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https://www.youtube.com/channel/UCIBaDdAbGlFDeS33shmlD0A

o What is the near future of humans in space ? =

L. ong endurance missions L.ong duration missions
Low gravity Microgravity
In-situ resource utilisation: \Versatile (metals, polymers, ceramics)
sandy planetary surface (regolith) Material recycling

— AM In low- and microgravity:
enabling technologies for future space missions



O Additive manufacturing in space ‘éﬂ:

Currently: flament-based (FDM) AM on board the ISS (since 2014)
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3 Additive manufacturing in space ‘#;?R

Currently: flament-based (FDM) AM on board the ISS (since 2014)

Small, low constrains parts Limited size
< 200 tfunctional parts over two years Low quality parts (delamination, limited resolution)

‘hermoplastics only

AMF (Additive I\/Ianufacturmg FaC|I|ty) 2016
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T. Prater, N. Werkheiser, F. Ledbetter, D. Timucin, K. Wheeler, and M. Snyder, “3D Printing in Zero G Technology Demonstration Mission: complete experimental results and summary of related material

modelling efforts”, International Journal of Advanced Manufacturing Technology 101, 391-417 (2018).
7



Y Additive manufacturing in space

—igner resolution \ultimaterials faorication:
—igher dimensional accuracy Colymers, metals, ceramics

Powder-bed based
Versatle (polymer, metal, ceramic powders)
High resolution (~100um)|

Energy source
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Y Additive manufacturing in space

FPowder-based AM for space: Gas-flow assisted powader-bed staollisation

Schematic © Zocca et al. 2019
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High resolution (~100um)

Deposition relies on powder flowability
(I.e. limited recycling / powder batch reusing)

Bed thickness limited by pump power
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IS thickness < 2 mm
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p-gravity”, Advanced Materials Technologies 4, 1900506 (2019).

J. Gunster, A. Zocca, C. M. Gomes, and T. Muehler, “Method for Stabilizing a Powder Bed by means of Vacuum for Additive Manufacturing”, United States Patent 9533452B2 (BAM, 2017).



Powder flow in microgravity

AM in space Technology demonstration Results & Conclusion
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Vifleo courtesy of Plagma Ben, available on' https://www.youtube.com/watch?v=Q0kteyMDnwE




=3 Hanaling powders in microgravity ‘ﬁ

How to explain behaviour change of granular materials in microgravity?

= [ [ [ [ [ ] [ [ [ | [ [ 1 31U GraVity Z
102 _ —— Electrostatic
—— Capillary

10 | _\ —— Van der Waals

e "

10° -

L

Material parameters (PS powder):
- : mass density p = 1460 kg.m-2

= ~_ . - dielectric constant € = 3

n N\ ~ : surface tensiony = 72 mN.m-’

6 =05°

S
|
/
/
|

Force /uN

-
]
\V)
|
r
4

r 4

AT

aperture angle of capillary liquid
\ Y. ’ oridges ¢ = 20°

e _ Hamaker constant A = 8 10-19
= surface charge density
o=1.6105C.m?=

-
-
s
RERL
=
|
M
-]
g
=
rd
/
¥ 4
’ 4
L

10_4 I_Ii' Ll | Ll Ll L L Ll | NN |\%,1|||11|l |
10-* 10 100®* 100" 100° 100° 100* 107°  107°

Distance [ between particles /m

— |
C?:
}—l

12



Handling & 3D printing powders independently of gravity

AM in space Technology demonstration Results & Conclusion



xy A process for 3D printing powders independently of gravity EDLR
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Closed contalner ——

Raw material @ Increment

@ Deposition

@ Transport
@ Homogenisation

@ @ Compression

(1) Solidification
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printing substrate
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Printed object
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O. D’Angelo et al., A gravity-independent powder-based additive manufacturing process tailored for space applications, unpublished manuscript (2021) arXiv:2102.09815 [cond-mat.mtrl-sci]

Patent application DE 10 2020 123 753.7 (2020)

Apparatus and Method for Additive Manufacturing of Components in Environments with Various Gravitation-levels and with Materials of Different Flowability »



=y A process for 3D printing powders independently of gravity

. Screw conveyor rotation:

blades rotation pushes
material downwards

. Force chains

. Inner tube rotates:

disruption of force chains
by orthogonal force

i DLR
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9 Using rheology as a tool towards adaptability

material
// ‘Tlowability” \\
IN-Situ OrOCESsS
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Technology demonstration

AM in space Technology demonstration Results & Conclusion



3 lechnology demonstration

® Use simulation

D=V,

simulation: numper of particles Imited by ¢
Continuum approach: no constitutive equatio

q

encompassing all stat

® EXxperimental proof of concept

1.
2.
6}

Suild prototype(s)
—xperiment on-ground (19)

—xperiment in weightlessness (Lg)

@

"""""
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3 lechnology demonstration

Farabolic flight as a microgravity experimental platform

390 km/h

Hypergravity Microgravity
1.8g Og

20 seconds 22 seconds

Hypergravity
1.8g

20 seconds
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9 lechnology demonstration ‘Eﬁ

Farabolic flight as a microgravity experimental platform

ESA Education
FLY YOUR THESIS! 2019
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3 lechnology demonstration
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Results

AM in space Technology demonstration Results & Conclusion



3 lechnology demonstration

Demonstrator powders: two typical powders (PS 80um), very different flowability ..

® Smooth surface powder e Rough surface powder

DLR
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9 Results: powder rheology vs. gravity

ON-grouno

N welgntlessness
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9 Results: powder-based 3D printing in weightlessness

Smooth surface powder Rough surface powder

DLR
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=y Results:

powder-based 3D printing in weightlessness

Smooth surface powder
L G A R

Rough surface powder
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Conclusion

AM in space Technology demonstration Results & Conclusion



¥y Conclusion

Additive manufacturing for space applications

Altered-gravity experimental platforms

i DLR

e AM: enabling technology for space exploration
® New processes are vet to be developed

3D printing metals

with high precision

and minimal waste

—-landling granular materials
N extreme environments

Need for altered-gravity experimental platforms:
® [0 provide reliable proot of concept

® [0 wWork with materials aifficult to simulate
(e.g. granular materials)

® -Or technology demonstrations
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