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5. WERE GOING BACK! g
(OS]

=N Artemis Program: 2022-2027

https://www.nasa.gov/specials/artemis/

Apollo Program ran from 1961 to 1972

Moon Landing Missions:

+ Apollo 11 (1969) Neil Armstrong (Commander), Buzz Aldrin, Michael Apollo 15-Astronaut James B. Irwin, lunar
Collins module pilot, works on the Lunar Roving
€ Vehicle
* Apollo 12 (1969) Charles “Pete” Conrad (Commander), Alan Bean, Richard Map of some
Gordon :VIA?);{:’ landings

@ Future missions

«  *Apollo 13 (1970) James Lovell (Commander), Jack Swigert, Fred Haise

O
First Peregrine

 Apollo 14 (1971) Alan Shepard (Commander), Edgar Mitchell, Stuart Rosa O First Nova-C o Mission

mission K »
Apollg1s © Apollo 17

« Apollo 15 (1971) David Scott (Commander), James lrwin, Alfred Worden g -
 Apollo 16 (1972) John Young (Commander), Charles Duke, Thomas Apollo 120 o Apolio 14 © Apollo11

o

Mattingly Apollo 16

 Apollo 17 (1972) Eugene Cernan (Commander), Harrison Schmitt, Ronald
Evans

Artemis 3

NASA is now preparing for an ambitious new era and VIPER
of sustainable human spaceflight and discovery

»- Nature | Vol 605 | 12 May 20224
*mission aborted


https://www.nasa.gov/specials/artemis/

Artemis1

In the first Artemis mission, the Orion spacecraft will travel without a crew and
reach the Moon in several days. After passing about 100 km above the lunar

u
surface, Orion will enter into lunar orbit, allowing engineers to test the
spacecraft and collect data. Then, an engine burn will send it back towards
Earth. The entire mission will last between 26 and 42 days.

A Crew module ElEnters :
separates and lunar orbit

Space Exploration

Etl)__eaves lunar . .
S e Orbital debris

Artemis 2

In the first crewed mission, Orion will orbit Earth a couple of times so NASA can
check out the spacecraft before it heads to the Moon. The roughly 10-day trip
will take the crew more than 7,000 km past the Moon and then loop back
towards Earth.

Earth orbit

.
B e B closen Radiation
to Moon )

lands

Payload weight reduction

| 2 JETS K Upper module
Earth orbit separates and Orion
heads towards the Moon

Artemis 3 Lunar dUSt

Plans are still evolving for this mission, but the initial stages will resemble
the first two Artemis launches. When Orion enters into an orbit around the
Moon, it will rendezvous with a Human Landing System module. That vehicle
will ferry the crew to the lunar surface and back to Orion, which will bring
the astronauts home.

&3 Crew module
separates and

Crew health and safety

P ISRU

surface and
returns to Orion

separates
I Departs for Earth ©

E] Orion enters
lunar orbit and docks
with landing vehicle

doi: https://doi.org/10.1038/d41586-022-01253-6

©nature



ARTEMIS PREPARES FOR MARS

o

Foundation Surface Habitat

Expanded habitation capability

> .
/ Gateway augmented and Habitable Mobility Platform  added to Gateway to enable Mars mission
5 Expanding the range with international habitat ~ delivered to complete ~ Mars mission dress rehearsal dress rehearsal with
?ﬂ of surface exploration for increased capabilities - Artemis Base Camp at the Moon ~ longer in-space
and ISRU demonstrations ‘ ‘ ‘ E ' , and surface durations

Testing landing and

ascent capabilities . ég&
i o

> = il ’{ % \ Foundation

?, < L e T 8urfaceHabitat

— o

—— ,.,4; ot dbet =
"’;._.u-gsf___.f_._" =L

SUSTAINABLE LUNAR ORBIT STAGING CAPABILITY AND S”RFAGE EXPLORATION

MULTIPLE SCIENCE AND CARGO PAYLOADS | INTERNATIONAL PARTNERSHIP OPPORTUNITIES | TECHNOLOGY AND OPERATIONS DEMONSTRATIONS FOR MARS



The Wonderful World of Polymer Aerogels!

What is an aerogel?

supercritical

« An open-celled, light weight, porous material \ S fluid
derived from a gel in which the liquid is replaced Srraction
: g. . g P P = SER m—
by gas while maintaining the self-assembled e ﬁ@ |
three-dimensional structure #
colloidal solution gelation aerogel

Many characteristics of aerogels are tailored by using Aerogels made using sol-gel synthesis and
various chemistries; however, all aerogels have these supercritical fluid extraction

Typical Properties:

» High porosity (> 90 %)

* Nano-scale pore sizes (10-40 nm)

« Low density (0.1-0.2 g/cm3)

« Large surface areas (400 — 850 m?/g)

* Low thermal conductivity (~20mW/m-K)

* Low dielectric (1.1)

» Low refractive index (1.02-1.09) pOlyme(fgaAe:%%eol %%er "

Scanning Electron Micrograph
of polymer aerogel matrix



pY Aerogel Fabrication Process C(

acetone

n-methylpyrrolidone (NMP)

Polymer
Synthesis/
Gelation

Solvent

colloidal solution gelation/aging

Exchange

= A
Supercritical ko)
Fluid Extraction S . supercritical fluid
% critical pressure (Pc)
——
;i gas
'-5 criical temperature (Tc)
| ke 3 -
A A AN temperature ()




Aerogel Properties Dependent on Structure and Chemistry

Structure Chemistry
Universal Aerogel Architecture Struct Tailorable Across Aerogel Systems
Defines Be
Proper

» Aromatics in

backbone- increased

modulus and thermal
stability

a section of a sheet of graphite

silica
I
Clh\“cmc“c] + :[_]:EI,;I'/{AH\““\n\/m\“\/ﬁ\“‘\\/’N-'H:2

I
0

adipoyl chloride hexamethylene diamine

» High porosity

] O H
> Nano-sca!e pore size polymer WCW%HNWVﬁk
» Low density I I

» High internal surface area » Aliphatic in backbone-

nylon 6,6

» Low Tc and dielectric increased flexibility




Polyimide Aerogel Development at GRC

UV absorption

Orbital debris
containment
within polymer 3
aerogel composite Thermal image of glass plate vs pi

aerogel on 100 °C heat source

Modulus, MPa

Orbital Debris Containment o
Low Flame
Vibro-Acoustic : P _
: . Vibro-acoustic mitigati ropagation
IR Filtration Enhanced Impedance CEBESSIENRAYS i
Thermal
1000
Impedance T,
" &
: -
" . Enhaqggtigztacal transparency gy Storage
g % o Plaerogels/OAPS
v e PlaerogelsTAB
v v Silica aerogel
% 4 PlaerogelsBTC : W
Ty v Y + PUfoam [ ' L
0 Polyifrem‘;crce{isﬂ-?j g : Catalyst Scaffold Thesl;’rgta;':r(o_:;;t)lon
oo ' _—ﬁ Carbon Aerogel e B 1\— %
008 005 JZ':.*JvCC&CQ:D‘;nm) gcm 02 03 0 Hl'gh Temperatu}”e - EL.*. S

g
e

Improved Mechanical Propertzes < Tunable nsparency

Water Treatment

Resistance



Polymer Aerogels for Passive Thermal Containment
Aerogels for Surviving the Lunar Night (ASLAN)

Tunable opacity

grier tra adlld OPLUICa

A 020 86 36 Ci O aled Orio 5




Thermal Imaging of Pl Aerogel vs Plate Glass

Enhanged optical transparency

Heat transfer through a pi aerogel
cylinder (left) and block (right)-30 min

Patent No .: US 10,800,883 B1 Optically Transparent Polyimide Aerogels

Thermal image of glass plate vs pi
aerogel on 100 °C heat source

GLASS PLATE

' Pl AEROGEL

gqa

Polyimide aerogel is 30-60
times more thermally :
insulating than glass plating L

at room temperature and Glass It
ambient pressure 1.2 W/mk

‘_T'i: ﬁ}"{‘-"‘ :
Pl aerogel
.|| 0.04 W/mk

Thermal resistance = thickness/area*thermal conductivity
taerogel tglass tglass Aglass 30

A * Aaerogel A * Aglass taerogel  Aaerogel
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*LYQ“ER AEROGEL REINF":C*
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HIGH THERMAL RESISTANT
., INORGANIC AEROGEL

High-Temperature Thermal
Resistant Inorganic Aerogel

Y

CRYOGENIC RESISTANTRa L N 8 &0 \\\
ORGANIC AEROGELT "SRR B B o ¥

CRYOTANK WRAP
PROTECTING CRYOGENIC FUEL

‘ Cryogenic Temperature

Composite aerogel material for applications 12‘:;’;;' Resistant Organic CRay T”f:"é‘:\';gggﬁgc"‘"w
exposed to opposing thermal extremes

GENERATED Artificial Intelligence (Al) Usage Disclosure
CONTENT This graphic was created with assistance from CHATGPT (webversion) for creating images. The content 13
has been reviewed and edited by Stephanie Vivod.



Acoustic Impedance Materials for Noise Mitigation

* Vibro-acoustic loads pose threat to payload launch

survivability |
* Aerogels will add damping to the structure, which reduces -_;.,:-_.;r.f-':"w FAIRING
the amplitude of the vibration and noise transmission in =y .

addition to weight reduction

1.20

-
M

SOUND ABSORPTION COEFFICIENT

0.60 / .é
¢
8 Melamine w/ spacer
0.40 - 1 1 = 054 — — Melamine no spacer
£ - dt01d301
& 047 —-—dto1d701
oo & 3] ---hg04d702
‘ N - --- hg05p501c
H"""--.....----"/ 0.2 |eerenn hg092502
o1 [--=--hg092501-2
0.00 | | | — hg092501
Structure Aerogel SRE88298 888888588 oo g. . | | |
Melamine Foam FREQUENCY (Hz) 500 1000 1500 2000 2500 3000

Frequency (Hz)

- " Absorbing material with , . . . . . . .
Melamine Foam at 80X  aerogel as reflective backing Absorption coefficient of polyimide Reflection coefficient of polyimide

aerogels/melamine foam composite aerogels vs melamine foam



Orbital Debris Remediation and Energy Absorption

Originally investigated as a debris remediation material
for secondary ejecta in a Whipple plate, polymer aerogel
was found to also act as an energy absorbing material.
This led to further studies for ballistic impact, energy
dissipation, and high velocity particulate capture.

High Speed Cameras

Vacuum Chamber g g

Mylar Burst Disk
N Sabot
o Orbital debris o 2T Ve Pressure A S Barel ]
Polyimide Aerogel Woskrat 8 oW Vessel
1 aerogelpco:nposite L Sabot Stoppera/’

) | projectile approaching sample : o i projectile deflected off material
£ Stoel sphere (3.175 mm diameter) NASA . 5 - " \ - n -

Impact velocity : 174.00 nvs

Experimental setup schematic
Projectile: steel ball, 3 mm

3 mm steel sphere traveling at 174m/s, impacts a 12mm (0.47”") thick polyimide aerogel and is deflected diameter

fserogel (0,18 glem’, 12 mm thickness)

15

Malakooti, Vivod et al., Science Reports 12, 13933 (2022)



Ballistic Impact Test Results

Sample: Polyimide aerogel (0.16 g/cm3, 12 mm thickness)
Projectile: Steel sphere (3.175 mm diameter)
Impact velocity : 174.09 m/s

16



2D high-speed DIC analysis — Polyimide aerogel axial strain field under high

strain rate compression experiment at room condition

-0.53

-0.57
-0.61

-0.65




Preparation of Fabric Reinforced Polyimide Aerogel @
Matrix Composites

DMBZ in CHs o o
NMP HN—{ D <}J> NH O::O::O
H3V
Add PMDA l AMRZ OPMDAO
Mix (4) o O N 00
(5) ayrra Ne o
Add AA and ey TEA AA
then TEA a (3) BTC c
| (1) N o
BTC ' e .O CH ) o CH oA 4 M
in NMp [ Mix DY NS gy
& : f ) l
¢y Polyimide (PI)

— Fabric
e

~| impregnation
>

Fabric reinforced
= polyimide aerogel
composites

— Wet-gels —, 4 washes in_’ Supercrit_ical
Aging acetone CO, drying

(24 h)

S. Malakooti et al. Composites Part B 260 2023 110751 18



Reduced Tc with Ballistic Fabric Incorporation
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Enhanced Sound Absorption with
Ballistic Fabric Incorporation
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Fireproof Insulation for Resistive Environments in Materials for Aeronautics
and Navigation (FIREMAN)

Crew Cabin O, content : ~75 % Crew Cabin O, content : >30%

FIRE-RESISTANT INSULATION
: -

On Jan. 27" 1967, Astronauts
Virgil Grissom, Edward White and |
Roger Chaffee lost their lives when |
a fire swept through the command | |
module (CM) v v

2 A V.
AT F X f ‘
Apollo Skylab Space Shuttle Mars
Missions Missions Missions Missions
Il I} 1 .
} } } } >
1967 - 1972 1973 1981 - 2011 2020’ to
Future

s +

Crew Cabin O, content : 100 - 60 % Crew Cabin O content : ~21 %

Flame Event at High Oxygen Pre-Test Post-Test
(O,) Environments

FIREMAN Project

Fire Resistant v Vertical Flame

Thermally Insulative v H
Commonly Used Polymers Lightweight v Propagation
Epoxy, Polyamide, Phenolic, many more... Enhanced Safety v NASA-STD-
6001B

Flame Removed

™

Flame Exposure During Testing

H

At=0s At=4s

| S —



Limitation of Polyimide Aerogel Manufacturing

Currently aerogels are produced by
molds and film casting, limiting
applications for unconventional
structures and rapid fabrication

DMBZ in
NMP

Add PMDA‘
Mix

Add AA and
then TEA

A

b MiX

BTC
in NMP

~,  Fabric
. : ~ | impregnation : " Fabric reinforced
Increasing the architectural — ——+ Wet-gels —s 4 Washes in_, Superciitical _, 0\ i o ocrooo

! acetone CO, dryin .
complexity of aerogels | f‘zﬂ“h% 2 drying composites
increases its versatility

21



Direct Ink Writing (DIW) of Polyimide Aerogels

60 °C for 5 min Gelation

Wait 15 min 1
Sol & 3,

s,
P s M

NG
S

5; 50

'-;- 45 . °

g1 = o 8 » .
® ®

~ 35 @ ®

%‘30 . ¢

£ 25 °

S 20

'g 15

o 10 — Printed

- 5 — Cast

g o T T T ¥ T T T T 1

2 -50 0 50 100 150

'—

Temperature (°C)

(A) Thermal conductivity of cast and printed aerogels at various temperatures (n=3). (B)
3D printing of thermally insulating aerogel enclosure. (C) Dried enclosure.

* Printed aerogel casings can improve ionic conductivity

in solid-state electrolyte coin cell batteries Design and printing of thermally insulating battery enclosure. (A)
* Aerogels can be printed into complex geometries to Coin-cell battery in plastic holder. (B) 3D design of thermally
create conformal insulators that can improve the insulating enclosure; (top) lid (bottom) bottom. (C) As-printed

.. . . enclosure parts.
performance of electronics in demanding environments

Cipriani, CE; et al Mol. Syst. Des. Eng., 2022, 1039-1044 2



Aerogel Rapid Prototyping
T e 1

Polyimide

. .
PrecursoU

GEMEEATED
| CONTENT |

Viscous Sacrificial Gel Printing Polyimide Aerogel Lift Printed Gel

Rapid prototyping of polymer aerogels via direct-write printing into a sacrificial
bath that supports the precursor during gelation, enabling free-standing,
complex aerogel architectures.

Artificial Intelligence (Al) Usage Disclosure
This image was created with assistance from CHATGPT (webversion) for creating images. The content has
been reviewed and edited by Stephanie Vivod.



NASA GRC Technology Transfer

License NASA’s Patents

* NASA's patents can be browsed on the Technology TransI!: I!’rogram website: technology.nasa.gov
» Patents are sorted into industrially relevant categories
* Licenses come with a variety of terms depending on intended use:

» Research license: allows licensee to “test drive” commercial viability of NASA's technologies with

minimal risk
« Government use license: allows licensee to leverage NASA technologies for government funded

projects
Commercial license: Secure rights to make and sell products based on NASA technologies

PATENT PORTFOLIO

NASA maintains a portfolio of patents with commercial potential and makes them available to the public
through our patent licensing program.

Use NASA’s Software

* NASA's software can be accessed and used for no cost via a Software Usage Agreement
+ To search NASA's available software, visit the NASA Software website: software.nasa.gov

Access NASA'’s Facilities and Subject Matter
* NASA can participate in cooperative research and
development using the Space Act Agreement (SAA)
* SAAs are individually negotiated

ASA also can partner with foreign organizations

NASA TECHNOLOGY
TRANSFER PROGRAM

www.nasa.gov

ERINGING MASA TECHNOLOGY DOWMN TO EARTH


mailto:grc-techtransfer@mail.nasa.gov
mailto:grc-techtransfer@mail.nasa.gov
mailto:grc-techtransfer@mail.nasa.gov
https://technology.grc.nasa.gov/

Technology Transfer and Spinoff
NASA Home and City
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https://www.nasa.gov/learning-resources
https://www.nasa.gov/learning-resources
https://www.nasa.gov/learning-resources
https://homeandcity.nasa.gov/

Office of STEM Engagement/Education
A Universe of NASA Opportunltles

NASA
.ﬁ )a STEM GATEWAY

Your Gateway for Participating in NASA STEM Opportunities

CHALLENGES‘W
ﬁ}!EDUCATOR
t PROFESSIONAL DEVELOPMENT

https://intern.nasa.qov/



https://intern.nasa.gov/

Acrogel Innovation and Research (AIR) Team

Dr. Sadeq Malakooti Dr. Stephanie Vivod Dr. Michael Chauby
PhD Mechanical Engineering PhD Polymer Science PhD Chemical Engineering
University of Texas @ Dallas The University of Akron Rowan University

The Polymer Aerogel Inmovation and Research Laboratories are dedicated to advancing the science and ewgiveering of lightweight,
high-performance aerogel materials +o address the most demanding challenges i aerospace, aeronantics, and advavced technology
sectors. Our wission is to pioneer inmovative solutions in thermal wmanagement, structural insulation, energy absorption, and
maktifunctional material systems through the design, fabrication, and characterization of wvext-generation polymer aerogels. By
fostering collaboration across government, industry, and academia, we strive to accelerate the trawsition of laboratory breaktironghs

mto real-world applications that enable safer, more efficient, and more techvically advavced exploration and innovatiow.
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