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Background — MAGMA Project

Reactants/by-products
Chemistry (XRF), Solid phases (XRD/Automated mineralogy)

R-egolith Primary product (wire feedstock)
simulant Grain structure/defects (SEM/XCT), composition (ICP-MS)
Molten Aluminum Generation l
for Manufacturing Additively
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Aluminum from Regolith: Composition Considerations

Wrought Aluminum Alloys Cast Aluminum Alloys

Alloy Primary Alloying Additions Alloy Primary Alloying Additions
Series Series
XXX None 1XX.X None

HT | 2xxx Copper (Absent from regolith) 2XX.X Copper (Absent from regolith)
3XXX Manganese (Present in regolith) 3XX.X Si + Cu (Absent from regolith)
4 XXX Silicon (Present in regolith) 4XX.X Silicon (Present in regolith)
DXXX Magnesium (Present in regolith) SXX.X Magnesium (Present in regolith)

HT | 6xxx Mg + Si (Present in regolith)

HT | 7xxx Zinc (Absent from Regolith) XXX Zinc (Absent from Regolith)
8XXX Lithium, Others (Absent) 8XX.X Tin (Absent from regolith)

HT = Heat Treatable for Other Regolith Elements: Ca, Na, Fe, K, Ti, P
Strengthening (Contaminants?)
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Role of Thermochemical Modeling in FactSage

: : Ellingham Diagram
1. Estimate achievable product metal e 0
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Role of Thermochemical Modeling in FactSage
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1500 h_mn H !
S. Schreiner et al., Advances in Space Research, 2016 :
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Kilograms of O, Produced per kilogram Regolith
Electrolysis Reaction o = my,
Progress Coordinate 2 M
Clarification of the liquidus evolution
behavior is needed to identify
temperature requirements.
[1] K.C. Mills, et al., J. S. Afr. Inst. Min. Metall., 2011 5

[2] M. Allibert et al., Verlag Stahleisen, GmbH, 1995



Role of Thermochemical Modeling in FactSage

Viscosity at 1850°C (Apollo)

30 1y — Zhang
N M. Humbert et al., Planetary |~ — GlordanoNBO
I \\ and Space Science, 2022 = = Giordano SM
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3. Calculate molten oxide viscosity evolution w ISk
to support outflow pathway and hardware >
design 3 10
.g
Literature viscosity models span

orders of magnitude.
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COLORADO SCHOOL OF MINES

OF
%
Cal >
o >

0),
1874
Q. LORADC;

O
O]



Model Setup & Assumptions

* |sothermal, isobaric reactor Initial modeling case supports
o Ultimately, T & P to match experimental terrestrial testing GQVirO”me”tS [
conditions |

* Three perfectly separated phases

1. Molten Oxide: Consumed with electrolysis G 0,
. ] _ —— \Inert purge gas ! Me*
2. Metallic: Accumulates with electrolysis Einia Y R \ _
3. Gas: Continuously vented (no accumulation) MOLTEN OXIDE Fac‘:sgfer“:we'
- 02 + Metal-bearing volatiles T = 1675°C

- Permanently excluded from model system

MeO, (I) = Me (g) + 0.5x O, (g)
MeO, (I) = Me (I) + 0.5x O, (9)

//

e Recursive model defines reactor contents on an
incremental, stepwise basis. A(1p,) is imposed.

METALLIC

N
Equation for n(MWp,)
Oxygqen in System Mox,i = Mox,i—1 — (A(Ao,) (i-1)-1)Mo — Z MWZx * My, gas /
e / L
N
Equation for Metal = m Z nMWye)
Species in System MO L MW, e
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Key Stages of Electrolysis for Metal Extraction

* All results assume the initial composition of the highlands simulant CSM-LHT-1.
« Two “Extraction Events” in model to isolate ferrosilicon and aluminum products

Ao, << 0.30: Ao, =0.30: 0.30 <4, <0.37: o, =0.37:
Early-Stage Electrolysis Extraction Event 1 Late-Stage Electrolysis Extraction Event 2
(Fe, Si Reduction) (Ferrosilicon Product) (Al Reduction) (Aluminum Product)
— — = F
‘ ; P =1 atm o ‘ ;P=1atm o ‘ ;P=1atm ‘ ; P=1atmT
=P |nert purge gas 2 = |nert 2 — Inert 0 > Inert
R L) purge Surface e, purge Surface i purge ngl:cr;f:i(t:iim
Molten Oxide FactSage _ _0205|_ﬂ0|1 ] _ Deposmon Me(g) Me(g)
T=1675°C SM(s)f:rL Molten Oxide FactSage | | | |4 — — — | —_ L N O N .
| y Model System Al Rich Metal L
MeO, (I) - Me (g) + 0.5x O,(g) N T=1675°C AI Metal Product 3R

Molten Oxide FactSage

MeO, (1) > Me (1) + 0.5x O, (g) T=1675°C Model System

Fe, Si Metal

§

0,

W W W W
N
x = Molten Oxide
, Si E | aste Sla
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Composition Trajectory of Each Process Stream

Gas Evolution and Composition
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[wt.%] Si Al Fe Ti Mg Mn Ca
Event 1 84.75 3.09 10.99 1.13 0.0023 0.024 0.013
Event 2 0.30 99.27 - - 0.0017 - 0.43
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Influence of Product Isolation Effectiveness

Literature Assumption: Perfectly Discrete Reduction: Most Optimal Case Model:

0.3 wt. % Ca, 0.2 wt. % Si

Si02 — Si + 02

A|203 — 2 AI + 1.5 02

i CaO — Ca+0.50,

v
Extraction Event 1

Time and 4,,—

FactSage Model: Parallel Reduction of Dilute Species with Competing Reactions:

_ o . Suboptimal Case Model:
Sio, @ o, ‘ Extraction Event 2 is Liquidus-Limited 4.0 wt. % Ca. 2.8 wt. % Si

A|203 — 2 AI + 1.5 02

Suboptimal , ,
Extraction —» Ca0O - Ca+0.50,
Event 1 v v
Optimal 3 Ca0 + 3(Si)+ 2Al — 3 CaSi + AL,0,
. Extraction
Time and /102_> Event 1

Ca concentration depends on the amount of residual Si after Extraction Event 1
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Molten Oxide Liquidus Temperature Evolution

[1] K.C. Mills, et al., J. S. Afr. Inst. Min. Metall.,

2011
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Molten Oxide Viscosity Evolution
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Influence of Ullage Pressure
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Conclusions

* Ferrosilicon and aluminum product compositions with an isolation event at 4, =
0.30 can nearly meet those of terrestrially employed materials.
o Ca is a potentially unavoidable alloying addition that is not commonly
employed terrestrially.
- Ca concentration depends on the amount of residual Si after “Extraction
Event 17.

o Small amounts of Ca in cases of near-ideal product isolation still result in
drawable Al wires.

« A minimum operating temperature of 1675°C is recommended, which provides a
~30°C safety margin above the highest intermediate liquidus before endpoint.

« FactSage’s viscosity calculator shows excellent agreement with experiments for
sampled compositions containing significant SiO, (at least through 1, < 0.165).
This is a potentially useful tool for calculating viscosities of regolith simulants more
generally.
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DSC Curves
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Single-Axis Diagrams
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Editable Reactor Schematics

Ao, = 0.37 Extraction Event 2

Ao, << 0.30: Early-Stage
(Aluminum Product)

Electrolysis (Fe, Si Reduction)

Ao, = 0.30: Extraction Event 1
(Ferrosilicon Product)

0.30 <4, <0.37: Late-Stage
Electrolysis (Al Reduction)

‘ ; P=1atm o P=1atm o ‘ ;P=1atm P =1 atm
——> Inert purge gas} |, 2 —> |nert 2 —> Inert 0, Inert o\ rface 0,
— bl purge Surface e purge_Surface purge penosition
Molten Oxide FactSage Deposition] Deposition Me, Meq)
T=1675°C s ode Molten Oxide FactSage
L To Bl Model Syste Al Rich Metal L -
MeO, (I) = Me (g) + 0.5x O, (g) = T=1675°C Al Metal Product (R
MeO, (I) > Me (I) + 0.5x O, (g) 1675°C Molten Oxide FactSage \olien Oxid
n Oxi
Fe, Si Metal Product T=1675°C Model System e y
I;A' /



