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1. INTRODUCTION & OBJECTIVE 3. PHYSICAL BARRIERS IN MICROGRAVITY

 Zero Buoyancy: In microgravity, heavier metallic phases do not sink Table 1. Comparative Analysis of Metallurgical Process

e The Problem: Earth's reserves of critical metals (such as Cu, DmEnmIEE: ISTTESITEN () UF, DI iEeatit]

and lighter impurities fail to float [Table 1]. This eliminates natural (Microgravity/Vacuum) environments.

Li, REEs) face long-term supply risks. Launching heavy slag separation during smelting.

structural hardware from Earth to the Moon remains

e @Gas Entrapment: Absent buoyancy drives prevent gas bubbles from :
economically prohibitive due to the deep terrestrial gravity > YRSy P 8 Parameter Terrestrial (1g) Space (ug)

well rising to the melt surface [Table 1]. Gas remains frozen inside the

matrix, causing severe internal porosity. . _ _
) R _ I Fluid Flow | Buoyancy & convection | Surface tension
e The Solution: Transitioning to In-Situ Resource Utilization

e Surface Tension: Liquid metal naturally forms perfect spheres

(ISRU) via advanced astrometallurgical processing to enable

) ) rather than filling gravity-fed molds, necessitating pressurized
local extraction and production. Outgassing Gas bubbles escape Bubbles trapped

injection or magnetic field control.

 Objective: The objective of this research is to conduct an

analysis of the fundamental physicochemical and Cooling Convective + Radiative | Purely Radiative

technological barriers limiting autonomous off-world

metallurgical infrastructure.

»Key Metric: Earth-to-Moon transit costs demand a 95% reduction in

launched mass through ISRU methodologies.” 4. ISRU PRODUCTION ARCHITECTURE

Table 2. Quantitative Performance and Energy Metrics of

STEP 1: INPUT
[ l Leading Lunar Oxygen and Metal Extraction Technologies.

RAW LUNAR REGOLITH
(Heterogensous mxture of matal oxides)

l

[Transport & Mechanical Screening)

Operating Power Demand (perkg ~ Output Yield (per ton of

| Method Temp. 0,) regolith)
2. HARSH OPERATIONAL ENVIRONMENT rer 2 pRoCESS COmE s
ELEGTHPI:‘I:'I_'IGT_HEJ_-‘IFTEE IF MOE / MRE) F AR o 2 n
 Abrasive Dust: Lunar regolith is electrostatically charged and S i MOE  1600°C-1700°C  -~10-13kWh 250 kg 0, + 350 kg metal powder
« Challengs: Severs Anods Cormosion !
sharp as glass shards. It rapidly infiltrates equipment, causing 1
, , , e FFC  850°C-950°C  ~15-18 kWh 220ka 0, + 400 kg metal sponge
severe mechanical wear to seals and bearing assembilies. {Dua-Stream Separation) h : pong
. . l’ |3as Phase) l’ [Liquid Phase) | |
 Thermal Shock: Surface temperature fluctuations exceeding [ STEP 3A: GAS OUTPUT ] [ STEP 3B: METAL OUTPUT ] H,Red, 900°C-1000°C  ~5-TkWh 30kg 0, (Produces H,0 first)
300°C mandate massive radiative cooling solutions, as PURE OXYGEN (0:) METALLIC POWDER
= Cryogenic: liguid = Vacuum Atomzation
. . . . . . . . = For Life Suppo « Fesdstock fo . — . ., _
convective dissipation is impossible in a vacuum. 2nd Fuel Copines Space 10 Friners Note: MOE = Molten Regolith Electrolysis; FFC = FFC
Cambridge Process (Direct Electro-deoxidation of solid oxides
e . _ e in molten salt); H, Red. = Hydrogen Reduction of lImenite.
 Radiation & Vacuum: High cosmic radiation degrades |
automated control electronics, while the high vacuum risks [STEP 4 FINAL OBJECTIVE]

spontaneous sublimation of volatile alloying components. T O el Haie: oo JETURE

= On-Demand Spare Parts Production
» True Off-Weorld Self-Sufficiency

Fig. 3. System architecture of high-temperature In-Situ Resource Utilization (ISRU) via
Molten Regolith Electrolysis (MOE), demonstrating the single-stage conversion of raw
lunar oxides into oxygen and metallic powder

5. METAL ADDITIVE MANUFACTURING & POROSITY AP [ SPACE: pg |

(Buoyancy-Driven) (Capillary-Driven)

U
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= [Gas Release]

= Feedstock Quality: Spherical powders derived from the single-

1
| Liquid Phase | Liquid Phase |

o

stage MOE process serve as the primary resource for Metal

| (Buoyancy Flow) | (Marangoni Flow) |

Additive Manufacturing (MAM) [Table 2]. }—} I—}
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microscopic gas bubbles fail to rise and escape, remaining | | | |
INENENENEENENENENNEEN I NN
permanently frozen inside the metal matrix [Table 1]. [ Chill Zone ] [ chill Zone ]
A lunar day Gravity Vector (g) Zero Gravity
(synodic) lasts = Mitigation Strategy: Overcoming these micro-voids requires the Fig. 3. Comparative schematic of solidification macro-defects. (Left)

approximately Terrestrial solidification under 1g, where natural buoyancy forces drive gas
29.5 Earth days application of induced electromagnetic or acoustic fields during bubbles to escape [Table 1]. (Right) Extraterrestrial solidification in

R . _ microgravity (ug), where the absence of buoyancy causes gas micro-voids to
the solidification phase to force artificial convection. remain permanently entrapped within the metal matrix, causing structural
Earth Days porosity .

6. CONCLUSIONS & FUTURE OUTLOOK

Fig. 1. Ambient lunar surface temperature variations across a . : - . g g g g
' . J ) . = |nfrastructure Baseline: Astrometallurgy is the absolute * The Gravity Challenge: Overcoming microgravity fluid
complete diurnal cycle (28 Earth days) compared against standard

industrial electronics survival limits (-40°C to +85°C). requirement for achieving economic autonomy and a anomalies like gas entrapment and surface tension dominance
sustained human presence on the Moon and Mars [Table 1]. is mandatory to meet structural safety standards [Fig. 3].
= Dual-Yield Efficiency: High-temperature ISRU via Molten " Engineering Bottleneck: The immediate pathway to
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