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Abstract

The recently discovered flash sintering technique has shown that
the application of a sufficiently large dc electric field (E-field) to a ceramic
during sintering can cause sintering at temperatures several hundred degrees
below conventional temperatures with sintering rates that allow for sintering
in seconds rather than hours. This technique has already been demonstrated
in wide range of ceramic materials including ionic conductors, electronic
conductors, semi-conductors and insulators. The application of this
techniques to a large range of materials and the dramatic lowering of
sintering temperatures and times means this technique has the possibility to
revolutionize the ceramics field.

Because the field of flash sintering is still young, the dominant
mechanisms are still yet to be identified. So far, the mechanisms active
during flash sintering remain only hypothetical. The key to the mechanism is
that it must connect two phenomena controlled by different species:
conductivity, which is determined by the fast moving species, and sintering,
which is controlled by the slowest moving species. At this point the primary
hypothesis is that the high E-fields used cause the nucleation and separation
of Frenkel defects allowing for both high sintering rates and high
conductivities.

This work aims to identify the mechanisms involved in the flash
sintering of cubic 8 mol% yttria stabilized zirconia (8YSZ). This materials
has been selected because it was one of the first materials show flash
sintering properties, and that it has been very well characterized because of
its use as a fast oxygen ion conductor.

This work began with the construction and initial testing of flash
sintering equipment. Mechanistic investigations were performed on fully
dense presintered samples of various grain sizes and single crystalline
samples subject to the voltages similar to those used during flash sintering at

constant temperatures between 600°C and 1000°C. Because flash sintering



has a sintering component and electrochemical component, dense samples
were used to remove the sintering so observations can be made only on the
electrochemical behaviors during these electrical treatments. Additionally,
the range of E-fields used for flash sintering of green 8YSZ samples was
increased by an order of magnitude from the 150 V/cm to 2250 V/cm.

Treatment of fully dense and single crystal samples show that the
electrolytic reduction of ZrO, to ZrO,, give I-V relations and power
dissipations that are similar to those observed in flash sintering of powder
samples. Flash sintering using E-field up to 2250 V/cm reveals several
relationships between temperature, E-field, current density and power
dissipation and their relation to the onset of sintering and densification.
Most importantly the onset of sintering can be determined by the power
relationship T, = 2440 E'*% where T, is the furnace temperature
when flash sintering starts in K and E the applied E-field.

Based on these observations, a new mechanism based on
electrolytic reduction in the material is proposed to explain the onset and
early stages of flash sintering and the observed electrical behaviors. Based
on this, the movement of reduced zirconia in the E-field is proposed as a

possible sintering mechanism.
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1 Introduction

Global warming and the associated global climate changes are
becoming increasingly observed and understood. These changes include
extreme weather events, drastic ecosystem changes, and sea level rise as a
result of the Antarctic ice cap melting. Such changes have resulted in, and
have the potential to cause, extensive damage and are being credited with
causing extreme weather events and drastic ecosystem changes such as
drought that can and is resulting in widespread famine [1]. These changes
are occurring because the average global temperature has been rising an
average of 0.3°C per decade since 1979, a slight, but significant change that
has been faster than any normal cyclic temperature change seen in geologic
history [2-6].

This increase in temperature is a direct result of anthropogenic
emissions of several gasses, the so-called greenhouse gases, which act to
trap solar radiation close to the earth’s surface causing a net overall heating.
Though these gases are naturally present in the atmosphere and are
necessary to maintain temperatures so Earth is a habitable planet, in excess,
the additional solar forcing that they cause can be dramatic even in small
concentrations. The most common of these gases, and the one with the
highest total radiative forcing, is carbon dioxide, CO,. The bulk of
anthropogenic CO, emissions are a result of burning carbon-based fuels,
coal, petroleum, and natural gas, the back bone of the modern energy
production system [2], [7-9]. As a result, atmospheric CO, concentrations
have increased from ~316 parts per million (ppm) in 1960 to 379 ppm in
2005, and continue to rise [2].

In order to slow, and hopefully stop, the climb of the average
global temperature, large-scale efforts are being made to curb carbon
emissions. The typical goal sought after by climate scientist is to level CO,
concentrations between 400 — 600 ppm [10]. It is believed that leveling CO,
concentrations in this range will minimize climate change events that are
being observed while still being achieved by economically reasonable
methods in a feasible time scales. Many different methods of curbing
carbon emissions have been proposed, but the first and primary focus of
political and scientific efforts is on the substitution of traditional
carbonaceous fuels that have become the foundation of modern electric and
heat production with alternative, carbon neutral sources [10]. These fuels —
coal, natural gas, and petroleum —are slowly being replaced by alternative



carbon neutral sources—nuclear, wind turbines, solar panels, concentrating
solar power plants, etc.

The main focus of alternative energy research is focused on the
equipment used for the production of the energy. There is, however, an
enormous opportunity to minimize energy at the point of use the energy
cycle by implementing various efficiency practices [11], [12]. It has been
estimated that increasing efficiency by cost effective means can reduce
energy use of the building and industrial sectors by 29% of their energy use
today [13]. Typical examples include, but are not limited to, switching to
energy efficient and smart lighting and heating systems, better building
insulation, and the reduction of vampire loads.

Efficiency measures are as applicable to small home private users
as they are to large-scale industrial processes. On the industrial level, and
specifically relating to the ceramics industry, there is no exception. First, the
ceramics industry is the largest raw materials industry. It encompasses
traditional materials such as cements, glasses, refractories, and clays as well
as advanced ceramic materials used in electronics, nuclear fuel, biological
systems, and other technical applications. [14-16]. Production and
processing of these materials inherently consumes a large amount of energy
due to the necessity of high processing temperatures required to produce an
industrially useful final product [14]. The melting temperatures of these
materials are too high for the traditional forming processes used to produce
polymeric or metallic items, like casting and forging, and they are typically
too hard (typically >8 on the Mohs hardness scale) to be formed by
traditional cutting operations like sawing, milling, and drilling. [14]. Instead,
solid-state processes must be exploited on preformed, near net shaped
components that have been produced from starting powders by heating the
material to a sufficiently high temperature for a sufficiently long time. In
traditional clay ceramics this treatment is the commonly known as firing.

Advanced ceramics are characterized by their pure chemical
composition, giving them specific engineering attributes required [17]. For
the advanced ceramics, the solid state forming process is called sintering. A
ceramic powder of the desired chemical composition that will give the
desired engineering properties is formed into a near net shape. Usually the
part is held together with the aid of some sort of binding agent. This piece is
said to be in its green state. It has a very low mechanical strength and a very
limited density, typically between 30 and 50% of the materials theoretical
full density, making it commercially useless. To increase the mechanical
strength and density, the green component is sintered by a heat treatment at a
temperature that is between 60 and 80% of the materials melting
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temperature, and held at that temperature for several hours. At these
temperatures, diffusional processes are enabled allowing for the movement
of material causing densification. Long hold times are required to allow
these processes to reach completion, ideally finishing when full density is
achieved and the desired engineering property reaches a maximum.

Two common technical ceramics, alumina (Al,O;) and yttria-
stabilized zirconia (YSZ), require sintering treatment at 1400°C — 1650°C
for 2 — 6 hours [18]. In order to reach and maintain these sintering
temperatures, there is an inherently high energy consumption in the form of
electricity or natural gas, and furnaces must be made with expensive, exotic
materials in order to withstand these temperatures and times.

The demand for advanced ceramic materials is increasing. In
addition to the development and discovery of novel uses for new ceramic
materials, especially in biological, catalytic, electronic, communication, and
armor applications [14], [19], they are also becoming essential materials in
the drive to make current fossil fuel based energy production systems more
efficient. Ceramic coatings are becoming increasingly used in combustions
systems allowing for higher operating temperatures that are not possible
with metallic components, permitting higher thermal efficiencies, thus
reduced fuel use for the same fuel use, or increased energy output for the
same fuel use. Ceramic materials are also a necessary material for many of
the alternative energy systems: photovoltaic solar cells, solar thermal heat
exchangers, high efficiency and high capacity batteries, and intermediate and
high temperature fuel cells.

Clearly, reducing sintering temperatures and times can save vast
amounts of energy. As the ceramics industry continues to grow due to high
material demands, energy use in this sector will continue to grow.
Additionally, energy will become more expensive forcing ceramic materials
to become more expensive slowing overall efforts for efficiency in other
sectors eventually slowing efforts for the development of alternative energy
sources and efficient combustion engines.

Many different technologies have been developed or are in the
process of being developed that are able to lower sintering temperatures and
shorten sintering times. Methods include the addition of sintering aids which
enhance diffusion rates or allow for faster sintering by creating a liquid
phase; pressure assisted sintering such as hot pressing, sinter forging, and
hot isostatic pressing (HIP)[15], [18], [20]; and the use of electro-magnetic
radiation as is the case in spark plasma sintering (SPS) [21] and microwave
assisted sintering [22]. Each exploits various sintering processes and



mechanisms, and often has the benefit of improving the quality of the final
product.

In 2010, a new assisted sintering process was discovered. This
sintering involves the application of a direct current (dc) electric field (E-
field) to a green body while it is being heated to normal sintering
temperatures. What was observed was that with a high enough E-field,
sintering temperatures began to dramatically drop, even reducing
temperatures by hundreds of degrees while sintering times were reduced
from hours to seconds [23]. Due to the high sintering rates and the sudden
nature the onset of sintering, the name coined for this assisted sintering
process is “flash sintering” [23]. What characterizes flash sintering is the
sudden onset of sintering at temperatures several hundred degrees lower than
the sintering temperatures required for conventional sintering and other
assisted sintering techniques. Using this technique, sintering times are
reduced to seconds rather than nominal treatment times of hours.
Additionally, flash sintering has been shown to occur in several different
materials with a wide arrange of electrical characteristics including ceramics
that are electronically conducting, ionically conducting, and electronically
insulating.

The flash sintering technique has the potential to revolutionize the
ceramic industry by lowering energy use, resulting in lower carbon
emissions as a direct result of the lowered processing temperatures and
times. However, the flash sintering process is still in its nascent stages.
Despite the demonstration of the occurrence of flash sintering in a wide
range of ceramic materials, the process is difficult to control and the active
mechanisms remain unknown leaving the prediction and control of flash
sinter behavior difficult. In order to fully utilize and exploit the possible
advantages flash sintering has to offer, and in order for it to be adopted at an
industrial scale, the underlying mechanisms at work must be understood.

The present work sets out to investigate the mechanisms of flash
sintering using cubic zirconia as a model system while further expanding the
phenomenological knowledge of the field. Cubic zirconia has been chosen
because it was one of the first materials to be shown to have flash sintering
behavior, and because it is a very well characterized material from both and
electrical and chemical point of view. The main approach to identifying
active mechanisms is to measure the flash sintering-like behavior that occurs
in in samples that have already be sintered, thus removing the effect of the
sintering itself. Additionally, in order to observe the effects of grain
boundaries, these specimens have been prepared with various grain sizes,
and their behavior will also be compared to single crystal samples free of
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grain boundaries. Based on the observations made in these systems, the
mechanisms active at onset and initial stages of flash sintering are proposed.






2 Background

2.1  Sintering of Technical Ceramics
211 Free Sintering

Technical ceramics, characterized by their chemical purity, are sought
for various reasons including their structural and chemical stability over a
range of temperatures, especially at very high temperatures, their high
hardness, and their high fracture toughness. All these properties arise from
the strong atomic bonding that defines ceramic materials. These advantages,
however, cause several difficulties when trying to produces a useful
component of a given ceramic material. The high stability at temperature
and very high melting temperatures make the forming of parts by traditional
processes used for metallic and polymeric materials like casting and forging.
High hardnesses make tool wear an issue, thus requiring the use of
expensive and exotic materials necessary for cutting operations. The
tendency of ceramics to be brittle often makes these cutting operations futile
because the risk of fracture or the introduction of flaws into the material that
make fracture more likely. If cutting is done, feed rates can be very slow
making this step expensive.

As a result of these limitations, ceramic items are instead

manufactured by means of the sintering process. The sintering process is a

near net shape fabrication technique where a ceramic powder is first formed

—

Heat Treatment

Figure 2.1: The sintering process is the densification of a green powder body to a
fully dense body. Modified from [18]



by various methods into a low density, low mechanical strength part. This
part has little use because it has no useful engineering properties. The part is
then subject to a heat treatment, where diffusional process fill in the pores of
the powder bringing the part to high density where the desired properties,
whether they be mechanical, electrical, optical etc., are reached. The
sintering process is shown in Figure 2.1. Due to the elimination of pores,
sintering is accompanied by an overall shrinking.

Starting powders have the desired chemical composition of the
final part. The overall chemical composition can be determined by the
powder itself, or by a mixture of several different ceramic powders that
during sintering interdiffuse to give the desired final composition. Powder
sizes range from ~10 nm — >100 um with the most common sizes being 1
um — 10 pm [20]. The powders are typically mixed with a binding agent
that improves the mechanical behavior of the item after it is formed into its
low density, near-net-shape so it can be more easily handled. This untreated
stat is known as the green state.

Green components are then sintered at a sufficiently high
temperature to enable solid-state diffusion processes that allow for mass
transport eliminating the pores between the powder particles and increasing
density. Densities are measured as a percentage of the theoretically perfect
density of the material being used. If the treatment temperatures are high
enough and the treatment long enough, the part can achieve a density near
100% of the theoretical density (Figure 2.1), where all porosity is
eliminated. Typical sintering treatments are done at 50% to 80% of the
ceramic’s homologous temperature (T,), the melting temperature on and
absolute scale. Heating schedules can be varied and can become very
complex in order to deal with the elimination of binders and to activate
specific diffusion to ensure as dense a material as possible.

The densification process occurs as the result of matter transport to
the contact points between the powder particles. As matter collects at these

points, the point grow into surfaces called necks, where a grain boundary
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develops as an interface between the differently oriented lattices of the two
particles. Necks grow pores are eliminated and only grain boundaries are left
between the particles. The evolution of pores and grain shape during
sintering is shown in Figure 2.2. Sintering progresses from (a) packed
particles to (b) neck formation (c) interconnected pore network and finally to
(d) full density [24].

Several diffusional processes can be activated and depending on
the material and temperature (Figure 2.3). They differ in the source of the
matter and the mode of diffusion. For all process the sink is always the neck
free surface. Only the diffusional processes that transport matter from the
neck core to the neck surface allowing for the elimination of the porosity and
densification. This leaves only two processes, lattice diffusion and grain

boundary diffusion from the neck core. A third mechanism that leads to

(a} (c)

(b) (d)

Figure 2.2: Progressive steps of sintering: pressed powder in (a) neck formation
(b), porous network at the grain edges (c) fully sintered ceramic (d) [24]
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densification is the movement of dislocations by plastic deformation to the
pore, but this will be ignored because it requires the use of large externally
applied pressures to cause dislocation movement.

Free sintering is sintering without the application of any external
forces. The thermodynamic driving force for densification is the elimination
of high-energy free surfaces by increasing the area of the lower energy grain

boundaries between particles. The overall change in energy is given by:

2.1) AE jensification = —(ysvDAsy — VepAAgs)

where AEgensification 1 the reduction of energy driving densification, yg,

the free surface energy of the ceramic, A4gy, the change in free surface area,

4

Grain boundary

1. Surface diffusion

2. Lattice diffusion (from the
surface)

3. Vapor transport

4. Grain boundary diffusion

5. Lattice diffusion (from the
grain boundary)

6. Plastic flow

Figure 2.3 Sintering Diffusional processes and their path activated during
heat treatment. For sintering, only grain boundary diffusion, 4, and lattice
diffusion from the grain boundary, 5, is of interest[18]
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Ycp the surface energy of the grain boundary, and A;p the change in grain
boundary surface area [18].
The creation of a grain boundary requires the elimination of two

free surfaces into one grain boundary so Adgp =~ AAgy, /2 giving:

22 AE gensification = —DAsy (Ysy — Yes/ 2)

The free surface energy ygy is usually higher than the grain boundary
surface energy y;p meaning that the elimination of grain boundary surface is
energetically favorable (AEgensification < 0) resulting in densification and
sintering.

Even though densification is energetically favorable, a means for
the diffusion of matter must be available for the sintering to occur on
reasonable time scales. In ceramic materials, lattice diffusion is takes place
by movement of atoms through different lattice defects (discussed in section
3.2). Grain boundary diffusion takes place by movement on atoms through
the disorder of the grain boundary. There must also be a driving force that is
given by the difference in either a concentration or in a difference of
chemical potential.

At the initial stages of sintering, where there is little or no neck
formation, concentration gradients are controlled by the curvature of the free
powder particle surfaces and the curvature of the neck, the concentration of

vacancies, C,, can be determined by the Gibbs-Thompson equation:

23 YsvKQ
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Where C,, is the vacancy concentration at a standard state, K the curvature,
0 the atomic volume of the diffusing species, k the Boltzmann constant, T
the temperature in K [18]. This gives C,, that are higher on convex surfaces,
the particle free surface, and lower on concave surfaces, the neck free
surface [25]. Thus neck formation is favored. In latter stages of sintering, a
chemical potential difference arises between the atoms at the grain boundary
and the atoms at the free surface of the pore. The potential driving diffusion

at a given temperature, |, is given by [26]:

24 2Ygp + Vs_V)

K G r

where r pore radius and G the grain or particle diameter. The driving force
is composed of two components, one related to the convex nature of the
grain acting as the sources and one related to the convex nature of the pore
surface at the neck acting as a sink.

Considering these driving forces, and general diffusion rate

equations the densification rate equation is:

(2.5) ldp _ ADysyQ
pdt  pG™kT

Where p is the density, A a numerical constant, D the diffusion constant for
either lattice diffusion of grain boundary diffusion, yy the free surface area,
G the average grain size. The exponent m is 3 if lattice diffusion is dominant

and 4 if grain boundary diffusion is dominant [25].
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21.1.1 Improving free sintering behaviors:
Given equation (2.5), there are several different steps that can be

taken in order to modify and improve the sintering behavior for a given
material. Desired improvements are shortening sintering times, lowering
sintering temperatures, or a combination of the two. Using only the power

preparation these improvements can be done by:

Decrease powder size, G
Increase temperature, 7'
Change diffusion coefficient, D

B W N =

Increase green density, o,

The most effective method to improve sintering behavior, and
densification rates is the reduction of the powder size, G. Reduction of G
reduces diffusion distances whether diffusion takes place by grain boundary
diffusion or lattice diffusion. A small change in the starting particle size has
a dramatic effect because the of the diffusion exponent, m.

Reduction of powder size has its advantages, but reducing grain
size makes the handleability of the powder more difficult [20]. Reaching
smaller powder dimensions also requires the input of more energy and time
when powders are prepared by mechanical means or a change of preparation
method if starting powders are prepared chemically. A balance between
savings gained during the sintering cycle must be compared with the losses
of the new powder preparation and processing methods.

Because sintering is a diffusional process, increasing the sintering
temperature, 7, would be the easiest way to increase densification rates by
making atomics movement easier. Before doing this, two things must be
considered. First, increasing sintering temperature may activate other
processes such as grain coarsening and the recrystallization and precipitation
of secondary phases. These may result in desired or undesired increases in
the performance of the ceramic. Choosing a sintering temperature is often

choosing the temperature that balances the advantages of having shorter
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Vol %

Figure 2.4: Grain packing and the effect of having a bimodal grain size
distribution to increase initial density.
processing times while still maintaining some control on these secondary
processes.

Increasing sintering temperatures must also be weighed with the
limitations of furnaces and their energy use. As temperatures increase,
furnaces must be made with more exotic materials that are able to reach and
resist the desired sintering temperature. The energy costs required to reach
and maintain these temperatures may also become prohibitive.

Several different methods can be used to modify the diffusion
coefficient, D, but this is often difficult because it is a property of the
material. The first would be the use of different additives that form a
secondary phase, often liquid, at the grain boundaries that act as a pipeline
for faster rates of diffusion. The addition of amounts less than 0.2 mol% of
MgO in AL O;, can reduce sintering temperatures and result in a finer
microstructure.

Increasing the starting density, g,, effectively moves the starting
point of sintering to a more advanced stage before heat treatment takes
place. The idea is to maximize contact between powder particles, reducing
the starting porosity that must be eliminated and maximizing the points of
contact between particles where diffusion takes place. Increasing the

pressures used to prepare green specimens ensures that all agglomerates, a
14



culprit of high initial porosities, are broken and that the porosity of green
specimen is determined by the smaller powder particles and not the large
agglomerates. However, the high hardness of ceramics and sometimes of
the agglomerates formed can result in pressure limitations of the die being
exceeded before any benefit of increased density is achieved.

Tailoring the distribution of powder sizes can also ensure a lower
starting porosity. Having a bimodal distribution of power diameters
provides a green compact with a matrix with a porosity determined by the
larger particle that is then filled in by the smaller particles (Figure 2.4). This
increases starting density and, increases contact points between larger
powder particles, and provides smaller grains with high diffusion rates a
previously discussed. Tailoring the powder distribution can also be very

difficult, and increases the complexity of powder processing.
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| _—— Pressure vessel

| —— Radiation shields
+—— Heating elements

(O)) I

r 'Hf I—— Specimen
Exhaust valve 1 [
l Heating element,
temperature, and
ot pressure control

Figure 2.5: Schematics of pressure assisted sintering techniques. A) Hot-Pressing B) Sinter
Forging C) Hot Isostatic Pressing (HIP) [26]
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21.2 Pressure Assisted Sintering Techniques

Free sintering is effective for sintering and can be done without
any specialized equipment. It has the disadvantage that very high
temperatures and long times at those temperatures after required to get a
sufficiently dense material and for very high temperature materials, like
zirconium diboride, ZrB,, and boron carbide, B,C, full density is nearly
impossible using commercially available furnaces. This requires the use of
very specialized furnaces that are still usually incapable of reaching the
required temperatures. In order to minimize these requirements, many
techniques have been developed to lower sintering temperatures and
sintering times.

The family of pressure-assisted techniques, are the most common,
involve the use of applying an external pressure to the material. Externally
applied stresses change vacancy concentrations by creating zones of tension
and compression changing the concentration of vacancies, C,, and changing
the diffusional driving force to sintering, u. The creation of these vacancies
is further assisted by the stress concentration that occurs due to the porosity,
much like the stress concentration that occur in bulk materials that are put
into tension or compression.

The three most common pressure-assisted sintered techniques vary
on how the external pressure is applied and the way the powder is help.
Schematics of these three techniques are shown in Figure 2.5. The first
technique, hot pressing, uses the application of a uniaxially applied pressure
to a powder that is contained in a die restricting that restricts the radial
motion of the powder. Due to this radial restriction, the applied pressure, P,
gives rise to a hydrostatic pressure P. etc.

The second method, sinter forging, is similar to hot pressing but
there is not die restricting radial motion. For the sample to maintain its
integrity at the start of sintering, it usually needs to be presintered. By

permitting radial motion, shear stresses in the material allow for particle
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rearrangement and the refinement of the microstructure as a result of the
nucleation of new particles.

The third pressure-assisted technique is Hot Isostatic Pressing
(HIP). It uses a high-pressure gas to apply a hydrostatic pressure during the
sintering cycle. HIP has an advantage in that it allows for the pressure
assisted sintering of very complex geometries. But it requires the used of

specialized furnaces that are able to maintain pressures.

213 Electro-magnetic Field Assisted Sintering Techniques

Another common form of assisted sintering is the use of various electro-
magnetic fields during sintering. The most commonly used method is Spark
Plasma Sintering (SPS). This method combines hot pressing with application
of and E-field. In SPS, a ceramic powder is placed in a graphite die, and
uniaxially pressed. A current is applied to the die and sample, and
depending on the conductivity of the powder used, the current passes
completely through the die, or partially through the sample and partially
through the die. This current causes heating of the die and sample by joule
heating. Because of the high currents used, heating rates can reach 100s
°C/min without the use of a furnace. Current and pressure schedules can
become very complex, leading to the many different sub-groups [27]. SPS
has very high sintering rates as a result of temperatures that can be reached
and the use of an applied pressure. However, rates are higher than expected
for either of these phenomena meaning that the presence of E-fields and
currents are affecting sintering rates. Unfortunately, due to the complex
nature of the SPS process: pressure, high Temperature, and E-fields, it has

been very difficult to decouple influence of each of the three effects.
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Microwave sintering is another E-field assisted sintering. This
technique involves heating samples by both furnace and then by
microwaves. When compared to conventional sintering, microwave sintered
samples densify much faster, and at lower temperatures [28]. The active
mechanism is considered to be the resonance of the dipoles in the ceramic
that cause heating. Sintering temperatures can be lowered by several
hundreds of degrees, but because microwave sources are usually fixed at
2.45 GHz, the effectiveness of the coupling depends heavily on the
properties of the material being sintered.

The field-assisted sintering techniques (FAST) are the last method
of electromagnetic field assisted sintering. The work on these is also the
preliminary work of what has become the field of flash sintering. Here, low
strength E-fields, either alternating current (ac) [29] or direct current (dc)
[30] are applied to a part during sintering. The result is accelerated sintering
rates and reduction in the amount of grain growth. The application of small
E-fields has also been shown to change diffusional properties and

deformation stresses during sinter forging and tension tests allowing for high

Ceramic
tube

SiC/MoSi,
susceptor

Figure 2.6: Schematics of sintering setups for electromagnetic field assisted
sintering. A) Spark Plasma Sintering (SPS) [27] B) Microwave sintering [78] .
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amounts of strain and superplasticity in zirconia and alumina ceramics [31-
35]. Additionally, small E-fields <4 v/cm have been shown to reduce grain

growth during the annealing of 3YSZ [36].

2.2 Zirconia: stabilization, defects, and conductivity

221 Structural Stabilization and Defects:

Pure zirconia dioxide (ZrO,), zirconia, has a monoclinic unit cell at
room temperature. At 1170°C it goes through a change to a tetragonal
structure and above 2370°C has a cubic structure. Upon cooling there is a
martensitic phase change tetragonal = monoclinic phases with an associated
volume expansion of ~5% and shear strain of ~7% [37], [38]. These two
drastic changes result in large stresses that fracture the material. Pure
zirconia itself has little engineering use because of this tendency to fracture.
It is the higher temperature tetragonal and cubic phases that are of interest,
but they must be stabilized at lower temperatures, consequently avoiding the
fracture that arises from the monoclinic/tetragonal phase transition.

Stabilization of the tetragonal or cubic phases is achieved by the
addition of an aliovalent metal oxide to the pure zirconia. An aliovalent ion
would be any metal ion that has a formal charge different from the +4 charge
of zirconium atom in ZrO,. The presence of the aliovalent ions causes the
defects to develop in the zirconia lattice because it is forced to maintain
charge neutrality. At sufficient concentrations of metal ions, the defects
strain the zirconia structure sufficiently to stable the tetragonal or cubic
structure. Stabilized zirconia is identified by the equivalent mol% of the
dopant metal oxide that has been added to zirconia. Typical stabilizing
oxides are the divalent metal oxides: CaO (calcia), MgO (magnesia) and SrO

(strontia); trivalent M,0; oxides: Sc,0; (scandia) and Y,0; (yttria); and
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pentavalent metal oxides V,0; (vanadia), Hf,O; (hafnia), and 7a,O; (tantala)
[39].

222 8 mol% Yttria-Stabilized Zirconia Defect Structure

For the purpose of this work, only cubic stabilized, 8 mol% yttria-
stabilized zirconia (8YSZ) has investigated experimentally. This material
stabilization was chosen as the model system and because its electrical,
thermal, and structural behaviors have been well characterized due to

interest as its use as a fast oxygen ion conductor.

2221 Intrinsic Defects
Stoichiometric ZrO, has a fluorite unit cell. This cell is face center

cubic with the oxygen anions at tetrahedral sites coordinated by 4 zirconium
cations and a cubically coordinated zirconium cations surrounded by 8
oxygen ions, see Figure 2.7 [40].

The ideal unit cell would be repeated infinitely in a bulk material.
However, entropic effects cause disorder of the perfect lattice by moving

atoms from their ideal lattice site one of various different positions. The

Figure 2.7: The fluorite unit cell of stoichiometric Zirconia [79]
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atoms moved from their ideal lattice position and the empty lattice sites left
behind are called lattice defect. The amount of disorder depends on the
temperature of the system and the enthalpy of formation for various defects.
Because the formation of these defects occurs spontaneously in the
stoichiometric structure, they are called intrinsic defects.

Three different intrinsic defects can form giving rise to disorder
and are of important concern for the sintering behavior of flash sintering,
they are: cationic Frenkel disorder, anionic Frenkel disorder, and Schottky
disorder. These defects are described using Kroger-Vink notation which
gives information on the species of the defect, the location of the defect, and
the resulting effective charge by moving the atom in question depending on
its position with regards to an ideal lattice site in the perfect structure. This
notation is disused in Appendix 1.

Frenkel disorder is a defect that is caused by the movement of a
single atom from its ideal location to an interstitial site (Figure 2.8). Cationic
Frenkel disorder occurs when the atom in question is a cation, and anionic
Frenkel disorder when the atom in question is an anion. The formation of
Frenkel defects causes the formation of a defect pair that consists atom that
has moved to an interstial site and the vacancy left at the original site of the
now interstitial atom.

In order to determine the equilibrium state of the Frenkel disorder,
the formation of the defect can be as the chemical reaction for compound

ZrO,:

2.6) nil & Zr;" + V'

for cation disorder caused by the formation of zirconium ion interstitials,

and:
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X AX AXA X A X A X A
A XA XA X AXAAXAX
X AX AXA X AX AX A
A XA XA X > A XA X ! x
X AX AXA X AX AXA
AXAXAX A XA XA X

Figure 2.8: Example of cationic Frenkel Defect in compound AX. The atom A has
moved to an interstitial position resulting in the addition defect left at the site
formerly occupied by A.

2.7) nil & 0 +V;

for anionic disorder caused by the formation of oxygen ion interstitials. Nil,
corresponds to the ideal lattice the state with out any defects of Zr3,. and 0.
If the concentrations of these defects are low, the ideal system can
be considered a dilute solution allowing for the determination of equilibrium
concentrations using the lass of mass action. For cationic Frenkel (CF)

defects this gives:

(28) [ZTI] [VZI;‘”] _ _ ASCF AHCF
Zrilfog] — e = ex”( K )exp( KT )

and similarly for anionic Frenkel (AF) defects:

(29) 0f1Vs] _ , _  (ASary _ (AHzp
[Zril[ozx] ~ Kar = ex”( K )e’"’( KT )

where K is the equilibrium constant at a given temperature T in degrees K,
AS; is the energy change due to enthalpy, AH; is the enthalpy of formation
of the defect pair, and £ is the Boltzmann constant. The equilibrium constant
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A Xe
X AXAXA xAXAxV.iA
A XA XA X A X X A/X
X AX AXA X A X A A
AXAXAX 7 AXAXAX
X AXAXA X AX AXA
A XA XAX A XA XA X

Figure 2.9: Schottky disorder in compound AX. The stoichiometric pair AX is
removed from the lattice and placed on a free surface creating a pair of
vacancy defects.

K is an indication of the change in free energy of the system, AG, due to the
formation of the defect.

Schottky defects are third mode of intrinsic disorder. In this case, a
stoichiometric set of atoms are removed from their lattice sites and placed on
a free surface of the system leaving behind an equally charged set of
vacancies, see Figure 2.9.

In ZrO,, the reaction for Schottky defect formation is given by:

(2.10) nil & V' + 2V

Because the atoms are moved to a free surface, they do not create defects
themselves. Only the vacancies left behind after their removal constitute the

defects formed. The equilibrium reaction is given by:

@.11) WViWVe  (ASs\  (MH
[Zril[ox] ~ s =exP () e ()
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2222 Extrinsic Defects
Extrinsic defect result from the addition of aliovalent dopants to

pure zirconia. The law of charge neutrality dictates that the dissolution of
any aliovalent dopants must be counteracted by something that that balances
the missing or additional charge. Four crystalline defects can act to
compensate for an unbalanced charge and depend on how the additional
atoms are substituted into the zirconia structure. Due to steric hindrances as
a result of atomic radius and/or the formation of highly charged defects there
are usually limitations of how the aliovalent atom can be placed into the
lattice.

As discussed in section 2.2.1, the stable phase of stoichiometric
ZrO, is monoclinic. The addition of aliovalent metal oxides is used to
stabilize the higher temperature tetragonal and cubic phases, which are
structurally stable. Normally in ionic compounds, four different types of
defects can deform. Each depends on where the dopant metal oxide cation
atoms are supported when diffusing into the existing ZrO, lattice, and
whether the aliovalent atoms is a donor impurity or an acceptor impurity.
Donor impurities will have a formal charge that is positive when substituted
into the lattice at a cationic site while an acceptor will have a negative
formal charge. The possible defect that can form in order to balance the
missing or excess charge due to the dissolution of a certain metal oxide in to

the zirconia lattice are:

1. Substitution of donor atom at lattice site creating cationic vacancies
2. Substitution of donor atom at interstitial site creating cationic interstitials
3. Substitution of acceptor atom at lattice site creating anionic vacancies

4. Substitution of acceptor atom at interstitial site creating cationic
interstitials

In the case of ZrO, doped with Y,0;, yttrium is a donor impurity.
That is, when Y>* ions are substitute Zr**, atoms in the ideal Zr0, lattice, the
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resulting net charge will be -1. To balance the resulting net negative charge,
two possible defects can be created:

2ro,)
(2.12) 2,05 22 2Y}, + 60% + V;

r0,)
2.13) 3Y,05 —2 34, + 90% + Y}

To understand which of these substitution are preferred, one must
consider both the size of and charge of the interstitial species. In the case of
the first substitution, there is only the creation of one oxygen vacancy. This
has a charge of two and does not cause considerable stress the crystal lattice
with its absences. In the case with an interstitial Yttrium atom, a relatively
large cation with a high charge is placed into an interstitial site. Both of
these are energetically unfavorable. For this reason, the accepted way of
substitution of Y,0; in ZrO, is the formation of oxygen vacancies, eqn

2.12).

2223 Extrinsic Electronic Defects
So far, only stoichiometric compositions of ZrO, or Y,05-ZrO,

have been considered. In normal environments, 8YSZ normally maintains its
stoichiometry. However, in atmospheres with very low or very high partial
pressure of oxygen (Poz), it is possible that oxygen is abosorbed or
exspelled from the system as it attempts to equalize with its surrounding. In
the Y,0;-ZrO, system, these deviations from stoichiometry result in
electronic defects.

In conditions with low Py, oxygen leaves the crystal sytem

creating oxygen vacancies. Conditions with high Py, cause the absorbtion of
oxygen that is most easily accommodated at an interstitial site. The
formation of these defects cannot be balanced by the defects described
before because the system with regards to intrinsic and extrinsic defects is

26



already in equilibrium. To maintain charge neutrality of the crystal system
electrons are left behind as atomic oxygen is created and eliminated from the
system. In the case of the Y,0;-ZrO, system and considering that yttrium is
substituted at zirconium sites creating oxygen vacancies, the addition of

oxygen results in:

2.14 1
( ) Vo + EOZ(g)—>03‘+2h'

Here, V;; is replace by two electron holes, h’, maintaining the +2 charge.

Elmination of oxygen from the solid system results in:

(2.15) 20% - 2V + 0,(g) +4e'

The creation of neutral oxygen at its lattice as oxygen gas is balance by
positively charged V;; and negatively charged electrons, e’, maintaining a

zero net charge.

2224 Intrinsic Electronic Defects
Intrinsic electronic defects arise from the change in oxidation state

of the constituent components. In the case of metal oxides, this would mean
the change in oxidation state of the metallic species. For ZrO, the preferred
stat is Zr**. However, it can be reduced to states of +3, +2, +1, and 0.
Considering the substitution of ZrO into ZrO,

r0,)
(2.16) 210y 5 —3 Zrg. + OF + 8V, + 8¢’

The variation of stoichiometry by & created vacancies that are compensated

by the creation of electrons.
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223 Conductivity in 8YSZ

8YSZ is utilized because of its ability to conduct oxygen ions with
a minimal conduction of electrons over a large range of oxygen partial
pressures. This is one reason why 8YSZ is commonly used as an electrolyte
in solid oxide fuel cells (SOFCs).

The transport of charge in oxygen ion conductors can be viewed as
the movement of V;; or the movement of O in the opposite direction as the
result of an applie E-field. These movements are equal an opposite.
Vacancies have a positive net charge so their movement is in the opposite
direction of electronic current.

This conductivity arises from the extrinsic yttria doping and the
resulting creation of oxygen vacancies. In general, regardless of the dopant
used, increasing the amount of dopant increases the conductivity of the
zirconia due to an increase of V;; concentrations. However, at high

concentration, there can be an excess of V. This excess results in

o (S+ cm'1)

Figure 2.10: Ionic conductivities in zirconia for varying amounts of different
dopants [80].
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electrostatic hinderances there is the formation of electrostatically bound
defect complexes that impede conduction, see Figure 2.10. In yttria-
stabilized zirconia, the maximum conductivity is achieved with a doping of
8 mol% yttria. This amount stabilizes zirconia’s cubic phase.

If an ionic conductor is placed in an electrical circuit, there are two
different charge carrying species. In the metal wires, electrons act as the
charge carrying species and oxygen vacancies as the charge carrying species
in the ionic conductor. As a result, there must be a chemical reaction at the
electrodes that allows for the change of charge carriers. The electrode
reactions are given by:

2.17 1
( ) 2e” +V, +502(gas)<—>00

At the cathode, the forward reaction occurs. The elimination of oxygen
vacancies in the 8YSZ with oxygen taken from the surrounding
environment, and requires two electrons from the electrode. At the anode,
the reverse reaction takes place. Oxygen vacancies are created at the cost of
oxygen at the lattice. The lattice oxygen leaves the system as gaseous
oxygen and two electrons are liberated for every vacancy created.

Because of this reaction, there is a resistance at the electrodes.
This resistance is determined by the rate of the reaction, which can be
limited by the reaction or by the current applied.

Generally, for ionic conductors, the conductivity is follows the
Arrhenius trend because it is an activated diffusion process. Materials of this
type are governed by the Arrhenius equation:

(2.18) =

0 = g,ekr
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where ¢ is the conductivity (' cm™) at temperature T in degrees K, ¢, is the
the conductivity at a standard value, and A is the activation energy of
conductivity for the given material. This has to do with the ease of moving
oxygen ions through the material. As temperature increases, the conductivity
conductivity increases. Published values for A are shown in

Table 2-1.

Typically, zirconia has two regimes, defined by two different
activation energies. At temperatures below 600°C, oxygen vacancies form
defect complexes. This results in a) less vacancies available for conduction
and b) and electrostatic resistance making vacancy movement more difficult.
The result is a slightly higher activation energy A. Above this temperature,
the thermal energy is high enough that defect complexes dissosciate and all
vacancies that arise from the yttria doping are available as charge carriers.

This results in lower activation energies at high temperature.

Table 2-1: Activation energy for the conductivity in YSZ prepared by different
methods. (Grain boundary impedance denoted GB)

Author Method Preparation E, (eV)
Rajeswari, K etal.  Impedance SPS 8YSZ Bulk:1.02 - 1.53
[41] GB:0.79 - 186

Total: 0.96-1.80

Abelard and Impedance Conventionally Bulk: 1.03
Baumard [42] sintered 13.5YSZ GB:1.16
Abelard and 2-pt DC 12YSZ Single Crystal Bulk Imp.: 1.29
Baumard [43] Bulk DC: 1.17 - 1.13
Badwal [44] Impedance 7YSZ Bulk: 103

GB: 108

10YSZ Bulk: 114
GB: 111
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2.3  Electrochemical Characterization Techniques

Several different techniques exist to characterize electrochemical
circuits like those that include ionic conductors like 8YSZ. These
techniques, to various degrees, are used to measure the electrical properties
of the circuit. Some techniques allow for clear measurements of the
different chemical processes involved in the circuit like the previously

mentioned charge transfer reaction.

23.1 Impedance Spectroscopy

Impedance spectroscopy is a characterization method that uses
small amplitude alternating current (ac) E-fields of different frequencies to
excite different electro-chemical processes. This technique has the advantage
that it is able to distinguish different electrochemical process and
characterize those processes by their resistance and capacitive response.
Based on the circuit response, an equivalent circuit of resistors and
capacitors or constant phase elements can be assembled to model the
response of the system in question. The electrochemical behavior of a
system can be estimated if there is some reasonable hypothesis of the
processes in question. Because there are an infinite number of electrical
circuits that can be developed to fit a measurement, a reasonable knowledge
of the possible processes involved in the electrochemical behavior is
necessary to consider which equivalent circuits are reasonable. In solid
ionic conductors like zirconia, measurements usually aim at determining the
different responses of the bulk of the material and the grain boundaries of
the material.

In order to have useful measurements, impedance spectroscopy
measurements must be made in the linear response regime of the process in
question and the response must be stable on during the period of the
measurement. Typical excitement voltages are on the order of 100 mV and

frequencies 102 — 10° Hz [45], [46]. A bias voltage can be used to shift the
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zero point of the measurement, but the full range of excitement voltages
must remain in the linear response regime [45].

Because impedance spectroscopy is able to separate response of
different electrochemical processes, it has the advantage that the effect of the
electrodes and the charge transfer reaction can usually be characterized or
eliminated from the response of the material in question. In many direct
current (dc) characterization techniques the electrode effect is difficult to
separate and can bias results considerably because the effect of the charge
transfer reaction can be considerable [47].

In zirconia materials, impedance spectroscopy has been used to
provide many of the baseline electrochemical behaviors that are used in this
work. However, impedance spectroscopy cannot be used to characterize the
behaviors of zirconia at the voltages in flash sintering because a) the
electrical response of the material is not linear and b) the response is not

stable either in time or temperature.

232 Direct Current Methods

Characterization techniques using direct current (dc) E-fields have
the advantage because they involve a much simpler experimental setup than
impedance spectroscopy. These techniques also have the advantage in that
they are much more dynamic. Measurements do not need to be done in the
linear regime of the sample and the material in question does not to have a
stable response.

Dc techniques have the disadvantage in that only the total response
of the circuit can be analyzed. One must also pay close attention to the

experimental setup, specifically to the effect of the electrodes used.

2321 Two-probe method
The simplest dc characterization technique is to measure the

current response of a system with the application of a voltage by means of

two opposing electrodes. The current response to a known power supply
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voltage or the voltage response to a constant current is easily measured. An
example setup is shown in Figure 2.11a.

This techniques has its advantages in its simplicity, but several
spurious effect can be measured in the response effecting the over all
sensitivity and biasing result. First, due to the simplicity, it is more difficult
to measure transient effects like capacitance. Usually only resistances are
measured. The risk with 2-point measurements in electrochemical circuits is
measuring extra resistances that do not pertain directly to the activities in the
material of interest. The most common example is the additional
measurement of the resistance of the connecting wires. At high temperatures
where the electrochemical responses of ceramic materials are concerned, the
resistance of these wired can become considerable and cannot be ignored.
Furthermore, electrode reactions can dominate the circuit response. This is
true in ionically conductive materials, especially in the high current regimes
encountered during flash sintering where this reaction can dominate and

mask the response of the material under investigation.

2322 Four-probe methods
The simplest way to avoid the issues arising from the use of two

electrodes is two use a separate pair of electrodes to measure voltages of the
system at a point where wire and/or electrode effects can be eliminated. The
use of two separate electrodes, here referred to as the voltage-probes, is
known as a 4-point, 4-probe, or the Kelvin technique.

I-V characterization is performed by measuring the voltage
response at the voltage probe to a certain current that is measured in series
with the material. Currents leaked to the voltage probe usually are only nA,
so they are considered negligible in most measurements, but if the circuit
current is also on the order of nA or uA, this leakage must be considered.
This effect must be considered at low temperatures where total currents are

very low.
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If there is no charge transfer reaction at the electrodes or if has
been previously determined that this reaction is negligible in the regime
being characterized, the voltage-probe can be attached directly to the
electrodes (Figure 2.11b). This configuration removes the resistance of the
wires used to connect the circuit and is known as a pseudo 4-probe
measurement. If there is a considerable charge transfer reaction, the voltage-
probe must be separated from the electrodes (Figure 2.11c). Doing so,
removes both the wire resistance, but also the resistance that arises from the

charge transfer reaction.
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Figure 2.11: dc probe configurations. A) 2-Point measurement B) Simple 4-
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3 State of the Art

3.1  Flash Sintering

Flash sintering is a novel assisted sintering technique first discussed by
Cologna et al. [23] for the 3 mol% yttria-stabilized zirconia system (3YSZ).
These simple experiments utilized a direct current (dc) electric field, ranging
from 15 to 120 V/cm, applied to a uniaxially pressed green sample, as it was
free sintered. What was observed was that above a certain E-field strength,
sintering began to occur at temperatures lower than expected and at rates so
high that sintering to full density occurred in seconds rather than the typical
isothermal treatment times of hours. This combination of lowered sintering
temperatures and high sintering rates was nominated as flash sintering
because of the high rates that were achieved [23].

Flash sintering distinguishes its self from other electromagnetic
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Figure 3.1: Dilatometric curves for the behaviour of 8YSZ under various dc
electric fields. The division between FAST and flash sintering regimes is
shown. Adapted from [51].
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Figure 3.2 Sintering rates for flash sintering of 8YSZ. The rates corresponds to
the sintering curves shown in Figure 3.1 [51].

field assisted sintering techniques first in that it is a free sintering technique.
The distinction from microwave sintering makes is easy to make, because of
the obvious differences between the use microwaves and a dc E-fields and
currents. There are no applied external pressures like it SPS [48], though the
effect of E-fields during sinterforging is being investigated [49]. Second, the
sample is primarily heated by a furnace, rather than by the electric currents
themselves. Third, the voltages and currents used, therefore the total energy
used in flash sintering are much lower than the energies is SPS techniques
[50]. Fourth, the E-fields used so far in flash sintering are static and they
remain constant throughout the sintering treatment as long as power supply
current limits are not met. Reaching these limits results in reduction of the
E-field to maintain the maximum current. Typical SPS schedules involve the
pulsing of the applied current, another reason why it is known as Pulsed

Electric Current Sintering (PECS) [27].
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311 Sintering Behavior:

Flash sintering was first discussed by Cologna et al. [23]. The
flash sintering behavior is described for 3YSZ. In this work, flash sintering
is carried out by applying a dc E-field to a uniaxially pressed, dog bone-
shaped green body. The dog bone is suspended in a vertical furnace, where
an externally mounted digital camera measures length change. The
suspended sample is heated at a rate of 10 °C/min until a flash sintering
event occurs or the furnace temperature reaches normal sintering
temperatures. What was observed was that the sintering behavior fell into
two different regimes depending on the strength of the E-field. They are
called the FAST regime, (Field Assisted Sintering Technique), and the flash
sintering regime. Between the two regimes, there is a critical transition E-
field, E_,;; , that has been estimated to be 30 V/cm for 8YSZ [51]. The
sintering behavior characteristic of the two different regimes can be seen in
the dilatometric measurements shown in Figure 3.1. In the FAST regime,
where the applied E-field is less than E,;;, sintering behaviors resembles
conventional sintering (0 V/cm). Sintering starts at the same temperature,
but sintering rates are higher resulting in higher sintering strains for the same
temperature. This behavior is attributed to the slowing of grain growth under
the influence of an E-field [36] [[30]. This behavior is similar to that of SPS
and other FAST techniques, which is why it has been classified as a FAST
sintering technique[29], [30].

When the applied E-field exceeds E,;;, sintering behavior changes
dramatically. Above E_,;; the flash sintering regime begins. In this regime,
sintering starts to occur at furnace temperatures lower than the temperature
observed with no E-field and in the FAST regime. It is important to note
that these temperatures are furnace temperatures. There can be a significant
heating of the sample due to the high current passing through the sample

resulting in joule heating (see section 3.1.2).
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In the flash sintering regime, sintering rates also become
phenomenally high. In 8YSZ maximum sintering rates in the absence of and
E-field, while being heated at 10 °C /min were ~0.2% s™'. By applying an E-
field in the FAST regime, but below the critical E-field, rates are on the
order of 0.5% s™'. In the flash regime, shrinkage rates reach more than 1% s°
!, and as high as 6% s™' for 150 V/cm [51]. For a green compact that starts
with a relative green density of 50%, to reach 100% density, linear shrinkage
should be 23.1% if uniform in all three directions. With sintering rates as
high as 6% s sintering occurs in <4 seconds, at what is effectively the same
furnace temperature. This is indicated by the near vertical sintering curves
seen in Figure 3.1. In the FAST regime, during constant heating sintering,
sintering occurs over the range of ~200°C or in 20 minutes. With no field
applied sintering occurs over 250°C or 25 minutes and achieves only half the

density achieve by FAST and flash sintering.

3.1.2 Electrical Behavior:

3.12.1 Voltage, current, and power
Up to this point, all reported flash sintering experiments use

constant E-fields applied while a dog bone sample is being heated at a
constant rate of 10°C/min. The relation between the applied E-field, the
current, and even more so, the power dissipation in the sample have become
the focus of the search for mechanisms.

The E-field, E, is calculated as the voltage applied divided by the
distance between two electrodes used to apply that voltage. Current is
measured, but more importantly, the current density, J, is the normalization
of the current per unit are of the sample cross-section perpendicular to the
current flow. In the case of dog bone shaped samples, the length to
determine E-field is the distance between the holes where the electrodes are
from which the sample is suspended, and the area to normalize current
density is the cross-sectional area of the dog bone’s gauge section. These
values are considered constant throughout the entire experiment despite the
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occurrence of sintering that will change both the length and cross-sectional
area of the dog bone.

With these two values, E and J, the power dissipation of the
sample can simple be determined by p = EJ. Here, p is the volumetric
power dissipation in mW mm™, E in V mm, and J the current density in
mA mm~. The power dissipation can also be determined by finding the total
power dissipation, P = IV, and dividing it by the effective dog bone gauge
section volume.

What characterizes flash sintering is the sudden increase in current
at the onset temperature. For reasons that are still unidentified, there is a loss
of resistance in the material resulting in a runaway increase in current.
Because these experiments are run at constant voltage, the onset of current
runaway causes power dissipation to also run away. Interestingly, the onset
of this runaway is the sample point at flash sintering occurs (Figure 3.3)

A real power supply cannot supply an infinite amount of current.
Normally, the power supply is run at constant voltage (constant E-field) and
the total circuit resistance determines the amount of current. If that current
reaches a limiting level, a setting on the power supply, the power supply will
cut voltage to maintain that current limit. These two conditions result in two
different modes of power dissipation [52]. If the power supply is in the
constant voltage regime, power is determined by:

3.1 v?

P =
RTotal

Where P is the power in watts, V the voltage drop across the sample in volts,
and Ry,¢q; the total resistance of the sample (Rrotar = Rerain Boundary +
Rpyix) in ohms.

When the power supply switched to current control, the equation

for power becomes:
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(3.2) P =I?Rrotq

where [, is the current in amps.

When the power supply is in voltage control, and flash sintering
begins, the sample resistance decreases causing current and power to
increase according to equation (3.1). When the power reaches the current
limit, and the power supply switches to current control, the low resistance
begins to cause power to decrease. This switch from voltage to current
control creates a power spike in the sample as seen in Figure 3.3.

Power dissipation appears to be the determining factor for the
initiation of flash sintering. The power dissipation behaviors in both 3YSZ
and 8YSZ are shown in Figure 3.4 [51]. There is a critical power dissipation
value of 10 mW/mm® that must be exceeded to initiate flash sintering. For

low field strengths, 20 and 40 V/cm for 3YSZ and 15 V/cm for 8YSZ, the
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Figure 3.3: Power dissipation and sintering relationships. [52]
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power dissipation was not reached consequently, only FAST sintering was
observed. When the E-field is sufficiently high and the critical power
dissipation is reached before reaching conventional sintering temperatures,
flash sintering is initiated. Much like the vertical dilatometric curves, flash
sintering is indicated by the near vertical power dissipations.

8YSZ is more conductive than 3YSZ at a given temperature. As a
result, for the same E-field, the 8YSZ will reach the critical power
dissipation at a lower temperature than the 3YSZ resulting in lower flash

sintering temperatures.

3122 Joule Heating
If the power dissipation cannot be dissipated by heat transfer

processes, there will be a net heating of the sample. Because the heating of
the sample results from the resistive heating due to current, it is known as
joule heating. In non-linear regimes, the power dissipation can become

appreciable, resulting in a significant heating of the sample above furnace
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Figure 3.4: Volumetric power dissipation in 3YSZ and 8YSZ during flash
sintering experiments[51]
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temperatures. This heating can intern affect the diffusional processes

The actual behavior, shown in Figure 3.5, shows that sample heats
several hundreds of degrees above the furnace temperature. This
temperature rise occurs during the current runaway, and continues to rise
even after the power supply switches to current control eventually reaching a
stable temperature.

If a sample being flash sinter is assumed to behave as a black body
with the power dissipation occurring uniformly in the body, the change in

temperature is given by:

(33) AT P
Tr  4AoT}

where AT is the temperature change above the furnace temperature T¢, due
to the power P, in a sample with a surface area A, and o is the Stefan-
Boltzmann constant [23], [30].

Comparison of pyrometric results has shown that the estimated
temperature change by black body radiation is much lower than what is
actually measured. In 3YSZ, the powers measured gave estimates of AT of
only a few degrees, not the hundreds of degrees that are observed [23].

A more rigorous estimation of heating was done considering that
grain boundaries in YSZ have a blocking property, as a result of their higher
resistance [36], [53]. This would mean that power dissipation would

preferentially occur at grain boundaries.
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To estimate the temperatures reached by grain boundaries, the
densification rates were compared using equation (2.10). Considering two

densification rates, taken at the same density, one arrives at the equation:

()=2 (-

here py, is the densification rate for E-field assisted sintering at density p, p,
is the densification rate in the absence of and E-field at density p, Qp is the
activation energy of self diffusion, R the gas constant, T, the furnace
temperature measured when the sample, in the absence of and E-field, is at a
constant density p, and Tg the estimated temperature [23].

This estimation of temperature change gives a much better
estimate of gives a much better estimate of the temperature measured by
pyrometric, but tends to over estimate the temperatures. This would be the

result of the change of temperature being calculated for the grain boundary
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Figure 3.5: Heating behaviour of during flash sinter-forging [52]
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that would then heat the sample by conductive heat transfer.

3123 Sintering Rates
Using equation (3.4), the sample temperatures required to achieve

the same short sintering times observed during flash sintering can be
estimated. In Ref. [52], T,, was assumed to be 1450°C, a typical unassisted
sintering temperature. The ratio of rates was assumed to be ~1000, the ratio
between unassisted sintering times of 1 hour (1 hour = 3600 seconds), and
the observed flash sintering time of 3.6 seconds. Assuming that the
activation energy of self diffusion in 3YSZ is 500 kJ/mol [54], a
temperature of 1900°C would be required to achieve the same sintering rates
measured in flash sintering of 3YSZ. This calculation is shown graphically
in Figure 3.6.

This temperature is hundreds of degrees higher than those
observed by pyrometric measurements of flash sintering. This calculation

shows that the observed sintering rates are not solei a result of joule heating
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Figure 3.6: Temperatures required to achieve observed sintering rates in 3YSZ
[52].
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in the sample. There is joule heating, but the effect of the E-field and
current play a very important, but still unexplained, role in the flash sintering

behavior of a material.

313 Flash Sintering in Different Materials:

In the short time since the first report of flash sintering, the
behavior has been demonstrated in several different classes of materials
based on their mode of carrying current. These results demonstrate the huge

potential that this technique has for the entire ceramics field.

3.13.1 Ionic Conductors
The first class of materials that was demonstrated to have flash

sintering behaviors was the ionic conductors. So far, all materials have been
oxygen ion conductors. The first material ever flash sinter was 3 mol%
yttria-stabilized zirconia (3YSZ) [23] this was followed shortly by 8 mol%
yttria-stabilized zirconia (8YSZ) [51]. Recently, flash sintering has been
demonstrated in 20 mol% gadolina-doped ceria (20GDC) [55] and 10 mol%
gadolina—doped ceria (20GDC) [Azzolini, A., Downs, J.A., Sglavo, V.M.
unpublished work]. These materials all are of interest because of their use as
fuel cell electrolytes. Additionally, flash sintering has been demonstrated in
hydroxyapatite, a common bioceramic used as a bone filler [Naik, K.,
Downs, J.A., Sglavo, V.M. unpublished work].

In YSZ materials, the estimated E_ is 30 V/cm, above that E-field,

crit
flash sintering have been attempted with fields up to 120 V/cm in the case of
3YSZ and 150 V/cm in the case of 8YSZ. With these E-fields these
materials have been sintered at furnace temperatures as low as 850°C and

750°C respectively.

3132 Insulators
Flash sintering has also been attempted on pure alumina (Al,O;)

[56]. For pure samples, E-field reached 1000 V/cm only minimal FAST
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sintering behavior was observed. However, with the addition of 0.25 wt%
MgO, a common alumina sintering aid, flash sintering behavior was
observed for fields of 500 and 1000 V/cm. Flash sintering did not occur with
a field of 250 V/cm implying and E,,;, between 250 V/cm and 500 V/cm.
Interestingly, the flash sintering started at a point where the dog
bone was already partially sintered. Both fields showed an initial phase of
FAST sintering then, the onset of flash sintering behavior. Additionally, the

critical power dissipation for the onset of flash sintering was similar to the

much more conductive zirconia.

3133 Electronic Conductors
Early publications on flash sintering focused on materials

commonly used as fuel cell electrolytes, resulting in other work investigating
the flash sintering behavior of other fuel cell components. Flash sintering
has been reported in electronically conducting cobalt manganese oxide
(Co,MnO,). This material is used as a coating on fuel cell interconnects to
prevent migration of chromium for stainless steel interconnects to the
electrolyte where the chromium acts to poison the electrolyte reaction.

Because Co,MnOQ, is electronically conductive, the conductivity is
much higher than in either ionic or insulative materials. The effect of the
high conductivity results in the requirement of low voltages (<12.5 V/cm)
and high currents (13 A) to achieve high densities by flash sintering rather
than the 100 V/cm-1000 V/cm required in YSZ or alumina.
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The sintering behavior is shown in Figure [57]. There is an
apparent transition between FAST behavior and flash behavior that occurs
with and E-field of 5 V/cm. Flash sintering begins, but does not proceed to
high densities, instead, there is a transition to more FAST like sintering
behavior. It is also interesting to note that the critical power density for the
onset of flash sintering remains the same as that observed in 3YSZ, 8YSZ,

and alumina

3134 Semi-Conductors
Flash sintering has been reported in the perovskite strontium titanate

(SrTiO;) [58]. Typically, conductivity arises in StTiOj; as a result from
deviations from stoichiometry by he addition of dopants, much like in yttria-
stabilized zirconia [59]. In the pure material, where deviation from
stoichiometry is minimized, the conductivities observed indicate that there is

a deviation from stoichiometry.
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Figure 3.7 Dilatometric and power dissipation behaviour of flash sintered Co,MnO,[57].
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Figure 3.8: Dilatometric and power dissipation behaviour of flash sintered SrTiO;[58]

3.14 Effect of Particle size

In unassisted free sintering, the particle changes sintering behavior
dramatically as a result of shorter diffusion distances, and a smaller pore
volume that needs to be filled (less mass movement). In flash sintering, this
densification behavior is also manifested. Interestingly, for the same E-field,
reducing the particle size also decreases the flash sintering temperature [60].

The effect of particle on flash sintering of 3YSZ is shown in
Figure 3.9. First, in the absence of and E-field, sintering rates and the degree
of densification increase with decreasing particle size. This has to do directly
with the change in particle size. With the application of an E-field of 100
V/cm, two observations can be made from the dilatometric data. First, for a
smaller particle size, the temperature of flash sintering is lower than that for
large particle sizes. There is a difference of furnace temperature of 120°C
between the 1 um sample (D50 = 0.33 um) and the 10 um sample (D50 =
3.08 um). Second, for smaller particle sizes, the final densification is higher,
only the smallest particle size was reported to reach a density of 96%.
Similarly, the strain rate of sintering for the 1 pum sample is more than 4.8%

s, while the 10 um sample is only 1.7% s™'. This is attributed to the shorter
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Figure 3.9: Effect of particle size on the flash sintering behaviour of 3YSZ. [60]
diffusion distances for smaller particles, much as the case in unassisted

sintering.

3.15 Microstructure

Microstructural results for flash sintered ceramics are extremely
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Figure 3.10 Grain size distribution of conventionally sintered 3YSZ (left) and
3YSZ flash sintered with 100 V/cm (right) [60]
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Doped-Alumina Doped-Alumina
Flash-Sintered at 1000 V/icm

Figure 3.11: Microstructure of MgO-doped alumina flash sintered with 1000
V/em (left) and conventionally sintered (right) [56].

variable. This likely has to do with the uncontrolled nature of the flash
sintering. There is wide variation with respect to different E-fields and when
flash sintered samples are compared to conventionally sintered materials.

In 3YSZ, flash sintering with 100 V/cm results in a slightly refined
microstructure. The grain size distribution in the flash sintered material
shows a much larger proportion of grains less than 100 nm, and reflect
closely the initial particle size distribution of the starting powder (Figure 3.)
[60]. This would indicate that in flash sintering, there is a reduction of grain
growth as has been observed in dense samples annealed with E-fields [36].
The joule heating at the grain boundaries is believed to thermodynamically
pin the boundary, minimizing coursing in a similar mode observed in the
annealing of fully dense 3YSZ [36].

In alumina, there is again an observable influence of the E-field on
grain growth and the final microstructure (Figure 3.11) [56]. When flash
sintered with an E-field of 1000 V/cm, the sample reach full density with an
average grain size, G = 0.8 pm, while the conventionally sintered specimen
had an average grain size G =1.9 um. Much like in alumina, there was

microstructural refinement, but in alumina, there was still a considerable
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amount of grain growth when compared to the starting powder’s particle size
of 100-300 nm.

In the highly conductive Co,MnO,, very similar microstructures
and grain sizes are achieve for conventionally sintered, FAST sintered, and
flash sintered specimens despite the sintering temperatures being 1180°C,
1177°C, and 336°C respectively. In flash sintered samples, there was a

higher elimination of the interconnected porosity [57].

3.1.6 Proposed Mechanisms:

In order to further exploit flash sintering behaviors, it is critical to
know the mechanisms that are causing this behavior. To be rigorous, the
mechanism must account for a change in conductivity, which is control by
the fastest moving charge carrying species, and sintering, which is controlled
by the slowest moving species. The hypothesis that has been proposed
several times for the cause of flash sintering is the nucleation of Frenkel
defects [23], [49], [52], [56], [60], [61]. Because the sample is conducting,
the movement of oxygen is not an issue. This means that these defects must
be primarily zirconium ions that are forced into interstitial sites resulting in

7"

L

Normally these defects, in this case Zr;"" and Vy;', are electrostatically

bound to each other and cannot move on length scales needed for sintering.
In the presence on the E-fields used for flash sintering, defects can decouple.
Once defects are decoupled, they would be able to move in the E-field. Their
movement results in the sintering effect, and because they are charged, their
movement would result an increase in current thus satisfying the two

requirements.
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3.2 Similar Assisted Sintering Techniques

321 Flash-sinterforging

Flash sintering is a free sintering technique; there are no externally
applied pressures. The idea of applying an E-field has also been applied to
the already existing sinterforging technique. Sinter forging is a pressure
assisted sintering technique that, utilizes the application of an external
pressure the long axis of a cylindrical sample that is not restricted to in the
radial direction. The applied pressure changes diffusion rates because it
nucleates extra defects that increase diffusion gradients and increase the
effective internal sintering pressure. In flash sinter forging, and E-field is
applied through the long axis of the sample, during the sinter forging.
Results have been reported for 3YSZ [49].

For flash-sinterforging, in condition where the applied pressure is
held constant at 5 MPa and the applied E-field is varied, the sintering
behavior is nearly equal to free flash sintering. Increasing the E-field, lowers
the onset temperature, and results in sintering rates that, again, allow for
sintering in seconds. Compared conventional sinterforging, the application
of the E-field appears to cause a softening of the material. In the absence of
the field, volumetric strains reach <20%. With the E-field, volumetric
strains easily reach 60%, where the experiment was stopped.

When the E-field is fixed at 100 V/cm and the applied pressure is
changed, increasing pressure decreases the onset temperature. In free flash
sintering the onset temperature was slightly higher than 900°C. With an
applied pressure, of 1.5 MPa results in approximately the same results:
916°C. Increasing pressure, decreases onset temperature, with 12 MPa, the
onset temperature was lowered to 850°C. Increasing the applied pressure
also increases the maximum sintering rates from 4% s™' for 1.5 MPa and up

to 9% s’ for pressures above 7.5 MPa.
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322 Grain Welding:

Grain welding is a corollary technique to flash sintering, that
utilizes alternating current (ac) E-fields with a tuned frequencies rather than
the dc E-fields used in flash sintering. This techniques takes advantage of the
fact that grain boundaries and the material bulk conduct differently
depending on the frequency of the ac E-field applied. The frequency used
for sinter welding is chosen so that the majority of the conductivity takes
place at the grain boundary causing grain joule heating and a similar flash
sintering effect.

A typical experiment is done by heating an isostatically pressed
cylinder to a constant temperature 800°C — 1000°C. The compact is subject
to bursts of the ac field, with a frequency of 1000 Hz in the case of zirconia,
with a certain voltage[62], [63]. The voltage is maintained, for a certain
amount of time, typically less than 30 seconds, or until a current limit is
reached.

This technique has the advantage that it is highly controllable.
Depending on the voltage or current limit, the extent of sintering can be
highly controlled an sintering can be done in several steps by bursts or
current [64]. If the duration of the application is long enough and the current
high enough, temperatures can even be high enough to melt the material
[63].

There is also the advantage that very fine microstructures can be
maintained. Unlike in flash sintering, which shows a range of
microstructural results after flash sintering, grain welding can consistently
give results with very fine microstructure. A typical result for the grain
welding of 8YSZ with an E-field of 120 V/cm at 1000 Hz for 5 seconds at
800°C is compared to a conventionally sintered sample at 1300°C is shown

in Figure 3.12.
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Much like in flash sintering, there is joule heating in the sample,
but the overall heating does not explain the overall results. Similar
mechanisms to those active in flash sintering should be activated by this

method of electric field assisted sintering [63].

Figure 3.12: Microstructure of a) grain welded (120 V/cm, 1000 Hz, 800°C,
5 seconds) and b) conventionally sintered 8YSZ (1300°C) [63]
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4 Materials, Equipment, and Characterization

4.1 Materials

4.1.1 Zirconia Powder

All polycrystalline experiments, for those done on flash sintering
from a green state and for those done with presintered specimens, utilized a
commercially available 8 mol% yttria-stabilized zirconia (§YSZ) (TZ-8Y
Lot: Z805550P Tosoh, Corp., Shunan, Japan)) powder. Analyses supplied
with the powder show nominal crystallite size of 250 A and specific surface
area of 13.1 m*/g with the minor chemical components shown in Table 4-1.
This powder is very low in SiO, a common contaminant that can
dramatically change electrical properties because of its segregation to grain
boundaries restricting the paths for oxygen vacancy conduction, thus
changing the electrical properties of sintered samples [65]. An SEM image
of the powder as provided is shown in Figure 4.1. The granulated powder
shows a spherical morphology with granules ranging from ~10 um to ~100
um. The surface of a single granule shows that the surface is not perfectly

smooth, and that the individual crystallites are ~200 A.

Table 4-1: Chemical analysis of Tosoh 8YSZ powder used. Crystallite size
250 A and surface area 13.1 m2/g Lot: Z805550P.

Component Y,0;, AL O, SiO, Fe, 0, Na,O

Weight 1323 <0005 <0.002 0.003 0071

Percent
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10 pm

Figure 4.1: 8YSZ Powder Used. A) Granulated powder as provided, B)
Surface of an individual granule showing individual crystallites.

412 Single Crystals

Single crystal samples were cut from a bulk piece of yttria-
stabilized zirconia (Ceres Corp, Niagara Falls, NY, USA). Several
rectangular samples were cut from the same piece in the same direction.
The crystallographic direction of these pieces was not known, but all

specimens have the same crystallographic direction.

413 Binders

Two different organic binders were used to increase the green
strength of specimens. The amounts used were determined to minimally

affect the final sintering behavior and leave minimal residues after
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treatments at sintering temperatures whilst still giving them the desired

handleability.

4.13.1 B1000
For specimens prepared by uniaxial pressing, Darvan B1000 (Rohm

and Haas France SAS, BP, France) was used as a binding agent. B1000 is a
commercially available acrylic binder emulsion commonly used for tape and
slip casting application. It has a T, of -26° C and relative pH of ~ 9-10 [66].
The binder was added to the zirconia powder on a weight percentage
basis considering only the solid acrylic components of the binder emulsion.
The powder was mixed with 5 wt% binder, mixed with enough double-
distilled water to form a paste. The paste was mixed well for at least 5
minutes, then allowed to dry overnight at 60 °C. After drying, the cake was

crushed until a fine powder was achieved.

4132 Hydroxypropyl methylcellulose
For extrusion, pastes were prepared with Hydroxypropyl

methylcellulose (HPMC)(Sigma-Aldrich, Average Mn ~90,000) as the
binder. This polymer is a commonly used thickener and binder for ceramic
extrusion [67].

Pastes were prepared with 0.2 wt% HPMC. This amount of was used
because it gave pastes high flowability, allowing for minimization of
extrusion pressures, while giving the wet extrudate enough resistance so that
it did not deform during drying and allowed dried samples to be handled

easily without breaking.

414 Sample Preparation

4.14.1 Uniaxally pressed Samples
The powder prepared with the B1000 binder was uniaxially pressed

with 150 MPa into either dog bone shaped samples with the shape shown in
Figure 4.2 or into disks with a diameter of 25 mm. The dog bone shape is

slightly modified from the shape reported in Ref [56] for other flash
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Figure 4.2: Die used to uniaxially press dog bone shaped samples. All
dimensions are in mm. The effective gauge section considered for
electrochemical measurements is shaded in gray.

sintering experiments. The shape of the dog bone allows for its suspension
between two wire electrodes by the holes in the dog bone handles. It has no
sharp corners in the transition from the handles to the gauge section,
allowing for smooth transitions in current density and for current lines to be
well developed and parallel as they pass through the gauge section. The
concentration of current in the gauge section forces any sintering behaviors
to preferably take place in the gauge section. Sharp angles are avoided to
minimize any constriction points that result it anomalous effects such as
spurious local heating and/or sintering.

To determine the preliminary grain growth behavior of this powder

disks with a diameter of 25 mm were uniaxially pressed with 150 MPa. The
disks were then treated at various temperatures to determine the

densification behavior and grain growth behavior at those temperatures.
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4142 Extrusion
Cylindrical shaped samples were prepared by extrusion. Before

extrusion, the ideal paste recipe was determined. An ideal paste has a solid
loading, the powder: powder + liquid volume ratio, that has the correct
amount of liquid phase to just fill in the spaces between powder particles. If
there is too little liquid, the liquid phase forms a thin fill covering the
powder surfaces while the mixture remains in a powder state. If the amount
of liquid phase is too high, there a liquid phase forms between particles,
resulting in a suspension. For this powder, the liquid phase that consists of
0.2 wt% HPMC acting as a binder and thickener, the ideal solid loading was
determined to be 39% by slowly adding the liquid phase drop by drop to the
8YSZ powder during mixing until a workable paste formed.

Using a solid loading of 39%, extrusion pastes were prepared
according to the recipe in Table 4-2. First, the HPMC and zirconia powders
were dry-mixed. Then double-distilled water was slowly added to the
powder mixture while being agitated in a vertical mixer. After all the liquid
phase was added, the mixture was allowed to mix until a uniform paste
formed.

Cylindrical shaped samples were extruded in-house built ram
extruder (Figure 4.4). Before the final extrusions, the paste was subject to
two treatments of high shear mixing by extruding the paste through a holed
disk installed in the extruder (Figure 4.3). These steps served to further

homogenize the paste and break any agglomerates that remained in the paste

Table 4-2: Recipe used for extruded samples. The solid portion corresponds
to a 39% solid loading.

Paste Component Volume % Weight %
8YSZ Powder 39 79.2
HPMC - 0.2
Distilled H.O 61 20.6
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after the initial mixing. After high shear mixing, samples were extruded
through a die 5 mm in diameter and 9 mm long with a ram speed of 10
mm/min, giving and extrudate speed of 212 mm/s. Extrusion took place
until the extrusion forced 2.5 kN, corresponding to operating limit of the
extruder, or until the ram travelled its full distance. The extruded cylinders
were collected and dried over night in a desiccator with silica salts, then in
and oven at 110° C for at least 6 hours. Samples were cut from the dried
rods. The dried samples had a relative green bulk density of 48.5%
determined geometrically, and a binder content of 0.25 wt.% confirmed by

TG.

Figure 4.3: Die setup used for high shear mixing of 8YSZ paste before
extrusion [81]
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4.2 42 Characterization Equipment
4.2.1
422 Dilatometry

The sintering behavior of the sample in the absence of and electric
field for both pressed and extruded samples was obtained using a Linseis
L75 dilatometer (Linseis Gmbh, Bolzano, Italy). Samples were heated at
10°C /min to 1550°C. A correction curve to account for the expansion of
the sample support and dilatometer push rod was determined using an

alumina standard heated at the same rate and to the same temperature.

423 422 SEM

Sample microstructures were examined using a JEOL JSM-5500
Scanning electron microscopy (SEM). Samples were first metalized with a
layer of gold-palladium by sputter coating for 45 seconds to ensure
electrically conductive surface. Images were taken using an accelerating

voltage of 10 kV.

4.23.1 Grain Size Measurements
To measure the average grain size in sintered samples, they were cut

using a low speed saw then ground using a series of SiC paper, from 80 grit
to 1200 grit. Samples were then polished using diamond paste to down to 1
pm. Polished samples were thermally etched in the same furnace that was
used for sintering at temperature 50° C lower than the sintering temperature
for 25 min. Samples were then metalized as described above.

Grain size measurements were done using the line intercept method
counting at least 500 grains and 6 different images taken from several
different positions on the polished and etched surface. Grain size was
corrected by a factor of 1.57 assuming a log-normal grain size distribution

and tetrakaidecahedron shaped grains [18], [68].
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4232 Density
Sample densities were measured before and after sintering. The

green density before sintering was measured on the pressed or extruded
samples geometrically. For uniaxially pressed samples, only the thickness
was measured with the diameter of the pressed disks or the area of the dog
bones already known. For extruded samples, the extruded diameter was
measured by taking two diameter measurements orthogonal to each other.
The length was measured after the ends were squared and cleaned with 800
grit SiC paper.

Sintered density was measured by the Archimedes method using the

equation [69]:

The suspended weight, W5, , was measured with a balance
(Gibertini Analytic Balance) setup to make measuremetns of samples
suspended in distilled water. Before measurement, samples were infiltrated
with water by placing the samples under vacuum for 20 minutes dry. Then,
while still under vacuum, were submerged in water. The sample were then
left for 30 minutes submerged in water under vacuum to remove any
remaining air that may have been left in the open porosity of the sintered
material. After the submerged measurement, samples were dried overnight

at 110°C, then the dry weight, W, , was measured.

4233 Pyrometry
Joule heating can be significant in flash sintering, causing sample

temperatures to be significantly different from furnace temperatures that
were measured by thermal couple [52]. To determine the difference, certain
experiments were performed using a pyrometer to measure the actual sample

temperature.
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Pyrometric measurements ere made using an IRCON Ultimax UX-
20 infrared thermometer (Square D Co., Niles, IL, USA) was used. It uses a
silicon sensor and has a range from 600°C to 3000°C. Sample temperatures
were recorded using the 0-1 V output of the device.

A calibration of the voltage-temperature relationship was done from
600°C to 1200°C using a sintered target prepared from the same powder
used to prepare the specimens. The target temperature was measured by and
S-type thermocouple that was touching the target surface. The target and
thermocouple were mounted inside an alumina housing that served to reduce
the effect of radiation reflected from the furnace walls and to and minimize
the effect of convection across the sample to get a more accurate

measurement of the thermocouple.

4234 Thermogravitometry
Thermogravitimetric/ Differential Thermal Analysis (TG/DTA), was

performed on the powder prepared with B1000 and the paste prepared with
HPMC to determine the burnout behavior of the two binders. Analyses were
performed using a Netzsch, ST 409 TG/DTA (Netzsch GmbH, Germany).
Samples were heated in an alumina crucible at 10°C/min to 1500°C in static
air. Pure alumina powder in an alumina crucible was used as the DTA

reference.

4.3  Electrical Characterization and Flash Sintering

4.3.1.1 Power Supplies
Two different power supplies were used to perform electrical

characterization, flash sintering, and to characterize flash like behavior in
fully dense specimens. The first power supply (Sorensen DLM300-2,
Calpower Srl, Como, Italy), nominated ‘PS:DLM300’, was used for

measurement with E-fields that required voltages less than 300 V. This
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power supply was able to provide a maximum current of up to 2 A, while in
current control mode.

The second power supply (Glassman EW Series, Tektronix Srl,
Milano, Italy) used was used for experiments with E-fields that required
applied voltages between 300 V and 5000 V. This power supply is
nominated ‘PS:GM5000°. Because of the power limitations of this power
supply, the maximum current limit was 120 mA when the power supply was
operating in current control mode. The

Both power supplies’ voltage and current limits could be controlled
manually or by computer by means of voltages inputs controlled by a Data
Acquisition System (DAQ), (NI USB-6009, I.R.S — National Instruments,
Padova, Italy) connected to the controlling computer. Both control methods

were used depending on the experiment being performed.

4.3.1.2 Voltage and Current Measurement
Voltage and current values were collected by two means. Both power

supplies had a voltage and current monitor outputs. Outputs were connected
to the measurement computer by means of the same DAQ that was used to
control the power supply used. These values were used only to confirm that
data that was collected.

High accuracy data for current and voltage was take using either a
Keithley Model 2000 (Keithley Instruments Inc., Cleveland, OH) or
Keithley Model 2100 digital multimeter (Keithley Instruments Inc.,
Cleveland, OH). Both DMMs had a 6-)2 decimal place precision and were
used interchangeably for current and voltage measurement, the different
between the two being the mode of interfacing with the computer. The
Keithley 2000 communicated via GPIB and the Keithley 2100 via USB. For
voltages in excess of 1000 V, only the Voltage Monitor output from the

power supply could be used as a measurement due to DMM limitations.

67



4.3.1.3 Electrical Characterization Configuration
4.3.14 Vertical Configuration
Most experiments were performed using the vertical configuration (see

Figure 4.5) this is the standard configuration of flash sintering experiments
in literatures. This configuration, the furnace is mounted vertically, and the
sample suspended from its electrodes. The sample was monitored from
below by either a video camera or by pyrometer. Measurement by both was
not permitted due to space restrictions.

The current that passed through the sample was monitored by DMM
connected in series on the negative side of the circuit. Voltage was

monitored in three different ways depending on the experiment:

1 By 4-Point measurement across the current carrying
electrodes, with voltage probes outside the furnace

2 By 4-Point measurement across two separate electrodes, with
voltage probes at the electrodes

3 By the power supply Voltage Monitor

For flash sintering experiments, using PS:DLM300, sample voltage
was taken on the current carrying electrodes, just outside of the furnace.
This setup is less accurate for measuring the true voltages dealt with during
measurements due to additional resistances that arise from the electrodes,
which can be considerable at high temperature and high current, and the
contact resistance at the electrode zirconia interface where a charge transfer
reaction must take place, which can also be considerable at high currents.

Experiments used to characterize the behaviors in fully dense and
single crystalline specimens used the 4-point methods. Fully dense sample
permitted the handling that allowed for the application of two separate
electrodes wrapped around the sample separate from the electrodes applying
the voltage. The use of two separate electrodes a known distance apart
allowed for a much more accurate measurement of E-fields present during
flash sintering like behavior because all electrode and contact resistances can

be separated from the voltage measurement taken [47]. In this configuration,
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2-point values were taken as the voltages given by the power supply Voltage
Monitor output.

For measurement using PS:GMS5000, only the Voltage Monitor output
was used for voltage measurement. The voltages provided with this power
supply exceed the limitations of the DMMs so only the power supply
Voltage Monitor was used. All experiments using the PS:GMS5000 were
done at a fixed voltage, so accurate current measurement was considered
more important.

For all configurations, the furnace temperature was measured using an
S-type thermocouple connected to the measurement computer by a NI TC-
01 (I.R.S — National Instruments, Padova, Italy). The TC-01 had a built in
cold junction correction. The thermocouple was mounted within 2 mm of
the center of the samples in order to measure furnace temperature near the

sample.

4.3.1.5 Dilatometric Configuration
A second method for flash sintering and I-V characterization

specifically for extruded sample used a modified dilatometer (402E,
NETZSCH-Geridtebau GmbH, Germany), to hold and measure sample
length changes, see Figure 4.5. The use of the dilatometer permits much
more accurate measurement of length changes than measurement by camera.
The measurements by camera are limited by the quality of the image, the
frequency the images are taken at, and the tendency of the sample to shift
and rotate during sintering changing the calibration of the measurement
scale. With the dilatometer, samples are held in place with the push rod,
giving a physical measurement, and measurement with sampling frequencies
up to 5 Hz, rather than the ~1 Hz permitted by the camera.

The pressure applied by the push rod was <10 Pa. This value is

much lower than the pressures used in pressure assisted sintering methods,
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which are on the order of MPa. The push rod was considered to have
negligible effect on the sintering behavior of the specimens.

Electrical characterization in the dilatometric setup was done only
by the 2-point method. Two platinum disk shaped electrodes were placed at
either end of the sample that was then mounted in the dilatometer. Sample
voltages were measured just outside the furnace between the current
carrying electrodes. Only the PS:DLM300 was used with this configuration.
The use of the extruded samples allowed for a much wider range of E-fields
and currents by modification only of the sample length.

Like in the vertical configuration, an S-type thermocouple mounted
within 2 mm of the sample was used to measure the furnace temperature at

the sample.
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5 Results and Discussion

5.1 Unassisted Sintering Behavior

Several base line measurements and characterizations were made to
understand the conventional sintering behavior of this 8YSZ prepared by the
methods that will be utilized to measure the flash sintering behavior. From
these, the differences that arise during flash sintering and flash sintering

electric treatments will be clear.

51.1 Binder Burnout

The first step of a sintering process is the elimination of any
binders present in the sample. Two different binders were used for sample
preparation: Darvan B1000, an acrylic binder, and HPMC, a cellulosic
binder. The complete elimination of these binders is important because

residues left after burnout can affect the overall electrical behavior of the
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Figure 5.1: TG/DTA 8YSZ powder used for uniaxial pressing
prepared with 5 wt% B1000 as a binder
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Figure 5.2: TG/DTA of extruded sample with 2 wt% HPMC as a binder

samples at higher temperatures. The binder burnout can also coincide with
flash sintering where the heating that accompanies current runaway can
cause sudden burnout and failure of the sample due to the expansion of the
burnout gases. TG/DTA allows for the observation of the burnout behavior
as well as the behavior of the zirconia powder at higher temperatures to see
if there are any other weight losses of reactions during heating. The powder
with B1000 added, was measured in its powdered state and the powder with
HPMC was measured as a dried piece of the extruded paste.

Results from TG/DTA analysis show that binder burnout for both
binders occur in the same range, 250 — 500 °C. The actual fraction of binder
added was 5.5 wt% for the powder prepared with the B1000 (Figure 5.1) and
0.5 wt% for the paste used for extrusion prepared with HPMC (Figure 5.2).

For B1000, the flatness of the TG and DTA at high temperature
indicates that there are no carbon residues left from the binder burnout that
could effect conductivity values less than 900°C.

For HPMC, the TG results, show that there is a very slight weight
loss at high temperature, between 1000°C and 1250°C. This is the
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temperature range where any carbon left from burning of the HPMC would
decompose. The amount of weight change due to this decomposition is <0.2
wt%. Because the high temperature weight change is so small, it has not
been considered significant to results. Only the low temperature burn off of
the HPMC is considered for flash sintering experiments.

The stability of the DTA curves after burnout for both of the
binders indicate that there are no phase transformation or other reaction up

to 1550°C.

51.2 Constant Heating Sintering

Flash sintering experiments were run at constant heating rates of
10°C/min. The conventional sintering behavior at this heating rate was
determined by dilatometry and was assumed to represent the sintering
behavior of the samples suspended in the hot zone of the furnaces used for
flash sintering.

Nominal sintering behavior for samples prepared by uniaxial
pressing with and without 5 wt% B1000 binder and extruded with 0.2 wt%
HPMC are shown in Figure 5.3. The presence of either binder shifts the start
of sintering to higher temperatures by the same amount. This shift has likely
occurred because of the space that was previously occupied by the binder
before burnout, the extra space results in longer times to form necks between
particles at the initial stage of sintering. The burnout of B1000 is also
accompanied by a reconsolidation of the powder, seen as the step down from
200°C - 300°C. However, this reconsolidation still does not provide a high
enough contact between particles to account for the voids left by the binder
after burnout.

Considering the reconsolidation in the sample prepared with
B1000, all samples show similar sintering profile with a final strain of 22%

at 1550°C.
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513 Densification and Grain Growth

Grain growth experiments were performed in three different
furnaces. Different furnaces have different sintering behaviors because of
variations in temperature distributions resulting in differences in what the
measured furnace temperature and the real temperature at the sample being
sintered or annealed. Grain growth is a diffusional process so slight
variations of temperature can significantly change the resulting
microstructure. Before grain growth experiments, samples were sintered at
different temperatures to determine the minimum temperature for each
furnace to ensure a sintered density of >98%. Above these temperatures,
different sintering temperatures and times were investigated to observe the
effect on the final grain size of the dense samples. Treatments and results are
shown partially in Figure 5.4, and all treatments are shown in Appendix 2.

Based on these results, 4 different treatments were used to determine

the behaviors in fully dense samples of different grain sizes. The treatments
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Figure 5.3: Dilatometric behaviour of 8YSZ prepared with 5 wt% B1000,
0.2 wt% HPMC binders and without binder. Heating at 10°C/min to 1550°C
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were sintering at 1400°C for two hours, 1600°C for two hours, 1550 for 12
hours, or 1600 for 17 hours giving average grain sizes, G, of 0.60 um, 3.76
um, 5.30 um, and 11.47 pum respectively.

514 Conductivity

Conductivity measurements were taken on two sintered samples.
The first was sintered at a low temperature of 1300°C for 2 hours and the
second at a high temperature of 1575°C for 2 hours representing the lower
and upper average grain sizes.

Bar shaped samples cut from presintered 25 mm uniaxially pressed
disks. Silver paste was baked onto the ends of the long side of the bar at
900°C for 1 hour. The bars were then heated at 2°C/min from 450°C to
850°C with 1 volt applied while measuring the resulting current. Normal

measurements would take fewer points with longer times spent at
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Figure 5.4: Grain growth behaviour as a function of sintering temperature and
furnace. Samples were sintered at sintering temperature for 2 hours and free
cooled
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Figure 5.5: Conductivity measurements of samples sintered at 1300C and
1575C compared to literature values found by dc measurements [70].

temperature each temperature in order to ensure that the sample is in
equilibrium. The lack of this is the reason for the deviation at 1000/T = 1.25
(800°C). There would be a polarization process at this temperature that is
being excited by the heating-current combination. At the other temperatures
this excitement is not present. At low temperature, the activation energy is
1.12 eV and at the upper end of the temperature range is 0.81. The results
from Badwal er al. [70] divide the two results, and has a slightly higher
activation energy at high temperatures, but a similar energy at low
temperatures.

The two samples have similar behaviors with respect to activation
energy, but the sample sintered at 1300°C ha slower conductivity values as a
result of the larger fraction of grain boundary. Grain boundaries in zirconia

are blocking and more resistive than the bulk of the crystal.
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5.2  High Voltage Flash Sintering

521 Introduction

Despite flash sintering being demonstrated in several different
materials, results reported up to this point have focused solely on proving
that flash sintering occurs in the material, not pushing the limits of the
phenomenon. Finding flash sintering behavior is also done by trial and
error. Arbitrary fields are applied to a material and their effect sintering
behavior is observed. Little work has been done on determining the relation
between the applied E-field and the resulting sintering behavior. The

determination of E_;, the FAST-flash transition, is only inferred by the

crit>
observation of the different sintering behaviors.

So far, no work has been shown on what happens when the E-field
is increased too much higher values. Reported flash sintering results for
8YSZ have been limited to field strengths of 150 V/cm [51]. The reason for
this limitation was the sample geometry and power supply combination. For
a field of 150 V/cm, sintering was found to occur at ~750°C and in only a
few seconds. Based on the observed flash sintering behavior in this work,
E_; was estimated to be ~30 V/cm. The relation between E-field and
sintering temperature, T, reported suggests an inverse linear relationship
i.e. increasing fields lower the onset temperature of flash sintering.

Here, E-fields were increased beyond the previously reported
value of 150 V/cm to 2250 V/cm. For the first time, a relation between E and
Tonse: 18 shown. In addition, the effects the power dissipation and the current
density on densification are also discussed. Based on the conventional
sintering behavior and the relationship between E and T, E.,; has been

determined rather inferred.
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522 Experimental

Dog bones with various thicknesses were prepared by uniaxially
pressing with 148 MPa. Various thicknesses were prepared to investigate the
effect of varying current density on the sintering behavior of the samples,
but the primary samples had a thickness of 2.25 + 0.05 mm and a relative
green density of 49.8%. These samples were suspended in a vertical furnace
(Nabertherm RT 50), the desired field was applied, and the samples were
heated at 10 K/min until a sintering event occurred.

Two different power supplies were used to apply the range of E-
fields used. For fields less than 150 V/cm, the power supply PS:DLM300
used was the same as that used in the results reported in Cologna et al. [51].
The current limit setting of the power supply was set at 655 mA. The results
with this power supply were used to compare this experimental setup-up and
powder preparation to those already reported, and to have point lower in the

E-field spectrum, but above the previously estimated E_;, of 30 V/cm. The

‘crit
power supply PS:GMS5000 was used E-fields of up to 2250 V/cm using
theses dog bone samples. The current limit for this supply was 120 mA,
which was the maximum for the supply.

As a result of the observed flash sintering behavior, samples
sintered with E-fields higher than 1500 V/cm were subject to a heat
treatment in the absence of the E-field at 500°C in order to burnout any
binder in the powder. The sample was then allowed to cool to ambient

temperature, the E-field was applied and the sample was subject to the

treatment described above.

523 Results and Discussion

5.23.1 Sintering behavior
The sintering behavior fell into two different categories. First, for

the dog bone sample sintered with the low E-field (E < 150 V/cm,
PS:DLM300), high current set-up, sintering proceeded to high densities and
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Table 5-1: Sintering Results for flash sintering with E-field up to 2250 V/cm.

Applied Current  Onset Linear Relative Maximum
Field, E Limit Temperature, Shrinkage  Density Power
Tonset Dissipation
[ Viem ] [°C1] [ % ] [%] [ mW/mm® ]
60 655 960 -28.1 86.6 257.7
140 655 768 -24.7 60.4 113.6
350 120 629 -11.8 48.8 827.1
950 120 508 -10.0 514 105.9
1425 120 467 -9.7 49.5 3748
2250 120 378 -8.5 49.0 5285

large shrinkages. Second, for samples sintered in the high E-field (E > 150
V/cm, PS:GMS5000), low current set-up, final densities were only slightly
higher that the starting green density. The sintering results for different E-
field are shown in Table 5-1.

The two sample sintered with PS:DLM300 were repeated to test
the results of this set-up and 8YSZ with the results reported in Ref. [51]. For
both 60 V/cm and 140 V/cm, T, was in agreement with the reported data,
meaning the set-up and powder were comparable. These two samples also
showed the highest final densities and linear shrinkage, with the highest
occurring at the lowest E-field.

Moving to high E-fields and changing the power supply to the
PS:GMS5000, the final densities hardly changed from the green value.
Relative density, ~50%, were the same for all samples sintered with this
power supply. Observations showed sintering did occur because of the linear
shrinkage, and increased handleability and mechanical strength after
sintering. The low level of density with the increased mechanical strength
means that sintering remained in the starting stages of neck formation.

Finally, T, continues to decrease with increasing E-field. With

2250 V/cm, sintering occurred at 378°C.
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5232 Power Dissipation
Because of the low levels of sintering strain and shrinkage,

sintering was difficult to measure using the image analysis method described
in Ref: [23]. For this reason, the power dissipation results were used to
determine the onset of flash sintering. In previously reported works, ([23],
[51], [55], [57], [58], [60]), flash sintering occurred at the point of current
and power runaway. Because these experiments are run at constant E-field,
and all normalization is done with the initial dimensions, the point of current
runaway also corresponds to the point of volumetric power dissipation
runaway by p = E - J, where p is the volumetric power dissipation, E the
applied E-field, and J the current density. The results of the power
dissipation are seen in an Arrhenius plot for the dog bone shaped samples in
Figure 5.6.

In Figure 5.6, a peak in the power dissipation of the sample
sintered with 950 V/cm applied can be seen. This peak is attributed to the
binder burnout. During burnout, carbon residues are formed, increasing
conductivity and therefore power dissipation while they are present. After
the burnout process has completed at ~450°C, the conductivity and power
dissipation return to the nominal values observed in the binder free green
dog bones. Because this burnout occurs in a temperature region that
interferes with the flash sintering behavior at E-fields higher than 1500
V/cm, any samples with these fields were heat treated so that burnout and
flash sintering behavior did not interfere with each other. This burnout peak
is also present in the samples sintered with 350 V/cm, but the peak is out of
the scale of the plot. It was not seen in the 60 V/cm and 140 V/cm samples
because the current with those E-fields and the conductivity of zirconia at

burnout temperatures remained too low for a current change to be measured.
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Figure 5.6: Power dissipation of dog bone shaped samples.

5233 Onset Temperature
The flash sintering temperatures shown in Table 5-1 were taken as

the temperature where the power dissipation curve becomes vertical. The
plot of the flash sintering temperature with respect to applied E-field is
shown in Figure 5.7. The results previously reported for the flash sintering
of 8YSZ are shown [51]. The results for 60 V/cm and 140 V/cm are in
agreement with these results.

In Figure 5.7a it can be seen that increasing the E-field continues
to decrease the temperature at the onset of sintering and current runaway.
Previously, the relationship between the applied E-field and the onset
temperature appeared to be linear. However, increasing the E-field above
150 V/cm reveals that the decreasing trend continues, but that it is non-

linear. To sinter at lower temperatures, it requires a higher E-field.
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Plotting the results on a log-log scale (Figure 5.7b) shows that
there is a power relationship between the applied E-field, E, and the
resulting temperature at the onset of sintering, T,... The line of best fit is

given by the power equation:

(5.1 Tonser = 2440E1/585

where T,

Onset

is given in K and E in V/cm.

Typically, sintering phenomena are shown on Arrhenius plots
because diffusion is an activated process. Taking the same points and
plotting them is shown in Figure 5.8. Typically, activated processes have a
negative slope to the data, signifying that increasing temperature increases
the effect that is under investigation. Here, the opposite is true. This would
mean that the temperature is retarding the effect. The slope of the line gives
an activation energy of -1.17 eV. This is nearly the same magnitude of the
activation energy of conductivity found for the fully dense sample at low
temperatures, and for the values of activation energy of conduction found in
literature

The reasons for the fit equation given in equation (3.1) and the
negative activation seen in the Arrhenius plot are still unknown and are still
being investigated. The fit to the power equation may have many
explanations and may include ionization of one of the species in the 8YSZ or
electrolysis. The activation energy is likely related to the conductivity

change at different temperatures.

5234 Thickness and current density
The lack of sintering at high E-fields is believed to occur as a

result of a lack of sufficiently high current density that results in very little
matter movement and the resulting sintering. The samples that sintered to

higher densities using the PS:DLM300 power supply reached current
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densities at the set power supply current limit of 87 mA/mm?, nearly 4 times
that reached with the samples sintered with the PS:GL5000 power supply.
Because increasing the power supply current limit was not an option, it was
already at its maximum of 120 mA, the sample geometry was modified to
try and increase current densities.

Sample modifications were done in two ways. First, dog bone
sample were prepared with different thicknesses, with the smallest having a
thickness of 1.7 mm, and tested with and E-field 950 V/cm. Samples thinner
than this were prone to break. Reducing the thickness allowed for only a
modest increase in the maximum current density from 17.8 mA/mm? to 23.5
mA/mm?. The flash sintering behavior of the thin dog bones mimicked
closely the behavior of the thicker samples. The sintering onset temperature
agreed with the temperature found for the thicker samples sintered with the

same E-field, but there were no noticeable differences in the densification
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Figure 5.8: Arrhenius plot of the effect of furnace temperature, T, on the
E-field, E, required to start flash sintering
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behavior.

A second method that is currently being investigated is the use of
extruded rods that are much easier to prepare with thicknesses that can be
used to reach sufficiently high E-fields with the power supply PS:DLM300
that can provide considerably higher current densities. Preliminary results
using the dilatometric setup demonstrate that with a different sample
configuration gives results for the onset of flash sintering predicted by
equation (3.4). However, there are observations of similar short-circuiting
type behavior. At this point, this behavior may be attributed to a lack of
sufficient electrode contact forcing short-circuiting, or if this is comparable
to the behavior observed in the dog bones. With the higher current densities
and the occurrence of short-circuiting, there are issues pertaining to the
melting of the platinum electrodes.

Results for preliminary flash sintering of 10GDC using the
dilatometric setup are shown in Appendix 3. These results for the first time
show flash sintering in extruded samples, 10GDC, and using such an

experimental setup.

5235 Microstructure
Much like the densification behavior, the microstructural behavior

behaved differently depending on which power supply was used. Typical
microstructures for both regimes are shown in Figure 5.9. Here the fracture
surface of the dog bone transverse to the gauge section of the sample
sintered with PS:DLM300 with 60 V/cm is shown. The dog bone shows
uniformity in the sintering behavior across the entire cross-section. The
fracture surface shows that there is remaining porosity and that particles are

well connected with an approximate size of 1 pm.
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950 V/icm

Partially sintered region  Green

Figure 5.9 SEM micrographs of samples flash sintered with 60 V/cm and 950
V/em.

The samples sintered with PS:GM5000, showed the typical
sintering pattern seen in the sample sintered with 950 V/cm. An area of
local sintering was seen near the center axis of the gauge section. Often,
cracking originating from the center of the area of local sintering formed
towards the corners, indicating that this area indeed underwent local
sintering while the outer region of the dog bone did not sinter, or at least
experience only small amounts of sintering. Examining the central region, a

small are of local sintering is observed. This is the area where the current
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short-circuited through the sample, causing the slight amount of sintering.
Outside of this region, the microstructure appeared to remain green or

remain in the early stages of sintering.

5236 Flash sintering predictions and limitations
5236.1 Sintering at room temperature

Given the fit equation (3.1), one may consider what E-field is
required in order to sinter at room temperature. Taking 300 K as room
temperatures, an E-field of 211.4 kV/cm would be required to sinter at a
temperature of 300 K if the given trend holds to E-field of this magnitude
and to such low temperatures. For these dog bones, that have a gauge length
of 2.1 cm, a voltage of 444 kV would be required to sinter. With a current of
87 mA/mm?” which is sufficient for densification, this would be a 2.6 kW
power supply. Both power supplies used for flash sintering have a

maximum power rating of 300 W.

52362 Sparking
In reality, sintering at room temperature would be very difficult

because the actual circuit used in these experiments is not as simple as
assumed. In reality, the circuit also has a capacitive element composed of the
atmosphere surrounding the sample between the electrodes. At low E-fields,
it is acceptable to ignore this component. At higher E-fields, there is the risk
of sparking. In fact, this was reported for flash sintering of alumina, which
required E-fields in excess of 2 kV/cm [56]. At these E-fields, the
atmosphere, air in this case sparks due to Townsend breakdown

Townsend breakdown in gases occurs much like it does in a
dielectric material. Electrons accelerated between two electrodes can
achieve a high enough energy that their collisions with other atoms in the air
between the electrodes can cause the emission of more electrons resulting in
an avalanche of electrons that eventually for a current carrying spark.

The Paschen limit is an empirical limit for determining the voltage

breakdown limit of a gas between two flat plate electrodes. The breakdown
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voltage is a function of the electrode spacing and the pressure of the gas
between them. Both are essentially measures of the distance an electron has
to accumulate energy in a give E-field. The electrode spacing, d, gives the
potential, and the pressure, P, is a measure of the spacing between gas atoms
that and electron has between collisions. If an electron has enough distance

in a strong enough field, then sparking will occur. The Paschen equation is

given by:
(5.2) Vo = Bpd
BT ™€ + In(pd)
(5.3) . 4
=In
1
In (1 + }—/)

where, V,, , is the breakdown voltage in kV, p the pressure in torr, d the
distance in centimeters, The parameters A and B , are empirical parameters
given by 15 1/cm-torr, 365 V/cm-torr, and v is the third ionization
coefficient given by 1072 [71] .

The equation, modified for the temperature (a pressure effect) is

given as:

54
(54) 293pd\ 6.08 [293pd
Vgr = 24.2( ) +
760T d | 760T
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where, V,, , is the breakdown voltage in kV, p the pressure in torr, d the
distance in cm.

Given the setup used in this work, we assume that wire electrodes
behave as plate electrodes and are separated by a gap, d, in dry air at 1
atmosphere (760 torr) at the furnace temperature. The E-field where

breakdown occurs, Ey,, is given by:

Br !

293pd>+6.08 293pd
760T d | 760T

Given this equation, upper E-field limit for the onset of sintering
can be determined for different sample sizes. In Figure 5.10, the curve fitted

to the results as well as the Paschen limit for different thicknesses of 10 cm,

1000 F

Temperature [K]

100 ol ol el sl
0.1 1 10 1x102 1x10% 1x10* 1x10° 1x10® 1x107
E-Field [V/cm]

Figure 5.10: Flash sintering onset behaviour extrapolated to room
temperature with Paschen limits for the prediction of sparking at different
electrode spacing between 10 cm and 10 pm.
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2.1 cm (This work), 1 mm, 100 pm, and 10 um (Typical fuel cell electrolyte
thickness), are calculated.

At high enough temperatures, and high enough fields, the Onset
temperature curve intersect the Paschen limits, meaning that sparking is
more likely than conduction through 8YSZ at this temperature.

For the dog bones used here, with an electrode separation of 2.1
cm, sparking would occur at an E-field of 18 kV/cm and a temperature of
167°C. To sinter at room temperature, samples would have to reach ~10 pm.

These predictions remain completely hypothetical. In practice,
sintering starts at lower E-fields and higher temperature for the gap of 2.1
cm. however, this sparking is inconsistent and many different factors may
play a role. First, Paschen limit is derived for the sparking behavior between
two flat plate electrodes. The use of 2 cylindrical electrodes can change the
potential fields that are actually in practice. Second, sparking has also been
observed between the sample and the electrode. Here, gaps can be very
small an immeasurable because of the way samples are suspended from the
wires that are used. The most likely system that these predictions can
estimate would be a plate like sample sandwiched between two plate
electrodes. This would closely represent the Paschen system. However,
work flash sintering of Co,MnO coatings show that this sort of configuration
shows the tendency to create area of local flash sintering when a similar
short-circuiting behavior to that seen in these high E-field samples [Anshu,

Montanaro, D., Sglavo, V.M., unpublished work].

524 Sinter Mapping

We propose a mapping of the different sintering behaviors of the
material depending on applied E-fields and the furnace temperatures. The
mapping of 8YSZ is shown in figure Figure 5.11. The mapping shows the
dominant sintering mechanisms of a green sample that are dominant

depending on the combination of temperature and E-field.
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The different regions are the same as those shown in Figure 5.10
with the addition of the conventional sintering temperature (1408 K), the
critical E-field 24.5 V/cm, and the melting temperature (3000K).

With E-fields lest than E_;;, and lower than the conventional
sintering temperature or for E-fields higher than E_; at temperature that lie
below T, as predicted by equation (3.1), the sample behavior purely as an

ionic conductor with a conductivity o. For E-fields less than E_,, if the

crit?

furnace temperature exceeds the conventional sintering temperature, the

sample enters the FLASH sintering regime. If E is higher than E_; and the

crit
temperature is on or above the predicted T, line, the sample will flash
sinter. The upper limit for the applied E is when sparking starts. This limit
twill is dependent on sample geometry. There is an additional limit at high
temperatures where kinetics would dominate as discussed by Raj [52]. At

temperatures > 2050 K diffusion would allow for sintering rates that are

comparable with flash sintering rates. This regime is completely theoretical
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Figure 5.11: Mapping of sintering behaviour of 8YSZ under the influence of a
dc E-field
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because a sample would have already sintered if were heated to these

temperatures with or without an applied E-field.

5.3  Flash Behavior in Fully Dense 8YSZ

531 Introduction

The effect of grain boundaries is of interest in flash sintering.
Sintering is a boundary phenomenon, so mechanisms active in the grain
boundaries in flash sintering conditions are of interest. Previous works have
shown that grain boundaries in E-field assisted sintering are pertinent to the
heating behaviors during flash sintering of zirconia [23], [51], and they play
arole in coarsening mechanisms in E-fields [36]. The starting particle size
also plays a role in the sintering [60].

To examine the effect of the grain boundaries, presintered samples
have been prepared. Examining flash like behaviors on these samples and
examining the results with respect to grain size allows for inferences on the
effect of grain boundaries and there influence on the flash like behavior in

sintered samples.
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532 Experimental

Dog bone and disk samples were presintered and to have average
grain sizes of 0.60 um, 3.76 um, and 5.30 um and 11.47 pm, samples 1400,
1600s, 1600L, and Large respectively. The microstructures are shown in
Figure 5.12 and Figure 5.13.

Two different test configurations were used to observe the flash
sintering-like behavior in fully dense samples. The first was much like flash

sintering experiments with dog bones suspended from the holes in the dog

Figure 5.12: Microstructure on polished and thermally etched surface for
samples sintered at (a) 1400, G=0.60 um and (b) 1600s G=3.76 um.
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Figure 5.13: Microstructure on polished and thermally etched surface for

samples sintered at (e) 1600L, G=5.30 pm and (d) Large G=11.47 pm.
bone handles between two platinum wires that acted as the current carrying
electrodes. Platinum wires were used as the 4-point voltage probe, wrapped
around the section of the dog bone. Because these samples used all platinum
electrodes, they were heated to 600°C, 800°C, and 1000°C. The samples
were allowed to equalize at temperature, and then the power supply voltage
was ramped at 5 V/min while monitoring sample current and temperature.
The voltage was ramped until a current runaway event occurred while
measuring the 4-point voltage, current, furnace temperature, and sample

temperature.
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Bars were cut from the disk and silver electrodes were baked on to
the bar ends at 900°C for 1 hour. Again, voltage probes were Pt wire
wrapped around the samples. The bars were suspended in the vertical
configuration with the pyrometer focused on the center of the bar between
the voltage probe electrodes. The use of silver electrode limited these
samples to temperatures of 600°C and 800°C. Because of this, they were
used primarily to examine the heating characteristics because the pyrometer
target fell completely on the sample, where on dog bones the gauge section
was slightly too small for to completely cover the area where the pyrometer
sensor area was aimed.

Bar samples also served to observe the effect of the a different
geometry. The difference between the two was unnoticeable both for I-V
behavior and heating. Results were taken as the best, cleanest data, usually
being the dogbone sample. The way the voltage probes were made, by
wrapping wire around the sample, made measurements in the larger bar
samples more noisey because of the difficulty of making the wire perfectly
parallel to the electrodes.

Voltage results were normalized by the disances between the
electrodes giving the E-field, and by the sample cross-sectional area
transverse to current giving the current desnisity, J. The lengths for the dog
samples are shown in Figure 5.14. The cross-sectional area was taken as the
area of the dog bone gauge section. For bar samples, the configuration was

similar, and on similar length scales.

533 Results and Discussion

5331 Flash behavior in fully dense 8YSZ
From the beginning of this work, the behavior of dense 8YSZ at

high voltages was uncertain. Typically, 8YSZ is used at very low voltages
in fuel cells and oxygen sensors, where voltages do not exceed more than a

few volts.
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The typical E-J behaviors of fully dense 8YSZ at different
temperatures are shown in Figure 5.15. The samples prepared with G = 0.60
um is shown here, but it is indicative of the response for all sample
preparations. Solid lines indicate the 4-point voltage response and dashed
lines the 2-point voltage response. As is observe in flash sintering
experiments, there is a point at which the there is the onset of an unstable
current runaway, indicated by the current response J becoming vertical.

There is a difference, AE, between the 2-point and 4-point
measurements at a constant system current value J. This difference is the
result of other voltage drops in the system. The primary drop will occur at
high currents due the charge transfer reaction at the electrodes. Other
resistive voltage drops include the resistance of the electrode wires
especially at furnace temperatures. These, however, are considered
insignificant with regards to the charge transfer reaction resistance.

Increasing temperature decreases the E-field where current
runaway takes place. This is expected in 8YSZ because the activated nature

conductivity. Increasing temperature increases conductivity so reaching the

Figure 5.14: Wiring setup for measuring the flash-like behaviour in fully
dense sample. 2-point voltages are normalized by length l; and 4-point
voltage probe measurements by l,. Pyrometric measurements were taken
over the area indicated by the circle in the sinter of the dog bone gauge
section.
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critical values for the start current runaway are reached with smaller E.

This critical value for the onset of current runaway remains an
issue of power dissipation as is the case in the flash sintering of green YSZ
samples [23], [51]. In Figure 5.16, the same results from Figure 5.15 are
shown with slightly changed axes and lines indicating constant power
dissipations. The critical power dissipation remains continues to around 10
mW/mm?®. Here, the transition occurs between 10 mW/mm? and 20
mW/mm® whether the response is considered from 2-point or 4-point
measurements.

The effect of the power supply transition from voltage control to
current control can also be seen. These transitions are indicated by the

discontinuous and sudden decrease of E at high current densities.
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Figure 5.15: Typical current response of dense samples at different
temperatures, here given by the sample 1400 with G=0.60 pm.
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Figure 5.16: E-J response with constant power dissipation lines, G=0.60 um.

5332 Charge carrier transition, AE
The difference of the two E-field measurements, AE = Ey,; — Eypy,

were taken at constant J. The E-J response with the difference is shown in
Figure 5.17, with typical response represented by G= 0.60 pm at 600°C and
800°C. A clear maximum is observed that occurs a J that divides the
samples’ behaviors in a low E ohmic region, and the region of current
runaway. This response was observed for all samples measured at furnace
temperatures of 600°C and 800°C. At 1000°C, AE showed variable results
for some samples, it reached a maximum like already shown and in others it
reached a maximum value, but it did not decrease, instead it leveled off at a

relatively constant value.
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Figure 5.17: Difference, AE, of 2-point and 4-point measurements showing a
maximum in the difference. Upper plot: 600°C, G=0.60 um, Lower plot:
800°C, G=0.60 um.
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At the lower temperatures, the AE peak occurs at a current density
that signals the onset of other observed transistion including the increase in
conductivity and the current runaway as well as and start of heating in the
sample. In Figure 5.18, the transition voltage, the peak of AE,, 4., is
indicated in the plots of o vs. E, T vs E. At AE,_,, there is a clear transition in
the conductivity, where it begins to leave its ‘low E’ behavior and increase
non-linearly. Following shortly, the sample temperature begins to increase.

This transition is believed to occur due to the nucleation of

electronic charge carriers at the cathode. Below the AE,,,, the reaction
1 . . . .
502 (gas) +V; + 2e’ > 0 is sustained, and the current can be sustained

by the consumption of gaseous O, at the expense of V. At AE),,,, the
current and this reaction can no longer be sustained by the reaction
providing resulting in an accumulation at the electrode of V. In order to
maintain currents, the crystal itself is used as an oxygen source resulting in

the reduction of zirconia:

5.6 )
60 05 +68Vy ~ EOZ(gas) +28e' + Zr0,_s

The vacancies that are not filled by cathodic reaction with gaseous oxygen
react with lattice oxygen, partially reducing the zirconium while creating
additional electrons. At the cathode, electrons are usually consumed in the
cathodic reaction. Now that they are being created, there is an additional
charge carrier in the system and the zirconia becomes a mixed conductor.
The mixed conduction means that the resistance at the electrodes is no
longer completely determined by the charge transfer reaction. Because
electrons can now cross from the electrode to the sample directly, a much
less resistive step that is observed as a drop in the voltage between the 2-
point and 4-point voltage measurements.
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The blackening that is observed in the samples after being subject to
flash-like treatments supports this. Figure 5.19 shows samples treated at
800°C for each different grain size. This blackening has been reported as the
result of reduction of the Zr atom [72], [73]. The amount of blackening
increases from small grain size to largest, a similar effect observed in
electrolytically reduced samples with oxygen blocking electrodes [73].
When comparing single crystalline to polycrystalline results with the
blocking electrodes, the polycrystalline sample showed a slow propagation
of the reduction from when compared to single crystals treated with the
same voltage. This retardation was attributed to the blocking properties of
grain boundaries that act to impede the reduction from. In this case, the
electrodes are both open to the atmosphere, so oxygen exchange can occur at
both ends of the current, but the results with grain size agree that for smaller
grain sizes, more grain boundaries. Increasing grain size reduces the amount
of grain boundary, thus, electrolysis has larger areas to take place in the

individual grains.
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Figure 5.18: Transitions in conductivity and sample temperature that occur at
AE
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Figure 5.19 Blackening observed after flash treatment at 800C.
Sample grain size increases from left (G=0.60 pm) to right (G=11.47
um). The cathadic reaction acenrred at the nnner hole.

Values of AE' at their maximum vary range widely. Values are as
low as a few V/cm to as much as 30 V/cm, and there is no regularity in the
maximums. More importantly, the values of 2-point measurements can be
as much a 60% of the values measured by 4-point measurement. First, this
difference would indicate that the quality of the contact between the sample
and the electrodes varied from one test to another, and that this contact plays
a significant roll Secondly, and more importantly, up to this point, all flash
sintering results reported use only 2-point measurements. The difference in
the values has been noted in impedance spectroscopy measurements, and
resulted in several reported result being nullified. For flash sintering,
especially in the very nonlinear conditions, it is necessary to get an accurate

measurement of the actual E-field acting with in the sample.
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Figure 5.20 Change in conductivity during while V is ramped at 5 V/min. Samples
started at furnace temperatures of 600°C, 800°C, and 1000°C. Samples finish at
1440 K (1167°C))

5333 Conductivity Behavior
Flash sintering is characterized by the sudden increase of current due

to an apparent loss of resistivity/ increase in conductivity. Reported results
do not examine this effect because only furnace temperatures were
measured. Because of the heating in the sample, it is necessary to consider
the sample temperature for the conductivity. This loss of resistance is also
instable, meaning that measurements of the conductivity cannot be
considered quantitatively. It is however interesting to observe the behaviors

in this transient state.

Table 5-2 Total Activation energies of conductivity for fully dense samples prepared with
different grain sizes.

Sample Average grain size, G Ea

1400 0.60 um 103 eV

1600s 3.76 um 0.90 eV

1600L 5.30 pm 0.85-1.19 eV
Large 1147 um Data insufficient
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Conductivity results are shown in Figure 5.20. The results for low E
conductivities, give activation energies shown in Table 5-2. Activation
energies vary, but they are within the range of values reported in literature.
These values are very rough estimates because they are taken from only 2 or
3 points, and during transient measurements. A more refined set of
measurements would give more accurate values of activation energy.

In fully dense samples, there is the interesting result of an increase in
conductivity at constant temperature, indicated by the vertical lines. Then at
the value that conductivity that corresponds to the transition at AE ., begins
to heat and naturally, conductivity increases. At high current and
temperatures, samples tend to the same point. Here, the power supplies have
reached their current limits, and power dissipation levels after the peak have
stabilized to a constant value. Regardless of the starting temperature, for the
current limit used, and if the samples are left to stabilize, they all tend

towards the same final temperature of 1440 K (1167°C).

5334 Grain size and runaway
The main interest at the start of this work was to observe the effect

of grain size on the flash sintering like behavior of dense samples. The effect
of grain size on the 4-point E-field at the transition that occurs at AE, . is
shown Figure 5.21. The results are shown for samples measured at furnace
temperatures of 600°C and 800°C. At 1000°C, the AE,,, was only observed
for 1 sample. The results behave in two different ways depending on grain
size and are divided by a local minimum at ~3 pm. For larger grain sizes, >
3 um, increasing grain size increase the transition voltage by ~1.12 V/cm per
um of grain size. This means that there is an increase in the grain boundary
resistance that adds 1.12 mV/grain boundary for every 1 um the average
grain size increases, assuming a brick layer model with cubic grains of equal
size. The increase in voltage is found from vg, = Ep, G, a typical value to

gauge the breakdown characteristic in ZnO varistors. V,_ is the voltage drop
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per grain boundary at breakdown with the E-field Eg,. Below 3 um, higher
E-fields are required to initiate flash behavior.

We propose that these behaviors are a result of two different
competing mechanisms that determine the total resistance of the material,
and as a result, how difficulty it is for the sample to reach critical power
densities to initiate flash behavior by p = V2/R. The first, is the increase of
total resistance due to the increase of the number grain boundaries as grain
size decreases. Grain boundaries have a blocking effect as a result of oxygen
vacancy depletion arising from preferential yttria segregation to the grain
boundary. This makes it more difficult for a vacancy to move through the
grain boundary [74]. By increasing grain size, the effects of grain
boundaries are minimized and conduction is dominated by bulk
conductivity. At very low grain sizes, there is the possibility that the amount
of grain boundary can result in increased total conductivities due to grain
boundary pipelining. This however occurs in sample < 0.5 pm and is not

applicable here [41], [74].
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Figure 5.21: The effect of average grain size on the E-field required to
initiate flash behaviour.
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Because of the high voltages and currents here, electrolysis of the
sample must also be considered in additional to the more traditional factors
of bulk and grain boundary resistance. Here, increasing grain size reduces
the effective E-field drop per grain and the potential developed across the
grain meaning for large grains; thus, a higher potential is required to initiate
electrolysis with the single crystal behavior being the limiting case
(discussed in section 5.4).

At a critical grain size the effects of these two mechanisms are
minimized and result in a minimum of the E-field required to initiate current
runaway. This minimum occurs where the two mechanisms change
dominance. The minimum appears to be temperature dependent with an

estimated minimum grain size of 3.0 um at 600°C and 5.5 pm at 800°C

5.4  Flash Behavior in Single Crystal YSZ

541 Introduction

Because grain boundaries are of such interest, it is beneficial to
compare the behavior of a single grain in the absence of grain boundaries.
This is rather difficult to do in a polycrystalline samples, instead, a single

crystal of zirconia can be used as model for individual grain.

542 Experimental

A bar of single crystalline zirconia was cut from a larger piece of
zirconia. The bars were polished on all sides with 1200 grit SiC paper to
minimize the effects surface defect could have on the electrical behavior.
Silver paste was used as the electrodes and baked onto the crystal at 900°C
for 1 hour. Platinum wire was wrapped around the bars to be used as the

voltage probes for 4-probe measurements.
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The samples were suspended in the vertical flash sintering
configuration with the largest side oriented towards the bottom of the
furnace. The single crystal was heated to 600°C or 800°C and allowed to
equalize. It was then subject to a voltage ramp of 5 V/min until current
runaway took place. Voltage was measured at the voltage probes and the
power supply while the current in the circuit and sample temperature was

monitored by pyrometer.

543 Results and Discussion

Single crystal results showed a similar E-J behavior to those found
in polycrystalline samples. The E-J behavior at 600°C is shown in Figure
5.22. Again, there is a similar current runaway and a large difference in AE
at constant current density. However, unlike in polycrystalline samples, AE

does not show reach a peak value as was seen in the polycrystalline samples.
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Figure 5.22: Current response J to applied E-field, E, for single crystalline
YSZ. 2-point response is the results for the Voltage applied at the electrodes,
and 4-point for the response measured at the voltage probes. AE is the
difference of the two taken at the same current density, plotted with respect
to the 2-point E.
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Instead, it continues to increase, at a constant value with respect to current
density.

The change of the samples temperature, measured by pyrometer,
with respect to the volumetric power dissipation is shown in Figure 5.23.
Measurements done with a furnace temperature of 600°C appear as a close
cluster because the very low currents resulting in low power densities. For
both furnace temperatures, the single crystal shows no change in temperature
despite both displaying current runaway events. This signifies that grain
boundaries must be present if there is going to be any heating in the sample.

After samples were removed form the furnace, they showed a
blackening originating from the negative electrode. This blackening is
characteristic of the reduction of zirconium atoms. Similar results were
obtained in single crystal samples that were encased in airtight glass so that a
pure blocking electrode was obtained at the cathode [73]. The electrolysis
pattern and the proposed reactions from Ref. [73] are shown in Figure 5.25.
In this work, electrodes were open to the atmosphere so they were not
automatically blocking, but the same electrolytic pattern was observed. In
inert atmospheres, the mast transfer has been shown to be the rate limiting
step [75] This limitation is considered to be the reason for electrolysis in
these single crystals. The current is believed to reach such levels that the
mass transfer limits of the charge transfer reaction creating a virtual blocking
electrode. There are not enough charge carriers to provide the current, so the
missing carriers are created by the reduction of the Zr atoms creating
electronic defects to maintain the charge movement. In controlled
atmosphere experiments, this sort of blackening occurs when oxygen
activities are ~65 10™ at 600°C and 10** 800°C [76]. At oxygen activities
lower than this, and if the sample is allowed to equalize, the dominant
charge carrier become electrons. In these samples, this result is only

localized because it occurs only at the electrode, not throughout the sample.
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The transition at 600 is shown closer in Figure 5.22. At high E and
J, where blackening occurs, there is a quadratic relationship that develops, J
a E%. In TiO,, this has been attributed to interface phenomena between at

the electrode [9].
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Figure 5.23: Temperature change of single crystal samples, measured by
pyrometer as a function of the volumetric power dissipation in the samples
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Figure 5.25 The blackening pattern observed in single crystals and the
proposed reactions involved in single crystal reduction [73]
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Figure 5.24 The transition of at a single crystal at 600°C from ohmic

behaviour to mass transfer limitations to the electrolytic blackening of the
crystal
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54  Comparison of systems

The behaviors shown during flash sintering are very similar to those
displayed in the ZnO system. This material is used as a circuit protector
because of its ability to pass a minimal amount of current, up to a certain
voltage. At this voltage, ZnO show very high non linearity and the ceramic
allows for high currents to pass, essentially shorty circuiting and protecting
the circuit that it is protecting from over voltages.

A typical ZnO behavior is shown in Figure 5.27. Plotting the I-V
response for these measurements, the results for the samples treated sintered
at 1400°C (G=0.60 pum) is shown. In Figure 5.28. The effect of preparation
of grain size at 600°C is shown in Figure 5.27. The behavior is very similar
to the behavior of the ZnO varistor.

For samples with the same grain size, the effect of temperature is
evident in the ohmic region. This has to do with higher conductivities at
higher temperatures. In the breakdown region, there are differences where

higher temperatures lead to lower breakdown field strengths. This would be
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Figure 5.26: Classical I-V behaviour of ZnO varistor [82]
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Figure 5.27 ZnO-type breakdown in dense 8YS with different average grain sizes
at a furnace temperature of 600C

the effect of the critical power dissipation of 10 mW/mm?® that has been
observed time and time again.

For the same temperature, it is difficult to distinguish the different
behaviors for samples with different grain sizes. There is a trend that finer
grain sizes have lower current densities for the same E, but this trend is
inconsistent, and the variations are within the experimental error so non
conclusions can be made.

Most importantly, the electrolytic behavior in single crystals is
very similar to the behavior of polycrystalline samples see Figure 5.27. The
breakdown E-field is the same as all the samples prepared with grain sizes
>1um. The single crystal has a lower conductivity than the polycrystalline
samples, so it is shifted to lower J for the same E.

These similarities can be used to identify the different region so

the polycrystalline samples.
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5.5  Mechanisms and Flash Sintering

Several different results have been presented, regarding what are the
initial stages of flash sintering when a given sample is still a loose structure
of powder, and at the end stages of sintering, where the sample has reached
near full densities.

Based on the observations made here, the proposed mechanism for
the initiation of flash sintering is the electrolytic reduction of zirconia. In
single crystal and polycrystalline samples, the electrical behaviors resemble
those of flash sintering very closely. It is clear that in single crystals, the
electrolytic reduction is the causes of the sudden current runaway. The
reduction occurs because of the kinetics of the cathodic electrode, the
recombination of oxygen vacancies with molecular oxygen from the air
becomes limiting. As current continues to increase either due to heating in
constant voltage experiments, or by increased voltage, there is a ‘build up’

of vacancies at the cathode that remain unreacted. This build up causes the
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Figure 5.28 ZnO-type breakdown in 8YSZ with an average grain size of 0.60
um at different furnace temperatures.
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accumulation of positively charged species. The crystal must maintain
charge neutrality, so electrons are taken from the electrode and are captured

by the vacancy by:

5.7) Vo + 2e" - V§

creating a neutral vacancy. This vacancy is now immobile because its lack
of charge. The accumulation of these neutral vacancies changes the
stoichiometry of the crystal resulting in a change in the local conditions of
the zirconium atoms. Previously each was surrounded by 4 negatively
charge oxygen atoms; the presence of a neutral vacancy must be
compensated by reducing the oxidation state of zirconium. The overall

reaction including the neutralization of the oxygen vacancy is given by:

(5.8) Zr0, + 28e' + 8V - ZrO,_s + 50

This reduction first occurs at the electrode creating a layer of
reduced zirconia. The interface between the reduced and unreduced zirconia
acts as a virtual electrode where the reduction reaction continues resulting
reaction front that moves though the crystal [77]. This reduced zirconia is
electronically conductive because of low oxygen activities that allow for
electronic conductivities to be much higher. Ionic conductivities in the
reduced crystal remain the same.

The reduction of the zirconia results in the characteristic blackening
that has been observed. Higher conductivities are observed because the
reduced crystal has become a mixed conductor. The ability conduct
electrons dramatically changes overall conductivity and the shift from the
ionic conductivities to enabled electronic conductivities appears as a loss of

resistance and results in the observed current runaway.
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In fully dense polycrystalline samples, each individual grain acts
much as the single crystal. At the electrode, once the mass transfer limit has
been reached, reduction occurs much as in the single crystal. In the bulk of
the material, grain boundaries act themselves as the electrodes. In zirconia,
the tendency of positively charged yttria to segregate to the grain boundaries
results in a depletion of oxygen vacancies around the grain boundary making
them act as blocking electrodes. Once the voltage drop across an individual
grain results in sufficient currents to cause reduction, reduction fronts
develop in each individual grain starting from the grain boundary on the
cathode side of the grain.

In polycrystalline zirconia, the development of the reduction front at
the grain boundaries will eventually cause an interconnected network of
reduced areas that can directly carry electrons from one electrode to another.
The conduction of electrons in this grain boundary network cause the joule
heating that is observed.

These mechanisms can also be applied to the flash sintering
behavior. To sinter zirconia, there needs to be the movement of the rate
limiting species of Zr. In this case, the movement of oxygen does not need to
be considered because of its movement at a charge catrying species.

In the green specimen, the contact points between the grains act as
electrodes for each particle much like in each grain in dense samples. This
result in similar creation of a reduction front localized at the contact point. In
the reduction zone, oxygen vacancies can be neutralized as previously
discussed, but they can also form the defect complex of zirconia proposed in

Ref. [77] by:

(5.9) Vo +e' +Zrf - {VoZrg}

A partially reduced zirconia Zrz,. ion binds with an oxygen vacancy
resulting in a positively charged defect complex. In the field, either the

complex can move as unit, or the Zrz, can move by walking from vacancy
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to vacancy. When the zirconia reaches a neck surface, it can reform
stoichiometric ZrO,. The creation of the charged zirconium ions in the
presence of the E-field would result in enhanced diffusion rates. Because
zirconium diffusion is the rate determining mechanism during sintering, this
enhancement would result in a net increase in sintering rates.

This mechanism is fundamentally different from the proposed
mechanism of Frenkel defect nucleation. Instead of creating the highly
charged Zr;" as a defect to induce zirconia movement, Zr is reduced Zry, by
electrolysis and in doing so can form for defect complexes that would allow
the zirconia to ‘walk’ by forming a series of complexes from oxygen

vacancy to oxygen vacancy.
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6 Conclusions and Outlook

First, this work resulted in the construction and testing two
different flash sintering setups. The first following standard setup used to
measure the flash sintering behavior in dog bone shaped samples. The
second, new setup is able to measure the sintering behavior in the extruded
cylindrical samples.

In fully dense samples, dc electric measurements have shown that
their behavior shows similar characteristics that are similar to the behaviors
observed in flash sintering of green samples. Specifically, the onset of
current runaway and the resulting rise in sample temperature. In green
samples, this runaway accompanies sintering. In order to separate the
electrical behavior form the sintering behavior, presintered, fully dense
samples were used as a model system to understand the electrochemical
mechanisms active during active during flash sintering in 8YSZ.

Using dc electrical measurements at constant furnace temperature,
the differences between 4-point and 2-point at constant current density in dc
electrical measurements, revealed that at the high voltages and currents that
are experienced during flash sintering, there is a critical transition in the
charge transfer reaction between the electrodes and the 8YSZ. A sudden
drop characterizes this transition in the voltage difference at the electrodes
signaling a change in the charge transfer mechanism and/ or charge carrier in
the zirconia. Most importantly, the point of this transition signals the onset
of the current runaway and the start of internal heating of the sample, both
are characteristic of flash sintering in green samples. Samples that were
subject to measurements that entered this runaway state, displayed a
blackening of varying amounts depending on the grain size. Samples with
large grain size showed a greater degree of blackening than those with a
finer grain size. This blackening is characteristic of the electrolytic
reduction of zirconia and a stoichiometric change of the system ZrO, >

710, 5.
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Observations with respect tor grain size showed that with
increasing grain size, the onset of the critical point increased with increasing
grain size. This is a result of the combination of a larger volumetric fraction
of the more resistive grain boundary and larger effective E-field per grain in
finer samples. The increase in grain boundary volume makes the sample
more resistive, resulting in higher power dissipations for a give current
density samples thus reaching the critical power dissipation, that is also
characteristic of flash sintering, However, for the finest grain size the E-field
the transition voltage was much higher than expected. This has been
attributed to the blocking effect of the grain boundaries.

Single crystals showed similar I-V behavior to the polycrystalline
samples. Again, the onset of reduction accompanied the onset of current
runaway that occurred at similar E-fields as those observed in
polycrystalline samples. This reduction was clearly observed as a stable,
progressing front of blackened crystal. The onset of reduction and the
resulting change in stoichiometry is a result of the limitations of the mass
transfer reaction at the cathode. To maintain charge neutrality in the
crystalline lattice, the reduction of the crystal is accompanied by electronic
defects.

The introduction of electronic as a result of the change in
stoichiometry changes the work function between the zirconia and the
electrode thus explaining the drop in voltage that was observed in fully
dense samples. This difference and the heating that accompanies runaway
were not observed in single crystal samples. This indicated that grain
boundaries are unquestionably the reason for heating observed during flash
sintering. The lack of an observed change in 2-point and 4-point
measurements suggest that the grain boundaries allow for the conduction of
the electronic defects while in single crystals, these defect remain trapped in
the reduced region.

Flash sintering experiments done on green samples with E-fields

up to 2250 V/cm revealed that there is a regular fit T = 2440 E'** between
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E-field applied, E, and the temperature at the onset of sintering, T ... This
has been used to predict the behavior of cylindrical shaped samples that have
a very different form factor than the dog bone samples that were used to
demonstrate the relationship. The reasons for this fit are still unclear, but
they seem to be related to the conductivity change in 8YSZ due to changes
in temperature. Using this fit, and the unassisted sintering behavior of this
zirconia, the critical e-field was determined to be 24.5 V/cm,

These results show that the critical power dissipation for the onset
of sintering remains constant regardless of the E-field applied. The lack of
sintering to high densities of the after the onset of the current runaway upon
reaching the critical power dissipation of 1-10 mW/mm?®, reveal the
importance on sufficient current densities to ensure densification. Total
power dissipation is not an indication of sintering. Instead, power densities
are determined by the current densities. Thus, at lower E-fields, the required
current density for densification results in lower powers than those that
would be required at very high E-fields.

Based on the observations made in fully dense samples,
electrolysis has been determined to be the determining factor for the onset of
flash sintering. Reduction of the crystal results in an electronically
conductive region that explains the apparent current runaway that occurs.
This reduction also can produce charge zirconium species depending on the
extent of the reduction. This charge species, in the presence, of the E-field
can move much faster. Because the diffusion of zirconium ions is the rate
determining step, the creation of these charged, fast moving species can
result in faster sintering rates.

More detailed work can to reveal the extent electrolytic reduction
has on flash sintering can be performed by flash sintering 8YSZ in various
atmospheres with differing oxygen activities. At lower oxygen activities,
reduction in the material will be more easily induced, due to mass transfer
limits likely resulting in lower flash sintering temperatures for the same E-

field. The extent of sintering may also be limited as a result of preferred
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electronic conduction by the more reduced particles than by conduction of
the reduced species.

Work remains on explaining the T, applied e-field most likely

onset
by seeing how a fit found for other materials with similar ionic conduction
properties can be explained by differences in certain electrical properties.
Additionally, work is under way investigating the effect o current density at
high E-fields in disk shaped sample that the high E-fields to be achieved by
smaller voltages permitting the use of a high current power supply that can

provide the current densities believed to be necessary for sintering to full

density at E > 300 V/cm.
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Appendix 1: Kroger-Vink Notation

Species Symbol Effective Charge

Zirconium ion and
oxygen ion at normal VA r;r and 0’5 neutral
lattice site
Zirconium interstitial Zr'i"' +4
Oxygen interstitial 0;’ 2
Zirconium vacancy ;r’ -4
Oxygen vacancy Vo +2
Donor cation at ]

: . . D 7r +1
zirconium site
Acceptor cation at ,

1 : H AZ r -1
zirconium site
electron e -1
Hole h +1
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Appendix 2: Grain growth

Grain growth trial and the resulting average grain size. After sintering,
samples were cut in half and polished with a series of SiC paper and
diamond pastes down to 1 pm. They were then thermally etched for 25
minutes at 50°C less than the sintering temperature in the same furnace. The
average grain size was determined by SEM images on the etched surface

using the point intercept method with a correction of 1.57.

Preparation Furnace Treatment Average Grain Size
Method Temperature [°C]: wm

Time [hours]

« 1300: 0.75

« 1450: 320

« 1575: 160

« 1450: 129

« 1600: 4.63

1600 1500: 0 min 7.60

« 1500: 0.5 hr 6.72

« 1500: 10 hr 8.31

Extrusion Dilatometer 1400: 2hr 2.33

« 1500: 2hr 559

*Two-step sintering done by heating at 5°C/min to 500°C holding for 1 hour at 500°C, heating at 5°C/min to 1550°C holding 5 min cooling
at 5°C/min to 1375 holding for four hours, then cooling to room temperature 5°C/min[83].

133






Appendix 3: Flash sintering of extruded 10GDC
cylinders in dilatometric setup.

Introduction

Based on the results found from the high voltage flash sintering
regarding the importance of current on the densification behavior, and that
with the power supply used to apply E-fields >300 V/cm had a relatively low
current limit of 120 mA resulting in low current densities in dog bone
samples, the sample format was changed so that smaller samples could be
used with a the PS:DLM300. In order to achieve the

So far, reported results for flash sintering are only for dog bone
shaped samples. Changing to cylindrical shaped samples is still in a
preliminary stages, and only low strength E-fields (60 V/cm) are being used
to resolve issues before high voltages are applied to see if results for these
samples can be replicated at high E-fields with the new geometry and with

the high current densities believed to be required to reach full density.

Experimental
Samples of extruded 8YSZ and 10GDC were cut to a length of 70 mm. The
cylindrical faces were made parallel using an jig that held samples
perpendicular to SiC sand paper. The samples were placed into the
dilatometric flash sintering setup. For the 8YSZ, E-fields of XXXX were
applied. For 10GDC, only one E-field of XXX was applied. The samples
were heated at 10°C/ min until flash sintering occurred.

This was the first time 10GDC had been flash sintered, so required
current densities were unknown, because of its similarity to 8YSZ, an E-
field of 60 V/cm was chosen

For 8YSZ, two different electrodes were used first, platinum mesh
was used, but the high currents caused the mesh to melt, so the electrodes
were switched to platinum foil. The foil does not have the melting issues,

but the short-circuiting problem remains.
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Results 8YSZ and 10GDC

The sintering behavior and flash sintering behavior for 10 mol% gadolinia-
doped ceria (10GDC) is shown in Figure 5.10. With the application of 50
V/cm, 10GDC is flash sintered was successfully sintered at 1000°C. This
result most importantly signifies that flash sintering is not limited to dog
bone samples and done on cylindrical samples, that extruded samples can be

flash sintered, and the 10GDC can be flash sintered.

10GDC

50 Vicm

0 V/cm

LA R L R RN R RN R LR

v b b b b v by s by
0 250 500 750 1000 1250 1500 1750
Temperature [°C]

Flash sintering behavior of extruded 10 mol% gadolinia doped GDC flash
sintered using dilatometric setup.
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