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Abstract
We present a numerical study on the inﬂuence of crystallographic texture on the earing behavior of a low carbon
steel during cup drawing. The simulations are conducted by using the texture component crystal plasticity ﬁnite element
method which accounts for the full elastic–plastic anisotropy of the material and for the explicit incorporation of texture including texture update. Several important texture components that typically occur in commercial steel sheets
were selected for the study. By assigning diﬀerent spherical scatter widths to them the resulting ear proﬁles were calculated under consideration of texture evolution. The study reveals that 8, 6, or 4 ears can evolve during cup drawing
depending on the starting texture. An increasing number of ears reduces the absolute ear height. The eﬀect of the orientation scatter width (texture sharpness) on the sharpness of the ear proﬁles was also studied. It was observed that an
increase in the orientation scatter of certain texture components entails a drop in ear sharpness while for others the
eﬀect is opposite.
 2005 Elsevier B.V. All rights reserved.
PACS: 62.20.Fe; 46.15.Cc; 46.90; 45.10.Db
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1. Introduction
1.1. Integration of plastic anisotropy into metal
forming simulations
*
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The shape anisotropy of cup drawn metallic
parts is referred to as earing. It is a characteristic
phenomenon associated with the crystallographic
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texture and the resulting elastic–plastic anisotropy
of metals [1–16]. Sheet steels usually have pronounced textures which they inherit from the preceding processing steps such as hot rolling, cold
rolling, and heat treatment [17–23].
Various concepts exist to introduce texturerelated sheet anisotropy into ﬁnite element models
for sheet forming. The initial material anisotropy
existing before sheet deformation can be incorporated either through an anisotropic yield surface
function or directly via the incorporation of crystallographic texture models into the ﬁnite element
codes. The anisotropic yield surface models can be
classiﬁed into two groups. The ﬁrst one comprises
empirical and phenomenological anisotropic yield
surface equations, such as the equations of Hill
from 1948 [24] and 1979 [25], Hosford [26], Barlat
[27], or Barlat and Lian [28] to name but a few
important ones. These yield surface functions are
formulated as convex higher-order polynoms, i.e.
they take an empirical view at plastic anisotropy.
The physical nature of anisotropy can be incorporated into these concepts for instance by ﬁtting
the corresponding polynomial coeﬃcients with
the aid of texture-based strain-rate or self-consistent homogenization methods or with anisotropy parameters obtained from mechanical tests.
A detailed overview of this class of yield surface
concepts was recently given by Banabic et al.
[29]. The second type of yield surface models is directly formulated as texture-based yield loci [30–
34] the coeﬃcients of which can be directly expressed in terms of the texture-based mechanical
models in conjunction with experimentally determined orientation distributions.
The advantage of yield surface concepts for
mechanical anisotropy predictions are relatively
short calculation times, when implemented into ﬁnite element models, although one must recall that
the measurement of the mechanical anisotropy
parameters and the ﬁtting of the anisotropy coeﬃcients must be added to the total time required for
a prediction.
The main disadvantage of the yield surface concept is that they do not consider that the inherited
sheet starting textures may evolve further in the
course of sheet forming. This means that reliable
anisotropy simulations should incorporate the

starting texture as well the gradual update of that
texture during deep drawing operations [35]. Some
recent results indeed indicate that the change in
crystallographic texture during deep drawing
may be relevant for the resulting ear shapes
[11,16].
In order to take into account texture evolution
during deformation, the crystallographic texture
models have been developed. These models can
be roughly classiﬁed into three groups, namely,
combinations of a Taylor-type strain-rate homogenization model and ﬁnite element formulations,
the crystal plasticity ﬁnite element model, and texture-function based crystal plasticity ﬁnite element
models.
The approach of combining a Taylor model
with a ﬁnite element model was introduced by
Gottstein and coworkers [36–39]. In this approach
the deformation tensor after each strain increment is used to prescribe the boundary conditions for a corresponding Taylor simulation using
full constraints or coupled full constraints/grain
interaction homogenization model. Each of the
ﬁnite elements contains its representative crystallographic texture information in the form of a large
set of discrete grain orientations. The Taylor factor
calculated from homogenization is fed back into
the ﬁnite element simulation as a correction factor
for the ﬂow stress in the ensuing simulation step.
The particular strength of this method lies in the
exact simulation of texture evolution under intricate boundary conditions.
The crystal plasticity ﬁnite element models consist in a direct implementation of crystallographic
slip kinematics into ﬁnite element models. It was
ﬁrst suggested by Peirce and co-workers [39–42].
Based on their early work a fully-implicit timeintegration scheme was developed by Kalidindi
et al. [43] and implemented in commercial ﬁnite
element software in the form of a user-deﬁned
subroutine. Crystal plasticity ﬁnite element models
provide a direct means for updating the material
state via integration of the evolution equations for
the crystal lattice orientation and the critical resolved shear stress. The deformation behavior of
the grains is at each integration point determined
by a crystal plasticity model, which accounts for
plastic deformation by crystallographic slip and
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for the rotation of the crystal lattice during deformation. Pioneering related studies along these lines
have been published by Mathur and Dawson [44],
Smelser and Becker [45], and Beaudoin et al. [46].
Crystal plasticity ﬁnite element models represent
elegant tools for detailed simulation studies of
texture evolution under realistic boundary conditions. Each integration point can represent one
single orientation or even a large set of discrete
grain orientations when combined with an appropriate homogenization assumption. Although the
latter case (mapping of a representative texture
on one integration point) is principally feasible, it
entails long calculation times, rendering the method
less practicable for industry-scale applications.
For rendering the crystal plasticity ﬁnite element models more ﬂexible with respect to the
treatment of large polycrystalline entities Raabe
and Roters recently introduced a texture component crystal plasticity ﬁnite element model [47,
48]. The basic idea of this method consists in using
a more eﬀective way of describing the texture of
macroscopic samples at each integration point,
turning the method into a texture component crystal plasticity ﬁnite element method. More details
on this approach are given in the ensuing section.
1.2. Previous simulation studies on earing of body
centered cubic steels
Only few systematic simulation studies were
published on the earing behavior of bodycentered-cubic steels. For instance, Bacroix and
Gilormini [3] presented a detailed work on earing
in polycrystalline materials by use of ﬁnite-element
simulations. They used a texture-adjusted fourthorder strain-rate potential and its associated
normality rule. The coeﬃcients of the potential
function were directly obtained from the texture
coeﬃcients. They applied the method successfully
to a mild steel. The approach was capable of
reproducing six ears for certain textures. Li et al.
[33,38] predicted the earing behavior of cup drawn
IF (interstitial free) steel sheets by use of a texturebased plastic potential formulation. The group of
Nakamachi et al. [49,50] used an elastic–viscoplastic ﬁnite element method to simulate the six and
four ears of drawn cups of body centered cubic
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polycrystals. In order to achieve this goal they
used a large number of integration points in conjunction with a crystal plasticity ﬁnite element formulation. Each rotation matrix mapped at an
integration point was assumed to represent one
grain. The crystallites could hence rotate individually upon mechanical loading. The sheet metal
forming simulations of Nakamachi et al. [49,50]
were not only used to predict the earing behavior
but also to assess texture eﬀects on strain localization and failure. The authors reported that {1 1 1}hu v wi orientations (c-ﬁber texture) are favorable
while the {h k l}h0 0 1i texture components where
less favorable for sheet formability of steels.
These studies provide in part excellent insight
into the relationship between the initial crystallographic texture of steel sheets before cup drawing
and the resulting ear proﬁles after deformation.
Building on these observations the present study
aims at pushing this eﬀort a step further by, ﬁrst,
rigorously incorporating texture update into the
simulations according to the crystal plasticity
scheme, second, by a systematic variation of the
relevant texture components typically occurring
in body-centered-cubic steels [22,23], and third,
by systematically varying the orientational scatter
width of those texture components. The simulations are conducted by using the texture component crystal plasticity ﬁnite element model. After
an introduction to this method and to the model
set-up we simulate the individual ear proﬁles
resulting from some typical texture components
of body-centered-cubic polycrystals. Subsequently,
we discuss the eﬀects of these texture components
on the observed ear proﬁles and also the eﬀects
of changes in the scatter width of these textures
on the ear proﬁle.

2. The texture component crystal plasticity ﬁnite
element method
2.1. Introduction to the simulation method
A challenge of integrating constitutive polycrystal plasticity laws into ﬁnite element approaches
lies in identifying an eﬀective method of mapping
a crystallographic texture which represents a large
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number of grains on the integration points of a
ﬁnite element mesh. Such an approach must be
formulated in a way that still permits texture
update in the course of the forming simulation.
It is an important condition in that context
that crystal plasticity ﬁnite element models require
a discrete representation of the orientation distribution function at each integration point. For
relatively small numbers of grains (less than 103
crystals) the discrete mapping of the texture on the
mesh can be achieved by a one-to-one approach,
where each Gauss point in the ﬁnite element grid
is characterized by one crystallographic orientation [49–51]. This method, however, is not suitable
when meshing specimens which contain a much
large number of grains such as in a typical steel
sheet which is subjected to large scale metal forming operations.
2.2. Texture components

tion point in Euler space, g 2 G. The intensity I c
describes the volume fraction of all crystallites
belonging to the component c. The orientation
density of the component is described by a central
function, i.e. its value decreases isotropically with
~ c ¼ xðg
~ c ; gÞ from
increasing orientation distance x
the maximum. This means that f c(g) only depends
~ c ¼ xðg
~ c ; gÞ, but it is independent on the rotaon x
tion axis ~nc . The orientation distribution function
is deﬁned by
f ðgÞdg ¼ 8p2

dV g
which implies f ðgÞ P 0
V

ð2Þ

where V is the sample volume and dVg the volume
of all crystals with an orientation g within the orientation portion dg ¼ sinð/Þd/du1 du2 . Normalization requires
I
C
X
f c ðgÞdg ¼ 1 which implies
Ic ¼ 1
ð3Þ
c¼0

The texture component ﬁnite element method is
a novel approach in the context described above
[16,47,48]. It is a technique of approximating an
initial orientation distribution function in the form
of discrete sets of symmetrical spherical model
functions and in mapping these components on a
ﬁnite element mesh. Model functions for textures
have individual height and individual full width
at half maximum as a measure for the strength
and scatter of the texture component they represent. In the formulation used for this study they
have the form of central functions, i.e. their scatter
is isotropic in orientation space. The reproduction
of the orientation distribution function by such
texture components can be expressed in terms of
the superposition
f ðgÞ ¼ F þ

C
X

I c f c ðgÞ ¼

c¼1
0

0

I ¼ F ; f ðgÞ ¼ 1

C
X

As a rule texture components require positivity,
i.e.
f c ðgÞ P 0 for all g 2 G and I c > 0

where G is the orientation space.
Spherical central functions, including corresponding pole ﬁgures, can be written as series
expansions of v functions or, respectively, Legendre
polynomials. More practical approximations of
texture components have been introduced on the
basis of spherical Gauss- and Lorentz-functions.
The work presented in this study makes use of
Gauss-shaped model functions for the decomposition of the orientation distribution function which
are described by
~
f c ðgÞ ¼ N c expðS c cos xÞ

I c f c ðgÞ where

c¼0

ð4Þ

ð5Þ

where
ð1Þ

where g is the orientation, f(g) is the orientation
distribution function, and F is the volume portion
of all randomly oriented crystals (random texture
component). F may be understood as the intensity
of the only global component used in the approximation, equivalent to f c(g) = 1 for each orienta-

Sc ¼

ln 2
1  cosðbc =2Þ

and

Nc ¼

1
I 0 ðS c Þ  I 1 ðS c Þ
ð6Þ

The corresponding projection of that component in a pole ﬁgure, Ph(gc, bc, y), can be calculated
in closed analytical form according to
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P h ðgc ; bc ; yÞ ¼ N c expðS c sinðtc =2ÞÞI 0 ðS c cosðtc =2ÞÞ
ð7Þ
and
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constitutive model has an orientation dependent
form.
2.3. The crystal plasticity constitutive model

cos tc ¼ hðgc ; yÞ
c

ð8Þ

where t describes the geometry of the component
c in the respective pole ﬁgure projection and Il (x)
the generalized Bessel functions. The index h in Ph
indicates the lattice plane normal (in crystal
coordinates) lying parallel (or antiparallel) to the
scattering vector y. The scattering direction y is
usually also referred to as sample direction since
it is related to the sample coordinate system. The
value bc is the half width and can be interpreted
as the mean diameter of a spherical component
in orientation space and gc is the center orientation
of the texture component [52,53]. The complete set
of texture components which describes the underlying orientation distribution in the best way can
be determined by solving a least squares problem
of the deviation between the experimentally
observed and the recalculated pole ﬁgures.
The texture component method is well suited
for an incorporation of texture into crystal plasticity ﬁnite element models because it is based on
sets of localized spherical normalized standard
functions which are characterized by simple
parameters of physical signiﬁcance (Euler angle
triple for the main orientations, volume fractions,
full widths at half maximum). Typically only a
few texture components are required to describe
the orientation distribution function which in turn
can represent the texture of any grain assembly
whatever size it may have. The input textures can
be obtained from any experimental or theoretical
source.
The texture component method was originally
introduced by Lücke et al. [52] and later improved
by Helming [53]. The basic idea of using texture
components, however, goes back to the early texture studies where experimental and predicted pole
ﬁgures were mostly interpreted in terms of the evolution and physical signiﬁcance of discrete texture
components [17].
In Section 2.4 we will show how the texture
components can be decomposed and mapped on
a ﬁnite element grid in cases where the underlying

In this study we use the constitutive crystal plasticity model suggested by Kalidindi et al. [43]. In
this formulation one assumes the stress response
at each continuum point to be potentially given
by one crystal or by a volume-averaged response
of a set of grains comprising the respective material
portion. The latter assumption can be formulated
as a local strain-rate homogenization assumption.
In case of a multi-grain description the volume
averaged stress amounts to
hTi ¼

N
X
ðwk Tk Þ

ð9Þ

k¼1

where N is the total number of individual orientations mapped onto an integration point using the
Taylor assumption, wk the volume fraction of each
single orientation extracted from a texture component as described above, Tk the Cauchy stress produced by the kth individual orientation, and hTi
the volume average stress produced by all orientations mapped at the integration point. The constitutive equation for the stress in each grain is then
expressed in terms of
T ¼ CE

ð10Þ

where C is the fourth-order elastic tensor and E*
an elastic strain measure,
1
E ¼ ðFT F  1Þ
ð11Þ
2
obtained by the polar decomposition of the deformation gradient,
F ¼ FFp

ð12Þ
p

with det(F*) > 0 and det(F ) = 1. While the former
constraint for the determinant of the elastic part of
the deformation gradient, det(F*) > 0, means that
elastic volume changes are admissible the latter
constraint on the determinant det(Fp) refers to
the reasonable assumption of plastic incompressibility.
The stress measure is the elastic work conjugate
to the strain measure E*,
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T ¼ F1 ðdetðF ÞTÞðF ÞT

ð13Þ

where T is the symmetric Cauchy stress tensor in
the grain, and F* is a local elastic deformation gradient deﬁned in terms of the local total deformation gradient F and the local plastic deformation
gradient Fp. The plastic deformation gradient is
given by the ﬂow rule
p
F_ ¼ Lp Fp

ð14Þ

with the velocity gradient
Lp ¼

N
X

bk  ^
nk
c_ k mk ; mk ¼ ^

ð15Þ

k¼1

where mk are the kth dyadic slip products of unit
vectors ^
bk in the slip direction and ^
nk normal to
the slip plane, and c_ k the shear rates on these systems. The speciﬁc constitutive functions for the
plastic shearing rates c_ k on the slip systems are
taken as

1
 sk  m

 sgnðsk Þ
ð16Þ
c_ k ¼ c_ o 
sk;crit 
where sk is the resolved shear stress for the slip system k, and sk,crit is the actual critical shear stress
on the kth slip system. c_ 0 is a reference value
of the slip rate and m represents the strain rate
sensitivity parameter. The calculation of sk,crit is
obtained by accounting for latent hardening
through the use of an appropriate hardening matrix where the evolution of the slip system resistance during deformation can be taken as
X
sk;crit ¼
hki j_ci j; hki ¼ qki hðiÞ ;
i



hðiÞ ¼ h0 1 

si
ss

a
ð17Þ

where hki is the rate of strain hardening on the kth
slip system due to the shear rate, c_ i , on the ith slip
system, qki are the components of a matrix which
describes the latent hardening behavior of the crystal, and h(i) is the hardening rate of the single slip
system i. The hardening rate can be ﬁtted by using
ss as a saturation parameter, and h0 and a as
adjustable parameters [54]. The values of h0, a,
and ss are taken to be identical for all slip systems.
The matrix hki assumes the form

2

3

A

qA

qA

qA

6 qA
6
hki ¼ 6
4 qA

A
qA

qA
A

qA 7
7
7
qA 5

qA

qA

qA

A

ð18Þ

where q is the ratio of the latent hardening rate to
the self-hardening rate, and A is a 3 · 3 matrix
populated by ones.
In the present study, 24 slip systems with crystallographic h1 1 0i slip directions and {1 1 1} as
well as {1 1 2} slip planes are taken into account
for room temperature simulations of ferritic, i.e.
body-centered-cubic steels.
2.4. Using texture components in a crystal plasticity
ﬁnite element simulation
The main task of the new concept is to represent sets of spherical Gaussian texture components on the integration points of a ﬁnite
element mesh for a crystal plasticity simulation.
This procedure works in two steps, Fig. 1. First,
the discrete preferred orientation gc (center orientation, mean orientation) is extracted from each
of the texture components and assigned in terms
of its respective Euler triple (u1, /, u2), i.e. in
the form of a single rotation matrix, onto each
integration point. This step corresponds to the
creation of a perfect single crystal. In the second
step, these discrete orientations are re-oriented in
such a fashion that their resulting overall distribution reproduces the texture function which was
originally prescribed in the form of a Gaussian
texture component. In other words the orientation scatter described initially by a texture component function is in the ﬁnite element mesh
represented by a systematically re-oriented set of
orientations, each assigned to one integration
point, which reproduces the original spherical
scatter prescribed by that component.
This means that the scatter which was originally
only given in orientation space is now represented
by a distribution both, in real space and in orientation space, i.e. the initial spherical distribution
is transformed into a spherical and lateral distribution. The described allocation and re-orientation
procedure is formulated as a weighted sampling
Monte Carlo integration scheme in Euler space.
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Fig. 1. Schematical presentation of the two steps required for mapping a texture component on the integration points: (a) in the ﬁrst
step the preferred orientation gc (center orientation) of each texture component is assigned onto each integration point and (b) in the
second step the orientations are re-oriented in such a way that their distribution reproduces the texture function which was originally
prescribed in the form of a Gaussian texture component.

It is an important detail that the use of the Taylor assumption locally allows one to map more
than one preferred crystallographic orientation
on each integration point and to assign to each
of them an individual volume fraction. This means
that the procedure of mapping and rotating single
orientations in accord with the initial texture component scatter width is individually conducted for
all prescribed components as well as for the random background extracted from initial experimental or theoretical data.
After decomposing and representing the initial
texture components as a lateral and spherical single orientation distribution in the mesh, the texture
component concept is no longer required in the further procedure. This is due to the fact that during
the subsequent crystal plasticity ﬁnite element simulation each individual orientation originally pertaining to one of the texture components which
were initially mapped on the ﬁnite element mesh
can undergo an individual orientation change as
in the conventional crystal plasticity methods. This
means that the texture component method loses its
signiﬁcance during the simulation. In order to
avoid confusion one should, therefore, underline
that the texture component method is used to feed
textures into ﬁnite element simulations on a strict
physical and quantitative basis. The components
as such, however, are in their original form as
compact functions not tracked during the simulation, but only the individual orientation fractions
which compose them. It must also be noted that
the orientation points which were originally obtained from the components do not represent indi-

vidual grains but portions of an orientation distribution function.

3. Set-up of the ﬁnite element model and
simulation details
3.1. Finite element model
The ﬁnite element calculations were conducted
by using MSC/Marc in conjunction with the user
deﬁned material subroutine HYPELA2 [55]. An
implicit crystal plasticity procedure developed by
Kalidindi et al. [43] was implemented and used
for the time integration of the constitutive equations. Hardening of the ferritic low carbon bodycentered-cubic steel was described in terms of a
set of adjustable parameters, i.e. c_ 0 ¼ 0.001 s1
was used as reference value for the slip rate. The
strain rate sensitivity parameter m was taken as
0.05. As hardening matrix parameters we used
qab = 1.0 for coplanar slip systems and qab = 1.4
for non-coplanar systems. The components of
the elasticity tensor (pure single crystalline Fe)
were taken as C11 = 230.1 GPa, C12 = 134.6 GPa,
and C44 = 116.6 GPa. The values of the slip system
hardening parameters h0, a, and ss, and the initial
value of the slip resistance s0 were taken to be
h0 = 180 MPa, ss = 148 MPa, a = 2.25, and s0 =
16 MPa. The potential slip system families are
the 12 {1 1 1}h1 1 1i and the 12 {1 1 2}h1 1 1i
systems.
Fig. 2a shows the geometry of the tools used in
the simulation. Due to the orthotropic sample
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Fig. 2. (a) Finite element model showing the geometry of the tools in units of mm and (b) mesh conﬁguration.

symmetry of the deformation problem, only a
quarter of the blank was modeled. A set of 1584
eight-node brick elements was used to discretize
the sample. Fig. 2b shows the mesh conﬁguration
of the specimen. The Coulomb friction coeﬃcient
was assumed to be l = 0.1 between the punch
and the blank. With these parameters each simulation run required about 4–8 h of CPU time on a
UNIX single processor workstation.
3.2. Investigated texture components and random
texture
The texture components which typically occur
with notable volume fractions in rolled and
subsequently heat treated body centered cubic steel
sheets [22,23] are the {0 0 1}h1 1 0i or 45 about the
normal rotated cube component (u1 = 0, / = 0,
u2 = 45), the (1 1 1)[1 
1 0] component (u1 = 0,
/ = 54.7, u2 = 45), and the (1 1 1)[1 1 
2] component (u1 = 90, / = 54.7, u2 = 45). While the
{1 1 1} hu v wi texture components are the two most
relevant orientations emerging during primary
recrystallization the (0 0 1)[1 1 0] component is
inherited from rolling owing to pronounced recovery [55,57]. Another important texture component
often resulting from recrystallization is the u1 =
15, / = 45, u2 = 50 ( (5 5 7)[5 8 3]) orientation
which is about 10 oﬀ the {1 1 1}hu v wi ﬁber
[22,23] (all Euler triples are given in Bunge notation [57].)
The texture component crystal plasticity ﬁnite
element simulations in this study are conducted
by using combinations of the texture components

given above (with 7 and with 15 full width at half
maximum) with a random background component, Table 1. The incorporation of the random
portion of the starting texture in the form of a
pseudo-component may be important [16,48]
because random starting textures do, as a rule,
not necessarily remain random during forming.
As any other orientation, randomly distributed
orientations may gradually reorient during the
forming process and enhance or smoothen anisotropy as a result of texture evolution. Although the
contribution of the random pseudo-component is
of course an isotropic one in the beginning of
deformation it may evolve into an anisotropic
one during deformation.
The random background texture component is
in principle assigned to the integration points in
the same way as the regular ideal texture components. This means that in the current study each
integration point is described by one rotation matrix which is selected randomly from the set of
spherical orientation component functions (typical
texture components) and a second rotation matrix
which is generated as a random orientation. Like
the prescribed ideal texture components, the random texture component does cease to exist as a
component in the further simulation procedure
[47]. This is due to the fact that during the subsequent crystal plasticity ﬁnite element simulation
each individual pair of orientations, originally pertaining to one of the texture components and to
the random component, can undergo an individual
orientation change as in the conventional crystal
plasticity methods [40–43].
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Table 1
Texture components and orientation scatter used as starting conditions in the simulations
Ideal texture component

Random texture component

u1 []

/ []

u2 []

Scatter width []

Volume fraction [%]

Orientation

Volume fraction [%]

0
90
15
0

54.7
54.7
45
0

45
45
50
45

7
7
7
7

80
80
80
80

Random
Random
Random
Random

20
20
20
20

and
and
and
and

15
15
15
15

Owing to the orthorhombic sample symmetry
each of the single orientations has in the starting
texture to be balanced by three additional symmetrically equivalent orientations in order to correctly
reproduce the response of the material in the crystal
plasticity ﬁnite element calculations. Consequently,
each of the symmetrical variants was assigned one
quarter of the volume of the original component,
i.e. 20 vol.% of the total volume at one integration
point. The remaining 20 vol.% is occupied by the
randomly selected orientation. This initial symmetry operation is required since the starting data
which are typically taken from experimental Xray data do not allow one to diﬀerentiate between
the diﬀerent symmetrical variants of a texture component owing to FriedelÕs law and to the symmetry
group of the sample coordinate system.

the 6 ears do not reach the same height, as predicted by homogenization theory, may be attributed to the eﬀect of texture evolution occurring
during forming. This observation suggests that
both, the incorporation of a random background
component and the use of a crystal plasticity
method allowing for texture update, are necessary
ingredients in such simulations.

4. Results and discussion
4.1. Simulations
Fig. 3 shows the simulated ear proﬁles for the
four individual texture components together with
the random component for diﬀerent scatter
widths. Cup drawing of the two {1 1 1}hu v wi
texture components (u1 = 0, / = 54.7, u2 = 45
and u1 = 90, / = 54.7, u2 = 45, respectively)
leads in either case to a six-ear proﬁle. This type
of shape is principally in accordance with earlier
studies. It can be explained in terms of the corresponding symmetry of the Schmid tensors of the
{1 1 1}hu v wi texture components. While a speciﬁc
{1 1 1}hu v wi orientation has a threefold symmetry
at the beginning of loading (see schematical drawing in Fig. 4a) the addition of the other three symmetrical equivalent orientations results in an
altogether sixfold symmetry, Fig. 4b. The fact that

Fig. 3. Ear proﬁles of individual texture components with: (a)
scatter width 7 and (b) scatter width 15.
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The course of the ear proﬁles (for both scatter
widths) of the (1 1 1)[1 
1 0] component (u1 = 0,
/ = 54.7, u2 = 45) shows a mirror symmetrical
shape relative to 45 to those of the (1 1 1)[1 1 2]
component (u1 = 90, / = 54.7, u2 = 45), Fig.
3a and b. This symmetry can be explained in terms
of some simple considerations about those h1 1 1i
slip directions which predominantly determine
the deformation of {1 1 1}hu v wi texture components in body centered steel sheets, Fig. 4a: The

two texture components (1 1 1)[1 1 0] and (1 1 1)
[1 1 2] have a 30 rotation relationship among each
other when rotated about their common [1 1 1] normal direction. Each of the two texture components
has three dominant active slip directions as indicated by the projected arrows in the top row of
Fig. 4b. The initial symmetry operations explained
above, which add to each orientation at an integration point three symmetrical equivalents (in
the case of orthorhombic sample symmetry),

Fig. 4. Schematical diagram with some important symmetries: (a) of projected h1 1 1i slip directions which are relevant for earing and
cup drawing of body centered cubic materials and (b) the slip arrows are projected into the rolling plane assuming a top view position.
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contributes three more dominant active slip directions to each Gauss point (see dotted gray arrow
projections in the upper row of Fig. 4b). The
resulting conﬁguration for the two {1 1 1}hu v wi
texture components then reveals a 45 symmetry
relationship as indicated by the sketch in the
bottom row of Fig. 4b. This symmetry eﬀect
induced by the predominant h1 1 1i slip directions
is actually visible in Fig. 3a and b.
In the six ear proﬁles of the two {1 1 1}hu v wi
texture components not all ears have the same
height, i.e. two sets of three (symmetrically similar)
ears diﬀer from each other both in terms of height

231

and shape. Figs. 3b, 5a and b reveal that this eﬀect
is smoothened when the scatter width (full width at
half maximum) of the initial texture components is
increased from 7 (Fig. 3a) to 15 (Fig. 3b). The
texture component u1 = 15, / = 45, u2 = 50
leads to eight ears. Figs. 3a and 5c show that
two sets of ears exist with diﬀerent height and
shape. The rotated cube component, u1 = 0,
/ = 0, u2 = 45, (0 0 1)[1 1 0], reveals only four
huge ears along the rim of the drawn cup. Fig.
5d shows that an increase in the initial orientation
scatter for the texture component, results also in
an increase of the ear height.

Fig. 5. Inﬂuence of the spherical scatter width of the texture components on the resulting ear proﬁles: (a) u1 = 0, / = 54.7, u2 = 45,
(1 1 1)[1 
1 0]; (b) u1 = 90, / = 54.7, u2 = 45, (1 1 1)[1 1 2], (c) u1 = 15, / = 45, u2 = 50, (5 5 7)[5 8 3] and (d) u1 = 0, / = 0,
u2 = 45, (0 0 1)[1 1 0].
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The presented ear proﬁles of the four individual
texture components suggest that they essentially
reproduce the symmetry of the crystallography of
the center orientation relative to the sheet and
forming symmetry.
According to the rim shapes characteristic
diﬀerences occur in ear height for the various starting textures. The u1 = 0, / = 0, u2 = 45 component clearly shows a maximum variation in the ear
height along the cup rim. This means that this texture component is very detrimental with respect to
the in-plane isotropy of formed steels. Owing to
its large impact on the overall shape anisotropy
and its fourfold symmetry its eﬀect on the yield
anisotropy cannot be easily compensated. Such
compensation, which is for instance exploited in
the ﬁeld of aluminum forming [16], would require
texture components with a shape anisotropy
which is inverse to that of the u1 = 0, / = 0,
u2 = 45 component. However, such orientations
do not exist in typcial textures of rolled and annealed steel sheets [18–23]. The conclusion from
that is that the u1 = 0, / = 0, u2 = 45 texture
component must be avoided in sheet steels
which are subject to subsequent cup drawing
operations.
The ear proﬁle generated by the u1 = 0,
/ = 54.7, u2 = 45 and u1 = 90, / = 54.7, u2 =
45 texture components is much smoother when
compared to that of the 45 rotated cube orientation. Furthermore, the occurrence of the two texture components with the same volume fraction
together in one sheet leads to a perfect isotropic
shape owing to their 30 h1 1 1i rotational or
respectively 45 mirror equivalence, i.e. the planar
anisotropy would be zero for such a case.
4.2. Recommendations with respect to texture
design of body-centered-cubic steel sheets
It is well known that recrystallization in bodycentered-cubic steel sheets is not homogeneous
but highly orientation dependent [17–23,55–58].
Both, the kinetics and the resulting grain morphology considerably depend on the deformation texture. This is in particular true for the strongest or
second-strongest cold rolling texture component
{0 0 1}h1 1 0i (u1 = 0, / = 0, u2 = 45) [55,57].

Recrystallization in such grains can be delayed in
case of a small and even suppressed in case of a
larger grain size [55,57,59,60]. Also, the presence
of small precipitations on the grain boundaries
can play an important role in that context. This allows for strong recovery of grains with a
{0 0 1}h1 1 0i orientation in sheet steels. Even at
the ﬁnal stage of recrystallization {0 0 1}h1 1 0i
oriented crystals do often not reveal a suﬃcient
number of recrystallization nuclei inside their
grain borders. More typically recrystallization in
{0 0 1}h1 1 0i oriented grains occurs by newly
formed crystals entering from neighboring grains.
This substantial reluctance of {0 0 1}h1 1 0i oriented crystals against recrystallization is often enhanced by the fact that certain amounts of this
texture component are inherited from the ﬁnal
hot rolling steps due to (planned or unplanned)
insuﬃcient austenitization. In sum it is, therefore,
sensible to avoid the occurrence of this texture
component in annealed body-centered-cubic steel
sheets. The opposite is true for the {1 1 1}hu v wi
texture ﬁber. The recrystallization behavior of
these grains has been the subject of a number of
thorough studies in the past [17–23]. Owing to
the predicted ear proﬁles discussed above an
optimum shape isotropy can be achieved by a
one-to-one mixture of the two main texture components (1 1 1)[1 1 0] and (1 1 1)[1 1 2].

5. Conclusions
We used a texture component crystal plasticity
ﬁnite element method to investigate the eﬀect of
texture on the earing behavior in body-centeredcubic steel sheets. The conclusions are:
1. The ear proﬁles depend strongly on the respective texture component: The two {1 1 1}hu v wi
texture components (u1 = 0, / = 54.7, u2 =
45 and u1 = 90, / = 54.7, u2 = 45) lead
to six ears. The texture component u1 = 15,
/ = 45, u2 = 50 leads to eight ears. The presence of the rotated cube component, u1 = 0,
/ = 0, u2 = 45, leads to four huge ears.
2. An increase in the number of ears entails a drop
in the ear height.
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3. An increase in the orientation scatter of the texture component before deformation does not
generally lead to a drop in the resulting shape
anisotropy.
4. Owing to its large in-plane anisotropy the
rotated cube component (which may result
from pronounced recovery) should be avoided
as a main texture component in body-centeredcubic steel sheets.
5. In principal the incorporation of a random texture component prior to mechanical loading is
useful in order to properly account for anisotropy which arises from texture evolution eﬀects
during forming. In the present case, however,
texture evolution of that random component
seems to be of minor importance for the ﬁnal
earing proﬁle.
6. The texture component ﬁnite element method
can be used as an engineering numerical laboratory which helps the user to decide which forming situations require the direct incorporation
of texture including texture update and which
do not. Also, it can be used to derive phenomenological constitutive data as input parameters for
instance for yield surface simulations. We
assume that future commercial applications of
anisotropy theory in conjunction with industryscale forming and tool design simulations will
make increasingly use of the texture component
crystal plasticity ﬁnite element method owing
to its physically-based foundations and the
ever-decreasing costs associated with CPU time.
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Formability of Metallic Materials, Springer-Verlag, Berlin,
Heidelberg, 2000.
[30] H.J. Bunge, Krist. Tech. 5 (1970) 145.
[31] A. Van Bael, P. Von Houtte, E. Aernoudt, F.R. Hall, I.
Pillinger, P. Hartley, C.E.N. Sturgess, Text. Microstruct.
14–18 (1991) 1007.

234

D. Raabe et al. / Computational Materials Science 34 (2005) 221–234

[32] P. Van Houtte, A. Van Bael, J. Winters, E. Aernoudt, F.R.
Hall, N. Wang, I. Pillinger, P. Hartley, C.E.N. Sturgess, in:
S.I. Andersen, J.B. Bilde-Sorensen, N. Hansen, D. Jul
Jensen, T. Leﬀers, H. Liholt, T. Lorentzen, O.B. Pedersen,
B. Ralph (Eds.), Proceedings of the 13th RISO International
Symposium on Metallurgy and Materials Science: Modeling
of Plastic Deformation and ItÕs Engineering Applications,
Riso National Laboratory, Roskilde, 1992, p. 161.
[33] S. Li, E. Hoferlin, A. Van Bael, P. Van Houtte, Adv. Eng.
Mater. 3 (2001) 990.
[34] S. Li, E. Hoferlin, A. Van Bael, P. Van Houtte, C.
Teodosiu, Int. J. Plast. 19 (2003) 647.
[35] D. Raabe, P. Klose, B. Engl, K.P. Imlau, F. Friedel, F.
Roters, Adv. Eng. Mater. 4 (2002) 169.
[36] B. Beckers, P. Pomana, G. Gottstein, P. Klimanek, M.
Seefeld, Simulationstechniken in der Materialwissenschaft,
Freiburger Forschungshefte, vol. 295, 1999, Technical
Universität Freiburg, p. 209.
[37] B. Beckers, G. Pomana, G. Gottstein, in: A.S. Khan (Ed.),
Proceedings of Conference on Constitutive and Damage
Modeling of Inelastic Deformation and Phase Transformations, Neat Press, Fulton; MD, 1998, p. 305.
[38] S. Li, Y. Zhang, G. Gottstein, ISIJ Int. 39 (1999) 501.
[39] D. Pierce, R.J. Asaro, A. Needleman, Acta Metall. 30
(1982) 1087.
[40] R.J. Asaro, Adv. Appl. Mech 23 (1983) 1.
[41] D. Pierce, R.J. Asaro, A. Needleman, Acta Metall. 31
(1983) 1951.
[42] A. Needleman, R.J. Asaro, Acta Metall. 33 (1985) 923.
[43] S.R. Kalidindi, C.A. Bronkhorst, L. Anand, J. Mech.
Phys. Solids 40 (1992) 537.

[44] K.K. Mathur, P.R. Dawson, Int. J. Plast. 5 (1989) 67.
[45] R.E. Smelser, R. Becker, ABAQUS UserÕs Group Conference Proceedings, Oxford 1999, p. 457.
[46] A.J. Beaudoin, P.R. Dawson, K.K. Mathur, U.F. Kocks,
D.A. Korzekwa, Comput. Methods Appl. Mech. Eng.
117 (1994) 49.
[47] D. Raabe, F. Roters, Int. J. Plast. 20 (2004) 339.
[48] D. Raabe, Z. Zhao, F. Roters, Scr. Mater. 50 (2004)
1085.
[49] E. Nakamachi, C.L. Xie, M. Harimoto, Int. J. Mech. Sci.
43 (2001) 631.
[50] C.L. Xie, E. Nakamachi, Mater. Des. 23 (2002) 59.
[51] D. Raabe, M. Sachtleber, Z. Zhao, F. Roters, S. Zaeﬀerer,
Acta Mater. 49 (2001) 3433.
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