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Abstract

In current-rate flash-sintering experiments the current is injected into
the specimen from the very start and then increased at a constant rate,
while the furnace is held at a constant temperature. The power supply
remains under current control. The flash is induced at low current
densities which reduces local heating at the electrodes. It leads to a
uniform grain size across the entire gage length of the dog-bone specimen.
This work pertains to 10 mol.% gadolinium-doped ceria flash sintered at
current-rates ranging from 50 mA min ! to 1000 mA min~! at a furnace
temperature of 680 °C. Full densities are obtained at a current density
limit of 200 mA mm 2 Densification is shown to depend only on the
instantaneous value of the current density, and not on the current-rate.
The grain size, however, is shown to become finer at higher current-rates.
A preliminary analysis of the “energy deficit”, that is, the estimated
power input corresponding to the temperature as measured with a pyrometer,
and the actual power consumption, estimates that huge concentrations of
Frenkel defects may be introduced in the flash process.
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Frenkel pairs, Gadolinium-doped ceria
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Shrinkage as a (i) function of time and (ii) function of the current density at different current rates

Uniaxial shrinkage

014| Mgy AA ®

1 1 1 1

T
1

~»— 1000 mA min™

=
| .
"

""ll—

0 400 800 1200
Time (s)

(i)

1600

Uniaxial shrinkage

-0.14 |

T
—m—50

—m—50 mA min

—8—100 mA min™ ] ——100 mA min”’
—A—200 mA min™’' —A—200 mA min" ]
—v—400 mA min"' —v—400 mA min™
——600 mA min! —9—600 mA min™ |
—4—800 mA min" <4—800 mA min™ |

\\\(\ A\
\t\p

D\
v

—p»— 1000 mA min™’'

T T
mA min™ 4

25 50 75 100 125 150
Current density (mA mm?)

(ii)

176 200

Graphical Abstract

1. Introduction

The first experiments in flash sintering were carried out by
applying a constant electric field and then heating a dog-bone shaped,
powder pressed sample of 3 mol% yttria stabilized zirconia with a

[17.

non-linear rise in conductivity,

(3Ysz),
conventional furnace Flash was signaled by abrupt sintering to near
full density, and by electroluminescence

[2-5].

The above experiments are also done by holding the furnace
temperature constant and applying the field as a step function. After an
incubation time

(referred to as Stage I) an abrupt rise in conductivity

“xreferred+to—as—Stage—+)> signals the flash event.

limited by switching the power supply to current control

The conductivity is
(Stage II). The
specimens can then be held in a steady state of flash under current
control (Stage III) [3]. Under current control the voltage expressed
across the specimen drops relative to the initial applied field,
reflecting the higher conductivity of the specimen in a state of flash.

These methods are called voltage-to-current experiments.

In 2018 [6]

carried out by holding the specimen at a certain temperature

it was discovered that the flash experiment can be
(e.g.

typically 900 °C for 3YSZ), and injecting current at a constant rate, with

the power supply remaining under current control. The voltage developing



across the specimen was measured continuously. The transition to high
conductivity was now expressed by a peak in the voltage profile. Continued
increase in the applied current caused the voltage to change according to
the change in the conductivity of the specimen. The temperature of the

specimen increased with the current flowing through the specimen.

The current-rate experiments [6] yielded the following interesting

outcomes

(1) Sintering occurred continuously with the increasing current,
reaching full density at current densities that were similar
to those in voltage-to-current experiments [3].

(ii) Remarkably the sinter density correlated with the
instantaneous value of the current density. It was
independent of the current-rate, even though the rate was
increased over a factor of 100.

(iid) In voltage-to-current experiments the grain size

distribution across the gage section of dog-bone specimens
encumbers significant variability [7, 8]. In current-rate
experiments, the grains size was uniform across the full
gage section of the specimens. The present study is
consistent with literature where it was shows that the grain

size becomes finer at higher current-rates [9].

In the present work we report results from current-rate flash
sintering experiments on 10 mol. % gadolinium-doped ceria, referred to as
GDC. This ceramic is a mixed ionic and electronic conductor; it belongs to
the rare earth doped ceria group. These ceramics hold promise for use in
electrochemical devices such as gas separation membranes, solid oxide fuel
cells, and solid oxide electrolysis cells. Among ceria-based ceramics, GDC

possesses one of the highest ionic conductivity below 800°C [10, 11].

Conventional sintering of GDC usually requires several hours at
1400° C to 1600° C to achieve full density [12, 13]. Thus, flash sintering
holds the promise of sintering GDC ceramics at low temperatures in short
periods of time. Indeed, voltage-to-current experiments have been used to
sinter GDC to full density quickly at 500-700°C [14-16]. However, the
microstructure from these voltage-to-current experiments have not been

reported. Therefore, as a precursor to the current-rate experiments, we



measured the grain size across the specimen in voltage-to-current
experiments with GDC; the microstructure was, indeed, highly

inhomogeneous.

The current-rate experiments were carried out on 10 mol. %
gadolinium-doped ceria with a direct current (DC) power supply. The
current density was varied over a factor of twenty from 50 to 1000 mA min-
I, The furnace was held at a constant temperature of 680 °C. In all
instances full density was achieved at a current limit of 200 mA mm™@. We

show that the grain size can be controlled by changing the current-rate.

2. Experimental Methods and Materials

Commercial 10 mol.% gadolinium-doped ceria (Gdo.10Ce0.9001.95) powder
(Fuel Cell Materials) with a particle size of di0=0.07 pm, dse=0.13 pm,
doo=1.97 um, with a specific surface area of 10.5 m?/g (measured by Area
Meter II, Strohlein). The particle size distribution was measured by the
laser diffraction method (LA-950-V2, Horiba Ltd., Tokyo, Japan). The
particle size distribution and scanning electron microscopic images of the
powder are included in Supplementary Materials as Fig S1. The average
particle size was ~100 nm. The presence of large agglomerates in the range

of 1-10 pm was noted.

The powder was mixed with a 2 wt% binder (Duramax B-1000 binder) and
pressed uniaxially in a die to the shape of a dog-bone under a pressure of
100 MPa. These dog-bones had a gage length of 15 mm, a width of 3.3 mm,
and a thickness between 1.95+0.15 mm. The amount of powder used for these
specimens was 1.0x0.1 g. The green body samples were too fragile to
connect to the electrodes. Therefore, they were heated to 600° C for 1
hour to remove the binder, and then pre-sintered at 1000°C for 30 minutes
with a heating and cooling ramp of 3 K min™. The density of the pre-
sintered samples, measured from the weight and the physical dimensions,

was approximately 62.5%.

These green specimens were connected to a pair of platinum wires
wrapped through the holes in the ears of the dog-bones. Platinum paste was
applied for good electrical contact. The specimen was hung with the
platinum wires into the hot-zone of a tubular vertical furnace, similar to
the experimental set-up shown in [17]. Electrical power was fed to the
specimen from a Sorensen DLM 300-2 (AMETEK Programmable Power, San Diego,

CA, USA) power source. The current was measured with a digital multi-meter
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(Keithley 2000, Keithley Instruments, Cleveland, OH). The communication
and control of the power supply was achieved by DAQ USB-6008 (National
Instruments). The GPIB was used to communicate with the multimeter, the
device that monitors the current. Data was acquired through a graphical
user interface (GUI) developed in-house at Boulder, running on the MATLAB
platform. The voltage expressed across the specimen was measured at the
power supply. The power consumed in the sample (per unit volume) was
calculated as the product of current density and the electric field. The
sample shrinkage was recorded through a digital camera with optical
filters placed at the bottom of the furnace. The linear shrinkage strain
was calculated from these recorded images typically obtained at 1 second

intervals.

All experiments were carried out at a constant furnace temperature
of 680°C. The samples were placed within the furnace for 15 minutes before
turning on the current. The current was increased at the following
current-rates, 50, 100, 200, 400, 600, 800 and 1000 mA min-!. In all
instances the power to the specimen was stopped when the current density
reached 200 mA mm?. In this way, the total time for the experiment ranged
from about 1 minute to 28 min. The time, current density and current-rate

are summarized in the Supplementary Table S1.

After flash sintering, the ear sections of the samples were removed
carefully and only the gauge section was considered for characterization.
The densities of the sintered samples were measured by the Archimedes’
principle with distilled water as a liquid medium. The values for the
relative densities were calculated assuming a theoretical density of

7.22 g/cmd.

For microstructure, cross-sections of samples were polished
according to the standard metallographic process. The surfaces were
thermally etched by annealing at 1250 °C for 20 minutes, to reveal
the grain boundaries. The specimens were sputter coated with platinum. The
microstructures were imaged with a table-top SEM (Phenom, Fei Company,
Oregon, USA). Average grain size of the sintered body was determined by
the linear intercept method from at least 500 randomly selected grains for
each measurement. Linecut for Matlab software was used to determine the

average grain size from the SEM micrographs [18].

The pre-sintered and the flash sintered samples were analyzed by X-

ray diffraction XRD (Bruker AXS GmbH, Karlsruhe, Germany) using Cu Ka
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radiation. The operating voltage and current were 40 kV and 40 mA. The
lattice parameters were determined using Pawley’s method for the
refinement with TOPAS software (Bruker Corporation, Germany) . The average
crystallite size of the samples were estimated by the X-ray line
broadening technique performed on the (2 2 0) diffraction of the

CeO2 lattice from the Scherrer equation.

3. Results and Discussion

3.1. Electric Field, Power Density and Temperature

The voltage expressed across the specimen rises as the current is
increased. The sudden rise in conductivity, a signature event for flash,
is therefore signaled by a drop in the voltage; therefore, the maximum in
the voltage curve identifies the onset of flash. This behavior for
different current-rates is given in Fig. 1(a) . The peaks in the voltage
profiles are quite distinct in the range of current-rates from 200 to 1000
mA min~!. At lower current-rates they are somewhat subdued but still
discernible. In all instances the flash initiates at current densities in

the range of 7-9 mA mm™2.

In voltage to current experiments the onset of flash encumbers an
incubation time which depends on the electrical field. A similar behavior
is seen here. If the current-rate is J mA mm 2 min~! and the current-
density at the onset of flash (i.e. the peak in the voltage) is flash TNA

mm?, then the incubation time is given by

J
t, =L (1)
J

A plot of the electric field at the peak (as measured from Fig. la) and
the incubation time, as calculated from Eq. (1) are given in Fig. 1 (b).
The incubation time lengthens significantly at lower electric fields which

is consistent with earlier work on voltage-to-current experiments[3]
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Fig.1. (a) Electricfield generated acrossthe specimen when driven by different valuesof the constant
current-rate. (b) The incubation time, given by the peak in thevoltage profile, asa function of thevalue of the
voltageat the peak.

The power consumption, per unit volume is given by
P, =pJ’ (2)
w =P

where p 1s the resistivity and Jis the current density. The curves for

the power consumption as a function of current density are given in Fig.

2(a). They show a rise in power density but at a much lower rate than Jz,
the implication being that the resistance declines with current density.
The decline in resistance may be explained by the rise in temperature with
current density. An increase in conductivity with temperature is

consistent with ionic transport.
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Fig.2.(a) Powerdensityas a functionof thecurrentdensityatdifferentcurrentrates. (b) Specimen temperature
estimated fromtheblack bodyradiation model as a function of thecurrent density.

The specimen temperature during flash has been measured with a
pyrometer and estimated by a black body radiation (BBR) model. In a steady
state of flash (Stage III in voltage-to-current experiments) these two
estimates match quite well not only with one another but also with direct
measurements with a platinum standard during in-situ experiments at APS
and BNL synchrotrons [22, 23]. These comparisons assumed the emissivity of
zirconia to lie in the 0.8 to 1.0 range. The steady state BBR model
assumes that the power consumption is equal to the radiation loss.

However, the present situation is not steady state since the power
consumption increases continuously with the current density; some of the

input energy is, therefore, absorbed by specific heat.

In the original paper on current-rate experiments the steady state
BBR model was amended to account for the energy stored as heat capacity
when the specimen temperature changes [6]. Accordingly, the input power

was equated to the sum of two terms as below

ft+At

t+At t+At

. ww@®dt+ [ ow(t,T)dt (3)

Here the total electrical power spent in the specimen, P

wr 9iven by

the left hand side, is equated to the enthalpy absorbed in specific heat,
wy » and the energy lost to black body radiation, ¢, . The complete
analysis for this amended BBR model is given in [6]. The model was applied
to the current experiments assuming the emissivity of GDC to be 0.9, and
the specific heat to be 900 J kg™t K as reported by Stelzer et. al for
Note that the surface area of the specimen was updated continuously

while the sample sintered.

The above results are shown as temperature vs. current density in
Fig. 2 (b). They range up to a current density of 200 mA mm? which was the
upper current limit placed on the experiments. In all instances the
temperature rises with the current density. We note that (i) a higher
temperature implies a lower resistivity - for ionic transport - but also
that (ii) the temperature, as well as the power density are higher for
faster current-rates, which, from Eg. (1), may imply that the resistance
is increasing with temperature, which suggests some degree of metallic

character. It is possible that the material becomes a mixed ionic and



electronic conductor in a state of flash, a result which has been

discussed in recent papers [19-21].

3.2 X-ray and Grain Size

The XRD diffraction pattern showed that the flashed samples retained
their original cubic fluorite structure. These X-ray data are included in

Supplementary Materials in Fig. S2.

While there was significant grain growth during the sintering
process - from about 60 nm to >200 nm - the hall mark of the current-rate
experiment from present work, and from literature [6,9,25], is the
uniformity of grain size across the full gage section. In contrast, in
voltage-to-current experiments the grain size distribution is often

inhomogeneous [7, 8].

The uniformity of the grain size in the present experiments is shown
by the plot in Fig. 3, for the case of 50 mA min~!. The plots include the
grain size on the outer surfaces and from the middle core of the specimen.
The grain size in the core is seen to be larger than on the surfaces. We
explain this finding by a higher temperature in the core relative to the
surfaces. Pereira da Silva et. al. studied the temperature distribution of
8YSZ by the finite element method [26] for voltage-to-current experiments.
They found significantly higher temperature in the mid-section seetdion of
the sample as compared to the top and bottom surfaces, presumably because
of radiative losses from the surface. Most likely the larger grain size in

the core region is related to such higher temperature.
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The grain size micrographs from specimens flashed at different
current-rates are shown in Fig. 4 (micrographs for other current-rates are
included in Supplementary materials as Fig. S3). The micrographs on the
left were obtained near the anode, and the ones on the right from near the
cathode, and the one in the middle from the in-between region. The
abnormal grain growth often seen near the electrodes in voltage-to-current
experiments is absent. This result confirms this special feature of

current-rate from earlier papers [6, 9, 25].

A possible explanation for this dichotomy between current-rate and
voltage-to-current experiments is the great difference in the current
density at the initiation of flash. In voltage-to-current experiments the
current density rises nearly catastrophically to the current limit which
is often in the range of 50 mA mm 2 to 200 mA mm?. These high currents can
produce large voltage drops at the electrodes - given by the product of
the current density and the charge transfer interface resistance - which
produces local heating. Furthermore, the voltage drops can be large enough
to produce redox reactions which can exacerbate the local heating

particularly for the reduction reaction at the cathode.

In contrast, in the current-rate experiments the current density at
the onset of flash, as shown in Fig. 1 was in the 7-9 mA mm™? range, which
may reduce the voltage drop across the interface thereby sidestepping the

reduction reaction.



(The relationship between electroreduction and non-uniform grain
size, however, has yet to be clearly established. Jha et al. [27] have
reported abnormal lattice expansion near the cathode, measured by in-situ
X-ray diffraction which was attributed to the accumulation of oxygen
vacancies. Similar electro-reduction has been observed in 8 mol% yttria

stabilized zirconia [28]. The link to grain growth remains unresolved.

As a benchmark we conducted a voltage-to-current experiment as a
precursor to the current-rate experiments and found the grain size to be
highly variable, being 3t1.1 pm near the anode, 0.70+0.35 pm in the center
and 0.40%£0.23 pm at the cathode; as seen in Fig. S4 in Supplementary

Material.)

Current rate: 200 mA min-1

20 um




Current rate: 1000 mA min-1
20 um

Fig.4.SEM micrographsfromneartheanode (on the left), the middle, and the cathode (on the right), at
different current-rates, (a) 50 mA min, (b) 200 mA min-?, (c) 6oo mAmin-*and (d) 2000 mAmin-. Note the finer
grainsize at higher current rates.

Returning to Fig. 4, we note that the grain size changes with the
current-rate. A plot of the grain size vs. current-rate is given in Fig.
5. The grain size decreases from ~3 pm at 50 mA min! down to ~0.5 pm at
1000 mA min~!. These results are different from earlier current-rate
experiments with 3YSZ where the grain size was seen to remain unchanged
with current-rates. However, the present results are consistent with other

results from the literature [9].

As shown in the next section the extent of sintering was independent
of the current-rate. The result that the grain size varies with current
rate, but sintering does not, may suggest that grain growth and sintering

are controlled by different mechanisms in flash experiments.
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3.3 Sintering

One remarkable result from the first set of systematic current-rate
experiments [6] was that densification depended only on the instantaneous

value of the current density; it was independent of the current-rate.

The shrinkage strain was measured continuously xate from photographs

taken at 1 s intervals. The linear shrinkage strain, €, 1is given by

L
e=In|— (4)
Vs

o

Where <L0 and [, are the initial and the time dependent gage lengths. Note

that the strain is a negative quantity.

The shrinkage strain is plotted as a function of the instantaneous
values of the current density in Fig. 6(a), and against the time for all
current-rates in 6(b). It is quite remarkable, but in agreement with
earlier work [6], that densification is independent of the current-rate -
it depends only on the current density. While scientifically fascinating,
this result also has practical value. In the voltage-to-current
experiments sintering occurs in just a few seconds which makes it
difficult to obtain in-situ experimental data, for example in live X-ray

experiments. But current-rate experiments can stretch out the shrinkage to



several minutes simply by slowing down the current-rate. Thes periments
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Linear shrinkage is related to the change in relative density by

tn| L] =3¢ (5)
Pe
assuming that the shrinkage is isotropic, which is supported by
experiments with dog-bone specimens where shrinkage strains in the length,
width, and thickness directions have been shown to be equal [30]. Further
confirmation is obtained by comparing the final density calculated from

Eg. (5) with the final density measured by the Archimedes’ method. The
numbers are as follows, pg=0.62, the final linear shrinkage is 0.1425,

which gives the finish density to be 95.6+0.45%. The Archimedes’ density
measured with distilled water as a liquid medium was 96%, assuming a
theoretical density for GDC10 of 7.22 g/cm?®. The relative density values
of all current control flash sintered specimens are summarized in the

Supplementary Table S2.
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3.4 The Energy Deficit

Jean-Marie Lebrun, who contributed greatly to flash research in our
laboratory used to say that in current-rate experiments the pyrometer

temperature was often lower than the temperature estimated from the black



body radiation model. The systematic experiments in the present work

permitted us to explore that observation rigorously.

We start by reiterating the key differences between voltage-to-

current and current-rate experiments

(1) In voltage-to-current experiments sintering occurs quickly during the
transition from voltage control to current control. Then, under current
control the sample continues to flash in a steady state, such that the
radiation loss is equal to the power consumption. In such a steady state
the result from the BBR model has been shown to match the temperature
measured with the platinum standard [31]. It is inferred that in voltage-
to-current experiments a steady state of flash implies that the rate of

defect generation equal to the rate of recombination.

(ii) The current-rate experiments have a fundamentally different texture;
sintering occurs continuously as the current density is increased. The
rate of sintering can be stretched out by slowing the current-rate. If
indeed excess defects are the reason for flash sintering then these excess

defects are being produced continuously.

The generation of defects is an endothermic process; therefore, it
is possible that a portion of the power input is consumed in defect

generation, with the rest being lost to radiation.

The analysis is approached by comparing the actual electrical power
consumption, to the energy input that would be enough to account for the
temperature measured with a pyrometer according to the BBR model. The
difference then is the energy deficit which can be translated into excess

defect concentration.

The analysis is given below. We specify the electrical power

consumption as VV@), in Watts, and the power that can account for the

temperature measured with the pyrometer as FV*Q). The energy deficit, as a

function of time is then given by
t
DH(t)= [ (W (1) - W’ (1)) dt (5)
0

*
AH is in units of Joules and refers to the physical specimen. It is

useful to convert it into per mole, as follows



: AH®
mm‘—zf______

spec molar

(6)

Here V. refers to the volume of the matter in the specimen and V is

spec molar

the molar volume of GDC. The molar volume is V%M”::2.36*104 mm3. The

specimen volume, equal to the weight of the specimen divided by the

density of ceria, was equal to V. =61.4 mm3. Thus, zﬁfflw is equal to the

spec

energy deficit per mole of GDC.

If the enthalpy of formation per one mole of Frenkel pairs is zﬁffﬂ,

then the mole fraction of defects, Xx,,., created in the GDC is given by
'xF renkels ~ A HF’,

It remains now to calculate FV*Q) in Egq. (5). It is related to the
pyrometer temperature (which we write as 7?(ﬂ) through the BBR model[32],

plus the heat absorbed in specific heat, so that

. T . dTZ
W (t):eis([TK] —TF)+me ~ (8)

Here § is the surface area of the specimen; it is corrected with time as

the specimen shrinks. O is the Stephan Boltzmann’s constant, and g, is
the emissivity. The furnace temperature is 7}, m is the mass of the

specimen, equal to 0.443 g. and C; is the specific heat, equal to 900 J

kg™t K' [24]. The nominal value for the emissivity of GDC is 0.8-1.0. We

note that higher value of the emissivity increases W and therefore
decreases the energy deficit. Thus we set €=1 which gives the lower bound

for the energy deficit.

To calculate the enthalpy of formation of one mole of Frenkels 1is
sum of two anions and one cation. The enthalpy for one anion is 3.2 eV and

15.9 eV for the cation, for a total of 22.3 eV for two anions and one

cation, which translates into zﬁf{n = 2150 kJ mol-! of Frenkels.

Plots of W and W (for the case of 1000 mA min~!) are given in Fig.

7(a), and the mole fraction of Frenkels calculated as above are given in



the upper curve in Fig.

large values,

is underestimating the specimen temperature by 100

7(b) .

in the range of 20-30 mol%.

The mole fraction of Frenkels rises to very

If we assume that the pyrometer

°C (the prediction from

the BBR model has been shown to predict the measurements with a platinum

standard to within —25°C)

then the lower curve is obtained.

Frenkel concentrations are more than 10%.

Even then the

These are very large numbers.

We present these results with caution but with some confidence that the

energy deficits as described here are factual.

The concentration of Frenkels calculated above are those that

survive;

they consumed when they were formed. However,

be absorbed in other ways,

vacancies becoming incorporated into grain boundaries,

for example in the sintering process,

interstitials into the pores.

reduce free energy of the system,

measured here;

change by absorption of vacancies).

they exclude those defects that recombine to return the enthalpy

these surviving Frenkels can

by the
and the

(While the shrinkage of the pores does
its magnitude is much smaller than
and the energy of the grain boundaries is unlikely to

It is therefore possible that the

large Frenkel concentrations we calculate are simply equal to those

absorbed into the sintering process.

Further experiments with dense

polycrystals and single crystals are needed to clarify this point.
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Figure7.(a) Energy deficitasgiven by Eq. (5). (b) Molefraction of Frenkel pairsestimated from theenergy

deficit, asgiven by Eq. (7).



It is possible that the energy deficit is not simply to be accounted
for by Frenkels. There can be other endothermic reactions such as phase
transformations that are far from equilibrium. Indeed new phases and heavy
distortions in the X-ray diffraction peaks [33], and large atom
displacements measured by pair distribution function analysis of total X-
ray scattering data from Brookhaven [22] are examples of such events. It
is conceivable that the defect generation is the precursor to the genesis

of these unusual effects.

In closing we note the recent molecular dynamics simulations by
Jongmanns and Wolf [34, 35] that point us to the endothermic nature of
Frenkel pairs. In these simulations Frenkels were generated by the
proliferation of phonons in a single crystal. The simulations were
adiabatic that is, all the phonon energy was consumed either to raise the
crystal temperature or to generate Frenkels. Once the crystal temperature
reached the Debye temperature, all the input energy was used for the
creation of Frenkels. A discussion of the significance of the Debye

temperature is discussed in the literatures [2, 36]

4. Conclusions

Current rate experiments are a new development in the field of flash
sintering; in them the power supply is always held under current control
while the current is increased at a constant rate. They have significant
differences with respect to the usual voltage-to-current experiments,
where the voltage is applied as a step function, and the power supply is
switched to current control at the onset of the flash. In the current rate
experiments the onset of flash is signaled by a maximum on the voltage
expressed across the specimen, which occurs at current densities that are
far lower than the current limits used in the voltage-to-current

experiments.

In contrast to the voltage-to-current experiments, the grain size in
current-rate experiments is highly uniform across the full gage section of
the dog-bone specimens. The grain size decreases with the current rate
during the experiment. The absence of non-uniform grain size is attributed
to the low current density for the onset of flash which avoids local

heating at the electrodes. The grain size control, both with respect to



uniformity and its dependence on current-rate has technological

significance.

The present experiments confirm the earlier experiments with 3 mol%
yttria stabilized zirconia, that densification depends only on the
instantaneous value of the current density, that is, it is independent of
the current rate. The current rates were varied over a factor of 20; in
this way the period during which the sample sinters could be stretched
from about 1.4 min to 28 min. The stretched time is an important
development for characterizing the evolution of the structure and defect
concentrations while the specimen sinters. In voltage-to-current
experiments sintering occurs nearly instantaneously when the power supply
is switched from voltage control to current control, rendering it quite

difficult to garner information during densification.

The specimen temperature measured with a pyrometer corresponds to a
far lower power dissipation, as predicted by the black body radiation
model, than the electrical power injected into the specimen. For the
present this energy deficit is attributed to the endothermic nature of
defect generation. The estimate is that defects in the 10-30 mol% are
produced. It is of course possible that other endothermic phenomena such
as the formation of phases that are far from equilibrium are absorbing a

part of this energy deficit.

Another explanation can be that these Frenkels are absorbed at grain
boundaries and pores which produces sintering, which does not have a
significant enthalpy ramification; experiments with dense polycrystals and
single crystals are underway to explore this possibility. In either case,
the defect generation is “huge” so that the defects must now be considered
as species in their own right, in addition to the anions and cations, in
the study of phase stability under flash conditions. It may produce events

that are far from equilibrium.
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Supplementary Figure Sz1. (a) Particlesizedistributionof GDCio0 powder, (b) SEM micrograph of GDC1o0
powder
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Pre-sintered green body= 60 nm
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Supplementary Figure S2. X-ray diffractionof the starting specimen and CR flash sintered specimens
showing thegraingrowth
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Current rate: 800 mA min-1
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Supplementary Figure S3. SEM micrographsat threedifferent positions(i.e.leftimage: near the anode,
middleimage: at the center of thesample and rightimage: near the cathode) of the CR Flash sintered samples at
different current-rates, (a)200 mA min-1, (b) 400 mA min-1and (c) 800 mAmin-1, showing higher current-rate
resultedin finer grainsize (homogeneousgrainsizedistribution alongthe gaugesection of thesample.



Supplementary FigureS4. (a) The locationsbetween the electrodes where the SEM micrographswere taken.
SEM micrographscomparing the microstructural differencesnear anode, center and near cathodefor (b) voltage-to-
current (applied field 150 Vcm-2and furnacetemperature 680°C)

Supplementary Table S1: Total time of the experiment for different current-rate flash sintering experiments

Experiment Current-rate Time for
number (mA mm~2?) completion of the

experiment (minutes)

1 50 28
2 100 14
3 200 7

4 400 3.2
5 600 2.3
6 800 1.8

7 1000 1.3




Supplementary Table S2: Relative density of the current controlflash sintered specimens measured by the
Archimedes’ method with distilled water as a liquid medium; thevaluesfor the relative densitieswere calculated
assuming a theoretical density for GDC10 of 7.22 g/cm3.

Current-rate (mA min™!) Relative density (%)
50 95.88

100 95.62

200 95.17

400 96.36

600 95.7

800 94.74

1000 95.57




