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Flash sintering is a novel electric field and current assisted sintering technique which densify ceramics at
moderate furnace temperature and in short time (few seconds) as compared to the conventional sintering
techniques. The onset of flash encompasses three unique characteristics, (i) non-linear rise in conductivity,
(ii) luminescence and (iii) rapid densification. the mechanism behind the flash phenomena is not fully
understood yet. The present work experimentally demonstrated that the densification in flash sintering
is primarily dominated by Joule heating. Herein, we distinguished the onset of flash and the degree of
densification of cubic zirconia in sintering atmospheres with different oxygen partial pressures. In this
study, we demonstrate that the flash onset temperature and densification are independently influenced
by the sintering atmosphere during flash sintering. Furthermore, the extent of densification is not directly
influenced by the current density rather, by the power dissipated in the sample.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Main body

Flash sintering is a novel field-assisted sintering technique that
has emerged as an energy-efficient method to densify ceramics in
few seconds at relatively lower furnace temperatures, as compared
to the conventional sintering processes. Since its discovery in 2010
by Cologna et al. [1], wide range of ceramic materials including
ionic conductors, proton conductors, electronic conductors, semi-
conductors and insulators have been flash sintered [2-4]. Flash sin-
tering process exhibits the following characteristics: (i) non-linear
rise in the conductivity (ii) luminescence and (iii) ultra-fast den-
sification. The underlying mechanisms for the flash sintering pro-
cess remains debated in the literature. However, several theories
have been proposed based on Joule heating [5-7], electrochemical
reduction [8-10], local melting at particle contacts [11], and nucle-
ation of Frenkel defects (avalanche of defects) [12-14], to explain
the ultra-rapid densification.

In a typical flash sintering experiment, a constant electric field
is applied across the sample which is accompanied by a non-linear
rise in the conductivity, monitored by an increase in current. This
is termed as the onset of flash, which causes a surge in power dis-
sipation in the sample [15]. The electrical power to the sample is
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then switched from voltage-control to current-control in order to
prevent electrical/thermal runaway. This transition is accompanied
by rapid densification to near full density, typically within seconds.
Previous studies showed that the applied electric field controls the
furnace temperature at which flash onset occurs, while the extent
of densification is controlled by the set current density [16,17]. The
flash onset temperature can be reduced by increasing the applied
electric field. However, Debye temperature of a material is cur-
rently seen as a lower-bound temperature for the onset of flash
[12,18,19]. Previous studies show that lower oxygen partial pres-
sure environment decreases the flash onset temperature [8,20-22].
It is worth mentioning here that a decrease in the flash onset tem-
perature by changing the atmosphere will be energetically advan-
tageous, however, the detailed effect of sintering atmosphere on
the densification behavior still needs to be accessed.

Zhang et al. [20] reported that the onset of flash can be
achieved at a significantly lowered temperature in low P(0,) at-
mosphere in ZnO. However, the sample flash sintered in low P(O,)
atmosphere showed less densification as compared to in air [20].
Similarly, Liu et al. [21] and Mishra et al. [8] also reported the low-
ering of onset temperature in low P(O,) atmosphere for 3YSZ and
gadolinia doped ceria (GDC), respectively. In a recent study, Wang
et al. [22] reported significant reduction in the flash onset temper-
ature from 648 °C in air to 239 °C in an inert (Ar) atmosphere for
TiO,. The decrease in the flash onset temperature has been primar-
ily attributed to the enhanced conductivity of the sample in low
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Fig. 1. (a) Flash onset temperature for 8YSZ as a function of applied electric field in air,
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Fig 2. (a) Variation of the power dissipation and BBR temperature in stage Il with the current density (b) Influence of current density on the relative density.

oxygen partial pressure environments. Although extensive research
has been carried out on zirconia-based materials, a comprehensive
discussion on the influence of atmosphere on the onset of flash,
densification and the resultant microstructure is still missing.

In the present work, effect of atmosphere on the flash onset
temperature and densification behavior of 8 mol.% yttria stabilized
zirconia (8YSZ) was studied. We have experimentally distinguished
the two characteristics of flash sintering i.e., onset of flash and
densification, which are generally discussed as concurrent events.
It is demonstrated here that the onset of flash does not support
densification. Furthermore, a novel in-situ atmosphere-controlled
flash experiment was carried out to experimentally demonstrate
that the degree of densification directly depends on the power dis-
sipation in the sample. The microstructure of the sintered samples
was evaluated with respect to the electrode polarity.

Powders of 8YSZ (Tosoh corporation, Japan) with average par-
ticle size of 155 nm were uniaxially pressed into dog-bone shape,
having length, breadth and thickness of 15 mm, 3.5 mm and 2.3-
2.6 mm, respectively. The samples were pre-sintered at 900 °C for
1 h. The relative density of the green samples was ~45% of the
theoretical value. The microstructure of the pre-sintered samples
shows no grain growth but only neck formations between primary
particle contacts (supplementary Fig. S1). The pre-sintered samples
were loaded in a vertical tubular furnace with a pair of platinum

wires which were connected to a DC power supply (Sorensen DLM
300-2).

Flash sintering experiments were performed in two different
modes, (i) Constant heating rate (CHR), where electric field was
applied across the sample followed by heating the furnace at a
constant rate of 10 °C/min. Three different atmospheres were used
with regard to the oxygen partial pressure: air, Ar and Ar+2.9%
H,. The oxygen content was maintained at around 10~!8 ppm
and 10~% ppm in Ar+2.9% H, and Ar, respectively. Experiments
were performed at four different electric fields: 75, 100, 150 and
200 V/cm at a pre-set current density limit of 75 mA/mmZ. (ii)
Isothermal experiments were carried out at a furnace temperature
of 830 °C and 775 °C in air and Ar+2.9% H,, respectively at an ap-
plied electric field of 100 V/cm. The samples were flash sintered
at current densities varying from 25 to 150 mA/mm? (in steps of
25). The furnace was held at isothermal temperature for 15 min
before switching on the power supply to ensure uniform tempera-
ture across the sample. The samples were held in the state of flash
(stage III) for 30 s. The current and voltage were measured using a
digital multimeter (Keithley2000, Keithley Instruments, Cleveland,
USA). The sample temperature in the stage IIl of flash was esti-
mated using the black-body radiation model [23].

The ear sections of the sintered specimen were removed and
only the gage section was analysed for all the characterization. The
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Fig 3. CHR Flash sintering experiment in (a) under Ar+2.9% H, atmosphere and (b) in-situ re-oxidation: initially Ar+2.9% H, and then oxidizing atmosphere.

density of the sintered specimen was measured by Archimedes
principle using water as a medium. The samples sintered in air
were polished and thermally etched for 1 h at a temperature
170 °C less than the black-body radiation temperature. The mi-
crostructural analysis was performed in a Zeiss Ultra55 FEG-SEM.
Grain size was measured by linear intercept method using the
graphical user interface Linecut, running on MATLAB program [24].
The flash onset is characterized by a non-linear rise in the elec-
trical conductivity of the specimen. This is the point where the
sample temperature rises above the furnace temperature. To find
out the exact temperature at which the non-linearity begins, the
tangent method was employed on the first derivative of the power
density [12]. The method is described in the Supplementary file
(Fig. S2).

Fig. 1(a) shows the flash onset temperature against applied
electric field for 8YSZ samples, flash sintered in three different at-
mospheres. The flash onset temperature decreased as the applied
electric field increased, which is in agreement with the previous
findings [25,26]. Furthermore, at a particular electric field, the on-
set temperature decreased as the partial pressure of oxygen de-
creased. For example, at an applied electric field of 100 V/cm, the
flash onset temperature decreased from 755 °C in air to 713 °C
in an inert (Ar) atmosphere (P(0;) ~10~* ppm) and further de-
creased to 701 °C in reducing atmosphere of Ar+2.9% H, (P(O;)
~10~18 ppm). The decrease in the onset temperature was more
prominent at lower electric fields. The Arrhenius plots used for es-
timating the power dissipation at the onset of flash, where the
transition from linear to non-linear increase of conductivity de-
pends on the atmosphere, is shown in Fig. 1(b). The flash onset

is reported to occur within a narrow range of power density (5-
30 mW/mm?) for a variety of materials [27]. Power dissipation at
the onset of flash was higher in air when compared to the inert
and reducing atmospheres. This result signal towards the relation-
ship between the conductivity of the sample and the onset of flash,
which might be helpful in understanding the reduction in the flash
onset temperature of 8YSZ with decreasing P(0O,), as explained be-
low.

Yttria is the most commonly used dopant for stabilizing the cu-
bic phase of zirconia at room temperature and it also increase the
ionic conductivity. Substitution of Zr*t with Y3+, leads to the gen-
eration of oxygen vacancies to maintain charge neutrality. It is de-
noted by Kroger-Vink notation:

Zr0, 22 2}, + 308 + V; 1)

In low oxygen partial pressure environment, the oxide tends
to give up oxygen, it will do so by creating oxygen vacancies in
the lattice. Hence, the creation of vacant oxygen sites leads to a
change in the cation to anion ratio, which is known as oxygen
non-stoichiometry. Apart from generation of oxygen vacancies, free
electrons are also generated during this process to maintain the
charge neutrality. This is denoted by the following Kroger-Vink no-
tation [28]:

1
2
Thus, reduction in the oxygen partial pressure results in the in-

crease in the concentration of oxygen vacancies and associated free
electrons, which enhances the overall conductivity of the speci-

0% > -0, +V; +2e” 2)
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Fig 4. (a) Variation of the grain size with the position of the investigated region, (b) Grain size distribution of the sample, (c) Schematic representation of the investigated
positions in the gage section for microstructural analysis (d) Microstructure of the 8YSZ sample at three different positions (2, 5 and 8 in Fig.3(c)) flash sintered at a current

density of 150 mA/mm? in air.

men. As a result of this increased conductivity, the flash onset tem-
perature is lowered in oxygen-deprived environments, which pro-
mote the onset of flash at lower temperature.

The enhanced conductivity in inert/reducing atmosphere re-
sulted in the reduction of the resistance against the flow of cur-
rent, consequently, the power dissipation (I2R) decreases. This can
be clearly seen in Fig. 1(b) where the power dissipation at the on-
set of flash in inert/reducing atmosphere (marked in light red) is
lower when compared to air (marked in light gray). Recent study
by Biesuz et al. [29] also reported a decrease in the power den-
sity at the flash onset of the YSZ/Al,03 composites by increasing
the volume percentage of conductive phase (i.e., YSZ) in the com-
posite. The result confirms Joule heating as the primary origin of
the onset of flash. Nevertheless, the athermal effects of the applied
electric field cannot be ignored completely [8,30].

The flash sintered samples in inert and reducing atmosphere
showed blackening at the negative electrode side, which appeared
to propagate towards the positive electrode side. On the contrary,
the samples that were flash sintered in air did not show any no-
ticeable blackening. Blackening of the sample and the associated
electrochemical reduction of the sample is described in the Sup-
plementary file (Fig. S3).

Isothermal flash sintering experiments were performed to un-
derstand the influence of the pre-set current density limit on the
densification process in different atmospheres. Fig. 2(a) shows the
average power density and the estimated sample temperature (by
black-body radiation model) in stage IIl, at various current den-
sities. The average power density increased with increase in the
maximum current density. Likewise, the sample temperature in-
creased as the current density increased. Nevertheless, the average
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power density and the estimated sample temperature were lower
for the samples flash sintered in reducing atmosphere, when com-
pared to the samples flash sintered in air.

Fig. 2(b) depicts the influence of current density on the extent
of densification. The relative density of the flash sintered specimen
increased with increasing current density in both the atmospheres.
However, the extent of densification in air was higher when com-
pared to the reducing atmosphere. The sample flash sintered in
air achieved a maximum density of ~95%, whereas in the case of
Ar+2.9% H, it was ~68%, at a current density of 150 mA/mm?.

The relative density of the flash sintered samples can be di-
rectly correlated to the power dissipation. The higher the power
dissipated, the higher is the sample temperature. Hence, the sam-
ple sintered in air could be densified to a larger extent as com-
pared to the reducing atmosphere. This is an important finding,
which can separate the entanglement between the two important
characteristics of the flash sintering process that is, onset of the
flash and densification. Reducing atmosphere enhance the conduc-
tivity of the samples, which cause the flash onset to occur at a
lower temperature. However, the enhanced conductivity results in
lower resistance of the sample and lower power dissipation, which
cause lower densification of the sample. This suggests that the
densification is directly influenced by the heat generated in the
sample due to Joule heating.

To access the role of Joule heating on the densification of the
sample during flash sintering, two unique flash sintering experi-
ments were carried out. Fig. 3 shows an overview of the electrical
and thermal data of the CHR flash sintering experiment. It is to
be noted that the data only around the flash event is shown in
the images. The complete cycles of these CHR experiments can be
found in the supplementary figures (Fig. S4).

The first CHR flash sintering experiment was carried out com-
pletely in Ar+2.9% H, atmosphere. The sample was held after the
onset of flash for approximately 210 s. The current density was
limited to 125 mA/mm?. The density of the flash sintered sample
was measured to be approximately 61%. The second CHR flash ex-
periment was performed with similar processing parameters and
starting in Ar+2.9% H, atmosphere, however, the oxygen partial
pressure was changed in a controlled manner, in stage III. It can
be seen from the plot that the power dissipation was almost same
as in the first experiment. After 130 s, the atmosphere of the fur-
nace was switched to ambient air. The partial pressure of oxygen
was monitored for the complete cycle and the change in P(O,) is
evident from Fig. 3(b). It appears that the resistance of the sample
changed when the P(0O,) was increased. The increased P(O,) results
in the re-oxidation of the sample which now decrease the sam-
ple conductivity as per the reverse reaction mentioned in equation
(2). Therefore, the net power dissipation in the sample increased.
The increased power dissipation resulted in increased sample tem-
perature by Joule heating, which was also confirmed by the tem-
perature increase recorded by the thermocouple, placed very near
the sample. The flash sintered sample from the re-oxidation exper-
iment showed a densification of around 95%.

As the densification of the flashed sample in reducing atmo-
sphere was less, only the microstructure of the samples flash sin-
tered in air was investigated. The grain size analysis for the sam-
ples flash sintered in air at current densities of 100, 125 and
150 mA/mm? is shown in Fig. 4(a). However, there are contrary
reports on the microstructural homogeneity across the flash sin-
tered samples with enhanced grain growth either at the anode or
the cathode side [31-35]. Hence, the microstructure of the sam-
ples was analysed since any heterogeneity will cause change of
the properties The grain size distribution for the sample flash sin-
tered at a current density of 150 mA/mm? is graphically plotted in
Fig. 4(b). The grain size was calculated at various locations along
the gage length, marked 1-9 in Fig. 4(c).

Scripta Materialia 211 (2022) 114508

Fig. 4(a) shows the microstructural asymmetry due to the po-
larity induced effects (DC electric field). Quantitatively, the grains
on the anode side were almost twice the size of grains on the
cathode side. The inhomogeneity of the grain size at different elec-
trodes can be explained by the electrochemically induced temper-
ature gradient in the sample as explained previously for GDC ma-
terial [35]. Furthermore, the temperature gradient was confirmed
by melting of the platinum electrodes at the anode side at higher
current densities.

In summary, we demonstrate here that the flash onset tem-
perature and densification are independently influenced by the
sintering atmosphere during flash sintering. The sintering atmo-
sphere has the potential to influence of the concentrations of de-
fects which in turn affects the onset of the flash. The extent of
densification depends on the power dissipated in the sample. The
microstructural asymmetry in the sintered microstructure is at-
tributed to the electrical polarity induced electrochemical reduc-
tion.
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