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A B S T R A C T   

Modeling springback in sheet materials is challenging in aluminum alloys, especially when a complex strain path 
is applied. This paper presents results from pure bending experiments on AA 6016-T4 sheet material, where 
various plastic pre-strains were first applied prior to bending. A crystal plasticity based elasto-plastic self- 
consistent (EPSC) model that includes the effect of backstress in the hardening law was used to predict final part 
shape after unloading. The backstress term in the model was calibrated using geometrically necessary dislocation 
(GND) content, measured experimentally by high resolution electron backscattered diffraction (HREBSD). The 
EPSC model predicted springforward angles for unstrained 1 mm AA 6016-T4 sheet with an error of 0.4% (0.3◦) 
in the worst case, while the J2 plasticity isotropic model overpredicted springforward angles by as much as 2.4% 
(2◦). For cases where uniaxial, plane-strain, and biaxial pre-strains were first imparted to the sheets before 
bending, the EPSC model with backstress accurately predicted the transition from springforward to springback, 
while the EPSC model without backstress did not. Backstress influence on model accuracy, which increased with 
greater pre-strain levels, appears to be correlated to the statistically stored dislocation (SSD) density computed by 
the model at the end of each pre-strain step.   

1. INTRODUCTION 

In the automotive industry, stamped parts often require multi-step 
forming operations to manufacture complicated geometries. During 
these deformation processes, complex interactions arise between dislo
cation hardening processes and the evolution of internal stresses that 
vary with strain path, and strongly influence backstresses that manifest 
in the form of springback during unloading (Boers et al., 2010). The 
absence of long-range internal stresses in typical isotropic hardening 
laws leads to difficulty in predicting final part geometry via standard 
simulation frameworks. As the strain path can often be very different as 
a function of location within a complex part, it is critical that combined 
hardening and internal stress behavior be characterized using both 
macro and micro approaches to fully understand its impact on spring
back. The current study analyzes springback in AA6016-T4 sheets dur
ing a standard bending operation, following various initial pre-strain 
deformations (biaxial, plane-strain, and uniaxial tension). The modeling 
component employs a strain path sensitive anisotropic hardening and 

backstress enabled crystal plasticity elasto-plastic self-consistent (EPSC) 
model to overcome some of the deficiencies in previous models, in order 
to accurately predict the final springback. The EPSC simulations are also 
compared with a simple isotropic hardening law, to highlight the 
importance of incorporating dislocation-based hardening and backstress 
in order to predict elastic unloading and final part shape after forming. 

The springback behavior in high strength 6xxx or 7xxx series 
aluminum can be understood by considering the precipitate-based mi
crostructures in these alloys, and associated dislocation substructures 
(Al-Harbi et al., 2010; El-Madhoun et al., 2003; Knezevic and Beyerlein, 
2018; Moan and Embury, 1979; Stoltz and Pelloux, 1974; Stoltz and 
Pelloux, 1976). Long-range internal stress development is associated 
with the presence of geometrically necessary dislocations (GNDs) that 
form to maintain strain compatibility during deformation (Ashby, 
1970), that accumulate in pileups at obstacles such as grain boundaries 
(GBs) or precipitates (Shen et al., 1988), or that are associated with 
substructures within grains (Field et al., 2005). Backstresses build up in 
the strain gradient regions, due to the interaction between dislocations 
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of the same polarity and contribute to the cumulative hardening 
behavior of the alloy by opposing the applied resolved shear stress 
necessary for dislocation slip. However, they also assist dislocation slip 
upon reversal, or change in strain path, causing nonlinear unloading and 
softening and/or lower subsequent yield stresses (Bauschinger effect). 

In a recent study in AA6016-T4 sheet, GND content was measured by 
high resolution electron backscatter diffraction (HREBSD), after pre- 
straining the material in biaxial, plane-strain and uniaxial tension. 
Backstress levels estimated using these experimentally measured GND 
were shown to have a significant effect on the elasto-plastic transition 
and plastic response under subsequent uniaxial tension deformation 
(Sharma et al., 2022). Additional studies that included cyclic deforma
tion cycles and various pre-strain conditions in advanced high strength 
steel (AHSS) alloys and a 7xxx series aluminum showed a decrement in 
elastic modulus values upon unloading–reloading, and an increase in 
springback with greater pre-strain levels (Ardeljan et al., 2016; 
Chongthairungruang et al., 2012; Knezevic et al., 2013a; Yoshida et al., 
2002; Yue et al., 2018). The importance of including the inelastic re
covery, i.e., the drop in elastic modulus after the plastic deformation of 
the metal alloy, as an important parameter in the prediction of spring
back has been highlighted previously (Chongthairungruang et al., 2012; 
Yue et al., 2018). Several anisotropic models account for a dynamic 
modulus in their kinematic hardening law to improve springback 
simulation predictions (Wagoner et al., 2013). 

Though these anisotropic models can capture deformation response 
and springback that occur during and after forming, when correctly 
calibrated to reflect a particular material and deformation path, they do 
not accurately capture the effects of strain path changes on nonlinear 
unloading response if backstress is not incorporated into the hardening 
law. In a prior study, Yue et al. (2018) reported a springback prediction 
error of approximately 17.5% for an 11% uniaxial pre-strain. Liao et al. 
(2020) performed twist springback simulations after applying uniaxial 
pre-strain and found that their simulations had an error of 15% and 12% 
in the rolling (RD) and transverse (TD) directions, respectively. In a 
similar study performed by Chen et al. (2021), errors of 28.6% and 
14.6% along the RD and the TD directions were observed due to an over- 
estimation of elastic modulus values in the model. 

In this paper, EPSC model with a phenomenological backstress 
approach, along with a strain path sensitive dislocation density-based 
hardening law is used to predict springback in AA6016-T4 sheet mate
rial that is pre-strained along different strain paths and then subjected to 
various pure bending operations. It builds upon EPSC models that have 
been shown to accurately predict the microstructural and mechanical 
response to strain path changes, including non-linear unloading, resid
ual stress fields, the Bauschinger effect, hardening rates, and texture of 
the material (Feng et al., 2020; Neil et al., 2010; Wollmershauser et al., 
2012; Zecevic and Knezevic, 2019; Zecevic et al., 2016). A similar EPSC 
model has also been successful in predicting reverse and simple loading 
deformation in AA6022-T4 (Barrett and Knezevic, 2019), as well as 
multi-strain path deformation in AA6016-T4 (Sharma et al., 2022). 

The use of AA6xxx series aluminum sheet metal has increased across 
the automotive industry because of a favorable combination of proper
ties, including low density, high strength, and modest to very good levels 
of formability, depending on forming temperature. 6xxx series alloys, 
and specifically AA6016-T4, are precipitation-hardened with Al-Mg-Si 
composition. These alloys experience varying mechanical properties 
based on heat treatment, which affects the size and distribution of pre
cipitates (Sato et al., 2002). The presence of precipitates contributes to 
the hardening behavior of the alloy by opposing applied stress necessary 
for dislocation slip through a mechanism known as Orowan looping. The 
formation and impact of these Orowan loops changes as the shape and 
size of the precipitates vary (Hu and Curtin, 2021; Kuwabara et al., 
2017). This hardening mechanism is a key advantage of the 6xxx series 
alloys. They can be formed at room temperature in the T4 condition, and 
then strengthened during subsequent post-processing, such as paint- 
baking in automotive assembly operations, if needed. 

Of particular interest in industrial fabrication is the prediction of 
springback in these sheet materials after a forming operation. Spring
back is a significant issue in forming of aluminum alloys, primarily 
because of how difficult it is to accurately predict the elastic recovery 
and subsequent change in part geometry needed to correctly assemble 
autobody components or subcomponents. Therefore, numerous studies 
have been conducted to understand the parameters and conditions that 
affect the springback of aluminum sheet materials (Cinar et al., 2021). 
The most commonly used bending operation is v-bending due to its 
simple tooling geometry, large range of bending angle capabilities, and 
economical set-up times (Abdullah and Samad, 2013; Abdullah et al., 
2012; Adnan et al., 2017). 

While the occurrence of springback behavior is well known and 
documented during various forming operations, there is a less common 
phenomenon known as springforward. Springback is known for the final 
part geometry having a larger bend angle than intended, while spring
forward or spring-go behavior produces a smaller bend angle geometry. 
This phenomenon has been documented through a limited number of 
studies and has been found to occur under specific conditions, including 
the use of a small punch tip radius to bottom bend thin sheet material 
(Bakhshivash et al., 2016; Grizelj et al., 2010; Thipprakmas and Roja
nanan, 2008). It is commonly understood that pure bending of material, 
like that commonly observed in v-bending, causes the fibers of the 
material to experience varying stresses and strains through the thickness 
of the sheet. The fibers of material that are closest to the point of contact 
with the punch tip experience compressive forces, while the fibers 
closest to the die experience tensile forces. The distribution of these 
stresses before unloading has a direct impact on the amount and the 
direction of the elastic unloading behavior (Zhang and Hu, 1998). In a 
study performed by Thipprakmas et al, the springback and spring-go 
behavior of an AA1100 sheet alloy utilizing v-die bending was investi
gated (Thipprakmas and Rojananan, 2008). The results showed that 
when all parameters are held constant, a larger punch tip radius pro
duced the opposite stress distribution compared to conventional 
bending. Larger compressive stresses on the outside surface and larger 
tensile stresses on the inside surface of the specimen were observed, thus 
resulting in movement toward a smaller angle after release. These 
observed stresses were located away from the vertex of the bend, and 
dominated the stresses distributed beneath the punch tip. This phe
nomenon of springforward is also analyzed and reported on in the cur
rent study. 

2. Experimental methods and modeling approach 

Bending and springback experiments were carried out on a 100-ton 
Accurpress press-brake, using standard tooling. Fig. 1 shows the tool
ing geometries for the punch and die sets used to perform the bending 
experiments. Initial trials were performed on unstrained AA6016-T4 
sheets, with the bend axis perpendicular to the rolling direction (RD), 
the transverse direction (TD) and 45◦ to the RD. All experiments were 
performed on specimens with the same geometry, having dimensions of 
63.5 mm × 63.5 mm. Subsequent experiments were then performed on 
specimens that were pre-strained to varying amounts of effective strain 
(6%, 15%, 20%) relative to the RD direction. Pre-strains were applied in 
uniaxial tension, plane-strain tension, and biaxial tension, then the 63.5 
m × 63.5 mm specimens were cut from the pre-strained sheets via 
waterjet. All pre-strained specimens were oriented such that the RD 
direction was perpendicular to the v-die axis; in other words, the plastic 
strain induced by the bending experiment was applied along the RD of 
the sheet. Prior to performing a bend experiment, mineral oil was 
applied to the specimen, as well as to the punch and die set, to minimize 
friction. To measure springback, each specimen was tracked via high- 
contrast HDR video at the end of the punch stroke, then after unload
ing. Thickness measurements were taken after each experiment over five 
points along the specimen and compared to the unstrained material to 
ensure no thinning (coining) occurred at the bottom of the punch stroke. 
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2.1. Pre-Straining Methods: Biaxial Tension, plane strain Tension, and 
uniaxial tension 

The biaxial and plane-strain tension tests were guided by a previous 
study on DP 600 steel sheets by Cheng et. al (Cheng et al., 2017). 
Forming limits for biaxial tension and plane-strain tension (with the 
major strain axis oriented along the RD) were measured using an 
Interlaken hydraulic press with standard Marciniak tooling. The tooling 
incorporates a 100 mm diameter punch with a flat top, making specimen 
extraction from the pre-strained material convenient for further testing. 
Deformation with Marciniak tooling includes the use of a carrier blank, 
made of the same material as the sheet being deformed, designed to limit 
the strain localization along the rim of the punch, so that a maximum 
strain level can be produced across the punch face. All experiments were 
performed with a clamp load of 200kN, using 0.5 mm thick Teflon sheets 
positioned between the sheet and punch, and mineral oil applied on the 
punch, Teflon sheet, carrier blank, and sheet specimen. While biaxial 
specimens were fully clamped, plane-strain tension required some 
experimentation to find the appropriate specimen width that imposed a 
plane-strain deformation path. The surface strains on each specimen 
were measured using Aramis digital image correlation (DIC) equipment 

attached to the press. The Marcinak tooling and an example of a biaxial 
pre-strained specimen are shown in Fig. 2. Note that for the uniaxial pre- 
strains, a large tensile specimen was employed, with dimensions of 64 
mm × 635 mm. Following pre-straining, to effective strain levels of 6%, 
15%, and 18–20% effective strain, bend specimens were carefully 
removed from the center of each pre-strained sheet using a shear. 

Springback measurements were taken optically and analyzed using a 
3-D profile tracing software on a VHX Keyence Digital Microscope 
(Fig. 3). The sheet profiles were measured and compared against the 88◦

die angle to compute springback angles in the sheet, after unloading. 
The software takes images from the bottom up to capture the profile of 
the material. Tools within the software allowed for measuring the angle 
of the profile generated from the photos taken by the microscope. Three 
sections of each sample were selected (Fig. 3b) and used to produce a 2- 
D generated side-view of the specimen where height and internal bend 
angle measurements were taken (Fig. 3c). Specimens with included 
angles of less than 88◦ after unloading have undergone “springforward”, 
while specimens with angles of>88◦ are considered to have undergone 
“springback”. 

2.2. Material characterization 

The composition of the 1 mm thick AA6016-T4 alloy sheets used for 
the experimental work is shown in Table 1. Stress–strain curves pro
duced by uniaxial tension tests provided material properties necessary 
for initial characterization. Specimens were cut from the sheet along the 
rolling direction (RD), transverse direction (TD), and 45◦ to the RD of 
the sheet according to the ASTM E8 specification. The specimens were 
pulled at a 1.5 mm/min crosshead displacement rate and the force-strain 
data were recorded using load cell and extensometer output. Table 2 
shows minor differences in the deformation response for the three ori
entations. The failure strain measured for each orientation ranged from 
0.245 to 0.270, with RD exhibiting the greatest. 

The unstrained base material texture was measured using EBSD to 
calibrate the model for the AA 6016-T4 alloy. Specimens strained to 
different levels of pre-strain in uniaxial, plane-strain, and biaxial tension 
were also evaluated for texture evolution and geometrically necessary 
dislocation (GND) content as a function of strain, to compare against the 
dislocation density calculated by the model; in this case statistically 
store dislocations (SSD), to be described later. High resolution EBSD 
(HREBSD) was employed to compute the GND density in the base ma
terial and the strained specimens, using OPENXY (Ruggles and Full
wood, 2015). A small sample sectioned from the gauge length of the pre- 
strained specimens was prepared for microstructure analysis. The mi
croscopy samples were removed using a diamond blade cutter, to avoid 
deformation of the material, and mounted in epoxy resin to be polished 
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 

Fig. 1. Bottom bending tooling for springback experiments. The punch tip had 
a radius of 0.8 mm and the bend angle applied by the tooling at the bottom of 
the stroke was 88̊. Springforward / springback angles were measured after 
removing the punch load. 

Fig. 2. (a) Marciniak tooling for biaxial and plane-strain tension pre-strain experiments, and (b) DIC strain map for a 15% pre-strained biaxial-tension specimen. 
Coupons for bend testing with 63.5 mm × 63.5 mm dimensions were cut from the center of the flat portion of the Marcinak specimen, after applying different levels 
of pre-strain. 
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samples were then electropolished using an electrolyte solution 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 milled in an inert argon 
gas environment by a JEOL ion-beam cross-section 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 HREBSD. Three different areas of 120x120 microns with 70 nm 
step size were scanned for GND content on each specimen, where an 
example of one scan is shown in Fig. 4. 

The GND calculations from the HREBSD scan data are based on the 
dislocation density tensor (α) by Nye: 

ρ ≈
1
b

‖α‖1, α = ∇ × β (1) 

where ρ denotes dislocation density, b average Burger’s vector, β 
elastic distortion as measured by HREBSD, and ||α||1 is the L1 norm on a 
tensor. 

2.3. EPSC simulation of Pre-Straining, Bending, and springback 

Simulations of pre-straining, bending, and springback were per

formed using an EPSC polycrystal plasticity model that was developed 
by Zecevic and Knezevic (Zecevic and Knezevic, 2019) and has been 
used to model plastic deformation under different strain paths and for 
cyclic loading in prior work in AA 6016-T4 (Daroju et al., 2022; Feng 
et al., 2021a; Feng et al., 2021b; Sharma et al., 2022). In the brief 
description that follows, the subscript FE indicates variables returned or 
passed from the Abaqus FEM engine to the UMAT subroutine. Every 
material point of the FE mesh considers a set of weighted crystal ori
entations representing a polycrystalline aggregate. The EPSC material 
model calculates Cauchy stress at the end of each strain increment,σt+Δt

FE , 
for a strain increment, ΔεFE, given by Abaqus. The strain increment is 
based on the boundary conditions applied to the mesh. The strain 
accommodated by EPSC at each material point is updated according to: 

Fig. 3. Images of specimen after bending (a) are taken to produce a top-down view (b), which is used to produce 2-D bend profiles (c).  

Table 1 
Nominal chemical composition of AA6016-T4.  

Al Si Mg Fe Mn Zn Cu Ti Cr 

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  

Table 2 
Tensile properties of AA6016-T4 (strain values are true/natural and stress values 
are engineering/nominal).  

Orientation Young’s 
modulus 
(GPa) 

Failure 
strain 

Yield 
strength 
(MPa) 

Ultimate tensile 
strength (GPa) 

RD  70.5  0.270 142 344 
45̊ to RD  70.8  0.245 140 321 
TD  71.7  0.249 140 326  

Fig. 4. GND content for unstrained AA 6016-T4, produced by HREBSD 
(Sharma et al., 2022). 
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εt+Δt
FE = εt

FE + ΔεFE (2) 

The implicit coupling of the EPSC model and FEM requires a Jaco
bian matrix, ∂ΔσFE

∂ΔεFE
, for calculating subsequent displacement fields in 

arriving at the solution. The Jacobian is (Feng et al., 2022; Zecevic and 
Knezevic, 2019): 

∂ΔσFE

∂ΔεFE
=

∂
(
σt+Δt

FE − σt
FE

)

∂ΔεFE
=

∂Δσ̄
∂Δε̄ =

∂
(
L̄incΔε̄

)

∂Δε̄ = L̄inc (3) 

where L̄inc is the stiffness from the Cauchy stress and strain in
crements (Zecevic and Knezevic, 2019). Details of the EPSC model and 
associated hardening law are provided in the Appendix A. 

The backstress component of hardening is based on a phenomeno
logical formulation to influence unloading and the Bauschinger effect. 
The evolution of backstress per slip system, τs

bs, is a function of shearing 
strain on slip systems, γs′. The laws for dγs+

> 0 and τs+

bs > 0 are: 

τs+

bs = τsat
bs (1 − exp( − νγs+

) ) (4)  

τs−

bs = − Aτs+

bs (5) 

where τsat
bs is a saturation value of the backstress, A is a parameter for 

asymmetric evolution of the backstress on a slip system in two opposite 
directions s + and s-, γb and ν are material fitting parameters. The shear 
strain γs is recorded from the point τs+

bs = 0. The laws for dγs+

> 0 and 
τs+

bs < 0 are: 

τs+

bs = − (A + 1)τsat
bs exp

(

−
γs−

γb

)

+ τsat
bs (6)  

τs−

bs = −
1
A

τs+

bs (7) 

where the shear strain γs− is recorded from the point of local road 
reversal. The backstress changes the activation of slip systems as: 

σc • ms − τs
bs = τs

c (8)  

σ̂ c
• ms − τ̇s

bs = τ̇s
c (9) 

while the backstress evolves with shearing rates using: 

τ̇s
bs =

∑

s′
hss′

bsγ̇
s′ (10) 

where hss′
bs is the backstress matrix. The selected law is as follows 

(Zecevic and Knezevic, 2019): 

τs
bs = ms • σc

bs = τs
bs,sys + 2

∑

s′
ms • ms′τs′

bs,sys*, (11) 

where 

τs′
bs,sys* =

{
τs′

bs,sys if τs′
bs,sys > 0

0 if τs′
bs,sys < 0

. (12) 

In Eq. (11), σc
bs 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 dγs+

> 0 and τs+

bs,sys > 0): 

τs+

bs,sys = τsat
bs (1 − exp( − νγs+

) ) (13)  

τs−

bs,sys = − Aτs+

bs,sys (14) 

(if dγs+

> 0 and τs+

bs,sys < 0) 

τs+

bs,sys = − (A + 1)τsat
bs exp

(

−
γs−

γb

)

+ τsat
bs (15)  

τs−

bs,sys = −
1
A

τs+

bs,sys (16) 

The fitting constants for the backstress law are a saturation value, 
τsat

bs , a parameter governing an asymmetric evolution in s+ and s−, A, the 
denominator,γb, and a multiplier, ν. The shearing strain, γs, is a value at 
the load reversal. 

Model parameters for the hardening and backstress laws were cali
brated through tensile tests and HREBSD scan data, performed in prior 
work (Sharma et al., 2022) on the AA 6016-T4 material. The following 
parameters associated with the hardening laws were fit: initial slip 
resistance, τ0, trapping rate coefficient, k1, activation barrier for de- 
pinning, g, and drag stress, D. The fitting procedure started with vary
ing τ0 to fit yield stress. Next, k1, was adjusted such that the initial 
hardening slope is reproduced. Finally, g and D were adjusted to match 
the hardening behavior. The latent hardening parameters reproduced 
the anisotropy. In order to capture the strain path changes and under
lying load reversals, the following back-stress law parameters were fit: 
saturation value for back-stresses τsat

bs , asymmetry factor, A, and pa
rameters ν and γb. The same parameters, used in the present study, are 
shown in Tables 3-5 below. 

Most EPSC simulations of pre-strain and bending in the current work 
were performed with the slip system backstress component included in 
the hardening law; however, modeling without backstress was also 
performed in order to assess its relative influence on model accuracy. In 
addition, some J2 plasticity simulations were run with Abaqus standard 
(the latter was only used for unstrained base material bending and 
springback simulations) for comparison with the EPSC crystal plasticity 
approach. For cases where a pre-strain was imparted to the sheet, the 
correct boundary conditions were applied in order to reach various 
effective strain levels, for each desired pre-strain path, as shown in 
Fig. 5. 

The pre-strain simulation results were compared to experimentally 
measured pre-strains (using the DIC approach shown in Fig. 2) for 
validation, as shown in Fig. 6. 

After pre-strains were applied in the first simulation step, the 
bending/springback simulation was performed using the model tooling 
shown in Fig. 7, where the sheet mesh had 1872 C3D20R elements, 
including 5 elements through the thickness. The tooling was considered 
rigid and isothermal for the purpose of these room temperature 
simulations. 

3. Results and discussion 

3.1. Bending and springback of as-received material 

The texture data generated by electron backscatter diffraction 
(EBSD) for the EPSC model contained approximately 1000 grains that 
were subsequently compacted to 100 grains for each orientation (Barrett 
et al., 2019; Eghtesad et al., 2018; Knezevic and Landry, 2015). The 
compaction is a necessary step to decrease computation time; as can be 
seen in Fig. 8, there is no difference between the original and the 
compacted pole figures, for the unstrained base material (100% accurate 
to L = 16 GSH expansion). 

Initial EPSC simulations of bending and subsequent springforward 
on unstrained base material were performed using different elements 
within Abaqus, including the CPE4, CPE8, and CPE8R elements. The 
CPE8R element was the most accurate, so this choice was retained for a 
comparison with the experiments, as shown in Fig. 9. 

For the experiments and simulations on the unstrained base material, 

Table 3 
Latent hardening parameters.  

a0 a1 a2 a3 a4 a5  

0.068  0.068  0.0454  0.625  0.137  0.122  
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all angles after unloading were less than the die angle of 88̊, charac
teristic of the springforward phenomenon. Because thin sheet material 

(1 mm thickness) was used for the experiments, and because the punch 
tip radius was small (0.8 mm), this behavior was anticipated based on 
the results of prior studies, discussed earlier in the paper. A comparison 
of standard J2 plasticity predictions with the EPSC crystal plasticity 
results is shown in Table 6 and Fig. 10. 

While the J2 isotropic modeling approach captured the general 
springforward phenomenon after bending, it overestimated the amount 
of springforward, or included angle contraction, in each case. This result 
agrees with prior work, where overestimation of the springback/ 
springforward effect in aluminum alloys was observed for isotropic 
modeling approaches that do not account for Bauschinger effect and 
associated backstresses (Li et al., 2002). The predicted values from the 
J2 isotropic model differed with experiment by as much as 2.4% (2.0◦), 
for the 45◦ to RD specimen. By contrast, the EPSC predictions were close 
to the experimental values; at worst, within 0.4% (0.3◦, TD specimen), 

Table 4 
Fitting parameters used for the evolution of slip resistance.  

τ0[MPa] k1[m−1] g D[MPa] ρs
0,for

[
m−2]

25 1.38 × 108  0.09 400 4.1e12  

Table 5 
Fitting parameters used for the evolution of slip system backstress.  

τsat
bs [MPa] ν γb A 

5 560  0.001 1  

Fig. 5. Pre-strain simulations imparted various levels of effective strain to sheet blanks prior to the bending/springback step. Boundary conditions are shown for pre- 
strain simulations in (a) biaxial tension, (b) plane-strain tension, and (c) uniaxial tension. 

Fig. 6. Experimental versus simulated pre-strains for plane-strain tension (left) and biaxial tension (right) strain paths. Similar agreement between experiment and 
simulation was obtained for uniaxial tension pre-strains. 
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highlighting the need for modeling backstress development as a function 
of plastic strain in order to accurately calculate part shape after 
unloading. Percent error terms were calculated with respect to the 
included angle of the specimen, after unloading. 

3.2. Bending and springback after pre-straining in uniaxial, plane-strain, 
and biaxial tension 

Given the superior accuracy of the EPSC model for the unstrained 

base material predictions, further work was done comparing EPSC re
sults with experiments when pre-strain was first applied to the sheets. 
Data from HREBSD scans on pre-strained material included dislocation 
densities (GND) that were used to calibrate the backstress component of 
the hardening law in the EPSC model, as described in (Daroju et al., 
2022; Sharma et al., 2022). Table 7 shows the effective pre-strain levels 
for each deformation type (strain-path), as well as the subsequent 
springforward/springback angle after bending. 

Even with the change in strain path, where a pre-strain step was 

(a) (b)

Punch

Sheet

Die

Fig. 7. (a) Bending model where the punch and die were both considered rigid for the purpose of the simulation. The punch/die bend angle was 88̊ and the punch 
radius was 0.8 mm; (b) the sheet mesh, shown resting on the die, consisted of 1872 C3D20R elements, with 5 elements through the thickness. 

Fig. 8. Original texture for AA6016-T4 comprising ~1000 grains (top), and texture data compacted to 100 grains (bottom) for EPSC simulations.  
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followed by a bending/unloading step, the EPSC predictions typically 
only deviated from experiment by 0.2 – 1.7%, with a maximum error of 
3% (2.8◦) in the case of 18.5% pre-strain in biaxial tension. The rela
tively small differences appear to be reasonable, and most likely within 

tolerance when considering manufacturing assembly requirements. 
Importantly, both springforward (included angle less than 88̊) and 
springback (included angle > 88̊) trends are predicted correctly. The 
correlation between model results and experimentally measured angles 
for all pre-strain modes and levels (from Table 7) is shown in Fig. 11, 
with a 91% correlation. 

Springforward/springback angles were also plotted as a function of 
effective pre-strain levels in Fig. 12 for each strain path, where the effect 
of backstress in the EPSC prediction is evaluated. It is seen that model 
results with backstress are slightly greater than the experimental mea
surements for uniaxial tension and plane strain tension, as pre-strains 
increase from ~ 6 – 20%, but the trendlines fit through the data are 
nearly parallel with respect to experiment for uniaxial and plane-strain 
tension pre-strain, and somewhat less so for the biaxial tension case. 

Fig. 9. Experimental versus EPSC simulated specimen profiles after springback 
for base material sheet for (a) RD, (b) TD, and (c) 45◦ to RD oriented perpen
dicular to bend axis. Both the experiment and the predicted included angles are 
less than 88◦ after unloading, indicating a springforward motion. 

Table 6 
Comparison of J2 plasticity isotropic model and EPSC predictions against 
experiment.  

Orientation Experimental 
Springforward 
Angle (◦) 

Isotropic Model 
Springforward 
Angle (◦) 

EPSC Model 
Springforward 
Angle (◦) 

RD  83.7  82.9  83.8 
TD  83.8  82.4  84.1 
45◦ to RD  83.9  81.9  84.1  

0.0

1.0

2.0

3.0

Pe
rc

en
tE

rr
or

J2 Plasticity Model EPSC Model

Fig. 10. Percent error of J2 and EPSC model predictions of springforward 
angle, with respect to experiment. 

Table 7 
Springforward/Springback angles as a function of pre-strain level, for each 
strain path.  

Strain 
path 

Effective 
pre-strain 
(%) 

Experimental 
Measurement (◦) 

EPSC 
Prediction 
(◦) 

Difference 
(◦) 

Uniaxial 
Tension 

6 84.6 85.7  1.1 
15 87.0 87.2  0.2 
21 89.7 90.2  0.5 

Plane- 
strain 
Tension 

5.5 84.1 85.5  1.4 
15.2 87.0 87.2  0.2 
19.4 87.9 89  1.1 

Biaxial 
Tension 

6.4 83.8 85  1.2 
14.7 89.5 90  0.5 
18.5 94 91.2  −2.8  

Fig. 11. Correlation between model predictions and experiments, for all pre- 
strain paths (uniaxial, plane-strain, biaxial) and levels (6%, 15%, and 20%). 
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However, when backstress is not included in the model, angle pre
dictions diverge significantly from the experiment for all three pre-strain 
cases. 

EPSC simulations without backstress do not accurately capture the 
relationship between pre-strain type/level and springback angle after 
bending, especially in the case of uniaxial tension and plane strain 
tension. In these last cases, the transition from springforward to 
springback is not predicted without backstress, i.e. predicted specimen 
angles are less than 88̊ (springforward) and do not exceed 88̊ (spring
back) at higher pre-strain levels, as seen in the experiment. When 
backstress is included in the model hardening law, the springforward to 

springback transition is predicted reasonably well. 
While there is little prior work on the effect of different pre-strains on 

subsequent bending/springback performance in Al alloys, one study did 
apply uniaxial pre-strains prior to bending/springback to an extra deep 
drawing quality (EDDQ) sheet steel (Joo et al., 2023). In this case, a 
crystal plasticity modeling approach was able to predict springback 
angles after pre-strains of 0, 6, and 15%. The backstress development in 
the steel was modeled in similar fashion to the current approach, where 
the CRSS of each slip system was a function of forest dislocation density 
plus a backstress term, scaling with accumulated shear, which acts to 
reduce the resolved shear stress needed to move dislocations. It was seen 
that springback increased with greater pre-strain levels, as was seen in 
the current work on AA 6016-T4, confirming that higher levels of 
backstress promote greater springback, owing to the movement of 
reversible dislocations during unloading. 

The effect of backstress on EPSC model accuracy is seen to be 
increasingly influential for greater levels of pre-strain, where the slopes 
of the curves in Fig. 12 diverge for EPSC predictions with backstress 
versus EPSC predictions without backstress. There appears to be a cor
relation between SSD content predicted by the model at the end of each 
pre-strain step, and the influence of backstress on the prediction of 
specimen angle after bending/unloading. SSD content is seen in Fig. 13 
for each strain path and each pre-strain level. 

The apparent correlation between SSD content at the end of the pre- 
strain step and the accuracy of springback angle prediction, when 
backstress is included, appears to be related to slip systems activated by 
each strain path. For the uniaxial pre-strain, the higher level of SSD 
content predicted by the model (Fig. 13) is achieved because there are 
fewer active slip systems, compared to plane-strain or biaxial tension, as 
reported recently in a study on an 8xxx series aluminum (Rakshit et al., 
2022). Fewer slip systems to accommodate plastic deformation results in 
more concentrated dislocation density on each slip system, and thus 
results in more directional backstress development for a given level of 
effective strain. 

Prior work in AA 6063-T6 revealed that backstresses increased with 
greater levels of plastic deformation (Muhammad et al., 2017), as 
observed in the present work. This relationship explains the divergence 
of EPSC simulation predictions for the cases where backstress is 
modeled, versus when it is not, as effective pre-strain levels were 
increased, especially for the uniaxial tension pre-strain case. 

4. Summary and conclusions 

Bending and springback experiments were performed on 1 mm thick 

Fig. 12. Springforward/springback angles for specimens pre-strained in (a) 
uniaxial tension, (b) plane-strain tension, and (c) biaxial tension. Predictions 
with backstress and without backstress are compared to experiments. 

Fig. 13. SSD content provided by EPSC simulation for each strain path, for the 
6%, 15%, and 20% effective pre-strain levels. 
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AA 6016-T4 sheets, where a punch formed the sheets into an 88 deg v- 
block die, then released the material, allowing it to springback. Careful 
measurements documented springback angles for the base material 
specimens oriented along the RD, TD, and 45 deg directions (bend axis 
perpendicular to each of these directions). Additional experiments were 
conducted where pre-strains were first imparted to the sheet specimens, 
using Marcinak tooling to apply plane-strain and biaxial pre-strains and 
a large tensile specimen to impart uniaxial tension pre-strains. Speci
mens cut from these pre-strained sheets were then used for bending/ 
springback experiments. A crystal plasticity EPSC code with the ability 
to model the directional evolution of dislocation density and backstress 
during plastic deformation was employed to simulate the bending/ 
springback experiments, for both the base material and for pre-strained 
specimens. The following conclusions can be drawn from the combined 
experimental and modeling results:  

1. The base material bending/springback experiments all exhibited the 
springforward phenomenon, where the bend angle after unloading 
was less than the v-block die angle (88◦).  

2. When pre-strains were applied in uniaxial, plane-strain, and biaxial 
tension to effective strain levels of 6, 15, and 20%, specimens showed 
a transition from springforward to springback at higher pre-strain 
levels.  

3. The EPSC model with backstress provided accurate predictions of 
experimental springforward angles in the base material, with an 
error of 0.4% (0.3◦) in the worst case, while the isotropic model 
overpredicted springforward angles by as much as 2.4% (2◦).  

4. The EPSC model with backstress was accurate in predicting the 
transition from springforward (angle less than 88◦) to springback 

(angle > 88◦), as a function of applied pre-strain, while the EPSC 
model without backstress was not predictive of the transition.  

5. The effect of backstress in the model was increasingly influential on 
model accuracy for greater levels of pre-strain. This influence was 
especially true for the uniaxial pre-strain case and appears to be 
proportional to the rise in dislocation density (SSD) computed by the 
model during the pre-strain step, prior to bending. As such the 
backtress component of hardening is seen to be critical to accurate 
modeling of springback, especially in cases where strain path 
changes occur prior to unloading. 
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Appendix A 

This appendix summarizes the FE-EPSC details, including the EPSC material model and hardening law for the evolution of slip resistance. 

A.1 EPSC material model 

A material model based on the EPSC theory was used in the present work to perform the simulations. The model is an implicit formulation of the 
EPSC model incorporated in the implicit FEM framework, termed FE-EPSC (Zecevic and Knezevic, 2019). The description that follows, uses ⋅ and ⊗ to 
denote dot and tensor products, respectively. A polycrystalline aggregate in EPSC is represented by a set of grains/inclusions. Every grain/inclusion is 
an elasto-plastic medium interacting with a homogeneous-equivalent-matrix (HEM). The inclusion has a distinct crystallography/orientation, ellip
soidal shape, and volume fraction. The crystal orientation and shape evolve with plastic strain. 

The EPSC model relies is the following constitutive equation 

σ̂ = σ̇ + σW − Wσ, (1) 

for calculating the Jaumann rate of Cauchy stress, σ̂ (Nagtegaal and Veldpaus, 1984; Neil et al., 2010). The equation applies to a point, which can 
be a single crystal or a polycrystal. The other quantities in the equation, W and σ are the spin tensor and Cauchy stress tensor, respectively. The 
corresponding quantities at the crystal level are specified with the superscript c as Wc and σc. The Jaumann rate of Cauchy stress at the crystal level is 
σ̂ c is 

σ̂ c
= Cc(ε̇c

− ε̇pl,c)
− σctr(ε̇c

), (2) 

where Cc is the 4th rank crystal level elastic stiffness tensor, ε̇c is the crystal level strain rate, and ε̇pl,c is the plastic portion of the strain rate. The 
plastic portion of the strain rate is a sum of the products between the symmetric Schmid tensor, ms = 1

2 (bs ⊗ ns +ns ⊗ bs) and shearing rates, γ̇s, over 
active slip systems, s, in grain, c, i.e. ε̇pl,c

= ms γ̇s. The Schmid tensors comprises the slip directions parallel to the Burgers vectors, bs, and the plane 
normals, ns. 

The crystal and polycrystal stress and strain rate relations are also expressed as 

σ̂ c
= Lcε̇c

, (3a)  

σ̂ = Lε̇, (3b) 

where Lc and L are the elasto-plastic stiffness tensors at the crystal level and polycrystal level, while ε̇ is the total strain rate over the polycrystal. 
The former is derived from Eq. (2) and using a hardening law for the evolution of slip resistance, while the latter is evaluated using the self-consistent 
(SC) homogenization procedure (Eshelby, 1957; Lipinski and Berveiller, 1989; Neil et al., 2010; Turner and Tomé, 1994; Zecevic et al., 2015). The 
procedure starts from volume averages for stress and strain-rate as 
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σ̂ = 〈σ̂ c
〉 and ε̇ = 〈ε̇c

〉. (4) 

Activation of slip systems is based on the two conditions 

σc • ms = τs
c, (5a)  

σ̂ c
• ms = τ̇s

c, (5b) 

where, τs
c is the slip resistance, which will be defined shortly. The first condition ensures that the stress is on the yield surface of crystals, while the 

second condition is the consistency condition ensuring that the stress remains on the surface of crystals (Knockaert et al., 2000; Zecevic et al., 2019). 
Crystal lattice reorientation is accounted for using the spin tensors 

Wc = Wc,app − Wpl,c, (6) 

where Wc,app and Wpl,c are applied and plastic spin tensors. The latter is Wpl,c =
∑

sγ̇
sqs with qs = 1

2 (bs ⊗ ns −ns ⊗ bs). 

A.2 Hardening law 

Indices s + and s- refer to positive and negative directions of slip systems in the description below, while both positive and negative directions are 
denoted with s. α enumerates slip modes/families, which for the face centered cubic (FCC) AA6016-T4 is α = 1, {111}〈11̄0〉. The hardening law used 
in the present work is formulated based on the evolution of dislocation densities (Beyerlein and Tomé, 2008; Knezevic et al., 2014). The law has been 
used in predicting the mechanical response and texture evolution of AA6016-T4 (Daroju et al., 2022) and AA6022-T4 (Ferreri et al., 2022; Zecevic and 
Knezevic, 2015; Zecevic and Knezevic, 2018). 

The slip resistance is 

τs
c = τα

0 + τs
forest + τα

debris, (7) 

where τα
0 is an initial value that does not evolve, τs

forest is a contribution from statistically stored dislocations, and τα
debris is a contribution from 

dislocations stored as debris. The latter two terms evolve with plastic strain. The forest term is (Knezevic et al., 2013b; Knezevic et al., 2012) 

τs
forest = bαχμα

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
Lss′ρs′

tot

√
(8) 

where bα = 2.8610−10m is the Burgers vector for aluminum,χ = 0.9 is a strength of dislocation interaction constant, ρs
tot is the total dislocation 

density of forest type for sth slip system, and Lss′ is a latent interaction matrix (Franciosi and Zaoui, 1982; Khadyko et al., 2016). Entries of the latent 
matrix are based on simulations presented in (Devincre et al., 2006; Hoc et al., 2004). 

The debris contributing term is (Knezevic et al., 2016; Knezevic et al., 2013c) 

τα
debris = 0.086μαbα ̅̅̅̅̅̅̅̅ρdeb

√ log

(
1

bα ̅̅̅̅̅̅̅̅ρdeb
√

)

(9) 

where ρdeb is the dislocation density of debris type (Madec et al., 2003). 
The total dislocation density is 

ρs
tot = ρs

for + ρs+

rev + ρs−

rev, (10) 

where ρs
for is the forward on s, while ρs+

rev and ρs−

rev are the reversible dislocation densities on the s+ and s- positive/negative directions providing strain 
path sensitivity, respectively. Temperature and strain rate sensitive laws are implemented for evolution of these dislocation densities with shearing 
strains as (Khadyko et al., 2016; Kitayama et al., 2013; Kocks and Mecking, 1981) 

(If dγs+

> 0) 

∂ρs
for

∂γs = (1 − p)kα
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
gss′ρs′

tot

√
− kα

2 (ε̇, T)ρs
for, (11a)  

∂ρs+

rev

∂γs = pkα
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
gss′ρs′

tot

√
− kα

2 (ε̇, T)ρs+

rev, (12a)  

∂ρs−

rev

∂γs = − kα
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
gss′ρs′

tot

√ (
ρs−

rev

ρs
0

)m

, (13a) 

(If dγs−

> 0) 

∂ρs
for

∂γs = (1 − p)kα
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
gss′ρs′

tot

√
− kα

2 (ε̇, T)ρs
for, (11b)  

∂ρs+

rev

∂γs = − kα
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
gss′ρs′

tot

√ (
ρs+

rev

ρs
0

)m

, (12b)  

∂ρs−

rev

∂γs = pkα
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s′
gss′ρs′

tot

√
− kα

2 (ε̇, T)ρs−

rev, (13b) 
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Along with these initial conditions 

ρs
for(γs = 0) = 4.1 × 1012 m−2, ρs+

rev(γs = 0) = 0 and ρs−

rev(γs = 0) = 0. (14) 

In the above equations, kα
1 is a fitting parameter controlling the rate of generation of dislocations, kα

2 is a temperature (T) and strain rate (ε̇) sensitive 
parameter for dynamic recovery, p is a reversibility parameter in the range 0 – 1 but taken as 0.2, gss′ is another interaction matrix taken as gss = 1 and 
gss′ = 1 (Khadyko et al., 2016; Kocks et al., 1991; Teodosiu and Raphanel, 1991), m is a parameter governing the rate of dislocation recombination set 
to 0.5 (Wen et al., 2015), and ρs

0 is the total dislocation density at the reversal (Kitayama et al., 2013). 
The coefficient kα

2 is (Knezevic et al., 2013d; Knezevic et al., 2015) 

kα
2

kα
1

=
χbα

gα

⎛

⎝1 −
kBT

Dα(bα)
3 ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎞

⎠ kα
2

kα
1

=
χbα

gα

(

1 −
kT

Dαb3 ln
(

ε̇
ε̇0

) )

. (15) 

where, kB is the Boltzmann constant, ε̇0 = 107 is a reference strain-rate,gα is a fitting parameter representing effective activation enthalpy, and Dα is 
a fitting parameter representing drag stress. The debris dislocation density evolves using (Knezevic et al., 2013e; Knezevic and Savage, 2014) 

∂ρdeb

∂γs = qαbα ̅̅̅̅̅̅̅̅ρdeb
√ kα

2 (ε̇, T)ρs
tot, (16) 

where qα is a fitting parameter determining the amount of dislocations that become debris. The debris dislocation density evolves from a small 
value of 0.1 m−2. 
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strojarstvu 52, 181–186. 

Hoc, T., Devincre, B., Kubin, L., 2004. Deformation stage I of FCC crystals: Constitutive 
modelling. In: 25th Riso International Symposium on Materials Science 2004, 
pp. 43–59. 

Hu, Y., Curtin, W.A., 2021. Modeling peak-aged precipitate strengthening in Al–Mg–Si 
alloys. J. Mech. Phys. Solids 151, 104378. 

Joo, M., Wi, M.-S., Yoon, S.-Y., Lee, S.-Y., Barlat, F., Tome, C., Jeon, B., Jeong, Y., 2023. 
A crystal plasticity finite element analysis of the effect of pre-strain on springback. 
Int. J. Mech. Sci. 237, 107796. 

Khadyko, M., Dumoulin, S., Cailletaud, G., Hopperstad, O.S., 2016. Latent hardening and 
plastic anisotropy evolution in AA6060 aluminium alloy. Int. J. Plast 76, 51–74. 
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Knezevic, M., McCabe, R.J., Tomé, C.N., Lebensohn, R.A., Chen, S.R., Cady, C.M., Gray 
Iii, G.T., Mihaila, B., 2013e. Modeling mechanical response and texture evolution of 
α-uranium as a function of strain rate and temperature using polycrystal plasticity. 
Int. J. Plast 43, 70–84. 

Knezevic, M., Beyerlein, I.J., Lovato, M.L., Tomé, C.N., Richards, A.W., McCabe, R.J., 
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