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Abstract: A ductile fracture criterion is introduced into numerical simulation to predict viscous pressure forming limit of the 
automotive body aluminum alloy 6k21-T4. The material constant in the ductile fracture criterion is determined by the combination of 
the viscous pressure bulging (VPB) test with numerical simulation. VPB tests of the aluminum alloy sheet are carried out by using 
various elliptical dies with different ratios of major axis to minor axis(β), and the bugling processes are simulated by the aid of the 
finite element method software LS-DYNA3D. On the basis of the stress and strain calculated from numerical simulations, the 
forming limits of bulging specimens obtained are predicted by the ductile fracture criterion, and compared with experimental results. 
The fracture initiation site and the minimal thickness predicted by the ductile fracture criterion are in good agreement with the 
experimental results. 
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1 Introduction 
 

Mass reduction is one of the key problems in the 
automotive industries. With the lower density and good 
mechanical properties, aluminum alloy becomes the ideal 
material to replace heavier materials in the car. However, 
aluminum alloy has poorer room-temperature formability 
than steel. This can result in restrictions in part geometry, 
then limiting automotive design[1]. Therefore, the new 
technology that can improve the formability of aluminum 
alloy sheet is required. 

Viscous pressure forming(VPF) is a new sheet 
flexible forming technology. The previous investigations 
show that VPF can improve the sheet formability[2−7]. 
VPF uses a semi-solid, flowable, highly viscous and 
strain rate sensitive macromolecule polymer (called 
viscous medium) as the forming flexible-punch. Because 
of high viscosity and strain rate sensitivity, the viscous 
medium can produce a non-uniform pressure field 
adaptively to the deformation of the sheet metal and 
improve the stress distribution of the sheet to reduce 
spring-back of formed panels. So VPF is in favor of 
forming the aluminum alloy sheet with lower ductility 

and higher spring-back. 
The forming limit of the sheet metal is predicted by 

the onset of localized necking in the conventional 
approaches[8−11]. In case of aluminum alloy with lower 
ductility, fracture often occurs before necking instability. 
So, the conventional approaches don’t fit for prediction 
of the forming limit of aluminum alloy sheet. Because 
ductile fracture criteria have been widely used in the bulk 
forming process, they are recently introduced into the 
forming limit prediction in sheet metal forming processes 
[12−16]. In the ductile fracture criterion, the occurrence 
of ductile fracture is usually estimated by the stress and 
strain during forming. The distributions and the histories 
of stress and strain are calculated by finite element 
analysis of sheet metal forming. The forming limit can 
be predicted by the combination of finite element 
analysis with the ductile fracture criterion. TAKUDA et 
al[17] successfully predicted the forming limits in deep 
drawing of the Fe/Al laminated composite sheets by 
using Oyane criterion (one of ductile fracture criteria) 
[18]. Axisymmetric bore-expanding was simulated by 
the rigid/plastic finite element method. The fracture 
initiation site and the critical stroke were predicted by 
means of the ductile fracture criterion[19]. TAKUDA et 
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al[13] also carried out calculations for various strain 
paths from balanced biaxial stretching to uniaxial tension 
of aluminum alloy sheets and predicted the forming limit 
diagrams. JAIN et al[20] predicted the forming limit of 
AA6111-T4 sheet by means of various ductile fracture 
criterion and assessed the applicability of the different 
fracture criteria. 

In this study, VPB tests of the automotive aluminum 
alloy 6k21-T4 sheet are carried out with various strain 
paths and the processes are simulated by the finite 
element code LS-DYNA3D. A ductile fracture criterion 
is applied to predict the forming limits of VPB 
specimens. 

 
2 Ductile fracture criterion 

 
Since the history of deformation affects the forming 

limit of sheet metal, it is necessary for a criterion to 
allow for the history of stress and strain affecting the 
occurrence of the ductile fracture. In this study, 
Cockroft-Latham criterion[21] is used to predict the 
forming limit of the automotive aluminum alloy 6k21-T4 
sheet. The criterion is expressed as 

 

C=∫ εσ
ε

df 

0 max                               (1) 
 
where  σmax is the maximal principle stress, fε  is the 
equivalent strain at which the fracture occurs, ε  is the 
equivalent strain during deformation, and C is a material 
constant. 

To predict the forming limit by means of Eqn.(1), 
the material constant C is determined by the combination 
of viscous pressure bulging(VPB) tests with finite 
element analysis. The bugling process is simulated by the 
finite element code. When the minimum thickness of the 
simulative specimen reaches that of the experimental 
specimen, the fracture to occur is determined. The 
material constant C is determined by substituting stress 
and strain values obtained from the finite element 
analysis into the ductile fracture criterion. 

Here, we define the integral Ci, modifying Cockroft 
nd Latham criterion (Eqn.(1)) as a
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when  Ci equals 1, the condition of fracture is satisfied. 
 
3 Experiment and finite element modeling 
 
3.1 Experiment materials 

The aluminum alloy sheet used in experiments is 
6k21-T4 with a thickness of 1.2 mm. Its chemical 

composition and material properties are listed in Tables 1 
and 2, respectively. The viscous medium is methyl vinyl 
silicone rubber. The flow stress vs. strain rate curve of 
the viscous medium is shown in Fig.1. 
 
Table 1 Chemical composition of 6k21-T4 aluminum alloy 
(mass fraction, %) 

Si Fe Cu Mn Mg 
1.05 0.15 0.01 0.07 0.59 
Cr Zn Ti Others Al 

0.01 0.01 0.01 0.01 Bal. 
 
Table 2 Material properties of 6k21-T4 aluminum alloy 

Yield 
strength/MPa

Tensile 
strength/MPa 

Elongation/ 
% 

n r 

118 220 28.0 0.22 0.69
 

 
Fig.1 Flow stress vs strain rate curve of viscous medium 
 
3.2 Viscous pressure bugling test 

The principle sketch of the viscous pressure bugling 
test is shown in Fig.2. The forming operation is carried 
out on the 4 000 kN hydraulic press. The sheet is 
clamped through a blank holder bead, and the blank 
holder force is provided by the hydraulic press. A piston 
pushes the viscous medium upwards and the sheet is 
bugled. The blank is square with 180 mm×180 mm in 
size and circle grids with the diameter of 3 mm are 
printed on the blank surface to measure the strain 
distribution of specimens. 

In order to obtain the limit strains under various 
strain paths, elliptical dies with four ratios of major axis 
to minor axis(β) are used, as shown in Fig.2. Dimensions 
of various elliptical dies are listed in Table 3. 
 
Table 3 Dimensions of various elliptical dies 

Major axis/mm Minor axis/mm β 

102.0 1.00 102 
90.0 1.13 
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78.5 1.30 

64.5 1.58 

 

 
Fig.2 Sketch of viscous pressure bulging test and elliptical die 
used in test: (a) Sketch of bulging test; (b) Elliptical die 
 
3.3 Finite element modeling 

One quarter of the blank is modeled due to 
symmetric boundary condition, as seen in Fig.3. VPB 
tests are simulated using commercially available finite 
element code LS-DYNA3D. In calculations, Barlat’s 
yield function[22] and power hardening law are used as 
the material model of aluminum alloy sheet. The viscous 
medium material model is considered to be rate- 
dependent. The finite element model of sheet and die is 
Belytschko-Tsay shell element, and the die is defined as 
 

 
Fig. 3 Finite element modeling of VPB test 
rigid body. The finite element model of viscous medium 
is solid element. 
 
4 Results and discussion  
 
4.1 Experimental results 

Fig.4 shows the specimens obtained by viscous 
pressure bulging test. The fractures are along the major 
axes and cross the centers of specimens. The thickness 
strain distributions of specimens are shown in Fig.5. 
There are the maximal thickness strains in the center of 
specimens. When β=1.58, 1.3, 1.13 and 1, the minimal 
thicknesses at fracture position are 0.83, 0.80, 0.76 and 
0.75 mm, respectively. The maximal thickness strains of 
specimens increase with decreasing of β. According to 
thickness strain distributions of specimens, it can be 
found that the thickness strain gradually decreases from 
the center to the corner. 
 
4.2 Determination of material constant in ductile 

fracture criterion 
The material constant is determined by the 

combination of the bulging test with finite element 
analysis. Here, the simulation is carried out for the 
bulging test with the elliptical die (the minor axis is 78.5 
mm). When the minimum thickness of the simulated 
specimen reaches that of the experimental specimen, the 
fracture to occur is determined. The material constant is 
defined by substituting stress and strain values obtained 
from the simulation into Eqn.(1), and the calculated 
value is 104.2. 
 
4.3 Forming limit prediction 

The predicted forming limits of 6k21-T4 sheet 
obtained by VPB are shown in Fig.6. Fig.6(a) shows the 
distribution of Ci obtained by VPB using the elliptical die 
(β=1.58) in the minor axis direction at various bulging 
heights. The value of Ci increases with increase of 
bulging height. When the bulging height gets to 20.8 mm, 
the integral Ci at the center is equal to 1. The integral Ci 
gradually decreases from the center of the specimen to 
the corner. The distributions of values Ci of the other 
specimens (i.e. β=1.3, 1.13 and 1) are shown in Figs.6(b), 
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(c) and (d), respectively. When the integral Ci at the 
center amounts to 1, the bulging heights of specimens are 
23.6, 26.0 and 28.5 mm, respectively. According the 
predicted results, it can be found that the limit bulging 
height increases with decrease of the ratio of major axis 
to minor axis(β). And the fracture initiation sites and the 
Ci distributions of all specimens are similar. In practice, 
the fractures pass the centers of the bulging specimens 
(Fig.4). The predicted results are in good agreement with 
the experimental ones. The minimal thickness predicted 
by the combination of the numerical simulation and the 
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Fig.4 Viscous pressure bulging specimens: (a) β=1.58; (b) β=1.30; (c) β=1.13; (d) β=1 
 

 
Fig.5 Thickness strain distributions of specimens: (a) β=1.58; (b) β=1.30; (c) β=1.13; (d) β=1 
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Fig.6 Distributions of Ci values of specimens: (a) β=1.58; (b) β=1.30; (c) β=1.13; (d) β=1.0 
 
ductile fracture criterion are compared with the 
experimental results in Fig.7. When β=1, 1.13, 1.3 and 
1.58, respectively, the minimal thicknesses of 
experimental specimens are 0.75, 0.76, 0.80 and 0.83 
mm, and the predicted results are 0.78, 0.79, 0.80 and 
0.81 mm. The difference between the predicted results 
and the experiment ones is less than 4%. Accordingly, 
the above results demonstrate that Cockroft-Latham 
 

 
Fig.7 Comparison between calculated and experimental 
minimal thickness 

criterion can successfully evaluate the formability of 
aluminum alloy sheet in finite element analysis. 
 
5 Conclusions 

 
1) Cockroft-Latham criterion fits for evaluating the 

viscous pressure forming limit of the aluminum alloy 
sheet. The material constant is determined by the 
combination of the viscous pressure bulging (VPB) test 
with finite element analysis. 

2) The viscous pressure forming limits of specimens 
obtained in various strain paths are predicted by the 
ductile fracture criterion and the predicted results are in 
good agreement with the experimental ones. 
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