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ARTICLE INFO ABSTRACT

Keywords: Manufacturing pure metals on Mars is challenging due to limited energy resources and unavoidable contami-

Mars ) nation of raw materials and production equipment with the Martian dust (regolith) resulting in impure materials.

Re_gomh Understanding the effect of contamination on material properties is crucial for establishing materials

lérmttmg. . manufacturing on Mars. This study investigates the influence of regolith contamination on its processability, and
ontamination

properties of the Fe-based material manufactured via laser powder bed fusion (L-PBF) for potential extrater-
restrial applications. To simulate a contamination, water-atomized iron powder was mixed with 1 wt% Martian
regolith simulant and processed by L-PBF. It was found the regolith is uniformly distributed within the iron
matrix transforming from contaminant to reinforcement material. The crack-free interface between iron and
regolith systematically studied using STEM reveals segregation of some elements but absence of notable reaction
between matrix and particles. The Fe-regolith composite demonstrate moderate strength and large plastic
deformability. The results suggest that unavoidable regolith contamination during production on Mars can be
rethink as in-situ resource utilization for manufacturing of regolith reinforced iron matrix composites.

Metal matrix composites

1. Introduction

ISRU (In Situ Resource Utilization) refers to the development of
systems that leverage natural resources on extraterrestrial objects [1].
Such an approach allows planning a more advanced mission without the
limitations of maximum capacities that can be transferred from Earth to
Mars or Moon [2]. The most critical resources for ISRU production are
considered to be oxygen, water and propellant [3-6]. But in order to
start space industrialization and scale up production structural materials
should be manufactured. Many works focus on the production of con-
struction parts by different methods using regolith as a feedstock ma-
terial for 3D printing, sintering, hot extrusion and other technologies
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[7-10]. Extraterrestrial soil is considered to be a basis for production of
glass, concrete and shielding material for future lunar and martian bases
[[11-13]. Another pivotal part of future Mars and Moon missions is the
production of metals from regolith; some works already showed its high
potential in production iron, aluminium and their alloys using electro-
chemistry [8,14-16]. One of the most promising metals that can be
extracted is considered to be iron, due to the possibility of its refinement
with microbes from the extraterrestrial soil [17]. These works demon-
strate that it is possible to produce metals in powder form for further use
in production routes and is a starting point for space industrialization.
The production of materials with specific mechanical or functional
“Enough-to-use” properties by additive manufacturing might be
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necessary in specific cases. Goulas et al. [18] manufactured structural
materials from lunar and Martian regolith, delving into the material
properties for laser powder bed fusion (L-PBF) and revealing problems
associated with the volatility of the porous Martian simulant. Caprio
et al. [19] focused on the production of materials from lunar regolith. In
the work of Afrouzian et al. [20] a composite made out of Ti6-Al4-V
alloy substrate and Martian regolith coating was manufactured, which
increased its microhardness. In the work of Liao et al.,[21], a composite
material made of AlSi10Mg alloy as a binder and Lunar regolith was
additively manufactured. This composite with high concentration of
regolith (50 wt%) showed robustness, nonetheless a strong reaction of
regolith and matrix led to a decrease in mechanical properties. Al has a
strong affinity to oxygen and reduces multiple oxides from the regolith
[21]. Therefore, the formation of brittle phases, cracks and pores is
observed at the Al-regolith interface what limits the application of Al for
metal-regolith composites. The weak interface could even affect the
elastic properties of the composites [22,23]. Unlike Al, Fe is less reactive
in molten state and does not react intensively with regolith and has the
potential to form a strong interface with it. This study systematically
addresses the interface issue, along with the inevitable
cross-contamination that occurs during manufacturing under Martian
conditions.

Cross-contamination is a common problem in additive
manufacturing [24]. Due to the dusty environment on Mars [25],
cross-contamination of metal with regolith is inevitable. However,
contamination of iron with regolith particles the material naturally be-
comes composite, which can be advantageous. Ferrous matrix compos-
ites impregnated with various types of particles demonstrate
considerable promise for additive manufacturing. Typically, these
composites are infused with carbides, oxides, or fiber-type fillers to
enhance their mechanical properties or introduce novel functionalities
[26]. A typical material for impregnation can be tungsten, silicon, or
titanium carbides, where materials properties were successfully
enhanced by introducing such particles [27-29]. Introducing Al,O3 in
iron matrix is harder, compared to carbides due to the tendency of
dissociation of Al;O3 particles in the iron during the process [26]. A
possible benefit of introducing oxide particles in metal can be altering its
structure. L-PBF process for 3D printing 316L austenitic stainless
steel/Al;03 nanocomposites resulted in a significant modification of the
grain structure and crystallographic texture, leading to the formation of
micron/nanoscale equiaxed grains with directional grain growth and
improved hardness [30]. Such columnar-to-equiaxed transition effect
can be induced by addition of metallic particles [31]. Both extraterres-
trial resource utilization and particle-infused ferrous matrices, additive
manufacturing continues to advance towards achieving materials with
superior performance and versatility.

This study investigates the properties of Fe-regolith metal matrix
composite additively manufactured samples L-PBF. Upon metallo-
graphic preparation of the as-build samples, the samples undergo
comprehensive analysis, including X-ray diffraction (XRD), electron
backscattered diffraction (EBSD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), transmission electron mi-
croscopy (TEM), and p-computed tomography (p-CT) scans for micro-
structural, morphological, and compositional analysis. Microhardness
testing and mechanical compression tests evaluate material strength and
deformation characteristics.

2. Materials and methods

Iron was chosen as the primary material because of its abundance as
metallic component in the regolith, its well-established extraction
methods - both electrochemical and biological and its reliability as a
resource on Mars [17,32-34]. Accordingly, the initial step involved
using high-purity iron powder with a mean particle size of 40 pm
(Goodfellow Cambridge Ltd., Huntingdon, England). In the initial step,
pure iron powder with a mean particle size of 40 pm (Goodfellow
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Cambridge Ltd., Huntingdon, England) was utilized. Obtaining pure iron
from Martian regolith is unlikely, as refining processes leave permanent
contamination due to the complex mix of oxides and minerals inherent
in the regolith and complexity of the reduction process [33]. The shape
of the metal particles after these processes, as well as grinding, will be
irregular, hence iron powder atomized in water was chosen. Examina-
tion of the surface of iron particles before mixing with regolith simulant
showed that silicon, manganese and chromium oxide nanoparticles were
present on the surface. We introduced a contamination by mixing 1 wt%
of MGS-1 (Space Resource Technologies, Oviedo, USA) Martian regolith
simulant particles ground and sieved to a mean particle size fraction
below 12 pm. This contamination level aligns with the complexity of
Martian regolith, ensuring that the experimental setup mirrors the im-
purity levels likely encountered during practical applications, while
maintaining controlled and measurable parameters for analysis. Gran-
ulometric analysis of the mixture was conducted using SYNC Microtrac
(Microtrac Retsch GmbH, Haan, Germany). To ensure a uniform distri-
bution of particles, a Turbula T2F mixing device was employed with a
mixing time of 1 h at a frequence of 1 Hz. Subsequently, a preliminary
experiment was conducted using 5 x 5 x 5 mm® cubes to reveal pa-
rameters with low porosity for L-PBF, including laser power, scan speed,
hatch spacing, and layer thickness. Laser power ranged from 225 to 325
W with increments of 25 W, while speed varied from 400 to 800 mm/s
for powers between 225 and 275 W, from 500 to 900 mm/s for 300 W,
and from 600 to 1000 mm/s for 325 W, with a step size of 100 mm/s. To
examine the microstructure of the material, surface preparation of the
as-built samples was performed. This involved grinding with SiC paper
up to 2000 mesh, followed by polishing using a colloidal solution of
0.25 pm Silica Oxide OP-S. The powder after mixing, the closeup of iron
particle before mixing and granulometric data of its components are
depicted in Fig. 1. For mechanical compression tests, cylindrical
compression samples with a diameter of 6 mm and a height of 12 mm
were fabricated using following parameters: 300 W and 500 mm/s.

XRD analysis was conducted using a D8 Discover diffractometer
(Bruker, Billerica, USA) equipped with CuKa;o radiation (Akq1 =
154.05929 (5) pm, Age2 = 154.4414 (2) pm) in Bragg-Brentano geom-
etry. The measurement was carried out in the range from 15.0 to 120° 2-
Theta, with a step size of 0.0149° and an exposure time of 1 s/step using
a LynxEye XE-T multi-channel detector. X-ray powder diffraction data
were analyzed using the Rietveld method [35]. For this, the fundamental
parameters were fitted against a LaBe standard material and applied for
the Rietveld refinement using the “DiffracP!s Topas 4 and 6” software
(Bruker AXS GmbH, Karlsruhe, Germany). The instrumental reflection
broadening was determined using a double-pseudo-Vogt approach with
only a Gaussian contribution for the average crystallite size and only a
Lorentzian contribution for the micro-strain analysis. A maximum
observable average crystallite size (MOACS [36]) of 280 nm was used.
During the Rietveld refinements a linear and an air scattering 1/x
background parameter, the unit-cell parameters, atomic coordinates,
and isotropic displacement parameters (B), as well as average crystallite
size (ACS) and micro-strain (MS) parameters were optimized for the
description of the reflection profile of the phases. The degree of crys-
tallinity (DC) was determined using a single reflection fitting of the
broad diffuse scattering contribution and comparing this obtained sum
of intensities with those of the nano- and micro-crystalline [37] scat-
tering contribution, assuming the same average scattering power in the
Bragg reflections and amorphous scattering contribution [30]. Using the
assumption that in a Bragg-Brentano geometry the background
measured is in a wide range linear plus air scattering at the lower
scattering angles (modeled with a 1/x contribution), then all deviations
from that background are caused by the sample. The integrated reflec-
tion intensities of the amorphous part are calculated individually and
summarized as well as the total intensity of the crystalline (Bragg) re-
flections are summarized. The DC is, assuming an average scattering
factor to be equivalent for both parts, defined as follows:
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Fig. 1. SEM micrographs of (a) a mixture of Fe and regolith simulant powders with adjusted colours for better visibility of different type of particles (yellow — iron
particles, red - regolith simulant particles) used for L-PBF, Detailed view of the particle before mixing with regolith simulant: the area not used for chemical analysis
is marked with arrow 1, while nano oxides on the surface are indicated with arrows 2-5 (b), granulometric data of it’s components (c). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

DC— Total intensity of crystalline reflections
n Total intensity of all reflections

x 100 wt.% (€8]

The average crystallite size together with the crystallite size distri-
bution has been analyzed by the EnvACS [36] approach using the
convoluting method of the smallest and broadest crystallite size distri-
bution by refining the broadening parameter together with the ACS.
XRPD Rietveld refinement plot of [36] regolith simulant after grinding
and sieving process is shown in Fig. 2.

SEM and EDX using an FEI Quanta 400 microscope integrated with
an Oxford Inca Energy 250 EDS system (Thermo Fisher, Waltham, USA)
were used to analyze the microstructure and chemical composition of
the inclusions before and after compression testing. EBSD measurements
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Fig. 2. XRPD plot of the regolith simulant used in this work after undergoing
grinding and sieving process.

were conducted using a Philips REM XL 30 with an Ametek EDAX
(Philips, Amsterdam, Netherlands). The analysis included image quality
(IQ) and inverse pole figure (IPF) data. The nanometer-scale structural
and chemical distribution analysis of the interface was performed using
TEM. FEI Nova NanoLab 200 (Thermo Fisher, Waltham, USA) dual-
beam SEM and FIB/SEM, FEI Helios G4 UX (Thermo Fisher, Waltham,
USA) were used for lamella preparations. Subsequent TEM analysis was
conducted with Thermo Fisher Spectra 300 TEM (Thermo Fisher, Wal-
tham, USA), operating at an acceleration voltage of 300 kV and FEI Titan
G2 80-200 (Thermo Fisher, Waltham, USA), operating at 200 kV. For in-
depth investigation, EDX was employed in scanning-TEM mode (STEM),
utilizing a Thermo Fisher Super-X detector. The acquired EDX data
underwent thorough analysis using the Thermo Fisher Velox software.

Further insights into the samples were gained through X-ray p-CT
scans conducted with the ProCon CT-ALPHA system (ProCon X-Ray
GmbH, Sarstedt, Germany). The measurement was conducted with a
beam energy of 140 kV, an energy flux of 10 W, and a ZEISS HE] filter.
The scanning process involved 360° rotation scans with a step size of
3.89° at a detector resolution of 0.609 pm per pixel. The scan, spanning
17 h, resulted in an image volume of 673 x 886 x 967 voxels. For
porosity analysis and image sequence postprocessing, ImageJ software
was used [38].

Vickers microhardness testing was performed utilizing a Fischer-
scope H100C Vickers-hardness tester (Helmut Fischer GmbH, Sindel-
fingen, Germany) with a load of 9.807 N (HV1). The compression tests of
cylindrical samples were conducted using the Instron 5568 (Instron
Mechanical Testing Systems, Massachusetts, USA) with load cell of 50
kN. The deformation rate for the test was set at 10> s~* adhering to the
compression DIN EN ISO 6507-1 standard. The tests were performed
until the deformation of the sample reached 50 %.

3. Results & discussion

25 cubic samples with varying scanning speed and laser power have
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been produced for parameter study. The parameters that allowed to
obtain a sample with the lowest porosity were chosen as optimal pa-
rameters, which were a scanning speed of 600 mm/s and a laser power
of 325 W with porosity close to 0.4 %. Porosity heatmap visualization
and baseplate are shown on Fig. 3.

Although the flowability of the powder was enough to form powder
bed, the surface of the baseplate had an uneven powder distribution. The
presence of these areas subsequently led to uneven surface growth and
even greater surface irregularity. The uneven surface areas can be seen
in Fig. 3. The heatmap shows that decreasing energy input, achieved by
reducing speed and increasing the laser power, results in a more porous
material. In this study parameters with minimum porosity were chosen,
so heatmap sections with higher power and lower speed were unex-
amined. SEM images in back-scattered electron (BSE) mode (Fig. 4)
showcase the additively manufactured Fe-regolith composite using L-
PBF. The SEM analysis revealed dark regolith simulant particles with a
spherical form within the iron matrix. An important observation is that
all particles exhibit diverse chemical compositions, with the predomi-
nant elements being iron (Fe), aluminium (Al), magnesium (Mg), silicon
(Si), and calcium (Ca) (Fig. 5). Notably, these particles consist of a
mixture of four main minerals: olivine, pyroxene, plagioclase, and basalt
glass. This composition aligns with the production method of the
Martian regolith simulant used, resulting in a blend of these minerals in
approximate proportions [34]. In our investigation, we noted the simi-
larity of the particles in chemical composition, which allowed us to
abandon further distinction in this work. The lack of notable chemical
interaction between regolith simulant particles and iron matrix at this
resolution is evident. The regolith simulant particles exhibit a spherical
shape, indicative of melting and solidification processes. Regolith sim-
ulant particles larger than 20 pm in diameter display an irregular
rounded shape. This can be attributed to agglomeration and remelting of
several particles during the L-PBF process. It is important to note that
regolith simulant particles mostly show the absence of delamination
from the iron matrix. A crack and pore-free interfaces between regolith
simulant particles and iron matrix were obtained. Further interface
analyses were carried out using SEM-EDX and TEM-EDX. On higher
magnification, we can observe nanoparticles, evenly distributed
throughout the matrix. These nanoparticles are oxides that have entered
the material from the surface of the iron particles. Due to the small
particle size, TEM-EDX has been used to provide reliable information
about the chemical composition as well as the shape and size of these
particles. The nature of these inclusions will be discussed in the later
part of the paper.

SEM-EDX analysis of the Fe-regolith composite indicates that the
regolith simulant particles are mainly composed of Si, Al, Ca, and O
(Fig. 5). Traces of Ca, Al, and Si were undetected in the iron matrix near
the iron/regolith interface, indicating the absence of diffusion of these
elements into the matrix. The interface between the regolith simulant
particles and the iron matrix appears sharp in all elemental contrasts.
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For a more detailed examination of the interface, TEM-EDX analysis and
SAED were performed.

The EBSD analysis data showed that the printed part has a grain
structure with elongated grains along the build direction (Fig. 6). The
average grain size was calculated using TEAM software for grain anal-
ysis and is 16.87 + 21.05 pm. No pronounced texture was observed.
Further structural analysis was conducted with XRD.

X-ray powder data (XRPD) Rietveld refinements were performed for
phase quantification of the sample. The refinement results confirm that
the ground and sieved MGS-1 regolith simulant used in this work com-
prises of 9 crystalline phases (Fig. 2). Obtained refinement metrics for
analyzed spectra Ryp: 11.39, Reypy: 8.02, XZ: 1.42, DW: 1.20. Phase
quantification implies that it predominantly consists of the mineral
phases anorthite (38 (2) wt.%) and labradorite (36 (2) wt.%), which
belong to the anorthosite group. Pyroxene and olivine contents are
found to be significantly lower compared to the original MGS-1 speci-
fication sheet. Furthermore, the degree of crystallinity (DC) of the
ground and sieved regolith simulant emerged to be 45 (5) wt.%,
significantly lower than that of MGS-1 (65 (5) wt.%). XRD analysis of the
Fe-regolith composite reveals an absence of detectable regolith simulant
in the material, likely due to the detection limits of the device (Fig. 7).
XRD Rietveld refinements were also employed on the Fe-regolith sample
(99 wt% printed iron with 1 wt% sieved regolith simulant) with next
refinement metrics Ryp: 11.27, Reyp: 8.20 x2: 1.37 DW: 1.14. Five pro-
nounced Bragg reflections, along with two minor reflections at 20(Cu) of
35.7° and 42.8° are observed in its diffraction pattern. None of these two
reflections coincide with any of the strong reflections of the regolith
simulant containing phases hinting for any nano- or micro-crystalline
contribution.

3.1. Fe-regolith

Fig. 8 shows the acquired TEM SAED of the Fe-regolith composite in
the interfacial region. Analysis of the Fe-regolith interface indicates an
absence of additional phase formation throughout the sample. The
regolith simulant particles predominantly remain in an amorphous
state, with partial crystallization highlighted by SAED. The layer
thickness is about 20 nm, reflecting a uniform thickness across the
particle boundary and confirming that there is no chemical interaction
between the particles and the matrix. Different phases within the ma-
terial are distinguishable in both TEM and EDX.

Fig. 9 (a) shows a low-magnification high-angle annular dark-field
STEM image. The iron matrix is imaged with bright contrast in com-
parison to the regolith simulant, containing the dimly imaged nanoscale
particles. The EDS elemental maps obtained from the area surrounded
by the dashed line shown in Fig. 9 (b) demonstrate that the nanoscale
particles in the regolith simulant are particularly enriched in chromium.
It is also noteworthy that the nanoscale particles are discernible with
dark imaging contrast even in the iron matrix, which would be expected
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Fig. 3. Porosity heatmap visualization (a) and baseplate with printed cubes which cross sections were used to analyze porosity (b).
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Fig. 6. EBSD images: IQ (a) and IPF (b) of 3D Printed Fe-regolith part.

to be pure iron (Fig. 9 (a)). Spherical particles are Si- and Mn-oxides with
an amorphous structure, as evidenced by a microbeam electron
diffraction (MBED) pattern obtained from a nanoscale particle indicated
by an arrow (Fig. 9 (a)) and EDS elemental maps (Fig. 9 (b)). Since the

coarse Mn-oxides are in contact with fine Cr-oxides, it can be postulated
that the Cr-oxides have served as heterogeneous nucleation sites for the
Mn-oxides. It still remains unclear whether full remelting of particles
occurred or not. The melting temperature of Cr-based oxide is rather
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Fig. 7. XRD Rietveld refinement plot of L-PBF Fe-regolith printed part.

high [39]. The EDS elemental maps also show that Cr, Mg, and Al are
heterogeneously segregated at the iron/regolith interface. Fig. 9 (c)
shows an EDS line compositional profile across an iron/regolith inter-
face denoted as L1 (a). A distinct segregation of Mg, Al, and Cr is evident
at the interface, accompanied by a slight enrichment of Si and Ca on the
surface of the regolith simulant. The Al concentration at the interface
increases from about 11 to 13 at. %, while the Mg concentration spikes
from about 3 to 5 at.%. In contrast, in areas with no significant segre-
gation of Mg, Al, and Cr, a slight enrichment of Si and Ca is still evident
on the surface of the regolith simulant, as derived from the EDS line
compositional profile obtained across the interface denoted as L2 (d).

Materials Today Advances 25 (2025) 100566

Fig. 10 shows a reconstructed 3D model of the additively manufac-
tured Fe-regolith composite analyzed sample (a) and its inner pore
structure (b) obtained by processing series of binarized images by
imageJ software. p-CT reveals macropores in the material due to lack of
fusion and smaller spherical pores associated with gas entrapment, they
are depicted as pore type I and pore type II, respectively. The volumetric
porosity of the sample was analyzed by binarizing a series of p-CT im-
ages and then using continuous PSD method with imageJ software to
calculate pore size distribution (c) [40]. Calculated pore volume frac-
tions indicates ~0.4 vol% porosity and mean pore radius is 4.59 + 3.62
pm.

Fig. 11 shows the mechanical test results of the additively manu-
factured Fe-regolith composite probed under compression loading. The
0.2 % offset yield stress of the Fe-regolith composite is 242.4 + 13.4
MPa. At a strain of 20 %, the Fe-regolith composite exhibits a
compressive strength of 486.7 + 10.6 MPa. The additively manufac-
tured Fe-regolith composite sustained mechanical strain up to 40 %.
These mechanical properties compared to pure iron after casting process
and worse than L-PBF processed pure iron [41]. The micrograph of the
additively manufactured Fe-regolith composite after compression test is
shown in Fig. 11. Microhardness HV tests indicate that the material
underwent a small hardness increase compared to L-PBF produced iron
[42], going from 157 to 169 Vickers Hardness (HV).

During the L-PBF process, both iron particles and regolith simulant
undergo melting. However, unlike the behavior observed in the Al-
Regolith composite, iron remains chemically inert in relation to rego-
lith simulant particles [21]. This lack of interaction is crucial as it pre-
vents the formation of a brittle phase, which probably decreases the
occurrence of cracks or pores at the interface during L-PBF. Previously,
Liao et al. [21] highlighted that in aluminum molten pools, remelted
regolith simulant tends to aggregate, forming agglomerations with a

Fig. 8. TEM SAEDP obtained from three distinct regions: the iron matrix (a), Fe-regolith interface (b), and regolith simulant particle (c).
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Fig. 10. p-CT visualizations of a sample volume, showing the sample volume itself and depicting the distribution of pores within the sample (b) and pore size
distribution graph (c). Pore type I — spherical pores associated with gas entrapment during L-PBF, pores type II — uneven pores associated with lack of fusion.

net-shaped structure. This leads to the emergence of defects such as
cracks and pores. Regolith simulant consists of many different minerals.
Interaction between iron melt and these oxides can give us insights into
the processes occurring in the interface. The study of Fe-SiO, composites

remains relatively scarce, with more extensive research focused on the
production of Fe-Al;03 metal matrix composites (MMCs). Sintering has
been a common method for producing such composite materials. During
extended production times, the formation of spinel-type FeAlyO4 is
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Fig. 11. Mechanical stress-strain curves of the additively manufactured Fe-
regolith composite under compression, with three curves representing statisti-
cal measures.

typically observed at temperatures around 1170-1370 K [43,44]. This
has yet to occur during the L-PBF process of Fe-regolith composites.
Moreover, particles remained intact, unlike the behavior previously
mentioned [26]. The presence of silicon in iron metallurgy is generally
beneficial for steel properties, as it allows the formation of silica in the
metal, however, the brittle oxide formed in the process can potentially
decrease its mechanical properties. The addition of calcium oxide in
steel metallurgy is a known practice to control chemical composition
and remove impurities such as phosphorus and fluorene into the slag
[45]. Liao et al. [21] have shown that aluminum can reduce silica and
form oxides during extended periods in a molten iron pool. Notably, the
particle size used in the L-PBF process remained below 50 pm, a crucial
consideration to prevent breakage during the thermal shock of the ad-
ditive manufacturing process [46]. Additionally, Li et al. [47] demon-
strated that a regular shape of particles can be more favorable due to the
concentration of strains being linked to irregularities in shape. In the
context of micro-cracks, irregularly shaped particles tend to generate
higher stress concentrations compared to spherical particles, making
them prone to brittle fractures, such as irregular WC particles within
composites, which can lead to a more brittle Fe3WsC phase in the
interfacial reaction zones. Consequently, composites with irregular WC
particles and an iron matrix exhibited lower yield strength and hardness
[47]. Since the regolith simulant particles undergo melting and form a
spherical shape, this should positively impact on the mechanical prop-
erties of the composite material, yet an increase in mechanical proper-
ties remains unobserved.

Oxide nanoparticles, found in the material after the L-PBF process
originated from impurities on the surface of initial iron powder. These
particles can be found on the surface of water atomized pure iron
powder [48]. SEM EDX analysis of the particles on the surface (Fig. 1
(b)) showed that particles 3 and 5 contain manganese and silicon and 2
and 4 also contain chromium. TEM analysis revealed the size of the
nanoparticles varies from 20 to 500 nm. TEM-EDX analysis showed that
the chromium-based nanoparticles have a regular shape with particles
primarily adopting rectangular shapes. Silicon and manganese-based
particles have a more spherical shape, which may be due to lower
melting point of the silicon and manganese oxide particles. The shape
and size of the particles correlate well with work that also looked at nano
inclusions with the same chemical composition and inclusion shape
when printing different iron-based powders [49]. The mechanical tests
conducted showed that the nanoscale particles observed in this work
contribute barely noticeable improvement in the mechanical properties
of the material. In particular, this is confirmed by the results of the
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microhardness test, which showed minimal changes in the hardness of
the material. Particles overview and TEM EDX mapping are shown in
Fig. 12.

Following the L-PBF process, the material exhibits a texturing typical
for body-centered cubic (BCC) iron processed with L-PBF, as confirmed
by earlier studies [50-52]. The EBSD analysis showed that there is some
orientational texturing associated with L-PBF, which corresponds to
other investigations [41]; the sizes of the grains are like given in pre-
vious studies [42,51,52]. The Rietveld analysis of the metal shown in
Fig. 7 further revealed presence of texture. This texture introduces an
asymmetry in the shape of the reflections, resulting in a mismatch be-
tween calculated and observed diffraction patterns that arise from
printing process and not with introduction of particles, this well aligned
with previous reports [51,52]. The included 1 wt% regolith simulant
intrinsically changes the amorphous scattering content, suggested by its
DC of 73 (5) wt.%. The good Rietveld refinement metrics with Ry, close
to 10 indicate a reliable refinement and an accurate description of the
material. Within the nanocrystalline part, all observed Bragg reflections
are associated with elemental iron, isotypic to the body-centered cubic
W-type, crystallizing in space group Im3m with an a-lattice parameter of
286.926 (5) pm, comparable to the findings by Hull [53]. For this phase,
an average crystallite size and microstrain of 54 (1) nm and 0.065 (1) %,
respectively, were refined. Performing an EnvACS analysis [36] of the
Fourier transformed data of the diffraction pattern, providing the pair
distribution function (PDF) an ACS of 54.1 (2) nm obtained, providing
information about the crystallite size distribution within the sample,
which was found to be very broad, with a broadening parameter of 0.99

=+ 0.02. The distribution plot of the Fe-regolith samples shown in Fig. 13.

In the L-PBF process, the appearance of a reaction layer between the
particle and matrix is observed in the printing of composites [54]. A thin
layer of approximately 20 nm is revealed by TEM analysis surrounding
each particle, where precipitate and matrix show small chemical inter-
action. This can be attributed to better stability of the particles with
complex chemical composition, while individual oxides tend to dissolve
in the molten iron as previously discussed. The short lifetime of the melt
pool (time of melt existence in the L-PBF process is in order of ~100 ps),
and the stability of the complex particles may be the reason for the
absence of a pronounced reaction layer between the particles and the
matrix. Regolith simulant consists of many different elements such as Al,
Ca, Si, Mg, and many others in forms of minerals, this composition
makes it similar to slag, especially after melting and losing the original
mineral structure. Studies analyzing the formation of inclusions in
molten metals from slags, suggest the crystallization of spinel-type
MgAl,04 on the metal/particle interface [55]. The formation of spinel
crystals and their segregation on the interface, explain the spike in Al
and Mg concentration near the surface.

The X-ray p-CT tomography analysis indicates that the material ex-
hibits an overall low porosity, but persistent macropores are observed.
Two types of pores can be distinguished. Type I — pores are smaller and
associated with gas entrapment during printing, while type II pores are
associated with a lack of fusion. The lack of fusion macropores can be
attributed to a substantial alteration in the printing process. The
appearance of these types of porosity is due to the presence of two types
of particles with significantly different physical properties in the print.
The presence of irregular pore shapes is one of the key problems in
producing steel matrix composites using the L-PBF process [56].
Porosity volume in this study is significantly higher than in similar
studies with pure iron which is again highlighted significant change in
L-PBF process after regolith simulant particle introduction [41]. Anal-
ysis of SEM images after mechanical testing shows that the regolith
simulant particles tend to crack during mechanical loading is shown in
Fig. 14.

Microcracks are observed in the particles and at the interface be-
tween regolith simulant and Fe matrix. Upon compression, material
degradation occurs by detachment of particles from the matrix at the
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Fig. 12. HAADF images of chromium, silicon and manganese-based nanoparticles and TEM EDX mapping by inclusion elements (a), enlarged images of selected
region with several particles and its elemental mapping (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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I

interface, which can be seen in Fig. 14. The fracture of the material by
this mechanism is most favorable because the interface does not act as a
fracture initiation point and also allows stress redirection, which in-
creases the mechanical properties [57]. The material reinforced with
brittle particles is highly ductile and withstand a compression of up to 40
%. Breakage of particles and the closure of existing pores are observed,
but no cracks propagate from the interface. The mechanical properties of
the material, largely associated with suboptimal printing parameters
due to the addition of even insignificant amounts of regolith simulant
particles, experience a significant decrease. The impact on printability
and powder bed formation is noteworthy, emphasizing the importance
of maintaining high energy and relatively high scanning speed to pre-
vent particle agglomeration in the melt pool and its reaction with the
matrix.

4. Conclusion

The present study successfully demonstrates the feasibility of using
laser powder bed fusion (L-PBF) to process iron powder contaminated
with regolith, a material representative of extraterrestrial soils such as
those found on Mars or the Moon. The Fe-regolith composites with low
volume fraction of porosity and a uniform distribution of regolith

5 um
——

Fig. 14. SEM images of sample after mechanical tests with crack propagation through particles and iron matrix and close up of fractured particles and matrix cracks.
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simulant particles within the iron matrix have been obtained and
characterized. The original irregular shape of the regolith simulant
particles turned spherical after L-PBF, indicating regolith simulant
remelting. Scanning transmission electron microscopy analysis revealed
the presence of oxide nanoparticles within the iron matrix. These
nanoparticles are believed to have formed as a result of contamination
during the water-atomization process of the iron powder. The analysis
identified these particles as primarily composed of manganese, chro-
mium, and silicon, which are uniformly dispersed throughout the
material.

The spherical shape of remelted particles and interface between the
iron matrix and the regolith simulant emerged as a key factor influ-
encing the mechanical behavior of the composite material. The interface
determines the mechanisms by which cracks initiate and propagate
within the material under compression loading. The deformation
behavior of the Fe-regolith composite was observed to occur through a
mechanism involving the detachment of regolith simulant particles from
the iron matrix. Consequently, the spherical shape of the regolith sim-
ulant particles within the matrix contributes to the material’s integrity
by minimizing stress concentrations.

Compression testing of the Fe-regolith composite revealed promising
mechanical properties. The composite exhibited a compressive strength
of approximately 486.7 + 10.6 MPa with over 40 % plastic deformation.
Moreover, microhardness tests showed a modest increase in hardness
compared to conventionally cast iron, with microhardness value of 169
HV.

This study demonstrates that unavoidable low contamination (below
1 wt%) of materials by Martian regolith simulant upon manufacturing
on Mars can be tolerated. This also highlights the potential for utilizing
extraterrestrial resources in-situ, e.g. adding regolith to metals to reduce
energy costs, to develop sustainable structural materials — an important
step toward enabling more complex and autonomous space missions —
can be achieved.
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