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Abstract
The purpose of the present paper is to show how and to what extent the introduction of refined, shear sensitive models

improves on previous ones, based on triaxiality only, for the phenomenological description of ductile damage in bulk cold
metal forming processes. Wire-drawing and wire rolling are taken as examples. A set of mechanical tests has been conducted:
round bar, notched bar and plane strain tensions as well as torsion for pure shear deformation. Both constitutive and damage
models parameters have been carefully identified, with back-computation of the laboratory tests for validation. Application
of the models to the cold forming processes, described here, shows the superiority of the shear-enhanced models for locat-
ing maximum damage in flat wire rolling, where a significant amount of shear is present (“blacksmith’s cross” deformation
pattern). On the contrary, it proves unnecessary for low-shear processes such as wire-drawing. The cavity-growth Gurson-
Tvergaard-Needleman model, with a modified formulation for nucleation, seems to be the best basis for damage prediction in
patented high carbon steel.
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1 Introduction
In the modern world, products should be produced under low cost and severe environmental constraints, there is thus

no longer place for the classical “trial and error” tests. For all industrial cold forming processes, the ability of numerical
modeling to predict ductile fracture is crucial. The common issue is to predict ductile damage and fracture in multi-axial
and non-proportional loadings involving very large plastic strain, in which the damage may localize away from the maximum
critical strain locations. Moreover, the shear effects in several processes are important, damage models thus must be able
to capture the associated shear damage mechanism. There is thus real need to develop robust damage models for industrial
applications. By robustness, the challenges for a good model are three-fold: (1) physical mechanisms of the onset of damage
and fracture must be captured; (2) the models have to be suitable for numerical implementation and must be simple enough for
real-scale structure simulations; and (3) models parameters should be convenient for identification for massive applications.
The purpose of the present paper is to examine the capacity of different types of models in three approaches of ductile damage
(namely, fracture criteria, coupled phenomenological and micro-mechanics based models) to predict damage and fracture in
two different processes: wire-drawing and wire rolling.

2 Damage models developments and implementations

Six ductile damagemodels are compared, which are described in terms of invariants of the stress tensor: the stress triaxiality

η = σm/σ; and the Lode parameter θ = 1− 6θ
π = 1− 2

π arccos

(
( 27

2 det(s))
σ3

)
(σm, σ are the mean and von Mises equivalent

stresses; s is the deviatoric stress tensor). Elasto-plastic hardening law was used combined with J2 plasticity, except the case
of Gurson-like models (section 2.3) where pressure-dependent plasticity model was employed. The hardening law used was a
modified form of the Voce law, in which the flow stress is defined as:

σ0 = σp0 + (σps − σp0 +K2εp) (1− exp(−nεp)) (1)
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where: σ0 is the flow stress of material matrix, n and K2 are material parameters; σp0 = σ0(εp = 0); σps = σ0 (εp →∞) if
K2 = 0. The unit of K2, σp0 and σps is MPa. The identified hardening law was validated for different mechanical tests:
compression, torsion and tensile tests ([1, 2]).

2.1 Fracture criterion

The Bai & Wierzbicki fracture criterion was used ([3]), in which the strain to fracture function is defined as:
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where D1, D2, D3, D4, D5, D6 are 6 positive material parameters which need to be identified. A linear incremental relation-
ship is assumed between the damage variable D and the equivalent plastic strain εp:

D(εp) =

∫ εp

0

dεp

εf (η, θ)
(3)

2.2 Coupled phenomenological models

Three models were implemented and used: models in Continuum Damage Mechanics (CDM) framework (Lemaitre [4],
Lode-dependent Enhanced Lemaitre-LEL [5]) and a fracture strain-based coupled phenomenological model proposed by Xue
[6]. The governing equations of the LEL model are summarized as:

Ḋ =

{
ε̇p
(
Y
S

)b 1

α1+α2θ
2 , if εp > εD = εD0exp(−Aη) and η > ηcutoff

0 , otherwise
(4)

{
σ = w(D)σM
E = w(D)EM

with w(D) =


1−D , if η ≥ η1
1− (1−h)η+hη1−η2

η1−η2 D , if η1 > η ≥ η2
1− hD , if η < η2

(5)

where α1, α2, εD0, A, η1, η2 are additional parameters; ηcutoff is the cutoff value of the stress triaxiality to be identified, which
could be chosen equal to −1/3 from the study of [7] for a first approximation (or taken as a function of the Lode parameter
as proposed by [8] ). It should be noted that, if α2 = 0, α1 = 1 and A = 0, the evolution equation of the original Lemaitre
model is retrieved.

Xue ([6]) proposed a phenomenological damage model, which is based on the definition of the equivalent fracture strain
εf as a function of hydrostatic pressure (p) and Lode angle (θL):

εf (p, θL) = εf0µp(p)µθ(θL) , with: µp = 1− q ln(1− p

pL
) and µθ = γ + (1− γ)

[
6 |θL|
π

]k
(6)

The scalar damage variableDX was used as an internal variable to represent the material degradation. The weakening function
w(DX) = 1−Dβ

X is adopted to describe the damage effect on the macroscopic strength:

ḊX = m

(
εp

εf (p, θL)

)m−1
ε̇p

εf (p, θL)
and σ =

(
1−Dβ

X

)
σM (7)

where β is the weakening exponent, εp is the equivalent plastic strain, σM is the flow stress of undamaged material.

2.3 Micromechanics-based models

The yield function of the GTN model ([9]) writes:

φ =

(
σ

σ0

)2

+ 2q1f
∗ cosh(−3q2

2

p

σ0
)− 1− q3f∗2 = 0 (8)
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σ0 is the flow stress of matrix material; q1, q2, q3 = (q1)
2 are material constants; f∗ is the effective void volume fraction,

which accounts for the voids’ linkage:

f∗ =

{
f , if f < fc

fc +
f∗
u−fc
ff−fc (f − fc) , if f ≥ fc

(9)

where fc represents the critical value of f at which void coalescence begins, ff its value at ductile failure, and f∗u =
q1±
√
q21−q3
q3

the corresponding value of f∗ at failure. The evolution of void volume fraction is described as:

ḟ = ḟnucleation + ḟgrowth (10)

where ḟgrowth is defined as ḟgrowth = (1− f)trace(ε̇p) and ḟnucleation is often described by a Gaussian curve introduced by [10]:

ḟnucleation =
fN

SN
√
2π
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]
ε̇p = A (εp) ε̇p (11)

Xue proposed a new damage variable (D) which accounts for void shearing damage:

Ḋ = δD

(
q1ḟ + Ḋshear

)
(12)

where δD is the damage rate coefficient. For the GTN model, which accounts for coalescence (i.e. using fc to define the start
of coalescence stage), this coefficient is defined as:

δD =

{
1 , if D ≤ Dc = q1fc
f∗
u−fc
ff−fc , if Dc < D ≤ 1

(13)

Ḋshear = q∗3f
q4εpε̇pgθ where gθ = 1− 6 |θL|

π
(14)

In addition to this modification, in order to account for the influence of the stress triaxiality on the nucleation process, Cao et
al. [2] proposed a formulation for the strain at maximum nucleation εN as:

εN = εN0 exp(−Bη) (15)

where η is the stress triaxiality, which can be taken as the initial stress triaxiality if the loading is nearly proportional; B and
εN0

are two parameters to be identified. This modification allows the void nucleation process to take place earlier at high stress
triaxialities, which is materialized by the experiments of Kao et al. [11]. The GTN model with the modification proposed by
[6] and [2] is called the modified GTN model in the present study.

2.4 Implementation and calibration

All models were implemented in Forge®, an implicit, 3D Finite Element software based on a mixed velocity-pressure
formulation using mini-elements ([12, 13]). Identification of the parameters of the models above, plus those describing work-
hardening, has been performed using a set of experiments covering the plane (η, θ): cylinder compression (-1/3;-1); torsion
(0;0); plane-strain, flat grooved specimen (≈ 2/3-1;0); round and notched bar tension (1/3-2/3;1). For Gurson-Tvergaard-
Needleman - likemodels, X-Raymicrotomography has been used also to identify nucleation parameters and porosity at fracture
([2]). The calibration of all models were based on inverse analyses using multi-objective automatic optimization program
([14]).

3 Examples of applications

In this section, the above-mentioned models are compared in terms of damage prediction in two industrial forming pro-
cesses: wire drawing and wire flat rolling (high carbon steel). In addition, the Lemaitre and B&W models were also applied
to predict fracture in rolling of stainless steel wire.

3.1 Wire drawing process
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(a)
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Figure 1: (a) Schematic of drawing; and (b) SEM images of microstructure in the drawing direction (horizontal direction) after
four passes wire drawing [15]).

Fig. 1a shows the schematic of the studied wire drawing process. Fig. 1b shows the damage state observed after four
passes of drawing, near the wire center (total average deformation ε ≈ 0.81). As can be observed, deformable inclusions are
oriented following the drawing direction. At this stage, inclusion cracking is also observed but negligible.

For the wire drawing process, most models predict higher damage in the wire core than in the wire skin ([15]). In exper-
iment, fracture occured in the wire core after 14 drawing passes. Fig. 2 shows damage distributions on the longitudinal and
transverse cross sections, at the second pass, which confirm high localization of damage in the wire core (except the modified
GTN model). Moreover, between the Lemaitre and Xue coupled models, a stronger localization in the wire center can be
observed with the Lemaitre model, while for the Xue model, damage changes gradually from the wire core to the wire surface.
In addition, regarding the LEL model, which accounts for the influence of the Lode parameter, damage accumulation is also
predicted on wire surface, although less intense than in the wire core. It means that, for the models based on both the Lode
parameter and the stress triaxiality (i.e. B&W, Xue and LEL), the influence of shear, which is maximum on the wire surface,
is accounted for with a stronger weight than for the stress triaxality-based model (e.g. Lemaitre). Moreover, in the working
zone, since the stress triaxiality in the wire surface is negative, damage accumulation predicted by the stress triaxiality-based
Lemaitre model is not noticeable at this location. It should be noted that, in [15], results revealed that only the GTN model
gives a satisfactory results regarding the prediction of the moment of fracture (after 13 passes).

3.2 Wire flat rolling

Fig. 3a represents the schematic of the studied wire flat rolling process. As the wire passes through the rolls, all material
points across the width experience some tendency to expand laterally (transverse direction); this is called “spread”. The
edges are thus strained in tension, which may lead to edge cracking. The edge center tends to expand laterally more than the
upper and lower surfaces, which produces barreled edges similar to those observed in compression of a cylinder. Therefore,
theoretically, in this process, the barreled areas are critical zones where cracks tend to initiate first. An experimental study of
damage in rolling process was performed in [16]. Damage was identified at a microscopic scale through SEM observations,
which showed decohesion around non deformable inclusions (matrix-inclusion debonding) and fragmentation of deformable
inclusions. The FEM analysis of the strain map was also presented, which showed a localization in form of a cross (the
“blacksmith cross”). This strain localization may explain the evolution of microstructure during rolling (see [16] for more
details). The experimental sketch of damage, superposed on a strain map obtained with FEM analysis, is presented in Fig.
3b. Since this process involves a global vertical compression with a significant transverse flow, the expansion of decohesion
thus follows the transverse direction. Moreover, the inclusions located in the branches of the blacksmith cross seem to have a
preferential orientation due to rotation associated with shear strain in this area. The authors mentioned a higher void density
as well as a higher flattening of cavities in the wire core than in the edge. Therefore, from this experimental observation, the
rolling process principally affects the voids in the wire core and on the blacksmith cross. Voids located in the barreled zone
were also expanded laterally due to rolling, but the expansion is smaller.

In rolling (Figs. 4 and 5), Lemaitre’s model gives maximum damage on the edge, with a small secondary peak at the
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As expected, most models predict higher damage in the wire core than in the wire skin.
Figs. 7a, 7b, 7c, and 7d, show damage distributions on the longitudinal and transverse cross
sections, at the second pass, with four phenomenological models: Bai & Wierzbicki, Xue,
Lemaitre and LEL, which confirm high localization of damage in the wire core. Moreover,
between the Lemaitre and Xue coupled models, a stronger localization in the wire center can
be observed with the Lemaitre model, while for the Xue model, damage changes gradually
from the wire core to the wire surface. In addition, regarding the LEL model, which
accounts for the influence of the Lode parameter, damage accumulation is also predicted
on wire surface, although less intense than in the wire core. It means that, for the models
based on both the Lode parameter and the stress triaxiality (i.e. B&W, Xue and LEL),
the influence of shear, which is maximum on the wire surface, is accounted for with a
stronger weight than for the stress triaxality-based model (e.g. Lemaitre). Moreover,
in the working zone, since the stress triaxiality in the wire surface is negative (see Fig.
6a), damage accumulation predicted by the stress triaxiality-based Lemaitre model is not
noticeable at this location.

(a) (b)

(c) (d)

(e) (f)

Figure 7: Damage at steady state of second drawing pass for six damage models: (a) Bai &
Wierzbicki, (b) Xue, (c) Lemaitre, (d) LEL, (e) GTN and (f) modified GTN by Xue. The values
are represented on the longitudinal and transverse cross sections.

Regarding micromechanically-based models, the GTN model (Fig. 7e) predicts damage
higher in the wire core than for other models (although at this stage, the void volume

14

Figure 2: Damage at steady state of second drawing pass for six damage models: (a) Bai & Wierzbicki, (b) Xue, (c) Lemaitre,
(d) LEL, (e) GTN and (f) modified GTN by Xue. The values are represented on the longitudinal and transverse cross sections.

Barreled 
edge

Roll Compressive force

Rolling 
direction

(a)

1.24
1.8

(b)

Figure 3: (a) Schematic of wire flat rolling; and (b) sketch of the damage state at the end of rolling superimposed to strain
map obtained by FEM analysis (color). The zoomed pictures show flattened deformable inclusions in the wire core and in the
blacksmith cross (SEM pictures - adapted from [16]).

center corresponding to the heritage of wire-drawing. On the contrary, its shear-enhanced version (“LEL”) depicts the black-
smith’s cross. The same difference can be found between Gurson-Tvergaard-Needleman (“Porosity”) and shear-enhanced
Gurson-Tvergaard-Needleman (“Dx-GTN”) (in experiments, the most dangerous zones are the center and the blacksmith cross
- see ([17], or [18]). The Bai & Wierzbicki model (“B&W”) is close to Gurson-Tvergaard-Needleman, whereas Xue’s model
resembles the enhanced Lemaitre model

3.3 Fracture prediction in wire round rolling

The studied rolling process consists of 5 “passes”, each pass involving 2 stands (3+3 rolls or 2+2 rolls). The first pass uses
the 3+3 technology (see Fig. 6a), where 2 stands of 3 rolls are set next to each other. For each stand, one roll makes an angle
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Figure 4: Damage on a cross section perpendicular to the rolling direction with different models: (a) Xue, (b) Lemaitre, (c)
B&W, and (d) GTN.

(a) (b)

Figure 5: Damage on a cross section perpendicular to the rolling direction with two enhancedmodels: (a) LEL and (b) modified
GTN by Xue.

of 120o with another. For the other four rolling passes, the 2+2 rolls are used, which consists of one horizontal stand and one
vertical stand of 2 rolls (see Fig. 6b). Figs. 6a and 6b represent numerical models for 3+3 and 2+2 technologies respectively.
Only a part of wire about 15 cm long was modeled to reduce CPU time. The mesh of the wire is also presented in Fig. 6c.

(a) 3+3 technology. (b) 2+2 technology. (c) Mesh used for steel wire before rolling.

Figure 6: The studied rolling mills and mesh used.

Fig. 7 shows the comparison between cracks observed at the outlet in wire round rolling process on a stainless steel
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obtained from experiment (Fig. 7a) and from numerical prediction with the Lemaitre-type model (Fig. 7b). For this process,
fracture occurs on the wire surface. It should be noted that, in [18, 19], the authors showed that, both the Lemaitre-type and
B&W models give correct prediction for both fracture location and the instant of fracture for this process.

(a) (b)

Figure 7: (a) Experimental observations of cracks on the surface of rolled wire; (b) numerical prediction obtained with the
Lemaitre-type model, showing cracks at outlet ([18].

4. Closure remark

Six damage models from the recent literature have been implemented, their parameters identified from experiments, and
their performance tested on different cold forming schedules. Note that the sets of parameters identified by laboratory me-
chanical tests have been used “as is”, without any modification, to study wire-drawing and wire rolling. The experimental
trends in terms of time and location of failure have been checked. In the wire drawing of patented high carbon steel, the
Gurson-Tvergaard-Needleman model is the one which best fits measurements. Other models predict a largely premature fail-
ure (although critical positions were accurately predicted). Regarding rolling process, experimental void density maps can be
reproduced only with shear-emphasizing damage models. It is quite difficult to obtain a good balance between the lateral sur-
faces (low but non negligible porosity), the center (largest density) and the arms of the blacksmith’s cross (intermediate). Again,
Gurson-Tvergaard-Needleman is globally the best if used with shear-enhancement (here, the Xue phenomenological formula-
tion). Another application for round-rolling on a stainless steel reveals that both the stress-triaxiality based (Lemaitre) and Lode
and triaxiality based models (B&W) provided accurately results in terms of fracture prediction in the zone of high lateral ex-
pansion (positive stress-triaxiality zone). These results suggest that, for the process with high triaxiality zone, triaxiality-based
models could give correct predictive results. However, regarding processes involving strong shear, models should account for
both stress triaxiality and Lode parameter. In addition, as can be observed, voids are elongated in the drawing direction in the
wire drawing process and voids are flattened and rotated following the shear band in the rolling process. The GTN model with
underlying assumption of spherical cavities shows its limitation in these cases. The use of a purely micromechanical model
([20, 21]), which accounts for void shape change and void rotation, is of great interest for future studies.
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