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Abstract: The inherent variations that exist in aluminum alloy sheet properties, process parameters and

other random factors effect forming quality of rubber fluid cell forming process. Oriented to precision manufac-

turing of aircraft, a reliability-based robust optimization design approach for rubber fluid cell forming process

based on robust optimization design and reasonable reliability constraints was proposed. The reliability-based

robust optimization design solution with the traditional optimization design solution was compared, and the typi-

cal flanging parts of 2B06-0 aluminum alloy sheet in rubber fluid cell forming were used to verify the practica-

bility and validity. The results show that the proposed approach made quality performance indicators less sensi-

tive to uncertainties, and improved the robustness and reliability of the rubber forming process.

Key words: rubber fluid cell forming; reliability-based robust optimization design; uncertainty; varia-

tion; aluminum alloy sheet; curved flange

RS HE Al 38 4 HOB RN, TR B
e rp e e e B | A Y AR BT Ik DL
PRAE P R A e 28 vy ) A R AR AT 2 7 it S et
TRHLH A S BOR A OCHE. Sy T IS BT AL S R AL
FRBIE A 2, B P BT 25 1 T o A R A A A T
P, e AR 7 i e A R A R Y AR sy
TR A R AR RR VB BUE (LLT TR R
“RRECOE ) A LR < i s U H 4

iR BA . 2011-05-23; M4 HARETIE . 20120320 1038

Z AL RURRCR G JEAME  OE R i S

i INHE R A AR B AR B RO T B
AR N TS0, 3 ad Uk AN TR 8 LA SR AT
s AR, T E B AT E , MO 45 Rl 5
PEAR. F5 A FROCEE D F 1 70 A 05 1 8 TR
IR — AT 5T (T a2 (R B — i
Tk A 5 BB S b A i B b B BB 1, S P
ER—FEE T, O A R AR D T 5T

) £& H AL . http ://www. enki. net/kems/detail /11.2625. V. 20120320. 1038. 013. html
E2TH. KRAEYLEEEARTBED H (SAMF09-07-7s-047 ) ; 4 3 4 % B H (YWF-10-01-B08)
EEE . T A01981 -) B LTI, 44, wangmiao512@ 126. com.



55 8 I RS BT RUE T ] SR A Bt Iy i 1065

O35 EACRE B i AR i 2 7= I T AR
FENE, SCHR[4 - 6 @ i ER ALk 7S PUAS 3 JE 0 |
O ATITRE IR e 3% g e R 7y RV oY i B B A DA
REMAT T RAE P b BT, 3 B X s s 4
T T SRR A BT 7 TSR 1 2

ARSCER X 2B06-0 B4 A &R Y T2 7
MORHERRIE Bl | 1225 S 850k sl A Ath B AL R 25 0%
S T 25 B S T ) ARG 3, $ 40 T
— P AN PR 5 A A L A B T R T
PRV AT I ¥, B R W B AR Y —
T P SN, 4R R e R K T SR
LT 2R (W AR AR BT AR S A, 7RI bt 7
r{E I 7 X5 6 B 24 B, 00/ N 7 Al 25 SR e
VETT Y T SRR R f e | n] AR B B DA 38 b Xt
FLLC AR SO T2 2500 20 i BUSE R
R e T2 ik

1 BEBAEIZERERITER

1.1 BEREIZ

BT EAR A TR 48 T AR 7 R
P 7RG FE . AR B OB T 2002 i A5 e 3
FEN RGO 0, 5 B L &
A ARt IE Bl R R ACRHME AR L, B E AR
AR i A P R UL 1.

BT AR BRI

1.2 BRTESR

R I ZA G R 1 S i
il 225 T R 9T il 2 S i L AR Sk 4 TR e
A5 PN AL il e 0 s rry S (1 U1 £ 25 i SR A AR
Y Z AR T RALRE SR, JUART fiff Air 45 284 D %]
2,280 AR 1. A FRITAH DL B 3. MRk LRy

(63

a BLA

b ARk
K2 JLfrfi b

Jeth R VE DU 2 Hill 48 , B AL A B L HL Hollomon , A5 i
BB A Mooney-Rivlin. 77 BR JCEUE A5 B 1T
LT PAM-STAMP 2G /.

®1 JUARITER S

JUAa fi A S 4 i
MR A S 42 R, /mm 100
MR A AR R, /mm 150

Lz 6/(°) 90
N E h/mm 15
BOBHUEE 1)/ mm )

K3 A RROTEE A A AR

2 AEEREALEITTTE

2.1 @Mt

FRAB T 5 A0 A 5 (S0 2 ) Y T R
XHBETTS HIORIME 7 DR 28728 25 A 5% i AS AUk 8
O it (B R ) 0 T R A R A PR R 4
2 2 IRV LS T S v, — SN
DL il g W 7S R 7 2, e AR R T T DL RO,
INERTT S BT o TS (R 1 2 A8 22 5 [ S 1Y) BT it
FRrER B

Fafae v B T B PE 2 A H b 2 O
FEPE RSB AT RE 420 H AR A 5 (50 o1 e 19
B GEE Oy 288 ) AR/ Rt 2
MRPEFRMER T 2 A Bk, @ 3 AT ERerE T
RS AEEDIC T T D0 S B

EERERST e
min A = (,L,Ly—yo)2 +0'y2, (1)
U
min A= ,uf + a'f (2)
BERFE
min A, = 1—2(1 . 3";) (3)
o,

A, BRI v BIME v, oy B HARME;

o Ry W 254, Oy BT IR 2.

2.2 FIEMEMAHIET
ATEEPEOCAL BT DA S iy Al S R A Ak

H bR, s it by Y 2530 F 28R LA e A 4

PRS0 AR Rl S R B LR A2

e AR A A R R A R 28 T =X, RISR



1066 b5 i 2= B R R 2% 22 i)

2012 4F

PR AR FEAE N 2R, R Ry

min  F(x,,x,,"",x,)

s.t. B> By (4)

Xy XS xy,
A, F O B bR RS x, R =1,2,
n;B N IS BEAR AR, By 9 HAR AR AR IR, B =
~-®'(1-P(g>0)),D NbrUEIES /0 I B
2.3 AIEMEREALIRT
A SRR A BT — PR E MR Ty

25, AR — R ] S BRAS A A AT SR KRR
VAR B bR s, LAV BT i il 2K [ i m]
LYRAEAS BT R 2R AR AT RE . T REE
FAg AR ] LR GA i an I

min A
Yj

s.t. By > By, (5)

Xy, SXS g,

o, A K TR 5, B9 IR = 1,2,
By W k AL M RR b= 1,2, s
By J 5 kALY FLAR TSR 4

3 BERKIEMWEMERERL

it
3.1 M A

ASCWFSEAR B BOE i M i 2 i 2 25
BB Ve et A B B e I M 7 N E
PRAF A R AL T i A« BN ek DR R ]
SRR E R LA B bR, [5) K i 2448 Bk | S B A
i U B 8 A R 4 T Y LR R 2.
3.1.1 =gt

[ SR AORE R B0 SRR AR I 43 7 A
MG ) —FP LS. FERR R S R 2S5 i — ]
M5 30— 007 ) 288 5 405 2 7 7 (] s [ . i s
T DIVE Ry i A K U 2514 KS BE 1 8 FH 48 5.
TEA BRITEE A R BOY 5 52550 2 (4715 55
FI BB 112 [ BE B A i AR AL
VUSSR ST o At 2 T — o 381 T ) e P 8. A
SCRE I 58 e R ABAE A [l S AR
3.1.2 #E AR

WM BT B 5 UL B Sk, N2 B,
LM RN AR R I s N RPLEE R 2
PRI 52 10 5 K B35 DI ) e R A ik 3 1
e B 32 B R e 2L FEAR K OE ™ U125 i ih 2 %
P R b 1M1 4 5 i — N 7 25 300 B A2 o T A
KRR AR AR 25 I R4

TEAURE Y BEIE BT 0F 28 v, 55 SR FH RO
FRITZE (FLC) 2K PAG B4 BHE OB v i il 24 1
Pk, LT FLC AR SR ) 1) 2388 2o A ek sy 58 1 A8
FE RN AR ZS [BIH 5 FLC B AR Bk 2547 4] .
SCHR 11 ]38 3 B AN [ Jerd e o D00 R At Ak o 0], 42
H—Fh FLC M4 ny s B AL, ANl 4 Fros. [ A8
SRR AN IEE FLC O | 224 Pl i AR
SEBZLIXN FE B FLC 0 | S i AR,

\ﬁ&%slz"""l
\ on,g.
NN FIC

\ i S 4
\ T0.2F /
SET

AN

-0.2 -0.1 0
&

K4 BsboREE

%
\

01 02 03

AR L ARE A, A SCHENT 1 X0 1 241 o P 1Y)

H bR &% $5 028 5 8 FLC A3 B ARBRITE B d, %
SCRRARARIY H bR pR iz —

d, = &, —&,(&,) (6)

K, e, BB FREGWEH NS —FENE; e, &

RTINS RN e, (&) 25 AR

3.1.3  ALHIEAR

AR i T AR R A T S R R T
SEMR A T R4 RS NGO S 5
SE SR BRI AR T I R A AR | T B A TEAR K
BB 1S 30 i 2 S ok AR e, ot 2 i —
TEZ I 32 RN TR by 1 R A AR,

SCHR[ 12 ] 38 2 i 50 A 07 507 345 21 0 AR 28
[i) v (A A A0 AR PR R 26 (WLC) , QR 5 7. Al AR
N FN AR R A R A A RS

en(e) =-¢ g, <0 (7)

K e, (&) 25— F N AN N Y WLC bk 4%
I 5 7 742 A5

rd

-0.2 -0.1 0 0.1 02 03
&)

Fls AR R

H TR AR XA 22 42 X 22 ), PR 28 5 A



55 8 I RS BT RUE T ] SR A Bt Iy i 1067

TN, R WLC BT | 22 P ; AR S 7E
AKX P BB WLC T , e 45 K.

PR R g DRI A B 107 28 A5 1) WLC Ay L
AERRIE S d, R SORREFE PRI B AR Rz —.

dw = 8%’1()(‘92) - & (8)
A e, (&) J& 50— F R AEXT N ) WLC I 4%
I R AR . Y d <0 I, A2 kAR AR

3.2 BitTE

A S BURMG B OB T2 5 i i
TSI ) F RN R EM RS HEMNT 22
B BETAR o R W R R s R 2 40 M
AT EE R 2B06-0 G &M EMEfES R,
FEAE R E, RN o, 45 2R
B ry rus T 1oy, BREE R BN K, L ASSRACAEEL 1, T4
FU w85 AT R 7 2 B Y TR 1 RO [R] 2 42
FOUF I 11 T T 4 R 0

3.3 BREBEFENEKE
AR BRI [ AR BT T R ] i
¥ ARHCT 2 mm JREE 2B06-0 2454 4 Mok 4%
TV RES B 2. 30 B ST o A A AR
B EERES B BIE A 2: L3R 2.
F2 MR IESEBENS

i it AL R 1) 45 30T M 5 TR
815 E/GPa 1 T4s rg o/MPa K/MPa n  u

¥ 66
BE S
3.4 BERFHRRE

M KT 2 i, 7 B Plackett-Bur-
man ( P-B) Ui 2 12046 % B J5i 0 52 el A %o A ek
(M S PR R T 0 . AR SO g it P-B i I 1 g
Bt 12 HEED I, B 6 4 TR
b RS b A ] 55 B Y 7 e 45 2R 32500 1.

0.625 0.748 0.694 79
0.0396 0.0744 0.034 4.029

355.5 0.241 0.3
15.4 0.0110.03

—0.005
-{\;T —0.015
-0.020 ! 1
-1 1 =], 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1

R F7KF B F K BEF K EF K HF K A FKF A K B 77K
a  WEHRIR y, WIS
Fo] 88‘2‘ E ) 45 790 o K n u
2 0
002 - - : -
-1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1
HF K FEFKF EF K EF K FEF K BFKTF FF K FFKF
b EAHERR y, ML
0.395
iﬂﬂ 0.390 E 7o T4s 790 A K n u
% 0.385
0.380 ) ) . - ' )
-1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1
FEFKTF HFKTF FEFKF EF K EF K B FKF Bl F K B F K

¢ [IFAFEHR v, BTHESS
K6 FiEITNIsIRE P-B ik il gh

P 6 103 8 AW IR 76 A [R] A F- 7K (B
BT o BRAEAR v, RBHEDR v, FE5EE
By, (O B2, 25 R HH E K il n 3 M
PR o i 7 53 M P o B A JeK.
3.5 AREH

AN R I R S R0 B ORI 29 3R,
LS R A 5 AR o A B 25 18], B 7 it
AJATI,. BRSO NT BE A R A4, i e
HRIE S R A S B, 25 A0 BB T2 s
AR SCKE B 2446 B R A A8 AR AE R B 2 5 g [l gt
TR AT 5 O R 73 BB A oA i 29 3R
HRIEAZ Bz BT T2 S o 44 6 0 0 I 35 25K | 45
SNy RS RRI d, <0, WAEFEFRI d, <0, [7]

SRFE AR WA UM < 0. 5 mm, JE 77l [ HX
20 MPa<x, <40 MPa.
3.6 MmizEEE

M %7 TR 5 S B8 O ¥R M GE T Oy ik 45 5 1Y 7
Yy, 38 I AR i — > HA I R K8 i 22
2, 0 3752 224> 728 k53 Wil F) ) L AT A AT
B, S 2SR BN AR H Y. AR SRR B B
T2 OBy F A5 50 w53 04 Db w45
Kl %, Bl x, 30, E FK 53 0VE RS K F 2, ,2, Fl
25 ¥,y Fyy ARGRIRAEAR. R PO G
(CCD) , IEpEAT 28 HEUME 5 HAX e, 7] £ K A0
g 75 R F-7K 7 L% 3.

FEF M N AE A v,y Ay, KT x, B,



1068 b5 i 2= B R R 2% 22 i)

2012 4F

AR PRI AR 3, R AT S AT
2y, =0.05 I}

y, =-0.3210 +0.0139x + 2. 281z, - 0.058xz,
y, =0.7390 - 0.035x - 4. 053z, - 0.01z, +
0.002z; + 0. 178xz, — (8.365E —5)xz,

y; =0.9910 - 0.012%, —0.513z, - 0.007z, +
(5.437E - 5)x,z, + (2.910E - 5)x,2,

2y, =0. 10 i}
y, =-1.0160 +0.016x +2.281z +
0.001z; — 0. 058xz,

y, = 1.0480 - 0.039x — 4.053z, - 0.013z, +
0.002z; + 0. 178xz, — (8.365E - 5)xz,

¥y, = 0.9270 - 0.012x, — 0.5960z, - 0.006z, +
(5.437E = 5)x,z, + (2.910E = 5)x,2,

M x, =0. 15 A
y, =—-0.917 +0.014x + 2.281z, +0.002z, +
0.001z; — 0. 058xz,
y, = 1.145 = 0. 04x - 4. 053z, - 0.014z, +
0.002z, + 0. 178xz, — (8.365E - 5)xz,

y; = 1.111 = 0.012x, — 0.916z, - 0.008z, +

(5.437E = 5)x,z, + (2.910E - 5)x,z,
*3 THEEFRESRETFHKE

K-
A7

1 -1 0

x, (F/MPa) 20 30 40
% (1) 0.05 0.1 0.15
z(n) 0.23 0.241 0.252

2, (E/GPa) 61 66 71
23 (K/MPa) 340. 1 355.5 370.9

3.7 AIEERERALIET

407 =(0.05/3)%, 02 =02 =(0.03/3),
o2 =(0.025/3)° FET I BB R IF 43 113 3] y,
M E R T 22463 4, F 62 BUaRedE v, DASK
(2) B/INVRRE A AR UL AR v 0 I AT SE PR LR,
4 By, =By, =By, =3. 0902 IZIH A S AURHE K AL
T2 AT SE PR g L AL HY Sy

min  MSE(y;) =g, + 6.,

s.t. =@ (1 -P(y, <0)) >3.0902
@' (1 -P(y, <0)) >3.0902
-@'(1 - P(y, <0.5)) >3.0902
- @'(1 - P(40 —x, =0)) > 3.0902
-@ "' (1 -P(x, -20=0)) > 3.0902

(9)
S H Matlab7. 11. 0( R2010b) #47K fi# , Al LA
13 ENZER G SRS K O T2 By ] SEvERR AR

AN x, =39.9 MPa Fl x, =0. 10.

4 HBRIESHERH

Gl R SRR IDIE GUSE R IR & €& AIE S
Al T 2 R e v] SE PR AR BT AR
FORE T 200, X RARA B2 5%, Nk, THE
B RIS PERSA L T 7 0 O A R, B S ] LK %L
EOF AR T A4 R X L, an SR i 25 7
A RS2 BIFE FE I8 4 RT LK B fE D7 L4 SRAE
S IE AT REPERS A AL T R B e B R T k. R
e LR LS G AL BT 25 R AT X L, TR
AR RN AT B AT T AR B, R, i
TERSEPERRE AL R T2 55 1F T, OB JLA
Tl AT T 2R gk, FIWTHA TR 44
SR, A B R TR R 14 2 1 U R LAGIE P 2%
Ji ik A R
4.1 IZHRBERSHEREL R

ASCR T SEVERRAE L AL 26 4F T B0 T 210 25
REBUEDT AR BEATRI LG 1 7 FIE 8 30 &
7 U125 0 T 2 3 [ X A 4 2R X
.

3.0
- 2B06-0
< 20 = REBER
= B
Ny
R k'////
.\l\
0
-450 =225 0 225 450
MEALE 0./(°)
Bl 7 M — R S g R

3.0
2B06-0O
- B R
2.0 = BaR

=
5
R
0 1 I 3
-450 =225 0 225 450
MEALE 0./(°)

F 8 M — R S A X

BERB NGB ORISR 5 05 FLA Rk
FEECEE SN R aep N N R LI LIEEDEER PR
ZEAHEL 0. 5°, e al 4552 [l PRt a] RIAIE 4y
FLAS R B HERA PR AT A7, 07 B 45 R
LYl FEVERR LA EE FE Al AT ).

4.2 FTEERERITSEEMUIITERILL

A G T AR RO i A S AL i
DT AR B 48 b R AT SE Mk BE S AR AR A X 1L



55 8 I RS BT RUE T ] SR A Bt Iy i 1069

YA AR FE AU HHEAE 100000 R4 RIBTE T
SEIN. G R AR EAR S IR Sh A LR | 38
1A SR B H BRI LA A

SRR AL BT T A I3y, A AL
SRV /N FERR 295K 2 293 3 RIZy R
SRR REAS B T AR K RO, AR 4 W] RE R R
SRBALGEMAIG (0 L 2 T 52 FARZR. 25 R 3%
Bl 2 mT SRRSO A R T B A5 10 D0 Ak A e T
RN A2 240 SR 11 T S R T 4 TR A

F4 WEMBRRUERSESMLERIIL

LG ALf Al SEPERR A AL

M e br x, =20 MPa, %, =39.9 MPa,
x, =0.10 x, =0.10
v B A, 0.6870 0.4476
Y51 AR AR bR 5.6120 5.6120
25 2 A AR AR bR - 5.6120
AP 3 ISR FE R bR -® 5.6120
A 4 AIEEFER bR 5.6120 3.0902
Y5 5 A SRR bR -2.9889 5.6120

4.3 TITZRIWIIE

J T UL AT SRR EOL AL AR A LU AR S Ak
i R B R b A, T EL AT U R0 S48 1 e
T ZAR5, ARA% U BT 3 (2 T . AR Sk
BT SR td ot i i T 20 4640 OB T LA
NEM. B9 PR BB R EE, B 10 FiR & T
Sk B U5 & & AVURE 28\ A4 77 1Y
21000 3 B B ML IE L.

T e R RIS A 2 > B AR g P A TR
ORI, e SRR AR T O I e T2 &1
AR B Z A T A A R A R 2 W R A
U B AR AR IS B 3 A 24950, U T f -

Ko motfEErk

K10 T2 E

5 & RiE

ARSCEE X ARG SRR B OE T2 i sl
R B (DR, $2 T — b2 BN G P Y RS
PERRAR AL T k. 3% 5 12 30 i e 7 I i gl
I R 7 R 7 i T AR A X O o i 4
AU AR i fe 2 3 A R O T AR AR
AIEEPERROL AL A 2R, ASSORF T SEVE AR A DL 1L 25

RGEGE AL BT REAT T SRR
APSEPERR AR DL AL B2 2R A4 BE R AR bR AL, EL
ALY R AR BTy | ] SRR B d5 i A T SR AR
il T 240N AT T AR, 5 2 7 e
i e SR NN

SE 3k (References)

[1] Duncan M. Six sigma methodology ; reducing defects in business
processes| J |. Filtration & Separation,2006,43(1) ;34 -36
[2] fiaslid TRFERZE R & UG T A M]. b s
Toll AL, 1992 :439 - 454
Aviation Editor of Manufacturing Engineering Handbook Commit-
tee. Aircraft sheet metal process M |. Beijing: Aviation Industry
Press, 1992 ;439 — 454 (in Chinese)
[3] Peng Linfa, Hu Peng, Lai Xinmin, et al. Investigation of micro/
meso sheet soft punch stamping process: simulation and experi-
ments[ J]. Materials and Design,2009,30(3) ;783 —790
[4] LiY Q,Cui ZS,Ruan X Y et al. Application of six sigma robust
optimization in sheet metal forming [ C]//NUMISHEET 2005 .
Proceedings of the 6th International Conference and Workshop on
Numerical Simulation of 3D Sheet Metal Forming Processes. De-
troit: [ 5. n. ] ,2005:819 - 824
[5] LiY Q,Cui ZS,Ruan X Y,et al. CAE-based six sigma robust
optimization for deep-drawing process of sheet metal[ J]. The In-
ternational Journal of Advanced Manufacturing Technology,
2006,30(7/8) :631 —637
[6] LiYQ,CuiZS,Zhang D J, et al. Six sigma optimization in sheet
metal forming based on dual response surface model[ J |. Chinese
Journal of Mechanical Engineering: English Edition, 2006,
19(2) :251 -255
(77 BRSLJE. ARMER T M. dEaT MU Tl 1 k:, 2000
Chen Lizhou. Robust design[ M ]. Beijing; China Machine Press,
2000 (in Chinese)
[8] Montgomery D C. Design and analysis of experiments[ M |. New
Jersey : Wiley,2009
[9] Nikolaidis E, Stroud W J. Reliability-based optimization: a pro-
posed analytical-experimental study [ J]. ATAA Journal, 1996,
34(10) ;2154 -2161
[10] Youn B D,Choi K K, Yang R J, et al. Reliability-based design
optimization for crashworthiness of vehicle side impact [ J].
Structural and Multidiseiplinary Optimization,2004,26 (3/4) .
272 -283

[11] Butuc M C,Gracio J J,Rocha A B. A theoretical study on form-
ing limit diagrams prediction[ J]. Journal of Materials Process-
ing Technology,2003,142.714 —724

[12] Kim Y,Son Y. Study on wrinkling limit diagram of anisotropic

sheet metals[ J]. Journal of Materials Processing Technology,

2000,97(1/2/3) :88 —94

(% % Xm¥)



