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Abstract—DC flash sintering of both pure and 0.5 mol.% Bi,Os-doped ZnO at a relatively high activating field of 300 V/cm has been investigated. It
is demonstrated that even high-purity ZnO single crystals can “flash” at ~870 °C. In comparison, flash sintering occurs at a substantially lower onset
temperature of ~550 °C in ZnO powder specimens, indicating the important roles of surfaces and/or grain boundaries. A model has been developed
to forecast the thermal runaway conditions and the predictions are in excellent agreements with the observed onset flash temperatures, attesting that
the flash starts as a thermal runaway in at least these ZnO based systems. Interestingly, enhanced grain growth is observed at the anode side of the
pure ZnO specimens with an abrupt change in the grain sizes, indicating the occurrence of electric-potential-induced abnormal grain growth. With a
large current density, the growth of aligned hexagonal single-crystalline rods toward the anode direction is evident in the ZnO powder specimen.
Moreover, Bi,O; doping defers the onset of flash sintering, which can be explained from the formation of space charges at grain boundaries, and
it homogenizes the microstructure due to a liquid-phase sintering effect. The key scientific contributions of this study include the development of
a model to predict the thermal runaway conditions that are coincident with the observed onset flash sintering temperatures, the clarification of
how flash starts in ZnO based specimens, and the observation and explanation of diversifying phenomena of sintering and microstructural develop-
ment under applied electric currents.
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1. Introduction

Recently, field-assisted sintering technology (FAST),
also known as spark plasmas sintering (SPS) and pulsed
electric current sintering (PECS), has attracted great inter-
est because it can achieve high sintered density at a lower
temperature in a shorter time with an improved microstruc-
ture [1-6]. In 2010, Raj and colleagues invented “flash sin-
tering” [6,7], in which they used an electric field (20-
100 V/cm) to initiate rapid densification of 3YSZ
(3 mol.% Y,0Os-stabilized ZrO,) in just a few seconds at
hundreds of degrees below the normal sintering tempera-
tures. Subsequently, flash sintering was demonstrated for
8YSZ (an ionic conductor) [8], Co,MnQ,4 (an electronic
conductor) [9,10], Lag ¢Srg4Coo2Feg 305 (LSCF, a mixed
ionic electronic conductor) [11], SrTiO3 (a dielectric oxide)
[12], MgO-doped Al,O; (but not pure Al,O3) [13],
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MnO,-doped SnO, (but not pure SnO,) [14], SiC-Al,O3—
Y,0;5 (but not pure SiC or SiC-Al-B4C-C) [15], TiO,
[16], Cep.sGdp201.9 (GDC) [17], and Y,O5 [18], An applied
stress can further reduce the sintering temperature in
flash-sinterforging [19]. Researchers also reported similar
flash sintering (grain welding) effects induced by applied
AC electric loadings using YSZ and BaCe, sGd, »O5_s5 spec-
imens, where they argued that the current flow though the
specimens (instead of the electric field) is the key parameter
[20-22].

Flash sintering differs from FAST because the applied
electric field is typically higher, the sintering time is shorter,
and the furnace temperature is lower. Thus, flash sintering
can in principle be more cost-effective and energy-efficient.
A mechanism for flash sintering must explain the simulta-
neous and discontinuous increases in mass transport kinet-
ics and electrical conductivity. Originally, Raj et al
proposed three possible mechanisms [7]: flash sintering
may be related to (1) Joule heating at grain boundaries that
enhances grain boundary diffusion and electrical conductiv-
ity; (2) an avalanche nucleation of Frenkel pairs driven by
the applied field; and/or (3) a non-linear interaction
between intrinsic fields (space charges at grain boundaries)
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and the applied field that produces “a catastrophic change
in self-diffusion at grain boundaries” [7]. More recent stud-
ies attributed the rapid sintering to a combination of Joule
heating and defect generation (including possibly uncon-
ventional avalanches of Frenkel defects) [6,13,18,23] or
enhanced ionic and electronic transport long
selectively-heated (and even selectively-melted) grain
boundaries and dislocations [24]; it was argued that that
Joule heating alone is not sufficient for accounting for the
observed fast densification [6,13,18,23]. Chen and
co-workers proposed electro-sintering of 8YSZ is due to
ionomigration of pores resulted from surface diffusion of
cations [25-27]. In this study, we proposed a model to pre-
dict the thermal runaway temperature that is coincidental
with the observed onset flash temperature, thereby attesting
that the flash (at least) starts as thermal runaway in ZnO.

Furthermore, recent “two-electrode experiments”
revealed interesting and intriguing observations of the field
effects on grain growth [6]. Conrad and colleagues showed
that a relatively weak applied DC or AC field could inhibit
grain growth of 3YSZ significantly [28-32]. Consequently,
sintering is enhanced because a smaller grain size provides
a greater driving force. In a separate controlled experiment,
Raj and colleagues also suggested that an applied modest
DC field of ~4 V/cm can inhibit the grain growth in 3YSZ
[33]. Two mechanisms have been proposed: Conrad
explained this field phenomenon by the reduction in the grain
boundary energy through interactions of the applied fields
with the space charges near grain boundaries [30,31]. An
alternative explanation was that Joule heating at grain
boundaries raised the local temperature and reduces grain
boundary energy by an entropic effect; this not only reduced
the driving force, but also created a pinning effect [33].

More recently, Chen and colleagues demonstrated that
an applied electric current (of ~50 A/cm?) could enhance
the grain boundary mobility (by >10 times) in the cathode
side discontinuously in 8YSZ, leading to abnormal grain
growth [34]. They attributed this effect to the accumulation
of supersaturated oxygen vacancies on the cathode side that
caused cation reduction to lower its migration barrier [34].
In this study, we have observed a somewhat opposite effect:
discontinuous (abnormal) grain growth and/or coarsening
in the anode side in ZnO during the flash sintering, which
can be explained from the possible occurrence of an
electric-potential-induced grain boundary (defect) struc-
tural transition by extending and combining Chen and col-
leagues’ concept (discussed above) [34], Tuller’s theory of
grain boundary defect chemistry in ZnO [35], and the idea
of grain boundary complexion transitions [36].

Most recently, flash sintering of nanocrystalline pure
ZnO under AC fields between 0 and 160 V/cm was
reported, where normal grain growth was observed [37].
In this study, we applied DC currents at a higher field of
300 V/cm to high-purity ZnO single crystals as well as pure
and 0.5 mol.% Bi,Os-doped ZnO powder specimens. We
have observed a number of interesting and intriguing phe-
nomena, including the flash (thermal runaway) of ZnO sin-
gle crystals, reduction of the onset flash temperature in
powder specimens, anode-side abnormal grain growth (in
contrast of the cathode-side abnormal grain growth
reported for 8YSZ [34]), growth of aligned
single-crystalline rods, and doping effects on deferring the
onset flash sintering and homogenizing microstructures,
which have greatly deepened and enriched our fundamental
understanding of the sintering and microstructural

development under electric currents. Moreover, a quantita-
tive model has been developed for predicting the thermal
runaway conditions that are in excellent corroboration with
experimentally-observed onset flash temperatures, thereby
suggesting that the flash (at least) starts as thermal runaway
in ZnO based specimens.

2. Experimental

The pure and 0.5 mol.% Bi,O3-doped powder samples
were fabricated by using purchased ZnO (Sigma Aldrich,
St. Louis, Missouri, USA: >99.9% purity, <0.5 um particle
size) and Bi,0j3 (Sigma Aldrich: >99.8% purity, 90-210 nm
particle size) powders. Nominally pure ZnO powders were
ball milled with alumina media for 2 h in isopropyl alcohol
with 0.5 wt.% of binder (10 wt.% of polyvinyl alcohol or
PVA dissolved in isopropyl alcohol). 0.5 mol.%
Bi,03-doped ZnO powders were prepared by ball milling
mixtures of the oxide powders and 0.5 wt.% of binder in
isopropyl alcohol for 10 h. All powders were subsequently
dried in an oven chamber at 80 °C for 12 h after milling.
The 0.5 mol.% Bi,O3-doped ZnO powders were calcined
at 600 °C for two hours in air in a covered Pt crucible, fol-
lowed by another round of 2-h ball milling in isopropyl
alcohol with 0.5 wt.% of binder and subsequent drying.
Dried pure and 0.5 mol.% Bi,O3-doped ZnO powders were
pulverized in a mortar and sieved under 150 mesh of sieve.
The resultant granulated powders were uniaxially pressed
at ~300 MPa in a mold (1/4 inch diameter) into green spec-
imens (disks) with the approximate dimensions: D (diame-
ter) = 6.4 mm and H (thickness) =4 mm. The average bulk
densities (+one standard deviations) of pure and 0.5 mol.%
Bi,03-doped ZnO green specimens were 63.5 £+ 0.8% and
65.0 £ 2.2%, respectively, of the theoretical densities. The
green specimens were then heated at the ramping rate of
5 °C per minute to 500 °C and baked at 500 °C isothermally
for one hour to burn out the binders. After measuring the
dimensions and weight of each sample, both sides of the
specimen were pasted by Pt inks (Heraeus Inc, West
Conshohocken, PA; catalog number: 116668009) with Pt
wire buried underneath. The pasted specimens were then
heated at the ramping rate of 20 °C per minute and baked
at 500 °C for 20 min. This baking process was repeated
approximately eight times (to attach Pt wires firmly without
going to a higher baking temperature to avoid any shrink-
age of ZnO specimens) until the Pt wire was connected
solidly to the dried Pt pastes.

The electroded sample was placed close to the thermo-
couple within a tube furnace, with Pt wire connected to
the power source. Each specimen was heated at the ramp-
ing rate of 5 °C per minute under an (initial) electric field
at 300 V/cm (calculated based on the initial specimen thick-
ness). Similar to a typical flash sintering experiment, the
applied voltage was kept a constant until the resultant cur-
rent reached a preset maximum value (/. =1 and 4 A,
respectively, for this study), at which point the power
source switched from the voltage-control mode to a
current-limited mode. The maximum current densities and
final electric fields in the activated state were estimated
based on the actual measured dimensions of sintered spec-
imens listed in Table 1, along with other experimental con-
ditions and results. When the power density reached the
maximum, the electric power source was kept on for an
additional 30 s, with furnace being turned off (the furnace
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