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Abstract 

 

In the process of the ductile failure of steels three phases can be distinguished: voids nucleation, 

growth, and their coalescence leading to the initiation of a micro-crack. The initiation and the further 

propagation of the micro-crack are mainly influenced by the amount, size and distribution of 

inclusions or precipitations as well as by imperfections of the lattice structure. The ductile failure is 

accompanied by large plastic deformation and significant strain gradients in the loaded material. 

Therefore, for the numerical simulation of ductile damage mechanisms a precise description of the 

material plasticity and an exact definition of the failure criterion are required. In the recent years 

many different damage mechanics models have been developed, which can be basically classified 

into coupled and uncoupled models. The models of the first group consider the effect of the 

accumulated damage in the form of the constitutive equations. For the uncoupled models a critical 

loading condition responsible for the appearance of fracture has to be defined.  

 

In the frames of this work a coupled damage mechanics model has been derived from the 

combination of different types of damage approaches and utilized for the numerical simulation of 

the ductile failure behavior. The main feature of the applied model is that it considers the influence 

of stress triaxiality, defined as the ratio of pressure over the equivalent stress, and of the Lode angle, 

related to the third invariant of the deviatoric stress tensor, on the hardening behavior. Furthermore, 

a new definition of the onset and the progress of damage in the material has been introduced. In 

order to indicate, when the damage starts to play a role in the failure process, the micro-crack 

initiation was estimated using the direct current potential drop (DCPD) method. Further numerical 

simulation allowed for the determination of the crack initiation locus. The consecutive 

microstructure degradation was described using a dissipation-energy-based damage evolution law. 

This approach was implemented into ABAQUS/Explicit by means of a user’s material subroutine 

(VUMAT).  

 

The ductile failure behavior was experimentally and numerically investigated in the ferritic steel 

22NiMoCr3-7. The procedure used for the calibration of the material parameters and for the 

estimation of the crack initiation locus is presented. 

 



Introduction  
 

In the design of constructions the ductile failure behavior is preferable to brittle failure behavior due 

to significant plastic deformation before the final fracture. The mechanism of this failure type is well 

known and comprises the voids nucleation, their growth to the critical size and final coalescence 

leading to the initiation of a micro-crack. All these stages depend strongly on the material properties 

and its microstructure as well as on the external conditions like temperature or strain rate. Although 

the experimental investigation of the ductile failure behavior is quite easy, the numerical simulation 

of the failure processes requires a precise description of the material plasticity and an exact 

definition of the failure criterion.  

In the recent years many different damage mechanics models for the simulation of ductile failure 

behavior have been developed. Two groups of models can be distinguished. Models of the first 

group consider the effect of the accumulated damage in the form of the constitutive equations. The 

most known model was independently developed by Gurson [1] and Tvergaard and Needleman [2]. 

The constitutive equation for the yield potential was derived for porous materials. In this equation 

the void volume fraction was implemented as the damage indicator. Further modifications 

considered the accelerated process of coalescence after reaching a critical void volume fraction [3]. 

In the models of the second group critical loading conditions, which led to the failure of material, 

were introduced. Apart from the equivalent plastic strain, the effect of hydrostatic pressure (stress 

triaxiality) and Lode angle on the flow potential played an important role. The scientific findings 

from the last few years show that these both quantities should be considered for the precise 

description of plasticity, especially of the real materials [4-8]. 

For the safe design of steel constructions both strength and toughness assessments are usually 

applied. However, the conventional standards of the strength assessments consider only the local 

material plasticity, represented by the yield strength. In order to utilize the whole potential of the 

material capacity strain-based assessments are an alternative to the conventional designing rules [9-

10]. The modeling approach presented in this work allows for the description of ductile failure 

behavior and contributes to the further development of the strain-based concepts. 

 

 

Damage mechanics model 

 

The model for the simulation of ductile fracture applied in this paper has been derived from the 

combination of different types of damage approaches. It is based on the formulations given by Bai 

and Wierzbicki [11], which include the effect of the following two factors: stress triaxiality η 

(pressure dependence) and the Lode angle Θ (related to the third invariant of the stress deviator) in 

the constitutive description of the material. The yield potential function proposed by Bai and 

Wierzbicki is given by Eq. 1. 
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For the estimation of the basic flow curve σ(εp) a reference test (for example tensile, upsetting or 

torsion test) can be chosen arbitrarily, however, the selected test type determines the further 

procedure for the parameter calibration. This curve is corrected by two terms, which consider the 

effect of stress triaxiality and Lode angle on the yield potential. The stress triaxiality η is defined as 

a ratio of hydrostatic pressure to the equivalent stress. The Lode angle θ describes the location of the 



yielding point in the deviatoric plane and can be expressed as normalized Lode angle Θ’ or as the 

parameter γ according to Eq. 2-4.  
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The yield potential given by Eq. 1 describes the stress state through the stress triaxiality and Lode 

angle. In order to find the moment when the damage contributes to the failure process, different 

empirical approaches can be applied. In the models known from the literature [12-16] the strains at 

the fracture point are usually included in the damage description. The model presented in this paper 

utilizes the micro-crack initiation as the onset of the damage process. Furthermore, in order to 

consider the damage-induced softening of a material a damage evolution low based on the energy 

dissipation is implemented. A damage indicator D characterizes the accumulated damage and 

reaches a critical Dcr value at the final fracture.  

Another innovative component of the proposed model is a new definition of the influence of strain 

rate and temperature on the yield potential. The description of the strain rate impact covers the 

mechanisms of dislocation slip as well as the dislocation damping, so that this model can be applied 

to very high strain rates typical for impact loading conditions. The implementation of temperature 

effect allows for the simulation of Charpy tests at different temperatures. The yield criterion used in 

the developed model and the definition of D variable are given respectively by Eq. 5 and 6.  
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The symbols used in Eq. 6 have the following meanings: L is the characteristic length of the 

element; Gf describes the energy needed to open a unit area of a crack and σyld corresponds to the 

value of the yield stress at the onset of damage. The damage indicator D starts to play a role in the 

moment of a micro-crack initiation, when the strain reaches a value εi. The final fracture occurs at 

the strain εf. 

The description of ductile failure behavior using the presented model requires calibrating of the 

following parameters: 



c1
ε
, c2

ε
, c3

ε
 – influence of strain rate, 

c1
T
, c2

T
, c3

T
 – influence of temperature, 

η0, cη – influence of stress triaxiality, 

cθ
s
, m, cθ

ax
 – influence of Lode angle (cθ

ax
 = cθ

t
 or cθ

c
 depending on loading conditions), 

Dcr, Gf – description of damage evolution.  

A detailed description of the particular parameters can be found in [17, 5]. 

 

 

Investigated material 

 

For the study of the ductile failure behavior a reactor pressure vessel steel 22NiMoCr3-7 was 

utilized. Its chemical composition is given in Table 1. Mechanical properties of this ferritic steel 

were determined in tensile tests with a smooth bar specimens according to DIN EN 10002; they are 

listed in Table 2. 

 

Table 1: Chemical composition of steel 22NiMoCr3-7 (mean mass contents in %) 

C         Si                 Mn                 P              S               Cr                 Mo                 

0.20 0.20 0.91 0.005 0.002 0.40 0.49

Ni                 Al               Nb                Cu                Ti                V               Co

0.802 0.017 0.002 0.034 0.001 0.005 0.010  
 

Table 2: Mechanical properties of the reactor pressure vessel steel 22NiMoCr3-7 
upper yield 

strength 

ReH

lower yield 

strength 

ReL

tensile 

strength 

Rm

uniform 

elongation 

Ag

total 

elongation 

A5

[MPa] [MPa] [MPa] [%] [%]

448.5 430.5 582.5 11.2 27.2
 

 

 

Calibration of material parameters and estimation of crack initiation locus 

 

The basic flow curve was estimated in tensile test with smooth bar specimens (reference test) and 

extrapolated using Hollomon equation. Because the tensile test was chosen as the reference test, the 

parameters η0 and Cθ
t
 equal to 0.33 and 1.00, respectively [11]. In the next step the parameters 

describing the influence of stress triaxiality and Lode angle were calibrated. For this purpose tensile 

tests with notched round bar and plane strain specimens as well as upsetting tests with notched 

round bar samples were carried out. The numerical simulation of these results and the comparison of 

the experimental and numerical simulation results allowed for the estimation of the following 

parameters: Cη = 0.00, Cθ
s
 = 0.95, Cθ

c
 = 1.00 and m = 5.00. It should be emphasized that for the 

investigated steel the influence of the hydrostatic pressure on the flow potential is insignificant. 

Based on these material parameters the crack initiation locus could be estimated.  

 

The ductile crack initiation locus defines the critical strain ε, stress triaxiality η and Lode angle θ at 

the moment of the crack initiation. The variation of samples geometries leads to the different stress 

states in the stressed body, so that different sample types are necessary for the proper estimation of 

this locus. In the present work 3 different notched round bar and 3 notched plane strain specimens 

were investigated. In order to estimate the initiation of a micro-crack, a direct current potential drop 

(DCPD) method accompanied the performed tests. This approach is widely used in fracture 



mechanics and is based on the change of electrical potential as a consequence of decreasing cross 

section caused by the presence of a micro-crack. The following numerical simulations of the 

performed tests allow for the determination of critical values of strain, stress triaxiality and Lode 

angle at the moment of crack initiation. Based on these results a symmetrical crack initiation locus 

was calculated using the least squares approach and is presented in Fig. 1.  

 

 
Fig. 1: Crack initiation locus curve for steel 22NiMoCr3-7 

 

The results of the experiments with notched round bar samples were used for the calibration of D 

and Gf parameters, which describe the damage evolution in the material after initiation of a micro-

crack. Fig. 2 shows exemplary force-displacement responses at different steps of parameter 

calibration for the notched round bar specimen (R=1.5 mm). The simulation curves show clearly the 

influence of the third invariant of the stress deviator (Lode angle), the crack initiation and damage 

evolution. The best results were achieved using the above mentioned parameters as well as for 

Dcr = 0,10 and Gf = 300. At the present stage of the model development the parameters, which 

describe the influence of temperature and strain rate on the yield potential, are being still estimated. 

 

 
Fig. 2: Force-displacement curves for notched round bar specimen (R=1.5 mm) 

 



 

Preliminary model validation 

 

The presented model was validated by the simulation of the shear tests and tensile tests with notched 

plane strain specimens. The first result showed that for the damage indicator Dcr = 0,10 some 

differences in the estimation of the final fracture between experiment and simulation appeared. For 

the plane strain samples the final fracture occurred earlier in the experiment than in the simulation. 

The opposite behavior was observed for the shear samples. This could result from the definition of 

the damage evolution after crack initiation, which does not consider the influence of the stress state. 

The simulation and experimental results of the shear test, which was not involved in any parameter 

calibration, are presented in Fig. 3. The simulation result was obtained for Dcr = 0,70 and shows a 

good agreement with the experiment.  

 

 
 

Fig. 3: Experimental and simulation results of the shear test. 

 

 

Conclusions 

 

The performed scientific work leads to the following conclusions:  

- In the presented procedure of the parameter calibration the influence of Lode angle, the crack 

initiation and damage evolution on the flow potential has been evidenced. 

- The flow potential of the investigated material shows extremely small dependence on the 

hydrostatic pressure. 

- Further improvement of the model is focused on redefinition of the damage evolution law in 

order to achieve better estimation of the final fracture. 
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