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 Use of Forming limit diagrams (FLD) in process design of metal forming is a conventional method. 
Therefore many experimental and theoretical efforts have been carried out in order to investigate the 
FLDs. Many ways to obtain this FLDs and their effective parameters have been studied. But the stress 
state at these studies is planar which lead to an untrue model for several metal forming process such as 
incremental sheet forming. With this technique, the forming limit curve (FLC) appears in a different 
pattern, revealing an enhanced formability, compared to conventional forming techniques. Therefore, in 
this study, the effect of through thickness shear stress has been examined on the prediction of the 
forming limit diagrams (FLDs). Determination of the FLD is based on the Marciniak and Kuczynski 
(M–K) model with some modifications on the stress states for consideration of the through thickness 
shear stress effects. Also, the effective range of this stress has been investigated. The results showed 
that if the through thickness shear stress has a 10 per cent of yield stress value, this stress component 
has no effect on the FLD. 
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Fig. 1 Schematic of M-K model 
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Fig. 2 Algorithm of FLD computation 
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1  
Table 1 Sheet chemical properties 

S P Mn  Si  C  Fe  
0023.0  0045.0  195.0  0054.0  0441.0    
Nb  Cu  Co  Al  Mo  Ni  
0001.0  0117.0  005.0  0484.0  0001.0  028.0  
Zr  As  Sn  Pb  W  V 
0006.0 0004.0 003.0 0037.0 006.0 002.0 
Ti  Cr  Zn  B  Ta  Sb 

0006.0  0047.0  0031.0  0013.0  0010.0  00050.0  

2  
Table 2 Mechanical properties 

)GPa(  )MPa(  )MPa(    
r0  r45  r90  

201  188 601 305.0 68.2  13.1  45.2 

 3  
Table 3 Tension test results 
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Fig. 3 Plain strain sample of simulated Nakazima test 
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Fig. 4 FLD obtain from theoretical model calibrated with tension test 
results 
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Fig. 5 Diagram of FLD0 vs. xz 
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4   
Table 4 Through thickness stress mean of samples 

    

3.40 3.45  1.52 (MPa) 
 

 
Fig. 6 Effective plastic strain contour of plain strain sample 
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Fig. 7 Effective plastic strain contour of biaxial stretching sample 
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Fig. 8 Effective plastic strain contour of uniaxial tension sample 
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Fig. 9 Through thickness shear stress contour of plain strain sample 
(MPa) 

9  (MPa)  

 
Fig. 10 Through thickness shear stress contour of biaxial stretching 
sample (MPa) 

10 (MPa)  

 
Fig. 11 Through thickness shear stress contour of uniaxial tension 
sample (MPa) 
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Fig. 12 FLDs with 3 different through thickness stress values (MPa)  

12  3   ) MPa(  

  
Fig. 13. Compression of three different FLDs obtained from 
experimental results, conventional M-K model and present model  
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