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Abstract 

In sheet metal applications, the plastic anisotropy behavior of metallic materials is significantly important, which is affected by the nature of 
deformation mechanisms with orientation dependency and the microstructure morphology. This study performs a numerical investigation on the 
anisotropic behavior during plastic deformation affected by the microstructural features. An automotive high-strength fine-structured dual-phase 
steel (DP1000) is selected as the reference material. The focused microstructural features are phase fraction, grain shape, and crystallographic 
orientation. The coupling of the fine-resolution representative volume element (RVE) method and the crystal plasticity (CP) model is employed 
to consider the material microstructural features and to predict the plastic response at the macroscopic level. An optimal RVE is built for the 
reference material. The modeling approach is validated by the anisotropic predictions of uniaxial tensile tests along material rolling, diagonal, 
and transversal directions (RD, DD, TD). Then a set of RVEs with varying phase fraction, grain shape, and crystallographic orientation is 
generated and works as a virtual laboratory to investigate the influence of microstructural features on anisotropic behavior of dual-phase steel. 
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1. Introduction 

The advanced high strength steels (AHSS), for example, the 
dual-phase (DP) steels, are widely used in industry, especially 
in the automotive industry for lightweight design. This is 
benefited from their mechanical advantages, such as the 
attractive combination of strength and formability. It is well 
known that the mechanical properties of steels are determined 
by the microstructure. Therefore, for material design, the 
understanding of the quantitative relationship between the 
material microstructure and its properties, in particular, the 
plastic anisotropic behavior, is of high interest for the sheet 
metal production and forming industry. Recently, the 
integrated computational materials engineering (ICME) 
approach is widely used as a reliable and efficient strategy for 

linking the microstructure and mechanical property and further 
developing the material that fulfills the desired component 
mechanical performance.  

There has been a large number of studies focusing on 
bridging the microstructure and macroscopic mechanical 
properties by both experimental and numerical methods. The 
interested microstructural features normally are the phase 
fraction, grain morphology, crystal orientation, secondary 
phase morphology, etc. While the focused mechanical 
properties can be various from microscopic level strain 
partition, macroscopic flow behavior, to fracture and fatigue 
properties, etc. For example, Li [1] discussed the 
microstructure induced strain partitioning and heterogeneity in 
full bainitic, complex-phase and dual-phase steels. Lopes, 
Barlat, et al. [2] studied the texture and dislocation structure 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia Manufacturing 00 (2020) 000–000   

     www.elsevier.com/locate/procedia 
   

 

 

2351-9789 © 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/)                                                                                                                                            
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

23rd International Conference on Material Forming (ESAFORM 2020) 

Microstructure Effects on the Plastic Anisotropy of a Fine-Structured Dual-
Phase Steel 

 Wenqi Liua and Junhe Liana,b,*  
aAdvanced Manufacturing and Materials, Department of Mechanical Engineering, Aalto University, Puumiehenkuja 3, 02150 Espoo, Finland 

bImpact and Crashworthiness Lab, Department of Mechanical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 
02139-4307, USA  

* Corresponding author. Tel.: +358 50 4770765. E-mail address: junhe.lian@aalto.fi 

Abstract 

In sheet metal applications, the plastic anisotropy behavior of metallic materials is significantly important, which is affected by the nature of 
deformation mechanisms with orientation dependency and the microstructure morphology. This study performs a numerical investigation on the 
anisotropic behavior during plastic deformation affected by the microstructural features. An automotive high-strength fine-structured dual-phase 
steel (DP1000) is selected as the reference material. The focused microstructural features are phase fraction, grain shape, and crystallographic 
orientation. The coupling of the fine-resolution representative volume element (RVE) method and the crystal plasticity (CP) model is employed 
to consider the material microstructural features and to predict the plastic response at the macroscopic level. An optimal RVE is built for the 
reference material. The modeling approach is validated by the anisotropic predictions of uniaxial tensile tests along material rolling, diagonal, 
and transversal directions (RD, DD, TD). Then a set of RVEs with varying phase fraction, grain shape, and crystallographic orientation is 
generated and works as a virtual laboratory to investigate the influence of microstructural features on anisotropic behavior of dual-phase steel. 
 
© 2020 The Authors. Published by Elsevier Ltd.  
This is an open access article under the CC BY-NC-ND license https://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 23rd International Conference on Material Forming. 

 Keywords: Dual-phase steel; Anisotropy; Crystal plasticity finite element method; Representative volume elements 

 
1. Introduction 

The advanced high strength steels (AHSS), for example, the 
dual-phase (DP) steels, are widely used in industry, especially 
in the automotive industry for lightweight design. This is 
benefited from their mechanical advantages, such as the 
attractive combination of strength and formability. It is well 
known that the mechanical properties of steels are determined 
by the microstructure. Therefore, for material design, the 
understanding of the quantitative relationship between the 
material microstructure and its properties, in particular, the 
plastic anisotropic behavior, is of high interest for the sheet 
metal production and forming industry. Recently, the 
integrated computational materials engineering (ICME) 
approach is widely used as a reliable and efficient strategy for 

linking the microstructure and mechanical property and further 
developing the material that fulfills the desired component 
mechanical performance.  

There has been a large number of studies focusing on 
bridging the microstructure and macroscopic mechanical 
properties by both experimental and numerical methods. The 
interested microstructural features normally are the phase 
fraction, grain morphology, crystal orientation, secondary 
phase morphology, etc. While the focused mechanical 
properties can be various from microscopic level strain 
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effects on the anisotropy of strain hardening of an aluminum 
alloy. Pierman, Bouaziz, et al. [3] investigated the flow 
properties of DP steels, including yielding, tensile strength, and 
ductility, by varying the martensite volume fraction, carbon 
content and morphology. Li, Golden, et al. [4] developed a 
multiscale modeling framework to observe the effects of the 
precipitate size on overall stress-strain response and plastic 
strain localization in martensitic steel. Han, da Silva, et al. [5] 
used experiments to study the effects of prior austenite grain 
boundaries and microstructural morphology on the impact 
toughness of medium Mn steel. Diehl, Groeber, et al. [6] 
employed the microstructure and material modeling to build 
the microstructure-property relationship of high Mn steel. 
Among these investigations, it is well noted that in the 
numerical simulation based on the crystal plasticity (CP) 
models in the form of either full-field finite element method [7-
11], or the mean-field visco-plastic self-consistent (VPSC) 
models [12-15] are well developed to bridging the crystal 
microstructure and its mechanical properties.  

Although various experimental and numerical studies have 
been conducted to study the material microstructural and 
mechanical anisotropy, a systematic and qualitative 
investigation on the effects of individual or integrated 
microstructural features on the plasticity anisotropy in terms of 
strength and R-value has not been well reported. This measure 
could be of significant importance for the material and structure 
design point of view. It is quite a challenge to produce these 
data using the experimental method, as the microstructure 
features are hard to be varied based on a single-variable concept. 
Therefore, using the ICME concept could deliver such a 
comprehensive database with better control over the 
influencing variables. However, for the fine-structured high-
strength DP or complex-phase steel, the challenges that hinder 
such an investigation arise from the following two aspects: i) 
the fine-resolution synthetic microstructure modeling to 
accurately represent the material microstructure and precisely 
control the microstructural variables, and ii) the efficient and 
reliable material parameter calibration for each individual 
phases in the DP or multi phases steels. To solve these two 
challenges, Liu, Lian, et al. [16] have developed a strategy for 
generating the synthetic microstructure and calibrating the 
crystal plasticity parameter of fine-grain-structured DP steel, 
which could enable a systematic and quantitative analysis of 
the influence of microstructure features. Based on this study, 
the synthetic microstructure models, i.e. representative volume 
element (RVE) models, can be generated with desired 
microstructural feature requirements including phase fraction, 
grain shape, and crystallographic orientation. Coupling with 
crystal plasticity model and calibrated material parameters, a 
virtual laboratory is built up and virtually uniaxial tensile tests 
under material rolling, diagonal, and transversal directions 
(RD, DD, TD) are carried out to quantitatively assess the 
influence of the microstructural features on anisotropic 
behavior of DP steel. 

2. Material 

A DP1000 is employed in this study as the reference 
material. To prudently and comprehensively analyze the 

microstructure, the light optical microscopy (LOM), scanning 
electron microscopy (SEM) and electron backscatter 
diffraction (EBSD) techniques are used. The investigated 
DP1000 is comprised of 55% ferrite and 45% martensite with 
very fine grains. The average grain size of ferrite is around 
2.0 μm and martensite is ~0.5 μm. The grain orientation 
distribution for both phases has the typical rolled texture 
components. For ferrite, the γ-fiber is the dominant texture 
fiber, while for martensite the rotated-cube component is the 
most important one. The detail microstructure characterization 
program and results of the DP steel are referred to Liu, Lian et 
al. Liu, Lian, et al. [16]. 

3. Modeling  

3.1. Crystal plasticity  

The crystal plasticity model with the phenomenological 
constitutive laws is used in this study. It is noted that with the 
phenomenological crystal plasticity model, the size effect can 
be not rendered. However, the morphology effect, including 
both phase and crystal levels, can be taken into account with 
the full-field computational homogenization methods. The 
DAMASK (Düsseldorf Advanced Materials Simulation Kit) 
platform with the multiscale material point model [7] is used in 
the study. The solved boundary condition is in the form of an 
average deformation gradient and the material point model is 
employed to provide the corresponding average first Piola-
Kirchhoff stress. In an RVE case, the material point is a 
polycrystalline aggregate and the average deformation gradient 
has to be partitioned into individual deformation gradients for 
each crystal in the RVE. As a return quantity, the individual 
crystal stress has to be homogenized into the average stress of 
the RVE. Then, on the crystallite level, the constitutive laws 
are employed to solve the elastoplasticity problem in terms of 
the plastic velocity gradient as a function of the second Piola-
Kirchhoff stress. The plastic velocity gradient 𝐋𝐋p  can be 
defined as: 

𝐋𝐋p = ∑ �̇�𝛾𝛼𝛼𝐦𝐦𝛼𝛼
𝑁𝑁

𝛼𝛼=1
𝐧𝐧𝛼𝛼  (1) 

where for slip system α , 𝐦𝐦𝛼𝛼  and 𝐧𝐧𝛼𝛼  are the unit vector 
describing the slip direction and normal direction to the slip 
plane, �̇�𝛾𝛼𝛼 is the shear rate. N is the number of active slip 
systems. The shear rate �̇�𝛾𝛼𝛼 is determined by the resolved shear 
stress 𝜏𝜏𝑎𝑎 and the critical resolved shear stress 𝜏𝜏c

𝑎𝑎. The kinetic 
law on the slip system α is given as: 

�̇�𝛾𝛼𝛼 = �̇�𝛾0 |𝜏𝜏
𝛼𝛼

𝜏𝜏c𝛼𝛼
|

𝑚𝑚
sgn(𝜏𝜏𝛼𝛼) (2) 

where �̇�𝛾0 and m are the reference shear rate and rate sensitivity 
of slip system α respectively. The resolved shear stress 𝜏𝜏𝛼𝛼 on 
slip system α is defined as: 

𝜏𝜏𝛼𝛼 = 𝐒𝐒 ∙ (𝐦𝐦𝛼𝛼𝐧𝐧𝛼𝛼) (3) 

where 𝐒𝐒  is the second Piola-Kirchhoff stress. The 
micromechanical interaction between different slip systems 
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shall also be taken into consideration by: 

�̇�𝜏c
𝛼𝛼 = ∑ ℎ𝛼𝛼𝛼𝛼

𝑁𝑁

𝛼𝛼=1
|�̇�𝛾𝛼𝛼| (4) 

where ℎ𝛼𝛼𝛼𝛼 is the hardening matrix and given as: 

ℎ𝛼𝛼𝛼𝛼 = 𝑞𝑞𝛼𝛼𝛼𝛼 [ℎ0 (1 − 𝜏𝜏c
𝛼𝛼

𝜏𝜏cs
)

𝑎𝑎

] (5) 

where ℎ0, a, and 𝜏𝜏c
s are slip hardening parameters. The value 

𝑞𝑞𝛼𝛼𝛼𝛼  incorporates the effect of self-hardening (α = β)  and 
latent hardening (α ≠ β) and is assigned as 1.0 for coplanar 
slip and 1.4 otherwise. Therefore, the hardening evolution law 
of slip system α is determined according to: 

𝜏𝜏c
𝛼𝛼 = 𝜏𝜏0 + ∫ 𝑞𝑞𝛼𝛼𝛼𝛼 [ℎ0 (1 − 𝜏𝜏c

𝛼𝛼

𝜏𝜏cs
)

𝑎𝑎

]
𝑡𝑡

0
|�̇�𝛾𝛼𝛼|d𝑡𝑡 (6) 

where 𝜏𝜏0  is the initial critical resolved shear stress. In this 
hardening law, for the quasi-static loading condition without 
considering the strain rate sensitivity, the involved parameters 
are 𝜏𝜏0 , 𝜏𝜏c

s , ℎ0 , and 𝑎𝑎 , which need to be calibrated for each 
phase. It is noted that for each grain and/or phase, on the one 
hand, the individual response stress is varied based on their 
crystal orientation and/or the involved crystal plasticity 
parameters. On another hand, it shall also be homogenized with 
its neighbors according to the RVE average values. Therefore, 
excepted for the boundary effect, the phase fraction, grain 
shape and orientation influence can be considered with 
phenomenological crystal plasticity models. Besides, it is noted 
that the chemical composition induced mechanical property 
change is not considered in the phase fraction influence study.  

The fast Fourier transformation (FFT) approach on the 
DAMASK platform [7] is used in this study to solve the 
constitutive equations in the crystal plasticity model. It is 
suitable for the CP simulations with periodic boundary 
conditions, e.g. the RVE simulations under uniaxial loading, 
due to its higher numerical performances with the economical 
computing time and better predictive capabilities as a mesh-
free method. The detailed explanations of the scheme and 
implementation with CP models have been investigated in 
many studies [17, 18]. 

3.2. Reference RVE generation and parameter calibration 

A microstructure representativeness assessment 
criterion/diagram (MRAC/MRAD) is proposed according to 
the comparison of the deviations on the individual and global 
microstructural features between the artificial RVE structure 
and the experimental measurement in the previous study [16]. 
This approach can be used to guide the evaluation of the 
representativeness of the synthetic microstructure and optimize 
the generated RVEs. Considering the overall microstructure 
information of the reference material, the mesh size of 0.2 μm 
with 64,000 (40×40×40) elements are the optimal RVE 
numerical parameters. This optimal RVE has a size of 
8×8×8 μm3, which contains 51 ferrite grains and 1040 
martensite grains. In addition, the grain size and orientation 
distribution of the output RVE are compared and further 
modified to match the reference material characters as well. 
The phase map of the optimal RVE is shown in Fig. 1 (45%) 

and the grain map in Fig. 2 (1:0.5:0.5). The definition of the 
grain shape factor is given in section 3.3. The detail phase and 
grain shape information are listed in Table 2 and the texture of 
both phases is shown in Fig. 3, marking as Ref. Ferrite and Ref. 
Martensite. This optimal RVE is used as the reference RVE for 
the microstructural feature effect study. 

For the fine-grain DP steel, a detailed parameter calibration 
procedure is proposed according to [16]. Nanoindentation test 
with a cube-corner tip is used to test the ferrite grains and to 
calibrate the crystal plasticity parameters for ferrite. With the 
obtained ferrite description, an inverse method is used for 
martensite by coupling the macroscopic tensile tests of the DP 
1000 and the optimized RVE simulations. Furthermore, the R-
value prediction is used to validate the synthetic microstructure 
model and the calibrated parameters. The crystal plasticity 
parameters for both phases are listed in Table 1. For the case 
without strain rate sensitivity, the strain rate related parameters 
�̇�𝛾0 = 0.001 𝑠𝑠−1 and 𝑚𝑚 = 0.05 are chosen from literature [19]. 

Table 1. Crystal plasticity parameters of the investigated DP1000 [16]. 

Phase 𝜏𝜏0, MPa 𝜏𝜏c
s, MPa ℎ0, MPa a 

Ferrite 200 370 4500 1.3 

Martensite 680 700 40000 2.5 

3.3. RVEs generation for variable microstructural features 

For DP steel, the focused microstructural features are phase 
fraction, grain shape, and grain orientation. The corresponding 
microstructural feature characters are the martensite phase 
fraction f, grain shape factor asp, and Miller index 
{hkl}<uvw>.  

The reference material has a martensite fraction of 45%. 
Hence, the investigated martensite fraction is chosen as 20%, 
30%, 60%, and 70%. Considering the deviation between input 
setting and output results caused by the uncertainty during RVE 
generation, the precise martensite phase fraction values of the 
output RVEs are used to calculate the phase fraction sensitivity, 
as listed in Table 2. The generated RVEs are shown in Fig. 1. 

 

 

Fig. 1. Phase maps of RVEs with different martensite phase fractions [16]. 

The grain shape factor is defined as the aspect ratio of three 
specific axes of a grain. Normally, grains are regarded as 
equivalent ellipsoids in a 3D Cartesian coordinate system, 
hence, the grain shape aspect ratio is the length ratio of the three 
ellipsoid coordinate axes, marked as a:b:c. For example, 
a:b:c=1:1:1 refers to equiaxed grains. According to the EBSD 
analyses, the reference DP1000 has a grain shape aspect ratio 
close to 1:0.5:0.5 for both phases [16]. In numerical 
investigation, another four cases are chosen as 1:1:1, 
1:0.75:0.75, 1:0.25:0.25, and 1:0.1:0.1 for both phases. The 
exact grain shape factor values are also listed in Table 2 and the 
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generated RVEs are shown in Fig. 2. It is noted that in the 
synthetic microstructural models, the specific coordinate 
system is unified with the material coordinate system, i.e. RD-
TD-ND axes. That means, the grain shape factor can be also 
characterized as RD:TD:ND.  

 

 

Fig. 2. Grain maps of RVEs with different grain shapes [16]. 

The grain orientation can be represented with several 
methods, e.g. Orientation matrix, Euler angles, Miller index, 
Angle-Axis, etc. The rolled body center cubic (bcc) metals tend 
to form fiber textures [20]. Therefore, the Miller index method 
can well describe the bcc deformation texture. The most 
characteristic fibers in bcc metals are α-fiber with <011>//RD 
and γ-fiber with {111}//ND. Considering their Euler angles 
range and the cubic crystal symmetry, in Euler space, most 
important texture features can be seen in the 𝜑𝜑2 = 45° section. 
In this study, seven typical texture components are chosen for 
numerical investigation, as shown in Fig. 3. For each 
component, orientations differing the misorientation angular 
tolerance within 15º (referring to the high angle grain 
boundaries) from this special texture component center are 
assigned to grains from both phases in the optimal RVE for 
simulation.  

Table 2. Main microstructural features of investigated RVEs. 

 
Input 

Ferrite 

Output 

Ferrite 

Input 

Martensite 

Output 

Martensite 

Phase 
fraction 

80% 79% 20% 21% 

70% 67% 30% 33% 

55% 55% 45% 45% 

40% 37% 60% 63% 

30% 30% 70% 70% 

Grain 
shape 
factor 

1:0.10:0.10 1:0.16:0.12 1:0.10:0.10 1:0.17:0.12 

1:0.25:0.25 1:0.30:0.25 1:0.25:0.25 1:0.30:0.26 

1:0.50:0.50 1:0.49:0.45 1:0.50:0.50 1:0.51:0.47 

1:0.75:0.75 1:0.75:0.71 1:0.75:0.75 1:0.75:0.70 

1:1:1 1:0.98:0.93 1:1:1 1:0.98:0.94 

3.4. Mechanical property characterization  

During plastic deformation, the interested mechanical 
properties are the flow strength and R-values including their 
evolution. Coupling the RVE and CP models, both flow curves 
and R-value evolution curves can be predicted. For the 
anisotropic study, simulation under the RD-0°, DD-45°, and 
TD-90° loading conditions are carried out. The examples are 
shown in Fig. 4. As the uniform elongation of the reference 
material is close to 5%, the focused characteristics on strength 
are the yielding stress σ0 and flow stress at true plastic strain 

𝜀𝜀p̅=0.05 (σ0.05). However, for R-values, it is clear that the R-
values in the initial plastic deformation stage are not stable. 
Therefore, R-values at 𝜀𝜀p̅=0.01 and 0.05 (R0.01 and R0.05) are 
chosen. The distinct R-value evolution can be observed in this 
range. In addition, the strain hardening rate 𝑛𝑛 until 𝜀𝜀p̅=0.05 is 
also focused. All these characteristics are extracted from the 
predicted flow curves and R-value evolution curves. In the 
following sections, only these characteristics are presented and 
employed for discussion. 

 

 

Fig. 3. Orientation distribution function figures in the 𝜑𝜑2 = 45° section of 
investigated typical bcc texture components and the reference material texture. 

For strength and strain hardening rate, the differences in the 
predicted results from variable input settings are close to each 
other in many cases, especially for the grain shape group. For 
the better comparison among different microstructure and 
loading conditions, the normalized parameter 𝑆𝑆Nor  is 
introduced: 

𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁 =  𝑌𝑌𝑖𝑖
𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅

 (7) 

where 𝑌𝑌 is the interested mechanical property and 𝑖𝑖 represents 
the focused microstructural feature. The reference value 𝑌𝑌Ref is 
calculated from the optimal RVE under the RD loading 
condition, which exhibits the mechanical property of the 
reference material.  

In terms of R-values, the differences among different input 
settings are much more obvious. Meanwhile, it is noted that the 
absolute R-values are important for material design. As the R-
value close to one is always pursued in most industrial 
applications. For many cases, R-value larger than one is also 
preferred, since more deformation in the transverse direction is 
better than larger strain in the thickness direction. Therefore, 
the original R-values are employed.  

4. Results and discussion 

4.1. Strength 

As aforementioned, the yield strength σ0 and flow stress σ0.05 
are used to indicate the strength and its evolution. For each 
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case, the stress of optimal RVE (with martensite phase fraction 
of 45% and grain shape factor of 1:0.5:0.5) under RD loading 
is the reference point. Fig. 5–Fig. 7 reveal the phase fraction, 
grain shape, and crystal orientation influence on σ0 and σ0.05, 
respectively.  

According to Fig. 5, it is clear that with the increased 
martensite phase fraction, both the yield strength and flow 
stress at 5% strain are distinctly enhanced. Furthermore, the 
increase rate of the σ0.05 (close to the reference material UTS) 
is lower than the yielding strength. This is caused by the 
different individual mechanical performance of martensite and 
ferrite, as martensite is the harder phase against stress while 
ferrite is the softer one, which bears the most strain. Besides, 
the martensite phase has a smaller global work hardening rate 
than ferrite. In the phenomenological crystal plasticity 
modeling, the differences in phase performance are achieved 
by the different hardening parameters. Furthermore, in the 
investigated phase fraction range, loading along DD always 
performs the lowest strength while the TD loading condition 
shows the highest strength. It is also noted that with the increase 
of the martensite phase fraction, the anisotropic difference in 
strength tends to be minimized. In DP steel with complex 
microstructure and variable texture, the global anisotropic 
behavior shall be affected by a variety of reasons. Except for 
the phase-level stress–strain response change, the variable 
phase fraction also leads to global texture diversification, 
which might result in comprehensive grain-level interaction. 
Conclusively, in the strength anisotropy point of view, DP steel 
with higher martensite phase fraction shall be preferred for 
material design concerning the yielding and initial hardening.  

In terms of grain shape effect in Fig. 6, RVEs with 1:0.1:0.1 
shape factor go through the highest strength. However, it is 
noted that there are many extremely elongated grains running 
through the whole RVE along RD. Hence, the boundary effect 
cannot be avoided in this case. Generally, the strength is 
increased by the decreased grain shape factor in all loading 
conditions, but only with the slight differences between 
different groups, especially in the shape factor range from 
1:0.5:0.5 to 1:1:1. Compared to the equiaxial sphere, with the 
decreased grain shape factor, the superficial area of elongated 
grain is increased, which results in increased grain boundary 
area and the limited dislocation movement free path. The 
interaction between different grains is also enhanced and leads 
to slightly increased RVE global strength. Besides, the strength 
anisotropic behavior is also weakly affected by grain shape, 
except for the excessively small shape factors. For both σ0 and 
σ0.05, RVE 1:0.75:0.75 shows the relatively smaller anisotropic 
difference around 3%. While for RVE 1:1:1, the anisotropic 
difference is also smaller than 5%. Therefore, in the grain shape 
factor range from 1:0.5:0.5 to 1:1:1, the grain shape effects on 
the strength is not obvious. 

The texture effect is exhibited in Fig. 7. It is illustrated that 
if only single crystal orientation is developed, texture influence 
on both strength and anisotropy is significantly different. 
Generally, the texture effects on TD and DD are larger than RD 
loading. {112}<110> performs the highest RD and TD strength, 
while Goss component {011}<100> gives the DD peak 
strength values on both yielding and tensile strength points. 
Meanwhile, Goss texture also shows the largest deviation on 

anisotropic strength while γ-fiber ({111}<110> and 
{111}<112>) performs the weakest anisotropy. Besides, the 
cube component {001}<100> and rotated-cube component 
{001}<110> show minimum strength and the opposite 
anisotropic tendency with each other. The off-γ-fiber 
component {554}<225> exhibits the same anisotropic 
behavior with the γ-fiber but with larger anisotropy and 
generally lower strength except for the DD loading. 
Furthermore, it can be seen that the stress values of γ-fiber 
components {111}<110> and {111}<112> are close to the 
reference material, while the α-fiber components {112}<110> 
and {001}<110> show the same anisotropic tendency with the 
reference. According to Fig. 3, these components also are the 
most important texture in the reference material; therefore, the 
global strength behavior is related to the combination of these 
mixture texture components. For applications, the preferred 
crystal orientation can be picked up for each 
single/proportional loading case, while for complex loading 
conditions, the γ-fiber with homogeneous anisotropy and 
relatively high strength shall be considered. 

(a) 

 

(b) 

 

(c) 

 

Fig. 4. The predicted flow curves (a) and R-value (b) evolution curves of RVEs 
with different martensite phase fractions under TD loading condition, and (c) 
the deformed strain pattern of 45% RVE under TD loading condition. 
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Fig. 5. The effect of the martensite phase fraction on flow stresses. 

 

Fig. 6. Grain shape effect on flow stresses. 

 

Fig. 7. Texture effect on flow stresses. 

4.2. Strain hardening rate 

The stress–strain evolution is preliminarily discussed in the 
last section by comparing the yielding stress σ0 and flow stress 
σ0.05. The strain hardening rate n is used to assess the global 
work hardening during the plastic deformation stage. It is 
defined as the arithmetical mean strain hardening rate from 
yielding point until 𝜀𝜀p̅=0.05 [16]. The results are shown in Fig. 
8. 

Comparing Fig. 5 with Fig. 8, it is demonstrated that the 
strength and work hardening rate generally have the same 
anisotropic tendency no matter with which martensite phase 
fraction, i.e. TD>RD>DD. However, with the increased 
martensite fraction, the overall work hardening rate is 
decreased, which is the same as the reduced increase rate on 

σ0.05. As aforementioned, this is caused by the smaller work 
hardening rate of the martensite phase.  

The grain shape effect on work hardening is much more 
complex as shown in Fig. 9. For RD and DD loading 
conditions, it is normally increased with the increased shape 
factor, while for TD, there is no distinctly affected tendency of 
grain shape factor on work hardening rate. Besides, similar to 
strength, the grain shape effect in the range from 1:0.5:0.5 to 
1:1:1 is very small with the maximum difference less than 6% 
for each individual loading condition. In this range, RVE with 
the shape factor of 1:0.75:0.75 has the largest anisotropic 
difference of 12%, while the equiaxial RVE shows the 
minimum anisotropic difference of 5%, which shall be better 
for material design.  

In terms of texture effect, comparing Fig. 7 with Fig. 10, it 
is indicated that most texture components have the same 
influence on the anisotropic tendency on both strength and 
work hardening rate, except for {001}<100> and {001}<110>. 
They hold the minimum work hardening rate as before but the 
opposite work hardening anisotropic behavior compared with 
strength anisotropy. In addition, it is noted that {112}<110> 
still performs the highest work hardening rate under RD and 
TD loading conditions, while {011}<100> gives the DD peak 
value, that is the same phenomena as the strength. Besides, the 
Goss component still shows the largest anisotropic difference 
of up to 40%. Meanwhile, the cube component, rotated-cube 
component, and γ-fiber components perform the relatively 
smaller anisotropy, with the difference between three loading 
conditions less than 10%. 

 

 

Fig. 8. Martensite phase fraction effect on strain hardening rate.  

 

Fig. 9. Grain shape effect on strain hardening rate. 
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Fig. 10. Texture effect on strain hardening rate. 

4.3. R-value 

The microstructure effect on R-value is indicated by R0.01 
(close to the initial R-value) and R0.05 (close to the uniform 
elongation), as shown in Fig. 11–Fig. 13. It is worth noting that 
with the reference texture, no matter how the phase fraction and 
grain shape change, the anisotropic tendency of R-value almost 
keeps the same, i.e. the largest R-value occurs under DD 
loading condition (larger than one) while the smallest one 
comes from RD (smaller than on). Besides, the R-values under 
TD loading conditions are generally closer to one. However, in 
contrary to the tendency of strength, the microstructure induced 
R-value change is irregular.  

Normally, compared to strength, R-value is strongly 
affected by the crystal orientation and more sensitive to the 
interaction between grains. The single crystal orientation effect 
is clearly indicated in Fig. 13. For instance, with texture 
component changes, the R-value could differ from 0.05 
(rotated-cube component) to larger than 20 (Goss component) 
under TD loading condition. Even under the RD loading 
condition, which offers a relatively smaller difference, the R-
value is changed from 0.05 to a value larger than two with a 
difference up to 300% (comparing with the reference value). 
Therefore, in Fig. 11 and Fig. 12, with the RVE structure 
change in terms of phase fraction and grain shape, it is difficult 
to keep all RVEs with completely the same texture information 
as each other. A small difference in RVE texture might cause a 
distinct deviation on the overall R-value. Especially for phase 
fraction, as ferrite and martensite hold the different crystal 
orientation distribution (shown in Fig. 3), the increased 
martensite phase fraction brings the different combinations of 
the texture of two phases, which results in the irregular change 
on R-value and its evolution. What is more, for the deep 
understanding of the microstructure induced R-value 
difference, especially for grain shape effect, the single-phase 
RVE shall be considered to precisely control the microstructure 
variables and the dislocation-based CP models shall be 
developed to study the grain boundary effect. In addition, the 
misorientation distribution shall also be involved to take into 
account the grain interaction.  

Overall, in the phase fraction group, the martensite phase 
fraction of 60% offers the smallest R-value and R-value 
anisotropy, which shall be a benefit for material applications. 
Analogously, in terms of grain shape types, the equiaxial grains 

carry the same conclusions. In addition, from the texture point 
of view, the R-values of the γ-fiber components {111}<110> 
and {111}<112> are larger than one for all three loading 
conditions, and they perform the minimum R-value anisotropy 
as well, which is preferred for material design.   

 

 

Fig. 11. Martensite phase fraction effect on R-values. 

 

Fig. 12. Grain shape effect on R-values. 
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Fig. 13. Texture effect on R-values. 

5. Summary 

A virtual laboratory coupling the fine-resolution 
representative volume element method and the crystal 
plasticity model is employed in this study to investigate the 
effects of microstructure in terms of phase fraction, grain 
shape, and crystal orientation on the plasticity anisotropic 
behavior. Evaluating their mechanical property performances 
including strength, work hardening rate, and R-value, the 
results can be used to guide the steel sheet design. The main 
conclusions are drawn as follows:  

 For dual-phase steel, higher martensite phase fraction is 
better for enhancing strength and 60-70% of martensite is 
preferred to minimize both strength and R-value anisotropy 
based on the current reference texture and the 
phenomenological crystal plasticity model.  

 To some extent, compared with other microstructural 
features, the grain shape influence in the shape factor range 
from 1:0.5:0.5 to 1:1:1 is relatively weak. The 
rolled/elongated grains (1:0.5:0.5) perform higher strength 
while the equiaxial grains have the minimum anisotropy. 

 From either strength or R-value point of view, the γ-fiber 
components {111}<110> and {111}<112> shall be the 
optimal texture design for sheet metals, as they 
homogeneously perform the relatively high strength and 
preferred R-values (larger than one) under all loading 
conditions.  

 In the future study, a comprehensive mechanism-based 
crystal plasticity model shall be developed to considering 
the grain boundary, grain size as well as chemical 

composition effects. The misorientation influence shall also 
be considered to involve the grain interaction effects on 
plasticity anisotropy.  

Acknowledgments 

The authors gratefully acknowledge the valuable comments 
by Prof Münstermann from Steel Institute (IEHK), RWTH 
Aachen University. WL is grateful to Guangming Zeng from 
IEHK for data processing. 

References 

[1]  Li X. Microstructure-property relationship in cold rolled complex phase 
steel. RWTH Aachen University. Aachen, Germany 2018. 

[2]  Lopes AB, Barlat F, Gracio JJ, Ferreira Duarte JF, Rauch EF. Effect of 
texture and microstructure on strain hardening anisotropy for aluminum 
deformed in uniaxial tension and simple shear. International Journal of 
Plasticity 2003;19(1):1-22. 

[3]  Pierman AP, Bouaziz O, Pardoen T, Jacques PJ, Brassart L. The influence 
of microstructure and composition on the plastic behaviour of dual-phase 
steels. Acta Materialia 2014;73:298-311. 

[4]  Li D-F, Golden BJ, O’Dowd NP. Multiscale modelling of mechanical 
response in a martensitic steel: A micromechanical and length-scale-
dependent framework for precipitate hardening. Acta Materialia 
2014;80:445-456. 

[5]  Han J, da Silva AK, Ponge D, Raabe D, Lee S-M, Lee Y-K, Lee S-I, 
Hwang B. The effects of prior austenite grain boundaries and 
microstructural morphology on the impact toughness of intercritically 
annealed medium mn steel. Acta Materialia 2017;122:199-206. 

[6]  Diehl M, Groeber M, Haase C, Molodov DA, Roters F, Raabe D. 
Identifying structure–property relationships through dream.3d 
representative volume elements and damask crystal plasticity simulations: 
An integrated computational materials engineering approach. JOM 
2017;69(5):848-855. 

[7]  Roters F, Diehl M, Shanthraj P, Eisenlohr P, Reuber C, Wong SL, Maiti 
T, Ebrahimi A, Hochrainer T, Fabritius HO, Nikolov S, Friák M, Fujita 
N, Grilli N, Janssens KGF, Jia N, Kok PJJ, Ma D, Meier F, Werner E, 
Stricker M, Weygand D, Raabe D. Damask – the düsseldorf advanced 
material simulation kit for modeling multi-physics crystal plasticity, 
thermal, and damage phenomena from the single crystal up to the 
component scale. Comput. Mater. Sci. 2019;158:420-478. 

[8]  Xie Q, Li R, Wang YD, Su R, Lian J, Ren Y, Zheng W, Zhou X, Wang Y. 
The in-depth residual strain heterogeneities due to an indentation and a 
laser shock peening for ti-6al-4v titanium alloy. Materials Science and 
Engineering: A 2018;714:140-145. 

[9]  Xie Q, Van Bael A, An YG, Lian J, Sidor JJ. Effects of the isotropic and 
anisotropic hardening within each grain on the evolution of the flow stress, 
the r-value and the deformation texture of tensile tests for aa6016 sheets. 
Materials Science and Engineering: A 2018;721:154-164. 

[10]  Peeters B, Seefeldt M, Teodosiu C, Kalidindi SR, Van Houtte P, Aernoudt 
E. Work-hardening/softening behaviour of b.C.C. Polycrystals during 
changing strain paths: I. An integrated model based on substructure and 
texture evolution, and its prediction of the stress–strain behaviour of an if 
steel during two-stage strain paths. Acta Materialia 2001;49(9):1607-
1619. 

[11]  Zhang K, Holmedal B, Hopperstad OS, Dumoulin S, Gawad J, Van Bael 
A, Van Houtte P. Multi-level modelling of mechanical anisotropy of 
commercial pure aluminium plate: Crystal plasticity models, advanced 
yield functions and parameter identification. International Journal of 
Plasticity 2015;66:3-30. 

[12]  Upadhyay MV, Capek J, Panzner T, Van Swygenhoven H. Microstructure 
evolution of stainless steel subjected to biaxial load path changes: In-situ 
neutron diffraction and multi-scale modeling. Int. J. Plasticity 2019. 

[13]  Lian J, Liu W, Shen F, Muenstermann S. Crystal plasticity assisted 
prediction on the yield locus evolution and forming limit curves. Journal 
Year;1896:020030. 

0

1

2

3

4

5

R
-v

al
ue

, -

Texture, -

R0.01 RD DD TD

0

1

2

3

4

5

R
-v

al
ue

, -

Texture, -

R0.05 RD DD TD



1560 Wenqi Liu  et al. / Procedia Manufacturing 47 (2020) 1552–1560
 Author name / Procedia Manufacturing 00 (2019) 000–000  9 

[14]  An YG, Vegter H, Melzer S, Romano Triguero P. Evolution of the plastic 
anisotropy with straining and its implication on formability for sheet 
metals. J. Mater. Process. Technol. 2013;213(8):1419-1425. 

[15]  Xie Q, Van Bael A, Sidor J, Moerman J, Van Houtte P. A new cluster-
type model for the simulation of textures of polycrystalline metals. Acta 
Materialia 2014;69:175-186. 

[16]  Liu W, Lian J, Aravas N, Münstermann S. A strategy for synthetic 
microstructure generation and crystal plasticity parameter calibration of 
fine-grain-structured dual-phase steel. Int. J. Plasticity 2019;in press. 

[17]  Prakash A, Lebensohn RA. Simulation of micromechanical behavior of 
polycrystals: Finite elements versus fast fourier transforms. Modelling 
and Simulation in Materials Science and Engineering 2009;17(6):064010. 

[18]  Liu B, Raabe D, Roters F, Eisenlohr P, Lebensohn RA. Comparison of 
finite element and fast fourier transform crystal plasticity solvers for 
texture prediction. Modell. Simul. Mater. Sci. Eng. 2010;18(8). 

[19]  Tasan CC, Hoefnagels JPM, Diehl M, Yan D, Roters F, Raabe D. Strain 
localization and damage in dual phase steels investigated by coupled in-
situ deformation experiments and crystal plasticity simulations. Int. J. 
Plasticity 2014;63:198-210. 

[20]  Engler O, Randle V. Introduction to texture analysis: Macrotexture, 
microtexture and orientation mapping. 2nd ed. Boca Raton: CRC Press; 
2010. 

 

 


