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ABSTRACT 

In sheet metal forming processes, tearing problems might be occasionally encountered due to many 

reasons such as incorrect forming parameters. The trial and error methods that are used to solve such 

problems, on many occasions, are time-consuming and inefficient in terms of finding the correct 

forming parameters or die design for the forming process. The finite element analysis method, on the 

other hand, can be used as a tool that is both time and cost-saving. However, in order to effectively 

exploit the use of finite element analysis in sheet metal forming operations, the material that is used to 

be formed needs to be well characterized in terms of its hardening behaviour and failure criteria. In 

this study, a TRIP-aided DP steel (DH780) has been tensile tested in three different deformation 

conditions (uniaxial, plane stress and shear) and the parameters of its hardening model (Hollomon) 

and failure criteria (Modified Mohr-Coulomb) have been determined. According to the simulation 

results, obtained hardening parameters are able to describe the flow behaviour of the steel and the used 

failure criterion is able to predict the experimental failure correctly in each deformation condition.  
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DH780 Çeliği için Modifiye Edilmiş Mohr-Coulomb Hasar Model 

Parametrelerinin Belirlenmesi  
 

ÖZ 
Sac metal malzemelerin şekillendirilmesinde uygulanılan prosesler sırasında karşılaşılan çeşitli hata veya 

kusurlar üretim maliyetini ciddi seviyelerde arttırmaktadır. Metal şekillendirme prosesinin sonlu elemanlar 

aracılığı ile önceden analiz edilmesi, üretimde deneme yanılma sayılarını ciddi oranda azaltıp, üretim maliyetinin 

önemli bir seviyede düşmesine yardımcı olmaktadır.  Bu bağlamda, sonlu elemanlar analizlerinde deneysel 

sonuçlara yakınsamanın sağlanması için analizlerde malzemenin plastik davranışını tanımlayan akış modelinin 

ve aynı zamanda hasar tespiti için yararlanılan hasar modellerinin doğru bir şekilde tanımlanması ve 

parametrelerinin optimize edilmesi gerekmektedir. Bu çalışmada DH780 çelik malzeme için üç farklı 

deformasyon durumundaki (Kesme, tek eksenli çekme ve saf gerinim) numuneler çekme testine tabii 

tutulmuştur. Elde edilen verilerden yararlanılarak, Hollomon sertleşme modelinin ve modifiye edilmiş Mohr 

Coloumb hasar modellerinin parametreleri belirlenmiş ve optimize edilmiştir. Analiz ortamında yapılan çekme 

testlerinin sonuçları deneysel verilerle karşılaştırıldığında sonuçlar arasında yüksek oranda bir uyumun 

sağlandığı gözlemlenmiştir. 
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I. INTRODUCTION 
 

Sheet metal forming methods involve stretching or drawing of sheets by a punch into a desired shape 

through a counter die [1]. However, even small changes in the forming parameters such as die radius, 

the amount of blankholder force, drawing bead design and etc. can have a significant impact on 

whether the forming process will be successful or not [2]. Hence, optimizing the forming parameters 

through trial and error method might cause significant waste both in time and cost [3]. Implementing 

the Finite Elements Method (FEM) in the forming processes, can drastically improve the forming 

process since it allows to visualize the problems and let the related parameters to be changed earlier in 

the die design process [3].  

 

In order to use FEM effectively to observe the possible forming problems, it is required to well 

characterize the forming sheet metal [4]. The hardening model of the sheet metal is one of the most 

important parameters that is essential to correctly determine since it describes how the sheet metal 

flows during a forming operation. Hollomon, Swift, Fields & Backofen and Voce are some examples 

of isotropic hardening models that are commonly used in sheet metal forming simulations [5]–[10]. 

Depending on the flow behaviour of the sheet metal, the hardening model needs to be selected 

accordingly and its parameters need to be optimized. For some materials, the flow resistance might be 

different along the rolling direction (RD), diagonal direction (DD), and transversal direction (TD) of 

the sheet metal, which is called anisotropy [11], [12]. The anisotropic behaviour can cause an earing 

profile in the drawn sheet metals, changing the height of the drawn shapes to be different along the 

different directions of the sheet metal [13], [14]. For such materials, a kinematic hardening model may 

need to be selected and their parameters need to be optimized in order to visualize the correct flow 

behaviour of the sheet metal [15], [16]. To visualize the regions, where the sheet metal is likely to 

suffer from critical damage, in FEM simulations, it is necessary to implement a failure criterion for the 

defined sheet metal. Forming Limit Diagram (FLD) is one of the most known popular failure criterion 

that is used in FEM simulations [17]–[19]. FLD is simply a diagram which separates the safe straining 

zone from the critical straining zone, where the splitting occurs. By defining the FLD in the FEM 

simulation, critical zones in the sheet metal can be observed during a forming simulation. However, 

this method requires excessive amounts of tests in order to fully create a FLD [20]. Additionally, the 

accuracy of the FLD lowers for forming processes in which the strain path changes [21]. In order to 

overcome the inaccuracy related to the strain path changes in FLD, stress-based FLD methods can be 

used [22], [23].  

 

Damage models are used to predict the onset of fracture in the sheet metal by relating various 

parameters such as hydrostatic stress, stress triaxiality, lode angle, etc. to the failure strain [24]. In its 

un-deformed state, the damage variable, D, in the sheet metal is assumed to be zero, D=0. As the 

forming process progresses, the damage accumulates in the sheet metal and if it reaches unity, D=1, or 

a critical damage value D = Dcritical, the fracture takes place [24]. The damage variable can either be 

coupled or uncoupled to the strain hardening curve of the sheet metal [25], [26]. In coupled models, 

the damage variable affects the strain hardening curve and deteriorates the strain hardening of the 

sheet metal, while in uncoupled models the damage variable does not affect the strain hardening of the 

sheet metal and the damage accumulates independently from the strain hardening. While coupled 

models are more accurate in their prediction capabilities, the implementation of the uncoupled damage 

models and the determination of their parameters are much easier as compared to the coupled damage 

models [26]. Johnson Cook [27], Modified Mohr-Coulomb [28], Hosford-Coulomb [29], Lemaitre 

[30], Cockroft-Latham [31], and Gurson [32], are some examples of damage models that can be 

implemented in FEM simulations. Each model consider damage variable in terms of different 

material-dependent or independent parameters. For example, Johnson Cook model considers the 

effects of stress triaxiality, strain rate and temperature [27], Modified Mohr-Coulomb and Hosford-

Coulomb models consider the effects of stress triaxiality and lode angle [28], [29], Lemaitre model 

considers the critical damage in uniaxial tension test [30], Cockroft-Latham model considers the 

maximum principal stress [31], Gurson model considers the void volume fractions [32]. Depending on 
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how these parameters affect the formability of the sheet metal, the most feasible damage model can be 

selected.  

 

In this study, a TRIP-aided DP steel (DH780) has been tensile tested in terms of three different 

deformation modes (uniaxial, plane stress and shear) in order to test the material in three different 

stress triaxiality and lode angles. The flow curve in uniaxial tension and the elongation values in three 

different deformation modes have been used to obtain the parameters of the Hollomon hardening 

model and the Modified Mohr-Coulomb damage models. Tensile test simulations have been carried 

out in order to validate the hardening and damage model parameters.  

 

II. EXPERİMENTAL METHODS 
 

2.1. MATERIAL   

 
In this study, DH780 TRIP-aided DP steel in 1.9 mm thickness was used. The microstructure of the 

steel consists of ferrite, martensite, bainite and retained austenite structures [33]. The chemical 

composition of the steel is given in Table 1 [34]. Uniaxial, Plane Stress and Shear test specimen 

geometries were cut from the sheet metal by water jet cutting method. The dimensions of the cut 

specimens are shown in Figure 1. Zwick/Roell uniaxial tension machine was used to test each 

samples. The test speed was 25 mm/min for each test samples. A strain extensometer with a gauge 

length of 50 mm was used to record the strain changes in the samples.  

 

Table 1. The chemical composition of DH780 steel [34] 

 

C Si Mn P S Al Nb Cr Ti Cu Ni Mo V 

0.159 0.301 1.83 0.018 0.003 0.668  0.002 0.242 0.005 0.022 0.036 0.039 0.007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  

Figure 1. The dimensions of the a) uniaxial, b) shear and c) plane stress test specimens 

 

 

 

 

a) 

b) 
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2.2. HARDENING AND DAMAGE MODEL 

 
The Hollomon hardening model was used in the simulations to predict the flow behaviour of the sheet 

metal. Hollomon hardening model is a model that is frequently used for its simplicity to predict the 

flow behaviour of sheet metals at room temperatures. The hardening model is given in Equation 1. The 

hardening parameter, K, and the strain hardening exponent, n, is found from the slope of log true strain 

and log true stress curve as given in Equation 2. and shown in Figure 2.  

 

𝜎 = 𝐾𝜖𝑛  (1)  

 

log 𝜎 = 𝑛 log 𝜖 + log 𝐾  (2) 

 

where 𝜎 is equivalent stress.  

 

 
Figure 2. The slope of Log true strain and log true stress graph of DH780 steel  

 

Modified Mohr-Coulomb (MMC) damage model was used to predict the onset of fracture for the sheet 

metal.  MMC damage model considers the effects of stress triaxiality and the lode angle parameter on 

the formability of sheet metal to predict the onset of fracture. The stress triaxiality is known as one of 

the important factors impacting the ductility of sheet metals, especially under high stress triaxiality 

values. However, in recent studies, it has been shown that under low stress triaxiality values lode angle 

parameter has a significant effect on the ductility of sheet metals [35]. Geometrically, the lode angle 

can be described as the smallest angle in between the pure shear stress state and the projection of the 

stress tensor on the deviatoric plane. The lode angle value ranges in between 0° < 𝜃 < 60° and the 

normalized lode angle parameter −1 < 𝜃̅ < 1. In case of uniaxial, plane stress and shear stress states, 

the lode angle parameter, respectively, takes the values of 1, 0 and 0 [35]. The formulations of the 

stress triaxiality, lode angle, normalized lode angle or lode angle parameter, and the MMC damage 

model are given in Equations 3-6., respectively.  

 

𝜂 =  
𝜎𝑚

𝜎𝑣𝑀
  (3) 

 

𝜃 =
1

3
arccos(𝜁)  (4) 

 

𝜃 = 1 −
6𝜃

𝜋
= 1 −

2

𝜋
arccos(𝜁)  (5) 

where 𝜂, 𝜎𝑚 and 𝜎𝑣𝑀 respectively represent the stress triaxiality, mean stress and von misses stress, 𝜃, 

𝜁, and 𝜃 represent the lode angle, normalized deviatoric invariant and lode angle parameter, 

respectively.  
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𝜖𝑓̅ = {
𝐴
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6
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6
))}

−
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𝑛

  (6) 

where 𝜖𝑓̅ represent the failure strain, the parameters A and n represent the parameters in the hardening 

model, c1 describes the dependency of fracture strain on the triaxiality, c2 influences the height of the 

fracture surface, 𝐶𝜃
𝑠 describes the amount of lode angle dependency of the fracture surface, 𝐶𝜃

𝑎𝑥 

controls the asymmetry of fracture surface with respect to lode angle parameter and is taken as 1 for 

𝜃 > 0.  

 

2.3. FINITE ELEMENT ANALYSIS MODEL 

 
In this study, Simufact Forming 2023.2 was used to simulate the tensile tests. Test specimen 

geometries and the grips that are used to hold the specimens were exported to the software as shown in 

Figure 3. Specimens were meshed with sheet meshes in 0.87 mm size, meshes in the gauge sections of 

the specimens were refined by two times to create a fine mesh geometry. The through-thickness 

direction of the specimens was discretised by three mesh elements. Glue type contact was used in 

between the grips and the specimens. The upper grip, holding the specimen, was used to stretch the 

specimens at 25 mm/min velocity.  

 
 

 
Figure 3. Simulation model used in the analysis for a) uniaxial, b) plane stress, c) shear specimens 

 

 

III. RESULTS AND DISCUSSIONS 
 

3.1. HOLLOMON HARDENING MODEL 
 

A hardening model is used to predict the flow behaviour of sheet metal. Thus, its correct input is 

essential to simulate the real sheet metal flow during the forming operation. The initial values of the 

hardening parameters that are obtained through Figure 2., may not directly result in true flow 
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behaviour. Thus, it is necessary to use the reverse analysis method to find the optimum hardening 

parameters that represent the flow behaviour of the sheet metal. In order to evaluate the fitness of the 

hardening model, tensile test experiments are conducted in the FEM simulations and the obtained 

force-displacement curves are compared with the experimental values. The obtained hardening model 

parameters are as follows: K= 1305, n= 0.166, and the comparison graphs of the simulated and the 

experimental force-displacement curves are shown in Figure 4. It can be seen that the Hollomon 

hardening model that is implemented in the simulation is sufficient to accurately predict the flow 

behaviour of DH780 steel for uniaxial, plane stress and shear test specimens.  

 

 

 
 

 

 

 
 

 
Figure 4. The force-displacement curves for a) uniaxial, b) plane stress and c) shear test specimens 

 

3.2. MMC DAMAGE MODEL 

 
Damage models in FEM analysis are used to inspect the regions in the sheet metal where the failure is 

likely to occur. In many studies, it is mentioned that the stress triaxiality and the lode angle have a 

significant effect on the formability of sheet metals [36], [37]. Thus, in this study, the MMC damage 

model, which considers the effects of stress triaxiality and lode angle, is used to determine its 

parameters for DH780 steel. For this reason, FEM simulations have been carried out for uniaxial, 

plane stress and shear test specimens and the critical elements, which the crack first initiates, have 

been tracked to determine the critical strain, average stress triaxiality and the lode angle parameters. 

The variation of the lode angle parameter in uniaxial, plane stress and shear specimens at the critical 

element has been shown in Figure 5. It can be seen that the lode angle parameter value for the uniaxial 

specimen has been 𝜃 = 1, while the values for plane stress and shear specimens have varied around 

𝜃  ≈ 0. The variation of the stress triaxiality values in uniaxial, plane stress and shear specimens at the 

Displacement, mm

0 2 4 6 8 10 12 14 16

F
o
rc

e,
 k

N

0

5

10

15

20

25

Experimental
FEM

Displacement, mm

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

F
o

rc
e,

 k
N

0

5

10

15

20

25

Experimental
FEM

Displacement, mm

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

F
o
rc

e,
 k

N

0

2

4

6

8

Experimental
FEM 

(b) (a) 

(c) 



2315 

 

critical element have been shown in Figure 6. It can be seen that the stress triaxiality value for the 

uniaxial specimen has been 𝜂 = 0.33, while the stress triaxiality values for plane stress and shear 

specimens have varied around 𝜂 ≈ 0.56 and 𝜂 ≈ 0, respectively. The average stress triaxiality, lode 

angle parameter and the critical strain values have been given in Table 2. Using the values in Table 2., 

the parameters of the MMC damage model have been obtained and the values have been optimized by 

the reverse analysis method. The optimised MMC damage model parameters and the fracture surface 

have been given in Table 3., and Figure 7., respectively.  The fractured simulation results in uniaxial, 

plane stress and shear modes have been shown in Figures 7, 8 and 9, respectively. The fracture 

initiation or the mesh separation has started at the centre of all the specimens. It is seen that the 

optimized MMC damage model parameters for DH780 steel have been able to accurately predict the 

onset of fracture in all the specimens.  

 

 
 

Figure 5. The variation of the lode angle parameter at the critical element in uniaxial, plane stress and shear 

tests. 
 

 
Figure 6. The variation of the stress triaxiality at the critical element in uniaxial, plane stress and shear tests.  
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Table 3. The optimized MMC damage model parameters used in the simulations. 

 

A n c1 c2 𝑪𝜽
𝒔  𝑪𝜽

𝒂𝒙 

1305 0.166 0.1526 735.648 1.0302 1 

 

 

 
Figure 7. The fracture surface of MMC damage model obtained for DH780 steel 

 

     
 
 

Figure 8. (a) The fracture image of the uniaxial test specimen and (b) the respective force-displacement curve 
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Figure 9. (a) The fracture image of the plane stress test specimen and (b) the respective force-displacement 

curve 

 
 
 
 

 
 

Figure 10. (a) The fracture image of the plane stress test specimen and (b) the respective force-displacement 

curve 

 
 
 

Displacement, mm

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
F

or
ce

, k
N

0

5

10

15

20

25

Experimental
FEM

Displacement, mm

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

F
o
rc

e,
 k

N

0

2

4

6

8

Experimental
FEM 

(a) 

(b) 

a) b) 



2318 

 

IV. CONCLUSION 
 

In this study, finite element analysis has been carried out to determine and calibrate the parameters of 

Hollomon hardening model and the Modified Mohr-Coulomb damage model for a TRIP-aided DP 

steel (DH780). The following conclusions can be drawn from the study:  

 

 The determined Hollomon hardening model parameters have been able to describe the flow 

behaviour of the DH780 steel for uniaxial, plane stress and shear test specimens.  

 

 The lowest elongation has occurred in the plane stress test sample.  

 

 The determined Modified Mohr-Coulomb damage model parameters have been able to predict 

the onset of fracture in all the tests.  

 

 Obtained MMC fracture surface has indicated that the effect of stress triaxiality has had a 

more prominent effect on the formability of DH780 steel than the lode angle parameter.  
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