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1. Introduction

Field-assisted processes for microstructure development have
occupied scientists and engineers for more than three decades.[1–4]

Still, our mechanistic understanding of the underlying physics is
somewhat incomplete. This is particularly true for flash sintering,
where multiple processes and physical phenomena occur in par-
allel, resulting in a challenging situation for scientists.[5]

For flash sintering, the observed effects
include electromigration and interaction of
defects with space-charge zone,[6–8] forma-
tion of a liquid phase,[9–11] or increased
cation mobility.[12] In addition, other non-
thermal field effects such as reduced
grain-boundary width for twisted SrTiO3

bicrystals produced in an electric field by dif-
fusion bonding,[13–15] faster densification of
yttrium-stabilized zirconia (YSZ) by limiting
grain growth during sintering[16] or by reduc-
ing the activation energy for defect forma-
tion,[17] faster densification in sodium
potassium niobate (KNN) ceramics by a
field-assisted formation of a liquid phase,[18]

or the reduction of grain growth by the inter-
action of the applied field with the space-
charge zone[19] have been reported. The direct
influence of electric fields on defect genera-
tion has been shown to be implausible using
CeO2 as an example,[20,21] since an increase in

field-directed diffusion for usually slow cations by five orders ofmag-
nitude at 1000 °C would require a field of 109 Vm�1.

Considerable effort aimed on understanding all of the field-
assisted processes to harvest the full potential of field-assistedmicro-
structure evolution, such as the generation of phases andmicrostruc-
tures which cannot be produced conventionally.[22] One observation
in flash sintering was a microstructure gradient from one electrode
to the other. This was not always attributed by an inhomogeneous
sample temperature, but often by nonthermal effects. One hypothe-
sis is that thesemicrostructure gradients are caused by electromigra-
tion and by the interaction of defects with the space-charge
zone.[6–8,20] Graded microstructures were observed after field-
assisted processing of ZnO,[23,24] CeO,[25,26] Al2O3

[9,10] and
TiO2,

[27–29] ZrO2,
[30–32] and SrTiO3.

[6–8,33]

This study focusses on the occurrence of microstructural gra-
dients during field-assisted processing. Previous studies on micro-
structure evolution in electric field in strontium titanate are
reviewed in Section 3. We extend results from earlier studies.[6–8]

Strontium titanate was chosen as a model system because of
its well-known fundamental physics, including the defect
chemistry,[34] defect migration,[13,35–40] space-charge layers,[41–44]

field-free grain growth data,[45–52] and the atomistic grain growth
mechanism.[53–56] We use the same current-blocking setup as in
previous studies (refs. [6,7], Figure 1) to shed light on the influence
of atmosphere, alternating electric fields and single-crystal orien-
tation on grain growth and densification during field-assisted heat
treatments of strontium titanate. The aim of the study is to deepen
our understanding of the connection of migrating point defects,
the space-charge layer, and grain-boundary migration, allowing for
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Herein, the impact of AC and DC electric fields on microstructure evolution in
strontium titanate is investigated. The focus is on nonthermal effects by using
current-blocking electrodes. The seeded polycrystal technique allows investi-
gating the impact of a DC electric field on grain growth for different grain-
boundary orientations and the impact of the surrounding atmosphere. As in
previous studies, faster grain growth is observed at the negative electrode. This
effect is stronger for the (100) orientation and in reducing atmosphere. In AC
electric field at 1450 °C, a low-enough frequency results in faster grain growth at
both electrodes. These findings agree well with previous studies, where an
electromigration of oxygen vacancies is found to cause a local reduction at the
negative electrode, resulting in less space charge, less cationic segregation, and a
higher grain-boundary mobility. At 1500 °C, AC electric fields are found to cause a
complete grain growth stagnation at very small grain sizes. This behavior is
unexpected; the physical reasons are not clear. Herein, a brief study of sintering
in DC electric field reveals slightly faster sintering if a field is applied.
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an additional parameter to control microstructure evolution, that
is, to obtain faster or slower grain growth.

2. Experimental Section

Stoichiometric strontium titanate was synthesized with
the mixed oxide/carbonate route based on SrCO3 and TiO2

(both 99.9%, Sigma Aldrich Chemie GmbH, Taufkirchen,
Germany). The most important process steps were an initial attri-
tion milling at 1000 rpm for 4 h with 2mm zirconia balls, a cal-
cination at 975 °C for 3 h and, finally, planetary ball milling at
300 rpm for 16 h with 10mm zirconia balls. Both milling steps
were done in polymer containers. More details are reported in
refs. [45,57]. Green bodies were uniaxially pre-pressed in a stain-
less steel die, followed by cold-isostatic pressing for 15 s at
400MPa.

For grain growth experiments in electric field, the green
bodies were pre-sintered in oxygen at 1425 °C for 1 h in a tube
furnace (Carbolite Gero GmbH, Neuhausen), resulting in dense
fine-grained microstructures (>99% rel density, grain size of
1.85� 1.01 μm).

For seeded polycrystals, 2mm thick slices were cut from the
pre-sintered polycrystals using a diamond blade, ground, and pol-
ished with diamond slurry of 0.25 μm. The polished surface was
partially scratched with a 30 μm diamond grinding disc. The
scratches formed pores later during the bonding process, indicat-
ing the initial interface between single and polycrystal as needed to
analyze the growth length (ref. [49], distance between line of pores
and the single-crystal interface, see Figure 4). Strontium titanate
single crystals with (100) and (111) surface orientation (SurfaceNet
GmbH, Rheine, Germany) were placed between two polished and
scratched polycrystalline discs, polished side facing to the single
crystal, and diffusion-bonded by applying a load of 1MPa at
1430 °C for 20min as described in ref. [49]. The obtained seeded
polycrystal was cut in 2mm thick slices perpendicular to the
single-crystal interface for field-assisted annealing.

The experimental setup for field-assisted microstructure evolu-
tion used platinum sheets as electrodes, plated on thin alumina
plates (0.6mm) to block the electric currents (<10mA), as shown
in Figure 1 and described in detail in refs. [6,7]. The electrodes were
at least twice as large as the samples. A small block of alumina
(�30 g) was placed on top of the upper electrode to keep the stack
of sample and two electrodes in place. The electrodes were con-
nected with platinum wires to a power source (XG 600-2.8,
AMETEK, San Diego, USA). A thin layer of coarse zirconia
(Luxfer MEL Technologies, Manchester, UK) was used as a separa-
tor to prevent a chemical reaction of alumina and strontium titanate.

The interface of the single crystals was placed parallel to
the field.

The heat treatments were done in a tube furnace (Carbolite
Gero GmbH, Neuhausen) in air or nitrogen at temperatures
between 1350 and 1450 °C for 10 h at nominal electric fields from
50 to 150 Vmm�1 with a heating rate of 10 Kmin�1 and a cool-
ing rate of 10 Kmin�1. Due to the 0.6 mm alumina plates sepa-
rating the sample and the electrode, approximately 43% of the
total electric field reached the sample, neglecting the thin layer
of zirconia powder.[6,7]

After the heat treatment, cross sections along the electric field
were cut, ground, and polished with diamond slurry to 0.25 μm,
and the microstructure was analyzed by scanning electron micro-
scope (SEM, FEI Nova NanoSEM 450, environmental mode with
0.4mbar water vapor pressure) from electrode to electrode, as indi-
cated in Figure 1B. The growth length of the single crystals was
analyzed graphically on SEM images of the entire growth front
of the single crystal. For this procedure, SEM images were taken
from the left to the right electrode with some overlap to allow stitch-
ing them together. On these images, the growth length was
obtained by measuring the distance between the zero line and
the actual position of the interface of the single crystal in every pixel
of the image. More details of this procedure are given in refs. [6,49].

AC grain growth experiments were done on non-polished
2mm thick polycrystalline discs in the same experimental setup
described earlier, but in a batch furnace (Carbolite Gero GmbH,
Neuhausen, Germany) at temperatures between 1350 and
1500 °C with heating times of up to 20 h in air. To generate
AC voltages, a bipolar switching circuit was connected between
the electrodes and the power source, providing a rectangular volt-
age profile with frequencies from 0 to ¼Hz. The AC electric field
was 50 or 75 Vmm�1 (total).

For all field-assisted grain growth experiments, a field-free
sample was present in the same furnace run to provide a bench-
mark. In some cases, the data from the benchmark samples is
presented later.

Grain sizes were analyzed by the line intersection method on
SEM images from 10 equally distanced positions between the
electrodes, counting typically 30–150 grains per image. Grain
sizes above 80 μm must be considered as approximation due
to poor counting statistics.

Field-assisted sintering experiments were done using the setup
and furnace for the DC experiments in oxygen at 1280 °C, that is,
with blocking alumina plates and zirconia powder, for different
heating times. Green bodies were slightly below 3mm thick. A
3mm thick alumina C-ring was placed around the green bodies
and between the electrodes to keep the electric field of nominally

Figure 1. A) Experimental setup used in the present study. Platinum electrodes with alumina plates were used to block electric currents. The black dashed
line represents a thin layer of coarse zirconia powder to prevent a solid-state reaction between alumina and strontium titanate. B) The microstructures
were analyzed by scanning electron microscope (SEM) along the red dashed lines.
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200 Vmm�1 constant during sintering and to prevent an influ-
ence of the mechanical pressure from the electrode and the
alumina block used to keep the electrode in place. The samples were
cut parallel to the electric field, polished, and analyzed by SEMon 10
equally spaced positions along the center from electrode to
electrode. The local porosity was taken from the SEM images.

Table 1 gives an overview of all experiments conducted in
this study.

3. Grain Growth in DC Electric Fields in
Strontium Titanate: A Short Review

The present study extends previous reports on the impact of elec-
tric field on grain growth and sintering in strontium titanate.[6–8]

As a basis for the discussion in the following sections, this sec-
tion summarizes the previous studies.

Experiments with seeded polycrystals were used before on var-
ious materials including alumina,[58–60] barium titanate,[61,62] and
strontium titanate.[63–65] The benefit of such experiments
compared to classical experiments is the well-defined driving
force for growth of the single crystal, which allows, for example,
an evaluation of the anisotropy of the grain-boundary
mobility.[49,65–67] Here and in previous studies,[6,7] this well-
defined driving force was used to experimentally access grain
growth gradients as apparent after annealing some functional
ceramics in electric field. Such gradients are usually referred
to as graded microstructure and grain size between the electro-
des and are documented for various materials including alu-
mina,[9,10] zirconia,[68] zinc oxide,[24,69] and barium titanate.[11,70]

The setup shown in Figure 1 was used to analyze the impact of
electric fields on grain growth in oxidizing atmosphere in stron-
tium titanate.[6,7] It was found that single-crystalline seeds grow
faster into a polycrystalline matrix at the negative electrode com-
pared to the positive electrode (Figure 2A). This observation was
found to depend on the temperature. Below 1460 °C, very long
heating times were required to observe such grain growth gra-
dients in electric field. In general, the grain sizes followed similar
gradients as the single-crystalline seeds, that is, faster grain
growth at the negative electrode. Growth at the positive electro-
des resembles grain growth in the absence of electric fields,[6]

and growth at the negative electrode is significantly faster than
grain growth in the absence of electric field.

For grain growth in the absence of electric fields, reducing
atmospheres are known to result in faster grain growth rates
for both polycrystals and single-crystalline seeds.[52] From this
observation, it was hypothesized that the electric field causes a
migration of oxygen vacancies toward the negative electrode
(Figure 2B). At temperatures of 1350 °C and above, oxygen-

vacancy diffusion in strontium titanate is fast enough to reach
equilibrium concentration profiles within minutes or even
seconds.[6,7,38] Cationic defects (strontium vacancies, acceptors,
or donors from impurities) have diffusion coefficients which
are too low to allow any long-range diffusion in electric field
in the time scale used for the present experiments.[6,7,39,40]

As the electrodes were blocking electronic currents, no perma-
nent current can flow, and this includes all mobile charge
carriers, that is, electrons, holes, and oxygen vacancies.
Accordingly, once high temperature is reached and electric fields
are present, oxygen vacancies will diffuse toward the negative
electrodes similarly to what was observed at lower temperatures
(degradation of dielectrics[71–74]), and similar equilibrium pro-
files will be reached. Accordingly, in electric field, the negative
electrode is reduced by the accumulation of oxygen vacancies.
Faster grain growth is a consequence of the reduction at the neg-
ative electrode (Figure 2B). It was argued that this faster grain
growth in reducing atmosphere in general and at the negative
electrode in particular is caused by space charge and solute drag
as detailed in the following (refs. [6,7], Figure 2B–F).

For strontium titanate, grain-boundary cores are positively
charged and bear a negative space-charge layer compensating
the core charge (refs. [43,75,76], Figure 2D). Detailed under-
standing is available on how the space-charge layer depends
on temperature and oxygen partial pressure.[7,43,77,78]

Specifically, it is well-known that lower-oxygen partial pressures
result in less grain-boundary core charge and less space charge
(Figure 2C). The space-charge layer refers to accumulation
(depletion) profiles for all relevant point defects. In the context
of the present study, only cationic defects matter as their low dif-
fusion is limiting grain-boundary migration.

Detailed grain growth investigations have revealed that the
space-charge layer impact grain growth.[6,7,49,50] The mechanism
seems to be similar to solute drag.[44,78,79] The cationic point
defects at the grain boundary (both in the core and the space-
charge layer) exert diffusional drag on grain-boundary motion.
Accordingly, less space charge with less cationic segregation
results in less diffusional drag and a higher grain-boundary
mobility (Figure 2), which was observed experimentally both
in the absence and in the presence of an electric field.

Accordingly, faster grain growth at the negative electrode
occurs because of less cationic segregation in the grain-boundary
core and space charge, resulting in less diffusional drag on grain-
boundary motion and a higher grain-boundary mobility.

Beyond grain growth in electric field with blocking electrodes,
similar gradients in grain size were found after flash sintering:
for both undoped and Fe-doped strontium titanate, coarser
microstructures were observed at the negative electrode.[8] In this
case, a transmission electron microscopy, energy-dispersive

Table 1. Summary of all experiments reported in this study.

Experiment type Crystal orientation Atmosphere Temperature [°C] Frequency [Hz] Field [V mm�1]

Anisotropy (100) and (111) Air 1450 0 (DC) 0, 150

Atmosphere (100) N2 1350, 1425, 1450 0 (DC) 100

Frequency Polycrystalline Air 1350, 1450, 1500 1/4, 1/6, 1/20, 1/40 50, 75

Sintering Polycrystalline Air 1280 0 (DC) 0, 200
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X-ray spectroscopy (TEM–EDS) analysis has revealed that less
cationic segregation (i.e., Sr vacancies or Fe) occurs at the
negative electrode, supporting the argumentation provided
earlier (Figure 2).

In addition, a series of studies investigated the impact of elec-
tric fields on the atomistic grain-boundary structure,[13–15] docu-
menting changes of the grain-boundary atomic and electronic
core structure by the electric field. The most recent study docu-
ments a higher-oxygen-vacancy concentration at the negative
electrode by X-ray photoelectron spectroscopy (XPS) and electron
energy loss spectroscopy (ELNES),[13] further supporting the
oxygen-vacancy migration by the electric field.

4. Results and Discussion

4.1. Grain Growth in DC Electric Fields: Anisotropy

To analyze the impact of the anisotropy of the grain-boundary
mobility, two different surface orientations of the singe crystal
were analyzed, that is, (100) and (111). Such a setup was used
before to characterize the anisotropy of the grain-boundary
mobility.[49,66] The experiment was done at 1450 °C with
150 Vmm�1 and a heating time of 10 h. The obtained growth
length is shown in Figure 3 and corresponding representative
microstructures in Figure 4. The field-free benchmark samples

Figure 2. A) Growth of single-crystalline seeds into a polycrystalline matrix in electric field. The electric field acted horizontally, that is, along the grain
boundary of the single crystal. Faster grain growth at the negative electrode is evident. B) The electric field causes a redistribution of oxygen vacancies,
such that the material becomes partially reduced at the negative electrode. Calculated concentration profiles at the grain boundaries in C) reducing and
D) oxidizing atmosphere, resulting in E) high and F) low grain-boundary mobility. Acceptor (Fe) dopant concentrations at grain boundaries after flash
sintering at the G) negative and H) positive electrode. (B, E, F, G, H) are reproduced with permission from ref. [8]. (C, D) are reproduced with permission
from ref. [7]. (A) is reproduced with permission from ref. [6].
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show very homogeneous growth and, as expected, the growth of
these two orientations is very similar.[49,66]

At the negative electrode, the single crystal with (100) orienta-
tion shows more growth into the polycrystal than the (111)
orientation. The difference amounts to a factor of about two, indi-
cating a difference in the grain-boundary mobility of about

ffiffiffi

2
p

due to the parabolic grain growth law.[49,66] In addition, the layer
of enhanced grain growth reaches further into the center of the
sample for the (100) orientation compared to (111). At compara-
ble temperatures and in the absence of electric fields, both ori-
entations have almost the same mobility.[49,66] However, the
present experiments show that both orientations react differently
to the oxygen-vacancy redistribution in electric field: the (100)
orientation experiences more increase in the grain-boundary
mobility at the negative electrode.

As discussed in Section 3, the negative electrode corresponds
to reducing conditions. Accordingly, the findings indicate that
the dependence of the grain-boundary mobility on the atmo-
sphere is stronger for the (100) orientation compared to (111).

This agrees well with previous observations, where the anisot-
ropy was investigated for different oxygen partial pressures.[49,66]

4.2. Grain Growth in DC Electric Fields: Atmosphere

The experiment shown in Figure 1 was done in nitrogen for a
(100) orientation to analyze the impact of the oxygen partial pres-
sure. The obtained growth lengths for a heating time of 10 h at
100 Vmm�1 and for three different temperatures are shown in
Figure 5. The corresponding microstructures are given in
Figure 6. As in oxidizing atmosphere, more growth of the single
crystals occurs at the negative electrode. At 1350 °C, the polycrys-
tals show significant coarsening at the negative electrode and at
the sample center (Figure 6), similar to the single crystals. At
1425 °C, the growth length at the negative electrode is similar
to 1350 °C and decreases from the center toward the positive elec-
trode. At 1450 °C, a much stronger decrease in the growth length
from the negative electrode to the positive electrode was obtained.
At 1425 and 1350 °C, the polycrystals showed slightly more grain
growth at the negative electrode with a tendency to bimodal

0.0 0.5 1.0 1.5 2.0
0
4
8

12
16
20
24
28
32  150 V/mm (100)

     0 V/mm (100)
 150 V/mm (111)
     0 V/mm (111)

)
mµ( thgnel ht

worg

distance from negative electrode (mm)

1450 °C, 10 h, STO, air

Figure 3. Growth of seeded polycrystals heat treated at 1450 °C for 10 h in
air in DC electric fields. The (100) orientation shows a more pronounced
growth under electric field than the (111) orientation.

Figure 4. Corresponding microstructures for the two samples with field from Figure 3, heat treated for 10 h in air at 1450 °C with 150 Vmm�1 applied. At
the bottom are the single crystals, growing into the polycrystals on top. The black dashed line indicates the initial interface between polycrystals and single
crystal as marked by a row of small pores. A–C) The (100) single-crystal orientation and D–F) the (111) orientation. Microstructures taken from the (A,D)
negative electrode, (B,E) center position, and (C,F) positive electrode. The black area in (E) is caused by surface contamination from preparation.

0.0 0.5 1.0 1.5 2.0
0

10

20

30

40

50
 1350 °C
 1425 °C
 1450 °C)

mµ(
thgnel

ht
worg

distance from negative electrode (mm)

STO (100), 10 h, 100 V/mm, N2

Figure 5. Growth lengths of seeded polycrystals with (100) orientation
heat-treated for 10 h at different temperatures in nitrogen.
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microstructures, as expected for strontium titanate at these
temperatures.[49,51] All microstructures in nitrogen are slightly
coarser than in air.[6,7] Slower grain growth at 1425 °C compared
to 1350 °C is expected for strontium titanate, where non-Arrhenius
grain growth with a local minimum in the grain growth constant
at 1425 °C occurs (refs. [46,49–52,80], see Section 4.5).

During the heat treatment in nitrogen, the oxygen partial pres-
sure was lower than in air. Annealing in forming gas (i.e., much
lower partial pressure) was reported to cause faster growth in the
absence of electric field,[52] and following Section 3, the electric
field results in a partial reduction at the negative electrode.
Apparently, these two effects superpose, resulting in a stronger
reduction of the negative electrode andmuch faster grain growth.

Calculations of the p(O2) dependence of the grain-boundary
potential resulted a slightly larger grain-boundary potential for
mildly reducing atmospheres (such as nitrogen) than for air.[7]

As for strontium titanate, grain growth rates seem to be linked
to segregation as caused by grain-boundary core charge and
space charge, grain growth rates in air and nitrogen should be
comparable, which agrees well with the present experiment.
At the negative electrode, where grain growth is faster than in
air and at the positive electrode, the material becomes reduced
enough to impact grain growth. Overall, this observation indi-
cates that the electric field has a stronger impact on the oxidation
state of strontium titanate than the atmosphere.

4.3. Grain Growth in AC Electric Fields

In addition to DC electric fields, AC electric fields were used to
induce an oscillation of oxygen vacancies and evaluate its impact

on grain growth. The relevant frequency range was estimated by
using single-crystal diffusion data from the literature. The drift
velocity νD ¼ μE with drift velocity νD, mobility μ, and electric
field E was coupled with the Nernst–Einstein relation, coupling
mobility to the diffusion coefficient D

νD ¼ E⋅
D⋅q
kB⋅T

(1)

with q as the charge of the charged species, T as the temperature,
and kB as the Boltzmann constant. Considering E= 50 Vmm�1,
T= 1425 °C, q= 2, and DVo= 10�5 cm2 s�1,[38] the drift velocity
of oxygen vacancies is approximately 40mmmin�1 and the time
t2mm to diffuse 2mm is about 3 s (corresponding to a frequency
of 1/6 Hz). This approximation is ignoring grain boundaries,
which lower the overall diffusion coefficient and result in longer
diffusion times (and lower frequencies) across 2mm. Based on
this approximation, AC frequencies were chosen as 0.25, 0.166,
0.05, and 0.025Hz. The intention was to select frequencies above
and below the estimated diffusion time, such that two different
cases should occur: one where the frequency is too high such that
the oxygen-vacancy migration does not span the entire sample,
and one where it does span the entire sample and accumulation
effects of oxygen vacancies at the electrode should occur.

For AC electric fields, only polycrystals were evaluated. The
mean grain sizes for different temperatures and 10 h heating
time are shown in Figure 7. At 1/6Hz, an additional measure-
ment was done with a higher electric field, that is, 75 Vmm�1.
For 1350 °C (Figure 7A), no significantly increased grain growth
was found anywhere in the sample, regardless of the applied fre-
quency and field. At this temperature, grain growth acceleration

Figure 6. Exemplary microstructures of the samples heat-treated for 10 h at different temperatures with 100 Vmm�1 in nitrogen. The lower gray area
corresponds to the single crystal growing into the polycrystal. The black dashed line indicates the initial interface between polycrystal and single crystal.
A–C) Heated to 1350 °C, D–F) to 1425 °C, and G–I) to 1450 °C. Microstructures were taken from (A, D, G) the negative electrode; (B, E, H) center position;
(C, F, I) and positive electrode.
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at the negative electrode of DC electric fields was reported to be
moderate[6,7] and the drift velocity of oxygen vacancies is lower
than the approximation from the aforementioned; accordingly,
this behavior is expected. At 1450 °C (Figure 7B), a layer with
enhanced grain growth was found near both electrodes for
low-enough frequencies, that is, 1/20 Hz and 1/40 Hz at
50 Vmm�1. At 1/6 Hz, a higher field strength of 75 Vmm�1 also
resulted in faster grain growth at the electrodes.

Representative microstructures corresponding to Figure 7 are
displayed in Figure 8. For 1350 °C, a homogeneous microstruc-
ture appears throughout the sample after 10 h at 50 Vmm�1 with
1/20 Hz (Figure 8A–C), which is expected from Figure 7. At
1450 °C (Figure 8D–F), bimodal microstructures are evident with
more large grains in the vicinity of the electrodes. This feature is
discussed in detail in Section 4.5.

For DC electric fields, enhanced grain growth was observed at
the negative electrode, if the temperatures were high enough.
The effect was understood by a redistribution and accumulation

of oxygen vacancies at the negative electrode (see Section 3).
These observations can be applied to grain growth in AC electric
field: according to Figure 7 and 8, AC electric fields cause faster
grain growth at both electrodes at high temperatures and low
frequencies. Apparently, both electrodes are reduced during
the experiment. There are two possible explanations for this
reduction.

The first one is an electromigration of oxygen vacancies in the
electric field, similar to the observations in DC electric field.
As discussed with Equation (1), the drift velocity of oxygen vacan-
cies in electric field is high enough to allow a diffusion across the
entire sample in the time scale provided by the frequency of the
AC field. Accordingly, if the frequency is low enough, the existing
oxygen vacancies are moved toward the currently negative elec-
trode for some time, resulting in a temporary local reduction.
When the polarity is reversed, the oxygen vacancies migrate to
the other electrode, resulting in a temporary local reduction
there. Accordingly, both electrodes become reduced temporary.
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Figure 7. Mean grain sizes for samples heat-treated at A) 1350 °C and B) 1450 °C for 10 h at 50 Vmm�1 with different AC frequencies. At 1350 °C, there is
no effect of the AC field on grain growth. At 1450 °C and lower frequencies (B), much faster growth could be observed at both electrodes. At 1450 °C, an
increase of the field to 75 Vmm�1 at 1/6 Hz resulted in much faster grain growth as well.

Figure 8. Exemplary microstructures of AC experiments at different temperatures, 10 h, 50 Vmm�1, and 1/20 Hz at A–C) 1350 °C and D–F) 1450 °C.
Images taken at the (A, D) top and (C, F) bottom electrode and at (B, E) the sample center.
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In the same way as discussed in Section 3, the reduction results
in faster grain growth. Note that this explanation agrees with the
observed coarser microstructures in the center of the sample (see
Figure 7), as the oxygen vacancies are migrating back and forth
through the center, likely similar to a reduction front.[12,71–74]

As this electromigration takes time, a threshold frequency should
exist. As evident in Figure 7, this threshold is between 1/6 and
1/20 Hz, which agrees well with the approximation given earlier,
where 1/6 Hz was predicted for 1425 °C along with the expecta-
tion of the true frequencies being somewhat lower.

The other possible explanation is a reduction of the surface
layers at the anode by a loss of oxygen to the atmosphere, as
the temperature was high and the electrodes were not blocking
oxygen. The oxygen ions might be driven out of the lattice at the
positive electrode, forming oxygen molecules in the atmosphere

Oo ↔ V °°
O þ 1

2
O2ðgÞ þ 2e’ (2)

This would occur on both electrodes alternately as the polarity
changes, and is only relevant if the incorporation of oxygen at the
cathode (i.e., the oxidation reaction) is slower than the reduction
reaction at the anode, for example, for kinetic reasons or catalytic
effects at the surfaces. However, it is not clear if this premise
holds. In addition, it is not clear why such a reduction should
depend on the frequency of the AC electric field. Accordingly,
while certainly possible, this effect can be assumed to be of
minor importance or even negligible, and we assume that the
electromigration of oxygen vacancies is causing the local
reduction.

Note that in all cases with enhanced grain growth at the
electrodes, a coarser microstructure was observed in the sample
center compared to samples without enhanced grain growth at
the electrode. In some cases, the increase in grain size was more
than a factor of 2. Generally, this observation agrees with both of
the possible explanations. If an electromigration of oxygen vacan-
cies causes faster grain growth at both electrodes, every polarity
reversal induces a wave of oxygen vacancies migrating from one
electrode to the other. While this wave passes through the center
of the sample, it causes faster grain growth there. If a reduction
occurs at both electrodes by a loss of oxygen to the surface, this
reduction could reach inward to the center of the sample, causing
faster grain growth.

In contrast to the observations at 1450 °C shown in Figure 7B,
a complete grain growth stagnation was observed at 1500 °C in
AC electric field. This is evident in Figure 9A for different
heating times and in Figure 9B for different frequencies.
Representative microstructures are depicted in Figure 10.
This behavior is completely unexpected as at this temperature,
the drift velocity of oxygen vacancies is certainly high enough
for an electromigration in electric field, and grain growth is
known to be very fast in the absence of electric field at this
temperature.[46,51] Without electric field, mean grain sizes typi-
cally reach more than 20 μm within a few hours. In DC grain
growth experiments at similar temperatures, no grain growth
stagnation, but a clear increase of grain growth rates at the nega-
tive electrode by the electric field was observed.[6,7] Note that
these studies used the same powder processing and the same
furnaces in the same lab as this study and, thus, the results
are well comparable.
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Figure 9. A) Mean grain sizes for different heating times at 1500 °C, 50 Vmm�1, and 1/20 Hz. B) Mean grain sizes for different frequencies at 1500 °C with
10 h heating time and 50 Vmm�1.

Figure 10. Microstructures after heating to 1500 °C for 10 h with 50 Vmm�1 at 1/6 Hz at the A) top, B) center, and C) bottom of the specimen.
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The underlying mechanism is unclear. For strontium titanate,
grain growth stagnation is known to occur (but for much larger
grain sizes) and was related to a solute drag-like mechanism
by the cationic defects accumulated in the space-charge layer
and the grain-boundary core.[49–51] For barium titanate, grain-
boundary faceting and nucleation barriers for grain-boundary
migration were identified to be relevant.[61,62,81] In either case,
it is not clear why an AC electric field (and not a DC electric field)
causes this stagnation.

Still, this is a drastic observation with potential use for appli-
cations: stabilizing fine-grained microstructures at high temper-
atures is sometimes highly desired to assure optimal properties.
So far, no method is known to stabilize grain sizes below 4 μm at
temperatures above 1450 °C in strontium titanate. It is to be
investigated if similar grain growth stagnation by AC electric
field occurs in similar materials, for example, other perovskites
or functional ceramics.

5. Sintering in DC Electric Fields

In addition to field-assisted grain growth experiments, sintering
was investigated in DC electric field with blocking electrodes.
The locally resolved pore fraction for different heating times
at 1280 °C is shown in Figure 11. For short heating times and
enough remaining porosity (>5%), the field-assisted samples
have a slightly lower porosity and, accordingly, slightly faster sin-
tering. No gradient in porosity from one electrode to the other is
visible. This difference in porosity is lost for longer heating times
above 4 h when the density increases to above 95%.

The observed field effect differs from the effect on grain
growth in ceramics discussed earlier, as the field accelerates
shrinkage homogeneously while the grain growth is accelerated
locally. The effect also occurs at temperatures well below the
threshold at which the field-driven grain growth acceleration
in dense strontium titanate was reported, that is, above 1350 °C.[5]

Few reports discuss a direct impact of electric fields on sinter-
ing mechanisms (i.e., excluding thermal effects by electric cur-
rents). One similar study reports enhanced surface diffusion
during sintering in a non-contacting field for Mg–Al spinel.[62]

In a recent series of studies on Y-doped ceria, intermediate-stage
sintering was found to be changed by AC electric fields.[20,82–84]

In these studies, the electric field was found to change many
parameters, including the activation energy for sintering, the sin-
tering stress and the viscosity during sintering. While the change
of these parameters is well documented, the physical reason
behind these changes is not fully understood. In the present case,
the change in densification in Figure 11 points in a similar direc-
tion as for Y-doped ceria. However, more elaborated sintering
experiments are needed to compare the details and to further
investigate the fundamentals of the effect of electric fields on
sintering.

5.1. Field-Assisted Grain-Boundary Transitions

Electrochemical grain-boundary transitions are known theoreti-
cally[85] and experimentally.[86] For strontium titanate, Section 3
has discussed the importance of defect chemistry for grain-
boundary migration in electrochemical context, that is, in the
presence of electric fields.

In the absence of electric fields, strontium titanate is known
for the occurrence of grain-boundary transitions,[46,49–52,80]

resulting in non-Arrhenius grain growth: below 1350 °C, grain
growth rates follow classical Arrhenius behavior. From
1350 °C, growth rates decrease by orders of magnitude to
1425 °C and then increase again, showing again Arrhenius
behavior. In addition, from 1350 °C, microstructures are
bimodal. Overall, this phenomenon is likely caused by the exis-
tence (and coexistence) of two grain-boundary types with differ-
ent grain-boundary mobility[46,49,51,66] and energy.[80] Despite
intense TEM investigation, no difference of the grain-boundary
structure could be found for these two types.[53–56] However,
there seem to be chemical changes: in bimodal microstructures,
grain boundaries of small grains tend to be Ti rich, while large
grains tend to have stoichiometric boundaries or even Sr
excess.[87,88] It must be pointed out that these TEM observations
are a trend only due to low statistics. However, overall, this points
toward the two different grain-boundary types being related to
the cationic concentration profile of grain boundaries, that is,
both the grain-boundary core and the space-charge layer. The
slow grain boundaries would be the ones with space charge,
while the fast boundaries have less space charge.[7,49,50] As tran-
sition between these two types, break-away events from the
space-charge layer were suggested[44,78] as predicted by the solute
drag model.[79,89,90]

In the present and preceding studies,[6–8] the role of space
charge and cationic segregation on grain-boundary migration
in strontium titanate has been understood in a degree of detail
that is unique among functional ceramics. In addition to this
knowledge, the electric field impacts the bimodality of
microstructures: the faster grain growth of polycrystals at the
electrodes in AC or DC electric fields always results in bimodal
microstructures, with the grain size being dominated by the large
grains. This is obvious, for example, in Figure 7. Bimodal micro-
structures in strontium titanate are a consequence of the coexis-
tence of two grain-boundary types. As such, it seems that the
presence of the electric field is impacting the transition between
the two grain-boundary types. Likely, this impact is indirect
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Figure 11. Pore fractions of green bodies sintered in an external electric
field. The dashed lines correspond to field-free sintering, the solid lines to
the sintering in DC electric field. Sintering was done in oxygen at 1280 °C
and 200 Vmm�1 for different heating times.
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(similar to what was discussed in Section 3), that is, not by the
electric field itself, but by the local oxygen-vacancy concentration
and the resulting grain-boundary properties. This agrees well
with previous findings, where the oxygen partial pressure was
found to impact the Arrhenius behavior of grain growth in
the absence of electric fields.[52]

Of particular interest is the observation of almost complete
grain growth stagnation at 1500 °C in AC electric fields. While
this effect cannot be understood based on the present findings,
it does indicate that these conditions suppress a grain-boundary
transition to the fast type. It is to be investigated if such effects
occur in other materials where excessive and bimodal grain
growth is problematic for the application, particularly for
dielectric materials based on barium strontium titanate or
electrolyte layers for oxygen-, hydrogen-, and lithium-based
applications.

Overall, the present experiments indicate that electric fields
can cause grain-boundary transitions in strontium titanate, simi-
lar to what was observed in other materials.[85,86]

6. Summary and Conclusions

The present study investigates the impact of weak electric fields,
both AC and DC, on microstructure evolution in strontium tita-
nate. All experiments used current-blocking electrodes to prevent
Joule heating. An overview of all experiments is given in Table 1.
This study extends previous results, which focused on the impact
of DC electric fields on grain growth.[6–8] From previous
experiments, it is known that the electric field results in a migra-
tion of oxygen vacancies toward the negative electrode, where a
local reduction causes a decrease in space charge and cationic
segregation and, in turn, a higher grain-boundary mobility.
Overall, the present study confirms these findings.

For DC experiments, seeded polycrystals were chosen, as this
setup provides a well-defined driving force. The setup was used
to investigate the impact of electric fields on grain growth and
sintering, where the focus was on the crystal orientation and
the atmosphere. The impact of DC electric fields was found to
be stronger for the (100) orientation compared to (111),
indicating that the impact of the oxygen vacancies on the grain-
boundary mobility depends on the grain-boundary orientation.
When reducing atmospheres are used during the application of
DC electric fields, very strong gradients in grain growth become
evident, again underlining the interpretation of an oxygen-vacancy
migration causing the change in grain growth behavior.

In AC electric fields at 1450 °C, grain growth in polycrystalline
specimens was significantly faster on both electrodes, if the
frequency was low enough. Approximating the drift velocity of
oxygen vacancies, these results could be understood in a tempo-
rary reduction of the regions near the electrodes: the AC electric
field causes an oscillation of the oxygen vacancies between the
two electrodes. If the frequency is low enough, the oxygen vacan-
cies accumulate in both electrode regions alternatingly, causing
faster grain growth. If the frequency is too high, there is insuffi-
cient time for the oxygen vacancies to accumulate at both electro-
des, such that no effect on grain growth becomes visible.

However, at higher temperatures (1500 °C), applying an AC
electric field resulted in a complete grain growth stagnation at

very low grain sizes. This is unexpected as both in the absence
of electric fields and with DC electric fields, fast grain growth was
observed. The mechanism behind this effect is not clear.
However, it is technologically relevant: limiting grain growth
is of central interest for many applications, and potentially,
this effect exists in other materials as well, for example, barium
strontium titanate.

A simple analysis of grain growth in non-contacting electric
field has revealed that sintering is slightly enhanced for interme-
diate-stage sintering, which agrees well with the literature.

The findings were used to discuss the impact of electric fields
on grain-boundary transitions in strontium titanate. As in previ-
ous studies, it is found that the electric field has a similar impact
on grain growth at the negative electrode as the oxygen partial
pressure in the absence of electric field. Overall, this and three
preceding studies[6–8] have resulted in a mechanistic understand-
ing of the impact of point defects, segregation and space charge
on grain growth in strontium titanate. The detail of this
understanding is unique among functional ceramics and can
serve as a base to understand more complex functional ceramics
particularly in the group of perovskites. Beyond extending our
fundamental understanding of grain growth, this study demon-
strates that electric fields can be used as a tool of controlling grain
growth. Both faster and slower grain growth can be achieved,
depending on the selection of parameters.
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