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While the existence of an electronedislocation interaction, independent of Joule heating is
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established, the exact rate controlling mechanism of the observed behaviour lacks consensus.
Understanding the governing mechanism is complex due to the combined effect of Joule
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heating and electronedislocation interaction. The present work attempts to establish the

AA 6063

electroplastic mechanism in AA 6063 alloy and its nanocomposites. The role of microstructure

Electric-assisted deformation

on the electron interaction is investigated by preparing four distinct microstructure from the

Joule heating

base alloy. All the samples were subjected to constant amplitude direct current during plastic

Electroplastic effect

deformation. The Joule heating effect is decoupled using the experimentally measured tem-

Dislocation density

perature history. The potential electroplastic mechanism for the alloy is elucidated by analysing

X-ray diffraction

the trend of flow stress reduction with strain and strain rate. It is inferred that micro Joule
heating and electron wind effect cannot completely explain the observed electroplastic
behaviour in AA 6063. The SiC particles in nano-composites suppressed the electroplastic effect.
The observed mechanical behaviour under electric current is in agreement with the
trend predicted assuming magnetic depinning mechanism. The reduction of dislocation
density quantified using X-ray diffraction is found to concur with the inferred mechanism.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

Electric-assisted forming (EAF) is known to improve the room
temperature formability of engineering alloys and metal

matrix composites. As the name suggests, the process involves simultaneous application of electric current during
plastic deformation. The complex interaction between the
applied current and plastic deformation on the mechanical
behaviour is generally referred as electro-plastic effect.
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Increasing the deformation temperature2 by partial or complete heating of the work piece, referred to as warm forming is
a well-known solution to improve the formability of difficult
to form alloys [1,2]. Warm forming or intermediate annealing
involves large heating furnaces for heating the component
and is time-intensive. The EAF technique on the other hand
can improve the formability at reduced costs, energy and time
when compared to warm forming.
The earliest reported work on interaction of electrons and
dislocations can be traced back to 1960s on the study of superconductivity [3,4]. The reduction of flow stress due to the
absence of electron drag on moving dislocations were used to
analyze the superconductivity in metals [5e7]. Theoretical
considerations developed then were used later to understand
the electroplastic mechanism. The use of this interaction to
aid plastic deformation, however can be attributed to the
subsequent work of Troitskii and Likhtman [8] who coined the
term “Electroplastic effect”. It was initially believed that the
changes observed in the mechanical behaviour of materials
with the application of current were primarily due to the
associated Joule heating [9,10]. However, subsequent efforts
[6,11,12] in this field proved that this effect can be observed
even under isothermal conditions [13]. In regards to changes
in mechanical behaviour, researchers [14e18] have established that application of current pulses during plastic deformation considerably reduces the flow stress and increases the
ductility in the material. Application of current pulses significantly reduces the material hardness, when compared to
other furnace thermal treatments [19]. In addition to that,
springback reduces, as demonstrated for AZ31B sheets [20] in
electric assisted V-bending test. Complete elimination of
springback was demonstrated [21] in Al 6111 sheet specimen
with the application of high amplitude and short duration
current pulses. Also, reduction in anisotropy effects of Al 5083
was noticed when constant DC is passed through the specimen while deforming the material [22].
The role of electric pulses on mechanical behaviour of the
composites [23] and bulk metallic glasses [24e26] is investigated in detail to understand (i) electroplastic effect [12] (ii)
electromigration effect [27] (iii) recrystallization behaviour
and (iv) deformation behaviour occurring at atomic scales.
These studies primarily conclude that the athermal effect
induced by electropulsing dominate the observed changes in
mechanical properties. The effectiveness of electrically
assisted deformation is closely linked to the microstructure of
the material. Experimental results [28,29] indicate that fine
grained structures exhibit an increased electroplastic effect.
Similarly, greater mobility of grain boundaries during electropulsing treatment of nickel based superalloy is reported by
Zhang et al. [30]. Kim et al. [31] compared the mechanical
behaviour of Al5052eH32 (as-received and 30% cold-rolled)
under a pulsed electric current. They concluded that in the
presence of electric current, the samples tend to anneal at a
temperature less than the critical annealing temperature of
the alloy, suggesting a distinct electronedislocation interaction mechanism apart from Joule heating. Dislocation evolution captured using the in-situ transmission electron
microscopy during the electrically-assisted manufacturing
2

well within the recrystallization temperature.

of Inconel 718 further strengthens the independent
electronedislocation interaction viewpoint [32]. Observations
of grain boundary melting and cavitation in brass alloys, well
below their melting point under the influence of electric current is reported by Fan et al. [33]. These observations can be
linked to non-homogeneous temperature distribution due to
sub-structure variation leading to increased heating at the
grain boundaries. Along with a decrease in recrystallization
temperature, homogenization of various texture was
observed in cold rolled Fe-3% Si alloy strip due to application
of pulsed current. Recrystallization at a lower temperature
near to the fracture surface was reported for 316L stainless
steel, when electrical pulses were applied during the tensile
test [34]. Formations of new nano phases [35] were observed,
when the CueZn alloy was subjected to electropulsing. It was
demonstrated that even static electropulsing preceding cold
deformation enhanced the ductility of ZneAl alloy [36] due to
reduction in internal residual stress and microstructural
changes. In general, the effect of electric current follows a
threshold phenomenon [28,37e39] below which electroplastic
effect is insignificant.
The simplest explanation for the observation of electroplastic behaviour is the associated Joule heating. A significant
part of research has been devoted to justify that there exists
an additional independent mechanism related to interaction
between moving electrons and dislocations [13,14]. While the
existence of such independent mechanism is generally not
disputed, decoupling the contribution of Joule heating and
other similar effects still remain as a challenge. In an initial
attempt, Okazaki et al. [13] proposed an interesting indirect
test to correlate the temperature rise with the change in
elastic modulus. They concluded that around 40e70% of total
stress drop is due to Joule heating. They also showed that the
secondary effects such as skin and pinch effects on the electric current induced stress drop is negligible. With the development of thermographic inspection over the past decades,
direct measurement of temperature in the deforming sample
has relatively become simpler. Assuming the principle of superposition for the stress drop, finite element studies have
also been utilized to separate the Joule heating effects [40e43].
Interestingly, the conclusions were not significantly different
from the earlier studies [12,13] without the use of such sophisticated direct measurements. By subtracting the contribution of thermal effect, the stress drop purely due to
electroplastic effect can be decoupled from the experimental
results.
Troitskii and co-workers [8,44] attributed the electroplastic
effect to the momentum transfer between moving electrons
and dislocations during scattering [38,45] and is referred as
“electron wind effect”. Theoretical considerations[5e7] show
that the dynamic force exerted by the electron wind on dislocations is proportional to the difference between the drift
velocity of electrons ve, and the dislocation velocity vd. If
ve < vd, the electrons decelerates the moving dislocations due
to electron drag. Thus, electron wind effect can easily explain
the occurrence of threshold current density above which
electroplastic effects can be sensed. Systematic studies
[12,46e48] on electroplastic effect concluded that the electron
wind mechanism had a relatively smaller contribution to the
total stress drop. According to electron wind effect, the stress
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Fig. 1 e Schematic diagram of electrically assisted compression setup used in the present work. In figure, marked
components are: (1) Steel platens with electric cable connections from the power source (2) Syndanio insulation (3) LVDT (4)
Thermocouple wire wrapped around the specimen and (5) Infrared sensor placed nearby specimen. The components (4) and
(5) were connected with data acquisition system to measure the temperature during the deformation. Force and position
measurements were recorded using the control system unit of the setup.

drop is attributed to the change in thermal component of flow
stress, which is accounted in the activation energy (DG) of
plastic strain rate, ε_ f exp( DG/kT). While the thermal
component varied linearly with current density (J), the proportionality constant or pre-exponential factor in ε_ increased
with J2, suggesting a relatively smaller contribution of electron
wind effect [12]. In the same period, Klimov et al. [6] critically
analyzed the existence of an independent electroplastic effect
and suggested that heterogeneity of temperature distribution
throughout the lattices of a material leads to micro-Joule
heating in addition to the macro level Joule heating present
in the material. Researchers [6,49,50] in the past, have argued
that the combined micro and the macro-Joule heating is the
main contributor to the observed electroplastic effect. It was
shown by Lee et al. [20,43] and Jones et al. [41] that the numerical prediction of temperature rise during electropulsing
of AZ31 alloy correlates with the experiments when 100% of
the electrical energy is converted to heat. Their results supported Joule heating (micro and macro) mechanism to be
responsible for the observed electroplastic effect. In a related
work [51], it was shown that the heterogeneous heating
especially at microcrack tips can facilitate reorganization of
defect structure inside the material.
Molotskii and Fleurov [52] proposed an alternative mechanism of magnetoplasticity to explain the electroplastic
behaviour. According to them, magnetic field induced by the
3

Cryorolling refers to cold rolling at extremely low temperature. The process inhibits dynamic recovery and results in grain
refinement. In practice, samples soaked in liquid nitrogen are
rolled quickly before the temperature raises to room temperature.
In the present work, 110 mm diameter roll at a speed of 8 rpm in a
mill is used for this process. Between each successive pass, the
samples are soaked in liquid nitrogen for 10 min to achieve
constant temperature.

applied current leads to depinning of dislocations from the
paramagnetic obstacles. In a recent work, Lahiri et al. [53]
using crystal plasticity finite element simulations analyzed
the relative contribution of electron wind effect, thermal
softening and magnetic depinning of dislocations during
electrically-assisted deformation. They have concluded that
magnetoplasticity based mechanism is the dominant one
among all the mechanisms considered. Conrad [38] pointed
out that the magnetoplasticity can be accounted in the preexponential factor of electron wind model. Similarly, attempts [45,54] to modify the function of ‘J’ in the expression of
DG provides a comprehensive explanation for electron wind
effect. Albeit the considerable past work [55], the governing
mechanism for electroplasticity is not established till date.
Accounting the electroplastic phenomenon in a constitutive relationship is essential to model the electric assisted
forming process. Attempts have been made to modify the
empirical stressestrain relations such as Hollomon hardening
[56] or JohnsoneCook model [57] to include the electric assisted plastic deformation. Wang et al. [58] proposed an analytical flow stress model for AZ31 alloy superposing different rate
dependent mechanisms that influence electroplasticity. They
modelled the effect of electric current in thermal softening,
strain hardening by solute dislocation interaction and electron wind effect. Hariharan et al. [59] proposed a dislocation
density based hardening model to account the electroplastic
effect. The rate dependent parameters of the dislocation
density model were extended to include the dependence of
electrical current density. Recently, Dimitrov et al. [60] proposed a more generic multiphysics internal state variable
model to couple the electro-mechanical behaviour. In general,
the constitutive models attempt to modify the rate dependent
and rate independent terms phenomenologically to account
for the electrical effect. The mathematical form of the
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Table 1 e Chemical composition of the AA 6063 alloy used
in this work.
Elements Mg
Weight %

Si

Cr

Cu

Fe

Mn

Zn

Ti

Al

0.89 0.54 0.08 0.09 0.22 0.031 0.08 0.01 Balance

in the chosen material is the magnetic depinning of paramagnetic obstacles.

2.

Fig. 2 e Electrically assisted compression setup used in the
present work: (1) Syndanio insulation (2) Steel platens (3)
LVDT and (4) Electric cable connections from power source.
phenomenological relation depends upon the underlying
electroplastic mechanism assumed in the model. The essential validation of any constitutive electroplastic model is the
dependence of flow stress on the applied current density,
which require experimental data over a wide range of applied
current density.
It can therefore be summarized that the lacuna in the
understanding of electroplasticity phenomena can be
addressed by (i) establishing the fundamental governing
mechanism over a range of materials and (ii) developing
experimental data to formulate reliable constitutive models.
The present work is an attempt to advance the understanding of underlying mechanism in AA 6063 alloy. Although the
mechanism of electroplasticity is still not clear, it is well
established that the effect of current over the material is
closely related to microstructure. Therefore, AA 6063 alloy
with four different microstructures was chosen to understand the electroplastic behaviour during uniaxial compression. Most of the past work utilized pulsed current to improve
the ductility. Since the focus of the present work is to understand the influence of the electrical current on flow stress
evolution, experiments were carried out using a constant
amplitude direct current. The experimentally measured
temperature history was utilized to decouple the Joule heating effect. X-ray diffraction analysis was carried out on the
deformed samples to correlate the dislocation densities with
the electroplastic behaviour. In the present work, the X-ray
diffraction studies are used to quantify the change in dislocation density. While this could be influenced by residual
stress [61], the result could be only a secondary effect and
cannot be attributed solely due to residual stress. On the
other hand, the reduction in springback can be related to
residual stresses. The outcome of the present work indicates
that the governing mechanism of electroplastic deformation

Methodology

The test set up used for performing electric assisted forming
(EAF) experiments is shown in Figs. 1 and 2. Owing to its wider
applications [62,63], AA 6063 alloy was chosen for the present
work. The chemical composition of the alloy is given in
Table 1.
The AA 6063 alloy was subjected to appropriate thermomechanical processing and heat treatment to study the influence of microstructure on the electroplastic effect. Samples
containing four variants in microstructural constituents were
obtained and the details of these samples are summarised
below. In the subsequent sections, the acronym within the
braces is used for brevity.
1. AA 6063 alloy with solution treatment and room temperature aged (STA)
2. AA 6063 alloy in 70% cold worked condition (CW),
3. AA 6063 alloy with silicon carbide as nano-composite
material (NC),
4. AA 6063 alloy with silicon carbide as nano-composite material in 70% cold worked condition (NC þ CW).
AA 6063 alloy samples of 11 mm thickness were cast and
partially rolled (from 11 mm to 10 mm thickness) at room
temperature to reduce the porosity. The compression samples were machined to a thickness of 3.5 mm and solution
treated at 530  C for 2 h followed by iced water quenching.
These samples were then aged (STA) for a period of 15 days at
room temperature. The cold worked microstructure, CW was
achieved by cryorolling3 the AA 6063 plates of 10 mm
thickness.
The nano-composite (NC) samples were produced by stir
casting AA 6063 alloy with 4 wt. % of SiC as reinforcement. To
prepare the NC samples, AA6063 alloy blocks were molten in
the furnace at a temperature of 700  C. The melt was stirred
using a Stirrer at 600 rpm for 15 min to ensure proper mixing
of reinforcement in the base alloy. The nano (45 nm) sized SiC
powder wrapped in aluminum foil were preheated at 600  C
and added into the semisolid vortex through mechanical
stirring. Subsequently, the material was solution treated at a
temperature of 535  C for 2 h followed by iced water
quenching. The NC samples were further cryorolled
(NC þ CW) to induce work hardening and uniformly distribute
the SiC reinforcement particles into the matrix.

2.1.

Electroplasticity experiments

Cylindrical specimens of 2 mm diameter and 3.4 mm length
(L/D ratio ¼ 1.7, where L and D refer to length and diameter of
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Table 2 e Experimental parameters used in the present
work.
Sl.
No.
1
2
3
4
5
6

Initial current
density (A/mm2)
0
0
0
19.45
19.45
19.45

Cross-head velocity Initial strain
(mm min 1)
rate (s 1)
0.50
1.00
1.50
0.50
1.00
1.50

2.5*10
5.0*10
7.5*10
2.5*10
5.0*10
7.5*10

3
3
3
3
3
3

the specimen respectively.) were wire cut to size as per ASTME9 standard. Standard polishing method using a series of
emery papers was used to grind the specimen and to remove
the surface oxides formed during heat treatment. A 10 kN
hydraulic Universal Testing Machine (UTM) was used to
perform the electrically assisted compression experiments.
The constant amplitude direct current was supplied by a
commercially available welding power source (Miller Dynasty
200 DX). A specialized compression fixture (Fig. 1) was used for
the electrically assisted compression test to connect the cables from the power source. The compression fixture consisted of hardened steel platen and a suitable ‘Syndanio’
insulation sheet that can insulate the electrical current till
350  C. The displacement and force data of the deforming
sample were continuously recorded in the control system unit
of the UTM. A preload of 50 N was applied to the specimen to
ensure sufficient initial contact between the platens and
specimen. Series of monotonic compression tests were performed (Table 2) at room temperature (around 27  C).
The electrically-assisted compression tests were carried
out with a constant amplitude direct current of 61 A (current
density z 19.45 Amm 2) throughout the deformation. To
verify the repeatability of results, all the experiments were
performed at least three times. The electric current supplied
was measured using a MECO TRUE RMS clamp meter. The
specimens were deformed within the strain rate range of 2.5 *
10 3 - 7.5 * 10 3 s 1 up to a strain of 15%.
The associated Joule heating due to application of electric
current increases the temperature of the sample. The temperature change during the electrically assisted deformation was
continuously measured using a Texense IFbN-1200 Infrared (IR)
fiber optical non-contact temperature sensor. The response
time of this sensor was less than 5 ms and the sensor could
measure a temperature range of 0e1200  C. Initially, the temperature evolution in selected samples were measured using
both IR sensor and a K-type thermocouple to calibrate the IR
sensor. Since the size of the selected specimens were very
small, welding of the thermocouple on the specimen was not
considered. Instead, the thermocouple wires were tightly
wrapped around the specimen as shown in Fig. 1, so that they
do not loose contact during the deformation. The thermocouple
wires were connected to the NI PXIe-1071 Data Acquisition
(DAQ) System, which records the temperature variation at a
frequent of 2 Hz. Non-contact type IR sensor was placed near
the specimen such that specimen and the sensor fall in a
straight line horizontally (Fig. 1). The fiber optical sensor was
connected to the NI Data Acquisition system to record the
temperature change throughout the deformation process.
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Uniaxial high-temperature isothermal tests were performed using Instron universal testing machine (UTM-5948).
All the four materials were tested at temperatures 100  C and
200  C, at a constant strain rate of 7.5 * 10 3 s 1. The samples
along with the gripper were preheated and soaked at test
temperature for 30 min before the test. The inbuilt load cell
and extensometer were used to record the force and
displacement, respectively during the test.
The interaction between the substructure and applied
current were studied by diffraction experiments. X-ray
diffraction analysis on samples deformed with and without
the application of electric current was performed using Cu-Ka
radiation in a Bruker AXS D8 Discover X-ray diffractometer.
The correction in the instrumental broadening was done
using a suitable aluminium standard.
It should be noted that the sample preparation process
including the edge polishing influences the surface roughness
of the sample. The edge quality can influence the accuracy of
the measured physical quantity. While the effect on tensile
strength is found [64] to be within acceptable limits, its effect
on electric charge storage is not investigated. The local charge
density can affect the skin effect, which is generally negligible.
The local variation in electric charge density can influence the
crack initiation mechanism [65]. Understanding the role of
sample preparation or the effect of testing machine [66],
though important is beyond the scope of the present work. If
such effects are significant, hybrid microstructure based
models has to be incorporated [67] to account for the electrical
effect.

3.

Results

The solution treatment ensures homogeneity in chemical
composition and complete dissolution of precipitates as
compared to the as-cast material. In general, the strength (s)
due to different strengthening mechanisms can be linearly
superposed as [68].
s ¼ sr þ sGB þ sa þ sg þ ::::

(1)

where, the subscript ‘r’, ‘GB’, ‘a’ and ‘g’ refers to dislocation
density, grain boundary, solutes and precipitates respectively.
The initial strength in STA is primarily due to resistance
offered by grain boundary and dislocation pinning [69] by solute atoms. The STA sample exhibits significant work hardening with deformation due to dislocation multiplication.
Increase in dislocation density during cryorolling led to higher
initial strength of the ‘CW’ sample. The rate of work hardening
in CW is however less than that of STA, evident from the slope
of stressestrain curve (Fig. 3a).
The dispersion of SiC nano-particles in NC sample provides
resistance to dislocation motion and thereby increases the
strength compared to solutionized4 samples [70]. The strain

4

The solutionized here does not refer to the aged (STA) samples. As indicated in section 2 solutionized samples were aged in
the present study. The aged solution treated (STA) samples are
found to be stronger than (Fig. 3a and b) nano-composites (NC)
due to the difference in ageing kinetics, which is beyond the
scope of present investigation.
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Fig. 3 e Engineering stressestrain behaviour in uniaxial
compression is plotted up to 15% of engineering strain for
all four microstructural conditions in AA 6063.
Stressestrain behaviour of solutionized condition in base
alloy as well as its composite is shown in black. Whereas,
stressestrain behaviour of cold worked condition in base
alloy and its composites is represented by gray line.
gradient due to differential coefficients of thermal expansion
(CTE) of SiC and AA 6063 during solution treatment and ageing
leads to increase in geometrically necessary dislocation
(GND). These GNDs are inversely proportional to the size of
SiC particles [70]. Therefore the strengthening in NC sample is
due to the combined effect of grain boundary strengthening
and dislocation strengthening. The Orowan mechanism of
dislocation looping around SiC particles due to cold working,
in addition to other mechanisms including ultrafine
grain structure contributes to higher strength in NC þ CW
samples [70].
All the mechanical tests (with and without external current)
were conducted up to 15% of engineering strain to avoid potential shear fracture. The initial yield strength of STA sample
is approximately 95 MPa. Noticeable increase in yield strength
is observed in CW condition, as demonstrated in Fig. 3a. Similar
observations are recorded in case of NC and NC þ CW as shown

in Fig. 3b. The increased strength and reduced work hardening
in the cold worked state (both CW and NC þ CW) are in accordance with the expected mechanical behaviour where the
large plastic strain and suppressed dynamic recovery has led to
significant increase in dislocation density.
The flow stress decreased in all the cases when the deformation proceeded in the presence of electric current
(Fig. 4aed). The reduction in flow stress is due to the superposition of electroplastic and thermal (Joule heating) effect. In
STA, the observed stress drop gradually increased and saturated with strain. The stress drop is higher in the case of NC
with respect to STA. The stress drop in the cold worked condition (CW) is much higher than that of the STA whereas
NC þ CW is in the similar order of NC. The results comparing
the flow stress curve of with and without current-assisted
AA6063 specimens are shown in Fig. 4aed respectively. It is
interesting to note that the drop in flow stress (Ds) due to
electrical assisted deformation is strongly influenced by the
initial microstructure. While the flow stress difference
increased with strain in STA and NC, reverse trend is noted in
CW and NC þ CW samples.
The baseline (without external current) and EA tests are
conducted at three different strain rates. From the results, it is
evident that the baseline tests showed negligible strain rate
dependence, whereas EA tests depend strongly on strain rate.
The flow stress difference between EA test and monotonic test
(Ds) vs true plastic strain (εp) in STA samples is plotted for
different strain rates in Fig. 5. It is observed that the electroplastic effect is strongly dependent on both strain and strain
rate. Similar strain rate dependence is observed in other material samples too. These results in Fig. 5 however includes the
thermal effect on the flow stress due to Joule heating. The
temperature history during EA test is recorded to decouple the
Joule heat effect from the experiments. As mentioned in the
previous section, IR optical sensor is used for temperature
measurement. In selected cases, temperature during EA test is
measured simultaneously using both IR sensor and thermocouple. Representative results comparing the outcome of IR
sensor and thermocouple plotted in Fig. 6. Very good correlation exists between the IR sensor and thermocouple, as
shown in Fig. 6 and other similar tests performed using
different material condition. The temperature data obtained
using IR sensor in all the cases is used for further analysis. The
diffraction pattern obtained from XRD analysis after correction for instrument broadening using a suitable aluminum
standard is shown in Fig. 7. The XRD pattern before and after
plastic deformation is indicated. The effect of electrical
assisted deformation on the diffraction pattern is superposed
on the same image.

4.

Discussion

The material softening due to electrical effect summarized in
previous section indicates that the flow stress reduction is
strain dependent. The flow stress drop (Ds) in STA and NC
samples increased with strain. However reverse trend is
observed (Fig. 4aed) in both the cold worked conditions. The
effect of electricity seems to diminish with increasing strain
rate irrespective of the microstructure. The effect of electric
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Fig. 4 e Engineering stressestrain behaviour of monotonic and electric assisted compression is compared up to 15% of
engineering strain in following order of four microstructural condition of AA6063 specimens (a) STA, (b) CW, (c) NC and (d)
NC þ CW. Flow stress curves of without current condition are shown in gray whereas with current condition are
represented by black lines.

current on flow stress reduction is maximum in case of least
strain rate following the trend reported in literature [39,71].
Although, Figs. 4aed and 5 are indicative of reduction in
flow stress during EA compression, the softening cannot be
purely attributed to electrical effect. The net reduction in flow
stress is due to superposition of (a) Electron-dislocation
interaction (b) Thermal effect and (c) Pinch effect. Since
direct current is utilized for electrical assisted deformation,
the skin effect can be ignored. The pinch pressure P due to
flow of current can be calculated as [12,13]:
1 
P ¼ mJ2 r20
4


r2

(2)

where, m represents the magnetic permeability of the material, J is the applied current density, r0 and r refer to the radius
of the sample and distance from the center of the sample,
respectively. This pinch pressure reduces the effective stress
during deformation. The decrease in stress due to pinch effect
(D spinch) is given by [13].
Dspinch ¼ 2nP
where, n is the Poisson’s ratio.

(3)

Assuming m ¼ 12.57*10 7 N A 2 [72], the maximum pinch
pressure (at the center of the sample, r ¼ 0) is estimated (eq.
(2)) to be 1.2*10 4 MPa. The corresponding stress drop from eq.
(3) is 7.8*10 5 MPa, which is negligible when compared to the
total stress drop.
Therefore, the observed flow stress softening is primarily
due to electroplastic and thermal effect. The thermal effect
here refers to the temperature rise due to Joule heating, that
can be quantified as
DT ¼

hI2 Rt
mCp

(4)

where, t is the time over which external current I is applied, R,
m and Cp respectively refers to electrical resistance, mass and
heat capacity of the material. The efficiency h accounts for
the ratio of the input electric power that is converted to heat.
The remaining energy (1 h)I2Rt contributes to electroplastic
deformation and/or heat loss to environment.
The temperature dependent flow stress decreases with
increase in temperature due to Joule heating. Unlike the
electropulsing experiments, the thermal expansion due to
temperature gradient during pulsing need not be considered
in the present experiment with continuous current.
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4.1.

Fig. 5 e Flow stress difference between monotonic and
electric assisted compression tests is plotted with true
plastic strain at three different strain rates for STA
samples. The stress difference for strain rates of 2.5 * 10¡3,
5 * 10¡3 and 7.5 * 10¡3 s¡1 are represented by solid, dashed
dot and dashed lines respectively. Flow stress difference
(Ds) is calculated as, Ds ¼ Dsmonotonic ¡ Dselectrically assisted.

Decoupling the contribution of Joule heat effect from the
electric assisted experiments is an essential and challenging
task in the estimation of electroplastic effect [42].
In the present work, we have attempted to decouple the
Joule heating effect by directly measuring the temperature
history of the specimens during EA tests.

Decoupling thermal effect and electroplastic effect

The temperature variation recorded using the IR sensor during
electric assisted test is shown in Fig. 8aed. In general, the
temperature drop over a given time interval increases with
strain rate. The trend of temperature variation is similar in all
the four microstructure, where peak temperature is reached
within the first few seconds followed by gradual decrease. The
decrease in temperature is due to the heat loss to the
environment.
In most of the earlier work [42,43,73,74], the electrical
current pulses are applied for very short duration. Assuming
adiabatic heat transfer during short duration pulsing, the
temperature increase can be estimated from eq. (4). The increase in cross sectional area of the specimen during
compression decreases the electrical resistance. On contrary,
the resistance increases with temperature [75,76].
When applying constant amplitude direct current such
as in the present work, the temperature profile during
deformation is complex due to the heat transfer and
other temperature dependent material parameters such
as electrical resistance and thermal conductivity. In general, the electrical resistance increases with temperature
and decreases with the cross sectional area. The cross
sectional area increases during compression test leading
to drop in electrical resistance (Fig. 9aed). Under adiabatic
condition (ignoring heat transfer to environment), the
temperature rises with time leading to increased electrical
resistance. Simultaneous transient heat transfer further
complicates the temperature history. For instance, if the
temperature dependence of electrical resistance is
ignored, then the temperature drop with strain (Fig. 9aed)
would be inversely proportional to the strain rate. However, such trend is not observed (Fig. 9aed) for the above
mentioned reasons. Therefore, direct measurement of
temperature during electrical assisted experiments
(Fig. 8aed) is used to model the contribution of Joule
heating. A less significant yet important aspect is the
microstructure dependence of h in eq. (4). Additional experiments are required to correlate h with different material and microstructure.
Isothermal uniaxial tests are performed to estimate the
temperature dependent flow stress during deformation and
the results are shown in Fig. 10aed. As expected, the flow
stress decreases with increase in temperature. The temperature dependent flow stress during electroplastic deformation at a given strain and strain rate can be calculated
by linear interpolation of isothermal stressestrain curve
using eq. (5).
sT;ε ¼ sT1 þ

Fig. 6 e Temperature history during electrical assisted
deformation in STA sample indicates good correlation
between IR sensor and thermocouple. Temperature
measured using IR sensor and thermocouple is
represented by gray solid line and black dashed line
respectively.


sT2
T2


sT1
ðT
T1 ε

T1 Þ; T1 < T < T2 ;

(5)

where, sT,ε is the temperature dependent flow stress interpolated between experimental values at the given strain (ε). T2
and T1 are the closest temperature limits.
The contribution of Joule heating during electrical assisted
deformation for a given ε_ can be calculated from eq. (5) as
DsT jε;_ε ¼ ½sroom sT ε;_ε . The flow stress reduction due to electroplasticity (Dsep) is given as
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Fig. 7 e XRD patterns of base material conditions and deformed conditions (with and without current) are presented in
following order (a) STA, (b) CW, (c) NC and (d) NC þ CW. Blue colour line represents the XRD pattern of base material
condition. XRD patterns of deformed condition with and without assistance of current are denoted by red and green colour
lines respectively.
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Fig. 8 e Temperature measurement during electric assisted compression tests at different strain rates is plotted with time
for material conditions (a) STA, (b) CW, (c) NC and (d) NC þ CW. Temperatures at strain rates of 2.5 * 10¡3, 5 * 10¡3 and 7.5 *
10¡3 s¡1 are represented by solid, dashed dot and dashed lines respectively.

Dsep ¼ Ds exp

DsT ;

(6)

where, Dsexp represents the flow stress difference between
experimental monotonic and electric assisted test and DsT
denotes the contribution of Joule heating in total stress drop
observed.
The room temperature stressestrain curve with and
without electrical assistance is re-plotted in true stress-true
plastic strain coordinates. The results for all the four microstructures are plotted at a strain rate of 7.5 * 10 3 s 1 for
representation purpose in Fig. 11aed. The effect of varying
strain rate over the electroplastic effect (Dsep) is considered
separately. In Fig. 11aed, the intermediate curve indicates the
effect of Joule heating. The difference between the Joule
heating and experimental data quantifies the role of electroplasticity mechanisms.

4.2.

Modelling electroplastic effect

A dislocation density based constitutive model proposed by
Hariharan et al. [59,77] is used to fit the experimental results. The present model is a generalization of classical
Kocks-Mecking-Estrin model [78], according to which flow

stress is modelled as a function of average dislocation
density, r.
0 1m1
pﬃﬃﬃ ε_
s ¼ MaGb r@ A
ε_ 0

(7)

where, M is the Taylor factor, G is the shear modulus (MPa), b
is the Burger’s vector (mm) and 1/m is the strain rate exponent. ε_ 0 and a are fitting constants. The variation of microstructural parameter r with ε is given by,
 pﬃﬃﬃ
dr
¼ M K1 r
dε


K2 r

(8)

where, K1 and K2 are coefficients of stage-II and stage III strain
hardening.
Since dynamic recovery in metals during state III hardening is rate dependent, the coefficient K2 can be modelled
[78],
0 1 n1
ε_
(9)
K2 ¼ K20 @ A
ε_ 0
where, K20 and n are material constants and the exponent n is
temperature dependent.
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Fig. 9 e Recorded temperatures at different strain rates during electric assisted compression tests are plotted with strain for
different material conditions (a) STA, (b) CW, (c) NC and (d) NC þ CW. Temperatures at strain rates of 2.5 * 10¡3, 5 * 10¡3 and
7.5 * 10¡3 s¡1 are represented by solid, dashed dot and dashed lines respectively.
The material constant a in eq. (7) depends upon the fraction of obstacles, which usually decrease with increase in
temperature due to thermal vibrations. Previous works [79,80]
have successfully demonstrated the temperature and strain
rate dependency of a. In addition to a, parameters such as m
and ε_ 0 in eq. (7) are also dependent on temperature and strain
rate. Similarly, at low temperatures (typically T < 0.5Tm), n in
eq. (9) is temperature dependent. Following Conrad [38], the
electroplastic effect influences the plastic strain rate and
hence the above mentioned parameters should vary with ‘J’
under the application of electric current.
An explicit mathematical relation is not established for the
above said parameters. Hariharan et al. [59,77] treated m and
ε_ 0 in eq. (7) as invariant and modelled rate effect in a and n as
a ¼ a0 b1 ε_ b2 Tb3 þ
n ¼ b6 Tb7 þ

b8 b9
J
b6

b4 b5
J
b1

variation of K2 and a with temperature and strain rate is used
to calibrate the material constants, b1, b2, b3, b6, b7 using eqns.
(10) and (11). The temperature decoupled electroplastic data is
used to estimate the remaining constants (b4, b5, b8, b9).
The material constants thus obtained for each microstructural condition is tabulated in Table 3. The resulting
stressestrain curve from the model (Fig. 11aed) is in good
agreement with the experimental observations in each
microstructural condition. It is to be emphasized that the
above model accounted the electroplastic effect in thermal
and athermal component of flow stress through n and a
respectively. As mentioned earlier, the above frame work is
generic and can be applied to describe any electroplastic
mechanism that assumes the influence of electric current on
both the thermal and athermal flow stress components.

(10)

4.3.
(11)

where, a0, b1 to b9 are material constants. The constants b4, b5,
b8 and b9 are used to describe the electroplastic effect for a
current density ‘J’.
Choosing the room temperature monotonic stress strain
curve as reference, the parameters of dislocation density
model is obtained by least square error minimization. The

Effect of strain on electroplastic effect

The electroplastic stress reduction (Dsep) generally increases
with the strain in all the four microstructural conditions
(Fig. 12aed) due to its influence on dislocation behaviour.
A part of the dislocation density is mobile and contributes
to thermal component of flow stress. The remaining forest
dislocations that are athermal in nature increases the internal
stress. It has been established [12,38] that the flow of electric
current influences both the thermal (f J) and athermal (f J2)
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Fig. 10 e Engineering stressestrain curve at isothermal condition. High temperature stress strain behaviour of four
microstructural conditions (a) STA, (b) CW, (c) NC and (d) NC þ CW is plotted. Stress strain curve at 100  C and 200  C is
denoted by gray and black lines respectively.

components [12]. The application of electric current complements the externally applied force to increase the velocity of
dislocations thereby decreasing the thermal stress required to
continue plastic deformation. As a consequence, the mobile
dislocation density decreases by annihilation [81,82] and increases the average mean free path for dislocation motion.
With strain the mobile dislocation density increases due to
strain hardening leading to increased Dsep. In fact, the variation of Dsep with strain can be correlated directly with the
strain hardening exponent of the material.
It has been shown [77] that the electroplastic effect in aged
Al alloys is purely due to dislocation interaction where the
inter-precipitate distance remain unaffected. Dsep in CW is
comparatively higher than that of STA, which is consistent
with the results reported in the literature [83]. At εp ¼ 0, Dsep in
CW is almost double the value of STA at 2.5 * 10 3 s 1 strain
rate. Severe cold working, as in the present case of CW, results
in high density of forest dislocations. Both the thermal and
athermal contribution of electroplasticity contributes to
enhanced stress drop in CW. The cold rolling increases the
misorientation of sub grains. Huang et al. [84] recently showed
that the electron wind effect is pronounced in microstructure

with high misorientations, which can possibly explain the
observed results.
In the case of NC samples, the dispersion of SiC particles
retards the dislocation motion, which affects the annihilation
due to electric current. The activation energy, upon which the
thermal component of flow stress depends, is lesser in NC
compared to STA [85]. Therefore the rate of change of Dsep
with strain in NC sample is lesser than that of STA samples.
The influence of SiC is significant in cold worked state
(NC þ CW) as observed in Fig. 13aec. It may be observed that,
unlike STA and CW, Dsep did not increase with dislocations in
NC þ CW samples. The stress drop in NC þ CW with strain is
similar or slightly less than that of NC Samples. Thus it may be
inferred that the dispersion of nano-particles has a stronger
influence on the suppression of electroplastic effect overcoming the contribution of dislocation density due to cold
working.
It may be observed (Fig. 12ced) that stress drop (Dsep)
decreased slightly with strain while deforming NC and
NC þ CW samples at strain rate of 7.5 * 10 3 s 1. The reduction
of electroplastic effect is however apparent and is due to the
change in effective current density with strain. As mentioned
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Fig. 11 e True stress-true plastic strain response of monotonic, electric assisted and Joule heating effect for the material
conditions (a)STA, (b)CW, (c)NC and (d)NC þ CW. Experimental data is shown in dashed lines and the modelled curves are
denoted by solid lines.

earlier, the cross-sectional area of the specimen increases
with strain during uniaxial compression. In the present work,
the applied electric current is maintained constant and hence
the current density decreases with strain. The change in
instantaneous current density with the increment of strain is
shown in Table 4. Experimentally electroplastic effect is
observed only when the applied current density is above a
critical threshold value, which is z 10 A mm 2 for Al-alloys
[39,86,87]. It is to be noted (Table 4) that the applied current
density is above the threshold value even at maximum engineering strain of 0.15.
However, in all the other cases, stronger electroplastic effect leads to increase of Dsep with strain albeit the continuous
decrease of ‘J’.

4.4.

Strain rate dependence

The rate dependent electroplastic effect is analysed by plotting Dsep for different strain rate (Fig. 12aed). It is observed
that irrespective of the microstructure, for a given εp, Dsep
decreased with increasing strain rate. Similar trend of
diminishing effect of electricity with increasing strain rate is
reported in previous literature [39]. The importance of
decoupling the thermal effect from the experimental data
may be appreciated when analysing the strain rate effect on
electroplasticity. At lower strain rate, the total electrical energy input (eq. (4)) is more due to longer time interval. As a
result, the thermal softening due to Joule heating will be significant at lower strain rate. Considering plastic deformation
as thermally activated flow, the strain rate can be represented
as, ε_ ¼ ε_ 0 exp

Q
kT

where, ε_ 0 is the pre-exponential constant, Q,

k and T are activation energy, Boltzmann constant and temperature respectively. The temperature and rate effect can be
coupled using the widely used Zener-Hollomon parameter,5
Z ¼ ε_ exp

Q
RT

with which the rate dependent flow stress is

described as s ¼ f(Z). The activation energy ‘Q’ in ‘Z’ can be
additively superposed as,
ðQÞ ¼ ðQÞT þ ðQÞε_

(12)

where, (Q)T and ðQÞε_ represents the contribution from temperature and strain rate towards activation energy
respectively.
Physically, the strain rate dependence on electroplastic
effect is attributed to the modification of thermal component
of flow stress that overcome the short-range obstacles [77].
The thermal component assists dislocation motion to overcome the activation barrier. In the absence of external current,
the activation barrier can be overcome either by increasing
the temperature or strain rate, both of which contributes to
increase in dislocation energy to jump the activation barrier.
Unlike temperature, the increase in strain rate is achieved
mechanically and hence flow stress (and ‘Z’) increases with
strain rate under isothermal condition. On contrary, increase
in temperature decreases the mechanical stress (and ‘Z’)
required. The experimental observations on the reduction of
Young’s modulus [88] and flow stress [89] due to application of
external current is similar to the temperature effect. The

5
Since the gas constant R ¼ Nk, where, N is the Avogadro
number, both R and k can be interchangeably used to describe the
rate equation.
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Table 3 e Modelling parameters of STA, CW, NC and NC þ CW microstructures in AA 6063 alloy.
Notation

M

a0

G (MPa)

b (mm)

STA
CW
NC
NC þ CW

3.5
3.5
3.5
3.5

0.055
0.078
0.067
0.010

27,000
27,000
27,000
27,000

2.86
2.86
2.86
2.86

Notation

1/m

1

K20
32
15
51
25

b1

b2

b3

7.5  10
8.5  107
1.25  106
3.0  107

1.0
1.0
1.0
1.0

0.05
0.33
0.96
0.22

2

ε_ 0 (s )

r0 (mm )
7

5

10
10
10
10

7
7
7
7

STA
CW
NC
NC þ CW

0.82
0.85
1.05
1.07

1.5 
1.5 
1.5 
1.5 

Notation

b4

b5

b6

b7

b8

b9

0.01
0.06
0.125
0.02

0.27
0.27
0.19
0.31

0.45
0.35
0.52
0.28

0.35
0.43
0.16
0.05

0.44
0.56
0.12
0.15

STA
CW
NC
NC þ CW

0.0052
0.0005
0.0002
0.0005

10
10
10
10

K1
10240
20000
18000
15500






7
7
7

electroplastic effect can be modelled [59] by accounting its
contribution to activation energy as
ðQÞ ¼ ðQÞT þ ðQÞε_ þ ðQÞJ

(13)

where, J represent the current density. From eq. (12), it may be
inferred that at high strain rates, flow stress reduction due to
temperature change (DT) is relatively less. Extending the

0.76
0.89
0.54
1

above argument, under isothermal condition Dsep should
decrease with increase in strain rate, as shown in Fig. 12aed.
Liu et al. [90] made similar inference that Dsep is inversely
proportional to ‘Z’. Following the above discussed trend, Dsep
is lesser at higher ε_ in all the microstructure (Fig. 13aec).
Although Dsep in cold worked sample is higher, it is less sensitive to ε_ when compared to solution treated samples.

Fig. 12 e Stress reductions due to electroplasticity at different strain rates for microstructural conditions of (a) STA, (b) CW, (c)
NC and (d) NC þ CW. Stress reductions calculated at strain rates of 2.5 * 10¡3, 5 * 10¡3 and 7.5 * 10¡3 s¡1 are represented by
solid, dashed dot and dashed lines respectively.
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Fig. 13 e Stress drop due to electroplastic effect in four microstructural conditions of STA, CW, NC and NC þ CW at strain
rates of (a) 2.5 * 10¡3, (b) 5 * 10¡3 and (c) 7.5 * 10¡3 s¡1.
However, in the case of NC samples, the cold working did not
affect the sensitivity with strain rate.

4.5.

X-ray diffraction analysis

The deformed samples (with and without current) are subjected to X-ray diffraction analysis and the resulting peaks
obtained are fit using Pseudo-Voigt function. The Voigt function is a convolution of Gaussian and Lorentzian functions. It
is often [91e93] used as a peak profile where neither a pure
Gaussian or Lorentzian function appropriately describe a peak
for the data. Instead of convoluting those two functions, the
Pseudo-Voigt function is defined as the sum of a Gaussian Gn
and a Lorentzian components Ln, weighted by a parameter
(mn), which shifts the profile more towards pure Gaussian or
pure Lorentzian, as applicable. The minimization function in
the fitting program [94,95] is given as:
X

I

(

I0 þ

X
An ½mn Ln þ ð1
n

mn ÞGn 

)!

(14)

Lorentzian function Ln and Gaussian function Gn are given
in eq. 15

Ln ¼

1
1þ


Gn ¼ exp

xi

xnc

2

wn
0:5

(15)
xi

xnc
wn

2

where, I0 is the background intensity, I is the recorded intensity of xi th peak, m is the Lorentz fraction, An is the amplitude of nth peak, xc is the coordinate position of centre of the
peak and wn is the width of nth peak. Ln represents the
contribution of dislocation density in the peak and Gn represents internal stress profile.
Lorentzian contribution is used to compare the dislocation
density with and without assistance of current. The results for
all four microstructural conditions are tabulated in Table 5. As
evident from the results, Lorentzian function increases due to
the presence of higher dislocations in cold worked state (CW
and NC þ CW conditions). In case of EA tests, Lorentzian
function has decreased, indicating the reduction of dislocation density due to the annihilation of dislocations in presence
of electric current.
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Table 4 e Change in instantaneous current density with increasing strain.
Engg.
strain

Instantaneous
diameter (mm)

Instantaneous
area
(mm2)

Instantaneous
current
density
(A mm 2)

2
2.11
2.17

3.14
3.49
3.70

19.45
17.51
16.52

0
0.1
0.15

Lorentzian contributions representing dislocation density
for different microstructures with and without assistance of
current are compared in Fig. 14.
The reduction in dislocation density evident from Fig. 14
confirms the dislocation annihilation under the influence of
moving electrons as discussed in the earlier sections.
Although, the reduction in Lorentzian contribution is consistent in all the four microstructural condition, the magnitude
of reduction in case of NC is less compared to other conditions. As discussed in section 4.1, this indicates that the role of
nano-particles in pinning the dislocations and thus reducing
the dislocation annihilation. In NC þ CW, the effect of cold
working is apparent with reduction in Lorentzian contribution
being higher than the NC condition.

Electron wind effect is the earliest theory proposed to
explain the electroplastic effect. According to the theory, the
momentum transfer between moving electrons and dislocations contributes to increment in thermal stress, and is proportional to the applied current density (s*ew fJ); where the
subscript ‘ew’ refers to electron wind. s*ew augments the
thermal stress in the expression for activation energy as
DG ¼ DG0

Discussion on contributing mechanisms

Among the various mechanisms [55] proposed, Joule heating,
electron wind effect and depinning of dislocations due to current induced magnetic field are widely used [53]. Based on the
literature (section 1) and results after decoupling the thermal
effects in section 4.1, it is clear that the observed electroplastic
effect cannot be explained completely by Joule heating. Localized resistive heating or heterogeneous Joule heating [74,96] is
often used to explain electroplasticity in metals. The theory can
successfully explain the observation of localized grain boundary
melting and increased electroplastic effect in fine grained materials [33]. Accordingly, the presence of grain boundaries,
dislocation pile up and other obstacles can enhance the electroplastic effect due to heterogeneous electrical resistance. In
the present work, the STA and CW samples showed significant
electroplastic effect when compared to NC and NC þ CW. The
heterogeneity of electrical resistance however increases with
the nano-particles. Therefore it is inferred that heterogeneous
Joule heating is not the governing mechanism for the observed
electroplastic effect in the investigated alloys.

Table 5 e Lorentzian function of deformed samples (with
and without assistance of electrical current) in STA, CW,
NC and NC þ CW microstructural condition.
Microstructural
condition

STA
CW
NC
NC þ CW

Ln
contribution

Ln contribution

(With current)

(Without
current)

0.079
0.088
0.101
0.102

± 0.012
± 0.012
± 0.018
± 0.018

0.091 ±
0.102 ±
0.109 ±
0.117 ±

0.011
0.015
0.010
0.020


s* þ s*ew V*

(16)

where, DG is the activation energy assuming small changes in
the thermal stress, s* and V* are thermal component of flow
stress and activation volume respectively.
Since ε_ for thermally activated deformation is given as, ε_ ¼
ε_ 0 exp

4.6.



Q
kT

, change in DG due to s*ew in eq. (16) leads to local

increment in strain rate. Conrad [38] phenomenologically
modelled the change in strain rate as
ð_εÞJ
J
¼
Jc
ð_εÞJ¼0

l

(17)

where, Jc is the threshold current density and l a fitting
constant.
If other factors in ε_ remain unaffected by J, Dsep
would be equal to s*ew . With increase in strain, V*
decreases due to strain hardening. This results in
reduction of Dsep (from eq. (16)), contradictory to that
reported in literature [28,59,71] and the results presented in section 4.3. It is shown [46] that factors
including ε_ 0, V* and DG0 has a strong influence on the
electroplastic deformation that can explain the observed
results. The mobile dislocation density increases with
strain [97]. As pointed out in [59], the stress drop due
to annihilation is proportional to the mobile dislocation
density and contributes to increased Dsep with strain.
The higher Dsep in CW sample when compared to STA
can be explained following similar argument that the
increased dislocation density in CW samples increases
the mobility of dislocations and HAGs. The SiC particles
in NC and NC þ CW act as barriers against dislocation
annihilation and hence the stress drop due to electroplasticity is less than STA and CW respectively. Unlike
CW, NC þ CW does not show significant increase in
Dsep when compared to NC samples. In fact, the electroplastic effect in NC þ CW at higher strain is often
less than NC. It is presumed that the rolling of NC
samples deforms and redistributes the SiC particles,
which reduces the effectiveness of the obstacles. This
is corroborated by the fact that the change in Lorentzian component (Fig. 14) with and without current
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Table 6 e Change in stress drop due to electroplasticity (Dsep) and strain hardening exponent (n) as a function of strain and
strain rate in STA, CW, NC and NC þ CW microstructural condition.
Strain rate (s 1)
Microstructural condition

STA
CW
NC
NC þ CW

2.5 * 10

3

5.0 * 10

3

7.5 * 10

3

Dsep

n

Dsep

n

Dsep

n

48.2
31.4
34.7
17.1

321.33
209.33
231.33
114.00

52.3
33.5
26.2
20.2

348.67
223.33
174.67
134.67

52.1
29.4
0.73
10.2

347.33
196.00
4.87
68.00

Fig. 14 e Comparison of Lorentzian contribution of
deformed samples with and without assistance of current
in STA, CW, NC and NC þ CW microstructural conditions.
Error in the calculation of Lorentzian contribution is
denoted by the respective error bars in the figure.

in NC sample is less than that of NC þ CW. The rate
of change of Dsep with strain depends upon the strain
hardening rate as it correlates with the rate at
which mobile dislocations are generated. In the present
work, the rate of change of Dsep with strain at a
strain rate of 2.5 * 10 3 s 1 is in the order of STA >
NC > CW > NC þ CW (Table 6).
The above trend is not observed at higher strain rates; rate
of change of Dsep with strain in NC decreases rapidly with
increase in strain rate (5 * 10 3 s 1 and 7.5 * 10 3 s 1). Therefore, mechanisms other than electron wind control the electroplastic deformation.
Molotskii and Fleurov [52] proposed that the electroplastic deformation is due to the current induced magnetic field causing depinning of dislocations from the
obstacles. One of the main objections for the electron
wind theory is the overestimation of the ratio Dsew/J
when compared to experiments. However as clarified by
Conrad [38], the magnetic effect could be one of the
contributing factors of the strong dependence of ‘J’ on
the pre-exponential ε90. Recently, Andre et al. [98] using
nano-indentation and Lahiri et al. [53] using crystal

plasticity simulations showed that the depinning of
dislocation at obstacles is the main contributor than the
thermal effects. The magnetic effect of depinning successfully explains the weak polarity dependence of
electroplasticity [52]. Since the forest dislocations are
paramagnetic [99] in nature, the increased electroplastic
effect with strain observed in all the microstructure can
be successfully explained using the theory. The high Dsep
in CW compared to STA is also in agreement with the
theory. The electroplastic effect in NC is always less
than that of STA. Although the presence of SiC particles
increases the obstacles of dislocations, unlike forest
dislocation, SiC particles are not paramagnetic [100].
Therefore, the SiC particles does not facilitate depinning,
but rather arrests the depinned dislocations by magnetic
field effect on forest dislocations. The above argument
can be extended to explain the relatively lower rate of
change of Dsep in NC against STA as well. The role of NC
in NC þ CW is complex, considering the possible
changes induced by cold rolling. The difference between
NC and NC þ CW is rather less than that of STA and
CW, which suggests the strong role of SiC particles in
both NC and NC þ CW samples.
The electroplastic behaviour of all the samples investigated can be qualitatively explained by combining electron wind effect for thermal component of flow stress and
magnetic depinning for the pre-exponential factor.
Although the exact role and mode of interaction of electron flow with dislocations and other obstacles warrant
further studies [55], the present work offers sufficient inputs for phenomenological modelling of electroplastic effect in the investigated materials with different
microstructure.

5.

Conclusions

Compressive deformation with and without the application of electric current is performed on AA 6063 samples
with different microstructures. The application of electric
current is found to produce significant changes in the
flow behaviour of the samples in each microstructural
condition. The Joule heating effect is decoupled from the
experimental results by interpolating the flow stress obtained from isothermal compression tests at different
temperature. The observations can be summarized as
follows:
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1. Stress drop is observed in all the cases when the
deformation took place in the presence of electric current. It is also observed that the drop in flow stress
due to electric assisted deformation is strongly related
to the initial microstructure of the material. The presence of SiC in nano composites suppressed the
electronedislocation interaction in both solutionized
and cryorolled condition.
2. Decoupling the Joule heating effect during the application
of constant amplitude current is complex due to the temperature dependence of electrical resistance and thermal
conductivity. Direct measurements of temperature history
was used to decouple the electrical effect. The results (flow
stress drop) thus obtained is a function of initial microstructure and strain rate and can serve as input for
constitutive modelling.
3. The flow stress reduction exhibited a strong dependence
on strain rate. The inverse relation of the flow stress drop
with the Zener-Hollomon parameter confirms the role of
thermal component in the mechanism.
4. The reduction of Lorentzian component during X-ray
diffraction towards the peak confirms the annihilation of
dislocations during electric assisted deformation. The
role of SiC on reduced electroplastic effect is further
evidenced from the relatively smaller reduction of Lorentzian component in both NC and NC þ CW compared
to STA and CW. The observations support the role of
paramagnetic obstacles in depinning the dislocations for
enhanced plastic deformation. The ferromagnetic obstacles such as SiC in nano composites exhibits a passive
role.
5. Based on the trend of variation of electroplastic effect, it
is concluded that neither heterogeneous Joule heating
nor classical electron wind effect can independently
explain the observations. Therefore, it is concluded that
magnetic depinning of dislocations could be the rate
controlling mechanism of the investigated aluminium
alloys and nano composites, supported by other mechanisms like electron wind effect and heterogeneous
heating.
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