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ABSTRACT. This paper is devoted to the numerical and experimental study 
of ductile fracture in bulk metal forming of the 2017A-T4 aluminum alloy. 
From an experimental standpoint, the ductile fracture of the2017A-
T4aluminum alloy is investigated under compressive load. Two cross-
sections of solid and hollow specimens are considered. The mechanical 
behavior and the microstructure of the 2017A-T4 aluminum alloy were 
characterized. It is found that the well-known barrel shape is obtained when 
a compressive load is applied. Analyses of fracture topographies show a 
ductile fracture with dimples under tension and coexistence of ductile 
fracture with dimples and slant under compression. The classical physically-
based Gurson-Tvergaard-Needleman (GTN) model and its extension to 
incorporateshear mechanisms to predict failure at low-stress triaxiality are 
considered. These two models have been extended to take into account the 
thermal heating effect induced by the mechanical dissipation within the 
material during the metal forming process. The two models have been 
implemented into the finite element code Abaqus/Explicit using a 
Vectorized User MATerial (VUMAT) subroutine. Numerical simulations of 
the forging process made for hollow and solid cylindrical specimens show 
good agreement with experimental results. In contrast with the GTN model, 
the modified GTN model incorporating shear mechanisms can capture the 
final material failure. 
  
KEYWORDS. Physically-based model, Ductile fracture, Thermomechanical 
coupling, Slant fracture, Shear mechanisms, Numerical implementation. 
 

 

 
 

Citation: Ben Chabane, N., Aguechari, N., 
Ould Ouali, M., Study of the slant fracture in 
solid and hollow cylinders: Experimental 
analysis and numerical prediction, Frattura ed 
Integrità Strutturale, 63 (2023) 169-189. 
 
Received: 31.07.2022 
Accepted: 06.11.2022 
Online first: 22.11.2022 
Published: 01.01.2023 
 
Copyright: © 2023 This is an open access 
article under the terms of the CC-BY 4.0, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided 
the original author and source are credited. 

 

 
INTRODUCTION 

 
he use of aluminum alloys is widespread in mechanical industries like construction and transport. This is due to 
the lightweight high-strength properties of these materials. Aluminum alloy forgings are usually produced in a 
more highly refined final forging shape than forged carbon and/or steel alloys. The pressure requirements for 

forging vary widely for a given aluminum alloy. It depends namely on the chemical composition of the alloy, the forming 
T 
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process being employed and the strain rate, the lubrication conditions, and the temperatures adopted. Aluminum alloys of 
the 2xxx series are widely used in modern industries such as aerospace and automotive applications. This is due to their 
good resistance properties associated with their lightness and good castability, formability, and weldability, see for instance 
[1-4]. 
In the last decades, many efforts have been made to understand the plasticity and damage behavior of metallic materials as 
well as their effect on stress flow. This understanding is essential for several processes like metal forming and welding, 
high-speed machining, impact, energy absorption, penetration, and shear localization, see for instance [5-8]. For damage 
prediction and in comparison with the modeling adopting the concept of continuum damage mechanics (CDM), the 
damage approach to the growth of microvoids has met considerable success these last years. Indeed, isotropic and 
anisotropic models developed in the framework of this last approach, which consists of modeling the three successive 
physical mechanisms: the voids nucleation, their growth, and coalescence of neighboring voids are greatly in use today. 
Germination and growth of voids have been both experimentally studied and theoretically analyzed using 
micromechanical methods. In 1975, Gurson proposed a pioneer physically-based model based on limit analysis of 
spherical voids embedded in a perfectly plastic matrix [9]. This damage-by-cavitation model shows some limitations 
regarding the over-prediction of the microvoids evolution at final material rupture. As a result, several extensions have 
been made either based on the improvement of the results at low porosities or the modification of its yield function in 
order to describe the effects of rate loading, material instabilities, and final rupture by voids coalescence [10-14]. 
Numerous isotropic and anisotropic damage models have been proposed by many authors to improve numerical 
predictions or to consider other physical mechanisms [14-20]. It is obvious that a constant void volume fraction is not 
sufficient in describing the fracture. Pardoen and Hutchinson [21] concluded that the void volume fraction is not constant 
at fracture for different loading conditions. The damage accumulation in the loading direction represents a three-
dimensional problem in which pressure, the Lode angle, and equivalent stress level affect the damage rate. Nahshon and 
Hutchinson [22] modified the porosity evolution law to account for material damage at low or vanishing triaxiality. 
Wierzbicki and Xue [23] modified Wilkins’ model [24], incorporating the effect of the Lode angle on the ductile fracture. 
Descriptions of material mechanical behavior during the forming process are of great industrial interest, especially in 
terms of manufacturing process optimization. Investigation of damage mechanisms in mechanical parts throughout such 
operations should prevent the internal or surface cracks initiation as well as their propagation before the overall failure of 
a structure. In this paper, experimental and numerical studies are presented, focusing on ductile fracture in forged bulk 
metal made from 2017A-T4. The study of the workpiece behavior in processing conditions needs to characterize the 
material microstructure, the flow stress evolution, and the rupture mechanisms. In the damage-plasticity concept, the 
GTN model has been extended to incorporate the effect of the lode angle in order to include the thermal heating due to 
plastic dissipation. Thermal softening is generally observed in the bulk metal forming process and is considered as 
favouring the formation of shear bands [25-27]. This model is implemented into the finite element code Abaqus using a 
typical sequentially coupled thermal-stress algorithm. Predictions of the damage, and therefore the final failure of 
structures under compressive load represent one of the major goals of this paper. Several numerical simulations are 
conducted describing the bulk aluminum alloy behavior during the forming process 

 
 

EXPERIMENTAL ANALYSIS 
 

he damage mechanism is a complicated process. It is well known that quantitative experimental analysis is not a 
direct and simple task for determining the damage parameters. An experimental program is proposed to show the 
adopted methodology. The selected material here is the aluminum alloy 2017A-T4 used in aeronautics and 

automobile industries. The experimental program includes a set of solid and hollow cylinders tested under compressive 
loads. The determination of material fracture parameters is realized by a methodology based on a coupling between the 
experimental program and numerical prediction. Moreover, the use of the scanning electron microscopy (SEM) technique 
is essential for studying fracture behavior.  
 
Chemical composition  
The chemical composition of the employed material is summarized in Tab. 1. A and R are referred to Axial and Radial 
directions for the cylinder, respectively. The observed metallurgical phases present in the aluminum alloy are also shown 
with respect to axial (A) and radial (R) directions. In Fig. 1, it is recognized that the formation of slip bands in the A 
direction is due to the extrusion effects with which the bar is produced. With the microstructure of the alloy, a solid 
solution of copper in aluminum (α-Al) in white and grey consists mainly of aluminum and a phase of θ-Al2Cu (in black) is 
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also observed (Fig. 1). The XRD specter analysis given in Fig. 2 shows the metallurgical phases presented by this alloy. 
The inter-metallic particles of Al2Cu and Al2CuMg phases are also recorded. 
 

Elements Cu Mg Mn Si Fe Zn Al 

wt % 4.33 0.93 0.58 0.99 0.70 0.21 92.24 
 

Table 1: Chemical composition of the 2017A-T4. 
 

 
Figure 1: Microstructures of the 2017A-T4aluminum alloy observed after chemical preparation in the radial (R) and axial (A) 
directions.  

 

 
Figure 2: X-Ray Diffractogram (XRD) of 2017A-T4. 

 
Examination of the initial microstructure  
The microstructure of the alloy is studied and analyzed through two samples before and after the chemical preparation 
using an optical microscope as shown in Fig. 3. In this alloy, a wide range of particles acting as sites for void nucleation is 
observed. Forming during casting, these particles can be classified into two types regarding their size. The first type 
concerns large inclusions with a range of diameters from ~1 to 10 µm; whereas for the second one (small inclusions-
dispersoids), their diameters vary from ~0 to 1µm. Note that the characterization of the particles' density is required to 
determine the initial porosity denoted of  based on these particles. of is considered a damage parameter in the 

micromechanical approach for fracture [9-11]. It can be defined starting from the volume fraction of particles pf  using 

the following expression [28-30]: 
 

0 0 pf W f            (1)  
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where oW is the parameter of the mean particle shape. The surface fraction of inclusions fp is measured by image 
processing software "Image J".  
 
 

 
 

Figure 3: Second-phase inclusion distribution observed by optical microscopy in 2017A-T4: (a) before and (b) after chemical 
preparation. 

 
 
Mechanical tests 
One of the mechanical tests is microhardness. It is performed by Vickers indentation with a 300g load. The recorded 
values are reported in Fig. 4. An examination of this figure points out that the values in axial and radial directions have 
almost the same average and their values are given in Tab. 2. Several mechanical properties of the alloy are determined by 
means of tensile tests. They are carried out using standardized cylindrical specimens (NFA 401) (Fig. 5). All the tests are 
loaded under a crosshead speed of 5mm/min at room temperature using a universal servo-hydraulic testing machine of 
WOLPERT AMSLER TZZ220 having a maximum loading capacity of ± 200 kN with Zwick/RoellZmart.Pro electronic 
command. The reliability and accuracy of the experimental results should be considered. Therefore, the tests are repeated 
three times at least with the same loading speed. If the differences between the three responses exceed 3%, then another 
test should is conducted under the same experimental conditions. The typical stress-strain curve for this alloy is shown in 
Fig. 6. Tab.3sums up the mechanical characteristics of the alloy. 
Forging tests are also realized to further identify the material and structure behavior. All the cylindrical specimens are cut 
with respect to the longitudinal direction of the used bar. Their geometrical configurations and dimensions are directly 
given in Fig. 7. The cylindrical specimens are positioned vertically between the two platens of the testing machine. These 
tests are referred to as upsetting tests. During tests, the cylinders shorten in the axial direction and bulge in the lateral 
direction. The corresponding stress-strain curves are conducted at room temperature. Two different ratios of height to 
diameter (R= h/d)which are 1 and 1.5 are used. 
 

 
 

Figure 4: Micro hardness profile according to the two plans of 2017A-T4. 
 
 

 

 

Table 2: Average Micro hardness values in the longitudinal and transversal directions. 

Directions L T 

The average values (MVH) 126 128 
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Figure 5: Geometry and dimensions of the specimen used for the tensile test. 

 

 
Figure 6: Stress-strain curve in tensile of the 2017A-T4 aluminum alloy. 

 
 

Material   0 MPa    ult MPa   %rA   E GPa    

2017A-T4 295 460 14 70 0.32 

 

Table 3: Mechanical properties of the 2017A-T4. 
 
 

 
Figure 7: Type of specimens used according to the standard UNSL52905 
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Influence of the geometrical h/d ratio 
The specimens with two ratios h/d are tested to study the effect of this geometrical parameter on the forming behavior of 
the 2017A-T4 aluminum alloy. Fig. 8 shows the evolution of the nominal stress versus the nominal strain for the hollow 
and solid cylinders. It is observed that the recorded stresses are higher with the decrease of h/d for the hollow cylinder. 
However, in the case of the solid specimens, the curves merge. This can be explained by the fact that in the hollow 
cylinder, for any plane perpendicular to the cylinder axis, the deformation mechanism occurs in two radial directions 
(outside and inside to fill the gap), while for the solid cylinder the flow mechanism takes place in the radial direction with 
respect to the outer surface only. Moreover, the obtained compressive strength for both cases is higher than the tensile 
strength. 

 
 

Figure 8: Nominal stress-strain curves for the solid and hollow cylinders, with two geometrical ratios of 1 and 1.5, under compression 
loadings. 

 
Fracture under compression loading  
From Fig.9, it is recognized that the deformed cylinders by the compressive load in the L direction lose the cylindrical 
shape and takes the well-known barrel shape. The aluminium alloy suffers from induced anisotropy due to plastic 
deformation. Then, the crack of a circular form known as annular crack appears on the surface of several tested cylinders. 
This has been also observed in [31]. 
 
 

 

 
 

Figure 9: Cutaway views of upsetting specimens fractured show the direction and length of the crack. 
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The deformed specimens (solid and hollow) are cut showing the crack direction as well as its thickness starting from the 
surface as illustrated in Fig.9. In fact, two cross-sections of solid and hollow specimens give some details related to the 
formed cracks (Fig. 10) having almost a direction of 45o with respect to the loading axis. 
 
Observation of fracture topographies from tensile and compression specimens 
Observations through the SEM confirm the difference in fracture topographies of various specimens tested under tensile 
and compressive loads. These can be classified by the coexistence of two failure modes in compression (Fig. 11-a and Fig. 
11-b) with different magnifications: oblique caused by the shear stress of the facets, where the sliding planes of the facets 
are compared to the others (areas1) and ductile with dimples (areas2), and by a ductile rupture with dimples under tension 
(Fig. 11-c). The fracture surface observation helps to understand the phenomena involved. The intergranular and 
intragranular fractures coexist in this configuration. Fracture surface analyses on the specimens performed by SEM reveal 
the presence of dimples confirming an intragranular ductile fracture. A careful examination of these dimples indicates the 
presence of a particle in a large number of cavities. Many large dimples are observed; the bottom shows coarse 
precipitates of θ-Al2Cu type. 
 

 
Figure 10: Details and type of crack observed in the hollow cylinders 

 
The smooth areas also observed on the fracture surface show brittle fracture facets provoked by shear. These smooth 
areas become more under low triaxiality compared to high triaxiality. This is certainly due to the presence of precipitates. 
This provokes a brittle fracture, i.e., more intergranular ductile damage mode with coarse precipitates. Besides the 
intergranular damage mode, there is the presence of fine intragranular ligaments between the intergranular damage zones. 
According to the fracture surface observed by SEM (Fig.11), the induced anisotropy which may have contributed to the 
slant crack development is reported. 
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Figure 11: Fractography with the SEM of alloy 2017A-T4 tested. (a) and (b) in compression, (c) in tension. 

 
In this part, macroscopic and microscopic characterizations assist also in identifying several parameters of the model. 
These parameters are used to describe the plastic damaged behavior controlled by the initial porosity and also by its 
evolution. On the other hand, the determination of the fracture mechanisms is naturally based on fracture topographies 
already given above. 
 
 
NUMERICAL ASSESSMENT 
 

xperimental observations show that the preponderant failure mode in the present study is related to shear 
mechanisms. In addition, due to the thermal heating of the billet during forming, known to promote the 
formation of shear bands [33], we use the extended GTN model incorporating shear mechanisms [35-37] which 

we have extended to take into account thermal heating. The predictions of this model are compared to those of the 
classical GTN model [9-11]. As adopted by Gurson in its original work [9], the assumption of rigid-plastic matrix behavior 
is adopted when formulating thermomechanical coupling. As a result, the thermo-mechanical behavior is modeled by 

formulating the plastic strain  p and temperature T expressions. The rate of change of plastic strain  p is deduced using 
the microscopic and macroscopic plastic dissipation equivalence concept already proposed by Gurson [9]. The 
thermomechanical simulations are conducted in the framework of a sequential numerical scheme: the mechanical 
response is firstly calculated and the plastic dissipation estimated. Then, the variation of temperature induced by this 
dissipation is calculated.  
 
The GTN model and its extension 
Using the small-perturbation hypothesis concept, the functional form of the GTN modeling the case of a spheroidal 
Representative Volume Element (RVE) containing a confocal spheroidal cavity (Fig.12) is expressed by the following 
equations: 

 
Figure 12: Geometry of the RVE considered in the GTN model (spherical voids) 

E 
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 
 
             

  
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q
f q f q f      (2) 

 
whereeq  andm are the von Mises and mean stresses respectively,   is the flow stress,q1 and q2 being coefficients 

introduced in [10-11] to take into account the interaction between neighboring cavities. f* is a function proposed in [11] to 
describe the void coalescence: 
 

   


    
*                         

       
c

c c c

f if f f
f f

f f f if f f
        (3) 

 

where f is the porosity of the material,         /u c f cf f f f .fu and fc are the ultimate and critical volume fractions of 

voids. Taking into account the plastic incompressibility of the matrix, the porosity evolution law characterizing the 
damage growth can be written as [9]: 
 

    1 p
kkf f            (4) 

 

where  p
kk represents the trace of the plastic strain rate tensor. 

The plastic behavior law with hardening can be expressed via the concept of microscopic and macroscopic plastic 
dissipation equivalence [11]. 
 

    : (1 ) pp fE           (5) 
 

where p  the plastic strain rate of the material.  and  pE  are the macroscopic stress and plastic strain rate tensors, 
respectively.  
It's well known that damage accumulation along the loading path is a three-dimensional problem. Xue and Wierzbicki  
proposed an extension of the GTN model by considering the influence of three parameters (pressure, Lode angle, and 
equivalent stress) on the rate of change of damage [35-37]: 
 

  4
3 eq

q
shear eqq gD f           (6) 

 
The variable eq represents the equivalent strain, g is the Lode angle function introducing the dependence of the shear 

mechanism on the Lode angle, q3 and q4being material parameters [35]. If g  is not equal to zero, the shear mechanism is 

active and has to be considered in the calculation. However, if   0g , i.e., there is no shear mechanism effect, then the 

damage evolution is only related to the nucleation and growth of voids. The Lode angle function, g , can be defined by 
[35-37]: 
 





 

   
6 2

1 1g arccos          (7) 

 
Moreover, the Lode angle expressed using the normalized third invariant of the deviatoric stress tensor ( )is done by 
[35,36]: 

 

 
1

arccos
3

           (8) 

 
where  is the ratio of the third invariant  3 det( )J and the von Mises equivalent stress: 




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 


3
3

27

2 eq

J
           (9) 

 
 is the deviatoric stress tensor. 

Due to the dependency of the loading history on the fracture initiation, the damage evolution is described in its rate form 
by: 
 

   
1D shearD K q Df           (10) 

 
where KD is the damage rate coefficient.  
It is well known that the elastic properties of materials are affected by damage. However, this effect is negligible in a 
ductile rupture in comparison with the degradation caused by damage in the plastic zone. This assumption is also in 
concordance with the matrix rigid-plastic behavior adopted by Gurson in its original work.  
In the coalescence phase, the damage evolves quickly to reach the critical damage value  1c cD q f  characterizing the rapid 
void volume growth. Thus, the damage rate coefficient can be deduced as [35-37]: 
 




 
 


1

 1         for      

1
for 1

C

cD

C
F c

D D

fK q
D D

f f

        (11) 

 
The present fracture models are based on the damage variable notion. The damage evolution rule is proposed in an 

integral form. Indeed, a linear relation linking the damage, D, and the equivalent plastic strain  p  is expressed by 
 

 
 

 0 ( , )

p pd
D

h
           (12) 

 

The total fracture is assumed to occur when  p
f  ( f  is the equivalent plastic strain at fracture) and D=1 for any 

loading configuration, i.e., proportional or non-proportional loading path. In the case of proportional loading where the 
non-dimensional stress parameters   and  are constants, the explanation of the function  ( , )h becomes 
straightforward. Indeed, for such a condition the integration of Eqn. (12) can be performed at the fracture point as: 
   ( , )f h . The higher f , the lower the stress triaxiality. The function  f  can be defined by five parameters, including 

four independent material parameters C1, C2, C3 and C4 as given by the following form [35,36]: 
 

        42 2 1/
1 1 3( , ) ( )(1 )CC C

f C e C e C e        (13) 
 

Thermal heating due to plastic dissipation 
In this paper, the GTN model and the GTN model modified by XUE are both extended considering the thermal 
evolution due to plastic dissipation. The model extension is formulated in the framework of the hypothesis adopted by 
Gurson considering a rigid-plastic matrix behavior, i.e. neglecting the elasticity effects. This hypothesis can also be found 
in its justification in this work by noticing that the dissipation of the inelastic work prevails over the thermo-elastic part in 
most bulk metal forming operations. So, the thermo-plastic coupling is conducted by adopting an overall isotropic matrix 

hardening characterized by the flow stress  which depends on p and the temperature (T) [30-32,38]:    ,p T  

With the absence of external heat sources, the temperature evolution law can be obtained by solving the general heat 
equation deducted from the first law of thermodynamics: 
 

     ( grad ) pdiv TCT           (14) 
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 is the thermal conductivity,C  the specific heat capacity and   the density of the material.  is the dimensionless 
inelastic heat fraction coefficient. , also designed as the Taylor-Quinney coefficient, represents the fraction of plastic 
dissipation transformed to heat during material deformation. In finite element calculations, it's generally considered 
constant and varies from 0.85 to 0.95 for metals (see for instance [38-39]) and 0.3 to 0.7 for aluminum alloys [39]. 
However, some studies go on to consider  depending on the strain and/or strain rate [38-42]. 
 
Introduction of the thermoelasticity law 
The thermoelastic law governing material behavior in the elastic domain is given by (see for instance) [30,43]:  
 

 





   : ( ) : ( )
e

e th th T
T


  E E E E         (15) 

 

where   I( )th
OT TE  is the thermal strain tensor due to temperature expansion of the material and 


  some objective 

time-derivative of the stress tensor . I is the second-order unit tensor. e is the elastic modulus tensor (stiffness tensor) of 
the material. 
Assuming both thermal and mechanical isotropy and considering the dependence of the coefficient of linear thermal 
expansion  on temperature, the thermoelasticity law can be written by
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    (16) 

 
0G is the classical initial (at ambient temperature) shear modulus and 0K the initial bulk modulus.  0K . 

 
Numerical implementation 
The GTN model and the GTN model modified by XUE both extended to incorporate material thermal heating due to 
mechanical dissipation are implemented into the ABAQUS/Explicit solver through a Vectorized User MATerial 
(VUMAT) Fortran-coded subroutine [44]. These are carried out using Aravas’s algorithm [30, 43, 45] in the framework of 
a sequentially coupled thermal-stress algorithm. The mechanical equilibrium equation is firstly solved and the plastic 
dissipation is calculated by both spatial and time discretizations. Then, the temperature evolution is estimated at each 
element after resolving the heat equation as discussed in the Appendix A. 
Particular attention is given to contact friction because of its role in metalworking processes. Indeed, several friction 
models have been developed for the quantitative evaluation of friction in metal forming. The Coulomb friction law (Eqn. 
17) and constant friction model (Eqn. 18) are usually used in finite Element simulations [46].  
 

  p             (17) 
 
where is the frictional stress,  is the coefficient of friction at the die/work-piece interface, and p is the normal stress.  
The constant shear friction model (m-model) is done by: 
 

  mK             (18) 
 
For  1m , then  max K is the shear yield strength corresponding to the condition of maximum friction force, namely 

sticking friction.  Whereas  0m means a frictionless condition. 
3

sK is the shear stress with  s  being  the yield 

strength. 
From the above equations, the average Coulomb friction coefficient can be expressed using the friction factor (m) and the 
average surface pressure 𝑃ത: 
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 

3
s m

P
           (19) 

 
This friction law has been commonly adopted for the simulation of forging processes.  It has namely been shown that it 
gives appropriate results when describing these operations under high temperatures [47]. This law is adopted in this study. 
 
Modeling the fracture of the specimens under compression 
The GTN model and the GTN model modified by XUE both extended to incorporate thermomechanical effects due to 
plastic dissipation, referred to as GTN and GTN-Xue respectively, are used to study ductile fracture in bulk forming 
processes of the 2017A-T4 aluminum alloy. Solid and hollow cylindrical specimens with an initial height h= 20mm (see 
Fig. 13) are positioned between rigid tools. This assumption of rigidity seems to be reasonable due to the significantly 
higher mechanical properties of the tools compared to those of the aluminum alloy (experimentally, the material of upper 
and lower platens of the used machine has important stiffness and yield strength in comparison to the specimens). Due to 
the symmetry of the geometry and the loading, the calculation is carried out under axisymmetric conditions. The rigid 
tools are affected by a displacement u of 10mm under a quasi-static compressive velocity of 5mm/min. The specimens are 
meshed with axisymmetric solid elements with reduced integration CAXR.  

 
Figure 13: Shape of the work piece used in metal, initial mesh, initial mesh, the boundary conditions and loading 

 
The damage and hardening material parameters are calibrated using the experimental tensile test results and then 
compared to numerical predictions of the two models presented above. Based on the conducted tensile tests, the material 
is characterized by the following coefficients: Young modulus E = 70 GPa, Poisson's ratio  0.32 , yield stress o = 295 
MPa, and hardening exponent  0.134n . Due to the low temperature reached these properties are considered in this 
study temperature-independent. The initial material porosity fo is quantified with a measure of the voids rate in the plane 
perpendicular to the axis of the specimen. The main parameters obtained are recapitulated in Tab. 4.  
 

Material parameters of the extended GTN and GTN-Xue models 

0 0.015%f   0.24%cf  1 1.5q  2 1q  3 1.9q  4 0.33q  

1 5.42C  2 39.5C  3 44C  4 50C    0.5    1/ 3  

  0.3N   0.1NS  


523
.v
J

C
Kg K

    623.1 10 K    237
W

K
m

  

 

Table 4: Material parameters of the GTN and GTN-Xue models coupled to the temperature 
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The flow stress law adopted is written: 
 

   
 

 
       
 

01 1
np

o o

T T         (20) 

 
o is the strain corresponding to  o and  25oT C the initial material temperature. 
As mentioned above, the material parameters presented in Tab.3 are obtained by calibration of the numerical results with 
the experimental curve of tensile tests. The good concordance between the two curves shown in Fig.14 indicates the 
validity of the identification procedure. 
In order to evaluate the ability of the GTN and GTN-Xue models to reproduce the material behavior during upsetting 
operations, numerical simulations are achieved on the cylindrical and hollow specimens with the two R ratios considered. 
Fig. (15, 16, 17, and 18) show comparisons between the numerical results and the experimental results representing the 
evolution of the applied force in the direction of the height reduction of the specimens.  
For all the tests achieved in this study, the numerical predictions of the GTN and GTN-Xue models are compared to the 
experimental results obtained. 
From all these comparisons, one can state that good agreement is found between experimental and numerical curves 
during the force evolution stage for the two models. However, the GTN model fails to capture the final workpieces' 
failure. In return, the GTN-Xue model can describe the final material rupture, when shear loading is present for all the 
tests. 
 
 

 
 

Figure 14: Determination of the material parameters of the GTN and extended GTN-Xue models by numerical calibration 
 
 

 
 

Figure 15: Force versus length-reduction for the solid specimens with the ratio h/d = 1. 
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Figure 16: Force versus length-reduction for the hollow specimens with the ratio h/d = 1. 
 
 

 
 

Figure 17: Force versus length-reduction for the solid specimens with the ratio h/d = 1.5. 
 
 

 
 

Figure 18: Force versus length-reduction for the hollow specimens with the ratio h/d = 1.5. 
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Figure 19: Distribution of the damage variable. Comparison with experimental results of cylindrical specimens. 
 
Fig.19 represents the distribution of the damage variable calculated numerically with the GTN-Xue model and a photo at 
the fracture of a specimen subjected experimentally to the forging process. The damage zone is also correctly predicted by 
this model which comforts the previous results of slant fracture of both the solid and hollow specimens. 
 
 
CONCLUSION  
 

n this paper, the ductile fracture of the 2017A-T4 aluminum alloy subjected to forging operations experimentally and 
numerically studied. An experimental methodology consisting of several tensile and compression tests has been 
carried out and analyzed. Compression tests are employed to study the forging process. The numerical simulations 

are conducted using two physically-based damage models, both extended to include thermal heating due to mechanical 
dissipation. The first one is the physically-based Gurson-Tvergaard-Needleman (GTN) model describing the nucleation, 
growth, and coalescence of cavities during material deformation. The second is an improvement of the GTN model, 
modified to incorporate the shear mechanism. Both theoretical and numerical aspects are presented. The experimental 
procedure used in the identification of the models parameters is clearly explained.  
The shear mechanism is assumed to be controlled by the equivalent plastic strain, stress triaxiality, and Lode angle [35-37]. 
However, in cold forged parts, the heat gradient(heat dissipation) raises during this manufacturing process. It is then 
essential to include the influence of temperature in the metal behaviourmodel. In the same way, the formation of shear 
bands in metals is favored by the thermal heating of the material. So as a consequence, in the second constitutive law, the 
evolution of damage by shear is implicitly coupled to the temperature which induces thermally softening in shear. 
The main conclusions can be stated as: 

1) The well-known barrel shape is gotten when a compressive load is applied in the axial direction of cylindrical 
specimens. 

2) In the case of cylindrical pieces under compression, the circular-shaped crack known as annular crack appears on 
the surface. This is related to the anisotropy induced by plastic deformation.  

3) The formed cracks have almost a direction of 45o with respect to the loading direction in the two cases of solid 
and hollow specimens 

4) SEM analyses of fracture topographies show a ductile fracture with dimples under tension and coexistence of two 
fracture modes under compression: ductile with dimples (Fig. 11) and slant induced by the shear stress of the 
facets.  

5) The presence of dimples confirms an intragranular ductile fracture. However, the smooth areas also observed on 
the fracture surface showed brittle fracture facets induced by shear. This is due to the presence of precipitates that 

I 
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induce a brittle fracture. So, besides the intergranular damage mode, there is the presence of fine intragranular 
ligaments between the intergranular damage zones. 

6) An anisotropy that may have contributed to the slant crack development is also observed. 
7) The comparison of the numerical predictions with the experimental results of forging of solid and hollow blanks 

shows the capacity of the two micromechanical models to correctly describe the forming force of the blanks 
(growth stage of the force). However, the GTN model fails to capture the final failure of the material, unlike the 
GTN-Xue model which incorporates shear mechanisms. 
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Figure A-1:Flow chart of the model implementation 

 
 
APPENDIX A 
 
A.1) Mechanical problem 

he spatial discretization of the mechanical equilibrium equation leads to the matrix system: 
 


  int 0extMU F F           (A.1) 

T 

T 
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whereM and extF being respectively the classical consistent matrix mass, internal and external forces vectors.  
The temporal resolution of Eqn. (A.1) with an explicit dynamic numerical scheme can be obtained by solving the 
equations below: 
 

 


 1
intn n extU M F F           (A.2) 

 
  


 


  11 1

2 2

Δ Δ

2
n n

n n n
t t

U U U          (A.3) 

 


   1
1 1 2

Δ nn n ntU U U           (A.4) 

 
The solution of Eqns. (A.2- A.4) tn requires the evaluation of the stress tensor intF at each time tn, using the implemented 
micromechanical models. 
 
A.2) Thermal problem 
Consider a solid volume V submits to a heat flux qf .The sequential resolution diagram of a thermomechanical problem is 
employed. The principle of such an algorithm is to calculate the mechanical behavior, and then the thermal effect is 
deduced after evaluation of the mechanical dissipation. The resolution of the thermal problem is based on the resolution 
of the  heat equation given by Eqn. 14.  
Real and virtual temperatures at any point of the solid V are connected to the movement of adjacent nodes by appropriate 

functions. Therefore, the Galerkin method is used:  fqe e
n nNT T and   fq

n
e e

nNT T , where fq

nN are the temperature 
nodal interpolation functions for the element (e). These functions depend on the spatial coordinates expressed in the 

reference space. e
nT designates the temperature vector for each node. 

The overall equilibrium of the total structure is obtained by adding all quantities of all the elements.  
 


 

     
 

  int( 0)e e e e e
e ext

e e

TJ J R R TC        (A.5) 

 

where 
 

   f fq q

e

e T
v n n

V

C dVC N N          (A.6) 

 

  f ΨdVq

e

e T
ext n

V

R N       (A.7) 

 

 q      f f f

q

i fnt f
Γ ΓT e e

q q qe T T e e T T
n n n n pl n

V V

dT T dV r dV q dTR N Z Z N N     (A.9) 

 

where eC  is the matrix elementary capacitance. In Eqn. (A.9), plr represent the plastic dissipation. 

 
A.3) Thermomechanical problem 
For the adopted strategy of the resolution, the explicit resolution flowchart of the model equation is summarized in 
Fig.A.1. It illustrates the sequential coupling between the mechanical and the thermal resolutions. 
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APPENDIX B:  IMPLEMENTATION OF THE CONSTITUTIVE MODEL 
 

he following convention is considered by replacing the volume fraction q1 f*with the damage variable D. In fact, 
the total fracture occurs when D= 1. Therefore, the critical void volume fraction of voids fc will correspond

 1c cD q f . Hence, Eqn. (2) can be rewritten as: 
 

   
 

   
            

2

22
Σ 3 Σ

Σ ,Σ , , 2 1 0
2eq

e e
eqe m

m
e q

D Dcosh D      (B.1) 

 
The implementation procedure details of the stress update algorithm are demonstrated below [30, 43, 45].  

1. Get initial values at t=0,…,ti 
 

, , , , ,e
t t t t t t tf D Ε Ε  

 

2. The trial elastic stress tensor e  under the assumption of thermoelastic strain increment is evaluated as follows: 
 

      


      


 : ( ) :
t t

e
e e th e th
t t t t t t t t t t tT

T


  E E E E      (B.2) 

 

3. Calculation of the hydrostatic stress  ,
e
m t t and equivalent stress  ,e

teq t of total trial stress e
eq  to evaluate the 

yield potential: 
 

    I,
1

:
3

e
m t

e
t tt   

 

   ' '3
:

2
,e
t t t t t teq    

 

where  ' 1
tr( )

3
e e    is the deviatoric part of the trial stress tensor e . 

4. Calculation of the yield potential (Eqn.B.1) and checking the current (updated) state: 
 
If   0t t , this leads to the fact that the current time step is elastic, while for   0t t , the material is plasticized, and 
then go to step 5 to continue the plastic calculation. 
 

5. Plastic correction 
For sake of simplification, the subscript  t t is omitted in what follows.  
a. flow direction: 

 
 3 2 eqN            (B.3) 

 
b. The nonlinear Eqns. (B.4) and (B.5) are resolved simultaneously using the Newton-Raphson iterative method. 

 

  
   

 
1 1 0i i

p q
eq m

E E          (B.4) 

 

     1 1, , , , 0eq
i
m

i f D          (B.5) 
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5. Update the hydrostatic stress m , the equivalent stress eq : 

 

 
     

     3

e
m m p

e
eq eq q

K E

G E
          (B.6) 

 
and the variables , ,f D  statement: 

 

 

 
 

 
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 





     




    
     

     











 

4
3

1

1

m p eq q
T

v

pl
p m

q
D eq eq

E E

c f

f f E E

D K f q f g



        (B.7) 

 

where




 p is the plastic modulus at constant temperature and







T the temperature modulus at constant strain. 
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