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A B S T R A C T  

Combination of In-situ Resource Utilization (ISRU) and on-site Additive Manufacturing (AM) is one of the “outer space 
applied technologies” candidates where free shape fabrication from micro (e.g., tools) to mega scale (e.g. lunar habitats) will 

allow in coming future to settle the Moon or potentially other celestial bodies. Within this research, Selected Laser Melting 

(SLM) of lunar soil (regolith) simulants (LHS-1 LMS-1 and JSC-2A) using a continuous wave 100 W 1090 nm fiber laser was 
applied. The resulting samples were mechanically and optically characterized. A numerical multiphysics model was developed 

to understand the heat transfer and optimize the SLM process. Results obtained are in good agreement with the numerical 
model. The physical and chemical characteristics of the various materials (granulometry, density, composition, and thermal 

properties) have a strong impact on the AM parameters.  
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1.  INTRODUCTION  

The lunar regolith is a dust like material that is derived 

from the degradation of the underlying rocks by the joint 

action of the impact of meteorites and solar winds on the 

surface of the Moon [1]. 

Characterization of lunar soil was done through samples 

collected during the Apollo and Luna missions. Having 

real material in hands and experiences gained by astronauts, 

researchers came with much clearer conclusions on how 

regolith, the main lunar soil material, behaves under 

different conditions, such as lack of atmosphere, low 

gravity, and extreme temperatures. The quantity of 

returned regolith was insufficient to be used worldwide as 

a test material in the development of new technological 

solution for future lunar settlement. One of the solutions 

was to create simulant materials which will be terrestrially 

exploited or artificially made to replace the original 

regolith. Many simulants that mimic Moon soil were 

terrestrially created according to the chemical and physical 

characterization of the original lunar samples [2]. For the 

present research, the test material, simulants LMS-1 and 

JSC-2A were used in experimental and simulation parts.  

Additive Manufacturing (AM) by 3D Printing (3DP), 

Selective Laser Sintering (SLS) and Selective Laser 

Melting (SLM) are just a few example of technologies 

which have given good results in utilization of powder in 

manufacturing of 3D objects [3]. For that reason, those 

technologies in combination with lunar raw material will 

be suited for on-site manufacturing infrastructure on the 

Moon.  

Using in-situ materials and laser technology for 

construction of the lunar habitats avoids the need to bring 

significant quantities of resources from the Earth to the 

Moon. 

http://journal-atm.org/
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This paper is introducing the comparative results obtained 

between simulation done by COMSOL Multiphysics 

model and from experimental outputs done at ICube 

laboratory, Illkirch, France. The objective was to create 2D 

structures by selected laser melting of diverse lunar 

simulants by optimizing the sintering process though the 

simulation. 

2.  MATERIALS AND METHODS 

Nano-sized Lunar regolith simulants are materials 

developed by University of Central Florida (LMS-1) and 

JSC-2A by NASA.  

First things first, information regarding the chemical and 

physical composition of material  has to be known, mainly 

crystallinity, particles size distribution, shape, and 

cohesion for the reason to understand its interrelation 

behavior during the AM procedures [4–7]. Viscosity 

temperature and wetting behavior are playing important 

role in parametrization of AM settings [8]. During the 

heating process, material is passing through several phases 

to achieve final glassy phase. Geometric shape of melting 

pool depends on fixed viscosity points and that is where the 

viscosity temperature and wetting behavior have to be 

observed and adjust by control of energy intensity and 

speed.  

Behavior of lunar soil in AM process is similar to behavior 

of metal powder under the same conditions. The norm ISO 

7884-2:1987 defines the “workability range” of glassy 

material which represents the viscosity range between 

working and Littleton points [9]. Those points are helping 

to optimize the parameters during the AM process and to 

better control thermal system. Unfortunately, similar 

standard for moon dust does not exist but due to similarity 

between metal powder and lunar simulants this can be 

applicable until the point when wettability of material starts 

to affect the consolidation of printed layers due to 

composition of the lunar soil. Regarding the lunar soil, the 

analysis of the chemical composition showed that the 

regolith is predominantly have silica and aluminum oxides 

but also contains iron, titanium, calcium and magnesium 

oxides. [1].  

The experimental part was done at the ICube laboratory, 

Illkirch, France. A RedPower SPI SP-100C continuous 

wave fiber laser of 100 W with a Gaussian profile, at 

wavelength of 1090 nm, and with diameter spot of 0.7 mm 

was used. A Newport motion controller was used for the 

table displacement in X direction, while the laser power 

and time exposure were done with LabVIEW software. 

Displacements in the Y direction were done manually 

using a micrometer stage installed directly on top of the X 

stage underneath the laser focusing set up. In this AM 

procedure only 2D manufacturing was possible. 

In parallel a COMSOL Multiphysics model was developed 

to understand and optimize the experimental process. The 

multiphysics model was implemented with the thermal 

conductivity, density, heat capacity and latent heat of 

fusion of the regolith simulants. The thermal conductivity 

was based on these two equations [10–12]: 

𝐾 = 0.001561 + 5.426 ⋅ 10−11𝑇3   (1) 

𝐾 = 10−9.332+
1.409⋅104

𝑇      (2) 

where T is temperature in K. First equation is representing 

temperature of material before sintering/melting procedure 

(T < 1500 K) and second one after melting (T > 1500 K). 

Stebbins’ model [13] was used to model the evolution of 

density of material with temperature. The heat capacity 

was calculated over the three temperature ranges: T< 350 

K, 350 K < T < 1500 K, and T >1500 K using the respective 

Fig. 1 Simulation of the evolution of the temperature in the static mode for 10 W and spot waist of 700 µm 
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equations given by Schreiner et al. [14]. A latent heat of 

fusion of 458 kJ/kg was used according to the model 

developed by Kang et al. [15]. Thermal conductivity of 

0.82 W/(mK) is used due to model proposed by Langseth, 

Cremers and Kang [10][11][15]. Due to the high 

absorption of regolith (80% in our case), the laser beam 

was modelled as a Gaussian surface heating source on the 

top surface.  Convective heat transfer and thermal 

radiations were considered as energy losses on the top 

surface. Insulation and a temperature fixed to 293 K were 

used as numerical conditions on the other boundaries. A 

mesh size of 100 µm, typically 7 times smaller than the 

laser spot waist, is imposed on the top surface. 

3. RESULTS  

The first simulation on COMSOL was done in the static 

mode what is shown in the Fig. 1. A power of 10 W was 

fixed, and time exposure of laser was variable from 5 ms 

to 10 s. The depth propagation of heat is sensitive to the 

time of the laser exposure. As expected, with increased 

time exposures, the size of printed spot increases as well.  

From the experimental part the task was to observe the 

behavior of LMS-1 simulant under the different laser 

powers, from 5 to 20 W in different time exposure from 1 

s to 20 s. As can be seen in Fig. 1 and 2, in case of 10 W 

power and 5 s exposure, the thickness of the melted spot is 

approximately 1.3 mm. The experimental results were 

validated by the simulation. It is confirmed that if the 

power and time are increasing, the size of printed sample 

increases respectively as represented in Fig.2. 

Regarding the dynamic mode, the multiphysics model was 

modified to observe the evolution of temperature when the 

laser spot is moving. The results displayed in Fig. 3 show 

the evolution of the melt pool from 10 to 100 ms with 

power of 25 W, laser speed of 50 mm/s, and spot waist of 

700 µm. From this simulation it can be seen that under 

these conditions, melting of the material happens during all 

printing process following by cooling coming slowly after. 

The cooling rate is important to monitor and control when 

multiple lines will be printed for 2D sample. This 

parameter has a strong impact on the residual stress and 

thus the structural integrity of the final printed samples. 

 

 

Fig. 2 Experimental results: Thicknesses of melted LMS-1 powder for 
various time and laser power 

Fig. 4 shows printed lines of JSC-2A simulant. It can be 

noticed that when the speed increases, the thickness of the 

samples is reduced. Likewise, for the same speed, if the 

power increases, the thickness increases as well. 

The next step in experimental part was to print a square 

using the best parameters what were applied for previously 

printed lines. A 10 W laser power and 1 mm/s speed were 

chosen (see Fig. 4) as a most suitable combination for JSC-

2A. The 3D printed square is shown in Fig. 5. The sample 

is a 10x10 mm square made of 43 lines with 0.2 mm 

hatches between lines. 

Fig. 6 displays the numerical and experimental results in 

dynamic mode. The power was varied from 40 to 95 W and 

speed between 10 and 24 mm/s were used numerically and 

experimentally. Similar results regarding the thicknesses of 

the printed samples and melt pool dimensions were found. 

Fig. 3 Thermal analysis in dynamic mode done by COMSOL. 25 W power, laser spot waist of 700 µm, 50 mm/s speed 
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Fig. 2 JSC-2A printed lines under the different laser power and speed 
with selection of the best suitable combination  

 

Fig. 3 JSC-2A printed squared 

 
(a) 

 

 
(b) 

Fig. 6 Comparison between numerical (a) and experimental (b) results 

4. DISCUSSION 

During the experimental tests it was noticed that laser 

power, speed of table motion (X direction), distance 

between printed lines (Y distance) are key parameters that 

can easily be tailored. The difficulties stand in the control 

of the energy deposited onto the powder during the 

processing. The melting and solidification process is 

governed by the adhesion between the melt pool and the 

raw material itself. In order to produce continuous lines and 

avoid the balling effect [16] (due to the surface tension and 

Marangoni effect), the laser processing parameters has to 

carefully be selected. 

Another care has to be taken to select parameters giving 

lines with as little residual stress as possible to be able to 

3D print surfaces made out of multiple lines. In this case, 

great care was taken in the optimization of the hatching 

space between the lines. 

During the continuous printing process of a surface, lines 

one after the other in a raster pattern, the thermally induced 

mechanical stress and can build up line after line. The final 

printed simples can therefore present delamination and 

cracks.  

The shape and grain distribution have not been investigated 

in the study and will surely have a big impact on the quality 

of the final product [17] Likewise the lack of adequate 

thermal control of the printed lines (second laser beam to 

preheat the material or slow down the cooling of the 

material [18]. 

Involving a new laser and new material in any sintering 

experiment, the starting point is to understand the type of 

interactions under different conditions such as power and 

speed of table displacement where material is settled.  

6. CONCLUSIONS  

There are several parameters which have to be taken into 

account before sintering procedures start such as the laser 

parameters, the composition of the raw materials and thus 

the overall heat transfer mechanism.  

Regarding experimental laser tests, interaction of simulant 

with the laser beam was observed. experimental results are 

in a good term with COMSOL Multiphysics model. The 

present results indicate that this methodology of additive 

manufacturing could be successfully applied to build Lunar 

habitats.  

Further study will include the testing of various powder 

compactness in a specifically design powder bed and 

spreader (hopper, blade and roller), test with a galvanic 

head instead of a stage to reach higher speed, test in a 

vacuum chamber, the use of other lunar soil simulants and 

optimization of the multiphysics model. 
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