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Abstract: According to domestic and foreign research progress of additive manufacturing (AM) technology
in liquid rocket engine, rocket engine manufacturing process, methods, process standards and materials were
summarized, as well as application of AM in liquid rocket engine, such as thrust chamber, turbine pumps,
valves, general assembly components and the whole machine. Meanwhile, the development direction of AM tech-
nology in the field of liquid rocket engine was also predicted. It is pointed out that in the field of liquid rocket en-
gine, AM should be carried out more comprehensive and systematic research on application level, engine struc-
ture design methods combined with AM characteristics, new manufacturing technology, manufacturing process
standards, new materials and construction of material performance database, so as to meet major challenges in fu-

ture aerospace field.

*WFR B 2021-04-19; EITHHE: 2021-06-22.
BEEWA: MRCHHESAIITIR GRS (U1737205); WEGHZE TRGEVERMTBEAT HF I H  (2019KGW.YY4007Tm) .
EERE N : KRR, Wik, AFFROUh A KT &SPt it .
BIRESE . Bk, W4, PIER, USRI K H R SRR
LA KR, WKME, mEN, 5. BRI RSP A S FORMT Sk I (], HEdEH AR, 2022, 43(5):210235.
(ZHANG Wu-kun, TAN Yong—hua, GAO Yu-shan, et al. Research Progress of Additive Manufacturing Technology in
Liquid Rocket Engine[ J]. Journal of Propulsion Technology , 2022, 43(5):210235.)

210235-1



a3k S

WA K HT 2 S AL A T i 1 AR BT 5 2k e

2022 4F

Key words: Liquid rocket engines; Additive manufacturing; Machining technology; Fabrication pro-

cess; Metal material; Review

1 35

WA KT R BN HIL R 38 3R R R Y T R
Oy, FL A R R B T 4 U i3 KO I Se kA ek
VAR Bh F7 B AR R i ) AR R 2 AR
o MALMRKES SRR AEAY DER
JE T R s BRI A T KA R Bl X ST 55 X T A
KR BHLE H T RHE Ty i TR R R AR AR
S JE T A AR B AR SR WA KT R Bh
BIL 1 BF 61 o, T O T 7 R, — R YRR KR & B L
= AR N B A = R = v S N A =R g o
R ) VT B 0 A5 BT A, A Ok TR Y AR SRR
FVEAA Aar , DT RS A S ML A B TH 2 T s R
S YA e 0 BeR T e AR AR T R HL T R R
FHRAG AR = AR o B b, 200008 Fn & e & s Bl
AT 28 1 i A

1 At i 37 (Additive Manufacturing) , fif % AM,
JE 48 D\ 3D B RVECHE | 38 b AR S R Gk A R R
JEHERL, e 2 i SR R i a BR  V5 RO L
Wit MR T 5 e 8 R E 2 miE R . B
1986 4 FF 1 4l FH 56 8 1k 1 78 (SLA) il i 2 R, 25
ZAEH K, LB T PBF (Powder Bed Fusion, ) K
R4 R . DED (Directed Energy Deposition, H A&
DB S i R 1A ) T R A AR LA
A 7 R ) A T B R, B2 W T
FRUAS TR AR A A Ak, Rk R S i
BRE A R R 1) . WA KT R Sh LI 2
P BLA e T L G RE B RN LR AR AE
FF a5, R T3 M ] 3 B R, AT DL SR B A% e Bk ] 3 1
T2 R RAYE W i T8 A oA (2 2 AR AR AR
I P R 2 TC A T 7 A Y ) 3 R AR U A () AR D
O B AR A R R R AR AN A R = TR R B L
BT 2T, AT LLFE 43 A B A i i R 78 8o R
P RO Bt i e, BT R B A A A i bR -
5t -y e — IR AL Rl G AR WL T B 2 AR A BT
S 5 - T - K £ 5 Ak a2 AR
SR U WA LN 0D A o (B s e N E A
7R B v R S ML HE BT L AT SE

TE 1t 25 0+ Z AE ), 3G b i & 78 WK KR & 3
BLH i 0 FH S 9T 4 e 3R R AR SO 3 A ] 3 AR
AR K R S L AT A B AT T R . B e

T

HE T HE B i BOR AR K SR B Tk L T
B HEFIAARE SR J5 A 417 39 44 1 3 B AR A [ N A
T K s LA BB B9 L IE 58 R B s o B T 1
] 3 A AR KT A Bl B Y A D Tl

2 BIRNET R PIERHIET

2.1 REHHIEHFIER A

TGS Z R HE R AR RREMLKE, B
VR A 2 sl B A A A 386 b ) 3 B R 32 28 & PBF Al
DED AR "™, & S AL 3G 4 i 1 R o Je il 1, &
B4 Selective Laser Melting (SLM , #OG & X g4k )
Electron Beam Melting (EBM, Hi, 7 % fill 1t ) . Blown
Powder Deposition (BPD & Fr BP-DED , i ¥ 2 ] fig &
UUAL) | Arc—Based Deposition (B JRILAL) | Laser Wire
Deposition (LWD, 3 5t 4 J& 22 L #1) . Electron Beam
Deposition(EBD,Eﬁ%ﬁ?ﬁfR &5 Hop g MEL R
FORM T Z WHEAR

PBF 3 A o0 4 4 J b oK Bl 2 A B L SRS T
FE T il s Y o 7E R S Pl R Y 32 R JE SLM
FEBM, X L4 R JF BESE Bl . PBF 42 R B S5k 3D #
HIY) 7 249 0.02mm (1 )2 K5 B AR HOLE B A X AR
I [T Al B R A FR 43, 5 SCEOGI 10 B84, AT IS
AlBE L A — R AR S MU 8RR R R I
PRA T R 2 EOH 2 52 Z R E R R,
Z 5 AN W A B R A A ke i o AR D
FRANPE 2 7R o 3K 7 ik AT DA SR RORE B MO D % A
I 7, B RN B AR, TT LA O i R e R, (H
S, SLM $ AR A A7 7E [ (8- i 1 RSFAA B, H AT Y
il 3 A PR F AR 800mm LU [ A N RS 4
P 7E i 3 52 BT 1 5% B3 By A M LA 25 Bk 5 45 4 1 -
ANFRAE RUSE e DL S B i 2 38 10 BF 9% TR AR & 3 ML
T A SLM 452 AR, J a5 I e R RS R 0 il 3 1l 19
WESE L LA JE R R & s AL B AT 55 5 K o

DED #£ AR 8 i 1 H: R A A S M (4R 2 5K
By oK) I AT I A I AR R 1 4 IR TR B M R AT %
AIEERE . AHLL T SLM R ] DL A7 31 R RS 25 4
I Z2 B i 37 el R PR R R R R, 3R
TR R o i R R 22 ARE RE ROk AN B
BT O 4A B 22 DR OB DUAR L R DT AR M L 3R
&) 22 IR — R HR .

WOt 4 8 2 DL EL(LWD) BT 3R 4 8 22 i L

210235-2



Fa3% HsH fle #oH R 2022 4F
[ AM technology in liquid rocket engine }
|
+ { + N\
g Powder bed ’ ‘ Directed energy ’
£ fusion deposition
©) l [
3 PR N
-q%; Powder ’ Powder ] Wire w
& S S
: " —

g Electron beam | Blown powder Arc-based Laser wire Electron beam
E melting deposition - deposition deposition deposition

Fig.1 Category of AM technology in liquid rocket engine

Laser source Scanner system

~ /;//5/

| |

V
Powder supply ~ Powder bed
platform

Fabrication platform

Fig. 2 Powder bed fusion process™
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Fig.3 Blown powder directed energy deposition process™”
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Table 1 Research on surface roughness, REM""

Material/Program  Method  Initial Ra/um  Final Ra/um
Inconel 625 OFT 7 <0.5
Inconel 718 cP ~8 1.8~3.5
Inconel 718 CMP 8 <0.1
Inconel 718 OFT 7 <0.05

HR-1 OFT >15 0.25~0.5
LLAMA CMP >14 <0.75

(a) As printed after HIP (b) After CMP
Fig. 5 Comparison of LLAMA combustion chambers
before and after CMP
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Fig. 6 Standardization system construction for AM in liquid rocket engine
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Table 2 Mechanical properties of copper alloys

Tensile Yield .
. Source/ Elongation/
Material . strength/ strength/
Machine %
MPa MPa

GRCop-84 SLM 390 208 30
GRCop-84  Extruded 368 197 27

GRCop-42 SLM 359 173 322
GRCop—-42  Extruded 354 200 30
C-18150 SLM 275.8 179.27 27
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Fig. 7 Characterization of Ti-6Al-4V in the process of manufacturing gimbal ring

51 #EHE

M T 2 2 WM KO & Sh AL T de B A
Fhe R ) 3t T B R A TR, B R 2 R R A
N ZEHR IR RIEA, FEEREB TSR AR
HIWEAE MR R KA S AL
5.1.1 Wi

% 7 i B K A7 fe I R L O o il 2 — &R )
M T T B R AR Y R ST ORG R R
B FE A TE B A R R Bl WL e R R K &
P22 — o W 0 3 KT B e 2 R S AL
95540 R A FIBRBE , P B R B A P B KT R
RANHLAPERE . 1258 I Al s i ms e as A5 2
BCE BT A ST F AR AR5 S B R A
Ty AR B AE — e, il AR B 3, 2B R AR K
I, TS A% AT T T i T T T A RS G A ) T R
T REs TAE.

5 [ 3% 7 1k RN B AE 2009 4F T 36 2% FH SLM $ K
il F-1 & shHLms i 48, Bl 5 MOR F SLM 4% AR i 1
AR-1 % sh ALmE 4 28 1, #0K 42 = O 1 13.79MPa,
ACTE TS T 245 7 18, 3G 44 ) 32 5 folf 22 A 52 A5 JR 0 44 9 9
A A AR AL 70% . IE AN A BEAT T RS-25, RL-10
S5 R SAILIE TR 25 10 1 B o 1 R R BT

NASA ANALAFSE T SLM $ R AH & B #18 . T. 2
] 1 7 A 3 AR 43 L A 7R 5 SR RN B A 1
TR R AR R W 2R R T S . ZEXT Na-
no Launch %) [A] %l =2 W5 v 2% 69 #) 3& B, B A% 80 1 3R
AR B R RL A I T 2R AR Sy 22 A A S 1 L B8 AR
B FLAR T i e Tl SLM B AR i i 5
BRI A RE 27 TR Je 04 M IR 1) 3805 78 4 R FH 38 b ) 1 A
52 2% JUAnr A4 ) 3 7 T A R B EE OB IR T T i

FIN i8R PR R Ak R AR I B R s T T B & A R KL
W 3 5 1 G5 52 2% B0 RORE S B4 B AR B g — A ST
PRAE  BEESR WA 8 (a) T 7n . NASA B LR T 1%
5 R HE b ) & P9 RR 7 20 3 4 ) 90kN iR A/ R
S S AL A T T 2 Pk BE 14 T i A S A 2 0 4R AE
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(d) AMDE injector
(Thrust 155688N)

(f) LOX/Methane
PGO056 injector

(e) Methane injector
(Thrust 17793N)

Fig. 8 Injectors fabricated by AM technology developed at
NASA™“!
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AN T s 3 Oy =X Clml Al 20 L0 XA o 20 AN [\ 4

JOLEFEIL+H4) AR E A& (28~190mm) 1)
F G & sh AL B A ARG 4 2R ik
TN 53 & B HLIE VE £ 350 5 W3R 3 TR 3 4 e
M 8 TR .

Table 3 Injector programs fabricated by AM technology developed at NASA'"

Injector programs Year  Propellant ~ Material Type Number Diameter/mm p /MPa
Nano launch Inconel Swirl
(Thrust 445N) 2012 LOX/Propane 625 Coaxial 6 28.57 0.90
PC020B,C Inconel Shear
(Thrust 5338N) 2012 LOX/GH, 625 Coaxial 32 5715 4.96
PF057,PG040,PF086 Inconel Swirl
(Thrust 155688N) 2015 LOX/CH, 625 Coaxial 62 190.50 9:65
Inconel Swirl
PH127 (MET1) 2017 LOX/GCH, . 32 76.20 241
625 Coaxial
Inconel - . L
PGO56 2017  LOX/GCH, 718 FOF(Fuel- Oxidizer—Fuel, Triplet impinging—jet) 20 45.72 8.27

FE] P S R 1 B8 b ] 3 AF 5 5 I, 2016 4F P
TR K S B A W HEAT T BN O 48 e &
BIAL 3D FT BN WE T 2R A 5, B 5 X T W B R
S 0 2 L B X TR Al By ) 28 % 1 SLM 4
AT, I AT T 22 A, W8 38 A 5 o
B9 i . Hor % B A S e i 25 R I 3D ATEN 5, &
PR E ROk 1 142 S0 > & 2 4 i A 0 4
70% , AR T K 80% o 1 #B AL R AL AT BR 2 5] I
T Z B A AR R S AL T T A Y U W BRI S
O W LIC Y 3D AT ERIE 9T . AL By SR M 20 W) 7 2018
AEEAT T 15 WG ST ot B s LR R & A 2 ik 4
4 R 3D T B A A

(a) Injector shape

(b) Injector flow test
Fig. 9 Injectors fabricated by AM technology developed at
Xi’an Space Engine Company Limited

5.1.2 WA R E

R BNAIL T A ¥ J WA 2 R B HLAE ) = Y E
YL A — o iR (1) U BE 45 4 A% G5 11 ) 5 Oy vk
2 SR FH BB T AR A I R L AR S LN T A A R A Ak B
I J 38 ok AT R AR O VR B i AR RN I B X RE T
R TSR 3 T F AT 2R TH N TR A 25 4 S Ab

HET AR, SR B b ) 3 vk 0RO A Ak T R

NASA M\ 2013 4 FF 43 BfF 52 388 B4 il 5 75 25 v 0 s
BLIF R TR SAS bE g eI H (LCUsP) |, {f
SLM 5 A il ¥ T B 42 400mm fY K Y ¥ 3 3R 4 A 5%
BLBEE VAT T CTHRE PG ZE . T SLM i il 1
ROT BRI, NASA B WFFE 1 fd ] DED $ A i 1 KA ¥%
HIGEAE' S, 2017 4 NASA % /] LWDC (Laser Wire Di-
rect Closeout, it ¥l 5 LWD £ A A [H] ) £ R, fifi F
SS347 A4 A0 Al Inconel 625 4% 45 2k & 4 40 Wl & T
Y HVEE A | A EL SS347 #4 K}, Inconel 625 7] L1 52 B T
e Y VR RO SR A LIRS TR, B 4 e ] G
SR BCE Z2197 NASA BIF 5% (10 5B 43 34 A i 1 w5 %
TUH i 4 iz, 2 WA AN 10 i

(b) Nozzle manufactured
by LWDC technology

(a) Nozzle manufactured
by SLM technology

Fig. 10 Nozzles fabricated by AM technology developed at
NASA by SLM technology

B A S AILEA g 2 1) 3 A4 il 3 , NASA BIFSE T ¥
SRR RIS T ot e sl ILIK 58 25 B 4 5 < R &
2 B RUR R 5 i 3, 2R T SLM FOR 7 A
71 7.8kN W 2R K S HIL Y R A 9 URE L 484 A4 1
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T B S8R I L-PBF 4% R il & GRCop-84 4l & 4 44
B I 2, R EBF? £ R Al Inconel 625 8 4 4 il
T A E T i S T X 3 TR R B SR X o i
T A 84T T A deadt . NASA 3844 il i 35 o &
LR bR = QI 11 T, 350 43 B4 A i 3 & sh LR e
FIH MR S5 FroR R P3G A 3 o] DU R b = A
I 509% (1 i v TR R 25% (1 AR BE 25 R (Y R
T HE— 2B D

LCUSP I Z J5 , 20 T fif e 1 4 i 3 I 1) 3 4%
N 7 [a) L, i — 25 98 F R AL T 20, S 38 K g Fn
TS 2R PR ER 0 R B LAY HE b 3, NASA IE 7F I R
RAMPT i3, B 4 5% F 1 b il 1 5 AR B9 1 48/
S RS A R e A R B Kk B B o
X4 % sh LR L-PBF £ R il & GRCop-42 il & 4
BRIEE SR J5 K F BP-DED £ AR Al HR-1 44 44 il 1 15t
T SRR S | B T TR SN RE 9 BE Rk £ 4 I A M
B, & A RRG BIAR] DL T 5 AL 8 R O R
TUE 30% , FF AT 7GR AT A R AR 12

4

TN o Ja SNG4 T T & ARV AR (Y DED i v 4
AR I IAZ LA 8 R

P9 2 it R & Sh AL A B2 &R BRI i R A
R PTTA HEAT T RE A R b R E A A A Y F
5, PR K HHLAEBRA AR TR T &bl 2
V8 HV 25 K6 1) /5 BURE AR 3 1A 1 3 B R B A 5L R F
LMD # A, 74 & 4 3% b U H S-06 89, 4K15 T )
“VERE L R L TC 2 G AL S i B 0 R AR S b R 4
AT, A E 13 fr s . HETIETERF S A 45 GH4169
PG S 856 0 FUm T 2 n)

AR LA A PR 2 7 SR FH 1G4 3 R — 1A
fl il 0 HE S TR AL IR AR AR A =
R BPAE  W> T R R RS T R
WL R E T RE .. BN RG] E A A E
2019 4F X} 21.5kN & s LI 4 RoF 3D 4T B4t J) = i
7T PR, Bl 2 18] 200s, 0158 7 B RS AT
RN = PR PG ERHOIC SR . TR T R AE 2019 4F
A B HE F7 % 32 R 45 0 40 R 3D T ER B A

(a) L-PBF of (b) L-PBF GRCop-84 (¢) Bi-metallic joint (d) Bi-material combustion

GRCop-84 chamber with EBF 3
P Inconel 625 jacket

chamber hot-fire test

Fig. 11 Combustion chambers fabricated by AM technology in LCUSP

Table 4 Nozzle programs fabricated by AM technology developed at NASA'

Nozzle programs Propellant Process Material Starts Time/s
1.2k LWDC regen nozzle, PHO34( Thrust 5338N) LOX/GH, LWDC SS347 4 160
1.4k LWDC regen nozzle ,PH034( Thrust 6227.5N) LOX/GH, LWDC Inconel 625 9 880
PF086 LOX/GH, SLM Inconel 625 12 147
1.2k DED regen nozzle, PHO34( Thrust 5338N) LOX/GH, DED Inconel 625 1 15
800 radiatively—cooled nozzle, PD020C ( Thrust 3558.5N) LOX/GH, SLM Inconel 718 1 30
P1084-2 LOX/RP-1 DED Inconel 625 28 1072
PJ0O38 LOX/GH, DED JBK-75 114 4170

Table 5 Combustion chamber programs fa

bricated by AM technology developed at NASA""!

Chamber components Propellant Process Material Starts  Time/s
1k SLM chamber PDO61(Thrust 4448N) LOX/GH, SLM Inconel 625 3 17
4k LOX-methane regen thruster, PF037-1(Thrust 17793N) LOX/LCH, SLM Inconel 718 5 16
1.2k slip jacket liner cyclic SLM chamber,PG034( Thrust 5338N) LOX/GH, SLM GRCop-84 25 2365
C-18150 slip jacket 1.2k liner, PH171(Thrust 5338N) LOX/GH, SLM C-18150 10 1443
LCUSP 35k, PF08 6( Thrust 155688N) LOX/GH, SLM/DED  GRCop-84/Inconel 625 12 147
META4 4k #2,PH135(Thrust 17793N) LOX/LCH, SLM GRCop-84 17 141
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1. Combustion chamber
- fabricated by GRCop-42
copper alloy using L-PBF

3. Interface connection
of bimetallic deposited [~
maniflods and nozzle |
using DED \

—_|4. Thruster jacket liner
_ fabricated by carbon
- |fiber composite

2. Regen-cooled nozzle |~
using integrated large
scale DED fabricated
by HR1

Fig. 12 Rocket engine in RAMPT plan""!

L

P YWY
S-06 steel

Copper alloy

S-06 steel Copper alloy

Fig. 13 Copper/Steel bimetallic channel wall fabricated
using LMD

145 %5 80% LA I
5.1.3  piokdw

SUKCER I B S WLk b B A A0 4 NASA fili
Bl M ) 15 T VAR R T B R A AR KR ASL T E
UMLK R G0 SLS D shbll . & shplaf ok
A — A R A AR R A A 1 XU R L (AL SLM
D5 1% TC T T B R IR A b, BTk S BB
AL e NASA 42 H 35 T DED B AR 2 dli B LA
PR (CNC) 254 1 G Wb TR & ) 2 Jr 210", 3 ol o)
T F AR L SLM Y P 34 7E A Ja IR T 3 — 1 g i
[ 11— Ffopg sk, i 3 ROSE R R TR B S T o A
FITUART TR 4R 55 i 32 225K BR o] o

NASA XHE A il 1 19 5K #8247 7 W R A
W 1 3 T ) H A% G 0 LR 46 e B0 LK ELT 2
KRBT EOR . E 6N TEM M K AL KA
WH L 14 Ca) A (h) iR A il 1 0 & s B kR
&l 14 (c) M fd F§ DED F1 CNC 5 A 1R & il 1 i XUb R
T LT , 76 Tnconel 625 51 J& Fil 9 i 34 5% &I {% Al
PLE B, E 7R 50~90mm , 77 A 5 P T fiE 2
Wy A TR AR S AL B A T R Rk
KT A M 7 T i — 2O .

Table 6 ASI programs fabricated by AM technology

developed at NASA
ASI programs Propellant Process Material Starts
Baseline ASI,AR-B-2 LOX/LH, SLM Inco 625 21

Hybrid, bi-metallic ASI' LOX/LH, Hybrid Inco 625/C18150 33

Bimetallic
interface
fusion zone

(¢) Bimetallic interfac-e of igniter

Fig. 14 Engine igniter using AM technology

52 RBRERXEEI]

TE IR 58 5% 5 1T, 2013 4F % 5 ik R 2 &) 4 SLM
B AR T J-2X K H R LR R HEAAL S
NASA 7 2015 4F- 2R F 34 4 il 1 B R fil & 7 F iR A
B, AR -240°C, 5 3 Ry 5%10* ~ 9.2x10"t/min, HL
PEr= i B3R 42 250870 2016 4F I 1 1 b4 4 1 Y
HBE IR e 3, BRI > 45%  IRBEIRE -159°C , %
i 3.6x10'r/min, #E47 T 6 Y ", I R F %48
WOt be 2l (DMLS) #2 R XF J-2X & sh HLIR R i A 1
AT TR

P92 R & S HLAT BR S W 2 0% T 54k 77 180kN
F1 1200k N W 48050l & 3 AL I8 %6 24 3 0 19 SLM il 38
FoAR H 43 77 B N AE S OF g8 il R AT AR
550 FER IR AR A YR M4 (Y 48 E AL R R AT
b SR TS 3 AR S R AL AR T
= il 25 K6 1Y) A2 i BE NI TR R — A, WA
15Ca) 7 5 76 S I 50 2 (0 P 25 s 11387 vh i FH 34 7
WAL SRR B EROR, 7 AR AL 10%
P E 100%, 3 0 F €2-5 Y1 RATAES , K 15
(D) FF7R o B #B AT R AL AT B2 7] 3D 47 B — {4 5l Y
BT I 5 ) 1) 3 e R BE ST A DD T R R A ] i
o IE L F K AR RS PR RS I TR iR T
IR REAR T AR 7 A [A) I 4 R T e — 2
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P W 15 (o) I m s 7E 3 R ShHLI SR etk b, & A K
oG A BE TS BOR AR, AR A M A, 25
TR % AR 58 T 20 R 0 R W i + 142 07 58, R
3D AT BN — PR Y J A5 4 A1 P e s DR R 2D , RS
K B $2 T, IF AT AE S~60MPa (AR IR 35 55 T T4, an &
15(d) f7R .

(a) Y/R turbine impeller

294

(b) Two outlet pipes

(d) Pump shells

(¢) Turbine shells
Fig. 15 Turbo pump using AM technology

TE 1 ) 7 1, Space X % FH SLM # A il ¥& T 15 &
1D & s Al E AL T (MOV) ™ 1 1] 7 A A &
I 3l Y e R R BE R AR, 5 A% S0 i AR L kT IR
TR LA T G A iR A M R KT B AR R
I TN E R A R RO R 2 K JF T 2014 4E &
SRy o B S 7R HE F7 300t 42 i o AR E A &
AN R T 3DATEIR ] o

VY22 LR & s AILAT B2 W) A ] 5 4 1 3 i) 98 )
(= AW S B o L B R 1 D SRR B
B 7RI o B i 16(a) i o B AR
AT RAILAAT BR 2 7] 3D 47 ER A9 AR IR I 1] e 4K, e L
YEH 71 7T 35 40MPa, $2 5 14 N B SC A 2 2
F i A e R B A A R B 16(b) TR .

53 BERRHEAMTH

VU2 R & S LA RS BB X B ke B HoAth oo 14
Y 3G B s R AT T R YIS . TE TR T S
b, B P B SR T AR M OG AR AT SLM i AR il 3 )5

(b) Valve shells
Fig. 16 Valves using AM technology

(a) Fuel valves

U 40% , 0 TR W 45 %8 70% , G0 17 s . R OF
O SR T b 1) 3 AR Y BRI AR T R L
98 1200MPa $2 T+ 5] 1650MPa, K K42 T ] 5244,
If o BOX 4 %, R 18 R .

Fig. 17 Gimbal ring after topology optimization using AM
technology

Fig. 18 Gimbal ring/beam after hot-fire test using AM
technology

NASA X} RS-25 k& gl #L 1) F+ 9 4& i T AMDE it
S, W i s 5 2K 58 UG B Pogo—7 B B AR il 8 A
VSR e XME SR A X e L2 7
54 KEHULEH

3 [ 3% 50 ik 2 " WFSE T MPS-120, MPS-110,
MPS-130, MPS—120XW , MPS-120XL & MPS-160 %
F Y BE R G0 0 B MRS M e . A B R A R U
SH ML Baby Bantam RENHLE S 2.3, I i iR 4
LA RSP 3 A F A WA B> 65% .
V6 2% Rocket Lab 2\ 5] 5k H EBM 4% A il 1% ) Ruther-
ford & S HLEEALTE 2017 4F B &, 8 2 2021 4F 2 & hL
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Table 7 Comparisons of engine components fabricated by
traditional and AM technology in the AMDE plan

Additive

manufacturing manufacturing

Traditional
Program

Pogo~7Z spring Cost/% 1 0.36
plate Time/% 1 0.25
Turbopump Cost/% 1 0.5
induction wheel Time/% 1 02
Flexible X Part numbers 45 17
connection line Welding numbers 70 2%

Yiks 30 Z /N T2 2% AL . Space X R A HIZ 4
JE IO K45+ R (DMLS) il #& T Super Draco & 3l #1
REHL, B 5 d R HE 7 6.8t, 4 1 1T AE 20% ~ 1009% A
T, IF A 2 W gl O AR BAT R o R A
HYER A, KB HLAnE 19 s o B AT 3l )28 A
X 3D 4T B RE A i A A9 700N 42 K g HL A7 1 ik
o PR NI ) 3 B R B R 4y S sh Pl dn 3k 8
Fi7s o

Fig. 19 Space X’s Super Draco engine

Table 8 Programs of the whole engine fabricated by AM

technology
Thrus
Enterprise Engine kr]l\l;t/ Propellant ~ Process
Space X Super Draco 71 MMH DMLS
Rocket lab Rutherford 24 RP-1 EBM
Laucher E-1 2.2 RP-1 DMLS
ARC Nemesis 2 RP-1 DMLS
Relativity space Aeon 1 86.8 CH, SLS

6 SEERE

B 4 1 3 B R AE AR KT A S LA L AT 5
R AR E BA LR O R R Ak
BUAE K2 S AL A5 20 AF Bty IR B ok 3 i e i
AL BT K, W AtE — R T 39 b i 3 £ R Y A
HHT, FAME RSP MR E T mE S A TIRZ
5T L P A AR R BIF ST IR b 1Y b T

W E 2RI 25 T Kin—5 Lk T A Jt
SR SR G 50 R IR SR RATAE 55 (H A L
[ A0 I I 58 30 1 b AN R o TR KCHT R S L Y A
R B SRRSO 58 IR, 1 A ) 3 R AE TR AR R
S AILAT AR N 7E DR J T AR

(1) Jm 2K 18 A ] 3 1 R 76 WA & 3l Bl A i g A
JUREERREE o B OETOC T R S ML 3G b ] 1 N A 5
AT DA OG5 2 3 A2 ) ) 3 Ry T2, G A W A A L ET
X AL B 38 A ] 3 0 Jeg BR T 0 R A /N B S AL
T 7 i K 22 150 B A R K B B, R A S B ok i AR
SRR N IR A — 22580 . JE B X /INE
R BNHL N S HSE S  A  RE AR 3D AT R B X T
VB0 58 7™ T 52 2% 0 K AHE 7 & Bl , W) ;4 2 T Jig 35
1 G0 R B I 38 A 1 3 B R B 5T, A D 3 AE B
PR R R R R R B R T AR PR v T AE R

(2) Jin s 25 & 34 b 138 e a0 & S HL A i Tt
WEE . HE M B R B 2 % 0 1 R A 4w
PR e A, AR B G WK R S BLAE 7 W R R
WG PE N T2 PR SR LA e AT A LR P e
il 5 K o H AT, 3G A S 0 R B AL K 2 X
Ji 15 1 7 58 0 I A B AR 1 OF A T R
M TR S5 R Bt L T R R S LI
BIHT B T J7 R E ST, W0 Ak T R A5 A R 4R b O b
B A g R T L B A M OB T e BB R A
BE L B BILER 1 AR R G SE b RE 45 R T RE — R 1k
B MR R S KAk e B R R E
ST FH A B AR AR B T i i P kAR A
Wtk

(3) bR 5 T i 2 AL 1 7 L 398 A ) 3 e R Dy ik
WE5E o RS HLEYVF 2 3080 R 2 6 e )2 2 A 4
P A | SRS . H AT M ) R A 2 6 R
O T 3 T AN B R I A R A B R HE R,
WA RE I BB B 51 & 0 B TH BB , 22 b ORE 6 kL 2k
RUE 6, 22 4 5 P 3R AR 1 T A MERE R AE 45 0 M4l
il 1% LA PBF, DED 4% A hy 32, & Fp 5 i B4 — & 9 R
BECPE o )RUST B T REL R B 2 L R M S B
i) 38 2 o R NI B S A2 L R R 2 L 3 T R
A LB X I S Jey BR VR, O R 21 6 ) e R R sORT ) i
FORGFE

(4) 4k B2 5¢ 35 8 — (0 W 1A KB & 2 L3S A )
T EbRE . X Tl vl B T B —
FoBr 2 AR A OC T2 M B8 | 5 2k b 0T 5% 4
A T 3 3k B RAE S80S T AR OB U O &R X
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