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NASA’s Moon Mineralogy Mapper. Blue for
confirmed water ice.
https://moon.nasa.gov/inside-and-out/water-

on-the-moon/ Credit: ISRO/NASA/JPL-
Caltech/Brown University/USGS

NASA Technology Map
TECHNOLOGY DRIVES EXPLORATION

Expanded Access to Diverse Sustainable Living and Working
Surface Destinations Farther from Earth

LAND | LIVE | EXPLORE

Graphic from R. G. Clinton, et.al. 73rd International Astronautical Congress (IAC),
Paris, France, 18-22 September 2022.


https://moon.nasa.gov/inside-and-out/water-on-the-moon/
https://moon.nasa.gov/inside-and-out/water-on-the-moon/

Overview NASA Goals

* Lunar station- launching position for outer space
e Artemis lll target 20277
* Human landing on Moon- Destination South Pole

* Demonstration lunar landing pad- In Situ Resource Utilization (ISRU) Preliminary concept of the DM-1 MMPACT surface construction

system operating from the deck of a CLPS lander on the Moon.
R.G. Clinton, et.al. 73rd International Astronautical Congress
(IAC), Paris, France, 18-22 September 2022.

* Longer term development of launch site infrastructure
* Mining, refining, building, manufacturing
e Sustainable human habitation- food, shelter, waste management

* Mars and outer space exploration

* Lunar Surface Innovation Initiative (LSII)
* Moon to Mars Planetary Autonomous Construction Technology (MMPACT)

* Develop, deliver, demonstrate on-demand capabilities to protect astronauts & create infrastructure:
landing pads, habitats, shelters, roadways, berms, and blast shields using lunar regolith-based materials.

* Microwave Structure Construction Capability (MSCC)



Apollo 14 | Apollo 16 [Apollo 17
. (Mare) [(Highland)| (Mare)
Lunar Materials- ISRU godase | 31s 691 03
. Pyroxene 31.9 8.5 27.7
* Regolith (broken rock) Olivine 6.7 3.9 116
e Minerals Silica 0.7 0.0 0.1
e Glass limenite 1.3 0.4 3.7
. Mare Glass 2.6 0.9 9.0
* Breccia Highland Glass 25.0 17.1 35
* Agglutinates . Other 0.0 0.0 0.0
* Mare- basalt SUM 100.0 99.9 99.9

* Highlands- Ca-plagioclase

NU-LHT-2M|Apollo 16
Si0, 46.70 45.00
Al 03 24.40 26.70

CaO 13.60 15.30
MgO 7.90 6.14
FeO

Fe,O, 4.16| -

Na,O 2.26 0.46
K,O 0.08 0.12
TiO, 0.41 0.60

P,05 0.25] -
MnO 0.07| -

Cr,0,4 -—-- -—--
https://nssdc.gsfc.nasa.gov/imgcat/html/object_page/all_h_40_5878.html LOI

Slgns of water in glass beads produced by
ancient volcanic eruptions on the Moon.
Credit: NASA




Lunar Regolith
Apollo 11 Sea of Tranquility (Mare)
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Optical micrographs of individual lunar regolith particles
Optical micrographs of groups of different types of lunar regolith particles a)basalt,

_ _ YP a) orange glass sphere, b) opaque spherule, c) glassy
b) agglutlnat.es, c) glass and Whl'Fe anorthositic fragments, d) pyroxene based “dumbbell”, d) vesicular glass particle, e) gem-like particle,
fragments, signs of surface melting f) white anorthosite, signs of surface melting.

From Microsc. Microanal. 17, 34-48, 2011



Highland Lunar Simulants

* Need for high fidelity Highlands Lunar simulants

* Natural mined and synthetic types

* NU-LHT series, CSM, Exolith LHS-1, OPRH, DHS
* Washington Mills developed Highlands glass
* Analysis and development of Highlands simulants ongoing

Clementine Mosaic of South Pole

Area (15,000 km?), bistatic radar indicates

. deposits of water ice
Mmeral(s) DHS-LHT-1 | NUW-LHT-5M NU-LHT-1M https://www.lpi.usra.edu/publications/slidesets/cle

Anorthite 41.621 37.7 43.4 m2nd/slide 29.html.
Orthopyroxene | 11.496 - -

Clinopyroxene | 2.182 - -

Olivine 4.7 4.7 -
HQ Glass 40* 40* 19.7
Norite - 17.7 30
Hartzburgite - - 6.1
limenite - - 0.73

Total 100 100 99.93



https://www.lpi.usra.edu/publications/slidesets/clem2nd/slide_29.html
https://www.lpi.usra.edu/publications/slidesets/clem2nd/slide_29.html

Pressing and Tap Density

v JSC-1A as Recieved

== JSC-1A B1

*+ NU-LHT-4M as Recieved

a8 NU-LHT-4M B1

»v CSM-LHT-1G as Recieved
CSM-LHT-1G Dried 250C

&® CSM-LHT-1G B1

1 2 345710 2030 50 100 200 500 10002000 10000
Number of Taps

Green Density (% theoretical)




ICON Project Olympus- autonomous, multifunction
construction system for surface infrastructure

)
Lunar Construction

Concepts

* Concrete: Marshall Space Flight Center
* Laser Sintering: ICON

* Microwave Sintering: DrHollyShulman LLC,
Marshal Space Flight Center

Hites® Jwww.iconb



Ceralink Inc. Early Work 2012: i

Lunar Simutagt /. . Applicator

Microwave Sintering Mare Simulant | »
(JSC-1A)

< {Aluminum vacuum chamber)

* MOR: ASTM standard C1161 size B

e Strengths ranging from 12-22 MPa

* Consistent with strong concrete or natural stone paving on Earth.
* Bubbles significant negative impact on strength

e Small quantity of consumable (Not 100% ISRU)

e Largest MW sintered blocks (2.3 Kg) until 2023

* Inert atm MW sintering FOM 1.8 kWH/Kg

=] i q I

Allan, S. M.; Merritt, B. J.; Griffin, B. F.; Hintze, P. E.; Shulman, H. S., High-Temperature Microwave Dielectric
Properties and Processing of JSC-1AC Lunar Simulant. Journal of AerospaceEngineering 2013, 26 (4), 874-881.



Current Work: Microwave Sintering waveguide
MSFC Highlands simulant CSM-LHT-1G




Microwave Process Development

2.45GHz 4% Penetration Depth (mm)

A Tan s

. - 1000 0.6
Top down ISRU MW paving = 900
J : : £ 800
Dielectric and thgrmal properties = ;5
control MW heating S 600
_ 2 500
e System design affects results S 400
S 300
* Minimize energy input 2 200
a 100

* Minimize FOM kWH/Kg 0! e
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Temperature (°C)

Dielectric Property Measurements:
Thanks to Ron Hutcheon Microwave Properties North

Tan o



Microwave Sintering/Melting/Vitrification

Highland Simulant CSM-LHT-1G Showing Vacuum Microwave Sintered 6”x6” Tile with Mud Flat Cracking



Progress via Designed Experiments
Exploring Process Parameters

Highlands Simulant
CSM-LHT-1G

0.499 kg

FOM 2.5 kWH/kg



Highlands Simulant
CSM-LHT-1G

0.658 kg

FOM 2.9 kWH/kg




Highlands Simulant
CSM-LHT-1G

0.885 kg

FOM 2.2 kWH/kg




Vacuum Microwave Sintering and Joining
Highlands Lunar Simulant

* Controllable top-down
microwave sintering
process developed

* 100% ISRU solid paver
e 1.4 Kg CSM-LHT-1G
* FOM 2.2-2.6 kWH/Kg

First MW joining
demonstration
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20 ft. diameter x 28 ft. long vacuum chamber system Credit: NASA



V20 Microwave Configuration
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Continuous ISRU
Microwave Paving
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summary

 NASA will build infrastructure on the
moon for outer space exploration

* Artemis lll Landing Pad Demonstration

* ICON developing the flight hardware
and robotics for processing, Laser DED

* DrHollyShulman LLC + Team Microwave
Sintering

* ISRU + energy efficient processing
critical
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