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Abstract
The deformation of polycrystalline steels is extremely heterogeneous both intergranu-

larly and intragranularly. In steel development, heterogeneity at various scales has been 
controlled in order to realize superior characteristics at the macro scale. In the present 
study, [1] in-situ observation of microstructure evolution was conducted for uniaxial and 
biaxial tensile deformation using the microscopic biaxial tensile system with electron back 
scatter diffraction (EBSD) with scanning electron microscope (SEM) analysis. Biaxial ten-
sion deformation was simulated by using crystal plasticity FE simulation, and the differen-
tial work hardening behavior under biaxial tension in polycrystalline IF (interstitial free) 
steel was microscopically explained from the viewpoints of microstructural evolution. [2] 
Voids nucleation of dual phase steel with 10% martensite volume fraction was analyzed by 
meso-scale FE simulations. FE simulations have satisfactorily predicted the strain localiza-
tion in ferrite, the fracture of martensite islands, and the martensite islands subjected to 
interface decohesions. Furthermore, the effects of the strength between two phases on the 
ductile fracture of DP steel is investigated using finite element simulations with the contin-
uum damage mechanics (CDM) model.

1. Introduction
Polycrystalline steels are heterogeneous at various microscopic 

scales such as grains, second-phase particles, and dislocation cell 
walls. Macroscopic mechanical properties appear as a composite 
material effect of these. For example, texture affects mechanical 
properties such as elasticity, plasticity, and fracture characteristics 
significantly, and therefore texture control is an important factor for 
controlling the microstructure. In particular, deep drawability, which 
is estimated from an r-value, plays a significant role in the formabil-
ity. The high r-values are ascribed to the texture with a strong γ-fiber 
(<111> component parallel to ND). Ti-added interstitial free (IF) 
steel for which interstitial type solute elements are reduced as much 
as possible has been developed and practically used.

Meanwhile, an example of the active use of heterogeneous struc-
ture in steel materials is improvement in the strength-tensile elonga-

tion balance of dual phase (DP) steel. DP steel, composed of hard 
martensite islands embedded into a softer ferrite matrix, has been 
increasingly used for automobiles because they offer an excellent 
compromise between high strength and tensile elongation. Usually, 
the metallographic structure of practical steel sheets often becomes 
a composite structure. The volume fraction of the hard phase and 
optimization of its size, shape, and dispersion state are important 
structure control factors. 1)

In recent years, numerical simulations have been increasingly 
used to evaluate the macroscopic mechanical properties from mate-
rial microstructure against the background of the rapid progress of 
computer power. Numerical analysis using the finite element method 
(FEM) in which heterogeneity can be taken into account can evalu-
ate the elementary processes of deformation, clarification of its 
mechanism, the material’s microscopic structure changes, and mac-
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roscopic deformation characteristics in a quantitative way.
In this study, a biaxial tensile test system in a scanning electron 

microscope (SEM) vacuum chamber that allowed in-situ observa-
tion was used to clarify the characteristics of microscopic structure 
changes of IF steel under biaxial tensile deformation; and the mech-
anism of differential work hardening behavior where work harden-
ing in equal biaxial deformation was larger than that in uniaxial ten-
sile deformation was studied by crystal plasticity FEM analysis. 
Subsequently, ductile fracture on DP steel was analyzed using the 
mesoscale FEM to which actual structure was reflected; the authors 
show that the fracture of martensite and the facture at the interface 
between martensite and ferrite can be simulated. Moreover, the ef-
fects of strength differences between the two phases of DP steel on 
macroscopic deformation characteristics were studied by finite ele-
ment simulations (analysis) using the continuum damage mechanics 
(CDM) model.

2. Effects of Microscopic Structure of IF Steel on 
Differential Work Hardening behavior
Plastic anisotropy and work hardening behavior are the most im-

portant material properties in sheet metal forming. Usually, material 
properties are evaluated in uniaxial tensile tests, but materials are 
subjected to multi-axial loads in sheet forming processes. The biaxial 
tensile test using cruciform specimens has been developed 2) to eval-
uate the work hardening behavior of anisotropic sheet metals under 
biaxial tension. The contours of plastic work in stress spaces for 
various materials have been evaluated and much knowledge has 
been reported to date. 3, 4) Figure 1 shows the results of the measure-
ment of contours of plastic work for IF steel sheets (with a thickness 
of 1.2 mm and an average r value of 1.87) using the biaxial tensile 
test system. 5)

These contours of plastic work have been normalized by σ0 cor-
responding to a specific ε0

p. The IF steel exhibits definite differential 
hardening; the work contour for ε0

p = 0.0005 is very close to the von 
Mises yield locus, and is elongated in the equibiaxial tension direc-
tion as the material work hardens. The yield locus develops rapidly 
around equibiaxial tension, which means that the work hardening 
behavior has anisotropy under biaxial tension. 4) In addition, Kubo et 

al. 6) measured the curve of the equibiaxial tensile stress-equivalent 
plastic strain in a hydrostatic bulge test and studied the relationship 
between the ratio to uniaxial tensile stress and equivalent plastic 
strain (Fig. 2), but differential hardening behavior has not been mi-
croscopically explained from the viewpoints of microstructural evo-
lution.

Regarding the microstructural factors of differential hardening 
on IF steel, Ikematsu et al. 7) focused on the different types of dislo-
cation substructure that were formed under uniaxial tension and 
equibiaxial tension, revealing that differential hardening behavior 
may be caused by the difference of the selection of activated slip 
systems between biaxial and uniaxial tensions. Other factors are the 
microstructural evolution and effects of internal stress caused by the 
heterogeneous deformation behavior of microstructural components 
such as grains, particles, and dislocation cell walls, but they have 
not been studied. Therefore, this study clarifies the characteristics of 
structure changes on IF steel in uniaxial tensile and biaxial tensile 
deformation by in-situ observation, creates a finite element model 
for material structure from such observation data, and studies the 
differential hardening mechanism by crystal plasticity FEM analysis.
2.1 Experimental procedures

The sample used was ultra-low carbon IF steel (270 MPa-class 
steel sheet 1.6 mm thick with an average r value of 1.7) that would 
show differential work hardening behavior (Fig. 2). The biaxial ten-
sile test system 8) in an SEM vacuum chamber shown in Fig. 3 was 
used to observe structure changes in uniaxial and equal biaxial ten-
sile deformation. The test system was tilted by approximately 60° in 
the vacuum chamber and a tensile test (initial strain rate: 1.0 × 10−3/s) 
was carried out while the structure was observed and analyzed using 
the SEM and electron back scatter diffraction (EBSD). In the case 
of a uniaxial tensile test, only the y-axis direction in Fig. 2 is uti-
lized. In case the of a biaxial tensile test, the displacement of each 
crosshead was controlled to synchronize them. The material micro-
structure in a field of view with 200 μm sides was observed in-situ 
during the tensile test while the tension was maintained. The strain 
during this test was measured from the distance between two triple 
crystal points with reference to their locations.
2.2 Numerical analysis procedures
2.2.1 Crystal plasticity model

As the crystal plasticity model, the model proposed by Hoc et 
al. 9) that had been applied to IF steel was used. In this model, the 

Fig. 1 Experimental deta comprising contous of plastic work for IF 
steel 5) Fig. 2   Differential hardening behavior of IF steel sheet 6)
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slip rate of each slip system is calculated with the following formula.
           0    if  | τ α | ≤ τ α

c 
 γ̇ α = {     (1)
            γ̇0 ( | τ α | − τ αc—τ0

 )n

 sign (τ α)  if  | τ α | > τ α
c 

Where, γ̇0 is the reference strain rate, τ α is the resolved shear stress 
working on the slip system, τ α

c is the critical resolved shear stress, τ0 
is the frictional resistance that depends on the temperature, n is the 
reciprocal of the strain rate sensitivity exponent, and γ̇0, τ0, and n are 
material constants. The work hardening phenomenon is given by the 
following formula as development of the critical resolved shear 
stress (τ α

c ).

 τ α
c   = τ0 + τ α

μ   = τ0 + μb √ ∑
β
  d αβρ β   (2)

Where, μ is the shear modulus, b is the magnitude of the Burgers 
vector, d αβ is the interaction matrix indicating the effect of the dislo-
cation density of slip system β on the critical resolved shear stress of 
slip system α, ρα is the dislocation density of slip system α, and μ, b, 
and d αβ are the material constants. The dislocation density (ρα) is ex-
pressed with the following formula as its time evolution.

 ρ̇ α = 1—b  ( 1—
Lα  − 2Yc ρ

α ) | γ̇ α |  (no sum on α),   ρα (0) = ρ0

 Lα = K (  ∑β ≠ α ρ β )
 − 1−2     (3)

Where, Lα is the mean free path of the mobile dislocation in the slip 
system α, Yc denotes the characteristic length associated with the an-
nihilation process of dislocation dipoles, and K is a material constant 
that determines the intersection effect by forest dislocation. The for-
mula above expresses an increase in the dislocation density by for-
est dislocation and saturation of the dislocation density by pair anni-
hilation. In the analysis, 24 slip systems of {110}<111> and {112} 
<111> were supposed and the weights for the interaction matrix (d αβ) 
(Table 1) were changed based on the relationship between the direc-
tions of the Burgers vectors in the slip systems and slip planes. Ma-
terial constants that Hoc et al. 9) had used for the analysis of Ti-added 
IF steel were used.
2.2.2 Finite element model and boundary conditions

A finite element model was generated from image data of the 
microstructure obtained by the SEM-EBSD method and crystal ori-
entation distribution (Fig. 4). 10) Crystal orientation distribution was 
measured at an interval of 1 μm in the area (200 × 200 μm). Orienta-
tion imaging microscopy (OIM) analysis was used to create crystal 
grains where when the misorientation between adjacent measure-

ment points was five degrees or more, they were determined as 
grain boundaries and the mean orientation representing each grain 
was determined. In addition, an 8-node solid element was created 
for each measurement point and an analysis model to which the rep-
resentative orientations of the crystal grains belonging to the ele-
ment had been reflected was created. In the analysis model, an ele-
ment was arranged in the thickness direction and divided into 40 000 
elements. Where, the x direction is the material’s rolling direction 
and the y direction is the direction orthogonal to the rolling direc-
tion. Displacement equivalent to uniaxial and equal biaxial tension 
was applied to the nodal points at the end faces of the x and y direc-
tions in the analysis model.
2.3 Results and considerations
2.3.1 In-situ observation of microstructural and textural evolution 

by the SEM/EBSD method 6)

The mechanism of the abovementioned differential hardening is 
examined from the viewpoint of the microstructural evolution in 
uniaxial and biaxial tensile states. Figures 5 and 6 show the micro-
structural evolution during uniaxial and biaxial tensile tests in the 
microscopic scale. In these figures two types of maps before defor-
mation and two levels of strain are illustrated. The maps are the in-
verse pole figure (IPF) and the Taylor factor 11) map. The IPF maps 
observed in the normal direction (ND) are employed to indicate the 
distribution of crystal orientation. 6, 8, 12) Taylor factors were calculated 
for 40 000 observation points, assuming 24 slip systems of {110} 
<111> and {112}<111> and the same critical resolved shear stress 
(CRSS) for both families of slip systems. 

IF steel is ascribed to their textures with a strong γ-fiber <111> 
component parallel to ND. The surface roughness grows with the 
progress of tensile deformation, which makes measurement difficult. 
However, observation by focusing on the fact that there are crystal 
grains for which the crystal orientations change as a result of crystal 
rotation and focusing on the same crystal grains shows that orienta-
tions change in the crystal grains (figures in the upper row of Fig. 5). 
On the other hand, in the equibiaxial tensile deformation, develop-
ment of the ND//<111> and <100> orientations due to the deforma-
tion and orientation change in the crystal grains can be seen (figures 
in the upper row of Fig. 6). When comparing the Taylor factors be-
tween the uniaxial and equal biaxial tensile deformation, for the 

Fig. 3 Experimental apparatus for uniaxial and biaxial test with SEM-
EbSD analysis 8)

Table 1   Interaction matrix of dislocation 9)

Slip systems {110}∩{110} {110}∩{112} {112}∩{112}
Same d0 — ks0d0

Collinear k1d0 kp1d0 ks0k1d0

Not collinear k2k1d0 kp2kp1d0 ks0k2k1d0

Fig. 4   Inverse pole figure obtained by the SEM-EBSD method 10)
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equal biaxial tension, they change from dark blue to red and their 
change is wider than changes for the uniaxial tensile deformation. 
For the uniaxial tensile deformation, the Taylor factors tend to in-
crease for almost all crystal grains as the deformation progresses, 
while for the equal biaxial tensile deformation, some factors of crys-
tal grains increase and others decrease.

The mechanism of different work hardening behavior will be 
considered below. In the equibiaxial tensile deformation, the differ-
ence between the Taylor factor values expanded as the deformation 
progressed compared to the uniaxial tensile deformation. It can be 
assumed from this fact that for the equibiaxial tensile deformation, 
as the deformation progressed, the differences in deformation resist-
ance between crystal grains became larger, which made heteroge-
neous deformation between the crystal grains more obvious. In ad-
dition, orientation changes were seen in the crystal grains in both 
uniaxial and equal biaxial tensile deformation. This is considered to 
be caused by heterogeneous deformation in the grains originated in 
the crystal grains’ crystal orientations and the existence of adjacent 
grains surrounding them. Material structure changes due to this type 
of deformation are one possible factor of the different work harden-
ing behavior.
2.3.2 Biaxial tensile simulation of IF steel by the crystal plasticity 

FEM
To consider the observed anisotropic hardening mechanism, uni-

axial and equal biaxial tensile deformation was simulated by the 
crystal plasticity FEM. Figure 7 shows the relationship between the 
equivalent plastic strain (ε p

eq) and the ratio (X  =  σ b/σ u) of the equal 

biaxial tensile stress (σ b) to the uniaxial tensile stress (σ u). The cal-
culated stress ratio (X ) increased until the plastic strain (ε p

eq) reached 
approximately 0.07, became maximum when ε p

eq was close to 0.07, 
and then gradually decreased. When comparing these results to the 
experimental results in Fig. 2, although the magnitude of the aniso-
tropy and that of the plastic strain at which the maximum value was 
obtained are different, the results well reproduce the tendency of the 
experiment in which the work hardening is larger for the equal biaxial 

Fig. 5   IPF and Taylor factors maps during uniaxial tensile test 6)

Fig. 6   IPF and Taylor factors maps during biaxial tensile test 6)

Fig. 7 Differential hardening behavior of IF steel sheet by crystal plas-
ticity analysis 10)
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tensile deformation in the low strain region and after that the ratio of 
the uniaxial tensile stress to the equal biaxial tensile stress gradually 
becomes smaller.

Dislocation interaction affects the differential work hardening 
behavior on IF steel. 13) Therefore, we focused on the number of acti-
vated slip systems as an index to show the strength of dislocation 
interaction and evaluated its effect. Slip in a slip system is calculated 
for each integration point in each element. In our study, the average 
number of activated slip systems was calculated for each integration 
point and the ratio of the number of activated slip systems in the 
equal biaxial tensile deformation (N b) to that in the uniaxial tensile 
deformation (N u) was calculated (Fig. 8). The ratio between the 
numbers of activated slip systems calculated significantly increased 
at the initial stage of the deformation, became maximum when the 
plastic strain was close to 0.05, and after that gradually decreased. 
This tendency reproduces that in the anisotropic work hardening be-
havior in Fig. 7, so interaction between slip systems is one possible 
factor of anisotropic hardening.

The deforming stress of a material is the sum total of the stress 
that moving dislocations existing in each slip system receive and it 
is caused by the self-hardening of dislocations in the same slip sys-
tem and latent hardening of dislocations belonging to other slip sys-
tems. 13) In the equal biaxial tensile deformation, large work harden-
ing was seen possibly due to the interaction between slip systems at 
the beginning of the deformation and new slip systems that started 
moving by crystal rotation.

3. Simulation of Ductile Fracture on DP Steel 14)

3.1 Experimental procedures
A DP steel sheet with a tensile strength of 590 MPa class was 

used for the experiment. In this experiment, steel with the chemical 
composition of Fe-0.067C-0.5Si-1.5Mn (mass%) was vacuum melt-
ed, finish-rolled at 800°C to a thickness of 1.8 mm, air-cooled to 
650°C, and then water-quenched to room temperature to create DP 
steel consisting of ferrite and martensite. 15) The martensite volume 
fraction of this steel sheet is 10%.

A tensile micro-machine installed on a laser microscope was 
used for the in-situ observation of void formation behavior on the 
steel sheet due to tensile deformation. A tensile test specimen 0.08 
mm thick was cut out from the center of the thickness from the 1.8-
mm thick steel sheet and a notch with a radius of 0.4 mm was pro-

vided (Fig. 9). In addition, the surface of the specimen was polished 
and then etched by Le Pera color etchant to distinguish the martensite 
islands from the ferrite matrix; the martensite was colored white and 
the ferrite was colored brass yellow. The logarithmic strain in the 
tensile test was measured based on the distance between two mar-
tensite islands separated by 100 μm in the tensile direction (Fig. 10).
3.2 Numerical simulation procedures

A two-level sub-modeling technique was employed for the simu-
lations. At level 1, the entire specimen was modeled subjected to the 
usual boundary conditions for a tensile test. The nodal displace-
ments at Level 1 were stored at the prescribed time intervals and 
subsequently used as boundary conditions at the domain of in-situ 
imaging (Level 2). In tensile test analysis to simulate macroscopic 
deformation behavior, a domain of 1.4 mm in the longitudinal direc-
tion from the center of the notch on the specimen was turned into a 
model and it was divided into 59 410 elements (hexahedral solid ele-
ment) and 72 276 nodal points. Displacement of ±0.035 mm was 
given to both upper and lower ends (Fig. 11). It was supposed that 
the material was macroscopically homogeneous in this entire analy-
sis. The Swift law that was identified by approximating the tensile 
test results was used for the steel sheet’s work hardening.

 σeq = K(ε0 + ε p
eq)

n    (4)
Where, σeq is the effective stress, ε p

eq is the equivalent plastic strain, K 
is 1 208 MPa, ε0 is 0.003, and n is 0.243. As the solver, V-MulitMat 
that was static explicit FEM made by RIKEN, Japan was used. 16, 17)

Meanwhile, the mesoscale simulation of the domain subject to 
the in-situ observation was only for the center of the observed speci-
men and an FEM model was created. The image in Fig. 10 was bi-
narized to martensite and ferrite as shown in Fig. 11(a) and the im-
age was divided into 106 715 elements (a 5 μm-thick layer of 6-node 

Fig. 8 Ratio of number of activated slip system of uniaxial and biaxial 
deformation

Fig. 9   Micro-tensile specimen cut out from the thickness center
(all dimensions in mm, thickness: 0.08 mm) 14)

Fig. 10 Micrograph showing the initial microstructure of the in-situ 
specimen that as reference for simulations 14)
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prisms with linear interpolation and selective reduced integration) 
and 134 086 nodal points using VCAD software. 16, 17) As boundary 
conditions, the entire analysis’ boundary conditions were given to 
the domain with a thickness of 5 μm from the surface (underside of 
the triangular element) and to the edges, and the degree of freedom 
on the surface side was not restricted. In addition, it was supposed 
that each phase was an elasto-plastic material and it was determined 
that the constitutive law of the material would follow the von Mises 
yield function and an associated flow rule. In this study, for the work 
hardening properties of each phase, ferritic single-phase steel and 
martensite single-phase steel with the same chemical composition as 
that of each phase composing DP steel were created 15) and approxi-
mated by the Swift law and Voce law, respectively.

 σeq = σ0 + (σsat − σ0) [1 − exp (−CY ε
 p
eq)]  (5)

Where, K is 1 208 MPa, ε0 is 0.003, n is 0.243, σ0 is 1 000 MPa, σsat 
is 2 650 MPa, and CY is 70.

Although many models have been proposed for ductile fracture, 
the model proposed by Bao-Wierzbicki 18) was used in our study to 
simulate the fracture of martensite.

            C1—
1 + 3η

   for  −  1—
3

 ≤ η ≤ 0

 ε f
eq =    C2 + (C2 − C1) (3η − 1) for  0 ≤ η ≤ 1—

3
  (6)

           C2 exp   − α  η − 1—
3

    for  η ≥ 1—
3

 

ε  f
eq is the equivalent plastic strain at which fracture begins and it is 

expressed by stress triaxiality (η = σm/σeq) for which the average 
stress (σm) is normalized with effective stress (σeq). Where, C1 is the 
equivalent plastic strain that reaches fracture at pure shear (η = 0), C2 
is one that reaches fracture at uniaxial tensile (η = 1/3), and α is the 
decay parameter.

These material constants were determined as follows by compar-
ing the in-situ observation results in the tensile test to the simulation 
results: C1 = C2 = 0.02 and α = 3.0. 14) In addition, the following for-
mula was used for the damage variable.

 D (ε p
eq) = 

0
∫ d ε p

eq /ε
 f
eq    (7)

This damage variable (D) can be interpreted as a scale indicating 
microvoid density and it changes within the range of 0 ≤ D ≤ 1. To 
consider changes in deformation behavior due to the development 

of microscopic damage, the following V-MultiMat function was 
used. 16)

 KD = (1 − D2)K    (8)
Where, K is the value of the elemental stiffness matrix at a current 
Gauss point and KD is the weakened value of this matrix. 19)

The Decohesion model that Xu-Needleman 20) proposed was ad-
opted to express the occurrence and development of fracture at the 
interface between ferrite and martensite. In this model, double nodal 
points are arranged at the interface between ferrite and martensite: 
as the relative displacement (d) that occurs between the nodal points 
by external force increases, the unifying force (t) changes (Fig. 12). 
Where, n is the normal direction to the interface, t is the tangential 
direction, and Φ is a potential expressing the development behavior. 
The unifying force (t) is expressed with the formula below.

 tn = ∂Φ—
∂dn

,   tt = ∂Φ—
∂dt

 Φ = Φn − Φn (1 + d̂n){1 − q + q exp (−d̂  2
t )}exp (−d̂n) (9)

Where, d̂n = dn /δn, d̂t = dt /δt, Φn = eσmax δn, Φt = √e/2τmax δt , and q = Φt /
Φn. There are four material constants: Components at the maximum 
bond strength (σmax and τmax) and relative displacements at that time 
(δn and δt). These material constants were determined as follows 
such that they would reproduce the fracture behavior at the interface 
between the ferrite and martensite in the in-situ observation results: 
σmax = τmax = 800 MPa, δn = 1.0 μm, and δt = 0.5 μm. 14)

3.3 Results and considerations
Figure 13 shows the observation and simulation results. The 

simulation results show that plastic deformation in the martensite 
tends to be localized at the narrow part of the martensite and the 
damage variable (D) at this part exceeds 1. A comparison with the 
in-situ observation results shows that the martensite fracture loca-
tions almost match and the simulation can predict the locations of 
voids to be created relatively accurately.

Figure 14 (a) shows the in-situ observation result when a tensile 
strain of 28% was applied, showing that black sections were formed 
on the surface of the specimen. Most of these black sections are near 
the interfaces between the ferrite and martensite. The black sections 
are caused by abrupt out-of-plane deformation that occurred on the 
surface. They can be regarded as damage made on the surface; that 
is to say, voids formed near the interfaces between the ferrite and 
martensite. Figure 14 (b) shows stress vectors in the tensile direction 
working on the interfaces between the ferrite and martensite. A com-
parison with the in-situ observation results shows that the locations 
at which large separation stress occurs in the simulation almost 
match the fracture locations seen in the in-situ observation. However, 
many factors in the mechanism by which a void is formed near an 

{ { ( )}

ε p
eq

Fig. 11 Left: Front view of 3D-mesh of level 1-domain and schematic 
illustration of the boundary conditions (all dimensions in mm)

 Right: Generation of mesh of the level 2-domain
 (a) Segmented image, (b) Front of the pentahedric mesh, (c) 

Showing a higher mesh density around the martensite islands 14)

Fig. 12 Modeling the node-to-node contact along the martensite/ferrite 
interfaces 14)

 (xM, xF : initially coincident points of the martensite/ferrite in-
terface, d: separation vector, t : stress vector)
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interface have not been clarified, so a more detailed observation is 
required to verify the simulation results obtained in this study.

4. Simulation of Material Properties of DP Steel in 
Consideration of Damage
A numerical simulation was carried out to study the effects of 

strength differences between the soft and hard phases of DP steel on 
the material properties by finite element analysis based on the con-
tinuum damage mechanics (CDM). The user subroutine of general-
purpose finite element analysis software ABAQUS™ was used for 
the analysis.
4.1 Damage evolution equation based on the continuum damage 

mechanics
CDM is a theoretical system that is based on the continuum me-

chanics and that has been widely used recently to simulate a wide 
range of discontinuous behavior, such as fracture and crack propa-
gation. 21, 22) The reduction rate of an area that burdens force reduced 

due to the formation and growth of microvoids in a material is de-
fined as the damage variable (D). Damage is considered by allowing 
the damage variable (D) to affect the state variable such as stress 
and strain. When the damage variable (D) reaches the damage criti-
cal value (Dcr), which is a material constant, a macroscopic crack 
occurs and the material breaks. The formula below is Lemaitre’s 
damage evolution equation. 21)

     dD = 
σ 2eq—

2SE(1 − D)2  (  2—3  (1 + ν) + 3 (1 − 2ν) (  σm—σeq
 )2) dε p

eq H (ε p
ac − εpd)

      (10)
Where, dD is the damage variable increase, σeq is the effective stress, 
E is the Young’s modulus, ν is the Poisson’s ratio, σm is the hydro-
static stress, dε p

eq is the equivalent plastic strain increment, ε p
ac is the 

cumulative equivalent plastic strain, and S and εpd are the material 
constants. H is the Heaviside function that indicates when the cumu-
lative equivalent plastic strain (ε p

ac) reaches a certain threshold, a mi-
crovoid is formed in the material. In addition, S is a material con-
stant related to the damage evolution rate; As it is smaller, the dam-
age evolution rate is larger. For details of CDM, refer to document 
21).
4.2 Analysis model

For the sake of simplification in this study, a mesoscale model 
was used where the second phase that was spherical islands with 
different sizes that were separated from each other was randomly ar-
ranged in a phase (red in Fig. 15). The volume fraction of the sec-
ond phase was 20%. The analysis domain is a cube with 100-μm 
sides and a tensile load was applied. Specifically, displacement in 
the tensile direction on the bottom was restricted and forced dis-
placement of 30 μm was applied in the tensile direction on the fac-
ing top (figure on the left in Fig. 15). To reduce the boundary effect, 
the Navier hypothesis was applied to the sides and the sections 
within 10 μm from the top, bottom, and side faces were determined 
as a domain to reduce the boundary effect and the damage rate was 
reduced to approximately one fifth there (material constant S was 
quintupled). In addition, the remaining domain that was obtained by 
excluding the domain to reduce the boundary effect from the analy-
sis domain was determined as the evaluation domain. Stress was 
calculated from the sectional force perpendicular to the tensile di-
rection that occurred in the evaluation domain. Strain was calculated 
from the tension displacement (average of variations of the distance 
between the top and bottom faces in the evaluation domain) in the 
evaluation domain. The finite element was a cube with 1-μm sides. 
It was supposed that the subsequent yield function to which the 
damage variable (D) was taken into account would follow general 
Swift law and elastic deformation would follow general Hooke’s 

Fig. 13 Comparison of in-situ observations and martensite fracture 
with simulation results 14)

 (a) At 0.1 gauge strain, and (b) At 0.28 gauge strain
 Locations of martensite fracture are highlighted by elliptical 

red markers

Fig. 14 (a) Micrographs showing the decohesion phenomena recorded 
at the front surface of the tensile specimen, at 0.28 gauge 
strain 14)

 (b) Visualization of the components of the separation vectors 
along the tensile direction 14)

Fig. 15   Analysis model
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law.
4.3 Effects of non-metallic inclusions in DP steel on material 

properties 23)

It was assumed that the second phase (spherical islands) in the 
analysis model in the previous paragraph was a hard phase and the 
other first phase was a soft phase, and that a nonmetallic inclusion 
(hereinafter, inclusion) existed in the soft phase. Based on such as-
sumption, how the volume fraction and shape of an inclusion would 
affect material properties was evaluated. It was assumed that the 
unifying force at the interface between the inclusion and soft phase 
was weak and the inclusion was handled as an initial vacancy in the 
material (material constants were determined such that it would be a 
vacancy immediately after tensile load). In addition, the hard phase 
in this model is spherical and thereby will not incur much damage. 
Therefore, it was assumed for the sake of simplification that micro-
voids would be formed only in the soft phase (material constants 
were determined such that the hard phase would not become dam-
aged). If the hard phase is not a simple ball and in a complicated 
form where hard phases are partially linked, the fracture of the hard 
phase may need to be taken into account. 24)

In addition, to reduce the calculation cost of this evaluation, the 
length of the evaluation domain in the width direction was deter-
mined as 30 μm. Various models were used in which the volume 
fraction of the second phase (hard phase) was constant and the 
strength difference between the phases varied. Table 2 lists the ma-
terial constants of the phases of both materials (A and B) and inclu-
sion. The Young’s modulus (E) (206 GPa) and Poisson’s ratio (ν) 
(0.333) were the same. In other words, material A is the case where 
the strength difference between the phases is small (when the K val-
ue of the hard phase is 1 350 MPa) and material B is the case where 
the strength difference between the phases is large (when the K val-
ue of the hard phase is 3 600 MPa).

Figures 16 and 17 show the evaluation results of the ultimate 
tensile strength (UTS), uniform elongation (E_uts), and total elon-
gation (E_f ) under the conditions below: When the volume fraction 
of the inclusion is 0.02% (V_I = 0.0002), 0.1% (V_I = 0.001), and 
0.2% (V_I = 0.002) and in the case where the volume fraction of the 
inclusion is 0.1% and the shape of the inclusion is changed (the as-
pect ratio is four times [stretched in a long, narrow way in the direc-
tion perpendicular to the tensile direction]) (V_I = 0.001, X). The 
evaluation values have been standardized based on the results in the 
case without inclusions. These results show that the volume fraction 
and shape of the inclusion have negligible effects on the ultimate 
tensile strength and uniform elongation within the range of this 
study.

Meanwhile, regarding the total elongation, the figure shows that 
when the strength difference between the phases is large, the sensi-
tivity is low; and when the strength difference between the phases is 
small, the sensitivity is high. It was simulated that the total elonga-
tion would significantly deteriorate when the shape was changed. 

This is possibly because when the strength difference between the 
phases is small, the hard second phase bears deformation, so defor-
mation concentration due to the strength difference between the 
phases does not occur much and thereby the effects of the deforma-
tion concentration and fracture caused by the inclusion appear more: 
On the other hand, when the strength difference between the phases 
is large, the hard phase does not deform, so deformation largely 
concentrates in the entire soft phase and thereby fracture due to the 
strength difference between the phases occurs more easily, which 
obscures the effects of the inclusion.
4.4 Effects of strength difference between the phases of DP steel 

on material properties
Next, how strength difference between the phases would affect 

material properties was evaluated assuming that the second phase 
(spherical islands) in 4.2 was a hard phase (the soft phase’s volume 
fraction was 80%) as is the case with 4.3. In addition, the effects 
were evaluated in another case where the second phase was assumed 
as a soft phase (the hard phase’s volume fraction was 80%). In such 
evaluation, it was assumed that there were no inclusions unlike the 
case in 4.3. In addition, the occurrence of microvoids in the hard 
phase was taken into account, because when the main part was the 
hard phase, the hard phase would possibly become damaged easily 
because it was not spherical. Table 3 lists the combinations of each 
phase of C1 to C3 (materials mainly consisting of the soft phase) 
and D1 to D3 (materials mainly consisting of the hard phase). Table 
4 lists the material constants of the phases. The Young’s modulus (E) 

Table 2   Material constants

K [MPa] ε0 [–] n [–] εpd [–] S [MPa] Dcr [–]
Soft 900 0.005 0.117 0.117 10.0 0.064

Hard
1 350

0.004 0.040 10.0 1.0 0.380
3 600

Non-metallic 
inclusion

900 0.004 0.140 0.01 1.0 0.010

Fig. 16 Effect on material properties of volume fraction and shape of 
inclusion 23)

 (in case that strength differential between phases is lower)

Fig. 17 Effect on material properties of volume fraction and shape of 
inclusion 23)

 (in case that strength differential between phases is higher)
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(206 GPa) and Poisson’s ratio (ν) (0.333) were the same.
Figure 18 shows the stress-strain curves of C1 to C3 (materials 

mainly consisting of the soft phase). Figure 19 shows those of D1 
to D3 (materials mainly consisting of the hard phase). The black 
dots in the figures indicate points of initial fracture of the soft phases 
(damage variable [D] reached the damage critical value [Dcr ]). The 
× signs in the figures indicate such points in the hard phases. When 
the materials mainly consist of the soft phase, as the soft phase is 
stronger, that is to say, as the strength difference between the phases 
is smaller, the materials’ tensile strength is larger, while the uniform 
elongation and total elongation tend to decrease. This may be be-
cause the effect of higher strength of the soft phase was directly re-
flected to the properties of the DP steel.

On the other hand, when the materials mainly consist of the hard 
phase, as the soft phase is stronger, that is to say, as the strength dif-
ference between the phases is smaller, the materials’ tensile strength 

is larger, while the total elongation tends to increase unlike the ma-
terials mainly consisting of the soft phase. However, at the analysis 
level of this study, no changes were seen for the uniform elongation. 
As described above, the observed effects of the strength difference 
between the phases on the material properties varied between the 
materials mainly consisting of the soft phase and those mainly con-
sisting of the hard phase. This may be because when the material 
mainly consists of the hard phase, the soft phase in smaller volume 
bears more deformation; thereby when the soft phase (spherical is-
lands) is weaker, they act like spherical vacancies; and as a result, 
the material strength lowers and deformation concentration in the 
surrounding hard phase is induced, which decreases the ductility by 
early fracture of the hard phase.

5. Conclusions
We clarified the characteristics of microscopic structure changes 

on IF steel in uniaxial and equal biaxial tensile deformation by in- 
situ SEM observation and considered the mechanism of anisotropic 
work hardening behavior by the crystal plasticity FEM analysis. We 
also showed that by the mesoscale FEM analysis to which the actual 
structure of DP steel was reflected, martensite fracture in the struc-
ture and fracture at the interfaces between ferrite and martensite can 
be reproduced and we showed that by continuum damage FEM, DP 
steel’s ductile fracture varies by the relativization of the hardness of 
the hard phase and soft phase.

Thus, mesoscale finite element analysis can consider the material 
structure’s heterogeneous structure and can evaluate the elementary 
processes of deformation, clarification of its mechanism, materials’ 
microscopic structure changes, and macroscopic deformation char-
acteristics. Seamless simulation technologies for simulating materi-
als’ structure, deformation characteristics, and the performance of 
final products need to be developed in the future by combining cut-
ting-edge experimental analysis technologies with computational 
science. Such multiscale simulation technologies would make it 
possible to design optimum structure to realize the required final 
performance and material properties and to consider manufacturing 
processes to achieve such. We will work to develop such simulation 
technologies, materials that can satisfy increasingly sophisticating 
needs, and technologies to use such materials in the future.

Table 3   Materials and phases

Phase 1 / Hardness [HV] Phase 2 / Hardness [HV] ∆HV
C1 Soft 3 / 310 Hard 1 / 1 000 690
C2 Soft 2 / 295 Hard 1 / 1 000 705
C3 Soft 1 / 280 Hard 1 / 1 000 720
D1 Hard 2 / 720 Soft 6 / 540 180
D2 Hard 2 / 720 Soft 5 / 370 350
D3 Hard 2 / 720 Soft 4 / 200 520

Table 4   Material constants

K [MPa] ε0 [–] n [–] εpd [–] S [MPa] Dcr [–]
Hard 1 3 650 0.004 0.040 0.040 1.0 0.99
Hard 2 2 505 0.004 0.050 0.050 5.0 0.99
Soft 1 1 200 0.004 0.240 0.240 1.0 0.99
Soft 2 1 260 0.004 0.240 0.240 1.0 0.99
Soft 3 1 300 0.004 0.240 0.240 1.0 0.99
Soft 4 791 0.004 0.155 0.155 5.0 0.99
Soft 5 1 363 0.004 0.088 0.088 5.0 0.99
Soft 6 1 934 0.004 0.064 0.064 5.0 0.99

Fig. 18 Effect on stress strain relation of strength differential between 
phases (in case that volume fraction of soft phase is 80%)

Fig. 19 Effect on stress strain relation of strength differential between 
phases (in case that volume fraction of soft phase is 20%)
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