—t

REF4R 2023,41(5)

www.kjdb.org 27

iz AL EEHMEM R Ei#HE

ot 52 i

ATHLR, Z2a e ORI, TG4 T

iR TR A M AR, 12 200444

SRR

WE RHBCRAE SRR Fr 2 H AT 2 Tl 52 BTAS K Sl HIL B g i8R L Asl 3 A9 e
WogAt . IR SRR A s R B il & SR BT ik e S 2R, /v 43 1 BUR BOR IR 4
i R B E H A A A RIS R S AL A B8 2NN T2 B S T OGS S BRI K R
BUPRANNSE I L , A5 B i 52 b - e ) IR A T R R T 2 = 4 2 A 45/ 5 v i A it
BB T2 R RS i A s R N TR e o T 2SR 8 e 1) i 4 T2 DA K Flg
BRESARI RS B T2 B0t TS RS HUE &R R i R R H JF 3 R

KGR R E BRI BT T5 17

KR AU AL MR AR I T et i

VRO 52 20 RE il T SR P, s A sl ot
s K SR AR G B R — SR R [l B
Pz ML AT, O 13 R 2 R s H e 20 )
ENPEREEER , A5 Al R AL BBOR B 2%, T 00
ORBEE: 25, R G, X T2 A AL A 4 T )
T XE RN T 22ROk B =™ S R A

2 RN PERERICR  JUHIE B & ShBLIkIE [
gt —2 P, FATERT — U LS B R

HLAY K Sl LR B = A AR R 2,
A — DRI S AR ol g2

JFEs g %#EAPF/TM’FEJBEE’JEAMHHH
G e DR B 22 M a4 I i S N B R A |
KIS K S AL R, AN 2 35 4R T — X
iz AL ZR G VERES . WIS A A kil i 1)
JRURR} I 1 <5 i 2 5 B R o i ) DU A AL
R B e B A 5 A R s A I 1, B 28

Yk H 11:2023-01-08 ; & 71 H 1] :2023-02-10
HEWH  EEHRRER ST (52175101)

EB T A ArBUR W 0F 7T A 5T 7 10 R B A R B B3R 30 1 3h MR R, B P54 : shuyre99@shu.edu.cn;

i GEAF 1R ) BI#

B 5T 7 18] R RE A BHE A S PR AR, B F5 4 : gaozhiyuan86@shu.edu.cn
SRR ATBLR, 2241, R, . WA L AL AR RIT R Se ki i AR BT 0 ST, R 4, 2023, 41(5): 27-33; doi:10.3981/;.

issn.1000-7857.2023.05.003



—t

28

www .kjdb.org

REF4R 2023,41(5)

N IS K S AL HE A SRR T B —
ey e A5 Rl R A2 A4 R (4 R T St
o TSR AN TS DRAE s PR RE I 3 L R AR
— PR T A K LB Y A2 5 BRI R R
& R4

1 EEMEMZEZHIM H IR

20 {20 60 4EA, BE[E Rolls—Roye (% -2 ) 23 7l
RO ST RN A ARNASE I R I & AR,
2 i T RB211 &L, 5 i T A RE 2 i 7 WIEE
KM ECR , RBOHRIR YT, HEE S BT

MY = i & & 26 [E General Electric (GE) /2N &) L J% [E
B - % )N A] L E SNECMA 2 &l 5 55 [ Pran &
Whitney (3% 2) A 7 (9 & G40 RoARgA R, H
I A MRS A s L Fr [ PR A7 pk ik
bR Sk T 22 W

H i 52 G A ek 7 E bR s & shbl By &
ZW MR TR . ATLVE 2] BAREEE G4 kL
T 4 XU I R 4 R R A AR 3 Y XU /R
BLIH R W s B0 5 A RH T (R iR S i S5 A5 b
B e 2z e R AL s R Ehplh . 45
KEMW R R ZALEY LB EN] T 5 A R
Jad P 3 P T R s 1 Rk AT

w1 MRS RS

i
o
=
ﬁ

3l KBRS PN il T2 o Ly
Kt Fr GE90 GE THIE AR i 8 FlEHE  IM7/8551-7
Kt Fr GEnX GE THIE RS i 8 PEHEE  IM7/8551-7
KU B GE9X GE TR AR i TR FlEHE  IM7/8551-7
KU - LEAP-X SNECMA 3D GRELEE/RTM FHgdE  IM7/PR520
AU I UltraFan Rolls—Royce T Ak 22 o A Y WHEHE  IM7/M91
KU B Trent—1000 £ Trent— Rolls—Royce M1GKN TR 2200/ A shilie i WHEIE  IM7/M91
HEOSRM A XWB F119 P&W TR R AR i 7R WHEXL  CFRP/AFR700B
HOSHM B PW4084 FTPW3168 P&W AR R Y R b 4 )83 CFRP/PR500
AT GE9X GE Y5 IR R PR EE  SiC/SiC CMC

BE A Tl s R, T s A sl
R SRR B2 T8 2 M, (B Tt
e 5 il i v i A AR R b LR AR
il 3 ARk A S SR S AT A RS A
E b, HATS R AU RS Bk 22 AR AR LR,
FEER 2 T ENE SR R R RS T, AR
T HERH5ES T

2 EAaMEmZERHHM HEGHEIE
IZ

BIBSE S A PRI A S TE

P S A5 BRI AT 5 HOSRE % A
b BB TR o — R AU TE A2 K )
BLEATEE R, R S HTLTRON ) 2 0 Ak Rt
Y R HA 2 K AL A b (0

2.1

S NP o TR VG DA L B B | I
AU IR L S BTE AR T8 o DR
S R R ) A R ] 3% 2k 7 Ak R [ Ak Y —
9 R L
211 TURB/AEERETZ

T kAR E B T2 5 5 A i e T Rk
YIEI S i IR AR 5 34T R R Al 2 | T
i, B 1R T GE LA & sl i 34k
WERNAL T 2 R . AR S B R Ak £ 4 1
T ZE S [ Ak R AR i ke R ek 2 2 At T
MBI AT R, s EE A E R
gt AR RRRE D 45 T — @ R DT RN, 58 B A i
R EF AR . T T4 26 R 5 4 kR
FERINIBE &7 , © & R I AR S 2 R

et FH T AR R T 2 A ] S T o A ) e R



—t

RS 2023,41(5)

www .kjdb.org 29

Tutg WEMT AYEREIL
1 GEZS % LR I B
T i

Tt A 18 - 10 — i T S e A D) | TR A R i
B LA B $tis L J2 TR i 2 il s fk . %0 =8 W) R H:
H B I (UltraFan )1 0T 1 H sl 22 fidiw 1.4
DA = A O I S R R ORI BN, AN 2 i
%M R 500 J2 Hexcel 23 )42 7 19 IM7/M91 ik £F
2 14 58 1 )k A SO T TR R B I e o 4
T H B LA de 22 SRR & 52 iU & 5 Zead 31
P 8 v Uk o S A RIS 2% T AR, i 5 R4 T 2R 18
WRIZAE B, IFAEM 7 AT &AL B AR A A R T
A1 £ EAARE i1 W N2 = (EN S BN =
BN A SRR RO AR B Tk

SHRBORI RS
B2 R E ST
R RN/ SRR R R EERETE

2.1.2

CFM A 5% FH“3D WOVEN 25 21 45 + 3o 4} g
&I IE (RTM) B 78" il i T Leap—X FR 51 & ah#l
AR R, R R R 1 3 s . i

RERHBEOFE

Just 3 Ko

LLLEL Y

L . L AH
[YTTY

an-.\

VRV RN
L !‘i’!

,
-
SENZRNZIENS

i
B BoR e L oy WA SR
EL LIS TEY .f‘l AR

2
AN

F DR T A A R P R AR T S R
WE T HAME RS B, BT DL™ 8 2 il 21 4 (R 1
B0, RTM T 20 B 42 AR S5 AE T B £F 2 10 B
RUMA T SRR A S S B 5 80, AT LA o R4
HZMORH AT . AR v e B R e 2F
AL LUH N = AEALE G SR 5 X AT U R 5
BB A L B, AT RTM T2 0 7 e s A%
PRGN TS e 6KE S il , 58 B Fr 0 4 44 il
T8 o RTM A AT 7 ] 4 15 3 RSS9 g 480 g 255
SEEAT , TR S & S R R i
FREEMER . Snecma 28 7 J5 I HEAT (0 TR AP 56
FWT, N RTM 452 A il 3 i AN BRI T 8 o F
BAS A Inas T By S SR LS PR RE

22 SRERESEMMITRFHEETZ

|

| ﬁuI

R
K3 Leap-X KL S BRI H-
BT 250

SRS AR T & IR0 e
SIS ML SRR B, T B e
fiE, S T RER— . P4 R T GE /A7)
AL-Li £ G 3B 0035 T 22 SRR
SR 2RI 90 BRI AT
N

BA
D /—EO
:}/—62

st

—

= AL SEH R
y////ff////,. " ] — WA AN
7 & 3 e -'. . AL
Tl Btk 2

K4 gmiEpit i phliE T2



—t

30 www .kjdb.org

RS2 2023,41(5)

M PW4084 & shAIL Ity , 5 B2\ w78 KURS 3 1
SH R L DW A 2N ) AR R 455 R S AR AR
KGR A R B A A PR, JTAE B 28 B/
P HOE . T2 g T e 27 g B s ek L &2
BRSO KB F G0 S R . HoBs A Y

PR I B HEA T BG4 B0 2 i 45 4 A 2=
I8 IR S HL S B i T2 T i % ShdLSS #4 e

\\ ‘

ﬁﬂ lﬁ%ﬁﬂ]%&

:
— R
—
SeALF BT HRIB

K5 BB Ok R E T 2

ol el 48

149", % =% )% wl b sk H 58 7%
AR

GEIEE SR E S sk OV T R L
TR T BRI BRAE AL E AR
%Eﬁmmiﬁﬂﬁiﬁiiﬂfﬁ%ﬁffm

X EEUR N 4 R A A MR A TR
il 38 A i AR R AR
23 MEESEEGMBMAHETZ

Pl 2 KL S5 BORL R DA B e B A 15 4% o 41 4
AW EHORE, HRTN RN 2 B R 4
A FORUERET A BIRRACRE B A RE LT 2 e
TRER,

GE W& i1 1A% 33 T 25 AR an 18 6 fir s,
SR P R S A DR AN AR i I L Al
JRE A, SR 5 8 A SR ) B R A v 2045 3
v B B S B AR A

204 e

% AR HBURARR M

i HFHR

JHRiBE
>500°CHb¥G &
ﬂ B
g4
CIC-SICE MM AR A7

ot
CICSICEALTBIE

Ko MABIETIRE

CFM 2 A 1 LEAP & sl HILJ2 565 — 3CR F P &

nﬁﬂﬁ#Mﬁmﬁﬁkﬂmj%wﬂmA
i 2P & 32 A A EHRRE 3R . GE/Allison 23 R 7E
XTC77/1 F5E T 25 0 % S ik A ik 21 24 184 49 ik AL
REREEEHL G G AR = R e it s

Ve e e 52 G bR i BT SRR Y ) A PR RE
R MR (R AERRL A R L 5 R DA AR R 3
YEML BB 2372 A9 55 it S 4, vl g 80
PIRAL, KR D Ho i, RATY SR 5 2 R e i
R AT T4 A

3 EeHMEMZEAMINMHFHFHAR
FER

BT, KU 5 R SAUR RS i 288
G20 RS Aet R4 JLrh K
T3 LU B & ShHLE KRl A BR 6 2 & bR
R, BE AR EEREN R, Wik, - %
N FH 42 o v i it v VL 1) 52 6 A RE A 4 T A A
KPR R M L RIS T B T B,
2 HETLAs A shdL i) & e ta .



—t

REF4R 2023,41(5)

www.kjdb.org 31

ft s & sh AL L B B4 ek B R 25 A A i B i e
T I R Jr 1) & . Wi 7 iR, GE A Al
PV TT R RV A AR I B BB i R
i3z 20 WA, (i A5 % sl HLRE RS 78 RAIEAR [ 2E Utk
RE Y [R5 sl NEL I B A8 . GE A /B — 1R
GEOX % shAl, fifi FH 9 55 DU AR TR 2 R4 Rk RUBs 1 7 1
B BRI IR R, &R a2 EEET R G
5, S5 GONIRET (DR AT IR A B R BR 3L PR Ry
25 AN IEET . M GEOX i FH By A1 o] LA HY
AR B R RDE 20 B AR — 4 1)
TR AR AR (R 34

GE90 & sHL(22 1)
El7  GEMLZS & SHLAS I F i A

TE M Fr BT MR A D I, HER T L
S PR TS M UBUE A B S B B P AL
VLSt NI Ao r e S N E ol N WAL SIS
DT E T, P RADLE A R P A At 2 i i A e m T LA
M 4 R AL 25 R S ALY et el 90 At I vk
A LAMLRE A 58 T 2 v AT 22 R, A 3D T
PR BB S I 56 5 0 B R B A A v A
SR ARl LA A 5 B S EL

e 1 T 2075, 3 AR 3 B AR AE RN
A IR G M T Tl A D i 1 E, BT BB
IS 9 — A PR 2 AR R R D7 18] [
S e b S I Y T 20 A R A T A R
W T 2R3 TRRE R B AR A,
ST ARG 75 IR s PR AN BT P e o R
ARG 1T 4 AR I 2R 5 A L e AT [ A Ut 8, 44 it
JOLI ], SRR RE B v H A e R R R R A 1
BHAPERIE SRR 2O 3 2 —,

T il B BT I, DL -2 28 W] Y Ultra-
Fan & S AL AR BRI 2S A S LAE 7 B 1E AR V% 58
BT RO ATRNE S MR A2 A R U

) N ’
GEnx ZBIHL(18 ) GE9X K#hHL(16 )

MRS, R A] R gt 52 5 pfld o7 ik,
BT BUR A i i A P IR 1 2 M I e A i S 30
(S I e 2y 5 S A 1R B, 2 SRR e A%
R R IUEZSr R (AN R T R g R R R e
APEERE o AR R X P S AL G R I I BR A2 IR Y
IRAZIN K R AR A BORH A A TTTE
I 5 47 ) — AR A B0 B I R R R ) e
T,

4 RE

¥ S 07 FE 5 TR e sk i e Tk 1) 5 A R B
T 2s & Sh LIk EE 0% e L BRI & T M
BFB AR R R R R R R, &
X EANL AR B KR BUR , B NAE A
R NHLE AR R BRI 75 ot — R TR
FRE il R B AR K & TR RE ST .

1) e AR R B ATESMILZS & ShHl
SR B A B R TR 2% 9 T K, A
141 B i 4 A R BE T Pt 7 AT X I e i Ak
(¥4 S | PO 25 S ) o Bl 7 S R RHMA R
AT i 38 GE IR AN RE T, i ot 5 RSN G — R
il £ I 45 RE 1S B A A )L, S A A
BB 4 AR S S L B O RS S i
25 RS HLE A R R R B R AR e B 1T 5 2
TAE.

2) il T2 A s Borte . EAMY St A
Ak T2 RENS KD A 45 S w22 , M
PR B RRE M. B S ) o B S S
M BB BCE A AR A E SRR
T R B A AR, M 4R T AR R
WKV 4 /N5 etk il v AR i 2256

3) RIHHARQIB S ARE T, LA
AN — Ak R 7 PR AR RSk A
SEREAGHE B [ SedE s & ShHLE AR RL B
PR AFFA , 10— 2 45 /0N v R 5 R 9 et i A i s )
FARZENE (0 H AT, X s e R A7 A i £ ™
BRGSO R



—t

32 www.kjdb.org REF4R 2023,41(5)
[13] Mol Kavitha S, Salem S C, Sadiq A. Crashworthiness En-
2% ik (References)

[1] Zhang S H, Cheng M, Song H W, et al. Research prog-
ress on precision forming technology for complex curved
surface components in aerospace[J]. Journal of Nanjing
University of Aeronautics and Astronautics, 2020, 52(1):
1-11.
[2] Huang Y, Li S C, Xiao G J, et al. Research progress of
aero—engine blade materials and anti—fatigue grinding
technology[J]. Journal of Aeronautical Materials, 2021, 41
(4): 17-35.
(3] ¥k, 740, Masete, 5. A A S SR
KL & TR R R ()] PR T RE, 2018, 46(12): 1-9.
[4] 227, Xl (UBbIT, % . fiss K EUTIR AR FE G 4
R I 15 % JR RS ], bR T2, 2022, 50(6): 49—
60.
[5] Bochenek K, Basista M. Advances in processing of NiAl
intermetallic alloys and composites for high temperature
aerospace applications|J]. Progress in Aerospace Sciences,
2015, 79: 136-146.
[6] Boyle R J, Gnanaselvam P, Parikh A H, et al. Design of
stress constrained SiC/SiC ceramic matrix composite tur-
bine blades|J]. Journal of Engineering for Gas Turbines
and Power—Transactions of the ASME, 2021, 143(5), doi:
10.1115/1.4049776.
[7] Zhou H, Li X B, Zhang T, et al. Application progress on
manufacturing technology of composite fan blades for
aero—engine|J]. Aeronautical Manufacturing Technology,
2022, 65(13): 84-91.
(8] MR . b as K shHLR IR LS 5 FRHEOR BUIR 5 % Jié
] MiEsdldEH AR, 2016(5): 68-72.
[9] Ge J R, Liu Z F, Qiao J W, et al. Research progress on
molding processes of fiber preforms and performances sim-
ulation of composites for aeronautical complex structures
[J]. Aeronautical Manufacturing Technology, 2022, 65(16):
14-30.
[10] Guan L X, Li J L, Jiao Y N, et al. Review of 3D woven
preforms for the composite blades of aero engine[J]. Ac-
ta Materiae Compositae Sinica, 2018, 35(4): 748-759.

[11] F 25, H=tH, B, 5. s & s pLxs iR 6
PRBE R BUAR B #a3 [1]. # 95 2LEOR, 2020, 48(8): 81-
84.

[12] Gao J, Wu Z B, Kong Y, et al. Design and bird-strike
resistance performance research of civil aircraft tail lead-
ing edge using different auxiliary spars[J]. Journal of Vi-

bration and Shock, 2021, 40(8): 237-246.

hancement of aluminum alloy used for leading edges of
wing and empennage structures[J]. Journal of Aerospace
Engineering, 2022, 35(6), doi: 10.1061/(ASCE)AS.1943~
5525.0001477.

[14] Trofimov A, Le-Pavic J, Ravey C, et al. Multi-scale
modeling of distortion in the non—flat 3D woven compos-
ite part manufactured using resin transfer molding[J].
Composites Part A—Applied Science and Manufactur-
ing, 2021, 140: 106145.

[15] Xiao Y, Xu J B, Wang M, et al. Multiscale model of the
rtm process: From mesoscale anisotropic permeability of
woven structures to macroscale resin impregnation|J]. In-
dustrial & Engineering Chemistry Research, 2021, 60
(22): 8269-8279.

[16] Zhu C, Wu N, Zhang Y F, et al. Tensile properties and
failure mechanism of three—dimensional angle interlock-
ing woven layup composites under tensile loading[J]. Ac-
ta Materiae Compositae Sinica, 2022, 39(7): 3167-3177.

[17] Kirby G H. Formation of ceramic matrix composite used
for gas turbine Engine, involves introducing carbon
yielding resin into open pore channels, heating melt in-
filtrated and melt extracted preform to produce elemen-
tal carbon and heating: 2018194690[P/OL]. [2022-12~
01]. https://www.webofscience. com/wos/alldb/full-record/
DIIDW:201855484V.

[18] Manicke P S, Walker B E, Ronk W R. Producing ceram-
ic composite structure, useful as article including blade
for gas turbine engine assembly, comprises providing re-
inforcing material and precursor slurry composition, im-
pregnating the material with the composition, and dry-
ing: 2011150663[P/OL]. [2022-12-01]. https://www. we-
bofscience.com/wos/alldb/full-record/DIIDW:2011H201-
41.

[19] XUAEHR . =S A sl A S s i BRI S HE (). o
2 HITERAR, 2016(21): 50-56.

[20] ¥ dxte, A K, Wk, . U LU ERE &
FERMIFTE (], A2 30 97, 2021(5): 56-59.

[21] Luo X, Xu Y L, Guo X J, et al. Research progress of ce-
ramic matric composites turbine rotors for turbine en-
gines[J]. Journal of Propulsion Technology, 2021, 42(1):
230-240.

[22] JaMiT, 2R AR, skl A e K sh LR & BB it
F il 6 T2 R )], s g R, 2022, 65(13):
84-91.

[23] Dhimole V K, Chen Y, Serrao P, et al. A design feasibil-



—t

REF4R 2023,41(5)

www .kjdb.org 33

ity study of a turbine blade disc interface (dovetail)
made by four—directional braided ceramic matrix com-
posite (SiC/SiC)[J]. International Journal of Aeronautical
and Space Sciences, 2022, 23(1): 66-76.

[24] Xiang R J, Pan Z Z, Ouyang H, et al. A study of the vi-
bration and lay—up optimization of rotating crossply lami-
nated nanocomposite blades[J]. Composite Structures,
2020, 235: 111775.

[25] RER, BR5E, B 50O6R . EabhrxUE i 2 st
Tk MFFE[T]. fias B, 2018, 44(3): 49-54.

[26] Li D C, Lu Z L, Tian X Y, et al. Additive manufacturing
—Revolutionary technology for leading aerospace manu-
facturing[J]. Acta Aeronautica et Astronautica Sinica,
2022, 43(4): 525387.

[27] FERZE, X7, SRk i AR B 2 5 FRMIE S
HERL)). L R, 2021(3): 73-78.

(28] ¥Fh, BB, ki, 4% AR [ Ak AF U BE R AL i
B A RBHERED]. FAUM R T2, 2021, 51(1): 50-
54.

[29] Ghorbani H, Khameneifar F. Construction of damage—
free digital twin of damaged aero—engine blades for re-

pair volume generation in remanufacturing[J]. Robotics

and Computer—Integrated Manufacturing, 2022, 77:
102335.

[30] Miller D, Kemnitz R, Grandhi R, et al. Toward digital
twin development for additively manufactured turbine
blades with experimental and analytical methods|J].
Structural and Multidisciplinary Optimization, 2022, 65
(8): 227.

[31] Zhou Y, Xing T, Song Y, et al. Digital-twin—driven geo-
metric optimization of centrifugal impeller with free—
form blades for five—axis flank milling[J]. Journal of
Manufacturing Systems, 2021, 58(suppl 1): 22-35.

[32] Chen Y, Jin L, Tang X, et al. Dynamic response of a
composite fan blade excited instantaneously by multiple
mfc actuators|]]. Aerospace, 2022, 9(6): 301.

[33] Zhang F L, Li L, Fan Y, et al. Dual-connected synchro-
nized switch damping for vibration control of bladed
disks in aero—engines|J]. Applied Sciences, 2020, 10(4):
1478.

[34] Zhou B, Ke H W, Chen X, et al. Aero—engine blade vi-
bration suppression method based on piezoelectric shunt
damping technique[J]. Journal of Vibration and Shock,
2020, 39(1): 209-215.

Research progress of advanced manufacturing technology for

aero—engine composite blades

YU Ruichen, JIANG Jinhua, ZHU Xiaojin, ZHANG Hesheng, GAO Zhiyuan"

School of Mechatronic Engineering and Automation, Shanghai University, Shanghai 200444, China

Abstract Large—scale adoption of composite blades is the most effective way to achieve ultra—high bypass ratio and low weight

of aero—engine in the aerospace industry. The research progress in the manufacturing technology for resin matrix, metal matrix,
and ceramic matrix composite blades is discussed in this paper. The development and application situation of the common
processing technology and key manufacturing technology of aero—engine composite blades are reviewed in detail, including
prepreg/molding process and three—dimensional braided/reinforced resin transfer molding process of resin matrix composite
blades, molding process, pressure casting process and superplastic forming/diffusion bonding process of metal matrix composite
blades, and melt infiltration process of ceramic matrix composite blades. Finally, the trend of aero—engine composite blades is
discussed and the research direction to further develop key manufacturing technology of composite blades is summarized.

Keywords aero—engine; blade; composite material; processing technology; advanced manufacturing
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