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Abstract: A multi-mechanism constitutive model is proposed in this paper to better describe the
effect of the local hardening behavior of the interface layer on the mechanical heterogeneity of dual-
phase (DP) steel. The constitutive equations considering the geometrically necessary dislocations
(GNDs) and back stress at grain level and sample level were established. Based on the finite element
simulation results, the influences of local hardening and microstructure characteristics on the strain—
stress evolution, statistical storage dislocations, GNDs, and back stress of DP steel were studied and
discussed. Due to the local hardening effect, the ferrite phase was treated as an inhomogeneous
matrix reinforced by some small islands of martensite in the simulation. The simulation results show
that the thickness of the interface layer has a significant effect on the macroscopic hardening property
of DP steel, while the number of interface layers has little effect. Meanwhile, the GNDs and back
stress at the grain level also have little effect on the strengthening of DP steel. The contribution of
GND:s at the sample level to the flow stress is about 47%.

Keywords: microstructures; geometrically necessary dislocations; local hardening; topology optimization;
dual-phase steel

1. Introduction

Advanced high strength steels are being developed rapidly with requirements of
weight reduction and high crashworthiness. Due to the heterogeneous microstructure of
dual-phase (DP) steel, DP steel has high ultimate tensile strength and good ductility [1,2].
The flow behavior of DP steel depends on many aspects, including the martensite distribu-
tion, grain orientation, chemical composition, etc. DP steels are low-carbon alloyed steels
characterized by their multiphase structures. They have a soft ferrite matrix phase and
an embedded hard martensite. They behave like composites in which the ferrite matrix
ensures good formability and the martensite acts as a reinforcement.

Various methodologies have been used to predict and quantify the forming processes
and the work hardening behaviors of metals and composites [3-5]. However, it is still
difficult and expensive to quantitively reveal the relationship between the microstructure
and the mechanical properties through experiments. Therefore, many researchers have cho-
sen to investigate the flow behavior of DP steels by numerical simulation. Representative
volume element (RVE) has been proved to be an efficient method that can represent well the
multi-scale forming behavior of the multiphase material based on the rebuilt microstructure
model [6-10].

The mechanical properties and microstructure characteristics of martensite and ferrite
phases, such as grain size, phase content, and morphology of the martensite and ferrite,
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determine the plasticity and fracture behaviors of DP steels [11-14]. To accurately inves-
tigate the plasticity and fracture behaviors of DP steels, Asik et al. [14] applied a strain
gradient enhanced crystal plasticity model to investigate the effect of the martensite distri-
butions (zonal and random) on damage evolution with RVE. The effect of microstructure
characteristics on the plasticity, strain localization, and strain mechanisms was investigated
and studied by Hou et al. [15]. The electron backscatter diffraction (EBSD) image mapping
methodology can be used for the RVE geometrical modelling [16]. The phase properties
can be obtained by the inverse simulation of nanoindentation experiments. Experimental
and simulation results demonstrate a good agreement on the mechanical properties display
for DP steel with the nanoindentation method. It was found that the ferrite region near
to the martensite is the most critical factor affecting the strain localization and ductile
fracture evolution.

In recent years, much research has been conducted on the material mechanical prop-
erties at the ferrite-martensite interface, which can be considered as the phase affecting
strength and ductility [17]. Kadkhodapour et al. [18] investigated the relationship between
the residual stresses and the yield behaviors of DP steels by considering their microstruc-
ture evolution. It was found that the dislocation density accumulated at the interface
results in local hardening and the microstructure changes mainly at the interface. The
influence of the ferrite phase on the macroscopic behavior of DP steel was studied by
finite element methodology which considers the hardness variation of the ferrite phase.
The same results were also validated by Ramazani et al. [19], who numerically defined a
high-GND-density zone around the martensite grain, while the zone can also be regarded
as a pre-strained zone induced by the austenite-to-martensite transformation. Meanwhile,
mesoscale finite element simulations were conducted with the assumption of the existence
of hard zones around the interface. The results represented the macro stress precisely and
are consistent with the experimental responses [18,19]. However, the hardening mechanism
introduced by the GNDs, statistical storage dislocations (5SDs), the back stress, and other
micro-mechanisms is still unclear and is attracting a lot of attention.

In this study, the interface layer with different microstructures was considered, and the
hardening flow behavior of ferrite and martensite was calculated and analyzed based on
the multi-mechanism strain gradient theory. Then, the RVE with defined microstructures
was numerically tested under the uniaxial tensile loading. The purpose of this paper was
to investigate the effect of microstructure on the overall plastic behavior, in particular the
individual contribution of different strengthening mechanisms to the overall stress—strain
response. The research scheme of this study is shown in Figure 1.
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Figure 1. The research scheme involving the experiments and simulations.
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2. Material, Experimental Procedure, and Observations
2.1. Material and Multi-Scale Experiment

In this study, DP600 steel sheet with thickness 1.2 mm was chosen for the tests. The
phase ratios of materials were 17.2% martensite and 82.8% ferrite. Their mechanical
properties were obtained with the help of nano-indentation tests [20]. Three samples
were tested to reduce the random errors and the chemical composition of DP600 is given
in Table 1. The annealing process was carried out to enhance its mechanical response.
The uniaxial tensile tests were performed following the rolling direction to obtain the
macroscopic hardening behavior. The two-dimension EBSD and nano-indentation tests
were carried out to obtain the microstructure parameters.

Table 1. Chemical composition and average segregation coefficients of DP600 steel.

Element C Si Mn P S Al
Composition, wt% 0.075 0.05 1.66 0.04 0.06 0.32
Segregation coefficient, (1/k) - 0.18 1.32 - - 0.67

2.2. Microstructure Observation

The texture and microstructure are the key parameters that affect the mechanical
properties of structural steels. Figure 2a gives the grain distribution with the EBSD map.
Figure 2b shows the micrograph observed by scanning electron microscope (SEM) with the
small ferrite grains surrounded by the large martensitic grains. Figure 2c shows the results
of the Berkovich indenter pressed into the grains of the DP steel. Figure 2d shows the
mechanical response curves of ferrite and martensite obtained by the nano-indentation test.
With the help of overall geometrical model simulation of the nano-indentation tests, the
mechanical response of DP600 can be obtained with one inversed parameter identification
methodology. Figure 2e shows the final obtained stress—strain of DP steel. In all cases,
much higher hardening behavior can be observed near the interfaces. From previous
reports [18,21], the volume fraction of GNDs appears higher in the small-grain of ferrite
whose grain sizes are approximately 2.0-5.0 pm. The experiment obtaining the relationship
between the ferrite hardness and the distance to the phase boundary is shown in Figure 2f.
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Figure 2. Multi-scale characterizations of DP-steel: (a) EBSD map; (b) SEM micrograph; (c) met-
allographic nano-indentation test; (d) mechanical response of ferrite and martensite during nano-
indentation; (e) single tensile curve with specimen dimensions. (f) Schematic diagram of decreasing
hardness of ferrite phase away from the interface.
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(a) Start modeling

3. Microstructural Modeling and Numerical Implementation
3.1. Microstructure-Based Modelling with Two Methods
The flowchart process of establishing the microstructure-based model is shown in

Figure 3a, in which the hardening effect of the interface layer is considered. P, and C;, are
used to restrict the distribution of ferrite and martensite [22]:

Ap 2Lpmm
Py= "1 Cp= M 1

where the A, is the volume of the martensite phase and A; is the total volume. Ly
denotes the total boundary length of martensite—-martensite grains and Lrj; denotes the
boundary length of martensite—ferrite grains.

(b)

interface layer

Input image parameter L, W and grain
parameter P,,,, Cp,, Ly, and L,
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\ 4

Assign grain to phase
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Calculate the actual C,,,
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Generate microscopic
structures layers

Figure 3. (a) The flowchart of the microstructure-based model; (b) schematic diagram of interface
layer parameters; RVEs without interface layer (c) and with interface layer (d) in ABAQUS.

L, and L; are the number of layers and the percentage of the layer thickness to the
total thickness of grain. They are first produced to evaluate the behavior of the interface
layer. Fillafer [22] modified the seed sequence through Halton (quasi-random) sequences
so that the particles had a very poor aspect ratio, i.e., the minimum internal angle of the
particles was less than about 15°.

A phase assignment algorithm based on topology optimization is used to allocate
the ferrite and martensite phases with given phase parameters P, and C;. Grains are
generated through Voronoi using the modified seed sequence. For Voronoi tessellations
and phase distribution mode, the P, and C;;, can be calculated by analyzing for each grain.
Thus, Py, and C,; are implemented through multiple iterations until the error between
the actual and the given parameters is small enough (usually an error of less than 1% is
considered acceptable).

Proceed as follows. Take points proportionally from the seed to the six vertices and
connect each point in turn to generate a layer. L, is the number of equal parts from the
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vertex to the point 7 as in Figure 3b. At the same time, to standardize the thickness of
boundary layers between different martensite phases, we introduce the concept of standard
layer thickness L; as:

!

L=t @
where L} is the distance from the vertex to the point i and d’ is the distance from the seed to
the vertex.

Because periodic microstructures have favorable numerical properties in the context
of computational homogenization [23], these seeds are repeated three times in the X and Y
directions to ensure the periodicity of Voronoi.

In general, RVE size has a significant effect on the simulation results. The size of the
representative RVE must be large enough to represent all the microstructure characteristics
while remaining small enough to be considered statistically uniform when calculating
validity. In the study of Ramazani et al. [24], it was concluded that the minimum acceptable
size of DP steel RVE is 24 microns. The 2D model is set to 50 microns by 50 microns.
Figure 3¢,d show the standard Voronoi Mosaic generating 50 grains based on the same seed
set and the Voronoi Mosaic with layered ferrite phase. Yuliang Hou et al. [15] studied the
effect of phase distribution topology on the plastic behavior of dual-phase steels using 2D
RVE with a size of 25 um x 25 pm.

3.2. Load, Periodic Boundary Condition, and Meshing

Because the periodic boundary condition was the most efficient in terms of conver-
gence rate as the RVE size increases [25], the periodic boundary condition was applied
to the microstructure mode. Xia et al. [26] proposed a unified displacement differential
periodic boundary condition. As shown in Figure 4a, the periodic boundary condition
constraint equation of the finite element model is defined as:

Xy =2Xp+ X4 — X1XR = XL + X2 —X1X3 = Xp + X4 — X1 3)

where xy;, Xg, xp, and x, represent the displacement of the upper, right, lower, and left
boundaries in the deformation process, and x1, x2, x3, and x4 represent the displacement of
points 1, 2, 3, and 4 in the deformation process, respectively.

(b) Multi-point constraint

constraint on the x direction Loading direction

Figure 4. (a) Comparison of different boundary conditions. Schematic diagram of (b) RVE single pull
load condition. (c¢) Meshed RVE.
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In Figure 4a, the microstructure model of DP steel with ferrite phase stratification was
drawn in the XY Cartesian coordinate system. Fixed constraints were applied to reference
points 1 and 4, and the constraints were set as 3 degrees of freedom fixed. Reference points
2 and 3 apply a node-displacement load, whose constraint is set to translate only with the
U, direction load.

Shown in Figure 4c is the 2D structural model of DP steel meshed with 8-node bi-
quadratic plane strain quadrilateral type (CPES8) elements. Eight integral points are applied
to each element in the structural model. The average mesh size of DP steel is 200 nanome-
ters, which is used to produce fine mesh. In this analysis, each 2D model structure of the
DP steel yielded 280,000 elements. The simulation results of displacement U, and reaction
force reflected by reference points 3 and 4 are described and discussed in detail later.

3.3. Flow Behaviors of Ferrite and Martensite Phases
For an elastoplastic body, the total strain rate ¢;; is considered to consist of an elastic
part éf]- and a plastic part SZ in the elastoplastic constitutive model as

Ej = & + € (4)

The relationship between the elastic strain rate and the stress rate is given by Hooke’s

law as .
.e 1. Okk
& = 5,51 T 9 % ()

where i is the shear modulus, K is the bulk modulus, oy is the hydrostatic stress rate and
d;j is Kronecker’s symbol. The deviatoric stress rate S;; is given as:

T Y
Sij = 0ij — 3 K (6)

The plastic strain rate 811; is determined by the deviatoric stress according to the J,-
flow theory as [27]

g = 731‘]‘ ()

where ¢ = \ /ZéZéZ/ 3 is the effective plastic strain rate, and o, = , /3(71-’ ]-(Ti’j /2 is determined

to be the effective stress according to a power-law viscoplastic formulation:

32%(@) ®)

where ¢ is the reference strain rate, m is the rate-sensitivity which usually takes a large
value, 0y is the flow stress controlling plastic deformation.

According to Kok [28], ¢ is replaced by the effective strain rate € by eliminating strain
rate and time dependence, and ¢ is given as

2 A
38 )

-/ . . .
where ¢;; denotes the deviatoric strain rate:

) ) ‘ékk(s"
= k= o (10)
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For DP steel materials, the flow stress which considers dislocation density as the
internal variable to control strain hardening is given as [29-31]

0f = 0y + Mapb./p+ 0y (11)

where 0y, is the initial yield stress, M6, /p which expresses the strain hardening resulting
from dislocations is given by the Taylor hardening law [32,33], where p represents disloca-
tion density, M is the Taylor factor, « is a constant that differs from the material, 0 is the
magnitude of the Bergers vector, ¢}, is the back stress and reflects kinematic hardening,
while the other two terms on the right side of Equation (11) reflect isotropic hardening.

Generally, the isotropic hardening of deformed metal is considered to be caused only
by SSDs. However, the heterogeneous deformation of the two phases (that is, the ferrite
phase and martensite phase) in DP steel induced GNDs. Hence, the total dislocation density
could be divided into three parts considering sample-level and grain-level GNDs [34] as

_ sam gra
P = Pssps + PGNDs + PGNDs (12)

where pssps, P& ps p‘gﬁm , are the density of SSDs, sample-level GNDs, and grain-level
GNDs, respectively.

In addition, the back stress can be divided into the following two parts:

0 = o 4 g8 (13)

where 0;"" and U‘bg " are sample and grain levels back stresses, respectively.
Ultimately the flow stress is expressed below while the yield and strain-hardening
behaviors of materials depend on their grain size [35].

oy = 0y + Mapd \/ pssDs + 0ERips + PENDs T " T 0p (14

Hall-Petch successfully expressed the yield stress based on the grain size, given as the
Hall-Petch formula [36,37],
k
oy = 0p + & (15)

Vd

where oy is the lattice friction stress and kHT; is the strengthening effect from GBs. kyyp is

the Hall-Petch slope, d is the grain size.
An evolution of SSDs density is given as:

(16)

Eref

The grain-level GNDs in homogeneous polycrystals are the pileup dislocations that
accommodate slip discontinuities between grains. The sample-level GNDs are the dislo-
cations distributed in polycrystalline clusters in the integration point. The back stress is
determined by the corresponding GNDs [38].

At the sample-level, GNDs are generated by the deformation incompatibility of each
phase. Nye [39] and Ashby [34] used the effective plastic strain gradient 5” to calculate

GND density.
P
psC?ﬁDs - },Ub (17)

where 7 is the Nye factor. According to Gao et al. [40], effective plastic strain gradient 7" is

defined as:
’7P =4/ ’751(77,'1])‘1(/4 (18)
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where the third-order tensor 175.,( is given as:
P _ P P P
Tijk = €ik,j T €jki — €ijk (19)
Then tensor for plastic strain is given as:
p_ [P
Sij = / €i]'dt (20)

where indices i and j correspond to x and y coordinate directions, respectively.
According to Bayley et al. [41] and Zhao et al. [38], the effective back stress ¢;"" can
be calculated in a von Mises form as:

apsam 2 bR2
sam __ GNDS H
i =3 (5 ) sty 2y

where R is the integral circular domain within which the GNDs contributes to back stress,
v is Poisson’s ratio, and the nondimensional coefficient D is obtained through consideration
of p [42].
At the grain-level, GNDs pile up in front of the grain boundaries (GBs), and their
density can be calculated on an average basis [38]
gra N

PGNDs = 72 (22)

where N is the total number of piled-up dislocations and d is the grain size. According
to Sinclair et al. [43] and Zhao et al. [38], the evolution of N with plastic strain can be

modified as: ON N

— =Npll—— 23

oeP A ( N* ) @3
where, N* is the dislocation saturation number that GBs can maintain, and Ny is the initial
evolution rate of pileup dislocation. In larger particles, the vicinity of GBs provides more
space for pileups. The saturation number of stacking dislocation N* is also positively
correlated with the grain size d. However, due to the lack of microscopic measurements
and models, it is difficult to obtain accurate correlation. This paper refers to the hypothesis
of Zhao et al. [38] that N* and d are linear, i.e.,

N* = Ad + Nextra (24)

where Neytrq is constant and A is the proportional coefficient. The study of Zhu et al. [31]
also showed that the larger the particle size, the larger was the N. This paper adopts the
linear relation between d and Ny to deal with this relation, namely:

Np = knd + Ny (25)

A pileup of GND inside the particles generates back stress that inhibits subsequent dis-
location movement further towards GBs. According to Hirth et al. [44], if the N pileup edge
distributions are double-ended, then the induced back stress at grain level is calculated as:

MubN
o5 = _MpbN_ 2
b (1 —v)d (26)
where the Taylor factor M is used to connect the macroscopic and shear stresses of the
slip system.

In the following sections, the user material subroutine is used to implement the model
into the finite element software ABAQUS (6.14) [44] to invert the material parameters of
martensite and ferrite in DP Steel.
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3.4. Inverse Identification of Constitutive Parameters

In the constitutive model, the magnitude of Burgers vector b, the Hall-Petch constant
kup, and other constitutive parameters have physical significance. The values of these
parameters are almost constant and can be obtained from the literature. Other constitutive
parameters of DP steel were calibrated by simulating the tensile properties of DP steel.
These parameters can be obtained by the following methods.

As shown in Figure 5a, the Berkovich indenter is a triangular pyramid shape of a
regular tetrahedron. As shown in Figure 5b, to simplify the simulation process and avoid
mesh penetration in finite element simulation, Berkovich’s equivalent conical indentor
with a rounded tip (o« = 70.3°) was equivalent in the two-dimensional model. Meanwhile,
combined with the research results of Li et al. [45], the radius of the conical corner arc
was set as 529 nm. Figure 5c presents the schematic diagram of the finite element model
after 2d axisymmetric modeling and grid division. The horizontal displacement of the
nodes on the symmetry axis of the sample and the axial displacement of the nodes on the
lower boundary are set to zero. The reference point of the rigid head can only move in
the vertical direction, and it has only one degree of freedom downward. Figure 5d shows
the simulated stress—strain cloud diagram after applying a fixed displacement load. In
Figure 5e,f, the load-displacement comparison curves of the simulation and experiment
of the two-dimensional nanoindentation model are presented. The shear modulus y can
be calculated by the relationship of i with the modulus of elasticity and Poisson’s ratio.
Table 2 shows the mechanical parameters of the martensite and ferrite.

e |
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=
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Figure 5. Finite element model and fitting curves for nano indentation simulations: (a) Berkovich
indenter; (b) top rounding of Berkovich indenter; (c) 2D axisymmetric finite element model; (d) stress
distribution of 2D model; fitting curves of (e) martensite and (f) ferrite.
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Table 2. The mechanical parameters of the martensite and ferrite.

Parameter Symbol Martensite Value Ferrite Value Ref.
Modulus of elasticity (MPa) E 387,400 203,300
Poisson’ ratio v 0.3 0.3 [14]
Lattice friction stress (MPa) o) 700 163
Reference strain rate (S—1) Eref 1 1
Rate sensitively exponent m 20 20
Hall-Petch constant (MPa- uml/ 2 kyp 90 90 [46]
Taylor factor M 3.06 3.06 [47]
Magnitude of Burgers vector (nm) b 0.248 0.248
Taylor constant « 0.3 0.3
Nye-factor 7 1.9 1.9 [48]
Geometric factor k‘fn fp 0.063 0.063
Proportionality factor ke 0.0085 0.0085
Dynamic recovery constant 1 K., 1.5 1.5
Dynamic recovery constant 2 no 21.0 21.0
Pileup dislocations constant 1 (um~1) kn 46 46
Pileup dislocations constant 2 Ny 300 300
Cut-off radius of the GNDs domain (ium) R 3 3
Initial dislocation density (m~2) 00 2 x 101 2 x 101
Pileup factor related to grain size(um™1) A 3.78 3.78
Correction parameter of pileup dislocations Nextra 0.62 0.62
Grain size (pm) d 84+6.1 27+ 1.6
Reference grain size (pm) dref 8.4 2.7

4. Result and Discussion
4.1. Validation of the Microstructural RVE on Mechanical Behaviors of DP Steel

RVEs were generated based on the image processing and parametric modeling of
DP600. The control parameters of the DP steel are P, = 17.2% and C,, = 32.0%. RVEs and
the corresponding finite element models are shown in Figure 6a,b respectively. Then the
flow characteristics of the component phase were further studied.

(d) 700
600

500

400

300

ure stress (MPa)

g
2
T

200

100 f-
—— Sim2
ok 1 ] 1 1 !
0.00 0.02 0.04 0.06 0.08 0.10

Ture strain

Figure 6. Result distribution and mechanical properties of different RVEs based on (a) image pro-
cessing and (b) parametric modeling (gray and green cells represent martensite and ferrite grains,
respectively.): (¢) GNDs (e = 10.0%); (d) comparison of experiment and simulation for tensile test.
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Ture stress (MPa)

Figure 6¢ shows that GNDs mainly occur at the boundary of ferrite—-martensite.
Figure 6d shows good agreement between experimental and numerical tensile stress—strain
relationships for DP steels. To systematically understand the deformation process of DP
steel, it is necessary to investigate the effects of L, Ly, Py, and Cy,, on the microscopic and
macroscopic plasticity behaviors.

4.2. Effect of the Thickness of the Interface Layer

According to the results of nano-indentation tests, the strength of the interface layer is
35% higher than that of the ferrite matrix. Figure 7a—c shows three different layer thickness
RVEs of DP steel materials with interface layer layers of one layer. Figure 7d shows the
geometric dislocation density distribution when the macroscopic strain is 10%. Due to the
increase of the boundary layer, there are soft and hard differences in ferrite, resulting in
uneven dislocation distribution.

AN
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. ) ) — 0.40
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Figure 7. RVEs generated with P, = 17.2% and C;; = 0.32, and by varying the parameter L; as
(a) Ly =0.20, (b) L; = 0.30, (c) Lt = 0.40; (d) GND density distribution of RVEs (& = 10.0%); (e) compari-
son of experimental and numerical stress—strain curves.
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Figure 7e shows the relationship between stress and strain under tensile path. It can
be seen that after increasing the thickness of the interface layer, the thicker the interface
layer, the greater the mechanical response, which is consistent with the results of other
authors [18]. When the thickness of the layer is 30%, the macroscopic tensile behavior
agrees best with the experiment, and the hypothesis in the model seems to be realistic. It is
also evident that a layer thickness of 30% of the one-layer model using this material model
provides good accuracy through precise parameter selection. Therefore, this follow-up
study will use a 30%-layer thickness model to investigate the influence of layer number.

Figure 8a shows that the highest stress o occurs at the boundary between the interface
layer and ferrite. With the addition of interface layer thickness, the highest stress o occurs
at the boundary between the interface layer and ferrite. Figure 8b shows that the highest
strain € occurs at the boundary between interface layer and ferrite. With the addition of
the interface layer, the strain ¢ decreases at the boundary between the martensite and the
interface layer. The highest strain € occurs at the border demarcating the interface layer
and the ferrite.
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Figure 8. Influence of parameter L; on the distribution of (a) stress o, (b) strain ¢, (c¢) SSDs and
(d) GNDs along four paths where the four paths are marked in Figures 6b and 7a—c. (x is the distance
from the start of the path; A is the total length of the path).

Figure 8c shows that the highest SSDs occur at the border demarcating the martensite
and interface layer. With the addition of interface layer thickness, the strain ¢ decreases
at the boundary between the martensite and interface layer. The highest SSDs occur at
the boundary between the interface layer and the ferrite. In addition, the peak value of
SSDs decreases with layer thickness. Figure 7d shows that the GNDs distribute in both
martensite and ferrite, and the maximum GND density appears at the border of interface
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layer and ferrite. Figure 8d shows that the peak value of GNDs between interface layers
decreases with the increase of interface layer thickness.

4.3. Effect of the Number of the Interface Layer

For the interface layer, a different number of layers is considered to check the accuracy
of the model in macroscopic mechanical stress—strain behavior. Figure 9a—c shows three
different layer number unit models of DP steel materials with a phase boundary layer
thickness of 0.30. (Refer to the results of detailed nano-hardness tests on the microstructure
of DP steel). When layered into two layers, the strength of the interface layer is thought to
be 50% and 20% higher than that of the ferrite matrix. When stratified into three layers,
the strengths of the interface layers were considered to be 50%, 35%, and 20% higher
than that of the ferrite matrix. Figure 9e shows the comparison between the results of
single pull simulation and experimental data for three different layers of DP steel materials
with an interface layer thickness of 30%. The results showed good consistency which is
consistent with the results of other authors [18]. With the increase of the number of layers,
the macroscopic tensile properties are almost unchanged. Therefore, one-layer 30%-layer
thickness interface layer model will be adopted in the subsequent study to investigate the
influence of phase distribution topology.

500

400

300
—o0—Exp

Ture stress (MPa)

—— 0 layer
. 1 layer
wlb = —2 layer

— 3 layer

200

570

0.0800 00825 0.0850 0.0875 0.0900
ok 1 I I ! 1
0.00 0.02 0.04 0.06 0.08 0.10

Ture strain

Figure 9. RVEs generated with P, = 17.2%, Cy;, = 0.32 and L; = 0.30, and by varying the parameter L,
as(a)L, =1, (b) Ly =2, (c) Ly = 3; (d) GND density distribution of RVEs (& = 10.0%); (e) comparison
of experimental and numerical stress—strain curves.
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Figure 10a shows that as the number of interface layers increases, stress o peaks
occur between the interface layers and ferrite. However, the highest stress o occurs at the
border demarcating the interface and the ferrite. Figure 10b shows that as the number of
interface layers increases, the strain ¢ decreases at the ferrite and interface, and strain ¢
peaks occur between the interface layers. However, the highest strain € occurs at the border
demarcating the interface and the ferrite. Figure 10c shows that as the number of interface
layers increases, the SSDs decrease at the martensite and interface, and SSD peaks occur
between interface layers. However, the highest SSDs occur at the border demarcating the
interface and ferrite. Figure 10d shows the distribution and evolution of GNDs. The peak
value of GNDs exists between interface layers. As the number of layers increases, so does
the number of peaks.
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Figure 10. Influence of parameter L, on the distribution of (a) stress o, (b) strain ¢, (¢) SSDs and
(d) GNDs along four paths where the four paths are marked in Figures 6b and 9a—c. (x is the distance
from the start of the path; A is the total length of the path).

4.4. Effect of Martensite Phase Fraction

To investigate the influence of P;; on the work hardening of DP steel, three RVEs are
generated, with C,;, = 0.32 and with Py, = 17.2%, 25.2%, and 33.2%, as shown in Figure 11a—c.
Figure 11e shows the comparison of experiment and simulation for the tensile test. It was
found that the flow stress was improved with the increase of P, which is also consistent
with the findings of another study [24].
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Figure 11. RVEs generated with L; = 0.30, L, = 1 and C;;, = 0.32, and by varying the parameter P,
as (a) Py, = 17.2%, (b) Py, = 25.2%, (c) Py, = 33.2%; (d) GND density distribution of RVEs (e = 10.0%);
(e) comparison of experiment and simulation for tensile test.

Figure 12a,b shows the distribution of SSDs and GNDs along three paths where the
three paths are marked in Figure 11a—c. The local SSDs and GNDs increase with the
parameter Py,. The density distribution of GNDs due to kinematic incompatibility within
the structure is strongly influenced by the martensite volume fraction. These in turn affect
its flow stress. When Py, = 17%, the maximum density of GNDs is found. GND peaks occur
between interface layers.
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Figure 12. Influence of parameter P;, on the distribution of (a) SSDs and (b) GNDs along four paths
where the four paths are marked in Figure 11a—c. (x is the distance from the start of the path; A is the
total length of the path).
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4.5. Effect of Martensite Phase Distribution

Figure 13a—c shows three RVEs with P, = 17.2%, and with C,, equal to 0.32, 0.42, and
0.52. There is a slight difference between the flow stress curves produced by changing only
Cp. With the increase of Cy, the higher the aggregation degree of martensite, the more
GNDs are generated (Figure 13d). When the strain is less than 6%, the plastic behavior of
DP steel is enhanced with the increase of C,,. However, when the strain gradually reaches
10%, the plastic behavior of DP steels with different C;;, becomes gradually equal. It can be
seen from Figure 14 that the change of C;; has no impact on the trend change of SSDs and
GNDs. The local deformation is strongly influenced by the average distance between the
martensite islands [14], while the location of the path has a great influence on the results.
The strain level of the ferrite is significantly higher in the DP steels with C;;, = 0.5 compared
to C,;; = 0.3. The local SSDs and GNDs increase with the volume fraction of C,,. The results
showed good consistency which is consistent with the results of other authors [49].
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Figure 13. RVEs generated with L; = 0.30, L, = 1 and Py, = 17.2%, and by varying the parameter
Cn as (a) Gy = 0.32, (b) Cyy = 042, (c) Gy = 0.52; (d) GND density distribution of RVEs (e = 10.0%);
(e) comparison of experiment and simulation for tensile test.
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Figure 14. Influence of parameter Cy, on the distribution of (a) SSDs and (b) GNDs along four paths
where the four paths are marked in Figure 13a—c. (x is the distance from the start of the path; A is the
total length of the path).

4.6. Contribution of Strengthening Mechanisms

To quantify the contribution of o\, 03", p‘gﬁj Ds’ afm and pgsps to the global stress—

strain response of DP steel under uniaxial tension, RVEs with L; =0.30, L, = 1, Py, = 17.2%
and C,, = 0.32 were used as the research subject. Five modeling scenarios were designed,
and their contributions were separated, as shown in Table 3. “,/” indicates that the factor
is taken into account, and “x” indicates that its influence is eliminated. Case 1 includes all

mechanisms. Radically, 0;"" and o*bgm are introduced by p¢\i,, and ngrK]D ., respectively.

Table 3. Investigation of the individual contribution of different strengthening factors through
modeling cases.

Case PENDs ot chrzl:/Ds ofva
Case 1 v v v v
Case 2 X Vv Vv Vv
Case 3 v X v Vv
Case 4 Vv v X vV
Case 5 Vv Vv Vv X

Figure 15a shows the flow curves obtained from the simulations of the five conditions
in Table 3. The flow stresses in case 1 and 4 are almost the same. The flow stresses in
case 3 and 5 are slightly lower than that in case 1. Moreover, the flow stress in case 2 is
much lower than that in case 1. It shows that p%}}, contributes significantly to the work
hardening of DP steel.

Figure 15b further quantifies the contribution of p%x;p,, 03", pgﬁ] Ds’ (ffm to the work
hardening. It is found that the contributions of ngrIfJDS and (Tgm to the work hardening
are very low. The contribution of 0" increases at first. At true strain equal to 0.5%, it
reaches its maximum ~14 MPa. p}/,. demonstrates a significant contribution to the work
hardening. At true strain equal to 9.53%, it reaches its maximum ~140 MPa. With increasing
strain, the strengthening effect of SSDs gradually increases to about 126 MPa. Since the
grain size is assumed to be constant during the deformation process, the contribution of
GBs is kept at about 340.5 MPa.

The quantitative estimation of the contribution of various strengthening mechanisms
shows that YS is controlled by the Hall-Petch relationship, while the work hardening is
controlled by pssps, 0,7 and p#\ip,- During the entire process of tensile deformation of
DP steel, the effect at the grain-level can be ignored.
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Figure 15. (a) True stress—strain versus predicted and (b) quantitative contributions of different
factors to the flow stress of the DP steels.

5. Conclusions

Based on the Voronoi algorithm and interface layer control programming, the RVE
of DP steel was established. Combined with the user-defined material model, a multi-
strengthening mechanism was introduced to investigate the plastic formation of DP steel.
The influence of the plastic strain gradient phenomenon on the mechanical response of the
DP steel formation process was further determined. At the same time, the effects of DP
distribution topology on the mechanical response of DP steel during plastic forming were
obtained and discussed based on finite element simulation, the individual contributions of
different strengthening mechanisms to the stress—strain response of DP steel were discussed
in depth as well. The findings of this study are briefly summarized as follows:

1. The thickness of the interface layer inside ferrite has a great influence on the plastic
flow of DP steel. Adding an interfacial layer will change the location of the maximum
stress in the matrix but has little effect on the strain trend. The consistency is optimum
when the interface layer thickness is 30%. With the addition of the interface layer, the
peak value of GNDs appears at the boundary between the interface layer and ferrite
and decreases gradually with the increase of layer thickness, but the value of GNDs
near the boundary of martensite remains unchanged.

2. Increasing the number of layers makes the GNDs more widely distributed. However,
the change in layer number hardly affects the macroscopic stress and strain of DP
steel and the GND values at the interface layer-martensite boundary and the interface
layer—ferrite boundary.

3. The increase in martensite volume fraction enhances the effective flow performance
and strain localization of DP steel and gradually increases the value of GNDs at the
boundary between martensite and interface layer.

4. At the sample level, there is non-uniform deformation and accumulation of GNDs,
which plays a major role in the strain hardening of DP steel. The contribution of
GNDs accumulated at the sample level to the strain hardening of DP steel is up to
47%. The low density of GNDs and the back stress caused by the strain gradient of the
grain level has a small effect on the strain hardening and strengthening of DP steel.

Author Contributions: Conceptualization, Q.Z.; Data curation, Q.Z.; Formal analysis, ].Q. and X.M.;
Funding acquisition, Z.Y.; Investigation, Z.Z. and J.G.; Methodology, Z.Z.; Project administration,
Z.Z.; Software, L.Z. and Z.Z.; Validation, X.Z.; Writing—original draft, Q.Z.; Writing—review &
editing, Q.Z. and Z.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the financial support from National Natural Science Founda-
tion of China (NO. 52175337 and 51975327).



Materials 2022, 15, 4590 19 of 20

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, N.; Thomas, G. Effects of morphology on the mechanical behavior of a dual phase Fe/25i/0.1 C steel. Metall. Trans. A 1981,
12, 483-489. [CrossRef]

2. Pierman, A.P; Bouaziz, O.; Pardoen, T.; Jacques, P,; Brassart, L. The influence of microstructure and composition on the plastic
behaviour of dual-phase steels. Acta Mater. 2014, 73, 298-311. [CrossRef]

3. Al-Abbasi, F.; Nemes, J. Micromechanical modeling of dual phase steels. Int. ]. Mech. Sci. 2003, 45, 1449-1465. [CrossRef]

4. Delincé, M.; Brechet, Y.; Embury, ].D.; Geers, M.G.D.; Jacques, PJ.; Pardoen, T. Microstructure based strain hardening model for
the uniaxial flow properties of ultrafine grained dual phase steels. Acta Mater. 2007, 55, 2337-2350. [CrossRef]

5. Wilkinson, D.S.; Pompe, W.; Oeschner, M. Modeling the mechanical behaviour of heterogeneous multi-phase materials. Prog. Mater.
Sci. 2001, 46, 379-405. [CrossRef]

6.  Uthaisangsuk, V.; Prahl, U.; Bleck, W. Characterisation of formability behaviour of multiphase steels by micromechanical
modelling. Int. ]. Fract. 2009, 157, 55-69. [CrossRef]

7. Sun, X.; Choi, K.S.; Soulami, A.; Liu, W.N.; Khaleel, M.A. On key factors influencing ductile fractures of dual phase (DP) steels.
Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 2009, 526, 140-149. [CrossRef]

8. Wei, X.; Asgari, S.; Wang, J.; Rolfe, B.; Zhu, H.; Hodgson, P. Micromechanical modelling of bending under tension forming
behaviour of dual phase steel 600. Comput. Mater. Sci. 2015, 108, 72-79. [CrossRef]

9.  Sirinakorn, T,; Sodjit, S.; Uthaisangsuk, V. Influences of Microstructure Characteristics on Forming Limit Behavior of Dual Phase
Steels. Steel Res. Int. 2015, 86, 1594-1609. [CrossRef]

10.  Vajragupta, N.; Uthaisangsuk, V.; Schmaling, B.; Miinstermann, S.; Hartmaier, A.; Bleck, W. A micromechanical damage simulation
of dual phase steels using XFEM. Comput. Mater. Sci. 2012, 54, 271-279. [CrossRef]

11.  Nesterova, E.V.; Bouvier, S.; Bacroix, B. Microstructure evolution and mechanical behavior of a high strength dual-phase steel
under monotonic loading. Mater. Charact. 2015, 100, 152-162. [CrossRef]

12.  Al-Abbasi, EM. Predicting the effect of ultrafine ferrite on the deformation behavior of DP-steels. Comput. Mater. Sci. 2016, 119,
90-107. [CrossRef]

13. Xiong, Z.P; Saleh, A.; Kostryzhev, A.; Pereloma, E. Strain-induced ferrite formation and its effect on mechanical properties of a
dual phase steel produced using laboratory simulated strip casting. J. Alloy. Compd. 2017, 721, 291-306. [CrossRef]

14. Asik, E.E.; Perdahcioglu, E.S.; van den Boogaard, T. An RVE-Based Study of the Effect of Martensite Banding on Damage
Evolution in Dual Phase Steels. Materials 2020, 13, 1795. [CrossRef] [PubMed]

15. Hou, Y.L.; Cai, S.; Sapanathan, T.; Dumon, A.; Rachik, M. Micromechanical modeling of the effect of phase distribution topology
on the plastic behavior of dual-phase steels. Comput. Mater. Sci. 2019, 158, 243-254. [CrossRef]

16. Tasan, C.C.; Hoefnagels, ].; 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. Plast. 2014, 63, 198-210. [CrossRef]

17. Ren, C.; Dan, W.; Xu, Y.; Zhang, W. Effects of Heterogeneous Microstructures on the Strain Hardening Behaviors of Ferrite-
Martensite Dual Phase Steel. Metals 2018, 8, 824. [CrossRef]

18. Kadkhodapour, J.; Schmauder, S.; Raabe, D.; Ziaei-Rad, S.; Weber, U.; Calcagnotto, M. Experimental and numerical study on
geometrically necessary dislocations and non-homogeneous mechanical properties of the ferrite phase in dual phase steels.
Acta Mater. 2011, 59, 4387-4394. [CrossRef]

19. Ramazani, A.; Mukherjee, K.; Schwedt, A.; Goravanchi, P.; Prahl, U.; Bleck, W. Quantification of the effect of transformation-
induced geometrically necessary dislocations on the flow-curve modelling of dual-phase steels. Int. J. Plast. 2013, 43, 128-152.
[CrossRef]

20. Matsuno, T.; Ando, R.; Yamashita, N.; Yokota, H.; Goto, K.; Watanabe, I. Analysis of preliminary local hardening close to
the ferrite—-martensite interface in dual-phase steel by a combination of finite element simulation and nanoindentation test.
Int. J. Mech. Sci. 2020, 180, 105663. [CrossRef]

21. Lyu, H; Ruimi, A.; Zbib, HM. A dislocation-based model for deformation and size effect in multi-phase steels. Int. J. Plast. 2015,
72,44-59. [CrossRef]

22. Fillafer, A.; Krempaszky, C.; Werner, E. On strain partitioning and micro-damage behavior of dual-phase steels. Mater. Sci. Eng. A
Struct. Mater. Prop. Microstruct. Process. 2014, 614, 180-192. [CrossRef]

23. Fritzen, F; Bohlke, T.; Schnack, E. Periodic three-dimensional mesh generation for crystalline aggregates based on Voronoi
tessellations. Comput. Mech. 2009, 43, 701-713. [CrossRef]

24. Ramazani, A.; Mukherjee, K.; Quade, H.; Prahl, U.; Bleck, W. Correlation between 2D and 3D flow curve modelling of DP steels
using a microstructure-based RVE approach. Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 2013, 560, 129-139.
[CrossRef]

25. Terada, K.; Hori, M.; Kyoya, T.; Kikuchi, N. Simulation of the multi-scale convergence in computational homogenization

approaches. Int. J. Solids Struct. 2000, 37, 2285-2311. [CrossRef]


http://doi.org/10.1007/BF02648546
http://doi.org/10.1016/j.actamat.2014.04.015
http://doi.org/10.1016/j.ijmecsci.2003.10.007
http://doi.org/10.1016/j.actamat.2006.11.029
http://doi.org/10.1016/S0079-6425(00)00008-6
http://doi.org/10.1007/s10704-009-9329-4
http://doi.org/10.1016/j.msea.2009.08.010
http://doi.org/10.1016/j.commatsci.2015.06.012
http://doi.org/10.1002/srin.201400584
http://doi.org/10.1016/j.commatsci.2011.10.035
http://doi.org/10.1016/j.matchar.2014.11.031
http://doi.org/10.1016/j.commatsci.2016.03.048
http://doi.org/10.1016/j.jallcom.2017.06.050
http://doi.org/10.3390/ma13071795
http://www.ncbi.nlm.nih.gov/pubmed/32290277
http://doi.org/10.1016/j.commatsci.2018.11.025
http://doi.org/10.1016/j.ijplas.2014.06.004
http://doi.org/10.3390/met8100824
http://doi.org/10.1016/j.actamat.2011.03.062
http://doi.org/10.1016/j.ijplas.2012.11.003
http://doi.org/10.1016/j.ijmecsci.2020.105663
http://doi.org/10.1016/j.ijplas.2015.05.005
http://doi.org/10.1016/j.msea.2014.07.029
http://doi.org/10.1007/s00466-008-0339-2
http://doi.org/10.1016/j.msea.2012.09.046
http://doi.org/10.1016/S0020-7683(98)00341-2

Materials 2022, 15, 4590 20 of 20

26.

27.
28.

29.

30.

31.

32.

33.
34.

35.
36.
37.
38.

39.
40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

Xia, Z.H.; Chou, C.; Yong, Q.; Wang, X. On selection of repeated unit cell model and application of unified periodic boundary
conditions in micro-mechanical analysis of composites. Int. ]. Solids Struct. 2006, 43, 266-278. [CrossRef]

Hill, R. The Mathematical Theory of Plasticity; Clarendon Press: Oxford, UK, 1950; Volume 613, p. 614.

Kok, S.; Beaudoin, A.].; Tortorelli, D.A. On the development of stage IV hardening using a model based on the mechanical
threshold. Acta Mater. 2002, 50, 1653-1667. [CrossRef]

Li, J.; Soh, A. Modeling of the plastic deformation of nanostructured materials with grain size gradient. Int. J. Plast. 2012, 39,
88-102. [CrossRef]

Li, J.; Weng, G.; Chen, S.; Wu, X. On strain hardening mechanism in gradient nanostructures. Int. J. Plast. 2017, 88, 89-107.
[CrossRef]

Zhu, L.; Ly, ]. Modelling the plastic deformation of nanostructured metals with bimodal grain size distribution. Int. J. Plast. 2012,
30, 166-184. [CrossRef]

Taylor, G.I. The mechanism of plastic deformation of crystals. Part [—Theoretical. Proc. R. Soc. Lond. Ser. A Contain. Pap. A Math.
Phys. Character 1934, 145, 362-387.

Taylor, G.I. Plastic strain in metals. J. Inst. Metals 1938, 62, 307-324.

Ashby, M. The deformation of plastically non-homogeneous materials. Philos. Mag. |. Theor. Exp. Appl. Phys. 1970, 21, 399-424.
[CrossRef]

Meyers, M.A.; Mishra, A.; Benson, D.J. Mechanical properties of nanocrystalline materials. Prog. Mater. Sci. 2006, 51, 427-556.
[CrossRef]

Hall, E. The deformation and ageing of mild steel: III discussion of results. Proc. Phys. Society. Sect. B 1951, 64, 747. [CrossRef]
Petch, N. The cleavage strength of polycrystals. J. Iron Steel Inst. 1953, 174, 25-28.

Zhao, J.; Lu, X;; Yuan, E; Kan, Q.; Qu, S.; Kang, G.; Zhang, X. Multiple mechanism based constitutive modeling of gradient
nanograined material. Int. |. Plast. 2020, 125, 314-330. [CrossRef]

Nye, ].E. Some Geometrical Relations in Dislocated Crystals. Acta Metall. 1953, 1, 153-162. [CrossRef]

Gao, H.; Huang, Y,; Nix, W.D.; Hutchinson, ].W. Mechanism-based strain gradient plasticity—I. Theory. J. Mech. Phys. Solids 1999,
47,1239-1263. [CrossRef]

Bayley, C.J.; Brekelmans, W.A.M.; Geers, M.G.D. A comparison of dislocation induced back stress formulations in strain gradient
crystal plasticity. Int. ]. Solids Struct. 2006, 43, 7268-7286. [CrossRef]

Groma, I; Csikor, FE,; Zaiser, M. Spatial correlations and higher-order gradient terms in a continuum description of dislocation
dynamics. Acta Mater. 2003, 51, 1271-1281. [CrossRef]

Sinclair, C.; Poole, W.; Bréchet, Y. A model for the grain size dependent work hardening of copper. Scr. Mater. 2006, 55, 739-742.
[CrossRef]

ABAQUS/Standard—User’s Manual, Volumes I, II and I1I; Hibbitt, Karlsson & Sorensen, Inc, EUA: Pawtucket, RI, USA, 1998.

Li, Y.G.; Kanouté, P.; Francois, M.; Chen, D.; Wang, H.W. Inverse identification of constitutive parameters with instrumented
indentation test considering the normalized loading and unloading Ph curves. Int. J. Solids Struct. 2019, 156, 163-178. [CrossRef]
Ramazani, A.; Mukherjee, K.; Prahl, U.; Bleck, W. Transformation-induced, geometrically necessary, dislocation-based flow curve
modeling of dual-phase steels: Effect of grain size. Metall. Mater. Trans. A 2012, 43, 3850-3869. [CrossRef]

Al-Rub, RK.A.; Ettehad, M.; Palazotto, A.N. Microstructural modeling of dual phase steel using a higher-order gradient
plasticity-damage model. Int. J. Solids Struct. 2015, 58, 178-189. [CrossRef]

Huang, Y.; Qu, S.; Hwang, K,; Li, M.; Gao, H. A conventional theory of mechanism-based strain gradient plasticity. Int. J. Plast.
2004, 20, 753-782. [CrossRef]

Park, K.; Nishiyama, M.; Nakada, N.; Tsuchiyama, T.; Takaki, S. Effect of the martensite distribution on the strain hardening and
ductile fracture behaviors in dual-phase steel. Mater. Sci. Eng. A 2014, 604, 135-141. [CrossRef]


http://doi.org/10.1016/j.ijsolstr.2005.03.055
http://doi.org/10.1016/S1359-6454(02)00002-2
http://doi.org/10.1016/j.ijplas.2012.06.004
http://doi.org/10.1016/j.ijplas.2016.10.003
http://doi.org/10.1016/j.ijplas.2011.10.003
http://doi.org/10.1080/14786437008238426
http://doi.org/10.1016/j.pmatsci.2005.08.003
http://doi.org/10.1088/0370-1301/64/9/303
http://doi.org/10.1016/j.ijplas.2019.09.018
http://doi.org/10.1016/0001-6160(53)90054-6
http://doi.org/10.1016/S0022-5096(98)00103-3
http://doi.org/10.1016/j.ijsolstr.2006.05.011
http://doi.org/10.1016/S1359-6454(02)00517-7
http://doi.org/10.1016/j.scriptamat.2006.05.018
http://doi.org/10.1016/j.ijsolstr.2018.08.011
http://doi.org/10.1007/s11661-012-1196-3
http://doi.org/10.1016/j.ijsolstr.2014.12.029
http://doi.org/10.1016/j.ijplas.2003.08.002
http://doi.org/10.1016/j.msea.2014.02.058

	Introduction 
	Material, Experimental Procedure, and Observations 
	Material and Multi-Scale Experiment 
	Microstructure Observation 

	Microstructural Modeling and Numerical Implementation 
	Microstructure-Based Modelling with Two Methods 
	Load, Periodic Boundary Condition, and Meshing 
	Flow Behaviors of Ferrite and Martensite Phases 
	Inverse Identification of Constitutive Parameters 

	Result and Discussion 
	Validation of the Microstructural RVE on Mechanical Behaviors of DP Steel 
	Effect of the Thickness of the Interface Layer 
	Effect of the Number of the Interface Layer 
	Effect of Martensite Phase Fraction 
	Effect of Martensite Phase Distribution 
	Contribution of Strengthening Mechanisms 

	Conclusions 
	References

