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Abstract. The effect of current pulse application on the mechanical behaviour and plasticity of the
5754 aluminium alloy was studied. Tensile and deep drawing tests were conducted. The 5754
aluminium alloy in two different states of hardening was used: H111 and H22. The results show
that the application of current pulses can significantly increase the plasticity of the examined alloys
in the case of the tensile test. The dynamic recovery process is the main process responsible for
the increase in plasticity of the material. However, in the case of the deep drawing process, it was
observed that the increase in the material formability is low, and further studies are needed.

Introduction

Aluminium alloys have become very popular in the automotive industry owing to their good
specific strength and corrosion resistance. However, the formability of many aluminium alloys at
room temperature is low [1,2]. Warm and hot forming methods are applied in metal forming
processes because they improve the formability of materials such as aluminium or magnesium
alloys [3]. However, these methods have many drawbacks, such as increased adhesion of the die
and decreased die strength and lubrication effectiveness [4].

Electrically-Assisted Forming (EAF) is proposed as an alternative method to the warm and hot
forming methods. It is commonly known that the application of current pulses during plastic
forming of metals can significantly increase their formability, reduce flow stress, and avoid or
reduce some of the above-mentioned drawbacks [5—7]. Jeong et al. [8] showed that the application
of current pulses during tension can increase the material elongation by over 200% in the case of
the 5052-H32 aluminium alloy (AA) [9] and the as-extruded AZ91 magnesium alloy. Because this
significant increase of the material plasticity during EAF processes cannot be explained only by
the simple Joule heat law, many scientists have tried to explain this phenomenon [10]. There is
still no unequivocal proof of existence of non-thermal effects such as the electroplastic effect [11],
the magnetoplastic effect [12] or others [13]. The microscale Joule heat theory, more popular in
the recent years, has been confirmed by the simulation [14], grain boundary melting [15] or such
processes as dynamic recovery and recrystallization [8,16]. However, it does not explain all the
observed phenomena [16]. Recently, it has been proved that the application of even low energy
current pulses can lead to defect reconfiguration and a change in the dislocation pattern [17—19].

Many industrial metal forming processes have been supported by the application of current
pulses. EAF processes such as wire drawing [20,21] or rolling [22,23] have been successfully
realized. However, more difficult processes, in terms of EAF, such as deep drawing and press
stamping, still need to be developed due to the unsatisfactory results. Only in the case of
magnesium alloys the increase of plasticity has been meaningful [24,25]. In the electrically-
assisted deep drawing processes, the following problems should still be overcome: excessive heat
transfer from the sample to the dies, limited possibility of measuring the temperature or the need
to apply higher currents [26-28].
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Materials and Methods

The tested material was the 5754 aluminium alloy, delivered in two different states of hardening:
H111 and H22. The thickness of both as-received sheets was 1 mm. In the present work, two
different electrically-assisted forming processes were conducted: the tensile test and the deep
drawing test. The tensile samples with a gauge length of 75 mm and a gauge width of 12 mm were
prepared by way of milling along the rolling direction of the sheet. The tensile tests were performed
at a strain rate of 0.0025 s’ until fracture using an INSTRON 3369 tensile machine.

The deep drawing tests were carried out at the punch speed of 0.4 mm/s until fracture using an
Erichsen 142 Sheet Metal Testing Machine. The experimental study proved that a greater contact
between the sample and the dies results in more heat transfer. Therefore, to avoid excessive heat
transfer from the sample to the dies, the Erichsen machine was working in the sheet holder quick
release (SHQR) mode. This means that, when the set draw depth is reached, the blank holder force
is released, and the test continues until stopped. For the same reason, the dies were made of
stainless steel because of its low thermal conductivity and high electrical resistance. Before the
SHQR, the blank holder force was 35 and 40 kN, in the case of the H111 and the H22 state,
respectively. A circular punch with a diameter of 30 mm and a radius of 4 mm as well as a matrix
with a diameter of 33.5 mm and a radius of 4 mm were used in the deep drawing tests. A special
sample, with experimentally fitted dimensions visible in Fig. 1, was used for the tests. The distance
of 130 mm (Fig. 1) is the distance between the edges of the electrodes attached to the sample. The
central, circular part of the sample with a radius of 32 mm was cut on the sides in order to obtain
the highest current density. The dies were isolated from the machine. The sample mounted to the
electrodes before the deep drawing process is visible in Fig. 2.

During all the tests, the electric pulses were generated by a self-constructed current pulse
generator working at 2.52 V [29] and applied to the sample through copper electrodes attached to
it. The applied current was pulsed with a pulse duration of tq and a period of t,, and its shape was
created by the function generator device. The first pulse of electric current was applied after a time
of t, from the beginning of the tensile test, and from the moment of sheet holder force release in
the case of deep drawing. An oscilloscope and a Rogowski coil were used to measure the current
flowing through the samples. Each test was repeated three times. One side of the sample was
sprayed with black paint, and its temperature was measured by a FLIR T440 infrared thermal
imaging camera during the test.

The microstructural observations of the selected specimens were conducted with a VEGA3
TESCAN Scanning Electron Microscope (SEM) operating at 20 kV, and equipped with an
Electron Backscattered Diffraction (EBSD) detector (Oxford Instruments). Mechanical grinding
and electrolytic polishing using A2 Struers reagent were applied to prepare the specimen surfaces
for the EBSD analysis. The applied step size was 0.2 um. In the case of the non-EA specimen, the
single-iteration grain dilation cleanup procedure was performed only one time and affected less
than 4% of the measurement pixels.
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Fig. 2. The setup of the deep drawing sample before the process.

Results and Discussion

One of the most important current parameters in the EAF processes is the current density. Here,
the nominal current density is defined as the current measured by the Rogowski coil divided by
the cross-sectional area of the sample. The obtained values of the current density, depending on
the applied process type and current parameters, are given in Table 1 and 2. Note that the current
density in the case of deep drawing is about four times lower than in the case of the tensile test as
a result of a four time higher width of the deep drawing samples and no possibility to increase the
current. Therefore, as can be seen in Table 1 and 2, the pulses were applied more often in the case
of deep drawing.

Table 1. Influence of current parameters on the current density for tensile test.

ta/ tp [ms /s] Current density [A/mm?]
5754-H111 5754-H22
400/ 50 190 -
400 /24 - 200

Table 2. Influence of current parameters on the current density for deep drawing test.

ta/ tp [ms /s] Current density [A/mm?]
5754-H111 5754-H22
400/2
400/1.2
500/2.5 45 4
500/1.5
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The engineering stress-strain curves of AA5754-H111 and AA5754-H22 with and without the
current pulse application are shown in Fig. 3a-b. It is clearly seen that the application of the current
pulses increase the material elongation. As can be seen, when the current pulse is applied,
immediately, the engineering stress decreases and the temperature increases. The significant
engineering stress drop is, among others, correlated with the sample’s thermal expansion.
However, before the next pulse application, the temperature drops almost to the room value. In the
case of the annealed state (H111), the average value of engineering strain increased from 22.86 to

32.73% (increase to about 143% of the basic value). However, in the case of the hardened alloy
(H22), the
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Fig. 3. Engineering stress-strain curves of 5754 AA in the a) HI11 and b) H2?2 state with and
without current application.

average value of engineering strain increased from 12.27 to 27.13% (increase to about 221% of
the basic value). It is worth mentioning that the ratio of ta/t, was 1/60 in the case of the hardened
alloy, and it was the best ratio in terms of increasing the material elongation. Nevertheless, in the
case of the annealed alloy the similar increase the material elongation occurred for a wide range
of ta/tp ratios. The average values of the maximal registered temperatures during tensile tests were
364 and 390°C, for AA5754-H111 and AA5754-H22, respectively. However, in both cases, the
average temperature during all the tensile tests was under 200°C, which is generally a lower
temperature than the warm forming temperature for these alloys.

Fig. 4a-b present the deep drawing force-displacement curves of the 5754 aluminium alloy. The
force represents the force at the punch in the deep drawing process and the displacement is the
displacement of the punch, which corresponds with the depth of the drawpiece. The SHQR took
places 5.4 and 3.4 mm from the beginning of the tests for the annealed and the hardened alloy,
respectively. The above-mentioned values were experimentally designated, and the obvious
decrease of the force corresponds to the SHQR moment. Unlike the tensile tests, in the deep
drawing tests, the application of the current pulses did not lead to a significant increase of the
drawpieces’ heights. Only in one case, the height of the drawpiece increased noticeably, when the
500 ms/1.5 s current parameters were applied to the 5754-H111 aluminium alloy (Fig. 4a). In this
case, the displacement at the punch increased about 8% in comparison with the baseline value
(Fig. 5a), but in other cases, the displacement increase or decrease were not greater than 2%
(Fig. 5a-b). The average values of the maximal registered temperatures during the deep drawing
tests, for the different current parameters, are presented in Fig. 6a-b. The temperature did not
exceed 80°C in any case. A picture of an example drawpiece of 5754-H22 AA is visible in Fig. 7.
A characteristic fracture is visible on the top edge of the drawpiece.
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Fig. 4. Deep drawing force-displacement curves of 5754 AA in the a) HI111 and b) H22 state
with and without current application.
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Fig. 5. Influence of the current parameters on the height of the drawpieces of 5754 AA
inthe a) HI111 and b) H2?2 state.
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Fig. 6. Influence of the current parameters on the maximal temperature of the drawpieces of
5754 AA in the a) H111 and b) H2?2 state.
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Fig. 7. The example drawpiece of 5754-H22 AA.

Even if the application of the current pulses leads to a significant increase of the material
elongation in the tensile tests, it is difficult to reproduce the same conditions and results in the deep
drawing process. The current density present during deep drawing is about four times lower than
in the case of a tensile, and it is the main reason for the insignificant increase of the material
formability. Low current density resulted in low temperature of the tested samples, which did not
increase even when the pulses were applied more often. Finally, the dynamic recovery and
recrystallization processes cannot take place and increase the material plasticity when the
temperature is too low. The solution of the above-mentioned problems will be the application of a
large high-current pulse generator, with the possibility of applying high currents. However, this
solution increases the process costs and makes it more difficult, yet it will be necessary in potential
industrial applications.

The highest increase of the material plasticity, owing to the pulsed current application, occurred
in the case of the 5754-H22 AA tensile sample. Therefore, the specimens from the 5754-H22 AA
tensile tests were selected for the microstructural analysis. In order to better analyze the effect of
the current pulses on the structural changes, two additional tests were conducted. In the first case,
the EA tensile test was immediately stopped after the fourth pulse application (Fig. 3b). It
happened at 90% elongation of the EA tensile sample. In the second case, the non-EA tensile
sample was stretched to a 90% value of its initial elongation and then the test was also stopped.
The specimens for the microstructural analysis were cut from the middle of the above-mentioned
tensile samples.

The Inverse Pole Figure (IPF) maps of the non-EA and EA specimens are presented in Fig. 8
a) and b), respectively. Due to the high deformation of the crystal lattice, the initial Hit Rate value
of the non-EA specimen was only about 60%, which is typical for highly deformed materials.
Although the EA specimen was deformed to a greater extent (about two times greater elongation,
Fig. 3b), the obtained Hit Rate in this case was more than 80%. It means that the crystal lattice
deformation is lower than for the specimen without the current application. If the material has been
deformed more, but its lattice is less deformed, then the application of the current pulses and the
increase of temperature resulting from it lead to a lattice structure rebuild. The IPF maps represent
the above-mentioned case.

Many small grains are visible (Fig. 8b) at grain boundaries of the big and medium size grains
in the case of specimen with the pulsed current application. It could mean that the dynamic
recrystallization process occurred, especially because, for a while, the temperature during the EA
tensile tests reached the value of 0.6Tm, where Tr is the homologous temperature of aluminium.
However, a more detailed analysis is needed to verify this hypothesis.

To analyze the recrystallization process, the Grain Orientation Spread (GOS) parameter was
used. Generally, it is assumed that the GOS parameter for recrystallized grains is less than 1.5-2 °.
However, this threshold value in the literature ranges from 1 to 3 © [9,30]. In this study the
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Fig. 8. IPF maps of 5754-H22 AA from a stopped a) non-EA and b) EA tensile test.

recrystallized grains are defined by the GOS less than 1.5 °. The GOS map of non-pulsed specimen
is presented in Fig. 9a. It is clearly seen that the most grains are characterized by the GOS higher
than 2 °, and only about 13% indexed pixels - by the GOS less than 1.5 °. It could mean that these
grains with lower GOS parameter were not deformed or deformed in a small range. Completely
different results are shown by the GOS map of the pulsed specimen (Fig. 9b). The effect of
temperature resulted in a significant increase in the surface of grains, with the GOS less than 1.5
°. It this case about 62% indexed pixels is characterized by the GOS less than 1.5 °. However,
mainly the large grains take small values of the GOS parameter. Therefore, it can be concluded
that the intense dynamic recovery process occurred in these large grains. This recovery process led
to a structure rebuild of the crystal lattice in grains and thus to the low GOS parameter. On the
other hand, many small grains with the GOS less than 1.5 ° are visible at grain boundaries of the
bigger grains. It could mean that the dynamic recrystallization process started in these places,
however, a more detailed analysis using transmission electron microscopy should be performed to
prove it.
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Fig. 9. GOS maps of 5754-H22 AA from a stopped a) non-EA and b) EA tensile test.
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Summary
In the present work, electrically-assisted tensile tests and deep drawing processes of the 5754
aluminium alloy in different states of hardening were carried out. The main conclusions are:

1. The application of current pulses can lead to a significant increase of the material
elongation in the tensile test, especially in the case of the H22 state.

2. The EBSD analysis proved that the intense dynamic recovery is the main factor responsible
for the structure rebuild of the crystal lattice and thus the increase of the material plasticity.

3. The application of the sheet holder quick release mode, new in terms of electrically-assisted
forming, can lead to a decrease of the excessive heat transfer from sample to the dies.

4. The application of the current pulses did not lead to a significant increase of the material
formability in the case of the deep drawing process. The main difficulties in effective
implementation of the electrically-assisted deep drawing processes are the necessity of the
application of high currents and an excessive heat transfer from the sample to the
stamping dies.
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