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A B S T R A C T

Accurate modelling of local evolving texture and yield surface evolution in complex strain path are of
crucial importance to the accurate sheet metal forming simulations. This work proposed a novel multi-
scale computational scheme, in which the full-field crystal plasticity (CP) modelling is mapped and real-time
updated into each integration point following the local strain path in the finite element (FE) model. By
the real-time close-loop feedback and update between the FE model and CP model, the evolving texture
and its induced anisotropic plasticity evolution are considered utilizing on-the-fly virtual tests in the full
deformation field. To carefully verify the developed computational framework, a comprehensive validation
including plastic anisotropy characterization, cyclic hardening tests and deep drawing tests is conducted in an
AA6016-T4 aluminium sheet with strong cube texture using ESAFORM Benchmark 2021. By comparison with
experimental results and the conventional approaches with constant yield surface for the forming case, the
newly developed method is thoroughly validated, showing that the significant texture evolution is observed
in large plastic deformation and various strain paths lead to different texture evolution. The local evolving
texture induced plastic anisotropy evolution has a considerable effect on the prediction accuracy of the deep
drawing simulations, such as earing profile, wall thickness and loading history. Additionally, this method does
not increase too much computation cost, enabling cost-effectively simulation of complex forming processes.
1. Introduction

Aluminium alloys have attracted increased applications in various
areas, as their overall properties make them to be favoured for reducing
the carbon footprint. Particularly, advanced aluminium alloy sheets are
the preferred raw materials for manufacturing the auto body panel
and other crucial thin-walled auto body structures in the automo-
tive industry [1,2]. Aluminium sheets are normally fabricated through
many complicated manufacturing processes including casting, homog-
enized, hot rolling, cold rolling, ageing, etc. The inhomogeneity of
microstructure is introduced from this thermomechanical history, such
as texture and inhomogeneous grain morphology. The strong texture
would induce commonly observed mechanical anisotropy in such kinds
of materials. The anisotropic property is normally undesired in the
sheet metal forming industry, because it will result in significant prob-
lems affecting both dimensional accuracy and mechanical properties of
formed components, such as localized distribution of thickness, earing,
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crack, wrinkling and residual stress [3–6]. In addition, the evolving
texture induced anisotropy evolution in large plastic deformation and
Bauschinger behaviour in cyclic deformation are also widely observed
in aluminium alloys [7,8], which makes the deformation behaviour
more complex in actual forming processes. Therefore, to accurately
predict the mechanical response and plastic deformation of the sheet
metal in forming simulations, the development of suitable physical
or virtual tests and constitutive models for evolving texture, plastic
anisotropy evolution as well as Bauschinger behaviour are of crucial
importance.

Experimentally, the mechanical anisotropy in different deformation
paths can be obtained using various physical tests. Fig. 1 shows some
well-established in-plane experimental method and their corresponding
stress state. However, some of them require special equipment and can
hardly be performed using a universal tensile machine. For example,
the cruciform specimen in equibiaxial stress state requires a special
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Fig. 1. Schematics of some well-known physical tests for the characterization of in-
plane yield surface of the thin-walled specimens in the biaxial stress state, such as
uniaxial tensile and compression tests, equibiaxial tensile tests, plane-strain tensile tests,
pure shear tests and equibiaxial compression tests.

biaxial tensile machine and complex loading control method to ensure
constant stress path [9,10]. Moreover, the twin bridge in-plane torsion
test specimen in pure shear stress state must be conducted using an
approximate support fixture [11,12]. Regarding the characterization of
the Bauschinger effect of sheet metals, it also needs special equipment
and tooling as well as related control methods to achieve the in-plane
compression deformation. For example, the cyclic tension–compression
test with normal contact forces applied to avoid the buckling is widely
used to test the Bauschinger behaviour; however, friction effect and
limited compression strain level still affect the test capability [13,14].
Despite these advanced experimental methods having achieved the me-
chanical responses of sheet metal in some specific stress states, accurate
characterization of the plastic behaviour in arbitrary deformation mode
and Bauschinger behaviour still remains challenging issues and it is also
very time-consuming and costly although some existing test methods
can be done.

In the last two decades, various advanced phenomenological yield
functions have been developed to capture these experimental yield
stresses and plastic potentials in different stress states. Based upon the
concept of a linear transformation, several advanced anisotropic yield
functions were developed to increase the flexibility by involving the
linear transformation matrix, in which the complex variation of plastic
anisotropy of strong textured metals can be accurately described. For
instance, the two linear transformations based yield function so-called
Yld2004-18p was proposed by Barlat et al. [15], which is suited for
textured aluminium sheet [16]. Aretz and Barlat proposed an advanced
yield function named Yld2011-27p associated with three linear trans-
formations to overcome the lack of ‘flexibility’ of Yld2004-18p in
describing the plastic anisotropy of strong textured metals [17]. Besides
linear transformations based yield functions, Banabic et al. proposed
a flexible yield criterion so-called BBC2003 [18] by adding weight
coefficients to the isotropic formulation proposed by Hershey [19].
Later, two yield functions BBC2005 [20] and BBC2008 [21] were
developed to improve the flexibility further. Recently, a flexible yield
criterion was developed by Raemy et al. based on a Fourier series of the
angular coordinates [22]. Hu et al. proposed a polynomial-type yield
function, in which the parameters are directly defined by experimental
r-value and yield stress without numerical fitting processes [23]. These
phenomenological yield functions use physical mechanical tests to
define the shape of the yield surface and are very useful in numerical
2

simulations to optimize the sheet metal forming process. However, the
main drawback of this approach is that the evolution of yield surface
shape cannot be captured during the plastic deformation. To overcome
this limitation, a discrete framework was developed to describe the evo-
lution of anisotropy by using various parameters of the yield function
at discrete levels of plastic strain. For example, Safaei et al. proposed a
phenomenological approach to describe the evolution of anisotropy in
the uniaxial deformation path using sets of parameters associated with
various equivalent plastic strain levels [24]. Yoshida et al. proposed
an anisotropic yield function to describe the evolution of anisotropy
and the Bauschinger effect, which is defined as an interpolation be-
tween two yield functions at two discrete levels of plastic strain [25].
Although the evolution of anisotropy in a specific strain path is suc-
cessfully captured by this approach, the deformation behaviour in an
arbitrary deformation path is still not accurately predicted.

Essentially, mechanical anisotropy is attributed to the distribution
of orientations of crystalline aggregates, since mechanical anisotropy
is inherent for a single crystal. For crystalline matter, various crystal
plasticity (CP) approaches have been successfully developed and used
to predict the plastic behaviour of crystalline aggregates at meso-
scopic and engineering length scales. The CP approach could be briefly
categorized as mean-field and full-field methods. For the mean-field
CP method, Taylor proposed a full-constraint (FC) CP model using
the iso-strain theory which leads to the violation of stress equilib-
rium [26]. Subsequently, extensive Taylor-type models were further
developed to improve the condition of the stress equilibrium [27,28].
Due to this problem, the Taylor-type model cannot realistically de-
scribe the stress distribution among differently oriented grains during
plastic deformation. To overcome the drawback of the Taylor-type
model, various self-consistent (SC) models have been developed to
describe the mechanical behaviour of polycrystals in various deforma-
tion modes [29–33]. Although the SC models simultaneously satisfy
the stress equilibrium and the deformation compatibility, the main
shortage of the mean-field method is still existing, i.e., the effect of
some microstructural information is not accessible to SC models, such
as the local latent hardening behaviour at the interface between the
different grains and inhomogeneity of the intra-grain micro-mechanical
field values [34]. Last decade, this microstructural information has
been incorporated into the constitutive model using a full-field CP
approach, where every single grain is discretized as a set of material
points [35–38]. Full-field CP simulations can be used to predict the
spatial distribution of both grain-to-grain interactions and intra-grain
micromechanical field values [39–48]. Generally, full-field CP method
utilizes the finite element method as the numerical solver, which is
shorted as CPFEM [35]. Recently, the full-field CP modelling was
successfully implemented in the fast Fourier transforms (FFTs) based
spectral methods, which is shorted as CPFFT [49,50]. FEM approaches
can be applied to predict the mechanical response of polycrystals under
complex boundary conditions on arbitrary model geometries but they
are very time-consuming [51]. Spectral methods are far more effective
but only can solve the micro-mechanical field values of material points
constrained by the periodic boundary conditions. When simulating
the mechanical response of metallic materials at engineering-length
scale, the homogenization schemes such as mean-field and grain-cluster
homogenization within the numerical solution [35] are typically em-
ployed rather than the discrete structure with a large number of grains
in full-field CP modelling. However, with respect to the prediction
of plastic anisotropy evolution in large plastic deformation, full-field
CP modelling is superior to these homogenization approaches [40,
52], but directly utilizing CP simulations in macro-scale structure,
i.e., the initial blank is discretized as crystalline aggregates with a
large number of material points, is not an ideal choice due to its very
high computational cost [53]. To overcome the high computational
cost of full-field CP modelling in solving micromechanical field values
of a large number of grains at an engineering-length scale, the CP
model is only employed to predict the initial plastic anisotropy data
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required by the calibration of phenomenological yield function which
is used to perform FE simulations at engineering-length scale [39–
41,44,54,55]. These hierarchical schemes show several merits such as
high computational efficiency, saving physical test costs and accurate
prediction of anisotropic plasticity in arbitrary stress states. However,
in these hierarchical schemes, the CP modelling is only performed once
to calibrate the initial yield surface without the consideration of texture
evolution induced yield surface change in complicated plastic strain
path.

Additionally, the reverse loading and cyclic loading paths com-
monly occur during the sheet metal forming processes. It is known
that the Bauschinger effect induced strength changes during the cyclic
loading is more complex compared with the simple uniaxial tension.
This behaviour can affect the quality of the formed part with respect
to springback, residual stresses and thickness variation. Essentially, the
Bauschinger behaviour is attributed to the residual stress in the grain
boundary and texture evolution during the cyclic deformation [56]. In
addition, the cyclic hardening behaviour of the precipitation-hardened
aluminium alloys is influenced by the precipitation effect [57–59].
To capture this hardening response, many kinematic hardening mod-
els have been established by controlling the nonlinear motion and
expansion of one-surface or multiple-surface [60–67], and trying to
improve the FE simulation accuracy of sheet metal forming processes.
These types of models have successfully reproduced the hardening
curves in cyclic loading processes of various sheet metals in compar-
ison with experimental results. However, physical testing of reverse
loading-induced Bauschinger behaviour of thin-walled specimens at
a large strain is still challenging, which makes some parameters of
complicated kinematic hardening models hard to be obtained through
physical tests. Since the grain boundary interaction and grain orien-
tation rotation are taken into account in the full-field CP constitutive
model, the Bauschinger behaviour of sheet metal can be predicted by
full-field CP modelling [58,68–70]. CP simulations could predict the
Bauschinger behaviour during the cyclic deformation at grain-length
scale and further capture these cyclic hardening data at engineering-
length scale [71–73], thus providing a feasible approach to calibrate
the above-mentioned phenomenological kinematic hardening models.

To make an effort to solve the research gap described above, this re-
search aims to develop a multi-scale model to describe the evolving tex-
ture induced plastic anisotropy evolution and Bauschinger behaviour
during the large plastic deformation in strongly textured aluminium
sheets, hence providing an accurate and high computation-efficiency
approach for material modelling and simulation of forming processes.
For this purpose, a novel microstructure-based computational frame-
work is presented, where the high-efficiency spectral method based
full-field CP modelling is embedded in the iterative process of FE
simulations via user-material subroutine. In this scheme, each element
has independent yield function coefficients and texture data which are
updated by the full-field CP modelling following the strain path of
the element, and hence, overcomes the main drawback of the current
physical or virtual tests calibrated phenomenological yield functions, in
which the shape of the yield surface is assumed as constant and same as
the initial yield behaviour during the large plastic deformation. To ver-
ify the proposed multi-scale modelling method, the predicted uniaxial
and biaxial mechanical anisotropy were compared with correspond-
ing physical tests, and further experimental local texture evolution,
earning profiles, loading history and the wall thickness variations in
the cylindrical deep drawing provided by the ESAFORM Benchmark
2021 [1], were used to validate the simulation accuracy in sheet metal
forming analysis. In addition, the conventional phenomenological mod-
els with constant yield surface calibrated by the physical experiments
and virtual tests were also used in the simulation for comparison. The
multi-scale modelling method proposed in this paper is formulated in a
general form, which enables it to be readily utilized for other applica-
tions of material modelling and simulation, such as quick evaluation of
formability, inverse design of microstructure design, optimization and
3

control of forming processes and machine tools.
2. Multi-scale modelling framework

In the proposed microstructure-based computational framework
considered the evolving texture, the full-field CP modelling and phe-
nomenological constitutive model regularly interact to update the
texture and plastic anisotropy at grain-length scale and engineering
length scale, respectively. In the following subsections, the constitutive
formulations of the employed full-field CP modelling, phenomenolog-
ical yield functions and two-surface kinematic hardening model are
briefly introduced to explain the meaning of the material constants.
Their interactive algorithm in terms of real-time close-loop feedback
and updates is introduced in detail.

2.1. Finite strain crystal plasticity theory

In the finite strain CP theory, the deformation gradient was utilized
to describe the stretch, rotation and shear of the crystal lattice in the
deformation field. Mathematically, the deformation gradient can be
decomposed as two components, i.e, elastic and plastic 𝐅 = 𝐅𝑒𝐅𝑝. The
evolution of deformation gradients are governed by velocity gradients
𝐋𝑒 and 𝐋𝑝 using the following flow rule 𝐋 = 𝐋𝑒+𝐅𝑒𝐋𝑝(𝐅𝑒)−1, where the
lastic velocity gradient 𝐋𝑝 due to dislocation slip is expressed as the
um over the individual shear contribution �̇�𝛼 on the number of 𝑁 slip
ystems 𝛼:

𝑝 = �̇�𝑝𝐅−1
𝑝 =

𝑁
∑

𝛼
�̇�𝛼𝐬𝛼0 ⊗𝐦𝛼

0 (1)

here the 𝐬𝛼0 and 𝐦𝛼
0 are unit vectors which determine the shear

eformation mode and the direction of its deformation plane normal
o the slip systems in the deformation field through the dyadic product
f the Schmid components. The well-known power law [74,75] was
pplied to describe the plastic shear rate �̇�𝛼 :

�̇�𝛼 = �̇�0
|

|

|

|

𝜏𝑎
𝑔𝛼

|

|

|

|

1∕𝑚
𝑠𝑔𝑛(𝜏𝑎) (2)

where the deformation rate �̇�0 and exponent 𝑚 respectively define the
reference and strain rate sensitivity of the crystalline deformation. The
slip resistance 𝑔𝛼 determines the micro-mechanical strain hardening
response of the material points in the current deformation field, which
progressively evolves from 𝑔0 to 𝑔∞ [76]. The constitutive formulation
for describing the evolution of 𝑔𝛼 during the plastic deformation is
determined by its rate:

̇ 𝛼 =
𝑁
∑

𝛽
ℎ𝛼𝛽 �̇�

𝛽 (3)

where 𝑔𝛼(0) = 𝑔0 defines the initial slip resistance stress for the specific
slip deformation mode of each material point, and the strain hardening
matrix ℎ𝛼𝛽 determines the instantaneous slip resistance stress in the
urrent deformation field which is formulated by:

𝛼𝛽 = ℎ0
[

𝑞 + (1 − 𝑞)𝛿𝛼𝛽
]

|

|

|

|

|

1 −
𝑔𝛽

𝑔∞

|

|

|

|

|

𝑎

𝑠𝑔𝑛
(

1 −
𝑔𝛽

𝑔∞

)

(4)

where 𝑞 is a latent hardening parameter which is taken by 1 to 1.4 for
various slip systems to describe the different latent hardening levels.
Moreover, the strain hardening of the material points is also governed
by the other material constant ℎ0, 𝑎 and saturated slip resistance stress
𝑔∞, which are obtained by optimized numerical fitting processes.

To obtain the stress state of the crystal, the applied shear stress 𝜏𝛼

s needed to be transformed to the Cauchy stress component 𝝈 through
the numerical solved second Piola–Kirchhoff stress component 𝐒 [35]:

𝜏𝛼 = 𝝈 ∶
(

𝐅𝑒𝐒𝛼0𝐅
−1
𝑒
)

=
(

𝐅𝑇
𝑒 𝐅𝑒𝐒

)

∶ 𝐒𝛼0 (5)

where the second Piola–Kirchhoff stress 𝐒 can be numerically solved
utilizing the finite elastic strain theory:

𝐒 = C ∶ 𝐄 with 𝐄 =
(

𝐅𝑇𝐅 − 𝐈
)

∕2 (6)
𝑒 𝑒 𝑒 𝑒
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where C is the elastic stiffness matrix which determines the stress–
strain behaviour of crystal in elastic deformation. For cubic crystals,
C is symmetrically formulated by three elastic constants 𝐶11, 𝐶12, and
𝐶44.

The full-field CP model has been implemented into an open-source
spectral method solver DAMASK [42], and the elaborated implementa-
tion method of the finite strain CP constitutive model into the spectral
numerical solver could be founded in the Ref. [50]. The crystal plas-
ticity modelling was used to virtually test material response under
various loading scenarios for characterizing the plastic anisotropy and
the Bauschinger effect, thus providing the required data for calibrating
the phenomenological models.

2.2. Formulations of phenomenological model

The phenomenological yield functions are popularly utilized to
predict the mechanical response and plastic deformation of sheet metals
due to their user-friendly formulations and easy implementation in
the user material subroutine of FE numerical solver. Two phenomeno-
logical yield functions, i.e., Yld2000-2d and Yld2004-18p subjected
to in-plane and 3D stress states, respectively, [15,77], are utilized in
this research to model the anisotropy of strongly textured aluminium
alloys. The implementation of the Yld2000-2d into FE simulations has
gained considerable popularity for forming simulations of various sheet
metals. This yield function is based on linear transformations of two
unconditionally convex functions 𝜑′ and 𝜑′′ of the deviatoric stress
tensor.

𝑓 (𝝈) =
[ 1
2
(

𝜑′ + 𝜑′′)
]1∕𝑎

= 𝜎 (7)

here
′ =

(

𝑋′
1 −𝑋′

2
)𝑎 , 𝜑′′ =

(

2𝑋′′
2 +𝑋′′

1
)𝑎 +

(

2𝑋′′
1 +𝑋′′

2
)𝑎 (8)

here the exponent 𝑎 determines the ellipsoid of the yield surface,
hich is generally taken by 6 and 8 for steel and aluminium alloy, re-

pectively. The 𝜎 is the effective stress.The 𝑋′ and 𝑋′′ are the principal
values of linear transformed stress matrices, which are calculated by
the multiplier of the linear transformation matrix and in-plane Cauchy
stress tensor, 𝝈 = [𝜎11 𝜎22 𝜎12]T:

�̃�′ = 𝐋′ ∶ 𝝈 (9)

�̃�′′ = 𝐋′′ ∶ 𝝈 (10)

where the linear transformations were defined as:
⎡

⎢

⎢

⎢

⎢

⎣

𝐿′
11

𝐿′
12

𝐿′
21

𝐿′
22

𝐿′
66

⎤

⎥

⎥

⎥

⎥

⎦

=
⎡

⎢

⎢

⎣

2∕3 0 0
−1∕3 0 0
0 −1∕3 0
0 2∕3 0
0 0 1

⎤

⎥

⎥

⎦

[ 𝑎1
𝑎2
𝑎7

]

, (11)

⎡

⎢

⎢

⎢

⎢

⎣

𝐿′
11

𝐿′
12

𝐿′
21

𝐿′
22

𝐿′
66

⎤

⎥

⎥

⎥

⎥

⎦

= 1
9

[ 2 −2 8 −2 0
1 −4 −4 4 0
4 −4 −4 1 0
−2 8 2 −2 0
0 0 0 0 9

][ 𝑎3
𝑎4
𝑎5
𝑎6
𝑎8

]

(12)

Based on the good flexibility of the Yld2000-2d, the in-plane me-
chanical anisotropy could be appropriately described in this yield
function. However, the out-of-plane anisotropy cannot be considered
in this model. Therefore, the Yld2004-18p yield function considered
3D stress tensor is also utilized to calibrate both in-plane and out-of-
plane plastic anisotropy of the materials. This yield function has been
found to have good high accuracy in describing the plastic anisotropy
of textured aluminium alloys in full-stress space. The formulation of
this phenomenological 3D yield criterion is expressed as [15]:

𝛹
(

𝑆′, 𝑆′′
)

= |

|

|

𝑆′
1 − 𝑆′′

1
|

|

|

+ |

|

|

𝑆′
1 − 𝑆′′

2
|

|

|

+ |

|

|

𝑆′
1 − 𝑆′′

3
|

|

|

+ |

|

|

𝑆′
2 − 𝑆′′

1
|

|

|

+ |

|

|

𝑆′
2 − 𝑆′′

2
|

|

|

+ |

|

|

𝑆′
2 − 𝑆′′

3
|

|

|

+ |

|

|

𝑆′
3 − 𝑆′′

1
|

|

|

| ̃′ ̃′′| | ̃′ ̃′′| 𝑎

(13)
4

+ |

|

𝑆3 − 𝑆2 |
|

+ |

|

𝑆3 − 𝑆3 |
|

= 4𝜎 b
here 𝜎 is the effective stress and the exponent 𝑎 determines the
ellipsoid of the yield surface. The 𝑆′

𝑖 and 𝑆′′
𝑖 (𝑖 = 1,2,3) are the principal

values of the linear transformed stress matrices �̃�′ and �̃�′′ which can
be obtained by employing linear transformations on Cauchy stress
deviators.

�̃�′ = 𝐂′ ∶ 𝐓 ∶ 𝝈, �̃�′′ = 𝐂′′ ∶ 𝐓 ∶ 𝝈 (14)

𝝈 =
[

𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑧𝑧 𝜎𝑥𝑦 𝜎𝑦𝑧 𝜎𝑧𝑥
]𝑇 (15)

where 𝐂′ and 𝐂′′ are the linear transformations on the stress deviators
and are given as follows:

𝐂′ =

⎡

⎢

⎢

⎢

⎣

0 −𝛼1 −𝛼2 0 0 0
−𝛼3 0 −𝛼4 0 0 0
−𝛼5 −𝛼6 0 0 0 0
0 0 0 𝛼9 0 0
0 0 0 0 𝛼7 0
0 0 0 0 0 𝛼8

⎤

⎥

⎥

⎥

⎦

, (16)

𝐂′′ =

⎡

⎢

⎢

⎢

⎣

0 −𝛼10 −𝛼11 0 0 0
−𝛼12 0 −𝛼13 0 0 0
−𝛼14 −𝛼15 0 0 0 0
0 0 0 𝛼18 0 0
0 0 0 0 𝛼16 0
0 0 0 0 0 𝛼17

⎤

⎥

⎥

⎥

⎦

(17)

𝐓 is the constant linear transformation described as:

𝐓 = 1
3

⎡

⎢

⎢

⎣

2 −1 −1 0 0 0
−1 2 −1 0 0 0
−1 −1 2 0 0 0
0 0 0 3 0 0
0 0 0 0 3 0
0 0 0 0 0 3

⎤

⎥

⎥

⎦

(18)

The anisotropy parameters 𝛼𝑖 of the linear operators 𝐂′ and 𝐂′′ de-
termine the plastic anisotropy and shape of the yield surface by adding
the weight coefficients on the stress components. In the conventional
method, the in-plane parameters are normally determined by using the
directional r-values, stresses in uniaxial and biaxial tension, and plastic
potentials. However, four parameters of the linear transformations,
namely 𝛼(𝑘)7 , 𝛼(𝑘)8 , 𝛼(𝑘)16 and 𝛼(𝑘)17 are determined by the out-of-plane me-
hanical anisotropy, which is difficult to be measured experimentally
or thin-walled sheets. The CP simulations could be utilized to predict
he yield stress and plastic strain in arbitrary deformation mode, and
ence these out-of-plane parameters could be calibrated.

In this work, two sets of coefficients of Yld2000-2d and Yld2004-18p
odels were established based on full-field CP simulations and physical

xperiments, respectively. The Yld2000-2d and YLD2004-18p mod-
ls were implemented into ABAQUS implicit solver via user-material
ubroutine using a fully implicit back-Euler stress integration approach.

.3. Two-surface kinematic hardening model

Conventionally, the implementation of yield function into FE code
s associated with phenomenological isotropic hardening model such as
wift and Voce hardening laws. However, in many practical sheet form-
ng processes, the material would suffer a complex strain history, in
hich reverse loading and cyclic deformation commonly occur. Under

yclic deformation and reverse loading path, the material usually can
resent kinematic hardening behaviour, which cannot be described by
he isotropic hardening model. To capture this hardening phenomenon,
two-surface model was proposed by Yoshida and Uemori [60,64,78].
his hardening model is consist of a yield surface and a bounding
urface, in which the kinematic hardening behaviour is described by
oving the yield surface within the bounding surface. The experi-
ental results approved that this two-surface model could capture the

inematic hardening behaviours using a small number of parameters.
n this research, an associated flow rule based two-surface hardening
odel is proposed in this work, which is modified from the non-

ssociated flow rule based two-surface model proposed by the Ghaei
t al. [65]. This hardening model was incorporated with the advanced
ield function to describe the complex deformation behaviour in sheet
etal forming. In this model, the yield criterion 𝑓𝑦 determines the
oundary between the elastic and plastic zone using yield stress 𝑦 in the
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stress space and the function 𝐹 determines the shape of the bounding
urface, as given by:

𝑦 (𝜼) − 𝑦 = 0 (19)

(

𝛴 − 𝜶2
)

− 𝑏0 − 𝑟 (𝑝) = 0 (20)

= 𝝈 − 𝜶 (21)

here 𝝈 is the Cauchy stress tensor in the current state and the
ackstress tensor 𝜶 controls the movement of the yield surface. 𝜼 is
ubstituted into the yield criterion to calculate the effective stress. 𝛴
s the corresponding stress point on the bounding surface, 𝜶2 is the
orresponding backstress tensor and 𝑏0 is the initial size of bounding
urface. 𝑟 controls the expansion of the bounding surface, which is
overned by the equivalent plastic strain 𝑝:

(𝑝) = 𝑄
[

1 − exp (−𝑏𝑝)
]

(22)

here the 𝑄 and 𝑏 are the material constants that need to be calibrated.
n this model, the kinematic hardening behaviour is governed by the
tate of the backstress �̇�, which can be decomposed as �̇� = �̇�1 + �̇�2.
he �̇�1 is dependent on the rate of equivalent plastic strain �̇�, and can
e described by:

̇ 1 = 𝛾1

(

𝑏0 + 𝑟 − 𝑦
𝑦

𝜼 − 𝜶1

)

�̇� (23)

where 𝛾1 is the material constant and 𝑏0 determines the initial size of
the bounding surface. 𝜶1 is the deviation between the central position
of the yield surface and the bounding surface. The motion of the
bounding surface is controlled through the �̇�2, as given by:

�̇�2 = 𝛾2

(

𝑐2
𝑦
𝜼 − 𝜶2

)

�̇� (24)

where 𝑐2 and 𝛾2 are the material parameters. 𝜶2 is the central position
of the bounding surface in the stress space. To obtain the equivalent
plastic strain rate �̇�, the classical associated flow rule (AFR) is employed
by:

�̇�𝒑 = �̇�
𝜕𝑓𝑦
𝜕𝝈

= �̇�𝒎 (25)

where �̇�𝒑 is the rate of the plastic strain tensor and �̇� is the plastic
multiplier, which is same as the equivalent plastic strain rate in AFR,
i.e., �̇� = �̇�. 𝒎 is the first order of the yield function, which makes the
plastic potentials normal to the yield surface. A consistency condition
in the yield surface and bounding surface is utilized to solve the
equivalent plastic strain rate:
𝜕𝑓𝑦
𝜕𝝈

∶ �̇� +
𝜕𝑓𝑦
𝜕𝜶1

∶ �̇�1 +
𝜕𝑓𝑦
𝜕𝜶2

∶ �̇�2 = 𝒎 ∶ �̇� = 0 (26)

Here, the elastic stress tensor follows Hooke’s law, and hence the
rate of the stress tensor is obtained by:

�̇� = 𝑫 ∶
(

�̇� − �̇�𝒑
)

= 𝑫 ∶
(

�̇� − �̇�𝒎
)

(27)

where 𝑫 is the elastic stiffness matrix, and �̇� is the rate of total strain
tensor. The plastic multiplier can thus be represented by substituting
Eq. (27) into Eq. (26), as given by:

𝒎 ∶ 𝑫 ∶
(

�̇� − �̇�𝒎
)

−𝒎 ∶ �̇�1 −𝒎 ∶ �̇�2 = 0 (28)

Therefore, the plastic multiplier (equivalent plastic strain rate) can
be obtained by substituting Eqs. (23) and (24) into Eq. (28) and using
AFR �̇� = �̇�, which is denoted by:

�̇� = 𝒎 ∶ 𝑫 ∶ �̇�
𝒎 ∶ 𝑫 ∶ 𝒎 +𝒎 ∶ �̇�1

�̇� +𝒎 ∶ �̇�2
�̇�

(29)

In addition, by substituting Eq. (29) into Eq. (27), the tangent con-
istent modulus 𝑫𝑒𝑝 of the two-surface hardening model is determined:
5

̇ = 𝑫𝑒𝑝 ∶ �̇� =
⎛

⎜

⎜

⎝

𝑫 −
(𝑫 ∶ 𝒎)⊗ (𝑫 ∶ 𝒎)

𝒎 ∶ 𝑫 ∶ 𝒎 +𝒎 ∶ �̇�1
�̇� +𝒎 ∶ �̇�2

�̇�

⎞

⎟

⎟

⎠

(30)

Besides the permanent softening, the work hardening stagnation is
another phenomenon that about zero strain hardening rate is observed
at the early stage of reverse loading [60]. To describe this phenomenon,
a stagnation surface is introduced to limit the expansion of the bound-
ing surface. In this method, the expansion of the bounding surface
is only allowed when the central position of the bounding surface is
within the range of the stagnation surface. This stagnation surface is
given as follows:

𝑓𝑠
(

𝜶2 − 𝜶𝑠
)

− 𝑦𝑠 = 0 (31)

where 𝑦𝑠 and 𝜶𝑠 is the initial size and the central location of the
stagnation surface in stress space. A non-linear kinematic hardening
law is utilized to describe the translation of the bounding surface:

�̇�𝑠 = �̇�
(

𝜶2 − 𝜶𝑠
)

= �̇�𝝃 (32)

where the tensor 𝝃 and rate �̇� are achieved using the following crite-
rion:
𝜕𝑓𝑠
𝜕𝜶2

∶ �̇�2 +
𝜕𝑓𝑠
𝜕𝜶𝑠

∶ �̇�𝑠 − �̇�𝑠 = 0 (33)

here the �̇� is obtained by substituting Eq. (32) into Eq. (33):

�̇� =
𝒏 ∶ �̇�2 − �̇�𝑠

𝒏 ∶
(

𝜶2 − 𝜶𝑠
) (34)

here 𝒏 = 𝜕𝑓𝑠
𝜕𝜶2

. The rate of 𝑦𝑠 is defined as:

�̇�𝑠 = ℎ𝒏 ∶ �̇�2, when �̇� > 0 (35)

�̇�𝑠 = 0, when �̇� = 0 (36)

where ℎ is the experiment calibrated material constant, which controls
the expansion level of the stagnation surface. The �̇� determines that
the stagnation surface is only allowed to expand associated with the
expansion of the bounding surface.

2.4. Multi-scale modelling scheme for evolving texture and anisotropic
plasticity

The two types of the constitutive models presented above are per-
formed in different types of numerical solvers, where the DAMASK full-
field crystal plasticity model is FFTs based spectral solver included in
Portable, Extensible Toolkit for Scientific Computation (PETSc) and the
phenomenological yield function and two-surface kinematic hardening
model is implemented into the ABAQUS/UMAT subroutine. Therefore,
they are difficult to be integrated into the same numerical scheme.
In this work, the shell script in the Linux platform is used to achieve
the ‘‘coupling’’ between DAMASK and ABAQUS through data transfer-
ring with updated texture information and coefficients of anisotropic
plasticity models.

Fig. 2 indicates the schematic presentation of one computational
loop in the multi-scale modelling involving texture and anisotropic
plasticity evolution. In this process, the strain path of each integration
point solved by finite element modelling is passed to the full-field
CP modelling as the boundary condition. Thus, the strain path de-
pendent texture updates are achieved utilizing the mapped RVEs in
CP modelling. Subsequently, the virtual tests are conducted using the
RVE with updated texture to calibrate the new parameters of the yield
function, which are returned to the corresponding integration point
in the macroscopic finite element model. The detailed computational
processes are stated in the following. In the beginning, the UMAT
subroutine loop is performed using the initial yield function coefficients
which are identified by the full-field CP modelling using the initial
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Fig. 2. Schematics of the one computational loop in the evolving texture based multi-scale modelling schemes including four steps: (a) Macroscopic finite element modelling and
local strain path output, (b) full-field CP simulations based strain path dependent texture updates for each integration points, (c) New texture based virtual tests and (d) new yield
surface calibration and updates.
texture of the material before forming. Meanwhile, the accumulated
equivalent plastic strain and each strain tensor component are stored
in the UMAT solution-dependent variables (SDV), denoted as SDV𝐸𝑄𝑆
and SDV𝜖𝑖𝑗 . When the accumulated equivalent plastic strain exceeds
a predefined threshold, the UMAT is paused and DAMASK full-field
CP modelling is executed through the shell script. In the class of full-
field CP modelling, the updated texture data is solved by the RVE
in the periodical boundary conditions (BCs), which is consistent with
the accumulated strain SDV𝜖𝑖𝑗 of the element in UMAT (the detail see
Appendix). Subsequently, the updated texture data are employed to

perform several virtual mechanical tests, including directional tensile
tests from RD to TD at an interval of 15◦ in the RD-TD plane, biaxial
tensile tests in RD-TD, TD-ND and RD-ND planes. These mechanical
anisotropy data obtained from CP virtual tests are then used to calibrate
the new coefficients of the yield function at the current deforma-
tion state. Once the strain path dependent texture and yield function
coefficients are updated, SDV𝐸𝑄𝑆 and SDV𝜖𝑖𝑗 reset as zero and the
loop of UMAT continues working to update 𝝈 and SDVs using the
updated yield functions until accumulated equivalent plastic strain
reaches next threshold value. It should be noted that each element
has its independent UMAT loop, where the local deformation history
is passed to full-field CP modelling for updating the texture and yield
function coefficients. Therefore, the yield surface evolution at each
element depends on the local texture evolution induced by local plastic
deformation history.

3. Material characterization and cup drawing experiments

The as-received material is an AA6016-T4 sheet with 1 mm thick-
ness, supplied by the UACJ Co., Japan. In this Section, the crystalline
6

morphology and texture of the as-received AA6016-T4 sheet are charac-
terized by high-resolution EBSD tests, which are utilized to establish the
accurate RVEs. The directional uniaxial, biaxial tests and shear tests are
conducted to obtain the plastic anisotropy and provide validation data
of virtual tests. Cylindrical cup drawing tests are performed to verify
the accuracy of the evolving texture based model and conventional
approach with a constant yield surface.

3.1. Microstructure characterization

High-resolution electron backscatter diffraction (EBSD) tests were
performed at the University of Aveiro utilizing a Bruker CrystAlign
QC 400 EBSD system interfaced to a Hitachi SU-70 SEM to examine
the crystallographic texture of the as-received AA6016-T4 sheet, by
the organizers of the ESAFORM Benchmark 2021. The source EBSD
data can be found in [1] An open-source EBSD post-analysis software
package MTEX was used to analyse the raw EBSD results [80]. As
shown in Fig. 3a, it can be found from the inverse pole figure that
most of the grain shapes of AA6016-T4 are equiaxial. Furthermore, the
orientation density function (ODF) was analysed. Fig. 3b shows the cor-
responding sliced orientation density maps through the reduced Euler
space

(

0◦ ≤ {𝜙1, 𝛷, 𝜙2} ≤ 90◦
)

in Bunge’s convention. It can be observed
that the highest ODF intensity is about 20, located in {𝜙1, 𝛷, 𝜙2} =
{0◦, 0◦, 0◦}. Based on the above analysis, a pronounced cube texture
can be found in the AA6016-T4 sheet.

3D RVE crystal plasticity (CP) modelling was developed for the
AA6016-T4 sheet, based on the measured microstructure features in
above. The CP model will be used to predict the macro-scaled response
of mechanical anisotropy for AA6016-T4. Since the accuracy of the
full-field CP modelling in the prediction of macro-scaled anisotropy
may be sensitive to the number of grains, five periodic cubic RVEs
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Fig. 3. Microstructure characterization of as-received AA6016-T4 aluminium alloy sheet. (a) 1.9 mm × 2.6 mm EBSD map with inverse pole figure colour, where the 𝑥-direction
is RD (rolling direction) and 𝑦-direction is TD (transverse direction) [1]. (b) The orientation density map of orientation density function (ODF) as sections through the reduced
Euler space for cubic-orthorhombic symmetry, where a strong cube texture is observed in the ODF.

Fig. 4. The Voronoi tessellation generated 3D RVE with a resolution of 80 × 80 × 80 Fourier points using open-source software neper [79] for (a) 100, (b) 300, (c) 500, (d) 1000
and (e) 3000 equiaxial grains used for the grain number sensitivity study of virtual tests, and their orientations following the same EBSD data based ODF and are represented
using inverse pole figure colourmap.
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Table 1
The CP constitutive parameters for the AA6016-T4 aluminium alloy sheet, identified according to the experimental
data of uniaxial tension and shear along RD.
𝐶11 𝐶12 𝐶44 �̇�0 ℎ0 𝑔0 𝑔∞ 𝑚 𝑎 𝑞

82 GPa 62 GPa 29 GPa 0.001 s−1 1140 MPa 48 MPa 140 MPa 0.02 2.0 1.4
Fig. 5. Experimental set-up for cup drawing tests [1]: (a) Schematics of the hydraulic universal testing machine and tooling parts (composed of four parts: a die, a blank holder,
a cylindrical punch and a stopper) for cylindrical cup drawing experiments. (b) The geometry of the tooling system (dimension in mm) for cylindrical cup drawing experiments.
The initial diameter of the blank is 107.50 mm and the blank holder force was set as 40 kN.
consisting of 100, 300, 500, 1000 and 3000 grains (Fig. 4) were
employed in the convergence study (each grain was illustrated by its
inverse pole figure colour). The crystalline morphology of these RVEs
is set as equiaxial grain, which is obtained using the software Neper
based upon the Voronoi tessellation method. The resolution of the RVE
is defined as 80 × 80 × 80 Fourier points (total of 512,000 voxels).
Based on the results in Ref. [49], the predicted mechanical response is
virtually converged for a spectral method based CP modelling when the
resolution of RVEs exceeds 32 × 32 × 32. Therefore, the resolution of
80 × 80 × 80 could obtain converged results. The orientations of the
grains in the five 3D RVEs were generated from the same ODF based on
the 2D EBSD data in the RD-TD plane. Since the as-received AA6016-
T4 sheet is treated by temper 4 (solution heat treatment and naturally
aged), the strong cube texture and equiaxial grain shape are introduced
by the recrystallization temperature in solution heat treatment. This
temperature treatment has the same effect in the RD-TD plane and
thickness direction. This assumption is supported by the EBSD data
of the AA6016-T4 sheet in the RD-ND plane reported in Ref. [81],
which shows the equiaxial grain morphology and the texture along
the thickness direction also complies with the strong cube texture.
Therefore, the texture of 3D RVEs obtained from the 2D EBSD data in
the RD-TD plane appropriately represents the texture of the AA6016-T4
sheet.

3.2. Mechanical characterization

Uniaxial and biaxial tension tests were used to verify the accuracy
of the CP virtual testing method developed above. These mechanical
experiments for AA6016-T4 were conducted at the Tokyo University
of Agriculture and Technology by the organizers of the ESAFORM
Benchmark 2021 and can be found in [1]. The uniaxial tensile tests
were performed from 0◦ to 90◦ at an interval of 15◦. The strain rate was
set as approximately 5×10−4/s. It is noted that the biaxial tension tests
under proportional loading with the seven stress ratios (4:1, 2:1, 4:3,
1:1, 3:4, 1:2, and 1:4) were conducted using cruciform specimens. More
details about the biaxial tension tests using cruciform specimens can
be found in Ref. [9,10]. In addition, shear and reverse shear tests were
conducted by the organizers of the ESAFORM Benchmark 2021 [1], in
which the deformation zone of the shear testing specimen is 30 mm ×
3 mm, and the crosshead speed during shear deformation was set as
1 mm/min.
8

Fig. 6. True stress versus true strain curves of AA6016-T4 during the uniaxial tensile
test and pure shear test predicted by CP model using the optimized solution of material
constant (documented in Table 1), which leads to the computed stress–strain curve
adjusted to experimental data after the iterative global optimization.

3.3. Cup drawing experiments and FE modelling

The cylindrical cup drawing experiments were used to validate
the capability of developed constitutive models, with a focus on the
analysis of earing profile, thickness variation and punch force. The
forming experiments were conducted at the University of Porto by the
organizers of the ESAFORM Benchmark 2021 and have been docu-
mented in [1]. These cup drawing experiments were carried out at
a punch speed of 0.5 mm/s. The tooling system of cup drawing is
illustrated in Fig. 5, including punch, blank holder, lower die and
stopper. The initial diameter of the AA6016-T4 blank is 107.50 mm. A
constant blank holder force of 40 kN was used during the cup drawing
process.

In this study, a finite element model of the AA6016-T4 sheet cup
drawing was established based on the ABAQUS platform. The tools
described above in the forming process were modelled as rigid bodies.
The AA6016-T4 sheet blank was meshed by shell element S4R and solid
element C3D8R for Yld2000-2d and Yld2004-18p models, respectively.
The Coulomb model was employed, with a constant coefficient of
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Fig. 7. The inhomogeneous distribution of (a) Cauchy stress component in loading direction and (b) r-value of each material point in the 3D RVEs with 100, 300, 500, 1000 and
3000 grains predicted by full-field CP simulations during the uniaxial tensile tests in RD at strain level of 0.1. (c) r-value versus angle from RD and (d) normalized yield stress
versus angle from RD of the AA6016-T4 aluminium alloy predicted by the CP modelling utilizing the RVEs with 100∼3000 grains in comparison with the experimental data (blue
symbols).
0.09, to define the contact friction between the sheet and dies under
lubrication. Here, five groups of constitutive models were used and
compared in FE modelling and simulation to describe the complex
anisotropic behaviour as well as to examine their prediction accuracy
including:

(1) Physical tests based Yld2000-2d yield function denoted as Exp.
Yld2000-2d

(2) Physical tests based Yld2004-18p yield function denoted as EXP.
Yld2004-18p

(3) Virtual tests based Yld2000-2d yield function denoted as CP.
Yld2000-2d

(4) Virtual tests based Yld2004-18p yield function denoted as CP.
Yld2004-18p

(5) Evolving texture and anisotropy evolution based Yld2004-18p
yield function denoted as TexEvo. Yld2004-18p

For the (1)∼(4) models, the parameters of the yield function keep
constant throughout the deep drawing simulations. For the TexEvo.
Yld2004-18p, the local texture and yield function parameters are reg-
ularly updated at increment size of 0.05 equivalent plastic strain fol-
lowing the deformation path during the deep drawing simulations. In
addition, to save computational cost, the resolution of the RVEs was
adopted in TexEvo. Yld2004-18p model is defined as 403 Fourier points
9

since the plastic anisotropy prediction is converged when the resolution
exceeds 323 as stated in Section 3.1.

4. Results and discussion

In this Section, the results of the virtual tests are thoroughly vali-
dated by the data of the experimental mechanical tests, such as nor-
malized yield stress and r-value in uniaxial tests, biaxial yield points
and plastic strain rates in RD-TD plane, hardening curve in shear and
reverse shear tests. The evolution of the texture and plastic anisotropy
at various positions during deep drawing is investigated using the
evolving texture based multi-scale modelling, showing that, compared
with the conventional approach with constant yield surface, the evolu-
tion of yield surface presents a considerable effect on the accuracy of
the sheet metal forming simulations.

4.1. Experimental validation of virtual tests

In the CP-based virtual tests, the crystal structure of the AA6016-
T4 aluminium sheet was set as FCC. In the CP model, 12 slip systems
in FCC-structured metals, including {110} ⟨111⟩ and the equivalent
systems, were considered. The hardening behaviour was modelled by
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Fig. 8. (a) The inhomogeneous distribution of Cauchy stress component in loading direction and (b) r-value in each material point of the 3D RVE predicted by full-field CP
simulations during the uniaxial tensile tests at strain level of 0.1 from RD to TD an interval of 15◦ compared with the initial shape of the RVE as denoted as the black outline. A
pronounced inhomogeneity in the inter-granular and intra-granular stress distribution and the grain orientation dependent plastic deformations are captured.

Fig. 9. (a) A near-cube orientation grains inside the RVE (the Euler angles is [1.69◦ , 9.33◦ , 0.57◦]); (b) the distribution of r-value in each material point of this near-cube orientation
grains during the virtual uniaxial tensile tests at strain level of 0.1 from RD to TD an interval of 15◦. The intra-grain micromechanical field value is captured and the r-value in
45◦ is lower while in RD and TD is higher, which is in agreement with the feature of cube orientation.
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Fig. 10. (a) The r-value versus angle from RD and (b) normalized yield stress versus angle from RD of the AA6016-T4 aluminium alloy. The blue symbols are experimental data.
The orange symbol is the result obtained from the virtual uniaxial tests. The black dashed line is the variation of the r-value and normalized yield stress of a single cube crystal.

Fig. 11. The distribution of Mises equivalent stress of the 3D RVEs in various virtual tests with different stress ratios in RD and TD at the equivalent strain level of 0.1. The
corresponding virtual tests predicted normalized yield stress points are plotted in the RD-TD plane to compare with the experimental biaxial tensile tests results and the yield
surface predicted by the single cube crystal plasticity modelling.
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Fig. 12. (a) The comparison of true stress versus true strain response of AA6016-T4 during 1.5 cycles of uniaxial tension and reverse compression tests obtained by CP simulations
and modified Yoshida–Uemori model (b) The true stress versus true strain response during 5 cycles of uniaxial tension and reverse compression tests obtained by CP simulations
and modified Yoshida–Uemori model.
Fig. 13. (a) The r-value versus angle from RD and (b) normalized yield stress versus angle from RD of the AA6016-T4 aluminium alloy. The blue symbols are experimental data.
The orange symbol is the result obtained from the virtual uniaxial tests. The dark cyan dot line and solid red line are the predicted results of the virtual tests based Yld2000-2d
and Yld2004-18p yield functions. The black dot line and solid blue line are the predicted results of the physical tests based Yld2000-2d and Yld2004-18p yield functions. The
olive dot line is the result obtained from single cube crystal plasticity modelling.
using a power law. The constitutive parameters used in the CP model
are determined by an iterative global optimization scheme using the
experimental results. The obtained material parameters of the CP model
are given in Table 1. A comparison between stress–strain curves pre-
dicted by the CP modelling and experimental ones is demonstrated
in Fig. 6. It can be observed that the CP model can well capture the
stress–strain curves for both uniaxial tension and shear tests.

The CP model with the calibrated material parameters was further
used to characterize the anisotropic plastic deformation of the AA6016-
T4 sheet. For this purpose, a series of RVE-based virtual tests were
carried out for exploring the material response under uniaxial tension
in various directions with respect to RD. To investigate the effect of
the number of grains adopted in RVE on the prediction of the plastic
anisotropy, the five RVEs with 100∼3000 grains plotted in Fig. 4
were utilized to perform the virtual uniaxial tension under the loading
direction in RD. Fig. 7a and b, respectively, indicate the distribution of
Cauchy stress components 𝜎11 and the r-value under loading direction
in RD for the five RVEs at the strain level of 0.1. The variation of
the CP modelling predicted r-value and normalized yield stress in
various directions using 100∼3000 grains are illustrated in Fig. 7c and
d, respectively. The plastic anisotropy prediction converges when the
grain number exceeds 300. Therefore, the 300 grains are enough to
12
represent the texture of AA6016-T4 obtained from ODF data. In this
work, the RVE with 300 grains is selected for all the virtual tests of
AA6016-T4 to ensure a high resolution of each grain.

Fig. 8a show the distribution of Cauchy stress components in various
loading directions of the 3D RVE with 300 grains during the virtual
uniaxial tensile tests at the strain level of 0.1. It can be seen that
the high-resolution CP simulations depicted the highly inhomogeneous
stress field, which is an important feature of plastically deformed
polycrystals. Such results indicate that the grain morphology and the
crystallographic texture of the AA6016-T4 can lead to a pronounced
inhomogeneity in the stress distribution at both inter-granular and
intra-granular levels.

To further investigate the inhomogeneous deformation of the ma-
terial, the r-values (represented as the strain rate ratios of TD-ND) of
each material point under various loading modes were analysed, as
shown in Fig. 8b. It can be observed that the textured polycrystals
present significantly inhomogeneous plastic deformation. The full-field
CP simulations reveal that not only the inter-granular but also intra-
granular plastic deformation are inhomogeneous. In addition, the grain
orientation dependent plastic deformations were captured by the full-
field CP simulations, where the r-values of most material points are
lower in 45◦ compared with the ones in RD and TD. This is because
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Fig. 14. (a) Yield surfaces (𝜎12 = 0) and (b) direction of plastic strain rate 𝛽 versus angle of the stress ratio 𝜑 of the AA6016-T4 aluminium alloy in RD-TD plane. (c) Yield surfaces
(𝜎13 = 0) in the RD-ND plane and (d) yield surfaces (𝜎23 = 0) in the TD-ND plane. The symbols‘‘⋄’’ are the experimental data. The symbols ‘‘◦’’ are the material sampling points
obtained from the virtual tests. The green dot line and red solid line are the predicted results of the virtual tests based Yld2000-2d and Yld2004-18p yield functions. The black
dot line and blue solid line are the predicted results of the physical tests based Yld2000-2d and Yld2004-18p yield functions.
that AA6016-T4 presents a very strong cube texture. To clearly show
the intra-granular plastic deformation of cube textured polycrystals,
a single crystal with orientation [1.69◦, 9.33◦, 0.57◦] (near the cube
orientation [0◦, 0◦, 0◦]) were taken from the RVE, and also the r-value
distribution was illustrated in Fig. 9. As shown in this figure, the
average r-value presents a lower level in 45◦, which is similar to
the plastic deformation characteristics of a material with the cube
orientation. The Cauchy stress and r-value of all material points in
RVEs are taken on average to obtain the macroscopic yield stress
and the r-value. Fig. 10a and b show the macroscopic mechanical
response predicted by full-field CP modelling and single cube crystal
plasticity modelling in comparison with experimental data with respect
to the variation of r-value and normalized yield stress, respectively. The
prediction of the full-field polycrystalline CP modelling shows a similar
plastic anisotropy feature with the single cube orientation and a good
agreement with experiments.

Furthermore, the CP simulations of the biaxial test with various
deformation rate ratios between RD and TD were conducted to identify
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Table 2
The parameters of the modified YU model for the AA6016-T4 sheet.
𝑦 (MPa) 𝑏0 (MPa) 𝛾1 𝑐2 (MPa) 𝛾2 𝑄 (MPa) 𝑏 ℎ

101.2 105.3 850 25.2 391.3 158.3 12.8 0.18

the yield surface of AA6016-T4. Fig. 11 shows the virtual tests in
the various cases of virtual biaxial tests, where the inhomogeneous
distribution of Mises equivalent stress was depicted by the full-field CP
simulations. Also, it can be seen that the intra-granular stress field is
significantly inhomogeneous in the biaxial loading cases.

The experimental results have proven that the inter-granular and
intra-granular plastic deformation of polycrystals is highly inhomoge-
neous since the mechanical response of crystal structure is dependent
on the axis between grain orientation and loading direction [82].
Therefore, the inhomogeneous micromechanical field values of the
deformed polycrystals are determined by the crystallographic texture
and grain morphology. In this work, the EBSD-based RVEs are capable
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Table 3
The parameters of AA6016-T4 aluminium alloy for Yld2000-2d model.

Yld2000-2d coefficients determined by virtual tests (exponent a = 8):
𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8
0.913721 1.061592 1.158090 1.050692 1.024416 1.033475 0.902132 1.314560

Yld2000-2d coefficients determined by physical tests (exponent a = 8):
𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8
0.894773 1.059962 0.908823 1.047906 1.033545 0.906414 0.786078 1.486544
Table 4
The parameters of AA6016-T4 aluminium alloy for Yld2004-18p model.

Yld2004-18p coefficients determined by virtual tests (exponent a = 8):
𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8 𝛼9
1.398018 0.964117 0.559008 0.650067 0.730785 −0.237217 1.393686 1.058119 0.854854
𝛼10 𝛼11 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16 𝛼17 𝛼18
1.006173 0.177381 0.487335 0.319294 1.271040 1.561203 0.392646 0.494739 0.714556

Yld2004-18p coefficients determined by physical tests (exponent a = 8):
𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8 𝛼9
0.463447 0.744861 0.394319 0.529571 0.298255 −0.375017 1.237525 1.000000 1.000000
𝛼10 𝛼11 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16 𝛼17 𝛼18
0.700466 −0.858842 0.798784 −0.654461 −0.739708 0.589553 0.390343 1.000000 1.000000
Fig. 15. The comparison of true stress versus true strain response of AA6016-T4
during 1.5 cycles of shear tension and reverse shear tests obtained by physical tests,
CP simulations and CP. Yld2004-18p, EXP. Yld2004-18p, CP. Yld2000-2d and EXP.
Yld2000-2d combined with the modified Yoshida–Uemori model. The cyclic hardening
behaviour in the shear and reverse shear tests are successfully captured by the virtual
tests and the multi-scale modelling scheme.

of mapping such inhomogeneities caused by the strong cube texture and
the grain morphology of AA6016-T4. Hence, these full-field CP simula-
tions can provide a more authentic description of the micromechanical
responses of AA6016-T4 in various uniaxial and biaxial loading cases.
Furthermore, the CP predicted mechanical anisotropy at the engineer-
ing length scale is determined from the average of the stress and strain
of all material points. If a small number of grains were used in RVE, the
significant difference in deformation may lead to a relatively greater
scatter of predicted yield stresses. However, the 300 grains used in the
RVE could obviously reduce the statistical discrepancy and improve
the accuracy of prediction in mechanical anisotropy at the engineering
length scale.

To provide a more synthetical study on the mechanical anisotropy of
AA6016-T4, more plastic deformation modes were taken into account
in the virtual tests, including tension–compression, shear and reverse
shear, uniaxial tension in the directions from RD to TD at intervals of
5◦, and biaxial tension of 80 material sampling points in the RD-TD,
RD-ND and TD-ND planes. After that, the virtual testing results and
experimental testing results were compared to evaluate the prediction
capability of CP simulations.
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As indicated in Fig. 12a, the stress–strain response in the uni-
axial tension–compression test in RD (1.5 cycles) predicted by CP
simulation was used to identify the parameters of the modified YU
kinematic hardening model, and the identified parameter values are
documented in Table 2. To evaluate the performance of the calibrated
hardening model in various strain levels, a comparison between the
stress–strain curves predicted by CP simulation and YU model for the
five tension–compression cycles was plotted in Fig. 12b. It can be
found that the calibrated YU hardening model can well capture the
tension–compression full-history stress–strain response.

Fig. 13a and b respectively show the r-values and yield stresses of
virtual and physical uniaxial tensile tests at a nominal strain of 0.1
from 0◦ to 90◦ at an interval of 5◦. Both virtual and physical results
show that the r-value is relatively higher at 0◦ and 90◦ but lowest at
45◦. In addition, the lowest normalized yield stress is also observed at
45◦ which is about 0.90 and 0.92 obtained from physical and virtual
experiments, respectively. It is noted that although the variation of r-
value and yield stress predicted by virtual experiments is similar to
physical experiments, the values are relatively higher in each direction.
Due to the strong cube texture as observed in the EBSD map (shown in
Fig. 3), the variation of the r-value and yield stress for a single cube
crystal was plotted as reference (obtained by single crystal plasticity
modelling). It is seen that mechanical anisotropy obtained by physical
tests is closer to the single cube crystal compared with virtual tests.

The anisotropy properties obtained from experiments and virtual
tests were used to calibrate the parameters of Yld2000-2d and Yld2004-
18p yield functions. The Levenberg–Marquardt least square method
was employed to optimistically identify these model parameters, and
the obtained values of these parameters are stated in Tables 3 and
4. As illustrated in Fig. 13a and b, the uniaxial r-values and yield
stresses in various directions obtained by experimental and virtual
tests are successfully captured by corresponding EXP. Yld2000-2d, EXP.
Yld2004-18p, CP. Yld2000-2d and CP. Yld2004-18p models, respec-
tively. It needs to be noted that the initial parameters of the TexEvo.
Yld2004-18p is same as CP. Yld2004-18p, but the parameters will be
regularly recalibrated by the virtual tests using the evolving texture
with the increasing of plastic deformation level.

The yield stresses under biaxial tension as well as the plastic strain
rate in the RD-TD plane are demonstrated in Fig. 14a and b, re-
spectively. As compared with the experimental results, the virtual
biaxial tests successfully predict yield locus in the biaxial tensile stress
state. Moreover, the yield stress points in tension–compression and
compression–compression stress states can also be well captured by
the virtual tests. However, such complex material responses are still
a challenge to be obtained through physical tests. For the plastic
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Fig. 16. (a) The experimental drawn cylindrical cup of AA6016-T4 with four ‘‘ears’’ and an ironing zone (due to the small tooling clearance) is observed at the top wall. The
corresponding simulated earing configuration and equivalent plastic strain contours of the drawn cups were obtained from the five groups of models: (b) CP. Yld2004-18p, (c)
EXP. Yld2004-18p, (d) TexEvo. Yld2004-18p, (e) CP. Yld2000-2d, (f) EXP. Yld2000-2d models.
deformation mode in biaxial tension, the virtual tests also give an
accurate prediction in the plastic flow direction (Fig. 14b). Compared
with those properties of single cube texture, both virtual and physical
tests depicted the feature of yield surface of cube texture, e.g. the axis
of symmetry is 45 degrees and a right angle is located at the equibiaxial
stress point (shown in Fig. 11). Moreover, for the direction of plastic
strain rate in various stress ratios, the results obtained from physical
tests are closer to those obtained from the single cube crystal.

For the calibration of advanced 3D phenomenological yield func-
tion, the out-of-plane mechanical anisotropy is also needed so the
virtual tests are also used to predict the yield stresses of the biax-
ial loading in the RD-ND (Fig. 14c) and TD-ND planes (Fig. 14d).
These material sampling points are utilized to determine the out-of-
plane parameters 𝛼8, 𝛼9, 𝛼17 and 𝛼18 of CP. Yld2004-18p. Since the
physical uniaxial and biaxial experiments were only conducted in the
RD-TD plane, the out-of-plane parameters 𝛼8, 𝛼9, 𝛼17 and 𝛼18 of EXP.
Yld2004 were assumed as one [17]. As indicated in Fig. 14, the
virtual tests predicted biaxial material sampling points in the RD-TD
plane are successfully captured by corresponding CP. Yld2000-2d and
CP. Yld2004-18p models and the experimental ones are accurately
described by the EXP. Yld2000-2d, EXP. Yld2004-18p. In addition,
CP. Yld2004-18p also accurately describes the out-of-plane mechanical
anisotropy in RD-ND and TD-ND planes.

Furthermore, to evaluate the performance of various yield functions
associated with the modified Yoshida–Uemori model, the shear-reverse
shear stress–strain responses obtained by various phenomenological
models, CP predictions and experiments were plotted in Fig. 15. It can
be seen that the virtual uniaxial tension–compression tests calibrated
hardening models incorporated with various yield functions are capable
of accurately predicting the mechanical response of AA6016-T4 in the
shear-reverse shear deformation mode.

The above analysis demonstrates that the CP-based virtual tests
could successfully predict the initial mechanical anisotropy in various
deformation modes particularly in these modes that can be difficult or
even not be done in physical experiments. Therefore, these virtual tests
could provide an appropriate substitute for physical tests to investigate
the initial yield behaviour in more complicated stress states at the
grain-length scale. However, unavoidable deviations in the prediction
of mechanical anisotropy do exist. These deviations could be attributed
to several possible sources, including (i) inhomogeneity of various
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regions selected for microstructure characterization, (ii) the microstruc-
ture information of 3D RVE is generated from the EBSD mapping
in RD-TD plane without consideration of out-of-plane microstructure
in thickness direction and (iii) the periodical boundaries of virtual
experiments are not fully consistent with physical tests.

The five groups of the constitutive models developed in this study
have been numerically implemented into ABAQUS (standard solver)
through the UMAT subroutine, which would be used to perform the
cylindrical cup drawing simulations.

4.2. Simulations of cylindrical deep drawing tests

According to the previous work [83], four ears located at 0◦, 90◦,
180◦ and 270◦ were normally observed in the cylindrical cup drawing
of aluminium sheet with the single cube crystal structure. Essentially,
this phenomenon is attributed to the higher r-value at RD and TD and
lower r-value at DD (diagonal direction) in cube crystal [84]. Fig. 16
shows the distribution of equivalent strain in the drawn cup predicted
by different models, including CP. Yld2004-18p, EXP. Yld2004-18p,
TexEvo. Yld2004-18p, CP. Yld2000-2d and EXP. Yld2000-2d. It can be
seen that the strain of the ‘‘peak’’ at the top edge is lower, while the
‘‘valley’’ is greater due to the anisotropic plastic deformation. The shape
of the drawn cup part is predicted by TexEvo. Yld2004-18p and CP.
Yld2004-18p model well agrees with the experimental results, while
the ear variations predicted by CP. Yld2000-2d and EXP. Yld2000-
2d is overestimated. Fig. 17a shows the experimental and simulated
earing profiles, where the four ears located at 0◦, 90◦, 180◦ and
270◦ are observed in experimental cup part due to the very strong
cube texture. It is seen that TexEvo. Yld2004-18p model, which is
involved with the texture and plastic anisotropy evolution, presents the
superior accuracy of the earing profile prediction than the other four
conventional models, which keep the constant yield surface throughout
the simulations.

Since the ironing process occurs at the top zone of the drawn cup
wall (seen in Fig. 16a), the plastic deformation in the thickness direc-
tion is fully constrained, i.e., the plastic deformation in this zone fully
flows toward the direction of cup height. Therefore, the accuracy of
cup-wall thickness prediction is essential for the earing profile predic-
tion, because it determines the volume of the material flowing toward
the direction of cup height. Fig. 17b shows the thickness distribution
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Fig. 17. (a) The experimental and five groups of simulations predicted earing profiles, where the four ears located at 0◦, 90◦, 180◦ and 270◦ are observed in experimental cup
part due to the very strong cube texture. The evolution of anisotropy can have a considerable effect (considering in the TexEvo. Yld2004-18p) on the prediction accuracy of the
earing profiles. (b) The distribution of wall thickness along 20 mm cup height of the drawn cylindrical cups that were obtained from experiments and five groups of simulations.
The evolution of anisotropy also has a significant effect on the prediction accuracy of the plastic deformation in the thickness direction.
Fig. 18. The experimental punch force versus displacement curve during the deep
drawing process in comparison with the prediction in five groups of simulations. For the
conventional approaches with constant yield surface, the predicted force underestimates
the actual punch force in experiments when it exceeds the peak point. The evolving
texture based TexEvo. Yld2004-18p significantly improve the accuracy in the loading
history prediction.

of the formed cup part at the location with a cup height of 20 mm. It
can be observed that the thickness predicted by TexEvo. Yld2004-18p
and CP. Yld2004-18p can well agree with the experiments, presenting a
superiority over other models due to the out-of-plane plastic anisotropy
that is considered in these models. Therefore, the TexEvo. Yld2004-18p
and CP. Yld2004-18p accurately predict the plastic deformation during
the ironing process, which leads to the accurate prediction in the earing
profile. The EXP. Yld2004-18p provides an overestimation of the thick-
ness of the formed cup part in DD, and hence gives more volume of the
material flowing toward the direction of cup height during the ironing
process, which resulted in the overestimation of cup height prediction
in DD. For the in-plane stress model CP. Yld2000-2d and EXP. Yld2000-
2d using shell element, the ears height is significantly overestimated
because the ironing process is not captured in simulations. In addition,
there is little difference in the earing profile prediction of the CP.
Yld2000-2d and EXP. Yld2000-2d model, because the in-plane plastic
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anisotropy predicted by virtual tests is in good agreement with the
physical tests, which plays the dominant role in the computation of
the plastic deformation in the in-plane stress model.

Furthermore, the prediction capability for forming force is also anal-
ysed. Fig. 18 compares the predicted punch force with the experimental
one. It can be found that the TexEvo. Yld2004-18p predicted forces well
agree with the experiment during the entire deep drawing process. For
the other four models, the peak value of punch forces obtained from
the simulations is similar to that in the experiment, but the peak point
occurs prior to that in the experiment. When it exceeds this peak point,
the predicted force, however, underestimates the actual punch force in
experiments. In addition, a plateau similar to the experimental one for
punch displacements between 33 and 38 mm can be observed in the
results of TexEvo. Yld2004-18p, CP. Yld2004-18p and EXP. Yld2004-
18p models, while this phenomenon is not noticed in CP. Yld2000-2d
and EXP. Yld2000-2d models. This plateau is attributed to the ironing
during forming, which can be described by using 3D solid elements but
not shell elements.

In summary, the TexEvo. Yld2004-18p model provides a better
prediction in earing profile, wall thickness variation and punch loading
history of the drawn cup because the texture evolution and the induced
evolving plastic anisotropy are taken into account in the large plastic
deformation simulations, which is more realistic as the actual exper-
iments. However, it must be noted that regular texture updating and
virtual tests are highly time-consumption. Here, a deep drawing simu-
lation is employed using the updated increment size of 0.05 equivalent
plastic strain. The corresponding computational time is 52 h using 256
threads on a high-performance workstation with dual AMD 7T83 CPUs.
In addition, only 1.5 h and 0.2 h are consumed in the conventional
approach using the constant parameters of Yld2004-18p and Yld2000-
2d yield functions. Therefore, the set-up of the resolution of the RVEs
and the updated increment size is very sensitive to the computational
cost when this scheme is applied to the forming simulations of real
automotive parts with a much larger size.

4.3. Texture evolution in deep drawing

To show the local texture evolution predicted by the TexEvo.
Yld2004-18p, the local texture of the material points at the 9 positions
on the final deep drawn cup in comparison with the initial texture
are illustrated in Fig. 19. It is seen that the different local plastic
strain paths and plastic deformation levels lead to a different texture
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Fig. 19. TexEvo. Yld2004-18p model predicted (a) distribution of equivalent plastic strain of deep drawn cup and the texture of three deformed RVE with IPF colour mapped at
three positions RD-TOP, DD-TOP and TD-TOP on the cup edge. (b) The local evolving texture after deep drawing tests plotted by (111) pole figures at 9 different positions in
deep drawn cup compared with AA6016-T4 initial texture, where a significant and different texture evolution is observed at various positions experienced different strain paths.
Fig. 20. The microstructure characterization in terms of crystalline morphology and texture after the large plastic deformation is conducted utilizing the EBSD scanning IPF map
on the three specimens cut from the deep drawn cup at the three positions on the top of the cup wall (a) RD-TOP, (b) DD-TOP and (c) TD-TOP. The texture data is used for the
validation of evolving texture based multi-scale modelling.
evolution, especially at RD-TOP, DD-TOP and TD-TOP where the inten-
sity of the cube texture is reduced. Additionally, to verify the texture
prediction at these three points, the EBSD tests are conducted on the
corresponding area cut from the experimental drawn cup. The EBSD
maps of the RD-TOP, DD-TOP and TD-TOP are illustrated in Fig. 20
and the EBSD data generated (100) and (111) pole figures are plotted in
Fig. 21. As a comparison, the TexEvo. Yld2004-18p modelling predicted
local textures of the deformed RVEs at RD-TOP, DD-TOP and TD-TOP
are also plotted as (100) and (111) pole figures in Fig. 21. It is seen from
the pole figures, a good agreement of the deformed texture is achieved
between the experimental measurement and modelling prediction at
the three material points, which experienced different deformation
paths. Therefore, the proposed TexEvo. Yld2004-18p model shows a
good performance in the prediction of the local texture in the various
complicated strain path.
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4.4. Evolution of plastic anisotropy in deep drawing

The local texture evolution induced change of the directional uniax-
ial normalized yield stress, and r-value are investigated during the deep
drawing simulations of the AA6016-T4 sheet. As illustrated in Fig. 22a,
c and e, the different directional normalized yield stress evolution in
various equivalent plastic strains are observed at the material points
RD-TOP, DD-TOP and TD-TOP. A ‘valley’ at the angle of 30◦ is to level
down with the increasing of the plastic deformation at the point RD-
TOP. At point, DD-TOP, the level of a ‘peak’ at an angle of 20◦ and a
‘valley’ at the angle of 70◦ is gradually increasing with the increase
of the equivalent plastic strain, and this evolution at point TD-TOP
is similar to point DD-TOP. Fig. 22b, d and f show the directional r-
value evolution at the material points RD-TOP, DD-TOP and TD-TOP,
respectively. For the material point RD-TOP, the plastic anisotropy in
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Fig. 21. (a) The pole figures in (100) and (111) orientations of the three positions RD-TOP, DD-TOP and TD-TOP at the cup top edge after deep drawing obtained from EBSD
measurements. (b) The corresponding local texture illustrated as the pole figures in (100) and (111) orientations at the same positions predicted by evolving texture based multi-scale
modelling. A good agreement of the deformed texture is achieved between the experiments and modelling prediction at the three positions, which experienced different strain
paths.
the r-value is gradually reduced, i.e. the concave variation of the r-value
progressively flattens with the increasing of the plastic deformation. A
‘peak’ at the angle of 75◦ gradually rises for the material point DD-TOP.
At the material point TD-TOP, the r-value is gradually increasing at the
range from 0◦ to 70◦.

Based on the above results, the mechanical anisotropy obtained by
the regularly updated texture based virtual tests is accurately passed
to the yield function, hence the full-field CP modelling and the phe-
nomenological yield function are successfully embedded in the multi-
scale modelling scheme to take account of the evolving texture induced
plastic anisotropy evolution.

5. Conclusions

In this work, a novel multi-scale computational framework is de-
veloped to simulate the evolving texture and it induced anisotropic
plasticity evolution in metal forming, aiming to enhance the capability
of forming simulations at an engineering-length scale. This computa-
tional framework consists of an FE model with advanced phenomeno-
logical yield functions and two-surface kinematic hardening model
implemented, a spectral method based full-field CP model, as well as
a cross-scale updating algorithm enabling real-time interaction of the
FE model and CP model. Therefore, this approach enables the full-field
CP modelling to be employed at engineering-length scale simulations
without using homogenization schemes, the strain path dependent local
texture and anisotropic plasticity evolution is successfully achieved in
finite element analysis and only the initial texture is required as input
data without extensive physical mechanical tests.

The developed multi-scale computational scheme involving the
evolving texture is carefully validated in deep drawing tests using
AA6016-T4 sheets with strong cube texture. The different evolving
texture and corresponding yield surface evolution are observed at
various positions of the drawn cup parts, which experienced different
strain paths. Compared with the conventional approach assuming the
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constant yield surface shape, more accurate prediction of earing profile,
wall thickness, loading history and texture evolution has been obtained
by the evolving texture based scheme, i.e., the texture evolution has a
considerable effect on simulation accuracy and should be taken account
into the sheet metal forming simulations. Also, the numerical scheme
presented in this work were presented in a general form, which can
be associated with other CP constitutive model and advanced yield
functions. Besides the deep drawing simulations, this scheme can be
used in the optimization of the texture of different textured materials
through various sheet metal forming simulations.
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Fig. 22. The continued evolution of normalized yield stress and r-value during the deep drawing process at the range of equivalent plastic strain from 0 to 0.8 at an interval of
0.1 predicted by the texture evolving based TexEvo. Yld2004-18p model started from AA6016-T4 initial texture at three different positions on the cup top edge: RD-TOP shown
in figures (a) and (b); DD-TOP shown in figures (c) and (d); and TD-TOP shown in figures (e) and (f).
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Appendix

In the spectral method, the numerical solution of RVE was calcu-
lated by complementary boundary conditions (BCs) in terms of defor-
mation gradient �̇� and Piola–Kirchhoff stress 𝐏 [49,50]. As illustrated
in Fig. 2, the deformation gradient history of each element in UMAT is
employed as the periodical BCs of CP modelling to predict the texture
evolution once the accumulated equivalent plastic strain exceeds the
threshold. Here, the accumulated strain SDV𝜖𝑖𝑗 tensor in UMAT divided
by deformation time 100 s was adopted as the deformation gradient �̇�
given by,
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Subsequently, virtual uniaxial, and biaxial tensile tests using the
new texture were conducted to provide the plastic anisotropy data for
the identification of the yield function. For the uniaxial tension along
the RD, the deformation rate 1 × 10−2 s−1 was set in the �̇�11 direction
and the deformation rate of �̇�22 and �̇�33 would be adjusted to a value,
which results in a zero Piola–Kirchhoff stress 𝐏 in these directions:
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For the virtual uniaxial tensile tests along the angle 𝜃 from RD, an
equivalent approach was used instead of rotating the BCs Eq. (38),
in which the Euler angle of the orientations in RVE is rotated as
{𝜙1 − 𝜃,𝛷, 𝜙2}. For the case of virtual biaxial tensile tests, the different
atio of the deformation rate was applied in the RD and TD, while the
eformation rate in ND will be adjusted to a value, which results in a
ero Piola–Kirchhoff stress 𝐏 in ND directions. For instance, the BCs of

the equibiaxial tensions are defined as:
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Due to the high computational efficiency of spectral solver, the
computations of these virtual tests using RVEs with a resolution of
40 × 40 × 40 FOURIER points are parallel and they only take about
20 s to reach the deformation solutions at a plastic strain of 0.005
under 256 threads using a high-performance workstation with AMD
EPYC 7763 × 2 128 cores CPUs. Once these virtual tests are com-
pleted, the stress tensor and plastic strain rate at a plastic strain of
0.005 were output to calculate the plastic anisotropy data includ-
ing (i) normalized directional uniaxial yield stress YCP

𝑢 (𝜃) and r-value
rCP
𝑢 (𝜃), (ii) biaxial yield stress YCP

𝑏 on the yield surface in RD-TD, RD-
ND and TD-ND planes. Then the well-known non-linear least-square
method Levenberg—Marquardt algorithm was applied to determine the
anisotropic coefficients of the yield function curve so that the sum of
the squares of the deviations is minimized:

𝑅(𝛼𝑖) =
1

𝑛1 + 𝑛2 + 𝑛3

⎧

⎪

⎨

⎪

⎩

𝑛1
∑

𝑖=1

(

YCP
𝑢 (𝜃)

Y𝑓𝑢𝑛
𝑢 (𝜃)

− 1

)2

+
𝑛2
∑

𝑖=1

(

rCP
𝑢 (𝜃)

r𝑓𝑢𝑛𝑢 (𝜃)
− 1

)2

+
𝑛3
∑

𝑖=1

(

YCP
𝑏

Y𝑓𝑢𝑛
𝑏

− 1

)2⎫
⎪

⎬

⎪

⎭

⇒ Min (40)

where superscript 𝑓𝑢𝑛 denotes the corresponding plastic anisotropy
data calculated by yield function.
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