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In order to analyze necking behavior with a continuum level approach, initial imperfection
or bifurcation algorithm should be employed. The initial imperfection is arbitrary and has a
great effect on the necking behavior of sheet metals. Most polycrystalline materials have
natural imperfection such as orientation mismatches across the grain boundaries. In
polycrystal plasticity, orientation mismatch is considered as material imperfection instead
of geometric imperfection including thickness unevenness. The main idea of this study is
to investigate the possibility that the stress concentration on a grain boundary (caused by
orientation mismatch) works as imperfection and ﬁnally causes necking. For the consideration of stress concentration along grain boundaries, a crystal plasticity model was
introduced in three-dimensional ﬁnite element analysis of a tensile test. A small region of a
tensile specimen was divided into sufﬁcient number of octahedral grains and each grain
was discretized by ﬁne tetrahedron elements. The same orientation angle was allocated for
all the elements in each grain, but different orientations for grain by grain. Using this
crystal plasticity-based analysis, stress concentration in the grain boundaries can be predicted. Also, four damage models based on the critical strain and stress were proposed to
consider material softening due to void initiation and growth under the framework of
crystal plasticity theory. The damage parameters for each model were determined based
on the stressestrain relations obtained from experiment. Void nucleation, growth and
coalescence behaviors during necking were reasonably predicted. Finally, the predicted
necking behaviors of AA 6022-T4 were compared with the experimental results in terms of
necking strain, deformed shape, and necking direction.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Finite element analysis based on crystal plasticity model is widely used to understand the plastic behaviors of materials.
Most researches have been focused on developing the constitutive relations of single crystal (Kim and Oh, 2003; Borg, 2007;
Li et al., 2008) and polycrystalline materials (Dao and Asaro, 1996; Yoon et al., 2005; Zamiri et al.,2007; Li et al., 2004, 2008).
Yoon et al. (2005) investigated the anisotropic hardening behavior of cube textured aluminum alloy sheets using a crystal
plasticity model. Recently, various studies have been carried out predicting the twinning behavior of hexagonal close packed
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(HCP) materials (Choi et al., 2010; Zhang et al., 2007; Bridier et al., 2009; Beausir et al., 2007; Knezevic et al., 2010; Wang et al.,
2010, 2013). Among them, Choi et al. (2010) analyzed the stress concentration at the grain boundary and the twinning behaviors of magnesium alloys. They allocated the grain orientation obtained from electron backscatter diffraction (EBSD) to a
regular element. Knezevic et al. (2010) investigated effect of anisotropic strain hardening on twinning behavior of AZ31 using
three-dimensional crystal plasticity ﬁnite element method.
For computational effectiveness, crystal plasticity ﬁnite element analyses were sometimes carried out in two-dimensional
plane stress or plane strain framework. However, 2D analysis is not capable of predicting three dimensional deformations
including out of plane (Rossiter et al., 2010). Moreover, the localized deformation after necking is three dimensional, and this
localized deformation cannot be properly modeled in 2D analysis (Simha et al., 2008). In this study, the necking behavior of
AA 6022-T4 is analyzed using crystal plasticity ﬁnite element method (CPFEM) in three-dimensional framework. Using a
conventional ﬁnite element method based on continuum mechanics, a localized necking cannot be predicted without initial
imperfections (Marciniak and Kuczynski, 1967; Wang et al., 2011; Bettaieb and Abed-Meraim, 2015) or bifurcation algorithm
(Hill and Hutchinson, 1975; Okazawa, 2010; Yoshida and Kuroda, 2012). However, in crystal plasticity-based ﬁnite element
analysis, the stress concentration from orientation mismatch near the grain boundaries can cause initial voids and initiate the
localized deformation. In polycrystalline metals, each grain has its own orientation. Therefore, the orientation of one grain
does not coincide with that of its neighboring grains and stress concentration may take place during deformation. To analyze
the stress concentration near grain boundaries during necking, crystal plasticity ﬁnite element method is introduced by
conducting tensile test simulation.
There are small and large scale CPFEM regarding the scale of volume a material point represents. A recent comprehensive
review of CPFEM is done by Roters et al. (2010). In small scale CPFEM simulations, the size of the ﬁnite element mesh is equal to
or smaller than the grain size. With such sub-grain resolutions, heterogeneity of deformation with a single crystal is taken into
account (Zhang et al., 2009; Saito et al., 2012; Mayeur et al., 2013; Rossiter et al., 2013; Sabnis et al., 2013; Eisenlohr et al., 2013;
Choi et al., 2013, 2014). Large scale refers to simulations with more than one crystal assigned to one integration point and the
number of grains is usually large enough to study the average behavior of the material such as the texture evolution. Homogenization schemes are needed to connect a material point to each constituent grain. Commonly used homogenization
 (1993), Segurado et al. (2012) and Qiao et al. (2014).
schemes were described in detail in the literatures by Lebensohn and Tome
Especially, a crystal plasticity-based forming limit prediction in large scale CPFEM approach was presented by Inal et al. (2005),
Neil and Agnew (2009) and Franz et al. (2013). Effect of grain orientation on sheet necking was investigated by Wu et al. (2007).
Asaro and Needleman (1985) showed that localized plastic deformation is strongly inﬂuenced by microstructure. In many
studies of crystal plasticity ﬁnite element method it is assumed that many grains exist in an element and homogenization or
averaging scheme is used to integrate a single crystal constitutive relation into a polycrystalline constitutive relation (Zamiri
et al.,2007; Yoon et al., 2005; Dao and Li, 2001). Using a homogenization scheme in a large scale CPFEM, therefore, the size of
an element can be far greater than the one of a grain, and a large scale problem such as sheet forming can be analyzed.
However, the localized deformation and stress concentration between grains cannot be predicted using a homogenization
method. To overcome this difﬁculty, Wang et al. (2011) introduced initial imperfections, proposed by Marciniak and
Kuczynski (1967), to predict the localized necking and forming limit diagram (FLD) for a magnesium alloy sheet using
crystal plasticity ﬁnite element method.
In this study, grains are discretized into ﬁne elements in order to describe the stress concentration near grain boundaries
and to predict the localized necking deformation. In the current approach, a large scale problem such as sheet metal forming
cannot be solved because of computational power including computer memory and computation time. However, the initiation and progress of necking can be predicted in detail. Rossiter et al. (2010) also discretized a grain using many elements and
simulated material deformation in three-dimensional microstructure. They used the microstructure information obtained
from EBSD and investigated the effects of strain rate, strain path, and thermal softening on the formation of localized
deformation. Kanjarla et al. (2010) also discretized grains using many elements and investigated the plastic deformation ﬁelds
near the grain boundaries and inﬂuence of grain interaction on intra-grain deformations. Lin et al. (2011) also modeled the
grains near crack tips using ﬁnite elements and predicted a crack propagation path under cyclic loads. In this study, each grain
is discretized by sufﬁcient number of elements and, then a large deformation up to necking is analyzed using crystal plasticity
ﬁnite element method with damage models. Void nucleation, growth and coalescence behaviors are investigated.
Without the consideration of damage evolution, i.e. material softening due to damage, a sudden drop of load carrying
capacity after necking during tensile tests cannot be described by ﬁnite element analysis (Nielsen and Tvergaard, 2009). There
are two main approaches to damage mechanics. The ﬁrst one is a micromechanics-based damage model that was proposed by
Gurson (1975). In micromechanics-based approach (Gurson, 1975; Tvergaard and Needleman, 1984; Zhang et al., 2000),
damage evolution was described by void nucleation, growth and coalescence. Void nucleation and growth are modeled and
the related coefﬁcients have to be determined using experimental data. Nielsen and Tvergaard (2009) successfully analyzed
the necking and fracture behavior of friction stir welded sheets using the modiﬁed Gurson model (Tvergaard and Needleman,
1984). The other approach to damage analysis is the Continuum Damage Mechanics (CDM). In CDM frameworks (Cockcroft
and Latham, 1968; Johnson and Cook, 1985; Lemaitre, 1985; Lemaitre and Chaboche, 1990), fracture strain is determined using
stress, pressure, temperature, and stress triaxiality. After these studies, many improved models were proposed to include the
effect of Lode angle (Teng, 2008; Xue, 2009; Malcher et al., 2012, 2013) and anisotropic damage (Ekh et al., 2004; Mengonia
and Ponthot, 2014). Malcher and Mamiya (2014) proposed an improved damage evolution law by developing a denominator
of damage function.
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In addition to these studies, there were a few recent researches about damage incorporating CPFEM. Bieler et al. (2009)
showed the role of heterogeneous deformation on damage nucleation at the grain boundaries in single phase metals.
Recently, Tasan et al. (2014) showed the strain localization and damage in dual phase steels by coupled in-situ experiment and
crystal plasticity simulation. Nguyen et al. (2015) proposed a nonlocal coupled damage-plasticity model for the analysis of
ductile failure.
In this study, several simple damage models are proposed with the function of critical shear strain, maximum shear
strain, effective strain, principal strain etc within the framework of CPFEM. Therefore, the damage models used in this study
are based on Continuum Damage Mechanics (CDM). However, the void initiation, growth and coalescence behavior can be
predicted by incorporating CPFEM. Furthermore, the material weakening from damage is used to describe a sudden drop of
load carrying capacity after necking. In the previous works by the authors (Kim et al., 2012; Kim and Yoon, 2013), the
possibility of necking prediction by CPFEM was brieﬂy explored using 2D shaped grains (Kim et al., 2012) and 3D shaped
grains (Kim and Yoon, 2013). In the works, analyses were carried out by an explicit time integration scheme and it opened
the possibility that the necking behavior is able to be predicted from CPFEM. However, the necking shape and
loadedisplacement curve were not predicted. In this study, for an accurate prediction of necking and loadedisplacement
curve, analyses were carried out with an implicit time integration scheme and more reasonable loadedisplacement curve
could be obtained. Moreover, experiments were carried out and were compared with the analysis results. Finally, four
different damage models with coefﬁcient calibration were newly proposed, and a model which best describes the necking
behavior is proposed.
The major study points in the present work can be summarized as follows:

 Crystal plasticity ﬁnite element method is implemented for the analysis of a tensile test via VUMAT in ABAQUS/Explicit.
 Stress concentration near grain boundaries from orientation mismatch is investigated.
 Several damage models are proposed with the functions of critical shear strain, maximum shear strain, effective strain, and
principal strain.
 Void initiation, growth, and coalescence behaviors are predicted using CPFEM (Crystal Plasticity FEM) and damage models.
 Necking behavior of AA 6022-T4 is analyzed using three-dimensional grain shapes and, then the results are compared to
experimental results.

2. Review of crystal plasticity model
Crystal plasticity model accounts for the material deformation by crystallographic slip and for the reorientation of the
crystal lattice. In this work, a TayloreBishopeHill (TBH) model, which was well described by Dao and Asaro (1996), is
employed. Yoon et al. (2005) implemented the TBH model into CPFEM and developed the stress update algorithm. The work
has been used in this study as the engine of CPFEM and the theory is brieﬂy described. In this study, the rate-dependent
equation in the work of Yoon et al. (2005) is replaced by the rate-independent constitutive relation by ignoring the strainrate sensitivity term. The main purpose of this work is to investigate necking behavior combined with various damage
models under the framework of CPFEM.
The deformation gradient (F) is decomposed into a plastic deformation (Fp) and a combination of elastic deformation and
rigid body motion of the crystal lattice (Fe) as shown in Fig. 1, i.e.,

Fig. 1. Multiplicative decomposition of deformation gradient.
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F ¼ Fe Fp :

(1)

Equation (1) leads to the decomposition of the velocity gradient (L), into elastic and plastic parts as

L ¼ Le þ Lp :

(2)

Since the plastic deformation is assumed to be due to dislocation slip, the plastic part of velocity gradient (Lp) is determined by the summation of the shear strain contribution over the entire slip systems (Dao and Asaro, 1996), as

Lp ¼

X

g_ ðsÞ bðsÞ nðsÞ

(3)

ðsÞ

Here, (s) means a slip system, and n(s) and b(s) are the normal to the slip plane and the vector in the slip direction,
respectively. The symmetric (Dp) and skew symmetric (Wp) parts of the plastic velocity gradient can be written as:
N
 X
 X
T
1 p
1
L þ Lp ¼
g_ ðsÞ bðsÞ nðsÞ þ nðsÞ bðsÞ ¼
g_ ðsÞ PðsÞ ;
2
2
s¼1
ðsÞ

Dp ¼

Wp ¼

(4)

N
 X
 X
T
1 p
1
L  Lp ¼
g_ ðsÞ bðsÞ nðsÞ  nðsÞ bðsÞ ¼
g_ ðsÞ WðsÞ :
2
2
s¼1
ðsÞ

(5)

It is assumed that the stress arise from the elastic distortion of the crystal lattice and that the stressestrain relation can be
found through a strain energy function f. To ensure objectivity of the formulation, the relation between stress and strain is
based on the crystal lattice in the reference conﬁguration. In this conﬁguration, the second PiolaeKirchhoff stress, T and its
rate are determined in terms of the elastic part of the Lagrangian strain of the crystal lattice,

Ee ¼
T¼


1  eT e
F $F  I
2

(6)

vf
v2 f
e
and T_ ¼ e2 : E_
vEe
vE

(7)

Since the Cauchy or true stress s is used for the UMAT, it is desirable to formulate the constitutive relations in terms of
Cauchy stress. However, by ignoring the contribution of the elastic volume change, the Cauchy stress is approximately equal
to Kirchhoff stress, t. They are related by t ¼ Js, where J is the determinant of Fe. Constructing the constitutive relations in
terms of the Kirchhoff stress rather than the Cauchy stress simpliﬁes the formulation by eliminating the small volume strain
contribution while not affecting the stress values or equilibrium noticeably.
The second PiolaeKirchhoff stress is related to the Kirchhoff stress t, through the elastic distortion and rotation of the
crystal lattice:
T

t ¼ Fe $T$Fe

(8)

The Kirchhoff stress rate is given by


 T


_ eT þ F_ e $ Fe1 $Fe $T$FeT þ Fe $T$ FeT $FeT $F_ e
t_ ¼ Fe $T,F
T
e
Recognizing that E_ ¼ Fe $De $Fe , using T_ ¼

"
e

t_ ¼ F $

v2 f

vEe2

v2 f
2
vEe

(9)

e
: E_ and substituting Le ¼ De þ We , the Kirchhoff stress rate becomes

#

 T
T
e
e e
: F $D $F
$Fe þ De $t þ t$De þ We $t  t$We

(10)

The ﬁrst three terms can be combined into a fourth order modulus, K, and the elastic spin can be written in terms of the
total spin and the plastic spin. This permits a representation in terms of the Jaumann rate of Kirchhoff stress:
^

t ¼ t_  W$t þ t$W ¼ K : De Wp $t þ t$Wp

(11)

Writing the rate of deformation tensor as the sum of the elastic and plastic parts, the Jaumann stress rate can be expressed
in terms of the total deformation rate and the plastic part.
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^

t ¼ K : D  ½K : Dp þ Wp $t  t$Wp 
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(12)

The terms in brackets on the right hand side are a function of the modulus, stress, crystal geometry and slip rate quantities.
Express by using these explicitly in terms of the slip rate, the stress rate becomes
^

t ¼K:D

N
X

N
h
i
X
g_ ðsÞ K : PðsÞ þ WðsÞ $t  t$WðsÞ ¼ K : D 
g_ ðsÞ R ðsÞ

s¼1

(13)

s¼1

where R(s) ¼ K : PðsÞ þ WðsÞ $t  t$WðsÞ is a rotation tensor that depends on the slip plane normal and direction, stress, and
elastic modulus. Equation (13) is used to update the stress at the integration point after the unknowns g_ ðsÞ are solved at the
slip system level. Then, the grain level stress at t þ Dt is updated as
^

tðnþ1Þ ¼ RtðnÞ RT þ Dt t ;

(14)

where R is the pure rotation tensor of materials, which is obtained by the polar decomposition. The determination process of
the unknowns g_ ðsÞ is described in detail in the work of Yoon et al. (2005). The determination process of g_ ðsÞ considering
damage evolution is explained in Section 3.2.
3. Damage evolution models
3.1. Damage evolution models
Various damage models have been proposed by many researchers to analyze the fracture behavior of metals (Gurson,
1975; Tvergaard, 1982; Tvergaard and Needleman, 1984; Cockcroft and Latham, 1968; Johnson and Cook, 1985; Basaran
and Lin, 2008; Wierzbicki et al., 2005; Beese et al., 2010; Xue, 2009; Zhang et al., 2000; Wilkins et al., 1980;
Stoughton and Yoon, 2010). Cockcroft and Latham (1968) proposed a damage model with the function of the principal
stress and effective strain. Johnson and Cook (1985) deﬁned the critical equivalent fracture strain as a monotonic function
of the stress triaxiality. Wierzbicki et al. (2005) assumed that fracture occurs when the accumulated equivalent plastic
strain, modiﬁed by the function of the stress triaxiality and the deviatoric state parameter, reaches a critical value.
Wierzbicki et al. (2005) also intensively reviewed the prediction capability of various damage models by comparing those
predictions with their own experimental results. Recently, Xue (2009) and Stoughton and Yoon (2010) proposed a stress
based fracture and necking criterion. These damage or fracture models were successfully employed in the prediction of
fractures in the sheet metal forming process (Stoughton and Yoon, 2010), in a tensile test of a round bar and a ﬂat plate
(Nielsen and Tvergaard, 2009; Xue, 2009), and in a high velocity penetration of a long rod into an oblique plate (Liden
et al., 2012).
As mentioned in section 1, the damage studies can be classiﬁed into two main approaches. In this study, we considered
that the metal damage is caused by a simple criterion such as maximum shear strain, principal strain, equivalent plastic strain,
and strain energy. Four simple damage models, therefore, are proposed as a function of shear strain, principal strain,
equivalent plastic strain, and strain energy, respectively. All of these models belong to CDM framework and the damage is
assumed to be isotropic. Many studies showed that the damage evolves anisotropically (Ekh et al., 2004; Hammi and
Horstemeyer, 2007; Zairi et al., 2011; Mengonia and Ponthot, 2014). The anisotropic damage model can give more accurate results. In this study, the focus is given to predict a general necking shape under uniaxial tension for the rolling direction
using simpliﬁed isotropic damage models. Anisotropic effect is indirectly considered through crystal plasticity model (not
through a damage model).
1) Principal plastic strain damage model
This model deﬁnes the damage as initiated and accumulated when principal plastic strain is greater than a certain critical
value. This model is written as

8
>
>
>0
>
>
>
>

M
>
Dmax
<
ε

ε


1
1f
;ini
M
D¼
>
> ε1f ;max  ε1f ;ini
>
>
>
>
>
>
: Dmax





ε1  ε1f ;ini



ε1f ;ini < ε1 < ε1f ;max
ε1f ;max  ε1


(15)



In Equation (15), ε 1 is the principal plastic strain, ε 1f ;ini is the principal plastic strain over which damage initiates,
ε 1f ; max ¼ ε 1f ; ini þ D ε 1f is the maximum principal plastic strain at which the damage value reaches the maximum
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value Dmax, and M is the exponent to control the damage evolution order. Fig. 2 shows a schematic illustration of the
damage value and ﬂow stress relaxation for the exponent of M. When the exponent M is 1.0, the ﬂow stress changes
abruptly if the equivalent plastic strain reaches ε1f ;ini and decreases linearly with the equivalent plastic strain. This
abrupt change of ﬂow stress sometimes causes a convergence problem in a static implicit analysis. In this study,
therefore, the exponent M is set to 2.0 in order to make smoother the change of the ﬂow stress and to improve
convergence.
2) Equivalent plastic strain damage model
This model deﬁnes the damage as initiated and accumulated when equivalent plastic strain is greater than a certain critical
value. This model is written as

8
>
0
>
>
>
>
>
>

M
>
Dmax
<
M ε  εf ;ini
D¼ 
>
εf ;max  εf ;ini
>
>
>
>
>
>
>
: Dmax



ε  εf ;ini


εf ;ini < ε < εf ;max

:



εf ;max  ε

Fig. 2. Schematic illustration of damage evolution.

(16)
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In Equation (16), D is damage, Dmax is the maximum damage value, ε is the equivalent plastic strain, εf ;ini is the equivalent
plastic strain over which damage initiates, εf ;max ¼ εf ;ini þ Dεf is the maximum equivalent plastic strain at which the damage
value reaches the maximum value Dmax, and M is the exponent that has the same meaning as the exponent in the principal
plastic strain damage model.
3) Maximum shear strain damage model
This model deﬁnes the damage as initiated and accumulated when maximum shear strain is greater than a certain critical
value. This model is written as

8
>
0
>
>
>
>
>
>

M
>
Dmax
<
M gm  gmf ;ini
D¼ 
>
gmf ;max  gmf ;ini
>
>
>
>
>
>
>
: Dmax



gm  gmf ;ini


gmf ;ini < gm < gmf ;max

(17)



gmf ;max  gm

In Equation (17), gm is the maximum shear strain, gm f ;ini is the maximum shear strain over which damage initiates,
gmf ;max ¼ gmf ;ini þ Dgmf is the maximum shear strain at which the damage value reaches the maximum value Dmax, and M is
the exponent that has the same meaning as that of the principal plastic strain damage model.
4) Strain energy damage model
This model deﬁnes the damage as initiated and accumulated when the equivalent stress is greater than a certain critical
value. In this model, damage is accumulated by means of strain energy. This model is written as



s  sf ;ini

8
>
0
>
>
>
>
>
<



s

 dε
sf ;ini < s and D < Dmax
>
>
sf ;ini εf ;max  εf ;ini
>
>
>
>
:
0
ðDmax  DÞ
Z
D ¼ dD
dD ¼

(18)

(19)

In Equation (18), s is the equivalent stress, sf ;ini is the initial critical equivalent stress over which damage initiates, ε is the
equivalent plastic strain, and εf ;max  εf ;ini ¼ Dεf is the strain increment from damage initiation to maximum damage.
3.2. Numerical implementation of damage evolution
As damage accumulates, the load carrying capacity of the materials decreases. To consider the decrease of load carrying
capacity, the ﬂow stress of the materials is downscaled with the calculated damage as (Lemaitre et al., 2000; Lemaitre and
Desmorat, 2005; Xue, 2007)

sD ðε; DÞ ¼ ð1  DÞsðεÞ:

(20)

In Equation (20), sðεÞ is the ﬂow stress calculated using the equivalent plastic strain and sD ðε; DÞ is the modiﬁed ﬂow stress
considering the damage evolution. In this study, it is assumed that the damage and strain hardening are isotropic. By
assuming a simple isotropic damage evolution, the damage value is calculated in an integration point level and applied to slip
system-wise by solving the nonlinear Equation (23) and damage is accumulated in an explicit way as follows.
(i) Calculate the trial stress.
The trial stress at the slip system level by assuming fully elastic deformation is calculated by Yoon et al. (2005)
TðsÞ

ðsÞ

ðsÞ

tðnþ1Þ ¼ tðnÞ þ Dt t_ ðsÞ ¼ tðnÞ þ DtRðsÞ : D

(21)
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ðsÞ

TðsÞ

In Equation (21), tðnþ1Þ is the trial resolved shear stress at the current step, tðnÞ is the resolved shear stress at the previous
step calculated from Equation (26) considering the softening by damage, RðsÞ is deﬁned in Equation (13).
The resolved shear stress tðsÞ also follows the rate-dependent hardening rule

t

ðsÞ

¼g

o

 ðsÞ !m
g_ 
g_ o



sign g_ ðsÞ

(22)

where g o ¼ aðεo þ GÞn is a static part of hardening in a grain level. G is the accumulated ship on all the slip system and it is
P ðsÞ
_
g_ . m is the strain-rate sensitivity exponent. The exponent m is assumed to be zero
expressed as G ¼ Gn þ GDt
where G_ ¼
ðsÞ
in this study for rate-independent behavior
of materials.
(ii) Calculate plastic strain rate g_ ðsÞ by solving following nonlinear equation.
When the materials deforms plastically, the slip system stress in Eq. (21) must be equal to the resolve shear stress in Eq.
(22). By solving the following nonlinear equation, i.e., Yoon et al. (2005).





X
TðsÞ
g_ ðaÞ R ðsÞ : PðaÞ  1  DðnÞ tðsÞ ¼ 0
F g_ ðsÞ ¼ tðnþ1Þ  Dt

(23)

a

In Equation (23), DðnÞ is the damage at the previous step, To consider the softening by damage, the ﬂow stress is downscaled and this is different from the work of Yoon et al. (2005). During the iteration procedure at each step, DðnÞ is not updated
for better convergence purpose and is only updated after achieving the convergence at the end of each time step.
(iii) Calculate the damage increment and updated stress by

Ztnþ1
DDðnþ1Þ ¼

dD

(24)

tn

Dðnþ1Þ ¼ DðnÞ þ DDðnþ1Þ

(25)



X
ðsÞ
TðsÞ
g_ ðaÞ R ðsÞ : PðaÞ
tðnþ1Þ ¼ 1  DDðnþ1Þ tðnþ1Þ  Dt

!
(26)

a

ðsÞ

In Equations (24)e(26), DDnþ1 is the damage increment calculated in an integration point level and tðnþ1Þ is the updated
slip system stress at the current step. Because the stress softening by damage is accumulated by Equation (26), the damage
increment DDðnþ1Þ is used instead of total damage Dðnþ1Þ in Equation (26).

10 mm
10 mm
UX=0
UX=5 mm
10 mm
Z
Y
X
UY=0

UZ=0

Fig. 3. Example of single element analysis for veriﬁcation.
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(1,1,1)

11

(-1,1,-1)
6

1

n

n

4
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5

Z
Y

(-1,-1,1)

X

9

(1,-1,-1)

8

n

12

11

7
n
10

Fig. 4. Silp system deﬁnition for FCC materials.

3.3. Implementation veriﬁcation
In order to verify the stress integration procedure and damage evolution model, analyses were carried out with one
element. Fig. 3 shows the example for veriﬁcation. The domain is discretized by a single element. Analyses were carried out

Fig. 5. Analysis results for (0 , 0 , 0 ) Euler angles.
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Fig. 6. Analysis results for (45 , 0 , 0 ) Euler angles.

for two sets of Euler angles (0 , 0 , 0 ) and (45 , 0 , 0 ). 12 slip systems for FCC metals are shown in Fig. 4. The maximum shear
strain damage model is used for veriﬁcation. 0.272 and 0.02 are used for gm f ;ini =2 and Dgm f =2, respectively. For the slip
system hardening, Equation (28) is used and this will be explained in Section 4.2. Fig. 5 shows the analysis results for Euler
angles of (0 , 0 , 0 ). For stable convergence, the maximum damage is limited to 0.8. Damage starts to accumulate when the
maximum shear strain is 27.2%. As damage accumulates, the longitudinal stress, sX, decreases due to the damage softening.
Fig. 5(b) shows the resolved shear stresses along the slip systems. The slip system numbers 1, 4, 7, and 11 are normal to tensile
direction, and therefore the stress is zero. The product of slip plane normal and slip direction for slip system numbers 2, 6, 8,
and 10 are positive, and slip direction is at 45 angle with loading axis. Therefore, the resolved shear stress is positive. For the
slip system numbers 3, 5, 7, and 12, the resolved shear stress is negative because the product of slip plane normal and slip
direction is negative. Fig. 6 shows the analysis results for Euler angles of (45 , 0 , 0 ). In this case, the crystal is rotated 45
around z-axis, and therefore, the slip systems which are shown in Fig. 4 are also rotated. By 45 rotation of crystal structure,
the slip system numbers 1, 2, 3, 6, 7, 8, 9, and 10 become normal or parallel to the loading direction, and therefore, the resolved
shear stresses are zero. With the same way with Fig. 5(b), the resolved shear stress for the slip systems of 4 and 11are positive,
and vise versa for the slip systems 5 and 12. Due to the anisotropy of the crystal structure, the maximum shear strain curve in
Fig. 5(b) is different from that of Fig. 6(b). Therefore, the longitudinal strains at which damage starts are different in two cases.
However, damage starts to accumulate when the maximum shear strain is 0.272 in the both cases. From these two veriﬁcation
examples, it is shown that the stress integration with damage evolution is well implemented.
4. Analysis model description
4.1. Finite element model for a tensile test
To predict the necking behavior of AA 6022-T4 aluminum alloy sheet, ﬁnite element analysis for a tensile test was carried
out with CPFEM. The crystal plasticity and damage models described in the previous section were implemented into UMAT
(User MATerial interface) in a commercial software of ABAQUS. For analyzing the stress concentration from the orientation
mismatch, the element size should be smaller than a grain size. A great number of elements are needed for the whole tensile
specimen. For computational effectiveness, therefore, the analysis domain is reduced, as shown in Fig. 7. The size of the
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Fig. 7. Deﬁnition of analysis domain and boundary conditions for tensile test.

Fig. 8. Division of specimen by octagon grains: (a) full model, (b) magniﬁed view and (c) octahedron shape of grain.

selected analysis domain is 6.0 mm in length, 2.0 mm in width, and 0.5 mm in thickness. Sheet thickness is assumed to be
1.0 mm and a half thickness is chosen considering symmetry. Tensile displacement boundary conditions are imposed for the
left and right faces in the x-direction. For the front (SCEN) and bottom (SBOT) faces of the selected domain, the symmetric
displacement conditions are imposed. For the rear face (SCON), y-displacement of all the nodes is coupled to move together
considering the continuity conditions in the reduced region.
Fig. 8 shows the division of the analysis domain into octagon grains. Grain shape is assumed to be a regular octahedron as
shown in Fig. 8(c). Considering the shape change during the rolling process, a grain size is assumed to be about 0.2, 0.1, and
0.05 mm in x, y, and z directions, respectively. Though an average grain size of AA 6022-T4 is about 0.05 mm (Yoon et al.,
2005), the sizes of grain in the rolling and transverse directions are magniﬁed for the computational effectiveness. Each
grain is discretized into sufﬁcient number of elements and the same Euler angles are allocated to all the elements in each
grain. The contours of ‘sin 4$sin f 2 ’ (see Fig. 9(a)) show that the same orientation angles are allocated to all elements in each
grain. Here, 4 and f 2 are the second and third Euler angles. Fig. 9(b) shows the detailed ﬁnite element discretization and
‘sin 4$sin f 2 ’ contour for several grains. Pole ﬁgures of AA 6022-T4, shown in Fig. 10, were measured using standard X-ray
diffraction techniques and orientation imaging microscopy (OIM) (Yoon et al., 2005).

Fig. 9. Finite element discretization and contour of ‘sin 4,sin f 2 ’ showing the correct allocation of the same orientation angles for the elements in each grain: (a)
for whole domain, (b) for selected several grains.
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Fig. 10. (1 1 1) and (1 1 0) pole ﬁgures for aluminum 6022-T4.

4.2. Determination of slip system hardening relation
The true stressestrain relation of AA 6022-T4, obtained from tensile test along the rolling direction, is ﬁtted with

sðεÞ ¼ 479:9ðε þ 0:001Þ0:258

(27)

In crystal plasticity FEM, the relation of Equation (27) is a representative relation that should be obtained from averaging
the response of each slip system. A stressestrain relation at a grain level, therefore, is different from the relation represented
by Equation (27). In this study, it is assumed that the grain hardening has the same form as that shown in Equation (27).
Through trial and error analyses, the static part of stressestrain relation in a grain level to match Equation (27) is determined
as

g o ¼ aðεo þ GÞn ¼ 179:5ð0:001 þ GÞ0:240 :

(28)

Fig. 11 provides a comparison of the stressestrain relation obtained by CPFEM using the grain-level hardening of Equation
(28) with that of the experimental results of Equation (27). The curve obtained from CPFEM is in good agreement with the
measured curve.
5. Analysis of necking behavior
5.1. Damage initiation and evolution
Fig. 12 shows the effective stress contours at several time steps. For the results shown in Figs. 12e15, the principal strain
damage model is used; εg is the gage strain calculated from the initial length (L0) and tensile displacement (u) as
εg ¼ ln((L0 þ u)/L0). Determination of the damage parameters for each model is described in the next section. As expected,
stress concentration takes place at many spots near the grain boundary. The stress concentration near the grain boundaries
for the selected grains is shown in Fig. 13. This stress concentration is considered to be caused by the orientation mismatches
between the neighboring grains. As tensile strain increases, as shown in Fig. 12(b)e(c), the stress concentration region
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Fig. 11. Measured and analyzed ﬂow stresses.
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Fig. 12. Effective stress distribution (principal strain damage model, ε1f;ini ¼ 0.262, ε1f;max ¼ 0.362, Dmax ¼ 0.8, M ¼ 2).

Fig. 13. Detailed view of effective stress distribution for (a) full model and (b) several grains (principal strain damage model, εg ¼ 0.01, ε1f;ini ¼ 0.262,
ε1f;max ¼ 0.362, Dmax ¼ 0.8, M ¼ 2).

Fig. 14. Principal strain distribution (principal strain damage model, ε1f;ini ¼ 0.262, ε1f;max ¼ 0.362, Dmax ¼ 0.8, M ¼ 2).
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Fig. 15. Damage distribution (principal strain damage model, ε1f;ini ¼ 0.262, ε1f;max ¼ 0.362, Dmax ¼ 0.8, M ¼ 2).

becomes larger. In Fig. 12(e) and (f), it can be seen that the stress level decreases compared to that shown in Fig. 12(d). This is
because the load carrying capacity decreases due to damage initiation in the necking region. Figs. 14 and 15 show the principal
strain and damage distributions for several tensile strain levels. In the same way as the equivalent stress, the concentrated
principal strain is shown at many spots; the principal strain increases as the tensile strain increases, as shown in Fig. 14. When
the principal strain becomes greater than a critical value ðε1f ;ini Þ, damage initiates and accumulates, and their stress levels are
lowered by softening (see Fig. 12(c) and (d)). With the stress softening, the localized deformation takes place in the damaged
region (see Fig. 14(e) and (f)). In Fig. 15, it can be shown that there is no damaged element when the gauge strain is less than or
equal to 0.180. When the gauge strain reaches 0.259, many damaged elements are shown in the certain areas. This phenomenon is similar to void nucleation. As tensile strain increases, the damaged area increases, and lead to combine the
neighboring damaged regions. These growth and combination of damaged areas are correlated to the void growth and void
coalescence phenomena, respectively. Finally, most of the elements in the necking region are damaged. In the analysis,
necking starts to take place when the gage strain is about 0.274. The necking strain is controlled by the parameter ε1f ;ini.
In Fig. 16, the obtained longitudinal strain is compared to that from the experimental results. The strain in Fig. 16(a) is
measured using the ARAMIS (Ivanov et al., 2007) system. ARAMIS is an optical deformation and strain measurement system.
In the strain measurement with the ARAMIS system, droplets of sprayed particles are used as the reference points instead of
regular grids; therefore, very local strain can be measured. The maximum strain, obtained by CPFEM and shown in the upper
right corner of Fig. 16(b) is about 1.2; this value is much higher than the measured value of 0.58. Except for the strain in this
localized region, the longitudinal strain in other regions in CPFEM is similar to that of the experiment. The deformed necking
shapes just before fracture are also shown, for the comparison purpose, in Fig. 17. The length of the necking region in the

Fig. 16. Comparison of longitudinal strain obtained by (a) experiment and (b) CPFEM (principal strain damage model, ε1f;ini ¼ 0.262, ε1f;max ¼ 0.362, Dmax ¼ 0.8,
M ¼ 2).
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Fig. 17. Comparison of sectional deformed shape just before fracture obtained by (a) experiment and (b) CPFEM (principal strain damage model, ε1f;ini ¼ 0.262,
ε1f;max ¼ 0.362, Dmax ¼ 0.8, M ¼ 2).

Fig. 18. Comparison of necking shape for various mesh sizes ðεg ¼ 0:281Þ.

experiment is 24% greater than that predicted from CPFEM; the thickness of the necking region just before fracture is 24%
smaller than that predicted from CPFEM. Even though the predicted necking length and the minimum sheet thickness contain
24% error, it is considered that the results are reasonable.
In the analysis of necking with damage, it is known that softening is the cause of material instability and the results may
depend on the mesh size (Jirasek and Bazant, 2002). A nonlocal regularization technique is usually used to overcome this
sek, 2006; Nguyen et al., 2015). In this study, mesh
instability issue (Jirasek and Bazant, 2002; Nguyen, 2005; Grassl and Jira
dependent solutions are investigated instead of using nonlocal regularization. Analyses are carried out for various mesh sizes
and reasonable mesh size is determined. Fig. 18 shows the necking shapes for various element sizes. When the element size is
90 mm, the size of necking zone is 1.55 mm. When the element size is 70 mm, the size of necking zone decreases to 1.28 mm
and this is almost the same with that when element size is 50 mm. For detailed investigation, stress concentration (Von Mises
stress) in an early stage of tensile test is shown in Fig. 19. When the element size is 90 mm, the peak stress is lower and the
stress concentration region is wider than the case when mesh size is 70 mm. With this reason, the size of necking region is
bigger as mesh size increases as shown in Fig. 18. For the experimental veriﬁcation, three tensile tests were carried out and the
loadedisplacement relations were compared in Fig. 20(a). The hardening behaviors of three cases are almost the same. The
fracture displacement, however, is a little bit different. However, the difference is not so big and the ﬁrst one (EXP1) is in the
middle of three cases. Therefore, the ﬁrst one (EXP1) is selected as the reference experiment result for comparison in this
study. The loadedisplacement relation for various sizes of element is shown in Fig. 16(b). When the element size is 90 mm, a
loadedisplacement curve is predicted lower than the others. For a large element, the maximum stress from stress concentration is smaller than the case of a smaller element is used as shown in Fig. 15. This is due to the lower strain hardening and
therefore a lower tensile load is predicted when the element size is large. When the element size is decreased to 70 mm, the
loadedisplacement curve goes up and is nearly the same with that of element size of 50 mm, Therefore, it is considered that a
converged solution can be obtained when the element size is smaller than 70 mm.
In Figs. 18e20, it is shown that size of necking zone and the concentrated peak stress are saturated when mesh size is
50 mm. In all of the analysis in this study, therefore, mesh size is set as 50 mm.
5.2. Determination of damage model parameters
Analyses are carried out for the determination of the parameters for each damage model. Fig. 21 shows the
loadedisplacement curves for various damage models and damage parameters. The gage length and specimen size in
experiment are different from the ones of analysis. The gage lengths in experiment and analysis are 60.0 and 6.0 mm,
respectively. The initial specimen areas are 25.0 and 1.0 mm2 for experiment and analysis, respectively. For the comparison,
the experimentally measured load is divided by 25.0 to make the sectional area to 1.0 mm2 ðFexp;conv ¼ Fexp =25Þ. The conversion of experimental displacement is a little bit complex. Up to uniform deformation point, because the displacement is

Fig. 19. Comparison of Von-mises stress distribution for various mesh sizes ðεg ¼ 0:01Þ.

Fig. 20. Comparison of loadedisplacement curves for (a) three cases of experiments and (b) different element size.
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Fig. 21. Loadedisplacement relation for several damage parameters: (a) principal strain damage model, (b) equivalent plastic strain damage model, (c) maximum
shear strain damage model, (d) equivalent strain energy damage model (Dmax ¼ 0.8, M ¼ 2, gage length ¼ 6.0 mm).

Table 1
Determined damage model parameters.
Damage model

Parameters

Principal plastic strain damage model
Equivalent plastic strain damage model
Maximum shear strain damage model

ε 1f ;ini ¼ 0.262, ε1f ; max ¼ 0.362, Dmax ¼ 0.8, M ¼ 2
εf ;ini ¼ 0.284, εf ;max ¼ 0.334, Dmax ¼ 0.8, M ¼ 2
g m f ;ini =2 ¼ 0.272, g m f ;max =2 ¼ 0.292, Dmax ¼ 0.8, M ¼ 2

proportional to strain and gage length, experimental displacement is divided by 10.0 ðuexp;conv ¼ uexp =10Þ. After necking
initiation, it is assumed that most of deformation takes place in necking region. The other regions, therefore, does not elongate
anymore.
Therefore,
displacement
after
necking
is
regarded
as
the
converted
displacement
as
ðuexp;conv ¼ uexp;neck =10 þ ðuexp  uexp;neck ÞÞ. The converted load and displacement in this method are used for the comparison
in Fig. 21.
The parameters that best ﬁt the experimental loadedisplacement relation are chosen for each model and shown in Table 1.
In Fig. 21(a) and (b), which showing the loadedisplacement relations obtained from CPFEM using the principal strain and
equivalent plastic strain damage models, the experimental loadedisplacement relation and sudden drop of load carrying
capacity after necking are well predicted by CPFEM with the determined damage parameters (solid red line in Fig. 21(a) and
dotted red line (in the web version) in Fig. 21(b)). In Fig. 21(c), which shows the loadedisplacement relations obtained from

Fig. 22. Deformed shape and damage distribution for (a) sf;ini ¼ 310 MPa, (b) sf;ini ¼ 330 MPa, and (c) sf;ini ¼ 500 MPa (strain energy damage model, Dεf ¼ 0.02,
Dmax ¼ 0.8, M ¼ 2, εg ¼ 0.4).
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Fig. 23. Comparison of predicted necking direction with experimental result.

CPFEM using the maximum shear strain damage model, however, the loadedisplacement relation can be seen to contain a
slight amount of error near the necking region. In this case, the best ﬁt is determined to be the solid red line. In the strainbased damage model of Fig. 21(a)e(c), it is shown that ε1f ;ini , εf ;ini , and gmf ;ini =2 control the initiation of necking, and Dε1f , Dεf ,
and Dgmf =2 control the drop rate of load carrying capacity, i.e., the size of necking zone. As the value of Dε1f , Dεf , and Dgmf =2
decrease, the load decrease sharply after necking. In this case the size of necking zone is small.
For the strain energy damage model shown in Fig. 21(d), the loadedisplacement relation up to 0.27 of the gage strain is
accurately predicted when the fracture initiation equivalent stress ðsf ;ini Þ is 500 MPa. However, the sudden drop of the load
carrying capacity after necking cannot be predicted accurately. This is also shown in Fig. 22. Fig. 22 shows the deformed
shapes and damage distributions for various values of damage initiation equivalent stress. When the damage initiation
equivalent stress is 500 MPa, no necking is shown up to a gage strain of 0.4. Also, when the damage initiation equivalent
stresses are 310 and 330 MPa (see Fig. 22(a) and (b)), no necking region is clearly shown and the thickness varies in the wide
region of the sheet specimen. This phenomenon is not consistent with the experimental result, which shows quite uniform
thickness except for the necking region. The loadedisplacement relations obtained from CPFEM for the damage initiation

Fig. 24. Necking shapes for various damage parameters (maximum shear strain damage model).

J.-B. Kim, J.W. Yoon / International Journal of Plasticity 73 (2015) 3e23

21

stresses of 310 and 330 MPa up to the gauge strain of 0.27, as can be seen in Fig. 21(d), also show a large discrepancy from that
of the experiment. Therefore, it is concluded that the strain energy damage model cannot predict the necking behavior of
sheet metal accurately.
In Fig. 23, the predicted necking directions obtained from CPFEM for the three damage models were compared to the
experimental results. The necking angle obtained in the tensile test along the rolling direction is 65 , as shown in Fig. 23(a).
Two cases of experiment (EXP1 and EXP2) show the same necking angle. The predicted necking angles using the principal
strain and the equivalent plastic strain damage models are the same at 49 (25% error). In the case of the maximum shear
strain damage model, the necking angle is 73 (12% error). Though the necking angle is not very accurately predicted by all
three of models, the prediction using CPFEM and the damage models is reasonable. The accuracy can be improved, for
example, considering the real grain shapes from a micro-structure builder and grain boundary interactions.
Fig. 24 shows the necking shape for various damage parameters (maximum shear strain damage model). The necking
shapes in Fig. 24 are obtained at different tensile strains for the accurate comparisons of the necking shape. The initiation of
necking changes with the parameters as shown in Fig. 21. However, the necking angle almost does not change although
different damage parameters are used as shown in Fig. 24. It is shown that the type of damage model has an effect on the
necking angle, but the damage parameters have no effect on the necking angle.
6. Conclusion
Necking behavior of AA 6022-T4 sheet was analyzed based on a crystal plasticity model. A tensile specimen was modeled
using octahedron shaped 3-dimensional grains. Each grain was discretized into many elements and the same orientations
were allocated to all elements in the same grain. Stress concentration was observed at many spots due to the orientation
mismatch near the grain boundaries. This stress concentration was considered to cause the damage initiation and evolution.
The void nucleation, growth, and coalescence phenomena were well described by the proposed methodology. To describe the
sudden drop of load carrying capacity after necking, four damage models were employed. The damage parameters for each
model were determined based on the stressestrain relation obtained from tensile test. The strain-based damage models, i.e.,
the principal strain damage model, equivalent plastic strain damage model, and maximum shear strain damage model,
accurately predicted the experimentally obtained stressestrain relation and sudden drop of load carrying capacity after
necking. However, the stress based damage model, i.e., the strain energy damage model, could not accurately predict the
necking behavior. The predicted necking strain, deformed shape, and necking direction were also compared to the results
from the experiment. The maximum error in the predicted necking shapes, i.e., the length of the necking region and the
minimum sheet thickness, was about 24%. Among the three strain-based damage models, the maximum shear strain damage
model predicted the necking angle most accurately with 12% error. As a result, it was shown that the CPFEM with damage
models can reasonably predict the necking behavior and necking direction without any initial imperfections.
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