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ABSTRACT: The development of damage models in the analysis of metal forming processes, to characterize the 
formability limits, is an important area of ongoing research. In this paper, two energy-based damage models for 
the simulation of crack initiation in metal forming processes are presented. The first one is an isotropic damage 
model with two damage variables. The second one is an anisotropic model with a damage characteristic tensor. The 
damage models are developed within the general framework of continuum thermodynamics for irreversible processes 
by identifying a proper set of internal variables together with their associated generalized forces. An approach is 
proposed to account for microcrack opening and closing. A viscoplastic regularization algorithm is used to take into 
account the strain rate effect and to improve numerical stability. Both models have been incorporated into the finite 
element code, LAGAMINE. The models were applied to simulations of upsetting of collar cylinders and non- 
isothermal hemispherical punch stretching. The results of the analyses were validated by comparing the finite 
element simulations with experimentally obtained data. 

1 INTRODUCTION 

When a material is formed by processes such as 
forging, rolling, drawing, etc., it experiences large 
plastic deformations. These deformations lead to 
material damage and degradation of mechanical 
properties. Numerical simulation of metal forming 
processes, to be realistic, needs to take into account 
damage phenomena. One major purpose of process 
design is to avoid, or at least minimize, damage 
growth. Detailed reviews of the application of damage 
models in metal forming processes can be found in 
Predeleanu (1987), Zhu (1992), and Gelin & Predeleanu 
(1992). Two major classes of damage models can be 
identified. The first one is a phenomenological approach 
inspired from Kachanov's model (1958) which is 
principally based on the average deterioration of 
material properties. The constitutive model is developed 
within the general framework of continuum 
thermodynamics. Only a few damage variables are 
involved, and the associated material parameters are 
easily identified by simple experiments. Applications of 
this kind of approach in metal forming processes have 
been realized by Predeleanu et al. (1986), Bontcheva et 
al. (1991), Zhu et al. (1992), and Net0 et al. (1994). 
The second is a microscopic-macroscopic approach 
motivated from Guson (1977) which constructs 
homogeneous macroscopic material models using some 

mechanisms and other additional simplified 
assumptions. This approach seems to be more realistic. 
However, to experimentally determine material 
parameters for these models is not an easy task since 
the micoscopic components are not well defined and are 
difficult to measure. Such an approach has been applied 
in metal forming to predict the occurrence of material 
defects (Gelin et al. 1987, 1989; Mathur et al. 1987; 
Groche et al. 1989; and Zavaliangos et al. 1991). 

Recent experimental evidence indicate that structural 
failures are often associated with the development of 
anisotropic material properties even if the initial 
material properties are isotropic. In sheet metal forming 
in particular, the effect of anisotropy on the deformation 
characteristics may be appreciable and important 
because sheets are usually cold-rolled and have different 
properties in rolling and transverse directions. 
Therefore, complex phenomena have to be accurately 
taken into account, including anisotropic evolution of 
damage induced by the industrial process. The 
anisotropic damage models based on the extension of 
the Kachanov type have been developed by Cordebois 
& Sidoroff (1982), Lu & Chow (1990), Ju & Simo 
(1991), Zhu (1992), and Zhu et al. (1995). However, 
only a few models have been applied to metal forming 
processes (Zhu et al. 1995). 

In this paper we present two models based on 
Kachanov's approach that have been recently - . .  .. _ _  
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ela$toplastic damage model with two damage variables 
(Zhu 1992). The second one is a fully coupled 
anisotropic elastoplastic damage model with a damage 
characteristic tensor (Zhu 1992; Zhu et al. 1995). Both 
models have been implemented in a finite element code, 
LAGAMINE, and this code has been used to model 
metal forming processes. The accuracy of the numerical 
predictions has been assessed by comparison with 
experimental data available in the literature. 

2 ISOTROPIC DAMAGE MODEL 

Ladevkze (1984) suggested a damage model with two 
scalar damage variables, d (deviatoric component) and 
6 (volumetric component), by which not only the elastic 
modulus but also Poisson’s ratio can vary with the 
damage growth. In the present model, these two 
damage variables are used. The true stress tensor a can 
be transformed into an effective stress a ,  viz: 
- d -  - am 

1 -d 1-6 d = -  9 am-- -  (2. la-b) 

with d as the deviatoric stress tensor, and a, the 
hydrostatic stress. 

For continuum damage models, various equivalence 
hypotheses have been proposed in order to transform 
the damage state into virgin state, such as strain 
equivalence (Ladevkze 1984), stress equivalence (Simo 
& Ju 1989). and elastic energy equivalence (Cordebois 
& Sidoroff 1982). From the viewpoint of energy 
conservation, the energy equivalence may be of more 
physical significance. In the present model, we propose 
an extension of this hypothesis, in the case of two 
damage variables d,  6 model. We obtain the following 
relations between damaged material and virgin material: 

(2.2a-c) - 
E’ = €’(l-d), ., = E m ( l - 6 ) ,  Zq =&(l-d) 

Here, E /  is the deviatoric strain tensor, E ,  is the 
average strain, and .$q is the equivalent plastic strain. 

The yield function Fp used here is made of the 
energy-based Von Mises yield criterion with both 
isotropic and kinematic hardening, in the form: 

r 

(2.3) 

in which 7’ is the deviatoric component of the shift 
stress tensor y, Ro denotes initial plastic hardening 
threshold, R is the plastic hardening threshold, and 01 is 
the accumulated plastic energy variable. 

In order to describe the growth of damage, Ladeveze 
( 1984) proposed an energy-based damage evolution 

Fd = -Yd - < 7> Ya - Bo - B(P) 

With the definition, 
6/d (a,>O) 
0 (u,SO) I <r>  = (2.5) 

the difference of mechanical effects observed under 
tension and compression states can be described. Here, 
Bo denotes initial damage strengthening, B is the 
damage strengthening threshold, 0 is the overall 
damage, and G and x are the shear and bulk moduli. In 
eq.(2-4), Yd and are the thermodynamic forces 
associated with damage variables d and 6, respectively. 

3 ANISOTROPIC DAMAGE MODEL 

In this section, an energy-based anisotropic damage 
model proposed originally by Cordebois & Sidoroff 
(1982) is extended with some special considerations 
(Zhu 1992). The effective stress tensor written in the 
principal coordinate system of damage is: 

(3.11 
where the damage effect tensor M(D) is a fourth-order 
symmetric tensor depending on the damage tensor D 
(Chow & Wang 1987): 

1 1 - - 
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(3.2) 
D,, Dz, and D3 are damage components in their 
principal axes. 

According to the hypotheses of elastic energy 
equivalence (Cordebois & Sidoroff 1982), the effective 
elastic strain tensor is written as: 
E ,  = M-’E,  (3.3) 
- 

Following the thermodynamic rule of irreversible 
processes, the associated thermodynamic force can be 
written (Lu & Chow 1990): 

1 aM 
a 0  Y = -#MCi - U  (3.4) 

where C, is the elastic material stiffness tensor. For 
orthotropic materials, its inversion form is represented 
by a 6x6 matrix: 



materials. In this case the thermodynamic force eq.(3.4) 
can be expressed in the following form: 0 0  ' 3  1 - - 0  

E 3  aM y = - (a+yMC, -a+ 
aD 

(3.10) 
'32 - - 0  
E3 

0 0  

0 0  
where u+ is the so-called tensile tensor which is 
obtained by a projection method of stress-spectral- 
decomposition (Zhu 1992). 

1 - 0  
E3 (3.5) 

1 0 - 0  0 
G 2 3  

0 0  4 VISCOUS REGULARIZATION 

The present damage models are able to predict not only 
the crack initiation but also the propagation of damaged 
zones. However, further developments are needed, 
especially in the case of very localized zones, to handle 
the possible instabilities and bifurcation of the solution 
corresponding to local strain softening. Viscous 
regularization (Loret & Prevost 1990), which naturally 
introduces a length-scale into the dynamic initial 
boundary value problem, seems to be a powerful 
approach to solve localization problems associated with 
material softening. As an extension of the proposal of 
Loret & Prevost (1990) for softening elastoplasticity , 
we construct the viscous regularization of the present 
damage models as: 

(0) 
u n + l +  (Atn/pt) ui+1 (4.1) 

1 +At,,lp 

qn+1 - 1 + At,,/p 
in which q is the vector of state variables; do) is the 
solution of the elastic predictor step; u*, q' are the 
inviscid solutions of isotropic elastoplastic damage 
models, and p is the viscosity coefficient. More details 
on this algorithm can be found in Zhu (1992). 

Un+1 = 

- qn + (Afn/p> 

0 0  1 0 0 - 0  
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In t materials ; damage 
undergoing large- plastic 'deformations, Hill's yield 
criterion is expressed in the following form: 

(3.6) 

The positive definite tensor H for orthotorpic materials 
is represented by a 6 ~6 matrix in the material principal 
coordinate system (Hill 1950). 

In a similar way to arguments leading to plastic 
dissipative potential, one can assume that there exists a 
damage surface Fd = 0, which separates the damaged 
domain from the undamaged domain. An energy-based 
damage evolution criterion was proposed by Cordebois 
i!k Sidoroff (1982) as: 

(3.7) 

in which J is the damage characteristic tensor. 
Recently, Zhu (1992) proposed the following 
generalized expression for J: 

5 NUMERICAL APPLICATIONS 

(3.8) 5.1 Upsetting of collar cylinders "=/K J2 
The upsetting of collar cylinders often results in lower 
fracture strains in comparison with the upsetting of a 
circular cylinder (Zhu 1992). For the present tests, two 
kinds of specimens were used: specimen with one 
flange and specimen with three flanges. All the tests 
were terminated when a surface crack could be detected 
with the naked eye. The isotropic damage law for 
aluminum was identified with a uniaxial tensile test 
(Zhu 1992). Fig.1 shows the experimental results of 
final deformation at fracture for both specimens 
respectively. The cracks appear to propagate inwards to 
a depth of 2 to 3 mm and cover the full height of the 
collar. The theoretical distributions of Von Mises stress 
and volumetric damage variable are shown in Fig. 1. As 
expected, the maximum value of volumetric damage 
variable 6 is located in the collar. In general, the 

The terms J2, J3 can be determined by a concept of 
equating damage work (Zhu 1992) as: 

J2 = y: 

c0,44><y: - Y:o) + yk 
(3.9a) 

(3.9b) T y: 

where D, are the slopes of K-Di curves with component 
i, and Ya, r;: are the initial and current equivalent 
damage energy release rates corresponding to 
component i, respectively. 

It is generally accepted that only the tensile stress 
component contributes to microcrack growth in some 
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hydrostatic stress a, becomes larger at the equatorial 
free surface. Cracks usually form in those regions 
where the hydrostatic state of stress is highly tensile, 
while the Von Mises stress may not be too high. 

5.2 Non-isothennal hemispherical punch stretching 

This example is aimed at applying the anisotropic 
damage model to solve coupled thermo-plasticity and 
damage problems related to sheet forming processes. To 
minimize complexity, temperature-independent material 
properties are used. However, the introduction of 
temperature-dependent material properties, leading to 
additional terms, does not present fundamental 
difficulties. Fig.2 shows the initial and deformed shapes 
of sheet. The punch and die are initially at room 
temperature and the sheet is initially heated to 348K. 
The heat transfer to tool and air and internal heat 
conduction in sheet are considered. Fig.2 also shows 
the distribution of damage components and the radial 
strain along the original position for the cases: (1) 
anisotropic with friction at a punch depth of 40 mm, (2) 
anisotropic with friction at a punch depth of 35 mm, 
and (3) isotropic without friction at a punch depth of 40 
111111. In our simulation, we find that as the friction 
between the sheet and tool is decreased or the degree of 
anisotropy reduced, the peak damage and strain move 
toward the center of the sheet and the peak values are 
increased. In the case of isotropic without friction, the 
peak values are located near the center of the sheet, and 
the damage value is three times higher than that in the 
case of anisotropic with friction. In Fig.2 other previous 
experimental (Ghosh et al. 1975) and theoretical (Wang 
et al. 1978) results are also plotted. These results are 
relevant to a punch depth between 35 and 38 mm and 
show good agreement with the predicted results. 

6 CONCLUSIONS 

Two energy-based elastoplastic damage models have 
been presented in this paper to characterize damage and 
crack growth. The constitutive models were developed 
within the general framework of continuum thermo- 
dynamics for irreversible processes. The models are 
capable of accommodating general nonlinear elasto- 
plastic response, the coupling of damage and plasticity, 
rate dependency, damage threshold, isotropic or 
anisotropic microcrack opening and closing. The 
numerical problem of mesh dependency is improved by 
means of viscous regularization algorithm. 

The numerical simulations of metal forming processes 
and the results obtained concerning the distribution of 
damage variables clearly indicate the zones where 
defects can appear. Finite element programs based on 
the damage models should help predict damage 
evolution and defects occurrence in the simulation of 
metal forming processes where the quality of the final 
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product is required. 
Our further research will be focused on the extension 

of the present models to those with a non-local damage 
framework in order to completely avoid mesh 
dependency problems. 
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