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 An undesirable factor that affects the dimensional precision and final shape of metallic parts produced 
in cold forming processes is springback phenomenon. An analytical model is introduced to predict 
springback in U-shaped bending process of DP780 dual phase steel sheet. This analytical model is based 
on the Hill48 yield criterion and plane strain condition. In this model, the effect of forming history, 
sheet thinning and the motion of the neutral surface on the springback of U-shaped bending process is 
taken into account. The anisotropic nonlinear kinematic hardening model is used to consider the impact 
of complex deformation, including stretching, bending and reverse bending. This model is able to 
investigate the complex hardening behavior of material such as Bauschinger effect, transient behavior 
and permanent softening. The effect of the sheet holder force, the coefficient of friction, thickness, 
material anisotropy and hardening parameters on the sheet springback is studied. It can be seen that 
analytical model which is presented in this paper has good accuracy in the springback prediction in 
comparison with FEM method and results are close to experimental data. The results show that the sheet 
holder force, the coefficient of friction, thickness and material anisotropy have considerable influence 
on the springback prediction. Since, the sheet experiences a reverse loading during the forming process, 
hardening parameters of the material have a significant influence on the springback prediction. It can be 
seen that the Bauschinger effect has more influence on the springback prediction than the permanent 
softening and transient behavior. 
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Fig. 1 Unloading curve under reverse loading to show hardening 
behavior, including Bauschinger effect, transient behavior and 
permanent softening 
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Table 1 Material parameters of ANK hardening model for DP780 
]14[      

 29.9  - 
 402  MPa 
 44.1  -  
 124.2  MPa 
 10154.1  MPa 

° 527  MPa 
 0.781  - 
 0.198  - 

12 Isotropic hardening 
13 Backstress tensor 
14 Effective plastic strain 
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Fig. 2 The schematic of the sheet U-bending part and different regions 
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Fig. 3 The schematic of sheet stretch-bending 

3 -  

2 Engineering strain 

r  

t  

 

 

M M 

F F  

O z 

 

r 

 

 
  

I  

A  

F  

V  

IV  

III  

II  

 

E  

D  

C  

B  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

8.
34

.1
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

23
 ]

 

                             3 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.8.34.1
https://mme.modares.ac.ir/article-15-8712-en.html


    

 U           

  

296  1395168  

=

( ° + 1

( 1))

°

( 1)) ,

 

(15)    
 

   

(16)  = °  

( )  
 1   

4  
)  (

   

 
(17)  

=

( ° + (1 ( ))

( 1))

, +

 

(11) (17)   

(18)  

=

( ° + (1 )

( 1))

= ( ) , +

 

 -(18) 
  .

(8)(11) (15)   . 
  

(19)  = + , ( = II, IV) 
  

 
Strain of Stretching force (F) + Strain of Bending (M)  =  

Fig. 4 Scheme of stress distribution in sheet thickness during the 
stretch-bending process 
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Fig. 5 Relation between blank parameters in the die and punch 
coordinates  
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Fig. 6 Forces and momentum for different regions of sheet 
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Fig. 7 Schematic for springback measurement method 
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Fig.  8 Schematic of Numisheet 2011 benchmark problem 2-D draw 
bending 
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Fig.  9 Influence of the blank holding force ( ) on the springback 
parameters prediction 
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Table 2 Springback angles and sidewall curvature radius for different 
mechanical and geometrical parameters 

  (°) (°) (mm) 
       

0.5  112.5129 78.3076 112.3106 
0.6  112.9460  78.0839 110.1944 
0.7  113.3924  77.8534 108.0945 
0.8  113.8470  77.6189 106.0373 

      
0.1  113.7602  77.6637  106.4241 
0.2  113.7614  77.6623 106.4165 
0.3  113.7629  77.6605 106.4065 
0.4  113.7648  77.6582 106.3938 

 (kN)      
30  113.7679 77.6544  106.3732  
60  113.7758 77.6446  106.3205  
90  113.7828 77.6353  106.2716  

120  113.7892 77.6264  106.2267  
 (mm)     

1  121.3470  73.4281 80.1379 
1.1  119.0374  73.4281 86.6491 
1.2  117.0403  75.8218 93.1996 
1.3  115.2962  76.7994 99.7916 

(MPa)     
5077.1 114.2048  77.2581 104.1815 

7615.65 113.9781  77.4653 105.3152 
12692.75 113.5508  77.8535 107.5073 

15231.3 113.3497  78.0352 108.5643 
(MPa)     

62.1 113.7347  77.6280 106.3942 
93.15 113.7475  77.6458 106.4091 

155.25 113.7729  77.6815 106.4390 
186.3 113.7856  77.6994 106.4539 

     
22.05 110.5353  80.4849 125.1638 

33.075  112.8619  78.4679 111.1685 
55.125 114.1630  77.2974 104.3948 

66.15 114.3645  77.1127 103.4005 
  

  
Fig. 10 Effect of the die friction coefficient on the springback 
parameters prediction 
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Fig. 11 Effect of the punch friction coefficient on the angle  
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Fig. 12 Effect of the sheet thickness on the springback parameters 
prediction 
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Fig. 13 Effect of the anisotropy coefficient on the springback 
parameters prediction 
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Fig. 14 Comparison of several experimental and theoretical predictions 
of the springback parameters based on FEM method and analytical 
method 
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Fig. 15 Influence of  variation on the springback parameters 
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Fig. 16 Influence of    variation on the springback parameters 
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Fig. 17 Influence of  variation on the springback parameters 
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