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Photos of Ti-6Al-4V Surfaces on the RAC
‘Payload

March 2, 2025

Why are we doing this experiment? Where did this occur? Why did we pick
these samples?

Image credit: Aegis Aerospace
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Natural vs. Anthropomorphic Lunar Dust
Exposure

Dust Accumulation from Natural o | -' &% | Dust Accumulation from Human
Phenomena N A | ; Activity
100 pg/cm? annually* y 2 = Lunar landing:
Apollo 14, 848 ug/cm?

Lunar rover:
Dust traveling ~ 20 m away from rover

ISRU and construction:
Unknown, likely highly variable

Image generated using Gemini Al
1. Wohl, Christopher J,; et al., “Lunar Dust Considerations for Vertical Solar Arrays, Volume 1: Lunar Environment and Dust Interactions,” NASA Technical Memorandum, 2024, TM-20240003496.
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What, Where, and Why of Lunar Dust

Particle Counts

Particle counts as high as 4 x 103 m-3 Single engine plume impingement

Lunar Dust Experiment (LDEX) Results  up to 50 km off the lunar surface. can generate particle velocities > B/ i
b *f e | 0s0kme Increased particle counts at 1000 m/s.

terminator.
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Wohl, Christopher J.; et al., “Lunar Dust Considerations for Vertical Solar Arrays, Volume 1: Lunar Environment and Dust Interactions,” NASA Technical Memorandum, 2024, TM-20240003496.
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Laboratory vs Operational Environment
Evaluation

Gravity 9.8 m s 1.62 m s2
Pressure Controllably Variable 1012 Torr
Temperature Range Controllably Variable 127°Cto -173°C

26.8 W m2
(UVC/UVB)

Radiation Exposure Controllably Variable 60 uSv ht

UV Exposure Controllably Variable

Image generated using Gemini Al

The most straightforward thing to do is to take testing off planet.

£
e Schuerger, Andrew C.; et al., “A Lunar Microbial Survival Model for Predicting the Forward Contamination of the Moon,” Astrobiology, 2019, 19(6), 730-756.
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Evaluation off Planet

Materials International Space Station Regolith Adhesion Characterization (RAC) Honeybee Robotics
Experiment (MISSE) Samples Payload PlanetVac

Copper Zirconium Bulk Metallic Glass Considered for RAC Payload

Boron Carbide (B4C) Ceramic Considered for RAC Payload : ‘ B2

Chrome Carbide Ceramic LO-DuSST, high wear surface : , Cou pon
Chromium Oxide Ceramic LO-DuSST, high wear surface ) g - " ' Schematic |
Laser Patterned Kapton Polymer On RAC Payload (Back-up) gl ’ fors 5.0

Laser Patterned FEP Polymer On RAC Payload

Laser Patterned Low
Creep/Relaxation Polymer Considered for RAC Payload

Polymer

Laser Patterned Low
Creep/Relaxation Polymer On RAC Payload

Composite

Launched on July 15, 2022 (SpaceX CRS-25)
Returned to Earth on April 15, 2023 (CRS-27)

Images credit: Aegis Aerospace

Both payloads launched on SpaceX Falcon 9 -
Firefly Blue Ghost lander, on January 15, 2025.
Landed on the Moon on March 2, 2025!

Image credit: Honeybee Robotics 6
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Regolith Adherence Characterization (RAC)
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ructures and Materials Division




Timeline from Sample Selection to Lunar
Surface Images

¢ August 21, 2020: initial recommended materials submitted e

%* 3 Ceramic materials, 3 metallic materials, 5 polymeric materials, 2
composite materials

+ Received approval for 1 metallic sample, 2 polymeric samples, and
1 composite sample

** March 25, 2021: samples were received by Aegis Aerospace
+» December 14, 2021: samples integrated into the RAC

payload

X Eebauary, 2024: RAC payload installed on Firefly’s Blue Ghost
ander

¢ January 15, 2025: Firefly’s Blue Ghost Lander launched
aboard SpaceX Falcon 9 Rocket

s* March 2, 2025: Firefly’s Blue Ghost Lander successfully lands
on the Moon

** March 15, 2025: last photos received from RAC payload

Image credit: Aegis Aerospace
and Firefly Aerospace
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Waterial | pmayuse

Titanium Alloy (Ti-6Al- Prolific use in exploration vehicle construction
4V)

Fluorinated Ethylene Transparent polymer with properties similar to
Propylene (FEP) Teflon®, which is used extensively in exploration
vehicles and space suits

Low Creep, Low Bismaleimide-based carbon fiber-reinforced

Relaxation Composite composite designed for deployable structures
(LCLR)

Kapton® HN (Dupont) Polyimide with extensive space heritage

C . Topographic
A odification
*Samples were topographicall Modificati

modified on half of the As-received
surface providing 2 samplesin > ~ 7]

the space of 1 specimen \
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Textured Surface

Dust Within Texture
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Surface Topographical Modification
Laser Ablation

. . Polyimide
ﬂaser Ablation Patterning \

Pulsed Laser Volatilized / Ejected
Beam Material

*Photochemical
*Photophysical | Flyorinated
*Photothermal Ethylene

Propylene
(FEP)

e
\ Substrate / 3 o m -

Low Creep-Low CREIINRIBI B
' BBES @B EEr Y Ee S

Relaxation Epoxy SRR GRS TH

NASA Langley Research Center AGU 2025 —_— Structures and Materials Division




Laser Ablation Parameter Determination

A “key” pattern was utilized to determine
laser ablation conditions

s Straight line region
*»*Single pass depth/width
+¢* Debris build up
+* Heat affected zone (HAZ)

Crosshatch:
25 mil lines with 2 mil spacing

Seven lines in each direction _ BlanketRegion:
/ 10 mil lines with 0.5 mil spacing

Same direction as the central line

N

*»*Crosshatch region 13 rmile
¢ Feature height/depth l

+» Difference in topography from ablated and
pristine surfaces

+* Multi-pass depths
¢ Closely-spaced lines
**Blanket region

+»» Ablation path overlap
+»* Resultant topography for fully ablated surface

NASA Langley Research Center AGU 2025

Bold lines are the laser lines

12 mils

Center line:

100 mils
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Laser Ablation

Power, %
10%

— 20%

30%

40%

10%
20%
30%
40%

Power, W
1.03 W

2.24 W

3.48 W

4.18 W

0.44 W
117 W
211 W
2.67 W

NASA Langley Research Center

Frequency Scan Speed

200 kHz

200 kHz

200 kHz

200 kHz

400 kHz
400 kHz
400 kHz
400 kHz

30in/s

30in/s

30in/s

30in/s

30in/s
30in/s
30in/s
30in/s
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Microscopy Notes
not enough power

Almost enough power

Distinct cross hatch patterns, lots of debris
creating heirarchical surface, blanket area is hot

mess, maybe cut through

Blanket cut through, too much power

Not enough Power
Not enough Power
Not enough Power
Not enough Power

Structures and Materials Division




Parameters

lon

selected Laser Ablat

Down

Line Spacing, um

63.5

HN (Dupont)

Kapton®

50.8

Fluorinated Ethylene Propylene (FEP)

50.8

Low Relaxation Composite (LCLR)

Low Creep,

Titanium alloy (Ti-6Al-4V)
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Nanometer-scaled Laser-
Induced Period Surface
Structure (LIPSS)

§ N LI O B L A B B |
$-5200 25.0kV x20.0k SE 2.00um

Micrometer-scaled Direct-
write Laser Patterning
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Characterization of Surface Topography

Material _| Period, um | Plateau, um Depth, pum

Kapton® HN  66.1+1.7 6.0+0.2 10+1 5.7+0.5 -1

Depth
FEP 52.0+0.3  32.0+1.0 2644 5.6+1.0 =
LCLR 50.6+1.8  12.0+1.6 17+1 5.5+0.1

Ti-6Al-4V 61.2+1.0 14.11£5.0 1.810.1 0.73+0.08 Period

.. _ . ..
FEP

Scale: 1” = 25 Hm S—EZDUID,DF\J’XT,DUI(VSE - P lﬂdﬂu‘ml '

TI 5200 25.0kV x1.00k SE
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Other Characterization Results

Contact Angle, ° Contact Angle, ° Roughness, um
Kapton® HN As received 7813 5815 0.04+0.01
Laser patterned 90+1 753 1.7610.11
FEP As received 1067 95+1 0.02+0.01
Laser patterned 14116 11943 1.49+0.44
LCLR As received 95+1 791 0.07£0.01
Laser patterned 8110 6610 1.54+0.15
Ti-6Al-4V As received 8610 730 0.0410.01

Laser patterned 117121 97116 0.25+0.03

*Advancing and receding water contact angles were determined using a First Ten Angstroms (FTA) 1000B goniometer with 8 il water droplets and tilting axis measurements.
**Average roughness values were determined using a Bruker Dektak XT profilometer with a stylus tip radius of 12.5 um, force of 3 mg, travel distance of 0.5 mm, and scan duration of 60 s.
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Evaluation of Adhesion Mitigation Efficacy

Ultrasonic Wand Instrument Centrifuge Instrument

Sonic Wand Motion

Particle
Motion

: Wohl, C.; Atkins, B.; Connell, J. “Evaluation of Particle Adhesion Properties of Materials Using a Sonication Device: Identifying Materials for Lunar Dust Adhesion Mitigation” NASA Technical
Memorandum, 2011, TM-2011-217048. Image credit: NASA
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Evaluation of Mitigation Efficacy

Sonication Instrument-Laser Patterning

el R e ¢ ¢ ¢ ¢ ¢ ¢ o :
E uml\g‘,! ll b A A RBE S Polymeric Surface

'- L8 L q’ ' R T APRUTOFAI S Fa T —Left to Right: Contaminated Surface,

- { inﬁ*:‘ ? i * "y @ ¢ Cohesion Removal, Full Test
F g n

Titanium Surface

—Left to Right: Contaminated Surface,
Cohesion Removal
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Sample Integration

Ti-6Al-4V —

AGU 2025

Image credit: Aégis Aerospace
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Photos from the Lunar Surface

Pre-Flight Landing Landing Landing
+0 Days +1 Days +11 Days
February 10, 2025 March 2, 2025 March 3, 2025 March 13, 2025

Ti-6Al-4V
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Close Up Images of the Ti-6Al-4V Surface

February 10, 2025 March 2, 2025 March 3, 2025 March 13, 2025

Pre-Flight Discoloration on the  Lunar Dust Coverage Cleaned Surface
Right Side, Some
Lunar Dust
Contamination Image credit: Aegis Aerospace 99
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How did the Surface Get Contaminated ...
and Cleaned?!

**RAC Photo Capture Timelines (UTC)

f -
Honeybee Robotics

2 March: 13:40 to 14:44 LPV operdith

<*Contamination Event = 3 March
v| LPV Operation 05:53 UTC, 09:06 UTC

<3 March: 17:11to 18:16 L1211 UTC, 1548 UTC

“+Cleaning Event ’—I-I bee RO
oneypbee RODOTICS

>
Unknown LISTER excavation

+*13 March: 21:59 to 28:05 4 March 08:12 UTC

@14 March: 22:18 t0 2322
Zyan15 March: 22:48 to 23:47 |

: m LPV: Lunar PlanetVac

;ﬁ’;

Q

\ LISTER: Lunar Instrumentation for Subsurface Thermal Exploration
with Rapidity 23
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https://www.youtube.com/watch?v=oLJu_XmteWI
https://www.youtube.com/watch?v=sgQLmh6FpoU

How did the Surface Get Contaminated ...
and Cleaned?!

**RAC Photo Capture Timelines (UTC)

p——

<2 March: 13:40 to 14:44 | Honeybee Robofics
LPV operation

<*Contamination Event = 3 March
v| LPV Operation 05:53 UTC, 09:06 UTC

<3 March: 17:11to 18:16 (1211 UTC, 1518 UTC

“+Cleaning Event ’-I-I e RO
oneypee RODOTICS
2|1 Unknown v

LISTER excavation

+*13 March: 21:59 to 28:05 < 4 March 08:12 UTC
14 March: 22:18 to 23:22 Natural Phenomena
Zael5 March: 22:48 to 23:47 Lunar D8

Solar Eclipse
——
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Image credit: Firefly Aerospace
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Next passive mitigation technology evaluation laboratory

Conclusions

**With few opportunities to evaluate
materials in a lunar environment,
determination of which materials is
critical

**An array of materials solutions will be
required to address the breadth of the
need for lunar dust adhesion mitigation

+*Evaluation of candidate surfaces is
complex and will not be able to
completely represent the lunar surface
unless it is conducted on the lunar surface

**Proximal activities can strongly influence
lunar dust accumulation
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Next passive mitigation technology evaluation laboratory
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