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Abstract. Edge cracks are a more prominent problem during the rolling process of magnesium 

alloy sheets. The hexagonal structure of magnesium alloys and the product defects caused by 

the second phase impurities mixed in the sheets are the main causes of edge cracking. 

Conventional hot-rolled edge cracking simulations can only characterize the edge damage of 

the sheets numerically, however, the actual crack morphology is ignored. In this paper, the 

Gurson-Tvergaard-Needleman (GTN) damage model coupled with a continuous medium shear 

damage model was developed for improving the applicability of the model at low-stress 

triaxiality. Powell's “Dogleg” method was used in the numerical solution of the damage model 

instead of the traditional Newton-Raphson method and the Vumat subroutine was written for 

the finite element simulation by the stress return algorithm. The damage model parameters 

were calibrated by a shear specimen. The results showed a good agreement between the 

simulated crack morphology and the experiment. 

1. Introduction 

Magnesium alloys have a wide range of applications in aerospace and automotive industries due to 

their excellent characteristics such as low density and high strength [1,2]. However, due to the unique 

dense row hexagonal crystal structure of magnesium alloy, it is difficult to start the slip system in 

plastic forming, and it is very easy to produce edge cracks in the process of rolling production [3]. The 

study of the edge cracking behaviors of magnesium alloy during rolling will have guiding significance 

for its production. 

A reasonable simulation prediction of edge cracking in magnesium alloy rolling will help to explain 

the causes of edge cracking in magnesium alloy rolling production. With the help of the finite element 

method (FEM), Ning et al. [4] established the criterion of edge cracking in magnesium alloy rolling by 

Cockcroft and Latham (C-L) criterion and concluded that the edge cracking in magnesium alloy 

originates from the maximum tensile stress at the edge of the sheet. Jia et al. [5] established the 

criterion of edge cracking in magnesium alloy rolling based on Freudenthal criterion, and it was 

considered that the edge crack was mainly related to the rolling temperature and rolling reduction. 

Although the above models can provide some solutions to the prediction of the edge crack of 

magnesium alloy rolling, for their mechanical models, the influences of hydrostatic stress, Lode 
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parameter, stress triaxiality, etc. on the material damage are not considered. It will lead to the critical 

damage value becoming the only variable for the prediction of edge cracking in magnesium alloy 

rolling. Another problem is that the prediction of edge cracks is all in the form of damage clouds based 

on finite elements, which do not simulate real cracks. 

In this paper, to better predict the edge damage of magnesium alloy rolling, the GTN model based on 

the continuous medium damage factor containing was applied to the prediction of edge cracking in 

magnesium alloy rolling, the material damage parameters were identified by a shear specimen, and the 

simulation of edge cracking in magnesium alloy rolling was performed by the Vumat user subroutine 

of Abaqus finite element software. 

2. Damage model 

2.1. The original GTN model 

The GTN model is based on the Gurson [6] model. The yield function of the GTN model can be 

expressed in the following form:  

 2 * 22
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where eq , m  and y  are the von Mises equivalent stress, hydrostatic stress, and flow stress 

respectively. 1q , 2q  denote the material damage constants, related to the second phase particles of the 

matrix. The variable 
*f  was introduced into the yield surface function of the model by Tvergarrd and 

Needleman [7] as the effective void volume fraction: 
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where cf  and ff  denote the void volume fraction when void coalescence and material fracture 

respectively. 

For the evolution of the void volume fracture, the GTN model takes into account the new voids 

nucleation and the void growth, which can be written as [8]: 

 n gf f f= +  (3) 

where nf  denotes the nucleation rate of new voids. Chu and Needle [9] related the evolution of nf  to 

the equivalent matrix plastic strain and can be expressed as: 
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where 
eq

p  is equivalent matrix plastic strain and Nf  denotes the volume fraction of void nucleation 

particles. N and NS  denote the mean equivalent matrix plastic strain of nucleation and the standard 

deviation of the normal distribution. Correspondingly, the equation for the void growth can be written 

as: 

 (1 )g mf f = −  (5) 

where m  denotes the plastic strain rate due to hydrostatic stress. 
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2.2. Extended GTN model 

Zhou et al. [10] introduced a continuous medium shear damage factor to the GTN damage model, and 

the new yield surface function could be expressed as: 

 2 * 22
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Where 
*

1 sq f D+  is the total damage value. When the total damage value becomes unity, the material 

is considered to lose its carrying capacity completely. The variable sD  is the shear damage factor, 

which evolution equation can be written as: 
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where n is the softening factor of material fracture and f  denotes the critical fracture equivalent 

plastic strain of material. ( , )    is a function of the Lode angle and the stress triaxial, which can be 

expressed as: 
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where   is the stress triaxial and constant kT  is the weight factor when the stress triaxial is negative. 

The expression of the weight function 0g  is not unique. In this work, the weight function was taken to 

be the same as Xue et al. [11], which can be written as: 0

6
1g




= − . Where   is the Lode angle. Eq. 

(7) and Eq. (8) show that the original GTN damage model dominates when the matrix is in a high 

stress triaxiality state. Correspondingly, When the matrix is in a negative stress triaxiality state, the 

continuous media damage model will dominate and characterize material damage by the evolution of 

sD . 

The critical fracture equivalent plastic strain of material is not constant, but changes with the change 

of stress state. To avoid the damage factor sD  growing too fast when the matrix is in a negative stress 

triaxiality state and to improve the accuracy of shear damage, Wu et al. [12] considered the fracture 

strain as a function of stress triaxiality based on the research of Lou et al. [13] and Bai and Wierzbicki 

[14], which could be expressed as: 
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where 0q is a material constant and lim  is the critical stress triaxiality. 

According to the derivation of Lou et al. [13], the critical stress triaxiality should obey the following 

function: 
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where   is the Lode parameter. Based on the suggested value of C =1/3 given by Wu et al. [12], we 

can calculate lim ≈-0.9107 when 0 = , which indicates that when the stress triaxiality is less than -

0.9107, the shear damage factor sD  will no longer grow. 
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2.3. Numerical method 

The equations to be solved for the extended GTN damage model are as follows: 
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where 1F  is the yield surface function of the modified GTN damage model, when 1F <0 means the 

elastic stage, 1F >0 means the plastic stage. 2F  denotes the associated flow rule equation, considering 

the growth rate of plastic strain due to von Mises equivalent stress is the same as the growth rate of 

plastic strain due to hydrostatic stress. 3F  denotes equivalent plastic strain solved by equivalence of 

macroscopic plastic work and microscopic plastic work. 4F  denotes solving the void volume fraction. 

The research of Shterenlikht et al. [15] showed that Newton's method may not converge at all, or 

converge to a local minimum, but the “Dogleg” numerical iteration method did not have this problem. 

In this work, Eq. (13) was solved using "Dogleg" method, and the stress return algorithm proposed by 

Aravas [16] was compiled into the Vumat subroutine. The program flowchart is shown in figure 1. 

 

Figure 1. Vumat subroutine flowchart. 

3. Results and discussion 

3.1. Hot rolling test of magnesium alloy 

The experimental material was a 2-mm-thick AZ31B magnesium alloy industrial hot rolled formed 

sheet and small sheets were cut along the rolling direction of the hot-rolled plate to a size of 60 mm 

×100 mm ×2 mm. The magnesium alloy sheets were preheated (at 300 °C and held for 20 min) and 

then rolled immediately. Specific process parameters are shown in table 1. 
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Table 1. Rolling process parameters. 

Roller diameter (mm) Roll speed (rad/s) Rolling reduction (%) 

150 1 35 

3.2. Material and damage model parameters 

The flow stress model proposed by Serajzadeh et al. [17] was introduced to describe the isotropic 

hardening behavior of material: 

 
2 2 2 1/2

0[ ( )exp( )]eq

y s s p    = + − −  (12) 

where s  is the steady-state flow stress representing the balance between work hardening and 

dynamic recovery. 0  is the yield stress of the material and   is the softening factor. The elastic-

plastic property of the material was determined via a standard uniaxial tensile test as listed in Table 2. 

Table 2. Material elastic-plastic parameters. 

E (GPa) μ 
s  (MPa) 0  (MPa)   

20 0.35 238 129 7 

To identify damage parameters of AZ31B magnesium alloy, the values of 1q  and 2q  suggested by 

Tvergaard [18] were adopted in the current research. In addition, the Nf , 0f  parameters of the AZ31B 

magnesium alloy identified by scanning electron microscopy (SEM) by Henseler et al. [19] were 

quoted. The remaining parameters were identified using the tensile test. 

A shear specimen of magnesium alloy was prepared, and the dimension is shown in figure 2(a). The 

shear specimen was preheated (at 300 °C and held for 20 s) and then tested on an electronic universal 

mechanical test machine to obtain the load-displacement curve. 

As shown in figure 2(b), a shear specimen of the same size model was built in Abaqus. The mesh size 

was gradually increased from the middle area of the shear specimen to the outside using the neutral 

axis algorithm, where the global approximate mesh size was 0.8, and the mesh type was C3D8R. As 

shown in figure 3(a), the Vumat subroutine was embedded in Abaqus/Dynamical-Explicit for 

simulated tensile experiment, and then the simulated value of the load-displacement curve was fitted 

to the actual value by changing the damage parameters. The final values of the damage parameters 

obtained are shown in Table 3 and Table 4(the result of the curve fit is shown in figure 3(b)). 

 

Figure 2. Damage parameters test experiment: (a) Dimension of the specimen; (b) The shear 

specimen model in Abaqus. 
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Figure 3. Simulated results of the damage parameters test experiment: (a)Simulation of 

shear specimen; (b)Comparison on load-displacement curve of experiment and simulation 

results. 
 

Table 3. The GTN model parameters. 

1q  2q  N  NS  Nf  0f  cf  ff  

1.5 1 0.55 0.0246 0.011 0.0004 0.0018 0.01 

Table 4. The shear damage parameters. 

f  n kT  0q  lim  

0.55 5 0.5 1.25 -0.9107 

3.3. Rolled edge crack simulation 

The finite element simulation of the magnesium alloy rolling was built in Abaqus/Dynamical-Explicit, 

as shown in figure 4. To improve the computational efficiency, 1/4 volume of the actual magnesium 

alloy sheet volume (100 mm ×60 mm ×2 mm) was taken to build the sheet model. 

At the beginning of rolling, the sheet had an initial speed of 10 mm/s and the roller had a constant 

speed of 1rad/s. The penalty contact method was adopted to simulate the contact between the sheet 

and roller and Coulomb's law was applied to characterize the friction between them. The friction 

coefficient between sheet and roller was 0.5. 

figure 5 shows the sheet meshes adopted in the simulation. Two sizes of mesh were designed for the 

edge and centre areas of the sheet and were connected by transition meshes. The mesh type was 

C3D8R and the mesh size was 0.25 mm in the edge area and 0.5 mm in the centre area. 

Figure 6 and figure 7 show the simulated and experimental results of edge cracking in magnesium 

alloy rolling respectively. The results show a gradual expansion of the crack from the edge area to the 

centre of the sheet and the simulated crack morphology is similar to the experimental results. 
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Figure 4. Rolling model in Abaqus/Dynamical-Explicit. 

 

Figure 5. Meshes division of the sheet. 

 

Figure 6. Rolling simulation results. 

 

Figure 7. Rolling experiment results. 
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4. Conclusion 

The traditional model for predicting edge cracks in rolled AZ31B magnesium alloy relied on damage 

value clouds. In this paper, the modified GTN model was compiled into a Vumat subroutine 

embedded in Abaqus/Dynamical-Explicit finite element software to effectively predict the edge crack 

morphology of AZ31B magnesium alloy, which provided a new way to accurately predict the edge 

crack of magnesium alloy rolling. In addition, the maximum crack depth of simulation was 6.9 mm, 

which was in good agreement with the experimental result of 7.5 mm. 
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