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Fig.10 Infill design and manufacturing of UAV wing segment under multi-load conditions
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Printing Path Design Method for Stress-Driven Continuous Fiber

Reinforced Composite

JIN Wenjie"”, YUAN Shangqin'’, LIU Tong’, LI Yamin®, LI Chenyang®, ZHU Jihong"
(1. Unmanned System Research Institute, Northwestern Polytechnical University, Xi’an 710072, China;
2. National Key Laboratory of Unmanned Aerial Vehicle Technology, Xi’an 710072, China;

3. The Hong Kong Polytechnic University, Hong Kong 999077, China;

4. School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an 710072, China)

[ABSTRACT]

Continuous fiber reinforced composite via additive manufacturing (AM) is an emerging in-situ forming

technology that, combined with the digital fabrication approach, offers the advantages of efficient design and rapid
manufacturing. In order to give full play to its design freedom and further realize the lightweight performance of composite,
a stress-driven continuous fiber path infill method was proposed based on the wave projection function. The fiber infill
morphology was optimized according to the stress field distribution of load-bearing structure, and different filling densities
were set to adjust the structural load-bearing performance. At the same time, the simulated annealing algorithm was
employed to generate continuous fiber paths with minimal interruptions and shortest total length. The application cases of
2D satellite silo plate and 3D UAV wing segment further verify the applicability of this method. This generative design for
composite structure is a typical AM-driven approach, which is expected to provide a theoretical and technical basis for the
integration of functional design and manufacturing of composite structures in the future.
Keywords: Continuous fiber; Wave projection; Path planning; Stress-driven; Additive manufacturing
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Fig.1 Cross-sectional overall morphology of BT-FSW joints at different welding speeds
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Fig.2 Metallographic structure in different regions of the weld nugget
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Fig.3 SEM images of different regions of the welded joint
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Fig.4 Average size and area ratio of precipitate phases in different regions of the welded joint at different welding speeds
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Fig.5 SEM morphology after 96 h of cyclic immersion corrosion
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3] X A& K 58 TAE, 48 AR, K FA, 5. H B MR 48 FAE AL FE 5 Ti/Al 5 32 FA-MIG 742 % 20 2R0ME BE 89 % v [T]. At 2 #) 8 # K,
2024, 67(19): 117-124.
WEI Shouzheng, RAO Wenji, DUAN Qingyang, et al. Intluence of laser remelting for back weld on microstructure properties of
high speed FA-MIG welded Ti/Al joint[J]. Aeronautical Manufacturing Technology, 2024, 67(19): 117-124.

HHIZSEHEEIZHIEIT Ti/Al 5 iE FA-MIG
R AR RER R
BASP{E', 0B, B RPR, Z=E B, sk ST

(1. X5, K& 030051;
2. KRG & A& 4R LA RS, KR 030008)

[HE ] AFxb4k /488 @ ik A B AL RIRE (FA-MIG) J54F 1 % d 20 20 b a2 % K 69 1942, R R ok xt TC4
4K /SA06 45 FA-MIG 43 % 69 9 @ IR 28 3 AT TS AL 22, A& Ti/AL Rd B LR 6 £ 57, - S48k 00 ) Sk fk.
BIE R E T E T 4k 2L SRR 69 ST H AT, AF R R W s R A4S B d B R T F g Aol daak B oy b dE Sk A R 6Y
Bt REN, d.gFev bR RRE AR ETEY 0, £ d=2 mm, ¢=1.3 kW, v=Smm s &4 T, 2 ERLLE
) He kAR TIAL @ BB BB B39 7, 455k B 75 &) TiI/AL @ B4 4% 2 F 0 B 54K, 1k 345 7% B4 1t 280
MPa, }b R 222694548 5 T 49 20%; Fadb b v 28 M + koA 4L,

IR A4 4B Aa IR, WOREE BRI, hF AR

DOI: 10.16080/j.issn1671-833x.2024.19.117

FRSFAE
B, HL, ARFAEA M
BHEMIEER GRS BIEMHIERAR,

* BETE: FEKHRREIEA(51805492) ;

1I7G4E A SR Bh2 5L 4 1 135 H (2023030212
11159).,

B/ R A AR R S B A
AR T BE— AL, AT H]
Tl g oA AR ol S5 AR ik
F o AR A BE AR I i 4 T

VR I R LINHTE Siok

25 BN Al 2R ] —Fh ek /SR A
B AR R ERT L, ARR IR
AR AR P e YFI2 BRS)
HLR FHER / fRie sy s i A S5 W PE N
MLBLSE R, e m THLE i E
Fo B SEELER SR M T R AR R
SEPR I SRS R, SRR AR
R LR, R R 4 A
PE 22 FIFRAR I ) A5 Sk [l , e 5%
AN ERTT, B B Ti-A1 i Pk
GBI 2 154, i ik 2k
B R, SRR — B R A R
AR SRR R

h TP b () B AT AR

( Welding-brazing ) T Z#5| AZk-545
HIRRE . BOEHE( Laser beam welding,
LBW ) 7 945 A ( Tungsten inert
gas welding, TIG )™ KL TR
( Metal inert gas welding, MIG ) $ A&
JeSE N TR S 58 R ST SE
FJFHUS T RAFRiERE . Hrr, MIG DX
HALA R ECR RS R T
AR AT, 2014 4F MIG
FEE AT Ti2Al-Mn/Al 1060 5
Sk VI BT RIS FSE N 53 40 A
TR AT TV/AL A1 A2
R 145 LA U R 3k 1 A
FEIX Al SRR MY A R A AL
i P AT TR, BRI T TVAL MIG
TR R AT YR, S T ks TYAL
MIG JE 4T Fek AL 2k fE, Li % 1
K ALSi5 #5722 3547 T Ti-TA2/Al
6061-T6 itk 7% 4 Jm 1 I ( Cold

20244655678 5190] - it BlE A 117



L

SPECIAL TOPIC

metal transfer MIG, CMT-MIG ) #5444
ETISIIFST , RASH BT 55 i 4 g B A
P23 Sun 45 R H AL-SiS 5 22 iF
177 Ti6AIAV/AL 6056 5 Tt 42k 3%
HBI A CMT-MIG 4 B/ 5T FLE ST
AH LB — MIG ISR, 20 ks
ST B I {3 5 s Miao 5 'R A
Al-Si5 fR 22 JE17 T TibAl4V/Al 6061
SRSk 52 B FL U MIG #5306 4T
RREST , P 3R S fi e P BY 5 B 1T 3R
190 MPa; ABREL K Al-Mg5 Ji2%
HHT T Ti6AI4V/AL 5A05 SJideskir)
Ik MIG ( Cold arc MIG, CA-MIG )
AR, et T He3k 3 B,
AL AP ] ik 240 MPal™,
g5 b, R At i MIG R B2 4
AREL T 20T LIS TVAL AT IRk
B 1R RE . SR, XA R E X
TV/AI MIG #5512k 1 S f 2 4y
PE SR ZEHLER AR5 % B 1 i 244
372 R A S E T TUAL I AR
B A B A S SR
MIG HL 94 8 5 7E Ti/AL 45 &
A AN 5] SRR 5 4R 4
FNEANTESY T R4 i v 2 o J2 TR P
KN RS AL 25 A R 2
UEAR AR AR B 5 FR R AR T AN
B, FEAER S L, W 1 S B R Y
[A] 5L, PR b or Ao B AR T/AL A 1T f
Pivan - A N E S NP
T g TVAL MIG %5 5T £
Ti/AL 5 181 32 Sl AL 2UAN 22 1 ) 2, m]
AT 5 ¥ 22— 2 R WL & 45 47
T, [ S PR UE R OE L TR .
Zhang % " R ALSSi KR 22 EAT T
Ti6Al4V/Al 5A06 5 J5T X 4% 32 3k )
MIGHTIG XA G IE ST, 345

T RSS2 R AR / R
$3k s ANYBLL R Al-MgS 122081 ¢
T TiGAMV/AL 5A06 5 5t X 43245 3 1Y
ML CA-MIG & A 14T 1R gE 1,
TEARNEBRIREER RT3k
S B o B e 320 MPa, 423k 1
EMEREIS B T BT

firke TV/AL I AL SURI 1)
T3 —FPAT A v R A T AR
PS5 R AE A T AL B, £
R AL LT 2 07 4 8 004 T, A ARAR
Ak Ti/AL 5T S gl 2R [R] B
R SRR RAE IR B B
FIFHe 3k B 45 A rERe 4 = . #K
2 Hur, m AR &R 2 £ X T/AL MIG
AT IR S T T A4 0 Ak PR 5T
(A FH 2 SCRR B A8 . AR SCR FH A
A AR B MIG ( Force arc MIG,
FA-MIG ) f T 2045 T Ti6Al4V/Al
SA06 FUTH R AT ARk, SR JE R
PO AR AE U T I AL B ST
WOt AR MRS B d O6Th % g fi
BOCIE R v XHE AR Ti/AL B
TR R4Sk 1P RE R, LASK
A d. g Tl v S50 IR T
TR Sk B B 2 A BL R KB A
Wi LIRS T T IR AT AHFSE
SHESNEL 1 B A TR ZS 25 Tl
R EE B B RIS (L

1 ERAE
1.1 Ti6Al4V/Al 5A06 HTH 5 iE
FA-MIG 1&4F12
AR SF74 150 mm x 100 mm x
3 mm f¥) TIGAI4V F1 Al 5A06 He bt , 1E
FELHAE ¢1.2 mm [ SAL 5183 #5221}
M B AR 22 1) 24 AR 43 gk 1

TNo RS P 22 bl 4T 5 7 o B 14
Fm ARG T A 2RI B BB
FHAARFR 350 40% 1 HNO, /K IR IR
Pk 3 min, SR 5 G /K 2 B3 Ve I it
TR ; B EER ] 40~60°C | JBT 4y
# 10% [ NaOH 7K %5 W A% %6 3 min,
SR 5 PR A3 %0 40% B9 HNO, /K i
WA TR PR, F )5 FH G K 2B
VeI I TR

X F Alpha Q 351 puls MIG/MAG
Z IR BT AR SEHL(FE E EWM A
H) #E4T Ti6AI4V/AL 5A06 32 3% (18
BT (55K Job 247 ), TR
Ti/Al 5 3% FA-MIG ¥ 4T KB 51 22,
K FH B P T2 A T, L
AR 1 (a) R, Kb i
JEH) FA-MIG F, SE 50
Ui 161 A YRR R 20.8 V AR R
% 1.8 m/min ., 7% 22 3 % 9.7 m/min,
S22 A K B 12 mme Bk FIES B bt
PO s I i 7 N = 1 S T
RS R AR 4 A T A, fE UE A D
FEBR AT () Y 2, Bk o] 40°
e N TG T AR RE b, 2
[ E8 00 #% 0.5 mm., HE4% IF 1A ) 20
L/min /) Ar (B 5%k 80% ) +He (£
T 20% ) IR B SR T OR3P, 75
11 15 L/min () 55 4 Ar (R FL 50 54
99.999% ) TARIEA TR
1.2 EEEEHRERLE

FA-MIG = #4328 S ¥
Ti/AL R B TAT, SR FH R A Ab 2 0 U
D7 1 R AE VEA T O B T
1, R H YLR-MM-WC B! 5% 27 i
Jean (B PG ) #E4 775 A7 4% F
ARER 1 (b)) FroR, 1 BB 3%
JEIEBE, B B AR A 4 mm, HApR AR

x1 BMRELHEAXNZERS (RESH)
Table 1 Nominal chemical compositions of base metals and welding wire (mass fraction) %
R Al Ti A Fe Mg Si Cu Zn Mn
Ti6Al4V 6.43 S 4.13 0.14 < 0.20 ( HAt&dt)
Al 5A06 i — — 0.50 4.8~5.5 0.50 0.10 0.20 0.30~0.60
SAI5183 i — — 0.40 43~5.2 0.40 0.10 0.25 0.5~1.0
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05 SR TN AL IRCE,
KEGEFH AT IR AL FE; Sy T B 1k
SO FE I T3k B WO
] BRI I 5 AR A% ol R LR A 10° 2
NG R T B RO B A AR B
W, A SO RO Hh sk ) 48 0 A% 5
K AR 15 Limin 595546 Ar (1R R
53899.999% ) HEA TR O
EIE T AP FETESEONEOER
T BRI RS B d HOEHI g FIEEE
B v, O TR T 2SS B AL
TVAL SRR R 4253k 127 PR 1 5%
Mo, BT E T AN 2 s i T 23800
HEe , Ao X FREHAEE d R 0.
WOLEEA I, TR
Iv) B, WL T 1 AR 4 OE P
$15 R ISM=7900F %37 % 5t 414
Hi, F {2 73 5% ( Field emission scanning
electron microscope, FE-SEM ) %} 4§
HRAL TV/AL BT R R AT o0 Hs R
H Instron-5569 7 77 fig J) % i 56 AL
XK BEA TR g 2RI, A5
PO A AL B T 20 TR A BUE |

=4l Ar
(a) EHEFA-MIGH:

il EAR

FRAR AL TVAL FL T R R4 Sk g
PERERISZIR , LASRAS B HR A SO E %
T.2:2%. XM RIGAKU D/max-RB
R X 5 26 411 5 AU X-ray diffraction,
XRD ),FE-SEM } OXFORD X-MAX"
4 H 1l ¥ fiE i [ ( Energy dispersive
spectrometer, EDS ) XMLfb T2 fr
A TAL FOE SR TR A5
B, WF 5T Ti/AL B¢ 18 25 & L
FE-SEM ., EDS X4k h i I k1 7
G3HT AR TR L

2 ZBR5itE
2.1 Ti6Al4V/Al 5A06 BT IEIE4E
HLAERE
& 2 i FA-MIG . [fi 45 35 45 1)
Ti6AI4V/Al SA06 H23JFEE IS
JRAEIE PN 5] 14 2, IE T AR 4%
S 34 5 BE 24 7.0 mm, 75 AR 48 71
FE B2 3.0 mm, SREE R IR RIS
LS, KRS R A T TR A I s A
HR ALK 55 FR ARG AEAE I B i 2 A 3k
V. TEREARE kA, B WX AT
Ti/Al FL1H RSB, 25 R e 3

|
I
° 1
)Ai
I
I
I

(b) T HHRAEROE ok A

1 TVAl 5 FA-MIG 2 REE
Fig.1 Diagram for the Ti/Al high-speed FA-MIG welding

x2 BARERIEIZSH
Table 2 Main process parameters for laser remelting
HE HOE R MRS i d/mm WO q/kW SR v/ (mmes ')
1 0~4 (K1) 1.3 5
2 2 1.0~1.5 (25K 0.1) 5
3 2 1.3 3~9 (K1)

FroR s HeSk v B A DO R A
AR, R 5 4R KAk 2 ()38 1P A
— AN R R 2 4 um 1Y IR L T
R JZVASEI R 425G s B B
DX G AARRT /N, ST B AN
% 5553 , B L) ST S, J2- 1 Y PR
AR 0.5 pmo H23K R 5 ) Ti/Al
S B 2= R R

I 545 DK7735 BIZk )
HBLVE TR 7 1) VICIE AR 1
i B RE, R R SF S 200 mm x
10 mm x 3 mm. ZFi7 i 7 2 fE )
i, FA-MIG AR iR ek 171
PLhish 4y 230 MPa. 43Hrik A, L
B TVAL JREEAAAE IR LI S Ti/AL
ST S f 2 2 2 S R A ) R
Wi 45k 1 12 E e RE A A T
TR AE L B AL B, DACGE 33k 1Y

HAWERE
22 EtmEEMEBENELAR
TERERI R

NG S AREEY K E 57
153K T 50 K MR B Ti/AL 5L TE B i3 4
2L 4 TR, O IR E 0.5~
1.0 mm. % d<1 mm B, REAEOE
YERFEREER, WSk KA1 4 (a)
R R R AL, S AR R S T
B R ARA RN, B A% it Tie
Al &g b WA R IE A X, 18
KL IVEFR, Ti-Al 42 )& Al k&
WARZE Ty K HETF 34, T i K 4
B, 4 d=2 mm B, 52 O B
TFAAE FH 15 1% Ay = B 8/
(4 (b)) ; FEEMEELE SN
KA, THBR T IEARAL 2 fa i U 5 1k
Ab, B SN SR & B X Ti/AL Bt

IE T 4E
Al

B2 SmEERERFERIER
Fig.2 Macroscopic morphology of the weld
metal for single-side welding
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300
SR RLZ _
% 250+ —4
&
% 200
f\é
150+
%j( 1 ]
0 1 2 3 4
L BB S e
(a) AIX
5 HotEENIEBE J JHELHAEEE
SRR LZ FRAE HISIE
Fig.5 Influence of laser offset to the Al side
d on the joint tensile strength
NLJZ & RER R AW B AR A, Y =
L4 kW I 6( b)), i TAHEPA
® . R IR E IR R (>1.5 mm ),
CHER o BB S B e 58 B RO R A
(b) BIX 75 ZEORBOCRER A1, KRR AL

B3 TiAl REERHAR
Fig.3 Microstructure of the Ti/Al interface

TH7 A B 1A R 2 TR R R R 2
2 um, B SR )Y T/ AL AR
SER RN, Y d=3 mm I, 7R
FEAMIAE AT, 3 HRREE K AR R
FAl AR B A BTN (B 4 (e)) s
SR 1 O A A B 2 Ti/Al
BRI , k-5 FR R AE I AR A AT
FETE, TVAL SLTH B A 2t R & A
AR Ak
LS Aot 40 0 B 3t d %
FI VIR R, v B
d MG, Bk B sm i 5 e hn e
W Y, 24 d=2 mm I, 33k BT
Pro Ik R AR, 29 280 MPa. J3Hr
K, M d<1 mm B, B T80 R
Yk A IX Ti-AL 428 b &
FEAER R KR 2880 AR T 1k 1Y
T e, X4 d=3 mm B}, £k 548
FRE% R BE R AT, S A el Y b v 7
SRR R ARARAL TVAL AT
R R BB AR A S, B Sk R
] Ti/AL ST 21 22 AT SRR, W
AR R ILFE T ek i )24 RE
PRI, Ji i F47 5 SO 1) 5 00 v

*zﬁ: d:2 mmo.
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(¢) d=3mm

4 BHARRBE d WTEEELERTRIR
& Ti/Al REEMALRK N
Fig.4 Influence of laser offset d on the root
morphology and microstructure of Ti/Al
interface

2.3 HotThEITEEL AL
=AU
T2 g X T AR Sk 1 AR
B TP 50 J AR Ti/AL LTI 3 f 41 41
AN 6 s, X q h1.2~1.3
kW B, 323k 75 11 KR 4% O TP 30 I AR
HLA Ti/AL SRR T AERTSC P e
(E 4 (b)), lLAEARFEHEAR, Y g<
1.1 kW B 6 (a)), Bt AR
X/, B TR A B AR AR T Jmy o
b, Bl TEBHE /M <0.1 mm ), %
BEHCRL, TR AT R K
Al K5 AR e 2 AR R A it
W5 IR A AR, WOk
AE TR 5 AR SR AN, SR

RERY

SRS ER AR R A T A A N, ST
N R B AR (>5 pm ) Bl
BWOCTIR g B4R, T HIRAETE 5 2
SRR R AR LR AR B RN )2
JEE R ) S A T K R R, LR
JEAT R4 T 5 Ti/AL SR,
g AT 1.2~1.3 kW JE BN IS, 523K HL
AR BB TE S S Ti/AL Bt
Fib

B 7 RBOCHIR g X4k
PUhism B A 52, B A g AW R,
P S BT P B 5 SEH K R N
B, g=1.3 kW B 42 3k Bt FL ok
IRENEAE ., 45400 S0 T 4E 8
JE S e Ti/AL AT R 43 AT, 24 g <
1.1 kW I, SR AR Ab Bk 5 R AR 4 15 A7
FEA A A, FLARR AL s vy 2 5
KN, 23k F1 24Pk e AR IR A I el
o M g=1.4 kW B, i TR )
BB, ek OY 25, 5 T Rk
PAEZET: .
24 IREREIVELALR]

A0

KRB R v X ek A 2L RE 1)
SR SO g M, ARl 8
e M v AT 5~8 mm -+ s JEFEAN
At 23 15 1T 4% AR B 50 S SR Ab
TV/AL AERHEC AR 4 (b) hidie,

RERY
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AN FHS A, 4 v<4 mm - s 1,
P AR A L, SR AR T AR
I 1.5 mm I H B S A s [ B RG
OB 2% 5 SRARANER 5 5 A4 2 1]
G 4 ROV R 7847, e R 2=
PR, M v=8mm s ],
TR AL/, G AR R
KE 0.1 mm HIESAR LA B4Rk,
KSR IREEZ MU AL AL I 5 ¥
FehE X RARAL Ti/AL BN,
ST g J2 R A A B B AR A

8] 9 M v W
P EE e, BEA v AW,
SLPUPoER B L SeE R  N R,
My=Smm- s B, kPR R F)
WEf, SHERISCHM, 4 v<dmm - s
B, Bk 5 R AR AR OY AR 22 S T #2
L S1ERE . 24 v=8 mm - s I,
SRR AEIR S A A ek 1%
PEREAR RS B B 23

25 I, TVAL 423k 95 TR AR 4 Ot
A Ab BRAS G T2 250 R d=2 mm,
g=13 kW, v=5mm s, fIlf 3k # 3k
B BT Pz o R 3 280 MPa, AH HE T
FA-MIG H [ =y RSk 4 3 72
20% ., Wiz 1.2 F il 45 1) TVAl #2:3k
AT RS
2.5 Ti/Al RELEEHLE

BT 3 O T TS & T/
Al FHEAL S A T XRD 404,
25 R 10 B, AT BT AR X
OB T TiAl, —FoBiAd. T ik
— N SR AR W AR o3 A, X Ti/AL
ST EDS 43T, B XA B R OT R
AT TS AN E 11 iR, LR 4
Mres RN 3 iR, sk 5mRegE>
[ AT B — 2 MR i J2 )2 , EDS
JCE T RN Z(B X)) 1 Ti 5
Al R P L3230 123, 454 XRD 43
BTt SR vl 0, 2 AT B 2R 4 [
AP TiAL.

SIATINR, oIt &1 FA-MIG
E TR, A e SR E A b P
TR, TYAL ST A B B AR E
TiAL A B 5N i AR5 ik

e o, BRIR 2R M IS K5 4R
JR4E S  ALHANEMEOTER TE 5 ALFE
i N A T HEY G, ALYHEEEK
BRI B — 2 R o-Ti (AL [#]
TR, 1T AL o-Ti PRYFAE LR,
TE R o-Ti CAL) [ 42 R 7
1) 882 Crmyilt TR A o-Ti (Al)
] B-Ti (AL) AR, e — B 2
Fite PHEEEIELETH T AE TVAL A
b E S, SRAE I Al RAR 4R
WE(Ti+ 3A1 — TiAl ), JE i — 2 M IR
TiAL S 0 2. TiAl 4% 2 6] 1F

e B
5 7 =
i;,

(b) g=14kW

6 BLINE g WEEREREERR
HRED Ti/Al SR HELR A R0

Fig.6 Influence of laser power ¢ on the back
weld morphology and microstructure of Ti/Al

interface
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35
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0 LI 12 13 14 15
S IESTINNY
B7 BOEIhE ¢ SRR E R

Fig.7 Influence of laser power ¢ on the joint

tensile strength

(b) v=8 mmé‘1

B8 IREEE v NEMSERTERR
HRED Ti/Al 5 BHE R R
Fig.8 Influence of welding speed v on the
back weld morphology and microstructure
of Ti/Al interface

300
270
< ~—
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< 2401 \/*
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Fig.9 Influence of welding speed v on the
joint tensile strength
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Fig.10 XRD pattern of the Ti/Al
interface
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e i T MUMLAR THAL 252 BRI

BEE

2.6 Ti/Al #Z£3KBIHL T AN IR
FEAPILRSS Ti/AL 3235 W 2L
W 12 FeR W CESR I 13 R .
$ Sk LSRN S N AR AR AR N
B, 1A 7 W T TR 85%, S A
BERLF AR, 28 fh R R
R, R IR Wy O R AL
— BB AL, LB BRI A E R
SR RS A BN, BRI

(a) HeXfrE

2 um
L]

TSR A ERE

Fz 3k ML B DX I W7 24 F TVAL B¢
TR 30, TEDAR 24 o BT TR T AR ) 15%,
W R P AEAE R ST AR AR
= e R TN T e
RN, X T T X
JRCER MR HE T EDS G & 43 Al Al
S X NS [FDC %R 1 1200 402
N Ti 74.45% . Al 12.58% . Mg 9.40% .
V 3.57.%, HEM N 2 o-Ti 5 JER R
b AR TR O & 10 I 5o B2

(b) FEXFATHEDSKE

2 um
; MO TR ¢

(d) AUCH (e) MgIt® (f) VILR
11 Ti/Al 5*E EDS 547
Fig.11 EDS analysis for the Ti/Al interface
*3 B 114~CX EDS HHER(FEFHIE)
Table 3 EDS results for regions A—C in Fig. 11 (atomic fraction) %

[X 2 Ti Al Mg \Y

A 86.90 9.62 0.12 3.36

B 26.23 71.32 0.98 1.47

C 0.13 98.98 0.89 0

(a) IETAINRAE

& 12

S

(b) JRLERE I

S oAl 2

Fig.12 Fracture morphologies for the tensile test joint
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Ti 25.99% . Al 70.22% . Mg 2.58%. V
1.21%, Ti : Al JEFELZh 13, HEN)
W2 TiALo e 2LE0HE A A& rhraT
7% o-TUTIAL . TIAL/ 5 454% 2 [a] 14 S
FT A AT

25 AL B R AE R A
JCEIAALIE, A TR S R AR AR TR
FATLUE , SRR EREK 1A 2 A Ak 1 T
SRR, %X S N 2 R
D022 Uy 45k6) ) TiAL, 51RO T 7 4
P oAl BEHES T E5H11 o-Ti fib A
SEF AR 22 5K, ST A R A
BURASAS 5 I K0 1 B v
WAk, TAL Mtk 8K, 2E 25N 1
B, TAL JZ2 N7 A KA i B A4 ] o
TITiAL ., TIAL/AL K4% S Ab i 5%
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Influence of Laser Remelting for Back Weld on Microstructure Properties of
High Speed FA-MIG Welded Ti/Al Joint

WEI Shouzheng', RAO Wenji', DUAN Qingyang’, LI Zhiyong', ZHANG Yinggiao'
(1. North University of China, Taiyuan 030051, China;
2. Taiyuan Jinxi Chunlei Copper Co., Ltd., Taiyuan 030008, China)

[ABSTRACT] The critical problem that Ti/Al dissimilar single-sided high speed FA—MIG welding faced to is the
great difference in Ti/Al interfacial structural properties. Laser remelting on the back weld was used to deal with the Ti/
Al interfacial heterogeneity and improve the joint mechanical properties. Contrastive analysis was conducted to study the
influence of laser offset to the Al side d, laser power ¢, and welding speed v on the joint structural properties. The results
showed that the joint structural properties were greatly influenced by d, ¢, and v. With optimal parameters of d=2 mm,
g=1.3 kW, v=5mm - s, the Ti/Al interfacial reaction layers thickness of the remelted joint root increased and difference
in microstructure in the thickness-direction decreased; the tensile strength of the joint reached >280 MPa, which is
approximately 20% higher than that of untreated joints; the tensile fractured surface exhibited fracture mechanism of plastic

+ ductile mixed.

Keywords: Titanium alloy; Aluminium alloy; Dissimilar welding; Laser remelting; Microstructure; Mechanical properties
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Study on Distribution Characteristics of Precipitated Phases and Corrosion
Performance in Bobbin Tool Friction Stir Welding Joint of
2219 Aluminum Alloy Medium-Thickness Plate

ZHANG Hua', LI Zhihang', HAO Yunfei’, JI Yajuan®’, CHEN Min', TAO Huwei', JIANG Bingxin'
(1 . Beijing Institute of Pectrochemical Technology, Beijing 102617, China;
2. Capital Aerospace Machinery Company, Beijing 100076, China;
3. AVIC Manufacturing Technology Institute, Beijing 100024, China)

[ABSTRACT] The present study investigated the metallographic characteristics and distribution of precipitated phases
within the weld nugget of 10 mm thick 2219—-C10S aluminum alloy medium-thickness plate under different welding speeds
using Bobbin tool friction stir welding (BT-FSW), providing significant reference value for improving the quality and
performance of BT-FSW joints of 2219—C10S aluminum alloy. The results indicate that the inhomogeneity of heat input in
the thickness direction of the plate leads to the formation of a clustered structure in center region of the weld nugget. There
is a notable disparity in the content, size, and distribution of the Al,Cu precipitates across various regions of the weld. In
the center of weld nugget zone, the area proportion and average size of the precipitates are the smallest, with a particle-like
dispersion and the highest number of particles. The shoulder-affected zone has the highest area proportion of precipitates,
while the sizes of precipitates in the shoulder- and heat-affected zones are comparable. Periodic immersion corrosion tests
revealed that the base material exhibits the poorest corrosion resistance, followed by the heat- and shoulder-affected zones,
with the center of weld nugget zone demonstrating the optimal corrosion resistance.

Keywords: 2219 aluminum alloy; Bobbin tool friction stir welding (BT-FSW); Precipitate phase; Periodic immersion

corrosion; Corrosion resistance
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FIXH# K EIHE, ARK T, FRAG, F. BAG TR E G155 FH SR 3 R[]]. AL i H K, 2024, 67(19): 125-134.
WANG Hanhui, LIN Changliang, LI Gongnan, et al. Research progress on self-healing and remanufacturing of oxidation

resistant ceramic coatings[J]. Aeronautical Manufacturing Technology, 2024, 67(19): 125—134.
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Table 1 Summary of self-repair and remanufacturing technologies for oxidation resistant ceramic coatings
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Research Progress on Self-Healing and Remanufacturing of Oxidation

Resistant Ceramic Coatings

WANG Hanhui'?, LIN Changliang', LT Gongnan', WANG Kaitong', WANG Xiong"”
(1. Aircraft Design and Research Institute, AVIC Harbin Aircraft Industry Group Co., Ltd., Harbin 150066, China;
2. Tianjin Civil Helicopter R&D Branch, AVIC Harbin Aircraft Industry Group Co., Ltd., Tianjin 300450, China)

[ABSTRACT]

The thermal structural components of aerospace vehicles using carbon fiber reinforced carbon matrix

(C/C) composites as raw materials, are facing harsh service conditions and require oxidation resistant ceramic coatings

on their surfaces to resist the erosion in thermo—mechanical-oxygenic coupling environments. However, the brittleness

of ceramic coatings make them highly susceptible to damage under external forces, posing a serious threat to the service

safety of thermal structural components. Driven by the repair needs of oxidation resistant ceramic coatings and based on

the damage size of coatings, the self-healing technology for micro damage and the remanufacturing technology for macro

damage are introduced. The implementation methods, research status, repair effects, advantages & disadvantages and

application scenarios of the two technologies are elaborated. Finally, the future development directions of the self-healing

and remanufacturing of oxidation resistant ceramic coatings are discussed.

Keywords: Oxidation resistant coating; Ceramic coating; Self-healing; Remanufacturing; Thermal structural component;

C/C composites
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DU Yanbin, LEI Xin, ZHANG Wenping, et al. Microstructure and properties of 15-5PH coatings by laser cladding on 17-4PH
surfaces for aviation applications[J]. Aeronautical Manufacturing Technology, 2024, 67(19): 135—142.
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Fig.2 Schematic diagram of laser
cladding process

Table 1 Chemical composition of 17-4PH and 15-5PH (mass fraction) %
FEH C Si Mn P S Cr Ni Cu Nb Fe
17-4PH 0.04 0.44 0.66 0.03 0.01 15.82 4.04 3.63 0.28 Bal
15-5PH 0.03 0.38 0.84 0.01 0.01 15.41 4.66 3.21 0.30 Bal
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Fig.3 Longitudinal section morphology and microhardness measurement point
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Microstructure and Properties of 15-5PH Coatings by Laser Cladding on
17-4PH Surfaces for Aviation Applications

DU Yanbin', LEI Xin"?, ZHANG Wenping"?, CHEN Hongxi'’, LI Zhiqiang"”
(1. Chongqing Key Laboratory of Green Design and Manufacturing of Intelligent Equipment,

Chongqing Technology and Business University, Chongqing 400067, China;

2. College of Mechanical Engineering, Chongqing Technology and Business University, Chongqing 400067, China)

[ABSTRACT]

The 17-4PH stainless steel is widely used in critical components such as turbine blades in the aerospace

industry. To realize the repair and remanufacturing of damaged aerospace components made of 17-4PH, 15-5PH coating
was prepared on the surface of 17-4PH using laser cladding technology. The phases, microstructure, microhardness, wear
resistance, and corrosion resistance of the coating were analyzed. The results show that the coating is mainly composed of
Fe—Cr, martensite, and a—Fe phases. The bonding area between the coating and substrate is a planar crystal structure, with
columnar grains predominating at the bottom and middle, and a mixture of columnar and a small amount of equiaxed grains
at the top. The average microhardness of the coating and substrate is 408.7HV 5 and 347.5HV, s, respectively, with an
increase in coating hardness of 17.6%. The average friction coefficients of the coating and substrate are 0.3051 and 0.3754,
and the wear cross-sectional areas are 813.74 um’ and 2058.12 um’, respectively, indicating a significantly improved wear
resistance of coating compared to the substrate. The corrosion potentials (E.,,,) of the coating and substrate are —1.0780 V
and —1.0975 V, and the corrosion current densities (L) are 1.229 x 10~ mA/cm’ and 0.907 x 10~ mA/cm’, respectively,
demonstrating comparable corrosion resistance. The microstructure and surface properties of the coating suggest that laser
cladding with 15-5PH coating can be applied to the repair and remanufacturing of aerospace components made of 17—4PH.
Keywords: Laser cladding; Remanufacturing; 17-4PH; 15-5PH; Corrosion resistance
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