International Journal of Plasticity 153 (2022) 103292

Contents lists available at ScienceDirect

International Journal of Plasticity

oo Hees . S
ELSEVIER journal homepage: www.elsevier.com/locate/ijplas

INTERNATIONAL JOURNAL OF

Experimental characterization and crystal plasticity modeling for
predicting load reversals in AA6016-T4 and AA7021-T79

Sowmya Daroju”, Toshihiko Kuwabara b Rishabh Sharma ®, David T. Fullwood ¢,
Michael P. Miles , Marko Knezevic >

# Department of Mechanical Engineering, University of New Hampshire, Durham, NH 03824, USA

Y Division of Advanced Mechanical Systems Engineering, Institute of Engineering, Tokyo University of Agriculture and Technology, Tokyo 184-8588,
Japan

¢ Department of Mechanical Engineering, Brigham Young University, Provo, UT 84602, USA

d Manufacturing Engineering Department, Brigham Young University, Provo, UT 84602, USA

Check for
updates

ARTICLE INFO ABSTRACT
Keywords: The detailed contribution of microstructural-level phenomena, such as dislocation structure
Microstructures development and annihilation, as well as inter-granular and intra-granular backstress fields, to

Dislocation density
Cyclic loading
Crystal plasticity
Aluminum alloys

reverse loading behavior in metal alloys remains an area of active research and debate. The
ability to predict unloading nonlinearities, the Bauschinger effect (BE), and changes in hardening
rates during reverse loading is necessary for accurate modeling of deformation and springback in

forming operations that involve strain path changes. This paper applies a recently developed
elasto-plastic self-consistent (EPSC) crystal plasticity model to predict and interpret reverse
loading in two commercially sensitive aluminum alloys (AA): 6016-T4 and 7021-T79. Model
calibration and verification was enabled by an extensive experimental campaign of cyclic loading
applied to the two alloys. The experimental data included hardening rates during monotonic
tension, linear followed by non-linear unloading, the BE, and hardening rate changes during
reverse loading that induce permanent softening. By considering anisotropic elasticity, disloca-
tion density-based hardening, intra-granular slip system-level backstress fields, and inter-granular
stress fields, the model predicted and quantified the contribution of different micro-scale phe-
nomena to the observed behavior. The ability of the model to capture contrasting characteristics
of the two alloys, particularly the distinct permanent softening and reloading yield stresses,
demonstrated its ability 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.
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1. Introduction

Accurate simulations of complex deformation processes are vital to the optimization of metal forming operations, along with the
evaluation of component performance in service. 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 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., 2020a; Poulin et al., 2019; Poulin et al., 2020b;
Wagoner et al., 2013). Furthermore, the final unloading operation results in springback deformation, which always happens after
removal of a part from a die (Barrett et al., 2020b; 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 phe-
nomena originate from the evolution of the underlying microstructure, and are captured to different extents in various models.

A recent implicit formulation of the elasto-plastic self-consistent (EPSC) model incorporates the microstructure-level processes that
contribute to the behavior of interest, integrating anisotropic elasticity, a dislocation-based hardening law, and a slip system backstress
law (Zecevic and Knezevic, 2019). The initial study successfully benchmarked the model against a drawing operation in a single
aluminum alloy. In the current work, the interplay between dislocation processes and backstress accumulation is analyzed in more
detail via a combined experimental and modeling study of load reversal deformation in two contrasting, and commercially important,
aluminum alloys: AA6016-T4 and AA7021-T79. Data from an ambitious campaign of mechanical testing on the sheet alloys is pre-
sented, and analyzed to determine load reversal deformation characteristics. The data is then used to calibrate and validate the model.
To initialize the model, texture and grain structure were measured using electron backscattered diffraction (EBSD) for both alloys. 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. In particular, the roles of backstress, inter-granular stresses and the
strain-path sensitive evolution of dislocation density are examined in the context of unloading behavior, the Bauschinger effect, and
hardening rates following load reversal. Current understanding of the key microscale phenomena captured in the enhanced EPSC
model are discussed in the following paragraphs.

During load reversal, 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 commonly refers to a lower yield stress observed during reverse loading, compared with the yield stress during
reloading in the original direction (Bauschinger, 1886). 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 compati-
bility 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, precipitate 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 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 serve as 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, where crystal lattice orientation
results in a distribution of grain hardness, with respect to the loading direction. Inter-granular stress fields arise due to strain
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Table 1
Chemical composition of AA6016-T4 and AA7021-T79 (wt%).
Al Si Mg Fe Mn Zn Cu Ti Cr Zr
AA-6016 T4 Balance 1.0-1.5 0.25-0.6 0.5 0.2 0.2 0.2 0.15 0.1 -
AA-7021-T79 Balance 0.25 1.2-1.8 0.4 0.1 5.0-6.0 0.25 0.1 0.05 0.08-0.18

incompatibilities between adjacent soft/hard grains during forward loading. These stress fields subsequently 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., 1975b; Jahedi et al., 2014; Kitayama et al.,
2013a; 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 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 (Armstrong and Frederick, 1966; Chaboche and Rousselier, 1983; Chaboche, 1977;
Chaboche, 2008; Hu et al., 1992; Jahedi et al., 2015; McDowell, 1992; Ohno et al., 2021). These formulations are generally
computationally efficient and suitable for easy implementation in finite element (FE) codes. These models mathematically represent
the above mechanistic sources of backstress fields using a set of model parameters, but generally do not distinguish between intra- and
inter-granular sources of backstress. Moreover, they employ 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 the 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 (Barrett
etal., 2019; Iftikhar et al., 2021; Knezevic and Beyerlein, 2018; 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 (Kne-
zevic et al., 2009; Knezevic and Kalidindi, 2007; Knezevic et al., 2008a; Knezevic et al., 2008b; Taylor, 1938) to mean-field self--
consistent (SC) (Feng et al., 2021; Lebensohn and Tomé, 1993; Riyad et al., 2021; Zecevic et al., 2018a; Zecevic et al., 2016b), and
finally to spatial full-field formulations (Eghtesad et al., 2018a; Eghtesad et al., 2020; Eghtesad et al., 2018c; Feather et al., 2020;
Feather et al., 2021; Kalidindi et al., 1992; Kalidindi et al., 2006; Knezevic et al., 2010; Lebensohn et al., 2012). While the full-field
models are more accurate, by accounting for grain-to-grain interactions, the Taylor and SC models are computationally more effi-
cient and effective in capturing the flow stress response and texture evolution. Additionally, Taylor and SC (including EPSC) models
have been coupled with FE codes to relax the homogenization assumptions and incorporate spatially varying deformation (Ardeljan
et al., 2016; Barrett and Knezevic, 2019; Barrett et al., 2020a; Feather et al., 2019; Knezevic et al., 2016; Knezevic et al., 2014;
Knezevic et al., 2013b; Segurado et al., 2012; Zecevic et al., 2017a; Zecevic and Knezevic, 2017; Zecevic and Knezevic, 2018b; Zecevic
and Knezevic, 2019; Zecevic et al., 2016a). The assumptions become relaxed because the deformation varies spatially from point to
point across the FE mesh.

Details of incorporation of the various discussed contributing phenomena into a suitable EPSC model are discussed below,
following a brief overview of the experimental test campaign.

2. Materials and experiments

Two precipitation-hardened alloys, commonly used for various lightweighting efforts in the automotive industry, were studied in
sheet form: 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 Mg5Si precipitates (Jaafar et al., 2012). The following precipitation
sequence strengthens the alloy (Miao and Laughlin, 1999): supersaturated solid solution (sss) — Guinier-Preston (GP) zones —
needle-like B~ — rod-like p’ + lath-like precipitates — p + Si. These precipitate are barriers to dislocation motion, with the p~ 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) — n’ (metastable and semicoherent)
— 1 (MgZn; - 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; 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
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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; Sehitoglu et al., 2005; Zecevic and Knezevic, 2015; Zecevic et al., 2016¢).

Various 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; Szczepinski,
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 orien-
tations along the rolling direction (RD) and the transverse direction (TD) according to the dimensions provided in appendix A. 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™* /s was used for all tests. All tests were performed at room
temperature.

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)

6=Lé=6+06W—-Wo [¢D)

At the polycrystalline level, the tensors, 6, W, and L are the Cauchy stress, spin, and tangent stiffness, respectively; such values at
the single crystal-level are represented with a superscript, ¢ as 6°, W€, and L. Given the crystal quantities, the macroscopic Cauchy
stress rate is obtained as 6 =& + (W6°) — (6°W°) =Lé+ (W) — (6°W°), with L obtained using the standard iterative SC procedure
(Eshelby, 1957; Lipinski and Berveiller, 1989; Turner and Tomé, 1994) from the volume averages 6 = (¢°) and ¢ = (¢°). Hooke’s
constitutive law is used at the crystal-level

6" =L = C (& —&") — o 1r(&), @

where C¢ and £”*¢ are the elastic stiffness and the plastic strain rate tensors per crystal c, respectively. The plastic strain rate tensor is

épl,c _ st};s (3)

where m* =1 (b° ® n +n° ® b*) is the symmetric Schmid tensor and 7 is the shearing strain rate. The former is defined by the slip
system geometry: b® is the Burger’s vector and n’® 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

mj'~0'(:772\.:7i7 (4)
mE =7, ®
where, 73, is the resistance to slip and 7j, is the slip system-level backstress determining the kinematic hardening effects (Wollmer-

shauser 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; Lentz et al., 2015; Zecevic et al., 2019). The quantities
evolve using

1-,.; _ thsl *s,7 (6)

f= D i @

g
K

where, h* and hjj; are the hardening matrix consisting of derivatives, h* = dr:' , and the backstress matrix consisting of derivatives, hj’,
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Fig. 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 also aged for about one year (bottom).

=7 b The expressions for these derivatives are given in appendix B. Remaining to define at the single crystal level L° = C°
.

—CYmt @ (X, (X ) mf (C° —6° @) —o* @i with X =k + h$ + C°-m* @ me.
Finally, to calculate the reorientation of individual crystals with plastic strain, the lattice spin tensor, W¢, is

W= W 4 [I° — WP ®)

with W%? as the applied rotation rate, II° as the antisymmetric part of the Eshelby tensor (Lebensohn and Tomé, 1993), and WP as the
plastic spin, which is obtained from the shearing rates as

LAEDY ©

with¢* =l (b*®@ n® — n°® b°).

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 hard-
ening 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.

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 a. Resistance to slip involves three terms

T = 70+ Tporesy + Taebriss (10)

with 7y representing the friction Peierls stress, barrier strengthening, solid solution strengthening, and precipitation strengthening but
otherwise dislocation free fixed value of slip resistance, while r}omt and 745 are evolving terms with statistically stored forest and

debris dislocation populations, respectively. These last two terms are

Thew = bYG [ Ly, an
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Fig. 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 (oy). Comparison of monotonic loading in
tension versus the 1% 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.

12
bvﬂm) 12)

Here, b is the Burgers vector (b = 2.86 1071° m for Al), y is an interaction constant (Ghorbanpour et al., 2020; Lavrentev, 1980;
Mecking and Kocks, 1981) (y = 0.9), p;,, is the total density of forest dislocations for the s slip system, Paep 1S the density of debris

Tdebris = 0.086Gb \% pdeblog(

dislocations, G (26 GPa) is the shear modulus, and ¥ is a latent hardening interaction matrix (Ghorbanpour et al., 2017; Zecevic and
Knezevic, 2018a).
The total population of forest dislocations consists of

Pt = Phor + Pl + Pl (13)

where p}, is the forward density, while pj,, and pj,, are the reversible densities associated with the s™ and s~ slip system directions.

These densities of dislocations evolve with shearing on slip systems (Ferreri et al., 2022; Kitayama et al., 2013b; Knezevic et al., 2013a;
Zecevic and Knezevic, 2019; Zecevic et al., 2015)

(If d" > 0)

Phor

o 0 \/Zg—p (&1 4
g;‘: Pk \/Zg—p — (T, as)
3

pm:* Mzg“ pm,(p'”) : 16

af dy > 0)

Pjor ;o s

0—;5 =(1=phki [> & pi, — k(& T)p},. 17)
[7/ |

pre» I Zg“ pm[( re») , (18)
aps,, / . . _

57:? = pkl Zg” p;ul - kz(é', T)piew (19)

with p (¥ = 0) = plyias Prey(r = 0) = 0 and pj,, (¥ = 0) = 0. In the above equations, k; is a fitting hardening parameter controlling

the rate of dislocation density increase, while k, 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), g“/ 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 pj, is the total density of dislocations at
the strain-path reversal on the system, st (Kitayama et al., 2013b).

The value of k; is calculated based on the following relation (Beyerlein and Tomé, 2008; Risse et al., 2017)

kz ll/b kB

—= 1———In|— 20

e (e mn(s) @
with the Boltzmann constant, kg, a reference strain rate, &, = 107, drag stress, D, and an effective activation enthalpy, g. The debris
density of dislocation is incremented based on

dpyy, = qu\/ﬂaeh kap,ldy’|, 21

s
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Fig. 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
Eorresponding ‘primed’ plots.

Table 2a
Fitting parameters for the evolution of slip resistance in AA6016-T4 and AA7021-T79.
7o[MPal o [m 1] g D[MPa] P[]
AA6016-T4 28 1.38 x 10° 0.09 400 4.9e12
AA7021-T79 85 1.00 x 107 0.09 4000 1.5e14

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, hff; . Intra-granular sources of backstress
are modeled by the phenomenological law as follows (Zecevic and Knezevic, 2019)

Go=m' o =1, +2> mmT, (22)

where

, /
s s
! Tbs,sys lf Tb:.:,v: >0

Thyor= 1 . (23)
0 lf Tl:s,sys <0

bs,sysx

In the formulation, 65, is the backstress tensor based on the contribution from the slip system-level sources over s whens' # s. The
slip system-level sources are modeled using
(if & >0and 7, >0)

+

Tz.v.s_vs =7, (1— CXP(—V7:+))7 24
Thoos = —ATh g0 (25)
(if " >0and 7, <0)
S = 0t Degrenp( =) 4, 26)
” 1)
- 1 .
Tz.v.s_vs = _Zrzs.sy:' (27)

The law involves a saturation value, 7;%, a parameter governing an asymmetric evolution in s+ and s-, A, the denominator, y,, and a
multiplier, v, as fitting constants. The shearing strain, °, is a value at the local load reversal. Important to note is that zj, opposes the
driving force ins™: m** - 6° — 7{ =, implying that 7}, reduces the driving force. However, i, aids the driving force in s : m*~ - ¢° —
o=

c

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 appendix A. Texture is based on multiple EBSD scans. As expected, a cube texture component is predominant
in the pole figures.

Table 2b

Fitting parameters for the evolution of back-stress in AA6016-T4 and AA7021-T79.
7, [MPa] v yb A
12 560 0.001 1




S. Daroju et al. International Journal of Plasticity 153 (2022) 103292

Table 2¢

Latent hardening parameters established in (Devincre et al., 2006; Hoc et al., 2004) for FCC metals.
ag a; as as ay as
0.068 0.068 0.0454 0.625 0.137 0.122

Fig. 2 shows measured true stress versus logarithmic strain curves recorded during tension-compression-tension strain path re-
versals. The first loading is monotonic tension to a given pre-strain level. The second strain-path is compression to zero strain (1%
reversal). The third strain-path is tension to fracture or to a detachment of the strain gauge (2" reversal). The materials exhibit typical
decreasing work hardening rate during the monotonic tension, which is normal for plasticity facilitated by crystallographic slip. Upon
the 1% reversal, the alloys exhibit a linear followed by a nonlinear portion of unloading. Macro yield points during unloading are
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Fig. 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 - 1) RD and (m - p) TD.
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Fig. 4. (continued).

identified (o) 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 1% and 2™ reversals to observe the yielding differentials and
successive hardening rates for the alloys. While transients after the 1% reversal and after the 2™ reversal are similar for AA6016-T4,
they are smaller after the 2" reversal for AA7021-T79. As the elasto-plastic transition upon the reversals (1% and the 2" g 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 differ-
entials 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 2™ reversal is similar to that after the 1°t reversal for AA6016-T4 but even smaller for AA7021-T79. The origin of these
phenomena will be described and discussed later.

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. The remaining
cyclic curves can be regarded as predictions. The parameters identified per alloy are the initial resistance to slip, z§, trapping rate
coefficient, k{, drag stress, D* and activation barrier for de-pinning, g* (Barrett et al., 2019; Eghtesad et al., 2018b; Knezevic and
Landry, 2015; Savage et al., 2021). The identification procedure started by varying 7§ to reproduce onset in yielding. Next, k{, was
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Fig. 4. (continued).

varied such that the initial hardening slopes are captured. Next, g¢* and D” are varied to match the latter hardening rates. Finally, q*
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 7;%', asymmetry factor, A, and coefficients v and y,,. 7;%* and A were
varied to obtain the unloading and yield at load reversals. Once these were achieved, tuning v and y, simply provides better fits. The
established parameters per alloy are given in Table 2a, Table 2b, and Table 2c.

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 Fig. 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.

Appendix A presents maps measured by EBSD over large areas for alloy AA6016-T4 after simple tension to a strain of 0.2 along RD
and to a strain of 0.16 along TD. The development of misorientation spreads in individual grains as a consequence of plastic straining is
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Fig. 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.

evident, especially in the RD direction because of the larger accumulated strain. The appendix also presents corresponding pole figures
showing texture evolution in the alloy after simple tension. To verify the EPSC predictions, the texture data is compared with the model
predictions. Since the plastic strain levels are relatively small, the texture evolution is not substantial. Nevertheless the model suc-
cessfully reproduces the intensity levels and reorientation trends such as slight alignment of {111} pole with the loading direction, as
expected for FCC metals (Kocks et al., 1998). Since the deformation strain levels for alloy AA7021-T79 are smaller than for AA6016-T4,
the microstructure evolution in alloy AA7021-T79 is expected to be even less appreciable and is not presented.

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. Moreover, the
2" unloading is overpredicted for the stronger alloy (Figs. 4k, 1, 0, p). Model modifications such as accounting for spreads in the field
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 (Lebensohn et al., 2016; Zecevic et al.,
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Fig. 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 - 1) 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, 1, and p) is: 0 —» 0.02 - -0.02 — 0.04 — -0.04 — 0.06...up to fracture.
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Fig. 6. (continued).
2020; Zecevic et al., 2018b; Zecevic et al., 2017b).
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,
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Fig. 6. (continued).

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, Aoy, ratcheting strain, e, and reloading softening stress,
Aoy Fig. 7.a illustrates these additional parameters. Additionally, the unloading deviation stress Ac is also quantified. The reloading
yield stress differential under tension i.e. the differential between initial yield stress in tension and 2" 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 backstress fields, and intra-granular
backstress fields. The model reveals that the backstress controls the nonlinear unloading deformation, early yielding upon reload-
ing 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 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 intra-granular backstress and inter-granular 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 di-
rection (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
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Fig. 7. (a) Schematics defining the reloading yield stress differential under tension (Aoy), ratcheting strain (e,), and reloading softening stress (Aoss).
Comparison of Aoy, versus true strain levels for 1% reversal for (b) AA6016-T4 and (c) AA7021-T79. Unloading deviation stress (Ao =0, — 6y7), where
oy, is the true stress at the end of a pre-load and oy, is the macro-yield stress during unload at approximately 0.001 offset, for (d) AA6016-T4 and (e)
AA7021-T79.

look similar for both alloys, substantially slower buildup of dislocation density is seen for AA7021-T79. Interestingly, some defor-
mation 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 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., 1975a) during tension-compression loading. It was also described for forward-reverse simple shear
loading in (Gracio et al., 2004).
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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 1% and 2™ reversals. The response after the 1% reversal is controlled by the slip resistance at the end of
monotonic tension pre-straining and backstress. Evidently, the inter-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).

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 pre-
diction 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.

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 1% 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 hard-
ening 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 ond
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
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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 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.
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Appendix A

This appendix presents geometry of the specimen used for the load reversal testing (Fig. A1) (Noma and Kuwabara, 2012), inverse
pole figure (IPF) maps showing grain structure in the alloys (Fig. A2), IPF maps showing the deformation microstructures in alloy
AA6016-T4 (Fig. A3), and texture evolution in alloy AA6016-T4 (Fig. A4).
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Fig. Al. Geometry of the specimen used in the tension-compression testing. Units in mm.
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Fig. 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 sample axis ND. Horizontal and vertical axes of the maps are indicated in the maps. Based on the maps,
average grain size is 32 ym in RD, 30 pm in TD, and 18 pm in ND for AA6016-T4 and 18 pm in RD, 14 pm in ND, and 9 pm in ND for AA7021-T79.
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Fig. A3. IPF orientation maps for alloy AA6016-T4 after simple tension (Fig. 5): (a) to a strain of 0.2 along RD and (b) to a strain of 0.16 along TD.
The standard IPF triangle defining the colors for the sample axis ND is the same as in Fig. A2.
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Fig. A4. Pole figures showing texture evolution in alloy AA6016-T4 after simple tension (Fig. 5): (a) measured and (a’) simulated to a strain of 0.2
along RD and (b) measured and (b’) simulated to a strain of 0.16 along TD.

Appendix B

Entries of the hardening matrix, R , are partial derivatives of slip resistance, Eq. (10), with respect to shearing strain on slip systems
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The index s goes over all active slip systems. Since the initial slip resistance, 7o, is a constant its derivative vanish, while derivatives
of the forest and debris contributions to slip resistance are
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The derivatives of forward, reversible, and debris dislocation densities with respect to shear strain are given in section 3.
Similarly, entries of the backstress matrix are partial derivatives of backstress given with Eq. (22) with respect to shearing strain on
slip systems
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where s goes over set of active slip systems. Using Eq. (23), the derivative a;j,y‘ is
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Finally, we provide the derivative of slip system backstress sources, ;;f”. In the case of shearing in s direction, dy*" > 0, with
.
7, > 0:
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The derivative of slip system backstress source in case of shearing in s* direction, dy*" > 0, with rﬂm < 0is:
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