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A B S T R A C T

Accurate and efficient characterization and modelling of deformation responses are critically
essential in the development of advanced metal forming processes. This work presents a virtual
laboratory enabled constitutive framework for modelling complex deformation responses of dual
phase (DP) steels under complex stress states, based on multi-phase full-field crystal plasticity
(CP) and advanced phenomenological modelling. In the CP based virtual testing method,
kinematic hardening and degradation of elastic modulus are modelled in particular to improve
the capability for describing evolving microstructure induced mechanical responses of DP steels.
The workflow of this framework is completely built and numerically implemented, including
(i) representative volume element (RVE) generation based on microstructure characterization,
(ii) identification of multiphase CP model parameters, (iii) prediction of elastic modulus
degradation, (iv) prediction of yield stresses and plastic potentials in uniaxial tension and
biaxial tension with various stress ratios, and (v) prediction of stress–strain curves in reverse
tension compression. Using DP780 and DP980 as case materials, the corresponding physical
experiments are conducted to verify the accuracy of the virtual tests, showing a good agreement
between the virtual and experimental approaches. Both experimental and virtual tests are used
to calibrate advanced phenomenological constitutive models that include non-linear elasticity,
anisotropic yielding, and kinematic hardening. The calibrated models are implemented into the
finite element (FE) codes to predict complex deformation and springback behaviours of DP780
and DP980 sheets in U-bending processes. In comparison with forming experiments of U-channel
parts, the virtually calibrated models are validated and show good performance in predicting
deformation and springback behaviours, providing a high capability for process analysis. The
findings support that the virtual laboratory enabled modelling approach could be a substitute
for extensive, expensive, and hard-to-access physically mechanical experiments required in the
model calibration for a more effective and efficient analysis of metal forming processes.

. Introduction

The demand for lightweight automotive structure design has increased significantly in the electric vehicle (EV) industry to
ncrease the driving range. Advanced metallic materials such as advanced high-strength steel (AHSS) and high-strength aluminium
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alloy are increasingly used to fabricate components of automotive structures due to their high strength-to-weight ratios and excellent
overall performance (Zhang and Xu, 2022; Welo et al., 2020). Dual-phase (DP) steels, a typical type of AHSS with good formability,
are greatly favoured in manufacturing automotive structures. The microstructure of dual-phase steel is characterized by a mixture of
two phases with different crystal arrangements — the first is the soft and ductile ferrite phase, while the second is the hard and brittle
martensite phase. The presence of the martensite phase enables DP steels to have a higher strength and hardness, while the soft
ferrite phase provides excellent ductility and formability. However, the high strength and complex plastic anisotropy of DP steels do
exist and evolve in deformation, making it difficult to achieve high-precision forming of complex structure components; especially,
the significant springback problem is still a challenge that limits the wider application of DP structures. Springback occurs at the end
moment of the entire forming process, so almost all factors throughout the forming operation can affect the deformation behaviour
and thus the springback (Wagoner et al., 2013). Therefore, it is essential to accurately characterize the mechanical properties and
develop a reliable and cost-effective modelling approach for the accurate analysis of forming processes and springback.

By now, various phenomenological constitutive models have been proposed to predict the anisotropic plastic deformation,
inematic hardening, and unloading behaviours involved in DP steel forming processes. In terms of anisotropic yielding and
ardening, Marcadet and Mohr (2015) investigated the hardening behaviour of DP780 steels in reverse compression–tension loading
nd used it to calibrate the Frederick Armstrong and a Yoshida–Uemori (YU) type model (Yoshida and Uemori, 2002; Chaboche,
008). Hou et al. experimentally investigated the evolution of the yield surface during the uniaxial tensile tests and biaxial tensile
ests for three types of DP steels with various phase volume fractions. These data were utilized to calibrate various advanced yield
unctions (Hou et al., 2019, 2021). The shear tension–compression tests were conducted by Min et al. (2021) for DP980 steel to
alibrate the YU kinematic hardening model, which indicates that YU models are capable of accurately predicting the springback
f DP980 steel. Hérault et al. proposed a constitutive model for DP600 steel by combining the Yld2000-2d yield function and the
nhanced homogeneous anisotropic hardening (e-HAH) model (Barlat et al., 2013, 2014) to describe the initial plastic anisotropy
nd its evolution with change of strain path, respectively (Hérault et al., 2021). The latest HAH20 model proposed by Shin-Yeong

Lee et al. show a good performance in the prediction of springback of high-strength steels in U-draw bending (Lee et al., 2023).
In this work, the experimental mechanical behaviour of DP steels under different strain paths and strain ranges was successfully
captured by this model. In terms of deformation-induced elastic modulus degradation, Xue et al. experimentally investigated the
variation of the elastic modulus of DP steels in various prestrain levels under uniaxial and biaxial tensions. These data were utilized
to calibrate the Yld2000-2d yield function (Barlat et al., 2003) associated with the chord elastic model (Yoshida et al., 2002),
which was used to perform springback prediction after DP steels forming (Xue et al., 2016a). The non-linear elastic behaviour
of DP steels significantly affects the accuracy of springback prediction (Deng et al., 2018; Deng and Korkolis, 2018). Later, the
experimentally calibrated constitutive model based on the combination of the Yld2000-2d, e-HAH and Yoshida chord modulus
model was implemented in the FE code and used to predict the twist springback in the DP500 steel channel parts by Liao et al.
(2017). This work takes into account elastic modulus degradation, plastic anisotropy, and kinematic hardening behaviours of DP
steels, accurately predicting the springback in the forming of complicated structures. Xue et al. studied the effect of different yield
functions, including von Mises, Hill48, and Yld2000-2d models associated with isotropic hardening (IH) or mixed hardening models
on the accuracy of twist springback in DP500 steels channel forming (Xue et al., 2016b, 2017). The results showed that the accuracy
of twist springback prediction is sensitive to the plastic anisotropy calibrated by the yield functions. Choi et al. applied various
mechanical tests calibrated constitutive models constructed by the combination of Hill48 or Yld2000-2d yield function associated
with YU model or HAH model to predict the springback of DP980 in U-draw bending, studying the effect of anisotropic hardening
on the springback of high-strength DP steels under non-proportional loading (Choi et al., 2018). In addition, the twist springback
in channel forming of DP980 was studied by Choi et al. using the Yld2000-2d yield function associated with various hardening
models, including the IH model, YU model, and HAH model. The HAH model showed superior performance than the IH and YU
models with respect to the prediction of twist angle after springback (Choi et al., 2016). In summary, to obtain an accurate prediction
of deformation and springback in the DP steel forming of complicated structures, the constitutive models must take into account
elastic modulus degradation, plastic anisotropy, and kinematic hardening behaviour. However, this kind of model generally requires
extensive and costly mechanical test data, including directional uniaxial yield stress and r-value, biaxial yield locus and plastic
potentials, stress–strain curves during reverse tension–compression loading, and variable elastic modulus with various prestrain
levels. Additionally, these mechanical tests require expensive, specialized equipment and setups, which are not accessible in many
cases, making it difficult to user-friendly calibrate the advanced constitutive models and thus limit their applications.

To further investigate the deformation behaviour of DP steels, microstructure-based modelling has been proposed to predict
plastic anisotropy, hardening behaviour, and nonlinear unloading under complex strain paths (Bong et al., 2017; Ha et al., 2017;
Fansi et al., 2013; Balan et al., 2015; Poulin et al., 2019; Park et al., 2021; Daroju et al., 2022). The mechanical properties of DP
steels at the grain-length scale are significantly influenced by microstructure features such as martensite and ferrite phase volume
fraction, crystalline morphology, the interface of the phase boundary, and crystalline texture (Soliman and Palkowski, 2020; Tian
et al., 2020; Li et al., 2019; Liu et al., 2019b; Ebrahimi et al., 2020). At present, mean-field and full-field crystal plasticity modelling
have been developed to taking these microstructural characteristics into account. For example, the mean-field crystal plasticity
model using dislocation-density-based hardening model successfully predict the springback of Zr and low-carbon steel subjected
to bending and unloading (Jeong et al., 2021), the amount of springback of AA6022-T4 sheets after deep-drawing (Barrett and
Knezevic, 2019) and springback of EDDQ steel after 3-point-bending (Joo et al., 2023). Moreover, the HAH model is successfully
incorporated into the mean-field crystal plasticity model and show a good performance in the prediction of flow stress behaviour of
steels under various loading conditions (Jeong et al., 2017; Kim et al., 2018). The mean-field crystal plasticity models incorporate
2

with dislocation-density hardening models can be applied directly to simulate the forming process and the reversal (Feng et al.,
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2020). Amirmaleki et al. investigated the influence of the phase distribution and volume fraction on the stress–strain curve using
the representative 3D volume element and the full-field dislocation density model (Amirmaleki et al., 2016). Zecevic et al. developed
a dislocation-based crystal plasticity model for DP590 steel, which shows good performance in predicting hardening behaviour in
cyclic tension–compression loading (Zecevic et al., 2016). Full-field crystal plasticity modelling, in which the crystal aggregate is
discretized as a set of integration points using FE method (Kraska et al., 2009; Roters et al., 2010; Bong and Lee, 2021; Shi et al.,
2022; Bong et al., 2019a) or Fourier points using FFT based spectral methods (Eisenlohr et al., 2013; Shanthraj et al., 2015; Roters
et al., 2019), is widely applied to predict the plastic anisotropy and kinematic hardening of polycrystal materials (Zhang et al., 2015;
Liu et al., 2020a, 2019a; Esmaeilpour et al., 2018; Liu et al., 2021). Since full-field CP modelling can describe the micromechanical
behaviour for different phases using independent constitutive models, it can also be used to predict the plastic anisotropy and strain
hardening of multi-phase materials. For instance, Diehl et al. proposed a full-field CP model based on 3D EBSD data to simulate
the strain and stress distribution among the ferritic and martensitic phases of DP steel (Diehl et al., 2017). A dislocation-based full-
field CP modelling associated with high-resolution RVEs at grain-length scale successfully predicted the effective elastic modulus,
Poisson’s ratio, and stress–strain curves in tension–compression loading of DP590, DP980, and DP1180 (Eghtesad and Knezevic,
2020). Ravi et al. proposed a multi-phase full-field CP model for Duplex steel consisting of Austenitic and Ferritic phases, which
could be used to predict the macroscopic anisotropic yield locus (Ravi et al., 2019). Yalçinkaya et al. investigated the influence of
crystal morphology on the accuracy of full-field CP modelling with respect to the prediction of stress–strain curve under uniaxial
tensile loading (Yalçinkaya et al., 2021). Liu et al. studied the microscale ductile fracture behaviour of DP steel under bending using
full-field CP modelling (Liu et al., 2020b). Liu et al. proposed a synthetic microstructure generation strategy and crystal plasticity
parameters identification approach for dual-phase steel and investigated the effects of various microstructure features like phase
fraction, grain size, grain shape, misorientation, and texture on crystal plasticity simulations (Liu et al., 2020c). Kim et al. proposed
a full-field crystal plasticity model that could be utilized to predict the Bauschinger effect in cyclic loading in DP steels (Kim et al.,
2012). Recently, full-field CP modelling has been utilized to perform virtual tests, which provide extensive plastic anisotropic data
for the identification of advanced yield function and kinematic hardening model (Zhang et al., 2016; Gawad et al., 2015; Bong
et al., 2019b; Liu, 2021; Liu et al., 2023; Yang et al., 2022; Feng et al., 2022; Xu et al., 2023; Tang et al., 2023; Marie et al., 2022).
Li et al. employed full-field CP modelling-based virtual tests to study the plastic anisotropy in terms of the directional uniaxial
normalized yield stress and r-value of DP980 (Li et al., 2020). Additionally, Ma et al. applied virtual tests to predict the yield locus
and calibrate the parameters of the yield function in DP980 (Ma et al., 2022). In terms of unloading behaviour, Cantara et al. studied
anisotropic elastic modulus based on the texture information of DP590, DP980, and DP1180 utilizing the crystal mechanics-based
mean-field self-consistent homogenization approach, which is useful for investigating springback in forming processes (Cantara
et al., 2019). Despite the successful development and application of full-field CP models for dual-phase steels, it is noticeable
that these works mainly focus on studying micromechanical behaviour, plastic anisotropy, and strain hardening in specific loading
paths. However, regarding the multi-phase full-field CP-based constitutive modelling approach for the through-process analysis from
complex forming history to the final springback, relatively fewer studies refer to this critical problem. In particular, how to take
the unique microstructural evolution into the multiscale modelling, thus enabling substituting the conventional phenomenological
modelling approach, which highly depends on expensive physical experiments.

To address the research gap identified above, this study aims to develop a virtual laboratory based constitutive modelling
ramework for metal forming with high-strength DP steels. The framework employs multi-phase full-field CP modelling as a virtual
aboratory to calibrate advanced phenomenological models including anisotropic yielding, kinematic hardening, and nonlinear
nloading. The microstructural information of the DP steels, including the volume fraction, texture, and crystal morphology, is
haracterized by electron backscatter diffraction (EBSD). High-resolution multiphase RVEs are created by using microstructure
nformation and further used to virtually test the directional uniaxial yield stresses, r-values, and biaxial yield loci. A series of
echanical tests including biaxial tension tests with various strain ratios are performed to verify the accuracy of virtual tests. Finally,

he virtually calibrated constitutive models are applied and confirmed in the simulation of the U-bending processes of DP780 and
P980 steels, with a particular focus on springback analysis.

. Virtual laboratory enabled multiscale modelling

In the conventional approach, to accurately describe the mechanical behaviour of sheet metal in the forming process, extensive
echanical tests are required to calibrate the parameters of the phenomenological constitutive models as illustrated in Fig. 1a.
owever, these mechanical tests generally require expensive test equipment and complicated experimental processes. With the
evelopment of a physically-based CP model, the mechanical behaviour of multi-phase materials in various loading conditions could
e accurately predicted using the microstructure information of materials. This enables the CP simulations-based virtual laboratory
o become a powerful approach to calibrating phenomenological constitutive models (Zhang et al., 2016). Here, a virtual laboratory
ased on the multi-phase full-field crystal plasticity modelling with physically-based mixed isotropic and kinematic hardening law
s established for the DP steels as illustrated in Fig. 1b. It should be noted, that, by only using one group of parameters for ferrite
nd martensite phases calibrated by the mechanical data of uniaxial tension–compression tests, this virtual laboratory is capable
f predicting the variation of elastic modulus, kinematic hardening and plastic anisotropy in various loading condition of different
P steels required by the calibration of the advanced constitutive models. In this work, both the conventional experiments and

he novel virtual laboratory based constitutive modelling in sheet metal forming of the DP steels are conducted. The results of the
irtual laboratory are carefully verified by the results of experimental tests including the variation of elastic modules in uniaxial
3
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Fig. 1. (a) The flowchart of the conventional modelling approach for sheet metal forming based on extensive experimental mechanical tests. (b) The flowchart
of the novel virtual laboratory enabled multi-scale modelling framework based on multi-phase full-field crystal plasticity modelling.

loading-unloading-loading (ULUL) cycle tensile test, kinematic hardening behaviours in reverse tension–compression tests and plastic
anisotropy in uniaxial and biaxial tensile tests.

The constitutive formulations of the crystal plasticity model, phenomenological non-linear elastic model, yield function and
kinematic hardening model are introduced in the following section to explain the physical meaning and definition of the material
constants used in this work.

2.1. Crystal plasticity modelling with physically-based mixed isotropic and kinematic hardening considered

The hardening behaviour in DP steels generally show more isotropic hardening and backstress evolution in cyclic loading due
to the forest dislocations and dislocation pile-up. The crystal plasticity model associated with a phenomenological mixed isotropic
and kinematic hardening law on each slip system is used to predict the strain hardening behaviour of DP steels in complex loading
scenarios with cyclic tension–compression loading involved (Wollmershauser et al., 2012). Here, the stress rate in a crystal 𝑐 is
donated as 𝝈̇𝑐 is related to elastic strain rate using the small strain assumption:

𝝈̇𝑐 = C ∶

(

𝜺̇𝑐 −
𝑁
∑

𝛼
𝛾̇𝛼𝐒𝛼0

)

(1)

where the elastic strain rate is determined by the difference between the total strain rate 𝜺̇𝑐 and the plastic strain rate. 𝛾̇𝛼 is the shear
strain rate on slip system 𝛼. The Schmid tensor is obtained through the dyadic product of the unit vectors and slip plane normal
directions 𝐒𝛼0 = 𝐬𝛼0 ⊗𝐦𝛼

0 . The elastic stiffness tensor, denoted by C, pertains to the sample coordinate system. For a cubic crystal, C
can be fully defined with reference to the crystal axis by three specific material constants, namely 𝐶 , 𝐶 and 𝐶 .
4
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To capture the isotropic and kinematic hardening in a single crystal, the yield criterion including an explicit backstress 𝜏𝑠𝑏𝑠 for
ach slip system is given by,

𝜏𝑠 = 𝐒𝛼0 ∶ 𝜎𝑐 − 𝜏𝑠𝑏𝑠 (2)

here 𝜏𝑠 is the critical resolved shear stress (CRSS) of each slip system, which is governed by the evolution of the flow stress 𝜎𝑐 and
ackstress 𝜏𝑠𝑏𝑠. The initial value 𝜏𝑠0 of the 𝜏𝑠 is used to phenomenologically describe the initial CRSS, which physically results from
he initial density of forest dislocations, intrinsic lattice resistance, solid solution alloying, and particle strengthening at micro-scale.

The backstress 𝜏𝑠𝑏𝑠 is used to describe the kinematic hardening behaviour in cyclic loading, which physically results from
he increasing of the local stresses due to the GND accumulated at hard particles and grain boundary. To solve Eq. (2), its
henomenological rate equation is given by,

𝜏̇𝑠 = 𝐒𝛼0 ∶ 𝜎̇𝑐 − 𝜏̇𝑠𝑏𝑠 (3)

The evolution of the CRSS rate is related to the shear strain rate and given by,

𝜏̇𝑠 =
𝑁
∑

𝛽

𝜕𝜏𝑠

𝜕𝛤
ℎ𝛼𝛽 𝛾̇𝛽 (4)

where the ℎ𝛼𝛽 is the latent hardening matrix between the various slip systems. 𝛤 =
∑𝑁

𝛼 𝛾𝛼 is the total plastic shear strain. The
non-linear evolution of the backstress 𝜕𝜏𝑠

𝜕𝛤 is described by an extended Voce hardening law,

𝜕𝜏𝑠

𝜕𝛤
= 𝜃1 +

{

𝜃0 − 𝜃1 +
𝜃0𝜃1
𝜏1

(𝛤 )
}

exp
{

−(𝛤 )
𝜃0
𝜏1

}

(5)

where the 𝜃0 and 𝜃1 are initial and asymptotic hardening rates of CRSS. 𝜏1 is the back-extrapolated stress from the terminal linear
hardening region. The evolution of the backstress rate is also related to the shear strain rate and given by,

𝜏̇𝑠𝑏𝑠 =
𝑁
∑

𝛽

𝜕𝜏𝑠𝑏𝑠
𝜕𝛾𝑠

ℎ𝛼𝛽 𝛾̇𝛽 (6)

The rate of the backstress is also determined by the extended Voce hardening equation,

𝜕𝜏𝑠𝑏𝑠
𝜕𝛾𝛼

= 𝜃𝑏𝑠1 +

{

𝜃𝑏𝑠0 − 𝜃𝑏𝑠1 +
𝜃𝑏𝑠0 𝜃𝑏𝑠1

𝜏𝑏𝑠1 + 𝜒𝛼
0

(

𝛾𝛼 − 𝛾𝛼0
)

}

exp

{

−(𝛾𝛼 − 𝛾𝛼0 )
𝜃𝑏𝑠0

𝜏𝑏𝑠1 + 𝜒𝛼
0

}

(7)

here the 𝜃𝑏𝑠0 and 𝜃𝑏𝑠1 are initial and asymptotic hardening rates of backstress. 𝜏𝑏𝑠1 is the back-extrapolated stress from the terminal
inear hardening region of the backstress. 𝛾𝛼0 is the memory strain in the kinematic hardening, which is equal to the total accumulated
hear strain on a slip system.𝜒𝛼

0 is the memory stress in the kinematic hardening, which is defined as the positive resolved backstress.
he efficient spectral method using FFT is utilized as the numerical solver to perform the crystal plasticity modelling with mixed

sotropic and kinematic hardening constitutive law.

.2. Deformation-induced degradation of elastic modulus

The springback prediction in simulation is very sensitive to the elastic modulus in material models. The DP steels generally show
ignificant degradation of elastic modulus associated with the increase of the plastic strain under uniaxial tension. Therefore, it is
mportant to accurately describe the variation of the elastic modulus in plastic deformation for accurate prediction in springback.
ere, the variation of the elastic modulus in the phenomenological model at macroscopic scale is described using a function of
quivalent plastic strain 𝜀𝑒𝑝 proposed by Yoshida and Uemori (2002) and given by,

𝐸 = 𝐸0 −
(

𝐸0 − 𝐸𝑎
) [

1 − 𝑒𝑥𝑝
(

−𝜉𝜀𝑒𝑝
)]

(8)

here 𝐸0 and 𝐸𝑎 are the initial and saturated elastic modulus and 𝜉 is a material constant calibrated by the evolution of elastic
odulus.

.3. Phenomenological anisotropic yield function

Due to the strong texture and complex multi-phase distribution commonly observed in cold-rolled dual-phase steel, induced
lastic anisotropy must be considered in constitutive models, such as the anisotropic yield criterion. However, due to limitations in
urrent experimental technology, only in-plane plastic anisotropy can be measured through physical tensile tests with various plane
tress states. Therefore, the plane stress yield function Yld2000-2d is widely used to describe experimental data. The formulation
f Yld2000-2d is based on the concept of linear transformation on the stress deviator. The effective stress 𝜎 in this yield function is
xpressed as (Barlat et al., 2003):

𝛹
(

𝑆′, 𝑆′′
)

=
[ 1 (

|

|𝑆′ − 𝑆′ |
|

𝑎
+ |

|2𝑆
′′
+ 𝑆′′|

|

𝑎
+ |

|2𝑆
′′
+ 𝑆′′|

|

𝑎)]1∕𝑎
= 𝜎 (9)
5

2 |

1 2
| |

2 1
| |

1 2
|
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where 𝑎 is the exponent associated with the crystal structure of the materials, which determines the shape of the yield surface. The
𝑆′ and 𝑆′′ are the principal values of 𝐬̃′ and 𝐬̃′, which are obtained by the linear transformation of the in-plane Cauchy stress tensor:

𝐬̃′ =
⎡

⎢

⎢

⎣

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

⎤

⎥

⎥

⎦

[ 𝑎1
𝑎2
𝑎7

]

[ 𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

]

, 𝐬̃′′ = 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

]

[ 𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

]

(10)

here the eight parameters 𝑎𝑖, 𝑖 = 1 ∼ 8, are calibrated by the experimental plastic anisotropy, including the directional uniaxial
ield stress, r-value, and biaxial yield stress.

Recently, accurate virtual tests based on high-resolution full-field crystal plasticity modelling have been developed to obtain
lastic anisotropy in arbitrary loading paths. Therefore, not only in-plane but also out-of-plane plastic anisotropy can be accessed
hrough virtual tests. To accurately capture this data, the highly flexible 3D stress yield function Yld2004-18p is adopted in this
ork. The effective stress 𝜎 defined in this function is expressed as (Barlat et al., 2005):

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
|

|

|

+ |

|

|

𝑆′
3 − 𝑆′′

2
|

|

|

+ |

|

|

𝑆′
3 − 𝑆′′

3
|

|

|

= 4𝜎𝑎
(11)

here the material constant 𝑎 is generally defined by the type of crystal structure, and its high value increases the ellipsoid of
he yield surface. The 𝑆′

𝑖 and 𝑆′′
𝑖 (𝑖 = 1,2,3) are the principal values of 𝐬̃′ and 𝐬̃′′, which are calculated by adopting the linear

transformations on Cauchy stress deviators:

𝐬̃′ =
⎡

⎢

⎢

⎢

⎣

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

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

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

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑥𝑦
𝜎𝑦𝑧
𝜎𝑧𝑥

⎤

⎥

⎥

⎥

⎦

, (12)

𝐬̃′′ =
⎡

⎢

⎢

⎢

⎣

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

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

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

⎤

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎣

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑥𝑦
𝜎𝑦𝑧
𝜎𝑧𝑥

⎤

⎥

⎥

⎥

⎦
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where the calibration of the parameters 𝛼𝑖, 𝑖 = 1 ∼ 18, requires extensive yield stresses and plastic potentials in various stress
states. Conventionally, the experimental results of uniaxial and biaxial tensile tests are utilized as input data to calibrate in-plane
anisotropy, while out-of-plane anisotropy is calibrated by the prediction of crystal plasticity modelling.

In this work, the Yld2000-2d yield function is employed to describe the experimentally measured in-plane plastic anisotropy of
dual-phase steel. Additionally, the YLD2004-18p yield function is fully calibrated by full-field CP-based virtual tests of dual-phase
steel. These models are implemented into the ABAQUS/UMAT subroutine to perform forming simulations. Hence, a comparative
study of physical tests and virtual tests based sheet forming simulation of multi-phase materials is conducted.

2.4. Kinematic hardening model

For the constitutive modelling of hardening behaviour, isotropic hardening models are conventionally adopted to simply expand
the size of the yield surface with the increasing plastic strain. However, materials generally experience a reverse tension–compression
loading path during the deep drawing process. For instance, sheet metals pass through a die radius. During these loading paths,
complex kinematic hardening behaviours like the Bauschinger effect, transient hardening, and permanent softening are observed.
Springback is very sensitive to these hardening behaviours. Therefore, to obtain accurate springback analysis, these behaviours
need to be described by the kinematic hardening model. Here, a two-surface model proposed by Ghaei and Taherizadeh (2015)
is utilized to describe the kinematic hardening of dual-phase steels by controlling the movement of the yield surface within the
bounding surface. This model is modified from the classical YU model proposed by Yoshida and Uemori (2002, 2003) and Yoshida
et al. (2015) and shows better accuracy in predicting significant transient hardening behaviour, which is commonly observed in
dual-phase steel (Marcadet and Mohr, 2015; Eghtesad and Knezevic, 2020; Hérault et al., 2021). This model consists of a yield
surface denoted as 𝑓𝑦 and a bounding surface. The yield surface is given by:

𝑓𝑦 (𝝈 − 𝜶) − 𝑦 = 0 (14)

where 𝝈 is the Cauchy stress tensor in the current configuration, and 𝜶 is the backstress tensor that determines kinematic hardening.
𝑦 is the initial yield stress of the material. To describe the evolution of the backstress tensor during plastic deformation, the rate of
the backstress tensor is decomposed as 𝜶̇ = 𝜶̇1 + 𝜶̇2. 𝜶̇1 determines the relative movement between the yield surface and bounding
surface, and 𝜶̇2 determines the movement of the bounding surface. The 𝜶̇1 is a function of the rate of equivalent plastic strain 𝑝̇ and
given by,

𝜶̇1 = 𝛾1

(

𝑏0 + 𝑟 − 𝑦
(𝝈 − 𝜶) − 𝜶1

)

𝑝̇ (15)
6

𝑦



International Journal of Plasticity 175 (2024) 103930W. Liu et al.

s

i
c
4
i
t
i
D

where 𝛾1 is a material constant that needs to be calibrated. 𝜶1 is the offset tensor from the central point of the yield surface to the
bounding surface. The 𝜶̇2 also is a function of the 𝑝̇ and is given by:

𝜶̇2 = 𝛾2

(

𝑐2
𝑦
(𝝈 − 𝜶) − 𝜶2

)

𝑝̇ (16)

where 𝑐2 and 𝛾2 are calibrated material constants. 𝜶2 is the offset tensor from the original point to the central position of the
bounding surface. The bounding surface is denoted as 𝐹 and is given by,

𝐹
(

𝛴 − 𝜶2
)

− 𝑏0 − 𝑟 (𝑝) = 0 (17)

where 𝛴 is the stress tensor on the bounding surface in the current configuration, and 𝜶2 is the backstress tensor for the movement
of the bounding surface. 𝑏0 is a material constant that defines the initial size of the bounding surface. The expansion of the bounding
urface with the increasing equivalent plastic strain 𝑝 is determined by the variable 𝑟, which is a function of 𝑝 and is given by,

𝑟(𝑝) = 𝑄
[

1 − exp (−𝑏𝑝)
]

(18)

where the 𝑄 and 𝑏 are parameters used to fit the tension–compression stress–strain curves in cyclic loading.

3. Materials, mechanical tests and forming experiments

This section characterizes the microstructure of the case DP steels DP780 and DP980. The microstructural information is used to
establish the dual-phase RVEs, enabling the development of the full-field crystal plasticity modelling laboratory for virtual tests under
various loading scenarios. Additionally, Uniaxial and biaxial tensile tests are designed and conducted to obtain the anisotropic plastic
responses in various stress states, and the reverse tension–compression tests are designed and conducted to investigate the kinematic
hardening behaviour of the DP steels. The mechanical test results are further used to verify the accuracy of the virtually tested
results and calibrate the advanced phenomenological constitutive models. Finally, U-bending forming experiments and simulations
are introduced to verify the accuracies of advanced constitutive models calibrated by the virtual and physical tests.

3.1. Microstructure characterization

The as-received materials are DP780 and DP980 sheets with thicknesses of 2 mm and 1 mm, respectively. The two types of
cold-rolled dual-phase steels with different fractions of soft ferrite phase and hard martensite phase are provided by Baosteel. To
obtain the texture data, crystalline morphology, and phase distribution, electron-backscattered diffraction (EBSD) characterization
is conducted on the RD-TD (rolling direction - transverse direction) plane of the DP780 and DP980 specimens. The specimens are
cut from the center zone on the as-rolled sheet to better represent the overall microstructure property of the sheets. The employed
SEM-EBSD system is a ZEISS® GeminiSEM 460 field emission SEM equipped with an Oxford Symmetry S2 EBSD detector. The
scanning area is 200 μm × 200 μm and the scanning step is 0.25 μm, and hence, collected 640,000 data index points in total. The
open-source EBSD data post-processing software MTEX is used to generate EBSD inverse pole figures (IPF), band contrast (BC)
maps, and pole figures (PF). The microstructure characterization of DP780 is presented in Fig. 2. Fig. 2a shows the EBSD map
plotted with RD IPF colour of DP780 sheet. The crystal structure of the martensite phase is a body-center cubic or body-centered
tetragonal structure, which generally shows almost the same diffraction pattern as the body-center cubic ferrite phase during the
EBSD scanning. Therefore it is difficult to separate the ferrite and martensite phases using the EBSD diffraction pattern. Here, the BC
map illustrated in Fig. 2b is utilized to identify the phase distribution, in which the region with high BC value is soft ferrite phase
and with low BC value is hard martensite phases (Li et al., 2019; Choi et al., 2013). The threshold of the BC value is determined
by the overlapping region of two Gaussian functions for the two peaks of the BC value frequency distribution curve as illustrated
in Fig. 2c. The ferrite and martensite phase distribution map of DP780 using the threshold value of 134 is indicated in Fig. 2d,
where the fractions of the ferrite and martensite phases are 79.48% and 20.52%, respectively. The corresponding separated EBSD
IPF maps of single ferrite and martensite phase are shown in Fig. 2e and f, respectively. A similar texture is observed in [111] pole
figures of the separated ferrite and martensite phases, as illustrated in Fig. 2g. Fig. 2h shows the orientation density function (ODF)
plotted 𝜙1- 𝛷 orientation density maps as sections through the reduced Euler space for cubic-orthorhombic symmetry (constant 𝜙2
sections, 0◦ to 90◦ in 5◦ steps, Euler angles in Bunge’s convention). A typical cold rolling texture of BCC structure with 𝛼 fibre and
𝛾 fibre is observed and the highest texture intensity is located at the 𝛾 fibre component {111} ⟨112⟩.

The microstructure characterization of DP980 is illustrated in Fig. 3. The EBSD map with RD IPF colour is shown in Fig. 3a. As
llustrated in Fig. 3c, the BC threshold value of 138 is determined by the Gaussian fitting of the BC maps shown in Fig. 3b. The
orresponding phase distribution map is indicated in Fig. 3d, where the fractions of the ferrite and martensite phases are 53.86% and
6.14%, respectively. Clearly, as compared to DP780, the ferrite phase fraction is much lower, while the martensite phase fraction
s much higher. The separated EBSD IPF map of the ferrite and martensite phases is shown in Fig. 3e and f, respectively. A similar
exture is observed in their [111] pole figures as shown in Fig. 3g. Also, the similar cold rolling texture with 𝛼 and 𝛾 fibre as DP780
s observed in the orientation density map of DP980 as plotted in Fig. 3h. However, the texture intensity of DP980 is lower than
7

P780, and the highest texture intensity is located at the component {111} ⟨110⟩ of both the 𝛼 and 𝛾 fibres.
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Fig. 2. Microstructure characterization of DP780: (a) EBSD map with IPF colour; (b) BC value map; (c) the spatial distribution of BC values and Gaussian fit
for ferrite and martensite phase; (d) the phase distribution map; the filtered EBSD map based on the BC values for (e) ferrite phase (f) martensite phase; (g)
the pole figures for ferrite and martensite phase; (h) ODF based orientation density maps as sections through the reduced Euler space for cubic-orthorhombic
symmetry.

3.2. Representative volume element

To obtain accurate simulations in the full-field multi-phase crystal plasticity modelling, the features of the realistic microstructure,
such as crystalline morphology, texture and phase distribution should be accessible in the synthetic RVE. The crystalline morphology
is characterized by the grain shape distribution using EBSD data as illustrated in Figs. 4a and 5a for DP780 and DP980, which plot
the statistical frequency of the grain shape aspect ratio of the length of each grain in TD divided by in RD denoted as TD:RD. It is
seen that the majority of the shape aspect ratios are in the range from 0.6 to 0.8, i.e., the grain shape is slightly elongated along
RD due to the in-plane strain compression deformation in the cold rolling process. According to the study of the previous work (Liu
et al., 2020c), the grain aspect ratio of DP steels in the range from 1:1:1 to 1:0.5:0.5 used in the CP simulations has negligible
influences on both the yielding point and strain hardening behaviour. Here, using the open-source polycrystal RVE generation
software neper (Quey et al., 2011), grain shape aspect ratios of RD:TD:ND = 1:0.65:0.65 and RD:TD:ND = 1:0.7:0.7 are employed
in the generation of RVE with 3000 grains of DP780 and DP980. 3000 grain orientations are calculated by ODF, and plotted using
IPF colour in the RVEs, as illustrated in Figs. 4b and 5b. The mesh resolution of the RVE utilized in the CP simulations is 125 × 125
× 125 Fourier points (total of 1,953,125 voxels). The phase fraction of ferrite and martensite in the RVEs are defined as identical to
the EBSD characterization, namely, the phase distribution of DP780 RVE with 80.02% ferrite phase and 19.98% martensite phase,
and DP980 RVE with 54.24% ferrite phase and 45.76% martensite phase, as illustrated in Figs. 4c and 5c, respectively. The [111]
pole figures of the separated ferrite and martensite phase in RVEs are indicated in Figs. 4d and 5d for DP780 and DP980, which
indicate that the synthetic texture is almost same as the experimental EBSD characterization.

3.3. Mechanical tests: uniaxial tension, biaxial tension, and reverse tension–compression

Both uniaxial and biaxial tensile tests are performed to characterize the plastic anisotropy of DP780 and DP980. Fig. 6a shows
the experimental set-up, where the tests are conducted in the electromechanical Herculi® NOIA-150 biaxial testing machine with
a maximum loading capability of 150 kN. A stereo DIC system is employed to measure the strain field of the gauge area of the
specimen. To ensure synchronous data acquisition in loading data and strain field measurement, the two cameras are triggered by
8
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Fig. 3. Microstructure characterization of DP980: (a) EBSD map with IPF colour; (b) BC value map; (c) the spatial distribution of BC values and Gaussian fit
for ferrite and martensite phase; (d) the phase distribution map; the filtered EBSD map based on the BC values for (e) ferrite phase (f) martensite phase; (g)
the pole figures for ferrite and martensite phase; (h) ODF based orientation density maps as sections through the reduced Euler space for cubic-orthorhombic
symmetry.

Fig. 4. RVE building for DP780: (a) Statistical frequency of the grain shape aspect ratio of the length of each grain in TD divided by in RD for DP780; (b) IPF
map in DP780 RVE; (c) the phase distribution in DP780 RVE; (d) the [111] pole figures for ferrite and martensite phase in DP780 RVE. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

the same signal of the loading data acquisition output by the biaxial testing machine. The time interval of the data acquisition is
0.1 s.

Biaxial tensile tests with cruciform specimens were performed to measure the biaxial yield stress of the DP steels. The geometrical
dimension of the cruciform specimen was designed by following the ISO:16842:2014 standard, as given in Fig. 6b (Kuwabara and
Sugawara, 2013; Hanabusa et al., 2013; Deng et al., 2015). The loading rate was controlled with a constant von Mises equivalent
plastic strain rate at 2×104/s for all stress paths. Here, the cruciform specimens were subjected to proportional loading with the force
ratios of RD:TD = 2:1, 4:3, 1:1, 3:4, and 1:2. The procedure for determining a contour of plastic work is as follows. The uniaxial
tensile true stress versus true plastic strain curve (𝜎 −𝜖𝑝 curve) measured for the RD of the test sample was selected as the reference
9
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Fig. 5. RVE building for DP980: (a) Statistical frequency of the grain shape aspect ratio of the length of each grain in TD divided by in RD for DP980; (b) IPF
map in DP980 RVE; (c) the phase distribution in DP980 RVE; (d) the [111] pole figures for ferrite and martensite phase in DP980 RVE.

Fig. 6. Biaxial tensile tests: (a) The schematics of the electromechanical Herculi® NOIA-150 biaxial testing machine and stereo DIC system used for the uniaxial
and biaxial tensile tests. (b) The dimension of cruciform specimen used in biaxial tensile tests following ISO:16842:2014 standard; (c) The dimension of specimen
used in uniaxial tensile tests following ASTM-E8 standard.

datum for work hardening, and the plastic work per unit volume, 𝑊 𝑝
0 , consumed until the tensile strain reached particular values

of 𝜖𝑝0 was determined. The respective stress points on each linear stress path, at which the same plastic work as 𝑊 𝑝
0 was consumed,

form a contour of plastic work associated with 𝜖𝑝0 .
The uniaxial tensile tests were performed using the ASTM-E8 standard (dimension shown in Fig. 6c in the directions of 0◦, 15◦,

30◦, 45◦, 60◦, 75◦, and 90◦ inclined from the RD of the test sample. The strain rate was approximately 1× 10−4/s (crosshead speed:
0.005 mm/s). In addition, the uniaxial loading-unloading-loading (ULUL) cycle tensile test is conducted on the specimen aligned
with RD to characterize the degradation of elastic modulus under various strain levels.

The tension–compression tests are conducted on a SINOTEST 100 kN universal testing machine at a cross-head velocity of about
1 mm/min. Fig. 7a shows the experimental setup, where a fixture is applied to avoid buckling during the compression process.
Two 1 mm lubricant Teflon sheets are attached to the specimen surface to reduce the friction force. A stereo DIC system is used to
measure the strain field through the observation window of the fixture during the tension and compression as illustrated in Fig. 7b
and c. The geometry of the specimens is shown in Fig. 7d.

3.4. U-bending experiments and simulations

DP780 sheets with a thickness of 2 mm and DP980 sheets with a thickness of 1 mm were cut into a 300 mm × 30 mm blank,
and the long side is aligned with RD, which is utilized to perform the U-bending tests. Fig. 8a and b show the schematics and
dimensions of the tools. The U-bending tests tool consists of a punch, a die and lower and upper plates separated by a blank holder
using two groups of springs. The blank holder plate is designed to have vertical movement along the two guide posts and four
spring guides that are attached to the lower plate. The lower springs are utilized to support the blank holder at a small distance
from the die surface, ensuring convenient insertion of the blank. The upper springs are utilized to transmit the blank holder force
exerted on the blank holder plate. The lower plate was used to fix the U-bending tool on a 500 kN hydraulic press machine. During
the draw-bending process, the upper plate is firstly pressed by the hydraulic press machine until the 6500 N blank holder force is
10
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Fig. 7. Tension–compression tests: (a) The schematics of the experimental setup for reverse tension–compression tests consisting of a uniaxial tensile machine,
a stereo DIC system and an anti-buckling fixture. The strain field was measured by DIC through the observation window of the fixture during (b) tension and
(c) compression. (d) The dimension of the specimen used in the TC tests.

Fig. 8. U-bending experiments: (a) The schematics of tooling system for U-bending tests. (b) The dimensions of the punch, blank holder and die in the tooling
system. (c) The measurement method for the angle 𝜃1, 𝜃2 and curvature radius 𝜌 from the profile of a U-shaped specimen after springback.

reached, and then the position of the upper plate is fixed by the spring locker to constant the force. Subsequently, the punch is
pressed down using a speed of 1 mm/s until its stroke reaches 71.8 mm. Finally, the punch and upper plate are moved up to allow
the springback of the formed part. The profile, angle 𝜃1, 𝜃2 and curvature radius 𝜌 of the U-shaped part after springback shown in
Fig. 8c are measured to assess the accuracy of the simulations. The curvature radius 𝜌 is calculated using the three points (𝑝1, 𝑝2
and 𝑝3), and their positions are determined by the length of 𝐿1, 𝐿2 and 𝐿3. The 𝐿1 = 10 mm, 𝐿2 = 35 mm and 𝐿3 = 60 mm is used
in DP780 springback specimens and the 𝐿1 = 10 mm, 𝐿2 = 27.5 mm and 𝐿3 = 45 mm is used in DP980 springback specimens. For
exact comparison, the calculation procedure in experiments and simulations are the same.

The U-bending and springback simulations were conducted in ABAQUS 2020/implicit using two constitutive models, i.e. virtual
tests calibrated Yld2004-18p and experimental test calibrated Yld2000-2d associated with the two-surface kinematic hardening
model described in Section 2.4. These models are successfully implemented into the ABAQUS/UMAT user subroutine. Half of the
blank and tools are modelled using the symmetry boundary condition. The tools are modelled as the analytical rigid body. For the
Yld2004-18p model, the eight-node solid elements with reduced integration (C3D8R) were employed for the blank with length, width
and height equal to 0.5, 0.5 and 0.25 mm. For the Yld2000-2d model, the four-node shell elements with reduced integration (S4R)
were employed for the blank with length, width equal to 0.5 and 0.5 mm, and nine integration points for the thickness direction
were employed. The Coulomb friction law with a friction coefficient of 0.1 was employed to describe the contact behaviour between
the tools and a blank. The forming simulation of the U-bending includes three steps: (1) apply blank holder force (2) draw bending
(3) springback by removing all contact.
11
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Fig. 9. The experimental degradation of elastic modulus in the unloading process with various pre-strain uniaxial tension for (a) DP780 and (b) DP980. The
results of experiments are used to calibrate the corresponding YU model.

4. The experimental mechanical tests

In this section, the experimental results with respect to non-linear elastic modulus, plastic anisotropy and kinematic hardening
of DP steels are introduced and discussed. These data are utilized to verify the accuracy of the virtual tests and to calibrate the
experiments based advanced constitutive model.

4.1. The experimental kinematic hardening and non-linear elastic behaviour

The evolution of the elastic modulus of the DP steels with various prestrain levels is characterized by the uniaxial loading-
unloading-reloading (ULUL) tests. The initial elastic modulus is calculated by the slop from an initial point to 50 MPa, and the
actual elastic modulus in the unloading process with various pre-strain is calculated by the slop of a straight line drawn between
the two stress–strain points at the initial unloading and completely unloading state. Fig. 9a and b show the degradation of elastic
modulus obtained by the experimental ULUL tests for DP780 and DP980, respectively. It is seen that the elastic modulus of DP780 is
reduced from the initial value of 207.1 GPa to a saturated value of 158.1 GPa with the increasing of tensile pre-strain. For the DP980,
the elastic modules are reduced from 213.3 GPa to 165.7 GPa. The experimental material sampling points are used to calibrate the
corresponding YU models and the parameters are also plotted in Fig. 9a and b. A good agreement between the experimental results
and YU models is achieved with respect to the evolution of the elastic modulus.

Fig. 10a and b show the true stress–strain curves in the reverse uniaxial tension–compression–tension tests with maximum tension
and compression strain of 2.5% and −2.5% along RD of DP780 and DP980, respectively. Fig. 10c and d show the results of uniaxial
reverse uniaxial tension–compression tests along RD with tensile pre-strain of 2.5%, 5% and 7.5% of DP780 and DP980, respectively.
The significant transient Bauschinger effect is observed in the DP steels, i.e. the re-yielding strength is significantly reduced when
the loading direction is reversed.

4.2. The experimental plastic anisotropy

Following the ASTM-E8 standard, the experimental true stress–strain curves in the uniaxial tensile tests aligned with 0◦, 15◦,
30◦, 45◦, 60◦, 75◦, and 90◦ from RD for the DP780 and DP980 are obtained and illustrated in Figs. 11a and 12a, respectively.
All the stress–strain curves show the typical strain hardening behaviour of DP steels such as no obvious yield points, continuous
yielding and very high strain hardening. The highest and lowest strengths are observed in TD and 15◦ for DP780, and they are in
75◦ and RD for DP980. At the stage close to fracture during the uniaxial tension, the DIC measured strain field for 𝜀𝑦𝑦 aligned with
the loading direction in the specimens from RD to TD are illustrated in Figs. 11b and 12b for DP780 and DP980, respectively. The
shear bands with an angle of about 45◦ to the loading directions are observed in all the specimens.

The evolution of the r-value, the ratio of the plastic strain rate aligned with width to thickness direction, during the uniaxial
tension is obtained by the DIC system. Here, the strain increment of 𝛥𝜀𝑥𝑥 and 𝛥𝜀𝑦𝑦 measured by the DIC system between the each
frames are used to approximately calculate the r-value by 𝑟 = − 𝛥𝜀𝑥𝑥

𝛥𝜀𝑥𝑥+𝛥𝜀𝑦𝑦
, instead of calculating the r-value using the strain rate with

𝑟 = − 𝜀̇𝑥𝑥
𝜀̇𝑥𝑥+𝜀̇𝑦𝑦

. Figs. 11d and 12d show the r-value field of the DP780 and DP980 for the specimens from RD to TD at the stage of
the plastic strains of 0.1 and 0.05 measured by the DIC system. The evolution of the r-value in the DP780 and DP980 specimens
at various plastic strain levels are plotted in Figs. 11c and 12c. The typical variation of the r-values for the 𝛼 and 𝛾 textures are
observed in DP780 in which the r-value is highest at an angle of 45◦ and relatively lower in RD and TD. For the DP980 specimens,
the highest and lowest r-values are at 60◦ and 0◦, respectively. In addition, the r-values of the DP780 specimens in all directions are
12
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Fig. 10. The true stress versus true strain curves in the 1.5 cycles of uniaxial tension and reverse compression loading obtained by the experiment for (a) DP780
and (b) DP980; The true stress versus true strain response in three groups of uniaxial tension and reverse compression loading with various prestrain levels
obtained by the experiments for (c) DP780 and (d) DP980.

gradually decreased with the increasing of plastic strain, while they are kept approximately steady in DP980. This may be attributed
to the high volume fraction of the hard martensite phase in DP980 restricts the slip of the soft ferrite phase and results in a small
texture evolution.

Following the ISO:16842:2014 standard, the strain 𝜀𝑥𝑥 and 𝜀𝑦𝑦 fields with various stress ratios at equivalent plastic strain of
0.015 and 0.007 for DP780 and DP980 are measured by the DIC systems and shown in Fig. 13a and b. It can be seen that the strain
field is approximately uniform on the central gauge area of the cruciform, and hence the stress distribution of the gauge area is
also uniform. Accordingly, the evolution of the yield locus of DP780 and DP980 in biaxial stress state with various stress ratios are
measured by the cruciform specimens at various equivalent plastic strain and illustrated in Fig. 13a and b. It is seen that the strain
hardening level in the equibiaxial stress state is higher than that in the uniaxial stress state.

5. The results of virtual tests

In this section, the results of virtual tests with respect to the non-linear elastic modulus, plastic anisotropy and kinematic
hardening of DP steels are introduced and verified by the corresponding experimental results. These data are utilized to calibrate
the virtual tests based advanced constitutive model.

5.1. Material constants in crystal plasticity modelling

To obtain the accurate crystal plasticity parameters, an iterative optimization procedure is conducted in the virtual reverse
uniaxial tension–compression–tension tests with maximum tension and compression strain of 2.5% and −2.5% along RD of DP780
and DP980 utilizing the RVE to minimize the deviation of the predicted stress–strain curves from the experimental ones, as illustrated
in Fig. 15a and b. Since the volume fractions of ferrite and martensite phases are different in DP780 and DP980, the parameters of
CP model in ferrite and martensite phases could be obtained in the iterative optimization procedure until the deviations between
the predicted stress–strain curves and experimental ones in DP780 and DP980 are both minimized. The single crystal elastic stiffness
coefficients for the ferrite phase are obtained by atomic force microscopy (AFM) measurements which are taken from Ref. Tasan
13
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Fig. 11. (a) The true stress–strain curves of the DP780 in uniaxial tension from RD to TD at an interval of 15◦, (b) the DIC measured contour maps of the
true strain aligned loading direction for the DP780 specimens close to fracture in uniaxial tension from RD to TD at an interval of 15◦, (c) the evolution of the
r-value for the DP780 specimens in the uniaxial tension from RD to TD at an interval of 15◦, (d) the DIC measured contour maps of the r-value at plastic strain
of 0.1 for the DP780 specimens in the uniaxial tension from RD to TD at an interval of 15◦.

Fig. 12. (a) The true stress–strain curves of the DP980 in uniaxial tension from RD to TD at an interval of 15◦, (b) the DIC measured contour maps of the
true strain aligned loading direction for the DP980 specimens close to fracture in uniaxial tension from RD to TD at an interval of 15◦, (c) the evolution of the
r-value for the DP980 specimens in the uniaxial tension from RD to TD at an interval of 15◦, (d) the DIC measured contour maps of the r-value at plastic strain
of 0.05 for the DP980 specimens in the uniaxial tension from RD to TD at an interval of 15◦.

et al. (2014). The crystal elastic constants for martensite phases are determined by fitting the CP predicted curves to the experimental

stress–strain response of DP780 and DP980 in elastic deformation as illustrated in Fig. 14a. The experimental initial elastic modulus
14
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Fig. 13. the DIC measured contour maps of the true strain aligned RD and TD in the biaxial tensile tests utilizing the stress ratio of 𝜎𝑥𝑥 ∶ 𝜎𝑦𝑦 = 1:1, 4:3 and
2:1 for the (a) DP780 and (b) DP980 specimens, and the biaxial yield stress points at various equivalent plastic strains in RD-TD planes for the (c) DP780 and
(d) DP980 specimens.

of DP980 is 213.31 GPa with 46.14% martensite phase, which is higher than 207.13 GPa DP780 with 20.52% martensite phase.
The Fig. 14b shows the 1.5 cycles of uniaxial tension–compression–tension loading obtained by virtual test using the optimized
parameters for DP780, DP980, single ferrite and martensite phase. The transient Bauschinger effect and reduction of yield stress at
re-yielding point are successfully predicted by the CP model thanks to the backstress terms on slip systems explicitly included in
the hardening model. The obtained optimal parameters for the ferrite and martensite phase are documented in Table 1. To further
verify the accuracy of the CP model, the stress–strain curves in reverse tension–compression with various maximum tension strains
of DP780 and DP980 are predicted and in comparison with the experimental results, as illustrated in Fig. 15c and d. It is seen that
the crystal plasticity modelling using one group of parameters could accurately predict the kinematic hardening behaviour of the DP
steels with various volume fractions of ferrite and martensite phases under various reverse tension–compression loading conditions,
i.e. this model could be generally applied in various dual phase steels.

Additionally, the evolution of the elastic modulus in the unloading process under the uniaxial tension with various prestrain
levels is predicted by the virtual tests. The stress–strain curves during the ULUL process predicted by the virtual tests are in good
agreement with experiments as illustrated in Fig. 16. Fig. 17 shows the comparison of the degradation of elastic modulus obtained by
the experimental ULUL tests and virtual tests. A good agreement is achieved with respect to the evolution of the elastic modulus. The
degradation of elastic modules could be described by the CP simulations because the backstress items are involved in the unloading
15
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Fig. 14. (a) The elastic response obtained by virtual test for DP780, DP980, single ferrite and martensite phase and compared with the experimental results.
(b) The comparison of the true stress versus true strain curves in the 1.5 cycles of uniaxial tension and reverse compression loading obtained by virtual test for
DP780, DP980, single ferrite and martensite phase.

Fig. 15. The comparison of the true stress versus true strain curves in the 1.5 cycles of uniaxial tension and reverse compression loading obtained by virtual
test and experiments for (a) DP780 and (b) DP980; The comparison of true stress versus true strain response in three groups of uniaxial tension and reverse
compression loading with various prestrain levels obtained by virtual tests and the experiments for (c) DP780 and (d) DP980.
16



International Journal of Plasticity 175 (2024) 103930W. Liu et al.
Fig. 16. The comparison of the experimental and virtual tests predicted strain–stress curves in ULUL process for (a) DP780 and (b) DP980.

Fig. 17. The comparison of the experimental and virtual tests predicted degradation of elastic modulus in the unloading process with various pre-strain uniaxial
tension for (a) DP780 and (b) DP980. The results of virtual tests are used to calibrate the corresponding CP-based YU model.

Table 1
The parameters of CP model for Ferrite and Martensite phase in DP steels.

Ferrite phase:

𝐶11 (GPa) 𝐶12 (GPa) 𝐶44 (GPa) 𝜏𝑠0 (MPa) 𝜏1 (MPa) 𝜃0 (MPa) 𝜃1 (MPa)
233.3 135.5 118.0 108.2 30.1 79.9 54.1
𝜏𝑏𝑠1 (MPa) 𝜃𝑏𝑠0 (GPa) 𝜃𝑏𝑠1 (MPa) 𝛾̇0 (s−1)
50.4 30.2 5.98 0.0001

Martensite phase:

𝐶11 (GPa) 𝐶12 (GPa) 𝐶44 (GPa) 𝜏𝑠0 (MPa) 𝜏1 (MPa) 𝜃0 (MPa) 𝜃1 (MPa)
285.6 164.1 121.0 324.1 53.9 234.1 161.8
𝜏𝑏𝑠1 (MPa) 𝜃𝑏𝑠0 (GPa) 𝜃𝑏𝑠1 (MPa) 𝛾̇0 (s−1)
151.2 89.8 18.02 0.0001

process, which is increased with the increase of the pre-strain during ULUL virtual tests. These data are further used to calibrate
the parameters of the virtual tests based YU models, which are also plotted in Fig. 17.

5.2. The virtual tests for plastic anisotropy

In the virtual uniaxial tension loading in RD case, deformation is described in the 𝐅̇11 direction and the deformation in the
𝐅̇ and 𝐅̇ directions will be adjusted to a value such that the average Piola–Kirchhoff stress in that direction is zero. All other
17
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Fig. 18. (a) The distribution of true stress along the loading direction on the deformed RVE of DP780 at equivalent plastic strain of 0.1; (b) The distribution of
true strain along the loading direction on the deformed RVE of DP780 at equivalent plastic strain of 0.1; (c) The variation of the true stress and strain in the
mixed ferrite and martensite phase through the plot line.

components have no deformation (resulting potentially in stress):
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For the virtual uniaxial tensile tests along different directions 𝜃, the Euler orientations in all grains are rotated as [𝜙1 − 𝜃,𝛷, 𝜙2]
but also the grain geometries are rotated 𝜃 degree about ND axis to take account for the effect of grain morphology. Fig. 18a and
b show the distribution of the true stress and true strain in the deformed DP780 RVE in the virtual tensile tests aligned with RD at
the stage of the macroscopic plastic strain with 0.1. The phase boundary between the martensite and ferrite phases in the RVE is
plotted using the black solid line. The full-field CP simulations show the strength of the martensite phase is significantly higher than
the ferrite phases, and the crystalline slips mainly occur in the ferrite phases. The variation of the true stress and strain through a
line in the RVE (indicated in Fig. 18b) are illustrated in Fig. 18c. The true stress with about 1.5 GPa is observed in the martensite
phase, while that is about 0.6 GPa in the ferrite phase. The true strain distribution in the martensite phase is from 0.02 to 0.06,
while that is at a range of 0.05 to 0.16 in the ferrite phase. Therefore, the hard martensite phase significantly improves the strength
of the DP steel, but it obstructs the continuous slip in the ferrite phase, and thus reduces the elongation.

The distribution of the true stress and true strain in the deformed DP980 RVE in the virtual tensile tests aligned with RD with a
macroscopic plastic train of 0.05 are illustrated in Fig. 19a and b, respectively. Due to the higher volume fraction of the martensite
phase compared with DP780, the yield stress and UTS of the DP980 are further improved, but the continuous slip of the soft ferrite
phase is more difficult, which further reduces the elongation of DP steel. Fig. 19c shows the distribution of the true stress and
strain through the line in RVE (indicated in Fig. 19b). It is seen that the variation of the true stress and strain significantly fluctuate
through the mixed hard martensite and soft ferrite phase.

In addition, the virtual uniaxial tensile tests aligned with various angles from RD to TD at an interval of 5◦ for the DP780 and
DP980 were conducted to obtain the directional normalized yield stress and r-value. Here, rotating the Euler angle of the grain
orientation is utilized as an equivalent method for rotating the loading direction. Following the Euler angles Bunge notation, the
grain orientation in-plane rotation from rolling direction (RD) to transfers direction (TD) at angle 𝜙 as [𝜙1-𝜙, 𝛷, 𝜙2]. The comparison
of the directional normalized yield stress and r-value obtained from experimental and virtual uniaxial tests for the DP780 and DP980
are illustrated in Fig. 20a and b, respectively. Since the crystalline morphology, texture and phase fraction of the RVE used in the
virtual tests is approximately identical to the realistic microstructure observed in the DP780 and DP980, a good agreement of the
uniaxial plastic anisotropy is obtained between the experiments and virtual tests for both the DP780 and DP980.

The virtual biaxial tensile tests with stress ratio of 𝜎11: 𝜎22 = 1:1 are performed using the DP780 RVE, and corresponding
distribution of the Mises equivalent stress and strain in the deformed RVE at the stage of macroscopic equivalent strain with 0.1 are
shown in Fig. 21a and b, respectively. In the biaxial stress state, the martensite phase shows relatively high strength and low plastic
deformation level that is contrary to the ferrite phase. Fig. 21c shows that the Mises equivalent stress is about 2 GPa and 0.8 GPa
18
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Fig. 19. (a) The distribution of true stress along the loading direction on the deformed RVE of DP980 at equivalent plastic strain of 0.05; (b) The distribution
of true strain along the loading direction on the deformed RVE of DP980 aan t equivalent plastic strain of 0.05; (c) The variation of the true stress and strain
in the mixed ferrite and martensite phase through the plot line.

Table 2
The parameters of the modified YU model for the dual phase steels.

Degradation of elastic modulus

𝐸0 (GPa) 𝐸𝑎 (GPa) 𝜉 𝐸0 (GPa) 𝐸𝑎 (GPa) 𝜉
CP. DP780: 205.49 158.86 78.98 EXP. DP780: 207.13 157.42 75.78
CP. DP980: 212.31 165.02 99.83 EXP. DP980: 213.31 165.83 84.95

Kinematic hardening model

𝑦 (MPa) 𝑏0 (MPa) 𝛾1 𝑐2 (MPa) 𝛾2 𝑄 (MPa) 𝑏
CP. DP780, EXP.DP780: 395.2 586.3 20.5 305.2 110.3 55.3 105.8
CP. DP980, EXP.DP980: 585.2 926.3 21.5 355.2 100.3 55.3 45.8

in the martensite and ferrite phase through the plot line in RVE, and the Mises equivalent strain in the martensite phase is lower
than in ferrite phase. Fig. 22a and b respectively plot the distribution of the Mises equivalent stress and strain in the deformed RVE
of DP980 with 0.05 macroscopic equivalent strain, where the high volume fraction of martensite phase also significantly improves
the biaxial strength but results in difficulty of plastic deformation of dual phase steel. Fig. 22c shows the variation of the Mises
equivalent stress fluctuates through the intertwined hard martensite and soft ferrite phase.

The virtual biaxial tensile tests with various stress ratios are performed to predict the yield locus at different equivalent plastic
strain levels. Fig. 23a and b show the comparison of the yield locus at different equivalent plastic strains obtained from the
experimental and virtual biaxial tensile tests for DP780 and DP980, respectively. It can be seen that the virtual biaxial tensile tests
successfully predict the evolution of the yield locus in the RD-TD plane for both DP780 and DP980 at various equivalent plastic
strain levels due to the well-designed strategy for synthetic microstructure generation and crystal plasticity parameter calibration.

In summary, the virtual testing results show the full-field CP modelling using the appropriate RVEs, which take account for the
actual grain morphology, texture and phase distribution, could be a substitute approach for the complicated physical tests in the
characterization of uniaxial and biaxial anisotropic plasticity of dual phase steel.

5.3. The calibration of the experimental and virtual tests based constitutive model

In this section, the calibration of the yield function and kinematic hardening model are conducted using the results of the
experimental and virtual mechanical tests. Accordingly, two advanced constitutive models, i.e. the experimental and virtual tests
based constitutive models are established to perform the sheet metal forming simulations.
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Fig. 20. The variation of the uniaxial normalized yield stress and r-value from the RD to TD at an interval of 5◦ predicted by the virtual tests by comparison
with the experimental data at an interval of 15◦ for (a) DP780 at equivalent plastic strain of 1.5% and (b) DP980 at equivalent plastic strain of 0.7%.

Fig. 21. (a) The distribution of Mises equivalent stress on the deformed RVE of DP780 at an equivalent plastic strain of 0.1; (b) The distribution of Mises
equivalent plastic strain on the deformed RVE of DP780 at equivalent plastic strain of 0.1; (c) The variation of the Mises equivalent stress and strain in the
mixed ferrite and martensite phase through the line indicated in Fig. 15b.

5.4. The calibration of the YU model

During the draw-bending process in the U-bending test, the reverse tension–compression deformation occurs in the sheet metal
when the material goes through the tool radius. Therefore, the kinematic hardening behaviour in the reverse tension–compression
loading should be taken into account in the constitutive models to obtain accurate plastic deformation and springback prediction.
Therefore, the stress–strain curves in reverse tension–compression loading stated above are utilized to calibrate the parameters
of the modified YU models, which are documented in Table 2. As illustrated in Fig. 24a–d, these calibrated modified YU models
successfully reproduce the cyclic stress–strain curves for both DP780 and DP980 obtained by experiments and virtual tests with
various prestrain levels.
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Fig. 22. (a) The distribution of Mises equivalent stress on the deformed RVE of DP980 at an equivalent plastic strain of 0.05; (b) The distribution of Mises
equivalent plastic strain on the deformed RVE of DP980 at equivalent plastic strain of 0.05; (c) The variation of the Mises equivalent stress and strain in the
mixed ferrite and martensite phase through the line indicated in Fig. 16b.

Fig. 23. The biaxial yield stress with various stress ratios in RD-TD plane predicted by the virtual tests by comparison with the experimental data obtained by
the physical biaxial tensile tests for (a) DP780 at equivalent plastic strain from 0.5% to 1.5% and (b) DP980 at equivalent plastic strain from 0.4% to 0.7%.

5.5. The calibration of the yield function

The uniaxial and biaxial plastic anisotropy obtained by experiments and virtual tests illustrated in Fig. 20 are utilized to calibrate
the Yld2004-18p yield function so-called EXP. Yld2004-18p and CP. Yld2004-18p, respectively. Additionally, the experimental and
virtual tests are also used to calibrate Yld2000-2d yield function so-called EXP. Yld2000-2d and CP. Yld2000-2d, respectively. 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 between the plastic anisotropy data and calculation is
21
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Fig. 24. The true stress versus true strain curves in the 1.5 cycles of uniaxial tension and reverse compression loading obtained by the experiment, virtual test
and calibrated modified YU model for (a) DP780 and (b) DP980; The true stress versus true strain response in three groups of uniaxial tension and reverse
compression loading with various prestrain levels obtained by the experiments, virtual tests and calibrated modified YU model for (c) DP780 and (d) DP980.

Table 3
The parameters of Yld2000-2d model for DP780 and DP980 calibrated by experimental data (exponent a = 8).

DP780:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8
0.984148 0.939226 0.909245 0.968794 1.015997 0.993747 1.003265 1.033796

DP980:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8
1.004921 0.932126 0.887137 0.959935 1.009918 1.001819 0.981834 1.025638

minimized. The details of the fitting numerical procedure see Ref. Liu et al. (2020a). The optimized parameters of the Yld2004-18p
yield functions are documented in Tables 5 and 6, and parameters of Yld2000-2d yield functions are summarized in Tables 3 and
4.

For the DP780, the prediction of Exp. Yld2004-18p, CP. Yld2004-18p, Exp. Yld2000-2d and CP. Yld2000-2d for the variation
of the normalized yield stress and r-values and for the yield locus in RD-TD plane are illustrated in Fig. 25a and b, respectively.
Similarly, these data of DP980 are also shown in Fig. 25c and d. It can be seen that all of the Exp. Yld2004-18p, CP. Yld2004-18p,
Exp. Yld2000-2d and CP. Yld2000-2d could accurately capture the corresponding input plastic anisotropy for calibration in dual
phase steels. These calibrated yield functions are implemented into the FE subroutine code to predict the plastic deformation and
springback of DP780 and DP980 in the U-bending simulations.

6. U-bending springback prediction

To compare the accuracy of the virtual tests and physical tests calibrated constitutive models in the prediction of springback
for dual phase steels, the U-bending simulations are conducted using the Exp. Yld2004-18p, CP. Yld2004-18p, Exp. Yld2000-2d
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Fig. 25. The r-value and normalized yield stress versus uniaxial tension direction of the (a) DP780 and (c) DP980 obtained by (i) the physical uniaxial tensile
test, EXP.Yld2004-18p and EXP. Yld2000-2d yield function, and by (ii) the virtual test, CP. Yld2004-18p and CP. Yld2000-2d yield function. The yield surface
in RD-TD of the (b) DP780 and (d) DP980 obtained by (i) the physical biaxial tensile test, EXP.Yld2004-18p and EXP. Yld2000-2d yield function, and by (ii)
the virtual test, CP. Yld2004-18p and CP. Yld2000-2d yield function.

Table 4
The parameters of Yld2000-2d model for DP780 and DP980 calibrated by virtual tests data (exponent a = 8).

DP780:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8
1.025284 0.846006 0.794255 0.943048 1.021203 1.013578 1.023618 1.124429

DP980:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8
1.000804 0.935300 0.819359 0.951249 1.005607 0.976891 1.005467 1.084366

and CP. Yld2000-2d model, respectively. The degradation elastic modulus, kinematic hardening and plastic anisotropy predicted by
full-field CP simulations are taken into account in the CP. Yld2004-18p and CP. Yld2000-2d model. These properties obtained by the
experimental tests are also considered by the EXP. Yld2000-2d and Exp. Yld2004-18p model. The configuration of the specimens
after springback obtained from the experiments and the equivalent plastic strain distribution of the specimens after springback
predicted by the Exp. Yld2004-18p, CP. Yld2004-18p, Exp. Yld2000-2d and CP. Yld2000-2d model model for DP780 and DP980 are
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Table 5
The parameters of Yld2004-18 model for DP780 and DP980 calibrated by experimental tests (exponent a = 8).

DP780:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8 𝛼9
1.201617 1.117322 0.718502 0.897208 1.113564 0.190301 1.000000 1.000000 0.893370
𝛼10 𝛼11 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16 𝛼17 𝛼18
0.868515 0.076203 0.663262 0.731499 1.062559 1.125348 1.000000 1.000000 1.024921

DP980:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8 𝛼9
1.175031 1.200361 0.845920 0.903277 1.035893 0.638312 1.000000 1.000000 1.018284
𝛼10 𝛼11 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16 𝛼17 𝛼18
0.978779 0.533994 0.743485 0.688480 0.949982 1.148073 1.000000 1.000000 0.903667

Table 6
The parameters of Yld2004-18 model for DP780 and DP980 calibrated by virtual tests (exponent a = 8).

DP780:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8 𝛼9
1.328759 1.325396 0.829447 0.874804 1.199931 0.399428 1.737090 −0.004733 1.094483
𝛼10 𝛼11 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16 𝛼17 𝛼18
0.812237 0.270006 0.532485 0.739469 0.857707 1.147123 −0.012249 1.655786 0.901675

DP980:

𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 𝛼6 𝛼7 𝛼8 𝛼9
1.243594 1.175831 0.839433 0.875971 1.064991 0.351067 1.728406 0.541875 1.032635
𝛼10 𝛼11 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16 𝛼17 𝛼18
0.873466 0.222209 0.707425 0.701954 0.984650 1.146146 0.072471 1.362499 0.918230

Fig. 26. The Exp. Yld2004-18p, CP. Yld2004-18p, Exp. Yld2000-2d and CP. Yld2000-2d models predicted configuration of the U-shaped parts with equivalent
plastic strain distribution after springback compared with experimental specimens for (a) DP780 and (b) DP980.

illustrated in Fig. 26a and b, respectively. It is seen that the prediction of equivalent plastic strain in the drawing area obtained by
EXP. Yld2000-2d and CP. Yld2000-2d model is higher than Exp. Yld2004-18p and CP. Yld2004-18p model due to the difference in
solid and shell elements with respect to the stress integration method in the thickness direction.

The profile of the experimental specimen after springback is measured which is used to verify the prediction of the Exp. Yld2004-
18p, CP. Yld2004-18p, Exp. Yld2000-2d and CP. Yld2000-2d models. Fig. 27a shows the predictions of CP. Yld2004-18p, CP.
Yld2000-2d and Exp. Yld2004-18p are in good agreement with the experimental DP780 specimen profile after springback, and
EXP. Yld2000-2d model slightly overestimated the springback level. For the DP980 specimen, both of the CP.Yld2004-18p and
EXP.Yld2004-18p models can give an accurate profile prediction in comparison with the experiments, while the results provided
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Fig. 27. The profiles of the U-shaped parts after springback measured by experiments and predicted by Exp. Yld2004-18p, CP. Yld2004-18p, Exp. Yld2000-2d
and CP. Yld2000-2d models for (a) DP780 and (b) DP980.

Fig. 28. The springback angles 𝜃1 and 𝜃2 and curvature radius 𝜌 of the U-shaped parts measured by experiments and predicted by Exp. Yld2004-18p, CP.
Yld2004-18p, Exp. Yld2000-2d and CP. Yld2000-2d models for (a) DP780 and (b) DP980.

by the CP. Yld2000-2d and EXP. Yld2000-2d models are significantly underestimated as illustrated in Fig. 27b. The springback
angle 𝜃1, 𝜃2 and curvature radius 𝜌 of DP780 and DP980 obtained from experimental specimens and predicted by various models
are compared and shown in Fig. 28a and b, respectively. To quantify the accuracy of simulations, the root mean square deviation
(RMSD) for the springback angles and curvature radius is calculated by,
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where the superscript ‘‘pre’’ and ‘‘exp’’ denote the prediction of simulation and experimental results.
The RMSD of CP. Yld2004-18p, Exp. Yld2000-2d, CP. Yld2000-2d and Exp. Yld2004-18p models for DP780 are 2.92%, 7.02%,

2.29% and 2.88%, respectively. These RMSD values of DP980 are 4.27%, 27.74%, 16.08% and 5.94%, respectively. The advanced
constitutive model consisting of Yld2004-18p yield function and modified YU model calibrated by extensive experimentally
mechanical tests, including ULUL, directional uniaxial tensile tests, cyclic tension–compression tests and biaxial tensile tests, show a
good performance in prediction of springback for various DP steels. These physical tests require costly experimental equipment like
biaxial tensile machines and 3D-DIC systems, complex specimen designs and experimental procedures, and complicated post-data
analysis. Meanwhile, the virtual tests, in which the parameters are only calibrated by cyclic tension–compression tests, successfully
reproduced these experimental tests. The advanced phenomenological constitutive model calibrated by the virtual tests also shows
a good performance in the prediction of springback for both DP780 and DP980. Therefore, the results show that the virtual tests
25
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could be an appropriate substitute for the elaborated extensive physical tests for complex elastic behaviour, path-dependent strain
hardening behaviour and plastic anisotropy in complicated stress states that are difficult to obtain by physical experiments. Since
the property information of in-plane plastic anisotropy, kinematic hardening behaviour and degradation of elastic modulus used in
the calibration of these various models is similar, the higher deviation in the prediction of Exp. Yld2000-2d and CP. Yld2000-2d
model for the thin DP980 sheets using shell elements may be attributed to that without consideration of the out-of-plane mechanical
behaviour. For instance, when the sheet metal passes over a tool radius, the material is subjected to tension deformation on the
outside surface and that is relatively low compression on the inside surface over the sheet thickness direction. This is taken into
account in the Yld2004-18p model but not in Yld2000-2d model.

It should be noted that the calibration of the full-field multi-phase CP model only used the experimental stress–strain curves in
ension–compression–tension tests of DP780 and DP980. The calibrated CP model only used one set of parameters for martensite and
errite phases show a good performance in the prediction of kinematic hardening, elastic modules degradation and plastic anisotropy
or different DP steels with different thicknesses. Therefore, the virtual tests based on the full-field multi-phase CP model with mixed
sotropic and kinematic hardening could be an accurate approach to calibrate the advanced phenomenological constitutive model
nd thus accurately predict the mechanical behaviour of high-strength DP steels in forming processes.

. Conclusions

In this research, a virtual multi-scale laboratory enabled constitutive framework for describing the complex deformation responses
f dual phase steels is proposed, implemented, verified and validated in practical forming processes. The virtual laboratory is
eveloped based on multi-phase, full-field crystal plasticity (CP) modelling, in which, particularly, the evolution of dislocation
ensity induced strain hardening, dislocation pile-up-induced kinematic hardening and degradation of elastic modulus are carefully
aken into account for improved capability for virtual characterization of complex deformation behaviours. Using two DP steels
.e., DP780 and DP980, as case materials, the plastic anisotropy, kinematic hardening behaviours, and nonlinear elastic modulus
egradation are investigated by the experimental tests and full-field crystal plasticity modelling based virtual tests including the
irectional uniaxial tensile tests, biaxial tensile tests and reverse tension–compression tests. The high resolution 3D RVEs for the
irtual tests of dual phase steels are carefully generated with a synthetic microstructure, which is approximately identical to the
xperimentally characterized microstructures including the phase distribution, volume fraction of martensite and ferrite phase, grain
hape and texture. With respect to the macroscale plastic anisotropy such as variation of uniaxial normalized yield stress, r-value
nd biaxial yield locus, a good agreement with the experiments is achieved in the CP-based virtual tests. Additionally, the kinematic
ardening behaviour during the reverse tension–compression loading, as well as deformation-induced elastic modulus degradation
s successfully predicted by the virtual tests. In addition, the micromechanical response of DP steels such as the inhomogeneity of
he stress and strain distribution in the mixed ferrite and martensite phases are successfully captured by the multi-phase crystal
lasticity modelling.

For improving the analysis of DP steel forming processes, two phenomenological constitutive models are employed and calibrated,
ncluding the experimentally calibrated in-plane Yld2000-2d and virtually calibrated 3D Yld2004-18p yield functions, associated
ith the modified YU kinematic hardening model. By using the models in the analysis of deformation and springback behaviours

n the U-bending process of DP780 and DP980 sheets, the prediction capabilities of the different models and calibration methods
re assessed. It is found that the virtual tests calibrated constitutive model shows good performance in terms of the prediction in
pringback by comparison with experiments. Therefore, the virtual tests calibrated constitutive models could be a useful approach
tilized to provide accurate simulation and analysis of sheet metal forming processes for advanced metal materials with complex
icrostructures. The findings support that the virtual laboratory enabled modelling approach provides a substitute for the costly
echanical tests, in particular for some hard-to-access physical tests that are required in the calibration of advanced constitutive
odels, thereby contributing to a more reliable, efficient, and cost-effective analysis of sheet forming processes.
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