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Fig. 6. (a) Initial texture represented using 100 weighted orientations, which were 
embedded at each FE integration point. (b) Predicted textures after forming at selected 
spatial locations in the center along the thickness direction of the cup. (c) Deformed 
mesh showing the spatial locations of recorded textures.  
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5. Conclusions 

In this work, we have presented a numerical implementation of the EPSC crystal 

plasticity model in shell finite element framework. To this end, we have adapted the 

recently developed 3D FE-EPSC model to a plane stress implementation as required by 

shell elements. Every material point in the FE shell mesh is a polycrystal that deforms 

by anisotropic elasticity and crystallographic slip allowing for the heterogeneous 

deformation prediction that can occur across a sample as a result of work-piece 

geometry and material elastic and plastic anisotropy. The evolution of texture, 

anisotropic hardening, BE, and nonlinear unloading were all taken into account by the 

model. The model is applied to a case study of cup drawing in the sheet metal forming 

of AA6022-T4. The multi-level model was capable of performing drawing and the 

subsequent springback unloading. However, the stabilization procedure was found 

necessary to facilitate the unloading step. It was quantified that the procedure did not 

appreciably influence the results. The dimensional changes of the cup along with the 

non-uniform residual stress-strain distribution and texture after drawing in the clamped 

condition as well as in the free state were predicted.  
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CHAPTER 4:  

A dislocation density based elasto-plastic self-consistent model for 

the prediction of cyclic deformation: Application to AA6022-T4 

This chapter was published as: “A dislocation density based elasto-plastic self-

consistent model for the prediction of cyclic deformation: Application to AA6022-T4”, 

Milovan Zecevic and Marko Knezevic, International Journal of Plasticity 72 (2015): 200-

217. The research and writing of this chapter was performed in typical student-advisor 

relationship.  
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Abstract 

 

We develop a polycrystal plasticity constitutive law based on the elasto-plastic 

self-consistent (EPSC) theory for the prediction of cyclic tension-compression 

deformation. The crystallography based model integrates a dislocation based hardening 

model and accounts for inter-granular stresses and slip system level backstresses, 

which make it capable of capturing non-linear unloading and the Bauschinger effect 

(BE). Furthermore, the model features dissolution of dislocation population upon the 

load reversal, which enables it to predict the change in hardening rate during reverse 

loading from that during forward loading. To demonstrate these capabilities of the 

model, we investigate elasto–plastic behavior of AA6022-T4 sheets under in-plane 

cyclic tension–compression. From a set of carefully performed cyclic tests to several 

strain levels, we observe that the material exhibits (1) a typical decreasing hardening 

rate during forward loading, (2) a linear followed by non-linear unloading upon the load 
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reversal, (3) a transient softening followed by rapid work hardening (the BE), and (4) a 

decrease in subsequent hardening rate during reverse loading (the permanent softening 

phenomenon). To predict these effects, we calibrate the model to establish a set of 

material parameters using a portion of the measured data. The remaining measured 

data is used for verification of the model. We show that using the single set of material 

parameters, the developed model is capable of predicting all the particularities 

pertaining to the cyclic deformation of the material with great accuracy. From the 

favorable comparison of the predictions and experimental data, we infer first that the 

non-linearity of unloading increases with the amount of pre-strain, next that the 

backstresses have a dominant effect in capturing non-linear unloading while both the 

backstresses and inter-granular stresses govern the BE, and finally that the inclusion of 

reversible dislocation motion is the key for capturing hardening rates during reverse 

loading. 

 

Keywords: B. Bauschinger effect; B. Residual stress; B. Backstress; A. Dislocations; B. 

Crystal plasticity  
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1. Introduction 

Numerical simulations play a major role in optimization of metal forming 

processes and evaluation of component performances in service. Accuracy of such 

simulations is highly dependent on the accuracy of a material model, which is integral in 

such numerical tools. Since metal forming processes involve non-monotonic and multi-

axial deformation paths, it is necessary for the material model to be sensitive to such 

deformation path changes. For example, the springback behavior of forming parts after 

removal from a die depends on the elasto-plastic behavior of the material during 

unloading [1, 2]. The bending-unbending behavior of sheets drawn over a die radius 

depends on the elasto-plastic behavior of the material during tension followed by 

compression [2, 3]. 

In addition to the flow stress and concomitant work hardening rate during forward 

monotonic loading, material models sensitive to strain reversals must capture the 

following directional effects: (1) linear and non-linear unloading, (2) transient in yield 

stress and work hardening rate immediately after re-yielding known as the Bauschinger 

effect (BE), and (3) subsequent work hardening rate, which is usually different from that 

during the forward loading. These effects are attributed to the evolution of the 

underlying physical phenomena and the microstructure, which are briefly summarized 

below.  

Non-linear unloading behavior refers to a small departure from a linear elastic 

material law during unloading [2, 4]. The total unloading strain comprises an initial 

elastic component followed by small scale re-yielding attributed to a dislocation 

relaxation phenomenon [4-8]. This small scale back flow during unloading is a 
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consequence of the presence of micro backstresses formed during forward loading. 

These micro backstresses arise from dislocation pile-ups, which consist of dislocations 

incorporated into grain boundaries during forward loading. Upon unloading, the micro 

backstresses relax, giving rise to a micro plastic strain in the reverse direction. This 

micro plastic strain is accommodated by a partial re-emission of the dislocations from 

the grain boundary pile-ups [6, 8]. Level of plastic deformation before unloading is 

expected to influence the magnitude of deviation from the linear unloading behavior. 

Therefore, capturing the effect of non-linear unloading by constitutive models requires 

modeling of prior plastic deformation.  

The BE [9] refers to the change in yield strength followed by rapid hardening of a 

material deformed in tension (compression) and subsequently in compression (tension). 

The BE effect has been observed in the deformation of polycrystals [10-12] as well as 

single crystals [13-16] and its phenomenology and microstructural descriptions are well 

documented [17, 18]. Similar to non-linear unloading, it arises from the local deviation 

from an applied stress due to backstresses having inter- and intra-granular sources. 

The intra-granular backstress sources explain the BE in single crystals. In contrast to 

non-linear unloading of polycrystals, dislocation grain boundary pile-ups cannot be the 

origin of these backstresses in single crystals. Incompatibility between hard dislocation 

walls of high dislocation density separated by soft regions of low dislocation density 

develops long-range internal stresses (LRIS) (aka intra-granular stresses or type III 

stresses) [19, 20]. During forward deformation LRIS are induced in the opposite 

direction from that of the applied stress. Upon reloading, LRIS combine with the 

reversed loading stress, causing a drop in the onset of plastic deformation. Orowan’s 
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theory, which states that there is an anisotropy in resistance to dislocation motion 

between forward and reverse motion, offers an additional explanation of the BE in single 

crystals. Dislocations move easier in the reversed direction because obstacles on the 

same path have been overcome during the forward motion [21]. The BE effect in 

polycrystals is caused by that in single crystals, by the existence of additional sources of 

backstresses, and by inter-granular stresses (type II stresses). The additional sources 

of backstresses are the pile-ups at grain boundaries [22, 23] and any non-deforming 

particles [24, 25]. Depending on the crystallographic orientation with respect to the 

loading axis, the yield strengths of different grains are divergent with some grains being 

harder and some being softer. The inter-granular stresses build up due to strain 

incompatibility between adjacent hard/soft grains of different crystal orientations during 

forward loading. Similarly these stresses assist the stress applied in the reverse 

direction, which is reflected in the drop of the yield stress [22, 26]. Therefore, both intra- 

and inter-granular stresses give rise to the BE in polycrystals. These stresses are 

strongly linked to the concurrent evolutions of crystallographic and morphological 

texture with plastic strain, which induce the plastic anisotropy. 

Following the BE, a change of the work hardening rate occurs during reverse 

loading to large strains [10, 27-29]. This change manifests in an offset between the 

forward and the reverse flow stresses [21, 30, 31] and is referred to as permanent 

softening. The effect originates from the annihilation/dissolution of loosely tangled 

dislocation contained in dislocation substructures formed during the primary deformation 

path, as well as slow buildup of new dislocation substructures during deformation in the 

opposite direction. 
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Incorporation of the above summarized effects in constitutive models represents 

a challenging task. Clearly, simple phenomenological material models based on 

isotropic continuum plasticity are insufficient [32]. A range of more sophisticated 

phenomenological models have been developed to quantitatively predict the BE through 

a combination of isotropic and linear or non-linear kinematic hardening laws [33-38]. 

These phenomenological models, while computationally efficient and relatively easy to 

implement within commercial finite element codes, are not physically based and 

therefore do not directly account for the mechanistic sources of backstresses, or even 

distinguish between inter- and intra-granular contributions. A significant limitation of 

these models is that it is difficult to find the values of the material parameters, 

demanding expensive and complex mechanical tests and inverse methodologies to find 

the parameters [39]. Additionally, these models apply to a specific initial material state 

and to the specific loading conditions used in the model fitting process. 

An attractive alternative is the physics-based crystal plasticity theory, which is 

based on the crystallography of various deformation mechanisms and considers 

crystallographic texture as an input state variable that evolves with plastic strain. Such 

physical description of plastic deformation naturally incorporates development of the 

plastic anisotropy caused by textural and microstructural changes during deformation 

[40]. Polycrystal plasticity models link response of constituent single crystals to the 

response of a polycrystalline aggregate. For this purpose different homogenization 

schemes exist ranging from an upper-bound Taylor [41-51], to lower-bound Sachs [52-

54], to mean-filed self-consistent [55], and finally to full-field finite element models [56-

60]. To facilitate simulations under heterogeneous plastic strains, these polycrystal 
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codes are further coupled with commercial finite element codes to operate at a FE 

integration point [61-67]. Polycrystal plasticity models intrinsically account for 

anisotropic elasto-plastic behavior of the material and, depending on the selected 

homogenizations, are capable of calculating the inter-granular sources of backstress. 

While the Taylor homogenization predicts large inter-granular stresses, the Sachs 

model develops no such stresses. Though finite element homogenization would lead to 

the most accurate estimates of backstresses, it is computationally impractical. Self-

consistent homogenization provides the best compromise between computational 

speed and accuracy. In addition to predictions of mechanical response, the added 

benefits of polycrystal plasticity models include their ability to provide valuable 

information about texture evolution as well as physical insights into active deformation 

modes. Moreover, these models are not constrained to an initial material state or to a 

specific deformation path, and therefore are much more predictive and robust than 

macroscopic plasticity models.  

The elasto-plastic self-consistent (EPSC) model [68] is among the most widely 

applied crystal plasticity models for the prediction of inter-granular stresses. However, 

the inherent inter-granular stresses predicted by EPSC were found insufficient to 

capture subtleties of cyclic deformation of stainless steel [69]. The primary reason for 

the poor predictions is lack of backstress kinematic hardening effects. More recently, 

backstresses at the slip system level have been incorporated within the Voce hardening 

law in EPSC, resulting in successful predictions of small strain cyclic deformation [70]. 

Since this model was implemented within the phenomenological Voce hardening law, it 
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has been unable to capture subsequent hardening behavior during reloading to large 

strains as a function of the level of pre-loading strain. 

On the other hand, the visco-plastic self-consistent (VPSC) model [55] was used 

with an extended Voce hardening law for modeling the BE [71] and with a dislocation 

based hardening law for modeling both the BE and subsequent work hardening rates to 

large strains upon strain reversal [28, 72, 73]. The key feature of the later model is that 

it includes a reversible dislocation population that annihilates upon strain reversal, 

enabling reverse hardening rate predictions. The backstresses in VPSC cannot be 

entirely related to physical phenomena, since VPSC neglects effect of inter-granular 

stresses. Moreover, due to the absence of elasticity VPSC cannot model the unloading 

effects.  

Taking advantages of the above developments in EPSC and VPSC, we present 

a comprehensive dislocation based hardening law in EPSC for cyclic deformation. The 

law is directional at the slip system level and evolves the slip resistance and internal 

stresses with microstructure rearrangements upon load reversal. Specifically, it 

accounts for the inter-granular stresses and the backstress kinematic hardening at the 

slip system level for the predictions of non-linear unloading and the subsequent BE 

upon reloading. The model considers dislocation dissolution for the prediction of 

hardening rates during loading in the reverse direction. To demonstrate predictive 

capabilities of the model, we characterize the cyclic tension-compression response of 

the AA6022-T4 alloy and use the dataset for calibration and verification. We show that 

the new hardening law within the EPSC polycrystal model is capable of capturing all the 

particularities associated with the cyclic response of the material. Since the 
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microstructural features are incorporated in the hardening law, the model successfully 

predicts the cyclic material behavior as a function of loading directions and level of pre-

strain. We found that the non-linearity of unloading increases with the amount of pre-

strain; the backstresses control the non-linear unloading while both the backstresses 

and inter-granular stresses govern the BE; and that the reversible dislocation motion 

plays the major role in hardening during reverse loading.  

The paper is organized as follows. Cyclic tension-compression measured data 

and characterization data of the initial microstructure of AA6022-T4 are presented in 

section 2. The new EPSC model is described in section 3. Results of the cyclic 

simulations and role of the individual effects through the comparisons between 

simulated and measured cyclic curves are presented in section 4. Conclusions are 

presented in section 5.  

2. Material characterization and cyclic tension-compression measurements 

The material investigated here is a sheet of 6022 heat treatable low copper, Al-

Si-Mg alloy [74, 75]. This widely used alloy offers an excellent combination of strength 

and formability. The material was in the temper T4 condition (AA6022-T4). Figure 1a 

shows an orientation map collected using the electron backscattered diffraction (EBSD) 

orientation imaging method to depict the grain structure of the alloy. The average grain 

size in the material is approximately 50 µm with grains slightly elongated in the rolling 

direction (RD). To acquire information about the initial crystallographic texture in the 

material, multiple EBSD scans were collected over an area of several square 

millimeters. Figure 1b shows the corresponding pole figures. Presence of a strong cube 

texture component is evident from the pole figures.  
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Fig. 1. (a) Orientation map and (b) pole figures of the initial microstructure and texture 
of the AA6022-T4 sheet.  

 

The focus of the present paper is to develop a constitutive law sensitive to strain 

reversals. Various experimental methods have been developed to test materials under 

such conditions including forward and reverse torsion [10, 76], forward and reverse 

simple shear [77], tension followed by torsion [78], tension followed by simple shear [79, 

80], and tension followed by compression [1, 4, 81-83]. Here, the AA6022-T4 alloy was 

tested under the cycle tension-compression to several strain levels.  

Specimens were cut out of sheets of AA6022-T4 with orientations along the 

rolling direction (RD) and along the transverse direction (TD). For cyclic tension-

compression, the specimens were 130 mm long and 12.5 mm wide with a 12.5 mm 

ND 

TD 
RD 

(a) 

(b) 
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gauge length by 10 mm in width. To make sure that the tension portion of the cyclic 

tension-compression curves matches regular tension test data, additional tensile 

specimens were made and tested. Both the cyclic tension-compression and tension 

tests were performed on the MTS machine 858 Table Top System. A set of specialized 

fixtures were used for the cyclic tests as described in [81, 82]. Cyclic tests at strain rate 

of 0.004 s-1 were performed to 2% strain for the RD and TD samples and to 5% and 

10% for the RD samples.  

Figure 2 depicts several representations of the measured true stress–true strain 

curves including the normalized strain hardening rate plots. It is observed that the alloy 

exhibits a classical decreasing hardening rate throughout the response in tension, which 

is typical for materials in which the plastic deformation is accommodated by 

crystallographic slip. Upon unloading, the material exhibits an initial linear portion and a 

subsequent non-linear portion of unloading behavior (Fig. 2a and b). The non-linear 

portion of the unloading curve is a function of plastic strain, and it increases with strain 

(Fig. 2a). Figure 2c, d and e depict the hardening behavior. The overall decrease of the 

hardening rate during the reverse loading in compression is more pronounced than 

forward loading and features two stages. In the first stage, the strain hardening rate 

recovers the level before unloading within a relatively small amount of strain. 

Subsequently, the strain hardening rate decreases faster than it did during the forward 

loading (Fig. 2d). As a result, the flow stress exhibits permanent softening (Fig. 2c). This 

type of permanent softening after strain reversal was first observed in [29] for a 

polycrystalline Al alloy during tension and compression loading and more recently for  
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Fig. 2. True stress-true strain response under cyclic tension-compression measured 
along (a) RD and (b) TD. Macro-yield points at approximately 0.001 offset are indicated. 
(c) True stress-true strain curves as a function of accumulated true strain showing drops 
in yield stress upon load reversal and permanent softening during subsequent straining. 
(d) True stress-true strain cyclic curve to a strain of 10% and (e) the corresponding 
normalized strain hardening rate plots. 

 

 

(a) (b) 

(c) 

(d) 
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the AA6022-T4 alloy during forward and reverse simple shear loading in [77]. This 

softening was attributed to the annihilation of dislocations (recovery effects) after the 

reversal of the slip directions during loading in the reverse direction. The difference in 

the normalized strain hardening behavior in tension vs. compression is clearly evident 

from Fig. 2e. The normalization factor is the shear modulus, µ, taken to be 26.1 GPa 

[84]. The two curves start from the value corresponding to the ratio between Young’s 

modulus and the shear modulus, E/µ. Due to non-linear unloading, the compressive 

curve exhibits drop in strain-hardening rates at zero macroscopic stress. Evidently, the 

hardening rate is steeper during tensile loading.  

Our objective here is to introduce these effects in a crystallographic hardening 

model which is, in turn, implemented into the polycrystalline EPSC model. The modeling 

framework is described in the next section.  

3. Model description 

The EPSC polycrystal model is used for the implementation of the thermally 

activated dislocation density hardening model featuring forward and reverse motion of 

dislocations and the slip system kinematic hardening effects. In EPSC, a polycrystal is 

represented by a set of grains (each having a crystal orientation, an ellipsoidal shape 

and a volume fraction). Each grain is treated as an elasto-plastic inclusion embedded in 

a homogeneous effective medium. The effective medium response corresponds to that 

of the polycrystal and is to be compared with that of the tested sample. Detailed 

description of the EPSC model can be found in [68, 85, 86]. Here we present the main 

equations for completeness. In the following description, we use “  ” to represent a 

contracted or dot product and “ ” for uncontracted or tensor dyadic product. 
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A linearized relation between homogenized macroscopic stress and strain 

increments is: 

𝑑𝛔 = 𝐋𝑑𝛆.          (1) 

where 𝐋 is the instantaneous elasto-plastic stiffness tensor of the polycrystal matrix. L is 

unknown a priori and is calculated iteratively using a standard self-consistent procedure 

[68]. The response of each grain follows from solving the stress equilibrium and 

compatibility relations for an inclusion embedded in a homogeneous anisotropic matrix 

under applied loads [68, 87]. The macroscopic and the grain scale stress rate and strain 

rate are related through the following interaction equation: 

𝑑𝛔𝑐 − 𝑑𝛔 = −𝐋𝑐∗
(𝑑𝛆𝑐 − 𝑑𝛆),       (2) 

where 𝐋𝑐∗
is the effective stiffness given by 𝐋𝑐∗

= 𝐋(𝐒𝑐−1 − 𝐈). 𝐒𝑐 is the symmetric 

Eshelby tensor and 𝐈 is the four rank identity matrix. The superscript “c” denotes that a 

tensor refers to the grain scale physical quantity. Using the above constitutive 

equations, a localization equation for the strain increment can be derived as: 

𝑑𝛆𝑐 = 𝐀𝑐𝑑𝛆,          (3) 

where 𝐀𝑐 = (𝐋𝑐 + 𝐋𝑐∗
)
−1

(𝐋𝑐∗
+ 𝐋). 𝐋𝑐 is the crystal instantaneous elasto-plastic stiffness 

tensor defined later. Increments in polycrystal stress and strain are equal to the volume 

average of the grain stress increment and strain increments as: 

𝑑𝛔 = 〈𝑑𝛔𝑐〉   and 𝑑𝛆 = 〈𝑑𝛆𝑐〉,       (4) 


