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Abstract: Settlement of the Moon will require full exploitation of its resources if such settlements are 

to be permanent. Such in-situ resource utilisation (ISRU) has primarily been focused on accessing 

water ice at the lunar poles and the use of raw lunar regolith as a compressive building material. 

Some work has also been examining the extraction of metals but there has been little consideration 

of the many useful ceramics that can be extracted from the Moon and how they may be fabricated. 

We introduce a strategy for full lunar industrialisation based on a circular lunar industrial ecology 

and examine the contribution of ceramics. We review ceramic fabrication methods but focus 

primarily on 3D printing approaches. The popular direct ink writing method is less suitable for the 

Moon and other methods require polymers which are scarce on the Moon. This turns out to be crucial, 

suggesting that full industrialisation of the Moon cannot be completed until the problem of ceramic 

fabrication is resolved, most likely in conjunction with polymer synthesis from potential carbon 

sources.  

Keywords: ceramics; in-situ resource utilisation; lunar industrialisation; lunar industrial ecology; 

ceramic 3D printing   

 

1. Introduction 

It is anticipated that human exploration of the Moon will evolve toward settlement of the Moon 

and that such settlement will require the exploitation of local lunar resources – in-situ resource 

utilisation (ISRU). Most interest has been focussed on water ice mining in permanently shadowed 

craters at the south pole supplemented by the use of local regolith as a construction material. These 

approaches assume minimum processing of the resource to render it useful. However, we are 

interested in building a lunar infrastructure from lunar resources to minimise the capital cost of 

launching infrastructure from Earth. This requires significant processing of lunar resources to yield 

functional materials. We do not cover activities associated with utilising regolith directly as a 

construction material such as the 3D printing of regolith [1] or cements such as [2] for civil 

engineering construction of lunar bases [3] for which there are excellent reviews, notably [4]. We 

concern ourselves with a specific approach to ISRU that yields a range of lunar mineral-derived 

materials including ceramics that have high utility rather than native lunar regolith. Most efforts have 

been focussed on the extraction of metals from lunar minerals but we shall consider the neglected 

ceramic resources on the Moon. It is expected that partial gravity on the Moon will have a negligible 

effect on processing methods compared with microgravity in orbit [5] or milligravity conditions 

associated with asteroid processing [6]. Nevertheless, the Moon imposes particular challenges due to 

its limited diversity of material resources and this will dominate the feasibility of manufacturing 

ceramics.  

We explore the manufacture and exploitation of ceramics derived from lunar resources. Section 

2 defines the lunar industrial ecology as the context for exploring ceramics manufacture; section 3 

explores thermal sintering and the problem of brittleness; section 4 explores ceramic 3D printing 

methods for the Moon and finds them wanting; section 5 introduces the importance of polymers; 

section 6 explores the use of clays; section 7 briefly looks at non-clay lunar mineral uses; section 8 
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concludes that polymers are an essential partner to ceramics and lunar industrialization will flounder 

until an alternative to polymers can be found.  

2. Circular Lunar Industrial Ecology 

A circular economy for terrestrial industry is premised several properties that underlie the lunar 

industrial ecology: (i) maximum efficiency of mining, processing and production; (ii) recycling of 

waste to reduce pollution; (iii) refurbishment and repair of products to extend their useful lifetime. 

Energy efficiency is sacrificed in favour of material closure through recycling or re-use. We have 

adopted the same philosophy for the lunar industrial ecology [7]. The guide for lunar resources is 

reflected in the Cheng’E-5 samples suggesting bulk abundance of SiO2 (44.9%), Al2O3 (17.5%), FeO 

(12.2%), CaO (12.1%), MgO (8.8%), TiO2 (2.5%), Na2O (0.44%), Cr2O3 (0.27%), K2O (0.11%) [8] though 

they do not occur in pure oxide form. We limit ourselves to extracting only metals that exceed 1% 

average concentration though they exhibit higher concentrations in the commonest four lunar 

minerals – pyroxene, anorthite, orthoclase and ilmenite. Although there are only a handful of 

common rock-forming lunar minerals [9], they may be supplemented by iron-nickel asteroid material 

from impactors [10]. Our lunar industrial ecology is premised on such resources and we restrict 

ourselves to building with lunar resources but permit the import of reagents from Earth that are 

recycled but not consumed (Table 1).  

Table 1. Lunar industrial ecology that converts raw lunar and asteroidal resources into final functional materials 

– inputs are on the left and applications are on the right (only a few feedback loops are shown). 

Lunar Ilmenite 

 
    

Fe0 + H2O → ferrofluidic sealing 

 
    

FeTiO3 + H2 → TiO2 + H2O + Fe     

 2H2O→2H2+O2    

  
2Fe + 1.5O2 → 

Fe2O3/Fe2O3.CoO - 
ferrite magnets 

  

   

3Fe2O3 + H2 ↔ 
Fe3O4 + H2O) – 
formation of 

magnetite at 350-
750oC/1-2 kbar 

 

   
4Fe2O3 + Fe ↔ 

3Fe3O4    )   
 

Nickel-Iron Meteorites     

W inclusions→ Thermionic cathodic material    
Mond process: Alloy                     Ni      Co      Si      C      W 

W(CO)6 ↔ 6CO + W     

Fe(CO)5 ↔ 5CO + Fe (175oC/100 
bar)   → 

Tool steel 2% 9-18%  

Ni(CO)4 ↔ 4CO + Ni (55oC/1 bar)      
→  

Electrical steel 3%   

Co2(CO)8 ↔ 8CO + 2Co (150oC/35 
bar)  → 

Permalloy  80%   

S catalyst Kovar                    29%    17%     0.2%   0.01%    ____     . 

4FeS + 7O2 → 2Fe2O3 + 4SO2     

(Troilite) SO2 + H2S → 3S + H2O     
FeSe + Na2CO3 + 1.5O2 → FeO + Na2SeO3 + CO2 at 650oC 

KNO3 catalyst Na2SeO3 + H2SO4 → Na2O + H2SO4 + Se → photosensitive Se  

 ↑____________| 
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 Na2O + H2O → 2NaOH    

  
NaOH + HCl → NaCl + 

H2O 
  

Lunar Orthoclase 

 
    

3KAlSi3O8 + 2HCl + 12H2O → KAl3Si3O10(OH)2 + 6H4SiO4 + 2KCl 

orthoclase                  illite     

 silicic acid (soluble 

silica) 

 

  

2KAl3Si3O10(OH)2 + 2HCl + 3H2O → 3Al2Si2O5(OH)4 + 2KCl 

 kaolinite    

[2KAlSi3O8 + 2HCl + 2H2O → Al2Si2O5(OH)4 + 2KCl + SiO2 + H2O] 

 

 KCl + NaNO3 → NaCl + KNO3    

 2KCl + Na2SO4 → 2NaCl + K2SO4    

Lunar Olivine 

 
    

Fe2SiO4 + 4 HCl + 4H2O → 2FeCl2+ 

SiO2 + 2H2O   

 

    

fayalite                        
Mg2SiO4 + 4HCl + 4H2O→ 2MgCl2 + 

2H4SiO4 
 → Sorel cement   

forsterite             MgCl2 +2NaOH → Mg(OH)2 + 2NaCl    

 Mg(OH)2 → MgO + H2O         → Sorel cement   

 600-800oC    

Lunar Anorthite 

 
    

CaAl2Si2O8 + 4C → CO + CaO + 
Al2O3 + 2Si at 1650oC 

→ CaO cathode coatings    

 CaO + H2O → Ca(OH)2     

 Ca(OH)2 + CO2 → CaCO3 + H2O    

CaAl2SiO8 + 8HCl + 2H2O → CaCl2 + 
2AlCl3.6H2O + SiO2                        

 

→ fused silica glass + 

FFC electrolyte 

 

  

 
AlCl3.6H2O → Al(OH)3 + 3HCl + H2O at 

100oC 
   

 
↑_______________________________

_________| 
   

 
2Al(OH)3 → Al2O3 + 3H2O at 400oC → 2Al 

+ Fe2O3 → 2Fe + Al2O3 (thermite) 
   

 AlNiCo hard magnets    

Lunar Pyroxene                                     

 
Al solar sail       

Ca(Fe,Al)Si2O6 + HCl + H2O → Ca0.33(Al)2(Si4O10)(OH)2.nH2O + H4SiO4 + CaCl2 + Fe(OH)3 

 

Augite                    montmorillonite           silicic acid       
iron hydroxide  

 
 

Lunar Volatiles 

 
    

CO + 0.5 O2 → CO2     
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CO2 + 4H2 → CH4 + 2H2O at 300oC 

(Sabatier reaction) 
   

 Ni catalyst    

850oC 250oC    

CH4 + H2O → CO + 3H2 → CH3OH     

350oC 

 

    

Ni catalyst   Al2O3 
CH3OH + HCl → CH3Cl 

+ H2O          
370oC  +nH2O 

 Al2O3  CH3Cl + Si → (CH3)2SiCl2 → ((CH3)2SiO)n + 2nHCl → silicone plastics/oils 

 ↑_________________________________________| 

N2 + 3H2 → 2NH3 (Haber-Bosch 

process) 

 

    

  Fe on CaO+SiO2+Al2O3 

 
    

         4NH3 + 5O2 → 4NO + 

6H2O 

 

    

 WC on Ni    

  
3NO + H2O → 2HNO3 

+ NO (Ostwald 
process) 

  

  
↑________________

__| 
  

2SO2 + O2 ↔ 2SO3 (low temp) 

 
    

 SO3 + H2O → H2SO4      

Salt Reagent 

 
    

2NaCl + CaCO3 ↔ Na2CO3 + CaCl2 (Solvay process)       → FFC electrolyte 

 

 350oC/150 MPa    

 Na2CO3 + SiO2(i) ↔ Na2SiO3 + CO2     → piezoelectric quartz crystal growth (40-80 days) 

 1000-1100oC     

 CaCO3 → CaO + CO2 (calcination)    

NaCl(s) + HNO3(g) → HCl(g) + 

NaNO3(s) 

2NaCl(s) + H2SO4(g) → 2HCl(g) + 

Na2SO4(s) 

 

    

Molten Salt (FFC) Process (CaCl2 

electrolyte) 

 

    

MOx + xCa → M + xCaO → M + xCa 

+ ½xO2 where M=Fe, Ti, Al, Mg, Si, 

etc 

 

    

CO + 0.5 O2 → CO2     
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CO2 + 4H2 → CH4 + 2H2O at 300oC (Sabatier reaction) → CH4 → C + 2H2 at 1400oC → FFC anode 

regeneration 

 Ni catalyst                            

We can map the availability of processed lunar resources to the material functional requirements 

(demandite) of a spacecraft (Table2).   

Table 2. Lunar resources mapped to spacecraft functions – percentages refer to the proportion of a generic dry 

spacecraft with excesses indicated for launch propellant to the Gateway and lunar habitat compressive structure. 

 

 

We shall focus primarily on the core of the lunar industrial ecology – the processing of the lunar 

highlands mineral anorthite. We adopted a geomimetic approach - geomimetics involves inspiration 

from the synthesis of natural materials through geological processes such as hydrothermal vent 

processes at high temperature and pressure [11]. We have exploited a geomimetic technique inspired 

by geochemical weathering by weak carbonic acid such as the dissolution of plagioclase feldspar into 

kaolinite and calcite [12]:  

CaAl2Si2O8 + H2CO3 + ½O2 → CaCO3 + Al2Si2O5(OH)4  

Kaolinite may be converted into gibbsite via hydrolysis: 

Al2Si2O5(OH)4 + 5H2O → 2Al(OH)3 +2H4SiO4 

From silicic acid, silica may be precipitated. We adopted HCl acid leaching on anorthite (and 

other lunar minerals) as our “artificial weathering”. The first stage yields calcium chloride and 

precipitates silica from silicic acid: 

CaAl2SiO8 + 8HCl + 2H2O → CaCl2 + 2AlCl3.6H2O + 2SiO2 

Hydrous aluminium chloride is decomposed into aluminium hydroxide at 100oC with HCl 

partially recycled: 

2AlCl3.6H2O → 2Al(OH)3 + 6HCl + 9H2O 

Decomposition into alumina occurs at 400oC: 

2Al(OH)3 → Al2O3 + 3H2O 

Functionality (mass fraction) Lunar-Derived Material 

Tensile structures (25%) Wrought iron 
Aluminium 

Compressive structures (+50%) Cast iron 
Regolith + binder 

Elastic structures (trace) Steel springs/flexures 
Silicone elastomers 

Hard structures (3%) Alumina 

Thermal conductor straps (1%) Fernico (e.g. kovar) 
Nickel 
Aluminum 

Thermal radiators (3%) Aluminium 

Thermal insulation (3%) Glass (SiO2 fibre)  
Ceramics such as SiO2 

High thermal tolerance (4%) Tungsten  
Alumina 

Electrical conduction wire (7%) Aluminium 
Fernico (e.g. kovar)  
Nickel 

Electrical insulation (1%) Glass fibre 
Ceramics (SiO2, Al2O3and 
TiO2)  
Silicone plastics   
Silicon steel for motors 

Active electronics devices 
(vacuum tubes) (12%) 

Kovar  
Nickel  
Tungsten  
Fused silica glass 

Magnetic materials for 
actuators (5%) 

Ferrite 
Silicon steel 
Permalloy 

Sensory transducers (5%) Resistance wire 
Quartz  
Selenium  

Optical structures (11%) Polished 
nickel/aluminium 
Fused silica glass lenses 

Lubricants (trace) Silicone oils  
Water  

Power system (20%) Fresnel lens + thermionic 
conversion 
Flywheels 

Combustible fuels (+250%) Oxygen   
Hydrogen 
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We have demonstrated this process for the production of calcium chloride, alumina and silica 

from lunar highland simulant (LHS-1) that is dominantly anorthite [13], i.e. we have utilised 100% of 

the anorthite mineral. Calcium chloride is feedstock as CaCl2 electrolyte for molten salt electrolysis 

[14]. Molten salt electrolysis requires much lower temperatures at 800-1000oC than molten regolith 

electrolysis at 1650oC. We have successfully demonstrated the reduction of alumina into 95% pure 

aluminium metal using molten salt electrolysis [15].  

Our concern here is with the ceramics we have produced – alumina and silica. Alumina and 

silica are applied to situations where high wear resistance, high corrosion resistance, high electrical 

resistance and high thermal stability are required. We shall illustrate the potential of these two 

materials in more exotic applications. The float glass technique involves spreading a layer of molten 

glass onto a bed of molten metal. Fused silica or quartz glass SiO2, although it has a high melting 

temperature, is chemically inert. The typical additives of Na2CO3 and CaCO3 for soda-lime glass for 

reduced melting temperature and for hardening respectively or B2O3 for borosilicate glass of low 

thermal expansion are not feasible on the Moon due to the paucity of Na and B but Al2O3 additives 

are feasible for aluminosilicate glass for high heat tolerance. Glass may be strengthened to reduce its 

shatterability by heating to a high temperature and cooling it rapidly so the exterior cools faster than 

the interior. The temperature gradient ensures that the outer surface is in compression while the inner 

core is in tension (tempering). It has been suggested that 20-25 m diameter heatshields of mass 40 

tonnes for Earth re-entry at temperatures ~3000oC may be fabricated on the Moon from sintered lunar 

silicates for the delivery of cargo [16]. Silica extracted from anorthite provides a superior material for 

refractory heat shield tiles as used on the Space Shuttle. However, their adhesion was substandard. 

A 5:1 mixture of Al2O3:SiO2 sintered at 1500oC with a liquid aluminium dihydrogen phosphate 

(Al(H2PO4)3.xH2O) binder produces a high shear strength adhesive with high temperature tolerance 

[17] that may be suitable. However, this is only feasible if we have access to phosphorus from KREEP 

(potassium rare earth elements phosphorus) basalt minerals on the Moon which are localised to the 

Procellarum region. We shall assume that this will be a possible scenario once lunar industrialisation 

has proceeded to maturity. 

HCl “artificial weathering” is a general technique for yielding useful ceramics from lunar 

minerals. It may be applied to lunar forsterite to yield the ceramic magnesia: 

Mg2SiO4 + 4HCl + 4H2O→ 2MgCl2 + 2H4SiO4      

MgCl2 +2 NaOH → Mg(OH)2 + 2NaCl                            

Mg(OH)2 → MgO + H2O 

The mare mineral ilmenite may be reduced in the presence of hydrogen at 1000oC to yield the 

ceramic rutile: FeTiO3 + H2 → Fe + TiO2 + H2O. Typically, the molten Fe metal is tapped at 1600oC 

(liquation) and the water electrolysed to recycle hydrogen and recover oxygen, leaving rutile. HCl 

“artificial weathering” may also be applied to lunar orthoclase as a source of kaolinite clay 

(Al2Si2O5(OH)4) via illite clay (KAl3Si3O10(OH)2):   

3KAlSi3O8 + 2HCl + 12H2O → KAl3Si3O10(OH)2 + 6H4SiO4 + 2KCl 

2KAl3Si3O10(OH)2 + 2HCl + 3H2O → 3Al2Si2O5(OH)4 + 2KCl 

Similarly, lunar pyroxene such as augite may be artificially weathered to yield montmorillonite 

clay: 

Ca(Fe,Al)Si2O6 + HCl + H2O → Ca0.33(Al)2(Si4O10)(OH)2.nH2O + H4SiO4 + CaCl2 + Fe(OH)3 

In fact, acid weathering of pyroxenes at pH~3-4 proceeds more rapid than of feldspar so basalt 

is enriched in feldspar on Mars [18]. Montmorillonite is an expanding clay unlike illite and kaolinite 

and is the primary ingredient in bentonite: (i) viscous agent in drilling mud; (ii) binder in sand casting 

- green sand is sand mixed with bentonite clay and water; (iii) absorbent (montmorillonite and 

kaolinite) in Fuller’s earth as a cleaning agent; (iv) feldspar and kaolinite may be supplemented by 

bentonite to form pottery. We shall focus on the processing of alumina, silica, magnesia, rutile and 

exploitation of clays as the ceramic resources available on the Moon. In doing so, we emphasise the 

multitude of useful properties these ceramics possess that make them so useful on the Moon as a 

complement to metals. 
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3. Thermal Sintering of Lunar-Derived Ceramics 

The most significant problem with processing of ceramics is their hardness and brittleness at 

room temperature (an exception being Si3N4 which is plastic at room temperature under compressive 

loading [19]). Ceramics are typically formed through moulding, casting and machining but 3D 

printing offers an alternative mode of manufacturing. Subtractive processing of ceramics is 

commonly accomplished through water jet pressurised to 300-600 MPa laden with an abrasive such 

as alumina which can implement cutting, drilling, shock peening and surface structuring. For 

constructive processing, dry ball milling is the approach for processing single ceramic powders or 

mixing powders for composites. Thermal sintering involves bonding of particles at ¼-¾ of the 

melting point. For ceramics, thermal sintering requires sintering temperature from 1000-2000oC 

range. Reducing such temperatures to 1150oC requires reducing particle sizes ~10-100 nm by milling 

using grinding balls <1 mm in diameter and the use of additives such as <0.2% CaO and SiO2 to inhibit 

grain growth [20]. Selective laser sintering/melting (SLS/M) cannot be employed for direct ceramic 

melting because of their high melting points so a polymer, metal or glass binder of lower melting 

point is required to bind the ceramic particles. One of the chief challenges to direct thermal sintering 

is the thermal gradients introduced with generate cracks and brittleness. The chief advantage of direct 

thermal sintering on the Moon is that it requires no reagents and direct solar energy may be 

concentrated to high temperatures using Fresnel lenses [21].   

To obviate high temperature >1000oC ceramic processing, there are alternative approaches that 

may be exploited at lower temperature – hydrothermal sintering at high pressure for densification 

which requires aqueous solution [22]. Hot pressing under high temperature and pressure may be 

used to sinter particles into a 3D part with homogeneous microstructure. Artificial lithification is a 

hydrothermal press that compacts loose particles of anhydrous cement at 250oC and 345 MPa with 

water into sedimentary rock [23]. Application to crystalline quartz or silica gel with aqueous NaOH 

solution to improve aqueous dissolution/precipitation reduces the required pressure to 20 MPa [24]. 

Hydrothermal hot pressing has been demonstrated for alumina, geopolymers, glasses, silica, titania 

and kaolinite clays. Subjection of nanosized alumina powder with silica gel to 4.5-5.0 GPa at room 

temperature yielded densified alumina and silica with hardness of 5.7 GPa and 4.0 GPa respectively 

[25]. Cold sintering involves lower applied pressures <1 GPa and modestly elevated temperatures 

<350oC by adding aqueous NaOH solution for lubrication of nanosized ceramic powders as a 

supersaturated solution but this has yet to be demonstrated for alumina, silica or magnesia. Hence, 

hot hydrothermal synthesis under high pressure appears to be a viable approach to densification of 

ceramics on the Moon. 

One of the chief challenges to machining ceramics is their hardness and brittleness so a major 

consideration is the introduction of durability to ceramics. Itacolumite sandstone is a highly flexible 

rock characterised by angular grain boundary microcracks that may be emulated by sintered 

aluminium titanate (Al2TiO5) powder [26]. Flexibility with flexural strength of 13 MPa is enhanced 

by higher sintering temperature and sintering time with optimal values of 1550oC and 12h 

respectively. Given the availability of TiO2 on the Moon through hydrogen reduction of lunar 

ilmenite, this represents an unexplored material option for manufacturing aluminium titanate. 

Ceramic foams can utilise the superelasticity of alumina Al2O3 dispersed with 30% magnesia MgO 

which suppresses grain growth of alumina [27]. Although the ductility of MgO dispersed alumina is 

inferior to that of 3% yttria-stabilised zirconia, the former can be manufactured from lunar resources 

and expanded into dense shells. This is unexplored. Ceramic superplasticity occurs in some fine-

grained ceramics (ZrO2, Si3N4 and SiC) at high temperature ~1500oC through grain boundary sliding 

of intergranular glass phases [28]. This requires a grain size <1 μm at high temperature [29]. The 

application of an electric field can reduce the viscosity of such glass phases making the ceramic more 

plastic [30]. Both these approaches of high temperature and applied electric fields are impractical. 

Borrowing dislocations in ceramics introduces metals with ceramic through sintering to permit 

dislocations at metal-ceramic interfaces to enhance ceramic plasticity, e.g. Mo metal applied to La2O2 

ceramic [31]. Sintered porous Si3N4 structures can be infiltrated by molten 6061-Al alloy under high 
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pressure to enhance their fracture toughness [32]. Indeed, the addition of 10% Fe to lunar regolith 

simulant improved the density of thermally sintering blocks at 1035oC by reducing cracks yielding a 

compressive strength of 150 MPa and tensile strength of 20 MPa [33]. 

Ceramic matrix composites comprise a ceramic matrix impregnated with glass or metal fibres 

~10-3 mm to impart non-brittleness. Alumina has high hardness, resistance to corrosion and wear, 

and high thermal conductivity. Alumina particles may be employed as a reinforcement in aluminium 

metal composites with optimal stress/strain properties of the composite favoured by small particle 

size <10 μm, higher sintering temperature at 600oC over a 60-minute sintering time [34]. An 80% 

alumina matrix with a uniform distribution of 20% nickel-iron superalloy steel particles may be 

fabricated using laser powder bed fusion at 1370oC [35]. It exhibited porosity even after thermal 

sintering due to poor adhesion between steel and alumina and insufficient melting of alumina. 

Polymer impregnation improved compressive strength from 56 to 120 MPa. Similarly, digital light 

processing followed by spark plasma sintering at 1050oC under 50 MPa pressure to remove a polymer 

binder has demonstrated the manufacture of fully dense functional grading of metal powder-regolith 

material [36]. NanoSiO2 particle reinforcement may be incorporated into composites to extend their 

mechanical properties [37]. Bioinspired organic-inorganic materials offer high thermal stability with 

plastic mouldability, e.g. ceramic CaCO3 with organic thioctic acid (TA) polymerised through S-S 

bonds formed by adding CaCO3 to an ethanol solution of TA [38]. Similarly, CaCO3 nanoparticle-

based may be crosslinked with polyacrylic acid to form a hydrogel which is stretchable, shapeable 

and self-healable [39]. Unfortunately, these materials require organic constituents. 

4. 3D Printing of Lunar-Derived Ceramics 

Traditionally, ceramic parts are manufactured by casting of slurries in moulds that are then 

cured and sintered but such parts cannot assume complex geometries. 3D printing of ceramics may 

be accomplished through fused deposition modelling (FDM), selective laser sintering (SLS), 

stereolithography (SLA), direct ink writing (DIW) and binder jetting [40]. FDM is an extrusion 

technique that prints from a ceramic powder-impregnated thermoplastic filament that is melted and 

extruded. The thermoplastic is typically PLA or ABS but other higher performance polymers are 

possible such as PEEK. PLA is notable because it can be derived from corn starch. Binder jetting is 

similar in that powdered ceramic is sprayed with polymer but the binder is removed through 

polymer debonding at 280-650oC followed by thermal sintering at 1400-1500oC [41]. Al2O3 is 

commonly printed with polymer and sintered in this way. A broad distribution of Al2O3 particle sizes 

yields higher densities and reduced shrinkage on sintering [42]. The use of such additives is common 

in FDM but the quality of the parts printed is limited and unsuited to huge performance applications 

such as high temperatures as the matrix does not permit exploitation of the ceramics. Fibre-reinforced 

composites comprising high elasticity fibres within a ceramic matrix such as alumina or silica 

compensate for brittleness in ceramics whilst retaining their high strength-to-weight ratio and 

resistance to corrosion and high temperature. Most commonly, the fibre material is SiC or graphite 

but silica and alumina may be employed as fibres. Additive manufacturing of such composites 

favours the adoption of short fibres over continuous fibres where 3D printing of the preformed 

composite is printed followed by debinding and sintering [43]. As with ceramic 3D printing, 3D 

printing may be through SLA, FDM, BJ, DIW or SLS. The adoption of ceramic fibres coated with 

nanophase iron permits the magnetic alignment of the fibres prior to SLA curing of polymer matrix 

composites (magnetic 3D printing) [44]. However, there remain challenges with poor bonding at 

fibre-matrix interfaces compared with traditional composite manufacturing. 

Terrestrially, the most promising and versatile mode of 3D printing of ceramics is direct ink 

writing (DIW) or robocasting. DIW involves the extrusion of a non-Newtonian (shear-thinning) fluid 

polymer binder loaded with powder at high density >50% such as a colloidal paste to print 3D parts 

following sintering. The ink is designed with a yield stress described by the Herschel-Bulkley model: 

𝜏 = 𝜏𝛾 + 𝐾𝛾̇𝑛 where τ=applied shear stress, τγ=yield stress, 𝛾̇=shear rate, K=viscosity, n=degree of 

shear thinning (n=1 for Newtonian fluids). During extrusion, shear-thinning is necessary, i.e. a decline 
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in viscosity at higher shear rates to prevent clogging. Beyond τγ, shear thinning is described by a 

power law, 𝜏 = 𝐾𝛾̇𝑛. The 10-50 μm powder may be metal, polymer or ceramic but the binder is an 

organic polymer with additives. Typical polymers are much more complex than FDM polymers and 

include formaldehyde-phenol-urea, polycarboxylic acid, polyethylene glycol or polyvinyl acetate. 

For example, the hydrogel Pluronic F-127 comprises a 2:1 mix of polyethylene oxide and 

polypropylene oxide provides both hydrophobic and hydrophilic properties. The paste must also 

include additives such as surfactants and dispersants to disperse the particles and prevent particle 

aggregation such as stearic acid [45]. After deposition, shape retention requires viscosity to increase 

as shear decreases. Thermal debinding at 200-600oC removes the binder and must be slow to prevent 

crack formation followed by thermal sintering at 1200-2000oC which generally yields 10-20% part 

shrinkage. Ceramic powder – suluca, basalt, etc must be highly loaded into the slurry te reduce 

shrinkage after sintering. Ceramic powder comprises ~40-50% suspensions in the polymer fluid (inks) 

that are extruded as filaments flowing with decreased viscosity at increased shear [46]. The loading 

of solid powders imposes the need for larger nozzles than inkjet printing ~400-800 μm – this is 

because inkjet adopts low ceramic loading (<30%) in suspension for low-viscosity ink compared with 

high ceramic loading (<60%) for high-viscosity pastes for extrusion or SLA [47]. Inkjet printing is 

suited to ceramic nanoparticle suspensions in an ink characterised by an inverse Ohnesorge number 

of 1-10 but only simple structures can be printed in this way. Alumina is an ideal ceramic with high 

hardness, high compressive strength and resistance to both corrosion and wear that is also thermally 

and chemically stable at sintering temperatures. Ideal alumina loading is 53-56% with 2% Al metal to 

minimise shrinkage [48]. Sintering at 1550oC yields ceramic parts of Al2O3 with 98% density. The 

addition of 3-7% carbon nanotubes imparts electrical conductivity to non-conducting alumina. 70% 

regolith simulant powder may be mixed with 30% polylactic-co-glycolic acid and other additives 

such as dichloromethane to form an ink that may be 3D printed into rubber-like structures with E=1.8-

13 MPa and 250% strain [49]. Although monomers glycolic acid and lactic acid are derivable from 

urine, the additives are not so readily manufactured from lunar resources. Multi-material 3D printing 

may be implemented by DIW through the extrusion of different inks with different functional 

properties [50]. The delivery of multiple composite inks may be through a single paste cartridge or 

multiple cartridges. Complex parts may be manufactured by DIW such as gears, electrical 

components and sensors. Carbon nanotube or graphene in inks can form carbon networks in silicone 

elastomer matrices whose conductivity responds to pressure and/or temperature.   

All these approaches to 3D printing ceramics and/or composites require the use of polymer 

binders which present major challenges for deployment of the Moon. However, even if carbon 

sources can be found, the use of DIW is not feasible because it requires careful tailoring of inks which 

require an Earth-based infrastructure to realise. 

5. Problem of Polymers 

Carbon is scarce on the Moon at ~120 ppm embedded in regolith by solar wind impregnation. 

There are other possible options. It is expected that concentrated asteroidal resources have been 

deposited into the Moon’s surface by impacts [51,52]. A 1 km diameter carbonaceous chondrite 

striking the Moon at speeds ≤10 km/s and impact angles ≤15o favour 85% survivability of C-rich (~109-

1010 kg) and N-rich (~108-109 kg) solids ~20-30 km downrange of the impact site over a 60 km2 area 

within <10 m of the surface [53]. Such impacts at <15o and <10 km/s by C-type asteroids are rare ~5 

impacts in the last 3 By but still yield greater C and N concentrations than solar wind impregnation 

of a typical permanently shadowed crater with ~6x105-6x108 kg C and N equally. Smaller impactors 

~0.1 km would be more common ~500 delivering ~6x102-6x105 kg C and N equally for each impactor. 

They may present themselves through their phyllosilicate signature.  The identification of graphite 

in Apollo 12 and Apollo 17 samples provides evidence of the survival of carbonaceous asteroid 

impacts favoured by porosity, obliquity and low velocity [54]. The Yutu-2 rover of Chang’e 4 has 

discovered glassy material in a small 2m diameter crater with a high 47% concentration of 

carbonaceous chondrite remnant from an impactor [55]. So, asteroid material may exist on the Moon 
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but, if not, asteroids may be maneouvred into lunar orbit and undergo a controlled descent to the 

lunar surface [56]. Once the asteroid has soft-landed on the Moon, it may be subject to processing 

under the Moon’s gravity field. The latter scenario of asteroid maneouvring is not technologically 

feasible in the near-term. Otherwise, the use of polymers requires its transport from Earth which 

imposes a high transport burden. We examine two scenarios: (i) recovery of diffuse solar-wind 

implanted carbon volatiles so small quantities are available; (ii) discovery of asteroid-delivered 

carbon source presenting copious amounts of carbon permitting the manufacture of simple polymers.   

In case (i), we have a restricted supply of carbon that must be husbanded and consumed frugally 

– one possibility is to synthesise polymers that use carbon only in its side chains but not its backbone. 

Inorganic silicone polymers are dominated by siloxanes with Si-O-Si backbones such as 

polydimethylsiloxane (PDMS) as well as related materials such as polysilazanes with Si-N-Si 

backbones. However, N is rarer than C on the Moon ruling out the latter. Siloxanes (silicones) may 

be manufactured from syngas through the Rochow process via methanol [57]. Silicone can act as 

binder for ceramic powders and a source of silica in the sintered ceramic part. Silicones have high 

temperature tolerance ~300oC and high UV-resistance compared with C-C bond polymers. 

Preceramic polymers permit 3D printing of the polymer into complex parts which is then converted 

into a ceramic through pyrolysis (ceramisation) at 600-1000oC in an N2 atmosphere which 

decomposes the organic component [58]. Silicone-based pre-ceramic polymer precursors can be 3D 

printed as extruded polymer and then cured into a SiOC ceramic by vacuum pyrolysis at 1100oC after 

deposition. The printed SiOC has a compressive strength of 240 MPa. Pyrolysis in O2 yields the 

formation of silicate ceramics by eliminating the carbon required for carbide formation. Silicones 

reduce the consumption of carbon but nevertheless do consume carbon requiring recovery of CO/CO2 

during pyrolysis for recycling. Metallosiloxanes such as titanosiloxanes are silicones with metals in 

the polymer backbone Ti-O-Si formed from TiO2 at temperatures >900oC [59]. They can act as zeolites. 

Aluminosiloxanes are inorganic polymers based on Al-Si-O backbone but are manufactured from 

complex precursors [60]. The aluminosiloxane Al(O’Pr),(OSiMe3) may be an organic precursor of 

92Al2O3-8SiO2 ceramic [61]. However, complex precursors rule out aluminosiloxanes. Silicones and 

titanosilicones may be manufacturable in small quantities for specialist applications.  

In case (ii), we can assume that a plentiful carbon source has been discovered and that we can 

synthesise simple plastics. The initial reactions for polymer synthesis from syngas to methanol are 

the same as for the Rochow process. We focus on synthesising transparent PMMA (polymethyl 

methacrylate) which has versatility of uses including as a tough acrylic glass, as a resist in electron 

beam lithography and, most relevant here, transparent liquid MMA monomers can act as UV 

photopolymer in SLA. Although manufacture of both PMMA and its photoinitiator require a source 

of N which we expect to be available with C from carbonaceous chondrite deposits. Syngas may be 

converted to methanol using an alumina catalyst at 200-300oC and 50-100 bar:  

CO + 2H2 → CH3OH 

Methanol is converted to acetone through dehydrogenation: 

2CH3OH → CH3COCH3 + H2O + H2 

Acetone reacts with HCN to yield acetone cyanohydrin (ACH): 

CH3COCH3 + HCN → (CH3)2C(OH)CN 

ACH is converted to transparent liquid MMA using H2SO4 at 80-120oC: 

(CH3)2C(OH)CN + CH3OH + H2SO4 → CH2=C(CH3)COOCH3 + NH4HSO4 

UV-initiated (benzoin initiator) polymerisation of MMA at 25-60oC yields PMMA:  

–[CH2-C(CH3)(COOCH3)-]n.  

MMA monomer acts as a UV photopolymer by hardening into PMMA in the presence of the 

photoinitiator benzoin. Benzoin synthesis begins with conversion of methanol-to-benzene in the 

presence of a zeolite catalyst at 400-500oC: 

6CH3OH → C6H6 + 6H2O 

Zeolites are tetrahedral MO4 units where M=Si or Al that act as selective catalysts. Benzene is 

converted to benzaldehyde through the Gattermann-Koch reaction using an AlCl3 catalyst: 
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C6H6 + CO + HCl → C6H5CHO 

Benzoin condensation proceeds using an HCN catalyst:  

2C6H5CHO → C6H5CH(OH)COC6H5 

Hence, we have the UV-photopolymer PMMA with its benzoin photoinitiator to permit the use 

of SLA.  Refractory ceramic powder ~μm size such as silica or alumina may be dispersed at 50-65% 

by volume in a UV acrylate photopolymer (such as MMA) with photoinitiator (such as benzoin) and 

subjected to 150-200 μm layered stereolithography by UV laser [62]. Curing depth reachable by the 

UV laser 𝑑 ∝
1

Δ𝑛2
 where n=refractive index difference between ceramic and solution derived from 

the Beer-Lambert law. The photopolymer binder is removed to reveal the ceramic part. Reduced 

gravity or microgravity imposes criticality to the rheological properties of the ceramic slurry of 50% 

Al2O3 particles in a UV-curable glycol dimethylacrylate resin with a photoinitiator [63]. It behaves as 

a Bingham fluid in which low shear stress yields high solid-like viscosity but there is a threshold 

shear stress that acts as a plastic yield stress. The viscoelasticity of the fluid is increased into a paste 

by 0.5% cellulose - cellulose is a single additive that can act as dispersant, plasticiser and coagulant 

that is derivable from vegetation. UV photopolymerisation builds the part layer-by-layer with a layer 

resolution of 50-100 μm. An 86% dense ceramic results after sintering at 1500oC. 

As we can see, the manufacture of polymers on the Moon would be a boon in opening up 3D 

printing techniques. However, we cannot assume that these resources will be available so we must 

contend with a paucity of techniques for processing ceramics. 

6. Lunar-Derived Clays 

Here, we adopt clays as a ceramic material with plastic properties to avoid the use of polymers. 

Clays are hydrated aluminosilicates with ratios of SiO2/Al2O3 of (2.0-5.0):1.0. Kaolinite clay 

(2SiO2.Al2O3.2H2O) with a water-to-clay ratio of ~0.60 may be 3D printed by DIW through 1.0-1.6 mm 

diameter nozzles, cured at room temperature for 24 h and sintered at 1100-1200oC for several hours 

to yield porcelain with compressive strength of 20-50 MPa [64]. The use of embedded temperature 

and relative humidity sensors for feedback yields strengths of 70 MPa for fired clay and 90 MPa for 

non-fired clay [65]. Layerwise slurry deposition uses a slurry feedstock of regolith mixed with 40% 

hydrated montmorillonite clay deposited via a blade in 25-100 μm layers [66]. During drying, water 

from the current layer is drawn into the substrate layer by capillary forces to create a dry high density 

powder bed. Either binder jetting of polymer fluid or laser sintering of powder layer may be adopted. 

The completed 3D part is then sintered at 1130oC in a furnace. Martian salts MgSO4 binding with SiO2 

to form forsterite Mg2SiO4 or enstatite Mg2Si2O6 could strengthen the part if Martian resources were 

available. A lunar version could exploit Sorel cement as a binder at the cost of consuming Cl import 

from Earth reacting with lunar olivine:  

3MgO + MgCl2 + 11H2O → 3Mg(OH)2.MgCl2.8H2O 

Bamboo fibre reinforcement may be added [67], a highly versatile material suited to a lunar 

agricultural facility [68]. 

Geopolymer is an alkali-activated cement such as the clay-like aluminosilicate metakaolin 

activated by sodium silicate (waterglass). They form a 3D network of covalent Si-O-Al bonds Mn{-

(SiO2)z-AlO2}.wH2O where M=metal cation such as K+ and Na+, n=polymerisation degree, z=1,2 or 3, 

w=bound water. Geopolymer may be constructed from metakaolinite (dehydroxylated kaolinite) 

comprising 90-95% Al2O3 and SiO2 which dissolves in an activating alkali such as NaOH or KOH. 

Plasticising fillers can alter the viscoelasticity. These are commonly organics such as sodium 

carboxymethyl starch which increases viscosity but magnesium aluminium silicate is a smectite clay 

derived from feldspar that serves the same purpose. Geopolymer may be mixed with aggregates such 

as 20% silica sand which reduces shrinkage. 3D printing geopolymers may be via extrusion of 

geopolymer paste or geopolymer powders which are activated by NaOH solution which gives higher 

compression strength than KOH [69]. Na2CO3 activation reaction proceeds more slowly which may 

be desirable but requires a carbon source. Curing at high temperature ~100oC increases mechanical 

strength. A lunar regolith simulant-based geopolymer ink reinforced by carbon fibre/quartz in 
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different patterns forms a 3D printed composite to reduce the brittleness of the geopolymer – 

rectangular sandwich patterns yielded the highest compressive strengths of 20 MPa and 34 MPa in y 

and x directions [70]. Lunar-derived clays offer some the promise of ceramics but their true potential 

requires marriage with polymers.  

7. Non-Clay Minerals and Their Uses 

There are other uses for non-clay lunar minerals. On the Moon, olivine forsterite (Mg2SiO4) may 

be reacted with quartz (SiO2) to form the orthopyroxene enstatite (MgSiO3): 

Mg2SiO4 + SiO2 → 2MgSiO3 

The hydration of enstatite yields serpentinite (Mg3Si2O5(OH)4) and talc (Mg3Si4O10(OH)2): 

6MgSiO3 + H2O → Mg3Si2O5(OH)4 + Mg3Si4O10(OH)2 

Talc may be employed as a dry lubricant as an alternative to tungsten or molybdenum 

disulphide [71]. Exploitation of such lunar minerals as ceramic resources has yet to be explored.  

8. Conclusions 

The complexity of the ink of DIW and its reliance on polymers renders DIW unsuitable for the 

Moon even in support of human habitats – organic matter consumed in inks or binders must be either 

recycled through a closed loop capability or supplied from Earth. Although recycling may be 

plausible for some simple polymers, DIW inks are too complex to re-synthesise. SLA-based methods 

similarly rely on photopolymers and photoinitiator polymers but these are more plausibly 

manufacturable than DIW inks though they still require a carbon source. More traditional ceramic 

processing methods appear more suitable for lunar application. Sintering ceramics directly using 

solar concentrators is not reliant on the manufacture of organic polymers or other complex materials 

though there remain issues regarding brittleness. However, to exploit the full range and versatility 

of ceramics derived from lunar resources, carbon sources on the Moon to permit the synthesis of 

polymers must be searched for at the highest priority. The potential for lunar-derived ceramics is 

under-explored in comparison with lunar-derived metals. Lunar industrialization will be critically 

dependent on deployment of lunar ceramics so this requires urgent address. 
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