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Abstract

We show that flash-sintering in MgO-doped alumina is accompanied by a sharp increase in electrical conductivity. Experiments that measure
conductivity in fully dense specimens, prepared by conventional sintering, prove that this is not a cause-and-effect relationship, but instead that the
concomitant increase in the sintering rate and the conductivity share a common mechanism. The underlying mechanism, however, is mystifying
since electrical conductivity is controlled by the transport of the fastest moving charged species, while sintering, which requires molecular transport
or chemical diffusion, is limited by the slow moving charged species. Joule heating of the specimen during flash sintering cannot account for the
anomalously high sintering rates. The sintering behavior of MgO-doped alumina is compared to that of nominally pure-alumina: the differences
provide insight into the underlying mechanism for flash-sintering. We show that the pre-exponential in the Arrhenius equation for conductivity is
enhanced in the non-linear regime, while the activation energy remains unchanged. The nucleation of Frenkel pairs is proposed as a mechanism to

explain the coupling between flash-sintering and the non-linear increase in the conductivity.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent experiments it was shown that nanocrystalline
tetragonal yttria stabilized zirconia (3YSZ) can be sintered at
~850°C in <5, with an electric field of 120 Vem™L.! This
phenomenon is being called flash-sintering. It is different from
nominal field-assisted sintering where the application of fields
leads to a gradual enhancement in the sintering rate. In 3YSZ
flash-sintering occurs above a threshold field and tempera-
ture, e.g. 850°C and 120V cm_l; while nominal field assisted
sintering occurs at lower fields and higher temperatures.!?
Flash-sintering has been demonstrated in several oxides includ-
ing, cubic yttria doped zirconia (8YSZ),? cobalt manganese
oxide (Co,MnOQy),* titanium oxide (TiO;) and strontium titanate
(SrTi03).>0

The phenomenon of flash-sintering is characterized by two
experimental observations: (i) at a certain temperature and
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applied electrical field there is a sudden increase in the sin-
tering rate such that sintering occurs in just a few seconds. A
higher applied field lowers the temperature for the onset of flash-
sintering. (ii) The sintering event is accompanied by a sharp
increase in the conductivity of the ceramic, which occurs at the
same temperature and applied field.

An immediate interpretation of flash-sintering is that the
Joule heating of the specimen precipitated by the surge in power
dissipation is responsible for the very high rates of sintering.
However, the measurement of the temperature during the flash
event (with an optical pyrometer’) shows that the specimen
remains far below the temperature where the ceramic would
have been expected to sinter in just a few seconds. Thus, the
power surge, and the surge in the sintering rate are not linked
by a cause-and-effect relationship; instead they appear to share
a common underlying mechanism. The exposition of this mech-
anism is the main scientific challenge in the discovery of this
new phenomenon.

Flash-sintering is different from nominal field assisted sin-
tering of ceramics. In field assisted sintering the rate of sintering
is gradually enhanced as the applied field is increased, whereas
in flash-sintering the event occurs precipitously. Nominal field
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assisted sintering in yttria doped zirconia has been successfully
explained by the reduced rate of grain growth under the influence
of an electrical field.>?

The following possible mechanisms have been suggested for
flash-sintering:

1. Local heating at grain boundaries: local resistance at
particle—particle contacts can lead to higher local temper-
atures that enhances diffusion;!

2. Nucleation  of  Frenkel  Pairs: nucleation  of
vacancy—interstitial pairs under the applied field. The
applied field can strip the charge on the vacancy and the
interstitial (an electron on one and a hole on the other),
leaving them charge neutral relative to the lattice. The bias
from the sintering pressure can then draw the vacancy pref-
erentially into the grain boundaries and the interstitials into
the pores, producing densification, while the electron—hole
pair contributes to higher electrical conductivity.?

3. Interaction between external field and the space charge field:
the field in the space charge layer adjacent to grain boundaries
can have strength of 10-1000 V cm™~!. These values are com-
parable to the applied fields. The applied electric field may
interact nonlinearly with the intrinsic fields, thereby changing
the diffusion kinetics.”

In the present work we study the applicability of flash sin-
tering to alumina, which, in contrast to the materials studied
so far!=® is a poor electrical conductor. We show that fields
higher than 500 Vem™! trigger flash-sintering in MgO-doped
alumina, while the same fields have little effect on the sin-
tering of pure-alumina. As was the case in other ceramics,'©
the onset of flash-sintering in alumina is accompanied by a
surge in the current. Therefore, phenomenologically speak-
ing, MgO-doped alumina and yttria doped zirconia show
the same “flash” effect even though one is essentially a
stoichiometric compound while the other is highly non-
stoichiometric.

2. Experimental
2.1. Flash-sintering

The setup for the flash-sintering experiments' is sketched
in Fig. 1. This method is adapted from conventional sintering:
the difference being that an electric field is applied by means
of two platinum electrodes. The electrodes wires also serve
the purpose of suspending the specimen into the hot-zone of
the furnace. The change in the physical size of the sample is
measured from pictures acquired with a CCD camera through
an optical low pass filter and a silica window.!? The shrink-
age strain was calculated as the true strain, ¢ = In (l/[,), where
¢ is the time dependent gage-length and ¢, is the initial gage
length.

In the present experiments a constant voltage was applied
to the specimen, while the furnace temperature was increased
at 10°C min~! up to 1400 °C, followed by an isothermal hold
of 1h. The current was limited at the power supply to 60 mA.
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Fig. 1. Field-assisted sintering apparatus.

Often flash-sintering is seen during the ramp-up in the furnace
temperature; the voltage supply was turned off just after this
event.

2.2. Materials

The starting powder was AKP-50, High Purity Alumina from
Sumitomo, specified to be >99.99% pure, and having a particle
size of 100-300 nm. The powders were used either as-received,
or doped with 0.25 wt% MgO. The doping was performed by
adding the powder to a solution of magnesium nitrate and dis-
tilled deionized water.!! The suspension was dried and ground
in a mortar. The powder (doped or as received) was mixed with
5 wt% polyvinyl alcohol (mw 49,000, Fluka) in water. The slurry
was dried at 90 °C in an oven and ground to a powder in mor-
tar and pestle. The resulting powder was uniaxially pressed
at 280 MPa in a dog bone shaped die, to a green density of
0.55 4 0.01 of the theoretical density of a-Al,03 (3.99 gcm™3).
The dimensions of the cold-pressed, green sample are given in
Fig. 2.

For clarity, form here onwards the MgO-doped alumina is
referred to as simply MgO-alumina. Experiments were also car-
ried out with undoped, nominally pure-alumina. In these cases
the material is simply called pure-alumina.
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Fig. 2. Dimensions of the “green sample” in mm. The thickness of the samples
was 1.8 mm.
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2.3. DC electrical conductivity

The electrical current, or the dc electrical conductivity was
measured in different types of experiments: (i) in the powder
performs during the sintering process, (ii) in samples that had
been sintered to full density by conventional sintering prior to the
measurement of the conductivity, and (iii) by applying electrical
fields of different amplitudes to samples prepared by conven-
tional sintering, both as the applied fields were ramped up into
the non-linear regime, and then lowered back down. The purpose
of the last set of experiments was to determine if the non-linear
increase in conductivity created defects that left a residual effect
in the ceramic.

The temperature of the samples was raised (and then low-
ered) in steps of 50 °C between the range of 800 °C and 1400 °C,
taking care that steady state current was achieved at each temper-
ature before the measurement was taken, which usually occurred
within 10s. In some instances the field was applied for longer
times, to study the current versus time profile. The specific con-
ductivity is calculated according to the following relation:

il !
7= Vwt M
where i is the measured current, V is the applied voltage, [ the
length, and w and ¢ the width and the thickness of the gage
section. The conductivity is calculated according to Eq. (1), by
simplifying the geometry of the gage section to a constant cross
section with initial dimensions of 3.3 mm x 1.8 mm x 20 mm.

The conductivity was measured in the two electrode config-
uration instead of the four point method, because it was difficult
to apply four electrodes to a green sample undergoing sintering.
The two electrodes test method is less accurate than the four
point method because it includes the contact resistance. How-
ever, the two electrode method is likely to be valid provided the
current reaches a steady state at constant field. Results reported
later in the paper show that the steady state was reached in just
a few seconds in the Ohmic regime. Also, the values of the con-
ductivity we measure fall well within the nominal range reported
in the literature.'>!3

2.4. Microstructure

The grain size was measured from images taken with a JSM-
7401F field emission SEM (JEOL). Specimens were prepared
by thermal etching for 30 min at 1100 °C, followed by coating
with a with a 2nm layer of Au-Pd. The mean grain size was
determined by the linear intercept method, with a correction
factor of 1.56.

3. Measurements of strain and conductivity during the
sintering process

3.1. Conventional sintering (without field)
The shrinkage strain versus temperature data for nominally

pure and MgO-alumina without applied field (at 0 V) are given
in Fig. 3. The temperature was ramped up to 1400 °C at a heating
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Fig. 3. Conventional sintering at a constant heating rate.

rate of 10 °C min~! and then held at that temperature for 60 min.
In both cases the final density is reached at a shrinkage strain of
—0.18 which occurs at about mid-way during the holding period
at 1400 °C. Both pure and MgO-alumina show similar sintering
behavior. In the intermediate regime the doping has the effect
of slightly delaying the sintering rate (upon reaching 1400 °C,
the shrinkage of pure and MgO-Al,O3 are —0.135 and —0.115,
respectively). However after 1 h isothermal hold, the sintering
curves merge and the final shrinkage strains are nearly the same
(—0.180 versus —0.178).

The use of MgO as a dopant is known to eliminate intra-
granular pores and refine the grain size, producing translucent
alumina.'# The effect of MgO on sintering rate is not new: in con-
ventional sintering,'> two steps sintering'® and in spark plasma
sintering,!” MgO was observed to slightly retard densification in
the intermediate stage of sintering, but to have a positive effect
in the last stage of sintering. The segregation of MgO to grain
boundaries is believed to retard the initial shrinkage, ' and accel-
erate the final shrinkage'> by preventing the breakaway of pores
from the grain boundaries during grain growth.'®

3.2. Field assisted sintering

The shrinkage curves for constant heating rate (10 °C min~")
experiments are reported in Fig. 4. These experiments did not
include an isothermal hold at 1400 °C. The data for pure-alumina
is given on the left in figure (a), which are compared to the data
for MgO-alumina on the right in (b). The data for 0 V (without
field) is compared to the shrinkage behavior at field strengths of
250-1000 Vem ™.

The data for pure-alumina in Fig. 4(a) shows that the sinter-
ing behavior with a field of 1000 Vem™! is only very slightly
higher than the sintering rate obtained in conventional sintering
(without applied field). In either case full density is not reached
at the end of the ramp up to 1400 °C (the microstructure con-
firms a porous structure). The shrinkage strains at the end of the
experiments were —0.135 with the field, and 0.148 without the
electrical field.
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Fig. 4. Influence of applied electric field on the sintering behavior of pure-alumina (a), and doped alumina (b), in experiments carried out at a heating rate of

10°Cmin~!.

In contrast to pure-alumina, the dc field has a remarkable
effect on the sintering of MgO-Al,O3. Three sets of data
are given, at 250 Vem™!, 500 Vem™! and 1000 Vem™!. The
effect of the field is minor at 250V em™!, with a strain of
only —0.124 being achieved at 1400 °C. But at higher fields
flash-sintering!*~7 is observed. At 500 Vcm™! full densifica-
tion strain of —0.182 is obtained at 1320 °C, and at 1000 V cm ™!
densification occurs at just 1260 °C. The shape of the sintering
curves are noteworthy in that sintering follows the behavior seen
in conventional sintering in Fig. 4(a), until the “flash event”,
when the sintering curves assume a nearly vertical posture,
with full densification achieved within a few seconds. However,
the curve for 500 Vem™! suggests an incubation time for the
onset of flash sintering, which is nearly absent, or very brief, at
1000V em™!. It is possible that a slower rate of heating would
shorten the incubation time. At 10°C min~! the lowest field for
inducing flash sintering appears to be ~500 V. cm™!, but it may
be that lower heating rates can induce flash-sintering at lower
fields.

3.3. Power dissipation

The power dissipation in the specimen is equal to the product
of the applied voltage and the current flowing through the spec-
imen. In earlier experiments with other oxides'-* we have found
that the onset of flash-sintering is accompanied by a surge in
power dissipation. The present experiments are consistent with
this behavior. The data are plotted in Arrhenius form since the
increase in (steady state) current with temperature is expected
to be thermally activated, which, given a constant value for the
activation energy, would appear as a straight line with a negative
slope, since the experiments are carried out at a constant applied
voltage. (This assumption is not strictly correct since the length
and the cross-section of the specimen, as well as its porosity are
changing as the sample sinters. However, the errors tend to can-
cel: for example while the gage length becomes shorter which
would increase the specific conductivity, the cross section also
shrinks which would decrease the conductivity. Although the
cross-section decreases the conductivity at twice the rate as the
length increases it — because the cross-sectional strain is twice
the linear strain — this difference is further compensated by the
reduction in porosity which would tend to increase the conduc-

tivity. These compensating effects justify the use of the initial
dimensions of the specimen as an approximate estimate of the
specific conductivity of the specimen while it sinters.)

We recall from Fig. 4 that a field of 1000V ecm™! had little
effect on the sintering behavior of pure-alumina, while it induced
flash sintering at ~1260 °C in MgO doped-alumina. This behav-
ioris reflected in the Arrhenius plots of power-dissipation shown
in Fig. 5b. While the pure-alumina follows an essentially Arrhe-
nius behavior, the MgO-alumina exhibits a power surge that
coincides with the onset of flash-sintering. The power dissipa-
tion curves for lower fields in MgO-alumina are given in Fig. 5b.
A sharp increase in power-dissipation is seen at 500 Vem™!,
where flash-sintering is seen, but not at 250 V cm™!, which did
not appear to induce flash behavior. However, the slope of the
curve at 250 Vem™! deviates from linearity, unlike the data for
the pure-alumina at 1000 Vem™! given Fig. 5(a). This result
suggests the onset of non-linear behavior to some degree at
250 V.em™!, but not strong enough to precipitate flash-sintering
which occurs when the field is increased to >500 Vcm™!. The
hesitation in the power surge is evident even at 500 Vem™!'; it
may reflect an incubation time for the onset of flash sintering
seen in Fig. 4(b). In this respect that data appear to have a differ-
ent exposition as compared to the earlier experiments with yttria
doped zirconia where flash sintering occurred abruptly without
an inkling of an incubation time.

Finally, it is to be noted that application of 1000 Vecm™! to
the pure-alumina sample led to arcing and unstable conductivity
when 1400 °C was reached. Perhaps the arcing would also have
occurred in the MgO-alumina sample had it been ramped up to
1400 °C, but did not because sintering was completed at a lower
temperature.

3.4. Microstructure

The microstructure of the specimens was examined in a scan-
ning electron microscope. Specimens were prepared by thermal
etching (30 min at 1100 °C) of the polished cross-section, fol-
lowed by thin coating of Au-Pd. Two results (for MgO-doped
alumina) are reported here. Both specimens had been sintered to
full density, one in the conventional way, without an applied field
at 1550°C for 1h, and the other flash-sintered at 1000 V cm ™!
at 1260 °C. The micrograph from the flash-sintered specimen is
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Fig. 5. Arrhenius plots for the power dissipation in the specimens in MgO and pure-alumina at the high field (a) and in MgO-alumina at different values of the

applied field (b).

Doped-Alumina
Flash-Sintered at 1000 Vicm

Doped-Alumina
Sintered Conventionally at 1550°C for 1h

Fig. 6. Microstructures of flash-sintered and conventionally sintered MgO-doped alumina.

shown in Fig. 6(a), and from the conventionally sintered speci-
men in Fig. 6(b). The conventionally sintered specimen had an
average grain size of 1.9 wm, while the flash-sintered specimen
had a smaller grain size of 0.8 pm.

4. Conductivity of fully dense, conventionally sintered
specimens

The measurements reported in this section were carried out on
samples that had been sintered to full density, with and without
MgO doping, at 1550 °C for 1 h, by conventional sintering. The
green samples had the same shape as shown in Fig. 2, they were
sintered without electric field in the same furnace configuration
as in Fig. 1. The electrical conductivity was measured through
the platinum wire electrodes attached to the specimen in the
usual way.

The experiments were carried out by a stepwise increase in the
temperature. At a given temperature the current was measured
at different levels of the applied voltage. At each voltage the
current was measured after it had reached a steady state, which
usually happened in less than 25 s (but not in doped specimens
at high fields, as explained later). In this way not only the effect

of the temperature, but also non-linear (deviation from Ohmic)
behavior, at higher fields, could be measured. Since the physical
dimensions of the specimens were the same for all experiments,
the measurement of the current and voltage are equivalent to the
specific conductivity as prescribed by Eq. (1). The current at a
given voltage was measured by holding the field constant for
25s. The field was then removed for 5 s before stepping up (or
down) to the measurement at the next voltage.

The most notable aspect of the results presented here is the
non-linearity of the conductivity when they data are plotted with
the expectation of Arrhenius behavior. Normally such a plot
would exhibit linear behavior reflecting the following equation:

o= Ae R_QT 2

where o is the conductivity, and Q is the activation energy for
the conduction mechanism. Therefore, nominally, an Arrhenius
plot of the conductivity yields a straight line with a slope that is
a measure of the activation energy.

As reported below we see a stark difference between the
Arrhenius plots for MgO-doped and pure-alumina. These plots
are similar to the power-surges that were measured while the
specimens were being sintered under an electrical field (Fig. 5).
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Fig. 7. Linear-scale and log-scale plots of the current versus the applied field for pure-alumina.

That this non-linearity is also seen in specimens that had been
fully sintered in the conventional way proves that the non-linear
power surge is not the cause of flash-sintering, but rather, it
represents a phenomenon that shares the same mechanism as
flash-sintering.

The non-linear behavior seen in the doped specimens (as
described just above) was followed by measurements of the
conductivity by first increasing and then decreasing the elec-
trical field. The amplitude of the field was varied to assess
the reversibility of the conductivity, especially when the ampli-
tude was large enough to enter the non-linear regime. We see
a remarkably high residual conductivity in specimens that had
been subjected to high fields, suggesting that the non-linearity is
accompanied by the nucleation of new charged defects, which
survive when the current is measured again at lower applied
fields.

The results below are reported in the following sequence:
they start with the conductivity of pure-alumina, followed by
the behavior of MgO-alumina, and finally results showing the
residual conductivity in MgO-alumina which had been exposed
to cyclic electrical fields are presented.

4.1. Conductivity of pure-alumina

The current—field (the I-V) plots for pure specimens at tem-
peratures from 900 °C to 1400 °C, in steps of 100 °C, are given
in Fig. 7. Plots using linear axes are shown on the left, and those
with logarithmic axes on the right. The electric fields range up
to 1000 Vem™!, the same range that was used in the sintering
experiments. At all temperatures, and for the full range of the
electrical fields the plots are essentially linear. The non-linearity
may be defined by the parameter « in the following equation:

3

where o &~ 1 implies linear behavior. The plots in Fig. 7(a) show
small non-linearity at fields greater than 500 V cm™!, which is
likely from some Joule heating in the specimen. The log-log
plots in Fig. 7(b), however, cannot distinguish the small non-
linearity that is evident in (a).

The upward shift in the lines in the log-log plot as the tem-
perature is increased reflects thermally activated conduction of

ioc E*

charged defects. The Arrhenius plot of the conductivity at differ-
ent temperatures is given in Fig. 8. All data fit into a reasonable
straight line, whose slope yields and activation energy in the
150207 kI mol~! range. Note this low value of the activation
energy most likely precludes the possibility of ionic diffusion.
In high likelihood, the conductivities being measured here are
electronic conductivities. Since the metal electrodes do not block
the transport of electrons across the metal-ceramic interface, we
expect to reach the steady state current rather quickly, which
was indeed the case (in less than a few seconds).

4.2. Conductivity of MgO-doped alumina in dense samples

The measurements of the conductivity in MgO-alumina was
complicated by the non-linear behavior at fields greater than
~250Vem™!. In the non-linear regime a steady state value for
the current could not be achieved within 25 s, indeed the current
continued to increase with time. The field was increased in steps
up to 750 Vem™!. A dead period of 5s was allowed between
one field and the step up to the next field. At temperatures above
1200 °C and high fields, the current does not reach a steady state

Undoped Alumina
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Fig. 8. Arrhenius plot of the conductivity of sintered pure Al,O3, measured
under different dc fields.
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Fig. 9. Current as a function of the dc field in sintered MgO-Al, O3, at different temperatures.

but increased steadily to the maximum allowed by the power
supply (60 mA).

The linear-scale and log—log plots for the current versus
field are given in Fig. 9. They show that the behavior is essen-
tially linear below ~200 V cm™ 1 , and non-linear above this field,
regardless of the temperature.

Because of the wide spread in the values of the current, aris-
ing from the non-linear behavior, the log—log plots are more
definitive in showing the transition to from linear to non-linear
behavior. Note that the value for ¢~ 1 in the linear regime,
but increases to « >3 in the non-linear regime. The slopes
are temperature independent, and the transition between quasi-
ohmic and non-ohmic behavior appears always at the same
field intensity, regardless of the temperature. These results,
for MgO-alumina, stand in contrast to the measurements for
pure-alumina, that were reported in Fig. 8, where the behavior
remained linear throughout the range of the applied field, at all
temperatures.

The Arrhenius plot for the conductivity for MgO-alumina
is shown in Fig. 10. It is to be contrasted to the data for pure-
alumina that was presented in Fig. 8. The contrast is remarkable.
Whereas, all the points, obtained at various levels of applied
field, converge to a single line in pure-alumina, in the case of
MgO-alumina the points spread out to different lines for differ-
ent applied fields. However, the slopes for all the linear plots for
MgO-alumina are the same as for pure-alumina, yielding similar
activation energies. For MgO-alumina the activation energies lie
in the range of 155-222kJ mol~!, while for pure-alumina they
fall between 150-207 kI mol~!. There is a hint of two slopes
at fields below 500V cm™" — 155kJ mol™! below 1050 °C and
220kJmol~! above 1050°C — but the difference is not large
enough to be definitive. At higher fields (above 500 V cm™!) the
data fit nicely to a single straight line throughout the temperature
range with an activation energy of 210kJ mol~.

The most significant distinction between the Arrhenius plots
for pure and MgO-alumina is the dispersion in the lines for the
data at different fields for MgO—-alumina, but the coalescence
of the data into a single line for the pure-alumina. In the doped
case the lines move to higher values of the current as the field
is increased. Despite the dispersion in the lines, the activation
energies remain the same for all measurements. The results,

therefore, show that the pre-exponential in Eq. (2) changes with
the field in the MgO—-alumina, but remains constant for pure-
alumina. Since Q reflects the activation barrier for the mobility
of the charged defects, while the pre-exponential is related to the
concentration of the defects, we infer that the field has the effect
of increasing the concentration of defects in MgO—alumina. This
effect appears to be more pronounced above 500 Vecm™!, where
there is a greater dispersion of the lines for the data in Fig. 10b,
than below this field.

4.3. Residual conductivity after cycling MgO—alumina into
the non-linear regime

We have hypothesized that the onset of non-linearity in con-
ductivity arises from the increase in the defect concentration
which enhances the pre-exponential in Eq. (2). If this is the case
then it is also likely that some fraction of these defect concen-
trations survive when the applied field is traversed downwards.
The results from these experiments are reported in this section.
Indeed, they show considerable residual conductivity when the
samples are cycled between increasing and decreasing applied
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Fig. 10. Arrhenius plot of the conductivity of sintered MgO-Al,0O3, measured
under different dc fields.
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Fig. 11. Current as a function of the time in sintered MgO doped Al, O3, under a field of 25-250 Vem™!, and 250750 V.em ™'

fields. This effect is seen only in the MgO—-alumina; this is self-
evident since pure-alumina did not exhibit non-linear increases
in conductivity at high fields.

The time dependent change in the current, in a specimen held
at 1300 °C, when the applied field is first increased in steps, up to
750 Vem™!, and then stepped downwards, are given in Fig. 11.
The field is held for 25 s at a given field, which is followed by
a dead period of 5 s before the next step in the field is applied.
The data are divided into two figures, the one on the left covers
currents from 0—1 mA and the one on the right from 0—60 mA.
The results for fields up to 250 Vem™! are shown in the first
figure and those for fields up to 750 V cm ™! in the second figure.

In the low field regime (up to 250 V1) the current usually
decreases after the application of the field before settling down
to a steady state. However, at fields >500V em™!, the current
continues to increase with time.

The data given on the right in Fig. 11, show the current-
time profile when the applied field is stepped down from
750 Vem ™! t0 500 Vem ™!, and then to 375 Vem ™!, and finally
down to 250 Vem™!. Note the much higher currents at these
lower fields than were seen when the fields were being stepped
upwards.

The hysteretic behavior described above is absent if the sam-
ple is not exposed to the non-linear regime. The results in Fig. 12
show the current—field behavior when the sample is cycled up
and down in the applied field (here the applied voltage was
changed continuously at a rate of 30 Vs~!). These experiments
were carried out at 1300 °C, and a rest period of 30 s was allowed
between the cycles. Three types of cycles were employed. In
the first type the sample was raised to a field of 750 Vem™!,
in the second type of cycles the amplitude of the field was
600V cecm™!, and in the third kind the maximum value of the
field was limited to 300 Vem™!. For the 750 Vem™! case the
current was cut-off at 60 mA (by the power supply) which is the
reason for the “flat-top” for the value of the current. Note that
the current is much higher during ramp-down than during the
ramp-up part of the cycle. A similar behavior, though less severe,
is seen when the field-amplitude was 600 V cm~ L. However, the
behavior is linear and reversible when the amplitude was held
at 300 Vem™!. An expanded view of the data in the lower left
corner of Fig. 12ais given on the right in Fig. 12b: it more clearly
shows the linear and reversible behavior at low field-amplitude.
The hysteretic behavior at the higher fields may not be attributed
to Joule heating since the transition from reversible to hysteretic
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Fig. 12. Cyclic, current—field response upon the application of field controlled cycles of increasing amplitude.
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shape of the cycles changes abruptly at a field of ~200V cm™!.
The supposition is that defects introduced at the high fields
lead to higher residual conductivity when the fields are brought
back down.

5. Discussion of conductivity of alumina from the
literature

The measurement of dc electrical conductivity of pure and
MgO-doped alumina at high temperatures and high fields are
unusual. They point towards electrons being the dominant trans-
port species in both cases. A brief review of the reports from the
literature are appropriate to give context to these measurements.

The values for dc conductivity of alumina reported in the lit-
erature vary over a wide range, and appear to depend greatly
on purity and processing conditions.'? Furthermore, the mech-
anism of conduction and the dominant charge carrier in Al,O3
have often been debated. In single crystal alumina it has been
claimed to be predominantly electronic, ionic or mixed, and
to depend on the temperature and oxygen partial pressure. For
example, MgO doped Al,Os3 single crystals have been reported
to be electronic conductors at low temperatures and mixed ionic
and electronic conductors at the higher temperatures and low
po2.'? Athigh temperatures the ionic conduction is explained by
Al interstitials?® or oxygen vacancies at low poy, while the elec-
tronic conduction is dominated by holes.”! More recent results
attribute only 0.3% of the conductivity in pure single crystals
at 1200 °C to arise from ionic diffusion.>” The measurement of
the activation energy in the present experiments suggest elec-
tronic conductivity in both doped and pure-alumina at fields up
to 200 V. ecm ™! in the temperature range of 800-1400 °C.

The non-linear conductivity of MgO-doped alumina seen at
fields 250-1000 V ecm ™! at temperatures up to 1400 °C, as mea-
sured in the present experiments, has not (to our knowledge)
been reported in the literature, although a non-linear /-V behav-
ior has been seen in thin films of alumina at low temperatures. In
arecent paper Talibi? shows a transition from Ohmic to “super-
Ohmic” behavior in 0.65 nm thick 96% pure Al,O3 film at low
temperatures, but at fields much higher than those employed
in the current experiments. The non-linearity was explained by
space charge limited conduction. In a different study on 490 nm
thick films of porous alumina the transition from quasi-Ohmic
to superOhmic behavior was observed at 204kV cm~! at room
temperature.”* The conduction mechanism was attributed to
electron-hopping at low fields, and space charge limited con-
duction in the high field regime.

The conductivity in alumina is also known to increase
in the presence of ionizing radiation.”>?® The radiation
induced conductivity (RIC), or radiation induced degradation
(RID), increased dramatically at fields above a threshold of
500 V em™!.26 This result was explained by an increase in the
stable F-center production rate by means of either an increase
in the primary vacancy-interstitial production rate or a decrease
in the recombination rate.?® This non-linear effect of the fields
on conductivity at fields similar to those in the current experi-
ments is to be noted, as is the equivalence between the nature

of radiation damage and the nucleation of Frenkel pairs that is
postulated to explain flash-sintering.

An interesting effect of a dc field on the conductivity of
MgO has been well documented.?’2° A field of 1000V em™!
was applied for ~100h at 1200 °C. The conductivity of MgO
remained constant at first, but then started to increase eventu-
ally by three orders of magnitude leading to Joule heating and
electrical breakdown. This incubation time for the increase in
conductivity was explained by the piling up of cation impurities
and lattice defects in the vicinity of dislocations and small angle
grain boundaries. Perhaps a similar aggregation of defects along
the grain boundaries in Al;O3 could have been responsible for
the results reported from the current experiments.

6. Summary

Pure-alumina, of nominal purity does not show field—assisted
sintering under the conditions where MgO-doped alumina does.
The transition from a gradual enhancement in sintering rate to
flash-sintering seen in yttria-stabilized zirconia, with increasing
field, is not observed in MgO-alumina. In alumina the effect
of field on the sintering rate is unremarkable below a threshold
field. This threshold field is ~500 V cm™'. Flash sintering is
recorded at and above this threshold field.

The onset of flash-sintering is accompanied with a non-linear
increase in the conductivity of the specimen. This power surge
was also seen in yttria-stabilized zirconia. However, an incuba-
tion time for this onset is present in MgO-alumina which was
not observed in yttria-stabilized zirconia.

The conductivity of the alumina samples was measured in
conventionally sintered, fully dense samples of the non-linear
increase in conductivity with applied field that was seen dur-
ing flash-sintering was also present in these dense samples. The
effect of doping was similarly reflected in these measurements:
the pure samples, which did not exhibit field assisted sintering
also did not show non-linear behavior in conductivity.

The conductivity data for the pure samples remained Ohmic
and well behaved over the full range of fields and tempera-
tures in the present study. All data conformed to approximately
a single valued activation energy, which was in the range of
170-225kImol~!. These activation energies are far too low
for ionic diffusion. The inference is that the conductivity in the
present experiments was dominated by electrons and holes. The
easy and quick attainment of steady state current upon applica-
tion of the electric field via platinum electrodes is also consistent
with the non-blocking nature of these electrodes for electronic
conduction.

The conductivity of the MgO-doped samples could be sep-
arated into two regimes: below ~200Vcm~! the behavior
remained linear. However, at higher field the currents increased
in a highly non-linear fashion. Furthermore, when the field was
cycled up and down, the current during the downward portion of
the cycle was greater than when the field was being increased.
This hysteretic behavior became increasingly pronounced as the
amplitude of the applied field was increased. The cyclic behav-
ior was fully reversible and linear when the amplitude was kept
less than 200 Vem ™!,
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The activation energy plots for conductivity in the MgO-
doped samples bore similarity with, but also differed from those
for the pure samples. In pure-alumina the data for all fields and
temperature conformed to a single line on an Arrhenius plot. In
the MgO-alumina, the data for a single value of the applied field
did fit an approximate straight line, but these lines shifted par-
allel to one another, and upwards to higher conductivities as the
field was increased. Interestingly the slope of these lines, that is
the activation energy, matched the value measured for the pure
samples. It is inferred that activation energy for the diffusion of
conducting species was left unchanged by the applied field, but
the pre-exponential which is proportional to the concentration of
the charge defects increased with the applied field in the doped
samples.

The confluence of the onset of non-linear conductivity (in
fully dense samples) and the onset of flash-sintering in field
assisted sintering experiments is noteworthy. Normally, the con-
ductivity and sintering of ceramics is controlled by different dif-
fusion transport mechanisms. The conductivity is determined by
the fastest moving charge species, while sintering is controlled
by the transport of charge neutral molecules whose overall dif-
fusivity is controlled by the slowest moving charged species
in the molecule. It follows, that the mechanism that is proposed
for the flash-sintering phenomenon must explain this dichotomy
between transport kinetics for charge conduction and sintering.

The nucleation of Frenkel pairs under the applied field is pro-
posed as a possible mechanism to explain the above dichotomy.
In this mechanism a vacancy and an interstitial are created
simultaneously for both the cations and the anions. The Frenkel
pairs carry opposite charge relative to the lattice, one carrying
an electron and the other a hole. It is proposed that the elec-
trons and the holes are separated from these defects under the
applied field which renders the vacancies and the interstitials
to become charge neutral relative to the lattice thereby enhanc-
ing their mobility. The bias from the sintering pressure then
pulls the interstitials preferentially into the pores and the vacan-
cies into the grain boundaries leading to densification. In this
way the electronic conductivity becomes coupled to the sintering
kinetics.

The difference in the conductivity and sintering behavior of
MgO-doped alumina and alumina of nominal purity is highly
remarkable, and difficult to explain at this point. It is known that
MgO has limited solubility in alumina, and that it segregates to
the grain boundaries at relatively low overall concentrations. At
low applied fields the pure and MgO-alumina have very simi-
lar conductivities, and exhibit similar sintering kinetics. But at
high fields the properties diverge with the MgO-alumina exhibit-
ing flash-sintering as well as non-linear conductivity, while the
pure-alumina remains well behaved. The similar conductivity
of the two aluminas at low field makes it unlikely that MgO
is influencing the electronic conductivity of alumina—its effect
appears to be on the non-linear behavior. If the Frenkel defect
nucleation mechanism were to hold, then its effect must be
related to this nucleation mechanism. One possibility is that
the dopant creates local amplifications in the electrical fields
which enhance the probability for the nucleation of Frenkel
pairs.
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