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a b s t r a c t

We show that cobalt manganese oxide (Co2MnO4) spinel can be sintered (without the application of
external pressure) in a few seconds at about ∼325 ◦C by applying a DC electrical field of 12.5 V cm−1, by
a process known as flash-sintering. A transition from normal to flash-sintering occurs when the field is
ccepted 14 October 2010
vailable online 11 November 2010
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≥7.5 V cm−1. The flash sintering phenomenon has also been observed in yttria-stabilized zirconia (3YSZ).
Together, the results for 3YSZ and Co2MnO4 point towards the generality of the process, since 3YSZ is an
ionic conductor while the spinel is a predominantly electronic conductor. The Co2MnO4 spinels are used
to protect metals, such as stainless steels, in solid oxide fuel cells. The low temperatures employed in
flash sintering can obviate interfacial interdiffusion with the metal substrate; in nominal sintering these
interfacial reactions can produce deleterious interfacial phases.
intering

. Introduction

Interconnects are an important component in planar solid oxide
uel cells (SOFC). They are placed between the cathode and the
node of adjacent cells, thus carrying the current through the
tack [1,2]. Ceramic interconnects based on perovskite structure
f LaCrO3 are most commonly used in these applications. How-
ver, ceramic interconnects suffer from drawbacks [3,4]. Their
ost is high (compared to metals), and they require high sinter-
ng temperatures (1450–1600 ◦C). Samples sintered below 1000 ◦C
ave low density and, therefore, poor electronic conductivity
3,4].

An alternative design for these interconnects is to use metals.
owever, metals must be protected against corrosion in oxidizing
nd reducing environments. Usually a ceramic coating is applied
o the metal to achieve this protection. For example, stainless steel
ith high Cr is often used as the metal conductor since Cr helps

o match the thermal expansion coefficient to that of other SOFC
omponents [5]. However, chromium tends to migrate to the triple-
hase boundary of the cathode [6], known as “poisoning”. In order
o reduce chromium poisoning, interconnects are coated with a
rotective oxide [1,7–11]. Open porosity in the coating must be

voided to prevent migration of chromium from the stainless steel
o the cathode [7,8,12]. Cobalt manganese oxide spinels are com-

only used as protective layers because they have high electronic
onductivity, are stable in oxidizing atmospheres, and have a ther-
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mal expansion coefficient close to stainless steel [1,10]. To obtain
microstructures with closed pores in a conventional sintering pro-
cess, temperatures of 1100 ◦C or higher and dwell times of several
hours are required [13]. At these temperatures chromium forms a
brittle, and non-conducting chromium oxide interlayer with the
stainless steel substrate [13]. Novel techniques known as field
assisted sintering techniques [14–16], where pressure, electrical
currents and microwaves are employed to enhance sintering, may
be one of the ways to reduce the sintering temperature of Co–Mn–O
spinel.

In recent work it has been shown that moderate DC electri-
cal fields and currents can reduce the sintering temperature for
tetragonal 3 mol% yttria stabilized zirconia (3YSZ) by several hun-
dreds of ◦C. Furthermore, sintering occurs in just a few seconds;
hence the process has been called flash-sintering [17,18]. This phe-
nomenon was explained by a slower rate of grain growth [19], and
by Joule heating at grain boundaries from the electrical current
passing through them. Potentially, flash sintering can reduce the
sintering temperature of the Co–Mn–O spinel to a sufficient degree
that interdiffusion, and thereby the deleterious interfacial phases
are prevented from forming.

However, Co2MnO4 spinel is a predominantly electronic con-
ductor, while 3YSZ, where flash sintering has been shown to be
viable [18], is an ionic conductor. The main purpose of the present
study was to see whether or not flash-sintering is possible in a

ceramic that is electronically conducting. As reported below, the
spinel is shown to sinter at ∼325 ◦C, well below the nominal sin-
tering temperature, in just a few seconds. Because the spinel is more
conductive that 3YSZ, the currents at the onset of flash sintering are
greater, and the electrical fields somewhat lower in the spinel.

dx.doi.org/10.1016/j.jpowsour.2010.10.036
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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. Materials and methods

Co2MnO4 powder (particle size ∼10 �m, with a specific sur-
ace area of 3.3 m2 g−1) was mixed with 3-wt% binder (B-1000,
uramax, Dow Chemical, USA), with excess water to achieve
homogeneous mixture. The mixture was air dried at 85 ◦C

or 24 h and ground in a mortar. The powder was pressed
nto dog-bone shaped specimens with a pressure of ∼280 MPa.
hese specimens had a green density of 55.6 ± 1.2%. The gage
ection was 21 mm long, with a rectangular cross-section of
.27 ± 0.02 mm × 1.10 ± 0.08 mm.

The procedure described in Ref. [18] was followed. Sintering
as performed in a vertical tubular furnace. The sample was sus-
ended with two thick platinum wires (0.25 mm diameter) that
arried the current from the power supply to the sample. A second
air of thin wires (0.127 mm diameter), that did not draw any cur-
ent, measured the voltage applied to the sample, as in the 4-point
ethod. A constant voltage was applied through the thick wires,
hile the furnace temperature was increased at 10 ◦C min−1, up

o 1200 ◦C. The shrinkage was measured with a CCD camera (with
ptical filters), placed underneath the furnace [18]. The power to
he applied field was supplied by Sorensen DLM 80-13. The cur-
ent was measured with a Keithley 2000 digital multimeter and the
oltage with a Keithley 6517B digital electrometer. The acquisition
ystem, multimeter and electrometer, were connected to a com-
uter for sampling and storing the data automatically, at a sampling
ate of 10 Hz.

. Results

A plot of the true (shrinkage) strain versus the temperature is
hown in Fig. 1. Each experiment was conducted at a fixed applied
oltage. The initial field applied to the samples is shown for each
ata set in Fig. 1. The shrinkage strain, ε, was calculated from
= ln( �/� o), where � is the time dependent length of the gage sec-
ion and �o is the initial gage length.
The results in Fig. 1 show two distinct regions of sintering

ehavior. When the applied electric field is below 2.5 V cm−1, the
intering rate increases gradually with applied field in a manner
esembling field assisted sintering or FAST [14–16]. However, above

ig. 2. Scanning electron micrographs (in secondary electron scattering mode) of the sam
n the left shows the topology of a fracture surface of this specimen. The one on the right
he grain boundaries.
Temperature, ºC

Fig. 1. Linear shrinkage at different levels of applied electrical fields as a function
of furnace temperature. All experiments at constant heating rate of 10 ◦C min−1.

7.5 V cm−1 sintering occurs in a few seconds, characteristic of flash
sintering [18]. The temperature for the onset of sintering decreases
at higher fields. At a field of 12.5 V cm−1 sintering occurs at just
above 325 ◦C, which is a very low temperature for sintering this
spinel.

(In the regime lying in between FAST sintering and flash-
sintering, which occurs near 5.0 V cm−1, the behavior was unusual.
In several attempts at 5.0 V cm−1 the sample broke in a similar fash-
ion, near the connection to the platinum electrode. This behavior
appears to be peculiar to flash sintering in the Co2MnO4 spinel, and
remains unexplained.)
The sample sintered without electrical field (shown as
0 V cm−1), was heated up to 1188 ◦C; it did not sinter to full density
and contained open porosity, as seen in the micrographs in Fig. 2.
However, the samples sintered under an electrical field sintered
to a much greater extent and appeared to be devoid of intercon-

ple sintered without the application of electrical field (0 V cm−1). The micrograph
is obtained from a polished cross-section that has been thermally etched to reveal
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Fig. 3. Scanning electron micrographs, taken in the secondary electron mode,

ected pores. Micrographs of flash-sintered specimens are given in
ig. 3.

The X-ray diffraction spectra for the as received powder and the
ash-sintered specimen (in this instance at a field of 12.5 V cm−1)
re given in Fig. 4. The diffraction peaks from these two specimens
re highly congruent, leading to the conclusion that the flash sin-
ering process did not produce an intrinsic change in the structure
f the spinel.

In the case of flash sintering (≥7.5 V cm−1, Fig. 1) sintering occurs
lmost instantly as seen by the nearly vertical slope of the shrink-
ge curves. The temperature to reach maximum density drops to
400 ◦C at 7.5 V cm−1, and to ∼325 ◦C at 12.5 V cm−1. The sintering
ates, captured from CCD images taken 0.1 s apart, are plotted in
ig. 5. The sintering rates for FAST sintering, shown in the inset, are
early 2 orders of magnitude slower than for flash-sintering.
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ig. 4. X-ray spectra from as received spinel powder and the sample sintered at
2. 5V cm−1.
ished and thermally etched surfaces of samples at 0.25 V cm−1 and 10 V cm−1.

Samples for SEM micrographs were prepared in two ways. The
sample sintered without an electrical field (the 0 V cm−1), which
contained significant porosity was fractured and the fracture sur-
face examined in the SEM, as shown on the left in Fig. 2. In the
other method the samples were cross-sectioned and polished and
the surfaces were thermally etched by annealing at 1150 ◦ for 1 h,
to delineate the grain boundaries. The grain boundaries in these
micrographs are revealed by differences in the topography of the
crystallites that are contained by them. The surfaces of the crys-
tallites vary in their shape and depth because their etching rates
vary with orientation. These micrographs obtained in secondary
emission in the SEM are shown on the right in Fig. 2 (the 0 V spec-
imen) and in Fig. 3 (the 2.5 V cm−1 and 10.0 V cm−1 specimen). A
comparison of the micrographs in Figs. 2 and 3 show the high
degree of interconnected porosity in the 0 V specimen but only
a few isolated pores in the micrographs in Fig. 3 for the flash
sintered specimens. The shape of the grains do not have any cor-
relation with the direction of the applied electrical field, implying
that the direction of the electrical current did not have an influence
on the migration of the grain boundaries during sintering. Grain
sizes were measured by the linear intercept method yielding val-
ues of 17.9 ± 0.2 �m, 18.3 ± 0.1 �m and 18.7 ± 0.2 �m, respectively
for 0 V cm−1, 0.25 V cm−1 and 10 V cm−1.

An Arrhenius plot showing the power dissipation as function of
temperature is shown in Fig. 6. The power was calculated from the
product of the DC current passing through the sample and the volt-
age measured across the specimen with the thin platinum wires
as explained earlier. Flash-sintering is characterized by the onset

of a power-surge, that is not seen in the case of FAST sintering. It
is interesting to note that the onset of flash-sintering occurs at a
power level of about 1 W, similar to the observation made in flash-
sintering of 3YSZ [18] (the specimen size was the same in both
sets of experiments). However, the power dissipation rises very
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Fig. 5. Plots of shrinkage

uickly in the present experiments, much more so than in the 3YSZ
xperiments because the spinel has higher conductivity. The upper
imit in the current, and the corresponding voltage for the sinter-
ng experiments are listed in Table 1. It is not clear whether or not
hese high rates of power dissipation are needed for the comple-

ion of flash-sintering. The onset of flash-sintering begins at much
ower power levels, about 1 W. Lacking equipment to limit the cur-
ent immediately at the onset, that is at 1 W, we are unable to
ay whether or not the high power levels given in Table 1 are a
ecessary condition to achieve high sintered density.

ig. 6. Power dissipation in the sample as a function of temperature under different
evels of applied electrical fields.
t different applied fields.

4. Discussion

In contrast with 3YSZ, which is an ionic conductor, flash sinter-
ing in Co2MnO4, which is a predominantly electronic conductor,
occurs at a lower field and at lower temperatures. While 3YSZ
required a field ≥60 V cm−1, Co2MnO4 required only ≥7.5 V cm−1

to produce flash-sintering. The current in the spinel reached much
higher levels than in 3YSZ. For example, in the case of 3YSZ experi-
ments the circuit was designed to limit the current to 0.50 A, but this
limit had to be increased to 13 A for the experiments with Co2MnO4.

The phenomenon of flash-sintering manifests itself as an insta-

bility in the power dissipation in the sample (keeping in mind
that the experiments are carried out at a constant applied volt-
age). One explanation for this behavior is that grain boundaries,
and particle–particle contacts, suffer local Joule heating, thereby

Table 1
The highest current, and the corresponding voltage measured in the sintering
experiments.

Initial applied field
(V cm−1)

Measured
voltage (V)

Maximum
current (A)

Maximum power
dissipation (W)

12.5 25 9.7 243
10 20 7.54 151

7.5 15 6.67 100
5 10 4.48 45
2.5 5 2.48 12
0.25 0.5 0.25 0.125
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aising the rate of diffusional transport [18]. The argument is
hat power dissipation is localized at particle–particle junctions
nd grain boundaries because their electrical resistance is far
reater than that of the grain matrix. This effect is especially
ronounced in the early stages of sintering where the small con-
act area at particle–particle interfaces raises the local resistance
nd hence the temperature, thereby precipitating flash-sintering
ffect.

. Conclusions

In conventional sintering, neck growth in Co2MnO4 begins at
bout 800 ◦C, and full densification is achieved at temperatures near
300 ◦C [13] in several hours. We show that application of modest
C electrical fields of 12.5 V cm−1, lowers the sintering tempera-

ure to ∼325 ◦C, and the sintering time to just a few seconds. At
ower fields the sintering rate increases gradually with the applied
eld, similar to the phenomenon known as field assisted sinter-

ng (FAST). The sintering rates in flash-sintering are nearly two
rders of magnitude faster than in FAST sintering, despite the much
ower sintering temperatures. It is postulated that higher electrical
esistance of grain boundaries and particle–particle contacts con-
entrates the power dissipation at interfaces, thereby producing a
iant increase in the rate of diffusional transport.

A second distinction between flash and FAST sintering appears
o lie in the grain growth behavior. In the case of 3YSZ, FAST sinter-
ng could be explained by the reduced rate of grain growth under
n applied field [19]. However, here, in the case of Co2MnO4, the
rain size is not significantly reduced, indeed it appears to be some-
hat enhanced, suggesting the need to consider new mechanisms

or this phenomenon.
Flash-sintering of Co2MnO4 spinel is a compelling result for

he fabrication of SOFC systems since it will prevent the forma-

ion of oxide interlayer between the spinel and the stainless steel
hat occurs during conventional sintering. However, experimental
esigns for implementing electrical fields and managing large cur-
ents during the sintering process will need to be developed. One
ossibility is to have a travelling electrode that moves on the sur-

[
[
[
[

[

ources 196 (2011) 2061–2065 2065

face of the coating as it sinters, while the stainless steel substrate
serves as the second electrode. While the power surges appear to be
large, the ambient temperature for the sintering can be reasonably
low to implement such a concept.
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