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Crystallographic texture in metals influences material properties, e.g., r-value. In this work, a moderately strong
<111> texture is obtained in AA5182-0O through continuous-bending-under-tension processing followed by a
recovery heat treatment from the initial weak cube <001> texture. EBSD scans confirm that the <111> texture is
retained after heat treating. The processed material exhibits increased strength and reduced planar anisotropy,
providing benefits to subsequent forming operations, compared to the as-received material. Crystal plasticity simu-
lations confirm the texture change during deformation and predict the flow stress response. Such simulations can

be used for stress superposition process design to intentionally manipulate material properties.

© 2022 CIRP. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The crystallographic texture of metallic materials has a significant effect on
the material behavior, e.g., yield stress, ductility, plastic anisotropy, stress-
strain response, failure, etc. For example, strong texture of <111> and <012>
fiber created by hot rolling in AA6013 at 400 °C induces strength increase with-
out compensating the achievable total elongation [1]. Varying loading paths in
the process also affects the texture induced, potentially with an interaction of
other microstructural features like twinning/detwinning, such as under ten-
sion, compression [2], equibiaxial [3], torsion, etc.

Although initial examples of such efforts date back to the 1960's without speci-
fying the overarching effect [4], a relatively new concept with respect to manipulat-
ing the loading to achieve improvements in forming processes is stress
superposition [5]. This is defined as the introduction of additional stresses to a pri-
mary forming operation in a single process step. Stress superposition can be used
to lower the forming forces in a process. For example, Roskosz et al. showed that
the required compression load of sintered steel specimens was decreased when a
reciprocating torsional load was simultaneously applied [6]. Alternatively, stress
superposition can be used to improve the formability of the material in an opera-
tion to achieve a strain value or geometry not possible with typical loads applied.
For example, a lateral extrusion process of AA7075 into a four-legged component
was only feasible without cracking if a compressive load was applied to the four
legs during the process [7]. An emerging concept in stress superposition is to
employ such loading strategies to affect material properties of final parts. For exam-
ple, during incremental forming, the residual stress in the part wall can be varied
by forming with or without an elastomer die, which applies an additional compres-
sive force, in the process [8]. Another example of localized stress superposition,
which has been shown to reduce forming forces and prevent the localization of
deformation that leads to fracture, is continuous-bending-under-tension (CBT)
processing of material [9].

In CBT, the material is pulled in tension while simultaneously being passed
through rollers, which have, e.g., diameters (D), are set a distance (L) apart, and
have a specified bending depth (8). In addition to these parameters, the pulling
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speed of the applied tension (v) affects the CBT process results. See Fig. 1 for a sche-
matic of the process. Specifically, CBT has been shown to reduce the forming loads
of DC04 by approximately 40% [9]. With respect to increasing the deformation pos-
sible, the elongation to fracture of a DP1180 was increased by five-fold through
CBT processing [10]. However, the residual stress and increased dislocation density
developed during CBT processing depletes the potential elongation during subse-
quent forming operations and raises the stress required to continue deformation
[11]. Thus, an appropriate heat treatment for recovery should be implemented
with CBT as a pre-processing step prior to forming to maintain the benefit of
enhanced formability through the process, e.g., deep drawing. CBT processing has
also been shown to induce a fiber <111> texture, which enhances the material
formability relative to the cube-dominated texture in rolled FCC materials, through-
out the gauge length of a CBT specimen with a comparable intensity [12]. This tex-
ture is present in the fracture region in a uniaxial tension test. However, whether
this texture can be induced and then sustained through recovery heat treatment
and the effect on the final material properties has not been investigated in past
research.

Rollers

f——

Specimen

>

Tension w/
pulling speed v

Fig. 1. Schematic of continuous-bending-under-tension process.

In this paper, a typical cube <001> texture of AA5182-0 in the as-received
condition is altered to a fiber <111> texture through CBT processing. As the
potential elongation is depleted, further elongation prior to fracture is regained
through a recovery heat treatment, while avoiding recrystallization of the mate-
rial. Textures in all of these conditions are observed through electron beam
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backscatter diffraction (EBSD). Subsequent uniaxial tension tests using subsized
tensile specimens are performed to measure the stress-strain response of the
material conditions. The r-value, i.e., width to thickness plastic strain increments
ratio, during the tests is obtained to evaluate the plastic anisotropy of the material
in the rolling (RD), diagonal (45°), and transverse directions (TD). Elasto-plastic
self-consistent (EPSC) simulations are employed to further study and in the future
exploit the effects observed. This work is an example of using stress superposition,
i.e., combined tension and bending loading in the CBT process, to intentionally
manipulate final properties of the material.

2. Experimental processing

Strips of AA5182-0 are CBT processed per the details provided below and
then a recovery heat treatment is conducted. Various temperatures and times
are evaluated for this recovery process. The ones that provided the best results
are presented. While only a strip type of specimen is investigated for this
research, the concept could be applied to sheets of material in the regular roll-
ing process sequence as the material is leveled, a process similar to CBT but
with less severe deformation, and annealed already between rolling opera-
tions.

2.1. Continuous-bending-under-tension (CBT) process

The experiment is performed using a custom CBT machine built at the Uni-
versity of New Hampshire (UNH) [10—14], which is based on the same concept
as Fig. 1. A picture of the UNH CBT machine is shown in Fig. 2 with detailed
components of a moving carriage via a ball screw mechanism, two stationary
stands assembled with three rollers, a base, a hydraulic cylinder, and data
acquisition and control systems labeled. The best CBT processing conditions of
bending depth, § =3 mm, and crosshead velocity, v = 1.3 mm/s, are determined
based on when the maximum displacement to fracture, which is equivalently
the maximum number of CBT cycles, is achieved. The carriage moving velocity
is 66 mm/s.

Ball Screw Motor

Hydraulic
Cylinder

DAQ &
Computer

Fig. 2. Experimental setup for CBT processing with UNH machine.

Fig. 3 shows the force-displacement curves from CBT processing with the
predefined parameters for § and v and simple tension without any bending
effect. It should be noted that both tests use the same geometry of CBT

6
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Fig. 3. Force-displacement curves for CBT processing (red) and simple tension (black)
with the same tension velocity. Specimen is along the RD.

specimen. Repeated peaks, which occur in the CBT force-displacement curve, i.
e., 15 sets of peaks in Fig. 3, indicate the number of CBT cycles and instances
when the rollers are locating at each specimen end and the carriage stops to
switch directions. This causes an abrupt increase in the force as the deforma-
tion is momentarily simple tension without bending. (For further explanation
of the CBT force-displacement curve, please see [13].) From the comparison
with the simple tension, the CBT processing exhibits three times greater maxi-
mum displacement achievable with almost half of the processing force during
the deformation with the given CBT parameters. The thickness after CBT is
decreased from 1.55 mm to 1.13 mm, resulting in 27.1% thickness reduction.

2.2. Recovery heat treatment

CBT processing induces undesirable microstructure changes, such as residual
stresses and dislocations, which must be addressed if CBT processed material is to
be used in subsequent forming operations. Heat treatment can resolve this issue
but should avoid grain recrystallization to maintain the <111> texture induced by
the CBT processing. Two hours of heat treatment at 270 °C are identified as the
best heat treatment conditions for recovery among five temperatures (220, 250,
260, 270, and 280 °C) and four times (0.5, 2, 3, and 4 h) investigated. EBSD scans
along with stress-strain curves confirm the maximum recovery without any, or at
least very few, recrystallized grains and partial recovered potential elongation,
respectively. Heat treatment is performed using a Carbolite Gero GPCMA/37 oven
with a 3504 controller. The oven is heated to the specified temperature before the
specimen is placed inside. The specimen temperature is also tracked using a K-type
thermocouple. Specimens are air cooled after the recovery heat treatment.

3. Material characterization

The effect of the CBT processing and recovery heat treatment on the micro-
structure and mechanical properties is evaluated based on EBSD scans, texture
analyses, stress-strain curves, and r-value measurements.

3.1. Crystallographic texture evaluation

Microstructure images of AA5182-0 (as-received), CBT processing (CBT
only), and CBT processing and recovery heat treatment (recovery HT) samples
are obtained from EBSD scanning. CBT processing is applied along the RD. The
RD-ND plane of the samples are scanned as shown in Fig. 4. As is evident, the
quality of scans is low after CBT processing because of severe straining and
underlying defects, which distort Kikuchi patterns used in image creation.

Grain configurations of CBT only and recovery HT show similar size and shape
elongated along the CBT processing direction, while the initial state observed in the
as-received condition is more equiaxed. This indicates that the material is subjected
to a severe, biased deformation during CBT processing. In addition, the material is
seen to be recovered by the imposed heat treatment condition without grain
recrystallization.

ND
14 1
RD
001 101
Recovery HT

i %um

Fig. 4. EBSD images for (a) as-received, (b) CBT only, and (c) recovery heat treatment
conditions. CBT processing only in the RD for EBSD.

The corresponding pole figures of each condition are shown in Fig. 5. Note
that the figures (a—c) are the experimental measurements and (d) is the simu-
lation (discussed in the next section). As-received condition shows a weak
<001> cubic texture with low intensity, but through CBT processing, the mate-
rial develops a moderate <111> texture. The simulated CBT texture shows a
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Fig. 5. Pole figures for (a) as-received, (b) CBT only, (c) recovery HT (experiment), and
(d) simulated RD tension as approximation to CBT conditions. CBT processing only in
the RD for EBSD.

similar result, with the maximum <111> intensity slightly lower than the
experiments. This texture is preserved through the recovery heat treatment.

3.2. Stress-strain response

Fig. 6 represents an undeformed CBT specimen with 1%, 2x, and 3x bending-
unbending cycles per stroke, based on the number of rollers that interact with
the material at the specific location along the gauge section [13]. From the 3x
region, where the most stress superposition effect occurs, a ASTM ES8 subsize
specimen is extracted for uniaxial tension testing after the CBT processing and
recovery HT. Three orientations, RD, 45°, and TD, are examined for each condi-
tion. The obtained engineering stress-strain curves are shown in Fig. 7. Note
that the AA5182-0 sheet exhibits the Portevin-Le Chatelier effect, which results
in the serrated flow in the stress-strain curves and the non-uniform deforma-
tion. Thus, the stress and strain quantities in Fig. 7 are calculated assuming uni-
form deformation.
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Fig. 6. Strip CBT specimen with three rollers and the 1x, 2x, and 3x deformation
regions based on the number of bending-unbending cycles per stroke and ASTM E8
subsize specimen.

Flow stresses are increased by work hardening during the CBT processing,
and then reduced by the recovery HT with a corresponding increase in the duc-
tility. With the results observed in EBSD and pole figures, the heat treatment
successfully recovers the microstructure enough to reduce the residual stress
and regain moderate ductility for a subsequent forming process while the
enhanced <111> texture obtained in the CBT processing is well maintained.
An anisotropic material orientation effect is not strongly observed in the stress-
strain curves.

in three sheet orientations.

3.3. r-values

Along with the stress-strain responses, the effect on r-values in the three ori-
entations is investigated with respect to the plastic anisotropy in the strain during
uniaxial tension (see Fig. 8). Two dimensional digital imaging correlation (2D-DIC)
is used to measure the surface strain field. The DIC parameters are 29 pixels, 7 pix-
els, and 9 for the subset, step, and filter sizes, respectively. Assuming the uniform
deformation, r-value is determined at five locations along the gauge section and
the average value is taken for a constant r-value. Although the effect of CBT proc-
essing and recovery HT shown in the r-values is not as significant as in the stress-
strain curves, a desirable result obtained is that the r-value variation between the
three orientations, so called planar anisotropy, decreases. This could reduce the
potential additional processes related to the planar anisotropy in a forming pro-
cess, such as trimming an uneven cup wall, i.e., earing, in a deep drawing. Note
however that the slight decrease in r-value with CBT process is not desirable with
respect to formability.

1L e Exp.(RD) oSim.(RD)
o AExp.(45) ASim.(45)
| ! im.
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g £ ©
o7t & )
a2
0.6 (] !
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05 | |
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Fig. 8. r-values for two specimens in as-received, CBT only, and recovery HT conditions
in three sheet orientations.

4. Numerical validation

In this section, the measured uniaxial tension data is modeled using an
elasto-plastic self-consistent (EPSC) crystal plasticity model and the RD tension
texture results are used to compare with measured CBT textures.

4.1. EPSC model

The EPSC model developed for AA6022-T4 [15] is adapted here for model-
ing of AA5182-0. In EPSC modeling, the polycrystalline material is described
with a set of weighted orientations and each one is modeled as an ellipsoidal
single crystal grain where the Jaumann rate of stress, 6¢, is calculated given the
strain rate, &, for each crystal, c:

¢ = C¢ (éc _ épl.c) _ actr(éc) 1)

where C and "¢ are the single crystal stiffness tensor and the plastic strain rate,
respectively. Each grain is treated as an elasto-plastic inclusion in a homogeneous
equivalent medium (HEM) that represents the average properties of all other grains
in the material. The self-consistent scheme then determines the polycrystalline

treatment processes to influence

Please cite this article as: J. Ha et al., Inducing <111> texture in AA5182-0O through continuous-bending-under-tension and recovery heat

?r-values, CIRP Annals - Manufacturing Technology (2022), https://doi.org/10.1016/j.cirp.2022.04.059



astm:E8
astm:E8
https://doi.org/10.1016/j.cirp.2022.04.059

JID: CIRP

[m191;April 30, 2022;1:00]

4 J. Ha et al. / CIRP Annals - Manufacturing Technology 00 (2022) 1-4

macroscopic response from the interaction between the HEM and the inclusions.
Complete details of the dislocation-based crystal plasticity and latent hardening
formulations implemented in EPSC can be found in [15].

4.2. Numerical simulation results

The EPSC model simulates a uniaxial tension process using the adjusted
parameters for AA5182-0 shown in Tables 1 and 2:

Table 1
Dislocation hardening model fit-
ting parameters.

o[MPa] ki [m~'] g

28 1.5x10%  0.028

Table 2
Latent hardening interaction matrix constants.

[¢1y) aq ay as ay as

0.068 0.068 0.0454 0625 0.137 0.122

The latent hardening interaction matrix constants are adapted from [16] for
octahedral slip systems for FCC metals. The constants governing minor anisot-
ropy represent self-, coplanar, Hirth, collinear, Glissile, and Lomer interactions.

The RD, 45°, and TD uniaxial tension experiments are simulated to match
the measured data at about 0.25 strain. Deformed texture of simulation shown
in Fig. 5 is modeled with a uniaxial tension in the RD to 0.42 strain. The figures
show reasonable agreement with the measured CBT texture intensities. How-
ever, the measured pole figures contain peak patterns not visible in simulated
results, suggesting some minor effect of the superimposed bending, which is
not modeled in EPSC. The simulated r-values from the initial and deformed CBT
textures are shown in Fig. 8. The r-values for the simulated initial and deformed
textures show good agreement with measured values, including the decreasing
r-value trend. Despite the fact that the predicted r-value in TD deviates from
measured value, Fig. 9 shows excellent approximation of the uniaxial tension
responses in the RD, 45°, and TD directions.

400

RD/45°/TD

True stress (MPa)
N w
o o
o o

-
o
o

o I I L I I
0 0.05 0.1 0.15 0.2 0.25 0.3
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Fig. 9. Experiment (symbol) and simulation (solid line) stress-strain curves for uniaxial
tension in the RD (red, circle), 45° (green, triangle), and TD (blue, square) for the as-
received specimen.

5. Conclusions and outlook

Sequential processing by CBT and recovery HT allows for the successful
regaining of ductility at high strength while the texture is preserved. EBSD

images and pole figures confirms the texture of <111> fiber is enhanced
through the stress superposition of continuous bending and tension. Numerical
simulations using EPSC show a good agreement with the measured pole figures
in the experiments. Regarding the resulting mechanical properties of the pre-
dicted texture, the stress-strain responses in the three orientations match well
while the r-values are relatively less accurate. Still, the good accuracy on the
texture development is promising as the numerical simulations could be used
to determine the desired processing sequence and to achieve desired mechani-
cal properties, i.e., r-values, to improve formability.
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