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ARTICLE INFO ABSTRACT

Keywords: Aluminium alloys are one of the most efficient materials for weight reduction in the car industry. However, the
Springback favourable performance of alloys conflicts with the difficulties of transforming these materials through plastic
AAS754 . deformation processes such as stamping. Among the different issues, they are characterised by a high springback
Ei:zEctm—plastlc effect effect. Numerous authors have explored the use of the electro-plastic effect (EPE) to mitigate internal stresses and
Stamping the resultant springback. However, up-scaling existing laboratory solutions to an industrial framework is a

critical challenge. Therefore, in this work, the post-forming electro-plastic effect (PFEPE) is explored in AA5754
material. Stress-relaxation + PFEPE experiments were conducted using different electric pulse charge passing
though the sample, and, apart from the impact on residual stresses, the potential occurrence of recrystallisation
was evaluated. The results indicate that a range of pulses exists (>2000 A-ms/mm? and <4500 A ms/mmz) in
which a 10-30% reduction in stresses can be achieved without critically impacting the material’s mechanical

Deep drawing

performance.

1. Introduction

Automotive regulations are expected to lead to weight savings of
2-10% (2025) and 20-25% (2035) in combustion engines and 10-15%
(2025) and 20-30% (2035) in electric vehicles [1]. Hence, the use of
high-strength steels and aluminium alloys is predicted to grow in the
next few years [2]. In the case of aluminium alloys, the material’s
appealing performance once in the car body conflicts with the diffi-
culties of manufacturing the material using plastic deformation pro-
cesses such as stamping [3]. Aside from the reduced malleability of these
alloys [4], the springback is significantly higher than in similar strength
steels due to their low elastic moduli [5].

Numerous researchers have been working on different approaches to
address the springback issue regarding stamping processes, for example,
improved material models [6], advanced compensation strategies [7],
and warm or hot forming [8,9]. One method that has received increased
interest in recent years is the use of the electro-plastic effect (EPE) [10].
The idea consists of electrically assisting the material using a train of
electrical pulses while plastically deforming it to reduce the required
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stress and subsequent springback [11]. In the last ten years, numerous
researchers have presented work using this technology [12,13]. Jiang
et al. were among the first to explore EPE on magnesium forming [14],
rapidly followed by Liu et al. using AZ31B [15,16], Kim et al. using AZ31
[17] (this work led to several numerical models of the phenomenon
[18]) and Nguyen et al. [19] with various models together with Wang
et al. [20-22]. Jeong et al. [23] studied AZ91. The latest works con-
cerning AZ31 were published by Liu et al. [24] and Wang et al. [25]. In
the case of steel, Liu et al. studied EPE on TRIP800 [26], while Kim et al.
[27] and Thien et al. [28]analysed several advanced high-strength
complex-phase steels (1.2 GPa) and Xie et al. [29] and Kim et al. [30]
studied DP980 material. Jiang et al. [31] and Khal et al. [32] evaluated
SS304 stainless steel, and Egea et al. assessed 308L stainless steel in two
subsequent works, [33,34]. Jeong et al. [35], among others, studied
301L and 316L materials.

Focusing on aluminium alloys, Egea et al. used 50 ps, 100-200 Hz
and 11-50 A/mm? (30 s) pulse trains on AA1050-H18 alloy, reducing
the stresses by approximately 20% [36]. Tang et al. studied AA2024-T4
using ~50-100 A/mm? (250 ms), 1 Hz and 5 s pulses [37,38]. Hong
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et al. analysed AA6061-T6 at forging conditions using 75-90 A/mm?
(0.5 s) and 2 Hz [39], while Jung et al. characterised the impact on
fatigue life using 90 A/mmz, 0.5 ms and ~10 Hz [40]. At the sheet
metal-forming level, Pan et al. studied the effect of using six pulses of
86.97 A/mm? (240 ms) [41] for force reduction. Hammed et al. per-
formed AA6060 alloy tensile tests with EPE using AA6060 ~500-3190
A/mm? (250 ps) and 300 Hz pulse trains [42], while Tiwari et al.
characterised the impact on AA6063 [43]. Chen et al. recently studied
the AA7xxx family with AA7150 using ~40 A/mm?, 1000 Hz and 20-50
s pulses [44], while Zhang and Zhang studied various Al-Zn-Mg alloys
using 5-55 A/mm? (185 pis) and 200 Hz [45,46]. In the AASxxx family,
AA5052-H32 was first studied by Kim et al. [47] in 2014 using 110
A/mm? (0.5 s) and 2 Hz pulse trains. The same material was used by Roh
et al. [48]. Later, Kim et al. studied the same alloy using 120 A/mm?>
(0.5 s) and 0.03 Hz pulses [49] in 2017 and 50-400 A/mm? (0.5 s) 0.03
Hz pulses [50] in 2020. Shibkov et al. [51] studied EPE on Portevin-Le
Chatelier in Al-Mg using pulses in the range of 0-50 A/mm?. For a more
detailed review of work on this topic, see reviews by Liang and Lin [52],
Grimm and Mearsek [53] and Ruszkiewicz et al. [54].

Although the technology is promising at the laboratory level, it is
almost impossible to control the pulse train path through a non-square
blank during a stamping operation [55]. Research into hot stamping
has aimed to develop solutions using current bypasses. However, these
are oriented towards out-of-tooling heating. No work has been discov-
ered regarding devices implemented into the stamping die to trigger EPE
while deforming at the industrial level. The reader is referred to Refs.
[56,57] for examples of existing solutions.

In view of the difficulties, we believe that the post-forming electro-
plastic effect (PFEPE) could be an interesting alternative. This option
delivers the electrical pulse trains immediately after forming [39] rather
than during plastic deforming. A literature review reveals that Kim et al.
explored PFEPE on DP780 using 40-60 A/mm? (0.4-1.2 s) pulses [30].
Hong et al. [39] studied AA6061-T6 using 75-90 A/mm> (2 Hz) pulses,
while Khal et al. [32] analysed the effect of 5-30 A/mm? (2 s) on SS304
stainless steel. Son et al. (50-100 A/mmz, 0.25-0.75 s) [58], Li et al.
[59], Gerstein et al. [60] and Zhao et al. [61] also investigated PFEPE’s
capabilities.

However, from the up-scaling perspective, we believe that the elec-
trical pulses could be applied through the thickness of the blank rather
than from side to side, targeting the major bending lines by including the
cathode and the anode on punch and die stamping tools. However, due
to mechanical press movement [62,63], and considering there is always
some tool deflection at the bottom end of the forming process [64-66]
and the fact that the contact pressure is critical for the forming quality
[67], industrially up-scalable PFEPE would need a high-speed pulse <1
ms. We have not identified research into these characteristics for
AA5754 material, which is currently one of the most used aluminium
alloys in the automotive industry.

This work investigates PFEPE’s capacity to reduce the internal
stresses of pre-deformed AA5754H22 material. First, the base material is
studied to establish the starting point. Then, Stress-relaxation + PFEPE
experiments are performed, and the stress reduction is evaluated.
Finally, the impact of the electrical pulse on the material base properties,
including grain and sub-grain morphology, strength, and yield stress, is
investigated.

2. Materials and methods

This section first presents the studied material, followed by a
description of the electrical pulse train generator constructed for the
study. Next, the stress-relaxation + PFEPE test experimental set-up and
methodology are depicted. Finally, the methodology for evaluating
PFEPE on the material’s properties following deformation is presented.

Material. The material used in this study is a cold-rolled
AA5754H22 aluminium alloy sheet with a thickness of 0.8 mm. The
main alloying element of this material is Mg, and the approximated
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chemical composition is presented in Table 1.

Pulse generator. A high current discharge circuit (HCDC) was
designed and constructed to generate high current (>10° A/mm?) and
short pulses (<1 ms). A schematic description of the HCDC is presented
in Fig. 1.

The HCDC comprises three different sub-circuits: voltage adaptation,
the pre-charge circuit and the discharge circuit. The voltage adaptation
circuit includes an autotransformer and a three-phase diode rectifier
circuit. This first step adapts the 400 V three-phase system to a variable
DC voltage between 0 V and 540 V. The pre-charge circuit ensures that
the discharge circuit is charged to the desired voltage before the
discharge pulse is programmed. This is performed by correctly con-
trolling the Thyristor;. Finally, the discharge circuit is designed to insert
a high current pulse to the device under test (DUT) by switching on the
Thyristory. The discharge capacitor C2 and the Thyristor; are the most
critical devices. Both devices must withstand the full current inserted
into the DUT.

The DUT current could have high current-rate values (>1 kA/us) and
amplitude (>10 kA), depending on the DUT resistivity. A CWT150
Rogowsky current probe from PEMUK® was used to measure the DUT
current.

Using the HCDC and DUT, a pick value of 5.87 kA was obtained (for a
voltage of 450 V). Under this voltage and with a C2 capacity of 2.27 mF
the resulting stored energy per pulse is of 229.83 J. The pulse demon-
strates a typical step increment and exponential current reduction. The
approximate pulse length is 0.57 ms. In terms of electrical charge
passing through the sample, a single pulse has 1.7 kA ms, measured as
the area below the current-time curve.

Stress-relaxation + PFEPE test. Modified stress-relaxation tests
were performed to evaluate the impact of a short high current electrical
pulse in a deformed AA5754H22 sample. A schematic diagram of the
testing methodology is presented in Fig. 2. Figures (a) and (b) present
the reference test procedure, and Figures (c) and (d) present the stress-
relaxation + PFEPE test procedure. The samples had a width of 2.5 mm
in the calibrated area. A RakuTool® (WB-1250) resin was used as
insulation between the sample and the machine to avoid electrical de-
viation in the tensile machine.

For the reference test, the sample was stretched up to 2 mm of
deformation (displacement between the clamps, leading to approxi-
mately 6.25% strain) with a tensile speed of 3 mm/min. The displace-
ment was kept constant, as demonstrated in Fig. 2b. Ideally, the
resultant signal force (schematically presented in Fig. 2a) should in-
crease when deforming the sample (up to 2 mm of deformation) and
remain constant when the displacement is maintained in a fixed position
(dashed line in Fig. 2a). However, due to the machine dynamics, once
the displacement is kept constant, the force signal tends to decrease
slightly (demonstrated in the continuous line in Fig. 2a). Several refer-
ence tests were conducted to establish the baseline for the experiment.

In the stress-relaxation + PFEPE test procedure, the sample was
stretched to 2 mm, and the displacement was kept constant, following
the same procedure as the reference test. However, in this case, while
maintaining the displacement (Fig. 2d), an electrical pulse (or pulse
train in some cases) was applied. A schematic diagram of the resultant
force signal is presented in Fig. 2c. When the pulse is applied, the sample
heats up due to the Joule effect [69], and due to its thermal expansion, a
sudden decrease of the force signal is demonstrated (as the displacement
between the clamps is kept constant). When the sample temperature
dissipates and recovers at room temperature, if PFEPE has no impact, the
force signal aligns with the reference signal (the dashed line in Fig. 2c).
However, if PFEPE impacts the dislocation network and, therefore, the

Table 1
Approximated chemical composition of AA5754 (wt. %) [68].

Si Fe Cu Mn Mg Cr Zn Ti Al

0.40 0.40 0.10 0.50 2.60-3.60 0.30 0.20 <0.15 Bal.
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Fig. 2. Stress-relaxation + PFEPE testing methodology. Schematic representations of a) the force-time signal of the reference stress-relaxation test, b) the
displacement-time signal of the reference stress-relaxation test, c) the force-time signal of the stress-relaxation + PFEPE test and d) the displacement-time signal of

the stress-relaxation + PFEPE test.

internal stresses, a gap between the sample and reference behaviour is
revealed. This gap, measured in force (N), can be transformed into a
difference in internal stress.

Apart from the displacement and force signal, an infrared camera
Optris PI400i was used to monitor the sample temperature during the
entire process. Two main values were evaluated from the obtained
signal. On the one hand, the peak temperature reached by the sample is
recorded (and directly related to the sudden decrease in forces when
applying the pulse). On the other hand, the area below the temperature-
time curve is measured in K-s to represent the not only the pic temper-
ature but also the time length of the generated temperature.

Evaluation of PFEPE’s impact. The main objective of using PFEPE
is to reduce the material’s internal stresses using the electrical pulse to
rearrange the dislocation network. However, as previous researchers
have observed, EPE (with and without the apparent Joule effect) tends
to accelerate material recrystallisation and grain growth in some cases.
Recrystallisation is an undesired secondary effect of using PFEPE as a
technological tool to reduce springback. Hence, the samples previously
tested using the stress-relaxation + PFEPE methodology were studied to
evaluate the potential occurrence of recrystallisation. This study was
conducted on two levels. On the one hand, after unloading from the
machine, the tested samples were stretched until rupture, and the
sample’s elasticity limit was measured. On the other hand, EBSD ana-
lyses of the samples were conducted to evaluate their microstructure.

The EBSD measurements of all the specimens were taken using
rolling direction-transverse direction (RD-TD) planes. The measured
surface was prepared using mechanical grinding with up to P1200
sandpaper, followed by mechanical polishing in 6 pm, 3 pm and 1 pm
diamond suspension. The final preparation was 2 h in a VibroMet™ 2
vibratory polisher using colloidal silica suspension. All EBSD analyses
were conducted at 30 kV acceleration voltage and a working distance of
7 mm with a 70° tilting angle. At least 8-10 investigation regions with
an area of 170 pm x 120 pm and a step size of 0.16 pm were measured

for each specimen. The data was summarised for both local and statis-
tical microstructure characterisation. The MATLAB MTEX toolbox [70]
was employed to analyse the grain and sub-grain microstructure.

3. Results

This section presents the results of the stress gap between the
reference stress-relaxation and stress-relaxation + PFEPE tests with the
temperature data. In addition, PFEPE’s impact on EBSD is evaluated and
the tensile test results are presented.

Fig. 3 presents the experimental results of the stress-relaxation +
PFEPE tests. The stress gap is presented in a decreased percentage using
the following equation:

Ao :w:@:F@q (€))

ORef ORef FREf

80
o 70 e
X |
S 60 |
E
&
E
b _

o
‘ Y

0 1000 2000 3000 4000 5000 6000 7000
Electric charge passing through the sample (A-ms/mm?)

Fig. 3. Stress-relaxation + PFEPE test results. The dots represent the experi-
mental results, and the dashed line gives a tendency approximation.
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where og,s corresponds to the stress value of the reference stress-
relaxation test, and opppg is the stress value after the electrical pulse
and temperature dissipation (Fig. 2). Therefore, 6¢q represents the
stress gap between the reference stress-relaxation test and the stress-
relaxation + PFEPE test. The same value can be obtained starting from
the force data of the reference stress-relaxation test, Fges, and the gap
between both force signals, Fggp.

It should be noted that given the maximum electrical charge passing
through the sample of one pulse is 1.7 kA ms, and the sample cross-
section is 2 mm? the electric charge passing through the sample den-
sity of one pulse is 850 A ms/mm?. In order to do this calculation,
following the same terminology as previous authors, not skin-effect has
been taken into account and the whole sample section has been
considered. If the initial objective had been to introduce the necessary
electrical charge passing through the sample in a single pulse, a pulse
train would be required to achieve >850 A ms/mm? pulses. In such
cases, the minimum length between each pulse was applied, and the
entire electrical signal was recorded and considered for the electrical
charge passing through the sample measurement. Using this technique,
pulse trains with energies between 850 A ms/mm? and 6578 A ms/mm?
were tested.

Due to the Joule effect generated by the electricity passing through
the sample, the sample temperature increases during the test. The peak
sample temperatures for the different experiments are presented in
Fig. 4.

The thermal temperature-time value illustrated in Fig. 5 is a repre-
sentative value of the amount of thermal temperature-time value
introduced (or generated) in the sample.

The results given in Figs. 2-5 represent the experimental data ob-
tained during the test. However, as discussed in the methodology section
(Evaluation of PFEPE’s impact), additional testing was conducted to
evaluate PFEPE’s impact on the material’s properties. The yield stress
was calculated from the conducted tensile test, and the results are pre-
sented in Fig. 6.

It should be noted that all the tested samples had a pre-strain of 2 mm
(approximately 6.25% of strain). Therefore, should the electrical pulse
not affect the microstructure, the sample yield strength would match the
material hardening to 6.25% of uniaxial elongation. Should the pulse
have an effect, the strength would vary (expectedly reduced). Hence, in
Fig. 6, an extra point has been added at 0 A ms/mm? of ~184 + 6 MPa,
being the yield strength of the material after 2 mm (6.25%) of uniaxial
elongation.

To analyse the microstructure of the different samples, three samples
were studied using EBSD: a 2 mm pre-strained sample without electrical
pulses (labelled Reference), a sample with an electrical pulse train of
2243 A ms/mm? and a sample with an electrical pulse train of 6578 A
ms/mm? (as this is in the range where the greatest decrease in me-
chanical properties is demonstrated, Fig. 6). The EBSD measurements
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Fig. 4. Stress-relaxation + PFEPE test peak temperature results. The dots
represent the experimental results, and the dashed line gives a tendency
approximation.
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Fig. 6. Post-PFEPE tensile test results. The dots represent the experimental
results, and the dashed line gives a tendency approximation.

demonstrate that the indexed phase is the pure aluminium phase. To
distinguish the grains, the high-angle grain boundaries (HAGBs) are
defined as 15°, while the sub-grain boundaries of 2-15°, known as the
low-angle grain boundaries (LAGBs), are also investigated. The EBSD
measurements obtained more than 2000 grains for each sample. For a
detailed examination of the grain and sub-grain features, an example of
each sample is presented in Fig. 7, including the crystal orientation
maps, grain kernel average misorientation (KAM) maps and inner grain
orientation spread (GOS) maps with the grain and sub-grain boundaries.
The normal direction (ND) inverse pole figure (IPF) is used as the colour
coding for the crystal orientation maps. The secondary order neigh-
bouring points are considered to calculate the KAM. The inner GOS at
each point is defined as the misorientation angle between its crystal
orientation and the involved grain mean orientation. Therefore, the
local GOS could be larger than 15° in the heterogeneously deformed
grains.

The microstructural results were analysed statistically, including the
grain size, shape, orientation, boundary misorientation and inner grain
misorientation. The statistical analyses of the microstructural features
considered all complete grains within the measurement area. For the
statistical analysis, 4778 grains were evaluated for the reference sample,
2323 grains for the 2243 A ms/mm? sample, and 2314 grains for the
6578 A ms/mm? sample, as listed in Table 2. The statistical results are
given in Fig. 8. The grain feature distribution is characterised according
to Liu and Lian et al. [71,72]. Generally, the area fraction, defined as the
equivalent grain diameter, is used for the grain size analysis (Fig. 8a).
The grain shape distribution is also indicated with the area fraction,
including the grain shape factor (the aspect ratio between minor and
major equivalent ellipse axes, Fig. 8-b) and the grain shape tilt angle (the
angle between the major equivalent ellipse axis and RD, Fig. 8c). The
correlated misorientation angle is considered for both LAGBs and
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Fig. 7. Microstructure analyses of the reference (left), 2243 A ms/mm? (middle), and 6578 A ms/mm? (right) samples: a) crystal orientation maps; b) kernel average
misorientation (KAM) maps and c) inner grain orientation spread (GOS) maps with high-angle grain boundaries (HAGBs) larger than 15° and low-angle grain
boundaries (LAGBs) of 2-15°.

HAGBs (Fig. 8d). The average GOS value of each grain considered in the
statistical analysis is typically smaller than 15° (Fig. 8e). The KAM value
of each EBSD point, typically smaller than 2°, is also summarised for the

Table 2
Statistical microstructure parameters of the post-PFEPE samples.

Reference 2243 Ams/ 6578 A ms/ statistical distribution (Fig. 8f). In addition, the grain size distribution
mm mm can be fitted using the log-normal equation, while both grain shape
Grain number 4778 2323 2314 parameters can be fitted using the beta distribution. The key fitting re-
Grain size, mean value 19.43 pm 26.94 pm 23.59 pm sults are listed in Table 2
Grain size, standard deviation 15.44 pm  23.06 pm 12.50 pm . . . . .
Grain shape factor, mean value 0.57 0.60 0.68 The orientation distribution function (ODF) is calculated to compare
Grain shape factor, standard 0.18 0.18 0.15 the grain orientation distribution of the three samples. The ODF figures
deviation with ¢, sections are given in Figs. 9-11, and the RD IPFs of all three
Grain shape tilt angle, mode 0°/180°  0°/180° 0°/180° samples are displayed in Fig. 12. The common fcc rolling texture can be
value seen in all specimens. The texture index [71] value used to characterise
Texture index 2.90 3.01 1.99 :

the ODF sharpness is defined using Equation (2):

P ff(g)zdg. @
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Fig. 10. Post-PFEPE 2243 A ms/mm? sample grain orientation distribution: orientation distribution function (ODF) figures with ¢, sections.
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Fig. 12. Grain orientation distribution comparison: inverse pole figures (IPFs) for the reference, post-PFEPE 2243 A ms/mm? and 6578 A ms/mm? samples.
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For orientation g, the density is f(g) according to ODF. The random
crystal orientation distribution is present with a texture index close to 1.
The texture index value of each sample is listed in Table 2.

4. Discussion

Without discussing the phenomenon behind EPE’s efficacy in
modifying the dislocation distribution, Fig. 3 demonstrates that PFEPE is
a valid technology for permanently reducing internal stresses in the
material. Contrary to the expected outcome, an electrical pulse of 850 A
ms/mm? was unable to rearrange the dislocation distribution to absorb
the existing elastic strain. The first practical impact was measured
following train pulses >2000 A ms/mm?, achieving a ~10% stress
decrease. At higher density pulse trains, energies around 4500 A ms/
mm? led to decreases of around 30%, while decreases of about 65% were
achieved with pulses of 5500 A ms/mm? density. An exponential trend
can be observed between the pulse train’s electric charge passing
through the sample density and the resultant stress decrease. Working in
these ranges using a single pulse means having to use pulse generators of
~10* A, depending on the area.

When analysing the peak temperatures achieved during the PFEPE
process (see Fig. 4), it should be noted that the approximated solidus
temperature of AA5754 is 876 K, and the liquidus is 915 K [73]. In the
studied samples, the temperature reaches 300-350 K following low
value pulses (<2000 A ms/mm?) and increases linearly with the applied
electrical charge passing through the sample to reach 750 K following
pulses in the 6000 A ms/mm? range. Considering the typical recrystal-
lisation temperature for aluminium alloys lies between 613 K and 673 K
[741, pulse trains with energies >2000 A ms/mm? potentially lead to
recrystallisation of the internal structure. However, the recrystallisation
kinetics are driven not only by the peak temperature but also by the
exposure time at these temperatures. Therefore, the sample’s thermal
temperature-time value (see Fig. 5) could be a more appropriate indi-
cator. Contrary to the expected parabolic dependence of the Joule
heating, an almost linear one has been measured. We don’t have an
explanation for this effect at the moment and further studied will be
necessary on this matter.

As discussed in the introduction and methodology, recrystallisation
could be an undesired side effect of PFEPE only if it substantially
modifies the internal structure and, therefore, the material’s perfor-
mance at the mechanical level. Fig. 6 demonstrates the evolution of the
material’s strength (yield stress in this case) following PFEPE treatment.
As expected, low value pulses <1000 A ms/mm? did not modify the
material’s strength (neither did they reveal any impact on stress
reduction, Fig. 3). Therefore, the strength remains at ~184 MPa. A slight
decrease (to ~175 MPa) is noted in the ~2200 A ms/mm? samples, and
a slightly greater decrease (to 160 MPa) is observed in the ~4500 A ms/
mm? samples. Nevertheless, in the <4800 A ms/mm? range, the mate-
rial’s strength is above the AA5754H22 virgin material’s strength of 150
MPa (measured during the stress-relaxation test pre-strain), which is still
valid from an industrial perspective. In contrast to these results, samples
with an electrical charge passing through the sample density >4800 A
ms/mm? exhibit a sudden critical decrease in mechanical performance
as the strength decreases to 100 MPa.

In terms of microstructure, the elongated grain morphology with
heterogeneous sub-grain structure can be observed in all three samples,
although this is more obvious in the reference and 2243 A ms/mm?>
samples. This is because all the materials (including the reference
sample) underwent the cold-rolling process and 2 mm uniaxial pre-
strain (~6.25% of engineering strain). Grain-level analyses focused on
the grain size, shape, orientation, and misorientation distribution, as
illustrated in Fig. 8a-d and 9-12. In Fig. 8a and Table 2, it is evident
from the smaller standard deviation that the 6578 A ms/mm? sample is
most homogeneous. In addition, the post-PFEPE samples have a rela-
tively larger mean grain size than the reference sample, and the 2243 A
ms/mm? sample has the largest grain size. However, as the grain size
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measured by EBSD is a 2D representation on the RD-TD plane, and the
grain length along ND is normally reduced due to rolling or tension
along RD, the equivalent grain diameter on the RD-TD plane could not
be determined to evaluate the actual grain size of the samples. More-
over, the relatively large standard deviations in the reference and 2243
A ms/mm> samples (i.e., close to their mean values) also indicate that
the measured 2300 grains were insufficient to reveal the tendency of
grain size change during the process.

Regarding the aspect ratio and the tilt angle, the grain shape distri-
bution is almost the same in the reference and 2243 A ms/mm? samples
(Fig. 8b and c and Table 2). The mean aspect ratio increases slightly as
the pulse value increases, accompanied by a smaller standard deviation
value. It is noted that extremely elongated grains with a small shape
factor (aspect ratio <0.4) are much less frequent in the 6578 A ms/mm>
sample, while the proportion of the semi-equiaxed grains (aspect ratio
>0.9) gradually increases. Due to deformation, most grains are elon-
gated along the rolling direction with a tilt angle of 0°/180°. The grain
shape distribution indicates that grain morphology is more homoge-
neous in the sample with higher electrical pulse charge passing through
the sample. In terms of the crystal orientation illustrated in Figs. 9-12, a
typical fcc rolling texture (i.e., copper and sulfur components) is
observed in all samples. The brass component is also observed in the
reference and 2243 A ms/mm? samples. However, there is a slight de-
viation in the brass location in the 6578 A ms/mm? sample. In addition,
the weak components close to Cube and Goss are also formed in the
6578 A ms/mm? sample, leading to a weak <100>//RD fibres (Fig. 12),
which is the typical recrystallisation texture in fcc metals [75].

Moreover, the 2243 A ms/mm? sample reveals the strongest texture
with the highest texture index and ODF current values, while the 6578 A
ms/mm? sample has the weakest texture. It should be noted that the
post-PFEPE samples are taken from the fcc material following tension.
The formation of <111> and <100> fibres along the loading direction
(i.e., RD) could also be caused by the deformation process. However, it is
noted that the <111>//RD fibre is evident in all the samples, especially
the 2243 A ms/mm? sample, while the <100>//RD fibre is more
obvious in the 6578 A ms/mm? sample. Hence, the crystal orientation
distribution findings could prove the occurrence of recrystallisation in
the 6578 A ms/mm? sample. As demonstrated in Fig. 8d, the misorien-
tation difference is primarily present in the LAGB section, indicating the
highest LAGB fraction in the 2243 A ms/mm? sample and the lowest in
the 6578 A ms/mm? sample. In contrast, the HAGB misorientation
values of all three samples follow a similar distribution pattern, reaching
a peak value around 55° and a cut-off at 62.8° due to their similar crystal
orientation and the same cubic structure.

Sub-grain-level characterisation focused on various EBSD maps and
statistical analyses of KAM, GOS, and LAGBs. In Fig. 7a, inner grain
orientation heterogeneity is observed in most grains, regardless of the
grain size, in the reference and 2243 A ms/mm? samples, while in the
6578 A ms/mm? sample, only a few large grains display heterogeneous
inner grain crystal orientations with LAGBs. This finding is consistent
with the KAM and local GOS maps in Fig. 7b and c. Most grains in the
reference and 2243 A ms/mm? samples have higher local KAM and inner
GOS values. The deviation between local crystal orientation and the
mean grain orientation within a grain could reach 50° in these two
samples. Severe lattice distortion and high dislocation densities are ex-
pected in these regions. While in the 6578 A ms/mm? sample, most
grains have a homogeneous crystal orientation with local KAM values
less than 0.8° and local GOS values lower than 15°. Only the grains with
more LAGBs exhibit high KAM values. Furthermore, it is worth noting
that the EBSD maps indicate clear LAGB networks in the post-PFEPE
samples.

Conversely, in the reference sample, even with locally severe het-
erogeneous regions (high local KAM values), they generally do not form
the sub-grain boundary network. This means the dislocations in the
reference material generated by cold-forming and pre-straining pro-
cesses could be more randomly distributed. With a possible recovery
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process in the post-PFEPE samples, especially the sample with low
electrical pulse charge passing through the sample, dislocation
realignment occurred in the severely deformed grains to form density
dislocation cell walls or sub-grain boundaries. The statistical analyses
also support the findings of the local EBSD maps. As demonstrated in
Fig. 8d-f, the 2243 A ms/mm? sample (blue bars) displays the highest
proportion of LAGBs, as well as generally higher KAM and mean GOS
values. The reference sample (black bars) shares a similar distribution
with the 2243 A ms/mm? sample regarding values and corresponding
frequency. However, a distinct difference in the fraction of LAGBs is also
noted. The reference sample has fewer LAGBs than the 2243 A ms/mm?
sample. In addition, a slightly lower frequency in the large GOS (10-50°)
and KAM (0.8-2°) is also observed in the reference sample. The 6578 A
ms/mm? sample (red bars) has a much less LAGB fraction and relatively
lower KAM and mean GOS values. To further identify different grain
behaviour, all grains can be divided into three groups with different
mean GOS values, as indicated in Table 3. According to the literature,
there are normally two methods of distinguishing between deformed
and undeformed grains. Chen et al. [76] used a consistent misorienta-
tion angle combining a sub-grain structure investigation as the criteria
for a CoCrFeMnNi high-entropy alloy. Grains with internal misorienta-
tion above 2° are deformed grains; otherwise, the grains are unde-
formed. In addition, sub-structured grains contain sub-cells with inner
cell misorientation less than 2° but a cell boundary greater than 2°. Pan
[81] employed multi-grades to classify grains in zirconium-containing
aluminium alloys. Grains with mean GOS values lower than 1° were
considered complete recrystallised grains, those with GOS >3°,
deformed grains and those in between these values, partially recrystal-
lised grains.

Considering the influence of initial cold-forming and pre-straining on
the materials and the resulting complex sub-grain structures, 2° and 3°
are chosen as the criteria to distinguish between undeformed and
deformed grains in this study. Considering the possible phenomena (e.g.,
plastic deformation, recovery, and recrystallisation) caused by the cold-
forming, tension-stress-relaxation, and post-forming electrical pulse
processes, grains with a mean GOS smaller than 2° could be treated as
initially undeformed grains or completely new-recrystallised grains.
Grains with a mean GOS larger than 3° should be regarded as deformed
grains without recrystallisation, while those in between 2° and 3° could
be partly deformed or partially recrystallised grains. In addition, as the
reference sample underwent the cold-forming and tension processes (the
corresponding H22 + 2 mm pre-strain) without the electrical pulse train,
there should be no recovery or recrystallisation. Table 3 demonstrates
that the reference sample has the most undeformed grains. Following an
electrical pulse train, the formation of density dislocation cells and
LAGBs caused by a possible recovery in the 2243 A ms/mm? sample
increased local inner grain heterogeneity and decreased the proportion
of undeformed grains with GOS <2°. Furthermore, with increased
electrical pulse charge passing through the sample, the 6578 A ms/mm?>
sample has more undeformed and partly deformed grains than the 2243
A ms/mm? sample. This finding suggests that recrystallisation could
have occurred in the sample with high electrical pulse charge passing
through the sample.

To sum up, a schematic summary of the microstructure evaluation is
proposed (see Fig. 13). It is concluded that all the samples have expe-
rienced obvious plastic deformation, introducing an elongated grain
shape, the typical rolling and uniaxial tension texture of fcc metals and
higher dislocation density, which is especially evident in the reference

Table 3
Fraction of grains with different mean grain orientation spread (GOS) values.

Mean GOS range Reference 2243 A ms/mm?> 6578 A ms/mm?>
GOSs <2° 20.86% 11.03% 17.92%
2 < GOS <3° 4.27% 9.03% 24.18%
GOS >3° 74.87% 79.94% 57.90%
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and 2243 A ms/mm? samples. Possible recovery or recrystallisation
caused by the electrical pulse train had substantial effects on the dislo-
cation density (i.e., KAM values) in the post-PFEPE samples. Following
relatively low pulse value, dislocation realignment formed strong, dense
dislocation walls and low-angle sub-grain boundaries in the 2243 A ms/
mm? sample, resulting in more deformed or partly deformed grains with
amean GOS angle above 2°. Following high pulse value, the 6578 A ms/
mm? sample could have also undergone recrystallisation to present
unexpected microstructure changes at both the grain and sub-grain
levels, including reduced dislocation density, dissipated LAGBs, more
completely or partly recrystallised grains, and relatively weak texture
but obvious fcc recrystallisation texture components. To prove that the
inner grain behaviour is caused by the stress-relaxation plus PFEPE,
more advanced material techniques should be considered in future
studies, for example, using transmission electron microscopy to char-
acterise the dislocation density and morphology.

According to current microstructure analyses, the distinct lower
yield strength and the reduction in internal stresses in the 6578 A ms/
mm? sample should be attributed to its homogeneous grain and sub-
grain structure, including the lower dislocation density, inner grain
orientation heterogeneity, and low-angle grain boundary fraction. Fig. 6
demonstrates that recrystallisation could be expected following pulses
with electric charge passing through the sample densities of >4800 A
ms/mm?, which has previously introduced a different microstructure to
the initial material. For samples with low value pulses, mechanical
properties such as yield strength and grain-level microstructure are not
distinctly affected. In light of these results, a 30% reduction in internal
stresses could be achieved without critically modifying the material’s
microstructure and, therefore, its mechanical performance.

5. Conclusions

This study has investigated PFEPE’s capacity to reduce internal
stresses in pre-deformed AA5754H22 material. Based on the above re-
sults, the following conclusions are presented:

e PFEPE is a valid technique for reducing internal stresses in
AA5754H22 material.

e An exponential relationship between decreased stress and electrical
charge passing through the sample density can be observed; pulses
~2200 A ms/mm? led to a 10% reduction, pulses ~4500 A ms/mm?>
produced a 30% reduction, and pulses ~6500 A ms/mm? resulted in
a 60% reduction.

e The constructed pulse generator (HCDH) was unable to supply the

necessary electric charge passing through the sample (>2200 A ms/

mm?) in a single pulse (<1 ms). Therefore multiple pulses (pulse

trains) were required for the study. However, we believe that a single

pulse of this magnitude should lead to similar reduction rates.

Most of the effective pulses (>2200 A ms/mm?) generate tempera-

tures above the recrystallisation temperature range. However, due to

the speed of the thermal effect, it appears that only pulses above

4500 A ms/mm? lead to major microstructural changes affecting the

mechanical performance of the material.

e The sample with low electrical pulse charge passing through the

sample (2243 A ms/mm?) retains a similar grain-level microstruc-

ture, inner grain morphology and resulting mechanical properties
compared to the initial material, yet with a 10% stress reduction.

Recovery and recrystallisation could have occurred in the sample

with high electrical pulse charge passing through the sample (6578

A ms/mm?). The homogenous grain structure with reduced dislo-

cation density, fewer LAGBs, and weak texture indicates a different

microstructure than the reference and 2243 A ms/mm? samples,
explaining its distinctly lower yield strength and internal stress.

This study also acknowledges the following limitations and open
questions:
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Fig. 13. Schematic representation of grain morphology and dislocation dynamics during the PFEPE process (RX grains: recrystallised grains).

e The study has demonstrated PFEPE’s capacity to reduce internal
stresses in AA5754H22. However, it has not been validated that this
reduction could effectively reduce springback in the material.
Therefore, further investigation is required.

e Previous authors have disagreed regarding the micro-phenomena
responsible for EPE, such as electron wind [77,78], magneto-
plasticity [79], the Joule effect [69] and atomic bond dissolution
[80]. Since this work does not clarify the micro-phenomenon
responsible for the PFEPE, further analysis is necessary.

e It has to be taken into account that following previous authors ter-
minology/methodology the density has been calculated considering
the whole sample section without taken into account the skin-effect.
To consider the skin-effect further studies will have to be conducted.

e In order to work towards the up-scaling of the technology still the
question of how to apply the pulses through thickness and if the
measured stress-relaxations have an impact on the global springback
are still up to answer and further studies will be necessary on these
topics.
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