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a b s t r a c t
Flash-sintering is a promising approach for the ultra-rapid densiﬁcation of ceramics at low furnace temperatures under an applied electric ﬁeld. Here we have studied the effect of atmosphere on the ﬂashsintering of titania (TiO2 ) nanopowders under an applied electric ﬁeld of 400 V.cm−1 , and ﬁnd a dramatic
reduction in the ﬂash-onset furnace temperature (TF ), from 648°C in air to 239°C in argon (Ar). The reduced TF is close to the TiO2 Debye-temperature limit. This is attributed to a combination of nanocrystalline nature of the TiO2 powder and the O2 -lean Ar atmosphere, resulting in enhanced electricalconductivity characteristics. The reduced TF also results in ﬁner, uniform average grain sizes (360 nm
to 190 nm) and lower, uniform porosity (0.5% to 1.4%), going from the anode to the cathode. In contrast,
in air the corresponding average-grain-size range is 9.6 μm to 1.3 μm and the porosity range is 1.9% to
3.3%.
© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Flash-sintering was ﬁrst developed by Raj and co-workers in
2010, where they demonstrated the ultra-rapid sintering of ZrO2 based ceramics at relatively low furnace temperatures by applying
an external electric ﬁeld [1]. Since then, this process has attracted
signiﬁcant scientiﬁc interest in the materials science community,
and it has been applied successfully to a wide range of oxide ceramics that typically have a negative temperature coeﬃcient of resistivity (NTCR) [2,3], including Al2 O3 [4], Y2 O3 [5], TiO2 [6], ZnO
[7], etc. There has been some effort to reduce the ﬂash-onset furnace temperatures (TF ) even further in making the process more
energy eﬃcient. Typically, this is achieved by applying higher electric ﬁelds (E) [8–11]. However, E >1,0 0 0 V.cm−1 is diﬃcult to handle safely in a laboratory. Thus, reducing the O2 partial pressure
in the furnace atmosphere instead is a potentially promising approach, but there are only two papers focused on detailed studies
of the effect of atmosphere on ﬂash-sintering of oxide ceramics.
In the case of ZnO, Zhang et al. [7], reported a reduction in TF ,
from 599°C to 237°C, by going from air to Ar furnace atmosphere
(E=300 V.cm−1 ) However, while the ZnO ceramic ﬂash-sintered in
air densiﬁed to 97.5%, the one in Ar densiﬁed to only 69%. Further
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increase in E to 500 V.cm−1 , together with the addition of 5% H2
to the Ar atmosphere, resulted in TF of 108°C, with 97.4% density
[7]. In the case of 3 mol% Y2 O3 -stabilized ZrO2 (3YSZ) ceramic, Liu
et al. [12], observed a modest reduction in TF , from 916°C to 895°C,
by going from 100% O2 atmosphere to 40% O2 + 60% Ar (E=140
V.cm−1 ). Note that both studies used nanoscale starting powders;
ZnO: ~30 nm and 3YSZ: 70-120 nm. These effects have been attributed to the increased electrical conductivity in these oxides in
the O2 -lean atmospheres [7,12,13].
Here we have investigated the effect of atmosphere on the
ﬂash-sintering of TiO2 , a ceramic that is prone to formation
of oxygen-deﬁcient sub-oxide (TiO2-δ ) in O2 -lean atmospheres,
thereby inﬂuencing the electrical-conductivity characteristics [14].
In this context, Jha et al. [6], have reported ﬂash-sintering of TiO2
(rutile starting powder; ~20 nm) in air, where they found TF of
780°C, 700°C, and 640°C for E of 250 V.cm−1 , 500 V.cm−1 , and
1,0 0 0 V.cm−1 , respectively. The densities are not reported, but
some of the samples appear to be near-full density from the scanning electron microscope (SEM) images, and the average grain
sizes are reported to be in the 1.2-1.5 μm range [6]. Zhang et al.
[15], investigated the effects of doping (V or N) and startingpowder phase (rutile or anatase starting powders; ~30 nm) on the
ﬂash-sintering of TiO2 ceramics in air (E=500 V.cm−1 ). They found
that the starting-powder phase inﬂuences TF in undoped samples:
anatase 768°C (95% density, ~1.11 μm grain size) and rutile 831°C
(97% density, ~0.46 μm grain size) [15]. They also found that V-
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doping results in a reduction in TF in both anatase (665°C) and rutile (672°C). Li et al. [16], used ~900°C furnace temperature (E=60
V.cm−1 ) for ﬂash-sintering of rutile TiO2 nanopowders (~50 nm) in
air to achieve ~98% density. For comparison, conventional pressureless sintering of TiO2 ceramics requires temperatures up to 1400°C
[16,17]. In the present study, we have used the standard Degussa
P25 TiO2 starting powder (~20 nm) composed of a mixture of 87%
anatase and 13% rutile, and we ﬁnd that TF decreases from 648°C
in air to 239°C in Ar (E=400 V.cm−1 ). Also, the microstructures of
the TiO2 ﬂash-sintered in Ar are much ﬁner (average grain sizes
190-360 nm) and more uniform across the entire specimen. An
explanation based on the interplay between particle size, point defects, and electrical conductivity is provided for this dramatic effect
of atmosphere in the ﬂash-sintering and microstructures of TiO2 ,
which may help further our understanding of ﬂash-sintering itself.
The starting powder, Degussa P25 TiO2 , was purchased commercially (purity ≥99.5%, ACROS Organics, USA), and it was uniaxially pressed in graphite dies (25 mm diameter) at ~10 MPa,
followed by cold-isostatic pressing (AIP, USA) at ~200 MPa. Bar
specimens (2 × 3 × 15 mm3 ) were cut from the green compacts
(~57% dense). The two ends of the bar specimens were coated
evenly with Ag paint (SPI Supplies, USA), leaving 7.5-mm length
of the bars (‘gauge’ length) in the middle uncoated. This was followed by baking the bar specimens at 150°C for 30 min to remove any organics. The two Ag-coated ends were wrapped tightly
with two separate bare Cu wires, which were connected to a DC
power source (DLM 600W, Ametek, USA). Flash-sintering experiments were performed in a tube furnace (fused silica tube) under either ﬂowing air (P(O2 ) ~0.21 atm.) or Ar (P(O2 ) ~0.001 atm.).
Once desired purging and ﬂow were obtained, both the furnace
and the power source were switched on. The furnace was rampedup at 8°C.min−1 , and the power source was under constant-voltage
control maintaining E=400 V.cm−1 . An upper current limit of 0.5
A (current density, J=83.3 mA.mm−2 ) for the ‘ﬂash’ event was
set in both cases, which is when the power source automatically
switched to constant-current control. The furnace and the power
source were switched off 30 s after the ‘ﬂash’ event, and the furnace was cooled naturally under ﬂowing air or Ar. The power density and the furnace temperature were recorded during the experiments.
The Ag-coated, Cu-electrode-wrapped ends of the ﬂash-sintered
specimens were cut off, and the remaining ‘gauge’ length of the
bars was used for characterization. The bars, and the as-received
TiO2 powder, were characterized using an X-ray diffractometer
(XRD; D8 Discover, Bruker, Germany). The phase compositions
were estimated using Rietveld analysis. One long face of each bar
was ground and polished to a 1-μm ﬁnish using routine ceramographic techniques. Some polished specimens were thermallyetched in air at 850°C for 15 min. Microstructures along the length
of the bars were observed in a SEM (Quattro, ThermoFisher Scientiﬁc, USA). Average grain sizes of the near-anode, center, and nearcathode regions were measured (thermally-etched specimens), using the lineal-intercept method. Image analysis was performed on
the SEM images (specimens not thermally-etched) using ImageJ
software to determine the porosity in those three regions.
Figs. 1A and B plot the power density as a function of the furnace temperature for TiO2 ﬂash-sintered in Ar and air, respectively
(E=400 V.cm−1 , J=83.3 mA.mm−2 ). Most notable is the signiﬁcant
decrease in TF from 648°C in air to 239°C in Ar. Also, there is a reduction in the maximum power density from 3.07 W.mm−3 in air
to 1.73 W.mm−3 in Ar, and a more abrupt rise in the power density
(~0.4 s) in Ar compared to air (~3.7 s). However, the power densities at onset are still quite small (<0.06 W.mm−3 ) in both cases,
consistent with the analysis by Raj [18].
Figs. 2A and B show XRD patterns from the specimens ﬂashsintered in Ar and air, respectively. It is conﬁrmed that both speci-

Fig. 1. Power density as a function of furnace temperature for the ﬂash-sintering
(E=400 V.cm−1 ) of TiO2 in atmospheres: (A) Ar and (B) air.

Fig. 2. Indexed XRD patterns of TiO2 : (A) ﬂash-sintered in Ar, (B) ﬂash-sintered in
air, and (C) Degussa P25 starting powder. Indexing subscripts refer to anatase (A)
and rutile (R) phases.

mens contain only rutile phase TiO2 , although the peaks are somewhat broader in Fig. 2A. XRD pattern of the Degussa P25 TiO2
starting powder is included in Fig. 2C, where the phase mixture
is determined to be 87% anatase + 13% rutile; the signiﬁcantly
broader peaks are consistent with the 20-nm crystallite size in the
powder.
Figs. 3A-E and 3F-3J are SEM micrographs of the specimens
ﬂash-sintered in Ar and air, respectively, along their length, from
near anode (top) to near cathode (bottom). The differences in the
microstructural scale and uniformity in the two cases are remarkable (see Table 1). In the Ar atmosphere, the average grain sizes
range from 360 nm to 190 nm, going from the anode to the cathode (~2-fold decrease), whereas the corresponding range is 9.6 μm
to 1.3 μm in air atmosphere (~7-fold decrease). There is a slight
gradient in the estimated porosity, which ranges from 0.5% to 1.4%
in the Ar specimens going from the anode to the cathode, and 1.9%
to 3.3% in the air specimens.
It is generally accepted that the onset of ﬂash-sintering in typical NTCR oxide ceramics is triggered when a certain combination of critical electrical conductivity (σ ), and its temperaturedependence characteristics (dσ /dT, d2 σ /dT2 ), is achieved as the
furnace temperature is raised (i.e. thermal-runaway models)
[9,15,18,19]. In this context, the results presented in Fig. 1 indicate that in O2 -lean atmosphere (Ar; P(O2 ) ~0.001 atm.) these critical characteristics in TiO2 are attained at a furnace temperature
~400°C lower than that in the O2 -rich atmosphere (air; P(O2 ) ~0.21
atm.). The effect of P(O2 ) on the σ of polycrystalline TiO2 ceramics (at various temperatures) has been studied, and it has been
shown that σ is inversely proportional to P(O2 ) in the range 0.001
to 1, but only in nanocrystalline TiO2 ceramics [17,20]. In contrast,
in conventional coarse-grained TiO2 ceramics the opposite dependence is well-established: σ ∝ P(O2 )1/4 [17,20]. The inverse proportionality observed in nanocrystalline ceramics has been attributed
to the preferred paths for ionic diffusion (carrier mobility) at reduced temperatures provided by the high density of grain boundaries [17,20]. Also, enhanced defect formation (carrier concentra2
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Fig. 3. SEM micrographs of ﬂash-sintered TiO2 (thermally-etched), near anode (top) to near cathode (bottom), in atmosphere: (A)-(E) Ar and (F)-(J) air. Note the vastly
different magniﬁcations for (A)-(E) and (F)-(J); inset in (J) is at same magniﬁcation as (A)-(E).

Table 1
Summary of results from the characterization of the ﬂash-sintered TiO2 specimens.
Argon

Location

Anode
Center
Cathode

Air

Grain Size
(nm)

Porosity
(%)

Flash-Onset
TF (°C)

Grain Size
(μm)

Porosity
(%)

Flash-Onset
TF (°C)

360
260
190

0.5
0.6
1.4

239

9.6
4.3
1.3

1.9
2.6
3.3

648

3
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tion) in the space charge regions next to grain boundaries is expected to increase the ionic conductivity [17,20]. Since green compacts of P25 TiO2 starting powder used here are nanoscale (~20
nm), they are expected to behave akin to nanocrystalline TiO2 . The
dominant point defect in anatase TiO2 in O2 -lean atmosphere is
expected to be Ti interstitials, which are favored over O vacancies [14,21], where the extra electrons can participate in the conduction and/or reduction of Ti4+ to Ti3+ [14]. Thus, it is hypothesized that the combination of nanoscale nature of the predominantly anatase TiO2 powder and O2 -lean atmosphere (Ar) results
in increased mobility and carrier concentration. This makes it possible to attain the critical electrical conductivity characteristics at
much lower furnace temperatures, and leads to more rapid densiﬁcation. Interestingly, the earlier studies on ﬂash-sintering of ZnO
[7] and 3YSZ [12] showing reduced TF in O2 -lean atmospheres also
used nanoscale starting powders. It is important to note that the
low furnace temperatures (<239°C in TiO2 ) before the ‘ﬂash’ event
in Ar atmosphere help maintain the nanoscale nature of the green
compact. However, in air, signiﬁcant particle coarsening is expected
in the green compacts considering the much higher furnace temperatures (<648°C in TiO2 ), where the σ -P(O2 ) behavior is more
likely to follow that observed in coarse-grained TiO2 .
This latter effect, together with the higher specimen temperatures in air atmosphere, appears to be responsible for the signiﬁcantly larger average grain sizes observed, as compared to the
Ar case (Fig. 3 and Table 1). Regarding the signiﬁcant gradient in
the average grain size from anode (coarse) to cathode (ﬁne) observed in both Ar and air atmospheres (Fig. 3 and Table 1), such
effect has also been seen in other ﬂash-sintered semiconductor oxides [2,7,19]. For example, Zhang et al. [19], found a signiﬁcant
decrease in the grain size in ﬂash-sintered ZnO, going from anode to cathode. Note that the exact opposite trend is observed
during grain growth under electric ﬁeld (not ﬂash-sintered) 8YSZ
by Kim et al. [22], which is attributed by the authors to the enhanced grain-boundary mobility near the cathode due to a possible grain-boundary reduction reaction that lowers the energy barrier for cation migration. However, Zhang et al. [19], have suggested
that in the ﬂash-sintering case (ZnO), the dominating effect is perhaps the accumulation of electrons at the anode, which increases
the cation-vacancy concentration at grain boundaries, thereby enhancing cation migration. Yu et al. [2], have also suggested that
the anode region in a n-type semiconductor oxide (such as TiO2 )
may be at a higher temperature due to the Peltier effect, enhancing grain growth in that region.
Finally, the question arises as to the lower limit to which TF
can be decreased by reducing the P(O2 ) further (e.g. using H2 - or
CO-containing atmospheres). In this context, recently Mishra et al.
[23], have been able to achieve ﬂash-sintering in TiO2 at TF =247°C
in air using E=3,0 0 0 V.cm−1 , and have hypothesized that the Debye temperature, D , is the lower limit for ﬂash-sintering. Considering that D of TiO2 is in the range 230-260°C [24], the TF
limit may have been reached in the Ar-atmosphere ﬂash-sintering
of TiO2 shown here, but at E=400 V.cm−1 . Also, the reduction of
TF that is approaching D limits the formation of non-equilibrium

concentration of point defects [23], resulting in a sudden increase
in the electrical conductivity, and the attendant abrupt rise in the
power density at ﬂash onset observed in the Ar-atmosphere case
here.
In summary, we have shown that by simply changing the atmosphere from ﬂowing air to Ar in the ﬂash-sintering of TiO2
ceramics, the TF reduces from 648°C to 239°C. This dramatic effect of atmosphere is attributed to the combination of nanocrystalline nature of the TiO2 powder compact and the O2 -lean atmosphere (Ar) resulting in enhanced electrical-conductivity characteristics. The reduced TF in Ar contributes to ﬁner, uniform grain size
(360-190 nm) and lower, uniform porosity (0.5-1.4%) going from
the anode to the cathode.
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