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Fig.1 Schematic diagram of hybrid welding
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Fig. 3 Joint morphology for different joining methods

625190-3



it = % ®
SR ANET AL L Sk B A BT . IE LR S RGP T 21200 X O G A Sk B R
A5 S IR AN L B P PR IR IS R R G R B i 22 AR R T REE X,

FAKR
2.2 #IABERAANE

R T VEAR S A AR R ROR R Sk ik
JEE VB e R 1 Sk A AR Sk AT A S 5, 75 3
LSRN HESE SN

N TT-0 A R 2R T LA 422 3k R 38 1 62 8% K
INAY SR - 5 A 4R (6. 86 mm) > 414 (2. 20 mm) >
Pt B P AR B2 (FLT L, 0. 35 mm), W8k, 904 %
SR H Sk S ME B 4 F FLI L X 2 i T 94T
(7 AE 2 5 T 45 Sk I T B9 VAR ) L BOME L TR 2
BEA Y M BEPE R A R Sk W AR
B XTI B A RS MR E T 21200, 3%
W ol A A S 7 TR 3o A e ) T R e
KRKEET.

4.0

fi#s/mm
B4 ORIR) 7 3 07 20T H Sk R i 03 -0 B i 48

Fig. 4 Force-displacement curve of joints with differ-

ent joining methods

I3 A R 6 TR G R LU B R B R A
FR Sk R AR 9y U1 7 (2. 73 kND ISR T B #2490
RSk (3004 kND o {H X T H0 L B T 9 4%
FRAL AR EET AR 2 AN TTRR SR E L 100 A2 G AR Sk TR
BTRO AL E R T A RT3 Skt K STk AR 2
SREE . PRI O T S A S e SR AR R A Sk Y
1A RE R AT 48 mm KA 2 A EIET I K%
AT BRI AR . R BRI OB Sk E LK
BIREE Y SR BE A B 6. 2 kN, M T A B 3k
(6. 08 kN . 52 3k i il 5if BE W B $2 TH (2000 . hk
A A PR Sk o AR A R TR T L A A

N T 0 S R Sk e A R A
X HAZS AT T, [ 5 R TN ) iR
AT HR B EMA L X 5 () &5 4%
SRHNET AL TE SR ANIE 5 Co) Bl F SRR S AT . 5
FRFETH BR T B2 3 P BB 42 A T A 19 I
(1% 2 Bk B L I HLAR O T AR AR 45K IR L &2
AR LR B I R & & S5 IET . 40
BESE AR EZEAE N, HE NESH
BIET AL BOIE SR T DL B AR R I AT R AL R
B a5 G PRI ST AR AT A7 TR 2 BBk
S X T A2 R Sk 0 B ARG 19 DA R BT A
SR I R R 2 R A e A AR TR ML A L
JCNET WA ot L BOVE BE S B AIR . AR AR SCAE
A RS T HEI CAS) 27 1 02 40 1 K e e 4k
S JEE T i) FIVRE 2 7 1) — 00 AR e T EL Al 00 i
JE B M (RS 2 75 1 2 40 1 Sk Jie e £ o &2 T 1) Al
ST 1] RH S f8  H T HL Al R N R A% X (NZD
FN AR L X XTI IR R AL Y i

(c) BRI
A Te) e 4 J7 30T 4 3k 19 78 L4 41

Fig.5 Macrostructure of joints with different

5

joining methods

625190-4



L5 (b)) T LLA 27 8% v ] I 3004 12 48
B i 7R T A R DA A A S B O A
RABRIE . BB AT AR L T L S5 AR 5
B G AR T AR N T ST B A
5 R B AL L ST A 15 B L A8 A PR TR
T3+ T8 T 23 WA B B A7 AE

DR TSR 0L B AR B B TG 4L X
K A AT TEE . AL 6 Ca) Hpal LU
Al A S ET I B I G R R R S
BT, 6 (b) W TR B B A T A 0
A7 AEAT I8 22 55 BB A0 A v A7 1 35 B 5% 1 1Y 2%
S UL R G 5 BB TR A 0 AR P e R
THABEHEAE T 92 UM IR & o 4 . TR (7 Sk
Fan. W60 B TGS E L5 AR
EAFRISEEL T i H R EET 5 2 A MR %
PRI ARG B 6 () B B M R TR A
GEHE AR R . 8] 6 (o)t e
MEE 595 PA6 M RE S SO
P PACHIA S T2 B R A& S5E R

50 pm

f 500 pm E

(@) BIET A ST (b) FAS R SAE TR
PAGHEHE) R i

s

HIET

(c) BIET 5 EZ S hPEHY () B 5E AR
S MR

: 500 pm
(e) BIET HERG GBS () 9T SE SRR ERE S

(3= PUS T SR OUE RN

Fig. 6 Microstructure of hybrid welding joint

MR Z B AFfE 2 B, X T EAT Fn & & 4 kL %
e R 6 CD PR, R AR R S Rk
W ANENER T 3 LH T W44 %a W
A B L R AR SRR A AR D R R X
R TAHEEAEN AT, 155 5 M BV
fier=A: HoO,CO, SF RN iy F 5 4 bk} 5
PR SOk R Je i B B T <. Katayama
1 Kawahito " JA S #5 AF 4 il 14 52 & b1 k)3
A 2 32 20 S 10 7 A R R Bk B BT 51 RS 1Y)
JE 5 DT A 75 2 45 b R 32 4R 37 20 i 434 588 O 39 78
B FFLIR A R T B I A

L LR AR NGE TR A
MR = F Z R Am L, X R AL R
PR EEJEH Z —,

B 7 SR T 8 A 1R Sk TOONET RIS 42007
HIOR 2L, I 7Ca) B 7(b) Al 1, &2 AR TE
Fz R B F AL L S AN R . 76 AS 9 FLif
PRI M R D L H RS AR KRR A0 T
5T A b A7 A A % 2 R TR B 3K S dle o 7
TE AR AT R 23k T 2T B 1 7 L AR Sk 1
JrsE vk fE. ool NZ RS Ao B R .
TCO R BARAE R V0 T A A — S R 2 1
[EBRCE 7)) HES G F 5 FE 6 vl %, 4 T 52
G R TR I T 84T 5 5 A MR
M ER G AT 8 T i AL 7T
VAT A7 L R] B A BT AL I B L T
ARG EABEMMT &R S5MIERE S
AR I 3 T AL, B T KR AR X S

AS RS
g RS

R4 RS

(a) BED (b) JEA
: NZ NZ
MR wngp LR

P o

GEkEE

(d) FEEIRARAETESR

(OF AR EA RS 2T

B 7 B AR AL E O
Fig. 7 Microstructure of lap position of hybrid welding

625190-5



XEFHET S 2 A MR B B AT T 0T
RO ad, K 8 i . KIAEL: & A b A7
£ O &% . Nagatsuka S 21, 4 )8 50 5
G HMRR R L A EK G S B R Ay
5B AE PA6 Z [ A/EH . Liv 0 Wi i, & )8
5 PA66-CF 9 5L 11 45 5 J2 S A ) 5 W B8 rh 19 1
PR A Al 2 SR S A 24 B 1) 45 R L Ak A
B R BEIE 9V iR, X bR S 7 A
J& S5 FSW b 4 Han 59 4 iE ik, B
I AR S O FE ST B AR 19 32 2 i RV 3%, AL )
BT E NG+ 32 00 Pl B A2 1 A5 0 0 o R T3 PR
HETH XM EILE S PA6 k4 W, B il C-O-
Al fe2fst , A3 8] O SR A Bl & E 4.
L 6 FiE 7 vk Fh 43 08 5 0 2 G b R
SN R R . NIk ERE A
KR S LBERR T EET B ML 422 RO ML AR T

EREEiR

B8 ANET S5 A A bR E SR AR B9 ST R S A

Fig. 8 Element distribution at interface of rivet and PA6-CF

A=

K9 &ESEaHENEE RS2 sE
R = E B
Fig.9 Schematic diagram of chemical bonding between metal

and composite through metal oxide layer™

b & Jm ALY I A A BEREZ 8] Y 5K Y e
BNLZAR KA T AR

2.3 EIMREHRERIBELN

R T 2 T A R Sk A b e R X
R AR 2 OB SRk AT TR, K10 B
RTEABEP MW IS, HE 10 ()
e, H TR R R Sk B B R AE L AR
S 5 ENET 12 1 SE BHLARTR & DT S
S B FE P R R SRR AL A R TR R
LRI BE 1. P 10 Ch) e, AT AT AT T L
B DIfE . FEG R B e MmE
BRI R Z T B R BT I, I B 4 BT
4, B 10Co AN 10 (D XF e T Hi A FT G 2 A 14
Sk AR TG B, th T2 A KRR 4 3k R &2
S5 P BY DA AR R BUR B A T R E ) 5 AR

BET

10 mm 10 mm

(c) IRFERL T IR AR

© EAMEMERTERL (O FARMAETERD

Bl 10 A2 a 4R 4 Sk R BOE LA
Fig. 10  Failure morphology of hybrid welding joint

625190-6



JE . B 10Ce) F 10 (D B35 A b e e 1 52 & A7 4%
3k 5 A BERHI AR 5 4 00 5 90T 34 422 4 1y T 2
IRPEARTE

MNEL 115245 H5 0 890 422 W 284 08 5 % L &) v B
RERH L 2] OO ET A MR G &Pk
A T3 L 02 R BT A & A R T AR T S 0T
2,mxTREAGEELME, 44 K 10 (o),
F10CD W A FTEET S8R 6 4 2 & MR b
YR AE T RIZUNEEATE . 54 45 A K 6~ 8
MO ZL 2 A R B P ) G e m B
Bz 3 B ) 43 A BN 5T R S A v i R ) 4R
o T AS 23 B0 A 00 2 3k 0 0 B 2 ok
PIMEHE A MW M ML, I g AR 4 W
FE PR il £, AT LABA BB BB ARk W
PR AL BN, R A AR TE ) AR
B,

Ty [ 1A LA

BIET

5 mm

(a) Bk

5 mm

(b) Zrpasek

BT AN i 07 23 3k R BOE 5 IR
Fig. 11 Failure morphology of joints with different

joining methods

D T S U P Sk A AR B 4 Sk i 2P
Bk W RUR IR A 12 . T RUAE L
R A v e A A R G B F A R ESN )L It
FEIE 4 v, ot U] BTt kB L CRElED AR
FE 5 LI L B T 2 00 B T I RS AT T L X
I 045 S L S S  R AS S P A AR . i
THVET A b BT VI RE 1 B HE S 3 Sk Ak s A s
AR KA 2 5 B8 B 2 e vh ™ A R B AR TE L 48
i e b i E BAT B L 1k A

. o .
............................

3] O aad BEEE HOoMR

12 ZaRHEk W # R R
Fig. 12 Schematic diagram of fracture process of

hybrid welding joint

£ LT S5 R AE DR IE 42 K e Ak ) SR b
LSBT R A ST RN SR B IR B A A R
{1 5 T it 7 2 48 mm KR4 19 B39 BT R )k
6.2 kN, PR IR 5 80 1 42 Sk 5 )8 AH 22 0L 1
WF w20, EaBREmstkis T
21205 AHHL W 2 R A SR R T, B
W R BB TSRS A . 2 AR . 0T 7 32 AR
FHLRT UI D B TR S R & M IR R S
AR FRTED S LU B8 4 < 5 I R A2 B R S T
B R IEIE N . T A5 Sk D e i A 1Y
F BRI A Sk 7 7 73 A 14950 L 3% 4 T B 3
T ST S e K R A O A BT Y s 5 D)
RE LR E RSS2 . B B0k i & 7 X
S 5 S T W 224 I BILBRCEL B 2 A I AL

3 45 ®

1) SR JH BI04 0 B8 B 2 5 4R 0 B IR 1Y
FBe AW AR R RO FTAR T . SE B 5052 48
B TR G 25 5 0BG 1 A i 4% L 48 mm K
A IREE BT DRI I 15 %) 6. 2 kN,

) EEMEUCE THEESWIRRZ S M
BEVEVET 5 B0 A B0 BT L SR AR L Sk

625190-7



i

A

R R T 2120,

3) B AL B o Bk R 1 Skt o iR

T BR A S T ST B e K R R A T B9
e P SY U B T B S B A B N ) o3 A 25 A AR Y

2
ME%@%%@%HEI%%MWE%@
R 5 2 2 O L R e A O

ﬁﬁﬁ?ﬁﬁ%&*ﬁlﬂ‘]ffﬁfﬁc

[1]

(2]

(3]

(4]

L6l

7]

Z £ x M

BOKIE, BESE. e, S BR/HR S A R B AR
ARG IR, Mizs 34, 2018, 39(11) . 022154,

HUANG Y X, LYU Z L, WAN L. et al. Review of dis-
similar friction stir welding between titanium and alumi-
num[J]. Acta Aeronautica et Astronautica Sinica, 2018,
39(11): 022154 (in Chinese).

A, EAYL. Bk, L RAVKRER )P RA KA
MR BRI B R LT ] M A 22 i, 2014, 35 (10D
2699-2721.

LI M, WANG SK, GU Y Z, et al. Research progress on
macroscopic carbon nanotube assemblies and their compos-
ites|J]. Acta Aeronautica et Astronautica Sinica, 2014,
35(10): 2699-2721 (in Chinese).

S BRI E R LE . s RS
WAERZE R LT ). AL TH BB KL, 2008, 36(10):
1-4.

WU Z W. A new opportunity to promote automobile light
weight with plastic instead of steel: Application of high-
performance polymer in automobile [ J]. New Chemical

Materials, 2008, 36(10): 1-4 (in Chinese).

TR, ARG, ASHAES, S, RAT RS LS M A A R R
ARG TZMwi R, iz 24k, 2015, 36(8): 2773~
2797.

GUY Z, LIM, LIY X, et al. Progress on manufacturing
technology and process theory of aircraft composite struc-
ture[J]. Acta Aeronautica et Astronautica Sinica, 2015,
36(8): 2773-2797 (in Chinese).

RER6, XK, BRI, &5 WERES S SRR
WA T Z %], RABHE . 2019, 21(5) . 66-68.
LUDX. LIU L. YAO H C. et al. Molding technology
and trend of automobile chassis lightweight by using alu-
minum alloy[ J]. Popular Science & Technology, 2019,
21(5): 66-68 (in Chinese).

BOONE M J. Mechanical testing of epoxy adhesives for
naval applications[ D]. Orono: The University of Maine,
2002 89-108.

LAMBIASE F. Mechanical behaviour of polymer-metal

hybrid joints produced by clinching using different tools

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

625190-8

[I]. Materials & Design, 2015, 87 606-618.
G, DU LA B B e B AL S 7 R F D). I
g 1SS KA, 2015 5-17.

LOU M. Study on mechanism and process of electric-aided
self-piercing riveting of dual-phase steels[ D]. Shanghai:
Shanghai Jiao Tong University, 2015: 5-17 (in Chinese).
&FE, FokiT, B, F O ETELSKREME G4 &R
WS AR A E e TA R DT]. R TR R,
2011, 1(4). 185-191.

JIN X, LI Y B, LOU M, et al.
self-piercing riveting aluminum to high strength steel using
DOE method[J]. Chinese Journal of Automotive Engi-
neering, 2011, 1(4): 185-191 (in Chinese).
BLAGA L, BANCILA R, DOS SANTOS J F, et al.

Process optimization of

Fric-
tion Riveting of glass-fibre-reinforced polyetherimide com-
posite and titanium grade 2 hybrid joints[J]. Materials &
Design, 2013, 50: 825-829.

AMANCIO-FILHO S T, ROEDER J, NUNES S P, et
al. Thermal degradation of polyetherimide joined by fric-
Part 1. Influence of rotation

tion riveting (FricRiveting).

speed[ J]. Polymer Degradation and Stability, 2008, 93

(8): 1529-1538.
XUEE, R, fAE. FEMBREAMBSMES A
g wF o ok R LT]. M OB S i, 2020, 34 (11).

11053-11063.

LIU Y, ZHUANG W M, XIE D X. Research progress on
self-piercing riveting of fiber reinforced polymers and alu-
minium alloy sheets[ J]. Materials Reports, 2020, 34(11);
11053-11063 (in Chinese).

AMANCIO S. Friction riveting development and analysis
of a new joining technique for polymer-metal multi-materi-
als structures] M ]. Geesthacht: Geesthacht Press, 2007
16-22.

KATAYAMA S, KAWAHITO Y. Laser direct joining of
metal and plastic[J]. Scripta Materialia, 2008, 59(12):
1247-1250

JUNG K W, KAWAHITO Y, TAKAHASHI M, et al.
Laser direct joining of carbon fiber reinforced plastic to a-
luminum alloy[J]. Journal of Laser Applications, 2013,
25(3): 032003.

ZHANG Z, SHAN J G, TAN X H, et al. Improvement
of the laser joining of CFRP and aluminum via laser pre-
treatment [ J ]. The International Journal of Advanced
Manufacturing Technology, 2017, 90(9) ; 3465-3472.
TAN X H, ZHANG J, SHAN J G, et al. Characteristics
and formation mechanism of porosities in CFRP during la-
ser joining of CFRP and steel[ J]. Composites Part B: En-
gineering, 2015, 70; 35-43.

sk, B, EREAR, L BRBA R E R A TR
S MEMS 8301 5 & 0 DFse #E [T ], 4R 4. 2008(8) .



=
H}

i

A

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

9-15, 69.

ZHANG Z B, LUO Y, WANG X D, et al. Advances in
ultrasonic welding of plastics and its usage in polymer
MEMS bonding[J]. Welding & Joining., 2008(8): 9-15.
69 (in Chinese).

BALLE F, EIFLER D. Statistical test planning for ultra-
sonic welding of dissimilar materials using the example of
aluminum-carbon fiber reinforced polymers (CFRP) joints
[J]. Materialwissenschaft und Werkstofftechnik, 2012,
43(4) . 286-292.

HUANG Y X, MENG X C, XIE Y M, et al. Joining of
carbon fiber reinforced thermoplastic and metal via friction
stir welding with co-controlling shape and performance
[J]. Composites Part A: Applied Science and Manufac-
turing, 2018, 112. 328-336.

MISHRA R S, MA Z Y. Friction stir welding and pro-
cessing [ J]. Materials Science and Engineering R-Re-
ports, 2005, 50(1-2). 1-78.

WU L H, XIAO BL, 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 J. Structures,

2020, 242 112167.
WU L H, NAGATSUKA K, NAKATA K. Achieving

Composite

superior mechanical properties in friction lap joints of cop-
per to carbon-fiber-reinforced plastic by tool offsetting[ ] ].
Journal of Materials Science &. Technology, 2018, 34(9) ;
1628-1637.

WU L H, NAGATSUKA K, NAKATA K. Direct join-
ing of oxygen-free copper and carbon-fiber-reinforced plas-
tic by friction lap joining[J]. Journal of Materials Science
&. Technology, 2018, 34(1); 192-197.

LIU F C, DONG P, PEI X. A high-speed metal-to-poly-
mer direct joining technique and underlying bonding mech-
anisms[ J]. Journal of Materials Processing Technology.,
2020, 280: 116610.

HAN S C, WU L H, JIANG C Y. et al. Achieving a
strong polypropylene/aluminum alloy friction spot joint via
a surface laser processing pretreatment[ ] ]. Journal of
Materials Science & Technology, 2020, 50. 103-114
AMANCIO-FILHO S T, BUENO C, DOS SANTOS ] F,
et al. On the feasibility of friction spot joining in magnesi-
um/fiber-reinforced polymer composite hybrid structures
[J]. Materials Science and Engineering: A, 2011, 528
(10-11): 3841-3848.

WANG B B. CHEN F F., LIU F, et al. Enhanced me-
chanical properties of friction stir welded 5083Al-H19
joints with additional water cooling[ J]. Journal of Materi-
als Science & Technology, 2017, 33(9): 1009-1014.
ZHOU L, YU MR, LIU BY. et al. Microstructure and

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

625190-9

mechanical properties of Al/steel dissimilar welds fabrica-
ted by friction surfacing assisted friction stir lap welding
(1l
2020, 9(1) . 212-221.

WANG Z W, MA G N, YU B H, et al. Improving me-

Journal of Materials Research and Technology,

chanical 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.

WU L. H, JIA C L, HAN S C, et al. Superplastic de-
formation behavior of lamellar microstructure in a hydro-
genated friction stir welded Ti-6Al-4V joint[J]. Journal
of Alloys and Compounds, 2019, 787. 1320-1326.
ZHAO HY, YUMR, JIANG Z H, et al. Interfacial mi-
crostructure and mechanical properties of Al/Ti dissimilar
joints fabricated via friction stir welding[J]. Journal of
Alloys and Compounds, 2019, 789. 139-149.

WU L H, WANG D, XIAO B L, et al. Microstructural
evolution of the thermomechanically affected zone in a Ti-
6Al-4V friction stir welded joint[ J]. Scripta Materialia,
2014, 78-79. 17-20.

LIY Z, ZAN Y N, WANG Q Z, et al. High-speed fric-
tion stir welding of T6-treated B,Cp/6061Al composite
[J]. Acta Metallurgica Sinica (English Letters), 2020,
33(1): 67-74.

ZENG X H, XUE P, WU L H, et al. Microstructural e-
volution of aluminum alloy during friction stir welding un-
der different tool rotation rates and cooling conditions[ ] ].
Journal of Materials Science &. Technology, 2019, 35(6) ;
972-981.

ZAN Y N, WANG B B, ZHOU Y T, et al. Microstruc-
ture and mechanical property evolution of {riction stir wel-
ded (B,C+ Al;O;)/Al composites designed for neutron
absorbing materials[ J]. Science China Technological Sci-
ences, 2020, 63(7): 1256-1264.

LIN, JIA C L, WANG Z W, 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 (7):
947-956.

OKADA T, UCHIDA S, NAKATA K. Direct joining of
aluminum alloy and plastic sheets by friction lap processing
[J]. Materials Science Forum, 2014, 794-796; 395-400.
NAGATSUKA K, KITAGAWA D, YAMAOKA H. et
al. Friction lap joining of thermoplastic materials to car-
steel [17. ISI 2016, 56 (7):
1226-1231.

LIU F C, NAKATA K, LIAO J, et al. Reducing bubbles

bon International ,

in friction lap welded joint of magnesium alloy and polyam-

ide[J]. Science and Technology of Welding and Joining.,



fn 2 % W
2014, 19(7). 578-587. 9-14.

[41] CHOIJ W, MORISADA Y, LIU H H, et al. Dissimilar [46] KABCHE J P, CACCESE V, BERUBE K A, et al. Ex-
friction stir welding of pure Ti and carbon fibre reinforced perimental characterization of hybrid composite-to-metal
plastic[J]. Science and Technology of Welding and Join- bolted joints under flexural loading[J]. Composites Part
ing, 2020, 25(7): 600-608. B: Engineering., 2007, 38(1). 66-78.

[42] RATANATHAVORN W, MELANDER A. Dissimilar [47] WANG H Y., YANG K, LIU L M. The analysis of weld-
joining between aluminium alloy (AA 6111) and thermo- ing and riveting hybrid bonding joint of aluminum alloy
plastics using friction stir welding[ J]. Science and Tech- and polyether-ether-ketone composites [ J ]. Journal of
nology of Welding and Joining, 2015, 20(3) . 222-228. Manufacturing Processes, 2018, 36 301-308.

[43] LIUFC, LIAOJ, GAOY, et al. Effect of plasma elec- [48] WANG H Y, HAN R B, ZHANG Z X, et al. Riveting-
trolytic oxidation coating on joining metal to plastic[ ] ]. welding hybrid bonding of high-strength steel and alumi-
Science and Technology of Welding and Joining, 2015, 20 num alloy[J]. Materials and Manufacturing Processes,
(4): 291-296. 2019, 34(15): 1671-1680.

[44] NAGATSUKA K, YOSHIDA S, TSUCHIYA A, et al. [49] NAGATSUKA K, TANAKA H, XIAO B L, et al
Direct joining of carbon-fiber-reinforced plastic to an alu- Effect of silane coupling on the joint characteristics of fric-
minum alloy using friction lap joining [ J]. Composites tion lap joined Al alloy/CFRP[J]. Welding International,
Part B: Engineering, 2015, 73, 82-88. 2018, 32(5): 328-337.

[45] NAGATSUKA K, BOLYU X, TSUCHIYA A, et al. [50] LIUF C, DONG P, LU W, et al. On formation of Al-O-

Dissimilar materials joining of Al Alloy/CFRTP by {riction
lap joining [ J]. Transactions of JWRI, 2015, 44 (1):

625190-10

C bonds at aluminum/polyamide joint interface[J]. Ap-

plied Surface Science, 2019, 466 202-209.

(AL FHEHK, 24



Hybrid welding of riveting/friction stir lap joining of
aluminum alloy to resin-based composite
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MA Zongyi?

1. School of Materials Science and Engineering, Shenyang University of Technology . Shenyang 110870, China
2. Shi Changxu Innovation Center for Advanced Materials , Institute of Metal Research, Chinese Academy of Sciences ,
Shenyang 110016 , China

Abstract. Lightweight has become a significant development direction in aerospace, rail transportation and other fields be-
cause of its advantages in such as reducing fuel consumption, improving efficiency and reducing costs. The dissimilar joining
of aluminum alloy and resin-based composite has attracted great attention because it can meet the demand of lightweight con-
siderably. However, due to the huge property difference between the two materials, it is difficult to obtain a high-quality
joint. A hybrid welding method combining riveting with friction stir lap joining was proposed to achieve a high-quality joint of
5052 aluminum alloy and resin-based composites, and the joint tensile shear force achieved 6.2 kN. Mechanical interlocking
and tight bonding at the interface were the main joining mechanisms of hybrid welding. In the condition of high strength and
lightweight, the tensile displacement of the joint before failure of the proposed method was 212 % higher than that of the tra-
ditional riveting. This was a comprehensive result of improvement of stress concentration, increase of joining area, increase
of tightness of interface and shear resistance of the rivet. With hybrid welding. the joints have not only high strength of rive-
ting, but also the characteristics of large joining area and uniform stress distribution of friction stir lap joining, which further
improve reliability of the joint. Therefore, the hybrid welding of riveting and friction stir lap joining has great potential in ob-

taining a reliable dissimilar metal/resin-based composite joint.
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