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a b s t r a c t 

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/ ) 
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. Introduction 

There is an increasing interest in electrically-assisted manufac- 

uring, because the application of electric current during defor- 

ation of metallic materials is expected to effectively enlarge the 

orming limit. Fracture strain under electric current can be signifi- 

antly increased compared to the conventional uniaxial tensile test 

ithout electric current in variety of metallic materials such as 

luminum alloy [ 1 , 2 ], magnesium alloy [3–5] , titanium alloy [6–8] ,

teel [ 9 , 10 ] and zinc alloy [11] ( Fig. 1 a–c). 

Recently, various studies have reported on the athermal effects 

f electric current distinct from Joule heating [ 2 , 12–15 ]. When the

thermal effect of electric current during deformation has promi- 

ence over the thermal effect, the effect is called “electroplastic- 
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ty”. The electroplasticity is often demonstrated by that the elon- 

ation increases drastically during deformation under electric cur- 

ent without a significant elevation of temperature due to Joule 

eating [ 1 , 16–18 ]. For example, during the electric current-assisted 

ension of aluminum 5052-H32 alloy under pulsed electric cur- 

ent, the rate of increase in fracture strain was approximately 230% 

ith reduced flow stress compared to conventional uniaxial ten- 

ion ( Fig. 1 b). In the previous work, microstructural evidences con- 

rm that the effect of Joule heating on the observed mechani- 

al behavior was not dominant and that annihilation of disloca- 

ion (electrically induced annealing) occurred [2] . Schematic illus- 

ration of electroplasticity indicating how electric current influ- 

nces the microstructure and mechanical behavior during plastic 

eformation is described in Fig. 1 d. In addition to the effect on 

he mechanical behavior, a kinetic enhancement by electric current 

as 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. 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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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 

2 ) was applied during plastic deformation with a set of 

duration (t d = 0.5 s) and period (t p = 30 s). (c) Rate of increase in fracture stain by applying electric current in uniaxial tensile test shown in Fig. 1 a. 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. 
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rent. 
ccording to Park et al. , accelerated recrystallization occurred dur- 

ng electropulsing treatment at a temperature 100 °C lower than 

onventional heat treatment in a furnace, even though the treat- 

ent time was similar [28] . These results strongly suggest that 

lectric current can be utilized as an important process parameter 

n the design of new “electro-thermomechanical processing”. 

Several studies suggested that a thermal effect caused by Joule 

eating alone is sufficient to account for mechanical behavior 

hanges under electric current [ 8 , 34 ]. They argued that an in-

rease in temperature by Joule heating can activate the dislocation 

ovement. However, several studies strongly reported the exis- 

ence of an athermal effect of electric current. Notably, the changes 

n mechanical behavior or microstructure by application of elec- 

ric current have been reported even under isothermal conditions 

 28 , 35 , 36 ]. 

Various hypotheses, which include electron wind [ 16 , 37 ], mag- 

etic effect [38] , and pinch effect [39] , have been proposed to 

xplain the mechanism of athermal effect of electric current. In 
2 
he electron wind theory, a high density of electric current may 

ause interactions between moving electrons and dislocations. The 

ange of electric current density in the electron wind theory 

40] is usually 10 4~6 A/mm 

2 . However, as shown in previous stud- 

es [ 2 , 3 , 28 , 41 , 42 ], the athermal effects of electric current occur

ven with electric current densities of 10 1~2 A/mm 

2 , which is 10 2~5 

imes lower than the electric current densities in electron wind 

heory. The electron wind force σew 

acting on the dislocation move- 

ent can be calculated by the following expression: σew 

= C ew 

J, 

here C ew 

is the electron force coefficient and Jis the electric cur- 

ent density [37] . With respect to previous studies of aluminum al- 

oys [ 1 , 41 ], the electron wind force acting on the dislocation move-

ent is calculated as 10 −4 MPa ( C ew 

= 10 −6 MPa/(A/mm 

2 ) [37] and 

= 110 A/mm 

2 ), which is significantly lower than the Peierls stress 

f 1~10 MPa in aluminum [43] . Therefore, the electron wind force 

annot completely explain the athermal effect of electric current 

bserved in the deformation of aluminum alloys under electric cur- 
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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). 
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Magnetic effect has also been considered as the mechanism of 

thermal effect of electric current. The magnetic effect theory sug- 

ests that a depinning rate of dislocation is affected by the mag- 

etic field induced by the electric current [38] . However, the mag- 

etic effect theory can explain the electroplasticity only in limited 

ases where several assumptions, such as the existence of solute 

toms, particle inclusions, and immobile dislocations, are essential 

 38 , 44 ]. 

Additionally, the pinch effect of compression caused by mag- 

etic fields has been considered as a possible mechanism of elec- 

roplasticity. Pinch stress �σpinch is estimated using the following 

quation: �σpinch = υp μm 

J 2 a 2 / 2 , where υp is Poisson’s ratio, μm 

is 

he magnetic permeability, and a is the sample radius [37] . The 

alue of �σpinch calculated in previous studies on aluminum alloys 

 1 , 41 ] is 4.379 × 10 −11 MPa ( υp = 0.32, μm 

= 1.256 × 10 −9 H/mm,

= 110 A/mm 

2 , and a = 4 mm), which would cause a negligible

ffect on the mechanical behavior of aluminum alloys. 

As briefly discussed here, the current hypotheses may not pro- 

ide clear explanation for the mechanical and microstructural be- 

avior of metallic materials under electric current. Therefore, pre- 

iously proposed mechanisms of electroplasticity remain contro- 

ersial. This paper aims to clarify the underlying mechanism of 

lectroplasticity in metallic materials with the aid of first prin- 

iple calculation, finite element simulation, and experimental ap- 

roaches. First, the possibility of the presence of local Joule heat- 

ng and charge imbalance around grain boundaries, which are the 

eneral defects in polycrystalline metallic materials, will be inves- 

igated based on microstructure-based finite element (FE) simula- 

ion. The effect of charge imbalance on the atomic structure in- 

luding a grain boundary will then be confirmed by first princi- 

le calculation and discussed related to the atomic bonding under 

lectric current. Also, FE simulation will be conducted to describe 

he electroplastic behavior considering the effect of charge imbal- 

nce. Finally, the change of atomic bonding strength in electroplas- 

icity will be investigated experimentally by measuring the elastic 

odulus under various electric current conditions and the under- 

ying mechanism of electroplasticity will be discussed. 

. Modeling 

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

ehavior 

To investigate the effect of electric current at grain boundaries, 

e conducted a FE simulation of polycrystalline structure. The mi- 
3 
rostructure of the aluminum 5052 alloy in Fig. 2 a was adopted 

o construct a small-scale, microstructure-based model of an ac- 

ual polycrystalline structure. An arbitrary region of the EBSD grain 

oundary map (80 μm × 140 μm) that contained a sufficient num- 

er of grain boundaries was selected. Three types of geometric 

eshes (Mesh 1, Mesh 2, and Mesh 3) were constructed to assume 

arious grain boundary thicknesses as shown in Fig. 2 b. To reduce 

he thickness of the grain boundary, Mesh 2 (40 μm × 30 μm) was 

elected from Mesh 1 ( Fig. 2 ). The thicknesses of the grain bound- 

ries in Mesh 1, Mesh 2, and Mesh 3 were assumed to be 100 nm,

0 nm, and 2 nm, respectively. It was assumed that the difference 

etween the initial and deformed microstructures with respect to 

he shape of the grain is negligible for a microscale local area, such 

s 80 μm × 140 μm, or 40 μm × 30 μm. 

The characteristics of Mesh 1, Mesh 2 and Mesh 3 are sum- 

arized in Table 1 . The electrical resistivity of a grain boundary 

as considered to be 10 to 10 0 0 times higher than that of the

rain interior. It was assumed that the thermal conductivity of 

he grain boundaries increased linearly from 94.85 (W/(m •K)) to 

22.85 (W/(m •K)) in the temperature range of 0-400 °C and from 

35.5 (W/(m •K)) to 175.5 (W/(m •K)) within the grain [45] . The 

lectrical conductivity of the grain interior was also assumed to 

ave a linear relationship with respect to the temperature, i.e., 

rom 21.0438 ( × 10 6 , 1/ �•m) to 10.6474 ( × 10 6 , 1/ �•m) in the

emperature range of 0-400 °C. The material properties used for 

E simulations are listed in Table 2 . The electrical conductivity of 

rain boundaries were considered to be 1/10 (Case 1) in this work, 

nd two additional cases with lower electrical conductivities, 1/100 

Case 2), and 1/10 0 0 (Case 3) of those in the grain interior, are de-

cribed in Supplementary Material for the case study. This varia- 

ion of electrical conductivity was set to reflect the change in dislo- 

ation density in grain boundary according to plastic deformation. 

he applied electric current was set to 110 A/mm 

2 for 0.5 s along 

he x and y directions. 

.2. Governing equations for thermal energy generated by electric 

urrent 

Joule heating occurs when the energy dissipated by electric cur- 

ent is converted into thermal energy. The rate of electric energy 

issipated by electric current, P , can be described as 

 = J · E = 

∂ϕ 

∂x 
· σE · ∂ϕ 

∂x 
(1) 

here J , E , ϕ, and σE are the electrical current density, the electrical

eld 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 DC3D8E 

Dimension (μm 

2 ) 80 × 140 40 × 30 4 × 3 

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 1/10 0 0 (Case 3) of the electrical conductivity of the grain interiors [45–47] . 

Parameters Electrical conductivity 

( ×10 6 , 1/ �·m) 

Thermal conductivity 

(W/(m ·K)) 

Density 

(kg/m 

3 ) 

Specific heat 

( ×10 3 , J/(kg ·K)) 

Joule heat 

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 

boundary 

Case 1 2.1043 1.0647 94.85 122.85 2.412 

Case 2 0.21043 0.10647 

Case 3 0.02104 0.010647 
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ivity matrix, respectively. Typically, not all the electrical energy is 

onverted into heat energy. Thus, by introducing an energy con- 

ersion factor (Joule heat fraction), ηυ , the internal heat energy 

eleased within the body can be written as ηυ•P . In this study, 

υ = 0.83 was used. From the internal heat generated by electric 

urrent, one can calculate the material time rate of internal energy 

sing the energy balance equation of 

 

 

ρ ˙ U d V = ∫ 
S 

qd S + ∫ 
V 

rd V (2) 

here V is a volume with surface area S, ρ is the density of ma- 

erial, ˙ U is the material time rate of internal energy, q is heat flux 

er unit area, and r is heat supplied internally into the body. Fi- 

ally, the temperature can be calculated using the specific heat of 

he material. 

. Results and discussion 

.1. Charge imbalances along grain boundary under electric current 

In the case of electric current-assisted deformation [ 2 , 41 , 42 ],

he electroplastic effect associated with reduced flow stress and/or 

lectric current-induced annealing was more clearly observed in 

ighly deformed states. Microstructural changes under electric cur- 

ent [ 1 , 3 , 28 , 48 ], such as recrystallization or aging behaviors, were

lso more significant when the materials contained many preex- 

sting defects. These observations support the hypothesis that the 

lectroplastic effect is associated with defects in the materials. 

Grain boundaries are natural defects seen in polycrystalline 

olids. First, we considered the effect of local Joule heating along 

 grain boundary under electric current, since the electrical resis- 

ivity at a grain boundary is higher than within the grain interior 

49] . Numerical simulations with two electric current directions 

ere implemented, i.e., from left to right and from bottom to top 

 Fig. 3 ) based on previous section in Modeling. In both directions, 

 contour map of the temperatures for all levels of the selected 

rain boundary thickness shows no locally heated regions at any 

rain boundary. The absence of locally heated regions can be ex- 

lained by rapid heat conduction in the extremely short distance 

etween the grain boundary and the grain interior. 

In order to clearly confirm that the temperature gradient does 

ot occur between the grain interior and grain boundary under 

lectric current, an FE analysis was additionally performed with 

icrosecond units (10 −6 s) and the temperature rise trend was ver- 

fied. When the electric current density of 110A/m 

2 was applied to 

he Mesh 2, the temperature gradient did not occur (Movie S1). 
4 
his result confirms that no temperature gradient occurred due to 

apid heat conduction even at the microscale level. Additional FE 

nalysis result (Movie S1) is attached as Supplementary Material. 

herefore, local Joule heating at defects does not appear to be a 

actor in the mechanism of electroplasticity. 

Net charge is conserved by sum of the amount of incoming and 

utgoing charges through whole body in metal during the applica- 

ion of electric current. However, in local regions such as defects, 

hich are expected to be have imperfect lattice, electron can be 

rapped near defects [50] . According to our FE analysis, although 

ocally heated areas are not observed in the temperature contour 

aps, inhomogeneous electric current densities were observed at 

rain boundaries in contour map of electric current density ( Fig. 3 ). 

his suggests that charge imbalances can occur at grain boundaries 

nder electric current. If a charge imbalance exists, it is possible 

hat the characteristics of atomic bonds near the grain boundaries 

ould be changed. 

.2. Weakening of bonding strength under electric current 

To understand the charging effects on the bonding character- 

stics near the grain boundaries, first principle calculation is car- 

ied out. The phonon frequency of a defect-related optical vibration 

ode is a direct indicator of the bonding strength of correspond- 

ng defect cores, since it is determined by the force constant ma- 

rix elements only related to the defect cores. The relation between 

honon frequencies and force constants, i.e. bonding strength, can 

e explained even in the classical theory of lattice vibrations in 

he one-dimensional linear diatomic chain. Let assume two atoms 

ith mass m and M alternately connected to each other by the 

orce constant k . Then, the displacements of atoms are described 

y the two equations of motion 

 

d 2 u n 

d t 2 
= −k ( 2 u n − u n +1 − u n −1 ) (3) 

 

d 2 u n +1 

d t 2 
= −k ( 2 u n +1 − u n +2 − u n ) (4) 

here u n is the displacement of the n 

th atom. 

By solving the equations of motions, the dispersion relations of 

coustic and vibrational modes in the diatomic chain are given by 

 = k 

(
1 

m 

+ 

1 

M 

)
± k 

[(
1 

m 

+ 

1 

M 

)
− 4 si n 

2 ( ka/ 2 ) 

mM 

]1 / 2 

(5) 



M.-J. Kim, S. Yoon, S. Park et al. Applied Materials Today 21 (2020) 100874 

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. 
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ere, the frequency of optical phonon mode at the � point ( k = 0) 

s 

 opt = 

√ 

2 k 

(
1 

m 

+ 

1 

M 

)
(6) 

hich indicates that the frequency of the optical mode is pro- 

ortional to the square root of the force constant k , i.e. bonding 

trength. In this study, we have employed first principles calcula- 

ions to extract the force constant matrix elements for the realistic 

tomic structure. Once the force constants are extracted, the prin- 

iples to calculate the phonon dispersions are basically identical 

o the classical theory of lattice vibrations. Therefore, the bonding 

trength of defect cores can be estimated by the phonon frequen- 

ies of the optical mode localized at the corresponding cores, like 

he diatomic chain model. 

We also claim that the phonon frequencies of defect-related op- 

ical vibrational modes are the most direct physical quantity to 

stimate the bonding strength of defect cores. Several other me- 

hanical quantities, such as elastic and Young’s modulus, can be 

stimated from first principles calculations, but it is impossible to 

eparate the contribution of the defect cores and the bulk. It is be- 

ause, in first principles calculations, the lattice defects are mod- 

led with the periodic supercell which includes the bulk struc- 

ures as well as the defect cores (see the supercell model of �= 3 

rain boundary in Experimental section). However, the phonon fre- 

uency of the localized optical vibrational mode is solely deter- 

ined by the force constant matrix elements related to the defect 

ores. In other words, it is the physical quantity determined by the 
5 
rain boundary cores even though the supercell including the bulk 

tructures is used. 

We focused on the optical vibrational mode localized at the 

rain boundary because it reflects the bonding characteristics of 

he grain boundary cores; the vibrational frequency of this mode 

s determined by the bonding strength. Specifically, how the local- 

zed vibrational mode is altered when one electron is added to or 

emoved from the neutral grain boundary has been examined. 

Fig. 4 a shows the phonon distribution of crystalline aluminum 

ncluding the � = 3 coincident site lattice (CSL) boundary. The 

= 3 CSL boundary was studied as a model case ( Fig. 7 b), be-

ause it has the shortest periodicity among grain boundaries. The 

lack, red, and green solid lines in Fig. 4 a indicate the phonon dis- 

ribution of � = 3 CSL boundary models in the neutral, positively- 

harged, and negatively-charged states, respectively. In Fig. 4 a, the 

ibrational mode appearing from 11 to 12 THz corresponds to the 

ptical mode localized at the � = 3 CSL boundary, which is con- 

rmed by visualizing atomic vibrations in real space ( Fig. 4 c). Im- 

ortantly, the frequency of this vibrational mode is reduced by 

.28 THz and 0.23 THz when the � = 3 CSL boundary is negatively 

nd positively charged, respectively. This is the first evidence that 

 charge imbalance alone can weaken the bonding strength of the 

rain boundary cores and be a possible origin of electroplasticity. 

The bonding strength of grain boundary cores from the fre- 

uency of the localized vibrational mode is estimated. Specifically, 

t is assumed that the optical vibrational mode is fully localized at 

he grain boundary region and that the atoms oscillate with har- 

onics. Under these assumptions, the bonding strength of grain 

oundary cores could be estimated as being proportional to the 
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Fig. 4. Phonon distribution of (a) crystalline aluminum with the � = 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 � = 3 CSL boundary appears in the range of 11 THz to 12 THz and is denoted by the arrow in Fig. 4 a. 
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quare of the frequency of the localized vibrational mode. Accord- 

ng to the first-principles calculations, the frequencies of the op- 

ical vibrational mode localized at the � = 3 CSL boundary in 

he neutral, negatively-charged, and positively-charged states were 

1.26 THz, 10.98 THz, and 11.03 THz, respectively. Therefore, the 

requency reductions of the localized vibrational mode correspond 

o 4.87% = (11.26 2 -10.98 2 )/11.26 2 × 100% and 4.01% = (11.26 2 - 

1.03 2 )/11.26 2 × 100% reductions in the bonding strength of grain 

oundary cores. Here, note that the reduction in bonding strength 

ould be substantial even though the frequency reduction of the 

efect-related vibration mode is relatively small. 

Other vibrational modes in Fig. 4 a are also lowered by about 

.1 THz, as all the vibration modes calculated in the periodic struc- 

ural model ( Fig. 4 c) inevitably include the atomic vibrations near 

he � = 3 CSL boundary. In other words, such softening is an ar- 

ifact resulting from the periodic structural model and is expected 

ot to occur in real systems consisting of micrometer-sized grains. 

or comparison, Fig. 4 b shows the phonon distribution of a perfect 

luminum crystal without any grain boundaries. Unlike the phonon 

istributions of the structural model containing the � = 3 CSL 

oundary, the charge accumulation/depletion did not soften the vi- 

rational modes of the perfect crystal at all. These results indicate 

hat a charge imbalance only affects the bonding strength of lat- 

ices with imperfect regions, and not the perfect crystal. 

.3. Effective temperature-based electroplastic model 

The density functional theory is calculated at 0 K. Therefore, the 

ncreased plasticity caused by charge imbalances near grain bound- 

ries is obviously an athermal effect. To take into account the 

thermal effect in deformation behavior, the weakening of bond- 

ng strength near grain boundaries can be treated mathematically 

y using the concept of effective tem perature at grain boundaries. 

ere, the effective temperature is adopted as the sum of the vir- 
6 
ual local temperature rise and the actual temperature measured at 

rain boundaries to describe the mechanical responses under elec- 

ric current. 

An FE analysis for the electroplastic deformation, as shown in 

ig. 1 b, was carried out based on the isotropic linear elasticity 

nd isotropic plasticity considering effective temperature. The tem- 

erature dependence of the elastic modulus was considered in FE 

imulation based on experimental data (Fig. S4). In a geometri- 

al model of polycrystalline microstructure, the FE mesh was con- 

tructed based on the actual microstructure of an aluminum 5052 

lloy as shown in Fig. 5 a. The model dimensions were 72 μm × 74 

m × 1 μm with an element size of 0.5-1 μm. The numbers of el- 

ments and nodes were 6844 and 13984, respectively. The bound- 

ry conditions imposed on the FE simulation of the uniaxial ten- 

ile test under electric current are as follows ( Fig. 5 b): all nodes

elonging to Face 2 move in the normal direction according to the 

xperimentally set strain rate. The nodes on the Faces 2, 4, and 6 

re uniformly displaced along the face normal direction whereas 

he nodes on Faces 1, 5, and 3 are constrained from moving along 

heir face normal directions. The effective temperature near the 

rain boundary was assumed to be higher than that of the mea- 

ured thermal history, and the virtual local temperature increase 

as set at 10 °C to 55 °C, which can be modulated depending on the

hickness of the grain boundaries ( Fig. 5 a). The hardening model 

sed in the present study assumed that the strain hardening dur- 

ng uniaxial tension is primarily from dislocation-dislocation inter- 

ctions [ 51 , 52 ]. This assumption holds true when the grain size is

elatively large and other hardening mechanisms are insignificant. 

he flow stress σ can be described as a function of dislocation 

ensity ρdisl and strain rate ˙ ε as 

= ( σ0 + MβGb 
√ 

ρdisl ) 

(
˙ ε 

˙ ε 0 

)1 /m 

(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 tem peratures. (d) Validation of the proposed effective tem perature-based electroplastic model to explain the 

electroplasticity observed in the aluminum alloy shown in Fig. 1 b. 
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here M, G , and b are Taylor factor, shear modulus, and burgers 

ector, respectively, and σ0 , β, ˙ ε 0 , and m are material parameters. 

ere, the parameter σ0 is considered as a function of temperature 

nd is given by 

0 = A · T B + C (8) 

here A, B, and C are material constants. Like σ0 , βis proposed to 

e 

= λ1 · T λ2 + λ3 (9) 

here λ1 , λ2 , and λ3 are material constants. The evolution of dis- 

ocation density is given as 

d ρdisl 

dε 
= M ( K 1 

√ 

ρdisl − K 2 ρdisl ) (10) 

he parameters K 1 and K 2 are used to describe the behavior of for- 

ation and recovery of dislocation, and K 2 is known as a function 

f temperature and strain rate [53] , 

 2 = K 20 ·
(

˙ ε 

˙ ε ∗
0 

)−1 /n 

(11) 

here K 20 , ˙ ε ∗0 , and n are material constants. It is suggested that the 

arameter n is a function of temperature at a low temperature re- 

ion (typically T < 0.5 T m 

) [1] and is given by 

 = ξ1 ·
{

T ξ2 

}
(12) 

here ξ1 and ξ2 are material parameters. The parameters intro- 

uced in this study were optimized from the stress-strain curves 

t different temperatures as shown in Fig. 5 b. 

Thermal strain was calculated from the product of thermal ex- 

ansion coefficient and the temperature change by electric current. 

he parameters used in the hardening model and thermal proper- 

ies are listed in Table 3 . 

Electrically-assisted (EA) tensile behaviors calculated with and 

ithout considering the effective temperature in the FE simula- 

ion are superimposed with the result of experimental EA tension 

n Fig. 5 d. Once the electric current is applied, the stress drops 
7 
harply and the flow stress is reduced. The combined effect of ther- 

al expansion due to increase in temperature and instantaneous 

nnealing of the material by both thermal and athermal effects 

f electric current can be a the reason of the sharp stress drop 

ehavior. Also, the instantaneous annealing during the application 

f electric current will influence the hardening behavior after the 

lectric current. As shown in Fig. 5 d, the experimental flow behav- 

or cannot be fully reproduced by considering the thermal expan- 

ion and the decrease in elastic modulus caused solely by a sponta- 

eous temperature increase. In contrast, the observed electroplastic 

eformation under electric current is well described by the FE sim- 

lation that incorporated the concept of effective tem perature re- 

ecting the weakening of the atomic bonding strength around the 

efect. It clearly shows that the athermal effect of electric current 

xists and the concept of effective temperature can be effectually 

sed to describe the electroplastic behavior. 

.4. Elastic modulus under electric current 

Elastic modulus is related to the resistance to separation of 

djacent atoms [54–56] . In order to verify the effect of electric 

urrent on atomic bonding strength near the grain boundary, a 

aser ultrasonic technique was adopted to accurately measure elas- 

ic modulus under the application of electric current. 

Fig. 6 shows the change in elastic modulus under the applica- 

ion of electric current in aluminum alloy and magnesium alloy. 

he measured elastic modulus under electric current is affected by 

oth thermal effect due to Joule heating and athermal effect, so it 

s denoted as E theraml + athermal in Fig. 6 . It is generally known that 

lastic modulus decreases with increasing temperature [ 57 , 58 ]. To 

xtract the thermal effect by Joule heating on elastic modulus, 

 thermal can be estimated considering the temperature dependence 

n elastic modulus for each alloy (Fig. S4, Supplementary Mate- 

ial). For both alloys, the elastic modulus decreases with increasing 

lectric current density. Also, the measured elastic modulus un- 

er electric current, E theraml + athermal , in both alloys is lower than 

 . This indicates that the athermal effect of electric current 
thermal 
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Table 3 

Material parameters and thermal properties for FE simulation of uniaxial tensile test under electric current [45] . 

Hardening Model 

M G (GPa) b (m) ˙ ε 0 (s −1 ) m 

2.71 27 2.86 × 10 −10 3.24 × 10 −6 40.98 

K 1 (m 

−1 ) K 2 
K 20 ˙ ε ∗0 (s −1 ) ξ 1 ( K −ξ2 ) ξ 2 

2.58 × 10 8 34.2 1.524 × 10 −4 0.471 0.365 

β σ 0 

λ1 ( K −λ2 ) λ2 λ3 A (MPa •K −B ) B C (MPa) 

4.491 4.553 -0.655 -3.036 × 10 −14 5.63 102.5 

Thermal Properties 

Density (kg/m 

3 ) Specific heat ( ×10 3 , 

J/(kg •K)) 

Thermal expansion 

coefficient (μm/m • K) 

Thermal conductivity (W/(m •K)) 

0 o C 400 o C 

2.68 0.88 23.8 135.5 175.5 

Fig. 6. Measured elastic modulus and measured temperature as a function of electric current density in aluminum alloy with grain size of (a) 35 μm and (b) 90 μm, and 

magnesium alloy with grain size of (c) 7 μm and (d) 350 μm. The microstructures of are shown at the right side of each graph. 
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an additionally weaken the atomic bonding strength in the poly- 

rystalline. 

Generally, changes in defect structure close to and in grain 

oundary can be significantly caused by plastic deformation. Dis- 

ocation accumulates near grain boundary, which acts as an obsta- 

le to motion of dislocations [ 59 , 60 ]. Charge imbalance near grain

oundary induced by electric current can soften the atomic bond- 

ng strength as confirmed in first principle calculation. The weak- 

ning of bonding strength is also confirmed by measuring elastic 

odulus under electric current. Basically, a fracture elongation is 

etermined by complex relationship of various factors. It is not 

ossible to derive a direct quantitative correlation between the in- 

rease rate of ductility and the decrease rate of elastic modulus 

nder electric current observed in first principle calculation and 

xperiments. However, the existence of athermal effect of electric 

urrent can additionally increase the rate of diffusion by weaken- 

ng the bonding strength needed to break bond. The movement of 
8 
toms affects redistributing and eradicating the dislocation in met- 

ls, and this produces the same effect as annealing in the material 

y applying electric current in deformed structure. Therefore, this 

lteration existing dislocations can allow a metal to deform more 

asily, increasing its ductility with reduced flow stress during plas- 

ic deformation. 

It is expected that athermal effect of electric current may oc- 

ur in metallic materials, which basic material principle related to 

he movement of atom is involved (typically, the dislocation slip). 

icrostructural changes including annealing, aging, dissolution, re- 

rystallization, and self-healing require atomic diffusion to occur. 

herefore, likewise the plastic deformation under electric current, 

he mechanism suggested in the present research can also be used 

o explain the enhanced microstructural changes related to defect 

nd diffusion. 

Traditionally, heat has been a conventional process parameter 

o control/enhance the material behavior. The suggested underly- 
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ng mechanism of athermal effect of electric current is expected to 

rovide insight of using electric current as a new process param- 

ter in manufacturing process including forming and microstruc- 

ural control of metallic materials. 

In particular, it is very interesting that the effect of electric 

urrent on the decrease in elastic modulus is more significantly 

bserved in the specimen with a smaller grain size in both alu- 

inum and magnesium alloys. The noticeable difference between 

pecimens with different grain sizes can be understood by the dif- 

erence in grain boundary fraction. Therefore, the higher density 

f the charge imbalance region in both alloys with smaller grain 

ize compared to larger grain size can explain the more significant 

thermal effect of electric current on the decrease in elastic modu- 

us, i.e. decrease in atomic bonding strength under electric current. 

his is a clear experimental evidence of the weakening of atomic 

onding by athermal effect near defects under electric current. Fu- 

ure investigations on the contribution of electric current related to 

efect density will enable accurate quantification of the athermal 

ffect. 

. Conclusion 

The origin of electroplasticity, i.e., the athermal effect of electric 

urrent, was studied based on first principle calculation, finite ele- 

ent simulation and experimental approaches. A microstructure- 

ased FE simulation shows the existence of charge imbalance 

round grain boundaries under electric current. From first prin- 

iple calculation, the charge imbalance along defects can cause 

eakening of atomic bonding strength. This weakening of atomic 

onding strength under electric current can be mathematically de- 

cribed by introducing the effective temperature, which is the sum 

f the virtual temperature increase due to charge imbalance and 

he actual measured temperature. The observed electroplastic de- 

ormation under electric current could be well described by the FE 

imulation that incorporated the concept of effective temperature. 

he athermal effect on weakening of atomic bonding strength is 

lso experimentally confirmed by measuring elastic modulus under 

lectric current. From these results, the electroplastic phenomenon 

ould be explained by the weakening of atomic bonding due to a 

harge imbalance near defects under electric current. 

It can be said that the mechanical properties under electric cur- 

ent ultimately depend on the existing defects in metallic mate- 

ials. Since electric current has proven to be an important fac- 

or in changing the microstructure or mechanical properties of a 

aterial, the application of electric current will be an important 

ethodology in a new process called “electro-thermomechanical 

rocessing,” which might be used to develop materials with novel 

icrostructures or mechanical properties. 

. Experimental section 

.1. Materials 

Commercial aluminum 5052-H32 alloy sheets with a thickness 

f 2 mm were used for uniaxial tensile test and measurement of 

lastic modulus under electric current. For uniaxial tensile test, 

pecimens were prepared with a thickness of 2 mm, a gauge width 

f 9 mm, and a gauge length of 50 mm. For measurement of elas-

ic modulus, specimens were prepared as a long rod with a square 

ross section (1 mm × 1 mm × 200 mm). To make a larger grain 

ize, the as-received specimens were heat-treated at 450 °C for 7 h 

n a conventional box furnace, followed by furnace cooling. 

Commercial AZ31B-O magnesium alloys (Mg-3Al-1Zn in wt.%.) 

ith a thickness of 1.4 mm were also prepared to measure elastic 

odulus under electric current. Specimens of AZ31B-O magnesium 

lloys for measuring elastic modulus were prepared as a long rod 
9 
ith a square cross section (1.4 mm × 1.4 mm × 200 mm). Some 

pecimens were heat-treated at 510 °C for 1 h, followed by furnace 

ooling, to have a larger grain size. 

.2. Mechanical testing 

Quasi-static uniaxial tensile test was conducted using the ex- 

erimental setup described in our previous study [1] with a con- 

tant crosshead speed of 2.5 mm/min. To carry out tensile test 

nder electric current, grip parts in the tensile machine were in- 

ulated by inserting insulation made of bakelite. A digital image 

orrelation (DIC) system, which is a non-contact measuring tech- 

ique, was used to measure displacement under electric current. 

lectric current was generated by DC power supply with a du- 

ation (t d ) of 0.5 s and a period (t p ) of 30 s until fracture. The

lectric current density was 110 A/mm 

2 , based on the initial cross- 

ectional area of the specimen. The tensile test was started when 

he first pulse of electric current was applied to the specimen. The 

emperature of specimens during tensile testing under electric cur- 

ent was measured using an infrared thermal imaging camera. To 

mprove the accuracy of temperature measurement, black thermal 

aint was used to stabilize the emissivity, and emissivity was cali- 

rated based on measurements with a K-type thermocouple. 

.3. Microstructural analysis 

Microstructures were observed by field emission-scanning elec- 

ron microscopy (FE-SEM) with an electron backscatter diffrac- 

ion (EBSD) system. Specimens for microstructural analysis were 

repared by a standard metallographic grinding technique. After 

rinding and polishing, the specimens were electropolished with 

n electrolyte consisting of 10% perchloric acid and 90% ethanol at 

pproximately -20 °C with a voltage of 20 V. For EBSD observation, 

n accelerating voltage of 15 kV and a working distance of 15 mm 

ere used. The critical misorientation angle was set to 5 ° for grain 

dentification. 

.4. First principle calculation 

To study the charging effects on the bonding characteristics of 

rain boundaries, Vienna Ab-initio Simulation Package (VASP) code 

s used. The structural models of bulk and the � = 3 CSL boundary 

onsisting of 80 aluminum atoms were used for the study ( Fig. 7 ).

harging effects were considered by adding one electron in or re- 

oving one electron from the neutral grain boundary model. Spu- 

ious interactions between extra charges were compensated by the 

niform background charge. A plane wave basis set with a cut- 

ff of 500 eV was used to expand the electronic wave functions. 

lso, projector-augmented wave potentials were employed to de- 

cribe the valence electrons. The exchange-correlation functional 

as treated with the local density approximation (LDA). The �- 

entered 3 × 1 × 4 Monkhorst-Pack k-point grid was used for re- 

iprocal space sampling. Core structures at the � = 3 CSL bound- 

ry were relaxed until Hellman-Feynman forces acting on any atom 

ere less than 0.02 eV/A. Phonon distributions were calculated us- 

ng density functional perturbation theory (DFPT). 

.5. Elastic modulus measurement 

To measure elastic modulus with a high accuracy, an ultrasonic 

ethod is a well-known technique, which derives elastic modu- 

us from the ultrasonic wave velocity. This study employs a slen- 

er bar shaped specimen to apply very high density of electric 

urrent. While applying electric current, the temperature of the 

pecimen increases instantly by Joule heating and the deformation 

y 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. 

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. 
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n this study, laser based ultrasonic test was applied instead of 

onventional ultrasonic experiment using the piezoelectric trans- 

ucers. Since the laser ultrasonic test is a non-contact method, 

lectrical and thermal insulation can be maintained between ul- 

rasonic transducers and a specimen. In addition, this method is 

pplicable to a slender bar shaped specimen since the ultrasonic 
10 
ave by laser can be excited and detected in point-like small spot 

rea. 

The laser ultrasonic test under very high density electric current 

as conducted with the experimental setup as shown in Fig. 8 a. 

lectric current was generated by a DC power supply and flows 

hrough the bar specimen. The ultrasonic wave by a Q-switched 
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d:YAG pulse laser is excited at one end of the specimen and 

etected at the other end by a laser Doppler vibrometry system. 

ince the ultrasound propagates through a specimen less than a 

ew tens of microseconds, the change in temperature and electric 

urrent during the ultrasound propagating are relatively negligible. 

ince the thermal expansion increases the length of the specimen, 

he specimen is fixed at one end but free at the other end in lon-

itudinal direction to prevent its buckling, transverse deformation. 

The elastic modulus is calculated from the wave velocity. In 

sotropic and homogenous solid media, the elastic properties such 

s elastic modulus, shear modulus, and Poisson’s ratio can be cal- 

ulated from density and the velocities of the longitudinal and 

hear wave, while, in case of a slender bar which its width is 

maller than 1/10 of the wavelength of the propagating wave, the 

lastic modulus ( E ) from the approximated bar wave propagation 

odel [61] can be estimated only with the longitudinal wave veloc- 

ty ( v l ) and the density of material ( ρ) as 

 = v l 2 ρ. (13) 

The approximation model is appropriate in this experiment 

ince the width of the specimens (1 mm for aluminum alloy and 

.4 mm for magnesium alloy) are much smaller than the center 

avelength (about 100 mm) excited by a pulse laser. Considering 

hat the density of material also depends on the temperature in- 

uced by Joule heating, the elastic modulus is calculated as 

 = v l 2 ρ/ ( 1 + α( T m 

− T r ) ) 
3 
, (14) 

here αis the thermal expansion coefficient. T m 

and T r are the tem- 

erature at the moment of the measurement (in Fig. 8 b) and the 

oom temperature. 

Electric current was applied at the various level of electric cur- 

ent density based on a specimen’s initial cross-sectional area. For 

luminum alloys, electric current densities of 50, 100, 150, 200, 

50, 300, 350, and 400 A/mm 

2 were applied. For magnesium alloy, 

lectric current densities of 40, 80, 100, 120, 140, 160, 180, 200, 

30, and 255 A/mm 

2 were applied to the specimen. 

The temperature of specimens under electric current was mea- 

ured using an infrared (IR) thermal imaging camera. The surface 

f each specimen was sprayed with black thermal paint to stabilize 

he emissivity. Fig. 8 b shows the verification of stabilization time of 

lectric current to target value after applying electric current. For 

he range of electric current from 100 to 400 A, it was confirmed 

hat the electric current to target value was stabilized within 1 ms 

fter applying the electric current. To minimize the thermal effect 

y Joule heating, the velocity of ultrasonic waves were measured 5 

s after applying the electric current. 

The signal of the measured ultrasound at the end of the spec- 

men is shown in Fig. 8 c. The laser Doppler vibrometer detects 

nly in out-of-plane displacement, so the measured waveform at 

0 μs in Fig. 8 c is a longitudinal ultrasonic wave through bar spec- 

men in this experimental alignment. From the waveform, the ar- 

ival time ( t arr ) is measured and the velocity of longitudinal wave 

an be calculated with the length of the specimen as 

 l = l ( 1 + α( T m 

− T r ) ) / t arr , (15) 

here lis the initial length of the specimen. The reproducibility of 

easuring the longitudinal wave velocity in the specimen was se- 

ured for the experimental setup, and the deviation in velocity was 

ess than 10 m/s (precision ± 0.1%). Then, the elastic modulus can 

e estimated by the relation as described in Eq. (14) with the cal- 

ulated velocity of the longitudinal wave. 
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