profile of the LSD printed
sample (2.3) differs as there is a steep mass loss between 300 and 400 �C,
which is related to a decomposition of the polymeric binder. Further-
more, the Mg-sulfate decomposition for (2.3) is less pronounced, which
would suggest that the washing of the sample during powder bed
removal resulted in the removal of the salt. At 1200 �C DTA curves (data
not depicted) for (2.1), (2.2) and (2.3) show peaks that can be attributed
to the melting of the samples, which fits well with our HSM and sintering
study results in the next paragraph.

A hot stage microscopy study in ambient air (Fig. 2b) revealed that
pressed tables from ground LSD printed parts (2.4–2.8) would continu-
ously shrink over 10 h when sintered up to 1166 �C. However, the sample
sintered at 1175 �C for 10 h (2.8) showed severe bloating starting after
around 1 h dwell time, which is a sudden onset of bloating and constitutes
a narrow sintering interval as at 1166 �C no area increase was registered at
all. Bloating occurs when bodies mature at higher temperatures leading to
closed pores, which in turn prevents gases from leaving the body. Not all
clay containing bodies bloat when overfired (some lose their shape by
melting), as bloating depends on the ratio and composition of fluxing and
gas-forming agents in a body [43], as well as their grain size and distri-
bution. Gases to cause bloating (individually or in combination) are oxy-
gen from the reduction of hematite (Fe2O3) to magnetite (Fe3O4), carbon
dioxide/monoxide released by carbonates, sulfur di/trioxide released by
gypsum, water from clay minerals and the oxidation of iron sulfide min-
erals [44]. Here, compounds (in LSD printed parts) releasing gas during
sintering are hematite, ferrihydrite (Fe3þ10O14(OH)2), Fe-carbonate
(FeCO3), anhydride (Ca[SO4]), as well as epsomite - in sum, these
constitute 9.1 wt% of the total MGS-1 - in addition to organics from dis-
persant/binder and water from montmorillonite.

3.1.2. Sintering of LSD green bodies in oxidizing conditions
Sintering of LSD green body discs in ambient (oxidizing) atmosphere

produced stable ceramic parts that showed a linear sinter shrinkage from
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1.3 to 11.4% (Fig. 3).
There is a clear inverse correlation between sintering shrinkage and

water absorption (here 10 min/procedure A), as the schedule with the
highest shrinkage produced samples with the lowest water absorption.
This is what is to be expected from typical sintering densification as the
body shrinks (without losing shape/melting) and the number of pores is
reduced. A small deviation from this relationship can be seen in the 1160
�C 10h sample, which had the lowest water absorption but only the
second-highest sinter shrinkage. The lower shrinkage value stems from
the severe bloating of this sample as the surface defects reduced the
measured value. Similarly, the shrinkage value of the 1150 �C 10min and
1160 �C 10min samples was influenced by the deformation of the sample
due to warping and should have been slightly bigger. No clear trend for
sintering mass loss was found, as all LSD samples were in a similar range
from 8.89 to 10.32%. The authors expect deviations not to be related to
the different sintering temperatures or bloating behavior but be the result
of storing green bodies in ambient (not controlled) atmosphere before
weighing and sintering them.

LSD discs matured rapidly with distinct changes in water absorption
and sintering color related to changes in maximum temperature and
sintering time. As indicated by HSM (Fig. 2b), over-firing lead to bloating
of LSD parts with lens-shaped blisters in the inside and closed pores on
the outside (such parts did absorb very little water). Samples with short
dwell time (10 min) at 1150 �C or 1160 �C had a tendency for slight
warping, which could be related to uneven heat distribution (in
connection with high pyroplasticity at peak temperatures) for short dwell
times. The best parts for single-step sintering were at 1150 �C for 10h,
which had a linear shrinkage of 7.12 � 0.51% and water absorption
(after 10 min) of 3.69 � 0.45%. Heating in a single step to the slightly
higher temperature of 1160 �C led to bloating. Subsequently, two-step
ramps were used, with first heating to 1150 �C and holding to release
as much gas as possible (while pores are still open) and then increasing to
1160 �C to close pores. The best schedule for dense and reproducible
parts with sufficient margin (no significant deviation on sintering in
different locations in the furnace), was to heat to 1150 �C for 3h and then
to 1160 �C for 90 min which gave parts with linear shrinkage of 9.14 �
0.28% and water absorption (after 10 min) of 1.21 � 0.75% that did not
show visible bloating. Samples sintered at these conditions (1150 �C 3h
þ 1160 �C 90min, in oxidizing atmosphere) and used for mechanical tests
are dubbed "LSD O2

00 hereafter.
However, increasing holding time for this schedule by 30 min at

1160 �C (to 1150 �C 3h þ 1160 �C 2h) lead to very mature bodies that
were visibly vitrified as they had a glossy surface, did absorb very little



Fig. 5. Ceramics sintered from green bodies using the versatile MGS-1C/8 slurry system employing classic pottery (potter’s wheel), slip casting, material extrusion
(robocasting/direct ink writing), 3D printing (layerwise slurry deposition with binder jetting) and as a reference dry pressing. Green bodies are depicted in Fig. 6 in our
previous work [5]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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water (0.41 � 0.23%) and showed onset of bloating (Fig. 3b).
After sintering, a color change from brown to light red (1000 �C

10min) to dark red (1150 �C 10min) to dark purple (1160 �C 10h) was
observed (Fig. 3b). A similar color pallet is typical for terracotta clays that
are traditionally fired below 1100 �C and produce light red wares.
However, firing such terracotta clay to high maturity at similar
7

temperatures used here also produces purple wares. These distinct colors
stem from the iron content in the materials, as iron is the dominant cause
of coloration in pottery [45].

XRD indicates that the main crystalline iron phase in oxidizing at-
mosphere is hematite and precisely this color change from red to purple
has been shown to occur in pure hematite pigment that was annealed in
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the range from 500 to 1000 �C [46]. Various authors have suggested
that the particle size of hematite is the primary source of this color shift,
with increased particle size resulting in darker color [46–48].
Schwertmann and Cornell (their plate VI) depict this shift for ~0.1 μm
hematite (red) to 0.4 μm hematite (purple) [48]. We expect similar
effects in our specimens.

3.1.3. Sintering LSD green bodies in simulated Mars atmosphere
LSD printed tables were sintered in three different atmospheres

relevant for ISRU on Mars (i) vacuum, (ii) 925 Pa CO2 with non-pre-
sintered green bodies and (iii) 925 Pa CO2 with green bodies pre-
sintered at 1000 �C in oxidizing atmosphere. Compared with sintering
in oxidizing atmosphere, for all three simulated Mars atmospheres, LSD
samples showed a tendency to suddenly bloat with extreme volume ex-
pansions, compared to a more gradual bloating in oxidizing atmospheres
(Fig. 4b).

The tendency to bloat in reducing atmosphere is associated with the
reduction of Fe2O3, to FeO by CO [49]. FeO is a powerful flux on silica,
resulting in a glassy phase that closes pores in the vitreous body leading
to bloating as other gases are trapped during their release [50].
Comparing LSD discs (Fig. 4b) sintered in (i) vacuum at 1150 �C 10 min
(with binder and continuously applied vacuum pump) to discs sintered at
1150 �C 10 min and 925 Pa CO2 in (ii) non-pre-sintered and (iii)
pre-sintered condition, the latter two show extensive bloating. It is
important to note, that continuously simulating CO2 Mars atmosphere
conditions during sintering proved challenging, as a closed environment
(tube furnace) was used to keep CO2 at 925 Pa for (ii) and (iii). Due to this
sealed furnace, a release of gas from the samples resulted in a changed
atmosphere in the furnace, which influenced sintering behavior. Pressure
during sintering in the closed furnace increased for (ii) non-pre-sintered
LSD samples and after cooling pressure was at 16–18 kPa. While several
compounds in LSD printed samples release gases, contributing to a
complex furnace atmosphere (as discussed in 3.3.1), LSD samples were
pre-sintered at 1000 �C in oxidizing atmospheres, which reduced the
pressure increase for (iii) after cooling to only 4–6 kPa. The authors
attribute the extreme bloating behavior of (ii) to the presence of high
amounts CO from the decomposition of LSD binder, as parts from other
shaping technologies (that were non-pre-sintered) did sinter similarly
(when the furnace was run without gas releasing LSD parts) to the
pre-sintered LSD parts in (iii).

As shown previously, traces of carbon left inside wares at high
temperatures can lead to bloating [51], which is what was observed for
all non-pre-sintered samples (ii). The decomposition of the
carbon-containing binder resulted in high CO concentrations, which
made the sintering of such samples without bloating even at lower
temperatures impossible (Fig. 4b). However, in real ISRU sintering on
Mars, this problem could be mitigated by circulating a gas stream
through the furnace, which could transport CO released from organic
binders out of the furnace atmosphere.

Non-bloated samples sintered under (i) and (iii) conditions showed a
linear sinter shrinkage (Fig. 4a) from 1.06� 0.21 to 7.53� 0.02%, which
was lower than samples in oxidizing atmosphere and consequently pro-
duced bodies with a higher water absorption after 10min of 12.32� 1.34
to 3.02 � 0.23%. With the exception of the vacuum sample (with had a
lower shrinkage), the ratio of shrinkage to water absorption between
samples from oxidizing and simulated Mars atmosphere was somewhat
similar (for example comparing discs sintered at 1150 �C for 10h in
oxidizing atmosphere and at 1145 �C 3hþ 1160 �C 90 min in CO2). Mass
loss was recorded from the pre-sintered condition and was from 0.72 �
0.03 to 1.13� 0.04% (except for the vacuum sample which was recorded
from non-pre-sintered samples with 12.11 � 0.02%), while the averaged
mass loss during pre-sintering to 1000 �C in oxidizing atmosphere was
9.18� 0.72%. No clear trend correlating mass loss with temperature was
found and fluctuations are deemed to result from storage in ambient air,
as discussed for air sintered samples. Sintering in vacuum at 1150 �C
10min lead to almost dense ceramics with the lowest water absorption
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after 10min of all samples sintered in simulated Mars atmosphere (3.02
� 0.23%) and lower than for parts sintered at the same schedule in
oxidizing atmosphere that had 7.36� 0.11%. Increasing sintering time to
10h in vacuum lead to extreme bloating with foamed sphere-shaped
samples (Fig. 4b) that had very large interconnected pores in the in-
side. Concerning ISRU efforts, sintering in vacuum on Mars is less chal-
lenging than in oxidizing atmosphere, has lower resource requirements
and is therefore deemed a viable alternative to sintering in real Mars
atmosphere.

For pre-sintered discs in CO2 (iii), the maximum sintering tempera-
ture for the first step was set to 1145 �C as heating to 1150 �C 10min lead
to a dark black glassy foam. Similar to the oxidizing atmosphere sinter-
ing, a two-step ramp was introduced and the sintering schedule was fixed
to 1145 �C 3h þ 1160 �C 90min for the production of parts for me-
chanical tests(to compare parts from air and CO2 sintered at similar
temperatures), which gave decent parts with 3.08 þ 0.06% water ab-
sorption after 10 min. For the second step, no higher temperatures or
longer holding times were explored, which might lead to further densi-
fication (before bloating sets in). Samples sintered under these conditions
(1145 �C 3h þ 1160 �C 90min, pre-sintered tablets in CO2 (iii)) and used
for mechanical tests are dubbed "LSD Mars" hereafter.

After sintering in the different simulated Mars atmospheres, colors
were distinctly different from samples sintered in oxidizing atmosphere
with a palette from grey to black (as well as three red-brown samples).
The black color after sintering of iron-containing clays stems from the
reduction of iron oxide phases by carbon monoxide, forming magnetite
(Fe3O4) or wüstite (FeO), which are both black at all temperatures [51].
While samples sintered in vacuum (i) show dark grey color, bloated/-
glassy samples from non-pre-sintered (ii) discs were light grey, similar to
the grey color of ancient pottery (Grey Minyan) which was also sintered
in reducing atmospheres (and showed the spinel group mineral hercynite
[52]).

Pre-sintered samples (iii) had different shades of black (except for one
red-brown and two darker red-brownish ones) associated with magne-
tite/wüstite. Samples with red-brown colors were taken out of the
furnace at ~300 �C (due to long cooling times) into ambient air and the
colors are a result of the reoxidation of magnetite into maghemite
(γ-Fe2O3) [48], a typical problem at cooldown when aiming to produce
black wares by flashing [51].

3.1.4. Sintering behavior of larger parts and comparison of different shaping
methods

Comparing sintering behavior for all five different shaping methods,
densification behavior and sintering color differed slightly between
methods for the same sintering conditions (see Fig. 5).

While large demonstrator pieces could be sintered without cracking,
volume and part geometry also played an essential role in sintering
outcome - while the big and upward standing slip cast cup in Fig. 5
showed severe bloating, slip cast samples sintered with the same
schedule (but lying flat on the sinterplate) showed no bloating. This is a
result of choosing to sinter very mature bodies, which lead to the
described small sintering interval before the set in of bloating. If rela-
tively dense ceramics with low water absorption are to be sintered, the
sintering schedule needs to be adjusted to part volume and geometry.
Furthermore, while sintering of thrown, robocast and LSD printed sam-
ples showed generally similar color when sintered at 1130 �C for 10h in
oxidizing atmosphere, the slip cast cup and dry pressed tile both sintered
in the same furnace run (cup upright, tile flat) did not result in absolutely
identical colors.

The sections of green parts (especially from robocasting and slip
casting) to dry last had a darker surface from efflorescence (e.g., the right
corner of robocast green body in Fig. 5). This was a result of the high
magnesium sulfate solvability, as the salt migrated to regions that dried
last, which were the corners of robocast parts and the inside of slip cast
parts. After sintering these darker regions developed a white stain for
1000 �C in oxidizing atmosphere (corner robocast sample) and a yellow



Table 1
Properties of sintered samples from different shaping methods: dry pressed, slip cast, hand build, robocast, LSD O2 and LSD Mars (see 3.1.2 and 3.1.3 for the LSD
sintering conditions). All samples were sintered lying flat on the support plate. Data obtained from three samples for each property.

Shaping
method

Green body
porosity (%) [5]

Sinter
shrinkage (%)

Sintering mass
loss (%)

Water absorption 10
min (%)

Water absorption
24h Al (%)

Forced water absorption ISO
10545-3 Af (%)

Pore inter-
connectivity
Ax (%)

Dry presseda 31.83 � 0.47 5.03 � 0.28 6.28 � 0.03 3.12 � 0.94 4.61 � 1.46 7.99 � 1.19 42.30
Slip casta 42.19 � 0.64 9.14 � 0.17 5.19 � 0.09 1.33 � 0.74 2.03 � 1.10 5.87 � 0.97 65.42
Hand builda 37.69 � 0.52 4.06 � 0.17 3.56 � 0.01 3.89 � 0.53 4.99 � 0.50 9.54 � 0.36 47.69
Robocasta 36.87 � 1.09 9.30 � 0.11 6.39 � 0.04 0.65 � 0.08 0.75 � 0.11 2.83 � 0.03 73.50
LSD O2 38.26 � 0.34 9.21 � 0.42b 10.32 � 0.12 1.21 � 0.75 1.58 � 0.98 5.50 � 1.09 71.27
LSD Mars 38.26 � 0.34 7.53 � 0.02b 1.17 � 0.51c 3.08 � 0.06 3.33 � 0.34 6.73 � 0.54 50.52

a Sintered in oxidizing atmosphere at 1150 �C for 3h þ 1160 �C for 90min (conditions identical to LSD O2).
b Sinter shrinkage in X direction.
c Weight loss from pre-sintered state (1000 �C 10 min in oxidizing atmosphere).

Table 2
Linear sintering shrinkage of LSD-fabricated samples (see 3.1.2/3 for sintering
conditions) chosen for mechanical tests in X/Y/Z directions. Data obtained from
three samples in each direction.

Sample Shrinkage in X (%) Shrinkage in Y (%) Shrinkage in Z (%)

LSD O2 9.21 � 0.42 10.08 � 0.58 13.36 � 0.82
LSD Mars 7.53 � 0.02 8.89 � 0.07 11.34 � 0.01
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stain when sintered above 1000 �C oxidizing atmosphere (corner robo-
cast sample and spots on the rim of thrown cup) but not in simulated
Martian atmosphere (robocast sample). Such stains are a common
observation called scumming when clays with soluble salts are sintered.
Scumming produces insoluble stains that are usually white but may be
yellow or pink (with no evidence for stains to affected durability) [53].
During sintering, silica and magnesium sulfate react (magnesium sulfate
decomposition temperature is lowered from 880 �C to 680 �C when silica
is added to magnesium sulfate [54]), forming magnesium scum which is
forsterite (Mg2SiO4) or enstatite (Mg2Si2O6) [51].

Similar to the other sintering studies, shrinkage for samples from
different shaping methods (Table 1) was related to water absorption,
which was in the range of 0.65 � 0.08 to 3.89 � 0.53% after 10 min
immersion.

Green body porosity did not seem to be the determining factor for
sintered body water absorption, as the sample with the highest porosity
(slip cast) did show water absorption (10min/procedure A) in the mid-
range with 1.33 � 0.74%. Volume and part geometry also played an
essential role in sintering outcome - while the big and upward standing
slip cast cup in Fig. 5 showed severe bloating, slip cast samples sintered
with the same schedule (but lying flat on the sinterplate) showed no
bloating.

Water absorption differed significantly for the same samples using
different absorption procedures. The short 10 min immersion is deemed
fast and reliable for judging sintering density after each individual sin-
tering run (directly after taken samples out of the oven and before setting
the next sintering schedule). Two further procedures (24h immersion/
procedure B and boiling in water/procedure C) were used to calculate a
pore interconnectivity factor (Ax) introduced by Cultrone et al. [55]. For
this, the free water absorption (Al) with forced water absorption (Af) was
correlated using the following equation:

Ax ¼ Af � Al

Af
� 100% (1)

While samples with high interconnectivity (where Af and Al are
similar) show low Ax values, samples with pores that are difficult to ac-
cess (as these are only filled by forced water absorption) have high Ax
values. Here, the free water absorption was obtained by 24h immersion
and for forced water absorption immersion in boiling water after ISO
10545-3:1995 [37] was used. This is slightly different from Cultrone et al.
[55], who used a vacuum procedure for Af, which is deemed to have
resulted in slightly higher water absorption values [56] (which would
have resulted in higher Ax values here). Ax values were very high in the
range from 42.30 to 73.50% which is indicative of low pore inter-
connectivity compared with Ax values found in literature of bricks made
from clay with differing amounts of carbonates and sintered between 700
and 1100 �C which showed a very high to medium pore interconnectivity
with Ax values from 2.06 to 21.26% (highest Ax values were found in
samples fired at the highest temperatures) [55]. Only bricks made of 70%
ball clay and 30% quartz sand and sintered at 900 �C that had been
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threaded with Silo 111 - an oligomeric organosiloxane water repellant
(CTS Srl, Italy) - had similar values with Ax ¼ 45.22% [57]. Here, the
lowest pore interconnectivity was found for additively manufactured
parts sintered in oxidizing atmosphere with robocasting at Ax ¼ 73.50%
and LSD 71.27% followed by slip casting with 65.42%.

In the general classification of ceramics MGS-1C/8 bodies in Table 1
fall into the category of crude stoneware with a water absorption be-
tween 4% and 8% (while fine stoneware has water absorption lower than
2% and fine pottery from 9% to 22%) [38]. ISO 13006 [58] classifies
extruded and dry pressed tiles in three water absorption (ISO 10545-3)
categories: Tiles with Af � 3% fall in the category of low water absorp-
tion, tiles in between 3%< Af � 10% in medium water absorption and Af
>10% in high water absorption. Therefore, of the samples in Table 1,
only robocast samples fall in the low water absorption category with Af ¼
2.83 � 0.03%, while all others have medium water absorption. This is
significant, as ceramics with low water absorption (Af � 3%) are often
cited as being frost-resistant [16]. However, some ceramics with higher
absorption might withstand a sufficient number of freeze-thaw cycles
depending on the application. Even though definitive results on frost
behavior can only be obtained using special procedures such as norma-
tive ISO10545-12 [59], the authors hypothesize that MGS-1C/8 ceramics
in Table 1 might have frost-resistance because of their low pore inter-
connectivity. This is significant, as on Mars (which has typical temper-
ature swings of ~100 K), freeze-thaw resistance of building materials can
be of great importance, which is illustrated by recent research indicating
that freeze-thaw cycling on Mars acts as a chemical weathering agent
[60].

3.1.5. Shrinkage and porosity of LSD samples
For the two sintering schedules selected for the mechanical tests,

detailed sintering shrinkage analysis in X/Y/Z directions was conducted
(Table 2), revealing anisotropic shrinkage typical for green bodies pro-
duced in powder bed processes.

Calculating a simple ratio by dividing Z values by X values, reveals a
similar maximum shrinkage deviation ratio of Z/X ¼ 1.451 for oxidizing
atmosphere and Z/X¼ 1.506 in simulated Mars atmosphere. The authors
assume that the larger standard deviation values for samples sintered in
oxidizing atmosphere indicate a higher pyroplastic deformation, i.e.,
very mature bodies. As described in 2.3.3, such reproducible anisotropic
shrinkage has been previously reported for porcelain and Al2O3 LSD
samples, both with slightly higher shrinkage in Z-direction [3,5]. While



Table 3
Density and porosity determined by Archimedes’ method and helium pycnometry of LSD-printed samples chosen for mechanical tests.

Sinter
condition

Archimedes’ bulk density
ρbulk (g/cm3)a

Whole disc pycn. density
ρpycnometric (g/cm3)b

Ground powder pycn.
density ρporefree (g/cm3)b

Total porosity
volume Vtotal (%)

Open porosity
volume Vopen (%)

Closed porosity
volume Vclosed (%)

LSD O2 2.54 � 0.05 3.07 � 0.03 3.09 � 0.02 16.65 � 0.2 15.98 � 0.2 0.67 � 0.002
LSD Mars 2.49 � 0.02 3.00 � 0.04 3.02 � 0.01 17.59 � 0.63 16.89 � 0.64 0.70 � 0.005

a Data obtained from three samples.
b Data obtained from five samples.

Fig. 6. In situ synchrotron XRD (λ¼ 0.49594 Å) patterns for LSD printed MGS-1C/8 heated from room temperature to 1200 �C at 10 K/min followed by cooling in two
atmospheres: (a) in oxidizing atmosphere and (b) in simulated Mars atmosphere with 610 Pa partial pressure of CO2.
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alumina sintered at 1600 �C showed the lowest ratio between X and Z
shrinkage with Z/X ¼ 1.289 [17], compared to MGS-1C/8 porcelain
showed an even higher ratio with Z/X ¼ 1.698 [19]. The anisotropic
shrinkage of LSD samples is likely related to the preferential orientation
of the particles along the XY plane resulting from the layer deposition, as
discussed, for example in Ref. [20]. This hypothesis is in agreement with
the observation that the ratio Z/X is higher for porcelain, which typically
contains a higher fraction of anisotropic (elongated or platelet-like)
particles compared to alumina. In general, shrinkage for MGS-1C/8
samples sintered in ambient air was similar to LSD porcelain samples
10
(with deviations in Z-direction) [19]. Issues relating to anisotropic
shrinkage in the LSD process can easily be overcome, as shrinkage is
reproducible (for bodies with low pyroplastic deformation) and 3D ge-
ometries can easily be adjusted during the design and preparation
process.

Even though MGS-1C/8 shrinkage was generally on a par with LSD
porcelain, total porosity was slightly higher, with 16.65 � 0.2% in
oxidizing and 17.59 � 0.63% in simulated Mars atmosphere (Table 3),
compared to a total porosity of 8.79 � 0.2% for porcelain [19].

However, open and closed porosity were inverted as MGS-1C/8



Fig. 7. Ex situ XRD patterns of LSD disc samples sintered under different temperatures and atmospheric conditions, including samples 7.1 (LSD O2) and 7.2 (LSD Mars)
used for the characterization of mechanical properties.
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samples showed almost exclusively open porosity, while closed porosity
was prevalent for porcelain LSD samples [19]. There were slight differ-
ences for true powder density for oxidizing and Mars atmosphere, which
could be related to a mass gain from oxidation. Furthermore, the presence
of iron with high atomic weight in MGS-1C/8 is likely responsible for
significantly higher true density (3.02–3.09 g/cm3) compared to porcelain
feedstock (that typically has below 1 wt% iron) with 2.59 g/cm3.

3.2. Phase composition, microstructure and mechanical properties of
sintered LSD samples

3.2.1. Phase evolution from in situ heating XRD studies
As already indicated by differing sintering behavior and color change,

marked differences in the phase evolution (for the original composition
of MGS-1 see 2.1) during sintering of MGS-1C/8 for oxidizing and
simulated Mars atmosphere was observed (Fig. 6).

For both panels in Fig. 6, reflections shift to lower angles upon
heating due to thermal expansion of the crystals lattice. A subsequent
lattice contraction upon cooling leads to a shift back to the original po-
sition of the reflections at higher 2 theta values. The MGS-1C/8 silicate
constituents were discussed in detail in our previous study [5], here we
focus on phase evolution during sintering in both atmospheres. First, the
drying of the clay component is observed through the reduction of so-
dium montmorillonite d001 spacing towards smaller distances. The basal
spacing associated with 12 water molecules per exchangeable cation for
montmorillonite is ~16 Å at room temperature [5], which is also what is
observed here (d001 ¼ 16.15 Å). As the amount of interlayer water is
reduced in oxidizing atmosphere, a jump first to 12.76 Å around 420 �C
with a second shift back to 13.94 Å at 660 �C is observed, which is
associated with a lower hydration state with 6 water molecules per
cation. In simulated Martian conditions, no second shift was observed,
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with the switch to the lower hydration state around 420 �C to 13.34 Å
and the complete disappearance of the corresponding reflection at 2.13
2theta starting around 900 �C, the latter can be associated with the
melting of the clay component.

For both atmospheres, the most apparent phase changes are related to
different iron-containing compounds. XRF analysis of MGS-1C/8 by the
authors revealed that the starting simulant contained 11.25 wt% FeOT in
sum [5]. This, in turn, is comprised of various iron-containing com-
pounds in the MGS-1 powders, i.e., 1.9 wt% magnetite (Fe3O4), 1.1 wt%
hematite (Fe2O3), 1.7 wt% ferrihydrite (Fe3þ10O14(OH)2) and 1.4 wt%
Fe-carbonate/crystalline siderite (FeCO3) [29], as well as silicate min-
erals. Looking at the phase evolution during sintering in oxidizing at-
mosphere (Fig. 6a), the most prominent phase change is the formation of
hematite. During heating starting from 800 �C, a significant intensifica-
tion of hematite reflections can be observed, ending with very strong
hematite reflections after cooling. Furthermore, during holding at 1200
�C, a strong appearance of cristobalite (SiO2) reflections can be observed,
which also prevails until after cooling. As no cristobalite was observed in
ex situ experiments (see 3.2.2), this cristobalite formation most probably
stems from the quartz capillary used as sample holder undergoing a phase
transformation, something observed here for this setup. Cristobalite
formation is typical for non-vitreous stoneware bodies with high iron
content. During sintering, cristobalite formation can be an important
consideration, especially when envisioning applications, as the cristo-
balite inversion is in a low-temperature region (100–270 �C). This
inversion coincides with a marked volume change, which is different
from the alpha-beta inversion of quartz found in porcelains that do not
form cristobalite.

The 5 wt% clay content in MGS-1 did have a small effect on MGS-1C/
8 sintering behavior in oxidizing atmosphere (see Supplementary Fig. 1),
as unprocessed MGS-1 without clay had almost identical phase



Fig. 8. Optical micrographs of polished crosssections of LSD O2 and LSD Mars samples. The white arrow on the left indicates LSD Z-direction. G represents the mineral
grains, M represents the matrix from liquid phase sintering, E represents epoxy-filled pores and P represents pores not infiltrated by the mounting epoxy.
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composition only with hematite reflections slightly smaller while cris-
tobalite reflections were stronger compared with MGS-1C/8.

In situ sintering in simulated Mars atmosphere (here, at 610 Pa CO2
partial pressurewith N2 asfiller) producedmarkedly different phases, with
the most intense reflections from the formation of metallic iron phases and
carbon raised from the decomposition of the binder. It appears that the
heating in the in situ XRD sample environment leads to the reduction of the
iron-containing constituents. This effect was not observed in the ex situ
studies (see 3.2.2). Hematite reflections with low intensity present at room
temperature begin to disappear around 500 �C and are gone at 820 �C,
where the formation of γ-iron (austenite) starts, which prevails during the
1200 �Cdwell timeuntilwhen the intensity of the γ-iron reflectionsbegin to
decrease during cooling with the emergence of the reflections assigned to
α-iron (ferrite) starting around 900 �C. Finally, at room temperature, no
γ-iron and strong α-iron reflections are observed.

3.2.2. Phase composition of sintered LSD samples
Compared to in situ XRD results, LSD samples (for original MGS-1

phase composition see 2.1) sintered in a furnace with open heating ele-
ments in ambient air (7.1) and a tube furnace under different atmo-
spheric conditions (7.2–7.5) produced slightly different results (Fig. 7).

On the one hand, this could stem from slow heating and cooling (1.7
K/min) with long holding times, as well as from the divergence of how
Mars atmosphere was simulated, as the tube furnace could be sealed and
run below 1 bar, which was not possible for the in situ XRD setup, for
which a gas stream of N2 with CO2 simulating Martian CO2 partial
pressure was used. Another factor that could have influenced phase
composition is sintering geometry - while in situ experiments were
conducted with samples in powder form (with gas streaming through the
powder), ex situ measurements were performed using green body discs
(with possibly less gas/solid interaction). In sum, this led to markedly
different phases, as none of the parts sintered in CO2 atmospheres in the
sealed tube furnace (7.2–7.4) produced metallic iron, indicating that the
gas flow had higher reduction potential compared to standing CO2 at-
mosphere. However, continually applying vacuum during sintering
seemed to have similar reduction potential, as the XRD patterns of LSD
samples sintered under such conditions (7.5) display intensive α-iron
reflections (comparable in the intensity to those in the in situ XRD pattern
results under N2/CO2 gas stream) with forsterite (Mg1.2Fe0.8SiO4) and
plagioclase reflections that are shared by all samples (7.2–7.5). The phase
composition of the pre-sintered and non-pre-sintered sample (7.4) and
(7.3) was mostly similar, with iron mainly in ferroan forsterite
(Mg1.2Fe0.8SiO4) in the 2þ oxidation state, as well as in maghemite/
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magnetite. Magnetite and maghemite cannot be distinguished, as their
XRD patterns are identical [61]. However, as samples were stored in air,
maghemite is assumed. Holding at high temperature in the same atmo-
sphere (7.2) produced samples with no detectable forsterite, resulting in
the formation of a magnesioferrite phase (previously discussed in 3.1.3)
belonging to the spinel group, a maghemite phase and some hematite.
The same phases were detected for samples sintered in oxidizing atmo-
sphere (7.1) except for more intense hematite reflections. Comparing
with ISRU sintering studies in simulated atmospheres of a variety of
different lunar simulants mentioned in the introduction, it is interesting
to note that for sintering in vacuum, no metallic iron phase was reported
[21,22]. On the other hand, a hydrogen atmosphere has been reported to
reduce ilmenite (FeTiO3) to metallic iron during sintering [23] and ox-
ygen deprivation from argon was the proposed reason why sintering of
lunar simulants resulted in a metallic iron phase [24].

3.2.3. Microstructure of sintered LSD parts
LSD parts sintered in oxidizing and simulated Mars atmosphere

showed a heterogeneous microstructure typical for clay-based ceramics
(Fig. 8).

As shown in the previous sections by discussing water absorption,
density and porosity measurements, LSD samples sintered under simu-
lated Mars atmosphere showed a slightly higher number of pores that
also tended to be interconnected, which corresponds to the pore inter-
connectivity values obtained (Table 1). Higher pore interconnectivity is
also apparent from the vacuum epoxy infiltration, as almost all pores at
the edges of the disc were filled (only the center of the disc showed non-
filled pores) for simulated Mars atmosphere samples (b1), which was not
the case for LSC O2 sample sintered in oxidizing atmosphere (a1), where
few pores were filled. For both samples (a2, b2) this matrix is comprised
of a melt phase from liquid phase sintering, probably containing the
montmorillonite particles which form a liquid phase between 950 and
1050 �C [39]. This matrix is dotted with smaller whiteish particles which
judging from EDX results of similar parts [21,23] are assumed to be the
iron-containing phases. At higher magnifications (a3, b3), the matrix can
be seen to have been devitrified as a crystal texture for both atmosphere
becomes visible, which coincides with the phase analysis (Fig. 7), where
no significant amorphous phase was found. With white arrows in (a1)
and (a2) indicating Z-direction in the LSD prints, no interface between
layers from the LSD process was visible after sintering neither for (a1) nor
for (b1). This is in line with what has been reported before [17,19] and is
an important advantage of the LSD process in general.



Fig. 9. Weibull fracture probability plots for the ball on three balls biaxial bending of samples printed in XY plane: (a) LSD O2, (b) LSD Mars.

Fig. 10. (a) Flexural strength over water absorption for ceramic materials in
common use on Earth and (b) flexural strength over additional materials
required (aside from regolith and clay minerals) for Mars ISRU material systems
and one reference study for Moon ISRU (all references mentioned in the text).
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3.2.4. Mechanical properties
With phase composition and microstructure similar to vitreous clay

ceramics (see Figs. 7 and 8), the flexural strength of MGS-1C/8 ceramics
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(measured using ball on three balls method) sintered both in oxidizing
and simulated Mars atmosphere was in a comparable range to typical
crude stoneware (Fig. 9).

For the 30 LSD O2 samples with 15.98 � 0.2% apparent porosity, the
Weibull characteristic strength was σ0 ¼ 57.55 MPa and for 30 LSD Mars
samples with 16.89 � 0.64% apparent porosity (Table 3) it was 53.53
MPa. This is slightly lower than the 76.3 MPa reported by Lima et al. for
XY plane LSD prints made of soft porcelain sintered higher at 1250 �C
which can be explained by the unique properties of porcelain and by the
lower amounts of pores (apparent porosity of 0.27 � 0.22% and a closed
porosity of 8.52 � 1.22%) [19]. Both samples had decent Weibull
modulus with m^¼ 10.0 for LSD O2 and m^¼ 7.52 for LSD Mars samples,
which is as well slightly lower compared with LSD prints in XY direction
that had 14.4 [19].

3.2.5. Comparison with terrestrial ceramics and evaluation against various
ISRU material concepts

Compared with ceramic materials in common use on Earth, sintered
MGS-1C/8 LSD printed discs showed bending strength between terra-
cotta and typical porcelains (Fig. 10a).

While typical non-technical ceramics such as terracotta, engineering
brick, facing brick and ceramic tile had less than half the flexural
strength, various porcelains, including red porcelain tiles with hematite
tailings (instead of traditional fluxes) [62]. LSD porcelain [19] and por-
celain stoneware tiles with nepheline-syenite as fluxing agent [63], had
slightly higher flexural strength. In comparison, water absorption for
MGS-1C/8 discs was only surpassed by a study for red wall tiles filled
with eggshell waste [64], while on par with average water absorption for
earthenware, such as terracotta and slightly higher than facing brick, a
common building material. All other ceramics had lower water absorp-
tion making them either waterproof/not to leak liquids or deteriorate in
freeze/thaw conditions. The authors propose two possible routes to
watertight ISRU ceramics: On the one hand, the feedstock composition
could be adjusted and components, that bloat could be reduced, which
would enable dense sintered ISRU stoneware. On the other hand, the
ceramics presented here could be glazed by developing an ISRU glaze
employing minerals commonly found on Mars as fluxes.

Comparing with other studies on ISRU material system for Mars the
authors are aware of (see Fig. 10b), all other materials and processing
approaches reported lower flexural strength with higher weight fraction of
non-ISRU materials needed, which would have to be shipped, synthesized
or extracted (except for a study on direct compression, which exclusively
used regolith [65]). Of the three other additive manufacturing studies in
Fig. 10b the reference Moon ISRU on binder jetting of lunar regolith using
the D-shape technology had the highest flexural strength while only
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requiring a low amount of magnesium salt binder to be shipped [66]. This
was followed by material extrusion using a phosphoric acid of which 33%
would have to be shipped [15] and a study using mainly biopolymers and
organic solvents to produce polymer regolith composites for which over
80 wt% of complex organic materials would have to be shipped [14]. For
ISRUmaterial concepts in general, the study on direct compression (which
exclusively used regolith), produced high flexural strength [65], very
similar for a study from the authors that used slip casting and sintering
(that also only required regolith) [36]. The polymer composites via the
ISRU production of polyethylene binder (20–40 wt%) similarly produced
high flex strength [67], while concepts for geopolymers [68] and sulfur
concrete [69] are deemed more suited for structures utilized in
compression.

Contrary to this, no shipping or synthesis of material would be
required to produce sintered ceramics from clay green bodies. What is
more, wet processing of ceramics can be done without the 0.5 wt%
dispersant, currently added [5] and if techniques other than LSD are
used, no binder would be required. To assess the usefulness of different
ISRU material systems on Mars, it is proposed that the use on Earth is an
important indicator, assuming material systems with good material
availability, easy processing and favorable properties prevailed on Earth
over others. Except for geopolymers and sulfur concrete, most of the
material and processing proposals in Fig. 10b are not used on a bigger
scale on Earth. Contrary to this, sintered ceramics - one of the earliest
human inventions (originating before the Neolithic period) - has been
and still is a universal tool employed all over the world on a large in-
dustrial scale. Similar to traditional basic processing for clay-based ma-
terials on Earth, realistic early clay ISRU for sintered ceramics could
employ deformation of clay bodies for press molding of mud bricks/a-
dobe bricks or material extrusion which is widely used on Earth for bricks
and tiles. Furthermore, the additive manufacturing version of material
extrusion, robocasting/direct ink writing, could be used to produce more
complex geometries making clay ISRU for sintered ceramics an eminently
favorable construction technology for soft and hard ISRU on Mars.

3.2.6. Suggestions for future Martian ceramics
While smectite minerals are favorable for high green body strength

and suitable slurry viscosity at low smectite percentages, high strength
and dense-fired ceramics such as porcelain typically make use of
kaolinite clays, that are also present on Mars [3]. Subsequent ISRU sce-
narios could aim to manufacture such more advanced ceramics. The
authors propose purification and enrichment of raw kaolinite in two
steps, similar to what is done for kaolin on Earth: First, removal of un-
wanted materials (such as carbonates and iron oxides) by physical or
chemical means and second fractionation by sedimentation to facilitate
the removal of remaining impurities (such as quartz). For the production
of a Martian hard-paste porcelain, such kaolin would be mixed with
feldspar and quartz resources found on Mars [70], wet-milled, shaped,
dried and fired at temperatures around 1400 �C. In the absence of organic
material resources and the complexity of producing metals, such
gas-tight fired porcelain could be a viable material system for the
manufacture of a great variety of parts needed for the exploration and
colonization of Mars.

4. Conclusions

In this work, the feasibility of sintering Mars global simulant for clay
ISRU green bodies shaped using four different wet processing approaches
and a dry-pressed reference was demonstrated. The thermal behavior and
properties of green bodies during and after sintering was extensively
characterized and two sintering schedules aiming for dense parts without
excess pyroplastic deformation in two different atmospheric conditions
(one in ambient Earth atmosphere and one in simulated Martian atmo-
sphere) were developed. Sintered ceramics showed low water absorption
and excellent mechanical properties with bending strength between
terracotta and porcelain. However, the sintering experiments for discs
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were undertaken with oven locations carefully mapped and calibrated
because of the small sintering interval. For large scale production, clay
bodies are often purposely sintered at temperatures less than mature to
get more stability in the kiln and sufficient firing margin for incorrect
firing, which is what the authors propose for the sintering of larger parts.
If dense parts are required, adjustments to raw material chemistry are
proposed, for example, by adding minerals that act as fluxes, which
would allow dense sintering at temperature before the onset of bloating.
Here, the versatile robocasting additive manufacturing technology pro-
duced parts with the lowest water absorption and the authors foresee a
multitude of applications for clay products such as Martian pottery/sin-
tered ceramics in hard and soft ISRU on Mars.
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