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[ABSTRACT] As a forming process with less mold constraints, free bending technology is prone to the occurrence of
wrinkling defects caused by instability of thin-walled tubes, which limits its application in high-end manufacturing fields.
This study establishes a mechanical model for unstable wrinkling of AA5052 aluminum alloy thin-walled tubes used in
aerospace vehicles. Theoretical analysis indicates that the initial geometric micro-defects in the tubes significantly reduce
the forming limit under influence of the additional axial thrust. In addition, the mechanical properties of AA5052 aluminum
alloy tubes were obtained through uniaxial tensile tests. On the basis of considering initial geometric micro-defects, a finite
element model for predicting wrinkling during coreless free bending forming of AA5052 tubes was established using the
ABAQUS/Implicit algorithm. The results indicate that the simulation prediction model incorporating initial geometric
micro-defects can effectively predict the geometric shape and development trend of tube wrinkling. Finally, accuracy of the
model was verified through free bending forming tests. This study is of great significance for understanding the unstable
wrinkling behavior in free bending forming and improving the control level in manufacturing process.
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Fig.1 Principle of free bending forming for tubes
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Fig.2 Process of free bending forming for tubes
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Fig.3 Schematic diagram of theoretical analysis of wrinkling in free bending forming for tubes
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Fig.4 Experiment and theoretical parameter analysis for wrinkling in tube forming

114 Wiz HlE A - 20254555 68 % 5ol



PN
RESEARCH Hlt%tei

VT R 2 — T R A, AR5 RS R e — 2 X, i it
SUIE M A IR JC UL, PRI, ] LR B 41 S
ith IR 42 A7 B C" 3 AN, WL 4 (b)),
SR X3 AT T C 3 BTG ORI/ 5 AEDCEE B rh
R TR MR B . B A AR sy, A RA 25 ity PRy il 1) )
A m ASEBRERE WTE F i SR R R
DAL 8 14 5 i 5 C BRIV A 25 S D52 330s w ] )
PR R ) AT 7R

w, = f,, sin(2am0/(6, — 6,))sin(n0/(0, - 6,)) (7)
v, 0,<0<0,5 f, B BN A BRAEL; m Ry ke 4 35k i 2

J3AN R S AR AR, S A R DD 1) L B
ATLARIR N

6,-6, ow. V¥
Al, = Ip? n | _ pdo (8)
6 .[o p +( 20 J p

R IR IR i 2 (8 ), A A4 25 il PR 4 17
I (LR R it — AP

Aly =(Ry = p)(0, =6y) (9)
PRI, S 40 R WRAEL £, 2R R

= VAR (0, —0y) [pcose (10)
' m Ry

M, 27 ) AT AR R

_ ’WORO (01 —00) pCOsSQ
! nm Ry (11)

[ sin(2nm6/(6, — 6,))sin(nb/(6, — 6,)) |

HAE(4) F1 Wang 45 U2 510 i e R RE T R,
VUILE F Py 25 O i e A i 25 i Y R AT RE U,
IR A

|
allis

2

2
[W—" —+ 2y W Jpr0d9d¢+
Py

1 &w, w, | 1 0w, sing ow, A
M T T e
o 0t K\ p 00 pry S p

(12)
X, E WA, B =4EE /(VE+JE ), E
Sy, E VIR, E, =da /dE ; E 1EY)
PG, E= 7 /8 t W E M AR RSB v A
WA HEE R

Wt (10) feAR(12), 24 0 _ o mf, wrsR A8 £

om

2 2 2 2
1 3w, A 1 0w, sm(a ow, P
PR r2 =7 86’2 YRR +
0 0 P Py 0@ p

5 i Y AR IR XS A S i PR S A T R 1 R/ BB
(Uyymin )
122 EMEREPTE I N

B AT X AEMAE IR 42, H S i s v
B Z TTIEO A TUTSEOLE 3 (b)), A T i
it 31 LU R,

(1) 7 H i il S 2 rp A R AR iR 2%
FEFNE WA (025 0 SF T RH R B A, AR A 1P 1 1 AR
R, Wik, SRR .

&, =0 (13)
Ez%’ao—ap’ (14)
_ 2

8=§|8(9| (15)

(2) %M A B AR SRR ] R 4q Bie , B

&, +ey+e, =0 (16)

(3) Bl 5 & M R AR R 2 AN B A WS, AR HR
JZE MR

R =R, (17)

(4)o,. 0. 0,7% 1Y a) A% A0 1) 3 A4 J5 Y
ESVVIR

(5)e. ¢, &, 7300 KUY Ta) A2 18] AR 1] 3 4> J7 1) Y

TR B ) O T D
gp=In {R%J (18)
(6 AA5052 F & B B AT R A r AR5 T 3
":{Eg oo (19)
Ke" (ez¢,)

b, ENTPERRERY ;& BB IR AR
BB T BRI AL 3 K AR
n R AR AR R

ARG 4), B4 A oh 2 i O o i v g iy
oI5 e AR

99, %%
dp p
BT Hencky B ) — 28 ¢ & AR (1), 8 1

FEH T 32 J S50 T R A

5 & MM HREAR
AN B B 2R

=0 (20)

o) +0
a, ZQTP (21)
AR (1) F1C6 ), I 188 M A 2 th e
T Az ok A RIS B IR 7 (o ), 152

20254E 5568 S0l - M & A 115



‘_‘i. N »
HI:%IBI RESEARCH

0y —0, = (22)

2 l+n n )
&) wemt)m
S % p>R 5 22) HUE(H s p<R, JUO 18

3 22) 020 ), I BRI h T 22 o i
J1h

5 1+n K 1+n 5
o, =%|| — — |l tmZ +—=a Inp
’ \B 1+n R, \E

o, Cy AR H AL
Wk, Y p=R —r,0=0; FrLL, AMSHHEIE L
FErP AR A5 S % S UIVPIEIEZ V)
K

N R

2 P
—¢ In
V3 Ry =1y

+GC,

(23)

(24)
R (24) FRAZ(22), W [ o 25 i 80R i fe A
A2 P O3 S B 52 D0 1 157 TR A

e
[ pﬂ Falrz]
(25)

P, 7 A 2 i I AR v, 22T DR A R A
AN IR IR A

/2
W, =1, j o Alyrd6 (26)
0

€

b, G RS TE]
a9 M p=R,—r cosp ,5X(26) A LIFR N

Wex :fo_[: || Alyryd6 =

n/2 ( 21 )
to J'O lasl1” (6, — 0y cos 66
MR ARG A A
SRELELES (28)
R, W

A, K, ARk,

130027 ) F1(28) AT, A1 T3 2 W, BEAE A1 25 il
M2 VI RN T 0 B3GR R . Tk B 12X
Rt BEEINAER T 0, J2 o, B EEEELH AR ST, IR A i

116 Wiz & A - 2025455 68 % 5ol

25 i T A i 2 0 i ) BRI R T AR A M kA
A I P AR R, BE K, B AR S H s 1
ARSI BR B AR, 380 55 =2, 7 B 1) BRI 4 1 7 04 7 FH
T, R A BRI bR LA ARl B i o e R A A ) T R
JEA
1.2.3 M s s IGAL S0 B GBS HT

e NE RN ZuN et A e Bt I DA SE F R TN
FHM 5552 2900 1 VR, X LAGE i BES i IR S T
A A A T NI T 24T . ST Rl Al 78
H FR A A R v, AR T2 3 A ) BRI R B
YEF, BT DR A2 2% B T RS T B4R T A ok il i A2
FERR JARAS &l 5 s, Herh P, s A 014G T LR L
BRBE 0 R A Bl i) A2 TR R & AR R A I A . T
HESCRRIE , 43 AT AR AE B RNy A R 4h ) LT s s 1
AR 52 R K A A A A I Ay

R4 Karman—Donnell {#BE 52 K HE -y e B,
PRARAE AT 52 PS54 T R AR A I ks P W3R
A
2nEt,?

P = (29)
J3(1=v)
TS B B b T LART R R e 10 ek SRy
wy =&t cos(m,xj (30)
%

A, ENPITER LTI BE A EE IR 15 m AR A8 30 1)
WEEL, t A B AR BEE

IR I, 2% A0 i TLART i B ) Karman—Donnell J7
BFRR A

i+2Pi+w_—2P62 (31)

ot ox? ox?

K BRACUE 4 017 A W0 065 LART Bl ke o 140 A8 A0 7 B 1)

WA B
B 5 HEZERSEMEROERES N
Fig.5 Sensitivity analysis of wrinkling in tubes
under axial compression



PN
RESEARCH Hlt%tei

52 IR R ARSI P AT (P, P ) B9 ELETE N p,
p=P 1P R7EE IR (30 ) fRAZ(31), i LIS EIL

cr

BRI p, 5 & HRARALIT B,
_(=p) _ 3NBA=DIE] fp (m) — i (m)|

G(ps)
Ps ) |W3(m)|
H,
i K ml) . [
=—| — |cos| — |sin—
v (m) m(Zm] (’”0] 2
ry . | ml l
=—sin| — |cos—
wo(m) m [’”0] 2 (32)

2m

5 /4
l:L{IZ(l—v )}

Y
W3(M)=[—Oj -1

2.2
fy'lo

K, LAEMRIE.

HREE(32) AT, 5 SRV, p (H I EFER. %
JERVERAE F 25 il O o B Hh A2 B BB Al ) R 7
AT/ IN AT TLART folcife B K S 25 AR AR A 1) OB A
BRo AL, ARXS T HAB A HSOE RO A4 A 25 i e
HRAER AR A4 AR X TR iR T LA TRl S IR, o T
SRR B HLSE B R 1 e 2 il SOE R A T A FROC O
BRI AT B TR R T LA R B i SR O 20

2 BT EETNERTEREL
2.1 MR AE ALK

K 2B T2 H L) AAS052 454 4 L8 & 1E
SHWFFERT 4, 456 AME R 30 mm, BEJEE R 1 mm, & T
I 42 BEAY . AR 9% GB/T228.1—2010, % JH 4% Bt b
G\ 1) S i ke, BR R SF I 6 (a) frs. ffH
CMT6103/100 KN J3 Bef i g LtE AT 3 YRS B4 il 1) 2
PREs, e g AR P, R 25 mm SRR RS | T
5 4 A 1 A (L, BURE PR R 5 1 mmimin, 3545
A ) B R f — R AR R A& 6 (b) frR. i
BAEA A 15 2 B 0 R 1) S A )22 2800 I3k 1 R,
AAS052 £ 5 A A Al T AR A 7 B UN=( 33 )T o

{613003 (¢ <0.0015)
o=

(33)
416.41e%®  (¢>0.0015)

22 BMRTERET
221 ks IUSTIERTFEHER 2 5

R T ARARE M IR LR LA , 2T ABAQUS/
Buckle, H:A7 T M4l 254 AL AE i 24
ABRICHERY , R ] Subspace eigensolver SR fif & 37 i 4T

230 mm
R20 162 mm

L/

26 mm 10mmi )
e

(a) B ITEHLAA R RS

(I o2 Vi
WAk

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
IR
(b)) Al ) BTSN —Ni AR 2k
B 6 AA5052 $AE & B4 E SIS ALK R Bl )
BN - T2k
Fig.6 Longitudinal arc tensile specimen and axial true stress—strain
curve of AA5052 aluminum alloy tube

F1 AASS2 RAEEEMHHBERNZESE
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Table 3 Processing performance parameters of the forming equipment
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Fig.10 Free bending experiments of tubes under different eccentric distances for bending modes
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Fig.11 Simulation results under different eccentric distances for bending modes
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Fig.12 Comparison between simulation and experimental results for free bending forming of tubes with
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