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Table 1 Material property parameters of 2219 aluminum
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alloy
Parameter Value
Elastic modulus/GPa 75
Density/kg'm™ 2820
Poisson's ratio 0.33
Electrical 255% 107
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Bh RPN, 2ol EATRIE E, 0 A ke BT
EBORE b, BT BOR R R E AL, TR S R
BEAT T o VRN R R LA HL ORI HLBE 3 50l Ay
213 pF. 29.7 uH 1 71.5 mQ. HiRLEHIL 45 B 4 pr
7N, NHLRERH L S50 A3 CAF P T DU H, 8 5 9 kV
ZAE R BORE BAR R E T RO LA T, BRI S
M TR GBS AN A, SEEAA KM 10
KV ZAF NPT A3 A SRR e MG, H 2k
BLF, HEEMZATRIR, A LA RURE RAF. R
FER AR P W45 3 T 5 5256 T AR W) 1K) BB R
56, A5 28 fie 0% M 1 (1 0L HH ORI A L O 2

SR, X R S 56 B 15 DA LR R

B R BB o 5 5 1A % 5 e AT IR, i 5 By
o BEAE ORI AR, OB SOR m RSN, 1%

Fig.3

Fig.4

3 ML R E

coil, (b) sheet metal, and (c) tools

K4 mpELE R

results and (b) profile comparison

Experiment setup of electromagnetic flanging: (a) forming

Results of electromagnetic flanging: (a) experimental



%9 W BRI THORL HURGRIIZ I B D 2 AN O TR S A BB AR AT 5T

* 2989

JEEEWR N o OB 58 A W BN 1) B & fe K, 12 R
FEfeh, HAGA AN 15.1 A1 2.38 mm. H A4 45 1
S0 45 ) AR A AR — B, B P45 O &
M2 5P 15 S 45 A — i 22, B KA 22 23 93l hy
3.3%H1 2.5% o Ik J X ol i 22 11 2 2 Ji DR A B o A
IR v (1) 2 Bl A — J2 350 SR P [0 ] o PR R e £ 7 ¥ 1
B, 2522 M ARAHE, X5 5050 5 FH I S br
2 Pl e DX o AR KR AL 5 52 6 5 R 2 1) (1 (w22
BN, ERVFIEHIN . Bk, AHFTTET L ) F A
G % ME AR 1 BERLBOR) He B 1L S B T fE, A
gERENTAER . G M.

2 HR5WR

2.1 BEOSHEFY
2.1.1 WHEEH H AL

B R, PR AR, Bk R
KAZTE 1 DX IRAE v A8 T FL AL S 28 A58 FL [ L it 6 0
DR, FRz Bk A5 X 3. AT 90 AR R B 23 (X
sk Pk FLIL 2 2 245 50 mm 2 ) (4 DX . H 7
I, BRORESZ UG D) A T R A AR TE R AR L 6 A3t
Y, RCE 28 P8 3d ok g i B, A B RO
FEL 10 23 1) 9 7 2R IO R 3%, A1 BN 3 Y (RO RR R
T FL R RN 17 7 A BT S BN ikt R R T 1) A R
JEN: PR, SN, FHL YL 5 N 3 A AR AR LG
RSO 25 DX A L 0 A F T DR AR P 3 2 75 25 1
LLBLE BN, R L R R T IR . PR R R I AR R
B % g ar @t st (2) 193,

F=j-B 2)
AU F OB AR R A LB B 0 U

N S, B A HLRE TR 3R G P R N R T, RN
P L 25 P58 R T S 1 e 85 5 R R I R e v IR L 5
ZHCEVIM K

AR FCRORE R ) A AR AR, DABOR LR R
10 kV IR LE SRR 4T xt 5o [R]INE 2k T 3 fo B
FHAR T 5 i K6 FURE D 43 A AR R, IO
JEWFZ120 50 ps CREIBORME JE =8N, A7 # X Hi i )
G AT B W] LA VAR ) T ) 38 BOBORE B R X
B EE . iR LR R )E S04 i e X4 Pathl
Path2. Path3. — 4k LHBI o fmuE 7 s,
Path1 F1 Path2 Py 4% % 425 P 1K) & BOR} PR G 35 80k 2%
() LT D7 43 AT WL 0 e K1) DX 3y 1 OB 7 sl L 32
%, BEV-A2 B8 00 B /N o« Path3 4% A5 T T A2
WL 0 JUF o 22, 32 Rk 76 B Fe G e b, /R
TR RS, RN A TR A A AEARORE R T, 3 AR
BORL T 52 Ho i ) B e AR R BESE LN, Rk

FN AN AR AR B S A o H SCER[18] v S AT
AT KRR EE L) R 2.2 mm. B, WG 7E
JERETT I BB 0~2.2 mm YA, 1 2.2~3
mm i [ LI F ) 73 A
2.1.2 WA A GARRIE

1 Fod Ay i, LR e R R ORE b ) e
JIVEAR I AERORI L S, TE R T HOE 00 3 AR B A8 o
T A R RN T R rh ASORE - L f ) AR R AR 2k
Bl P A48 2 TDRS N ) X3, F R o WA B0 A 2 ] v
K I A BTN, 3 R I R ELRE ) 40 A IR 2 e P S AR
BRI THIFLA G MR #E e, T 1l FL B A7
e, BOREXT BN 1 3y 1) B A8 R 0 59, RSN 7 2

15.0 a
—a— Experiment
—e— Simulation
E 145
=
.50
= 14.0}
o0
g
£
S 135}
13.0 L
8 9 10
2.8
2.7F
2 2.6}
o
g
.
£ 2.5} —m—Experiment
o | —e— Simulation
=]
a4t
2.3 L
8 9 10
Voltage/kV

5 BB RN SR
Fig.5 Forming height (a) and edge thickness (b)

Induced magnetic field

/

Induced current
Electromagnetic force

6 FLRE A1 s BRI

Fig.6 Schematic diagram of electromagnetic force



© 2990 -

Wit e a MRS TR

848

Ly A AE 2 Bl RVRSCRE (%) 1] Bt (] LA S oLl FL e Ly, A
[l B W B U R A AT 23 5 N L 5 L B W B U
SV FL JAE Y A0 O AR 7 e B N P A I O OB
(1) PR R g 2 T 5 DN P AL AR . o 3 B AE AH
s NI T SO FL B I R ) B T, TERCT H
1 330 G AR N

Bl 8 JIT i by Tl FL K /N R R 7 43 AT (R 5 - A
LR, RS e, B L AR
Ko AR RIS Y T A, FRRE I SRR A
O N 2, P FL U A LR D P B R . A k)
LA 18 mm §7 KA 28 mm I, MRl H
WE 1% B LT R R 3.5 f% . 14 Bl KT [#]
S, ATEIFL ARG I, AORE AR X 1) T
i 3 % JEEAXCAE P P 4 22 2148 4 40 mm 136 Bl N AT
BN BERTEE 1 40~50 mm S0 FE P AR LR £ i
X R R ARORL SR G, LG O % FE L T AR A . AN
HAE AT LUK, AL AR RN A2 18 A1 20 mm I
LI ) 10 SRR N AN J AN A2 DAATE PR o W
PRAE T LI S, WL g e (L DRI i ey 7o AL i 5 e B
L P AR A, OB b X H R ) R
o DN RN T 5 IR E 8

HLRE R R v, e Bk B U N, OB
2 el JR I P A S N S, Bl Im) 4y AR R AR OB
L NI E N, AR o AR TR N MR
[0 fy X 320, 2 B L AT 465 ) 2 5000 3o 5 i Jee B i 3 )
I3 SE W BORE g D oA . B9 FTos 2l N A
X HLRE T A AT . AT LUR I, R 2R T P AR 1 3
I CE 2 Bl A OB b R B85 X I A% o) WBSORE & 45 X
a8 1) 52 AL BRI X 3R B ), H R g 320 R R A R
IS, T AL Sk L ) A FE R ), SE AR A
[ f11 PRI RSORE DX 338 R 0 2 FE A P S e >4 4 Pl 9 AR 1

| Path Path 2 Path 3
50 ! —
401

30 35 40 45 50
Initial r-coordinate/mm

[}]
(=]
— —

—_
S

Electromagnetic Force Density/X 10 N'm™
W
S

N
W

K7 BOBLE A X I L ) 3 A
Fig.7 Electromagnetic force distribution in noncontact region of

sheet metal

A 54 mm I, B IA GBI AN AN, W
T 3 Vg AP RO ARORY U L3 5 e ¥ = BRORE 4200 40 mm
Ak, OBk b LR VAR TR S B S 08 DR ek B 4 A B
e KPP ARS8 ORI FL 4208 20 mm
I (¥ FL B 0 A1 35 Ol AL

o b, AR AERCP R R T, 22
(NN LR N NI RS MR AP NS e TE LD Y AT A
I, AR B AT 1 S0 45 I ik ) FRAR L 4
WL rh, AROR TR FL AR AN 2 18] N 42 2 H0l 1 e
SACEr S AT EANES 1 ey To M i s AR AR RFS
li) Ak TR PR EARDD SR 2 i ARG T 3L e R SR AN, ki
XEBCRL Lt T oy A e R R . i B IR,
Sk S AL ARG AN R PR UR- T ¥ VA R NI R
T FL I S5 LB ) 8 PRI o X 3 A 1 R A 0L &5
RAAT S, AL B BULLAR T 95%I, R
WAEAFT Y BILAE 0 AL AL 2 T I AR 1) S il o Al s 4 2k Pl 93¢
SRR EL T 95%IN 1R T R s I AR AN AN W

—a— =18 mm

[\ (O8] B
S (= (=)
T T T T T T

—_
(=
T

Electromagnetic Force Density/X 10° N'm™

S

20 30 40 50
Initial 7-coordinate/mm

B8 LA A X U g 93 A IR S

Fig.8 Influence of precast hole radius on electromagnetic force
distribution
& —=— D=38 mm
Z 40}
E
X
2 30}
g
a
8 20
(=]
=~ L
2
5 10}
&
g ot
o
E 0 1 L 1 L 1 L 1 L
5 25 30 35 40 45 50
m
Initial »-coordinate/mm
9 R LR I P AR 0 LT ) 23 AT IR S
Fig.9 Influence of inner diameter of forming coil on

electromagnetic force distribution



%9 W BRI THORL HURGRIIZ I B D 2 AN O TR S A BB AR AT 5T

2, VL) VEAE AN AR TR AL 2, e AR
] 5 S RS CN B A AIRAS o BRI, e v vt Rl
T2, n] DU R 0 L AT Bk B N A R
2 Pl F5 5% T AL LG N T S5 IAS 1] ) b 39 43 A
22 BERENH

BORE LGB R e, RS2 AL BRI R X 3
e BRENAE N m BL R MR Nz g)), KA
I . fEH BRI, T AL AR AR 3 BUR X
(LI ) A3 AT S 0%, AN ) B HORG ) 0 A 2 2 BUROE 4
R ZFENE. B, 25 5 ) 23 A ORI 45
A, 6 EIFL AR R 28 mm RIARORE R R R U
TR T, W AR LR N 1R (o BlE L Dy 2 38 il 50
mm) SEIA [ LD o0 A . W 9 Bras, M2k
WAT K 38 mm I, HLRE ) TR L Sk v A% ) 9 7>
Ay LEPE N ARN 50 mm I, HLRE I 43 A A AR 38 4T

B 10 JT s i LA [ G ) o0 A 4 2F 1 BRORHEY
8 TE 5 IR T i B DA R 30 5 D5 FEE 43 A o S TR TR
JaSCE L AL B 2 Sl 3 R 4L R RGBS TR RO A
MR U, AR T OB A TS BOEAE B 1)
JSW e FE DA R i S ) FE A e e n, - AESORHIAL 1 2
o, OB A SR A i R e B DA R A /IS (9 320 5 ek 7
R mE NI RO E, L R,
BRI AL — e I, BOY R, AORMD Sk
EROBROR,  ARORHL SR S R RN o SR ASHIE 5 )
TEAt B 75 B i B 38 0 (6 (] B 0 1 BT 300 5 9k v ik
INTERG . O T BRFAEAS R HRE ) o A N BOBAE AL
B Az S IR, 7S WU D) 43 AT HL R 10
FUE I REW, 5 SR O A% ) JERE 3 A o OB
JCAR TG L« F 0N AR A3 A LA KN I 7 SR A LA T 1
BRI

B s B Ay B AR S 0 A, Ak
B AL 55 B W A0 B 1R TUART AR A8 T B A Kl 43 Ky
ERED A X LA ik 22 X R R rp, AR AR
X IE B PEIAL IR, BOR S HFLL 2k
Wi, JEE RN WTRUEH, BB B TEIFL
D GRYREE N T EIEAE A S I, 15 A DX RO
HER KT B A NI TS R B
22X AR RO A DA AR T R S5 R 7 AR T S I
TR, X HEANAR T 45 R R WAL o PP [R] Wil 7 53
A AR 45 B 1) 22 5 5 SRR BLAE WA AL 1A 2k DL K
B £ DX o LR 0 48 R 3 5 My A i, Je g B e v AR £
] 11 DX AR PR AN AT B8 8 2, PR RE T 2 Hh i N .
BED, I EE T T BRI B S5, e 2dm HI ARk
TG R (P o 3K A By T 7843 1) P R e A v SO
(VB IEAR T RE T, PR B 0 2R 4

° 2991 ¢
3.0
I Forming height
15}F - Edge thickness
12.8
=)
£ £
= 26 2
? 2
T 3
2 24 £
=) 5
kS 2
122 &
2.0
D,=38 mm D =50 mm
A B

B 10 R i B B 3L I3 BE o3 Al
Fig.10 Distribution of forming height and edge thickness

3.1

| Vertical wall aredI Fillet area : Flange area
3.0 !
—m—A
2.9 —e—B

Thickness/mm
N
Q9

g
=

NG !
>
—— ——————

Initial »-coordinate/mm

K11 OB B4R ) )5 B oy Al
Fig.11 Distribution of thickness of workpieces along radial

direction

HL R BT 2 — PR IR ) S I, O T R ik
BEOKRERD . R R, BORME B X & B oG il T
JUITA & LA S I 52 vk i 22 5, AR T B FEAN— 3K
DRI, BB I R OB G R B 3 23 A 0 I 45 A
UM PR L ) A AT N O BRI, W
PR IEI 1. 24 3. 4 SRR IT, Hf 1 5o
THEEX %%, 2 5507001 BRE X 5 8] f X R P X
W, 3 SR oA PR X T, 4 5 ooy 1R A X T
RFAIE B G PR P8 B I ) A A it P 12 s o OB i 4,
FRORE b & 0 B A Wl ) SRSy N T, R X )
BV WA B R A AR T . B E I BTE, AR
BHOR I IN, Aok 5 e el [ pRE s 3 n,  Wmd i)
SCMEWTIRTS, B BORHE B EE R N aREAR T, T
TP . AR S SRS A, d TR,
BT AR IN A, IR A BUN TR] A /NS ) L
BN E . A T I FEAEECE TR P 58

HO ) s B b2 Ll (R 30/ P RORE, 4%



© 2992 -

Wit e a MRS TR

848

BRI B 5, DA R RIL OE R, Ok}
MA2TE & h Bl RERE AL 9 STEAS I g . LI TR, R
BHE B8 BB S, OB A IS0 i 2 Wil )
THOBAE B i % Ro0, 3L ool B m . (AR
TEAT B HURL BN I I HUR ) o> AT I35 50 L R G O)
AR T OBAT A T E B 5 o AR L 2 BORE B
DEATREIL 5] £ 28 ELREAR X BE S /s, Focia sl il
RS GRS 6] I 12 FRaTBLE Y, OB A [
LB U A IS (9] S5 L, £ JE I 8] 24 154 s I 58 R I ASE 5
JIEAE B IO G UL /N, EURE AR IN 8] 47 Bir 48
IR, {ERJBIN T 164 ps I8 58 B . 5 #f1 DX 01
T F B, MOBAE B T B DR G R AE T OB
AR AR DRG] G [ A DO S I TR A R
T o 0 A 8 DX 38 52 280 A Ul ABE X 3 1 o A
HIe OB A B IR s DO 5 PR i L X U AR i
O U P4 53] DX A U A58 ) T X A o A Y 4k 8
RATCAZ [ A AR RE R 22 17 ELRE X N i3 -
WSO AR O J= B, A5 BIBORE il i i4 e
BN AR AT 13 Fros. BUBAT AL B 1 ENAZ Sy
AT 20 HLRE T A AN TR] 20 A1 AN 2 Wi B A 1) X 4R
JARAR A, FLAE DX AR P i 37 AR o) iz (IR S
4 Ay X 2 AL P I AR o ARG RS, il
IR 2252, OEAT B AR A DXCAE R e R b 32
ERINER S PNEITE 0k LN (SR P R T E S (T s e oY}
TNIER F7, 3 I8 Ffy X B eAR g SN 7 S, FLREIX
B CAR I BN T3 CUnlE 14 Bros, Hoh 4 5 oohy
THHEEX, 16 5 HICAL TR MR IC I
JIPn g (B 14) FIevTBLE 1, oAt ) N £E
G RE R RS BT, IR e, L IeAR [ N )
Bz TR B A B ELRE Dl ISR K, A
AL R A ) 2 BRI LA [ R A B TR P
AT RCOR S, i e 2 AR R AR T A B A e

300

250

200 F

—_
W
(=]

Velocity/m-s”

Time/s

Bl 12 RRAE 5 G IR B o A

Fig.12  Velocity distribution of characteristic elements

Principal Strain
' s o ©
= — to
—

e
=

\
<

)

G [T

T30 35 40 45 50 55 60
Initial 7-coordinate/mm

K13 BRIBAE I N AR AT

Fig.13  Principal strain distribution of workpieces

500 [ ——A-Element 4
400 F ——B-Element 4
L ——A-Element 16
§ 300+ ——B-Element 16
% 200
§ |
£ 0
< L
~ 100}
200l Collision
-300

0 50 100 150 200 250 300
Time/ps
B 14 HRAEFRITHIAR IR N ) 7 s

Fig.14 Radial stress history of characteristic elements

SRR L, B BRI A4
LR ) 258 T R AE X BRI AR ) B g 20 Af - DTS B £
D7 A SR (R AR 10 o I AR R i) s A, LR D™ A B
NIRE N DESYVAS S B0 @l 2 2.7 S w3 /S ) 2 3| P SN b
LA REER S, FUREDCE /N SR L e, AT A
TEAFRESRAT S e (K i 5, [R]IN T 5 )5 Pl BN

3 & 8

D) A0 e BORE LRI, T LK A7 A AL BRORY
X IR I B 3 FF) I S R R 8 5 TR I HL AT PR 940 0 T T A
LR UG EW L B U VAR SR R R VA DR S U1
1T R D T AR AN

2ORORL I FLAZ L5 R £ Bl N 1 T I A 2 ] ¢
SRR LG HL R g 20 A AL RO . B A 4 e B0 T AR
EAIOE RN A BUEe I &V A I | RTE P T SR K
FLIL G ra il s PR N . R RERN 1L TRV, T
R AR P B AL, AEARORE R ORGSR A
Wk 135 53 i o

3) HL i I R WA RO X K IS B, Xy



%9 W BRI THORL HURGRIIZ I B D 2 AN O TR S A BB AR AT 5T * 2993 «

AIE DX 35l Dk A5 1 TR 77 A2 s, 0 UG ASE 0 X J5 20 R s A [ X Advanced Manufacturing Technology[J], 2018, 96(1-4): 359
SR I B AR R B R A MR B . LR A A [10] Liu Dahai(X Ki#f). Thesis for Doctorate(1# =i 3)[D].
B, B KM B B RS Harbin: Harbin lnsFitute ofTechnolo.gy, 2010 .
. . - , N [11] Su H, Huang L, Li J et al. International Journal of Machine
O 1 B 5 SN (KA G, AR T DX 7 BE oy AR Tools and Manufacture[J], 2018, 124: 99
By5y, WO e A, [12] Yu H, Zheng Q, Wang S et al. Journal of Materials
Processing Technology[J], 2018, 257: 54
5%l References [13] Xu D, Liu X, Fang K et al. Journal of Applied Physics[J],

2010, 107(12): 299

[14] Huang Liang( 3 %), Luo Wenyong( %% X 5 ), Liu
Xianlong( Xl % J& ) et al. Journal of Mechanical
Engineering(HLhk TF22%4%)[J], 2013, 49(24): 24

[15] Fang J, Mo J, Cui X et al. Journal of Materials Processing
Technologyl[J], 2016, 238: 395

[16] Cowper G R, Symonds P S. Small Business Economics[J],
1957, 31(03): 235

[17] Luo W, Huang L, Li J et al. Journal of Materials Processing
Technology[J], 2014, 214(11): 2811

[18] Chu Hongyan(#] 4L #ft), Fei Renyuan(%%{~70), Lu Xin(Ff )
et al. Journal of Mechanical Engineering(HLK T.F2 2% 0)[J],
2003, 39(3): 62

[19] Huang Shangyu(# 1j45%), Chang Zhihua( & 4E), Wang
Lifeng(E37.W) et al. The Chinese Journal of Nonferrous
Metals(P A €4 J8 5 3)[J], 1998, 8(3): 441

[20] Paese E, Geier M, Homrich R P et al. Applied Mathematical
Modelling[J], 2015, 39(1): 309

[1] Kaibyshev R, Sitdikov O, Mazurina | et al. Materials Science
and Engineering[J], 2002, 334(1): 104

[2] Wang Guojun(L [E %), Wang Zhutang( LHL%E). Light Alloy
Fabrication Technology(4r 4 I T HAR)[1], 2017, 45(11): 1

[3] Zhang Wenzhong( 5k 3 [ ), Chen Hao( % #%), Dong
Zhanguo( & ) et al. Aerospace Manufacturing
Technology(Ni K #illi& £ A)[J], 2009, 4: 5,16

[4] Kim H S, Ko¢ M. Journal of Materials Processing
Technology[J], 2008, 204: 370

[5] Huang Y M. The International Journal of Advanced
Manufacturing Technology[J], 2007, 34: 641

[6] Psyk V, Risch D, Kinsey B L et al. Journal of Materials
Processing Technology[J], 2011, 211: 787

[7] Seth M, Vohnout V J, Dachn G S. Journal of Materials
Processing Technology[J], 2005, 168(3): 390

[8] Chen Xiaowei([%: % %), Wang Wenping(F 3C*F), Wan Min(Ji
1) et al. Rare Metal Materials and Engineering(Wifi 4 J&#4
B TAD)[I], 2015, 44(2): 514

[9] Ma H, Huang L, Li J et al. The International Journal of

Electromagnetic Force Distribution and Its Effect on the Forming Quality for
Numerical Simulation Study of Electromagnetic Flanging of Sheet Metal

Huang Pan', Huang Liang ', Su Hongliang ', Ma Fei*, Li Jianjun '
(1. State Key Laboratory of Materials Processing and Die & Mould Technology, Huazhong University of Science and Technology,
Wuhan 430074, China)
(2. State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University, Changsha 410082, China)
(3. Changzheng Machinery Factory, China Aerospace Science and Technology Corporation, Chengdu 610100, China)

Abstract: Based on electromagnetic flanging process of aluminum alloy sheet metal, numerical simulation was conducted to investigate
the distribution characteristics of the electromagnetic force and the influence of geometry parameters on the electromagnetic force
distribution, and then the influence of the electromagnetic force distribution on the forming quality of workpieces was revealed. The results
show that in the process of electromagnetic flanging of aluminum alloy sheet metal, the marginal accumulation effect of the
electromagnetic force is produced due to the existence of the precast hole. The aperture of the sheet metal and the inner diameter of the
forming coil can affect the distribution of electromagnetic force by changing the ratio of the projection area to the coil area. With the
decrease of the ratio of the projection area to the coil area, the marginal accumulation effect of the electromagnetic force becomes more
prominent, and the electromagnetic force density of the hole edge increases. Materials of the corner area flow more significantly under the
circumstance of the uniform electromagnetic force distribution; meanwhile higher forming height and smaller edge reduction rate can be
obtained after forming, which means more uniform thickness distribution of the deformation area and better forming quality of workpiece.
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