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Fig.1 Schematic diagram of electromagnetic pulse
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electromagnetic pulse welding process
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acquisition system

T R K e AR A e R v R AR A R
B, RHZARAFMN V10 &GS e F 1
200~500 mm K £EHE Sk (AF-S200-500mm f5.6E ED
VR) HA5% Bk i SR B IR i AR TR I A o T TR
AEFERCPR, BT SRR [F 2D il R (5 S
KA. HRE BRI FIL 23 kHz, B IR
N 46 kHz, PRIMARATI2 33 LR, R e sl SR A B
SRAEAE B N e KAE 700 kHzo Wl 38 BR AT 5
ALFE, AR TR L AR SR AR B T LA B
AR S Y iE B E .
3.3 [EIEERKETE

5a AIE 5b 7375 @ s 1 AN [ T80 H LS R TR
[e B L YA A - A P P i R AR S T o S SR AR,
FHL YL N R 5 T T e B L SRR AIR 5 i 3, BB R T
BRSO (42 ps) AR B AR A
AR, T I % R ORE ) i KA AN T T o A TBOR LS
M8 kV LETHE] 14 kV I, (8B R IE(E M 160 kA
Thm E) 280 kA, DS AT DASE 2L 3 7 780H F s SR e
R (] v R UL o A2 R T BRI 45 4 ) EMPW SE

b, M HEEMRT 11 kV B, BT HBEREER
K, #1548 2 A R AE L BUAR 2 i i o ik )
11 kV B, 58 sc R4, by B2 B % H
220 kA, M HEIS IR AE 202 kA 753 T XUk B 45
) EMPW 286, 4l R IA 2 8 kv B Cof
N7 [] B LA 160 KAD AT SEELAR B2, IR A S 4R
T PIT 7 P TS HE SR SO 45 SRy S AT . AT
() SEBG BT L BR U R AR AR S Bl S T )
S EAIT, IR S R I T R 2R B 4
EMPW 23K FHE T~ WL B 25 /) ) EMPW 422 3k gk 47
XoF L6 A BT, AT 56 UE B 48 43 #1719 IF A 1k

300} 8 kv
10kV
—— 12kV
2007 ——14kV
100
S
PR
=
-100}
-200}
=300+
-50 0 50 100 150 200
A ] /us
(a) ML
20

8kV
15k 10kV

B R /kV

=50 (I) 5I0 160 15IO 200
I 8] /us
(b) WY

5 AR SR R

Fig.5 Waveforms under different discharge voltages

4 ERRITH
41 ETRZEMVEBESHNERIRER#ES
BinESH

6 f bb T £k B 4 A R 2 B0 0 L 4
o TS B AR N 5 JBE 151 v 43 A 7E 42 Bl R AR A
i3 10 DX 38, T 0 2 1 2 BBl 2 Kb ok 2 f, XA
o G G 5 JBE A 12 ALk T R Ik L 1% A W 3 0 A AN 2
510 Xf T AT LR S5 K 1 EMPW 1R, W12k
U155 IE AR R, DR AR b i1 R 5 S



55 40 5 13 1Y) B AT T UL P 5 ) AR - P T S e A AR o ) 2 4 ) 7 T 4117

WA 5 11 36 T 0L P 45 K 1ty EMPW i, AN O
P b 47 12 B I TR B o B 2E A5 Ak 1 B b
A7t IR L, L4 i R R 5 45 A

I [
= =
7 7}

HUAE— 5L, ST W 4K I EMPW R, (UG it
O L A IR E R S 1 ] I8 V14—
WL, PR OSSR BRI —
ORI AE (2o M), (R F R oy —
L s A ey e ———
SRR R R R MR BT e 00
RESHNR LRI RIRET T, L —— L
BRI AR, R E A, ] N——
N (a) T HLEE 45 M EMPWIZ 3l i 72
BRAR R
A48 /T RT3/ T T

XL 2 B ikl i

40
20

14
12
10

)
=
w

80

dus i

[N N
[

100
Sy 50

?

(a) TIN5 E 25 [A) 3 AT 0f L
/I%{}Lmr_/(IOIOA/lTIZ)

150

UL /(10104 /m?) ¢ g

XL I

4.0
e I
i 30 —e
% }(5) 100
i 100
0 15 . i 20 s g
AL S i (b) T LLMLEHIMEMPWIZBLFE
HUTE 1R B (10ON/?)  HRE B /(10" ON/m?) . o NS,
Xﬁ}%ﬁ] ' B ME’;‘H@ ‘ Y m 7 R R AR R S S R KA
e 05 ’ Fig.7 Electromagnetic pulse welding plate motion
— P — 08 o )
1.5 g'i process via simulation
1.0 !
- 02 R e S AT B M S B 4 SR W) BE AT
(c) HIREAIHE JE 25 1AM A1 %4 L &7 v ) EREAR R AR 1) 32 B B R .
Bl6 BT 5. XLk B 45 H 1) ol R ik o e 2 L P A5 b AR R R 7V*MﬁMEﬁLﬂﬁﬁ
HLE S 2 A A it B (=8 ps) WE =AM B BIRE B AN By sk B

Fig.6  The spatial distribution of electromagnetic

i
o
i=

i
o
=
-
=

P

3

E 1]

parameters during EMPW of single and double coil

structures (at =8 ps)

42 ETBRZEBEMWNEZBSEHNERETRERYEE

S IE AT

MR 20 (3D W5, MR 3 3l A 52 i A7 42 5
T, D] O 75 2 06 40 6 BE 23 B 22 1 9 b 2 el 45 e 0 e
IR A IS B AR o B 7 7R T A [F) 2k P8 45 1) 5 4 ik
B sh i R B a R T R Hig 3
BRI, SR SR BB R T X RS
RS RE, BEmE 8 frax, HEFRFESZE A
700 kHz, iz (8] (RIS (6] [A) B Ar=1.43 pso XJ Lo A
PLE RIS G R I, 7 L 1 T 2 4 A 0 (a) T HLE B 45 MIEMPWIZ B A2 GROR LR 12 kV)

!
|

I
If




4118 BT R % i

2025 % 7 H

5.71 ps

8.57 ps

_

(b) T WL EZHEMPWIZET R G A ES kV)
Bl 8 e BN 4 ) R B ik o IR AR 02 B i 72

Fig.8 Electromagnetic pulse welding plate motion

captured by high-speed camera

HEAFMIBIIE B (0~4ps) ATLAREL, KA
AFANBRR X R R D G [ O B R R B BN, E
MRS b= A () B R g ), T A Ak BB P Y JE R
SREE: BEAE HURE ) AR ) e IR BER AR R AR
IRPEARTY , BT ST AR, b B AR 1) 18 B T R IR
B3I (4~10pus)s 7E 10~12.86 s 2 [A] [ 3 — i
Zl, CHRFIEENOR B, fEXRA B, WO E&
KBTI, JERRT A SRR
Aflb g, SRES O EMSLIG A RAEES, LT
TEREFE A OS2 B6 ], 3 8 B 5 A % 1 B S 4 ) 4
ST N 11 VA= = = S Cl [ B ) B R A i
()32 B 0 AR B H il ek RR AR 1, 1 A BR G 1 B AR A
ToVE AL 4 JE SR i P AR R AR s RIERE S KR HCV
B S 3O, B Ak B T IR B (12.86~14.29 ps),
AR5 A7 01 T B 72 ) A3 A RO T 0, E B B
)12 Bl P 2 B> 2 o SRS, KA —8 a2
4o HCV, WM R AR K7 Rz 8. BT
SRR TR RPN, IREY K
B J A T DUAR B I X RN 32 X 30 ok e, A
Mt SH HCV, 25 5 2 e A w4 7k 2 5
(), DAt R O B 0 ) B B R R

BE T UL VB 25 ) 1) FEL T ik o A TR T AR TR
FEA B AR AL, AT .. fEfE A 5k = A
BB, [RFERT DAL SR 2R S = A & B iR . X
) 3 AR T T X Sk P 445 A T PR K o R 4 R R
AMMAEE N E 3, HAR AR 132 Bl B A T AR
PR FEYIRBY B AR A R I WK T s s, A

Ut SO ST AR TSR AE T HCV AR T3 T 2k
el 25 4 A AR P T R B B AR

T FORR T B S (R 3 R R Bl L
HwENLWSE . N T EEIHE EMPW R vev
AHCV, MRS & KT A7 7 A0 A 3 A A oK T S5l 2
AN A, g A A O

tanq =22 (12)

X5
o,y A o 23 00 R ORI 2 A RS R K P AL RS .

KH HCV F1 VOV RN

sz

2x _E

A 2

=2
o, Ay AT Ay 58 BUNBT L Ar P YK A A 3
BALFE o 5 HE T XL Bl 45 1 I I8 2 i R AR e A
KR, HmES IV E S ERIEIEE viee vips Ve
vay, FAFE A (13) MF . & A Z
B LK B vemvieva s TTEE B2 8 v=vitvg,,
BT LR B A5 Y EMPW L RE ) v A vy, 2908 0.
NT RS SRR Ik, R EE R
77 T PR32 2 3 FE LU I 5 R Kl v, AR E R A K
THEAT AT, T LR B 45 1 1 EMPW CRCHL FELER
10 kV) XIRIfF) VOV 55T 528 B 45141 EMPW
R H R 15kV) X VOV 538, [Hitk
W3 7 2R 2 0o AR 1) 38 Bl R AT 0 B o A, &
wE 9 fran. MR E, XA EMPW i 2 1 HH
T VCV BB ML, H2 HCV Z R ik, 3T g
| 5 A8 (P AR 4 R o, BRARCE IS AR 22 1 AR R 58
MO IZE S, 6~10 us M E 2Tl KB /NG
#, MR ERNRZ BN A B ORE, VOV A # %
T 500 m/s. BT ERLL A5 PRI HCV I &
400 m/s, HCV {E 0~ 10 ps i8] X /8] Py #F5: E 7,

(13)

w

(=3

(=]
T

—e— LR 45
—o— ML 451

%) w IS
=3 S =3
(=) (=} (=)
T T

TR IS B 1 FE T EL 53 5 /(m/s)
S

(=}
T

(I) é 1‘0 1‘5 2‘0 2‘5 30
FF ] /s
Ca) AR 77 1) A X8 Bk B e i) A4 it 2



40 B 13 RS T XL P 45 A 1) 5 - PR B b B A R v ) 2 e U ik 4119
20 e WZEPE LR I 6 2 ) & oy i i, IMC B N Al,Cu,
5400 —e— HZRTE 451 A ST 45 31— 3%
% X 15 1 X J52
£ 300 *%%ﬁﬁﬁ FELBE 7 1)
% [A] )= G
2200r el R e R
%mm REAER T i e
= B 10 T LR B 25 FI R EMPW SR RUETESR (15 kV)
0 -

0 5 10 15 20 25 30
I 18] /as

(b AR 7K ST 7 i) AL K32 2038 8 e ) 2 A o 2

B9 iz 7 I A it 2k

Fig.9 Time varying curves of motion velocity
ZJEAE 10~25 ps mihidRyg, X2 B a2 5
VCV —# a4y HCV, ZJ5 HCV “F¥i# ETE
300 m/s 75 Ao AR AL T XU 2R P 45 Ky AR B2 1) VOV I
EAREIE 500 m/s, FHIKFJ5 A BB AR 2
2, Bt HCV AR, 2975 180 m/s, “F-I{HAX
fE 100 m/s £ 45 .

BE B I A i AR AR T AR I R - &
Bl 1 FL IR I BH 0 42 s, MNEARZE 77 F RN
HLJI R B — 2, 2958 21 ps00, [RI ik, HLRE D BKEh
BN R, HEATITE 0~6 pus Z AW I, 78
6 us FEATILFIEAE, 6~11 ps JFEAZEWL, 11~20 pus
I 18] N L RE T BeTm) o 53— T, KRR 2 18 3B T
L, R B 2 BE 3 . 0~6 ps
DI, EARE R AR AR, 6~11 ps Z Ja AR
RN, H RIS E AR IF R 248 K. 18 9
BAF (38 B LR AE SCHR[33] 7t A B
43 ETRZLEMWEELSE EMPW 2K 50

R ERXTEE 3 47

R 2 BB IE T T UL B 4 ) (1Y) F R ik AR
FETT DL 250 AR 42 57 T R AR HCV . O T BGHIE
HCV BEARS F T A 520, K FH 92 41l S ol 00
VTR O B S R RIS AT R B . B
T B2 P 5 R LR DT AR ) AL-Cu 32k BT
IS 10 frow, MR LRI h A )2
JE T2 H5E R R e S0 i e S THT SRS A B0 30 R A L At AT
FoH A RGP0, Oy T o b ) ) B AR
K H RE#21X (Energy Dispersive Spectrometer, EDS)
AR AT 1 T B 2 P S5 A R SR SR Y a2
Y oy, RERIALE A 10 P, BARY) B4R
W 2, ATRIBAEYR EEB ALCu A, X
e 8] 2 AEVF 2 B 70 P A RkaE BT8R TR

Fig.10 Interfacial morphology of electromagnetic pulse

welded joint with single coil at 15 kV
x2 TERAMEREMNERBELEDIRAR
Tab.2 Different point scanning results and corresponding

intermetallic compounds

J=t Al R H(%)  Cu i E(%) XN 48 RLED

1 559 43.8 AlLCu
2 53.5 45.7 AlLCu
3 58.4 40.3 AlLCu
4 61.4 37.9 AlLCu

T X0 £k Pl 45 4 1 IR R Sk I S an & 11
fios, SRR RSB R, 5o i N
gUES, K SN ELREN, RRYES
T PR B ) 28N A S T AN A2 DA A R ]
sRAh, BEAE O RER AOIG N, ST A BT U0 RN B
B 0 5, IR B O T XU ) 46 ) 1 R R R R
B R080 2 B BUK

fity

Cu =

e s

: e et .i.‘ - e ,';k

Bl1T B0 45 4 EMPW SR8 RS (10 kV)
Fig.11 Interfacial morphology of electromagnetic pulse

welded joint with double coils at 10 kV

f£ M. Sarvari ERBFFEH, BEIRRA T WL HE
GERL, AE R H I T I e T SR 2 B ) o (] JE B0,
X 72 DR g At AT ] 2 ) Al R FE R, 5 U ) 32 B
HWPZ LR, xR (3) H ) R 4,<0,
HRER| A,<0 TH AL, LRI AR 2 2 Fh i oK P
B BN, ] A 2 2 (3D 1) F(k)<0 BOL,
M = AT 80K BY 70 280 1 3 B 5 1A o ) 2 AR
FCo TE AR SL IR B T XL B 45 F () SR R, BR AR
B JEL BEAR ], BRAR T R S AT B0 AR A Al



4120 BT R % i

2025 % 7 H

FEr s s E R, HILEA B S, 4,>0,
B F(k)y<O BIFEXT Kz gl BE K, PRt AR ST sk
56 vp e A R B U0 KON BN, ST R A E A B
B AL, 7E5E TR MR f vk, AT
A A Sk pE AR R )2, R ) R K )
VIR IZ Bl 38 5 L BN A, AT BE A R
0 1) 1 7 AR A ] 2

MAE S ER BB 10 B (6 b () 2, R T
Rk CEHE RENERRAMEWER. AT
W 78 1 4 8 R A& 0 I 2B O 72 75 2540 T v 1)
JZ 7= AR I I AR 0 25 R R o 2B RS B ST BT D) 2%
VYN AN | S 1D~ T TR AD B 1 TINY 4
ST B PY, KUk R A EDS H AR T
R LR 15 KV 4R TR 2 T B 28 1) 45 4 1) o e e
LIRS TR o Ai, 45 RWE 12a fiows. HH
Mg R RoR, kP Je R oA I B A S A
R &8 . fELPR S R MR B 0 R Mk
D BAFAEIRG W3, MRIER 2 145 Fnr LA,

EDSIHi 13

6000

7000 7

6000 5000 =
5000 4000
34000 B 3000 o
#3000 F 5000 i
=+ +
= 2000 = o000 o

1000
0 0
1000 5570152025303540 0200 0510152025303340

B /um BH B /um
(a) FET HLR 8 45 EMPW Sk FL T AE il 1 il 45 SR

by

EDSTH 14

7

7000f
6000}
5000}

5 4000}
fﬁ 3000}
2000}
1000}

[1]8

“1000b
0 051.0152.0253.03540455.0

P 25/um

(b) BT XL [l 45 FIEMPW 2 3 S 1 A1 49 3 4% S
B12 R o 4 4 S T R U 4 i 5 R R B
Fig.12 Energy spectrum scanning results of EMPW interface

S REHEAE S

BRI PRAMES LI E R E, (BEE
T e ST AR AR FT BB ARAEAE R TR S, R ) J2 1 JE R
2979 0.1 pm, HF MM ICEAFEY BUT A BT
CAFREDN, B AE A5 B S 16 o () )2t B, T Ab A7
1ED B E

BT WL S EMPW 423K 1 e R i 45
Rl 126 fror, wLLRILIG R  A 1A SR R
MBI, SRS RAM AR LR, B
B G F VR I BRI 7 B R R, 1T A G 3 A i
W, WA R BRG . DR A W A AT A
FEF=4, FHEMNRICATEY 8, THEELN
0.5 pmo HHUCFIL, SRS R 2R e R iU
FESRBY UIVE F R IEWE B, bl s 45 A Rt
BOUE T 28 1 1 B A AT B I IR, SR R TR
2 Bl 5 1) 1 5 2 U7 3UT DU RO R S BT DI RN, A
T 400 1) H ]2 PR AR B
4.4 ETBZEBEMWEELZENE EMPW B3R {8

P BE X EE 43 47

Bl 13 o 1 5T PR 26 8 45 14 1) EMPW $32:3k
7125 ERe . (R T B 2R [ 45 1 1) EMPW i f& o,

6000

5000+

Z 40001
iE

ff 3000
L
2000

1000

0
12 13 14 15

JICER L R/
(a) FET HLL B 45 HIIMEMPW L 1234 g

6000
50001

Z 40001
=

15 3000
IE
2000F

1000f

7 10

8 9
T LRV
(b) FET L S5 ITEMPW 3k /) 1 e

P13 A [ T R i T T R S v e e e Sk g 2R e
Fig.13 Mechanical properties of EMPW joints under

different discharge voltages



4055 13 4

B AT T UL P 5 ) AR - P T S e A AR o ) 2 4 ) 7 T

4121

fE 12KV BB E T, Bk s REAT N 2 255 N,
WE& R R T & 13 kV F 14 kV I, fe K
Sy IBE N 4 989 N Al 5343 N, 48 L IR 4k 5 7+
HE, KBRS S 216 N XKW, HE
T FEL HL R FE v, T BG4 1 1Y) EMPW $2 3k i K
BT ST G N PR B A, 31X 2 DR A F R K
TR R PR T &R RS BT i AE T X2k P
5K EMPW AR, M B RN T 7 kV BT,
Tk SOl Al-Cu 5848, BRI AN BRAE7E T8 4h S04
TR S SR 8kV FHEE] 10kV B,
IEREREL M B KB M 2 859N FHE & 5 864N, [A
Wb R R PR AR R B T B SR AR R Sk W )
RE o AHACT BT LR B 45 M IR R 1 Sk, R T RER
] 45 ) (10 0 2 e Sk 1) e K B B v, X D Dl e Sk
G AAAAE T B =, R MR Prig It .

5 ZEHip

BT L T e R A e S SR T A AE 1 o R 2 =
4 S MR R PRI A ) A, KRR T T TR 2 R L
B, ARSCHR TSR R T UL B A R ) R e A
B SR i Bz S o 18] J2 7R AR 0 T v, S S BR IF B
TEIENA SN, BB RN T L R 4
R T DA 4% B G 2 8, DT 4% 1) 5 T 1) AR R K P d8
BT, BT XLk P 4 A R KK T8 B FE A K
{EL N 180 m/s, F T HL 2 P8l 45 14 1) 7K 138 3y 3 P o K
H9 410 m/s. T BB 45 1) 1K) EMPW 2k A
FAEHEZ, FEEWFTRA ALCu, FEHEAILH
e R BT ) o i T XUk Bl 45 4 1) EMPW 42 Sk 5 T8 U
FEAARINBE LN, B EIAAF AT EE,
IR B . SLI0 45 WIS UE T #R B AL 1Y) IR
P, B3 T XU LR P8 45 4 i) EMPW . RJ LLE 3 A S 1
{140 B 17) 20 400 1) #2517 A

S 30k

[1] Kim H G, Kim S M, Lee J Y, et al. Microstructural
evaluation of interfacial intermetallic compounds in
Cu wire bonding with Al and Au pads[J]. Acta
Materialia, 2014, 64: 356-366.

[2] Huang Guogiang, Hou Wentao, Li Junping, et al.
Development of surface composite based on Al-Cu
system by friction stir processing: evaluation of
microstructure, formation mechanism and wear

behavior[J]. Surface and Coatings Technology, 2018,

344: 30-42.

(3]

[10]

[11]

Khan H A, Wang Kaifeng, Li Jingjing. Interfacial
bonding mechanism and mechanical properties of
micro friction stir blind riveting for multiple Cu/Al
ultra-thin layers[J]. Materials Characterization, 2018,
141: 32-40.

FISUE, #Eay e, EWEM, . RELK R B A g
ek 1A B 9w L[], B T HEOR 4R, 2019,
34(11): 2424-2434.

Zhou Wenting, Dong Shoulong, Wang Xiaoyu, et al.
Development and test of electromagnetic pulse
welding cable joint device[J]. Transactions of China
Electrotechnical Society, 2019, 34(11): 2424-2434.
ERRE, L, AE, % BWINAEEEL R
Jik b s 4 26 B A I o) R SR B[], SRIOE SR TR
2022, 34(7): 153-158.

Li Chengxiang, Shen Ting, Zhou Yan, et al.
Development and experiment of electromagnetic pulse
crimping device for high-voltage wire harness of
electric vehicles[J]. High Power Laser and Particle
Beams, 2022, 34(7): 153-158.

Kang B Y. Review of magnetic pulse welding[J].
Journal of Welding and Joining, 2015, 33(1): 7-13.
Wei Yanni, Li Hui, Xiao Peng, et al. Microstructure
and conductivity of the Al-Cu joint processed by
friction stir welding[J]. Advances in Materials Science
and Engineering, 2020, 2020(1): 6845468.

Dimatteo V, Ascari A, Fortunato A. Continuous laser
welding with spatial beam oscillation of dissimilar
thin sheet materials (Al-Cu and Cu-Al): process
optimization and characterization[J]. Journal of
Manufacturing Processes, 2019, 44: 158-165.
Kuryntsev S. A review: laser welding of dissimilar
materials (Al/Fe, Al/Ti, Al/Cu)-methods and techniques,
microstructure and properties[J]. Materials, 2021,
15(1): 122.

FRAE, B, AE, & BB E R TR
S 2 W H W ) o A KB B R VR[], R
K, 2025, 51(1): 412-422.

Li Chengxiang, Chen Dan, Zhou Yan, et al.
Electromagnetic parameters distribution and tabs
motion characteristic of electromagnetic pulse welding
for lithium-ion battery laminated tabs[J]. High Voltage
Engineering, 2025, 51(1): 412-422.

geAr, FHE L, Y, & EEE R RE RS



4122

SR i N

2025 % 7 H

[14]

[15]

[16]

2L Tl R AR i Je HL B ()],
38(2): 285-296.

Xiong Qi, Li Qingshan, Li Zhe, et al. Influence and
of field

T B R 24, 2023,

mechanism shaper on heating of
electromagnetic forming drive coil[J]. Transactions
of China Electrotechnical Society, 2023, 38(2):
285-296.

Rewr, BEIR, 20T, . HE SRR BRI
FIFRR[T]. T H AR, 2024, 39(9): 2710-2729.
Xiong Qi, Qiu Shuang, Li Yanxin, et al. Research
progress of combined electromagnetic forming
technology[J]. Transactions of China Electrotechnical
Society, 2024, 39(9): 2710-2729.

RERF, REEME, WA, & AZ3 BEHEE 4 HER
IR 3 A R E O [J]. B D HER 4R, 2023,
38(10): 2577-2588, 2636.

Xiong Qi, Zhu Xinhui, Zhao Xiang, et al. Research of
dynamic characteristics in electromagnetic attraction
forming of AZ31 magnesium alloy tube[J].
Transactions of China Electrotechnical Society, 2023,
38(10): 2577-2588, 2636.

PR, ERE, R, S OBl S B soE sh 1F
R AL o 2 B A R W B 5 LRI AT (0], R R BOR,
2021, 47(4): 1451-1460.

Li Chengxiang, Wang Shuhui, Wu Hao, et al.
Simulation study on the effect of pulse parameters on
intensity threshold for action potential activation[J].
High Voltage Engineering, 2021, 47(4): 1451-1460.
RewF, RIWNH, MMk, 5. Sbkel s #ROY ke
75 )3 AE I [8) _F B0 0 1) 58 4 Ok AR B HON TR ROR
Bomi[T]. B LHE AR, 2022, 37(14): 3453-3463.
Xiong Qi, Zhou Lijun, Yang Meng, et al. The two-way
competitive relationship of Lorentz force in time in
single pulse electromagnetic forming and its influence
on forming effect[J]. Transactions of China Electro-
technical Society, 2022, 37(14): 3453-3463.

A, BAR, WUENS, & IR AR H R
T 2 P8 WU A A R R 0 v S B R[], BT
HAR 2, 2018, 33(18): 4181-4190.

Li Zhenhao, Cao Quanliang, Lai Zhipeng, et al.
Application of current filament method on the
calculation of current and force in electromagnetic
forming[J]. Transactions of China Electrotechnical

Society, 2018, 33(18): 4181-4190.

[17]

[19]

(21]

[22]

[24]

s, R, ERE, & 5T X0E MR LR
% I R G T R R 0 R R B AR T AT DR T S0,
HL LB AR 223), 2024, 39(5): 1245-1255.

Shao Zihao, Wu Weiye, Wang Chenxin, et al.
Electromagnetic force and formability analysis of tube
electromagnetic bulging based on double-layer
concave magnetic field shaper[J]. Transactions of
China Electrotechnical Society, 2024, 39(5): 1245-
1255.

PR, MR, FAE, &L RVBENKR R R R R
WE 1) b B /48R & e BUR SR W T [T]. A L EOR
%, 2021, 36(10): 2018-2027.

Li Chengxiang, Du Jian, Zhou Yan, et al. Development
of electromagnetic pulse welding equipment for plates
and experimental research on magnesium/aluminum
alloy welding[J]. Transactions of China Electrotechnical
Society, 2021, 36(10): 2018-2027.

R, EL, W, . RS RREREENE
T Fik o s 22 2 2 S 500 7 [T]. 3 B HL 8%, 2023, 59(7):
156-165.

Li Chenhui, Wang Xiao, Han Jiayi, et al. Research on
electromagnetic pulse crimping process parameters
for cable conductor connecting pipe[J]. High Voltage
Apparatus, 2023, 59(7): 156-165.

Kapil A, Sharma A. Magnetic pulse welding: an
efficient and environmentally friendly multi-material
joining technique[J]. Journal of Cleaner Production,
2015, 100: 35-58.

Raoelison R N, Buiron N, Rachik M, et al. Study of
the elaboration of a practical weldability window in
magnetic pulse welding[J]. Journal of Materials
Processing Technology, 2013, 213(8): 1348-1354.
Lueg-Althoff J, Bellmann J, Gies S, et al. Influence of
the flyer kinetics on magnetic pulse welding of
tubes[J]. Journal of Materials Processing Technology,
2018, 262: 189-203.

Li Chengxiang, Zhou Yan, Wang Xianmin, et al.
Influence of discharge current frequency on electro-
magnetic pulse welding[J]. Journal of Manufacturing
Processes, 2020, 57: 509-518.

Raoelison R N, Sapanathan T, Buiron N, et al.
Magnetic pulse welding of Al/Al and Al/Cu metal
pairs: consequences of the dissimilar combination on

the interfacial behavior during the welding process[J].



4055 13 4

B AT T UL P 5 ) AR - P T S e A AR o ) 2 4 ) 7 T

4123

[25]

[27]

(28]

[29]

Journal of Manufacturing Processes, 2015, 20: 112-
127.

Zhang Yuan, Babu S S, Dachn G S. Interfacial
ultrafine-grained structures on aluminum alloy 6061
joint and copper alloy 110 joint fabricated by magnetic
pulse welding[J]. Journal of Materials Science, 2010,
45(17): 4645-4651.

Nassiri A, Chini G, Kinsey B. Spatial stability analysis
of emergent wavy interfacial patterns in magnetic
pulsed welding[J]. CIRP Annals, 2014, 63(1): 245-248.
Cui Junjia, Sun Guangyong, Li Guangyao, et al.
Specific wave interface and its formation during
magnetic pulse welding[J]. Applied Physics Letters,
2014, 105(22): 221901.

Raoelison R N, Sapanathan T, Padayodi E, et al.
Interfacial kinematics and governing mechanisms
under the influence of high strain rate impact
conditions: numerical computations of experimental
observations[J]. Journal of the Mechanics and Physics
of Solids, 2016, 96: 147-161.

Li J S, Sapanathan T, Raoelison R N, et al. On the
complete interface development of Al/Cu magnetic
pulse welding via experimental characterizations and
multiphysics numerical simulations[J]. Journal of
Materials Processing Technology, 2021, 296: 117185.
Li J S, Raoelison R N, Sapanathan T, et al. Interface
evolution during magnetic pulse welding under
extremely high strain rate collision: mechanisms,
thermomechanical kinetics and consequences[J]. Acta
Materialia, 2020, 195: 404-415.

Nishiwaki J, Kambe T, Kedo Y, et al. Numerical
analysis of wavy interface formation and successive
temperature change in magnetic pulse welded Al/Cu
joint[J]. Materials Science Forum, 877: 655-661.

Li Chengxiang, Wang Xianmin, Zhou Yan, et al.
Decouple the effect of the horizontal and vertical
components of the collision velocity on interfacial
morphology in electromagnetic pulse welding[J].
Journal of Materials Processing Technology, 2023,
321: 118161.

JE, e, AR, S5 TCR R H N R - B K ok
Pt o R WL e s TN D A A R B N

[36]

[37]

24R), 2022, 37(2): 459-468, 495.

Zhou Yan, Li Chengxiang, Du Jian, et al. Investigation
on the effect of discharge voltage on metal jet and
bonded interface in Mg-Al magnetic pulse welding[J].
Transactions of China Electrotechnical Society, 2022,
37(2): 459-468, 495.

Wang P Q, Chen D L, Ran Y, et al. Electromagnetic
pulse welding of Al/Cu dissimilar materials: micro-
structure and tensile properties[J]. Materials Science
and Engineering: A, 2020, 792: 139842.

Raoelison R N, Li J, Sapanathan T, et al. Effect of the
nanopores in the Al-Cu intermetallic phase on
nanoindentation instabilities at the Al/Cu interface of
a magnetic pulse impact weld[J]. Materialia, 2023, 32:
101955.

Zielinski B, Sadat T, Luki¢ B, et al. The morphology
and evolution in Al-Cu and Al-Fe magnetic pulse weld
interfaces characterized through phase-contrast micro-
tomography[J]. Tomography of Materials and
Structures, 2023, 3: 100018.

Raoelison R N, Racine D, Zhang Z, et al. Magnetic
pulse welding: Interface of Al/Cu joint and
investigation of intermetallic formation effect on the
weld features[J]. Journal of Manufacturing Processes,
2014, 16(4): 427-434.

Zhou Yan, Li Chengxiang, Chen Dan, et al.
Microstructure and formation mechanism of the
transition layer at the interface of Al-Cu EMPW
joint[J]. Journal of Materials Research and Technology,
2024, 30: 1726-1734.

Sarvari M, Abdollah-zadeh A, Naffakh-Moosavy H, et
al. Investigation of collision surfaces and weld
interface in magnetic pulse welding of dissimilar
Al/Cu sheets[J]. Journal of Manufacturing Processes,

2019, 45: 356-367.

fEEBN

5 mAf

5, 1979 R4, WRIUR, WEERIW, B IEIT ROk

DR AR IR .
E-mail: lichengxiang@cqu.edu.cn Cli {5 E#)

IR

5, 1995 44, WERERA, BFRIT OB HEROR .

E-mail: wangxianmin@cqu.edu.cn



4124 BT R % i 2025 % 7 H

The Suppression of Intermediate Layer in Al-Cu Electromagnetic
Pulse Welding with Double Coils Structure
Li Chengxiang' Wang Xianmin'?  Zhou Yan' Weng Shiyu' Shu Yihang'
(1. State Key Laboratory of Power Transmission Equipment Technology Chongqing University
Chongqing 400044 China
2. Electric Power Planning and Construction Research Center of Yunnan Electric Power Grid Co. Ltd
Kunming 650011 China)

Abstract FElectromagnetic pulse welding (EMPW), an advanced solid-phase welding technology for
dissimilar metals, has garnered extensive applications across domains such as electric power transmission,
automotive manufacturing, and refrigeration equipment due to its distinctive advantages. However, the Al-Cu
joints welded by this technique encounter challenges regarding forming an intermediate layer comprising
intermetallic compounds and cracks at the weld seam, which reduces the weld's mechanical performance. Based
on the formation mechanism of the interface morphology and the necessary conditions for electromagnetic pulse
welding, a method to regulate the electromagnetic pulse welding interface using a dual-coil structure was proposed.
This method aimed to suppress the generation of the intermetallic compound intermediate layer in the weld seam
by diminishing the horizontal component of the movement velocity at the welding interface, thereby reducing the
shear effect at the interface. To validate the efficacy of this approach, an electromechanical coupled finite element
simulation model was utilized to compare the electromagnetic parameter distribution characteristics during the
EMPW process based on single and dual-coil structures. The experimental results from the high-speed camera
verified the simulation of the plate movement process and results revealed that the horizontal component of
interface velocity decreased by using the dual-coil structure. A scanning electron microscope was employed to
analyze the micro-morphology of the welding interface. The results showed that the welding interface based on a
dual-coil structure mainly included the wave and straight types, while the interface via single-coil included the
vortex type. The findings indicated that joints welded using a single-coil structure EMPW method exhibited a
pronounced intermediate layer at the interface. In contrast, those welded using the double-coils structure EMPW
method failed to show the formation of an intermediate layer at the interface, exhibiting a reduced shear effect on
the interface morphology and superior mechanical properties. Besides, the line scanning results of the welding
interface based on a dual-coil structure reflect a monotonic change in elements, while the welding interface of a
single-coil structure exhibits regional oscillations in elements. Overall, the effectiveness of this method in
suppressing the formation of intermetallic compounds was validated at the interface. Utilization of a dual-coil
structure can reduce the shear effect at the interface by controlling the horizontal component of the plastic flow,
thereby suppressing the formation of intermetallic compounds and enhancing the tensile performance of the welded
joints. This study contributes to understanding the physical mechanisms of the electromagnetic pulse welding
process, which is of great significance for the research and development of high-performance, lightweight
heterogeneous metal composite materials and the advancement of lightweight manufacturing.

Keywords: Electromagnetic pulse welding, double coils, Al-Cu welding, intermediate layer, shear instability
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