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The Development of Friction Stir Welding and Processing Technologies
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Abstract: Friction stir welding (FSW) has been made one of the most impactful welding technologies in the 215
century with its application in fields such as aerospace, shipbuilding, rail transportation etc. Meanwhile, a series of
solid state processing technologies, represented by friction stir processing (FSP) and friction stir additive
manufacturing (FSAM), have further enriched the technical scope of friction stir technologies. These technologies
surge with the demand for lightweight joining, solid-state surface processing, and sophisticated large-scale structure
building. This article primarily introduces the domestical research progress of friction-stir-based technologies. The
major technical challenges, recent breakthroughs, as well as the key future development directions in China are
explored.
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Chang S50 Jif A S B2 9% B9 AL 1 1%2ZrB2-7085 1 5
EMFAT FSW, $2komFEA 4l 7085 F5-6 41N 24%.

0 P P AT DR [ R 4 2 () AR M G AL D v
R, RN R RHE R B AR R — . Fr4
J& TRk A 0 1R R 4 T BR AN S P B 1 e & G
& @ A P AL S S5 T e 8 77 4E o Zhang Min
LGS0 AR — B RS A TR RS E R T, R
TE&RBIAEIIFEE, SE 500 °CLA R #da e (14
Wik, 6 REH & Tt Lk B L 280 MPa.

2025 %2 R4 1M

Meng Yongsheng <5 EURHF 5T i F: K TR 25 449 F1 51 Mg
SN AZ31B BEA £ -Q235 NN e Sk in B 45 &
R, S B AN R SEI R A e i Sk R
1K 75.8%. P4 AR Sk ) AL S R 1 R B
F2 5 ) ) 45 0 1 FR 8 v] FEZ B E A5 OCVE . Niu
Pengliang 25052 Bl 7075-2024 X #2422 3k S8 A% X A5 1B
MIEERF (7075 —MD BJEARIE AT AR, FEEFTE T
TRE X APRHR AL FHT 5 dfokn RS R R 2R R

o 8] <62 & J2 A % AR R R S MR RE A 2L
F W&, Zhang Guifeng ZFE3@# i VR N Zn H [A] 2 52 B
10 mm JE £ 5083 FE 45 425 16Mn 4RBR (1 15 H2 450 1 JBE
AR (FSB), Zn ML )ZHH) Al-Fe &8 L&)
0= 4, 23k 9k ik #| 50~55 MPa. Zheng Yang
GBS H] Ze v A5 )8 Z A0 Al-Mg 53 A FSW 4 5k
HESREBAAEDRI A, YUK S kR e 74
18%. Yao Haining %505 i 17 6061 # & &
FeCoNiCuMn =M & 4 I 8 b BE SR AR, Fh it ™
£ <250 nm [ AlsFe, &8 AL 572, Cov Ni.
Cr. Mn & mRKE T AR KA ILmITAT N,
SRR EEILE] 73%.

BUBRAN & 2 38 v B S Bl ek e Sk g 1) o —
J77%, Huang Yongxian Z58°UR H| H #1#% FSW #4458
FRGE NSk B 8 BEEA &5 BN
AW AU FSW el fHEGEE
T B AENE T MR 20 SR AL
FSW fii#f:3k KR8 T2 580, 18 NI AN A0 b b4
AR R TE I AT A IR — s R EE T AL, FSW
Tt A B e I A A P S I T O e i B
REWEE G SR AAEINA_E L Z0TE %
FALIET AR, AT SEELEE & &5 AT N
AR T Sk .

K8 4abeh T MBS

1
- M
0 0y
= -

) B r4E FSW ¢4 142 7 & [ (86



Fes

A, MiEgit iR EdEE TN EE-EER
M E M EREEREEORTE K, Wu Lihui S87M# HEOE
AT & B M T U0 T, SR AR A RN 4 B A k)
[ FIBLREE A1, JER AR IS B 78%, [A]IN [ T%
%7 C-O-Al #:414#. Geng Peihao Z5581FF 2 A~ [7] 43 £
SLIRAR BT #5-CFRP #2 SR  E RR B B 7, K
IO YT B TE R Sk TR TR B B2, Sk b B
J11X %) 8 kN, Liu Yuchun 250K AI/CFRP 44 #2152
(IR EIE R 3 m/min, %k BYY)55 X F] 25 MPa.

H Evl A, FSW R H R 7 568K
KM Z SRR G R TN HTEE . 26 MEHE
FETT1H, Ba e i BE A w2 50 R ik S A e e B 1
S AH S X DU AR (R B A K B FSW IR 32 2 87 FH 453,
AR E . MRSk Re e R B
Mo fERAP G @M RHEETT I, FSW fE4a-0. 45—
W, -SEEZ MM RIS TR AR, T
FER MR RIF. FR FSW & E-dE&EirhiEsE
ISR FLIT M), 286 R A8 G AN LB & L3R
W RN S I v i S A A R 1) 2 SR
3.2 MEEMIIR ARSI

BRIEREGE M AR, BEi. BRI
R, S PE SRR E G AT, nlak
PR T S BRI R [ G A R T
By SRR VG 0 . AT RS R I RN i B
TR HEARTT MR T REH T TAE.

3.2.1 fRGIRIEHPARIERR

PR — OIS A0 T LA SRS, AR BRI G f
TEAE S FSW ME LLTRE o X1 2 28 SE DO e (1) i R 27 i
PPk EE R AR B2 (Tilt Penetration FSW, TPFSW) @it
PiPEE e IE T, A e B EEX,
THBR TR ARG TR o A1 IR EE TR FH A 28 I 245 ) 7
AR PR e ) FRIAGERL,  25-E A J5 R s ) I b 37 2 4
FES T &, SR AR T o 2 )4 i AR AR B ik
Beq 0 T o 7 5 202D 3k A 0 B S R i 38 i V) A &
R, BEINRAZ XA A RE B BN, A AR A 5 dik
LER Y, 3

&4 FSW Hh lig i il J5 5 158 e i i 3L (R 4E 2
FECCAAER TR ) FEE R R, S S R EE R
% Fi R (Stationary Shoulder FSW, SSFSW) & i
P PR S B SRR I B JEAA L, I i 1l e R T
R E A, flE e OINal. ok 1) R 4R
[, A G2 R SR T R A ), AR TR A Sk
7K #HE /] Sun Tianzhu P3P AR, AR R
] SSFSW %38 7518 2% F FSW (Conventional FSW,

LR R RS

CFSW) W5 LL 1, WE(EIREZ N CFSW | 80%,
2N CFSW 1) 13%. 771 77 S I 1 6005A 45
G4 M SSFSW,  Fi H & 1R B 00 X R 47 %
SeLEN . AH L [ ) /% St FSW, SSFSW 1 1.2
DX B — R T A, AR B B IO RN b JB A 0 3 SR
w, R LRGN, {H SSFSW 1E S
1EHh R BRI B RO R, gl B A YR A
Vi ABRES . BEBNJCRRR B AN, W SR ) T
ZIX T ECE R H AR . TWI R B 22 B il A
PR EEBR R (AdStir) 81, SZI T B bk EE A
B IRz g, B (R BREE Sk a5, AT Hh R A [
MIETEBEEAMEAHE LK 9. Ma Xiaotian 25
FERCH A BRI AR Rk, SCIER T TG R
P FE EE L 5%, 6 mm JEJE 2219-2195 F5 & &5t 42
Sk AR HIAE 0.05 mm DAY, FESkERE REUL T
2219 BEMF 5 R AL 81.7% (AL 10D,

B9 MLz #4hE AdStird AR

—m

-

B 10 MApsh R s % FSW

BEPRATAEAR L LR AL — I P AR R AL, REALAIR
TR BR X T 2 ATAR G2 25 440 1 5 0 BEA A0, 4
X il L ) VH B A7 AE 2 Bl Al AT I BOR i 5 U5 %6 Gong
Peng SFUOE R AR R FL IR TR RISEARL, LA HF B
BN T UECE T 50, mTBOR TGRS L R 4E
Hpk LGy vk Be 5 5O BEPE BRI AR 3k
WEZES. TN R R R BT AT B
LB 1D, T R HURIAR R4 A A R
i BEERIRGHE RGN, SHEET [l hid fE b
FORHBEREE YR AE, 5 BUE 4% N BRI o B 242 K
B G N A = R AN T T [B] 4l B R T2

9



P

8 mm J& i R ER A AR AR TR R, fiE B A [m] ik
PRESAT B TR TR AR R T R, (HEE R R
M AR 4~20 mm = RS A [ AR AR} 3

ki

SH N
l

2025 %2 R4 1M

MLHFRTHRE, FELBELTAENLSE
[X i) (103-104]

B 11 T=ait F R B3R

SO AR L 58 P A T 0 1 R R AR 3 A I S ik
Pl R AR R 1 32 B 7 50, O T VIE B A 4R Sk
ANV TE R T2 23 (8 7 A 78 40 42 8 R A I =
Ao BEAEET B3 ARAE A RFLIE B 1 E B R DA L
N FSW SR ENLMFRELIh R 2 —, S5 &0 TR
(PRSI S U R B PR B R, AT LSRR R
TARRERE, IR FSW 45138 F Y .
3.2.2 IREEEMRH

TEJEAR T TH, 38 3 U T BT P4 R B T DL
KIZFEM BHA SN NI R AL BRI, Al il AR A4 1E
SRR, P R0 S P I PR N 50 1, sl
KB R 8, BRI EREECSES

10

120~ 150 mm!"04-1001, 4 56 J5 88 L 8 25 g - R 2R OK
ARG LE 12) . 5 0U%%ENIFRE T 84 mm
JE % 6082 454 S AR BT T e Sk AL 8RN ) 2 1
e, AR BN X AT 45 %4, B Puhr o B M
R A B O IR, BHRT, BREEMER
FSW 582 7 B 1 6 45 B8 1 e 7t (R AR 3
K FEOEAS H HERK, RERARONH R T
AANAREE RS TR G 450, EA/8 FSW.
RETEET IR B R T DA s s e R R ok, A
RRFEMTT IR H—J7 1, HRZEZ1E FSW 1] L
/IR 1 2 B A R R B TR AR R T, R
e AT 3 A T ]




Fes

G R TR AR A7 A T R R e R 4 0 42 1
GPRNE, mEE L, m AT R S R AR RO
FET . KIS 7 0.8 mm JEEEERG &0
FAPPE PRI T 2 S Ho0 3k 1 #ERe e ), MR 4%
Bk om g RBOE B 70% LL b AR A EOLR A
2 500 r/min ¥ 3 1 600~1 000 mm/min P53 3E & 31T
0.5 mm &L 2A14 BOM IR, #5350 BT vl ik BEA 5
[ 90% o fry i 30 iy I 1 25 g W T AR 42 B T )
BRI, AR TR . @R FSW X
TR T R BUR, SR T R T YRR
PR 7RSSR, B R A E g 7 LS A
SREE T2 R FSW A8 F-B .

3.2.3 1%, IMEZEWNERE

R O AN FSW BEEE R —,
i TR DR R V4 4 2 0 P 2 PR | 1 e SR B MR R 1
BEHORPREL, A S s I R R TR A
SER VLT . XA B AR IONE B RS T I SOMR SO B T
VA BEAARLE B 7 s, A RS A S A, 2 mm
JERE 2A14 FEHHE LI 778 %) 10.9 kKN Ji Shude
SEMIE T CFD @AW T 1 ™ MR 2R 1Y TE A Sk %
THX 1.5 mm 2A14 $#E38L MR R, $i8Y 1k E)
7 16~20 kN 7K. Meng Xiangchen %5218 i 43 $F
EFOE S T 2R, SEPl 1.2~1.5 mm £ ¥ 2024 £5
GENTAE-S R, SREEN 482 MPa, S5 BEMAEE.
JE 17546 ARURSE = S S M B R P e S A Ok
RO TSR, —ARE R 3K R AU A TS R R (1)

LR R RS

JECAR DLt St 1 28548, T DA ST a0 o o % Sk Al PR A
A5 R R B, ) eSSBS [l % 0
6005A FH & G R A HE R S T RN se e, 9% 57 I A7
TE N ST R BER R FAGE IR X R G 2R a5 A ib . AR
SRR FE T 15 P 0T R S T 25 R0 2 Sk W SR A
MEEW, YK SR SR, Bk R
TLHIPEWT 24 . Huang Yongxian 250V i A i 2 K 4
P S N 2 ST (A BOE A, H SR B
SEHL 6082-2A14 $EHH Sk 85% M9k JE /%L, FSW 44
PR AR BB 35 8 . SHE RS LU T IZ T 5
TEACIE . TS S i AR
3.2.4 mRELEMEE

TEMBEREL T T, e FSW B fd F S i
BN T 8, L B EEkBNA J0 %, 5
T PR B IE R PV . S T AR T i
JEA TR B, SEELT 5 mm T 48k A A5 4% 11 5 il
JB IR, BknRE REUAE] 73.2%. 5 TWI &AL
P AT AR, B s SRR LB
SkAMUGEAE CHLE 13), SEILT 7AS2 F1 7BS2 S RE
SERE A HEE, 78 0. 05 mm JENE T RS TG
o SSFSW A M5 I 3 55 75 T 5 82 i 1 A2 MEAK
L ER A R A T T ) RN, R R A A
5y SRR B e A, DR ek 2 R AT e Sk £ )
CEARNE: P N =Tt By - i B R o i
SSFSW [ 2 42 fift v I i 2% Fic F0 4 ) 2 R 1) 3 22
FE

B 13 #ak4d R sh ATl

T BEK 5 — MR ik R A% 40 FSW BLFE
BT SMNFECE T 5 B AR FAR 5 SR . Su Yu 250181
TFJE T HE A NUE £ G FSW IR HGE kA 4 T B4k
BN LERT AT, ARAZ X o 4 i 2 2 RS AS G FRid
J T PR SR AR I I R P N A A I . T Sk
BEMEARCE N T8/ AR s TR
&}Eﬁ[lm]o

PR KX A BC R B vy, R R SR E

b RT3 e DACRAIE RS e WA, TR T R FH 4 s g 428 il
PR A B A R T ORE S RO &, 1R T
(A% BN 2 1 45 2 1% AU A 98 77 1)
3.2.5 WM IELEE
XUl JE ¢ FF BE #2 48 (Bobbin Tool FSW, BT-
FSW), FIFH 58 MSCHEAER, AT 20 10 4 A 45
PR T A%, Jerh S s M B AR R R R (UL
Bl 14) 0200, [ERHZE AR B A& DL N3 a. )R 5%
11



P

2025 %2 R4 1M

IREBARSE ORI b R A S, LAY
51, BRARNLATGEE AN e SRR . BEE N
Ko Bk M AR AR A i 3 R A Nk, BT-
FSW SRR 2] THRERE, EHREGE. BlHae.
B SRR IR B T U TR SR SR AR, 2023 4
HIAE R RSB A Th 4l 7T AL IR IR
HHl, XT BT-FSW R L EETER S ST

Upper shoulder

Lower shoulder ‘Workpiece

M, f45: Al-Si-Mg %. Al-Cu %. Al-Cu-Li %%,
DR RS S ESMTA . BT-FSW £k %
G R H AT AR 2 —, Pk R
[E. ENRUBTES. FhE [R5 55 S 58 xR A RO e
A E B2 (L 15, Hd, T e Bk
TS REAE A 5 P 4 Wiy SO0 LV S5 B 2 e o AL ) sl o
Z

Hollow profiles

Curved structure

Plane structure

B 14 bR LA EHIT 4R 32 A8 T X120

v

c  Ar#tM TMAZ

B 15 A BT-FSW 4%k 40 42 45 4F B EBSD &) 4 44 41123

Fl Se 2k A A VR RE RO AL 3R T A FE /2 BT-FSW 2
i T WAL, R 1A T HRTRE 2 B RS
(e SK Al ) 1 R a7 R B AR TR E T
12

PR F AR IR, 38 o IR AR 2% A N DT P
Mraitn, A ERT TR R R I R AL B RS 15T
R HKANNEDPIE R B T E A, S



Fes

2.5 mm JEJZ 6061-T6 #5 & 4 Wi i 42 Sk P o F R %L
77%. Shao Minghao 22615 57 % Bl 2219-T8 45 & 4
BT-FSW #2422 58 i 0] LUK B BER 58 B2 1Y 79.5%,  [A] I
5 R FSW B2k AHL, 23k 43 X A 38 S 0T He AH %L
ORI 20 AR I DL B B T U T RE I 2
Zhang Zhenlin SRR I, 15 28 T XU E 1) ) TH
i 7 ARERERFE, 2219-T87 &% 57 thpe i = . FAEJL
SEN01R NBE T T 2198-T8 48 & & R B4 5, R

LR R RS

THUBIER R 2R T 2H 2R B ZRA) PR 6
AR, IR T AERTRRIEALE ) 22 3 BTFSW
WLE, ARERT T Bk Y R E IR T R
F, SEBLT 23k 9 2 IR B B 38 B 1 85%. Sk
E, AT RA AR R TR T2 5, B SE M AR
L B AR LT 5T FEET i TN SR AT T A
Rt — 281k

%1 BT-FSW Fo & HLFSW 424445k /) 48

Prhi s %/ MPa PR Y R 5% EAH 2R /%
Zpes JE % /mm
BM FSW BT-FSW FSW BT-FSW BM FSW BT-FSW
6061-T4125] 6.35 — — — 93.00 91.00 — — —
2219-T871126] 6.00 440.00 — 351.00 — 79.50 12.00 — 7.20
2219-T871127 6.00 447.00 — 311.00 — 69.50 10.70 — 7.00
2198-T8511120] 3.20 475.00 — 380.00 — 80.00 — — —

3.3 IRHEESEMNSIERE

BT B, — RV AR AR I K
K, mEBRUORA AL G L IH s R R B Bk A
GoRE e TAEMREOE S, RN 55 A
BRSNS T TN . AT, fiREEE R ST
FEEFEREEERAS, FIEHTR®RES
G281, ST G L FSW A B AR I B V1 3 ) A
H 7T 70 1 B S 8 R OB 0 R R R AR ] S
P P p S5 T T
3.3.1 FLEHIRHEESERAK

¥

Wt ¥ |

B 16 @ WE LA S ARG R it 42 (12

ekt FSSW AR A HIA A il A 1M 3543 1+ (1
PEPESLBEAT, TR R S T 00 S [ 5 A 1
BHEERAIME (LE 16) 130, GERANIT N B2
Bl R S B3 b RS REM . okt FSSW IR Sk &5
PRI, AEAEWTET R, A REFLBRFE N, (HAR
Bl REAT R B0 1R X 42 Sk Ve e S UK . O T
TIAR s RO AE 5 AT 3 i s AR Sk O VR BE S R i T
Iy R 8 R B T O 38 SR AR S A R Sh (1 2 ZEE 7T

J7 . Wang Zhiwei S e 1 A WAG v 1F 1 To g
FSSW it 5t, FIHK TS AR EH N T AR
PEZMX, S 1.2 mm B DP1180 /& st N4z Sk 47 8
77 17.9 kN. Chu Qiang &2V izt iy [ X [ TG 1 4+
JEEVE R, s R AR PR A 4 Sk,
Hook GRFAHIF=A, SEPL 1.8 mm BJE 2198 424454
3k 12.6 kKN BT /70

3.3.2 EBEXMHEESERA

Rz
SR ?/ Firez e
J‘

L S ¢ ¥ ="

A 17 =3 X FSSW 917481342 A g A 45 5 AR 7 [132)

[ 3E QP R BE S R (RFSSW) iR E R Fit &
A AT T 5L UT AL S 3 S IR A4 4 8 [ AH ] 5
e, JRMBRE SRR R TR T R AL, Bl 17
s& RFSSW IRt i n MK H Al RFSSW Hi R L7
F MR RGBT S T BB, AR
B RFSSW 7E Al-Cu s FibF R R34, Mg-Fe 5 ff
MR IR L K 2 2 AL JEUSIR 3848 T R UF 1) R 4%
Y, RREREEE R, HESkVRAR T BENRE
Fo BRIMEM T HLRFIVR SRR 720
FYE A IR0, R E TR R TS
13



P

RFSSW it [ (14 75 A il J A5 5 ROt 78, 383 T
FEA C F3 T LK RESSW N & 5t 5 32847 43 Rk I
RFSSW 43 A T2 B FH 4 DL i) 750 2 A4 ) B JEAS 78 43
T % BCFLIR 0T 55 0% #2 5L R I R i A sk iS5, H
BT, A5 R0 B 1A RO 2 i — D RFSSW T F2
A0 R A R PR B
3.3.3 TN EEELMER AR

[ Ay [ AH 77 03 () PR ZE AN R, B AME G
XA AR R A e 1381390 T R o FE AR
JRER QTP 18 P Touh =X R 5 2 A 2 H A1 A 70 A0

#

PETHUR R P FEAME I FE v, AR AL S L
FIRL T R4 AT B PN, 78 3 P QP 25 2 45 1) 9 A
DABE BT S SCPEMLAL, e DA i T X 2 M ) 8
FEAE DT m WIS RN
3.3.4 HRAXEBEME

b S BE 42 ZE 42 (Friction Pull Plug Welding,
FPPW) [ TAEJRFRUIPE 19 Fion. 5T ZE 4 AT
e, Pk AEEANE R R AR E AR E . BT E
ZH %2 BRI A, SR B AR E AR R 2 R
SE P42 ) 2 LR AR A

Weldiuqachine

Workpiece

\

Rotary plug

Supporting frame

I

sl LT A VAR L o e

B 19 4k XEREEAMT 6 R 421842014

Pt AR FEAME B R LA T3 TR 4% T
PEE M, A& Tk AN A o L, JF Had 3
14

R

et =3V 2l
N
\ B
oM
~
LD
= )
1

TEREAR T

2025 %2 R4 1M

I FH BN A ) FE MR, 7E 2219 msRiR & &5 &
SR AMEIEREIL S T 38 mme. [ P T T R R
FEFMBE B T 2 B e R R S . PN P SR 0140)
SEPL T 8 mm & 2024-T3 A1 7075-T3 PR FSW ik
B 170 o048 =08 2 ZEAME LA J 10 mm J2 2219 $R 5 4
FSW i [ (1) T 4 5 PR 5 SE AR, MR 32 Sk o B
BB BEFE ) 72% L L. A AEIANFE B 2060-
T8 FHEL A S R AR R ZEAME 7L, Bk om B RAUA
3| 74.6%.

)
{

SU]

"

B 18 T4k X BB EAME 64 IF 41342 Fo 52 4 B (WeldCore®) 142

PHEE R A5 S 2 T FSWOBRIGAME, A
HE R 70 25 2 AN (0 B s R e 5 Al o I P s 4 B
PRFERME R T K I 2630 SR 42 =ML 0F 1) S5 G B B,
AR, ATSEEL 20 mm JE s RS A e EANE . S
SN T 6~8 mm J5 2219-T87 45 & 4 Ktk 20 EE
PREAMERE T2, B EREMAEE T 255
AL, PRFEREER M BIRL R AR B 7 REM SR 5 L 1
80% LA b o XS EFUSIR F BB B B 77 VA% 2219 45
G PR B IEAMRE W S AT NI T, 0T
T FE A R ) 7 30 B B R A TR BRI ALEE . Shao
Zhen ZEUSIEF T T 6 mm JEJ 2219-T87 f24 4 TIG 1+
4% b FPPW Bk A ZUHARFIMT ATy, AMEHEL IR
& RZEUE ] 89.2%

3.3.5 BMEEYMHERA

Feed+Rotate

’—‘7 o
m -
Rivet S
Al allo
Flat die

Rivet engagement

Penetration Friction

BH20 @ EEgERK

B BRI ROR A — MO R R BOoR, Zr G
TFEBRM BE R BRI AT, ILIET 200 HLAREK



Fes

& 5 EAHG S ARG & B E m, MoRhE S
7 T ERR AR R AR I R

Shan He SFU4O1FF Ji& 7 [ i BE S5 400 42 45 R IR0 AJF 72
FR T & T AN RR R SR e BAVENET, T [ AR
AN TREAGPER . 7E AA6061-T6 5 Al-Si7TMg 1)
A5 R DL S AATOTS-T6 B2 45 4 v a2 DX 33 1) 1k
RE A U B 3 v T RER 4R SR R 30%. H i
JEE N OR T A TS T AR &5 0, T 43
A AE LS, Dy TR R s G R ) JEE R I
A, Liu Yunpeng ZEM7IJF R 1 iR A% 00 42 R B
T, (EARGUENAT fSEat 38 iR st by, RIS
BRI BRI DL RO AR R, SEBE B R AR
MBI AT RS Hal B o BRI R O
BB TREN A, AHEE I s B AR, M
BTSN ER AR, I T 5T R Tk
153 e e PR o

4 ETHHEZRENFIERA

P FE PR AR R AR A A S PN TR, 1R
P FH TR B DIAMNA R 3 5, iRk, |/
GAPRMRE  ATE . S EAEE RS, A
— RYUE A E AN TR, RN T S5 R BTt R
TG TSR
4.1 RHEEmMIEAR

e EESE N 1 (Friction Stir Processing, FSP) &
BT PR PR R JF R R AR I THOR T4
HEAME gt iR, RS . FSP XA
BESINRIZVIBPENAR , T8 R O A 2 2. )
4b, FSP AT DL Z Pl ag A0 5] N By, JodLiE A
M ZE AR B o

W TR B FSP ot v] LA R0 808 56 4 AR s AL 3 44
il & A4 R R R E . Wang Jian 2504814 2A14 5
PEREAT W8 FSP, B 7T Sk AN 3K () A2 (b A, FSP
AU 5 B ORD AE 2R 5 A 4 4R T 120.9% F
232.1%. Zhang Xujing 21415 ER2319 34 4 HL IS
MAARTEAT FSP o, FEATH bR T 3 4 3 S 1 ZH 21
BRAAGRIG, TESRIENEAIRIENT, LM 5% &
FHIRTEE 16%. Guo Xinpeng S5O0 i3 H 5T 22 384 k4
il 18 B A JZ 6] FSP N T AH 45 & 1 777 1]i& 7B55-Sc
BB LERE, S AR B R, R I e
JE FOZE AR R 53 53K ) 511 MPas 14.6%- 9% 57 5 5 ¢
R I 22 A R TR T T 81%.

LR R RS

FIF FSP R 5 [ AH VR 4 I S+ RLG i )38
73 . Li Ning ZUSU R H FSP J& f7 16 & # i&
CoCrFeNiCu i &4, Il 1 Cu Ju &R W AT,
7 B Rk ) B 5 i R e P8 i - 25 B 11 1.5 £ DA
&, 439k %) 380 HV. 1 150 MPa. Xie Yuming
05205t 80AL-5Li-5Mg-5Zn-5Cu B R m & it 7
PR EEBEIN AT, sk 1 APRLAR 5 et 4 )& [ AL &
VI GG RRPE, A SR AAL AN ZE 235 504k, dEiE T
2R, ARSI T A, R A
EMFE S HIFE T3] 674 MPa Fl 7.5%.

Z 18 FSP VI T RE G 5iRAH 175 A2 2 5 0 n L
MR BESETH A <8 . Zhang Zhen 5051 F 43 1 B
N (FSP) HRMmE#INT (SMAT) HE &K
TrAIN T AZ31 B A4, FEHIER T L S BUN MR
% . Wang Yandong ZF US4 J£ T FSP 3Rl A1 ¥8 FLoR AL
f1) CuCrZr & 4 20 23 AEE X EERIE 7, 32 I 80HH BE.
5 AoRE K R I, (E 400 °C N P Fh T Z 9 4k (1) 2H 41
PAREMETTHEZ R, SRS REAE R .

4.2 {RPFEEIEMHIERA

LI Cval

(S SVES ES

B2l BB R TE EAALE I T FEH
H 3G A AR B 1155]

WM G R RAEGg BN TR B A pRER H 2
EZTTMAFAENS RN, JEi S50 B AR il
STFB, RhE T2 S S, MR
il AL Gt 7R ME LA SE I B B 2R TR D Re i =4,
el A B i NI i I e 57 6 [ A e By = 2
Aeroprobe 23 USSR H 43 P EE B A H0R (Additive
Friction Stir Deposition, AFSD, J.I& 21), M
e E AR AN E B TS B R B R 2 —, OFE
WiRAE FEHEEG ., M pHbE M hE e
BEZ M sohi T MAHER (ILE 22),

15



P

2025 %2 R4 1M

B 22 MELD & W bt 338 A% & Ao g A 57

fd AFSD 5 ARSI Mk A P DB 7 T JBE 1 A 2%
HPIN BT, TFEENMEIIE N T R &Ea
MM IIEE, SCOUEM I RMIES:. e, #k
ZE SFUSOILE JE i BRI B — Pl 4 2 MUR IR K
MBS G, (ERFE NI AT DL 3 b Sk O1 sk
SR

ok 188 A4 280w MR R B AP A 2 A (L
23), AFSD [FIAAAE L NRr AL: . AR 2 AV AR
NER, SRS FSW A2, (75 AR, o
ARl SRR R 7 2 A RO, SR IE 2 2

200
L 160}
S 120
= 80

40

0 5 10 15 20 25 30 35

BiAE /%

BRI, EE A OR R R T B A RIS b,
ITENES A 2 R AR 2R GO R B AR [R]85 45 5 X
i ZEA LN TR, XL AFSD O — Rl R
MBI IEEAR, 1A LR BOLIE X AR M B
—REMETE RO o HERR R AR 3 BUH
T RARAL BR & S5 MR BN AS T 22 R RESZER .
SRARZIRTIERE, PRI G AL E Ty, Hpfidfe
{1 A0 B N 428 1) A0 £ B 4 D 55 T BORE O R R
Tt

300

B 23 FSAM 3 AR A 5 b 4 1156]

16



Fes

Kl A 22 5K AL AE AFSD AR K JR A e 2 At il _E X
WEREE, HATESE TR BRI TR R
REAEEZ R AL QYD EIR TP BB BRI HE
MR, bn b B E P B IE M G SR 1 T
LA AL B RR (LB 24> HAEIFAH T
LRF M MM EEZ I EOREREL, H AR FSW $%
ARHJEFT IR ATV AN 2 g [1557160l,

B 24 BEHEFEEIE A TR R3] & B AR

4.2.1 EEIELEHFIERAR

W-FSAM 1_H

e

e irilk st
B 25 SLABHFEEHHIEEA

T 7K 5 A AR FH & ik S 0 B 4 A 2 o L0157, 161
(LE 25, KEH Tt ahmisk BEEE M Hlis”
AR (W-FSAMD; fEFFHIE M I BEIE 21, BN
MBE T FEEE EIRSOIR S DI BB BRI, D
PEETE F T 52 058 3 458 B4 16 Wi 45 KA 6 5 Tr) T s
FEE, TEH DAL 23 HEBT HAE A B BB T sl
FIER LR, BERAS _138 22 S R RE A R R
RICTHM, EHZE T2 kR, Kyt Rdny
IEH) 5 kg/h ULk, ak B BTG 2 AR A MK
o, HIM T AR BE S MELD B 264H 4. A
L R 458 R SE T ik 1) S IR ME BEAIS T AFSD, 1 JE T
M3 22 B S DUE S K FE B A TR, H &SRR
UF, 3E 5 2 T AR A RS 2 R A A i
WEAE,  E X A 2 AL AT SR A B PTG AR AR A
F, RHZE ARSI 6061 554 4 451 98 3 28]
PLIZF] 90% LA _E.

LR R RS

4.2.2 FIEMIEMHIERA

Liu Fengchao #i2 H %K 4% filh 38 #4 ] i& (Softouch
AM)  F RS9 1621, 4 i b BE R 455 W MR 15 G 44 72 3))
g RE, JERENERIET Shefh s T AN
HE Rk BB, JRNH RfLIES Y, HERRTE K
WA Eir (B 26) o IZFR R SAE T I A 72
FEF MR N R A, AR T T AR T [R) 1 48 Hs 1
F . XA S5 R (0 e 075 SR KRS, SRS
VR — B AR FSCH T RIB, AR T AR 2 )
FEAER, $eTtait RGN T3 nobh, TRk
MATRERLZ), W TR RS, AR 11
MENMREEN. HATC 5w & & 2L,
6061 & GG MR RO PERE 5 AFSD ML, Zead #4
AbFRAT PR ZE RS

300

lﬁ% 250

l é 200

R &150};
& = o0l |

123456780910
H

B

B 26 #RAEARIG A 4] 2 R 32 Fod fig [162)

4.2.3 EHEREEMHIERA

4 8 OJE M ¥ (Friction Rolling Additive
Manufacturing, FRAM)D #5160 31 5 Tk K2 X1
R BAT A, 1) P 2t 0] T JE 5 R 668 I A A6 22 44 B
M VAL B R AR S A 5 (LT 27D,
6061 Fl 5A09 4236 < AL HE J5 7 7 P Rk 2K
o, GEAR R HIE R 12% F110%, T A bR v
L AFSD HiARANE, EL 5 R M AR @ ARG 4
B EABE L FE LR R 2 &, 2R TEE T
RRUREE ) S50 6 A AR i 2 A B A 85 A () 38 A 11 3

HHEIE K, AFSD MEZIL 22 H9pF O3 SE I i
Ak o AT DL A SR — B ik 114 A2 386 44 R TE [ N
FUREE NS R R, 6T HR AR R 4 44 3 2 n T
)38 T BRI — 20 3 R R PR I TR AR AR R HAA
.

17



P

2025 %2 R4 1M

Friction rolling additive
manufacturing(FRAM)

5 REMBINNL

3 i) R GUAI AR 25 25 M DL 0) T A2 7= R 0 ol &
(PR B A EEE Y, & FSW R R R A IR #4
Ay TR 0 O o 3 4 SR ] PN 7 18 45 BT o R A O
R E AR LA Z 0 AR . TR R NS AT
PP R FSW Hd% R4 HI5F ELAF A, 8 PLC+HA iR
BB E R RS, A EM FSW RS 3
I BRI EIEEAT TR, SR T % S 3
() AT ] o B S 0S4 bR B S VA X FSW 43 1
AT Z R FIRR, DR S B8 SRR T 5 O
Tt 67%, BiHEENE TS A BT Tt .

FEIE AR HI T, BEPEEHE R 4 flAH t T4 4t
AL B AR FE T Ry, R B AN ] SE T
If, CIFIRTERB & B3 o RIS, ST ddd e 15
ey SRS N A R, 18 T4 R R b AR
JR R AR (0 BT B, BRI A 653 i 7 AR B
25 bR I E ) 4 ) A s R AR B R T 2R
W, SEHOL ARG, @ AT, 5
T8 5 25 ZE AR BUM (R R 452 G M 2N 87% TR T+ 2 95%,
TR RCRIR T2 50%. T B FEZEN60lE F 5 B UL A%
NFME R /777 282 0.5 mm 2024 454 4B AR K 6
SREAAREEE, Fa g4 ) 5 SORIAR R R P R
R B e MR

W TV AL N5 40 4 BE A5 3 il R e B R
IR RGN A=k, AT DA 2 7= i &4
PRS0, ZREL, PR RIS TROR, RefE LIl
i 2SR A BRI A s, ERRENR R M.
BUIEASE . WL WUREE N B . BT
R E ML N & R E A E S LS A FSW
ARG T WHUEEEh S5 H CGnbLE . M8 Hitkk
JEE PR AR B 0 AR IR AED ST, {5 UK ARSI 2 T XML B
G B IENL B N G, I0IUE T XN UBE (G 3 1 B 45
SR L2 DR/ NEE T ), A&k &
JRBEPU RGN - A A AR A R I A e e A2 A8
18

AT RNLAR AN FSW I EZH RPN, Haisg hn £ 41
NI ) SR s 0T T LA A FRE T, FRERHLAS AAEXT 5
B2 R AL N B S NI, M A AR 2K R
FSW &5 SR #ATE S5 I BA R . FFHEEOHEH T
BT IEMEHLA EL TR /735 10 t () FSW EHL& i, =
FALAR N LA 18 8l 25 0] 52 PR 26 1 R Bk A5 i e
Al DL TR BE AL 28 N S5 H R ME & 7E FSW HLZ8 N R4
W) S AT R R AN

N5 T 2021 S0 T 5P R IE AL AN T
PExh, W& . SRR SidR 28, R
7 12 mm JEHE G E&WLE A FSW iR (WL E 28),
ST B R A IR AR I IR A B A0, IR T
2022 FFEIL T AL NIR = LeH 1, TEHBIRER B
gEpliE FARAS T Iz N . HATER LA AR
Gua e VA I Re AR IR PR 7R B S AR R G, KR
I T mIE SR, — &/ 30~50
PF, HEWIZEAIL 99.3% LA L, M4k NED . FFEh.
PeWvad . A0 RAREE 2 FOB BRIR VG i B AR AS T
H&%[Hl]o

6 LERIB

PR EEIE AN TR 2 O B AR flE SR
¥ 3 LRI T3 7)o X0 P B N T B ) N P AE
By MOBHIN TR ANE A i3 5 17 A T ORE SR A
B, JUH AR EE SRR 3G B BB 4 KR



Fes

LR R RS

R A RIS T 2ok R,

K] A S LA AE ML ERATE 7E 5 T FR TR . X 7 %
S5 BEAN T Z W7 BB, HUR B PR, IF
AT E CRRR . T ) 2 R R AR e 2 i A i A R]
SEVERR R, FSW HEKIURE 57« T3 th & Pk RERIE 7T
THBIRIE Mo R AR R B BT B AR AR $2 45
FE B 7 i TN A AR, ST 5% B PR A D7 VE A B R bR
#E, ARSI T E RTT 1A

TR B O 2 OB TR 0 BEER YT, B
GPU s vh 55 . N 23 Re 48 i 5507 1T R AN s
F, R B B e n L AR AL ) B A AT S o
WA HEBERCT AR AR SEHUORTE FSW B389 R KN
A BT R AR SR B FSW LA S H 1) 46 3 1F
FY, SR T10 I S A s 1) 0 i 2 T ) 7K

FENR R 2 1 R JRE D THT 7T B R A TR 4%
WA MY RTIR DR TR A2 51 2 F
TR R RS B AR S5 K H13E A ARAR FSW 348 1 il 47)
AR RBERIETTIM . 3 —J5Th, FeeIiR g Puss
AP PR AR E ME AR K R T, B
. BRIV BB FSW L& Al 7= 2ok
R AT M T 777w, AR LR 3 2 % 10 3 4K
PRAEALRS 2 EE A S, A ORAT ML B A bR HE ¥ 7 S AN 4
KA B P AR e JEE 45 1) 3 B3 A WF D R S S ) ol
A, XX FHERE FSW BORE Ko 5 BT B
KRBER L, I HER) S AR KA AR HEZ AN 22

JRBHIE AT Ay R azmlk AN R B113& F5 AT
71, AR WEHRN . BT REEREXR
TREMFERESI T, IEHERE G, B
RIS )35 SE R EOR B AR AT, e R Jre T o A
PR A, R B RR

S 30k

[17 Pan T Y. SAE international 2007 transactions journal of materials and
manufacturing-V116-5[C/OL]. Ann Arbor, Michigan: SAE, 2007
[2024-08-01]. https://doi.org/10.4271/2007-01-1702.

[2] Feng Zhili, Stan A D, Venkata K M, et al. Friction extrusion: solid-
state metal synthesis and recycling in sustainable manufacturing[J].
JOM, 2023, 75(8): 2962-2973.

[3] Balasubramanian N, Mishra R S, Krishnamurthy K. Friction stir
channeling: Characterization of the channels[J]. Journal of Materials
Processing Technology, 2009, 209(8): 3696-3704.

[4] Schultz J P, Creehan K. Self-reacting friction stir welding tool with the

ability to add filler material: US8397974B2[P]. 2013-03~-19.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Shah S, Tosunoglu S. 16th World multi-conference on systemics,
cybernetics and informatics{C/OL]. Orlando, Florida: International
Institute of Informatics and Systemics, 2012[2024-08-01]. https://
www. semanticscholar. org/paper/Friction—Stir-Welding% 3A-Current—
State-of-the—Art-and-Shah-Tosunoglu/be3d521b796f9bce7edf3ebe98
ead9d78172fd34.
THEEE, AEE, EEREK, & 84S EEIEE NASA K
FE R[] fREIERA, 2019(1): 1-6.
IEAR, 2R REBHEEE AR R R KR ], )8 in T
GAINTD, 2020(6): 14-18.
ZRIEZL . v [ e BRI AR s C 2 LR ML), #oin T, 2007
(2): 17-21.
Wang Guoqing, Zhao Yanhua, Hao Yunfei. Friction stir welding of
high—strength aerospace aluminum alloy and application in rocket tank
manufacturing[J]. Journal of Materials Science & Technology, 2018, 34
(1): 73-91.
fEme e . U HE SR R A I] TR RO, 201003):
2-5.
P 2 R AR 2R AR A e b R AR 2k 44 [EB/OL]. (201302
27) [2024-08-01]. http://www. sasac. gov. cn/n2588025/n2588124/
¢3914518/content.html.

R 1R A —— B R R F FE AL A 1 3 [EB/OL].
(2017-10-17) [2024-08-01]. https://www. sohu. com/a/198584022
816745.

B, B, AU, AT ORI IO A BROR R 5Tk
(2014~2018 ) [J]. HAEHL, 2021, 51(1): 1-17.

Sun Zhen, Wu Chuangsong. A numerical model of pin thread effect
on material flow and heat generation in shear layer during friction stir
welding[J]. Journal of Manufacturing Processes, 2018, 36: 10-21.
W5, R, KT, A RS R R BE AR R T
BUHI B2 ma (0], 5 48 K% %40 CAARRN MO, 2022, 62(2):
374-384.

FUREL, FMUAK, SR, 52219 6 G EHR R IS
SR, 1R, 2022(10): 1-7

Chen Gaogqiang, Li Han, Wang Guogqing, et al. Effects of pin thread
on the in—process material flow behavior during friction stir welding:
A computational fluid dynamics study[J]. International Journal of
Machine Tools and Manufacture, 2018, 124: 12-21.

Huang Yongxian, Xie Yuming, Meng Xiangchen, et al. Joint
formation mechanism of high depth—to—width ratio friction stir
welding[J]. Journal of Materials Science & Technology, 2019, 35:
1261-1269.

Gao Yihan, Liu Jinglin, Wen Qi, et al. Large depth to width ratio
friction stir welding joint obtained by novel designed tool with

19



P

2025 %2 R4 1M

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

20

double pin[J]. Materials Characterization, 2023, 196: 112497.

Liu F C, Hovanski Y, Miles M P, et al. A review of friction stir
welding of steels: Tool, material flow, microstructure, and properties
[J]. Journal of Materials Science & Technology, 2018, 34(1): 39-57.
PUEE, RIZsk, EHEMK, 552205 BUHAGEANSERE BRI Sk
HLFPERE]]. SR H243), 2019, 40(3): 97-101.

Yang Xiawei, Yao Mingxuan, Su Yu, et al. Forming control and the
relationship between microstructure and mechanical property in TIG—
assisted friction stir welded joint of Ti—6A1-3Nb—2Zr-1Mo titanium
alloy[J]. Journal of Materials Research and Technology, 2024, 33:
6196-6206.

Gao Fuyang, Guo Yufan, Yu Wei, et al. Microstructure evolution of
friction stir welding of Ti6321 titanium alloy based on the weld
temperature below microstructure transformation temperature[J].
Materials Characterization, 2021, 177: 111121.

Yu Mingrun, Zhao Hongyun, Xu Fei, et al. Influence of ultrasonic
vibrations on the microstructure and mechanical properties of Al/Ti
friction stir lap welds[J]. Journal of Materials Processing Technology,
2020, 282: 116676.

MR, JUBR, P, 5 — BB R AT R R
BEBEPAE : CN113953650B[P]. 2021-11-18.

Chen Xinyi, Chen Shujin, Duan Ruihai, et al. Study on the
microstructure and properties of spray formed 7055-T76 aluminum
alloy joints by rotating magnetic field assisted friction stir welding[J].
Materials Characterization, 2024, 214: 114080.

Huang Yongxian, Wan Long, Lv Shixiong, et al. In situ rolling
friction stir welding for joining AA2219[J]. Materials & Design,
2013, 50: 810-816.

Hu Yanying, Liu Huijie, Du Shuaishuai. Achievement of high—
strength 2219 aluminum alloy joint in a broad process window by
ultrasonic enhanced friction stir welding[J]. Materials Science and
Engineering: A, 2021,804: 140587.

Liu F C, Hovanski Y, Miles M P, et al. A review of friction stir
welding of steels: Tool, material flow, microstructure, and properties
[J]. Journal of Materials Science & Technology, 2018, 34: 39-57.
S I AT T P s e e ke By SR PN I S IR N
R[N &F% R (R, 2018, 54(11): 1597-1617.

Chen Gaogiang, Wang Guoqing, Shi Qingyu, et al. Three-
dimensional thermal-mechanical analysis of retractable pin tool
friction stir welding process[J]. Journal of Manufacturing Processes,
2019, 41: 1-9.

Zeng Xiaohua, Xue Peng, Wang Dong, et al. Effect of processing
parameters on plastic flow and defect formation in friction—stir—

welded aluminum alloy[J]. Metallurgical and Materials Transactions

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

A, 2018, 49: 2673-2683.

Yang Chao, Zhang Junfan, Ma Guonan, et al. Microstructure and
mechanical properties of double-side friction stir welded 6082Al
ultra—thick plates[J]. Journal of Materials Science & Technology,
2020, 41: 105-116.

Wang Zhiwei, Zhang Junfan, Xie Guangming, et al. Evolution
mechanisms of microstructure and mechanical properties in a friction
stir welded ultrahigh—strength quenching and partitioning steel[J].
Journal of Materials Science & Technology, 2022, 102: 213-223.
Jiang Jingyu, Jiang Feng, Zhang Menghan. Microstructure evolution
and mechanical properties of AI-Mg-Sc—Zr alloy sheet after friction
stir welding[J]. Transactions of Nonferrous Metals Society of China,
2023, 33(6): 1687-1700.

Wang Wen, Han Peng, Peng Pai, et al. Friction stir processing of
magnesium alloys: A review[J]. Acta Metallurgica Sinica (English
Letters), 2020, 33(1): 43-57.

Li Gaohui, Zhou Li, Luo Sanfeng, et al. Quality improvement of
bobbin tool friction stir welds in Mg-Zn—Zr alloy by adjusting tool
geometry[J]. Journal of Materials Processing Technology, 2020, 282:
116685.

Zeng Xianghao, Xue Peng, Wang Dong, et al. Material flow and void
defect formation in friction stir welding of aluminium alloys[J].
Science and Technology of Welding and Joining, 2018, 23(8):
677-686.

Liu F C, Nelson T W. In-situ material flow pattern around probe
during friction stir welding of austenitic stainless steel[J]. Materials
& Design, 2016, 110: 354-364.

Zhang Xiushuo, Ma Yu’ E, Li Wenya, et al. A review of residual
stress effects on fatigue properties of friction stir welds[J]. Critical
Reviews in Solid State and Materials Sciences, 2023, 48(6): 775-813.
Zhang Xingxing, Wu Lihui, Andrae H, et al. Effects of welding speed
on the multiscale residual stresses in friction stir welded metal matrix
composites[J]. Journal of Materials Science & Technology, 2019, 35
(5): 824-832.

Gong Ziying, Zhang Timing, Chen Yuhua, et al. Effect of laser shock
peening on stress corrosion cracking of TC4/2A14 dissimilar metal
friction stir welding joints[J]. Journal of Materials Research and
Technology, 2024, 30: 1716-1725.

Liu Peng, Sun Siyu, Xu Shubo, et al. Microstructure and properties in
the weld surface of friction stir welded 7050-T7451 aluminium
alloys by laser shock peening[J]. Vacuum, 2018, 152: 25-29.

Zhang Hua, Zhao Changyu, Guo Qilong, et al. Microstructure and
corrosion behavior of friction stir welded Al alloy coated by in situ

shot—peening-assisted cold Acta Metallurgica Sinica

spray[J].



Fes

LR R RS

[43]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

(English Letters), 2020, 33(1): 172-182.

Wang Bin, Zhu Peng, Cao Yunshuo, et al. Effects of different friction
stir welding processes on residual stress and deformation of Ti62A
alloy joints[J]. Journal of Materials Research and Technology, 2023,
26: 6096-6107.

Xue Wei, Xiao Liyang, Huang Changqing, et al. Asymmetric study
on the microstructure and mechanical properties of friction stir
welded joints: Finite element simulation and experiment[J]. CIRP

Journal of Manufacturing Science and Technology, 2024, 55:

108-128.
Chen Gaoqiang, Liu Huijie, Shi Qingyu. Development of
computational approach for analyzing in—process thermal—-

mechanical condition during friction stir welding for prediction of
material bonding defect[J]. Materials, 2023, 16(23): 7473.

Yu Fanqi, Zhao Yunqgiang, Lin Zhicheng, et al. Prediction of
mechanical properties and optimization of friction stir welded 2195
aluminum alloy based on BP neural network[J]. Metals, 2023, 13
(2): 267.

Guan Wei, Zhao Yanhua, Liu Yongchang, et al. Force data—-driven
machine learning for defects in friction stir welding[J]. Scripta
Materialia, 2022, 217: 114765.

Xie Yuming, Meng Xiangchen, Huang Yongxian. Entire—process
simulation of friction stir welding Part 2: Implementation of neural
networks[J]. Welding Journal, 2022, 101(6):172S-177S.

Xie Yuming, Meng Xiangchen, Huang Yongxian. Entire-process
simulation of friction stir welding Part 1: Experiments and simulation
[J]. Welding Journal, 2022,101(5): 144-159.

ShAy, HEE, WA S piR B AR A R AT ST SR ],
PHELTRE, 2022, 50(8): 45-59.

T, B, A ZRTT BRI SR TE U D R B Ut R
[J]. fE e, 2020, 49(2): 1-4.

RK, WA, kA, 5. FET TOFD J& a4 75 I J5 BE 453 1
RGO HEE R[] AR, 2019, 40(3): 23-29.

B, Ress, SAT0TE . BB AR B AR IR AR A 2 e A
PATTHEFEL]. AL S04, 2024, 47(1): 102-105.
BIRA, FRUR . R A R R 75 2 ARG AT L SRR (0], K5
B TRE, 2018, 10(1): 74-81.

M &, EEPK, PImgse, A& . MR AT I AL B X FSW
WP B 4 Sk M R R R [0, F MR T, 2014, 44(6):
14-19.

TRARE, BT, KA, 552219 FRA S IR EEIR IR IR A AR R
[ Ol ARG [T]. 4542, 2016(7): 44-47+70.

M, JEigE ASHN, A JE TR ST 2R IERE S I SR R
JRERPE IR [T]. SRR, 2022, 43(6): 96-101.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

(721

RIRAL, P, R, AF L HRE S I E BRI R
FEZKGINT]. Tk, 2018, 40(1): 25-28

TEL, WISCAI, mR4EdE, 55 e bR EORAE AR 454 1 A
N5 SR SR EATR, 2018(10): 14-21.

T NAR R R — AU S PR BRI IR IR G2 e e WL s A [EB/
OL].[2024-08-01]. http://www.fsw.net.cn/fsw/post/196.html.

Wang Zhiwei, Ma Guonan, Yu Baohai, et al. Improving mechanical
properties of friction—stir-spot-welded advanced ultra-high—strength
steel with additional water cooling[J]. Science and Technology of
Welding and Joining, 2020, 25(4): 336-344.

Cong Shuang, Li Nan, Zhu Zhi, et al. A comparative study of
conventional, dynamic rotation and heat-assisted friction stir welding
of Ti—6Al-4V plates to reduce welding defects[J]. Journal of
Materials Processing Technology, 2024, 323: 118217.

Wang Zhiwei, Zhang Junfan, Xie Guangming, et al. Evolution
mechanisms of microstructure and mechanical properties in a friction
stir welded ultrahigh—strength quenching and partitioning steel[J].
Journal of Materials Science & Technology, 2022, 102: 213-223.
Wang Zhiwei, Zhang Min, Li Cong, et al. Achieving a high—strength
dissimilar joint of T91 heat-resistant steel to 316L stainless steel via
friction stir welding[J]. International Journal of Minerals, Metallurgy
and Materials, 2023, 30(1):166-176.

Wang Yandong, Zhu Shize, Xie Guangming, et al. Realising equal—-
strength welding with good conductivity in Cu - Cr - Zr alloy via
friction stir welding[J]. Science and Technology of Welding and
Joining, 2021, 26(6): 448-454.

Lai Ruilin, Li Xiaoqian, He Diqiu, et al. Microstructures evolution
and localized properties variation of a thick friction stir welded
CuCrZr alloy plate[J]. Journal of Nuclear Materials, 2018, 510:
70-79.

Liu Qiang, Ni Dingrui, Wang Wen, et al. Improved mechanical
properties of magnesium alloy thick plate joint via uniform
microstructure by differential double—shoulder friction stir welding
[J]. Materials Letters, 2023, 338: 134045.

Zhang Junlei, Zhang Yingxing, Chen Xiang, et al. Improving joint
performance of friction stir welded AZ31/AMG60 dissimilar Mg alloys
by double-sided welding[J]. Materials Science and Engineering: A,
2023, 882: 145444.

Li Wenya, Niu Pengliang, Yan S R, et al. Improving microstructural
and tensile properties of AZ31B magnesium alloy joints by stationary
shoulder friction stir welding[J]. Journal of Manufacturing Processes,
2019, 37: 159-167.

Gao Shikang, Zhao Hongyun, Li Gaohui, et al. Strengthening
mechanism and corrosion behavior of friction stir welded LAZ933

21



P

2025 %2 R4 1M

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

(82]

(83]

(84]

22

magnesium-lithium alloy[J]. Journal of Magnesium and Alloys, 2024
12(12): 4909-4922.

Gao Shikang, Zhao Hongyun, Li Gaohui, et al. Microstructure,
properties and natural ageing behavior of friction stir welded dual-
phase Mg-Li alloy[J]. Journal of Materials Processing Technology,
2024, 324: 118252.

Tao Yongqi, Zhang Zhen, Xue Peng, et al. Effect of post weld
artificial aging and water cooling on microstructure and mechanical
properties of friction stir welded 2198-T8 Al-Li joints[J]. Journal of
Materials Science & Technology, 2022, 123: 92-112.

Xie Yuming, Meng Xiangchen, Wang Feifan, et al. Insight on
corrosion behavior of friction stir welded AA2219/AA2195 joints in
astronautical engineering[J]. Corrosion Science, 2021, 192: 109800.
Zan YuNing, Wang BeiBei, Zhou YangTao, et al. Microstructure and
mechanical property evolution of friction stir welded (B,C+ Al,05)/
Al composites designed for neutron absorbing materials[J]. Science
China Technological Sciences, 2020, 63(7): 1256-1264.

Wang Chen, Wang Beibei, Wang Dong, et al. High—speed friction stir
welding of SiC p/Al-Mg-Si-Cu composite[J]. Acta Metallurgica
Sinica (English Letters), 2019, 32: 677-683.

Han Peng, Lin Jia, Wang Wen, et al. Friction stir processing of cold—
sprayed high—entropy alloy particles reinforced aluminum matrix
composites: corrosion and wear properties[J]. Metals and Materials
International, 2023, 29(3): 845-860.

Miao Chang, Du Chengchao, Kai Xizhou, et al. Microstructure and
mechanical properties of friction stir welding joint of in—situ ZrB2/
AAT7T085 composites[J]. Applied Surface Science, 2022, 586: 152740.
Zhang Min, Liu F C, Liu Zhenyu, et al. Highly stable nanoscale
amorphous microstructure at steel-aluminum interface enabled by a
new solid—state additive manufacturing method[J]. Scripta Materialia,
2023, 227: 115300.

Meng Yongsheng, Ma Yuan, Chen Shuhai, et al. Friction stir butt
welding of magnesium alloy to steel by truncated cone—shaped
stirring pin  with threads[J]. Journal of Materials Processing
Technology, 2021, 291: 117038.

Niu Pengliang, Li Wenya, Li Na, et al. Exfoliation corrosion of
friction stir welded dissimilar 2024-to-7075 aluminum alloys[J].
Materials Characterization, 2019, 147: 93-100.

Zhang Guifeng, Yang Xiaohui, Zhu Daheng, et al. Cladding thick Al
plate onto strong steel substrate using a novel process of multilayer—
friction stir brazing (ML-FSB) [J]. Materials & Design, 2020, 185:
108232.

Zheng Yang, Liu Wei, Su Zhenyu, et al. Effects of Zr interlayer on

microstructure, mechanical property and corrosion behavior of Al/Mg

[85]

(86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

dissimilar  friction stir welding lap joints[J]. Materials
Characterization, 2023, 199: 112826.

Yao Haining, Chen Ke, Kondoh K, et al. Microstructure and
mechanical properties of friction stir lap welds between
FeCoCrNiMn high entropy alloy and 6061 Al alloy[J]. Materials &
Design, 2022, 224: 111411.

Huang Yongxian, Huang Tifang, Wan Long, et al. Material flow and
mechanical properties of aluminum—to—steel self-riveting friction stir
lap joints[J]. Journal of Manufacturing Process, 2019, 263: 129-137.
Wu Lihui, Xiao Bolv, Nagatsuka K, et al. Achieving strong friction
lap joints of carbon—fiber reinforced plastic and metals by modifying
metal surface structure via laser—processing pretreatment[J].
Composite Structures, 2020, 242: 112167.

Geng Peihao, Ma Hong, Li Weihao, et al. Improving bonding strength
of AI/CFRTP hybrid joint through modifying friction spot joining
tools[J]. Composites Part B: Engineering, 2023, 254: 110588.

Liu Yuchun, Wang Xinbo, Zhou Li, et al. Achievement of high—
strength AI/CFRP hybrid joint via high—speed friction stir lap joining
and laser texturing pretreatment parameters variation[J]. Thin—Walled
Structures, 2024, 199: 111762.

KAy, WIRE, EX, 5Pk B SRR e E B
PRI BRI B R U7 CN 105382405 B[P]. 2016-03-09.

HRIR, TRIERS, Tk, A5 EPEERIR AR AR AR I BRI 1L A
S5 R Y8 M )77 CN117830248A[P]. 2023-12-28.

WA . el R AR B B B P SRR CN217799560U
[P]. 2022-06-13.

Sun Tianzhu, Roy M J, Stronga D, et al. Comparison of residual
stress distributions in conventional and stationary shoulder high—
strength aluminum alloy friction stir welds[J]. Journal of Materials
Processing Technology, 2017, 242: 92-100.

TPy, dRAE . RE < TR 1 R R A5 R A AR S At
[ HENLB TR, 2021(7): 2021, 32(7): 815-820.

He Weiliang, Li Mingshen , Song Qi, et al. Efficacy of external
stationary shoulder for controlling residual stress and distortion in
friction stir welding[J]. The Indian Institute of Metals, 2019, 72:
1349-1359.

Bai Yafeng, Jiang Xiaoqing, Chen Shujun, et al. Microstructure and
properties of electrically assisted stationary shoulder friction stir
welded Ti6Al4V[J]. Science and Technology of Welding and Joining,
2021, 26(5): 377-388.

Liu Zhenlei, Meng Xiangchen, Ji Shude, et al. Improving tensile
properties of Al/Mg joint by smashing intermetallic compounds via
ultrasonic—assisted shoulder friction

stationary stir  welding[J].

Journal of Manufacturing Processes, 2018, 31: 552-559.



Fes

LR R RS

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Martin J P. Stationary shoulder friction stir welding. Proceedings of
the 1st international joint symposium on joining and welding[M].
TWI Technology Center (Yorkshire), UK: Elsevier, 2013: 477-482.
Ma Xiaotian, Xie Yuming, Meng Xiangchen, et al. Stepped—shoulder
friction stir welding to alleviate weld thinning for dissimilar AA2195-
T8/AA2219-T6 alloys[J]. Science and Technology of Welding and
Joining, 2021, 26(8): 599-605.

THEPK, BN, iz, %2219 M e i EEEER LY
BREEAEN AR, AR T2, 2012, 42(3): 24-28.

Gong Peng, Zuo Yingying, Ji Shude, et al. A novel non—keyhole
friction stir welding process[J]. Journal of Manufacturing Processes,
2022, 73: 17-25.

M &, FIER, K, & aa T B ek B A
SURVERE[T]. MBI T2, 2014, 44(2): 42-48.

THIS K, xIvEfh, Sk, 45 .20 mm JE 2219 $5G & [El A
TR IR S Sk HAVRME BE o BT (0], A4, 2021, 42(2):
86-91.

TR, ZEAmE, KR, 55 HE R ER FSW SRS UHIE S
S BIENAT A, B LR AR, 2021, 28(11): 95-101.
AT 50 ) 3 T A R T [ P R TR AR A
L% [EB/OL]. [2024-08-01]. https://zhuzao.com/news/show.php?
itemid=41052, 2020.09.01.

Qiao Qi, Su Yishi, Cao He, et al. Effect of post-weld heat treatment
on double-sided friction stir welded joint of 120 mm ultra—thick
SiCp/Al composite plates[J]. Materials Characterization, 2020, 169:
110668.

B, R, AEE, A5 6082 $5G B R MR AR B R HE R
SH RG] F AR (L%, 2020, 50(2):
512-519.

iKm, HRz, BJL, . 6061-T6 fié &Mt F BRI L
[7]. Ji2244%, 2019, 40(3): 102-106.

FHEHE, RiEm, XKE, 5. 2024-T4 WHE G S N E
BRESk HG J D)5A HERE[T]. S 4, 2021, 42(10): 49-54.
B, FEF, IR Y IE IR E X 2A12-T4
G FSLW #2302V EREBSE IR [J]. SR, 2022, 43(6):
108-112.

Ji Shude, Wen Qi, Li Zhengwei, et al. A novel friction stir diffusion
bonding process using convex—vortex pin tools[J]. Journal of
Materials Science & Technology, 2020, 48: 23-30.

Meng Xiangchen, Cao Bingqi, Qiu Yang, et al. Equal-load-bearing
joining of alclad AA2024-T4 alloy stringers and skins in aviation
via friction stir lap welding[J]. Journal of Manufacturing Processes,
2021, 68: 1295-1302.

XIVE, VRS, ZAME . ANFERFE R 6005A-T6 X5 it H 5

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

BRIRAE T 1 R B 55
95-100.

RIES, BT, INTIE, A BRI 2A14 SRE S BUR
K 450 P B O Sk AL U R i 1 R T (). LB L FE AL R
2020, 44(12): 18-23+46.

TERE 2 [T]. AR, 2022, 52(8):

Huang Yongxian, Wan Long, Meng Xiangchen, et al. Probe shape
design for eliminating the defects of friction stir lap welded
dissimilar materials[J]. Journal of Manufacturing Processes, 2018,
35:420-427.
Mk, D, R, % BE4E T HBECk# LA B R
JEAR B SR SR RE S AT D], BRI, 2019, 40(7): 48-54.
iz, FEH, #EL, & 5UE B A e Sk B iR B
FE IR S IV s ). s liliE R, 2021, 64(13): 96-101.
Su Yu, Li Wenya, Patel V, et al. Formability of an AAS083
aluminum alloy T-joint using SSFSW on both corners[J]. Materials
and Manufacturing Processes, 2019, 34(15): 1737-1744.
XL . 6063-T5 i AR LR HE BRI R L 2RI []. &
JEHL, 2024, 54(5): 85-91.
FAEJL . Al-Li & 80U R 150 R BE BRI BB AL K A GERT 5T[D].
P PEdb TR, 2016.
2, D, Mz € %2219 HE SR PRk BRI T2
Je TRERIF ). HUBHIIE SO OB 2022(4): 30-35+44.
Hao Yunfei, Bi Huangsheng, Dan Ting, et al. Influence of pin tool
offset on the unconsumed interface and mechanical properties of the
self-reacting friction stir welded joints[J]. Transactions of the China
Welding Institution, 2019, 40(5): 30-35.
Wen Qi, Li Wenya, Gao Yanjun, et al. Numerical simulation and
experimental investigation of band patterns in bobbin tool friction
stir welding of aluminum alloy[J]. The International Journal of
Advanced Manufacturing Technology, 2019, 100: 2679-2687.
Wang Feifan, Li Wenya, Shen Junjun, et al. Effect of tool rotational
speed on the microstructure and mechanical properties of bobbin
tool friction stir welding of Al-Li alloy[J]. Materials & Design,
2015, 86: 933-940.
skBUI, SERR, RS, 45 . 6061-T6 - 4 Hh s i BE AR XUl
JA PR EER T BT 5 T2 [0]. 4R, 2022, 43(6):
88-95.
Shao Minghao, Wang Caimei, Zhang Hua, et al. Microstructure and
corrosion behavior of bobbin tool friction stir welded 2219
aluminum alloy[J]. Materials Characterization, 2022, 192: 112178.
Zhang Zhenlin, Wang Beibei, Zhang Zhen, et al. Enhanced fatigue
properties of 2219 Al alloy joints via bobbin tool friction stir
welding[J]. Acta Metallurgical Sinica (English letter), 2022, 36:
586-596.

23



P

2025 %2 R4 1M

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

24

BT, SRS, XI5HEE, A% BERREE TR BOREIA (0], HUR
HliEHA, 2009(4): 1-5.

Chu Qiang, Li Wenya, Hou Hongliang, et al. On the double—side
probeless friction stir spot welding of AA2198 Al-Li alloy[J].
Journal of Materials Science & Technology, 2019, 35(5): 784-789.
I, 250, HEM, & BEREEE SR BOR SO R BUR
[7]. MBI TAE, 2015, 43(4): 102-114.

Wang Zhiwei, Ma Guangnan, Yu Baohai, et al. Improving
mechanical properties of friction—stir-spot-welded advanced ultra—
high-strength steel with additional water cooling[J]. Science and
Technology of Welding and Joining, 2020, 25(4): 336-344.

FOR, B, M, & T AREDBSEE N R 5A06/
2219-T6 [Al I 2B s I Sk AL 5 2 RE ). TP B 48
24, 2020, 30(7): 1552-1558.

Boldsaikhan E, Fukada S, Fujimoto M, et al. Refill friction stir spot
welding of surface—treated aerospace aluminum alloys with faying—
surface sealant[J]. Journal of Manufacturing Processes, 2019, 42:
113-120.

Nasiri A M, Shen Zhikang, Hou J S C, et al. Failure analysis of tool
used in fefill friction stir spot welding of Al 2099 alloy [J].
Engineering Failure Analysis, 2018, 84: 25-33.

Shen Zhikang, Ding Yuquan, Guo Wei, et al. Refill friction stir spot
welding Al alloy to copper via pure metallurgical joining mechanism
[J]. Chinese Journal of Mechanical Engineering, 2021, 34: 75-82.

Fu Banglong, Shen Junjun, Suhuddin Uceu F H R, et al. Revealing
joining mechanism in refill friction stir spot welding of AZ31
magnesium alloy to galvanized DP600 steel[J]. Materials & Design,
2021, 209: 1-18.

JAIE, AR, R el R R R ORI SR
[7]. s hlE A, 2019, 62(12): 48-54.

FRE R, SKRETHE, AHEA, 55 BEEEIEAME ORI TUBLR & J#
HH[T]. FENL, 2017, 47(1): 17-25.

Du Bo, Yang Xinqi, Liu Kaixuan, et al. Effects of supporting plate
hole and welding force on weld formation and mechanical property
of friction plug joints for AA2219-T87 friction stir welds[J].
Welding in the World, 2019, 63(4): 989-1000.

NP, B, XU, 5. MR e e EEEME T2
HAVERE[T]. B4R, 2019, 40(9): 145-150.

EEE, KV, XIEF, 5. 2060-T8 G & T AR 28
AMERSLALRPERERT L], BIEHL, 2022, 52(7): 69-75.

Wang Guoqing, Zhao Yanhua, and Tang Yingying. Research
progress of bobbin tool friction stir welding of aluminum alloys: A
review[J]. Acta Metallurgica Sinica (English Letters), 2020, 33(1):
13-29.

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Shao Zhen, Cui Lei, Yang Lijun, et al. Microstructure and
mechanical properties of friction pull plug welding for 2219-T87
aluminum alloy with tungsten inert gas weld[J]. International
Journal of Minerals, Metallurgy and Materials, 2022, 29(6): 1216—
1224.

S, AR, THEY, %2219 B8 SR UEREAME TS
WEFLT). s ilid&HR, 2019, 62(12): 55-64.

Xk, XER, AR, %2219 A SR R UEEIE M
SKAMHIBRPERE T[] MR WG R A, 2023(4): 30-35.

Shan He, Ma Yunwu, Niu Sizhe, et al. Friction stir riveting (FSR) of
AA6061-T6 aluminum alloy and DP600 steel[J]. Journal of
Materials Processing Technology, 2021, 295: 1-13.

Liu Yunpeng, Ma Yunwu, Lou Ming, et al. Flow drill screw (FDS)
technique: A state of art review[J]. Journal of Manufacturing
Process, 2023, 103: 23-52.

Wang Jian, Zhou Dongshuai, Xie Li, et al. Effect of multi—pass
friction stir processing on microstructures and mechanical behaviors
of as—cast 2Al14 aluminum alloy[J]. Journal of Materials
Engineering and Performance, 2021, 30: 3033-3043.

Zhang Xujing, He Yanru, Wei Yanhong. Adopting continuous multi—
pass friction stir processing to enhance the wire—arc additive
manufactured ER2319 thin-walled part[J]. CIRP Journal of
Manufacturing Science and Technology, 2023, 46: 230-241.

Guo Xinpeng, Ni Dingrui, Li Huijun, et al. Enhancing strength,
ductility, and fatigue performance of Al-Zn-Mg-Cu—Sc—Zr alloy
using a hybrid approach: Wire—arc directed energy deposition and
interlayer friction stir processing[J]. Journal of Materials Processing
Technology, 2023, 322: 118173.

Li Ning, Jia Cunlei, Wang Zhiwei, et al. Achieving a high—strength
CoCrFeNiCu high—entropy alloy with an ultrafine—grained structure
via friction stir processing[J]. Acta Metallurgica Sinica (English
Letters), 2020, 33: 947-956.

Xie Yuming,

Meng Xiangchen, Zang Ranzhuoluo, et al.

Deformation—driven ~ modification towards  strength—ductility
enhancement in Al - Li - Mg - Zn - Cu lightweight high—entropy
alloys[J]. Materials Science & Engineering A, 2022, 830: 142332,
Zhang Zhen, Li Yaozu, Peng Jinhua, et al. Combining surface
mechanical attrition treatment with friction stir processing to
optimize the mechanical properties of a magnesium alloy[J].
Materials Science and Engineering: A, 2019, 756: 184-189.

Wang Yandong, Liu Fengchao, Xue Peng, et al. Thermal stability
behaviors of ultrafine—grained Cu-Cr—Zr alloy processed by friction
stir processing and rolling methods[J]. Journal of Alloys and

Compounds, 2023, 950: 169957.



Fes

LR R RS

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Dong Hongrui, Li Xiaogiang, Xu Ke, et al. A review on solid—state—
based additive friction stir deposition[J]. Aerospace, 2022, 9
(10): 565.

POKSE, WA, SR . B S A IR R R BRI b ]
it N kARG 7k 202110411108 .X[P]. 2021-04-16.
VUKGE, e T, SRR, 5. PR A ] Tk 22 4 AR 9
PSR BIE T 10 5% E . CN 114799480 A[P]. 2022-07-29.
Chen Gang, Wu Kai, Wang Yu, et al. Effect of rotational speed and
feed rate on microstructure and mechanical properties of 6061
aluminum alloy manufactured by additive friction stir deposition[J].
The International Journal of Advanced Manufacturing Technology,
2023, 127, (3): 1165-1176.

Liu Fengchao, Dong Pingsha, Khan A S, et al. 3D printing of fine-
grained  aluminum extrusion—based additive

alloys through

manufacturing: Microstructure and  propertycharacterization[J].
Journal of Materials Science & Technology, 2023, 139: 126-136.
Xie Ruishan, Liang Tongshuai, Shi Yanchao, et al. Revealing the
bonding mechanisms between deposit and substrate of the friction
rolling additive manufactured hybrid aluminum alloys[J]. Additive
Manufacturing, 2022, 56: 102942.

Chen Huizi, Chen lJialin, Meng Xiangchen, et al. Wire—based
friction stir additive manufacturing toward field repairing[J].

Welding Jounral, 2022, 9: 249-252.

Liu Fengchao, Dong Pingsha. Solid state mannufacturing system

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

and process suitable for extrusion, additive manufacturing, coating,
repair, welding, forging and material fabrication: US20210053283A
1[P]. 2021-02-25.

JRiEE, BRI, W L AR BRI B R AR
KR FH[I]. AW, 2021, 50(1): 57-91.

JEE, A, SBIKIR, . RSB UR P B R A
o LA A1) BREE 7 AT, H ik Bk, 2024, 46(7):
89-94.

BRI, AR PUB TR B SRR B B R R [T, B
FHL, 2023, 53(6): 42-47.

FHBE, RS9, ME, % 2024-T4 S VLA AN SRR
PR RS PR RE D). SRR, 2021, 42(10): 49-54.

EH, Eilgh, SO0, & HEREEBRENL A R TI0R
LR D). BAMER SR, 2021(4): 1-4.

BMEVK, XUR, FREHK, 25 . WUHUBAR B Pk B AR T4 ) 25 1k
it 5 gm R =oAL [I]. s hiliE AR, 2024, 67(10): 24-33.

Zhang Zeyu, Meng Xiangchen, Xie Yuming, et al. Robotic friction
stir additive manufacturing[DB/OL]. (2024-02-07) [2024-08-01].
http://dx.doi.org/10.2139/sst.4719347.

g, KES, WA, S5 RIS YR R R AR L
AU TI]. HASHL, 2023, 53(8): 131-137.

FIAEE . PR EEBEAE R E TR LA [9). &R N T (B
T, 2021(4): 6-12.

25



