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bstract

nO2 green pellets were submitted to ac electric fields at temperatures below 1350 ◦C. Electric current pulses occurred and a substantial modification
as found in the microstructure of the pellets after application of 80 V cm−1 at 900, 1100 and 1300 ◦C. Similar experiments were carried out in SnO2

ixed to 2 wt.% MnO2. The linear shrinkage of the pellets was monitored with a dilatometer during the application of the electric field. Scanning
lectron microscopy micrographs of the pellets show the grain structure evolution after the electric current pulses. The larger is the electric current
ow through the SnO2 pellet, the larger are the shrinkage and the average grain size. Even though sintering occurs without significant densification
n SnO2, the welding of the grains is evident. The apparent density of green pellets of SnO2 with MnO2 addition sintered at 1100 ◦C increased
10% with the application of 80 V cm−1, 5 A.

 2013 Elsevier Ltd. All rights reserved.
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.  Introduction

Tin oxide is an n-type semiconductor with application in
any devices such as chemical sensors,1–3 solar cells, dis-

lays and batteries.4–6 Pure SnO2 does not densify upon heating
ecause of the predominance of the evaporation–condensation
echanism.7 For sintering SnO2 bulk ceramics from powders,

intering aids are required for avoiding the decomposition of
nO2 to SnO at temperatures higher than 1300 ◦C.8–10 The rel-
tive densities of a SnO2 green pellet and of pellets sintered
t 1000, 1100, 1220 and 1300 ◦C were reported as 49.8, 49.8,
9.9, 49.7 and 49.8%, respectively.7 It is a common practice
he mixing of sintering aids to achieve dense SnO2, for exam-
le by liquid phase sintering with the addition of Li2CO3 or
uO.7,10 Aliovalent cations have been proposed to form solid

olutions, creating lattice defects and thereby promoting den-
ification upon sintering by solid state diffusion.8,10 Relative

ensities of 95% of the theoretical density and even higher val-
es were obtained upon sintering SnO2 with MnO2 addition for

 Mn/(Mn+Sn)atomic cation ratio equal to 4 ×  10−3.11–13

∗ Corresponding authors. Tel.: +55 11 31339203; fax: +55 11 31339276.
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One of the more important recent developments on sintering
eramic materials involves the application of an electric field
n heating a green pellet without applying pressure. The first
eports on this new sintering technique showed that either dc
r ac electric fields inhibited grain growth.14,15 In ionic con-
ucting ceramics, low dc electric fields were found to enhance
he sintering rate and the plastic deformation.16 Afterwards
arger electric fields (>40 V cm−1) were applied with significant
ensification in few seconds of Y-TZP17 and Y-FSZ18,19 at tem-
eratures lower than 1000 ◦C. Flash sintering has been applied
ecently to many green pellets of different electrical behavior:
lumina insulator,20 Co2MnO4 electronic conductor,21 cubic
nd tetragonal yttria-stabilized zirconia ionic conductors,22–26

trontium-doped barium cerate protonic conductor,27 ceria
onic conductor,28 strontium titanate semiconductor29 and poly-

orphic silicon carbide semiconductor.30 Theoretical aspects
mechanism and grain growth) have also been reported.22,24,31,32

ost of the experiments, independent on the attributed physical
echanism, reach the same general feature: the application of

 dc or ac electric field with suitable magnitude promotes den-
ification during sintering at temperatures which depend on the
tudied compound, but is always lower than the conventional

intering temperature. Recently the welding of the grains in
ttria-stabilized zirconia was proposed to occur when an ac field
s applied to these ceramics in the electrolytic region, namely, in

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2013.09.017&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
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he ionic conduction regime.18 The welding of the grains hap-
ens in a singular current pulse (few seconds’ half-width) and
as ascribed to an intense Joule heating by the flow of an electric

urrent through the inter-particle region of the green pellet. The
ncrease in the inter-particle temperature might also promote
ensification and grain growth due to heat transfer to the bulk
f the particles. This welding promotes a large decrease in the
ntergranular blocking of charge carriers, seen as a large reduc-
ion of the impedance spectroscopy arc at low frequencies, which
epresents the electrical resistivity of the grain boundaries. Even
hough Joule heating might occur, a full explanation of the mech-
nisms responsible for flash sintering and/or flash grain welding
s still lacking.22,24,31–33 Experiments were reported of flash sin-
ering under constant electric fields or current densities,34 with
aterials with different average particle sizes,35 under contin-

ous application of an electric field during heating and on the
ffects of the applied field and temperature on the incubation
ime for flash sintering,36 and on application of very high electric
elds.37 This method of sintering has been applied with success

o dog bone shape, cylindrical shape and tape-casted ceramics.38

ew works deal with technological application of this sintering
ethod, specifically for solid oxide fuel cells.19,21,39,40

Here we have to point out the main difference between flash
intering and flash grain welding: during a flash sintering exper-
ment, either a dc or an ac field is applied; during a flash grain
elding experiment, on the other hand, only an ac field is applied

hrough the specimen, to promote charge but not mass trans-
er. Application of ac fields avoids depletion of ionic species
nhibiting stoichiometry deviation, which produces, for exam-
le, the blackening effect in zirconia.41–43 In ceramic materials
ith poor sinterability, like Gd-doped BaCeO3, the application
f an ac electric field promoted negligible changes in densifi-
ation, although the grain boundary conductivity substantially
mproved.27 That result along with those measured in granules
f yttria-stabilized zirconia25 show that the primary effect upon
pplication of an ac electric field on an ionic conductor is the
elding of the interfaces. In spite of the recognized success of

his novel sintering technique, some important questions remain
nanswered. It seems that the application of this technique to
eramic materials with poor sinterability like pure alumina20

nd silicon carbide30 without  sintering aids exerts minor effects
n both microstructure and densification.

In this work, the effects of an ac electric field on sintering
nO2 and SnO2 mixed to MnO2 were investigated at tempera-

ures below the decomposition temperature of SnO2.

.  Experimental

Tin (IV) oxide and manganese (IV) oxide from Alfa Aesar
99%) were used. The purity of the tin oxide powder was ascer-
ained by X-ray fluorescence analysis (Shimadzu EDX-720) and
he distribution of particle size was evaluated by laser scatter-

ng in a Cilas granulometer. SnO2: 2 wt.% MnO2 was prepared
y thoroughly mixing and homogenization in an agate mortar.
he SnO2 and the SnO2: 2 wt.% MnO2 powders were uniaxi-
lly cold-pressed in φ 5 mm ×  5–7 mm thickness at 30 MPa with

w
fi
d
l

opean Ceramic Society 34 (2014) 915–923

teel dies and isostatically at 200 MPa. The structural phase was
etermined by X-ray diffraction measurements in a Bruker-AXS
odel D8 Advance X-ray diffractometer with Cuk�  radiation

40 kV, 40 mA), 20–80◦ 2θ  range, 0.05◦ step size, 3 s per step.
or crystallite size evaluation using Scherrer equation,44 the
easurements were performed in the 51–53◦ 2θ  range, which

orresponds to the (2 1 1) reflection of SnO2 (JCPDS 41-1445),
.01◦ step size, 10 s per step.

The microstructure of fracture pellet surfaces, without any
oating, was examined in a field emission gun scanning electron
icroscope (FEG-SEM FEI Inspect F50). Density was deter-
ined by measuring the weight and dimensions of the compact

efore and after sintering. The theoretical density (TD) was
onsidered to be 6.993 g cm−3.8

The experimental setup for simultaneously applying ac/dc
oltage and monitoring shrinkage was described elsewhere.26

riefly, it consists in a vertical dilatometer (0.5 �m precision)
ith Pt electrical connections from both flat surfaces of cylin-
rical pellets to a homemade 30–60 V, 1–10 A ac power supply
perating in the frequency range 500–1000 Hz. The applied elec-
ric voltage turns off when the electric current reaches a pre-set
alue in the 1–10 A range. Multiple electric current pulses may
e applied by turning on the applied voltage. The shrinkage of the
pecimen is monitored in the dilatometer and the voltage–current
ata is collected in a pc-controlled homemade data logger. Sin-
ering has been carried out at 900, 1100 and 1300 ◦C dilatometer
emperatures without and with 80–100 V cm−1 (1 kHz) pulses
ith the electric current limited either to 1 A or 5 A.

.  Results  and  discussion

The analysis of the distribution of particle size of the com-
ercial SnO2 powders, which purity was determined as 98.6%

y fluorescence X-ray analysis, shows that it is composed pri-
ordially of agglomerated particles with approximately 1 �m

verage size. The average crystallite size, estimated by X-ray
iffraction was 373 nm.

.1.  SnO2

Fig. 1a–c shows dilatometric curves of SnO2 green pellets
xposed to 5 min sequential electric current pulses at temper-
tures close to 900 ◦C, 1100 ◦C and 1300 ◦C, respectively. In
he figures, the dilatometric curves of samples just heated and
ooled in the dilatometer without the application of an ac field
re also shown. Shrinkage due to the application of the elec-
ric field is evident. Heating the green SnO2 pellet to 900 ◦C
roduces no appreciable densification (44.5%TD, green den-
ity 41.8%TD). The application of 80 V cm−1 with 1 A limiting
urrent at ∼900 ◦C leads to negligible but measurable 5% longi-
udinal shrinkage. Just heating to a larger temperature, 1100 ◦C,
roduces an expected small shrinkage of 0.2% (45.2%TD),

hich changes to 5.6% upon the application of the electric
eld. A further 200 ◦C increase in the temperature to 1300 ◦C
oes not show substantial increment in shrinkage. The shrinkage
imits attained were 5.0%, 5.6% and 5.8% at 900 ◦C, 1100 ◦C
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Fig. 1. Dilatometric curves of SnO2 without and with (flash sintering) applica-
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of the green pellet and, consequently, to its densification.

The microstructure of the pellets submitted to the applica-
tion of ac electric fields was observed by scanning electron
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ion of 80 V cm−1 (1 kHz, 1 A limiting current) at 900 ◦C (a), 1100 ◦C (b) and
300 ◦C (c).

nd 1300 ◦C, respectively, for 80 V cm−1, 1 kHz, 1 A maximum
urrent.

Fig. 2 shows typical profiles of the 1 A limited electric cur-
ent sequential pulses caused by the application of 80 V cm−1,

 kHz, through the SnO2 specimens. A large number of pulses,
ach one with approximately 0.5 s half-width, are required for
chieving a maximum shrinkage level at each temperature. This
s a quite different behavior from what happens in the case of

pplying ac fields to zirconia-yttria ionic conductors18,26 and
arium cerate proton conductor,27 where a single pulse was suf-
cient for sintering. The reason for that is not clear yet, but one

F
a
t

2

nsets are exploded views of parts of the current × time plot. Top right inset
ndicates 0.5 s single pulse half-width.

ay consider that in the case of zirconia-yttria, the flash sintering
ccurs in the high temperature extreme of the electrolytic win-
ow, with oxide ions being the major charge carriers. In the case
f tin oxide, on the other hand, the charge carriers are electrons,
hich are expected to produce lower Joule heating than O2− ions
nder 1 kHz applied electric field. Enough heat is released to the
rains welding them, and consequently inhibiting the passage
f electric currents, i.e., stopping the pulses.

Another series of dilatometric experiments has been carried
ut by changing the maximum current allowed to cross the speci-
en during the application of the ac electric field. The results for

ulses at 900 ◦C with limitation of electric current to 1 A and to
 A are shown in Fig. 3, together with the shrinkage monitoring
ithout voltage application to the specimen. As expected, the

arger is the available current through the specimen, the larger is
he delivered power (Joule heating is proportional to the square
f the current) and consequently, the larger is the shrinkage level
from 5 to 11%). This is an evidence that limiting the electrical
urrent through the specimen is a key issue to the final retraction
ig. 3. Dilatometric results of SnO2 from room temperature to 900 ◦C without
nd with application of 80 V cm−1 during 5 min, limiting the current to 1 A and
o 5 A.
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ig. 4. Scanning electron microscopy micrographs of SnO2 before and after e
urrent: 1 A (b, e, h); 5 A (c, f, i). Images taken at the top fracture center of the

icroscopy on diametric fracture surfaces of the specimens.
bservations were focused in the central part of the fracture sur-

aces and near the border. The reason is that we noticed, as also
eported recently for SiC,30 that the density decreases from the
enter toward the border in flash sintered samples. This might be
ue to the preferential path of the charged species longitudinally
hrough the center of the samples, which gets hot by the delivered
oule heating and then irradiates to the borders. This preferential
ath is explained by the relatively low green density and non-
omogeneity of the packed particles in the bulk of the samples
eing heated from the outside by the heating elements of the
urnace. The results are shown in Figs. 4 (center) and 5 (border)

or the SnO2 samples.

Fig. 4 shows FEG-SEM micrographs with the same mag-
itude and scale bars of the microstructure of the center  of

i
k
r

ure to 80 V cm at 900 C (a–c), 1100 C (d–f) and 1300 C (g–i). Limiting
les.

nO2 not flash-sintered (Fig. 4a, d, g) and flash sintered at
00 ◦C, 1100 ◦C and 1300 ◦C with 1 A (Fig. 4b, e, h) and 5 A
Fig. 4c, f, i) limiting current, respectively. The micrograph
f the sample after application of the ac electric field with

 A limiting current at 900 ◦C, which promotes a negligible
.0% shrinkage (Fig. 4b), is similar to the micrograph of the
on-flash-sintered sample (Fig. 4a). It consists of a large por-
ion of submicron grains and relatively few large grains. This

eans that pressing and heating SnO2 powders lead to mul-
imodal grain growth and the subsequent application of an ac
lectric field with a relatively low limiting current does not
mprove the densification or the microstructure. A similar effect

s observed by applying a 5 times larger limiting current, while
eeping the magnitude of the electric field: the shrinkage level
eaches 11% and the micrograph exhibits a large increase in



R. Muccillo, E.N.S. Muccillo / Journal of the European Ceramic Society 34 (2014) 915–923 919

Fig. 5. Scanning electron microscopy micrographs of SnO2 before and after exposure to 80 V cm−1 at 900 ◦C (a–c), 1100 ◦C (d–f) and 1300 ◦C (g–i). Limiting
c  samp
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t
dent in Figs. 4i and 5i for 5 A limited current at 1300 C. The
urrent: 1 A (b, e, h); 5 A (c, f, i). Images taken at the top fracture border of the

he average grain size (Fig. 4c). After heating to 900 ◦C, all
pecimens exhibit a wide distribution of grain sizes. The spec-
mens still show very large as well as relatively very small
rains. After increasing the temperature by only 200◦, the sit-
ation is identical for the blank specimen (no flash-sintering,
ig. 4d) and for the specimen exposed to 1 A limiting current
ulses (Fig. 4e), while the specimen with a 5-fold increase of the
imiting current has relatively very large grains welded together
Fig. 4f). This is a typical example of flash grain welding. A
imilar reasoning may be proposed for the analysis of the micro-
raphs acquired after further 200 ◦C increase in the temperature

Fig. 4g–i).

Fig. 5 shows FEG-SEM micrographs, with the same mag-
itude and scale bars, near the border  of SnO2 not flash

a
F
c

les.

intered (Fig. 5a, d, g) and flash sintered at 900 ◦C, 1100 ◦C
nd 1300 ◦C with 1 A (Fig. 5b, e, h) and 5 A (Fig. 5c, f, i)
imiting current, respectively. A comparison of the micrographs
f SnO2 samples sintered without the application of electric
eld (Figs. 4a and 5a, 4d and 5d, 4g and 5g for 900 ◦C, 1100 ◦C
nd 1300 ◦C, respectively) shows similar features anywhere at
he fracture surface. The micrographs of the fracture surfaces
f flash sintered SnO2 samples, on the other hand, show evi-
ent differences when one compares the micrographs taken at
he center and near the border. The differences are more evi-

◦

verage grain sizes are larger at the center than near the border.
urther research work is required to understand and eventually
ircumvent this problem to produce homogeneous specimens.
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Table 1
Average crystallite sizeof conventionally and flash sintered SnO2 and SnO2+2%
MnO2 specimens at 900 ◦C.

Specimen Flash electrical
current (A)

Average crystallite
size (nm)

SnO2 – 373
SnO2 5.0 722
SnO2 + 2%MnO2 – 527
S
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 min, limiting the current to 1 A and to 5 A.

.2.  SnO2 mixed  to  MnO2

Another experiment was designed to take into account the role
f divalent impurities during sintering SnO2, which have been
eported as sintering aids.7–12 Fig. 6 shows the evaluation of
he shrinkage profile during flash sintering SnO2 and SnO2 with
ddition of 2 wt.% MnO2 under the same conditions at 900 ◦C
Fig. 6a) and 1100 ◦C (Fig. 6b). The results show that MnO2 acts
ffectively as a sintering aid. The achieved final shrinkage levels
t 900 ◦C are 6.3% and 20.0% for 1 A and 5 A limiting current,
espectively. However, at 1100 ◦C these values are 10.0% and
0.0%. The final shrinkage level for a 5 A limiting current does
ot depend on the temperature, probably because 20.0% shrink-
ge is a threshold level for this experimental conditions and there
re no more available paths for the electric current flow through
he biased specimen. The addition of manganese dioxide to tin
ioxide does not improve densification after heating to 900 ◦C
nd even to 1100 ◦C (only 7.7% linear shrinkage).

Fig. 7 shows FEG-SEM micrographs collected at the center

nd near the border of SnO2 mixed to 2 wt.% MnO2 sintered at
00 ◦C (Fig. 7a and b) and after the application of ac electric
oltages at 900 ◦C with 1 A (Fig. 7c and d) and 5 A (Fig. 7e
nO2 + 2%MnO2 5.0 757

nd f) limiting currents. A comparison with the micrographs of
pecimens without MnO2 addition shows that the average grain
izes reach lower values. This means that MnO2 is not only a
ensification agent, but also a grain growth inhibitor.

Fig. 8 shows FEG-SEM micrographs of SnO2 + 2 wt.%
nO2 heated up to 900 ◦C without and with the application

f 80 V cm−1 with a limiting current of 5 A. The morphology
f the grains is similar to the one observed in SnO2 without
nO2 addition. The sample submitted to multiple 5 A current

ulses shows larger grains. Residual pores are localized at the
riple junctions and the grains are of polygonal shape with well
efined edges.

The apparent densities of some specimens with manganese
ioxide addition non-flashed and flash sintered with 1 A and 5 A
imiting current show that there is a significant contribution of
he electric field to the increase in the final density. For exam-
le, applying 80 V cm−1 with 5 A limiting current at 900 ◦C
ncreases the density from 55.3% to 84.0%. At 1100 ◦C, the
ncrease is from 66.3% to 91.8%.

X-ray diffraction measurements of all SnO2 specimens with
nd without MnO2 addition, sintered either with or without
pplying electric voltage, showed only the tetragonal crystalline
tructure of SnO2 (JCPDF pattern 41-1445). Interesting features,
hown in Table 1, were observed after the evaluation of the mean
rystallite size using the Scherrer equation applied to the (2 1 1)
eflection. The application of the ac electric field with a 5 A
imited current in the SnO2 sample promoted a 94% increase
f the crystallite size. In the sample with MnO2 addition, the
ncrease was 44%, but >100% in comparison with the pure sam-
le. The main implication of these figures is that Joule heating
s indeed acting, delivering heat and increasing the crystallite
ize. Even though the X-ray diffraction patterns did not reveal
nO2 reduction to SnO or to metallic Sn, black dots were clearly
bserved in the FEG-SEM micrographs of specimens exposed
o 5 A current flashes, meaning that through some preferential
aths the increase in the local temperature was such that total
eduction of SnO2 might have occurred.

.  Summary

.1.  SnO2 without  sintering  aid

 The effect of the ac electric field is to promote limited lin-

ear shrinkage, associated to the welding of the grains without
significant densification.
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Fig. 7. Scanning electron microscopy micrographs of fracture surfaces of SnO2 + 2 wt.% MnO2: (a) and (b) sintered at 900 ◦C; (c) and (d) after exposure for 5 min
to 80 V cm−1, 1 kHz, 1 A limiting current at 900 ◦C; (e) and (f) after exposure to 80 V cm−1, 1 kHz, 5 A limiting current at 900 ◦C.

Fig. 8. Scanning electron microscopy micrographs of SnO2 mixed to 2 wt.% SnO2 heated up to 1100 ◦C (a) and after exposure for 5 min to 80 V cm−1, 1 kHz, 5 A
limiting current at 1100 ◦C.
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 The average grain size increases for increasing the limiting
current for temperatures higher than 900 ◦C. The average grain
size is larger at the center than near the border.

.2.  SnO2 with  sintering  aid  (manganese  dioxide)

 The linear shrinkage is negligible in specimens heated to
900 ◦C without the application of the ac electric field, in agree-
ment with reports that sintering tin dioxide with sintering
aids happens only at temperatures higher than 1000 ◦C.12 The
application of an ac electric field at that temperature promotes
6.0% and 20% shrinkages for 1 A and 5 A limiting currents,
respectively, meaning that the main effect of the electric field is
to enhance densification. This is the first time this experimental
evidence is shown for SnO2.

 The increase of the limiting current improves densification
and increases the average grain size in tin dioxide. In yttria-
stabilized zirconia, an ionic conductor, grain growth was
shown to be inhibited upon flash sintering.

 The black spots observed in the FEG-SEM micrographs of
specimens after 5 A current pulses are an indication that Joule
heating might be predominant during the current pulses, with
drastic increase of the local temperature.

.  Conclusions

Pure commercial SnO2 powders, pressed to green pellets,
ere for the first time subjected to ac electric fields to evalu-

te the possibility of densification by flash sintering. Similar to
hat happens after conventional sintering, this compound does
ot reach significant densification, even though 11% shrink-
ge is attained at 900 ◦C under 80 V cm−1. The amplitude of
he electric current generated at the sample during the applica-
ion of the electric field is found to be a key factor for welding
rains and promoting grain growth. Considering that the larger
s the limiting current, the larger is the Joule heating delivered
o the intergranular regions of tin oxide, the larger is the average
rain size, as observed in the FEG-SEM micrographs. These
icrographs show that under flash sintering there is a huge and

bnormal grain growth, the grains sticking together (flash grain
elding) but preserving the pore structure that inhibits densifi-

ation. The exaggerated grain growth suggests that besides the
on-densifying evaporation–condensation mechanism, another
echanism plays a role during electric-field assisted sinter-

ng. However, sintering with densification (94%TD) has been
chieved at a temperature 400 ◦C lower than the conventional
ne, by adding manganese dioxide to tin oxide. This is the first
eport such a high density is obtained for tin dioxide at tempera-
ures below 1000 ◦C, an evidence that the application of electric
elds improves its densification.
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