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1 | INTRODUCTION

Solid oxide cells (SOCs) are electrochemical devices and
are among the multiple green solutions to address the
growing global energy demand. Their fundamental struc-

Flash sintering is a novel technology, which enables densification of ceramics
in seconds to minutes at moderate furnace temperatures. To date, it has mostly
been demonstrated on samples with simple geometries like dog bones, bars,
or cylinders, which are quite far from real applications. In the present work,
we extend flash sintering to gadolinium-doped ceria (GDC) thin ceramic layers
(~15 x 8 x 0.008 mm?) screen printed onto rigid alumina substrates. Build-
ing on our previous work with GDC dog bones, we selected the same material
due to its relevance for solid oxide cell applications. All experiments were per-
formed isothermally under voltage-to-current control mode. Flash sintering was
triggered under relatively high electric fields (> 500 V cm™!), current densi-
ties (> 600 mA mm~2), and furnace temperatures (> 1100°C), as indicated by
the characteristic abrupt increase in the specimen’s conductivity and bright light
emission. However, significant effects of the electric current were observed at
a furnace temperature of 1200°C, with current densities above 800 mA mm™2,
and a dwell time of 180 min, leading to relative densities above 90%, compared to
only 75% for conventional sintering under the same temperature and time. The
harsher conditions needed to flash sinter these specimens are explained by the
very high aspect ratio (surface area-to-volume) compared to other usual geome-
tries in flash sintering experiments. In addition, the heat dissipation in the special
experimental setup plays an important role in terms of energy balance.

KEYWORDS
constrained sintering, flash sintering, gadolinium-doped ceria, solid oxide cells, thin films

ture consists of two porous electrodes separated by a dense
electrolyte layer. The electrochemical reactions take place
in the electrodes at the triple phase boundaries, where the
respective reaction gases, ionic conducting, and electronic
conducting phases are in contact. On the other hand, the
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electrolyte conducts only O?~ ions and must prevent the
direct mixing of the reaction gases.! If the cell is operated
as a solid oxide fuel cell, the chemical energy of the fuel
gas, typically hydrogen or hydrocarbons, is converted into
electrical energy.” In reverse operation, the same cells are
able to efficiently produce hydrogen or other fuel gases as
energy carriers by means of electrolysis and are, therefore,
referred to as solid oxide electrolysis cells.?

The production of planar SOCs can involve different
processes such as tape casting, screen-printing, thermal
spraying, and thin-film methods, such as dip or spin coat-
ing, physical vapor deposition, pulsed laser deposition,
and others.*” In addition to the complex processes, a pri-
mary challenge derives from the sintering of multilayered
ceramics. For SOCs sintering, the following challenges
must be addressed:

1. Different materials in contact can generate stresses dur-
ing heating/cooling stages, due to a mismatch of the
coefficient of thermal expansion or due to a differential
shrinkage rate during sintering.’

2. High sintering temperatures are often incompatible
with supporting structures (e.g., metal substrates) and
increase the risk of decomposition and evaporation of
volatile elements, like Mn, especially in the case of long
dwell times.

3. High sintering temperatures can trigger undesired reac-
tions, such as the formation of an electrically insulating
SrZrO; layer at the interface between the zirconia (YSZ)
electrolyte and the lanthanum strontium cobalt ferrite
(LSCF) air electrode.”

Therefore, the reduction of the sintering temperature
may present a solution to these challenges, in addition to a
possible reduction of costs. Flash sintering is an advanced
sintering technology aiming at reducing sintering temper-
ature and time. It consists of the application of an electric
field between two electrodes in contact with the green
body, leading to a flow of current through the specimen
to be sintered. The process is typically divided into three
distinct stages: Stage I (incubation), where the current
increases very slowly either with the increase of voltage or
temperature; Stage II (flash event), in which a sharp non-
linear increase of conductivity causes the abrupt increase
of current and drop of voltage; and Stage III (steady state),
when the current density is stabilized at a constant value
and the power source is switched from voltage to current
control.®

As shown in the recent review of Wu et al.’ flash
sintering has been successfully applied for the densi-
fication of typical SOCs electrolyte materials like YSZ
and GDC, but also for alternative electrolyte materials
like BaZr;,Cey,Y(,Yby;05." Additionally, it has been

investigated for proton-conducting electrolytes too, like
La 5Sr,GagsMg,,05."" Zirconia is the most analyzed
material, already introduced in the first articles of Cologna
et al. from Prof. Raj’s group, which focused on flash
sintering of 3YSZ!'? and 8YSZ."® After that, in Francis
et al.,'* alternating layers of the fuel electrode (NiO and
YSZ) and the electrolyte (YSZ) were successfully flash sin-
tered. It was observed that the flash-sintered sandwich
structure did not show delamination, contrary to the con-
ventionally sintered (CS) samples, which suffered from the
usual problems related to constrained sintering, such as
delamination, cracking, or trapping of pores. Therefore,
the potential of this process for multilayer samples was
demonstrated at this early stage of development.

In this work, we focus on 10 mol% gadolinium-doped
ceria (GDC10) building on previous works done in our
group, where GDC10 dog bones were successfully flash
sintered, as reported by Mishra et al.'>'¢

GDC is a standard material in SOCs and has a broad
range of potential applications, due to its favorable
properties.””!® In SOCs, it is commonly used as a dense
barrier layer to avoid the SrZrO; formation between the
state-of-the-art YSZ electrolyte and LSCF air electrode.’
Although its ionic conductivity is higher than that of
8YSZ," its chemical stability is lower, suffering from an
extensive chemical expansion in reducing conditions.*
Thus, its application as a dense electrolyte is challeng-
ing. Nevertheless, it can still be used instead of YSZ in
the porous nickel-containing cermet fuel electrode (Ni-
YSZ). In fact, thanks to the higher ionic conductivity,
Ni-GDC electrodes show higher performance.?** In addi-
tion, the low pO, conditions at the fuel side transform
GDC into a mixed-ionic-electronic conductor (MIEC),?!
further increasing the reaction sites for electrochemical
reactions. Few works in literature have shown the poten-
tial use of GDC as a single-phase porous electrode, as
reported in Nenning et al.”> and two works of Uecker and
co-authors.’**

Therefore, GDC sintering is interesting from different
microstructural perspectives: more porous for electrode
applications or dense as an electrolyte. Its densification
was also investigated by adding sintering aids, like Co;0,4
or CuO, which decreased its sintering temperature, but on
the other hand, caused a degradation of the electrochem-
ical performance.’®?’ Instead, a decrease of the sintering
temperature can also be achieved by advanced sintering
technologies, while simultaneously limiting the risk of
performance degradation.

Mishra and coworkers have extensively investigated
field-assisted and especially flash sintering of GDC10, the
latter in the usual dog bone geometry. The processing map
in Mishra et al.!® shows the conditions for safe flash sin-
tering: to reliably avoid crack formation, the electric field
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had to be limited to 250-300 V cm™ and the current den-
sity up to 100 mA mm~2. The current localization coupled
with hot spot formation was prevented by limiting the cur-
rent density below 250 mA mm™2, but with a field strength
not exceeding 90 V cm ™. The latter combination of param-
eters, with a furnace temperature of 680°C, is suggested
as optimal for the full and safe densification of GDC10.
Still, these samples presented inhomogeneous microstruc-
ture, with abnormal grain growth at the positive electrode
(anode) and closed porosity paired with by small grain
sizes at the negative electrode (cathode). This was due
to the opposite gradients of oxygen vacancies and oxygen
ions, migrating toward the cathode and toward the anode,
respectively. Flash sintering can be optimized if carried out
in current-rate control mode, as first reported by Kumar
et al.?® and also shown in Mishra et al.'> With this method,
the typical power surge at the flash onset is prevented,
therefore, avoiding electrode overheating.

Other results on flash sintering of GDC bulk samples are
presented in literature: Hao et al.”’ densified GDC20 in a
few seconds at 545°C and with a field strength of 20 V cm™ L,
values lower than the typical ones for zirconia. However,
the specific power dissipation critical to initiate the flash
was 10 mW mm 3, which matches the range of 8YSZ.*’
Valdebenito et al.*! needed a higher field strength of 100
V ecm™! to initiate flash sintering of GDC10, attributing
the discrepancy with GDC20 to the initial different oxy-
gen vacancy concentration. However, the specific power
dissipation was in the range of 20-30 mW mm~3, follow-
ing the typical range of 10-50 mW mm™ observed for
most of oxide ceramics.*’ A more extended study from
Spiridigliozzi et al.*> compared different concentrations of
gadolinium, that is, GDC5, GDC10, GDC15, and GDC20,
showing that an increasing amount of gadolinium caused
a reduction of the flash onset temperature, but the biggest
difference was noticed between GDC5 and GDCI10. The
results are aligned with the other works: GDC10 could
be fully sintered with a field strength of 100 V cm™! at a
furnace temperature just below 600°C.

However, all these results report on bulk samples (dog
bones, pellets, cylinders) but the application of flash sin-
tering for thin functional layers is still in a relatively early
stage of development and detailed reports in literature are
rare.

For this reason, we present here a novel study to show
the feasibility of flash sintering on GDCIO0 thin layers, with
a green layer thickness below 10 pym—a realistic value
in the context of SOC components. A specific challenge
was the densification of a green layer onto a rigid sub-
strate, leading to a strong degree of constrained sintering.
Thus, we modified the setup from Guillon et al.** used for
investigating constrained sintering of alumina thin layers.
However, the proposed in-situ shrinkage measurement

TABLE 1 Powder particle size distribution and specific surface
area.
GDC10 Treibacher Do (um) D5y (um) Dy, (um)
Before sonication 8 25 50
After sonication in ethanol  0.05 0.3 20.5

Specific surface area 7m2 gt

using a rocking arm and a high-precision laser was not reli-
able enough under the application of a high electric field.
Therefore, we had to limit the investigation of the sinter-
ing behavior to ex-situ analyses of the flash-sintered layers
with respect to microstructure, thickness, and electrical
conductivity.

As detailed in the results, the required parameters to
achieve flash conditions and visible effects of the current
appear to be much harsher than the usual parameters
reported in the literature for GDC10 bulk samples. The
special specimen geometry and the unusual experimental
setup play an important role in that regard.

2 | MATERIALS AND EXPERIMENTAL
METHODS

2.1 | Powder and screen-printing paste
The starting material was a commercial 10 mol%
gadolinium-doped ceria (GDC10) powder from Treibacher
(lot n. EA35/12.1) and its particle size distribution was
determined, before and after 3 min of sonication in
ethanol, with a laser diffraction Horiba LA-950 analyzer.
The specific surface area was measured by nitrogen
adsorption (Area Meter II, Juwe Laborgerite GmbH).
Table 1 displays the results of the two measurements.

Additionally, Scanning Electron Microscopy (SEM) was
used to characterize the powder. Figure 1A,B shows that
the powder consists of coarse spherical agglomerates of
about 20 um containing primary particles smaller than 1
um. The results of Table 1 suggest that these agglomerates
are soft enough to be broken by sonication.

The screen-printing paste was obtained by mixing 65.4
wt% of presuspension and 34.6 wt% of transport suspen-
sion. The presuspension was prepared into a PET bottle
with: 79 wt% of GDCI0 powder, 1.26 wt% of dispersant
Nuosperse FX9086 (Elementis Specialties, Inc.), 19.74 wt%
of anhydrous terpineol solvent (Sigma-Aldrich). Zirconia
milling balls with diameters of 5and 10 mm in ratio 1:1 were
added to fill the bottle up to 2/3 of the total volume and the
presuspension was then mixed in a tumbler mixer for 48 h
at 67 rpm. The transport suspension was prepared in a hot
mineral oil bath at 70°C by mixing the 85 wt% of solvent
(terpineol, Sigma-Aldrich) and the 15 wt% of binder, that
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FIGURE 1 (A, B)SEM images of the starting GDC10 powder.
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FIGURE 2

is, an ethyl cellulose powder (45 cP, medium chain length,
Sigma-Aldrich).

For screen printing, an EKRA E2 semi-automatic
machine was used: the GDC10 paste was pushed through
a screen with an open area of 39%, mesh width 115 um,
wire diameter 64 pm, and theoretical wet layer thickness
40 um. The rubber squeegee was moved at 100 mm s~!
with a constant pressure of 1.5 bar and a snap-off distance
between the screen and the alumina substrate of 1.5 mm.
After printing, the paste was let dry for 1 h at 60°C in air,
but no presintering was carried out.

2.2 | Flash sintering

Figure 2A shows the sketch of the specimen, where
the GDCI0 layer, in yellow, is screen printed onto a
30 X 30 mm? and 600 pym thick alumina dense substrate
(CeramTech). This material, being a very high electrical
insulator, guaranteed that the electric current could flow
through the GDCI10 layer only. In addition, the substrate
had to be tough enough to withstand a certain load, as
explained later.

(A) Scheme of the specimen; (B) experiment assembly.

The electric contact for flash sintering was ensured
by screen-printing two platinum stripes (in green in
Figure 2A) on the GDCI10 layer, with a 5 mm gap between
them. The high-purity Pt paste (Heraeus) was slightly
diluted with 5 wt% terpineol to facilitate the screen-
printing, after that, drying took place overnight at room
temperature. Two flat Pt electrodes were contacted to the
Pt stripes and held in place by an alumina “bridge” pushed
by the Instron load cell with 10 N force. This load was
the minimum value provided by the Instron load cell and
proved to be enough to keep the electrodes firmly in place
for the entire experiment. Figure 2B shows the scheme of
the experiment. The details of the setup, namely, a sinter-
forging furnace, are described in the first report of Aulbach
et al.** After operating with cylindrical samples, this fur-
nace was adopted for the study on constrained layers by
Guillon et al.** More recently, the setup was modified to
operate with an electric field, but still with cylindrical sam-
ples, as in the works of Cao et al.*® and Dash et al.*® A
very similar experiment setup is also reported by Fran-
cis and Raj.*’ In the present work, the setup was further
modified enabling to apply the electric field to thin layers.
The load transferred by the alumina bridge ensured good
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electric contact. Furthermore, a more accurate power
source than that in the former works was used (Sorensen
DLM 300-2) guaranteeing a better parameter control,
despite the disadvantage of operating in DC voltage only.

The electric field was applied in the layer plane and the
Instron push rod maintained constant contact against the
alumina bridge along the entire experiment (Figure 2B).
Given the electrode gap being 0.5 cm, the absolute value
of the applied voltage, in V, is half of the electric field (V
cm™D). In the results, the values are given only in the unit
of an electric field.

All flash sintering experiments were carried out under
isothermal conditions in voltage-to-current control mode,
similarly to the work of Francis and Raj.*® The DC volt-
age was either applied as a step function or manually
increased, depending on the case. All the specimens were
heated to the maximum temperature (usually 1200°C,
heating/cooling rates 15°C/min) and held under a constant
electric current for a certain dwell time. One thermocouple
(TC1) regulated the furnace temperature and was placed
beside the alumina support (Figure 2B, alumina in light
blue, TC1in red), at 40 mm from the heating elements. The
second thermocouple (TC2) was put in direct contact with
the specimen, onto the alumina substrate, at about 3 mm
from the GDCI10 layer (Figure 2A). The system was let to
equilibrate for 10 min before applying the voltage and TC2
was used as the reference temperature.

The operation range of the power source was 0-300 V
for the voltage and 0-2 A for the current. The voltage, the
current, the furnace, and the sample temperatures were
recorded together with LabVIEW.

Four sets of flash sintering experiments were conducted,
as reported in Table 2. In Set I, the same specimen A was
subjected to several flash sintering cycles to screen the opti-
mal range of parameters for the following experiments. In
particular, the effect of temperature and electric field was
investigated in relation to the incubation time. In Set II,
the current density was the parameter in analysis, with a
different specimen (B, C, D, E) for each sintering experi-
ment. Set IIT (specimens F, G, H, I) aimed at the variation
of the dwell time, keeping the other parameters constant.
Two independent and single experiments were carried out
in Set IV, for specimens J and K, respectively. Specimen K-
cond. was used for the electric conductivity measurements
after flash sintering, as detailed in the next section. Speci-
men J-vert. was mounted in a special vertical configuration
to directly observe the flash phenomenon. As shown in
Figure 3A, it was hanged in a vertical position fixed by two
platinum wires coiled around two holes, allowing a direct
observation through a vertical hole of the furnace. The
platinum paste was brushed to extend the electric contact
from the wires to form two electrodes on top of the GDC10
layer. Figures 3B and C display the specimen photos in the

- American Ceramic Society

furnace at 1200°C, without and with electric current (100
mA), respectively. Taking advantage of the vertical posi-
tion, the thermocouple TC2 could be placed against the
backside of the alumina substrate, corresponding to the
GDCIO0 layer (Figure 3A). This allowed the measurement
of the sample temperature in a closer position than the
rest of the other experiments. The furnace temperature was
measured as usual by the TC1 (Figure 2B).

2.3 | Characterization

A white light Topograph Cyber-scan CT350T (cyberTECH-
NOLOGIES GmbH) with a chromatic sensor CHR1000
was used for optical analyses. The thickness and roughness
of the as-screen-printed layers was measured, ensuring
a good homogeneity and reproducibility of the process.
Additionally, the layers were also analyzed after flash sin-
tering, but due to the small defects/deformations, the
analysis was only qualitative. The thickness was then
measured only on polished cross sections by SEM (Zeiss
Gemini Ultra 55, Carl Zeiss NTS GmbH). Furthermore,
the 2D porosity area was determined with the software
Image] by simply calculating the percentage area of the
pores.

We tried to measure the shrinkage in-situ with a can-
tilever using the method proposed in Guillon et al.,>* but
the measurement failed due to the interaction of the laser
signal with the high electric field. For the sake of com-
pleteness, one exemplary measurement is reported in the
Supplementary Information (Figure S1).

The in-plane electric conductivity of two samples was
measured, both sintered for 3 h, one with (specimen K-
cond.) and one without an electric field. The impedance
measurements were carried out in a custom-built 4-point
electrochemical contact station for high-temperature con-
ductivity measurements (Huber Scientific). Both the Pt
stripes (i.e., electrodes) were contacted by Pt/Ir nee-
dles and measured simultaneously in the same furnace
under identical conditions (2-point measurements for
two samples). Electrochemical impedance spectroscopy
measurements were carried out using an impedance ana-
lyzer (Alpha-20 A High-Performance Frequency Analyzer,
Novocontrol Technologies GmbH & Co0.KG) at tempera-
tures between 400 and 800°C. The temperature was first
increased in a stepwise manner before it was decreased
again. The first measurement was taken under oxidiz-
ing conditions using synthetic air (21% O, in N, 99.999%
purity, Messer). After that, another measurement was per-
formed using the same temperature program but under
slightly reducing conditions using humidified hydrogen
with an H,0:H, ratio of roughly 1:1 (humidified Inoxline,
~23 mbar H,O + 2% H, in Ar, Messer).
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TABLE 2

Temperature
Set Sample (furnace) [°C]
Set I A-600 1200
A-500 1200
A-450 1200
A-400 1200
A-1100-600 1100
A-1100-500 1100
A-1050-600 1050
A-500/2 1200
A-400/2 1200
SetII B-0 1200
C-150 1200
D-300 1200
E-600 1200
Set IIT  F-180-0 1200
G-45 1200
H-90 1200
1-180 1200
SetIV  J-vert. 1200
K-cond. 1200

Note: Set I: Adjusting the optimum range of flash sintering parameters (electric field and temperature). Set II: Systematic variation of current density. Set III:

Initial current
density” [mA
mm~2]

~800

~800
~800
~700

~800
~650

~770
~800

~800

~155

=310

~620

0

~800

~800

~800

~up to 1600

~1600-800

Final
current
density”
[mA mm—2]

~190
~380
~910

~1190
~1250
~1310

Flash sintering experiments with parameters and observations.

E-field

max. Dwell
value [V Incubation time
cm™] time [s] [min]
554 1 -

500 45 -

450 90 -

400 430 -

600 35 -

500 290 -

600 370 -

500 1 -

400 220 -

0 - 240
160 180 240
300 120 240
400 150 240

0 - 180
500 600 45
520 180 20
530 300 180

- - varied
530 - 180

Systematic variation of dwell time. Set IV: Specific setups for temperature control and electrochemical tests.

2The initial current density is calculated from the green layer thickness: 7.5 pm for samples A, and F to I; 9 um for B to E.

bThe final current density is calculated from the final thickness reported in the SEM images (Figures 7 and 8).

hole alumina

FIGURE 3

Pt paste

Pt paste

Observations

Set 600 V cm™!, fast current
response

Fast current response
No E-field drop

E-field too low, long
incubation time

Fast current response

Low E-field and/or T, long
incubation

Low T, long incubation

Faster current response than
A-500

No E-field drop, but shorter
incubation than A-400

None

Slow E-field drop to 120 V cm™!
Slow E-field drop to 270 V cm ™!
Fast E-field drop to 300 V cm™!
None

Fast E-field drop to 400 V cm™
Fast E-field drop to 400 V cm™
E-field drop as H-90

Electroluminescence and Joule
heating

Shortly at higher current
density (1600 mA mm~2), then
3 h at 800 mA mm™>

Experimental setup for specimen J-vert. (A) Sketch of the specimen in a vertical position. TC2 is placed on the back side, in

contact with the alumina substrate. (B) Specimen photo in the furnace at 1200°C. (C) Application of electric current (100 mA) and
electroluminescence of the GDC10 layer (furnace at 1200°C).
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FIGURE 4 White light topography, in (A) the alumina substrate, in (B) with the GDC10 layer after screen printing, in (C) with the Pt

stripes and after flash sintering.

3 | RESULTS

Figure 4A—C shows one example of the Cyber-scan optical
analyses used to evaluate the quality of the screen-printed
layers before and after flash sintering: (a) measurement of
the substrate as reference; (b) GDC10 layer after screen-
printing; (c) GDCIO layer and Pt stripes after flash sin-
tering. These measurements had the primary scope of
ensuring a good reproducibility of the screen-printing pro-
cess. The average roughness (root mean square) of 12
GDC10 green layers resulted in Rg= 0.21 um and an
average thickness of 7.5 pym. Thus, the initial layer cross-
section, used for the calculation of the initial current
density, was 8 X 0.0075 mm?.

The green layer thickness of specimens B, C, D, and E
was determined only by SEM analysis, giving an average
value of 9 um (Figure 7A,B). These samples were screen
printed as a separate batch, where the layer dimension
was 15 X 15 mm?, therefore, the initial cross-section was
~ 15 x 0.009 mm?. The thickness of the sintered layers
was exclusively measured by SEM analysis because small
damages and defects occurred during sintering impeding
an accurate measurement by the Cyber-scan (Figure 4C
represents a very good layer, but the average quality was a
bit lower).

Table 2 summarizes all the experiments conducted with
the flash sintering setup, including those reference spec-
imens sintered without electric current. The temperature
reported refers to the furnace temperature. The initial
current density is calculated from the green layer thick-
ness, while the final (maximum) current density refers
to the final cross-section observed in the SEM analyses.
The green layer thickness can be assumed as the initial
thickness just before the application of current because
the heating ramp up to the maximum temperature did not
cause any significant densification. This can be observed
in Figure S2, in the Supplementary Information, where
the microstructure of an as-screen printed layer is com-

pared with a specimen heated at 1200°C and quenched by
switching off the furnace. In the rest of the text, with “cur-
rent density” is meant the value referred to the green layer
thickness, that is, the initial current density, otherwise, it
is specified as “final current density.” The reported electric
field indicates the maximum value, corresponding to the
transition to the current-controlled regime. The numbers
after the letter of each specimen (or test) indicate the main
varying parameter and are shown in bold in Table 2.

The parameters were varied for each set with the
following criteria:

- Set I: Specimen A underwent several flash sintering
cycles with the threshold current density fixed at 800 mA
mm~2 (corresponding to set 48 mA). The temperature
and the electric field were the varying parameters, while
the incubation time was the output result.

- Set II: The choice of temperature for Set II was based
on the results of Set I. The criterion was to minimize
the incubation time, so as to reach the constant current
stage in the shortest time (stage III of flash sintering) and
investigate only the effect of current density.

- Set III: The current density for Set ITI was chosen based
on what was observed in Set II. The effect of time was
then investigated at a constant current density.

Set I started with the first test at 1200°C, a tempera-
ture relatively lower than the GDC conventional sintering
around 1400°C.* The variation of the other parameters
can be seen in detail in Table 2.

The applied electric field and furnace temperature were
progressively decreased and the relative incubation time
was calculated. Figure 5A shows for the sake of simplicity
only three tests of Set I: A-600, A-500, and A-400, carried
out at 1200°C with a set electric field between 600, 500, and
400 V cm™, respectively. Figure 5B reports the incubation
times for all the experiments of Set I. In Figure 5A, it can
be observed that the transition to the current-controlled
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FIGURE 5 SetlIexperiments: (A) different set electric fields at 600, 500, and 400 V cm~. (B) Incubation time as a function of the set

electric field and temperature. All the data points correspond to Set I of Table 2.

regime occurs instantaneously for A-600, so quickly that
the actual electric field reaches only 554 V cm~'. This
transition is usually marked by a sudden drop, indicating
an increase in conductivity typical of the flash sintering
regime (Stage II of flash). As expected, a decrease in either
the applied electric field or furnace temperature results in
a longer incubation time (Figure 5B). When the furnace
temperature is reincreased to 1200°C again, the incuba-
tion time is shorter than in the initial state (A-500/2 and
A-400/2). This is likely due to the multiple sintering cycles
undergone by the same specimen, which increased both
conductivity*>*' and microstructure density. The power
supply, being limited to 300 V, prevented to explore the
combination of higher electric fields than 600 V cm™! at
lower temperatures. However, the trend in Figure 5B is
consistent with the findings of Francis and Raj,*® who con-
cluded that the electric field serves as the thermodynamic
driving force for the flash effect.

If the electric field and/or the temperature are too low,
the current density threshold cannot be reached, even
waiting for a long time (long incubation). This is, for exam-
ple, the case of A-400 and A-1100-500. A fresh sample
under the same conditions would show an even longer
incubation time, because of the lower conductivity and
density, which means these conditions are not guaran-
teeing a typical sudden conductivity increase, which is
characteristic of flash sintering.

In conclusion, for Set II, 1200°C was chosen as the opti-
mal furnace temperature to ensure a sufficient increase in
conductivity. The electric field was manually increased to
flash the specimens at different threshold current densi-
ties. Specimen B-0 served as a reference and was sintered at
1200°C for 4 h without electric current. The preset current
density threshold was doubled each time for specimens C-
150, D-300, and E-600 from 155, to 310, to 620 mA mm™?,

respectively. To allow a direct comparison with the con-
ventional sintering, the dwell time was also 4 h, at 1200°C.
Figure 6A shows the trend of their electrical parameters
over time. The incubation time was recorded, but its signif-
icance is limited as it also depended on the voltage increase
rate. In Figure 6A, the solid black curve for specimen E-600
shows an abrupt drop of electric field, corresponding to a
sudden conductivity increase. Specimens C-150 and D-300,
instead, seem to have a softer transition to the current-
controlled, not fully matching the dynamic of the flash
regime.

For Set III (specimens F-I), focusing on the effect of
the dwell time, the temperature was fixed at 1200°C and
the threshold current density at 800 mA mm~2, similarly
to Set I. This current density was well above than that
of E-600, ensuring in this way a sudden conductivity
increase, typical of flash sintering. Figure 6B displays the
voltage and current curves for the specimens G-45, H-90,
and 1-180, flashed at constant current density for 45, 90,
and 180 min, respectively.

Figures 7A—J and 8A—J present the SEM cross-sections
of the second and third series from Table 2, respectively.
Each specimen is presented at two different magnifica-
tions, but actually, several acquisitions in different spots
displayed a rather good homogeneity. However, the anal-
ysis focuses on the layer area not covered by the Pt paste,
as this region typically shows a denser microstructure due
to applied pressure from the Instron load cell and likely
lower heat dissipation (see Supplementary Information,
Figure S3).

Figure 7A,B displays a pristine GDC10 layer after screen-
printing with a thickness of about 9 pm. Delamination
from the substrate is likely due to sample preparation,
as no thermal treatment was performed. The effect of
current density is only partially visible when comparing
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FIGURE 6 (A) Set Il with current density thresholds at 150, 300, and 600 mA mm~2. (B) Set III with different dwell times between 45,
90, and 180 min, at a constant current density of 800 mA mm~2.

FIGURE 7 (A, B) GDCI10 green layer; (C, D) specimen B-0 sintered without electric current, at 1200°C for 4 h; (E, F) sample C-150
sintered with electric current (150 mA mm~2), at 1200°C for 4 h; (G, H) sample D-300 sintered with electric current (300 mA mm~2), at
1200°C for 4 h; (I, J) sample E-600 sintered with electric current (600 mA mm~2), at 1200°C for 4 h.

CS 1400°C
180 min

CS 1400°C
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FIGURE 8 (A, B)sample F-180, sintered without electric current at 1200°C, 180 min; (C, D) sample G-45 sintered at 1200°C, with 800
mA mm~2, 45 min; (E, F) sample H-90 sintered at 1200°C, with 800 mA mm~2, 90 min; (G, H) sample I-180 sintered at 1200°C, with 800 mA
mm~—2, 180 min; (I, J) sample conventionally sintered at 1400°C, 180 min.
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FIGURE 9 Densities dependency on the current density (A), and on the dwell time (B).

specimens C-150 and D-300 to the reference B-0. Inter-
estingly, the layer thickness for D-300 is slightly higher
than C-150, contrary to expectations. A noticeable change
occurs only for E-600, where the layer thickness decreases
significantly to approximately 6.25 um and the microstruc-
ture appears much denser (Figure 7J). As seen in
Figure 6A, the minimum current density for E-600, around
620 mA mm™2, appears to be a clear minimal threshold
for densification. Additionally, due to layer shrinkage, the
final current density reaches approximately 910 mA mm—2.

Besides the Set III specimens, Figure 8 also displays
the microstructure of a CS specimen at 1400°C for 3 h
(Figure 81,J). This batch of specimens belong to those pre-
viously analyzed by the Cyber-scan, whose green layer
thickness resulted in 7.5 um. The effect of electric current
on densification is evident when comparing specimen F-
180-0, sintered without current for 3 h, to specimen G-45,
flash sintered for 45 min. The initial current density for
G-45 is ~800 mA mm™2, increasing to 1190 mA mm~2 by
the end of the heat cycle. As with conventional sintering,
increasing the dwell time for specimens H-90 and I-180
results in higher density and thinner layers. Longer dwell
times promote densification, leading to higher current
densities that further enhance the process. This suggests
that while high current densities play a key role, the effect
of time remains significant as well, with densification
reaching saturation on a longer timescale. Interestingly,
the conventional sintering at 1400°C for 3 h (Figure 8J)
results in a layer thickness similar to that of specimen
1-180, but with a microstructure featuring slightly larger
pores.

The density of the samples in Figures 7 and 8 was esti-
mated by image analysis, determining the porous area of
the SEM cross-sections. Figure 9A,B displays the density as

a function of the set current and dwell time, respectively.

Figure 10A,B presents the results of experiment J-vert.
from Figure 3, showing the temperatures from thermo-
couples TC1 and TC2 as functions of time, alongside
current density and electric field. In Figure 10A, the elec-
tric field increases to 400 V cm~! and remains constant
for 7 min, while the current rises without a set thresh-
old. The experiment ends when the electric field is turned
off, and the current density reaches 400 mA mm™2. Ini-
tially, TC2, which is placed against the backside of the
alumina substrate (Figure 3A), has a constant offset com-
pared to TC1 (10°C). However, as the current increases,
TC2’s temperature follows the current’s trend, while the
electric field remains constant. By the end, the tempera-
ture difference between the two thermocouples is 28°C.
Figure 10B shows the effect of the gradual increase of
the current density threshold from 350 to 650 mA mm~2
(maximum difference 34°C). At each step, TC2’s temper-
ature increases slightly, and when the current density
drops to zero, TC2’s temperature drops immediately too, re-
establishing the initial temperature difference. Similarly,
when the current density jumps from 0 to 650 mA mm—2,
TC2 responds accordingly. Although TC1 is also affected
by current changes, the temperature shift is minimal. This
experiment highlights the rapid temperature response to
current changes and a Joule heating effect in the specimen.
However, from the observations in-situ of Figure 3B,C, the
alumina substrate never displayed the typical light emis-
sion of flash sintering, which was limited to the GDC layer
only. This can also be deduced by the modest temperature
increase in the alumina substrate.

The last sample in Table 2, K-cond., was flash sintered
at 1600 mA mm~2 for 12 min, then the current den-
sity was reduced to 800 mA mm~2 and held for 3 h. Its
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SEM image of reference specimen conventionally sintered (0 mA) for 3 h at 1200°C.

in-plane electric conductivity was measured and com-
pared to a sample sintered without an electric field,
held at 1200°C for 3 h in air. Figure 11 reports the
impedance measurements and their microstructure: in
Figure 11A, the total conductivity is plotted as a function of
the inverse temperature for two atmospheres. Figure 11B

presents exemplary Nyquist plots of the impedance mea-
surements at 750°C using the same legend as in Figure 11A.
Figures 11C and D show the microstructures of the
flash-sintered (K-cond.) and CS samples, respectively.
The microstructures differ significantly, with K-cond.
exhibiting a substantial higher density. Nevertheless, the
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electrical conductivity results comparable between the two
specimens.

The conductance/resistance is normalized to the sam-
ple geometry. The conductivity o is calculated according to
Equation (1):

, @

s=1.4
"R'd

=

where R is the measured resistance at the low-frequency
x-axis intercept in the Nyquist plot, A is the correctional
area of the sample, and d is the distance between the two
Pt electrodes of each specimen.

Due to the geometry of the measurement setup, the
semi-circle arc in the Nyquist plot results from the setup
capacitance (~107'2 F), which is orders of magnitude
larger than the grain and grain-boundary capacitances
of the GDC layer (~10~" F). Therefore, the bulk total
resistance of GDC is extracted using the low-frequency
x-axis intercept. The electrode features from the Pt
electrodes are not visible in this case, since the ohmic
(bulk) resistance of GDC is orders of magnitudes higher
than the oxygen exchange resistance for this geometry.*?
In H,/H,O0, the conductivity of both samples is similar, but
due to the more reducing conditions, it is about an order
of magnitude higher than in synthetic air. Possible reasons
for this increase in conductivity are an increase in elec-
tronic conductivity caused by a higher Ce** concentration
under reducing conditions, making GDC an MIEC, or a
decrease in grain-boundary resistance.** Under synthetic
air, the conductivities are also comparable, except for the
lowest temperatures, where the conductivity of specimen
K-cond. is higher, but still in the same order of magnitude.
Figure 11A also displays the values of the activation
energies (E,) for each measurement, determined from
the slope of the In(oT) versus T~!. The values range from
1.13to 1.31 eV.

4 | DISCUSSION

4.1 | Background

To the best of our knowledge, this is the first study report-
ing the application of flash sintering to thin layers pro-
duced using an industrial-like process as screen-printing.
The motivation for this investigation stems from previous
research conducted by our group. On one hand, Mishra
et al. explored flash sintering of GDC10 dog bones.>!® On
the other hand, Cao et al.>>* investigated discontinuous
sinter-forging on yttria-stabilized ceria cylinders. They
found that under isothermal conditions and in the pres-
ence of an electric field, the uniaxial viscosity decreased,

while the viscous Poisson’s ratio (vP) increased. This is
relevant to constrained sintering, as vP influences the
densification rate of a porous film on a rigid substrate.
According to Green et al.,° the relationship is given in
Equation (2):

éconstr. — 1+ Vp

gonstr. = T2 elre, @

where ¢, is the strain rate in the direction of the film
thickness and &/7¢ is the free sintering strain rate of
the unconstrained film. Since the volumetric densifi-
cation rate for the unconstrained film is 3¢/7¢¢ in the
case of isotropic behavior, the normalized volumetric
densification rate of the constrained film is given in
Equation (3)*4°:

‘O' constr. ~ 14 0P P free X
() =w=m(E) ®
For porous bodies, where vP < 0.5, this suggests that
the densification rate of the constrained layer is lower
than that of the free layer. In the absence of an electric
field, in principle, v? does not depend on temperature,
but only on microstructure (i.e., density).® However, under
an electric field, an increase in v? is expected to occur
and mitigate the constraint, facilitating densification. Cao
et al.*>* demonstrated this effect under low electric fields
(14 and 28 V cm™!) and low current densities (11 and 21
mA mm~?2) required to avoid secondary effects like Joule
heating, but they did not achieve the flash regime. From
this current work, noticeable effects were hard to observe
below the flash regime, as, for instance, for specimens
C-150 and D-300. Therefore, stronger electrical parame-
ters were required. This is due to the different geometry
of the specimen, which requires a higher power, but also
to the absence of any in-situ shrinkage measurements.
Obviously, the required accuracy to measure the densi-
fication of thin layers is much higher than for a 15-mm
high cylinder.** Additionally, the laser signal was heav-
ily disturbed, probably by both the high electric field
and the light emission, making the results unreliable (see
Figure S1). However, we believe that even lower electric
fields could have a positive effect on constrained sintering,
though measuring this is technically challenging.

4.2 | Specific experimental setup and
process parameters

For the flash sintering, we opted for a smaller DC power
source rather than a larger AC one because of the higher
accuracy in the current control. Despite using DC volt-
age, no clear directional gradients in microstructure were
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observed across the two electrodes, unlike the GDC10 dog
bones in Mishra et al.'® This can be explained by the rel-
ative long dwell times and the specific conditions at the
electrode extremities. Instead of a directional gradient, we
observed that under both the Pt electrodes (Figure 2B), the
density was higher than the rest of the sample due to the
small pressure (10 N over ~1 cm?, so ~ 0.1 MPa) from the
alumina bridge and the higher local temperature. These
regions were excluded from the analysis because of these
additional effects, but one exemplary image is shown in
the Supplementary Information in Figure S3. Despite the
application of the load by means of the alumina bridge
might seem a complication of the experiment design,
the reproducibility and stability of the electrical contact
between electrodes and sample was definitely improved
thanks to this. In principle, a strong contact is not needed
because the formation of a conducting plasma between
the electrodes and the sample is expected to fill small air-
gaps, as, for instance, discussed in Saunders et al.*” and
Sortino et al.*8 Nevertheless, the difference in the present
experiment is that the sample is not between the two elec-
trodes and, therefore, perpendicular to the electric field
lines.

Regarding the key process parameters for flash sintering
of thin layers, the following observations can be made:

(i) From Figures 7-9, it appears clear that the current
density is the most important parameter influencing
densification, consistent with literature, such as the
results on GDCI10 dog bones by Mishra et al.””

(ii) The first experiments with specimen A (Set I) showed
that achieving flash sintering required more severe
conditions than those for free-hanging bulk samples.

(iii) There are two distinct regimes based on the applied
power. For specimen E-600, the maximum applied
electric field is 404 V cm™! and the initial current
density exceeds 620 mA mm~2, reaching over 910
mA mm~? by the end. Under these conditions, a
sharp increase in conductivity (or electric field drop)
was observed, typical of flash sintering (Figure 6A).
However, the electric field curves of specimens
C-150 and D-300 do not show this abrupt change,
suggesting that the provided power is insufficient for
a proper onset of flash sintering.

(iv) The experiments conducted here lasted significantly
longer than typical flash sintering. However, our main
objective was to demonstrate the feasibility of the pro-
cess and explore the effect of current on thin layers.
In Set II, the 4-h dwell time, though long, helps to
differentiate better the effect of current density (goal
of Set IT) from that of time. By matching the dwell
time across all samples, including the reference B-
0, current density remains the only variable. This
makes samples C-150 and D-300 particular important,
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as they show that even with extended dwell time, too
low current densities have a minimal impact on the
microstructure.

(v) The results from Set IIT displayed that the dwell
time is a critical factor for achieving high densifica-
tion. However, when the focus shifts toward sintering
microstructures suitable for electrodes, high densifi-
cation is no longer necessary. For example, sample
G-45 already reaches a relative density above 85% after
just 45 min of dwell time. Yet, for porous electrodes,
ideal densities are typically in the range of 60-70% rel-
ative density,' allowing for a significant reduction in
dwell time.

4.3 | Comparison with literature and
effect of the aspect ratio

To date, flash sintering has mainly been studied in bulk
specimens (e.g., dog bones, bars, cylinders), with only
two prior studies on thin films. Schwarzbach et al.*
investigated ZnO thin films produced via a precision ion
polishing system/focused ion beam or epitaxial growing
on Al,O; substrates. These lamellas were mounted in a
Transmission Electron Microscope (TEM) for in-situ flash
sintering observations and the TEM stage was heated only
by Joule heating. While they directly observed flash sinter-
ing, the complex sample preparation introduced defects,
complicating interpretation. Interestingly, they reported
unusually high electric fields and currents, attributed to
ZnO film conductivity, but without discussing geometry or
substrate effects. The latter are considered in our work, as
shown later in Figures 12 and 13.

Phuah et al.”” studied GDC10 films (~185 nm), deposited
onto SrTiO; substrates, under 900°C and 150 V cm™.
Their setup is similar to ours, but smaller, with the
main difference being that the middle part of our GDC10
layer is exposed to air. Their resulting current den-
sity is in the order of ~10° mA mm™2, assuming the
third missing dimension being a few mm. However, they
did not observe the switch to current-controlled mode,
indicating that the applied power was not sufficient to
trigger the typical power surge associated with flash
sintering.

The comparison between these two works and
the observations in points (ii) and (iii) of the previous
Section 4.2 highlights the importance of the specimen
geometry and the required power density to initiate flash
sintering. In the Arrhenius plot of constant heating rate
experiments, the flash onset is identified by a sudden
increase in power density.*" Similarly, we can calculate
the power densities at their peaks and normalize by the
volume. Although our experiments were conducted under
isothermal conditions (less ideal than a constant heating

49,50
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rate), the approach is conceptually similar. The power den-

sity can be calculated in Equation (4) as the product of the

electric field and current density*’:

-1
B (vem )*J<mA>. )

10 mm?2

Using the electric fields and initial current densities
from Table 2, we slightly underestimate the real power

Typical current densities and electric fields used for flash sintering of specimens with different aspect ratios.

densities since the actual values depend on the layer
thickness at the power peak. Figure 12A compares the
power densities for our experiments, in black squares,
with those from Avila and Raj”' in red dots, and from
Schwarzbach et al.* (blue triangle). Raj and coworkers
suggest a narrow range (10—50 mW mm~3) of critical
power densities to initiate flash sintering, irrespective of
the material.>**>? For our thin layers, power densities are
two to three times higher than those for conventional dog
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bones or bars, but very much lower than the ZnO thin
films of Schwarbach et al.*’ (refer to their fig. 9). The
major finding from Avila and Raj>' was the high depen-
dency of the critical power density on the specimen aspect
ratio, that is, the surface area to volume ratio. Higher
aspect ratios corresponded to higher critical power densi-
ties. The important consequence is that the power density
had to be normalized by the surface area rather than the
volume. Figure 12B shows the same data as Figure 12A
but is normalized by surface area, revealing a narrower
power density range of 4—55 mW mm™2, independently
of the specimen geometry. The single point related to
Schwarzbach et al. lays several orders of magnitude above,
but this is not too surprising if the specimen aspect ratio is
considered.

The aspect ratio of dog bones, bars, and cylinders ranges
from 0.5 to 2, while the aspect ratio of our thin lay-
ers is between 220 and 265. The ZnO thin films in the
analysis of Schwarzbach et al.*’ have an extremely high
aspect ratio of about 39 000 (70 nm X 200 nm X 8.6 pm).
Figure 13 illustrates the typical current densities and elec-
tric fields used for flash sintering different geometries.
Specimens C-150 and D-300 were excluded as they did
not exhibit the characteristic power surge of flash sin-
tering (Figure 6A). GDCI10 cylinders were flash sintered
with the same setup as in Cao et al.** Low electric field
(25 V cm™1) and relatively low current density (170 mA
mm~2) were sufficient to achieve an appropriate flash
onset. The results on dog bones are taken from Avila
and Raj>' for 3YSZ, where the aspect ratio was intention-
ally varied, and from Mishra et al. for GDC10,'° in which
different combinations of parameters led to safe flash
sintering.

It is also worth noting that the required furnace
temperature generally increases with aspect ratio. Cam-
pos et al.”® confirmed this trend, showing that for
fixed electrical parameters and cylinder diameter, an
increase in the specimens height (i.e., decrease in the
aspect ratio) resulted in a decrease in the flash onset
temperature.

As also suggested in Avila and Raj,”' the present work
confirms that higher aspect ratios require extra power
density necessary to balance the higher heat dissipation
through large surface.

4.4 | Heatloss and interpretation

Furthermore, here not only a high aspect ratio is involved,
but also a distinctive configuration. In typical setups, such
as free-hanging bars, dog bones, or standing cylinders,
the current flows directly through the material, and heat
loss mainly occurs through the specimen surface via ther-
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mal radiation. Our setup differs significantly from more
standard configurations: current flows into the GDC layer
because alumina has much lower electrical conductivity.**
In contrast, alumina’s thermal conductivity of alumina
is considerably higher than that of GDC (~30 against 1-
3 W m~! K71)>% which affects overall heat conduction
in the system (Figure 2B). As a result, a portion of the
supplied energy dissipates through the alumina/platinum
components, increasing the power required to achieve
sintering. This is evident in the configuration shown in
Figure 3, where high electric fields and current densi-
ties are necessary (Figure 10), despite the specimen being
free-hanging.

The influence of dwell time reflects a conventional sin-
tering behavior, where the alumina substrate is slightly
further heated by the transfer of the Joule heating, result-
ing from the current flow in the GDC layer. We interpret
the underlying physics as follows: below a certain current
density, the current mainly causes local heating with a
small impact on densification (as seen in samples C-150
and D-300). In this regime, the mechanism does not dif-
fer much from conventional sintering. However, once a
critical threshold of current (or power) is surpassed, sig-
nificant changes in microstructure and conductivity are
observed (samples E and those in Set III). Despite that,
the temperature increase observed in Figure 10A,B is not
showing any sudden increase with the increase of current
density (temperature of the substrate). Regarding tempera-
ture estimation of the GDC layer, the black body radiation
model, commonly used in other flash sintering studies,”’
is not applicable due to the complexity of our setup. The
experiment shown in Figure 3 required several attempts
to complete successfully, primarily due to frequent loss
of electric contact. While a detailed thermal analysis and
modeling could provide further insight, this lies beyond
the scope of the present work. We may suppose that the
effect of ultra-fast firing®® can be excluded here because of
the high heat loss through the alumina substrate. However,
other minor mechanisms could be involved and further
analysis is required. The fact that we could not directly
measure the shrinkage in-situ does not exclude an effect
on vP (Equation 3) is effectively occurring, even at high
current densities/electric fields.

The electric conductivity measurements presented in
Figure 11 show that the material properties were not sig-
nificantly affected by the process, despite the high electric
field and current density applied in sample K-cond. Unlike
the “memory of flash” effect, observed by Yadav et al.”
for titania single crystals flashed at over 450 V cm™, this
phenomenon does not appear to occur in our case. The
calculated activation energies (E,) derived by the slope
of In(oT) versus T~! are slightly higher than those in the
literature.®® The background for this increase in activation
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energy can be complex and is beyond the scope of this
paper. Nevertheless, the conductivities as well as E, of both
samples are comparable.

4.5 | Perspectives

In this context, the use of platinum electrodes is not ideal
from an industrial perspective because it would require
extra costs for the application and removal of expensive
platinum. However, for basic investigations, the platinum
electrodes are still a convenient solution and allow a
better comparison with the previous works in literature,
especially those on GDC10 by Mishra and coworkers.'>'
To address the limitations posed by platinum electrodes,
several research groups have explored the potential of
contactless flash sintering (CFS), aiming at simplifying
handling and optimizing the process. Lucideon Ltd. and
the Imperial College London have made notable progress
in this area.’’ While other experimental approaches are
documented in the literature, many of these setups are
too complex to be scaled up from laboratory to industrial
applications. Early attempts included flash sintering with
arc discharge,*’ combining flames with flash sintering,®
continuous flash sintering,48 and an innovative concept
involving two separate electric circuits—one powering the
reactor and the other the induction coil for generating a
magnetic field.®*** Another approach proposed by Dong
et al.% involves dielectric barrier discharge atmospheric
cold plasma. Overall, CFS methods still require signifi-
cant development before they can be implemented on an
industrial scale.

5 | CONCLUSIONS

This work explored the feasibility of flash sintering of
GDC10 thin layers, which were deposited onto rigid
alumina substrates by an industrial-like process such as
screen-printing. Literature reports rarely on thin com-
ponents and is limited to very thin films for lab-scale
fundamental studies. This method, despite its limita-
tions and possible improvements, shows interesting
potential for scaling up to application-oriented compo-
nents for SOCs. The green layer thickness ranged from
7.5 to 9 um, with the other two dimensions between 8
and 15 mm, comparable to those used in small button
cells.

The experiments were conducted under isothermal con-
ditions, with the lowest furnace temperature required for
flash onset being 1100°C, along with an electric field of 600
V cm ™. For better specimen conductivity, however, a tem-
perature of 1200°C was preferred to conduct a parametric

study. In this case, an electric field of about 500 V cm™!

enough to trigger a flash.

The current had a noticeable effect only when the cur-
rent density exceeded at least 600 mA mm~2, with more
significant effects occurring above 800 mA mm~2. The typ-
ical sudden increase in conductivity, or electric field drop,
was observed only with these higher electric parameters;
otherwise, the process kinetics was too slow to match the
definition of flash regime (Stage II).

Relative densities above 90% were obtained at current
densities over 800 mA mm~2 and dwell times beyond
180 min. However, a shorter holding time of 45 min
was sufficient to reach densities exceeding 85% TD, while
conventional sintering at 1200°C for 3 h reached a densifi-
cation of about 75% TD. Porous electrochemical electrodes
could be sintered also in a shorter time.

The technical limitations of the power source prevented
us from exploring the electric fields above 600 V cm™!
and pushing the limits of the process toward lower tem-
peratures. The available maximum current was more than
sufficient for such thin layers, but had to be precisely
tuned to avoid extreme high current densities and sample
failure. After layer shrinkage, the final current densities
reached values between 1000 and 1300 mA mm™2, with
the Joule heating effect being clearly observed under these
conditions.

Interestingly, the required electric parameters were
generally much higher than those needed to flash sin-
ter bulk GDC, a result attributed to the significantly
higher surface area-to-volume ratio and the specific exper-
iment configuration, which caused greater heat loss also
toward the substrate. Despite the demanding conditions,
particularly the high electric field, the electric proper-
ties of the flash-sintered specimens were comparable to
those of CS specimens. Further studies are needed to
explore a broader range of parameters and to better under-
stand the mechanisms at play in this specific type of
specimen.

For industrial applications, the need for electrode con-
tact remains a key challenge. Thin layers with large surface
areas could benefit from the development of advanced
CFS, which is still in its early stages.
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