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Electric‑field‑assisted processing 
of ceramics: Nonthermal effects 
and related mechanisms
Olivier Guillon, Roger A. De Souza, Tarini Prasad Mishra, and 
Wolfgang Rheinheimer

Field-assisted processing methods, such as spark plasma sintering and flash sintering, have 
considerably expanded the toolbox of ceramic engineering. Depending on the conditions, 
substantial electric currents may flow through the material resulting in fast heating rates due 
to Joule heating. Here, we focus on nonthermal effects induced by electric fields during 
processing of fluorite- and perovskite-based ceramics. The fundamentals of how a field can 
directly modify defect formation and migration in crystals are discussed. In addition, the 
interplay of ion transport and electrical conductivity is considered, this interplay being crucial 
to understanding nonthermal effects caused by electric fields (as in memristive switching). 
Electrochemical reactions leading to new phases or reduction are also described, as are 
densification rates and sintering parameters that are significantly affected even though the 
sample temperature is held constant. Finally, as grain-boundary properties and segregation are 
changed by ion transport, we describe how both retardation and acceleration of grain growth 
can be achieved including graded microstructures.

Introduction
In this article, we focus on the theoretical prediction and the 
experimental identification of phenomena induced by electric 
fields of different magnitudes. Macroscopic Joule heating of 
the sample needs to be excluded or at least well controlled 
in order to deconvolute nonthermal from thermal effects, the 
latter being covered in this issue.1 Large thermal effects are 
present in flash sintering (thermal runaway, possibly transient 
melting of necks),2,3 but electric-field-assisted processing 
of ceramics should not be reduced to flash sintering only. A 
series of different studies, which will be detailed later on, has 
shown that both AC and DC fields offer an additional degree 
of freedom to synthesize materials, to tailor microstructures 
and properties through acceleration or retardation of reactions, 
independent control of densification kinetics, and grain size. 

The materials considered in this article are ionic oxides 
based either on the fluorite structure  (MO2 such as  ZrO2 and 
 CeO2) or on the perovskite structure  (ABO3, such as  SrTiO3). 
According to Reference 5 one-half of all papers published on 
flash sintering focus on these materials. These specific classes 
of polycrystalline materials are found in a broad range of 

applications (from electrochemical devices such as solid-oxide 
fuel cells, gas separation membranes, and sensors to storage 
elements such as memristors, multilayer ceramic capacitors 
over mechanical components).6–8

In the following, fundamentals of how a field can affect 
defect formation and migration in crystals are described. They 
are complemented by specific sections covering electrochemi-
cal reactions, sintering, and grain-boundary mobility under 
electric fields.

Fundamentals
The mobility of an ion in an ionic solid, uion, can be expressed 
as

where udef is the mobility of the point defect responsible for 
ion mobility and cdef and cion are the concentration of those 
defects and of the ions in question (and cdef ≪ cion by defini-
tion). We thus recognize that, for ion transport to take place, 
point defects are required to be sufficiently mobile (udef) and 

(1)uion = udef

cdef

cion
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to be present at sufficiently high concentrations (cdef). For a 
polycrystalline ceramic body, we also need to be aware that 
various paths may be available for ion transport—through the 
bulk phase, along grain boundaries, or along free surfaces. 
Since udef and cdef will in general differ considerably for these 
different paths, uion also will. Next, we consider uion first in the 
bulk and second along grain boundaries.

Ionic solids consist of two or more sublattices, and gener-
ally, the ions of one sublattice are more mobile than the ions of 
the other sublattice(s). Fluorite-structured  CeO2 and perovskite-
structured  SrTiO3 are both characterized by uanion ≫ ucation. 
Consequently, processes such as sintering in these materials are 
governed by cation transport. The low ucation is due to the cor-
responding udef and cdef both being very low. Increasing ucation 
to a sufficient level (e.g., for densification) is usually achieved 
through raising the temperature, since both udef and cdef increase 
exponentially with increasing temperature. The tempera-
ture dependence of udef is described in terms of the activation 
enthalpy of defect migration, �H

‡

mig
:

For cation-vacancy migration in  CeO2 and  SrTiO3,10 
�H

‡

mig
∼ 4eV . Hence, to increase udef by  105 at T = 1273 K, 

one has to raise the temperature by 400 K. Returning briefly to 
Equation 1, and taking  CeO2 as our example, we note that cion 
is the concentration of cerium ions and cdef is the concentration 
of cerium vacancies or cerium interstitials. Such cation defects 
(vacancies, interstitials) are generated through the Schottky 
and Frenkel disorder reactions, which for  CeO2 are written in 
Kröger–Vink  notation11 as follows:

where the K’s refer to equilibrium constants and [X] is the 
concentration of the defect X. The difference between these 
two intrinsic disorder reactions is that Schottky disorder can 
only occur at an (internal or external) interface, after which the 
defects generated can diffuse into the bulk, whereas Frenkel 
can occur directly within the bulk phase. If we assume that the 
defect chemistry is governed by acceptor dopants fixing the 
concentration of oxygen vacancies, we find

and

For  CeO2, calculated  values12 are �HSch ∼ 6.5eV and 
�HFr ∼ 12eV.
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Can an electric field E directly alter udef and cdef? The 
answer in both cases is: yes, it is possible. Next, we discuss the 
mechanisms, focusing on cation transport (for the reason pre-
viously given), but analogous results apply to anion transport.

The standard model describing udef (E,T) considers the 
field to decrease �H

‡

mig
 for forward jumps and increase it for 

backward jumps, resulting in ion jumps in the forward direc-
tion occurring far more frequently and those in the opposite 
direction far less frequently.13 A simple, qualitative treatment 
(see Reference 14 for a quantitative prediction) yields for an 
ion of charge ze jumping a distance 2a,

At low fields, the sinh term reduces to its argument, 
and udef is, as required, independent of E; at high fields 
[ E > (kBT )/(|z|ea) ], udef becomes dependent on E. Enor-
mous fields are required, however: To increase udef for tetrava-
lent cations by  105 at T = 1273, one has to  apply14 a field of 
E ≈ 1.97× 10

9
Vm

−1.
The mechanism through which a field generates Frenkel 

pairs (to increase cdef) is the ionic, classical variant of the 
Zener effect in semiconductors (the latter involving electrons 
quantum mechanically tunneling from the valence band to the 
conduction band to generate electron–hole pairs). In the (clas-
sical) case of Frenkel-pair generation, a regular ion moves a 
distance avi from its lattice site to an interstitial site, leaving 
a vacancy behind. A thermodynamic  approach15 relates the 
relevant quantities to the field required: E ∼ �HFr/(|z|eavi). 
For Frenkel-pair generation in  CeO2, E ∼ 10

10
Vm

−1.
It has been shown that phonon modes close to the Brillouin 

zone edge can generate Frenkel defects in oxides.16 This would 
provide an alternative mechanism, but at present, it is not clear 
how a field produces these phonon modes in an ionic crystal, 
nor is it clear how high the field has to be for this mechanism 
to be operative.

We now consider uion along grain boundaries (free surfaces 
being qualitatively similar). The perturbed structure of a grain 
boundary will clearly affect �H

‡

mig
 and thus udef. For highly 

mobile oxide ions, the perturbation is evidently detrimental. 
For the less mobile cations, the perturbation could well be ben-
eficial.2 Nevertheless, E ∼ 10

9
Vm

−1 will still be required at 
T = 1273 to produce a huge enhancement in uion (since atomic 
distances and atomic barriers at interfaces do not differ by 
orders of magnitude from bulk values).

The perturbed structure at grain boundaries also alters 
the thermodynamics of defect formation. Differences in the 
Gibbs formation energies of defects between bulk and inter-
face ( �Gseg ) drive the formation of space-charge zones. In 
acceptor-doped  CeO2 and  SrTiO3, �Gseg for oxygen vacancies 
drives the formation of space-charge zones in which oxygen 
vacancies are depleted,17–20 acceptor cations are accumulated, 
and cation vacancies are accumulated. Cation mobility along 
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grain boundaries can thus be strongly 
accelerated within the space-charge 
zones because cdef is much higher,21 
and experimental data for cation dif-
fusion in these materials are consist-
ent with this picture. Applying a field 
to modify �Gseg,v , and thus the effec-
tive cdef, has been  argued18 to require 
E ∼ 10

10
Vm

−1 , but quantitative simu-
lation studies are necessary to confirm 
this.

There is also the intriguing possibil-
ity of modifying �Gseg by changing the 
atomistic structure. Applying a field was 
found to change the interface structure 
of a  SrTiO3 twist-bicrystal, but the inter-
faces of two bicrystals with the same 
nominal twist angle were compared 
rather than those of two identical bicrystals.22 Further experi-
mental and theoretical work is also necessary here.

We thus conclude that according to current understand-
ing, there are no plausible mechanisms by which a field can 
directly accelerate the migration or the generation of cation 
defects (or of anion defects) at room temperature and higher 
at field strengths E < 10

7
Vm

−1 [this being the lowest limit 
of (kBT )/(|z|ea)].

Electrochemical gradients
In this section, we will discuss the influence of the electric 
field on electrochemical reactions and resulting modification 
of the material properties.

The electrochemical blackening of perovskite-based 
 titanates23 and  zirconia24 provides an example of internal 
solid-state reactions driven by a DC voltage. The bound-
ary conditions (blocking or nonblocking electrodes for one 
type of charge carrier, possible exchange with oxygen in the 
atmosphere) affect the electrochemically induced internal 
reaction mechanisms and the formation of n- and p-type 
conducting regions.25 As a consequence, gradients in the 
electrical conductivity develop in the specimen. Electrons 
and holes can recombine with a light emission deviating 
from the black-body radiation.25 The morphology of the 
moving boundary can be predicted as function of the trans-
port kinetics of the material itself.24 As grain boundaries act 
as barriers for oxygen ion transport, polycrystalline ceramic 
specimens show significantly slower blackening rates than 
single-crystalline specimens under identical conditions.

As an example shown in Figure 1, blackening of dense 
polycrystalline 10 mol% gadolinium-doped ceria (GDC) 
was initiated from the cathode side and advanced toward the 
anode side.26 The observed chromatic alteration of the sam-
ple is due to the migration of the positively charged oxygen 
vacancies ( v··

O
 ) that accumulated at the cathode side, while 

the oxygen ions moved to the anode side. The nonlinear 
rise in conductivity occurs when the sample is completely 

blackened. Ex situ x-ray photoelectron spectroscopy (XPS) 
of the specimen revealed a partial remnant reduction which 
enhances the electronic conductivity of the material:

Furthermore, shift in the valence-band edge and reduc-
tion of the bandgap of the specimen was confirmed by dif-
fuse reflectance measurements.26

This polarity-induced electrochemical reduction results 
in a conductivity gradient through the specimen from one 
electrode to the other, generating thermal inhomogeneity 
in the sample. By utilizing AC electric field at higher fre-
quency,27 the temperature gradient could be reduced. Addi-
tionally, the nature of the electrode material and its ability to 
exchange oxygen ions could generate gradient in the electro-
chemical properties in the specimen. This can be overcome 
by selecting appropriate electrode materials.27

The electric field-induced oxygen vacancy migration 
could induce nanoscale redox reaction as previously dis-
cussed, forming a so-called switching filament. It is now 
widely accepted that the resistive switching phenomenon 
as in redox-based memristive devices is caused by an inter-
nal redistribution of oxygen vacancies within a switching 
filament.28

In ionic solids, electric field not only induces migration 
of oxygen vacancies (faster migrating species), but also 
influence the migration of cations (slower migrating spe-
cies), when an electrical bias (DC) is applied for longer 
period of time. The applied DC bias may induce composi-
tional gradients due to differences in the cations mobility in 
ternary compounds. This type of inhomogenization is termed 
“kinetic” unmixing and has been investigated for  NiTiO3.29 
Above a given voltage, the perovskite even starts to decom-
pose. These phenomena can directly affect the material 
properties that will eventually degrade the performance and 
lifetime of the functional ceramic-based device. However, 
related works on the field-induced migration of cations are 
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Figure 1.  Electrochemical reduction of dense polycrystalline gadolinium-doped ceria 
under constant DC field of 1.75 × 104 V m–1 at 280°C in ambient air: Current density and 
electric field as a function of time (a) and propagation of the blackening front as a func-
tion of time (b).26
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very limited as compared to the field-induced migration of 
oxygen ion.

Sintering
Sintering involves several thermally activated, densifying, 
and nondensifying mechanisms. The initial stage of sinter-
ing leading to compact consolidation is usually dominated 
by surface diffusion–with no significant shrinkage. It seems 
that moderate electric fields do not modify this early-stage 
sintering, as shown for yttrium-stabilized zirconia (YSZ) and 
GDC.30,31 However, both AC and DC fields lead to measurable 
change in the densification kinetics of the intermediate stage 
of sintering.32–34

Systematic investigations were carried out for two yttrium-
doped ceria compositions to thoroughly quantify electric field-
induced effects. The discontinuous sinter-forging technique 
was applied for the first time to measure sintering parameters 
under AC electric fields, well below the flash-sintering condi-
tions as predicted by the thermal runaway model.32 The combi-
nation of sample temperature measurement by thermocouples 
and thermoelectric finite element simulations ensured that the 
macroscopic Joule heating effect was excluded.35

Electric fields increase shrinkage in both axial and radial 
directions, without inducing a measurable microstructural 
anisotropy. The sintering (or viscous) parameters as defined 
within the continuum mechanical description of  sintering35 
are a function of both temperature and microstructure. The 
uniaxial/shear viscosity measures the resistance of a sinter-
ing body to deformation under uniaxial/shear stress. The vis-
cous Poisson’s ratio describes the deformation of a material in 
directions perpendicular to the direction of loading. As shown 
in Figure 2, these parameters are significantly changed by an 
external electric field. However, the sintering trajectory (i.e., 
mean grain size as function of relative density) was similar 
for all conditions.36 The argument of grain-growth retarda-
tion under electric field (as observed on fully sintered YSZ 
samples)37 is therefore not valid here and cannot be taken as 
responsible for the observed changes in sintering parameters.

The sintering stress—which is the thermodynamic driv-
ing force for densification—increases almost linearly with 
the applied electric field whereas uniaxial, bulk, and shear 
viscosities, which determine densification kinetics, decrease. 
Symmetry between tension and compression is confirmed 
also under electric field.38 In addition, viscous Poisson’s ratio 
increases with relative density and electrical fields. These 
changes can be attributed to easier grain-boundary sliding 
under electric field. Bulk viscosity is indeed inversely pro-
portional to the grain-boundary diffusion coefficient and shear 
viscosity depends on both grain-boundary diffusion coefficient 
and grain-boundary sliding.39 The activation energies related 
to grain-boundary diffusion seem to decrease with increasing 
electrical field strengths.31 The observed softening of the sin-
tering material under electric field should be beneficial to the 
constrained sintering of layers.

Several reasons can be proposed to rationalize these exper-
imental results: gradual modification of the grain-boundary 
structure and associated space-charge layer, or temperature 
microgradients, which are not detected at the macroscopic 
scale. In support of the first assumption, amorphous films at 
grain boundaries were observed in pure zirconia, resulting 
from the severe reducing condition owing to the DC elec-
tric field during the flash-sintering process.40 As evidenced 
by impedance spectroscopy, grain-boundary conductivity and 
permittivity were significantly higher in flash-sintered sam-
ples, while the bulk properties did not vary much.41 For the 
latter explanation, temperature gradients may develop—at 
least transiently due to high current density achieved at the 
interparticle contact areas and stimulate thermodiffusion.42 
Using numerical models based on dielectric physics, the local 
field strength at interparticle necks was estimated to be orders 
of magnitude higher than the externally applied field, possibly 
leading to local dielectric  breakdown43 and Joule heating.

Grain growth in electric field
Grain growth reduces the grain-boundary area of polycrystals 
and is generally a thermally activated process. Assuming cur-
vature-driven grain growth, the mean grain size R follows the 
equation R2 − R(t = 0)2 = kt. The growth rate k = 2αmGBγGB 
includes the grain-boundary energy γGB , the grain-boundary 
mobility mGB , and a geometrical constant α . mGB is known 
to depend on electric fields since the 1970s,44 but our under-
standing is still incomplete, partially due to the experimental 
complexity.

In  SrTiO3, recent model experiments used blocking elec-
trodes to prevent current-induced Joule heating and to isolate 
nonthermal effects.45,46 The growth of single-crystalline seeds 
into polycrystals was observed with well-controllable driving 
forces for grain growth.47 An electric field ( ≤ 5× 10

4
Vm

−1 ) 
was applied perpendicular to the growth direction. Gradients 
in the growth rate of the seed crystal were observed: faster 
growth of the seed crystal occurred at the negative electrode, 
while the positive electrode showed a growth rate comparable 
to field-free experiments (Figure 3a).
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This change of the growth rate by the electric field can be 
understood by a field-driven migration of v··

O
 toward the nega-

tive electrode. In perovskites, D(v·····
O

, 1400
◦
C) ≈ 10

−4
cm

2
s
−1 

48 allowing migration of v··
O

 across the sample within seconds. 
Accordingly, the oxide becomes reduced (oxidized) at the 
negative (positive) electrode (Figure 3b). Grain boundaries 
in oxides generally feature space charge,49 where the grain-
boundary core charge depends on the oxidation state. For 
 SrTiO3, this dependence is well understood, allowing to cal-
culate the point defect concentrations for reducing (Figure 3c) 
and oxidizing (Figure 3d) conditions.

The cationic segregation to the space charge is impact-
ing mGB (solute drag): Grain-boundary migration is coupled 
to the migration of segregated defects and, thus, is coupled 
to their diffusion kinetics. In  SrTiO3, the diffusion of Sr is 
much slower than oxygen ( DSr ≈ 10

−19
cm

2
s
−1 at 1400°C),50 

and cationic dopants are likely in the same range or slower. 
Accordingly, grain-boundary migration is dragged by the dif-
fusion of cationic segregation.47,51 As segregation depends on 
the oxygen partial pressure (Figure 3c–d), the drag effect of 
segregation depends on the reduction state: in reduced  SrTiO3, 
little cationic segregation to the grain boundaries is evident. 
Consequently, mGB is much higher than for oxidized  SrTiO3.52

These relations between local reduction state and cationic 
segregation allow understanding the field effect on mGB: at the 
negative electrode, the oxide is partially reduced by the drift 
of v··

O
. Less space charge and cationic segregation is evident 

there resulting in less diffusional drag and a higher mGB at the 
negative electrode (and vice versa at the positive electrode).

While  SrTiO3 is the only example 
where the impact of electric fields on 
mGB is known to this detail, there are 
other materials as barium titanate.53 
and  zirconia54,55 with similar field 
effects on microstructure evolution.

Similar observations were made 
for flash sintering of  SrTiO3.56 How-
ever, flash sintering involves currents 
and Joule heating so that an interplay 
with thermal effects on microstructure 
evolution is likely. Still, the impact of 
electric fields on grain growth can be 
understood from an electrochemical 
perspective and gradients in the micro-
structure pose a powerful tool to evalu-
ate field effects on material processing.

Summary
Clear nonthermal effects induced by 
electric fields have been observed dur-
ing well-controlled sintering and grain-
growth experiments. For example, the 
progressive reduction under electric 
field leading to mixed ionic electronic 
conductivity is the key for rational-
izing the incubation time before flash 

sintering is triggered.25,26,57 A reduction from  Ce4+ to  Ce3+ 
can positively affect the densification kinetics of ceria and 
enhance grain growth, as shown by sintering studies carried 
out in reducing atmosphere.58,59 These nonthermal effects 
are independent from thermal effects, enabling to use elec-
tric fields as additional parameter to synthesize materials and 
manufacture components under conditions far from equilib-
rium. Benefits are, among others, shortened sintering times 
and decreased sintering temperatures, tailored microstructures 
with controlled grain-size gradients, and superplastic forging 
of dense ceramic parts.

Remaining points to clarify are local temperature and 
electric potential distributions in powder compacts, resulting 
grain-boundary phases. For this, characterization methods 
with high spatial and temporal resolution are required as well 
as in situ techniques in order to characterize the dynamics 
of field-assisted sintering.60 Finally, multiscale modeling is 
required to relate processes at the atomic scale to the macro-
scopic behavior of material.

Such a better understanding does not only open new strate-
gies to synthesize and process ceramic materials, but also ena-
bles to improve the reliability of devices based on solid-state 
ionics such as SOFCs. For example, pores and gas-bubble 
migration has been observed in YSZ at temperatures as low 
as 800°C (i.e., operating temperature of SOFCs).61 This phe-
nomenon, attributed to the parallel surface diffusion of cations 
along the field and oxygen ion diffusion against the field, has 
to be considered when designing and operating such cells.
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