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ARTICLE INFO ABSTRACT

Keywords: The development of backstresses that occur during a strain path change when forming sheet metal renders final
AA6016‘T4. ) part geometry prediction, after springback, difficult using conventional models. Most deformation models do not
Elas]:o-plasnc self-consistent model explicitly account for the influence of these stresses. A more recently developed elasto-plastic self-consistent
fﬂz:lcmstsr;sasin ath (EPSC) model incorporates the backstresses to influence the activation of slip systems for more accurate simu-
HREBSD P lations of the complex material response. The current study assesses the performance of the EPSC model for
GND deformation response of AA6016-T4 via multiple biaxial, plane-strain, and uniaxial tension strain paths. The
SSD response to complex strain paths was examined by first pre-straining under uniaxial, biaxial, and plane-strain

tension, then by loading in uniaxial tension. The EPSC model predictions closely matched experimental re-
sults. The model correctly predicted the highest yield stress and sharpest transition from elastic to plastic
deformation for uniaxial tension after an initial uniaxial pre-strain. Lower yield stress for uniaxial tension after
first pre-straining in biaxial and plane-strain tension is also correctly predicted, along with a smoother transition
from elastic to plastic behavior. A linear geometrically necessary dislocation (GND) development, with strain,
was observed using high-resolution electron backscattered diffraction (HREBSD) while a quadratic statistically
stored dislocation (SSD) development was predicted by the model. The comparison revealed an expected tran-
sition from kinematic to isotropic hardening at higher strains. Finally, at higher strain levels the backstress

accounted for around 15% of the total subsequent flow stress in all pre-strain cases.

1. Introduction

Backstresses that occur during plastic straining in most metals
manifest in phenomena such as non-linear unloading, springback, and
the Bauschinger effect (BE). These phenomena are typically more pro-
nounced for a non-proportional strain path, leading to a final part ge-
ometry that is difficult to predict, after springback. Forming of complex
geometries, such as channels in the automotive industry, is performed
using non-monotonic deformation. Such geometries usually require
multi-step forming to produce the final part for which a complete un-
derstanding of the strain path change behavior of the material is
necessary. Graf highlights the change in formability levels for a given
strain path via a forming limit diagram (FLD) for AA2008 (Graf and
Hosford, 1993) and AA6111-T4 (Graf and Hosford, 1994). Lloyd et al.
documented findings from tensile pre-strained samples, and subsequent
orthogonal tensile loading for AA11100-0, AA3003-0, AA2036-0, and
AA5182-0 (Lloyd and Sang, 1979). Laukonis et al. documented the
hardening behavior of AA2036-T4 under uniaxial tension after a biaxial
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pre-strain (Laukonis and Ghosh, 1978). This early work done by Lloyd
et al., Graf et al., and Laukonis et al. develops understanding between
the strain path change and mechanical response of the Al alloys but
generally does not explicitly include the role of backstress development.
Finite element (FE) models can be employed to simulate a metal’s
response to deformation, including strain path changes. However, most
plasticity models do not explicitly account for the generation and in-
fluence of backstresses. In a recent study, Chen et al. observed and
modeled the hardening behavior of AA2A12-T4, AA5052-H32, AA6061-
T6, and AA7075-T651 under uniaxial and forward-reverse shear loading
(Chen et al., 2019). Their Visco-Plastic Self Consistent (VPSC) model’s
hardening law incorporated necessary backstress development to pre-
dict macroscopic mechanical response and texture evolution. However,
VPSC does not consider elastic deformation and, as a result, does not
calculate inter-granular sources of backstress. Therefore, a need to un-
derstand the microstructure evolution and the characteristic work
hardening behavior upon strain path change using elastoplasticity is
apparent.
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The current paper assesses the performance of an elasto-plastic self-
consistent (EPSC) model, with backstress effects incorporated, for multi-
strain-path deformation in AA6016-T4. The yield behavior and subse-
quent hardening during uniaxial tension following biaxial, plane-strain,
and uniaxial tension pre-straining are modeled and compared with the
experimental results. The backstress contribution to the overall flow
stress is analyzed. Digital image correlation (DIC) was employed to
calculate the effective strains under biaxial and plane-strain pre-strain-
ing of the alloy. Dislocation density evolution is observed in terms of
GNDs in the experimental results and compared with the predicted
statistically stored dislocation (SSD) density.

In precipitation-hardened aluminum alloys, backstress development
is associated with the evolution of dislocation substructures influenced
by Orowan looping around the precipitates, grain boundary pileups, and
cell structures (El-Madhoun et al., 2003; Moan and Embury, 1979; Stoltz
and Pelloux, 1974, 1976). The development of these substructures
causes dislocation heterogeneities in the microstructure which accom-
modate strain gradients. Backstresses accumulate in these strain
gradient regions, due to the cumulative effect of multiple dislocations of
the same polarity. The backstresses naturally oppose the applied
resolved shear stress, contributing to the hardening behavior. However,
upon reversal or strain path change, previously accumulated backstress
may assist the movement of dislocations, resulting in non-linear
unloading and softening and/or lower subsequent yield stresses.
Taylor-type and mean-field self-consistent models do not traditionally
account for the heterogeneities in the micromechanical fields that
develop across the sample, or the associated complex backstress
behavior — particularly due to strain path change (Al-Harbi et al., 2010;
Knezevic et al., 2008, 2009; Taylor, 1938).

Models developed in the last couple of decades started incorporating
backstresses into their hardening law. Chen et al. include an incremental
deviatoric backstress tensor in their ratcheting simulations under a
biaxial strain path (Chen et al., 2003). Goh et al. assumed backstress to
follow a pure kinematic hardening rule to simulate and understand the
effect of crystallographic orientation of the grains on plastic deformation
under fretting conditions (Goh et al., 2003). Li et al. predict transient
hardening after strain path change from biaxial to uniaxial tension (Li
et al., 2003). Their FEA model associates backstresses with kinematic
hardening to solve the problem of plastic anisotropy induced by both
texture and strain-path change.

Computationally intensive crystal plasticity finite element (CPFE)
and crystal plasticity fast Fourier transform (CPFFT) models can predict
the micromechanical fields at the grain level (Liu et al., 2010; Raabe and
Roters, 2004; Rovinelli et al., 2020), potentially simulating the defor-
mation of an entire representative volume element (Eghtesad et al.,
2018; Knezevic and Savage, 2014; Savage and Knezevic, 2015). How-
ever, texture-level mean-field self-consistent models such as EPSC are
more computationally efficient — particularly for complex strain paths.
These models have proven effective in predicting the homogenized flow
stress and texture evolution of polycrystals. In particular, studies have
shown that the EPSC models are capable of predicting microstructural
response to strain path change such as residual stress fields, elastic lat-
tice strains, non-linear unloading, the Bauschinger effect, hardening
rates, and overall texture of the material (Neil et al., 2010; Nugmanov
et al., 2018; Wollmershauser et al., 2012; Zecevic et al., 2015, 2016,
2019). In this paper, an EPSC model that incorporates a phenomeno-
logical backstress law along with a dislocation density-based hardening
law is used to study the deformation response of AA6016-T4. Previously,
it was found to accurately model reverse loading and simple loading
deformation in AA6022-T4 (Barrett and Knezevic, 2019; Zecevic and
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Knezevic, 2019).
2. Experimental procedures

The composition of the AA6016-T4 alloy is given in Table 1. The
material was provided by Commonwealth Aluminum. The forming
limits of the material were first measured under proportional uniaxial,
biaxial, and plane-strain tension. The tensile specimens were machined
along the rolling direction (RD), transverse direction (TD), and 45° to
RD of the sheet according to the ASTM E8 sample configuration shown
in Fig. 1. The specimens were pulled at a 1.5 mm/min crosshead
displacement rate and the force-strain data were recorded using a load
cell and extensometer. The specimens’ thickness and width were
recorded at five different points along the gauge length to accurately
calculate applied true stress to evaluate it against the strain data from
the extensometer.

An Interlaken Hydraulic press was used for plane-strain and biaxial
tension forming experiments, using standard Marciniak tooling,
including a 100 mm diameter flat-topped punch. The press has a
maximum clamp load capacity of 334 kN and a maximum punch load of
223kN. The clamping system included small lock beads to restrain the
blanks. All loading experiments were performed with a clamp load of
200 kN, using 0.5 mm thick Teflon sheets between the sheet and punch,
and mineral oil between the punch, Teflon sheet, carrier blank, and
sheet specimen. Biaxial and plane-strain tension paths were achieved by
varying the dimensions of the sheet specimens as specified in Figs. 2 and
3.

The biaxial and plane-strain tension tests were guided by a previous
study on DP600 steel sheets by Cheng et al. (2017). Marciniak tooling
was used because the punch geometry enables different levels of strain
to be imparted to a sheet blank with a large flat section, unlike limiting
dome height tooling. As is often done in Marciniak testing, a carrier
blank, of the same material and thickness as the sheet specimen, was
introduced between the specimen and the punch to better distribute
strain and to prevent pre-mature localization in the sheet specimen
(Fig. 3). After pre-straining biaxial and plane-strain tension samples to
several different levels, scaled-down ASTM E8 tensile specimens were
cut from the flat portion of the blank for subsequent uniaxial tension
straining. This allowed for evaluating the effect of a strain path change
(biaxial — uniaxial tension, plane-strain — uniaxial tension). In the
current study, these specimens are referred to as ‘pre-strained speci-
mens. The experimental Marciniak forming setup could be controlled
either by an applied force or forming distance as user input. The speci-
mens were taken to failure under a given strain path, and then subse-
quent trials were taken to a forming distance that was a given percentage
of the failure strain. The pre-strained specimens were cut from sheets
that were strained to 25%, 50%, 75%, and 95% of the effective failure
strain of the material for each strain path. The actual strain in the sheet
was obtained from digital image correlation (DIC).

A 2D real-time deformation strain pattern of the deforming surface of

30 . ) 50

Fig. 1. ASTM E8 uniaxial tension specimen and dimensions in millimeters.

Table 1

Nominal chemical composition of AA 6016-T4.
Sample Al Si Mg Fe Mn Zn Cu Ti Cr
Al 6016 96.4-98.8 1.0-1.5 0.25-0.6 0-0.5 0-0.2 0-0.2 0-0.2 0-0.15 0-0.1




R. Sharma et al.

Specimen

Fig. 2. Marciniak tooling for biaxial tension and plane-strain tension testing
(Cheng et al., 2017).
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Fig. 3. Dimensions of (a) biaxial and (b) plane-strain tension (top) carrier
blanks and (bottom) sheet specimens.
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each sheet specimen was obtained by performing DIC using an Aramis
system from Trilion Quality Systems (ARAMIS 3D Digital Image Corre-
lation Strain 3D Deformation, 2011). The surface strains were calculated
using the Aramis software as shown in Fig. 4.

DIC measurements of the specimen surface during Marciniak testing
allowed for strain path validation of the biaxial and plane-strain tension
tests. The strain values plotted for the biaxial and plane-strain experi-
ments were calculated by averaging a series of points in a line across the
middle of the DIC strain map (highlighted in red, as seen in Fig. 4).
Examples of plots used to validate strain path are shown for biaxial
tension (Fig. 5a) and plane-strain tension (Fig. 5b). The biaxial tension
experiment produced an almost perfectly proportional biaxial tension
strain path during the test, while the plane-strain tension experiments
show very slight positive minor strains during most of the test.

A small sample sectioned from the gauge length of the pre-strained
specimens was prepared for the microstructural analysis. The micro-
scopy samples were removed using a diamond blade cutter, to avoid
further deformation of the material, and mounted in epoxy resin to
polish for EBSD scanning. The ND surface of the samples was first
ground with grits of 400, 600, 800, 1200, and 1200 fine abrasive paper.
The ground samples were then electropolished using an electrolyte so-
lution of 1:9 ratio of perchloric acid and methanol under 20 V and 2
amps at room temperature for 30 s. The polished samples were then
milled in an inert Argon gas environment of JEOL ion-beam cross-sec-
tion polisher to remove the initial strain layer induced by polishing. The
surface was first coarsely milled at 5 kV and 4.2 atm for 20 mins. A
second finer step removed unevenness by milling the surface at 4 kV and
6.2 atm for 5 mins. The polished surface of the samples was scanned
using EDAX OIM software (OIM 6.0, 2010), and patterns were saved for
evaluation using high-resolution EBSD (HREBSD).

The initial (unstrained material) texture was measured using EBSD.
Also, uniaxial, biaxial, and plane-strain tension specimens were all
evaluated for GNDs, as a function of strain to compare against the
dislocation density calculated by the model. HREBSD was employed to
compute the GND density in the base material and the strained speci-
mens, using OPENXY (2015; Ruggles and Fullwood, 2013). Three
different areas of 120 x 120 microns with 70 nm step size were scanned
for GND content on each specimen as illustrated in Fig. 6.

Scaled-down ASTM E8 tensile specimens were waterjet cut from the
pre-strained biaxial and plane-strain specimens. The pre-strained spec-
imens were then tested under uniaxial tension to determine their re-
sidual ductility and work hardening behavior.

2.1. EPSC model

The EPSC polycrystal model used in this study was first applied by

uieJls aAllda43

Fig. 4. DIC strain patterns (percent major strain) for biaxial tension at 75% of failure (left), and plane-strain tension at 95% of failure (right). After imparting
different levels of pre-strain to these sheet blanks, tensile specimens were cut, as shown, and then tested in-situ in the SEM. The size of the dogbones is illustrative,

and not to scale.
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Fig. 5. Strain paths from DIC measurements for (a) biaxial and (b) plane-strain tension.

GND (1 0XXX -2)

Fig. 6. GND map produced from HREBSD measurements for unstrained
AA6016-T4.

Zecevic and Knezevic (2019) to predict cyclic strains in AA6022-T4. The
current study used the same approach for modeling and interpreting the
experimental mechanical data under multi-strain path deformation for
AA6016-T4. The relation of Jaumann stress rate, ¢, and strain rate, &, is
used in EPSC for a material point, whether a single crystal or a poly-
crystalline aggregate (Nagtegaal and Veldpaus, 1984; Neil et al., 2010).

6 =Lé =6+0cW—Wo (€D)

The tensorial quantities, 6, W, and L are the Cauchy stress, spin, and
tangent stiffness, respectively. These quantities at the crystalline level
are denoted with a superscript, c as 6°,W¢, andL’. In the description that
follows, a dot product and a tensor product will be denoted with - and ®
, respectively. Tensors are denoted by bold letters, while scalars are not
bold. Hooke’s law is used at the crystal level.

0" =L = C°(¢° — &) — 6°1r(&°) @)

where C¢ and £°'¢ are the elastic stiffness tensor and the plastic strain
rate per crystal c, respectively. The latter is given by

gre=) my ©)

where m® =1 (b° ® n® +n° ® b°) is the Schmid tensor and 7* is the shear
strain.

The Schmid tensor is defined by the slip system geometry, in which b*
is the Burger’s vector and »° is the slip system normal. Starting from the
crystal volume average 6 = (6°) and ¢ = (¢°), the polycrystalline L can
be evaluated using the standard self-consistent homogenization pro-
cedure (Eshelby, 1957; Lipinski and Berveiller, 1989; Neil et al., 2010;
Turner and Tomé, 1994). The particular version of the model used in the
present work is from (Zecevic and Knezevic, 2019).

The index, s, spans over available slip systems in a grain c. The model
incorporates a strain-path sensitive dislocation density-based law for the
evolution of slip system resistance, 7}, and a slip system level back-stress
law to influence the resolved shear stress for activation. These laws
along with latent hardening are aimed at predicting the anisotropic
mechanical response of the alloy during monotonic loading as well as
the particularities pertaining to the load reversal deformation such as
non-linear unloading, the BE, and changes in the hardening rates. Since
elasto-plastic, the model approximates the inter-granular stresses using
self-consistent homogenization. Activation per slip system is determined
using the two conditions.
coem'—1) =1 “4)

c

clem'—1, =1 (5)
where, 7} is a slip system back-stress governing the kinematic hardening
effects (Wollmershauser et al., 2012). Condition (4) implies that the
stress state is on the crystal yield surface. Condition (5) implies consis-
tency providing that the stress state stays on the crystal yield surface
(Knockaert et al., 2000); Milovan (Zecevic et al., 2019). The slip system
resistance and back-stress evolve using

B= 7 ©)

6= i @

K

where b and hffs are a hardening matrix consisting of partial de-

rivatives, h¥ = %, and a back-stress matrix consisting of partial de-

rivatives, hsbss = % Next, we summarize the slip resistance and the back-
stress laws for defining these partial derivatives.

In the description that follows, s+ and s— are used to define a positive
and a negative slip direction for every s belonging to a slip family
(mode)a. Resistance to slip consists of three terms.

To = T0 + Tpypuq t Taebris (€)]

with 7o denoting an initial dislocation free fixed value of slip resistance

(Peierls stress), while r}omt and 74epr;s are evolving terms with statistically

stored forest dislocations and debris dislocations, respectively. These
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two terms are defined as

T;oresr = b}{G1 /ZLmypfz;t ©)]

Taebris = 0.086Gbr /Py log( 10)

1
)

In the above equations, b is the Burgers vector magnitude (b =
2.861071%m for Al), y is an interaction constant (Lavrentev, 1980;
Mecking and Kocks, 1981) (y = 0.9), p;, is the total density of forest
dislocation for the s™ slip system, Paep 18 the density of debris dislocation
population, G(26GPa) is the shear modulus, and L** is a latent hardening
interaction matrix.

The total density of forest dislocations consists of.

Piot = Py + Py Py an

where p7, is the forward and o5, and pS,, are the reversible densities of

dislocations associated with the s* and s~ system directions. These den-
sities of dislocations evolve with shearing as follows (Kitayama et al.,
2013; Zecevic and Knezevic, 2019)

(If dy” > 0).

3, - o

a;s = (lfp)ku/Z:g“ Py — k2 (&, T)py,, 12)
ap;;v 58" s & st

o :Pkl,/Z:g“ P~ ka(8,T)p5, (13)
Prow _ . S )" )
o = “\ P

Ut dy > 0).

OPjor T o

o = (1=pk /;g‘“ P —la(é,T)p),, 15)
Do iy [, (22) (16)
6)/“ = tot pf]

Prer o k(2. T

oy = Pk |28 Pl el T ar

with g} (* = 0) =3.9¢10"°m "2, p3,,(v* = 0) = 0 andp},, (' = 0) = 0.In
the above expressions, k; is a fitting parameter controlling the rate of
dislocation generation, while k, is calculated as a rate-sensitive term
controlling dynamic recovery of dislocations (Beyerlein and Tomeé,
2008); p is a reversibility parameter in the range from 0 to 1 (taken as
0.2), g is another interaction matrix taken as a full of 1.0 (Khadyko
et al., 2016; Kocks et al., 1991; Teodosiu and Raphanel, 1991); m is a
parameter controlling the rate of recombination of dislocations (the
value is set to 0.5 (Wen et al., 2015), and pj is the total density of
dislocation at the local path reversal on the system, st (Kitayama et al.,
2013).
The rate-sensitive term, kj, is calculated using.

k  gb T [ &
Z_A2Z 1wl = 18
L g o\ & as)

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 using
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P .
ST = > b puatalt T 9)

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

Next, we turn our attention to a back-stress law for defining the back-
stress matrix, hsbi . In general, backstress has intra-granular and inter-
granular sources in polycrystals. Inter-granular sources are the in-
teractions between individual grains of different crystal orientations. As
already mentioned, these effects are approximated in the EPSC formu-
lation because every grain interacts with the averaged polycrystalline
response unlike in CPFE or CPFFT where grain-to-grain interaction can
be explicitly modeled. Intra-granular sources such as any in-
compatibilities between hard and soft regions within grains are modeled
by the phenomenological law as follows (Zecevic and Knezevic, 2019).

Go=mesl =T, +2) mem' T, . (20)
where
y TS; 0 'slfTS; Sys > 0
T =4 (21)
” Oif‘tiwx <0

In the above equations, of; is the back-stress tensor based on the
contribution from the slip system level sources over s’ when s* #s.
The slip system level back-stress is

(if &y >0and 7, > 0).

+

T = T (1= exp(— 7)) (22)

Thoas = AT (23

(f dy" >0and 5, , <O0).

ey 1>r;,z'exp(Jy‘ >+Ti£’ @4)
b

S 1

Tb.s,:m = 721"1?7:?.5}"5 (25)

The fitting constants for the back-stress law are a saturation val-
ue,7id, a parameter governing an asymmetric evolution in s+ and s—, A,
the denominator,y,, and a multiplier,v. The shearing strain,y’, is a value
at the load reversal. Note that 7j, opposes the driving force in

~ . + P
stimest 0 6° —7i" = %%, which means that 7}’ reduces the driving

force. In contrast, 7’ aids the driving force in s:m®*~ ¢ 6° —75° = 7°°.

3. Results and discussion

The initial material characterization was performed under uniaxial
tension as a baseline for subsequent strain path change tests. The model
was calibrated for AA6016-T4 using the initial texture and the hard-
ening parameters were calibrated by fitting the model to the measured
uniaxial tensile stress—strain curve in RD (discussed later in this section).
Minor differences were observed in the deformation response for RD,
TD, 45° to RD (Table 2). The strain-to-failure measured for the three

Table 2
Mechanical properties of AA6016-T4 under uniaxial tension true stress-strain
curves.

Sample Young’s Strain-to- Yield Ultimate tensile

orientation modulus failure strength strength (MPa)
(GPa) (MPa)

RD 70.5 0.27 142 344

45° to RD 70.8 0.245 140 321

TD 71.7 0.249 140 326
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orientations ranges from 0.24 to 0.27, with RD being the greatest.

The latent hardening interaction matrix, L (Eq. (9)), was estab-
lished in the earlier work involving AA6022-T4 (Zecevic and Knezevic,
2018). The actual values for the latent hardening coefficients were
calculated for FCC metals by Hoc and Devincre employing dislocation
dynamic simulations. The same values were successfully used for several
FCC metals (Devincre et al., 2006; Ghorbanpour et al., 2017; Hoc et al.,
2004). The same values are used for AA6016-T4 and are listed in
Table 3. The six types of dislocation interactions represented by the
matrix are (1) ay: self-interaction between dislocations belonging to the
same slip system, (2) a;: coplanar-interaction between dislocations on
the same slip plane, (3) ay: interaction resulting in Hirth lock, (4) as:
collinear interaction between dislocations on cross slip planes, (5) a4
interaction resulting in sessile Lomer-Cottrell locks, and (6) as: glissile
lock. The rest of the fitted hardening law and backstress parameters
calibrated using monotonic data are given in Tables 4 and 5, respec-
tively. The initial values of the parameters, taken to be the starting
points of the calibration process, were retained from the earlier study
involving AA6022-T4 (Zecevic and Knezevic, 2019). The parameters
identified for the alloy are the initial resistance to slip, 7o, trapping rate
coefficient, k;, drag stress, D and activation barrier for de-pinning, g. The
identification procedure started by varying 7o to reproduce onset in
yielding. Next, k;, was 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 pa-
rameters were identified.

The EPSC model requires an estimate of initial dislocation density.
During the calibration exercise, the value per slip system in Table 4
(4.68¢13 m~2 summed over the 12 slip systems) was deemed to be
consistent with a well-annealed material, as per the manufacturer’s
advice. Subsequently, this value was compared against HREBSD
measured values of GND content (that was not initially available) and
previously published dislocation content data for other aluminum al-
loys, as listed in Table 6. Note that the EPSC model does not distinguish
between SSDs and GNDs; all the dislocations due to plastic straining are
assumed to be SSDs. Furthermore, measured GND content will always be
lower than total dislocation content, which is the sum of GNDs and SSDs.
The estimated dislocation content used in the model is slightly lower
than the HREBSD measured GND value. It is approximately an order of
magnitude lower than the x-ray diffraction (XRD) measured total
dislocation content of AA6061-T6 (Woo et al., 2010) and AA2024-T6
(Mirzaei et al., 2015). However, lower GND density was measured in
solution-treated AA6082 via EBSD (Zheng et al., 2021). Therefore, it
appears that the initial calibrated estimate from the EPSC model is
within reasonable tolerances.

The EPSC predictions for the measured uniaxial tests, following the
calibration exercise, are shown in Fig. 7. The slight anisotropy in the
mechanical properties is captured well by the EPSC model, indicating
that the effect of texture is appropriately taken into account. All sub-
sequent uniaxial tests were measured and predicted in the RD orienta-
tion of the sheet in the remainder of this study. It should be noted that
while the model is able to match the measured work hardening trends
for all three orientations it is unable to predict the onset of plastic
instability. Plastic instability is triggered when the ductility of the ma-
terial is exhausted, and further plastic strains are accommodated by non-
uniform deformation at the sites containing micro-defects such as
microvoids. This leads to strain localization and failure soon after.
Therefore, only uniform elastic and plastic strains are compared.

During the pre-strain experiments, a higher forming limit was

Table 3
Latent hardening coefficients.

4] a a as ay as

0.068 0.068 0.0454 0.625 0.137 0.122
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Table 4
Fitting parameters used for the evolution of slip resistance for 111(11 ~0) slip
mode in AA6016-T4.

70[MPa] ky [m1) g D[MPa] Plor[m™?]
25 1.38 x10°8 0.09 400 4.68e13
Table 5

Fitting parameters used for the evolution of slip system kinematic backstress for
AA6016-T4.

74 [MPa] v I A
5 560 0.001 1
Table 6

Comparison of dislocation densities.

Material Measurement method Dislocation density
(m™?
AA6016-T4 EPSC estimate 4.68el3
HREBSD GND 8.2el3
AA6061-T6 XRD(Woo et al., 2010) 4.5e14
AA2024-T6 XRD(Mirzaei et al., 2015) 9el4
Solution treated Mtrex GND(Zheng et al., 9.7e12
AA6082 2021)

measured for biaxial compared to plane-strain and uniaxial tension,
before localization. Biaxial tension resulted in the highest effective
strain at 0.42 compared to 0.18 for plane-strain and 0.25 for uniaxial
tension measured using DIC. This is consistent with published data; in
FCC metals biaxial tension deformation is found to activate a relatively
higher number of slip systems, which leads to a more homogeneous
stress state in comparison to plane-strain and uniaxial tension (Dequiedt
et al., 2015; Segurado and LLorca, J, 2010).

During plastic deformation, the dislocation density of the material
increases due to dislocation generation from various sources such as
shear of the lattice structure, multiplication from Frank-read sources and
pinning around the precipitates, etc. This requires an increase in flow
stress for further deformation which manifests as work hardening. The
overall dislocation density of the material is given by the sum of SSDs
and GNDs. SSDs are the accumulated dislocations caused by the mutual
trapping in the crystal due to dislocation—dislocation interaction. They
are in contrast to GNDs, which are accumulated in strain gradient fields
caused due to the geometric constraints of the crystal lattice.

The development of GND from HREBSD is compared to SSD calcu-
lations from EPSC for pre-strain deformations under all three strain
paths in Fig. 8. HREBSD indicates an approximately linear GND increase
for all pre-strain paths, in line with studies on correlations between
plastic strain and kernel average misorientation (KAM) (Brewer et al.,
2009; Wright et al., 2016). KAM is a measure of local grain mis-
orientations from EBSD that is known to correlate with GND content. On
the other hand, EPSC predicts a quadratic increase in SSDs. While the
EPSC-predicted dislocation density only incorporates SSDs development
as total (EPSC assumes no GNDs), some studies have found correlations
between the densities of the two dislocation types. According to Ashby’s
theory of work hardening, while SSDs dominate the homogeneous
deformation in the single crystals, the inhomogeneous deformation in
polycrystals is dominated by GNDs (Jiang et al., 2013). Furthermore,
GND development during plastic deformation is associated with kine-
matic hardening, dominating early hardening behavior, while SSDs
multiply faster during later isotropic hardening (see Fig. 8 in (Ashby,
1970), and (Bouaziz et al., 2021; Ebobisse and Neff, 2010). Hence the
measured and predicted trends in Fig. 8 generally follow expected
trends.

The EPSC predictions for biaxial-to-uniaxial and plane-strain-to-
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Fig. 7. Comparison of predictions from EPSC and measurements for AA6016-T4.
hardening behavior following a strain-path change with a slight over-
14 A . . . .
12 x10 prediction of hardening rate for higher pre-strain levels, owing to
signs of localization under biaxial and plane-strain tension at the higher
10 it pre-strains (Fig. 4). This indicates that some amount of damage was
,/ accumulated in the pre-strained specimens that produced a softer than
- ./ predicted hardening response under subsequent uniaxial tension
‘e 8 , deformation.
g L7 The pre-strain levels for each strain path were selected as a per-
= 6 /,’ . -7 v centage of final failure for that particular path, and hence the effective
a , o $ ] niaxa GND strains are not the same for each one. However, experiments with similar
% 4 P ¥ M ‘:EE::‘;&SDD effective pre-strain levels (within 1.6%) were selected for a more
4 tt" Biaxial fit detailed comparison of uniaxial tension ductility after pre-strain and
2 P TSy o compared to the EPSC predictions (Fig. 10). The yield strength of the
+ ot aetT S:ane Strai" 'QSD pre-strained samples under uniaxial tension is in the increasing order of
_______ - —Plane-strain
0 plane-strain, biaxial and uniaxial tension, as is well captured in EPSC
0 005 01 015 02 025 03 0.35 simulations (Fig. 10). Furthermore, a sharp elasto-plastic transition can

Effective strain

Fig. 8. GND development by HREBSD compared to SSD calculations by EPSC
under uniaxial, biaxial, and plane-strain tension pre-strain deformation.

uniaxial tension pulls are compared to the experimental measurements
in Fig. 9. Higher-strength levels are achieved for biaxial-to-uniaxial than
plane-strain-to-uniaxial tension in both cases. Also, biaxial-to-uniaxial
deformation generates a slightly more ductile response which is in-line
with a previously published study for strain path change in AA6111-
T4 (Graf and Hosford, 1994). The EPSC model is able to capture the

o

=

@

2

%150 —Measured

] --Predicted

F 100 —Effective pre-strain 6.6%
—Effective pre-strain 14.3%

50 Effective pre-strain 21.2%
—Effective pre-strain 28.1%
0
0 0.05 0.1 0.15 0.2
True strain

be observed for uniaxial-to-uniaxial deformation, followed by approxi-
mately linear hardening. However, a slower elasto-plastic transition for
biaxial-to-uniaxial and plane-strain-to-uniaxial tension is demonstrated
in observed and predicted curves. The reason for the higher strength
level occurring in the uniaxial-to-uniaxial specimens, along with the
sharp elasto-plastic transition and subsequent linear hardening, is
postulated to be due to the increase in dislocation density on already
activated slip systems from pre-straining, and an absence of dislocation
recombination. Dislocation recombination is more likely under a strain-
path change.

350
(b) .
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—Effective pre-strain 10.4%
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Fig. 9. As measured and predicted tensile curves for specimens pre-strained in (a) biaxial, and (b) plane-strain tension. The percent of pre-strain represents the
effective strain imposed by the Marciniak Test. The levels of effective strain correspond to 25%, 50%, 75%, and 95% of failure.
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Fig. 10. As-measured and predicted uniaxial work hardening comparison after pre-straining to different levels of uniaxial, biaxial, and plane-strain tension.

The predictions for biaxial-to-uniaxial and plane-strain-to-uniaxial
follow a slower elasto-plastic transition than the measured data and
the yield strength is underpredicted. In the model, the residual stress in
the material from the pre-strain deformation was effectively frozen at
that level for subsequent uniaxial tension pulls. As described earlier, the
inter-granular stresses in EPSC are a consequence of the interaction
between individual grains and the averaged polycrystalline response.
Therefore, these stresses are approximations of true local grain-to-grain
interactions. Experimentally, the uniaxial tension specimens were
waterjet cut from the pre-strained biaxial and plane-strain tension
Marciniak sheets, which could allow some stress relaxation. For the
current analysis, the amount of residual stress was not measured; how-
ever, it could potentially be measured using XRD analysis to test this
hypothesis.

Upon reaching yield point the uniaxial-to-uniaxial specimens
demonstrated a yield point phenomenon (YPP); the stress drops imme-
diately after yield, and there is a period of hardening stagnation, the
length of which correlates with the pre-strain level. However, the phe-
nomenon is not reflected for initial uniaxial, biaxial-to-uniaxial, and
plane-strain-to-uniaxial tension deformations. The biaxial-to-uniaxial
and plane-strain-to-uniaxial specimens had a significant processing
time gap between the pre-strain and subsequent pulls; hence the uniaxial
tension pre-strained specimens were also rested for ~ 24 hrs. to deter-
mine whether this affected the response; they still showed YPP under
subsequent pulls. As hypothesized by Cottrell, dislocations attract solute
atoms; if solute atoms are allowed to migrate and form local atmo-
spheres around the dislocation, they become pinned, leading to higher
yield stress. At yield, the dislocations break free of the atmospheres,
leading to lower subsequent stress required for further deformation
(Cottrell and Bilby, 1949). Since the effect is absent in the initial uniaxial
tension curves, it is assumed that as-received AA6016-T4 has the dis-
locations already broken away from the solute atmospheres during the
manufacturing process. However, only uniaxial pre-strain appears to
recombine them so that they require breakaway stress for subsequent
uniaxial pulls — possibly relating to the particular slip characteristics
during uniaxial tension while different slip systems activate upon a

strain-path-change. There is a possibility that a mechanism other than
Cottrell’s theory causes YPP for these experiments, which is a subject for
future studies.

Fig. 11 shows the slip system activity (3 p** as defined in Eq. (11))
from the EPSC model for pre-strain deformation under all three strain
paths. The slip systems are grouped per plane. Consideration of the
predicted activity on different slip systems indicates a significant dif-
ference between the three pre-strain modes. It may help explain the
different levels of cross-slip between slip systems that lead to different
hardening rates. The slip planes with similar activity could have a higher
probability of cross-slip and the strain paths that have relatively more
slip planes with similar activity could consequently have relatively
higher cross-slip. This is most notable for biaxial and uniaxial tension,
which both have two pairs of planes with similar activity. The biaxial
deformation is predicted as the most homogeneous.

Finally, the backstress component was excluded from the EPSC
model while keeping other parameters the same and the results were
then compared to the initial predictions with backstress development;
both cases are compared with measured data (for the ~ 20% effective
pre-strain case) in Fig. 12. The trends for all other pre-strain levels were
similar. It can be observed that the flow stress levels for the subsequent
uniaxial tension from EPSC with no backstress development are about
15% below those from EPSC with backstress development, and from the
experimentally measured curves, at high strain levels. As stated earlier, a
sharp elastic to plastic transition and linear hardening for uniaxial pre-
strain is a result of increased dislocation density on already activated slip
systems from pre-straining. The effect is also evident for EPSC results
with no backstress development. Furthermore, the EPSC results help to
explain post-yield hardening in the uniaxially pre-strained samples
compared with the other two cases. A uniaxially pre-strained sample has
developed backstress that counteracts uniaxial deformation; upon
reloading, the backstress is already in place to add with the dislocation
flow stress, resulting in little difference in hardening rate after yield
between the case with and without backstress. For the other pre-strained
samples, the backstress was developed to counter deformation in other
directions; when pulled in uniaxial tension the backstress does not
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Fig. 11. Slip system activity (3 p'' is the total dislocation density for a given slip plane, as described in Eq. (11)), extracted from the model for the pre-strain

deformation response of (a) uniaxial, (b) biaxial, and (c) plane-strain tension.
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Fig. 12. EPSC predictions with and without backstresses taken into account,
compared to the measured work hardening behavior post strain path change.
Measured data is represented by a continuous curve, ESPC predictions with
backstress are represented by dashed curve and predictions without backstress
are represented by a dotted curve. Colors representing the corresponding strain
paths are shown in the legend.

immediately contribute to early hardening, but builds up over the first
1% strain, or so. This leads to a more gradual transition from the elastic
to the plastic portion of the curve. In all cases, the backstress builds up
early in the deformation, in agreement with the literature stating that
kinematic hardening dominates during the first ~2% of deformation
(Ashby, 1970).

The current study focused on comparing the plastic behavior of
AA6016-T4 using the yield curves. Often, an alternative validation such
as Lankford parameter is employed which can capture a relatively
higher contrast of comparison in response to a strong texture evolution
due to plastic deformation. This was investigated by measuring the R-
values for uniaxial and biaxial pre-strain as shown in Table 7. Table 7
also compares the yield strengths for both the pre-strains. An increase of
64% in the R-value of biaxial pre-strain with respect to uniaxial pre-
strain was observed, in contrast to an increase of 32% in the yield

Table 7
Comparison between the Lankford coefficient and post pre-straining yield
strength of uniaxial and biaxial pre-strains paths.

Effective Post-uniaxial strain R value Post pre-strain
Pre-strain (Avg. Green -lagrangian (Lankford Yield strength
strain) coefficient) (MPa)
Uniaxial 0.05 0.477 330
15%
Biaxial 15% 0.0468 0.77 250

strength of uniaxial pre-strain with respect to biaxial pre-strain. Hence,
while the R-value does present a bigger contrast than the yield curves for
different pre-strains, it is not an order of magnitude higher. Further-
more, the ability of the same model to calculate R-values of a similar
AA6022-T4 alloy has been assessed successfully in previously published
studies (Barrett and Knezevic, 2019; Feng et al., 2020). Therefore, a
comparison of yield curves for multi-strain path deformation is sufficient
for AA6016-T4.

4. Conclusions

An EPSC model, with the inclusion of backstresses, is employed to
predict the pre-straining of AA6016-t4 sheet material under uniaxial,
biaxial, and plane-strain tension, along with the subsequent deformation
response under uniaxial tension. The EPSC model correctly captures the
effects of texture, being able to distinguish the subtle differences in
response for RD, TD, and ND direction under uniaxial tension.
Furthermore, the EPSC model was able to correctly predict the uniaxial
response after first pre-straining in biaxial, plane-strain, and uniaxial
tension. The model correctly predicted the highest flow stress in uni-
axially pre-strained material, followed by lower stresses in the biaxially
and plane-strain tension deformed materials, respectively. The model
slightly overpredicts the hardening rate for materials pre-strained to
high levels under biaxial or plane-strain tension. This is likely due to
some incipient localization in these samples during the pre-strain
operation (as confirmed by the DIC measurements).

Importantly, the model also captures the rapid buildup of backstress
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in the uniaxially pre-strained specimens; conversely, it correctly predicts
the slower buildup of backstress in the other pre-strained specimens and
the smoother transition between the elastic and plastic regions. At
higher strain levels the backstress accounted for around 15% of the total
flow stress in all pre-strain cases.

The backstress builds up in the early stages of plastic deformation,
consistent with the current understanding of kinematic hardening
dominating early deformation, and isotropic hardening dominating at
higher strains. This picture also agrees with an HREBSD-measured linear
increase in GND density (associated with kinematic hardening),
compared with a quadratic increase in the SSD (associated with isotropic
hardening) predicted by the EPSC model, both of which are in line with
expectations. The initial total dislocation density assumed by the EPSC
model is slightly below measured GND density; hence some work to
improve the connection between measured and calibrated dislocation
density (including incorporation of GND content) will occur in the
future. To this end, the EPSC model will be advanced to consider second
moments of stress and spin tensors in order to calculate GNDs as recently
formulated in VPSC (Zecevic et al., 2017).
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