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Abstract

A texture component crystal plasticity finite element method (TCCP-FEM) is used for the simulation of the deep drawing process of sheet
aluminium of the alloy AA 5754 (AlMg3, 3.3535). The method incorporates the texture of the starting material and predicts the earing behaviour
during cup drawing considering the 12 {11 1}(1 10} slip systems. The results are compared to experimental data and to yield surface simulations.
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1. Introduction

Engineering polycrystalline materials often exhibit signifi-
cant elastic—plastic anisotropy that can be attributed to the pres-
ence of crystallographic texture. In the early industrial practice
texture was long a property of polycrystals which was simply
inherited from the preceding processing steps without conduct-
ing particular anisotropy optimization. This means that textures
were known as an inevitable side-effect of materials processing
which was hard to avoid and often accepted as it was. In contrast,
modern industrial process design gradually aims at optimizing
microstructures and properties during production, i.e. its goal
consists in exploiting metallurgical mechanisms such as crystal
plasticity, recrystallization, grain growth, and phase transfor-
mation for the design of well tailored crystallographic textures
with respect to certain desired anisotropy properties of the final
product.

The most recent phase in the advancement of quantitative
texture and anisotropy engineering consists in the introduc-
tion of inverse texture simulation methods. Such approaches are
designed for the physically based tailoring of optimum textures
for final products under consideration of prescribed processing
and materials conditions on an inverse basis. This means that
variational texture optimization can nowadays be conducted in
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a way to match some desired final anisotropy and can help to
identify beneficial corresponding processing parameters. This
amounts to a tenet change in the sense that the process should
no longer determine the textures but the desired textures should
determine the process.

Plastic anisotropy during deep drawing may entail the for-
mation of uneven rims of the drawn product, usually referred
to as earing. One important consequence of that is — besides
the irregular shape of the drawn specimen — an inhomogeneous
distribution of the mechanical properties and of the wall thick-
ness due to volume conservation and the kinematically necessary
strain rate variation.

The aim of this study, therefore, lies in an improved
prediction of earing during deep drawing of sheet aluminium
alloy (AIMg3) using the texture component crystal plasticity
finite element method (TCCP-FEM) with 12 slip systems. This
method works by using spherical orientation components for
the texture approximation instead of sets of single orientations.
More details on this approach are given in the ensuing section
and in [1-10]. The measured texture of a rolled aluminium
alloy sheet, fitted by using the texture component method, was
used as the starting texture for the FE calculation. The resulting
earing profiles are compared with results obtained by use of
Hill’s 1948 yield surface as well as with experimental data. As
the texture component crystal plasticity finite element method
is based on crystal plasticity it not only accounts correctly for
the anisotropy due to the starting texture of the material, it
also includes the change of anisotropy due to texture evolution



170 L Tikhovskiy et al. / Journal of Materials Processing Technology 183 (2007) 169-175

during the forming operation. In contrast, the Hill-based yield
surface simulation does not update the texture during forming.

2. The texture component crystal plasticity finite
element method

A challenge of integrating constitutive polycrystal plasticity
laws into finite element approaches lies in identifying an efficient
method of mapping a crystallographic texture which represents
a large 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 sim-
ulation. It is an important condition in that context that crystal
plasticity finite element models require a discrete representation
of the orientation distribution function (ODF) at each integra-
tion 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 integration
point in the finite element grid is characterized by one crystallo-
graphic orientation. For large assemblies of grains this approach
does no longer work.

The main task of the texture component crystal plasticity
finite element concept is to represent sets of spherical Gaus-
sian texture components [11-14] on the integration points of
a finite element mesh for a crystal plasticity simulation. This
procedure works in two steps: first, for each texture component
selected its discrete center orientation is assigned in terms of its
respective Euler triple (¢1, @, ¢3),1.e. in the form of a single rota-
tion matrix, onto each integration point. In the second step, this
discrete central orientation of each of the mapped Gauss distri-
butions is systematically on each integration point re-oriented in
such a fashion that the resulting overall distribution reproduces
the texture function which was originally prescribed. After this
mapping procedure the texture simulation is conducted in the
form of a conventional crystal plasticity finite element model
according to the approach of Kalidindi et al. [15]. Details of the
texture component crystal plasticity finite element approach are
given in [1-10].

3. Yield surface

Various concepts exist to solve the problems of mapping
texture-related sheet anisotropy into finite element models for
sheet forming. Incorporation of the initial material anisotropy
existing before sheet deformation into the finite element codes
can be realized either through an anisotropic yield surface func-
tion or directly via crystallographic texture models.

One of the groups of the anisotropic yield surface models
comprises empirical and phenomenological anisotropic yield
surface equations, such as the equations of Hill from 1948 [16]
and 1979 [17], Hosford [18], Barlat [19], or Barlat and Lian [20],
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 form mechan-
ical tests.

Hill’s 1948 classic yield surface function is the most promi-
nent and frequently used yield function to account for plastic
anisotropy, mainly due to its simple handling in manual as well
as in numerical calculations. Hill’s 1948 potential function is
a simple extension of the isotropic von Mises function, which
can be expressed in terms of rectangular Cartesian stress com-
ponents as:

f(0) = (F(om — 033)* + G(o33 — a11)* + H(o11 — 002)?
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where 1, 2, and 3 usually represent in the case of sheet materials
the rolling direction (RD), transverse direction (TD) and normal
direction (ND), respectively. F, G, H, L, M and N are constants
obtained by material tests in different orientations. They are
defined as functions of the uniaxial yield stresses:
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where R;; are ratios of measured yield stress to the reference yield
stress. In MARC one has to specify up to six of these values.
For general planar anisotropy only four yield stress ratios are
needed, which can be calculated from the r-value for the angles
0°, 45° and 90° with respect to the rolling direction of the sheet.
The r-value is the ratio of the strain components ¢33 and &5 and
is usually experimentally determined at a technical tensile strain
of 20%.

The main advantages of empirical anisotropic yield surface
functions as constitutive laws in metal forming finite element
simulations are short calculation times and (for special cases
with stable textures) robust results. The main disadvantage lies
in the fact that the anisotropy of metals do not consider that
the inherited sheet starting textures may evolve further in the
course of sheet forming. For details of the implementation in
FEM-Programs see [21,22].

4. Presentation of texture components of face centered
cubic (FCC) metals

Owing to the cubic symmetry of the face centered cubic
crystal system and the orthorhombic sample system which is
set up by the rolling direction, normal direction, and transverse
direction of the sample, textures of rolled FCC polycrystals are
typically presented in the reduced Euler space where an orien-
tation is given by the three Euler angles ¢1, @ and ¢3, (0° < ¢y,
@, ¢2 <90°). The Bunge notation is used for the Euler angles
throughout this article [23]. Crystal orientations can also be con-
ventionally describes by the use of Miller indices {h k [} {u v w).
In this concept the triple {hk [} describes the crystallographic
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plane parallel to the sheet surface whereas (1 v w) indicates the
crystal direction parallel to RD.

Important texture components are on the af.—fiber which
comprises all orientations with a common crystallographic
fiber axis (01 1) parallel to ND including major components
{011}(100) (Goss-component, ¢;=0° ¢=45° @2=0°),
{011}(211) (brass-component, ¢;=35°, ¢=45°, ¢2=0°),
{011}(111), and {011}(011) (90° about the normal
rotated Goss-component, ¢ =90°, ¢=45°, ¢>=0°) and the
less symmetric (3-skeleton line including major components
{211}{(111) (copper-component, g1 =90°, ¢ =35°, g, =45°),
{123}(634) (S-component, ¢;=60°, ¢ =32°, g =65°), and
the brass component {011}(211) (¢1=35°, ¢p=45°, 92=0°)
[24-27].

The rolling texture in aluminium alloys is primarily com-
posed of the S orientation, {123}(634), the brass orientation,
{110}(112), and the copper orientation {112}(1 11). These
texture components promote earing essentially at 45°/135° with
respect to the rolling direction. Annealing textures which may
contain the cube orientation, {100}(00 1), and also some Goss
orientation, {110}(001), also promote pronounced earing,
namely, at the 0°/90° directions for the cube orientation and the
Goss orientation [28-36]. A useful approach, therefore, might
consist in creating a sheet material with a low ear ratio by a
suitable combination of crystals with an orientation that results
in 45°/135° ears and those that produce 0°/90° ears [28,29].

5. Experimental procedures
5.1. Material, texture and metallography

The material used in this study was aluminium alloy sheet AIMgz (AA
5754/3.3535) with an initial thickness of 1.45 mm. The chemical composition is
given in Table 1. Since the texture of aluminium alloys is often inhomogeneous
through the thickness [37-39], the crystallographic texture of the starting sheet
was investigated at the surface and in the center layers. Parameter s = a(0.5d) !
is defined to describe the actual layer position, where a is the distance between
the actual layer inspected and the sample center layer, and d the thickness of

the sheet, i.e. the surface layer is defined by s=1 and the center layer by s=0.
To remove a surface layer of 10—15 pm for texture measurements, the samples
were etched in a solution of 20 mL H,0O, 20 mL HCI, 20 mL HNO3 and 5 mL
HF at room temperature.

The textures were investigated quantitatively by measuring the three incom-
plete pole figures {111}, {200} and {220} from an area of 25 mm x 25 mm
in the range of the pole distance angle « from 5° to 85° using Cu Ka1 radiation
in the back reflection mode. From the experimental pole figures the orienta-
tion distribution function, f(g), was computed according to the method of series
expansion (/max =22) with spherical harmonic functions [40]. Additionally, the
experimentally obtained textures were fitted by the texture components method
using the approach of Helming et al. [41].

Fig. 1 shows the microstructure of the aluminium alloy AIMg3 in flat sections
in the surface (s =1.0) and center layers (s =0.0). No substantial difference was
found between the grain dimensions of the inspected layers. It must be noted,
too, that in contrast to the center layer, bigger light areas are to be observed on
the surface layer, which indicate non-recrystallized structure. Light microscopy
reveals an average grain size of 22.1 pm (ASTM 8). Vickers hardness testing was
conducted using a load of 98.0665N leading to HV10 hardness numbers. The
average hardness amounted to 85.1 & 0.62 HV10 on the surface and 83.6 £0.79
HV10 in the center layer. The mechanical and anisotropy properties were deter-
mined by tensile tests at 0°, 45°, and 90° relative to rolling direction (Table 2).

5.2. Set-up of the finite element model and simulation details

The texture component crystal plasticity finite element calculations were
conducted by using MSC/MARC in conjunction with the user defined material
subroutine HYPELA2 [5-7,42]. Due to the orthotropic sample symmetry, only
a quarter of the blank was represented in the simulations. As the aluminium
alloy AIMg3 is a material with FCC lattice structure, the 12 {111}(1 10} slip
systems were used for the simulations.

As outlined in previous simulation studies the particular advantage of the
crystal plasticity finite element approach lies in the fact that the required material
input parameters have to be fitted only once by using corresponding single crystal
flow curves or polycrystal flow curves (which have to be divided by the Taylor
factor) [6,7,43—47]. Like in those previous works 39 = 0.001 s~! was used as
reference value for the slip rate and the strain rate sensitivity parameter m is
taken as 0.02. The hardening matrix parameters are ¢*# = 1.0 for coplanar slip
and ¢*# = 1.4 for non-coplanar slip. The components of the elasticity tensor were
taken as Cq1 =106.75 GPa, C1, =60.41 GPa, and C44 =28.34 GPa. The values
of the slip system hardening parameters A, a and sg, and the initial value of
the slip resistance sy were taken to be hyp =60 MPa, ss=75MPa, a=2.25, and
so=12.5MPa.

Table 1

Nominal chemical composition of AIMg3 in weight-%

Al Mg Mn Fe Cr Cu Ti Zn Si
Base 2.6-3.6 < 0.5 <04 < 0.30 < 0.10 < 0.15 < 0.20 <04

Fig. 1. Microstructure of the aluminium alloy AIMg3 in flat sections: (a) surface layer (s=1.0); (b) center layer (s =0.0).
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Table 2
Mechanical and anisotropic properties of AIMg3

Angular offset from rolling direction (°) Yield strength in MPa

Tensile stress in MPa Elongation to fracture in %

0 157.3 2332 15.5
45 1554 223.8 18.9
90 1524 221.7 19.5

PUNCH HOLDER
V=1875mm/s Rp= 25mm
Ry= 26mm
R=5mm

——R;=26.87mm —»

(@)

Fig. 2. (a) Finite element model showing the geometry of the tools in units of millimeter. (b) Mesh configuration.

Fig. 2a shows the geometry of the tools used in the simulation. Fig. 2b
shows the mesh configuration of the specimen prior to loading. The angular
element density increases from the blank center to the border in order to obtain
good accuracy along the final border of the cup. The blank was modeled using
432 elements of type C3D8 and 80 elements of type C3D6. Fig. 2b shows
the mesh configuration of the specimen. The Coulomb friction coefficient was
assumed to be ;1 =0.2 between the punch and the blank. As also reported in
earlier works [6,7,10] changes in the friction properties between w1 =0.1 and 0.2
were systematically checked and the results showed that the friction coefficient
had under these boundary conditions a relatively small influence on the relative
ear height and on the earing shape.

5.3. Measurement of the ear profile

Measurement of the ear profile was performed with a self-built device. The
cup-drawn aluminium sample fixed to the step motor was turned about 1.8° per
step. After that the sensor automatically measured the change in the height of the
ear. The program used for controlling the step motor, for measuring the ear height
and for automatic data acquisition was written with the VEE Pro 6 (Hewlett-
Packard Company, Englewood, USA) graphical programming environment.

6. Results and discussion

It is known that for the prediction of deformation textures the
correct incorporation of the starting texture is important. The
comparison of the recalculated {111} and {200} pole figures
obtained from the texture component method with those which
were experimentally determined for the surface and center layers
are shown in Fig. 3. Besides the random texture portion seven
components have to be used to approximate the experimental
textures (Table 3). The recalculated textures show good agree-
ment with the experimental pole figures although the overall
pole density is somewhat weaker for the recalculated {111}
pole figures. The reason for this drop in the recalculated {11 1}
pole density might be that the texture component method has

limited possibilities in the uniqueness of the approximation of
minor portions of the experimental texture data.

Moreover, due to insignificant differences between the origi-
nal experimental textures at the center (s = 0.0) and surface layers
(s=1.0), the band reveals only a slight through-thickness texture
gradient (Fig. 3). Owing to this fact, the initial texture of the alu-
minium alloy sheet was assumed to be homogeneous throughout
the thickness. In this work, two earing calculations were per-
formed using texture component crystal plasticity finite element
method. In the first simulation, the texture components fitted
from the center layer (s=0.0), and in the second simulation the
texture components fitted from the surface layer (s=1.0) were
mapped in the FE-model.

Fig. 4 shows the simulated and experimentally observed
development of plastic earing in a cup-drawn aluminium alloy
sample. It can be seen that the ear profiles generated by texture
components fitted from the center layer (s =0.0) and by texture
components fitted from the surface layer (s=1.0) are almost
identical. The probable reason for it is that the texture compo-
nents fitted from each layer (Table 3) of the aluminium alloy
sheet reproduce nearly identical initial textures (Fig. 3), which
were used further in TCCP-FE calculations.

The results (Fig. 4) show that the texture component finite
element simulation fits the experimental results distinctly better
than that obtained by help of the Hill yield surface. The major
discrepancy between the Hill-based simulation and the exper-
iment is that the Hill approach does not correctly predict the
angular position of the maximum absolute earing height. The
Hill-based simulation displaces the maximum by about 45°. The
texture component method yields a good result for the position
of the earing maximum and also shows good agreement for the
shape of the earing curve particularly for small angles. The small
height offset over the entire experimental earing profile can be
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Fig. 3. The experimental and recalculated pole figure: (a and b) surface layer (s=1.0); (c and d) center layer (s=0.0).

attributed to insufficient approximation of the experimentally
observed textures by the texture component approximation. This
is evident from the fitted texture components listed in Table 3
and the corresponding comparison of the experimental and the
recalculated pole figures in Fig. 3. This problem associated with
the texture component approximation of the ODF lies in the
fact that with decreasing intensity in the pole figures or, respec-
tively, in the difference pole figures some ambiguity enters the
approximation procedure as to what texture component really
improves the texture fit. An improved decomposition method to
extract single orientations from an ODF and map those onto the
integration points of a FE mesh might render the texture fit pro-
cedure more robust and less ambiguous when it comes to small
orientation densities.

Fig. 5 shows the resulting distribution of the relative wall
thickness for the drawn cup simulated by the TCCP-FEM for
texture components of the center layer (s=0.0). Similar results
were obtained by the same simulation performed using the tex-
ture components of the surface layer as starting texture. As
the texture component crystal plasticity finite element method
uses volume elements for the FE simulation, the calculations

Table 3
Texture components used for the model approximation

1 -+ FEM (texture components of the surface layer)

27 -0~ FEM (texture components of the center layer)

-4 FEM (Hill 48 empirical yield surface)

-o- Experiment

25 T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Absolute earing hight [mm]

Angle to rolling direction (RD) [°]

Fig. 4. Simulations and experiment of earing during cup drawing of aluminium
alloy AlMg3. The figure compares the texture component finite element simu-
lation (TCCP-FEM) for texture components of the center (s=0.0) and surface
(s=1.0) layers with a simulation obtained by use of a Hill 1948 yield surface
using experimental r-values.

Surface layer (s=1.0)

Center layer (s=0.0)

e1l°] ?[°] ¥2°] b V(%] o1 [°] @ [°] @2[°] b V(%]
Comp. 1 41.4 38.3 80.6 16.7 33.16 Comp. 1 295.2 94.3 129.7 14.7 29.56
Comp. 2 133.3 71.6 64.3 13.4 22.88 Comp. 2 32.8 64.3 19.0 12.1 15.88
Comp. 3 324.0 62.2 73.2 17.0 10.04 Comp. 3 337.1 58.4 75.9 12.1 11.72
Comp. 4 168.5 40.3 91.0 13.8 7.96 Comp. 4 318.7 107.6 114.3 13.7 10.20
Comp. 5 240.6 71.1 110.2 19.1 6.84 Comp. 5 262.2 88.5 33.9 16.7 8.60
Comp. 6 260.6 82.5 24.5 16.1 5.44 Comp. 6 227.6 64.3 114.4 15.3 3.80
Comp. 7 180.2 86.3 91.7 15.5 3.44 Comp. 7 270.4 88.9 88.1 15.2 2.64
Random 10.24 Random 15.0

@1, D, p2: Bunge-Euler angles; V: volume fraction; scatter width: b.
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Fig. 5. Relative wall thickness of the drawn cup (darker is thinner) simulated
by the texture component crystal plasticity finite element method (TCCP-FEM)
for texture components of the center layer (s =0.0).

are not restricted to the plain strain case. The calculation of
the sheet thickness becomes rather complicated in this general
case. On the other hand, one may assume that the deforma-
tion state is very close to the plain strain situation which is
typical of deep drawing operations. That is why the sheet thick-
ness can be calculated along the direction of the sheet normal
as a first estimate for the true wall thickness. The CPU cost
for calculating the deep drawing forming operation of an alu-
minium alloy sheet using the TCCP-FE method amounts to only
about eight times that for the Hill-based simulation. Due to
this relatively slight difference in the total calculation time, it
is possible to apply the TCCP-FE method for realistic forming
simulations.

7. Conclusions

The texture component crystal plasticity FE method was used
for simulating cup drawings of an aluminium alloy AIMgs. The
new simulation method accounts not only for the texture of the
starting material but also for the texture development during
forming. The integration of the method into commercial FEM
software packages (MARC or ABQ) makes it easy to apply it
to all kinds of starting microstructures, textures, and boundary
conditions. It was shown that the prediction of the earing profile
is in good agreement with the experimentally obtained earing
profile. Some deviations of the simulated earing from the exper-
imental result were attributed to insufficient approximation of
the true textures by the texture component fit method. Moreover,
the TCCP-FEM provides more exact results when compared to
Hill’s 1948 yield surface criterion, which does not account for
the texture development during the forming simulation.
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