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Abstract The GTN damage parameters of DP780 steel at 673k temperature were determined by experimental 

method and finite element back calibration method. In order to obtain the forming limit curve and the value of 

0FLC , the DP780 steel with different thickness at 673k temperature was numerically simulated and verified by 

a few experiments. The calculation formulas of forming limit curve and
0FLC are given, which are verified by 

tensile bending samples. The results show that the 673K temperature forming limit curve of DP780 obtained by 

numerical simulation based on GTN damage model can accurately predict the forming of DP780 sheet at 673K 

temperature. 
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1. Introduction  

With the development of automobile lightweight technologies, the application of warm forming process is more 

and more extensive. It is now one of the main development directions of plastic forming. By employing the 

warm forming process, the strength and plasticity advantages of dual-phase steel can be better utilized. 

The Gurson-Tvergaard-Needleman (GTN) model (Gurson A. L., 1997) is an important tool for studying meso-

damage theory. Gholipour, H (2019) et al. determined the void-related parameters in the GTN model through 

the uniaxial tensile test of low carbon steel, and determined the spherical fracture mechanism under different 

stress conditions. Li X (2020) et al. studied the effect of damage evolution of GTN model on plastic deformation 

under different stress triaxiality. GTN model is also widely used to predict the forming limit of sheet metal and 

judge the fracture position in the process of sheet metal forming (Zao H. A. et al, 2020; Liu, W. Q. et al, 2018; 

Cui, X. L. et al, 2018). Most researchers use the combination of numerical simulation and experiment to 

determine the damage parameters of GTN model, and further realize the prediction of sheet metal forming 

through numerical simulation. Oh, C. K. (2007) et al. proposed the method of combining single tensile test 

curve with finite element to obtain the meso damage parameters of GTN. Sun, Q. (2020) et al. determined the 

material parameters of the shear modified GTN damage model through small punch test and numerical 

simulation. Safdarian, R. et al. (2018) obtained the forming limit curve of AA6016-T4 sheet based on the GTN 

damage model by writing the VUMAT subroutine simulation, and verified that the GTN model is an effective 

tool for analyzing the formability of anisotropic sheet metal. Huang, T. (2019) et al. determined the parameters 

in the GTN model through the finite element reverse method, and used the plastic constitutive formula derived 

from the GTN model to obtain the forming limit diagram under plastic conditions. Kami, A. et al. (2015) 

quickly determined the GTN model parameters of AA6016-T4 aluminum alloy based on the response surface 

method and the numerical simulation results of uniaxial tensile test. 
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The GTN damage model is widely used in the material forming process, but there are few studies and 

applications for the material in the warm forming process. Warm forming has great advantages over cold and 

hot stamping, and is now one of the main development directions of plastic forming. Carsley, P. J. et al. (2006) 

designed the UMAT subroutine and carried out simulation analysis using GTN model at many different 

temperatures. Henseler, T. (2020) studied the GTN model material parameters of AZ31 magnesium flakes at 

different temperatures. Zhao, P. J. (2016) et al. conducted a joint experimental-numerical study of the failure of 

AZ31Mg alloy sheets during hot stamping based on a modified GTN-damage model incorporating the Yid 2000 

anisotropic yield criterion. When studying the warm forming process of DP780 dual phase steel, some scholars 

found that the sheet metal forming was better at 673k (Wang Kaidi et al, 2021; Han Meng et al, 2021; Liu Dahai 

et al, 2017). 

In this paper, the numerical simulation of hemispherical punching tensile test based on GTN model is carried 

out by using ABAQUS explicit user material subroutine. The damage parameters of DP780 dual phase steel at 

673k temperature were determined by uniaxial tensile test and numerical simulation. The stress and strain are 

obtained at the last loading step before crack. The forming limit curves of DP780 dual phase steel with different 

thickness at 673k temperature are drawn and verified by a small number of tests. Finally, the forming limit 

curve formula is fitted, and the relationship between 0FLC
 and sheet thickness is obtained, which is verified by 

tension bending specimens. It is confirmed that the GTN model parameters determined by finite element inverse 

standard can be used to study the forming limit of ductile metal, which provides theoretical basis and technical 

guidance for production. 

 

2. GTN damage model 

The GTN damage model is a commonly used constitutive model for mesoscopic damage analysis of materials. 

The GTN damage model is shown in Eq. (2.1): 
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Where cf is the critical pore volume fraction when the pores begin to polymerize, ff
is the pore volume fraction 

when the material ruptures,  is the pore growth acceleration factor, 
*

uf is the
*f

value when the stress in the 

yield equation is 0. 

The growth of void volume fraction is divided into two parts: the growth of original void and the nucleation of 

new void: 

g nf f f= +
                                  (2.4)                       

 

Since the material is assumed to be incompressible, according to the law of conservation of mass, the change of 

void volume fraction caused by void growth is only related to hydrostatic stress (Marouani, H. et al, 2009): 

( )1 :p

gf f d I= − 
                     (2.5) 
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Where
p is the plastic strain tensor, I is the second-order unit tensor. 

The nucleation criterion adopted in this paper is controlled by plastic strain. The change of void volume fraction 

caused by void nucleation is expressed by the following formula: 
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Where
  Nf

is the void volume fraction of nucleatable particles, Ns
is the average strain during hole nucleation, 

N is the standard deviation of strain, 
pl

m is the growth rate of plastic volumetric strain, 
pl

m Is the equivalent 

plastic strain of the matrix. 

 

3. GTN model parameter calibration 

3.1 Material performance parameters 

Before applying the GTN damage model to predict the damage of the DP780 sheet, the 12 undetermined 

parameters in the model need to be calibrated. Mainly hardening parameters 0K , , n
, nucleation related 

parameters N N Ns f , ,
, hole parameters 0 c ff f f, ,

 and strengthening parameters 1 2 3q q q, ,
. In order to 

determine these parameters, according to the national standard GB/T4338-2006 "Metallic Material High 

Temperature Tensile Test Method", a uniaxial tensile test at 673K was carried out on DP780 steel plate with a 

thickness of 1mm. The tensile specimen is cut from DP780 plate along the rolling direction (RD), 45°direction 

and transverse (TD). The test was carried out on the WDW-20D universal testing machine, and the tensile speed 

was set to 0.2mm/min at 673K. Before the tensile test, the DP780 sample was heated to 673k. The temperature 

of the specimen remains stable until the specimen is stretched to a crack. To ensure the accuracy of the results, 

the same three sets of specimens were subjected to uniaxial tensile tests to take the average value. The 

dimensions are shown in Fig.1. Table 1 summarizes the chemical composition of the DP780. 

 

Figure 1: Dimension diagram of the tensile specimen 

Table 1: The chemical composition of DP780 and its mass fraction% 

C Si Mn P S Al 

0.1 0.16 2.02 0.08 0.03 0.039 

The sample result diagram obtained through the above test and the extracted engineering and actual stress-

strain diagram are shown in Fig.2.a and b. In order to determine the mechanical properties and hardening 

behavior of DP780 sheet at 673k, the famous swift law has been applied. 

  
p0=k +（ ）  

                      (3.1)
 

Where 0 p and n are the material hardening constant is determined by extrapolation of the experimental 

stress-strain curve using the least square method (Fig.2.C). The quantities identified for the material elastic-

plastic parameters are listed in the Table 2. 
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(a) (b) (c) 

Figure 2: (a) Specimen drawing and (b) engineering and true stress-strain plots and (c)true plastic stress-

strain approximate curve for realizing hardening parameters 

Table 2: Elastoplastic material parameters of DP780 steel plate 

E(Mpa) v k(Mpa) 0  n 

185000 0.31 1562 0.017 0.236 

 

3.2 Damage parameters 

The damage parameters mainly affects the plastic deformation process of the material. Tvergaar (1984) 

considered the strength loss caused by the interaction of pores, the influence of the stress triaxiality and the 

pore volume fraction, and introduced three constants 1 2 3q q q, ,
 as the strengthening parameters. In order to 

better understand the quantitative range of GTN model parameters of different materials,through research 

literature, as shown in the following Table 3: 

Table 3: The GTN model parameters in the reference 

Author Material  1q
 2q

 3q
 N  

Ns  Nf
 0f  cf  ff

 
Schmitt, W. (1997) et al. 20MnMoNi55 1.5 1 2.25 0.3 0.1 0.002 0 0.06 0.212 

Ridha, Hambli. (2001) et 

al. 
Carbon steel 1.5 1 2.25 0.3 0.1 0.04 - - - 

Achouri, M. (2013) et al. HSLA 1.5 1 2.25 0.3 0.1 0.02 0.0015 0.08 0.13 

Springmann, M. (2005) 

et al. 
Carbon steel 1.5 1 2.25 0.3 0.1 0.01 0.001 0.01 0.15 

Kiran, R. (2014) et al. ASTM A992 1.5 1 2.25 0.2 0.1 0.02 0 0.03 0.5 

According to the literature research results, this paper selects 1 2 3 2.25q q q ==1. 5, =1,
 

Other damage parameters are generally determined by direct and indirect methods. In order to improve the 

accuracy of determining the parameters. In this paper, the finite element method and RSM experimental 

design are used to determine the value of damage parameters. Due to the excessive number of parameters, in 

order to accurately conduct the research, it was decided to reduce the number of parameters to be determined. 

The N Ns ,
values of 0.3 and 0.1 were determined through the above literature data, and the remaining four 

parameters were selected for research (Table 4). 

Table 4: Range of values of damage parameters 

Parameter Nf
 0f  cf  ff

 

Select range 0.021-0.06 0.002-0.005 0.018-0.052 0.036-0.1 

The remaining four parameters are calibrated using the RSM reverse analysis method based on the central 

composite design (CCD). The GTN damage model is used to describe the constitutive relationship of the 

material, and the predicted curve is consistent with the test curve, and the appropriate value of damage 

parameters can be found. In order to obtain a good prediction effect, the displacement under peak maximum 
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force ( 1R
) and peak maximum force ( 2R

) are selected as the response target. In addition, this paper chooses 

a quadratic polynomial regression model to fit the functional relationship between the response variable and 

the four influencing parameters, as shown in the formula: 
4 4 3 42

0

1 1 1 1

+i i ii ij i j

i i i j i

Y b b x b b x x
ix

= = = = +

= + +  
                (3.2) 

According to the experimental design (Table 5), each group is numerically simulated to obtain different 

response values. 

Table 5: Design scheme of damage parameters and response values 

 

The ANOVA method is used to evaluate the established quadratic polynomial regression model, and the 

analysis and summary are shown in the Table 6. 

Table 6: ANVOA analysis 

Response 1R
 2R

 

Regression P value  0.00002 0.0001 

2R  % 93.06 92.38 

All regression P values are less than 0.01, indicating that the model is statistically significant, the values of 
2R  are all higher than 90%, indicating that the model has a good level of regression. By analyzing the 

significance of the regression coefficients, a quadratic polynomial regression equation is established: 

1 0 0

2 2 2 2

0 0 0

707.35 11.46 7.22 27.99 4.85 22.05 2.96 2.94

12.86 2.81 1.14 42.70 10.73 14.61 7.60

n c f n n c n f

c f c f n c f

R f f f f f f f f f f

f f f f f f f f f f

= − + + + − − −

+ − + + − −
(3.3) 

2 0 0

2 2 2 2

0 0 0

0.275 0.0224 0.0482 0.0623 0.0709 0.0709 0.0252 0.0048

0.0446 0.0058 0.002 0.1512 0.0236 0.026 0.0194

n c f n n c n f

c f c f n c f

R f f f f f f f f f f

f f f f f f f f f f

= − + + + − − −

+ − + + − − −
(3.4) 

In order to solve the above regression equation, through MATLAB genetic algorithm, the appropriate damage 

parameters of DP780 steel at 673K are finally determined (Table 7).                               

Run Nf
 0f  cf  ff

 
Run Nf

 0f
 

cf
 

ff
 

1 0.021 0.002 0.052 0.1 15 0.06 0.002 0.052 0.1 

2 0.06 0.002 0.018 0.036 16 0.06 0.005 0.052 0.1 

3 0.0405 0.0035 0.035 0.068 17 0.021 0.005 0.052 0.036 

4 0.06 0.002 0.018 0.1 18 0.06 0.005 0.018 0.036 

5 0.06 0.002 0.052 0.036 19 0.0405 0.0035 0.001 0.068 

6 0.06 0.005 0.018 0.1 20 0.0405 0.0065 0.035 0.068 

7 0.021 0.002 0.018 0.036 21 0.0405 0.0005 0.035 0.068 

8 0.021 0.005 0.052 0.1 22 0.0405 0.0035 0.035 0.132 

9 0.06 0.005 0.052 0.036 23 0.0405 0.0035 0.035 0.068 

10 0.021 0.005 0.018 0.1 24 0.0405 0.0035 0.035 0.004 

11 0.0405 0.0035 0.035 0.068 25 0.0795 0.0035 0.035 0.068 

12 0.021 0.002 0.018 0.1 26 0.0015 0.0035 0.035 0.068 

13 0.021 0.005 0.018 0.036 27 0.0405 0.0035 0.035 0.068 

14 0.021 0.002 0.052 0.036 28 0.0405 0.0035 0.069 0.068 
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Table 7: Damage parameter values 

The curve obtained by numerical simulation using the appropriate damage parameters obtained above is 

compared with the test curve (Fig.3). The maximum error is 5.2%, indicating that the damage parameters 

calibrated by the finite element method are accurate. 

 

Figure 3: Comparison between simulated force-displacement curve and experimental force-displacement 

curve at 673k 

4. FLC curve at 673K 

In order to predict and verify the forming limit, the finite element models of expansion test and tensile 

bending test are established. Through the damage parameters calibrated in the previous section, the VUMAT 

subroutine considering GTN damage is embedded into ABAQUS for numerical simulation. 

      

(a)                        (b) 

Figure 4: (a) Drawing of bulging die and sample and (b) Drawing of tensile bending test mould and sample 

 

4.1 Numerical Simulation 

In order to determine the forming limit curve of DP780 dual phase steel with different thickness under 673k 

condition according to GTN damage model, numerical simulation tests were carried out on samples with 

thickness of 0.8mm, 1.0mm, 1.2mm, 1.6mm and 2.0mm respectively according to the above determined GTN 

damage model parameters. The numerical simulation results are shown in the figure below (taking 1mm as an 

example). 

temperature Nf  
0f  

cf  ff  

673K 0.036 0.004 0.026 0.065 
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Figure 5: Numerical simulation diagram of principal strain in bulging test 

 

 
Figure 6: Numerical simulation diagram of secondary strain in bulging test 

Extract the ultimate primary and secondary strains when the sample is broken in the simulation, draw the FLC 

curve according to the ultimate maximum primary strain and secondary strain, and obtain the 0.8mm, 1.0mm, 

1.2mm, 1.6mm and 2.0mm DP780 steel forming limit curve and 0FLC
 values at different thicknesses. 

 

Figure 7: Forming limit curve and 0FLC
 value of DP780 sheet with different thickness at 673k 
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Passing the partial bulge test with a thickness of 1mm and 1.5mm, the primary and secondary strains of the 

measured specimen are compared with the numerical simulation results (Fig.7), and the maximum error is 

found to be 5.63%. It shows that the forming limit curve of 673K DP780 dual-phase steel obtained by 

numerical simulation can be used for fracture failure prediction. 

In order to make the application of forming limit curve more convenient, according to the numerical 

simulation results, the 673K forming calculation model of DP780 dual-phase steel is established, that is, it is 

assumed that the left tension-compression zone of the forming limit curve is a straight line, and the right 

tension-tension zone is an exponential growth mode. The mathematical expression is as follows: 

2

1 2 2

5.56

1 2

0.302 0.358

0.302

- , 0

0.054 , 0ε

ε ε ε

ε ε−

= 


= +  e
 

             (4.1) 

Where 1ε is the principal strain, 2ε  is the secondary strain. 

0FLC
is the limit strain point of the forming limit diagram curve. The stress state under the strain path 

corresponding to the ultimate strain point is a pure shear state. Through Zhu Hongchuan, (2017) et al. It is 

known that 0FLC
 is suitable for the judgment of sheet metal forming under 2mm. According to the above 

numerical simulation, the relationship between the 0FLC
point and the hardening index n of the DP780 sheet 

with different thicknesses is determined. 

0 2.782 0.04 0.187FLC n t= + −
          

2t mm
             

  (4.2) 

 4.3. Forming limit curve application 

At the temperature of 673k, using the FLC curve obtained in the previous section, the tensile bending 

simulation with punching fillet radius of 5mm and bending depth of 15.5mm was carried out (Fig.4.(b)), and 

the corresponding tests were carried out. The example results are shown in Fig. 8. 

 
Figure 8: Tensile bending test results and numerical simulation results 

Through the test, it can be seen that the specimen with a tensile-bending depth of 15.5mm appears to be 

broken, the broken position is off-rounded to the lower side wall, and a certain degree of necking occurs, 

which is consistent with the numerical simulation results. Therefore, the formation limit curve of DP780 at 

673k simulated by the GTN damage parameters inversely calibrated by finite element can accurately predict 

the formation of DP780. 

 

5. Conclusion 

In this paper, the mechanical property parameters of DP780 dual phase steel and the damage parameters of 

GTN model at 673k are calibrated by RSM experimental design, unidirectional tensile test and numerical 

simulation. Using the GTN damage model parameters obtained by finite element back calibration as the 

failure criterion, the forming limit curves of DP780 dual phase steel with different thickness at 673k 

temperature are drawn and verified by a small number of tests. The relationship between flc0 and thickness 

and the prediction equation of FLC curve are established. Finally, through the tensile bending test, it is 
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verified that the damage parameters of the finite element inverse standard GTN model can be used to study 

the forming limit of DP780 at 673k.The main conclusions of this research are: 

The hardening coefficient K and hardening exponent n of DP780 steel at 673K were determined by uniaxial 

tensile test of DP780 dual-phase steel. The damage parameters of the GTN model were determined by the 

response surface method (RSM). The damage parameters of the GTN model 0c f Nf f f f, , ,
 at 673K were 

0.082, 0.176, 0.0016, and 0.03, respectively. The numerical simulation is compared with the experimental 

results, and it is found that the calibrated parameters have good applicability. 

(2) The finite element simulation software ABAQUS was used to embed the VUMAT subroutine based on 

the GTN damage criterion to carry out the numerical simulation of the bulging test at 673K. For verification, 

the maximum error is 5.63%, which indicates that the forming limit model considering GTN damage is 

suitable. Through numerical simulation and data processing under different thicknesses, the formula of 

forming limit curve is fitted, and the determination method of 0FLC
 is given. It is verified that the damage 

parameters of the finite element inverse standard GTN model can be used to study the forming limit of DP780 

at 673k, which provides a reference for the warm stamping process of DP780 dual phase steel. 
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