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Abstract
Two damage models are used in this study to predict ductile fracture of an aluminium alloy during metal forming process. The first
one is developed in the framework of phenomenological approach of damage mechanics. The second model is the micromechanical
Gurson, Tveergaard and Needleman (GTN) constitutive law describing the three physical mechanisms of ductile fracture: nucleation,
growth and coalescence of cavities. In the second model, the voids coalescence onset is modelled using the critical porosity. The
value of this material parameter is determined from calibration with experimental tensile test results. These two models have been
implemented into the finite elements code Abaqus using the Vectorized User MATerial (VUMAT) subroutine and employed to
simulate the forging process of cylindrical and flanged specimens. The confrontation between the predictions of these models and the
experimental results shows the capability of these two constitutive laws to predict the evolution forging force. However, the GTN
model fails to capture the failure of the two workpieces, which are essentially subjected to compressive loading.
Keywords: forging process, damage mechanics, micromechanical modeling, experiment, porosity, numerical simulation.

1.

Introduction

Ductile fracture of metals is today recognized governed by
three physical mechanisms: nucleation of initially inexistent
voids, growth of theses voids under an appropriated loading and
finally coalescence of the neighbouring voids. Several
approaches are used to model this phenomenon, generally
observed at large deformations over the last three decades.
These efforts have been mainly concentrated on modelling this
progressive material degradation, namely called material
damage. The most used models in metal forming are either
phenomenological or micromechanically based. The numerical
simulation is generally used to study the workability of
materials which can be defined as the degree of deformation
that can be supported in a particular metal forming process
without generating any undesirable condition, such as cracks,
fracture, buckling…
In this paper we introduce some numerical and experimental
results obtained from studying axisymmetric forging process.
The experimental results concern the response of cylindrical
and flanged specimens during metal forming. The numerical
aim of this work is to compare two constitutive laws. The first
one is developed in the framework of the phenomenological
approach, called in this paper the Saanouni and co-workers
model [3,33-36,18,19,23]. The second law is the
micromechanical Gurson, Tveergaard and Needleman (GTN)
model [2,14,15,42,43]. These formulations have been

implemented into Abaqus/Explicit finite element package. Both
qualitative and quantitative comparison between simulations
and experiments results will be done.
2.

Experiments

The material used is a commercial aluminium alloy. All the
specimens used in this study are machined from one bar with
6m length and 35mm diameter. The mechanical properties of
this alloy are measured from tensile tests. These tests are carried
out on cylindrical samples standardized in accordance with
ISO527-2 standard. The geometry of the tensile specimens is
represented in the figure 1. This specimen bar is standardized
with respect to the 527-2 standard. We have make choose of the
following

= 50mm ,
b1 = 10mm ,
b2 = 20mm .

values: L0

L1 = 80mm ,
L3 = 150mm and

L = 115mm ,
h = 4mm ,

The main characteristics of the aluminium alloy obtained
during the tensile tests are the Young’s modulus
E = 70 000 MPa , the Poisson's ratio ν = 0, 34 , the
yield strength

σ e = 378, 34 MPa

σ m = 527,39 MPa .

and the ultimate strength

CMM-2011 – Computer Methods in Mechanics

9–12 May 2011, Warsaw, Poland

With the aim of using micromechanical model, the initial
porosity of the aluminium alloy is measured in figure 4. the
initial porosity f0 is estimated from the particle void volume
fraction fp using the relation [9,16,27]:

f 0 = W0 f p
where

W0

(1)

represents the mean particles shape parameter.

Figure 1: Geometry of the tensile specimen
We show in figures 2 and 3 the microstructures of two
samples analyzed after chemical preparation with optical
microscopy and cutted respectively in the radial and
longitudinal directions. It appear clearly in the figure 3 the
formation of sliding bands in the axial direction dues to the bar
extrusions effects. These observations comfort the hardenable
elastoplastic models choose to simulate the material response.
Thos choose is also comforted by stress versus deformation
curves obtained form tensile tests.

Figure 4: Microstructure of a sample observed in the
longitudinal direction before chemical preparation
The workpieces used during metal forming are machined
from the same bar. Two shapes are used: cylindrical and flanged
types. The tests are carried out in quasi static conditions at room
temperature by imposing a length reduction to the pieces.
3.

Modeling

3.1. Micromechanical Approach

Figure 2: Microstructure of a sample observed in the radial
direction after chemical preparation

Figure 5: Geometry of the RVE considered in the GTN model
(spherical voids)

Figure 3: Microstructure of a sample observed in the
longitudinal direction after chemical preparation

The so-called Gurson-Tvergaard-Needleman (GTN) model
is used to describe ductile fracture of the two aluminium
specimens subjected to forging process [14,24,27,42,43]. This
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constitutive law is formulated within the framework of
homogenization and limit analysis theories. The representative
Volume Elementary (RVE) considered is either spherical
(Figure 1) or cylindrical containing one cavity of the same
shape, and subjected to some asymmetric loadings. The
expression of the plastic potential in the case of spherical voids
is [14,42,43]:
2

 σ eq 
 3q2σ m 
*
* 2
Φ =
 + 2q1 f cosh 
 − 1 − ( q1 f ) = 0
2
σ
σ





where σ eq , σ m and σ
and flow stresses.

(2)

are respectively the von Mises, mean

q1 and q2

are coefficient introduced by

Tvergaard to take into account namely the interaction between
neighbouring cavities. In this study they are assumed depending
on the hardening exponent n [32]. f * is a function establish by
Tvergaard and Needleman to simulate the rapid void
coalescence at failure:
f

f*=
 f c + δ ( f − fc )


if f ≤ f c
if f > f c with δ =

fu − f c
f F − fc

(3)

fu is the value of f * in the plastic potential at zero stress.

Taking into account the plastic incompressibility of the matrix,
the porosity evolution law which characterizes the damage
growth can be written:

f& = (1 − f ) ε&kk

(4)

The hardenable behaviour law is obtained by writing the
equivalence between the microscopic and macroscopic plastic
dissipation as suggested by Gurson [14].

σ : ε& p = (1 − f ) σ ε& p

3.2. Phenomenological approach
The basis idea of the continuum damage mechanics is that
the damage variable D represents an average of the effects of
the nucleation, growth and coalescence of voids, in a
representative volume at the mesoscale, on the load-carrying
capacity of the material. The pioneer works on this domain are
attributed to Kachanov who introduce a state variable to
describe the brittle creep fracture of material [17]. In the
eighteen years, Lemaitre and co-workers [20-22] make use of
the thermodynamics of irreversible processes and postulate
energy potentials to establish state laws and evolution equations
of internals variables. Saanouni and co-workers [3,23,33-36]
formulated an efficient model describing ductile fracture of
metals. This constitutive law is elaborated to describe the
elastoplastic behaviour of damageable materials with non-linear
hardenings laws. In this model the progressive damage
prediction model is a stress based model which assumes that the
material progressive degradation can be described by scalar
damage variable D. Based on the energy equivalence principle
the relation between the effective and applied stress tensors,
respectively σ% and σ is:

σ

σ% =

(8)

1− D

The existence of a thermodynamic potential is postulated
from which these variables derive. The free energy of
Helmholtz is used as thermodynamic potential. This last is
assumed depending on the internal and observable variables in
the fictitious configuration [20-22,33]. The free energy used by
Saanouni and al. is the contribution of an elastic, plastic and due
to damage parts [32-36]:

ρψ = ρψe ( ε e , D) + ρψ p ( ε p , r, D) + ρψ d (Y, D)

(9)

with:
(5)

&p
where ε the effective plastic strain rate of the matrix. The

1
2

ˆ ( D) : ε e
ρψe ( ε e , D) = ε e : Λ

(10)

1
2

(11)

isotropic hardening is described by the power law:
n

σ ε 
= 
(6)
σ 0  ε0 
σ 0 is the yield stress and ε 0 the strain corresponding
to σ 0 . With the assumption of normality, the plastic strain

ρψ p ( r, D) = Q% ( D) : r2

The state relations which result from this potential can be
written as follow:

σ =ρ

∂ψ % e
= Λ :ε = (1− D) Λ :εe
∂εe

(12)

R=ρ

∂ψ %
= Qr = (1− D) Qr
∂r

(13)

Y =ρ

∂ψ
= Ye + Yr + YD
∂D

(14)

increment is in the direction of the outward normal to the yield
surface and is related to the rate of the Cauchy stress tensor by

1  ∂φ  ∂φ
ε& p = 
: σ& 
h  ∂σ  ∂σ

(7)

The above constitutive relations have been referred to as
GTN model. This model and several of its extensions have been
used to predict ductile damage and fracture in metal materials.
They reveal clearly in particular the key role of stress triaxiality
to the void growth and coalescence. May be on of its important
extension concern the incorporation of the cavities shape effects
on the mechanical damage of metals is proposed by Gologanu
and al. [2,11,26,31]

Y is the damage force associated with D .
The following relations deduced from energy equivalence
principl, are employed:
R% =

R
1− D

(15)

r% = 1 − D r

(16)

Q% = 1 − D Q

(17)

CMM-2011 – Computer Methods in Mechanics

The constants

Q% and Q are respectively the hardening

coefficient of the damaged and undamaged material.
and

YD

(18)

(19)

S  〈Y −Y0 〉 
s
(1− D) +1  S 
1

s+1

(20)

γ

In order to establish the evolution laws of the internal
variables, it’s necessary to introduce a dissipation potential F .
The expression used by Saanouni and al. [32-36] in the case of
an isotropic material hardening is:

F =Φ+
+

1 b %2
R
2Q
1
γ

(1 − D )

S  〈Y − Y0 〉 
s + 1  S 

s +1

(21)

(27)

(1 − D ) σ eq

ε& p = λ&

∂F
λ&
=
n
∂σ
1− D

(22)

∂F
1 Y
Y =
=
∂Y (1 − D )β  S 

∂F
r& = −λ&
=
(1 − br% )
∂R
1− D

(23)
s

(24)

(29)

β, S and s are material parameters which can depend on the
actual temperature.
4.

Implementation

The two models discussed in the previous section have been
implemented into ABAQUS/Explicit solver through a
Vectorized User MATerial (VUMAT) subroutine [1,37].
Abaqus is a displacement based finite element code which
allocates the resolution of the mechanical equilibrium equation
by both spatial and time discretizations [1]. So, the weak form
of the virtual principal work can be written as follow [1,27,28]:
(30)

where the consistent mass matrix
external forces vectors

Fint

and

Fext

M,

the internal and

respectively are the

assemblies of the elementary ones calculated for each element
by using the classical nodal approximation. The resolution of
the above equation according to the dynamic explicit scheme is
possible by first calculating the acceleration vector:

& and displacement
Then the speed u
evaluated at each increment:
u&
n+

1
2

= u&
n-

1
2

+

∆tn+1 + ∆tn
&&
u
2
n+

with:

3 S
2 σ eq

(25)

λ&

s

*

un+1 = un + ∆tn +1u&

The plastic multiplier

(28)

&& = M -1 ( Fint − Fext )
u

λ&

∂F &
1
 Y − Y0 
D& = λ&
=λ
β 
∂Y
(1 − D )  S 

Y*  % σ y 
h = Q − bR% −
R + 
1− D 
2 

&& + Fint − Fext = 0
Mu

where Φ is the von Mises plasticity criterion. This potential
allows the complete definition of the plastic deformation, the
isotropic hardening and the damage evolution laws:

n=

S : σ%
3
2

and

1 ∂Q% ( D) 2
r
2 ∂D

YD =

Ye , Yr

Y*

3 E
3
+
2 1 +ν 2

H = h+

are given by:

%
1
∂Λ
Ye = ε e : : ε e
2
∂D
Yr =
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is determined by enforcing the

& = 0:
coherence condition Φ
∂Φ
: (1 − D ) Λ : ε& − λ& H = 0
∂σ
where H is the elastoplastic modulus:

(26)

1
2

(31)

u

vectors are

(32)

(33)

It appears in the equations 31-33 that the estimation of the
displacement vector can be done by calculating the internal
force vector which depends on the actual stress tensor. So, this
tensor should be calculated at every increment using the
constitutive law considered.
The numerical scheme adopted to implement the two
models described in the previous section is the “elastic
predictor-plastic correction” one. In the case of the Saanouni
and co-workers model the plastic correction is carried out using
the radial return method proposed by Simo and Ortiz
[17,38,39]. After some developments, the equation set to
resolve can be reduced to [23,18,34]:
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2 Q 
∆λ
Φ ( ∆λ , D) = Sn*+1 − 
 rn +

3 1 + b∆λ 

1 − Dn +1



1
1
+
∆λ
σ 0 + 3G

1 − Dn +1
1 − Dn +1


= Dn +1 − Dn − ∆λYˆn +1
 g ( ∆λ , D )



5.






The cylindrical and flanged specimens with initial lengths

l0 = 35 mm
(34)

(see figure 6) are positioned between two rigid

tools. This rigidity assumption is reasonable because of the
stiffness and the yield strength of the aluminium alloy are
significantly lowers than those of the pieces. One of the rigid
tools is maintained fixed and the other is affected with a
displacement
of
under
quasi-static
10mm
condition

where S is the deviator part of σ . The set of two
equations (34) can be solved by applying the Newton-Raphson
method. This leads to the following system of two equations
with two unknowns

Results and discussion

( 5mm / mn ) . The halves of the two specimens are

meshed with axisymmetric solid element with reduced
integration CAXR: 248 for the flanged and 300 for the
cylindrical pieces.

( ∆λ , D ) which can solved iteratively at

each increment:
i
i

 ∂Φ 
 ∂Φ 
i
Φ + 
δλ + 
 δD=0
 ∂∆λ 

 ∂Dn +1 

i
i
 i  ∂g 
 ∂g 
g + 
 δλ +  ∂D  δ D = 0
 ∂∆λ 
 n +1 


(35)

The GTN model is implemented following the Aravas’s
algorithm [4,5,13]. This technique is based on the
decomposition of the stress tensor into its hydrostatic
deviator parts

∆ε

σ eq

σm

and

and the plastic strain increment tensor

p

into its volumetric and deviator parts:

2
σ = σ m 1 + σ eqn
3

(36)

2
(37)
∆ε p 1 + ∆ε q n
3
∆ε p and ∆ε q are used by Aravas as primary variables to

∆ε p =

permit the reduction of the unknowns number. The system to be
numerically integrated is reduced to two non-linear equations:

∆ε p

∂Φ
∂Φ
+ ∆ε q
=0
∂σ eq
∂σ m

Φ (σ , f , σ ) = 0

Figure 6: Shape of the two workpieces used in metal forming
(cylindrical in the left, flanged in the right)
The mains damage and hardening material parameters are
calculated by calibrating the tensile experimental results with
numerical predictions of the two models presented above.

f0

is quantified with

(38)

However, the initial material porosity

(39)

measure of the particles rate in the plane perpendicular to the
axis of the specimen (figure 4). The main parameters obtained
are recapitulated in table 1:

Details of these two procedures can be found in the
appendix and/or in the references [4,19,27,34].
Table 1: Material parameters of the GTN and Saanouni and al. models
Models

Material parameters

GTN model

f 0 = 9,91.10−5

f c = 11,97.10−5

f F = 0, 001

n = 0,1

Saanouni and al. model

S = 20

s = 0,1

Y0 = 6

Q = 2581

b = 15
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As mentioned above, the material parameters presented in
table1 are obtained by comparisons between the numerical and
experimental curves of tensile tests. The good concordance of
the three curves observed in figure 7 indicates the validity of the
identification procedure.
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Good agreements were also found between experimental
and numerical results during the force evolution stage. However
the GTN model fails to capture the final workpieces failure
during the two tests. This situation can be explained by the fact
that in this model, the onset of coalescence is governed by the
critical porosity. The value of this material parameter is
determined by calibration with tensile tests, whereas the
loadings during the forming tests are effectively compressive.
Figure 10 represents the distribution of the damage variable
calculated numerically with the Saanouni and co-workers model
and a photo at the fracture of a specimen subjected
experimentally to forging process. The damage zone is also
correctly predicted by this model which comforts the previous
results. In the case of simulations with the GTN constitutive
law, the results show at the end of the forging operation
concentration and increase of the plastic strain in approximately
the damage band, however the values of the porosity are near
the initial porosity.

Figure 7: Determination of the material parameters of the GTN
model by numerical calibration.
In order to asses the capability of theses two models to
describe the material response during the forming process, we
show in the figures 8 and 9 comparison between the forging
forces calculated numerically and experimentally versus the
lengths reductions of the cylindrical and flanged specimens.

Figure 10: Distribution of the damage variable . Comparison
with experimental results
6.

Figure 8: Forging force-length reduction (cylindrical specimen).

Figure 9: Forging force-length reduction (flanged specimen).

Conclusion and perspectives

In this work two mechanical damage models are used to
describe ductile fracture of an aluminium alloy during metal
forming. The first one is the micromechanical Gurson,
Tveergaard and Needleman (GTN) model describing the three
physical mechanisms of ductile fracture: nucleation, growth and
coalescence of cavities. The second constitutive law is
developed in the framework of phenomenological approach of
damage mechanics. The basis idea of this approach is that the
damage variable represents an average of the effects of the
nucleation, growth and coalescence of voids on the loadcarrying capacity of the material. Both theoretical and
numerical aspects are presented. The material parameters
identification procedure of the two models is clearly explained.
The predictions of these models were compared with
experimental results measured from cylindrical and flanged
specimens subjected to forging process. The results show the
capabilities of the phenomenological and micromechanical
models to describe successfully the forging force evolution.
However the GTN model doesn’t predict the two specimen’s
failures. As explained, this situation is due to the coalescence
onset criterion used.
Consequently, as a perspective of this work it’s important to
envisage coupling the GTN micromechanically-based model
with a criterion which may predict ductile fracture of material
subjected to compressive loadings. Many ductile criteria are
proposed in the literature: Thomason, Freudenthal, Oyane…
[10,40,41,26,28], however one should keep in mind the
micromechanical origin of the GTN which restrain considerably
our choose. So, one way which can be explored is the extension
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of an existing micromechanical criterion to take into account
material rupture under compressive loading.
Appendix 1

The plastic correction consists to resolve the system:

(
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