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Molten Regolith Extrusie

Project: 3D-LAVA

Additive Manufacturing using
Molten Regolith Extrusion (MREX)

Advantages

+ Construction without binder

+ Only electrical energy and regolith needed

+ Little powder handling required
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Additive Casting Fibre Drawing
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Molten Regolith Extrusie

Project: 3D-LAVA

Additive Manufacturing using
Molten Regolith Extrusion (MREX)

Advantages
+ Construction without binder
+ Only electrical energy and regolith needed

+ Little powder handling required
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Experimental Setup

Printhead

Pyrometer
(5.14 um)

Thermal

camera
(7.9 um)

Regolith substrate

Traversing Table

Size: 800mm x 800mm x 800mm
Vacuum: ~ 10 mbar




(Old) Printhead

Custom vertical tube furnace RESISTIVE FURNACE

é ; (Type C)
Temperatures: up to 1,600 °C I

"'-ﬁ'—
Ptyo,Rh, crucible filled with mare simulant j‘

’Hﬂ,,

'E\’:— Vacuum Flange

Insulation

Two heating zones (crucible and nozzle)

- Currenty being replaced by
induction heater

Upper Zone
(Mo wire)

Lower Zone
A (Mo wire)

Melt
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Experimental Setup

A Whole test setup | A Inside chamber with
Traversing Table
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New furnace design

OLD: RESISTIVE FURNACE

b Thermocouples
(Type C)

Insulation

Upper Zone

(Mo wire)

Lower Zone
(Mo wire)

Melt

Simon Stapperfend
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NEW: INDUCTION FURNACE

Shorter cycle times
Better process control
Optimized geometry
Expandable design
Easy maintenance
Modular system
Higher efficiency
Flexible operation

Induction

Generator
(20 - 100 kHz)

Vacuum Flange

Inductor

(Exchangeable and
Watercooled)

Melt
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Experimental overview -

Several experiments were performed:

» Material (LX-M100): regolith (a), coarse particles,
sintered particles (b), vacuum sintered (c), glass shards (d)

» Substrates: regolith powder, cordierite, graphite

 Different table movement patterns

A Extrusion onto cordierite plate
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First Experiment

A/

A Curved part
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More Experiments



More Experiments

Thermal camera

|z :sdj o1 paisnipe sjesswel
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Fracture edge with pore Intact line of glass with glass fibers Coiling of fine glass fibers

,Plug” from the previous batch

Glass bead with fibre

Crucible after outflow: ~6 g remain in crucible



Current Status and Gogly

Simon
Stapperfend

BrUN, P.-T. ; INAMURA, C. ; L1zArRDO, D. ; FRANCHIN, G. ; STERN, M. ; Houk, P. ; OxMAN, N. :
The molten glass sewing machine. In: Philosophical transactions. Series A, Mathematical, physical,
and engineering sciences 375 (2017), NI. 2003. http://dx.doi.org/10.1098/rsta.2016.8156.-
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Liquid Rope Coiling

Coiling can be divided into four
regimes.

* |t depends on:
* Drop height
 Gravity
* Viscosity (and therefore temperature)

Q(v/g2)1/3

-> Desired: Gravitational Regime (G)

1 | | 1 1 1 1 1 1 1 1 I
0.05 0.1 0.2 0.5 1 7.

] H(g/‘,Z)m
1 Simon Stapperfend Ribe et al. (2012) 16
| E s.stapperfend@tu-berlin.de DOI: 10.1146/annurev-fluid-120710-101244



Circular: V¥=0.15

Linear: V*=0.15

Simon Stapperfend
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Circular: V¥=0.2

Linear: V*¥=0.2

A
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Modelling the Process *

Circular: V¥=0.25

Linear: V*¥=0.25

Env: Earth Moon Show Regime Bands
Parameters:
Density (kg/m®x: 2800.00
Viscosity Range (10*xk — 1.00-3.00
Target Visc (10%x Pa-sk 20
Flow Rate (mm?/s): 0.02-0.12
Nozzle Diam (mm]: = 9.00 - 11.00
Plot Height (mm): 39-483
Target Height (mm): 267
Uncertainty: Uncartainty:
Nene
®| Viscosity
Flow Ratz
Nozzle
Gravity | n Case | N_H Regime | Freg (HMz) Radius (mm)
Earth | min | 2.4435e+01 Inertial (I) | 7778.7438 8.01
Earth | target | 5.2644e+00 Inertial (I) | 3686.8596 8.825
Earth | max | 1.1342e+88 | Gravitaticnal (G) | 5.85€9 1.263
== Earth Target 1) Line
10"
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|
y |
10 |
|
c |
o
£ )
E 10" /
- ¥
1072
10-4
1076 T
0~ 10-? 0 10~ 10° 10 107
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~ 3D-Modelling

* Development of a simple slicer
« Implementation of the rope-coiling effect

» Use of open-source solutions
(SPlisHSPlasH from RWTH Aachen)

10 A ®

A Rope-Coiling Effect
in SPlisHSPlasH

N . A Current implementation

-1.0 -0.5 0.0 0.5 1.0 -1 0 1

[Promo Video]
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5 Measuring High"-tempe’ ure Properties ongoing

=
N

Viscosity (@LMU)

Spectral Emissivity (@CNRS)
Enthalpies (@LMU)

Surface Tension (@DLR)
Density (@DLR)

Cooling Rates (@OU)
Crystallization (@OU)
Wetting (@ TUB)

= e
o =
I 1 n 1

log. Viscosity (Pa s)

o = N W H U O N 00 ©
R N MR SR SIS CAN S - MR R,

Simon Stapperfend
s.stapperfend@tu-berlin.de

‘ . | 2 ’ o | » ]

10,000 /T (K1)



berlin

Thank you for your attention

Questions?

% Federal Ministry
%\ for Economic Affairs
and Climate Action

on the basis of a decision
by the German Bundestag
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a) Druckkopf zusammengebaut b) Isolierung c) Druckkopf-Deckel
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Regolith Issues
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More Experiments
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Coiling and Buckling
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Manual Experiments

A Molten and resolidified regolith simulant
(manual pouring experiments)
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~ Temperature Sensors

Temperature sensors used:

* Pyrometer (5,1 um) = Emissivity € = 0.865

Temperature (°C)

N1/

Thermal camera (7,9 uym) - Emissivity: € = 0.99
—— Furnace Setpoint Temperature
1400 + Pyrometer Temperature
—— Thermal Camera Max Temperature
1300 +
1200 +
1100 - N ._W =
1000 1 “\
800 - & ; JEP
700 A :
600 +
500 . f ; T '
0 1 2 3 4

Simon Stapperfend
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Elapsed time (min)
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Extrusion process

1. Set printhead temperature to 1,400 °C
2. Regolith melt leaves printhead in a free fall
3. Homogenous flow starts

4. Homogenous flow ends, some more droplets fall
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