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Abstract (Limit 200 words)

In-situ X-ray diffraction measurements at the Advanced Photon Source show that o.-
AlO; and MgAl>O4 react nearly instantaneously, and nearly completely to form single-phase
high-alumina during voltage-to-current type of flash sintering experiments. The initial sample
was constituted from powders of a-Al,03, MgAl>O4 spinel, and cubic 8 mol% Y203-stabilized
ZrO> (8YSZ) mixed in equal volume fractions, the spinel to alumina molar ratio being 1:1.5.
Specimen temperature was measured by thermal expansion of the platinum standard. These
measurements correlated well with the black body radiation model, using appropriate values for
the emissivity of the constituents. Temperatures in the 1600-1736°C were reached during the
flash, which promoted the formation of alumina-rich spinel. In a second set of experiments the
flash was induced in a current rate method where only the current flowing through the specimen
is controlled and increased at a constant rate. In these experiments we observed the formation of
two different compositions of spinel, MgO+3Al,03 and MgO-<1.5A1,03, which evolved into a
single composition of MgOe2.5 Al>Os3 as the current continued to increase. In summary, flash

sintering is an expedient way to create single-phase, alumina-rich spinel.



1. Introduction

Flash sintering of diverse types of ceramics have shown that rapid densification can be
achieved within seconds with the application of an electric field, at furnace temperatures
significantly lower than those required for conventional sintering.!!! Two- and three-phase
ceramics have demonstrated a similar rapid densification behavior.!?>"'* Under special
circumstances, flash sintering has been shown to induce phase transformations in both single
phase ceramics as well as in ceramic composites.® -1

The mechanism of flash sintering remains controversial, but it is generally agreed that the
current flowing through the specimen produces significant Joule heating, raising the specimen to

significantly above the furnace temperature.!®2° An equation to estimate the sample temperature

during flash sintering, using a black body radiation (BBR) model, is given by:!®

o= [ 2 () ()

emoTy

where T is the specimen temperature, 7, is the furnace temperature, Wy is the power density
expended in the specimen in units of mW mm~, e,, is the emissivity, 6= 5.67 x 108 W m2 K* is
the Stefan Boltzmann constant, and V74 is the volume to surface area of the specimen in units of
mm. In the present work we pay special attention to the emissivity being material and
temperature dependent.

In-situ experiments of X-ray diffraction at synchrotrons have been successfully employed
to measure the specimen temperature directly using platinum as the standard by calibrating the
shifts in the platinum (111) peak against the handbook value of its thermal expansion'®. These

experiments have also been used to characterize the phase transformation during flash. In the



present work such phase transformations are observed in real time, at a time scale of about 3
seconds, in a three-phase composite constituted from equal volume fractions a-Al>O3, MgAl>,O4
spinel and cubic 8 mol% Y>0s-stabilized ZrO; (8YSZ). It follows earlier work where it was
shown that flash sintering promoted the formation of high-Al>Os spinel.!” Here we show the
formation of single-phase high-alumina spinel in two types of flash experiments; one carried out
in the usual way by applying an electric field and switching to constant current upon the onset of
the flash, and the second, a new method where the entire experiment is carried out under current
control, but where the current is increased at a constant rate.

These studies of flash in multiphase ceramics may have applications in functional as well

as in engineering ceramics.?!??

2. Materials and Experimental Procedure

Powder compacts were fabricated with equal volumes of the three phases: cubic 8 mol %
yttria stabilized zirconia (8YSZ) (Tosoh TZ-8YS), spinel (Baikowski S30CR) and alumina
(Taimei TM-DAR). The spinel and alumina had a molar ratio of approximately 1:1.5, which is
equivalent to one-third volume fraction of each of the three powders. Powders were pressed into
dog-bone shaped samples for flash sintering experiments in our laboratory.!” Smaller samples
were pressed to be approximately 4 mm x 1.6 mm x 1 mm rectangular bars for the in-situ
synchrotron XRD flash experiments. The dog-bone specimens were pre-sintered for 1 hour at
600°C for 1 h to a green density of 52%, while the rectangular specimens were pre-sintered for 1

hour at 900°C to a density of 55%.



3. Results
3.1 Laboratory Experiments

Flash sintering experiments that were carried out in our laboratory as in described
previously.!” The electrical field was applied to the sample as a step function and, then, the
power supply was switched to current control at the onset of the flash when the current suddenly
rises. These are described as an electric field control-to-current experiments, and are referred to
as Type L. The purpose of these laboratory experiments was to determine the influence of the
current density on the evolution of the spinel phase. The conditions for these experiments are

listed in Table I as L1, and L2.

3.2 Advance Photon Source Experiments

In-situ experiments were conducted at beamline 33BMC of the Advance Photon Source
(APS) at Argonne National Laboratory (ANL). Platinum wires were wrapped around both ends
of the length of the sample, and platinum paste (SPI Supplies, West Chester, PA) was applied to
ensure good electrical contact. A thin sliver of platinum paste (1 mm wide) was applied to one
side of the samples to measure the sample temperature.

The platinum wires were connected to a power supply (DLM 300-2, Sorenson, San
Diego, CA) and a digital multimeter (Model 2000, Keithley, Cleveland, OH). The samples were
heated inside a quadrupole lamp furnace (QLF). All experiments were conducted at furnace
temperature held constant at 1250°C.%

The sample was placed on an alumina sample holder for stability and was then positioned
in the hot zone of the furnace. The QLF was also configured to allow for the incident x-ray

beam to travel through the sample and the diffracted beam to impinge on a Pilatus 100K 2D



image plate detector (DECTRIS Ltd, Villigen, Switzerland). The wavelength of the X-ray beam
was set to 0.7749 A (16 kV) for all the in-situ experiments. Due to the physical size of the
detector, the angular collection range of the detector was 4°. Data was recorded in total scan
mode or local scan mode. In total scan mode, the detector traverses the full range of 20. In local
scan mode, the detector remains fixed at a specific 20 angle and captures the diffracted peaks
with 4°. Local scan mode allows for more rapid scans (one scan per 3 seconds). Due to the fast
sintering times of flash sintering, in-situ data could be collected only in the local scan mode.
PDF files for cubic 8YSZ (# 00-030-1468), spinel (# 00-021-1152) and alumina (# 01-070-7346)
were converted to the synchrotron radiation wavelength and used for peak identification and
indexing.

The shift in the (111) platinum peak was measured in the total scan mode, and converted
into specimen temperature using the standard values for the thermal expansion of platinum.?*
This baseline temperature calibration was obtained by heating the sample to different
temperatures without applying an electric field. The calibration curve is shown in Fig 1. The
sample temperature during flash sintering was determined from this curve. Note that a platinum
standard was necessary because of the evolution of different phases, with different lattice

parameters!”> %,
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Figure 1. The calibration of he specimen temperature measured by the shift of the (111) peak of
platinum.

Flash sintering experiments at APS began by heating the furnace with the sample in
position for 5 minutes to allow for equilibration of the sample temperature at 1250°C. Two
categories of flash experiment were conducted. The first set of experiments utilized the same
flash sintering profile that was done in the laboratory experiments; a voltage control to current
limiting profile; these experiments are called Type A. The magnitude of the electrical fields and
the current limit for these experiments are given as Al and A2 in Table I. The diffraction data
for A1 was obtained in the total scan mode, with scans being taken before and after the flash. In
the case of A2 data were acquired in the local mode at a scan rate of one scan per 3 seconds.

In the second set of experiments only the current flowing through the specimen was
controlled (Type B). The current was increased at a constant rate of 25 mA min™! until it reached
the current density of 85 mA mm. Successive local scans were obtained at intervals of 3

seconds. In current-rate experiments the flash sintering process is slower which allows more



detailed analysis of the spinel phase transformation. Table I list the parameters for this

experiment under B1.

Table I. List of experiments conducted

Experiment Field (V cm™) Current (mA mm2) | Flash Type | APS Scan
Number
L1 250 25 A n/a
L2 250 75 A n/a
Al 450 75% A Total Scan
A2 450 85* A Local Scan
B1 n/a (max current) 85* B Local Scan

Type A: Voltage to Current Limit

Type B: Current Rate of 25 mA min!

*In-situ Experiments at ANL

4. Results
4.1 Laboratory Experiments (Type L)

For L1 and L2 electric field was held to the same limit of 250 V cm’!, with the current
increased from 25mA mm™, and to 75 mA mm 2, respectively. SEM microstructures for shown

in Fig. 2. They show that an increase in the current limit resulted in dissolution of the alumina

into the spinel phase, as well as in significant grain growth.




Fig. 2. SEM microstructure of three-phase composites for flash sintered specimens L1 and L2.
(A) L1 -250V cm™'; 25mA mm™. Here the medium dark phase is alumina, the dark phase is
spinel, and the light phase is 8YSZ. (B) L2 - 250V/cm; 75mA mm 2. The dark phase is high
alumina spinel, and the light phase is 8YSZ. Note that the alumina is absent, having dissolved
into the spinel phase.

4.2 Advance Photon Source Experiments (Type A)

The total-scan diffraction patterns for experiment A1, taken before and after flash
sintering are shown in Fig. 3. The scan before flash sintering shows the three starting phases.
However, the alumina peaks are absent in the scan taken after flash sintering; at the same time
the spinel peaks are more intense and shifted to the right suggesting a decrease in the lattice
parameter. A shift in the zirconia peaks is also seen, and thought to be due to the effect of the

dopants.?> The XRD data in Fig. 3 matches previous observations, where high alumina spinel

was formed during flash sintering.!”
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Fig. 3. Synchrotron XRD pattern from before and after flash sintering at 450 V cm™'; 75mA mm-™

2, Peaks refer to zirconia (Z), alumina (A), and spinel (S).




The in-situ data for the experiment A2 are shown in Fig. 4. The 20 range for the local
scan was chosen so that peaks from all three phases, as well as the platinum (111) peak could be
included. Note that the dissolution of alumina and formation of high-alumina spinel occurred
within one scan, that is within 3 seconds, between the second and the third scan. The formation
of high-alumina spinel also corresponds to a large jump in temperature measured with the
platinum standard, 1405°C to 1736°C. In A2 residual amounts of alumina can still be seen in

Fig. 4, but the bulk of the alumina was consumed in forming the high-alumina spinel.
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Fig. 4. In-situ synchrotron XRD pattern obtained at 450 V cm™'; 85 mA mm 2 (A2). Peaks have

been indexed for zirconia (Z), alumina (A), spinel (S) and platinum (P). Note the dissolution of

alumina into spinel between the second and the third scan together with a shift in the (311) peak
for spinel to the right.




4.3 Advance Photon Source Experiments (Type B)

In contrast to the Type A experiments where the sintering occurs quickly at the onset of
the flash, the process occurs more slowly in Type B experiments where the current is injected
and increased at a constant rate. Fig. 5 shows the power density curves for the live experiments;
they illustrate the difference between the flash sintering profiles for Type A and B. In voltage-to-
current (Type A) experiment the powder density rises quickly at the onset of the flash and
reaches a plateau as the power supply is switched to current control. In Type B experiments the
power dissipation spikes at the onset of the flash and then continues to rise as the current is
increased.

The current-rate experiment slows down the spinel phase transformation, as shown by the
data in Fig. 6. Video of the full in-situ XRD scans for this experiment can be found in
Supplementary Information. The onset the flash is indicated again by a large increased in
temperature of 1384°C to 1526°C (the measurement of the temperatures is described in more
detail in the following section), between the scans at 45.5 seconds and 48.6 seconds. As the
current increases, the (311) spinel peak splits into two distinct peaks. The intensity of the right
peak begins to decrease with time and increasing current density, with the left peak shifting to
the right. The double peak evolves into a single (311) spinel peak of the high-alumina spinel
phase. Again, a small amount of residual alumina remains. The temperature profiles obtained

from the platinum standard are discussed in the following section.
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Fig. 5. Power density curve of Type A and Type B flash sintering profiles.
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5. Discussion
5.1 Measurements (Pt standard) and Black Body Radiation Estimate (Eq. 1) of Temperature

In this section we report the best possible estimate of the specimen temperature by two
methods, the black body radiation (BBR) model of Eq. (1) and measurements of thermal
expansion of the platinum standard.

Both methods have constraints. The BBR model applies only when the specimen is in

the steady state, as is the case for Type A experiments where the power density remains at a



plateau. In the current-rate experiments where the power density is constantly increasing the
steady state BBR model is not applicable since the electrical energy partitions in to specific heat
and into radiation loss. Thus we apply the BBR model only to the experiment Al.

The platinum standard method also has constraints since as shown in Fig. 1 the
calibration extends only up to about 1400°C since beyond that platinum paste begins to volatilize
and the (111) peak becomes faint, as can be seen in Fig. 6. High magnification of the peak at
higher temperatures is shown in Fig. 7. The dashed line shows the extrapolation of the
calibration curve from Fig. 1. The extrapolation extends to 1736°C, which is just below the
melting point of Pt, 1768°C. These peaks are difficult to resolve, so the results presented for the
temperatures estimated from them is subject to a degree of uncertainty. Nevertheless, we present
these results for the sake of being as complete as we can.

The application of the BBR model requires knowledge of the emissivity, which is both
material and temperature dependent. For YSZ an emissivity value of 0.9 seems appropriate.'’
Literature values for the emissivity values?®?’ for ALO; and MgAl,O4 were extrapolated to
1600°C; they were 0.47 for Al203 and 0.19 for MgAl:O4. Due to the large differences in the
values for the three phases, the rule of mixtures and the inverse rule of mixtures was used to
estimate the upper bound and lower bound for the emissivity of the composite; they were 0.52
and 0.35. A lower emissivity value predicts higher specimen temperature since it reduces the
energy lost to black body radiation.

In the case of experiment A2 the BBR model is acceptable since the power density
reaches a plateau indicating a steady state in the specimen temperatures. The estimated BBR
temperature, using the emissivity values given just above, as well as the temperature estimated

from the platinum standard are shown in Fig. 8. The Pt-standard method predicts the sample



temperature during the steady state of flash to lie between 1670-1736°C. This range falls within
the upper and lower bounds calculated by the black body radiation using the higher and lower
values of the emissivity. For comparison the prediction using emissivity of 0.9, the accepted
value for zirconia, is also shown; it predicts lower specimen temperature. It is to be noted that
the data for emissivity of various materials are not readily available and carry a significant
degree of uncertainty.

The current-rate, Type B experiments have the advantage that the sample temperature
rises more gradually, being controlled by the rate at which the current is increased. However,
being a non-steady state process only the Pt-standard method is applicable. In Fig. 7 the (111) Pt
peak is seen to shift as the power density expended in the sample increases. The Pt peaks grow
faint above ~1400°C, and the exploded view of the peaks, shown in Fig. 8, which carries a

degree of uncertainty, was used to estimate the specimen temperature.
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Fig. 8. Calculated black body radiation temperatures for experiment A2 compared with
temperatures calculated from in-situ temperatures from the platinum standard. Calculated black
body radiation temperatures with zirconia emissivity (0.9) is also shown for reference.

The measurement of the specimen temperature by the Pt-standard method while the
power density increases are shown in Fig. 9. The data were obtained from successive local
scans. In this plot we see that the specimen temperature rises from about 1485°C to 1525°C at the
onset of the flash, and then continues to rise to about 1675°C until the end of the experiment. The
dissolution of the a-alumina phase begins at about 1500°C with the development of the second
peak for spinel and is completed by about 1640°C. However, measurable amounts of alumina is
retained even after the experiment ends and the furnace is cooled down, as shown by the
diffraction spectra at the top in Fig. 6.

The comparison between the evolution of the spinel phase is different in Type A and
Type B experiments as shown by Figs 4 and 6. In the Type A experiment the transformation is

faster and more complete (although some residual alumina still remained) in the Type A



experiment than in the Type B experiment. Furthermore the splitting of the spinel seen in Type

B is not seen in the Type A voltage-to-current experiment.
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Figure 9. Calculated in-situ temperature from the platinum standard from experiment B1.

5.2 Kinetics of Phase Transformation

The principal result from the present work is the abrupt dissolution of alumina into spinel
at the onset of the flash as shown in Fig. 4, in less than 3 seconds. Here we analyze the kinetics
of the reaction in terms of a previous study of the reaction between alumina and spinel to form
non- stoichiometric spinel.?’

Using Fick’s second law and the high alumina spinel composition from previous data
(MgO+3Al,053), the reaction time could be calculated based on the grain size of spinel.!” The

analysis is based upon Fick’s second law,

Cx—Co

= —ef (ﬁﬁ) )

where we insert the following values for the parameters for the present work,



Cx = Conc. At x (0.75 mol% alumina)

Co = Initial conc. at t =0 (0.5 mol% alumina)

Cs = Surface con. at x =0 (1.0 mol% alumina)

x = Distance (surface to middle of spinel grain)

D = Diffusion coefficient (1736°C)

t =Time

The reaction times, calculated from Eq. (2), based on the spinel grain size measured in Fig. 2, are
summarized in Table 2. Although the average particle sizes of the three-phase starting material
was ~ 250 nm, Fig. 2 shows that the final high alumina spinel grain sizes were much larger,
having average grain sizes of 1.5 um. The results suggest that the temperature reached during
flash sintering in this study may have been sufficient for the formation of high alumina spinel

with spinel grain sizes of 2 pm and below, with the caveat that the specimen temperature was

estimated from faint and rather broad peaks of Pt as shown in Fig. 7.

Table 2. Reaction time to form high alumina spinel based on initial spinel grain size.

Initial Spinel Calc. Reaction
Grain Size (um) | Time (s)

3.0 5.6

2.0 2.5

1.0 0.6

0.5 0.2

5.3 High-Alumina Spinel Composition

The current rate experiment, B1, was marked by the evolution of two adjacent peaks for
(311) spinel. Eventually the two peaks merged into a single peak before the end of the
experiment. The lattice parameter of the (311) spinel peaks matched that of a spinel structure
having a composition of MgO+3.0A1,03 and MgO-+1.5A1>03 at room temperature. This

suggested that two separate compositions of non-stoichiometric spinel formed initially. As the



current was increased, the two stoichiometries of the high-alumina spinel converged into
MgO-2.5A105.

Formation of alumina-rich spinel is due to AI** occupying Mg?" sites in the spinel
structure, but the mechanism by which this defect is charged balanced is under debate.?*3! The

1>* vacancies:

defect compensation maybe due to A
(4Al,05 + 3Mgiy, + Aly, — 3Aly, + Vi, + 3MgAl,0,)
or by Mg?* vacancies:
(4Al,05 + 3Mgyg = 2Aly, + Vyg + 3MgAl;0,).%% 3
Cation incorporation energy calculations have shown that neither mechanism is
thermodynamically preferred over another, so that both may occur together.3! Flash sintering
has been observed to result in the generation of defects in other flash sintered materials.>** The
formation of non-stoichiometric spinel has also been found to be controlled by the generation of

defect clusters.’! These defects may explain the formation of alumina-rich spinel when flash

sintering the three-phase system of alumina, spinel and 8YSZ.

6. Conclusions

High-alumina spinel can be formed in 3 seconds during flash sintering of composites
constituted from equal volume fractions of alumina, spinel and 8YSZ at high current density
limits. Under voltage-to-current controlled experiments, with 450 V cm™! and a current limit of
85 mA mm 2, the specimen temperature estimated from the Pt-standard rose up to 1736°C, when
the sudden formation of the high-alumina spinel phase was seen. Kinetic analysis shows that it

is possible to form high alumina spinel within 3 seconds at such high temperature. However, it



should be noted that the Pt peak position at these very high temperatures has to be estimated
from faint and very broad peaks of (111) Pt in the diffraction spectrum.

The black body radiation equation for the estimation of the sample temperature requires
the knowledge of reliable values for the emissivity ratio value(s) to achieve accurate results. For
example, a change in emissivity from 0.38 to 0.9 can create a spread of approximately 250°C in
the uncertainty in the estimate of the specimen temperature.

In the current-rate, Type B experiments the phase transformation occurs more slowly
than in the voltage-to-current experiments. Thus, two compositions of alumina rich spinel
formed as intermediates (MgO+*3Al,03; and MgO+1.5A1>03) during the initial stages of flash,
seen in the current-rate (Type B) experiment are not present in the voltage to current (Type A)
experiment. However, the two peaks from the dual spinel phase evolved eventually into a
homogeneous composition of MgO+2.5A1,03. Further studies are under way to evaluate any

residual defect states that may remain in the material as a result of flash sintering.
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