AERONAUTICAL MANUFACTURING TECHNOLOGY

FEHEELSE

ADOTONHOIL ONIINLOVANNVYIA TVOILNYNOHIY

s
SHEXE
WL e ERIB =R
. THARSEEHERRR
i = iH
. IIHD B2 T E By
h ERid s r s
Zi

i
ERiRiE

N1671-833X

WN




[ |
CAD/CAM MES lﬁ . I ‘_:
Software & Services . 4

www.tebis-cn.com

{EETebis: Tk4.0FHEREFERT S
AM=SAR S RESERRR SR

1 dl 7€ I S
glE& e
FEZOES

2.5DEREMT FFAEEREMT

e AT FEL i e i i

Tebis (R {LCNCHEE S IE

TebisFRE S 8B
Meht: EiSHEARHXEIIE88SEEPL2SKTET26
EBiE: +86 2128986980 HBfE: info—china@tebis.cn  Miuh: www.tebis-cn.com

@y Tebistitfx HES-A
ﬁ§%5/5‘24*10]7 #3159 : Tebis



&
% L —
¥
& a —
iy —
Y 4

E-IFLUS~-3D

ZM=HHZTF2014F, BRILRM/HIE“ER/BER PN, BRMP
ANEMRARENY, REHAFHAMMBET TIWRIDITED (EHMHIE) RAESN
AR, EFHE. £, HETWRIDITNRES. ITOMHRNARYG, 2E
RARARELE AL TIWRIDITENREHERSNARTRHENE.

BEl, 2RBEMAEFHNAESEREMTERS, E ZNATERMEM
R NSRS BB S @,

—7 Y1 077 J——

FWwootTT4

AR AL AR >4600L tREC 36 Bt (FAC 49/64 #)t) ARETRE. SEFMEYS Bt
R E = R0A 2000mm FRESRERATENA 1080cm®/h (36 ) SRR R, FTENSHRENEN
010-80734828 www.eplus3d.cn sales@eplus3d.com

S G 524—1001




AERONAUTICAL MANU FACTU RING TECHNOLOGY

i = il 15

ERA @

19584 1T - FC LAY - RERERGOET] - hEIREFS|IXEIERE (CSCD) #ZulHiT

E=s ZEER

Director Li Zhigiang
FEBA

_ Competent Authority

A | F[af) .

RERIEE 5 hEAE T AR

Executive Vice-Director Wang Xiangming Aviation Industry Corporation of China, Ltd.
E¥:-ti

BlEfE e T 7 _ Sponsor

HEME ISR AT

Vice-Director

ISEEES
Domestic Members PuH!;il}iﬁltr ZL%Zh Tl
BEL B Fs
Bao Jianwen BiYunbo Chen Wei
LR TEE EHLH Bt EE
Cheng Pugiang Ding Guozhi Dong Shaoming Chief Editor Andy Luo
e BET ZRHEIR PITER WE=
Feng Jing Gao Lanning Guo Hongbo Executive Editor-in-Chief ~ Sharon Sun
R By =& FRGE & B/ IRE
He Xiaodong Jin Yanzun Li Jinshan Academic Editor  Jaime Cui/Emma Wang
] %= % =y NFHE T B/ OR/BEEF
LiKeming LiLi LiWenlong Text Editor  Winne Li/Seven Hao/Linda Cheng
AR UEE MR | WEASRE LS s
Liu Liming Liu Xuefeng Liu Zhangiang Marketing Director  Xin He

. wit/HR EO$8
T A Wt Art Supervisor /Art Editors  Yan Wang
Qing Xinlin  Shen Hongcai  Shi Jundong BB (SRR BiE
AEER E£EH REEE Edition  Aeronautical Manufacturing Technology Magazine
Shi Shukun  Shi Yusheng  Song Xiaoguo FrEEAE L EEERAEREERAT
1 E&F EuF Advertising Agent  Beijing BAMTRI Technology and Development Co., Ltd.
Tao Fei Wang Junsheng Wang Liping @S JLETI340{544 (100024)
FiFTL FhiE Bl Address  P.O.Box 863.Beijing 100024 China
Wang Qingjiang Wang Xianmo  Xia Zhengrong HpEHKS 82-26
By =g B RIS Subscription Code 82 —26
Xiao Guijian Xiao Shihong  Xing Liying B EfT HEEFELRSERAFRAT
e BEH % & Distributor Abr(‘Jad China International Book Trading Corporation
XuJiuhua Xu Zhengyang Yang Hui BISMUS  BMEGE0

. i Code Abroad ~ BM6680
i R LR ERNEERI
Yang Shuming Yao Wei - Zeng Yuansong Printing  Beijing Xuanwu Xinghua Printing House
* 1 K KIRF
Zhang Bo Zhang Wenwu  Zhang Zhenyu S _ISSN 16717833X CODEN HGJIEO
CN 11-4387/ V
EHfE BRR SRR
Zhang Shunhu  Zhao An’an  Zhu Jihong HiE (010)85700465
REE KRR #£E  (010)85700466
Zhu Jiagi  Zhu Limin EL4GFS  http://www.amte.net.cn
HF{E5  zscbyyjp@amte.net.cn

EfrmZE

International Members

Li Dichen  Sui Shaochun

AVIC Manufacturing Technology Institute

Chrsitoph Hartl (Germany) Dae—Cheol Ko (Korea)
Jim Williams (U.S.) John Dear (UK)
Lihui Wang (Sweden) Paulo Martins (Portugal)

EXEM: 20.00T ESMEM: 16.00%5T

WA AT R FATIREMER, HA BRI EHFwww. amte net.cn, U AFIHZANH S 1ERAEER .



PO 900 BFEIHZEZ HB A ZBEZBEIN T RR

0 ?’ht %; []!E]

-

Ra 0,2 4
HEE 43
(BUR T #1 %1 G

--/ r“
ool ¢
,.f“ﬁ ’.’5" ./

*.‘ A : " : _;‘?“ - ! '. : .
RN

d

&5
TL /o

+ HLEREEBMINERALITYE RE WEh=¥E R

+ BEEALERBERNNIRS R

+ TFRRATHRENRE, HHEZH, YH, BRRECH
+ REXEBIAXRERS

+ HLRIZHIRGEAAE1F SINUMERIK 840D sl

EpatrE
- d,
A=
& . g d
S5 241022 Ok

EEWE




|
G-k - fE- K
READERS & EDITORS

AR EIL kP, BARE R LKL S, R AT AARE R/ R
R ERBUARX L LT R P, FRRALAREREIN FEAES LIRS
FGER T A AL 7 MR B GORER R R G T R B R A
ARt 5 Bl P AR A AR TR

A BRI ER L CFASFERERS FERF OLEAXRF KERIRF T
FABEKF HIMERFE ITEHLIRE FALRLKRF LWAEHFRE LY
FHAT H) A8 i SRR AR B AE R LRI ARR . &t RFH IHFL
RS 0 B

FRBHE B

(= HERRMEA—FEFTH B T EZRFEARRE T —FNESES
AREH, FEHFHMTVRESERRARA REIERAR EENTRAR HFUHE
BREZWAEL, AMRATERFM T URNEFTATHR, EAMEHAR
TEHBARARRHRT —ITRFINFEE, I, ZTXTFIXERENSIFE
BREMEREFREE, FMUBTTHERERERAMZRKTE, HEH
TiZFITEHEN AL = FE USRI F R 5 A E i BB A1,

MR AFE DR

(A= FLERAR VRE T MM RA R AR, FLETU T RN
ISR AIRFI LRI, BB R AR N BRI R i E
RR. BT BERSFANBMEEERRYEI T, ILEEERBRANT
BREXEARMTENRBMLE, IMMEFETUNLARTSERERDHE
iR, AT IS B A ATV IR AR A R R R AR

ATk % I




Engineering precisely what you value

¥
r

~ Starrag

-

| —a s

TR H

555
=

—_—l s —_—— 1 a

Wik P Ak N 1

e RS R
{25 i ‘

ER/CaL
OfffiE
LR I
S BT HE U T

e e s Sk 5241014
WwWw.Sstarrag.com



ke iy s\ Y
ﬂll.fﬁﬁ“)&.ﬁ* HANGKONG ZHIZAO JISHU sh
#6785 F10H FHFF 2024%E5FH15H Hikk ’A

Efﬁ' Feature

14 HMEREESS B BhHEPE BB AR R R S0k

HEBH K I KRN FEE FRA A
Review of External Energy Field Assisted Friction Stir Welding
CHEN Shujin ZHANG Shuai ZHANG Rongzhou LI Zhihao LIMoqi LIU Jianhua

iii E 2 E Cover Story

24 WHLGHR B BERAR 0B 28 AL A S5 i PR 2R 0 5
12k F X SELK KEE FTEX ZIT HEE XN4EH#
Research on Variation Law and Influencing Factors of Forging Force in Dual-Robot Mirror Friction Stir Welding

NI Yanbing LIU Wu GAO Kangge ZHAO Huihui DONG Jiyi MENG Shaofei XIAO Juliang LIU Hsaitao

ieiz': Forum
EiBRE Friction Welding

36 GHALOOME 1 B 5 i 45 L e 25 Ahad AR BT AU 52
ERFE LFEF B FE KEE R A A¥AR K I KI5
Numerical Simulation of Interfacial Friction and Transient Thermal Processes in Inertia Friction Welding of GH4169 Superalloy
TANG Tianxiang SHI Qingyu ZHOU Jun ZHANG Chunbo LIANG Wu
ZHOU Mengran ZHANG Gong CHEN Gaogiang

45 PRA B EPE BRI BEPE L B LEE K HL R R S A

FRIE K KEE X E KT
Wear Mechanism of Titanium Friction Stir Welding Tool and Its Coating Reinforcement
HUANG Yongde WU Dawei ZHANG Zelong LIU Qiang CHEN Yi

53 BR/HN SRR R BEPE BRI AR PR AR 2 U5 1 S S BLR

& & RAER £ £ W E BAWN FENW FT

Improvement Methods and Research Status of Friction Stir Welding Performance for Dissimilar Metals of Aluminum and Steel
GAO Song WU Chenghao SHI Lei LIU Tao JING Yuankun YIN Qipeng GUO Ning

66  CFRP/4& @S )i Ak B Be b R s ot g
FFER #iKk F A KFXE B E F W FiLA

Research Progress on Friction Joining Technology of CFRP/Metal Dissimilar Materials
LI Jiachen HUANG Libing LI Chao ZHANG Liangliang ZHAO Qiang LIPeng DONG Honggang




HEIDENHAIN

TS 460
RIFAEZ FHFE

FBTEINTS 460 TN SLATIE AR HERIFTHRE, B, TR FTFMENRAZE. MBI . HNKS5THRERMAEE
B, k5 TIHREIESECER A RLIR1ENSk, R SIERFAEERNIEE, ATRRERIPIENNSK, BEREZE2EE, [
BY, SACER R HAERIPTIAE, ERMRATIEE. EMKKIEHFMNFA AT AEBIRNIEIFEY, BI8E %3 4h& Hus oSk
g E. TS 4608 MR B TIFERM A FE %o

HMANT - BEXEL(FE)ERAF

" www.heidenhain.com/ts460
) B G 524—1038

il: sales@heidenhain.com.cn




77

88

95

FH B S o 5 T e e PE AR AR R B AR B T R JR

I % T H RARX
Research Progress of Rotary Friction Welding of Al/Steel Dissimilar Metals
WANG Hao DONG Bin QIN Guoliang

6082-T6/7075-TO5 i #5 & B 4 1 BE SR 45 45 3k B ) JR T AT 0

£ ?ﬂ% /745 /f@ ﬁ‘ ’%
Stress Corrosion Behavior of 6082—-T6/7075-T6 Dissimilar Aluminum Alloy Friction Stir Welded Joints
WANG Shoujing CHEN Zhiyuan HUANG Yue

7075-0 FR & A HF BE R BRI A U5 Ty P fE

k & RAE FHE ) #
Microstructure and Mechanical Performance of 7075—O Aluminum Alloy Friction Stir Welded Joints
ZHU Hai  YAN Xiaonlong LI Yanfeng LIU Qi

ﬁﬁ ’Eiﬁi Research

102

107

115

122

DD26 1 fih i it & 2 BT AR HEL RO S5 ) S PR RERT 52

WXE KAfh #FHK EHF Lk
Microstructure and Mechanical Properties of Brazed DD26 Single Crystal Superalloy Joint
HE Wenxie ZHANG Yuanwei REN Haishui REN Xinyu MAO Wei

—PET R R A R B B LEM S

EIHEME EHZzE RRF
A Novel Cold Expansion Technology With Forcemate Bushing
WANG Yaowei YAN Wuzhu LIANG Shujing

LR34 T 4 oK TICTURL 3 58 55 5L 2 B A RHH R 5 PR RE DT 52

S5¢ AFER FH F Rk REE KEG
Study on Microstructure and Properties of Wire Arc Additive Manufactured Aluminum Matrix Composites Reinforced by Nano-
TiC Particles

LU Qizhao ZHOU Xiangman LUO Bin LIBo WU Haihua ZAHNG Haiou

o FUEF HE NG T BE O 3 A W 2 A feb st 20 463 5 48 SR 5

wFE BEL AT X A FTE
Study on Preparation and Progressive Damage Mode of Open-Hole Fiber Reinforced Magnesium Alloy Laminates During

Tensile Process
LIN Zhongzhao SHENG Dongfa FANG Yuting LIU Lin LI Zhongjun



Si-4

5 2 8E N T B AILIR

BoE windows R4, BahFHFEME. FREVM
F. BIRIRIRS, T5ERNIHBMERE
AT, RERMERT BabRSE, IR
EeiEE Cil. B, REH{THMAOBINEE
NI, H¥RE7 M BEhiEO.
EEBRTMEMEEMINEZEME, HE, 3§
. SHAHmMEE, RENSESE. RS
£. SHEPESHINTAENZEEINT.

OMNC-EOM

HS 600
RERIEE X/ LUK

EcBwindowsR%. Baik=i), BEBHEA
B, RAERRINTOEE, BEEEFENN, B
WRENEIREINRE, THEILHBIMRTE
AT, FEESHET] BahbRES.




i D Aty R
ORI L A SR . 24
AR 2 Ak 2 4 oK RUBE I,
sEORE PN RS 2R i AT
5, AR T I T RE AL fig
J1, G TG 28 4 IR

2R &1 4 Jk i I L RE AL E S AR it

TE 1 5 B 4 K 25 4 2 )
L AT B AT L
SRS TREALAHE R
T B AR B 1 2
WF 5E Br X e i BF 58
NG DI R SRS

T S BRI B Ak BB S
W&o AH G BF 5T SR LU
“Harnessing instability for
work hardening in multi-
principal element alloys”
R, FEL K FRAE Nature
Materials I,

ZH B\ T 2 Eo0
VCoNi & &9k &it), 3
WIRH PRSI S B P
P, IR kM, —B B
T TF AR Y e, e H T
i {5 £ S A I 1 K A B L
T = Hh RS P
AT A, TEBTE

Wl - J kAR v, i A
BT SCEEAE F L B4 )
AR BT RS
LB ST iR R ey
G T RS AR LR 1)
BP0, = RS
Fr Ak Be R JE AR B 2.0
GPa FIHi fd ¥ 14 16%, 7F
AR i I 8 B Y SR VR R
FE T 3T 2 S gk g 2.2
GPa i1 20%. I i& s Rk
BT AR mEE L
gt MR RERT A TR
feigt, B 6l L fig
J151E RIS AR, K
RSSO 7 A R0 A

A, I A A B i S 4 i
Khdo

AR R R T
T B Y A,
a7 T Rk Es g b ok
U B AR R Y,
I AT AR
WORE B FEAEAR S PR BE TP Y
N SR T B B, W5
A4S 3 [ 5 s R T
BUNEPIEP YR g
ot E B2 BE RS S S R
H LGN

£B# % £ VCoNi
BB L LEH

(kFlied &)

2024 F 4 A 7T H,®E
Tz Se kR R AR
554 26 75 1oy PR DR 7 56
WIRTE FER T, AWt
Y hias TAbSERIRLRI &
JER AR A Tk R
iz L RS L TR
S A0 L o s AR
FEBERR A I, B 54 5
il 1 2 £l Al A el
TG 2 F 3 e A, R4
Fik ML B REIL IR AR
FL 22 v i ) 3 2 10 SO
KR, KAME T
v R ETE P E AR
2 KAl i I B BT, 45K
e RANEE 40 FEALIY
160 RAAERS NI,

A S 15 1 F 8
Bl KRB AR R
R AT s A
T+ HE A IR Y
Lolr il Ay % R, 41
T+ R
SR Ty B 0P B
| BRI A

iy S |
BT SIEETETORA E
MU B RHIFBE R | B %5 B
i 16 fi % 5, M TH
BESE T ARTEA S il v
AU Y IS 2 )
AREFFEIAR BB =Lk
AR, AR ZS G
il i A R R B A
JE , S [RIHRA  2 2 3k
TEHAR 5 A
B K e B i 5K, 3
) TR0 28 b B A 7
1kt
Wieas TolbAE b i
B 8 M 0 5 I 2 Pl
(NP3 il
E BB b i B R ]
e % R 7 A0
ARSI T2 T3,
M2 Pl R R
R 7=l 5 B IR B 5
3, 7 B P E R
Wizs P S, BT
BRAES SRR
(AFliedk #7%)

10 Wi MiEEA - 20244567855 101]

VR R R i 1 0 1 3 A e A R X S

iImH, B EBEH AR
AT A % B 1 BB
Xof £F 2 Fk e 5 it
55 M BLR, 55 T 00 2% 25 N
K2 Yk 138 BE AT T ) %
BT B, I A A A )
X 45 4 22 9% Yk ] T A 4T
A S B Y & g B
g, B2 0 5 R 35 A T A
X S5 HE 2, 0 A 3R
TRA Eh AR A 4
ST Y R P R T AR A )
X 25 ¥ B ke ARG 5E
LA “Hierarchical and
reconfigurable interfibrous
interface of bioinspired
Bouligand structure enabled
by moderate orderliness”
N M k& K F Science
Advances .

YK LT A %S 1] HR )
JBE 2 U A S B G A
B BB AT Y A3 (R HES)
DL T 4E 18] 437 ROEEAH
AR A BT O AR A
7R TR A% 2R A 2% 1% 8 T
J3, 2k H R A
A2 M1 RERY (15
AL YEIELE AR WIS
UNGIPAEE T i
K LT 2 AL T,
ot 2 i B M JE A
YK 2T 2 23 ) WL e HE S
SR 328 50 v X LA SR R R

— hh

T JBE X £T 4 9 45 f00 g
AT RN . K, B
FEN BT R 3k T ) M
T £ BE 2T 4k 455 280 #) OR
By T8l Ji 2 B 2
R, T BEA PR AR ]
VUG b S B 19 45 114 2 2
1 A 20 I T L 2T 4
RO THEMMHE LB, R
NS s R
T ] 49 4 W T
LN R LN TEEEi |
FLBE | I8 o A LR A 3R
- RO EE AT R A
WEFE, RS T B Ak
2T 4 10 I 46 4 Ak B H A
A £ T B BRI =
i B I 4 ST RE B R
KA 2 4 Bz 3l i )
1% 1 FRE 4 FETR, ot —
A 5 5 R E M A AR
e R SWNETIEY |2

.

11

Cgm—

Ermrgy sbacepton (N mm

T2 9K 27 4 R AT N
1 338 ) 2 W0 RUBE il 4% 1y
5 A2 38 BE A FF A B X 25
R, RGN S
PERE IR A RO, BT A S
5 A= b1 kLB 58 1R
SRR E M
FH £F AR 3 LR =
LR AN DB R
A T A7 R IX) G5 R0 A 4
KEFYEZ MR 1253 5%
PR A E R
B S GORE 1 5
212 21 AR 1 R B A R
I
LB AR BIEL -
GET LT T S R
ke A i s R
A B Ay AR A
FANSEF PR - Sl SR DS
R
(kFlie# #7%)



FAKEFFL % F DIC®-305 $h L& Z 7L

HESTRENFO %
LR AR E G IRA

EEiE: 010-64368739 13901051209 {5E: 010-64343485 MB4w: 100102  / &&5/524-1004
Hitlk: dEEHHREEIVIINGEEE  Mik: www.dic.cn/www.bjdxr.com E-mail: rh6816@ 163.com

g oviDeR ononos [ B RIESSS: 00121E35199R4S/1100

REBERIEHHS: 00121Q312103R5S8/1100



4 H 12 H, 5% =8
23 Sl R R & SRR
SEWEE I, AJmFt
S Tk ERRHE 5

9 WAL B A K S W 2326 I

R B ARG 5, 2 Tolk
SRR L
I, o L2 3 B AR T
FEBEIRIN 2 Tk 4R 7

-

o A T D A s
PEEREK A FRTTAT 2 A
In, BEESCHEE BT R, 3
W bE L & s O 1, 263
WEAGEFHLS . fizs T
Al 46 AR 5 5 SRS
iR ENLRHLER Lol
Bt v E R R R
BEks BHIFBE AT | A4 50
RFE PR GF L FA
RBMFIT
ENETIRRREI U
S IEFTRL, Bl ifiiEs KR

o R BE T AN EBE
Tt 18 ik %,
LHEE BEEHE
ENC TR Rt
AR BT RO il
BHAR NS KRR
PR A B xH et 4 JE
PR SR EEHATIRAZE
W5, SRk b
A VER L B,
e S 23 de 30 4 Jm A R
FELE IE R R, L
B ET A Tk AR R,

HEREDS, I R A
15 T A R 2 AR AR T 45
AR 2 A Eh 2
DIN LS (511 R W 4
5 B BT AT L R
B AR RIESAE, B3
RN, AR, It e
<5 J ARG K TR NS A
BRI S 7 L B N 2
5.
ZB ARG,
(ATl #£7%)

Ty B R MR\ e i
WS AR
WliE TEuiHREA

B TR R ) T L SO
B F(FRP) E 4 MRS
PR ERe PR 2 45 2 SR
o #kili, Bi% FRP & &
APBERE 3G, FE R R
AT AT R
HE BN LR SR AR
[a) H 25 03, B & MEAS
S AR L A7 B ok
LR, N THERE
EMTT RS R R A i
A5 A Rt 4 4 i )
B U R o P S D e
R SR B bR R AT R
HUBRPERE SRR G AR
TREELRVETEE TS
DA A B AR S
Wi, BRI, T ARERARY TR
PR 585 A an b B hg
FIHETR S5 A A5 52 i 22 [ 1

EH, HFHBEH R
W A A AL T AT
TR 5 & MOkt 1
TARITER RS, L
BB RS PR M T U TR
R E 5 5 A bR il 1
T R, b
“HOoBE- T4 - AR - AR
#E - HE B (MPPEE) 1)
Bl AR, 25 G R T 3 K
R 1R DA KT Rk
e 2 Y5 i 2ok, B
FEHR KT Composites

Part A: Applied Science and
Manufacturing , &3R8
A “Green manufacturing
process design for infusible
acrylic resin composites:
A data-guided life cycle
management model
incorporating material-
process-property-energy-
emission relationships” .

AT T — b
MPPEE ¥4t 5| S H &% (4
i3 T 2B 5 8, %07
EH R T ROR B
PERE I H5 22 2 [0 AL
o AESEBRIE AT L
T MPPEE Bl 4%t 2
1l 1] 2 HEAT AU , T I
i T AR
R

T A % MPPEE # ¥
g,

(kFlied #7%)

12 RS iisHEA - 20244E 5B 6748 55 1010]

R L2 Be W 58 N B0 440K 88 5 U5 i
VRS &5 bR B2 3 5 )

ARk, AT IT &
YURLEHNR G G MR
MR A RN, FE X R T
AR BN OK A S5 N
VSEARSTr v S/ Sk R
JRIEARSS G FRAE B
TAERE T R IT & X R
WEAR— “GREES”

5 H, S E A 8T
2 Bt TR E I, Al AT 4
FHBIT & (0 9 K 4 &
EAREEEMEREZ
) i 2Ly g, E i AE
A MORZE Z R TTRME
R R AN OK A AR
MR, BN T B Y A A
1 45 )2 B b [ E —
e, S5O 5 1 e T 40
—FE, By 1k & R R Y
W, FASEAFFTLL “J-integral
experimental reduction
reveals fracture toughness
improvements in thin-ply
carbon fiber laminates with
aligned carbon nanotube

interlaminar reinforcement”
SR FAE ACS Applied
Materials & Interfaces .

R TR BRI
TCHLHE L, WEIE N 5L IEAE
RS G MR
AR BRI KHL, XL
HEMBHRIR ARG
A e R P B A 4 A,
JbA T S s o B — b &2
JERPRL, I ) R FL AR
HLTE 254

(HEZERRAE — A5
s RHREZNZE N, E
WA REY K,
DS RR G,
KRS, RHEIRE D
FEA )2 2 )4 O 55 44
RISREE . BB EERS , &
AR BE S AE B AT
BRI T SR

VR AT A %o 3 2
L1 4 2 AR AT S UE
W, 5EEREWNE G
AR H, S8 AR 4R
e s E TR BT

24ME4 S 60%.

YURAES RIS I
R TEEHES Y “RRAN
KR —Rryhas
L4k, FARMRAKRE TR
AN, LB FEACRETT
DL S 7E Ho A B R /N X
W, T ARGKE %
T BA i A 2 S AR DT T
R E AN S
PURRTER T b Xt i
WEASHER, BT —hR

W5 A 5L B A8, AT ]
K MGG G MR 25
SRES I AT L AR AE A
AR R IR A
o T—ACRBLARRH
BHEME SRR
AR — AR, T 9t
BAE KM%

TENERIAEG T
A, B Y B(KARE)
Z_ 1) ARG B 4 R E ARk
(B 945 B IR IR ),

(kAFlied #7%)



RiER

=1
ALUUULLLUL | gy -
SR SN

e
§iy
o

www.igus.cn/zh-CN/linear

5241051



L Hi

FEATURE

FI XA FE 245, 3K, IRBM, F. SRR S Ih I H BB R 27 2 []]. AL Z #l i H R, 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

PRBR, 5 b, KSR, FER, FRE, @ E
CGL AR FAA S 5 TR SR, U1 212100)

K E

IR 48 3 4 B DA R BIF 4R — AP B A B AR O ik, EAUE AR VAR AR @R T

Z R, BILFININERAR ), T A I AR K A LA e AR, R B IR B AR . ARSI SR A 3 il mh B R
WHEFRBATT 5k, 2R T P e ik feded) | LRI RAE, MR TN IR B E s @ BT k4

LRk e ¥, e B4 T SN AL S B B B BT AR R R R A Y

KGR : LA RT3, SNSRI T ik He skl Skl e BT B R
DOI: 10.16080/j.issn1671-833x.2024.10.014

B4R
g, BLESIM, ARFEAHK
FEEEIR R

$iit 1 EE$AR( Friction stir welding,
FSW ) Je i o B 1 T L A9 e i e
HE P A BEERRAERE T, AR R
BB | DT S AR SR 1Y
B4R, WHORBA ZR LS, Bl ante

* BEWE : FE AR #H4: (52275339 ),
14 RishEEAR - 20244F 55678 5 1010]

KR R A RN S0 AL A ],
W2 IX 1 kA5 B 44k , T i o T
FLANJE Ze b M, B R B B
U LR T2 kR . FSW HARTEMT
MUK TR G 1 BB TR S X I
Sk S5 AR REAE A R A Tl
BENT T Z N SR, FSW 17
TE—SEPRER AR (1) SR A
T BRI 7, PR TR
e ARFREEAR P 5 (2) el pE i
)T B R, 38 H R o
T EPE S AR R A A
B (3) BT EEHE I AR FEASN,
BT P b X A 4 TR A B Y
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SRR ™ KT, 25T g
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W, XS S KE S F RS
SRR ARSI B 5 (5) et
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4w EY)ZE— APkl

J T v AR Be Pk BRI 7 &
FSW L3 AR BTN T 2S48
PEFESL B RE FEF Sk ST it Jin o0

RETEZ AT TIRE. Xk
ORI 25 A D AR BR- . AR
B T S TE S AR BE % B FSW, A
o i B R P AR 3h 15 1R LA R
AR AR A e e st e e 1 ) A/ T
BRI W I BT BT 4
XEREIE G m s . Ah, A SGE S
45 1 BRI AR FHPLEELL K
AR A RS PERE R 2, I
PORIP S # NIV 3 SR NS

1 SMEpREHBNHEFEERIS

TE FSW i 2 v, if {8 B 41 4K 15
R R A G B, Xl
T AR RLRERE 2840, AT fR A
TER S R rh e i sl , HFIE A
A Sk o ) T B B R e
R EERDRL, G SRl LA B A 2 0 1 Bk
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1.1 HMERERPEEEIR

A1 H, B A RO — PR LAY 4b
TP B O = A — A AL
PR RGBT B, BRI AR AL AR
T Pk T T AT AR 1 B fE
DU o 127 2 32 B o H B 22 Jin
WL, — BRI BT TS AR A AR
B T R CE S . XA BT
VR INJEE B ) P I A B e
& JEBITLBIEE ST, NI D LI S AR
PR R = A o 2% R R 4 g R AT
JRFET , SN L BHAH A RE A5 4 AR A%
XA RS, i — 2 A AR 48 1 U
L 20 mm JEERY 2024-T4 5544 5L
MA ), R R A T TR 2 A A ik
J X 8] ( 20~80°C ), Un&l 1 iR ™ 45
R DX ) B B e P A e R S Bk
KIG U/ N H 78 40 °C 1Y) #AH
BETN BRI RS Ik B K, 15 4%
FIRE B fe . (B EEE,
) TR B RT BE S B 4 s ) L
S e I DX AR, I AR A B
XFF 2.5 mm JE (1) Ti-6Al-4V & 4,
KB I T 2 R R RE S A 850k
J NI A B AT T, AR T
TIPSR A AR, I U
TIPSR A R P

A4 JE FSW J7 T , ZEXT 20 mm
JE i) 5A06 45 G 4 Fll AZ31B BG4
TR, B EB AT 2 ek (X
TR A [RIBs), to 2 (i i K 4 S ] £k
AW Al,Mg,; Fl1 Al,Mg, il AR A=
B, BEHI FSW $E i TR AE TSk
T E | {E R fehtt B A BT A T
1.2 EBEREER

F O A B P B 4 AR ( Arc
assisted friction stir welding, AAFSW )
iz A8 T IRak TIG H I Bk #il
PRNFALTF R DCAPRE, AT RS B A
AR RICR . R0 AM60/AZ3 1
B b ny kg, pE ST N B R
PR, Pk BT i B AR IR 3 P N
AT, ARG A S Sk e
RILE T 57% AT x— B ER
Tk — U T AAFSW 7 $ = 5

2 I VM R T A R
AAFSW 1 Sy i B $45 75 5
EENRE D EETEEEH. B
T o R R B s AR} Y
PR B0, 43 80P = T 12 Sk 11 5 15 A
FEAER X T8 AN R SRR 4R
f 3, Pl T AN A R R v TR s
522 AEG0RY FSW MELL ik 51) P A IR
PRCR T, T kX — e, i 5T
N GUR FH E I E A il B AR 7

it B AE 3 mm JBERY 2024 8545
Q235 4N FSW Hr, 5] A AR
A R %t B AR 36 25 S an e 2 fr
N, Bt LB N, & @ AL A4
JZ(IMCs ) JB2 B I 5 B L 9 i A
T A AR e Sk (R o i S B0
BRGNS LAk, F S
FERZ X A TE I T “H 3 454, 1X
H5R T RSk B PRI 715 4
TLAE R 60 A B, 23 10 3 3 A ) e

(a) T=20 C

(C)T;GO"C

(b) T=40 C

(d) T=80 C

Bl 1 REHEBMARESG THIEEREERR "
Fig.1 Cross sections of welds produced at different assisted preheating temperaturest

500 pm

| S—

500 pm

]

(b) AN (HIF60A)

2 pm

2 BEREIMAELREANRRMMARLR ©
Fig.2 Macroscopic and microscopic morphology of the joint interface with or without arc
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KA 301 MPa.,

16 —Ti5E, Bang 45 @ 74
% 3 mm JERERA 4 (Al 6061-T6 ) Fil
AP STS304) F, R T TIG
HL I Rl B A . IG5 R s
FEL SRR A BG 5% 7 AN [R) B4 98
TS FIER IR KRN, AR E
SRR B AN, FEEE i AR R A ik
VAN 52 9 £/ S 7 VALY IR S
Y 93%, 328 =5 TAE Ge i FSW K5 4%
FIHTHIBRIE

eI, R B 2 T A Ak 4 s o5
PEREANIR], i AT LK H 5 R4 T A
XEFR I, — 2 P SRR, 42
RSk R AR
1.3 EotsEt

VOG T Bl BE 45 KR ( Laser-
assisted FSW, LAFSW ) F| JH#t fiE
SRR B RS A T R A,
P 3 B B 3 gk B A fh R AN T
PSR W TR A BT
REACRAth 1) 3 Rl D Sk O B . Ik
Ak, LAFSW iR BEAHLL AL /N )
FFLIA GG, 25 5 SR . A
LR SR FSW, SO BB ARSI T
T e ) R TE PR RIS B, BB R G b
A AR R . SR ARE
FTB TR 2B ) K5

Campanelli % "™ 3z ] LAFSW %
5754H111 R & SR AT iR il
XT3, A IR HT LAFSW HAR 18
RIS A G B A A SR B i),
L1 R AN ST BEAR T 249 40 MPa,
FUGE TR E SRR

EFHNTNS TR, LAFSW B
TS THE AR, AR AN, 1
FHAE T L HOGRE & A BLRSCR
X7 B AR B AR M. e AR
FEJREE R 2 mm () 89 ( S55C ) AR
B, SOt N e T A4 Je R, 58 B
S BB TE B OGRS E T
P4 T N, T A 2R IR Sk R T
LA M TSR AR, O R
% HE B L 5 W SR AR B, B B AN
JE I S 25 T B3R 12 B A

16 Wizt BEE A - 20244F 55678 5 1010]

IMCs 2 JEJE A8, Fei 25 19 7 J5
2 6061-T6 515 7 4 M4l 4 B, & 31
WOLH B B s &R e &
W IE B, BOGAR # BE 25 2 mm B,
IMCs JZ B HAEL 1 pm, Ji/b>
T TR, B S BRI R

MEOtREEAEH TRk L,
A DA AR S o X Fh IR
T B i A% 25 1) A% DXk, (o AR A TR
T VRS B AEXT 6061-T6
R A TR SR T 0G4
AR BRI R i 45 L
N RIS B T AR SR
ARARFRIE , (H I B2 R A B A 4
ZUHIAR

LAFSW TE8 6 4 0 55 5 4z
JE R B T AT T BT,
it —L R 5t AR RIM
B, T EAT AR T IO TR gL
B SRR S B R RS
KFo WAL, FRIGATAOR 1Y O]
R R AR BB VR TR 9% 2 A SR 9 11
I,

14 ITHERHR

T oE H A ORE PR R AR
( Electrically assisted friction stir
welding, EAFSW ) 1] F 5 55 & £ 37
Sl TRk, A 4 FR B9 Rl
D7 T R Jm p R O
REfS SL IR AE 48 FSW Hr il i) 75 oK
FARHB R B AN R A R, e T A
2 i N 2 22 19 B HL(DC) B8
T AC), 8o i 28 1 2500 A AR H-
AR BNFI RN , A7 BT 28 N R
U ORI AR B R IR RCR, IR
Bl 12 Sk HAT I He A R 2 {EL
FA R e P 4 s 1) A S Y A=
i, Chowdhury %5 " % i, L B i
FL A D R R, BAG A AR B
b RERCRE . XERE HR
HL TR o R v i R R TR A
R EERT A , DT g A5 i B Ak

Liu %5 U 37—l e 4l 8 i
PP PR R R S8, X 1.4 mm 1Y
Al 6061 5 TRIP 780 Fili4 7445 5 3

B3 BB Fsw R
Fig.3 Schematic of laser-assisted FSW!”

4 EEEFHEN FSW REE "
Fig.4 Schematic of electrically assisted FSW!!
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— R GRS NS RS A
FLA , T S 1 e 45 TR A 3k 560
A 103 22 1 R AT R A
2R OR, EAFSW I 35 8/ 1 %l )
FRE ST, JEHEEE T Al-Fe FLiriAb )2
& J& [ 4L & ) AVCE IR AE BT 5
PP T AR T itk IMCs
4G YR DT R T AR
XA A FE A s S L F A 2 A
6061 | TRIP AT, A SULAERT MY
Al-Fe FLif BB B T EEE/NT 1 pm
1 FeAl 5 Fe;Al (1) IMCs ; iX — & 1
FEW, 38 2k Ll B A, T DAAT RO
/INIMCs Y JEERE , DT 488 o 2 Sk 5
HI B YIS . SR, Shaffer 25 U1 %
JHHEL IR 25 BE A 10 A/mm’ () DC HL IR
FL 3% Al 6061-T651 5 KGR A I, &
M EAFSW H ks 1 41 Wbt L 2 6]
WA BRI BN, A kR

B R TSk T2
PERE A — E MY, Chen 2 1Y
1E 6 mm J5 2219 FR 5 & REM it in
T 0~600 A Y ELI L , A BBE A FL I
RGN, IR BT I A I A4y

A & B sh A Bk, i3k i

TR s [FIET, 4046 T UTvE AlCu,
ol 437 W 3 A7 AR DX A
JE BT A B R, R S
FIim o AR 0 i i B S A ALY
MR, WA FL I ARG, F BH A
P23 T T AT AR 1K B0

EAFSW 2 S 43 Jg i S it
TR AR T R T
e e SRR e B P 5,
FH T A% B 0 R BE SO0 Ok el 38 98 7
Bl , AT T AR B A, SOR B
fEo R, iZBAR Higiz HTE S M
B FSW b 50 o 7 v i L Y
S BB ETE . KRNI ]
DLt — IR RE LB R AT Z R R
52 A5 R T o
15 EBRERRIEHIN

FEL i J% 7 T AR B ot e P A Je
(Induction heating assisted friction stir
welding, THAFSW ) J&—Fft 1| F i i

JER N JE B R KA R T A, 35 5]
AL B REARA LR A BT T K42
753 B i 6 s PO 2
CRIR N SRR Bl 2 P A Y g
2 fifi S B AR IR, X R
T ST TAF LA s, MMk
I AR H Y B

LRSI, oy 3 AT A4
R AR E I RIAELL T 345
(1) FEARIB AR TR o 3 2o J
T, # RS UL I 5 T 3 AR
&, /N T Al F1. (2) 404k
Wi BN INAARE S 2 B A 1 sh A
TGS, A N8/ B 25 o
(3) P . RS T il
FIREEAEN, 4 T [l Ak 4 ks 1 R
SERE I, DB R T ARAE R

Raj % P2 fe 8 42 3 mm JE (1
Inconel718 &4 & 81, B FL FSW,
THAFSW T #i X A4 5 & M 250HV
L8 5] 3700V, 32 A% FR Bt P75

SN T BEM Y 98.8%, X F B IR
TIEAHE $ o IS G o P O 1 R 4 T R
FMEF . SRAEXT 8 mm JE 2219 4
B MU FEAT KRR, BRI A
AR T YN B AN T, I
ol LA IX o 52 B B A5 P4 L (EL
F2 3 IO A 2RI g 2 e R AR Ak I
AN PR s 3 A JR R Rt AR [
BB R AT BT X 5. X SRl 4
J& SN ARG AT L B s Sk
MR EME . 7424 AABOS2 FR A
45 X12CrI3 NN, T4 )8
BT HRATIR K B ERA 35 =
TIREEX IR B, K T AREEIX
B, B Sk SE SR IR RS T A5
FEIRG 40 B E 4 oL PP, Kaushik
2 P AR B TN A 4 FARR B A I
FIFHER ARG | e N i 444K
M, Sz PR DX IR0 A I S 1) 4 i 1)
2 Bk YRR S T 2 34% 5 {H
SR T RGN, S Al T

400 110
350 327.1
299.9 300.003 i
- 3002793 286.95 296.8 293.9 8
s
£ 250 465 46316 2
4.2 2
& 200f 435 425 409 385 g
172 c
2 150} 142
5
F 100F
—=— Tensile strength 42
50 —e— Elongation
0 . 0

0 100 200

300 400 500 600

Current/A

5 0~600A T FSW sk pafifiitae *
Fig.5 Tensile properties of FSW joints at 0-600 A™™®

IHAFSW
Tool

X12Cr13 SS

Induction coil

Welding direction

AA5052

6 RLRZin# FSW REE P
Fig.6 Schematic diagram of IHAFSW™
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Ak, AR T 3K 38 B . Mohan %% 9
A THAFSW 25| # 4R / 99453k
R 3 R R AT o

THAFSW 3 1 [ 1% 98 1 A8 T BH
1 AL SRR R 23k i B 2 2
R AR eSO /N 1990 i o N [
MR R 225 SRS H AN
], - L7 S protitend f vp g B A )
REE, HHT I T4, I3 7
O3 R AE R RS L3, TE 2 BRI
T AR B AR T2k
AT AR

AN I B P EE AR R
R o 3 o 3 0 P AR
PEfE. X HLe b Rb i, A =X
2[R UUER A0 AS ] s G i 1) 559 22
SPERE , I HLAESZBRA Tk R F g
B SRR RS 5 AR GRS B
RER AR RAE ) o BT AEBERR AN
P By U, T AN R
T RAM BRI, I3 1 R

2 RIATHBhRFEEERIR
HIRAE P AL B I, 2 L
FESR Ve BA AR, R ™ AR T 1Y
P X, IF B A ESL B ) 2 RE
T 2 P AR 2 A A 42 g v 03
JE, AT BRI DAY AL B b L8y
RSN DX B SEJEE , A7 B T3R5 BAT R

Uf SRR R KR Sk . AR AN ]
FIVR TR, R 3 B ) 5 T LAy 3
B K& 1 KZEBHI(WF-FSW ) ik
A CO,/ AL HI( CF-FSW ) fil5s <,
SR EI( AF-FSW ) .

375 Bl FSW b g i 2 3k
PERERY SCHEEF AR . WA 2 M i X
BV HIEE B, A KR IR K
BRG=A I T PG B 4k
AR P e AR Tk S
AR e R 10 BUY , It ik
HIPERE , AR T 2 e — 2 2 R AN
RACIRBE T4 ) . TS P i
FTAFER A AT 7075 874
41 FSW 2L 1 ZURIERE , AR BRAEIK
TR 3 mm JE [ 7075 FR A A bt
B, P M X BH B |, KA 3R 1m0 o
TG, KA DRI Wi X1 A B Ay
i/, AN, WA COJ WA NE e
G s AR VS ENRE 7, REAEAA
RS I] Py A B 2 7EMGS CO,
BHIEAET 6 4 mm JE 1) 7075-T6
DA ST, BERAE TR
HIHCR, ok T IR IR KT B
I T AR5 X URR S, IR RIS S 40
F i 7, [ s 2 3k A ik B R JEE AN
IVERAS BT . S P SR
RS HI % 2 mm JE 9 H70 #4H
PEATHE S, % B 8 H0 A R

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

X SR 4 S A B i Ve )
HCRSN kA BT HE S T
PERE, S AR EEROR, W/ IMCs
JE B, AT A% 48 FSW, fE7K T
FL3E 6 mm J5 9 AABOBL 41 4 4 il
AZ31B HEA AT, AR IMC B/,
B b hias ity 128 MPa $27+H =
182 MPa, % & % % 1 51% £ 7+ &
73%, {H K S A 3 43 IMC, 32 3L
P R IRAR P S COo,
BHEB T, ¥ 7 AAB06S A 4 Fll4H
P4 B A SO A T R X
ZAR I ARG T R R
IR IEARL TG B

AR ENA VR HIRE 1A
— B, B ESLPERE ki K/ L IMCs
JELRE AT B X S, gk 2 s BY. 7E
St $: AA3003 41 A 4 Fil Ad41 AISI
W4 SR AR, SR WA CO,. s il 7K
Fag il 25 <3 BN [E R HIA S
&4 FSW #E17 b #5, & B A CO,
A )V R i g, 4 Sk B e i Al
JE , fhi R R/, IMCs J2 5 B /N
BRI HIE R 25 i IMCs B,
SR Z e, WF-FSW 1) IMCs
JELJE i, R it LA A SR

F1 FAEMIAEHHAXMRERTHER
Table1 Advantages and disadvantages of different external heat-assisted methods and the characteristics of workpiece
HhREAEH B 75 5 P LA KRR £ LR {735
S L TSR RS s 20 mm J5ER 2024-T4 5554 . | B AT s B/NEERET [l | AR i e et , 2R
" 20 mm J5LH 5A06 Fi5 -l AZ31B BEA a5 | IREERRE , MR ANEI L - AT R
5754H111 fRA 4R .2 mm J&E i Bk BOLHA S B i R P
THOLHFA /N RE R 5 H4( S55C ) M .6061-T6 FHi4 4 A4 | R0 RERE AP | APRLSOL, BOERI TR
BEEWME 4R 6061-T6 fHA 455 P A
B BIRE DT 5 . =5
] S A | BT T ENIERS; 3 mm JRERY 2024 S | FTRLREHRT IR A AE( " A
BT | TR s .3 mm AU A 4 ALGOGI-T6 ) Al | K, HILE TR | e R FSW IR

HEBEE ; Ai ik

IMC ZH4E

wikL s 2 T) AEH( STS304 ) % ANKIFR IR
Tppm | COSTERE | SET SR RER 14 mm JEA) Al 606155 | DC f TATBACR I | A TAEFAbbR 1%
s TRIP 780 1, Al 6061-T651 5 (G4 OB IMC 22 SRR A
3 mm JE 1) Inconel718 434> .8 mm J& 2219 444 W A A
R S AASOS2 S80S XI2C3 A, | stk | CEIETRTENG RS

18 izt hEEA - 20244F 55678 5 1010]

Tolb Al AR

TART AR
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FEATURE

3 EBEMEBFERE

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 il
B RRZARAT K o FESk Sy BT M
BCRARAIE S T 2555 ), IR
BIRE T, UAFSW BEAE Mol A T 1F
PEUL R OE AT , (A4 L8 AL
FOHRA PG TR L . P,
UAFSW B B R FE 77

LAk, IR 222 B BT R 45
oo 2 1) 6 7 Ik 3h & B R EE R AR
T AR S S IR sh
A B AR B AR AR S
PR AE e Bt 0457, #E P A B AT 43
Shy 5 P i St o Sk i fin
F PR
31 BEREEMMFHREL

8 7 IR B it e Sk T )
AR R AR R, R 2
i AT [ VR TSk, o T e AR
Tk
311 A FRIHMEIER THH K

R AR I L R IR BRAE T
EIER S SIREER S E ke S St HE S IR L NP <
FEIX B, R 7 R BAL AR AR
B, Bedk sk — i = s R, — iy
T AR AR

XAMRSN A I E A VEH A
BT 4 Ak iR s/ N 1] 48247 , A2
PR BHAL BN, DT $ 15 K4 o o AL
Z Park® R ESCHL T UAFSW, L
85 1) i Jin R P PR Bl A T A X 6061 45
B AW T X R b e
o far W S AT, A ORHIR Bl B B 21
PPtk 5 7 B 2 E A BUE T . X
FEUH M R B AE FSW i B T %
(SN AT ATE e S 2 e SO
TSR0 4m Az, i 3 mm 21
2A12 A4 FN AZ31B BG4l
P Bl VR S8 i B 5 R iR B 4

BE T RLAFRAS i, B DX b R
UL AR R AR T
PRI 14 JERC , AL 20 AR R T A
3 A, th TEEG SRR A A T
BN SE AR FEAE AT, D8 T AR
A, S e AN [ X I 2R
SHR LA T B AR B R Ak,
PRSI IR D 5 b < s A9 K e 1
THBRRTTER

IR X A E—E R R

o FEMEZE R B ] ) = AR 3
B WP % 57 20, w4
R BE AR A A AR T S R
AR TN B e s 8 N ) 4 & £ S
R R 3 5 P EE R R AR
&, HRB N RE E AL 2 K 4%, Xt
JEET AR B 3 IR AR B g B
312 M FRNEhEER Tk
8 75 % B0 U b e AE AT 5 AR
JRag b R A R AR RE T, an k] 8

£2 FESHEMT AA3003 $8A £ A44LAISI SREIEESHxTEE ©Y
Table 2 Comparison of welding parameters of AA3003 aluminum alloy and A441 AlSI steel
under different cooling conditions®!

SR | REIN B

A Co, 430
Ak =
. K1 k%E 480
R i 25 A 500
HHL FSW — 505

Applied
pressure

Ultrasonic system holder

Ultrasonic horn

Downward
force

Advancing side

Rotation
direction

Joint
E7 @EEmEn Tk @

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

Al AR EE /°C | IMCs 241 | IMC )28 R /um | K2 /mm

1 21 2.2
2 3.0 2.0
3 3.6 1.7
3 4.0 13

Downward force

Machine
spindle

Horn front /

Clamping
FSW tool

AS-Al

" Welding direction
RS-Mg

Backing plate

Transducer

Amplitude transformer

Pin

Retreating side

8 BEBEMEEN TS ™
Fig.8 Ultrasonic is applied to the stirring head along the axis™
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IR B Ay 2CAT LA kil A
BE TR B IE , BRI ) B AN T,
FHRTHELPERE . BEAh, B S RSN
PR BERR IR BE LAY R A R B

B R4 B AR SR 3 mm R
2219-T87 A A MR B, & LR 75 1)
SIAMREN) BT sh e DLk,
HEOR T RS IR AE AT KT, WIS RE
AT A ) R A IV R B R B, A
LR FSW, 23k (1 F- B4 v it J3
PR T 8.48%.

KA, v LA NS A 4
AR 3 O 5] IR B 3 R AR
YRt BRI T o X 1.8 mm JE
) 2024-T4 fR 6 S TRERT  fE5E
#1200 r/min 8 5# 160 mm/min f
ZHCT 5 AR FRAR N 153 A B
B15), O 5R AT A7 U H R FSW
HIFEAK T 38 MPa (28.5% ), #2171
PR AR AR B9,

oy ey it o S R Bl %) 5 AT DA
{68 75 i 8l 70 A/ B AREE ISR (5
KEHZEVE H T h PR e B A ik sh &
il 0 & — KT
32 WBEEEEEMTINE

N T i ARAN T AR RS
A2 2% S AR ), AL RS &
P TR RS T RSk B
Jite o0 AE 5 4 Sk 5T B9 AR TR
Liu %5 B %t 3 mm J5£ 114 2024 48 &
Gy M IEA T B FSW Al UAFSW 1Y
XFHCHFSE , & B UAFSW By 3= b 46
LS IR B SR IR S L (A i)
VE TSR AEAR B A S5 T 58 in i
o L B, R AT LR
e N OE R il NS W N WL
.

TEMEE 6 mm 1) AZ91-C BE A4
BF, M S R s A R R T FSW 23k
B 1 RE . BUH L FSW, UAFSW
fdi e a B A B 430 A 195 MPa
1 79HV B4 An %] 225 MPa F1 87HV,
SEHPRIAE N 4 um 4L ZE 1.8 umY,

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

20 R EA - 202446 567 &5 1010)

FORFHA L E PR, R
7 U2 2R 9T UAFSW B 6 i 2024—
T3 44 M Q235 T R 45 HAY , K FI
BEH L FSW, Jiti fin 8 7 IR 3h ok
T R A R E U T W ARE T
], 45 J2 PP B A5 20 $E 7, A
L2 MARLH 2.7 pm 4H4E £ 1.8 pm,
o2 R 4 JE Ak B 4 2 R
1.71 pm 3 2 0.90 um, FEMEE T
AR S A8 1) KRS EC R ) A, TE B e
5B LA BB 5 ILAh B iR ik
REAR 1 W 30 P8 A g ) 2807 , EL 923K
JEEHBATAF LT oy RAR B G . XE
& WAEBR ST A28 AUMg BB FSW
B, 5 P e TR KRR T T
BN T HEAEAR TS 48 MR ST
R, K BRIV 2 PR AR AR IR R A
SR

S O £l )| a1 & S e |
PIAT 38008 N ) 2 far FHGR A0 T, 7
K4 2 fer L /R G R 7R
TREE TR L, 875 A I R T
EE R Y15 I A N0 aved L e S 1
i PR ERE A

1E UAFSW St , 15 2245 [ bif
GEAR LT R P R ROR , G
SRR Ay 5 0 & T sh
R E A A LR TS
B 1A S m ek R . SR R
B SRAFH] T — LR R
H TR 152 B4 A6 BRI [ B, H AT
EE R IE RIS . FIE,

UAFSW i 2 H 8 75 6 A4 8 1 7R
ML frt— 257 .

4 HESHIRBhIRHEEERIR

1637 8 B EE 5207 ( Magnetic
assisted friction stir welding, MAFSW )
F I T, A0 R
T FH F 280 7 A= 1 L )
TGO, T o % DX Sl 9 4 R 1Y)
PEFEAE (PR QM) s I 40 AL A A% IX
() ok, A R AE P 42 8 B T sl
PR XA RS T AREE N ER R BB
TEOL XS AR R B i P TR 2 1
B AEH . 5 IHAFSW AHLL, 14
AR5 SEAE 5 X Sl v, B 395
)V XS TR o, [l 4 i 1%
Pk

MAFSW 7 B 35 #5712 i [ J7 T
BABEYCR. 75 FSW W B rh, i
A Sk AR o 1 LA A TR
B DIV 4 T It B AN 7843 A iR
AR (EAF IR 1Y) 4 AR A
Ao TG S B RE A8 DR P A Y
(RN, A R i 46 T BB MR iR ), DT
A R A TR N TG . AR S R
JRRNE S, KR TN R 4 S k2 B
Ry IVE R A B TR e A
Foki -, e HE R 4, i — 2D
FRFEGE A U BT R e
6750 W ( HR-FSW ) 5328 8 /i
FESE IR 1 mm B 6061-T6
BRA AR, R B RGSAE VAR T

& Welding direction

Rotating direction

Q

&

RS ~_ [

~A
Magnetic flux )
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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;
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Fig.2 Schematic diagram of thermal-mechanical coupling simulation model of DMFSW

&1 6061-T6 saRENFMA(RESH)

Table 1 Chemical composition of 6061-T6 aluminum alloy (mass fraction) %
Cu Si Ee Mn Mg Zn Cr Ti
0.15~0.4 | 0.4~0.8 0.7 0.15 0.8~1.2 | 0.25~0.50 | 0.04~0.35 0.15

R 2 6061-T6 EAEHMESH

Table2 Thermophysical parameter of 6061-T6 aluminum alloy™”

BEIT | (s | g | ome | e | o R
37.8 162 2685 88.54 0.34 945
93.3 177 2685 66.19 0.34 978
148.9 184 2667 63.09 0.34 1000
204.4 192 2657 59.19 0.34 1030
260 201 2657 53.99 0.34 1050
315.6 207 2630 47.47 0.34 1080
371.1 217 2630 40.30 0.34 1100
426.7 223 2602 31.72 0.34 1130
x3 FMHEETIMERE
Table 3 Constitutive equation strain compensation coefficient
o n Q InA,
0 0.014 Bi,0 9.9 Bo,0 72.43 Bi,o 14.6
Bt -0.1 Byt -17.2 Bo,t 1329.21 Bi, 257.2
a2 0.4 By, 2 64.1 Bo,2 —7997.23 B2 -1583.6
B3 -14 By,s -150.6 Bo,s 22976.43 Bi,s 4626.1
B 2.4 By 235.1 B, —34755.1 B« —7088.1
e -2 By —-208.1 Bo,s 26728.75 B,s 5508.2
B.,s 0.7 B 759 Bo,s —-8250.09 B¢ -1714.7
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Fig.5 Forging force estimation model modification experiment layout
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Table 6 Workpiece parameters and welding tool size of DMFSW experiment
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Table 8 Process parameter setting of DMFSW multiple factor experiment

K ik wf (re min™)
1 600
2 900
8 1200

K v/ (mme min™) AR h/mm
60 0.1
90 0.15
120 0.2

S 9 2 172 AR AN FSW £ A
ZIX 8 E X} IR, X% b DMFSW 5
1/2 H JEE B BRI FSW 7R K422 [ B 1Y
W TR 7, G &l 14 B . AT LUK
L, DMFSW H b 1/2 4 J5 1 B i)
FSW, IE(E T 5B J1 e 45 Fp T2 S804
BT YA R RRR EE (80N, 18 N Rl
J 3%~20%, UEH] DMFSW T2 fEf%
S BB /INTOUREE 9 e B AR 1 £ A 28
1R

o B Sk e R SR
WS {1 T 5B 7 1 il /N R AR | S B
LR A B Ik Sk Bl 1200
r/min B3k B d5 K, WA THUERE 77 9k /1N
19.7% ;5 Fifi 5 FE 3 Y 18, WA
TOUERE 7 el /N B AN Tk /) , e
£ % 120 mm/min B 3% 2 /)N, 165
THUE 108071 3.2% , 3 HLIEAE ToU 4% )
AR /N N - S 9 e Sk s
A5 Ak, JE R AT BE S DMFSW i 2
AEAEP I RE L (A AR A, Rk
SR NIDY ONLT Eirg = SN
[B) FRR A A FH 5 i 2 v ) 2 ol
W2 FHO BHC I KB THE AR, A
REFTT R AP FE K RS S VE
BCUEBH T H T P8 Sk 04 AH RS
A, A HEPA 4K DMFSW & 1E A 1
ST B BN FSW, A FSW 1 T.27;
BN ELE 4 3] DMFSW
A

4 g

AT T R AR A 1
SR AR Pl TR i 5 B = T
§B T, T X 2 £ AR B R 1 RN R
(R B B SR, AR SCHR T — UL R

&9 DMFSW ZEHERWNEK S E S

Table 9 Variance analysis of forging force for DMFSW multiple factor experiment
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Fig.13 Response surface diagram of forging force for DMFSW multiple factor experiment
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Research on Variation Law and Influencing Factors of Forging Force in
Dual-Robot Mirror Friction Stir Welding

NI Yanbing", LIU Wu', GAO Kangge', ZHAO Huihui’, DONG Jiyi’, MENG Shaofei’,

XIAO Juliang*, LIU Haitao'

(1. Key Laboratory of Mechanisms Theory and Equipment Design of Ministry of Education,

Tianjin University, Tianjin 300354, China;
2. Shanghai Aerospace Equipment Manufacturing General Factory Co., Ltd., Shanghai 200245, China)

[ABSTRACT] As the thickness of the friction stir welding plate increases, the bearing capacity of the equipment cannot
meet the requirement of high forging force of unilateral friction stir welding, so it is difficult to form a good quality weld.
To reduce the forging force on the equipment, a dual-robot mirror friction stir welding process is proposed in this paper.
The variation and influencing factors of the forging force are studied, and the feasibility and superiority of the process are
verified. Firstly, a thermodynamic coupling finite element simulation model is established to obtain the variation law of the
forging force with plate thickness, and the conclusion that the dual-robot mirror friction stir welding process can reduce
the forging force is obtained. After that, the forging force estimation model is established, and the experimental correction
and verification of the model based on data-driven is carried out to realize sensorless forging force monitoring. Finally,
the mirror welding experiment, three-group process parameter multi-factor experiment, and unilateral friction stir welding
comparison experiment are carried out on the prototype platform. The variation of the forging force with time and process
parameters is obtained, and it is proved that the dual-robot mirror friction stir welding process can reduce the forging force
on the stirring head and the bearing capacity requirement of the equipment.
Keywords: Friction stir welding; Forging force; Dual-robot; Thermodynamic coupling simulation; Force estimation;
Process parameter (Vi # %)
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Table 2 Chemical composition of DZ22 welding tool (mass fraction) %
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Fig.1 Schematic diagram of the welding tool
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Wear Mechanism of Titanium Friction Stir Welding Tool and
Its Coating Reinforcement

HUANG Yongde"?, WU Dawei’, ZHANG Zelong®, LIU Qiang’, CHEN Yi’

(1. Taizhou University, Taizhou 318000, China;
2. Jiangxi Key Laboratory of Aerospace Component Forming and Joining, Nanchang Hangkong University, Nanchang 330063, China;
3. AVIC Shaanxi Aircraft Industry Co. Ltd., Hanzhong 723000, China)

[ABSTRACT] In order to improve the operation life of welding tool in friction stir welding (FSW) of titanium alloy,
the coating was added to the surface of the welding tool, and the effects of surface coating on the operation life of welding
tool was studied. FSW of TC4 titanium alloy was conducted by using uncoated and AICrN coated welding tool. The wear
of the welding tool was characterized by 3D imaging instruments, and the microstructure and composition of the joint are
analyzed using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The influence of AICIN
coating on the service life of the welding tool was studied. The results are as follow: Compared to the uncoated welding
tool, the effective welding distance of AICrN coated welding tool has increased from 600 mm to 800 mm, and after welding
in the length of 800 mm, a well formed welding joint with a tensile strength of 95.32% of the base material can still be
obtained. In addition, the wear rates of the pin and shaft shoulder of AICrN coated welding tool are reduced by 50.41% and
22.41%, respectively. AICrN coating can effectively improve the service life of the welding tool. Comparative analysis of
the wear of the welding tool reveals that the wear of the uncoated welding tool includes abrasive wear, bonding wear, and
oxidation wear. The wear process mainly includes three stages: initial wear stage, severe wear stage, and stable wear stage.
Comparatively, the wear process of the coated welding tool consists of two stages: “breaking” and “tearing” .

Keywords: Friction stir welding; TC4 titanium alloy; Welding tool; AICrN coating; Wear (v 2 R7)

(L% 44 )
Numerical Simulation of Interfacial Friction and Transient Thermal Processes

in Inertia Friction Welding of GH4169 Superalloy

TANG Tianxiang"*?, SHI Qingyu"*®, ZHOU Jun‘, ZHANG Chunbo*, LIANG Wu*,
ZHOU Mengran**?, ZHANG Gong"**, CHEN Gaogiang"**
(1. Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China;
2. State Key Laboratory of Clean and Efficient Turbomachinery Power Equipment, Department of Mechanical Engineering,
Tsinghua University, Beijing 100084, China;
3. Key Laboratory for Advanced Materials Processing Technology, Ministry of Education, Beijing 100084, China;
4. CAM Harbin Welding Institute Limited Company, Harbin 150028, China)

[ABSTRACT] For the inertial friction welding (IFW) of GH4169 superalloy, a finite element (FE) simulation model
was established to investigate the transition of interfacial friction regime and transient evolution law of thermal processes
variables such as heat generation and temperature. The accuracy of the FE model is verified by the experimental data. The
results show that the Coulomb friction zone occupies the whole interface at the beginning of the welding process, and
gradually shrinks from 0.54 s and disappears completely at 9.60 s, while the shear friction zone builds up at 0.31R, (R, is
the radius of the workpiece) and expands to the entire interface. Based on the simulation results, an analytical equation
describing the evolution of the Coulomb friction zone is proposed. The coupling relationship and variations of heat flux,
frictional stress and temperature at the interface caused by the transition of friction regime are analyzed. The results show
that the transition of interfacial friction regime from the Coulomb friction regime to the shear friction regime is beneficial
for temperature homogenization at the interface.
Keywords: Inertia friction welding; Friction regime; Heat flux; Temperature field; Finite element analysis; GH4169 superalloy
(Digm 1)
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Improvement Methods and Research Status of Friction Stir Welding
Performance for Dissimilar Metals of Aluminum and Steel

GAO Song*?, WU Chenghao™?, SHI Lei®, LIU Tao™?, JING Yuankun'?, YIN Qipeng™?, GUO Ning"?
(1. Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China;
2. Shandong Institute of Mechanical Design and Research, Jinan 250031, China;
3. Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials (Ministry of Education),
Shandong University, Jinan 250061, China)

[ABSTRACT] The composite structure of aluminum alloy and steel has the characteristics of light weight, high
strength and low cost. It plays an important role in aerospace, shipbuilding, automobile manufacturing and other fields,
obtaining reliable and stable aluminum/steel composite structure is the requirement of the times. Friction stir welding
(FSW), as a new type of solid phase bonding technology, has the advantages of high efficiency, energy saving and
environmental protection. In the regular friction stir welding process of aluminum/steel dissimilar metals, it needs
enough welding axial force and stirring head torque to generate heat for welding. In this process, it will lead to the
wear of the stirring head and seriously limit the welding speed. Based on the optimization of aluminum/steel dissimilar
metal friction stir welding, this paper summarizes the external auxiliary methods that have made progress in aluminum/
steel friction stir welding at present, and divides them into mechanical structural external auxiliary FSW, intermediate
transition layer auxiliary FSW, temperature controll external auxiliary FSW and ultrasonic vibration auxiliary FSW. On
this basis, the development direction of external auxiliary aluminum/steel dissimilar metal friction stir welding is further
prospected.

Keywords: Aluminum/steel dissimilar metals; Friction stir welding (FSW); Optimization; Mechanical structure; Transition layer;

Temperature control; Ultrasonic vibration
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BAMEE  HLIR, B, o S0, K
PR B T2 SR AL

Research Progress on Friction Joining Technology of CFRP/Metal

Dissimilar Materials

LI Jiachen, HUANG Libing, LI Chao, ZHANG Liangliang, ZHAO Qiang, LI Peng, DONG Honggang
(Dalian University of Technology, Dalian 116024, China)

[ABSTRACT] The heterogeneous structure between carbon fiber reinforced polymer and metal is one of effective ways
to realize the structural light weighting of aerospace equipment. Friction stir welding is a low heat input solid-phase welding

technology, can achieve high-quality joining between carbon fiber reinforced polymer and metal dissimilar materials. This

paper summarizes the domestic and foreign research results in the direction of friction stir welding between carbon fiber
reinforced polymer and metal in recent years. A systematic review was conducted from three aspects: process exploration,
interface joining mechanism and joint performance control based on friction stir welding, and it also looks forward to the

future main research directions in terms of the joint use of multiple joining techniques between carbon fiber reinforced
polymer and metal heterostructures, improving the fatigue performance of the joint and exploring the corrosion mechanism

of the joint.

Keywords: Carbon fiber reinforced polymer and metal heterogeneous structure; Friction stir welding; Joining mechanism;

Surface modification technology; Mechanical properties
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WIREE : ZEEG, J, 1A, T2
HE A PR AU HEOR BRI RO S
FEREERE SR AR MRS T K

Research Progress of Rotary Friction Welding of Al/Steel Dissimilar Metals

WANG Hao', DONG Bin? QIN Guoliang'
(1. Institute of Materials Joining, Shandong University, Jinan 250061, China;
2. Shandong Association of Special Equipment, Jinan 250100, China)

[ABSTRACT] Al alloy (Al)/steel dissimilar metals structures have a critical application in the aerospace industry,
especially in the delivery pipeline of high thrust liquid launch vehicles. Compared with welding methods such as fusion
welding and brazing, rotary friction welding can achieve a reliable joint between Al and steel with high quality, high
strength and high corrosion resistance. The research progress of rotary friction welding of Al/steel dissimilar metals was
reviewed from the optimization of welding process parameters, analyses of interface microstructures, control of interface
inhomogeneity and metallurgical control by adding inter-layer metals. Finally, the development trends and scientific
problems to be solved in rotary friction welding of Al/steel dissimilar metals were summarized.

Keywords: Al/steel dissimilar metals; Rotary friction welding; Intermetallic compounds; Interface regulation;

Mechanical properties
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WKk 25 T % 5083-6082 48 A 4
FSW 4% i) LAk 27 8 Tl A 7 R Bt 5 )
TA R R4 X IR PR AR 45 R A Ak 27 1l
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Ji phd, WF ST T 45 T6 AL FE Y 6082—
T6/7075-T6 ¢ F 41 & 4 FSW 4% 3k
JERAT A

1 WBERF*E
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80 mm FYRFKR AR, KEFTHT e 1alh
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WY, RAK 2 Fis A B4
) FSW &£ itk X 6082-T6 Fil
7075-T6 it i 41 FSW, LA ik di 19
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T Hi #EM(AS ), 7075-T6 £ #1 & T
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270 68 ok, FH T 2 00 AR U 4 £ 0

#z 1 6082-T6 #1 7075-T6 SBAEUER S (FREHNE)
Table 1 Chemical composition of 6082-T6 and 7075-T6 aluminum alloys (mass fraction) %

pp s | Al | Zn | Mg | Cu | Mn | Cr | Ti | \Y; | Fe | Si
6082-T6 | Avit | 0.04 | 0.69 | 0.05 | 0.68 | 0.10 | 0.05 | 0.01 | 0.31 | 1.02
7075-T6 | Axiit | 5.24 | 2.23 | 1.41 | 0.09 | 0.24 | 0.03 | 0.01 | 0.21 | 0.04

(a) 6082-T6

(b) 7075-T6

1 BHERMER
Fig.1 Microstructure of base metal

2 FSW iz g fnsisEsk
Fig.2 FSW equipment and stirring friction tool
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Stress Corrosion Behavior of 6082-T6/7075-T6 Dissimilar Aluminum Alloy
Friction Stir Welded Joints

WANG Shoujing, CHEN Zhiyuan, HUANG Yue
(Liaoning Petrochemical University, Fushun 113001, China)

[ABSTRACT] In order to improve the service reliability of friction stir welded joints of high-strength aluminum alloy
components for aviation and aerospace vehicles in corrosive environments, the stress corrosion behavior of 6 mm thick
6082-T6/7075-T6 dissimilar aluminum alloy friction stir welded joints treated with T6 was studied using metallographic
analysis, electron microscopy analysis, and four-point bending stress corrosion method. The results showed that under the
conditions of rotating speed 1200 r/min and weeding speed 80 mm/min, the 6082-T6/7075-T6 base material obtained
a dense and well formed friction stir welded joint structure with an onion ring structure. The four-point bending stress
corrosion of 6082—T6 and 7075-T6 base metal friction stir welded joints mainly occurs on the 7075-T6 aluminum alloy
side on the retreating side, while the 6082-T6 aluminum alloy side on the advancing side shows good corrosion resistance.
This is mainly due to the difference in electrode potential between dissimilar aluminum alloy base materials, which leads
to galvanic corrosion of welded joints under stress. In addition, The formation of micro electric couples between the o—Al
matrix and the second phase, as well as the presence of large angle grain boundaries in the TMAZ, HAZ, and BM regions
of the welded joint, are also important reasons for stress corrosion.
Keywords: Aluminum alloys; Friction stir welding (FSW); Welded joint; Stress; Corrosion
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ZHU Hai, YAN Xiaolong, LI Yanfeng, et al. Microstructure and mechanical performance of 7075-O aluminum alloy friction
stir welded joints[J]. Aeronautical Manufacturing Technology, 2024, 67(10): 95-101.
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Table1 7075-O aluminum alloy chemical composition (mass fraction) %
Mg Zn Cu Si Fe Mn Cr Ti Al
225516 5.6 1.2~2.0 0.4 0.5 0.3 0.18~0.28 0.2 Bal.

£2 7075-O SREENFMEESH
Table 2 7075-0 aluminum alloy mechanical properties parameters
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Fig.1 Diagram of welding process and sample interception
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Microstructure and Mechanical Performance of 7075-O Aluminum Alloy

Friction Stir Welded Joints

ZHU Hai, YAN Xiaolong, LI Yanfeng, LIU Qi
(Northeast Forestry University, Harbin 150040, China)

[ABSTRACT] The age-hardened AA7075 in the friction stir welding (FSW) joints exhibits lower plasticity, posing
challenges for further deformation processing. In this study, this paper employed a 3 mm thick AA7075-0 plate for stir
friction butt welding, investigating the impact of welding speed on the joint microstructure and strength-ductility, aiming
to provide solutions for achieving highly ductile FSWed joints. The results reveal that the weld nugget zone (NZ) in the
AAT7075-0 joint consists of fine equiaxed grains. With an increase in welding speed, the average grain size (AGS) in
the weld NZ initially decreases and then gradually increases. At a welding speed of 40 mm/min, the smallest AGS in
the weld NZ is approximately 1.96 um. The microhardness distribution across the transverse section of the joint shows
a convex shape at different welding speeds, indicating significant hardening in the joint region. The weld NZ exhibits
the highest hardness, reaching approximately 145HV. The process window for FSW of AA7075-0 is broad, with joint
strength exceeding the base material (BM) strength at welding speeds within the range of 20-80 mm/min. The elongation
of the welded specimen reaches 82% of the BM. The use of AA7075-0 not only overcomes the softening issue in the age-
hardened AA7075 FSWed joints but also yields a higher elongation. Bending test results demonstrate that the FSWed joints
of AA7075-0 can withstand larger bending angles, with a maximum bending angle reaching 105°, indicating superior
plastic deformation capabilities.

Keywords: AA7075-0; Friction stir welding; Joint microstructure; Tensile properties; Bending properties
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102-106, 114.
HE Wenxie, ZHANG Yuanwei, REN Haishui, et al. Microstructure and mechanical properties of brazed DD26 single crystal
superalloy joint[J]. Aeronautical Manufacturing Technology, 2024, 67(10): 102-106, 114.
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Microstructure and Mechanical Properties of Brazed DD26 Single Crystal Superalloy Joint

HE Wenxie', ZHANG Yuanwei’, REN Haishui’, REN Xinyu’, MAO Wei
(1. Guiyang AECC Precision Casting Co., Ltd., Guiyang 550014, China;
2. AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China)

[ABSTRACT] The brazing of DD26 single crystal superalloy was investigated with NINbCoWCrAlSiMo filler metal
under the condition of 1225 °C /30 min. Microstructure and mechanical properties of joint corresponded to brazing gaps
of 0.05 mm and 0.20 mm were analyzed. It was indicated that the joint microstructure was composed of y+y’ particles and
W-rich and Nb-rich phases distributed among the particles. When the brazing gap was 0.05 mm, the joint tensile strength
at room temperature was 614 MPa, about 75.9% of DD26 alloy; the joint tensile strength at 1000 °C was 466 MPa, about
78.8% of DD26 alloy; and the creep rupture life under the condition of 1000 °C /75 MPa was 44.6 h. When the brazing gap
was 0.20 mm, the joint tensile strength at room temperature was 686 MPa, about 84.8% of DD26 alloy; the joint tensile
strength at 1000 °C was 479 MPa, about 81.0% of DD26 alloy; the creep rupture life under the condition of 1000 °C /75 MPa
was 17.5 h. The influence of heat treatment on the creep rupture life of joint with brazing gap of 0.05 mm was insignificant,
while that of joint with brazing gap of 0.20 mm increased. The fracture analysis showed that the joint fracture presented the
characteristics of crack propagation along the edge of granular y+y' dual phase structure.
Keywords: DD26 single crystal superalloy; Ni-based filler metal; Brazing gap; Weld microstructure;

Joint mechanical properties
DOI: 10.16080/j.issn1671-833x.2024.10.102
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VA TR O K TR B ( 1220 °C ) R4 T R [RVEF T pit
(0.05mm.0.10 mm F1 0.15 mm ) {453k ; 4Ta AR S
DD6 F: B4 ALY y+y' SUFHZL ST, Bt 4T A5 1] B B 38 K, i
PEMAL AR B B 22 35 th W o0 A A8 kLR iy £
Bk B AE A BN (0.15 mm) B & RS S WK,
TP AE EE BT AR AR A0/ NTR B AN TRV BT AR B B0 Rz 2 Sk 7
980 °C T FL v i i 22 BIAS K, Hi ot i S-S5 (EL 43 A 1

#x1 DD26#HEEBEFEAR

657~694 MPa Z [i]

Barazandeh %5 ' % i BNi-2 47 #1347 T NiMoNiC
105 &y il A 4 M BT RE % 42, 7E 1170 °C /8 min By R$% T
RS R4 BT VI A 83.8 MPa 531000°C /4 h
FHE I A BRI HF T AR 4E TR Ak ) Ak b L B
HIVA ALl U4 504k, ek S IR By V)5 R Jin#1] 92.2
MPa, 2% R 24 DO 0] HYBR ERIR A 5 Bl B R TR
FEEAF B3 AR TR = i A 2 R TR B BT A W AR TR,
AT T8 =R E R IR A & 0 EFIE, A5 A B, 4l
BRILET R AR AR SRS R B AR GE AR AR, 45
Z i y-Ni. v y+y 25 CrB. Ni;B & M,B, B #ll1k4)
R, HIRA B AET R RS S8 Lk 2] 50% I,
P 2 AU BRI NiB, BAL ) RSH 40/ B3 A 2
A7, %6 I 33k 7F 980 °C /100 MPa 514 R I A F ik
34h LT HALTZ,

DD26 B AL i il A & JE T8 — R m iR A
4G, MRA% IR BEAE 1100 °C LLF, AT 55 i 04 I A8 5 B fn
Pk orERE, - BA R g ke, FEH THlE
s AL it R AR E R S T E AW
TR R, 5 2 A e AT AR () . AR5 R
NiNbCoWCTrAISiMo (ff BIIp24 ) 45 34T K} %t DD26 45
L SRS T TR . [RIET, R R g5t
RO O T 0 SRy B T ELN RN, A A DA
WEX 5] — SR A B, 0™ A AN R BR BT AR
I, ARBFFEERE T 0.05 mm F 0.20 mm A a] Bk 1)
(AR SUE: N

1 WBRREF*E

AR5 H DD26 B B R i A 44 XAk oy
DL 1, RN EE A B NiNbCoWCrAISiMo 47 %
SRR XA2E R D3 2, AR TR £ 1194 °C,
LR IRE 29k 1210 .

KL V) 7 2ok DD26 S5k i m iR A4 T
R SE R 25 mm x 15 mm x 3 mm (4 B R RE, HLAR B
Jt 15 mm x 3 mm FREEZ I R R A DI
AT R P IE Ve, ARG BE SR PLKS 0.05 mm i1 0.20
mm FRERTA SUEAE RS L & T 200 P A A
B IR X L , ARAT AN [R] [R] B % TRUAR 42 R4
LA, 7E 0.05 mm 8] B A R BRI X 22 A5 4% Ab v 7
EFRbRE AR . XFT 0.20 mm Ja) B A - RIEEE , 8 T RIE

EEBXUERS(RESH)

Table 1 Chemical composition of DD26 single crystal superalloy (mass fraction) %

Co W Cr Nb Al Mo

8~10 10.9~125| 43~56 | 1.2~1.6 5.25~6.25 | 0.8~14

0.9~13 0.12~0.18 <1.0 <03 <03

C Fe Si Mn B Ni

<0.015 Sy
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SERET R TR, AR SR T IRE S b B 8L
i, JEAE R BRI SR L R SR A SR SRS TEX
FRGEANR ST R R S R T I A AT RN AT E £
AR RIVERR , 52 AT IR A IS U . W5 26 T 403k
FERCA AW i A AT AT HEIRLEE 1225 <C, PR A (]
30 min, TR B S A TR G AL B, B B T
/7 1080 °C /2 h/AC—950 °C. /4.5 h/AC—870 °C. /24 hIAC.,

K FHEDIE) T vk e Sk ke b DT 2130
R I v W AVA 3| E S /NG oy 11 B W = o B S 2|
Nova Nano SEM 450 37 & S 14 B+ B 5455 ( SEM )
X-Max50 figi( EDS ) 24t /4 3k i OB S5 A AH
MAy. FEZ R 600 °C 1000 °C B T it sk i b hr
SR . 7E 1000 °C /75 MPa £0F N IR L i F5 A 5 i,
Famis%] 40 h 50 1 75 MPa 36 % 100 MPa, 4223k b
S8, 2 JEkt S AL RE R T 1 A T 50 H0T

2 #R5vHE
21 $HEESLMAES
B 1 s o ST B R 0.05 mm g4k 4T,

% 2 NiNbCoWCTrAISiMo $RE4TRIE XL 2B (REN )
Table 2 Chemical composition of NiNbCoWCTrAISiMo nickel-based
filler metal (mass fraction) %
! ' '/ ' |
W Co Mo Al Cr Ti Si

85~9.5 [ 85-~9.5 4.0~5.06.0~7.0 0.3~0.9 | 2.5~3.0

Nb B © Pb+Sn+Sb+Bi (0] Ni

10.0~11.0 | 0.25~0.35 | 0.10~0.15

i

(a) ffkds

JRAEBUR SE R, WP R H R AR R FE L B , 24T 15
RS8R RAE PR TE R N 95~120 pm., %
Sk PRI AT R R DD26 BRI B B P4 .
SRS BELEE S (- 1 (b)) Al UL, K5 i i (5,3
X 1) AKX 2) WORRR AR, Lo A 2 e
Z IR HRR (X 3) AR (8 (X 4 ) A4 A%, 9t
PRI EARZ) 34 pme KIHHM T L (b) Urni
B S I A2 BT RE T AT 4G AL . A3 BT K £ (Fk
X 1) AR (X 2) SRR A A 5 DD26 B4 4
LAY y+y' BUHZEZY M T H oy 5 B R TR S 80 4
TIX AT AT BT X 0 2, X1 20 745 U9 SR ) Ni—-Cr-B
ST RHET 7 DDO8 MLk Rl & 4, FEXRGE X 3RS T 51
B y+y WAL 2250304 ® R Ni-Cr-Co-
(Pd, Ti, B) K Z4FRI 4T DD6 B i i A 5T,
T IERMIE B T y+y' SURHALZY. T B AT R 2
PRILETRE, FATRIP SRR ZM AL T 0%, X0
2 oMy MRTERDCE MsRfbe K . I, fRatrh 55
B y+y BUHZEZY . HRtR @ (B 3 )R A (31X 4)
A4 50 & WA Ni-Nb ( Si) A,

X HCIE 1 KA A 2R L, 2 M A B AT 4%
H AR ST R A3 A A A AR s S oA e R
W, Nb § B R 5 N, Jorkim i B2 & W AHFT Ni-
Nb (Si) AR F . (AT 48 vy [ PR JORLIR 1 y+y'
SUAF 20 20 (PR R €2 J0RE ) ok /0, 285 O R 40 A6 A 3 1)
T, HAAA KT 50 pm 5 Lot SRS A BE 554 JUkiR 4
AHAS R A , HAR AR R A2 70 pum,

2 W TUEATAE B 0.20 mm (9L 4l 4, ] L TE

(c) FRA DAL

1 $FIRiERES 0.05 mm ByESLAER
Fig.1 Joint microstructure corresponded to the brazing gap of 0.05 mm

(d) K1 (c) JraeRirmoR

=3 1(b)PERRUERSEIESINER(RESE)
Table 3 Chemical composition of microzones in Fig.1(b) (mass fraction) %
./ '/ |/ ] J /| [ |

X Ni w Nb Cr Co Mo Al Ti Si HeWrrAH
1 60.7 10.1 3.7 8.8 11.6 — 5.1 = = y+y' AH
2 74.0 76 5.2 3.1 — 8.9 1.2 = y+y' AH
3 18.7 47.6 14.4 4.4 47 6.9 0.9 05 1.9 B W
4 47.1 — 27.9 1.2 7.6 — 0.8 0.9 9.9 Ni-Nb (Si)H

104 Wiz hEE AR - 20244556748 55 1010
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[ PR LSS m i S SR AR AT HE T 2T | RS RIS B0
JEREN) DD26 Ff AR KR BRAT AR AR T R Y
UG, B4 S PR TEE 290 284 um. 5 0.05 mm [&] B 4T
SR SL IR AE L A EURLIR I y+y' XUFHAT S 2 (7]
S A & WA AT Ni-Nb (Si) AH(E 4). HZEH T
RLIR B y+y’ SUHZLZUR: f 378 19 = 5 2 R S 4Tk
AR FN Y, R SFZY 100 pm, B R TR 1 iy ik
AR y+y' BHALLY, ARG A B FE b e R B A —
FRBE AP B, BORCIR YA BRI D , At B
22 HRESLSIFEMRE

AN T 2 5 A ) 2 S 7E %R 600 °C
1000 °C T My fe i &, 15 i I Bt 0.20 mm 4223k i
i = F IR B 0.05 mm $23k 3 . [RIB 0.05 mm Al ] B
0.20 mm %L 78 2 I T MPTH5E & 4 51k 614 MPa Fll
686 MPa, ik %] DD26 H1/ & 4x 1% 75.9% F1 84.8% ; 600
°C R Wi B sm 43 9 4 535 MPa il 682 MPa, ik 5
DD26 {4 11 60.9% F1 77.6%;1000 °C T W& Hit L
RSy K 466 MPa £l 479 MPa, ik% DD26 HA i 44

A
-t

(b) K2 (a) fR4ERTHCR

(a) fR%ds

i) 78.8% £ 81.0%.,

& 3 7R T IA] B 0.05 mm 4223k 28 I i i S 75 b
FUESR, o] WLIKT C1 A o0 S 20 80 R i BRI 2405 AF . A
Wi s B, ek L TR g b0 X I, L B A2 e R
ST RRLIR () y+y' DU L 2050 2 W S84 A1E 340 X s B
FHEE W KB, K 4 Fos REEL0.20 mm #3k %=
IRPLHET TS, SR 3 M, B 4 H T S B
PYANE A A )RR T2 B R R TAREE T (H
VT SR % A58 SISl SRR B vy RURHZH 230 2 i 4
FRAFBA 5 . TP 0.20 mm 223k SRR (4 y+y' W
AHLH LR ST ] BR 0.05 mm 323 A ORCIR Y y+y" XUAH
MBS 3 A5 404, BT LA 4 il RS ™ oA
o TEAMIMB I PERT  FURER A y+y' SUHZH 430 2%
Koy e N S BORCIR A Z (B AEAE IS WA D
Ni-Nb ( Si ) AHE— 2L gl 1 R 77 4 i), 38 m 1 24
SOFE R, ROV Y B8 — a2 RSP, 24809
R R AR LW AT RAL

5 25 T 35 7E 1000 °C /75 MPa 514 T I3 A

500 pm
(c) BRZ A

2 STIRMEIREZ 0.20 mm BYHEESLAALR
Fig.2 Joint microstructure corresponded to the brazing gap of 0.20 mm

; £ 100 pm
(d) K2 (c) JraeREmoR

=4 2 (b)) FEMRALERDEEITER(RESH)
Table 4 Chemical composition of microzones in Fig.2(b) (mass fraction) %
. /| ] /' ! [ |

X Ni w Nb Cr Co Mo Al Ti Si W YIAH
1 60.1 6.5 42 10.3 9.4 2.6 5.0 1.1 0.8 vy AH
2 726 5.5 6.4 5.0 — — 8.0 26 = y+y' A
3 8.1 428 12.8 14.3 2.3 15.4 — 3.6 0.7 W W AH
4 49.5 — 25.8 3.8 8.1 — 13 1.4 10.2 Ni-Nb (Si)#

o -4 " ) '-
(a) WrOFEs (b) W TSR

200 pm
_

(d) BRI AR R AR

(c) Wizt

3 AR 0.05 mm L EiRALMHET OFR
Fig.3 Joint fracture surface corresponded to the brazing gap of 0.05 mm
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(a) WrHEsR

(c) Wradigts

(d) WA RO
4 TEIRE 0.20 mm 3K R H BT O 5R

Fig.4 Joint fracture surface corresponded to the brazing gap of 0.20 mm

60
1000 “C/75 MPa

0416 46.5
40+

30

20 F 175 17.2

FEAFF i

16.5

10

0.05 mm
SRS

0.20 mm 0.05 mm 0.20 mm

SRR HAE

5 DD26 REHRFEASTIEELHFEAES
Fig.5 Creep rupture life of brazed DD26 single crystal
superalloy joint

F#ir o BB 0.05 mm 423k A HF A F vkl A5 Tl B 0.20
mm 3235, % T B 0.05 mm Y45 Sk, RIE SR A A
A 7E 30.0~44.6 h 2 [a], PAb HiUS 5 A A {E 27.7~46.5
h 2Z ). 1 6] B 0.20 mm By 3k, BB 25 3 A 5 v 1
11.0~17.5 h ZZ Ja],, $4b BUS £5 A i fE 16.5~22.7 h 2
6], S B OGS ] R 0.05 mm (42 Sk 43 K 1 RE S i)
ANHH . [E]BR 0.20 mm (3 RE A PEREAE B B S AT Fir
Pt
3 &g

(1) 3% H NiNbCoWCTrAISiMo £F #} 7r 1225 °C /30
min (4 2504 2517 DD26 #5355 5 s i S 4 IO AT AR
e, MR B R & T B, O S0 LR B, 323k
HLVEF R y+y' SUHHAL LU0 S 43 A 76 JUREE] 1Y) & W

106 Bz hE A - 20244E 5678 55 1010]

AHAT Ni-Nb ( Si ) A AL

(2) [H] B 0.20 mm 942 3k 78 08 T B9 PT 7o & 18
] 686 MPa, f T-lH] it 0.05 mm f¥4223k . 0.05 mm Fi10.20
mm [B] 4%k 1000 CHOPTHise A2, 2351k 466 MPa
H1479 MPa. [E]BE 0.05 mm 23535 A 5 i B @A T 1A]
B 0.20 mm 323k A F i o

(3) P42 3k T 24 i 728 15 26 B HH 4 SO SR IR 7Y
y+y' SR ZH Uh S Jie () W 2L AIE , A7 AE T B0RER 1
Yy B2 2 18] 9 & WA AT Ni-Nb (Si) AH3S fin T
TR AR T 2 N T B v i) , 25 5 % R 4.
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WANG Yaowei, YAN Wuzhu, LIANG Shujing. A novel cold expansion technology with forcemate bushing[J]. Aeronautical
Manufacturing Technology, 2024, 67(10): 107-114.

—MFHEESHERFELIZMR

T E, S EHE, BiREs
(BT KRFHFE L REFHFIR, &% 710129)

[(WE] EoAEAFEIZR BT EREBEHFEFEILEANE TR ZLEG—FRILT k., STESTE
BFRBER BN SRR GG HATHR, R T — R ESATEAT RS k. E7 Rl EERESIEA
MR A FE A AT R, i AR S AR P TAL LA R Famy 4 FH 5, d3HRAL A, 3355
EETFHEH 1.5%.1.8%.2.0%.2.3%.2.5% BT 69554 B A oA, it 5 G IESATE AT R kAT AT b, BFRAR
W, ZFEAIERESFABRAEL N, AEAE DR WY, BRAENL IR PR, SEERAFEI LML, HHL
LTI EH 25% B FHMIRES T 33%, LiZdg s T F 33 mmigik,

KR B EIL; AFE; RA R BAATE; BRI ATRT

A Novel Cold Expansion Technology With Forcemate Bushing

WANG Yaowei, YAN Wuzhu, LIANG Shujing
(School of Mechanics, Civil Engineering and Architecture, Northwestern Polytechnical University, Xi’an 710129, China)

[ABSTRACT] Cold expansion technology with forcemate bushings is a coldworking method to install the forcemate
bushing into the fastening hole by drawing the interference mandrel through the hole. A new cold expansion method with
forcemate bushing is proposed to avoid the presence of non-uniform distribution of residual stress. The new method adds
an auxiliary bushing with a slope on the inner side of the forcemamte bushing, and the slope of the bushing is the same as
that of the mandrel, so that a uniform interference is applied along the axial direction of the hole. Through finite element
simulations, the residual stress distribution obtained from the new method is compared with that of the traditional method
on the expansion percentage of 1.5%, 1.8%, 2.0%, 2.3% and 2.5%. The results show that the new method avoids the
generation of residual tensile stress around the hole, the residual stress is more uniform and the residual compressive stress
area is larger than that of the traditional method. Compared with the traditional cold expansion technology, the fatigue life
is increased by 33% when the expansion amount of cold expansion is 2.5%, and this advantage increases with the increase
of the interference.

Keywords: Fastening hole; Cold expansion; Residual stress; Forcemate bushing; Fatigue enhancement; Finite element
DOI: 10.16080/j.issn1671-833x.2024.10.107

RHLASH R B P AP A R K AL, th TR R 4, HIZ T ZAGE AN F s oL, B8t Rid 7 5 51k
SBEFLACR CLEE R A ST RS M T H LB B R RN S . e IR, TR X
o B E AL 7 B, AN R TR REALYS FERN TR S T2, BRI AL =2 (a1 i
BEEOAR, W WA LB oA T ZA BB SESFIE O B. RIEESHRIEORE, w8 30 0 TS8R E R 0SE
B EAER BT R R P N iR B R RAHE R
HUR R B A T 2R I 2SR AL IR B B sk i H 20 fit 22 80 AR ALK, 56 [ 55 BoAR A /I (FTI) AR 3

20244655678 1000] - Bt RER A 107



,—‘i. N »
E:I:%lex RESEARCH

B R AR T ForceMate 3 Y, Bl E &4t B X 5K
T4 B ETEHE el R AR E SN F S
T H v 8BS 1T FH S TOUME AT S IR, By 1o S B0 A
Mg, R 2 R i 5 LLsi /D B B
FErfoRE B IRt IR AT B R R R AT E R
TEFLI , KT FLEETE B S 4%

BB T2 77 A (9% o5 3 25 20T 8 % H AR G- R
FEARSE , %A H N 7 I KN B A A 9 55 s Ak 1) 56
bt VEZop R R 1 B IS B TR AR A B
F150 A R B B, B Dy T A 18 5% A g Ak
P25 R A, U R A ) R e
S FMER AN S U, MR A S8 , AT Ee e A
B o7 iR ALRCR ok Bt 45 Bl ad SRR F1 — R AR ik
%55 545 Liu % ORI BRI A 058 T
LA HE XS Ve 55 P 5% 43 7 T 08 43 A IR R 5F 754 1) 52
Wi, FRUAIE T WB A5 T SWT 5 Fil A 9% 55 45 i ) 1
. TR DT BT SEE, ©2p TR uE—2e8r

AT e B

B RHF  T2 eV 55 5 FLJA JE 1m) 5% 4 FE R
biE 85y 1 o 7 N 8 B NG T L s R 15 7 9 A S VA
BN, o BB AR PIN JT, ASF T 57 5 A i 3
fn DO B iZ IR, Jang 45 U2 IR T LR f X ik
AR 153 A (52 5 Chakherlou 25 B0 48 1 A e A
HEOE PR R AT I SRR A N T B DL O ik s
R4 N3 A58 41 5) . Maximov 25 MU I 4
I 4 AR DX, AT AR AR AR X 4 5] i 5% A% e ), {HZ
D5 HE A X RN 15 295, B A S0 A B 5
SR, HAz 3ok P b i 5 2ot e it i il 57
B MELURE A1t T

Rffde bR A PR T — R A A R B B
2 T2 U ISR BB FO 20 9 L% o7 i Ak ik
W WA SRR, % T A0 DA RGHBRFLET A fiEt
WU R AR 7, 5% 4 TR N s T AR ISR B 7 1] A
HBTIE.

1 HBRTEE

WA BT G AR T ARG
(BRANIN S 53 A0 e 5 425 , AT T 3 MR A
Vo ML | A 55 A SC TR L 7 8 A AR B R
I T A Sy % B LB T AL 5 PR A SV B AR
AL GV B FER R A A 285 R 6], — 2L ) 30 B
ARSI L R R A (R 1),

BT LA 5 B B A S B L, 14
I— AT, B A R AR R,
IR 2 g i 2 TR 2 BN AR LI A b, 7E 4R

108 Wiz B HE A - 20244556748 55 1010

FEi R PR PR VEH . g 2 B Bl Bh R E R 2
BRI B A — B R SET BT AT A s 52T BT i
R I 2 A

BFHE IR A TAEBC WA — 2 RUE AT, H S
BT A, iAo R i R b TR
1] BE R IAR R 90 % T 2B e Sk T4
FEAHTE Sl AL R s e, B TR T A4t
BRSBTS TAE5F . BPERPRSEE R BF A
[ 55 T 4 2 T T B, R S L B
JE R B, SE A2 T AR (18] 31,

V5% R it Ak ik R A B i 20 B AR 26, 1T ABAQUS
A AT DU D52 2= R R R R L M A2 A 2 v )t
IEARSCE % ABAQUS #4737 ¥4 i A BROTAS 7Y 11
AR SCUARUR 2 A A 4 5 AR R Oy 91) ) s A A

OO

(a) HilREEHE (b) BE2REARE

1 mHESHE
Fig.1 Two types of bushings

~ O

(a) Bk Fr s (b) fHB £ i

B2 HWHHE
Fig.2 Auxiliary bushing

/

EREEIES

\

R I A

SRt | T EREGE

=

3 FREEHEAFHEIZEMGEREE ™
Fig.3 Schematic view of the structures of the novel cold expansion
technology with forcemate bushing™
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AR AL T R AT B BT O R
WMo AL TAFEE N 10 mm, K FEFLFLI2 K 47 mm, £
P18l 0.8 mm, B4R R TCA, Hobb RIS tn &l 4 fise 1
FiR o AT KA Bl £ 8D PH13-8Mo, Hi ) -
o A% 4 T 22 S0k [7].
1.1 Mg
WE 5 Fs, B ES R R LA E AR,
RIS A AT R, JE25 A &) 4 . HeAx Rk C3D8R
PTG, N T ARSIET A B R A AR 7E T AL
JEAL DR A% . AR SE R XTFR I AR SCR T 174 XEFRASE
il
12 HWS5HREN
R TR IR 3~4 4530128, X v 45 e B BRIz
Y B, e BTG B, T A3 i He 5t 1 i 4 1 g
Ji SO SV L TRk R B0 AR I A i e A
RN S o XTGBT BV B R T Z
05 1) 58 42 2 i B T FLBD 58 A B M I . e TR
1200 -
1000
s 800
=
E 600
= 400

=E&=1.07x10% ( MPa)

200

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
NiAEe

4 TCABNRNS - ML

Fig.4 Nominal stress-strain curve of TC4

®1 IHFERTENZMERE
Table 1 Mechanical properties of workpiece, bushing and mandrel

RS | tICHTE IMPa | JAALL Ji 55 2 /MPa
TC4 107000 0.31 830
PH13-8Mo 192000 0.28 1235

z
Y Ax

(a) HIERIEA R ER BRI

(b) b 2R A AR

AR ERBIRBRLS R AR5 T A ¢, R
T A R S AB0HG L [l TR RN 2 A8 A AT By
BEIE LIS 53 BT 28 4 50l itk e R 288y AR /N AT, N7
b2 0.1, Horbde R far >R H 94 2847 ( 333.67 MPa ) Jiti
e R v

B AR P 2O BRI A s TAFRUE SR E
JCHRLHR Z Ty I sr % 5 SO 2 sHA B el B A AT LA
W Z J5 i % s B E AR L HH Z I im0k, &
A AR, S BT E AR LR Z 5 1a BB AR A
13 EMEXRIR

FEVRR ) fioh T 5 1) s SRR i 5 ) i) 14 i EE 4R R
b4 TN &R 3 Sl 51 197 ) | W 7 o = | e
PERHCN 0.02; il MA R 3. EELSHEZ
) 7] i) BE 48 22 80— g 0.1~0.207 A Se i SRR B Ak
4 0.15,

THWEEAF R BEEEEN T 2S48 HRE
2 DA TCA R AT T 5 4%, H T8 1%
PO FEITAR AL N e ) | ES IRy 35 S
J& AR N T TR E . AR T ERCR , A &
5 AR A T, Q0% 2 A1 3 TR (B4 R St R
B 8 o R AT E N AR TR S RS
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Fig.5 Finite element model of cold expansion
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Table 2 Expansion percentage of the traditional cold expansion
[ N N

IETAEAR T WEWRIME | WERNED |
Tt 1%
mm mm mm
20.87 23.5 20.5175 15
20.87 235 20.4470 1.8
20.87 2315 20.4000 2.0
20.87 235 20.3295 2.3
20.87 235 20.2825 25

R3 WHEESGHERFETHE
Table 3 Expansion percentage of the novel cold expansion
-/ | |

BN K | | WIEmRAME L ISR TR T %
mm mm KA ()

2.84274 235 82.93141 15
3.41129 235 82.93141 1.8
3.79032 235 82.93141 2.0
4.35887 23.5 82.93141 2.3
4.73790 23.5 82.93141 2.5

a

d cl
b
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Fig.6 Residual stress extraction diagram
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Fig.8 Cold expansion residual compressive stress region of
different processes



‘_‘i’ » »
RESEARCH E;I:%rex

400
200}
©
o
2
= 0F
g
& -
& 200} - - T 1.5%
= o TYE1.8%
BT —— T E2.0%
—_400} v T E2.3%
o T 2.5%
—600 5 10 15 20 25 30 35 40

AL B /mm
(a) BATEEAFER BRI AR L [0 5840 1 70 A

400 -

—400- ¢ —=— X ERER
- - ELl AR
—ome L T

—so0l f RIS

-5 0 5 10 15 20 25 30 35 40
PEFLIHE B /mm

b) T2, 0% AR T2 AR LI S 1] 5R AR 3 4347

B9 AEE1INEARRRENSE
Fig.9 Residual hoop stress distribution along path 1
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Fig.10 Residual hoop stress distribution along path 2
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Table 4 Fatigue performance parameters of TC4™!
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Study on Microstructure and Properties of Wire Arc Additive Manufactured Aluminum Matrix
Composites Reinforced by Nano-TiC Particles

LU Qizhao', ZHOU Xiangman®, LUO Bin*, LI Bo', WU Haihua', ZHANG Haiou®
(1. College of Mechanical & Power Engineering of Three Gorges University, Yichang 443002, China;
2. School of Mechanical Science & Engineering of Huazhong University of Seience and Technology,
Wuhan 430074, China)

[ABSTRACT] Introducing the second phase particles into metal materials is one of the important means to improve the
mechanical properties of metal materials. In this paper, a new arc additive manufacturing method of TiC/AI6061 composite
material coated with TiC reinforced particles in aluminum foil to form a special filler welding wire is presented. The effects
of 1%, 2% and 3% TiC reinforced particles on the microstructure and properties of aluminum matrix composites were
investigated. The results show that: Compared with the matrix material, the average grain size of the composite material
with TiC mass fraction of 3% decreased from 45.5 um to 25.3 um, and the tensile strength and yield strength increased from
148.5 MPa and 118.0 MPa to 178.1 MPa and 157.3 MPa, which increased by 19.9% and 33.3%, respectively. The average
microhardness increased from 50.5HV to 65.2HV, which increased by 29.1%. The results show that the load transfer
strengthening and grain refinement of TiC and Orowan strengthening mechanism are the main reasons for the improvement
of mechanical properties of the materials.

Keywords: Wire arc additive manufacturing; Aluminum matrix composites (AMCs); TiC; Microstructure; Mechanical property
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Fig.8 Metallographic microstructure and statistical graphs of grain size of TiC/Al6061 composite specimens with different TiC mass fractions

(b) 1% (c) 2% (d) 3%

B9 7R TiC RES A TIC/AIG061 £ & FHEHEM SEM
Fig.9 SEM images of TiC/Al6061 composite specimens with different TiC mass fractions
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Study on Preparation and Progressive Damage Mode of Open-Hole Fiber Reinforced Magnesium
Alloy Laminates During Tensile Process

LIN Zhongzhao', SHENG Dongfa', FANG Yuting', LIU Lin’, LI Zhongjun'
(1. School of Civil Engineering, Southwest Forestry University, Kunming 650224, China;
2. Nanjing Xinhe Composite Co., Ltd., Nanjing 211200, China)

[ABSTRACT] The damage evolution and final damage mode of glass fiber/epoxy resin reinforced magnesium alloy
laminates with different pore sizes were studied by experiments and numerical simulation, and the microscopic damage
mode of fracture was analyzed by scanning electron microscopy. At the same time, the fabrication process of fiber-
reinforced magnesium alloy laminates was improved. The results show that the surface treatment of AZ31 magnesium
alloy can effectively reduce the delamination effect, and the specimen tensile strength is 347.62 MPa, compared with the
untreated specimens which is improved by 11.33%, the interlayer microstructure morphology is more compact and uniform.
With the increase of the pore size, the residual tensile strength decreases gradually. Fiber reinforced magnesium alloy
laminates gradually expand from “X shape” to “funnel shape” in the progressive damage failure process. The failure modes
of laminates are complicated mixed failure modes, which are mainly ductile brittle fracture of metal layer, tensile fracture
of fiber layer and interlayer delamination. The experimental results are nearly consistent with the finite element numerical
simulation results, which verifies the validity of the numerical simulation model and provides a reference for practical
engineering applications.
Keywords: Fiber metal laminates; Failure criterion; Numerical simulation; Hole diameter; Residual intensity;

Progressive damage mode
DOI: 10.16080/j.issn1671-833x.2024.10.122
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Fig.1 Design of GFRL/Mg alloy layering

POIEARZ

#1 GFEPMRRNZMEESH
Table 1 Mechanical properties of GF/EP prepreg

[12-13]

WIS iRz HfH WIS E5i Al
E,./GPa 49.65 S,,/MPa 37
E,,/GPa 12.9 X{/MPa 301
E,./GPa 12.9 Y,=Z,/MPa 25

G,,=G,,/GPa 5.33 Y./MPa 96
G,,/GPa 5.33 =\ 0.34
S1,=S1/MPa 50 Vs 0.3

K2 AZBHEEENFEESH
Table 2 Mechanical properties of AZ31 magnesium alloy

W AR HE/GPa | BIJHEEG/GPa HEL/N =AY

45 14 0.3 0.5

JEEE /mm
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Fig.2 Reparation process of GFRL/Mg
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Fig.3 Hot molded curing process of GFRL/Mg

4 GFRL/Mg ##EEEL i &
Fig.4 Hot molded curing equipment for GFRL/Mg
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SRR FEARRL R I3 R R AL 3 Fh AR B U 2R 44
HENINE .

£F 4 F7 2 RME ) ( Fiber tensile and compression
criterion ) :

2 2 2
Ft_[&J J{TLJ +[TAJ >1 (o, >0) (1)
' XT Slz Sl3 B

Ff:(%j >1 (0, <0) (2)

C

FEARRL RIS ROEN] ( Matrix tensile and compression
criterion ) :

2 2
o,,to 1 T
Fr;:[ 2 J (7223 —0,05)+ (S]_zj +

t
r S 12
2
T
[S_BJ >1 (0,,+0,, >0) (3)
13
2
Fe= Oy t0y Y 14 (0y 105 )’ n 7223 ~0xn0s
" YC 2S23 4S223 S223
2 2
Do | 4| 5| > (6,40, <0 (4)
(S]zj [S13] = ( 22 33 )

A JEHSEHAEN] ( Delamination failure criterion )

d O3 T3 Ty

e (2] () e @
o, oy o WESFORUZE RS T3 18 B9 RS LA K BT O10
jj 5 Xc N XT\ Yc\ YT\ Zc N ZT ﬁ%ﬂ%ﬁ%ﬁﬁ%ﬂﬂ%@*ﬁ
SRI7 16} RN A 8 5 Sy SAAF L TR P ) 5 DD R
2.2 MHEEETERIR LIRS

F LA SR B G R R AR TT UG Z 11, ) —
VAR G R R LR

c=C:¢ (6)
K, o R JyikaE; CONZMPERIEEAE /G ; & AR,
ST K AT C e Cy, Cy AR R 5PENI
BRI o Y an R e,

1 (1-d;)E, (I=dp)(A~dy)vy By 0
Cy D (-dp)A-d )y Ey (I-d,)E, 0
0 0 (1-d\)G,D
(7)

ft':':' ,D= ( 1_df) ( 1_dm )V12V21 5 df\ dm ﬁv\%ﬂ%ﬁ“?ﬁﬂ%
PRIPIRAS T/ 5 d, B U RS R M . 4 R figss
3y XA A B AT OR o LR 2 s A 1
AR AR R, Ey R E, 435145 A J7 0] AR
Vig Vo FIARALE s Gy, DT A BT YRR . 78 an T~
7N

d, & >0

o, <0

(8)
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d, &,>0
d _ mt 2 =
" {dmc G,<0 (9)
d, =1-(1-d)1-d,) (10)

o, dy dy FAE FHEFE 7 1) BYRLAR AN R4 5 R B 4640
K dos O 20531 S B h A [ 7 ) P v A R 4 5 e
4545 4 i 5 o AR BY T RE (45455745 i, PR 21 4R
FLARTFZLG [ 5 dg AR AT 245 1R I X BT IR E 1)
AR TR 5 0y | 0, SEETFYERVRE 18] J5 18] AT 5500 7
23 ARTHEMHEES

45 VUMAT T3 AH BT/ Fridt: ABAQUS
PEATEET BT, 7 A8 BR T SE AR PR TR AR | 78 A 5
77 1) 3 I X B B AT AR XL ) A AR R B RS
T A RHE SR BEA 42 LR 2 E AR Al A A
03 590 R FH 45 1) [R) A 0 IE 52 4% 1) Sk ok A, 7 4
JZ FIVEE A 42 )2 PUA% K1 43 % C3D8R I 4 B 43 Bt it
17, ZH kG2 % ] COHADS8 FR43 FAIT#EAT , FLilAF
N 8 R EAT RS ARAL R 43 o B I T 2 4 i
G &R AREUE S TERANE] 5 Fis .

3 ARRHGAEGRSHEERS T
31 BARTENEMNTERSIRIETL

T4 4k 4 8 )2 A M s i 40 R e — A~ sh 4
B Ak A, £ 2 J2 A0 T 2 A B PSS, M 7 i e R ot
XA B A 3 R BEAT I . A BRI B BT
REAE T = — E i B A A f , A BT 0
MBS A RO 58 4T 4k 4 R 2 BN TR AT 4k )2 A%
TR KA R

% 6 A 7 L GFRL/MG 1o 14 2K 250 Jey i 4 71 1] K
A BRICHEELE XS e o IR S (B 5 ELAS S mT A, B

5 &7l GFRL/Mg #{EH#TiRE!
Fig.5 Numerical analysis model of GFRL/Mg with hole

PEEQ
(. 75% )
+3.035e+00
+2.782e+00
+2.529e+00
+2.276e+00
+2.023e+00
+1.770e+00
+1.517e+00
+1.264e+00
+1.012e+00
+7.587e-01

+5.058e-01
+2.529e-01
+0.000e+00

%

Diameter=2 mm

Diameter=4 mm

B EEER AT & A T I ARSI AL
B AL ) A R e T A 1 T . B
F TN B AT BE B 4 2 M MR 405 X I S T
R K, B 5 4 2 R A7 A6 S et M RN S 4 0 42
Wi SR PR A — 2 1 2 A R IEPE T 2. A
PEEQ S5 8 1 13 725 7= [ IR 6 (&1 ] LA U AR
& Z W IEPEAS T R 0 R 6 4 D 2 2 3k s e — 3,
B 5 40 I RFEEE IR &2 2 & AR B e Kok
CEWAS
32 BRTHEERSH

SDV 2 VUMAT F 7 & X E G A EHZ Rk
AR, Hh SDVL 2R 43 4k 35, SDV3 Ry 3 fk
MR OIRES o A B CEUE AR R A W 4R FH S e M B 25
Pl SRR AR B 1 I BATT AR, PRAT BATTIN R A
B, I NI A PR a2 o A b 28 er , B3RS O s )
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6 &7l GFRL/Mg it fhi B 1E 53]
Fig.6 Tensile plastic failure of GFRL/Mg with hole
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Fig.7 Progressive damage evolution of GFRL/Mg with hole
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Fig.8 Surface microstructure diagram of magnesium alloy after
surface treatment
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Fig.9 Lateral morphology of GF/EP—magnesium alloy laminates
under different surface treatments
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Fig.10 Microstructure diagram of fracture failure of
GF/EP-magnesium alloy laminates
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11 HRIRIE FMLs i 4
Fig.11 FMLs specimens side surface after tensile test
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Fig.12 Stress—strain curves of FMLs specimens under different
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