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CRYSTAL PLASTICITY MODELING FOR PREDICTING LOAD REVERSALS IN DUAL 

PHASE STEELS AND ALUMINIUM ALLOYS: APPLICATIONS TO PREDICTING 

SPRINGBACK BEHAVIOR 

 

BY 

 

Sowmya Daroju 

 

ABSTRACT 

 

 

Numerical modeling of sheet metal forming is of growing interest for industry and academia. 

Metal forming operations often involve non-monotonic deformation paths with frequent 

unloading. This research explores the use of elasto-plastic self-consistent (EPSC) modeling in 

predicting the monotonic and load reversal deformation of aluminum alloys, and dual-phase 

steels. The EPSC model considers anisotropic elasticity, dislocation density-hardening, and intra 

granular slip system-level backstress fields in addition to accounting for inter granular stress 

fields; the detailed contribution of this helps in properly predicting the phenomena such as 

unloading non-linearity, the Bauschinger effect (BE), and changes in hardening rates during 

reversals. In this study the EPSC model is also linked with Finite element analysis software 

ABAQUS in predicting the spring back profiles in hat- shaped draw bending for various 

dualphase steels namely DP 780, DP 980, and DP 1180 which have various strengths based on 

the percentage of martensite and ferrite content. 
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Chapter 1: 
Experimental characterization and crystal plasticity modeling of dual-phase steels subjected to 

strain path reversals. 

 

This chapter has been published in Mechanics of Materials as: “Experimental characterization 

and crystal plasticity modeling of dual-phase steels subjected to strain path reversals”, Sowmya 

Daroju, Toshihiko Kuwabara, and Marko Knezevic. 

 

 

For this chapter, all the experimental results were provided by Professor Toshihiko Kuwabara, 

the simulated results were carried out in EPSC.   
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Experimental characterization and crystal plasticity modeling of dual-phase steels 

subjected to strain path reversals 

 

Sowmya Darojua, Toshihiko Kuwabarab, and Marko Knezevica,1 

 

 

aDepartment of Mechanical Engineering, University of New Hampshire, Durham, NH 03824, 

USA  

bDivision of Advanced Mechanical Systems Engineering, Institute of Engineering, Tokyo 

University of Agriculture and Technology, Tokyo 184-8588, Japan 

 

Abstract  

 

This paper is concerned with monotonic and load reversal deformation of four dual-phase (DP) 

590, 780, 980, 1180 and one martensitic (MS) 1700 steel sheets. While the monotonic data are 

presented for all steels, the load reversal data are provided for DP 590, DP 780, and DP 1180. 

Particularities pertaining to the reversal deformation including the decreasing hardening rate 

during forward tension, a linear and then a non-linear unloading, followed by the Bauschinger 

effect, and a shift in the hardening rate during continuous straining were quantified and discussed 

as a function of loading history. Moreover, parameters such as the reloading stress differential, 

reloading softening stress, ratcheting strain, and unloading deviation stress were determined and 

 
* Corresponding author at: University of New Hampshire, Department of Mechanical Engineering, 33 Academic Way, 

Kingsbury Hall, W119, Durham, New Hampshire 03824, United States. Tel.: 603 862 5179; fax: 603 862 1865.  

E-mail address: marko.knezevic@unh.edu (M. Knezevic). 
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discussed as a function of martensite fraction. The data were interpreted and predicted using an 

elasto-plastic self-consistent (EPSC) crystal plasticity model incorporating anisotropic elasticity, 

a dislocation density based hardening law, and a slip system backstress law. The model parameters 

associated with the slip strengths of ferrite and martensite and backstress were established. This 

work demonstrated the ability of crystal plasticity modeling to account for the co-dependent nature 

of crystallographic slip in ferrite and martensite and the sources of hardening caused by history-

dependent dislocation density evolution and backstress to predict not only monotonic but also 

hysteresis in plastic response during the forward-reversal cycles. The combination of 

comprehensive experimental data and modeling results allowed us to infer that the tradeoff 

between the magnitude of backstress per phase and the volume fraction of ferrite versus martensite 

per steel governs the unloading and subsequent yielding per steel, while the dissolution of 

dislocations facilitates capturing the hardening rates during load reversal deformation.  

 

 

Keywords: Microstructures; Cyclic loading; Backstress fields; Crystal plasticity; Dual-phase steels  
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1. Introduction 

Strain applied in the opposite direction with respect to that applied during prior straining gives 

rise to the load reversal deformation path. Such deformation path changes are often exerted on the 

material in metal forming processes (Hosford and Caddell, 1993). Upon the load reversal, the 

material first exhibits linear unloading, which is followed by non-linear unloading (Cullen and 

Korkolis, 2013; Deng et al., 2015; Wagoner et al., 2013; Yoshida et al., 2002). Next, the yield 

stress changes relative to that achieved at the end of prior straining. The phenomenon is referred 

to as the Bauschinger effect (BE) (Bauschinger, 1886). With continuous straining in the reverse 

direction, the hardening rate is usually smaller than that observed during prior straining. The 

phenomenon is referred to as the permanent softening (Hasegawa et al., 1975; Zang et al., 2013). 

The phenomena pertaining to the deformation involving load reversals are driven by plasticity 

induced microstructural evolution, as summarized below.  

The first phenomenon upon load reversal is the unloading of a strained material (Deng et al., 

2015; Pavlina et al., 2015; Sritharan and Chandel, 1997; Yoshida et al., 2002). The origin of the 

nonlinear portion of unloading is a re-emission of dislocations piled-up at grain and phase 

boundaries during forward straining (Mompiou et al., 2012; Sritharan and Chandel, 1997). The re-

emission of these loosely-tangled dislocations in pile-ups is accompanied by the relaxation of 

micro-backstress fields emanating from the pile-ups (Sritharan and Chandel, 1997). During stress 

relaxation, these mobilized dislocations from the pile-ups quickly vanish contributing to an 

increase in the forest dislocation density causing strain hardening (Dotsenko, 1979; Kruml et al., 

2008; Mohebbi et al., 2015).  

The second phenomenon proceeding after the unloading is the BE. The primary origin of BE 

pertains to intra-granular backstress sources of incompatibilities between hard regions (e.g. 
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dislocation cell walls) and soft regions (e.g. cell interiors) (Demir and Raabe, 2010; Gough et al., 

1927; Kassner et al., 2013; Mughrabi, 1983). The secondary origin of BE pertains to inter-granular 

backstress sources that develop due to the anisotropy between grains of different crystal orientation 

(Abel, 1987; Nieh and Nix, 1986; Stout and Rollett, 1990; Verma et al., 2011). Here, a softer grain 

surrounded by harder grains will undergo greater plastic deformation than the surrounding 

neighbors. Such incompatibilities in accommodating plastic strain cause the plastic strain gradients 

in the microstructure. The dislocations building up the gradients are referred to as the geometrically 

necessary dislocations (GNDs) (Bayley et al., 2006; Fleck et al., 1994). These long range internal 

stresses whether intra-granular or inter-granular acts against the applied loading. Upon the reversal 

of the loading direction, the backstress fields combine with the applied loading inducing a drop in 

the yield stress. Orowan’s theory justifies the BE in crystals based on the reduction in the resistance 

to dislocation glide in the reverse motion from that during prior forward straining (Orowan, 1959). 

The reverse path is easier because any obstacles on the forward path have been overcome. The 

strain incompatibilities are greater in multi-phase materials between grains of different phases than 

in single-phase materials between grains of the same phase because of a larger strength differential 

between phases than between grains in the same phase. As a result, the backstress fields govern a 

greater portion of the local and overall mechanical behavior in multi-phase materials than in single-

phase materials (Brown and Stobbs, 1971; Kadkhodapour et al., 2011; Nesterova et al., 2015; 

Taupin et al., 2013).  

The third phenomenon following re-yielding is the permanent softening. The underlying cause 

of the phenomenon is a competition between the annihilation/dissolution of existing dislocations 

and buildup of new dislocations during deformation in the reverse direction (Kitayama et al., 2013; 

Stout and Rollett, 1990; Wilson et al., 1990). The effect is more pronounced in multi-phase 
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materials (Bate and Wilson, 1986; Gardey et al., 2005; Hasegawa et al., 1975; Wilson and Bate, 

1986).  

Modeling of forming processes involving load reversals requires material models capable of 

capturing the above summarized phenomena (Li et al., 2002; Sharma et al., 2021). A range of 

macroscopic plasticity models combining isotropic and kinematic hardening laws attempting to 

represent the above summarized deformation physics have been developed (Armstrong and 

Frederick, 1966; Chaboche and Rousselier, 1983; Chaboche, 1977; Chaboche, 2008; Hu et al., 

1992; McDowell, 1992). These models, while computationally efficient and suitable to couple 

with the finite element method (FEM) codes, do not account for microstructural evolution and 

underlying dislocation processes and sources of backstress fields. Moreover, these models contain 

a large number of adjustable parameters whose identification is involved and often demands a set 

of complex mechanical tests (Feng et al., 2020; Smith et al., 2014). Since not microstructure 

sensitive, these models represent a specific material state and are best applicable to the loading 

conditions used in the model adjusting process.  

Models based on crystal plasticity theory provide more flexibility to incorporate physics of 

deformation because these models consider crystallography of deformation mechanisms and can 

capture microstructural evolution and underlying elasto-plastic anisotropy. Besides, these models 

are not restricted to a given state of the material or a specific loading condition, and therefore are 

more robust and predictive than macroscopic plasticity models. A number of crystal plasticity 

models have been developed in the course of last few decades ranging from Taylor-type upper-

bound models (Fromm et al., 2009; Taylor, 1938), mean-field self-consistent (SC) models 

(Lebensohn and Tomé, 1993; Turner and Tomé, 1994) to spatially resolved techniques such as 

crystal plasticity finite element (Kalidindi et al., 1992; Knezevic et al., 2014; Roters et al., 2010) 
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and Green’s function fast Fourier transform formulations (Eghtesad et al., 2018a; Lebensohn et 

al., 2012). While the spatial models can be used for more detailed simulations accounting for grain-

to-grain interactions, the Taylor-type and SC models are more computationally efficient and have 

proven effective in predicting the overall flow stress and evolution of texture in polycrystalline 

metals. Additionally, these models can serve as constitutive laws in the FEM modeling and 

simulations (Knezevic et al., 2013; Segurado et al., 2012). In such formulations, the spatial 

variations in deformation from point to point across the FEM model relax a particular 

homogenization assumptions (Feather et al., 2021).  

A crystallography-based elasto-plastic self-consistent (EPSC) model featuring a dislocation-

based hardening law and accounting for inter-granular stress fields and intra-granular backstress 

sources at the slip system level has been used to interpret the load reversal deformation of DP 590 

(Zecevic et al., 2016). The model has also been successfully adjusted to model the elastic 

anisotropy of DP 590, DP 980, DP 1180, and MS 1700 steels (Cantara et al., 2019). The earlier 

works also determined fraction of martensite versus ferrite in these steels (Poulin et al., 2020; 

Zecevic et al., 2016). Combining these modeling and characterization advances, the present work 

measures and models the monotonic response of DP 590, DP 780, DP 980, DP 1180, and MS 1700 

and the cyclic tension-compression response to large strains of DP 590, DP 780, and DP 1180 

steels. The large body of mechanical data for DP steel sheets is presented and used to calibrate and 

validate the model. To initialize the model, neutron diffraction measurements of texture were 

performed. The fitting parameters of the model are calibrated for ferrite and martensite using 

partial data for two steels and fine-tuned while predicting the behavior of the remaining streels. 

Based on the predictions, the model is regarded as capable of modeling the elasto-plastic 

monotonic pre-loading to various strain levels followed by hysteresis in the plastic regime with 
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multiple forward-reversal cycles of the steels using a single set of fitting parameters per phase. In 

particular, the monotonic hardening, the non-linear unloading, the BE, and the changes in the 

hardening rates during strain reversals are predicted for every steel. The data, calculations, and 

insights pertaining to the deformation behavior of the steels are presented and discussed in the 

paper.  

 

2. Materials and experiments 

The materials investigated in this work are DP advanced high strength steel (AHSS) sheets of 

DP 590, DP 780, DP 980, DP 1180, and one martensitic steel sheet, MS 1700. The sheets were 

acquired from the United States Steel Corporation (US Steel). DP 590, DP 780, and DP 980 

underwent the hot dip (HD) processing line, while DP1180 underwent the continuous annealing 

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

(HDGI) coated. DP 1180 and MS 1700 were bare. Chemical composition of the DP steels (wt%) 

is provided in Table 1. The thicknesses of the sheets were 1.3 mm, 1.4 mm, 1 mm, 1 mm, and 1 

mm for DP 590, DP 780, DP 980, DP 1180, and MS 1700, respectively. These steel sheets are 

typically used for auto-body and structure applications.  

The studied steels offer a compromise between strength and ductility as a result of their 

underlying microstructure that consists of a softer ferritic phase and a harder martensitic phase. 

While the former phase provides ductility, the latter phase provides the strengthening. Electron 

backscatter diffraction (EBSD) and secondary electrons (SE) imaging was performed in earlier 

work to characterize grain structure and phase fractions (Poulin et al., 2020).  Volume fraction of 

martensite for the studied steels is given in Table 2.  
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The tradeoff between strength and ductility of these steels is governed by the volume fraction 

of these two phases (Calcagnotto et al., 2012; Ghaei et al., 2015; Gong et al., 2016; Kudzal et al., 

2020; Ma et al., 2016; Woo et al., 2012; Zecevic et al., 2019). Further improvements are possible 

by phase distribution (Bhargava et al., 2018; Calcagnotto et al., 2011). The secondary effects 

influencing the behavior of these steels are due to grain size and crystallographic texture per phase. 

Local grain-level plasticity in these steels is highly inhomogeneous due to the contrasting 

characteristics of the constituent phases. For example, larger grains suitably oriented for slip 

deform plastically earlier than smaller grains of ferrite (Tasan et al., 2014). Additionally, plastic 

strain can localize in channels of ferrite between martensite regions as well as at martensite/ferrite 

phase interfaces (Kapp et al., 2011; Tasan et al., 2014; Woo et al., 2012; Yaddanapudi et al., 2021). 

Such localizations limit formability in sheet metal forming operations (Bhadeshia, 2002; Nikhare 

et al., 2011; Saeidi et al., 2015; Shi and Gelisse, 2006; Wagoner et al., 2009; Xue et al., 2016).  

To evaluate the behavior of the steels in large strain cyclic tension-compression, experiments 

were performed relying on the testing setup and procedure developed in the earlier works 

(Kuwabara et al., 2009; Kuwabara et al., 2001; Verma et al., 2011). We only indicate that the strain 

was measured using a YFLA-2 (Tokyo Sokki Kenkyujo) high-elongation strain-gages. 

Additionally, tensile tests were performed according to the ASTM E-8 standard on an MTS 

Landmark 370 servo-hydraulic testing machine. During these experiments, the strain was 

measured using the VIC-2D Digital Image Correlation (DIC) system. The DIC strain 

measurements were validated with those of a mechanical extensometer. A nominal strain rate of 

5x10-4 /s was used for all tests. All tests were performed at room temperature.  

 

Table 1. Chemical composition of DP steels (wt%).  
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 C Mn P S Si Cu Ni Cr Mo 

DP 590 0.073 1.97 0.014 0.006 0.017 0.04 0.01 0.2 0.172 

DP 780 0.1 2.163 0.015 0.006 0.014 0.03 0.01 0.26 0.332 

DP 980 0.11 2.411 0.013 0.005 0.013 0.027 0.009 0.255 0.385 

DP 1180 0.168 2.222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013 

 

 Sn Al Zr V Cb Ti B N2 

DP590 0.002 0.045  0.001   0.0001 0.005 

DP780 0.003 0.048  0.001 0.003 0.001 0.0001 0.006 

DP980 0.006 0.049 0.005 0.011 0.004 0.002 0.0001 0.0033 

DP1180 0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086 

 

Table 2. Volume fraction of martensite for the studied steels.  

 

 

 

3. Material model  

The EPSC model was originally developed in (Turner and Tomé, 1994), while the particular 

version from (Zecevic et al., 2016) is used here to interpret the load reversal deformation of DP 

steels. The model treats a polycrystal as a collection of ellipsoidal grains with a specific 

crystallographic orientation and a volume fraction. Overall properties of the polycrystal are 

obtained using the SC homogenization scheme in which each grain is considered as an elasto-

DP 590 DP 780 DP 980 DP 1180 MS 1700 

7.7% 34% 39% 45% 85% 
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plastic inclusion in the homogeneous-equivalent-medium (HEM). The properties of the HEM are 

those sought properties of the polycrystal. In the model description that follows, we use “∙” notation 

for a contracted (dot) product and “⊗” notation for an uncontracted (tensor) product.   

The strain rate and Jaumann stress rate at the polycrystal level are linked using a linear 

relationship  

�̂� = 𝐋�̇�,          (1) 

with 𝐋 denoting the instantaneous elasto-plastic stiffness tensor of the overall polycrystal. The 

solution for 𝐋 is obtained iteratively using the standard SC procedure (Turner and Tomé, 1994), 

which ensured the stress equilibrium and strain compatibility (Eshelby, 1957). A strain rate at the 

grain-level and that at the overall polycrystal-level are related using  

�̇�𝑐 = 𝐀𝑐�̇�,          (2) 

where 𝐀𝑐 = (𝐋𝑐 + 𝐋𝑐∗
)

−𝟏
(𝐋𝑐∗

+ 𝐋) is the localization tensor based on 𝐋𝑐, which is the 

instantaneous crystal, c, elasto-plastic stiffness tensor and 𝐋𝑐∗
= 𝐋(𝐒𝑐−1 − 𝐈) is the effective 

stiffness tensor. The effective stiffness relates the stress and strain rate deviations between grains 

and HEM as (�̂�𝒄 − �̂�) = −𝐋𝑐∗
(�̇�𝑐 − �̇�). 𝐒𝑐 is the symmetric portion of the Eshelby tensor and 𝐈 is 

the fourth rank identity. The polycrystal stress and strain rate are the volume average of the 

corresponding quantities at the grain-level 

�̂� = 〈�̂�𝑐〉,          (3) 

and  

�̇� = 〈�̇�𝑐〉.          (4) 

The expression for L is then 
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𝐋 = 〈𝐋𝑐𝐀𝑐〉〈𝐀𝑐〉−𝟏.         (5) 

Given the Jaumann stress rate, the Cauchy stress rate is �̇� = �̂� + 〈𝐖c𝛔c〉 − 〈𝛔c𝐖c〉 = 𝐋�̇� +

〈𝐖c𝛔c〉 − 〈𝛔c𝐖c〉, where 𝐖c is the lattice spin tensor of a crystal, c.  

The constitutive relation at the grain-level is 

�̂�𝑐 = 𝐂𝑐(�̇�𝑐 − ∑ 𝐦𝑐,𝑠�̇�𝑐,𝑠
s ) − 𝛔𝑐𝑡𝑟(�̇�𝑐),      (6) 

with 𝐂𝑐 as the grain-level elastic stiffness tensor calculated based on the single crystal elastic 

constants established in (Cantara et al., 2019) and ∑ 𝐦𝑐,𝑠�̇�𝑐,𝑠
s  as the plastic strain rate expressed 

as the sum over the slip system, s, shear strain rates, �̇�𝑐,𝑠. Here, 𝐦𝑐,𝑠 = 0.5(𝐛𝑐,𝑠 ⊗ 𝐧𝑐,𝑠 + 𝐧𝑐,𝑠 ⊗

𝐛𝑐,𝑠) is the symmetric part of the Schmid tensor with 𝐛𝑐,𝑠 and 𝐧𝑐,𝑠 are unite vectors representing 

the slip system direction and slip system plane normal, respectively. Like at the polycrystal level, 

the linear relationship between the grain strain rate and Jaumann stress rate is 

�̂�𝑐 = 𝐋𝑐�̇�𝑐,          (7) 

where 𝐋𝑐 is: 

𝐋𝑐 = 𝐂𝑐 − 𝐂𝑐 ∑ 𝐦𝑐,𝑠
𝑠 ⊗ (∑ (𝑋𝑠𝑠′

)
−1

𝐦𝑐,𝑠′

𝑠′ (𝐂𝑐 − 𝝈𝑐 ⊗ 𝐢)) − 𝝈𝑐 ⊗ 𝐢,  (8) 

with: 

𝑋𝑠𝑠′
= ℎ𝑠𝑠′ + ℎ𝑏𝑠

𝑠𝑠′
+ 𝐂𝑐 ∙ 𝐦𝑐,𝑠 ⊗ 𝐦𝑐,𝑠′

.      (9) 

To activate a slip system in EPSC, 𝐦𝑐,𝑠 ∙ 𝛔𝑐 − 𝜏𝑏𝑠
𝑐,𝑠 = 𝜏𝑐

𝑐,𝑠
 and 𝐦𝑐,𝑠 ∙ �̂�𝑐 − �̇�𝑏𝑠

𝑐,𝑠 = �̇�𝑐
𝑐,𝑠

 

conditions need to be satisfied. In the first condition, the resolved shear stress corrected for the 

backstress, 𝜏𝑏𝑠
𝑐,𝑠

 , approaches the value of slip resistance, 𝜏𝑐
𝑐,𝑠

, while in the second condition, the 

stress is enforced to remain on the crystal yield surface evolving with hardening. The slip 
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resistance, �̇�𝑐
𝑐,𝑠

, and backstress, �̇�𝑏𝑠
𝑐,𝑠

, rates are linked with shearing rates, �̇�𝑐,𝑠, using (Zecevic and 

Knezevic, 2015): 

�̇�𝑐
𝑐,𝑠 = ∑ ℎ𝑠𝑠′

𝑠′ �̇�𝑐,𝑠′
,         (10) 

�̇�𝑏𝑠
𝑐,𝑠 = ∑ ℎ𝑏𝑠

𝑠𝑠′

𝑠′ �̇�𝑐,𝑠′
,         (11) 

with ℎ𝑠𝑠′
 and ℎ𝑏𝑠

𝑠𝑠′
 being the hardening and the backstress matrices, respectively. Expressions for 

ℎ𝑠𝑠′
 and ℎ𝑏𝑠

𝑠𝑠′
 can readily be derived from the hardening and backstress evolution laws, which will 

be described below.  

In order to calculate the reorientation of crystal orientations in both ferrite and martensite 

grains, the lattice spin tensor, 𝐖𝑐, is used and calculates using  

𝐖𝑐 = 𝐖𝑎𝑝𝑝 + 𝚷c − 𝐖𝑝,𝑐        (17) 

with 𝐖𝑎𝑝𝑝 as the applied rotation rate, 𝚷c as the antisymmetric part of the Eshelby tensor 

(Lebensohn and Tomé, 1993), and 𝐖𝑝,𝑐 as the plastic spin, which is obtained from the shearing 

rates 

𝐖𝑝,𝑐 = ∑ 𝐪𝑐,𝑠�̇�𝑐,𝑠
𝑠 ,                     (18) 

with 𝐪𝑐,𝑠 = 0.5(𝐛𝑐,𝑠 ⊗ 𝐧𝑐,𝑠 − 𝐧𝑐,𝑠 ⊗ 𝐛𝑐,𝑠).  

 

 

3.1 Hardening law 

In the description below, the superscript   denotes slip modes i.e. 𝛼 = 1 for {110}〈11̅1〉 and 

𝛼 = 2 for {112}〈111̅〉, whereas the superscripts s and s’ denote the individual slip systems in the 
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modes. Note that the slip systems in EPSC have positive s+ and negative s- directions i.e. have the 

same slip plane but opposite directions.  

The slip resistance evolves from an initial value, 𝜏0
𝛼, that includes the Peierls stress, the barrier 

grain size contribution, and the initial content of dislocations contribution per slip system based 

on the thermally activated rate of dislocation storage  

𝜏𝑐
𝑠 = 𝜏0

𝛼 + 𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠 + 𝜏𝑑𝑒𝑏

𝛼 ,        (19) 

where, 𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠  is a forest dislocations term and 𝜏𝑑𝑒𝑏

𝛼  is a debris dislocations term. The former term 

is modeled using the Taylor-type relation (Kitayama et al., 2013; Taylor, 1992)  

𝜏𝑓𝑜𝑟
𝑠 = 𝑏𝛼𝜒𝜇𝛼√𝜌𝑡𝑜𝑡

𝑠 + 𝐿 ∑ 𝜌𝑡𝑜𝑡
𝑠′

𝑠′ ,       (20) 

with 𝑏𝛼 = 2.48 10−10 𝑚 as the Burgers vector per slip mode, 𝜒 = 0.9 as the dislocation 

interaction parameter, 𝜌𝑡𝑜𝑡
𝑠  as the total forest density of dislocations, and 𝐿 as the latent hardening 

parameter set to 1.05. The latter term relies on the extended Taylor-type relation (Madec et al., 

2003) 

𝜏𝑑𝑒𝑏
𝛼 = 0.086 𝜇𝛼𝑏𝛼√𝜌𝑑𝑒𝑏𝑙𝑜𝑔 (

1

𝑏𝛼√𝜌𝑑𝑒𝑏
),      (21) 

where 𝜌𝑑𝑒𝑏 is the debris density of dislocations.  

The evolution of dislocation densities is such that the deformation-history-dependent 

directionality is accounted for. To this end, a fraction of accumulated dislocations are considered 

as reversible. The total dislocation density per slip system consists of 

𝜌𝑡𝑜𝑡
𝑠 = 𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠+

+ 𝜌𝑟𝑒𝑣
𝑠−

,        (22) 
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with 𝜌𝑓𝑜𝑟
𝑠  as the forward dislocation density shared by both directions s+ and s- and 𝜌𝑟𝑒𝑣

𝑠+
 and 𝜌𝑟𝑒𝑣

𝑠−
  

as the reversible dislocation densities on s+ and s-, respectively. The evolution of forward 

dislocations follows the Kocks-Mecking law (Kocks and Mecking, 1981) 

𝜕𝜌𝑓𝑜𝑟
𝑠

𝜕𝛾𝑠 = (1 − 𝑝)𝑘1
𝛼√𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠 − 𝑘2

𝛼(𝜀̇, 𝑇)𝜌𝑓𝑜𝑟
𝑠 ,     (23) 

with 𝑘1
𝛼 as a fitting coefficient controlling the rate of dislocation generation, while 𝑘2

𝛼 is a rate-

sensitive coefficient controlling the rate of dynamic recovery (Beyerlein and Tomé, 2008), and 𝑝 

is a reversibility constant from 0 to 1 but taken as unity. Given that the parameter divides the 

increment in the total storage (𝑘1
𝛼√𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠  𝑑𝛾𝑠) in a forward ((1 − 𝑝)𝑘1

𝛼√𝜌𝑓𝑜𝑟
𝑠 + 𝜌𝑟𝑒𝑣

𝑠  𝑑𝛾𝑠) 

increment and a reversible (𝑝𝑘1
𝛼√𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠  𝑑𝛾𝑠) increment, the value of unity makes the 

increment solely reversible. The value of unity is justified by the low accumulated strain level in 

all simulations presented later in the paper (Kitayama et al., 2013; Zecevic and Knezevic, 2015). 

While 𝜌𝑓𝑜𝑟
𝑠  is independent of the shearing direction, 𝜌𝑟𝑒𝑣

𝑠  is the density associated with the shearing 

direction i.e. if 𝑑𝛾𝑠+
> 0 then 𝜌𝑟𝑒𝑣

𝑠 = 𝜌𝑟𝑒𝑣
𝑠+

, and if 𝑑𝛾𝑠−
> 0 then 𝜌𝑟𝑒𝑣

𝑠 = 𝜌𝑟𝑒𝑣
𝑠−  as  

(If  𝑑𝛾𝑠+
> 0) 

𝜕𝜌𝑟𝑒𝑣
𝑠+

𝜕𝛾𝑠 = 𝑝𝑘1
𝛼√𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠 − 𝑘2

𝛼(𝜀̇, 𝑇)𝜌𝑟𝑒𝑣
𝑠+

,      (24) 

𝜕𝜌𝑟𝑒𝑣
𝑠−

𝜕𝛾𝑠 = −𝑘1
𝛼√𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠 (

𝜌𝑟𝑒𝑣
𝑠−

𝜌0
𝑠 )

𝑚

,       (25) 

with 𝑚 as a coefficient controlling rate of dislocation recombination, set here to 0.5 (Wen et al.) 

and 𝜌0
𝑠 as the density at the shear reversal on the sth slip system  (Kitayama et al., 2013). For 

𝑑𝛾𝑠− > 0, the increments in 𝜌𝑟𝑒𝑣
𝑠−

 and 𝜌𝑟𝑒𝑣
𝑠+

 is calculated in an analogues manner to the above 
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equations. The initial conditions are 𝜌𝑓𝑜𝑟
𝑠 (𝛾𝑠 = 0) = 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑠 ,  𝜌𝑟𝑒𝑣
𝑠+

(𝛾𝑠 = 0) = 0  and 

𝜌𝑟𝑒𝑣
𝑠−

(𝛾𝑠 = 0) = 0.  

The coefficient 𝑘2
𝛼 is obtained using 

  
𝑘2

𝛼

𝑘1
𝛼 =

𝜒𝑏𝛼

𝑔𝛼
(1 −

𝑘𝐵𝑇

𝐷𝛼(𝑏𝛼)3
𝑙𝑛 (

�̇�

�̇�0
)),

        

(26)  

where, 𝑘𝐵 ,  𝜀0̇, 𝑔𝛼 and 𝐷𝛼

 
are constants: the Boltzmann constant, a reference strain rate set to 107 

s-1, and two fitting constant of an effective activation enthalpy and a drag stress, respectively. An 

increment of the debris development with the rate of recovery is  

𝑑𝜌𝑑𝑒𝑏 = ∑ 𝑞𝛼𝑏𝛼√𝜌𝑑𝑒𝑏𝑘2
𝛼𝜌𝑡𝑜𝑡

𝑠 |𝑑𝛾𝑠′
|𝑠 ,                                                                    (27) 

where 𝑞𝛼 is a dislocation recovery rate fitting constant that removes a fraction of α-type 

dislocations that do not annihilate to become debris.  

During forward tensile deformation, the dislocations mostly piled up close to obstacles such as 

phase or grain boundaries (Yaddanapudi et al., 2021). A strong BE can develop in steels develops 

in part as a consequence of easy annihilation of these dislocations formed during prior straining 

upon strain reversal (Gardey et al., 2005; Wilson and Bate, 1986). The effect is inferred from a 

decrease in hardness and shrinkage in the diffraction peak widths upon strain reversal (Wilson and 

Bate, 1986). At the strain reversal, generation of dislocations is momentarily retarded because a 

fraction of loosely-tangled stored dislocations easily glide in the reverse direction (Beyerlein, 

2008). The stress relaxation takes place in which the piled-up dislocations rearrange themselves 

toward their equilibrium position along with the annihilation of mobile dislocations. These 

observations of an instantaneous decrease in dislocation density at the strain reversal is an 

important mechanism for the model along with the dislocation density evolution law. Hence, a 

fraction of total dislocation density is annihilated upon strain reversals.  Continuous reloading of 



17 
 

the relaxed sample proceeds with the dislocation unpinning mechanisms with decline in 

annihilation and increase in multiplication of dislocations (Prasad et al., 2020).  

 

3.2 Backstress law  

Plastic deformation of DP steels initiates in the ferrite phase, while the martensite regions 

remain elastic (Gong et al., 2016). GNDs start to accumulate around the martensite regions 

inducing a strain gradient. These GNDs and any heterogeneous distribution of stored dislocations 

are sources of localized hardening and backstress fields (Nesterova et al., 2015). The stress field 

arising from GNDs will cause traction acting around martensite regions varying with the distance 

from the martensite. While the overall volume average stress equilibrates to zero, locally a non-

zero value of backstress field is present in the ferrite and martensite phases entering the volume 

average stress (Brown and Stobbs, 1971). As dislocation density in the ferrite phase increases with 

plastic strain, dislocation structures develop (Yaddanapudi et al., 2021). Concurrently, GNDs 

continue to accumulate at these structures ensuring compatible deformation. Hence, in addition to 

backstress fields from GNDs around the martensite regions, there are backstress fields present 

inside ferrite grains influencing the grain-level plastic deformation. The volume average of these 

backstress fields also vanish over grains (Mughrabi, 2001).  

Strain gradient plasticity model, which calculate backstress fields from GND calculations have 

been developed within the crystal plasticity finite element frameworks (Evers et al., 2004; Ma et 

al., 2006a, b, 2007). While higher order SC formulations also exist (Zecevic et al., 2017), the 

gradients in the model considered here exits only between the grain and the HEM. Since GNDs 

are not calculated in the model, a phenomenological law is adopted here to approximate the slip 

system backstress development with plastic strain giving rise to the kinematic hardening. 
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Formulation in which the backstress evolves with the plastic strain on individual slip systems are 

known as self-internal backstress formulations. A number of similar approaches exist in the 

literature (Bayley et al., 2006; Beyerlein and Tomé, 2007; Choi et al., 2013; Goh et al., 2003; 

Harder, 1999; Li et al., 2014; Wollmershauser et al., 2012; Xu and Jiang, 2004; Zecevic and 

Knezevic, 2015). The advantages of the backstress law used in this work is in its accuracy, 

simplicity and computational efficiency.  

As described earlier, a slip system activates after 𝐦𝑠 ∙ 𝛔 − 𝜏𝑏𝑠
𝑠 = 𝜏𝑐

𝑠 condition is fulfilled. 

Clearly, the condition is governed in part by the evolution of backstress. In our formulation, the 

backstress evolution law is for individual slip systems in ferrite grains, while the backstress on 

individual slip systems in martensite grains is obtained from the condition that the volume average 

of backstress always vanishes.  

The backstress calculation in ferrite begins by calculating the backstress tensor per slyp system 

following the implementation presented in (Harder, 1999)   

𝛔𝑏𝑠
𝑐,𝑠,𝑓

= (𝐛𝑐,𝑠 ⊗ 𝐧𝑐,𝑠 + 𝐧𝑐,𝑠 ⊗ 𝐛𝑐,𝑠)𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠 = 2𝐦𝑐,𝑠𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠  ,    (28) 

with 𝛔𝑏𝑠
𝑐,𝑠,𝑓

 as a backstress tensor and 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠  as a backstress on the slip system. Then the grain 

backstress tensor is a summation over individual slip systems 

𝛔𝑏𝑠
𝑐,𝑓

= 2 ∑ 𝐦𝑐,𝑠′
𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠′

𝑠′  .        (29) 

The slip system backstress is a resolved shear stress from the grain level backstress tensor 

𝜏𝑏𝑠
𝑠 = 𝐦𝑐,𝑠 ∙ 𝛔𝑏𝑠

𝑐,𝑓
= 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠 + 2 ∑ 𝐦𝑐,𝑠 ∙ 𝐦𝑐,𝑠′
𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠′

𝑠′  ,    (30) 

with the sum going over all active slip systems and 𝑠′ ≠ 𝑠. 
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Ferrite grains must deform plastically to give rise to backstress. The evolution law for 

backstress during plastic shearing in s+ direction (𝑑𝛾𝑠+
> 0) is 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

= 𝜏𝑏𝑠
𝑠𝑎𝑡(1 − exp (−𝜈𝛾𝑠+

),       (31) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= −𝐴𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

,         (32) 

where 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

 and 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

 are individual backstresses in the two contrary directions per slip system. 

The law involves 𝜏𝑏𝑠
𝑠𝑎𝑡 as a fitting parameter representing a saturation value for backstress, and A 

and 𝜈 as the additional fitting parameters, while 𝛾𝑠+
 is the shear strain accumulated on the sth slip 

system. Upon the load reversal, a system that was active during prior straining, s+, unloads and 

activates in the reverse direction, i.e. s-. Given that now 𝑑𝛾𝑠−
> 0, the evolution law is 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= −(𝐴 + 1)𝜏𝑏𝑠0
𝑠+

𝑒𝑥𝑝 (−
𝛾𝑠−

𝛾𝑏
) + 𝜏𝑏𝑠0

𝑠+
, 𝜏𝑏𝑠

𝑠+
= −

1

𝐴
𝜏𝑏𝑠

𝑠−
 𝑖𝑓  𝜏𝑏𝑠

𝑠−
< 0,  (33) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= 𝜏𝑏𝑠
𝑠𝑎𝑡(1 − 𝑒𝑥𝑝(−𝜈𝛾𝑠−

)), 𝜏𝑏𝑠
𝑠+

= −𝐴𝜏𝑏𝑠
𝑠−

 𝑖𝑓  𝜏𝑏𝑠
𝑠−

> 0   (34) 

with 𝜏𝑏𝑠0
𝑠+

 as the value of backstress at the point of the reversal and 𝛾𝑏 is an additional fitting 

parameter. The backstress tensor varies from grain-to-grain with a net volume average of 〈�̇�𝑏𝑠
𝑐,𝑓〉 

(Brown and Stobbs, 1971).  

Note that the rate forms of the equations are needed for 𝐦𝑐,𝑠 ∙ �̂�𝑐 − �̇�𝑏𝑠
𝑐,𝑠 = �̇�𝑐

𝑐,𝑠
 as well as for 

the derivative 
𝜕𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠

𝜕𝛾𝑠  i.e. for the backstress matrix, ℎ𝑏𝑠
𝑠𝑠′

. The rate forms are  

�̇�𝑏𝑠
𝑐,𝑓

= 2 ∑ 𝐦𝑐,𝑠′
�̇�𝑏𝑠,𝑠𝑦𝑠

𝑠′

𝑠′ ,         (35) 

�̇�𝑏𝑠
𝑠 = �̇�𝑏𝑠,𝑠𝑦𝑠

𝑠 + 2 ∑ 𝐦𝑐,𝑠 ∙ 𝐦𝑐,𝑠′
�̇�𝑏𝑠,𝑠𝑦𝑠

𝑠′

𝑠′  and 𝑠′ ≠ 𝑠,     (36) 

with �̇�𝑏𝑠,𝑠𝑦𝑠
𝑠 =

𝜕𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠

𝜕𝛾𝑠 �̇�𝑠.  
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The backstress rate in martensite regions is defined using the volume average of backstress 

rate in ferrite phase, 〈�̇�𝑏𝑠
𝑐,𝑓〉. Given that the overall backstress in the sample vanishes, the rate of 

backstress in martensite is  

〈�̇�𝑏𝑠
𝑚𝑟〉 = −

𝑉𝑓

𝑉𝑚
〈�̇�𝑏𝑠

𝑐,𝑓〉         (37) 

with 𝑉𝑓 and 𝑉𝑚 as the fractions of ferrite and martensite phases, respectively. The backstress on 

slip systems in martensite grains is 

�̇�𝑏𝑠
𝑐,𝑠,𝑚 = 𝐦𝑐,𝑠 ∙ 〈�̇�𝑏𝑠

𝑚𝑟〉.         (38) 

In summary, 𝜏𝑏𝑠
𝑠+

, acts opposite from the resolved shear stress on s+, i.e. 𝐦𝑠+
∙ 𝛔 − 𝜏𝑏𝑠

𝑠+
= 𝜏𝑐

𝑠. 

Evidently 𝜏𝑏𝑠
𝑠+

 lowers the activation stress. Concurrently, 𝜏𝑏𝑠
𝑠−

 aids the activation stress on the slip 

system s-, i.e. 𝐦𝑠−
∙ 𝛔 − 𝜏𝑏𝑠

𝑠−
= 𝜏𝑐

𝑠. These kinematic effects are the micro-plasticity processes 

primarily influencing the non-linear unloading and BE.  

 

4. Results  

This section begins by presenting the experimental results including flow stress and texture 

data and then continues with presenting the results of modeling including the model calibration 

and verification.  

4.1 Experimental results for strain reversal tests 

Figure 1 shows measured true stress-true strain curves during tension-compression-tension 

reversals. The first loading is forward tension to a given strain level. The second loading is 

compression to zero strain (1st reversal). The third loading is tension to fracture (2nd reversal). The 

materials exhibit the decreasing hardening rate during the forward tension, which is typical for 
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metals in which the plasticity is carried out by crystallographic slip. At the 1st reversal, the 

materials show an initial linear portion and then a non-linear portion of unloading. Macro-yield 

points during unloading at approximately 0.001 offset are indicated (σU). The pre-strain level in 

forward loading increases the magnitude of macro-yield stress, while the extent of the linear elastic 

unloading is approximately constant. The extent of the non-linear unloading is enhanced with 

strength of the steels (Bate and Wilson, 1986; Beyerlein, 2008). The reduction of the yield points 

between the initial straining and reverse straining is termed as transient softening. The mechanism 

is equivalent to the BE - the resistance to dislocation motion in the reverse sense is less than in 

forward straining. Following the transient softening is the permanent softening, which is a 

lowering of the stress-strain curves when the reverse stress-strain is plotted in the stress direction 

the same as the prior straining. These phenomena are depicted in the primed figures of Figure 1. 

The permanent softening phenomenon was first described in (Hasegawa et al., 1975) during 

tension-compression loading and also during forward-reverse simple shear loading in (Gracio et 

al., 2004). The origin of transient and permanent softening is in the backstress and annihilation of 

dislocations after reversing the glide directions during loading in the reverse direction. Like non-

linear unloading, these phenomena are enhanced with strength.  

Figure 2 shows comparisons between the forward tension and the 1st and 2nd reversals to 

observe the yielding differentials and subsequent hardening rates. As is evident, the transients after 

the 1st reversal are larger than the transients after the 2nd reversal. As the elasto-plastic transition 

upon the reversals (1st and the 2nd) is prolonged, the strain hardening rates are reduced compared 

to those during the forward tension. Although reduced, the strain hardening in compression of DP 

590 surpasses that in tension causing positive yield differentials. The positive yield differential 

increases with pre-strain. The yield differentials for DP 780 and DP 1180 appear negative. The 
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origin of these reloading yield stress differentials is also in the backstress and annihilation of 

dislocations, as will be described later. Upon macroscopic re-yielding, the rate of strain hardening 

is restored. The curves after the 2nd reversal evolve towards the forward tension curves.  

 

4.2 Texture characterization  

The present work uses the two-phase EPSC constitutive law enhanced for a dislocation density 

law and a backstress law to predict and interpret the above-described phenomena. To initialize the 

model, in addition to phase fractions, texture is needed. To this end, the measurements of texture 

were carried out on initial samples of every steel using the High Pressure Preferred Orientation 

(HIPPO) beam at the pulsed neutron spallation source at Los Alamos National Laboratory, 

LANSCE. It is a time-of-flight neutron diffractometer for bulk texture characterization of metals 

at ambient and non-ambient (pressure, temperature, and load) conditions (Wenk et al., 2003). 

Unlike EBSD, texture measured using neutron diffraction is averaged over mm3 to cm3 volumes 

owing to the deep penetration of thermal neutrons into the metals, combined with a large beam 

spot sizes of ∼0.1–1 cm2. The count time for the present measurements was approximately 20 

minutes at a proton current of 100 microA. Many inverse pole figures (i.e. in 135 sample 

directions) are measured to ensure a sufficient coverage for fiting an orientation distribution 

function (ODF) in a concurrent Rietveld refinement of 135 patterns, including also parameters 

such as lattice parameters (Wenk et al., 2010). Note that both martensite and ferrite are contained 

in the measurements as their diffraction peaks overlap. The ODF analyses of the data were done 

using MAUD (Wenk et al., 2010) with 7.5 degree resolution and the pole figures are plotted in 

MTEX (Bachmann et al., 2010). Figure 3 shows measured pole figures visualizing the initial 

texture in the steels. Texture in the steels is a typically reported orthotropic rolled texture for body-
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centered cubic (BCC) metals, where the crystal orientations are concentrated around the γ-fiber 

and the α-fiber (Bhattacharyya et al., 2015; Holscher et al., 1994; Kocks et al., 1998). The texture 

intensity reduces with the fraction of martensite.  

 

 

 

 

a a' 

b 
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Figure 1. True stress–true strain curves during strain path reversals at several large strain levels for 

(a) DP 590, (b) DP 780, and (c) DP 1180 measured along the rolling direction (RD). Macro-yield 

points during unloading at approximately 0.001 offset are indicated (σU). Comparison of forward 

tension versus the 1st reversal curves as a function of accumulated true strain showing drops in the 

flow stress i.e. the permanent softening effect upon reversals for (a’) DP 590, (b’) DP 780, and (c’) 

DP 1180. Legends are shown in the ‘unprimend’ plots and they apply to the corresponding 

‘primed’ plots. 

 

 

c 
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Figure 2. Comparison of the forward tension versus the 1st reversal (i.e. compression) curves pre-

strained in tension to different strain levels for (a) DP 590, DP 780, and (c) DP 1180. Comparison 

of the forward tension versus the 2nd reversal (i.e. tension) curves pre-strained in tension followed 

by compression to different strain levels for (a’) DP 590, (b’) DP 780, and (c’) DP 1180. Legends 

are shown in the ‘unprimend’ plots and are the same for the corresponding ‘primed’ plots.  

 

 

b 
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Figure 3. Stereographic pole figures showing the initial texture in sheets of DP 590 (top), DP 780, 

DP 980, and DP 1180, and MS 1700 (bottom).  

 

4.3 Model calibration and validation  
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This section begins by calibrating the model using the cyclic tension-compression-tension 

response of DP 590, DP 780, and DP 1180 steels. The axial deformation processes are simulated 

by applying strain increments along the rolling direction (RD), while enforcing the normal stresses 

in transverse direction (TD) and normal direction (ND) as well as the shear strains to zero. In the 

simulations, the measured textures were compacted to 150 weighted orientations for ferrite, while 

100 random orientations were used for texture of martensite. The texture compaction methodology 

was described in (Eghtesad et al., 2018b; Knezevic and Landry, 2015).  

The parameters pertaining to the hardening law for the evolution of slip resistances in ferrite 

and martensite and the backstress law for ferrite were adjusted using one cyclic tension-

compression-tension curve per steel, as each parameter affects a different portion of the curve. The 

curve deformed to a tensile pre-strain of 0.06 was used for DP 590, while the curves deformed to 

a tensile pre-strain of 0.05 were used for DP 780 and DP 1180. The identified parameters were 

slightly altered by comparing another cyclic curve per steel. The remaining tension-compression-

tension curves can be regarded as predictions. The parameters identified per phase are the initial 

resistance to slip, 𝜏0
𝛼, trapping rate coefficient, 𝑘1

𝛼, drag stress, 𝐷𝛼 and activation barrier for de-

pinning, 𝑔𝛼. The identification procedure begins by varying 𝜏0
𝛼 to reproduce initial yielding. Next, 

𝑘1
𝛼, is varied such that the initial hardening slope is captured. Next, 𝑔𝛼  and 𝐷𝛼 are varied to match 

the hardening rates. Finally, 𝑞𝛼 is fit to capture the later stage of the hardening rates. 

Simultaneously with the hardening parameters, the backstress law parameters for ferrite were 

calibrated for DP 590, DP 780, and DP 1180. These include the saturation value for backstress 

𝜏𝑏𝑠
𝑠𝑎𝑡, asymmetry factor, A, and coefficients 𝜈 and 𝛾𝑏. Here, both 𝜏𝑏𝑠

𝑠𝑎𝑡 and 𝐴 are varied 

simultaneously to obtain the unloading and asymmetric yield at load reversals. Once these are 

achieved, tuning 𝜈  and 𝛾𝑏 simply provides better fits. Next, the monotonic curves were simulated. 
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While these for DP 590, DP 780, and DP 1180 are predictions, some parameters were slightly 

adjusted to fit the data for DP 980 and MS 1700. The established parameters are given in Table 3. 

Note that the hardening parameters per phase are the same for every steel, except 𝐷𝛼 and the initial 

content of dislocation density per phase.   

The initial slip resistances, 𝜏0
𝛼, were first estimated 75.4, 77.8, 80.8, 93.9, 95.9 [MPa] for ferrite 

and 501.8, 503.5, 550.4, 652.2, 774.2 [MPa] for martensite per steel, DP 590, DP 780, DP 980, 

DP 1180, and MS 1700, respectively. These values include the contribution of the initial 

dislocation density content. Given the measured values of dislocation density per phase for DP 

1180 provided in (Yaddanapudi et al., 2021), we estimated the friction term of slip resistance, 𝜏00
𝛼  

by subtracting the contribution of the initial dislocation density from 𝜏0
𝛼 for DP 1180. Keeping the 

same friction stress for every steel, we estimated the initial dislocation density per phase for every 

steel, ∑ 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑠

𝑠 . Dislocation density increases with the content of martensite per steel. The 

expansion in volume during austenite to martensite phase transformation causes the deformation 

of ferrite phase and accumulation dislocations around martensite regions (Calcagnotto et al., 2010; 

Kadkhodapour et al., 2011). Therefore, the content of initial dislocation density is larger in steels 

containing more martensite. The higher the content, the higher the strength. It should also be noted 

that, in addition to the content of dislocations, chemical composition (i.e. the carbon content) 

influence the slip resistance and drag stress of the steels. This is true especially for martensite (Das 

et al., 2017). Therefore, the estimate for 𝜏00
𝛼  is an approximation.  

Figure 4 shows the comparison between measured and simulated tension-compression-tension 

curves for the three steels. The multiple-range hysteresis curves are modeled with reasonable 

accuracy. In particular, the model is capable of reproducing the features specific to the load 

reversal behavior of the steels including the hardening rates during forward loading, non-linear 
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unloading, BE, permanent softening and subsequent hardening rates. Figure 5 shows the 

comparison for the monotonic data. The basic properties of the steels are listed in Table 4. The 

model is further experimentally validated by simulating a set of data recorded under variable strain 

ranges and mean strains for DP 780 and DP 1180. The model is able to capture these complex data 

sets also with reasonable accuracy as shown in Figure 6. Although the model captures the yield 

point in the first cycle, re-yielding in the subsequent cycles is often over-predicted. Model 

modifications such as including spreads of field variables over ellipsoids could improve these 

predictions. Such spreads have been incorporated in a visco-plastic SC formulation (Zecevic et al., 

2017).  

 

 

 

a b 
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Figure 4. Comparison of measured and simulated true stress-true strain response during strain path 

load reversals for (a - f) DP 590, (g - j) DP 780, and (k - m) DP 1180.  

i j 

k l 
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Table 3a. Fitting parameters pertaining to the evolution of slip resistance for {110}〈11̅1〉 and 

{112}〈111̅〉 slip modes in ferrite (F) and martensite (M) common for all steels. The Burgers vector 

is 2.48e-10 m.  

 

 

 

 

 

Table 3b. Fitting parameters pertaining to the evolution of slip resistance for {110}〈11̅1〉 and 

{112}〈111̅〉 slip modes in ferrite (F) and martensite (M) per steel.  

 

Table 3c. Fitting parameters pertaining to the evolution of backstress in ferrite per steel.  

Parameter F M 

𝑘1
𝛼[𝑚−1] 2.5e8 1.5e8 

𝜏00
𝛼  [MPa] 75 500 

𝑔𝛼 0.009 0.01 

𝑞𝛼  20 20 

Parameter DP 

590 

(F) 

DP 590 

(M) 

DP 780 

(F) 

DP 780 

(M) 

DP 980 

(F) 

DP 980 

(M) 

DP 1180 

(F) 

DP 1180 

(M) 

MS 

1700 

(F) 

MS 1700 

(M) 

∑ 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑠

𝑠

 
3.4e9 4.08e10 3.4e10 5.08e10 4.37e10 1.46e11 3.14e12 1.47e13 4e12 4.92e14 

𝐷𝛼  650 700 700 750 700 780 800 850 850 900 

Parameters DP 590 

(F) 

DP 780 

(F) 

DP 1180 

(F) 

𝜏𝑏𝑠
𝑠𝑎𝑡[𝑀𝑃𝑎] 35 110 195 
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Figure 5. Comparison of measured and predicted true stress-true strain response in simple 

tension for the studied steels.  

 

Table 4. Properties based on the engineering curves for the steel sheets.  

 
DP 590 

(RD) 

DP 780 

(RD) 

DP 980 

(RD) 

DP 1180 

(RD) 

MS 1700 

(RD) 

0.2% offset 

yield stress 

(MPa) 

407 504 630 840 1487 

UTS (MPa) 663 913 1090 1288 1778 

Eng. strain at 

UTS 

0.146 0.108 0.086 0.072 0.041 

Eng. strain at 

fracture 

0.187 0.139 0.111 0.077 0.042 

 

𝜈  1000 1000 1000 

𝛾𝑏  0.001 0.003 0.005 

A 2 2 2 
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Figure 6. Comparison of measured and predicted true stress-true strain response during large strain 

reversals for (a - d) DP 780, and (e - h) DP 1180. The strain path in (a, e) is: 0 → 0.02 → -0.02 → 

0.04 → 0 → 0.06…up to fracture with the strain amplitude of 0.04 and the mean strain increase of 

0.02 per cycle. The strain path in (b, f) is: 0 → 0.02 → 0 → 0.04 → 0.02 → 0.06…up to fracture 

with the strain amplitude of 0.02 and the mean strain increase of 0.02 per cycle. The strain path in 

(c, g) is: 0 → 0.02 → -0.02 → 0.03 → -0.01 → 0.04…up to fracture with the strain amplitude of 

0.04 and the mean strain increase of 0.01 per cycle. The strain path in (d, h) is: 0 → 0.02 → -0.02 

→ 0.04 → -0.04 → 0.06…up to fracture.  

 

5. Discussion 

This work presents comprehensive monotonic and load reversal data for five dual phase (DP) 

steels and is concerned with interpreting the data using a crystal plasticity model, which considers 

microstructural evolution and the directionality of single-crystal level deformation mechanisms. 

The model is the EPSC formulation (Zecevic et al., 2016), which incorporates a dislocation 

g h 
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density-based hardening law (Beyerlein and Tomé, 2008) advanced to account for dissolution of 

dislocations upon load reversal and a slip system-level backstress law.  

The load reversal data recorded for DP steels showed the typical decreasing hardening rate 

during forward tension, a linear and then a non-linear unloading, followed by the BE, and a slight 

shift in the hardening rate during continuous straining. The data were used to calibrate and 

critically validate the EPSC model. The good performance of the model in capturing such elasto-

plastic deformation characteristics is a consequence of accounting for kinematic hardening at the 

slip system-level through the evolution law for backstress for both ferrite and martensite and 

dislocation annihilation physical mechanism to reflect the experimentally observed decrease in 

dislocation density upon strain reversal. Additionally, the model is correctly initialized with the 

experimentally measured texture, phase fractions, and dislocation density per phase. From the 

comparisons between data and predictions, the aim is to provide insights into various aspects of 

the material response during load reversals.  

It is observed that the tensile hysteresis loops do not overlap with the monotonic tensile curves. 

Several additional parameters can be defined from the differences to further discuss the load 

reversal deformation characteristics of the steels. Figure 7a illustrates these parameters using 

representative enlarged areas of the stress-strain curves. The parameters are the reloading stress 

differential, Δσh, reloading softening stress, ∆σs, and ratcheting strain, ϵ∆. These specific 

parameters are quantified for DP 780 and DP 1180. Additionally, the unloading deviation stress 

∆σ is quantified for DP 590, DP 780, and DP 1180. The values of these individual parameters are 

discussed as a function of martensite and loading.  

The reloading yield stress differential under tension (the differential between initial tension 

and 2nd reversal), Δσh, as a function of the applied tensile pre-strain is shown in Figure 7b. The 
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differential increases with plastic strain and content of dislocations. While positive for DP 590, it 

is negative for DP 780 and DP 1180. Evidently, the increasing content of martensite weakens the 

reloading yield effect, which is attributed to the increase in backstress in the microstructure with 

martensite. The evolution of reloading softening stress with the tensile pre-strain for the 

investigated steels is shown in Figure 7c based on the data for two strain amplitudes, 0.02 and 

0.04. Since the results are similar for both strain amplitudes, likely no appreciable plasticity 

occurred in compression for both datasets. The softening effects is slightly larger for the softer 

steel. Figure 7d shows the ratcheting strain evolution with the tensile pre-strain. Overall, the 

ratcheting strain shows a similar evolution trend as the reloading softening effect because the 

ratcheting strain results from the softening effect but, in contrast, increases with the strain 

amplitude and underlying loading nonlinearity. The less strong/stiff DP 780 has the ratcheting 

strain a bit greater than the more strong/stiff DP 1180. The unloading deviation stress, ∆σ, is shown 

in Figure 7e as a function of the applied pre-strain in tension. The deviation increases with the 

strength of the steels.  

The model reveals that the backstress predominately controls the non-linear unloading 

deformation and the BE along with the reloading yield effect, while the evolution of dislocation 

density plays a role in capturing the BE and, more importantly, in predicting the hardening rates. 

Figure 8 shows the evolution of backstress with the accumulated shear strain in a randomly 

selected grain per phase for a slip system with the highest activity in the selected grain. It should 

be noted that stress in each grain is a consequence of the applied stress, intergranular interaction 

stress, and backstress. The backstress in ferrite hinders the process of plastic deformation, since it 

acts against the applied field. In contrast, the backstress in the martensite phase is opposite to the 

backstress present in the ferrite acting with the applied field because the volume average backstress 
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in the material vanishes. Note the line type in Figure 8. The backstress in ferrite will aids the 

activation upon the reversal. The tradeoff between the magnitude of backstress per phase (Figure 

8) over the steels is a consequence of the volume fraction of ferrite versus martensite per steel 

(Table 2). Specifically, the increasing content of martensite weakens the reloading yield effect 

because it increases the backstress in the microstructure (Figure 8). Note that the magnitude of 

backstress in martensite is driven by the magnitude of backstress in ferrite but scales inversely 

with the volume fraction of martensite. The tradeoff governs the unloading and subsequent yield 

differential per steel. The fact that martensite is deforming elastically longer than ferrite is also 

contributing to the tradeoff, especially after the reversal. 

The annihilation of dislocation density is another important mechanism for accurate 

predictions of stress levels during cyclic deformation. Figure 9 shows the dislocation density 

evolution during the cyclic deformation of DP 1180. Such plots for other steels look similar and 

are not provided. The plot shows that the dislocation density evolves much more rapidly in ferrite 

than in martensite. The dissolution of the dislocations upon load reversal is essential in predicting 

the changes in the hardening rates. Evidently some deformation can be accommodated without a 

large increase in dislocation density. These results agree with the constitutive assumptions invoked 

in developing cyclic plasticity models (Ohno, 1982; Ohno and Kachi, 1986).  

 

 
a b 
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Figure 7. (a) An illustration to define the reloading yield stress differential under tension (Δσh), 

reloading softening stress (Δσs), and ratcheting strain (ϵΔ) parameters. (b) Comparison of Δσh 

c d 

e 
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versus true strain levels for 1st reversal. (c) Comparison of Δσs versus true strain levels for tension. 

(d) Comparison of ϵΔ versus true strain levels for tension. (e) Unloading deviation stress (Δσ  =σL 

– σU), where σL is the true stress at the end of a pre-load and σU is the macro-yield during unload 

at approximately 0.001 offset.  

 

 

Figure 8. Evolution of backstress with accumulated shear strain in a randomly selected (a) ferrite 

grain and (b) a randomly selected martensite grain for an sth slip system with the highest activity 

per grain during forward tension followed by the 1st and the 2nd reversal for DP 590 (Fig. 4d), DP 

780 (Fig. 4i), and DP 1180 (Fig. 4m). The same crystal orientation and the same slip system per 

phase are selected for every material.  

 

a b 
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Figure 9. Evolution of total dislocation density (∑ 𝜌𝑡𝑜𝑡
𝑠

𝑠 ) in (a) ferrite, (b) martensite, and (c) 

combined ferrite + martensite during load reversal deformation of DP 1180 (Fig. 4m).  

 

6. Conclusions  

The monotonic response of DP 590, DP 780, DP 980, DP 1180, and MS 1700 and the large 

strain cyclic response of DP 590, DP 780, and DP 1180 steel sheets was measured. The large body 

of cyclic data showed consistently the typical decreasing hardening rate during forward tension, a 

linear and then a non-linear unloading, followed by the BE, and some shift in the hardening rate 

during continuous straining. Since the cyclic loops did not overlap with the monotonic curves, 

a b 

c 



42 
 

parameters such as the reloading yield stress differential, reloading softening stress, ratcheting 

strain, and unloading deviation stress were identified and quantified. The pre-strain level in 

forward loading increased the magnitude of macro-yield stress, while the unloading deviation 

stress was approximately constant. The extent of the non-linear unloading increased with strength 

of the steels. Since the elasto-plastic transition upon the reversals (1st and the 2nd) was prolonged, 

the strain hardening rates reduced compared to those during the forward tension. Although 

reduced, the strain hardening in compression of DP 590 surpassed that in tension and also induced 

positive yield differentials under tension. The positive yield differential increased with pre-strain. 

In contrast, the yield differentials for DP 780 and DP 1180 were negative. The reloading softening 

stress and ratcheting strain scaled inversely with the strength of the steels. Upon yielding after the 

load reversal, the rates of strain hardening were quickly restored. Like non-linear unloading, the 

permanent softening was enhanced with strength.  

The data were used to calibrate and critically validate an EPSC model developed for two-phase 

steels. The model features sub-models including a dislocation density-based hardening law and a 

slip system-level kinematic back-stress law for load reversals. It was shown that the model 

successfully reproduces the flow response of the steels during monotonic and cyclic deformation 

to various levels of plastic pre-strains. Specifically, hardening rates, non-linear unloading, and the 

BE were captured. Significantly, the model achieved excellent agreement for all data using a single 

set of parameters per phase except for one parameter, which varied from steel to steel. Such good 

performances of the model in capturing the deformation characteristics were a consequence of 

accounting for kinematic hardening at the slip system-level through the evolution law for 

backstress for both ferrite and martensite and dislocation annihilation physical mechanism to 

reflect the experimentally observed decrease in dislocation density upon strain reversals. 
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Additionally, the model was correctly initialized with the experimentally measured texture, phase 

fractions, and dislocation density per phase. The combination of comprehensive experimental data 

and modeling results allowed us to infer that the tradeoff between the magnitude of backstress per 

phase and the volume fraction of ferrite versus martensite per steel determined the unloading and 

subsequent yield differential per steel, while the dissolution of dislocations facilitated capturing 

the hardening rates during load reversal deformation. Specifically, the increasing content of 

martensite weakened the reloading yield effect because it increased the overall backstress in the 

microstructure. As the phenomena captured by the standalone model have major implications on 

the accuracy of simulations of metal forming processes of steels, the model will be used in the 

FEM forming simulations treating complex, non-monotonic deformation conditions in the future 

works.  
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Chapter 2:  
Experimental characterization and crystal plasticity modeling for predicting load reversals in 

AA6016-T4 and AA7021-T79. 

This chapter has been published in International Journal of Plasticity as: “Experimental 

characterization and crystal plasticity modeling for predicting load reversals in AA6016-T4 and 

AA7021-T79”, Sowmya Daroju, Toshihiko Kuwabara, Rishabh Sharma, David T. Fullwood, 

Michael P. Miles, Marko Knezevic. 

 

For this chapter, all the experimental results were provided by Professor Toshihiko Kuwabara, 

the simulated results were carried out in EPSC.   
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Abstract  

This paper describes the results and insights from a combined experimental and modeling 

investigation into the monotonic and load reversal deformation of aluminum alloys (AA) 6016-

T4 and 7021-T79. In addition to providing the comprehensive data, particularities pertaining to 

the reversal deformation, including the hardening rates during monotonic tension, a linear and 

then a non-linear unloading, the Bauschinger effect (BE), and hardening rates during continuous 

straining in the opposite direction causing permanent softening, were analyzed and discussed as a 

function of loading history for both alloys. Moreover, the unloading deviation stress, reloading 
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stress differential, reloading softening stress, and ratcheting strain were determined as a function 

of pre-load strain. Interestingly, the alloys show contrasting characteristics in terms of permanent 

softening and reloading yield stress differential phenomena. The data were predicted and 

interpreted using an elasto-plastic self-consistent (EPSC) crystal plasticity model. The model 

considers anisotropic elasticity, dislocation density-based hardening, and intra-granular slip 

system-level backstress fields in addition to accounting for inter-granular stress fields. The 

hardening law and the backstress law parameters were established using a portion of the 

measured data for both alloys. Good predictions of the remaining data proved the ability of 

crystal plasticity to account for the co-dependent nature of crystallographic glide and the sources 

of hardening originating from the deformation history-dependent dislocation density evolution 

and backstress fields. Comparison of the experimental and modeling results revealed that the 

unloading behavior is primarily driven by backstress, the BE is governed by backstress and inter-

granular stresses, and the hardening rates upon load reversals are controlled primarily by the 

strain-path sensitive evolution of dislocation density.  

 

Keywords: Microstructures; Dislocation density; Cyclic loading; Crystal plasticity; Aluminum 

alloys  

1. Introduction 

Simulations play an important role in evaluation of component performances in service and, 

especially, in optimization of metal forming operations. Reliability of such simulations is 

dependent on a material model, which describes the relations between the imposed boundary 

conditions on a workpiece and the resulting deformation. As metal forming operations involve 

non-monotonic deformation paths with frequent unloading, the material model must be able to 
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describe the material response under such deformation conditions. For example, bending-

unbending of metallic sheets drawn over a die radius includes tension followed by compression 

(Chun et al., 2002; Knezevic et al., 2019; Poulin et al., 2020; Wagoner et al., 2013). The material 

also undergoes unloading - the so called springback deformation, which always happens after 

removal of a part from a die (Boger et al., 2005; Wagoner et al., 2013). Predicting such behavior 

requires elasto-plastic material models able to predict unloading, transients in yield stress (the 

Bauschinger effect, BE), and changes in the work hardening rates during strain-path changes, in 

addition to anisotropic hardening rate during monotonic deformation. These phenomena 

originate from the evolution of the underlying microstructure as summarized next.  

The unloading strains consist of an initial elastic response followed by a small nonlinear 

component owing to small scale yielding, attributed to a dislocation relaxation phenomenon 

(Mompiou et al., 2012; Pavlina et al., 2015; Sritharan and Chandel, 1997; Wagoner et al., 2013; 

Yoshida et al., 2002; Zhou and LeSar, 2012). The small scale back-flow during unloading is a 

result of accumulated micro backstress fields arising from dislocation pile-ups at grain 

boundaries (Seeger, 1957; Weng, 1979) or non-deforming particles (Brown and Clarke, 1975; 

Tanaka and Mori, 1970). The back-flow is accommodated by some re-emission of the 

dislocations from the pile-ups (Mompiou et al., 2012; Sritharan and Chandel, 1997), while 

relaxing the micro backstress fields. Since the amount of plastic deformation before unloading 

influences the magnitude of non-linear unloading, accurate modeling of prior plastic deformation 

is essential to capture the non-linear unloading using a constitutive model.  

The Bauschinger effect refers to two different values of the yield stress for a material, 

measured depending on the loading sense, whether tension or compression (Bauschinger, 1886). 

The higher value occurs when the material is unloaded and then reloaded in the same sense, 
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while the lower value occurs when the material is unloaded and then reloaded in the opposite 

sense. The BE effect can occur in deformation of polycrystals from inter- and intra-granular 

sources (Nieh and Nix, 1986; Sauzay, 2008; Stout and Rollett, 1990) as well as in single crystals 

solely from intra-granular sources (Buckley and Entwistle, 1956; Demir and Raabe, 2010; Gough 

et al., 1927; Greetham and Honeycombe, 1960). The microstructural description of the BE is 

well documented in (Abel, 1987; Bate and Wilson, 1986a).  

In single crystals, hard dislocation walls due to high dislocation density separated by soft 

regions due to low dislocation density can induce intra-granular long-range internal stresses 

(LRIS) (Kassner et al., 2013; Mughrabi, 1983). Geometrically necessary dislocations maintain 

compatibility at the interface between such hetero-structured regions giving rise to hardening. 

During deformation the internal stresses develop in the opposite direction from the applied 

loading. Upon reloading in the opposite direction, these internal stresses combine with the 

loading and cause a drop in the yield. In precipitation hardened alloys, such as Al alloys, 

precipitates as obstacles to mobile dislocations cause the BE. Dislocations shear precipitates on 

the slip plane until the array of obstacles becomes closely spaced and sufficiently strong to 

inhibit the forward motion. After the applied stress is removed, the dislocations relax and re-

equilibrate locally (Orowan, 1948). If the strain-path is reversed, the backward stress necessary 

to move the dislocations is lower than the forward stress because the array of obstacles on the 

same path has been overcome during the forward motion and is less dense than the array that 

arrested the dislocations during the forward motion (Orowan, 1959). Another distribution of 

precipitates will eventually arrest dislocations moving in the opposite direction but the BE has 

manifested itself before that. The anisotropy in resistance to dislocation glide between forward 

and reverse directions causes the BE. In the case of non-shearable precipitates, dislocations bow 
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out and then form loops as they break through the obstacles. The loops exert a repulsive force on 

the dislocations of the same sign moving in the same direction but attractive force for the 

dislocations of the same sign moving in the opposite direction, which manifests itself as the BE. 

These second phase particles induce a composite effect, where the particles share the applied 

stress and thus reduce the amount of stress in the matrix. The matrix then flows at a larger 

applied stress than it would in the absence of the particles. This load sharing phenomena can be 

an additional source of backstress fields (Bate et al., 1981, 1982). 

In polycrystalline materials, the BE effect has additional sources in inter-granular stress 

fields. Some grains are harder and some are softer depending on their crystal lattice orientation 

with respect to the loading direction. The inter-granular stress fields arise due to strain 

incompatibilities between adjacent soft/hard grains during forward loading. These stress fields 

combine with the stress applied in the reverse direction, which can manifest in the drop of the 

yield stress (Weng, 1979, 1980). Importantly, these inter-granular stress fields are strongly linked 

to the evolutions of texture and grain structure with plastic strain, which promote the 

development of plastic anisotropy.  

Following the BE, a change in the work hardening rate may occur (Hasegawa et al., 1975a; 

Kitayama et al., 2013b; Stout and Rollett, 1990; Wilson et al., 1990). As a result, an offset 

between the reverse and the forward flow stress arises (Bate and Wilson, 1986b; Orowan, 1959; 

Zang et al., 2013). The offset is referred to as the permanent softening. The effect stems from a 

tradeoff between the annihilation of dislocations formed during the forward deformation and 

buildup of new dislocations during deformation in the opposite direction.  

A range of macroscopic models have been formulated to predict cyclic deformation of alloys 

relying on a combination of isotropic and linear or nonlinear kinematic hardening laws 
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(Armstrong and Frederick, 1966; Chaboche and Rousselier, 1983; Chaboche, 1977; Chaboche, 

2008; Hu et al., 1992; McDowell, 1992). These formulations are computationally efficient and 

suitable to easily implement in finite element (FE) codes. These models mathematically 

represent the above mechanistic sources of backstress fields using a set of model parameters and 

do not distinguish between intra- and inter-granular sources of backstress. Moreover, these 

models have a large number of adjustable parameters, which demand specialized mechanical 

tests and inverse methodologies for their identification (Feng et al., 2020; Smith et al., 2014). 

The models are also restricted to a specific material state used in testing and often to the specific 

loadings used during the model adjusting process.  

Models based on crystal plasticity provide more flexibility to incorporate the mechanistic 

sources of backstress fields along with the crystallography of deformation mechanisms and 

texture. These models are not constrained to a specific deformation condition  or a given material 

state and can predict the development of the anisotropy caused by the evolution of textural and 

microstructure (Lopes et al., 1999). To link response of individual grains to the response of a 

polycrystalline aggregate, several homogenization schemes have been formulated. These range 

from upper-bound Taylor (Knezevic et al., 2008; Taylor, 1938) to mean-field self-consistent 

(SC) (Lebensohn and Tomé, 1993), and finally to spatial full-field formulations (Kalidindi et al., 

1992; Kalidindi et al., 2006; Lebensohn et al., 2012). While the full-field models are more 

accurate because of accounting for grain-to-grain interactions, the Taylor and SC models are 

computationally more efficient and effective in capturing the flow stress response and texture 

evolution. Additionally, the Taylor and SC models have been coupled with FE codes to relax the 

homogenization assumptions (Barrett and Knezevic, 2019; Barrett et al., 2020; Knezevic et al., 

2013; Segurado et al., 2012; Zecevic et al., 2017a; Zecevic and Knezevic, 2017, 2019; Zecevic et 
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al., 2016). The assumptions become relaxed because the deformation varies spatially from point 

to point across the FE mesh.  

The present work utilizes a recent implicit formulation of the elasto-plastic self-consistent 

(EPSC) model, integrating anisotropic elasticity, a dislocation-based hardening law, and a slip 

system backstress law (Zecevic and Knezevic, 2019) to study the load reversal deformation of 

AA6016-T4 and AA7021-T79. A large body of mechanical testing data for sheets of the alloys is 

presented and used to calibrate and validate the model for each alloy. To initialize the model, 

texture and grain structure were measured using electron backscattered diffraction (EBSD). The 

model parameters are calibrated for each alloy using part of the test data. Based on the 

performance of the model against the remaining data, the model is validated as a tool for 

predicting hardening rates during monotonic tension and compression, linear and then a non-

linear unloading, the BE, and hardening rates during continuous straining in the opposite 

direction along with the permanent softening, as a function of loading history for both alloys. 

The experimental data, simulation results, and insights pertaining to the monotonic and load 

reversal behavior of the alloys are presented and discussed in the paper.  

 

2. Materials and experiments  

We study deformation behavior of precipitation-hardened alloys in sheet form, commonly 

used for various lightweighting efforts in the automotive industry, AA6016-T4 and AA7021-T79 

(supplied by Commonwealth Rolled Products). The investigated AA6016-T4 was a 1.1 mm thick 

sheet, aged for about one year. It is a heat treatable low copper, Al–Si–Mg alloy in the temper T4 

condition. Table 1 shows its chemical composition. The Mg and Si content are set to produce 

Mg2Si precipitates (Jaafar et al., 2012). The following precipitation sequence strengthens the 
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alloy (Miao and Laughlin, 1999):  supersaturated solid solution (sss)  → Guinier–Preston (GP) 

zones → needle-like β” → rod-like β’ + lath-like precipitates → β + Si. These precipitate are 

barriers to dislocation motion, with the β” phase proving the most effective for hardening (Eskin 

and Kharakterova, 2001). The investigated AA7021-T79 was a 2.5 mm thick sheet, also aged for 

about a year. The alloy was in T79 temper condition. Table 1 shows its chemical composition. 

Heat treatment of this Al-Zn-Mg-Cu alloys result in a typical precipitation sequence as follows:  

sss → GP zones (coherent) → η’ (metastable and semicoherent) → η (MgZn2 – incoherent 

resulting from over-aging) (Couturier et al., 2017; Mirihanage et al., 2021; Prabhu, 2015).  

Unfortunately, the use of this alloy in industry is restricted by its low formability at room 

temperature. Warm forming greatly improves its formability with a possibility to form some 

precipitates dynamically. The alloy is being increasingly evaluated for various application as a 

part of an industry-wide lightweighting effort, while the AA6016-T4 has already been employed 

for components like exterior body panels, as it can be formed at room temperature. The AA6016-

T4 is usually strengthened during the subsequent paint bake process (about 175°C for 20 

minutes). The paint bake results in final properties that are stronger than T4, but not quite at the 

level of T6 condition. In addition to high industrial relevance, these precipitation hardened alloys 

develop backstress fields and their effects on the load reversal behavior deserve to be 

systematically studied (Anjabin et al., 2014; Bhattacharyya et al., 2018; Sehitoglu et al., 2005; 

Zecevic and Knezevic, 2015).  

Experimental setups have been developed to test materials under strain path reversals 

including forward - reverse torsion (Chen et al., 1999; Stout and Rollett, 1990), forward - reverse 

shear (Gracio et al., 2004), tension - torsion (Brown, 1970), tension - shear (Barlat et al., 2003; 

Peeters et al., 2001), and tension - compression (Boger et al., 2005; Dietrich and Turski, 1978; 
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Szczepiński, 1990; Tan et al., 1994; Yoshida et al., 2002). In this work, the investigated alloys 

are tested monotonically in tension and compression and in single and multiple tension-

compression cycles to various pre-strain levels. Specimens were cut out of the sheets with 

orientations along the rolling direction (RD) and the transverse direction (TD) according to the 

dimensions provided in the appendix. To verify that the tension portion of the cyclic curves 

matches data of regular tension tests, additional tensile bars were made according to the ASTM 

E-8 standard and tested on an MTS Landmark 370 servo-hydraulic testing machine. During these 

experiments, the strain was measured using the VIC-2D Digital Image Correlation (DIC) system. 

The load reversal experiments were performed on the testing setup developed in earlier works 

(Kuwabara et al., 2009; Kuwabara et al., 2001; Verma et al., 2011). The load cell used was 

TCLM -50KNB (Tokyo Sokki Kenkyujo Co., Max. load: 50 kN). The strain was measured using 

high-elongation strain-gages, YFLA-2-1L (Tokyo Measuring Instruments Laboratory Co.). A 

nominal strain rate of 10-4 /s was used for all tests. All tests were performed at room temperature.  

 

Table 1. Chemical composition of AA6016-T4 and AA7021-T79 (wt%).  

 Al Si Mg Fe Mn Zn Cu Ti Cr 

AA-6016 

T4 

Balance 1.5 0.6 0.5 0.2 0.2 0.2 0.15 0.1 

AA-7021-

T79 

Balance 0.058 1.4 0.2 0.057 5.8 0.19 - - 
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3. Modeling framework 

This section summarizes the EPSC polycrystal model used for modeling of the alloys. The 

particular version of the code is described in (Zecevic and Knezevic, 2019). The EPSC model 

treats a polycrystalline aggregate as a collection of ellipsoids/grains with a specific crystal lattice 

orientation and a volume fraction per orientation. Shape and crystallography of elipsoids evolve 

with plastic strain. Polycrystalline properties are obtained through the use of the SC 

homogenization scheme. In this scheme, each ellipsoid/grain is considered as an elasto-plastic 

inclusion embedded in the homogeneous-equivalent-medium (HEM). The HEM properties are 

the sought properties of the polycrystalline aggregate. In the model description below, we use “∙” 

to denote a contracted/dot product and “⊗” notation to denote an outer/tensor product. Tensors 

are denoted by bold letters, while scalars are not bold.  

The constitutive relation between Jaumann stress rate, �̂�, and strain rate, �̇�, is used in EPSC 

at both a single crystal-level and at a polycrystalline aggregate-level (Nagtegaal and Veldpaus, 

1984; Neil et al., 2010)  

�̂� = 𝐋�̇� = �̇� + 𝛔𝐖 − 𝐖𝛔        (1) 

At the polycrystalline level, the tensors, 𝛔, 𝐖, and 𝐋 are the Cauchy stress, spin, and tangent 

stiffness, respectively; values at the single crystal-level are represented with a superscript, c as  

𝛔𝑐, 𝐖𝑐, and 𝐋𝑐. Given the crystal quantities, the macroscopic Cauchy stress rate is obtained as 

�̇� = �̂� + 〈𝐖𝑐𝛔𝑐〉 − 〈𝛔𝑐𝐖𝑐〉 = 𝐋�̇� + 〈𝐖𝑐𝛔𝑐〉 − 〈𝛔𝑐𝐖𝑐〉, with 𝐋 obtained using the standard 

iterative SC procedure (Eshelby, 1957; Lipinski and Berveiller, 1989; Turner and Tomé, 1994) 

from the volume average �̂� = 〈�̂�𝑐〉 and �̇� = 〈�̇�𝑐〉. Hooke's constitutive law is used at the crystal-

level 
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�̂�𝑐 = 𝐋𝑐�̇�𝑐 = 𝐂𝑐(�̇�𝑐 − �̇�𝑝𝑙,𝑐) − 𝛔𝑐𝑡𝑟(�̇�𝑐),      (2) 

where 𝐂𝑐 and �̇�𝑝𝑙,𝑐 are the elastic stiffness and the plastic strain rate tensors per crystal c, 

respectively. The plastic strain rate tensor is  

�̇�𝑝𝑙,𝑐 = ∑ 𝐦𝑠�̇�𝑠
s           (3) 

where 𝐦𝑠 =
1

2
(𝐛𝑠 ⊗ 𝐧𝑠 + 𝐧𝑠 ⊗ 𝐛𝑠) is the symmetric Schmid tensor and �̇�𝑠 is the shearing 

strain rate. The former is defined by the slip system geometry: 𝐛𝑠  is the Burger’s vector and 𝐧𝑠 

is the slip system plane normal. The index, 𝑠, enumerates available slip systems in every grain c. 

Slip system activation is based on the following two conditions  

𝐦𝑠 ∙ 𝛔𝑐 − 𝜏𝑏𝑠
𝑠 = 𝜏𝑐

𝑠,         (4)  

𝐦𝑠 ∙ �̂�𝑐 − �̇�𝑏𝑠
𝑠 = �̇�𝑐

𝑠,          (5) 

where, 𝜏𝑐
𝑠, is the resistance to slip and 𝜏𝑏𝑠

𝑠  is the slip system-level backstress determining the 

kinematic hardening effects (Wollmershauser et al., 2012). Condition 4 implies that the stress 

state is on the single crystal yield surface. Condition 5 ensures consistency that the stress state 

stays on the single crystal yield surface (Knockaert et al., 2000; Zecevic et al., 2019). The 

quantities evolve using 

�̇�𝑐
𝑠 = ∑ ℎ𝑠𝑠′

𝑠′ �̇�𝑠′
,          (6) 

�̇�𝑏𝑠
𝑠 = ∑ ℎ𝑏𝑠

𝑠𝑠′

𝑠′ �̇�𝑠′
,          (7) 

where, ℎ𝑠𝑠′
 and ℎ𝑏𝑠

𝑠𝑠′
 are the hardening matrix consisting of derivatives, ℎ𝑠𝑠′

=
𝜕𝜏𝑐

𝑠

𝜕𝛾𝑠′, and the 

backstress matrix consisting of derivatives, ℎ𝑏𝑠
𝑠𝑠′

=
𝜕𝜏𝑏𝑠

𝑠

𝜕𝛾𝑠′. Remaining to define at the single crystal 
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level 𝐋𝑐 = 𝐂𝑐 − 𝐂𝑐 ∑ 𝐦𝑠
𝑠 ⊗ (∑ (𝑋𝑠𝑠′

)
−1

𝐦𝑠′

𝑠′ (𝐂𝑐 − 𝛔𝑐 ⊗ 𝐢)) − 𝛔𝑐 ⊗ 𝐢 with 𝑋𝑠𝑠′
= ℎ𝑠𝑠′

+

ℎ𝑏𝑠
𝑠𝑠′

+ 𝐂𝑐 ∙ 𝐦𝑠 ⊗ 𝐦𝑠′
.  

Finally, to calculate the reorientation of individual crystals with plastic strain, the lattice spin 

tensor, 𝐖𝑐, is  

𝐖𝑐 = 𝐖𝑎𝑝𝑝 + 𝚷c − 𝐖𝑝,𝑐        (8) 

with 𝐖𝑎𝑝𝑝 as the applied rotation rate, 𝚷c as the antisymmetric part of the Eshelby tensor 

(Lebensohn and Tomé, 1993), and 𝐖𝑝,𝑐 as the plastic spin, which is obtained from the shearing 

rates as 

𝐖𝑝,𝑐 = ∑ 𝐪𝑠�̇�𝑠
𝑠 ,                     (9) 

with 𝐪𝑠 =
1

2
(𝐛𝑠 ⊗ 𝐧𝑠 − 𝐧𝑠 ⊗ 𝐛𝑠).  

Next, we summarize the evolution laws for slip resistance and backstress to define the above 

partial derivatives. To this end, the EPSC model incorporates a strain-path sensitive hardening 

law based on dislocation density for the evolution of slip system resistance and a slip system-

level backstress law to affect the activation resolved shear stress. These laws in combination with 

the latent hardening are aimed at predicting the anisotropic mechanical response of the alloys 

during monotonic tension/compression as well as the particularities pertaining to the load 

reversal deformation i.e. the nonlinear unloading, the BE, and changes in the hardening rates 

during load reversals. It should also be emphasized that since the model is elasto-plastic, the 

inter-granular stresses are obtained using the SC homogenization. Modeling anisotropic elasticity 

is essential in attempting to predict the response under non-monotonic loading and, especially, 

under unloading of pre-strained alloys because of the inter-granular stress fields.  
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In the formulations, s+ and s- denote a positive and a negative slip direction on the given slip 

plane for every s belonging to a slip family/mode 𝛼. Resistance to slip involves three terms 

𝜏𝑐
𝑠 = 𝜏0

𝛼 + 𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠 + 𝜏𝑑𝑒𝑏𝑟𝑖𝑠

𝛼 ,         (10) 

with 𝜏0 representing the friction Peierls stress, barrier strengthening, solid solution strengthening, 

and precipitation strengthening but otherwise dislocation free fixed value of slip resistance, while 

𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠  and 𝜏𝑑𝑒𝑏𝑟𝑖𝑠 are evolving terms with statistically stored forest and debris dislocation 

populations, respectively. These last two terms are  

𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠 = 𝑏𝜒𝐺√∑ 𝐿𝑠𝑠′𝜌𝑡𝑜𝑡

𝑠′
𝑠′           (11) 

𝜏𝑑𝑒𝑏𝑟𝑖𝑠
𝛼 = 0.086𝐺𝑏√𝜌𝑑𝑒𝑏𝑙𝑜𝑔 (

1

𝑏√𝜌𝑑𝑒𝑏
)        (12) 

Here, 𝑏 is the Burgers vector (𝑏 = 2.86 10−10 m for Al), 𝜒 is an interaction constant (Lavrentev, 

1980; Mecking and Kocks, 1981) (𝜒 = 0.9), 𝜌𝑡𝑜𝑡
𝑠  is the total density of forest dislocations for the 

sth slip system, 𝜌𝑑𝑒𝑏 is the density of debris dislocations, 𝐺 (26 𝐺𝑃𝑎) is the shear modulus, and 

𝐿𝑠𝑠′
 is a latent hardening interaction matrix (Zecevic and Knezevic, 2018).  

The total population of forest dislocations consists of 

𝜌𝑡𝑜𝑡
𝑠 = 𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠+

+ 𝜌𝑟𝑒𝑣
𝑠−

,        (13) 

where 𝜌𝑓𝑜𝑟
𝑠  is the forward density, while 𝜌𝑟𝑒𝑣

𝑠+
 and 𝜌𝑟𝑒𝑣

𝑠−
  are the reversible densities associated 

with the s+ and s-  slip system directions. These densities of dislocations evolve with shearing on 

slip systems (Kitayama et al., 2013a; Zecevic and Knezevic, 2019) 

(If  𝑑𝛾𝑠+
> 0) 
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𝜕𝜌𝑓𝑜𝑟
𝑠

𝜕𝛾𝑠 = (1 − 𝑝)𝑘1
𝛼√∑ 𝑔𝑠𝑠′𝜌𝑡𝑜𝑡

𝑠′
𝑠′ − 𝑘2

𝛼(𝜀̇, 𝑇)𝜌𝑓𝑜𝑟
𝑠 ,     (14) 

𝜕𝜌𝑟𝑒𝑣
𝑠+

𝜕𝛾𝑠
= 𝑝𝑘1

𝛼√∑ 𝑔𝑠𝑠′𝜌𝑡𝑜𝑡
𝑠′

𝑠′ − 𝑘2
𝛼(𝜀̇, 𝑇)𝜌𝑟𝑒𝑣

𝑠+
,      (15) 

𝜕𝜌𝑟𝑒𝑣
𝑠−

𝜕𝛾𝑠
= −𝑘1

𝛼√∑ 𝑔𝑠𝑠′𝜌𝑡𝑜𝑡
𝑠′

𝑠′ (
𝜌𝑟𝑒𝑣

𝑠−

𝜌0
𝑠 )

𝑚

,       (16) 

 

(If  𝑑𝛾𝑠−
> 0) 

𝜕𝜌𝑓𝑜𝑟
𝑠

𝜕𝛾𝑠 = (1 − 𝑝)𝑘1
𝛼√∑ 𝑔𝑠𝑠′𝜌𝑡𝑜𝑡

𝑠′
𝑠′ − 𝑘2

𝛼(𝜀̇, 𝑇)𝜌𝑓𝑜𝑟
𝑠 ,     (17) 

𝜕𝜌𝑟𝑒𝑣
𝑠+

𝜕𝛾𝑠 = −𝑘1
𝛼√∑ 𝑔𝑠𝑠′𝜌𝑡𝑜𝑡

𝑠′
𝑠′ (

𝜌𝑟𝑒𝑣
𝑠+

𝜌0
𝑠 )

𝑚

,       (18) 

𝜕𝜌𝑟𝑒𝑣
𝑠−

𝜕𝛾𝑠 = 𝑝𝑘1
𝛼√∑ 𝑔𝑠𝑠′𝜌𝑡𝑜𝑡

𝑠′
𝑠′ − 𝑘2

𝛼(𝜀̇, 𝑇)𝜌𝑟𝑒𝑣
𝑠−

,      (19) 

with 𝜌𝑓𝑜𝑟
𝑠 (𝛾𝑠 = 0) = 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑠 ,  𝜌𝑟𝑒𝑣
𝑠+

(𝛾𝑠 = 0) = 0  and 𝜌𝑟𝑒𝑣
𝑠−

(𝛾𝑠 = 0) = 0. In the above equations, 

𝑘1 is a fitting hardening parameter controlling the rate of dislocation density increase, while 𝑘2 is 

calculated to represent a rate-sensitive term controlling recovery of dislocations (Beyerlein and 

Tomé, 2008), 𝑝 is a reversibility parameter in the range from 0 to 1 (established to be 0.2 for Al 

alloys), 𝑔𝑠𝑠′
 is another interaction matrix populated with 1.0 (Khadyko et al., 2016; Kocks et al., 

1991; Teodosiu and Raphanel, 1991), 𝑚 is another parameter controlling the rate of dislocation 

recombinations (the value is set to 0.5 (Wen et al., 2015)), and 𝜌0
𝑠 is the total density of 

dislocations at the strain-path reversal on the system, sth (Kitayama et al., 2013a). 

The value of 𝑘2 is calculated based on the following relation (Beyerlein and Tomé, 2008) 
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𝑘2
𝛼

𝑘1
𝛼 =

𝜒𝑏

𝑔
(1 −

𝑘𝐵𝑇

𝐷𝑏3
𝑙𝑛 (

�̇�

�̇�0
)),

         

(20)  

with the Boltzmann constant, 𝑘𝐵, a reference strain rate, 𝜀0̇ = 107, drag stress, 𝐷, and an 

effective activation enthalpy, 𝑔. The debris density of dislocation is incremented based on   

𝑑𝜌𝑑𝑒𝑏 = ∑ 𝑞𝑏√𝜌𝑑𝑒𝑏 𝑘2
𝛼𝜌𝑡𝑜𝑡

𝑠 |𝑑𝛾𝑠|𝑠 ,                                                          (21) 

with a fitting parameter q for the rate of dislocation recovery.  

It remains to define a law for the evolution of backstress to calculate the backstress matrix, 

ℎ𝑏𝑠
𝑠𝑠′

. Intra-granular sources of backstress are modeled by the phenomenological law as follows 

(Zecevic and Knezevic, 2019) 

𝜏𝑏𝑠
𝑠 = 𝐦𝑠 ∙ 𝛔𝑏𝑠

𝑐 = 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠 + 2 ∑ 𝐦𝑠 ∙ 𝐦𝑠′

𝜏𝑏𝑠,𝑠𝑦𝑠∗
𝑠′

𝑠′  ,     (22) 

where 

𝜏𝑏𝑠,𝑠𝑦𝑠∗
𝑠′

= {
𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠′
 if 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠′
> 0

0 if 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠′

< 0
        (23) 

 

In the formulation, 𝛔𝑏𝑠
𝑐  is the backstress tensor based on the contribution from the slip system-

level sources over 𝑠′ when 𝑠′ ≠ 𝑠. The slip system-level sources are modeled using  

(if 𝑑𝛾𝑠+
> 0 and 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠+
> 0) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

= 𝜏𝑏𝑠
𝑠𝑎𝑡(1 − exp(−𝜈𝛾𝑠+

)),       (24) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= −𝐴𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

,         (25) 

(if 𝑑𝛾𝑠+
> 0 and 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠+
< 0) 
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𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

= −(𝐴 + 1)𝜏𝑏𝑠
𝑠𝑎𝑡 exp (−

𝛾𝑠−

𝛾𝑏
) + 𝜏𝑏𝑠

𝑠𝑎𝑡 ,      (26) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= −
1

𝐴
𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠+
.         (27) 

The law involves a saturation value, 𝜏𝑏𝑠
𝑠𝑎𝑡, a parameter governing an asymmetric evolution in s+ 

and s-, A, the denominator, 𝛾𝑏, and a multiplier, 𝜈, as fitting constants. The shearing strain, 𝛾𝑠, is 

a value at the local load reversal. Important to note is that 𝜏𝑏𝑠
𝑠+

 opposes the driving force in s+: 

𝐦𝑠+ ∙ 𝛔𝑐 − 𝜏𝑏𝑠
𝑠+ = 𝜏𝑐

𝑠, implying that 𝜏𝑏𝑠
𝑠+

 reduces the driving force. However, 𝜏𝑏𝑠
𝑠−

 aids the driving 

force in s-: 𝐦𝑐,𝑠− ∙ 𝛔𝑐 − 𝜏𝑏𝑠
𝑠− = 𝜏𝑐

𝑠.  

 

4. Results 

This section presents the experimental results first including texture and flow stress curves 

and then modeling results including calibration and verification.  

 

4.1 Experimental  

Fig. 1 shows pole figures depicting texture in the alloys, while inverse orientation maps 

collected using EBSD depicting grain structure are provided in the appendix. Texture is based on 

multiple EBSD scans. As expected, a cube texture component is predominant in the pole figures.  

Fig. 2 shows measured true stress versus logarithmic strain curves recorded during tension-

compression-tension strain path reversals. The first loading is monotonic tension to a given pre-

strain level. The second strain-path is compression to zero strain (1st reversal). The third strain-

path is tension to fracture or to a detachment of the strain gauge (2nd reversal). The materials 
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exhibit typical decreasing work hardening rate during the monotonic tension, which is normal for 

plasticity facilitated by crystallographic slip. Upon the 1st reversal, the alloys exhibit a linear 

followed by a nonlinear portion of unloading. Macro yield points during unloading are identified 

(σU) at approximately 0.001 offset. The level of pre-strain increases the magnitude of macro yield 

stress but decreases the extent of the linear unloading. The extent of linear and also nonlinear 

unloading is greater for the stronger alloy. The reduction of the yield stress achieved during the 

monotonic pre-straining to that during reverse straining is the BE or transient softening. 

Essentially, the resistance to dislocation glide in the reverse sense is less than in the forward 

sense. Like nonlinear unloading, the BE is enhanced with strength. After the transient softening 

comes the permanent softening. The phenomenon is depicted in the primed figures of Fig. 2. 

However, it is prominent only for the softer alloy. There is no lowering of the flow curves when 

the reverse stress-strain curves are plotted in the same direction as during the prior straining for 

AA7021-T79.  

Fig. 3 shows comparisons between the monotonic tension and the 1st and 2nd reversals to 

observe the yielding differentials and successive hardening rates for the alloys. While transients 

after the 1st reversal and after the 2nd reversal are similar for AA6016-T4, they are smaller after 

the 2nd reversal for AA7021-T79. As the elasto-plastic transition upon the reversals (1st and the 

2nd) is prolonged for both alloys, the strain hardening rates are reduced compared to those during 

the forward tension for AA6016-T4 but not for AA7021-T79. Interestingly, the strain hardening 

in compression substantially surpasses that of tension causing positive yield differentials for 

AA6016-T4. Such positive yield differential increases with pre-strain. However, the yield 

differential is much smaller for AA7021-T79. Upon macroscopic re-yielding, the rates of strain 

hardening are restored for both alloys. The yield differential behavior after the 2nd reversal is 
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similar to that after the 1st reversal for AA6016-T4 but even smaller for AA7021-T79. The origin 

of these phenomena will be described and discussed later.  

 

 

 

Figure 1. Pole figures showing measured initial texture for AA6016-T4 temper 1.1 mm thick 

sheet aged for about one year (top) and AA7021-T79 temper 2.5 mm thick sheet aged for about a 

year (bottom).  
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Figure 2. True stress vs. true strain curves measured at room temperature during strain path 

reversals at four pre-strain levels in tension as indicated in the legends followed by compression 

to zero and then tension to fracture for AA6016-T4 along (a) RD and (b) TD and for AA7021-

T79 along (c) RD and (d) TD. Macro-yield points during unloading and compression at 0.001 

strain offset are indicated (σU). Comparison of monotonic loading in tension versus the 1st 

reversal (compression) curves as a function of accumulated true strain showing the permanent 

softening phenomenon for AA6016-T4 along (a’) RD and (b’) TD and for AA7021-T79 along 

(c’) RD and (d’) TD. Legends in the ‘unprimend’ plots apply to the corresponding ‘primed’ 

plots.  

 

d d' 
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Figure 3. Comparison of the monotonic loading in tension curves vs. the 1st reversal (i.e. 

compression) curves from Fig. 2 for AA6016-T4 along (a) RD and (b) TD and for AA7021-T79 

along (c) RD and (d) TD. Comparison of the monotonic tension curves vs. the 2nd reversal (i.e. 

tension) curves from Fig. 2 for AA6016-T4 along (a’) RD and (b’) TD and for AA7021-T79 

along (c’) RD and (d’) TD. Legends in the ‘unprimend’ plots apply to the corresponding 

‘primed’ plots.  

 

4.2 Modeling 

This section presents the results of model calibration and verification using the data. The 

uniaxial deformation processes are simulated by applying increments in strain along the loading 

direction (RD or TD), while enforcing the normal stresses in the lateral directions as well as the 

shear strains to zero. The simulations are initialized with the measured texture per alloy.   

The hardening law along with the backstress law fitting parameters were adjusted using one 

cyclic tension-compression-tension curve per alloy, as each fitting parameter affects a different 

portion of the fitted curve. The curve deformed to a monotonic tensile pre-strain of 0.05 was 

used in fitting. The identified parameters were fine-tuned using another cyclic curve per alloy. 

d d' 
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The remaining cyclic curves can be regarded as predictions. The parameters identified per alloy 

are the initial resistance to slip, 𝜏0
𝛼, trapping rate coefficient, 𝑘1

𝛼, drag stress, 𝐷𝛼 and activation 

barrier for de-pinning, 𝑔𝛼. The identification procedure started by varying 𝜏0
𝛼 to reproduce onset 

in yielding. Next, 𝑘1
𝛼, was varied such that the initial hardening slopes are captured. Next, 𝑔𝛼  

and 𝐷𝛼 are varied to match the latter hardening rates. Finally, 𝑞𝛼 was fit to capture the later stage 

in the hardening rates. Concurrently with the hardening parameters, the backstress law 

parameters were identified. These included the saturation value for backstress 𝜏𝑏𝑠
𝑠𝑎𝑡, asymmetry 

factor, A, and coefficients 𝜈 and 𝛾𝑏. 𝜏𝑏𝑠
𝑠𝑎𝑡 and 𝐴 were varied to obtain the unloading and yield at 

load reversals. Once these were achieved, tuning 𝜈  and 𝛾𝑏 simply provides better fits. The 

established parameters per alloy are given in Table 2.  

Fig. 4 shows the comparison of measured and simulated tension-compression-tension curves 

for the alloys. These multiple-range hysteresis curves are modeled with good accuracy. In 

particular, the model reproduced the features specific to the load reversal behavior of the alloys 

including the hardening rates, nonlinear unloading, BE, and permanent softening. Next, the 

monotonic tension and compression curves were simulated. Figure 5 shows the comparison for 

the monotonic data. The simulated curves are predictions. Importantly, the small anisotropy due 

to texture and underlying deformation mechanisms and their anisotropic hardening including the 

latent hardening is captured. AA6016-T4 does not exhibit any asymmetry, which is also well 

predicted by the model. Finally, the model is validated by simulating variable strain range and 

mean strain cycles for the alloys. The model was capable of capturing these complex data sets, 

also with good accuracy, as shown in Fig. 6. Although the model captures the yield point in the 

first cycle, re-yielding in the subsequent cycles is sometimes underpredicted in compression and 

overpredicted in tension. Model modifications such as accounting for spreads in the field 
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variables over ellipsoids could improve these predictions. In the present model, a single value is 

assumed for a given field across the entire ellipsoid. Such spreads have been incorporated in a 

visco-plastic SC (VPSC) formulation (Zecevic et al., 2017b).  
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Figure 4. Comparison of simulated and measured true stress-true strain response in strain path 

reversal deformation for AA6016-T4 along (a - d) RD and (e - h) TD and for AA7021-T79 along 

(i - l) RD and (m – p) TD.  

k i 
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Table 2a. Fitting parameters for the evolution of slip resistance in AA6016-T4 and AA7021-T79.  

 𝜏0[MPa] 𝑘1[𝑚−1] 𝑔 𝐷[MPa] 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑠 [𝑚−2] 

AA6016-T4 28 1.38 x10
8
 0.09 400 4.9e12 

AA7021-T79 85 1.00x10
7
 0.09 400 1.5e14 

 

 

Table 2b. Fitting parameters for the evolution of back-stress in AA6016-T4 and AA7021-T79. 

𝜏𝑏𝑠
𝑠𝑎𝑡[MPa] 𝜈 𝛾𝑏 𝐴 

12 560 0.001 1 

 

 

Table 2c. Latent hardening parameters established in (Devincre et al., 2006; Hoc et al., 2004) for 

FCC metals.  

a0  a1    a2  a3  a4  a5 

0.068  0.068  0.0454           0.625  0.137  0.122 
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Figure 5. Comparison of predicted and measured true stress-true strain response in monotonic (a 

– d) simple tension and compression for AA6016-T4 and (e) simple tension for AA7021-T79.  
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Figure 6. Comparison of predicted and measured true stress-true strain response during multiple 

strain cycles for AA6016-T4 along (a - d) RD and (e - h) TD anf for AA7021-T79 along (i - l) 

RD and (m – p) TD. The strain path in (a, e, i, and m) is: 0 → 0.02 → -0.02 → 0.04 → 0 → 

0.06…up to fracture with the strain range/amplitude of 0.04 and mean strain increment of 0.02 

per cycle. The strain path in (b, f, j, and n) is: 0 → 0.02 → 0 → 0.04 → 0.02 → 0.06…up to 

fracture with the strain range/amplitude of 0.02 and mean strain increment of 0.02 per cycle. The 

strain path in (c, g, k, and o) is: 0 → 0.02 → -0.02 → 0.03 → -0.01 → 0.04…up to fracture with 

the strain range/amplitude of 0.04 and mean strain increment of 0.01 per cycle. The strain path in 

(d, h, l, and p) is: 0 → 0.02 → -0.02 → 0.04 → -0.04 → 0.06…up to fracture.  

m n 

o p 
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5. Discussion 

This work reports comprehensive monotonic and load reversal data for two Al alloys and is 

concerned with predicting and interpreting the data using crystal plasticity modeling, which 

captures microstructural evolution and the directionality of crystal-level deformation 

mechanisms. The model is the EPSC formulation (Zecevic and Knezevic, 2019), which 

incorporates a dislocation density-based hardening law originally developed in (Beyerlein and 

Tomé, 2008) and later advanced to account for dissolution of dislocations upon load reversal and 

slip system-level backstress fields.  

The data showed typical decreasing hardening rates with minor anisotropy RD versus TD, a 

linear and then a nonlinear unloading, and the BE for both alloys. The data were employed to 

calibrate and validate the EPSC model. The performance of the model in capturing the complex 

deformation characteristics of the alloys is a consequence of accounting for kinematic hardening 

through the evolution law for backstress at the slip system-level, inter-granular stress fields, and 

annihilation to reproduce the stagnation or slight decrease in dislocation density upon strain-path 

reversal. Additionally, the model is initialized with the experimentally measured texture data and 

average grain shape for each grain per alloys. The aim is to provide physical insights into various 

aspects of the material response during strain-path reversals from the comparisons between data 

and predictions for both alloys.  

To begin, we consider several additional parameters defined by looking at the overlap 

between the hysteresis loops and the monotonic tensile curves. The parameters are the reloading 

stress differential, Δσh, ratcheting strain, ϵ∆, and reloading softening stress, ∆σs. Fig. 7a 

illustrates these additional parameters. Additionally, the unloading deviation stress ∆σ is also 

quantified. The reloading yield stress differential under tension i.e. the differential between 
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initial yield stress in tension and 2nd reversal yield stress is shown in Figs. 7b and c as a function 

of the applied tensile pre-strain. The differential increases with plastic strain for AA6016-T4, 

while it is nearly zero for AA7021-T79. Evidently, the increase in strength weakens the 

reloading yield effect, which is attributed to the difference in hardening rates i.e. primarily to a 

higher dislocation density (Table 2), and a slower buildup of dislocations with plastic strain in 

AA7021-T79 than AA6016-T4. Based on the data from Figs. 6a, b, e, f, i, j, m and n, the 

reloading softening stress is nearly zero for both alloys. As a result, the corresponding ratcheting 

strain is also negligibly small. These results are in contrast to recently reported results for dual 

phase steel sheets (Barrett and Knezevic, 2020). Finally, the unloading deviation stress is shown 

in Figs. 7d and e as a function of the applied pre-strain in tension. The deviation shows a 

decreasing trend with pre-strain, especially for the stronger alloy.  

We regard the model as capable of predicting all of the phenomena associated with load 

reversal deformation of the alloys using a single set of parameters per alloy. The model predicts 

the cyclic behavior as a function of the loading direction and the level of pre-strain. With the 

model, we attempt to explain the deformation characteristics and underlying phenomena in the 

alloys during such deformation. Local stress in every grain is a consequence of the applied stress, 

inter-granular stress fields, and backstress fields. The model reveals that the backstress controls 

the nonlinear unloading deformation, early yielding upon reloading and immediate hardening 

that follows. Fig. 8 shows the buildup of backstress with the accumulated shearing strain in a 

randomly selected grain per alloys for a slip system with the highest activity in the chosen grain. 

In a study done on steels in (Wilson and Bate, 1986), backstress was estimated using an X-ray 

diffraction technique. Results of measurements showed that backstress increased rapidly to 0.03 

strain. After the strain-path reversal, the backstress quickly decayed to zero by 0.02 reverse 
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strain. Our model predicts similar trends. Given that the unloading of both alloys is predicted 

using the same backstress parameters, the analysis shows that similar level of backstress fields 

develops in both alloys. 

However, the backstress and intergranular stress fields are not sufficient to describe the flow 

stress upon strain-path reversals, as noted in (Orowan, 1948). Essentially, the reverse 

deformation would exhibit exactly the same shape of the flow curve as the original, just shifted 

along the stress axis. Subsequent deformation is controlled by the backstress and intergranular 

stress fields initially and then by the evolution of dislocation density. The annihilation of 

dislocation density upon strain-path reversal is an additional mechanism necessary for the 

accurate predictions of stress levels during strain-path reversal deformation. The effect is 

detected from a shrinkage in the diffraction peak widths upon strain-path reversal (Wilson and 

Bate, 1986). At the strain-path reversal, generation of dislocations is retarded momentarily 

because a fraction of loosely-tangled dislocations easily glides in the reverse direction 

(Beyerlein, 2008). Moreover, the stress relaxation takes place while the piled-up dislocations 

rearrange themselves into an equilibrium position with some annihilation of mobile dislocations.  

Fig. 9 shows that the dislocation density evolution driven hardening rates are approximately 

3x lower in AA7021-T79 than in AA6016-T4. The figure shows the volume average dislocation 

density evolution during the cyclic deformation for the alloys. Without the consideration of the 

reversible dislocations, the model would be able to predict the hardening rates after reversal. 

While the plots look similar for both alloys, substantially slower buildup of dislocation density is 

seen for AA7021-T79. Interestingly, some deformation can be accommodated without a marked 

increase in dislocation density. These predicted trends are in good agreement with the 

constitutive assumptions invoked in developing cyclic plasticity models in (Ohno, 1982; Ohno 
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and Kachi, 1986). The easy motion and annihilation of reversible dislocations in the opposite 

direction is controlled by the reversibility parameter. The effect of local reversible dislocation 

population for the reversibility parameter of 0.2 is shown in Fig. 10 for a grain in both alloys. 

Such evolution is typical for all grains with the accumulated shear strain on a slip system 

mediating the issue of over-predicting of the hardening upon the strain-path reversal. As result, 

the evolution of slip resistance is directional at the slip system level and evolves with these 

microstructure rearrangements upon load reversal. Fig. 9 is a collective result for total 

dislocation density of all grains per alloy. The evolution of dislocation density is responsible for 

predicting the magnitude of permanent softening per alloy. The phenomenon was first described 

in (Hasegawa et al., 1975b) during tension-compression loading. It was also described for 

forward-reverse simple shear loading in (Gracio et al., 2004).  

Good predictions of the strain-path reversal deformation behavior of the alloys is a collective 

result of several distinct physical phenomena incorporated in the model. The evolution of inter-

granular stress fields is the remaining phenomena the model accounts for. In general, the 

backstress fields have intra-granular and inter-granular sources in polycrystals. Inter-granular 

sources are the interactions between individual grains of different crystal orientations. As already 

mentioned, these effects are approximated in the EPSC formulation because every grain interacts 

with the averaged polycrystalline response unlike in full-field models in which grain-to-grain 

interaction are explicitly modeled. At zero applied stress, these inter-granular stress fields 

become residual stress fields. Fig. 11 shows the role of residual stress in the predictions. To 

obtain the predictions without residual stress, grain stress is set to zero at the zero overall flow 

stress after the 1st and 2nd reversals. The response after the 1st reversal is controlled by the slip 

resistance at the end of monotonic tension pre-straining and backstress. Evidently, the inter-
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granular stresses govern the BE and yield differentials along with the backstresses but do not 

play a significant role for the nonlinear unloading. These results agree with arguments presented 

in (Kassner et al., 2009) that solely intra-granular backstress-based theories do not completely 

describe the BE. From the comparison of the curves with and without inter-granular stresses, it is 

evident that the inter-granular stresses are aiding plastic deformation in the reverse direction (i.e. 

the compression). Subsequently, the model predicts a decrease in yield stress in tension. The 

difference is ~40 MPa for both alloys compared to that at the end of the first tension. Similar 

effects of inter-granular stresses on the cyclic deformation were reported in (Li et al., 2014; Wu 

et al., 2005).  

 

 

a 
, RD (Fig. 4d) , TD (Fig. 6f) 
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Figure 7. (a) Schematics defining the reloading yield stress differential under tension (Δσh), 

ratcheting strain (ϵΔ), and reloading softening stress (Δσs). Comparison of Δσh versus true strain 

levels for 1st reversal for (b) AA6016-T4 and (c) AA7021-T79. Unloading deviation stress (Δσ  

=σL – σU), where σL is the true stress at the end of a pre-load and σU is the macro-yield stress 

during unload at approximately 0.001 offset, for (d) AA6016-T4 and (e) AA7021-T79.  
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Figure 8. Backstress vs. accumulated shear strain for an sth slip system with the highest activity 

in a randomly selected grain during forward tension to 0.05 strain followed by the 1st and the 2nd 

reversal along RD for (a) AA6016-T4 and (b) AA7021-T79.  

 

 

Figure 9. Evolution of total dislocation density (∑ 𝜌𝑡𝑜𝑡
𝑠

𝑠 ) during forward tension to 0.05 strain 

followed by the 1st and the 2nd reversal for (a) AA6016-T4 deformed along RD and in (b) 

AA7021-T79 deformed along RD.  

 

a b 

a b 
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Figure 10. Evolution of dislocation populations with the accumulated shear for a slip system with 

the highest activity in a randomly selected grain during forward tension to 0.05 strain followed 

by the 1st and the 2nd reversal along RD for (c) AA6016-T4 and (d) AA7021-T79.  

 

 

Figure 11. Comparison of true stress–true strain response simulated with and without residual 

stress during forward tension to 0.05 strain followed by the 1st and the 2nd reversal along RD for 

(a) AA6016-T4 and (b) AA7021-T79.  

 

a b 
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6. Conclusions 

The monotonic and large strain cyclic response of AA6016-T4 and AA7021-T79 sheets was 

measured along the rolling and transverse directions. The data for both alloys showed the typical 

decreasing hardening rates during monotonic tension cycles. Upon the 1st strain path reversal, the 

extent of the nonlinear unloading was greater for AA7021-T79 than for AA6016-T4. The 

magnitude of macro-yield stress increased with the pre-strain level in monotonic tension for both 

alloys. As a result, the unloading deviation stress decreased, especially for the stronger  AA7021-

T79. The nonlinear unloading caused a prolonged elasto-plastic transition to re-yielding. The BE 

was evident in both alloys and increased with pre-strain and strength. Upon re-yielding, the rates 

of strain hardening were quickly restored. Interestingly, the strain hardening in compression was 

sufficient to increase to that of monotonic tension for AA7021-T79 but insufficient for AA6016-

T4. As a result, AA6016-T4 exhibited a permanent softening phenomenon. Upon the 2nd strain 

path reversal, the hysteresis loops closed for AA7021-T79 but not for AA6016-T4. 

Consequently, the reloading yield stress differential under tension arose and increased with the 

level of pre-strain for AA6016-T4 but not for AA7021-T79. The multiple forward-reversal cyclic 

curves showed that the reloading softening stress and resulting ratcheting strain were small for 

both alloys.  

The true stress-true strain data were used to calibrate and then critically validate the EPSC 

crystal plasticity model, which features sub-models including anisotropic elasticity, a strain-path 

sensitive law for the evolution of dislocation density, and a backstress law at the slip system-

level. The model reproduced the response of both alloys during monotonic and cyclic 

deformation to various levels of plastic pre-strains with good accuracy using a single set of 

parameters per alloy. Such good performances of the model were primarily a consequence of 
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accounting for kinematic hardening at the slip system-level through the evolution law for 

backstress, inter-granular stresses, and dislocation annihilation reflecting the experimentally 

observed stagnation in the dislocation density build up upon strain reversals. Comparison of the 

experimental and modeling results revealed that the unloading behavior is primarily driven by 

backstress, the BE is governed by backstress and inter-granular stresses, and the hardening rates 

upon load reversals are controlled primarily by the strain-path sensitive evolution of dislocation 

density. Significantly, the model predicted the contrasting characteristics in the hysteresis of the 

alloys, such as the presence of large permanent softening and reloading yield stress differential in 

AA6016-T4 as compared to AA7021-T79. Given that the EPSC model has been coupled with 

the FEM to treat complex, non-monotonic deformation conditions in prior works, future works 

will focus on various metal forming simulations taking advantage of the EPSC adjusted here to 

capture the cyclic plasticity phenomena as these have essential implications on the accuracy of 

metal forming simulations, especially in accurate prediction of springback. As many of these 

features that were observed in the flow stresses of AA6016-T4 and AA7021-T79 are similar to 

those in other cubic alloys, the present model is expected to be applicable to a wider set of alloys 

in addition to Al alloys.  
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Appendix 

This appendix presents geometry of the specimen used for the load reversal testing (Fig. A1) 

(Noma and Kuwabara, 2012) and inverse pole figure (IPF) maps showing grain structure in the 

alloys (Fig. A2).  

 

 

Figure A1. Geometry of the specimen used in the tension-compression testing. Units in mm.  

 

 

Strain gauge
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Figure A2. IPF orientation maps for (a) AA6016-T4 and (b) AA7021-T79. Note that several 

different regions of virgin samples are scanned. The standard IPF triangle defines colors for the 

a 

b 
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sample axis ND. Horizontal and vertical axes of the maps are indicated in the maps. Based on the 

maps, average grain size is 32 µm in RD, 30 µm in TD, and 18 µm in ND for AA6016-T4 and 18 

µm in RD, 14 µm in ND, and 9 µm in ND for AA7021-T79.  
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Chapter 3:  

Elasto-plastic self-consistent crystal plasticity-based finite element simulations of hat-shaped 

draw-bending and b-pillar stamping to predict springback behavior of dual-phase steels. 

 

 

For this chapter, the experimental results for DP 780 top-hat bending has been taken from the 

paper An Applictaion of Homogeneous anisotropic hardening to springback prediction in pre-

strained U-draw/bending by Jeong- Yeon Lee, Ji  Woo Lee, Myuong-Gyu Lee, Frederic Barlat, 

the simulated results were carried out in EPSC.   
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Elasto-plastic self-consistent crystal plasticity-based finite element simulations of hat-shaped 

draw-bending and b-pillar stamping to predict springback behavior of dual-phase steels 
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Department of Mechanical Engineering, University of New Hampshire, Durham, NH 03824, 

USA  

 

Abstract  

The detailed contribution of microstructural evolution such as dislocation structure development 

and annihilation, as well as inter-granular and intra-granular backstress fields to the phenomena 

such as unloading nonlinearity, the Bauschinger effect (BE), and changes in hardening rates 

during reverse loading remains an area of active research and debate. This work is concerned 

with predicting geometrical shape changes in sheet metal forming using a multi-level simulation 

framework that considers such microstructural evolution and the directionality of deformation 

mechanisms acting at single-crystal level. The underlying model is the elasto-plastic self-

consistent (EPSC) homogenization of single-crystal behavior providing a constitutive response at 

each finite element (FE) integration point, within the boundary value problem solved using 

continuum finite elements at the macro-level. First, the model parameters associated with the slip 

strengths of ferrite and martensite and backstress are established by reproducing a 

comprehensive set of mechanical data for dual-phase (DP) steels 590, 780, and 1180 using one-
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element model. Next, the potential of the modeling framework is illustrated by simulating hat-

shaped draw-bending and b-pillar stamping of steel sheets. Consistent with experimental 

measurements, the process simulations using FE-EPSC predict geometry in hat-shaped draw-

bending with satisfactory accuracy for DP 780. In doing so, the role of accounting for backstress 

is revealed as critical for the accurate prediction of the part. Next, the same process simulation 

involving pre-strained sheet of DP 780 reveals the role of strain hardening and residual stress on 

subsequent part shape predictions in hat-shaped draw-bending. Finally, the same process 

simulations involving DP 590 and DP 1180 further confirm the effect of strength on geometrical 

changes of the part. Good predictions demonstrate that the FE-EPSC modeling framework can be 

used to predict phenomena pertaining to constitutive behavior of steels and resulting geometrical 

changes important for optimization of the sheet metal forming processes.  

 

Keywords: Microstructures; Crystal plasticity; Anisotropic material; Numerical algorithms; 

AA6022-T4  
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1 Introduction 

There is a competition among automobile companies to produce light weight vehicles with 

lower fuel consumption and gas emission due to strict environmental regulations. The main 

structure of an automobile is usually made of steels. As advanced steels of complex 

microstructures are being developed and considered to strengthen and lighten structures, the 

sophistication of constitutive laws necessary to accurately model their deformation behavior also 

evolves (Tasan et al., 2014). Premier examples of steels aimed at weight reduction of 

automobiles are dual-phase (DP) advanced-high strength steels (AHSS) due to their excellent 

ductility and formability. These steels contain variable fractions of martensite and ferrite phases 

of slightly different crystal structures but highly contrasting mechanical characteristics in their 

microstructure (Woo et al., 2012). Therefore, properties of these steels are primarily governed by 

the volume fraction and distribution of the phases. Predicting geometrical shape changes and 

strength during sheet metal forming is essential for sheet forming process optimization 

(Rabahallah et al., 2009). In attempting to predict final geometry, simulating springback after 

unloading is essential, especially for alloys exhibiting a large magnitude of springback due to 

high flow stress such as DP steels (Pavlina et al., 2015; Wagoner et al., 2013). The application of 

high strength steels is often hampered by large springback (Yoshida et al., 2013). This work is 

concerned with predicting the geometry and variation in dimensional changes resulting from 

different strength of various DP steels during hat-shaped draw-bending and b-pillar stamping. 

Springback is the elastic deformation of the sheet metal parts after unloading due to the 

action of internal stresses. This elastic recoveries is one of the main sources in the geometrical 

inaccuracies in the products of sheet metal forming processes. Springback introduces surface 

distortions and unexpected out of shape tolerances that not only cause deviations from the 
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designed target shapes in the products but also can lead to assembly problems. Since higher 

material strength causes higher springback effect, it has become an important issue in automotive 

industries which utilizes higher strength steel sheets for manufacturing automotive parts (Lee et 

al., 2011). For the same reason great efforts have been carried to predict springback using finite 

element (FE) simulations. 

Simulations of deformation are vital to the optimization of metal forming operations as well 

as the evaluation of component performances in service (Hosford and Caddell, 1993). A 

constitutive law representing material behavior under an applied deformation is needed to solve 

the fundamental balance of linear momentum governing equation of mechanics. The solution 

over a given geometry in terms of a pair of work-conjugated stress and strain measures is usually 

sought numerically using the finite elements method (FEM) (Bathe, 1996). Reliability of such 

simulations is dependent on a selected constitutive law. As metal forming operations consist of 

non-monotonic deformation paths along with frequent unloading, the constitutive law must be 

able to represent the material response under such complex deformation conditions. For example, 

bending-unbending of a metallic sheet drawn over a die radius operation induces tension 

followed by compression deformation (Chun et al., 2002; Knezevic et al., 2019; Poulin et al., 

2020a; Poulin et al., 2019; Poulin et al., 2020b; Wagoner et al., 2013). Subsequent 

removal/unloading of the part from the die results in springback deformation/deflection (Barrett 

et al., 2020; Boger et al., 2005; Li et al., 2002; Wagoner et al., 2013). Predicting such material 

behavior and resulting geometry requires sophisticated elasto-plastic constitutive laws able to 

represent transients in yield stress (the Bauschinger effect, BE), changes in the anisotropic 

hardening rates during strain-path changes from those during monotonic loading, and unloading. 

These phenomena pertaining to the material behavior originate from the evolution of the 
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underlying microstructure, mainly the strain-path sensitive evolution of dislocations, intra-

granular backstress fields, and inter-granular stresses fields.  

The first phenomenon to occur upon a strain-path change deformation can be the unloading 

of a strained material (Deng et al., 2015; Pavlina et al., 2015; Sritharan and Chandel, 1997; 

Yoshida et al., 2002). The unloading is initially liner but then nonlinear. The source of the 

nonlinear portion of unloading is a partial re-emission of dislocations piled-up at grain/phase 

boundaries during prior straining (Mompiou et al., 2012; Sritharan and Chandel, 1997). The re-

emission of such dislocations is accompanied by the relaxation of micro-backstress fields 

(Sritharan and Chandel, 1997). The emitted dislocations quickly become the forest dislocations 

causing hardening (Dotsenko, 1979; Kruml et al., 2008; Mohebbi et al., 2015). The subsequent 

phenomenon proceeding after the unloading is the BE. The primary origin of BE are intra-

granular backstress fields caused by various incompatibilities in grains (Demir and Raabe, 2010; 

Gough et al., 1927; Kassner et al., 2013; Mughrabi, 1983). The secondary origin of BE are inter-

granular backstress fields caused by the anisotropy between grains of distinct crystal orientation 

(Abel, 1987; Nieh and Nix, 1986; Stout and Rollett, 1990; Verma et al., 2011). The 

incompatibilities are greater between grains of different phases than in grains of the same phase 

because of a greater strength differential between phases than between grains of the same phase 

(Brown and Stobbs, 1971; Kadkhodapour et al., 2011; Nesterova et al., 2015; Taupin et al., 

2013). These internal stresses whether intra- or inter-granular act against the applied loading. 

After a strain-path change, these fields combine with the applied loading causing a transient in 

the yield stress. The following phenomenon is a change in strain hardening governed by a 

competition between annihilation/dissolution of existing dislocations and formation of new 
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dislocations with plastic strain (Kitayama et al., 2013b; Stout and Rollett, 1990; Wilson et al., 

1990).  

Macroscopic plasticity models represent the phenomena directly using isotropic and 

kinematic hardening laws without accounting for microstructural evolution (Armstrong and 

Frederick, 1966; Chaboche and Rousselier, 1983; Chaboche, 1977; Chaboche, 2008; Hu et al., 

1992; McDowell, 1992). These models are formulated with many adjustable parameters for 

representing the phenomena. Identification of the parameters is involved and often require a set 

of specialized mechanical tests (Feng et al., 2020; Smith et al., 2014). More accurate simulations 

of sheet metal forming operations can be facilitated with material models capable of representing 

the above summarized microstructural evolution governing the phenomena (Li et al., 2002; 

Sharma et al., 2021). Since microstructure sensitive, these models are not tied to a specific 

material state. The type of models providing flexibility to incorporate the microstructure-based 

physics of deformation are based on crystallography of deformation mechanisms and termed 

crystal plasticity models. A crystallography-based elasto-plastic self-consistent (EPSC) model 

incorporating the microstructure-level processes has been recently formulated (Zecevic et al., 

2016b). The initial study on DP590 successfully benchmarked the model against monotonic and 

load reversal deformation of DP 590. Specifically, the model features a dislocation-based 

hardening law and accounts for anisotropic elasticity and underlying inter-granular stress fields 

and intra-granular backstress sources at the slip system level.  

In the current work, data from a comprehensive campaign of mechanical testing on the DP 

590, DP 780, and DP 1180 steel sheet is presented, and used to calibrate and validate the model. 

To initialize the model, texture per steel was measured using neutron diffraction (NeD). The 

model parameters associated with the slip strengths of ferrite and martensite and backstress are 
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established. Good predictions demonstrated the ability of crystal plasticity modeling to account 

for the co-dependent nature of crystallographic slip in ferrite and martensite and the sources of 

hardening caused by history-dependent dislocation density evolution and backstress to predict 

not only monotonic but also hysteresis in plastic response during the forward-reversal cycles. 

Therefore, the model can predict the phenomena of hardening rates during monotonic tension 

and compression, linear and then a non-linear unloading, the BE, and hardening rates during 

continuous straining in the opposite direction along with the permanent softening, as a function 

of loading history for all steels. Experiments characterizing of hat-shaped draw-bending for DP 

718 was presented in (Lee et al., 2012). The operation of hat shaped-draw-bending involves non-

monotonic deformation paths - the material inside walls undergoes bending- reverse bending, 

and unloading. Bending – reverse bending of a metallic sheet over a die radius causes tension 

followed by compression, which is followed by the springback after removal from the die. The 

data was used here for a detailed validation of the material model in predicting geometry of the 

hat-shaped part from virgin and pre-strained sheets. After verifying the model in capturing the 

geometry and punch force displacement, the model was use to predict the same forming of DP 

590 and DP 1180. Insights from these predictions are presented and discussed in the paper. In 

particular, the role of accounting for backstress for the accurate prediction of the geometry is 

discussed.   

  

 

2 Simulation setups  

The finite element model for hat-shaped draw-bending is carried out in Abaqus/standard. The 

drawing of the setup is presented in Fig. 1. Half of the section was modelled considering the 
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process of symmetry, as shown in Fig. 2. The tools (die, punch, and holder) were modelled as 

rigid analytical surfaces and the blank was meshed with plane strain (linear and quadratic with 

and without reduced integration) elements considering 2 and 4 elements through thickness. The 

length of the blank is considered as 180 mm (half of the original length, due to symmetry) and 

the thickness of the blank as 1.4 mm, the blank holding force of 2.94 KN is used, and the friction 

constant is considered as 0.1 between the tool and the blank. The final displacement of the punch 

is considered to be 71.8mm. Two different types of simulation were performed (1) with prestrain 

and (2) without prestrain. The simulation of prestrained hat-shaped bending consisted of 5 steps; 

(1) prestraining (2) unloading (3) blank holding (4) draw/bending and (5) final unloading. The 

first 2 steps were omitted for without pre-strain. After final unloading the spring back profiles 

were obtained. 

 

 

 

Fig. 1: Drawing of the setup for hat-shaped draw-bending process. The sheet is 360 mm long and 

1.4 mm thick. 
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Fig. 2: Simulation setup (half model) for hat-shaped draw-bending.  

 

3 Materials  

The simulations performed in this work involved sheets of DP 590, DP 780, and DP 1180. 

The steel sheets were obtained from the United States Steel Corporation (US Steel). DP 590 and 

DP 780 were processed using the hot dip (HD) processing line, while DP1180 was processed 

using the continuous annealing line (CAL). DP 590 and DP 780 steels sheets were galvannealed 

(HDGA) coated, while DP 1180 was bare. Chemical compositions are provided in Table 1. The 

thicknesses of the sheets were 1.4 mm for DP 590 and DP 780 and 1 mm for DP 1180. These 

steel sheets are commonly used for various structure and auto-body applications.  

The three steels offer a tradeoff between strength and ductility owing to their underlying 

microstructures, which consists of a relatively soft but ductile ferritic phase and a hard but brittle 

martensitic phase (Calcagnotto et al., 2012; Ghaei et al., 2015; Gong et al., 2016; Kudzal et al., 

2020; Ma et al., 2016; Woo et al., 2012; Zecevic et al., 2019). Further improvements in strength 
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and ductility of DP steels are possible by altering the composition, phase distribution, grain size, 

and crystallographic texture per phase (Bhargava et al., 2018; Calcagnotto et al., 2011). Imaging 

of the structures by secondary electrons (SE) for determining phase fractions, electron 

backscatter diffraction (EBSD) for determining grain structure, and neutron diffraction for 

determining texture for the steels used in the present work was performed in our earlier work 

(Daroju et al., 2022; Poulin et al., 2020b). The phase fractions are given in Table 2.  

Monotonic and large strain cyclic tension-compression experiments to evaluate the 

monotonic and load reversal behavior of the steels was performed in (Daroju et al., 2022). Figure 

3 shows measured monotonic and tension-compression-tension reversal true stress-true strain 

curves along the rolling direction (RD). The load reversal curves involve monotonic tension to a 

given strain level. The second loading path is compression to zero strain (1st reversal). The third 

loading path is tension to rupture (2nd reversal). The steels show the decreasing hardening rate 

during the monotonic tension path, which is common for alloys in which the plasticity is 

accommodated by crystallographic slip. Upon the 1st reversal, the steels show an initial linear 

portion, which is followed by a non-linear portion of unloading. Reyield points in unloading at 

0.001 offset are indicated (σU). Following the reyielding, the steels exhibit transient softening, 

which is the BE. Following the BE is the permanent softening, which is a drop of the flow curves 

when the reverse curve is plotted in the direction of the prior straining. The EPSC constitutive 

law featuring a dislocation density law and a backstress law is calibrated and validated using the 

data. The model is described in the next section. In addition to phase fractions, texture per phase 

is needed to initialize the model for each steel. Fig. 4 shows measured pole figures visualizing 

the initial texture in the steels. The figure also shows the pole figures after data compaction for 

simulations. The measured textures were compacted to 100 weighted orientations for ferrite and 
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100 weighted orientations for martensite. Since DP 590 has ~93% of ferrite, the measured 

texture of DP 590 is that of ferrite. Likewise, since MS 1700 has ~85% of martensite, the 

measured texture of MS 1700 is that of martensite. The data compaction methodology was 

described in (Eghtesad et al., 2018). Texture in the steels is predominantly orthotropic typical of 

rolled sheets for body-centered cubic (BCC) metals. The crystal orientations concentrate around 

the γ-fiber and the α-fiber (Bhattacharyya et al., 2015; Holscher et al., 1994; Kocks et al., 1998). 

Evidently, the texture intensity reduces with the fraction of martensite. Texture in the martensite 

phase is initialized using the measured texture of the martensitic steel, MS 1700.  

 

Table 1: Chemical composition of steels (wt%) used in the study.  

 

Steel C Mn P S Si Cu Ni Cr Mo 

DP 590 0.073 1.97 0.014 0.006 0.017 0.04 0.01 0.2 0.172 

DP 780 0.1 2.163 0.015 0.006 0.014 0.03 0.01 0.26 0.332 

DP 

1180 

0.168 2.222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013 

 

 Sn Al Zr V Cb Ti B N2 

DP590 0.002 0.045  0.001   0.0001 0.005 

DP780 0.003 0.048  0.001 0.003 0.001 0.0001 0.006 

DP1180 0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086 

 

Table 2: Volume fraction of martensite for the studied DP steels.  
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Steel DP 590 DP 780 DP 1180 

Fraction of 

martensite 

7.7% 34% 45% 

a a' 

b 
b' 
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Figure 3. Stress–strain response measured during strain path reversals at large strain levels as 

indicated in the legends for (a) DP 590, (b) DP 780, and (c) DP 1180 along the rolling direction 

(RD). Macro-yield points upon unloading at 0.001 offset strain are indicated (σU). Comparison 

of monotonic tension and the 1st reversal curves as a function of accumulated strain for (a’) DP 

590, (b’) DP 780, and (c’) DP 1180.  

 

 

 

c 
c' 

a 

b 

a' 

b' 
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Figure 4. Stereographic pole figures measured using NeD showing the initial texture in sheets of 

(a) DP 590, (b) DP 780, (c) DP 1180, and (d) martensitic steel MS 1700. (a’-d’) Corresponding 

pole figures represented using 100 weighted crystal orientations for simulations.  

 

4 Summary of the elasto-plastic self-consistent crystal plasticity-based finite element simulation 

framework  

This section summarizes the crystal plasticity constitutive law used to perform the 

simulations in the present work. The law is an implicit formulation of the EPSC model 

embedded in the implicit FEM framework (Zecevic and Knezevic, 2019). The model is termed 

FE-EPSC. The constitutive formulation of EPSC begins by relating the Jaumann rate of Cauchy 

stress, �̂�, and the strain rate, �̇�, using (Ghorbanpour et al., 2020; Nagtegaal and Veldpaus, 1984; 

Neil et al., 2010; Zecevic et al., 2015) 

�̂� = 𝐋�̇� =  �̇� + 𝛔𝐖 − 𝐖𝛔.         (1) 

The constitutive equation applied equally whether a material point is a polycrystalline aggregate 

or a single crystal. The tensorial quantities in the equation, 𝛔, 𝐋, and 𝐖 are the Cauchy stress, 

c 

d 

c' 

d' 
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tangent stiffness, and spin respectively. These quantities at the crystal-level are denoted with the 

superscript c as �̂�𝑐, 𝐋𝑐, and 𝐖𝑐. Additionally, the crystal stress and strain rate are  𝛔𝑐 and �̇�𝑐. 

Using the crystal volume averages �̂� = 〈�̂�𝑐〉 and �̇� = 〈�̇�𝑐〉, 𝐋 can be evaluated relying on the 

standard SC homogenization procedure (Eshelby, 1957; Ghorbanpour et al., 2017; Lipinski and 

Berveiller, 1989; Neil et al., 2010; Turner and Tomé, 1994). Dot and tensor products are 

indicated by   and ⊗, respectively.  

The crystal-level Jaumann rate is  

�̂�𝑐 = 𝐋𝑐�̇�𝑐 = 𝐂𝑐(�̇�𝑐 − 𝐦𝑠𝑐
𝑠 �̇�𝑠) − 𝛔𝑐𝑡𝑟(�̇�𝑐),       (2) 

with 𝐂𝑐 and �̇�𝑝𝑙,𝑐 denoting the elastic stiffness tensor and the plastic strain rate for crystal c. The 

plastic strain rate is a sum of the products between the Schmid tensor, 𝐦𝑠𝑐
𝑠 =

1

2
(𝐛𝑠 ⊗ 𝐧𝑠 +

𝐧𝑠 ⊗ 𝐛𝑠) and sharing rates, �̇�𝑠 over available slip systems, 𝑠, per grain c. The geometry of 

Schmid tensors is defined by the Burgers vector, 𝐛𝑠, and the slip system normal, 𝐧𝑠, with a 

tangent 𝐭𝑠 = 𝐧𝑠 × 𝐛𝑠. Due to the core structure of dislocations in BCC metals, non-Schmid 

effects arise giving rise to some tension/compression asymmetry in the mechanical response 

(Dao and Asaro, 1993; Knezevic et al., 2014; Knezevic et al., 2015; Lim et al., 2013; Savage et 

al., 2017; Savage et al., 2018). Non-Schmid effects are typically included in the single crystal 

activation law via the non-Schmid tensor 𝐦𝑛𝑠
𝑐,𝑠

. Here, five additional non-glide projections are 

included: three normal 𝐧𝑠⨂𝐧𝑠, 𝐭𝑠⨂𝐭𝑠, and 𝐛𝑠⨂𝐛𝑠 and two shear acting normal to the Burgers 

vector 𝐭𝑠⨂𝐛𝑠 and 𝐭𝑠⨂𝐧𝑠. The non-Schmid tensor and the total tensor governing the slip system 

activation are 

𝐦𝑛𝑠
𝑠 = 𝑐1(𝐭𝑠⨂𝐛𝑠) + 𝑐2(𝐭𝑠⨂𝐧𝑠) + 𝑐3(𝐧𝑠⨂𝐧𝑠) + 𝑐4(𝐭𝑠⨂𝐭𝑠) − (𝑐3 + 𝑐4)(𝐛𝑠⨂𝐛𝑠),  (3a) 

𝐦𝑠 = 𝐦𝑠𝑐
𝑠 + 𝐦𝑛𝑠

𝑠 .           (3b) 
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The four weighting coefficients, ci, referred as the non-Schmid coefficients are calibrated using 

mechanical data. 

Activation of slip systems is then controlled by the following conditions  

𝛔𝑐 ∙ 𝐦𝑠 − 𝜏𝑏𝑠
𝑠 = 𝜏𝑐

𝑠,          (4a) 

�̂�𝑐 ∙ 𝐦𝑠 − �̇�𝑏𝑠
𝑠 = �̇�𝑐

𝑠,          (4b) 

where, 𝜏𝑐
𝑠 is a resistance to slip, while  𝜏𝑏𝑠

𝑠  is a slip system backstress inducing the kinematic 

hardening effect (Wollmershauser et al., 2012). The condition in Eq. (4a) indicates that the stress 

is on the yield surface, while the condition in Eq. (4b) is the consistency ensuring that the stress 

stays on the yield surface (Knockaert et al., 2000; Zecevic et al., 2019). The resistance and 

backstress evolve using 

�̇�𝑐
𝑠 = ∑ ℎ𝑠𝑠′

�̇�𝑠′

𝑠′ ,           (5a) 

�̇�𝑏𝑠
𝑠 = ∑ ℎ𝑏𝑠

𝑠𝑠′
�̇�𝑠′

𝑠′ ,          (5b) 

where ℎ𝑠𝑠′
 and ℎ𝑏𝑠

𝑠𝑠′
 are matrices, one consisting of partial derivatives for hardening evolution, 

ℎ𝑠𝑠′
=

𝜕𝜏𝑐
𝑠

𝜕𝛾𝑠′, and another consisting of partial derivatives for backstress evolution, ℎ𝑏𝑠
𝑠𝑠′

=
𝜕𝜏𝑏𝑠

𝑠

𝜕𝛾𝑠′. 

These partial derivatives are evaluated from the evolution laws for 𝜏𝑐
𝑠 and 𝜏𝑏𝑠

𝑠 , which are 

described next.  

Crystal lattice evolution with plastic strain is captured base on the spin tensor  

𝐖𝑐 = 𝐖𝑐,𝑎𝑝𝑝 − 𝐖𝑝𝑙,𝑐,          (6) 

calculated as the sum of any applied spin 𝐖𝑐,𝑎𝑝𝑝 and plastic spin 𝐖𝑝𝑙,𝑐. The plastic spin is 

calculated using 𝐖𝑝𝑙,𝑐 = ∑ �̇�𝑠𝐪𝑠
𝑠  and 𝐪𝑠 =

1

2
(𝐛𝑠 ⊗ 𝐧𝑠 − 𝐧𝑠 ⊗ 𝐛𝑠).   
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Resistance to slip is formulated to consist of (Knezevic et al., 2014; Knezevic et al., 2013; 

Zecevic et al., 2016a) 

𝜏𝑐
𝑠 = 𝜏0

𝛼 + 𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠 + 𝜏𝑑𝑒𝑏𝑟𝑖𝑠

𝛼 ,         (7) 

where, 𝜏0
𝛼 is an initial nonevolving value, while 𝜏𝑓𝑜𝑟𝑒𝑠𝑡

𝑠  and 𝜏𝑑𝑒𝑏𝑟𝑖𝑠
𝛼  are evolving values of slip 

resistance. The latter two terms are driven by statistically stored forest and debris dislocation 

populations, respectively. 𝜏0
𝛼 includes the Peierls barrier, solid solution strengthening, initial 

dislocation density, and initial grain size strengthening through barrier effect. 𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠  and 𝜏𝑑𝑒𝑏𝑟𝑖𝑠

𝛼  

are defined as 

𝜏𝑓𝑜𝑟𝑒𝑠𝑡
𝑠 = 𝑏𝛼𝜒𝐺𝛼√∑ 𝐿𝑠𝑠′𝜌𝑡𝑜𝑡

𝑠′
𝑠′ ,         (8a) 

𝜏𝑑𝑒𝑏𝑟𝑖𝑠
𝛼 = 0.086 𝐺𝛼𝑏𝛼√𝜌𝑑𝑒𝑏𝑙𝑜𝑔 (

1

𝑏𝛼√𝜌𝑑𝑒𝑏
),        (8b) 

where, 𝑏𝛼 is the magnitude of Burgers vector, 𝜒 is an interaction constant for dislocations 

(Lavrentev, 1980; Mecking and Kocks, 1981) (𝜒 = 0.9), 𝐺𝛼 is the shear modulus, 𝐿𝑠𝑠′ is a latent 

hardening interaction matrix (Franciosi and Zaoui, 1982; Khadyko et al., 2016), 𝜌𝑡𝑜𝑡
𝑠  is the total 

density of forest dislocations per slip system, 𝜌𝑑𝑒𝑏 is the density of debris dislocations.  

The model features a strain-path sensitive law for the evolution of dislocation density 

governing the evolution of slip resistance. To facilitate the strain-path dependence, a positive, s+, 

and a negative, s-, slip directions for every s are identified. Note that every s belongs to a given 

slip family/mode 𝛼. Consequently, the total density of forest dislocation is formulated as 

𝜌𝑡𝑜𝑡
𝑠 = 𝜌𝑓𝑜𝑟

𝑠 + 𝜌𝑟𝑒𝑣
𝑠+

+ 𝜌𝑟𝑒𝑣
𝑠−

,        (9) 
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where, 𝜌𝑓𝑜𝑟
𝑠  is the forward and 𝜌𝑟𝑒𝑣

𝑠+
 and 𝜌𝑟𝑒𝑣

𝑠−
  are the reversible densities of dislocations on the 

s+ and s- , respectively. The evolution laws for these densities with shearing are (Kitayama et al., 

2013a; Zecevic and Knezevic, 2019)  

(If  𝑑𝛾𝑠+
> 0) 

𝜕𝜌𝑓𝑜𝑟
𝑠

𝜕𝛾𝑠 = (1 − 𝑝)𝑘1
𝛼√𝜌𝑡𝑜𝑡

𝑠 − 𝑘2
𝛼(𝜀̇, 𝑇)𝜌𝑓𝑜𝑟

𝑠 ,      (10a) 

𝜕𝜌𝑟𝑒𝑣
𝑠+

𝜕𝛾𝑠 = 𝑝𝑘1
𝛼√𝜌𝑡𝑜𝑡

𝑠 − 𝑘2
𝛼(𝜀̇, 𝑇)𝜌𝑟𝑒𝑣

𝑠+
,       (11a) 

𝜕𝜌𝑟𝑒𝑣
𝑠−

𝜕𝛾𝑠 = −𝑘1
𝛼√𝜌𝑡𝑜𝑡

𝑠 (
𝜌𝑟𝑒𝑣

𝑠−

𝜌0
𝑠 )

𝑚

,        (12a) 

(If  𝑑𝛾𝑠−
> 0) 

𝜕𝜌𝑓𝑜𝑟
𝑠

𝜕𝛾𝑠 = (1 − 𝑝)𝑘1
𝛼√𝜌𝑡𝑜𝑡

𝑠 − 𝑘2
𝛼(𝜀̇, 𝑇)𝜌𝑓𝑜𝑟

𝑠 ,        (10b) 

𝜕𝜌𝑟𝑒𝑣
𝑠+

𝜕𝛾𝑠 = −𝑘1
𝛼√𝜌𝑡𝑜𝑡

𝑠 (
𝜌𝑟𝑒𝑣

𝑠+

𝜌0
𝑠 )

𝑚

,        (11b) 

𝜕𝜌𝑟𝑒𝑣
𝑠−

𝜕𝛾𝑠 = 𝑝𝑘1
𝛼√𝜌𝑡𝑜𝑡

𝑠 − 𝑘2
𝛼(𝜀̇, 𝑇)𝜌𝑟𝑒𝑣

𝑠−
,       (12b) 

with 𝜌𝑓𝑜𝑟
𝑠 (𝛾𝑠 = 0) = 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑠 ,  𝜌𝑟𝑒𝑣
𝑠+

(𝛾𝑠 = 0) = 0  and 𝜌𝑟𝑒𝑣
𝑠−

(𝛾𝑠 = 0) = 0. In the evolution 

expressions, 𝑘1
𝛼 is a fitting model parameter determining the rate of generation of forest 

dislocations, while 𝑘2 is controlling recovery of forest dislocations (Beyerlein and Tomé, 2008), 

𝑝 is a reversibility parameter taken as unity (Khadyko et al., 2016; Kocks et al., 1991; Teodosiu 

and Raphanel, 1991), 𝑚 is a model parameter limiting the rate of recombination of dislocations 

taken as 0.5 (Wen et al., 2015), and 𝜌0
𝑠 is the density of dislocations at the strain-path change on 

the system, s (Kitayama et al., 2013a).  
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𝑘2
𝛼 is calculated using 

𝑘2
𝛼

𝑘1
𝛼 =

𝜒𝑏𝛼

𝑔𝛼 (1 −
𝑘𝐵𝑇

𝐷𝛼(𝑏𝛼)3 𝑙𝑛 (
�̇�

�̇�0
)),         (13)  

where 𝑘𝐵 is the Boltzmann constant, 𝐷𝛼 is the drag stress model parameter, 𝑔𝛼 is the effective 

activation enthalpy model parameter, and 𝜀0̇ = 107 is the a reference strain rate. The debris 

density of dislocations increments using   

∑
𝜕𝜌𝑑𝑒𝑏

𝜕𝛾𝑠 𝑑𝛾𝑠
𝑠 = ∑ 𝑞𝛼𝑏𝛼√𝜌𝑑𝑒𝑏 𝑘2

𝛼(𝜀̇, 𝑇)𝜌𝑡𝑜𝑡
𝑠 𝑑𝛾𝑠

𝑠 ,                                                (14) 

where 𝑞𝛼 is another fitting model parameter for the rate of dislocation recovery.  

In addition to the a strain-path sensitive dislocation density-based law for the evolution of 

slip system resistance, the model incorporates a slip system level backstress law to influence the 

resolved shear stress for slip system activation. The intra-granular sources of backstress are 

represented phenomenologically. The sources of backstress evolve with shearing strain. The 

sources on individual slip systems are summed to form the backstress tensor (Harder, 1999). The 

tensor is then projected get the slip system backstress as 

𝜏𝑏𝑠
𝑠 = 𝐦𝑠 ∙ 𝛔𝑏𝑠

𝑐 = 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠 + 2 ∑ 𝐦𝑠 ∙ 𝐦𝑠′

𝜏𝑏𝑠,𝑠𝑦𝑠∗
𝑠′

𝑠′  ,     (15) 

where 

𝜏𝑏𝑠,𝑠𝑦𝑠∗
𝑠′

= {
𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠′
 if 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠′
> 0

0 if 𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠′

< 0
.         (16) 

The slip system level back-stress is  

(if 𝑑𝛾𝑠+
> 0 and 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠+
> 0) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

= 𝜏𝑏𝑠
𝑠𝑎𝑡(1 − exp(−𝜈𝛾𝑠+

)),       (17) 
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𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= −𝐴𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

,         (18) 

(if 𝑑𝛾𝑠+
> 0 and 𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠+
< 0) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠+

= −(𝐴 + 1)𝜏𝑏𝑠
𝑠𝑎𝑡 exp (−

𝛾𝑠−

𝛾𝑏
) + 𝜏𝑏𝑠

𝑠𝑎𝑡 ,      (19) 

𝜏𝑏𝑠,𝑠𝑦𝑠
𝑠−

= −
1

𝐴
𝜏𝑏𝑠,𝑠𝑦𝑠

𝑠+
.         (20) 

The fitting parameters for the backstress law are the saturation value, 𝜏𝑏𝑠
𝑠𝑎𝑡, the parameter, A, 

which influences the asymmetric evolution in s+ and s-, the multiplier, 𝜈, and the 

denominator, 𝛾𝑏.  

In addition to the intra-granular sources, the backstress fields arise from inter-granular 

interactions between individual grains of different crystal orientations in polycrystals. These 

additional sources are approximated in the EPSC model using the SC homogenization in which 

every grain interacts with the averaged polycrystalline response. Modeling anisotropic elasticity 

is essential for accurate predictions of the inter-granular stress fields. In summary, the predictive 

characteristics of the EPSC model are a collective result of accounting for several distinct 

physical phenomena, the strain-path sensitive evolution of dislocation density, intra-granular 

backstress fields, and inter-granular stress fields. Local stresses in every grain are a consequence 

of the applied stress, inter-granular backstress fields, and intra-granular backstress fields.  

The EPSC model has been couples with the implicit FEM framework in prior works (Zecevic 

et al., 2017; Zecevic and Knezevic, 2017). In the brief summary that follows, the subscript  𝐹𝐸 

implies quantities passed/returned from the FEM software, Abaqus. Every FE integration point 

of the meshes embeds the same initial texture for ferrite and martensite. The underneath EPSC 

constitutive law calculates the homogenized stress at the end of every strain increment, 𝛔𝐹𝐸
𝑡+Δ𝑡, for 
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a given strain increment, Δ𝛆𝐹𝐸, interrogating the model. The applied strain increment is 

determined by imposed boundary conditions on the mesh. In addition, the implicit FEM solver 

needs a Jacobian matrix, 
∂Δ𝛔𝐹𝐸

∂Δ𝛆𝐹𝐸
, to estimate a displacement field. Accommodated strain by the 

EPSC model per integration point up to the current time is 

𝛆𝐹𝐸
𝑡+Δ𝑡 = 𝛆𝐹𝐸

𝑡 + Δ𝛆𝐹𝐸.          (21) 

The Jacobian is (Zecevic and Knezevic, 2019)  

∂Δ𝛔𝐹𝐸

∂Δ𝛆𝐹𝐸
=

∂(𝛔𝐹𝐸
𝑡+Δ𝑡−𝛔𝐹𝐸

𝑡 )

∂Δ𝛆𝐹𝐸
=

∂Δ�̅�

∂Δ�̅�
=

∂(�̅�𝑖𝑛𝑐Δ�̅�)

∂Δ�̅�
= �̅�𝑖𝑛𝑐.       (22) 

where �̅�𝑖𝑛𝑐 is the stiffness relating the increments in Cauchy stress and strain. The bar on top 

denotes that variables are in the configuration at the beginning of time increment with respect to 

the crystal rotation (Zecevic and Knezevic, 2019).  

 

5 Model calibration  

The measured axial deformation processes for DP 590, DP 780, and DP 1180 steels are 

simulated in FE-EPSC using a model in Abaqus consisting of one element, C3D8. The applied 

boundary conditions were such that the displacement is imposed along the 1-direction (RD) for 

axial tension/compression and stress-free conditions on the lateral faces. Using the one element 

model, the hardening parameters for the evolution of slip resistances in ferrite and martensite and 

for the backstress law in ferrite are adjusted by simulating one cyclic tension-compression-

tension curve per steel. The identified parameters were then fine-tuned by comparing another 

cyclic curve per steel. The remaining data was used for verification. Fig. 5 shows the comparison 

between measured and predicted curves for the three steels. The model captures the hardening 
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rates during forward loading, non-linear unloading, BE, permanent softening, and subsequent 

hardening rates with good accuracy.  

The identified parameters for hardening are the initial resistance to slip, 𝜏0
𝛼, trapping rate 

coefficient, 𝑘1
𝛼, drag stress, 𝐷𝛼 and activation barrier for de-pinning, 𝑔𝛼. The identified 

parameters for the backstress law are the saturation value for backstress 𝜏𝑏𝑠
𝑠𝑎𝑡, asymmetry factor, 

A, and coefficients 𝜈 and 𝛾𝑏. The established parameters are given in Table 3, while the crystal 

elastic constants are given in Table 4. Importantly, the hardening parameters per phase are the 

same for every steel, except 𝐷𝛼 and the initial content of dislocation density per phase. The 

initial content of dislocations was estimated from the initial slip resistances, 𝜏0
𝛼. These initial 

values include the contribution of the initial dislocation density content. Using the available 

measured data for dislocation density per phase is DP 1180 (Yaddanapudi et al., 2021), we 

estimate the friction term of slip resistance, 𝜏00
𝛼  by subtracting the contribution of the initial 

dislocation density from 𝜏0
𝛼 for DP 1180. Using the same estimated friction stress for every steel, 

we estimated the initial dislocation density per phase in every steel, ∑ 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑠

𝑠 . Evidently, the 

dislocation densities increase with the content of martensite per steel. The expansion in volume 

in austenite to martensite phase transformation causes the deformation of ferrite phase and 

accumulation of dislocations around martensite regions (Calcagnotto et al., 2010; Kadkhodapour 

et al., 2011). As a result, the content of dislocation density is larger in steels containing more 

martensite.  
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Fig. 5: Simulated and measured true stress-true strain response in monotonic and strain path 

reversal deformation for DP 590 (a-d), DP 780 (e-h), and DP 1180 (i-l).  

 

Table 3a: Hardening parameters for {110}〈11̅1〉 and {112}〈111̅〉 slip modes in ferrite (F) and 

martensite (M) common for all steels. 𝐿𝑠𝑠 = 1 is for self-hardening, while 𝐿𝑠𝑠′ = 1.05 is for 

latent-hardening interactions (Kocks and Brown, 1966; Zecevic and Knezevic, 2018). The 

Burgers vector is 𝑏1 = 𝑏2 = 2.48 × 10−10m. The non-Schmid parameters are 𝑐1 = 0.01, 𝑐2 =

0.01, 𝑐3 = 0.01, 𝑐4 = −0.01  for all steels. Finally,  

 

 

 

 

 

 

Table 3b. Hardening parameters for {110}〈11̅1〉 and {112}〈111̅〉 slip modes in ferrite (F) and 

martensite (M) per steel.  

Parameter F M 

𝑘1
𝛼[𝑚−1] 1.5e8 0.725e8 

𝜏00
𝛼  [MPa] 110 650 

𝑔𝛼 0.009 0.009 

𝑞𝛼 20 20 

Parameter DP 590 

(F) 

DP 590 

(M) 

DP 780 

(F) 

DP 780 

(M) 

DP 1180 

(F) 

DP 1180 

(M) 

∑ 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑠

𝑠

[𝑚−2] 1.2e9 4.08e9 3.4e10 5.08e10 3.14e12 1.47e13 
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Table 3c. Fitting parameters pertaining to the evolution of backstress in ferrite per steel.  

 

 

 

 

 

 

 

Table 4: Single crystal elastic stiffness values in GPa for ferrite and martensite taken from 

(Cantara et al., 2019).  

 𝑪𝟏𝟏 𝑪𝟏𝟐  𝑪𝟒𝟒  

Ferrite  218.37 113.31 105.34 

Martensite  282.31 116.19 78.57 

 

 

𝜏0
𝛼 [MPa] 110.5 651 112.5 654 136 718 

𝐷𝛼 [MPa] 625 700 700 750 750 800 

Parameters DP 

590 

(F) 

DP 

780 

(F) 

DP  

1180 

(F) 

𝜏𝑏𝑠
𝑠𝑎𝑡[𝑀𝑃𝑎] 15 45 85 

𝜈  100 100 100 

𝛾𝑏 0.001 0.009 0.001 

A 1 5 2 
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6 Simulation results for hat-shaped draw-bending  

 

 

 

a 
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Fig. 6: (a) Effect of mesh on predicted springback for DP 780. (b) Comparison of measured and 

simulated springback after hat-shaped draw-bending of DP 780. The simulation was performed 

using mesh 2.   

 

Table 5: FE meshes used for the hat-shaped draw-bending simulations and simulation times.  

Mesh # Element type # of elements in 

through thickness 

Total # of 

elements 

Simulation 

time in hours 

Mesh 1 CPE4 2 514 78 

Mesh 2 CPE4 4 1028 96 

Mesh 3 CPE4R 2 514 59 

Mesh 4 CPE4R 4 1028 72 

Mesh 5 CPE8R 2 514 84 

Mesh 6 CPE8R 4 1028 102 
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Fig. 7: Comparison of measured and simulated springback after hat-shaped draw-bending of DP 

780 with specimen pre-strained axially in tension to 7.8%. The results from Fig. 6b are shown 

for reference. The simulations were performed using mesh 2.  
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Fig. 8: Comparison of measured and simulated punch load vs punch displacement in hat-shaped 

draw-bending tests, simulated with mesh 2 for DP 780, where the final displacement of the 

punch was 71.8 mm.  
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Fig. 9: Contours of von Mises stress and effective strain after the springback for DP 590, DP 

780, and DP 1180 simulated using mesh 2. Evidently the steels show different springback effect 

after the hat-shaped draw-bending processing.  

 

 

b 

a 
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Fig. 10: Comparison of hat-shaped draw-bending simulation results for DP 780 using mesh 2 

with and without accounting for backstress.  

 

 

7 Summary and conclusions 

In this work, a multi-level modeling framework linking the single crystal-level response to 

polycrystalline aggregate-level response to the component-level response is used to simulate hat-

shaped draw-bending and b-pillar stamping. The crystal-level response is governed by sub-

models including a strain-path sensitive hardening law for the evolution of dislocation density 

and a slip system-level kinematic hardening law for back-stress. The polycrystal model is the 

EPSC formulation homogenizing crystal-level responses of two-phases. The EPSC model is 

coupled with the implicit FEM to form the FE-EPSC framework in which every integration point 

of an FE mesh is a polycrystal that deforms by anisotropic elasticity and plastic slip allowing for 

the heterogeneous deformation across a sample as a result of geometry, boundary conditions, and 
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material anisotropy. A comprehensive set of monotonic and load reversal true stress-true strain 

curves for DP 590, DP 780, and DP 1180 was used to calibrate and then critically validate FE-

EPSC using one element simulations. It was shown that the model successfully captures the flow 

response of the steels using a single set of parameters per phase except for one parameter, which 

varied from steel to steel. In particular, the model reproduced the phenomena pertaining to the 

load reversal deformation, the typical decreasing hardening rate during forward tension, a linear 

and then a non-linear unloading, followed by the BE, and a slight shift in the hardening rate 

during continuous straining. Such good performances of the model were primarily a consequence 

of accounting for kinematic hardening at the slip system-level through the evolution law for 

backstress, inter-granular stresses, and dislocation generation and annihilation during strain-path 

reversals. 

As capturing the phenomena pertaining to the load reversal deformation have major 

implications on the accuracy of simulations in the sheet metal forming, the calibrated model is 

further evaluated on a case study of hat-shaped draw-bending of DP steels. The objective was to 

predict the final geometry of the part after the draw-bending and subsequent 

springback/unloading, consistent with experimental measurements available for DP 780. The 

dimensional changes of the part in the free state were successfully predicted. Comparison of the 

experimentally measured and predicted geometry revealed that accounting for backstress is 

essential for the accurate prediction of the part. Subsequently, the same hat-shaped draw-bending 

process was simulated for a pre-strained sheet of DP 780 revealing the role of strain hardening in 

predicting the part geometry. Finally, the same process was simulated for DP 590 and DP 1180 

to further confirm the increase in the level of deflection with strength. The work has shown that 

the FE-EPSC simulation framework can be used to predict phenomena pertaining to material 
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behavior and resulting geometrical changes important for optimizing sheet metal forming 

processes. Future work will focus on lessening the computational time requirements by taking 

advantage of specialized high performance computing hardware to make the model more 

practical.  
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