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Table 1 Mechanical properties of aluminum alloys and its composites fabricated by LDED

Material Condition Tensile strength /MPa  Yield strength /MPa  Elongation /%  Reference
AlSi10Mg as-built 3144+2.4 187+1.5 7.440.5 [22]
7075-1%7rH, as-built 296+3 253+11 25.0+2.7 [24]
7075-2%7ZrH, as-built 29946 256410 18.0£0.4 [24]
7075-3%7rH, as-built 321+7 26645 21.0+1.1 [24]
7075 T5-HT 384 310 6.8 [25]
7075 T6-HT 390 324 7.9 [25]
Al-Mg-Sc-Zr AC(as-built) 2865 13143 30.5+0.4 [20]
Al-Mg-Sc-Zr AC(Aged) 29247 1322 30.140.9 [20]
Al-Mg-Sc-Zr WC(as-built) 338+2 198+3 20.6+0.8 [20]
Al-Mg-Sc-Zr WC(Aged) 384+6 26141 20.2+1.3 [20]
Al-Mg-Sc-Zr as-built 394. 24 226.12 8.27 [21]
Al-Mn-Sc as-built 331+6 230+5 10.2+1.1 [23]
Al-Mn-Sc Aged 51948 425+8 7.8+0.9 [23]
4TiB,/Al-6Mg as-built 290.5 126.4 19.6 [26]
Al-6Mg-0. 6Sc-0. 3Zr as-built 317.5 194.3 18.5 [26]
4TiB,/Al-6Mg-0. 7Sc-0. 2Zr as-built 384.7 257.3 13.8 [26]

SR, SR AT 5 5 B U0 AR & i OB [ it 32 9 BFB . Hua %7 R A LDED T2 ol 4 7 L

i, FL B A RS (] R DLk B o B B AR AR B BT
20 R UKL M R AR R R AT 5 4 LDED T 24 4l
arRE 2 P 22 Bl i A0 BIL A Bip 1) 4 D 2E T 5 T4 B A4 A7

O E R R S Zri i Al-Mg A 4L, XOY . XOZ,
YOZ % 34 J5 1) U R 25 3k =5 5 B 0 1 A 0 ok
399.87 MPa.397.45 MPa.385.40 MPa, i JIZ 5% £ 43 1]

1002303-3



£ 51% 5 10 H9/2024 £ 5 B/ E#:

EEXE-HFEER
4 220.96 MPa,238.00 MPa,219.40 MPa, % fi 5% /3 3]
K 9.13% . 7.44% .8.24 %, 4l i Ak B Al (Sc, Zr) i
A BT M Al R S B A SR AR AL o Xiao S5 [A] BE
K H LDED T. 2l 4 7 80% & & 1k 99.92% 19 Sc. Zr
MPE A-Mn & 4L, 3k 15 T RS 5~6 pm 19 58 42 %6
B OB B A K 5T 4y A B AL (Sc, Zr) URL 4 AR
B 2 T R B R A 40, ff T T LPBF BE = 948 & 4
XL it R 45 A 5 B0 M EE AN B S S M ) L oA Y
Al-Mn-Sc A5 4 4 300 °C .3 h H ARt 3, sk
P A58 5 15 2 519 MPa Ji fI| 5 5 35 3] 425 MPa | 3iE {fi
IR HN 7.8% , & H Al & n] fe = VLR A & P i s v BE
KAF o AT IR 8 R AL(Sc, Zr) F0kE i AT H i
Ak . Mn F1 Mg B [ 35 58 4k | fi R 20 46 7= A 19 a5 £k
EHFEERERAILN . 3 E NASA B4 Elementum
3D A FRH LDED T 2% )2 AL UL AL & B.C F1 Tigh
KABURL Y 606 1 45 & 4 M3 A, i 2o JR 07 S5 g A Sl 5 B 4
A0 % TiC F1 TiB, B & W5 A1, LA R S5 50 0% 2% o i 4R
37 535 Ak 19 52 4 S8 Tl S okL, SR RS i OR

950

INERCK G, 25 SR (510 °C/100 MPaff i 2 h,
Py ) (R (530 CHARIE 2 h, & —BE W k) LB 5%
(160 CIRHE 18 h 25 ¥ ) Ab B , il £ 1 6061-RAM2 &
4 7E 95 CLL R A 5 6061-T6 4 4 40 24 Y i 5%
BE,AE 95 “CLA b B H 7 o B2 B 2 06 T 6061-T6 &
FEY S LI R LDED T 2 #2415 10°~10° °C/s 1)
B R RS TARAS D TiB./AL(Sc, Zr)/a-Al £ 45
g LT, A6 X5 AN A AL R S5 A B R0 5] 43 A ) TiB,
Wik W /E R, S BT LDED il £ 3.56TiB./Al-
4.36Mg-0.72Sc-0.227r & 4 58 J& 5 98 M U [5) 1 ok 3
2 7 A0 i R 5 BB A B 257 MPa, JE R 1k %) 13.8 %,
W 2 fR . Wang %R F# 6 LDED # R il £ T
254l o5 L I8 6320 1 AISIIOMg/ TiB, & 4 #1 K B
TR, - T5 W5 8O 25 51 A B4 Y T8 B B K% 40 K B
¥ UKL TiB, 1Y 4 Ak 4 R A T 208 R 40 4k 1y 32 AL
L X HE— RS2 T %% LDED $ K 5 B % WUk 7
A 45 A 4 T LDED il & 48 & & Mk s
7.

¢

Liquid+TiB,

@
&

g

o
0% o

TR
[¢] N

g

Liquid+Al,(Sc,Zr)+ TiB,

Temperature (°C)

g

N 7 Q@A 0ScZr OTI OB

g

Fine grain structure Dispersed distribltion

> "
TiB,

200 ym

o o o

600 +
6 0 01 02 03 04 05 06 07 08 09 1
Scwt.% 9%

102-10%°C/s

AY
N
280 4 \
‘Q
- E
20 TiB,/Al-Mg-0.7Sc-0.2Zr
g 20 2 Al M. M
s 1a® . -Mn-Mg-
é o Al Z‘r:: 1.25¢-0.72r .
§ wir N almg-si
Al-Cu ¥ Scalmalloy
3 1604
> v A
140 4 Ll v -
s o Ve e Al-Mg « *
1204 ; Y .
Al-Si = -.,5‘_."&,!:\‘0
100 L

2 4 6 8 10 12 14 16 18 20 22
Elongation (%)

B2l A AL TiB./AL(Sc, Zr)/a-ALZ FU I A 49K T AR AR & LDED i & 65 & 6 iR B2 15 Wk b 7
Fig. 2 Improving the strength-ductility synergy of LDED aluminum alloy through nano-engineering of low-misfit TiB,/Al(Sc, Zr)/a-Al

multi-interface™”

FIRAA SN EE S MEC R G 4 LDED
WM S S Kok G MEHA R IT R £ H
K T2 R E , B A 4 LDED T 206 il Kz 3
AR R R AR IR A A R R A MR
AR B TP A A 455 4 i) 2 AR R I H R R AR, S8 B AL
KL g mbhae RRAR R,

22 HAEERHEESHHE

BRA A WO WO R & AR R B M 4F % LDED
T2 R R3S R AR BOE BRI T RO Th
20 [ PN B AT A R4S S BUR RS 4 LR AR
ARG A BB, L, X T80 A 4 LDED Stia

B K 45 0 5 1 A B 5T D . Wolff 45" Wang 45
K FH B AT v s 0 R X P AR B R A SIBESE T
LDED T.Z s & kB A BN ER & 4 0 K 55 3 7 %5
FEERTE Bk B 4 M A B 26 R A 1 L BRI AL 1 0 28 g 2%
SRR ETE R TR R K RETLBh 12 it Bl 2
FR S S MAE F R /Y 4 Fh R AL BB ML ;5 & &
B, i 6 A4 BRI 0RE AT LA 3 2o 4 b 15 U i T B0
0] 2% i B8 R S 2R T =2 1) ) R B AR A S LB 9
Ao (AR R X BRI 5T ¥R F TR JE 300 Wi
SR 5 i 5000 mm/min FH# X 55 M LDED
T2 — MR T B AL B #OETI #2000 mm/min DL

1002303-4



=R X E R BLR IR

£ 51% 5 10 H9/2024 £ 5 B/ EH:

T AR K 22 5 B WO T R
JEE AR o b U B X IR A Tt A A B ) A XY 4 S
i, PR, AL S LB e B 8 A5 3 g i o

T, B A 4 ML E A AR LDED i 53 19 #4 S 4R
HHPEL UM BB 5T, B A R TR 2 O AL 2L AE ¥ A) 1
B A0 Ak 1 B 1 45 1) S R HLOH B R Y 4R T
G, R2EE TSR LDEDS®KA S L HLEAM
B B PE R 45 S . Carroll ™ 858 T 38+ LDED

il 25 1 TCABK G 4 — 4 1T T8 &6 14 S A 1 B8 19 4% 1n]
SPE . MBATTFE B, AR B RE IR SR R 5 B o A B A AE
T B R P S A ) B R R R
FERLAR LR v, 30005 000 1) A X 2 X AR P R AT 5
MORERY W2, R PG A Y k& Bl i LDED il £ 1)
TCL1EKA & UUALAS 22 W41 21 3 220 Wy WU R 1) A ZiE
LS a o AU SN TEAE AW SO VN TR I A = B i A
TURRZ & VTR 2 Z R 7 B I 09 245 450 L 2 Ak «

#2 LDEDgk& G L& B 17 fE
Table 2 Mechanical properties of titanium alloys and its composites fabricated by LDED

Material Condition Tensile strength /MPa Yield strength /MPa Elongation / % Reference
TCI1 //BD(as-built) 1106-1260 1032-1172 6-9 [5]
TCI1 _| BD(as-built) 1176-1268 1118-1216 3.0-5.5 [5]
TCI1 //BD(a+p-HT) 1082-1107 962-1014 12-15.5 [5]
TC11 1 BD(a+p-HT) 1074-1094 968-991 12-16 [5]
TCI11 //BD(as-built) 1018 932 14.7 [30]
TCI11 | BD(as-built) 1089 1001 9.9 [30]
TCI11 /BD(a+p-HT) 1033 895 16.8 [30]
TC11 LI BD(a+p-HT) 1099 971 11.8 [30]
TCI1 //BD(B-HT) 1038 895 10.0 [30]
TCI11 1 BD(B-HT) 1059 915 9.0 [30]
TC11 //BD(as-built) 1029 947 14.3 [31]
TC11 | BD(as-built) 1097 1030 8.2 [31]
TCI11 //BD(a+p-HT) 1005-1032 895-922 12.8-17.3 [31]
TCI11 1 BD(a+p-HT) 1079-1104 992-993 8.4-10.4 [31]

Ti-3.5Cu | BD(as-built) 86748 T4TET 14.9+1.9 [32]

Ti-6.5Cu _| BD(as-built) 1073427 964+31 5.5+0.4 [32]

Ti-8.5Cu _| BD(as-built) 1180421 1023429 2.1+0.6 [32]

Ti-0.140-3.23Fe _| BD(as-built) 886+19 744+19 14.3+1.7 [33]
Ti-0.340-3.25Fe _| BD(as-built) 115743 106644 9.0+0.8 [33]
Ti-0.500-3.17Fe | BD(as-built) 119448 112447 9.0+0.5 [33]
Ti-0.670-3.30Fe | BD(as-built) 127146 1235+4 3.0+0.8 [33]
TC4 I BD(as-built) 1091+20 1027+31 4.09+0.87 [34]
TC4 _| BD(as-built) 1015+ 14 980+13 5.1+0.9 [36]
TC4 _| BD(as-built) 1137+4 1094+18 4.74+0.4 [36]
TC4 //BD(as-built) 823.8456.0 770.9+£47.5 17.74+2.2 [37]
TC4 _| BD(as-built) 921.5+1.7 840.8+0.3 14.1£0.5 [37]
TC4 //BD(as-built) 988.34+0.1 896.0+6.5 16.3+0.9 [37]
TC4 | BD(as-built) 990.6+11.9 886.2+17.3 17.7+1.3 [37]
TC4 //BD(as-built) 1010.7+£17.0 924.0+16.9 17.6+0.2 [37]
TC4 I BD(as-built) 1013.2+6.5 939.14+4.1 18.7+£0.7 [37]
2.5%TiB/TC4 //BD(as-built) 1148 1078 7.05 [38]
2.5%TiB/TC4 _| BD(as-built) 1158 1082 5.35 [38]
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Fig. 4 The developed titanium alloys and their composites that can achieve grain refinement in the LDED. (a) Ti-Cu alloy™; (b) Ti-O-

Fe alloy™; (¢) TiB/TC4 titanium matrix composite™’
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Fig. 5 Backfilling of solidification cracking in the LDEDed IN 625 superalloy with different Ti contents. (a) IN 625 and 0% Ti*";
(b) IN 625 and 5% Ti"”
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Table 3 Mechanical properties of nickle-based superalloys and its composites fabricated by LDED

Material Condition Tensile strength /MPa  Yield strength /MPa Elongation /% Reference
IN 718 CW (as-built) 912.2 565.5 14.3 [49]
IN 718 QCW (as-built) 940.6 587.3 20.4 [49]
IN 718 CW(Aged) 1269.2 1062.3 6.5 [49]
IN 718 QCW (Aged) 1404.1 1120.6 124 [49]
IN 625 as-built 925+19 568413 31+2 [51]
IN 625 ST 914+21 444+38 38+3 [51]
IN 625 SA 1056+ 31 741415 27+2 [51]
IN 625 HIP 957+23 468+11 5243 [51]
IN 718 Aged 1269 1121 15.4 [52]
IN 718 SA 1370 1160 22.2 [52]
IN 718 SA 1341 1185 19.1 [52]
HR-1 350 W(Aged) 1096+3 561+8 38+1 [53]
HR-1 750 W(Aged) 104943 52443 41+1 [53]
HR-1 1070 W (Aged) 104543 511+11 41+1 [53]
HR-1 2000 W (Aged) 106043 540+4 39+1 [53]
HR-1 2620 W (Aged) 104243 523+5 3940 [53]
GH4169 980SA 1361.3 1120.1 10.1 [55]
GH4169 1020SA 1523.4 1301.6 16.4 [55]
GH4169 1050SA 1447.6 1235.4 19.8 [55]
GH4169 1080SA 1362.1 1112.2 12.4 [55]
IN 625/TiB, as-built 1020.9+11.2 714.6+14.6 194+2.5 [56]
IN 625/CNT as-built 1005.55+11.1 695.11+14.72 21.44+28 [57]
IN 625/graphite as-built 969.89+38 687.50+20 13.364+0.73 [57]
IN 625 as-built 87912 592413 37.5+£2.9 [58]
IN 625-6.0% W as-built 947+18 634415 51.8+3.2 [58]
IN 625-9.5% W as-built 1054+12 747413 41.74+3.5 [58]
IN 625-13.0% W as-built 1068411 76717 38.2+34 [58]
IN 625-16.5% W as-built 1167417 894415 20.84+2.8 [58]
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Fig. 6 Selection map of Laves phase morphology in IN 718

superalloy fabricated by laser additive manufacturing

technology""”’
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DA: 720 °C X 8 h/furnace cooling at 50 “C/h to 620 ‘C X 8 h/air cooling;
S-15: 1050 °C X 15 min/water cooling +DA;
S-45: 1050 ‘C X 45 min/water cooling +DA
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Fig. 7 The influence of Laves phases on the room temperature tensile properties of IN 718 superalloy fabricated by LDED.
(a)(c)(e) Morphology of Laves phase™; (b)(d)(f) morphology of ¥+ strengthening phase”™; (g)(h) the room temperature tensile
properties of the three kinds of samples'™

JUF- A TR A9 2 P vE E . Wang 5573 T8 75 IR 30
FE WA R H Ak A [ 2o R R B 1R T, T R TR S R B 4l
By LDED T. 20, JF WF 58 1 8 75 M 2% X} LDED il £ IN
718 G 4 PO &5 ¥4 I PE BE 1 52 M . B A B 7 R
0 kHz 3 in & 41 kHz, fb ok R SF #2358 15 pm /b 2
AR5 pm, Laves A o1 5 SR 56 28 Sy 40 /N BOREAR , 864
fifi 5l 236.1 HV 48 i % 280.6 HV . B &R
AT %K i) 8 22 5 20 E LDED T2 i 4 [ 7 B 350
b PR £ ARAT T EL AT B A0 A il e S = R v e
B GH4A169 & 4, & I P hn o 1 | R 5 B R ZE {1 R 4y
553 T 1523.4 MPa ., 1301.6 MPa K 16.4% , & Z 1
THEAF AR AR ME Q/3B 548-1996., 1% 4L S R E S A
) B 7% R A5 I 252 v T 1 3 A Ak 3 o R R X 40 A
PEREAR T RN . v LLE 2, B8 T2 i fn
Jo SE AL B AR fE R /R e g 5 A AR TR
AL ECMAT T 2w LDED & i SR G S A
PERERY F 8 T B, BB T2 K S Huab 3 1 4 45
R AEBE = AL

Wi 5 0 PR T R e A X A A2 IR A% 1R R 5 T SR 1 s —

AT 0 VI BT & A 1000 CRA_E 558 1 =
TR AR R R o TR n P 358 i R 2 X i DA R e i S
M LDED il &4 5w il & & A 2 aie BT miRh
FVERER B T B, Zhang %R LDED T. 2 4%
T HA SR ERER IN 625/ TiB, & & Mk, = 5T
P ok B L AR 5 B R JE R 3 43 i 3K ] T 1020 MPa.
714 MPa 19% , JJ 2= PERE i $2 T+ AT I3 IR F 94 K TiB,
RLIE R T A AN AT IR IS T R G OK A R A
BN XT LDED il 45 IN 625 4 4 1 i 41 41 F Fr fif ¢4
FE A9 52 MR, & IRV N 5 73 B0 0.25 0 1 Bk 94 K 48 AT
DL 2B LDED 14 i IN 625 4 4 1Y 2 i i {0
JE T A A 2R TR L AR5 S B SE R R A L IN 625
Bam T T 20% .31% .34 % , 5 F] 1005.55 MPa,
695.11 MPa ., 21.44 % , 3 J5 T &b FL 40 £k K by B 4T L 0%
o WA B S T O & BRG0P, o B 4R
T 11 [] s 4iE fif 2R B A, =5 IR B by o BE L A B 4 )
PEFET 1526 .29% , i ZERFFEAR T 1700 . w2,
IR BT R BB K 3 B RE 4% 1 Sk A v TR B
WF9% . Song 2% H LDED T 25 il # T /A [ £ & &

1002303-10



=R X E R BLR IR

£ 51% 5 10 H9/2024 £ 5 B/ EH:

B IN 6256 4, IFBFSE T8I IN 625 & 4 oW 41
SURRL M PERE RS2 o A AT & 30, 3 o A8 4 T LA od
N R RS 3G LA 2 55 57 B B 0 K HE B 2 5 9%
KM Laves AH JURE 09 7 B 40 850, $2 55 IN 625-2W & 4
) R RN YA M L B A RS R A Bk 0% B =
16.5% , IN 625-xW £ 4 4iE {1 2 56 38 i Ji5 B I, it 7 fif
5eg B DU) BALE 18 0, 3 Y A AL TR T R Ak A A
b AT A .

3T & BT LDED T 25 A i #% 1000 “CLL |
HBH BRI m R A & L E A MR 5 HEE =S
GBSk — BE i ) N R A 4 LDED #F 58 1Y
SRR, DA i R T R0 T IR 24 4 T v JiR O 78 &2 i A 17
1o P BE v B 174 R 200 R
3 LAk

YRR AES KESE BEASRASEAHEES
WA 25 AL K 45 4 A4 R LDED BB T2 B LS
R GEME , FE BT TR 45 4 R R A R B L .
SR, Bl A Tl Ak N 9 4 i, LDED 4 8 A1 R} i B
MEFS A ZGURYY SRR B AR M B R B &
o MM RE SR & 0 L T LDED T2 M B & 4
HEAEME RBRESATIT TS, SR, E
WAL B & T R R iR Bl KR A FL R R A
LDED 4% = 1 g i & 57 125, DA o defe g 4 1) | Mk e
B 50 Ve K s ) vk R O SO A . TR B, Y AT K AR A

' ) e e e e e S D S G S C—

Laser generator Power supply

i Nozzle Powder and

*inert gas flow

Vibration
1 direction gy (===

—{ss o]

: Inetgas | |
| o I ‘o Ceramic vibrator,; ! = P
) | Damper i ‘
{ yi— = H .
| Utrasonic power supply ;R e ; | |/Powder &inertgas : |
| . Ultrasonic ' . | delivery system @ !
X vubrulonsysteml: """" S e

| computer | -|

LDED s % 3 17 76 43 20 0L BURCR AR | B IE 36 1R B
2 JLT i AR 2 )G 22 T kK R, #F
KRR E R & T A B B LDED 4 R &
JE W E BT ],

31 S4B LDEDIZE

E LDED H 5| A sy 8T8 5 WG 558450 bt &
Y 4 B LDED T4, AT B0 3% B4 kL AT 47 B0 1 A 80 %
B V4 0 b O T AT R B RO 2 2 DR % 1 RE A% T S
PR TG PERE SE M SRR & L 2 LDED T2k
B EETMZ—.

T 4 B LDED Hh B SRSl A E S
BRI 1 ok R AR A5 AL OB BRI S AR, DL A
F A0 R [ s R, DT R B 0 R B R 1) o U 2 2L RN
Jr2EEE o MR R 3 VR B CE AR R R 3 B
LDED £ AR A 43 4 P F 25 7Y | — ol 2 JE A4 68 75 I 5 %l
By LDED"™*" | 55 — Bl J2 [6) 22 %8 3h #1754k o 5l B
LDED", an &l 8 fr 7~ o Rl & #7459 o 43 T 34K 1 JiK
B, 75 RE L AR 3 2 A O AR S R 2 1
MG P, S N k. (R R R R S B
5 UURR g B2 1 15 00 0 I 2 BRAIC, BRI 0k 32 B R AN 3 45 T
I AR, EE RS S SHOLRFE LB, ]
PSR DR I 2 8 7 o B AR RN AR AN S AR ek, 1S
Tl KRFEBAE . E R T 7 iR 2 Sk 5 TR R
Z A B A, O \C A5 ) BT 205 YL B i B SC
FE

)

Laser system

@7 Shiclding gas
Molten pool

system with |
integrated : J|

e, ey, e—— L — —— — e m— — —— — — ey Sy sy ")) S— | (S— L — ) — — e —

K8 A RSB LDED T2 . (a) B0l 75 4 h 4l B LDED ™™ 5 (b) W] 2 % 3l 74 4 35 4 B LDED"
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printing Laser (P S0 S0e6d (i)

Powder Substrate
Deposited Layer

__ Mirror
”_—Nozzle
Magnet
!.., 1 ,mble
5 (b) J2 1] ML A R o7 4l B LDED™ 5 (o) i % o o7 3 1k 4l B
Ui (e) H A R B LDED™ ; (D) 7K 3h 4 #3% % B LDED™; (@) Hi i 4+ 4

EJJLDED[TOJ
Fig. 9 LDED processes with the auxiliary deformation field or magnetic field. (a) In-situ rolling assisted LDED""""

; (b) interlayer

(c) laser shock peening assisted LDED™; (d) horizontal static magnetic field

(f) horizontal dynamic magnetic field assisted LDED";

(g) electromagnetic stirring assisted LDED™”
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. .

COaxiz}l fozzle

Coaxial nozzle

FI10  @ACE LDED T3k o (a) 3 EC3) 26 U g% 6 LDED filt 13k 5 (b) t e 3% K | 2 #5060 1) A S 5 YUBURL 3 LDED Jin 1
Sk (o) i LDED fin 1.3k
Fig. 10 High efficiency LDED processing head. (a) A LDED processing head adapted to 10000 watts of power equipped with four

powder feeding channels™; (b) a LDED processing head with high deposition efficiency using central powder feeding and

multiple laser lateral incidence™; (¢) an ultra-high speed LDED processing head™
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NOZZLES FOR
DIRECTED ENERGY
DEPOSITION
MACHINES

The Co-Axial Difference
Our in-house designed nozzles
achieve a smoother finish, with
better meltpool control, and
less overspray for minimal post
processlng

Self-developed
nozzle
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TS B 7 A 0 4 oL D TR AR R B AR AS T
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FM.

Double-layer
shielding

Control
computer

feeding

PEOIL o G R 326 M S S . () XL/ T 240 SR [ i O 326 3 M5 5 (b ) IO Py i

Fig. 11 High-precision powder feeding nozzle. (a) A dual-airflow constrained coaxial dual-path powder feeding nozzle; (b) an inside-

laser powder feeding nozzle™"”!

A, #E LDED T2 v 48 A% B8 i T s b4 il 1
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K H Sy KR HESE T2 MM A 3 iE W T2 D .
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Fig. 12 Long March 5-series rockets booster attachment bracket manufactured by Capital Aerospace Machinery Co., Ltd. using LDED

technology
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Initial AM Development
» Schedule(Reduction) : 8 months(56%)
» | > Cost (Reduction) : $200,000(35%)

Evolving AM Development
» Schedule(Reduction) : 5 months(72%)
» Cost (Reduction) : $125,000(60%)
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Fig. 13 Development and innovation in manufacturing process of copper alloy/superalloy bimetal combustion chamber for NASA liquid

rocket engines

[2.9.11-12]
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Bl 14 NASA R LDED £ A& i 5 9 1 2= v 510 A KR Ak I o (a) (b) HR-1 4 4 7000 % 4 g W88 Ko B4 Joml it
(c)(d) 6061-RAMZ & 4x 5400 55 i 1 WA I H A AL
Fig. 14 Regeneratively cooled nozzles manufactured by NASA using LDED technology and its hot fire tests. (a)(b) HR-1 alloy 7000-1bf
nozzle and its hot fire test™”; (¢)(d) 6061-RAM?2 alloy 5400-1bf nozzle and its hot fire test""
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Abstract

Significance Large-scale, integrated, lightweight, and high-precision structures are becoming crucial trends in the development of
aerospace equipment. Laser directed energy deposition (LDED) technology, with its high forming efficiency, flexible material feeding
methods, and extensive freedom in shaping, proves to be highly suitable for the evolving trends in aerospace equipment development.
It has gained significant traction in sectors such as launch vehicles, manned spacecraft, and rocket engines, positioning the aerospace
industry as a key driver in the development and application of LDED technology. However, the current progress in LDED additive
manufacturing technology is not adequately aligned with industry needs. This misalignment leads to underutilization of its technical
advantages, vague directions for technological development, and limited application scenarios and fields. To expedite the technology’s
industrialization and intelligent evolution, and to achieve large-scale, systematic applications, it is essential to review and document
the current research and application advancements of LDED for large-scale metal components in aerospace. This involves examining

material research, process development, and application progress, and identifying future directions for LDED technology.

Progress In recent years, significant breakthroughs have been made in the LDED process for aluminum alloys, titanium alloys,
nickel-based superalloys, and their composites. The introduction of rare earth elements, such as Sc and Zr, for microalloying
modifications and the addition of nanoparticles address challenges such as hot cracking, excessive defects, and the limitations of a
single strengthening mechanism that leads to insufficient performance in aluminum alloys. This advancement enables the preparation
of various high-density and high-performance aluminum alloy materials, including Al-Mn-Sc, TiB,/Al-Mg-Sc-Zr, and 6061-RAM2.
Additionally, the development of a range of titanium alloys and their composites suitable for the LDED process, such as Ti-Cu, Ti-O-
Fe, and TiB/TC4, eliminates coarse columnar crystal structures in favor of uniform and fine equiaxed crystal structures. This
development is expected to address the longstanding challenge of performance anisotropy in additive manufacturing titanium alloys.
Issues such as the suppression of solidification and liquation cracks, microstructure refinement, uniformity improvement, and
performance enhancement in nickel-based/nickel-iron-based superalloys, including IN 718, IN 625, and HR-1, have been resolved.
These solutions lead to a significant performance improvement in the prepared materials, with the IN 718 and IN 625 superalloys
achieving performance levels comparable to forged materials of the same grade. This paper first summarizes the current research status
of LDED technology applied to three primary structural materials in aerospace equipment.

Currently, the LDED process for metal materials faces challenges such as hard-to-manage defects, uneven microstructures,
insufficient strength and toughness, low manufacturing efficiency, and poor surface quality. In response, researchers domestically and
internationally have developed various new high-performance, high-efficiency, and high-precision LDED processes aimed at
enhancing performance, deposition efficiency, and manufacturing accuracy. By employing external fields such as acoustic,
deformation, and magnetic fields to assist LDED, significant strides have been made in eliminating defects, refining microstructures,
and improving performance. The development of laser processing heads with high deposition rates, multi-channel deposition
equipment, and processes have boosted deposition efficiency. Additionally, the creation of high-precision powder feeding nozzles and
additive-subtractive hybrid manufacturing equipment and processes has enhanced the quality of deposited surfaces. Notably, the
Fraunhofer Institute for Laser Technology’s development of three-dimensional EHLA technology has achieved manufacturing
accuracy of up to 100 pm and a deposition efficiency of up to 532 ¢cm®/h, setting a benchmark for the future direction of LDED
technology.

As LDED processes for aluminum alloys, titanium alloys, nickel-based superalloys, and their composites mature and stabilize,
alongside the development of new, high-performance, high-efficiency, and high-precision processes, LDED technology has realized
significant applications in aerospace. This includes use in critical areas, such as launch vehicles and manned spacecraft’s main load-
bearing components, as well as in the manufacturing of copper alloy/superalloy heterogeneous alloy combustion chambers and
integrated nozzles for rocket engines. The aerospace industry’s demand for lightweight, integrated, high-temperature-resistant, and
high-precision equipment has propelled the development and industrial application of LDED technology.
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Conclusions and Prospects This paper first summarizes the current research status of LDED technology applied to three primary
structural materials in aerospace equipment: aluminum alloy, titanium alloy, nickel-based superalloy, and their composites. Building
on this foundation, it organizes the development directions and research progress of LDED processes. It then delves into the
manufacturing challenges, research, and application advancements of three typical aerospace equipment structures: the main load-
bearing structure, the integrated structure of heterogeneous alloy, and the integrated structure with integrated flow channels. Lastly,
the paper forecasts the development trajectory of materials, processes, and equipment for LDED additive manufacturing technology,
highlighting the following strategic directions: the promotion of dedicated high-performance alloy materials design and development,
tailored to the unique non-equilibrium physical metallurgy characteristics of the LDED process; the acceleration of high-precision
LDED process, equipment, and software research and development, including the high-precision formation of large complex
structures; the advancement of additive and subtractive hybrid manufacturing technology research; and the hastening of low-cost

LDED manufacturing technology development.

Key words laser technique; additive manufacturing; laser directed energy deposition; metal materials; large-scale components;

space launch vehicle
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