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Abstract 

In this research, the Stewart-Cazacu micromechanics coupled damage model is extended and 

validated adding nucleation and coalescence models as new damage mechanisms. The Ti–

6Al–4V titanium alloy is chosen as a suitable hcp ductile material to be modeled using this 

extended damage law. The characterization of the damage evolution in this alloy is 

addressed throughout a quasi-static experimental campaign. Damage characterization relies 

on in-situ X-ray tomography data and Scanning Electron Microscopy (SEM) imaging 

technique. The validation procedure consists in the implementation into the finite element 

(FE) research software Lagamine of ULiège and in the comparison of numerical predictions 

and experimental results. Load-displacement curves and damage related state variables at 

fracture configuration from smooth and notched bar specimens submitted to tensile tests 



are analyzed. The nucleation and coalescence model extensions as well as an accurate 

elastoplastic and damage material parameter identification for Ti–6Al–4V samples are 

essential features to reach a validated model. The prediction capabilities exhibited for large 

strains are in good agreement with experimental results, while the near-fracture strains can 

still be improved. 
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1. Introduction 

Ductile fracture is known to be the result of the growth, nucleation and ultimate coalescence 

of microcavities driven by plastic deformation.1–4 Furthermore, the continuous increment of 

damage along large and near-fracture deformation states affects the overall mechanical 

response of the material, causing a reduction of the supported load in comparison with a 

non-porous material. The consideration of damage during certain metal forming processes, 

such as bending,  single point incremental forming (SPIF) or deep drawing, 5–9 is essential for 

correctly predicting the mechanical behavior and failure of the material. 

Based in the CPB06 yield criterion,10–16 a micromechanics mathematical approach carried 

out by J. Stewart and O. Cazacu resulted in the development of the SC11 damage law.11,17 This 

damage law is suitable for porous ductile metallic materials with hcp crystalline structure 

that exhibit orthotropy and strength differential (SD) effect. Damage is modeled in the form 

of void growth and allows predicting distortional hardening (DH) behavior and material 



softening by reducing the updated yield surface of the material along large and near-fracture 

strains. 

Due to their exceptional mechanical properties, titanium alloys have been a fundamental 

component in a wide variety of engineering solutions and critical applications.18,19 The Ti–

6Al–4V is currently the most widely used titanium alloy in the world.20 The relatively high 

cost of this alloy is compensated by its high strength to weight ratio, high corrosion 

resistance, weldability and biocompatibility. Ti–6Al–4V is present in a wide variety of key 

components in aeronautical, automotive, military and biomedical industries.20–25 Its 

crystalline structure at room temperature consists in a combination of two main phases : 

primary (α − Ti) structure, composed of hexagonal closed plackets crystals (hcp), and 

secondary (β − Ti) structure, based on body centered cube crystals (bcc).26 The 

experimentally observed mechanical behavior of this titanium alloy is complex, exhibiting 

orthotropy, SD effect and DH effect.12–14,27,28 FE simulations using the CPB06 yield criterion 

has been chosen for modeling Ti–6Al–4V mechanical behavior along large strains.10 

However, when near-fracture strains are reached, the DH effects are observed as an irregular 

evolution of the Ti–6Al–4V yield locus. In order to correctly predict near-fracture stress 

states, a series of different yield surfaces were identified at different plastic work levels, 

while the current yield surface of the material is calculated by linear interpolation 

technique.12–14,27 Although this method has proven to be accurate enough, its approach is 

based in a phenomenological depiction of a physical phenomenon. The SC11―TN 

micromechanics damage law extends the CPB06 formulation, based on the continuum 

modeling of a porous material. It assumes that the yield stress of the material is affected by 

number and size of cavities (pores) within the material.  



Several articles focused in micromechanics behavior of Ti–6Al–4V present valuable 

information related to the damage evolution and its effect on the mechanical behavior and 

ductile fracture of Ti–6Al–4V.29–33 Nucleation, growth and coalescence of micro-voids are 

characteristics of the damage mechanisms for positive stress triaxialities.1,2,8,34–39 Very low 

positive or negative stress triaxialities such as in pure shear and compression loads exhibit 

other predominant damage mechanisms such as the formation, rotation and enlarging of 

shear induced micro-cracks.40 In this work, the identification and validation of the SC11―TN 

extended damage model on smooth and notched Ti–6Al–4V bars with positive stress 

triaxiality loadings are presented. A micromechanics characterization of the damage 

evolution has been performed by an in-situ X-ray tomography imaging technique31 in 

conjunction with a new SEM image sampling over critical zones within Ti–6Al–4V sample 

submitted to near-fracture strains. These data were used to identify the ongoing damage 

mechanisms and the damage material parameters. 

2. Formulation of SC11―TN damage law 

Based on continuum mechanics principles, the analytical formulation of SC11 damage law is 

presented in Equation 1. It is generated from a continuum macroscopic extrapolation of a 

micromechanics analysis of an hcp metallic material cell surrounding a spherical hollow 

void.11,17 The yield locus is defined by: 

Φ(𝛔, 𝜖̅𝑝) = [
Σ̅CPB06

𝜎𝑦
]
2

+ 2𝑞1𝐷𝑐𝑜𝑠ℎ [
3𝑞2(Σ𝑚−𝑋𝑚)

ℎ𝜎𝑦
] − 1 − 𝑞3𝐷

2 = 0  (1) 

 

where Σ̅CPB06 is the macroscopic CPB06 yield stress, σy is the current yield stress calculated 

through a defined isotropic hardening law, Σm and Xm are respectively the hydrostatic 



components of the corrected stress and backstress tensors, h is the hydrostatic coefficient, D 

is the total porosity ratio and qi are parameters proposed by Refs.17,37,41 for adjusting the 

damage evolution to account for the effects of non-spherical voids evolution. 

The CPB06 equivalent stress is calculated as:  

            (2) 

 

 

where Σi and Xi are respectively the eigenvalues of the corrected deviatoric stress tensor 

defined through material orthotropic parameters and the backstress tensor defined by the 

Armstrong-Frederick kinematic hardening law.42 k is the asymmetry parameter for 

accounting the SD effect, a is the degree of homogeneity, and �̃� is a constant that transforms 

the CPB06 equivalent stress into the CPB06 yield stress in the direction where the isotropic 

hardening law was identified, i.e., the direction where the yield stress σy is calculated. While 

the backstress tensor is calculated by means of a properly defined kinematic hardening law, 

the eigenvalues of the corrected stress tensor are calculated from the stress tensor as shown 

in Equation 3: 

Σ𝑖 = (𝐿𝑖𝑗𝑚𝑛𝑇𝑚𝑛𝑘𝑙𝜎𝑘𝑙)𝑖𝑖    (3)  

 

where Lijmn is the 4th order tensor of material orthotropic parameters defined in Cazacu 

law,10 Tmnkl is the 4th symmetric deviatoric unit transformation tensor, and σkl is the stress 

tensor. The symmetric 4th order tensor of material orthotropic constants is presented in 

Voigt notation in Equation 4: 

 

Σ̅𝐶𝑃𝐵06 = �̃� {∑[(Σ𝑖 − X𝑖) − 𝑘|Σ𝑖 − X𝑖|]
𝑎

3

𝑖=1

}

1
𝑎

 



 

            (4) 

 

 

 

In its original form, SC11 considers the total porosity ratio to be the result of only the growth 

of voids initially contained within the matrix material. The growth of voids is known to be 

the consequence of the volumetric component of the velocity gradient, and is highly related 

to the triaxiality. The phenomenological growth model is presented in Equation 5, where 

𝑓�̇� is the increment rate of the porosity ratio due to voids growth and �̇�𝐩 is the plastic strain 

rate tensor of the continuum damage model. This incremental void growth formulation has 

been widely used and accepted for a variety of coupled damage laws.35,37,41 

�̇�𝑔 ≈ (1 − 𝑞1𝐷)𝑡𝑟(�̇�
𝐩)     (5) 

 

In order to include the nucleation and coalescence of voids as damage mechanisms within 

this damage law, the phenomenological nucleation and coalescence models of Tvergaard & 

Needleman are implemented.41 Hence resulting in the SC11―TN extended damage model, 

where the total porosity ratio D is considered to be the result of growth, nucleation and 

coalescence of voids. The mathematical formulation for modeling the nucleation of voids is 

given in Equation 6, following a macroscopic statistical approach acknowledging a normal 

distribution in the onset of voids,4 where FN, SN and ϵN are the material parameters.  

𝑓�̇� =
𝐹N

𝑆N√2𝜋
exp [−

1

2
(
�̅�𝑝−𝜖N

𝑆N
)
2

] 𝜖 ̅̇𝑝    (6) 
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The coalescence of cavities is modeled as an increment in the slope of the porosity ratio curve 

ruled by Equation 7, where fU is the ultimate porosity ratio, fF is the fracture porosity ratio 

and fcr is the critical porosity ratio defining the threshold to start coalescence.  

𝐷 = {
𝑓 = 𝑓𝑔 + 𝑓𝑛                    𝑖𝑓     𝑓 ≤ 𝑓cr

𝑓cr +
(𝑓U−𝑓cr)(𝑓−𝑓cr)

𝑓F−𝑓cr
       𝑖𝑓     𝑓 > 𝑓cr

    (7) 

 

The statistical approach for modeling nucleation of voids is graphically explained in Figure 

1 (a), while the relation between coalescence parameters and total porosity ratio evolution 

is given in Figure 1 (b). 

 

 

 

 

Figure 1. (a) Graphical representation of normal distribution nucleation model and related 
parameters in incremental and total configuration. (b) Schematic of relation between coalescence 
model parameters and total porosity ratio. 

 

 



2. Material and methods 

2.1. Material 

The quasi-static elastoplastic characterization of this particular bulk sample of Ti–6Al–4V is 

provided by Tuninetti et al.13,14 As an α/β- titanium alloy exhibiting orthotropy and SD effect, 

this earlier identification procedure considered the CPB06 yield criterion (i.e., SC11―TN 

without damage) in conjunction with the Voce’s isotropic hardening law for modeling the 

plastic behavior of the material, whereas the elastic behavior was modeled throughout the 

Hooke’s law. The posterior simulations based in the CPB06 law were able to predict the 

tensile plastic instability and post-necking hardening of Ti–6Al–4V. The Voce’s isotropic 

hardening law defining the yield stress in function of the equivalent plastic strain 𝜖̅𝑝 is given 

by Equation 8. 

 

𝜎𝑦(𝜖̅
𝑝) = 𝐴0 + 𝐵0[1 − exp(−𝐶0𝜖̅

𝑝)]   (8) 

 

The elastoplastic parameters identified by Tuninetti et al.14 and Guzman et al.43 presented  in 

Table 1, are hereafter used for modeling both yield locus and hardening of Ti–6Al–4V. The 

(1,2,3) orthotropic material frame was identified from a pristine ingot sample, and is defined 

as Longitudinal Direction (LD), Transversal Direction, and Short Transversal direction (ST). 

The parameters for the Voce’s isotropic hardening law (Equation 8) were identified along 

the LD direction. This simplified identification strategy approach is the first step towards a 

more advanced characterization. In future work, a coupled identification of the damage-

elasto-plastic laws should further increase the predictive capability of the model. Note also 



that the parameter set used here uses a mean orthotropic tensor L and assumes no DH, since 

at this early stage of the research, this feature is not yet implemented in SC11―TN. 

 

 

 

Table 1. Identified material parameters describing the elastoplastic CPB06 and Voce models for Ti–
6Al–4V. 

Elastic constants 

E11 (GPa) E22 (GPa) E33 (GPa) ν12= ν13= ν23 

112.0 115.0 117.0 0.3 

Elastoplastic constants 

Components of the orthotropic constants tensor L 

L11 L12 L13 L22 L23 L33 L44 = L55 = L66 

1 -2.373 -2.364 -1.838 1.196 -2.444 -3.607 

Asymmetry parameter k = 0.113 Degree of homogeneity ɑ = 2.0 

Voce’s isotropic hardening law parameters (Equation 8) 

A0 (MPa) B0 (MPa) C0 

921.0 290.0 5.80 

 

 

2.2. Damage and damage evolution analyses 

The further execution of numerical simulations using the implemented SC11―TN damage 

law implies the characterization of damage and identification damage related parameters. 

With this in mind, two different experimental techniques were considered.  

It is important to notice that all experimental tests considered in this work have been 

performed using the same Ti―Al―4V material batch. 



2.2.1. In situ X-ray microtomography 

This experimental procedure, performed by Lecarme et al.31, aimed of quantifying the 

progressive evolution of the porosity ratio contained within a small volume located in a 

critical zone at the neck center of a Ti–6Al–4V notched bar specimen submitted to a tensile 

test. This was accomplished by the execution of an in-situ X-ray micro-tomography 

technique in conjunction with an advanced automatic void-tracking algorithm.31 

Technological limitations made impossible the accurate identification of coalescence, the 

measurement of near-fracture porosity ratio and the detection of voids smaller than the 

minimal pixel size of 1.06 × 1.06 × 1.06 μm3.31,44 Nevertheless, the retrieved data allow for 

the identification of the nucleation function parameters introduced in Equation 6 throughout 

a direct identification procedure.  

2.2.2. Near-fracture SEM analysis 

With the objective of recognizing near-fracture damage patterns, several SEM images were 

captured from a Ti–6Al–4V notched bar specimen submitted to a monotonic tensile test 

stopped near the fracture. The current axial deformation was monitored using a Zwick 

Multisens-extensometer, while the real-time notch shape was monitored with three systems 

of two-CCD cameras and Vic3D software for three-dimensional digital image correlation 

(DIC) technique.  In order to obtain a non-fractured specimen subjected to a near-fracture 

tensile load, two control tensile tests were executed for determining the actual fracture force 

of the specimen. A third specimen was then submitted to a final tensile test until reaching 

the previously determined fracture force. Once unloaded, samples from the notch zone were 

obtained and polished for further SEM analysis. The post-processing of the SEM images also 



allowed to map the apparent porosity ratio (i.e., measured as surface ratio) along the axial 

and transversal planes of the notched bar. 

2.3. Damage parameters identification procedure 

Direct and inverse different identification techniques were used for identification of the 

damage parameters for the active damage mechanisms detected through the SEM analysis 

described above. A direct identification strategy was applied for identifying the initial 

porosity ratio f0 for modeling the growth of initial voids. Based in the analysis and 

postprocessing of the total porosity ratio evolution results from Lecarme et.al.,31an inverse 

identification strategy was used for identifying the nucleation parameters. Finally, a 

combined direct-inverse identification procedure was carried out to identify the coalescence 

parameters.  

 

2.4. Validation procedure 

The validation procedure is addressed throughout a comparison between numerical and 

experimental tensile load-displacement curves. For this purpose, three different geometries 

of Ti–6Al–4V bar samples (Figure 2) aligned with the LD direction of the material, 

acknowledging positive triaxialities ranging from 1.0 to 1.75, were submitted to tensile tests. 

In particular, the experimental procedure considered three tensile tests per each geometry 

in order to obtain average curves with their respective standard deviations (St. Dev.). The 

simulations were performed using the FE research software Lagamine, where the actual 

SC11―TN coupled damage law has been implemented.  

 



 

Figure 2. Ti–6Al–4V smooth and notched bar geometries used for the validation of SC11―TN 
continuum micromechanics damage model along with the identified parameters. Dimensions in 
millimeters. 

 

The quasi-static experimental tensile tests were performed at a constant axial strain rate of 

𝜖̇ = 1 × 10−3 (s−1). Replicating the experimental procedure, this constant strain rate was 

applied to the FE simulated tensile tests until the experimentally observed onset of fracture. 

 

 

 



3. Damage characterization 

Since the elastoplastic CPB06 related parameters for Ti–6Al–4V are already given in Table 1, 

the identification procedures of damage related parameters for modeling growth, nucleation 

and coalescence of voids for SC11―TN is described in this section.  

3.1. SEM experimental observations 

The geometry of the Ti–6Al–4V notched bar submitted to a near-fracture tensile test is 

presented in Figure 3 (a). A simplified illustration of the shape and size of cavities due to the 

effect of the stress and deformation fields on the initial voids contained in the notch zone is 

shown in Erreur ! Source du renvoi introuvable. (b), while representative SEM images 

from axial and transversal planes are respectively shown in Erreur ! Source du renvoi 

introuvable. (c) and (d). In the context of a visual analysis in Erreur ! Source du renvoi 

introuvable. (c), the red dotted lines encircle the observed coalescence of primary voids, 

while the yellow dash lines point the presence of shear bands formed by secondary voids 

aligned with the stress field. 

 



 

 

Figure 3. (a) Geometry of Ti–6Al–4V notches bar specimen submitted to a near-fracture tensile test. 
Dimensions in millimeters. (b) Effect of the deformation field over the shape and size of cavities 
located at the SEM sampling zones. (c) and (d) are representative SEM images from the axial and 
transversal notch planes respectively. 

 

 

The digital post-processing of SEM images captured at different sampling zones (A, B and C) 

within the axial and transversal planes allowed to obtain a mapping of the apparent porosity 

ratio, presented in Figure 4. 

 



 

Figure 4. SEM images of transversal (a) and axial (b) notch planes and respective localized apparent 
porosity ratio analyses in sampling locations A, B and C for each notch plane sample. 

 

3.2. Identification of damage parameters 

3.2.1. Growth parameters 

Following the void growth model presented in Equation 5, the only essential parameter to 

be identified is the initial porosity ratio f0 of the material. Identified throughout SEM imaging 

of pristine samples of this particular batch of Ti–6Al–4V alloy, the authors from Verleysen & 

Peirs reported an f0=3×10-5,45 while the authors from Tuninetti et.al. reported an f0=8×10-

5.14 In consequence, an initial porosity ratio of f0=5×10-5 was selected as an in-between value 

for further FE simulations. 

 



3.2.2. Nucleation parameters 

The identification of the nucleation parameters was performed throughout a direct 

identification procedure. Prior to the onset of coalescence, the porosity ratio due to growth 

is negligible in comparison to the porosity ratio due to nucleation. With this in mind, the 

nucleation model parameters (FN, SN and ϵN) were directly identified by fitting the numerical 

nucleation model curve from Equation 6  to the experimental data given by Lecarme et.al.31, 

resulting in FN=0.016, SN=0.12 and ϵN=0.375. The geometry of the Ti–6Al–4V notched bar 

submitted to the in-situ X-ray tomography procedure along with subsequent graph 

exhibiting the experimentally determined total porosity ratio in conjunction with the 

resultant curve of the identified numerical nucleation model are illustrated in Figure 5. 

 

 

Figure 5. Illustration of X-ray tomography procedure, measured porosity ratio and proposed 
nucleation porosity ratio for Ti–6Al–4V. 

 

 



3.2.3. Coalescence parameters 

The abrupt divergence between experimental data and numerical model observed in Figure 

5 is attributed to the onset of coalescence. Hence, the critical porosity ratio of the material is 

set to 𝑓cr = 0.003. Subsequently, by fixing the fracture porosity ratio at fF=0.2 in link with the 

research findings form Verleysen & Peirs,45 it was possible to execute an inverse 

identification procedure with the objective of finding the ultimate porosity ratio. Following 

this procedure, it was found that the ultimate porosity ratio for this material is fU=0.4. 

3.2.4. Tvergaard & Needleman parameters 

The parameters introduced by Tvergaard & Needleman (q1, q2 and q3) are directly identified 

by taking into consideration the mathematical relations given in Ref.41, while setting  q2=1.0 

as proposed in previous research. This is: 

{
𝑞1 =

1

𝑓U
 

𝑞3 = (𝑞1)
2

     (9) 

Taking into consideration the coalescence parameters already found, the parameters 

presented in Equation 9 are q1=2.50 and q3=6.25. 

As a result of the analyses and procedures described above, the whole set of parameters and 

constants for modeling the damage evolution of Ti–6Al–4V using the SC11―TN extended 

micromechanics damage model are summarized in Table 2. 

 

 



Table 2. Parameters for modeling the growth, nucleation and coalescence of voids in Ti–6Al–4V 
through the SC11―TN extended damage law. 

Initial porosity ratio f0=5×10-5 

Nucleation model parameters (Equation 6) 
FN SN ϵN 

0.016 0.12 0.375 

Coalescence model parameters (Equation 7) 

fcr fU fF 
0.003 0.40 0.20 

Tvergaard & Needleman parameters 

q1 q2 q3 
2.50 1.00 6.25 

 

 

 

4. Validation of micromechanical model 

4.1. Mesh and boundary conditions 

The FE meshes of the notched and smooth bar specimens geometries were designed with 

the GMSH software.46 Hexahedral 3D brick elements of the type BWD3D were used, each one 

containing 8 nodes, one point of integration and 24 degrees of freedom (DOF).47 Based on 

the results of a mesh sensitivity analysis, the optimal number of elements found for 

geometries A and B was 21870, while for geometry C (smooth) 11421 elements were used. 

The mesh and boundary conditions for all the notched bar specimens is presented in Figure 

6 (b). A continuous measurement of the displacement in the tensile test FE simulations 

similar with the experimental extensometer measurement technique is achieved by 

measuring the current displacement distance at the points where the extensometer clip was 

positioned (Figure 6 (a)).  

 



 

Figure 6. (a) Experimental mounting of Ti–6Al–4V notched bar specimen and DIC system on 
universal testing machine. (b) Mesh and boundary conditions of R5 mm notched bar specimen, 
applied in all notched and smooth bar tensile tests FE simulations.  

 

4.2. Validation of SC11―TN for Ti–6Al–4V 

In the framework of this validation procedure, and with the objective of obtaining a more 

complete depiction of the SC11―TN damage law prediction capabilities, the validated CPB06 

orthotropic asymmetric yield criterion is also considered. Note that the implementation of 

SC11―TN was checked as when damage is de-activated the predictions exactly recovered 

CPB06 law results.  



 

 

Figure 7. Superposition of load-displacement curves resultant from experimental and FE simulation 
tensile tests simulation of geometries A, B and C.  

 

The load-displacement results of SC11―TN model shown in Figure 7 reveal that the load 

prediction capabilities of this new damage law are in reasonable agreement with the 

experimental results, however the predicted softening is too high. This result is consistent 

with the fact that the used elasto-plastic set of parameters was identified without damage.  

The effect of the addition of damage is evidenced in the decrease of the SC11―TN predicted 

loads. This decrease is directly related to the presence and continuous increment of the total 

porosity ratio. However, as near-fracture strains are reached, the huge raise of total porosity 



ratio leads to a too high softening of the predicted axial load, i.e., it predicts a lower fracture 

load. This prediction disagreement is highly noticeable in the smooth bar load-displacement 

curves, where the particularly high strains develop in high porosity ratio values. Clearly 

additional identification should be performed to conclude about the nucleation and 

coalescence extension interest about force prediction.     

 

4.3 Damage evolution analysis 

The geometry A (R 1.5 mm) is recognized to have the highest average triaxiality among the 

ones considered in this research. Therefore, the evolution of triaxiality and total porosity 

ratio along the radial ST direction of this R 1.5 mm notched bar is analyzed in Figure 8. 

 

 

 



 

Figure 8. Evolution of triaxiality and total porosity ratio along large and near-fracture displacements 
(0,13, 0.32, 0.53, 0.68 and 0.79 mm) over the R 1.5 mm Ti–6Al–4V notched bar specimen. 

 

As seen in Figure 8, the deformation of the notch shape geometry along the tensile test affects 

the triaxiality in such way that the location of its maximum zone starts near the surface edge 

of the notch neck plane and is displaced towards the central LD axis. However, this change is 

not reflected in the measurement of the total porosity ratio of the radial node configuration. 

The fracture configuration of damage and damage related state variables of this particular 

notched bar, presented in Figure 9, show that the coalescence of voids plays a much more 

significant role in the overall total porosity ratio evolution. This behavior is also observed in 

the analyses of the fracture-state variables for the R 5.0 mm notched bar and smooth bar 

specimens, shown respectively in Figure 10 and Figure 11. 

In Figure 9, Figure 10 and Figure 11, the implemented growth and nucleation analytical 

formulations (Equation 5 and 6 respectively) are used for calculating their respective 

contributions to the total porosity ratio. The coalescence contribution is calculated by 

subtracting the growth and nucleation contributions with the total porosity ratio. This is: 

 𝑓𝑐 = 𝐷 − 𝑓𝑔 − 𝑓𝑛    (9) 



 

Triaxiality Equivalent plastic strain Total porosity ratio 

   

Total porosity ratio contributions due to: 
Growth Nucleation Coalescence 

   

Figure 9. Compilation of damage and damage related state variables in R 1.5 mm notched bar 
specimen of Ti–6Al–4V at its fracture state configuration. 

 

 

 

Triaxiality Equivalent plastic strain Total porosity ratio 



   
Total porosity ratio contributions due to: 

Growth Nucleation Coalescence 

  
 

Figure 10. Compilation of damage and damage related state variables in R 5.0 mm notched bar 
specimen of Ti–6Al–4V at its fracture state configuration. 

 

 

Triaxiality Equivalent plastic strain Total porosity ratio 

   
Total porosity ratio contributions due to: 

Growth Nucleation Coalescence 



   

Figure 11. Compilation of damage and damage related state variables in smooth bar specimen of Ti–
6Al–4V at its fracture state configuration. 

 

 

The analysis of damage and damage related state variables in fracture configuration for all 

the geometries presented in Figure 9, Figure 10 and Figure 11 show that the critical zones, 

where the onset of fracture is predicted, are directly related to the zones where the 

maximum equivalent plastic strain values are reached. In particular, it is observed in the 

smooth bar analysis shown in Figure 11 the presence of extremely high values of total 

porosity ratio and equivalent plastic strain. This concentration of total porosity at the center 

of the notch plane in the cylindrical smooth bar is in good agreement with experimentally 

observed fractography images of tensile fracture of Ti–6Al–4V cylindrical smooth bars.44,45 

A compilation of the maximum values of the reported damage and damage relates state 

variables at fracture configuration is given in Table 3. 

 

Table 3. Maximum values of damage and damage related state variables at fracture configuration for 
the three assessed Ti–6Al–4V bar geometries. 

Geometry Triaxiality 𝜖̅𝑝 𝐷 𝑓𝑔 𝑓𝑛 𝑓𝑐  



A R 1.5 mm 1.75 0.39 0.024 0.007 0.009 0.001 
B R 5.0 mm 1.18 0.34 0.033 0.011 0.007 0.015 
C Smooth 1.06 0.57 0.134 0.053 0.015 0.066 

 

 

These results are consistent with the selected analytical formulations for modeling growth, 

nucleation and coalescence of voids. The trace of plastic strain rate tensor dp and the 

triaxiality play significant roles in the growth of voids (Equation 5). Moreover, nucleation 

and coalescence of voids respectively expressed in Equation 6 and 7 are explicitly dependent 

of the equivalent plastic strain 𝜖̅𝑝. The numerical results of this identified SC11―TN damage 

model for the Ti–6Al–4V confirm that high positive triaxiality geometries exhibit large 

increment of initial voids size, while specimens reaching large strains such as the smooth bar 

will be highly affected by nucleation and coalescence of voids. 

The prediction capabilities of any model rely in the accuracy and the reliability of the 

characterization procedure carried out for its material parameters identification. In this 

particular case, the parameters of the Voce’s isotropic hardening law applied to the damage 

model were previously identified in Tuninetti et al.14 considering post-necking strains until 

a true strain of 0.2. Improvements for higher accuracy of the near fracture load with the 

SC11―TN damage model for this alloy should be done using neural networks or more 

classical optimization schema.12,48 Moreover, the implementation of an ultra-high speed DIC 

will enable the detection of deformations and microcracks formed in the surface of the 

analyzed specimen, hence enabling the analysis of the formation of microcracks on the outer 

radial section of the notch as predicted in Figure 9. 

 



5. Conclusions 

In this work, the results of a new SC11―TN extended coupled damage law was implemented 

in the FE software Lagamine, and validated for positive triaxialities considering three tensile 

tests with three different geometries (two notched and one smooth Ti–6Al–4V bar 

specimens) were considered. The damage characterization was addressed by measurements 

of the continuous total porosity ratio by means of in-situ X-ray tomography data and near-

fracture total porosity ratio throughout SEM imaging technique. The resultant load-

displacement and damage related state variables analyses along this variety of triaxialities 

related to the notch geometries allowed to conclude that: 

 The SC11―TN extended continuum micromechanics damage law has proven to be 

suitable for modeling the elastoplastic and damage behavior of Ti–6Al–4V alloy, 

predicting axial load values reasonably within the error bars of correspondent 

experimental tests.  

 The tensile finite element simulations results allowed to numerically analyze the 

identified set of damage parameters. Furthermore, the localization of damage within 

the critical zone of the Ti–6Al–4V smooth bar specimen is in good agreement with 

experimentally observed fracture analysis. 

These results open new doors for further research in material modeling and ductile fracture 

mechanics. In order to enhance the prediction ability of the SC11―TN damage law, further 

work must be focused on performing a new identification procedure of isotropic hardening 

and damage models in one step, acknowledging near-fracture strains.  
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