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Abstract

This work explores the feasibility of inducing springback reduction in AA5754 aluminium alloy sheets
using a novel approach: Post-Forming Through-Thickness Electroplastic Effect (PF-TT-EPE). The
concept aims to deliver high-energy electrical pulses directly through the sheet thickness via embedded
tooling electrodes, enabling stress relaxation without external fixtures or process interruption. While
theoretically promising, the experimental campaign encountered critical implementation challenges.
Despite establishing a repeatable baseline springback of 11.8+0.5°, all attempts to apply pulse trains
above ~600 A-ms/mm? resulted in uncontrolled spark discharge, severe sample damage, and tooling
degradation, linked to air gap formation and dielectric breakdown at the interface. At lower energies,
the process proved electrically safe but ineffective in reducing springback. These findings highlight
the fragility of die-integrated electrical delivery systems and expose the hidden complexity of ensuring
stable, conductive contact under forming conditions. Rather than demonstrating success, this study
contributes a clear boundary to the applicability of electroplastic forming techniques and outlines the

key technical gaps that must be closed for PF-TT-EPE to move beyond concept.
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1. Introduction

Stamping is a cornerstone of mass production in the manufacturing of lightweight components,
particularly in the automotive and aerospace sectors [1]. However, elastic recovery, commonly known
as springback, remains a persistent challenge, often resulting in dimensional inaccuracies, increased
reworking time, and even part rejection [2], [3], [4], [S]. These issues are exacerbated in high-strength
alloys and complex geometries, where elastic recovery becomes difficult to predict and control. The
implications are not limited to the forming process itself; rather, they cascade throughout the entire
manufacturing chain, affecting die design, trimming strategies, and assembly precision [6], [7], [8].
From the perspective of sustainable manufacturing and the United Nations Sustainable Development
Goals (SDGs), minimizing material waste and improving process efficiency are critical [9].

This has driven the exploration of alternative techniques to mitigate springback, including the use of
stress-relief treatments and advanced forming technologies [10], [11], [12]. One such emerging
approach is the Electroplastic Effect (EPE) [13], [14], [15], which has shown promise in altering the
mechanical response of metals under electric current [16]. Yet, implementing EPE in industrial settings
remains complex and challenging compared to more conventional stress-relaxation methods, such as
thermal treatments. A key question arises: Can stress relaxation be effectively induced through a high-
energy electrical pulse applied immediately after forming in that millisecond while the forming tools
are still closed? If achievable, this would enable the application of targeted current pulses through the
sheet thickness, leveraging the intimate contact between die and material, to reduce or even eliminate
springback [17]. Such a breakthrough could unlock new possibilities in forming extreme geometries
while contributing meaningfully to sustainable production goals [18].

Recent studies have explored the potential of using post-forming electrical pulses to induce stress
relaxation without compromising material integrity. In earlier work, it was demonstrated that applying
a train of low to moderate energy electrical pulses after plastic deformation could significantly reduce
internal stresses in AAS5754 aluminium alloy without causing recrystallization or degradation of
mechanical properties [16]. This phenomenon, referred to as the Post-Forming Electroplastic Effect
(PFEPE), was further investigated in subsequent research, where it was shown to effectively reduce
springback in V-bending operations through post forming current application [17]. These findings
confirmed that electrical pulses, when carefully controlled, can alter the dislocation structure and
promote grain boundary rearrangement, offering a non-thermal route to stress relief.

However, these experiments relied on current flow along the surface of the specimen, which limits
industrial applicability due to the need for external contact electrodes and precise alignment. A possible
next step would be to explore whether similar stress-relief effects can be achieved by passing current
directly through the sheet thickness, leveraging the mechanical and electrical interface already present
between the sheet and forming tools during industrial operations.

In this context, the present work investigates the feasibility of applying high-energy electrical pulse
trains through the thickness of a metal sheet immediately after forming, using the forming tools
themselves as current electrodes, a process referred to here as the Post-Forming Through-Thickness
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Electroplastic Effect (PF-TT-EPE). This concept aims to simplify implementation by integrating
stress-relaxation treatment directly into existing industrial tooling, thereby avoiding additional process
steps or external contact systems. If successful, PF-TT-EPE could enable in-die springback
compensation, expanding the range of achievable geometries while supporting energy-efficient and
sustainable manufacturing practices. To test this hypothesis, a novel V-bending tool was developed
with insulated electrical connections embedded into both upper and lower dies, allowing current to
flow directly through the sheet thickness. Despite promising theoretical foundations, the experimental
campaign revealed unexpected failure mechanisms, such as spark discharge and material degradation
at the contact interface, which highlight the challenges of translating electroplastic concepts into
practical forming operations. This paper presents the motivation, methodology, and lessons learned
from this failed attempt, contributing to the growing body of knowledge on electrically assisted
forming and supporting more realistic paths toward industrial integration.

2. Background and Related Work

Recent efforts to reduce springback in metallic sheet forming have explored the application of pulsed
electrical current as a means to induce stress relaxation post-deformation. In tensile stress-relaxation
tests on AAS5754 aluminium alloy, a clear force drop was observed when electrical pulse trains were
applied under constant strain conditions. These findings confirmed that pulses with energy densities
below ~4000 A-ms/mm? could significantly reduce internal stresses without degrading mechanical
properties, primarily through dislocation rearrangement and electron-dislocation interaction
mechanisms [16]. Figure 1 illustrates the experimental setup and representative force—time curves from
these tests.
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Figure 1. Experimental results from previous work on stress-relaxation tests, [16]. The left side
illustrates the experimental setup, where a tensile test specimen is held between two non-conductive
grips. The right side presents the observed force reduction following the application of a train of
electrical pulses during a constant strain holding phase.

This concept was extended to V-bending operations to evaluate springback response under more
realistic forming conditions. As shown in Figure 2, a post-forming electrical pulse train with energy
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as low as ~800 A-ms/mm? produced a sharp drop in springback angle, while higher charge levels
yielded diminishing additional benefit [17].
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Figure 2. Experimental results from previous work on V-bending springback reduction tests, [17]. The
left side illustrates the evolution of the springback angle as a function of the effective energy of the
applied pulse train (at room temperature, squares, and cryogenic conditions, triangles), while the right
side highlights the springback reduction achieved by comparing the reference condition (0 A-ms/mm?)
to the result after applying a pulse train with an effective energy of approximately 800 A-ms/mm?.

This abrupt change, not mirrored in the tensile force-relaxation data, indicates that different
mechanisms, or at least different sensitivities, govern springback and tensile recovery responses under
electrical stimulation. Finite element simulations and analytical modelling conducted in the same study
identified the skin-effect as a potential key factor in this discrepancy: current density was shown to
concentrate near the surface of the sheet due to the high-frequency nature of the pulses, aligning with
regions of highest plastic strain in bending. This surface-localized current could selectively relieve
residual stresses critical to springback, while having limited influence on bulk tensile behaviour.
Nevertheless, numerical study performed at [17], did not show strong evidence supporting this
hypothesis and therefore this still remains unanswered.

To capture this decoupling between force relaxation and geometric recovery, Table 1 summarized the
effects of three energy levels (low, medium, and high) on both metrics [17]. Most strikingly, low-
energy pulses that produced less than 5% force reduction in the tensile tests resulted in a springback
reduction of 40-60%, highlighting a possible shock-like or transient electromechanical effect that is
yet to be fully understood. This nonlinear trend persisted across the charge spectrum: both low—
medium and medium-high energy levels were effective in reducing springback, but only moderately
altered force response. These results reinforce the idea that springback and stress-relaxation
mechanisms under pulsed current may not be governed by identical microphysical processes.
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Table 1. Summary of the impact of different electric charges in force reduction (second raw) and
springback angle reduction [17].

Low charges Low-medium charges = Medium-high charges  High charges

<1000 A-ms/mm? 2000-3000 A-ms/mm? 3000-5000 A-ms/mm? >5000 A-ms/mm?
AF  <5% 5-15% 25-35% >50%
A0  ~40-60% ~50-80% ~70-100% -

At the microstructural level, early interpretations attributed the observed stress-relief effects to
dislocation rearrangement and annihilation mechanisms. EBSD and TEM studies revealed a transition
from dislocation tangles to organized subgrain structures following pulsing, particularly in zones of
high strain concentration. As summarized in Figure 3, and building on the classic framework by
Humphreys and Hatherly [19], the process can be understood as follows: (a—c) Dislocation tangles
evolve into cell structures via rearrangement and annihilation; (d) Dislocation networks dissolve
through glide and climb mechanisms, enabled by localized energy input; (e—g) Elastic strain is
converted into plastic strain via atom-scale activation, potentially assisted by electron wind effects.

This framework complements the previously mentioned observations: pulses below ~4000 A-ms/mm?
can activate these mechanisms effectively, while exceeding ~5000 A-ms/mm? risks triggering
localized recrystallization, particularly near current entry points.
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Figure 3. Combined representation of the microstructural mechanisms underlying stress relaxation
induced by electrical pulses. Top: Internal stress reduction through dislocation rearrangement and
atomic-scale mechanisms, [17]. Evolution from dislocation tangles to cell structures via rearrangement
and annihilation. Dislocation annihilation by glide and climb mechanisms. Conversion of elastic strain
to plastic strain through atomic vibration, potentially assisted by electron wind effects. Bottom:
Schematic representation of the Post-Forming Electroplastic Effect (PFEPE), adapted from [16]. Low-
energy pulses (<4000 A-ms/mm?) restructure low-angle grain boundaries and dislocation networks,
promoting stress relief without altering grain morphology. High-energy pulses (>5000 A-ms/mm?),
however, can induce localized recrystallization, particularly near current entry and exit points.

Despite these promising insights, existing implementations relied exclusively on current paths along
the surface of the material, requiring external electrodes and precise contact conditions. This
configuration poses significant scalability issues for high-volume stamping operations. Moreover,
surface-localized current, while effective for relieving near-surface stresses, may not fully address
through-thickness residual stress profiles, especially in thicker or multi-layered sheets.

To overcome these limitations, the present study explores the feasibility of the Post-Forming
Through-Thickness Electroplastic Effect (PF-TT-EPE): a process in which current is passed
through thickness electrically connected forming dies. Basically, in one side of the sheet is one die
with one electric connector, on the other side is the other die with the other electric connector, and this
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makes the electricity to pass through the thickness of the sample in a localised manner. This approach
aims to activate stress-relaxation mechanisms more uniformly across the material cross-section,
without requiring process interruption or additional tooling. As will be shown, the transition from
concept to practice revealed several physical and electrical limitations, including spark formation and
contact instability, that must be addressed before PF-TT-EPE can be applied in industrial settings.

3. Experimental Setup
3.1. Material

The material used in this study was a 0.8 mm thick AA5754-H22 aluminium alloy sheet, identical
batch to that used in previous investigations [16], [17]. This alloy is widely adopted in automotive
structural components due to its good formability and corrosion resistance. The rolling direction (RD)
was clearly marked and aligned with the bending direction in all tests. Prior microstructural
characterization performed in earlier studies [16] confirmed the presence of elongated grains oriented
along the RD, with moderate anisotropy and a weak texture typical of strain-hardened aluminium
alloys. The initial grain size ranged between 25 and 40 pm, with a heterogeneous distribution of low-
angle and high-angle grain boundaries. This microstructural baseline is relevant for interpreting the
electroplastic response, as dislocation density and grain orientation influence the mobility of
dislocations under pulsed current.

3.2. Pulse train generator

The electrical pulse train was delivered using a custom-built, ad hoc generator system previously
developed and validated in earlier works. As illustrated in Figure 4, the system consists of a charging
unit, a high-capacity capacitor bank, a set of thyristors for pulse timing control, and a discharge circuit
capable of delivering high-current pulses with precise control of energy input. The capacitors operate
at direct-current DC voltages ranging from 0 V to 540 V. Discharge times and pulse durations can be
adjusted between 50 ps and 2 ms, enabling the generation of current densities in the range of 500 to
8000 A-ms/mm?, depending on the capacitor DC voltage, contact resistance and discharge path. All
pulses in this study were applied as a single burst or as a sequence of controlled pulses (pulse train).
The system was manually operated and equipped with safety cutoffs to prevent accidental
overcharging or discharge faults.
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Figure 4. AD hoc pulse train generator architecture, [16].
3.3. PF-TT-EPE V-bending device

The experimental V-bending tool was specifically designed to explore the feasibility of applying post-
forming electrical pulses through the sheet thickness, using the forming tools as electrodes. The
bedding angle was of 90° and punch radius of 10 mm and a die radius of 10.8 mm to allocate the
material thickness. The system, shown in Figure 5, consists of upper and lower steel dies with
embedded electrical contacts located at the die radius. Each die is equipped with 5 electrical contacts,
each 2 mm in diameter, uniformly spaced at 10 mm intervals. Both dies were constructed using
RAKU®TOOL WB-1250 as high resistance electrically insulated material in order to insulate from
the press base. The electrical terminals were connected to the pulse generator via high-current flexible
cables, allowing for direct current flow across the sheet thickness when the dies were closed.

Figure 5a shows the full setup, including connection cables and die assembly; Figure 5b presents a
close-up of the lower die with visible connection ports inside the cavity radius; Figure 5¢c shows the
upper die, where the counterpart electrode connections are also embedded in the die radius. This
configuration was designed to localize the current path to the region of highest bending strain, thus
maximizing the potential for springback mitigation through in-situ stress relaxation.

(2) (b) (c)

Figure 5. Experimental setup of the V-bending Post-Forming Through-Thickness Electroplastic Effect
(PF-TT-EPE) device. The image shows: a) an overall view of the system, including both the upper and
lower dies as well as the electrical connection cables; b) a close-up of the lower die, where the electrical
connection points are integrated into the die radius cavity; and c) a close-up of the upper die, where
the corresponding connection points are also visible along the die radius.
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3.4. PF-TT-EPE V-bending testing methodology

The PF-TT-EPE forming trials were conducted under simplified conditions to reduce the risk of
equipment damage in case of discharge failure. The procedure followed these sequential steps:

1.

2.

7.

Die opening: The V-bending tool was opened to allow sample placement.

Strip positioning: AA5754 specimens (dimensions 50 mm x 100 mm) were inserted into the
die cavity, with the rolling direction (RD) aligned parallel to the bend axis.

Die closure: The dies were closed manually, and external weights were applied to simulate die
pressure without using a hydraulic press, minimizing the risk to laboratory equipment.

Electrical cable connection: The pulse generator terminals were connected to the designated
upper and lower die electrodes using high-current leads.

Pulse delivery: The generator was triggered to discharge a single pulse train across the sample
thickness.

System shutdown: After pulse delivery, the system was powered down, and capacitors were
allowed to fully discharge to ensure safe handling.

Tool opening: The dies were manually opened, and the sample was carefully extracted.

Figure 6 shows representative figures of each step for the process. Each test was documented, and
sample damage or electrical anomalies (such as sparking or arc traces) were noted. The full range of
pulse energies tested, along with corresponding springback results and post-test observations, are
presented in the next section.

(a) (b) (c)
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Figure 6. Experimental setup of the PF-TT-EPE device. The image shows: a) the pulse generator
cables connected to deliver the electrical pulse train in the first contact point. b) a pair of pins in the
lower die flat surface allowed the exact location of the sample prior to the test, and c) external weights
were applied to simulate die pressure without using a hydraulic press, minimizing the risk to laboratory
equipment.

It must be noted that the prototype testing die set was prepared with five different connector points,
leading to five connectors on the top die and five on the bottom die that are arranged by pairs top to
bottom (Fig. 6b or Fig.5a as example). To make the electricity to pass through one of the points (let’s
assume the first one for example), the pulse generator terminals need to be connected to the
corresponding top and bottom connectors. As example Fig.6a shows the pulse generator cables
connected to the first point’s connectors; one to the top and the other one to the bottom to close the
circuit. Therefore, in this prototype, if a pulse wants to be passed through the five points of the sample,
methodology 4 to 6 needs to be repeated moving the cables from one spot to the next one. This means
that the electric pulse is not given at the 5 points at the same time and these are given sequentially.
This also allows to deliver different energy pulses to each point if needed.

3.5. V-bending springback calculations

The springback angle was estimated analytically based on geometric reconstruction of the deformed
sample, using only one measurable parameter: the final width of the part after unloading. This indirect
method relies on symmetry, conservation of length, and trigonometric projection. Figure 7 shows the
schematic representation of the geometrical reconstruction of the bended sample.

W/2

Figure 7. Schematic representation of the geometrical reconstruction of the bended sample. In the
bended area the representative radiuses are presented, punch radius, R;, and after springback radius,
Rs, as well as the length of the arch, L. In the straight area, the length of the section, Ls, and the angle.
This angle is 45° during forming and f after springback.

10
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Each specimen had a total length of 100 mm. During forming, the sample was bent into a 90° V-shape

over a punch with radius R, = 10 mm. Assuming symmetry, only half the sample was analysed. This
half consists of:

e A bent region with angle 45° and arc length:
Ly =m/4 - Ry, (1)
e A straight region of remaining length:
L« =100/2 - Ly, )

After unloading, the geometry elastically opens due to springback. Two key changes occur:

1. The bending radius increases from R, to Rs > R,

2. The straight leg angle increases from 45° to § > 45°, so the bent region reduces its angle as

(90°-B).
The projected width of the half-sample (W/2) is composed of:
e The projection of the straight segment:
Wit = sin(B) Lat. €)
e The projection of the bent arc segment:
Wy = sin(B) Rs. 4)

Since the arc length remains constant, it must satisfy:

Ly =R (/2 - B), (5)
And therefore:
Wy =sin(f) Lo / (n/2 - B) (6)
Then the total half-width becomes:
W/2=sin(f) Lv / (n/2 - B) + sin(B) Lst. (7)

This equation can be solved numerically for § given the measured width W, using the known values.
Once p is calculated, the total opening angle of the bent part is 23, and the springback deviation is:

11
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A6=2p - 90°. (8)

All W measurements were taken using a calibrated digital calliper (£0.01 mm). This method avoids
assumptions of fixed arc curvature and accounts for the redistribution of angular deformation during
elastic recovery.

4. Experimental Campaign and Observations

The experimental campaign was designed to validate the feasibility of inducing springback reduction
via through-thickness electrical pulse application using the PF-TT-EPE setup. The initial objective was
to establish a baseline response and gradually increase pulse energy to evaluate the resulting effects
on the geometry and material integrity of the formed part.

4.1. Baseline and Repeatability Assessment

To begin, five V-bending repetitions were performed under purely mechanical conditions, without any
electrical input, to establish a baseline springback value. The average final bend angle across these
trials was 101.8+0.5°, corresponding to a springback of 11.8+0.5° relative to the nominal 90° bend.
The process was highly repeatable, with negligible variation between specimens, and within the
measurement system accuracy. This springback angle differs from previous work [17], as previous
work bending conditions were different from the current ones.

To confirm that the springback was independent of applied clamping force under the current
conditions, an additional set of tests was conducted using a 40% increase in die clamping weight. The
resulting springback angle remained unchanged at 101.8+0.5°, validating that the elastic recovery was
not sensitive to moderate changes in normal pressure at die closure.

4.2. Initial Electrical Parameters and Scaling

Informed by previous studies, a pulse energy density of 3000 A-ms/mm? was selected as the initial
target for pulse delivery. This level was previously shown to produce significant stress relaxation and
springback reduction without inducing recrystallization or microstructural damage in AA5754 alloy
[16], [17].

However, a key difference in the present setup was the geometry and area of the electric path. In earlier
experiments, the current passed through compact tensile specimens with a cross-section of
approximately 2 mm? (0.8 mm X 2.5 mm). In contrast, the embedded electrode contacts used in the
current study had a diameter of 2 mm, resulting in a circular contact area of:

A=7 (1 mm)? ~ 3.14 mm?>. )

12
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To achieve an equivalent current density, the total pulse energy had to be scaled proportionally. This
required increasing the delivered energy by a factor of 3.14 / 2 = 1.57 to maintain similar energy per
unit area.

4.3. Electrical Contact Challenges and Catastrophic Failure

The first trial conducted at this scaled-up energy level proved unsuccessful. Although mechanical
contact between die and sample was apparently to be uniform and stable, the electrical contact proved
unreliable. Suspecting inadequate conductivity at the interface, a premium carbon-based conductive
grease (MG Chemicals™ 848) was applied to the contact zones between the sheet and the embedded
electrodes.

Upon the next pulse delivery, the system experienced a violent spark discharge, accompanied by a
loud thunder-like noise. Post-test inspection revealed a melted hole through the sheet at the contact
region (see Figure 8), as well as severe electrode damage, including melting of the copper insert and
localized degradation of the insulating resin at the die surface. This outcome indicated an extreme
current localization and dielectric breakdown, confirming that the interface failed to conduct current
uniformly.

(2) (b)

Figure 8. Evidence of catastrophic failure following pulse delivery at 3000 A-ms/mm?. (a) Melted
hole observed in the sheet at the electrode contact point, caused by localized spark discharge. (b)
Severe damage to the embedded tooling electrode, including melting of the copper insert and
degradation of the surrounding insulating resin on the die surface.

4.4. Reduced Energy Testing and Re-Escalation

To avoid further equipment damage, the pulse energy was drastically reduced to a minimum of 274
A-ms/mm?, well below previously studied effective thresholds. At this energy level, no spark

13
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discharges or audible events were detected. However, the resulting springback angle remained
identical to the baseline value of 101.8+0.5°, indicating no measurable effect of the electrical pulse at
this level.

Subsequent tests increased the energy incrementally. At around 600 A-ms/mm?, spark discharge and
acoustic breakdown phenomena reappeared. To investigate whether voltage or frequency modulation
could mitigate this behaviour, a pulse train with lower voltage (200 V) but extended pulse duration
was attempted, maintaining equivalent energy delivery. However, the outcome was similarly
destructive: severe melting, multiple perforations in the sample (see Figure 9), and further electrode
degradation.

(a) (b)

Figure 9. Sample and tooling damage observed during the additional PF-TT-EPE trials with
progressively increased pulse energy. (a) Formed sheet showing results of multiple pulse deliveries:
initial low-energy pulses (< 300 A-ms/mm?) produced no visible damage but also no springback
reduction, indicating insufficient interaction with the dislocation network. As the energy approached
~600 A-ms/mm?, spark discharge and localized melting reappeared, resulting in visible perforations in
the material. (b) Corresponding damage to the V-bending tooling, showing electrode destruction and
severe surface degradation of the resin-insulated die due to repeated electrical breakdown.

These results indicate that despite theoretical energy alignment with previous EPE benchmarks, the
through-thickness delivery mode using embedded tooling electrodes introduces critical challenges in
electrical contact stability, current localization, and energy dissipation. Attempts to reproduce
springback reduction under these conditions led to irreversible sample and tool damage (Fig. 8b and
Fig. 9b), making the PF-TT-EPE approach, at least in its current form, unviable for reliable springback
control.

14
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5. Discussion

The results of the PF-TT-EPE campaign clearly demonstrate that, while the concept of applying
electrical pulses through the thickness of a formed sheet is theoretically sound, its practical
implementation introduces a number of critical challenges, most notably, the instability of the electrical
interface between the tooling and the workpiece.

The observed spark discharges, often accompanied by thunder-like acoustic emissions and localized
melting, are indicative of dielectric breakdown in air gaps formed unintentionally between the sample
and the electrode surfaces [20]. Despite achieving what appeared to be full mechanical contact during
die closure, it is likely that microscale surface irregularities, combined with uneven pressure
distribution and oxide layers, resulted in localized non-contact zones. In these regions, the applied
voltage can exceed the dielectric strength of air (approximately 3 kV/mm) [21], [22], causing electrical
arcing across the gap. This is consistent with classical breakdown theory and previous observations in
spot welding, micro-EDM, and pulsed current forming setups where electrical discharge phenomena
are reported under similar contact conditions [23], [24].

A schematic representation of this phenomenon is shown in Figure 10, where the presence of a small
air gap between the die and the sheet enables uncontrolled spark discharge upon pulse activation. The
sudden discharge concentrates energy in a confined region, leading to rapid melting of both the sheet
and the embedded electrode, as seen in Figures 8 and 9. This mechanism not only compromises the
integrity of the part but also severely damages the tooling, making the process unsustainable in its
current form.

Figure 10. Schematic representation of localized spark discharge due to imperfect electrical contact.
The image shows a detailed 2D cross-sectional view of two metallic surfaces in nominal contact, such
as a die and a sheet, where surface roughness leads to partial separation and the formation of
microscopic air gaps. Upon high-voltage pulse activation, the electric field within these gaps exceeds
the dielectric breakdown strength of air, triggering lightning-like spark discharges. These discharges
concentrate energy in confined zones, initiating local melting and material damage, ultimately
compromising both the sheet and the embedded electrode surfaces.

The difficulty of ensuring consistent electrical contact under industrial forming conditions is well-
documented. As noted by Zhang et al., even slight deviations in surface pressure or contact cleanliness

15
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can cause major variations in current path, heat generation, and process stability [25]. In electroplastic
forming, most successful implementations to date have relied on external clamping electrodes, which
offer better control over contact quality, albeit at the cost of process integration and speed [17], [26].
The present attempt to embed electrodes within forming tools introduces a new level of complexity,
where the same surface must satisfy both mechanical and electrical requirements, often in conflict.

One potential mitigation strategy is the use of soft, adaptive contactors, such as spring-loaded graphite
brushes or deformable conductive pads, which can conform to surface irregularities and maintain more
uniform electrical contact under pressure [27]. Or, to modify the connector shape to tailor it to the
sample shape. Such systems have been used successfully in rotary electrical contacts and conductive
polymer forming tools [28], and may offer a path forward for integrating PF-TT-EPE into production
tooling. However, this would require careful design to prevent contamination, wear, and current
localization.

Another challenge lies in the control of pulse energy density relative to the contact area. As this study
showed, the same nominal energy density (e.g., 3000 A-ms/mm?) can have dramatically different
effects depending on the actual area over which current flows. If that area collapses due to contact
instability, local current density skyrockets, leading to discharge. This highlights the need for real-time
current monitoring and possibly distributed contact strategies to avoid overload conditions.

In summary, while the concept of PF-TT-EPE remains promising in theory, especially for in-die stress
relaxation and springback control, the results of this study underscore the importance of interface
engineering. Without reliable, uniform, and conductive contact between die and sheet, the process
becomes not only ineffective but potentially destructive. Future work should focus on developing
controlled contact solutions, pulse shaping strategies to avoid overvoltage peaks, and perhaps hybrid
systems combining electrical and thermal inputs to stabilize the process window.

6. Conclusion

6.1. Main Conclusions

This study introduced and experimentally explored a novel configuration of post-forming
electroplastic effect (PF-TT-EPE), aiming to reduce springback by delivering electrical pulses through
the thickness of the sheet via embedded electrodes in the forming dies. The following conclusions can

be drawn:

e A baseline springback angle of approximately 101.8+0.5° was established for the tested
AAS5754 alloy using a 90° V-bending tool under mechanically consistent conditions.
e FEarly attempts at applying a pulse energy density of 3000 A-ms/mm?, previously identified as

effective in tensile-mode stress relaxation, led to catastrophic spark discharge and irreversible
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damage to both the sample and the tool, highlighting the challenges of electrical contact
through forming dies.

e The experimental evidence supports the hypothesis that microscale air gaps, resulting from
imperfect surface contact and roughness, enable localized dielectric breakdown. This leads to
uncontrolled electrical discharge, melting, and material perforation.

e At very low pulse energies (e.g., 274 A-ms/mm?), no electrical degradation occurred, but no
significant springback reduction was observed either, suggesting the existence of a critical
lower energy threshold required to activate electroplastic mechanisms without inducing

material damage.

6.2. Work Boundaries and Limitations
Several limitations constrained the present work:

e Contact instability was the most significant barrier. While mechanical contact could be assured,
electrical contact was unreliable, leading to a binary outcome: either no effect or full discharge.
This points to a narrow process window that is highly sensitive to surface preparation, pressure
uniformity, and interface cleanliness.

e The current setup lacked distributed current control or real-time feedback, making it impossible
to manage transient phenomena such as voltage spikes or local overheating.

e The use of a lab-scale pulse generator restricted flexibility in waveform shaping, or fine control
of energy delivery, all of which could be critical in refining the interaction between pulse and
material.

e The experiments were limited to AAS5754 and single-step bending, and do not yet inform
whether similar effects can be extended to other alloys, more complex forming geometries, or

industrial forming speeds.

6.3. Outlook and Open Research Gaps

While the concept of PF-TT-EPE remains promising for in-die springback reduction, especially from
a sustainability and SDG standpoint, this study reveals fundamental technical gaps that must be

addressed before practical implementation:

e Interface Engineering: New solutions are needed to enable stable and uniform electrical

contact under forming pressures. This may include soft conductive contactors, conformal
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electrodes, or dynamic pressure modulation to eliminate gaps without compromising tooling
integrity.

o Pulse Delivery Strategies: The development of smart pulse trains, with tailored voltage
ramping, pulse shaping, or energy-dosing mechanisms, may offer more controllable ways to
avoid discharge while activating dislocation-based softening mechanisms.

e Multiphysics Monitoring: Real-time observation of current distribution, temperature, and
acoustic emission could help identify and prevent spark initiation before damage occurs.

e Modelling and Simulation: Coupled electromechanical simulations of the PF-TT-EPE system
could provide valuable predictive insight into where breakdown is likely and help design safer

operating regimes.

In conclusion, this study represents a critical step in identifying both the potential and the fragility of
applying electrical pulses through dies for forming enhancement. Future research should focus on
interface robustness, energy control, and system integration, all of which are necessary to bridge the

gap between laboratory experimentation and industrial implementation.
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