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Two-step flash sintering (TSFS) was proposed as a new ceramic fabrication method to achieve fast densification
with suppressed grain growth. Using ZnO as an examplar, ~96.5% of theoretical density was achieved using TSFS
with a grain size of ~370 nm, representing a >3 times reduction of the grain size in comparison with conventional
(one-step) flash sintering. Moreover, TSFS achieved this result in a few minutes, >200 times faster than that
needed for conventional two-step sintering to obtain comparable results, thereby representing an opportunity
for significant energy and cost savings.
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In 2000, Chen and Wang developed an innovative two-step sintering
method to inhibit the final-stage grain growth that would normally
occur when the relative density is above ~90% [1]. In two-step sintering,
a green specimen was first heated to a higher temperature, Ty, to reach a
critical relative density, followed by holding at a lower temperature, T,
(T, < Ty), in the second step for a prolonged time to achieve a high rel-
ative density while suppressing the final-stage rapid grain growth.
This method has been successfully applied to various ceramic materials,
including undoped/doped Y,05 [1,2], BaTiOs [3,4], ZnO [5], Al,O5 [6],
and SiC[7]. Yet, there are several technical challenges for the application
of two-step sintering. For example, a prolonged holding time in the sec-
ond step, e.g., up to 20 h in the case of conventional two-step sintering of
ZnO [5], is typically required. Moreover, the short holding duration in
the first step and (sometimes) desired fast cooling from the first to sec-
ond step [2,3,8] may lead to large relative deviations of the exact speci-
men temperatures from the targeted profiles. Inspired by a novel flash
sintering method developed by Raj and co-workers in 2010 [9], here
we proposed and subsequently demonstrated a new two-step flash
sintering (TSFS) method to achieve comparable results as those demon-
strated in conventional two-step sintering of ZnO [5] in as short as
~5 min; this represents a >200 times reduction in the sintering time
[5], thereby implying not only convenient electronic controls (with ul-
trafast heating and cooling rates) but also a great potential for energy
and cost savings with a drastically improved efficiency.

Flash sintering enabled fast densification at low furnace tempera-
tures, which have been successfully applied to Y,0s-stablized ZrO, [9,
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10], Y205 [11], ZnO [12-14], TiO, [15,16], SrTiO5 [17,18], and other
oxide [19-21] as well as non-oxide [22-25] ceramics. In most systems,
the flash starts as a thermal runaway, where quantitative models [12,
13,15,26-28] have been developed and tested. At least for ZnO, fast den-
sification is related to ultrahigh heating rates (~200 °C/s) since a recent
study demonstrated that rapid thermal annealing with comparable
heating profiles can achieve similar densification and grain growth
rates [13]. However, rapid final-stage grain growth also occurred in
flash sintering in a similar fashion as those observed in conventional
sintering, albeit a much shorter time scale [13]. In this study, we further
proposed a new TSFS method to substantially reduce the final-stage
grain growth as compared with the conventional (one-step) flash
sintering and subsequently demonstrated its feasibility using a model
system (ZnO).

A ZnO powder (99.95% purity, purchased from US Research
Nanomaterials, Inc.) was mixed with 0.5 wt% binder (PVA in DI
water). The mixtures were uniaxially pressed at ~300 MPa to
form green pellets of the dimension: D (diameter) = 6.4 mm and H
(height) = 2.8 mm. Green pellets were baked at 500 °C for 1 h to
burn out the binder. After burning the binder, the average grain size in
the green pellets was measured to be 36 4 2 nm and the bulk densities
were measured to be 57.3 £+ 0.8%. The specimen surfaces were
sputtered with platinum as electrodes using a Denton Discovery 18
Sputtering System. The sides of the sputtered specimens were ground
using SiC papers. For flash sintering experiments, specimens were load-
ed into a modified dilatometer (DIL 402 PC, Netzsch, Boston, MA, USA)
equipped with Pt electrodes and circuit (for applying electric fields/cur-
rents) and flowed with argon at a constant rate of 33 mL/min. The sys-
tem was purged with argon for 1 h before heating up to 500 °C at a
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Fig. 1. Grain size vs. relative density of ZnO specimens fabricated by one-step and two-step
flash sintering.

constant rate of 5 °C/min. Subsequently, the flash sintering experiments
were conducted isothermally at 500 °C, where a programmable DC
power supply (DLM300-10, Ametek Inc., San Diego, CA, USA) was
used to apply electric fields/currents.

All flash sintering experiments were conducted at an isothermal fur-
nace temperature of T = 500 °C in this study (instead of a constant
ramping rate as in most other flash sintering experiments, so that it
can be better compared with TSFS experiments), where a flash typically
started ~20-30 s after applying the constant (initial) electric field of
Einiiat = 150 V/cm. The electric field was kept a constant (150 V/cm in
this case), until the specimen current reached a preset limit and the
power supply was switched from a voltage-control to a current-control
mode. For conventional (one-step) flash sintering, the current limit
(Imax) was kept at 3 A (corresponding to a nominal current density of
Jmax = 95 mA/mm?, calculated from the initial specimen dimension;
noting that the actual J,.x increased with time due the densification of
specimen) for a duration of 2 s, 6 s, 15 s, and 30 s, respectively, after
the onset of flash. For TSFS, the current limit was set to I; = 3 A

(nominal J; =~ 95 mA/mm?) for a fixed duration of 6 s (3 A x 6s) in
the first step and subsequently reduced to I, = 2 A (nominal J,
~ 63 mA/mm?) and kept for a duration of 150 s or 300 s. After flash
sintering, both the electric power and the furnace were shut down
and the specimens were cooled down in the furnace; the flowing
argon was shut off after the specimen cooled to room temperature.

After the completion of flash sintering experiments, the specimen
densities were calculated via measuring dimensions and weights; the
Archimedes method was also used if the relative densities were >90%.
Microstructures of flash sintered specimens were characterized using
a field-emission ultra-high resolution environmental scanning electron
microscope (UHR-SEM, FEI XL30) operating at 10 kV. Grain sizes were
measured from SEM micrographs of fractured surfaces using a standard
intercept method.

The grain size vs. relative density curves for both conventional (one-
step) flash sintering and TSFS are shown in Fig. 1. Representative micro-
structures of the fractured surfaces of six sintered specimens are shown
in Fig. 2. Here, the grain sizes and densities were measured from speci-
mens that were cooled down to room temperature, where the effects of
the densification and grain growth during the cooling were also
included.

In conventional (one-step) flash sintering experiments, the relative
density increased from ~57% in the green specimen to ~72% in
the 3 A x 2 s sintered specimen, while the grain size increased
from 36 4 2 nm in the green specimen to 214 £ 18 nm in the sintered
specimen. Increasing the flash sintering duration from 2 s to 6 s, the rel-
ative density increased substantially to ~90%, while the grain size in-
creased only moderately to 267 + 30 nm, in the 3 A x 6 s sintered
specimen. Further increasing the flash sintering duration, the relative
density increased to ~95% with a substantial grain growth to 1.18 +
0.14 um in the 3 A x 15 s sintered specimen; the relative density and
grain size, respectively, reached ~97.6% and 1.75 + 0.16 um, respective-
ly, in the 3 A x 30 s sintered specimen. Here, the observed rapid final-
stage grain growth (when the relative density was above ~90%) is con-
sistent with results measured from conventional flash sintering, as well
as rapid thermal annealing, of ZnO conducted in air [13] and it agrees
with what is expected from the classical sintering theory.

The linear shrinkage was also measured in situ by dilatometry
for flash sintering of ZnO at 500 °C in argon (Ejnitia1 = 150 V/cm and
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Fig. 2. SEM micrographs of the fractured surfaces of the conventional (one-step) flash sintered ZnO specimens quenched (a) 2 s, (b) 6 s, (c) 155, and (d) 30's, respectively, after the onset of
flash, where the current limits were 3 A, as well as the two-step flash sintered ZnO specimens quenched after () 3Ax6s+ 2A x 150sand (f)3Ax6s+ 2 A x300s.
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Fig. 3. Measured linear shrinkage vs. time curve for (one-step) flash sintering of ZnO
conducted in argon with a constant furnace temperature of Tr = 500 °C, where the
applied electric field was set to 150 V/cm initially and the maximum current limit was
set to 3 A. Electric power was shut off 30 s after the onset of flash (while the
densification continues for ~30 s during the cooling of the specimen).

Imax = 3 A), where electric power was shut off at 30 s after the onset of
flash (Fig. 3). The specimen densified to ~93% in 30 s after the onset of
flash as measured by in-situ dilatometry. The final density was mea-
sured using the Archimedes method to be 97.6% (close to that calculated
from the measured linear shrinkage at 60 s). This measured linear
shrinkage vs. time curve was used as a guide to select the duration for
the first step of the TSFS experiments to be 6 s, at which time the spec-
imen reached ~81% of the theoretical density, since a prior study of con-
ventional two-step sintering of ZnO suggested that the first step should
reach to >78% of theoretical density [5]. Noting the measured relative
density of the 3 A x 6 s sintered specimen was ~90%, which included
the contribution of densification during the cooling.

(a)
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In the TSFS (i.e., two-step flash sintering) experiments conducted
with Ejniia = 150 V/cm, a fixed first step of 3A x 6 s (ie,[; =3 A
for a fixed duration of 6 s), and a second step at a reduced current of
I, = 2 A for a longer duration of 150 s, the grain size only increased to
330 4 28 nm with a further increase in the relative density to 94.7%
(in comparison with the ~267 nm grain size and ~90% density of the
3 A x 6 s sintered specimen; see Fig. 1 and Fig. 2). A longer second
step of 300 s resulted in a grain size of 370 & 17 nm and a relative den-
sity 0f 96.5% in the 3 A x 6 s + 2 A x 300 s sintered specimen. As shown
in Fig. 1, the grain growth was suppressed in the TSFS experiments,
where the grain sizes were <1/3 of those expected in the conventional
(one-step) flash sintering with identical densities from interpolation.
The grain size vs. density curve obtained from the TSFS was similar to
that of the optimal case of conventional two-step sintering of ZnO re-
ported in a prior study [5]; yet TSFS achieved this result (~370 nm
grain size at ~96.5% relative density) in ~5 min, whereas it took ~15-
20 h in conventional two-step sintering to achieve comparable results
of densification and grain growth (i.e., ~500 nm at ~95% or ~650 nm
at ~98% relative density, with a smaller starting particle/grain size of
~11 nm) [5]. In other words, the new TSFS method is >200 times faster
in obtaining comparable (or slightly better) results than the conven-
tional two-step sintering [5], representing a substantial opportunity
for energy and cost savings via drastically improving the efficiency.

We also conducted a 2 A x 600 s one-step flash sintering experiment
for an additional comparison, which produced a 95.6% dense specimen
with the measured average grain size of 2.01 4 0.18 um (Supplementa-
ry Fig. S1). This result suggested that longer holding at 2 A could not
achieve the simultaneous small grain size and high density obtained
by the TSFS.

The measured time-dependent current, current density, electric
field, and linear shrinkage of a representative specimen undergoing
TSFS (in the first ~35 s after the flash) are shown in Fig. 4(a)-(d). The
calculated power density and estimated specimen temperature (Ts)
from the blackbody radiation model [12] are shown in Fig. 4(e) and
(f). The actual current followed the controlled profile (3Ax6s + 2 A
x 300 s) well with only minor fluctuations, while the relatively large
fluctuations in the voltage (electric field) vs. time curve reflected the
specimen response under the current-control mode. While the current

(b)

35 140 160
— E—
3.04 = “’E 120 o —
E i £ 1201
2.51 < 100 " 9 "
< £ 2 \
20 e, E g0 i y R LY ]
€ 2 3 & .\ anfoun R
£ K] A\
015 B 60 T J'- L] \.-'J.!v-
3 1.0 s =
o ¥ o 40 ‘3 40
0.5 £ @
. = g
0.0 y T T v v 8 ° o 0 T r r T T
T T T T T E
10 0 10 20 30 10 0 10 20 30 10 1] 10 20 30
Time (s) Time (s) Time (s)
2000
0% — (d) (e) (f)
2% \ o 1] e 18001
o % £ \ Ly ) 1600 "
o 4% \ E .ﬂ e 5 \
E -6% . E :;1400 -d-'“'.hh'h 5{-‘" -
£ 8% \ 2 g 1200
7] . 2 0411 %
- “10% 4 \ I [] E 1000
D 40 a / a7
= e “'\ ] " w800 ]
= a4y 2 3
o j 600
16% +— , , - X Q0014 , x . . . T . . -
-10 0 10 20 30 -10 0 10 20 30 -10 0 10 20 30
Time (s) Time (s) Time (s)

Fig. 4. In-situ measurements of the first ~35 s in TSFS, including time-dependent (a) current, (b) current density, (c) electric field, and (d) linear shrinkage, as well as the (e) computed

power density and (f) estimated specimen temperature (Ts).
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was controlled to be a constant in each step (Fig. 4(a)), the current den-
sity increased continuously (more noticeably in the first step) due to the
specimen shrinkage during densification (Fig. 4(b)). It was evident from
the measured linear shrinkage vs. time curve (Fig. 4(d)) that densifica-
tion was fast in the first step (0 to 6 s) and slowed down in the second
step. The power density increased gradually in the incubation period
under the voltage-control mode prior to the onset of the flash, but it
largely followed a two-step function in the TSFS under the current-con-
trol mode (Fig. 4(e)). The estimated specimen temperature (Ts) was be-
tween 1600 and 1700 °Cin the first step and between 1300 and 1450 °C
in the second step; thus, the temperature difference (ATs) between the
two steps was estimated to be ~200-300 °C (Fig. 4(f)). The final relative
density of the 3 A x 6 + 2 A x 300 s sintered specimen (after cooling to
room temperature) was measured to be 96.5 4 0.3% using the Archime-
des method and the grain size was measured to be 370 4+ 17 nm.

In summary, a new TSFS method has been proposed to achieve fast
densification (in comparison with the conventional two-step sintering)
with suppressed grain growth (in comparison with the conventional
flash sintering), where a specimen was kept at a higher current of I;
for a short duration t; after the onset of flash, and electronically
switched to a lower current of I (<I;) for a longer duration t, (>t7).
Using ZnO as a model system, this study successfully achieved ~96.5%
of the theoretical density with a grain size of ~370 nm (representing a
>3 times reduction in final-stage grain growth in comparison with the
conventional one-step flash sintering) in ~5 min using this new TSFS
method, which is >200 times faster than that can be obtained in the
conventional two-step sintering. This cost-effective and energy-saving
TSFS method can potentially be applied on other materials to achieve
fast densification with suppressed grain growth. This study further sug-
gests a new direction to control the densification and microstructural
evolution via controlling and manipulating the I(t) profile in flash
sintering to any preset profile to achieve better or more customized
results.

This work is supported by the Aerospace Materials for Extreme Envi-
ronments program of the U.S. Air Force Office of Scientific Research
(AFOSR) under the grant no. FA9550-14-1-0174. We gratefully thank
our AFOSR program manager, Dr. Ali Sayir, for his support and guidance.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scriptamat.2017.07.015.
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