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Abstract: Processing of materials in the form of ceramics normally involves several steps including
calcination at a relatively low temperature for synthesis of the end-product powder and sintering at a
high temperature for densification. The work we have been developing introduces a novel approach
enabling synthesis plus sintering of materials in a single running experiment by using electric fields,
ending with dense ceramics that display grains noticeably finer than in conventional processing. This
new paradigm is fully illustrated with experiments conducted on amorphous CaCu;Ti,O;, precursor
powder, shown to experience, on heating, crystallization through intermediate phases, followed by
chemical reaction leading to synthesis of the end-product powder, plus densification depending on field
adjustment. The processing time and furnace temperature are considerably reduced, demonstrating that
enhanced synthesis and sintering rates applied under field input. Similar results found in Biy;CusTisO1;
are also shown. The different factors that may contribute to this unique scenario, including Joule heating,
defect generation, and reduction of free energy for nuclei formation promoted by the applied field, are
briefly discussed. Overall, the findings we bring here are exclusive as they show an exploitable way

that allows rapid processing of materials with good control over particle and grain coarsening.
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1 Introduction

Functional dielectric materials have been the subject of
continuous research over the last century, and are the
active elements in common electro-electronic devices
such as capacitors, gas sensors, actuators, thermistors,
and varistors [1-4], frequently in the form of ceramics.
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The properties of such materials are highly sensitive
towards structural and microstructural characteristics
that need to be optimized depending on the applications
envisaged. Processing of ceramics involves several
steps that comprise calcination of the precursor
materials at a relatively low but high enough
temperature to synthesize the end-product powder of
interest, followed by grinding to reduce particle size,
compaction to get a reasonable green density (better if
scaling above 50% of the theoretical density), and
finally sintering of the pressed body at a high
temperature for densification. Challenges in this topic
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include low-cost processing, densification maximization,
and grain growth minimization, the latter determining
the current trend in device miniaturization for
microelectronics. Nevertheless, controlling competition
between densification and grain coarsening is extremely
difficult because the driving forces for both are
proportional to the reciprocal of grain size and, hence,
comparable in magnitude [5,6].

Successful approaches so far developed for
materialisation of this (densification versus grain
coarsening) control purpose include hot pressing (HP),
sinter forging (SF), spark plasma (SPS), and two-step
sintering (TSS) [1,4,5,7-11]. One should note, however,
that most of these techniques bring with them
non-negligible to high setup and/or processing costs. In
HP and SPS, for instance, dense and fine-grained
ceramics are produced at relatively low temperatures
while subjecting the sintering bodies to relatively high
pressures. These are two procedures somewhat costly
(setup viewpoint), besides verification that the application
of pressures above several hundreds of MPa during
sintering may modify the final structural characteristics
and dielectric properties of a processed material [12,13].
This makes pressureless sintering methods much more
attractive in ceramics processing. An example is TSS
where fine-grained bodies can be produced in air at
relatively low temperatures, but at the expense of
requiring, unfortunately, annealing time as high as
10-30 h to get high-density materials. This makes the
technique also not too attractive for production of
ceramics, especially at industrial scale. Regarding
synthesis and sintering of materials, in summary,
investigating new approaches that might traduce into
lower processing costs is a topic of permanent interest.

For development of the present work, inspiration
came from the alternative pressureless method recently
introduced in the literature [14], called flash sintering,
which is based on applying an electric field across the
sintering body during thermal treatment. This approach
has shown to enable production of high-density ceramics
in a matter of seconds, at furnace temperatures well
below those required in conventional sintering. Examples
of successful application of this novel method include
dissimilar materials like Y,0;3-doped ZrO, [14,15],
Co,MnO, [16], MgO-doped AL,O; [17], Gd-doped
BaCeO; [18], and CeO, [19], BaTiO; [20], TiO, [21],
CaCu;TigOp; [22], and MgTiO; [23] electroceramics.
In particular, perovskite-structured CaCu;Ti4O;, (CCTO)
ceramics, targeted in this work, have in recent years

drawn considerable attention as they show a giant
dielectric constant (K.,) and remarkable nonlinear
current—voltage response [24-28], making them potential
materials for application in super high-K,, capacitors
and high-efficiency switching and gas-sensing devices.
In terms of processing, conventional synthesis (solid-state
reaction) and sintering of CCTO are most frequently
achieved at temperatures of 1000 and 1100 C,
respectively, for dwell time of several hours [24,26,29,30].
Thermal cycling of this material under field input was
recently shown to reduce considerably these sintering
(time and furnace temperature) parameters [22].
Different from all previous works on flash sintering,
here we considered using electric fields for ultrafast
production of high-quality CCTO electroceramics
starting from amorphous precursor powder. We show
that this can be made into a high-density ceramic in a
single experiment approach at time and furnace
temperatures drastically reduced, demonstrating that
enhanced synthesis and sintering rates apply under
field input. The effects from both electric field and
current strengths across the processed bodies during
thermal cycling are presented and discussed. Regarding
exploration of this approach in other materials, an
example of data on Biy;Cu;TisOy; is also provided in
this report, as Electronic Supplementary Material (ESM).

2 Experimental procedure

Preparation of the CaCu;Ti4O;, precursor powder was
based on the Pechini chemical method [31,32]. In
summary, calcium, copper, and titanium citrates were
separately prepared using calcium carbonate (CaCOs;,
Synth, 99%), copper nitrate (Cu(NOs),-3H,0, Labsynth,
98%), and titanium isopropoxide (Ti[OCH(CHjs),]s,
Alfa Aesar, 97%) mixed in stoichiometric amounts
with citric acid (CA), previously dissolved in distilled
water (0.1 g'rmL™), at the molar ratios of 1:3 (Ca:CA)
for calcium and 1:6 (Cu, Ti:CA) for copper as well as
titanium. Ethylene glycol (EG) was then added to these
solutions, at the mass ratio of CA:EG = 60:40, to
promote citrate polymerization by polyesterification.
The (Ca,Cu,Ti)-containing resin was prepared by
mixing these polyesters, followed by pH adjustment to
9 by adding ammonium hydroxide. A stable resin with
a blue colour and transparent appearance was then
obtained, and heated to 120 ‘C to eliminate excess
water. This chemically-prepared resin was then heated

www.springer.com/journal/40145



JAdv Ceram 2019, 8(2): 265-277

267

to 400 C, followed by annealing for 2 h to remove
most organic compounds, ending with amorphous starting
powder as will be shown later.

The powder was then cold-pressed at 280 MPa into
dog bone-like shaped samples, as shown in Fig. 1(a);
the black-like colour comes from presence of residual
organic compounds. Processing of the samples was
conducted in a molybdenum di-silicide furnace at a
heating rate of 10 ‘C-min”', with and without an
applied electric field (£) as described in Ref. [17]. E
was varied from low values to 240 V-cmﬁl, in the direct
current (DC) mode, while a preset maximum current
flowing across the processed sample was imposed,
with values ranging from 5.0 to 42.0 mA'mm >. A
Sorensen 300-2 DC power supply was used in these
experiments, and the current was measured with a
digital Keithely 2000 multimeter. All the experiments
were ended 1 min after observation of the flash
processing (synthesis or sintering) events presented in
this report. For an appropriate comparison, an identical
holding time of 1 min was considered for conventional
processing (£ = 0), finally conducted here at a verified
temperature of 1030 °C. Besides using a thermocouple
positioned near the sample, temperature of the
processing body was in various representative cases
also monitored by a CLTM-1 Micro-Epsilon optical
pyrometer, assuming a specimen emissivity of 0.9
(supposed to be a valid approximation for most oxide
ceramics). Shrinkage of the specimens was monitored

b
«—20.0mm——> <«—15.2mm—>
c d
3.2mm 3.3 mmI
«—18.9 mm——> <«<—19.1mm

Fig. 1 Optical view of dog bone-shaped samples (a)
after uniaxial cold-pressing (at 280 MPa) of the initial

a

3.5 mmI

precursor heat treated at 400 ‘C for 2 h, (b) after sintering
under an applied field of 30 V-cm™, (c) showing a
homogeneous body after flash under 160 V-cm ' at J =
22.0 mA'mm >, and (d) with channelling-like physical
damage after flash under 160 V-cm' now at J =
25.0 mA-mm 2. The black-like colour in (a), (c), and (d)
comes from presence of residual organic compounds,
turning to be yellowgreen-like in (a) to (d) after removal.
As normally expected, the sample in (b) was gray-like
towards the sintered dog bone gage section.

with an Imaging DMK23U445 CCD camera, while the
final density was estimated by the Archimedes method.

Phase development during thermal cycling of the
material under field action was analysed by X-ray
diffraction (XRD). That is, material processing was
stopped at selected instances, after which XRD
measurements were conducted at room temperature,
using a Phillips X’Pert MPD equipment, operating
with Cu Ka radiation in continuous mode, with 26
varying from 20° to 80° in step of 0.02°. A set of
samples was sputter coated with carbon, and had their
microstructures imaged towards the central region of
the dog bone length using an FEI Inspect F50 scanning
electron microscope (SEM). The images were used to
estimate the average particle (in powder) and grain (in
ceramics) sizes by applying the linear intercept method
[33]. Imaging both as-sintered and fracture (cross
section) surfaces was in this work considered. The
complex dielectric constant K*(z rea—)"Kimag), Where
Kiea and Kiy,, refer to the real and imaginary parts,
respectively, was measured at room temperature, using
a Solartron SI 1260 impedance analyser, from which
the dielectric losses were also evaluated using tand=
Kimag/Kical. These measurements were carried out on
powder (with comparable volume fraction of porosity
after compaction) as well as on sintered samples,
towards the 10 Hz to 100 kHz frequency range where
no material-electrode polarization contribution was
verified [34].

Finally, the ESM provided in this report includes
electric current and XRD data from the parent
Bi,3Cu3Ti;O1, compound processed under field input.
The precursor powder was synthesized following the
identical Pechini preparation protocol, as reported in
Ref. [32] and summarized above, except for the use of
Bi,0; in place of CaCOj; as starting raw material.

3 Results and discussion

Figure 2(a) shows representative curves of current
density (J) against furnace temperature (see full data
given in Figs. Sl(a) and S1(b) in the ESM), as
measured during heat treatment of the precursor CCTO
powder towards a wide range of temperatures, under
electric field action. These data reveal a complex
behaviour that is carefully analysed in the following.
For 0 < E < 40 V-cm ', J shows a shoulder around
700 ‘C, followed by an abrupt rise towards the last
stage of heat treatment where the maximum current
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density preset to J = 42.0 mA-mm > was reached. For
E = 60 V-cm ', the curves are qualitatively similar,
except for no occurrence of the shoulder. The data
towards lower temperatures are magnified in the figure
inset, noting the incidence of an additional “anomaly”
that manifests as a broad J peak. Figure 2(b) depicts
the thermal behaviour of the corresponding true linear

strain, defined as
L
=In| — 1
; n[%j M

where L is the sample length and Ly (= 2.0 cm) its
initial value. This reveals significant to high specimen
shrinkage for £ < 40 V-cm ', and practically no
shrinkage for E = 60 V-cm . Figure 1(b) is a view
of a sample after processing under, e.g., £ =130 V-cm ',
suggesting homogeneous sintering towards the dog
bone gage section where the field was applied during
heat treatment. The specimen is gray-like towards the
sintered gage section, and yellowgreen-like where there
was no applied field and the low furnace temperature
was enough to promote organic compounds removal,
but not sintering. For isotropic shrinkage, as we found
in this work to a good approximation (Fig. 1), the
resulting density and strain (p and €) theoretically
satisfy:

In [ij =3¢ )
Po

where py is the green density (about 2.02 g-cm ° in this
work). Final values of density (o), relative to the
theoretical density of CCTO (TD = 5.05 g'cm%) [35],
were 92% to 98% TD for 10 Veem ' < E <
40 V-em ', 77% TD for zero-field processing, and 46%
TD (in average) for 60 V-em ' < E < 240 V-cm ',
as estimated via Archimedes method. For the former
(sintered materials), the values of p. are listed in
Table 1.

In terms of processing parameters, the following
observation should be made at this instant. Towards
high fields (E = 60 V-em ), imposing maximum J
values above 22.0 mA-mm > only led from current
localization to channelling-like physical damage along
the sample length rather than densification. This is
registered in Fig. 1(d) for £ = 160 V-cm ' with J =
25.0 mA-mm > at flash, versus Fig. 1(c) where a
homogeneous body is still observed after flash at J =
22.0 mA-mm ~ (a kind of upper bound current for safe
flash). In both cases the samples are yellowgreen-like
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Fig. 2 Temperature dependence of (a) current density (J)
and (b) true linear shrinkage during CCTO processing
under electric field (E) input. The current density limits
were J = 42.0mA-mm > for 10 Veem' < E <
40 V-em ' and J = 22.0 mA-mm ” for E = 60 V-cm .
Inset in (a): magnification of the current data towards
lower temperatures. The indicated points (a) to (g)
represent different instants during material processing
(and are discussed in the text).

Table 1 Applied electric field (E), relative density (0.,

TQ3S T03S

furnace (Tg;,, pyro

) and pyrometer ( ) temperatures

measured at flash (while allowing the imposed maximum
current across the sample to last 1 min before turning
off the power supply), and average grain size (AGS)

E(Vlem)  pa(%l%) ToS(C)  Tow (CT)  AGS (nm)
o' 77 — — 630 + 180

10 98 1015 1075 880+ 175

15 96 1005 1085 740 +£ 170

20 94 983 1075 740 +£ 175

30 92 955 1037 560 &+ 200

35 94 908 1020 550 +210
40 92 870 1018 530+ 170

¥ Heating process for sintering was in this conventional case stopped at
1030 °C, followed by annealing for also 1 min.

towards the gage section due to removal of the organic
compounds. The observation above also applied for
processing towards low fields (E < 40 V-cm )
where imposing J values higher than 42.0 mA-mm °
led to identical channelling-like damage effect along
the densified bulk, as also observed elsewhere in flash
sintering of, e.g., Gd-doped BaCeO; [18] and BaTiO;
[20].

Notice in Fig. 2 that the entire J and € curves shift
towards lower furnace temperatures as E is increased,
meaning field-enhanced kinetics of the processes
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involved, including occurrence of densification. The
points (a) to (g) indicated in Fig. 2(a) refer to
representative instances where the experiments were
stopped and X-ray diffraction analyses conducted at
room temperature, the patterns of which are shown in
Fig. 3. At point (a), as we mentioned above, the
starting Pechini-derived product is amorphous. Taking
material processing under, e.g., £ = 30 Veem' as a
reference, we chose to conduct the structural analyses
at points (b) to (e). The data at point (b) show presence
of CuO (ICSD 67850) and TiO, (ICSD 200392),
besides trace of CCTO (ICSD 32002). At point (c) a
single CCTO phase is finally synthesized (the Miller
hkl index numbers are indicated between parentheses).
While talking in this case about synthesizing CCTO at a
furnace temperature of 713 “C for virtually zero annealing
time, in zero-field approach this Pechini-derived
precursor powder would have needed to be heat treated
for 2 h at about 800 ‘C to get a second phase-free
CCTO powder [32]. At points (d) and (e) incidence of
a single CCTO phase is also verified. The same
observation applies for points (f) and (g) corresponding
now to processing under, e.g., £ =200 V-cm .

The results illustrated in Figs. 2 and 3 allow drawing
the following important conclusions. For 10 V-cm ' <
E < 40 V~cm71, on the one hand, the powder
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Fig. 3 X-ray diffraction patterns corresponding to the
points (a) to (g) indicated in Fig. 2(a). Point (a) is related
to the powder initially heat treated at 400 ‘C for 2 h.
Points (b)—(e) are connected with the samples at furnace
temperatures of (b) 625 C, (c¢) 713 C, (d) 950 C, and
(e) 955 ‘C during processing under £ = 30 V-cm'
(current density limit of J = 42.0 mA-mm ? in the last
case). Points (f) and (g) are related to the samples at a
furnace temperature of 562 C during processing under £
=200 V-cm ' with a current density limit of J = 22.0 and
5.0 mA-mm 2, respectively.

transits from amorphous to crystallization through
intermediate phases, followed by CCTO synthesis, and
then sintering with good densification: this is the fast
one-step synthesis plus sintering (O3S) of materials we
introduce here, starting from amorphous precursor
powder. This ends with the so-called flash sintering
event recently presented in the literature [8,14-22], and
characterized by a sudden rise in electric current and
material densification (Fig. 2). The values of furnace

temperature reached at flash (T,0->

furn

listed in Table 1. At E = 40 V-cmﬁl, for instance,
values of T23%= 870 C and Pre= 92% TD (even

furn

) have also been

considering only 1 min of annealing time) were found,
while conventional sintering of solid-state prepared
CCTO powder is most frequently conducted at 1100 C,
for annealing time of several hours [24,26,29,30].

For E = 60 V-cmfl, on the other hand, it is
concluded from Figs. 2 and 3 that the powder drives to
crystallization through intermediate phases and, then,
instantaneous CCTO synthesis, without experiencing
densification (even for J > 22.0 mA-mm >, as we
commented above): this we call flash synthesis (of the
end-phase product), found to be here achievable at
really low furnace temperatures, below 500 C for
E>210 V-em' (see Fig. SI1(b) in the ESM). Indeed,
we recently announced incidence of this unique
phenomenon in Ref. [36]. To give a much more
complete picture of processing scenario towards a wide
range of applied electric fields, we chose to bring here
a few but important representative data of this distinct
phenomenon. This is because such data help
understanding the stepwise evolution of the originally
amorphous system to only synthesis or synthesis plus
sintering depending on field strength. Considering
again the results in Figs. 2(a) and 3 for 10 V-cm ' <
E < 40 V-cm ', finally, material processing until
reaching the shoulder around 700 ‘C represents then
what can be called by fast synthesis.

A direct and important observation deriving as well
from Fig. 2 (supported by the data given in Fig. 3) is
then the ability the electric field-assisted processing
method shows here for easily detecting occurrence of
physico-chemical processes like crystallization and
chemical reactions during thermal cycling of the
material. This capability is further reinforced by the
results presented in the following. That is, Fig. 4
depicts the XRD and electric current data, for
processing under, e.g., 15 V-cm ', from Pechini-derived

www.springer.com/journal/40145



270

JAdv Ceram 2019, 8(2): 265-277

CCTO precursor powder initially heat treated for 2 h at
400 ‘C (amorphous powder) and 800 ‘C (single-phase
powder). As an extension of applicability of this
processing approach to other materials, the XRD and
electric current data, collected under, e.g., 7.5 V-em |,
from the parent Biy;Cu;TisO1; (BCTO) compound are
depicted in the ESM (data given as Fig. S2 in the
ESM). These data arose from Pechini-derived BCTO
precursor powder initially heat treated for 2 h at 400 ‘C
(showing to be partially-amorphous powder), 800 C
(multi-phase powder), and 900 ‘C (single-phase
powder). Overall, irrespective of the considered
material (CCTO or BCTO), the results presented in
Figs. 2, S1(a) and S1(b) in the ESM, 3, 4, and S2 in the
ESM reveal coherent characteristics that can be
summarized as follows: (i) for originally amorphous
powder, both “anomalies” associated with crystallization
through intermediate phases (towards low temperatures)
and chemical reaction-promoted synthesis of the end
product (towards the intermediate temperatures) are
observed; (ii) for starting powder containing intermediate
phases (say, multi-phase powder), only the end-product
synthesis-related anomaly is sensed; finally, (iii)) when
dealing with single-phase powder, neither of these two
anomalies are detected, just as would be then expected.
Towards the last stage of sintering at higher temperatures,

a s A CaCu.Ti,0,, CSD 32002
N
N
El n . s N _
S|l T | 38353 °55Y5 ©2s5c
> 8 5 | 58835885 83883
Gl a 4 ) 4L aax)x ataaq
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£
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I T T T 1
20 30 40 50 60 70 80
26(°)
b 20 -
Crystallization E=15V-cm
N’E‘1s- \
0.15
10 \soo Chemical
£ 010 reaction
= 54005 200
01 800

] M L] v T M ) M T M ]
500 600 700 800 900 1000

Temperature (°C)
Fig. 4 (a) XRD patterns of the CCTO precursor powder
after heat treatment at 400 and 800 °C for 2 h. The
powder is amorphous at 400 ‘C, while a single CCTO
phase is synthesized at 800 C; (b) temperature dependence
of current density (J) for the two powders during
processing under a field of 15 V-cm™'. In the course of

sintering, only the amorphous powder shows the
anomalies related to crystallization and chemical reaction.

all these specimens experienced instantaneous-like
densification under low field input (Figs. 2, S1(a) in
the ESM, 4, and S2 in the ESM).

Figure 5 shows representative micrographs from
fracture surfaces (cross section view) of CCTO samples
after sintering without and with an applied electric
field. While the conventionally sintered specimen
reveals porous (£ =0 V-cm ', and p=77% TD), high
densities were achieved for the samples processed
under electric field. In addition, a trend of grain growth
inhibition with increasing £ was observed in the dense
specimens. For both particle and grain size evaluation,
we found better to consider analysing images from the
surfaces of the as-processed samples. Figure 6
illustrates such micrographs applying at some of the
points indicated in Fig. 2(a): point (e) after flash
sintering, point (c) after fast synthesis, and points (f)
and (g) after flash synthesis. In general, all the imaged
microstructures revealed quite homogeneous in particle
and grain size distribution.

The estimated values of average grain size (AGS, in
dense samples) and particle size (APS) are shown in
Fig. 7; the AGS data (and corresponding distribution)
have also been included in Table 1. AGS decreased
with raising E, reaching a value as low as 530 nm for £
= 40 V-ecm''; just recalling that AGS in CCTO
ceramics normally exceeds (well significantly in most
cases) 1.0 um [29,30,32]. In the course of fast one-step
synthesis plus sintering (03S), APS (Fig. 7 inset) at

a2 5 Viem Ele &

Fig. 5
surfaces (cross section) from CCTO specimens processed
in this work. (a) Conventional sintering (E = 0 V-cm);
fast O3S processing under (b) £ =10 V-cm™', (c) E =15
V-em', and (d) £ = 30 V-cm', with a current density
limit of J = 42.0 mA-mm > and a dwell time of 1 min.

Representative micrographs of the fracture
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Fig. 6 Representative micrographs of CCTO specimens
processed in this work. (a) Fast O3S processing under £ = 30
V-cm™!, with a current density limit of J = 42.0 mA-mm 2 (point
(e) in Fig. 2(a)); (b) fast synthesis under E = 30 V-cm ', at
which instance the specimen reached a current density of J = 4.1
mA-mm > (point (c) in Fig. 2(a)); (c) and (d) flash synthesis
under E =200 V-cm ' for current density limits of J = 22.0 and
7.5 mA-mm 2, respectively (points (f) and (g) in Fig. 2(a)). The
dwell time at the current limits was 1 min. The two last images
(c) and (d) are reproduced with permission from Ref. [36], ©
The Royal Society of Chemistry 2016.

1400 4 = i
E 2401 & [Fiash
1200 o %] -
i % 1201 ‘i
§1000— 504 ’Fast
e 60 120 180 240
O 8004 =~ E (V-cm™)
< T~ S~
600 Rk S
Fast O3S T~
4004
1I0 1I5 2I0 2l5 3'0 3I5 4I0
E (V-em™)
Fig. 7 Average grain size (AGS) after fast O3S

processing of CCTO with the current density limit of J =
42.0 mA-m 2. Inset: average particle size (APS) applying
for fast CCTO synthesis (closed circle; specimen at point
(c) in Fig. 2(a)), and flash CCTO synthesis for different
fields with the current density limit of J = 22.0 mA-mm >
(open circles); for £ = 200 V-em ' with J = 10.0
mA-mm? (open triangle), J = 7.5 mA-mm > (open star),
and J=5.0 mA-mm > (open square; specimen at point (g),
Fig. 2(a)); and finally for E = 240 V-cm™' with J = 12
mA-mm ? (open diamond). The dashed lines are just a
guide for eyes.

point (c), i.e., fast synthesis under E = 30 V-em !, is
only 53 nm (closed circle). The value is 300 nm
(5.7 times higher) after zero-field processing of identical
Pechini-derived powder, proved to require heat
treatment at 800 C to successfully get a single-phase

end product [32]. Similar results of optimal CCTO
synthesis occurring towards relatively-high temperatures
falling in the 700-800 °C range and final average
particle size in the 200400 nm range have been
reported for CCTO powder processed through pyrolysis
and combustion wet-chemistry methods [37,38].
Regarding flash synthesis, back to the inset of Fig. 7,
APS also decreased with raising £, going from 220 nm
at E=60 V-cm ' to 120 nm at £ = 240 V-cm ', with
the maximum current preset to J = 22.0 mA-mm °
(open circles). APS also fell down with decreasing this
maximum current at flash: with J limited to 5.0
mA~mm72, for instance, APS = 58 nm for processing at
E =200 V-cm ' (open square). Refer to the caption of
Fig. 7 where all the considered processing conditions
(and used symbols) are informed.

All these results, shown in Figs. 2, 3, 6, and 7,
demonstrate that electric field can be used to effectively
accelerate synthesis and sintering of materials with
good control over average particle size, for powder,
and grain size, for ceramics. This is a novel approach
whose advantages can be then summarized as follows:
(i) regarding synthesis, while realizing that zero-field
processing of CCTO through either conventional
solid-state reaction [30] or chemical route [32,37,38]
did not allow producing nanopowder, processing under
electric field and controlled current renders possible
synthesis of a CCTO powder with an average particle
size sensibly below 100 nm (scratched region in Fig. 7
inset); (ii) regarding sintering, high-density and
fine-grained ceramics can be and were produced in a
single running experiment approach by using electric
field, starting from amorphous precursor powder, i.e.,
with no need of a prior, separate calcination step plus
grinding and compaction before definitive heat
treatment; (iii) both field-assisted synthesis and sintering
processes are accomplished at time and furnace
temperatures significantly lower than in conventional
(zero-field) processing, opening as well a new window
for exploring, as Fig. 7 suggests, preparation of submicron
to nano-grained ceramic materials at a lower cost.

At this point, some comments have to be made. The
natural difference we found here between flash
sintering (10 V-em ' < E < 40 V-em'") and flash
synthesis (E = 60 V'cmfl) is that the latter did not
lead to densification, even when we allowed the
current density limit to reach values higher than that of
J=22.0 mA-mm ~ considered in Fig. 2 (and Fig. S1(b)
in the ESM), as we earlier commented with respect to
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Fig. 1(d). Because involving a chemical reaction of
intermediate compounds to give the end phase (Fig. 3),
the synthesis process should be here regarded as the
nucleation of a new product at the contact surface
between these intermediate phases. In the following,
material transport should mainly occur from the
surface of the original particles (surface as source the
diffusing charges) to the forming and growing of
nuclei, a mechanism which is expected to cause no
important shrinkage [1]. The predictable changes in
such a case are neck growth and eventually particle
coarsening, as can be also concluded in this work when
comparing, e.g., the microstructures shown in Figs. 6(d)
(E=200 V-cm ' and J= 7.5 mA-mm °) versus 6(c) (E
=200 V-cm ' and J = 22.0 mA-mm °). In contrast,
observation of a huge shrinkage (densifying mechanism)
during flash sintering of the single-phase end-product
powder means that the atomic transport process in that
case originates from the volume of the particles
(volume as source of the diffusing charges) and moves
into the necks [1].

Irrespective of where each of these phenomena
originates at the microstructural level, it is
straightforward concluding from Fig. 2 (and Fig. S1 in
the ESM), supported by the XRD data in Fig. 3, that
development of the fast and flash events presented here
involves enhanced charge diffusion because of field
input. To get a further insight into this scenario, the
sample temperature during conduction of such
experiments must be also monitored, together with
furnace temperature. This was done here by using a
pyrometer operable at temperatures 7 = 650 C, and
Fig. 8 is an example of data showing the time
evolution of furnace (7%m) versus pyrometer (7yr,)
temperatures during processing of CCTO under 15 and
30 V-em . Regarding flash sintering (10 V-em™' < E
< 40 V-em"), just to begin with, once the imposed
current limit was reached, a stable temperature was as
well reached during a steady-like state that we allowed

to last 1 min. The values of Tp?fos and 7025 measured

at that instant have also been included in Table 1.

A marked divergence between these two temperatures

was in every case verified, with 7;32;7’OS>T§§IS. This

means that the increase in current-related power
dissipation (P = J'E), i.e., Joule heating modulating the
real sample temperature, is an important factor to be
considered when trying to account for development of
this phenomenon [39-42]. The data of power

dissipation during materials processing are illustrated
in Figs. S1(c) and S1(d) in the ESM. When the power
supply was turned off, Fig. 8 also shows that both T}y,
and Ty, matched again (almost suddenly), as to be
expected.

Regarding then the effect of sample temperature,
flash sintering under, e.g., E =30 V-cm™ (point (e) in
Fig. 2(a)) occurred at a furnace temperature ]}ﬁﬁs=
955 °C, while power dissipation input (of about
0.13 W-mm ) led the specimen to reach a temperature

Tp(;fos =1037 ‘C (Fig. 8 and Table 1). We note that the

final specimen density (o) was in this case 92% TD,
while, in contrast, conventional (zero-field) sintering at
a comparable temperature of 1030 ‘C ended with a
sample showing only 77% TD after an identical
annealing time of 1 min (Fig. 2(b) and Table 1). This
result would suggest that the temperature-associated
argument is alone not enough to justify a higher
densification at £ =30 V-cm'. From lattice expansion
measurements, nevertheless, flash sintering temperatures
reaching values comparable to those leading to high
densification in conventional processing have been
claimed [43,44]. Because related to surface measurements,

it should be recognized that Tpcy)ff may be lower than
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Fig. 8 Time evolution of the furnace versus pyrometry
temperatures during fast O3S for powder processing
under fields of (a) £ =15 V-cm ! and (b) £ =30 V-cm™".
The temperature measured using the pyrometer (7py,,) is, in
comparison, supposed to better represent the real specimen
temperature. The temperature regions of chemical
reaction and flash sintering occurrence are indicated in
both cases.
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the real bulk temperature (although remaining certainly
closer to this bulk value if compared with T,:S;S ). This

would justify why the higher densification for £ =
30 V-em™' in the comparison above, but does not
straightforwardly account for (i) development of all the
sintering-related process in mere seconds as well as (ii)
the trend to sudden full densification.

In terms of cause—effect relationship, we believe that
the factual question to be also or instead addressed is:
why does the electric current suddenly rise in a non-linear
way, indicating flash sintering triggering at a given
instant during thermal processing in the presence of
the field? Accordingly, sudden incidence of a defect
generation process caused by the field as an important
ingredient to be as well considered behind ignition of
this phenomenon was earlier proposed [39]. Since then,
several works have been aimed at finding answers to
this open issue, still needing further experimental
evidences from which to draw the concluding remarks
regarding the major contributing mechanisms involved.
The reader may find a description of possible
mechanisms behind flash sintering in the review paper
by Yu ef al. [45], where postulation of electrochemical
reduction is also registered, to be as well considered as
a potential defects-based mechanism induced at the
onset of flash. Recent reports suggesting validity of
this idea of a parallel defect-related mechanism behind
flash sintering may also be found elsewhere [46—48].

Concerning development of flash synthesis, applying
here for E = 60 V-cmfl, some values of Ty, were
also representatively measured, the results of which are,
e.g., 946 and 910 ‘C for flash under, respectively, 60
and 200 V-cm' (at J = 22.0 mA-mm°). In the latter
case (for which the time evolution of Ty, versus Tfym
is given in Fig. S3 in the ESM), reducing J from 22.0
to 5.0 mA-mm  led to observing T, = 750 ‘C. These
temperatures reveal high enough to encourage CCTO
synthesis, expected to initiate when approaching
710 C in conventional (zero-field) processing [36].
Nevertheless, as we remarked above, postulating here
contribution from a field-promoted defect generation
effect, acting together with Joule heating, appears also
reasonable to account for manifestation of the whole
phenomenon as a flash event. In particular, if J at flash
is allowed to significantly increase, Joule heating is
naturally expected to enhance synergistically charge
diffusion processes, the parallel result of which is
observation of an increase in average particle size

(Figs. 6 and 7), as also reported elsewhere for average
grain size in flash sintering experiments [20,49].

In the following, development of the electric
field-assisted non-flash events is as well analysed.
Regarding incidence of fast synthesis, applying at the
shoulder-like anomaly in Fig. 2(a) (also verifiable in
Figs. S1(a) and S1(c) in the ESM), difference between
furnace and apparent sample (pyrometer) temperatures
was from only 28 to 42 ‘C at 30 V-em ' < E <
40 V-em' to undetectable at 10 V-em ' < E <
30 V-cmfl; these are the instances indicated as
chemical reaction in Fig. 8 In any case, this
shoulder-related process is in Figs. 2(a) and S1(a) and
S1(c) in the ESM noted to develop at temperatures
around 700 °C, meaning also enough thermal energy
to encourage CCTO synthesis [36]. Nevertheless, again,
its occurrence in few minutes (<5 min) contrasts with
the fact that conventional (zero-field) synthesis of a
second phase-free CCTO end-product requires heat
treating identical Pechini-derived precursor powder for
2 h at about 800 C [36]. In other words, fast synthesis
should here involve some additional effect besides the
expected influence from temperature.

The above observation also applies for crystallization,
responsible for incidence of the current peak anomaly
observed towards low temperatures in Fig. 2(a) inset.
Pyrometry indicated that this process occurs at
apparent sample temperatures < 650 C (see, e.g., Fig.
S3 in the ESM), and the furnace values scale below
500 ‘C for £ > 210 V-cm ', while crystallization is
expected to take place at about 625 ‘C in conventional
(zero-field) approach [36]. Apart from this, it should be
observed, as we proposed in Ref. [36], that an increase
in the rate at (and prematurity with) which this
phenomenon develops during heat treatment is in fact
also expected to be encouraged. This is because Gibbs
free energy for formation of nuclei with critical size
(AG¢) under field input can be demonstrated to satisfy
[50,51]:

16 /3)my]

AG = 3)

2
[|AGV| +(1/2)&y(K; —Ki)Ez]

where AGy refers to the strain energy per unit volume,
& is the permittivity of vacuum, y the surface energy
per unit area, and K (=K., in this expression) the real
part of dielectric constant. Accordingly, a decrease in
AGec is predictable as long as the dielectric constant of
the new medium (Ky) is higher than in the original
medium (X;). For the material processed under, e.g., £
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= 30 V-cm ', values of K measured at 100 kHz
(towards which there was basically no K dependency
on measuring frequency; see data given later), on equally
pressed powder, were Ky = 110 and K= 85, in
connection with samples at points (b) and (a) in Fig. 2(a).

This reasoning of an expected enhanced rate (and
prematurity) of process development also applies for
the fast synthesis event presented in this report. This is
because formation of a new phase from chemical
reaction of the intermediate compounds involves as
well crystallite nucleation and growth processes, and
obeys equal thermodynamic approach for AGc (Eq.
(3)); we found K= 143 in relation to point (c) in Fig.
2(a). Overall, the observation is that increasing £ under
K> K; has the positive effect of decreasing progressively
AGc, implying crystallization and synthesis processes
predictable to occur more and more faster.

Back to flash synthesis, the argument of a decrease
in AGc to account for acceleration of the synthesis
process is also expected to apply. Nevertheless, its
development in the form of a flash event should most
likely involve, as discussed above, a field-generated defect
avalanche-like process promoting a sudden increase in
charge transport, i.e., electrical conductivity (and hence
current density) and, consequently, sudden increase in
Joule heating (modulating the real sample temperature)
with also a direct impact again on electrical conductivity.

As earlier mentioned in this contribution, one reason
for which CCTO and parent compounds have in recent
years drawn considerable attention is the fact of
showing a giant dielectric constant-like phenomenon,
with K values = 10° [24-27]. The values of
dielectric constant we reported above are significantly
lower because of dealing with porous samples. Figure
9(a) illustrates the K., data from CCTO after
conventional as well as O3S processing, as a function
of frequency. For data clarity, we chose to only show
the spectra from £ = 0 versus 10, 15, 30 V-cmfl,
enough to draw the following main conclusions.
Overall, K, revealed almost frequency independent
(only an unimportant trend to increase downwards low
frequencies was observed), with values =10’ just as
reported elsewhere [24-27]. This property involved
capacitance values in the order of 10'° F, meaning (for
measurements conducted here on small, millimeter-sized
samples) to basically reflect the material response, i.e.,
with no electrode polarization-like contribution [34].
K Was sensibly higher in the high-density, field-sintered
samples (92%—-98% TD) than in the porous,

10%3,
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a
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10" 10° 10° 10* 10
Frequency (Hz)

Fig. 9 Frequency dependence of (a) real part of dielectric
constant (K, and (b) dielectric loss (tand) measured at
room temperature for CCTO samples processed under £ =
0, 10, 15, and 30 V-cm ..

conventionally-sintered body (77% TD), and is
accordingly expected to be even lower in much more
porous specimens, as in the case of the K, K, and
K() values we reported above for the as-pressed,
non-sintered powder.

Figure 9(b) now refers to the dielectric loss data
from these materials, appraised as tand (=Kimag/Kreal)-
Even with K, revealing almost frequency independent
(Fig. 9(a)), an increase in dielectric losses is observed
downwards low frequencies, an effect to be then
mainly ascribed to direct current (DC) conductivity
contribution to dielectric losses. This contribution
reveals less important for the conventionally-sintered
sample, most likely because, besides the deleterious
effect of porosity limiting electrical conduction,
thermally-induced development of defects leading to
observation of a semiconducting-like CCTO bulk
[32,52] should in this case be still incomplete.

Notice in Fig. 9(b) that tano is almost frequency
independent towards the highest frequencies, where the
genuine dielectric response (free of not only electrode
polarization but also DC conductivity contributions)
from such materials can be then assessed. This is the
frequency region we considered to be of direct interest to
compare among samples. Observe that the field-sintered
bodies show lower dielectric losses (tand < 0.05)
when compared to the conventionally-sintered specimen
(tano =~ 0.10). This scenario of a high dielectric
constant combined with relatively low dielectric losses
for the field-sintered materials is as attractive as has
been also found for laser-sintered CCTO specimens
where extremely high sintering rates, as contrasted to
conventional sintering, play an important role [32]. In
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general, material processing parameters, namely, sintering
temperature and rate, plus annealing time, have been
all shown to strongly modulate the defect chemistry
and, hence, degree of defect-mediated semiconductivity
and dielectric response observed in ACTO (A = Ca,
Biy;3, etc.)-type compounds [22,32,52,53]. This could
be the main clue for the design of processing protocols
that may help optimizing the physico-chemical
properties of such materials and materializing, in
future, their application in electro-electronic devices.

For contextualization purpose, we should mention
that most results presented in this report, together with
those earlier published in Ref. [36] on flash synthesis
of nanopowders, are part of L. M. Jesus’ Ph.D. thesis
defended in 2016 [54]. This pioneering work on
electric field-assisted ultrafast processing of materials
in a one-step approach, starting from either amorphous
or multi-phase precursors, is currently being extended
(exploring achievability conditions, included) to other
simple and complex compounds, and the results will be
the content of forthcoming contributions.

4 Conclusions

We have demonstrated that processing, say, synthesis
and sintering of materials can be both remarkably
accelerated by using electric fields. Starting here from
amorphous CCTO powder, for instance, this was
shown to experience crystallization through intermediate
phases, followed by either flash synthesis, at high fields,
or fast one-step synthesis plus sintering (0O3S), at low
fields, in a single running experiment approach. These
events develop at furnace temperatures and dwell time
significantly reduced, the consequence of which is
quick material processing, with good control over
particle (for end powder) and grain (for ceramics)
coarsening. Concretely, high-quality CCTO nanopowder
was here produced where zero-field processing
methods fail, as well as fine-grained eletroceramics
showing high dielectric constant (=10%) coupled with
relatively low dielectric losses (tand <<0.05). With
examples provided on CCTO and BCTO (in the ESM),
this work has also shown, accordingly, that monitoring
the electric current of materials during processing under
field input can be used as an efficient and cost-effective
way to detecting occurrence of crystallization and/or
chemical reactions, the events of which produce
detectable current anomalies. Where such physico-

chemical events do not apply, just as we presented here
for single-phase CCTO and BCTO end powders, no
current anomaly manifested, except when flash sintering
came into play. In summary, we consider that simplicity
of the approaches presented in this work opens a new
development window that deserves great attention for
detailed explorations on (i) ultrafast synthesis and (ii)
fast synthesis plus sintering of materials, in a single
running experiment approach, no matter if starting
from a multi-phase powder (mixture of metal oxides)
or even an amorphous precursor powder, as we have
here shown.
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