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ABSTRACT

Electroplastic phenomenon has been demonstrated by that the elongation increases remarkably during
deformation under electric current without a significant elevation of temperature due to Joule heating.
Since the 1960s, the electroplasticity has been actively investigated; however, an exact explanation of
the mechanism has been lacking. In this study, the origin of electroplasticity in metallic materials is
elucidated based on first principle calculation, finite element simulation and experimental approaches.
First principle calculations on a system that includes a grain boundary, which is the general defect in
polycrystalline metallic materials, show that a charge imbalance near defects weakens drastically atomic
bonding under electric current. The electroplastic behavior could be well reproduced with a small-scale,
microstructure-based finite element simulation, which incorporates an effective temperature near de-
fects under electric current. The effective temperature under electric current reflects the weakening of
atomic bonding due to charge imbalance. In addition, the weakening of atomic bonding was confirmed
by measuring the elastic modulus under electric current, which is inherently related to the atomic bond-
ing strength. It can be said that the mechanical properties under electric current ultimately depend on

the existing defects in metallic materials.

© 2020 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

There is an increasing interest in electrically-assisted manufac-
turing, because the application of electric current during defor-
mation of metallic materials is expected to effectively enlarge the
forming limit. Fracture strain under electric current can be signifi-
cantly increased compared to the conventional uniaxial tensile test
without electric current in variety of metallic materials such as
aluminum alloy [1,2], magnesium alloy [3-5], titanium alloy [6-8],
steel [9,10] and zinc alloy [11] (Fig. 1a-c).

Recently, various studies have reported on the athermal effects
of electric current distinct from Joule heating [2,12-15]. When the
athermal effect of electric current during deformation has promi-
nence over the thermal effect, the effect is called “electroplastic-
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ity”. The electroplasticity is often demonstrated by that the elon-
gation increases drastically during deformation under electric cur-
rent without a significant elevation of temperature due to Joule
heating [1,16-18]. For example, during the electric current-assisted
tension of aluminum 5052-H32 alloy under pulsed electric cur-
rent, the rate of increase in fracture strain was approximately 230%
with reduced flow stress compared to conventional uniaxial ten-
sion (Fig. 1b). In the previous work, microstructural evidences con-
firm that the effect of Joule heating on the observed mechani-
cal behavior was not dominant and that annihilation of disloca-
tion (electrically induced annealing) occurred [2]. Schematic illus-
tration of electroplasticity indicating how electric current influ-
ences the microstructure and mechanical behavior during plastic
deformation is described in Fig. 1d. In addition to the effect on
the mechanical behavior, a kinetic enhancement by electric current
was observed through microstructural changes such as annealing
[2,19-21], aging [1,22-24], dissolution [3,25-27], recrystallization
[28-31], and microstructure healing [32,33] in metallic materials.
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Fig. 1. Electroplastic behavior in various metallic materials. (a) Comparison of fracture strain and ultimate tensile strength (UTS) between conventional uniaxial tensile
test without electric current (hollow symbol) and electric current-assisted tensile test (filled symbol, EA tension) in aluminum alloy [1,2], magnesium alloy [3-5], titanium
alloy [6-8], steel [9,10] and zinc alloy [11] in literatures. (b) Engineering stress-strain curves of conventional uniaxial tensile test and electric current-assisted tensile test
of aluminum 5052 alloy-H32 (AA5052-H32). A selective electrical condition (electric current density = 110 A/mm?) was applied during plastic deformation with a set of
duration (tq = 0.5 s) and period (t, = 30 s). (c) Rate of increase in fracture stain by applying electric current in uniaxial tensile test shown in Fig. 1a. To calculate the rate of
increase in fracture strain, the difference between fracture strains in conventional uniaxial tensile test and EA tension is divided by the fracture strain in conventional uniaxial
tensile test. (d) Schematic illustration of electroplasticity, indicating how electric current affects the microstructure and mechanical behavior during plastic deformation.

According to Park et al, accelerated recrystallization occurred dur-
ing electropulsing treatment at a temperature 100°C lower than
conventional heat treatment in a furnace, even though the treat-
ment time was similar [28]. These results strongly suggest that
electric current can be utilized as an important process parameter
in the design of new “electro-thermomechanical processing”.

Several studies suggested that a thermal effect caused by Joule
heating alone is sufficient to account for mechanical behavior
changes under electric current [8,34]. They argued that an in-
crease in temperature by Joule heating can activate the dislocation
movement. However, several studies strongly reported the exis-
tence of an athermal effect of electric current. Notably, the changes
in mechanical behavior or microstructure by application of elec-
tric current have been reported even under isothermal conditions
[28,35,36].

Various hypotheses, which include electron wind [16,37], mag-
netic effect [38], and pinch effect [39], have been proposed to
explain the mechanism of athermal effect of electric current. In

the electron wind theory, a high density of electric current may
cause interactions between moving electrons and dislocations. The
range of electric current density in the electron wind theory
[40] is usually 1046 A/mm?2. However, as shown in previous stud-
ies [2,3,28,41,42], the athermal effects of electric current occur
even with electric current densities of 1012 A/mm?, which is 1023
times lower than the electric current densities in electron wind
theory. The electron wind force oeyacting on the dislocation move-
ment can be calculated by the following expression: oew = CenJ,
where Ceyis the electron force coefficient and Jis the electric cur-
rent density [37]. With respect to previous studies of aluminum al-
loys [1,41], the electron wind force acting on the dislocation move-
ment is calculated as 10~4 MPa (Cew = 10~6MPa/(A/mm?2) [37] and
J = 110 A/mm?), which is significantly lower than the Peierls stress
of 1~10 MPa in aluminum [43]. Therefore, the electron wind force
cannot completely explain the athermal effect of electric current
observed in the deformation of aluminum alloys under electric cur-
rent.
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Fig. 2. Preparation of 2D mesh for FE simulation of local joule heating. (a) Inverse pole figure (IPF) map of an aluminum alloy with image quality superimposed and its
corresponding grain boundary map. (b) The resulting mesh from selected areas (Mesh 1, Mesh 2, and Mesh 3, where Mesh 3 is scaled down from Mesh 2).

Magnetic effect has also been considered as the mechanism of
athermal effect of electric current. The magnetic effect theory sug-
gests that a depinning rate of dislocation is affected by the mag-
netic field induced by the electric current [38]. However, the mag-
netic effect theory can explain the electroplasticity only in limited
cases where several assumptions, such as the existence of solute
atoms, particle inclusions, and immobile dislocations, are essential
[38,44].

Additionally, the pinch effect of compression caused by mag-
netic fields has been considered as a possible mechanism of elec-
troplasticity. Pinch stress Aopi,cnis estimated using the following
equation: Adpincy = UpimJ2a®/2, where vpis Poisson’s ratio, (mis
the magnetic permeability, and ais the sample radius [37]. The
value of Aopipepcalculated in previous studies on aluminum alloys
[1,41] is 4379 x 10~ MPa (vp = 0.32, um = 1.256 x 10~°H/mm,
J = 110 A/mm?, and a = 4 mm), which would cause a negligible
effect on the mechanical behavior of aluminum alloys.

As briefly discussed here, the current hypotheses may not pro-
vide clear explanation for the mechanical and microstructural be-
havior of metallic materials under electric current. Therefore, pre-
viously proposed mechanisms of electroplasticity remain contro-
versial. This paper aims to clarify the underlying mechanism of
electroplasticity in metallic materials with the aid of first prin-
ciple calculation, finite element simulation, and experimental ap-
proaches. First, the possibility of the presence of local Joule heat-
ing and charge imbalance around grain boundaries, which are the
general defects in polycrystalline metallic materials, will be inves-
tigated based on microstructure-based finite element (FE) simula-
tion. The effect of charge imbalance on the atomic structure in-
cluding a grain boundary will then be confirmed by first princi-
ple calculation and discussed related to the atomic bonding under
electric current. Also, FE simulation will be conducted to describe
the electroplastic behavior considering the effect of charge imbal-
ance. Finally, the change of atomic bonding strength in electroplas-
ticity will be investigated experimentally by measuring the elastic
modulus under various electric current conditions and the under-
lying mechanism of electroplasticity will be discussed.

2. Modeling

2.1. Preparation of a finite element (FE) model for electrothermal
behavior

To investigate the effect of electric current at grain boundaries,
we conducted a FE simulation of polycrystalline structure. The mi-

crostructure of the aluminum 5052 alloy in Fig. 2a was adopted
to construct a small-scale, microstructure-based model of an ac-
tual polycrystalline structure. An arbitrary region of the EBSD grain
boundary map (80 pm x 140 pm) that contained a sufficient num-
ber of grain boundaries was selected. Three types of geometric
meshes (Mesh 1, Mesh 2, and Mesh 3) were constructed to assume
various grain boundary thicknesses as shown in Fig. 2b. To reduce
the thickness of the grain boundary, Mesh 2 (40 ym x 30 pm) was
selected from Mesh 1 (Fig. 2). The thicknesses of the grain bound-
aries in Mesh 1, Mesh 2, and Mesh 3 were assumed to be 100 nm,
20 nm, and 2 nm, respectively. It was assumed that the difference
between the initial and deformed microstructures with respect to
the shape of the grain is negligible for a microscale local area, such
as 80 pm x 140 pm, or 40 pm x 30 pm.

The characteristics of Mesh 1, Mesh 2 and Mesh 3 are sum-
marized in Table 1. The electrical resistivity of a grain boundary
was considered to be 10 to 1000 times higher than that of the
grain interior. It was assumed that the thermal conductivity of
the grain boundaries increased linearly from 94.85 (W/(meK)) to
122.85 (W/(meK)) in the temperature range of 0-400°C and from
135.5 (W/(meK)) to 175.5 (W/(meK)) within the grain [45]. The
electrical conductivity of the grain interior was also assumed to
have a linear relationship with respect to the temperature, i.e.,
from 21.0438 (x 106, 1/Qem) to 10.6474 (x 105, 1/Qem) in the
temperature range of 0-400°C. The material properties used for
FE simulations are listed in Table 2. The electrical conductivity of
grain boundaries were considered to be 1/10 (Case 1) in this work,
and two additional cases with lower electrical conductivities, 1/100
(Case 2), and 1/1000 (Case 3) of those in the grain interior, are de-
scribed in Supplementary Material for the case study. This varia-
tion of electrical conductivity was set to reflect the change in dislo-
cation density in grain boundary according to plastic deformation.
The applied electric current was set to 110 A/mm? for 0.5 s along
the x and y directions.

2.2. Governing equations for thermal energy generated by electric
current

Joule heating occurs when the energy dissipated by electric cur-
rent is converted into thermal energy. The rate of electric energy
dissipated by electric current, P, can be described as

d¢ 99
P=JE=50% % M
where J,E,p, and ofare the electrical current density, the electrical
field intensity, the electrical potential, and the electrical conduc-
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Table 1
FE mesh information for local joule heat simulation.
Mesh 1 Mesh 2 Mesh 3
Element type DC3DSE
Dimension (um?) 80 x 140 40 x 30 4x3
The number of elements/nodes 772075/616772  693820/554736  693820/554736
Thickness of grain boundary (nm) ~100 ~20 ~2

Table 2

Material parameters of the aluminum alloy used in the FE simulation for local Joule heating. The electrical conductivity of the grain boundaries was considered to be 1/10
(Case 1), 1/100 (Case 2), and 1/1000 (Case 3) of the electrical conductivity of the grain interiors [45-47].

Parameters Electrical conductivity Thermal conductivity Density Specific heat Joule heat
(x108, 1/Q-m) (W/(m-K)) (kg/m3) (x103, J/(kg-K)) fraction
0°C 400°C 0°C 400°C 0°C 400°C
Grain interior 21.043 10.647 135.5 175.5 2.68 0.8718 1.0358 0.83
Grain Case 1 2.1043 1.0647 94.85 122.85 2.412
boundary Case 2 0.21043 0.10647
Case 3 0.02104 0.010647

tivity matrix, respectively. Typically, not all the electrical energy is
converted into heat energy. Thus, by introducing an energy con-
version factor (Joule heat fraction), nv, the internal heat energy
released within the body can be written as nuveP. In this study,
nu = 0.83 was used. From the internal heat generated by electric
current, one can calculate the material time rate of internal energy
using the energy balance equation of

spUdv = rqdS+ frdv (2)
14 S 14

where V is a volume with surface area S, p is the density of ma-
terial, Uis the material time rate of internal energy, q is heat flux
per unit area, and r is heat supplied internally into the body. Fi-
nally, the temperature can be calculated using the specific heat of
the material.

3. Results and discussion
3.1. Charge imbalances along grain boundary under electric current

In the case of electric current-assisted deformation [2,41,42],
the electroplastic effect associated with reduced flow stress and/or
electric current-induced annealing was more clearly observed in
highly deformed states. Microstructural changes under electric cur-
rent [1,3,28,48], such as recrystallization or aging behaviors, were
also more significant when the materials contained many preex-
isting defects. These observations support the hypothesis that the
electroplastic effect is associated with defects in the materials.

Grain boundaries are natural defects seen in polycrystalline
solids. First, we considered the effect of local Joule heating along
a grain boundary under electric current, since the electrical resis-
tivity at a grain boundary is higher than within the grain interior
[49]. Numerical simulations with two electric current directions
were implemented, i.e., from left to right and from bottom to top
(Fig. 3) based on previous section in Modeling. In both directions,
a contour map of the temperatures for all levels of the selected
grain boundary thickness shows no locally heated regions at any
grain boundary. The absence of locally heated regions can be ex-
plained by rapid heat conduction in the extremely short distance
between the grain boundary and the grain interior.

In order to clearly confirm that the temperature gradient does
not occur between the grain interior and grain boundary under
electric current, an FE analysis was additionally performed with
microsecond units (10-% s) and the temperature rise trend was ver-
ified. When the electric current density of 110A/m? was applied to
the Mesh 2, the temperature gradient did not occur (Movie S1).

This result confirms that no temperature gradient occurred due to
rapid heat conduction even at the microscale level. Additional FE
analysis result (Movie S1) is attached as Supplementary Material.
Therefore, local Joule heating at defects does not appear to be a
factor in the mechanism of electroplasticity.

Net charge is conserved by sum of the amount of incoming and
outgoing charges through whole body in metal during the applica-
tion of electric current. However, in local regions such as defects,
which are expected to be have imperfect lattice, electron can be
trapped near defects [50]. According to our FE analysis, although
locally heated areas are not observed in the temperature contour
maps, inhomogeneous electric current densities were observed at
grain boundaries in contour map of electric current density (Fig. 3).
This suggests that charge imbalances can occur at grain boundaries
under electric current. If a charge imbalance exists, it is possible
that the characteristics of atomic bonds near the grain boundaries
could be changed.

3.2. Weakening of bonding strength under electric current

To understand the charging effects on the bonding character-
istics near the grain boundaries, first principle calculation is car-
ried out. The phonon frequency of a defect-related optical vibration
mode is a direct indicator of the bonding strength of correspond-
ing defect cores, since it is determined by the force constant ma-
trix elements only related to the defect cores. The relation between
phonon frequencies and force constants, i.e. bonding strength, can
be explained even in the classical theory of lattice vibrations in
the one-dimensional linear diatomic chain. Let assume two atoms
with mass m and M alternately connected to each other by the
force constant k. Then, the displacements of atoms are described
by the two equations of motion

d?u
m dtz” = —kQup — Upy1 — Up_1) 3)
dzunH
az - —k(2upy1 — Upyp — Upn) (4)

where uy is the displacement of the nt" atom.
By solving the equations of motions, the dispersion relations of
acoustic and vibrational modes in the diatomic chain are given by

w:k(%—l—%)i k[(ranrl\l/I)—W]]/z (5)
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Fig. 3. Distribution of temperature and electric current density in polycrystalline under application of electric current in finite element (FE) analysis. An arbitrary region
in the FE simulation is constructed based on the measured microstructure. The thickness of the grain boundary is assumed to be 100 nm to 2 nm in Mesh 1 to Mesh 3,

respectively. Two directions of electric current are selected as the +x and +y directions.

Here, the frequency of optical phonon mode at the I" point (k = 0)
is

1 1
Wopt = 2/((5 + M) (6)

which indicates that the frequency of the optical mode is pro-
portional to the square root of the force constant k, i.e. bonding
strength. In this study, we have employed first principles calcula-
tions to extract the force constant matrix elements for the realistic
atomic structure. Once the force constants are extracted, the prin-
ciples to calculate the phonon dispersions are basically identical
to the classical theory of lattice vibrations. Therefore, the bonding
strength of defect cores can be estimated by the phonon frequen-
cies of the optical mode localized at the corresponding cores, like
the diatomic chain model.

We also claim that the phonon frequencies of defect-related op-
tical vibrational modes are the most direct physical quantity to
estimate the bonding strength of defect cores. Several other me-
chanical quantities, such as elastic and Young’s modulus, can be
estimated from first principles calculations, but it is impossible to
separate the contribution of the defect cores and the bulk. It is be-
cause, in first principles calculations, the lattice defects are mod-
eled with the periodic supercell which includes the bulk struc-
tures as well as the defect cores (see the supercell model of £=3
grain boundary in Experimental section). However, the phonon fre-
quency of the localized optical vibrational mode is solely deter-
mined by the force constant matrix elements related to the defect
cores. In other words, it is the physical quantity determined by the

grain boundary cores even though the supercell including the bulk
structures is used.

We focused on the optical vibrational mode localized at the
grain boundary because it reflects the bonding characteristics of
the grain boundary cores; the vibrational frequency of this mode
is determined by the bonding strength. Specifically, how the local-
ized vibrational mode is altered when one electron is added to or
removed from the neutral grain boundary has been examined.

Fig. 4a shows the phonon distribution of crystalline aluminum
including the ¥ = 3 coincident site lattice (CSL) boundary. The
Y = 3 CSL boundary was studied as a model case (Fig. 7b), be-
cause it has the shortest periodicity among grain boundaries. The
black, red, and green solid lines in Fig. 4a indicate the phonon dis-
tribution of ¥ = 3 CSL boundary models in the neutral, positively-
charged, and negatively-charged states, respectively. In Fig. 4a, the
vibrational mode appearing from 11 to 12 THz corresponds to the
optical mode localized at the ¥ = 3 CSL boundary, which is con-
firmed by visualizing atomic vibrations in real space (Fig. 4c). Im-
portantly, the frequency of this vibrational mode is reduced by
0.28 THz and 0.23 THz when the X = 3 CSL boundary is negatively
and positively charged, respectively. This is the first evidence that
a charge imbalance alone can weaken the bonding strength of the
grain boundary cores and be a possible origin of electroplasticity.

The bonding strength of grain boundary cores from the fre-
quency of the localized vibrational mode is estimated. Specifically,
it is assumed that the optical vibrational mode is fully localized at
the grain boundary region and that the atoms oscillate with har-
monics. Under these assumptions, the bonding strength of grain
boundary cores could be estimated as being proportional to the



M.-J. Kim, S. Yoon, S. Park et al.

(@) | Crystal with =3 CSL Boundary (c)

= Neutral

= Positively-
charged

— Negatively-
charged

Intensity (a.u.)

1" 12

0 2 4 6 8 10 12 14
Frequency (THz)

(b) | Perfect Crystal

i == Neutral

~ Positively-
charged

= Negatively-
charged

Intensity (a.u.)

0 2 4 6 8 10 12 14
Frequency (THz)

Applied Materials Today 21 (2020) 100874

VOVVVWVOWWOEVWVWOE
VWO0OVWoeoeoovwWoIIVWE
WO0VWWwooeeeoovvwowowe
OVVWVOVOWYWWOEVWVWVVE
VWVOVVWVWVoO0eoOoVWLWOWE
. WO0VWVVWwooeeoovvwowowe
VO0VVWVOPYWWOWOVWOGE
WO00WWwVo0eeo0o0wowoe
WO0OWVWVooeeoeovLLWIHIWWE
OVVVOWWOVWOVWLWE
WVVWVVWoO0PROOEVWOLWOVE
VWOWVweoo0eoeodowowowe
WVOVVWVOWVOoOYWWOoOWLWOVE
0W00W0wVo00eo00VWoLIOVE
WO0VVWVWooeeoovLvwowowe
VO0VWOVOoOWOWOoOVWOVWOVE
0.00 0.06 0.12 0.18 0.24 0.30

Vibration amplitude of each atom (A)

Fig. 4. Phonon distribution of (a) crystalline aluminum with the X = 3 coincident site lattice (CSL) boundary and (b) a perfect aluminum crystal. (c) Real space visualization
of the localized vibrational mode of the ¥ = 3 CSL boundary. The amplitude of each atom in this defect-related vibrational mode is represented using a color scale. The
localized vibrational mode of the X = 3 CSL boundary appears in the range of 11 THz to 12 THz and is denoted by the arrow in Fig. 4a.

square of the frequency of the localized vibrational mode. Accord-
ing to the first-principles calculations, the frequencies of the op-
tical vibrational mode localized at the ¥ = 3 CSL boundary in
the neutral, negatively-charged, and positively-charged states were
11.26 THz, 10.98 THz, and 11.03 THz, respectively. Therefore, the
frequency reductions of the localized vibrational mode correspond
to 4.87% = (11.262-10.982)/11.26%2 x 100% and 4.01% = (11.26%-
11.032)/11.262 x 100% reductions in the bonding strength of grain
boundary cores. Here, note that the reduction in bonding strength
could be substantial even though the frequency reduction of the
defect-related vibration mode is relatively small.

Other vibrational modes in Fig. 4a are also lowered by about
0.1 THz, as all the vibration modes calculated in the periodic struc-
tural model (Fig. 4c) inevitably include the atomic vibrations near
the ¥ = 3 CSL boundary. In other words, such softening is an ar-
tifact resulting from the periodic structural model and is expected
not to occur in real systems consisting of micrometer-sized grains.
For comparison, Fig. 4b shows the phonon distribution of a perfect
aluminum crystal without any grain boundaries. Unlike the phonon
distributions of the structural model containing the ¥ = 3 CSL
boundary, the charge accumulation/depletion did not soften the vi-
brational modes of the perfect crystal at all. These results indicate
that a charge imbalance only affects the bonding strength of lat-
tices with imperfect regions, and not the perfect crystal.

3.3. Effective temperature-based electroplastic model

The density functional theory is calculated at O K. Therefore, the
increased plasticity caused by charge imbalances near grain bound-
aries is obviously an athermal effect. To take into account the
athermal effect in deformation behavior, the weakening of bond-
ing strength near grain boundaries can be treated mathematically
by using the concept of effective temperature at grain boundaries.
Here, the effective temperature is adopted as the sum of the vir-

tual local temperature rise and the actual temperature measured at
grain boundaries to describe the mechanical responses under elec-
tric current.

An FE analysis for the electroplastic deformation, as shown in
Fig. 1b, was carried out based on the isotropic linear elasticity
and isotropic plasticity considering effective temperature. The tem-
perature dependence of the elastic modulus was considered in FE
simulation based on experimental data (Fig. S4). In a geometri-
cal model of polycrystalline microstructure, the FE mesh was con-
structed based on the actual microstructure of an aluminum 5052
alloy as shown in Fig. 5a. The model dimensions were 72 ym x 74
pum x 1 pm with an element size of 0.5-1 pym. The numbers of el-
ements and nodes were 6844 and 13984, respectively. The bound-
ary conditions imposed on the FE simulation of the uniaxial ten-
sile test under electric current are as follows (Fig. 5b): all nodes
belonging to Face 2 move in the normal direction according to the
experimentally set strain rate. The nodes on the Faces 2, 4, and 6
are uniformly displaced along the face normal direction whereas
the nodes on Faces 1, 5, and 3 are constrained from moving along
their face normal directions. The effective temperature near the
grain boundary was assumed to be higher than that of the mea-
sured thermal history, and the virtual local temperature increase
was set at 10°C to 55°C, which can be modulated depending on the
thickness of the grain boundaries (Fig. 5a). The hardening model
used in the present study assumed that the strain hardening dur-
ing uniaxial tension is primarily from dislocation-dislocation inter-
actions [51,52]. This assumption holds true when the grain size is
relatively large and other hardening mechanisms are insignificant.
The flow stress o can be described as a function of dislocation
density pgigand strain rate £as

. 1/m
o = (00 +MBGb/Dgis) (;) (7)
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Fig. 5. (a) Inverse pole figure (IPF) map of aluminum alloy and the mesh constructed from selected area and (b) schematic image of the representative volume element
for FE modeling. (c) The true stress-strain curves at different temperatures. (d) Validation of the proposed effective temperature-based electroplastic model to explain the

electroplasticity observed in the aluminum alloy shown in Fig. 1b.

where M, G, and b are Taylor factor, shear modulus, and burgers
vector, respectively, and oy, B, €y, and mare material parameters.
Here, the parameter oyis considered as a function of temperature
and is given by

oo=A-TE+C (8)

where A, B, and C are material constants. Like og, Bis proposed to
be

B=h1 T 425 (9)

where Aq, A,, and Asare material constants. The evolution of dis-
location density is given as

d .
,;)szl = M(Kiv/Paisi — KaPuist)

The parameters K;and Kyare used to describe the behavior of for-
mation and recovery of dislocation, and Kyis known as a function
of temperature and strain rate [53],

& —1/n
Ky = Kao - (8*>
0

where Ky, £5, and nare material constants. It is suggested that the
parameter n is a function of temperature at a low temperature re-
gion (typically T < 0.5 T;;) [1]and is given by

n=§-{T%} (12)

where &jand &are material parameters. The parameters intro-
duced in this study were optimized from the stress-strain curves
at different temperatures as shown in Fig. 5b.

Thermal strain was calculated from the product of thermal ex-
pansion coefficient and the temperature change by electric current.
The parameters used in the hardening model and thermal proper-
ties are listed in Table 3.

Electrically-assisted (EA) tensile behaviors calculated with and
without considering the effective temperature in the FE simula-
tion are superimposed with the result of experimental EA tension
in Fig. 5d. Once the electric current is applied, the stress drops

(10)

(11)

sharply and the flow stress is reduced. The combined effect of ther-
mal expansion due to increase in temperature and instantaneous
annealing of the material by both thermal and athermal effects
of electric current can be a the reason of the sharp stress drop
behavior. Also, the instantaneous annealing during the application
of electric current will influence the hardening behavior after the
electric current. As shown in Fig. 5d, the experimental flow behav-
ior cannot be fully reproduced by considering the thermal expan-
sion and the decrease in elastic modulus caused solely by a sponta-
neous temperature increase. In contrast, the observed electroplastic
deformation under electric current is well described by the FE sim-
ulation that incorporated the concept of effective temperature re-
flecting the weakening of the atomic bonding strength around the
defect. It clearly shows that the athermal effect of electric current
exists and the concept of effective temperature can be effectually
used to describe the electroplastic behavior.

3.4. Elastic modulus under electric current

Elastic modulus is related to the resistance to separation of
adjacent atoms [54-56]. In order to verify the effect of electric
current on atomic bonding strength near the grain boundary, a
laser ultrasonic technique was adopted to accurately measure elas-
tic modulus under the application of electric current.

Fig. 6 shows the change in elastic modulus under the applica-
tion of electric current in aluminum alloy and magnesium alloy.
The measured elastic modulus under electric current is affected by
both thermal effect due to Joule heating and athermal effect, so it
is denoted as Eiperamiyathermar N Fig. 6. It is generally known that
elastic modulus decreases with increasing temperature [57,58]. To
extract the thermal effect by Joule heating on elastic modulus,
Einermal €N be estimated considering the temperature dependence
on elastic modulus for each alloy (Fig. S4, Supplementary Mate-
rial). For both alloys, the elastic modulus decreases with increasing
electric current density. Also, the measured elastic modulus un-
der electric current, Eieramitatherma» iN both alloys is lower than
Ethermal- This indicates that the athermal effect of electric current
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Table 3
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Material parameters and thermal properties for FE simulation of uniaxial tensile test under electric current [45].

Hardening Model

M G (GPa) b (m) go(s™1) m
2.71 27 2.86 x 10710 3.24 x 1076 40.98
K; (m~1) K>
Kzo £5(s71) &1 (K%) &
2.58 x 108 34.2 1.524 x 10~* 0.471 0.365
B Oo
A (K2) A A3 A (MPaeK-5) B C (MPa)
4.491 4.553 -0.655 -3.036 x 10~ 5.63 102.5

Thermal Properties

Density (kg/m?) Specific heat (x103,

Thermal expansion

Thermal conductivity (W/(meK))

J/(kgeK)) coefficient (um/me K) 0°C 400 °C
2.68 0.88 23.8 135.5 175.5
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Fig. 6. Measured elastic modulus and measured temperature as a function of electric current density in aluminum alloy with grain size of (a) 35 pm and (b) 90 um, and
magnesium alloy with grain size of (¢) 7 um and (d) 350 um. The microstructures of are shown at the right side of each graph.

can additionally weaken the atomic bonding strength in the poly-
crystalline.

Generally, changes in defect structure close to and in grain
boundary can be significantly caused by plastic deformation. Dis-
location accumulates near grain boundary, which acts as an obsta-
cle to motion of dislocations [59,60]. Charge imbalance near grain
boundary induced by electric current can soften the atomic bond-
ing strength as confirmed in first principle calculation. The weak-
ening of bonding strength is also confirmed by measuring elastic
modulus under electric current. Basically, a fracture elongation is
determined by complex relationship of various factors. It is not
possible to derive a direct quantitative correlation between the in-
crease rate of ductility and the decrease rate of elastic modulus
under electric current observed in first principle calculation and
experiments. However, the existence of athermal effect of electric
current can additionally increase the rate of diffusion by weaken-
ing the bonding strength needed to break bond. The movement of

atoms affects redistributing and eradicating the dislocation in met-
als, and this produces the same effect as annealing in the material
by applying electric current in deformed structure. Therefore, this
alteration existing dislocations can allow a metal to deform more
easily, increasing its ductility with reduced flow stress during plas-
tic deformation.

It is expected that athermal effect of electric current may oc-
cur in metallic materials, which basic material principle related to
the movement of atom is involved (typically, the dislocation slip).
Microstructural changes including annealing, aging, dissolution, re-
crystallization, and self-healing require atomic diffusion to occur.
Therefore, likewise the plastic deformation under electric current,
the mechanism suggested in the present research can also be used
to explain the enhanced microstructural changes related to defect
and diffusion.

Traditionally, heat has been a conventional process parameter
to control/enhance the material behavior. The suggested underly-
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ing mechanism of athermal effect of electric current is expected to
provide insight of using electric current as a new process param-
eter in manufacturing process including forming and microstruc-
tural control of metallic materials.

In particular, it is very interesting that the effect of electric
current on the decrease in elastic modulus is more significantly
observed in the specimen with a smaller grain size in both alu-
minum and magnesium alloys. The noticeable difference between
specimens with different grain sizes can be understood by the dif-
ference in grain boundary fraction. Therefore, the higher density
of the charge imbalance region in both alloys with smaller grain
size compared to larger grain size can explain the more significant
athermal effect of electric current on the decrease in elastic modu-
lus, i.e. decrease in atomic bonding strength under electric current.
This is a clear experimental evidence of the weakening of atomic
bonding by athermal effect near defects under electric current. Fu-
ture investigations on the contribution of electric current related to
defect density will enable accurate quantification of the athermal
effect.

4. Conclusion

The origin of electroplasticity, i.e., the athermal effect of electric
current, was studied based on first principle calculation, finite ele-
ment simulation and experimental approaches. A microstructure-
based FE simulation shows the existence of charge imbalance
around grain boundaries under electric current. From first prin-
ciple calculation, the charge imbalance along defects can cause
weakening of atomic bonding strength. This weakening of atomic
bonding strength under electric current can be mathematically de-
scribed by introducing the effective temperature, which is the sum
of the virtual temperature increase due to charge imbalance and
the actual measured temperature. The observed electroplastic de-
formation under electric current could be well described by the FE
simulation that incorporated the concept of effective temperature.
The athermal effect on weakening of atomic bonding strength is
also experimentally confirmed by measuring elastic modulus under
electric current. From these results, the electroplastic phenomenon
could be explained by the weakening of atomic bonding due to a
charge imbalance near defects under electric current.

It can be said that the mechanical properties under electric cur-
rent ultimately depend on the existing defects in metallic mate-
rials. Since electric current has proven to be an important fac-
tor in changing the microstructure or mechanical properties of a
material, the application of electric current will be an important
methodology in a new process called “electro-thermomechanical
processing,” which might be used to develop materials with novel
microstructures or mechanical properties.

5. Experimental section
5.1. Materials

Commercial aluminum 5052-H32 alloy sheets with a thickness
of 2 mm were used for uniaxial tensile test and measurement of
elastic modulus under electric current. For uniaxial tensile test,
specimens were prepared with a thickness of 2 mm, a gauge width
of 9 mm, and a gauge length of 50 mm. For measurement of elas-
tic modulus, specimens were prepared as a long rod with a square
cross section (1 mm x 1 mm x 200 mm). To make a larger grain
size, the as-received specimens were heat-treated at 450°C for 7 h
in a conventional box furnace, followed by furnace cooling.

Commercial AZ31B-O magnesium alloys (Mg-3Al-1Zn in wt.%.)
with a thickness of 1.4 mm were also prepared to measure elastic
modulus under electric current. Specimens of AZ31B-O magnesium
alloys for measuring elastic modulus were prepared as a long rod
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with a square cross section (1.4 mm x 1.4 mm x 200 mm). Some
specimens were heat-treated at 510°C for 1 h, followed by furnace
cooling, to have a larger grain size.

5.2. Mechanical testing

Quasi-static uniaxial tensile test was conducted using the ex-
perimental setup described in our previous study [1]| with a con-
stant crosshead speed of 2.5 mm/min. To carry out tensile test
under electric current, grip parts in the tensile machine were in-
sulated by inserting insulation made of bakelite. A digital image
correlation (DIC) system, which is a non-contact measuring tech-
nique, was used to measure displacement under electric current.
Electric current was generated by DC power supply with a du-
ration (tg) of 0.5 s and a period (tp) of 30 s until fracture. The
electric current density was 110 A/mm?2, based on the initial cross-
sectional area of the specimen. The tensile test was started when
the first pulse of electric current was applied to the specimen. The
temperature of specimens during tensile testing under electric cur-
rent was measured using an infrared thermal imaging camera. To
improve the accuracy of temperature measurement, black thermal
paint was used to stabilize the emissivity, and emissivity was cali-
brated based on measurements with a K-type thermocouple.

5.3. Microstructural analysis

Microstructures were observed by field emission-scanning elec-
tron microscopy (FE-SEM) with an electron backscatter diffrac-
tion (EBSD) system. Specimens for microstructural analysis were
prepared by a standard metallographic grinding technique. After
grinding and polishing, the specimens were electropolished with
an electrolyte consisting of 10% perchloric acid and 90% ethanol at
approximately -20°C with a voltage of 20 V. For EBSD observation,
an accelerating voltage of 15 kV and a working distance of 15 mm
were used. The critical misorientation angle was set to 5° for grain
identification.

5.4. First principle calculation

To study the charging effects on the bonding characteristics of
grain boundaries, Vienna Ab-initio Simulation Package (VASP) code
is used. The structural models of bulk and the ¥ = 3 CSL boundary
consisting of 80 aluminum atoms were used for the study (Fig. 7).
Charging effects were considered by adding one electron in or re-
moving one electron from the neutral grain boundary model. Spu-
rious interactions between extra charges were compensated by the
uniform background charge. A plane wave basis set with a cut-
off of 500 eV was used to expand the electronic wave functions.
Also, projector-augmented wave potentials were employed to de-
scribe the valence electrons. The exchange-correlation functional
was treated with the local density approximation (LDA). The I'-
centered 3 x 1 x 4 Monkhorst-Pack k-point grid was used for re-
ciprocal space sampling. Core structures at the ¥ = 3 CSL bound-
ary were relaxed until Hellman-Feynman forces acting on any atom
were less than 0.02 eV/A. Phonon distributions were calculated us-
ing density functional perturbation theory (DFPT).

5.5. Elastic modulus measurement

To measure elastic modulus with a high accuracy, an ultrasonic
method is a well-known technique, which derives elastic modu-
lus from the ultrasonic wave velocity. This study employs a slen-
der bar shaped specimen to apply very high density of electric
current. While applying electric current, the temperature of the
specimen increases instantly by Joule heating and the deformation
by thermal expansion also occurs. Due to these harsh conditions,
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Fig. 7. Structure models used for first principle calculation: (a) bulk and (b) the ¥ 3 CSL boundary. The same model structure was used for both neutral and charged states,

but the core structure was individually relaxed under each condition.

(a)

Laser generator

Infra-red camera

Fixed condition

Free end Detector
-« »

DC power

| gl
ISm [

Delay Trigger

b 800 50
( ) —,----400A
700 - ———----300A
—~ 600 [ Electric current on
.
+— 500
! e k
O 400
= L
3 300 [
.2 200
=
[&]
R 100
w o
-100 | * Solid line: left-axis
Dash line: right-axis
-200 L L L L 20
-0.001 0.000 0.001 0.002 0.003 0.004
Time (s)

Temperature (°C)

Data acquisition system

2.0
1.5

(c)

Larr

05F
0.0
-0.5
10k
-1.5+
20}

25 1 I ! L
0 10 20 30 40

Time (us)

Wave signal intensity (a.u.)

50

Fig. 8. (a) An illustration of the experimental setup for measuring elastic modulus under electric current. (b) Verification of stabilization time of electric current to target
value after applying electric current. (c) The measured signal of the ultrasonic wave through a bar specimen.

in this study, laser based ultrasonic test was applied instead of
conventional ultrasonic experiment using the piezoelectric trans-
ducers. Since the laser ultrasonic test is a non-contact method,
electrical and thermal insulation can be maintained between ul-
trasonic transducers and a specimen. In addition, this method is
applicable to a slender bar shaped specimen since the ultrasonic

10

wave by laser can be excited and detected in point-like small spot
area.

The laser ultrasonic test under very high density electric current
was conducted with the experimental setup as shown in Fig. 8a.
Electric current was generated by a DC power supply and flows
through the bar specimen. The ultrasonic wave by a Q-switched
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Nd:YAG pulse laser is excited at one end of the specimen and
detected at the other end by a laser Doppler vibrometry system.
Since the ultrasound propagates through a specimen less than a
few tens of microseconds, the change in temperature and electric
current during the ultrasound propagating are relatively negligible.
Since the thermal expansion increases the length of the specimen,
the specimen is fixed at one end but free at the other end in lon-
gitudinal direction to prevent its buckling, transverse deformation.

The elastic modulus is calculated from the wave velocity. In
isotropic and homogenous solid media, the elastic properties such
as elastic modulus, shear modulus, and Poisson’s ratio can be cal-
culated from density and the velocities of the longitudinal and
shear wave, while, in case of a slender bar which its width is
smaller than 1/10 of the wavelength of the propagating wave, the
elastic modulus (E) from the approximated bar wave propagation
model [61]can be estimated only with the longitudinal wave veloc-
ity (v;) and the density of material (p) as

E=v7p. (13)

The approximation model is appropriate in this experiment
since the width of the specimens (1 mm for aluminum alloy and
1.4 mm for magnesium alloy) are much smaller than the center
wavelength (about 100 mm) excited by a pulse laser. Considering
that the density of material also depends on the temperature in-
duced by Joule heating, the elastic modulus is calculated as

E=v2p/(1+a(Tn—T))>, (14)

where «is the thermal expansion coefficient. T,and Trare the tem-
perature at the moment of the measurement (in Fig. 8b) and the
room temperature.

Electric current was applied at the various level of electric cur-
rent density based on a specimen’s initial cross-sectional area. For
aluminum alloys, electric current densities of 50, 100, 150, 200,
250, 300, 350, and 400 A/mm? were applied. For magnesium alloy,
electric current densities of 40, 80, 100, 120, 140, 160, 180, 200,
230, and 255 A/mm? were applied to the specimen.

The temperature of specimens under electric current was mea-
sured using an infrared (IR) thermal imaging camera. The surface
of each specimen was sprayed with black thermal paint to stabilize
the emissivity. Fig. 8b shows the verification of stabilization time of
electric current to target value after applying electric current. For
the range of electric current from 100 to 400 A, it was confirmed
that the electric current to target value was stabilized within 1 ms
after applying the electric current. To minimize the thermal effect
by Joule heating, the velocity of ultrasonic waves were measured 5
ms after applying the electric current.

The signal of the measured ultrasound at the end of the spec-
imen is shown in Fig. 8c. The laser Doppler vibrometer detects
only in out-of-plane displacement, so the measured waveform at
40 wsin Fig. 8c is a longitudinal ultrasonic wave through bar spec-
imen in this experimental alignment. From the waveform, the ar-
rival time (t4+) is measured and the velocity of longitudinal wave
can be calculated with the length of the specimen as

v =11 +a(Tn - T))/tarr, (15)

where lis the initial length of the specimen. The reproducibility of
measuring the longitudinal wave velocity in the specimen was se-
cured for the experimental setup, and the deviation in velocity was
less than 10 m/s (precision + 0.1%). Then, the elastic modulus can
be estimated by the relation as described in Eq. (14) with the cal-
culated velocity of the longitudinal wave.
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