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Simulation of earing of a 17% Cr stainless steel
considering texture gradients
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bstract

A texture component crystal plasticity finite element method (TCCP-FEM) is used for the simulation of cup drawing of a ferritic stainless steel

heet (X6Cr17, AISI 430, EN 1.4016). The simulation includes the through-thickness texture gradient of the starting hot band. It predicts the
evelopment of the orientation distribution and the earing profile during cup forming considering 48 slip systems (12{1 1̄ 0}〈1 1 1〉, 12{1 1 2̄}〈1 1 1〉,
4{123̄}〈1 1 1〉). The earing profiles are compared to FE results obtained by use of a Hill 48 yield surface and to experimental data.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ferritic steels with about 17% Cr (X6Cr17, AISI 430, EN
.4016) are of interest since they are one of the most widely
sed engineering stainless materials and offer an attractive alter-
ative to the more expensive austenitic stainless steel grades.
wing to their complex microstructure and pronounced texture

nheritance [1–3] the optimization and prediction of the forming
roperties of ferritic stainless steels is a field of intense research.

Most of the forming problems associated with these steels
esult from their crystallographic texture: ferritic stainless steels
re used in polycrystalline form where each grain has a dif-
erent crystallographic orientation, shape, and volume fraction.
he discrete nature of crystallographic slip along certain lattice
irections on preferred crystallographic planes together with the
ccurrence of pronounced inherited hot band textures lead to a
trong elastic–plastic anisotropy of such sheets during forming.

One important goal of polycrystal research is to predict and
nderstand the evolution of texture-induced anisotropy during

orming operations. This applies in particular to cases where the
exture reveals a strong inhomogeneity through the sheet thick-
ess. In this context body-centered-cubic (bcc) X6Cr17 stainless
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teels are a challenging example since they typically inherit
rom the preceding casting and hot rolling processes very pro-
ounced texture gradients [1–18]. Such inhomogeneous textures
ay later play a key role in the forming simulation.
The current study is concerned with an improved predic-

ion of earing during cup drawing of a ferritic X6Cr17 stainless
teels sheet with a strongly graded hot band texture. The study is
onducted using the texture component crystal plasticity finite
lement method (TCCP-FEM) [19–27] in conjunction with 48
lip systems. The hot band material has been chosen as an
xtreme example for the occurrence of through-thickness texture
radients [2,3,9,10]. It is characterized by strong rolling texture
omponents in the center and pronounced shear and recrystal-
ization texture components in the two surface regions of the
heet (bottom and top).

The texture component crystal plasticity finite element
ethod works by using spherical orientation components for

he texture approximation instead of yield surface approxima-
ions. More details on this approach are given below and in
efs. [19–27]. The measured texture of the as hot-rolled ferritic

teel sheet (X6Cr17), which is at first fitted by using the texture
omponent method, is incorporated as starting texture into the

rystal plasticity FE-calculations. This approach considers tex-
ure update during the forming simulation. The resulting earing
rofiles are compared with results obtained by use of a Hill 48
ield surface FE calculation and with experimental results. As

mailto:d.raabe@mpie.de
dx.doi.org/10.1016/j.msea.2007.11.063
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he texture component crystal plasticity finite element method is
ased on crystallographic slip it not only accounts for the initial
lastic–plastic anisotropy, but also for its gradual change during
orming because of texture evolution. In contrast, yield surface
ased simulations are in general not updating the texture during
orming, i.e. the gradual evolution of anisotropy during forming
s not accounted for in a generic fashion.

. The texture component crystal plasticity FE-method
TCCP-FEM)

The main idea of the texture component crystal plastic-
ty finite element concept [22,24] is to map a texture, which
s approximated by spherical Gaussian texture components
28–31], in the form of discrete orientation sets on the integra-
ion points of a finite element mesh for subsequently conducting
conventional crystal plasticity FE simulation. This procedure
orks in two steps: first, for each texture component that was
tted from experimental data, its discrete center orientation

s assigned in terms of its respective Euler angle triple (�1,
and �2, Bunge notation) and its weight (volume fraction)

nto each integration point of the FE mesh. In the second step,
his discrete central orientation of each of the mapped Gauss dis-
ributions is systematically on all integration points re-oriented
n such a way that the resulting distribution reproduces the tex-
ure function which was originally prescribed. This means that
he scatter of the orientation function has been distributed over
he entire mesh. All orientations, which were created by small
otations from the original center orientation, reproduce the pre-
cribed orientation function with the prescribed scatter width.
his procedure is repeated for each texture component. This
eans that one integration point of the FE mesh holds one dis-

rete slightly misoriented orientation matrix, weighted by its
olume fraction, that belongs to one of the texture components
hich were decomposed in that way. The random texture com-
onent is treated in the same way, i.e. one randomly selected
rientation is placed with its proper volume weight on each of the
ntegration points. Each integration point is then, together with
ne mapped orientation for each texture component, character-
zed by an additional randomly chosen orientation, so that the
verall distribution of these latter orientations reproduces a ran-
om texture component. All orientations on the same integration
oint are treated using the Taylor homogenization assumption.

After this mapping procedure the texture simulation is con-
ucted in the form of a conventional crystal plasticity finite
lement model following the viscoplastic approach of Kalidindi
t al. [32]. The details of the texture component crystal plasticity
nite element approach are given in Refs. [19–27].

f (σ) =
√

(F (σ22 − σ33)2 + G(σ33 − σ11
. Using a yield surface formulation in a FE-simulation

Different concepts can be used to introduce texture-related
heet anisotropy into finite element models for the simulation of

y
f
w
t
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heet forming processes. The incorporation of the initial material
nisotropy that exists before the sheet deformation into a finite
lement constitutive model can be realized either through an
nisotropic yield surface function or directly via crystallographic
exture models. Typical examples of anisotropic yield surface
ormulations are the equations of Hill from 1948 [33] and 1979
34], Hosford and Seventh [35], Barlat [36], or Barlat and Lian
37], to name but a few important ones. These yield surface func-
ions are formulated as convex higher-order polynoms which
llow the user to map the initial anisotropy of the material under
nvestigation. The physical nature of anisotropy can be consid-
red in these concepts for instance by fitting the corresponding
olynomial coefficients with the aid of texture-based strain-rate
r self-consistent homogenization methods or with anisotropy
arameters obtained from mechanical tests. A number of groups
ave used yield surface and related polycrystal mechanics mod-
ls concepts for the prediction of deformation-induced earing
henomena [32–49].

Hill’s 1948 formulation is the most frequently used yield
unction for bcc metals. It can be regarded as an extension of the
sotropic von Mises function, which can be expressed in terms
f rectangular Cartesian stress components as

H(σ11 − σ22)2 + 2Lσ2
23 + 2Mσ2

31 + 2Nσ2
12), (1)

here the indices 1, 2 and 3 usually represent, in the case of
heet materials, the rolling, transverse and normal directions,
espectively. F, G, H, L, M and N are constants specific to the
nisotropy state of the material. The definition of these constant
s

F = 0.5

(
1

R2
22

+ 1

R2
33

− 1

R2
11

)
,

G = 0.5

(
1

R2
11

+ 1

R2
33

− 1

R2
22

)
,

H = 0.5

(
1

R2
11

+ 1

R2
22

− 1

R2
33

)
, L = 1.5(R2

23)
−1

,

M = 1.5(R2
13)

−1
, N = 1.5(R2

12)
−1

, (2)

here the parameters R11, R22, R33, R12, R13 and R23 are
nisotropic yield stress ratios, i.e. they indicate the ratios of the
easured yield stress to the reference yield stress σ0. They are

efined as follows:

R11 = σ11

σ0
, R22 = σ22

σ0
, R33 = σ33

σ0
, R12 = σ12

τ0
,

R13 = σ13

τ0
, R23 = σ23

τ0
. (3)

In corresponding FE formulations one has to specify up to six
f these values. In cases of general planar anisotropy only four

ield stress ratios need to be specified. These can be calculated
rom the r-values which were measured under 0◦, 45◦ and 90◦
ith respect to the rolling direction of the sheet. The r-value is

he ratio of the strain components ε33 and ε22, which is usually
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Table 1
Nominal chemical composition of the ferritic stainless steel X6Cr17 in wt.%

Fe Balance
Cr 17
C <0.08
Si <1
Mn <1
P
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this purpose the experimentally obtained flow data of the ferritic
stainless steel X6Cr17, which was implemented in MSC Marc
in terms of true stress and true strain (Fig. 2).

Table 2
Mechanical and anisotropy properties of the ferritic stainless steel X6Cr17

Angle from RD (◦) Rp 0.2% (MPa) Rm (MPa) Ag (%) A (%) r

0 328.5 514.8 15.7 23.8 1.39
84 I. Tikhovskiy et al. / Materials Scienc

xperimentally determined at an engineering tensile strain of
0%.

The advantages of using empirical anisotropic yield surface
unctions as constitutive laws in finite element forming simula-
ions are relatively short calculation times and, for cases with
table textures, robust results. The main disadvantage of the
ield surface concept is that it does not consider that the start-
ng texture typically changes during sheet forming. This means
hat reliable anisotropy simulations should incorporate the start-
ng texture as well as the update of that texture during forming
19–25].

. Crystallographic textures of rolled body-centered
ubic metals

According to the cubic symmetry of the body-centered cubic
bcc) crystal lattice and the orthorhombic sample system which
s set up by the rolling direction (RD), normal direction (ND),
nd transverse direction (TD) of the sample, textures of rolled
cc polycrystals are typically presented in the reduced Euler
pace where an orientation is given by the three Euler angles
1, � and �2, (0◦ ≤ �1, �, �2 ≤ 90◦). We use the Bunge nota-

ion for the Euler angles throughout this article [50]. Crystal
rientations can also be conventionally described by the use of
iller indices {h k l}〈u v w〉. In this concept the triple {h k l}

escribes the crystallographic plane parallel to the sheet sur-
ace whereas 〈u v w〉 indicated the crystal direction parallel to
D.

Important texture components for bcc steels are located on the
bcc-fiber (fiber axis 〈1 1 0〉 parallel to the rolling direction, RD,

ncluding major components {0 0 1}〈1 1 0〉, {1 1 2}〈1 1 0〉, and
1 1 1}〈1 1 0〉), �-fiber (fiber axis 〈1 1 1〉 parallel to the normal
irection, ND, including major components {1 1 1}〈1 1 0〉 and
1 1 1}〈1 1 2〉), �-fiber (fiber axis 〈0 0 1〉 parallel to RD includ-
ng major components {0 0 1}〈1 0 0〉 and {0 1 1}〈1 0 0〉), �-fiber
fiber axis 〈0 1 1〉 parallel to ND including major components
0 1 1}〈1 0 0〉, {0 1 1}〈2 1 1〉, {0 1 1}〈1 1 1〉, and {0 1 1}〈0 1 1〉),
-fiber (fiber axis 〈0 1 1〉 parallel to the transverse direction,
D, including major components {0 0 1}〈1 1 0〉, {1 1 2}〈1 1 1〉,
1 1 1}〈1 1 2〉, and {0 1 1}〈1 0 0〉), and �-fiber (fiber axis 〈0 0 1〉
arallel to ND including major components {0 0 1}〈1 0 0〉 and
0 0 1}〈1 1 0〉) [2,3,18].

. Experimental procedure and simulation details

.1. Material behavior

The study was conducted on a ferritic stainless low carbon
teel X6Cr17 (AISI 430, 1.4016) with a hot band thickness of
.0 mm. The chemical composition is given in Table 1. Since
extures of rolled ferritic steels often vary through the thickness
1–12], the crystallographic texture of the starting sheet was
nvestigated in two different through-thickness layers, described

y s = 0.8 and 0.0. The parameter s is defined by the spacing
etween the inspected layer and the sheet center layer (counting
ositive from the center layer) divided by the half thickness.
= 0.8 indicates a subsurface layer and s = 0.0 indicates the

4
9

R
s

<0.40
<0.015

enter layer. The near surface and the center layers are particu-
arly relevant for the texture analysis since they typically form
he strongest shear textures (s = 0.8) and plane–strain textures
s = 0.0) during hot rolling, respectively.

In order to remove a surface layer of 10–15 	m, that is to
et rid of disturbing grinding effects before the texture mea-
urements, the ferritic stainless steel samples were etched in
solution of 100 ml H2O2, 10 ml HF, 5 ml HNO3 and 5 ml
Cl. All pole figures were determined by measuring the three

ncomplete pole figures {1 1 0}, {2 0 0} and {2 1 1} from an
rea of 14 mm × 14 mm in the range of the pole distance
ngle � from 5◦ to 85◦ using Cu K�1 radiation in the back
eflection mode. From the experimental pole figures, the ori-
ntation distribution function (ODF) was calculated using a
eries expansion method with an expansion degree of lmax = 22.
dditionally, the experimentally obtained textures were fitted by

he texture component method using the approach of Helming
51]

The micrographs of the ferritic stainless steel X6Cr17 in
he center (s = 0.0) and subsurface (s = 0.8) layers expose a
lightly elongated grain morphology along the rolling direc-
ion (Fig. 1). No substantial difference was found between the
rain dimensions of the inspected layers. Light microscopy
eveals an average grain size of 14.3 	m (ASTM 10). Vick-
rs hardness testing was performed using a load of 98.1 N
eading to HV10 hardness numbers. The average hardness
mounted to 157.4 ± 0.75 HV10 on the subsurface (s = 0.8) and
69.2 ± 0.87 HV10 in the center layer (s = 0.0). The mechanical
nd anisotropy properties have been determined through tensile
ests in 0◦, 45◦, and 90◦ to the rolling direction (Table 2). Three
ensile specimens were measured for each direction.

Furthermore, the following average r-values were obtained:
(0◦) = 1.387; r(45◦) = 0.817 and r(90◦) = 0.920. As in the case
f the FE-simulation of the actual forming process, we used for
5 324.5 512.9 16.2 23.1 0.82
0 293.6 491.4 16.6 24.5 0.92

D: rolling direction, Rp 0.2%: yield stress at 0.2% plastic strain, Rm: maximum
tress, Ag: strain corresponding to Rm, A: failure strain, r: Lankford coefficient.
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Fig. 1. Microstructure of the ferritic stainless steel X6Cr17 in flat se
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ig. 2. Experimentally obtained flow data of the ferritic stainless steel X6Cr17
s implemented into MSC Marc as true stress–true strain data.

.2. FE-modeling and simulation details

The finite element calculations were carried out using the
nite element solver MSC Marc in conjunction with the
ser-defined material subroutine HYPELA2 [24–27,39]. The

rystal plasticity formulation used the 48 (12{1 1̄ 0}〈1 1 1〉,
2{1 1 2̄}〈1 1 1〉, 24{1 2 3̄}〈1 1 1〉) slip systems as crystallo-
raphic degrees of freedom. The use of {1 1 0}, {1 1 2} and
1 2 3} slip planes, all of them containing the 1/2 〈1 1 1〉 Burgers

t
r
r
c

Fig. 3. (a) Geometry of the tools used in the simulation; (b) in
ctions; (a) center layer (s = 0.0); (b) subsurface layer (s = 0.8).

ector, follows corresponding classical works on single crystal
lasticity [52–54]. Earlier simulations had shown good success
n Taylor-based relaxed constraints simulations for bcc metals
nder plane strain loading when using all 48 slip systems [55,56].

The geometry of the tools used in the deep-drawing simula-
ions is shown in Fig. 3a. Fig. 3b shows the mesh configuration
f the specimen prior to loading. Due to the orthotropic sam-
le symmetry, only a quarter of the blank has to be represented
n the simulation. The angular element density increases from
he blank center to the border in order to obtain good accu-
acy along the final border of the cup. A punch stroke of 40 mm
as considered to lead to the formation of a complete cup. The
oulomb friction coefficient between the blank and the tools was
ssumed to be μ = 0.1 between the punch and the blank. Differ-
nt friction properties (μ = 0 to μ = 0.2) were checked and the
esults showed that the friction coefficient had under these con-
act conditions only little influence on the ear height. This is an
mportant aspect compared to conventional J2-based continuum
lasticity simulations which generally reveal a stronger depen-
ence on friction. It must be noted though that the influence
f friction might be significant under different boundary condi-
ions. According to the orthorhombic sample symmetry each of

he orientations has to be balanced by three additional symmet-
ically equivalent orientations in order to correctly reproduce the
esponse of the material in the crystal plasticity finite element
alculations.

itial finite element mesh of the blank with three layers.
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have to be used to approximate the experimental textures

F

ig. 4. Mapping of the through-thickness texture gradient in the FE-mesh of the
lank.

In order to consider the heterogeneity of the sample in terms
f its through-thickness texture gradient one-third of all ele-
ents, namely, those in the center layer (s = 0.0) of the FE mesh,
ere occupied with the texture components fitted from the exper-

mentally observed texture in that region of the sheet. The two
uter layers (top and bottom) were occupied with the texture
omponents which were fitted from the experimental subsurface
ayer texture (s = 0.8) (Fig. 4).

.3. Hardening parameters of the ferritic steel used in the
E-simulation

Viscoplastic hardening of the ferritic stainless steel was
escribed in terms of a set of adjustable parameters, where

˙0 = 0.001 s−1 was used as reference value for the slip rate in the
iscoplastic formulation [27]. The strain-rate sensitivity param-
ter m was fitted as 0.05. As hardening matrix parameters we
sed qαβ = 1.0 for coplanar slip and qαβ = 1.4 for non-coplanar
lip. The values of the slip system hardening parameters h0, a
nd Ss, and the initial value of the slip resistance S0 were taken to

e h0 = 180 MPa, Ss = 148 MPa, a = 2.25, and s0 = 16 MPa. The
ata were fitted to match experimental flow curves. The com-
onents of the elasticity tensor were taken as C11 = 230.1 GPa,
12 = 134.6 GPa, and C44 = 116.6 GPa.

(
w
d
fi

ig. 5. Fiber diagrams for the texture of the ferritic stainless steel X6Cr17 for two th
Engineering A 488 (2008) 482–490

.4. Measurement of the cup height profile

Measurement of the earing profile of the cup-drawn sample
as performed using a rotating holder spinning at a rate of 1.8◦
er step. After each step the sensor automatically measured the
hange in the height of the ear profile. The measured earing
rofile was taken as an average of three cup-drawn tests sampled
t various positions of the ferritic hot band sheet.

. Results and discussion

.1. Experimentally observed and fitted hot band textures

The ODFs and texture fibers of the hot band in two through-
hickness layers (s = 0.0 and 0.8) reveal that the sheet has a
trong through-thickness texture gradient (Figs. 5 and 6). The
rigin of such inhomogenous textures is discussed in Refs.
2,3,6–18].

The center layer texture shows an incomplete �-fiber with
dominating {1 1 1}〈1 1 2〉 texture component. The �-fiber is

ncomplete with a rolling component near the {0 0 1}〈1 1 0〉
rientation (Fig. 6a).

The subsurface texture of the hot band specimen is com-
rised of a more homogeneous �-fiber including the texture
omponents {1 1 1}〈1 1 0〉 and {1 1 1}〈1 1 2〉 with similar orien-
ation density (Fig. 5) and an incomplete �-fiber with a rolling
omponent near {0 0 1}〈1 1 0〉 and a maximum between the
1 1 2}〈1 1 0〉 and the {1 1 1}〈1 1 0〉 orientations (Fig. 6b).

The comparison of the recalculated {1 1 0} and {2 0 0}
ole figures obtained from the texture component method
ith those which were experimentally determined for the

enter (s = 0.0) and subsurface (s = 0.8) layers are shown in
ig. 7. Besides the random texture portion six components
Table 3). The recalculated textures show good agreement
ith the experimental pole figures although the overall pole
ensity is somewhat weaker for the recalculated {1 1 0} pole
gures.

rough-thickness layers (s = 0.0: center layer, and s = 0.8: subsurface layer).
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less st
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p
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Fig. 6. Orientation distribution functions (ODFs) of the ferritic stain

.2. Comparison of cup drawing simulations and
xperiments
The tested ferritic hot band revealed a significant through-
hickness texture gradient similar as reported in earlier
ublications [2–18]. In order to study the effect of such texture
radients on the evolution of shape anisotropy during cup form-

b
i
c
T

Fig. 7. Experimentally obtained and the recalculated pole figures: (a) a
eel X6Cr17 (a) center layer, s = 0.0 and (b) subsurface layer, s = 0.8.

ng, three different earing profile calculations were performed. In
ll three cases the texture component crystal plasticity finite ele-
ent method (TCCP-FEM) was used. The first simulation was
ased on the texture components of the center layer (s = 0.0)
n all elements. The second simulation used only the texture
omponents of the subsurface layer (s = 0.8) in all elements.
he third simulation used a simplified mapping of the through-

nd (b) subsurface layer (s = 0.8), (c) and (d) center layer (s = 0.0).
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Table 3
List of the texture components used for the model approximation

�1 (◦) � (◦) �2 (◦) B (◦) V (%)

Surface layer (s = 0.0)
Comp. 1 257.6 119.9 122.9 16.8 16.8
Comp. 2 238.9 83.1 81.6 20.1 14.4
Comp. 3 47.4 133.1 52.9 19.1 11.8
Comp. 4 137.0 62.0 32.6 15.3 10.0
Comp. 5 209.7 72.7 68.7 11.4 4.1
Comp. 6 125.5 57.2 44.0 16.5 1.0

Random – – – – 41.9

Subsurface layer (s = 0.8)
Comp. 1 262.3 96.9 20.6 20.9 24.5
Comp. 2 251.0 59.0 42.1 21.7 22.2
Comp. 3 121.7 84.6 6.2 16.0 11.4
Comp. 4 218.1 113.9 28.0 13.5 8.2
Comp. 5 155.1 45.5 42.3 13.0 7.4
Comp. 6 231.0 55.6 51.4 7.2 1.0
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1948 yield surface prediction (Fig. 8). Fig. 9a and b shows the
thickness strain and wall thickness distributions obtained after
cup drawing of the ferritic steel X6Cr17 at an angle of 0◦ to the
rolling direction. The figure compares the results obtained by
Random – – – – 25.3

1, � and �2: Bunge–Euler angles; B: scatter width; V: volume fraction.

hickness texture gradient (1/3 × s = 0.0 and 2/3 × s = 0.8). This
eans that the initial through-thickness texture gradient of the

ot band sample was realized in the following way: The texture
omponents which were fitted from the experimentally observed
exture in the center layer of the band (s = 0.0) were assigned to
he finite elements located in the sheet center of the mesh. The
exture observed in the subsurface layer (s = 0.8) was assigned
o the finite elements located in the two outer sheet layers (top
nd bottom) of the mesh (Fig. 4).

Fig. 8 shows the predicted and measured earing profiles in
erms of the relative ear height (normalized by the average

eight) in the cup-drawn ferritic sample. It can be observed that
he ear profile which was predicted by the simulation with the
exture components which were fitted only from the center layer
s = 0.0) reveals a shape with a broad maximum around 45◦.

ig. 8. Simulations and experimental data of the earing profile obtained after
up drawing of the ferritic stainless steel X6Cr17 hot band with texture gra-
ient. The figure compares results obtained by the texture component crystal
lasticity finite element simulation (TCCP-FEM) for texture components of the
enter layer (s = 0.0), subsurface layer (s = 0.8) and, for the integrated texture
ncluding the through-thickness texture gradient (1/3 × s = 0.0 and 2/3 × s = 0.8)
ith a simulation obtained by use of a Hill 1948 yield surface (fitted by using

xperimentally obtained r-values for the same sheet) with experiments.
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n the other hand, the ear profile simulated exclusively with
hose texture components which were obtained from the sub-
urface layer (s = 0.8) is characterized by a shape with a broad
inimum in the same region (45◦).
Obviously, the reason for this difference is that the texture

omponents fitted from each respective layer (Table 3) of the
erritic hot band sheet reproduced various initial textures and,
onsequently, different anisotropy (Figs. 5 and 6).

The course of the ear profile calculated by using only the
exture components of the subsurface layer s = 0.8, can be
resumably explained by the influence of the relatively weak
ntensity of the {1 1 1}〈1 1 2〉 component of the starting texture
n this layer. The high orientation distribution of {1 1 1}〈1 1 2〉
n the initial texture of the center layer s = 0.0 is responsible for
he ear shape with the strong peak at 45◦ observed for the sim-
lation which was performed by using the texture components
f this layer (Fig. 8).

The results also show that the texture component FE simula-
ion which used the gradient texture (1/3 with center layer texture
s = 0.0) and 2/3 with subsurface layer texture (s = 0.8) where 1/3
ccounts for the bottom and 1/3 for the top surface region) fits
he experimental data better than that obtained from the Hill
ig. 9. Thickness strain (a) and wall thickness (b) distributions obtained after
up drawing of the ferritic stainless steel X6Cr17 at an angle of 0◦ to the rolling
irection. The figure compares the results obtained by the texture component
nite element simulation (TCCP-FEM) to experimental data.
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Fig. 11. Relative wall thickness of the drawn cup (darker is thinner) simulated
by the texture component crystal plasticity finite element method (TCCP-FEM)
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Fig. 10. Experimentally drawn cup of the ferritic stainless steel X6Cr17.

he texture component finite element simulation (TCCP-FEM)
o experimental data. The results reveal good agreement.

Fig. 10 shows one of the samples to obtain an impression on
he absolute amount of earing. It must be underlined in this con-
ext that the Hill-based yield surface calculation is not capable
f updating the initial texture-induced anisotropy during form-
ng. Further, the Hill yield surface has a quadratic form and,
herefore, necessarily returns four ears.

The texture component crystal plasticity finite element
ethod (TCCP-FEM) which used the texture gradient in the

nitial setup yields a very good result for the position and also
or the height of the earing maximum when compared to the
xperimental data. Also it shows a good agreement with respect
o the shape of the earing curve particularly at smaller angles.
he small height offset in the earing shape between the TCCP-
EM simulation and the experiment that can be observed at the
ngular position from 60◦ up to 90◦ with respect to the rolling
irection might be due to an insufficient texture component
pproximation.

Fig. 11 shows the relative wall thickness distribution for
he drawn cup simulated by the crystal plasticity finite element

ethod using the texture components of the subsurface (s = 0.8)
ayer and center layer (s = 0.0). It can be seen that the bottom
f the cup is thinner while the upper part of its side is thicker
han the original sheet. The thickening is most pronounced in the
alley of the earing profile (e.g. in the 45◦ position with respect
o the rolling direction).

It was found that the amount of CPU time required for calcu-
ating the earing shape by using the TCCP-FE method is about
ine times longer than that required for the Hill-based simu-
ation. It is, therefore, in special cases possible to apply the
CCP-FE method also to more realistic forming simulations
n the near future. Also, it has to be considered that the use of
mpirical yield surface approximations requires a very careful
echanical characterization of the anisotropy parameters of the

tarting sheet. This time and labor, is of course, not required in
or the texture components of the initial integrated texture including the through-
hickness texture gradient of the ferritic stainless steel X6Cr17 (1/3 × s = 0.0 and
/3 × s = 0.8).

he case of crystal plasticity simulations. The texture input which
s needed instead for crystal plasticity simulations requires only
simple X-ray measurement and a corresponding texture fitting
rocedure which can even be fully automated when applied at
n industrial level.

. Conclusions

A texture component crystal plasticity FE method (TCCP-
EM) was used for the simulation of earing evolving during
up drawing of a ferritic hot band steel sheet X6Cr17. Particular
mphasis was placed on elucidating the influence of the pres-
nce of a pronounced through-thickness texture gradient prior
o forming. The main conclusions are

. Texture simulations which used a quadratic Hill 48 yield sur-
face (anisotropy parameter fitted to the mechanical data of the
initial sheet) in conjunction with a finite element simulation
yielded wrong results when compared to the experiments.
The limitations of the Hill surface were attributed to the fact
that anisotropy evolution (texture changes) during forming
are not considered in yield surface concepts and that quadratic
potential functions are generally not suited for bcc metals
which tend to form three- or six-fold symmetries owing to the
symmetry of the underlying slip dyads when {1 1 1} textures
prevail.

. Texture component crystal plasticity finite element simula-
tions which used either only the center layer texture or only
the subsurface layer texture for all elements yielded incor-

rect earing predictions. These results were attributed to the
fact that texture gradients must not be neglected in forming
simulations (at least not when they are as pronounced as in
highly alloyed ferritic stainless steels).
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90 I. Tikhovskiy et al. / Materials Scienc

. Texture component crystal plasticity finite element simula-
tions were conducted which mapped the inherited texture
gradient in terms of a center layer texture in the center of
the FE sheet mesh at s = 0.0 with an occupation of a 1/3 vol-
ume fraction and a 2/3 volume fraction on either surface with
the subsurface layer texture observed at s = 0.8 of the initial
sheet. The prediction of the earing profile was in this case
in good agreement with the experimentally obtained earing
profile.
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