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Flash sintering is a novel sintering technique that allows high-density ceramics to be obtained at low
temperatures and using short dwell times, thus providing an energy-efficient alternative to conventional
sintering. The microstructure of flash-sintered samples can be fine-tuned by a proper control of
electrical parameters such as current density, electric field, and current profile, yielding significant
improvements of functional properties. The starting powder should also be carefully selected since
better sintering results are reported for smaller green grain sizes. However, this work evidences time
evolution of electrical properties of flash-sintered BaTiOz ceramics from submicron powders. The
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results reveal that these transformations greatly depend on powder grain size and can be further
adjusted with an adequate selection of electric power profiles. This work provides new insights into
ongoing phenomena during field-assisted sintering, such as grain growth and defect formation
dynamics. Although the results focus on BaTiOs, it offers a new pathway to tailor the microstructure of
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1. Introduction

Ceramic manufacturing is still based on the traditional sinter-
ing technique, which is very energy inefficient because lengthy,
high-temperature heat treatments are required. Nowadays,
world events point out the need to reduce energy consumption
and the environmental impact related to the industrial produc-
tion of ceramic materials. In this regard, field-assisted flash
sintering has arisen as a compelling energy-efficient technique
since it has proven to significantly reduce sintering time and
temperature via electric field application." Although a flash
sintering experiment involves many parameters such as sinter-
ing atmosphere, powder size, electric field, electric current, and
current profile, among others, an adequate control of them has
been shown to dictate the sample properties crucially.>* Several
phenomenological descriptions of the flash sintering under-
lying mechanisms have been proposed, yet a unanimous con-
sensus has still not been reached.*™®
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flash-sintered ceramics, which may be extended to other electronic materials.

Due to its novelty, flash sintering viability is yet to be studied
for many systems, especially for functional materials.””® In
particular, works related to flash sintering of ferroelectric
compositions are scarce and typically focused on obtaining
dense ceramics with suitable microstructure,”™® tending to
ignore the microstructure-properties relationship. BaTiO;
(BTO) is an extensively studied ferroelectric material widely
regarded as a perovskite-structured model of polar oxide.
Therefore, BTO is used as an archetype system for a wide
variety of studies involving grain and scaling effects, and
doping effects, among others.'* Binary and ternary BTO-based
ferroelectric systems have also been developed, chemically
designed to show enhanced properties for specific
applications.”'® Both undoped and doped BTO were recently
proven to be achievable via flash sintering,”® and fine micro-
structure tuning has been proven to be obtained by a proper
electric current control."”

In this work, two different-sized commercial powders of BTO
are subject to flash sintering experiments, evidencing the
influence of working conditions over the achieved microstruc-
tures and, consequently, functional properties. Moreover, we
take a step further and report the presence of a time instability
of properties as a consequence of flash sintering for smaller
powder sizes, which appears to be linked to an abnormal grain
size distribution. The aging of the properties also depends on
the specific electric profile, hinting towards the influence of

This journal is © The Royal Society of Chemistry 2023
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electric power over defect formation during flash sintering.
This report clashes with the established idea that sintering
from nanopowders achieves better densification at lower tem-
peratures and was therefore thought to be the best powder
option for flash sintering experiments.'®

2. Experimental procedure
2.1 Sintering experiments

Commercial powders of BaTiOs, provided by Sigma Aldrich, are
used for sintering experiments. Particle sizes with average grain size
of ~2 um (Sigma Aldrich, 99.5%, ref. 338842, hereafter referred to
as micropowder) and ~100 nm (Sigma Aldrich, >99%, ref. 467634
hereafter referred to as nanopowder) are used. Dog bone pellets
(Fig. S1a, ESIY) are obtained using a 270 MPa uniaxial load to form
the initial green sample (GS). The GS is suspended in the center of
the furnace using two platinum wires attached to its handles
following a typical flash sintering experiment setup (Fig. S1b, ESIt).
A homemade software controls the programmable DC power
supply (Ametek XG 600-2.6), changing its operation mode auto-
matically upon reaching the previously set current limit. Platinum
paint (SPI Supplies, 04990-AB) mixed with platinum paint thinner
(SPI Supplies, 04989-AB) is used in order to ensure electrical contact
between the sample and the platinum wire electrodes. A uniform
electric current flow along the sample is achieved using an
adequate paint geometry mimicking a plane parallel capacitor
(Fig. S1a, ESIt). A CCD camera records the samples’ luminescence
and shrinkage.

Both conventional flash sintering (CF) and controlled cur-
rent flash sintering (CCF) experiments are carried out in order
to study the influence of the electric current profile (Fig. S2,
ESIt) on the microstructure.” For a CF experiment, the sample
is heated at a furnace rate of 10 °C min~" from room tempera-
ture while a constant electric field is held until the current
runaway takes place; at this time, the power source changes to
constant current mode (Fig. S2a, ESIf). The sample is left
to dwell for a fixed time, and then both furnace and power
supply are turned off to let the sample cool naturally. For CCF
experiments, the sample is also heated at a furnace rate of 10 °C
min " but no electric power is applied until reaching the preset
temperature of 950 °C, where the sample is held exclusively
under current control. After reaching the maximum preset
current, the sample is left to dwell and then cools naturally,
like in a CF experiment. Current profiles are selected (i.e.,
conventional, ramp, step, quadratic and square root) so that
the current limit is reached at the same time in all cases
(Fig. S2b, ESIt). The sample’s resistivity during flash sintering
is evaluated to study the intrinsic uncertainty of the results and
their reproducibility due to the nature of the electrical contacts.
All tested samples achieve similar resistivity values during the
dwell stage; that is, when the same electrical conditions are
applied (Fig. S3, ESIt) such that the flash sintering experiments
are not critically affected by the electrical contacts.

In order to ensure reproducibility and minimize density
inhomogeneities, sintered specimens are cut far from the
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vicinity of the electrical contacts in a rectangular cuboid shape
(10 mm x 3 mm x 0.7 mm). The Archimedes method is used to
measure density. Density gradients are known to appear due to
the nature of the flash sintering technique, but they can be
lessened by proper control of the flash event.>® Scanning
electron microscopy (SEM) images show no visible presence
of density gradients, as shown in a representative illustration in
Fig. S4 (ESIY).

2.2 Microstructure and functional properties

The microstructure is evaluated using a field-emission scan-
ning electron microscope (JEOL, JSM-7001F), for which samples
are firstly polished and chemically etched for 1 min. The grain
size distribution is determined from SEM images by processing
an area of no less than 1000 grains. In order to electrically
characterize the samples, electrical contacts are applied on the
samples’ parallel faces using gold coating sputtering. Permit-
tivity values of unpoled samples are measured using an LCR
meter (Agilent E4980A) from about 520 K to 20 K at frequencies
ranging from 100 Hz to 1 MHz. Electric field-induced polariza-
tion (P-E) hysteresis loops are measured in a typical Sawyer-
Tower configuration by applying a triangular electric field of
amplitude of 2 kv mm™' at a frequency of 1 Hz at room
temperature. Impedance spectroscopy experiments are carried
out using a frequency response analyzer (AMETEK Solartron
Analytical). Impedance values are recorded using a frequency
sweep ranging from 100 mHz to 1 MHz at different tempera-
tures. Samples are heated in a furnace from room temperature
using a ramp of 5 °C min~" until the desired temperature is
reached; at this point, the sample is left for 10 min to allow
thermal stabilization. Impedance spectroscopy data is analyzed
following the work of Irvine et al.*

3 Results and discussion
3.1 Conventional flash sintering

Powder selection is a crucial factor for optimizing the flash
sintering process. For instance, smaller powder sizes are known
to reduce the onset temperature for a given electric field (or,
equivalently, the onset electric field for a given temperature)
and improve the final density of the sintered samples.'® Here,
the relations between electric field, onset temperature, and
density are studied for flash sintering of BTO from both micro
and nano-sized powders, and the results are gathered in Fig. 1.
Electric current density limit and dwell time are set at
15 mA mm™ 2 and 10 min, respectively. As previously mentioned,
the smaller powder requires a lower temperature to sinter when
the same conditions as for the micrometric powder are applied,
but the results show that the parameter region in which dense
samples are obtained is narrower for sintering from the nano-
powder. The sample’s density decreases directly with the electric
field for both cases in accordance with the literature.’ In a
previous work, we found that a homogeneous microstructure is
obtained for flash-sintered BTO from micropowder and that the
main electrical parameter affecting grain growth is the electric
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Fig. 1 (a) Sintering temperature (Tonset) and (b) relative density of samples obtained in conventional flash experiments carried out using different electric
field values (E). Current density and dwell time have been maintained at 15 mA mm~2 and 10 min, respectively. The Dong—Chen model?! is used to
validate the dependence of Tonset With E, showing a reasonable fit to the experimental data. (c)—(e) Representative micrographs of samples obtained in
conventional flash sintering experiments using nanopowder under different electric conditions: (c) 150 V. cm™t and 10 mA mm~2, (d) 200 V. cm~* and
10 mA mm~2, (e) 150 V.cm ™~ and 15 mA mm™~2. (f)~(h) Representative micrographs of samples obtained in conventional flash sintering experiments using
micropowder under different electric conditions: (f) 150 V.cm™* and 10 mA mm™2, (g) 200 V cm~t and 15 mA mm™2, (h) 150 V. cm™ and 15 mA mm™—2.
Dwell time has been maintained at 10 min for all cases. Bigger grains are obtained with increasing electric current. A heterogeneous microstructure is

400

displayed for samples obtained from nanopowders.

current, while the electric field does not seem to have a
discernible effect.'” This result is replicated in this experiment
and recorded in Fig. 1f-h. Similar results are obtained for flash-
sintered BTO from nanopowder, as shown in Fig. 1c-e, but the
sintered microstructure appears to be very heterogeneous.
Fine powder is known to enhance sintering due to improved
reactivity related to a higher free surface energy,?” but it seems
to introduce unexpected phenomena when interacting with the
electric field and the out-of-equilibrium nature of the flash
sintering technique. In order to evaluate this possibility, the
real-time densification of different samples is studied using
video data. Results are shown in Fig. S5 (ESIt), where samples
display different behaviors depending on the powder size.
Samples obtained from micropowder begin to shrink near the
flash event, with most of the contraction occurring during
dwelling. On the other hand, samples obtained from the
nanopowders experience the majority of their shortening stea-
dily since the incubation stage, so dwell has minimal effect
regarding their final length. Moreover, depending on the
electrical conditions, different trends appear for the shrinkage
of the samples obtained from nanopowders, showing a strong
influence of the electric sintering parameters on the shrinkage
mechanism. It can be speculated that the samples densification
mechanism strongly depends on the starting powder size when
undergoing flash sintering, which is further supported by the
fact that nanometric and micrometric powder mixtures were
flash-sintered with disappointing results (a higher furnace
temperature was needed for the flash event to take place and
lower densities were achieved, as recorded in Fig. S6, ESIT). It
should be noted that shrinkage is not a good measure of

12742 | J. Mater. Chem. C, 2023, 11, 12740-12749

density, as seen in Fig. S7 (ESIT), where no correlation is found
between both magnitudes. Samples tend to shrink more along
the electric field axis in a non-isotropic manner, so this
measurement should not be taken as direct information regard-
ing the density of the samples. Shrinkage measurements are,
therefore, only used to qualitatively analyze the densification
behavior during flash sintering.

As previously mentioned, samples obtained from nanopow-
der have a very inhomogeneous microstructure. Fig. S8b-d
(ESIT) shows the presence of both bimodality and abnormal
grain growth for these samples at different sintering condi-
tions. It is worth noting that samples obtained from nanopow-
der have a few grains that grow abnormally but contribute
heavily towards the total sample volume. At the same time,
their conventionally-sintered counterpart (Fig. S8a, ESIT) fol-
lows the same behavior as the samples obtained from micro-
powder. However, this abnormal growth depends on the
electric sintering conditions (Fig. S8b-d, ESIt), where higher
current densities create a bimodal microstructure and higher
electric fields tend to prevent the formation of huge abnormal
grains. On the other hand, samples obtained from micropow-
der (Fig. S8e-h, ESIT) tend to follow a lognormal distribution of
their grain sizes, achieving around 50% of their cumulative
volume near the distribution peak.

Powder selection seems to affect not only the densification
profile but also the resulting microstructure, which could have
unforeseen consequences regarding the sample properties.
Two interesting features are noticed in the samples sintered
from nanopowders: (i) samples become macroscopically con-
ductive a couple of weeks after sintering, causing a sharp

This journal is © The Royal Society of Chemistry 2023
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evolution in their functional properties; and (ii) the density
drops after a year, while their micropowder counterparts stay
stable (Fig. S9, ESIt). These samples also exhibit a slight
increase in their thickness after a long period of time, which
could explain the density drop. This swelling is yet to be fully
understood, although we hypothesize it might be related to the
stress relaxation associated with lattice mismatch and/or to a
change in the lattice parameter due to reoxygenation of the
flash-sintered reduced lattice.**>*

It is well-known that the dielectric response of BTO suffers a
mild aging effect whose origin is still debated."®> However, the
aging effect reported in this work is much faster than the one
reported in the literature. Moreover, no discussion about the
change in BTO density with time has been found, leading to the
assumption that the time evolution of properties reported here
for flash-sintered samples obtained from nanopowder differs
from the conventionally reported aging process. Therefore, a
flash-induced aging process seems to appear for samples
obtained from nanopowders, which will henceforth be labeled
as FINA (flash-induced nanopowder aging). Because flash sin-
tering is known to be able to induce the formation of meta-
stable phases® that could explain the observed FINA,
synchrotron XRD measurements are done in order to evaluate
the presence of spurious phases. Diffraction patterns of flash-
sintered samples obtained from both micro and nanopowders
are compared in Fig. S10 (ESIt), where no apparent differences
are observed. No spurious phases are detected. Lattice para-
meters are calculated using peak analysis for both samples,
obtaining tetragonality values of 1.0089 and 1.0093 for samples
obtained from nanopowder and micropowder, respectively. The
difference in the tetragonality could be attributed to the stress
induced during sintering or the lattice mismatch between the
matrix and the abnormally big grains in the sample obtained
from nanopowder.>®

In order to probe the origin of the FINA, three new samples
are prepared to study the evolution of their functional proper-
ties: (i) flash-sintered BTO from micropowder at 150 V em ™,
15 mA mm™ >, 10 min dwell time; (ii) conventionally-sintered
BTO from nanopowder, following a typical sintering scheme
(Fig. S11, ESIt); (iii) flash-sintered BTO from nanopowder at
150 V em™ %, 15 mA mm™?, 10 min dwell time. Results from
impedance spectroscopy analysis are displayed in Fig. 2, show-
ing that the main factor affecting the aging process is a
combination of both the nanopowder and the flash sintering
route. The flash-sintered sample from micropowder suffers a
small decrease in grain boundary resistance (Fig. 2b), while
bulk resistance (Fig. 2a) and capacitances (Fig. 2e and f) seem
to undergo no significant change. For the case of conventional
sintering from nanopowder, the specimen not only stays
immutable with time (Fig. 2c and g) but also yields the highest
values of impedance (ie., it works as an ideal capacitor,
obtaining capacitance and impedance values that exceed our
device measuring range). However, when the nanopowder is
used for flash sintering, the resulting sample exhibits both bulk
and grain boundary resistivities that strongly reduce over time
(around an order of magnitude decrease for 14 days, as shown

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Time evolution of (a)-(d) Nyquist plots and (e)-(h) capacitance
versus frequency response of samples sintered under different conditions:
(@), (b), (e) and (f) flash-sintered from micropowder; (c) and (g)
conventionally-sintered from nanopowder; (d) and (h) flash-sintered from
nanopowder. Samples were flash-sintered at 150 V. cm™ and 15 mA mm—2
with a dwell time of 10 min.

in Fig. 2d). In addition, both bulk and grain boundary capaci-
tances significantly increase as reported in Fig. 2h.

To better understand the time evolution of the electrical
properties of the flash-sintered samples from nanopowder,
temperature dependence of the conductivity is studied. A
flash-sintered sample from micropowder is also examined for
comparison. Fig. 3 shows that, initially, all samples have the
same behavior at high temperatures (above 200 °C), suggesting
roughly equal activation energy for conduction of 0.82 eV. This
value is similar to the reported migration energy for oxygen
vacancies in BTO, pointing towards the possible presence of
these defects.”” However, the flash-sintered samples from
nanopowder appear to have an electronic-like contribution to
the conduction at low temperatures. This is characterized
by the decrease of the conduction with temperature, but
with a conductivity value several orders of magnitude below
what would be expected for metallic conduction.?® This regime
also depends on the sintering conditions, hinting that the

J. Mater. Chem. C, 2023, 11,12740-12749 | 12743
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Fig. 3 Time evolution of bulk conductivity for samples flash-sintered
under different conditions. Filled points and solid lines correspond to
measurements taken after sintering the sample, while hollow points and
dashed lines correspond to data taken two weeks after sintering. The flash-
sintered sample from micropowder stays stable, whereas flash-sintered
samples from nanopowder evolve, showing an electronic-like contribu-
tion to conductivity at low temperatures that disappears after heating at
around 200 °C. The samples obtained from micropowder have a low
temperature resistivity value higher than the experimental detection limit.

microstructure (or defects structure) influences the non-ionic
conduction. Furthermore, the conductivity of these samples
undergoes a complex evolution for both low and high tempera-
tures, while no changes are detected for the sample sintered
from micropowder. A more detailed analysis is shown in
Fig. S12 (ESIt), where it may be seen that the low-temperature
regimen splits, which could indicate the presence of electro-
chemical reactions or a mixed conduction regime.*

Although the microscopic origin of this phenomenon is still
unknown, aging is found to be strongly related to the micro-
structure. Flash-sintered samples from nanopowder show a
very heterogeneous microstructure alongside abnormal grain
growth, while the samples that manifest no impactful aging
(i.e., the conventionally-sintered nanopowder and the flash-
sintered micropowder) have a well-defined and homogeneous
microstructure, as shown in Fig. 4. This result allows us to
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speculate that this abnormal structure arises as a consequence
of the flash sintering of highly reactive submicron-powders,
which in turn could be responsible for the FINA process. Since
the samples are stored at room temperature under atmospheric
conditions, we hypothesize that defect dynamics may be the
leading phenomenon governing the behavior of the samples.
Moreover, an important difference can be made between the
low-temperature and high-temperature regimes: the low-
temperature electronic-like contribution to conductivity disap-
pears after thermal treatment for an aged sample, while the
high-temperature contribution retains the same behavior with
a lower total conductivity value (Fig. S13, ESI}). The electronic-
like contribution, however, reappears after around 2 days,
indicating that the sample tends to become conductive with
time, even after the heat treatment.

The impedance measurement protocol involves heating the
samples until up to 500 °C such that the sample undergoes a
heat treatment every time a set of measurements is done. As a
result, the low-temperature conductivity regime modifies and,
therefore, it may yield false information about its time evolu-
tion (we can only report how it changes between measure-
ments). Therefore, to establish an adequate measuring
protocol, only the high-temperature conductivity regime will
be considered hereafter, excluding the electronic-like conduc-
tion regime.

To summarize, a thorough study on flash sintering condi-
tions for nanometric and micrometric BTO powders has been
done. Results show nanopowders require lower energy for the
flash sintering event to occur, leading to better densification.
However, an aging effect regarding density and functional
properties becomes apparent for nanopowders, which has not
previously been reported. This phenomenon appears to be
related to the microstructure inhomogeneity induced by the
flash sintering, and it seems to be a consequence of defect
generation dynamics.

3.2 Controlled current flash sintering

Current density rate is known to be an electrical parameter
that affects the microstructure during a flash sintering experi-
ment. It has been demonstrated that applying a slow current
ramp during the incubation stage helps achieve better densifi-
cation and microstructure homogeneity, although there is no

Fig. 4 SEM micrographs of samples sintered under different conditions: (a) flash-sintered sample from micropowder at 150 V cm™*and 15 mA mm™2; (b)

conventionally-sintered sample from nanopowder; (c) flash-sintered sample from nanopowder at 150 V cm™ and 15 mA mm—2.
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consensus on the microscopic origin of these enhance-
ments.>*°* In a previous work,"” the influence of the current
density profile during flash sintering over the microstructure
and functional properties of BTO obtained from micropowder
was widely discussed. It was reported that improved densifica-
tion and enhanced functional properties were observed for
initially low electric current slopes and current rates, which
hints that defect dynamics play an important role during flash
sintering.

In this regard, if the FINA process is related to defect
dynamics, the choice of different current profiles during flash
sintering should lead to different defect structures and, there-
fore, different functional properties. For this purpose, a new set
of samples are flash-sintered at 950 °C under current control
using different current profiles (Fig. S2b, ESIt). Shrinkages for
these flash sintering experiments are reported in Fig. S14
(ESIT), where different behaviors appear depending on the
current profile, thereby evidencing the importance of the
instantaneous electric current and electric field values during
flash sintering. Microstructures of current-controlled flash
sintering (CCFS) samples are reported in Fig. S15 (ESIt), show-
ing a clear difference in both grain size and grain size distribu-
tion when different current profiles are employed (a detailed
study of the grain size and volume distributions is reported in
Fig. S16, ESIY).

Both conductivity and activation energy are recorded for all
flash sintering profiles over a period of two weeks. Results are
plotted in Fig. 5, where bulk and grain boundary contributions
are separated from the total conduction. Firstly, it is interesting
to note that different profiles show slightly different activation
energy values, which can be attributed to differences in the
defect microstructure. Secondly, two different behaviors are
apparent when the time evolution of the samples is examined:
square root, conventional and step profiles remain arguably
constant regarding their total conductivity, while both ramp
and quadratic profiles have a sharp decrease in their total
activation energy and an increase in conductivity.

Grain boundary, bulk activation energies, and conductivities
exhibit complex behaviors for all samples, suggesting the
existence of several processes or electrochemical reactions
during flash sintering. In particular, the sample obtained using
the quadratic current profile shows the sharpest time evolution
of properties and the most heterogeneous microstructure.
Furthermore, the aged sample exhibits super-Arrhenius-like
behavior for all conductivity contributions, even for tempera-
tures above 200 °C. This phenomenon has already appeared in
previous experiments (Fig. S12, ESIt), but for this case, there
appears to be a shift in temperature with time. In fact, it can be
shown (Fig. S17, ESIT) this sample exhibits more than the three
typical contributions to conductivity (i.e., bulk, grain boundary,
and interface contributions), thereby indicating the possible
presence of a chemical reaction or mixed conduction for high
temperatures that disappears with time.?® This process, how-
ever, is not exclusive to this sample: most of the CCFS samples
exhibit this behavior when measured three days after sintering,
suggesting a clear evolution of the sample properties is present

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a)-(c) Arrhenius plots of conductivity and (d)-(f) activation energy

values for samples flash-sintered using different electric current profiles.
Bulk contribution, grain boundary contribution, and total conductivity
values are given for freshly sintered samples (solid points and lines) and
are compared to the same samples but aged 14 days (hollow points and
dashed lines). Conductivity changes with time, and its Arrhenius plots also
change in slope, suggesting an evolution of conduction mechanisms.
Different current profiles manifest different evolution in their activation
energies.

even for the high-temperature Arrhenius regimen (Fig. S17,
ESIY).

3.3 Origin of the FINA process

Functional ceramics are known to become slightly conductive
after sintering due to the formation of oxygen vacancies during
the process.** Moreover, BTO is known to be an ionic conductor
in the range of 300-500 °C,** but it can become a mixed
conductor due to oxygen nonstoichiometry.*® In this regard,
samples sintered using nanopowder are more susceptible to
the existence of these defects,*” which tend to disappear after
heat treatment or long exposure to the ambient atmosphere.
Here, this phenomenon appears to be evident, as shown in Fig.
S18 (ESIT), where the evolution of hysteresis loops is recorded
for conventionally-sintered samples from both BTO powders.
Initially, the sample obtained from the nanopowder is more
conductive than the micropowder counterpart, which can be
explained in terms of a higher concentration of oxygen vacan-
cies due to the higher reactivity of the nanopowder. After a year
of air exposure, oxygen vacancies tend to disappear, and the
samples become less conductive. In contrast, when the BTO
nanopowder is flash-sintered, an opposite trend is evidenced
(Fig. S9c, ESIt): the samples tend to become more conductive
and exhibit electronic conduction for the first weeks after
sintering. This is further supported by the shift of the para-
electric transition of a CF sample towards higher temperatures
with time (Fig. S19, ESIT), which can be explained in terms of a
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higher concentration of oxygen vacancies®” or lattice stress
relaxation.*®?°

The evolution of the impedance given in Fig. 2 and the
corresponding activation energy shift towards lower values
reported in both Fig. 3 and Fig. S12 (ESIY) can also be explained
regarding oxygen vacancies generation. It has been reported
that electron transport in BTO doped with oxygen vacancies
becomes metallic above a critical electron concentration,*’
which also explains the observed electronic-like conduction.*!
The mixed conduction regime reported in Fig. S12 (ESI})
implies the presence of some electrochemical or stress-related
phenomenon that favors the formation of vacancies, which in
turn could explain the unusual impedance arcs reported in
Fig. S17 (ESIf). For the case of CCFS samples, the same
arguments can be made. EDS measurements (Fig. S20, ESIt)
of the CCFS sample obtained using a quadratic current profile
show a difference in the composition of the grains, shifting
from 58.3% atomic oxygen in small grains to 54.9% in abnor-
mally grown grains. It is known that during flash sintering,
oxygen is consumed from the environment to annihilate the
oxygen vacancies and corresponding defects, playing a major
role in rapid densification.?* In the case of highly reactive
nanopowders, the oxygen vacancies formation rate may be
too high, and total annihilation might be impossible, leading
to defects accumulation in the abnormally grown grains.?****3

In order to probe the oxygen vacancy formation hypothesis,
a CCFS sample obtained using the quadratic profile is cut in
two halves, and each one of them is kept in different conditions
for three weeks: one in a furnace at 800 °C and the other in
vacuum at room temperature. After the treatments, both sam-
ples are stored in ambient atmosphere. Impedance spectro-
scopy measurements are then performed weekly for two weeks,
and the results are shown in Fig. 6. On the one hand, the half
held in furnace conditions experiences a sharp increase in its
resistivity and a notable reduction of its capacitance while
maintaining almost constant activation energy. After the sam-
ple remains in air for one week, it returns to its previous state
becoming even more conductive and with higher capacitance
than when freshly sintered. Moreover, the activation energy
drops following the same evolution reported in Fig. 2 for a
freshly-sintered sample. On the other hand, the half held in
vacuum conditions follows an alternating behavior, changing
between higher and lower values of both resistance and capa-
citance depending on the week the measurement took place.
Furthermore, after the sample remains in air, it tends to
increase its resistivity and reduce its capacitance response for
all frequencies, demonstrating the opposite behavior of its
other half held in a furnace.

If the formation of oxygen vacancies was the only underlying
mechanism responsible for the FINA effect, the sample held
in the furnace for three weeks should reoxygenate rapidly
and be stable with time but instead tends to become conduc-
tive again after the treatment. Otherwise, the sample held
in vacuum should favor the formation of oxygen vacancies
until saturated, but it has a non-trivial time dependence.
Consequently, we hypothesize that the FINA process has two

12746 | J Mater. Chem. C, 2023, 11,12740-12749

View Article Online

Paper
-2.0 T T . T T - -1.00
Furnace Sample Vacuum Sample
—~ 45| ===Freshly sintered | o= —Freshly sintered lo7s =
§ 7| =——1Weekin furnace e 1 Week in vacuum B =
£ w2 \NVeeks in furnace 2 \NVeeks in vacuum €
£ 40} =3 Weeks in furnace | o3 Weeks in vacuum los0 £
(23 1 Week in air 1 Week in air g
= 2 Weeks in air 2 Weeks in air =
N 05} + 025 N
m_ <
0.0 0.5 1.0 1.5 00 02 04 06 08 10
Z' (MOhm-cm) Z' (MOhm-cm)
10° — ——— T 10°
ci d]

10 § 1 110°
€ T £
2 10 T Jio7 2
w w
o T ] o

10° + 10°

I Furnace Sample T Vacuum Sample \
10—11 L L 1 L L L L i 1 1 1 1 1 1 1 1 10—11
10° 107 10* 10° 10° 10° 10° 10°
f (Hz) f (Hz)

% T T T T T T T T T T T T %‘
= 10 el © flo &
> © >
() [
2 2
9] 9]
C [
w ost 1 {os W
c c
o © o
= E=
© ©
> >
F o6f + © 106 F
< <
< £
S Furnace Sample Vacuum Sample S
M g4l \ A . , . N , L L , 04 M

[y

o 1 2 3 4 5 0 1 2 3 4
time (weeks) time (weeks)

Fig. 6 Time evolution of (a) and (b) Nyquist plots, (c) and (d) capacitance
versus frequency response, and (e) and (f) activation energy for bulk
conduction of a CCFS sample under a quadratic current profile. The
sample is cut in two halves after sintering; one is kept in vacuum and
the other in a furnace at 800 °C for three weeks. After that, both halves are
stored in ambient atmosphere and measured at one-week intervals for
two weeks. Measurements were performed at 350 °C.

underlying mechanisms: (i) a short-range one responsible for
the oxygen vacancies formation and increase of conductivity
during the first weeks after sintering, and (ii) a long-range one
related to the annihilation of the same defects. In order to
probe this hypothesis, impedance spectroscopy measurements
for both samples after remaining 9 months in ambient atmo-
sphere are performed. As shown in Fig. 7, the resistivity of both
samples significantly improves while the capacitance decreases
several orders of magnitude for all frequency spectrums.

Even though the long-range mechanism of the FINA seems
to be the normal recombination of oxygen vacancies, the short-
range mechanism is still not fully understood. We speculate
that due to higher reactivity, samples obtained from nanopow-
ders tend to reduce during sintering following the reactions:

1
T102 — \]OJrJr + 2e” + 502
VO** +2¢” — VO
Change in the atomic bonding causes a slight variation in the

lattice parameter, inducing inner stress in these samples that

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) and (b) Time evolution of Nyquist plots, (c) and (d) capacitance

versus frequency response, and (e) and (f) activation energy for conduction
of CCFS samples under two different current profiles. Measurements were
carried out at 350 °C.

might be enhanced due to the oxygen concentration mismatch
between big and small grains.>*** Stress and oxygen concen-
tration gradients may act as a driving force for restoring the
lattice oxygen in ambient conditions after sintering, reversing
the reaction. This could explain the changes in functional
properties after sintering, including the electronic-like contri-
bution to the conduction, the abnormal arcs present in the
impedance spectroscopy measurements, and the shift of the
maximum permittivity temperature. Moreover, this is further
supported by the results shown in Fig. S21 (ESIT): after treating
a fresh sample for a week at 900 °C, both tetragonal-orthor-
hombic and orthorhombic-rhombohedral transitions shift
towards a lower temperature, and the intrinsic dielectric
response increases, suggesting a change in both the lattice
parameter and the unit cell structure.®® When the heat-treated
sample is then held in vacuum for a week, it forms oxygen
vacancies, and its intrinsic dielectric response shifts back
to a lower value. After the lattice is reoxidized, the sample
becomes relaxed and evolves spontaneously, annihilating
the oxygen vacancies slowly over time. This relaxation could
explain the previously reported swelling and change in lattice
parameters.’® Several authors have measured the presence of
the above expected oxygen vacancies in flash-sintered
samples.*>™” A recent theoretical work has showed that, in
alumina, the excitation of certain phonons above the Debye
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temperature may drive the crystal lattice into an out-of-
equilibrium state, leading to the generation of Frenkel defects
with concentrations several orders of magnitude higher than in
thermal equilibrium.*® This idea has been further explored for
rutile TiO,, where O defects were reported to be more prone to
form than Ti defects during the non-equilibrium lattice
excitations.” These results are in agreement with lattice
dynamic measurements taken during flash sintering of rutile
TiO,.>° 1t is therefore hypothesized that lattice defects are key
during the flash sintering onset. Moreover, it is suggested that,
for metals, the current density is the main parameter affecting
the excitation of short-wavelength phonons. Therefore, the
current density appears to be the main force inducing the
out-of-equilibrium generation of Frenkel defects.’® This idea,
however, is yet to be explored in ceramic materials. In this
regard, the choice of different current density profiles affects
the instantaneous value of the electric current, which could
translate to the excitation of different phonons with time. This
might be the reason for the different microstructures and
properties’ evolution obtained when different current profiles
are used. Further studies including XPS and/or EPR measure-
ments would be desirable to correlate time evolution and
sintering parameters with atomic bonding states and defect
concentrations.

4. Conclusions

This work discusses the influence of the starting powder over
the flash-sintered sample behavior during and after sintering.
We selected BaTiO; since it is a well-known perovskite-
structured ferroelectric archetype. As already reported, submi-
cron powders require less energy to densify, but we observed
the time evolution of the sample properties towards becoming
electronically conductive at room temperature. This abnormal
behavior is accompanied by a highly inhomogeneous micro-
structure, which can be exhaustively tuned using a proper
electric current profile during flash sintering, providing a new
pathway to tailor the microstructure. While the origin of the
properties’ evolution is not fully understood, the results evi-
dence that lattice reduction and oxygen vacancies play a crucial
role. The formation of these defects seems to be enhanced
when using submicron powders, which until now were thought
to be able to achieve better results in flash sintering
experiments.
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