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Abstract. The forming limit diagrams (FLDs) of sheet metals with FCC (AA5182-O) and HCP (AZ31B) crystal 

structure are calculated by combining visco-plastic self-consistent (VPSC) crystal plasticity method with the 

Marciniak-Kuczynski (M-K) model. The simulated FLDs after different paths of prestrain loading are also compared 

with the experimental ones. The predictions with current method can match the experimental FLDs of different 

structures well.  

1 Introduction 

Forming limit diagram (FLD), since it is proposed by 

Keeler[1], has become a useful tool for sheet-metal 

formability evaluation and widely applied in industries. 

However, it is time and labor consuming to obtain the 

FLD experimentally. Therefore, analysis the formability 

of the material with numerical calculation is of great 

interest. Marciniak and Kuczynski (M-K) approach[2] has 

been widely adopted in material formability analysis 

combined with various material models[3-5].  

For anisotropic metal sheet, the yield based, quadratic 

Hill function and the von Mises plasticity theory are 

frequently used to describe material constitutive 

behaviors. These functions applied in conjunction with 

the M–K approach generally overpredict the limit strains 

for biaxial paths[4,6]. The crystal plasticity methods, 

capable of considering mesoscopic structure and texture 

evolution, provide an alternative approach to prediction 

of forming limit[7]. Among those crystal plasticity 

methods, the visco-plastic self-consistent (VPSC) 

model[8] is one of successfully used ones.  

In this work, a method to integrate VPSC with M-K 

model is developed to calculate FLD of AA 5182-O and 

AZ31B.  

2 VPSC-MK method for FLD calculation 

In VPSC modeling, each grain is treated as an ellipsoidal 

visco-plastic inclusion, which uses the length of ellipsoid 

axes to describe average grain shape, embedded in an 

effective visco-plastic medium. The shear strain rate on a 

slip system α is expressed by the following power law. 
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where �̇�0 is given a reference value of 0.001/s, rate 

sensitivity parameter m is assumed as 0.04, 𝛔: 𝐏𝛼is the 

resolved shear stress, and 𝜏𝑐𝑟
𝛼 is the CRSS. The evolution 

of 𝜏𝑐𝑟
𝛼 is given by 
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The threshold stress is characterized with the Voce 

type hardening rule: 
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where 𝜏0
𝛼 , 𝜏0
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𝛼and 𝜃1
𝛼 are the initial and back 

extrapolated CRSS, the initial and final slope of the 

hardening rate, respectively. The details of the VPSC 
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polycrystal model are available in the publications of 

Lebensohn et al[8]. 

The VPSC model is combined with the M-K approach 

to calculate the material’s FLD. The stress and strain 

states inside and outside the band are updated with VPSC 

model by imposing a combined boundary conditions[5,7], 

which ensures the equilibrium and compatibility 

conditions are fulfilled at the interface with the band. 

After each calculation step, the imperfection factor, 

f=tB/tA, can be updated, where tB and tA donate the 

thicknesses inside and outside the band, respectively. The 

evolution of the band orientation 𝜃is given by 

𝑡𝑎𝑛(𝜃) = 𝑒𝑥𝑝 [(1 − 𝜌)𝜀11
𝐴 ]𝑡𝑎𝑛 (𝜃0)      (4) 

where 𝜌 is the loading path, ranging from -0.5 to 1 and 

representing the loading from uniaxial tension to biaxial 

tension. 

As the deformation proceeds, the growth of strain rate 

inside the band will go faster than the growth outside and 

lead to necking finally. In this work, when the strain 

increments inside and outside the band satisfy |𝜀3̇3
𝐵 | ≥

20|𝜀3̇3
𝐴 |, necking is supposed to occur and the strain 

outside the band is recorded as the limit strain.    

Calculations with initial band orientation ranging from 0°  

to 20° with an interval of 5° are performed and the 

minimum strain is selected as the limit strain.  

3 Results and discussions 

The VPSC-MK method is applied to calculate the FLD of 

AA 5182-O sheet at room temperature and the results are 

compared with the experimental ones from Li’s work [9]. 

The FLDs of 5182-O sheet are obtained with limiting 

dome height (LDH) test after uniaxial/plain 

strain/equibiaxial tension prestrain. The uniaxial loading  

and LDH experiments for AZ31B sheet are performed at 

150°C to analyze the material properties [9]. 

In current work, the initial texture is described by 

1000 equiaxed grains. Firstly, the calculation is performed 

on uniaxial loading tests to obtain the hardening 

parameters (Figure 1). The fitted parameters for 

AA5182-O and AZ31B are listed in Table 1 and Table 2. 

The inputs for the simulations are the experimentally 

measured initial textures for AA5182-O and AZ31B 

(Figure 2). 

  

(a) 

 

(b) 

Figure 1. Fitting of the hardening curves of AA5182-O (a) and 

AZ31B (b). 

 

(a) 

 

(b) 

Figure 2. The initial textures of AA5182-O (a) and AZ31B (b).  

 

Table1. Fitting parameters of Voce hardening for AA5182-O. 

Mode 
0

(MPa) 

s

(MPa) 

0

(MPa) 

1

(MPa) 
m 

{111}<110> 44 78 440 15 0.04 

3.1 FLD calculation of AA5182-O 

Figure 2 shows the comparison between experimental 

FLD and calculated one of as-received sheet. A good 

agreement can be seen with an initial imperfection faction 

of f0=0.994. Therefore, this initial imperfection fraction 

value is adopted for all simulations later. It is to be noted 

that there is slight difference in the FLD curve shape
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Table 2. Fitting parameters of Voce hardening for AZ31B.

Mode 0 (MPa) 
s (MPa) 

0 (MPa) 
1 (MPa) Latent Ath1 Ath2 m 

Basal 56 18 136 2 2.8   0.0625 

Prism 12 8 46 1 2.8    

<c+a> 132 25 3400 0 2.8    

Twin 43 0 0 0 2.8 0.15 0.9  

 

The FLDs after prestrain loading of different paths are 

shown in Figure 3. The VPSC-MK method captures the 

influence of prestrain very well. Uniaxial tension and 

plain strain tension can enhance the formability of AA 

5182-O, while biaxial tension will reduce it.  

3.2 FLD calculation on AZ31B 

The experimental FLD and calculation results (f0=0.969) 

of AZ31B at 150°C are shown in Figure 4. The 

VPSC-MK model can also predict the FLD of AZ31B 

with reasonable accuracy. However, the predicted limit 

strain at uniaxial tension loading is quite smaller than the 

experimental value.  

 

(a) 

  

(b) 

Figure 3. Comparison between the experimental FLDs of AA 

5182-O (a) and the calculation results (b) after prestrain 0.15 of 

different paths. 

 

Figure 4. Comparison between the experimental FLDs of 

AZ31B at 150°C (a) and the calculation results (b).  

4 Conclusion 

A method combined VPSC model with M-K approach is 

developed and is applied in the sheet formability analysis 

of materials with FCC (AA 5182-O) and HCP (AZ31B) 

structure. The calculation results show a good agreement 

with the experimental results.  
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