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Abstract. The accuracy of the computational investigation on the response of ductile materials under dynamic 
condition depends on the capability of the constitutive model in accounting for strain rate, temperature and micro­
structural effects. In this work, we propose a damage evolution law, valid for a wide range of strain rates, based on 
the theory of continuum damage mechanics (COM). This model implicitly accounts for the three stages of damage: 
the nucleation, the growth and the coalescence. This non-linear isotropic COM model for ductile damage is 
developed by assuming the existence of a new ductile damage dissipation potential. The proposed damage law is 
coupled with an evolution law for the flow stress. Like in the mechanical threshold stress (M.T.S.) model, the flow 
stress is decomposed as the sum of an athermal component and a temperature and strain rate dependent component. 
Results from our model are in agreement with the existing experimental results for stress-strain behavior and 
damage evolution in oxygen-free high-conducting (OFHC) copper under both quasi-static and dynamic loading 
conditions. 

1. INTRODUCTION 

To predict the damage evolution of ductile materials subjected to dynamic loads, the flow stress model 
must account for the effects of the temperature T, effective accumulated plastic strain p, effective plastic
strain rate p and the micro-structure as formally expressed by the following relation : 

creq = f(p, p, T, microstructure) (1) 

The proposed model is based on the continuum damage mechanics (CDM). In this model, the presence 
of voids, or cracks are accounted for by introducing a single damage variable D. For simplicity, the 
present study concentrates on isotropic plasticity and damage. The proposed non-linear dynamic damage 
model is studied in section 2. In section 3, the validity of the model is evaluated by a parametric study. 

2. MODELING 

Using the Legendre-Frenchel transformation, in the framework of continuum damage mechanics, it is 
possible to formulate the total dissipation potential, F, as the sum of the dissipation potential associated 
with plastic deformation, Fp, and the dissipation potential associated with the damage process, FD: 

F = fp(cr, R, X; D)+ R:i(Y; p, D) (2) 

Here a-is the stress tensor, R is the isotropic hardening stress, X is the kinematic hardening stress, Dis the
damage variable (as defined by Kachanov [l ]), Y is the internal variable associated with damage, and p is
the effective accumulated plastic strain. 
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Based on the work of Bonora [2], we propose a new expression for the damage dissipation potential, 

Fo: 

(3) 

where So is the initial damage energy strength, Y is the damage energy release rate, k is the damage 
exponent characteristic of the material, h is a material exponent, and Do is the initial amount of damage. 

In the following, we set h = 0 which gives a damage dissipation potential F 0 that was successfully used 
to predict damage evolution in face centred cubic metals [3]. The evolution rate of the damage, D, is
expressed in the general form proposed by Chaboche and Lemaitre [ 4] 

D= 8F0 (Y,p,D, ... ) . (l - D)H( _ )
BY P P Pih (4) 

where H (p - Pih) is the Heaviside function, and Pth is the onset strain for damage nucleation. Using the
definition of the internal variable Y associated to damage [4]: 

Y = _cr_�q�R_v_ 
2E (l - D) (5) 

where E is the Young modulus. Rv, function of ( <7HI <:Teq), is the triaxiality factor into <:Teq the von Mises
equivalent stress and <7H the hydrostatic stress.

By substituting equation (5) into equation (4), we obtain the following damage kinetic evolution: [ J2 . cr 1 1:.:l 
D= __:9_ Rv - (D - D0 ) k H (p-p,h )P 

1-D 2ES0 

where k is the degree of non-linearity of damage evolution, 

(6) 

Like in the M.T.S. (mechanical threshold stress) model [5], the effective equivalent von Mises flow 
stress is modelled as the sum of two components: one temperature and strain rate dependent a, and one 
athermal (J ath : 

� = a (p, p, T, microstructure) + cr mh ( microstructure) .
1 - D  

(7) 

The athermal stress <:Tath depends on the strengthening mechanisms and grain size. The grain size
influences on the flow stress at low homologous temperatures (T < 0.25xT melt) and is modelled by the
Hall-Petch relation: 

crarh (microstructure) = cr,rn + kHP.( .Jd)-l (8) 

where CJ"sm is the contribution from strengthening mechanisms [6], dis the mean grain diameter and kHP is 
the Hall-Petch constant. 
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The thermal stress ii is mainly induced by the interaction between dislocations and obstacles [7]. We 
assume that ii is given by the following multiplicative decomposition : 

&(p, p, T, microstruture) = Gkv (p). R (p, T). S(p, T) (9) 

where akv (p) is the monotonously increasing stress function with a maximum value at a finite "strain" 
proposed by Kovacs and Voros [8] for polycrystalline f.c.c. metals in the quasi-static case: 

akv (p)= a0 + � (1 + lnpm ). (p )- � (p.lnp). (10) 

Here Pm is the strain corresponding to the maximum stress, fJ and a0 are fitting parameters. 
The term R(fJ,T) is a scaling function which depends on the normalizes hardening coefficient, the 

temperature T and the equivalent plastic strain rate jJ . The proposed form for R (fJ, T) is a modification 
of that proposed by Maudlin et al. [9] where we include temperature effects in a similar way to the 
Johnson-Cook model [10]: 

R(p,T)=90(p). [1- ( T-�ref J m ] /H max. 
Tmelt Tref / • (11) 

Tref is the reference temperature (in our case room temperature), T melt is the melting temperature, m is a 
softening exponent, Hmax is the maximum value at the hardening due to dislocation accumulation and 
eo (fJ) is the initial strain hardening rate given by 

(12) 

where a1, a2, and a3 are model parameters. 
The term S (fJ, T) is a scaling function that accounts for temperature and effective accumulated plastic 

strain rate dependence defined by: 

(13) 

where ks is the Boltzmann constant, b is the magnitude of the Burgers vector, go is a normalized 
activation energy (which is expected to remain constant providing the obstacle character does not vary), 
Pu is a reference strain rate, µ is the shear modulus, and c5 and 77 are statistical parameters that
characterize the average shape of the barriers that oppose dislocation glide (Kocks et al. [11]). The 
parameters involved in equation (13) are defined in the work of Follansbee and Kocks [5] for OFHC f.c.c. 
copper (99.99% pure) 

The proposed model is used to predict stress-strain curves for OFHC Cu deformed under uni-axial load 
in the quasi-static case and dynamic case. Husson et al. [12] have studied the quasi-static case. In the 
present study, we focus on high strain rate. The comparison between experimental data [5] and our model 
is presented in figure I for different temperatures and strain rates for uni-axial compression. 
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Figure]. Comparison between experimental data [5] and proposed model for OFHC Cu [Table l]. 

Regarding the uniaxial loading, and according to the form of kinetic damage evolution law (equation 
6) in which we insert the stress-strain constitutive model including the temperature, the strain rate and the
micro-structure (equation 7), we obtain the following damage evolution law in polycrystalline f.c.c. 
metals: 

8�q < 8th � 

8th < 8� <&er � 

8cr < io:q � 

D=D0, 

r r 
p 2 

_ 
L::' [ CTath + CT J dE 

D-Do - (Der -Do ) c 2 ' 
fer [ crath +cr J dE 

eth 
D=Dcr· 

(14) 

where &er is the critical uniaxial strain to failure, &th is the damage threshold strain (uniaxial), Do is the 
initial damage, and Der is the critical damage at failure. 

3. PARAMETERS ANALYSIS 

3.1 Constitutive damage parameters 

Table 1 lists the values of the physical constants and parameters. The experimental data for OFHC Cu is 
obtained from Follansbee and Kocks [5], Maudlin and Davidson [9], Johnson and Cook [10] and Husson 
et al. [3]. 

The initial amount of damage Do is assumed to be zero for a virgin material. Johnson and Cook [10] 
investigated the behavior of metals under several load rates and temperature. Recently, Poizat et al. [13] 
investigated the effect of strain rate on the damage process (due to nucleation and growth) on the OFHC 
Cu under several dynamic loading. From these studies, it is concluded that the critical damage Der, the 
damage threshold strain &1h, the critical strain to failure &er, and the damage exponent k depend on the 
strain rate p , the temperature T and the micro-structure.
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Table 1. Values of physical constants and non-adjustable model parameters for OFHC Cu. 

Parameters Dimension Values Parameters Dimension Values Parameters Dimension Values 

kHP MPa.mmu� 4.6 ao MPa 2370.7 Troom K 1356 
C>sm MPa 20 a1 MPa 8.295 Hmax MPa 2370.7 

d mm 5.10·2 a2 MPa 3.506 µ GPa 42 
cro MPa 198 kB/b3 MPa/K 0.823 go 1.6 

� MPa 185.88 m 0.8 8 213 

Em 1.7 Tref K 300 T] 1 

3.2 Investigated parameters 

The experimental data for the damage evolution under high strain rate deformation is not available. 
Hence, we propose a parametric study to evaluate the effect of several parameters on the damage 
evolution. 

Several constitutive damage parameters were varied in the non-linear continuum damage mechanics 
model under constant high strain rate deformation (10+3 /s) at room temperature (298 K). This procedure
enabled us to illustrate how the damage curve is influenced by the following parameters: - the critical 
damage Der, - the damage threshold strain £1h - and the critical strain to failure &er· 
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Figure 2. Damage evolution for a OFHC Cu at high strain 

rate: s{q = 10+3 /s and T = 298 K. 

a) Damage evolution according to &er (D,,. = 0.85, &,h = 0) 

b) Damage evolution according to Der (&er= 1, &1h = 0) 

c) Damage evolution according to &1h (Der= 0.85, &er= 2) 
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Figures 2a and 2b shows that the response of the proposed model is very sensitive to the critical 
damage Der and the critical strain to failure F::cr· Figure 2c shows that the model response is not sensitive to 
the parameter f::th· 

The parameter sensitivity study shows that the developed damage model is mostly sensitive to the 
failure parameters. 

4. CONCLUSIONS 

In this paper, in order to model the degradation of a material under high train rate deformation for ductile 
metals, an non-linear damage model is derived. Here strain rate , temperature and micro-structure have 
been taken into account in the work hardening behaviour of polycrystalline f.c.c. metals using a micro­
structural approach. Our motivation for this work is the finite element simulation of the manufacturing 
processes and the impact tests. Based on the continuum damage mechanics, the proposed non-linear 
damage model is valid for a broad range of strain, strain rate and temperature. 
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