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Abstract. Prediction of more than four ears in a cup drawing process can be successfully achieved by considering r -

value and stress directionalities. Yld2004-18p based on Associated Flow Rule [1] and Yld2000-2D based on Non-

Associated Flow Rule [2] are the examples. The former, however, is more costly in terms of computational efficiency 

than the latter. In this presentation, an anisotropic constitutive model based on Non-Associated Flow Rule which 

combines two different functions, Hill (1948) and Yld2000-2d, is implemented to a user defined material model. The 

accuracy of the anisotropic directionalities (yield stresses and plastic strain ratios) is evaluated. Simulation of a mini-

die cup drawing with a body stock alloy predicted eight ears, in good agreement with the experimental results. The 

use of Hill (1948) model for the yield function and Yld2000-2d for plastic potential under the framework of Non-

Associated Flow Rule led to accurate prediction of up to eight ears at the lower computational cost. This presentation 

is followed by a discussion of the topic of the forming limit & necking, the evidence in favor of stress analysis, and 

the motivation for the development of a new type of forming limit diagram based on the polar effective plastic strain 

(PEPS) diagram. In order to connect necking to fracture in metals, the stress-based necking limit is combined with a 

stress-based fracture criterion in the principal stress, which provides an efficient method for the analysis of necking 

and fracture limits. The concept for the PEPS diagram is further developed to cover the path-independent fracture 

which is compatible with the stress-based fracture polygon by Stoughton and Yoon [3]. Thus the strain path can be 

utilized to describe the post-necking behaviour.  

1 Non-Associated Flow Plasticity 

Non-Associated Flow Rule was proposed as a 

convenient way to account for anisotropic material 

response in metal deformation processes, making it 

possible for example, to eliminate the problem of the 

anomalous yielding in equibiaxial tension that is 

mistakenly attributed to limitations of the quadratic yield 
function, but may instead be attributed to the Associated 

Flow Rule (AFR). Stoughton and Yoon [3] proposed a 

pressure-sensitive modified quadratic function for the 

yield stress combined with a pressure invariant quadratic 

function for the plastic potential to describe the 

experiments by Spitzig and Richmond [4]. Since Non-

AFR raises issues of plastic stability, Stoughton and 

Yoon [5] reviewed these issues as they apply to a broad 
class of non-AFR models, and developed a set of four 

constraints on the model behavior for this class of models 

that are sufficient to ensure stability. 

Seeing as in Non-AFR based models two separate 

functions can be adopted for yield and plastic potential, 

there is no constraint to which models are used to 

describe each of them. In this work, the flexible 

combination of two different yield criteria as yield 
function and plastic potential under Non-AFR is 

proposed and evaluated. FE simulations were carried so 

as to verify the accuracy of the material directionalities 

predicted using these constitutive material models. The 

stability conditions non-associated flow are also 

reviewed.  Anisotropic distortion hardening [6] is further 

incorporated under non-associated flow. It has been 

found that anisotropic hardening makes the noticeable 
improvements for both earing and spring-back 

predictions. 

Non-AFR with various combinations of yield criteria 

for yield function and plastic potential has been verified. 

The choice of Hill (1948) for yield function and potential 

functions does not allow for the prediction of more than 

four ears. When Hill (1948) is used for the yield function 

whereas Yld2000-2d is used for the potential function 
flexibly in a Non-AFR, computational time can be 

reduced without compromising the accuracy of the eight 

earing prediction. In fact, FE simulation of a mini-die cup 

drawing based on this constitutive model is reduced by 

20% when compared to the Yld2000-2d Non-AFR model 

and hence, greatly reduced when compared to Yld2004-

18p AFR-based model. 
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2 Development of Polar EPS fracture limit 

Prediction of fracture limit (FLC-F) along with necking 
limit (FLC-N) during the sheet metal forming process is 

critical die design information in order to identify the 

conditions under which a deformed sheet leads to ductile 

fracture. This is obvious for multi-stage forming of 

aluminium alloy sheets, where some grades show large 

post necking or fracture often occurs without any obvious 

necking phenomenon. Further, necking suppression is 

commonly observed in multi-stage forming, which also 

causes fracture without necking. Hence the forming limit 

needs to be determined based on FLC-F. 

Conventional forming limit curves at fracture can be 
also obtained in the strain space. However, this does not 

consider non- proportional loading condition. Stoughton 

and Yoon [7] extended the stress-based FLC by 

incorporating the maximum shear stress fracture criterion 

to identify the mode of failure where both necking and 

fracture curves are displayed in the principal stress space. 

This stress-based diagram is able to connect necking to 

fracture. However, it is challenging to design a nonlinear 

strain path with this stress plot due to the lack of physical 

sense of stress. In order to overcome the demerit, in the 

present work, the Polar EPS fracture curve will be 

developed and connected to a Polar EPS necking limit in 
strain space [8], which will be convenient to follow up 

the deformation from yielding to necking followed by 

post-necking and fracture. 
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