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Abstract: Space metal additive manufacturing will be one of the transformative technologies
supporting future deep-space exploration missions. Currently, this technology is constrained by
technical bottlenecks such as forming accuracy under microgravity and payload power consumption
limitations. Further validation is still required to determine which process routes are truly suitable
for in-space deployment. This paper reviews the technical research progress of microgravity metal

additive manufacturing, including the microgravity verification of electron beam free forming
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(EBF3), directed energy deposition (DED), powder bed melting (PBF) and other processes
completed by ground platforms such as falling tower and parabolic flight, and defines the core law
of melt forming dominated by surface tension. At the same time, the breakthrough of the first on-
orbit metal additive manufacturing through laser wire feeding DED technology on the International
Space Station in 2024 is introduced. The paper compares the technical schemes of metal
manufacturing suitable for microgravity environments, discusses in depth the technical
characteristics of Directed Energy Deposition, metal droplet-based additive manufacturing, and
composite processes, and contrasts the performance parameters of energy sources such as electric
arc, laser, and electron beam. Finally, this paper analyzes the key technologies in this field from
the aspects of the development of space metal material systems, the research on microgravity
forming mechanisms, and innovative processes and manufacturing equipment, providing a
reference for the development of space metal additive manufacturing technology.

Keywords: Space Metal Additive Manufacturing; Microgravity; Forming Control; Energy
Consumption Constraints

1 55

B E NRIRTIRR R HEdE, BRIkt
W KERIIYE S H AT ST, 0 R % B ) 3& RE
J1 T BT R AL G Ml R 7 G g,
CLRE LASR BB K i A 80 A R S ML T A D 28y i A vy
H B8 K AR DA, T K 7 R 1Y A ] i
(Space Metal Additive Manufacturing, SMAM) [f]

AP

Pellet MaterialExtrusion

& RS Filament

Material Extrusion

REATES
Hybrid Binderletting HH
il
WA MRS #Han MR
Binder Jetting LT

BIT

A& RN
Liquid Metal Printing e gt
MIT

PolS, MR - INETR U T A PEROR B AR .
WK, SMAM IRl i H AR SHR TRER
JE R AT AT, BART S B R AR R
HAE S R RIS R, IBOL . T RSN REE
U, K < b R LA S5 JFURHZ JZ AR AL HERR T
T S B < S A S 1) i 5 AR BLAE SR T R
AR HAZ L EE ST JEB R B 70 < R I
B REM R IRAAY, FTHALSHRNEBARIRIR, B
B ) L2 s S 8ot 3 .

AR B E RN

Powder Laser Energy Deposition

AR L0

Wire Electric Arc Energy Deposition
W T
Wire Plasma Arc Energy Deposition

’ fo 655343 e
HiEER Wire Laser Beam Energy Deposition
TBEA

T RIG LA

Wire Electron BeamEnergy Deposition

KRS o LD
Cold spray Friction Energy Deposition
eakch & R R RS
Cold spray . Metal Selective Laser Sintering
BFRPEFER

MR F IR
MEMFEFIER Area-wise laser BeamPowder Bed Fusion
Laser Beam Powder Bed Fusion

Electron Beam Powder Bed Fusion

BT <o Jmas b il i B £ 1



KRR S, R R I IS R R DUIR S BB BT

Fig. 1 Technical Roadmap for Metal Additive Manufacturing
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Fig.15 Metal additive manufacturing processes based on different energy sources
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3.1 ERREENFRIBMHIERA

WE 21275 2.2 Tk, AT 2 A2 T DED
BORBIE 2y, fEE DT, T eh=E
JIERBN I R S ALER , i R 4 8 0 B2 e M %
HEPki, SR, DED AR AT R i 4% 5E =
NI 22 T8 ZRARAL S AT g, M 5 IR GSEE 7
KK EF RIS, 1R RIERE. 1F R
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FH ARG IR i @A A4 )3 107

AR AR EE T A A R R IR R % %
FhEe RV DED £0R, DASRELIL HAb. MRAERE
BRI, 5E 18] e B UUREOR W] 73 A0 E 9] g
& P (Laser Directed Energy Deposition, LB-
DED) . HFHE M fEE P (Electron Beam
Directed Energy Deposition, EB-DED) . HL5IE 7]
Ae T (Arc-Directed Energy Deposition, Arc-
DED) %2 i B, AN[FRERIELEREFE . A
I EREORAE T HAFAE R E Z R, XMU14 DED £AR
TEGER /) 4 8 8 A i) it vh e B 22 A4k 1) R S i

o

3.1.1 HIEFAEED (Arc-DED)
Fg, — Surface tension

F, F,- Vapour pressure
(

v
o F4- Plasma jet force
Fenm- Electromagnetic force
F *  F,- Gravitational force
dfF | om
9

F
F

Molten metal
droplet
transfer

Fa.Fie
- Gs -

F, — Arc pressure

Fss- Gas shear

Fsr- Surface Tension

F,- Lorentz force

F»— Droplet Impingement
Fg- Buoyancy force

Molten
metal pool

K6 & RFRBENCEARE (a) 5 WHAE AR KERREE (b) 5 FERE S RIE TS (il f, DL AEHTE
H N RE T E R A (o) BY
Fig.16 Experimental apparatus deployed to the tower (a); Schematic diagram of the action of different forces in the droplet and the

molten pool (b); The contact Angle measured in the microgravity weld bead and the contact Angle measured in the weld bead under

ground gravity (c)B4
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K17 TR TR HIE RS () ; RHIE
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Fig.17 3D printing equipment based on cold cathode electron

gun (a); The melting process of alloys by cold cathode

electron guns (b)
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Powder bed fusion (PBF)

Directed energy deposition (DED)

K18 JETRRIIBOLE MBERDIR (a) 5 - TLMAIM
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Fig.18 Powder-based laser directed energy deposition (a);

Laser-directed energy deposition based on wires (b)3!
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3.1.4 HiFkEELEIEA (FSAM)

Br 7T R = A aERIEM DED £, fitkk
FEPEIE A HiiE  (Friction Stir Additive Manufacturing,
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Fig.19 Schematic diagram of friction stir additive

manufacturing®7]
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Fig.20 Schematic diagram of metal droplet additive
manufacturing (a); An experimental setup for simulating the
deposition process of metal droplets in a microgravity

environment (b)[“?
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Fig.21 Schematic diagrams and process photos of the LB-PBF

step (a); Schematic diagrams and process photos of the DED
step (b); Photos of the LB-PBF/DED specimens, as well as the
dimensions and sampling positions of the tensile test rods
(o)
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Fig.22 The steps for preparing mixed samples and mechanical
test samples through selective laser melting (SLM) and
directed energy deposition (DED) (a); Schematic diagrams of
selective laser melting (SLM) and Directed energy Deposition
(DED) (b))
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Fig.23 Schematic diagram of the Collar Hybrid processing

head (a); The laser guides the arc for precise focusing (b)[#]
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Fig.24 The WAAM manufacturing process in the WAAM-
LMD manufacturing process (a); The LMD manufacturing
process (b)l*!
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Fig.25 Schematic diagram of the SDF process
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Table 3 Commonly used alloys for aerospace additive manufacturing!”

Ni-base Fe-base Cu-base Al-base  Refractory  Ti-base Co-base Bimetallic
GRCop- . . GRCop-
Inconel 625 SS 17-4PH AlISi10Mg W Ti6A14V CoCr
84 84/IN625
GRCop- . .
Inconel 718 SS 15-5 GP1 4 A205 W-25Re v-TiAl Stellite 6 C18150/IN625
Ti-6-2-4- )
Hastelloy-X SS 304L C18150 F357 Mo Stellite 21
Haynes
Haynes 230 SS 316L C18200 2024 Mo-41Re 188
. Mo-
Haynes 214 SS 420 Glidcop 4047
47.5Re
Tool Steel
Haynes 282 Cu110 6061 C-103
(4140/4340)
Monel K-500 Invar 36 7050 Ta
C-276 SS347
Rene 80 JBK-75
Waspalloy NASA HR-1
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Fig. 28 Comparison of the first deposited layer under different gravity levels (a); Comparison of the second deposited layer under

different gravity levels (b); Comparison of deposition cross-sections and melt pools under different process parameters (c);

Vaporization under different pressure levels and process parameters (d)
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Fig.31 In-situ manufacturing and processing of the lunar
surface (a); Telescopes made in space are being assembled in
orbit (b); Metal trusses that can be used for space

manufacturing (c)
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Fig.32 Rocket nozzles manufactured by NASA through 3D

printing (a); Raptor series 1-3 generation engines based on
metal 3D printing (b); Rocket engine nozzle head based on
metal 3D printing (c)
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