L Hi

FEATURE

FIXAR : B 45, FRIb, IRFN, 5. SR 5E 5 3 Bh it 3 EA IR B H K 4538 [T]. Ap &) i # K, 2024, 67(10): 14-23.
CHEN Shujin, ZHANG Shuai, ZHANG Rongzhou, et al. Review of external energy field assisted friction stir welding[J].
Aeronautical Manufacturing Technology, 2024, 67(10): 14-23.

MR REIATHBATR:

FEE BRI AR GRiR

RHEE, % b, sk, TES, TZERE, X EL
CLAARE K FMHAFE T4, 401 212100)

K EY

IR A8 3 4 B DA R BIF 4R — AP B A B AR O ik, AAUE AR VAR R S @R T

Z R, BILFININERAR ), T A BB AR K A LA R e AR, R B IR S AR . ARSI SR AR 3 il mh B R A
WEFRBATT 5k, 2R T P e ik fedad) | LRI RAE, MR TN IR R R  dh @ BT Bk

LRk eHre, e B4 T SN R B B BRI AR R R R A Y

KERIA I H IR, SNSR A ik A kMgt Shdadmil; S BT B
DOI: 10.16080/j.issn1671-833x.2024.10.014

B4R
g, BLESIM, ARFEAHK
FEEEIR R

$iit 1 EE IR ( Friction stir welding,
FSW ) Jek i aof 5 T 5L (19 e % F1 4
HEP A BEERRAERE T, AR SR
BB | DT S AR SR 1Y
B4R, WHORBA ZRILE, flante

* BEWA: HE A AR A4 (52275339 ),
14 Wizt BEBAR - 2024455678 5 1010]

SRR MRS I AL FBE [,
DX ) kA B A Ak, S Tk e TR
FLANIe Z e U sk R B
W IZEE 12k RE . FSW HIRTEAR
2R R L REUR S X AR
3k i MR RE A TS R 14Tk
MET )N . SR, FSW A7
E— ek, (1) Gt fp
T BRI ), SR TR R
e PRRK B (2) EEh R RE
0 F B A PR, 38 BRI O A AR
T Sk RN e R A A
B (3) BR T EEHE ) AR AL,
AT TR b X A P 4 JE I sh i
FBAMW; (4) BFEk 255 B, R
SRR T AR, 2 me i
FESL BB, B 2 0T RE S B RS T
Wr, XS & KA SR
AR MRS e Y (5) fEE
115 Fh &m0 FSW B, 8 28 55 o St
4w EY)ZE— APkl

R T SR S Pk O T R A
FSW L H 5 E NN T 2S5
PEFES AR J 1Sk S ME Rt fin S5

RETEZ AT TIRE. Xk
ORI 25 A D AR BR- . AR
e F S RSN AR BE S B FSW, 44
o i B R P AR 3h 15 1R LA R
AR AR A e e st e e 1 ) A/ T
BRI R I B BT R
XEREIE G m s . Ah, ASGE R
45 T BRI AR FHPLEE LA K
AR ARG PERE R 2, O
PORIP S # NIV 3 SR NS

1 SMEpFREH BN FEERIS
15 FSW i B2 o, i {8 B 41 4K 15
R R A G B, Xl
T AR RRERS AL, AT fR A
FERFE AR e sl , IR AL
A Sk o ) T B B R e
R EERARL, G SRl A B A 2 6 1 Bk
AR S B i AT B Sk
Pl AL AL S GREE . O T
PRI L), SN B T s
A, 32 A0 45 P e AR L A 3
A OGP A T R A



L Hi

FEATURE

1.1 SMERER BEEER

A1 EEL BH e RO — g UL Ah
TP Bl O 2 A — A AL
PR RGBT B, BRI AR AL AR B
B Pk T T AR T AR 1Y b
AR o % 3 3 3 1 Fe B 22 A
WL, — BRI BT TS AR A AR
B M R CE S . XA BT
VB INJEE BE T T A IR A B ek
S JEBITLSIEE ST, NI D LI S 47
PR R = A o 2% R R 4 g R AT
SRS, SN L BHAH I RE A5 4 AR A%
XA RS, i — 2 A AR 48 1 U
DL 20 mm JEERY) 2024-T4 5544 5L
HA 1), R R A T TR 2 A A i
JEIX[A]( 20~80°C ), W&l 1 R M, 4
T DX T e B TR AR S S
KIG U/ NEEH T8 40 °C Y AR
BETN BRI RS Ik B K, 15 4%
HIRE B fe . (B EEE,
) TR B RT BE S B 4 s ) L
S i I DX IR, 0 AR A B
Xt F 2.5 mm JE () Ti-6A1-4V & 4,
KB I T 2 R R RE S A 850k
J NI A AT T, AR T
TSI P 2L R PR, D
TR R B P

SR 48 FSW 5T, 7EX] 20 mm
JEH) 5A06 5G4l AZ31B BG4
TR, 5 EB AN T 2 e ki (X
T R ]IS, At 2 fE K 4 g Tl ik
=y Al Mgy, Gl AlMg, i R 1A A=
B, BEH FSW, 4 TR AE TSk Y
T3, {ELRL A P A TR A
1.2 HEIRE#H

F O A B P B 4 AR ( Arc
assisted friction stir welding, AAFSW )
iz A8 T IRak TIG H I Bk #il
PFNEACTRRR DX AL, AT R A5 S A4
AR ERSOR B, R0 AM60/AZ31
B A b ny kg v, pE ST N BLUR
PR, Pk W BT i B AR IR P
S DL T, LRSS Y323k 4iE
FRIRET 57% 24 x—mER
FhiE—E ] T AAFSW 78 #2755 7

2 I R R T A 5
AAFSW 1 by i B #4005 75 5
SRR A T BB, B
3 b 1 R P A Y s A R 5
PR Bl A S T 3k B 5 B
FEARR T4 7 A Fl 57 b 4 R
(R, H TN A B A s I sh v
B9 LG FSW ME L 1k 51) 35 4 18
0 € S I 23 S 1P 5
N BUR FHHE A R B R . 75

WA B AR 3 mm JBY 2024 SR 54 S
Q235 ) FSW Hr, 5 A B moIE
1 Ry i B AR B g5 R an il 2 e
7, B BN, 4R [k &
JZ(IMCs ) J&2 B I B L I i A
T BH S AR JRE , 223k A e 4 S 4
SN AN = B N 1 R
AL X ERTE I T B8 454, X
H5E T Sk B PRI 715 4
WA R 60 A B, 123 9 3 3 A 3]

(a) T=20 C

(C)T;GOOC

(b) T=40 C

(d) T;80°C

B 1 RERSMARE & TR ER S

Fig.1 Cross sections of welds produced at different assisted preheating temperatures'!

500 pm

[ S

(b) AHIT (HLJE60 A )

2 pm

2 FEREIMKELFREERERERAE R

Fig.2 Macroscopic and microscopic morphology of the joint interface with or without arc "

20244E 567 & B 1000 - AT BEEER 15



L Hi

FEATURE

KA 301 MPa.,

TER—TIF5E T, Bang 45 ¥ 7E4R
% 3 mm JERVERA 4 (Al 6061-T6 ) Fil
AP STS304) F, R T TIG
HL I Rl B A . IG5 R s
FL LA I A B8 1 N [ e i 9
TS RIER AR KRN, [ HREE
SRR EIEIN, FREE i AR RUST IA Jik
VAN 52 9 £/ S 7 VALY IR S
P 93%, 328 =5 TAE 5e i FSW K54%
FIHTHIBRIE

eI, R B T A Ak 4 o5
PEREAN] 38 ] LS I 8 A AN
XEFR I, — 2 P R AR, 42
TSk ) o N RE
1.3 Bt

POC T Bl BE 45 KR ( Laser-
assisted FSW, LAFSW ) F] %G RE
SRR B RS A T R A,
3 A U S e B R R A
PSR W TR A BT
REACRAth 1) 3 Rl D Sk O B . Ik
Ak, LAFSW iR BEAIAL A s/ N )
FFLIA GG, 25 3 S . A
ARG FSW, O B H AR SR AE T
T e ) R TP RIS A, BN R G b
A AR A SRR TS
FHTF PR RIR A2 a2

Campanelli 25 "V iz LAFSW %
5754H111 SR & SR TR, Ead
X AT, B 3R LAFSW AR 4R
FEAR A A MR AE AL SRR /)N,
L1 R AN ST FEAR T 249 40 MPa,
FUGE TR E SRR

TEFHANTSS IR, LAFSW Bif
TS THE AR, AR AN, 1
FHAE T L HOGRE & A BLRSCR
X7 B AR B AR M. e AR
FEJREE R 2 mm ()R S55C ) B
At OGN A TR B R, E B
S BB TE B OGRS AE T
4TI N, T A R R AR S R T
B U TSR A AR, WO R
% HE B L 5 W SR AR B, B B AN
JE I S 25 T B3R 12 B A

16 Wizt hEEA - 20244F 55678 5 1010]

IMCs JZ 5 B B Ar . Fei 45 1 7 8
2 6061-T6 45 A 4 Fn 4li 4 B, & 2R
WOLH B B s &R e &
HIE B, BOGAR # BE 25 R 2 mm B,
IMCs J2)ZEERFEHRITEL 1 pm, 150>
T TR, B S BRI R

MEOtREEAEH TRk L,
A DA AR S o X Fh IR
T i 1% 5 B KA DX, (el AR Ak R
TR, VRS M HEXT 6061-T6
R I TR R T O ) A
AR BRI R i 45 L
NIRRT B T RGeS R
BALRREE  (HIF AR A AR A i A i 2
ZUHIAR

LAFSW TERR & 4 VN 55 S5 Fh 4
JE AR B T AT T, B,
it —L R 5t AR RIM
B, T EAT AR T IO TR g
B SRR S B R RS
KFo WAL, FRIGATAR 1 O]
R R AR BB VR TR 9% 2 A SR 9 11
I,

1.4 THEBRHR

T R AR R R AR
( Electrically assisted friction stir
welding, EAFSW ) | F /& 58 J& fL It
S T Ak, i 4 s U axfh
D7 T R Jm R R O B
REfS SL IR fE 48 FSW i) J7 3 K
FARHB R B AN R A R, e T A
2 i N 2 22 79 B HL(DC) 358
T HLCAC), 38 1o i 28 1 2000 A AR H-
AR BIMFIRNE , A7 T e A R
U SO AL BB B2 i AR ROR 6
ABAE Sk AT SE e BT A B 1,
FA R e P 4 s 1) A S Y A=
i, Chowdhury %5 " %% B, LA H. i
R A D R R, PR A AR B
b RHERCRE . XERE HR
HL TR o R v i R R TR A
R EAERT A, DT e A4 T A K

Liu 55 "3 f 7 — el S B
PP PRI R S8, X 1.4 mm & 1Y
A1 6061 5 TRIP 780 34 T4 5 3

Rotation |Force

Welding
Shoulder

B3 i mi FSW R
Fig.3 Schematic of laser-assisted FSW'""!

4 R FSWIRER "
Fig.4 Schematic of electrically assisted FSW'



L Hi

FEATURE

— ARG NI RS R
FA , T S 1 e 45 TR A 3K 560
A R 22 1 R TR i
R R, EAFSW I s/ 1 il i)
FRE ST JFHEER T Al-Fe FLifiALTH )2
& J& [ 4L & ) AVCE IR AE BT 5
PP T AR T itk IMCs
4GP TR T R T AR
XA R FE A s Y L F A 42 AL
6061 F| TRIP AT, A SULAERT M)
Al-Fe 51 FIE R TIEEE/NF 1 um
fY) FeAl 5% Fe,Al i IMCs ; iX— &3
FEW, 38 2xF Ll B A, T DAAT RO
/INIMCs PO JEERE , DT 388 o 2 Sk 5 4
BIBTEIsR A . SR, Shaffer 25 7 %
FHHEL L )E A 10 A/mm’ () DC HLJi
FL4E Al 6061-T651 S ARG I, &
M EAFSW H ks 1 41 Wbt L 2 [\
WA BRI BN, A kR

B RN TSk T2
PEfE A — E RIS, Chen % '
£ 6 mm JE 2219 48 & 4 FER Lt
T 0~600 A [ B , & IR HL
FBE N IR b T I A I A4y

AA AW st e n , i3k i

RO K s R, 404k TUiE) ALCu,
ol 43 A1 Wi ¥ A7 AR DX A
BE PO A B R, LS
FIim o AR 0T i B S A A ALY
MR, WA HL I A BN, F B A
TSR (AT AL 1

EAFSW by 5 Fih 4 Ja () e 1t
TR R DT RRIE X T
e B ORI B B 1 s, A
FH T A% B 0 R BE SO0 Ok el 38 98 7
Bl , A X T AR B A, ROR B
fEo R, iZBAR Higiz HTE S M
B FSW o 6 axf A5 v 3 A 1 22
S BB ETE . KRNI ]
DLt — IR RE LB R AT Z R R
52 A5 R T o
1.5 ERERBRIHER

P JE I o AR B B R A R
(Induction heating assisted friction stir
welding, THAFSW ) J&—Fft 1| F i i

JERN S R DR A TN, 35 3
AL RL AT B AR BT T 0 k54
5k P e 6 B P2 LR
2RI A L Bl I 2 P AR WY G
ST H R R R U, R HL
BN TE T L7 KA, DTk
FIIT AR B Y

FLAARR AN, Jay B I FR A K5
R EIEREFRIAELLUT 3 45,
(1) FEARSE A TE B 7 o 38 2 8%
kMRS LU AL IF 2 T 88 AR
B, NN T8l 77, (2) 44k
Wi RN AR RE S A AR B 28
FH45 &, A R A 2N A5 ok
(3)Hemiesnm i . i TR T 2l
JIFNEEREEA, 4 ) [l b kL Y R
SR, IR = TR AR

Raj & P MR 3 3 mm JE R
Inconel 718 &4 &I, 385 L FSW,
THAFSW T4 X (15 Ji M 250HV
P& =5 2] 370HV, 423k A% FR P 7 5% B

INE] T HER Y 98.8%. i 7 W
TIAAAE B2 ARG o 15y T R 4% T R
FMEF . SRIAEXT 8 mm JE 2219 4
B AW BEA TR, BRI A
AR T YN B AN T WEAE, I
el P A% DX kL S R 3 A5 P46 L (H
F2 K OW A 2R ) 24 P RE I AR 1R
AR B0 3 e BRI Bkt A [
BB R AT BT X 5. X SRl 4
Ja& B ARG ] ke S g Sk b
MEREIE . TEREHE AASOS2 R A
45 X12Cr13 NEENE, T4 )8
KA TR K RN A B =
TRRGE X IR o R T RS IX
B, B Sk SE SR IR RS T A5
TS AR E A, S Ak P Kaushik
2 DY AR B TN A 48 R RR A I
FIFHER A AR REE | 3428 R in 44V
M, 5 BG4 DX S8 A W k) 4 S 1)
2 Bk IR S T 2 34% 5 {2
SE R TR RGN, 1A AL LT

400 110
350 327.1
299.9 300.003 4
_ 30012793 286.95 296.8 293.9 8
=
£ 20 4.65 L, e S
=}
5 200f 435 425 g9 385 g
o 14 &
= 150f =
5
& 100
—=— Tensile strength 92
50 —e— Elongation
0 L 0

1 1
0 100 200

1 1 1 1
300 400 500 600

Current/A

5 0~600A T FSW ¥k Ryfu firiEae
Fig.5 Tensile properties of FSW joints at 0-600 A"

—
IHAFSW
Tool

X12Cr13 SS

Induction coil

e

Welding direction

AA5052

6 ERZANH FSWRERE
Fig.6 Schematic diagram of IHAFSW"™"

20244655678 5 101] - B RIE A 17



L Hi

FEATURE

Ak, AR T $E k30 . Mohan 2 P
% B IHAFSW 25140 / 4%k
R 3 R R AT o

THAFSW 3 1 [ 1% 98 1 A8 T BH
J1 A0k SRR e S i S =X
R AR eSO /N 1990 i o N [
MR R 225 SRS H T
], - L7 S proAit el A vp e B A )
REE, R T I# T 4, I-35 A 7
O3 R AE R RS L3, TE 2 BRI
o T AR EAR AR RN T2 2R
AT AR

AT I B P EE AR T
R o 3 o 3 0 P AR
PERE. X RLe b Rb i, A =X
2[R UUER A0 AS ] s G i 1) 559 22
SPERE , I HLAESZBRA Tk R FH g
B SRR RS 5 AR GRS B
RER AR HRAE ) . BT AEBERE AN
PRI U, T B BN AR
T RAM R, I 1 R

2 R Bh R EERIR
AR P AL B I, 2 L
FR Ve AR E AR, R AR R BT
PG DX, B A S 1 S R RE
T 2 P AR 2 A A 42 g v 03
JE, AT BRI DAY AL B L9y
RSN DX B SEJEE , AT B T3R5 BAT R

Uf SRR R KR Sk . AR AN ]
FIVR TR, ¥ i B 7 =CnT L4k 3
B K K HI( WE-FSW ). &
A COy WAL HI( CF-FSW ) FllZs =,
SRS HI( AF-FSW ).
%0 B e FSW Hh i 423k
PERERY SCHEEF AR . WA 2 M i X
BV AR B, A KR IR K
BRG=1e  J T PIE R B 4k
ARSI B e AR R T 404k
ALKRAE R HAUY , F e m i THE Sk
FIPERE , AR T 2 e — 2 R AN
AL T 1 3R, TERRSE PO F
FTAFEREA TSR T 7075 76
41 FSW L1 ZURERE , R BAEK
THREE 3 mm JE [ 7075 R A e bt
B, P X BH B | KA 3R ImT I o
B, KA DRI Wi X1 A B8y
i/, AN, WA COY WANE I
IR s AR RV ENRE 7, REAEAR
RS TE] Py A B 2 . 7EMGS CO,
BHEAET 4 4 mm JE 1 7075-T6
BHASRIITEE:, DR TR
HIHCR, R0k T IR IR KT B
I T R4S IX SRR, IR 3R A S 40
R dde 70 ] st Sk 0 B R
IAPERRIS BT . VRS Y R R
RS HI % 2 mm JE9 H70 #4H
PEATHE S, & B % H0 A R

il 1 AR A PR ok R K Rk,
ik X AP b o A R AT 4R B T
58%,

X SR A S I B i BV )
HCRSN kA SR THE S
PERE, S AR RO, W/ IMCs
JE B, AHE T A% 48 FSW, fE 7K T
42 6 mm JE 1Y AAG061 454 4
AZ31B HEA AR, AT IMC B/,
B b hias ity 128 MPa $27+ &
182 MPa, 5 80 % H 51% & 7+ =
73% , A5 K R A B 43 IMC, 323
P23k R RCR AR P 7RIS Co,
RHEB T , 34T AA6065 & 4 FlH
P4 B A SO A T AR X
ARG A R T AR A
IR B TR PO

ANFE R A TR H e A
— B, B ESLPERE ki K/ L IMCs
JELRE A B, g 2 s B #E
KL AA3003 47 A 4 Fil Ad41 AISI
B4 JE AT, SR RS CO, il 7K
Al i 25 3 FOR R e HIN RS
&4 FSW #E17 FL#R, R LA CO,
A )V R i g, 4 Sk B S i Al
JE , fhi R R/, IMCs J2 5 B /N
BARM HIE R 25 i IMCs B,
SR Z e, WE-FSW 1) IMCs
JELJE i, R it LA A SR

F1 FESMPAEHHFXMRAR THER
Table 1 Advantages and disadvantages of different external heat-assisted methods and the characteristics of workpiece
HhREAEH B 75 5 (] MR AEL B R LR {735
S L PTG 5 20 mm JFEA) 2024-T4 5548 | | BB U/ NERETT Ay | Pl i) el , 52 54
" 20 mm JE (1 5A06 A AZ3IB BEGRS | IREEME, SERIREREE | A IR R
5754H111 fR-& &M .2 mm B Pk WOCRATH R 1 RIE VR
BOLHH VB INTEL A R (855C ) # .6061-T6 434 4 ANatif | RO, RERETEAr bt | MORLROG, BOEFI AR
BEEWME 4R 6061-T6 fHA 455 P A
W B AE ) 5 : .
g g | G TRAER; 3 mm A 2024 SREES | WTRURERTHPORHAE (R " :
o | DT i 3 mm A S AIGOSIT6) 1 | L ey | T ARESW 5l

HEBEE ; Ai ik

IMC ZH4E

Sk 5 $R T EBEAR( STS304 ) % AXHFR SR
o | COSTERE | SET SR RER 14 mm A A6061 5 | DC fE TATBACR I | A TAEFAbbR 5
s TRIP 780 1, Al 6061-T651 5 (G4 OB IMC 22 SRR A
3 mm JE 1) Inconel718 454> .8 mm J& 2219 44 W A A
R S AASOS2 S84 5 X12Cr3 A, | stk | CREETRIEIG RE

18 izt hlEEA - 20244F 5867855 1010]

Tolb Al AR

TART AR



L Hi

FEATURE

3 EEThENBERE

R B EEE IR ( Ultrasonic
assisted friction stir welding, UAFSW )
R R 3l 4 JE ok P ke i
P IR Bl , DT IR 4 ok i
iz, PR E RN T 2 EN
AERHT A B TG 58 FSW s
B RRZARAT K o FESk Sy BT M
BCRARAIE S T 2555 ), IR
B EE T, UAFSW RENE M Bl fE T4
PEAL RIS A I, (A4 R AL
FOHRA PG R L . I,
UAFSW JE8HH B R R T -

AER , M2 B B TR 4
oo 2 1) 6 7 Ik 3h & B R EE R AR
T8 AR S S iR ah A
A B AR B AR AR S
YRS AE B it N 457 B, #E P A B AT 49
Shy 5 P i St o Sk i fin
F PR
3.1 BEREEMMTREEL

8 7 R B it e Sk Ty )
AR A R AR R, R 5 hE
i AT ) VR TS, T e R
Tk
3.1 A FERSHKEAER T Ik

e B o i AR TR IR A T
EER S SAREEN S E e e S St E S IR L NP <
B, i 7 s B e
B wedk sk — i m s R, — iy
T AR AR

XAMRSN A I E A VEH A
BT 4 Ak iR s/ N 1] 48047, A2
PR EHAL BN, DT $ o K o i AL
& Park®™ B IR SZ T UAFSW, LU
85 1) i Jin R P PR Bl A T IR X 6061 45
A AW T X it R b e
o far A S AT, A ORHIR Bl B I 21
PPtk 5 7 B 2 E A BUE T . X
FEUH R PR B AE FSW o2 31 7 6
(SN AT ATE e S 2 e SO
TSR0 4Jm A, 110 3 mm 21
2A12 R4 TN AZ31B BEA 4, M
P sl VR S8 i B 5 R ik B

BE T RLASFEAS A, FEARA IX kb R
UL AR R AR T
TR ) JFE S , oA 40 AL RCR B
3 SR, th TEEG SRR A A T
BN SE AR FEAS R AT, I8 T AR
B, S e AN R X S 2
SR LA AT T AR B A Nt
PRSI IR D 5 b < s A9 K e 1
THBRRTTER

IR X TT ATAE—E R BR

o FEMEZE R B ) = AR 3
B P % 57 20, F w4
R BE AR A A AR T S R
AR N B e s 2 N ) L £ & £
R R 3 5 P EE R R AR
&, HRBE N RE E AL 2 K 4%, Xt
JEE B A BRI CE AN . B
312 M FEREEER Tk
8 75 % B0 U b e AR AT s Ak
JRag b R R4 TR AR RE T, an sl 8

R2 RELIEMT AA3003 SHE ST A441 AIST MEERESHII L
Table 2 Comparison of welding parameters of AA3003 aluminum alloy and A441 AISI steel

under different cooling conditions

SR | REIN B

W CO, 430

R =
e IK 1 IK%E 480
R i 25 A 500
HHLFSW — 505

Applied
pressure

Ultrasonic system holder

Ultrasonic horn

Joint

31]

Al G IREE /°C | IMCs 248 | IMC )28 /um | R 1% /mm

1 2.1 22
2 3.0 2.0
3 3.6 1.7
3 4.0 1.3

| Downward force
Machine
Rotation spindle

direction

Horn front

Clamping

FSW tool

AS-Al

Welding direction
RS-Mg

Backing plate

B 7 @EEEE TR

Fig.7 Ultrasonic is applied to the stirring head along the horizontal direction

Downward
force

Advancing side

1321

Transducer

Amplitude transformer

Pin

Retreating side

8 BEIGEMEFEI TRk

Fig.8 Ultrasonic is applied to the stirring head along the axis

2024465567 1000] « Bt RERAR 19

135]



L Hi

FEATURE

iR B, ARy ST DA S R
BE TR B IE , BRI ) 3R AN 7,
FERTHESLPERE . SRS, B R 3N
TR RER (Al i (4 = 1L 2% B9

PR A BT AR SRS 3 mm R
2219-T87 A A MR B, & LR 75 1)
SIAMER R T i sh PSR
KR T ARG A E R, [RIE e
AT A ) R A IV R B R B, A
LR FSW, 23k 1 F- B4 v it J&
PRET 8.48%.

KGR B, v LA NS A 4
AR 3 O 5] IR B 3 R AR
YR BRI T o X 1.8 mm J&
) 2024-T4 fR 6 S TRERT  fE5E
#1200 r/min. F#E 160 mm/min Y
e A QGIVN R A STVIE e =b
¥I5], YA R AT N T HeE L FSW S
PR T 38 MPa (28.5% ), 27 T
FR AR PR RE B

oy ey it o R 3l ) 5 AT DA
{68 75 i 3l 7 A B AREE ISR 5
KEHZEVE H T h PR e B A ik sh &
il 0 & — KT
3.2 HBEgREENTIH

H TR R T AR RS
B2 TE VAR A ) R, AP B
P TR RS T RSk B
Jite o0 AE 5 4 Sk 5T B9 AR TR
Liu %5 PV 35 3 mm J&E 4 2024 55 &
G203 WIBEAT W L FSW 1 UAFSW 1
X HCAIESE, & B UAFSW 1Y 3Rl 4R
FIREAILT- 2ot t Dy R A1, 75 1Y)
VE TSR AEAR B A S5 T 58 in i
o L P, R AT LR
e N OE Rl s N W N WL
.

TERE 6 mm /) AZ91-C BE R4
BF, M S R B R R T FSW 23k
B 1 RE . B L FSW, UAFSW
fdi e as B A B 430 A 195 MPa
1 79HV B4 An %] 225 MPa F1 87HV,
SEEPRAE N 4 um Zi4EZE 1.8 um™,

X T SRR RE, B P iR 3 AR e
R MG TE 4 I )4k &1 2 i AR K

20 B HA - 20244 678 F10%)

FRTHFOE )R PRIRE . R
i W ERESY UAFSW B 3% Fi] 2024
T3 FA 4 M Q235 R 45HIA , K FL
BEH L FSW, Jiti fin 8 75 R 3h 3 ok
T R A R E U T W ARE T
], 45 2P hr i B 445 BT, A i
2 MARLH 2.7 pm 4H4E E 1.8 pm,
o2 R 4 JE Ak B 4 2 R
1.71 um JEI# 2 0.90 um, F)2EHET
AR5 HA) 1) R G ) A, TE B e
SR (LA BB 5 IEAh B iR ik
REARR 1 WL 3050 P8 N g ) 2oy, (EL 423k
JEE E AP AR TR 4> A KB B fG . X A=
& SRR ST A 25 AUMg BB FSW
B, 5 7 2% TR R
BN T HEAEAR TS 48 MR ST
R, % BT N A T B AR A S A
REFZ B

o W D )| R 71 = & S se
DA 2l NGt 1 2 A ANVBR A 1 L 7E
K4 3 fer L /R G R 7R
TR T A L, M7 AR R
PP B B /N, A 20 Ak B B
i PR ERE A

1F UAFSW %k, i 224 & (it
FEAR I T A RO, LA
BB Ay 5 0 & T sh M,
G 1 A SR EE TS
B 1A S m ek R . SR R
FOGE LR ARAF R T LR
H SR 5 B A BRI B B, B A % G
EE R IE RIS . FIE,

UAFSW i 2 48 75 X5 #4804
ML frt— 257 .

4 HOHHBhRFEEERIR

1637 8 B EE 5207 ( Magnetic
assisted friction stir welding, MAFSW )
F I T I, A0 R
T FH F 280 7 A= 1 L )
TGO, T o % DX Sl 9 4 R 1Y)
PEFEAEFA (P 9 ), 38 i 4l A% (X
(1) kL, T 0L SRR S 42 ) i i 3
PR XA RS T AREE N ER R BB
O, XS AR R B i P TR 2 1
B AE . 5 IHAFSW AHLE, 14
ARAN T SEAE 5 X Sl v, 3795
) VR XS R o, [l 4 i 1%
Pk

MAFSW 7 B 35 1712 it [ J7 1
BABEYCR. 76 FSW Wl B rp, i
A Sk AR o 1 LA A TR
B DIV 4 T It B AN 7843 A iR
AR, A IR IR 25 1 4 A AR
Ao TG S B RE A8 DR P A Y
[N, A7 RO 0 4 T BB MR i 3l , DT
A R A TR N TG . AR S R
JRRE S, KR N R 4 S kA2 B
Ry HRE IR A B TR R A
Fki -, e HE R 4, i — 2D
PRI o sk U B R e
G375 B ( HR-FSW ) S 4e 2% B A
FESAF T IR | mm B 6061-T6
BRA iR, R B RGSAE AR T

& Welding direction

Rotating direction

Q-

&

RS S

AN
Magnetic flux %

—r

Workpiece [

AS
1.7

,4/ Downwards flow by

f magnetic flux stirring

Workpiece [l

4,
Joint line . \

Backing plate

&9

478 B A R S A R

Fig.9 Schematic diagram of magnetic field-assisted ultra-fast friction stir welding

[44]



L Hi

FEATURE

HE 2% 5 4 Jm HE R R “S” 2R AE IR 4%
BB IR, ZRakS U ERF Ik
AR AN A Sk O Bt & B, it
T4 T 2R B 3 R Bl R B P T RE AT B
RS AN B AR T SO G
Fay i B L AR S5 48, AT /55 3161 A
AN A Jre P A 2 S 2 S R Y
TE R

MAFSW 7 i 2 &t ok 4 £k 75 11
WA WERCR . TERFE AR 0 P
FVEHITT , FSW SRz fE b 4 JE i
JRF 2 A1 By, NI = 4 7E
PiPEEE IR A NI R . X YR
TRAARIAE 4 R 2 1) RiE R
JEE J52 | R0 ol 5L A% IX S ol A RS 4l 7Y
SERh R, Chen %5 ™ %3 T IRBE
P bE S e AR B B TR e
SRR EE 1 mm JE Y 6061-T6 41
B A, K BUIESE ok B 01k, 1R
1 X - 24 R R 6,54 um I/
£ 4.96 pm, I ULEL EIHE 4 1Y 5l
VRAFERIAFEAE . 228 U ZEfF 5T
& BRAEAZ DX ) Aok A5 2 T 5 55 A
k.

MAFSW fig I 2 $& = #23k 19 )
EPERE. MR — AT R, 2
PERE SRR R H S I A G
R RSTERAN /N,y Re i .
3 I, 3 Sk JE A X b ) i b R
BRI FSW 23 A% R R 4l /) |
ZH AV N4 5], w7 B 20 R AL
FIFERE . ki ) R BERE e &0
L FSW #l HR-FSW T 32 3k 114
JAAE FH DX R0 P DXl R iy £k 52
P W R H Sk P 5 R AR
AN R TR IR B
Y (HPE T, iR s, B
Sk 45 DX 3 f e 2 RN 470 7 ek B A Sk o
s

MK, MAFSW 15 Bk 545 4
TR AL R 20 A AR R Sk 1 e
J7 TR S A, ROk
Al DLE— 25 TR AR W 50 Bh A S
et AR A E ML, LUBIE ) 2
AT 2 R T o

5 RE

R Bl A0 P R AR AR X i
A R 23R D R U ARG B0 A 42 ol
AT 30 T B R BIIF ST, 3300 (45 %ok
REIZAE FEMLAR B B B IR A o

R P B B A0 R B X T R K
SO LI R AR AT T — S (AR
SRS A AEBE B B, B8 R s dn ]
il MaE 43 I [ 4k & 9 )2 A S Fn S
B, HET IR s o R R R
W, P, UAFSW 3o 2 HiE 75 %)
PORHAIVE AL it — 20T .

1 5 3 B A Ry — ol 42 3 1) 1138
REI7 4 B 7 v , AR B 4 B AR
AT T W AU A T BT
WZR e 5. XA
Bl F I % 0 B v 250nT S A AR T
TG 5 B PR AR R AR B
Bz SR 2 N

6 Zip

K SCE 1) 2R A e
P AR ) BF 5T 0, 5
®.

(1) 3 B PR AR S AE T 08
HI TS R BIE T % R
o AR R FSW BB T2 bR
By NREE SRS R EIBAR O
TSI FBIFSE IE S T 4 e i
KT FSW A U 15200

(2) 3 i 42 R R R A
AVEAS TG RE A TR, Sk
JIE JRAE A T B, R ROR S B 4
Al o

(3) #5341 mRe s B FSW 5
2B B A, 5 2 R S 2
PERE AR THBCRABUE e , Ak 4%
Hr R e e L BRI R
6%, BRI A DGR AR S T R FHE
AL,

i
LU &5

N

2 % X
(1] EHW, Bk, RN, % . i
IR FE X 6 45 4 PR FSW 9884 T 035

Wi [J]. LS 244, 2018, 39(12): 421-428

MAO Yuqing, ZHAO Yida, JIANG
Zhouming, et al. Effect of assisted preheating
temperature on weld formation of FSW of
aluminum alloy thick plates[J]. Acta Aeronautica
et Astronautica Sinica, 2018, 39(12): 421-428.

[2] EEBE. TC4 BkG 4K N4 D)
FSW 93k OB S ERERTSY [D]. YEIH : WLk
MUZEWIR R, 2017

WANG Yuxiao. Study on forming and
properties of TC4 titanium alloy joint assisted
by back heating FSW[D]. Shenyang: Shenyang
Aerospace University, 2017.

[3] JISD,LIZW, WANGY, et al. Joint
formation and mechanical properties of back
heating assisted friction stir welded Ti—-6A1-4V
alloy[J]. Materials & Design, 2017, 113: 37-46.

[4] WTEER . BEPEELE A A B AT
5 /B FSW AREE UL RSN [D]. F 5 « F 5
Aizs KA, 2019.

ZENG Haoran. Influence of stirring needle
morphology and auxiliary heating on forming
of Al/Mg FSW weld[D]. Nanchang: Nanchang
Hangkong University, 2019.

[5]1 Fhasr, K, 7k, % . SMnhgit
Al AR T PR PR B R BT W ST (7], BT

72,2018, 47(5): 15-20.

SUN lJinrui, ZHU Hai, SUN Long,
et al. Latest research progress of energy
assisted friction stir welding[J]. Hot Working
Technology, 2018, 47(5): 15-20.

[6] LIUHIJ, GUO N, FENG J C. Friction
stir welding assisted by microplasma arc[C]//
Proceedings of 6th International Symposium on
Friction Stir Welding. Montreal, 2006.

(7] JEFRAR . ARG D I e 1
2555 TS D). r ot M st B TR,
2017.

ZHOU Chundong. Study on equipment
and technology of heat source-assisted friction
stir welding of steel[D]. Nanjing: Nanjing
University of Science and Technology, 2017.

(8] VFEDE, B, sRAAE . SRR
o FELSICAR 10 S B A S S T o0
LSRR EZIR [CY/ 35— A R R E AR 2L
WICEE 22, 2015.

XU Huibin, LUO Lei, ZHANG Shuo,
et al. The influence of welding current on the
microstructure of aluminum-steel mixing friction
welding head interface by arc assistance[C]//
Proceedings of the 20th National Welding
Conference. Lanzhou, 2015.

[91 BANG H, BANG H, JEON G, et al.

20244655678 1000] « Bt RERAR 21



L Hi

FEATURE

Gas tungsten arc welding assisted hybrid friction
stir welding of dissimilar materials A16061-T6
aluminum alloy and STS304 stainless steel[J].
Materials & Design, 2012, 37: 48-55.

[10] RHife, B C, 4, %
SCA RIS HEEEARE 3 AE A B E R (1],
BOEHA |, 2016, 40(3): 353-357.

SONG Xinhua, XIU Tengfei, JIN
Xiangzhong, et al. Numerical simulation of 3-D
flow field on laser-assisted heating friction stir
welding of steel[J]. Laser Technology, 2016,
40(3): 353-357.

[11] CAMPANELLI S L, CASALINO G,
CASAVOLA C, et al. Analysis and comparison
of friction stir welding and laser assisted friction
stir welding of aluminum alloy[J]. Materials,
2013, 6(12): 5923-5941.

[12] WADA T, MORISADA'Y, SUN Y
F, et al. Friction stir welding of medium carbon
steel with laser-preheating[J]. IS1J International,
2020, 60(1): 153-159.

[13] FEI X J, YE Y, JIN LL, et al.
Special welding parameters study on Cu/Al joint
in laser-heated friction stir welding[J]. Journal
of Materials Processing Technology, 2018, 256:
160-171.

[14] VPHE, B/MA, PRI, S B0
[Vl B EE AR I O G IR MBI 52 0],
JRPEREA |, 2017, 46(5): 73-77.

XU Hui, FENG Xiaosong, YIN Yuhuan, et
al. Study on laser heating characteristics of laser
coaxial assisted friction stir welding[J]. Welding
Technology, 2017, 46(5): 73-77.

[15] LIU X, LAN S H, NI J. Electrically
assisted friction stir welding for joining Al
6061 to TRIP 780 steel[J]. Journal of Materials
Processing Technology, 2015, 219: 112-123.

[16] CHOWDHURY I, SENGUPTA K,
SINGH D K, et al. Study of mechanical
properties of mild steel joint made by
electrically assisted friction stir welding using
DC and AC[J]. Materials Today: Proceedings,
2021, 44: 3959-3966.

[17] SHAFFER D, GRIMM T J, RAGAI
I, et al. Utilization of XSYTIN-1 tool in
electrically-assisted friction stir welding of
dissimilar metals—Al 6061-T651 to mild
steel[J]. Advanced Materials Research, 2019,
1152: 31-41.

[18] CHEN S J, ZHANG H W, JIANG
X Q, et al. Mechanical properties of electric
assisted friction stir welded 2219 aluminum

alloy[J]. Journal of Manufacturing Processes,

22 Wiss G A - 202445 678 B 1010]

2019, 44: 197-206.

[19] SENGUPTA K, MONDAL A K,
BOSE D, et al. Characterization of electrical
assisted friction stir welded for joining similar
and dissimilar material plates of mild steel and
stainless steel[C]//Proceedings of 2020 IEEE
1st International Conference for Convergence in
Engineering (ICCE). Piscataway: IEEE, 2020:
26-31.

[20] MOHAN D G, TOMKOW J, GOPI
S. Induction assisted hybrid friction stir welding
of dissimilar materials AA5052 aluminium alloy
and X12Crl3 stainless steel[J]. Advances in
Materials Science, 2021, 21(3): 17-30.

[21] LLLyp . R ERIMHR 2219 4
B A IR SURIPERE R RZ N [D]. WK < 1
IR TR, 2017

JIANG Hongyang. Influence of local
induction heating process on 2219 aluminum
alloy texture and property[D]. Harbin: Harbin
Institute of Technology, 2017.

[22] RAJ S, BISWAS P. High-frequency
induction-assisted hybrid friction stir welding of
inconel 718 plates[J]. Journal of Manufacturing
Science and Engineering, 2022, 144(4): 041014.

[23] £k, XU, BRI
JE IO A B 2219 H5 45 4 FSW IR 42 2
S BFRATIE 10 00 [J]. BLARHL, 2019, 49(5):
59-63.

WANG Bin, LIU Hanwei, LI Qingqing, et
al. Effect of high frequency induction heating
on residual stress of 2219 alloy FSW welded
joints[J]. Electric Welding Machine, 2019,
49(5): 59-63.

[24] KAUSHIK P, KUMAR DWIVEDI
D. Induction preheating in FSW of Al-Steel
combination[J]. Materials Today: Proceedings,
2021, 46: 1091-1095.

[25] JIANG Y M, ZHAO Y, ZHAO Z X,
et al. The strengthening mechanism of FSWed
spray formed 7055 aluminum alloy under
water mist cooling condition[J]. Materials
Characterization, 2020, 162: 110185.

[26] VEIE, B, THE, %7075 G
GV EA BT T b AR Sk
ZUSMERE [7]. AL, 2020, 50(3): 70-74.

WANG Hu, WEI Ye, WANG Wei, et al.
Microstructure and property of 7075 aluminium
alloy weld joint by FSW[J]. Electric Welding
Machine, 2020, 50(3): 70-74.

[27] LUO L, YANG B H, YANG X R,
et al. Effects of different cooling conditions on

microstructure and precipitation behavior of

fine-grained Al-Zn-Mg—Cu alloy friction stir
welding joint[J]. Journal of Materials Research
and Technology, 2023, 24: 4534-4550.

[28] ¥R, fubtels | RITT . H70 B
Vo IR Bt 1 FE S I Sk MO EH VR 24
AEAMT [J]. M523, 2018, 39(7): 93-96.

XU Nan, BAO Yefeng, SONG Qining.
Research on microstructure and mechanical
properties of cold source assisted friction stir
welded H70 brass joint[J]. Transactions of the
China Welding Institution, 2018, 39(7): 93-96.

[29] MEHTA K P, CARLONE P,
ASTARITA A, et al. Conventional and cooling
assisted friction stir welding of AA6061 and
AZ31B alloys[J]. Materials Science and
Engineering: A, 2019, 759: 252-261.

[30] DERAZKOLA H A, ELYASI M.
Cooling-assist friction stir welding: A case
study on AA6068 aluminum alloy and copper
joint[J/OL]. Proceedings of the Institution
of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, [2023-11-03].
https://doi.org/10.1177/09544054231209779.

[31] AGHAJANI DERAZKOLA H,
GARCIiA E, EYVAZIAN A, et al. Effects of
rapid cooling on properties of aluminum-steel
friction stir welded joint[J]. Materials, 2021,
14(4): 908.

[32] JREi, DA WAL, 45 2412/
AZ31B 5 B4 4 7 4R 3 il 0 5 R 4B R
B X R 2 2 [J]. BORE T/ | 2023, 51(12):
75-83.

JING Rui, TAN Maoju, WU Chuansong,
et al. Grain structure in ultrasonic vibration
assisted friction stir weld nugget zones of 2A12/
AZ31B dissimilar alloys[J]. Journal of Materials
Engineering, 2023, 51(12): 75-83.

[33]

of ultrasonic assisted friction stir welding

PARK K. Development and analysis

process[D]. Fort Anna: University of Michigan,
2009.

[34] #hiad . BB FSW BRI
N7 AR WISE [D]. R - IR
2016.

ZHONG Yibin. Experimental study on
vibration application mode and technology of
ultrasonic-assisted FSW[D]. Jinan: Shandong
University, 2016.

[35] MHRB, BUMSK, I E, 55 E
A U P A X R AR AR AR IV SR [].
T 4R 2R L 2013, 23(7): 1843-1847.

YE Shaoyong, HE Diqiu, YANG Kunyu,

et al. Effect of ultrasonic assisted friction stir



NI
(= ]
[

FEATURE

welding on residual stress of welded joint[J].
The Chinese Journal of Nonferrous Metals,
2013, 23(7): 1843-1847.

[36] I, ZKEREE, ko, 45 . Al
T 7P 4 Sl 0 5 P PR AR AR AR b i S AT
FEE [J]. & JE A4, 2021, 57(12): 1614
1626.

HE Changshu, QIE Mofan, ZHANG
Zhiqiang, et al. Effect of axial ultrasonic
vibration on metal flow behavior during friction
stir welding[J]. Acta Metallurgica Sinica, 2021,
57(12): 1614-1626.

[37] bR, B AR 0, B K,
2219-T87 74 4l Wy 1 44 J5E %‘?kﬁ%%fﬁm
PERE [J]. W 2244 (FHARFRF R, 2018,
45(4): 41-47.

HE Diqiu, ZHAO Zhifeng, LAI Ruilin,
et al. Research on the microstructure and
mechanical properties of ultrasonic assisted
friction stir welding joints of 2219-T87
aluminum alloy[J]. Journal of Hunan University
(Natural Sciences), 2018, 45(4): 41-47.

[38] jﬂ?’ﬁ’&, XU/ . IR Sl B
FEEEIE ML A BFIT R (0], K442, 2013(4): 3-8,
69.

WU Chuansong, LIU Xiaochao. Research

progress and trends in ultrasound vibration
assisted friction stir welding[J]. Welding &
Joining, 2013(4): 3-8, 69.

[39] LIU X C, WU C S. Material flow
in ultrasonic vibration enhanced friction stir
welding[J]. Journal of Materials Processing
Technology, 2015, 225: 32-44.

[40] LIU X C, WU C S, PADHY G K.
Characterization of plastic deformation and
material flow in ultrasonic vibration enhanced
friction stir welding[J]. Scripta Materialia, 2015,
102: 95-98.

[41] BARADARANIF, MOSTAFAPOUR
A, SHALVANDI M. Effect of ultrasonic assisted
friction stir welding on microstructure and
mechanical properties of AZ91-C magnesium
alloy[J]. Transactions of Nonferrous Metals
Society of China, 2019, 29: 2514-2522.

[42] RN . B A X /9 FSW
ek S AT K 2 R RE RS2 ) [D]. TERS -
FrE TR, 2023,

WU Chenghao. Effect of additional
ultrasound on interface behavior and mechanical
properties of aluminum/steel FSW joints[D].
Jinan: Qilu University of Technology, 2023.

[43] XURed# . EE DTS AVMg #4

AH R EE SRR K 1A AFSY (D). BRI -
IR EE Al R, 2016.

LIU Zhenlei. Study on mechanism and
technology of ultrasonic-assisted friction stir
welding of aviation Al/Mg materials[D]. Harbin:
Harbin Institute of Technology, 2016.

[44] CHEN X Y, CHEN S J, LIU Z H,
et al. Magnetic field-assisted ultra-high-speed
friction stir welding[J]. Materials Letters, 2023,
331: 133447.

[45] iK% . 6061-T6 A5 ARGl
IVl e PR R 2 0E5Y (D). VL 2 UL
SRR, 2022,

ZHANG Hao. Study on high-speed friction
stir welding technology of 6061-T6 aluminum
alloy sheet assisted by magnetic field[D].
Zhenjiang: Jiangsu University of Science and
Technology, 2022.

[46] Al . B/ B b R AR
TG e e U P R AR He R [D]. BHL
TLIFBHEREE | 2020

LI Zhipeng. Eddy current coupling high-
speed friction stir welding technology for
aluminum/steel dissimilar metal permanent
magnets[D]. Zhenjiang: Jiangsu University of
Science and Technology, 2020.

Review of External Energy Field Assisted Friction Stir Welding

CHEN Shujin, ZHANG Shuai, ZHANG Rongzhou, LI Zhihao, LI Moqi, LIU Jianhua
(School of Materials Science and Engineering, Jiangsu University of Science and Technology, Zhenjiang 212100, China)

[ABSTRACT]

External energy field assisted friction stir welding (FSW) is an improved solid-phase welding method

that is widely used in aerospace, automotive manufacturing, and energy industries. By introducing external energy, the
microstructure and properties of the joint can be improved, thereby enhancing the welding quality and efficiency. This

article classifies external energy field-assisted FSW techniques, summarizes the selection and control of energy fields,

optimization of process parameters, and summarizes the effects of external energy fields on welding temperature, axial load,

and joint microstructure and properties. Finally, this article summarizes the future development trends of external energy

field-assisted FSW technology.

Keywords: Friction stir welding (FSW); External energy field methods; Joint performance; Grain refinement; Axial loading;

Temperature gradient
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