% 50% % 16 #1/2023 £ 8 B/HEH

WL RY 2 BLHL ™ W OB A PR K il B2 A B T IAR 557 i

oo 1,2 > 1,2 vhov) ]2

AR, qEE"Y, %
iz Tl 4 B oL U TR BFIE G YT BR 2100165
s UL HL R S 4 s B T S0, UL R 210016

WE T AU A TS s MU R TR R SR A 2 ik Rt il TR AR EOR . a0
BT 3 ) 98 Y BRI Sy R O AN RE T R A S LR R T AR o IR R AT R R . R,
i 40 V) S JE LA MR- A - RE - T E— ORI B Sl B D M R A G R o SRR T OB AR R
BEBE 3 R AW AR AR = S SRy 2 B ™ P R, BV A TR TE AL s HL A 7 B S s P Y
IT ARG 3 B oA Ok A B 7 1), S AR SR 25 AL R 7 iy B B AR BT 5 R OB 4R 1 T R =

KEWR HOCHAR; WAL BOCKARRER; RA ot R e

hESES V26 NEIRER A

1 5l G

FUL 2 BILEL 7 ol 2 v RS o s R e, AN SR AR
73 Tl A Fi 2 AR, e S R BT A R 1Y AT
S RS LRl R s L T ) R B R
K, Ty T 1) HAb ST 8, il sl 1 o dt Ao
Fift /SN 6 B AT ARBOR A K 45 T
I S ik I LA™l o s B R AR
23 LA 7l v Y AL AR 2y, 7R TR B R AL BE Y &R
e R G A AT o BE A B 5 A 1 AN IR A
J& e PERE S HE TRAT SR AT A AL R ST R T Bk
e Y K, HE S AT A AL AR GE BT i fe) 1 B A S
weit, Bl AR B, R D RE AR i, S T SEEL
AR RAT AR DI RESE BT S ML R A
RIS AN A AN Z5 0 AN T S
GEvcT T 5 1 3 B R B AN BEW AT A DL R G
PR IR A R R L IR B OR

AT ARk, 38 1 3 (AMD) £ B9 T K R 28 i 25
LA i B BE AR BT 5 G Al ok T A . AM 3
AR X FR 3D ATERHE A, A 20 28 80 4 AR ik A= LAk,
G T = ZAEREORE, B A TR 2 B AU R
P K R T WA AR R BEST R
BEEAR O M L TR G pobs - DD T vk AM R
BT RORE R - HE RS HE GE G bR R A B B R R
I, S YRR AR A . AM BRI R Y
i TR T 1% e il 3 O vk M L — R R BB 2 %
K5 3 K B B BE 22 A T AP A ) A1 ) i 25

DOI: 10.3788/CJL230452

Wb RS R . O A 3 (LAMD) 2 R AE
JAM AR i AR PR S & R i — 4
R Bl AT E= Y Sl =iy N I o W B B = o NE S |
Tl BB BFFE N . Martin 25 1o 78 B RO R 2% 1
165 W 40 K SR, 3 T LAM $ R 52 B 1 7 24 80 Uk
R AR A 4 A17075 FI AL6061 1 TE B G T | & 4 o
JE S A AR Y o % R ARAE LAM B AR SCELT MR
BT, T T 5 b 3 4w AR BR ] ST 4 AL
TPORAE A Al . GuE S E T LAM AR
PRI 2 N LAM BOR e Sl 2
MBS 2 29 25 ¥ e 5 24 AR R O rh i A R S T
SEH AR S 2 T REAE A 1 — IR AR U

FE I 25 %6 28 R rp | T i b R 2 R R R I k1
. LR A B0 e D RAL R AR R B
S, HLER FR GE v A as HLER PR S R R 2 ALY 30%,
TR V60, A ER K Bt FiH
AR BRTREAA W R EZERE MAETHR
FBETT U T o H W25 44 0 T AN 4% 5 4 J8 4 et 1 FH 45 ik
T il ) JE AR 38 B AR AR B, 32 0 N BE T R T B9 B i
R WL, R T &8 MR BT S5 H 5 B B R DL Sk
PR 25 ML 77 A R A BT S 3k o i L A AR
45 F -1k RE - e — Rk B S v AR O Y & R Ok R
oA ) 2 B AR R LR O 2 AL 7 A e e A T S
FE il 3 45 A S F vk L A E T s ML H Rl 1 P A
JE o AR SCHEEUT R BRI A IR 4R = 2 LA T 23 HLHL
PR L LR T H AT = 28 SR T A ML PR A O R R
A A5 Fal 348 o 1 s B AR G O BROIR L A T i R AR

Wi B 2023-01-10; EE B 2023-02-14; RAHH: 2023-02-21; MEHELZBR: 2023-03-01
BEETE : VLI W& TRl ar bE 5 oA A% 0 8 R H (BE2022069-5)

BIS1EE . guomneias@]126.com

1602304-1


https://dx.doi.org/10.3788/CJL230452
mailto:E-mail:guomneias@126.com
mailto:E-mail:guomneias@126.com

2505 £ 16 H1/2023 £ 8 H/HEH*¢

M%Fm? b TS PR R P A R R &
JETT 1], AR — AR SE A s AL 7 s T S ] R R
HARYE T
2 WOUKARIREEE AR T 2%

R 4l oy A TR R L 8 i 6 S O S & B AR 1Y
YEFHHLE, 77 LAM 45 R 23 o8 3 7 8 K R 16 1k 0 3%
SRy R IR il (LPBE ) B2 AR 35 T [R] 26 4 09 0O
e VLA (LDED) B, Hid ,LPBF AR 1 /)
AU & @ A PR RS % O Oy T LA R R B L HE T
Fe 25 ML FEL = i B4 PRSP A

LPBF 4 AR Bk X BOGE 6 (SLM) H R, 2 7
TE X PO B 45 (SLS) £ R Fefilh | & ik iy . SLS
AR HEA: F 20 42 80 4 X, ti Deckard ™ & ¥k 45 H o
T SLS 4 AR 52 BR T #0006 &8 0 & 76 U & 8 ok
BE 5 VS A s 4k, R 9 Ak 1) IR 98 A b R AN & 4
Jo 3L PR b RE DL S B 4 DB A 1 1 B B . B
KT LF Bt 4R 19 [l i % F B K IR &5 46 1 LPBF
FRAE SLS H AR LRl il &R, LT SLS

(@ X-Y Scanning mirror Lenses Laser source

)

AT
m Powder feed

compartment
/

n\\

1 LPBF 345 00 40 i S R i 2 . (a) LPBF 3% 45 i S AR Jri
1k i &2 2

Fig. 1 Composition of LPBF equipment and forming process.

forming process"; (¢) weld bead formation in LPBF";

LPBF M TP HOL S &M RN EEME
%, B IO AR BRAE A R M R R, 4R R AR Wk R

Levellng roller

2 b L

A, LPBF $ A A 55 8 i % B2 3O% v 58 206 1k 4
J& R R, M 3R A5 i B & B A F . LPBF 26 45
FEAE A IS S B E 1 ok . LPBF 24 %
RO R A IR VR R G R L4 A
[l 2R 40 K T8 s AR 2 4 il (1 1(a) ) o A LPBF
BERIMT & B EEMUFEUT =AML T 8k, 8
b = Yl AR AR ST SRR A ) = AR A I T RO
Aob B = SRR AT 4y 20 R DA AR AR 2 R R
FRAE, JF i B ALK H 5 A B LPBF 3 & ¥ R 4t
o LR B A R R A e A B R Rk s A b I 9 3R
%mﬂm%%*muﬁ L M 2 e R 5 R L 1
i A PN 3 AR B A AR IR T T E M R
TF R O R IR AT N T, 42 B Ry R i IR %Ffﬁ%%
T A S0 B OE SR L, 0 B IO i R R B I 0
& B AR, BE I T8 RE, g6 T, TR
BETHARZEE, F o ebE - F, BT KT
AR R T RE M R L4, & )8 SE IR A Ot
B BEMBEAM SR AN T T A
I .

)

High energy laser beam

Powder bed Melt pecl

¥

\

3D component

Substrate

(d)

; (¢)LPBF £l i

s (b)L PBFﬁEﬂ/ﬁfir%ﬁ@ .
B EIA S8 B
(a) Basic principle of LPBF equipment'

3 (d) Wy AR

" (b) schematic of LPBF

; (d) complex physicochemical phenomena in powder melting!”

it A TE U (P 1(h) ) s Bl OGS I 3% 3,
T e 0 R T A RO U (1 1(e) ) o LPBF 3

1602304-2



£ 50% £ 16 H1/2023 £ 8 A /HEHN¢

K AE ) BRAL 2208 A AR Wb R I A [ (7%
K AR () ), a2 7 B J e ) P 52 A, TR
I LPBF BB 20 UM L T 58 T. 2 4845 09 41 218 in 4
ANo A TAEG N T 05, LPBF £ R A7 AN 8|2
LD MRE SR . LPBF 4 AR S2 3 ALS 4 .
Tif4 NiEFEREGE NGNS WL R
T, [] ) (g fi 2t %85 B Y80 T S 0 0 6 et v 0 i P
% W Mo, Ta% Y . B LPBF A Al fin T 44
BHATE AN WP, B % R H DL 4 T AR b SR A 1 ok /
SggpmmesBEEEAGMEARERE/WE &R/ &85
MBS MR 2) PR A R E S . LPBFH AR
A2 5 AR A BRI, 0 LA B M AR L 7 e
AR R A R . 3) 7 R RS B
LPBF £ A i H1 4 & by oK A ekt | 3 43 4 I8 8 R A AR
) R 45 T AR 5 2R RS B R A B A A, R e T L
WK I T 0% . 4) =itk e i 5 o 548 THO6In T
(@

@

i R A Al PR A B0 B 4 A, LPBE il v 6 4 R
HRmAR MmN, GatERS . BEEBE TES%
Bk

AR SE LPBF £ ARG 32 W T ™ B0 {E
1o A ) A, A A R AR BT ARl 2 By
TR TERLZS TR AT, GE A Bl 3 F LPBF R
— RACATED & Sh L Sh T 1] R G S0 38, 5% Ge il v
TR B % R B T 10%, [R S AF RL R 9% 5
W T 90% (& 2(a)) . Airbus 2 H A LPBF £ R
il T A AMEAL TI6AIAV RHL 28, M T4 400 T
IR EL30% " (K 2(b)) . Ak, Airbus 23 F 38 i
LPBF # AR 528 T HLAR BE AR Z 1 00 5 A 5T 5 i i
([ 2(c)). FEAEYEYT S, L5 B T K224 K 0m
A BA3E T LPBF B AR STEL T 6 00 15 Wy FO A | 4 M o o %
BB 22 LR 3 g 8 52 AR 0 >k A T S B 4
A R T A A e 1 22 4 e (R 2(d) ~ (1)) o

B2 LPBF £ A 1828 R F AR By 57 450880 9 00 55 61 (@) GEnx-2B & S LA 31 IF 1T R 43504275 (b) Ti6AIAV RHL 481
(DAL A5 (d) 5 M IE WS HEAE s (o) I e JRE A B A5 () AL AL s A
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Table 1 Classifications of typical aviation electromechanical

products
Classification I;Jr?gtlfs; Typical product
Actuator
Actuation Pressure accumulator
Hydraulic Hydraulic cylinder
products Hydraulic steering gear
Valve
Hydraulic valve
Pump Hydraulic plunger pump
Valve Nozzle
Fuel oil products Pump Fuel centrifugal pump
Hood Fuel oil hood

Water separator

Heat transfer Ejector
Environmental

Heat exchanger
control products

Turbine cooler
Refrigeration
Coolant pump
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Fig. 6 Hydraulic parts manufactured by MOOG using LPBF. (a) Actuator cylinder'

I (b) aero actuator manifold""; (¢) hydraulic

eylinder in hydraulic flight control actuator'!
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Fig. 7 Design methods of hydraulic valve block structure. (a) Arc transition and integrated design of manifold in integrated valve block

based on finite element method"”; (b) load and deformation design in integrated valve block based on computational fluid
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Fig. 8 Hydraulic valve blocks manufactured by LPBF. (a) Titanium alloy hydraulic integrated valve block developed by Liebherr'"’;

(b) direct drive servovalve developed by Domin Fluid Power™”; (c) aeronautical titanium alloy hydraulic manifold manufactured

by Materials Solutions'”; (d) hydraulic valve block without cross drilling developed by Aidro"”
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Fig. 9 Development of integrated hydraulic steering gear shell based on LPBF. (a) Original model design of steering gear shell;

(b) mechanical interface determination; (c) topology optimization design of overall structure; (d) machining allowance design;

(e) LPBF forming; () verification of product performance
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Fig. 10 Development of fuel nozzles by GE using AM™. (a) LPBF forming of fuel nozzles; (b) labyrinth-type complex flow channel on

nozzle end; (c) performance test of fuel nozzles
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Fig. 11 Development of integrated air refueling fuel hood by LPBF. (a) Original fuel hood model with redundant heavy mechanical

connection structure; (b) fuel hood model with pneumatic edge integrated design; (c) lightweight airfoil structure using lattice
structure; (d) fuel hood formed by LPBF
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Fig. 12 Aviation aluminum alloy heat exchanger manufactured by traditional method and AM method "™

. (a) Comparison of corrugated
plate fin structure in traditional heat exchanger and internal structure of heat exchanger manufactured by AM method

(b) comparison of heat exchangers processed by traditional and AM methods; (¢) comparison of performances of heat

exchangers manufactured by two processes
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Fig. 13 Development of integrated ejector by LPBF. (a) Original model of ejector; (b) structure optimization based on statics

simulation and fluid dynamics simulation; (¢) comparison of ejector components processed by traditional and AM processes
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Abstract

Significance Weight reduction in aircraft systems is of great significance for reducing the consumption of aircraft fuel, and therefore
has always been crucial in the development of aviation equipment. The weight of electromechanical aviation products in aircraft
systems accounts for approximately 30% of the whole aircraft, and the number of electromechanical parts accounts for approximately
60%, and are characterized by large weights and numbers, as well as complexity. Currently, there are two main approaches for
reducing weight: upgrading materials and design. Conventional structural optimization and applications of lightweight metal materials
to reduce weight have reached the optimization limit and are gradually becoming unable to meet new lightweight demands. Therefore,
there is an urgent need to develop new materials, structures, and technologies to realize lightweight designs and manufacture
electromechanical aviation products. Metal laser additive manufacturing technology with integrated design and manufacturing
capabilities of material-structure-performance-function can provide advanced methods for lightweight design and high-performance
manufacturing of electromechanical aviation products, improving the innovative design and rapid manufacturing capability of
electromechanical aviation products and promoting the rapid development of the electromechanical aviation industry.

Progress With its ability for highly flexible manufacturing and precision forming, laser powder bed fusion (LPBF) technology will
be increasingly used in the design and manufacture of electromechanical aviation products. MOOG was the first company to apply
LPBF technology to manufacture complex hydraulic parts and has accumulated considerable experience in pore control and material
performance verification during the printing process of hydraulic products. MOOG has developed a new actuator structure and the
next generation of aviation motor manifolds based on LPBF (Fig. 6). Based on LPBF technology, Liebherr developed a titanium
hydraulic integrated valve block, which is 35% lighter than the original product and was certified for its first flight on the Airbus A380
in 2017 (Fig. 8). Domin Fluid Power, a British manufacturer of fluid power systems, developed a direct-drive servo valve using
LPBF technology (Fig. 8). Materials Solutions developed a high-performance aerospace titanium alloy hydraulic manifold using an
additive manufacturing (AM) design (Fig. 8). The hydraulic manifold is precisely shaped based on LPBF technology. The hydraulic

manifold can satisfy the requirements of the most stringent aerospace working conditions while ensuring high safety and reliability. In
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the field of hydraulic products, an integrated hydraulic steering gear shell was successfully developed by Nanjing Engineering Institute
of Aircraft Systems based on LPBF (Fig. 9), which demonstrated that LPBF can effectively solve the problems of multiple oil paths,
multiple process plugholes, and complex structures in traditional steering gears. Compared to the traditional steering gear structure,
the 3D printed steering gear shell reduced weight by approximately 51%, flow resistance by approximately 48% , and the
manufacturing cycle by approximately 70% , showing high product reliability. In the field of fuel products, an integrated air refueling
fuel hood was successfully developed by Nanjing Engineering Institute of Aircraflt Systems based on LPBF (Fig. 11). By using a
pneumatic edge layout, integrated precision forming of the fuel hood was realized. Compared with those by traditional manufacturing
methods, the AM fuel hood achieves integrated airfoil forming, which significantly improves the yield and reduces the component
weight and production cycle by approximately 41% and 50%, respectively. In the field of environmental control products, an
integrated ejector was successfully developed by Nanjing Engineering Institute of Aircraft Systems based on LPBF (Fig. 13). The
ejector realized an integrated design of the main pipe and ejector nozzle structures, which could reduce the risk of the manufacturing
process. Compared with that by the traditional manufacturing method, the weight of the ejector was reduced by approximately 64 %,
processing cycle was shortened by more than 50%, and the heat transfer performance was improved by 9.3%. Moreover,

multistructure integrated forming was realized, and the reliability of the product was greatly increased.

Conclusions and Prospects AM technology can help realize the integrated design and manufacturing of materials, structures,
performances, and functions, aiding in the development of smart and lightweight electromechanical aviation products. Currently, AM
is applied in the manufacture of various types of electromechanical aviation products, demonstrating great application potential. In the
future, digital twin-driven AM technology, hybrid additive and subtractive manufacturing technology, and multimaterial AM
technology will be the key research areas for the development of aviation electromechanical products.

Key words laser technique; aviation electromechanical products; laser powder bed fusion; lightweight design; rapid prototyping
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