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a b s t r a c t 

The influence of plastic anisotropy, yield strength and work hardening on ductile failure is studied by 

nonlinear finite element simulations and strain localization analyses of tensile tests in different material 

orientations. Three aluminium alloys with different grain structures and crystallographic textures, heat- 

treated to three conditions giving rise to different yield strength and work-hardening behaviours, are 

considered. The anisotropic yield surfaces of the alloys, obtained by the crystal plasticity finite element 

method, are used in the numerical simulations of ductile failure in the tensile tests. In addition, a yield 

surface for an isotropic material is included for comparison. These yield surfaces are combined with three 

stress-strain curves representative of the different heat-treatments, resulting in a range of relevant model 

materials with different plastic anisotropy, yield strength and work hardening used in the numerical in- 

vestigations. Finite element simulations of tensile tests in seven in-plane directions are carried out, i.e., 

0 °, 15 °, 30 °, 45 °, 60 °, 75 ° and 90 ° to the reference direction, and the non-proportional loading histories 

are used in the subsequent strain localization analyses. Plastic anisotropy is found to have a marked in- 

fluence on the tensile ductility and to induce failure anisotropy, i.e., a variation in the failure strain with 

loading direction. The shape and extension of the regions of concentrated plastic flow in the finite el- 

ement simulations vary with tensile direction for the anisotropic materials. In agreement with previous 

experimental evidence, the strain localization analyses predict a variation of the failure strain with tensile 

direction that appears to correlate with the variation of the Lankford coefficient, indicating that the fail- 

ure anisotropy is closely linked to the plastic anisotropy. The strain localization analyses predict a higher 

ductility for materials with lower yield strength and higher work hardening, as these features lead to a 

more distributed plastic deformation and a stress state with a lower stress triaxiality in the neck. This 

redistribution of the plastic deformation makes the tensile specimen less prone to strain localization and 

subsequent ductile failure. The influence of yield strength and work hardening is further found to depend 

on the plastic anisotropy. 

© 2019 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The thermo-mechanical processing of metals influences mi-

rostructural characteristics such as the grain structure and the

rystallographic texture, and determines the plastic behaviour

f these materials. As a result, extruded profiles, rolled plates

nd other formed structural components typically exhibit plastic

nisotropy. The strength of the plastic anisotropy varies, and is

ostly governed by the crystallographic texture ( Engler and Ran-

le, 2009 ). Using crystal plasticity theory, which accounts for the

rystallographic texture of materials, the yielding and plastic flow
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f metals are well described ( Zhang et al., 2015; 2016 ). Numeri-

al simulations of materials with crystal plasticity are in general

omputationally expensive, and phenomenological plasticity mod- 

ls are thus preferred when relatively large structural components

re considered. These models may include an anisotropic yield

unction, typically incorporating one or several linear transforma-

ions of the stress tensor ( Barlat et al., 2005 ), which is calibrated

rom either a large number of experimental tests ( Fourmeau et al.,

011 ) or crystal plasticity simulations ( Zhang et al., 2015; 2016;

rodal et al., 2019 ). 

The process of ductile fracture includes nucleation, growth and

oalescence of microscopic voids at second-phase particles or in-

lusions, and depends markedly on the local stress state and
under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Normalized failure strain versus tensile direction obtained from tensile tests 

on a recrystallized AA6063 alloy ( Khadyko et al., 2019 ) and a non-recrystallized 

AA7075 alloy ( Fourmeau et al., 2013 ) with different crystallographic textures. 
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Nomenclature 

Symbols 

σ Cauchy stress tensor 
˙ λ Plastic multiplier 

˙ q Non-uniformity rate vector 

˙ p Equivalent plastic strain rate 

C 

t Material tangent stiffness tensor 

D Rate-of-deformation tensor 

F Deformation gradient tensor 

I Second-order identity tensor 

L Velocity gradient tensor 

N Nominal stress tensor 

n Unit normal vector to imperfection band 

R Rotation tensor 

� Yield function 

φ, θ Localization band angles 

φ0 , θ0 Initial localization band angles 

σ 0 Initial yield stress 

σ t True stress 

σ I , σ II , σ III Ordered principal stresses 

σ M 

Matrix flow stress 

σ h Hydrostatic stress 

σ vm 

von Mises equivalent stress 

εf Macroscopic failure strain 

εl Logarithmic strain 

ϕ Equivalent stress 

ξ Strain rate ratio 

A Cross-section area 

a Yield surface exponent 

A 0 Initial cross-section area 

D Cross-section diameter 

E, ν Elastic coefficients 

F Measured force 

f Void volume fraction 

f 0 Initial void volume fraction 

L Lode parameter 

p Equivalent plastic strain 

p f Local equivalent failure strain 

Q i , θ i Isotropic hardening parameters 

q i Tvergaard parameters 

S ′ 
k 
, S ′′ 

l 
Principal values of transformed stress tensors 

T Stress triaxiality ratio 

Abbreviations 

ED Extrusion/reference direction 

ND Normal/thickness direction 

TD Transverse direction 

microstructural characteristics in a complex way ( Pineau et al.,

2016 ). In turn, the local stress state is governed by the yielding and

plastic flow of the material, and it follows that the strength and

work hardening of a material can influence the ductility measured

in an experimental test. If the material exhibits plastic anisotropy

because of the thermo-mechanical processing, the measured duc-

tility could also depend on the direction of loading. For aluminium

alloys, experiments show that the tensile ductility decreases with

increasing yield stress ( Lloyd, 2003; Westermann et al., 2014; Ped-

ersen et al., 2015; Hannard et al., 2016 ) and is markedly influ-

enced also by plastic anisotropy ( Fourmeau et al., 2013; Khadyko

et al., 2019 ). Numerical simulations indicate that this variation in

tensile ductility is partially due to differences in the deformation

and local stress state within the neck region of the tensile spec-

imen, as a higher yield strength is typically associated with re-

duced work hardening ( Dæhli et al., 2016 ). A higher stress level
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On

the tensile ductility of aluminium alloys, International Journal of Solids
ay also accelerate void nucleation at second-phase particles or

nclusions ( Pineau et al., 2016 ). Ductile failure can also be caused

y plastic anisotropy, e.g., triggering shear bands in ductile materi-

ls ( Benzerga et al., 2019 ). 

There are three main sources of anisotropic failure in metals:

lastic anisotropy , which primarily stems from the crystallographic

exture, morphological anisotropy , which originates from the shape

nd preferred orientation of particles and voids, and topological

nisotropy , which is a result of the spatial distribution of parti-

les and voids. Albeit, these types of anisotropy originate from the

icroscale, their effect is usually observed at the macroscale as

 variation in the failure strain with loading direction, i.e., fail-

re anisotropy. Experimental evidence from tensile tests on smooth

xisymmetric specimens ( Fourmeau et al., 2013 ) and flat rectan-

ular specimens ( Khadyko et al., 2019 ) indicates that the failure

nisotropy observed for some aluminium alloys correlates with the

lastic flow anisotropy as expressed by the Lankford coefficients. In

ig. 1 , failure anisotropy (i.e., that the failure strain varies with ten-

ile direction) is illustrated for a recrystallized AA6063 alloy with

ecrystallization texture ( Khadyko et al., 2019 ) and a fibrous, non-

ecrystallized AA7075 alloy with deformation texture ( Fourmeau

t al., 2013 ). Whereas the failure anisotropy is significant for both

aterials, the variation of the failure strain with tensile direction

s opposite for the two alloys. 

Based on unit cell simulations, Keralavarma et al. (2011) inves-

igated the effects of initial porosity, initial void aspect ratio, stress

riaxiality and anisotropy parameters, and showed that the void as-

ect ratio, in addition to the plastic anisotropy parameters, can sig-

ificantly affect the overall ductility of anisotropic solids. More re-

ently, Legarth and Tvergaard (2018) performed three-dimensional

nit cell simulations investigating the three sources of anisotropic

ailure. They found that the presence of plastic anisotropy ampli-

es the predictions obtained for different initial void shapes, and

hat there was a clear interaction between the effects of plastic

nisotropy, void shape and void spacing. Also experimentally the

rrangement of second-phase particles has been observed to have

n effect on the failure process as well as the failure anisotropy

 Hannard et al., 2018 ). Agarwal et al. (2002) studied the cracking

f second-phase particles in an extruded aluminium alloy. They ob-

erved that for a given strain level, the number fraction of cracked

articles varied depending on the loading direction. Thus void nu-

leation due to particle cracking can lead to failure anisotropy. 
 the effect of plastic anisotropy, strength and work hardening on 
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Use of unit cell simulations is an attractive way of studying the

echanisms of ductile failure, as information of the local deforma-

ion fields can be employed to get a more profound understand-

ng of the growth and coalescence of voids. In the unit cell mod-

lling framework, ductile failure is usually assumed to correspond

o the onset of void coalescence. However, strain localization is of-

en a strong indicator for imminent ductile failure, as plastic de-

ormation and damage evolution localize in a narrow region prior

o failure initiation. Based on unit cell simulations, Teko ̆glu et al.

2015) showed that depending on the stress triaxiality, strain lo-

alization occurs simultaneously or prior to void coalescence. Thus,

he strain localization phenomenon can be considered as an indi-

ator for incipient ductile failure. 

The imperfection band approach to localization analysis, first

roposed by Marciniak and Kuczy ́nski (1967) for plane stress

tates, and later extended by Rice (1976) to a general and rigor-

us formulation, can be applied to study and predict the initiation

f ductile failure. A material with an imperfection is considered

here the properties are slightly different inside the imperfection

ompared to the rest of the material. When the material is sub-

ected to loading, deformation tends to concentrate inside the im-

erfection and this tendency promotes localization of deformation

n the material. The imperfection is taken in the form of a pla-

ar band, and the stress and strain fields inside and outside of the

and are homogeneous but different. Localization by loss of ellip-

icity occurs when the strain rate becomes infinite inside the im-

erfection band. To trigger loss of ellipticity, the imperfection band

ust incorporate a softening mechanism ( Rudnicki and Rice, 1975 )

n the case of associated plastic flow, and this is usually achieved

y use of a porous plasticity model describing the constitutive be-

aviour inside the band. The material outside the band is described

ither by metal plasticity or porous plasticity. The imperfection

and approach has recently been used in several studies, and good

uantitative agreement is observed both with unit cell simulations

 Morin et al., 2018a; Morin et al., 2019 ; Reddi et al., 2019; Vish-

akarma and Keralavarma, 2019 ) and experimental tests ( Gruben

t al., 2017; Morin et al., 2018b; 2019 ). Whereas several studies

ave used unit cell simulations to investigate void growth and co-

lescence in anisotropic materials ( Keralavarma et al., 2011; Dæhli

t al., 2017a; Legarth and Tvergaard, 2018; Frodal et al., 2019 ), lo-

alization analyses with finite element-based unit cells have so

ar only been performed for isotropic materials ( Barsoum and

aleskog, 2007; Barsoum and Faleskog, 2011; Dunand and Mohr,

014; Dæhli et al., 2017b; Guo and Wong, 2018 ; Vishwakarma

nd Keralavarma, 2019 ). Using these computationally expensive fi-

ite element models to perform strain localization analyses for

nisotropic solids is still difficult even with modern computers. A
Ø6

16 5 40

Through-thickness

ig. 2. Axisymmetric tensile specimen with the finite element mesh. The through-thickn

re in mm. 
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arge number of localization band orientations has to be investi-

ated within a three-dimensional setup for each load case and re-

ults in prohibitive computational times. 

In this study, the influence of plastic anisotropy, strength and

ork hardening on the initiation of ductile failure in tension is in-

estigated numerically with the use of the strain localization the-

ry. Thus, incipient ductile failure will in the following be consid-

red to occur at the instance when strain localization is first en-

ountered in the material. Experimental data from tension tests

n three extruded aluminium alloys obtained in previous stud-

es ( Khadyko et al., 2014; Frodal et al., 2019 ) is used as backdrop

or the numerical study. These alloys have different grain struc-

ures and crystallographic textures, and were solution heat-treated

nd artificially aged to three conditions giving different strength

nd work-hardening behaviour. The anisotropic yield surfaces of

he alloys were obtained by crystal plasticity simulations. Based

n these experimental results, a set of fictitious, but relevant, alu-

inium materials are designed that exhibit different combinations

f strength, work hardening and plastic anisotropy. Finite element

imulations of tensile tests on smooth axisymmetric specimens are

erformed for each of these materials in seven in-plane directions,

.e., 0 °, 15 °, 30 °, 45 °, 60 °, 75 ° and 90 ° to the reference direction.

ubsequently, the non-proportional loading histories from the fi-

ite element simulations are used in strain localization analyses

o predict incipient ductile failure of the tensile specimens, and

hus to investigate the effect of plastic anisotropy, strength and

ork hardening on the tensile ductility. It is important to inves-

igate these effects together in order to disclose any interaction

ffects on the tensile ductility. In order to incorporate the plastic

nisotropy of the materials, the porous plasticity model proposed

y Dæhli et al. (2017a) , incorporating the anisotropic yield criterion

ld2004-18p ( Barlat et al., 2005 ), is applied in all simulations. 

. Experimental background 

The tensile ductility of the aluminium alloys AA6060,

A6082.25 and AA6082.50 has been examined experimentally

n previous studies ( Khadyko et al., 2014; Frodal et al., 2019 ).

hese alloys were provided by Hydro Aluminium as extruded

ectangular profiles, with a thickness of 10 mm and a width of

3 mm, from which axisymmetric tensile specimens were ma-

hined. The specimens were solution heat-treated and artificially

ged to three different tempers, namely temper O (annealed),

emper T7 (overaged) and temper T6 (peak strength). 

The three aluminium alloys have different grain structures and

rystallographic textures ( Frodal et al., 2017 ) leading to differ-

nt plastic anisotropy ( Frodal et al., 2019 ). The AA6060 alloy has
M
10
x1
.0

R7.25

165

Cross-section

ess and cross-section mesh is shown from the centre of the specimen. Dimensions 
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Fig. 3. True stress-strain curves from tension tests of the aluminium alloys (a) 

AA6060, (b) AA6082.25, and (c) AA6082.50 in tempers T6, T7 and O. All tests were 

performed with tensile direction along TD of the extruded profile. The data is taken 

from Khadyko et al. (2014) and Frodal et al. (2017, 2019) . 
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a recrystallized grain structure comprising equi-axed grains, and

exhibits a cube texture with a minor Goss component. A typi-

cal fibrous, non-recrystallized grain structure is observed for the

AA6082.25 alloy, which has a cube texture with orientations along

the β-fibre. The AA6082.50 alloy has recrystallized grain struc-

ture with large elongated grains and a rotated cube texture ( Frodal

et al., 2017 ). For further details about the materials, the reader is

referred to Khadyko et al. (2014) and Frodal et al. (2017, 2019) , and

for further information on the texture components in FCC materi-

als, see, e.g., Engler and Randle (2009) . 

Axisymmetric tensile specimens, see Fig. 2 , were used to deter-

mine the work-hardening response and ductile failure properties

of the materials ( Khadyko et al., 2014; Frodal et al., 2019 ). All of

the specimens were oriented along the transverse direction (TD) of

the extruded profile. A displacement-controlled test machine with

a constant cross-head velocity of 1.2 mm/min was used to perform

the tests. During testing, the force and diameters along the extru-

sion direction (ED) and thickness direction (ND) of the minimum

cross-section of the specimen were continuously measured until

fracture using a load cell and an in-house laser-based measuring

system ( Frodal et al., 2017 ), respectively. 

The current area of the specimen can be estimated by 

A = 

π

4 

D 1 D 3 (1)

where D 1 and D 3 are the measured diameters in ED and ND, re-

spectively. The true stress over the minimum cross-section area is

σt = 

F 

A 

(2)

where F is the measured force. Assuming plastic incompressibil-

ity and negligible elastic strains, the logarithmic (or true) strain is

given by 

ε l = ln 

(
A 0 

A 

)
(3)

where A 0 is the initial cross-section area of the specimen, and σ t 

and εl represent average values over the minimum cross-section

area of the specimen. 

Fig. 3 presents the true stress-strain curves from the tensile

tests in TD plotted up to the point of failure, where marked dif-

ferences between the behaviour of the different alloy and tem-

per combinations can be observed. Note that failure is here de-

fined as the point of maximum true stress, and an abrupt decrease

in the stress level is observed after this point. The strength and

work hardening of the different tempers of the same alloy are dis-

tinct. In general, the O tempers have the highest work harden-

ing, but the lowest strength. The T6 tempers have the lowest work

hardening and the highest strength, while the T7 tempers are be-

tween the O and T6 tempers when it comes to strength and work

hardening, see also Section 3.2 . Comparing the alloys, the strength

clearly varies between them, and also the work hardening is dif-

ferent. Typically, the strength of the two AA6082 alloys for the

same temper is similar and higher than that of the AA6060 alloy.

The only exception is for the O temper, where the AA6082.25 al-

loy has higher strength than the two other alloys. The reason for

this is primarily that for the two AA6082 alloys in tempers T6 and

T7 the precipitate number densities are higher than for the lean

AA6060 alloy, whereas for the O temper the main contributions to

the yield strength come from elements in solid solution, the dis-

persoid number density and the grain structure (sub-grain struc-

ture). 

Comparing the point of failure for the various alloy-temper

combinations, makes it apparent that the AA6060 alloy is by far

the most ductile alloy and the O temper is the most ductile tem-

per for each alloy. Even the least ductile temper of the AA6060 al-

loy, i.e, the T6 temper, has a much higher failure strain than all of
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On

the tensile ductility of aluminium alloys, International Journal of Solids
he tempers of the two AA6082 alloys. Comparing the two AA6082

lloys, it is observed that the AA6082.25 alloy has, in general, a

igher failure strain than the AA6082.50 alloy, for the same tem-

er. The lower ductility observed for the AA6082.50 alloy can be

inked to the grain structure of this alloy, see Section 5 . 

Fig. 4 shows the average failure strain from the tensile tests in

D versus the initial yield stress at 0.2% plastic strain. It is clearly

isible that the magnitude of the failure strain, and thus the duc-

ility of the materials, vary with yield strength, and also the differ-

nce in ductility between the alloys is evident. In previous stud-

es on various aluminium alloys, it has been found that the failure

train tends to decrease linearly with increasing yield strength for

imilar microstructure ( Lloyd, 2003; Westermann et al., 2014; Ped-

rsen et al., 2015; Hannard et al., 2016 ), and the reader is referred

o these studies for detailed discussions on the physical interpreta-
 the effect of plastic anisotropy, strength and work hardening on 
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Box 1. Overview of the strain localization analyses ( Morin et al., 2018a ) 1 . 

Fig. 4. Failure strain in tension versus initial yield stress at 0.2% plastic strain for 

the three alloys in different tempers. 
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1 Note that in Morin et al. (2019) , there is a typo in Equations (26) and (27). The 

correct expressions are here given in Equations (5) and (6) of Box 1 . 
ion of these experimental trends. In short, the yield strength of

 material is closely linked to its work hardening, and typically

s the strength increases, the work hardening decreases, which is

egative for the ductility, see Section 4 . A higher stress level may

lso accelerate void nucleation at second-phase particles ( Pineau

t al., 2016 ). 

. Numerical methods 

.1. Strain localization theory 

The strain localization theory is used herein to investigate the

nfluence of strength, work hardening and plastic anisotropy on the

ensile failure of ductile materials. At moderate stress triaxialities,

ocalization has been found to occur simultaneously as void coa-

escence ( Teko ̆glu et al., 2015 ). This is true under a random distri-

ution of voids ( Reddi et al., 2019; Vishwakarma and Keralavarma,

019 ), and strain localization can thus be useful in predicting in-

ipient ductile failure. As already mentioned, we will define incip-

ent ductile failure as the instance when strain localization is first

ncountered in the material, and the location of failure initiation is

ithin the finite element where strain localization occurs first, i.e.,

 critical element, see Section 3.3 . 
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On

the tensile ductility of aluminium alloys, International Journal of Solids
The imperfection band approach proposed by Rice (1976) is

sed in this study. This method considers a material consisting of

wo homogeneous regions, which are separated by a thin planar

mperfection band, and subjected to an overall uniform deforma-

ion. The constitutive equations inside and outside of the imper-

ection band are allowed to be different, with the requirement that

quilibrium and compatibility conditions are enforced across the

and. A brief overview of the governing equations of the imperfec-

ion band approach is given in Box 1 . The reader is referred to Rice

1976) , Needleman and Rice (1978) , and Morin et al. (2018a,b) for

urther details. 

While this method does not impose any restrictions on the

onstitutive equations of the material inside or outside the im-

erfection band, the same approach as in Nahshon and Hutchin-

on (2008) , Gruben et al. (2017) , and Morin et al. (2018a, 2018b,

019) is used in the current work. A porous plasticity model is

sed to represent the material inside and outside of the imper-

ection band. It is assumed that any damage mechanism occurring

utside of the band is negligible and that the porosity here is zero

 f = 0 ), whereas inside the band an imperfection is introduced by

re-existing voids ( f 0 > 0). For moderate stress triaxialities, encoun-

ered in physical tension tests, this is usually an appropriate as-

umption ( Xue et al., 2010; 2013; Westermann et al., 2014 ). Note

hat also other types of imperfections can be included both inside

nd outside the band, e.g., void nucleation ( Morin et al., 2018a;

018b; 2019 ) and void softening in shear ( Nahshon and Hutchin-

on, 2008; Morin et al., 2018a ) can be introduced in the constitu-

ive equations. 

An overview of the porous plasticity model used herein is given

n Box 2 . The heuristic modification of the Gurson (1977) model

roposed by Dæhli et al. (2017a) and applied by Morin et al.

2018b) is used in the current study. This extension introduces

he equivalent stress of the Yld2004-18p yield function ( Barlat

t al., 2005 ) into the constitutive equations, in order to include

nisotropic yielding and plastic flow. For zero porosity, the yield

riterion reduces to the original Yld2004-18p yield function ( Barlat

t al., 2005 ). The porous plasticity model introduces material soft-

ning inside the imperfection band, which triggers loss of elliptic-

ty of the governing equations, i.e., strain localization. When an as-

ociated flow rule is adopted, material softening is required for loss

f ellipticity to occur ( Rudnicki and Rice, 1975 ) and thus for the lo-

alization conditions ( Box 1 ) to be met for reasonable stress levels.

ote that the Gurson-Tvergaard yield function ( Gurson, 1977; Tver-

aard, 1981 ), Equation (15), is derived using von Mises plasticity,
 the effect of plastic anisotropy, strength and work hardening on 
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Box 2. Overview of the porous plasticity model ( Dæhli et al., 2017a ). 
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and the only modification introduced here is that the macroscopic

von Mises equivalent stress is replaced by Equation (16). Also other

porous anisotropic plasticity models have been developed by, e.g,

Benzerga and Besson (2001) , and Steglich et al. (2010) . The porous

plasticity model used here has been validated against unit cell sim-

ulations by Dæhli et al. (2017a) , and for further details regarding

the accuracy of such heuristically extended models, the reader is

referred to Dæhli et al. (2017a, 2019) . 

The strain localization theory by the imperfection band ap-

proach has been implemented in a stand-alone Fortran pro-

gramme, as described in detail by Morin et al. (2018a) . The porous

plasticity model has been implemented into a user material sub-

routine (UMAT) for Abaqus/Standard ( Abaqus, 2014 ). 

3.2. Finite element analyses 

The imperfection band analyses are driven by loading histories

extracted from finite element analyses of tensile tests. The axisym-

metric tensile specimen is modelled in Abaqus/Standard, and the

finite element mesh is presented in Fig. 2 . Linear eight-node solid

elements with selective reduced integration (C3D8) are used. The

dimensions of the elements located in the centre of the specimen

are 0.10 × 0.15 × 0.15 mm 

3 , with the shortest element length along

the tensile direction. 

The material behaviour of the tensile specimen is defined by

the porous plasticity model described in Box 2 . When running the

finite element simulations of the tensile tests, the initial porosity

is set to zero ( f 0 = 0 ), thus reducing the model to the anisotropic

Yld2004-18p plasticity model ( Barlat et al., 2005 ) with isochoric

plastic flow. The effect of porosity in the finite element simula-

tions is thus neglected as f will be zero throughout these simu-

lations. Isotropic elasticity is assumed with a Young’s modulus of

E = 70 0 0 0 MPa and a Poisson’s ratio of ν = 0 . 3 , which are relevant

values for aluminium alloys. 

In order to study the effect of plastic anisotropy on the tensile

ductility, typical yield surfaces for textured aluminium alloys are

employed in the simulations. The AA6060 and AA6082.25 alloys

have typical recrystallization and deformation texture, respectively,

whereas the AA6082.50 alloy has a typical texture of an alloy with

large recrystallized grains, see Section 2 . In addition, the yield sur-

face of an isotropic alloy with random texture is included for com-

parison. To emphasise that the yield surfaces from these alloys in

the following will be combined with flow stress curves that do not
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On

the tensile ductility of aluminium alloys, International Journal of Solids
elong to the respective alloy, we will consider the alloys as model

aterials and rename them accordingly. The model materials are

hus denoted alloy A, B, C and D with yield surface belonging to

lloy AA6060, AA6082.25 AA6082.50 and an isotropic material, re-

pectively. The yield surfaces of the model materials are presented

n Fig. 5 depicted in the ED-TD plane. It is apparent that the yield

urfaces for the alloys are distinct due to the crystallographic tex-

ure. These anisotropic yield surfaces have previously been found

y Frodal et al. (2019) using crystal plasticity finite element anal-

ses. The yield surface of the isotropic material (alloy D) is given

y the Yld2004-18p yield function with all anisotropy coefficients

qual to one, thus reducing it to an isotropic high-exponent yield

unction. The exponents of the selected anisotropic yield surfaces

re approximately 12. Thus, to limit the influence of the yield sur-

ace curvature on the imperfection band analyses, as studied by

æhli et al. (2017b) , the exponent of the isotropic material is set

o a = 12 . The list of anisotropy parameters is omitted in this pa-

er, and the reader is referred to Frodal et al. (2019) for further

etails. 

Fig. 6 presents the normalized yield stresses and Lankford co-

fficients as function of the tensile direction in the ED-TD plane

btained with the selected yield surfaces. The Lankford coefficient

s defined as 

 α = 

dε ⊥ 
dε ND 

(22)

here d ε⊥ is the incremental strain in the direction perpendicular

o the loading direction lying in the ED-TD plane and d εND is the

ncremental strain in the thickness direction (ND). Thus, the Lank-

ord coefficient R α gives the evolution of the cross-section of the

pecimen. The 0 ° direction is along ED, and is taken as the refer-

nce direction in this study, while the 90 ° direction is along TD of

he extruded profile. Both the values and the variation of the nor-

alized yield stresses and Lankford coefficients are markedly dif-

erent for the anisotropic yield surfaces. The two curves appear to

xhibit the opposite trend for a given anisotropic yield surface, i.e.,

hen the normalized yield stress has a maximum/minimum, the

ankford coefficient tends to have a minimum/maximum. These

xtrema are caused by the crystallographic texture of the alloys. 

In order to study the influence of strength and work harden-

ng on ductile failure, selected work-hardening curves typical for

luminium alloys will be used. The selected work-hardening be-

aviour is taken from the AA6082.25 alloy artificially aged to the

hree conditions given in Section 2 . The work-hardening rule de-
 the effect of plastic anisotropy, strength and work hardening on 
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Fig. 5. Yield surfaces depicted in the ED-TD plane for (a) alloy A (AA6060), (b) alloy B (AA6082.25), (c) alloy C (AA6082.50), and (d) alloy D (isotropic). Contours of increasing 

normalized shear stress are plotted in 0.1 increments, with the maximum value in the centre. 

Fig. 6. (a) Normalized yield stress and (b) Lankford coefficient versus tensile direction for uniaxial tension in the ED-TD plane obtained with the four selected yield surfaces. 
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ned in Box 2 was calibrated in Frodal et al. (2019) using an op-

imization procedure. Fig. 7 presents the normalized flow stress

urves and displays the large difference in work hardening be-

ween the three tempers. The corresponding initial yield stress and

ork-hardening parameters are given in Table 1 . 

In the following, the simulation procedure consists of fi-

ite element analyses of the tensile tests in seven in-plane di-
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On

the tensile ductility of aluminium alloys, International Journal of Solids
ections, i.e., 0 °, 15 °, 30 °, 45 °, 60 °, 75 ° and 90 ° with respect

o the reference direction (ED). Strain localization theory will

e used to predict the logarithmic failure strain in each sim-

lation of a tensile test, see Section 3.3 . Note that only ini-

iation of failure is predicted by using the strain localization

heory in the post-processing of the finite element simulation

esults. 
 the effect of plastic anisotropy, strength and work hardening on 
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Table 1 

Initial yield stress and work-hardening parameters ( Frodal et al., 2019 ). 

Temper σ 0 (MPa) θ1 (MPa) Q 1 (MPa) θ2 (MPa) Q 2 (MPa) θ3 (MPa) Q 3 (MPa) 

O 57.6 2661.3 44.6 382.2 32.6 120.8 91.0 

T7 163.6 1300.1 28.9 1301.2 40.7 52.3 232.9 

T6 299.5 470.5 28.5 485.0 29.8 50.0 279.4 

Fig. 7. Normalized flow stress curves representing the work-hardening behaviours 

used in the numerical study. 
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Fig. 8. True stress-strain curves from the finite element analyses of the tensile tests 

along the reference direction (ED), where the curves are plotted until failure as pre- 

dicted by the strain localization theory for each material. The location of predicted 

failure, is shown with the corresponding symbols used in Fig. 9 : ( �) alloy A, ( ) 

alloy B, ( ✦ ) alloy C, ( � ) alloy D. The uppermost curve is for temper T6, the inter- 

mediate for temper T7 and the lower for temper O. 
3.3. Localization analyses 

When performing the imperfection band analyses, the material

inside the imperfection band is described by the porous plasticity

model in Box 2 with an initial porosity of f 0 = 0 . 005 , while out-

side, the porosity is set to zero as in the finite element simulations.

This value of f 0 gives failure strains using the localization analyses

that are reasonable for aluminium alloys, and is chosen for all the

materials in order to isolate the effects of strength, work harden-

ing and plastic anisotropy on the failure strain. The porous plastic-

ity parameters by Tvergaard (1981) are here given standard values

of q 1 = 1 . 5 , q 2 = 1 . 0 and q 3 = q 2 1 , but could alternatively be cali-

brated for each combination of yield surface and flow stress curve,

as done by Dæhli et al. (2017a) . 

The location of ductile failure initiation is not known a pri-

ori, but it is reasonable to assume that failure is first encountered

within the neck of the tensile specimen. Accordingly, all elements

within this region are examined for strain localization using the

imperfection band approach as described in Box 1 . The numerical

procedure is as follows ( Morin et al., 2018b ): 

1. The deformation gradient F ( t ) of each element within the neck

region is calculated based on the nodal displacements and the

isoparametric shape functions. 

2. An imperfection analysis is run for each of these elements

based on the extracted deformation gradient F ( t ) for a large

number of band orientations (approximately 700 unique band

orientations for each element) defined by φ0 ∈ [0, π ] and

θ0 ∈ [0, 2 π ], using a domain reduction method as described in

Morin et al. (2018a) . 

3. For each element, a local failure strain p f is calculated as the

minimum over all imperfection band orientations of the equiv-

alent plastic strain outside the imperfection band at loss of el-

lipticity inside the band. 
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On
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4. Using the relationship between the local equivalent plastic

strain p of the elements and the macroscopic logarithmic strain

εl from the finite element simulation of the specimen, the

macroscopic failure strain εf corresponding to strain localiza-

tion within the actual element is found. 

5. The actual logarithmic failure strain corresponds to the mini-

mum value of εf over the neck region and its position is as-

sumed to be the location of failure initiation. 

For further details on the numerical procedure the reader is re-

erred to Morin et al. (2018b, 2019) . In the subsequent sections, the

ocalization band will refer to the band for which loss of elliptic-

ty occurs first in the critical element, thus the imperfection band

iving the lowest macroscopic failure strain εf . 

. Numerical results 

.1. Macroscopic behaviour 

Fig. 8 presents the true stress-strain curves from the finite

lement analyses of the tensile tests along the reference direc-

ion (ED). All of the materials represented by the yield surfaces

n Fig. 5 are shown with the three work-hardening behaviours,

nd are plotted until failure predicted by the imperfection band

pproach. It is evident that both the plastic anisotropy, and the

trength and work hardening have a pronounced effect on the

ailure strain, whereas the stress-strain curves are almost iden-

ical between the different yield surfaces in the reference direc-

ion. In the other tensile directions, variations are observed as the

ield stress varies with tensile direction according to the plastic

nisotropy defined by the yield surface, see Fig. 6 a. Note that, al-
 the effect of plastic anisotropy, strength and work hardening on 
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Fig. 9. (a) Failure strain versus initial yield stress for loading along the reference direction (ED), and (b) failure strain versus tensile direction in the ED-TD plane for the 

alloys with the temper T6 work hardening. 
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hough the macroscopic stress-strain curves are indistinguishable

n the reference direction, the local stress state varies with the

lastic anisotropy, see Section 4.2 . 

In Fig. 9 a, the predicted failure strain is plotted against the ini-

ial yield stress for all materials. The effect of strength and work

ardening is seen to vary with the plastic anisotropy. For the low-

st strength and highest work hardening (temper O), alloys A and

 have approximately the same failure strain, which is signifi-

antly higher than the failure strains of alloys B and C. In this

emper, alloy B has somewhat lower ductility than alloy C. For

igher strength and lower work hardening (tempers T6 and T7),

owever, alloys B and C switch position, and the failure strain

ecomes clearly lower for alloy C than for alloy B. The differ-

nce in ductility between alloys A and D remains small in tem-

ers T6 and T7, but alloy A has somewhat higher ductility than al-

oy D. Thus, the decrease in failure strain with increasing strength

nd decreasing work hardening depends markedly upon the plastic

nisotropy. 

Fig. 9 b presents the failure strain versus the tensile direction in

he ED-TD plane for the alloys with the temper T6 work harden-

ng, i.e., the highest strength and lowest work hardening. The fail-

re strain of the anisotropic materials varies significantly with the

ensile direction, while for the isotropic alloy (alloy D) the failure

train is constant. The failure strain, and thus the tensile ductility

f alloy A, is the greatest in ED (0 ° direction), whereas alloys B and

 have the highest ductility when loaded in the 45 ° direction. The

owest failure strain is observed in the 60 °, 15 ° and 0 ° directions

or alloys A, B, and C, respectively. Comparing the variation of the

ailure strain in Fig. 9 b with the variation of the Lankford coeffi-

ient in Fig. 6 b, it is found that these two characteristics exhibit

o some extent the same trends, and exhibit an approximately in-

erse correlation with the normalized yield stress in Fig. 6a, see

ection 4.2 for further details. The predicted variation of the fail-

re strain with tensile direction also resembles experimental ob-

ervations from the literature reproduced in Fig. 1 . The predictions

or alloy A exhibit the same trend as the experimental data for the

A6063 alloy in Khadyko et al. (2019) , and the experimental find-

ngs in Fourmeau et al. (2013) for a AA7075 alloy are similar to

he predictions for alloy B. These alloys have similar grain struc-

ure and crystallographic texture to those presented in Fig. 1 . 

Plots of the deformed configuration of the tensile specimen at

ailure predicted by the imperfection band analyses are shown in

ig. 10 , as obtained in the finite element simulations of the ten-
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On
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ile tests in different directions with respect to the reference di-

ection (ED). Regions of concentrated plastic flow is observed in

he centre of the specimen. The shape of these regions is defined

y the plastic anisotropy as described by the yield surface and the

ssociated flow rule. Between the materials, different deformation

odes are seen, and the level of equivalent plastic strain at fail-

re varies between the materials and with the tensile direction.

or the tests along ED and TD, the region of concentrated plastic

ow is symmetric about the material axes due to the orthotropic

ample symmetry, whereas in the other directions the region of

oncentrated plastic flow develops at an angle to the loading axis.

 reasonable conjuncture is that these deformation modes lead to

ifferent shapes of fractured specimens, varying between cup-and-

one to slant shear fracture modes due to the anisotropic plas-

ic flow. However, with the current approach, based on a poste-

iori localization analyses, only incipient ductile failure can be de-

cribed. The deformed shapes obtained here for alloy B are similar

o the fracture modes observed experimentally by Fourmeau et al.

2013) . In addition to plastic anisotropy, material inhomogeneities,

.g., the arrangement of second-phase particles, can contribute to

he ductile failure process and affect the fracture path ( Hannard

t al., 2018 ). Failure initiation, as predicted by the strain localiza-

ion theory, is observed to occur in the region of the highest equiv-

lent plastic strain, and for alloys B, C and D, failure initiates in the

entre for all loading directions. For alloy A, failure initiates in the

entre for all loading directions with the 45 ° direction as an ex-

eption. In this loading direction, failure initiation occurs further

owards the specimen periphery. Note that the imperfection band

f the strain localization analyses should not be confused with the

egions of concentrated plastic flow within the neck of the tensile

pecimens in the finite element simulations. 

Fig. 11 depicts contour plots of the equivalent plastic strain on

he minimum cross-section of the tensile tests in the 0 ° and 90 °
irections for alloy B in temper T6. The equivalent plastic strain is

bserved to be more concentrated in the centre of the specimen in

he 0 ° direction, which is linked to the very low value of the Lank-

ord coefficient in this direction, see Fig. 6 b. In the 90 ° direction,

he Lankford coefficient is markedly higher and this contributes to

 more uniform plastic strain distribution across the specimen’s

ross-section, which is positive for the tensile ductility. As a re-

ult, alloy B has a slightly higher failure strain in the 90 ° direction

han in the 0 ° direction, see Fig. 9 b, even though the stress level

s higher in the 90 ° direction, see Fig. 6 a. The effect of plastic flow
 the effect of plastic anisotropy, strength and work hardening on 
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Fig. 10. Deformed configuration of the tensile specimen at failure (as predicted by the imperfection band analysis) depicted in the ED-TD plane as obtained from the 

simulations of tensile tests in different directions with respect to the reference direction (ED): (top) alloy A, (middle) alloy B, and (bottom) alloy C, with work hardening 

according to temper T6. Contours of the equivalent plastic strain are shown on the deformed meshes. The Lankford coefficient R α of the corresponding test is depicted on 

the top of each mesh. 
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on ductility will be further discussed in the next section—and par-

ticularly in connection with Fig. 14 . 

4.2. Microscopic behaviour 

In this section, we look more closely into the microscopic be-

haviour of the critical element in the neck region of the tensile

specimen, i.e., the location of failure initiation. Relevant quantities

both inside and outside of the imperfection band from the strain

localization analyses are investigated in order to further interpret

the effects of strength, work hardening and plastic anisotropy on

strain localization. It is therefore useful to define certain stress in-

variants, such as the stress triaxiality ratio and Lode parameter to

be used in the following. The stress triaxiality ratio is defined as 

T = 

σh 

σ
(23)
v m 

Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On
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here σh = 

1 
3 tr ( σ) is the hydrostatic stress and σv m 

= 

√ 

3 
2 σ

′ : σ ′ 

s the von Mises equivalent stress, σ′ being the stress deviator. The

ode parameter is defined as 

 = 

2 σII − σI − σIII 

σI − σIII 

(24)

here σ I ≥σ II ≥σ III are the ordered principal stresses. Note that

he Lode parameter is L = −1 for generalized axisymmetric tension,

 = 0 for generalized shear, and L = +1 for generalized axisymmet-

ic compression. 

Fig. 12 presents quantities from the imperfection band analy-

es obtained inside and outside of the critical imperfection band

n the critical element from the simulations of the tensile tests in

he reference direction (ED) for alloys A, B, C and D in temper T6.

he normalized von Mises stress, inside and outside the band, to-

ether with the normalized void volume fraction inside the band,

re plotted against the logarithmic strain in Fig. 12 a. The von Mises
 the effect of plastic anisotropy, strength and work hardening on 
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Fig. 11. Minimum cross-section at failure (as predicted by the imperfection band analysis) of alloy B with the temper T6 work hardening showing contours of the equivalent 

plastic strain for simulations of tensile tests in the: (a) 0 ° direction, and (b) 90 ° direction. 

Fig. 12. Local behaviour in the regions inside (dashed lines) and outside (solid lines) of the imperfection band in the critical element for the materials with work hardening 

according to temper T6 loaded along ED: (a) normalized von Mises stress and normalized void volume fraction, (b) stress triaxiality ratio, (c) equivalent plastic strain, and 

(d) Lode parameter versus logarithmic strain over the neck. 
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stress is similar outside of the band for all alloys, whereas inside

the band the material experiences porosity induced softening be-

fore localization occurs. Initially, the evolution of the porosity is

similar for all materials, but with straining the porosity inside the

band grows differently depending on the material and thus the

plastic anisotropy. As shown in Fig. 9 , alloys A and C have respec-

tively the highest and lowest failure strain for this configuration.

Softening is seen to occur earlier for alloy C than for the other al-

loys, owing to the rapid increase of the porosity at a lower value

of the logarithmic strain in the neck. The stress triaxiality is plot-

ted against the logarithmic strain in Fig. 12 b. After necking, the

stress triaxiality increases with straining, but with a higher rate

inside the imperfection band than outside, and strain softening in-

side the band coincides with a rapid increase of the stress triax-

iality. Compared with the other alloys, alloy C has higher stress

triaxiality both outside and inside the imperfection band for all

strains, which explains the lower ductility. An earlier rapid increase

of the stress triaxiality inside the band is seen for the alloys with

the lowest ductility, namely alloys B and C. The equivalent plas-

tic strain p inside and outside of the critical imperfection band is

plotted in Fig. 12 c as a function of the logarithmic strain εl over

the neck. Outside of the imperfection band, the equivalent plas-

tic strain evolves similarly for all alloys, whereas inside the evo-

lution differs. The material inside the band experiences a higher

equivalent plastic strain rate than outside to compensate for the

porosity-induced softening, which occurs at different strain levels

for the four materials. Fig. 12 d displays the Lode parameter L in-

side and outside of the imperfection band as a function of the log-

arithmic strain εl over the neck. It is apparent that the stress state

drifts from generalized tension ( L = −1 ) towards generalized shear

( L = 0 ) inside the imperfection band, as also observed by Morin

et al. (2018a,b) . The stress state is also observed to differ slightly

from generalized tension outside of the imperfection band due to

the plastic anisotropy. For the materials with the lowest ductil-

ity, e.g., alloy C, the stress state inside of the band is observed to

change rapidly from generalized tension towards generalized shear

at a lower logarithmic strain than for the more ductile materials,

e.g., alloy A. 

In Fig. 13 the same quantities as in Fig. 12 are shown, but here

the simulations of the tension tests in the reference direction (ED)

for alloy A in tempers O, T7 and T6 are addressed. The trends seen

in Fig. 13 are representative for the other alloys as well. The poros-

ity is seen to grow the fastest for the T6 temper and the slowest

for the O temper, i.e., a higher work hardening leads to a lower

growth rate of the porosity as a function of the logarithmic strain

over the neck of the tensile specimen, see Fig. 13 a. In the simula-

tions for the O temper, the stress triaxiality increases with a clearly

lower rate than for the other two tempers with higher strength

and lower work hardening, see Fig. 13 b. Thus, for a given logarith-

mic strain after necking, the stress triaxiality is definitely the low-

est for the O temper, which is partly the reason for the higher ten-

sile ductility. The stress triaxiality ratio is found to be higher close

to strain localization for the T6 temper than for the T7 temper,

both inside and outside of the imperfection band. From Fig. 13 c

it is evident that the lower strength and higher work hardening

of the O temper lead to a more gradual increase in the equiva-

lent plastic strain as the logarithmic strain over the neck increases

compared with the T6 and T7 tempers. The higher work hardening

contributes to a more uniform plastic strain distribution through-

out the cross-section of the tensile specimen, which delays the for-

mation of a neck and thus strain localization. Albeit not as appar-

ent, the equivalent plastic strain inside and outside of the imper-

fection band evolves faster for the T6 temper than for the T7 tem-

per. As seen in Fig. 13 d, the stress state appears to drift earlier

from generalized tension towards generalized shear for tempers T6

and T7 than for temper O due to the higher strength and lower
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On
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ork hardening. It seems as if the plastic anisotropy might have

 stronger impact on the stress state within the neck region for a

aterial with lower work hardening. A lower work-hardening rate

ives a sharper and faster evolving neck region which will affect

he stress state in the neck so that it drifts earlier from its original

tate of uniaxial tension. 

Fig. 14 presents the microscopic behaviour of alloy B in temper

6 from simulations of the tension tests in the 0 °, 45 °, and 90 ° di-

ections. In agreement with Fig. 6 a, the von Mises stress level is

learly different in the three directions, see Fig. 14 a. The evolution

f the porosity is also different in the three directions, where the

oid growth is the slowest in the 45 ° direction, which has the low-

st von Mises stress. Initially, the void growth is lower in the 0 ° di-

ection than in the 90 ° direction, but this changes in the final stage

efore localization. From Fig. 14 b, it can be observed that the stress

riaxiality level inside the imperfection band at a given logarithmic

train over the neck is higher in the 0 ° direction with the low-

st ductility. Outside the imperfection band, the 90 ° direction has

 slightly lower stress triaxiality level than the 45 ° direction, and

he 0 ° direction is also here the direction with the highest stress

riaxiality level. 

In the 45 ° direction, the equivalent plastic strain rate is lower

han in the other directions, see Fig. 14 c. This indicates that the

lastic deformation is more dispersed over the specimen’s cross-

ection, which is favourable to prevent strain localization. Again,

he stress state is seen to drift from generalized tension ( L = −1 )

owards generalized shear ( L = 0 ) inside of the imperfection band,

nd the drift occurs first in the 0 ° direction exhibiting the lowest

uctility. Due to the plastic anisotropy defined by the yield surface

nd the associated plastic flow rule, the Lode parameter is seen to

volve differently for different tensile directions also outside the

mperfection band. 

. Discussion 

The failure predictions presented in Fig. 9 obtained in the strain

ocalization analyses are found to capture the trends observed ex-

erimentally. In agreement with the experimental data in Fig. 4 ,

he localization analyses in Fig. 9 a give a lower failure strain for a

aterial with a higher strength and lower work hardening. Also,

he failure strain is observed to vary with plastic anisotropy and

he influence of strength and work hardening is different depend-

ng on the alloy. Albeit good agreement is achieved between the

umerical and experimental trends, there are certain mechanisms

ot included in the numerical study that can have a substantial ef-

ect on the failure strain. For instance, in the experiments for the

A6060 and AA6082.25 alloys, the difference in the failure strain

etween the O and T7 tempers and the T7 and T6 tempers is simi-

ar, but numerically a smaller difference is observed between the

7 and T6 tempers. A reasonable explanation for this finding is

hat the stress level for the T6 temper is sufficiently high to make

oid nucleation a more important mechanism for damage evolu-

ion ( Pineau et al., 2016 ), which is not captured by the porous plas-

icity model used herein, considering only growth of pre-existing

oids. For the AA6082.50 alloy, a large decrease in the failure strain

etween the O and T7 tempers is observed experimentally. This

nding and the lower overall ductility observed for the AA6082.50

lloy can be linked to the grain structure, as the large grains of

his alloy increase the amount of intercrystalline fracture and re-

uce the tensile ductility ( Frodal et al., 2017 ). 

Although plastic anisotropy related to the crystallographic tex-

ure can lead to variations in the failure strain both between alloys

nd with tensile direction as seen in the numerical study, other

ources of anisotropy can influence the ductile failure process

nd affect the failure anisotropy. Even materials exhibiting nearly

sotropic yielding and plastic flow can exhibit failure anisotropy
 the effect of plastic anisotropy, strength and work hardening on 

 and Structures, https://doi.org/10.1016/j.ijsolstr.2019.10.003 

https://doi.org/10.1016/j.ijsolstr.2019.10.003


B.H. Frodal, D. Morin and T. Børvik et al. / International Journal of Solids and Structures xxx (xxxx) xxx 13 

ARTICLE IN PRESS 

JID: SAS [m5G; October 18, 2019;5:35 ] 

Fig. 13. Local behaviour in the regions inside (dashed lines) and outside (solid lines) of the imperfection band in the critical element for alloy A with the three different 

flow stress curves loaded along ED: (a) normalized von Mises stress and normalized void volume fraction, (b) stress triaxiality ratio, (c) equivalent plastic strain, and (d) 

Lode parameter versus logarithmic strain over the neck. 
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ecause of morphological or topological anisotropy caused by the

hape, orientation and spatial distribution of voids and particles

 Hannard et al., 2018 ). As investigated by Agarwal et al. (2002) ,

he loading direction can affect the particle cracking process, as

he number fraction of cracked particles can depend on the direc-

ion of loading. Thus, void nucleation by particle cracking can in-

roduce anisotropic effects. Also the spatial distribution of particles

nd clusters can influence the void coalescence process and lead to

ailure anisotropy ( Hannard et al., 2018 ). It has also been shown by

nit cell analyses that the void aspect ratio can significantly af-

ect the overall ductility ( Keralavarma et al., 2011 ) and that plastic

nisotropy can amplify this effect ( Legarth and Tvergaard, 2018 ). 

It was quite apparent from Fig. 10 that the plastic anisotropy

as an influence on the deformation mode at incipient ductile

ailure of the specimen, as the shape and extension of the re-

ions of concentrated plastic flow vary with tensile direction for

he anisotropic materials. It is a reasonable conjuncture that the

ariation in shape of the regions can change the failure mode

rom cup-and-cone failure to slant shear failure depending on the

lastic anisotropy and loading direction. These failure modes are

ypically observed experimentally for anisotropic materials ( Chen

t al., 2011; Fourmeau et al., 2013 ). This was also recently stud-

ed by Benzerga et al. (2019) , who showed that anisotropic plastic-

ty can effectively trigger shear bands and cause failure of ductile

aterials. 

From the strain localization analyses, it was evident that the

tress states in the regions inside and outside of the imperfec-
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On
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ion band in the critical element depend on the plastic anisotropy

f alloys A, B, and C, see Fig. 12 . The stress state inside of the

mperfection band was seen to be strongly affected by the plas-

ic anisotropy, and that this has a great influence on the failure

train predicted by the strain localization theory. Higher work-

ardening rate is favourable for delaying failure as it delays neck-

ng and distributes the plastic deformation over a wider area of the

pecimen’s cross-section. This will in turn affect the local stress

tate inside the specimen so that, e.g., the stress triaxiality is re-

uced for a given value of the logarithmic strain over the neck, cf.

ig. 13 . 

The failure strain varies with tensile direction for anisotropic

aterials and the plastic anisotropy of alloy B was found to affect

he stress state both inside and outside of the imperfection band,

ee Fig. 14 . A lower stress level was observed to give an increase

n the ductility, but also the value of the Lankford coefficient af-

ects the ductility, since it governs the distribution of the plastic

eformation across the specimen cross-section. A Lankford coeffi-

ient close to unity will distribute the plastic deformations more

niformly and thus be positive for the ductility, cf. Fig. 11 . Albeit a

ower stress level, caused by the anisotropy in yield stress, appears

o increase the ductility, the effect of the stress triaxiality and Lode

arameter seems to be even greater. As an example, in the simu-

ations of the tensile tests of alloy B, the stress level is lower in

he 0 ° direction than in the 90 ° direction, but even so the ductility

s lower in the former direction. The reason for the lower ductility

n the 0 ° direction is that the stress triaxiality and the Lode pa-
 the effect of plastic anisotropy, strength and work hardening on 
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Fig. 14. Local behaviour in the regions inside (dashed lines) and outside (solid lines) of the imperfection band in the critical element for alloy B with temper T6 work 

hardening loaded in the ED-TD plane: (a) normalized von Mises stress and normalized void volume fraction, (b) stress triaxiality ratio, (c) equivalent plastic strain, and (d) 

Lode parameter versus logarithmic strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

a  

fi  

a  

v  

f  

t  

p  

K  

v  

t  

d  

a

 

m  

f  

s  

t  

m  

f  

s

A

 

v  
rameter evolve in a favourable way for localization, which is more

important than the lower stress level. 

6. Concluding remarks 

Three aluminium alloys with different grain structure and crys-

tallographic texture, solution heat-treated and artificially aged to

three conditions giving different strength and work-hardening be-

haviours, were considered in the study. Previous experiments on

these materials had shown that the tensile ductility of the alloys

decreased with higher strength and lower work hardening, and the

ductility was different depending on the alloy. 

The influence of plastic anisotropy, strength and work harden-

ing on ductile failure was studied by nonlinear finite element sim-

ulations and strain localization analyses of tensile tests in various

directions. The anisotropic yield surfaces of the aluminium alloys,

previously obtained by the crystal plasticity finite element method,

were used to construct a set of model materials. These yield sur-

faces and an isotropic yield surface were combined with three flow

stress curves representative for the different heat-treatments. Thus,

a total of 12 model materials, with different plastic anisotropy,

strength and work hardening were constructed and used in the nu-

merical investigations. Finite element simulations of tensile tests

on smooth axisymmetric specimens were conducted in seven in-

plane directions, and the deformation gradient history extracted

from the numerical simulations were used to drive the strain lo-

calization analyses. 
Please cite this article as: B.H. Frodal, D. Morin and T. Børvik et al., On
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Plastic anisotropy was found to have a marked influence on

he tensile ductility and to induce failure anisotropy. The shape

nd extension of the regions of concentrated plastic flow in the

nite element simulations varied with tensile direction for the

nisotropic materials. The highly deformed regions were found to

ary in shape so that the deformation mode at incipient ductile

ailure changes from a flat to a slant shear mode depending on

he loading direction and plastic anisotropy. In agreement with ex-

erimental evidence from the literature ( Fourmeau et al., 2013;

hadyko et al., 2019 ), the strain localization analyses predicted a

ariation of the failure strain with tensile direction that appears

o correlate with the variation of the Lankford coefficient, thus in-

icating that the failure anisotropy is closely linked to the plastic

nisotropy for these aluminium alloys. 

The strain localization analyses predict a higher ductility for

aterials with lower strength and higher work hardening, as these

eatures lead to a more uniform plastic strain distribution and a

tress state with a lower stress triaxiality in the neck. The redis-

ribution of plastic deformation due to the high work hardening

akes the tensile specimen less prone to localization and ductile

ailure. The influence of strength and work hardening on the ten-

ile ductility is also found to depend on the plastic anisotropy. 
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