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electrochemical devices such as fuel cells, electrolyzers, sensors, hydrogen separators, etc. However, the
preparation of high-density ceramic electrolytes is often complicated by the exceptional refractoriness of
most oxygen-ion conducting solid oxide phases. Therefore, conventional sintering of these materials is very
energy consuming and low effective. In recent years, non-conventional field-assisted sintering technologies
(FASTSs) such as spark plasma sintering, flash sintering and microwave sintering, have been developed and
applied for sintering dense ceramic electrolytes at reduced temperatures. In this article, the applications of
FASTSs for densification of refractory oxygen-ion and proton conducting ceramics are reviewed, while the
mechanisms, advantages and limitations of these technologies are discussed, with special emphasis on the
effects of FASTs on the microstructural and transport properties of sintered materials, and the performance
of FAST-processed electrochemical cells.
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conducting systems due to a higher efficiency, lower
operating temperatures and reduced cost [6, 7].

The electrolyte membrane separating the fuel and
oxidizing gases is an important component of an

1. Introduction

Oxygen-ion conducting solid oxides are promising
membrane materials for important technological devices

such as the solid oxide fuel and electrolysis cells (SOFCs
and SOEGs) |[I, 2], converters of methane to syngas,
oxygen pumps, and others. Typical materials from this
group, which are currently the most studied and widely
used, are zirconia doped with Y203 or Sc2Oz and ceria
doped with Sm20z or Gd203 [3]. Some oxides
demonstrate the proton conductivity in water vapor
containing atmospheres. The proton-conducting oxides
include the materials with a perovskite structure, among
which the most studied are alkaline earth cerates and
zirconates [4, 5]. Proton conducting SOFCs and SOECs
provide attractive alternatives to the oxygen-ion
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electrochemical cell. It conducts oxygen ions and/or
protons and does not allow electrons to pass through,
forcing them to flow in the external circuit. The key
requirements to the electrolyte material are the high ionic
conductivity combined with the close to zero electron
conductivity and high gas-tightness to isolate the fuel and
oxidizing gases [8]. However, the fabrication of dense
ceramic membranes is complicated by the exceptional
refractoriness of most oxygen-ion and proton conducting
solid oxides (the melting point is typically above
2500 °C). Conventional solid state sintering of ceria- and
zirconia-based electrolytes is usually carried out at the
temperatures of 1200-1500 °C [9-13], while proton-
conducting BaZrOs-based ceramics are to be sintered at
1600 °C and above with a long term exposure [14-17]. Such
long-term high-temperature sintering is an energy
intensive process.
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Modification of the conventional sintering by
introducing sintering additives, also called as liquid phase
sintering, makes it possible to reduce the sintering
temperature by several hundred degrees [18-25], but the
sintering aids were often found to impair the electrical
properties of solid oxide electrolytes [20, 22, 23]. In
recent years, new field-assisted sintering techniques
(FASTs) such as spark plasma sintering (SPS), flash
sintering (FS) and microwave sintering (MS) have gained
considerable attention as promising technologies for the
processing of materials for SOFCs and SOECs [26-37].

The main difference between FASTs and
conventional solid state sintering lies in the heating
mechanism. In conventional sintering, heat is produced by
an external heat source, and then transferred to the
material to be sintered. The heat transfer occurs with large
energy losses as heat is easily dissipated. In FASTs, heat is
generated inside the material under the influence of an
external field, and the heat energy is dissipated directly
within the sample. Accordingly, these techniques
typically do not require high-temperature furnaces. This
makes FASTs energy-saving and advantageous from the
environmental and economical points of view
technologies. Because of the advantages mentioned above,
FASTSs have been widely applied for sintering ceramics for
various purposes, such as thermoelectric materials,
ceramic capacitors, and solid oxide electrochemical cells
[35, 38-471].

In this article, the applications of FASTs for the
fabrication of dense oxygen-ion and proton conducting
ceramics are reviewed, and the mechanisms, advantages
and limitations of these technologies are discussed, with
special emphasis on the effects of FASTs on the
microstructural and transport properties of sintered
materials, and the performance of FAST-processed
electrochemical cells.

2. Spark Plasma Sintering

SPS is based on the combined effect of the applied
pulsed direct current and mechanical pressure on the
powder material. A powder material is placed into a
graphite pressing die and an external pulsed direct electric
field is applied as shown in Figurel. In the case of
electrically conductive material, a low applied voltage
(typically below 10 V) generates a high current through
the sample, resulting in Joule heating, and the produced
heat is dissipated directly within the sample. In the absence
of ohmic contact at the interfaces between powder
particles, electric charge accumulates until a spark
discharge occurs, which causes intense short-term heating.
In addition, heat is produced in the conductive graphite
die and transferred to the powder. A uniaxial pressure is
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Figure 1 Schematic of SPS apparatus [26].

applied simultaneously with an electric field to enhance
the densification process. The amplitude and pulse/pause
durations of current can be varied by the modulation of
applied voltage. The pulse duration of a few milliseconds
and the heating rates of 150-1000 °C - min- are typically
used. The process can be carried out in vacuum or at
atmospheric pressure in a controlled gas atmosphere. The
heated parts are cooled by the water-cooling circuit as
shown in Figurel. The temperature inside the sample is
controlled using thermocouples or pyrometers. The
temperature as high as 2400 °C can be reached in a
graphite die [26].

An important advantage of SPS is that no long-term
exposure to elevated temperature is required [48-52]. Due
to the high heating rates and short sintering time, the SPS
materials typically have the finer grain morphology
compared to the conventionally sintered ceramics, which
determines the application of SPS for the preparation of
nanoceramic and nanocomposite materials
[25, 49, 50, 53-55]. Short sintering duration and low
temperature help to avoid the evaporation and/or
sublimation of volatile components, in contrast to
conventional sintering, in which, to preserve the chemical
composition, the green compacts are covered with a
sacrificial powder of the appropriate composition [56-66],
or the compositions with an excess content of volatile
components, in particular, barium in Ba-based
perovskites, are synthesized [62, 67, 68].

However, this method has a number of limitations,
including the problems with scalability and fabrication of
ceramics of complex shapes. SPS is more suitable for
manufacturing small simple shape forms, since in this case
it is easier to ensure the homogeneity of a green compact
by uniaxial pressing and thereby the uniform
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distributions of current and, accordingly, temperature
inside the sample; while the uneven distributions of
pressure and current will result in the significant
temperature gradients inside the sample and thus non-
uniform sintering.

Hocquet et al. [69] adapted the basic SPS technology
to densify complex shape ceramic parts, without any
modification of the equipment. The novelty of the
approach consists in embedding the complex pre-sintered
parts in a granular medium that transfers heat and
mechanical load. The precursor ceramic powders were
compacted by uniaxial pressing and pre-sintered to
enhance the mechanical strength so that the green density
was about 81 %. Then, the specified shapes were cut out of
the pre-sintered samples using conventional or laser
machining. The obtained complex shape samples were
placed in a powder bed in the classical die used in SPS and
sintered.

Another approach to solve the problem of the
complex shape ceramics fabrication was suggested by
Paygin et al. [70]. The researchers modified the SPS
technology by using a specially designed die, which
provides the redistribution of friction forces during
pressing a powder. In this research, the SPS technology
combined with the collector pressing method was used to
produce transparent 10YSZ (ZrO: stabilized with
10 mol % Y203) ceramics. YSZ is the most common oxide-
ion electrolyte used in SOFCs, SOECs and other
electrochemical devices [42]. The samples were sintered in
a graphite die at a temperature of 1300 °C for 10 min in
a vacuum (I0-3 Pa) with the heating rates of 15 °C - min-!
(from room temperature to 1000 °C) and 10 °C - min-
(from 1000 to 1300 °C). The powder was pressed using
both the conventional uniaxial method and the “collector
pressing” method which was patented [71]. The developed
method is based on using split dies moving in the opposite
direction along the pressing axis during the pressing
process. The proposed technology made it possible to
obtain the transparent I0YSZ ceramic samples with nearly
full density.

Rajeswari et al. [72] reported on the results of
comparative study of sintering 8YSZ (ZrOx stabilized with
8 mol % Y203) ceramics by the conventional sintering
(CS), SPS and MS technologies. The green compacts were
obtained by slip-casting of the slurry containing 8YSZ
powder; the green densities were in the range of 50-51 %
of the theoretical density. In all sintering processes, the
sintering parameters were selected in such a way that the
density of resultant ceramics was higher than 98 %. CS
was carried out at 1500, 1525 and 1550 °C for 2 h, resulting
in densities of 98.5, 99.4 and 99.5 %, respectively. The
modified CS, so-called two-step sintering (TSS), included
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the heating to 1525 °C with no holding time followed by
cooling to 1300, 1350 and 1375 °C and holding at these
temperatures for 4 h. The TSS samples had the densities
of 98.8, 99.4 and 99.5 %, respectively. SPS was conducted
under an applied pressure of 50 MPa with a heating rate
of 100 °C- min- to the temperatures of 1250 °C and
1325 °C with a holding time of 5 minutes. The obtained
density reached 99.1 and 99.5 %, respectively. MS was
carried out at 2.45 GHz frequency with a heating rate of
10 °C - min-! to the temperatures of 1475 °C, 1525 °C and
1550 °C with a holding time of 15 min. The relative
densities of the MS samples were 98.6, 99.2 and 99.2 %
The obtained microstructures, studied by scanning
electron microscopy (SEM), are presented in Figure 2. All
the samples demonstrated dense microstructures, with the
largest average grain size of 4.67 um in the CS ceramic,
and the smallest grains in the SPS sample (1.16 um). Thus,
all sintering technologies were found to be effective for
the preparation of dense 8YSZ ceramics; however, the use
of FASTs ensured high densification in a significantly
shorter time.

SPS was proved to be effective for densification of Ba-
containing perovskite materials which are promising
proton-conducting electrolytes for SOFCs and SOECs. Bu
et al. [73] fabricated the translucent BaZrCeo.s-xY0.203-5
(x=0.5,0.6,0.7) ceramics with the relative density of
99 % by SPS at 1350 °C. The authors believe that the low
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Figure 2 SEM micrographs of 8YSZ ceramics sintered using
conventional sintering (CS), two-step sintering (TSS), microwave
sintering (MS) and spark plasma sintering (SPS) technologies.
The average grain sizes are given in the micrographs [72].
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sintering temperature (<1400 °C) and fast cooling rate
(= 200 °C - min-') provided so high density of the SPS
ceramics.

Maekawa et al. [74] reported on the manufacturing
dense (91 % of the X-ray density) ceramic samples of
refractory BaHfOs by SPS. The precursor powder
obtained by solid state reaction was placed into a graphite
die and sintered at 1500 °C under the argon atmosphere.

Anselmi-Tamburini et al. [75] reported on the use of
SPS for the fabrication of dense proton-conducting
ceramics of Y-doped BaZrOs. The powders of
BaY.Zri-xO3-x2 (x= 0, 0.08 and 0.16) were synthesized by
the wet chemical method and calcined at 1000 °C for 6 h
in the oxygen atmosphere. The precursor powder was
poured in a graphite die and heated to 1400-1600 °C with
a rate of 200 °C - min- by passing a pulsed DC current
under an applied pressure of 105 MPa. The holding time
at the sintering conditions varied within O-5 min. The
relative density of both undoped and Y-doped BaZrOsz
ceramics increased with increasing sintering temperature,
but the undoped samples were slightly denser; the highest
density was as high as 98.5 %. The morphology of
sintered ceramics was studied by SEM (see Figure 3). All
samples exhibited the nanograined structure with the
average grain size increasing from 70-150 nm to 200 nm
with the sintering temperature. This research proved that
SPS can be used to prepare the high-density proton-
conducting BaZrOz-based ceramics at short holding times
and low temperatures compared to the conventional
solid-state sintering.

Apart from high density, the ion-conducting ceramic
membranes should have high conductivity. A number of
studies have shown that the SPS ceramics exhibit enhanced
conductivity compared to the conventionally sintered
samples. For example, Ricote et al. [76] reported the high
ionic conductivity of BaCeo.9-xZrxY0.O3-s
(x=0.3,0.7,0.9) ceramics processed by SPS. In this
research, the precursor powders were synthesized by the
solid state reaction at 1400 °C for 24 h. The SPS process
was performed at 1600-1700 °C for 5 min under an
applied pressure of 100 MPa. The Ce-free sample was
transparent and had the relative density of 99 %, while
the Ce-containing samples fell apart after a few days,
which was supposed to be caused by the partial reduction
of Ce ions in the highly reducing atmosphere formed in
the graphite die at high temperature. To identify the
effect of SPS processing on the electrical conductivity, the
BaZrosYo0.1O3-s sample with the relative density of 90 %
was prepared by conventional sintering at 1700 °C for 6 h
for comparison. The electrical conductivity of the SPS and
CS samples was measured by the DC four-probe method
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Figure 3 SEM micrographs of BaY »Zri-xO3-x2 ceramics obtained
by SPS at 1600 °C: (a) x= 0, holding time 1 min; (b) x= 0.08,
4 min; (c) x=0.16, 5 min. (a, b) fracture surface; (c) after
thermal etching [75].
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Figure 4 Electrical conductivity of BaZrosYoiOz-4 ceramics
densified by SPS (triangles) and by conventional sintering
(circles) at 800 °C as a function of oxygen partial pressure [76].
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as a function of the oxygen partial pressure (Figure 4).
The conductivity of SPS sample was found to exceed that
of the CS sample. The enhanced conductivity was
explained by the higher density of SPS ceramics.

The enhanced conductivity of BaZri-HoxOz-s
(x=0.1,0.2) ceramics densified by SPS was reported in
[44]. The precursor powders were synthesized by the flash
pyrolysis method and calcined at 1100 °C. The powder was
placed in a graphite die and sintered at 1600 °C for 20 min
under a pressure of 75 MPa. The relative density of the
sintered samples was above 99 %. The cation ratios
obtained from the energy-dispersive X-ray spectroscopy
(EDX) close to nominal values, indicating no loss of
barium during sintering. The electrical conductivity of the
samples was measured by the impedance method in air
and in humidified Oz atmosphere (pH20 = 0.03 atm).
The conductivity increased with increasing Ho
concentration and pH20, indicating increasing
concentration of oxygen vacancies and significant proton
transport. BaZrosHo00203-5s composition demonstrated
the highest conductivity of about 49 mS - cm-! at 700 °C
in humidified O2 atmosphere (pH20 = 0.03 atm), which
exceeded the conductivities of the conventionally sintered
Y-doped BaZrOz ceramics. This was explained by the
nearly full density of SPS ceramics.

Highly dense (above 98 %) nanocrystalline
BaZros2Y008O3-s ceramics obtained by SPS also
demonstrated high electrical conductivity [77]. The
precursor nanopowder synthesized by Pechini technique
was heated in a graphite die up to 1400-1500 °C under an
applied uniaxial pressure of 100 MPa and exposed to these
conditions for 5 min. The resultant ceramics had a grain
size of about 85 nm as determined by SEM. The
conductivity of highly dense BaZros2Y0.0803-5
nanoceramics was measured by the 2-probe impedance
method in the wet nitrogen atmosphere and compared
with that of a ceramic sample of the same composition
with grains of about 1 um and a density of 94 %, which
was sintered conventionally at 1700 °C for 20 h. In the
both nano- and microceramic samples, the charge transfer
was found to be hindered by grain boundaries; however,
in the nanocrystalline samples, the conductivity of grain
boundaries was 4 or more orders of magnitude less than
that of grain bulk, while in the case of the conventionally
sintered ceramic samples the difference reached more
than 6 orders. At the same time, the bulk conductivity was
nearly independent of the grain size. A significant
enhancement in the grain boundary conductivity of the
nanocrystalline ceramics resulted in a higher total
conductivity. It was suggested that as the grain size
decreases to the nanometer range, the nature of grain
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boundaries changes, which makes the nanocrystalline
BaZros2Y008O3-s a  promising  proton-conducting
electrolyte for SOFC applications.

However, there are studies that have found a
deterioration in the conductivity of SPS processed
samples. For example, Wang et al. [43] reported that
BaZrosYo0.1O3-s nanoceramics sintered by SPS had a lower
electrical conductivity than the conventionally sintered
samples. The samples were obtained from the
BaZrosYoiOz-s nanopowder synthesized by Pechini
technique. The SPS process was carried out at 1300 and
1400 °C for 5 min. The density of resulting ceramics was
found to increase from 85.5 % to 92.4 % with sintering
temperature, and the average grain size increased from
~200 nm to ~ 260 nm, respectively. The electrical
conductivity of nanoceramics was studied using the
impedance spectroscopy method in the temperature
range of 300-750 °C. The sample sintered at 1400 °C
exhibited a slightly higher conductivity than that sintered
at 1300 °C, which can be explained by a larger grain size
and a higher density of the former. Nonetheless, the
conductivity of both samples was low and the activation
energy was high (1.34 and 1.64 eV for the bulk and grain
boundary conductivities, respectively, in wet air)
compared to the values reported for the conventionally
sintered BaZrosY0.1O3-s materials. It was supposed that the
nanocrystalline structure of the SPS samples was
responsible for the deterioration in conductivity.

Park et al. [78] investigated the electrical conductivity
of Y-doped BaZrOs nanoceramics densified by SPS. The
precursor nanopowder of BaZrosY01O3-5 was synthesized
by sol-gel method and processes by SPS under the uniaxial
pressure of 100 MPa at 1400 °C for 5 min. The relative
density of resultant ceramic was 94 % and the average
grain size was about 20 nm. The electrical conductivity of
the samples was measured in wet air using the 2-probe
impedance method. The conductivity was found to
increase with increasing pH20O, that proves the proton
contribution. The charge transport was limited by grain
boundaries, which indicates that the fine-grained
structure of SPS ceramics is unfavorable for conductivity.

Wallis et al. [79] prepared the BaZro7Ceo2Y0.1O3-5
ceramics with the relative density as high as 99.7 % by SPS
at 1550 °C for 5 min, under the applied pressure of
80 MPa. The investigation of the sample composition by
the EDX method showed that the cation ratios were close
to the nominal stoichiometry, despite the high sintering
temperature. As the SEM study has shown, the grain size
in the sintered ceramics varied from 100 nm to I.I um, with
the majority of grains of 300-600 nm. The impedance
study revealed that the conductivity of ceramics was
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limited by resistive grain boundaries; the total
conductivity was about 0.26 mS - cm-! at 600 °C in the
3% H20 +5 % Ha/Ar atmosphere. Thus, for the
fabrication of proton-conducting ceramics using SPS, the
optimization of sintering process parameters is required
to enhance grain growth and, accordingly, the ionic
conductivity.

Simonenko et al. [80] obtained the Ilower
conductivities of BaCeos-+ZrxY0.103-5 (x=0, 0.5, 0.6, 0.7
and 0.8) ceramics densified by SPS compared to the similar
compositions reported in other research studies. The SPS
samples were obtained from the nanopowders synthesized
by citrate-nitrate process. SPS was conducted at a
temperature of 900 °C and a holding time of 5 min. The
SEM study showed that the average grain size decreased
with increasing Zr concentration from 150 nm in the Zr-
free composition to about 80 nm at x= 0.5. The relative
density of Zr-free sample was as low as 70 % and further
decreased to 60 % for the Zr-containing ones. The low
density was most likely a result of the low sintering
temperature: dense SPS ceramics were obtained at much
higher temperatures in other studies [43,44,72-78].
BaCeo.4Zros5Y0.1O3-s solid solution was found to have the
highest conductivity (~ 0.3 mS - cm- at 550 °Cin ambient
air) among the series, which, nevertheless, was much lower
than the conductivity of the denser ceramics of similar
composition. The BaZroiCeo7Y0i10O3-s ceramic with a
density of about 98 % was reported to have a
conductivity of ~6mS-cm-! at 550°C in wet air
(3% H20) [8l], while the conductivity of
BaZro7Ceo.2Y0.O3-s nanoceramics with a density of 96 %
was as high as ~8mS-cm-' at 550°C in wet air
(25 % H20) [82]. The low conductivity of
BaCeo9-»ZrxY0103-s ceramics obtained in [80] is most
likely caused by its low density.

Thus, the SPS processed ceramics typically exhibit
dense fine-grained microstructure, and nearly full density
was obtained in some studies [44,75,77,79]. A high
density of SPS ceramics is beneficial for the electrical
conductivity [44, 45,77]. In the fabrication of ceramics
containing volatile components, a low sintering
temperature and a short holding time are the valuable
advantages [44,79]. So, SPS can be considered as a
promising technique for the rapid densification of
oxygen-ion and proton-conducting ceramics at low
temperatures, although optimization of sintering process
parameters is required to enhance grain growth and
electrical conductivity.
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3. Flash Sintering

FS is the electric field assisted process, similar to SPS.
However, these methods have several differences. First, FS
is based on applying high voltage, and no pressure is
typically applied to the green ceramic powder compact,
unlike SPS. The compacted green bodies with the relative
density of 50-55 % of the theoretical density are hanged
in a furnace by two metallic wires which act
simultaneously as electrodes, as described e.g. in [83], or
placed between two alumina supports as reported in [84].
Other possible geometries of a sample and metallic
electrodes used in FS are considered in [85]. While both
electrically conductive and non-conductive materials can
be processed by SPS, the ionically conducting or
semiconducting materials should be used in FS. A high
electric field applied during sintering results in the sample
densification at lower temperatures and shorter times
compared to SPS due to the enhanced ion transport and
grain boundary diffusion at elevated temperatures. In
contrast to SPS, which is based on passing pulsed direct
current through the sample, direct current or high
frequency alternating current is used in the case of FS.

Another difference of FS is that the powder compacts
to which an electric field is applied should be slowly
heated. Fast sintering, or so-called “flash event”, occurs
when a certain critical temperature called the onset of
“flash event” is reached. At this temperature, a sharp
increase in current is observed, despite the constant
magnitude of the applied voltage [25, 28, 50, 72, 83-86].
After the “flash event” occurs, the voltage control mode
is switched to the current control one. In the isothermal
mode of FS, an electrical field is applied to a sample which
is maintained at a constant temperature [87, 88]. In this
case, flash onset is observed after a delay time, which
depends on the conductivity of powder compact.

Unlike SPS materials which typically have the fine-
grained morphology, the FS ceramics can have both a
nano-grained structure and a coarse-grained structure
with grain sizes up to several micrometers, depending on
the FS process parameters [40, 41, 87, 89, 90]. As in the
case of SPS, there are the problems of scalability and
manufacturing complex shapes in the FS technology,
because the uniform distributions of current and
temperature inside the sample must be ensured.

The first report on the use of FS for manufacturing
dense solid oxide electrolytes was made in 2010 by
Cologna et al. [72]. In this research, a constant voltage was
applied to the green compact of zirconia stabilized with
3 mol % Y20z (3YSZ), which was slowly heated in a
resistance furnace. After the “flash event” occurred, the
specimen sintered to near full density. Later, the use of an
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alternating current in FS was reported [91], and different
ceramics were produced by this technique [39, 91-94].

Fabrication of dense 8YSZ (ZrO: stabilized with
8 mol % Y203) solid oxide electrolyte using FS was
reported in [95]. The green pellets were obtained from
ceramic powder by the uniaxial and isostatic pressing at
46 MPa and 200 MPa, respectively; the green relative
density was about 50 %. To improve the contact with
electrodes, the pellet faces were covered with Pt paint. The
sample was inserted between two Pt foils acting as current
collectors. A mechanical load of a few hundred grams was
applied to the assembly to improve the electric contact
using springs as shown in the scheme of a sample holder
(Figure 5). Then, the sample holder was placed in a
furnace. After heating the sample, a DC or AC voltage was
applied and the evolution of current in time was studied.
Besides, the sample impedance was measured during the
processing. A typical dependence of current on time
during flash sintering, which was recorded under the
applied voltage of 8 V at 1000 Hz frequency at 970 °C, is
shown in Figure 6. As can be seen, the current is small and
remains nearly stable during the first ~30s, then it
increases abruptly reaching a plateau. After decreasing
the applied voltage, the current falls down. The density of
the FS sample, which was determined by the Archimedes
method, was 94 % of theoretical density. SEM study of
the polished surface of FS sample showed its nanograined
structure (Figure 7). The resistance of the sintered sample,
measured by the impedance method, became Il times less
than before processing due to the improved density. The
electrical conductivity of the FS processed 8YSZ reached
0.I7 mS - cm-! at 420 °C, which is comparable with the
conductivity of ceramics of the same composition with an
average grain size of 18 um, prepared by the conventional
solid state sintering at 1700 °C for 12 h, equaled to
0.14 mS - cm-' at 420 °C [94].

Current

Suppl
Current =
Meter
Springs
Alumina
Tube Voltage
Pt Meter
& DVM
Thermocouple

Alumina
Foam

Figure 5 Scheme of sample holder [95].
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Figure 6 Current versus time curve during FS processing of 8YSZ
at 970 °C under applied AC voltage of 8 V, 1000 Hz [95].
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Figure 7 Scanning electron microscopy image of polished
surface of flash sintered 8YSZ [95].

Du et al. [89] analyzed the microstructure and
electrical conductivity in the flash and conventionally
sintered 8YSZ ceramics. The powder of 8YSZ was
uniaxially pressed into pellets (9.5 mm in diameter and
5 mm thick) at a pressure of 1 MPa followed by isostatic
pressing at 200 MPa. The green density was 50 % of the
theoretical density. The FS process was carried out in a
dilatometer by heating to 1500 °C with a rate of
10 °C - min-! followed by cooling at 20 °C - min-'. A green
pellet was placed between two Pt electrodes (2 mm thick)
with polished surfaces, and a mechanical load of 7 kPa was
applied to improve the electrode/sample contacts. A
constant electric field of 50 V - cm-! was applied during
heating. The flash sintering was interrupted when the
sample shrank for 5,10, 15 and 20 % (the samples were
marked as F5 %, ..., F20 %). An additional sample,
labeled as LF20 %, was prepared by applying voltage for
5 min after reaching 20 % shrinkage. For comparison, a
similar set of the conventionally sintered at 1500 °C
ceramics were prepared (C5 %, ..., C20 %). It was found
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that during conventional sintering, shrinkage started at
about 1100 °C and reached a maximum of 20.5 % at
1500 °C, resulting in 99.8 % density during ~ 40 min. In
FS processing, shrinkage started below 1070 °C, reaching
the maximum density of 95.7 % in ~ 1 min.

The microstructures of the FS and CS ceramics were
analyzed using SEM (see Figure8). In general, the
microstructures of the samples after the sintering
interruption were similar. After the interruptions at 5 %
and 10 % shrinkage, the average grain size of CS samples
was slightly higher than that of FS ones, while at 15 % and
20 % shrinkage, the grain size of the FS samples became
higher. It was found that the grain size was homogeneous
throughout the CS and FS ceramics, except for the LF20 %
sample, in which the average grain size at the center was
twice as large than near the surface. This was explained by
the temperature gradient induced by faster heat
dissipation near the surface. In both CS and FS samples,
the average grain size remained small (I00-150 nm) at the
relative densities of up to 80-85 %, and significantly
increased (to 1-3 um) at higher densities. This result
contradicts the previously reported conclusions about the
inhibited grain growth during flash sintering [30, 3I].

The electrical conductivities of the CS and FS samples,
determined from the impedance measurements, were
similar, which can be explained by the similar densities
and microstructures of the samples (Figure9). As
mentioned above, the shrinkage and current of the green
sample were found to change abruptly at a relatively low
furnace temperature (~1070 °C). However, the sample
temperature can strongly deviate from the furnace
temperature during processing. The estimation of the
sample temperature using the black-body equation
proved that the conductivity obeys the Arrhenius law
during flash sintering as expected for the ionic
conductivity in 8YSZ. Flash sintering was concluded to be
a process driven by Joule heating. The apparent non-
linear dependence of conductivity on temperature at flash
onset (see Figure 6, the temperature of a furnace is
proportional to time) was supposed to be caused by the
higher sample temperature because of Joule heating.
Considering the sample temperature, it was concluded
that the densification process in FS occurs at the
temperature similar to that in conventional sintering.

Francis et al. [97] reported on the particle size effects
on flash sintering of 3YSZ ceramics. The 3YSZ powders
with the particle sizes of 1, 2,5 and 10 um were used as
precursors. Dense ceramics (96 % of relative density) were
obtained only from the powder with the smallest particle
size, while the larger particle size resulted in only 82-84 %
density. This was explained by the nucleation and
diffusion of Frenkel defects. The lower densities were
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Figure 9 Arrhenius plots for the total conductivity of
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with shrinkage of 5, 10, 15 and 20 % [89].
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attributed to longer diffusion distances in large particles,
that requires a longer time for the Frenkel defects to travel
to the pores, comparable with the lifetimes of the Frenkel
defects. However, the temperature inside the sample can
significantly differ from that of a furnace, as was reported
in [89]; therefore, the effect of the sample temperature on
the resultant density is to be considered in order to make
a conclusion about the mechanism of the process.

Caliman et al. [84] designed an experimental setup
that made it possible to set and control the atmosphere
during FS process and to apply a slight pressure to the
sintered sample. Schematic of the setup is shown in
Figure 10. In this scheme, a pellet-shaped sample was
placed between two platinum disc electrodes and fixed
with the help of two alumina supports. The green pellets
with a relative density of 50-55 % were obtained by the
uniaxial and isostatic cold pressing under 60 and
250 MPa, respectively. To improve the contact with
electrodes, the opposite faces of the pellets were painted
with a metallic ink. The experimental setup was placed in
a uniaxial press to apply a mechanical load when
necessary. It was found that the pressure-assisted sintering
is more advantageous compared to conventional FS. A
quadruple flash sintering of 3YSZ under the pressure of
48 MPa resulted in dense ceramics. SEM investigation of
the resulting ceramics showed that they had fine
morphology with grains of about 200 nm (Figure 11). The
effect of atmosphere on the FS process was demonstrated
on Al2Oz samples with Ag electrodes: the onset of “flash
event” was observed at lower temperature in the Ar
atmosphere than in air (~500°C and ~ 850 °C,
respectively).

Xu et al. [25] also used the pressure-assisted FS
technology applying a pressure of 30 MPa during the
sintering process. It was found that 3YSZ ceramics can be
sintered at lower temperature with lower electric field
under the applied pressure: the onset flash temperature
was only 909 °C when a DC voltage of 33 V - cm-! was
applied. The effect of various applied DC voltages
(0-67V-cm-) on the sintering processes was
investigated; the temperature of flash event was found to
decrease with increasing voltage, which can be explained
by the stronger heating of the material when a higher
current is passed through it.

The influence of atmosphere on the flash sintering of
8YSZ was studied by Bhandari et al. [98]. The powder of
8YSZ with the average particle size of 155 nm was
uniaxially pressed into a dog-bone and pre-sintered at
900 °C for 1 h, resulting in the green density of about
45 %. The green sample was loaded in a vertical tubular
furnace with two Pt wires which were connected to a DC
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Figure 1l SEM micrograph of flash sintered 3YSZ [84].

power supply. The FS experiments were performed in
three different atmospheres: air, Ar and diluted hydrogen
(Ar+ 2.9 % H2). It was found that the flash onset
temperature decreases with decreasing oxygen partial
pressure (pOz2) in the ambient atmosphere, being equal to
~825°C, ~745°C, and ~730°C in air, Ar and
Ar + 2.9 % Ha, respectively, at the applied DC voltage of
75V - am-.. The authors explained the observed effect by
the enhanced conductivity of 8YSZ in reducing
atmospheres due to the formation of oxygen vacancies
and electrons; the higher current density results in the
generation of more Joule heat inside the sample. The
result confirms that Joule heating is one of the main
factorsin FS.

Steil et al. [87] studied the influence of limiting
current which was controlled by the applied AC voltage
and the furnace temperature during flash sintering on the
microstructure of 8YSZ ceramics. The precursor 8YSZ
powder with 30 nm particle size forming the agglomerates
of 15-140 um was used. The powder was uniaxially and
isostatically cold pressed into pellets (8 mm in diameter
and 2 mm thick) under 100 and 250 MPa, respectively,
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resulting in green densities of about 50 %. Pt grids were
slightly pressed against the pellet faces to serve as current
collectors. AC voltage of O-115V with a frequency of
1000 Hz, was applied to the sample, while the resulting
alternating electric current was limited by a value of 15 A.
The applied electric field induced an abrupt current rise
after a delay period, which resulted in the sample
densification. It was found that the magnitude of limiting
current has a strong effect on the ceramic microstructure.
SEM micrographs of the samples sintered at different
currents at the furnace temperature of 200 °C show that
the microstructures are similar at the current densities of
0.3-3 A - am-2, while the grain size strongly increases with
increasing current to 6 A (Figure 12). Considering the SEM
images, it was concluded that the current density higher
than é A - cm-2 is needed for obtaining high-density 8YSZ
ceramics.

Variation of the furnace temperature was also found
to strongly affect the densification of ceramics. Figure 13
presents the SEM micrographs of the samples sintered
under the limiting current of 6 A at the different furnace
temperatures (800,900 and 975°C). The highest
temperature promoted the better densification: the
sample had the geometrical and Archimedes densities of
94 % and 97 %, respectively.

However, after sintering at high limiting currents and
furnace temperatures, the microstructure of sintered
samples was heterogeneous, with large grains at the center
and smaller grains near the surface. Such microstructure
is similar to that of the sample kept for 5 min under the
flash conditions, described in [89]. The formation of the
heterogeneous microstructures in both works was
explained by the dissipation of supplied power from the
sample surface. To avoid such heterogeneities, a short
exposure to high limiting currents was recommended.
Another problem observed in the samples at high current
densities was the appearance of microcracks, which
indicated the grain cohesion weakening under severe flash
conditions. This research demonstrates that the required
microstructure of ceramics can be obtained by
appropriate selecting the parameters of flash sintering.

Muccillo et al. [91] prepared dense proton-conducting
BaCeosGdo.20O3-5s ceramics by FS from the precursor
powder synthesized by the solid state reaction method.
The powders were uniaxially and then isostatically pressed
into pellets under 30 MPa and 200 MPa. The green
density of the compacts was 35-40 %. The pellet faces
were painted with Pt paste and calcined at 500 °C. The
sample was inserted in a holder between two platinum
meshes connected to the power supply or impedance
analyzer and heated to ~ 910 °C to decrease the sample
resistance to about 10 Ohms. Then, an AC voltage was
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Figure 12 Influence of the current density on microstructure of
the flash sintered 8YSZ ceramics. Furnace temperature 900 °C
[871.

Figure 13 Influence of the furnace temperature on the
microstructure of 8YSZ ceramics at constant current density
(6 A - cm-2) [87].

applied until the flash event occurred and switched off
after that to avoid an avalanche current which could melt
the specimen. After sintering, the sample was cooled down
to an intermediate temperature, at which the conductivity
measurements by the impedance method were carried
out. The FS samples had a relative density of 84 %. For
comparison, the sample of the same composition was
conventionally sintered at 1600 °C for 4h. The
impedance spectra were similar for the CS and FS samples,
which indicated that they had similar microstructure and
density.

Jiang et al. [40] reported on the fabrication of
proton-conducting BaZroiCeo7Y0.1YboiO3-s (BZCYYDb)
ceramics by the DC flash sintering from the powder
prepared by sol-gel method. The precursor powder was
mixed with 5 wt % PV A binder in aqueous solution and
uniaxially pressed into bars (20 mm x 1.6 mm x 6.5 mm)
under a pressure of 500 MPa. Then, platinum wires were
wounded at the bar ends as electrodes, and the contacts
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were additionally coated with platinum paste to improve
the distribution of an electric field through the bar. The
sample was placed in a tubular furnace, heated to 850 °C
with a rate of 10 °C - min-! under the applied constant DC
voltage and exposed to the flash conditions for 1 h. To
prevent an excessive increase of current density which
could result in the fracture of ceramics, the power supply
was switched to the current control mode after the onset
of flash-sintering. It was found that the “flash event” in
BZCYYb sample occurred at a certain furnace
temperature, which increased with decreasing applied
voltage being equal to 828 °C, 792 °C and 670 °C under
60V -cm-,70V - cm-'and 80 V - cm-, respectively. The
onset temperature for BZCYYDb was higher than that for
the Gd-doped ceria in similar flash conditions [99], which
can be explained by a lower ionic conductivity of
BZCYYDb. SEM study of the sintered ceramics showed that
porous structures were obtained at low limiting current
(<5 A-cm-2); while at higher currents, well-densified
structures were observed (Figure 14). The average gain size
significantly increased with increasing current density.

Based on these results, it was concluded that the
current magnitude plays a key role in the DC flash
sintering. The intensive densification and an increase in
grain size with the current density was related to Joule
heating at grain boundaries. The conductivity of the
sintered samples measured using the impedance method
was found to increase with the limiting current as shown
in Figure 15, which can be explained by the higher density
and coarser grains in the samples sintered at a higher
current density. This research demonstrates that the dense
proton-conducting BZCYYb ceramics with designed grain
size and microstructure can be obtained by the DC flash
sintering with the adjusted values of current density and
dwell time, at the temperature as low as 850 °C, for 1 h.

Soleimany et al. [41] investigated the effect of NiO
additions on the sinterability of BaZroiCeo7Y0.203-s
(BZCY7) ceramics processed by FS. The powder of BZCY
was synthesized by the solid-state reaction method and
mixed with 0.5,1,1.5, and 2 wt % NiO powder by ball-
milling in ethanol. The obtained powders were uniaxially
pressed at 180 MPa and machined into the dog-bone shape
samples. The sample was suspended into the center of a
tubular furnace with the help of nickel wires, which
simultaneously served as electrodes. Then, the sample was
heated with a rate of 10 °C -+ min-! under an applied DC
voltage of 100-500 V - cm-.. The DC voltage was adjusted
so that the current density across the specimens did not
exceed 10 A - am-2. The sample was kept for 40 s at the
flash sintering conditions.

It was found that the additions of 0.5 and 1 wt % NiO
resulted in a lower onset temperature of flash sintering
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Figure 14 SEM micrographs of the surface of BZCYYb ceramics
sintered at different current densities: (a) no current applied, (b)
ITA-cm2, (c) 3A-cm?, (d) 5A-cm2, (e) 7A-cam2, (f)
92 A-cm2[40].
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Figure 15 Total conductivity of BZCYYb ceramics sintered at
different current densities [40].

due to the higher internal heating. The samples with 1.5
and 2wt % NiO not only showed a lower power
dissipation, but also star-shaped cracks along the current
flow direction appeared in them. This could be caused by
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the uneven distribution of the current density and thus
the temperature gradients inside the sample. The
magnitude of applied DC voltage was found to strongly
affect the microstructure of resultant ceramics. SEM
images of the fracture surfaces of BZCY7-0.5 % NiO
samples flash sintered at different voltages are presented
in Figure 16.

The average grain size reached a maximum value of
about 5.5 um at 200 V - cm-!, decreasing with a further
increase in voltage. The sample temperature, estimated
using the black-body equation, did not significantly
depend on the applied electric field, varying within
1650-1720 °C with a minimal value at 200V - cm+, at
which the largest grains were observed. The reasons for
such effect of the applied voltage on the microstructure of
resultant ceramics are not entirely clear: in conventional
sintering, the higher temperature typically results in

Average grain size (um)

BZCY7 + 0.5 wr% NiO

L s L
100 200 300 400 500
Applied electric field (V/em)

Figurel6 SEM micrographs of fracture surfaces of
BZCY7-0.5 % NiO samples, flash sintered under applied
electric fields of (a) 100, (b) 200, (c) 300, (d) 400, and (e)
500 V - cm-!, and the average grain size vs applied electric field

() [41].
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larger grains. The comparison of linear shrinkages of the
Ni-free BZCY7 sample, which was studied in [100], and
BZCY7 with 0.5 % NiO during flash sintering showed that
the addition of NiO resulted in a stronger shrinkage at all
applied voltages, which indicated that NiO enhances the
flash-sinterability of BZCY7. In addition, the electrical
conductivity of the NiO-modified sample was higher than
that of the Ni-free composition.

Despite the high research activity in the field of FS
processing of ceramics, the mechanism of flash sintering
remains controversial [28-30, 83, 101]. R. Raj suggested
that a very high temperature developed within the sample
during FS process (~ 1900 °C) is responsible for sintering
[28]. Todd et al. [83] supposed that the thermal and
electric characteristics of flash sintering are a consequence
of the negative temperature coefficient of the material
resistivity leading to runaway Joule heating at a constant
applied voltage. The Joule heating during the “flash
event” was assumed to be responsible for the rapid
sintering in a number of research studies
(e.g. [89,98,101]). On the other hand, Naik et al. [30]
believe that the nucleation and growth of new defect
structures due to extremely high temperatures cause the
“flash event”. Francis et al. [97] reported that the
temperature in a sample during flash sintering is about
1200 °C, which is well below the estimated temperature of
~ 1900 °GC; and accordingly, Joule heating cannot explain
the flash event. Based on the simulation results on the
temperature distribution during FS, Wang et al. [102]
concluded that the rapid densification was related to the
high heating rate (2000-3000 K - min-1) generated inside
the sample.

Despite the incomplete understanding of the
mechanisms of the process, FS has been widely applied for
sintering of ceramics for various purposes including solid
oxide electrolytes. The results presented in the literature
show that FS is an effective method for manufacturing
dense ceramics from refractory oxide-ion and proton-
conducting solid oxides. The main advantage of FS is the
ability to densify materials in a short time, without the use
of high temperature furnaces. However, the fabrication of
ceramics is influenced by many factors, including the
atmosphere composition, temperature, applied voltage,
current density, and mechanical load application.
Therefore, the fabrication of high-density oxygen-ion and
proton-conducting  ceramics  with  the  desired
microstructure requires the systematic optimization of
the FS parameters.

4. Microwave Sintering

The heating mechanism in MS as well as in SPS and FS
differs from that in the conventional sintering technology.
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MS employs electromagnetic waves to heat the powder to
be sintered. The absorbed electromagnetic energy is
converted into the thermal energy inside the material,
which provides fast heating. The heating mechanism of
dielectric materials due to the microwave radiation is
shown in Figure 17. The key advantages of MS are the fast
processing, reduced sintering temperature and holding
time, low energy consumption and environmental hazards
[32, 36, 37,103-105]. MS allows high densification of a
powder in just a few minutes at the temperatures which
are several hundred degrees below the conventional
sintering temperature [l06]. The Ilow processing
temperature restrains the grain growth, which results in
the fine-grained morphology of MS ceramics.

While the MS technology has brought about
important advancements, it also has some drawbacks. The
problem with scalability of microwave-assisted sintering
of ceramics is one of the most significant. Furthermore,
the precursor powder must meet certain requirements.
For efficient sintering, the powder particle size should not
exceed the penetration depth of the microwave radiation.
The advancements and limitations of the microwave
sintering of ceramics have been summarized in a number
of review papers, e.g. [32-34].

The microwave processing of refractory materials
started in 1960s, while the feasibility of MS for the
densification of solid oxide such as alumina, zirconia, and
yttria was reported in 1980s [33]. The advantages of MS
for densification and electrochemical properties of solid
oxide electrolytes have been demonstrated in many
studies. In 2005, Vanetsev et al. [I07] employed MS for
preparation of dense BaCeOz ceramics at the temperature
as low as 900 °C. This research proved that MS is a
promising technology for fabrication of dense proton-
conducting electrolytes in a short time at a relatively low
temperature.
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Figure 17 Heating mechanism of ceramic dielectrics due to
microwaves (MWs) — ceramic interaction when MWs are 1)
incident on the ceramics with a fraction getting reflected, 2)
absorbed, and 3) the rest transmitted [32].
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Amiri et al. [I08] fabricated the tubular Ni-YSZ
cermet supported fuel cell with a thin 8YSZ electrolyte,
which was densified by the MS technology, and compared
the electrochemical performance of this cell with that of a
similar cell except the electrolyte layer was sintered
conventionally. For the support fabrication, the powders
of YSZ and NiO taken in 35 : 65 weight ratio were ball
milled for 24 h in an aqueous medium and mixed with
30 vol. % graphite. The NiO-YSZ tubes were formed by
slip casting and pre-sintered at 1000 °C for 3 h. In case of
MS processing, the tubes were reduced at 750 °C for 3 h
in a flow of N2 + 20 vol. % Haz. To prepare the electrolyte
layer, the suspension consisting of a mixture of 8YSZ
powder, ethanol and é wt % ethyl cellulose in terpineol
used as a binder was prepared and deposited on the Ni-
YSZ supports by dip-coating. The electrolyte layer was
sintered in a microwave furnace. For comparison, the
identical Ni-YSZ supported half-cell was conventionally
sintered (CS) at 1400 °C for 3 h. Then, the cathode layer
of Lao.eSro4Coo2Fe0sOs (LSCF) was deposited on top of
the electrolyte using the cathode ink consisting of LSCF
powder, an azeotrope solvent, polyvinyl butyral as a
binder and menhaden fish oil as the dispersant. The
cathode ink was dip-coated and sintered at 800 °C for 3 h.

The cross-sectional SEM images of the cells with the
MS and CS electrolyte layers are shown in Figure 18. The
CS electrolyte layer is homogeneous, in contrast to the MS
one. In the MS electrolyte, the layer facing the Ni-YSZ
anode consisted of the almost melted particles of Ni and
YSZ sintered together, while the outer side was dense and
homogeneous, with a small number of closed pores. It was
supposed that the exothermic oxidation of Ni combined

Figure 18 Cross-sectional SEM images of the cells with the
microwave (top) and conventionally (bottom) sintered
electrolyte layers [108].
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with the microwave irradiation could result in local
heating and Ni melting.

The fabricated «cells were tested using
H2 + 3 vol. % H20 as a fuel and air as an oxidant. The £V
and current density curves of the cells are presented in
Figure 19. As can be seen, the OCV values of both cells are
close to the theoretical values obtained by using the
Nernst equation, which proves a good gas-tightness of the
electrolyte layer in both cells. As to the power density, at
lower temperature, the power performance of both cells
is similar, while at high temperatures, the cell with the MS
electrolyte is inferior to that with the CS electrolyte.

To explain these peculiarities, the impedance of the
cells was measured (see Figure20). The rightest
semicircles in the impedance spectra with a characteristic
frequency of 8 Hz were ascribed to the mass transfer in
the electrodes. The concentration polarization of the cell
with the microwaved electrolyte was higher compared to
the conventionally prepared electrolyte, which explains
the worse FV performance of the former. It was
concluded that MS processing leads to more rapid
aggregation and reduces the overall porosity in the
supporting anode, making it difficult for the redox active
gaseous species to reach the electrolyte. The ohmic part of
the impedance related to the electrolyte was less in the
case of microwaved sample, which can be due to the better
crystallization and densification of the electrolyte. This
study showed that MS processing results in the cell
electrochemical performance comparable to the
conventional sintering techniques except some electrode
polarization because of not optimized microstructure of
the supporting Ni-YSZ anode.

Hussain et al. [I09] reported on the fabrication and
testing of a planar large-area anode-supported fuel cell,
which was co-sintered using MS technology. NiO-8YSZ
composite was used as the supporting anode,
(Sc203)0.10(CeO2)0.0(ZrO2)o.89 (ScCeSZ) and Gdo.iCeo.901.95
(GDC) were used to fabricate the electrolyte and buffer
layers, and NiO-ScCeSZ composite was used as the anode
functional layer (AFL). All these layers produced by tape-
casting were co-laminated by the isostatic pressing at
70 °C. The laminated assembly was laser cut into squares
of 8 x 8 cm2 and calcined at 350 °C for 5 h to burn out
the organic additives. Then, the half-cells were co-sintered
in a microwave furnace at 2.45 GHz and 1250 °C for
20 min, with a heating rate of 25 °C- min-. The total
duration of the half-cell fabrication using MS process (MS
cell) was 90 min. For comparison, similar half-cells were
sintered conventionally (CS cell) at the same temperature
for 24.5 h, with a heating rate of 0.5 ° C - min-'. The total
time of CS, including the heating and cooling processes,
was 16 times longer than with MS. In both MS and CS cells,
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Figure 19 £V and power density curves of single fuel cells with
(a) microwave sintered and (b) conventionally sintered 8YSZ
electrolyte measured at 700 °C [108].
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Figure 20 Nyquist plots (not normalized) of fuel cells with (a)
microwave sintered and (b) conventionally sintered 8YSZ
electrolyte [108].

the cathode layer was prepared by screen-printing
Lao.sSro4CoOs paste on the free surface of GDC layer of
and sintering at 950 °C for 3 h.

SEM study of the cross-sections of MS and CS cells
(Figure 21) revealed that the ScCeSZ electrolyte layer was
dense and homogenous, with a thickness of 5-6 um, in
both cells, while the GDC buffer layer with a thickness of
2-3 um was denser in the MS cell. Besides, the interfacial
porosity between the ScCeSZ and GDC layers was
observed in the CS cell, in contrast to the MS cell. Thus,
the MS processing resulted in better adhesion and denser
microstructure than the CS route.
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Figure 21 SEM images of the conventionally (a) and microwave
(b) sintered cells [109].

The electrochemical testing revealed that the both
cells demonstrated a high open circuit voltage (OCV) of
~ 1.1V at 700-750 °C, when hydrogen was used as a fuel
and air as an oxidant, which confirmed the excellent gas-
tightness of the electrolyte layer observed in the SEM
micrographs. The peak power density (PPD) of the MS cell
was 0.7 and 1.05 W - cm-2 at 700 and 750 °C, respectively,
while the PPD of the CS cell was 0.41 and 0.67 W - cm-2 at
700 and 750 °C, respectively. So, the CS cell exhibited a
lower power output compared to the MS cell. To find out
the reasons for such electrochemical behavior, the
impedance of the cells was studied. It was found that the
electrolyte resistance in the MS cell was lower than in CS
cell (0.15 and 0.26 O - cm2 at 750 °C, respectively), which
can be explained by better densification during MS
processing. In contrast, the electrode polarization
resistance of the MS cell was higher compared to the CS
cell, that could be caused by the sluggish gas transport
through the less porous anode support. Therefore,
further optimization of the microstructure of the MS
anode support is required. These results are consistent
with those obtained by Amiri et al. [108] discussed above.

Wang et al. [47] fabricated the proton-conducting
SOFC with BaZro.1Ceo.6sNio.04Y0.203-5s (BZCNY) electrolyte
thin layer on the supporting NiO-based anode by the one
step MS processing. NiO-BZCNY composite anode
powder was pressed into a disk at 100 MPa. Then, the
BCZY film was fabricated by pressing the electrolyte
powder onto the NiO-BZCNY disk under a pressure of
150 MPa. The composite cathode layer was prepared by
painting the free electrolyte surface with the slurry
containing the powders of SmosSrosCoOsz-s (SSC) and
BCZY. The green three-layer
NiO-BZCNY/BZCNY/SSC-BCZY cell was co-sintered in a
microwave furnace at 1100 °C for 2 h. For comparison, the
identical cell was co-sintered conventionally (CS) at
1100 °C for 2 h in a traditional electrical furnace.

SEM images of the cross-sections of the MS and CS
cells are presented in Figure 22. As can be seen, the MS
processing improved the densification of the electrolyte,
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as well as the interfacial contacts with electrodes while
maintaining the porous structure of the electrodes. Such
microstructures of the functional layers are beneficial for
the SOFC efficiency.

The performance of the fuel cells was tested using wet
H2 as a fuel and static air as an oxidant (Figure 23). The
MS cell exhibited a significantly higher power density than
the CS cell (~450 MW -cm-2 vs ~300 mW - cm-2 at
700 °C) and higher current densities.

The MS sintering of dense proton-conducting
BaCeo7ZrosY0203-5s (BCZY) electrolyte was described in
[46]. The precursor nanopowder of BaCeo7ZroiY0.203-s
was synthesized by the combustion method. The BCZY
electrolyte layer was deposited on the composite
NiO-BCZY anode substrate by the co-pressing method.
The obtained green bi-layer tapes were co-sintered in a
microwave furnace at 1200 °C for 2h.

- — —

"~ (a) CS cell

Figure 22 Cross-sectional SEM images of one-step co-sintered
NiO-BZCNY/BZCNY/SSC-BCZY cells sintered in the
conventional furnace (a, c¢) and in the microwave furnace (b, d)

[47].
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Figure 23 (a) ~V and power density curves measured at 700 °C
for one-step co-sintered cells sintered in the conventional
furnace and in the microwave furnace [47].
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Figure 24 SEM micrographs of microwave sintered BCZY
ceramics after the thermal treatment at 1200 °C for 2 h: (a)
surface, (b) fracture [44].
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Figure 25 Electrical conductivity of BaCeo7ZroiY0.203-s
ceramics densified by microwave and conventional sintering
[46].

SEM study of the MS processed BCZY layer, revealed its
dense morphology with grains of 0.3-1.0 um (Figure 24).
The conductivity investigation of the MS processed and
conventionally sintered (at 1400 °C) BCZY samples by the
impedance spectroscopy showed that the MS sample had
a higher conductivity than BCZY densified using CS
(Figure 25).

As was discussed above, the conventional sintering of
refractory proton-conducting oxides, which is conducted
at high temperatures with long expositions, is fraught with
loss of volatile elements, especially barium, which results
in the degradation of electrical conductivity. Zhong et al.
[110] showed that the MS-processed (1400 °C, 2h)
BaZroiCeo7Yo0.1YboiO3z-s (BZCYYD) electrolyte with a
relative density as high as 97.6 % had the barium content
close to the nominal one (50.77 at. %), in contrast to the
sample that was sintered conventionally (at 1550 °C) and
had only 36.66 at. % Ba. So, decreasing temperature for
150 °C resulted in the suppression of Ba evaporation. Due
to the maintained composition and coarse-grained
microstructure, the MS-processed BZCYYb ceramic
demonstrated the conductivity as high as 38 mS - cm-! at
700 °Cin wet air.

REVIEW

Thus, available literature data prove that the MS
technology is effective for obtaining dense ion-conducting
ceramics. Fast processing and low sintering temperatures
allows to avoid the evaporation of volatile elements. Due
to the high density and stoichiometric composition, MS
electrolytes demonstrate enhanced functional properties.
MS is a promising technology for fabrication of large-area
planar cells as well as tubular cells, at a lower temperature
and a shorter time than with conventional sintering.

5. Comparison between Sintering Technologies

Tablel summaries the sintering technologies,
sintering regimes, microstructural characteristics and
electrical conductivities of ion-conducting ceramics. The
presented results demonstrate the key advantages of
FASTSs to lower the sintering temperature and reduce the
duration of sintering process compared to the
conventional sintering. As follows from the table, using
FASTSs it is possible to obtain ceramics with grain sizes
from tens of nanometers to several micrometers, which
allows tuning the functional properties sensitive to the
microstructure. The results on the transport properties of
the FAST-processed ion-conducting ceramics reported in
the literature show that the field-assisted technologies can
significantly alter the electrical conductivity, which must
be taken into account. The technology impact can be both
positive and negative, depending on the microstructure of
resulting ceramics.

4. Conclusions

In the present article, the applications of FASTs for
densification of refractory oxygen-ion and proton
conducting ceramics are reviewed. The mechanisms,
advantages and limitations of FASTs are examined, and
the impact of sintering technology on the microstructural
and transport properties of electrolyte materials, and the
performance of FAST-processed electrochemical cells is
discussed.

Analysis of the results on FAST processing of solid
oxide electrolytes reported in literature shows that these
methods can be effectively used to fabricate high-density
ion-conducting ceramics, which are required for the use
as membranes in the solid oxide electrochemical devices.
The key advantage of FASTSs is the ability to consolidate
material in a short time at a relatively low temperature.
Due to these benefits, these technologies are used to
obtain nanocrystalline ceramic and composite materials
with specific properties. At the same time, different
microstructures can be obtained by varying the sintering
parameters of FASTs, including coarse-grained ceramics.
Another benefit of FASTs is the minimized loss of volatile
components, in contrast to conventional sintering, due to
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the low temperature and short duration of processing.
However, despite these advantages, the field-assisted
technologies can significantly alter the electrical
properties of ion-conducting ceramics. Nonetheless, when
optimizing the parameters of the sintering process, FASTs

REVIEW

make it possible to obtain materials with a required
composition, morphology and functional properties
faster and more economically efficient compared to
traditional technologies.

Table 1 - Sintering technologies, sintering regimes, microstructural characteristics and electrical conductivity of ion-conducting
ceramics (CS - conventional sintering, SPS - spark plasma sintering, MS — microwave sintering, FS - flash sintering).

Sintering technology,
heating rate, Relative density
Composition temperature of sintering, (% theoretical Grain size Electrical conductivity  Ref
dwell time, density)
atmosphere
8YSZ CS N/A 18 um 0.14 mS - cm- at [96]
1700 °C, 12 h 420 °C
4 mS - cm~ at 600 °C
8YSZ CS N/A [72]
1500 °C, 2 h 98.5 4.12 um
1525°C,2h 99.4 4.67 um
1550°C, 2 h 99.5 8.83 um
8YSZ SPS N/A [72]
100 °C - min-, 5 min,
50 MPa
1250 °C 99.1 1.30 um
1325 °C 99.5 1.16 um
8YSZ MS [72]
10 °C - min-, 15 min N/A
1500 °C 98.6 2.77 um
1525 °C 99.2 3.70 um
1550 °C 99.2 5.22 ym
8YSZ FS 94 200 nm 0.7 mS- cm-! [95]
53.3V - am, 1000 Hz at 420 °Cin air
964 °C
8YSZ FS 95.7 -3 um 6mS - cm- [89]
10 °C- min, 50 V + cm-! at 600 °Ciin air
1070 °C
8YSZ FS [98]
75V cm! N/A
825 °C, air 95 0.5-3 um
745 °C, Ar -
730 °C, Ar/Hz 68
8YSZ FS 48-90 at 100 nm N/A [87]
10 °C - min-, 0.3-3 A cm2
0-500 V cm-! 92-97 200 nm
800-975 °C até A cm2
BaZrOsz SPS N/A [75]
200 °C - min-, I min,
105 MPa
1400 °C 91.3 70-150 nm
1600 °C 98.5 200 nm
BaZrosY0.103-4 SPS 99 500 nm 65 mS - cm-! [76]
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BaZr-HoxO3-5
x=0.l
x=0.2

BaZrosY0.103-4

BaZrosY0iO3-4

BaZro7Ceo0.2Y0.103-4

BaCeo.9xZrxY0.O3-s
x=0,0.5-0.8

BaZro92Y0.0803-4

BaCe0.8Gdo.203-4

BaZroiCeo7Y0.1Yb0.1O3z-4

BaZro.iCe07Y0.203-4+

+ 0.5 wt % NiO
BaCeo7Zr0.1Y0.203-4

150 °C - min-, 5 min,
100 MPa
1600-1700 °C
SPS
1600 °C, 75 MPa, 20 min

SPS
200 °C - min-, 5 min,
100 MPa
1400 °C
SPS
4 MPa, 5 min
1200 °C
1300 °C
1400 °C

SPS
150 °C - min-, 5 min,
80 MPa
1550 °C
SPS
57 MPa, 5 min
900 °C

SPS
200 °C - min-, 100 MPa,
5 min
1400-1500 °C
FS
0-140 V - cm-', 1000 Hz
910 °C
FS
10 °C - min-' to 850 °C
60-80V - cm
FS
10 °C- min-,200V - cm-!

MS
1200 °C, 2 h

99.5
99.1

24

low density
85.5
92.4

99.7

70atx=0
60at x>0

> 98

84

N/A

N/A

N/A

0.6-1 um
0.2-0.6 um
90 nm

< 200 nm
200 nm
260 nm

300-600 nm

150 nm at
x=0
80 nm at
x=05
85 nm

2-3 um

0.9 um at
9A-cm?

55um

0.3-1 um

at 800 °Cin wet Oz
(pH20 = 0.015 atm)

49 mS - cm-!
at 700 °Cin wet Oq
(pH20 = 0.03 atm)
0.06 mS - cm-!
at 400 °Cin wet air
(pH20 = 0.023 atm)

0.02 mS - cm-
0.03 mS - cm-!
at 700 °Cin wet air
(pH20 = 0.03 atm)
0.26 mS - cm-!
at 600 °Cin
5% Hao/Ar
(pH20 = 0.03 atm)
x=0.5:

0.3 mS-cm-!
at 550 °Ciin air

0.001 mS - cm-!
at 300 °Cin wet N2
(pH20 = 0.023 atm)

N/A

30 mS - cm-!
at 700 °Cin wet Hz
(pH20 = 0.03 atm)
14 mS - cm-!
at 700 °Cin air

10 mS - cm-!
at 700 °C, wet Hz/air
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