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e

(c¢) ¥

JEISRIT FE b AR Z TR A LA
B K1 (d) AR IR HE TR
Jyit, whk g kIR A

H1 T B h A T A2 2% HSOE
JET, MELL T i WA Sk 3R TSR
DU H Wk it . AT T SPR
ek R i A O 3R] a0
S AT L) 2 EOM Pt AT i i — 35 1)
IR F 1A RE. N T
6 5 432 S AT 2 800 i S Y Jo e
TN RIR E , 38 5 R I 7 5 2 Xt
Pk BT RN . 1] 2 S E b
Hk B LATHLR , FrR HAG £
B BT i LB I R
FANETSKITIE . il #ET M S
BRbA T35 , 4k 0 W, T
JREJE i /e S EUBNET AR TR, 5
FHCOM M B BE L
GO S ey AN R UER LN
R K Ty 22V RE M, DU i
G FUR IR E A MM 2455 A
TR A BT AR A B AT R 51 O
T ANET 5K T 2 5 B A B kb 58,
TEVFA H K S B I — F 45 5 T BE
L IENTTR NS IR SU R 0

=)

Ho

BAE B AT 73 A nh a4
SRS PELE A ROk R
3 i ST B E R R SE A b
BB M H T SPR B UEA
TR T VTl rp o, T LA f
PRI FR — e (AR, AT S0 25 e
SRR RS ] A T 46 %E
BRSO BEE X A R 1B 2k
TR EEL 7 240 A IR A 2 B v R DURS 2 1

il N
T

e

(d) Bk



Intelligent Assembly %ﬁﬁ%m

— Mk, DuEP T A
T IV 7 B o A X R (A Y
(I 3) KA AR TR & 4 kL SPR A
B UN O S B U W 8T WA R 11
AR 5l a5 KA EIR R LA
ARG — 5

Xt T4 B T AF LS-Dyna, He
2 U3t SPR B IE i FE b AT T 4k
BT FRBUERAL, -l AE L v 11
W2 AWM SPR AP 1 B H Y I —
Bof i) il £ f2 SPR 422 3k 8 A TR IR
B4 R 5 B BA R AF ) —
PR, B UE T EE AL 2 S A E B
P, Rusia 25 " IF & T — BT
TR, 43 9 2 57 SPR AIE i B2 Fl %
Sk B A EUERTR, AE R 4
BB v R HBT A [ 72 25 6 )
J7 i, AT ) B AR P A P
WA ey 2544 3 w8 Sk i J L]
JEAR TN Sk fg, 45 R R RS
P LA R G 1 B AE TN SPR
Ei7 Y PIRGIBIZ VN IETY v = 4 e
JEH R RNER

Atzeni 45 " 58 3 5k 56 A BO(E
BRI T SPR 23k 19 U AL, | H

BT &
Emggzigﬂlgizz

BIETSRITE HBIE
B2 Bk ILAEs

Fig.2 Cross-sectional geometry of a self-

piercing rivet joint

JEiE
6063-T6
B280VK

FER.

3 SPR “iERXIFREL(EAEEY
Fig.3 SPR 2D axisymmetric numerical
model"”

Abaqus # 37 T . 4 SPR A g
U7 SPR AUJE 1 2, B IE T — 4k %k
BRI B TR P, JF S = e
A2 R SPR 223k 17 BRBUE AR AL, FH T
P SPR #2523k b fif — By U156, 5
045 R, 823k AR TR TR R A2k
fif — i B &3 BAT B b iy — 350k
Kim 45 " % FH - 2 il o Bk 4SS 780 it
SPR BB R FRHEA TR, 388 30 75 2]
s —4E SPR UB 2 LA A i — 4
AR, X BB R — By YDA ST =
AR, IR LR R AN 2
fif — (iR M e o0 3 5 B EHE 1T L
(Kl 4, Hob NHU 1 HU 23 91 26758
AT AR} s R g s R ),
WE T H b8z R A e A — By
P16 A0 5 T ) o i P A
P X F B HE = 2 A BROCAR A ]
DAAERfG HOAR AL SPR I ot B FN R Fy
2EPERE

i L AT AL, 20 A SPR BE i 2
AT B80T B2 A TR L, B A
RU ST HES) T 23R A v
PEBERI I, A7 R AIK T 300 AR
BUEAIIAE ZLVR4M T SPR BB U5
T AR TP ST e L W A B , T
PATEZEWEI SPR BB i f v i 1 —
I ] il 2 LA B 990300 42 3k W 11 L An]
AR 37 SPR BUEAR W 5T A
PN T2 R I XS BB R
AR RE N AR LB (A A o A A
SEAEAT BB IR |, A3 SPR
BEAB R AL D) kg = 2R (A A 2 it

— BUERHI-NHU
— BUEH-HU

HER S SR, Bt — P = 40
(R R, i J 1) T = A5 R0 0 4 3k
125 AT S AR 55 3K 58 o AT A A0
*ﬁo

2 BRI E %

£ SPR % 3k OE i B v, BT
FERMERLEILARAR S5 T, 90T
BREKFF 2T 2, A S BT
T 3 W B 75 EAEBIAT AR
i =22 AT AT U B 0, 25k 10 o
Tk S5, 5T SPR E#:
CIERR RIS wrx o = RULL: D
BT T AT AT R
SRR T SPR HERESHL, (54
ETRERLSE IVET U S50 M kLS
BT EBHAREREE, AT
ST S HO B bR, %
G oE Jy IR — XS EEE T A
RIS, (HAF B0 i ] 4 L AR
AR e R AZ AR B S A B o A e L T
i AR R SE SPR 45
BOE ) I Sk RE 0 5 i e — b
BRI, AT E N S
EREEVEs o S ONEREIL: 3 A (]S
THESR .
2.1 PETFEEMILASE

BVET FIASEL Y LA 2 5504 X 40
P R AL SR R = A B A5
PR b 37 00 A U X SPR i 47 A
L, AL 25 S 5 06 4 SR AT HL A
AT DAF 5% 45 P % 2 S 50 (CHVET A1 Rk
PET LS4 BB L 2450 XA

10 .
o 5

— BEA-NHU

8T — BRI -HU

i #/mm
(a) DP590/AA6451

§ 6
=
a4
2
0 1 2 3 4
i /mm

(b) A365.0/DP590

4 EEIINARMOBNET - gkt "

Fig.4 Comparison of predicted load—displacement curves for lap-shear test"

20234E 55665 581 - RIS EIA 49



- . .
—— Ix oru

AN R Ao R RS I, I AT DA R
SRR — S L
Mucha % " ¥£ MSC Marc Menta
R T —AZ4E(2D ) i xf FK SPR
BT, FEXTHNE TR R RIS T L o]
TR XS 423k B BB AN f /NGB 5 S
BRI HEAT T BUE T4 . Han 45 1
H ] DEFORM-2D #% % %f SPR #
1T T HUERL BFFE T 9 AT AR
HSH06 SPR #23k HAJHE F1IE B 5
BE ) FE B 38 2 OE sS i g, R 1S
MBS LIS ER R & IR
A BT EUE LG AE . Xie 5 1
W T MR B HE RT3 X 8%
B SPR 2k i RAL AN ) 2
PERESZ I, ST T Mbr 5 S T
KRR SR #, I48 k=
JEE 520 SPR 323k i 122 PERE
RSP DCEE R 2=, T 3d 2
22005 AR THA S ARORE TR B Y A A B
FIREHE.

Karathanasopoulos %5 ! 5 1 %%
AR RIS A 5T T BT FIA A
[ JLAR] 506 PR 21 & (BR AR +
FRAR AR + ERAR ) B SPR FERERIAT
PR K B 52, OF BARAS TR
PSSR PRI R R, i T RE D
BEH SPR T2 S 4L, i o i 45 F
BB AL, 7RS0T iR JE B Fips 2
TREEAE R YE LN, o] LASRAS 2D
fY SPR % 24 3 Al H A IS4k
HE . PSR AT LB e B
R A 7 6 1, Wang 45 B O
RETFINAL 45 ( SPG ) 3wk 2 7 4N 40
MM 7% B2 09 SPR = 4 BU(E A 7Y, 1ff
8T VET LT S BRI B LA 228
X 42 S At T RS R ) B e
HISEIR (5 ) o BUERASS K,
SPG -1k 1T DUA 35 e 42 3k O 1o
TR 2 1A 5 A A A R R AL
(BI04 AT LA e T RIS L () 7l
SREFEA RS RTEE S . Zhao
25 P2 3 oG 5 N B A A S A
BT ERESE T ONET K BLH H AR
P ELTR B R HLAR AR X 2 3k

50 MissREEEA - 202345 665 581

(a) HEFEH=1.7 mm

(b) BLEIREH=1.9 mm

5 SRA SPG HiAH{EMN SPR L FRE( mm )™
Fig.5 Numerical simulation of SPR joint quality by SPG algorithm (mm)™"!

(ELRIIG S S /MR AR JEL BE P 5 i), 485
AT AR S HO0 BB E AT B
LI X TP e/ N 4 PR R M)
AN, RIBVE BB T — P A ST 2
Z JC A AR FN SPR JE 5 B .

IR SCRR R, B b R R
EA B 2 ek IENUPIRTIE =@
BUETPERBERGT BNET i LA S50
SR R RS . LTI e SR
NP B ek AR AR AL 25 SR ) 5 M 1 R0, A
HN G B0y 2 B w4z 3k
BB, fif fe 2422 S BB in i JiG
RIS, w1 [ sk i iy
BITERE SRR . BET M RHRT R
SPEER SR U T, B A
TR AL AR R R R R I Y
ETRPRHRDUL S8, FE T ERA
FROTH Y B A DL T R AR SE
X SPR AT T BUEBLAL, A58 T
AT AR EL S 06 SPR #2523k sUE M
Ref sz, Jf BAS e FB R A
S8, AT B R BT R
HE RIS R .
22 MRS

Bifi %5 “hie ik 0 RN ‘B rhoRN” A
IMRBCR L it e R PR 44T
AP TR ER 4  ven o B A A R A
POBHE R WL S5 46 LA S B 2540 e
QiR S T R S R 2
— PR B RO il BT R N AR
WA ZE R v A YR AR T, SOkt A
BVETTERTE AR B i Bk, A
B R 3 R RN Sk B A A2 OB A
R RER I 2 — sl 5 o
SEEE BRI SR AL R R 1 X

H i T 2520

Mori %5 PV W58 T Z R & 4
AR Y i T2 il i B
AR IS IT T AR & 2 B
e R R AR IEA TR, DA A
fEERAE LR EIRIR 5
KT 3 Tl oo B2 A9 FNER & bt A
AN L, I R b T
R B AN R & bt .
XPAS[FIASORA B BHRE PR (RIS, T B
AR BUE i R AR TE 5405 RO Ak
RS TR RCE RS . Bouchard 25 P X
HA ARRUTSECRA R A
N L R AT TR, MY TR
L34 3k AR b MRObE 2 1) 1) 22 L 28
PEASIE AW, o T H AW
A4 8217 SPR B i 2 1 BB A5
AR E R . W AR A4
L 1L 4 5 23— 20 iF 5, Hirsch
A PTR T R AR YR A R
(FRP) & @t b iy B np izt #2
(A B A TR e ) o R 1) 2 2 A
Ak ST R IR AT R 1 L, 45
524 MR HLAR ) 1 38 5 FR )2 PR
JZ RO IR G ], 4 T —Fh A
G MRERAE T BL A T vk IR A
A5 A5 i) S P A RTORS S8 o R
P, A8 FH 35 Ak B AR % g it 40 7
PR I &2 A A kY 1 24T R (K]
6 ), IS TR LR S BOR Y SR
PR

£ SPR &I TR BE LS M
BHRTE S TE IR, D XA
ML RAE, M ECERI R B ST, o
WG [ A4 BHE SPR BUE 1 72



Intelligent Assembly %ﬁﬁ%ﬂi

TR AR AR Y RS AL T
Peo T BB R R ) A A A 7Y
T2 A Ol RS IF HE s
[ 5 (AR AR o 4 3k o i T R T, %
Wi 22 3k OB R . BT WF 5 rp ]
PHIE R AL IR B B4 BT o e
BRI, T B A A R AR P A8 A
ARG, bR ARk AT B
T IRA% 114 2 R R /N B 42 52 i)
SPR 2 3 . JE 0Ttk , (B AL 70 A] Ay
SRR FE BOY 1 B AR Y
R BR AR 7 % [n) L, n] LASE o ST
A 18 RIS AU AL S 506 B
EPERERY R . B XA MR
FAE, T5 L0 i i B B R Y S8
PN TG 2R AR Ik ) AH AR FH R fig e Af
BB G )T
23 REREZE

i A e Sk A7 S A
BR sz, R MR 2 LR X AR
FEMERIR . BT SPR B i
S BB Ry B 0 B R AR, 4 HL
BRCRE % 1k ol A RE , TR L 75 BEBIF 5 M

(a) HEHEXIBIE (BliERmHig)

AH Y IR AR AL RN AR B AL, DL SR AE B
BHFE SPR B2 4540 T WIALIRAT M o
Carandente 25 % i Hy T —Fh I T 44
HLAE AT BR oo B SR A 401 SPR 2o 72,
FE 1 s™ BRLARHEHI N 0~300 °C ik
JE 3 L N AT AR X SPR U
i) BB B AL, {f H Simufact.forming
TM A4 X6F JBE 482 TR 1 AR JE 51 2 1)
TR T AT TEUERT ST, RAE T
B AR CER A 4 AAST54 ) FE A TR
AR SRR B AR A AN AR R AR R ]
BUE RIS 0 45 5 2 (R B AR 4
S0Pk, 5 SR I I B I AR T %)
SPR WU B A 520 (& 7). Huang
2 ) S oo ST, MR R A R, R
SPR 8o A 4 3 2 | [l 5L 00 20 By
B IEBIAT ISV MR A 4 [
PR AR 14 7 AR SR A5 ok
W7 SN R AE T SPR $3k JE [
HIFR AR F) A, iR 2 SR 5 AR e
FLFHUIN 1) 5% 233 07 g BAT R — 3
P Z R A] i — s 2] B e
TARALFN B 8% 57 et .

30
25 _lﬁgﬁ%
220 — B
15
10

{#/mm

(b) ki Si-fifg ik

6 SPRESHEZL SN RILE ™"

Fig.6 Comparison of numerical simulation of SPR joint and experimental results

L2r —e ik
Lok = BUEER R

o
)

H A3 {H/mm
(=)
N

0.4} 2 T
02t oot
0 0

BAEBH— ALK

6 F ﬁ\ _ =X 06'
I/‘\/k\!\x -
I\I i §0.4_

127]

12
g 1Of

£
= 0.8

Jw///\!/ —— R X

BUEBAEARAE A IR 5L A
KB BATAROICR , ih T
JEASFNZE A BIRE N, 0 PRITE N 25
5 52 21— 1 R BRVE . IR
AR ELA L WAL R AL, AT
HUERPRIERE , H AT Z A A2
YU LR 17 2 A A B8 A T
P (N E UL O b PO L
T TR 2 TR RSk SRR Y
SO, RS ST ST A v, AT A i
JE GBI RE X B wh A Sk g 2o
JEFNR AL A E0E o T fe 2R
S5 XSk 25 BE BT SR T
W J5 S T AR A A
JEE IR EREE , I iz 2] [ ) T
He

3 BERELL

BUEA IS —Fh 55 [ wh T
SRR N T B B R A
LR HERGE , — o 5 4R AR A
R AL A BR OGS BB 5T [ wh
B T U AR R S

Chen % P % ] Box—Behnken
W BBD ) M b 18 56 7 %, T
TH4E4 SPR T.AS B LR
PERNABIRY , MbA TS AR
IETRE BV B IE 2K, op Sk AT RE
e KB 1 A0 IR Ao 1 Ao i 14
PR, SR /N et A e S B
R TR R AR
FENET B B % SPR 423k i A4 g
SRR ER AT B, 5 R I
BRI B 1R 25 7E 8% LAIN , TERA

t 1

S BEE—AR
HERH— ALK

Bkl 2 B3 Hidd HES Hike BT

(a) HAIH

Bkl B2 B3 Hedd B Hidke BT

(b) fw/INIEHRIEEE

7 SPRELZRER HHMERMEENSIREERLR ™

Fig.7 Comparison of numerical simulation and experimental results of isothermal model and thermomechanical model of SPR joint™

20234E 55665 5810 - HiAT I EIA 51



- . .
—— Ix oru

AR ELA B R LA AT R
Shy 3 2o ST BCF AL SE A Ak
FEHLBRR AL T HE I . Haque 25 B
TR T —F ] A R B BRIk
e B Sk T Y BNET SRR %
Tk — T ) — B i 2 i
BIVET TR I R TCAR I i #E T —
8% 1 4R TP s BT 5K B2 4R F
SE IR WS A R AN SRS L 7
Wb R RS ELRNENET LA S50 I
F1 — 50 7% fh £ A S R 2 [ A
SLERME IR AR, A i B A
B 58 BT Sk T B A KN, T I i
SPR 3k i BVl ST d T,
A E T SPR #EkAAk

bt A BR TR, A2
SR AR S50 D Ae T X v
B A MER . Du 5 P I TF o B
N T, B E T SPR L R A 4
A BRICEAY 38 o) 150 5 A R o
RIGEAT T ARSI IOAIE , A X 15 25 2 il 7
8% LA, FF4 1 T —FP ) SPR
Sk = YA FROCHT ( FEA ) A %
(P 8), 8 1t ) = e BB A AL i
BRI SPR H23k WS MIsh & 1 2%

SPRIE i FA%

7M. Porcaro % PV i LS-DYNA
B BRI, BT r HIE N
A X PR BB R AR SPR BB
TR, XS RE o B ) S A
2 A% RST R SR AR ) 2647 T F
58,38 AT BRI A AT BB AR
SREVETHPRHAERE , A T I IE B AL
550y — 2, X T SRP BB
TR, 1R ) - A IE L, il 9 By
TR

W ARG R I, AR e A
S ON=RULETEP-SNTig =i} - A ESE N
FHEE 7 R A B AR iff e 152
SNSRI THIESE S FI P
3, SEEH B EUE R R A,
B5Y B wh 4 BB HLER A4Sk # i =
B UL MERR B vk . BB AL )
ST, AR B I Sk A TR N Y
J1eR e A S A, A
IR G SR IRIFTE Y HE ST R
RUAT X 422 3k 114 ) 208 B R 55 54
BEFTIEAR, ST B A Sk i RS
NS T) 2 S R AL PR A
BRI TTIE o XA BT S50 (A%
TJUHET RS RN EEHEE AL )

8 SPR #Ek =@ HRITEE A& R AR
Fig.8 Overview of 3D FE model generation method of SPR join

52 WissMEEEA - 202345 665 581

BEATOLAL , T F iR BB R AL DURS

JE o A BRTTHARAL T —Fh T T A

PERDL AR EREE , JE52 2% 64 A wid)
AT

4 BETmiNER

R T A I A RIS [ £ e
5T 2R JE TS BE SE BV Fil &
BRI A Il R, 350 13l AT PR OT
SR RITER B 25 S s 2 W 25 (1 25 iz
FH, 7 AR Y 890 5 (L 00 A
R B Sk B i Sk
SVERE AR 5 F A kA T RO , A 50
e T A% SPR i 56 T 38 B A ) 7t
PRHE T A vh T T 1 R, 3
Aok, SPR HI{H T AL A AR T E
PR
4.1 SPR#ZLHFEFRETN

SPR #% 3k 1Y #1220 (H 5T =
JEE ELBE PG ER R AT SR
SEVEA S R 1 — PR b, B AT
A Sk ) e ) 2 R A LA o
SK AT LA 2285, 17— o2 3 o
ST P AR A S BT SPR 423k 4K
TR FRAIE A9 T . Karathanasopoulos

Fe UL fh

_>-

=YY

t[32]



Intelligent Assembly %ﬁg%m

A PY Sy T AR R FR B AR Y fif
JH Hosford-Coulomb W 24 [ 3¢ #¢ #E
BERAY, BF5E T SPR ¥E 320 171k
gk B, JF HoE ) TR B 2= ) p
25 [ 245 ) i B (E U 4SS 78, XF SPR
PR AE HEAT T, 50 4R A5 1Y
SPR #3k AT LU HL, B ik 1 BB S
RUA T, I 53 M 1 S BEALA B4
$ 3 T 5 R %) B0 6T AN L B JL Ay
SR Z B RR AT T A A
WITSEE RS . R
Zfa B3O S ) B0 TR A, n
& 10 s AU AR AR AL A vp g
SUR L PIDOEE S SATTDIR P B wnil
), 388 o X6 P A TR AT 2, AR A
2 % A #E LA 2 80(CE HE IR
HRJELBEFNGIET KT ), I Sl Ie
PEAT LA, DA T 0SS 75 1) o 1
K4 4 8 # kL SPR BB JLAT B
ARFR AT LA PR B 2 > B 645 13
W 38 2 3 Fh oy =, AT Rhvs A %) i
R R OB AT 5T T A6 9% ) B
[&] .

Zhao % PV ¥ & T W K 4 ik
S (OET K L ROb R
B E IR B A A ) I N Topl
P 4% ( AN ) A5 750 S T B0 T e 3
R G FS IR B AR, 20 T
SPR 42 3 Joi it , 40 &l 11 fir o, R AT
TAHRE SPROIRKEG I I, BT
AL PG B B 1 0 DA 5 3 2
R Z 8] B~ 1R 22 43 il 3k E1 0.059
mm.0.058 mm.0.075 mm, A {5
B o3 iR 2270000 10.9%.42.2%
22.4%. BLAh, B3 T AR T
ok il Ak SPR 422 3k 2 3 A9 B0 ET RN
LR ERE . (1) 38 oK s 48 Bk
(GA) 5 ANN BIRUAH 45 &k SC
AT RUER XA (] A 4 3k IO o s o A2
AR BT MBI R4 55 (2) 158
ANN BERIZ6i] HH AN [F) 80T Fiss 22
A BN VI, T LA i o ST
RN S HEE. Zhao %5 P f#
HIGR BE #2525 (DNN ) H & T —
FfPUER ) SPR 42 3 T it T A Y

SBURSHE REL VAW hes e STl X EL oAl s
B+ DNN %% 5 Monte Carlo 5 5 4H
54 T LA | SR S S

AR A R EET /BRI S5k
ARG AR 42 T LT S 40chn)

Stepl =

Step2

Step3

Step4

SPR $2 3 % 1 2 48 A (LB IS
I JEE 3 R 3 G SRR ), {3 4
FEbRR Il Bk i, 5 BRITAAL
gl L L 6 I T AR AR A o
(Kl 12). FEFIrIF &) DNN LR,

— XA
— BHLZR

0 2 4 6 8
Deformation/mm

— BELlg,

2 4 6
Deformation/mm

8

(b) 2l
— BHLER

0 2 4 6 8
Deformation/mm
— IR
— BIZE R

0 2 4 6 8
Deformation/mm

(d) HA

B9 SPR ML SR RATLE ™

Fig.9 Comparison of SPR molding process simulation and experimental results

—— BN
i L
&4 E v UTS

Wy BRI VAL
UTS A BRBTRIsR S 5
GHHEAS; DRSEHIE .

|
I EI
_ - -

LN

E v UTS |~

1331

T R

LR

- I

T 15

= *IEl o

FLOAR

10 AFRNESERE S ER N HER ™

Fig.10 Data flow of two models used to predict cross-sectional shape

20234F 66 5581 - DAt A 53

1351



- . .
—— Ix oru

AT BE— B T T MRR 5 5k
fijfE SPR 43 Bei T, I E 1E A 2R
MG P i/ MINET /SR A
TE SPRIE i A AU E A5 401 1) 2
it L=, 38 0o T4 5 2] O 1 AT DA
SPR %3 FNAE T , TSI HAT T3
DNOK 2 g TS TP e A v A

T L TR
T, R MU
T, J MR
H, o IR 5

D, Wy PR AR

Fig.11 Three-layer artificial neural network (ANN) model structure

—_
(=]
1

=
oo}
T

o
(=)}
T

SRR 2£=0.014 mm
K 2 %0=0.997

H A {—DNN/mm
(=]
'

o
o
T

0 02 04 06 08 10
HAli—FEA/mm
(a) HHUEINZAEDE
1.0
£ 0.8F
E o
% 0.6+ ¥ o
a o
iu‘g 04 >
i & o
= 0.2F T2 %R 25=0.022 mm
A F%0=0.991
0 1 1 ]

Of4 Of6
H5i1{§—FEA/mm
(d) BAYIMRERE

0.2 0.8

1.0

R T IR I A S i R B (E
B SR 2 455 52 A4 SPR
Hk AL RGBSR B 22
o0 245 RSS20 ) i A S R 2 28, T
B SPR %K IEIES B 1k T 4R
PRI F R R, ST SPR 422 3k A I
FHE SB35, 9 SPR 4%k )

1 1
W21( ) W}]( )

B =2 fih =3

11 3 BEANIHZME( ANN ) 824y 7

1.6
£
£ 12f
Z
Z
()
[ 0.8
i A
E 04F M4 %5 4=0.022 mm
s HHICE 7 50=0.998
0° 04 0.8 12 16
JRHE F—FEA/mm
(b) JEEHBIERE AR
1.6
£
E 12}
Z
Z
()
[ 08f
E
M" ‘_‘.:«"
E 0.4F S H 44 X 24=0.029 mm
2K Z50=0.996

1.6

04 0.3 12
JIEHBIE E —FEA/mm
(e) JECHBIEEE MR A

rERep s SRS Ak, TEARCK
AIBIFFE s Il TR 27 21 2 T
5% A pp AN S T E A S RE AR AL
TR %
4.2 SPR #EL A HERETN

— S 2 AR B E B LR
B Y is 3] SPR O IE 1o 72 A4 JiE Al

1371

—_
(=]
1

o
oo
T

e
(=)}
T

j

SRR 22=0.012 mm

T A5 FE—DNN/mm
(=]
'

02F
2K £ 50=0.998
0 02 04 06 08 10
TN S —FEA/mm
(c) FARICHIE RN 45
1.0 .
g
E 0.8F
Q
Q‘ 0.6 (]
1
h 04
“‘E‘% (o]
S 02t T4 522 0,020 mm
= M %=0.994
0 02 04 06 08 10

FI AR E—FEA/mm
(f) TR0 EE B i

12 BEREWHEZME(DNN ) TS5 ERTHEE( FEA ) B R bR ™

Fig.12 Comparison of best deep neural network (DNN) predictions and finite element model (FEA) simulation results

54 WissREEEA - 202345 665 5E 81

138]



Intelligent Assembly %ﬁg%m

b, R %F SPR 2 3k 3 5 YEAT A
5%, A SPR 42 3k it i 44 i 19100 A5
B, Lin 45 B9 @) g A PR TR A,
L SPR SIE 1 T v BT FAR B 1 28
PEASIE Rl RS 2 A5k A 12
Y N 47 IROCBL AL, X SPR %
Sk PEAT A AR IS, G 13
JEm o 3k B MR B R ) T 2
AEFIE AT BE R, 13 81 2
SPR 4223k 1) 28 SR B AT Il 5
FF XGBoost 5= 11 [al LAY, S
SR SPR 4% Sk A UL A i BE Y
T, 45 FLFEHH , SPR 3338 U fif
i 8 TN AP 5 B0 (A A iR 22 /N T
7.6%.

Porcaro % " fdi Ff] — Fh 7 1) 52
Bl E I R 0 R AR TR Y
S5 B S B = e R AL A
SPR 23k A 7 A AR R | B4 75
W03k AR B T AR TR A L]
TR A A LR RN 38 25 % 42
Sk R A RZ I BUE AR 2 ) —
1B 26 51056 i 8 R i A
KGR, IF ELXF e 76 19 2 3 2K,
MR REAE B SPR 433K Fr i — 5
VIR — BB OB 2, an
& 14 115 iR, Yan 25 B9 x4 25
TEEERIBA SPR B2k 1 )1 2# e REUEA T
TS, HEEFAL YR ( SIR ) 44
7 SPR 43k W hi A — By U5 T
SBRRL BIFST T I L TR EE B HE
G OVET K A 2 1R SR 2
FIN 2 H 2 2506 SPR & 3157 58
FERIR, R 250 S8
B A0 R P A E R SRR
REAE MEDR S I 2k Ay — 7 B8 i 2k i A2

(hx:4

E 15 mm ke lgm

13 SPR #&3k 3% AR I m — 4
BRI P
Fig.13 2D finite element model of SPR joint
cross tensile test””!

P B, i i i G 24 30AT LIS >4 M
T SPR %k AL BT 8 & . Haque
S MR TENETY L s B gl
T AR — BN AE S A5 T
AR Y 30 ek R R Sk A 2 R
SPR %K 19 77 — 3 8% fh £ ik 5T
P A — B DA A SR A 68 B, 7
AT S S o LR, AT T
P — L HF 58, Sun % W T —
o T 42 S 56 JBE ) A AT T 0, T
T BIR A 5 A T, AT LUK g Al
T SPR 23k 1A 25 5 SR AR i L
I BT AR L 1 2 R, 4 2R R W,
SPR 43k 19 38 XA A i B e T4
BHA S ANET S8 MRS RO
Jrii.

P R A R i A BROTAR
RYE A5 T LA SE B0 A b
S 5 R A TN , A3 o X
A IR Ik 1 R R - fo

b |

R
(a) IR

N

(b) BEHYEEH

FEMNER , (il BB AU AR A5 1 S i
R 2835, T SPR 423k J12%
5 2R 2 B EA R R, TR R TR
KEERMESHOT F1 A PERERY M, T
DAL O FE R R, PRI TG R
TIN5 5 Atk A e} 2 5K S 11 2R R0
K.
4.3 SPR EZF HEFap i

H BT, % T SPR 42 3k 5% 57 il %%
AT 5E %5 /0 . Huang % B %} A
IR S I 95 4T M HEAT T A
FEAEI ST, A48 T —Fh 52 %% SPR
I 57 75 A U 5 vk, T T 4
JEAUfY SPR 9% 55 R BB 2R 55 77
i, B T — R Y 45 A 28 A 9 O
ZLL0Y" e AR ST TN 5 7 i A2
goEARE AL, WE 16 iR, R
AT LT 9% 97 4T o HEAT AL, 9 57
&S e N = AR ERE S
S s Wy & 4, A T

[ - 00

BB
(R

S N [ E— E—
2 4 6 8 10
{3 #%/mm

(c) #prfifeihLk

AAT/N
S —= N WU O
1

14 SEI& M THEEMAIR I R BERX A tb R

Fig.14 Comparison of numerical and experimental failure modes under pure

shear conditions

)
(a) EER

)

(b) BEYEER

1401

6N EE90°

B EED)

2 4 6 8 10 12 14
1 #%/mm
(c) #faife sk

i far/kN
O — WAL O

15 SR B &M THEEMMIRE R BEX AL E

Fig.15

Comparison of numerical and experimental failure modes under pure peel conditions

1401

20234F 66 5 581 - DAt A 55



- . .
—— Ix oru

) e R SR U4 AE 0.26~0.30 22
[, F23E TR e . T A 25 2%
Tar 2480 J8 i 3% B % 57 5 iy T
(B AR 6 &5 R 2 1Al ) — 2ok, il
17 fim B e R, AT M
MR AL Z A E S 4, Ja i &
AT, I 57 R BOE XM & R
BLLL, S U A o B AEET FLBRET
DL R X A JEE 38 R 5
VAREN

H AT, SPR 4% 3k 9% 57 1Y £5 (B AR
PUIE b F I 4R B B, BT SPR 43k
24400 A TE Y B Bt 32 AROR
PERY R, SPR 4% 3k N 4 8K AE
A AEANIA) AT HEAE FH R 9% 57 44
P IRAAE N LG R AR B/ AH
N7 SPR % 5747 AT HERR 2%
fEo 76 H th ek sh A M ae Lk
SEMLEE A5 & PR, I sh R b 2>

—o— WIIR B e 11=0.2
L MR EKSE=0.6
3 MIRREKSE=1.0

0 1 1 1 1 1
02 04 06 08 1.0

WO
16 BT ARERIIEROUK ZE LT REL

AR
Fig.16 Prediction of crack shape evolution
based on different initial crack length to
width ratios™

107 -
< o B J1H=0.1 -
S 10°F o i I H=0.5 :
i
i[.R 105 -
=
= 5
;% 104 -

103 // X,

10° 104 105 106 107
IR 55 /K
17 B TS i EES Ea

Fig.17 Self-piercing riveting TS specimen

fatigue life'

56 Wizt hEEEA - 202345 665 5581

B 95 MBI A % T B T
JR B LA SR RN, SR B R
SEEB A =) . X T Y R AR A AR
FARLE A v T 2538 BT, Kok
AI DLUEE ST SPR 42 3k Tl sl 9% 95 B A |
AR A T I sl M 5 e
fRT AL AR F0 SPR 422 3k (14 9% 95 2k
QA R TIEUR A A Re il T
2L T SPR 23k 9% 57 A5 i T AR
B, IR F) T SPR 323k 1Y 9% 55 A5 A

T KA B H Y
5 #ip

AICHE T A FA BRICHE AT
BrJ7 i MR 27 2 36 F gl i 4
T RE AN B PPAL BT ST,
AN TFIAT BRITH A R 7 1 i ST
(ERETY, X JLAT 250 bR 2 KO ER
AN NS RU LS R AINE 2GR
(ERLAEL, FF X RUE R R AT O AL ,
IERONERULE: NN Wi A0 N e o
JEE I 55 75 i HEATBEADL L TN, 7
A h il T 20 R v U 5t
J&.

(1) S S7 A 25 B B A B LA
FEALL SPR U i A, fil 1k F i 842
S il A bl AL, B AELR
7, BESE I I ) oh 4 Sk B
it o L) A SR ()
[APINGE =& EWREE S N p =
NP ) X4k PERE R,
AEW /& SPR i #2 1Y nl 47 4 F1 i 4%
R TS, 5548 1 5 A RS
] o

(2) fdi -6 28 B HR 5S8R A
BVASTERIR FRAIL JI RIS Sy — i 7AE
ARG S [ o ) 2 B
TERCA T LA RIS AT,
SEHXS SPR HE3K A 1 A MEREAI R
RCHLBEHEATAEADL L 000 . foft R
2 ) 0 2% 3 7. SPR KR T 0 AR AR
XA FBE RS RCT A th B 5
AR R TR

(3) BUE BB ARTE [ v ) T
s AT RAT A — LR il

A ERCORTE + A halE) #k A
FR TR Y A 7 e 6 A A v [ 4
FRU B R A LA 3, X T 5 R
A FRIT I R AL AR BLAF AL — S T7 1k
Ay AS sk, R LT R T A
LA S 5 bR T A2 I 1
AR PRG RERRY

(4) H AT, B k% 55 75 dr
IR R BR A BE A R AT e R A
B, T 9% 57 I s A8 280 i R BBUA S 2 =%
. AERK BT, al DLAE
A BRICTT Ik B 7 ik MR 2
> 2% HE— AP BT 54k 1% 55 77 i
FIRRHLBE, X 356 45 2R 247 3 1B
B

& X X o

[ BRSCA, frmeds, kiR, &.
DP780/AA6061 A F #1423k B3l sl 453 13
P [7]. MU T AR2A40 L 2020, 56(6): 169—175.

WEI Wenjie, HE Xiaocong, ZHANG
Xianlian, et al. Characteristics of fretting
damage in hybrid DP780/AA6061 self-
piercing riveted joints[J]. Journal of Mechanical
Engineering, 2020, 56(6): 169-175.

21 /M, BEG . ST IR A R
BRI U S AL (1], BR L
A, 2019, 44(9): 51-55.

XU Xiaojuan, MU Rui. Optimization on
forming parameters of self-piercing riveting
for aluminum alloy sheet based on orthogonal
test[J]. Forging & Stamping Technology, 2019,
44(9): 51-55.

[3] HE X C, PEARSON I, YOUNG K.
Self-pierce riveting for sheet materials: State
of the art[J]. Journal of Materials Processing
Technology, 2008, 199(1-3): 27-36.

[4] HE X C, ZHAO L, DENG C J, et al.
Self-piercing riveting of similar and dissimilar
metal sheets of aluminum alloy and copper
alloy[J]. Materials & Design (1980—2015),
2015, 65: 923-933.

[5] HUANG L, SHIY D, GUO H D, et
al. Fatigue behavior and life prediction of self-
piercing riveted joint[J]. International Journal of
Fatigue, 2016, 88: 96-110.

[6] LID,HAN L, THORNTON M, et al.
Influence of edge distance on quality and static
behaviour of self-piercing riveted aluminium
joints[J]. Materials & Design, 2012, 34: 22-31.



Intelligent Assembly %ﬁﬁ%ﬂi

[77 LOUM, LIYB,LIYT, et al.
Behavior and quality evaluation of electroplastic
self-piercing riveting of aluminum alloy and
advanced high strength steel[J]. Journal of
Manufacturing Science and Engineering, 2013,
135(1): 011005.

[8] MUCHA J. A study of quality
parameters and behaviour of self-piercing
riveted aluminium sheets with different joining
conditions[J]. Strojniski Vestnik—Journal of
Mechanical Engineering, 2011, 57(4): 323-333.

[9] XING B Y, HE X C, ZENG K,
et al. Mechanical properties of self-piercing
riveted joints in aluminum alloy 5052[J].
The International Journal of Advanced
Manufacturing Technology, 2014, 75(1): 351—
361.

[10] MAY W, LOU M, LIY B, et
al. Effect of rivet and die on self-piercing
rivetability of AA6061-T6 and mild steel
CR4 of different gauges[J]. Journal of
Materials Processing Technology, 2018, 251:
282-294.

[11] HE X C, GUF S, BALL A. Recent
development in finite element analysis of self-
piercing riveted joints[J]. The International
Journal of Advanced Manufacturing Technology,
2012, 58(5): 643-649.

[12] DUZP,DUANLB,JINGL]J, etal
Numerical simulation and parametric study on
self-piercing riveting process of aluminium-steel
hybrid sheets[J]. Thin-Walled Structures, 2021,
164: 107872.

[13] HE X C, XING B Y, ZENG K, et
al. Numerical and experimental investigations
of self-piercing riveting[J]. The International
Journal of Advanced Manufacturing Technology,
2013, 69(1): 715-721.

[14] RUSIA A, WEIHE S. Development
of an end-to-end simulation process chain
for prediction of self-piercing riveting
joint geometry and strength[J]. Journal of
Manufacturing Processes, 2020, 57: 519—
532.

[15] ATZENI E, IPPOLITO R,
SETTINERI L. Experimental and numerical
appraisal of self-piercing riveting[J]. CIRP
Annals, 2009, 58(1): 17-20.

[16] KIM C, MIN K M, CHOI H, et al.
Development of analytical strength estimator
for self-piercing rivet joints through observation
of finite element simulations[J]. International
Journal of Mechanical Sciences, 2021, 202-203:

106499.

[17] LIU Y P, LI H, ZHAO H, et al.
Effects of the die parameters on the self-piercing
riveting process[J]. The International Journal
of Advanced Manufacturing Technology, 2019,
105(7): 3353-3368.

[18] HANSL,LIZY, GAOY, et al.
Numerical study on die design parameters of
self-pierce riveting process based on orthogonal
test[J]. Journal of Shanghai Jiaotong University
(Science), 2014, 19(3): 308-312.

[19] XIE Z Q, ZHANG A L, YAN
W M, et al. Study on shear performance and
calculation method for self-pierce riveted
joints in galvanized steel sheet[J]. Thin-Walled
Structures, 2021, 161: 107490.

[20] KARATHANASOPOULOS N,
PANDYA K S, MOHR D. An experimental and
numerical investigation of the role of rivet and
die design on the self-piercing riveting joint
characteristics of aluminum and steel sheets[J].
Journal of Manufacturing Processes, 2021, 69:
290-302.

[21] WANG D F, KONG D W, XIE C,
et al. Study on the effect of rivet die parameters
on joint quality of self-piercing riveting
employed 3D modeling and MCDM method[J].
The International Journal of Advanced
Manufacturing Technology, 2022, 119(11):
8227-8241.

[22] ZHAO H, HAN L, LIU Y P, et
al. Modelling and interaction analysis of the
self-pierce riveting process using regression
analysis and FEA[J]. The International Journal
of Advanced Manufacturing Technology, 2021,
113(1): 159-176.

[23] ABEY, KATO T, MORI K. Joinability
of aluminium alloy and mild steel sheets by self
piercing rivet[J]. Journal of Materials Processing
Technology, 2006, 177(1-3): 417-421.

[24] JIANG H, SUN L Q, LIANG J S, et
al. Shear failure behavior of CFRP/AI and steel/
Al electromagnetic self-piercing riveted joints
subject to high-speed loading[J]. Composite
Structures, 2019, 230: 111500.

[25] MORI K, ABE Y, KATO T. Self-
pierce riveting of multiple steel and aluminium
alloy sheets[J]. Journal of Materials Processing
Technology, 2014, 214(10): 2002-2008.

[26] BOUCHARD P O, LAURENT T,
TOLLIER L. Numerical modeling of self-pierce
riveting—From riveting process modeling down

to structural analysis[J]. Journal of Materials

Processing Technology, 2008, 202(1-3): 290—
300.

[27] HIRSCH F, MULLER S, MACHENS
M, et al. Simulation of self-piercing rivetting
processes in fibre reinforced polymers: Material
modelling and parameter identification[J].
Journal of Materials Processing Technology,
2017, 241: 164-177.

[28] CARANDENTE M, DASHWOOD
R J, MASTERS I G, et al. Improvements in
numerical simulation of the SPR process using
a thermo-mechanical finite element analysis[J].
Journal of Materials Processing Technology,
2016, 236: 148-161.

[29] HUANG L, MORAES J F C,
SEDIAKO D G, et al. Finite-element and
residual stress analysis of self-pierce riveting
in dissimilar metal sheets[J]. Journal of
Manufacturing Science and Engineering, 2017,
139(2): 021007.

[30] CHEN G K, ZENG K, XING BY,
et al. Multiple nonlinear regression prediction
model for process parameters of Al alloy self-
piercing riveting[J]. Journal of Materials
Research and Technology, 2022, 19: 1934—
1943.

[31] HAQUE R, WILLIAMS N S,
BLACKET S E, et al. A simple but effective
model for characterizing SPR joints in steel
sheet[J]. Journal of Materials Processing
Technology, 2015, 223: 225-231.

[32] DU ZP, WEIB L, HE Z C, et al.
Experimental and numerical investigations of
aluminium-steel self-piercing riveted joints
under quasi-static and dynamic loadings[J].
Thin-Walled Structures, 2021, 169: 108277.

[33] PORCARO R, HANSSEN A G,
LANGSETH M, et al. Self-piercing riveting
process: An experimental and numerical
investigation[J]. Journal of Materials Processing
Technology, 2006, 171(1): 10-20.

[34] KARATHANASOPOULOS N,
PANDYA K S, MOHR D. Self-piercing riveting
process: Prediction of joint characteristics
through finite element and neural network
modeling[J]. Journal of Advanced Joining
Processes, 2021, 3: 100040.

[35] KIM HK, OH S, CHO K H, et al.
Deep-learning approach to the self-piercing
riveting of various combinations of steel and
aluminum sheets[J]. IEEE Access, 2021, 9:
79316-79325.

[36] OH S, KIM H K, JEONG TE, et al.

20234E 55665 5810 - BRI EIA 57



- . .
—— Ix oru

Deep-learning-based predictive architectures for
self-piercing riveting process[J]. IEEE Access,
2020, 8: 116254-116267.

[37] ZHAO H, HAN L, LIU Y P, et al.
Quality prediction and rivet/die selection for
SPR joints with artificial neural network and
genetic algorithm[J]. Journal of Manufacturing
Processes, 2021, 66: 574-594.

[38] ZHAO H, HAN L, LIU Y P, et
al. Automatic and robust design for multiple
self-piercing riveted joints using deep neural
network[J]. The International Journal of
Advanced Manufacturing Technology, 2022,
122(2): 947-975.

[39] LINJP, QI CW, WAN H L, et al.

Prediction of cross-tension strength of self-
piercing riveted joints using finite element
simulation and XGBoost algorithm[J]. Chinese
Journal of Mechanical Engineering, 2021, 34(1):
1-11.

[40] PORCARO R, HANSSEN A G,
LANGSETH M, et al. The behaviour of a self-
piercing riveted connection under quasi-static
loading conditions[J]. International Journal of
Solids and Structures, 2006, 43,(17): 5110-5131.

[41] YAN W M, XIE Z Q, YU C, et al.
Experimental investigation and design method
for the shear strength of self-piercing rivet
connections in thin-walled steel structures[J].

Journal of Constructional Steel Research, 2017,

133:231-240.

[42] HAQUE R, DURANDET Y.
Strength prediction of self-pierce riveted joint
in cross-tension and lap-shear[J]. Materials &
Design, 2016, 108: 666—678.

[43] SUN X, KHALEEL M A. Strength
estimation of self-piercing rivets using lower
bound limit load analysis[J]. Science and
Technology of Welding and Joining, 2005,
10(5): 624-635.

BIRIER : 2B, #of, 14, FZH7
Sy e i 811 3 2 o DGR ) ORI T
ezl

Research Progress on Numerical Simulation and Optimization of
Self-Piercing Riveting Joining Process

ZHANG Yue'"’, JIANG Jiachuan', PENG Ruitao'?, LEI Bei'

(1. School of Mechanical Engineering and Mechanics, Xiangtan University, Xiangtan 411105, China;
2. Postdoctoral Flow Station of Mechanics, Xiangtan University, Xiangtan 411105, China)

[ABSTRACT]
connection of thin sheet materials. The joint quality is affected by the feasibility of the connection and the connection

As a new joining technology, self-piercing riveting technology has excellent joining properties in the

parameters, and the joint quality is mainly characterized by the mechanical properties of the joint, so the joint quality and
mechanical properties of self-piercing riveting have become the main research content. With the development of numerical
simulation technology, the application of self-piercing riveting connection technology has become a research trend. With
the development of numerical simulation technology, the application of self-piercing riveting connection technology has
become a research trend. The development of self-piercing riveting numerical simulation technology in recent years is
systematically elaborated, starting from the numerical simulation technology of the forming quality of self-piercing riveting
joints, and the establishment of the numerical model of self-piercing riveting, the study of the influencing factors of self-
piercing riveting, the optimization of numerical model and the numerical prediction model are explained, and the feasibility
of material connection and the influence of connection parameters on joint performance are summarized, the mechanical
properties of joints are simulated, and the mechanical strength and fatiguelife of joints are predicted, which provides a new
direction for the research and development of self-piercing riveting process.

Keywords: Self-piercing riveting; Numerical modeling; Joint quality; Mechanical properties; Failure modes

(Vthi £ %)
58 MiZr G HA « 20234E 55 664 55 81Y]





