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Joule heating is generally acknowledged as the main driving force behind Flash Sintering. However, this view is
challenged by the presence of athermal phenomena and the similarities between the flash process and dielectric
breakdown. This work offers new insights into flash as an electrical runaway. Using current ramps to perform
flash experiments on zinc oxide, two distinct stages within the process were revealed by electrical, thermal and
microstructural measurements: a field-dominated regime where the flash event is triggered and a subsequent

current-dominated regime associated with power dissipation. The contribution of each regime to the whole flash
process was found to be determined by the initial resistivity of the sample. Furthermore, impedance spectroscopy
data confirmed field-induced enhancement of conductivity at the flash-onset without significant Joule heating.

First introduced in 2010 [1], Flash Sintering (FS) is already a
well-established field-assisted sintering technique with a widening span
of potential applications. When externally heated in the presence of an
electric field, ceramic specimens undergo an abrupt increase in electrical
conductivity. This so-called flash event leads to rapid densification at
greatly reduced furnace temperatures for a broad variety of materials
[2]. The origin of flash is generally accepted as a thermal runaway [3,4].
Still, certain phenomena cannot be explained merely in terms of Joule
heating but rather as a consequence of the interaction between the
material and the applied electric field. Frequency response of flashing
systems under AC fields [5], electroluminescence [6], enhanced diffu-
sion kinetics [7-9] and defect generation and migration [10,11] are
some athermal effects detected during FS. In fact, it was hypothesized
that a field-assisted mechanism of avalanche and nucleation of Frenkel
defects, boosting diffusion rates and electrical conductivity, might be the
cause of the flash event [12-14]. Similarly, field-driven defect genera-
tion in the oxide bulk is considered to be the physical mechanism
accountable for dielectric breakdown in metal-oxide-semiconductor
devices [15]. The many similarities between the flash phenomenon
and dielectric breakdown continue to be explored [16,17] as evidence of
discharge during FS has been found by ultraviolet corona effect detec-
tion [18] or phase-resolved partial discharge analysis [19].

Nevertheless, identifying these athermal, purely electrical features
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and separating their impact on FS from Joule heating is quite chal-
lenging due to the positive feedback loop existing between electrical
current and temperature. Conventional FS (CFS) is performed under a
constant field while the furnace temperature is either increased or kept
constant. In both cases, the current freely rises up to a preset limit,
causing uncontrolled heating of the sample. An alternative approach to
improve thermal management during FS is the implementation of cur-
rent ramps, which allows to reduce the heat generation rate by con-
trolling the current traversing the specimen since the moment it starts to
significantly flow [20]. The possibility of adjusting the ramp rate makes
this methodology useful not only to avoid microstructural heterogeneity
but also to tune porosity and grain size [21,22]. From a phenomeno-
logical perspective, Current Ramp FS (CRFS) also allows for a more
detailed study of the flash process: the thermal profile and the length of
the experiments can be regulated as desired.

In the present work, the joint evolution of temperature and electrical
parameters during CRFS of Zinc oxide (ZnO) was analyzed in order to
define the role of Joule heating and deconvolve it from field-assisted
athermal effects. ZnO represents a suitable standard to investigate
flash behavior since its sintering has been broadly studied both inside
and outside FS literature [23-26]. Moreover, this material is highly
sensitive to field effects because of its native arrangement of electrically
active point defects, including zinc and oxygen vacancies, interstitials
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and antisites [27]. Around 0.8 g of a mixture of commercial powders of
ZnO (Sigma-Aldrich, 544906 nanopowder, < 100 nm) and a 4% w/w
polyvinyl alcohol (Sigma-Aldrich, 363162, 98.0 — 99 %) solution in
distilled water were uniaxially pressed at 500 MPa into dog-bone samples
with thickness of about 2 mm. The binder was removed by heating the
pellets at 500 °C for 30 min, which were held inside a tubular furnace by
two Ni-Cr wires connected to a DC power supply (EA-PSI 9750-06 DT).
Platinum paste was applied to favor electrical contact between sample
and electrodes. Electrical parameters were continuously recorded with a
power analyzer (PPA1500 Newtons4th Ltd) and an infrared camera (PI 1
M, Optris GmbH) was used to register temperature data and to monitor
the shrinkage of the samples. The CRFS experiments were performed at a
constant furnace temperature of 700 °C. The power supply provided the
required voltage for the current to follow a programmed linear ramp of 8
mAs~! up to a current density limit of 100 mAmm 2, which once
reached was maintained for 1 min before turning the power supply and
the furnace off. Three significant points were defined within a single
experiment, as depicted in Fig. 1. The process was stopped at each one of
these points, with the purpose of separately studying the evolution of the
sample throughout the FS by means of electrical, thermal and micro-
structural measurements. A sample just heated up to 700 °C without
applied field was microstructurally inspected as well. All samples were
let to freely cool down to room temperature inside the furnace. Average
grain sizes were estimated from SEM images by measuring the di-
mensions of 200 grains (Figure S1).

In CFS, after an incubation time dependent on temperature and field
strength (usually known as Stage I), a sudden drop in electrical resis-
tance signals the flash event and provokes a sharp rise of the current
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(Stage II) which is promptly restrained by the power supply to keep it
constant (Stage III) [28]. Under CRFS conditions, the incubation time
was shortened to less than 0.1 min, as the voltage was automatically
increased until the sample became conductive enough to permit current
flow. This was termed Point 1 or flash-onset, which essentially matches
the Stage II observed in CFS. Basically, the material transitioned from
insulator to conductor and consequently, the power supply switched
from controlled-voltage (CV) to controlled-current (CC) mode. The field
peaked at 110 Vem™! with a power density of 34 mWmm™ falling
within the range usually required for triggering the flash event [29]. At
that moment, the resistance of the material had dropped by more than
50% while the surface temperature of the sample was increased by
roughly 30 °C (Fig. 1, right). No shrinkage was detected and SEM
revealed a microstructure similar to the one found for the sample heated
without applied field (Fig. 2a), with an estimated average grain size of
(90 + 30) nm. The specimen showed heterogeneous particle distribution
and no signs of sintering or grain growth at Point 1 (Fig. 2b). Thus, the
internal temperature reached at the flash-onset was not sufficient to
cause visible microstructural changes. Joule heating was detected prior
to the ramp but it was very limited due to the small associated current
densities (3 mAmm 2 at the beginning of the ramp). At the flash-onset,
the emergence of conducting behavior on an initially insulating material
was therefore not a consequence neither of densification nor Joule
heating but presumably a field-induced phenomenon.

From the onset to the chosen limit of 100 mAmm ™2, the linear in-
crease of current density was accompanied by power dissipation leading
to the progressive heating and shrinkage of the sample throughout the
whole ramp (Fig. 1, left). At the middle value of 50 mAmm 2, named
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Fig. 1. Current density, electric field, resistance, power density, IR sample temperature and shrinkage evolution during CRFS of ZnO at a furnace temperature of 700
°C, current rate of 8 mAs ™!, current density limit of 100 mAmm 2 and holding time of 1 min. Three points of interest were defined as Point 1 — flash-onset, Point 2 —
interrupted ramp at its midpoint and Point 3 — complete ramp and cool-down. The plot on the right shows a magnified view of the region near the flash-onset as well

as the electric power density and temperature values at Point 1.
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Fig. 2. SEM micrographs of cross-section fractures from the gauge length of the dog-bone (obtained using a Hitachi S-4800 FEG-SEM operated at 5 kV), and grain size
distribution histograms of a) a ZnO sample heated at a furnace temperature of 700 °C without electric field and ZnO samples at b) Point 1 - flash-onset, c¢) Point 2 —
interrupted ramp at its midpoint and d) Point 3 — complete ramp for CRFS at a furnace temperature of 700 °C, current rate of 8 mAs ™}, current density limit of 100

mAmm 2 and holding time of 1 min.

Point 2, resistance had lowered by a 90% of its starting value and IR
measurements estimated a surface temperature increase of ~ 300 °C.
Densification was ongoing at this point, as evidenced by the shrinkage
profile and micrographs displaying enlarged grains with an average size
of (120 + 30) nm (Fig. 2¢). Yet, sintering was not complete and space
between grains was still discernible. Once the ramp was finished, Point 3
marked the end of the experiment after sustaining the current limit for 1
min with a total temperature increase of ~ 600 °C. Reaching a final
resistance of just 64 Q, the specimen was almost fully dense after the
complete FS process. A relative density of 97 % was obtained by the
Archimedes’ method taking 5.68 gem™> as theoretical density (JCPDS
Ref. code 00-005-0664), which was consistent with SEM images
showing a well-sintered material (Fig. 2d).

The linear control imposed over the current allowed the distinction
between two different regimes of field and current within the same CRFS
process. A first, field-dominated regime of high applied voltage causes a
pronounced drop in resistance that ends up resulting in a current-
dominated regime where resistance decreases gradually and densifica-
tion concurs with Joule heating. These two regimes are present in CFS
too, but the quickness of the uncontrolled current rise makes them look
like one — simply known as Stage II. This separation between flash-onset
and densification, with the latter heavily depending on the increase in
temperature derived from power dissipation, has already been pointed
out [30,31]. To address the athermal nature of the flash-onset, the focus
could be put on how the electrical behavior of the material can be
changed without significant power dissipation.

However, ex-situ characterization of the electrical properties of the
specimen right after Point 1 is restricted by its low density. Impedance
spectroscopy (IS) is a powerful technique to evaluate the electrical
response of ceramics, but a dense specimen is required to obtain accu-
rate results. Considering that any densification contribution to the
conductivity can be dismissed in Point 1, as no sintering was observed,
current ramp flash (CRF) experiments were conducted on dense ZnO
dog-bones. In addition, the risk of preferential current path formation
associated to microstructural heterogeneity can be minimized using
dense samples. Previous densification was carried out at 1000 °C for 2 h
in a box furnace with a heating and cooling rate of 10 °Cmin~!. A
furnace temperature of 700 °C and the same experimental conditions
employed to flash-sinter ZnO green bodies were used to perform a CRF
experiment with no holding time on a dense specimen (Figure S2). The
starting resistivity of the sample was much lower because of its higher

density so the field, resistance and temperature time profiles substan-
tially differed from the CRFS ones. The flash-onset was no longer
signaled by a field peak because of the current flowing from the very first
moment the field was applied. In these conditions, the entwined evo-
lution of current and field obstructs the study of any field-induced
effects.

Thus, the insulator-to-conductor transition typical of FS could only
be properly discriminated in dense ZnO samples if the starting insulating
behavior was ensured by decreasing the furnace temperature. The
different flash profiles recorded in experiments performed at furnace
temperatures of 100 °C, 300 °C and 500 °C (Figure S3) showed that the
initial resistivity is the key factor determining the balance between the
field-dominated regime where the flash-onset takes place (higher
resistance) and the following current-dominated regime (lower resis-
tance) once the sample is conductive. According to those experiments,
by decreasing the furnace temperature to 100 °C, the initial insulating
behavior of the dense sample guaranteed a high applied field and sharp
drop in electrical resistance.

To highlight the impact of the electric field, a series of CRF experi-
ments were run at 100 °C up to different current density limits from 0.1
mAmm 2 to 10 mAmm 2. These low current values corresponded to the
field-dominated regime of the flash process, well before the field peak
(Figure S3a). By interrupting the experiment prior to the transition to-
wards the current-dominated regime, Joule heating was minimized.
Fig. 3 displays the applied field and temperature increase observed at
the time the experiment is interrupted. The best compromise between
the presence of a moderate field and no significant heating was found for
0.2 mAmm 2. Below this value, the current limit was so small that it
could be reached under a weak field without even triggering the flash.
Above 0.2 mAmm 2, the total sample temperature increment began to
increase with the current density limit and the maximum field strength
remained stable around 375 Vem !, corresponding to the highest
voltage the power supply could provide.

In order to preserve the defect structure of the material and prevent
thermal defect annihilation, the sample subjected to a maximum current
density of 0.2 mAmm 2 was quenched by immersion in liquid nitrogen
upon removal of the electric field, instead of being slowly cooled down
inside the furnace. Afterwards, the electrical response of the specimen at
room temperature was obtained by IS. The electrodes were fabricated
from fast-drying silver paste on opposite faces of the gauge section of the
dog-bone. For the sake of comparison, a dense ZnO sample heated up to
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Fig. 3. Sample temperature increment (triangle) and maximum electric field strength (square) as a function of current density limit for a series of CRF experiments of

dense ZnO at a furnace temperature of 100 °C.

100 °C without applied field and then quenched was also characterized.
For both specimens, a semicircular feature appeared in the impedance
complex plane representation (Fig. 4a). The arc was quite distorted in
the case of the “no field” sample whereas the “field-applied” sample
offered a more defined response along with lowered resistivity. This
implies that the conductivity of dense ZnO was enhanced prior to the
flash-onset. To reach the limit of 0.2 mAmm 2 at a furnace temperature
of 100 °C, a field peak of 178 Vem™! produced a resistance drop with
negligible Joule heating (sample temperature increment of ~ 1 °C as
seen in Fig. 3).

To further study the nature of the increased conductivity, the “field-
applied” sample was later heated at 350 °C for 3 h in air atmosphere
according to previous works on thermal relaxation of ZnO defects [32,
33]. IS confirmed the restoration of the resistivity of the sample after the
annealing (Fig. 4a). Defect-related dielectric relaxation mechanisms
were identified by examining the electric modulus spectra derived from
the collected IS data. Fig. 4b shows the spectroscopic plots of the
imaginary part of the electric modulus, M”’, for the three studied sam-
ples. In the case of the “field-applied” sample, the displacement of the
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M’ peak towards higher frequencies indicates shorter relaxation times
for the charge carriers [34,35]; on the other hand, the broadening of the
M’ profile is the result of a wider distribution of relaxation times that
can be ascribed to increased concentrations of different types of intrinsic
defects [35]. The separation in the peak positions of the Z’*/M’’ spectra
(Figure S4b) for the “field-applied” sample corresponds to a localized
relaxation arising from short-range interactions in the bulk, consistent
with previously reported intragranular defect formation in
flash-sintered ZnO [36]. As opposed, long-range movement of charge
carriers along grain boundaries is associated with Z’’/M’ spectra
overlapping [37], which can be observed for the “no field” sample
(Figure S4a) and especially, for the “field-applied” sample after heating
at 350 °C (Figure S4c).

Hence, the electric field modified the resistance distribution of the
material (by defect migration, presumably) leading to increased con-
ductivity. Following thermal relaxation of the altered defect structure,
the initial resistivity and delocalized dielectric relaxation were restored.
The finding of athermal resistance degradation is compatible with a
dielectric breakdown mechanism. Both FS and breakdown are
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Fig. 4. a) Impedance complex plane plots and b) spectroscopic plots of the imaginary part of the electrical modulus at room temperature for samples of dense ZnO

heated up to 100 °C and quenched by immersion in liquid nitrogen (no field, circle); heated up to 100 °C, subjected to a CRF experiment up to 0.2 mAmm~

2 then

quenched (field-applied, triangle) and lastly, submitted to thermal treatment at 350 °C for 3 h in air atmosphere (field-applied + 350 °C, square). Measurements were
performed with an AC measuring voltage of 0.1 V over a frequency range from 1 Hz to 1 MHz.
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characterized by the transition from insulating to conducting behavior
of a dielectric subjected to a sufficiently strong electric field. Though the
fields involved in FS are commonly several orders of magnitude below
the typical dielectric strength of ceramics (2-7 kVem™! for ZnO [38]), it
has been reported that this value can be reached by the amplification of
the external field at the intergranular regions of the material [39]. Even
if such a local field is not enough to directly trigger breakdown, a process
of dielectric degradation known as soft breakdown or time-dependent
dielectric breakdown can happen after a certain time [39], which is
reminiscent of the FS incubation stage [40]. Breakdown finally occurs
when a conductive percolation path of defects generated under field
stress forms across the electrodes [15].

Enhancement of electrical conductivity in flash-sintered materials is
habitually attributed to their microstructures being finer than those of
their conventionally prepared analogues [41,42]. But previous works
have found increased ex-situ grain boundary conductivity for flashed
8-mol% Yttria-stabilized zirconia not explainable by thermal history
[30] and also defect formation leading to a considerable increase in
conductivity after FS of ZnO [36]. This study further shows that the
application of a modest electric field suffices to alter the electrical
properties of ZnO, triggering the conducting behavior that leads to
current flow and power dissipation in the later stages of flash processes.

Thus, the flash-onset should be considered the cause of Joule heating
and not a consequence, at least under the studied conditions. For con-
ventional FS and very conductive samples instead, the process is mostly
current-dominated because of a smoother resistance decrease related to
gradual power dissipation and eventually, thermal runaway. Future
work shall include looking for direct evidence of breakdown in these
cases and also under the influence of moderate fields, since the majority
of works reporting discharge focus on FS under strong electric fields in
the order of kVem™ [43]. In any case, FS might be regarded as an
electrical runaway rather than a thermal runaway: the parameter that
ultimately determines if the process is dominated by the field or by Joule
heating is the starting electrical resistivity of the material.
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