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ABSTRACT

Electric field-assisted (flash) pressureless sintering experiments were carried out
in ZrO, ceramics doped with 10 mol% Sc,O3 and 1 mol% CeO, (105c1CeSZ). All
experiments were conducted isothermally at 1050 °C for 2-5 min with the
application of a 100-150 V ecm™" AC electric field at 1 kHz with 14 A limiting
current in green compacts and in samples pre-sintered at different temperatures.
Shrinkage level, structural phases and grain morphology data were collected by
dilatometry, X-ray diffraction and scanning electron microscopy analyses,
respectively. The results showed that for the same delivered electric power, the
final shrinkage was higher for higher temperature applications of the electric
field and for higher electric current pulses. Moreover, the higher the porosity,
the higher the final densification of the flash-sintered 10Sc1CeSZ samples,
showing that pores play a role as a preferential path in the flash sintering
mechanism.
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conductivity of the same order of magnitude of that
of zirconia: 8 mol% yttria (8YSZ), but at lower tem-

Introduction

Oxide ion conducting solid electrolytes has applica-
tions mainly in solid oxide fuel cells, chemical species
sensors and ceramic membranes for gas separation
[1, 2]. Zirconia—yttria solid solutions (ZrO,: x mol%
Y,03;, x = 3 and 8) are the most studied O* con-
ducting polycrystalline ceramics due to their rela-
tively large oxide ion conductivity (0.1 Scm™' at
1000 °C for x = 8, suitable for Solid Oxide Fuel Cells,
SOFCs) [3], chemical inertness across a wide tem-
perature range, and commercial availability [4].
Research has been conducted over a long period to
look for oxide ion conductors with an ionic
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peratures [2, 5, 6]. This would provide a way for
designing SOFCs operating at temperatures lower
than 1000 °C, avoiding many technical problems that
occur at high temperatures, for example, the disrup-
tion of these devices due to a mismatch of the coef-
ficients of thermal expansion of the SOFC
components (electrolyte, anode and cathode) [7]. The
substitution of scandia for yttria in zirconia solid
electrolytes was proposed due to the improvement in
ionic  conductivity; however, zirconia-scandia
ceramics have a temperature-dependent multi-phase
constitution inhibiting their use; furthermore, SOFC
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thermal cycling promotes phase change with volume
variation leading to disruption of the cell [8]. Doping
with another metal oxide (aside from scandium
oxide) was proposed as a solution, and cerium oxide
has been considered the most successful for the full
stabilization of the cubic phase at room temperature
[9, 10]. 10Sc1CeSZ conventionally sintered at
1150-1300 °C presents a mixture of cubic and rhom-
bohedric phases [11], and spark plasma sintered at
1200 °C destabilizes the cubic zirconia [12] due to the
Ce*"-Ce®" reduction. This means that sintering
10Sc1CeSZ requires special attention to the experi-
mental conditions to preserve the cubic structure
[13-15]. A single SOFC is composed of a dense solid
electrolyte and porous ceramic anode and cathode.
Usually the anode—-electrolyte—cathode setup is sin-
tered simultaneously (co-firing) as the solid elec-
trolyte requires relatively high temperatures to
achieve full density, and the anode and cathode
require lower temperatures to become porous to
allow for gas evolution through their structure.

Electric field-assisted pressureless sintering is a
technique that has been largely applied in the last
decade to YSZ [16-25] and is known as flash sintering
when the event has a primary heating source of direct
Joule heating occurring in short times (0.1-60 s)
[26, 27]. This technique consists of applying a DC or
AC electric field to a polycrystalline ceramic at tem-
peratures lower than conventional temperatures for
sintering, thus promoting densification in relatively
short times, usually without considerable grain
growth [26, 28].

In this study, the results on electric field-assisted
pressureless sintering (hereafter “flash sintering”) of
10 mol% scandia — 1 mol% ceria—zirconia solid elec-
trolytes are reported for the first time. The microstruc-
ture and the electrical conductivity of flash-sintered
specimens were also studied. The aim was to show the
difference in the electrical behavior of flash-sintered
specimens under different experimental conditions
(temperature, delivered electric power and porosity).

Materials and methods

(SC203)OI10(C602)0_01(ZI‘Oz)O.gg (1OSC1CGSZ) commer-
cial ceramic powders of 10-12 m? g~ ' surface area
were used [29]. The powders were uniaxially pressed
in ¢ 5-14 mm and thickness 2-5 mm cylindrical
shape at 10 MPa and isostatically at 200 MPa. The
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geometrical density was ~ 45% TD (TD: theoretical
density = 5.90 g cm™> [29]).

X-ray diffraction analyses were carried out at the
flat surfaces of the as-sintered 10Sc1CeSZ pellets in a
D8 Advance Bruker-AXS diffractometer in Bragg-
Brentano configuration with Cu-k, radiation, scintil-
lation detector, in the 20°-80° 20 range, 0.02° step
size, 10 s per step. EVA® software was used for
background subtraction and peak search.

For the flash sintering experiments, 10Sc1CeSZ
green or pre-sintered cylindrical pellets (after being
covered with a diluted platinum paste for the uni-
formity of the electric current pulse) were positioned
into the sample holder of a Unitherm 1161 Anter
vertical dilatometer and platinum grids placed on
both parallel surfaces of the sample were connected
with platinum wires to a homemade power supply
operating at 5-65 V/0.5-6.0 A in the 0.5-1.1 kHz
frequency range. The applied voltage and the electric
current data through the specimen were collected in
two Fluke 8050A multimeters and stored in a com-
puter. Figure 1 shows the typical data applying
150 V.ecm™}, limiting the current to 4 A.

The experimental procedure used for flash sinter-
ing experiments was first described in detail else-
where [19]. In short, it consists of collecting
dilatometric data (linear shrinkage x sample tem-
perature) while heating the sample to a chosen tem-
perature  below the conventional sintering
temperature, applying an electric field up to the
occurrence of an electric current surge where the
electric field may be applied once or as many times as
required for reaching a desired shrinkage level that
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Figure 1 Profiles of electric current and electric field during
application of 150 V cm™! to 10Sc1CeSZ limiting the current to 4
A.
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was monitored in the dilatometer gauge. During the
occurrence of the electric current pulse, the temper-
ature achieved by the specimen depends on the
amount of Joule heating produced through the
specimen which, in turn, depends on the amplitude
of the electric field, the number of current pulses and
the preset electric current limit. This work was based
on previous experiments on flash sintering in stabi-
lized zirconia solid electrolytes [16, 18-25], and the
applied electric field was 100-150 V em ™' at 1 kHz
and the limit current 1-4 A. Aside from the experi-
ments with the green compacts, pellets previously
heated at different temperatures were also flash sin-
tered to verify the effect of the electric current pulse
in samples with different pore volumes. Some sam-
ples were sintered at 1400 °C for comparison with
flash sintered samples. The apparent density of the
sintered specimens was determined by the Archi-
medes method with a Mettler AG245 analytical bal-
ance with distilled water as the liquid medium.

Impedance spectroscopy measurements were car-
ried out with a 4192A Hewlett Packard LF impedance
analyzer connected to a series 360 Hewlett Packard
Controller. Three specimens, with silver paste cov-
ering the parallel surfaces and cured at 400 °C, were
positioned inside an Inconel 600 sample chamber,
which was inserted in a programmable furnace. The
measurements were performed in the f=5 Hz to
13 MHz frequency range at 400-545 °C in the oxide
ion conductivity region of the stabilized zirconias.
Special software was used to control the impedance
analyzer and for the collection and deconvolution of
the [-Z"(w) x Z'(w)] impedance data, Z” and Z’ are
the imaginary and the real component of the impe-
dance, respectively, and o = 2xf [30].

The external surfaces of the conventional and flash-
sintered samples were observed in an Inspect F50 FEI
field emission gun scanning electron microscope. The
surfaces were first abraded with silicon carbide
powders, followed by polishing with diamond pastes
(15-1 pm), thermally etched at 1350 °C/15 min and
sputtered with gold.

Results
Conventional sintering

Figure 2a shows the dilatometric curve of 105c1CeSZ
heated up to 1400 °C and down to 400 °C at 10 °C
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Figure 2 a Dilatometric curve of 10SclCeSZ in the room
temperature —1400 to 400 °C range; heating and cooling rates
were 10 °C min~!; and b the first derivative of the dilatometric
curve with inflection point 1160 °C.

min~' heating and cooling rates. The ¢

5 mm x 3 mm green pellet reached 25.0% longitu-
dinal shrinkage. The density evaluated by the
Archimedes method was 5.60 g cm™ (~ 95% TD).
The derivative minimum of the dilatometric curve
(Fig. 2b) for evaluation of the temperature of the
maximum shrinkage rate was 1160 °C. There was no
shrinkage up to the onset of the second stage of sin-
tering at approximately 900 °C. The temperature of
1020 °C was chosen to apply the electric field as at
that temperature, the specimen is in the intermediate
stage of sintering and the pore phase is still contin-
uous [31], thus being a percolation path for easy flow
of charge carriers.
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Flash sintering at different temperatures

Figure 3 shows the dilatometric curves of specimens
with application of the electric field for 5 min at three
temperatures: 960, 1020 and 1200 °C. These results
provide evidence of the dependence of the final
shrinkage attained by a 10Sc1CeSZ green pellet on
the temperature to which an electric field is applied.
As the temperature increases, the mobility of charge
carriers increases according to its dependence on the
Boltzmann factor. The increase in mobility may
facilitate the electric current flow through the speci-
men, promoting higher delivery of Joule heating,
with a consequent increase in densification.

The scanning electron microscopy micrographs of
the specimen sintered at 1400 °C to near full density
(Fig. 2a) and flash sintered at 960, 1020 and 1200 °C
(Fig. 3) are shown in Fig. 4. The micrographs on the
left side of the figure were taken at the flat polished
and thermally etched surfaces of the cylindrical
samples; and the micrographs on the right side were
taken in the inner part (bulk) of the samples after
sawing them normal to their thickness, polishing and
thermally etching.

The distribution of grain sizes of the specimens
shown in Fig. 4 is displayed in the histograms pre-
sented in Fig. 5a-h. The conventionally sintered
10Sc1CeSZ showed larger grains at the bulk than at
the external surface. All 105c1CeSZ flash-sintered
specimens presented a larger content of smaller

10Sc1CeSZ
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Figure 3 Dilatometric curves of 10Sc1CeSZ flash sintered at
960, 1020 and 1200 for 5 min with 100 V cm™", 1 kHz, 1 A limit
current.
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grains when compared to the conventionally sintered
specimen. In particular, the 10Sc1CeSZ specimen
flash sintered at 960 °C presented larger amounts of
relatively smaller grains. Another feature was that
the distributions of grain sizes of flash-sintered
specimens were somewhat sharper than that of the
conventionally sintered specimen.

Impedance spectroscopy measurements were car-
ried out in both the conventionally and flash-sintered
samples (Figs. 2a, 3). The data collected at 450 °C
were plotted as [-Z"() x Z'()] impedance diagrams
in Fig. 6. That temperature was selected as it is within
the electrolytic window of 10Sc1CeSZ with predom-
inant oxide ion conductivity [10-15] allowing for
discrimination of the bulk and grain boundary con-
tributions to electrical resistivity [32, 33]. The impe-
dance diagram of the conventionally sintered sample
at 1400 °C was composed of two semicircles with
their centers located below the Z’ axis, one at high
frequencies due to the intragranular (bulk) contribu-
tion to the resistivity, and the other at lower fre-
quencies due to the intergranular (interfaces)
contribution.

The thermally activated process of electrical resis-
tivity was ascertained by impedance spectroscopy
measurements at several temperatures for the speci-
mens flash sintered at 1020 °C. The impedance data
collected at 480, 495 and 545 °C with the corre-
sponding [Z"(w) x logf] Bode diagrams are shown in
Fig. 7a. Bode diagrams are useful for better visualiz-
ing the frequency dependence of the impedance
[32, 33]. Figure 7c shows the temperature depen-
dence of the total resistivity (measured at the inter-
cept with the real axis at the low frequency end of the
impedance diagram).

Flash sintering with different delivered
electric power

Figure 8 shows the dilatometric curves of 105c1CeSZ
with the application of 150 V.em™' at 1020 °C for
5 min, limiting the maximum electric current to 1, 2
and 4 A. All samples had the same dimensions and
weight, with a green density of ~45%. The shrink-
ages for limiting the current to 1, 2 and 4 A were 7.8,
22.7 and 29.6%, respectively. The latter was larger
than the value achieved with the 1400 °C conven-
tional sintering (Fig. 2a).

Figure 9 shows scanning electron microscopy
micrographs of the flat surfaces of the specimens

@ Springer



1662 ] Mater Sci (2018) 53:1658-1671

Figure 4 Scanning electron
microscopy micrographs
(surface-left, bulk-right) of
10Sc1CeSZ conventionally
sintered at 1400 °C (a, b) and
flash sintered at 960 °C (¢, d),
1020 °C (e, f) and 1200 °C (g,
h) for 5 min with

100 Vem ', 1 kHz, 1 A
limiting current.
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Figure 5 Histograms of grain sizes of 10Sc1CeSZ conventionally sintered at 1400 °C (a, b) and flash sintered at 960 °C (¢, d), 1020 °C

(e, f) and 1200 °C (g, h). (SEM micrographs in Fig. 4).
flash sintered at 1020 °C with 150 V em™ !, 1 kHz,
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The impedance spectroscopy diagrams of the

10Sc1CeSZ samples flash sintered at 1020 °C, with
1, 2 and 4 A limiting current amplitudes are

limiting the current to (a) 1 A, (b) 2 A and (c) 4 A

(Fig. 8) and (d) sintered at 1400 °C (Fig. 2a).
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Figure 6 Impedance spectroscopy plots of 10Sc1CeSZ. (a) After
conventional sintering at 1400 °C; and (b) flash sintered at
960 °C—square, 1020 °C—triangle and 1200 °C—circle for
5 min with 100 V ecm™!, 1 kHz, 1 A limiting current. Temperature
of measurement: 450 °C. Numbers stand for logf (Hz).

shown in Fig. 10a (measured at 400 °C), 10b
(450 °C).

Flash sintering samples with different
porosities

Many experiments on flash sintering have been
reported on several electroceramics with the appli-
cation of an electric field at different temperatures
[26, 28]. Care has not been taken when describing the
actual microstructure of the specimens before, but
only after sintering. The distribution of the electric
field throughout the specimen may be dependent on
the available pathways for the electric current pulse
as well as on the available charge carriers; therefore,
their character and concentration are dependent on
the temperature. Mechanisms based on partial soft-
ening/melting at the interfaces due to thermal run-
away caused by Joule heating [34, 35] and the high
diffusivity of defects at the molten interfaces (again,
caused by Joule heating [36, 37]) were proposed. In
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Figure 7 Impedance spectroscopy plots of 10Sc1CeSZ. a Flash
sintered at 1020 °C for 5 min with 100 Vem™', 1 kHz, 1 A
limiting current. Temperatures of measurement: 480, 495 and
545 °C; numbers stand for logf (Hz); b Bode diagrams of the
reactance evaluated from the impedance diagrams in (a), the
arrows pointing to the frequency maximum; and ¢ Arrhenius plot
of the total resistivity.

this paper, we report a simple series of experiments
that considered that pores were connected and pore
volume decreased with increasing temperatures in
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Figure 8 Dilatometric curves of 10Sc1CeSZ with application for
5 min at 1020 °C of 150 V cm ™!, 1 kHz, limiting the current to 1
A—square, 2 A—circle and 4 A—triangle; heating and cooling
rates: 10 °C min~".

the second stage of sintering (900-1400 °C, Fig. 2), so
specimens with different pore volumes were pre-
pared. Three similar samples were heated up to

1665

900 °C (at the first sintering stage with the promotion
of neck growth among particles [31, 38]), 1000 and
1300 °C, (both at the second sintering stage already
had interconnected pores [31, 38]) and cooled down
to room temperature inside the dilatometer, record-
ing their shrinkage. Afterward, each sample was
heated to the same temperature, 1020 °C, and a
100 V em ™! electric field was applied for 5 min. The
dilatometric results are shown in Fig. 11. Apparently,
the higher the available pore volume (lower pre-sin-
tering temperature), the higher is the shrinkage level
(900 °C = 17.0%, 1000 °C = 7.5% and
1300 °C = 4.1%).

Figure 12 shows the scanning electron microscopy
micrographs of the surfaces of 10Sc1CeSZ ceramic
pellets after the flash sintering experiments depicted
in Fig. 11.

Figure 13 shows the impedance spectroscopy dia-
grams measured at 450 °C in 10Sc1CeSZ ceramics
exposed at 1020 °C for 5 min to 100 V.ecm ™', 1 kHz, 1
A limiting current; (a), (b) and (c) refer to specimens
pre-sintered at 900, 1000 and 1300 °C, respectively.

Figure 9 Scanning electron microscopy micrographs of 10Sc1CeSZ flash sintered at 1020 °C for 5 min with 150 V em™", 1 kHz with 1

A (a); 2 A (b); 4 A (c); and sintered at 1400 °C (d).
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Figure 10 Impedance spectroscopy plots of 10Sc1CeSZ after
flash sintering at 1050 °C for 5 min with 150 V cmfl, 1 kHz,
limiting the current to a 1 A—square; b 2 A—circle; and ¢ 4 A—
triangle. Temperatures of measurement are 400 °C (a) and 450 °C
(b). Numbers stand for logf (Hz).

X-ray diffraction of conventional and flash-
sintered samples

Figure 14 shows the results of X-ray diffraction
analysis performed at room temperature for two
10Sc1CeSZ sintered samples: one heated at 10 °C
min " up to 1400 °C for 2 h and cooled down to room
temperature at the same rate; and another heated at
10 °C min~' to 1000 °C, kept at that temperature for
5 min under 100 V cm™! limiting to 1 A the current
through the sample and cooled down to room tem-
perature at the same rate. Both samples presented a
single fluorite cubic phase.

Discussion

Conventional and flash sintering at different
temperatures

Sintering the 10Sc1CeSZ green compact at 1400 °C
produced a ceramic pellet with 95% relative density
with a 25% linear shrinkage (Fig. 2a). The X-ray
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Figure 12 Scanning electron microscopy micrographs of
10Sc1CeSZ flash sintered at 1020 °C with 100 V em™ !, 1 kHz,
1 A limiting current. Specimens pre-sintered at a 900 °C;
b 1000 °C; and ¢ 1300 °C.

diffraction analysis of the pellet surface only showed
reflections of the cubic fluorite phase (Fig. 14) [10-15].

The application of an electric field in a 10Sc1CeSZ
compact at temperatures below 1400 °C made the
compact shrink, and the shrinkage level dependent
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Figure 13 Impedance spectroscopy plots of 10Sc1CeSZ pre-
sintered at a 900 °C—circle; b 1000 °C—triangle; and
¢ 1300 °C—square, flash sintered at 1050 °C for 5 min with
100 Vem™', 1kHz, 1 A limiting current. Temperature of
measurement: 450 °C. Numbers stand for logf (Hz). Inset: zoom
of impedance plots of specimens pre-sintered at 1000 °C—
triangle and 1300 °C—square.
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Figure 14 X-ray diffraction patterns of 10Sc1CeSZ. a Sintered at
1400 °C; and b flash sintered at 1000 °C; numbers refer to Miller
indexes of the cubic phase.

on the temperature the field was applied. In Fig. 3,
for same applied electric field (100 V.ecm™) and
limiting current (1 A), the achieved shrinkage levels
at 960, 1020 and 1200 °C were 15.6, 19.1 and 21.0%
and the maximum shrinkage rate temperatures were
970, 1026 and 1189 °C (evaluated at the inflection
points of the derivatives of the dilatometric curves),
respectively. It should be noted that the experiments
were reproducible: In the conventional sintering,
when the sample reached 1020 °C, the shrinkage was
1.5% (Fig. 2), and the same value was measured
when a similar sample was heated to 1020 °C for the
application of the electric field (Fig. 3). The primary
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effect of increasing the temperature from 960 to
1020 °C, and further to 1200 °C was a decrease in the
electrical resistivity, and consequently, an increase in
the charge carriers’ mobility, thus enhancing grain
boundary diffusivity, which is reported as the main
mechanism for sintering zirconia [39, 40], and den-
sification. It is worth noting that the difference in
shrinkage (60 °C in the sample temperature) was
from about 15.6-19.1%, whereas a further increase of
180-1200 °C resulted in an additional 1.9% increase
in the shrinkage (from about 19.1 to 21.0%). It is well
known that sintering ceramic bodies usually follows
three well-defined stages: the initial stage with the
accommodation of particles and interparticle neck
growth; the intermediate stage with equilibrium of
pore shapes and continuous pores; and the final stage
usually with pore elimination and grain growth
[31, 38]. These results showed that the linear shrink-
age produced by the application of the electric field
was higher for higher pore fraction in the solid elec-
trolyte. The small difference in shrinkage level (1.9%
when applying the electric field at 1020 and 1200 °C)
was because, in the latter, the majority of the pores
were already eliminated [31, 38].

The scanning electron microscopy micrographs of
the samples conventionally sintered at 1400 °C and
flash sintered at three different temperatures showed
that the sample sintered at 1400 °C was dense as
expected, and the average grain size was in the
micrometer range (Fig. 4a), and the bulk (Fig. 4b) had
slightly larger average grain sizes. The SEM micro-
graphs of the flash-sintered samples, on the other
hand, (Fig. 4c-h), showed similar average grain sizes
at surface and bulk, which might have been a con-
sequence of the large temperature achieved due to
intergranular Joule heating [26, 41, 42], and residual
intergranular pores. A careful inspection of several
micro-regions in all samples in the micrographs col-
lected under the same conditions showed that the
main difference between conventionally sintered and
flash-sintered samples was that in the latter, the
grains at the surface and at the bulk had approxi-
mately the same average grain size while in the for-
mer, the grains differed in size from the surface to the
bulk. The histograms in Fig. 5 show the distribution
of grain sizes.

The samples resulting from the dilatometric
behavior shown in Figs. 2 and 3 had their densities
evaluated: 5.60 g cm™> (94.9% T.D., conventional
sintering, Fig. 2), 3.70 g cm™ (62.7%), 4.13 (70.0%)
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and 520 gcm ™ (88.1%) (flash-sintered samples,
Fig. 3). The increase in the shrinkage was due to a
reduction in the thickness and diameter of the flash-
sintered sample, which resulted from a collapse of
the grains because of the neck formation promoted by
Joule heating [18].

The total resistivity was approximately 4 kQ cm at
450 °C for the conventionally sintered sample
(Fig. 6a). After extrapolation to the different temper-
atures reported, this value was of the same order of
magnitude of values published by other authors
[11-13, 43, 44]. The depression in the high-frequency
semicircle was due to the distribution of grain sizes,
as seen in Figs. 4a, b and 5a, b; in the low frequency
semicircle, the reason may be the intergranular pores,
as seen in Fig. 4a, b. The [-Z"(f) x Z'(f)] impedance
diagram of the flash-sintered sample at 960 °C
(Fig. 6b) had apparently only one semicircle—mean-
ing one response in frequency—due to the large
density of the intergranular area, including porosity.
The impedance diagram of the sample flash sintered
at 1200 °C, on the other hand, was composed of two
well-defined semicircles, as evidenced by the intra-
granular (bulk) and the intergranular (grain bound-
aries) contributions to resistivity, and a spike at the
very low frequencies was due to electrode (Pt + Ag)
polarization [32, 33]. The impedance diagram of the
sample flash sintered at 1020 °C (still in the first stage
of sintering, Fig. 2) also showed two semicircles, i.e.,
the separation in two electrical responses, due to
grains and interfaces. A large difference in the total
resistivity was determined: 4 and 20 kQ cm for the
conventional and the sample flash sintered at
1200 °C, respectively. The impedance diagram (con-
sisting of two semicircles, with one in the high-fre-
quency region (HF: 10°~10” Hz) and the other in the
low frequency region (LF: 10°-10* Hz) was decon-
voluted in frequency, providing the following asso-
ciated electrical resistivity p: ppr =1 kQ cm and
pLr = 3 kQ cm for the conventionally sintered sam-
ple; pur = 8 kQ cm and prr = 12 kQ cm for the flash
sintered sample.

Impedance spectroscopy data were also collected
at different temperatures: 395, 480, 495 and 545 °C.
Some of the [-Z"(w) x Z'(w)] and [Z"(w) x logfl,
impedance (Fig. 7a) and Bode (Fig. 7b) diagrams,
respectively, plotted in Fig 7, shows the two compo-
nents due to the lattice and the grain boundaries
responses. Figure 7c, the plot of the total electrical
resistivity as a function of the reciprocal temperature,
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shows the expected Arrhenius behavior, allowing for
the evaluation of the activation energy E = 1.16 eV,
based on the Arrhenius equation p = py x exp(E/
kT). This value was in agreement with the reported
values 1.15 £ 0.05 [12] and 1.18 £ 0.03 eV [45].

Flash sintering with different delivered
electric power

The electric power delivered to a specimen in the
flash sintering experiments is the product of the
electric field to the electric current. The power supply
used was designed to set a limit to the maximum
electric current through the specimen, keeping the
electric voltage constant. In Fig. 8, three experimental
data are reported for 150, 300 and 600 W electric
power. To increased electric power, there was an
increase in the shrinkage level. Higher electric power
was avoided due to possible thermal runaway with
damage to the dilatometer sample holder. The
explanation for the achieved shrinkage levels was
that increased electric power through the sample
produced increased Joule heating, which led to an
even larger local temperature. This increase in tem-
perature at the intergranular region may have been
responsible for mass diffusivity from grain to grain,
leading to densification [18, 26, 27].

For the 1 and 2 A limiting currents, the grains were
in the submicron range, there was intergranular
porosity, and apparent dense regions were seen.
Even though grain growth was suppressed, the
micrographs showed that there were preferential
pathways for the electric current through the speci-
men, thereby producing denser regions. For the 4 A
limiting current, a highly dense ceramic was
obtained. The grains are much larger in Fig. 9c than
in Fig. 9a, b, the Joule heating in this case being suf-
ficient not only to create necks among particles, but
also to promote grain growth. The grains were even
larger than in the conventionally sintered sample at
1400 °C, a possible indication that the local temper-
ature achieved values higher than 1400 °C.

There was a decrease in the total resistivity for
increasing the limit current during the flash sintering
according to Fig. 10, as expected due to the increased
density. The diagrams were composed of two well-
defined semicircles, with a spike at the low frequency
range (< 10* Hz). The semicircles were due to the
contributions from the bulk (higher frequencies,
f>10° Hz) and the interfaces (lower frequencies,
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10° < f<10* Hz, grain boundaries and pores)
[32, 33]. The following values were evaluated for the
associated total resistivity: 7.7, 6.9 and 6.0 kQ cm for
flash-sintered samples with 1, 2 and 4 A, respectively.

Flash sintering samples with different
porosities

It was apparent in Fig. 11 that 10Sc1CeSZ samples
heat treated up to the first stage of sintering (900 and
1000 °C) achieved higher shrinkage levels (17 and
7.5%) than the sample heat treated up to the second
stage of sintering (1300 °C, 4.1%), which indicates
that pores might be pathways for the current pulse
during application of the electric field. These results
were in agreement with the flash sintering mecha-
nisms proposed by Chaim [34, 35] and Narayan
[36, 37] on the occurrence of Joule heating at available
interfaces to promote shrinkage.

In samples pre-sintered at 900 and 1000 °C, there
was a decrease in porosity, an increase in densifica-
tion and a slight increase in the average grain size, all
within the submicron average size range. The sample
pre-sintered at 1300 °C, on the other hand, was nearly
fully dense with little intergranular porosity. The
results of the impedance spectroscopy measurements
of these samples (carried out at 450 °C) are presented
in Fig. 13.

Even though the shrinkage attained by the
10Sc1CeSZ samples was higher for the lower pre-
sintering temperatures, their total electrical resistiv-
ity, as shown in Fig. 13, was higher due to the larger
density of pores [46].

X-ray diffraction of conventional and flash-
sintered samples

The effectiveness of flash sintering (compared to
conventional sintering, which used lower tempera-
tures and times to achieve full density) was con-
firmed by no difference in the composition of the
structural phase. Figure 14 shows the results of the
X-ray diffraction analysis of 105c1CeSZ pellets sin-
tered conventionally and with an application of an
electric field. The reflections of both samples were
identical and belonged to the fluorite cubic phase
[9-15].

@ Springer
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Conclusions

The 10Sc1CeSZ green ceramic samples convention-
ally sintered at 1400 °C presented lower values of
electrical resistivity than the flash sintered (at 900,
1050 and 1200 °C) samples. It was assumed that the
intergranular porosity in the flash-sintered samples,
as observed in the SEM micrographs, contributed to
the electrical resistivity due to the interfacial blocking
of oxide ions. Electric field-assisted pressureless sin-
tering pre-sintered samples showed that the higher
the average pore volume, the higher the attained
shrinkage level under the same experimental condi-
tions, meaning that pores may act as available path-
ways for the electric current pulse through the
sample during sintering. The X-ray diffraction
experiments showed that the samples sintered by
applying an electric field kept a cubic fluorite struc-
tural phase.
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