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Application of springback ratio matrix and springback
ratio feature value in springback description and
compensation of double—curved plate forming
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China; 2. School of Civil Engineering, Central South University, Changsha 410075, China)

Abstract: Springback compensation is the main difficulty in the forming of double—curved hull plates by re-
configurable mold. In this paper, springback ratio matrix and springback ratio feature value were proposed by
referring to the expression of springback ratio of single—curved plate. Springback ratio matrix describes the
springback value of local point of plate while springback ratio feature value describes the whole plate. The
conclusion of springback of single—curved plate using springback ratio matrix and springback ratio feature
value was consistent with that of the literatures. The forming experiments were conducted and the springback
results were described by springback ratio matrix and springback ratio feature value. The results show that
springback of saddle—type plates is less than that of sail-type plates when the radii of curvature in both direc-
tions are equal, and the springback ratio results based on elastic—plastic theory agree with those of the experi-

ments. A new springback compensation algorithm based on springback ratio matrix was proposed. It is con-
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cluded that the springback compensation algorithm based on springback ratio matrix has a better compensa-
tion effect.
Key words: double—curved plate; springback compensation; springback ratio matrix;

springback ratio feature value
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Fig.1 Curvature distribution and variation of discrete points before and after springback of double—curved plate

B 2 1) Ao 20 A9 (1 42 18 RO o ¥ HE A7) SR e, B ) Il 38 PR I o A 77 1] ) ] 8 bR I =X (2)

N

A, =

Mo,y Moy
P e 2)

Mooy " Momn
P m n 30k T ) FLy 7 1) B4 B RIS R
1.2 B3 L FHEE

75 JE B B AR (BN S AR BT L6 0 Tl A5G, S iR b A4 A ] 8RN AR HC
T 2 248 X (RT3 X {2 I LU AR A IS R B, XoF 2% 1 IS A [l Bt L
PEAT SR, Ao 0] 5 LU AR o BOARAF B3 510 AT mxn A BSOS, W m, A9 25 08 SCANF

m n k} (1 j)
Nap |+ 2 2 o Y My (3)
i=1j=1
)y ‘kww DY 2‘ L
i=1j=1 i=1j=1

i=1j=

) .
s ; ;‘ kg |+ ; ;‘ L
1.3 BB i FEAR AL B B S8 2= R o

U EE AR R BT AT R Ak R i R AR s i S 7, X AR T AR 40 R A%

(1) Happ s it AR i 5 U e A A

(2) wh Rk A2 b b e A BB K8 BE AR I, AN 25 SR rh (9 s M AR T HLIA A S8 P AR TR B A
B

(3) MPBH A KR IR AR e MRS, 1 ) AT G R R a=ke", Horh o & A0 T3 F
SR AR B ZR BNk RN AR B AL AE R n U S MR C, Hne(0,1);

(4) ZREARAA (A8 ] 5 107 7 R AR AL, , A% FEAROM 25 T 2500

A5 1 HE BT AW A R 2 T AR i)y 23R 2 A /N3 A 45 R

R,y =R,p =py (4)

K, SR DR ooy BIAS B HOT W), R, WU AR AN J7 1) iR A2 L R, i I AR P T 1] il 2%
PR

TR (2) , HARA BB 1 B0 R B — Nk B AR T 09— R, AN A AR RN, 4 B
WA RO

.
o, ==Ze, + o, 5)
3 ¢



738 MR S 2# 28 B S

Ko, e, 23 BAHRE Ly BIASBE O 18] LB R T RS , o, R IR ) o S0 ) o FIAE RN A% &
AR

2

T

1 flo o) o (o)

V) 2 2 2
g=Y2 om0 ) #(e,-c) + (.- 5)

R AR TE it R R BN K AR B W o, = O, RS THBGRE (3) , AT A AT 2 B H A A 0 )
AERAFRIE

(6)

o, =%k§”’]80 (7)
FEFBsE (4) , 2 PR TR 2 R 2 AT 3, PR B O Tm] (2R AR
£y = (8)
Py

B IUAT(6) , TTFIUE AR A S BIEAR A SO0 &, 2, TR A F(9) s A7), it — 2]
PSS AN L T AL A T TR B 08— kB PN T 1) b 3R 23 (10) 6

_ 2 |2 . z’ z°
g == |—+—-
L 3Up ) pp,
B 2 |2 N z* N z*
g, == |—
Y 3Upl pt opop
2 n 2 2 2 %
z z z z
g.p = () k|— + - —
2 2
3) \p.> p,° PP, Py
n-1
2\" [ 22 2’ z* oz
O,p =7 k — + 5 + —
3) \p.> p,> PP Py

CEg g(-;,o),mmﬁml,paw 2 B BT ) B B 5 e L AU B x 7

1] i), A7 [T 59 A% A -

©)

(10)

1
Agl,x = E[(O-l.x _MO-IA,)' _Ma-l,z)] (11)
25455 (10) AT A WIE AR « 77 7] RIS AR Ae,
-1
A (2)nzk z* N z* z’ >l 1 (12)
e == ==+ —- ——p—
“o\3) E\p? p? pp, p. ' p
[RIFE A4S, S8 AR « 7 1] [ 0 AR Ae,
n-1
2 n 2 2 2 T2 1 1
A%:() S - (13)
3) E\p.” p,* p.p, p. P
-1 (1 .
i 6(—2,0),%% Ao, > de,, T e, > Ae .

SR, I T AP IR), A B ELT [1] il 540 20 I AR S I WU AR 75 1 4[] i
PIRT S8R

HE BB, i B3 (4) TR, e R A 24 T R AR I — I /IR A 5 160 A S 6 2 R T 5 1 )
SRR, ) R A



5551 Jifls THE A5 <[] 5 L 2 e K [ 58 L SRR AiE B A - 739

M, —uM,
Ak, = ———

(1-w)B

I (14)
Ak, = — -

(1-w%)B

S A, Ak, SRR AN B O ) L [ 3 M M R A B O TR S, BN AR R T AR G
LEWIEE 8 AT
p=_ (15)
12(1 - p?)
o, E w53 )RR SR R A L
X PR , 405 AR, LG B AT b 56 R, gk 0 M, 55 1% 1) 1)

BRI (o)) AW R,

m

(00) = (16)
St R BB
ﬁ%ﬁUM}%=%NﬂﬂﬁiﬂﬁﬁAﬁuwﬂ%

n—1

o\N'R R R B\ ok
M, ,=\%| =k +—— - —
' 3 4p.*>  4p.p, Py

(17)

n—1

N h R R B\ ok
M270= g —k +

dp.>  4p’ ’ 4p.p,] Py
B QDA (14) , A RTAFIUIE A RS BT AR o 7 ] 73 1] 3L L

1
_ Kl,x_AKl,x_ 1_(2)nk h? h? _ h’ ’ i_ i
M K. 3 E\ap 47 dpp| o, Fp |
o (18)
_ Ko T Ak, , - (z)nk h? h? " h’ : i _ i
nz,x Kzﬁx 3 E 4pt2 4py2 4pxp« px /J’p‘ p,«

%1k - ; 1 6(—;, 0), i, <n,., FHEA 7, <n,,, FHE45G ) ATH, PUE RS S EIE AR

[l 58 ERHIE R AFAE SR R, <m0

SENCIEE A h & W BN U@ N 7 A I B 0 N Y o N | 2 ST | I E RS
FRAARIF AT, BEIETHEAT B WU AR 0 [0 558 LA ] 38 ORRAE i 249 /8T S5 3 A, 6 BRI Al 14 [l
SRR T S IE AR, 5 THE AT 2 A WA (] 5 R T S Al [l 55 AR — 2, B AR SCHe H Y (]
S5 LR [ 3 L RRE T DL SR AR 1 [m] R O

2 R R E R S5

2.1 B8 i FE AR A I R B SR 0 Y [ 38 4 ik

P AR T R[] SRS A TR T SCHR[16] 0 32 FHAS SCH HY B [0 58 LU RE B4 A% 0] 56t b AR AT o
SCHRHR A 0] SR AT 40348 , A5 380 11160 [l 560 PR I, SCHIR 5 E1% 10 5P 2 AR A [l 55 L P g, 378 L
KR 1o MR 12 ] 3 L AR A P, N 2 s



740 MR S 2# 28 B S

R 1 B ERAE

Tab.1 Springback results of single—curved plate forming

R1000 R1250 R1500
i H M i 5
TI2A  TIOA  TSA  TI2A TIOA  T8A  TI2A  TIOA  TSA
-300 0.900 0359 0279 0456 0523 0.095 0.660 0265 0.250
-240 0442 0937 0599 0887 0435 0737 0234 0485 0339
-180 0474 0311 0748 0.641 0737 0.613 0493 0320 0.270
) -120 0719 0613 0217 0749 0421 0.149 0520 0587 0.274
WAREK
-60 0.832 0.827 0473 0062 0501 0344 0902 0507 0370
Eyanr
B 0 0445 0228 0556 0979 0278 0556 0.008 0.158  0.008
SUDL
oo 60 0.832  0.827 0473 0062 0501 0344 0902 0507 0370
o 120 0719 0613 0217 0749 0421 0.149 0520 0587 0274
180 0474 0311 0748 0641 0737 0613 0493 0320 0.270
240 0442 0937 0599 0887 0435 0747 0234 0485 0339
300 0.900 0359 0279 0456 0523 0075 0.660 0265 0.250
FHAF R, 0.653 0575 0472 0597 0501 0402 0512 0408 0274
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Fig.2 Variation of springback ratio feature value of single—curved plate forming
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Tab.2 Equipment parameters of SKWB-2000 CNC ship hull plate bending machine
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Tab.3 Mechanical properties in the experiments

R BE(kgem™)  BEAEE/GPa WIS JEIRE S1/MPa HrhrsE i /MPa MR (%)
Invar 5 8410 123 0.25 241 440 40
SCEGH R TR 8 WL TR Al R 8 T A 43 01 i =X (19) ~ (20) 7 4 il 1 7 B2, 3K A S S 480
W34,

i=- -2 -L . (19)

x2 ? yZ
z=\/(c— dz_bz) —; (20)

x4 HEATEEXSH

Tab.4 Relevant parameters of surface equations

852 a b ¢/mm d/mm RN

p,/mm p,/mm

1 1 1 1200 1200 1200

2 1 1 1500 1500 1500

;FQ 3 1 1 1800 1800 1800
i 4 1 V2 1200 1200 2400
5 1 V2 1000 1000 2000

6 1 V2 800 800 1600

7 1 1 2400 1200 1200 -1200

8 1 1 3000 1500 1500 -1500

?ﬁ 9 1 1 3600 1800 1800 -1800
& 10 1 1 3600 1200 1200 -2400
i 11 1 1 3000 1000 1000 -2000
12 1 1 2400 800 800 -1600
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Fig.6 Stamping forming of saddle plate
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Tab.5 Springback ratio matrix of 2# sail-type plate in the x—direction

J/mm x/mm
-300 -200 -100 0 100 200 300
-300 0.162 0.400 0.614 0.676 0.602 0.398 0.191
-200 0.177 0.358 0.482 0.502 0.470 0.340 0.183
-100 0.183 0.334 0.398 0.391 0.378 0.300 0.170
0 0.186 0.333 0.372 0.354 0.361 0.305 0.169
100 0.193 0.340 0.396 0.395 0.408 0.343 0.192
200 0.212 0.374 0.473 0.490 0.484 0.377 0.194
300 0.232 0.459 0.604 0.623 0.577 0.404 0.193
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Tab.6 Springback ratio matrix of 2# sail-type plate in the y—direction
x/mm
y/mm
=300 =200 -100 0 100 200 300
=300 0.176 0.138 0.110 0.103 0.119 0.153 0.183
=200 0.421 0.333 0.263 0.243 0.289 0.376 0.479
-100 0.686 0.582 0.499 0.473 0.523 0.646 0.811
0 0.819 0.728 0.640 0.601 0.639 0.738 0.866
100 0.710 0.593 0.500 0.460 0.473 0.516 0.553
200 0.481 0.335 0.238 0.197 0.196 0.217 0.231
300 0.259 0.157 0.083 0.048 0.039 0.049 0.078
2.3 (6] # 2248 [E] B i [B] S 4 3
X fw] i AAH W A ARE L B &, = k) = 0 R (3) T4
n +m,
mETy (28)

THE AT 1] 2 [ AR A 8 A 75 T £ [ 6 L 47 (R0 ) 38 LU AR A B, B an 2 7 s

Tab.7 Springback description when bi—directional curvature is identical

7 I 1m) #2248 B B AY SE I 45 5 [m] s A

i pjif%%*f . E% M{% 1 L5 it
1 1200 1200 0.403 0.421 0.412
?{}/L 2 1500 1500 0.362 0.389 0.376
3 1800 1800 0.322 0.334 0.328
1, 7 1200 -1200 0.820 0.583 0.702
%7::’ 8 1500 -1500 0.683 0.459 0.571
iz 9 1800 -1800 0.580 0.424 0.502

HIZ 7 AU (1) JCIE R WUEARGE 2 S B, 24 X i) i AP AR SE I, IS 10 ) [ 56 L 2
(327 Bt T30 A S 8 T il />, R D] 6 5 0~ A g o g A 3 -5 b B A ] R A —
B (2) W il A2 AR AR AE I, T EITEAR A m, \m, BT WU AR A AR AE , i 2 W 2 B0 A 4 [ 55/ N
WU A [l 58, SR 25 0 5 BE e il — 20
2.4 Y [a] B 22 A 5] B B [2] 588 4 ik

AR 1o 5 R A % ] s L e g 0L ) i 3 ] ) WL A A 3 2 A e [l i

R8N,

Tab.8 Springback description when bi—directional curvature is different

8 W Im H 22 [E] B B SE 36 45 3R (] s A

e AL fa] A6 A2 _@ﬁ l:[ﬁf’«‘J{E_ S L,
p./mm p,/mm n, \
1200 2400 0.443 0.254 0.380
i{/} 1000 2000 0.458 0.262 0.393
800 1600 0.514 0.356 0.461
1 10 1200 —-2400 0.736 0.660 0.711
%‘z/’ 11 1000 -2000 0.752 0.668 0.724
e 12 800 -1600 0.794 0.556 0.715

iR, g5 R
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Fig.8 Schematic diagram of the x—coordinate algorithm
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HHEAR BN BT A S5 s, 58 T i/ 3Rk A b A il i, B B LB T . sl R 2=
f(x,y),?fﬁ?uﬁ%/l\ﬂﬂﬁlﬂ@%@ﬁﬂﬂ P,;,-’ /%ﬁKTz(klakz»ky "'9kA’)aZT Z(ZI,ZZ,Z3, "'vZN)’JrlIJﬁ

1 1
p“() p[/_()

of a fitting point when reconstructing a surface

(32)

K=1Z (33)
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E, = ]Z],;{f[x("xi)’y("ﬂ)] - Z(K,ﬂ-,Ky]-)} (34)
ok,
aiki =

IR0 380 60 M 0 BbA AT OO 1, B R LA B D R B G LA 5 25K
3.2 AAEMEE AT EE S

i ANSYS/LS-DYNA X Xl B A A b s S EA T R4 07 20, 1ol i B P - B SR A
Trikie XFAH T2 3WILHRANT 8.9 Ty #ALAR I3 0 H] [ 5 AMEZTEIE AN Cai 25 AR IR0 A A,
WIE J7 i (digitized die forming system) " BEATAT BROCOTH o PR J7 3k 73 531l FH 21 14 [m] 35 HGRRL B LA 2 A5
o A SCL S B T 3G o P RIRE E,,,, MIIRRIRZE B, BT A 50T

0 (i=1,2,3,---,N) (35)

(36)

E... = max (‘ z; = Ly D (37)
o,z AR B RS BRSPS T 1) BRI ARAR, Z,,,, 5, oA EBR B D AR 0 28 O b WIS D ) 1
AR AR o ASAEL O BL R B 50 43 A0 ZEARET_E 1 81 4~ B HICAS, , e ] s8R 25 X6 L L% 9, 24U
M) P AR A MR AN TET 9 BT 7R
F9 MAMEBEAMEEE T — R EFRTHELERIRETTLE
Tab.9 Error comparison of once stamping finite element simulation

results with two springback compensation algorithms

e T [ i LR Y R 15 Cai H9 7575
E .. /mm E . /mm E,../mm E . /mm
1 9.1 20.4 14.7 32.7
;Eé‘ 2 8.4 19.4 13.2 31.1
3 7.4 18.6 11.9 29.75
i, 7 8.3 16.5 13.0 27.6
%/Z 8 6.9 12.9 11.1 20.6
e 9 5.6 10.6 8.8 16.8
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Fig.9 Comparison between two compensation surfaces of 2# sail plate
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(2) P FHAS SR A [ 53 LR 4 A0 100 50 LRI 35875 9 00 SRR v 54 B4 B8 A b o 1 [ 8 7
A, 255 7 R AR B0 I R A TR E B DR /NI 5 R (] 99 AR A R g, D/, B[] 38 R 5 SR
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