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Abstract
Reactive flash sintering (RFS) is a method that was recently developed to pro-
duce dense single-phase bulk ceramic parts through solid-state reactions in a
single-step that only takes a few minutes. The influence of the RFS parameters
on the phase purity of a simple mixed oxide, (Zr0.8,Ce0.2)O2, was investigated.
Parameters such as furnace temperature, furnace atmosphere, electric current
density, and alternating current (AC) or direct current (DC) were examined. It
was found that (Zr0.8,Ce0.2)O2 pellets with high densities, above 90% of its theo-
retical density, can be produced by RFS in a fewminutes when RFS occurs under
oxidizing atmospheres, AC fields with current densities of 100mA⋅mm−2, and at
a furnace temperature of 1200◦C.Reducing conditions such asAr-H2 atmosphere
and DC fields, low furnace temperatures, and low current densities resulted in
phase impurities and poor reactions between the ZrO2 and the CeO2 powders.
These results show that RFS is a useful method to produce mixed oxides, but
it is very sensitive to the processing parameters. This is the first time that the
influence of most of the RFS processing parameters has been studied systemat-
ically. Thus, the present work aims to provide guidelines on selecting the right
processing parameters when exploring RFS.
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1 INTRODUCTION

Flash sintering (FS) was first described more than a
decade ago1 as amethod that integrated high electric fields
(> 50 V⋅cm) and electric currents (> 10 mA⋅mm−2) to
the sintering process providing for unparalleled sintering

Abbreviations: AC, alternating current; DC, direct current; EDS,
energy-dispersive spectroscopy; FS, flash sintering; HV, high vacuum;
RFS, reactive flash sintering; SEM, scanning electron microscopy; TD,
theoretical density; XRD, x-ray diffraction.
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rates. Yttria-stabilized zirconia was sintered to full density
in less than 5 seconds at only 850◦C.1 Thereafter, most of
the work focused on understanding which ceramic mate-
rials could be sintered by FS,2,3 the fundamental science
behind it,4–15 and what were the influences of the FS
parameters on the resulting materials.16–19 FS has since
ramified in multiple applications that include contactless
FS,20–22 additivemanufacturing,23–26 and a single-step syn-
thesis and sintering method for ceramic materials.27
It was demonstrated recently that FS can induce solid-

state reactions to produce a single-phase, dense, and
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nanostructured polycrystalline mixed oxide in 1 minute
from a mix of its elemental oxides.27 This method was
named reaction flash sintering or reactive flash sintering
(RFS)27–29 and it has been used to produce BiFeO3,27
MgAl2O4,30 PbO-ZrO2-TiO2,31 Gd2Zr2O7,32 BaTiO3,33
Li5.95Al0.35La3Zr2O12,34 (Bi0.2Na0.2K0.2Ba0.2Ca0.2)TiO3,35
Mg0.2Ni0.2Co0.2Cu0.2Zn0.2O,36 and (La0.2Nd0.2Sm0.2Eu0.2
Gd0.2)2Zr2O7

37 from a mix of their oxide powder precur-
sors. Alternatively, RFS alsoworkswith powder precursors
prepared by chemical synthesis methods.29,38 For instance,
CaCu3Ti4O12 amorphous precursor powder prepared by
a Pechini-derived method was sintered in a few minutes
into single-phase samples with densities higher than 90%
of their theoretical density (TD) by RFS in air, at furnace
temperatures ≤ 955◦C under electric field intensities ≥

30 V⋅cm−1 and current densities up to 75 mA⋅mm−2.38,39
Additionally, other materials such as Li0.5La0.5TiO3,29
Li6.25Al0.25La3Zr2O12,40 Mg0.2Ni0.2Co0.2Cu0.2Zn0.2O,41
MgTiO3,42 (Zn,Cu,Co,Ni,Mg)O,43 and Na3Zr2(SiO4)2
(PO4)44 were also synthesized and sintered by RFS in air
from their chemically prepared precursors. Therefore,
RFS seems to be a method that can be used to synthesize
and densify complex oxides in a single step in just a few
minutes. Bulk samples of single-phase materials with
high densities and sub-micrometric grain were obtained
using RFS, as seen in FS.30–32,42,43 The technique is even
more promising when these oxides contain low meting
point or volatile elements that make conventional solid-
state reactions difficult or impossible. Nevertheless, RFS
science is still evolving and studies about the effect of the
processing parameters on the materials produced by RFS
are still limited. Most RFS experiments to date have been
executed in air using direct current (DC) electric fields. A
summary of the processing parameters evaluated so far in
the literature is presented in Table 1. Note that only two
studies used alternating current (AC) for RFS, and only
one happened at a different furnace atmosphere rather
than air. In general, it was observed that AC electric fields
can minimize electrochemical reactions induced by DC.44
AC electric fields can also be used to produce pyrochlore
phases, such as (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7, from
a mixed oxide powder precursor in oxygen-deficient
atmosphere.37 On the other hand, DC fields can induce
defect formations such as oxygen deficiency in some oxide
materials.33 Finally, from the current understanding on
RFS, it can also be concluded that high current densi-
ties usually enhance the phase reactions and sintering
rates34,38,39,41,43 but, if the current density increases above
a certain threshold, it can cause damages to thematerial.40
A more comprehensive study of the RFS parameters

and their influence on the reactions during RFS can
improve the control of RFS and provide guidelines for
future research. Therefore, in the present work, different

effects of the RFS parameters, such as furnace tempera-
ture, furnace atmosphere, electric current density, and DC
or ACmodes were examined on RFS of the ZrO2-CeO2 sys-
tem. This mixed oxide system, ZrO2-CeO2, was selected as
a surrogate for many oxide solid solution systems. Addi-
tionally, there are only two cations in this system, which
should facilitate the interpretation of the RFS results. The
ZrO2-CeO2 system is also of interest because it is used in
fuel cells, gas sensors, solid-state electrolytes, biomateri-
als, and widely employed in the automotive industry for
pollution control as a three-way catalyst due to its ability
to produce CO and H2 from CO2 and H2O.45,46

2 METHODS

A mixture of 80 mol% of monoclinic ZrO2 (TZ-0 from
Tosoh) with 20 mol% of CeO2 (REacton) was prepared by
high-energy ball milling (SPEX Certiprep) of the dry pow-
ders without any additive or binder for 1 hour in an alu-
mina jar with ZrO2 ball. Themixed powder was then gran-
ulated through a 200-mesh sieve (74 μm), and cold pressed
at 200 MPa into pellets that were 5.33 mm in diameter and
4.0 ±0.2 mm long with a green density of 61 ± 1% TD.
RFS tests were performed in a dilatometer (DIL 402C

from Netzsch) that was adapted by inserting two plat-
inum electrodes into its furnace chamber, as described
elsewhere.47,48 Two power supplies were used in this
study, one for DC fields (N5772A from Keysight) and
another for AC fields set at 16 Hz (AST1501 from Cal-
ifornia Instruments). The bottom and top surfaces of
the 0.8(ZrO2)+0.2(CeO2) pellets were painted with plat-
inum paint to improve the electrical contact between pel-
let and electrodes. Once a pellet was loaded into the
dilatometer, and the furnace chamber was closed, the
chosen atmosphere was created. Three different atmo-
spheres were tested, high vacuum (HV) at < 7⋅10−3 Pa,
air flowing at 200 mL⋅min−1, or Ar-6 vol%H2 also flow-
ing at 200 mL⋅min−1. The RFS tests were performed
using the controlled current-rate approach. This approach
contributes to the grain size homogeneity between elec-
trodes and minimizes the current localization and ther-
mal shock.19,48 After the sample was preheated, the maxi-
mum electric field was applied and the current permitted
through the sample was increased linearly at a predefined
rate. The current rates were defined in such a way that it
always took 1minute to reach the presetmaximum current
densities. After 2 minutes at the maximum current, the
electric current was shut off and the furnace cooled down.
To understand the influence of different processing

parameters on the RFS of the 0.8(ZrO2)+0.2(CeO2) mix,
an experimental plan was designed and it is outlined in
Table 2. First, the influence of the atmosphere in RFS
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TABLE 2 Experimental conditions for reactive flash sintering (RFS) of 0.8(ZrO2)+0.2(CeO2) powder mixture

Group Temperature (◦C) Atmosphere
Electric field
(V⋅cm−1)

Current density
(mA⋅mm−2) Current mode

1 1200 Ar+6 vol%H2 250 100 AC
HV
Air

2 800 Best from 1 (air) 1325 100 DC
1000 1000
1200 250

3 Best from 2 (1200◦C) 250 25 Best mode (AC)
50
100

Baseline 1200 Air – – –
1200 HV

Note: The best parameters indicated between brackets were chosen from the results achieved at the previous group based on the x-ray diffraction (XRD) data. For
all tested conditions the furnace heating rate was 10◦C⋅min−1 and the pellets were let to cool down naturally at approximately 30◦C⋅min−1.
Abbreviations: AC, alternating current; DC, direct current; HV, high vacuum.

was studied using three different furnace atmospheres: air
as an oxidizing atmosphere, HV as an oxygen-deficient
medium, and Ar-6 vol%H2 as a reducing gas. The pellets
were preheated to 1200◦C at 10◦C⋅min−1 under these dif-
ferent atmospheres and then subjected to an AC electric
field of 250 V⋅cm−1 to induce RFS. The electric current
flowing through the pellet was increased linearly using a
controlled current rate taking 1 minute to reach its maxi-
mum value. The pellets were held for 2 minutes under the
maximum electric current density, 100 mA⋅mm−2. After
RFS, the pellets were let to cool down naturally inside
the adapted dilatometer at a cooling rate of approximately
30◦C⋅min−1. From this test group, the best atmosphere
was selected and the next stage was to determine the best
isothermal temperature to induce RFS. Thus, in the sec-
ond test group, three tests were carried out at 800◦C and
1325 V⋅cm−1, 1000◦C and 1000 V⋅cm−1, and 1200◦C and
250 V⋅cm−1, where the DC electric field intensity was iden-
tified as the minimum necessary to promote the onset of
RFS. The current density limit of these tests was again kept
at 100 mA⋅mm−2 for 2 minutes and the same current rate
was used, 100 mA⋅mm−2⋅min−1. Finally, the best tempera-
ture, electric field intensity, atmosphere, and currentmode
(AC or DC) combination was selected and the maximum
current densitywas limited to 25mA⋅mm−2, 50mA⋅mm−2,
or 100 mA⋅mm−2. For each current density limit, the cur-
rent rate was adjusted for 1 minute to the maximum value.
Additionally, two baseline tests were carried out, where no
electric field was applied. The samples were only heated
up at 10◦C⋅min−1 under air or HV up to 1200◦C and then
held for 15 minutes at that temperature to create baselines
for what conventional solid-state reaction results would be
at high temperatures and short reaction times.

The produced pellets were later characterized by scan-
ning electron microscopy (SEM) using an FEI Apreo
microscope equipped with an energy-dispersive spec-
troscopy (EDS) detector (Octane Elite EDAX) to create the
elemental mapping of the cross-sections of the pellets. In
addition, the densities of the produced pellets were mea-
sured by Archimedes’ method. The phases of the samples
were identified by x-ray diffraction (XRD) using a Bruker
D8 Advance in a Bragg-Brentano geometry using a Cu
Kα source (Kα1 = 1.5406 Å) set to 40 mA and 40 kV
and a LYNXEYE XE-T detector. The samples were pre-
pared for the XRD analysis by polishing their extremi-
ties to remove the platinum paste contamination and then
the pellets were ground in an Al2O3 mortar and pestle.
Hence, the XRD patterns collected reflect the average of
the entire composition of the pellets. Whole pattern fit-
ting and Rietveld refinement were performed using MDI
JADE software.49 The patterns were refined as an attempt
to identify their composition as well as their phase frac-
tions through their lattice parameters. The results of the
refinement are shown in the supplementary material, in
Figure S1.
The black body radiation model8 was used to estimate

the temperature of the samples during RFS. The model is
defined in Equation 1, where T is the sample average abso-
lute temperature, Tf is the furnace absolute temperature,
PW is the electric power (W), As is the surface area (m2)
transferring heat by radiation to the furnace, and σ is the
Stefan-Boltzmann constant (5.67⋅10−8 W⋅m−2⋅K−4)

𝑇 = 𝑇𝑓

(
1 +

𝑃𝑊

𝜎𝐴𝑠𝑇
4
𝑓

) 1

4

(1)
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F IGURE 1 X-ray diffraction (XRD) patterns of 0.8(ZrO2)+0.2(CeO2) mixed powders after reactive flash sintering (RFS) at different
atmospheres. Baseline conditions were conventional heat treatments at the specified atmosphere, temperature, and dwell time at the
maximum temperature. RFS conditions are indicated by the current density limit (100 mA⋅mm−2 AC) for all tests. Atmospheres tested were
air, high vacuum (HV), and Ar + 6 vol% H2

The actual temperatures of the pellets were probably a
couple hundred degrees lower than the estimates, since the
aspect ratio of the pellets (4:3 – diameter vs. length)was dif-
ferent from the traditional dog-bone shaped samples from
the literature (1:8 thickness vs. length16). It is also known
that a fraction of the heatwill be dissipated by thermal con-
duction through the top and bottom of the pellet in contact
with the electrodes.48 Yet, the black body radiation model
offers a good approximation when the pellet temperature
during RFS and the furnace temperature are not too dif-
ferent, since thermal radiation would still be the dominant
heat transfer mechanism.

3 RESULTS

The first step of this comprehensive study was to inves-
tigate the effect of the furnace atmosphere on the RFS
reactions, as delineated at group 1 in Table 2. The XRD
patterns of the samples after RFS at different furnace
atmospheres are presented in Figure 1, as well as the
XRD patterns for the baseline tests performed under air
flow and HV. It is evident that RFS caused a reaction
between the precursor powders leading to the formation
of (Zr0.8,Ce0.2)O2 as tetragonal phase when RFS happened
in air at 1200◦C. Moreover, the phase purity achieved by
RFS in air was much higher than the one attained by

the baseline test in air, where almost no (Zr0.8,Ce0.2)O2
was formed. When performing RFS under reducing
atmosphere (Ar + 6 vol% H2) or HV, the transformation
to (Zr0.8,Ce0.2)O2 was incomplete and led to the formation
of a pyrochlore phase, Ce2Zr2O7.5, when under reducing
atmosphere and probably to an oxygen-rich pyrochlore-
type phase or to metastable tetragonal phases under HV,
indicated in Figure 1 by PT/t.
The synthesis of the tetragonal phase of (Zr0.8Ce0.2)O2

was the main product from RFS in air at 1200◦C and
250 V⋅cm−1 up to 100 mA⋅mm−2, but some monoclinic
(Zr0.9Ce0.1)O2 phase was also identified. These phases,
tetragonal and monoclinic, could be expected from the
nominal composition of themixture according to the phase
equilibrium diagram of the ZrO2-CeO2 system.50 Indeed,
the presence of these phases at room temperature after
mixtures of 0.8(ZrO2)+0.2(CeO2) were heat treated at tem-
peratures≥ 1350◦Cwas reported in the literature.51,52 Joule
heating caused by the electric current during RFS was
expected to increase the sample temperature further than
the furnace temperature. According to the black body radi-
ation model,8 Equation 1, the average temperature dur-
ing RFS at the maximum current density (100 mA⋅mm−2)
under air was 1690◦C. As explained before in the Meth-
ods section, this value is likely to be overestimated because
the pellet was also losing heat by thermal conduction
through its bottom and top surfaces that were in contact



3942 INGRACI NETO et al.

with the platinum electrodes. However, according to the
ZrO2-CeO2 system phase equilibrium diagram,50 between
1300◦C and 1700◦C, a fully tetragonal phase is expected for
(Zr0.8Ce0.2)O2, and the RFS temperature was likely within
this temperature range. The average temperatures reached
by the samples that were exposed to Ar-H2 and HV were
1690◦C and 1580◦C, respectively.
The Rietveld refinement of the XRD patterns indicated

that RFS under air at 1200◦C and 250 V⋅cm−1 AC up to
100 mA⋅mm−2 resulted in the formation of 94 vol.% of
tetragonal phase of (Zr0.8Ce0.2)O2 (P42/nmc) and 6 vol.%
of monoclinic phase (P21/c). The pattern was refined
with a goodness of fit (Χ2) equal to 1.37 considering the
tetragonal phase for (Zr0.8Ce0.2)O2 with lattice constants
a = 3.6371(1) Å, c= 5.2401(1) Å, and the monoclinic phase
(Zr0.9Ce0.1)O2 with a = 5.1934(2) Å, b = 5.2254(2) Å, and
c = 5.3639(2) Å as described by Varez et al. (2007).53
RFS under Ar-H2 atmosphere resulted in 52.3 vol.%

of monoclinic ZrO2, from Rietveld refinement using
the ICSD entry code 80043, 35.3 vol.% of pyrochlore
Ce2Zr2O7.5, and 12.4 vol.% of tetragonal phase
(Zr0.8Ce0.2)O2. The refinement of the pyrochlore
phase Ce2Zr2O7.5 (F-43 m) was performed using
the phase described by Achary et al. (2009)54 with
lattice constant a = 10.61007(23) Å from the ICSD entry
code 420823. The refinement of the pattern had aΧ2 of 1.22.
RFS using AC mode under oxygen-deficient condition,

HV, led to the formation of approximately 48.3 vol.% of the
tetragonal phase (Zr0.8Ce0.2)O2, while monoclinic ZrO2
was 22.5 % of the volume, the pyrochlore phase Ce2Zr2O7.5
was only 2.4 vol.%, and the remaining 26.8 vol.% was prob-
ably an oxygen-rich pyrochlore-type phase (Zr2Ce2O7+x)
with 0.5 < x ≥ 1 or a metastable tetragonal phase. The
Rietveld refinement indicated that the Ce/Zr ratio for
this phase was close to 0.5. This can be attributed to
the formation of an oxygen-rich pyrochlore-type phase
that has a superlattice structure.54–56 This cubic flu-
orite phase can have lattices parameter ranging from
a = 10.5443 Å to 10.6924 Å.54 However, these oxygen-rich
pyrochlore-type phases show diffraction peaks very sim-
ilar to the metastable tetragonal phases, t′ and t″, which
could be formed from the pyrochlore phase, which is also
metastable.56 Therefore, the weak diffraction lines around
14.5◦ and 36.9◦ were indicative that both pyrochlore and
tetragonal phases could be present.
The second series of tests, group 2 in Table 2, was then

carried out in air. The XRD patterns obtained after RFS
at different furnace temperatures and electric fields are
shown in Figure 2. Temperatures above 1000◦C were nec-
essary to induce RFS. At 800◦C, RFS could not be induced
even at a high electric field, 1325 V⋅cm−1. Moreover, incom-
plete transformations were observed in all tested condi-
tions using DC electric fields. Residual monoclinic ZrO2

was present when using DC electric fields and pyrochlore-
type phase or metastable tetragonal phases were obtained
at 1000◦C and 1200◦C. On the other hand, the XRD pattern
for RFS in air under ACmode at the same temperature and
electric current density was free of residual ZrO2 and had
no apparent pyrochlore phase. The estimated average tem-
perature reached at maximum current density was 1590◦C
for RFS in air using DC mode and furnace temperature of
1200◦C and 1760◦C for RFS in air using DC mode and fur-
nace temperature of 1000◦C.
The refinement of the XRD pattern (Χ2 of 1.32) indicated

that RFS at 1200◦C using DC mode promoted the forma-
tion of 43.5 vol.% of tetragonal (Zr0.8Ce0.2)O2 and 21.6 vol.%
of oxygen-rich pyrochlore-type phase or metastable tetrag-
onal phases. In addition, residual monoclinic ZrO2 repre-
sented 34.9 vol.%. RFS using DCmode at 1000◦C could not
be refined with reasonable precision.
The results reported so far indicated that better phase

purity could be obtainedwhen carrying out RFS under oxi-
dizing atmospheres using AC electric field at 1200◦C. Yet,
another reason for choosing 1200◦C as the best condition
was the stability of the electric power flowing through the
material during the RFS, as seen in Figure 3 for DC electric
fields. SinceRFS at 1200◦Chappened at lower electric field,
250 Vcm−1 versus 1000 V⋅cm−1 at 1000◦C, the fluctuations
in the DC electric field and therefore in the power density
were smaller. Lower electric fields are also less predisposed
to cause thermal shock during RFS onset. Moreover, at the
highest furnace temperature the electrical conductivity of
the oxidematerial was higher, 0.32 S⋅m−1 at 1200◦C against
0.19 S⋅m−1 at 1000◦C, helping to stabilize the process. The
electric field stability, as exhibited in Figure 3, is important
because it provides better control of the RFS process, elim-
inating variability in the results.
An analogous instability in the electric field and power

density was also observed when contrasting RFS under air
and reducing atmospheres using AC mode and furnace
temperature of 1200◦C. After reaching the maximum cur-
rent density of 100 mA⋅mm−2 the fluctuations in the elec-
tric field, electric current, and thus in the power density
were intenser in the reducing atmosphere condition, as
indicated in Figure 4. Additionaly, the difference in the
electric current profile between DC and AC is noticeable.
While the electric current was well regulated under DC
mode, as seen in Figure 3, the electric current oscillated
in the AC mode while ramping up. However, these behav-
iors were intrinsic to the two power supply units used. The
characteristics of each power supply unit must be taken in
account to ensure the smoothest power flow as possible to
avoid damage by thermal shocks, hot spots, and current
localization.
Finally, the electric current density effect on the phase

transformation was analyzed through RFS tests in air
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F IGURE 2 X-ray diffraction (XRD) patterns showing the effect of the temperature and current mode (direct current [DC] vs. alternating
current [AC]) on the reactive flash sintering (RFS) of 0.8(ZrO2)+0.2(CeO2) into (Zr0.8Ce0.2)O2

at 1200◦C under 250 V⋅cm−1. As presented in the XRD
patterns in Figure 5, higher current densities improved
the RFS reactions, while residual CeO2 and ZrO2 peaks
were still present in the XRD patterns of the samples
after RFS at low current densities, 25 mA⋅mm−2 and
50 mA⋅mm−2. The estimated average temperatures were
1690◦C, 1580◦C, and 1470◦C for RFS at 100 mA⋅mm−2,
50 mA⋅mm−2, and 25 mA⋅mm−2, respectively. Therefore,
it is possible that the incomplete phase transformations
could be related to the lower temperatures achieved at dif-
ferent current densities. The Rietveld refinement of the
patterns indicated the presence of residual monoclinic
ZrO2 at 7.6 vol.% and cubic fluorite CeO2 (ICSD entry code
185143) at 5.0 vol.% after RFS up to 50 mA⋅mm−2. Like-
wise, tetragonal (Zr0.8Ce0.2)O2 represented 81.5 vol.% and
monoclinic (Zr0.9Ce0.1)O2 accounted for 5.9 vol.%, in con-
trast to 94 vol.% of the tetragonal phase attained after RFS
up to 100 mA⋅mm−2. Residual CeO2 was also observed
at 25 mA⋅mm−2 in a concentration of 5.7 vol.%, as well
as ZrO2 at 11.6 vol.% The tetragonal and the monoclinic
phases represented 72.7 vol.% and 10 vol.%, respectively. A
Χ2 below 1.3 was obtained for all the refinements.
It can be concluded that the mixed oxide Zr0.8Ce0.2O2

could be produced by RFS of the 0.8(ZrO2)+0.2(CeO2)
powder mixture, and that the use of an oxidizing atmo-
sphere, AC electric field, and high current densities were
essential to guarantee better phase purity as seen in the
XRD patterns. The microstructure of the samples pro-
duced by RFS under air and under Ar-H2 at 1200◦C up

to 100 mA mm−2 are presented in Figure 6. The ele-
mental mapping revealed that the microstructures were
homogeneous, with a few regions being richer in CeO2
or ZrO2, probably because of incomplete mixing of the
precursor powders. Further mixing is an alternative to
improve the homogeneity of the microstructure. The con-
tamination by Al2O3 was less than 1.5 wt.% is probably
due to the ball milling step in an Al2O3 jar, and was not
identified by the XRD analysis. On the other hand, the
pellet produced under the oxidizing condition was dense,
5.93 g cm−3, with low porosity. According to the lattice
parameters extracted from the XRD pattern for tetragonal
(Zr0.8Ce0.2)O2, a = 3.64 Å, c = 5.24 Å, its full density was
estimated as 6.30 g⋅cm−3, hence, the pellet obtained byRFS
was about 94 %TD.
Still regarding the homogeneity of the pellets after

RFS, it is important to indicate that the microstruc-
tures of the pellets were not affected by current localiza-
tion or hot spots, even though high electric fields and
oxygen-deficient or reducing atmospheres were investi-
gated. These results are probably due to the adoption of the
controlled current-rate approach and because of the pellet
and electrode geometries. It is demonstrated in the litera-
ture that the current-rate approach can minimize current
localization and heterogeneities in the microstructure.19
Likewise, the green pellets in this study had a 3:4 aspect
ratio (length to diameter), which means that the surface
areas in contact with the platinum flat disc electrodes
were high. Thus, the electric current might have been
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F IGURE 3 Electric field and power density evolution during
reactive flash sintering (RFS) in air at different processing
parameters using direct current (DC) mode. RFS onset at 1000◦C
under 1000 V⋅cm−1 versus RFS onset at 1200◦C under 250 V⋅cm−1

distributed homogeneously across the microstructure.
Usually, dog-bone shaped samples such the ones used in
the literature are more susceptible to the formation of hot
spots and to current localization due to the poor contact
between the platinum wire electrodes and the samples.

4 DISCUSSION

Using the right processing parameters, RFS enhanced the
solid-state reaction promoting full transformation of the
powder mixture into (Zr0.8Ce0.2)O2 with a small fraction
reacting to form (Zr0.9Ce0.1)O2. RFS was not only capable
of synthesizing themixed oxide in a fewminutes, but it also
sintered the pellets to densities up to 94 %TD, similarly to
the results reported in the literature.30,31,37
The influence of each RFS processing parameter could

be assessed individually from the results. First, it was
seen that an oxidizing atmosphere (air) could promote the
desired reactions to obtain themixed oxide, (Zr0.8Ce0.2)O2,

F IGURE 4 Electric field and power density evolution during
reactive flash sintering (RFS) under oxidizing and reducing
atmospheres using alternating current (AC) mode. (A) Electric field
and electric current profiles. (B) Power density profiles

phase, while the reactions were hindered under an
oxygen-deficient medium (HV). Moreover, a reducing gas
(Ar-6 vol%H2) induced the formation of a pyrochlore
phase, Ce2Zr2O7.5. The present work seems to be the
first time RFS was performed under a reducing atmo-
sphere, the only pyrochlore produced by RFS before,
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7,37 was reacted under
vacuum. In general, oxygen-deficient or reducing atmo-
spheres would increase the oxygen defect generation dur-
ing RFS and produce different phases.
The electric current mode, DC or AC, showed an effect

similar to the furnace atmosphere. DC mode not only
impeded full reaction of the mixture but also seems to
have generated a pyrochlore-type phase even in air, which
was not observed under the same RFS conditions when
AC mode was used in air. The electrochemical reactions
that happened when using DC mode were also observed
in Na3Zr2(SiO4)2(PO4)44 with the formation of a sec-
ondary phase, Na2ZrSi2O7, and accumulation of NaOx at
the cathode. DC reducing effects were also observed in
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F IGURE 5 X-ray diffraction (XRD) patterns showing incomplete solutionization of the mixture 0.8(ZrO2)+0.2(CeO2) after reactive flash
sintering (RFS) at different current densities. The furnace was kept at 1200◦C under an air flow and the electric current was held at its
maximum intensity for 2 minutes

F IGURE 6 Microstructures of the 0.8(ZrO2)+0.2(CeO2) pellets after reactive flash sintering (RFS) at 1200◦C up to 100 mA⋅mm−2.
(A) RFS under air. (B) RFS under Ar-H2

air in the literature when creating defect fluorite phases
of Gd2Zr2O7,32 and also by triggering cubic to hexagonal
phase transitions in BaTiO3.33
Intensity of the reactions was dictated by the maximum

current density achieved during RFS. Tests under the same
condition (onset at 1200◦C und 250 V⋅cm−1, AC mode, in
air) at different current densities indicated that a certain
current density intensity is necessary to promote full reac-

tion. This is in good agreement to what was reported in the
literature.34,38,39,41,43 In general, it was observed that higher
current densities led to higher temperatures during RFS,
which is expected to play a major role in the reactions.
Nevertheless, the RFS onset temperature and its recipro-

cal electric field intensity were deemed as parameters that
should be tuned to a specific material system to guaran-
tee not only that full reactions can occur, but also that RFS
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can be reliably controlled. Onset temperature influences
the materials properties, such as its electrical and thermal
conductivities, in such way that it can influence the qual-
ity of the microstructure produced. For instance, fluctua-
tions in the power density could cause thermal shock and
generate cracks; or high electric fields could induce current
localization through the sample leading to inhomogeneous
microstructure.
A guideline for choosing adequate RFS processing

parameters can then be conceived:

∙ RFS atmosphere – The phases obtained from RFS are
strongly dependent on the atmosphere composition.
Oxidizing atmospheres can probably enhance the solid-
state reactions promoting full phase transformation in
certain oxides systems, resulting in the expected phases
from the phase equilibrium diagram. Oxygen-deficient
or reducing atmospheres, on the other hand, could be
utilized when the creation of oxygen defects is of inter-
est, or when trying to obtain a pyrochlore phase from a
mixture of its elemental oxides.

∙ Electric current mode – ACmode can minimize electro-
chemical reduction, therefore it can promote reactions
that are more homogeneous and generate phase pure
materials. DCmode would favor electrochemical reduc-
tion and creation of defects, which could be useful when
trying to obtain certain phases, such as a pyrochlore or
metastable phases.

∙ RFS onset temperature and electric field – Usually tem-
peratures higher than theminimumnecessary to induce
RFS should be used. Very low onset temperatures would
require high electric fields, which can be problematic,
as they favor power peaks, hot spots, thermal shocks,
and current localization. It is also important to consider
that if the power supply unit is operating near its voltage
limit, its behavior can be less reliable.

∙ Maximum current density – High current densities
would favor complete reactions and full sintering. How-
ever, extremely high current densitieswould likely cause
damages to the material such as hot spots, grain coars-
ening, current localization, thermal shock, and in some
cases it could cause different phases to form. It is note-
worthy that the appropriate intensity of the electric cur-
rent density during RFS depends on the electrical con-
ductivity of the material and the phases that are being
generated, aswell as the sample geometry and electrode-
sample contact resistance.

5 CONCLUSION

A comprehensive assessment of the influence of the
RFS parameters on the synthesis and sintering of

(Zr0.8,Ce0.2)O2 mixed oxide was performed. The impor-
tance of the processing parameters such as furnace
temperature and electric field intensity, atmosphere
composition, electric current mode, and current density
was elucidated. It was demonstrated that RFS is a viable
method to produce (Zr,Ce)O2 mixed oxides resulting in
fast phase transformations and high density pellets. Under
the right conditions, namely, oxidizing atmospheres under
AC mode with high current densities and at a certain
furnace temperature, full reactions and homogeneous
microstructures were obtained. Additionally, it was shown
that reducing conditions, such as Ar-H2 atmosphere and
DC mode, low furnace temperatures, and low current
densities could result in formation of different phases and
poor reactions. Finally, a few guidelines were devised to
help future work on RFS.
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