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Physical mechanisms of ductile damage in metal forming, experimental characterization methods for dam-age, and models predicting the damage level in
formed components are reviewed. Applications of damage analysis in metal forming processes reveal that damage in metal formed parts is not failure, but a
product property that accumulates between processes. Various metal forming process designs demonstrate that dam-age in formed products can be reduced
and their performance can be increased. Static and fatigue strength, impact toughness, stiffness, and formability are typical examples of performance indicators
that can be improved by damage-based process design. Potential scientific and technological challenges are addressed to realize damage-controlled metal

forming processes.

1. Introduction

Metal forming influences product properties [199]. These product
properties determine the performance of the component during service
loading or during further manufacturing steps. The better the knowl-
edge about the properties of the product after forming, the lower the
safety factor for the use of the component in service can be set. The
safety factor is defined as the material’s capability divided by the applied
load. The material’s capability is influenced by the manufacturing pro-
cess. Knowing the work-hardening, for instance, of any formed compo-
nent allows a better prediction of its strength, lowering of the safety
factor, and, finally, reducing the mass of the component. Therefore, it is
a primary goal to predict and influence the product properties by
manufacturing for reducing the safety factors and, hence, reducing the
weight of the component. The conventional properties impacted by
forming are the work-hardening (strength and hardness) and the resid-
ual stresses of the product. Both of these mechanical properties influ-
ence the static strength [110], the fatigue strength [214], the impact
strength [220], the corrosion behavior [204] etc. of the product. How-
ever, there is an additional important property of the product that is not
recognized in the assessment of formed components: the damage level
of the component.

Damage has been associated in history with fracture and hence fail-
ure. Failure of iron wires has been tested firstly by Leonardo de Vinci in
the 15th century as documented in his note “Testing the strength of
Iron Wires of Various Length”. He found that shorter wires support
more weight under tension than longer wires with the same diameter.
This conflicts with the expectations of the macroscopic strength of
materials based on the continuum assumption. Yet, noticing that the
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number of microscopic defects in wire could increase with its length,
this very early observations deliver a first indication of the importance
of the microstructure in considering failure [129]. The strength of beams
under bending has been analysed by Galileo Galilei in the 17 century
leading to the importance of internal bending moments. These studies
have been followed by various strength hypotheses in the 19" century
some of which even survive today as failure criteria.

Ludwik [127] documented in 1926 a round unbroken aluminium
tension specimen exhibiting a crack in the centre of the neck
(Fig. 1a). This was the first indication that a component plastically
formed, and apparently not failed, may have some sort of discontinu-
ity, here a crack, inside it. In an even earlier paper Ludwik and Scheu
[128] indicated the effect of stress state on the amount of plastic
strain until failure by analysing tension specimens with various
notches. In 1930, Remmers [162] detected in drawn wires made of
copper and aluminium Chevron cracks with differently sized pores
between them at the centre of the wire (Fig. 1b). He found that
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Fig. 1. a) An internal crack in a tensile specimen made of pure aluminium necked by
80% area reduction, [127]. b) Chevron cracks and holes between the cracks at the cen-
tre of a copper wire drawn in 8 successive dies with a total area reduction of 67.6%,
[162]. Void coalescences between the Chevron cracks of various sizes are seen clearly.




fracture was promoted by low drawing die angles and low area
reductions as well as higher oxygen content in the workpiece mate-
rial. Investigating the fracture of mild steel specimens under tensile
loading, Tipper [200] observed that micro-holes nucleated in the
unfractured parts of the specimen, which have later been named
voids.

Bridgman [26] showed in his ground-breaking study that during
simple tension tests of various metals such as steel, aluminium, cop-
per, brass, and bronze both the strain at fracture as well as the nature
of the fracture changed with superimposed hydrostatic pressure
(Fig. 2).

a)

Fig. 2. Fracture surfaces of the same steel specimen broken (a) at atmospheric pressure
and (b) at 1850 MPa hydrostatic pressure [26].

These fundamental findings have been the basis for the dis-
covery of the mechanisms of ductile damage based on void nucle-
ation/growth/coalescence with and without instability. This entire
process and typical examples of each phenomena are illustrated
in Fig. 3.

Despite all formed parts have a certain level of damage, they are
still functionally acceptable parts. However, the damage level
induced in a formed component can affect its service performance
under various types of loads. Generally, the higher the tensile hydro-
static stress, the larger are the voids in size and, hence, the more
damage is induced by plastic deformation in the material [136,163].
The loading paths and therefore the damage evolution, could be
influenced by the metal forming process design and the resulting
product performance as shown in [198]. This is a paradigm change in
metal forming process design since conventionally, although the neg-
ative influence of damage is known, its consequences have been usu-
ally ignored during the process development.
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Besides reviewing the state of the art, this paper aims at revealing
a new process design approach in metal forming for minimum dam-
age in the components. First, the physical mechanisms of damage ini-
tiation and evolution are discussed in Section 2. This is followed by
the experimental characterization of damage in Section 3. The model-
ing of damage is detailed in Section 4. Section 5 is devoted to the
application of damage models for failed components. Here, the evolu-
tion of damage until its limit is considered. In contrast, Section 6
describes the applications to determine the damage of not failed
parts after metal forming and the effect of the damage level on the
product properties in service or in a subsequent manufacturing pro-
cess. In Section 7 industrial utilization of the described damage
knowledge is compiled. Finally, new research fields and possible
developments regarding damage-controlled metal forming processes
are discussed in Section 8.

2. Mechanisms of ductile damage

Defining damage is not straightforward. In a broad sense it repre-
sents undesired evolution of one or more structural characteristic(s)
that hinder(s) an engineering capability. In case of metal forming, the
unwanted evolution is generally considered to be that of plastic
straining-induced discontinuities in the volume of the material, e.g.
micro-cracks or micro-voids. These ductile damage incidents nucle-
ate at particular microstructural features, propagate further and coa-
lesce, ultimately leading to fracture. This particular definition of
damage is based on the continuum damage mechanics framework,
where damage evolution (i.e. nucleation and growth of micro-cracks)
represents the reduction in the load-bearing capacity of the material.
Switching from the continuum description to a micro-mechanical
point of view, however, leads to some challenges. First, for both
micro-voids and micro-cracks it is difficult to define when damage
nucleation actually takes place. The very initial stages of crack nucle-
ation involve events at the atomic scale, which are not possible to be
resolved microscopically in full detail. But the challenge goes deeper
than this experimental limitation. Even if there could be tools with
high enough resolution, the identification of the point of damage ini-
tiation would be challenging since both dislocation plasticity and
damage involve breaking of some atomic bonds and the transition in
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Fig. 3. The illustration of the void-based ductile damage mechanism. (a) The void nucleation by the debonding of the inclusion from the aluminium matrix [10]; (b) The void nucle-
ation by the ferrite-martensite decohesion and martensite cracking in a dual-phase steel [118]; (c) The void growth in an aluminium alloy AA6061T6 [67](d) The void growth in
dual-phase steel [118]; (e) The void coalescence by two different mechanisms: internal necking and shearing [215].



between is not necessarily sharp. Stresses developing in a dislocation
pile-up can eventually lead to nucleation of a crack. Yet, should the
developing local stress effects also be considered as a part of the
nucleation process?

Secondly, there are microstructural changes other than formation
of micro-voids or -cracks that can create a reduction in the load-bear-
ing capacity of metals. Thermally-induced phase transformations of
brittle phases [175], hydrogen uptake and segregation-induced dam-
age sensitivity [146,115], and radiation-induced point defect forma-
tion [223,154] are some examples. Some of those effects can also be
activated during forming operations, creating further ambiguity on
what to call damage. One generic solution is to revert back to the
broad definition made above, to apply it to metal forming: any local
crystallographic or compositional change in metal substructure, lead-
ing to a reduction in the load-bearing capacity of the material, can be
referred to as damage. This includes volumetric as well as surface
damage. Damage as defined above might affect also other properties
of the component such as electro-magnetic, acoustic etc. Here, in the
remainder of this text the classical continuum damage mechanics-
based description of damage will be employed.

It is often assumed that the coalescence of voids defines the begin-
ning of macroscopic failure and that crack propagation is a series of
void coalescences occurring in the structure until complete fracture
[2]. Therefore, the discussion of damage in this section is closely
related to failure by fracture since the strain at fracture seems to be a
quantitative measure of the accumulated damage during plastic
deformation. This mechanism is basically valid for most metals and is
detailed in the following subsections with focus on typical metal
forming metals. For the instability-based mechanism voids are, how-
ever, either not evident or decisive for damage.

A comprehensive review of the ductile damage mechanisms for
engineering materials is given in [60], emphasizing the interplay
between mechanics and microstructural aspects, in [119], discussing
the mechanisms of damage for high temperature creep and cold/
warmy/superplastic metal forming, and in [160] giving an overarching
review of the mechanisms and modeling of brittle and ductile frac-
ture.

2.1. Void nucleation

The nucleation of voids is usually associated with strain incompat-
ibility and stress concentration due to the heterogeneous features of
microstructures. Interfaces where two microstructural constituents
with different mechanical properties meet and merge feature a
strong microstructure inhomogeneity leading to favorable sites for
void nucleation. These interfaces typically include phase boundaries,
grain boundaries, and matrix-particle boundaries. Several experi-
mental studies provide a strong indication for the fracture strain
(ductility) of various metals being directly related to the volume frac-
tion of inclusions that serve as sources for void nucleation. Fig. 4 is an
example for various copper alloys with different contents of inclu-
sions leading to different ductility or failure strains [51].

Basically, voids nucleate by decohesion of the inclusion from the
matrix or by cracking the inclusion. The key parameters for these two
types of void nucleation are given in Table 1 by [19].

The influence of the strength of the matrix is investigated by
Babout et al. [10] for various aluminum metal matrix composites
reinforced by 4% volume fraction of ZrO,/SiO, spherical particles
(Fig. 5). X-ray tomography images are obtained during in-situ tensile
tests.

In a soft matrix, void nucleation predominately occurs by particle
decohesion. The mechanism is also confirmed by McVeigh et al. who
modelled 4340 steel under shear-loading conditions, noting that
voids nucleate through the decohesion of TiC secondary particles
[137]. However, in a hard matrix void nucleation predominately
occurs by cracking second phase particles, inclusions, and precipi-
tates. Studies of Shabrov et al. on notched tensile bars of titanium-
modified 4330 steel show that voids leading to ductile fracture nucle-
ate from cracking of TiN [180]. The cracking may be viewed as a
cleavage process when the local plasticity of these crack triggers is
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Fig. 4. Correlation of volume fraction of inclusions and voids on the ductility of various
copper alloys [51].

Table 1
Key parameters for void nucleation and relative trends upon increasing the
parameter for the microscopic mechanism [19].

Parameter Type Trend
Decohesion  Cracking

Matrix yield strength N Va

Matrix hardening exponent o J

Particle elongation o 7

Particle stiffness J V4

Load orientation Axial N 7
Transverse V4 \d

Load triaxiality Vi N

Matrix: pure aluminium

Matrix: 2124 alloy

Fig. 5. Different void nucleation mechanisms for (a) a soft aluminium matrix and (b) a
hard aluminium matrix [10].

limited or inexistent [102]. This mechanism is found in many multi-
ple-phase steels where the void nucleation occurs in the brittle
phases, such as martensites [191,104].

For modern high-strength steels with complex microstructures,
the competition of these mechanisms is evident and the interrelation
of them is strongly dependent on the microstructural features. For
example, the major mechanisms of void nucleation of dual-phase
steels are martensite cracking, ferrite—martensite interface decohe-
sion, and ferrite—ferrite grain boundary decohesion. The dominant
damage mechanisms are controlled by the morphology (size, shape,
and distribution) of the martensite phase, its volume fraction, the
ratio of the yield stress of the ferrite to the martensite phase, and,
finally, the chemical composition [203]. For dual-phase steels with
low or intermediate martensite volume fraction, Ahmad et al. [3]
showed that mainly ferrite—martensite interface decohesion is the



void initiation mode, while the ferrite—ferrite interface decohesion
and martensite cracking are more dominant for high-volume fraction
of the martensite phase. Martensite cracking, on the other hand, can
be promoted through the morphology of the coarse and intercon-
nected martensite along the ferrite grain boundaries [53]. The main
damage mechanism in dual-phase steels with coarse grains is mar-
tensite cracking, whereas for DP-steels with ultra-fine grains ferrite-
martensite interface decohesion is the primary damage mechanism
[33].

The evolution of void nucleation under shear loading has been
investigated for a High-Strength Low-Alloy Steel (HSLA) by Achouri
et al. [1] based on in-situ tests. In their test for shear-dominant parts
of the specimen voids nucleate by debonding (Fig. 6).
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Fig. 6. Void nucleation by debonding for various shear loadings expressed as propor-
tions of displacement at fracture for a HSLA steel [1].

Depending on the stress state and material hardening, also frac-
ture of inclusions or a mixture of debonding and fracture have been
observed. The various void mechanisms of void formation under ten-
sion and void formation by shear can be related to the stress triaxial-
ity as given in Fig. 7 [30].
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Fig. 7. Different damage mechanisms depending on stress triaxiality [30]. n. is the
stress triaxiality at simple compression and 7, at simple tension.

2.2. Void growth

After void nucleation, both void growth and distortion could take
place. Different from the void nucleation mechanisms that are mainly
dependent on the intrinsic features of the microstructure, the deci-
sive factors for either void growth or distortion are extrinsic, e.g. the
stress states. It is commonly accepted that void growth is triggered
when the stress triaxiality is large [61]. The first micromechanical
models developed by McClintock [136] and Rice & Tracey [163] in the
late 60’s provide an overview of the combined effects of stress triaxi-
ality and plastic strain on ductile void growth. Marino et al. [134]
studied the growth of voids at artificially embedded, weakly bonded
inclusions to validate the form of the void growth law by Rice and
Tracey [163]. Barnby et al. [17] discovered that when the triaxiality
value is less than about 1.2, the void growth predicted by Rice-Tracey
theory is close to the real void growth rate in C-Mn structural steel.
However, when the stress triaxiality is larger than about 1.2, the
actual void growth rate in the structural steel is less than the void
growth rate determined by the Rice-Tracey model.

The void growth in simple tension of copper has been studied by
Weck et al. [215] up to an equivalent plastic strain of twice the value

at the beginning of necking. They observed that at the beginning of
deformation, the rate of void elongation is about twice the elongation
rate of the specimen due to the stress concentration around the void.
With further deformation this elongation rate slows down. With
necking the triaxiality increases and the voids also grow laterally.
Due to plastic flow localization the kinetics of void growth changes
substantially.

Gross and Ravi-Chandar [67] observed in-situ the void growth in
an Al 6061-T6 alloy under plane strain bending conditions utilizing a
scanning electron microscope (SEM), Fig. 8. The area growth in the
matrix around the cavity is 35%, while the area growth of the cavity
is 260% (from 9.2 to 33.2 um?). The voids elongated basically in ten-
sion direction. With further plastic deformation the voids even grow
by 930% for a matrix deformation of only 210%. The average triaxial-
ity is nearly 0.57.

Fig. 8. Evolution of an existing void in Al 6061-T6 under plane strain tension [67].
Bending strain increases from zero (a) to maximum value (d).

2.3. Void distortion

During plastic deformation voids not only change their size, but
also their shape. The voids are basically elongated in the loading
direction under tensile loading or shear loading. The shape change of
artificial voids in a pure copper specimen under tensile loading is
investigated in [215]. Pineau et al. [ 160] state that void shape changes
are stronger at low stress triaxiality values and could be critical for
the damage level. The type of void distortion depends on the exis-
tence of shear stress component and also on the void-inclusion inter-
action. Fig. 9 shows the evolution of voids under shear loading for a
ferrite-bainite steel (FB600) obtained by synchrotron laminography.
The voids start to form at particles in the shear direction [165].

2.4. Void coalescence

After void nucleation and growth, voids finally link through an
instability in the inter-void ligament and this coalescence of voids
leads to final fracture. Void coalescence occurs in a variety of modes,
each with multiple variants, depending on microstructure factors,
loading conditions, and plastic flow characteristics [215,21]. This phe-
nomenon can be divided into two major modes: internal necking of
voids and shearing. This was discussed by Argon et al. [7]. Rui et al.
studied the fracture of FeNi42 alloy and observed that coalescence of
voids occurs in localized necked regions [57].

For shearing-based void coalescence two different types of shear-
ing shall be distinguished: shearing of the interstitial ligament and
void-sheet formation. For the first one the nucleation of voids in a
shear band and subsequent elongation of these voids along the shear



Fig. 9. Development of voids under shear loading in a ferrite-bainite steel (FB600)
[165].

band results in inter-void shearing, causing voids to coalesce and cre-
ate macroscopic cracks in the plane of the shear band [152]. Cox et al.
[48] observed in AISI 4340 and nickel-200 grade maraging steel that
a ductile crack linking the pre-existing voids is created by void-sheet
formation (Fig. 4e) generated through shear localization between
existing voids and the nearly simultaneous nucleation and coales-
cence of new voids in this localization. Jablokov et al. [89] character-
ized strain-induced void growth and coalescence in HY 100 steel
subjected to tensile failure over a range of temperatures (-85 °C to
25 °C), strain rates (1073 to 10> s!), and stress-states (stress triaxial-
ity of 0.8 to 1.3). Chae et al. showed that for these stress triaxiality
conditions the HY-100 fails due to the growth and coalescence of
elongated MnS-nucleated voids by the void-sheet mechanism [41].
Both inter-void shearing and void-sheet formation produce ductile
cracks that connect multiple voids along a shear band. However, they
are two different mechanisms [57]. Void shearing is characterized by
nucleation of a few voids and subsequent growth along the shear
zone (void growth is rate- limiting), while void-sheet formation is
characterized by nucleation of many voids in such close proximity
that they coalesce after relatively little growth (void nucleation is
rate-limiting). The coalescence of voids is depicted by in-situ lami-
nography for nodular graphite cast iron in Fig. 10 [31].

The comprehensive study on the effect of matrix strength on the
void behavior under plastic strain for aluminium matrix by Babout et al.
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Fig. 10. Coalescence of voids for graphite cast iron during plastic deformation [31].

Fig. 11. Coalescence of voids for a soft aluminium matrix (a) with equivalent plastic
strain of about 0.6 and for a hard aluminium matrix (b) with equivalent plastic strain
of about 0.15[11].

[11] shows in Fig. 11 that for the hard matrix the coalescence of voids
takes place over much larger distances than in the case of a soft matrix.

3. Characterization of damage micro-mechanisms

Damage nucleation is a consequence of critical changes in micro-
structure, stress and strain fields. An improved understanding of these
mechanisms, thus, requires development of experimental tools that are
capable to map these different fields and how they evolve. In this sec-
tion current tools and trends in experimental methods for characteriz-
ing microstructural damage in metallic materials will be reviewed.
Here, the focus is mostly on ductile damage. The discussed characteriza-
tion methods are also often relevant for damage mechanisms triggered
under different deformation boundary conditions (e.g. damage due to
fatigue, creep, wear, etc.). It should also be noted that damage character-
ization efforts can be grouped into two based on the underlying goal:
characterization of damage micro-mechanisms and quantification of
damage evolution. The former is focused on unraveling the physical
nature of damage evolution — a goal of most specific interest to the
fields of mechanical and physical metallurgy and is discussed in this sec-
tion. The latter is focused on quantifying the relationship between
deformation and damage — a goal of interest to the fields of computa-
tional and continuum (damage) mechanics and is discussed in Section
4.5 since it is closely related to the modeling of damage. These two
groups have some overlaps in the techniques employed.

Due to the engineering importance of metal failures, mechanisms of
void nucleation, growth, and coalescence have been of interest for deca-
des, mostly to guide alloy and micro-structure design efforts (for Bainite
[148], for Alexxx [107], TRIP-assisted multiphase steel [90], correlating
the fracture surface [133]), but also to develop models with predictive
capabilities as described in Section 4 in detail. From an experimental
perspective, most classical studies of fracture rely on SEM-based fracture
surface investigations to understand failure mechanisms [9,94]. How-
ever, most such analyses are qualitative in nature, as demonstrated in
identifying the role of interlath austenite on hydrogen-embrittlement
resistance of martensitic steels [211], or of strain-path effects on damage
mechanisms in interstitial-free and dual-phase steels [190]. There are
also more analytical investigations of fracture surface features. For
example, Hong and Laird investigated fracture surfaces of fatigued Cu-
16Al single crystals (Fig. 12a) [83]. Their fracture surface topography
and slip trace analyses revealed that the cross-slip plane is the most
favored slip system for linking up parallel primary cracks in this alloy

Fig. 12. (a) Fatigue crack initiation location and (b) striation marks in a Cu-Al alloy [83].



(Fig. 12b). Martin et al. demonstrated some of the strongest evidence for
the hydrogen-enhanced localized plasticity theory through a combined
SEM, a focused ion beam (FIB), and a transmission electron microscopy
(TEM) study of fracture surfaces in steels [ 135].

Fracture surface investigations provide only a snapshot of the final
stage of deformation. Most structural metals, however, are ductile
and they have damage-prone multi-phase microstructures which
exhibit damage nucleation already at low strain levels, e.g. immedi-
ately after yielding. Thus, to better understand damage mechanisms,
microstructure investigations of samples deformed to different levels
of deformation are carried out, typically utilizing SEM-based techni-
ques in a post-mortem manner. A common motivation for carrying
out such analyses is to assess the competition between micro-crack-
ing and decohesion mechanisms, for example in dual-phase steels
[191]. Hoefnagels et al. demonstrated that the activity of these two
damage mechanisms is influenced not only by the microstructure,
but also by the strain path [82] (Fig. 13).
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Fig. 13. Martensite-ferrite decohesion (dc) and martensite micro-cracking (mc) mech-
anisms in dual phase steels (above). Upon switching from uniaxial tension to biaxial
tension both mechanisms become more active (below) [82]. The scale bar indicates a
length of 1 um.

The 2D nature of SEM-based methods and the resulting necessity
for sample preparation create some challenges. Systematic investiga-
tions show that mechanical polishing methods may reveal underesti-
mated damage contents (due to smearing effects), and chemical- or
electro-chemical methods may cause overestimates of damage con-
tent (due to pitting effects) [194]. To overcome preparation chal-
lenges, Isik et al. prepared specimens extracted from a tensile test
sample by ion-slope cutting (Fig. 14), which enabled investigations of
voids sub-100 nm in diameter [86].
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Fig. 14. Evolution of void size and void area fraction in DP600 during a tensile test with
anotch [86].

To overcome challenges associated with the 2D nature of electron
microscopy, X-ray micro-tomography based techniques have been
employed routinely, often together with in-situ deformation, to gather
deformation and damage data from the bulk [194,132]. Despite limita-
tions in spatial resolution, which mean that damage nucleation mecha-
nisms are harder to observe, the 3D data produced are extremely rich,
especially with regard to damage growth and coalescence mechanisms,
for example in dual phase steels [131] or high carbon steels [37]. For
thin sheets X-ray laminography, overcoming the restriction of axisym-
metric specimens, is successfully applied in [149].

Another limitation of the X-ray micro-tomography, as well as other
techniques, concerns the coupling of microstructure and strain mapping
to damage mapping. Advanced alloys typically have mechanically-con-
trasting phases in their microstructure, leading to micro-scale strain-
stress localization prior to damage phenomena [189,192]. In many
cases, spatial variations in composition (which may be influenced by
deformation [196,73]) play a role [101] as well. Thus, unraveling the full
complexity of damage mechanisms requires more than simple imaging
of cracks. There is a great interest to develop in-situ experimental meth-
ods that would allow multi-field mapping, i.e. simultaneous mapping of
mechanical and microstructural fields.

A synchrotron-based approach that overcomes the challenge of
mapping microstructure and damage is developed by Toda et al.,
which utilizes phase- and absorption-based tomography together
[202,201]. Also, several analytical mapping techniques are becoming
standard in SEMs, providing contributions to the understanding of
damage mechanisms, even when applied post-mortem. For example,
Le6n-Garcia et al. have identified how TiN particles in interstitial-free
steels induce damage through particle fragmentation, parti-
cle—matrix debonding, and void growth by using electron backscat-
ter diffraction (EBSD) to capture matrix rotations (Fig. 15) [114].
Koyama et al. used electron channeling contrast imaging (ECCI) to
demonstrate hydrogen damage in lightweight steels. More specifi-
cally, the researchers examined dislocation slip localization leading
to grain boundary cracking, using ECCI [100].

Fig. 15. TiN particle in an interstitial-free steel exhibiting both decohesion and particle
cracking mechanisms (left) which induce crystal rotations in degree (right) [114].

Recent trends in metals design also include the reduction of phase
stability [117,52], often aiming for fine-structured, multi-phase, meta-
stable microstructures. Such materials evolve in multiple ways with
deformation; thus, their analysis requires in-situ approaches. In-situ
experiments in the SEM enable the use of digital image correlation
(DIC), EBSD, and ECCI in an integrated manner [189,218]. An example is
shown in Fig. 16, where Wang et al. have demonstrated that martensite
size effects play a key role in strain localization and damage nucleation
in quench and partitioning steels [212]. One current limitation of the 2D
SEM-based DIC technique is the absence of strain measurement along
the normal direction to the observed surface. A promising method for
enabling 3D analyses of strain is the combination of X-ray laminography
and digital volume correlation (DVC) [31].

4. Modeling damage

The modeling of damage in bulk metal forming processes is based
on either uncoupled fracture criteria or coupled damage models,
both built on micromechanical or phenomenological bases. In the
first family the damage variable does not interact with the material
behavior, whereas in the second one damage is coupled with elastic



Fig. 16. Evolution of the local strain as a function of the martensite matrix with (a)
coarser and (b) finer substructure in a QP steel, (¢) microstructure [212].

and/or plastic material behavior. This last family is split into phenom-
enological damage models and micromechanical ones that enable to
predict the material’'s damage-based softening effect (see Fig. 17).
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Fig. 17. The three main approaches for modeling damage and their influence on the
material behavior.

Regarding sheet metal forming, conventional forming limit curves
(FLCs) are still used in the industry to predict necking failure. How-
ever, this method is not appropriate to address damage issues and
also fails when predicting fracture for many industrial applications
exhibiting non-linear strain paths. Though some attempts were
made to determine FLCs using conventional coupled damage models
[97], this paper will not address FLCs in the following.

This section focuses on the most commonly used ductile damage
models. It is followed by details about the particularity of damage
related to material forming applications and by indications about
model’s calibration. Finally, the last subsection aims to provide guid-
ance for the selection of an appropriate model for a particular appli-
cation?

For more details readers can refer to more general reviews dedi-
cated to ductile fracture: starting with a review from the 2000s [119]
and a more specific summary dedicated to modeling in the 2010s
[23] continuing with a general and broad overview of ductile fracture
[19] and, finally, the most recent one on modeling in cold forming
[38].

Before describing the damage models, the commonly used stress
state parameters are defined: The normalized stress state can be rep-
resented by two independent parameters, i.e. the stress triaxiality n
and the Lode parameter L. The stress triaxiality is defined as

I On
n= i \/ﬁ - oM I (1)
with I; and J, denoting the first invariant of the stress tensor and the
second invariant of the corresponding deviatoric stress tensor that
are related to the hydrostatic stress o}, as well as the equivalent von
Mises stress o\, respectively. This parameter controls physically the
size of the void. Lode [122] defined the Lode parameter as
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where o1 to o3 are the principal normal stresses. This parameter con-
trols physical the shape of the void. In literature, the Lode angle 6 and
the normalized Lode angle 6, also known as Lode angle parameter,
are widely used. The relation between the Lode parameter and the
normalized Lode angle can be approximated by 9 ~-IL. The exact
transformations are given in [125]. The Lode angle is denoted as
1 <27 det(ode)

6 = 5 arccos
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where the determinant of the deviatoric stress tensor is defined as its
third invariant J3. The normalized Lode angle can be obtained with
the following transformation:
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4.1. Failure criteria

One of the first criteria was proposed by Freudenthal and Geir-
inger [56]. They suggested that failure occurs once the generalized
plastic work reaches a critical value. This pioneering work was fol-
lowed by many other criteria where a damage variable D was defined
as the integral of a stress function w(c) over the plastic strain (gp)
path. Failure occurs when D reaches its critical value (D,) for a given
strain to fracture &:

D- /0 w(0)dz, (5)

Based on micromechanical or phenomenological assumptions, the
first criteria accounted for either the maximum principal stress [47],
the maximum stress weighted by the mean stress [27], or the stress
triaxiality » [163] and sometimes the hardening coefficient [136].
These criteria were popular since the only parameter to identify was
the critical damage value. They are still used a lot in the industry
because of their simplicity. Their prediction for complex loading
paths is questionable because the critical damage value depends on
the loading path and, hence, they should be used only in a qualitative
manner.

More recently, Bao and Wierzbicki showed that stress triaxiality
should be completed by the Lode angle 6 (or normalized Lode angle 6
or Lode parameter L) in order to define the normalized stress state in
a unique way [14], see also Eqs. (1) and (2). They showed that the
Lode angle influenced ductile fracture, in particular for low stress tri-
axiality values. Many other criteria accounting for both stress triaxial-
ity values and Lode angle followed. These criteria usually define a
fracture locus where the strain to fracture is a function of stress triax-
iality and Lode angle [12].

The integral form of these criteria can be written as follows:

Ef 1 5
D— /0 IR (6)

zr(n,0) stands for fracture strain only for proportional loading
conditions, [36]. Under these conditions, failure occurs when D equals
1. For non-proportional loading conditions some authors [12] suggest
to use the average stress history for » and 6. This approach, however,
was invalidated by Benzerga et al. [20] based on unit-cell coalescence
analyses for non-proportional loading paths. Using the final stress
values at the onset of fracture would also be inaccurate since it does
not account for the history of the loading path. For such failure crite-
ria & should therefore be seen as a weighting function depending on
the stress path, i.e. the strain at the onset of fracture for a loading
path characterized by a stress state history during plastic loading
defined by n(z;) and 6(z).

There are so many fracture criteria in the literature that it is diffi-
cult to select the most appropriate. Among all these criteria, it is
worth mentioning the modified Mohr-Coulomb (MMC) criterion,




initially proposed by Bai and Wierzbicki [12] and extended by Mohr
and Marcadet who showed good prediction on three advanced high-
strength steel sheets (DP590, DP780 and TRIP780) [145]. Lou and co-
workers also defined an interesting fracture criterion as the multipli-
cation of three terms acting for nucleation, growth, and coalescence
mechanisms [124]. This criterions was extended to account for Lode
dependency and a stress triaxiality cut-off value was added [125].
The latest version of the model ([123]) showed good results for an
AA6082 T6 aluminium alloy under sheet metal forming conditions.
According to the authors this criterion can also be used to predict the
onset of failure for bulk metal forming provided that the parameters
are calibrated using representative stress state conditions.

Failure criteria are very popular in the metal forming community.
This popularity is due to their relatively simple implementation in
any finite element code. The fact that they are not coupled to the
material behavior preserves them from any convergence issue. They
are consequently not sensitive to mesh-dependency coming from
damage localization issues (see next section). They also facilitate the
comparison between different criteria since they can be used and
compared all together in a post-processing stage. The main drawback
of these criteria lies in their incapability of modeling material soften-
ing due to damage growth and their questionable accuracy for non-
proportional loading paths.

4.2. Phenomenological damage models

Built on thermodynamical assumptions, the so-called continuum
damage models (CDM) are based on the initial framework defined by
Kachanov [96]. But these models became really popular after the
work of Chaboche [40] and Lemaitre [111]. They rely on a thermody-
namic framework which guarantees that dissipation remains always
positive. The damage variable (D) is considered as an internal scalar
variable which, for a given internal surface of normal n, stands for
the ratio of the damaged area Ap to the total surface A of the cross
section (Fig. 18):

D=Ap/A(0<D<1) (7)

Fig. 18. Representation of damaged area for the definition of damage variable D.

The damage evolution law is defined by:

L L /Y\?
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where / is the plastic multiplier, S and b are Lemaitre damage param-
eters and Y, the energy density release rate, is the variable associated

with D and is derived from the state damage dissipation potential Fp
[111]:
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with v being the Poisson’s ratio and E the apparent Young’s modulus.

In order to account for damage in the macroscopic behavior, the
effective stress & is defined based on the strain equivalence principle.
& defines the stress that should be applied to an undamaged material
in order to get the same strain tensor as the one obtained from the
damaged material under actual stress:

&jj = o/ (1-D). (11)

Therefore, this effective stress enables to couple damage evolution
with the material behavior law. As observed experimentally, damage
also affects elasticity and the apparent modulus of damaged elasticity
(E) can be defined using the damage variable by:

E=E1-D). (12)

This model is therefore able to account for the effect of damage on
both elasticity and plasticity.

Based on this initial framework, various contributions were devel-
oped in order to improve damage prediction with this model regarding
material forming processes. It is, for example, possible to define a strain
threshold (ep) below which damage does not increase [112]. Chow and
Wang were the first to propose a generalization of the Lemaitre damage
model to anisotropic damage [43] and the detailed tensor framework is
available in [112]. Damage anisotropy often comes from material flow
during bulk forming and Bouchard et al. account for the influence of
grain flow orientation on anisotropic ductile damage [25].

A particularity of metal forming is also the complexity of the loading
path. For non-proportional loading conditions voids that nucleated dur-
ing positive stress triaxiality conditions can then be subjected to com-
pressive loading stress states. Thus, voids can close so that the material
recovers, at least partially, its initial properties, which needs to be
accounted for in the energy density release rate. Quasi-unilateral condi-
tions of micro-defects closure were initially proposed by Ladeveze and
Lemaitre [109] and their positive influence on the prediction of fracture
in metal forming [6] was shown by Andrade Pires et al. in bulk metal
forming and Bouchard et al. for upsetting, extrusion, and tensile tests
[25]. The cut-off value for very low stress triaxiality [15] was also added
in a Lemaitre model by Bouchard et al. [25], whereas Chow and Wei pro-
posed and applied a tensorial extension to model cyclic loading in an alu-
minum alloy [44]. Pirondi and Bonora investigated the extension of the
Lemaitre model to account for cyclic loading in SA 537 steel [161]. Such
cyclic loading conditions may occur during incremental forming pro-
cesses such as Mannesmann or flow forming processes.

By definition of the energy density release rate, damage growth is
essentially a function of stress triaxiality and equivalent stress. In order
to account for the effect of Lode angle, a Lode-dependent Enhanced
Lemaitre model (LEL) was defined by Cao et al. in [35]. This extension
also includes a stress-triaxiality dependent strain damage threshold (ep)
and an enhanced weakening function to account for the influence of
damage on the material behavior at low stress triaxiality.

If the Lemaitre damage model is the most commonly used phe-
nomenological model, it is worth mentioning three additional inter-
esting approaches:

¢ In the Rousselier damage model [166] the yield surface is modi-
fied to account for porosity, which is the damage state variable.

e The CDM thermodynamically consistent framework developed by
Briinig which relies on a kinematic description of damage leading
to the definition of damage strain tensors [28]. A multiplicative
decomposition of the strain tensor is defined and includes, in addi-
tion to an initial damage term, the elastic deformation of the mate-
rial body, the plastic deformation of the fictitious undamaged body
as well as the deformation induced by damage accumulation.

e The Generalized Incremental Stress State Dependent Damage
Model (GISSMO) defines a scalar damage variable (D) as well as an
instability measure (F) which is a function of the critical strain
ecril(n). When this variable F, which can be interpreted as an insta-
bility criterion, reaches 1 the coupling between the damage vari-
able and the stress tensor is activated [5].

Continuum damage models enable to account for the softening
effect due to damage accumulation that makes them very valuable
for metal forming applications and subsequent studies on mechanical
strength of formed components. Another advantage of these models
compared to micromechanical approaches (see next section) is their
relatively low number of damage parameters as well as their ability
to couple damage with elasticity. However, the softening effect in
both micromechanical and continuum damage mechanics models is
known to induce mesh dependency through the so-called damage



localization phenomenon. This results in faster damage accumulation
for finer meshes [92]. Such mesh dependency can be overcome by
using non-local approaches based either on integral formulations
[18] or implicit/explicit gradient formulations [158]. A more detailed
overview is given in [159]. A non-local implicit gradient formulation
was used in [39] to model external tube inversions and sheet blank-
ing processes. The main issue with such non-local approaches is the
definition of the characteristic length used for the regularization
which has to be larger than the mesh size.

4.3. Micromechanical damage models

Ductile damage (at least for positive stress triaxiality conditions)
relies on the nucleation, growth and coalescence of micro-voids. After
the former work of Rice and Tracey [163] and Mc Clintock [136] the
first attempt to take into account the effect of void growth on mate-
rial behavior was proposed by Gurson who developed an upper
bound analysis for a finite sphere containing a spherical void and for
a rigid perfectly plastic matrix [68]. Tvergaard and Needleman
extended this theory to plastic hardening material and defined the
well-known Gurson-Tvergaard-Needleman (GTN) model [208]. In
this porous plasticity theory, the yield function @ is defined by:

—\ 2

o= (Z) +omfcosh(502)-1-ar2, (13)
00 2% 09

where & and og are the equivalent stress and the flow stress, respec-

tively, p is the hydrostatic pressure, g1, g» and q3 = g2 material con-

stants. In addition, f* is the effective void volume fraction that

accounts for void coalescence according to:

f for f <f.
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where fis the void volume fraction, f. the void coalescence threshold,
fr the void volume fraction at fracture and f,* the effective void vol-
ume fraction at fracture.

The evolution of the void volume fraction is driven by a nucleation
and a growth contribution:

(14)
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where growth depends on the trace of the plastic strain rate:
Farowtn = (1=F)tr(ép). (16)

The most common nucleation function is the one proposed by Chu
and Needleman with strain-controlled and stress-controlled terms [45]:

fnucleation = Aép + B(é + Cp)7 (] 7)

where A and B are functions of g, and & + cp, respectively, and follow
a normal distribution such as:
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with ey being the mean value of the plastic strain at maximal nucle-
ation, Sy the standard deviation of Gaussian distribution correspond-
ing, and fy the total void volume fraction that can be nucleated.

It must be noted that, in literature, the second term of the nucle-
ation evolution law, Eq. (17), is not always taken into account. The
nucleation stress dependency may then be added directly in the term
¢y that can depend on stress triaxiality as detailed in [37].

This model became very popular thanks to its micromechanical bases
and multiple extensions were proposed in the literature. Gologanu, Leb-
lond, and Devaux were the first to extend the theory to account for void
shape change [64] with a recent generalization to arbitrary ellipsoidal
voids [130]. Plastic anisotropy, kinematic hardening, void-particle inter-
action as well as enhanced coalescence formulation were studied in [19]
and applied to cold bulk metal forming [38].

Regarding metal forming applications, one of the main drawbacks
of GTN approaches was its inability to model ductile failure under
shear conditions (because of the void volume fraction growth rate

definition). To address low stress triaxiality applications, Xue [217]
and Nahshon and Hutchinson [150] decided to add a stress-depen-
dent extra term (accounting for the Lode angle) in this void growth.
This is, however, a phenomenological extension of the model. More
recently, Jiang et al. used two distinctive damage parameters in the
yield function, one related to the void growth mechanism (f*) and
one to the void shear mechanism (Dgpear) [91]. For this last damage
parameter, similarly to the CDM effective stress concept, they defined
effective equivalent and hydrostatic stresses which account for Dgpeq;-
The new yield function @ is defined by:
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These micromechanical models also suffer from mesh dependency
and should be associated with non-local approaches. Despite recent phe-
nomenological improvements, GTN approaches are often considered
favorably in the literature thanks to the fact that void volume fraction
can be measured experimentally. However, due to their large number of
parameters, including micromechanical parameters, the calibration pro-
cess is often heavier. In addition, contrary to Lemaitre-based damage
models, elasticity is not coupled with damage evolution.

4.4. Specificity of metal forming

Metal forming induces complex loading paths. If stress states as well
as non-proportional loading conditions were discussed above, the influ-
ence of strain rate and temperature on the material’s ductility and, con-
sequently, on damage prediction must also be considered. Before
addressing damage analyses, it is worth mentioning that whatever dam-
age model used, an accurate ductile fracture prediction is only possible if
the elastic-viscoplastic behavior is identified properly. Indeed, metal
forming often involves local high strain rates which give rise to both
increased hardening and self-heating induced softening. It is therefore
essential for the material behavior law to be identified properly for the
range of strain rate and temperature encountered in the process.

Separating the effects of strain rate and temperature increase
requires the use of both local DIC and temperature measurements. If this
is not possible, then only the effect of loading velocity can be studied.
This is what was done in [50] for a TRIP780 steel sheet where it was
shown that strain to fracture indeed increases for higher loading velocity.
It is interesting to notice that for a given applied velocity, the equivalent
local plastic strain rate at the onset of fracture can be 20 times higher
than its value prior to localized necking. In [164], an increased strain to
fracture was observed when increasing the strain rate (from 0.001 s~ to
1000 s 1) for a DP590 steel. A rate-dependent Hosford-Coulomb fracture
initiation criterion was defined based on an analogy with the Johnson-
Cook fracture criterion [93]. In the latter, the strain rate dependency as
well as the temperature dependency are added in a phenomenological
way, which leads to a strain to fracture defined by:

5 = C1 -+ Coexp(Can] |1+ Caln((2) 1+ 5T, 22)
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where C; to Cs are damage parameters, &g is the reference strain rate,
and T*, the homologous temperature, is defined by:
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Troom and Tiere are room and melting temperatures, respectively. Any
fracture criterion could therefore be extended in the same way to
account for both strain rate and temperature dependence. This is
what Liu et al. [121] did to extend the Bao-Wierzbicki fracture crite-
rion with application to metal cutting processes.

Beside its influence on the material behavior, an elevated temper-
ature can also lead to microstructural evolution which, in turn, influ-
ences ductile fracture occurrence. In addition, when temperature
increases, the matrix behavior tends to soften, leading to lower
stresses at interfaces with particles which tend to delay void nucle-
ation. Addressing such microstructure dependency is really complex



and authors usually study the influence of temperature on ductility in
a phenomenological way. Valoppi et al. [209] also extended the John-
son-Cook failure criterion. Their application, dedicated to Ti6Al4V
titanium sheets at high temperature, required to enhance the thermal
dependency with a fourth-degree polynomial function of the homol-
ogous temperature instead of a linear one.

In [153], Novella et al. extended the Oyane-Sato criterion to high
temperature and strain rate with application to AA6082 cross-wedge
rolling. Observing that the critical Oyane-Sato damage value (Dg, )
depended on the test’s temperature (Ties¢) and strain rate (éest), the
authors suggested to incorporate these critical values in the criterion
in the following way:
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This leads to a critical damage value equal to 1 in the given tem-
perature and strain rate range.

The extension of coupled damage models can also be carried out
to account for temperature and strain rate dependence. In [188], the
Lemaitre damage potential modified in [25] was extended through a
dependence to temperature and strain rate of each damage parame-
ters. This extension required an extensive calibration approach due
to the higher number of damage parameters. The final application to
hot Nakajima tests for 22MnB5 steel sheets gave very convincing
results. Based on Johnson’s and Cook’s former work, Bonora and Mile-
lla extended the Bonora coupled damage model by imposing a
dependence of strain threshold, strain to fracture, and critical damage
value to both strain rate and temperature [24].

Bambach and Imran [13] suggested an interesting extension of the
GTN model dedicated to hot forming processes. Based on RVE simula-
tions containing a rigid spherical inclusion, the authors generated
numerical yield surfaces for elastic viscoplastic matrix material
undergoing dynamic recrystallization (DRX). Based on these simula-
tions, they proposed a modification of the GTN nucleation rate term
which accounts for the yield stress, stress triaxiality ratio, Lode
parameter, fracture toughness, and particles’ size. This new void
nucleation law enables to account for thermal softening mechanisms,
but also for DRX-induced nucleation retardation for steels.

4.5. Calibration of failure criteria and damage models

Calibration of failure criteria and damage models is a cornerstone
for an accurate prediction of ductile damage during material forming
processes. It is essential that the experimental tests used for the cali-
bration exhibit stress states and loading history conditions as close as
possible to what the material experiences during the forming pro-
cess. Then, depending on the approach selected, the identification
methodology can differ.

Regarding uncoupled ductile failure criteria, the accuracy of the
prediction depends on the accuracy of the measurement of the frac-
ture strain. Experimental measurement of this fracture strain using
DIC is challenging for sheet metal [123]| and may be impossible for
bulk metal forming. A hybrid experimental-numerical approach is
generally considered [36]. Experiments with various stress states are
carried out until fracture and the displacement to fracture is stored.
Numerical simulations are then conducted and maximum numerical
equivalent strains at experimental fracture stroke are considered as
fracture strains. Such an approach requires a very accurate descrip-
tion of plasticity, in particular if one has to consider the high equiva-
lent strain observed in necking areas. Differences of up to 30% in
fracture strain depending on the mechanical preparation method of
specimen were determined in [206]. Caution must also be taken
regarding shear specimens for which failure usually occurs at free
surfaces where stress triaxiality is usually significantly higher than 0.
The plane torsion test is probably the only simple shear test that
delivers a stress triaxiality of zero until fracture [205].

Thanks to its influence on the material behavior, the calibration of
phenomenological continuum damage models (CDM) or coupled
micromechanical damage models depends on direct or indirect quan-
tification of damage. In their pioneering work, Lemaitre and Dufailly
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used CDM assumptions to propose a number of direct and indirect
experimental techniques to measure the deformation-induced evolu-
tion of the damage parameter, D, that is required to calculate the
effective stress [113]. Direct experimental techniques consider dam-
age as a purely geometric characteristic that can be quantitatively
measured employing density, void surface area fraction, or volume
fraction measurements. For these types of measurements electron
microscopy or X-ray tomography methods are typically employed.
These methods are limited by inaccuracies introduced by specimen
preparation and resolution issues, respectively [194]. Instead, indirect
methods focus on the measurement of other material characteristics
that are influenced by the presence of damage in the material.
Lemaitre and Dufailly proposed two indirect, mechanical methods
for the determination of the D parameter: probing of ductile damage
through its effect on the elastic modulus or on hardness.

Apparent elastic modulus measurements can be carried out even
during classical uniaxial tension tests [113]. Recently, this commonly
employed approach is critically analysed [81]. These investigations
revealed strong changes in apparent elastic modulus with increasing
plastic strain in uniaxial tension tests that go beyond the effect of
damage.

In forward rod extrusion the deviatoric stress state on the central
axis is the same as in uniaxial tension tests. The hydrostatic stress
state can be influenced by the process parameters [80]. High triaxial-
ity n is reached for small strains and low triaxiality for high strains.
Positive triaxiality values decrease the apparent Young's modulus
significantly. High strains lead to negative triaxiality n and, thus, only
to small reductions of the apparent Young’s modulus compared to
the initial material. Consequently, the correlation between strain and
the decrease in apparent Young's modulus which is often proposed
may also be connected to damage (Section 6, Fig. 38).

Modulus evolution can also be captured by micro-indentation
experiments, employing the Oliver-Pharr approach [155]. This
approach was also critically analysed for damage quantification on
four different metallic materials. The significant levels of statistical
variations observed [193] motivated the design of a modified
approach that removes all microstructure effects other than damage
itself from tested materials [195]. This method did successfully reveal
the damage evolution relationship. However, the experimental com-
plexity limits its widespread application to other metallic materials.

Hardness-based damage quantification assumes that the hardness
is linearly proportional to the flow stress. Therefore, this methodol-
ogy monitors the hardness degradation to assess the damage-
induced changes in the flow stress [113]. Despite its popularity, a
detailed analysis of this approach demonstrated that this method is
not accurate, due to microstructure evolution accompanying damage
evolution [193]. Similar to the indentation-modulus based measure-
ments, when such microstructure effects are removed by heat treat-
ments, damage effects can be captured [195]. Six such theoretically
equivalent methodologies and the corresponding damage evolution
curves are replotted in Fig. 19 to provide direct comparisons based
on damage investigation on the same material [194].

These methodologies show two distinct regimes of damage evolu-
tion: an initial regime of slow damage accumulation followed by a
regime of accelerated damage accumulation. Clear differences are
also revealed [194]. From the statistical accuracy point of view, the
area and volume fraction methodologies are clearly superior to the
density methodology and especially to the three mechanical method-
ologies. The low precision of the mechanical methods attributed to
the multitude of preparation steps can be improved to some extent
by measurement repetition. Regarding systematic accuracy, however,
the three mechanical methodologies agree within experimental
uncertainty and provide more accurate damage parameters. This
could be explained through the fundamental limitation of geometric
methods to capture only geometric damage and not e.g. volumeless
damage incidents such as closed micro-cracks.

In addition to such methodologies related to the quantification of
damage, it is also common to identify damage parameters by inverse
analysis on the whole load-stroke curves and based on the softening
behavior due to damage accumulation [36]. However, inverse
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Fig. 19. Comparison of (a) the concepts and procedures, (b) the measured damage evo-
lution, of six methodologies for damage quantification [194].

analysis based on load-stroke curves only may lead to non-unique
parameter solutions as shown in [168], where inverse analysis was
carried out using digital image correlation in addition to load-stroke
curves to get a unique solution.

It is important to cover, as much as possible, the stress state range
corresponding to the considered forming process. Briinig and co-
workers also developed an interesting bi-axial test sample which
enables a variation of loading conditions. They used this test success-
fully to calibrate their continuum damage model for various stress
states [29].

Micromechanical models often require the use of microstruc-
ture observations. Contrary to SEM, X-ray tomography provides a
non-destructive way of observing and quantifying nucleation,
growth, and coalescence of voids [131]. Such observations enable
the identification of GTN void-based parameters while other GTN
parameters (q;, g») may rely on unit-cell calculations. In [37], the
authors combined both mechanical tests and in-situ X-ray

Table 2

microtomography observations to characterize the GTN parame-
ters of a high carbon steel grade.

4.6. Which damage approach should I use?

The previous sections demonstrated that there is a large number
of modeling approaches for damage and failure. Many models have
been applied to predict the behavior in pretty simple tests such as
notched tensile or Nakazima tests. However, it is essential to apply
these models to real industrial forming applications for which load-
ing paths are much more complex than conventional mechanical
tests. The choice of the appropriate damage approach depends on the
accuracy needed and on the effort one is willing to make for calibrat-
ing these models.

If you are interested in qualitative results and would like to know
if new process conditions induce less damage than initial ones, then
failure criteria may be sufficient. It remains important though to
identify the failure dominating mechanism (high positive triaxiality,
shear localization, plastic instability ...) to choose the most appropri-
ate criterion. In this case there are only few parameters to identify. It
must be noted though that such uncoupled failure criteria can also be
used for predicting ductile fracture occurrence in a quantitative way
(see Section 5). It requires a careful identification of damage parame-
ters related to the process loading path and it also assumes that dam-
age softening does not play a major role on fracture.

For more quantitative prediction of damage, the use of either phe-
nomenological or micro-mechanical coupled damage models is rec-
ommended. These models account for damage softening and are
more appropriate to handle complex and non-proportional loading
paths. However, such models also come with drawbacks related to
calibration complexity or mesh dependency. Such spurious numeri-
cal dependency requires the use of non-local approaches which must
be calibrated carefully.

In both cases, the damage variable can serve as damage indicator
and be used to address the mechanical strength of components dur-
ing service.

Table 2 summarizes different model formulations in terms of their
respective class (fracture criterion, micro-mechanically motivated
coupled model, continuum damage model). The number of material
parameters to be identified is usually directly related to the effort in

Overview of modeling approaches with emphasis on effort for material parameter identification, “key contribution” to damage evolution “f{¢)” and exemplary applications. “+/” indi-
cates common practice, “(+/)” rare application, “-” shows that this is usually not needed. The first three rows are basic and the fourth and fifth rows advanced failure criteria (Section
4.1), the sixth row micromechanical models (Section 4.3) the seventh and eighth rows phenomenological models (Section 4.2). For the failure criteria the number of parameters

stand for those beyond .

Model # Parameters Features Parameter identification by Comments Exemplary applications
flo) Comment F-u & other Bulk  Sheet Hot
Cockcroft- 0 (01) v v stress state close to fast approaches, [143] [74] [99]
Latham [47] actual process difficulties in shear
QOyane-Sato 1-2 n, (T,&) (hot forming) [4] [172] [153]
[156]
Rice-Tracey 1 n [66] [74] [170]
[163]
MMC [12] 6 70 v+ experiments with differ- robust, mesh-inde- [116]
ent stress states pendent approach [144]
Louetal. [125] 3 7,0 cut-off forn <0 [222]
Gurson-Tver- 8-10 7, (6, Tmax ); popular due to physical  (v/) - unit cell calculations, decrease of strength;  [137] [184] [13]
gaard-Needle- f (explicitly), nucle- meaning and compar- identification by mesh-dependence;
man and ation [45], coalescence  ison to micrographs microstructure, large void closure possi-
extensions [208] effort ble; extensions for
[68] [69] shear
Rousselier model 7 n, f (explicitly) Initial fo required W) - unit cell calculations, decrease of strength; [166]
and extension identification by mesh-dependence; [176]
[166][176] microstructure, large void closure
effort possible
Lemaitre [110]-  3-7 1, (Tmax); initiation D affects physical prop-  +/ X inverse identification, decrease of strength [171] [197] [84]

Kachanov [96]
model and
extensions
[25]

threshold,
damage value D

erties: density p,
Young's-modulus, . ..

several stress states
for extensions; large
effort

and stiffness; mesh-
dependence; exten-
sions for n <0 and
shear; no voids
closure
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characterization experiments and calibration strategy. Here, only the
parameters strictly governing damage or failure are listed. Character-
istic features which usually represent the key contribution to the evo-
lution of the fracture indicator, void volume fraction f, or actual
damage value D are presented. The column “F—u” lists which models
are usually identified by fitting parameters from force-displacement
curves. Correspondingly, “z” indicates whether fracture strains are
needed to identify the model parameters. In some cases, i.e. the Cock-
croft-Latham criterion, the fracture strain directly represents the
parameter. Finally, references where these models are typically
applied to predict and analyse actual forming processes are listed.

5. Damage to failure: process limits

This section presents examples of prediction of failure occurrence
in bulk and sheet metal forming processes, where the failure of the
component is seen as the final evolution of damage. Indeed, this is
the traditional way of applying damage analysis in metal forming.
Failure criteria and damage models discussed in Section 4 are
referred to in the section.

5.1. Porosity before forming

Cast parts, which can be characterized by cavities as a conse-
quence of non-uniform solidification patterns or gases or both during
the casting process, are often used as preforms in forging processes.
These cavities are several orders of magnitudes larger than the voids
discussed hitherto. However, the presence of such porosities may sig-
nificantly affect the service life performances of the final products,
therefore making their elimination during the first stages of forming-
based process chains mandatory, otherwise they may evolve in
cracks [108]. Their elimination is usually carried out through the con-
duction of hot forging or hot rolling processes just after casting,
which must assure the mechanical closure of the cavities.

With the aim of studying the influence of the relevant process
parameters on the evolution of cavities during forming, two approaches
are available in the literature, namely explicit macroscopic and micro-
analytical approaches [174]. The former is based on either physical or
numerical simulations, which aim at establishing a correlation between
the process parameters and cavities closure efficiency. In particular, it is
proved that larger deformations and colder surface temperatures as well
as shaped forging dies and high friction may be of help in increasing the
voids closure efficiency. However, this approach is case-dependent. On
the contrary, the micro-analytical approach is based on the description
of a single cavity in an infinite matrix, but its starting assumptions are
often far from real conditions.

To overcome the limitations of the above-mentioned approaches, a
meso-scale one has recently emerged, based on the Representative Vol-
ume Element (RVE) method, which gives the chance to carry out simula-
tions at the cavity-scale, making use of boundary conditions that are
representative of macro-scale ones [173,55]. As example, explicit RVE
simulations are used in [42] to calibrate a new cavity closure model tak-
ing into account the influence of both stress triaxiality and Lode parame-
ter to overcome the hypothesis of axisymmetric loading.

The modeling of the voids in the RVE method is usually accom-
plished on the basis of statistical analyses. However, non-destructive
X-ray Computed Tomography (CT), see also Section 3, may be applied
for the 3D voids quantification before forging as well as in the valida-
tion phase of the RVE method [126].

The presence of shrinkage cavities in cast bars contributes to gen-
erate the so-called Mannesmann effect, namely a cavity formation
along the bar longitudinal axis subjected to radial compression in
metal forming. If, on one hand, this may affect the quality of the prod-
uct obtained during cogging, cross-wedge rolling and rotary swaging
of round bars, on the other hand, the Mannesmann effect is at the
basis of the rotary piercing process to produce long and thick seam-
less tubes [62]. For proper modeling of the Mannesmann effect mak-
ing use of damage laws, the initial voids fraction of the cast bar must
be taken into account, as it strongly affects the tube steel behavior in
terms of flow stress and ductility (Fig. 20).
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Fig. 20. Flow stress and ductility of samples extracted from different positions in a cast
bar characterized by different voids fractions [62].

5.2. Bulk metal forming

In cold and hot bulk metal forming failures may appear as surface
cracks and internal cracks. Surface cracks develop as a consequence
of an unsuitable choice of the process parameters leading to tensile
stress states. A comprehensive classification of fractures in forging
together with their characteristics and crack growth directions can
be found in [49], with particular reference to cold forging, but also
extendable to hot forging.

Within cold forging, the different categories of failure criteria and
damage models introduced in Section 4 are extensively applied to
predict the fracture occurrence in single- and multi-step forging pro-
cesses characterized by non-proportional and non-monotonic strain
and stress paths.

One of the first attempts to use ductile failure criteria in single-
step cold forging operations is presented in [66], showing acceptable
prediction of fracture initiation sites, but emphasizing the need to
select criteria with critical damage values that are constant at varying
conditions of strains and stresses.

Different failure mechanisms, characteristic of different single-
step cold forging operations, are predicted in [185] using a unique
model, namely a Lemaitre variant damage model improved to
account for quasi-unilateral damage evolution. This unique model is
successfully applied to predict chevron cracking in forward extrusion
of cylindrical billets and damage accumulation at the surface near the
equator in upsetting of a tapered specimen, proving the model capa-
bility to be applied to single-step forming conditions characterized
by different strain and stress paths.

The crack occurrence in multi-step cold-forged components, such
as screw and shaft heads, can be satisfactorily predicted making use
of both failure criteria and damage models. In [16], a linear damage
accumulation law and the failure criterion based on the one by Bao
and Wierzbicki, function of both the stress triaxiality and Lode
parameter [216], are coupled providing a satisfactory agreement
between the experimental and numerical fracture location as shown
in Fig. 21.

The Lemaitre damage model is modified in [25] to take the crack
closure effect and negative triaxiality limit into consideration. By con-
sidering hence the compressive damage evolution, similar fracture
types in multi-step cold forging chains are predicted. In [25], the
need to deal with material microstructures inducing anisotropic
damage properties is also addressed. In particular, it is shown how
damage anisotropy depending on orientation microstructure can be
combined with grain flow orientation computation to predict ductile
fracture.

Failure criteria as well as phenomenological and micromechanical
damage models are applied in [34] to predict damage evolution and
fracture occurrence in multi-step cold wire drawing and wire flat
rolling, showing different predictive capabilities on the basis of the
failure mechanisms. In case of multi-pass drawing of a pearlitic high
carbon steel, all the applied criteria and models are able to predict
the maximum damage location, but just the GTN micromechanical
model can predict the instant of fracture, nevertheless it stressed the
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Fig. 21. (a) Simulated damage after multi-step cold forging according to the Oyane
model, (b) and according to the failure criterion of Bao and Wierzbicki; (c) cracks in
the industrially forged screw [16].

time-consuming procedure for its accurate calibration [37]. On the
contrary, in case of one-pass wire flat rolling, only those failure crite-
ria considering both the stress triaxiality and Lode parameter can cor-
rectly reproduce the damage localization.

In the context of cold forging, fracture is more likely to occur dur-
ing those processes characterized by highly Severe Plastic Deforma-
tion (SPD), as is Equal Channel Angular Pressing (ECAP). The Lapovok
et al. failure criterion (Section 4) is used in [106] to predict failure in
grade 4 titanium subjected to Equal Channel Angular Pressing-Con-
form (ECAP-C) (Fig. 22), proving its capability to consider the effect of
the high accumulated strain on the damage evolution. The same cri-
terion was successfully applied to the prediction of fracture in a two-
stage cold forming operation (wire-drawing followed by constrained
upsetting) [105].
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Fig. 22. (a) FEM model of the ECAP-C process; (b) experimental and numerically pre-
dicted periodic fractures [106].

The development of surface cracks in hot forging processes can be
satisfactorily predicted by using fracture criteria with their critical
damage variable accounting for the temperature and strain rate
dependency. This approach is used in [8] in the case of the Cockcroft
and Latham failure criterion to predict surface crack generation dur-
ing the hot cogging process for producing a round bar from an ingot.
The free surface cracks that may form on the surface undergoing free
expansion are well predicted, showing that the minimization of the
aspect ratio of the anvil edge geometry can minimize the surface
crack generation. Also in [120], the effect of temperature and strain
rate is incorporated into the critical damage variable of the normal-
ized Cockcroft and Latham failure criterion to assess the fracture
occurrence during a hot forging process, showing its capability to
predict failure where the workpiece comes in contact with the die’s
corners (Fig. 23).

The development of internal cracks in hot-forged products, which
may be the consequence of the evolution of pre-existing porosities,
can be well described using both phenomenological and microme-
chanical damage models. The possible generation of damage in form
of porosities during hot ring rolling is predicted in [210], using a

Fig. 23. Comparison between numerical and experimental fracture initiation sites in
hot forging [120].

damage indicator based on the Oyane micromechanical model. The
agreement between experimental and numerical damage fields is
satisfactory, showing that a low ring growth rate can increase the
susceptibility to damage when compared to high growth rate.

The same Oyane model modified to account for the influence of
temperature and strain rate is coupled in [153] with the evolution of
microstructural characteristics to predict the crack occurrence at the
axis of bars deformed in hot cross wedge rolling processes. The cracks
appearing at the centre of an AA6082-T6 aluminium alloy bar are rep-
licated, proving a reduced formability at the highest testing tempera-
tures as a consequence of hot shortness phenomena. The same
typology of cracks during hot cross wedge rolling of high-speed rail-
way axles is predicted in [85], making use of continuum damage
mechanics coupled with microstructural evolution.

5.3. Sheet metal forming

In sheet forming processes, defects such as necking, tearing, and
fracture may occur and adversely affect the quality of the formed
product as a consequence of the attainment of a tensile state of stress
higher than the one the material can sustain. Therefore, the process
design and parameter choice must guarantee the achievement of the
product’s final shape without overcoming these limits. On the con-
trary, sheet cutting operations are designed to develop and propagate
cracks, but with the aim of assuring a high-quality sheared surface.

As in the case of bulk forming, failure criteria, phenomenological,
and micromechanical damage models have been extensively applied
to describe damage evolution and fracture onset in sheet forming
and cutting processes.

Shear fractures occurring in deep drawing can be satisfactorily
predicted using failure criteria, as e.g. the MMC failure criterion. In
[65] the model is calibrated on the basis of a hybrid experimental-
numerical procedure which, in particular, makes use of cup drawing
experiments providing insight into the out-of-plane shear fracture.
The fracture location and onset instant in a deep-drawn triangular-
shaped part made of AA6061-T4 aluminum alloy are predicted with
good accuracy. The same failure criterion is employed in [116] to pre-
dict the initiation and propagation of cracks in deep drawing punch
tests on TRIP 690 steel sheets. The simulated fracture location and
magnitude of the punch travel are accurately reproduced for both cir-
cular and square punch geometries, showing the capability to predict
shear-induced fractures.

Failure criteria taking into account the stress triaxiality can predict
failure also in case of hole expansion and hole flanging processes. In
[46], the hole expansion ratio and surface condition of TWIP and TRIP
steel sheets are well predicted. In [95], failure when hole-flanging
aluminium alloy sheets is predicted proving that, contrary to many
sheet forming processes, the die radius has a weak effect on damag-
ing the flange edge due to of its low negative stress triaxiality values.

The peculiar material behavior in sheet-bulk forming processes, as
a consequence of the complex forming histories the material under-
goes, requires the use of phenomenological damage models to cor-
rectly predict failure occurrence. In [87], tensile, elliptical bulge,
circular bulge, and in-plane shear tests are used to calibrate the
Lemaitre damage model to predict the evolution of voids during
sheet-bulk forming of DC04 steel toothed components, pointing out
the need for anisotropic evolution of damage.

Incremental sheet forming processes pose new challenges in pre-
dicting damage evolution and fracture occurrence as a consequence
of the incremental nature of deformation, which calls for proper cou-
pling of the conventional failure criteria and damage models with
non-linear accumulation damage rules as well as accounting for the
shear effect. The prediction capability of the MMC failure criterion is
enhanced using a nonlinear damage accumulation rule in case of sin-
gle-point incremental forming of AA6061-T6 aluminum alloy sheets
[144]. The fracture criterion is calibrated on the basis of different ten-
sile tests covering the process stress states and inverse analysis
approaches for identifying the material coefficients, leading to a satis-
factory prediction of the fracture depth (Fig. 24).
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Fig. 24. Numerically predicted and experimental fracture locations in case of single
point incremental forming of (a) truncated pyramid, and (b) truncated cone at varying
wall angles [144].

Damage evolution and fracture occurrence are predicted in single-
point incremental forming using the micro-mechanical GTN model
modified to account for shear effect in [71]. It is shown that the modi-
fied GTN model predicts a premature material failure as a conse-
quence of an inadequate coalescence criterion. On the contrary, the
coupling of the GTN model with the physically based Thomason coa-
lescence criterion helps in improving the prediction accuracy by
delaying the onset of coalescence.

In [221], the Lemaitre damage model is adjusted to consider the
nonlinear relationship between damage and plastic strain, proving its
capability to predict fracture in the flange bottom area of the part
during the splitting spinning process as a function of the roller feed
ratio (Fig. 25).
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Fig. 25. Numerically predicted and experimental feed depths when fracture occurs
during the splitting spinning process using roller feed ratios of (a) 3 mm/rev, and (b)
1 mm/rev [221].
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A satisfactory prediction of fracture as a consequence of sheet cut-
ting can be achieved when the effect of shear and compressive states
of stress are considered. In [70], the Lemaitre damage model is modi-
fied taking into account the effect of shear and compression-domi-
nated stress states on damage propagation, leading to reliable
predictions of cutting forces and cutting surface appearance during
shear cutting of dual phase steel sheets. A variant of the Lemaitre
damage model to account for a compressive state of stress is also
used to model the blanking process of high-carbon steel sheets in
[88]. The comparison between experimental and numerically pre-
dicted cutting surfaces shows that the damage model with a crack-
closure feature improves the prediction of the proportion between
shear drop and burnished area (Fig. 26).

On the contrary, the failure criteria used in [75] to simulate
mechanical trimming of hot stamped ultra-high-strength parts at
room temperature give non satisfactory results, except for the MMC
and Oyane criteria that predict the experimental results better. Nev-
ertheless, a sensitivity analysis of the process parameters shows that
the main crack initiates near the upper die and the cut surface profile
can be improved by increasing the trimming die angle and blade
radius, whereas the trimming clearance has a lower effect.

In the scope of sheet forming processes carried out at elevated tem-
perature, the effect of temperature and strain rate on damage evolution
and fracture onset is usually taken into account in the material coeffi-
cients of phenomenological damage models. In [188,84], the Lemaitre
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Fig. 26. Experimental and simulated cutting surfaces in blanking of high-carbon steel
sheets [88].

damage model is calibrated through a coupled experimental and numer-
ical approach using tensile tests at varying temperature and strain rates
to predict the fracture onset during hot stamping of boron steel sheets.
In particular, in [84] the hot stamping process used to produce an auto-
motive B-pillar is simulated with a satisfactory prediction of location of
potential crack initiation, punch force, and thickness distribution.

6. Effects of forming-induced damage on product properties

Formed components are subject to various application-dependent
requirements. The fulfilment of these requirements can be evaluated
by the corresponding product properties. Product properties do not
only depend on the choice of material, but also on the complete his-
tory of the material’s processing, including forming operations.

During forming of metals, damage is initiated in their microstruc-
ture. Damage is not a failure per se, but it can lead to it during form-
ing. Even before the fracture of parts damage affects the mechanical
properties during service loadings. Nowadays, the focus in metal
forming is on manufacturing products with known mechanical prop-
erties and not only on shaping materials, as described extensively in
[199]. The forming process affects the basic product properties like
hardness, residual stresses, and also the damage level.

The effect of strain hardening and residual stresses as product prop-
erties on the component performance is well known. In contrast, dam-
age is only considered as the driving factor for fracture initiation during
forming and not as a product property. For the investigation of the sole
effect of damage on the product performance, a separation of the other
effects strain hardening and residual stresses has to be done. This section
explores the influence of process parameters in metal forming on the
development of damage and the resulting product performance.

Influence of process-induced damage on final in-use properties is
illustrated in [59], where half-blanking process parameters lead to
different failure modes (Fig. 27a). Accounting for the simulation of
the half-blanking stage leads to an improved load-displacement
curve (red curve, Fig. 27b), both in terms of load-bearing capacity and
ductile fracture prediction.
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Fig. 27. a) Experimental and numerical shear failure modes for different half-blanking
process parameters, b) shear load-displacement curves [59].

The sole effect of damage on the component properties such as
fatigue strength has been experimentally proven for the first time in
[198]. In cold forging and bending different damage levels were
induced by various forming routes. The cold forging experiments



have been performed with the material 16MnCr5, whereas the air
bending experiments with a dual phase steel.

For cold forging it was shown that damage influences the product
properties even before chevron cracks occur in the core of the extru-
date. Schwab investigated the effect of process parameters in forward
rod extrusion on the fatigue behavior of the workpieces in his pioneer-
ing work [179]. At that time, he could not establish the relation to
damage. In [198], the effect of distinct damage levels induced by for-
ward rod extrusion on the fatigue strength was investigated. The
damage level was modified by varying area reductions in extrusion.
Finite element simulations showed that for a smaller strain the maxi-
mum axial tensile stress on the axis of the extrudate is higher than for
larger strains (Fig. 28).
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Fig. 28. Axial tensile stresses in the extrudate for various area reductions. Die cone
angle 2« =90°; Coulomb friction coefficient . = 0.08; elastic die (55NiCrMoV6); elastic-
plastic workpiece (16MnCr5), [198].

The voids for the two extrusion setups were analysed with SEM.
Fig. 29 shows two typical micrographs representative for a huge
number of observed inclusions that the void nucleation is larger in
samples with smaller strain and higher axial stress.

Fig. 29. Load path influence on damage evolution in 16MnCr5 extrudates for extrusion
strains of a) = 0.5 and b) ¢ = 1.0, [198].

The effect of the damage on cyclic loading of the extrudates was
analysed by multiple-step fatigue tests. It was shown that the sam-
ples taken from the core of the extrudate with lower extrusion strain
fail significantly earlier than the samples with the higher extrusion
strains (Fig. 30) due to different damage levels at the axis of the
extrudate. It was shown that the effects of strain hardening and resid-
ual stresses can be excluded from the investigations of fatigue.
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Fig. 30. Load path influence on damage evolution in 16MnCr5 extrudates for extrusion
strains of a) ¢ = 0.5 and b) = 1.0, [198].

Also, the die cone angle has an influence on damage in forward
rod extrusion. The load path, described by the triaxiality, is changed
by different die cone angles. Measurements show that the void area
fraction in forward rod-extruded parts is reduced by 74 % when
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Fig. 31. Influence of triaxiality on the impact energy in forward rod extrusion for three
die cone angles, but the same extrusion strain [78].

changing the die cone angles from 90° to 30° [79]. This leads to a 25%
higher fatigue life, 79% higher impact energy (Fig. 31), and a 9%
higher apparent Young’s modulus. The influence of strain hardening
and residual stresses on these results can be neglected [78].

For sheet metals the effect of superposed stresses on damage and,
hence, on the product property fatigue strength are analysed in bend-
ing. Bending experiments without (Fig. 32a) and with elastomer
cushion (Fig. 32b) were carried out.

a) Punch b)
Sheet

1=1.2mm

Die Elastomer cushion (Eladur 315 by Voith)
Fig. 32. a) Air bending and b) bending with an elastomer tool, [198].

An elastomer cushion is used to change the stress state and,
hence, the triaxiality » by applying an additional counter pressure. A
reduction of the triaxiality of 16 % is accomplished by using an elasto-
mer tool ( = 0.48) compared to air bending ( = 0.57) at the tension
side of the bending arc. SEM micrographs in Fig. 33 reveal that the
number and area fraction of voids in air bending is higher than in
bending with an elastomer tool.

Workpieces with identical geometry bent by air bending and
bending with an elastomer cushion are evaluated in fatigue bending
tests. The elastomer bent specimen shows a 20 % higher fatigue
strength compared to the air bent specimen. This could be caused by
strain hardening, damage, and residual stresses. Hardening and resid-
ual stress influences on the fatigue strength have been shown to be
negligible. It was revealed that forming- induced damage is the rea-
son for the higher fatigue strength, [198].

Although the fatigue life is improved by elastomer bending, the
reproducibility is not fulfilled due to abrasion of the elastomer cushion.
Also, the magnitude of the superposed pressure is much lower than the
yield stress of the sheet. The stress state cannot be predicted accurately
since the properties of the elastomer evolve during lifetime. Therefore,
radial stress superposed bending (RSS-bending) was developed (Fig. 34),
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Fig. 33. SEM micrographs of the upper area (60xm x 40xm) in a sheet bent by a) air
bending and b) with an elastomer tool. Red circles indicate the voids, [198]. F: Ferrite,
M: Martensite
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Fig. 34. Technical set-up of radial stress superposed bending [141].

[141]. Two tools rotate around the profile and superpose stresses on
every point of the circumference. Due to the bending moment course
the forming zone moves with this additional pressure. By adjusting the
counter force Fp, the process is capable of applying predetermined com-
pressive stresses and controlling the load path during bending, [ 142].

The superposition of stresses in RSS bending also leads to delayed
damage evolution for a DP800 steel [141]. Additionally, this smaller
amount of damage leads to a better product performance in impact
tests (Fig. 35) and to a higher stiffness [138].
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Fig. 35. Influence of radial stress superposition on the impact energy [140].

16

Besserer et al. investigated the fatigue behavior of parts produced
by an orbital forming process [22]. In addition, the damage evolution
was examined. They found out that both the forming process and
cyclic loading cause an increase in ductile damage. They stated that
in sheet-bulk metal forming the strain hardening has a positive effect
on fatigue life and simultaneously damage has a negative effect. The
effects of strain hardening and damage could not be separated.

In mechanical joining processes involving plastic strain and dam-
age the importance of joining-induced damage to accurately predict
the final joint strength was shown. Fayolle et al. [54] showed that the
numerically predicted mechanical strength of self-pierced riveting
joints is generally overestimated when compared to the correspond-
ing experiment. The use of the Lemaitre damage model during the
joining stage resulted in a damage field that was used as an input of
mechanical strength simulations. Both the failure modes and joint’s
mechanical strength prediction were in good agreement with experi-
ments [54]. Such a virtual chain of simulations coupling the joining
stage and the analysis of its final mechanical strength set the stage
for the optimization of forming parameters to improve the final
mechanical strength properties. In [167], damage is considered as a
product property in the clinching process and is used as an input
parameter of the structural analysis stage. Optimizing two process
parameters (punch radius R, and lower tool depth P;) led to an
increase of the final strength of 13% in tension and 43% in shear.
Fig. 36a/b shows the Lemaitre damage field after clinching for the ini-
tial configuration and the optimized ones. Fig. 36¢) shows the final
joint mechanical strength response surface for two clinching process
parameters. The optimized solution (green cross) significantly
improves the initial solution (red cross) with a higher fracture load.
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Fig. 36. Damage field at the end of the clinching process for the (a) reference, (b) opti-
mized configurations and (c) response surface for the joint mechanical strength for
two clinching process parameters, [54].

Kami et al. [97] showed that the anisotropic GTN damage model
with Hill’48 quadratic yield criterion can be used to analytically con-
struct the FLC of metallic sheets (Fig. 37). In general, the forming limit
curve for the AA6016-T4 aluminium alloy predicted by the GTN
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Fig. 37. Comparison of FLCs obtained by experimental and numerical investigations [97].



model were more accurate than those calculated with the Marciniak-
Kuczynski (M—K) and modified maximum force criterion (MMFC)
models without accounting for damage. This applies especially to the
tension-tension part of the FLC.

For applications in which stiffness requirements need to be fulfilled
the apparent Young's modulus is regarded as a product property. It is
known that damage has an influence on the apparent Young’s modulus
since emerging voids lead to a decrease of the effective cross-section
area normal to the load direction and, thus, to a decrease of the apparent
Young’s modulus. This decrease is illustrated by means of a simple ten-
sile test with interim unloading in the classical work of Lemaitre and
Dufailly [113]. The apparent Young's modulus is decreased in a tensile
test of 99.99% copper from 98990 MPa at the beginning to 21700 MPa
just before the rupture of the sample. This corresponds to a reduction of
the apparent Young's modulus of 78%. Similarly, for a 16MnCrS5 steel
Hering and Tekkaya [68] measured the change of apparent Young’s
modulus up to 0.2 plastic strains (Fig. 38a). In their results, a saturation
of the apparent Young’s modulus change is observed at plastic strain of
about 0.1. However, both Lemaitre/Dufailly’s and Hering/Tekkaya’s
results include the apparent Young's modulus change due to dislocation
pile ups and not only due to damage. In order to isolate the effect of
damage on the apparent Young’s modulus, Hering and Tekkaya [68] con-
ducted experiments at very high strains (beyond the saturation strains in
Fig. 38a) and found that the apparent Young’s modulus can even increase
with plastic strain (Fig. 38b). This is explained through the fact that the
specimens at very high strains are obtained by forward rod extrusion
and that the triaxiality is increasing with increasing extrusion strain
(Fig. 38b). The authors also give results for extruded specimens tested at
the same extrusion strain, but with different stress triaxiality for different
die cone angles and deliver, probably for the first time in literature, the
sole effect of damage on the apparent Young’s modulus.
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Fig. 38. Evolution of apparent Young's modulus during tensile test (16MnCrS5) a)
Apparent Young's modulus change for small plastic strains in simple tension speci-
mens with initially identical damage level, b) Apparent Young’s modulus change for
large plastic strains in extrusion specimens with different damage levels, [81].

In [157], the influence of the hole processing for two different steels
(CP800 and DP780) on the equivalent failure strain in hole tension and
expansion tests is investigated. The holes were produced by drilling and
subsequent reaming or by hole punching (shearing). For both alloys the
shearing reduces the edge formability (Fig. 39). The rate of damage accu-
mulation is higher behind the sheared edge relative to the reamed edge
due to the presence of pre-straining that promotes void evolution. The
amount of pre-straining and damage introduced during shearing also

EHole Expansion Test

OHole Tension Test

Equivalent Failure Strain
o o
[=2] @

o
=

DP780-Reamed DP780-Sheared CPB800-Reamed CPB800-Sheared

Fig. 39. Equivalent failure strain for two different steels and for two different hole
processing methods investigated in hole expansion and tension tests [157].

depends on the microstructural constituents. CP800 provides better per-
formance than DP780 steels due to the lower nucleation rate caused by
the lower strength differential between the phases.

The hole expansion ratio of a punched sheet is compared to a
punched sheet with an additional milling process to remove the dam-
age accumulated by punching in [219]. The specimen prepared by the
punching process consists of accumulated shearing damages and
many micro-cracks. This damage promotes failure in the hole expan-
sion test. If the hole edge region is processed by milling after the
punching process, accumulated shearing damage is removed. There-
fore, the hole expansion ratio is higher for the milled hole. Mohr-
bacher [147] reveals that initial damage can grow into macroscopic
cracks upon stretching the cut edge. Laser cutting is recommended as
a suitable method for avoiding damage initiation.

The effect of the hole punching process on the successive hole
expansion for a DP 1000 steel sheet has been investigated in [72]. By
numerical modeling the damage induced by punching and the irregu-
larities of the fracture surface could be analyzed separately. The sur-
face irregularities played a minor role for the edge crack sensitivity,
while the damage due to manufacturing of the hole (e.g. blanking)
had a significant effect. Fig. 40 reveals the experimental and numeri-
cal expansion ratios for two different hole processing technologies.
The numerical results shown also include the surface irregularities.
Simulations without the surface irregularities resulted in less than 5%
higher hole expansion ratios.
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Fig. 40. Influence of damage on the hole expansion ratio for punched sheets made of
DP 1000, [72].

In [58], the sheet-bulk process known as half-blanking carried out
on high-strength low-carbon steel sheets is modelled through a
newly developed phenomenological fracture criterion taking into
account the complex multi-stage and non-proportional loading con-
figurations that characterize the process. During this process very
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Fig. 41. Experimental and numerically predicted fracture location during shear tests
following half blanking of high-strength low-carbon steel sheets [59].

high plastic strain can be reached because of stress triaxiality values
below (-1/3). The influence of half-blanking process parameters on
its final in-use properties during shearing (Fig. 41) shows the impor-
tance of accounting for damage created during the process stage.

The influence of the loading path on the damage evolution during
hot calibre rolling has been investigated for the case-hardening steel
16MnCrS5 in [213]. To demonstrate the effect of stress path, com-
pression, torsion and compression-torsion loadings have been inves-
tigated. Torsion loading generates more voids with larger void area
fraction as compression or compression-torsion loading (Fig. 42).
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Fig. 42. Measurement of void area fractions under different load paths and different
specimen geometries for 16MnCrS5 at 1100°C [213]. “T” stands for torsion loading and
“C” for compression. R12 and R3 are the notch radii of the specimens.

7. Industrial utilization

In this section, the impact of damage as a process and product
property is discussed. The section starts with the secured knowledge
of the vigorous research field of ductile damage. The paradigm
change based on this knowledge of damage is stated next. The bene-
fits and the opportunities for industrial metal forming are compiled
under the header industrial implications.

7.1. Secured Knowledge

The physics of damage at microstructural scale are largely under-
stood. The mechanisms and the physical parameters influencing
damage are well identified (Section 2). Regarding the mechanisms, it
is known that ductile damage

e is a process driven by void nucleation, growth, and coalescence,

e is either promoted at high stress triaxiality values during plastic
deformation, or,

e is promoted by plastic shear localization under nearly zero stress
triaxiality,

e is a product property such as hardness, residual stresses etc.

For the implications in metal forming the most important secured
knowledge is:

e The level of damage influences the performance of the product such
as impact energy, fatigue life, stiffness, hole expansion ratios etc.
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e The level of damage in a component can be controlled by design-
ing the forming process properly. Reducing triaxiality results in a
decreased void evolution in general.

In the modeling field the qualitative nature of damage can be
described with various approaches from continuum-mechanics models to
micro-scale physical models (Section 4). The effect of the forming process
parameters on damage can be modelled qualitatively in a reliable way.

Finally, materials can be characterized by various established
experiments as damage prone or resistant (Section 3). Also, the dam-
age resistance designs of microstructures have been identified to
allow the development of new materials.

7.2. Industrial implications

The recognition of ductile damage as a process of void evolution on
microscopic scale and as a product property initiates a paradigm change
in the metal forming industry. On the one hand, a transformation from
phenomenological macroscopic plasticity to a microscopic view of plas-
ticity is necessary and, on the other hand, the reorientation of the process
design goals from formability to usability is initiated. These paradigm
changes provide several benefits to the metal forming industry:

Understanding the physics of the processes better. An impressive
example for this is to recognize that large plastic strains do not
necessarily induce more damage in the microstructure of the
formed components. A relevant example given in Section 6 is cold
rod extrusion. Large extrusion strains induce less damage than
smaller extrusion strains (Fig. 43). Hence, it is not only the amount
of plastic strain, but particularly also the stress state that influen-
ces the damage evolution in the component.

106
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Fig. 43. Cold rod extrusion with small and large strains: it is not only the strain value
that determines the damage level, it is also the stress triaxiality that matters, [198].

All dimensions in mm.

o The well described physics of ductile damage enable to revisit existing
metal forming processes to deliver the same component from the
same material with less damage and hence better product perfor-
mance. Several examples for the process implementations have been
shown in Section 6, but many more can be invented and applied
under industrial circumstances. Sequences of forming processes are
specially qualified for controlling the damage level. They provide
many degrees of freedom to control damage, especially in combina-
tion with heat treatment. This will be explored further below.

By the described experimental characterization methods, but also by
the computational methods, the damage level in components can be
determined and, hence, the performance of the component in service
assessed more accurately than without considering the damage prop-
erty. Consequently, safety factors for the components can be reduced
and, thus, weight reductions achieved which contribute to light-
weighting. Several promising feasible methodologies for assessing
the damage level in components are already available such as density
measurements, elastic modulus measurements, and impact energies.
Fig. 44 shows the application of density measurements as a feasible
methodology to assess the damage level of components with identical
geometries [139] by distinct forming routes and hence distinct per-
formances, [140]. This approach has a significantly larger accuracy
than the density measurements described in [194] due to the much
larger specimen volumes.

Finally, considering failure by fracture or local instability as a final
stage of damage evolution, the modern computational methods
evolve towards a more precise determination of fracture or local
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Fig. 44. Utilizing density measurement for formed parts to determine the damage
level [139]: bending by two different processes leading to the same part geometry
with different damage values and product performances (impact energy) [140].

necking incorporating loading paths in a concise manner not pro-
vided by the available methodologies such as forming limit curves
(FLC) or simple fracture criteria. Using plasticity with coupled
damage might be not necessary in general. Heibel et al. [77]
showed that for dual phase steels plastic deformation leads to a
small amount of void volume fraction and, hence, the influence on
the effective stress is small. For such cases, uncoupled damage
models or simple failure criteria are appropriate.

Various simple process revisions for lower damage and/or higher
formability are possible today. Three basic physical principles are
given in Table 3. These are revisions aiming for no change of the com-
ponent geometry and no change of the basic composition of the com-
ponent material. The corresponding possible process modifications
are given for each physical principle and finally several known appli-
cation examples are stated. It is important to note that these are just
a few examples for possible modifications and applications. Consider-
ing the vast diversity of metal forming processes with more than 250
process variants, the immense opportunities of improving metal
forming processes for products with reduced damage levels becomes
obvious. This will move the goals of process design in metal forming
from the traditional “formability” to the visionary “usability”.

8. Outlook

Damage as an emerging concept in metal forming has been sub-
ject to extensive research over the last decades. Still, several unclear
phenomena exist, requiring special focus in interdisciplinary
research. These topics will be addressed in the next section. Also, the
potential of considering damage in designing and forming compo-
nents is not exhausted, bearing plenty more opportunities for the

Table 3

technological science-based developments. A vision about such
future applications will conclude this section.

8.1. Open research questions

Despite the extensive knowledge accumulated, there are still sev-
eral unresolved questions that need further extensive research. These
topics can be divided into three groups:

i) Physics and quantification of damage: In most material models the
damage variable is defined as the area or volume fraction of voids
which is directly related to the damage-originated softening. In real-
ity, however, the mechanical softening and the void area or volume
fraction can be quite different. An example is given in Table 4 reflect-
ing results for damage quantification after cold forging by three dif-
ferent methodologies [78]. Differences up to three orders of
magnitude are recognized between the different damage increments
for the same specimen. The correlation between mechanical soften-
ing and the void area or volume fraction needs to be further investi-
gated in order to adapt the material models to depict both, the
softening behavior as well as the void evolution, correctly. Further,
damage leads to a complex, anisotropic change of the apparent elastic
properties which are not considered in most of the material models.

ii) Modeling of damage: Components are generally produced by multi-
ple forming operations. In the literature, however, it is common that
only single forming stages are considered when it comes to the pre-
diction of damage or fracture. In order to give a more realistic depic-
tion of the void evolution, the whole process chain, including casting
and rolling operations, needs to be considered. A first example for
this approach is given by Schowtjak et al. [178] investigating the
damage evolution in calibre rolling with subsequent cold forging. In
the context of simulating the whole process chain, modeling the tran-
sition from continuum damage mechanics to discrete ductile fracture
is a real challenge in the future to improve the prediction accuracy.

Plasticity models coupled with damage always result in mesh
dependency in numerical modeling (Section 4.2). This mesh depen-
dency can be alleviated in two ways: a) Characterizing damage model
parameters for a specific element size and then ensuring that during
the computations the element sizes remain below this limit. In this
context the utilization of adaptive anisotropic mesh refinements is a
promising approach [98] b) Using non-local formulations as applied
to sheet bending in [186].

Metal forming process modifications for lower damaged products based on modifying the stress state during plastic deformation.

Physical principle Process modification

Application examples

Increasing hydrostatic pressure

Externally superposed pressure

Rod extrusion with counter pressure, bending
against elastomer cushion

adaption

Changing stress states through process parameter

Modifying the cone angles in cold extrusion, bite
modifications during rolling

Reducing straining over positive triaxiality values

Modifying process sequences

Adapting the straining per step in multi-stage
extrusion, combining direct and reverse deep
drawing

Increase shear forming

Fine shear cutting, adiabatic cutting

Influencing strength of matrix material and/or
inclusions

Using heat treatment processes

Various bulk and sheet metal forming processes
with intermediate global or in-situ local heat
treatments

Modifying microstructural properties

Dual- or multi-phase materials with tailored
matrix strengths

Table 4
Area fraction of damage D determined by various approaches after cold forging with ¢=0.5; 2a=90° of a 16MnCrS5,
[78].
Parameter Annealed undeformed material ~ After cold forging  Increase in damage AD
Densi 7.825 3 7.821 3 N3
ensity glem glem aD=(12)’ =640 10°
Void area fraction 6.60 x 107> 236x107* AD=1.70 x 107*
Apparent Young's modulus 211 GPa 182 GPa AD=1 —TE =137x 10"
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Scale-bridging models are very promising; however, the compu-
tational requirements of these models are far beyond acceptable lim-
its for analysis of industrial scale processes.

Table 5 provides the effect of damage on the performance of a cold
extruded 16MnCrS5 steel component [78]. Obviously, the larger die
cone angle in extrusion generates higher damage in the component
for the same plastic strain. It is striking to see that a void area fraction
of the order 10~ causes a change by 25% in fatigue tests and a change
of 79% in Charpy impact tests. Currently, no reliable physical models
are known being able to model this dependency of considerable per-
formance change changes of the component after large strain form-
ing by extremely small void fraction.

Table 5
Effect of damage on component performance after cold forward rod extrusion of
16MnCrS5, [78].

Cold forging Cold forging

£=0.5; £=0.5;
Properties 20=90° 20=30° Difference
Void area fraction D 236x10™%  590x10> AD=1.77 x107*
Number of cycles to 163,000 205,000 AN = 42,000 (+ 25%)
fracture N
Impact energy Win ] 58 104 AW =46 (+ 79%)

Finally, damage initiation, growth, and healing in warm and hot
forming processes are not well understood. A promising attempt
applied to metal forming processes is given by Bambach et al. [13] in
which an extended GTN damage model coupling softening processes
with void formation at inclusions is defined for hot forming.

iii) Characterization of damage: Damage models have several material-
dependent parameters which must be determined experimentally (Sec-
tion 4). Basically, these parameters are determined by inverse analysis.
The most common approach for a parameter identification process is
based on load-displacement data of notched tensile tests. Sudrez et al.
show that the void evolution predicted in the simulation do not fit well
to the experimentally measured data obtained with CT investigations
[187]. Load-displacement data does not have any information on the
microstructure and, therefore, only characterize the damage-related soft-
ening and not the void evolution. In addition, since work hardening and
damage-related softening have a contrary effect on the material’s stiff-
ness, the solution for the parameters is generally not unique. Only the
use of full-field displacement measurement (DIC) as used in [168] can
improve the solution. To this end, there are various solutions with differ-
ent hardening behavior and damage evolution. Microstructural data
have to be considered additionally in order to calibrate the model in
terms of an accurate void evolution. Isik et al. identified a set of parame-
ters for the void evolution of the GTN model for a DP600-graded steel
based on an experimental void analysis [86]. Scientific articles that deal
with the parameter identification of damage-related variables lack a vali-
dation in terms of microstructural data. While the macroscopic behavior
of a forming process used for validation purposes is depicted well by the
simulation, there is no explicit comparison of the predicted void evolu-
tion to the microstructure. Schowtjak et al. show that parameter identifi-
cation for a GTN model based on force-displacement curves and/or DIC
measurements supply good predictions for the plasticity, but are unable
to predict the porosity after plastic deformations in bending [177]. This
discrepancy does not only result from the assumption of spherical voids
assumed in the classical GTN model. Using the measured porosity versus
plastic strain values for the inverse parameter identification delivered
not only good predictions for the plastic behavior, but also for the dam-
age indicators by improving the porosity prediction by nearly two orders
of magnitude.

8.2. Vision on damage

Future design of components is expected to include the imbedded
damage as a product property as standard, allowing to decrease the
safety factor of the design and, hence, the mass of the component. This
will considerably contribute to lightweight designs and to resource
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efficiency. Re-visiting the process design in metal forming by considering
the damage level of formed products as an objective of the process lay-
out will be attributed higher, if not the highest priority in future. By this,
metal forming will change from a “formability” objective to a “usability”
objective. This will require an extended scale-bridging science-based
manufacturing approach as described in this paper.

An exciting future development is the design of microstructures of
metals to facilitate the control of damage to increase the performance of
components. Needleman [151] envisions the controlled generation of
voids during plastic deformation in order to delay or even stop crack
propagation under the service loadings of the component. One impres-
sive example for this vision is given by Glassmaker et al. [63] in which
crack propagation is trapped through controlled cavities in glassy mate-
rial and “ductile” deformation of such brittle materials is enabled. This
idea could be also used for additively manufacturing (AM) pre-forms for
forming complex components. The peculiar microstructural characteris-
tics of AM alloys may lead to workability characteristics different from
those of the wrought alloy of the same chemical composition. In [183],
the hot workability of the Ti6AI4V titanium alloy produced by Selective
Laser Melting (SLM) is investigated, showing favorable properties for hot
working in terms of lower activation energy, lower peak stress, and faster
globalization kinetics than the ones of the conventional wrought alloy
with a lamellar microstructure. In the light of the above vision, the AM
process can be designed to set a desirable distribution of voids. In subse-
quent steps, the superposed stresses, or a modified stress state lead to a
retardation of damage evolution or directly to a reduction of damage.

Similarly, the phase design of advanced steels can be used to achieve
a microstructure with special damage resisting properties. The develop-
ment of design guidelines for the production of dual-phase damage-
resistant steels is investigated by [76]. The investigations show that the
homogeneous complex phase steels are more damage-tolerant.

The use of finite element simulation at micro and meso scale will
help getting a better understanding of damage mechanisms under vari-
ous loading paths [182]. In particular, accounting for the heterogeneity
of the microstructure is the key to nucleation mechanisms. In-situ X-ray
tomo- and laminography tests represent non-destructive promising
techniques to follow void history from nucleation to growth and coales-
cence under various stress states and possibly non-proportional loading
paths. Combined with Digital Volume Correlation (DVC) and FE-model-
ing at the microscale [181] it is possible to model damage mechanisms
with the exact microstructure and exact boundary conditions. Such an
attempt was done in [32] on nodular graphite cast iron where the local
strain in the ligament prior to coalescence was estimated by DVC in [31]
and by FE computation in [207], Fig. 45.

The analysis of the loading path on nucleation and growth mecha-
nism is also made possible thanks to this multi-scale approach [169],

Nodular cast iron Eg Pias Sirain

/2 3D FE computations with
DVC Boundary Conditions

. A
Final fracture path

DVC strain field FE strain field
Fig. 45. Finite element computations on real microstructures obtained from SRCL
(Synchrotron Radiation Computed Laminography) observations and with boundary
conditions measured by DVC. Comparisons with experimental observations of nodular
graphite cast iron, [207].



which could be useful regarding process stage optimization strate-
gies. The extension of such techniques for other alloys, including mul-
tiphase materials, is promising for the understanding of damage
mechanisms, for the optimization of forming process strategies, and
for the engineering and design of new alloys.

Characterizing damage for practical industrial usage is clearly an
emerging research field. The challenges are to efficiently perform large-
scale measurements of micro-structural entities and develop methodolo-
gies to quickly assess macroscopic metal formed components. Hoefna-
gels et al. [82] used a semi-automatic statistical identification algorithm
that identifies all damage incident areas in a statistically relevant area. It
also reveals the damage mechanism (Fig. 46).

Fig. 46. Screen capture of semi-automatic statistical damage identification algorithm
at different resolutions (Martensite cracking (MC), Ferrite Interface damage (MFI),
damage at a ferrite grain boundary (FGB), damage at the ferrite grain interior (FGI),
damage around inclusions (INC)). [82]

Kusche et al. used an artificial intelligence approach to identify the
occurring damage mechanism [103]. The global and high-resolution
methodology for damage quantification was used for products bent with
air and RSS bending [139]. The higher damage evolution in air-bent
products was also revealed by locally destructive density measurements.
Another method for obtaining more information about the damage
mechanisms in metal forming is gained by the combination of EDX and
SEM analysis. Hering et al. revealed that the damage mechanisms can be
identified and information about each damage site can be gathered [79].
The influence of a higher hydrostatic pressure was also shown with den-
sity measurements.

Finally, understanding ductility for incremental forming pro-
cesses, where repeated deformation enables extremely high strains
without fracture will, be a future research field. Calibration of failure
criteria or damage models by conventional mechanical tests is not
appropriate for such processes.
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