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a b s t r a c t 

This paper presents a microstructural cell-level crystal plasticity model aimed at predict- 

ing elasto-plastic, anisotropic, rate- and temperature-sensitive deformation of polycrys- 

talline aggregates subjected to large plastic strains. The crystallography-based model em- 

beds strain-path aware dislocation-based hardening and slip-system-level kinematic back- 

stress laws. The crystal-level response is linked to the microstructural cell-level response 

using an elasto-viscoplastic fast Fourier transform-based (EVPFFT) micromechanical ho- 

mogenization. The overall model is ported on a high-performance computational platform 

integrating a graphics processing unit (GPU) to facilitate computationally efficient mod- 

eling of high-resolution microstructures. The high-performance multi-level EVPFFT is ap- 

plied to modeling monotonic and cyclic deformation of dual-phase (DP) steel sheets. To 

this end, the effective elastic and flow stress behavior under monotonic and cyclic defor- 

mation is calculated for several steels: three DP, DP 590, DP 980, and DP 1180, and one 

martensitic (MS), MS 1700. Crystallographic textures and phase fractions of these steels 

are characterized using electron microscopy along with electron-backscattered diffraction 

to initialize the models. A comprehensive set of Young’s modulus, Poisson’s ratio, and flow 

stress data is used to calibrate and validate the model. The model parameters for ferrite 

and martensite are identified using data for two steels and used to predict the behavior 

of the other two streels. The model captures elasto-plastic monotonic behavior as well as 

the particularities pertaining to large strain cyclic deformation characteristics such as non- 

linear unloading upon the load reversal, the Bauschinger effect, and changes in hardening 

rate during strain reversals based on evolving microstructure including the evolution of 

dislocation density and crystallographic grain reorientation. In addition, it offers insights 

into the role of back-stress and dislocation annihilation on the cyclic deformation of DP 

steels. 

© 2019 Elsevier Ltd. All rights reserved. 

 

 

1. Introduction 

Advanced high strength steels (AHSS) are being developed and further improved for lighter, higher performing, and more

crashworthy automobile components. Dual-phase (DP) steels belong to the AHSS class of metals. Volume fraction and dis-
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tribution of constituent martensite and ferrite phases are primary microstructural features governing mechanical proper-

ties, while the grain size and crystal lattice orientation distributions introduce secondary effects ( Calcagnotto et al., 2012 ;

Ghaei et al., 2015 ; Gong et al., 2016 ; Ma et al., 2016 ; Poulin et al., 2019 ; Woo et al., 2012 ). Mechanical properties such

as strength and ductility can be tuned by distributing the two phases ( Bhargava et al., 2018 ; Calcagnotto et al., 2011 ).

Owing to the contrasting characteristics of phases, deformation behavior of DP steels is highly heterogeneous. Deforma-

tion typically starts in the large grains of ferrite, which are suitably oriented for slip ( Tasan et al., 2014 ). Deformation can

quickly localize within these large grains of ferrite. Moreover, localized deformation has been observed in channels of fer-

rite between bulky martensite areas. Finally, interfaces between the martensite and ferrite are also potential localization

spots due to large strain incompatibilities ( Jahedi et al., 2017 ; Kapp et al., 2011 ; Tasan et al., 2014 ; Woo et al., 2012 ). Thus,

predicting the local and overall behavior of DP steels requires calculations of the local mechanical fields as a function of

microstructure. While statistical distribution of the phases together with the local stress conditions (also determined by

material internal constitution) dictates localizations, the effects are driven by applied deformation, which is often non-

monotonic. One classic example of such deformation is a reverse strain path change: forward loading in the first defor-

mation path followed by a reverse loading in the next path but in the opposite sense of direction. During load reversal,

the material exhibits non-linear unloading followed by a drop in yield stress magnitude relative to that before the load

reversal, i.e., the Bauschinger effect (BE) ( Bauschinger, 1886 ; Ramazani et al., 2013 ; Wagoner et al., 2013 ; Yoshida et al.,

2002 , 2011 ; Zecevic and Knezevic, 2019 ). Additionally, hardening that follows during the continuation of reverse loading

differs in its rate from that before the load reversal. Several physical phenomena in the material microstructure govern such

behavior. 

Nonlinear unloading upon load reversal originates from fractional reemission of dislocations obstructed in their glide

during forward loading by dislocation substructures and interfaces such as the grain/phase boundaries ( Mompiou et al.,

2012 ; Sritharan and Chandel, 1997 ). The reemission process of such loosely-tangled dislocations is accompanied with the

relaxation of micro back-stress arising from encountered obstacles ( Sritharan and Chandel, 1997 ). The long-range micro

back-stress fields acting against the applied stress are known as the type III stresses ( Withers and Bhadeshia, 2001 ). Dur-

ing load reversal, the applied loading combines with the back-stress causing the BE ( Abel, 1987 ; Demir and Raabe, 2010 ;

Mughrabi, 1983 ; Stout and Rollett, 1990 ; Verma et al., 2011 ). Additionally, the fields of back-stress arise from the anisotropy

between grains having different crystal orientations. A softer grain surrounded by harder grains will deform plastically more

than its surrounding causing local incompatibility i.e. strain gradients ( Bayley et al., 2006 ; Fleck et al., 1994 ). These inter-

granular stresses equilibrated over a material volume are referred to as the type II stresses. These stress fields are driven

by the elastic crystal properties ( Verma et al., 2011 ). Finally, hardening rates are influenced by balancing the annihilation

of the loosely-tangled dislocations formed during the forward loading and generation of new dislocations during reloading

( Kitayama et al., 2013 ; Stout and Rollett, 1990 ; Wilson et al., 1990 ). 

The present work attempts to incorporate the above summarized phenomena into a full field crystal plasticity model

of an elasto-visco-plastic fast Fourier transform (EVPFFT) type in order to predict monotonic and cyclic deformation of DP

steels. The model can represent spatial distribution of phases and account for grain-to-grain interactions. Thus, the model

captures the inter-granular stresses of type II. The directional effects at the slip system level are incorporated using a back-

stress law influencing the driving force to slip, while resistance to slip evolves based on a dislocation density-based harden-

ing law incorporating forward and reverse dislocation density populations. As a result, the overall model is sensitive to strain

paths. The model is calibrated and validated on data for several steels including DP 590, DP 980, DP 1180, and martensitic

(MS) 1700 for monotonic deformation and DP 590 for large strain cyclic deformation, while demonstrating its predictive

capabilities. In doing so, a unique set of model parameters is identified for ferrite and for martensite. The same set of pa-

rameters is used in the calculations for all steels. It is shown that the model can capture elasto-plastic monotonic behavior

as well as the particularities pertaining to the large strain cyclic deformation for all steels. In addition, it offers insights into

the role of back-stress and dislocation annihilation on the deformation behavior of DP steels. The model and these insights

are presented and discussed in this paper. It is anticipated that the developed model can facilitate further understanding

and optimizing microstructure of DP steels in order to achieve their higher strength, work hardening rate, ductility, and

energy absorption in crash loading. 

2. Modeling framework 

Full-field modeling of polycrystalline metals is usually accomplished using the crystal plasticity finite element method

(CPFEM) ( Ardeljan et al., 2014a ; Ardeljan and Knezevic, 2018 ; Barrett et al., 2018 ; Knezevic et al., 2014b ), and Green’s

function-based elasto-visco plastic fast Fourier transform (EVPFFT) solver ( Eghtesad et al., 2018a , c ; Lebensohn, 2001 ;

Lebensohn et al., 2012 ). The latter approach is more computationally efficient ( Liu et al., 2010 ), especially after the re-

cent parallel implementations of the model on central processing units (CPUs) ( Eghtesad et al., 2018a ) and graphics

processing units (GPU) ( Eghtesad et al., 2019 ). The latter implementation is utilized in this work and briefly summa-

rized below. In our notation, tensors are denoted by non-italic bold letters while scalars and tensor components are

italic and not bold. To denote a contracted or dot product and uncontracted or tensor product, we will use · and �,

respectively. 
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In the visco-plastic crystal plasticity framework, strain rate, ˙ ε p (x ) is related to the Cauchy stress σ ( x ) at a single-crystal

material point x through a sum of shears on available slip systems, N ( Asaro and Needleman, 1985 ; Hutchinson, 1976 ) 

˙ ε 

p (x ) = 

N ∑ 

s =1 

P 

s (x ) ˙ γ s (x ) = ˙ γ0 

N ∑ 

s =1 

P 

s (x ) 

(
P 

s (x ) · σ(x ) − τbs 
s (x ) 

τc 
s (x ) 

)n 

sgn ( P 

s (x ) · σ(x ) ) , (1)

where ˙ γ s , τ c 
s , and P 

s = 

1 
2 ( b 

s 
� n 

s + n 

s 
� b 

s ) are, respectively, the shear rate, the slip resistance and the symmetric Schmid

tensor, associated with slip system ( s ) at a point x . Evolution of the slip resistance term will be described later. The geometry

of the slip system, s , is defined by the Burgers vector b 

s and the unit normal n 

s . The term τ bs 
s ( x )implies the back-stress

term, which will also be explained in detail shortly. Considering that the present study is concerned with body-centered

cubic (BCC) structures, crystallographic slip on { 110 }〈 ̄1 11 〉 and { 112 }〈 11 ̄1 〉 systems along their 12 positive s + and 12 negative

s- directions will be accommodating the imposed plastic strain. Parameter ˙ γ0 is a reference normalization factor (taken here

to be 0.001/s) and n is the power-law exponent representing the inverse of the material strain rate-sensitivity (taken here

to be 20). 

Hooke’s law is used to represent the constitutive relation between stress and strain: 

σt+�t (x ) = C (x ) ε 

e,t+�t (x ) = C (x ) 
(
ε 

t+�t (x ) − ε 

p,t (x ) − ˙ ε 

p,t+�t (x , σt+�t )�t 
)
, (2)

where σ( x )is the Cauchy stress tensor, C ( x ) is the elastic stiffness tensor, and ɛ ( x ), ɛ e ( x ), and ɛ p ( x ) are the total, elastic, and

plastic strain tensors. Using Eq. (2) , the total strain can be defined as 

ε 

t+�t ( x ) = C 

−1 ( x ) σt+�t ( x ) + ε 

p,t ( x ) + 

˙ ε 

p,t+�t 
(
x , σt+�t 

)
�t. (3)

2.1. Full-field FFT homogenization 

After adding and subtracting the stiffness of a reference linear medium, C 

0 , from the Cauchy stress, we get 

σi j (x ) = σi j (x ) + C 0 i jkl u k,l (x ) − C 0 i jkl u k,l (x ) , (4)

where u k, l ( x ) represents the displacement gradient tensor. Furthermore, we can write 

σi j (x ) = C 0 i jkl u k,l (x ) + φi j (x ) , (5)

with 

φi j (x ) = σi j (x ) − C 0 i jkl u k,l (x ) , (6)

where the term φij ( x ) represents the polarization field. Using the equilibrium equation, σi j, j (x ) = 0 , Eq. (5) becomes 

C 0 i jkl u k,l j (x ) + φi j , j 
(x ) = 0 . (7)

Using Green’s approach for solving partial differential equations (PDEs) ( Bellman and Adomian, 1985 ), Green’s function

G km 

( x ) is associated with the displacement field u k ( x ) using 

C 0 i jkl G km,l j (x − x 

′ ) + δim 

δ(x − x 

′ ) = 0 , (8)

and the convolution theorem ( Zayed, 1998 ) to obtain the local displacement gradient fluctuation tensor 

˜ u k,l (x ) = 

∫ 
R 3 

G ki, jl (x − x 

′ ) φi j (x 

′ ) dx 

′ . (9)

Solving Eq. (9) in Fourier space and then performing the inverse transform to get back to the real space, we can represent

the strain field around the average macroscopic strain value, E ij , for an infinitesimal displacement gradients using 

ε i j (x ) = E i j + F T −1 
(

sym 

(
ˆ 	0 

i jkl (k ) 
)

ˆ φkl (k ) 
)
, (10)

where the symbols " ̂ " and FT −1 indicate direct and inverse Fourier transforms, respectively, and k is a point (frequency) in

Fourier Space. The fourth rank tensor ˆ 	0 
i jkl 

(k ) is 

ˆ 	0 
i jkl (k ) = −k j k l ̂  G ik (k ) ; ˆ G ik (k ) = 

[
C k jil k l k j 

]−1 
. (11)

Solution of Eq. (7) necessitates an iterative procedure to obtain the stress and strain field. If we consider λij 
( i ) and e ij 

( i ) to

be the initial guess for the stress and strain fields, respectively, using equation Eq. (6) we have 

φi j 
(i ) 

(x ) = λi j 
(i ) 

(x ) − C 0 i jkl e kl 
(i ) (x ) , (12)

The next guess for the strain field is obtained using Eq. (10) 

e i j 
(i +1) (x ) = E i j + F T −1 

(
sym 

(
ˆ 	0 

i jkl (k ) 
)

ˆ φ(i ) 
kl 

(k ) 
)
. (13)
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In order to use directly the stress field rather than the polarization field, Eq. (13) can be written as ( Michel et al., 2001 )

e i j 
(i +1) (x ) = E i j + F T −1 

(
ˆ ˜ e ( 

i ) 
i j 

+ sym 

(
ˆ 	0 

i jkl (k ) 
)

ˆ λ( i ) 
kl 

(k ) 
)
. (14) 

An augmented Lagrangian scheme is used ( Eghtesad et al., 2018a , c ; Lebensohn et al., 2012 ) to minimize the residual as a

function of the stress tensor σ(i +1) and strain tensor ε (i +1) 

R k ( σ
(i +1) ) = σk 

(i +1) + C kl 
0 ε l 

(i +1) ( σ(i +1) ) − λk 
(i ) − C kl 

0 e l 
(i +1) , (15) 

In above equation the Voigt notation has been used to express the symmetric tensors σ ij and C ijkl as vectors of size 6 

σi j → σk , k = 1 , 6 

C i jkl → C kl , k, l = 1 , 6 . 
(16) 

Solving Eq. (15) using the Newton–Raphson (NR) is written as 

σk 
(i +1 , j+1) = σk 

(i +1 , j) −
(

∂ R k 

∂ σl 

| σ(i +1 , j) 

)−1 

R l ( σ
(i +1 , j) ) , (17) 

where σk 
(i +1 , j+1) is the ( j + 1) guess for stress field σk 

(i +1) . Note that “j” enumerates the NR stress iterations. Coupling Eqs.

(3) and (17) results in finding the Jacobian 

∂ R k 

∂ σl 

| σ(i +1 , j) = δkl + C kq 
0 C ql 

−1 + �t C kq 
0 ∂ ˙ ε 

p 
q 

∂ σl 

| σ(i +1 , j) . (18) 

Since the slip resistance, τ c 
s ( x ), is a function of stress, τc 

s ( σ(i +1 , j) (x ) ) , the term 

∂ ̇ ε p q 

∂ σl 
| σ(i +1 , j) is 

∂ ˙ ε p q 

∂ σl 

| σ(i +1 , j) 
∼= 

n ̇ γ0 

N ∑ 

s =1 

P s q P 
s 
l 

τc 
s 
(
σ(i +1 , j) (x ) 

)
( 

P 

s (x ) · σ(x ) − τbs 
s 

τc 
s 
(
σ(i +1 , j) (x ) 

)
) n −1 

. (19) 

Incorporating Eq. (19) into Eq. (18) gives 

∂ R k 

∂ σl 

| σ(i +1 , j) 
∼= 

δkl + C kq 
0 C ql 

−1 + (�t n ˙ γ0 ) C kq 
0 

N ∑ 

s =1 

P s q P 
s 
l 

τc 
s 
(
σ(i +1 , j) (x ) 

)
( 

P 

s (x ) · σ(x ) − τbs 
s 

τc 
s 
(
σ(i +1 , j) (x ) 

)
) n −1 

. (20) 

By minimizing the residual R k by the iterative NR solver, the stress solution for each FFT sampling point is obtained as

the next guess for Eqs. (12) and (14) . The procedure is continued until convergence is achieved by reaching a pre-defined

tolerance ( TOL NR ) for each single crystal stress (
σk 

( i +1 , j+1 ) − σk 
( i +1 , j ) 

)(
σk 

( i +1 , j+1 ) − σk 
( i +1 , j ) 

)
√ 

λij 
( i ) λij 

( i ) 

≺ TO L NR = 10 

−6 (21) 

The stress and strain field tolerance ( T O L stress _ f ield , T O L strain _ f ield ) after solving Eq. (15) are 〈 (
σk 

(i +1) − λk 
(i ) 

)(
σk 

(i +1) − λk 
(i ) 

)〉 
√ 

3 
2 
�′ 

i j 
(i ) �′ 

i j 
(i ) 

≺ T O L stress _ f ield = 10 

−6 ) (22a) 

〈(
ε k 

(i +1) − e k 
(i ) 

)(
ε k 

(i +1) − e k 
(i ) 

)〉
√ 

3 
2 

E i j 
(i ) E i j 

(i ) 

≺ T O L strain _ f ield = 10 

−6 (22b) 

where, 〈〉 indicates volume average, while �ij and E ij denote the macroscopic stress and strain response of the homogenized

polycrystal. These homogenized quantities are also calculated by taking the average of the fields over the spatial voxel-based

microstructural domain using 

�i j = 

∑ 

X,Y,Z 
( σi j (x ) ) 

N 3 
; N = # of v oxels in X, Y, Z, ∑ 

X,Y,Z 
( ε i j (x ) ) 

(23) 
E i j = 

N 3 
. 
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2.2. Dislocation density (DD) hardening law within EVPFFT 

We incorporate a statistically stored dislocation density-based hardening law into the two-phase EVPFFT solver. In

this law, the rate of dislocation storage is a thermally activated process, which is dependent on temperature and on

strain rate. Versions of such hardening law have been successfully used in simulating the deformation behavior of Zr

( Beyerlein and Tomé, 2008 ; Knezevic et al., 2014c , 2015b ), Be ( Knezevic et al., 2013a ; Zecevic et al., 2015 ), Mg ( Ardeljan et al.,

2017 , 2016 ; Feather et al., 2019 ; Lentz et al., 2015a , b ), Ta ( Ardeljan et al., 2014a , b , 2015a ; Bhattacharyya et al., 2015 ;

Knezevic et al., 2014a , c ), an alloy of Al ( Barrett and Knezevic, 2019 ; Zecevic and Knezevic, 2015 ), uranium ( Ardeljan et al.,

2015b ; Knezevic et al., 2012 , 2013b , c ; Zecevic et al., 2016a , b ), an alloy of Ni ( Ghorbanpour et al., 2017 ), and a DP steel

( Zecevic et al., 2016c ). In our notation, superscript α implies the mode of deformation, while s and s ′ denote the slip sys-

tems pertaining to the mode. Evolution of slip resistance per slip system consists of 

τ s 
c = τα

0 + τ s 
f orest + τα

deb . (24)

The first term, τα
0 

, defines the initial slip resistance per slip mode reflecting Peierls stress and any initial population of

dislocations. The second term, τ s 
f orest 

, is a consequence of hardening and stands for the contribution of forest dislocations

generated statistically within the microstructure with plastic deformation. The forest term is defined using the extended

Taylor relationship ( Kitayama et al., 2013 ; Zecevic et al., 2016c ) 

τ s 
f or = b αχ0 μα

√ 

ρs 
tot + L 

∑ 

s 	 = s ′ 
ρs ′ 

tot , (25)

where, b α represents the burgers vector of slip mode α ( 2 . 48 e − 10 m ), χ0 denotes the system interaction parameter taken

to be 0.9 ( Lavrentev, 1980 ; Mecking and Kocks, 1981 ). The constant L is the latent hardening parameter (set to be 1.05). The

slip system shear modulus, μα , is obtained using the crystal compliance tensor, S ( x ), projected on the slip system or mode

because slip systems belonging to a mode have the same shear modulus using 1 
3 ( S 44 + 4( S 11 − S 12 − 1 

2 S 44 ) ) . μ
α is calculated

to be 63.07 GPa and 81.51 GPa for ferrite and martensite, using respective single crystal constants ( Cantara et al., 2019 ). Total

stored forest dislocation density is denoted with ρs 
tot and its evolution is described next. 

Total dislocation density is conveniently split into two dislocation populations, one termed as forward and another

termed as reversible ( Kitayama et al., 2013 ). The split facilitates introducing a deformation history dependent direction-

ality into the hardening law. Furthermore, slip system directions whether positive or negative (i.e. s + , s −) on a given plane

are arbitrarily assigned to the reversible dislocation population. Thus, the total dislocation density is 

ρs 
tot = ρs 

f orw 

+ ρs + 
re v + ρs −

re v (26)

where ρs 
f orw 

is the dislocation density correspond to the forward loading path and ρs + 
re v , ρ

s −
re v are reversible dislocation den-

sities correspond to slip directions s + , s −, respectively. 

The forward dislocation density is governed by competition between the rate of storage and the rate of dynamic recovery

using ( Mecking and Kocks, 1981 ; Zecevic et al., 2016c ) 

d γ s + > 0 : 
∂ρs 

f orw 

∂ γ s 
= (1 − p) k α1 

√ 

ρs 
f orw 

+ ρs + 
re v − k α2 ( ̇ ε , T ) ρ

s 
f orw 

, (27a)

d γ s − > 0 : 
∂ρs 

f orw 

∂ γ s 
= (1 − p) k α1 

√ 

ρs 
f orw 

+ ρs −
re v − k α2 ( ̇ ε , T ) ρ

s 
f orw 

, (27b)

where k α
1 

is a fitting constant implying the rate of generation of statistically stored dislocations. k α
2 

represents the rate

sensitivity coefficient related to dynamic recovery ( Beyerlein and Tomé, 2008 ) and will be defined shortly. The parameter p

will also be defined shortly. The stored reversible dislocations depend on the direction of shearing as 

i f d γ s + > 0 : 
∂ρs + 

re v 
∂ γ s = pk α1 

√ 

ρs 
f orw 

+ ρs + 
re v − k α2 ( ̇ ε , T ) ρ

s + 
re v , 

(28a)

∂ρs −
re v 

∂ γ s 
= −k α1 

√ 

ρs 
f orw 

+ ρs + 
re v 

(
ρs −

re v 
ρs 

tot 

)m 

, (28b)

i f d γ s − > 0 : 
∂ρs −

re v 
∂ γ s = pk α1 

√ 

ρs 
f orw 

+ ρs −
re v − k α2 ( ̇ ε , T ) ρ

s −
re v , 

(29a)

∂ρs + 
re v 

∂ γ s = −k α1 

√ 

ρs 
f orw 

+ ρs −
re v 

(
ρs + 

re v 
ρs 

tot 

)m 

, 

with : 
ρs + 

re v | t=0 = ρs −
re v | t=0 = 0 , ρs 

f orw 

| t=0 = ρs 
initial, 

(29b)
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Table 1 

Fitting parameters for the hardening law. 

Martensitic phase Ferrite phase 

τα
0 1100 MPa 140 MPa 

k α1 0 . 1 e + 08 m 

−1 3 . 5 e + 08 m 

−1 

D α 800 MPa 550 MPa 

g α 0.019 0.015 

q α 0.1 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

where, the power m controls the rate of dislocation recombination and is taken here as 0.5 ( Wen et al., 2015 ). The initial

value used for the forward dislocation density population is ρs 
initial 

= 4 . 16 e + 11 m 

−2 for both ferrite and martensite. The

parameter p indicates the shear reversibility parameter varying between 0 and 1. The reversibility parameter determines

the portion of forward and reversible dislocation densities contributing to the total dislocation density. For low to moderate

strain levels, p = 1 , while for high strain levels the dislocation debris can significantly obstruct the reversible motion causing

p ≤ 1 ( Kitayama et al., 2013 ). The reversibility parameter of unity indicated that all dislocations are loosely tangled and prone

to gliding in the opposite direction upon load reversal. Since the accumulated plastic strain for all simulations is the present

work is relatively low (less than 0.4), a value of unity is adopted for the reversibility parameter. The parameter k α
2 
( ̇ ε , T ) is

defined as a function of absolute temperature and strain rate as follows 

k α2 = 

k α1 χb α

g α

(
1 − k B T 

D 

α( b α) 
3 

ln 

(
˙ ε 

˙ ε 0 

))
, (30) 

where g α is an effective activation enthalpy, k B is the Boltzmann constant, ˙ ε 0 is a reference strain rate taken to be 10 7 s −1 ,

and D 

α is a drag stress. The two fitting constants are g α and D 

α . 

DP steels exhibit a strong BE meaning that the dislocations formed during deformation in one direction easily annihilate

upon strain reversal ( Gardey et al., 2005 ; Wilson and Bate, 1986 ). Such observations have been confirmed using diffrac-

tion measurements in which shrinkage of the diffraction peak widths has been observed ( Wilson and Bate, 1986 ). These

evidences indicate that a decrease of dislocation density at strain reversal is an additional operating mechanism. Thus, in

addition to the dislocation density law a small fraction of stored dislocations is removed mimicking a transient dislocation

annihilation upon the load reversal. 

Finally, the third term, τα
deb 

, is a consequence of the debris dislocation population ( Madec et al., 2003 ) and is defined

using 

τα
deb = k deb μ

αb α
√ 

ρdeb log 

(
1 

b α
√ 

ρdeb 

)
, (31) 

where, ρdeb is the debris dislocation density and k deb = 0 . 086 is a material independent constant that recovers the Taylor

law for low values of dislocation density. The evolution of debris dislocation density is defined as 

d ρdeb = 

∑ 

s 

q αb α
√ 

ρdeb k 
α
2 ( ̇ ε , T ) ρ

s 
tot d γ

s , (32) 

Here, the evolution is coupled with the rate of dislocation recovery process. The parameter q α is a fitting parameter sep-

arating the portion of removed dislocations ( 
∂ ρs 

rem,tot 

∂ γ s = k α
2 
( ̇ ε , T ) ρs 

tot, ) to form debris. Eq. (32) is based on thermally activated

processes, such as climb and cross slip, believed to be responsible for pattern formation. These processes are mostly respon-

sible for the recovery of forest dislocations. However, in this model, a smaller fraction of the recovered forest dislocations

contribute to debris development. The debris density is used to model stage IV hardening, which manifests in large strain

deformation. The fitting constants will be provided in Table 1 . 

2.3. Slip-system-level evolution of back-stress 

The plastic deformation of DP steels starts in ferrite, while martensite remains elastic ( Gong et al., 2016 ). The strain

gradients between contrasting plastically and elastically deforming phases is accommodated by geometrically necessary dis- 

locations (GNDs), which are sources of localized hardening and back-stress fields ( Nesterova et al., 2015 ). Moreover, mea-

surements also show that the properties of the ferrite phase change with distance from the martensite grains i.e. the grains

of the ferrite phase are harder in the vicinity of martensite grains ( Kadkhodapour et al., 2011 ). The variation stems from

the volume expansion strains created during austenite-martensite transformation, which are accommodated primarily by 

GNDs ( Sakaki et al., 1983 ). Thus, the stress fields in the ferrite phase around martensite will vary with the distance from the

martensite phase. Additional back-stress fields arise from dislocation debris surrounded by GNDs (stress type III), primarily

in the ferrite phase ( Mughrabi, 2001 ). As a result, back-stress fields are present locally in both ferrite and martensite phases,

while these stress fields vanish at the volume average sample level ( Brown and Stobbs, 1971 ). Strain gradients of plastic

slip govern the GND density and then the GND density governs back-stress field ( Evers et al., 2004 ). Such strain gradient
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Table 2 

Fitting parameters for the back- 

stress law. 

Martensitic/ferrite phase 

ν 200 

A bs 3.0 

γ b 0.01 

τ sat 
bs 

25 MPa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

plasticity formulations have been developed within the full-field crystal plasticity solvers ( Evers et al., 2004 ; Lebensohn and

Needleman, 2016 ). However, due to significant difficulties with such formulations, a phenomenological approach is adopted

here to approximate the evolution of back-stress fields. Since the GNDs are not considered by the model, the back-stress

evolves with plastic strain per crystal giving rise to the kinematic hardening effects. While the adopted approach is a gross

simplification of the actual physical phenomena, it is relatively simple and computationally efficient. While the stress field

around GNDs is tensorial ( Bayley et al., 2006 ), only the resolved stress component on a gliding slip system enters our back-

stress definition ( Evers et al., 2004 ; Kim et al., 2012 ). Such formulation is known as self-internal back-stress formulation

( Bayley et al., 2006 ). In our work, the same formulation is used for ferrite and martensite, which is another simplification

since the effects of the fields are likely not the same for the two phases. 

The evolution law for the slip system level micro back-stress helping or hindering the deformation in ferrite and marten-

site consists of the following equations given an increment in shear d γ s + / − > 0 (whether in the forward + or in the reverse

– direction) ( Zecevic et al., 2016c ) 

i f τ s + / −
bs,sys 

> 0 : 
∗
γ

s + / −
= 

−1 
ν ln 

(
1 − τ s + / −

bs,sys 

τ sat 
bs 

)
, 

(33a)

τ s + / −
bs,sys 

= τ sat 
bs 

(
1 − exp 

(
−ν

(
∗
γ

s + / −
+ d γ s + / −

)))
, 

τ s −/ + 
bs,sys 

= −A bs τ
s + / −
bs,sys 

, 

(33b)

elsei f τ s + / −
bs,sys 

< 0 : 
∗∗
γ

s + / −
= −γb ln 

(
τ sat 

bs 
−τ s + / −

bs,sys 

( A bs +1 ) τ sat 
bs 

)
, 

(33c)

τ s + / −
bs,sys 

= −( A bs + 1 ) τ s + / −
bs,sys 

exp 

(
−

∗∗
γ

s + / −
+ d γ s + / −

γb 

)
+ τ sat 

bs 
, 

τ s −/ + 
bs,sys 

= − 1 
A bs 

τ s + / −
bs,sys 

, 

(33d)

where τ s + / −
bs,sys 

is the slip system level back-stress for the two opposite directions, s + and s −. A bs and ν are the back-stress

fitting parameters. The parameter A bs can promote asymmetry in the evolution of back-stress between two opposite slip

directions to better capture micro-back-stresses present in dislocation pile-ups, which are responsible for non-linear un-

loading upon load reversal ( Sritharan and Chandel, 1997 ). The cut-off limit at which the back-stress evolution will saturate

τ sat 
bs 

is also a fitting parameter. As is evident, for back-stress to evolve in a grain, the grain must deform plastically to an

accumulated magnitude of shear γ s + / −. The back-stress fitting parameters will provided in Table 2 . 

The above described slip system kinematic hardening effects are suitably defined to capture the local plasticity processes

responsible for nonlinear unloading and the BE. While τ s + 
bs 

acts in the direction opposite to the driving force on s + , i.e.

P 

s + · σ − τ s + 
bs 

= τ s 
c , meaning that τ s + 

bs 
lowers the driving force, τ s −

bs 
aids the driving force on the slip system s − according to:

P 

s − · σ−τ s −
bs 

= τ s 
c . 

2.4. High performance EVPFFT 

Running EVPFFT simulations involving multi-phase materials, which require high resolutions of at least 64 3 , especially

for cyclic loading, is computationally challenging. In our recent work, we have developed a GPU accelerated version of the

model, termed ACC-EVPCUFFT ( Eghtesad et al., 2019 ) to facilitate computationally efficient simulations using EVPFFT. The

need for computationally efficient codes for crystal plasticity modeling has been highlighted in several studies ( Barrett et al.,

2019 ; Barton et al., 2011 ; Knezevic and Savage, 2014 ; Savage and Knezevic, 2015 ). The version takes advantages of the

OpenACC standard and CUFFT library. The version is utilized in the present work and, for the first time, run on the latest

NVIDIA Tesla V100 graphics card. Fig. 1 shows the performance benchmark of ACC-EVPCUFFT code running on NVIDIA Tesla

V100 device relative to the original scalar version of the code. Furthermore, the figure shows that the ACC-EVPCUFFT model
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Fig. 1. Performance benchmark using MPI-EVPFFT ( Eghtesad et al., 2018a ) and ACC-EVPCUFFT ( Eghtesad et al., 2019 ) parallel implementations enhanced 

in this work for the dislocation-based hardening and backstress laws for two RVE domain sizes (i.e. voxel resolutions). The MPI version of the code is run 

on 4, 8, 16, 32, and 64 processes while the GPU versions are run on Nvidia Tesla K80, P100, and V100 GPUs. The speed up is normlaized over the original 

scalar version of the code ( Lebensohn et al., 2012 ), which utilizes the FOURN routine while the MPI-EVPFFT and ACC-EVPCUFFT use the MPI-FFTW and 

CUFFT, respectively, for the FFT calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

is not only substantially faster from the original code but also from the MPI-EVPFFT (Massage Passing Interface) version

exercised up to 64 CPUs. The MPI-EVPFFT was developed in ( Eghtesad et al., 2018a ). The figure also shows the acceleration

obtained using older version of the GPU cards, K80 and P100. All simulations presented in this paper were run on CPU cores

of Intel Xeon 2695 v4. 

3. Results 

This section uses the ACC-EVPCUFFT model enhanced for the DD hardening and back-stress laws to simulations defor-

mation behavior of DP steels. 

3.1. Microstructure of DP590, DP980, DP1180, and MS1700 

Microstructure formation and phase partitioning in DP steels depends on the synthesis and processing routes

( Rocha et al., 2005 ; Schemmann et al., 2015 ). DP steels studied in the present work have been acquired as rolled sheets

from US Steel. DP 590, DP 780, and DP 980 are from US Steels’ hot dip (HD) processing lines, while DP1180 is from their

continuous annealing line (CAL). DP 590 and DP 780 were galvannealed (HDGA) coated, DP 980 was galvanized (HDGI)

coated, and DP 1180 was bare. The grades of the commercial DP steel are designated by their ultimate tensile strength (UTS)

in MPa. The sheet thicknesses were 1.3, 1.4, 1, and 1 mm for DP 590, DP 780, and both DP 980 and DP 1180 respectively.

The studied steels are typical of auto-body/structure applications. In order to simulate their deformation behavior using the

ACC-EVPCUFFT model, numerical simulation setups in terms of voxel-based microstructural cells i.e. representative volume 

elements (RVEs) are first synthetically constructed. In these setups, grain structure, volume fraction of phases, texture, and

misorientation distribution for each phase are considered as microstructural features governing the local and overall de-

formations behavior of the steels. The microstructures are generated using the DREAM3D software package ( Groeber and

Jackson, 2014 ) and shown in Fig. 2 . The grain structure and texture are based on the EBSD scans, while phase volume frac-

tions are primarily based on scanning electron microscopy (SEM) images ( Cantara et al., 2019 ; Knezevic and Landry, 2015 ;

Zecevic et al., 2016c ). Every microstructural cell consist of 256 3 voxels embedding several thousand grains. The voxelized

data consists of voxel coordinates, grain IDs, phase IDs, and crystal orientation for every FFT point (i.e. voxel) of the call.

The cell for DP 590 embeds 1218 grains for ferrite and 6051 grains for martensite. The cell for DP 980 embeds 11,803 grains

for ferrite and 6365 grains for martensite. The cell for DP 1180 embeds 6005 grains for ferrite and 4079 grains for marten-

site. The cell for MS 1700 embeds 1054 grains for ferrite and 7969 grains for martensite. The measured textures for each

steel were loaded in DREAM3D and assigned to ferrite, while a uniform random texture is assigned to martensite. Stereo-

graphic pole figures visualizing ferrite textures for each steel are shown in Fig. 3 ( Cantara et al., 2019 ; Eghtesad et al., 2018b ;

Zecevic et al., 2016c ). The pole figures are plotted with the EDAX orientation imaging microscopy (OIM) analysis software

from TexSEM Laboratories (TSL) ( EDAX and TSL ). As is evident, the steel sheets have typical orthotropic rolled texture of

BCC metals, where a majority of the grains are oriented around the γ -fiber and a portion of the α-fiber ( Bunge, 1993 ;

Jahedi et al., 2014 ; Knezevic et al., 2014c , 2015a ; Kocks et al., 1998 ; Lücke and Hölscher, 1991 ; Randle and Engler, 20 0 0 ;

Ray et al., 1994 ; Smith et al., 2016 ; Von Schlippenbach et al., 1986 ; Zecevic and Knezevic, 2018b ). We have attempted to
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Fig. 2. Microstructural cells for (a) DP 590 (b) DP 980 (c) DP 1180 and (d) MS 1700 steels generated in DREAM.3D based on statistical input in terms of 

orientation distribution function and phase fraction. The first row from top indicates the volume rendering of martensite (red) illustrating its distributions. 

The second row shows the surface of the cells along with several slices in RD direction revealing internal phase distribution. The third row represents the 

inverse pole figure (IPF) maps and further compares the phase distribution with secondary electron (SE) images. The labeling in (a) applies to (b), (c) and 

(d). 

 

 

 

 

 

 

 

 

 

 

 

separate the texture of the martensitic phase in each steel and obtained these to be weak (i.e. approximately random).

Thus, texture of the martensitic phase is assumed as uniform random. The phase fraction estimates for martensite are 7.7%,

39%, 45%, and 80% for DP 590, DP 980, DP 1180, and MS 1700, respectively. With increasing volume fraction of martensitic,

the phase distribution in the cells evolves from small islands surrou nding ferrite to larger connected regions of martensite.

While different microstructural topologies govern local mechanical fields as highlighted in ( Berbenni et al., 2004 ; Tasan et al.,

2015 , 2014 ), the overall homogenized stress–strain response is similar given the phase fractions, grain shape/size, and tex-

ture. 

In order to ensure the RVE domains are of sufficient resolution, we performed a resolution sensitivity study with resolu-

tions of 16 3 , 32 3 , 64 3 , 128 3 , 256 3 . Fig. 4 presents results of the study for macroscopic stress–strain response of DP1180 steel.

The convergence in terms of the macroscopic response is obtained with 128 3 , meaning that increasing the resolution does

not change the results. However, we adopt the resolution of 256 3 for all simulations to better represent the micromechanical

fields, especially those at interfaces. 

3.2. Model calibration and validation 

In this section, the ACC-EVPCUFFT model is first verified for predicting elastic anisotropy and then adjusted for predicting

the plasticity of DP steel sheets. 
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Fig. 3. Stereographic pole figures measured by EBSD showing initial texture for: (a) DP 590, (b) DP 980, and (c) DP 1180. 

Fig. 4. Calculated true stress-true strain response of DP 1180 as a function of microstructural cell resolution to evaluate the convergence of the EVPFFT 

solver for macroscopic response. 

 

 

 

 

 

 

 

 

 

 

 

3.2.1. Elastic properties 

After a metallic part is removed from a forming die, the mechanical fields evolve to a new equilibrium, which is ac-

companied by geometrical changes (springback). Such dimensional changes are largely driven by elastic properties. Thus,

a constitutive model used in predicting springback in metal forming should consider elastic anisotropy, as highlighted in

( Sumikawa et al., 2016 ; Wagoner et al., 2013 ). In our recent work, we have studied elastic response of DP steels based on

the self-consistent homogenization method ( Cantara et al., 2019 ). In doing so, we have estimated the single crystal elastic

stiffness coefficients for martensite and ferrite by predicting the orientation dependent Young’s modulus and Poisson’s ratio

data reported in Deng and Korkolis (2018) . The estimated crystal constants are C 11 = 218 . 37 GPa, C 12 = 113 . 31 GPa, C 44 =
105 . 34 GPa for ferrite and C 11 = 282 . 31 GPa , C 12 = 116 . 19 GPa , C 44 = 78 . 57 GPa for martensite. Estimates of the effective

elastic properties of a polycrystal depend on microstructure, accuracy of available single crystal constants, and selected

homogenization procedure linking the crystal to the overall effective elastic response. Here, we run the ACC-EVPCUFFT full-

field homogenization with the same crystal constants for the given microstructural cells ( Fig. 2 ) to evaluate whether the
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Fig. 5. Comparison of measured and predicted variation of effective Young’s modulus (top row) and Poisson’s ratio (bottom row) with the in-plane sheet 

orientation for: (a) DP 590, (b) DP 980, (c) DP 1180, and (d) MS 1700. The angle starts from the rolling direction (i.e. 0 ° = RD). 

Fig. 6. Comparison of measured and calculated true stress-true strain response for: DP 590, DP 980, DP 1180, and MS 1700 steels under simple tension. 

 

 

 

 

 

 

 

 

 

 

 

 

model will predict the orientation dependent data. Fig. 5 shows the results demonstrating a good agreement between the

calculations and the data. These results are regarded as predictions because of no model calibration. The polar plots show

the evolution of Young’s modulus and Poisson’s ratio anisotropy from DP590 (large) to MS1700 (small), which is a conse-

quence of crystal constants and microstructure. Good predictions of local and overall anisotropic elastic response is essential

for estimating the distribution of elastic back-stress fields in the material ( Hasegawa et al., 1975 ), which will be exploited

shortly for studying the elasto-plastic response of these steels during their large strain cyclic deformation. 

3.2.2. Hardening behavior 

The model is used to simulate first monotonic deformation of DP 590, DP 980, DP 1180, and MS 1700 and then cyclic

tension-compression-tension deformation of DP 590 steel. Consistent with experiments, the simulations are performed un-

der an applied strain rate of 0.001 s −1 at room temperature (298 K). Simple tension/compression boundary conditions are

imposed along a loading direction, while enforcing zero average stress along the two lateral directions of the RVEs. This

is facilitated by applying a mixed Cauchy stress and strain rate boundary conditions in the EVPFFT model. Monotonic ex-

perimental data for DP 590 and DP 1180 are used for model calibration, while the rest for model validation. Likewise,

part of cyclic data is used for model calibration, while the rest for model validation. In order to capture the monotonic
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Fig. 7. Comparison of measured and calculated (without accounting for backstress) true stress-true strain cyclic (tension–compression to zero strain–

tension to failure) response along RD with the following pre-strain levels in tension: (a) 0.01 (b) 0.02 (c) 0.04 (d) 0.06 (e) 0.08 (f) 0.10 for DP 590. The 

reversible dislocation density was modeled. 

 

 

 

 

 

 

 

 

 

 

response, the following parameters associated with the hardening laws are fit for ferrite and martensite: initial slip resis-

tance, τα
0 

, trapping rate coefficient, k α
1 

, activation barrier for de-pinning, g α , drag stress, D 

α , and the rate coefficient q α .

The fitting procedure starts with varying τα
0 

to fit yield stress. Next, k α
1 

, is adjusted such that the initial hardening slope

is reproduced. Next, g α and D 

α are adjusted to match the hardening behavior. Finally, q α is adjusted to capture the later

stage of the hardening behavior. In order to capture the cyclic response, the following back-stress law parameters are fit:

saturation value for back-stresses τ sat 
bs 

, asymmetry factor, A, and parameters ν and γ b . Here, both τ sat 
bs 

and A are adjusted

simultaneously to obtain the asymmetric yield and non-linear unloading upon load reversal. Once this is achieved, tun-

ing ν and γ b simply provides more accurate fits. The hardening and back-stress parameters are given in Tables 1 and 2 ,

respectively. 

Fig. 6 shows results of the calculations for the four DP steels based on a single set of parameters for ferrite and a single

set of parameters for martensite. The only variable in the calculations controlling the response is the initial microstructure
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Fig. 8. Magnitude of backstress with accumulated shear strain in a randomly selected ferrite grain for the s th slip system with highest activity during the 

forward tension and the 1st and the 2nd reversal. 

Fig. 9. (a) Effect of reversible dislocation population driven by the reversibility parameter (0 ≤ p ≤ 1) on hardening during loading in the reverse direction. 

(b) Evolution of dislocation populations for p = 1 up to an accumulated shear of 0.1 for a slip system with the highest activity in a randomly selected 

ferrite grain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Fig. 2 ). After successful predictions of the monotonic loading conditions, we run large strain cyclic tension-compression-

tension simulations. Here, active slip systems experience at least two reversals in shearing direction. 

To show the effect of back-stress, Fig. 7 shows the comparison between simulated and experimental curves without

accounting for back-stress in the simulations. As is evident, the BE is not predicted well. Fig. 8 shows typical predictions

of back-stress evolution on a slip system influencing magnitude of the resolved shear stress. Next, we show the effect

of reversible dislocation population, which is driven by the reversibility parameter (0 ≤ p ≤ 1). Increasing the reversibility

parameter decreases the hardening rate mimicking the easy motion and annihilation of loosely tangled dislocations in the

opposite direction. The implementation addresses the issue of over-estimation of the hardening after the second reversal

and right before the last monotonic loading step. The red line in Fig. 9 a shows this over-shooting which happens when no

reversible dislocations are considered (i.e. p = 0 ), while the blue line shows the complete reversible implementation (i.e. p =
1 ). Fig. 9 a shows that the value of p = 1 is the most appropriate for the studied pre-strain levels. Fig. 9 b represents a typical

evolution of total ( ρtot ) and reversible dislocation densities ( ρs + 
re v , ρ

s −
re v ) with accumulated shear strain on a slip system.

Fig. 10 shows the predictions after accounting for both effects (back-stress and reversible dislocations). It can be seen that

the model is capable of capturing all features particular to the cyclic behavior of DP 590. Importantly, the model predictions

are based on a single set of fitting parameters. 

4. Discussion 

This work has integrated a strain path sensitive dislocation density-based hardening law, a back-stress law, and in-

trinsic inter-granular backstress along with crystal elastic anisotropy within a full-field ACC-EVPCUFFT crystal plasticity

solver to enable predictions of the macroscopic deformation behavior of DP steels. The novel feature of the model cap-

turing underlying mechanisms of plastic deformation facilitated good predictions of the monotonic and cyclic response of
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Fig. 10. Comparison of measured and calculated (after accounting for backstress and reversible dislocations) true stress-true strain cyclic (tension–

compression to zero strain–tension to failure) response along RD with the following pre-strain levels in tension: (a) 0.01 (b) 0.02 (c) 0.04 (d) 0.06 (e) 

0.08 (f) 0.10 for DP 590. (g) Forward and the 1st reversal curves as a function of accumulated true strain showing drops in yield stress i.e. the permanent 

softening upon load reversal. 
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Fig. 11. Fields of effective plastic strain over a microstructural cell for: (a) DP 590, (b) DP 980, (c) DP 1180, and (d) MS 1700. The cells were consistently 

deformed to a strain of 0.035 (i.e. the uniform elongation strain for MS1700 sample). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DP steels. The individual contributions of back-stress and reverse dislocation motion have been illustrated in Figs. 7 and

9 . Clearly, both the evolution of back-stress and the annihilation of dislocation densities are important mechanisms for

accurate predictions of deformation behavior of DP steels. The predicted flat regions in Fig. 9 b reveal that upon a strain

reversal some deformation can be accommodated without a substantial increase in dislocation density. Such results are in

agreement with assumption made in several other cyclic plasticity constitutive models ( Ohno, 1982 ; Ohno and Kachi, 1986 ;

Zecevic and Knezevic, 2018a ). 

While the scope of the modeling presented in this paper was primarily to predict the macroscopic behavior as a function

of microstructural features considering the phase fractions as the most dominant feature, in closing we discuss the predicted

mechanical fields over microstructural cells. Fig. 11 shows fields of the effective plastic strain, while Fig. 12 depicts fields of

von Mises stress at given strain levels for the studied steels. The ability to predict such fields is an advantage of full-field

models such as ACC-EVPCUFFT over mean-filed approaches. Owing to contrasting strength characteristics between ferrite

and martensite, highly heterogeneous fields can be observed. Grains of martensite develop much larger stress than grains

of ferrite, while the amount of plastic strain is significantly lower in these grains than those of ferrite resulting in large

gradients, as revealed in the figures. Due to a large fraction of ferrite, the deformation of DP 590 is the most homogeneous

amongst the studied steels. Deformation starts in large regions of ferrite, while martensite is steel elastic. After substantial

deformation of the ferrite phase deforms, the martensite phase yields. By that time, channels of highly deformed ferrite be-

tween bulky martensite areas have developed. The effect is larger in the steel with smaller amount of ferrite. With increasing

the volume fraction of martensite, the gradients sharpen narrowing the high strain bands and reducing the overall ductility.

Beyond predicting stress and strain field localizations, future work will advance the model to predict damage accumulation

in grains and at interfaces as a function of microstructural topology. A similar study into the partitioning of mechanical fields

in a measured 3D microstructure of a DP steel has been carried out using a phenomenological crystal plasticity model and a

spectral method approach implemented in the Düsseldorf Advanced Material Simulation Kit (DAMASK) ( Diehl et al., 2017 ). In

particular, the study revealed the importance of modeling full 3D microstructures as opposed to 2D microstructures. While

no large effect on the global response were found, 2D modeling of the local stress and strain fields differed quantitatively
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Fig. 12. Fields of von Mises (VM) stress over a microstructural cell section for: (a) DP 590, (b) DP 980, (c) DP 1180, and (d) MS 1700DP. The cells were 

deformed to a strain of 0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and qualitatively from modeling in 3D, rendering the 2D models not suitable, especially for simulations tackling the damage

initiation in DP steels. 

5. Conclusions 

This paper develops a comprehensive full-field polycrystal plasticity model capable of predicting monotonic and cyclic

elasto-plastic deformation of DP steels deforming by crystallographic slip. Specifically, a dislocation density-based hardening

law and a slip system level back-stress kinematic hardening law are implemented into the ACC-EVPCUFFT micromechanical

model making the overall formulation as strain-path sensitive. The model is capable of taking advantage of high-performance

computational platforms integrating GPU cards to facilitate computationally efficient modeling. The dislocation law facilitates

annihilation of dislocation populations to capture the experimentally observed reduction of dislocations after strain reversals.

While the annihilation of dislocations is important for predicting the BE and the changes in the hardening rates during

reverse loading, the back-stress in conjunction with the elastic anisotropy primarily controls the non-linear unloading and

also influences the BE. The developed model is calibrated and validated on mechanical data for DP 590, DP 980, DP 1180,

and MS 1700 steels sheets. Crystallographic textures and phase fractions of these steels are characterized using electron

microscopy along with electron-backscattered diffraction. Based on the data, microstructural cells are constructed for each

steel in DREAM3D. The model parameters for ferrite and martensite are identified using the cells for two steels and then

used to predict the behavior of the other two streels. The model is shown to capture elasto-plastic monotonic behavior

as well as peculiarities pertaining to large strain cyclic deformation characteristics such as non-linear unloading upon the

load reversal, the BE, and changes in hardening rate during strain reversals based on evolving microstructure including the

evolution of dislocation density and crystallographic grain reorientation. Significantly, the predictions for the four steels

with varying content of martensite are based on a single set of parameters, one for ferrite and another for martensite. Since

full-field, the model offers insights into the development of highly heterogeneous mechanical fields because of contrasting

strength characteristics between constituent phases. Channels of highly deformed ferrite regions between bulky martensite 

areas are predicted limiting the elongation of steels, especially those with high content of martensite. Future work will focus
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on incorporating the ACC-EVPCUFFT model into the finite element method tools to facilitate applying boundary conditions

for metal forming simulations. 
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