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Abstract Since the first report several years ago on pressure-
less sintering of yttria-stabilized zirconia with several seconds
at relatively low temperatures by application of an electric
field, an increasing number of scientific reports have been
published on sintering ion conducting, semiconducting and
insulating polycrystalline electroceramics. The electric field-
assisted sintering consists in applying an electric field either dur-
ing heating up or under isothermal conditions at temperatures
well below the ones applied during conventional sintering.
Besides the lower temperatures, shorter times are required to
achieve full densification without considerable grain growth,
evidencing the potential of this technique for obtaining functional
electroceramics with improved mechanical and electrical proper-
ties at lower costs. Even though some mechanisms have been
suggested, the description of the phenomenon at the microscopic
level leading to full densification with seconds remains a chal-
lenge. We report in situ electrochemical impedance spectroscopy
of an ionic conductor (ZrO2: 8 mol% Y2O3), a proton conductor
(BaCe0.8Zr0.1Y0.1O3-δ) and a semiconductor (SnO2: 0.5 mol%
MnO2) performed during conventional and electric field-
assisted sintering experiments. Attention is also directed on the
description of the experimental setups and procedures and to the
evaluation ofmicrostructural details by scanning electronmicros-
copy. The analysis of the in situ impedance spectroscopy dia-
grams under heating (before either conventional or electric field-

assisted sintering) and under cooling (after) provides evidence of
densification with pore elimination and welding of grains.
Prospects for future experimental and simulation research work
are outlined.

Keywords Electric field assisted sintering . In situ impedance
spectroscopy . Dilatometry . Electroceramics

1 Introduction

1.1 Electric field-assisted (flash) sintering

Sintering is the most important step towards the consolidation
of either porous or dense ceramic components. It is a thermal-
ly activated process that produces continuous modifications in
the compact microstructure and usually takes hours to reach
full density. The conventional sintering of ceramic materials
consists in heating a ceramic powder compact under an
established profile (heating rate, dwelling temperature and
time, cooling rate, and atmosphere) that depends, in part, on
their phase diagram [1, 2].

There are many ways to provide additional energy to en-
hance sintering, and thereby accelerating its kinetics, i.e., low-
ering temperature and time to achieve a desired density: 1- by
applying pressure during heating (hot-pressing and hot isostat-
ic pressing); 2- using sintering aids with melting point lower
than that of the ceramic being sintered (liquid phase sintering);
3- using unconventional heating sources such as microwave
heating and high power laser beams; and 4- applying electric
fields with or without pressure (electric field-assisted
sintering).

The discovery that alumina doped with MgO could sinter
to theoretical density demonstrated that sintering could pro-
duce superior microstructures by the proper combination of
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sintering variables - time, temperature, dopant, particle size
distribution, as reported on 1990 [3]. Another sintering vari-
able was added later: the electric field, which can produce an
electric current flow either through a graphite die containing
the specimen under mechanical load, or through the ceramic
compact powder itself, without pressure, as will be described
below. These techniques, looking for enhancement of the
sintering process, have been reported in several review papers
[4–7].

Electric field-assisted sintering is usually performed ac-
cording to two main experimental procedures:

– Low electric field (of the order of volts) and high electric
currents (kAmps) through a graphite die containing the
specimen under load; originally it was named spark plas-
ma sintering [7]. There is no agreement whether the plas-
ma phenomenon happens in these experiments.

– High electric field (tens or hundreds of volts) and low
electric currents (up to Amps) through the specimenwith-
out pressure; originally it was named flash sintering [8].
This is one of the focuses of this Feature Article.

In 2009 it was shown that heating under a DC electric field as
small as 4 V/cm could densify a ZrO2: 3 mol% Y2O3 (3YSZ)
ceramic compact with reduced grain growth in comparison with
heating without the electric field [8]. Subsequently, the tech-
nique was applied to 3YSZ with 20 V/cm DC electric field
under heating from room temperature, producing dense ce-
ramics with reduced average grain size, at temperatures below
the conventional ones [9]. After these pioneering papers, a large
number of papers were published on the application of electric
fields to many electroceramics with different electrical behavior:
ion conductors, mainly stabilized zirconia [8–32] and ceria
[33–35], semiconductors [36–50], insulators [51–54], proton
conductors [55, 56], and others [57–65] (see Table 1). BFast
sintering^ and Bflash sintering^ are the terms used when densi-
fication is accelerated (relative to zero field - conventional
sintering) and when it happens in few seconds, respectively.
For the majority of the studied electroceramics, the transition
from Bfast^ to Bflash^ is observed for DC electric fields of
magnitude ~150 V/cm. This transition, however, depends on

the electrical behavior of the electroceramic and whether the
electric field is applied during the whole heating procedure, or
isothermally, or under specific experimental procedures. A com-
bination of flash sintering and spark plasma sintering has also
been proposed for sintering SiC, B4C and ZrO2: 3 mol% Y2O3

(3YSZ) [66–69].
Several possible reasons for the flash sintering phenome-

non were suggested: modification of the space charge defect
chemistry at the grain boundaries, production of additional
driving force for grain growth, alteration of the interface en-
ergy, creation and migration of Frenkel pairs, and Joule
heating at the grain boundaries [9, 10, 16, 18, 70–76].

The experimental details, the results and the discussions in
the references listed in Table 1 provide information on the
effects of many intrinsic (average particle size, packing den-
sity, sample size and shape) and extrinsic parameters (electric
field strength, limit of electric current density, electric power,
temperature profile, etc.). Even though several intrinsic and
extrinsic factors related to flash sintering have been explored,
the description of the mechanism(s) behind the actual
sintering process remains a challenge. Joule heating is obvi-
ously the primary consequence of electric current pulses de-
livered through the electroceramic. The majority of the papers
in Table 1 deal with the effect of the electric field on densifi-
cation and microstructure, with emphasis on the possibility of
densification at temperatures lower than previously reported,
besides achieving lower average grain size. The reports on
mechanical properties (fine microstructure should produce
specimens with improved mechanical properties) are scarce
and some take into consideration the electrical properties
(flash sintering is an electrical phenomenon!) [12, 20, 21,
24, 25, 28, 45, 56, 59, 61, 65, 67]. All experiments reported
by the following authors describe in situ impedance spectros-
copy results [12, 21, 25, 55] while all the others describe ex
situ data [20, 24, 28, 45, 59, 61, 65].

1.2 Impedance spectroscopy

The impedance spectroscopy technique consists in applying a
low amplitude AC electric signal, measuring the corresponding
electrical current with their ratio determining the impedance

Table 1 Flash-sintered
electroceramics Electrical

behavior
Maaterial

Ion conductor YSZ [8–32, 66], GDC [33–35], β-Alumina [65]

proton Conductor BCGd [55], BZCYYb [56]

Semiconductor Co2MnO4 [36, 44], SrTiO3 [37], SnO2 [38], SnO2:Mn [39], SiC [40, 67, 68],
BaTiO3 [45, 46], ZnO [43, 48–50], TiO2 [41, 42], KNbO3 [47], B4C [69]

Insulator Al2O3 [51], Y2O3 [52], Ca-Phosphate [53], ZrB2 [54]

Other Al2O3-YSZ [57, 59], Al2O3-TiO2 [60], LSCF-CeO2 [58, 61], Al2O3-Y3Al5O12-ZrO2 [62],
SOFC [63], LSCF [64]
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[Z(ω) = Re Z - i Im Z] ≡ [Z’ - i Z^], withω = 2πf [77], f being
the frequency of the AC signal. Figure 1 shows a typical
[−Z^(ω) x Z’(ω)] impedance diagram of an yttria-stabilized
zirconia (ZrO2: 8 mol% Y2O3) polycrystalline ceramic, com-
posed of high (HF) and low (LF) frequency semicircles due,
respectively, to the bulk (grains) and interfaces (mainly grain
boundaries) contributions to the electrical resistivity. The elec-
trode polarization, which occurs at even lower frequencies [78],
is not shown. The resistance R is determined at the intersection of
the semicircle with the real (x) axis; the depression angle β is an
indication on how homogeneous is the distribution of the com-
ponents responsible for the semicircles (HF - grain size distribu-
tion, LF - grain boundary density); ω0 = 2πf0, the frequency at
the peak of the semicircle, knowing R, allows for determination
of the capacitance via ω0.R.C = 1 [77, 78]. Experimentally, the
impedance spectroscopy data are collected in samples with me-
tallic electrodes (Au, Ag, Pt or other metals, depending on the
charge carrier and measuring temperature) usually in a parallel
plate capacitor configuration. The choice of metallization can
impact the contact resistance and contribute additional R and C
components. Three adimensional parameters may be evaluated
[79]: the blocking factor αR = Rgb/(Rg + Rgb) (the fraction of
charge carriers that are blocked at the interfaces), the frequency
factor αf = f0gb/f0g (f0gb and f0g are the peak frequencies of the
grain boundary (gb) and grain (g) semicircles, respectively), and
the capacitance factor αC = Cgb/Cg. The blocking factor is
proportional to the intergranular area and the frequency factor
to the intergranular distance [79], meaning that their product is
proportional to the intergranular volume, i.e., in a first approx-
imation, to pore volume [79, 80]. The capacitance factor al-
lows for the evaluation of the pore to grain volume ratio [79].

Accumulation of charged defects in the intergranular region,
promoting the blockage of charge carriers during electrical
conductivity/resistivity measurements, is known to be respon-
sible for the grain boundary resistance (low frequency semicir-
cle in the impedance diagram). Even highly pure specimens
show this resistance, demonstrating that such effects need not
depend solely on impurity segregation at the interfaces, but can
be due to lattice defect accumulation as well [81–86].

1.3 In situ impedance spectroscopy

In situ impedance spectroscopy consists in collecting imped-
ance data while an experiment is under way and may include
simultaneously collecting other data, e.g., laser Raman activ-
ity [87]. Simultaneous electrical and dilatometric measure-
ments have already been carried out in solid electrolytes
[25], tin dioxide [38, 39], soda-lime glass [88], TiO2

nanopowders [89] and nanocrystalline CeO2 [90, 91]. The
simultaneous monitoring of the electrical behavior during
heating in dilatometric measurements is key for providing
additional information on microstructure evolution (grain
growth, neck formation between particles, and pore
elimination).

In the following, we present the experimental procedures
for collecting simultaneously impedance spectroscopy and di-
latometric data during electric field-assisted sintering of
electroceramics at several temperatures prior to and after elec-
tric current flow through the specimens.

2 Experimental

2.1 Electric field-assisted (flash) sintering

Figure 2 is a simplified scheme of time-dependent profiles of
temperature, electric field and electric current during an elec-
tric field-assisted sintering experiment. AC or DC electric
fields can be applied either during heating the specimen
(dynamic, Fig. 2a) or at a constant temperature (isothermal,
Fig. 2b and c). In the latter, a single electric current pulse or
several pulses may be required depending on the shrinkage

2 µm 2 µm 

Fig. 1 Typical impedance spectroscopy diagram of an ionic conductor.
Z^ - imaginary component; Z’ - real component; R - resistance; HF - high
frequency (grains); LF - low frequency (interface, mainly grain bound-
aries); β - depression angle; ω0 = 2πf0, f0 - peak frequency
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Fig. 2 Scheme of the dependence of temperature, voltage and current
during the flash sintering event. a during heating - dynamic; b single
pulse at constant temperature - isothermal; c two pulses at constant tem-
perature - isothermal. T: temperature, V: voltage, I: current
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level reached by the specimen. Sintering can be achieved in
time scale as short as few seconds, then the phenomenon
being named Bflash sintering^, used in this article as one of
the methods of the electric field-assisted sintering technique.

Two experimental procedures have been reported for flash
sintering:

& First: 1) a green or pre-sintered specimen, usually having a
dog-bone shape, is suspended inside a vertical tubular fur-
nace with platinum leads at its extremities, connected to a
power supply; 2) an electric voltage is applied either during
heating or at a fixed temperature; 3) upon a sudden increase
in temperature caused by an up rise in the electric current
through the specimen (after a certain time called delay or
incubation time) [27], the electric voltage is decreased in
order to keep the current constant at a pre-fixed value. The
shrinkage of the specimen is monitored with a camera posi-
tioned close to one of the apertures of the tubular furnace.
Electric voltage, electric current as well as specimen temper-
ature are monitored simultaneously [8].

& Second: 1) a heating rate-dwelling temperature-dwelling
time profile is set for a cylindrical green or pre-sintered
ceramic pellet positioned inside a vertical dilatometer,
with platinum electrodes and terminal leads connecting
the parallel surfaces of the specimen to a power supply;
2) an electric field either DC or AC at a chosen frequency is
applied to the specimen either upon heating (Fig. 2a) or at the
dwelling temperature (Fig. 2b); 3) when the electric current,
which flows through the specimen promoting shrinkage,
reaches the pre-fixed limiting value, the electric field is turned
off and can be re-applied asmany times as necessary (Fig. 2c)
for the shrinkage level to reach the desired level (followed
simultaneously at the dilatometer gauge). Commercial power
supplies switch automatically from electric voltage to current
control to maintain applied constant power as sample resis-
tance decrease as consequence of the increase in temperature
due to Joule heating. In the flash sintering experiments report-
ed by the authors, the power supply switches off when the
electric current reaches a pre-set limit value. Afterwards it
may be turned onmanually. Shrinkage level and sample tem-
perature are monitored with the dilatometer software, while
electric field and current are collected in a datalogger.
Impedance spectroscopy data are collected before and after
the occurrence of the electric current pulses [21].

Figure 3 shows the three applied field-electric current pro-
files in flash sintering experiments. In one of the experiments
(top Figure) an electric current limit is preset and an electric
voltage is applied until the current limit is reached, the voltage
being then decreased to keep the specimen under the limit
current to avoid thermal runaway (continuous increase of the
current with consequent increase in temperature due to Joule
heating). In another experiment (middle Figure), a voltage is

applied at a chosen temperature up to the occurrence of a
current pulse, when the voltage is then turned off. In the figure
at the bottom, several voltage pulses with the same amplitude
are turned on and off, promoting electric current pulses to
reach a pre-determined shrinkage level, which could be
followed in a dilatometer.

2.2 DC and AC electric fields

DC and AC electric fields have been applied during flash
sintering experiments. An equivalence between both has been
reported on experiments on 3YSZ [26], but the experiments
were limited only to DC and 60 Hz frequency. The obvious
difference between DC and AC stems from the fact that DC
fields promote charge and mass transfer in the zirconia-based
solid electrolytes while AC fields transport only charges. The
electrochemical behavior of zirconia polycrystalline speci-
mens is not detected by many authors because the electric
current pulses leading to flash sintering have short times
(seconds) with no noticeable experimental effect (like the so
called blackening of zirconia [92, 93]), because the diffusion
of oxide ions is strongly dependent on the temperature
(Boltzmann factor) and weakly dependent on time (t1/2).
Moreover, enhanced grain growth on the cathode side of
8YSZ under a DC electric field, leading to microstructural
inhomogeneity, was reported [94].

An experimental evidence of the dependence of the flash
sintering on the frequency of the AC electric field was de-
scribed by evaluating shrinkage, microstructure and imped-
ance spectroscopy data of similar YSZ specimens flash
sintered under the same conditions (sample size, shape and
green density, temperature, electric power, current limit) but
under AC fields with frequencies of 500 Hz, 750 Hz and
1000 Hz [95]. Similar results have been obtained in scandia-
stabilized solid electrolytes and a detailed report of these re-
sults will be published elsewhere [96]. The attained shrinkage
level, the average grain size and the electrical behavior evalu-
ated by impedance spectroscopy showed without doubts that
the frequency of the electric field plays an important role in
flash sintering experiments.

2.3 Experimental setup

Figure 4 is a schematic view of the experimental arrangement
for simultaneous measurement of shrinkage and electrical be-
havior of an electroceramic upon heating and cooling. The
green or pre-sintered cylindrical sample is positioned inside
a Unitherm 1161 Anter vertical dilatometer, with platinum
(grids) electrodes on both parallel surfaces and platinum ter-
minal leads connected either to a power supply (custom built
65 V-6A, 0.5–1.1 kHz or a commercial 150 V-20A program-
mable Pacific Smart Source model 118-ACX) or to an imped-
ance analyzer (Hewlett Packard 4192A - 5 Hz to 13 MHz or
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Agilent 4294–40 Hz to 110 MHz). Shrinkage as a function of
temperature is evaluated in the dilatometer and the [−Z^(ω) x
Z’ (ω)] impedance spectroscopy data are collected in the im-
pedance analyzer before the sample is connected to the power
supply for application of the electric voltage to produce one or
more electric current pulses, and after disconnecting the pow-
er supply. A full account of the electrical behavior of the
specimen is registered during heating up for flash sintering
and cooling down the flash-sintered specimen. We must point
out that the temperature collected by the dilatometer does not
correspond to the actual temperature of the specimen because
the Pt-Pt10%Rh type S thermocouple, besides being encapsu-
lated in a closed end alumina tube, is located 5 mm from the
specimen position. However, this does not modify the main
interpretation of the in situ impedance spectroscopy experi-
mental data.

2.4 Samples

ZrO2: 8 mol% Y2O3 powders (8YSZ, Tosoh, Japan), com-
posed of granules of nanosized particles with 16 ± 3 m2/g
surface area, were uniaxially pressed in cylindrical shape at

10MPa and isostatically at 200 MPa. The geometrical density
was 45%TD (TD: theoretical density). BaCe0.8Zr0.1Y0.1O3-δ

compounds were obtained by solid state reaction by three
times calcination at 1250 °C for 16 h with intermediate attri-
tion milling with 3Y–TZP grinding media using stoichiomet-
ric amounts of (Alfa Aesar) barium carbonate and cerium,
zirconium and yttrium oxides. The attrition milled ceramic
powders were pressed to pellets as described above. The geo-
metrical density was in the 35–40 % TD range. Typical
dimensions of all pellets were 4.7 mm diameter and
4 mm thickness. Samples of SnO2 thoroughly mixed
to 0.5 wt.% MnO2 (both Alfa Aesar 99.9 %) were
pressed to pellets as described above, achieving ~40 % TD.
Chloroform-diluted platinum paste (ESL platinum conductor
paste) was deposited on the parallel surfaces of the ceramic
green pellets for improving the electric voltage homogeneity
through the specimens.

As-sintered lateral surfaces and polished (16, 5, 3 and 1 μm
average particle diamond paste) and thermally etched non-
metalized parallel surfaces of the electric field-assisted and
conventionally sintered specimens were observed in an
Inspect F50 FEI FEG-SEM microscope. Some of the YSZ
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Fig. 3 Electric field and current
profiles during flash sintering
experiments. Top - the electric
field is programmed to decrease
to keep constant the current; mid-
dle - constant electric field up to a
single electric current pulse; bot-
tom - several constant electric
field pulses and the corresponding
current pulses. See text for details
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polished specimens were mounted with Buehler epoxy ther-
moset and had the Vickers hardness evaluated in a Buehler
Macro Vickers 5112 Hardness Tester with 150 N load during
15 s.

3 Results and discussion

3.1 In situ Impedance Spectroscopy & Flash Sintering

Figure 5 shows a dilatometric curve of a ZrO2: 8 mol% Y2O3

ceramic pellet from room temperature to 1400 °C and down to
400 °C with 10 degree/min heating and cooling rates as re-
corded by the dilatometer, without any correction. The first
sintering stage is detected from room temperature to ~1000 °C
and the second from that temperature to 1400 °C. The maxi-
mum shrinkage reached is ~25 %. Impedance spectroscopy
data were collected every 100 degrees from 500 °C up to
1200 °C and from 1200 °C down to 500 °C. The arrows
inserted in the Fig. 5a point to the starting temperature the
impedance spectroscopy data (Fig. 5b-i) were collected. At
10 degree/min, the deviation in temperature during each mea-
sured spans from as low as 1.6 % at 1300 °C to 4 % at 500 °C,
being considered negligible. The reduction in the thickness
(measured at the dilatometer) was taken into account to correct
the impedance spectroscopy data. The impedance plots during
heating consist of one semicircle due to bulk and interfaces,
mainly pores. However, for the data being collected dynami-
cally during heating or cooling, one must point out that the

sample temperature is not constant in its whole volume, mod-
ifying the impedance plot mainly at low frequencies. After
being heated to 1400 °C, the 8YSZ is sintered with 25 %
thickness shrinkage and the bulk semicircle (HF in Fig. 1) is
resolved (Figs. 5b to e). In Figs. 5f to i, after heating to
1400 °C, the bulk semicircle in the cooling plots is not seen
due to the inductance effect, known to occur in the high fre-
quency and low resistance impedance spectroscopy measure-
ments with the HP 4192A analyzer. The reduction in the re-
sistance is apparently remarkable in the specimens sintered at
1400 °C.

In the sequence, we report in situ impedance spectroscopy
measurements in yttria-stabilized zirconia solid electrolytes
exposed to electric fields at 1100 °C inside a dilatometer
(Cf. Figure 4). The impedance spectroscopy data were collect-
ed at 600, 700, 800, 900, 1000 and 1050 °C before and just
after the application of 100 V/cm at 1 kHz with a limiting
current of 1 A. The longitudinal retraction, promoted by the
electric field, achieved at the end of the experiment, is 11.3 %.
The primary effect of the electric field is the occurrence of an
electric current through the specimen, producing Joule heating
at the interfaces. One may speculate that the increase in the
local temperature leads to a decrease of the resistivity, an in-
crease in mobility of charged species with consequent accel-
erate diffusion of charged species, finally promoting shrinkage
and densification. The increase of the temperature at the inter-
faces might also weld the particles with neck formation [12],
as evidenced in Figs. 6e to g, where the high frequency
(HF = bulk) and the low frequency (LF = grain boundaries)
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semicircles arewell separated. The associated capacitance values,
evaluated in Fig. 6e (diagram on cooling) by the eq.
C = (2.π.f0.R)

−1 (See Fig. 1) yield ~5 × 10−7 F and
~8 × 10−11 F for the low frequency and the high frequency
semicircles, respectively. Those values are typical of grain
boundary and bulk capacitances, respectively [97].

Figure 7 shows Bode diagrams of the imaginary compo-
nent of two impedance diagrams of Fig. 5 (conventionally
sintered 8YSZ) and Fig. 6 (flash sintered 8YSZ). It is apparent
that the impedance data collected in situ during heating the
specimen from room temperature present only one well de-
fined response at 600 °C peaking at 6 × 104 Hz while the
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sintered specimen presents one response at that temperature
peaking at 1 × 106 Hz. The flash sintered specimen, on the
other hand, besides the only one well-defined response col-
lected at 900 °C upon heating, shows unequivocally two well-
defined responses at that temperature during cooling after
flash sintering. The first conclusion is that the electric current
pulse during the flash sintering experiment provides enough
heat to weld the grains (at 1000 °C the 8YSZ particles are

already close together) and promote neck formation forming
grains and grain boundaries, then the two responses (one due
to the bulk with its peak at 1 × 106 Hz and other due to grain
boundaries peaking at 400 Hz). Moreover, the 11.3 % shrink-
age (Cf. Figure 6a) shows that flash sintering at 1100 °C takes
the specimen to the second stage of sintering, where it is
known to occur elimination of the majority of porosity, begin-
ning of grain growth and particle coalescence to grains and
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grain boundaries [1, 2], as confirmed by the two peaks in the
Bode diagrams.

The in situ impedance spectroscopy data, either represented
by the [−ZB(ω) x Z’(ω)] impedance diagrams or by the [-Z^ x
log f] Bode diagrams complement the dilatometric data,
allowing for the evaluation of grains and grain boundaries
upon densification of the ceramic pellet. Moreover, the change
in the electrical behavior (one semicircle = one overall
electrical response) after application of the electric field
(two semicircles = bulk and grain boundary responses)
is easily detected. Further, the evolution of the micro-
structure, with the elimination of porosity, could be
followed by deconvolution of the impedance spectrosco-
py diagrams [98, 99].

The ZrO2: 8 mol% Y2O3 specimens conventionally
sintered up to 1400 °C (Fig. 5a) to full density and flash
sintered at 1100 °C (Fig. 6a) were inserted together in a sam-
ple chamber and had the impedance spectroscopy diagrams
measured at 5 temperatures in the 380 - 450 °C range. The
[−ZB(ω) x Z’(ω)] impedance spectroscopy diagrams and the
corresponding [-Z^ x log f] Bode diagrams of the reactance
values are exposed in Fig. 8.

The main differences between conventional and flash
sintered specimens in Fig. 8 a1-e1 and 8a2-8d2 are: the total
resistivity is lower for the conventionally sintered 8YSZ than
for the flash sintered specimen because the final shrinkage of
the former is 25 % while for the latter is 11.3 %; the same for

the grain boundary resistivity due to the smaller average grain
size (Cf. Figure 10) with larger blocking surfaces along
with pores, additional blockers, in the flash sintered
specimen.

Figure 9 shows Arrhenius plots of the grain and grain
boundary resistivities, obtained after deconvolution of the im-
pedance diagrams shown in Fig. 8.The bulk values do not
differ considerably, meaning that flash sintering at 1100 °C
produces samples with the same bulk resistivity as samples
sintered at 1400 °C without applying an electric field. The
almost one order of magnitude difference in the grain bound-
ary resistivity is due to the larger surface blocking regions as
consequence of the significantly small average grain size of
flash sintered samples. The activation energies for the bulk
(0.81 eV) and the grain boundary (1.03 eV) resistivities are
similar to reported values [100].

Figure 10 shows FEG-SEM images of the conventionally
and flash sintered 8YSZ specimens both to near full
densification.

As expected, and already extensively reported (see
Introduction), flash sintered samples have average grain sizes
smaller than conventionally sintered samples. One of the rea-
sons is that as densification of 8YSZ happens by interparticle
oxide ion diffusion, even though flash sintering times are very
short (half-width of the electric current pulse is ~2 s), a large
increase in the temperature at the intergranular region en-
hances diffusion and consequent densification. Diffusion is
known to depend weakly on time (t1/2) and strongly on tem-
perature (e-H/kT, H is the enthalpy and k the Boltzmann
constant).

3.2 Shrinkage control by flash sintering

Another interesting aspect of the flash sintering experiments,
using the experimental setup sketched in Fig. 4, is the possi-
bility of the application, under isothermal conditions, of mul-
tiple electric current pulses (as the power supply turns off the
electric field when the electric current reaches the pre-set max-
imum electric current value, sequential electric fields are man-
ually applied up to the desired shrinkage level), while moni-
toring at the dilatometer gauge the fraction of the thickness
that is reached by the specimen [25]. Figure 11 shows the
effect of successive electric current pulses in an 8YSZ ceramic
green pellet. The figure shows the reduction of the thickness
of ZrO2:8 mol% Y2O3 ceramic pellets to achieve the same
density obtained after sintering at 1500 °C (nearly 100 % of
the theoretical density), applying many electric current pulses
with an electric field of 100 V/cm, 1 kHz, at 800 °C, 1 A
maximum electric current. A dilatometric curve of a similar
specimen conventionally sintered to full density, heating up to
1500 °C, is also shown.

The final shrinkage in both pellets is 22.5%. Similar results
have already been reported by the authors [25], showing that
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at any shrinkage level taking the sample to the second
sintering stage, its microstructure consists of fine grains and

high intergranular electrical resistance, ascertained by imped-
ance spectroscopy measurements.

0 20 40 60 80

0

10

20

30

40

conventional

flash sintered

-
 
Z
"
 
(
k
O
h
m
)

Z' (kOhm)

385
o

C

(a1)

10
0

10
2

10
4

10
6

0

2

4

6

frequency (Hz)

Z
''
 (
k
O
h
m
.
c
m
)

385
o

C

0

5

10

15

20

25

Z
"
 
(
k
O
h
m
.
c
m
)

conventional

flash sintered

(a2)

0 20 40 60

0

10

20

30

conventional

flash sintered

-
 
Z
"
 
(
k
O
h
m
)

Z' (kOhm)

393
o

C

(b1)

10
0

10
2

10
4

10
6

10
8

1

2

3

4

5

6

7

frequency (Hz)

Z
''
 
(
k
O
h
m
.
c
m
)

0

5

10

15

20

Z
"
 
(
k
O
h
m
.
c
m
)

393
o

C

(b2)

conventional

flash sintered

0 10 20 30 40

0

5

10

15

20

conventional

flash sintered

-
 
Z
"
 
(
k
O
h
m
)

Z' (kOhm)

410
o

C

(c1)

10
0

10
2

10
4

10
6

10
8

0

1

2

3

4

frequency (Hz)

Z
''
 
(
k
O
h
m
.
c
m
)

0

2

4

6

8

10

12

Z
"
 
(
k
O
h
m
.
c
m
)

410
o

C

conventional

flash sintered

(c2)

0 5 10 15 20 25

0

5

10

-
 
Z
"
 
(
k
O
h
m
.
c
m
)

Z' (kOhm.cm)

430
o

C

conventional

flash sintered

(d1)

10
0

10
2

10
4

10
6

10
8

0

1

2

3

frequency (Hz)

Z
''
 
(
k
O
h
m
.
c
m
)

0

1

2

3

4

5

6

7

Z
"
 
(
k
O
h
m
.
c
m
)

430
o

C

(d2)

conventional

flash sintered

0 5 10 15

0

2

4

6

)
m

h
O
k
(

"
Z

-

Z' (kOhm)

450
o

C

conventional

flash sintered

10
0

10
2

10
4

10
6

10
8

0

1

2

3

frequency (Hz)

)
m
c
.

m
h

O
k
(
''

Z

0

1

2

3

4

Z
"
 
(
k
O
h
m
.
c
m
)

450
o

C

conventional

flash sintered

(e1) (e2)

Fig. 8 Left: impedance
spectroscopy diagrams measured
in ZrO2: 8 mol%Y2O3 at several
temperatures after conventional
and flash sintering. Right:
corresponding Bode diagrams

J Electroceram (2017) 38:24–42 33



Figure 12 shows the results of another example of control-
ling the shrinkage level of a ZrO2: 8 mol% Y2O3 ceramic
pellet: when the sample reaches 1000 °C, 100 V/cm is applied,
enabling sequential electric current pulses to shrink it to a
shrinkage level corresponding to the second stage of sintering
(~18 %). The electric field is turned off and the heating of the
pellet inside the dilatometer continues to 1500 °C, being then
cooled down to 400 °C. The same figure shows also the con-
ventional sintering to 1500 °C of a similar sample. The main
conclusion is that flash sintering allows for reaching further
sintering stages at lower temperatures, by applying an electric
field.

After stopping the electric current pulses by turning off the
electric voltage when the shrinkage level reaches a val-
ue corresponding to the second stage of sintering (for
example 18 % in Fig. 12), increasing the temperature of
the dilatometer from 1000 °C to ~1200 °C does not
modify the value in the dilatometer gauge, increasing after-
wards to the same value achieved at 1500 °C in the conven-
tional sintering experiment.

Scanning electron microscopy images of surfaces of the
ZrO2: 8 mol% Y2O3 ceramic pellets after conventional
sintering at 1500 °C and flash sintering at 800 °C (See
Fig. 11), both to full density, are presented in Fig. 13 (a -
conventional, b - flash sintered). The average grain size is

considerable lower in flash sintered samples, as previously
reported in several papers [8, 9, 11, 12, 18, 21, 25].

3.3 Other electroceramics

In situ impedance spectroscopy measurements were also car-
ried out in other electroceramics to evaluate the extension of
the technique to electroceramics with different electrical be-
havior: a proton conductor and a semiconductor.

3.3.1 Barium cerate zirconate proton conductor

Figure 14 shows dilatometric curve of a BaCe0.8Zr0.1Y0.1O3-δ

ceramic pellet from room temperature to ~1200 °C, being
submitted at that temperature to 120V/cm, 1 kHz, 5 A limiting
electric current, during 3 min (Fig. 14a). A huge longitudinal
shrinkage is detected. Impedance spectroscopy data were col-
lected at several temperatures before and after the flash
sintering (Fig. 14b to g).
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The in situ impedance diagrams measured during heating
up the BCZY sample inside the dilatometer are composed of
just one semicircle due to the electrical resistivity of bulk and
interfaces (mainly pores). It is a (resistance//capacitor)-like
impedance diagram. After flash sintering, with an impressive
~40 % longitudinal shrinkage, a very large reduction in the
electrical resistance is attained: 5.6 to 0.24 kOhm at 1100 °C,
15 to 0.37 kOhm at 1000 °C, 30 to 0.6 kOhm at 900 °C, etc.
One may conclude that, similarly to what happens to the
8YSZ oxide ion conducting solid electrolyte, the primary con-
sequence of the electric current pulses produced by the electric
field is inter-particle Joule heating to temperatures high
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1500 °C and by flash sintering at 800 °C
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enough to promote sintering by joining particles to form
grains and welding the grains to consolidate the pellet. It is
important to emphasize, at this point, that solid electrolytes
flash sintered to nearly full density apparently do not present
the usual grain and grain boundary responses to the electric
resistivity in the impedance diagrams (Cf. Figure 1). It looks
like the passage of an electric current pulse at the interfaces
facilitates somehow the grain-to-grain transport of charge car-
riers (see below the mechanisms section).

3.3.2 Tin dioxide semiconductor

Pure SnO2 is a semiconductor known to decompose upon
heating, being mixed to other oxides to allow for densifica-
tion. Flash sintering of SnO2 and of SnO2 mixed to different
amounts of MnO2 was already reported by the authors [38,
39]. Here we present in situ impedance spectroscopy measure-
ments before and after flash sintering SnO2 with 0.5 mol%
MnO2 addition.

Figure 15 shows the dilatometric curve of SnO2: 0.5 mol%
MnO2 green pellets flash sintered at 1100 °C by applying
100 V/cm, 1 kHz, limiting current 5 A, during 5 min
(Fig. 15a). The shrinkage curve is similar to the onesmeasured
in 8YSZ (See Fig. 6a): after the first electric current pulses,
besides the huge longitudinal shrinkage, the temperature of
the sample increases (at constant furnace temperature) due to
Joule heating. Impedance plots, collected at several tempera-
tures before and after the application of the AC electric voltage
are plotted in Fig. 15b to g. Being a n-type semiconductor, a
single semicircle is detected because there is no blocking of
electrons at the interfaces. In an ionic conductor, where grains
and grain boundaries take part in the resistive process and
pores are responsible for increase of the ionic resistivity, the
larger is the temperature the specimens are heated, the lower is
the ionic resistivity. In a semiconductor, tin dioxide for exam-
ple, pores act as additional paths for charge carriers, namely,
porous specimens present lower electrical resistivity (Fig. 15c
to g).

During heating the SnO2: 0.5 mol%MnO2 green pellet, the
impedance diagrams consist of just one semicircle because the
packed particles behave like a R//C component. The same
happens after flash sintering at 1100 °C with a reduction of
~11.5 % of the thickness. At high temperatures, the semicircle
does not cross the origin of the real axis at high frequencies
due to the inductance effect known to occur with impedance
analyzers at the high frequencies-low resistance measure-
ments. While 8YSZ and BCZY solid electrolytes have their
total resistivity strongly decreased after being submitted to the
electric field (flash sintering), the total resistivity increases in
flash sintered SnO2: 0.5 mol% MnO2. The plausible explana-
tion is that in the former there is a decrease of the blocking of
oxide ions at the interfaces while in the latter the pathway for

the electrons decreases due to elimination of the easy path
through pores.

Figure 16 shows scanning electron microscopy images of
lateral non-polished surfaces of SnO2: 0.5 mol% MnO2 after
heating up to 1100 °C (left) and after flash sintering at 1100 °C
by applying 100 V/cm, 1 kHz, 5 A limiting current (right, see
also Fig. 15a). While in the former the average grain size is in
the submicron range, in the latter, relatively very large grains
are observed. This means that heating, due to the electric cur-
rent pulses crossing the specimen, promotes sintering elimi-
nating pores, and grain growth.

One attempt to explain why flash sintering inhibits grain
growth in an ionic conductor and it does not in an electronic
conductor: the electric current pulse with the huge increase of
the temperature at the intergranular region in few seconds does
not change the main sintering mechanism of either 8YSZ or
tin dioxide, but enhances the sintering kinetics. The mecha-
nisms governing sintering these oxides are different: in 8YZ it
is a densifying mechanism (via lattice or grain boundary dif-
fusion) while in SnO2 it promotes coarsening (evaporation
condensation mechanism) and some degree of densification
due to manganese dioxide addition.

3.4 Flash Sintering & Mechanical Properties

Besides sintering yttria-stabilized zirconia to full density at
temperatures well below the conventional ones, inhibition of
grain growth due to the short elapsed time of the current flash
through the ceramic sample has been reported [21]. Ceramic
samples with small average grain size usually present en-
hanced mechanical strength whether there is a good bonding
between the different ceramic grain boundaries [101]. The
question is how a process as fast as flash sintering could gen-
erate strong bond between grains. The impedance spectrosco-
py plots in flash sintered 8YSZ, consisting of bulk and grain
boundary responses are indirect evidence that grains have
been welded [12]. As a direct evidence is required, hardness
Vickers (HV) experiments were carried out on 8YSZ flash
sintered to 25% and to 100 % final shrinkage level: the values
for HV were 540 and 1230 for the 25 % and for the 100 %
sample, respectively. The value for the 100 % sample is close
to the value reported for the commercial sample (1250) [102].
In Fig. 17 two images of the indentation profile, taken in a
FEG-SEM, are shown. It is evident the larger damage (and
consequently the lower fracture toughness) in the 25 % flash
sintered sample in comparison to the 100 % sample.

3.5 Flash sintering mechanisms

Based on experimental results on the application of the flash
sintering technique to several electroceramics, many attempts
to explain short time sintering without considerable grain
growth have been reported [70]. Evidently, the first
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consequence of applying an electric field to a ceramic piece
under heating or at a fixed temperature, besides electric polar-
ization, is the electric current through the specimen, which, by
its turn, promotes Joule heating. Joule heating is then the pri-
mary effect, increasing the temperature in the electric current
pathway. Attention has not been paid for looking the possible
pathways, which could be the particle (or grain) interfaces or
even the actual particle (or grain). The answer is not trivial,
because it depends on the temperature the electric pulse oc-
curs, and on the electrical behavior of the electroceramic at
that temperature (the same question still remains for the charge
carriers responsible for the Joule heating). Mechanisms based
on defect formation with enhanced vacancy diffusion and
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Fig. 15 a Dilatometric curve of
SnO2: 0.5 mol% MnO2 in the
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temperature the impedance data
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Fig. 16 Scanning electron microscopy micrographs of surfaces of SnO2:
0.5 mol% MnO2 sintered at 1100 °C (left) and flash sintered at 1100 °C
with 100 V/cm, 1 kHz, 5 A limiting current (right)
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estimates of the local temperature by the black body radiation
using the Stefan-Boltzmann law were proposed [70, 71].

Our results on impedance spectroscopymeasurements after
flash sintering ZrO2: 8 mol% Y2O3 oxide ion conductor to
nearly full density show that apparently there is no grain
boundary semicircle in the impedance plot. Figure 18 shows
impedance diagrams of flash-sintered (18a) and conventional-
ly sintered (18b) to near full density ZrO2: 8 mol% Y2O3,
without any normalization respect to the dimensions of the
samples. While the specimen fully sintered conventionally
(right figure) presents two semicircles due to grains and to
grain boundaries, meaning that charge carriers (oxide ion va-
cancies in 8YSZ) are blocked at the grain boundaries, a similar
specimen sintered by the application of the electric field, with
observed electric current pulses, shows only one well defined
semicircle at high frequencies due to the grains, and a 45o

spike at low frequencies. The low frequency semicircle due
to the blocking effect is negligible. Two are the possible ex-
planations: 1- if it is a siliceous impurity phase located at the
interfaces responsible for blocking charge carriers, the electric
current pulse act as scavenging factor [82, 103], transferring
those impurities to the triple grain junctions, cleaning the
inter-grain region for easy flow of the charge carriers; 2- if
one considers chemical species, known to constitute the space
charge layer region in this solid electrolyte, as the main
blocking factor [81–84], they might be wiped out by the pas-
sage of the electric current, promoting the welding of the

grains and facilitating charge transfer across the grain bound-
aries [12]. Moreover, the angular inclination of the low fre-
quency spike suggests a Warburg-like impedance, i.e., diffu-
sion of the charge carriers through the intergranular layer, with
negligible blocking (Rgb = 0, αR = 0). Observation of the
grain-to-grain region by High Resolution Transmission
Electron Microscopy, showing no mismatch, might clear this
point.

The effect of localized heating by the flow of an electric
current through the specimen upon application of an electric
field, increasing the temperature at the interfaces of these solid
electrolytes, might be responsible for a drastic modification of
the space charge region. A schematic representation of this
modification is presented in Fig. 19, depicting a decrease of
the repulsive potential to the charge carriers, oxide ions, in
flash sintered yttria-stabilized zirconia. Before the application
of the electric field, top figure, the space charge region con-
sists of Bdepleted^ charge carriers, e.g., oxygen vacancies in
the space charge layer of the ZrO2 grain boundaries [84, 85,
104, 105], CD representing the concentration of oxygen va-
cancies. After the current pulse(s) due to the application of the
electric field, intergranular localized Joule heating occurs,
shrinking the specimen with consequent densification and
welding the grains; the width δgb of the space charge region
decreases substantially, the amplitude CD of the electric gra-
dient of the locally depleted electric charges decreases, en-
abling an enhancement of charge carriers diffusion through
the intergranular region. Similar phenomenon, not yet verified
experimentally, might occur in polycrystalline semiconduc-
tors, with their well known Schottky barrier [106].

4 Conclusions and future issues

Conclusions - Electroceramics may have their densification
enhanced by application of electric field with production of
electric current pulses. The densification to reach a specified
shrinkage level occurs at temperatures well below the conven-
tional ones to reach the same level, and grain growth is not as
evident in comparison with those achieved in conventional
sintering in solid electrolytes. The application of the electric
field in the first stage of sintering of yttria-stabilized zirconia,
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Fig. 18 Impedance spectroscopy
diagrams of ZrO2: 8 mol% Y2O3

flash sintered to full density (left)
and conventionally sintered to full
density (right)
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Fig. 17 Scanning electron microscopy micrographs of ZrO2: 8 mol%
Y2O3 flash sintered up to 25 % (left) and 100 % (right) of the
maximum shrinkage after indentation with 150 N load for Vickers
hardness evaluation
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for example, is able to take that electroceramic to the second
or even to the third stage of sintering, depending on the
strength of the field or the number of electric current pulses.
Joule heating is considered to be the primary effect of the
electric current pulse(s) through the specimen, leading to tem-
perature increase at the intergranular region, with consequent
1- decrease of the electrical resistance, 2- increase in the mo-
bility of charge carriers (mainly oxide ions), 3- increase
in the intergranular defect diffusion, and finally 4- den-
sification in a relatively short time, inhibiting grain
growth. In situ impedance spectroscopy is a valuable
tool for obtaining intragranular (bulk) and intergranular
(mainly grain boundaries and pores) data at every step
before and after the application of the electric field dur-
ing the sintering process. These electrical data proved to
be important for considering that the modification in the space
charge region plays a key role in the electric field (flash)
sintering of ion conductors, as shown in zirconia-based solid
electrolytes. The comparison of in situ impedance spectrosco-
py diagrams measured before and after the occurrence of the
electric current pulse shows the bulk and grain boundary mod-
ification under the application of the electric field leading to
densification. Even though some doubts persist on the mech-
anisms behind the actual effect of the enhancement of
the densification under application of the electric field,
the flash sintering technique shows promising features
for decreasing the cost of production of dense ceramic
pieces with improved electrical and mechanical proper-
ties as well as a challenge for researchers on Materials
Science and Engineering.

Future Issues - there are plenty of research work on exper-
imental as well as theoretical simulation to be performed on
this relatively new field of research, flash sintering of
electroceramics: 1- find the dependence of the flash sintering
conditions (magnitude, frequency and time duration of the
applied electric field, threshold electric current) on the micro-
structure of the green ceramic body; 2- look for the experi-
mental requirements for producing dense (or porous) ceramic
bodies with homogeneous microstructure; 3- collect data on
detailed analysis of the infrared, visible and ultraviolet elec-
tromagnetic radiation emitted during the electric current pulse
through the electroceramic; 4- perform flash sintering experi-
ments under different (reducing and oxidizing) conditions; 5-
carry out in situ experiments with other techniques like Raman
laser spectroscopy, Fourier Transform Infrared spectroscopy,
high resolution X-ray diffraction, neutron diffraction, four
probe electrical conductivity; 6- design of experimental setups
for scaling up the successful laboratory experiments to pilot
plants or even to the industrial segment; 7- provide laboratory
simulation of the experimental requirements for enabling the
densification of electroceramics with shapes and sizes other
than the simple ones utilized so far. In situ impedance spec-
troscopy might be a valuable technique to be performed along
with some of these issues.
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