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Abstract

"This review covers the anelastic deformation observed under electric loading
(electroplasticity) of metals and ceramics. The interplay of various complex
mechanisms beyond trivial Joule heating leading to enhanced plasticity is
discussed in the context of both materials classes. In the case of metals,
electromechanical coupling resulting in forces being exerted on atoms and
dislocations is elucidated. In the case of ceramics, change in the grain bound-
ary structure is proposed to justify the enhanced plasticity. Microstructural
evidence is analyzed in correlation with the deformation behavior.
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1. INTRODUCTION

The shaping of materials with technological importance has led in part to the present state of
human civilization. Usually, temperature and mechanical stress are sufficient to induce deforma-
tion; however, ceramics and certain metals are brittle and have limitations to deformation even at
both high temperatures and high pressures. Thus, electric field- and current-assisted deformation
comes as a boon to the engineers and scientists interested in shaping ceramics, such as zirconia and
alumina, and metals, such as tungsten and magnesium (1-4). The possibility of deformation-based
shaping of these brittle materials can further push the current state of technological advancement
in the field of materials science.

It has been twenty-five years since the exhaustive review of the electroplasticity of ceramics
and metals by Hans Conrad (1). The present article is an effort to review recent works on electro-
plasticity, including from a microstructure point of view. Depending on the deformation scheme,
the process of electroplasticity is categorized as creep, which takes place under a constant stress
level for a longer period, or superplastic deformation, which is a high-strain-rate deformation.

This review presents the latest understanding of the electroplasticity of metals and ceramics,
dealing with the determination of physical quantities that react sensitively to electric loading and
estimating the magnitude of this change. This comparison between two classes of materials with
different properties enables us to identify similarities but also highlights differences and helps
predict the behavior of metal-ceramic composites.

2. ELECTROPLASTICITY IN METALS
2.1. Behavior

The chronological study of the electroplastic effect (EPE) can be roughly divided into three
periods:

1. The period of the discovery of electroplasticity and development of different theories ex-
plaining the effect occurred from 1963 when Troitskii & Likhtman published their first
paper (5) to 2000 when Conrad published his last fundamental paper (1).

2. A period of intense publication of papers on electrical pulse processing with low
(<2,000 A/mm?) current densities ran from 2000 to 2017. Such publications appear in large
numbers up to the present day (6).

3. Finally, 2017 and on saw the creation of new physical models of current impact, the inter-
action between electric current and microstructural elements, in situ studies, methods for
creating composites based on electroplasticity (7), and the start of industrial application of
EPE-based technologies (6, 8). In particular, mechanical aspects such as yield stress, stress
relaxation, creep deformation, generation of dislocations and dislocation mobility, material
fatigue, and metal forming were examined. High current densities were used to increase the
effect of the drift electrons, while short pulse durations were used to minimize sample heat-
ing (9, 10). In contrast to macroscopic experiments with high current densities, various stud-
ies have examined the reduction in microhardness when using low current densities (11, 12).

In this section, we first review microstructure evolution involving defect dynamics in metals
under current loading. Much experimental evidence has been gathered in the literature, and a few
examples are presented in Figure 1. Figure 1a shows a high population of jagged dislocations,
the so-called wavy slip, found in Ti-6Al under a pulsed current with 5% mechanical strain (13).
This pattern was different from the one seen in parallel tests with only mechanical stress applied
(i.e., planar slip). Figure 15 shows the formation of anomalous thin-band twins in a Mg alloy
induced by a pulsed current in compression tests (11). Figure 1c¢,d shows dislocation and twin
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Microstructure and phenomena induced by («, b, ¢) the electroplastic effect and (¢, 4, f, g) the electromigration effect. (#) Planar slip

(¢, i7) and wavy slip (iii, iv) in Ti-6Al. Panel adapted with permission from Reference 13. () Anomalous twin formation in a Mg alloy.
Panel adapted with permission from Reference 11. (¢) Dislocation formation in Al. Panel adapted with permission from Reference 12.
(d) Twin formation in Cu. Panel adapted with permission from Reference 14; copyright 2019 Elsevier. (¢) Recrystallization temperature
decrease in Cu. Panel adapted with permission from Reference 17. (f) Anomalous grain growth in Ag—Cu showing (i) grain size as a
function of time and (7)) grain morphology of the anode side after 300 min. Panel adapted with permission from Reference 16;
copyright 2019 Acta Materialia. (g) Supersaturation effect in Pb-Sn (18) and (b) a schematic diagram illustrating electric
current-induced phase transformation, dislocation recovery, and recrystallization (21). Panel g reproduced with permission from
Reference 18 (CC BY-NC-ND 3.0). Abbreviations: BCT, body-centered tetragonal; EM, electromigration; FCC, face-centered cubic;
VHN, Vickers hardness number.
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formation in pure Al (12) and Cu (14) under a continuous direct current (DC) without external
mechanical force. While the results from Figure 1a-d provide direct evidence of defect forma-
tion under electric current, some indirect phenomena also indicate the defect dynamics resulting
from interaction with both current and heat. Figure le shows the decrease of recrystallization
temperature of cold-worked Cu under a pulsed current (15). Figure 1f shows the anomalous
grain growth (Figure 1f; subpanel 7) in and microstructure of an Ag—Cu alloy under continuous
DC without external mechanical force (Figure 1f, subpanel ii) (16). These phenomena suggest
that electric current—induced effects in alloys can be divided into two separate processes: electric
current-induced defect formation and Joule heating. The former indicates that electric current
interrupts lattice ordering and generates defects, such as dislocation density increases, in metals.
The latter suggests that Joule heating plays the role of an annealing-like process, elevating system
temperature, and induces subsequent recovery, recrystallization, and grain growth to eliminate
defects induced by the electric current.

Electric current can also be responsible for the modified phase stability of alloy systems.
Figure 1g shows the supersaturation of Sn in a Pb matrix under electric currents (18). Proposed
modeling assumed that an energy term generated by the electric current-induced effective energy
was added to the excess Gibbs free energy, as follows:

sz:OGrO;fA+idGﬁ(1+exG:1+EM_exGﬁ(17 1.

where G%, °G%, , {GX, *GZ, and *M~*G% are the molar Gibbs free energy, the reference energy
of the constituent components, the ideal mixing Gibbs free energy, the excess Gibbs free energy
due to nonideal mixing, and the excess Gibbs free energy due to the electromigration effect of
the solution phase «, respectively. The simulation agreed well with experimental observation (19).
A constitutive model for describing the electric current-induced precipitation hardening effect
was also proposed and found in agreement with experimental results (20). These phenomena and
models suggest that electric current triggers recovery, recrystallization, and grain growth as well
as the phase stability change at elevated environment temperatures to eliminate defects, as shown

schematically in Figure 15 21).

2.2. Mechanisms

After over fifty years of comprehensive studies, the mechanisms underlying electroplasticity are
not yet fully understood. The problem in interpreting the dominant mechanism appears to be due
to the presence of many simultaneous effects and the difficulty of distinguishing their contribu-
tions. There are multiple challenges to overcome while studying EPE. The physical EPE means
that the electron flow has an influence on the physical parameters of the metal and, consequently,
on plasticity. In addition to the physical EPE, there is also a technological EPE, which consists
of the thermal effect of the high-energy flow of electrons on the material structure, such as by
heating the dislocation core (22). The separation of these two effects to determine the magnitude
of the physical EPE is the main challenge in developing EPE research methodology. Therefore,
the scientific community has attempted a scrupulous, comprehensive description of various mech-
anisms and factors that can affect the dynamics of changes in the mechanical properties of metal.
Despite these efforts, many of the fundamental questions related to the theory of EPE in metallic
materials, such as (#) the influence of temperature, (b) the role of a strong electron flow, (¢) the
role of the magnetic field on dislocation mobility, and (d) the synergistic effect of electric and me-
chanical properties, are still not fully clarified. Thus, the current review presents a view on the
fundamental questions of electroplasticity, covering the determination of physical quantities that
react sensitively to the effects of current pulses and estimating the magnitude of these changes.
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The first article dealing with the experimental investigation of the impact of electron flow
on dislocation mobility was published in 1963 by Troitskii & Likhtman (5) and differed posi-
tively from many later works because of the competent physical methodology employed. The
work by Kravchenko in 1966 (23) evaluated the threshold current density required for an effec-
tive influence on the dislocation mobility. Troitskii (24) published the first investigations related
to electric current pulses in the late 1960s. Later, various scientists carried out extensive tests
with high current pulses (10? to 10° A/cm?, ~100-ps pulse duration). First, the electric cur-
rent was shown to weaken atomic bonding due to charge imbalance (25). In parallel, in situ
experimental research methods such as electron transmission microscopy (26), digital image cor-
relation (27), and nanoindentation (28) have been used, along with computational methods such
as dislocation density—based modeling (29, 30), finite element analysis—based modeling of skin
effects (31), and small-scale microstructure-based finite element simulation (32). A recent pub-
lished review (33) provides a detailed classification of all electroplastic constitutive models under
development. At the same time, there is an ongoing attempt to review previously proposed mecha-
nisms from different perspectives to address the issues raised in the literature (29). In recent years,
a limited number of new ideas have been proposed, with notable exceptions (25), but instead,
previously proposed mechanisms have been more deeply explored. Therefore, the following sec-
tions present the different theoretical approaches and investigation methods used for describing
EPE.

2.2.1. Electron wind theory and electromigration. Schematically, the force acting on the
electrons in the electric field F.,, results from the transfer of the conduction electrons to the atoms
in the opposite direction (so-called electron wind). The energy generated by the electron wind is
very small compared with the energy required for a diffusion step, but it increases in importance
when a large number of electrons participate in the process, which is the case at extremely high
current densities. Moreover, electromigration theory is generally mentioned when discussing the
forces exerted on atoms by an electric field. Electromigration is atomic migration induced by
electric currents and is typically considered to be a parallel effect to electroplasticity, since the
former highlights migration of individual atoms under an electric field while the latter involves the
interaction between dislocations and electric current. To determine the effect of an electric current
on dislocation motion, it is therefore useful to consider the forces involved in electromigration.
The force induced by an electric field E on individual atoms consists of two components: (#) the
electrostatic force, fe, which is the direct force of the electric field E on the charged ion, and
(&) the electron wind force, fc, which is the momentum exchange of the electrons with the atoms
in a collision (9).

The forces that counteract the movement of dislocations can be divided into two categories
according to their origin (9): (#) the elastic (or chemical) interaction with various structural
constraints such as Peierls stress and crystal defects and (b) the interaction with elementary ex-
citations of the crystal such as phonons, conduction electrons, and spin waves. The (structural)
obstacles can be overcome by thermal motion even at low stresses. In the case of elementary ex-
citations, the dislocations collide with the quasiparticles and exchange energy with them, which
slows down the dislocations (9). However, the deceleration force due to collisions is significant
only at high dislocation velocities, that is, at velocities greater than 107 ¢ to 107! ¢ (c being the
speed of sound in the material), where the kinetic energy of the dislocations is greater than the
potential energies of structural obstacles. The deceleration force can thus be important for the
thermally activated movement of dislocations behind the obstacles (9).

The movement of static dislocations under an electron wind was shown experimentally by
Vdovin & Kasumov (34). They studied the transport of dislocations by electrons directly in a
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high-voltage electron microscope on ultrapure Cu single crystals. The current densities at which
dislocation movement could be observed were between 1 x 10° and 1.5 x 10° A/mm?. The di-
rection of dislocation movement was approximately 30° to the current direction and thus roughly
coincided with the <110> direction. Accordingly, a dislocation movement toward the anode took
place as predicted by theoretical considerations. According to Vdovin & Kasumoyv, the velocities
of the dislocations were about 1 pm/s. A measurement of the sample resistance showed that the
sample did not heat up to more than 100°C. Nabarro (35) examined the dissipated power per unit
volume due to the scattering of electrons by a dislocation based on dislocation resistance theorem
(9). The first detailed kinetic consideration of the force on dislocations by directed electrons was
performed by Kravchenko (23). He hypothesized that a stimulated energy transfer in addition to
the perturbation field occurs through the movement of dislocations, provided that the electron
drift velocity exceeds the phase velocity. A less rigorous approach to the determination of F.,, was
proposed by Conrad, who called this electrostatic force, and by Klimov, who called this electron
wind force (9, 36). An important part of this calculation relies on the fact that, in addition to the
effective electron mass and the average free path length of the electrons, the Fermi velocity is also
considered. Fiks (37) carried out a theoretical consideration of the influence of an electric current
on the acceleration and deceleration of dislocations. A dislocation moving through the crystal
lattice indeed experiences a force equal to the sum of the dragging force and the decelerating
force.

2.2.2. Recent advances in understanding the electroplastic effect. Recent publications (27,
29, 38, 39) in combination with previous works (40, 41) have shown that the electron wind ef-
fect, perceived as a parameter independent of changes in microstructure (including dislocation,
twinning, and orientation at the level of dislocation cells), cannot realistically describe the EPE as
previously assumed (42-45). Consider an example to demonstrate this consideration. The stress
0w acting on the dislocation under the electron wind theory can be expressed by oy = Keywj/b
(7 being the electric current density and b the Burgers vector). In the case of pure aluminum, the
theoretical estimate of the coefficient K., is 7.71 x 1071° MPa/(A/m?) (46). Figure 2 shows o,
plotted against j. In the range of electric current density frequently reported in research related
to electroplasticity (10° to 10? A/m?), the estimated value of o, is expected to be from 10 to
10~ MPa. Considering the deformation map of pure aluminum (47), o, is significantly lower
than the minimum stress at which Coble creep and low-temperature dislocation creep start to ac-
tivate, at 0.4 7},,. This means that beyond the electron wind theory, there must be something else to
elucidate the EPE behavior. Molotskii & Fleurov (44) had also shown a four-orders-of-magnitude
difference between the experimentally determined value and the theoretical value from electron
wind theory. They proposed another model assuming that the dislocation movement is caused by
a magnetic field induced by the electric current (44). In addition, indirect effects such as heating
of the sample, as well as electric current-induced magnetic fields that cause the pinch effect (9),
magnetostrictive effects, and dislocation depinning, have been suggested (44). Sutton & Todorov
(48) hypothesized that when the current flows through the metal, the ionic cores of the metal
atoms experience a force equal to the Lorentz force on the conduction electrons, which arises
from the magnetic field generated by the current, that is, the pinch effect. Molotskii & Fleurov
(44) and Molotskii (49) showed that a magnetic field significantly affects dislocation dynamics be-
cause it changes the electron spins to their nonequilibrium states, for example, to singlet and triplet
states, leading to the dangling bonds forming dislocation cores and obstacles, which then cause
the dislocation depinning (44). Nevertheless, the pinch effect and the sample’s intrinsic magnetic
fields are normally negligible at low current density scenarios (e.g., less than 4-8 x 10° A/mm?) (9).
When evaluating experiments, it is important to take these effects into account and, if necessary, to
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Electron wind stress o ey as a function of electric current density for pure aluminum.

correct the measurements accordingly. In recent groundbreaking works, evaluation of the extent
of the different EPE mechanisms has consistently considered both the heating of samples and the
magnitude of the pinch effect during the flow of current (29, 38).

Two complementary techniques are decisive for expanding our knowledge of the EPE. First,
the development of electron microscopy techniques to study thin dislocation and twin structures
and their structural changes under electric current loading is of particular importance (46). Second,
when Conrad and other researchers laid the foundations for evaluating possible EPE mechanisms,
they were unable to exceed densities of 8,000 A/mm? because of a technical limitation that existed
at that time: the capacity of discharge capacitor batteries. Today’s level of electrical engineering,
which enables the creation of electric double-layer capacitors with a capacitance in the range
of several thousand farads (50), allows researchers to approach the predicted threshold current
densities when designing pulsed electrical test setups, which will allow the scientific community
to evaluate the various EPE mechanisms in a different way (38-43, 50).

2.2.3. The role of mechanical properties on the electroplastic effect. It seems obvious that
macroscopically, the occurrence of the electroplastic and electromigration effects of a given ma-
terial should be correlated with the material’s electrical and mechanical properties. For instance,
recent work pointed out that electric current—induced twin and hillock formation could be elu-
cidated by using conventional solid mechanics concepts, such as Schmid’s law (14). Liu & Lin
(51) provide a thorough review of recent work in electroplasticity and electromigration, as well as
electrically assisted manufacturing. Although there is no formula yet that directly correlates me-

chanical properties with electric current effects, the Blech critical product from electromigration
o2

EPZ* )
the current density, L is the sample strip length, o is the back stress, £2 is the atomic volume of the

theory may provide a hint (52). The Blech critical product is formulated as jL = where j is
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Plot of log(¥7p) versus log(current density) for common alloy systems under an electric current. Data for Al
from References 52 and 54-57. Data for Cu from References 14, 17, and 58-63. Data for Fe from
Reference 57. Data for Mg from Reference 11. Data for Sn from References 64-66. Data for Ti from
References 13, 57, 67, and 68.

material, p is the resistivity, e is the fundamental electron, and z* is the effective charge. Tu (53)
suggested that the back stress could be approximated by using Young’s modulus multiplied by the
elastic limit (i.e., 0 = Y Ae). In this way, he successfully elucidated why critical current density
for a eutectic SnPb solder is two orders of magnitude smaller than that for Al and Cu. Hence,
it seems particularly relevant to correlate the electroplastic or electromigration effect with the
Young’s modulus Y and resistivity pg.

Figure 3 plots the }/pg ratio and current density j with logarithmic scales for various material
systems where the electroplastic or electromigration effect was observed (11,13,17, 52, 54-68). It
should be noted that the exact critical value of current density for which electric current-induced
deformation initiates was very difficult to obtain. That is why the current densities shown in
Figure 3 are the nominal values reported in the literature when the phenomena induced by the
electric currents take place; that is, the reported current densities may be equal to or larger than
a material’s specific critical values. A proportional relationship between the Y/pg ratio and the
current density was found. This suggests that materials with high electric conductance and a high
elastic constant would have high resistance against electric current-induced deformation, in terms
of either the electroplastic or electromigration effect.

This can be understood by the fact that at a given current density, the materials with high
conductance are likely to be subject to low electron wind forces, and the materials with high elas-
tic constant are less likely to be plastically deformed. As a result, the critical current densities
for Cu and Al would be in the range of 10°~10° A/cm?, while those for Ti or Sn would be only
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102-10* A/cm?. The electrical properties influence the EPE, but the mechanical properties also
play an important role. This understanding opens the door for alloy design (as in electronic inter-
connectors in microelectronic applications, which need to withstand very high current densities)
as well as for process design for electric current-assisted manufacturing.

3. PLASTICITY OF CERAMICS UNDER AN ELECTRIC FIELD

Ceramic materials are not known to be particularly ductile. Most ceramics are brittle at low and
medium temperatures because the large critical resolved shear stress decreases from a few giga-
pascals to some tens of megapascals only at high temperatures (69). This introduces a high creep
resistance at low and medium temperatures (7" < 0.4 T,,), which is desirable for many ceram-
ics applications as it limits their processibility during manufacturing and the break-away strains
at operating conditions. Electroplasticity offers a way to enhance the ductility during manufac-
turing at lower temperatures. Sintering under considerable electric fields and currents can also
introduce a remnant enhancement toward ductility at room temperature. Most reports were on
polycrystalline ceramics (in particular on high-strain superplastic deformation, where the uniform
elongation exceeds 100%), but single crystals were also affected by electric fields.

The main mechanisms for creep and plastic deformation in polycrystalline ceramics are grain
boundary sliding (GBS), which also accompanies Nabarro-Herring and Coble creep (70), and
dislocation glide. GBS was found to be the main mechanism for field-enhanced deformation in
polycrystals (70). A modification of the grain boundaries induced by applied electric fields should
therefore change the creep behavior of ceramics. It became evident that whereas superplasticity
(elongation > 100%) requires nanosized grains during field-less deformation (21, 71), it can take
place in polycrystals with micron-sized grains when assisted by electric fields because the space
charge layers involved in GBS are affected by the field.

True metal-like plastic behavior would require the presence of many dislocations in the ceram-
ics (72). A few materials (such as strontium titanate) present an inverse brittle-to-ductile transition
and can deform at room temperature (69). If a suitable dislocation density can be introduced by
electric field treatment, a range of new opportunities opens. Conventional sintering, the standard
densification method for ceramics, yields ceramics with a low density of dislocations and dislo-
cation sources. In other words, the brittleness of ceramics may be interpreted as being due to
their inherent lack of dislocation coupled with the established conventional production method.
Electric power, however, can introduce dislocations in ceramics.

How electric fields can modify the plastic and superplastic behaviors of ceramics is presented in
the next sections. As mentioned above, we can categorize two types of electric field-assisted plas-
ticity: in situ and ex situ (or remnant). Then, in Section 3.2, we investigate the potential mechanism

behind the observed field-enhanced effects.

3.1. Electroplastic Behavior

Electroplastic mechanical behavior is observed during the application of the field (in situ), but also
after the field is switched off (ex situ). Electric field—assisted creep measurements show amplified
strain rates with reduced corresponding flow stresses. The materials even behave superplastically
with very high strain to failure. The mechanical properties are modified even after the field is
switched off (ex situ): Young’s modulus, hardness, creep rates, and fracture strains were found to
be significantly affected, indicating ductility.

3.1.1. Insitu. Theinteraction of an electric current or field with ceramics involves both thermal
and athermal effects. The thermal effect, which is Joule heating due to the ohmic voltage loss, is

www.annualreviews.org o Electroplasticity of Metals and Ceramics

159



T T T 1 TT T T T T T T T T T T
o

—T T
PR 2 °f - —
400 160 mA/mmz,1,270 G 15MPa | _ 300 I 0160 mA/mm?, 1,270°C |
— 1°( <3
- L 220 mA/mm?, 1,360°C, 1.0 MPa 2 250 L o 0220 mA/mm?, 1.360°C
° 300 415 't ]
z g § 200 ° ]
2 £ 200 48 el )
« © = 150 L
& s v o Superplasticit
i & el uperplasticity
'E' 100 - ‘g 100"~~~ o Tl 1
£ L
© 5 wloooao Normal creep |
0 T L o ¢} o o
S — | L | L | L | L | L | L | L 0 | L | L | L | L | L |
20 40 60 80 100 120 0 500 1,000 1,500 2,000 2,500 3,000 1 2 3 4 5 6
TIME IN HOURS Time (s) Engineering stress (MPa)
d e 3Y-TZP (do = 0.4 pum), & = 1.33 x 10/s f
e W1 " T T T T ] 1. T T T
15| 1,550°C . X b
10} | o B .
= S Emoven] ! 1.
S or 19 T
E 1 6(-)00(: t t t t + m 13
© 10 1 v 1 d -
5| E=200V/cm | C ]
0 Ly o) S B I -
0 0.05 0.1 0.15 0.2 025 03 035 O 0.5 1 1.5
£ €
0.0 | | |
B 100 200 300 400
\'}
Figure 4

Electric field-assisted creep deformation behavior of various ceramic materials. (#) Creep strain of a MgO single crystal under an
electric field at 1,000°C. Segments 1, 3, and 5 show the creep rate without an electric field, whereas segments 2 and 4 show the creep
rate with the electric field switched on. (b)) Creep deformation of zirconia at different current densities. The inset shows the elongation
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(74). (d) Stress—strain curves of polycrystalline MgO under 220 V/cm at 1,550°C and 1,600°C (78). (e) Stress—strain curves for 3 mol%
yttria-stabilized ZrO, (3Y-TZP) ceramics with and without an electric field (79). (f) Strain rate dependency with an electric field for ice
(80). Panel # reproduced with permission from Reference 73; copyright 2004 AIP Publishing. Panels 4 and ¢ adapted with permission
from Reference 74; copyright 2022 Acta Materialia. Panel 4 adapted with permission from Reference 78; copyright 2000 Acta
Metallurgica. Panel e adapted with permission from Reference 79; copyright 2008 Springer Science. Panel f'adapted with permission
from Reference 80.

considered in the research by, for example, lowering the furnace temperature to compensate for
the sample heating or in interpreting the data. Therefore, our focus is on the athermal effect,
which is sometimes called the direct field effect.

First, Neiman & Rothwell (73) showed the effect of 500 V DC (in this pioneering work of
1963, only voltage without the sample dimension was reported) on the creep behavior of single-
crystal MgO at 1,000°C during a three-point bending test. Figure 44 shows the creep strain as
a function of time with and without the application of an electric field. The creep rate reverted
to its original value after switching off the electric field. The largest creep rate reached was 5.8 x
10 s78. The increase in creep rate was unlikely to be due to Joule heating, as the electrical power in-
put remained below 1 W. This case highlights that electroplasticity in ceramics is not contributed
only by grain boundaries. The field-affected movement of charged dislocations is also responsible.

"To continue with a very impressive example of how electric fields can enhance deformation,
we look at the work of Liu et al. (74), who studied the tensile creep behavior of a 3 mol%
yttria-stabilized ZrO, polycrystalline (3Y-TZP) ceramic under a DC electric field inducing
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flash-sintering conditions. During flash sintering, the sample densifies under strong electric fields
and rather low furnace temperatures within seconds while a rapid increase of conductivity and
large current flows are observed (75). An accelerated self-diffusion, the generation of atomic
defects and enhanced mass-transport phenomena that takes place at higher temperatures, is
expected during the flash event (76, 77). Figure 4b shows the tensile elongation of 3Y-TZP
under two different current densities, 160 and 220 mA/mm?, sample temperatures of 1,270°C and
1,360°C, and a constant load of 1.5 and 1.0 MPa. A higher current density results in a higher creep
rate, as expected. In addition, a higher current density (200 mA/mm?) also results in very large
uniform elongation (up to 300%) (Figure 4c), causing the material to behave as a superplastic.

Conrad (1) and Conrad & Yang (78) showed that the flow stress of polycrystalline MgO reduced
by half with the application of an electric field of 220 V/cm (Figure 4d). When the electric field
was intermittently switched on and off, the flow stress was reversibly changed. A similar trend was
observed for 3Y-TZP ceramics as well (Figure 4e) (79). Here, a very high field of 1 kV/cm was
applied across dog-bone shaped samples at a furnace temperature of 1,500°C. The specimen under
the field was elongated considerably more than the specimen without the field. An unconventional
case of electroplasticity is also illustrated, as ice might be categorized as a ceramic in certain aspects.
Petrenko & Schulson (80), with the help of a complicated setup, demonstrated that the application
of an electric field across ice enhances plastic deformation. Figure 4f shows the change in strain
rate with the applied voltage.

Yoshida & Sasaki (76) induced superplasticity in 3Y-TZP by using a DC field (120 V/cm)
at a lower furnace temperature of 1,000°C as compared with Yang & Conrad (79). At a strain
rate of 0.001 s7!, a strain of nearly 135% was achieved in the case of the ceramic subjected to an
electric field, whereas the sample without an electric field underwent a brittle fracture (Figure 5a).
Motomura et al. (81) experimentally demonstrated the athermal effect of an electric field on the
plastic deformation of 3Y-TZP. The ceramic was subjected to three-point flexural loading under
the flashed state with a current density of 67 mA/mm’. Figure 5b shows the flow stress as a
function of the strain with and without an electric field. Without the field, the zirconia beam
suffered brittle fracture, whereas with the field, the sample could be bent to a large extent without
failure. The sample temperature was measured to be 1,230°C, and it would not have been possible
to bend zirconia without an electric field (by using only thermal energy and keeping the furnace
at 1,230°C). This is clear evidence of an athermal effect of the electric field and that the plasticity
cannot be explained by the elevated temperature resulting from Joule heating alone (81). In the
pursuit of separating the thermal and athermal effects, very low electric fields were applied by Cao
et al. (82, 84) to understand the change in viscosity of porous ceria ceramics. The behavior was
proven to be symmetric in tension and compression, both with and without an electric field. A
clear decrease in uniaxial as well as bulk and shear viscosities was already measured for alternating
current (AC) fields below 30 V/cm (Figure 5¢) (84). By implementing an artificial temperature rise
into a phenomenological model of viscosity, it was possible to reproduce the athermal field effect.
This approach enables the quantification of the effect of electric fields in terms of the equivalent
thermal energy transferred to the sample but does not give any hint about the real nature of the
phenomena (10).

As mentioned above, the key to observing superplasticity is to maintain a constant grain size and
prevent grain growth during deformation. An optimum current density was found for obtaining
the highest strain. A further increase in current density results in grain growth, which in turn
restricts the GBS, thereby increasing the flow stress (Figure 5d) (85).

To finish, electroplasticity has also been observed in nonoxide ceramics. Shen et al. (86)
conducted deformation experiments on dense a- and B-SiAION ceramics using a field-assisted
sintering technique and spark plasma sintering (FAST/SPS) furnace with a hot press for
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Figure 5

Electric field-assisted superplasticity of oxide and nonoxide ceramics. (#) Stress—strain curve of dense 3Y-TZP deformed in tensile
mode without and with a DC field of 120 V/cm. Panel adapted with permission from Reference 76; copyright 2017 Acta Materialia.

(b) Stress—strain curve of dense 3Y-TZP deformed in bending mode with and without a current density of 67 mA/mm?. The inset
shows the brittle fracture and complete bending of the zirconia beam. Panel reproduced with permission from Reference 81; copyright
2022 The Author(s) (CC BY-NC-ND 4.0). (¢) Change in shear viscosity induced by AC fields for yttria-doped ceria measured at a
constant sample temperature. Panel adapted with permission from Reference 84. (d) Stress—strain behavior of 3Y-TZP with an electric
field in an oxygen-lean atmosphere. Panel adapted with permission from Reference 85. (¢) Strain—temperature relation of SIAION
ceramics being deformed with (SPS) and without (HP) an electric field. The inset shows the deformed SiAION ceramic specimen.
Panel adapted with permission from Reference 86; copyright 2003 Wiley-VCH GmbH. Abbreviations: AC, alternating current; DC,
direct current; HP, hot pressing; SPS, spark plasma sintering; 3Y-TZP, 3 mol% yttria-stabilized ZrO, polycrystalline.
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comparison. FAST/SPS is an electric current—assisted consolidation technique and was also used
for current-assisted deformation. Figure 5e shows the strain versus the temperature, where the
deformation in SPS takes place at a much lower temperature (1,400-1,500°C) as compared with
hot pressing (1,700-1,800°C).

3.1.2. Exsitu. Electric field treatment of ceramic materials at a high temperature can induce
remnant effects and enable plasticity afterward at a low temperature. The difficulty may be in
retaining the possible out-of-equilibrium state in the material and making use of it during the
deformation test. Indentation measurements are useful to test the local mechanical properties and
indirectly assess any change in the plasticity of the indented material.

Masuda et al. (83) evaluated the micromechanical response of fully stabilized zirconia, which
was exposed under an AC electric field of 220 V/cm and a current density of 400 mA/mm? (here-
after referred to as “flashed”). To avoid the recovery of the defects, the group quenched the flashed
zirconia samples for characterization, which may provide information close to that of an in situ
study. Figure 6a,b shows the contact modulus (E) and hardness (H) of flashed and nonflashed
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Figure 6

Ex situ effect of an electric field on the mechanical behavior of zirconia ceramics. (#) Contact (indentation)
modulus as a function of loading rate showing constant elastic behavior for the nonflashed samples and
rate-dependent behavior for flashed samples, interpreted as anelastic (viscoelastic) deformation. (b)) Hardness
with respect to loading rates based on nanoindentation experiments on flashed and conventionally sintered
zirconia. (c) Creep curves obtained from nanoindentation for flashed and conventionally sintered samples.
(d) Stress—strain curves obtained from compression of micropillars at different temperatures. Panels 24—
adapted from Reference 83 (CC BY 4.0). Panel 4 adapted from Reference 87 (CC BY 4.0). Abbreviation:
UCS, ultimate compressive stress.

zirconias as a function of the loading rate. The H values of the flashed samples were 1.8 GPa
lower than the ones of the nonflashed samples, independent of the loading rate. The lower values
in flashed samples were attributed to recoverable anelastic (viscoelastic) strain.

A nanoindentation creep experiment on flashed and nonflashed samples (Figure 6¢) revealed
that the initial displacement in the primary creep regime was higher for the flashed sample,
whereas the creep rate was similar for both flashed and nonflashed samples in the steady-state
creep regime. Such a behavior is attributed to time-dependent anelastic deformation, possible
mechanisms for which are presented in the next section (83).

In addition, uniaxial microcompression tests of pillars in an instrumented scanning electron
microscope give complementary information on the deformation behavior of a representative
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volume element. By using a heating stage, the investigations can be carried out as a function
of temperature (87). As shown in Figure 6d, yttrium-stabilized zirconia (YSZ) micropillars at
room temperature sustain large strain (~8%) compared with their bulk counterpart (~2%) due
to stress-induced martensitic transformation toughening. However, the pillars fracture catastroph-
ically after the nucleation of cracks. In comparison, a brittle-to-ductile transition of the fracture
mode is observed at 400°C in flash-sintered YSZ, much lower than the ~800°C reported for con-
ventional bulk YSZ. The enhanced plasticity at elevated temperatures arises from the transition
from phase transformation toughening to dislocation creep.

3.2. Mechanisms

The applied electric field heats up the sample due to Joule heating. The rise in temperature may
be attributed to the enhanced creep rates and changes in mechanical responses. However, the
mechanical response of the ceramic at an equivalent temperature without any applied electric field
is rather brittle. The creep activation energy was lowered and the stress exponent changed in some
cases. The presence of photoluminescence in flashed samples indicated that point defects were
created by the electric field. Furthermore, the grain boundaries were transformed (amorphized)
and arrays of dislocations appeared in the material.

3.2.1. Joule heating. The rate of creep ¢ depends on a few parameters such as the material
itself, grain size d, flow stress o, and temperature Tt

¢ = Ao"d " exp(—Q/RT), 2.

where A is a material constant, z the stress exponent, p the grain size exponent, Q the activation
energy, and R the molar gas constant. The achievable creep deformation is also a function of those
parameters. It is therefore natural to first propose Joule heating as the main possible cause for
enhanced creep deformation when current flow is present. Using the equation given above, the
creep data obtained by Owen & Chokshi (88) without an electric field were extrapolated to the
same sample temperature of the experiments under electric loading by Yoshida & Sasaki (76).
The strain rate obtained by Yoshida & Sasaki with an electric field was nearly one order of magni-
tude higher than the extrapolated data (Figure 74), which excludes Joule heating from being the
only reason for the enhanced creep observed.

For electric field-assisted bending experiments on YSZ ceramics, Motohashi et al. (91) showed
that the flow stress of ceramics under an electric field is higher even though Joule heating is taken
into consideration. For example, a furnace temperature of 1,100°C and sample temperature of
1,230°C yield a similar flow stress as observed at 1,450°C without an electric field (Figure 75). As
creep rates do not match by extrapolation to the sample temperature, additional factors must be
responsible for the observed behavior.

3.2.2. Change in stress exponent and activation energy. The determination of the stress
exponent 7 in the empirical stress—strain rate relationship (Equation 2) is an important way to
identify the rate-controlling mechanism, as it is also for the case of electroplastic deformation.

For zirconia, Liu et al. (74) observed the following change in the values of z for different current
densities and mechanical loadings: 7 ~ 1 for a current density of 160 mA/mm?, indicating that the
creep is dominated by a diffusion-controlled process (e.g., Nabarro-Herring or Cobble creep);
n ~ 2 for a current density of 220 mA/mm’ and o < 3.5 MPa, interpreted as dislocation-flow
accommodated GBS; and # ~ 3 for the same current density but with o > 4 MPa, understood as
dislocation flow.

On the other hand, for cubic zirconia at 1,000°C and under 30 V/cm (Figure 7¢), the stress
exponent was not affected, suggesting that the electric field did not change the rate-controlling
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deformation mechanism (74, 92, 93). The stress exponent for gadolinia-doped ceria also did not
change from its fieldless value of 2 when subjected to fields of 7-20 V/cm AC (50 Hz) and current
densities of 25 mA/mm? and 200 mA/mm?, although the strain rate doubled for the smaller current
density and was amplified by a factor of 70 for the higher current density compared with fieldless
creep (94). The deformation mechanism was stated as GBS both with and without AC or DC
current. However, different materials, substitutions, and a small number of impurities at the grain

boundaries can completely change the deformation mechanism(s).
As shown in Figure 74, the activation energy for the high-temperature plastic flow of TZP was
calculated by plotting flow stress against the inverse of the sample temperature. A lower activation
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Conventionally
flashed

energy of 210 kJ/mol was calculated for the plastic deformation, which is significantly lower than
the typical activation energies of oxide ceramics (500-600 kJ/mol). The lowering of the activation
energy was interpreted as a lower energy being required for Zr cation diffusion. The formation
of oxygen vacancies from electrochemical reduction might enhance the cation diffusion, thereby
accelerating the rate of deformation (74, 81, 89).

3.2.3. Modified distribution of point defects. The application of an electric field may result
in a different type and concentration of (mobile) defects, induced only thermally. For example,
the formation of extrinsic oxygen vacancies, which may modify the behavior of cation defects and
lead to a higher grain boundary mobility, has been observed in zirconia (95-97). To investigate
the defect chemistry of zirconia influenced by the electric field, Yamashita et al. (98) characterized
the photoluminescence (PL) of conventionally sintered, conventionally flashed, and isothermally
flashed samples (Figure 84). The sintered samples were illuminated with white and UV light

Isothermally flashed

Conventionally

sintered 1,000°C 1,100°C 1,200°C

5min

Figure 8

5min - 5min  3min b

Microstructural evidence for mechanisms leading to electroplasticity in ceramics. (#) Photoluminescence of conventionally sintered,
conventionally flashed, and isothermally flashed 3 mol% yttria-stabilized tetragonal zirconia polycrystalline (3Y-TZP) ceramics under a
365-nm UV light. Panel adapted with permission from Reference 98; copyright 2020 Elsevier. (5) Transmission electron micrograph
(TEM) of a grain boundary showing amorphous film in monoclinic zirconia. Panel adapted with permission from Reference 101;
copyright 2018 American Ceramic Society. (¢) Amorphous grain boundary in SIAION after electric field processing. Panel adapted from
Reference 102 (CC BY 4.0). (d) TEM of deformed zirconia under 220 mA/mm?. Panel adapted with permission from Reference 74.

(e) TEM of flash-sintered 3Y-TZP showing the presence a dislocation arrays, which are not observed in conventionally sintered material
(87). (f) The array of the boxed region in panel e with more detail in bright field (BF) and dark field (DF). Panels e and f'adapted from
Reference 87 (CC BY 4.0).
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(365 nm). The flashed samples emitted blue PL, suggesting the presence of singly ionized associ-
ated oxygen vacancy defects (AODs). Furthermore, detailed analysis of the PL spectra confirmed
that the increased PL intensity was due to the high concentration of AODs introduced by the flash
phenomenon (99). The intensity of PL was lower in the case of conventionally flashed samples
because the furnace temperature was lower, and the reaction leading to the formation of defects
took place only on the surface. In the case of isothermal flash, the point defects were formed in
the bulk of the sample and not just at the surface. It is noteworthy that PL persisted even after a
high-temperature annealing of the flashed samples. Such remnant effect has also been observed
for zinc oxide (100), where contacting and noncontacting fields induced change in the defect pop-
ulation as evidenced by the ratio of near-band-edge to deep-level-emission signals. It is reasonable
to think that the point defects induced by the electric loading at a high temperature are related to
the anelastic behavior described above.

3.2.4. Grain boundary alterations. A probable explanation for enhanced GBS and reduction
in flow stress under an electric field may be that the space charge layers at the grain boundaries
are modified under electric loading (and remain after removal of the field). In a response to lattice
stress and broken bonds, the grain boundary restructures by segregating point defects to the grain
boundary core. The charge brought by these defects at the grain boundary plane is shielded by
an accumulation of point defects with inverse polarity next to the grain boundary core. As the
space charge layer has its own internal electric field, it is highly probable that the application of
a macroscopic electric field affects the space charge layer structure and dopant segregation (103).
As newly shown for strontium titanate (STO), static electric fields applied parallel and perpendic-
ular to the grain growth direction affect the grain boundary structure (103, 104). The thickness of
the grain boundary is modified under electric loading (for example, from 0.80 nm on the positive
side to 0.36 nm at the negative electrode under 50 V/mm) and can even lead to its decomposi-
tion (103). The creation of oxygen vacancies in STO samples is proven by X-ray photoelectron
spectroscopy showing the presence of Ti** and Ti**. These positively charged oxygen vacancies
are very mobile in comparison with cations and create a gradient under static electric field con-
ditions. Accordingly, the oxide becomes reduced (oxidized) at the negative (positive) electrode.
This significantly changes the grain boundary mobility, grain growth, and resulting creep defor-
mation within the sample. In addition, if grain boundary dislocations can act as both source and
sink for vacancies, the application of an external electric field influences the vacancy flux across
dislocations. While STO is the only example where the effect of electric fields on grain boundary
mobility is well understood and modeled in detail, other materials such as barium titanate seem
to behave similarly. In contrast, the grain growth in magnesium aluminum spinel and rare-earth
doped ceria does not seem to change under electric fields (82, 105).

A more unexplored grain boundary phenomenon is amorphization in the presence of an electric
field (106). Morisaki et al. (101) made it possible to sinter monoclinic zirconia with the aid ofa DC
electric field, overcoming the usual shattering of zirconia due to the large volume expansion from
the tetragonal to monoclinic phase. This was facilitated by grain boundary amorphization, which
was observed to be due to the severe reducing condition arising from the electric current-induced
flashed state (Figure 8b). It has been demonstrated by Yoshimura et al. (107) and Hayakawa et al.
(108) that it is almost impossible to amorphize zirconia by quenching from the melting tempera-
ture. These results point toward the possibility of a transient amorphous film in the grain boundary
that is formed due to the combination of both electric current and applied stress (101, 109). Yet
other evidence for grain boundary structure modification with an applied electric field was shown
by Morita et al. (110). Rapid crack healing in the case of cubic zirconia was observed after flash-
ing. The flashed healing rate was twice that of static healing without an electric field at 1,230°C.
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The enhanced diffusion caused the cracks induced by indentation to heal. Nonoxide ceramics are
known to be sintered with a liquid phase such that possible softening of the grain boundary phase
might be triggered by the electric field. A clear effect of an electric field on the sintering of alu-
mina with a glassy phase (including a reduction in viscosity) has been shown, so similar behavior is
expected for fully dense samples under mechanical loading (111). Grain boundary amorphization
was observed in SIAION ceramics processed under an electric field (Figure 8c¢). The sintering aids
were segregated to the grain boundary, which melted due to the high current density, resulting in
an amorphous intergranular film leading to enhanced plasticity (102).

3.2.5. Role of dislocations. Dislocation motion is paramount to the plasticity of any material.
The application of an electric field may cause Joule heating, which results in an enhanced dis-
location mobility at high temperatures. However, the dislocations in ionic crystals have charged
cores, which give rise to an electrostatic field that is susceptible to an externally applied electric
field (112). Moreover, electric fields have also been observed to create partial dislocations in a
terroelectric oxide by providing the activation energy for the cation to flip to a new metastable
configuration (113). The analysis of electric field-enhanced dislocation mobility toward plastic-
ity is complex for submicron-grained ceramics. Li et al. (114) showed that the dislocations in a
zinc sulfide single crystal can move back and forth in the presence of an electric field with corre-
sponding polarities without any mechanical loading. An AC field would consequently allow the
charged dislocation to be stationary with the polarity reversal (94). On the other hand, plasticity
in ceramics might be triggered even in the presence of a noncontacting electric field.

Dislocation motion can be the rate-controlling mechanism, for example, during grain bound-
ary sliding (92), and can be affected by electric fields (115-117). Electric fields can indeed indirectly
(by inducing high heating and cooling rates) or directly modify the microstructure and induce 2D
defects such as dislocations and stacking faults. Liu et al. (74) showed that zirconia samples dis-
played dislocation arrays and entanglement when deformed at a current density of 220 mA/mm?,
whereas a lower current did not result in any dislocation, proving that the electric current was the
reason for dislocation generation (Figure 84).

The microstructure of flash-sintered ceramics is modified, with a higher number of stacking
faults and dislocations, as shown in Figure 8e (87). The dislocation density in many grains reaches
as high as ~2-3 x 10'2 m~?, compared with the typical density of ~108-10' m~2 in most ceramics.
These high-density dislocations play a vital role in the deformability of the flash-sintered 3YSZ
tested at elevated temperatures. Interactions between dislocations and with point defects may be
affected by chemistry or by thermochemical or electrochemical reduction processes. For example,
the increase in oxygen vacancy concentration after reduction treatment was found to signifi-
cantly influence dislocation-governed plasticity by favoring dislocation nucleation but impeding
dislocation motion in STO crystals (118).

4. CONCLUSION

A spectrum of electroplasticity investigations of both ceramics and metals are covered in this re-
view in a structured manner. The mechanisms leading to the deformation of ceramics and metals in
the presence of an electric field are very different. The complex mechanisms leading to electroplas-
ticity in metals have been understood with advanced characterization and modeling techniques.
Depending on the materials and electric loading conditions (especially current density), the con-
tributions of the different mechanisms (electron wind force, electrostatic force, pinch and surface
effects, magnetic force, etc.) on dislocation motion and microstructure have been shown.
Electroplasticity in ceramics is less complex, and a clear athermal effect of an electric field
on anelastic deformation has been established. Nonequilibrium, atomistic structural changes in

Dash et al.



grain boundaries induced by an electric field play a key role in the electroplasticity of ceramics. In
particular, the introduction of a high concentration of oxygen defects has been pointed out not only
by the abovementioned studies but also by several reports on flash sintering (119, 120). In order to
understand the electroplasticity mechanism of ceramics, it is necessary to clarify the relationship
between GBS, atomic diffusion, and dislocation motion and the grain boundary structures under
an electric field. For this purpose, theoretical approaches, such as thermodynamic (120) and first-
principle calculations (121) of the interaction between an electric field or current and the grain
boundary, are expected to be very effective. At low temperatures, the high dislocation density
induced in flash-sintered ceramics may have general implications for improving the plasticity of
sintered ceramic materials.

Electroplasticity in both ceramics and metals offers avenues to achieve material-property pro-
cessing, which has conventionally not been possible. Electroplasticity may be the answer to certain
machinability limitations for engineering ceramics, metals, and metal-ceramic composites.
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