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1 Abstract 
 

This study aims to investigate the option to develop functionally graded materials (FGMs) with 
in-situ resources in view of their potential application for aerospace components and space 
habitats. The study aims to develop a composite at the level of concept validation by the 
selection and evaluation of suitable additive manufacturing (AM) techniques. 

FGMs are high-performance composite materials, which offer advantages such as localized 
tailoring of material properties, improved interfacial boundary compatibility, and enhanced 
thermomechanical behaviour. Much of the current ISRU manufacturing research explores AM 
of as-received regolith, with some consideration given to metal alloys extracted in-situ. This 
study combines these two aspects by investigating the feasibility of in-situ manufactured 
metallic-regolith FGMs. 

In the initial study phase, three regolith simulants (EAC-1A, LHS-1, LMS-1) were selected and 
characterised to assess their suitability for FGM manufacture and identify optimum processing 
conditions. An extensive review of current regolith consolidation technologies was also carried 
out and their compatibility with metallic-ceramic processing in a space environment was 
evaluated.  

Two techniques, namely Digital Light Processing (DLP) and Spark Plasma Sintering (SPS), 
were selected for the second study phase. The chosen techniques were assessed on their 
capability to effectively consolidate regolith and metallic powders (stainless steel 316L and 
Ti6Al4V) separately, before progressing to manufacture of a functionally graded material. Laser 
scanning was also investigated as a method to deposit regolith layers onto metal substrate for 
application of FGM coatings. In parallel, a Finite Element Method simulation of the DLP 
sintering step was developed to model the effect of processing parameters on the sinter 
stresses. 

While the current study showed that it is feasible to additively manufacture FGMs from lunar 
regolith, further developments of a fully optimized method have the potential to produce 
tailored, high-performance materials in an off-earth manufacturing setting, for the production 
of aerospace, robotic, or architectural components. 
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2 Introduction 
 

2.1 In-Situ Resource Utilisation (ISRU) 
 

Lunar explorations are an essential step for long-term space expeditions. The Moon is 
exceptionally advantageous compared to other planetary bodies because of its proximity and 
fastest communication to Earth [1]. It can serve as a strategic cornerstone of future 
technological developments in aerospace science and engineering, physics, and other 
disciplines [2]. Therefore, the lunar infrastructure is critical for a successful mission. Space 
habitats and engineering tools must ensure a high security and safety level against the harsh 
lunar environmental conditions, such as radiation, meteoroids, thermal fluctuations, and ultra-
high vacuum [3][4]. Furthermore, the ideal infrastructure would be autonomous and with self-
repair capabilities to substantially diminish the payload weight brought from Earth [5]. Thus, it 
is proposed to manufacture resilient and affordable human and robotic exploration tools using 
local resources.  

In-situ Resource Utilization (ISRU) is a key and prominent strategy to manufacture space 
habitats and components [6][7]. The primary material for ISRU, and most abundant on the 
Moon, is regolith. Regolith is an abrasive and corrosive powder that contains several silicates 
(plagioclase, feldspar, pyroxene, olivine) and oxide minerals (ilmenite, spinel) [8][9]. This 
powder is also abundant in metals such as silicon, aluminium, iron, titanium, and magnesium 
[10]–[13]. The metals can be extracted by pyrometallurgy, electrometallurgy, and 
hydrometallurgy methods, with oxygen resulting as by-product in this refining process [14]–
[16].  

Much of the current research couples ISRU with Additive Manufacturing (AM) to build space 
habitats and engineering tools with regolith simulants [17]–[20]. However, the vast majority of 
such components have inadequate mechanical properties [21]. The material behaviour is 
limited in compressive or tensile strength and is not able to overcome the multitude of 
environmental space requirements [22]–[26]. Such environmental factors include solar 
energetic particles (SEP), galactic cosmic rays (GCR), abrasion, wear, thermal fluctuations, 
refrigeration, ultra-high vacuum, resistance to fatigue, impact and pressurization, meteoroids 
and mechanical impacts, and biological and chemical inertness [27]. Therefore, there is a 
need for resilient composites that can overcome all these environmental parameters.  

 

2.2 Functionally Graded Materials 
 

Functionally Graded Materials (FGMs) are high-performance composites designed to achieve 
tailored features [28]. They feature a graduated morphology, whereby different regions of a 
functionally graded composite exhibit different material composition, structure and/or 
behaviour. Examples of morphological gradients include material fraction, phase fraction, 
additive volume fraction, porosity, grain shape, grain size, and grain orientation – see Figure 
1 [29][30][31]. Functionally graded layers can serve as an optimal transition between two 
incompatible materials; for example, a graded composition at a ceramic-metallic interface 
improves compatibility by promoting stronger bonding between substrates and preventing 
delamination, as well as reducing challenges related to interfacial mismatch such as fretting 
wear, fatigue, fracture, corrosion, and stress corrosion cracking [32][33]. Besides the benefit 
of improved mechanical behaviour, thermal properties can also be enhanced by a specific 
sequence of graded insulation layers [32][34]. 
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FGMs have the potential to overcome a multitude of lunar requirements with functions or 
performances embodied in a graduated morphology. They maximise ISRU capabilities due to 
their multi-material approach, evaluated as high performance contrary to monolithic 
applications [35]–[37]. In recent years, metal-ceramic gradients have been widely studied 
because of highly attractive properties, such as high-temperature stability, hardness, corrosion 
resistance, and good versatility [38]–[46]. Therefore, a regolith to metal gradient can be 
manufactured to secure ceramic-like properties transitioned to metal-like behaviour [41][42].  

This research is focused on the feasibility of manufacturing a regolith-metallic FGM on the 
lunar surface with in-situ resources. On the lunar surface, the primary and most abundant 
resource for ISRU is regolith, which exists as a layer of unconsolidated mineral of depth 3 - 
20m atop the lunar surface, with particle size ranging from fine dust to large rocks [49]. 
The lunar soil is abundant in metals such as silicon, aluminium, iron, titanium, and magnesium. 
Potential metal extraction methods from regolith include pyrometallurgy, electrometallurgy, 
and hydrometallurgy. In each discipline, the reduction of each component to its elemental form 
must have a process reactant that can be recycled indefinitely, be suited for lunar surface 
conditions, and consume minimal water [50]. Silicon, aluminium, and glass can be refined 
using fluorine, in a multi-stage reduction process that separates and purifies the elements. 
Oxygen is a by-product in this refining process, which is a high-priority resource for human life 
support or rocket fuel [15]. Molten salt electrolysis (Metalysis-FFC) technique has been tested 
on a lunar simulant JSA-2A to process metal alloys as products. The method produced three 
dominant distinct alloy groups, Al/Fe alloy, Fe/Si alloy (sometimes with the inclusion of Ti or 
Al), and Ca/Si/Al alloy (sometimes with the inclusion of Mg). Depending on the feedstock, 
Metalysis-FFC has the potential to produce specially-design alloys from refining of lunar 
regolith [51]. The extracted lunar resources that show potential for FGM application, and thus 
the ones considered in this study, include titanium, titanium alloys, iron (steel), magnesium, 
aluminium, and aluminium alloys. The primary criteria for material selection will be based on 
metal compatibility with regolith powder; this includes particle size distribution, particle shape 
density and thermal properties.  
 

2.3 State of the Art 

Current FGM fabrication methods can be classified as thin-film or bulk fabrication. Thin 
sections/coatings have the advantage of being less time consuming, for which fabrication 
processes such as physical/chemical vapour deposition are generally applied [52]. Bulk FGMs 
are more demanding and commonly use conventional powder metallurgical technologies 
[31][53]. In this study, which focuses on the application of FGMs for components or a space 
habitat, bulk manufacturing techniques that could be considered include material extrusion 
[54][55][56], light polymerisation [57], spark plasma sintering [58], powder bed [59][60][61] and 
powder fed techniques [62][63] [64]. 
The selection between additive manufacturing (AM) and conventional methods depends upon 
technique viability for processing both ceramic and metal/alloy powders, suitability for 
microgravity, and resultant mechanical post-fabrication properties. As a part of this research, 
an extensive literature  

Figure 1. Schematic examples of functionally graded materials, characterized by the following morphology 
gradients: a) grain size/orientation [39], b) material fraction [112], c) porosity [113] 
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Table 1. Overview of advantages and disadvantages of consolidation techniques suitable for ISRU 

Consolidation technique Advantages Disadvantages 

A
d

d
it

iv
e

 M
a

n
u

fa
c
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ri

n
g

 

Material 
Extrusion 

Sulfur 
Concrete 

[65][55] 

 Ease of manufacturing 

 Presence of FeS on the Moon 

 Cheap process 

 Feasibility of S extraction from ores 

 Low impact resistance 

 Relatively high rate of S sublimation 

Power Bed 
Fusion 

Selective 
Laser 

Melting 
(SLM) 

[66][67] 

 Can produce high quality 
components in low to medium 
batch 

 Good repeatability 

 Full design flexibility 

 Low waste compared to 
conventional casting techniques 
(no machining) 

 Production of nearly fully dense 
parts 

 Slow process and poor surface 
finish 

 Residual stresses (cracking) 

 Porosity (requires post-processing) 

 Lack of knowledge about the 
interaction between laser and 
ceramics 

 Powder sieving or crushing 
required 

 Powder heterogeneity causes 
variations in energy density 
 

Solar 
Sintering  

[59][19] 

 Use of solar light source, more 
stable on the Moon 

 No need of binders 

 Difficulty when sintered under 
vacuum 

 Low mechanical properties 

 Poor bonding between layers 

 Balancing sintered and molten 
phases  

 No prediction on the equipment 
lifetime 

 Few investigations carried out so 
far 
 

Binder 
Jetting 

D-shape 
Process 

[22] 

 Allows large-scale manufacturing 
in one single printing process 

 No need of sieving or crushing of 
the lunar regolith 

 Large printer brought to the Moon  

 Use of an inorganic binder and an 
ink 

 Low shape accuracy 

 Multistep process lasting hours 

Photopoly-
merization 

Stereo-
lithography 

[68][69]/ 
Digital Light 
Processing 

(DPL) 

[57][70] 

 Good surface finish 

 More accurate and complex 
shape 

 Can produce small parts with 
high precision but also large 
parts whilst maintaining high 
precision 

 No mould required, only CAD 

 Requires specific polymeric resins 

 Multistep and time demanding 
process 

 Expensive process 

 Difficult to achieve high density  

 Complex curing process 

 Needs smaller (nano scale) particle 
size 

C
o

n
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e
n
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o

n
a

l 
o

r 
h

y
b
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d

 

 f
a

b
ri

c
a
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o
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Spark Plasma Sintering 
(SPS) 

[71][58] 

 Microstructure control due to low 
temperature and short time 

 High density due to higher 
heating rate and pressure 

 Dissimilar materials can be 
sintered  

 Fast and FGMs can be produced 

 Cost of SPS is 50 – 80% lower 
than other conventional 
techniques 

 Temperature of 900°C enough 
for sintering lunar regolith 

 Good mechanical properties 
 

 Only simple symmetrical shapes 
can be prepared 

 Expensive DC generator required 

 For very small powders (less than 
100 nm), significant temperature 
gradient can lead to non-uniform 
densification 

 Sieving or crushing required for 
lunar regolith 

 Limited to simple shapes 

Vacuum Sintering 

[72] 

 Sintered parts with low thermal 
conductivity 

 Prevention of oxidization 

 High weight loss increasing with 
temperature 

 Presence of macro-pores, which 
can be controlled with sintering 
temperature 

 Shrinkage dependent on the 
temperature 
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Thermite reactions 

[73][74] 

 Reduction of energy needed 

 Limited equipment is required 

 Quick reactions with smaller 
particles 

 Addition of Al and other substances 
like Teflon 

 Porous structures 

 Little information about mechanical 
properties 

 Sieving or crushing required for 
lunar regolith 

 Deformation and surface cracking 
(even more with smaller particles) 

 

review study was carried out to evaluate viable techniques for in-situ FGM manufacture: an 
overview of the different promising consolidation techniques suitable for ISRU, as well as their 
advantages and disadvantages, is given in Table 1. (For full literature review, the authors 
direct the reader to Annex 5 of this study) 

The following methods are concluded to be most promising for FGM manufacture with regolith: 
(i) Spark Plasma Sintering (SPS) is selected due to the higher powder densification in the 
sintering technique, essential for building reliable structural components [33]; and (ii) Digital 
Light Processing (DLP) as this method works both with ceramic and metal powders whilst 
being suited to a microgravity environment [70].  

3 Materials and Methods 
 

3.1 Powder Characterisation 

Three regolith simulants were evaluated for manufacture of a functionally-graded material: 
EAC-1A, LHS-1 (Lunar Highlands Simulant) and LMS-1 (Lunar Mare Simulant). Selection of 
these simulants is based on resemblance to Apollo sample bulk chemistry, and mineralogical 
diversity of the location (Mare and Highlands). EAC-1A simulant was sourced from the 
European Astronaut Centre, Cologne, Germany; LHS-1 and LMS-1 simulants were sourced 
from CLASS Exolith Lab, Orlando, USA [48][49].  

3.1.1 Bulk chemistry and mineralogy 
Use of simulant powders for the current study is necessary due to the limited availability of 
lunar soil. While Apollo missions and robotic lunar landers are the benchmark for simulant 
development, some differences between the terrestrial simulants and the actual lunar material 
are to be expected. Table 2 and Table 3 show that the oxide and mineralogical compositions 
of the chosen simulants can be considered comparable to Apollo lunar samples. Lunar 
Highlands soils are predominantly comprised of anorthosite, a rock which is largely made up 
of plagioclase feldspar. Lunar Mare soils contains volcanic rock that erupted at the lunar 
surface and produced lava flows and pyroclastic deposits [77]. Figure 2. XRD analysis of three 
regolith simulants: EAC-1A, LHS-1 and LMS-1 shows X-ray diffraction (XRD) patterns for all 
three lunar regolith simulants and confirms the presence of plagioclase, pyroxenes and iron 
oxide. 
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Table 2. Oxide composition (given in wt%) of three lunar regolith simulants (EAC-1A [114], LHS-1 [81], LMS-1 
[82] ) and the lunar Apollo samples from Mare and Highlands regions [77] 

 EAC-1A LHS-1 LMS-1 Apollo Mare Apollo Highland 

SiO2 43.70 44.18 42.18 37.60 45.50 

TiO2 2.40 0.79 4.62 12.10 0.60 

Al2O3 12.60 26.24 14.13 8.74 24.00 

Cr2O3 - 0.02 0.21 0.42 - 

Fe2O3 12.00 - - 21.50 5.90 

FeOx - 3.04 7.87 - - 

MgO 11.90 11.22 18.89 8.21 7.50 

MnO 0.20 0.05 0.15 0.22 - 

CaO 10.80 11.62 5.94 10.30 15.90 

Na2O 2.90 2.30 4.92 0.39 0.60 

K2O 1.30 0.46 0.57 0.08 - 

SO3 - 0.10 0.11 - - 

SrO - - - - - 

P2O5 0.60 - - 0.05 - 

Total 98.40 100 99.56 99.58 100 

 
 

 

 

Table 3. Summary of mineralogical content (in wt.% ) of three lunar regolith simulants (EAC-1A [115], LHS-1 [81] 
and LMS-1 [82]) in comparison to mineralogical data from Apollo 17 samples [116]. Note that Opaques is a 

mineral classification encapsulating oxides and sulphides, primarily ilmenite and iron oxide. 

 EAC-1A LHS-1 LMS-1 Apollo 17 

Plagioclase 17.0 32.8 74.4 18.8 

Glass - 24.5 24.2 3.4 

Basalt - 19.8 0.5 - 

Ilmenite - 11.1 0.4 - 

Pyroxene 22.0 7.5 0.3 44.6 

Olivine 14.0 4.3 0.2 4.0 

Iron Oxide 13.0 - - - 

Opaques* - - - 27.1 

Other 8.0 - - 1.4 

Total 74.0 100 100 99.3 
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3.1.2 Particle size distribution 

Lunar regolith samples from Apollo missions were found to have log-normal size distribution 
with mean diameters typically between 45 μm and 100 μm, although particles can be as small 
as 10 nm [78][79]. The particle size distribution of the three simulants is given in Figure 3a. All 
simulants exhibit a wide particle size range, namely 0.02 μm - 2000 μm for EAC-1A and <1 
μm - 1000 μm for LHS-1 and LMS-1. The mean particle size is 10.5 μm for EAC-1A, 94 μm 
for LHS-1 and 63 μm for LMS-1 [80]–[82]. All simulants display a significant fraction of large 
grains (>1mm), which is problematic for additive manufacturing.  

Due to this, all three simulants underwent sieving through 50 or 100 µm mesh sieves to allow 
better sintering. Moreover, a 30g batch of EAC-1A was milled in a Retsch planetary ball mill 
in an argon atmosphere using tungsten carbide balls (5 and 10 mm). The powder was milled 
for 30 hours at a speed of 300 rpm with a ball to powder mass ratio of 10:1. The contamination 
was kept very low and the maximum particle size was reduced to 22 µm with mean particle 
size of 5 µm.  

3.1.3 Particle shape 

The particle shape has great influence over the flow and packing behaviour of powders, which 
affects in turn the properties of the consolidated material. Lunar particles are irregular in shape 
and have high cohesion in comparison to terrestrial materials, due to the environmental factors 
of the lunar surface; as a result, lunar regolith is highly abrasive (Figure 2 and Figure 3b-d) 
[83]. This abrasive property is difficult to simulate using Earth material, which should be 
considered during this feasibility study. From initial observations, LMS-1 and LHS-1 particles 
exhibit larger particle elongation and lower circularity than EAC-1A.  

3.1.4 Bulk density 

Most AM techniques involve the loose deposition of one material layer over another one. For 
this reason, poured bulk density was measured instead of tapped density. Poured density is 
useful in this study to determine the quantity of material required for the manufacturing 
process. Measurements on lunar soil samples, namely Apollo 14 and Apollo 15, have revealed 
bulk densities that vary from a minimum 0.87 g/cm2 to a maximum 1.89 g/cm2. The reason for 

Figure 2. XRD analysis of three regolith simulants: EAC-1A, LHS-1 and LMS-1 



10 
 

this variation is related to specific gravity, re-entrant intra-granular voids, particle shape, 
particle size distribution, and surface texture [84].  
Poured bulk density was measured for simulants EAC-1A, LMS-1 and LHS-1 in accordance 
with ASTM D7481-18 (Standard Test Methods for Determining Loose and Tapped Bulk 
Densities of Powders using a Graduated Cylinder) [85]. 100 g of powder was poured into a 
100 mL graduated cylinder and levelled; the density was calculated from the mass of the 
sample divided by the untapped volume occupied by the simulant. Three measurements were 
carried out per sample, with results derived from the mean. In comparison with lunar samples, 
the simulants exhibit similar poured bulk densities of 1.50g/cm3 for EAC-1A, 1.60g/cm3 for 
LMS-1 and 1.61g/cm3 for LHS-1.  
 

3.1.5 Thermal analysis 
Regolith is a multi-constituent aggregate consisting of several mineralogical components. It is 
useful to understand the thermal behaviour of these components in order to estimate 
appropriate processing temperatures. A technique coupling Thermogravimetric Analysis 
(TGA) with Differential Scanning Calorimetry (DSC) was used to identify thermal transition 
temperatures for each sample. Using a calibrated Mettler Toledo TGA/DSC 3+ instrument, all 
three simulants were heated from room temperature to above 1400°C at a rate of 10K/min for 
EAC-1A and LHS-1 samples and a rate of 50K/min for LMS-1 sample. The tests were 
performed under an argon atmosphere with a constant gas flow of 70 ml/min. Additionally, a 
blank curve was obtained under the same conditions as each sample, in order to account for 
buoyancy and the effects of the instrument.  
Figure 4 shows DSC curves normalized to sample temperature for EAC-1A, LMS-1 and LHS-
1 simulants. All three samples exhibit transformations in the 1100 – 1350°C region. This is 
consistent with the melting of basalt, ilmenite and glass [86], [87] which are present in the 
given simulants in varying quantity, see Table 3. The exhibited thermal behaviour may also 

Figure 3. Simulant powder characterisation. a) Average particle size distribution for EAC-1A [117], LHS-1 [81] 
and LMS-1 [82]. Apollo data is shown for comparison, and has been adjusted to remove the >1mm fraction 

[81,82]. b)c)d) SEM images displaying as-received particle shape for b) EAC-1A [117], c) LHS-1 [81] and d) LMS-
1 [82] simulants. 
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be attributed to the melting or partial-melting of plagioclase. In lunar regolith the plagioclase is 
assumed to be of the high-Ca type anorthite which has a melting temperature around 1550°C. 
However the presence of Na2O oxide in the bulk chemistry suggests plagioclase may have 
undergone partial melting, as the plagioclase solidus temperature is known to decrease with 
increasing sodium content [88], [89]. Thus, at sintering temperatures in the range 1250 –
1350°C or above, some regolith melting should be expected. 
From the TGA results, the following values of mass loss were recorded, in the temperature 
range 30 – 1350°C. When heated above 1350°C, mass losses of 0.97 % for LMS-1, 1.07 % 
for LHS-1 and 2.75 % for EAC-1A were observed. These losses can be attributed to loss of 
water and the release of other volatiles at higher temperatures. To emulate lunar surface 
conditions most effectively, simulants should be furnace dried to remove volatiles before 
processing. 

 

3.2 Additive Manufacturing Consolidation Techniques 
 

3.2.1 Digital Light Processing 
 

Digital Light Processing (DLP) is a liquid-based additive manufacturing technique able to 
fabricate complex three-dimensional structures from ceramic or metallic powders. This vat 
polymerization method uses ultraviolet (UV) light to harden or cure a photopolymer resin, while 
a platform moves upward or downward after each new layer of the 3D printed object is cured 
[90][91]. DLP consists of three steps: 1) printing into required shape based on 3D model; 2) 
debinding to remove the polymeric binder; 3) sintering as a final step aimed at full 
consolidation.  

Figure 4. DSC traces for EAC-1A (above), LMS-1 (centre) and LHS-1 (below) 
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In this study, DLP was performed using the EAC-1A powder. The original powder was sieved 

through a 30-m sieve and the solid content of the slurry was set to 41%. Rectangular bars 

were 3D-printed with a layer thickness of 50 m and a depth of cure of 100 m. Water 
debinding was performed for 1 day followed by debinding in a furnace. Debinding in the 
furnace involved slow heating in air with stops at 150, 300, 400 and 600°C to obtain the optimal 
removal of the resin and to reduce the remaining carbon amount as much as possible. The 
bars were then sintered in a standard furnace in an air atmosphere. The first sintering 
temperature was set to 1050°C and kept for 1 hour, with a slow heating rate of 100°C/h. An 
additional sintering run at 1075°C was carried out to improve sintering of the bars. 

Printing and debinding steps were successfully performed in the DLP process. However, the 
standard sintering step required further optimisation to obtain good densification. Spark 
Plasma Sintering was then introduced for optimisation of the sintering parameters. 

 

3.2.2 Spark Plasma Sintering 
 

Spark Plasma Sintering (SPS) is a manufacturing technique that utilizes uniaxial pressure and 
pulsed or unpulsed DC or AC current to consolidate powders into the required shape [92]. 
SPS has been previously studied as a technique to consolidate the lunar regolith simulants, 
metal powders, or functionally graded materials [93]–[97]. In this research, a Spark Plasma 
Sintering machine (SPS, FCT Group, Germany) operated under vacuum and a 20 mm 
graphite die with graphite punches was used. A 0.2 mm thick graphite foil was used to avoid 
adhesion and reaction between the powders and the graphite mould. Besides this foil, boron 
nitride spray was applied to reduce carbon diffusion into the sample. For this work, 4 mm high 
samples were pre-pressed to 10 kN before being set up into the SPS machine. The sintering 
parameters used for the different experiments of regolith are given in Table 4 while Table 5 
shows the process parameters used for the consolidation of the metallic powders. 

 

Table 4. Process parameters used for Spark Plasma Sintering of lunar regolith 

 
No. 

Lunar 
regolith 
simulant 

Sintering 
temperature 

(°C) 

Pressure 
(MPa) 

Holding time 
(min) 

Maximum 
particle size 

(µm) 

1 LHS-1 900 80 10 200 

2 LHS-1 975 80 20 100 

3 LHS-1 975 80 20 50 

4 LHS-1 1025 80 20 50 

5 LHS-1 1050 80 20 50 

6 LHS-1 1075 80 20 50 

7 LMS-1 1050 80 20 50 

8 EAC-1A 1050 80 20 22 

9 EAC-1A 1050 80 20 50 

10 EAC-1A 1050 80 20 100 
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Table 5. Process parameters used for Spark Plasma Sintering of metallic powder 

 
Material 

Sintering 
temperature 

(°C) 

Pressure 
(MPa) 

Holding time 
(min) 

Maximum 
particle size 

(µm) 

Stainless  
Steel 316L 

1050 50 10 30 

1050 50 20 30 

1100 50 20 30 

Ti6Al4V 
1000 50 10 45 

1050 50 10 45 

 

 

3.2.3 Laser Melting Additive Manufacturing 
 

The lunar regolith simulant LMS-1 was used to perform some Laser Scanned lines using a 
Yb:YAG continuous disk laser with a wavelength of 1030 nm. The power was in the range of 
160 – 8000 W and the scan speed was up to 200mm per second. The spot size at focus was 
0.2 mm. 

The powder was sieved through a 100 m-sieve and deposited on a ceramic plate. In 
literature, some parameters were found to be optimized for selective laser melting or other 
laser additive manufacturing techniques of lunar regolith simulant. They had one common 
point which was a very low surface energy density, often less than 5 J/mm² [24], [98]–[100]The 
parameters had to be adapted to our own laser at TU Delft. The parameters used are shown 
below in Table 6 and were chosen to have the energy density as low as possible. 

The base substrate was a ceramic plate commonly used for high temperature oven instead of 
the common steel substrate used with this laser because Sitta and Lavagna [100] observed 
poor wettability of the lunar regolith simulant on a steel substrate. Other metal substrates were 
used for their research, but they got the better results when using a refractory clay as a 
substrate. 

Some trials on a steel plate have been performed to study the influence of substrate and 
determine the potential feasibility of using the lunar regolith as a coating on metallic substrate. 
The same parameters were kept for these trials. However, additional laser lines have been 
conducted: these lines were performed with an overlapping of 50 % to study the influence of 
remelting. 

Table 6. Parameters for laser scanned lines. 

Samples 
Lunar 

regolith 
simulant 

Maximum 
particle size 

(m) 

Laser 
Power (W) 

Beam spot 
size (mm) 

Scan 
speed 
(mm/s) 

1 

LMS-1 100 160 

0,2 

100 2 0,4 

3 0,6 
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3.3 Microstructural and Morphological Characterisation 
 

XRD analysis was performed to determine the phases in the original powders and in the 
consolidated samples. The analysis was performed with a Bruker D8 Advance diffractometer 

using Cu K radiation. The step size used was 0.033° 2θ with 45 kV and 40 mA current in a 
2θ range of 10°-100°. The samples were ground with SiC 180 to remove the remaining 
graphite foil and to enable XRD analysis. 

The density of the samples was measured based on Archimedes’ principle. The samples were 
cleaned with isopropanol, dried and then weighed dry and immersed in distilled water. 

Spark Plasma Sintered samples were discs of 20 mm diameter and 4 mm thickness. The 
specimens were cut into 2 half-discs, then embedded into a conductive resin, ground (SiC 80, 
180, 320, 800, 1200 and 2000) and polished (MD Mol 3 µm and MD Nap 1 µm). Optical 
microscopy (Olympus BX60M) and Scanning Electron Microscopy (SEM) - in both secondary 
and backscattered modes - were used for microstructural characterization. Average porosity 
level and average relative sintered thickness were determined based on optical images. 
Energy Dispersive Spectroscopy (EDS) was performed to determine local composition and 
elemental distribution in the bulk and interface layers.  

Thermocalc calculations were performed to determine the phases formed at the interface of 
FGM based on EDS results. 

Microhardness measurements were carried out using an automated Vickers hardness 
machine, Dura Scan (Struers). A load of 0.3 kgf (HV0.3) was used to measure the hardness 
of the lunar regolith sintered samples. It was observed that a higher load level results in severe 
cracking. For the metallic sintered samples, a load of 0.5 kgf (HV0.5) was used to measure 
their hardness. The hardness was measured at multiple locations on each sample and the 
average was calculated.  

 

3.4 Finite Element Method: Simulation of DLP 
 

The sintering stage can be modelled to be optimized or understood in the case of new 
materials. In order to model it, a continuum mechanics approach was chosen. Some models 
are done at microscopic levels to study the process at particles levels. In this study, a model 
at the macroscopic level was considered to evaluate shrinkage of the samples and 
temperature evolution within the sample [101].  

The sample before sintering are porous medium and their behaviour can be studied by 
continuum mechanics. The solid is composed of a solid part (the particles) and porosities. The 
porosities are considered to be homogeneously distributed and the solid phase has an 
isotropic and non-linear viscous behaviour. During the sintering, it is expected that the porosity 
will decrease, and the density will increase: the sample shrinks during sintering. The relative 

density () is then related with the porosity () level as follows: 

𝜌 =  1 − 𝜃        (1) 

 

During sintering, the sample shrinks and its volume decreases, but the mass remains the 
same. The mass conservation principle can be applied as follows: 

𝜌̇

𝜌
= 𝑡𝑟(𝜖̇)       (2) 

with 𝜖̇ the strain rate of solid phase. 
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Moreover, the momentum conservation law is applicable to continuum solid and the equation 
is as follow considering a quasi-static transformation: 

𝛥𝝈 + 𝑓 = 0         (3) 

with 𝜎 the Cauchy stress tensor and f the external force applied. 

 

The sintering process implies the heating of the powder and the mechanical phenomenon is 
coupled with a thermal phenomenon. The conservation energy equation is then: 

𝜌𝐶𝑒𝑓𝑓𝑇̇ − 𝛻(𝐾𝑒𝑓𝑓𝛻𝑇) = 𝛽(𝜎: 𝜀𝑣𝑝̇ − 𝜎𝑠𝑒̇)             (4) 

with Ceff is the heat capacity, Keff is the thermal conductivity, β is the viscoplastic work 

dissipated as heat (0 < β < 1), 𝜀𝑣𝑝̇  is the viscoplastic strain rate and finally 𝑒̇ is the volumic 

strain rate. 
In free sintering, stress and viscoplastic strain are negligible so the right side of the equation 
above equals 0. Both the heat capacity and the thermal conductivity depends on the 
temperature and the porosity level. 
 
This continuum mechanics approach is summarized in the schematic in Figure 5 
 
A viscoplastic constitutive model is applied to determine the deformation during sintering. 
Indeed, the deformation during sintering is controlled by diffusion and is comparable to creep 
induced deformation. Moreover, thermal expansion is also relevant in the case of sintering 
and must be added to the viscoplastic deformation. The deformation has then three main 
components: an elastic deformation, a thermal deformation and a viscoplastic deformation. 

The strain rate is then: 

𝜖̇ = 𝜖𝑒̇ + 𝜖𝑡ℎ̇ + 𝜖𝑣𝑝̇       (5) 

 

Figure 5. Schematic of simulation steps 
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and the viscoplastic strain rate is divided as follows: 

𝜖𝑣𝑝̇ = 𝜖𝑠̇ + 𝜖𝑐̇       (6) 

The elastic strain 𝜖𝑒 is determined by Hooke’s law and the thermal strain 𝜖𝑡ℎ depends on 
temperature and thermal expansion coefficient. 

The viscoplastic strain is expressed as follows: 

𝜖𝑣𝑝̇ =
𝜎′

2𝐺𝑝
+

𝜎𝑚−𝜎𝑠

3𝐾𝑝
1      (7) 

with 𝜎′ the deviatoric stress, 𝜎𝑚 =
𝑡𝑟(𝜎)

3
 the hydrostatic stress and 𝜎𝑠 the sintering stress.  

The parameters for the viscoplastic constitutive law can be determined by different models. 
The model chosen has been developed by Olevsky and Skorohod (SOVS model). It is a 
phenomenological model commonly used for the modelling of ceramic sintering. The 
parameters are then: 

𝐺𝑝 = (1 − 𝜃)²𝜂              (8) 

 

𝐾𝑝 =
4(1−𝜃)3𝜂

3𝜃
                           (9) 

 

𝜎𝑠 =
3𝛾𝑠𝑣(1−𝜃)²

𝑟0
            (10) 

with 𝜂 the viscosity and 𝛾𝑠𝑣 the surface energy. 

This model has been implemented to Comsol Multiphysics. The model consists of a heat 
transfer module and a solid mechanics module using the creep subroutine to implement the 
SOVS model. 

4 Results and Discussion 
 

4.1 Consolidation of Lunar Regolith 
 

4.1.1 Digital Light Processing (DLP) 
 

Figure 6 shows lunar regolith (EAC-1A) printed samples with a layer thickness of 50 m. Four 
bars were successfully printed with a height and width of 5 mm and a length of 100 mm.  

The debinding step was successful and the bars remained in its shape after being heat-
treated. The colour of the samples after debinding was the same as the initial powder; hence 
no significant change of the composition of the powder should have occurred. It can thus be 
concluded that printing and debinding DLP steps can be performed without significant change 
in chemistry.  

After standard (in air) sintering, the samples showed rather poor sintering characteristics: the 
bars did not keep their shape and cracked into small pieces. The sintered samples also 
changed in colour, to a light red. The similar colour change was also noticed by Liu et al. [102], 
who found it to be associated with the transformation of Fe2+ to Fe3+ via oxidation reactions. 
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Hence it can be concluded that standard in air sintering is not suitable for this material and 
further optimization of the sintering step is required.  

The microstructure of the samples showed poor sintering between particles (see Figure 7). 
However, the structure also shows larger particles are surrounded by smaller particles, which 
would be beneficial for sintering as smaller particles can close the voids between coarser 
particles, thus resulting in better packing and densification. Furthermore, as shown in Figure 
7b, some particles have coalesced and formed necking. Such observations as partial necking 
indicate that this material could be sintered with Digital Light Processing (DLP); however the 
sintering process requires further optimization, which is the scope of the follow up sections 

 

 

4.1.2 Spark Plasma Sintering (SPS) 
 

SPS is proposed as a follow-up to DLP to increase densification of the lunar regolith. A number 
of experiments were performed using SPS techniques to optimize the technique.  The results 
were analysed with respect to the sintering temperature, initial powder particle size, and 
different compositions in the lunar regolith powders.  

Effect of SPS temperature    

                                                                                                                    
Table 7 shows the effect of the SPS temperature on the density and hardness. As can be 
seen, SPS significantly increases the density and hardness while reducing the porosity of 

Figure 6. DLP printed bars made from lunar regolith simulant EAC-1A 

Figure 7. SEM images of DLP samples sintered under standard in air conditions: a) low magnification and b) high 
magnification). 
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lunar regolith simulant samples. The density was found to increase with the sintering 
temperature, with the maximum density of 2.704 ± 0.025 g.cm-3 achieved for the sample 
sintered at 1075°C. However, it should be noted, that sintering at 1075°C led to partial melting  

Table 7. Density and Vickers hardness of SPS sintered lunar regolith (LHS-1) samples 

SPS temperature (oC) Density (g/cm3) Porosity (%) Hardness HV0.3 

1025  2.532 ± 0.046 23.7  5.4 443 ± 56 

1050 2.616 ± 0.060 21.0  5.5 725 ± 77 

1075 2.704 ± 0.025 11.7  3.3 743 ± 142 

 

and resulted in a non-stable process. It is thus can be recommended to keep the sintering 
temperature below 1075oC.  

The microstructure of the samples was studied with SEM/EDS and their phases were 
determined with XRD (Figure 8 and Figure 9). Three main phases were present in the samples 
at all sintering temperatures: an augite light grey phase [Ca(Mg,Fe,Al)(Si,Al)2O6], a sodian 

anorthite dark grey phase [(Ca,Na)(Si,Al)4O8] and a white phase corrresponding to an iron 

titanium oxide (Figure 8). During the SPS experiment, the sodian anorthite could have 
transformed to augite. The augite is often found in a form of “smashed” particles within the 
anorthite phase, as shown in Figure 9. This microstructure could be due to the pressure 
applied during SPS process. The partially dissolved anorthite can be pushed in between the 
smashed augite particles with the application of the external pressure. Anorthite has a lower 
melting point and a lower modulus than augite: anorthite is thus more prone to plastic 
deformation under the applied pressure and can fill the gaps between the smashed augite 
particles [103]. This specific microstructure was observed for all sintering temperatures. 

The XRD patterns for the three different sintering temperatures were very similar: all samples 
exhibit the same diffraction peaks and are thus composed of the same minerals. This is in 
good accordance with the SEM images, since the same three phases are distinguished: 
augite, sodian anorthite and an iron titanium oxide. The compositions of the sintered samples 
are very similar to the composition of the as-received powder. 

Figure 8. XRD patterns of LHS-1 sintered samples as compared to the LHS as-received powder 



19 
 

Carbon was detected with EDS only on the outer part of the samples. This carbon originates 
from the graphite foil used to prevent the powder from sticking to the mould during SPS. Boron 
nitride was sprayed on the graphite foil to avoid this diffusion, but a small portion of carbon 
can still diffuse into the samples. Carbon diffusion is a thermally activated process: the carbon 
diffusion increases when using higher sintering temperatures and higher pressure. Carbon 
only penetrates over a small layer of the sample and this layer can be removed by mechanical 
polishing. On EDS, the carbon was homogeneously present and did not form any carbides. 

The Vickers hardness was also found to increase with the temperature. A significant increase 
is observed between the sintering temperature of 1025°C and 1050°C. The hardness 
measurement is in accordance with the microstructure of the sintered samples. The high 
standard deviation is related to the different phases present in the specimens and the 
respective position of the measurement.  

Effect of particle size 
 

In order to evaluate the effect of particle size, EAC regolith samples with sieved powders of 
maximum particle size 22, 50, 100 µm were sintered at optimal temperature of 1050oC and 80 
MPa. 

As can be seen in Table 8. Density and Vickers hardness of SPS sintered lunar regolith (EAC) 
sample with different particle size. samples with smaller particle size show higher 
densification. Moreover, the standard deviation is higher for samples with coarser particles, 
which indicates that the microstructure is more heterogeneous. It should also be noted that 

more macro-pores were observed in the coarser 100 m-sample. The presence of very coarse 
particles thus prevents good packing in the powder sample. The sample with the smallest 
initial particle size is the only sample that showed high densification along the vertical direction.  

The higher densification of samples with finer powders can be related to several densification 
mechanisms: rearrangement of the particles, formation and growth of the sintering necks 
between the particles, and plastic deformation [104]. The smaller the particle size, the higher 
the surface energy driving force given in equation 1 is. This higher driving force, causing 
migration of particles and increasing the contact area between particles, enhances the 
sintering of powder. 

 

Figure 9. Microstructure of sintered LHS sample (at 1050 °C and 80 MPa) 
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Table 8. Density and Vickers hardness of SPS sintered lunar regolith (EAC) sample with different particle size. 

Particle size (µm) Density (g/cm3) Porosity (%) Hardness HV0.3 

< 22 3.040 ± 0.046 4.3  2.1 722 ± 35 

< 50 2.831 ± 0.077 15.5  6.2 752 ± 74 

< 100  2.795 ± 0.078 21.4  4.6 657 ± 46 

 

∆𝐸 = 𝐸𝑝 − 𝐸𝑑 ≈ 𝛾𝑠𝑣𝑊𝑚𝑆𝑝                                (11) 

𝑆𝑝 ∝  
1

𝑅
                       (12) 

Equation 1 and 2 show the relationship between powder properties and the driving force for 

sintering, with E being the intrinsic driving force, Ep the surface energy of powder before 
sintering, Ed the surface energy of powder after sintering, γsv (J/m2) the solid-gas surface 
energy, Wm (g/mol) the molar mass of material, Sp (cm2/g) the specific surface area of powder 
and R the radius of the particle. 

The tensile stress of the sintering necks increases with decreasing particles size and the 
strength of the sintering necks is higher between smaller particles. Only the use of crushed 
EAC-1A powder (with resulting 22 µm particles) led to a fully dense sample (Figure 10c). In 
the case of SPS, the particle surface is heated to high temperatures compared to the particle 
core due to spark discharge in the voids. In the case of small particles, the surface to volume 
ratio of the particle is bigger than for coarse particle. The amount of the powder subjected to 
high temperature is higher in the case of smaller particles, which leads to a more effective 
densification. 

XRD patterns Figure 11) showed no significant differences between the samples consolidated 
with different particle sizes. The primary identified phases were plagioclase, pyroxenes (augite 
and diopside) and iron titanium oxide. The composition of the sintered samples is close to the 
composition of the initial powder.  

The hardness of the sample with coarse particles is lower than for the other samples. The 

higher hardness for the sample with maximum particle size 50 m is associated with a higher 

standard deviation due to the different hardness of the particles. The hardness of the 22 m-

sample and 50 m-sample are thus comparable. The hardness does not increase with powder 
milling because the phase composition is the same; however, it is more homogeneously 
distributed. 

 

 

 

a) b) c) 

Figure 10. Optical microscopy images of EAC-1A sintered samples: a) 100 µm, b) 50 µm and c) 22 µm. 
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Effect of powder composition 

 

In order to evaluate the effect of regolith simulants and their composition, the powders of LHS-
1, EAC-1A and LMS-1 were Spark Plasma Sintered at the previously determined optimal 
conditions of 1050oC, 80 MPa pressure, maximum particle size of 50 µm with holding time of 
20 min. 

 

As can be seen from Table 9, all three simulants result in a similar densification level and none 
of the powders melted under these sintering conditions (1050oC, 80 MPa). EAC-1A and LMS- 

1 samples showed higher densification than the LHS-1 samples. It should however be noted 
that a thicker layer of fully dense material was measured for the LHS-1 sample. This indicates 
that the average porosity is lower for LMS-1 and EAC-1A, but LHS-1 has a more 
heterogeneous porosity with a highly densified part. All three simulants were found to be 
composed of the same oxides and minerals: thus they have comparable temperature of phase 
transitions and a similar SPS behaviour can be expected.  

The Vickers hardness of the samples was also unaffected by the difference in simulant’s 
composition (Table 9). LMS has more iron titanium oxide phases and the standard deviation 
could be influenced by the presence of these phases at some locations of the material. 

The microstructures of the sintered samples were also comparable and exhibited dense 
microstructures with three main phases: augite, sodian anorthite and iron titanium oxide. LMS-
1 samples showed a higher content of iron titanium oxide and coarser particles of this oxide 
(white phases in Figure 12) than LHS-1 and EAC-1A samples. 

Figure 11. XRD patterns for SPS samples with different particle size as compared with as-received powder. 
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4.2 Consolidation of Metallic Powders 
 

In order to develop a functionally graded material featuring the combination of lunar regolith 
and metallic alloys, consolidation of both individual materials should first be understood and 
optimised. In previous sections, consolidation of lunar regolith and influencing parameters 
were discussed. In this section SPS consolidation of stainless steel and Ti6Al4V will be 
addressed.  

Table 8 shows optimization of SPS parameters based on density and hardness. As can be 
seen, increasing the sintering temperature increases the density and hardness of stainless 
steel. The observed density decrease is relatively low with increased holding time; other 
authors observed the opposite trend [105]. The lower density in this case could be due to poor 
rearrangement of the particles during sintering, preventing the pores from closing, or could be 
due to a different balance between open pores and closed pores, as the Archimedes 
measurements only take into account the open pores. However, when porosity is measured 
using optical techniques, the porosity reduces with increasing temperature. 

All Ti6Al4V samples showed good densification and almost zero porosity. The applied uniaxial 
pressure of 50 MPa helps to rearrange the particles, breaking the agglomerates and inducing 

Table 9.  Density and Vickers hardness of SLS samples of different regolith simulants (max particle size 50 µm). 

Lunar regolith 
simulant type 

Density (g/cm3) Porosity (%) Hardness HV0.3 

LHS-1 2.616 ± 0.060 21.0 ± 5.5 725 ± 77 

EAC-1A 2.831 ± 0.077 15.5 ± 6.2 752 ± 74 

LMS-1 2.817 ± 0.083 21.6 ± 7.7 732 ± 167 

 

20 m 20 m 

20 m 

a) b) 

c) 

Figure 12. SEM images of SPS samples of three different lunar regolith simulants: a) EAC-1A, b) 
LMS-1 and c) LHS-1 
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plastic deformation at high temperatures. Moreover, another mechanism of densification is 
important: the Joule heating effect derived from the pulsed current. The current can flow 
through the highly conductive powdered sample, heating up the particles, especially at particle 
surfaces. The temperature is thus higher at the contact point between particles; the diffusion 
increases and leads to a higher and easier densification [106].  

The hardness (Table 10) for both alloys was found to increase with increasing sintering 
temperature. The hardness for the samples sintered at 1050°C is in the order of the hardness 
of cast annealed 316 alloys. The samples sintered at 1100°C show a much higher hardness. 
The hardness was homogeneous across the whole sample and the standard deviation is 
relatively small for all samples, indicating that the microstructure and composition are also 
likely homogeneous. SEM analysis revealed a homogeneous microstructure for all samples 
and did not show any precipitates. Some nano precipitates could be present, such as carbides 
due to carbon diffusion, however they are not visible under the magnification used. Some 
authors reported the presence of carbides on grain boundaries [105], however these carbides 
were only found on the samples’ thin edges.  

The Vickers hardness for Ti6Al4V was found to be 341 HV0.5 for the samples sintered at 1050°C 
compared to 322 HV0.5 for the sample sintered at 1000 °C. These values are in the order of 
the Vickers hardness for Ti6Al4V cast alloys [107]. 

XRD results shown in Figure 13 reveal only austenite phase present in all 316L samples. This 
fully austenitic microstructure was also observed by Keller et al. [108]. 

For Ti6Al4V alloys, the elements Ti, Al and V were found to be evenly distributed, and no 
precipitates were formed during the sintering process. XRD results (Figure 14) showed that 

the same phases forms at the two different sintering temperatures. The -Ti phase is present 
as in the as-received powder, but a second phase is detected for both samples: Ti0.8V0.2 which 
is a β-Ti structure. 

Microstructural analysis revealed the presence of clusters of grains elongated in the same 
direction. Recrystallization is not hindered by the presence of intermetallics at the grain 
boundaries or by interstitial solute atoms, as shown by Long et al. [96]. 

 

Table 10. Density and Vickers hardness of sintered stainless steel and Ti6Al4V (under 50MPa pressure) 

Material 
Temperature / 
Holding time 

Density (g/cm3) Porosity (%) Hardness HV0.5 

 
Stainless steel 

316 

1050 °C/10 min 7.642 ± 0.046 3 ± 1.2 158 ± 5 

1050 °C/20 min 7.556 ± 0.015 1.4 ± 0.4 164 ± 6 

1100 °C/20 min 7.834 ± 0.010 0.9 ± 0.3 191 ± 5 

 
Ti6Al4V 

1000 °C/10 min 4.391 ± 0.018 1.2 ± 0.5 322 ± 11 

1050 °C/10 min 4.389 ± 0.006 0.7 ± 0.2 341 ± 23 
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Figure 13. XRD of SPSed stainless steel 316 samples and of as-received powder 

Figure 14. XRD patterns of sintered Ti6Al4V and as-received powder. 
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4.3 Consolidation of Functionally Graded Material 
 

The optimized parameters for FGM samples were based on sintering results from regolith 
simulant and individual metallic powders. The optimal SPS parameters for each material are 
given in Table 11. 

 

Table 11. Optimal SPS parameters of FGM based on lunar regolith simulant, stainless steel and titanium alloy. 

 
Material 

Sintering 
temperature 

(°C) 
Pressure (MPa) 

Holding time 
(min) 

Maximum particle 
size (mm) 

Lunar regolith 
simulant EAC-

1A 
1050 80 20 22 

Stainless steel 
316L 

1100 50 20 30 

Ti6Al4V 1050 50 10 45 

 

4.3.1 FGM Composite of Regolith and Stainless Steel (316L) 
 

The sintering experiments combining both lunar regolith (EAC-1A) and 316L were first 
performed in one SPS step, which resulted in an inconsistent FGM and interfacial cracking. 
The one-step sintering at 1100°C under 50 MPa completely melted the lunar regolith simulant, 
which was squeezed out of the SPS mould. The surface of the metallic part did not show any 
remnants of the lunar regolith. This experiment highlights that sintering at 1100°C under 50 
MPa is not suitable for the FGM lunar regolith simulant. 

When sintering both powders at 1050°C under 50 MPa, the FGM did not keep its shape and 
EAC-1A and stainless steel layers did not bond. Both layers exhibited cracks and porosity at 
the FGM interface (Figure 15).Thus pressure of 50 MPa proved too low to allow good sintering 
of the two powders: a minimal pressure of 80 MPa seemed to be required to sinter the lunar 
regolith and a high pressure may also be required to allow interfacial sintering. 

Two-step sintering was then introduced and proven to be more successful; a thin layer of EAC-
1A remained in contact with the metal. However, the FGM fractured within the lunar regolith 
layer upon removal from the SPS mould. The coefficient of thermal expansion of stainless 
steel 316 is twice higher than that of lunar regolith [109]. This mismatch in thermal properties 
induces thermal stresses during SPS cooling and these stresses can explain why the FGMs 
cracked post-sintering. The interface between the two dissimilar materials, however, remained 
intact. SEM images revealed the presence of a grey phase at the interface, featuring higher 
chromium concentration than in the inner layers (Figure 16a). Chromium tends to diffuse to 
the interface from the stainless steel and form a high-content Cr phase; according to 

Thermocalc calculations and composition from EDS, this is likely to be a BCC-A2 phase 
(Figure 16c).  

The hardness profile (Figure 17) for the 316L/EAC functionally graded material showed that 
the interface has much closer hardness to the metallic alloy and does not exhibit a gradual 
transition, which is preferred for FGMs. Since the change in hardness between the interface 
and the lunar regolith is relatively large, it could explain the poor sintering properties of this 
type of FGM.  
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Figure 15. a) FGM 316/EAC after sintering at 1050°C. SEM images of the interface between the two materials: b) 
SS 316L and c) EAC-1A. 

Figure 17. a) SEM image of interface of FGM 316/EAC, b) EDS map of Cr at the interface of FGM 316/EAC and c) 
Thermocalc graph for Cr diffusion. 

Figure 16. Vickers hardness profile of the functionally graded materials. 
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4.3.2 FGM Composite of Regolith and Ti6Al4V Alloy 
 

The second type of alloy chosen in this work for its good compatibility with lunar regolith was 
Ti6Al4V. The produced FGM samples (Figure 18) did not show any fracture, cracking or 
interfacial porosity characteristic to the previous 316L/EAC FGM. As shown in Figure 18b, 
white particles, identified as titanium oxide, are present at the interface between the lunar 
regolith and Ti6Al4V. Moreover, EDS measurements reveal a potential segregation of silicon 
at the interface (Figure 19b) which forms the phase HCP_A3 (TixSiy) according to 

Thermocalc calculations (Figure 19c) 

The Vickers hardness profile of this FGM shows a gradual transition at interface from one 
material to another (Figure 17). The hardness of the interface is close to the hardness of the 
lunar regolith. The coefficient of thermal expansion of Ti6Al4V and lunar regolith simulant are 
very close (about 8x10-6 K-1 for both materials [109]–[111]), which helps to avoid high thermal 
stresses during sintering and especially during the cooling stage. 

4.4 Laser Scanning 
 

During the Spark Plasma Sintering runs, some melting of the lunar regolith simulant powders 
happened when higher temperatures were tried. The EAC-1A powder melted during the one-
step SPS run for the FGM samples with stainless steel at 1100 °C and a trial at 1200 °C was 
also made to see the effect of pressure on the DLP powder. Melting of the powder at 
temperature around 1100 °C was a starting point for the trial of laser additive manufacturing 
technique. The lunar regolith could be used as a cladding for metallic parts to protect them 
against environment issues. A laser based additive manufacturing technique could eventually 
be used to manufacture whole FGM. 

Three different spot size have been chosen for the laser lines trials that give three different 
energy densities. The first observation with naked eye is that higher spot size (i.e. smaller 
energy density) results in a more continuous line. Indeed, when using higher energy density, 
only a portion of the powder melts and sticks to the ceramic plate as on Figure 20. However, 
even the smaller energy density gives an incomplete laser line: smaller energy might be 
required, or the inhomogeneous surface of the used plate could also be a reason for 
incomplete melted lines. 

 

Figure 18. a) FGM Ti6Al4V/EAC-1A after sintering in 2 steps and b) SEM image of the interface between Ti6Al4V 
and EAC-1A 
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Figure 20. a) SEM image of interface of FGM Ti6Al4V/EAC, b) EDS of Si at the interface of 
FGM and Ti6Al4V c)Thermocalc graph for Ti6Al4V/EAC interface. 

Figure 19. Laser scanned lines: a) 2 laser scanned lines with different laser spot size and 1 line without powder, 
b) & c) laser scanned lines with laser spot size of 0,6 mm 
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The morphologies of the laser lines are relatively similar. The tracks exhibit the microstructure 
of solidified layer after being molten. The surface is smooth and exhibits patterns of a melt 
pool such as some “waves”. Besides, they all exhibit cracks perpendicular to the scanning 
direction of the laser. These cracks could result from thermal stresses arisen during the cooling 
of the liquid powder or due to thermal stresses between the plate and the solidified regolith 
powder. 

Only a small portion of particles are seen on the SEM images indicating that the powder almost 
completely melted during the laser melting experiments: the energy density is then enough to 
melt the powder. However, the particles of the lunar regolith have different composition and 
the softening/melting point differs between minerals. The parameters for technique like 
selective laser melting should then be optimized to melt all different minerals without causing 
too much defects. 

The big holes on the SEM image on Figure 23 might be related to a default in the powder bed: 
a lack of powder could explain this. Moreover, on SEM images, some small holes are present. 
The lunar regolith simulants have particles with irregular shapes and they cannot be smoothly 
spread on the substrate as spherical particles can be. These irregularities create inconsistent 
voids in the powder which lead to inhomogeneous mass distribution and so inhomogeneous 
energy intensity. The melt pool is thus inconsistent, and voids can be created due to 
irregularities in the powder shape. 

Some trials were made on a steel substrate. The powder was successfully melted and stuck 
partially to the substrate when one line was made. On Figure 22 the laser lines appear 
incomplete for two reasons, either because the melted powder did not stick during laser 
melting or because the laser-melted powder came off while removing the extra powder after 
the laser melting experiments. The sticking of the melted powder proved to be poor. Moreover, 
some lines were made with an overlap of 50 % to obtain a wider area. During the second run, 
the laser-melted lines came off the substrate.  

The XRD analysis of the scanned lines did not show many peaks indicating crystalline phases. 
The material turned amorphous during laser melting. The peaks seen on XRD pattern (Figure 
21) correspond to main phase of the powder: sodian anorthite. The laser trials can be related 
to the SPS experiments. Indeed, the poor sticking of the powder to the steel plate is in 
accordance with the trials of FGM with stainless steel and lunar regolith simulant.  

 Figure 21. XRD of laser sintered lines 
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Figure 22. SEM images of laser melted lunar regolith simulant LMS-1 with different spot size: a) 02mm, 

b) 0.4mm amd c) 0.6mm 

Figure 23. Laser lines on steel plate 
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4.5 Finite Element Method: Simulation of DLP 
 

A simulation has been developed to study the sintering of the powder when applying only 
temperature, as in the case of the sintering stage in Digital Light Processing. The thermal and 
viscous properties of the slurry used in DLP required for the model are unknown so properties 
from literature have been used. The simulation is thus to be improved with proper properties. 
However, this model can be used to evaluate the stresses within the samples and the 
temperature gradient during sintering. 

Different tests have been performed to evaluate the effect of heating rate, temperature and 
average particle size. The results are summed up in the tables below. The temperature 
gradient corresponds to the difference of temperature between the surface and the centre at 
the end of the heating. The porosity gradient is defined as the difference of porosity between 
the centre and the side of the samples. The samples are discs of a diameter of 20 mm and an 
initial height of 5 mm. 

 

Table 12. Influence of the heating rate on sintering 

Heating rate (°C/min) Maximum stress 
(N/m²) 

T (°C) Porosity gradient 

2  2,2.10-4 0,5 - 

10 2,36.10-4 3 - 

50 2.8.10-4 5 - 

100 1.10-5 33 - 

 

 

Table 13. Influence of the sintering temperature on sintering 

Sintering temperature 
(°C) 

Maximum stress 
(N/m²) 

T (°C) Porosity gradient 

1050 1,25.10-4 1 - 

1100 1,53.10-4 0,6 - 

1150 2,2.10-4 0,5 - 

1200 3,02.10-4 0,5 - 

 

 

Table 14. Influence of average particle size on sintering. 

Average particle size 

(m) 

Maximum stress 
(N/m²) 

T (°C) Porosity gradient 

1 2,2.10-4 0,5 - 

5 4,4.10-5 0,5 - 

10 2,52.10-5 0,5 - 

50 6,6.10-6 0,6 - 
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Figure 25. 3D stresses after sintering at 1150 °C, with an average particle size of 1 μm and a heating rate of 

2°C/min 

Figure 24. 2D stresses after sintering at 1150 °C, with an average particle size of 1 m and a heating rate of 2 
°C/min 
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In the study of the heating rate (Table 12) an initial porosity of 47%, an average particle size 

of 1 m and a sintering temperature of 1150 °C are fixed for all the different simulations. It can 
be seen that using a high heating rate cause a high gradient of temperature. This high gradient 
of temperatures can cause stresses within the sample and inhomogeneity in the sintering 
process. The porosity gradient is not relevant for any heating rate even if the temperatures 
are not homogeneous. It could be related to the temperature of 1150 °C which is high enough 
to provide good sintering.  

The stresses are higher on the edges and especially on the top and bottom surface. It is 
related to the higher temperatures and to the gradient of temperature. Indeed, a higher 
temperature enables higher consolidating of the particles and higher deformation. (Figure 24 
- Figure 26) 

In the table below, the influence of the sintering temperature is shown. The same particle size 

of 1 m and a heating of 2 °C/min were fixed. Higher sintering temperature gives higher 
stresses and so higher deformation. However, temperature higher than 1200 °C causes too 
high non-linearity of the model which could be an evidence of potential local melting of the 
powder. Using a low heating rate for these simulations can explain the very low temperature 
gradient.  

The influence of the average particle size is given in Table 14. A sintering temperature of 1150 
°C and a heating rate of 2 °C/min were fixed for these simulations. The coarser the particles, 
the poorest the sintering is. The stresses and strains decrease significantly when using high 
average particle size. It relates to the poor sintering obtained during the DLP experiments 
done with the lunar regolith simulant.  

  

Figure 26. Temperature profile in sintered sample. 
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5 Conclusions 

In situ resource utilization is crucial for future space habitation on the Moon.  In this study, 
additive manufacturing consolidation techniques of lunar regolith simulants have been 
examined and optimized in order to study the functional grading feasibility with metallic 
substrates. For this purpose, first lunar regolith simulants were printed and debinded using 
Digital Light Processing. Then Spark Plasma Sintering, using different sintering conditions 
(temperature, particle size and composition), was applied and optimized. The same SPS 
approach was applied towards metallic powders. Finally, the optimal processing conditions for 
consolidation of functionally graded regolith were developed with respect to densification, 
microstructural, compositional and microhardness characteristics. In parallel to the FGM 
experiments, laser scanning method was used to investigate the influence of laser melting on 
regolith consolidation, as well as the interfacial properties between the melted regolith and the 
substrate. Furthermore, a simulation of sintering characteristics of regolith was carried out 
using the Finite Element Method (FEM), to evaluate the post-sintering stresses in sintered 
DLP samples and the influences of processing parameters on these stresses. 

The following conclusions are drawn from this study: 

 
1. Three regolith simulants were characterised and found to be comparable to Apollo 

regolith samples in their composition, particle size distribution and density. All 
simulants exhibited a significant large grain (>1mm) fraction. Thermal analysis 
revealed a transformation attributed to partial melting occuring in the 1100 – 1350°C 
temperature range for all simulants. 
 

2. Lunar regolith simulants can be successfully additively manufactured with combination 
of Digital Light Processing and Spark Plasma Sintering at 1050°C under 80 MPa. For 
best densification it is required to sieve or mill the powders to 20–50 µm range. A 
higher pressure could be used to avoid the milling step. Both increasing the 
temperature and reducing the particle size were found to increase densification and 
Vickers micro-hardness. 
 

3. Metallic powders can be fully densified with SPS at relatively low temperature and a 
pressure of 50 MPa. Both stainless steel and Ti6Al4V showed homogeneous structure 
without precipitates or carbides. 

 
4. FGMs were made using the optimal SPS parameters. The combination of lunar regolith 

and Ti6Al4V was shown as the most promising. The hardness profile showed a gradual 
transition between the two layers and the interface was found strong enough to avoid 
cracking. 

 
5. The lunar regolith simulants melt at low enough temperature to allow laser-based 

manufacturing. A low energy is required to melt the powder and make it stick to the 
substrate. The bonding of the lunar regolith to a steel plate is poor whereas the bonding 
to a ceramic substrate is very strong. 

 
6. Simulation with FEM model reveals that sample stresses are highest at the edges and 

especially the top and bottom surfaces. Higher heating rates lead to lower maximum 
stress and thus lower shrinkage and densification of the powder. Moreover, high 
heating rates result in an increased temperature gradient between the sample centre 
and surface, which results in higher thermal stresses and inhomogeneity. 
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5.1 Future Work 
 

This feasibility study of FGMs using additive manufacturing and in-space resources showed 
promising results. However, further investigations on the mechanical properties of regolith-
metallic FGMs, as well as combination of regolith with other metals such as aluminium, should 
be performed. 

The DLP process performed well in constructing complex shapes, however the sintering step 

requires optimisation. The use of milled ultra-fine powders (less than 5 m) could be 
investigated to ascertain the feasibility of sintering in a non-pressurised environment.  

SPS technique would have to be modified to be employed on the Moon for large scale 
production, and the fidelity of large scale samples in terms of residual stresses and porosity 
homogeneity should be investigated in order to scale-up the process. 

Laser scanning also showed promise as a method for manufacturing regolith coatings, but 
further work is required to improve interfacial properties with metallic substrates to avoid 
delamination. 

The simplified FEM model would be improved by studying the thermal properties of sintered 
specimens and implementing these results into the simulation 
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