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ABSTRACT 

Binder jetting has emerged as a compelling approach for processing lunar regolith, as it is well-suited for low-energy environments 
and requires lower amounts of organic binder, compared to the competitive technologies. This study investigates the feasibility 
of binder jetting lunar regolith simulants from micrometric particles, focusing on the interplay between sintering conditions, 
especially atmosphere and temperature, and the resulting microstructural and mechanical properties. Sintering was explored 
across a range of conditions to elucidate the evolution of porosity and phase composition. Microstructural characterization 
revealed void morphologies varying due to progressive coalescence, while energy-dispersive x-ray (EDX) and x-ray diffraction 
(XRD) identified the primary presence of bytownite with other minor oxides, partially subjected to redistribution and reduction as 
in the case of ilmenite and pyroxene. Mechanical testing revealed the influence of sintering conditions on mechanical properties. 
While the compression samples, sintered at 1150◦C, yielded 228.7 ± 100.9 MPa of strength, the performance of the samples sintered 
at 1200◦C in air degraded down to 180.6 ± 53.7 MPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The renewed momentum in lunar exploration has intensified
the demand for resilient and sustainable technologies capable
of supporting extended human activity on the Moon. A key
part of this initiative is in situ resource utilization (ISRU),
which involves leveraging locally available materials, especially
lunar regolith, to fabricate essential infrastructure and com-
ponents, thereby reducing reliance on Earth-based resupply
missions [ 1–7 ]. 
Abbreviations: AM, additive manufacturing; BJT, binder jetting; CC, contour crafting; DED, direct ene
hardness; ISRU, in situ resource utilization; LPS, liquid phase sintering; PBF-LB, powder bed fusion—la
XRD, x-ray diffraction. 
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Lunar regolith, a fine, abrasive, and compositionally diverse 
particulate layer covering the Moon’s surface, can be exploited as
feedstock for additive manufacturing (AM) [ 8–12 ]. Various AM
and unconventional techniques have been explored for process-
ing this material, including direct energy deposition (DED) [ 13 ],
laser-based powder bed fusion (PBF-LB) [ 14–18 ], contour crafting
(CC) [ 19 ], solar and microwave sintering [ 20–25 ], stereolithog-
raphy (SLA) [ 26–28 ], digital light processing (DLP) [ 26, 29–31 ],
and binder-assisted methods such as material extrusion (MEX)
[ 32–38 ] and binder jetting (BJT) [ 8, 39 , 40 ]. 
rgy deposition; DLP, digital light processing; EDX, energy-dispersive x-ray; HV, Vickers 
ser beam; PEG, polyethylene glycol; SEM, scanning electron microscopy; SLA, stereolithography; 
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FIGURE 1 Schematic representation of the operations sequence typical of a binder jetting (BJT) process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1 Printing parameters of the BJT process. 

LT 

( µm) 
BS 
(%) 

TBT 

(◦C) 
BST 

(s) 
DT 

(s) 
RS 

(mm s− 1 ) 
UI 
(%) 

ROLS 
(rpm) 

ROLTS 
(mm s− 1 ) 

50 70/90 40 10 6 35 100 450 2 

Abbreviations: BS, binder saturation; BST, binder set time; DT, drying time; LT, 
layer thickness; ROLS, roller speed; ROLTS, roller traverse speed; RS, recoat 
speed; TBT, target bed temperature; UI, ultrasonic intensity. 
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PBF-LB has demonstrated the ability to produce mechanically
robust parts directly from regolith without binders. However,
their high energy demands pose a significant challenge in the
energy-limited lunar environment. Solar and microwave sinter-
ing approaches, which utilize concentrated energy sources to
fuse regolith particles, offer scalable solutions for constructing
large structures, but are constrained by limited resolution and
mechanical performance. SLA and DLP offer the capability of
producing highly dense components with intricate geometries for
functional parts, but with limited wall thickness and size. 

Among binder-assisted AM techniques, BJT (whose working
scheme is represented in Figure 1 ) combines the high throughput
and support-free shaping capabilities of powder bed systems with
a limited need for ligand volumes, thus offering a promising
combination of low energy consumption, geometric flexibility,
and the potential for autonomous operation, which are critical
attributes for off-Earth manufacturing. Nevertheless, the success-
ful application of BJT to lunar regolith is nontrivial, especially
in micro-gravity, where the flowability could be rather limited
[ 41 ]. Regolith irregular particle morphology, broad particle size
distribution, and complex mineralogy necessitate careful opti-
mization of both the printing and post-processing stages to ensure
structural integrity and dimensional accuracy [ 4, 42–44 ]. More-
over, the sinterability of BJT components has been preliminarily
assessed, but a systematic description of the ongoing phase
transformations correlated to the printing process specifics and
the thermal treatment parameters/atmospheres has not been
provided yet [ 45, 46 ]. 

This study focuses on addressing these challenges by systemati-
cally evaluating the BJT process of lunar regolith simulants. The
main process variables, including sintering temperature, heating
rate, and dwell time, are examined in relation to their effects
on densification, shrinkage, and microstructural evolution. The
influence of feedstock characteristics on porosity and phase
development is also explored. Finally, the effect of oxygen pres-
ence on densification mechanisms and phase transformations,
2 of 12

ve
which is known to affect sintering phenomena, is evaluated to
preliminarily assess the feasibility of thermal treatments on the
Moon surface [ 47–49 ]. Through this investigation, we aim to
contribute to the advancement of AM-based ISRU strategies, thus
contributing to the broader goal of sustainable lunar habitation. 

2 Materials and Methods 

The specimens analyzed in this study were fabricated using
LHS-1D, a fine dust fraction with a median particle diameter
of 5.3 µm of the lunar highland simulant (LHS-1) developed by
SRT (formerly Exolith Lab) [ 50 ]. The particle size distribution
of LHS-1D was measured using a Malvern Mastersizer 2000
granulometer, and it is presented in Figure 2A . The particles’
morphology was confirmed to be irregular by scanning electron
microscopy (SEM), as shown in Figure 2B . The initial phase
composition was evaluated by x-ray diffraction (XRD), presented 
in Figure 2C , using a Rigaku SmartLab SE diffractometer with a
Cu-K α radiation source, with a step size of 0.02◦ and a scan rate
of 1◦ min− 1 . To enhance powder flowability and reduce residual
moisture, the feedstock was preheated to 80◦C prior to printing. 

Binder jetting was carried out on an ExOne Innovent + equip-
ment, employing an aqueous-based binder with polyethylene 
glycol (PEG) precursors (AquaFuse or BA005). The printing
parameters are listed in Table 1 . 
Journal of the American Ceramic Society, 2026
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FIGURE 2 (A) Particle size distribution, (B) particle morphology, 
and (C) x-ray diffraction (XRD) spectrum of LHS-1D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 2 Temperature ( T ), dwelling times ( t ), heating rate 
(d T d t− 1 ), and atmosphere (Atm) of sintering treatments. 

Sample 
T 

(◦C) 
t 
(h) 

d T d t− 1 
(◦C min− 1 ) Atm 

1100_4_3 1100 4 3 Air 
1150_4_3 1150 4 3 Air 
1200_4_3 1200 4 3 Air 
1150_8_3 1150 8 3 Air 
1150_12_3 1150 12 3 Air 
1200_4_5 1200 4 5 Air 
1200_4_7 1200 4 7 Air 
V1200_4_3 1200 4 3 Vacuum 
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After printing, the powder bed underwent a curing step at 180◦C
for 6 h in static air to initiate the polymerization of polyethylene
glycol (PEG) monomers in the binder, allowing the recovery of
green parts through manual powder removal. Debinding and
sintering were performed in a single thermal cycle: debinding
was performed at 470◦C for 1 h, followed by sintering under
various conditions detailed in Table 2 . All sintering temperatures
were selected to remain below the solidus point of the primary
mineral phases, in accordance with prior thermodynamic anal-
yses [ 51 ]. To approximate the vacuum conditions of the lunar
surface, selected sintering trials were also conducted under low-
pressure environments ( ∼ 5 × 10− 2 mbar), enabling the evaluation
of microstructural evolution and densification behavior under
simulated extraterrestrial conditions [ 52 ]. 
Journal of the American Ceramic Society, 2026
Dimensions and bulk density of green and sintered specimens
were assessed through digital caliper measurements and mass-
based calculations. Linear shrinkage was quantified along the 
x (recoater), y (printhead), and z (build) axes by relating the
dimensions of the parts after curing and sintering to their
as-printed geometry. 

Microstructural analysis was conducted using a ZEISS Sigma 500
field emission scanning electron microscope (FE-SEM) equipped 
with energy-dispersive x-ray spectroscopy (EDX) to examine 
pore morphology and elemental distribution within the samples.
Phase identification was performed on polished samples via XRD
measurements, carried out on samples sintered under varying 
thermal and atmospheric conditions, with a heating rate of
3◦C min− 1 and a dwell time of 4 h. 

Mechanical performance of the sintered components was eval- 
uated through compression testing for air-treated components 
to assess the effect of sintering temperatures and by flexural
testing for air and vacuum sintering at 1200◦C to determine the
influence of the processing atmosphere. Compression testing was 
performed on at least five cylindrical specimens per condition
(see Figure 3A ), using the MTS 810 Material Test System, after
polishing the flat surfaces to ensure their parallelism. The
specimens were placed between two smooth steel plates and
uniaxially loaded until failure. The testing procedure was adopted
from the ASTM C1424 − 25. Flexural strength was determined
via three-point bending tests, employing the standard formula
in accordance with ASTM C1161–18 standards on at least seven
flat, unmachined specimens (examples of printed bars are shown
in Figure 3B ) [ 15 ]. The tested specimens were wider than the
recommended measure for configuration A of ASTM C1161–
18 to avoid sintering-induced distortions typical of excessively 
elongated parts, which would hinder the possibility of testing
as-fabricated components. 

3 Results 

3.1 Printing and Densification 

The LHS-1D simulant exhibited adequate flow characteristics, 
enabling consistent and repeatable printing throughout the 
3 of 12
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FIGURE 3 Visual appearance of examples of BJT-printed and sintered ceramic LHS-1D samples for (A) compression and (B) flexural testing. 

FIGURE 4 Characterization of the sintered components: (A) relative densities, and (B) linear shrinkages along the x, y , and z axes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5 Color comparison among densified samples: on the 
left/center, air-sintered at different sintering temperatures ( T ), times ( t ), 
and heating rates (d T dt− 1 ); on the right, vacuum-sintered. 
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experimental campaigns. The printing process resulted in green
parts with moderate densities, consistent with prior observations
in literature for irregular, micrometric ceramic powders [ 53–
55 ]. Specifically, green body relative densities were measured at
35.5% ± 0.9% and 33.0% ± 0.5% for BS equal to 70% and 90%,
respectively. Given the slightly higher initial density, subsequent
densification studies focused on samples printed at BS = 70%. 

Binder saturation (BS) is calculated as the ratio between the
volume of deposited binder and that of the powder bed voids,
which is fixed to 40% of the entire powder bed in this printing
system. Thus, 70% and 90% of BS correspond to 28% and 36%,
respectively, of the printed volumes occupied by the binder,
including water and PEG precursors; thus, a lower BS also
represents an advantage in terms of material consumption. The
actual content of polymeric precursor in the binder is not known
because the exact composition is patented. Nevertheless, previous
studies [ 56, 57 ] allow us to estimate the fraction of PEG in green
components to be 0.42 wt.% in 316 L stainless steel green bodies
with a BS = 55%, thus 1.52 wt.% from a BS = 70% in regolith green
bodies. 

As illustrated in Figure 4A , sintering temperature emerged
as the dominant factor influencing densification, while varia-
 

4 of 12

ve
tions in dwell time and heating rate had comparatively minor
effects. Relative density increased significantly with temper- 
ature, rising from 36.9% at 1100◦C to approximately 55% at
1150◦C and reaching nearly 70% at 1200◦C. At the lower end
Journal of the American Ceramic Society, 2026
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FIGURE 6 SEM images of internal surfaces from: 1100_4_3, 1150_4_3, and 1200_4_3 specimens on the left, center, and right, respectively. 
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of the temperature range, minimal densification occurred with
respect to the green state: sample 1100_4_3, for instance, showed
only slight consolidation due to binder burnout and initial
neck formation (see Figure 4B ). Extended sintering durations
(up to 12 h) yielded only marginal improvements in density
( ∼ 3%) compared to shorter cycles (4 h), and adjustments of
the heating rate had a negligible impact on final part quality
or mechanical integrity [ 58 ]. A marked increase in shrinkage,
particularly along the build direction ( z -axis), was observed
at 1150◦C, likely due to the collapse of binder-rich interlayer
regions during thermal decomposition, as normally experienced
in ceramic BJT [ 59 ]. Visual inspection of the sintered parts (shown
in Figure 5 ) further corroborated the temperature-dependent
densification trend. Notably, samples sintered under low vac-
uum ( ∼ 10− 2 mbar) exhibited enhanced densification, which was
approximately 5% higher than their air-sintered counterparts,
consistent with previous findings for Mare-type simulants [ 51,
60 ]. It can be noted that the anisotropic shrinkage in the
vertical axis does not occur in this latter type of sample, even
though the size variation in the xy plane is slightly superior
to that of the specimens treated at the same temperature in
air: it can be expected that the phase and porosity evolution
is atmosphere-dependent [ 49 ]. In addition, the vacuum-treated
samples revealed the same rounded asperities on the surface,
typically found in components affected by an excessive fraction
of liquid phase. 

3.2 Microstructural Development 

Microstructural examination revealed a well-distributed presence
of residual porosity across all samples, consistent with the
relatively low densification achieved during sintering. As shown
in Figure 6 , SEM images illustrate a clear transition in pore
morphology: samples with densities below 60% exhibit a highly
interconnected, open porosity network, while those sintered at
1150◦C and above display a combination of closed, rounded voids
embedded within a consolidated ceramic matrix. 

At 1100◦C (Figure 6 ), the microstructure is characterized by
minimal particle bonding, limited primarily to initial neck for-
mation and leaving largely intact the original particle shapes.
These parts are mechanically fragile, as the interparticle con-
nections provide insufficient structural integrity. The observed
shrinkage, particularly along the z -axis, is primarily attributed to
the collapse of binder-rich interlayer regions during debinding,
rather than to significant sintering-driven densification owing to
volume-diffusive mechanisms. 
Journal of the American Ceramic Society, 2026
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In contrast, samples sintered at 1200◦C exhibit a fully transformed
microstructure. Individual particles are no longer distinguish- 
able, indicating extensive material flow and grain coalescence. 
Spherical pores ranging from a few microns to approximately
40 µm are distributed throughout the matrix (Figure 6 ), suggest-
ing the onset of supersolidus liquid phase sintering (LPS). 

Elemental analysis via EDX, shown in Figure 7 , confirms that the
matrix is predominantly composed of bytownite (i.e., a calcium-
rich plagioclase feldspar typical of lunar highland regolith with
a general composition of (Ca1- x Nax )(Al1 + y Si3- y O8 )). The elevated 
silicon signal may be partially attributed to contributions from
pyroxene inclusions. This phase was identified alongside sec- 
ondary phases/inclusions containing heavier elements such as 
Fe and Ti, as indicated by localized brightness variations in
backscattered electron images. Trace amounts of Mg and K
were also detected in segregated regions. In samples sintered at
1200◦C, diopside appears to redistribute along grain boundaries, 
likely undergoing partial melting below the sintering tempera- 
ture. This behavior facilitates liquid-phase sintering, enhancing 
densification through pore filling and grain rearrangement. 

XRD analysis (Figure 8 ) corroborates the presence of
bytownite (Ca0.86 Na0.14 Al1.84 Si2.16 O8 —COD ID: 9011200) as 
the dominant crystalline phase. Minor peaks corresponding 
to ilmenite (Fe1.35 Ti0.65 O3 —COD ID: 9007011), pyroxene 
(Fe0.084 Mg0.916 SiO3 —COD ID: 9001215), and diopside 
(Al0.301 Ca0.752 K0.23 Mg0.749 Si1.968 O6 —COD ID: 9005559) were also 
detected. Interestingly, the intensity of XRD peaks associated 
with Fe-bearing phases, especially pyroxene (green reference 
peaks), diminishes at higher sintering temperatures. However, 
their complete disappearance is not confirmed, as SEM and
EDX analyses (Figure 7 ) still reveal localized concentrations of
Fe, Mg, and Ti. In particular, the 1200_4_3A region displays
dendritic features with high Fe content, indicative of iron
oxide crystallization, potentially hematite (Fe2 O3 ) or magnetite 
(Fe3 O4 ). The emergence of a magnetite peak in air-sintered
samples above 1150◦C (marked by the black arrow in Figure 8 )
supports this interpretation. Hematite may also be present, 
though its peaks overlap with those of bytownite and ilmenite,
complicating its identification. 

3.3 Mechanical Characterization 

The hardness of the printed components was assessed for the
parts sintered at 1200◦C because the other components feature
an excessive porosity to obtain reliable measurements. The 
microhardness was measured on the densified intralayer regions 
of each component and revealed statistically comparable results,
5 of 12
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FIGURE 7 EDX maps of sintered samples in air at 1150◦C (1150_4_3), at 1200◦C (1200_4_3), and in vacuum at 1200◦C (V1200_4_3) with the 
identified phases indicated by arrows of the following colors: light blue—bytownite, pink—diopside, green—ilmenite, yellow—pyroxene, and red—iron 
oxides. 

6 of 12 Journal of the American Ceramic Society, 2026
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FIGURE 8 XRD spectra of specimens sintered at different tem- 
peratures and atmospheres, with sqrt(cps) signal to highlight minor 
fractions. 

FIGURE 9 Vickers microhardness values of the samples sintered at 
1200◦C. 
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as shown in Figure 9 . It should be noted that the measurements
were performed on the denser areas to avoid the formation of
irregular or deformed indentations owing to the collapse of pores
in the sub-surface regions. Significant distinctions among the
considered samples are not observed, even as expected from the
comparable amount of voids and the main bytownite matrix. 

The components’ mechanical resistance was first assessed by
compressive testing, presented in Figure 10A . It was observed that
green bodies and components sintered at 1100◦C provided enough
resistance to be handled and moved, but insufficient performance
for structural applications. Instead, specimens sintered at higher
temperatures provided higher resistance, with average stress at
failure equal to 228.7 ± 100.9 and 180.6 ± 53.7 MPa for 1150◦C and
1200◦C sintering temperatures, respectively. 
Journal of the American Ceramic Society, 2026
Flexural strength (Figure 10B ) was assessed through three-point
bending tests on the specimens sintered at 1200◦C for 4 h with a
heating ramp of 3◦C min− 1 both in air and vacuum. The necessity
of such testing arose from the difficulties of producing accurate
cylinders for compressive testing by vacuum sintering without 
machining owing to LPS-induced distortions. In this comparison, 
the results demonstrated a notable average strength of 63.4 ± 5.8
and 40.7 ± 11.7 MPa for air and vacuum sintering, respectively. 

In both testing conditions, multiple plateaus can be observed,
which can be correlated with the layerwise architecture of the
material: interfaces perpendicular to the applied stress act as
crack deflectors, thus dissipating the stress and delaying the crack
growth. 

4 Discussion 

The transition in densification behavior correlated to the sinter-
ing temperature is attributed to the onset of viscous flow or partial
melting of the glassy phase, which typically occurs between
1100◦C and 1200◦C, depending on the specific mineral compo-
sition of the simulant, and it is underlined by the formation of
diopside-rich grain boundaries around the main phase (Figure 7 )
[ 61, 62 ]. By comparing EDX data from selected regions (e.g.,
1150_4_3B/C/D in Figure 11 ) with theoretical compositions, the
matrix phase was confirmed to be bytownite with an alkali ratio
of x = 0.14 and a framework substitution parameter y = 0.49. The
bytownite matrix in vacuum-processed samples retained a similar 
elemental composition to that of air-sintered counterparts, with 
EDX-derived values of x = 0.20 and y = 0.46. 

Despite the exploitation of LPS, full densification was not
achieved. The relatively low initial packing density of the green
bodies limited particle contact and hindered the effectiveness of
diffusion-driven sintering mechanisms, ultimately limiting the 
achievable density in the final components. In addition, gaseous
byproducts of reduction reactions trapped in closed porosity
might have limited their closure even at 1200◦C [ 63, 64 ]. 

In addition to densification, thermal treatments induce a series
of phase transformations that affect the material’s properties.
A distinct color change was observed in vacuum-sintered sam-
ples, suggesting altered phase evolution: there is a visible
shift from a reddish-brown hue typical of oxidized iron to
a darker grey, indicative of reduced iron states [ 65 ]. Under
vacuum, the intensity of ilmenite and pyroxene peaks in
diffractograms decreased (Figure 8 ), likely due to partial car-
bothermic reduction of iron oxides induced by residual car-
bon from the incomplete pyrolysis of the PEG binder in
the oxygen-deprived environment [ 51, 56 ]. Magnetite peaks
were absent in vacuum-sintered samples (Figure 8 ), consis-
tent with conditions unfavorable to its formation. Despite 
this, EDX mapping of vacuum-sintered samples (Figure 7 )
still revealed iron-rich inclusions within the diopside phase, 
suggesting incomplete reduction. Notably, regions such as 
1200_4_3A and V1200_4_3B/E (Figure 11 ) exhibited significant 
iron enrichment, potentially indicating the early stages of metal-
lic iron nanoparticle formation, especially at grain boundaries
within the glassy phase, as verified by previous studies as
well [ 32, 66 ]. 
7 of 12
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FIGURE 10 Mechanical properties of printed components measured by: (A) compressive test and (B) three-point bending test. 

FIGURE 11 EDX point analysis values of the spots presented in the SEM images of internal surfaces: 1150_4_3, 1200_4_3, and V1200_4_3 specimens 
on the left, center, and right, respectively. 

8 of 12 Journal of the American Ceramic Society, 2026
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FIGURE 12 Mechanical strength is correlated to the relative density 
of the tested components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

maintained, and the amount of material brought from Earth can 
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As mentioned above, the components’ mechanical resistance at
the green state is sufficient for safe handling up to sintering when
an effective densification of the printed parts is observed. This
occurs above 1150◦C, as can be seen in Figure 12 , and it could
imply the employment of printed parts in structural applications,
given the limited gravity in the lunar environment [ 67 ]. 

It can be observed that the extent of LPS, which is promoted
by temperature and vacuum, improves densification, but it is
detrimental to the strength of the parts. Indeed, air-sintered parts
present a significant increase in relative density from 1150◦C
to 1200◦C that does not correspond to a mechanical strength
improvement; actually, the average stress at failure is lower,
although standard deviations overlap. Similarly, parts sintered at
1200◦C in different atmospheres present a negative correlation
between density and flexural strength. 

As phase transformations are different between 1150◦C and
1200◦C sintering temperatures, their roles as determining factors
on mechanical properties can be excluded. It can be inferred that
the pivotal aspect to consider is the evolution of pore morphology.
As densification proceeds, pores coalesce, thus reducing in
number but increasing in average size (see Figure 6 ). Larger voids
FIGURE 13 Binder consumption correlated to final compressive (left) a
to the current study. 

Journal of the American Ceramic Society, 2026
due to enhanced diffusion with LPS, and partially by reduction
gas byproducts trapped in the material as in vacuum treatment,
act as preferential critical defects for crack formation, thus having
a detrimental effect on the part’s performance [ 68 ]. 

Although several challenges need to be addressed to optimize the
BJT process for regolith, the current results already demonstrate
the competitive advantage of this technique over other AM pro-
cesses in terms of mechanical strength over binder consumption,
as shown in Figure 13 . Indeed, this ratio holds a crucial factor for
any potential manufacturing technique for ISRU, as it indicates
the amount of Earth-derived material needed to manufacture a
component that will withstand mechanical load. While regolith 
itself can be extracted from lunar soil, any organic material
needed for feedstock manipulation in the printing process should
be either transported from Earth or produced in situ, thus
implying a higher degree of complexity in terms of component
manufacturing. 

Although SLA and DLP can achieve improved mechanical perfor-
mance, owing to higher density and resolution, they require large
amounts of polymers/resin. PBF-LB does not require organic 
feedstocks at all, but it presents limitations in terms of densi-
fication and printing precision owing to the ceramic nature of
regolith, thus compromising the final mechanical performance 
of components. MEX and CC could facilitate the handling of
the feedstock in low-gravity environments; nonetheless, they 
are difficult to scale up and do not perform as SLA/DLP in
terms of resolution and mechanical strength. BJT could hold the
potential to produce parts with acceptable mechanical properties
and minimal organic consumption, thus being convenient for 
medium-scale production of components with limited geometri- 
cal complexity. 

In the context of binder consumption, the PEG-based aqueous
binder used for BJT offers a significant advantage: the binder
primarily consists of water, while the polymeric component 
accounts for only a small portion of the green body. Water,
in turn, can theoretically be extracted in situ from the Moon’s
permanently shadowed regions, which are believed to hold vast
water ice deposits, making BJT much more compatible with ISRU
strategies compared to resin or thermoplastic-binder-dependent 
AM approaches [ 69, 70 ]. By reducing the organic binder content
to a few weight percentages, the mechanical performance can be
nd flexural (right) strengths of the reported cases in literature compared 
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be minimized, therefore simplifying the debinding process and
reducing the risk of defects associated with binder burnout. This
combination makes BJT particularly efficient for shaping lunar
regolith, especially when evaluating mechanical performance
relative to binder consumption instead of just absolute strength. 

5 Conclusion 

This study provides a comprehensive evaluation of BJT applied
to highland lunar regolith simulant (LHS-1D), with a focus on
optimizing sintering parameters to enhance densification and
mechanical performance. The results confirm that sintering
temperature is the primary driver of densification, with relative
density increasing from 36.9% at 1100◦C to approximately 55% at
1150◦C and nearly 70% at 1200◦C. However, extending the dwell
time from 4 to 12 h yielded only marginal improvements ( ∼ 3%),
and variations in heating rate had negligible effects. Vacuum
sintering at 1200◦C further improved densification by approxi-
mately 5% compared to air-sintered counterparts, likely due to
enhanced liquid-phase sintering and partial reduction of iron-
bearing phases. Nevertheless, full densification was not achieved,
primarily due to the low initial packing density of the green parts.
Severe distortions were also observed in these components. 

Microstructural analysis revealed a transition from open and
irregular porosity at lower temperatures to more consolidated
structures with open cylindrical channels and closed spherical
pores at higher temperatures. However, excessive coalescence of
pores and the formation of larger voids, which act as critical
defects, negatively impact mechanical strength. 

Mechanical testing has confirmed that parts made from BJT
regolith can achieve competitive strength levels. Compressive
strength values up to 228.7 ± 100.9 MPa were recorded for parts
sintered at 1150◦C, whereas the flexural strength reached 63.4 ±
5.8 MPa for samples sintered at 1200◦C in air. Flexural strength
tests showed a decrease in performance for the parts sintered
under vacuum conditions (40.7 ± 11.7 MPa), highlighting the
complex interplay between densification, phase evolution, pore
morphology, and mechanical integrity. This work highlights the
significant advantage of achieving such mechanical performance
together with a low content of polymeric binder, as it reduces
reliance on organic materials supplied from Earth, potentially
making it a highly efficient manufacturing method compared to
binder-rich MEX or VAT approaches. 

In summary, this work advances the understanding of BJT for
lunar regolith, offering valuable insights into the processing–
structure–property relationships critical for ISRU. The findings
support the feasibility of fabricating structurally resistant ceramic
components on the Moon, while also identifying key areas such
as particle packing in the green body and pore control for future
optimization. 
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