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ABSTRACT OF THE DISSERTATION

Investigation of the mechanisms of flash sintering in oxide ceramics

By HARRY CHARALAMBOUS

Dissertation Director:

Thomas Tsakalakos

Flash Sintering (FS), has been the subject of intense study by the ceramics
community in recent years. Discovered by Cologna, et al. in 2010, flash sintering utilizes
the non-equilibrium rise in current under applied electric field to densify ceramic green
body compacts in seconds. The model materials used in this thesis were ZnO, TiO., and
CeO> as they are simple binary oxides which avoids the complication of atomic segregation
of multi-cation compositions such as 3 and 8 mol% yttria stabilized zirconia (3YSZ and
8YSZ). This work analyzes the proposed mechanisms for the onset of the flash, the cause
of the enhanced sintering kinetics during FS, and the temperature approximation methods

used as supporting evidence for each theory.

A new temperature approximation technique, referred to as EDXRD temperature
calibration, utilizes white beam energy dispersive x-ray diffraction (EDXRD) from a
synchrotron source to track the lattice expansion during FS compared to the lattice

expansion during conventional sintering (CS). The temperature has been measured as the



rise in temperature causes a proportional lengthening of the bonds, which increases the unit
cell volume. For all three test materials the FS temperature has been shown to be
comparable to the CS temperature. To estimate average temperature a modification of the
blackbody radiation model is presented, which incorporates non-ideal emissivity (¢e<1) and

cooling due to thermal conduction.

A new procedure to conduct flash sintering experiments was developed using ZnO
as a test case. Rather than allowing an uncontrolled rise in current followed by an abrupt
limit to constant current, the current was ramped up linearly. Using impedance
spectroscopy, it was determined that the conductivity of ZnO increased with an increasing
rate of the current ramp and the highest conductivity was measured for the sample densified
using conventional FS. This effect was attributed to the increasing loss of oxygen at higher

current ramp rates due to the higher driving force for current flow.

Oxygen reduction of TiO2> was observed in situ using EDXRD, where secondary
peaks were formed at higher d-spacing. Consistent with the understanding of ionically
bonded ceramics, the creation of oxygen interstitials requires oxidation of metal cations to
maintain charge neutrality, which resulted in a lattice expansion with secondary peaks
forming at higher d-spacing. Upon further analysis, utilizing Raman Spectroscopy and X-
ray Photoelectron Spectroscopy, a remnant reduction of TiO2 remained even after the
electric field was turned off and the specimen was cooled to room temperature. The greater
reduction of the anode in comparison to the cathode corresponded to increased
densification and grain growth in the anode region, which suggests that the reduction is
accelerated by the decrease in the number of vacancy blocking grain boundaries due to

grain growth.



In situ EDXRD indicated a significant difference in the lattice expansion for CeO>
when platinum paste is applied to both ends compared to no platinum paste applied on the
faces of the sample adjacent to the electrical contacts. For specimens with platinum paste,
a large lattice expansion as well as peak splitting was observed towards the cathode of the
pellet facing the negative electrode. This effect disappeared when no platinum paste was
applied and a somewhat asymmetrical lattice expansion towards the anode was observed
as with the case of TiO». The lattice expansion in the platinum coated sample did not match
with the expected microstructure: grain growth was promoted towards the anode and
suppressed towards the cathode. Thus, while the lattice expansion was dominated by the
production of oxygen interstitials as with the case of TiO, this was unrelated to the

enhanced sintering and grain growth towards the anode.

TEM-EDS analysis indicated a significant difference in stoichiometry between
grain boundary and bulk regions at the anode. Significantly higher oxygen content was
found at thick grain boundaries (~2nm) at the anode, indicating oxygen ion diffusion along
the grain boundaries which were trapped due to the blocking effect of the platinum paste.
At the cathode the grain boundaries were clean with negligible thickness and similar atomic
composition to the bulk. Inhomogeneity in the lattice expansion and microstructure was

not observed when FS is performed using an AC power supply.

Microstructural inhomogeneity was observed for all three materials in the direction
of the electric field. The inhomogeneity in microstructure agreed with EDXRD profile
inhomogeneity indicating an inhomogeneous temperature profile. The data was fitted to a
new model incorporating the Peltier effect, which should occur under DC electric field for

p-type and n-type semiconductors. As ZnO, TiO2, and CeO: are all n-type semiconductors
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the grain growth towards the anode in all cases agrees with temperature inhomogeneity due

to the Peltier effect as increased temperature leads to grain growth.

As the microstructural (grain size and porosity) inhomogeneity was dominated by
the Peltier effect, a Joule heating phenomenon, it was determined that the sintering
behavior is dominated by Joule heating. The nucleation and avalanche of Frenkel defects
are not required to explain the sintering as the sample temperature was not below CS
temperatures. In addition, as no experimental evidence for the generation of metal vacancy-
interstitial pairs has been produced to date a simpler explanation should be found. The
enhanced sintering and grain growth kinetics can also be explained as a result of rapid

heating due to the internal heat generation, which is a known effect in CS.
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1100 CC. ittt bbb bbbt bbb bbb reenes 136
Figure 56: Flash parameters during an in-situ flash experiment under direct current (DC)
electric field, the expanded time scale at start and end of flash are shown in subplots (b)
and (c) with their respective interplanar spacing of (220) planes as shown in (d) and (e).
Reference to the calibration plot in supplementary S1 suggests that ceria reaches
conventional sintering temperature under flash. ... 138
Figure 57: The mapping of XRD color contour. The Y axis is in energy (which is inverse
of interplanar spacing). The change in energy after 300 s, shown by (d), corresponds to a
lattice expansion. Thermal relaxation of the (220) peak after turning off the electric field,
shown in (c) and (e), indicates gradual cooling down of specimen, but never reaches its
equilibrium position corresponding to the furnace temperature, suggesting remnant
defeCtS IN The SIIUCLUIE. .....ocveeieieece et es 139
Figure 58: (a) The flash experiment parameters, where the blue shaded inset shows the
time period for profile scan. (b) and (c) shows the abnormal non-thermal expansion at the
cathode and the effect of switching the DC polarity. The direction of abnormal expansion
reverse. (d) shows the peak profile of (220) plane at cathode end and anode end. The
shoulder formation at the cathode shows the inhomogeneity of the lattice expansion in
AIFFErENt UNIE CEIIS. .oveiriiiee e e 141
Figure 59: Based on the findings of abnormal expansion due to non-stoichiometric
transition under flash, multiple profiles were run during a prolonged exposure of DC
flash. The change in interplanar spacing at the cathode indicates the extent of non-
SEOICRIOMELIY ... ettt te e re e ras 142
Figure 60: AC flash experiment under same conditions as DC, T=900 °C, J=10 A/cm2,
and f=1000 Hz. (a, b) shows the flash power density with time in two different flash
experiments. Flash shown in (a) was used for timescan of lattice expansion of central
point of cylindrical specimen as shown in (c) and (b) is used for lattice expansion across
the height of specimen at three stages of flash. The profile suggests no non-stoichiometry

in subplot (d), i.e. homogenous densification and grain Size.............cccocevereniienenennnns 142
Figure 61: Contour plot of AC flash sintered sample profiles (a), (b) before flash, (c)
during flash and (d) post flash SINTEriNG. ........ccoeiiiiiiiee e 143

Figure 62: Platinum paste acts as the blocking electrode for oxygen ion exchange at the
cathode (negative terminal), hence more lattice expansion is noticed when compared with
NO platinum paste CONAITIONS. .......cveiiiiiiie s 143
Figure 63: BF TEM images of DC flash sintered CeO: at the (a) positive and (b) negative
ends with the diffraction pattern shown in the insets and with the corresponding

elemental mapping of (c) Ce and (d) O. A magnified image of anodic side shows
amorphous grain boundary with thickness ~ 2 nm. TEM images are shown, with
permission, by Dr. Haiyan Wang’s group at Purdue University. .........ccccovviiiiiiniinnnins 145
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Figure 64: (a) The Bright Field TEM image with an inset of the selected area diffraction
pattern of DC flash sintered CeO- and its corresponding Dark Field TEM images from
two selected g vectors under the g - b conditions shown in (b) and (c). Dislocation lines
are marked using the yellow arrows. Bright Field TEM images of the AC flash sintered
CeO: at the (d) top, () middle and (f) bottom with corresponding diffraction patterns in
the insets. TEM images are shown, with permission, by Dr. Haiyan Wang’s group at
PUITUE UNIVEISITY. vttt 146
Figure 65: The SEM microstructural comparison of DC verses AC flash sintered
specimens for the same current density (10 A/cm2) a same furnace temperature (900 °C).
......................................................................................................................................... 147
Figure 66: In response to the depleted oxygen at the anode, a chemical potential is
developed and Ce** reduces to Ce3*. This chemical potential hinders the sintering and
results in porous microstructure. Higher lattice expansion, which normally suggests
higher temperature, at the negative terminal (cathode) is relatively porous. The non-
stoichiometry results in more electronic conduction on the anode side and hence less
“flash” effect on densification, although since the temperature already reaching
conventional SiNtering teMPErAtUIE. .........cc.eiveieeie e 149
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1. Literature Review

1.1 Field Assisted Sintering Techniques (FAST)

1.1.1 Spark Plasma Sintering

Spark plasma sintering (SPS) is a field assisted sintering technique as a DC pulse
of current is applied through graphite tooling. The name spark plasma sintering is likely a
misnomer (1). The “spark plasma” is a theorized mechanism to explain the enhanced
diffusion during SPS, which predicts that the rapid pulsing induces momentary sparks in
the sample which generate a plasma phase. However, this theory has fallen out of favor in

the materials science community in recent years as it has not been observed.

For most SPS setups, a graphite die and graphite pushrods are used to pass current
mostly or entirely through the pushrods and surrounding die, providing Joule heating to the
specimen. The current passing through the die is generally quite large, up to several kA so
the heating rate can be substantial, on the order of 100°C - min~1. This allows for rapid
densification in comparison to a hot press, whose heating rate is much lower. The cooling
rate is also rapid as the stainless steel rams are water cooled so when the power is turned

off the rams quickly cool the graphite tooling.

A pressure between 50 and 250kN is applied uniaxially during the heating. This
pressure adds a driving force to the sintering in addition to the sintering pressure for green
body compacts and, in combination to the fast heating, lowers the sintering temperature

and obtains fine microstructure at near full theoretical density.



The Peltier effect is apparent in semiconductor sintering using SPS (2, 3). This
effect is caused by a heating in the same direction as the charge carriers. For n-type
semiconductors the charge carriers are negatively charged and travel towards the anode,
which is in contact with the positive electrode. For p-type semiconductors the situation is
reversed and so it the temperature gradient. This effect is not observed in metals or other

conductors.
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Figure 1: Schematic representation of SPS (4).

1.1.2 Microwave Sintering

Microwave sintering is a contactless FAST technique where microwave radiation, ranging
from 1 mm to 1 m in wavelength, is applied to the ceramic material, which absorbs the
microwave radiation and heats itself in the process. Characteristics of microwave sintering
include high heating rates, lower sintering temperature, and finer microstructure (5). The

heating is internal due to the absorption of microwave radiation within the bulk rather than



external, as with conventional heating. Thus, the sample tends to be surrounded with

insulation to keep the heat from escaping from the specimen (see Fig. 2).
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Figure 2: Microwave sintering comparison to conventional sintering (5).

1.1.3 Flash Sintering

Flash sintering (FS) was first published by Cologna, et al., analyzing the effect of
electric field on densification of 3 mol% vyttria stabilized zirconia (6). The “flash” effect
occurs with a nonlinear rise in current flowing through the sample as the furnace
temperature rises. Differentiation was made between field assisted sintering technique,
FAST, and the sudden rise in current with corresponding electroluminescence, FS. At
lower electric fields a small current will gradually rise in the specimen with corresponding
enhancement of the densification kinetics compared with conventional sintering (CS) from

heating. FAST for 3YSZ was concurrently studied by Conrad, et al. (7-10).

Since this discovery, researchers from across the world have studied the effect of

flash sintering on a large range of polycrystalline ceramics: 3 mol% vyttria stabilized



zirconia (3YSZ) (6-42), AloOs3 (43-48), 8 mol% yttria stabilized zirconia (8YSZ) (12, 41,
49-65), Co0:MnOs (66), Gd-doped CeO: (GDC) (41, 67-69), SrTiOz (70-72),
BaCeosGdo203-5 (73), NiO-8YSZ (54), SiC (74, 75), MnCo0,0s (76, 77),
Lao.6Sro.4Coo.2Fe0803 (68, 78), TiO2 (79-85), TiO2-Al20s3 (80, 85, 86), BaTiO3 (87-89),
SnO2 (90), SnO+Mn0O2 (61, 90), 3YSZ-Al,03 (91-93), ZnO (94-101), Y203 (102), B-
alumina (26, 103), Lao2Sro7TiOs-Ni/YSZ (104), Sm-doped CeO, (SDC) (69),
Li1sAlosTir7(POs)s (LATP) (105), KNbOs (KNN) (106, 107), ZnO-Bi:Os (95),
hydroxyapatite (HA) (108), CaCusTisO12 (CCTO) (109), SiC whisker reinforced 3YSZ
(110), Al203-Y3Als012-ZrO2 (111), KNbO3 doped SrTiOgz (71), TiB>—-TiO>-TiBOs (112),
MgAI204 (113), LaosSro.2GansMgo.2035 (LSGM) (114), Ni-doped Y203 (115), V-doped
and N-doped TiO2 (83), SiC + YAG (116), BiFeOs (117, 118), ZrO2 (119), ZrO. 10 mol%
Sc203 1 mol% CeO2 (10Sc1CeSZ) (120), UO:2 (121, 122), Al20s-MgAI204-8YSZ (123),
SrTii—«FexOs3-5 (STFO) (124), Gd/Sm-doped ceria (125), TCP (126), CeO2+MnCo0204

(127), LiNi13CoysMny302 (128), and PZT (129).

FS experiments can be performed either isothermally or non-isothermally. In non-
isothermal experiments the temperature of the furnace is heated and an electric field is
applied. As the temperature rises the specimen becomes more conductive until a nonlinear
rise in current occurs. In isothermal experiments the furnace is heated up to a predefined
temperature and held at that temperature while an electric field is applied. If the electric
field is sufficiently high, then a nonlinear rise in current occurs.

Three stages of flash are generally defined in both cases. A schematic showing the
change iNE (V- cm™1),J (A-cm™2),P (W - cm™3), and p/piheoreticar (UNitless) is given

in Fig. 3.
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Figure 3: Flash sintering is divided into three distinct stages. Stage I, I, and 11l along with

relative changes to E, J, P, and p/pineoreticar IN €ach stage are shown (31).

In stage |, referred to as the incubation time, a gradual rise in current through the

specimen occurs. The current density is usually too low to cause significant sintering, with



necking and the beginning stages of densification occurring. The end of this stage is not
clearly defined, but can be taken as the point where the concavity in the current rise
changes. A power density in the range of 10 — 40 W - cm™3 is sometimes defined as the
end of stage I.

In stage II, referred to as the onset time, the current rises nonlinearly due to a
feedback loop between current and conductivity, where higher current increases
conductivity which further increases the current. In order to avoid catastrophic runaway of
the current and melting of the sample a current limit is set which begins current-control
mode, where the electric field reduces to maintain the constant current. The resulting rise
and drop in power causes a power spike through the specimen. Most of the densification
occurs in this stage, with modest grain growth. The end of this stage is sometimes defined
as the setting of the current limit, but more often at the end of the power spike.

In stage 11, referred to as the steady state, the electric field levels off to a constant
value. Since the power density through the specimen is given by P = EJ the power density
also levels off to an approximately constant value. Remaining densification occurs until
the closure of the pores and then grain growth takes over, depending on the time allowed
for stage Ill. The electric field can be turned off at any time depending on the desired
microstructure.

Flash Spark Plasma Sintering

Flash spark plasma sintering (FSPS), an offshoot of FS, has been used to sinter a
number of non-oxide ceramics in addition to oxide ceramics. FSPS has two benefits to
conventional FS: sophisticated SPS machines are already commercially available, which

can apply huge currents, on the order of several kA, and are additionally configured to



provide high pressures, on the order of 10-100 MPa. A series of FSPS experiments have
been published including ZrB. (130), SiC (131-133), B4C (134), 3YSZ (135),
Mg2.1Si0.487SnosShoo1s (MSS) (136), all materials (137), TiB2-Hbn (138), titanium
suboxide (TixOy) (139), and 50:50wt% B4C/TiB> (140). However, great care must be taken
when analyzing “flash” spark plasma sintering to ensure that this is, indeed, a flash
phenomenon. SPS machines typically apply low voltages on the order of 10 V, and high
currents. This is the reverse situation of what is conventionally seen in FS, where high
voltages and low currents are applied. While the low voltage applied conductors and low
bandgap semiconductors can be sufficient to initiate a current directly through the
specimen, for other materials, such as 3YSZ and Al,O3 (137), this claim is dubious at best.
FSPS has also been claimed for nickel and other metals. As the conductivity of metals
(conductors) actually decreases with temperature the runaway heating effect of flash is not
possible.

For these types of initially non-conducting ceramics, external Joule heating can be
provided through the normal SPS procedure until the sample becomes sufficiently
conductive for the current to flow through it. Some attempts have been made, such as using
graphite felt instead of the graphite die (75, 132, 135, 138). However, it’s difficult to
determine how much, if any current is actually passing through the sample. Another
approach used a copper collar (which was not in contact with the sample), and had the
current initially pass through the collar to provide external Joule heating. Eventually the
copper melted away, which caused the graphite pushrod to come into contact with the SiC
green body at higher temperature. At higher temperature the SiC was sufficiently

conductive for the small electric field to push current directly through the sample (133).



An approach to oxide ceramics has been to initially reduce the oxide in
conventional SPS. This occurs due to the heating in an inert environment in the presence
of reducing graphite pushrods and die. The specimen could then be placed again with no
graphite die with the current flowing directly through the specimen (139). While this may
be a useful approach to producing conducting oxides of differing stoichiometries,
densifying the initial stoichiometric oxide is not possible in this way. In addition, the inert
environment is generally problematic for oxide ceramics in SPS as they tend to reduce and
must be annealed, post sintering to re-oxidize them.

Contactless Flash Sintering

Another offshoot of FS involves the use of contactless FS through the arcing of
plasma through the specimen. This approach has been used to densify B4C, SiC, and
SiC:B4C composites (141) by placing the ceramic between welding electrodes and arcing
the current through the specimen as shown in Fig. 4. The technique causes rapid heating,
which is high enough to cause melting if not controlled. The arc itself provides the heating
as well as the flash so the process can be automated such that a long ceramic specimen can
be fed through for continuous sintering. In addition, this technique was further used in the
synthesis of SiC platelets, which could be ground up relatively easily for use in other

applications (142).
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Figure 4: Schematic diagram (a) and picture (b) of contactless flash sintering using plasma
electrodes. (141)

This process was taken a step further by nGimat LLC, where a flame initially heats
a ceramic film, such as 8YSZ, which has been deposited onto a conducting substrate such
as stainless steel through a simple drip coating procedure (143, 144). A large potential bias
is applied simultaneously with the flame such that the stainless steel substrate provides the
grounding. This causes the arcing of plasma through the film, which leads to both
densification and adherence of the film onto the substrate. Over multiple passes the parts
of the film exposed to the arc increasingly densify while the surrounding areas do not,

allowing for a type of lithography of the film on the substrate.

Flash Effect on Amorphous Ceramics
Interesting effects of flash on glass ceramics have also been shown, both as a pure
glass phase and mixed with polycrystalline ceramics to promote liquid phase flash

sintering. For example, flash sintering of Al2O3 is difficult due to the high resistance of
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Al>03, which results in channeling of current into preferred pathways and local melting
when sufficiently high electric field is applied to conduct current through the specimen. By
mixing with a glass phase such as calcium-aluminum-silicate glass (145), or SiO>-MgO
(47, 146), the glass allows conduction at lower electric field and the liquid phase enhances
the sintering similarly to conventional liquid phase sintering.

Additionally, glass phases themselves can be flashed with glass softening
occurring, such as sodium silicate and lithium-sodium mixed alkali silicate glasses (147),
soda lime silicate glass (148), lead selenide quantum dots in borosilicate glass (149), alkali
silicate glass (150). A significant electrode effect is observed using an infrared thermo-
camera (148) with a large temperature difference from anode (higher temperature) to
cathode (lower temperature). Post flash analysis of the chemistry showed the depletion of
sodium at the anode. This was also observed for sodium silicate and lithium-sodium mixed
alkali silicate glasses where alkali metals sodium and lithium are depleted at the anode.
McLaren, et al. showed that this ion transport is caused by the DC electric field and

disappears when an AC electric field is applied instead (150).

1.2 Onset Mechanisms of Flash Sintering

1.2.1 Thermal Runaway

Thermal runaway induced by the feedback loop of current and conductivity is
proposed as the mechanism for the onset of flash (44, 49, 95, 96, 126, 151-153). Under a
model developed by Todd, et al. (30), the onset of flash sintering occurs only when a critical

condition is satisfied, i.e. when the power input into the specimen due to the current flow,
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P = IV, is greater than the power dissipation out of the specimen due to thermal radiation,
conduction, convection, etc. As Joule heating due to the rise in temperature will further
increase the specimen conductivity in a feedback loop, this mechanism is referred to as
runaway Joule heating or thermal runaway. The material studied in this work was 3YSZ
pressed into 55% of theoretical density bars with two holes near either end, similar to

dogbone specimen, of 1cm length, and 0.5cm x 0.15cm cross sectional area.

Todd’s simplifies this relation by considering only radiative heat loss, W_, reduced
to a quasi-1D heat loss per unit length based on the radius of the cylinder, and the power
dissipation per unit length, W, , assuming uniform specimen temperature. The following
derivation is largely reproduced from (30) in order to determine the thermal runaway

condition proposed by Todd.

The power dissipation into the sample due to Joule heating, per unit length (W -

cm™1), is given as

E?mrd
W, =  exp (—

= (1.2.1.1)

R(T0+AT)> !

where E is the applied electric field, r, is the original sample radius (cm), p, is the
resistivity pre-exponential term (£2 - cm), Q is the activation energy for the resistivity (kJ -
mol™1), R is the gas constant (R = 8.314 ] -mol™'- K1), T, is the original furnace
temperature (K), and AT =T — T, is the difference between the specimen and furnace

temperature (K).
The heat lost by a grey body, an imperfect black body, is generally given as

Pyyr = 0&(T* = Tg) (1.2.1.2)
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where Py, is the heat lost per unit surface area (W - cm™?) to thermal radiation due to

grey body radiation (gbr), o is the Stefan-Boltzmann constant (5.67 x 1022 W-cm2-K™),
and ¢ is the material emissivity such that 0 < € < 1 . In the approximation of a perfect

black body € = 1 and
PbbT = O'(T4 - Té) . (1213)

As the surface area of a cylinder is given by = 2mryh, , with initial height h, , Eq. (1.2.1.2)

can be rearranged to give
W_ = 2nryoe((Ty + AT)* — Ty) (1.2.1.4)

Before the critical temperature is reached, the heat dissipated due to radiation
prevents thermal runaway. However, at the critical point power dissipation due to Joule

heating from the current flow the two equations balance such that

aw, _ dw-
ar ~ dr

(1.2.1.5)
If the temperature or electric field are higher the heating cannot be balanced by the
cooling. This results in a significant increase of the specimen temperature which increases

the conductivity due to the temperature rise as well as densification at this higher

temperature which creates a feedback loop, causing uncontrolled thermal runaway.

The critical applied electric field at the critical temperature can be derived by plugging in
the expressions for W, and W_ from Eg. (1.2.1.1) and (1.2.1.4) into Eq. (1.2.1.5) and

rearranging to give Eq. (1.2.1.6),

Ez __8&apgR
crit —
ToQ

(To + ATeri)® exp (). (1.2.16)

R(To+ATcrit)
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where E_,;; is the critical electric field and AT,,.;; is the critical change in temperature from
furnace temperature. Using an approximation that assumes AT.,; < T, , we can

approximate this expression to give a value for the critical temperature,

RTE
Q-5RTy

AT, ~ (1.2.1.7)

A dynamic, non-uniform model was also used with numerical approximation of the
temperature and electric field conditions done in Fortran 77. Their results for the above
uniform specimen temperature model (SU), dynamic, non-uniform specimen temperature

model (DNU) and experimentally obtained values are given in Fig. 5.
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Figure 5: Todd, et al. comparison of thermal runaway predictions to experimental values
for 3YSZ (30).

Luo’s group come to the same conclusion (83, 95, 99, 100), with the thermal

runaway condition written as

do il (1.2.1.8)

ar |15 > 5oy
where the left side of the equation depends on the material characteristics and

microstructure and the right side is made up of experimental conditions. On the left side
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the Z—; term is the rate of change in electrical conductivity of the specimen with respect to

3Q(Ts,TF)

temperature. On the right side a = o
S

= 405tefanTS3AS is the change in power

dissipation with respect to specimen temperature, Ts. This term can be calculated using the
Stefan-Boltzmann  constant  (dsgefqn = 5.67 x 1072W - cm™% - K~*),  specimen

temperature, and surface area from which the thermal radiation can be released. E is the
electric field applied and Vs is the specimen volume. As g = é and these values are tracked

during flash sintering the actual specimen temperature can be approximated at the onset of
flash since flash will occur in a non-isothermal experiment at the minimum value for

electric field at that temperature.
1.2.2 Defect Nucleation

When a liquid is cooled to its crystallization temperature the solidification requires
a starting nucleus of crystalline material to grow around (154). The formation of a critical
nucleus size with critical radius is required. When the crystallized region is smaller than
the critical radius it is referred to as an embryo and will re-dissolve into the melt. However,
when reaching the size of the critical radius it becomes a nucleus around which crystal
growth occurs.

According to the “nucleation” theory, developed by Naik, Sglavo, and Raj, the
mechanism responsible for the flash event is the nucleation of embryos within the material
which transition from insulating to conducting (91). Small polarized (vacancy-interstitial
dipoles) regions are formed under the influence of the electric field, with high permittivity

on the order of ~10% — 10°.
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These embryos grow gradually during the slow incubation time of stage | of flash
until reaching a supercritical size with a critical radius calculated in the same way as the
nucleation of a new phase out of solid solution in conventional ceramic kinetics. Following
the same derivation as Naik (91), the driving force (J - cm™3) is determined by
AGy = eoepE?, (1.2.2.1)
where g, is the permittivity of free space 8.854 * 107 1% J - V=2 - cm™1, g4 is the dielectric
constant (unitless) of the nucleation embryo, and E is the applied electrical field (V -
cm™1).

This Gibbs free energy for a spherical nucleus of radius, r (cm™1), is determined by
AG = —4nr3AGy, + 4nriyg , (1.2.2.2)
where yg is a kinetic barrier formed by the interfacial energy with the un-nucleated
surrounding lattice. At the critical size of the nucleus the Gibbs free energy is minimized

with respect to radius,

AAG
(52= o)rzr* . (1.2.2.3)
This gives a critical radius, * ,

roa= 2YE — _4VE (1.2.2.4)

- AGy &o é-ZEE]2 !

which can be plugged into the Gibbs free energy expression giving

4T

AG *= %(?r *3) AG, (1.2.2.5)

The higher the applied field, the higher the driving force, the lower the critical
radius required for the flash event. Thus, a higher electric field lowers the incubation time.
The rise in temperature as a result of the small rise in current through the sample in stage |

of flash is either independent of the electric field induced nucleation of polarized regions



16

or may aid in further lowering the incubation time by raising the dielectric constant and,

thus further lowering the critical radius.

1.3 Flash Sintering Mechanisms

1.3.1 Joule (over)Heating

One theory for the enhanced sintering kinetics caused by the flow of current due to
the applied electric field is the simplest one. The power dissipated in the sample due to the
material resistance causes a large heating effect, increasing the temperature above
conventional sintering temperature up to a temperature where the sintering kinetics are
enhanced in the same way as heating conventionally to high temperature. This has been
supported by works on 3YSZ (from 850 to 1600°C in 3s) based on simulation (16), 8YSZ
(>2100-2500°C) based on in situ thermometry (56), Gd-doped CeO> (67), general ceramics
based on use of a blackbody radiation model (see section 2.5.1) (151), ZnO (1772 °C <
Thasn < 1975 °C) based on partial melting of the sputtered platinum on the pellet faces,

MgAl>04 (113), SrTiOs3 based on blackbody radiation model (72), and B-TCP (126).

1.3.2 Avalanche of Frenkel Defects

According to Cologna, et al. (43) and others (17) (155) (102) the temperature rise
caused by Joule heating is too low for explain the enhanced sintering kinetics to be caused
by heating alone. In fact, the temperature rise tends to be lower than the conventional
sintering temperature, which has much slower kinetics. Instead, it is suggested that Frenkel
pairs, i.e. vacancy-interstitial pairs are created for both the oxygen anions and metal

cations. Each Frenkel pair has electrons and holes associated with them, such as two extra



17

electrons held by oxygen interstitials and two extra holes held by oxygen vacancies. Due
to the force applied by the electric field, Cologna suggests that the electrons and holes are
stripped from the Frenkel pair, which travel along the direction of the electric field. The
remaining vacancy-interstitial pair are now both neutral and are more mobile due to their
charge neutrality. The sintering pressure causes the interstitials to travel to the pores while

the vacancies travel to the grain boundaries, which enhances the sintering kinetics.

One of the main points supporting the theory that the nucleation of defects under
the electric field is required to explain the enhanced kinetics is the claim that the
temperatures of the specimens during flash sintering is below the conventional sintering
temperatures. Three pieces of evidence are presented, primarily by Raj’s group, to support
the claimed insufficient temperatures: infrared pyrometry, a blackbody radiation model,

and in situ XRD calibration using synchrotron radiation.

1.3.3 Local Heating at the Grain Boundaries

Similar to the enhanced diffusion during liquid phase sintering, the enhanced
diffusion during flash sintering has been proposed to be the effect of local melting at the
grain boundaries (156-158). According to Narayan defects and impurities that segregate
near the grain boundaries and under high applied fields Joule heating occurs due to
electronic and ionic conduction (156). The preferential flow of current along the grain
boundaries causes melting which results in kinetics on the order of 10™* — 10~ 5cm? - s~ 1.
According to Chaim, higher current concentration at the particle contacts causes melting
at the contacts (157). Capillary forces then cause the liquid phase to spread along the entire
grain boundary, which causes full wetting as the liquid and solid are the same chemical

composition.
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Alternatively, preferential heating at or near the grain boundaries may not be sufficient to
cause melting, but will raise the temperature considerably with respect to the overall
sample temperature (6, 13, 49, 73). This approach is more plausible as the temperature
gradient can be less severe than melting. A potential cause is higher resistance at the space
charge layers, which have slightly different stoichiometries from the bulk, which results in

local heating near the grain boundaries. The energy at the grain boundaries,

would be a minimum since TAS,, would be maximized. This would help reduce bulk

diffusion characteristic of grain growth.

[Tw = AH,, - TAS,, )

iy

Decreasing Temp Decreasing Temp
-+ ]

PINNED BY INTERFACIAL
JOULE HEATING

Figure 6: Minimization of the interfacial energy due to preferential heating of the space
charge layers. (13)

There are a number of issues with this theory. First, the heat will distribute and as
the distance between the grain boundary and the grain center is very small the heat will
distribute rapidly, making a significant temperature gradient difficult to sustain. This is

especially the case in the steady stage during stage Ill, when the overall temperature
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remains constant or even declines as the sample becomes less resistive during sintering.
Local heating is more likely to play a role at the onset of flash in stage 1l when the

temperature is rising rapidly, on the order of 100 °C - s~ 1.

In addition, local heating at the grain boundaries will increase conductivity at the
grain boundaries, which will dampen the Joule heating to some limit. As melting creates a
liquid phase, which is much more conductive than the solid grains, the liquid phase is
unsustainable. In addition, achieving a local heating effect sufficient to cause melting while
the grain bulk is at or below the conventional sintering temperature is unlikely as this

typically requires a huge temperature difference of several hundred degrees.

For the case of a smaller local heating effect in stage Il we can approximate the
time needed for the temperature to equilibrate between grain boundary and bulk assuming
a sudden heating. Continuous internal heating will complicate matters, but this
simplification should give an approximate picture of the thermal gradient. This procedure

was also used by Ji, et al. (37). The thermal diffusivity of a material is given by
a=k/pcy, (1.3.3.1)

where o is thermal diffusivity (cm? - s™1), k is thermal conductivity (W - cm™1- K1), p
is density (g - cm™3), and c; is specific heat capacity (J - g~ - K~1). The time, t (s), taken

for the temperature to reach equilibrium is on the order of
txx?/a, (1.3.3.2)

where X is the average distance between grain boundary and center of the grain.
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The specific heat capacity of some select ceramics are listed in the table below with
sample temperature T = 1000 °C and grain size G ~ 1 um assumed for simplicity. In
addition, the density of each material is taken as the theoretical density. All of these cases
have similar times to reach thermal equilibrium. Even assuming a rise in the temperature
on the order of 100 °C-s~! the equilibrium would still be reached by 3 orders of

magnitude faster than the temperature is rising.

Table 1: Estimate of times required to reach thermal equilibrium for select materials.

Thermal Density Specific Heat | Thermal Thermal
Conductivity (g - cm™3) | Capacity Diffusivity | Equilibrium
(W-cm™1-K™1) J-g1 K1) | (cm?-s71) | time (us)

ZnO | 0.04 (159) 5.6 (160) | 0.6658 (161) | 0.010 1

TiO2 | 0.0335 (162) 4.23 0.961 (163) 0.0082 1.2

CeO2 | 0.0126 (162) 7.21(127) | 0.441 (162) 0.0040 2.5

3YSZ | 0.027 (164) 6.05 (37) | 0.69 (164) 0.0065 1.5

8YSZ | 0.0222 (162) 5.9 (63) 0.63 (165) 0.0060 1.7

Al2O3 | 0.062 (162) 3.99 (43) |0.88 0.0179 0.6

1.3.4 Pore migration and Electro-Sintering

I-Wei Chen’s group have written a series of papers elucidating the theory that pore
ionomigration and electro-sintering are the predominant mechanism in flash sintering (50,
55-58). The pore migration is induced by the electric field and is controlled by surface
diffusion. In their first work of this series Kim, et al. found that there is a bimodal grain
size distribution from anode to cathode in 8YSZ with an abrupt transition from small to
large grains (50). The sample temperature during the steady state of flash was measured

using an infrared pyrometer.
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Using SEM the average grain size was calculated at the anode Danoge = 1.22 £ 0.02
pm and at the cathode Dcathode = 21.7 £ 0.33 um. The transition was abrupt with little to no
gradient of grain size at the transition region. The large grains at the grain boundary were
observed to be elongated, which may be the result of larger grains absorbing smaller grains
at the other side of the divide. A summary of the findings is given in Fig. 7. Of note,
inspection of the grain size from the picture indicates that the very end of the cathode has

smaller grains compared to near the end of the cathode.
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Figure 7: Microstructural variation from anode to cathode for 3YSZ. There is an abrupt
transition from smaller to larger grains in the central region towards the anode. (50)
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A specimen conventionally sintered to high density was later flashed, showing a
less abrupt and less extreme grain size transition with Danoge = 1.35 = 0.13 pm and Decathode
=16 £ 1.31 um. In addition, they reported increase from ~90% of theoretical density at the
anode to ~100% of theoretical density at the cathode. Since the initial specimen density
was approximated to 95%, this suggests that the porosity actually increased at the anode
while decreasing at the cathode. This phenomenon was explained as a result of pore
migration away from the negative electrode towards the positive electrode, which

accumulated around the anode.

The pores are not migrating under the direct influence of the electric field. Instead
the accumulation of V' due to the electric field, as 8YSZ is an excellet oxygen ion
conductor at high temperatures, causes the reduction cations (mostly Zr). The reduced Zr
have higher mobility compared with stoichiometric 8YSZ, which leads to surface diffusion
of Zr** ions towards the cathode. This surface diffusion drives pore migration in the
opposite direction, towards the anode, but only at high density as at lower densities the

pores have more room to move in other directions.

Further work exploring the ionomigration of pores in 8YSZ (57) showed
inhomogeneity in the concentration of pores, both intergranular and intragranular,
correlated to distorted grain boundaries. This is attributed to either pore migration through

the grains, which distorts the grain boundaries, or to grain boundary migration.

The anode shows both less sintering (higher concentration of pores) and less grain
growth compared to the cathode for 8YSZ (55). For thinner samples the difference is less
extreme compared with thicker samples. The grain growth is somewhat suppressed until

reaching high density and tends only for furnace temperatures >1250 °C at the onset of
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flash. Also explained by this work there appears to be a porosity redistribution towards the
center as a result of the electric field. Pores from the cathode migrate to the center on their
way to the anode while pores at the anode migrate to the edge and the gas escapes to the
environment. However, as the pores move they tend to combine into larger pores, which
move slowly until they become large enough to be effectively pinned. Therefore, pores

tend to build up around the center of the specimen.

In their seminal work theorizing the ionomigration of pores and gas bubbles in
yttria-stabilized cubic zirconia Wan, et al. studied the fraction of these “distorted” grain
boundaries with respect to normalized distance from the anode (58). They determined that
the fraction of distorted grain boundaries increased near the edge of the anode (Fig. 8).
Pore breakaway was also observed (Fig. 8), which was attributed to gradual movement of

pores, through the grains, towards the anode.
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Figure 8: Fraction of distorted grain boundaries in 8YSZ with respect to position (58).
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Figure 9: Observaoo orgs er tain boundary in 8YSZ with evidence of bubble
migration evidence through the distortion of the grain boundary. (58)

1.3.5 Ultra-Fast Heating

Fast firing is an enhancement of the sintering kinetics due to rapid heating of the
ceramic green body. Gomez, et al. determined that fast firing at a rate of 500 °C - min~?!
of 3YSZ and 8YSZ reduces grain growth while achieving similar density in comparison to
slow firing at 10 °C - min~! (166, 167). This was attributed to avoiding some of the grain
coarsening that occurs during heating to maximum temperature. According to a study by
Zhang, et al. (168) the fast firing of alumina creates diffuse, open grain boundaries, from
which they suggested that the enhanced sintering kinetics are caused by the destabilization

of the grain boundaries from equilibrium due to the rapid influx of heating.

Flash sintering can be considered an ultra-fast firing technique, with heating rate
on the order of 100 °C - s~1 . Destabilization of the grain boundaries would be even more
prominent here with such a rapid change in temperature. Two papers analyzed the effect

of conventional fast firing to flash sintering for the cases of 3YSZ (37) and ZnO (99).

For 3YSZ two fast firing experiments were devised to compare with flash-fast

firing. In order to heat to similar temperatures as FS a non-equilibrium blackbody
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(greybody) radiation model was given to determine the temperature at the power spike

where % # 0, such that

dTy _ VI-Aoe(T¢-Tf)
dt mcp

(1.3.5.1)

where P = V1, the power dissipated in the specimen, A is the surface area, o is the Stefan-
Boltzmann constant (5.67 x 102 W-cm2-K™), ¢ is the unitless emissivity of the material

such that 0 < e < 1, T is the specimen temperature, T is the furnace temperature, m is
the mass of the specimen, and c, = 600/ - kg~" - K~ is the specific heat capacity of

3YSZ. Integrating this equation gives

t VI-Ace(T¢-Tf)

Ty =Ty + dt . (1.3.5.2)

mcp

The first fast firing experiment involved a simple insertion of the specimen into the
hot zone. This method heats more slowly than FS as the sample temperature must reach
thermal equilibrium with the furnace. As a result, the dwell time is lowered with respect to
conventional heating (CH), but is still longer than FS. Another technique, referred to as
self-propagating high temperature synthesis (SHS) uses the exothermic reaction between
nickel and aluminum powders to rapidly heat the specimen, producing a rapid heating of
the specimen with enhanced sintering kinetics similar to FS. The heating and densification

rates are summarized in Fig. 10 and 11.
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Figure 10: Temperature profiles of 3YSZ with respect to time for fast heating methods,
flash sintering (FS), furnace insertion (FI), and self-propagating high temperature synthesis

(SHS), explored by Ji, et al. with baseline temperature given for conventional heating (CH)
(37).

100 + [ *, m O
a8 - de o
96 - *
—_ D
£ oy
P
s 92
5 9 ASHS
g 88 * - @®Fs
L 84 R O WCH this work
PR [CICH ref. 18%
20 : : : ; .
01 1 10 100 1000 10000

dwell time (s)
Figure 11: Densification of 3YSZ as a function of dwell temperature for conventional

heating (CH), flash sintering (FS), furnace insertion (FI), and self-propagating high
temperature synthesis (SHS) (37).

They have explained two potential mechanisms for the rapid sintering kinetics. The
first is the known fast firing effect where rapid heating avoids grain and neck growth, which
slow the densification as the sintering rate is inversely proportional to the grain size by
1/D*. Alternatively, the grain boundaries may become destabilized, which enhances the

diffusion as the activation for mass transport along the grain boundaries is lowered.
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Zhang, et al. explored the same effect using ZnO as the model system (99). Using
a rapid thermal annealing apparatus a temperature rise of 200 °C-s~! to 1000 °C and
1100 °C. Rapid densification is followed by rapid grain growth with no applied electric

field, indicated that the enhanced kinetics are related to the rapid rise in temperature alone.
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Figure 12: Rapid grain growth in rapid thermal annealing experiments of ZnO to 1000°C
(a-g) and 1100°C (a*-g*) with dwell times from 0-30s (99).

The fast firing effect, whether it is caused by the avoidance of grain coarsening due
to rapidly reaching the sintering temperature or by the destabilization of the grain
boundaries, is a known effect. There is certainly Joule heating at a rapid rate during FS so
this mechanism is plausible and is not limited to specific compositions. The main concern
is that many temperature approximations using a blackbody radiation (1.4.1), infrared
pyrometry (1.4.2), or XRD calibration from a platinum standard (1.4.4) suggest that the

temperature during FS is considerably lower than the CS temperature.
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1.4 Temperature Approximation Methods

1.4.1 Blackbody Radiation Model

According to the blackbody radiation model, introduced for use in calculating
specimen temperature during flash, in the steady state of Stage Il of FS the specimen
temperature will equilibrate with internal power due to Joule heating balancing external
heat loss due to black body (or grey body) radiation. The derivation is derived in the

following, similarly to Yang, et al. (8) as well as Raj (155)
The power expended by the sample due to thermal radiation is given as
[ =eo(T*-TY, (1.4.1.1)

where [ is the blackbody radiation expended over the surface of the sample (W - cm™2) ,
€ is the unitless emissivity of the material such that 0 < € < 1, o is the Stefan-Boltzmann
constant (5.67 x 1012 W-cm2-K™), T is the sample temperature in the steady state, and To
is the starting temperature before flash, i.e. the temperature of the furnace. The thermal

radiation of the specimen with no current is

Iy = eaTy (1.4.1.2)
Assuming the power dissipation is determined by the current density, J (4 - cm™2)

and electric field, E (V - cm™1), values measured during the flash sintering event, due to

sample resistance then [ = g. For a cylindrical specimen A = dh with sample diameter,

d, and sample height, h. The top and bottom faces are ignored since they are in contact with
the electrodes rather than exposed to the atmosphere. For a dogbone specimen the heating

dissipation is concentrated in the rectangular gauge section so A = 2ah + 2bh, with cross
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sectional area, a x b and electrode separation, h. Eq. (1.4.1.2) can be rearranged to give an

expression for T,

T = (7§ + L)l/4 , (1.4.1.3)

€dgA

which is used in blackbody radiation temperature calculations assuming either € = 1 for

the ideal case or € # 1 for real materials.

The blackbody radiation model is a theoretical model and not experimental
evidence so it must be used carefully to avoid erroneous conclusions. For example, if the
author is a proponent of defect generation which enhances diffusion kinetics (155) then the
blackbody radiation model proves that the temperature of 3YSZ is below the conventional
sintering temperature. However, if the author is a proponent that Joule heating at a fast rate,
i.e. fast firing, is responsible for the enhanced sintering kinetics then the temperature of

3YSZ during flash is comparable to the conventional sintering temperature (30).

In addition, the model must be modified depending on the experimental conditions.
Depending on the material properties the value of the emissivity, ¢, the thermal radiation
can vary significantly. Assuming a perfect blackbody will cause underestimation of the
specimen temperature. The specimen geometry and experimental apparatus will affect the
specimen temperature. For example, while minimal thermal conduction occurs for dogbone
shaped specimen as it is suspended by two platinum wires, pellets that are wedged between
electrodes will have significant cooling and the effect of thermal conduction must be taken

into account.

The following derivation of a greybody radiation model with thermal conduction

has been derived in a previous work (169). We start with the greybody radiation,
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I, +1= eoT*, (1.4.1.4)

with I, = eoT;} is the blackbody radiation generated by the sample in the furnace without
flash (W-cm), I is the extra blackbody radiation generated due to the power dissipation
during flash (W-cm™), € is the material emissivity (unitless), ¢ is the Stefan-Boltzmann
constant (5.67 x 102 W-cm2-K™), and T is the sample temperature (K). This results in a

modest increase in the temperature approximation.
We add a thermal conduction factor to modify this equation,
I, + 1= €oT* + Lonauction(t, X) (1.4.1.5)

where I.onauction 1S the power loss per unit area (W-cm™) due to conduction to the
electrodes. In the case of the steady state of flash there are constant specimen and stage

temperatures and constant cross sectional area. The temperature gradient reduces to

k
Ieonauction™ 12 AT, (1.4.1.6)

where k is the material dependent thermal conductivity factor (W-cm™-K™?), L is the
thickness of the pellet, and AT =T — T,, T, is the temperature at the contacts. The final

temperature can be computed using a greybody radiation and thermal conduction model,

Io+1= €oT* +2XAT. (1.4.1.7)
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1.4.2 Infrared Pyrometry

Infrared pyrometers operate by using focusing the infrared energy emitted by the
sample into a detector and inferring the temperature by the intensity of the infrared energy.
Infrared pyrometry has been used to estimate the specimen temperature in a number of
flash sintering works (18, 25, 30, 43, 56, 62, 76, 78, 102, 148). In almost all cases the
conclusion is that the specimen temperature is below CS temperatures despite similar
densification or the specimen temperature is comparable to CS temperatures with higher
densification and grain growth. However, this conclusion is erroneous as it is well known
that internal heating with thermal radiation will result in a cooler surface in comparison to

the interior.

Using a finite element simulation, da Silva showed a substantial temperature
gradient of several hundred degrees between the surface and center of the gauge (Fig. 13)
(62). Experimental measurements using pyrometer matched the predicted temperature
from this simulation. Even if the temperature gradient is not as severe as suggested, even a
100 °C temperature difference would have a substantial effect on the microstructure and
predictions of the FS mechanism. In addition, the emissivity is assumed to be close to 1 for
most infrared pyrometers, which produces the same underestimation of the temperature as

the blackbody radiation model with emissivity taken to be 1.
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Figure 13: Finite element model showing predicted temperature gradient in 8YSZ. The
temperature distribution is modeled after 5 seconds in current control (62).

1.4.3 EDXRD Temperature Calibration

In a series of papers by the group of Tsakalakos, the temperature during FS has
been experimentally determined for a variety of oxide ceramics including ZnO (170), CeO-
(171), BiFeO3 (172), and TiO2 (169). The approach uses energy dispersive x-ray diffraction
(EDXRD) with the procedure, summarized originally for ZnO (170), repeated in the

following section:

To estimate the temperature of the specimen during flash sintering, a sample is
conventionally heated and the interplanar spacing from sufficient diffraction peaks are
tracked, depending on the crystal structure, and used to calculate useful structural
parameters such as lattice parameters, a and c, for the hexagonal or tetragonal case or a
single lattice parameter, a, for the cubic case. The total unit cell volume can also be
calculated from the appropriate parameters. During conventional heating the lattice
parameters generally increase as the unit cell expands due to the expansion of the bond

lengths with respect to temperature. By fitting a function to this data the lattice expansion
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during FS can be linked to the conventional lattice expansion assuming there is no unusual

lattice expansion caused by defect generation such as the reduction that occurs in many

oxides. An example of this procedure is shown for ZnO in Fig. 14.
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Figure 14: Lattice parameter expansion of (a) ‘a’ and (b) ‘¢’ with temperature. Unit cell
volume calibration using furnace temperature is used to estimate the actual sample
temperature under flash (c) (170).

The benefit of this procedure is that this is a direct experimental measurement and
the effect of defect formation can also be observed as peak broadening if a significant
proportion of Frenkel defects are formed. The ability to measure bulk material response
rather than surface response makes this a non-surface sensitive technique. Additionally,
this method can probe different regions of the sample for comparison, i.e. interior/exterior
and anode/cathode regions. The data is calibrated directly to thermocouple measurements
and can be taken at high acquisition rate, down to 1s for TiO2 (169). The measurements are

taken for a gauge volume within the bulk of the specimen, avoiding underestimation of the



34

temperature inherent in infrared pyrometry, which only measures surface temperature. The
major drawback of this method is that this approach is cumbersome. A synchrotron x-ray
source is required to give sufficient intensity of the beam to take meaningful data for the
rapid process of flash. The process of EDXRD and experimental procedure are described

in further detail in section 3.2.

1.4.4 Other Temperature Approximation Methods (Impedance
Spectroscopy, XRD Calibration from Platinum Standard,

Melting Temperature Minimum)

In situ Thermometry using Impedance Spectroscopy

Using AC impedance spectroscopy, in situ thermometry is performed by taking
electrical resistance as a temperature dependent factor (41, 56). The impedance
spectroscopy was performed over a frequency range of 1 Hz - 300 kHz and the impedance,

7’ is related with the expression,
Z'T « exp(2), (1.4.4.1)

where R is the gas constant (R = 8.314 J / mol - K), and AH = 82.8 + 0.7kJ /mol , taken
from the literature. Of note these samples were predensified to 92% density using CS 1500

°C for 2 hours.

An enormous rise in temperature due with Joule heating, with temperatures rising
to >2100 — 2500 °C, are extrapolated using impedance spectroscopy during flash.
However, the temperature rise is somewhat reduced with thinner samples. This method

could, in principle, be used for materials other than 8YSZ.
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X-ray Diffraction Calibration from Platinum Standard

A series of temperature approximations were made using the tracking of x-ray
diffraction peak shifts during heating including 3YSZ (27, 32, 173), TiO2 (82), and TiO2-
Al203 (86). Based on the thermal expansion of the lattice during conventional heating, the
sample temperature was estimated by linking the lattice expansion during flash to the lattice
expansion during conventional heating. A thin strip of platinum paste is painted onto the
center of the dogbone perpendicular to the direction of the electric field. A schematic for

these experiments is given in Fig. 15, taken from Jha, et al. (82).
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Figure 15: Experimental setup of monochromatic x-ray diffraction experiments performed
using synchrotron radiation (82).

This is an indirect approach with a critical issue: The authors based all of their
findings on the thermal expansion values of platinum from a single published paper from
1972 (174). Every peak for the studied materials were linked to the expansion of the
platinum peak with no external thermocouple to test the accuracy of the temperature for

any of the experiments, whether conventional heating or flash.
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The samples were also all pre-sintered and then flashed again to avoid movement
of the specimen during sample shrinking in the first flash. The sample gauge sections are
extremely thin, generally a fraction of a millimeter, which means thermal radiation will
dissipate the heat more efficiently, which lowers the specimen temperature below those

found in conventional flash sintering experiments.

With these issues in mind, the temperatures may be underestimates of the
temperatures achieved during FS and a more direct approach is needed to measure the
specimen temperature (during the sintering process) with a thermocouple backup to the
conventional heating data. This method was described in section 1.4.3 using EDXRD to
calibrate the temperature in a similar way, but with a direct measurement of the material

lattice expansion during furnace heating.
Melting of Platinum Paste

Zhang, et al. observed melting in the thin platinum layer sputtered onto the faces of
the pellet, but not melting of the platinum wires touching the faces of the pellet (96). Based
on the melting point of platinum at 1772 °C and the lack of evidence of melting in the ZnO
specimen, which has a melting temperature of 1975 °C, Zhang suggested that the sample
temperature rose to 1772 °C < Tfjqen < 1975 °C , which would easily explain the rapid

kinetics.

The paper studied the effect of air, pure O, argon, and argon + 5 mol% hydrogen,
but the melting was only observed in the argon + 5 mol% H». The furnace temperature of
the argon + 5 mol% H> was actually the lowest at the onset of flash (under E = 300V -

cm™1), 186 °C compared to the maximum onset temperature of 631 °C with a pure O2
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atmosphere. As this means a temperature change of 1586 °C < AT < 1789 °C in the
sample, which is implausible. A much more plausible explanation is that the H, reacted
with the platinum coating, creating the melting effect without such a dramatic temperature

rise.
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2. Thesis Objective

The primary goal of this thesis work is to analyze the effect of electric field on the
sintering behavior of oxide ceramics. A series of test materials were chosen based on the
level of iconicity of each material: ZnO (55%) (170, 175), TiO2 (59%) (169, 176), and
Ce02 (74%) (171). This work has been divided into three parts, one part for each material
with focus on the mechanism(s) responsible for the onset and sintering during flash as well
as the findings with regards to the properties of each oxide sintered under flash. Journal

article titles and abstracts are listed verbatim for each subject material below:

2.1 Zn0O

Investigation of temperature approximation methods during flash sintering of ZnO

The lattice expansion in ZnO, using in-situ X ray diffraction, has been investigated during
flash sintering with varying current densities. While current flow through the specimen
enhances the kinetics of sintering for ZnO, the temperature is not high enough to claim
thermal runaway or localized melting. Unlike the case of yttria stabilized zirconia (29, 52),
experimental temperature approximations predict comparable specimen temperature to
conventional sintering temperature of ZnO. Microstructural analysis supports the findings
of the in-situ temperature approximations. In comparison with black body radiation, a gap
between theoretical value and measured value was found due to flaws in the theoretical
model. In addition, a new current ramp flash sintering technique was introduced to avoid

the characteristic power spike, which has been the source of much debate about the
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transition from voltage to current control. The advantage of this method is in the controlled
sintering kinetics thus avoiding the channeling found in dielectric materials (87).

Flash sintering using controlled current ramp

In conventional flash sintering, the current rises nonlinearly to a set current limit,
accompanied by a spike in the power density. This sudden power spike may cause hot spot
formation, in which current preferentially channels through a small area, causing localized
melting while other areas remain unsintered. By using a controlled current ramp early on
the sudden power spike can be avoided. In addition, by changing the ramp rate material

properties such as porosity, grain size and conductivity can be tuned.

2.2 TiO>

Inhomogeneous reduction and its relation to grain growth of titania during flash
sintering

Flash sintering under DC electric field partially reduces titania (rutile) and promotes
abnormal grain growth near the anode. The resulting reduction in grain boundary density
reduces the number of vacancy traps and enhances the O% ion conductivity through the
specimen, facilitating greater non-stoichiometry. The observed gradient of densification
and grain-growth across the two ends has been linked to the Peltier effect which causes
heating at the anode-electrode junction and cooling at the cathode-electrode junction.
In-situ observation of oxygen mobility and abnormal lattice expansion in ceria during
flash sintering

Using in situ energy dispersive x-ray diffraction (EDXRD) the average specimen

temperature of TiO in the steady state of flash is experimentally determined. Comparison
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of the microstructure for flash sintering and conventional sintering in addition to the
temperature determined from calibration of the unit cell expansion indicates that rapid
Joule heating during flash sintering causes densification and grain growth comparable with
conventional sintering. An average temperature approximation model is proposed to
account for greybody radiation and thermal conduction. Using profile scans the
inhomogeneity of the grain growth across the sample length is confirmed to be the result
of inhomogeneity in temperature distribution and this is related to the current flow induced

Peltier effect in n-type TiOs.

2.3 CeO,

In-situ observation of oxygen mobility and abnormal lattice expansion in ceria during
flash sintering

Flash sintering has been shown to be an effective method of sintering for many types of
ceramics. However, the characteristics of flash sintering for each type of ceramic varies.
When ionically conducting ceramics are sintered under a DC electric field, a strong
dependence of densification with respect to position is observed. Microstructural analysis
of the effect of electric field on oxygen ion conductors shows non-stoichiometry (oxygen
deficiency) at the cathode which continues to build up over time under flash. In oxygen ion
conductors, dominant charge carriers during flash are oxygen ions and the final density of
the specimen is related to the availability of oxygen. This effect is no longer evident when
using an AC power supply. Thus, use of AC instead of DC electric field is preferable for

flash sintering of ionically conducting ceramics.
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3. Experimental Methods

3.1 Flash Sintering

Most flash sintering experiments are performed on ceramic green compacts in
either a dogbone (6-8, 10-12, 14, 16, 17, 21, 25, 27, 29-32, 34-37, 39, 43-45, 47, 49, 53,
54, 62, 64, 66-71, 76, 78-80, 82, 84, 86-89, 91, 92, 102, 107, 108, 110, 111, 113-115, 117-
119, 124, 127-129, 146, 148, 150, 169-173, 175-178) or pellet (15, 18, 22, 26, 33, 50-52,
55-61, 63, 72-75, 81, 83, 90, 93-101, 103, 105, 106, 109, 112, 116, 120-122, 125, 126, 130-

140, 145, 147, 149, 179, 180) shape.

A schematic of the dogbone is given in Fig. 16 as most commonly used by Raj’s
group (43). Dogbone specimen typically have very thin cross sectional area in the gauge
section with the “ears” of the dogbone allowing current to concentrate inwards by the time
it gets to the gauge section. This helps to minimize current localization as the current
distribution is more evenly distributed. The dogbone specimen are typically suspended by
platinum wires within the furnace, which minimizes heat loss during flash due to thermal
conduction. The issue with dogbone specimen is the same as their strength. Their geometry
is tuned for optimal current flow, but that also makes them inherently unscalable. It’s hard
to imagine bulk ceramics made with 1.5-2mm x 3.3mm gauge sections. In addition, a
majority of the material are in the “ears” of the dogbone, which do not sinter and are thrown

away after the experiment is completed.
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Figure 16: Schematic of most common dogbone design. The holes on the ends are where
the platinum wires are looped to create the electric potential (43).

Pellet specimen are typically wedged between platinum electrodes which are
themselves wedged between non-conducting (typically alumina) stage and pushrod. Pellet
specimen are more likely to be used in future applications. If flash sintering of a 1 cm
diameter specimen works then flash sintering of a 2 cm may also work and scaling is
possible. The current study exclusively used cylindrical pellets of 6 mm diameter and
varying thickness. Even at 6 mm, the cross sectional area is several times that of a dogbone.

The electric field is applied across the cylinder thickness using one of a variety of
power supplies. BK 9115 is a high current DC power supply, V=0-80V and 1=0-60A. BK
PVS10005 is a high voltage DC power supply, V=0-1000V and I=0-5A. Pacific 118ACX
is an AC power supply with frequency range f=45-1200Hz, V=0-150V and I=0-10A. The
temperature is controlled using a purpose built temperature controller using Eurotherm

2404 controller and Epack SCR. A custom LabVIEW program has been written to control



43

the applied electric field and current limit as well as to record the electric field, current
density, power density, furnace temperature, and linear displacement output data. An
alumina tube stage with top pushrod is used with platinum wires coiled on both faces of
the bottom base and top pushrod and extending to the top of the tube. The tube is placed
inside a custom furnace heated using Kanthal A-1 (iron-chromium-aluminium alloy) wire
pre-coiled around a long %4 screw and then wrapped inside alumina-silica hard insulation.
This furnace configuration can reach temperatures up to 1100 °C at a rate of 10 °C - min™?
and up to 1200 °C at a rate of 5 °C - min~t. An outer alumina tube is surrounded by the
heating element and surrounds the alumina stage. The experimental setup is summarized

in Fig. 17.

Pushrod
To LabVIEW

Control Program
Eurotherm
Temperature
Controller
Furnace
Stage
Platinum |||:H ‘ ﬂ
Sample
— Power Supply

Figure 17: Experimental setup for flash sintering experiments.
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3.2 Energy Dispersive X-Ray Diffraction

In a synchrotron, electrons, are injected from a linear accelerator into a synchrotron
booster ring surrounded by a series of electromagnets. The electromagnets accelerate
electrons from sub-GeV energies to GeV energies. These electrons are then injected into a
storage ring, a much larger ring of electromagnets, which keeps the electrons cycling within
the ring. The synchrotron has many types of magnets to control the orbit of the electrons
in the storage ring. Each sector at the APS has two bending magnets, one of which serves
as a source of x-rays for a bending magnet beamline. As the electrons are kept continuously
cycling in the storage ring by bending magnets they have a centripetal acceleration which
produces X-rays with a polychromatic range of energies, referred to as white light X-ray
radiation. At different locations tangent to the storage ring X -rays are allowed to pass to
the beamline site where various extra steps are applied depending on the type of X-ray
characterization technique at a particular beamline. A schematic of the synchrotron setup

is given in Fig. 18.
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Figure 18: Aerial view (181) and schematic of a synchrotron facility with electrons
accelerated from linear accelerator to booster ring and kept revolving around the storage
ring using bending magnets. Beamline sites are located tangent to the storage ring to collect
x-rays as the electrons continually release them due to the force provided by the bending
magnets.

At Beamline 6-BM-A, Energy Dispersive X-Ray Diffraction (EDXRD) is used to
study in situ d-spacing of crystalline materials. Laboratory-based X-Ray Diffraction
(XRD) utilizes a monochromatic source of radiation provided by excitation of electrons
from the heating up of a tungsten tip source. These electrons are used to bombard a copper
substrate which then ejects a spectrum of white light x-ray radiation. The incident beam
strikes a well-ordered crystal monochromator, which absorbs the radiation and produces a

diffraction peak that serves as a monochromatic source for the sample.

Monochromatic radiation uses two parallel crystals of silicon to diffract the x-ray

beam twice at an angle. By changing the angle, the wavelength of monochromatic light can
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be tuned for specific applications. In addition, lab based Cu x-ray sources are ~8 keV while
the x-rays used by the synchrotron beamlines are in the 60-180 keV range, allowing the x-
rays to transmit through the samples. Thus, with synchrotron sources studies of the bulk

material are possible at much faster rates in transmission mode.

EDXRD is an advantageous technique for in situ bulk characterization of materials
and has the added advantage of using the full spectrum of white light x-ray radiation, so a
single, stationary detector can be used instead of a moving detector or an area detector. In
EDXRD a conical region of angle 20 is transmitted from which the diffraction pattern can
be chosen. In single crystal materials where there is a single direction of diffraction for
each crystal plane, the position on the circumference must be chosen carefully. However,
for polycrystalline materials this is not a concern as the beam will pass through many grains
of random orientation. The energy spectrum in EDXRD is analogous to the 20 angle so an
energy dispersive detector can be inserted at one fixed position instead of varying the angle,
which increases the acquisition time for the spectrum. An alternative using monochromatic
radiation would require placing a series of detectors at a full 20 range, creating an area

detector.
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Figure 19: Schematic summary of energy dispersive X-ray diffraction (EDXRD)
contrasted with traditional, monochromatic X-ray diffraction (XRD) (170).

The following procedure has been taken primarily from a previous work (169) and
has been used in a number of published and submitted works (169-171). The detector is
placed at an angle with respect to the incident beam, in this case 26 ~ 3°, measuring one
part of the diffraction ring. For nanometer and submicron sized particles the gauge volume
contains enough grains with random orientations to avoid texturing effects. However, as
average grain size increases to tens of microns the orientation of the large grains affects the
counts collected at that particular site on the diffraction ring and can skew the diffraction
pattern. The incident beam slits are limited to a X mm x Y mm cross sectional area,

typically 0.2 mm x 1 mm in the following experiments, to balance intensity requirements
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to the constraints of the furnace such that the gauge volume is small enough to avoid

collecting data from the surrounding stage.

For conventional heating counts are collected over a 60 second period, roughly
coinciding to 1 scan / 10 °C. Since conventional sintering is a slow process 60 seconds is
still a fast enough acquisition rate to track the sample properties. For the profile scans
collected over the specimen length, from positive to negative electrode, a short acquisition
time measuring in <5s is taken per position with a ~5s delay to change the sample position
using the automated xyz stage. Each profile scan covers a full section of the sample height

and the stage is shifted in vertical steps for the remaining scans.

X-rays are collected in a germanium detector. The Ge detector converts x-rays into
electron-hole pairs with the number of e-h pairs proportional to the x-ray energy. A -500
V bias voltage causes these pairs to separate. The x-rays are detected as a voltage pulse so
this signal is amplified and the spectrum is collected. A multi-channel analyzer (MCA)
collects the spectrum and displays it in terms of channel number versus counts. The
channel number is proportional to x-ray energy. These frequencies, corresponding to
energies, are reciprocal to the d-spacing in real space and calibration standards are used to
convert the data from channel to energy to d-spacing. Using 8YSZ and CeO2 as calibration
standards yield the fitting constants, which are then used to determine energy and
interplanar spacing of the studied material. The spectra for both the calibration standards
and the studied materials are fitted using a purpose built MATLAB fitting program
approximating the peaks to a Pseudo-Voigt shape. This process is summarized

schematically in Fig. 20.
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Figure 20: The fitting process of the EDXRD spectra involves the conversion of channel
number to energy in reciprocal space to d-spacing. The spectra are then fit with a Pseudo-
Voigt function. The contour plot is taken for conventional heating of TiO2 to 1200 °C

(169).

The derivation of the equations used to convert to energy and d-spacing are given

below. According to Bragg’s law,
nA = Zdhkl sin 9, (321)

where n is a positive integer, taken as 1, A is the incident wavelength dnk is the d-spacing

of the Miller index, hkl. Since the energy of a photon, E = hv =hc/A, with Planck’s constant

h=6.626x103* J-s,

he _ 6.1992(keV-A) (3.2.2)
2dpx) sin© N dhx sin 6 B

Epi (keV) =
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The x-rays are collected in a germanium detector where channel number is proportional to

the energy of the x-ray. Thus,

Enxi = A + B * channel (3.2.3)

from which the d-spacing of the diffracted beam can be calculated using equation 3.2.2.

Fitting is performed with a Pseudo-Voigt approximation (P), a convolution of

Gaussian (G) and Lorentzian (L) functions,

P(A;, By, C;, Dy, x) = Dj = G(A;, B, C;, x) + (1 — Dy) * L(A;, By, Cj, x) (3.2.4)
where
_b:\2
G(A;,B;, C;, X) = A; * exp [—4 *log(2) = (Xc_bl) ] (3.2.5)
and
Aj
L(Ai, Bir Cil X) e — (326)

1+4*(XE?1)2
In equations 3.2.4-3.2.6 the parameters are defined: A is the peak intensity, B is the x-axis
position of the peak center, C is the full width at half maximum, and D is the Pseudo-Voigt
parameter such that 0 < D < 1 where D = 0 corresponds to an ideal Lorentzian function
and D = 1 corresponds to an ideal Gaussian function. The variable, X, is the x-axis position
which corresponds to channel (unitless), energy (keV), or interplanar spacing (A)
depending on the spectrum. The fitting program takes a sum of these Pseudo-Voigt

functions such that

ptotal = Z?I:l P(Ait Bil Cil Dil X) (327)
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with N total peaks.

3.3 Spectroscopy

3.3.1 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) uses a beam of X-rays focused on a small
region, which causes the ejection of core shell electrons from the studied material. The
electrons are collected by a detector, with the electron energy recorded over a wide range.
Every atom core level electron has a unique energy footprint based on the attraction of the
atomic nucleus and this can be converted to a binding energy. In addition, the interaction
of different bond types, i.e. oxygen-metal bonds or oxygen-carbon bonds, slightly changes

the binding energy, which allows for further information to be collected.

While the X-rays can penetrate deep into the material, the ejected electrons have
limited mean free paths as they interact with the surrounding crystal lattice. The penetration
depth that can be resolved for XPS is low, on the order of nanometers. Thus, XPS is a
surface sensitive technique and by changing the grazing angle of the X-ray beam the
penetration depth can also be changed. Taking a series of scans with different grazing

angles, one can determine the change in composition near the surface of the specimen.

The experimental procedure and data that is collected has been taken primarily from
a previous work in section 5.1 and follows here (176). The specimen chemistry was
analyzed using ThermoFisher K-Alpha X-Ray Photoelectron Spectroscopy (XPS) with

1486.7 eV X-ray photon energy and 400um spot size. Three spots were mapped at different
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sections of the cross-section area: cathode, middle, and anode. After completion of a survey
scan over a binding energy range from 1350 eV — 0 eV with 1 eV step size, the specific
regions 298 eV — 279 eV (C1s), 475 eV — 448 eV (Ti2p), and 545 eV — 525 eV (O1s) were

scanned in detail (see Fig. 21) for each position.
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Figure 21: XPS survey plot (a) and detailed fitting for binding energies for (b) O1s, (c)
Ti2p, and (d) C1s core level excitations. (e) The binding energies for selected Ols and Ti2p
peaks have been estimated for cathode, middle, and anode.

3.3.2 Raman Spectroscopy

Raman Spectroscopy is a technique that uses a focused laser on a flat sample
surface. The reflected beam is scattered depending on the crystal structure and composition
of the sample surface, which tells a great deal of information about the sample chemistry
and bond structure. Peaks in the Raman spectrum are caused by specific bending, stretch,

and other modes of the bonds. A shift in these peaks indicates the incorporation of dopants,
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for example. A change in intensity indicates the level of crystallinity as seen in section 5.1.
Using a Renishaw InVia Raman MicroSpectroscopy the Raman Spectra are analyzed in
different positions of the sample, which can be linked to non-homogeneity or density of
defects at different positions. This method was used to study changes along the thickness
of rutile TiO2 and compared to a conventionally sintered standard with a spot size of ~1

um and Raman shift from 100-700 cm™ (176).

3.3.3 Impedance Spectroscopy

Impedance Spectroscopy is a valuable technique in measuring small changes in
composition. As many techniques require careful preparation of a sample surface or have
sensitivity that is insufficient to measure small changes in stoichiometry, impedance
spectroscopy can fill the void. A constant voltage is applied across the sample using silver
electrodes. The frequency of the voltage is swept over a wide range, which induces a

change in the phase angle and impedance depending on the frequency applied.
The total impedance is a complex quantity,
Z=7"—-j7", (3.3.3.1)

where Z' is the real part of the impedance and Z" is the imaginary part of the impedance.
The impedance modulus, Z,,,4 = |Z], is the magnitude of the complex impedance while
phase angle, Zg, is the phase shift between the applied voltage and the current such that
0 < Zy < 1. Both quantities are are used to find the real and imaginary parts of the

impedance, Z' and Z"' by the following expressions,

Z' = Re(Z) = Zyoq cos(Zg) (3.3.3.2)
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Z" =Im(Z) = Zyoq Sin(Zy). (3.3.3.3)

For a perfect resistor there is no complex part to the impedance as there is no delay
in the current, Zy = 0°, 50 Zz = R where R is the resistance. For a perfect capacity there

is no real part to the impedance as there is only a delay in the current, Zg = —90°,50 Z, =

jwic where j = V=1, w = 2rf is the angular frequency, and C is the capacitance. For a

ceramic single crystal in the ideal case the impedance can be modelled as an RC circuit in

parallel with impedance
Z=7Zy+Z.=R+ WLC (3.3.3.4)

In real materials the capacitive behavior is imperfect and should be modeled with a
constant phase element (CPE). The impedance of a constant phase element is given by Eq.

3.3.3.5,

1

ZcPE = Goyays: (3.3.3.5)

where the 0 < a < 1 and Y, is analogous to the capacitance. For @ = 0 the system is a

pure resistor while for a« = 1 the system is a perfect capacitor.

For polycrystalline ceramics there are generally two combined R-CPE circuits
corresponding to bulk and grain boundary impedance. Generally the relaxation frequency
of the grain boundary impedance is at a lower frequency in comparison to the bulk
impedance. In addition, the lower the impedance values the higher the specimen

conductivity.
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Figure 22: (a) R-C circuit, (b) R-CPE circuit, and (c) 2 R-CPE circuits in series.

In this case a Gamry Reference 600+ potentiostat was used to perform the
measurements and to produce the Nyquist plots of Z' vs -Z”. For the case of ZnO
conductivity studied for specimens sintered at differing current ramp rates, (175), the
samples were tested at to 100°C with 500 mV applied voltage over a frequency range from

5 Hz - 5MHz.

3.4 Electron Microscopy

3.4.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) allowed for grain size and porosity
approximations A Zeiss Sigma Field Emission SEM was used in the studies. The sputtering
of 10-15nm gold coating onto the surface of the specimen was determined based on the

material composition. For samples that had been polished a thermal etching treatment at
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~250°C below the conventional sintering temperature was carried out in air for 5 hours.
Lince software developed by Darmstadt University of Technology was used to estimate
the average grain size and standard deviation following the linear intercept method. ImageJ

software was used to estimate porosity in polished specimens.
3.4.2 Transmission Electron Microscopy

The experimental procedure for TEM analysis was performed by Haiyan Wang’s
group at Purdue University. A brief summary of the experimental procedure has been taken
from Jha, et al. (171) and repeated in the following. Plan-view TEM samples were prepared
through grinding, polishing, dimpling and final polishing in a precision ion milling system
(PIPS Il, Gatan). A FEI TALOS TEM/STEM with ChemiSTEM technology (X-FEG and
SuperX EDS with four silicon drift detectors) operated at 200 kV was used in this study
for microstructure characterization and energy-dispersive X-ray spectroscopy (EDS)

chemical mapping.
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4. ZnO — Temperature Approximation,
Current Ramp Rate, and Conductivity

Comparison

4.1 Investigation of Temperature Approximation

Methods during Flash Sintering of ZnO

4.1.1 Disclaimer

This work has been published in Ceramics International (170). The author
constructed the experimental apparatus and performed the experiments with the help of Dr.
Shikhar K. Jha, Ryan T. Lay, and Avaniek Cabales. The principal investigator of this work
is Dr. Thomas Tsakalakos. This work was funded by the Office of Naval Research under
Contract No. N00014-15-1-2492. The other part was performed with the help of Dr. John
Okasinski at Argonne National Laboratory, Advanced Photon Source, Beamline 6BM-A

under Contract No. DE-AC02-06CH11357.

4.1.2 Introduction

Zinc oxide is an n-type, 11-VI semiconductor with a wide bandgap of ~3.3eV at
room temperature (182). It has many applications including use in gas sensors (183),
varistors (184), optoelectronics, and piezoelectronics. Conventional sintering of ZnO has

been extensively studied (160, 185-188) to determine the effects of time, temperature, grain
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size and grain growth mechanisms. In the present work the response of ZnO to an applied
electrical field in order to improve understanding of flash sintering was studied, which has
been shown to densify ceramics at much higher rates at relatively lower temperatures (6,
49). Within the flash sintering community, zinc oxide is one of the most widely studied
material systems (94-99).

Flash sintering, a new process invented in 2010 (6), takes place when an electric
field is applied to a ceramic specimen at a sufficiently high temperature to cause a nonlinear
rise in specimen conductivity. This nonlinear rise in conductivity allows current to flow
through the specimen which causes rapid densification at furnace temperatures well below
those required for conventional sintering (189). Unlike the case of spark plasma sintering
(SPS), the current flows entirely through the sample rather than through a conductive die
(189).

The mechanism for rapid densification is under debate. Originally, there are three
proposed mechanisms put forth to explain this enhanced diffusion. First, a thermal runaway
effect in which current flows through the sample, inducing Joule heating which increases
the conductivity of the specimen (30, 95). This increase in conductivity allows a higher
current density which then results in more heating in a feedback loop. High temperatures
can be reached rapidly, higher than the temperature required for conventional sintering or
rapidly enough that a fast firing effect takes place, avoiding grain coarsening that normally
occurs during a gradual increase in temperature (166, 167, 190). A second proposed
mechanism is local heating at the grain boundary due to higher resistance compared with
the bulk. However, the temperature gradient required for maintaining local heating at the

grain boundary was calculated to be prohibitively high (191). The third mechanism is an
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avalanche of defects at relatively high temperature, a combination of some Joule heating
and the influence of the electric field, which can explain the high rate of sintering (29, 155,
192) and other unusual aspects of flash sintering such as electroluminescence (25, 29),
phase transformation (27, 86), texture (82), and change of electrical conduction mechanism
(79).

Luo’s group has concluded that the nonlinear rise in conductivity of ZnO can be
attributed to thermal runaway and that the primary mechanism for the densification of ZnO
under flash conditions is Joule heating (95). Evidence for this conclusion comes from the
blackbody radiation model developed to estimate the rise in temperature of yttria-stabilized

tetragonal zirconia under a weak electrical field (155),

T = [T¢ +——]"%, (4.1.1)

EAo

where T is the specimen temperature (K), To is the furnace temperature (K), W is the total
power through the sample (W), o is the Stefan-Boltzmann constant (5.67 x 102 Wem2K-
), and A is the surface area of the sample (cm?). Zhang, et al. (95, 99) calculated
temperatures ranging from 1002°C with J=3.1A/cm? to 1407°C with J=12.4A/cm?. This
same model has been used in 3mol% yttria-stabilized zirconia (3YSZ) to support both
Frenkel defect generation (155) and thermal runaway (30) as the primary mechanism.

It is important to note two issues when using a blackbody radiation model for flash
sintering: first, the assumption of an emissivity equal to 1 for all materials (95) and second,
omission of the requirement that the model is valid for AT/T<<1 (8). For significant
temperature increases the blackbody radiation model, commonly used in flash sintering
temperature approximations, is invalid. Emissivity is 1 for black body only, for ceramics

they vary (always < 1) depending on the temperature and wavelength of the light.
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Additionally, the voltage through the sample is used to calculate the power through
the sample, which is inserted into Equation 5.1.1. A 4-point measurement of voltage drop
due to contact resistance on 8YSZ clearly shows that it is too significant to avoid (193).
The linear shrinkage due to densification has not been considered. While the first factor
overestimates the temperature, the second factor underestimates the temperature.
Pyrometry has also been used to measure the temperature of the specimen during flash
(155). Such a technique is problematic if the optical luminescence characteristics from the
flash event are different than radiation from an assumed black body at a different
temperaturel. In addition, only the surface temperature is measured (194).

It is the intention to resolve the question of temperature rise during flash sintering
by using in-situ energy dispersive x-ray diffraction (EDXRD). In-situ study of flash
sintering using a synchrotron x-ray source was first used by the Tsakalakos research group
to study flash sintering of 8YSZ (52). Thus, a measure of the lattice expansion of ZnO
during flash sintering was compared with a conventionally heated sample. Using this
reference, the first goal of this study will be to determine the temperature, under varying
current densities, by comparing the unit cell volumes to that of the conventionally heated
calibration standard. The second goal of this study is to compare the densification and grain
growth behavior of samples densified under applied electric field and current flow to that

of conventionally sintered samples at comparable temperatures.
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4.1.3 Experimental Procedure

Sample Preparation

Pure zinc oxide nanopowder, with <100 nm particle size from Sigma-Aldrich
(544906, Lot# MKCB2717V). Cylindrical pellets with dimensions, 3£0.1mm thickness
and 6mm diameter, were pressed in a stainless steel die using a 150MPa uniaxial load.
Geometric measurements indicate green body density of 60+3%.

Specimens were heated at a rate of 10°C/min, dwelled at their respective
temperatures for 60s, and then cooled at a rate of 25°C/min. Flash experiments were
performed isothermally at 800 °C, at which point a DC (direct current) electric field of
60V/cm was applied to the specimen. Platinum paste was applied to both ends of the disc
and platinum wires wrapped around the alumina rods were used to establish electrical
contact to the power supply. A small weight equivalent to 10 kPa was used to maintain
consistent electrical contact between the electrodes and the sample. Under an electric field
of 60V/cm, differing current limits of 5, 10, 15, 20, 25, and 30A/cm? were applied.

After a few seconds of incubation period (91), there was a nonlinear rise of
conductivity during which some densification occurred. The power supply switched to
current control at a predetermined current limit after which the sample was allowed to
continue to densify under a steady state electric field determined by the conductivity of
specimen and set current limit. After 60 seconds under current control the power supply is
turned off and the furnace is allowed to cool at a rate of 25°C/min. A typical example of a
flash sintering profile with the current density, electric field, calculated power density and

corresponding densification is shown in Fig. 23.
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Figure 23: (a) A time synchronized plot of the electric field (E) applied at electrodes that
results in rise in current density (J) through the specimen. The power density (P) through

the sample is given in (b), where P=EJ. (c) shows the densification with flash.

Argonne Data Acquisition

At the Synchrotron facility at Argonne National Laboratory the real time change in

lattice parameter during flash sintering was observed. White beam x-ray radiation with

Energy Dispersive X-ray Diffraction (EDXRD) technique was used in contrast to

monochromatic wavelength XRD, with schematic shown in Fig. 19. One advantage of

EDXRD is the ability to detect the diffraction signal at a single point. The complete scan

of equivalent 20, in the case of monochromatic beam, can be performed at the same time
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without moving the detector and the second technique, since diffraction data can be
obtained only from the gauge volume, spatial resolution was used to look at any part of the
sample while diffraction from other materials in the path of the beam are filtered out. In
other words, a specimen can be placed in a completely enclosed furnace while patterns are
collected from the specimen only. Once the energy spectrum is collected, it is saved with
a channel range from 1 to 8192. A calibration is used on a specimen with known lattice
parameters to convert the channels into energy of radiation (which is comparable to 20 in
normal XRD with monochromatic beam). The spectra can further be converted into d-
spacing and the method is included in Appendix A.

The XRD patterns are collected while the specimens are conventionally heated to
the desired furnace temperature and then flashed. One XRD scan is taken effectively every
2.3 seconds. A MATLAB code has been written to synchronize the flash data, acquired
using LabVIEW, with EDXRD data. Fig. 25 is an example of one flash sintering
experiment with contour plot from EDXRD data. Every vertical scan is a pattern converted
into d-spacing (Fig. 25c) and Fig. 25d shows the shift in the d spacing for peak (100) as the

specimen undergoes the flash.
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Figure 24: (a) Power density through specimen during flash sintering with 20 A/cm2 (b)
shows the colorplot for the flash with X axis shows the time and Y axis is the energy of
diffracted beam. If one takes a vertical line, that gives us a XRD pattern, an example is
shown in (c) with peaks identified. We can also follow the change in lattice parameter by
a pseudo Voigt fitting of certain peaks: for example, peak (100) of ZnO is shown in (d).

To estimate the actual temperature of the specimen during flash sintering, a ZnO
sample was conventionally heated up to 1150°C and the interplanar spacing from peaks
(101) and (100) were used to calculate lattice parameters a and ¢ for the hexagonal ZnO
unit cell. The calculation is shown in Appendix B. Using the lattice parameters, a and c,
the total unit cell volume of the lattice was calculated with respect to temperature, as shown
in Fig. 26. This calibration was used to estimate the specimen temperature during flash
sintering, assuming that there wasn’t any unusual lattice expansion caused by defect
generation. If there were some measurable contribution from defect generation to the strain
then the actual temperature of the specimen, it would have been even lower than the

estimated temperature from the calibration specimen. Our temperature estimation is,
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therefore, the upper limit of the temperature. An empirical quadratic equation is fitted to

the data to find out the specimen temperature (Appendix B).
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Figure 25: Lattice parameter expansion of (a) ‘a’ and (b) ‘¢’ with temperature. Unit cell
volume calibration using furnace temperature is used to estimate the actual sample

temperature under flash (c).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was carried out using a field-emission

microscope (Zeiss Sigma Field Emission SEM) to characterize the microstructures.

Fractured surfaces were seen microscopically in order to avoid the possibility of grain

growth during thermal etching. A 15nm gold coating was sputtered onto the specimens to

avoid charging.
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4.1.4 Results

At Argonne different current density limits ranging from 5 A/cm2 to 30 A/cm2
were applied. The power density plot (Fig. 27 (a)) shows that power density increases with
current density. The corresponding unit cell volume expansion, shown in Fig. 27 (b),
demonstrates a clear trend of higher lattice expansion when more current is allowed to pass
through the specimen, indicating higher specimen temperature. Further details of the
experiments, indicating specimen densities, grain sizes, and temperatures, are shown in
Table 2. An error range is given based on differential lattice expansion during the 60
seconds of current-controlled flash sintering. There have been suggestions of (146) local
melting at the grain boundaries which would have caused densification, however, no
change in the unit cell volume during the power spike (when a transition from voltage
control to current control was applied), which would indicate temperatures sufficient for

melting, was observed.
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(b)

accompanying unit cell volume expansion. Current densities from 5-30A/cm2 are

analyzed.

Table 2: Comparison of density, temperature, and grain size in conventional sintering and

flash sintering.

Conventional

Flash Sintering

Sintering p/pt | Grain J Temperature | Temperature | p/pn | Grain
Furnace (%) Size | (A/lcm?) | EDXRD (°C) | Blackbody (%) Size
Temperature (um) (°C) (um)

(°C)
800 66 |0.1-0.3 5 1010 1198 86 |0.2-0.5
900 82 ]0.1-04 10 1050 1354 95 ]0.5-15
1000 88 ]0.3-0.8 15 1140 1482 94 0.8-2
1100 92 0.8-2 20 1200 1621 95 1-3
1200 92 2-4 25 1260 1718 94 2-4
1300 92 4-6 30 1280 1861 95 2-5
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To understand the effect of flash on the change in shape of peaks, a test case
condition of 20 A/cm? was performed and analyzed, thus the change in full width at half
maximum (FWHM) and peak height intensity with lattice expansion is shown in Fig. 28.
The FWHM and intensity have been normalized with their corresponding maximum value
for comparison. What is interesting to note, is that at the advent of flash, sudden jump in d
spacing and FWHM with a corresponding dip in the intensity is observed. After 60 seconds
of current control, when the flash is turned off, the d-spacing goes down gradually. This
occurs due to fast, adiabatic heating during the flash spike, which is also noticed in
densification (Fig. 23(c)), and then cooling to thermal equilibrium with the furnace. The
sudden jump in FWHM, can come from either abnormal defect generation (52) or due to
shift of the peak with temperature rise during relatively long acquisition time of
synchrotron in comparison to the fast heating of the specimen. The result from the
experiments on ZnO indicate there may be an effect of flash in defect formation, but it is

less prominent in semi-conductors like ZnO when compared with the results of 8YSZ (52).
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Figure 27: A flash experiment with 20 Acm™ and corresponding peak analysis for (100)
includes increase in d-spacing, full width half maxima (FWHM) and peak intensity.
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Results of the temperature calibration using unit cell volume with calculations from
the blackbody radiation model, was compared. Isothermal furnace temperature was To =
800 °C and the surface area measured after cooling was used in the blackbody radiation
equation. The blackbody radiation model suggests significantly higher temperatures than
the actual measured temperatures and the gap widens as current density is increased, as
shown in Fig. 29. It is important to note, that 10 A/cm? is enough current to sinter ZnO to
high density at 800 °C. The temperatures calculated using the blackbody radiation model
are a lowest approximation because the minimum power was applied though the specimen
during stage Ill. If the blackbody radiation model at face value is used then at the current
cutoff where there is a power spike it would be expected that the samples would exceed

the melting point of ZnO, 1977 °C (195).
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Figure 28: Comparison of estimated temperatures using thermal expansion of the unit cell
volume to calculated temperatures using the blackbody radiation model.
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Corresponding SEM analysis of fracture surfaces in Fig. 30 indicates that
densification occurs with modestly lower grain growth during flash sintering when
compared to conventional sintering. Evidence of melting predicted according to the
blackbody radiation model temperatures is not found in the microstructure. Instead the

microstructure is comparable to conventionally sintered specimens in the temperature

range predicted by our unit cell volume calibration.

Figure 29: Microstructure comparison for flash sintered specimens versus conventionally
sintered specimens. Conventionally sintered specimens dwelled for 1 minute at 1000 °C,
1100 °C, and 1300 °C, respectively, are shown in (a), (b), and (c) while (d), (e), and (f)
show flash sintered specimens with current-controlled hold time of 1 minute at 5A/cm?,
10A/cm?, and 30A/cm?, respectively.

There has been debate on the contribution of the power spike seen during the
transition from voltage control to current control. However, the ephemeral nature of the
fast transition does not allow enough time to understand this transition using in-situ
diffraction, as explained in the analysis of the FWHM. To avoid the power spike we can

go into current control at a very low current density (0.5 A/cm?) and ramp the current at a
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linear rate by controlling the electric field with a PID control. It is discovered that the
kinetics of densification are proportional to the power density through the specimen. The
theory of thermal runaway is invalidated since the temperature rise is in equilibrium with

electrical power throughout the experiment.

4.1.5 Discussion

We question the reliability of the use of blackbody radiation model to correctly
predict sample temperature. If the real power density through the specimen can be
measured by 4-point contact measurement, it may give a better approximation, but it still
is susceptible to the assumption of AT and €. Sample geometry plays an important role as
well, since the equilibrium between radiation dynamics and power through the specimen
determines the actual temperature (79). In our opinion, the blackbody radiation model
should be used with caution and must be verified with other techniques.

In this study, it is shown, that comparing the expansion of the unit cell volume in
conventional heating to flash sintering provides an accurate measure of the temperature of
the specimen. The thermal expansion of the material provides experimental verification of
specimen temperature that is reasonably within the bounds of the final specimen
microstructure.

The temperatures reached during flash sintering of ZnO are comparable to those of
conventional sintering. However, the time spent at high temperature is much lower than in
conventional sintering. The improved densification may be due to a fast firing effect (166,
167, 190), but the phenomenon of an avalanche of Frenkel defects, formed under the

influence of the applied electric field, cannot be ruled out at these temperatures. This work
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adds to a growing body of in situ XRD work relating to mechanisms and applications of
flash sintering (Table 3). We have avoided the power spike to eliminate the uncertainty of
abnormal heating in the current-ramp experiment. Using flash sintering at different current-
density ramp rates may help to elucidate the effect of fast heating rates (we used 3 orders
of magnitude) on the grain boundary morphology, but that is being considered in another

work (175).
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Table 3: Literature survey of current in situ XRD work related to flash sintering.

Material | Authors Title Study
Anomalous lattice expansion in yttria
stabilized zirconia under simultaneous Anomalous change
Akdogan, | applied electric and thermal fields: A : g
8YSz . T . . of full width at
etal (52) | time-resolved in situ energy dispersive :
. . half maximum
x-ray diffractometry study with an
ultrahigh energy synchrotron probe
CeO? Jha, etal | Insitu observation of oxygen mobility | lonic diffusion and
(171) in ceria during flash sintering inhomogeneity
TiO2- | Jha,etal Phase_ transforrr(;atl_on IIE]I thﬁ a_luml_na— Chemical kinetics
AI203 (86) titania system during flash sintering with temperature
experiments
Jha. et al Electric field induced texture in titania Generation of
TiO2 ; during experiments related to flash
(82) o texture
sintering
Yoon. et Measurement of O and Ti atom Pair distributive
TiO2 ’ displacements in TiO2 during flash function of Ti and
al (84) L :
sintering experiments O under flash
Electric field effect on chemical and
TiB2- ) phase equilibria in nano-TiB2-TiO2-
TiO2- Ozdemir, TiBO3 system at <650 °C: an in situ Chemical and
TiBO3 etal (112) | time-resolved energy dispersive X-ray phase equilibria
diffraction study with an ultrahigh
energy synchrotron probe
Lebrun. et Emergence and Extinction of a New Emeraence of
3YSZ al (27’) Phase During On—Off Experiments metastéqble hase
Related to Flash Sintering of 3YSZ P
Teradus Electroluminescence and the Electroluminescen
3YSz ’ measurement of temperature during ce and temperature
et al (29) o : i
Stage |11 of flash sintering experiments estimate
Lebrun. et Broadening of Diffraction Peak Widths T
3YSzZ ' and Temperature Non-uniformity I0MOgeneo
al (32) . . lattice expansion
During Flash Experiments

4.1.6 Appendix A

According to the Planck-Einstein relation the x-ray photon energy is

E = hv,

(4.1.A1)
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where h=4.16.626x107*]-s, Planck’s constant, and v is the photon frequency, v = %

Bragg’s law states
nil = Zdhkl sin @ (41A2)

where dhk is the interplanar spacing in the crystal lattice with Miller indices, hkl. Taking

n=1 and inserting Eq. (4.1.A1) into (4.1.A2) we find,

hc __ 6199
2dpy1Sin 0 - dpp1Sin @

Epri(keV) = (4.1.A3)

A germanium detector is used to collect the x-ray spectrum of the specimen. The
slits were moved to give a beam flux with Ax = Imm and Ay = 0.2mm. The acquisition
time was taken at 2.3 seconds per spectrum in order to give enough counts for accurate
peak fitting and a short enough time to get an accurate picture of the different stages of
flash sintering.

E = a+ b * channel (4.1.A4)

a=0.0991,b=0.0347,0 = 1.501 degrees

Energy can be further converted into d-spacing by using Eq. (4.1.A3).

4.1.7 Appendix B

ZnO has a wurtzite crystal structure, which is a hexagonal system. Thus, the lattice

parameters are calculated using the symmetry of a hexagonal lattice given in Eq. (4.1.B1).

1 _ ARPthktk? | 12 (4.1.B1)

dz 3 a? c?
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Two equations are required to solve this equation requiring the tracking of two
peaks in the spectrum. The (1 0 0) and (0 0 2) peaks were used in calculations of the lattice

parameters and unit cell volume. The lattice parameters, a and c, are given in Fig. 26.

Using the lattice parameter dependence on temperature we can calculate the unit

cell volume in the hexagonal system using Eq. (4.1.B2).
v=Lq2 (4.1.B2)

From the unit cell volume data, we extrapolate a quadratic equation relating the unit

cell volume to temperature.
Unit Cell Volume = Vypit conn = (1423 + 1077)T2 + 0.001294T + 47.6(4.1.B3)
Linear model Poly2:
curve(x) = p1*x~2 + p2*x + p3
Coefficients (with 95% confidence bounds):
pl= 1.423e-07 (1.29e-07, 1.557e-07)
p2 = 0.001294 (0.001272, 0.001316)
p3=  47.64 (47.63,47.65)

The fitting of Eq. (4.1.B3) to the unit cell volume is shown in Fig. 26. At 25°C a
unit cell volume of 47.67 A® is calculated using Eq. (4.1.B2), in fair agreement with the
literature value of 47.62 A% (87, 196). This equation is then used to give an approximation
of the temperature during flash at various current densities through reference to the unit

cell volume expansion.
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4.2 Flash Sintering Using Controlled Current

Ramp

4.2.1 Disclaimer

This work has been published in the Journal of the European Ceramic Society
(175). The author constructed the experimental apparatus and performed the experiments
with the help of Dr. Shikhar K. Jha, Kent H. Christian, and Ryan T. Lay. The principal
investigator of this work is Dr. Thomas Tsakalakos. This work was funded by the Office
of Naval Research under Contract No. N00014-15-1-2492 and subaward from Purdue

University under Contract No. 4104-78982-820133.

4.2.2 Introduction

In conventional flash sintering, the current rises nonlinearly to a set current limit,
accompanied by a spike in the power density. This sudden power spike may cause hot spot
formation, in which current preferentially channels through a small area, causing localized
melting while other areas remain unsintered. By using a controlled current ramp early on
the sudden power spike can be avoided. In addition, by changing the ramp rate material
properties such as porosity, grain size and conductivity can be tuned.

Flash sintering is a new sintering method developed by Cologna and Raj to densify
3 mol% vyttria stabilized zirconia (3YSZ) in under 5 seconds at 850 °C (6). This method
has been applied to sinter a wide variety of ceramic materials (189, 194) at lower
temperatures and shorter hold times than conventional sintering. There are three proposed

mechanisms originally posited for flash sintering: ultra-fast heating (30, 37, 99), bulk mass
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transport through defect generation (79, 91), and vacancy segregation and selective grain
boundary melting (156, 158).

The first mechanism posits that Joule heating (30, 99) caused by the feedback
between increased temperature and conductivity initiates the flash event and ultra-fast
heating causes non-equilibrium grain boundaries to form while avoiding coarsening which
is the reason for rapid densification (37).

Others believe that the temperature reached due to current induced Joule heating is
below the conventional sintering temperature and, thus, is insufficient to explain the flash
phenomenon. Instead, a combination of Joule heating and the nucleation of an avalanche
of Frenkel defects, due to the effect of the electric field (91), enhances diffusion at a
temperature significantly below conventional sintering.

A third mechanism postulates that there is a temperature gradient between the grain
boundaries and the grain bulk. Thus, while the temperature reached in the bulk is not high
enough for sintering, the temperature at the grain boundaries is high enough to induce local
melting or softening at the grain boundaries, resulting in rapid diffusion along the grain
boundaries (158). However, the thermal diffusivity of ceramics precludes a significant
temperature variation in nanoscale ceramic grains. The thermal diffusivity of ZnO can be
estimated from a = k/pc, , where a is thermal diffusivity, k is thermal conductivity, p is
the density of the ceramic, and c; is the specific heat capacity. In the case of zinc oxide,
thermal conductivity of ZnO at 1000 °C is approximately 4 W-m™!-K~1. (159) For
simplicity, the specimen is taken to be fully dense, p=5.606 gcm-3. Finally, at 1000 °C,

specific heat capacity is calculated to be 54.2 J mol-1K-1 according to fitting data from

1
Robie, et al. (161), c, =53.999 + 7.581 1074T — 5.868 * 10°T~2 — 127.50T z +
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1.9376 * 107°T? , which is equivalent to 0.6658 J-g~!-K™1. Inserting all values into
equation 1, the thermal diffusivity of ZnO at 1000 °C is calculated: o = 1.072 * 107 m? -

s~ 1. Following the procedure of Ji, et al. (37) the time, t, taken for temperature to distribute

X

2
itself between two ends of a grain of diameter, X, can be calculated as t = — . For x=100

o

nm, the maximum grain size of the ZnO powder according to the supplier, it would take
on the order of 10 nanoseconds for the heat to distribute itself from one end of the grain to
the other. Even assuming grain growth this would still be many orders of magnitude greater
than the time of flash, which is several seconds at a minimum.

Based on previous work estimating the temperature during flash sintering of ZnO
using energy dispersive x-ray diffraction (EDXRD) (170), the authors believe that rapid
Joule heating is the most likely explanation for the enhanced diffusion, at least in the case
of ZnO. As aresult, it is critical that the heating rate should be controlled in order to achieve
the desired microstructural and electrical properties. This is not possible in conventional
flash sintering, where an applied, fixed voltage causes a nonlinear rise in conductivity at
high temperature, which results in a feedback loop of rising current and conductivity. To
avoid catastrophic thermal runaway, an abrupt switch to current control results in a power
spike as the voltage drops rapidly to maintain constant current despite rising. This runaway
current followed by an abrupt switch to current control results in a sharp and significant
power spike through the material, which often leads to channeling of current at one spot,
known as a hot spot (87). The power spike can be detrimental due to thermal shock during
the sudden rise and drop in power. In addition, the microstructure of the resulting product

is difficult to tune due to the uncontrolled rise in current in stage I, under voltage control.
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Flash sintering can be alternatively controlled by switching to current control the
moment the current rise becomes unstable and then controlling the rate at which the current
rises to its maximum set limit, which will avoid the sharp power spike. Initial work towards
this end has been performed by Jian Luo’s group by applying a step-wise increase of the
electric current (99) as well as a two-step current schedule akin to conventional two-step
sintering (98). In addition, the properties of the ceramic can be adjusted by changing the
heating rate through the use of different current ramp rates. The effect of fast firing was
investigated by comparing the microstructure of ZnO specimen under a range of current
ramp rates, differing by orders of magnitude, as well as to conventional flash sintering.

Zinc oxide (ZnO) is the chosen material for this study as the sintering of ZnO has
been studied extensively for both conventional (160, 185-187, 190) and flash (94-101)
sintering, thereby providing a standard from which to study the behavior of flash sintering,
in general, without concerns of phase transformations or chemical reactions.

Impedance spectroscopy on 3YSZ has shown that flash sintering reduces the grain
boundary thickness while increasing the concentration of oxygen vacancies near the grain
boundaries (22). A similar study has been performed here on ZnO by measuring the
complex impedance of specimens sintered by CS (conventional sintering), CF
(conventional flash sintering), and CRF (current ramp flash sintering). Comparison of the
Nyquist plot for conventional flash sintering and current ramp flash sintering is performed
and shows the effect of defect formation and grain growth on the conductivity of ZnO

densified using flash.
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4.2.3 Experimental Procedure

Zinc oxide nanopowder, with a grain size<100 nm, purchased from Sigma Aldrich
(544906, Lot# MKCB2717V), is pressed into cylindrical pellets with 6mm diameter and
5mm thickness using a uniaxial 200 MPa load. The initial green body density, measured
geometrically, is 60-65%.

Three methods of sintering, conventional sintering (CS), conventional flash
sintering (CF), and current ramp flash sintering (CRF) were compared. For CS, the sample
was heated at a rate of 10 °C - min™* from room temperature until reaching 1000 °C, 1100
°C, and 1400 °C and then held for 1 minute at this temperature and cooled at a rate of 25°C
- min to room temperature. For the CF experiment, the sample was heated to 700°C at a
rate of 10 °C - min! at which point an electric field of 60 V - cm™ was applied with a preset
current limit of 5 A - cm™. The sample was held in current control for 60 seconds before
turning off the field. The furnace was then cooled at the same rate of 25 °C - min™.

In the four CRF experiments, rather than allowing the current to reach 5 A - cm™
under constant electric field before switching to current control, the switching to current
control happens early on, at 0.5 A - cm™, and afterwards the current limit is increased
linearly to 5 A - cm™ with a PID (proportional-integral-differential) system. The power is
then switched off after 10 seconds at maximum current. This results in the avoidance of
the large power spike characteristic of flash sintering. Four current ramp rate schedules are
followed: 1 A - cm? - s (4.5-second ramp), 0.1 A - cm™ - s (45-second ramp), 0.01 A -
cm? - s (7.5-minute ramp), and 0.001 A - cm - s (1.25-hour ramp). The slowest ramp

rate ensures that there is no effect of rapid heating on the densification of the material.
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A Zeiss Sigma Field Emission SEM is used to characterize the microstructure of
the final prepared specimens. Fracture surfaces were used for the comparison to avoid the
grain growth during thermal etching of polished surfaces. Grain sizes were estimated using
linear intercept method with Lince software.

A Gamry Reference 600+ potentiostat was used to study the frequency response of
ZnO densified under the different current ramp rates and compare these to conventional
flash sintering. Samples were heated to 100°C, after which 500 mV was applied across the

specimen with a frequency range of 5 MHz to 5 Hz and 10 data points per decade.
4.2.4 Results

A comparison of the current-density ramp rates is given in Fig. 31(a). A semilog
plot is used to illustrate the current schedules due to the significant disparity between the
fastest and slowest rates. The maximum power density through the sample during is
inversely proportional to ramp rate, presented in Fig. 31(b). As shown in Fig. 32, a slower
ramping of the current results in higher final density and larger grains despite the fact that
the highest power density was found in the fastest ramp rate. A comparison of density and
grain size is shown in Fig. 32 (e), where density was measured geometrically while grain
size and standard deviation of grain size was measured using Lince software. Of note is the
increasing standard deviation of grain size with respect to average grain size indicating

abnormal grain growth.
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Figure 30: (a) Current ramp and (b) resulting power density at 1 A-cm2-s?, 0.1 A-cm2-s’
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Figure 31: Grain size comparison at current ramp rates (a) 1 A-cm?-s%, (b) 0.1 A-cm?.s?,
(c) 0.01 A-cm-s?, and (d) 0.001 A-cm2s%, from J = 0.5-5 A-cm with 10 s hold time. (e)
Semilog plot of density and grain size as a function of current-density ramp rate.

Fig. 33 provides a comparison of a conventional flash sintering experiment and a
current ramp flash sintering experiment, with a ramp-rate of 0.1 A-cm-s™*, Despite having
an even shorter flash time as lower power density, shown in Fig. 33(a), the grain growth in
the current-ramp is higher than in conventional flash. There is a non-negligible effect of
heating at the beginning of the ramp, 0.5 A-cm in this case, where conventional flash
sintering a current-ramp flash sintering are identical. However, as seen in Fig. 31, the

power density at the beginning, before the system is put into ramp-current control is quite
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small. This beginning current density is chosen to minimize the effects of heating on
starting microstructure while still allowing the beginning of the nonlinear rise in

conductivity.
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Figure 32: Current ramp flash sintering comparison to conventional flash sintering showing
(a) electric field applied (E) and current density through the sample (J) with (b) resulting
power density (P=EJ). Microstructure comparison shows that despite higher power density
for lower time in conventional flash (c) compared with current ramp (d), grain growth is
higher during current ramp.

Analysis of microstructure near the positive electrode, middle of specimen, and
negative electrode is given in supplementary Figs. 34-36 for CF, dJ/dt=0.1 A - cm? - s,
and dJ/dt =1 A - cm™ - s, Interestingly, an electrode effect is observed for the highest
ramp rate with grain size varying from 0.20 + 0.70 um to 0.26 = 0.10 pum when moving
from negative electrode to positive electrode, which has also been reported in the literature
(50, 95). Zhang and Luo have reported the elimination of this effect under an Ar + 5% H;

environment, which they attributed to the prevention of oxidation of ZnO near the positive
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electrode in the presence of a reducing atmosphere (96). Flash sintering experiments using

AC electric field have now shown this effect (35).

Figure 33: Microstructural comparison of a conventional flash sintering experiment with
current cutoff of 5 A-cm and 60 s hold time at (a) positive electrode, (b) center, and (c)
negative electrode. Grain size varies from (a) 0.45 £ 0.21 um to (b) 0.40 £ 0.16 um to (c)
0.45 £ 0.17 pm.

Figure 34: Microstructural comparison at (a) positive electrode, (b) center, and (c) negative
electrode. Controlled flash sintering at a rate of 0.1 A-cm™-s current ramp to 5 A-cm™
with 10 s hold time. Grain size varies from (a) 0.39 + 0.14 um to (b) 0.51 £ 0.24 um to (c)

0.37 +0.12 um.

»

Figure 35: Microstructural comparison at (a) positive electrode, (b) center, and (c) negative
electrode. Controlled flash sintering at a rate of 1 A-cm-s current ramp to 5 A-cm with
10 s hold time. Grain size varies from (a) 0.26 £ 0.10 um to (b) 0.22 £ 0.07 um to (c) 0.20
+0.70 um.
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In Fig. 37 comparison of the Nyquist plots for the different ramp rates, with a
conventional flash sintered specimen indicates that conductivity rises with a higher current
ramp rate up to the very rapid, uncontrolled rate seen in conventional flash sintering. For a

very slow rate the conductivity rises again.
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Figure 36: Nyquist plots of ZnO taken at 100 °C for varying current ramp rates compared
with conventional, uncontrolled flash sintering. Inset shows a zoom of the smallest
impedance responses.

4.2.5 Discussion

We show a new way of performing flash sintering by controlling the current
proactively with a linear ramp rate rather than an abrupt maximum limit. The result of this
controlled flash sintering is that we can tune the microstructure and electrical properties of
ZnO by changing the rate.

It is important to address the enhanced grain growth of ZnO under current ramp

compared with conventional flash sintering, despite the lower power through the sample.
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ZnO is a well-studied ceramic system and, as has been thoroughly reported (95, 96, 99,
100, 160, 185, 186, 197-206), the densification and grain growth characteristics of ZnO is
highly susceptible to changes in grain boundary composition.

Based on experimental results by Luo’s group (100), we see that the temperature
required for the onset of flash is inversely proportional to the starting grain size of the green
body. This has been attributed to the enhanced electronic conduction of the surface layers,
a critical factor in green bodies with small contacts between the grains. However, in our
case we start with the same grain sizes at the onset of flash. Once flash has started the
specimen temperature rises and sintering begins early on.

Grain coarsening is often caused by the competitive mechanisms of densification
and grain growth. In the case of CF, the grains densify quickly and the curvature of the
grains is replaced by more stable grain boundaries with near hexagonal grains. Once the
curvature is removed the driving force for grain growth is reduced. However, as CRF is a
slower process, this allows for grain growth before full densification is achieved. This
effect may be on factor to explain enhanced grain coarsening despite lower power density
during the slower ramp rates.

In addition, supplementary Figs. 38 and 39, comparing the grain size and
corresponding Nyquist plots of conventionally sintered specimen, show that there is a clear
correlation between grain size and conductivity. This effect is unrelated to flash sintering
and is further confirmed in the literature, with significantly higher electrical conductivity
of dense specimen of micrometer compared to nanometer sized grains (207, 208). For

slower current-ramp rates, where more time is given for grain growth we see higher grain
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growth which results in increased conductivity of the specimen. This is analogous to

conventional sintering at different ramp rates.

Figure 37: Comparison of ZnO heated to varying maximum temperatures of (a) 1000 °C,
(b) 1100 °C, and (c) 1400 °C. Densification ceases by 1000 °C and microstructural change
is dominated by grain growth at higher temperatures.
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Figure 38: Nyquist plots of ZnO taken at 100 °C for conventional sintering at 1000 °C,
1100 °C, 1400 °C, compared with conventional flash sintering and slow current ramp flash
sintering. Inset shows a zoom of the smallest impedance responses.

Impedance spectroscopy, given in Fig. 37, further indicates that bulk conductivity
of specimens is higher when sintered at the slowest ramp rate of 0.001 A - cm™ - s due to
the large average grain size, shown in Fig. 35. In addition, grain growth during the slowest

ramp rate is comparable to conventional sintering at just over 1000 °C, shown in Table 4
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and Fig. 38, which is consistent with predictions of flash sintering temperature in previous

work (170).

Table 4: Comparison of conventionally sintered specimens, conventionally flash sintered
specimen, and current ramp flash sintered specimen.

Furnace Density (% | Average Grain | Current Current Hole Time
Temperature | Theoretical) Size (um) Density | Ramp Rate (s)
(°C) (Alcm?) | (Alcm?/s)

1000-CS 96 1.19 + 0.044 0 N/A 60
1100-CS 97 1.83+0.93 0 N/A 60
1400-CS 95 7.49 £ 2.85 0 N/A 60
700-FS 96 0.40+0.16 5 Uncontrolled 60
700-CR1 90 0.22 £0.07 5 1 10
700-CR2 94 0.51+0.24 5 0.1 10
700-CR3 96 0.50 +0.23 5 0.01 10
700-CR4 98 1.28 + 0.67 5 0.001 10

This situation reverses with faster ramp rates. As the ramp rate increases from 0.01
A-cm?2stt00.1 A-cm?-stto1 A-cm?stand, finally, to the fastest rate in conventional
flash sintering. The grain size factor on its own does not explain this relation to
conductivity. This becomes even more apparent when comparing flash sintering
conductivities to conventional sintering conductivities, which are much lower.

Grain growth is also related to complexions, or grain boundary phases, which attain
non-equilibrium structure as a result of rapid heating (194) and prevent atoms them from
forming closely packed, orderly crystal structure near the boundaries (168). This has two
consequences: enhanced diffusion along the grain boundaries, which causes sintering, and
rapid movement of the grain boundaries, resulting in grain growth which leaves behind
many defects such as stacking faults in its wake (209, 210). These stacking faults remain

in the new, larger grains, and are now paths for electrons, similar to the 2d conduction
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layers described by Luo (100), which increases the conductivity of the specimen. In this
case, the faster the heating rate, the greater the concentration of stacking faults.

A rapidly rising current may induce more oxygen ions out of the lattice to
compensate for insufficient available electrons. In this case, the oxygen travels from one
end of the sample to the other and out to the environment. After the electric field is turned
off, to maintain charge neutrality, zinc ions are reduced with weakly bonded electrons in
the valence band, which lowers the activation energy required to promote them from the
valence band to the conduction band. We do not claim that these point defects play any
role in the sintering or initiation of flash, but are present as observed in the post sintered
electrical conductivity, as was also confirmed by cathodoluminescence spectroscopy on
flashed specimens of ZnO (97).

However, we cannot confirm any of these possibilities. The main goal of this work
remains to provide a new method to tune the microstructure and electrical properties with

a controlled current ramp while avoiding hot spot formation.
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5. TiO2 — Inhomogeneous Temperature
Distribution, Reduction, and

Microstructure

5.1 Inhomogeneous Reduction and its Relation to

Grain Growth of Titania during Flash Sintering

5.1.1 Disclaimer

This work has been published in Scripta Materialia (176). The author constructed
the experimental apparatus and performed the experiments with the help of Dr. Shikhar K.
Jha. The principal investigator of this work is Dr. Thomas Tsakalakos. Part of the analysis
was performed at Purdue University by Han Wang and Xin Li Phuah under the direction
of Dr. Haiyan Wang. This work was funded by the Office of Naval Research under
subaward Contract No. 4104-78982-820133 for Rutgers University and N00014-17-1-

2087 for the flash sintering effort and N00014-16-1-2778 for the TEM work.

5.1.2 Introduction

Flash sintering (FS) utilizes an electric field, which is applied across a ceramic
green body at high temperature and results in a non-linear rise in current through the
sample, causing rapid densification. Flash sintering was first shown to reduce the required

furnace temperature for sintering of 3 mol% yttria-stabilized zirconia (3YSZ) from 1450
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°C for conventional sintering (CS) to 850 °C and additionally lowered the time to under 5

seconds (6).

Despite the work of many researchers there is still a great deal of debate as to the
predominant mechanism responsible for the enhanced diffusion during the flash event.
Three proposed mechanisms include rapid heating and the resulting destabilization of the
grain boundaries (37, 99), an avalanche of Frenkel pair defects induced by the electric field
which enhances the diffusion pre-exponential factor (6, 43, 155, 211), and local melting or
softening of the grain boundaries due to inhomogeneous temperature distribution, which

enhances diffusion across the grain boundaries (156, 158).

In ionic and mixed electronic-ionic conductors diffusion through vacancy and
interstitial mechanisms takes place under the influence of a chemical potential, as in the
operation of a solid oxide fuel. The observation of defects in the bulk during or post flash
has been claimed as evidence that Frenkel pairs are generated and enhance the kinetics of
sintering (43, 173). However, diffusion of oxygen vacancy-interstitial pairs alone does not

lead to densification as diffusion of both the species are required.

For the case of titania, found in three polymorphs (rutile, anatase, and brooktite),
rutile is the only stable phase at high temperatures and is a mixed conductor. Rutile and
composites containing rutile is a common model system studied in flash sintering works

(79, 80, 82-84, 86, 112).

Although in situ flash sintering of TiO2 (84) as well as ZnO (97) and 3YSZ (173)
give direct evidence of oxygen diffusion during flash sintering, detection of oxygen

vacancies post-flash sintering has been elusive due to the relatively slow cooling of the
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furnace which allows enough time for the non-equilibrium defects, namely interstitials and
vacancies, to annihilate. In addition, the high surface area to volume ratio of a dogbone
design allows for rapid re-oxidation. In contrast, experiments with thicker cylindrical
pellets and rapid furnace cooling allow analysis of the reduction of titania, Ti0, — xV;" +
TiO,_,. This reduction is clearly observed through blackening of the TiO> pellet interior
unlike in previous studies of flash sintering of ZnO (170, 175), a related n-type

semiconductor.

Inhomogeneity in the microstructure across the electrodes has been discussed in
detail in a review by Yu, et al. (189). Other chemical inhomogeneity observations during
flash sintering have been made. For example, blackening at the cathode of tricalcium
phosphate (TCP) (126) was attributed to oxidation at the anode and reduction at the
cathode. Also, a buildup of magnesium near the cathode in magnesia-silicate glass-
containing alumina (47, 146) and sodium in soda lime silicate glass (148) was caused by

migration of positively charged ions towards the cathode.

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were used to
study the chemistry and crystallinity across the FS specimen. These tools were used to map
inhomogeneity in the reduction which had a greater concentration at the anode. Analysis
of the microstructure indicated a distinct electrode effect in sintering, with more
intergranular porosity and less grain growth at the cathode and intragranular porosity and

rapid grain growth at the anode.
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5.1.3 Experimental Methods

Rutile titania nanopowder, grain size ~50 nm, was acquired from Inframat
Advanced Materials, Product # 22N-0814R. The powder was loaded into a 6mm die with

uniaxial, 200MPa applied pressure, which achieved a green body density of ~52%.

For FS, samples were coated with platinum paste on both faces and placed inside a
cylindrical, alumina stage with platinum electrodes in contact at both ends. The specimens
were then heated at a rate of 10 °C-min’t under 50 V-cm™ DC electric field applied at 500
°C. The alumina stage was placed inside an alumina tube enclosure within the furnace,
which created a less oxygen-rich environment than air, which initiated the runaway effect

of flash with a significantly lower electric field than mentioned in the literature (79).

As the sample was heated it became more conductive, which allowed a small
current flow. The internal resistance to the current heated the sample and allowed even
more current to flow. The external, conductive heating due to the ramp of the furnace and
the internal, resistive heating of the sample due to current flow created a feedback loop that
resulted in a rise in current and rapid densification. To avoid runaway heating a limit was
placed on the current, in this case 5 A-cm, and the electric field dropped accordingly. This
stage was held for 1 minute before the electric field was turned off altogether and the

furnace was cooled at a rate of 25 °C - min™.

A comparison was made using a CS specimen at 1150 °C with heating rate of 10
°C-min*, 1 min hold time, and cooling rate of 25 °C-min. Both specimens were cut
vertically to expose the cross-section area from cathode to anode and were mechanically

polished down to 0.25 um using diamond polishing paste.
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The specimen crystallinity was analyzed using Renishaw InVia Raman

MicroSpectroscopy with spot size ~1 um and Raman shift range 100-700 cm™. Three spots

were mapped: the cathode and anode for the FS sample, and middle for the CS standard.

The specimen chemistry was analyzed using ThermoFisher K-Alpha X-Ray Photoelectron

Spectroscopy (XPS) with 1486.7 keV x-ray photon energy and 400um spot size. Three

spots were mapped at different sections of the cross-section area: cathode, middle, and

anode. After completion of a survey scan over a binding energy range from 1350 eV — 0

eV with 1 eV step size, the specific regions 298 eV — 279 eV (C1s), 475 eV — 448 eV

(Ti2p), and 545 eV — 525 eV (O1s) were scanned in detail (see Fig. 40) for each position.
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Figure 39: XPS survey plot (a) and detailed fitting for binding energies for (b) O1s, (c)
Ti2p, and (d) C1s core level excitations. (e) The binding energies for selected O1s and Ti2p

peaks have been estimated for cathode, middle, and anode.
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After completion of analysis with Raman Spectroscopy and XPS, the samples were
both thermally etched at 900 °C for 1 h to reveal the grain boundaries for the SEM
micrographs. The samples were coated with 10 nm of gold and a Zeiss Sigma Field
Emission SEM with 5 kV electron gun was used to characterize the microstructures.
Separately, a FS specimen under the same conditions was prepared for imaging under
transmission electron microscopy (TEM). The sample was sectioned to create plan-view
samples of the cathode, middle and anode. Each section was ground, polished and dimpled,
followed by final polishing done using a precision ion milling machine, PIPS II, Gatan.
Microstructural characterization was completed by the FEI TALOS F200X TEM operated

at 200 kV.

5.1.4 Results

The three stages of flash sintering (212) were shown in Fig. 41. In stage |, the
sample temperature rose high enough for necking to occur between grains. The necking
created conduction paths for a small current, which resulted in modest dimensional
shrinkage. As a constant voltage was applied to the shrinking sample, the apparent electric
field increased and, combined with increased conductivity due to densification and heating,
an exponential rise in current necessitated a current limit to avoid thermal runaway. This
stage is where most of the densification occurred along with pore closure (80). In the final
stage of flash sintering the electric field gradually declined to a steady state to maintain
constant current. Final densification and grain growth were characteristic of this stage.
With significant grain growth pore breakaway occurred, resulting in round intragranular

pores (213).
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Figure 40: An electric field is applied as TiOz is heated, resulting in a nonlinear rise in
current, which is limited to a maximum value of 5A/cm? by limiting the applied electric
field. The resulting power density (P=EJ) causes rapid densification, represented by linear

strain. The three stages of flash (I, 11, and I11) are labelled. While most of the densification
occurs in stage 11, grain growth continues in stage I11.

The microstructure, indicated in Figure 42, showed three distinct regions. At the
cathode, Figure 42(a) and (d), pore closure was incomplete and grain growth was limited
(0.41 £ 0.15 pum). In the middle region, Figure 42(b) and (e), most pores had been
eliminated and gradual grain growth (0.90 + 0.43 um) occurred, indicated by limited
intragranular porosity. Large grains (1.34 + 0.66 um), intragranular porosity, and regions
of abnormal grain growth were evident at the anode, Figure 42(c) and (f). A summary of

these results and comparison to conventional sintering is given in Fig. 43.
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Figure 41: Significant electrode effect revealed in microstructure for flash sintering at the
(a) cathode, (b) middle, and (c) anode. TEM microstructure reveals high intergranular
porosity at the cathode (d) with limited grain growth compared with rapid, abnormal grain
growth at the anode (f) and high intragranular porosity, which is not found in SEM due to
filling of intragranular pores during polishing and thermal etching. The middle region (e)
has characteristics of both anode and cathode. TEM images are shown, with permission,
by Dr. Haiyan Wang’s group at Purdue University.



98

(b) Mean grain Standard Apparent Porosity
size (um) | Deviation (um) (SEM) (%)
CS 1.352 1.033 1%
FS-Cathode 0.405 0.148 6-7%
FS-Middle 0.896 0.434 <1%
FS-Anode 1.343 0.656 <1%

Figure 42: (a) Microstructure of rutile TiO> sintered by heating conventionally to 1150°C.
(b) Comparison of mean grain size for CS and for the three regions of FS has been included.

A cross section of the profile of the pellet is shown in Figure 44(a) with cathode,
middle, and anode corresponding to white, grey, and dark grey coloration. Three
fundamental Raman vibration modes were identified for rutile: Big = 144 cm™ O-Ti-O
bending mode, Eq = 448 cm™ O c-axis liberation mode, and A1g= 612 cm™ Ti-O stretch
mode (214-216). Comparison of the cathode, anode, and CS reference indicated no visible
Raman peak shift for the three identified fundamental Raman modes, Figure 44(b).
However, Raman peak reduction and broadening (Figure 44(c)), especially at the anode,
indicated a decrease in crystallinity (217-219) which is counterintuitive considering the

increase in grain size and corresponding reduction in the number of grain boundaries.
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XPS analysis of three positions corresponding to measurements from cathode to
middle to anode indicated a downshift of the binding energies for the Ti2ps2 (458.9 eV to
458.7 eV), Ti2p12 (464.6 eV to 464.4 eV), and O1s metal oxide bonds (530.2 eV to 530.1
eV), shown in Figure 44(d) and (e). XPS downshift, corresponding to reduction of a portion

of Ti** ions to Ti**, indicated an increase of Vo™ defects (220, 221).
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Figure 43: (a) Cross section of the sintered pellet with different levels of blackening.
Normalized Raman Spectroscopy (b) indicates no shift of the Raman vibrational modes
despite change in stoichiometry. Decrease in intensity (c) is caused by reduced
crystallinity. Normalized XPS intensity, with background removed, are shown for (d) O1s
peaks and (e) Ti2p peaks.
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5.1.5 Discussion

Three possible explanations are provided for the gradient of oxygen vacancies

corresponding with enhanced sintering and grain growth:

1) Oxygen depletion changes the stoichiometry of TiO; at the grain boundaries
resulting in enhanced sintering and grain growth. However, oxygen vacancies move
towards the negative electrode as they are positively charged so the direction of the

reduction and grain growth should be opposite to that observed.

2) The electric field causes vacancy-interstitial pair formation (Frenkel pairs) that
under sintering pressure diffuse to the grain boundaries and pores, respectively,
resulting in enhanced diffusion kinetics (43, 211). The titanium cations are
relatively less mobile and remain in the structure while some oxygen anions are
released into the environment (84). The question remains as to why there would be

a microstructure gradient.

3) A temperature gradient from cathode to anode enhances grain growth. This can
be caused by a Peltier effect, also seen in SPS with the same orientation (2, 3). The
resulting grain growth increases ion mobility by decreasing the number of grain
boundaries and corresponding space charge layers which act as oxygen vacancy

traps (222).

In situ energy dispersive X-ray diffraction (EDXRD) during FS of TiO2 shows that
there was an inhomogeneous lattice expansion across the length of the specimen, parallel

to the electric field (169). The lattice expansion was largest near the anode and smallest at
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the cathode. As the ionic bonds in ceramics expand in length during heating, this lattice

expansion is an indication of differential heating.

To explain this temperature gradient we hypothesize a Peltier effect, which occurs
due to the temperature gradient formed by current flow across two different conductors (or

semiconductors) (223),
Q= (T4 — )l ~ (Sp — Sp) , (5.1.1)

where Q is the heat generated (or expended) per unit time, IT is the material dependent

Peltier coefficient, and I is the current flowing through the circuit.

More commonly known from studies of thermoelectric materials, the Seebeck

coefficient related to the Peltier coefficient by the Thomson relation, S = % . Thus,

Q~ (Sa—Sg), (5.1.2)

Seebeck coefficients for metals are typically orders of magnitude lower than those for
semiconductors (224). Thus, we can approximate Q ~ —Srio, for anode and Q~ +Sio,
for cathode. As the Seebeck coefficient for TiO: is negative (225) we find qualitatively that

there will be heating of the anode and cooling of the cathode.

In n-type semiconductors, such as TiO, and ZnO, the predominant charge carriers
are electrons and, in agreement with predictions by Yu, et al. (189) this causes heating near
the positive electrode (anode) and cooling near the negative electrode (cathode), which
causes charge. Abnormal grain growth at the anode side of ZnO pellets sintered under flash

conditions has also been observed independently by two groups (99, 175).
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5.1.6 Summary

In summary, the findings demonstrate a reduction of TiO2 due to the directional
conduction of oxygen ions under the applied DC electric field as determined by Raman
and X-Ray Photoelectron Spectroscopy. The microstructural gradient across the sample
thickness from anode to cathode is explained by differential heating due to the Peltier
effect, which causes heating at the anode and cooling at the cathode. This abnormal grain
growth at the anode depletes the number of grain boundaries, which act as oxygen vacancy

traps, and cause further non-stoichiometry (blackening) at the anode.

5.2 In situ Measurement of Temperature and
Reduction of Rutile Titania using Energy

Dispersive X-ray Diffraction

5.2.1 Disclaimer

This work has been submitted to the Journal of the European Ceramic Society
(169). The author constructed the experimental apparatus and performed the experiments
with the help of Dr. Shikhar K. Jha. The principal investigator of this work is Dr. Thomas
Tsakalakos. Part of the analysis was performed at Purdue University by Han Wang and
Xin Li Phuah under the direction of Dr. Haiyan Wang. This work was funded by the Office
of Naval Research under subaward Contract No. 4104-78982-820133 for Rutgers
University and N00014-17-1-2087 for the flash sintering effort and N0O0014-16-1-2778 for

the TEM work. The other part was performed with the help of Dr. John Okasinski at
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Argonne National Laboratory, Advanced Photon Source, Beamline 6BM-A under Contract

No. DE-AC02-06CH11357.

5.2.2 Introduction

Flash Sintering is a new technique first developed by Cologna, et al. to sinter
3mol% vyttria stabilized zirconia at 850 °C in seconds (6). Since the development of this
technique many oxides have been successfully sintered including 3YSZ (17, 18, 212), ZnO
(94, 95), TiO2 (79, 83), Y203 (102), SnO2 (90), 8YSZ (49, 50, 53), Al,03 (43), CeO; (67-
69), SrTiO3 (70, 72), BaTiOs (87), CoMnOx (66), KNN (106), HA (108), LSGM (114),

MgAl,04 (113), BiFeOs (117, 118), ZrO (93, 119), and UO2 (122).

In non-isothermal flash sintering experiments the furnace temperature ramps up at
a fixed rate with an electric field is applied across the two ends of the ceramic green
compact. The three stages of flash sintering of titania have been explained in another work
(176). In brief, the temperature of the specimen rises in Stage I, allowing a small, linear
rise in current due to higher electrical conductivity. After a short incubation time, which is
determined by the material composition, applied electric field, and furnace temperature,
the current density begins to rise and causes noticeable Joule heating, which marks the start
of Stage Il. There will be an increase in current density with rising electrical conductivity,
which in turn induces more current to pass through with the same applied voltage. The
feedback loop will limit the current at a fixed value, leading to runaway Joule heating and
consequently an increase in the specimen temperature. The power supply switches into
current control at the current limit and the electric field drops in response to increasing
conductivity. Once the material reaches its highest conductivity, the electrical field reaches

the steady state of Stage IlI.
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In isothermal flash sintering experiments, where the furnace temperature is held at
a given temperature, the incubation time of Stage | can be skipped altogether by applying
a sufficient electric field to cause a nonlinear rise in conductivity and feedback loop. In this
case, the current density is still limited at a user defined current limit, initiating Stage III,
but the furnace temperature remains fixed and the electric field can reach steady state more
rapidly. Isothermal flash experiments are more suitable when attempting to study

properties in situ by eliminating an additional variable.

The mechanism(s) responsible for rapid densification in flash sintering remain
highly debated, Proposed mechanisms include Joule heating above the conventional
sintering temperature (16, 56, 62, 94), rapid heating which destabilizes the grain boundaries
(37,99, 100, 175), the generation of defects as a result of the applied electric field (29, 43,
155, 211), pore migration caused by surface cation diffusion (50, 55), and local melting or
softening at the grain boundaries which induces liquid phase sintering (156, 158). Two in
particular, defect generation and Joule heating, make predictions about specimen
temperature below (155) and above (62) conventional sintering temperatures, respectively.
However, studies of flash sintering in ZnO (170, 175) have shown that the flash sintering

temperature approaches the conventional sintering temperature.

Rutile TiO- is a model system for flash sintering studies (79, 80, 82-84, 86) due to
its stable crystal structure. It is an n-type semiconductor, similarly to ZnO, which likely

undergoes a similar densification mechanism during flash sintering.

Energy Dispersive X-Ray Diffraction (EDXRD) is a unique tool that uses a
stationary detector to measure a complete x-ray diffraction pattern in real time. EDXRD is

a special case where there is no monochromator, i.e. the full spectrum of white light x-ray
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radiation is utilized such that a particular x-ray photon energy is analogous to a 20 angle.
Thus, the detector can be placed in a stationary position and the same spectrum is measured
throughout the experiment. In addition, utilizing the high intensity X-ray source at the
synchrotron facility at Argonne National Laboratory (ANL) Advanced Photon Source
(APS) gives data at a high acquisition rate so the flash event and changes in crystal structure

can be tracked in situ.

Another advantage of EDXRD is that it allows the user to select a diffraction
volume within the sample and collect data only within the volume with size determined by
the cross sectional area of the beam and the relative position and orientation of the detector
with the incident radiation. The outer surface of the sample within the beam path is not
collected unless desired and, thus, the data collected is the bulk data unlike the case of a

pyrometer, which only collects surface data.

Using this tool, the temperature can be approximated by comparing the lattice
expansion of the specimen to the lattice expansion of a conventionally heated standard. In
addition, if the lattice goes through significant reduction, the lattice parameter of some unit

cells changes in response to the change in bond length caused by reduction of metal cations.

Another means of calculating the specimen temperature, which assumes that the
emission of energy in the form of radiation matches the additional thermal energy absorbed
by the specimen due to Joule heating is known as the blackbody radiation model (62, 95,

118, 155) such that

I, +1=oT4 (5.2.1)
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where I, = oTg is the blackbody radiation generated by the sample in the furnace before
flash, 1 is the additional power (W) per unit surface area (A) expended due to the resistance
of the sample, o is the Stefan-Boltzmann constant (5.67 x 1012 W-cm2-K™*), and T is the

sample temperature (K).

This is a straightforward model which gives a simple expression for the specimen

temperature (155),
T =[To* + ]V (5.2.2)

However, this model omits the fact that ceramics are not perfect blackbodies. In
addition, while dogbone specimens have limited thermal conduction as the only connection
to the dogbone are two thin platinum wires, pellets are generally sandwiched between
electrodes in a stage with bottom base and top pushrod. Incorporating these factors gives a

greybody radiation model with thermal conduction for the average specimen temperature,
lo+1= eoT* + kT, (5.2.3)

where I, = eoT¢, e is the material emissivity, generally ~ 0.9 for oxides (37, 79), k is the
material dependent thermal conductivity (W-cm™-K?1), AT = T — T, is the difference in
temperature between sample and furnace, and L is the pellet thickness. Derivation of this

model is given in Appendix B.

In addition, for n and p-type semiconductors, there is a significant Peltier effect
caused by the flow of charge carriers that creates an inhomogeneous temperature

distribution through the length of the pellet,

T(x) = — —x3 —Zlikx2 + (%

- +(5+b)5)x+Ty, (5.2.4)
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where a and b are fitting constants for the power density per unit volume at a position, x
along the thickness of the specimen, T is the temperature at x=L, and T is the temperature
at x=0. This function suggests the temperature has a cubic trend with maximum near the
anode for n-type semiconductors (T, —T; > 0) and near the cathode for p-type

semiconductors (T, — T; < 0).

Furthermore, microstructural characterization can be used to compare conventional
sintering (CS) to flash sintering (FS) to help determine whether the sintering has a different
character and what can be determined about the predominant mechanism responsible for

the diffusion kinetics of TiOz during flash sintering.

5.2.3 Experimental Methods

Powder Processing, Conventional Heating, and Flash Sintering

Titania nanopowder (~50nm) from Inframat Advanced Materials, Product #22N-
0814R was pressed in a 6mm die with 200MPa uniaxial force. Green bodies with 4mm
thickness, 6mm diameter, and 52-53% density were heated overnight in a drying oven at

130 °C to remove excess moisture on the surface of the grains.

During the CS experiment the pellet was heated at a rate of 10 °C - min™* from room
temperature to 1200 °C. For the FS experiments the sample was heated to 850 °C at a rate
of 10 °C-min! and held for 5 minutes to stabilize the temperature before the electric field

was applied. This temperature is too low for significant sintering to occur.

Three FS experiments were run in succession with a five minute gap between runs
to allow the specimen to cool to furnace temperature. An electric field of 200 V - cm™ was

applied, higher than needed based on the literature (150 V-cm™) (79), to allow the sample
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to rapidly go into current control. Three FS experiments were run in succession with three
different current density limits: 1 A-cm?, 3 A-cm?, and 5 A-cm?. The specimen
predominantly densifies to >90% of theoretical density during the first run and mostly
undergoes grain growth during the second and third runs. At the end of the experiment the

furnace was turned off and the furnace cooled to room temperature.

The samples prepared for SEM analysis were run separately in the laboratory. The
CS samples were prepared by heating at a rate of 10 °C-min* to 1000 °C, 1050 °C, 1100
°C, and 1150 °C, holding for 1 minute, and cooling at a rate of 10 °C-min™* to room
temperature. The FS samples were separately heated to 850 °C at a rate of 10 °C-min™,
held for 5 minutes, and then 200 V-cm™ was applied with a preset current density limit, 1
A-cm?, 3 A-cm™, and 5 A-cm™?, with three-minute hold time in current control to match
the synchrotron conditions, after which the electric field was turned off and the samples

were cooled at a rate of 10 °C-min.
Energy Dispersive X-Ray Diffraction

The detector was placed at an angle, in this case 26 ~ 3°, measuring one portion of
the diffraction ring. For nanometer and submicron sized particles the gauge volume
contains enough grains with random orientations so texturing did not affect the intensity of
the collected beam. However, as grain size increased to microns or tens of microns the
orientation of the large grains affected the counts collected at that particular site on the
diffraction ring. The slits were limited to 2 mm x 0.2 mm to balance intensity requirements,
for which a larger beam size increases intensity, to the constraints of the furnace such that

the gauge volume was small enough to avoid collecting data from the surrounding stage.
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For conventional heating counts were collected over a 60 second period, roughly
coinciding to 1 scan/ 10 °C. Since conventional sintering is a slow process 60 seconds was
still a fast enough acquisition rate to track the sample properties. For the profile scans
collected over the specimen length, from positive to negative electrode, a 1 second
acquisition time was taken per position with a 5 second delay to change the sample position
using the automated xyz stage. Each scan covered a full, 0.2 mm section of the sample and

the stage was shifted by 0.2 mm vertical steps for the remaining scans.

X-rays were collected in a germanium detector at different penetration depths, or
channels, such that channel number is proportional to the frequency of the x-ray. These
frequencies, corresponding to energies, are reciprocal to the d-spacing in real space and
calibration standards were used to convert the data from channel to energy to d-spacing.
Using 8YSZ and CeO2 as calibration standards yielded the following fitting constants (see
Appendix A, Equations (5.2.7.2) and (5.2.7.3)): A =0.1840 keV, B = 0.0349 keV, and 20
= 3.004°. The spectra were fitted using a purpose built MATLAB fitting program

approximating the peaks to a Pseudo-Voigt shape.

This process is summarized schematically in Fig. 45 and 46 and has been used in
other publications (52, 112, 170, 171). The results, including fitting of the a and c lattice
parameters versus temperature during conventional heating, are given in Fig. 47. The
electric field, current density, and power density for each experiment are shown in Fig.
48(a) while the response of the a and c lattice parameters during FS are shown in Fig. 48(b)

and (c).



Polychromatic
X-ray Beam

Slits

110

Variable 28 Moving Detector

-—— = - or

Area Detector

Sample

Transmitted

[ﬁﬁracted
beam

Fixed 26

Fixed Detector

Figure 44: Schematic summary of energy dispersive x-ray diffraction (EDXRD) contrasted
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Voigt function. The contour plot is taken for conventional heating of TiO2 to 1200 °C.
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Figure 46: Using a gauge volume defined by collimating beam slits (a), a bulk section of
the specimen has its Miller indices tracked allowing for calculation of lattice parameters
(b), a and c, as well as the relative lattice expansions (c), Aa/a, and Ac/co, during
conventional heating of rutile TiO,.

Fracture surfaces were prepared for each of the four CS and three FS samples. SEM

analysis of the anode, middle, and cathode were performed for the FS specimens due to the
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microstructural variation throughout the sample. TEM analysis was also performed for the
anode side of the 5 A-cm FS specimen. The plan-view TEM sample was prepared through
the conventional approach which includes manual grinding, polishing, dimpling and final
polishing in an ion milling system (PIPS Il, Gatan). FEI TALOS TEM operated at 200 kV

was used in this study for microstructure characterization.

5.2.4 Results

Energy Dispersive X-Ray Diffraction — Peltier Effect, Reduction, and Temperature

Approximation Methods

The majority of the sintering occurred at a current density as low as 1 A/cm? as
shown in Fig. 52. Initial sample size of 4 mm decreased to 3.4 mm due to densification.
The next two experiments further increased the density to >95% although this small change

in thickness did not change the number of profile steps.

At J =1 A-cm? two effects were apparent (Fig. 48 (b) and (c)): an asymmetric
expansion of the lattice towards the anode, near the positive electrode, compared with the
cathode, near the negative electrode, and a contraction of the lattice at the two ends in
contact with the electrodes. The asymmetric lattice expansion suggests an asymmetric
temperature distribution, which agrees with results from another study (176) where this
effect was attributed to a continuous Peltier effect in agreement with predictions from a
review by Yu, et al. (226). The lattice contraction at the ends suggests cooling due to

thermal conduction.
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Figure 47: (a) Electric field, current density, and power density during 3 current limit
regimes: 1 A-cm?2, 3 A-cm?, and 5 A-cm2. Comparison of (b) lattice parameter, a, (c) and
lattice parameter, c, before flash at T = 850 °C and at steady state J = 1 A-cm?, 3 A-cm?,
and 5 A-cm™.
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For J = 3 A-cm the lattice expansion increased compared with 1 A-cm. However,
for J =5 A-cm? only a small lattice expansion was observed compared with 3 A-cm™.
Furthermore, the electric field in the steady state at 5 A-cm™ was actually lower than the
electric field at 3 A-cm (Fig. 48(a)), which resulted in slightly higher power density. Since
the conductivity of ceramics generally increases with temperature, this effect mitigated

most of the Joule heating.

As indicated in Fig. 49, for higher current densities some positions displayed a peak
shoulder formation which distorted the peak shape and created the appearance of a much
larger heating effect. The shoulders were treated as secondary peaks of lower intensity
which indicated longer bond lengths for a fraction of the unit cells. This effect can be
attributed to the expansion of the ionic radius of Ti®* (0.67A) in comparison to Ti**
(0.605A), which resulted in lattice expansion of some of the unit cells during the transient

period of flash (227).
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Figure 48: Shoulder formation occurs due to second peak formation. Fitted peaks modeled
as a Pseudo-Voigt (Gaussian + Lorentzian) shape. The larger ionic radius of Ti®* compared
with Ti*" causes a lattice expansion in the positions where oxygen vacancies have formed.

Using the calibration based on lattice expansion in conventional heating the
temperature during steady state flash sintering was estimated experimentally (Fig. 50 and
Table 5). The results showed that the blackbody radiation model overestimated the
temperature beyond the maximum limit. Using a greybody radiation model, where the

emissivity is approximated to ~ 0.9, the difference became even more evident.
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Figure 49: Temperature approximation at the middle of the specimen using calibration of
lattice parameters a (cal-a) and c (cal-c) compared with black body radiation model (bbr),

greybody radiation model (gbr), and greybody radiation model + thermal conduction
(gbr+tc).

Table 5: Lattice parameters, a and c, and temperatures approximated using lattice
calibration and blackbody radiation model.

a c blackbody | greybody | greybody+
conduction
A [TCC)| A |[T(C)| T(C) T (°C) T (°C)
850°C | 4.6274 | 850 | 2.9870 | 850 850 850 850
Flash 1A | 4.6367 | 1040 | 2.9941 | 1010 1163 1188 1001
Flash 3A | 4.6409 | 1120 | 2.9982 | 1105 1327 1361 1124
Flash 5A | 4.6421 | 1140 | 2.9984 | 1110 1349 1383 1143

Incorporating thermal conduction is somewhat more complicated. Thermal
conductivity increases with density due to increased grain-grain contacts at higher density,

but the thermal conductivity was approximated to k = 0.033472 W - cm ™! - K~ from the
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literature (162) with 0% porosity rutile TiO2 from 600 °C - 1200 °C. The difference in

thermal conductivity at 90%-+ compared with 100% is assumed to be small.

In addition, as the temperature of the specimen increased during flash the
temperature of the electrodes in contact with the specimen increased as a result of thermal
conduction. Thus, the value of T, at the interfaces is power density dependent. A rough
approximation was made by scaling the increase in interface temperature by ~5 times the
power density through the specimen. This is by no means an exhaustive approach and steps
can be taken to approximate the interface temperatures experimentally. Calculating the
flash temperatures using Eg. (5.2.3) gave more reasonable values compared with

consideration of radiation alone (Fig. 50).
Microstructure Analysis

The microstructure at the cathode and anode (Fig. 51) confirms that the temperature
was lower at the ends during flash, which is expected considering thermal conduction from
the sample to the electrodes. The anode for all three conditions is composed of larger grains
than the cathode, confirming a Peltier effect with thermal conduction at the two ends is the
largest factor in grain growth during flash and a temperature profile is qualitatively shown
in Fig. 52 fitting to the lattice expansion. TEM analysis (Fig. 53) of the microstructure at
the anode with J = 5 A-cm indicates that abnormal grain growth occurred, with abnormal
grain boundary migration potentially forming stacking faults and trapping many
intragranular pores. Furthermore, bimodal grain size distribution, marked by red dashed

lines, is evident in the microstructure with large grains adjacent to small grains.
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Figure 50: Profile contour maps of the strain in the diffraction peak from Miller index (101)
of TiO, flashed at 1 A-cm?, 3 A-cm?, and 5 A-cm™. Accompanying fracture surfaces
showing the grain sizes at the in the anode, middle, and cathode regions.
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Figure 51: Cubic fitting of temperature distribution for profiles 1 A-cm?, 3 A-cm™, and 5
A-cm based on cubic solution to the heat equation with linear Peltier effect.



Figure 52: (a)-(b) TEM images from the anode side of J = 5 A-cm™ specimen. Stacking
faults are marked by yellow arrows (a) and bimodal grain size distribution are marked by
red dash line (b). High density of intragranular pores is evident in large grains. TEM images
are shown, with permission, by Dr. Haiyan Wang’s group at Purdue University.

In comparison with the microstructure in FS, the same behavior was apparent in CS
(Fig. 54). Submicron grains and remaining open porosity at 1000 °C became ~1 um and
low porosity at 1050 °C. As the maximum sintering temperature increased to 1100 °C
abnormal grain growth along with bimodal grain size distribution occurred, which is
comparable to microstructure near the anode for FS at 5 A-cm2. Heating to 1150 °C caused
a huge grain growth to ~18.5 um. In this context the huge difference in grain size for FS
samples at different regions is comparable to the sudden grain growth with relatively small

change in CS temperature.
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Figure 53: Comparison of microstructure during conventional sintering to (a) 1000°C, (b)
1050°C, (c) 1100°C, and (d) 1150°C. Runaway grain growth, (c) and (d), and bimodal
grain size distribution, (c), evident in conventional sintering when heating past required

sintering temperature.
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Figure 54: Fitting of exponential growth of grain size with respect to temperature for
conventional sintering. Grain size of cathode, middle, and anode for 1 A-cm?, 3 A-cm?,
and 5 A-cm fitted to curve, which allows for extrapolation of temperature approximation.
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By fitting an exponential function to the average grain size of the CS samples,

G(pum) = aePTCO witha =3 x 1073 pmand b = 0.0277 °C™ 1, (5.2.5)

the temperatures for the cathode, middle, and anode of the FS samples can be extrapolated
(Fig. 55 and Table 6). These temperatures are in agreement with the temperatures derived

from the EDXRD temperature calibration.

Table 6: Average grain size along with standard deviation approximated using Lince
software. Using exponential growth model allows temperature extrapolation of cathode,
middle, and anode for 1 A-cm?, 3 A-cm™, and 5 A-cm™,

Condition Average Grain Standard Extrapolated
Size (um) Deviation (um) | Temperature (°C)

CS-1000°C 0.32 0.12 1000
CS-1050°C 0.95 0.48 1050
CS-1100°C 5.06 431 1100
CS-1150°C 18.47 11.17 1150
FS-1 A-cm cathode 0.18 0.09 980
FS-1 A-cm™ middle 0.44 0.20 1015
FS-1 A-cm™ anode 0.23 0.09 990
FS-3 A-cm cathode 0.54 0.29 1020
FS-3 A-cm™ middle 1.75 3.86 1120
FS-3 A-cm™ anode 0.90 0.38 1040
FS-5 A-cm2 cathode 2.87 1.18 1080
FS- 5 A-cm™ middle 13.59 8.27 1140
FS-5 A-cm™ anode 3.55 2.43 1090
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Geometric measurements of overall sample density were also performed. For the
FS experiments, 1 A-cm?, 3 A-cm™, and 5 A-cm™, the specimen density measured 91%,
96%, and 98%, respectively. For the CS experiments, 1000 °C, 1050 °C, 1100 °C, and

1150 °C, the specimen density measured to 88%, 94%, 96%, and 96%, respectively.

5.2.5 Discussion

The asymmetric lattice expansion can be modeled with a cubic function as given in
Eq. (5.2.4) according to the heat equation with internal heat generation and the Peltier
effect. Furthermore, the grain size at the cathode, middle, and anode confirm that the
differential heating is the predominant factor controlling the microstructure under flash
conditions. As the Peltier effect is a Joule heating effect this suggests that the predominant

mechanism in flash sintering of TiO> is Joule heating.

To achieve uniform microstructure use of an AC power supply is preferable as the
Peltier effect does not cause an asymmetric heating profile due to the constantly changing
direction of the electric field. In this case there will be less sintering at the two ends due to
the temperature drop from thermal conduction, but these can be ground away in post

processing.

EDXRD temperature calibration confirms that a purely radiative temperature
model will overestimate the temperature for specimen inside a stage due to thermal
conduction. However, dogbone specimens were not tested and their temperatures may be
approximated with greybody radiation as there is minimal contact for thermal conduction

since the dogbone is suspended with thin wires through holes at the two ends.

For the observed shoulder formation in Fig. 49, we present three possible explanations:
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1- The current may have taken preferred paths through the sample, which will give
higher than average temperatures where current localizes and lower than average
temperatures where there is no power. As EDXRD takes the sum of the statistics
from a gauge volume, with cross section 2 mm x 0.2 mm in this case, the counts
will come from both parts of the volume, yielding a range of bond lengths
corresponding to different temperatures. However, in this case, SEM analysis
should yield microstructural inhomogeneity in regions parallel to the path of the

current, which was not observed.

2- Local heating at the grain boundaries results in two peaks: one for the bulk and
one for the grain boundaries. This would support predictions of grain boundary
melting (156) or softening (158), which would greatly enhance the sintering rate
through liquid phase sintering. However, the volume fraction of peaks at higher
temperature is too high to be coming from grain boundary melting, which would
only affect a small portion of the volume near the grain boundaries. In addition,
liquid phase sintering should be visible in the microstructure. A previous study with
Ce0O2 (171) shows a more distinct double peak formation towards the cathode
which has an inverse relationship with grain growth/sintering in contradiction to
the previous prediction. In addition, such a high temperature rise at the grain

boundaries (Table 7) should distribute to the bulk quickly (37, 175).
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Table 7: Peak positions and temperature from temperature calibration, for main peak and
shoulder peak maxima at 3 A-cm? and 5 A-cm™.

Current Unit Cell Temperature
Density (A/cm?) Volume (A% (°C)
3 TiO2 64.8510 1225
TiO25 66.1593 1700
5 TiO2 64.5174 1090
TiO25 67.1227 2015

3- Reduction of a percentage of the unit cells of TiO> due to oxygen ion conduction
causes bifurcation to two peaks: stoichiometric TiO2 and nonstoichiometric TiO2.s.

This result is in agreement with the aforementioned study of CeO:..

Reduction of TiOy, is likely the cause of the peak splitting. However, this does not
infer enhanced sintering as the rate limiting step is diffusion of the larger Ti*" ions and is
likely the byproduct of the high temperature at those positions, as higher temperature also
enhances oxygen ion transport under the applied electric field either directly, through
enhanced diffusion kinetics in the bulk, or indirectly through abnormal grain growth, which

reduces the number of grain boundaries and, thus, oxygen vacancy traps (222).

It has also been observed (176) that there are two types of charge transfer during
flash sintering of TiO2, electrons and O% ions, the latter of which results in a visible
blackening nearer to the positive electrode and has been confirmed using X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy. This blackening coincides

with enhanced densification and grain growth.

Comparison of microstructure for FS to the grain growth model from CS shows

that the level of grain growth is in line with CS at the same temperatures. The abnormal
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grain growth and bimodal grain size distribution that occurs with sufficiently high current
density is also found in CS with sufficiently high temperature. Approximation of

temperatures from EDXRD further confirms this conclusion.

One key difference is the shorter sintering times due to the rapid heating to
maximum specimen temperature during flash. Fast heating rates are known to enhance the
grain boundary diffusion leading to enhanced densification during flash sintering at
temperatures comparable to conventional sintering (37, 99, 175). In addition, numerous
results on conventional fast firing have demonstrated this effect without applied electric
field (166-168). Proposed theories for this effect include the avoidance of grain coarsening
due to the rapid heating to sintering temperature and destabilization of the grain boundaries
from their equilibrium states, producing grain boundaries with diffusive structures that

allow enhanced mass transport.

5.2.6 Conclusions

In this work we present an alternative route to measuring the temperature of the
specimen during flash by calibrating the lattice parameters during FS to CS. This approach
allows bulk measurement, unlike pyrometers which measure surface temperature. The
temperatures for FS have been confirmed to be comparable to CS as has also been reported
for ZnO (170). In addition, by using synchrotron radiation rapid measurements can be made
including profile scans, which have shown a significant Peltier effect in TiO2> which
corresponds to microstructure inhomogeneity in the sample. Thus, for n-type
semiconductor oxide ceramics Joule heating appears to be the dominant mechanism of
sintering. The time required for sintering is lowered, but this is in line with other reported

results of fast firing, potentially due to the destabilization of grain boundary “complexions”
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during rapid heating (37). Use of an AC power supply is recommended to achieve uniform
microstructure by avoiding the Peltier effect or directional reduction.
5.2.7 Appendix A — Energy Dispersive X-Ray Diffraction

According to Bragg’s law,
nA = Zdhkl sin 6, (5271)

where n is a positive integer, taken as 1, A is the incident wavelength dnk is the d-spacing

of the Miller index, hkl.

Since the energy of a photon, E = hv = hc¢/A, with Planck’s constant h = 6.626x10"

34J'S

hc __ 6.1992(keV-A)
2dpk) Sin © - dpk1 Sin®

Epi (keV) =

(5.2.7.2)

The x-rays are collected in a germanium detector where penetration depth (channel #) into

the detector is proportional to the energy of the x-ray. Thus,

Ehkl = A + B * channel ) (5273)

from which the d-spacing of the diffracted beam can be calculated using equation 5.2.7.2.

After tracking the d-spacing of the diffracted peaks, the lattice parameters can be
calculated depending on the geometry of the unit cell. Rutile TiO2 has a tetragonal unit

cell. The lattice parameters can be solved using the following equation,

L_hie P (5.2.7.4)

dz a2 c2’
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with two equations from the d-spacings of the Miller indices (110) and (101). From these

parameters the unit cell volume is determined,
V = a’c. (5.2.7.5)

Calculation of fitting equation during conventional heating gives a and c lattice parameters,

unit cell volume, and c/a ratio.

a = (8.185x1079)T? + (3.446x1075)T + 4.592 (5.2.7.6)
c = (8x107%)T? + (2.798x107>)T + 2.957 (5.2.7.7)
V = (4.159x1077)T? + (1.52x1073)T + 62.37 (5.2.7.8)
c/a = (5.717x1071%)T? + (1.268x107°)T + 0.644 (5.2.7.9)

5.2.8 Appendix B - Greybody Radiation and Thermal

Conduction Model

Starting from the blackbody radiation model presented by Yang, et al. (8),
I, +1=0T* (5.2.8.1)

where I, = oT¢ is the blackbody radiation generated by the sample in the furnace without
flash (W-cm), I is the extra blackbody radiation generated due to the power dissipation
during flash (W-cm), o is the Stefan-Boltzmann constant (5.67 x 10712 W-cm2.K*), and
T is the sample temperature (K). This model assumes a perfect blackbody with emissivity,
€ = 1, but we instead need to take € ~ 0.9 for oxides (79). It is important to note that this

IS an approximation since € value is a function of temperature as well as wavelength.

This greybody radiation model now reads
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I, + 1= eoT?, (5.2.8.2)
with I, = eoTg. This results in a modest increase in the temperature approximation.

In the case of a dogbone, hanging from two platinum wires, the effect of thermal
conduction is negligible. Thus, this greybody radiation model alone is sufficient to get a

good approximation of the temperature during flash sintering of dogbone specimens.

However, in the case of cylindrical pellets, the specimen is wedged between a
bottom and top pushrod. In this case there can be significant thermal conduction out of the
sample due to the temperature difference between sample and alumina pushrod which is at

furnace temperature. We add a thermal conduction factor to modify this equation,
I, + 1= €oT* + I.onduction (6 X) (5.2.8.3)

where I.onduction 1S the power loss per unit area (W-cm?) due to conduction to the

electrodes.

In the case of the steady state of flash there are constant specimen and stage

temperatures and constant cross sectional area. The temperature gradient reduces to
K
Iconduction~ L_/Z AT, (5.2.8.4)

where k is the material dependent thermal conductivity factor (W-cm™-K™?), L is the
thickness of the pellet, and AT = T — T, T. is the temperature at the contacts. The final

temperature can be computed using a greybody radiation and thermal conduction model,

o +1= eoT*+ZAT. (5.2.8.5)
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5.2.9 Appendix C — Temperature distribution with Peltier Effect

and Thermal Conduction
The heat equation with internal heat generation takes the form,

dT _ k Py
= oV T (5.2.9.1)

where k is the thermal conductivity (W-cm™-K™), c,, is the specific heat capacity (J-K™),

p is the material density (kg-cm™), A is the cross sectional area, V2T is the Laplacian of
the temperature, and Py is the internal power density (W-cm™) i.e. power per unit volume

of specimen.

At steady state, % = 0 and taking a 1D approximation (5.2.8.4) can be simplified

to (5.2.8.5)
d?T _ Py
oz = o (5.2.9.2)

where Py is generally taken as constant over the specimen length. However, this is
misleading as the power density predicted by the continuous Peltier effect (Thomson
effect) is higher towards the anode (+) for n-type semiconductors. A linear power gradient

through the specimen,
Py =f(x) =ax+Db, (5.2.9.3)
where a and b are fitting constants, results in the ODE of the form,

= —L(ax+b). (5.2.9.4)

dx?

The solution to this equation is cubic,
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b
T = —%x3 — X2+ 0x+ Gy, (5.2.9.5)

which can be solved with the boundary values T(0) = T;and T(L) = T, ,

109 =~ =+ (S50 () e . 6299

For AC electric field, Peltier effect does not apply so T(0) = T, and T(L) = T,

giving a quadratic solution to Equation (5.2.9.2) with Py = constant such that

T() = —20x? + x4+ T, . (5.2.9.7)
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6. CeO, — Preferential Non-stoichiometry

and Temperature Approximation

6.1 In-situ Observation of Oxygen Mobility and
Abnormal Lattice Expansion in Ceria during Flash
Sintering

6.1.1 Disclaimer

This work has been published in Ceramics International (171). Dr. Shikhar K. Jha
performed the experiments and analysis with the help of the author and Christopher Mead.
The principal investigator of this work is Dr. Thomas Tsakalakos. Part of the analysis was
performed at Purdue University by Han Wang and Xin Li Phuah under the direction of Dr.
Haiyan Wang. This work was funded by the Office of Naval Research under subaward
Contract No. 4104-78982-820133 for Rutgers University and N00014-17-1-2087 for the
flash sintering effort and N00014-16-1-2778 for the TEM work. The other part was
performed with the help of Dr. John Okasinski at Argonne National Laboratory, Advanced

Photon Source, Beamline 6BM-A under Contract No. DE-AC02-06CH11357.



132

6.1.2 Introduction

Sintering is the prime method in manufacturing ceramic components, wherein
powders are compacted and heated to a suitably high temperature for solid state diffusion
of particles along the grain boundaries, which results in densification. Although sintering
polycrystalline materials has provided a cheaper alternative to single crystal ceramics at
the expense of somewhat deteriorated properties, it is still a slow and energy intensive
process. In addition, problems arise due to grain growth, chemical decomposition, and
impurity segregation, among other issues. Many methods of sintering, such as spark plasma
sintering (SPS), hot pressing (HP), and microwave sintering (MW) were developed to
alleviate these problems. Flash sintering is one of the latest sintering techniques, (6) which
lowers the sintering temperature and enhances the kinetics of densification. A wide range
of ceramic materials, including insulators and high dielectric materials (43, 70, 87, 113,
115, 147, 228), semiconductors (79, 90, 94, 99, 175, 176, 179), electronic conductors (66)
and ionic conductors (6, 49, 54, 66-69, 78, 125, 229) have been sintered using this
technique. The enhanced kinetics at lower temperatures have given rise to a debate about
the mechanism(s) responsible for flash sintering. Recent papers have proposed
mechanisms such as local Joule heating (30, 63, 95, 131, 151, 170), pore migration (50, 55,
131), liquid phase sintering (145, 156, 230), fast heating rates (37, 130) and defect

generation (27, 29, 43, 64, 70, 71, 80, 84, 117, 155, 192).

Flash sintering has found applications in co-sintering of composites (54, 71, 80, 86,
92, 111, 112, 117, 120, 177) and difficult-to-sinter ceramics (106, 107, 118, 172, 231).
While presently studied ceramics seem to make the transition into the flash state at

comparable electrical power densities of 10 — 50 W/cm?® (192), it is notable that the
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contribution of Joule heating differs from one material to another. For example, while flash
sintering of ZnO, an electronic conductor, has been determined to be predominantly caused
by Joule heating (95, 96, 99, 169, 170), the sintering of ionic conductors is predicted to be
caused or aided by defect generation (6, 22, 29, 43, 49, 54, 64, 68, 70, 78, 125, 232).
Regardless of the mechanism proposed, flash sintering has been related to the conductivity
of the specimen, which can be altered by either doping (43, 49, 67-69, 73, 78, 83, 90, 115,
125) or changing the oxygen partial pressure or environment (38, 94, 96, 99). For non-
oxide ceramics, a modified spark plasma sintering has been developed and named flash
spark plasma sintering (FSPS) (135, 139, 233). A few literature review works (4, 189, 194)

on flash sintering also provide a good overview of flash sintering progress to date.

In the current study, the effect of electric field on undoped ceria, CeO2, was studied
since it is predominantly an ionic conductor, at lower temperatures than 8 mol.% yttria
stabilized zirconia (8YSZ), and does not have extrinsic defects resulting from doping. In
the first in-situ work on flash sintering by Akdogan et al. (52), abnormal peak broadening
was observed during flash sintering of 8YSZ. Since then, many in-situ diffraction
measurements have been performed for TiO2, and composites containing TiO> (82, 84, 86,
176), YSZ (27, 29, 32, 173), TiB, (112), BiFeOs (172) and ZnO (170) in which peak
positions of certain planes are used to relate the thermal expansion during flash sintering.
The effect of an electric field was investigated along the path of the current (i.e. across the
height) through the specimen and a resulting directionality effect, which has been linked
to non-stoichiometry. Microstructural comparison corroborates the theory of ionic
diffusion as the primary mechanism for conductivity and mechanism for densification and

grain growth.
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6.1.3 Experimental Procedure

Commercially available nanopowder of ceria (CeO2) was obtained from Sigma
Aldrich (Cerium (IV) oxide, nanopowder, 99.95% (trace rare earth metal basis) <50 nm
APS, BET). The powder was pressed under a uniaxial pressure of 200 MPa at room
temperature to an average density of 52.5% * 2.1 in a cylindrical die. The cylindrical green
compacts were measured with diameter of 0.6 cm and height varying from 0.37-0.40 cm.

The temperature of the furnace was held at 900 °C during the flash experiments.
An electric field of 100 V/cm was applied across the two faces of the ceria cylinder, as
shown in Fig. 57. AC and DC power supplies (Pacific Power Sources, model ACX 118
and B&K Precision power supply) were used with maximum current density of 10 A/cm?.

For the in-situ experiments that were run at the synchrotron facility at Argonne
National Laboratory, the furnace was placed in the path of a white X-ray beam (a schematic
diagram is shown in another work (170)) and the detector was placed 3 degrees from the
path of the beam. The experiments were carried out in transmission geometry with the
diffraction volume determined by the parallelepiped geometry. Two kinds of diffraction
data acquisition were used. In type I, the diffraction volume was brought into the center of
the specimen and the sample temperature was tracked during flash sintering. This provided
time-resolved diffraction peaks during flash sintering. To obtain the spatial lattice
expansion during the flash, the sample stage was moved vertically in the y-direction to
obtain a profile from top electrode to bottom electrode. Since movement of the stage takes
time, it can be obtained before the flash, during flash in the steady state (stage I11) (31),
and after turning off the electric field, but not during the transition stages. An acquisition

time of 2 seconds with a data processing time of 0.5 second was used to obtain the Energy
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Dispersive X-ray diffraction (EDXRD) spectrum. This time was chosen based on the
attenuation and diffraction intensity of the X-rays passing through the furnace and
specimen.

For calibration purposes, one specimen of ceria was heated up to 1300 °C under a
ramp rate of 10 °C/min. As the temperature rises, the cubic ceria lattice expands. This is
observed in terms of peak shift to lower energies since the interplanar spacing is inversely

proportional to the energy of diffraction wavelength according to the Bragg’s law E =

he (L). This effect has been schematically represented in Fig. 56 for the (220) peak

25sin 8 “dpgy

of ceria. Based on this peak shift, the interplanar spacing of the (220) plane was calculated
and plotted against temperature in Fig. 56, along with its peak width. Since ceria has a
cubic structure, one parameter is sufficient for calibration. The lattice expansion was
verified to be homogenous in the other two calculated planes, (311) and (222). Since peak
width is associated with crystallite size, larger grains produce more narrow peaks. Peak
widths are also associated with strain but since ceria is a ceramic, it is largely crystalline
size effect. The calibration standard of ceria shows that necking starts at 800 °C and
sintering is completed by the time the furnace temperature reaches 1100 °C, based on
change in full width half maxima (234). The non-linear rise in the lattice expansion has
been linked with non-stoichiometry in ceria at higher temperatures (235), which results in
a structural disorder of oxygen ions in ceria. The distortion is highest in the <111> direction
and oxygen diffusion is facile, meaning certain planes have a higher diffusion rate than

others.
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Higher temperature cause lattice expansion
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Figure 55: The effect of heating on shift of diffraction peak to a lower energy, because of
lattice expansion according to the Bragg’s law. (b) shows the calibration of interplanar
spacing of (220) peak with temperature. The FWHM of the peak suggests that necking
starts at around 800 °C on heating in conventional set-up and densification is complete by
1100 °C.

After the specimens were flash sintered, plan-view TEM samples were prepared
through grinding, polishing, dimpling and final polishing in a precision ion milling system
(PIPS Il, Gatan). A FEI TALOS TEM/STEM with ChemiSTEM technology (X-FEG and
SuperX EDS with four silicon drift detectors) operated at 200 kV was used in this study
for microstructure characterization and energy-dispersive X-ray spectroscopy (EDS)

chemical mapping.

6.1.4 Results

A flash sintering experiment is shown in terms of electric field, current density, and
power density in Fig. 57a, with expanded view of start and end of flash sintering in Fig.
57(b) and 57(c), respectively. The sample was brought into thermal equilibrium with the

furnace by holding the furnace isothermally at 900 °C for 5 minutes before applying the
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electric field. The current quickly rose in response and within 10 seconds reached its
predetermined current density limit of 10 A/cm?. At this point the power supply went into
current control, i.e. stage Ill. The specimen was held under an excited state of flash for
1000 seconds before the electric field was turned off. Using the EDXRD technique the
lattice expansion was tracked during the flash transition, as shown in Fig 57(d) and 57(e).
The detailed contour plot and peak fitting data used for calculation are shown in Fig. 58.
The full width at half maxima (FWHM) of the peaks remained almost unchanged during
flash sintering, except for a single data point that may have been the result of relatively
long acquisition time of 2.5 seconds during which the interplanar spacing of (220) shifts
from 1.939 A, at 900 °C, to 1.954 A Fitting to the calibration curve suggests that the actual
specimen temperature should have reached no higher than 1150 °C, which is in the range
of the conventional sintering temperature of the ceria nanopowder. On turning off the
electric field, the sample started cooling down quickly to the furnace temperature, which
is noticed in terms of lattice contraction. Even after a period of ~ 50 seconds, it did not
reach the equilibrium interplanar spacing of plane (220) corresponding to the furnace
temperature, 900 °C. This could be either because of slow thermal relaxation time or
formation of oxygen vacancies or gradual annealing of structural defects and dislocations

that gets generated during flash.
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DC flash experiments
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Figure 56: Flash parameters during an in-situ flash experiment under direct current (DC)
electric field, the expanded time scale at start and end of flash are shown in subplots (b)
and (c) with their respective interplanar spacing of (220) planes as shown in (d) and (e).
Reference to the calibration plot in supplementary S1 suggests that ceria reaches
conventional sintering temperature under flash.
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Figure 57: The mapping of XRD color contour. The Y axis is in energy (which is inverse
of interplanar spacing). The change in energy after 300 s, shown by (d), corresponds to a
lattice expansion. Thermal relaxation of the (220) peak after turning off the electric field,
shown in (c) and (e), indicates gradual cooling down of specimen, but never reaches its

equilibrium position corresponding to the furnace temperature, suggesting remnant defects
in the structure.

During the 1000 s hold time under flash, profile scans were run on ceria to
determine if there is an inhomogeneity in the specimen caused by an electrode effect. An
abnormally large lattice expansion near the negative electrode (cathode) was observed.
When the polarity of the specimen was switched in the next flash sintering experiment, the
direction of the lattice expansion was reversed, as shown in Fig. 59(a), 59(b) and 59(c).
Fitting of the peaks revealed that at the cathode end, the peak broadened and split into two
peaks, corresponding to two different lattice parameters. The peak splitting indicated by
the shoulder formation can be rationalized as the segregation of Ce®* and oxygen vacancy

defects that gives different lattice parameters, resulting in some unit cells having less
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oxygen than others. This non-stoichiometry causes continuous lattice expansion with time,
as was observed in the trend of lattice expansion with consecutive flash profiles, shown in
Fig. 60. When the experiment was repeated using an AC electric field with the same
electrical parameters, no such directionality was noticed during the profile scans, Fig. 61
(and Fig. 62). Another interesting observation was that platinum paste had a major
influence in this abnormal lattice expansion, which disappeared when no platinum paste
was used, shown in Fig. 63. Platinum paste is generally used in flash experiments to
provide a good electrical contact between the electrodes and the specimen, but in this case
it acted as blocking electrode. This aspect of the electrode effect has also been mentioned
in the work of Biesez (46) and Caliman et. al. (103), where silver paste seemed to have
facilitated cationic exchange in f —alumina in comparison with platinum paste which had
a blocking effect on the flash sintering, requiring a higher temperature to sinter under the

same electric field.
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Figure 58: (a) The flash experiment parameters, where the blue shaded inset shows the time
period for profile scan. (b) and (c) shows the abnormal non-thermal expansion at the
cathode and the effect of switching the DC polarity. The direction of abnormal expansion
reverse. (d) shows the peak profile of (220) plane at cathode end and anode end. The
shoulder formation at the cathode shows the inhomogeneity of the lattice expansion in

different unit cells.



DC flash experiments

i =
wn
St = 4
™=
@ [%2] wn
s S «©
o I w
z 0 _ 3
[ E
8 =0 £
g = ——— =
o
i 0 5
> 0 10 20 30 40 50 g 5
e 185 I
5 E [=
oL 10 [}
£ < £
5 5 =
51 5]
o @
5 1
0 10 20 30 40 50 0
=
£ 1000
G e
o ésou l
[H]
3 0 0
o

0 10 20 30 40 50

Time (min) 192

900 °C

1.94

AC Flash

196
Interplanar Spacing (A)

1.98

142

Before flash
Flash profile 1

]
L ]
® Flash profile 2
°

Flash profile 3
Post Flash

2.04

Figure 59: Based on the findings of abnormal expansion due to non-stoichiometric
transition under flash, multiple profiles were run during a prolonged exposure of DC flash.
The change in interplanar spacing at the cathode indicates the extent of non-stoichiometry.
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Figure 60: AC flash experiment under same conditions as DC, T=900 °C, J=10 A/cm2, and
f=1000 Hz. (a, b) shows the flash power density with time in two different flash
experiments. Flash shown in (a) was used for timescan of lattice expansion of central point
of cylindrical specimen as shown in (c) and (b) is used for lattice expansion across the
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height of specimen at three stages of flash. The profile suggests no non-stoichiometry in
subplot (d), i.e. homogenous densification and grain size.
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Figure 61: Contour plot of AC flash sintered sample profiles (a), (b) before flash, (c) during
flash and (d) post flash sintering.
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Figure 62: Platinum paste acts as the blocking electrode for oxygen ion exchange at the
cathode (negative terminal), hence more lattice expansion is noticed when compared with

no platinum paste conditions.
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Fig. 64(a) gives a representative STEM image taken under the high angle annular
dark field (HAADF) mode (also called Z-contrast imaging) from the positive side (anode).
The image shows equiaxed grains with an average grain size of 10 um. When zoomed out
further, an amorphous, relatively thick grain boundary of around 2 nm was observed, (see
inset Fig. 64(e)). Fig. 64(b) is the bright-field (BF) TEM images of DC flash sintered CeO>
of the negative side (cathode). The negative side demonstrated well-defined grain
boundaries with an average grain size of 3 um. Since the negative side has a smaller average
grain size than the positive side, the selected area electron diffraction (SAED) pattern
showed finer diffraction spots at the cathode. The corresponding energy dispersive
spectroscopy (EDS) elemental mapping of Ce and O of Fig 64(a) are shown in Fig. 64(c)-
(d). Ceria deficiency and oxygen segregation can be clearly observed along the grain
boundaries. To characterize the defects in the samples, a set of dark field images were taken
under the g - b conditions. A BF image along with the corresponding dark-field (DF) TEM
images taken under two different g vectors are have been previously observed in flash

sintered YSZ and TiO2 samples (209, 210).
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Anode, positive end Cathode, negative end

Figure 63: BF TEM images of DC flash sintered CeO- at the (a) positive and (b) negative
ends with the diffraction pattern shown in the insets and with the corresponding elemental
mapping of (c) Ce and (d) O. A magnified image of anodic side shows amorphous grain
boundary with thickness ~ 2 nm. TEM images are shown, with permission, by Dr. Haiyan
Wang’s group at Purdue University.
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DC flash, cathode end

AC flash, 1000 Hz

500 nm

Figure 64: (a) The Bright Field TEM image with an inset of the selected area diffraction
pattern of DC flash sintered CeO> and its corresponding Dark Field TEM images from two
selected g vectors under the g - b conditions shown in (b) and (c). Dislocation lines are
marked using the yellow arrows. Bright Field TEM images of the AC flash sintered CeO-
at the (d) top, (e) middle and (f) bottom with corresponding diffraction patterns in the
insets. TEM images are shown, with permission, by Dr. Haiyan Wang’s group at Purdue
University.

The microstructures of the AC flash-sintered ceria are shown in Fig. 65(d)-65(f).
The grain size of the top and bottom portions are smaller than that of the middle portion,
which is consistent with the SEM images shown in Fig. 66. The difference in grain size is
further supported by the diffraction pattern shown in the insets. The diffraction pattern for
the top and bottom portions show obvious diffraction rings, which indicate much finer
grains with random orientation compared to the middle section with large grain sizes and
no obvious diffraction ring. AC specimens have no preferential sintering at either electrode.

Similar findings were also reported in YSZ by Qin et al. (35). The reason for this is
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hypothesized to be the result of the cooling effect of the electrodes at the ends due to

conduction (176).

DC

AC, 1000 Hz

Figure 65: The SEM microstructural comparison of DC verses AC flash sintered specimens
for the same current density (10 A/cm2) a same furnace temperature (900 °C).

6.1.5 Discussion

Beyond the application of electric field to densify a wide variety of ceramics (192),
it is important to understand the response of individual types of ceramics to the electric
field. While non-oxides can be sintered in Flash-SPS (FSPS) (233) due to their high
electronic conductivity, insulators and dielectrics (such as alumina) need a high electric
field due to their low electronic conductivity (43). Ceria has been chosen as an example of
oxygen ionic conductors. Flash sintering of ceria, doped with various rare earth elements

and composites (67, 69, 120, 125, 127), has already been investigated. However, to
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understand flash behavior it is essential to dissociate the effect of extrinsic defect
generation and pure ceria was investigated in this work. Ceria finds applications in solid
oxide fuel cells (236-239), gas sensors (240) and as catalysts due to its high ionic
conduction (229, 241). When ceria is heated to a high temperature, beyond 1200°C, it starts
losing oxygen and becomes anion deficient (235) while retaining its fluorite structure. The
fluorite structure, which has a simple cubic oxygen lattice and alternating body centers
occupied by cations with eight coordination number (241), is commonly used as an
electrolyte for fuel cells. Its chemical composition changes to CeO2.x where 0<x<0.28 and
the lattice expands (235). This non-stoichiometry in ceria is a function of temperature and
oxygen partial pressure. Charge neutrality is maintained by changing the oxygen state from
Ce** to Ce®" in order to accommodate anionic deficiency. In work by Deshpande (237), it
was observed that a smaller particle size can also result in oxygen deficiency in response

to the high surface strain in nanoparticles.

The flash specimen temperature for ceria has been noticeably close to conventional
sintering temperature. With prolonged exposure to flash, ceria shows abnormally high
lattice expansion at the anodic (positive) end. If this expansion were to be explained
entirely by thermal expansion, then we estimate a temperature of above 2000 °C, however
the microstructural evidences show smaller grain size at the anode. In addition, the effect
is pronounced only when platinum paste is used. Also no such abnormal lattice expansion
is seen under AC electric field. Since the anode is where oxygen picks up charge from
negative electrode to go into the material, we believe platinum paste acts as a blocking
electrode and limits the supply of oxygen. This creates non-stoichiometry and defect

generation which results into reduction of Ce** to Ce3* and lattice expansion (235), as
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schematically shown in Fig. 67. Elemental mapping of oxygen (Fig. 64) suggest the
migration of oxygen to the grain boundaries which acts as dominant charge carrier.
Reversal of abnormal peak expansion direction indicates the role of non-stoichiometry, and
possibly the reason for peak splitting by localized reduction. As ceria is reduced, the
predominant method of conduction shifts from ionic to electronic, which reduces the
effectiveness of flash sintering beyond a heating effect, which is still enough to densify
ceria. This also points to the important role of ionic mobility and oxygen partial pressure
for flash sintering of oxygen ion conductors and highlights the effectiveness of AC flash

sintering for non-electronic conductors.

DC flash experiments

Thermal expansion at
furnace temperature
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Figure 66: In response to the depleted oxygen at the anode, a chemical potential is
developed and Ce** reduces to Ce*". This chemical potential hinders the sintering and
results in porous microstructure. Higher lattice expansion, which normally suggests higher
temperature, at the negative terminal (cathode) is relatively porous. The non-stoichiometry
results in more electronic conduction on the anode side and hence less “flash™ effect on
densification, although since the temperature already reaching conventional sintering
temperature.
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7. Conclusions

7.1 Summary

A new technique utilizing EDXRD temperature calibration can be used to give an
accurate measure of the temperature during flash. Based on the measured temperatures for
Zn0O, TiO,, and CeOy, a refined blackbody radiation model should be used in future works
of non dogbone specimens. For dogbone specimens the greybody radiation model must be
used without reverting to the assumption that emissivity, € = 1. Serious effort must be put
into estimating emissivity during flash as the emissivity may behave very differently due
to the generation and annihilation of electron-hole pairs. For pellet specimens wedged
between electrodes the addition of thermal conduction is necessary as thermal conduction

causes significant overall cooling of the sample.

Infrared pyrometry will only give surface temperature measurements, which are
significantly different from interior temperature measurements. A scaling of the surface
temperature to interior temperature may be possible. Use of temperature approximations
based on indirect data from other effects, such as thermal expansion of platinum,
impedance spectroscopy, or the melting of platinum paste in reducing environment is not

reliable.

In terms of the onset of flash, multiple feedback loops occur during flash sintering.
Joule heating reaches a critical value that is higher than the heat released from thermal

radiation. The conductivity of these ceramics increases as the temperature rises.
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Densification lowers the specimen thickness so the same applied voltage divided by a

smaller thickness causes greater applied electric field during flash.

Microstructural differences are dominated by temperature effects. The Peltier effect
determines grain growth and sintering inhomogeneity of ZnO, and TiO> according to the
established model. The rate of heating controls microstructure development in ZnO.
Finally, CeO> grain growth and sintering inhomogeneity is determined by the Peltier effect
rather than the observed lattice expansion caused by the change in stoichiometry. As an
aside the temperature gradient across the specimen length caused by the Peltier effect can
be eliminated by using an AC power supply which has a symmetric temperature profile

and modest cooling at the ends due to thermal conduction.

The temperature during FS of oxide ceramics was shown to be comparable to CS
temperatures. As a result sample overheating above conventional sintering is rejected for
the test cases of ZnO, TiO2, CeO». In order for Joule heating to be a sufficient condition
for the sintering the rise in temperature would need to be significant, which is difficult to
achieve due to heat loss from thermal radiation, conduction, convection, etc. The evidence
of these large temperature changes are based on speculation, as with in situ thermometry,
or a blackbody radiation model, where the inputs can be chosen as to support temperatures
below the conventional sintering temperature or above the conventional sintering
temperature depending on the desired result. The direct evidence from EDXRD does not

support the claimed temperatures.

If the generation of a Frenkel defect avalanche is required to explain the enhanced
densification due to the below conventional sintering temperature then there is a

requirement of direct evidence that the FS temperature is below CS. However, all of the
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temperature approximation methods used in support of this theory (infrared pyrometry, a
blackbody radiation model, and in situ XRD calibration using synchrotron radiation) likely
underestimate the specimen temperatures as explained in sections 2.5.1, 2.5.2, and 2.5.4.
In addition, there is no direct evidence that metal cations have their mobility enhanced
under the electric field. There is evidence that the diffusion of oxygen occurs (84, 97, 171),
but this is to be expected in ionic ceramics of various ionic conductivities. As the metal
cations are usually much larger than oxygen anions, the rate limiting step for sintering is

the rate at which the metal cations fill in the pores.

While pore migration may seem a promising way of explaining the
inhomogeneity in sintering at first, the effects can also be explained when considering
differential heating. A high temperature will result in rapidly growing grain boundaries,
which will tend to have irregular shapes compared to gradual sintering. In addition, regions
with higher porosity can result from lower temperature with accompanying tendency to
smaller grain size. The diffusion of pores over tens or even hundreds of microns seems
implausible compared to much smaller diffusion distances from grain center to grain
boundaries and pores or from grain boundaries to pores. Finally, preferential heating along
the thickness from cathode to anode has also been observed directly in sections 4-6, which
can also explain the microstructural inhomogeneity. The Peltier effect explains the
microstructural inhomogeneity observed in 8YSZ better than pore migration as 8YSZ is a
p-type semiconductor and higher temperature expected near the cathode, in reverse of
effect seen in n-type ZnO, TiO,, and CeO. Pore migration over tens of microns unlikely.

Also the Peltier effect is directly observed in situ while pore migration is only speculated.
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Local heating at the grain boundaries cannot be ruled out from the preceding
experiments, but such a high temperature gradient for nano and submicron grains is
implausible. The local heating may play a role during the power spike during stage Il as
temperature rises >100°C - s, which may be fast enough for the excess heat to avoid being
distributed completely. Local melting at the grain boundaries is even less likely unlikely as

it requires a several hundred degree temperature gradient.

Ultra-fast heating has been demonstrated to enhance densification by orders of
magnitude for both 3YSZ (37) and ZnO (99) in a comparable manner to flash sintering.
Fast firing is speculated to aid in the lowering of the sintering temperature with other FAST

techniques, including SPS and microwave sintering as well.

7.2 Future Work

A number of future directions would be appropriate for continued study of the flash
sintering mechanisms and behavior. In addition, flash sintering needs to move beyond
exploration of the mechanisms and its inherent benefits over conventional sintering need

to be utilized. The following is a list of proposed projects:

Temperature approximations and inhomogeneity of 3YSZ and 8YSZ, two of the
most common materials studied in FS experiments, should be explored using EDXRD.
3YSZ and 8YSZ have been observed to have the reverse inhomogeneity in grain size,
suggesting they act as mixed ionic conductors and p-type semiconductors. In addition, if
the Peltier effect is acting on oxide ceramics then this will be noticeable in known p-type
semiconductors such as Y203 (242-244) and other newly discovered p-type semiconductor

compositions (245).
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SrTiOz exhibits grain growth reduction by heating to higher dwell temperaturein
the range of 1350°C-1400°C (246). By tuning the current density limit based on calculation
of the temperature from the greybody radiation + thermal conduction model the ceramic

can be sintered with minimal grain growth using flash.

Flash sintering of higher dielectric oxides such as Y203 (242-244, 247), ZrO; is not
well studied. In addition, flash sintering needs to move beyond simple binary and ternary
systems to find wide applications. Flash sintering of composites can be explored to study
the effects of constrained sintering and diffusion Kkinetics, i.e. ZnO-TiOz, ZrO.-TiO», and

BaTiO3-SrTiOs.
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