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This viewpoint article critically assesses several scientific and technological questions regarding flash sintering:
(1) How does a flash start? (2) What are the possible mechanisms of rapid densifications? (3) What are the elec-
tric field/current/potential effects? (4) Can we drastically reduce the flash temperature (or even start a flash at
room temperature)? (5) Can we control the microstructures (e.g., fabricate dense nanocrystalline ceramics) by

manipulating the electric field/current profile? ZnO is discussed as an examplar but other materials are also crit-
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ically reviewed. New results of both ZnO and Y,0s-statabilized ZrO, are presented. Open scientific questions and
new technological opportunities are discussed.
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1. Introduction

In 2010, Professor Raj and colleagues invented an exciting new
sintering technology called “flash sintering” [1,2]. Subsequently, flash
sintering was demonstrated for pure and Y,0s-stabilized ZrO, [1-6],
TiO, [7,8], ZnO [9-14], CaCusTi401, dielectrics [15], spinels [16-18], pe-
rovskites [19-22], and many other ceramics [23-31] and composites
[32-36]; please also see two recent reviews [37,38].

Fig. 1 illustrates an example of flash sintering of ZnO in air, where an
applied DC electric field of 300 V/cm initiates a flash at <600 °C to den-
sify a specimen in ~30 s. The flash leads to an abrupt increase of the elec-
tric current that would destroy the specimen without a constraint; with
a pre-set maximum current limit, the control system switches (from a
constant-voltage mode) to a constant-current mode shortly after the
flash. The final specimen density is largely determined by the pre-set
maximum current (density) that determines the specimen temperature
at the steady state (Fig. 1).

Flash sintering differs from the conventional field-assisted sintering
technology (FAST) or spark plasma sintering (SPS) in that the applied
electric field is typically higher, the sintering time is shorter, and the en-
vironment (furnace) temperature is lower (than the die temperature in
SPS), as well as the electric current flows directly through the specimen
(vs. mostly through the die in normal FAST/SPS). Thus, flash sintering
can be cost-effective and energy-efficient. The mechanisms for flash
sintering, as well as what are the electric field/current effects on
sintering and microstructural evolution, are under scrutiny.
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2. Flash Initiation

A mechanism for flash initiation must explain the simultaneous and
discontinuous increases in mass transport kinetics and electrical con-
ductivity. The first report of flash sintering proposed three possible
mechanisms: (1) Joule heating at grain boundaries that enhances
grain boundary diffusion and electrical conductivity; (2) an avalanche
nucleation of Frenkel pairs driven by the applied field; and/or (3) a
non-linear interaction between intrinsic fields (space charges) and the
applied field that produces “a catastrophic change in self-diffusion at
grain boundaries” [1]. In more recent reports, Professor Raj and col-
leagues suggested that flash sintering is associated with “a defect catas-
trophe that includes unusual generation of electrons, holes and point
defects” [39], it can sometimes exhibit an nucleation (incubation) peri-
od [40,41], and it produces electroluminescence [22,39,42]. Interesting-
ly, the onset of flash sintering starts in a narrow power density range of
10-50 mW/mm? for a broad range of materials [43], a phenomenon that
is not yet fully understood.

On the other hand, several groups independently proposed and
demonstrated that the flash in numerous material systems starts as a
thermal runaway [8,44,45]. One model [8,9,11] that uses a graphical
construction method to find the coupled thermal and electric runaway
condition is briefly discussed below. Here, the energy conservation
law (i.e., a balance between the heat generation and dissipation rates)
determines the rise of specimen temperature:

O(Ts)E*Vs = Q(Ts, TF) 1)

where E is the electric field, Vs is the volume of the specimen, Ts and T
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Fig. 1. Examples of the measured linear shrinkage vs. furnace temperature curves for flash
and conventional sintering of ZnO in air with a constant furnace ramp rate of 5 °C/min.
With an initial applied electric field of 300 V/cm, flashes started slightly below 600 °C.
The densifications occurred mostly within 30 s. The sintered densities depend on the
pre-set maximum current (density) limits. Figure replotted after ref. [11] with revisions.

are the specimen (S) and furnace (F) temperatures, respectively, o(Ts)
is the specimen conductivity, and Q(T57 TF)is the rate of heat dissipation
from the specimen. A coupled thermal and electric runaway will occur if
there is more heat generated with increasing temperature than that can
be dissipated, or:
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Eq. (3) suggests a graphical construction method to find the thermal
runaway conditions (e.g., Figs. 2 and 3) and the predictions agree well
with the observed onset flash temperatures for >10 cases with different
materials, doping, particle sizes, and atmospheres [8,9,11,13], attesting
the underlying hypothesis that the flash starts as a coupled thermal
and electric runaway in these systems. Todd et al. [44] and Dong and
Chen [45,46] also proposed and applied similar thermal runaway
models on other ceramics.

Figs. 2 and 3 display several additional examples (including six new
cases not published before), where the temperature-dependent con-
ductivities o(Ts) were measured from green specimens and extrapolat-
ed to predict the thermal runaway conditions that agree with observed
flash temperatures within ~5 °C. On one hand, Fig. 2 shows an interest-
ing particle-size dependence of specimen conductivities and the corre-
sponding flash temperatures of ZnO, which can be attributed to the
enhanced electronic conduction in the surface layers (with ~10'? excess
electrons per cm? in ZnO [47]) that decreases the flash temperature
with the increasing surface area. On the other hand, the surfaces and
grain boundaries of 8 mol% Y,0s-stabilized ZrO, (8YSZ) are insulating
so that the powder specimen has lower conductivities that result in a
higher flash temperature (Fig. 3); in addition, a reduced atmosphere
also decreases the conductivities and subsequently the flash tempera-
ture of 8YSZ. Interestingly, both the surface and atmosphere effects in
8YSZ are opposite to those observed in ZnO [9,13], but they can be
well explained given the different materials properties of 8YSZ vs. ZnO.

Numerous prior reports since 2015 [8,9,11,13,44-46,48,49] and two
sets of new systematic results (validations) shown in Figs. 2 and 3
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Fig. 2. Flash sintering experiments of three ZnO powder specimens of different particle sizes and a ZnO single crystal in air. (a) Measured conductivity vs. reciprocal temperature curves of
the specimens before the flash sintering. (b) Measured power dissipation density vs. furnace temperature (Tg) curves during the flash sintering experiments. (¢) Computed differential
heat generation and dissipation rates (per unit specimen surface area) vs. specimen temperature curves. In each of the four cases, the thermal runaway condition (the corresponding
specimen temperature Ts) can be determined by the intersection of the heat generation and dissipation rates curves; this can then be used to estimate the corresponding furnace
temperature (Tg) (using the blackbody radiation model) to compare with observed flash (furnace) temperature shown in panel (b). The single crystal data were taken from ref. [9]
and the experimental results of the three powder specimens of different particle sizes are new results originally reported in this viewpoint article.
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Fig. 3. Flash sintering experiments of three 8 mol% Y,0j stabilized ZrO, (8YSZ) experiments, including a single crystal 8YSZ in air and two powder 8YSZ specimens sintered in air and Ar + 5% Hy,
respectively. (a) Measured conductivity vs. reciprocal temperature curves of the specimens before the flash sintering. (b) Measured power dissipation density vs. furnace temperature curves
during the flash sintering experiments. (c) In all three cases, the thermal runaway conditions determined by the intersections of the corresponding heat generation and dissipation rates curves
agree well with experimentally observed flash temperatures. All data shown in this figure on 8YSZ are new results originally reported in this viewpoint article.

collectively suggest that the flash generally starts as a coupled thermal
and electric runaway at least in many, if not all, materials.

Yet, we should recognize the possibilities that in certain materials
systems, the occurrence of another physical phenomenon (e.g., a first-
order bulk or interfacial transition or avalanche of non-equilibrium de-
fects) with a sudden increase in specimen conductivity can also trigger
flash sintering; here, the thermal runaway can be a secondary physical
phenomenon (but not the primary cause) that induces the flash. Such
mechanisms have not yet been clearly demonstrated. Further research
is needed.

3. Possible Rapid Densification Mechanisms

The observed fast densification in flash sintering cannot be ex-
plained by simple Arrhenius extrapolations of sintering rates to the es-
timated specimen temperatures [2,26,50,51]. Thus, the rapid sintering
was attributed to a combination of Joule heating and non-equilibrium
defect generation, e.g., the “unusual” avalanches of Frenkel defects [2,
26,50,51]. However, local electric fields are much lower than that are
normally needed for generating Frenkel defects.

To understand the fast densification mechanism of ZnO, a critical
comparative study [11] was conducted. This study showed that the
flash sintering and benchmarking rapid thermal annealing (RTA, with
intensive radiative IR heating) experiments conducted with similar
T(t) profiles (with ultrahigh heating rates of ~200 °C/s, followed by iso-
thermal annealing for ~30 s) achieved comparable densification and
grain growth rates. This result suggested that the heating profile T(t)
(instead of the electric field/current) is the controlling factor for fast
densification, at least for pure ZnO. Fig. 4(a) shows the flash sintering
and RTA with similar T(t) profiles produces essential identical grain
size vs. relative density curves, suggesting similar underlying mecha-
nisms. Detailed comparisons of the densification and grain growth
rates in the flash sintering vs. RTA, which are similar one another with
the comparable ~200 °C/s heating rates, can be found in ref. [11].

Furthermore, Todd and co-workers conducted an “ultra-fast firing”
experiment for 3YSZ and reached a similar conclusion: “the accelerated
sintering is a consequence of the rapid heating rate involved rather than a
direct effect of the electric field on mass transport” [6]. Their results
showed that ultrahigh heat rates can increase the densification rates
by >100 times without an electric field [6].

These two studies [6,11] collectively suggest that the ultrahigh
heating rate (dT/dt) is a critical factor that lead to fast densification by
(1) preventing initial coarsening to keep a high densification driving
force and (2) possibly providing non-equilibrium effects. First, sintering
is a competition between “densification” and “coarsening”; the latter is
relatively faster at lower temperatures and reduces the sintering rate by
a factor of ~D* where D is the particle/grain size. Thus, an ultrahigh
heating rate (dT/dt) to “bypass” the low-temperature coarsening can
make a significant difference in the sintering rate (e.g., as small as 10%
reduction in coarsening can increase the sintering rate by >50%) [6].
Second, ultrahigh heating rates may also lead to the formation of non-
equilibrium grain boundary structures (or “complexions” [52-55])
with enhanced mass transport rates (in comparison with the more re-
laxed or near-equilibrium grain boundaries) to increase sintering rates
[6,56]. Further studies are needed to verify these hypothesized
mechanisms.

4. Electric Field/Current/Potential Effects

We should also recognize the possible electric field/current effects
on changing the densification rates, which can be pronouncing in cer-
tain materials. In a series of elegant studies, Chen and co-workers dem-
onstrated low-temperature electro-sintering of 8YSZ (with large
current densities) via ionomigration of pores resulted from surface dif-
fusion of Zr cations balanced by the lattice/GB diffusion of oxygen an-
ions [57-59]. This represents an unequivocal demonstration of a
significant electric current effect on enhancing the sintering rates with
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Fig. 4. (a) Measured grain sizes vs. relative densities for conventional (one-step) flash sintering, rapid thermal annealing (RTA) of comparable T(t) profiles, and two-step flash sintering
(TSFS). (b) Schematics of two-step flash sintering or TSFS that can enable fast densification with suppressed grain growth. This figure is replotted after combining the data reported in

refs. [11,12].

a convincing explanation, although it is not under flash-sintering
conditions.

Several more exotic electric field/current effects were recently ob-
served under conditions similar to flash sintering, including: (1) an
“anomalous lattice expansion” in 8YSZ [60], (2) reversible emerging
and distinguishing of cubic-like phase in 3YSZ during “on-off experi-
ments” at a specimen temperature that the cubic phase should not
form [61], (3) accelerated reaction/phase transformation in TiO,-Al,03
[62], and (4) an apparent “texture change” in TiO, (explained as field-
induced atomic re-arrangements) [63]. Electric field-induced softening
of alkali silicate glasses [64] and phase transformations in (Pb, La)(Zr,
Sn, Ti)O5 single crystals [65] have also been reported.

It is worth noting that earlier studies have already made interesting
and intriguing observations of the field effects on grain growth [2]. A rel-
atively weak applied DC or AC field appears to inhibit grain growth of
3YSZ (and subsequently enhance sintering due to smaller grain sizes)
[66-71]. Two possible mechanisms have been proposed: (1) the reduc-
tion in the grain boundary energy through interactions of the applied
fields with the space charges [68,69] or Joule heating at grain bound-
aries that reduces the grain boundary energy entropically and creates
a pinning effect [71].

More recently, Chen and colleagues demonstrated that an applied
electric current (of ~50 A/cm?) could enhance the grain growth in the
cathode side discontinuously in 8YSZ [72]. Further studies showed ei-
ther electrical or hydrogen reduction can depress the local oxygen po-
tential to increase cation kinetics and subsequently enhance grain
growth by up to 1000 times in doped zirconia and ceria [72-74].
Cathode-side enhanced grain growth has also been observed in flash-
sintered 3YSZ [75].

In general, asymmetrical grain growth, which are likely resulted
from electric potential (instead of field or current) effects, has been ob-
served in flash-sintered ZrO, [76], 3YSZ [75], MgAl,04 [18], UO, [77],
and ZnO [9], as well as dense 8YSZ [72] and SrTiO5 [78] under electric
loadings.

Interestingly, discontinuous (abnormal) grain growth and/or coars-
ening in the anode side during the flash sintering was observed in ZnO
(Fig. 5(a)) [9], which contrasts the cathode-side enhanced grain growth
observed in 3YSZ [75] and 8YSZ [72]. This phenomenon can be ex-
plained from the possible occurrence of an electric-potential-induced
grain boundary oxidation transition via combining Tuller's theory of
preferential grain boundary oxidation in ZnO [79] and the concept/pos-
sibility of complexion (grain boundary phase-like) transitions [52].
Conducting flash sintering in a reduced atmosphere (Ar + 5% H,) elim-
inated the asymmetrical grain growth (Fig. 5(b)), attesting the hypoth-
esis that grain boundary oxidation transition is the root cause for anode-
side abnormal grain growth [13].

AC flash sintering can eliminate the anode-cathode disparity in grain
sizes. However, when the specimens are large, nonuniform

temperatures can also result in grain size differences across the samples,
which may be controlled under the guidance of multi-physics modeling.

There are also more conventional electric field/current effects in
Zn0, including: (1) electric field induced migration of aliovalent cations
(e.g., Alz,® in Al;05-doped ZnO; unpublished results) and (2) growth of
aligned ZnO single-crystalline rods along the electric field direction at a
high current density [9]. Cathodoluminescence spectroscopy revealed
excess amounts of point defects, formed inhomogeneously in clusters,
in flash-sintered ZnO [80].

Overall, a diversifying spectrum of electric field/current/potential ef-
fects on sintering, grain growth, microstructure/defects development,
and phase transformation have been observed. Unfortunately, no gener-
al trend can be identified at this time, and the behaviors appear to be
materials specific. In-depth studies are needed to confirm many of the
observations and further understand their underlying mechanisms
(probably case by case).

5. Reducing the Onset Flash Temperature

Flash sintering at ultra-low furnace temperatures (or ideally starting
at room temperature) can have significant technological advantages. In
an earlier attempt to significantly reduce the flash temperature, a high
electric field of 2250 V/cm was applied to 8YSZ to reduce the onset
flash sintering temperature to ~390 °C, but the specimen could not be
sintered to a high density [81].

According to the model presented in §2, we can reduce the onset
flash sintering temperature via increasing the specimen conductivities.
For example, we can substantially increase the conductivities of ZnO
powder specimens via reducing the oxygen partial pressures in Ar
+ 5% H, to initiate a flash at a low furnace temperature of <120 °C; sub-
sequently, ~97% of the theoretical density has been achieved (with uni-
form grain size of ~1 pm) in ~30 s [13]. Using ZnO as a model system,
this study [13] discovered a strong dependence of flash sintering behav-
iors on the sintering atmosphere and pointed out a new direction to
control flash sintering.

A most recent study further developed a water-assisted flash
sintering (WAFS) technology. The conductivity of the ZnO powder spec-
imen can be increased by >10,000 times via absorbing water vapor to
enable a room-temperature flash; subsequently, the specimen can be
densified to ~98% of the theoretical density in 30 s without any external
furnace heating (Fig. 6). As a comparison, achieving similar densifica-
tion via conventional sintering of ZnO (with a melting temperature of
1975 °C) typically requires firing at >1000 °C for hours. It is worth not-
ing that Guillon and co-workers recently discovered that adding water
in nanocrystalline ZnO can enhance densification in SPS/FAST [82,83].
However, it is yet unknown whether the water works only by increasing
(surface) conductivity in the WAFS of ZnO, or whether it also
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with permission.

contributes to enhanced mass transport, similar to that in the cold
sintering technology (CST) [84-86] or water-assisted SPS/FAST [82,83].

This new WAFS technology open yet another window for innovative
ceramic fabrication with cost and energy savings, but extensive research
and development must be done before it comes to commercial ceramic
manufacturing.

Applied stresses can also reduce the flash temperature in flash-
sinterforging [87], an effect that should be investigated, explored, and
utilized in future studies.

6. Microstructure Control and Fabrication of Dense Nanocrystalline
Ceramics

To date, virtually every flash sintering experiment starts with a
constant-voltage (fixed initial field) mode that switches (shortly after
the flash) to a current-controlled mode (that sets a maximum current
or steady-state current density). This is neither the only, nor necessarily
the optimal, route/method to conduct flash sintering experiments or
subsequently large-scale fabrications.

To explore other flash sintering modes to control microstructural de-
velopment, a new two-step flash sintering (TSFS) method has recently
been developed to achieve fast densification with suppressed grain

growth (Fig. 4) [12]. In TSFS, a specimen was first kept at a higher cur-
rent of I; for a short duration t; after the onset of flash, and subsequently
switched to a lower current of I, (<I;) electronically for a longer dura-
tion t; (>t1), as schematically illustrated in Fig. 4(b). Using ZnO as a
model system, this TSFS method successfully achieved ~96.5% of the
theoretical density with a grain size of ~370 nm, which represents a
> 3 times reduction in final-stage grain growth in comparison with
the conventional (one-step) flash sintering (Fig. 4(a)). Moreover, TSFS
of ZnO achieved this result in a ~5 min, which is >200 times faster
than the conventional two-step sintering of ZnO (that took ~15-20 h
to achieve comparable results [88]). This cost-effective and energy-
saving TSFS method can potentially be applied to other materials to
achieve fast densification with suppressed grain growth (e.g., eventually
to fabricate dense nanocrystalline ceramics in minutes).

The recent work of TSFS of ZnO with a starting particle size of
~36 nm achieved a dense specimen of ~370 nm grain size (Fig. 4(a))
[12]. It may be possible to achieve nanocrystalline (with <100 nm
grain sizes) dense specimens with TSFS with smaller starting particle
sizes and further optimization of the processing parameters, but it has
yet to be demonstrated.

The success of TSFS further suggests a new general direction to con-
trol the densification and microstructural evolution via manipulating
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Fig. 6. [llustration of a new water-assisted flash sintering (WAFS) method: the adsorption of water vapor in a ZnO green specimen (of ~55% relative density) can promote the occurrence of
a flash at room temperature and subsequently densify this ZnO specimen to ~98% relative density in 30 s. Reprint from ref. [10] with permission.
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the I(t) profile in flash sintering (to any pre-set profile) to achieve better
or more customized results.

7. Selected Other Technological Developments and Issues

Researchers also reported similar flash sintering by using applied AC
electric loadings, where the current flow though the specimens (instead
of the electric field) is argued to be the key [89-91]. In fact, flash
sintering of ionic conductors sometime requires AC loadings to allow re-
versible electrochemical reactions to sustain the currents to lead to sub-
stantial densifications [92].

Several “flash spark plasma sintering (FSPS)” methods for densifying
more conductive ceramics (such as B4C [93], SiC [94,95] and ZrB, [96]),
as well as YSZ [97] and Nd-Fe-B based magnets [98], via forcing the oc-
currences of thermal runaways that do not occur naturally, have been
developed.

Moreover, a contactless flash sintering method using plasma elec-
trodes has been developed [99]. Most recently, a “flame-assisted flash
sintering” has also been developed as a noncontact method to densify
coatings on conductive substrates [100]. Yet another extension is repre-
sented by flash microwave sintering [101].

Most flash sintering experiments in laboratories have been conduct-
ed on small specimens (and the experiments on ZnO and 8YSZ reported
here used 6 mm diameter pellets; see [8-13] for experimental details).
Efforts have been made to scale up the flash sintering process. See two
recent reviews [37,38] regarding the discussion about different speci-
men sizes and geometries, as well as the scaling-up efforts.

8. Summary and Outlook

It has been demonstrated that a flash starts as a coupled thermal and
electric runaway in a variety of materials systems. A model has been de-
veloped to forecast the onset flash temperature via a graphical construc-
tion method. Two independent studies showed that ultrafast heating
without applied electric field/current achieved similar densification and
grain growth rates as the flash sintering with comparable heating profiles,
suggesting that ultrahigh heating rates are the key for achieving rapid
densification for at least ZnO and YSZ. Yet, studies discovered various
electric field/current/potential effects on sintering, grain growth, micro-
structure and defects development, and phase transformation, most of
which are likely materials specific and need further scrutiny. The onset
flash sintering temperature can be reduced by several methods. Notably,
a water-assisted flash sintering or WAFS method uses water to trigger a
flash at room temperature to subsequently densify ZnO to ~98% densities
in ~30 s. Another new two-step flash sintering or TSFS method enables
the fabrication of dense ceramics with suppressed grain growth.

Several open scientific and technological questions are given and/or
discussed as follows:

* Are there systems where the flashes are triggered by avalanches of non-
equilibrium defects and/or first-order bulk phase (or interfacial phase-
like) transformations with discontinuous increases in the specimen
conductivities (so that the thermal runaway is a secondary process
but not the primary cause)? What are their characteristic behaviors?
The rapid densification mechanisms should be further investigated. Do
non-equilibrium grain boundaries form in ultrafast heating and play a
role in enhancing sintering rates? Are there some materials where the
electric field/current enhanced densifications are significant or even
dominant in flash sintering?

In-depth studies should be conducted to confirm various electric field/
current/potential effects on sintering, grain growth, microstructure
and defects development, and phase transformation (with scrutiny),
and further investigate their underlying mechanisms case by case. Are
there any general trends or universal behaviors?

Can WAES and TSFS be applied to a broad range of other systems be-
yond ZnO?

 Can we control the densification and microstructural evolution via ma-
nipulating the I(t) profile in the flash sintering (to any pre-set profile) to
achieve better or more customized results beyond TSFS?

The author also believes that significant technological opportunities
may exist in

» applying a pressure in flash sintering to further enhance densification
and control microstructure development (beyond the flash-
sinterforging experiment [87]);

modifying flash sintering technologies to fabricate thin/thick films or
membranes; and

utilizing the contactless flash sintering technologies [99,100] to help
fabricate ceramic coatings on metal/conductive substrates, e.g., ther-
mal/environmental barrier coatings.
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