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We present a new approach to predict the evolution of anisotropic yield functions by coupling large scale
forming simulations with crystal plasticity-spectral based virtual experiments, realizing a multi-scale model for
metal forming. Employing a fast spectral method solver enables us to conduct on-the-fly full-field virtual ex-
periments to evolve the yield surface at each integration point of the macroscopic finite element model. As
illustrative example, two advanced anisotropic yield functions, namely Y1d2000-2D and Y1d2004-18p, are used
in finite element simulations of deep drawing for a 2090-T3 aluminum alloy sheet. The simulated earing profiles
are compared to the experimental ones as well as to simulations with non-evolving yield functions. It is found

that the prediction of the earing is improved for the case of the evolving Y1d2000-2D yield function. The evo-
lution of the plastic anisotropy during cup drawing is systematically analyzed, showing that the evolution of
anisotropy can have considerable effect on the prediction accuracy of the macroscopic simulations.

1. Introduction

Plastic anisotropy of polycrystalline metals, especially for sheet
metals produced via complex thermo-mechanical treatments, is mainly
controlled by the crystallographic texture. In metal forming simulations
it is critical to take the texture-induced plastic anisotropy into con-
sideration for achieving accurate simulations. Phenomenological yield
functions that are usually used in large scale forming simulations and
crystal plasticity (CP) models for mesoscale simulations are the two
main approaches to describe the anisotropic plastic deformation be-
havior of polycrystalline metals.

Various advanced yield functions have been developed for different
material classes since the first anisotropic yield function was proposed
by Mises (1928). In 1948 Hill (1948) proposed a quadratic anisotropic
yield function, which is especially suited for body centered cubic ma-
terials. Hosford (1972) proposed a non-quadratic isotropic yield func-
tion which he generalized to an anisotropic one later, c.f. Hosford
(1979). Barlat and Lian (1989) further extended Hosford’s approach to
take into account planar anisotropy. In their work, a linear transfor-
mation method is used to keep the convexity of the yield function. Since
then, such linear transformation based approach has established one of
the most important branches of advanced yield functions. The stress
invariants based approach is another important approach to anisotropic
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yield functions, see for example Drucker (1949). Vegter et al. (2003)
proposed a plane stress yield function by using second-order Bézier
curves to interpolate discrete data points obtained from experiments.
Van Houtte and Van Bael (2004) proposed a polynomial type yield
function. Comsa and Banabic (2008) developed a plane stress yield
function in the form of an expandable finite series. Recently, Raemy
et al. (2017) proposed a planar Fourier series based yield function,
which is very flexible. All these advanced yield functions show excellent
ability to describe plastic anisotropy. Applications of these anisotropic
yield functions have shown improved prediction accuracy in numerical
simulations of various kinds of metal forming processes, e.g. cup
drawing, stamping, hole expansion, and related spring back.

CP models based on different assumptions have shown good abil-
ities in describing the mechanical response of polycrystalline metals.
The first CP model was proposed by Sachs (1929) based on an iso-stress
assumption, under which the resolved stress on the slip system with the
highest resolved shear stress is assumed to be identical in all grains
within the polycrystalline aggregate. Taylor (1938) developed the
second CP model, known as the full-constraint (FC) model, which is
based on an iso-strain assumption. Bishop and Hill (1951) proposed an
equivalent solution method for the polycrystalline aggregate as the FC
Taylor model, hence it was later named Taylor-Bishop-Hill (TBH)
model. Due to the omission of grain-to-grain interactions, Taylor-type
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models violate stress equilibrium. Trying to improve the FC Taylor
model, various relaxed-constraint models were proposed, see for ex-
ample Raphanel and Van Houtte (1985). To account for interactions
among the grains in a polycrystalline aggregate, several kinds of grain
cluster models were developed. Van Houtte et al. (1999) proposed the
LAMEL model by treating two grains at a time. Furthermore, Van
Houtte et al. (2005) developed the ALAMEL model that takes into ac-
count the stress equilibrium at grain boundaries. Raabe (1995) de-
scribes a grain interaction (GIA) model considering the orientation
dependent interaction between neighboring grains. Tjahjanto et al.
(2009) presented a relaxed grain cluster (RGC) model considering a
cluster of eight or more hexahedral grains. The Visco-Plastic Self-Con-
sistent (VPSC) approach developed by Lebensohn and Tomé (1993) is
an homogenization scheme which takes the long-range interactions of
grains into account by treating each grain as an ellipsoidal inclusion in
a surrounding homogeneous equivalent medium that can be derived
from the total grain ensemble and its texture.

Unlike these mean-field CP models, which incorporate the micro-
structure only in a statistical way, full-field CP models explicitly con-
sider the microstructural morphology. In such models local grain in-
teractions are captured, and the requirement of stress equilibrium at
grain boundaries is satisfied as well as that of strain compatibility. Full-
field CP models are usually solved either by employing a well-estab-
lished Finite Element Method (FEM) solver or by employing a spectral
solver based on Fast Fourier Transforms (FFTs). While the CP-FEM is
flexible to deal with micromechanical problems of arbitrarily shaped
geometries imposed with complex boundary conditions, the CP-FFT is
more efficient for dealing with problems that are limited to periodic
boundary conditions.

Limitations exist for both, anisotropic yield functions and CP
models. As indicated by Roters et al. (2010), CP models need to be
incorporated into the FEM via a homogenization approach when uti-
lized in mechanical simulation of engineering structures. Such so-called
embedded models are computationally very costly and often infeasible
for practical applications. In contrast, anisotropic yield functions are
very efficient when it comes to engineering forming scenarios. How-
ever, yield functions typically describe only the initial plastic aniso-
tropy, which is a substantial limitation when a significant texture
evolution occurs during deformation. The homogeneous anisotropic
hardening (HAH) model proposed by Barlat et al. (2011) allows the
yield surface to evolve when strain path changes.

To benefit from the accuracy of CP models, the calibration of yield
functions can be done by CP-based virtual experiments as a substitute
for mechanical tests. Barlat et al. (2005) identified the parameters of
the Y1d2004-18p by a combination of experimental data and the si-
mulated out-of-plane stress points obtained from the VPSC model.
Grytten et al. (2008) evaluated different combination strategies of ex-
perimental and Taylor model-based simulation data to identify the
parameters of Y1ld2004-18p and suggested that more advanced CP
models should be used in such approaches. Rabahallah et al. (2009)
generated yield stress points for calibration of the plastic strain rate
potential Srp2004-18p by utilizing the TBH model. Inal et al. (2010)
employed a full-field CP model to replace mechanical tests for para-
meter identification of the CPB06ex2 yield criterion. An et al. (2011)
proposed a yield locus description on the basis of the Taylor theory, and
employed it to generate input data to calibrate the Y1d2000-2D and
BBC2005 yield functions. Saai et al. (2013) conducted CP-FEM simu-
lations to obtain yield stress data needed for calibrations of Y1d2004-
18p for aluminum sheets with different textures. In the work by Zhang
et al. (2015), the Facet yield surface was calibrated using stress data
obtained from four kinds of CP models. The Y1d2004-18p criterion was
also calibrated in their work by three strategies, namely, by using
uniaxial tensile data, 201 virtual yield stress points, and a combination
of simulated data and experimental data, respectively. The authors
found that the combination strategy can not only capture the experi-
mental results but also fit the CP results well at the same time. Zhang
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et al. (2014) also employed CP-FEM to generate yield stress points to
calibrate the Yld2004-18p criterion. Recently, Zhang et al. (2016)
conducted high resolution FFT-based CP simulations to obtain data to
determine the initial yield surfaces represented by Y1d91, Y1d2000-2D,
Y1d2004-18p, and Y1d2004-27p yield functions, showing an efficient
virtual laboratory approach.

Instead of just focusing on the calibration of the initial yield surface,
models that take into account the evolution of plastic anisotropy are
also desired. Plunkett et al. (2006) established an evolution law for the
anisotropic parameters of the yield function to enable shape change of
the yield surface. The parameters involved in the CPBO5 yield function
at a series of equivalent plastic strain levels were pre-calibrated, and
then interpolated at any strain level during the macroscopic simulation.
This approach was also employed to describe the mechanical response
of a-titanium by Nixon et al. (2010). Nevertheless, the approach of a
simple interpolation is not suited to cover all possible strain paths en-
countered in complex forming operations.

Therefore, attempts have been made to integrate CP models in an
adaptive way to conduct calibration for the anisotropic yield function
on the fly, i.e. during the macroscopic simulation. Gawad et al. (2013)
have demonstrated this approach by employing the Facet plastic po-
tential in the macroscopic FEM simulation and the ALAMEL CP model
in the microscale virtual experiments. In their works, the parameters of
the Facet plastic potential for each integration point were updated by
the ALAMEL-based virtual experiments when a certain upgrade cri-
terion is reached. Gawad et al. (2015) extended the approach to allow
the anisotropic plane-stress yield function BBC2008 to evolve during
macroscopic simulation. He et al. (2014) applied the approach to de-
scribe the mechanical behavior of hexagonal materials using the
CPB06ex2 yield function, where the VPSC model was employed for the
virtual experiments. Kohar et al. (2019) used a Taylor-type CP model to
calibrate the CPBO6ex3 and CPB06ex5 yield functions in a multi-scale
framework.

In this work we present a new approach to evolve advanced ani-
sotropic yield functions in component-scale simulations with CP-spec-
tral based virtual experiments. The new approach realizes a multi-scale
model which allows macroscopic forming simulations to benefit from
microscopic CP simulations for accurate description of the plastic ani-
sotropy evolution. The paper is structured as follows: two advanced
anisotropic yield functions are reviewed in Section 2. In Section 3, the
backgrounds of the CP model and the spectral method are provided.
Full details of the material and model set-up are given in Section 4. The
results and discussions are presented in Section 5. A summary is pro-
vided in Section 6 along with an outlook for further work.

2. Advanced anisotropic yield functions
2.1. Yld2000-2D yield function

Barlat et al. (2003) defined the anisotropic plane stress yield func-
tion Y1d2000-2D as

D =15, — S,I" + 125, + S I" + 125, + S, I = 26" )

where S; and S; (i = 1, 2) are the principal values of the linearly
transformed stress tensor §’ and §” respectively, which are defined as
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where s71, S0, and s, are the components of the deviatoric stress tensor
§. The eight anisotropy parameters (a;, i = 1...8) of this yield function
can be identified from eight experimental anisotropic properties of the
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sheet, namely 0y, 045, 090, Ob, To, T45, Too and r,. Here o denotes the yield
stress and r the r-value. The index gives the angle to the rolling direc-
tion and b stands for bi-axial.

2.2. Yld2004-18p yield function

Barlat et al. (2005) proposed the Y1d2004-18p function for the 3D
stress case as

D=1S, =S, " +18, — S, " + 1S, =S 1" +1S, = 5, " + 1S, — S, I"
F1S, =Sy M4 1S, =S, " +1S; = S, I" + 1S, — S, I' = 4™,
3)

where S; and S; (i = 1, 2, 3) are the principal values of stress tensor §’
and §” respectively, which are defined as
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where $11, S22, S33, S12, S23, and s3; are the stress components. This 3D
yield function contains 18 anisotropy parameters (a;, i = 1...18), of
which 14 parameters describe the in-plane properties and the others
describe the out-of-plane properties of the sheet. Typically, the 18
parameters can be identified with uniaxial tension data (0p, 015, 030,
045, 060, 075, 090, T0, 715, T30, T45, Te0s 775, T9o) in the RD-TD plane, ba-
lanced biaxial data (op, r,) in the RD-TD plane, stress data for 45°
tension in the TD-ND and ND-RD plane, as well as stress data for simple
shear in the TD-ND and the ND-RD plane.

3. Crystal plasticity model and spectral method
3.1. Crystal plasticity model
For finite strain CP modeling, the total deformation gradient F is

typically multiplicatively decomposed into elastic and plastic compo-
nents as
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where F, denotes the inelastic shear deformation due to slip in certain
crystalline planes and directions, and F, accounts for rigid body rota-
tion and elastic distortion of the crystal lattice. The plastic velocity
gradient L;, is expressed as

N
L, =EF,'= ) 7%§ ® n§
a=1 (6)

where 7 is the shear rate on the a™ slip system represented by two unit
vectors s§ (slip direction) and n§ (slip plane normal) in the crystal
coordinate system. N is the number of slip systems. The plastic flow on a
slip system is described by a rate dependent flow law as

o [1/m

o

Y=Y sgn (z%) -

where y, is the reference strain rate, 7% is the resolved shear stress, g* is
the slip resistance, and m is the strain rate sensitivity exponent. The
evolution of g* is given by

N
g =D, heyP
p=1 (8)

where h¥ is referred to as the hardening matrix, and is described by a
saturation-type law as
N B
sgn (1 - g_]
8w 9

where g.., hy, a and q are the saturation values of the slip resistance, the
reference self-hardening coefficient, the hardening exponent, and the
latent hardening parameter, respectively. The latent hardening para-
meter is set to ¢ = 1.0 for coplanar slip systems and g = 1.4 for non-
coplanar slip systems (Peirce et al., 1982).

B
&

00

h® = holg + (1 — q)6%]

3.2. Spectral method

In this work, a large-strain spectral method implemented in
DAMASK (Roters et al., 2019) is used to solve for mechanical equili-
brium on a volume element with periodic boundary conditions. The
details of this method can be found in the studies of Eisenlohr et al.
(2013) and Shanthraj et al. (2015). In general, the spectral method
outperforms FEM in the case of regular RVEs.

Fig. 1. Texture at the central layer of the 2090-T3 sheet (a) experiment (Rousselier et al., 2009) (b) reconstructed. ODF Kernel: von Mises-Fisher. Half-width: 10°.



F. Han, et al.

Journal of Materials Processing Tech. 277 (2020) 116449

Fig. 2. Texture of the complete 2090-T3 sheet (a) experiment (Rousselier et al., 2009) (b) reconstructed. ODF Kernel: von Mises-Fisher. Half-width: 10°.

4. Material and model set-up
4.1. Initial texture

In this work, a novel multi-scale model is used to simulate the de-
formation of a strongly anisotropic 2090-T3 Al-Li alloy sheet with the
thickness of 1.6 mm (Yoon et al., 2000). This sheet material contains a
characteristic rolling texture, which is composed of S, Brass and Copper
texture components (Rousselier et al., 2009), and has a texture gradient
in the sheet thickness direction (Barlat et al., 1992). Figs. 1 and 2 show
the {111} pole figures of the central layer texture and the complete
texture of the sheet material in the TD-RD plane, respectively. The
experimental pole figures are adopted from (Rousselier et al., 2009).
The MTEX software (Bachmann et al., 2010) was utilized to reconstruct
the orientation distribution functions (ODFs) of the central layer texture
and complete texture. For the central layer texture, the Copper texture
component is not present, and the reconstruction with a combination of
S component with a volume fraction of 34.44% and Brass component
with a volume fraction of 65.56% (Rousselier et al., 2009) shows good
agreement with the experimental texture. For the complete texture, the
reconstruction with a combination of S component (32%), Brass com-
ponent (30%), and Copper component (38%) shows good agreement
with the experimental texture. It needs to be noted that an calibrated
(S) texture component (¢; = 66.7093, @ = 22.3072, @, = 44.0052)

and (Brass) texture component (¢; = 37.8371, & = 39.4428,
@2 = 0.3147) from Rousselier et al. (2009) are used in the ODF re-
constructions instead of the ideal S texture component (¢; = 60,
@ = 32, @, =65) and Brass texture component (¢; = 35, @ = 40,
@2 = 0).

4.2. Representative volume elements

The CP-spectral based virtual experiments need to provide aniso-
tropic properties of the sheet material for the parameter identification
of the yield functions, so two representative volume elements (RVEs)
were created to represent the sheet metal. Fig. 3 shows the two RVEs
that consist of 10 X 10 x 10 Fourier points. Each Fourier point in the
RVEs represents a grain. Euler angles sampled from the reconstructed
ODFs for both textures by MTEX are assigned to the RVEs as illustrated
in Fig. 3.

4.3. Material parameters

A genetic algorithm (Lin and Yang, 1999) based inverse optimiza-
tion approach was utilized to identify the parameters of the CP con-
stitutive model. Only the uniaxial tensile curve in RD was used in the
optimization. Two fittings for both the central layer texture and com-
plete texture were conducted, and the fitted parameters are listed in

Fig. 3. Representative volume elements colored with the normal direction inverse pole figure (a) assigned with central layer texture (b) assigned with complete

texture. RD//X-axes, TD// Y-axes, and ND//Z-axes.
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Table 1
Parameters for the crystal plasticity model of the 2090-T3 aluminum alloy.

Texture g (MPa) g.. (MPa) ho (MPa) a hGE™H m

Central layer texture 110.2 203.5 1000.7 1.97 0.001 0.02
Complete texture 106.5 214.5 749.9 2.19

Fig. 4. Experimental and fitted stress-strain curves in RD. Experimental data is
taken from (Rousselier et al., 2009).

Table 1. Fig. 4 shows the comparison between the fitted stress-strain
curves and the experimental one. Both the fittings match very well with
the experimental one, although the fitted parameters for the central
layer texture and the complete texture are slightly different.

In the macroscale simulations, the same isotropic hardening model
o = 646(0.025 + £,)**7 (Rousselier et al., 2009) is used.

4.4. Virtual experiments

The virtual experiments are based on the fast and efficient spectral
solver included in DAMASK (Roters et al., 2019). For example, it takes
just 55 to reach the yield point (at a plastic strain of 0.002) for a uni-
axial tensile simulation (grid size = 10 X 10 X 10) using four threads
on a workstation with Intel Xeon E5-2687W CPUs. The DAMASK si-
mulation stops and returns the stress tensor and plastic strain rate
tensor when the yield condition is satisfied.

Journal of Materials Processing Tech. 277 (2020) 116449

To calibrate the Y1d2000-2D yield function, virtual tensile tests
along 0°, 45° and 90° relative to rolling direction and the balanced
biaxial tensile test are conducted to obtain eight data points (0, 04s,
090, Ob, To, T45, Too and rp,). Eight equations can be constructed to satisfy
the yield stress and Lankford value, and the eight parameters (a;
i=1...8) for Yld2000-2D can be determined simultaneously using a
Newton-Raphson scheme.

For the parameter identification of Y1d2004-18p, virtual tensile tests
along 0°, 15°, 30°, 45°, 60°, 75°, and 90° relative to the rolling direction,
a balanced biaxial tensile test in the RD-TD plane, 45° tensile tests in the
TD-ND and ND-RD plane, as well as simple shear tests in the TD-ND and
ND-RD planes are conducted. The 18 parameters are optimized with the
error function recommended by Barlat et al. (2005) as follows

ghre 2 e 2
— P p
R(OC,') - Z WP[O.vex - 1) + E W‘I[rvex - 1)
P q P

P (10)

where p denotes the number of stress data points obtained from the
virtual tests, and q denotes the number of r-values. The superscript vex
denotes the value obtained from virtual experiments, and pre denotes
the predicted value. The weight coefficients w for the in-plane yield
stresses and uniaxial r-values, and the other stresses are set to 1.00, 0.10
and 0.01, respectively (Barlat et al., 2005).

It should be noted that the virtual experiments and yield function
calibration are conducted for each integration point of the macroscopic
FE model adaptively. During the FE simulation, the local deformation
gradient history is passed to DAMASK for calculating the new texture
once the local accumulated plastic point exceeds 0.05 since the last
update of the yield surface. After that, the virtual experiments are
conducted based on the new texture to obtain the new plastic aniso-
tropy data, then the yield functions are re-calibrated using the updated
data. Therefore, the yield surface evolution at each integration point
depends on the local texture evolution induced by plastic deformation.

4.5. FEM model for cup drawing

The YId2000-2D and Y1d2004-18p yield functions were im-
plemented as a material subroutine for the FEM software ABAQUS/
Explicit. The geometrical setting of the cup drawing model is depicted
in Fig. 5(a). Considering the orthotropic symmetry of the sheet, only a
quarter of the blank is simulated. Fig. 5(b) shows the mesh of the blank.
For simulations in conjunction with the plane stress yield function
Y1d2000-2D, the blank mesh contains 24 reduced integration wedge
continuum shell elements (SC6R) and 624 reduced integration hex-
ahedral continuum shell elements (SC8R) in one layer and 3 integration
points in the thickness direction. For simulations with the full 3D yield

Fig. 5. Set-up of the cylindrical cup drawing model (a) Geometrical setting (b) mesh of the blank.
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Fig. 6. Plastic anisotropy of the central layer texture (a) Normalized yield stress versus 6 (b) r-value versus 6.

Fig. 7. Plastic anisotropy of the complete texture (a) Normalized yield stress versus 6 (b) r-value versus 6.

Table 2
Average errors between the CP data and the experimental data.

Error of normalized yield stresses Error of r-values

24.26%
55.44%

Central layer texture 11.28%
Complete texture 2.99%

function Y1ld2004-18p, the blank was discretized in 3 layers with the
same mesh, and it includes 72 wedge elements (C3D6) and 1872 re-
duced integration hexahedral elements (C3D8R). The default hourglass
control algorithm of ABAQUS was adopted for both the shell elements
and the solid elements. The holding force is 5.55kN for the quarter
region. The friction coefficient is set to 0.005 and no strain rate de-
pendency is assumed.

5. Results and discussions
5.1. Initial plastic anisotropy
The data points in Figs. 6 and 7 show the comparison of the ani-

sotropy of the normalized uniaxial yield stresses and r-values obtained
from virtual tests for the two textures to those from experimental tests.

The yield stress data obtained from the CP model for the central layer
texture presented in Fig. 6(a) shows a relatively large deviation from
the experimental data. The highest yield stress value appears in RD for
the experimental data, while that of the CP data for the central layer
texture appears in TD. However, the profile of the r-values obtained
from the CP model for the central layer texture (Fig. 6(b)) shows a good
agreement with the profile of experimental r-values. The yield stress
data obtained from the CP model for the complete texture (Fig. 7(a)) is
much closer to the experimental data than that of the central layer
texture, and the corresponding profile of r-values (Fig. 7(b)) is still in
good agreement with the profile of experimental r-values, although the
match is not as good as for the central layer texture. The average errors
between the anisotropy data obtained from the CP model and the ex-
perimental data are listed in Table 2, from which a more quantitative
comparison between the two textures can be obtained. Overall, the
virtual tests with the CP model can serve as an accurate substitute for
the elaborated mechanical tests required to determine the plastic ani-
sotropy.

The lines in Figs. 6 and 7 show the plastic anisotropy predictions of
Y1d2000-2D and Y1d2004-18p. The identified parameters for the yield
functions are listed in Table 3. The agreement of the two yield functions
to both the experimental data and the CP data is rather good, indicating
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Table 3
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Parameters identified for the Y1d2004-18p and Y1d2000-2D yield functions (exponent n = 8).

Y1d2004-18p

Y1d2000-2D

Fitted to experimental data  Fitted to CP data

Fitted to experimental data  Fitted to CP data

central layer texture

complete texture

central layer texture complete texture

ay —0.12970 1.05665 0.87383
as 0.87322 0.84818 0.92538
as 0.09478 0.88400 0.87358
ay 1.08173 1.44213 0.86837
as 0.65084 1.52536 0.82882
Qg 1.36157 0.77403 1.02153
ay 1.01840 1.26285 0.99848
ag 1.06505 1.25638 1.00000
Qg 0.99237 1.70649 1.18384
a0 1.01005 0.90811 0.78595
a 0.54935 1.45590 0.88135
a1 0.56562 1.35593 1.10347
a3 0.86620 1.22263 1.25872
Q14 1.09346 0.87599 1.22627
a5 —0.20520 1.34045 0.90128
(313 1.04630 1.24982 0.99848
a7 1.14316 1.25882 1.00000
aig 1.33495 1.12779 1.13962

0.48503 0.76681 0.75099
1.37865 0.97366 1.19401
0.75339 1.15032 1.22384
1.02471 0.99681 1.12565
1.03632 1.05496 1.02995
0.90357 0.99973 0.94464
1.23214 1.10717 1.20690
1.48575 1.02565 1.15794

that the plastic anisotropy of the material can be well reproduced when
mapping it from the CP model to the yield functions. As Y1d2004-18p is
more flexible than Y1d2000-2D, more details of the plastic anisotropy
are captured by the former function. It needs to be noted that experi-
mental anisotropy data for the fitting actually are combinations of ex-
perimental in plane data and calculated out-of-plane data, which are all
taken from (Barlat et al., 2005, 2003).

Fig. 8 shows the yield surfaces predicted by the two yield functions
identified with the experimental data. Due to the strong texture of this
material, the yield surfaces exhibit a distorted shape. Figs. 9 and 10
show the yield surfaces predicted by the yield functions identified with

the CP data for the central layer texture and complete texture, respec-
tively. The yield surfaces shown in Figs. 9 and 10 are not as distorted as
that shown in Fig. 8. This can be ascribed to fact that we neglected the
texture gradient of the sheet in the CP model (Tikhovskiy et al., 2006).

5.2. Simulations of the cup drawing test

We performed three groups of cup drawing simulations. In the first
group, the yield functions were calibrated with the experimental data.
In the second group, the yield functions were calibrated with the CP
data. The parameters of Y1Id2000-2D and Y1d2004-18p listed in Table 3

Fig. 8. Yield surfaces obtained by fitting to experimental data (a) Y1d2000-2D (b) Y1d2004-18p.
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Fig. 9. Yield surfaces obtained for central layer texture by fitting to the CP data (a) Y1d2000-2D (b) Y1d2004-18p.

Fig. 10. Yield surfaces obtained for complete texture by fitting to the CP data (a) Y1d2000-2D (b) Y1d2004-18p.

are used for the former two groups and kept constant throughout the
simulation. In the third group, the yield functions were calibrated with
the CP data and regularly updated according to the updating criterion.

All the FEM simulations were performed with a single processor of
an eight-core Intel Xeon E5-2687W (3.10 GHz). As for the CP-spectral
based virtual experiments, eight threads are used. The simulations
without updating the plastic anisotropy required about two hours. The
simulations with updating the Y1d2000-2D yield function starting from
the central layer texture and the complete texture required 72 and 77 h,
respectively. The simulations with updating the Y1d2004-18p yield

function starting from the central layer texture and complete texture
required 70 and 77.5h, respectively. During the stage of the plastic
anisotropy updates, it takes ~20s to update the texture, ~25s to
perform four virtual experiments needed for the calibration of Y1d2000-
2D, and ~45s to perform twelve virtual experiments needed for the
calibration of Y1d2004-18p.

Fig. 11 presents the simulated cup profiles using the Y1d2000-2D
yield function compared to the experimental data (Yoon et al., 2000).
The measured cup profile slightly deviates from orthotropic symmetry.
The reason for this may be that a little shift of the circular blank
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Fig. 11. Comparison of experimental (exp.) and predicted cup profiles of 2090-
T3 with Y1d2000-2D. Yld-exp.: simulation with non-evolving yield function
fitted to experimental data; Yld-CP-central Tex.: simulation with non-evolving
yield function fitted to CP data for central layer texture; Yld-CP-central Tex.-
evolving: simulation with evolving yield function starting from central layer
texture; Yld-CP-complete Tex.: simulation with non-evolving yield function
fitted to CP data for complete texture; Yld-CP-complete Tex.-evolving: simula-
tion with evolving yield function starting from complete texture.

Table 4
Average errors between the simulated cup heights and the symmetrized ex-
perimental data.

Fitted to Fitted to CP data
experimental
data Central layer texture Complete texture
Non-evolving Evolving Non-evolving Evolving
Y1d2000-2D  2.01% 1.80% 1.10% 1.65% 0.93%
Y1d2004-18p 3.10% 2.03% 2.20% 1.81% 2.14%

Fig. 12. Comparison of experimental (exp.) and predicted cup profiles of 2090-
T3 with Y1ld2004-18p. Yld-exp.: simulation with non-evolving yield function
fitted to experimental data; Yld-CP-central Tex.: simulation with non-evolving
yield function fitted to CP data for central layer texture; Yld-CP-central Tex.-
evolving: simulation with evolving yield function starting from central layer
texture; Yld-CP-complete Tex.: simulation with non-evolving yield function
fitted to CP data for complete texture; Yld-CP-complete Tex.-evolving: simula-
tion with evolving yield function starting from complete texture.

Journal of Materials Processing Tech. 277 (2020) 116449

occurred during the drawing experiment, resulting in a deviation of the
center of the blank from the central axis. To have a better comparison of
the experimental and the predicted results, the symmetrized experi-
mental cup profile is therefore also presented in the figure. The simu-
lations conducted with the evolving Y1d2000-2D predict all six ears of
the cup profile seen in the experiment, while simulations with a con-
stant Y1d2000-2D predict only four ears. It can be seen that the pre-
dicted cup profiles with evolving yield functions are in better agree-
ment with the symmetrized experimental cup profile than with the
original measured cup profile. Table 4 lists the average errors between
the simulated cup heights and the symmetrized experimental data. As it
can be seen from the Table 4, simulations with evolving Y1d2000-2D
have smaller average errors than simulations with non-evolving
Y1d2000-2D, which is consistent with the observation in Fig. 11.
Moreover, the average errors of the simulations for the complete tex-
ture are slightly smaller than those of the simulations for the central
layer texture. However, the simulated cup heights at 0°, 45°, 135°, 180°,
225°, and 315° with evolving Y1d2000-2D for the central layer texture
agree slightly better than those of the complete texture.

Fig. 12 depicts the simulated cup profiles with the Y1d2004-18p
yield function compared to the experimental data. The simulation with
the yield function calibrated with the experimental data predicts, in
agreement with the experiment, six ears. In contrast, the results ob-
tained with the Y1d2004-18p yield function calibrated with CP data
deviate significantly at 180° and 0°/360° from the experimental results.
The simulated cup heights with the evolving Y1d2004-18p yield func-
tion around 45°, 135°, 225°, and 315° are deteriorated compared to that
with the constant yield function. In Table 4, the average errors for si-
mulations with evolving Y1d2004-18p are also larger than those for
simulations with non-evolving Y1d2004-18p. Nevertheless, small ears
around 0° (or 360°) and 180° are still captured in the simulation starting
from the central layer texture. Though simulations with both textures
do not agree well with the experiment, the cup heights at 0°, 45°, 135°,
180°, 225°, and 315° predicted with the simulation based on the central
layer texture still show a litter better results than those predicted with
the simulation starting from the complete texture. However, similar to
the simulations using Y1d2000-2D yield function, the simulations with
the complete texture also have slightly smaller average errors than
those of the simulations with the central layer texture.

Fig. 13 shows the final configuration of the drawn cup simulated
with the evolving Y1d2000-2D yield function starting from the central
layer texture. Three typical positions (P1, P2, and P3 are located at TD,
45° to RD, and RD, respectively) are indicated in the figure, and the
final textures at these positions are also shown in the figure. In com-
parison with the initial texture (central layer texture shown in
Fig. 1(b)), significant texture changes have taken place at the three
positions. The final configuration of the drawn cup simulated with the
evolving Y1d2000-2D starting from the complete texture is shown in
Fig. 14. The plastic strain distributions of the drawn cup shown in
Figs. 13 and 14 are very similar. The final textures at P1, P2, and P3
shown in Fig. 14 are also similar to those shown in Fig. 13, respectively.
Because both the central layer texture and the complete texture include
S and Brass components, these texture components will evolve in a si-
milar way at the same position.

Fig. 15 shows the final cup configuration simulated with the evol-
ving Y1d2004-18p yield function starting from the central layer texture.
The textures at the three indicated positions are consistent with those
simulated with the evolving Y1d2000-2D yield function, respectively.
This also indicates the consistency between the plane stress simulation
and the full 3D simulation.

Fig. 16 shows the number of yield surface updates for two
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Fig. 13. Deformed configuration and equivalent plastic strain (e,) distribution of the cup simulated with the evolving Y1d2000-2D yield function starting from the
central layer texture. The final textures at the three positions indicated are also shown.

simulations starting from the central layer texture. As the anisotropy is
updated every five percent of plastic strain, it is obvious that the dis-
tribution of the number of updates correlates with that of the plastic
strain. The maximum number of updates for the Yld2000-2D yield
function is 11 and that for the Y1d2004-18p yield function is 9. Because
the solid elements have a slightly higher stiffness than the shell ele-
ments, the plastic strain level achieved in the simulation with shell
elements is higher than that achieved in the simulation with solid ele-
ments.

5.3. Evolution of the plastic anisotropy
Figs. 17-19 show the evolution of the plastic anisotropy, re-

presented by the uniaxial yield stresses and r-values predicted by the
Y1d2000-2D yield function, at the positions P1, P2, and P3 of the cup
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indicated in Fig. 13, respectively. At point P1, the largest yield stress
always occurs at 90°, and it becomes larger than the yield stress at 0° as
the plastic strain increases. The lowest yield stress occurs at 45° when
the plastic strain is below 0.4. When the plastic strain reaches 0.45 the
yield stress at 0° becomes the lowest. The r-value at 0° has a very slight
increase, while the r-value at 90° increases by ~1.0. At point P2,
though the largest yield stress still occurs at 90°, the yield stresses at 0°
and 90° become nearly identical when the plastic strain reaches 0.5.
The lowest yield stress always occurs at 45°. The shape of the normal-
ized yield stress versus 6 is nearly symmetric to 45° when the plastic
strain reaches 0.5. The r-value at 45° decreases by ~0.6, while the r-
values at 0° and 90° increase where the increase at 0° is higher. As a
result, the plastic anisotropy in terms of r-value weakens, i.e., the ma-
terial at this point evolves towards more isotropic behavior. At point
P3, the largest yield stress occurs at 90° when the plastic strain is
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Fig. 14. Deformed configuration and equivalent plastic strain (¢p) distribution of the cup simulated with the evolving Y1d2000-2D yield function starting from the

complete texture. The final textures at the three positions indicated are also shown.

smaller than 0.2. When the plastic strain exceeds 0.2 the yield stress at
0° becomes the largest. The lowest yield stress still occurs at 45°. The r-
value at 0° increases from 0.18 to 0.57, and the r-value at 90° decreases
from 0.46 to 0.37, while the r-value at 45° decreases first and then
increases again.

Fig. 20 depicts the evolution of the yield locus at the three positions.
The change of the shape of the yield locus is quite obvious. The yield
locus at point P1 expands compared to the initial one, while that at
point P3 shrinks. The change of the yield locus at point P2 is relatively
small in comparison with that at P1 and P3. The normal directions of
the yield loci also show some deviation from the original ones. It is clear
that considerable anisotropy changes have taken place at all the three
positions. In addition, from the comparison of the anisotropy evolution
behavior at the three positions, it can be seen that the anisotropy
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evolution at various positions of the cup is quite different. The para-
meters of the Y1d2000-2D yield function at point P1 during the cup
drawing simulation starting from the central layer texture are listed in
Table 5 as an example, documenting the gradual changes in these
parameters.

Fig. 21 shows the evolution of the plastic anisotropy at point P3 of
the cup simulated with the evolving Yld2000-2D starting from the
complete texture. The yield stress at 90° becomes much smaller than
that at 0° with increasing plastic strain. The r-value at 0° increases from
0.41 to 0.79, and the r-value at 45° increases from 1.9 to 2.5, while the
r-value at 90° decreases slightly. The yield locus also shrinks with in-
creasing plastic strain. As the components of the complete texture and
the central layer texture are different, the evolutions of plastic aniso-
tropy also exhibit different behaviors.
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Fig. 15. Deformed configuration and equivalent plastic strain (¢,) distribution of the cup simulated with the evolving Y1d2004-18p yield function starting from the
central layer texture. The final textures at the three positions indicated are also shown.

Fig. 16. Number (N) of yield surface updates for the simulations starting from the central layer texture (a) Y1d2000-2D (b) Y1d2004-18p.
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Fig. 17. Evolution of the plastic anisotropy at point P1 of the cup simulated with the evolving Y1d2000-2D yield function starting from the central layer texture. (a) Normalized
yield stress versus 6 (b) r-value versus . ¢, is the equivalent plastic strain. The symbols are the data points obtained from the corresponding virtual experiments.

Fig. 18. Evolution of the plastic anisotropy at point P2 of the cup simulated with the evolving Y1d2000-2D yield function starting from the central layer texture. (a) Normalized
yield stress versus 6; (b) r-value versus 6. ¢, is the equivalent plastic strain. The symbols are the data points obtained from the corresponding virtual experiments.

Fig. 19. Evolution of the plastic anisotropy at point P3 of the cup simulated with the evolving Y1d2000-2D yield function starting from the central layer texture. (a) Normalized
yield stress versus 6 (b) r-value versus 6. ¢, is the equivalent plastic strain. The symbols are the data points obtained from the corresponding virtual experiments.
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Fig. 20. Evolution of the plastic anisotropy (yield locus at different equivalent plastic strains &) of the cup simulated with the evolving YId2000-2D yield function
starting from the central layer texture at three positions (a) P1 (b) P2 (c) P3.

Table 5
Evolving parameters of YId2000-2D yield function at point P1 during the cup drawing simulation starting from the central layer texture (exponent n = 8). &, in the
table is the equivalent plastic strain.

ES o s as s as Qs a; ag

0.05 0.75091 0.96174 1.15007 0.97392 1.04969 0.97155 1.09759 1.00697
0.10 0.73634 0.95009 1.13876 0.94216 1.04249 0.93697 1.07801 0.97948
0.15 0.74542 0.93053 1.13745 0.92849 1.04032 0.92812 1.07352 0.97161
0.20 0.76882 0.90361 1.13796 0.92018 1.04036 0.93098 1.07323 0.96567
0.25 0.79198 0.88042 1.13546 0.91269 1.04093 0.93663 1.07346 0.96016
0.30 0.80224 0.86826 1.13397 0.90279 1.03919 0.93099 1.06881 0.94624
0.35 0.81957 0.86269 1.11231 0.88350 1.03309 0.91131 1.05103 0.92668
0.40 0.85133 0.85919 1.10280 0.87804 1.02901 0.90626 1.04234 0.90959
0.45 0.87998 0.85596 1.06771 0.87022 1.02171 0.88923 1.03656 0.91204
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Fig. 21. Evolution of the plastic anisotropy at point P3 of the cup simulated with the evolving Y1d2000-2D yield function starting from the complete texture. (a)
Normalized yield stress versus 6 (b) r-value versus 0 (c) yield locus. ¢, is the equivalent plastic strain. The symbols are the data points obtained from the corre-

sponding virtual experiments.

Fig. 22 shows the evolution of the plastic anisotropy at point P3 of
the cup simulated with the evolving Y1d2004-18p yield function
starting from the central layer texture. Compared to the simulation with
evolving Y1d2000-2D yield function, it can capture more details of the
anisotropic properties of the yield stress and r-value. The evolution of
the plastic anisotropy at the same point of the cup simulated with the
evolving Y1d2004-18p starting from the complete texture is also shown
in Fig. 23. It also provides more detailed information on the evolution
of plastic anisotropy for the simulation starting from the complete
texture.

Although the thickness of the sheet is small, the evolution of plastic
anisotropy across the thickness direction is not identical among the
different through-thickness layers. The evolution of the plastic aniso-
tropy of the three integration points across the thickness direction
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located at P3 of the simulation with evolving Y1d2000-2D starting from
the central layer texture is shown in Fig. 24. At a plastic strain of 0.1,
the yield stress profile and r-value profile at the three integration points
are almost identical, while differences clearly emerge at larger plastic
strains. This can be ascribed to the fact that the material near the top of
the blank is in tension while the material near the bottom is in com-
pression during bending. The final textures across the thickness are
shown in Fig. 25, revealing the differences among the through-thick-
ness layers.

The finding that the evolving Y1d2004-18p does not provide better
predictions than the evolving Y1d2000-2D is surprising. The reason for
this might be the systematic error introduced by neglecting the strong
texture gradient of the 2090-T3 aluminum alloy sheet across the
thickness direction in the simulation. As Yld2004-18p has more
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Fig. 22. Evolution of the plastic anisotropy at point P3 of the cup simulated with the evolving Y1d2004-18p yield function starting from the central layer texture. (a)
Normalized yield stress versus 6 (b) r-value versus 0 (c) yield locus. ¢, is the equivalent plastic strain. The symbols are the data points obtained from the corre-

sponding virtual experiments.

parameters than Yld2000-2D, the former is able to capture more de-
tailed information on the plastic anisotropy than Yld2000-2D.
Accordingly, the systematic error may be magnified by the more ad-
vanced anisotropic yield function when the plastic anisotropy is passed
from the CP model to the yield function. However, this finding does not
mean that more advanced anisotropic yield functions are in general not
suitable to be applied in the present multi-scale framework. If the RVE
is highly representative for the material, and the CP model is accurate
enough, more advanced anisotropic yield functions should in general
perform better. Additionally, employing multiple RVEs assigned with
different textures across the thickness direction (e.g., surface, sub-sur-
face and central layer of the sheet) in one simulation may be a
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promising way to capture the texture gradient effect of sheet metals
(Tikhovskiy et al., 2006, 2008).

6. Conclusions

We presented an approach to update advanced anisotropic yield
functions in macroscopic forming simulations by coupling them with
microscopic full-field crystal plasticity (CP)-spectral based virtual ex-
periments. The approach has been validated by finite element simula-
tions of a deep drawing test for a 2090-T3 aluminum alloy sheet with
two evolving yield functions (Yld2000-2D and Y1d2004-18p).
Improvement on the prediction of earing has been obtained by the
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Fig. 23. Evolution of the plastic anisotropy at point P3 of the cup simulated with the evolving Y1d2004-18p yield function starting from the complete texture. (a)
Normalized yield stress versus 6 (b) r-value versus 0 (c) yield locus. ¢, is the equivalent plastic strain. The symbols are the data points obtained from the corre-

sponding virtual experiments.

evolving Y1d2000-2D yield function. The evolution of the plastic ani-
sotropy during cup drawing has been investigated and we observe a
considerable effect on simulation accuracy. Texture evolution at dif-
ferent positions of the cup can be quite different, which implies the
same trend for the evolution of anisotropy. Minor differences in the
anisotropy evolutions across the thickness of the sheet have been ob-
served. Simulations considering the central layer texture tend to better
capture the earing profile while simulations considering the complete
texture tend to have smaller average errors of the cup heights.

The approach has been integrated into the DAMASK multi-physics
modeling package (https://damask.mpie.de/) to realize a novel multi-
scale modeling framework that overcomes limitations of established
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homogenization schemes. In future, the capabilities of this approach
can be exploited to predict the behavior of more complex materials
such as dual phase steels (Tasan et al., 2015), which impose severe
challenges on classical homogenization schemes. Moreover, more ad-
vanced CP constitutive formulations implemented in DAMASK are
available for use in the multi-scale model. This allows to select models
that are parameterized by lower scale simulations (Wong et al., 2016)
and require even less experimental efforts. Finally, it should be noted
that the presented framework can be used in conjunction with other
yield functions and can be applied to forming processes that are more
complex than cup drawing which had been chosen here as a demon-
strator case.
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Fig. 24. Evolutions of the plastic anisotropy across the thickness at the position P3 of the sheet in the simulation with the evolving Y1d2000-2D yield function starting
with the central layer texture. ¢, is the equivalent plastic strain. The solid lines are the results of the integration point at the top. The dashed lines are the results of the
integration point in the middle. The dash-dot lines are the results of the integration point at the bottom.

Fig. 25. Final textures across the thickness at the position P3 of the sheet for the simulation with the evolving Y1d2000-2D yield function starting with the central

layer texture. (a) top (b) middle (c) bottom integration point.
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