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Abstract

Flash sintering was discovered in 2010, where a dog-bone-shaped zirconia sample
was sintered at a furnace temperature of 850°C in <5 s by applying electric fields of
~100Vem™ directly to the specimen. Since its discovery, it has been successfully ap-
plied to several if not all oxides and even ceramics of complex compositions. Among
several processing parameters in flash sintering, the electrical parameters, i.e., electric
field and electric current, were found to influence the onset temperature for flash and
the degree of densification respectively. In this work, we have systematically investi-
gated the influence of the electrical parameters on the onset temperature, densification
behavior, and microstructure of the flash sintered samples. In particular, we focus on
the development of a processing map that delineates the safe and fail regions for flash
sintering over a wide range of applied current densities and electric fields. As a proof
of concept, gadolinium-doped ceria (GDC) is shown as an example for developing of
such a processing map for flash sintering, which can also be transferred to different
materials systems. Localization of current coupled with hot spot formation and crack
formation is identified as two distinct failure modes in flash sintering. The grain size
distribution across the current localized and nominal regions of the specimen was
analyzed. The specimens show exaggerated grain growth near the positive electrode
(anode). The region adjacent to the negative electrodes (cathode) showed retarded
densification with large concentration of isolated pores. The electrical conductiv-
ity of the flash sintered and conventional sintered samples shows identical electrical
conductivity. This quantitative analysis indicates that similar sintering quality of the

GDC can be achieved by flash sintering at temperature as low as 680°C.
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1 | INTRODUCTION

Gadolinium-doped ceria (GDC) has a wide range of appli-
cations, especially in environmental and energy technolo-
gies.1 It has remarkable redox and oxygen storage capability
(OSC). Thus, it is used as a catalyst, or as a catalyst support
for chemical pro<:essing.3'5 It also possesses high ionic con-
ductivity between 500 and 600°C,%" which makes it a strong
candidate for electrochemical devices like oxygen sensors,*”
oxygen transport membranes,'*!! cermet electrodes,'*'* and
electrolytes for solid oxide fuel and electrolysis cells (SOFC/
SOECs) 67:15:16

However, conventional sintering of GDC entails high tem-
peratures (1300-1600°C) and dwell times of several hours in
air to achieve density >96%. 17,18 Lowering the sintering tem-
perature would be advantageous for fabricating dense GDC
from the energy consumption perspective. To a limited de-
gree, the reduction of sintering temperature can be achieved
by reducing the particle size,'®1° adding sintering aids,”** or
processing under reducing atrnospherc:.zz'24 But nano-sized
powder is difficult handle with respect to agglomeration and
may not be cost effective for large-scale production. The sin-
tering aids may deteriorate the electrochemical properties,*
and using reducing atmosphere requires re-oxidation at a
high temperature to reliably avoid the microcracldng.z“’26

Recent advancements in electric current activated/assisted
sintering techniques (ECAS) are shown to be promising for
the processing of advanced materials due to significant en-
hancement of densification kinetics at lower furnace tem-
peratures, when compared with conventional sintering
technologies.27'30 Technologies like, Spark Plasma Sintering
(SPS) also referred in the literature as Field Assisted
Sintering/Spark Plasma Sintering (FAST/SPS) or flash sin-
tering®'? are attractive due to the lower furnace tempera-
ture and shorter dwell time required for fabricating dense
materials. The use of high heating rates and shorter dwell-
ing time in these processing routes offers the possibilities of
tuning microstructures down to the nanoscale. FAST/SPS is
a low-voltage, direct current (DC) pulsed-activated pressure-
assisted technique. It can be used for sintering as well as for
material synthesis.

Although many ceramics were successfully consolidated
by FAST/SPS, sintering of some oxides remains a challeng-
ing task. An example is sintering of ceria (CeO,) and doped
ceria, which is an excellent mixed ionic-electronic conductor
with a great potential for application in electrochemical de-
vices. The main problem is fracture of fully dense or nearly
dense sintered ceria and doped ceria sarllples.33’34 The state
of the art for processing GDC by FAST/SPS and specific
challenges are discussed in depth elsewhere.?®3* The use of
graphite dies causes localized heterogeneous reduction of
GDC, which is spatially dispersed. It has been observed that
the loss of oxygen is most severe at the interface in direct
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contact with the electrodes. On a macroscopic scale, sam-
ples fracture into several pieces during ejection from the
die. Inhomogeneous chemical expansion, induced by non-
uniform reduction of the sample leads to internal stresses
causing this phenome110n.26’35 The chemical expansion of
GDC is related to the volume expansion and contraction with
oxygen depletion and accumulation in the lattice, respec-
tively.26 The degree of chemical expansion is associated with
the electrochemical potential of oxygen in the lattice, which
is a function of the partial pressure of oxygen, temperature
and the electrical potential. More recently flash sintering,
discovered in 2010, has been shown to sinter zirconia at a
furnace temperature of 850°C in <5 s by applying electric
fields of ~100 V cm™" directly to the spc:cirncsn.36 Since its
discovery, flash sintering has been shown to apply to sev-
eral if not all oxides and even ceramics of complex composi-
tions.”>*"*" Voltage and current control are prerequisite for
reliably conducting this process. The flash experiments can
be carried out in two modes, the voltage-to-current control

324144 and the current-rate control modus.**® Most

modus,
experiments were carried out in the first mode so far, where
an electric field is applied to a powder-pressed “green speci-
men” held at a certain furnace temperature or by ramping up
the furnace temperature at a constant rate. These variants are
known as isothermal flash sintering and constant heating rate
flash sintering, respectively.

Depending on the material, flash is initiated by a specific
combination of electric field and furnace temperature, also
known as onset of flash.* It is signaled by a non-linear rise
in material conductivity, and a surge in power dissipation.
After initiating the flash event, the specimen sinters to nearly
full density, typically within seconds. The surge is contained
by switching the power supply from voltage control to cur-
rent control. The current limit determines the extent of sin-
tering.”® Thus, the flash sintering process has the following
characteristics: (a) nonlinear rise in the conductivity,3 639 (b)
bright light emission,”’ > and (c) rapid densification.*
Furthermore, the Debye temperature is currently seen as
a lower bound temperature for the onset of flash. #3335
However, the underlying mechanisms for the flash sintering
process remain under consideration.**>7"%

Previous studies demonstrated that flash sintering of
GDC can produce densities of ~95% at a furnace temperature
of 500-900°C, in just a few seconds,*3:65-68 However, some
experiments suggested that flash sintered GDC samples still
retained porosity hinting on not-optimum flash conditions.*
Also, a systematic investigation of microstructure evolution
remained incomplete. Therefore, the objective of this work is
to systematically study the influence of the electrical param-
eters on densification behavior and microstructure evolution.
A processing map, that specifies the “SAFE” and “FAIL” re-
gimes as a function of current densities and electric fields,
is developed. Two failure mechanisms, current localization
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coupled with hot spot formation and fracture due to pro-
nounced cracking were identified. The microstructure at dif-
ferent regions of the flash sintered sample was characterized.
In addition, the electrical conductivity of the flash sintered
sample from the safe regime was measured. The electrical
conductivity of the flash sintered sample was compared with
a conventionally sintered sample with similar relative density.

2 | EXPERIMENTAL PROCEDURE
2.1 | Material system
Commercially available 10 mol% GDC (GDCI0,

Gd 10Cen990;95) powder (grade GDC10-HP, Fuel Cell
Materials, USA) was used as the starting material. Particle size
distribution was measured with the laser diffraction method
(LA-950-V2, Horiba Ltd.) resulting in a d;, = 0.07 pm,
dsq =0.13 pm, and dyy = 1.97 pm. This means that the maxi-
mum particle diameters being less than 10%, 50%, and 90%
of the cumulative volume. The starting powder had a bimodal
distribution, suggesting the presence of some agglomerates.
The specific surface of the starting powder was 10.5 m’ g_1
(Area Meter II, Strohlein Instruments). The measured par-
ticle size distribution, X-ray diffraction analysis, SEM, and
TEM images are presented in Figure 1.

The as received powder was mixed with a 2-wt% organic
binder Duramax B-1000 (Rohm and Haas France SAS, BP).
This aqueous emulsion was used as binding agent. The binder
mixed powder was then uniaxially pressed in a dog-bone

shaped die with a pressure of 100 MPa. The dog-bone had
a gauge length of 15 mm, a width of 3.3 mm, and a thick-
ness between 1.95 + 0.15 mm. The amount of powder used
for these specimens was 1.0 + 0.1 g. The green body sam-
ples were too fragile to connect to the electrodes. Therefore,
they were heated to 600°C for 1 h to remove the binder, and
then pre-sintered at 1000°C for 30 min with a heating and
cooling ramp of 3 K min~'. The relative densities of the
pre-sintered samples, measured geometrically, was approx-
imately 62 + 1.5%.

2.2 | Flash sintering set-up and procedure

The dog-bone-shaped samples were connected to the power
source with a pair of platinum wires. Platinum paste was
applied to ensure good electrical contact. The flash sinter-
ing experiments were carried out in a vertical tubular fur-
nace; the experimental set-up is shown elsewhere.*’ Electric
field was applied using a Glassman 3-kW DC power source
(Glassman High Voltage Inc.) with a maximum voltage of
2000 V. For electric fields above 2000 V cm™, the gauge
length was shortened. The current flowing through the sam-
ple was measured with a digital multi-meter (Keithley 2000,
Keithley Instruments). The communication and control of
the power supplies were achieved by data acquisition (DAQ)
devices USB-6008 (National Instruments). General Purpose
Interface Bus (GPIB) was used to communicate with the
multimeter; the device that monitors the current was the mul-
timeter itself. Data were acquired through a graphical user
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FIGURE 1
characterization: (A) particle size

Starting powder

distribution, (B) X-ray diffraction spectra,
(C) SEM micrograph, and (D) TEM
micrograph [Color figure can be viewed at
wileyonlinelibrary.com]
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interface (GUI) developed in-house (University of Colorado
Boulder), running on MATLAB program.

The pre-sintered dog-bone-shaped sample was placed in
the tubular furnace with the two platinum electrodes wires.
Voltage-to-current experiments were performed with a con-
stant heating rate of 10°C min~". A constant electric field was
applied at room temperature, and the furnace was then heated
at this rate. Just after the onset of flash, the power supply
was switched from voltage-to-current control. The sample
was held under current control for 30 s before the power was
switched off. In isothermal flash sintering experiments, the
furnace temperature was held constant; the sample remained
in the furnace for 10 min to achieve a uniform temperature,
and then the electric field was applied. Again the power sup-
ply was switched to current control just after the onset of the
flash. The power was switched off after being held for 30 s at
the maximum current density.

The shrinkage of the sample was monitored by a digi-
tal charge-coupled device (CCD) camera. The true uniaxial
shrinkage, e, was measured continuously from photographs
taken at 1-s intervals. The linear shrinkage strain, &, is given by

e =In(L/L,), (H

where L, and L are the initial and the time dependent gauge
lengths. Note that the strain is a negative quantity.

The gauge section of the flash sintered samples were used
for all characterizations. The final relative density of the sin-
tered samples was measured by the Archimedes’ principle
with distilled water as a liquid medium. The values for the
relative densities were calculated assuming a theoretical den-
sity for GDC10 of 7.22 g cm™. Investigation of microstruc-
ture was performed on the cross-sections (in length direction)
of samples after polishing according to a standard sample
preparation process. The surfaces were thermally etched
by annealing at 1250°C for 20 min, to delineate the grain
boundaries. SEM images of the sputter-coated (platinum)
microstructures were taken with a table top SEM (Phenom,
Fei Company).

2.3 | Impedance spectroscopy

Impedance spectra in the frequency range of 10° to
10" Hz were recorded using an Alpha-A High perfor-
mance Frequency Analyzer (Novocontrol Technologies
GmbH) in a tube furnace in air in the temperature range
between 200 and 600°C. The spectral quality was evalu-
ated using the Kramers—Kronig transformation, performed
with the Lin-KK software tool.”® Silver electrodes painted
onto the sample were used to ensure good contact to the
Pt wires of the setup. The measurement temperature was
limited to 600°C to avoid excessive sublimation of the Ag
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electrodes. Complex nonlinear least squares (CNLS) fitting
to an equivalent circuit model was performed with ZView
(Scribner Associates Inc). Each contribution in the spec-
trum was modeled by a parallel circuit of a resistance and a
constant phase element (CPE) with Z = 1/(jwQ)*.

Impedance spectra were recorded on a representative
flash sintered (isothermal) sample from the “safe” regimes in
the processing map. The sample was flash sintered at a con-
stant furnace temperature of 680°C and a DC electric field of
90 V cm™'. The maximum current density of 200 mA mm ™2
was applied for 30 s after the onset of flash. For compari-
son, a reference sample was produced from the same powder
batch by uniaxial pressing in a cylindrical die of 20 mm di-
ameter at a pressure of 150 MPa, and subsequent sintering at
1400°C for 2 h in air. For the reference sample, Ag electrodes
were fabricated using the same Ag paste as for the Flash sam-
ple. The conductivity of the grains (o,) and grain boundaries
(o) Was calculated via:

&
-t

The ratio of the respective pseudocapacitances of the
grain and grain boundary impedances, C, and Cy,, respec-
tively, was used as a geometrical correction factor to account
for the much smaller grain boundary volume. The pseudoca-
pacitance for each CPE was calculated via:

C=R+ Q"

3 | RESULTS AND DISCUSSION

The onset temperature of flash depending on the electric
field is shown in Figure 2A. In agreement with other flash
experiments, the flash temperature decreases with increasing
electric field. However, once the field reaches 1000 V cm_l’
the onset temperature appears to approach an asymptotic
value. Indeed at a much higher field of >3000 V cm™, the
onset temperature saturates at approximately 150°C.

Visual inspection of the samples, which were flash
sintered above an electric field of 300 V cm™
the formation of cracks. At very high electric fields
(>1000 V cm™), the samples splintered into many small
pieces, even at very low currents (a few mA). The power
density profile of the splintered samples showed a maxi-
mum value of 10 mW mm™
that the sample temperature was similar to the furnace tem-
perature before the samples splintered. Similar cracking/
splintering of the samples at higher electric field was also
observed in dense GDC10 samples.49

revealed

3 ..
; therefore, it is safe to assume
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FIGURE 2 (A) The furnace temperature for the onset of the flash event as a function of electric field and (B) Uniaxial shrinkage during the

constant heating rate experiments at different electric fields [Color figure can be viewed at wileyonlinelibrary.com]

The cracking of the samples at higher electric field may
be related to the non-uniform lattice expansion associated
with spatially non-uniform generation of oxygen vacancies. It
is known that GDC expands upon reduction because the ionic
radius of the cations increases from Ce*" (0.907 A) to Ce**
(1.143 A). Also, the positively charged oxygen vacancies
are electrostatically repelled by the surrounding cations.”®"!
First, the sample reduces adjacent to the cathode. Afterwards,
the reduction front moved towards the anode. The movement
of the reduction front may appear to be optically homoge-
neous at the macroscopic scale,72 but on microscopic scale, it
maybe localized and heterogeneous.

Another possible reason for cracking/splintering of the
samples might be a localized thermal shock. In the case of
voltage-to-current flash sintering, the power surge happens
quickly. At high fields and low furnace temperatures, the
power surge can produce thermal gradients and thereby, het-
erogeneous stress distribution leading to mechanical failure
of the samples.

In Figure 2B, the linear uniaxial shrinkage is plotted for
electric fields ranging from 0 to 300 V cm™'. Shrinkage at
higher electric fields (above 300 V cm_l) could not be mea-
_1, the
shrinkage behavior of GDC10 until onset of flash at around
1100°C coincides with the conventional densification rate
without electric field. At electric fields above 70 V cm_l,
a rapid shrinkage can be observed in mere seconds. The
relative density of all the samples was around 88%, as mea-
sured by the Archimedes’ method. These results suggest

sured because the samples were cracked. At 50 V cm

that the current density of 100 mA mm™? is not enough to
fully densify the GDC10 material. In comparison, full den-
sity in YSZ was already achieved at a current density of
100 mA mm~2.%°

The optimum combination of furnace temperature and
electric field for initiating flash was identified from constant
heating rate experiments, based on the relative density of the
flash sintered samples. These data were then used for iso-
thermal voltage to current flash sintering experiments. These
experiments were carried out at constant furnace temperature
of 680°C and constant electric field of 90 V cm™. The influ-
ence of the current density on the degree of densification was
studied (Figure 3).

The influence of the maximum current density on the rel-
ative density of flash sintered specimen is reported in Figure
3A. Higher current limit led to higher density as has been re-
ported for other oxides.?*>™ At 250 mA mm ™2, a density of
around 97% was achieved. At higher current densities, the cur-
rent began to “channel,” resulting in partial densification such
that densification only occurred in a small area while the re-
maining area remained non-sintered. Further densification of
the samples may be achieved by increment of the holding time
at stage III at a current density between 200 and 250 mA mm™>.
Nevertheless, the microstructure of the samples shows that near
the positive side the pores are entrapped inside the grains. These
pores are impossible to eliminate further; however, the volume
percentage of these pores in the sample is negligible for most
of the technological applications. The microstructural effects of
the failed specimens will be discussed later in this section.

The localization of the current represents a preferential
path for current flow through the specimen. It is well estab-
lished that the applied electric field results in the migration of
oxygen vacancies to the negative and oxygen ions to the pos-
itive electrode. With respect to the applied electric field and
time, the reduction front moves from the negative electrode
towards the positive electrode.”*”* The move forward of the
reduction front is not always homogeneous. It is assumed that
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temperature (680°C) [Color figure can be viewed at wileyonlinelibrary.com]

on microscopic scale the reduction front may have a filament
shaped appearance similar to the reaction front reported for
memristor devices.””"® The reduction of ceria generates oxy-
gen vacancies and electrons to maintain the charge neutrality.
According to density-functional theory (DFT) calculations
of ceria surfaces, oxygen vacancies form preferentially on
subsurface sites, and the two excess electrons tend to local-
ize on next nearest neighbor Ce®* ions.”” This may enhance
the electronic conductivity of the filament substantially as
compared to the rest of the sample. The defect chemistry and
related conductivity of GDC is extensively reported in the
literature. %8

The specimen temperature during the quasi-steady state
(stage III) of the isothermal flash sintering experiments was
measured with an optical pyrometer and estimated by black
body radiation (BBR) model from the power density. In a
quasi-steady state of flash (Stage III in voltage-to-current
experiments), the estimated sample temperature by BBR
model match quite well with the pyrometer temperature.
Direct measurement of the sample temperature with a plat-
inum standard during in situ experiments at synchrotron
facilities for TiO, and YSZ has been in good agreement
with the BBR model and the pyrometer values.”’ During
the quasi-steady state, BBR model assumes that the power
consumption is equal to the radiation loss. The BBR model
used in this study to estimate the sample temperature is
reported elsewhere,*® which is derived from the Stefan-
Boltzmann law and modified for the flash experiment con-
dition (Equation 2).

1/4

%]= 1+100((:;W (A> . )

In Equation 2, T is the sample temperature (K), 7|, the
furnace temperature (K), A is the surface area (mmz), Vis
the volume of the sample (mm3), W, is the normalized power
dissipated in the sample with respect to the volume of the
sample (W mm™), ¢ = 5.670374419... x 1078 W*m™2*K~*
is the Stefan—Boltzmann constant and « is a correction factor
to account the emissivity of the sample. In the current experi-
ments, the emissivity of GDC10 was assumed to be 0.9.

The specimen temperature was measured with the py-
rometer, and estimated from the BBR modal at the quasi-
steady state (stage III). Results are given in Figure 3B. The
figure also includes the corresponding power density at stage
III. Both estimated and measured temperatures are in good
agreement. Another remarkable result from this analysis is
how accurately the sample temperature and the degree of
densification of GDC10 matches with the conventional sin-
tering result, which shown in Figure S1. In conventional free
sintering, a temperature of 1400°C is required to achieve a
relative density of approximately 95%. In the case of flash
sintering, almost the same sample temperature was achieved
mainly by Joule heating when applying a current density of
200 mA mm 2, resulting again in a density of around 95%.
Nevertheless, the sintering rate in conventional sintering is
much lower and the dwell time much longer than in flash
sintering.

Additionally, isothermal flash sintering experiments with
a maximum current density of 200 mA mm ™2 and variation of
electric field were carried out. In these series of experiments,
the sample cracked at lower electric field (250 V cm™Y) as
compared to the constant heating rate experiments with
a maximum current density of 100 mA mm™7, Depending
on their appearance, the samples were assigned to “SAFE”
and “FAIL” conditions, and all results are compiled in a
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processing map given in Figure 4. The axes of this map are
the current density and the electric field.

The failure of flash sintered samples was categorized in
two ways:

1. Fracture: higher electric fields lower the onset temperature
for the flash but do not affect the degree of densification.
However, electric fields in the range 300-1000 V cm™!
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FIGURE 4 Processing map for voltage-to-current controlled flash
sintering of GDC10. The rectangular and circular symbols denote

the constant heating rate and isothermal flash sintering experiments,
respectively [Color figure can be viewed at wileyonlinelibrary.com]

resulted in generation of cracked but still coherent sam-
ples, as shown in Figure 5A. Further increase of the
electric field above 1000 V cm™' caused that specimen
splintered into many small pieces.

2. Current localization: the degree of densification depends
on the current density. However, at very high current den-
sity, the current seems to localize along a preferential path
in the specimen. An example of such localization in the
flash sintered sample is shown in Figure 5B.

SEM micrographs of the failed flash sintered samples
obtained from the polished and thermally etched surfaces
are also shown in Figure 5. The microstructure of the sam-
ple with current localization confirming that the sample was
only partially dense. In the non-sintered area, many pores re-
mained, while in the area with current localization full den-
sification and significant grain growth was observed. On the
contrary, the failure mechanism was significantly different
when caused by high electric fields. In this case, specimen
showed localized damage.

The microstructure of the flash sintered samples pro-
cessed under “SAFE” flash conditions was characterized
at different positions along the gauge section is shown in
Figure 6. The microstructures that are perpendicular to
the direction of current flow revealed non-uniform grain
size distribution in the gauge section of the sample. The
grain size close to the surface were finer as compared to the
grains in the middle part of the sample. The coarser grains

FIGURE 5 SEM microstructure analysis of samples failed due to (A) high electric field and (B) high current density [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 6 SEM micrographs at different positions of a sample belonging to the safe region. Flash sintering parameters: Isothermal flash

sintering, furnace temperature 680°C, DC electric field 150 V cm™', maximum current density 200 mA mm

flash 30 s [Color figure can be viewed at wileyonlinelibrary.com]

at the center suggest a higher local temperature. Previous
empirical and modeling studies on the temperature distri-
bution of the Zirconia samples during flash state reported
non-uniform temperature distribution in the sample.®'"%
They found significantly higher temperature in the middle
section of the sample as compared to the top and bottom
surfaces, presumably because of radiative thermal losses
from the surface. The larger grain size in the core region is
in agreement with our previous report on the current rate
flash sintering of GDC10.#

The grain size along the current flow direction, how-
ever, showed a large deviation. SEM micrographs of a
flash sintered specimen (constant heating rate, 10°C min'l,
150 V em™, and 200 mA mm ™) at different positions along
the gauge section and across the gauge section is shown in
Figure 6. The average grain size near the anode was approx-
imately 3 + 1.1 um, in the center 0.70 + 0.35 um and at the
cathode 0.40 + 0.23 pum. Furthermore, the microstructure
near the cathode region revealed to retained close pores.
The average grain size changed over a factor of ten from the
anode to the cathode. Such non-uniformities in voltage-to-
current flash experiments have been reported for other mate-
rials as wel],*6:47:83-85 However, in some cases coarser grains

=2 and Holding time after the onset of

are observed near the cathode, while in other materials, the
coarser grains are near the anode.”®

The abnormal grain growth is often related to electro-
chemical effects induced by the application of DC electric
field.**7>7*86%9 Under DC electric field, oxygen vacancies
ions will migrate and accumulated near the negative elec-
trode (cathode), while the oxygen ions will migrate towards
the positive electrode (anode). This results in enhanced oxy-
gen ion concentration at the grain boundaries near the posi-
tive electrode region. This can alter the space charge region,”
which may increase the grain boundary mobility thereby re-
sulting in coarser grain size, as shown in Figure 6. Recent
study on the densification and grain growth behavior of
GDCI10 sintered by FAST/SPS, where the net electric field
was negligible as compared to the flash sintering conditions
also showed enhanced grain growth regions close to the pos-
itive electrodes.™

Nevertheless, the limited densification near the cath-
ode region is likely related to the temperature gradient.
The change in oxygen vacancies concentration results in
charge compensation from electrons to conserve the electro-
neutrality. This can influence the electrical conduction
mechanism in the sample, where anodic and cathodic bulk
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regions become primarily p-type and n-type. Charalambous
and coworkers®* proposed the abnormal grain growth in
Titania near anode due to the Peltier effect, which causes
heating at the anode-electrode junction and cooling at the
cathode. In GDC10, significant electrochemical reduction at
the cathode propagates to the anode.”” As the cathode side
is reduced to a greater degree than the anode side, the in-
terface resistance at the anode will be greater, causing local
heating. The higher local temperature may then contribute
to enhanced densification and higher rate of grain growth as
compared to the cathode side.

The inhomogeneity in the microstructure during voltage-
to-current flash sintering can be avoided by optimizing the
processing parameters. For example, recent work from our
group48 showed that current rate flash sintering, where the
power supply is always held under current control, the grain
size was highly uniform across the full gauge section of the
dog-bone specimens.

The fundamental explanation for this dichotomy be-
tween current-rate and voltage-to-current experiments is
the difference in the current density at the onset of flash. In
voltage-to-current flash sintering, the current density rises
abruptly to the current limit which is often in the range of
50-200 mA mm 2. These high currents can produce large
voltage drops at the electrodes—given by the product of the
current density and the charge transfer interface resistance—
which produces local heating. Furthermore, the voltage drops
can be large enough to produce redox reactions which can
exacerbate the local heating particularly for the reduction re-
action at the cathode. In contrast, in the current-rate experi-
ments, the current density at the onset of flash for GDC10, as
reported earlier,”® was in the range of 7-9 mA mm™2, which
may reduce the voltage drop across the interface thereby side-
stepping the reduction reaction.

Furthermore, Biesuz et al.% reported that the use of AC
current for the flash sintering experiments can minimize such
electrochemical effects. Additionally, different electrode ma-
terials act differently at the electrode and sample interface.
Therefore, it is expected that the homogeneity of the sample
can also be improved by using alternate electrode materials.

Figure 7 shows the total, grain and grain boundary con-
ductivity vs. reciprocal temperature of the flash-sintered
sample, and the conventionally sintered sample. The estab-
lished equivalent circuit model for the impedance analysis
of ionic conductors is the brick-layer model, which approx-
imates both grain and grain boundary contributions as a
parallel circuit consisting of one resistor and one CPE each.
This model yields satisfactory results for the convention-
ally sintered ceramic and the flash sintered ceramic, when
extended by R-CPE elements to describe the electrode re-
sponse. A grain size analysis for a sample processed under
identical conditions as the reference sample yielded an aver-
age grain size of 0.73 + 0.3 pm, and the relative density was
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FIGURE 7 The total, grain and grain boundary conductivity vs.
reciprocal temperature for the conventionally sintered gadolinium-
doped ceria (GDC) sample (black line, open circles and squares,
respectively) and for the Flash-sintered GDC sample (red solid
squares, open circles and open squares, respectively). [Color figure can
be viewed at wileyonlinelibrary.com]

determined as 97.9 + 0.2%.”' The values for total and grain
conductivity of both samples are identical within the margin
of error of the analysis, while the grain boundary conductiv-
ity of the flash sintered sample is somewhat higher than that
of the conventionally sintered sample. The fitted values for
the activation energy of each partial conductivity are shown
in Table 1, along with the grain and grain boundary capaci-
tances at 200°C. All values are within the expected range for
GDC ceramics.”®"!

Further investigations are necessary to confirm whether
the higher grain boundary conductivity is a result of the flash
sintering. For the purpose of this investigation; however, the
data clearly shows that the conductivity of the flash sintered
sample is comparable to that of the sample prepared by con-
ventional sintering.

4 | SUMMARY

In this work, flash sintering of GDC10 applying DC con-
ditions was extensively studied. Based on the study, a pro-
cessing map delineating the “SAFE” and “FAIL” regimes in
terms of the current density and the electric field has been
developed. Two distinct failure mechanisms were identified.
In the case of very high current densities current localiza-
tion occurred. Contrary, in the case of high electric fields,
samples tend to crack and in worst case splinter into many
pieces. Processing map of GDC10 for flash sintering will be
beneficial for designing future flash sintering experiments,
and failure of the sample can be avoided by avoiding the
failed processing parameters. Such processing maps can also
be developed for different material systems.
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) Sample E,, grains C, grains E,, gb C, gb E,, total
values, as well as pseudocapacitances for
each component (at 200°C) GDCconv. 0.68+001 88-107"'F 080+0.003 18-10°F 0.72+0.01
GDCFlash ~ 0.66+0.01  43-10""F  0.87 +0.03 19-10°F  0.81+0.02
While higher electric fields lowered the flash-onset REFERENCES

temperature, the degree of densification was mainly
controlled by the current density. A current density of
200 mA mm™> was needed to obtain a density in the
range of 95%-97%. For comparison, in the case of YSZ,
full density is already obtained at a current density of
100 mA mm 2. Specimen temperature was measured by
optical pyrometer and also estimated by the BBR, showed
that 200 mA mm ™ the specimen reached a temperature of
approximately 1400°C. The temperature required to ob-
tain the similar degree of densification of the same pow-
der by conventional free sintering is found to be in a good
agreement with the estimated temperature during flash
sintering.

In voltage-to-current experiments with DC current, non-
uniform grain size distribution along the gauge length of the
GDCI10 specimens was found. The grain size near the anode
is larger by a factor of 10 that the grain size near the cathode.
The coarser grain size at the positive side is attributed to the
segregation of ions under the DC field, which influence the
grain boundary mobility.

The electrical conductivity of the flash sintered and con-
ventional sintered samples were measured using electro-
chemical impedance spectroscopy (EIS). The total and grain
conductivity of both the samples were identical within the
margin of error of the analysis, while the grain boundary con-
ductivity of the flash sintered sample was somewhat higher
than that of the conventionally sintered sample. Further in-
vestigations are necessary to confirm whether the higher
grain boundary conductivity is a result of the flash sintering
process.
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