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1. Introduction 

The utilization of lunar resources has been proposed for manned moon exploration1). The lunar surface is covered with 

regolith, whose composition is like that of Earth, and alumina (Al2O3) accounts for 32% of regolith at lunar highland2). 

Aluminum, which is obtained by reducing alumina, is one of the most useful materials for the construction of a moon base 

due to its excellent cold-resistance mechanical properties 3). However, the only practical alumina reduction method in use, 

the Hall-Heroit method, has the problem of consuming carbon as a reducing agent that cannot be mined on the moon4). A 

molten salt electrolysis method using an inert anode has been studied to establish a carbon-free electrolysis method5). 

However, due to the low current efficiency, energy consumption was much greater than the value in practical methods. 

The laser ablation method has been researching for carbon-free alumina reduction6). By the laser irradiation, the alumina 

is heated to the temperature over the boiling point of alumina and ejects an ablation plume, consisting of Al, O, O2, AlO, 

AlO2 and Al2O2. Ejected aluminum in the ablation plume is cooled down and expected to adhere to a collecting plate. 

However aluminum adhesion was not observed on the plate even though the existence of aluminum atoms in vaporized 

alumina gas was confirmed by emission spectroscopy. On the other hand, the formation of aluminum on the surface of 

the laser-ablated alumina rod was confirmed by the method based on JIS H 8672: inserting the laser-ablated alumina rod 

into sodium hydrogen solution and checking hydrogen bubble eruption caused by the chemical reaction of aluminum and 

sodium hydrogen. The observed violent bubble eruption implies more aluminum particle production than expected.  

The heterogeneous nucleation theory is one of the applicable theories for this aluminum particle production. The 

nucleation and its growth are determined by the Gibbs free energy calculated from volume free energy and interfacial 

energy. The critical radius for nucleation in the aluminum particle production, the minimum particle size for 

thermodynamically stable, is calculated from Eq. (1), where the Gibbs free energy becomes maximum. 

𝑟𝑟p∗ =
2𝜎𝜎

𝜌𝜌Al𝑅𝑅𝑅𝑅ln � 𝑃𝑃Al
𝑃𝑃s(𝑅𝑅rod)�

 (1) 

rp* represents the critical radius for nucleation, σ denotes the surface tension, ρAl is the density of liquid aluminum, R is 

gas constant, T and Trod stands for the gas temperature and the alumina rod surface temperature respectively, and PAl and 

Ps means the partial pressure and the saturated vapor pressure of aluminum. By substituting the representative value of 

PAl/Ps (Trod) = 1.0, σ = 0.8 N/m, ρAl = 2100 kg/m3, R = 300 J/kg K, and T = 2300 K to Eq. (1), the critical radius for nucleation 
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was calculated to rp*= 0.1 μm. Therefore, the radius of aluminum particles on the rod surface should be larger than the 0.1 

μm, if this aluminum particle production is consistent with this theory. 

In this research, the presence of aluminum particles were verified on the laser-ablated alumina rod surface by the 

observation with scanning electron microscope (SEM) and chemical composition measuremtn with energy dispersive X-

ray spectroscopy (EDX). Moreover, the radius of aluminum particles was measured to verify whether the heterogeneous 

nucleation theory can be applied. By using the measured radius, the mass of the produced aluminum was estimated to 

judge whether this aluminum particle production would be the aluminum collection way in the alumina reduction. From 

the results, the formation mechanism of aluminum particle would be discussed, and the knowledge for an efficient 

aluminum collection system would be obtained. 

 

2. Experimental setup  
2.1 Laser ablation of alumina using a continuous-wave CO2 laser  

A schematic of the laser ablation system is presented in Fig. 1. A 4-mm diameter sintered alumina rod was inserted into 

a rod holder in the test chamber. The sintered alumina rod was irradiated with a continuous-wave CO2 laser (wavelength 

10.6 μm) with a power of 0.40–2.0 kW through a convex lens for 1.0 sec. The focal length of the lens was 210 mm, and the 

laser spot size on the rod surface was 0.49 mm. At first, the chamber was evacuated to 50 Pa using a rotary pump. The 

chamber was supplied with argon gas at a mass flow rate of 6.0 slm, and the atmospheric pressure in the chamber was 

kept at 1.0 atm during the laser irradiation. This experiment was performed three times for each laser power condition. 

 

 
Fig. 1  Alumina laser ablation system using the plate-shaped holder. 

 

2.2 Aluminum detection on alumina rod surface 

After the laser irradiation was completed, the state of the ablated alumina rod surface was observed by SEM (JEOL, JEM 

IT-100). For each alumina rod, twelve SEM photographs were taken from the center to the edge of the rod surface. A 

qualitative analysis of EDX measured the molar fraction (Al:O) of the rod surface. Besides, elemental identification was 

performed using a sodium hydrogen solution to detect aluminum on the rod surface. The alumina rods after laser ablation 

were inserted into a flask containing 3.0 mol/L NaOH solution for 30 min. The temperature of the solution was maintained 

at 90 °C with a heater to facilitate the chemical reaction. Among the expected materials, only aluminum can generate 

hydrogen. After this chemical reaction process, SEM observation of the rod surface was performed. From the SEM 

photographs, rod surface coverage and mean particle radius of particles were measured using Python and ImageJ to 

calculate the mass of produced aluminum. 

 

3. Result and discussion 
3.1 SEM observation of alumina rod surface after laser ablation 

Fig. 2 presents an overall view of ablated alumina rod and SEM pictures of the alumina rod surface at a laser power of 
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2.0 kW. Spherical particles were present on the molten-solidified surface, as shown in Fig. 2. This result suggests that the 

particles were formed during the cooling process of the rods after laser ablation at temperatures below the melting point 

of alumina. The distribution of produced particles was axisymmetric and changed according to the radial position on the 

rod surface. At the inner part of the rod surface, many particles were densely aligned on the grain boundaries. Considering 

the heterogeneous nucleation theory, these aligned particles should be caused by the surface energy at the grain 

boundaries. On the surface around the rod edge, the particles were uniformly present. These different distributions of 

particles could be produced by the cooling rate of alumina rod surface.  

 

 
Fig. 2  Photograph and SEM pictures of a hollowed-out alumina rod surface at a laser power of 2.0 kW: a) an overall view 

of alumina rod after laser ablation, b) the rod surface (×100), c) the inner part of rod surface (×2000), and d) the surface 

around the rod edge (×1300).  

 

3.2 Aluminum detection on alumina rod surface 

The analysis result of EDX showed the molar ratio of particles was Al2O1.1–1.2 regardless of its position on the rod surface. 

Yanagida et al. has shown computationally that oxygen-deficient alumina with a lower molar ratio of oxygen than Al2O2.3 

cannot exist 7). Therefore, the particles of Al2O1.1–1.2 were aluminum with an oxide film. Unlike the chemical composition of 

particles, the molar ratio of the rod surface was Al2O2.3–2.4; oxygen-deficient alumina.  

SEM observation of the alumina rod surface after the chemical reaction with NaOH solution showed that the interior of 

the particle was removed due to the chemical reaction, and the oxide film was left. In addition to the EDX result, the SEM  

observation indicates the inner of the particles were aluminum. The thickness of the oxide film measured from the SEM 

photographs was 0.1-0.2 μm. 

 

3.3 Image analysis of aluminum particles in SEM pictures 

The measurements of rod surface coverage and mean particle radius are shown in Fig. 3. The particle distribution and 

radius varied with the radial position of the alumina rod surface, and both the coverage and particle radius increased with 

the laser power. The mean particle radius was varied from 0.13 μm to 1.7 μm. Considering the thickness of an oxide film, 

the minimum radius of observed aluminum particles was 0.11 μm, which is larger than the critical radius for aluminum 

nucleation: rp*= 0.1 μm. Therefore, this aluminum particle production is consistent with the heterogeneous nucleation 

theory. The rod surface coverage essentially increased with distance from the rod center. At laser powers of 0.40 and 1.0 

kW, the coverage was zero because no particles were present near the edge of the rod surface without melting. Furthermore, 

contrary to the trend of distance from the center of the rod, large coverage was observed at 0.40 kW and 2.0 kW with r = 

0.23 and r = 0.54–0.70 mm, respectively.  
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Fig. 3  Measured rod surface coverage and mean particle radius of particles vs. distance from the rod center at various 

laser powers. 

 

3.4 Mass calculation of produced aluminum particles  

The number density of aluminum particles on the rod surface was calculated in each SEM photographs from the 

measured rod surface coverage and mean particle radius. By using the measured mean particle radius, oxide film thickness, 

and the calculated number density, the mass of aluminum produced on the alumina rod surface was calculated. The 

calculation results show the mass of produced aluminum particles was 0.016 mg at a laser power of 2.0 kW, and the energy 

consumption for aluminum production was 91 MWh/kg-Al, which was three orders of magnitude larger than the 

electrolysis method. Therefore, this aluminum particle production was not enough for the aluminum collection method in 

laser ablation. An improved aluminum collection method based on the aluminum particle production mechanism should 

be developed. 

 

3.5 Discussion on mechanisms of aluminum particle production  

The mechanisms of aluminum particle production should be elucidated for an efficient aluminum collection method. 

Two mechanisms could be proposed for the aluminum particle production on the alumina rod surface after laser ablation . 

One is the vapor deposition from Al-O gas. After the laser irradiation, the vaporized and dissociated alumina gas 

containing aluminum atoms existed above the alumina rod surface. By cooling down the gas in contact with the rod surface, 

the aluminum can adhere to the alumina rod. The other mechanism is impurity precipitation from the laser-ablated 

alumina rod. In the cooling process of a mixture, a rapid cooling causes the impurity precipitation because a lattice 

formation rate of base material overcomes a diffusion velocity of atoms. Therefore, in the case of a large cooling rate of 

alumina rod surface, aluminum can precipitate from the laser-ablated alumina rod with low oxygen deficiency.  

Aluminum nucleation in both mechanisms are determined from the heterogeneous nucleation theory, and the time 

history of alumina rod temperature would be an important factor for the mass of produced aluminum. For realizing the 

efficient aluminum collection in the laser ablation method, the effects of alumina cooling rate and alumina rod temperature 

should be clarified experimentally. 

 

4. Conclusion 
We verified the presence of aluminum particles from the SEM observation with EDX analysis and chemical reaction with 

the sodium hydroxide solution. Conclusions obtained from this research are summarized as presented below. 

 

1. Spherical aluminum particles with an oxide film were produced on the alumina rod surface after the laser ablation 

in the rod cooling process. The minimum aluminum particle radius was 0.11 μm, which was larger than the critical radius 

for aluminum nucleation, and this result indicated that the aluminum particle production on the rod surface could be 

discussed from the heterogeneous nucleation theory. 
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2. The aluminum particle production mass at a laser power of 2.0 kW was 0.016 mg, and the energy consumption for 

aluminum particle production was 91 MWh/kg-Al, which was three orders of magnitude larger than the electrolysis 

method. The mechanism of aluminum particle production on rod surface and effects of alumina rod cooling rate and rod 

surface temperature should be elucidated for further improvement of the aluminum collection in laser ablation. 
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