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In this article, an experimental and theoretical study on the prediction of forming limit diagram (FLD) 
for aluminum alloy (2024-O) is developed. To identify and calibrate coefficients of YLD2004-18P, 
YLD2011-18P, YLD2011-27P and BBC2008-16P advanced yield criteria, tensile tests were performed 
in seven directions with respect to the rolling direction.  Directional yield stresses and anisotropy 
coefficients were determined. Then, an appropriate error-function was defined and optimized by using 
Levenberg-Marquardt algorithm. By considering 8, 10, 12 and 14 anisotropy parameters, the effect of 
number of parameters on the accuracy of yield functions was investigated. The best condition with 
minimum error can be achieved when 14 anisotropy parameters are used. To compare the calculated 
yield stresses and r-values with experimental data, a method presented by Leacock was used. The 
results have shown that all four criteria give predictions of yield stresses which are close to 
experimental values. The prediction of yield stresses and anisotropy coefficients by means of 
YLD2011-27P and YLD2004-18P criteria have more correlation and good agreement with the 
experimental data, respectively. For obtaining experimental FLD Nakazima test was performed. In 
order to simulate the necking phenomenon and calculate the limit strains, the modified Marciniak-
Kuczynski (MK) model, Swift hardening law and some new yield criteria including YLD2004-18P, 
YLD2011-18P, YLD2011-27P and BBC2008-16P were utilized. At the right hand side of FLD, 
YLD2004-18P and YLD2011-27P criteria and also at the left hand side YLD2011-27P criterion have 
shown better conformity with experimental results. 
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 1 2024   
Table 1 Chemical composition of Aluminum alloy 2024 (%wt.) 

Ni  Cr  Ti  Zn  Si  Fe  Mn  Mg  Cu  
0.02  0.03  0.033  0.06  0.14  0.38  0.64  1.651  4.9  

  

  
Fig. 1 Dimensions of tensile test specimens(mm) 

1  )   

  
) (a) 

  
) (b) 

Fig. 2 Circle grid pattern etched on the surface of the 
specimens: (a) before deformation and (b) after deformation

2   - :( )
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 r ) 
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Fig. 3 Experimental stress (MPa)- strain curves of the 
investigated alloy 

3 -   

 2   
2024  

Table  2 Experimental values of yield stresses and anisotropy 
coefficients of Aluminum alloy 2024 

       

0.9404  0.9047  0.964  1.0238  1.0357  1.0833  1  

       

0.66  0.5  0.67  1.14  0.86  0.94  0.71  
 

  
Fig. 4 The photo of a set of specimens for FLD test  
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Table 3 Swift hardening law constants for the aluminum alloy 
2024 

m[ ] n[ ] [ ] K[MPa] 
0  0.248  0  360  

  
4    2024  

Table 4 Voce hardening law constants for the aluminum alloy 
2024 

C[ ] [MPa] A[MPa] 
25.76  132.3  214.5  
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5  YLD2004-18P  

2024  
Table  5 Calculated YLD2004-18P yield function parameters 
for the Aluminum alloy 2024 

      
1.06076  0.98220  1.10289  0.93713  0.94007  0.97927  

"  "  "     
0.93713  0.94007  0.97927  1.03665  1.000  1.000  

"  "  "  "  "  "  
1.03665  1.000  1.000  1.06076  0.98220  1.10289  

  

 6  YLD2011-18P 
2024

Table  6 Calculated YLD2011-18P yield function parameters 
for the Aluminum alloy 2024 

      
0.93314  1.25599  1.12541  0.95388  0.89335  0.94928  

"  "  "     
0.95465  0.89306  0.95181  1.01776  1.000  1.000  

"  "  "  "  "  "  
1.01880  1.000  1.000  0.93023  1.25757  1.12428  

  

 7    YLD2011-27P
2024

Table  7 Calculated YLD2011-18P yield function parameters 
for the Aluminum alloy 2024 

      
0.90058  1.22986  1.12838  0  0.88470  0.93500  

"  "  "     
0.94340  0.88470  0.93500  1.02199  1.000  1.000  

"  "  "  "  "  "  
1.02199  1.000  1.000  0.9  1.2298  1.1284  

      
0.9999 1.00002 1.00011 0.9999 1.00163 0.99761 

         
      0.9999 1.000 1.000 

 
 8   BBC2008-16P
2024

Table  8 Calculated BBC2008-16P yield function parameters 
for the Aluminum alloy 2024 

n1
(1) m3

(1) m2
(1)  m1

(1)  l2
(1)  l1

(1)  

0.57326  0.21377  0.48952  0.41943  0.71457  0.57653  

m2
(2)  m1

(2)  l2
(2)  l1

(2)  n3
(1)  n2

(1)  

0.33127  0.38806  0.58562  0.58931  0.60440  0.69681  

    n3
(2)  n2

(2)  n1
(2)  m3

(3)  

    0.70767  0.59370  0.61764  0.36578  
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Fig.  6 The flow chart of determining limit strains based on the 
MK model 

 6    MK  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

1.
18

.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
 ]

 

                             6 / 11

https://dorl.net/dor/20.1001.1.10275940.1395.16.1.18.1
https://mme.modares.ac.ir/article-15-5555-en.html


    

   2024    

  

198  1395161  

  
Fig.  7 Comparison of experimental and predicted directional 
normalized yield stresses 

 7       

  
Fig.  8 Comparison of experimental and predicted anisotropy 
coefficients 
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Fig.  9 Yield stress and r-value comparative deviations for 

different yield criteria  
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Table  9 Experimental anisotropy parameters used in 
minimization of error-function 
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Fig. 10 Yield stress and anisotropy coefficient comparative 
deviations for BBC2008-16P yield criterion with different 
employment of experimental parameters 
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Fig. 11 The  effect  of  order  and  number  of  employed  
experimental parameters on predicted FLDs using BBC2008-
16P yield function 
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Fig. 12 Yield stress and anisotropy coefficient comparative 
deviations for YLD2004-18P yield criterion with different 
employment of experimental parameters 
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Fig. 13 The  effect  of  order  and  number  of  employed  
experimental parameters on predicted FLDs using YLD2004-
18P yield function 
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Fig. 14 Yield stress and anisotropy coefficient comparative 
deviations for YLD2011-18P yield criterion with different 
employment of experimental parameters 
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Fig. 15 The  effect  of  order  and  number  of  employed  
experimental parameters on predicted FLDs using YLD2011-
18P yield function 
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Fig. 16 Yield stress and anisotropy coefficient comparative 
deviations for YLD2011-27P yield criterion with different 
employment of experimental parameters 
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Fig. 17 The  effect  of  order  and  number  of  employed  
experimental parameters on predicted FLDs using YLD2011-

27P yield function 
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Fig. 19 Effect of the ratio of minor to major principal strain 

increments on the ratio of principal stresses  
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Fig. 20 Predicted yield surface for Aluminum alloy 2024 

using different yield functions  
20  AA2024 

  
  

  YLD2004-18PYLD2011-18PYLD2011-27P 
BBC2008-16P    

 
 

  . 
 -   

   81012 14 
 

  
 .  

 
8 14  

   
  . 

YLD2011-27P 
YLD2004-18P  

    
   ) 
 (  ( ) 

   
   FLD0 

  
    

   
 2024-O MK 

  YLD2004-
18PYLD2011-27P  
  FLD  

    
 

    
  
6 -  

[1] S. P. Keeler, W. A. Backofen, Plastic instability and fracture in 
sheets stretched over rigid punches, ASM Transactions Quarterly, 
Vol. 56, pp. 25-48, 1963. 

[2] G. M. Goodwin, Application of strain analysis to sheet metal 
forming problems in the press shop, in SAE Automotive 
Engineering Congress, No. 680093, 1968. 

[3] S. S. Hecker, A Simple Forming Limit Curve Technique and 
Results on Aluminum Alloys, in Proceedings of 7th Biennial 
Congress of the International Deep Drawing Research Group, 
Amsterdam, pp. 5.1-5.8, 1972. 

[4] M. Azrin, W. A. Backofen, The deformation and failure of a 
biaxially stretched sheet, Metallurgical Transactions (Physical 
Metallurgy and Materials Science), Vol 1, pp. 2857-2865, 1970. 

[5] A. K. Ghosh, S. S. Hecker, Failure in thin sheets stretched over 
rigid punches, Metallurgical Transactions A, Vol. 6, pp. 1065-
1074, 1975. 

[6] H. W. Swift, Plastic instability under plane stress, Journal of the 
Mechanics and Physics of Solids, Vol. 1, pp. 1–18, 1952. 

[7] R. Hill, On discontinuous plastic states with special reference to 
localized necking in thin sheets, Journal of the Mechanics and 
Physics of Solids, Vol. 1, No. 1, pp. 19–30, 1952. 

[8] Z. Marciniak, K. Kuczynski, Limit strains in the process of stretch-
forming sheet metal, International Journal of Mechanical Sciences, 
Vol. 9, No, 9, pp. 609–620, 1967. 

[9] S. Stören, J. R. Rice, Localized necking in thin sheets, Journal of 
the Mechanics and Physics of Solids, Vol. 23, No. 6, pp. 421-441, 
1975. 

[10] M. C. Butuc, J. J. Gracio, A. Barata da Rocha, A theoretical study 
on forming limit diagrams prediction, Journal of Materials 
Processing Technology, Vol. 142, No. 3, pp. 714–724, 2003. 

[11] A. R. Safikhani, R. Hashemi, A. Assempour, Some numerical 
aspects of necking solution in prediction of sheet metal forming 
limits by strain gradient plasticity, Materials and Design, Vol. 30, 
No. 3, pp. 727–740, 2009. 

[12] M. Nurcheshmeh, D. E. Green, Prediction of sheet forming limits 
with Marciniak and Kuczynski analysisusing combined isotropic–
nonlinear kinematic hardening, International Journal of 
Mechanical Sciences, Vol. 53, No. 2, pp. 145–153, 2011. 

[13] M. Ganjiani, A. Assempour, An improved analytical approach for 
determination of forming limit diagrams considering the effects of 
yield functions, Journal of Materials Processing Technology, Vol. 
182, No. 1, pp. 598–607, 2007. 

[14] M. Allwood, D. R. Shouler, Generalised forming limit diagrams 
showing increased forming limits with non-planar stress states, 

-0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

 

 

YLD2004-18P

YLD2011-18P

YLD2011-27P

BBC2008-16P

-2 -1 0 1 2-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

RD normalized stress

TD
 n

or
m

al
iz

ed
 st

re
ss

 

 

BBC2008-16P

YLD2004-18P

YLD2011-18P

YLD2011-27P

YLD2011-27P

YLD2011-18P

BBC2008-16P

YLD2004-18P

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

1.
18

.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
 ]

 

                            10 / 11

https://dorl.net/dor/20.1001.1.10275940.1395.16.1.18.1
https://mme.modares.ac.ir/article-15-5555-en.html


    

   2024    

  

202  1395161  

International Journal of Plasticity, Vol. 25, No. 7, pp. 1207–1230, 
2009. 

[15] H. JongBong, F. Barlat, M. GyuLee, D. C. Ahn, The forming limit 
diagram of ferritic stainless steel sheets: Experiments and 
modeling, International Journal of Mechanical Sciences, Vol. 64, 
No. 1, pp. 1–10, 2012. 

[16] L. Zhang, J. Wang, Modeling the localized necking in anisotropic 
sheet metals, International Journal of Plasticity, Vol. 39, pp.  103–
118, 2012. 

[17] S. Panich, F. Barlat, V. Uthaisangsuk, S. Suranuntchai, S. 
Jirathearanat, Experimental and theoretical formability analysis 
using strain and stress based forming limit diagram for advanced 
high strength steels, Materials and Design, Vol. 51, pp. 756–766, 
2013. 

[18] H. M. Naeini,  S. J.  Hashemi, G. H. Liaghat, M. Mohammadi, H. 
Deilami Azodi, analytical prediction of limit strains and limit 
stresses in hydroforming of anisotropic aluminium tubes, Modares 
Mechanical Engineering, Vol. 14, No. 2, pp. 133-140, 2014. (in 
Persian ) 

[19]  M.  Hosseinpour  Gollo,  S.  M.  H.  Seyedkashi,  N.  Valian  Iraj,  The  
effect of Hosford, Hill’s quadratic and non-quadratic yield criteria 
on prediction of forming limit diagrams based on M-K model, 
Modares mechanical Engineering, Vol. 14, No. 5, pp. 137-146, 
2013. (in Persian ) 

[20] A. Assempour, R. Hashemi, K. Abrinia, M. Ganjiani, E. Masoumi, 
A methodology for prediction of forming limit stress diagrams 
considering the strain path effect, Computational materials science, 
Vol. 45, No. 2, pp. 195–204, 2009. 

[21] M. Hoseinpour Gollo, S. M. H. Seyedkashi, S. Shahi, The effect of 
advanced BBC2003, YLD2004 and BBC2008 yield criteria on 
FLDs based on M-K, Swift and Hill models, Modares mechanical 
engineering, Vol. 15, No. 1, pp. 141–150, 2015. (in Persian ) 

[22] S. M. Mirfalah Nasiri, A. Basti, R. Hashemi, Numerical analysis of 
the effect of advanced yield criterion on prediction of strains and 
stresses in anisotropic aluminum sheets, Modares mechanical 
engineering, Vol. 15, No. 8, pp. 393–401, 2015. (in Persian ) 

[23] F. Barlat, H. Aretz, J. W. Yoon, M. E. Karabin, J. C. Brem, R. E. 
Dick, Linear transformation-based anisotropic yield functions, 
International Journal of Plasticity, Vol. 21, No. 5, pp. 1009–1039, 
2005. 

[24] H. Aretz, F. Barlat, New convex yield functions for orthotropic 
metal plasticity,  International Journal of non-linear mechanics, 
Vol. 51, pp. 97–111, 2013. 

[25] D. S. Comsa, D. Banabic, Plane stress yield criterion for highly 
anisotropicsheet metals, in The 7th International Conference on 
Numerical Simulation of 3D Sheet Metal Forming Processes,  
Interlaken, Switzerland, pp. 43-48, 2008. 

[26] K. Levenberg, A Method for the Solution of Certain Non-linear 
Problems in Least Squares, Quarterly of Applied Mathematics, 
Vol.  2, pp. 164–168, 1944. 

[27] D. W. Marquardt, An Algorithm for the Least-Squares Estimation 
of Nonlinear Parameters, SIAM Journal of Applied Mathematics, 
Vol.  11, No. 2, pp. 431–441, 1963. 

[28]  D.  Banabic,  H.  Aretz,  D.  S.  Comsa,  L.  Paraianu,  An  improved  
analytical description of orthotropy in metallic sheets, 
International Journal of Plasticity, Vol. 21, No. 3, pp. 493–512, 
2005. 

[29] Z. Wexian, A new non-quadratic orthotropic yield criterion, 
International Journal of Mechanical Sciences,  Vol. 32, No. 6, pp. 
513–520, 1990. 

[30] A. G. Leacock, A mathematical description of orthotropy in sheet 
metals, Journal of The Mechanics and Physics of Solids, Vol. 54, 
No. 2, pp. 425-444, 2006.

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

1.
18

.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
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            11 / 11

https://dorl.net/dor/20.1001.1.10275940.1395.16.1.18.1
https://mme.modares.ac.ir/article-15-5555-en.html
http://www.tcpdf.org

