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ABSTRACT

Multiple techniques have been investigated to increase energy and/or time e ciency of the thermal
processing of ceramics, such as sintering, by decreasing the time and/or temperature required. Many of
these methods require expensive, specialized equipment, and the addition of extra processing parameters
complicates linking processing to properties. Fundamental understanding of the e ects of heating rate,
sintering temperature and time, and other parameters is more straightforward when confounding variables
can be excluded, and replicating studies and exploring the e ects of processing parameters is easier when
the necessary equipment is not only inexpensive, but also feasible to build and modify at a lab scale.

In this work, we present a miniature image furnace which is capable of heating samples to over 100@C
at 100s of° C/minute. We demonstrate the applicability of the furnace for materials science studies by
sintering small barium titanate pellets to moderate ( 95%) densities within minutes. The relative
permittivities and dielectric losses of these pellets were measured. A thermal camera was used to record
the surface temperatures of the pellets during sintering, and scanning electron microscopy was used to
qualify the relationship between the surface temperature of the pellets and grain size. Measurements were
also done on a set of conventionally sintered barium titanate pellets to con rm that optical sintering is
capable of producing specimens with properties similar to those made via conventional sintering, albeit
with microstructural heterogeneity within the samples owing the the extreme thermal gradients present
within them.

The results of preliminary studies with rutile and barium titanate samples which failed during or after
sintering, or contained severe aws, are presented as motivation for further studies to explore heat transfer
during optical sintering. Lunar regolith simulant was melted to demonstrate the applicability of the optical
furnace to multiple material systems.

This work demonstrates that the optical furnace is readily modi able and adaptable to multiple
con gurations, is capable of processing multiple materials, and can quickly generate samples with

properties comparable to those made with conventional methods.
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CHAPTER 1
INTRODUCTION

There is, broadly, a drive to increase e ciency in materials science. In the most general terms, this can
be expressed as getting more from less, e.g., increasing yield to obtain more samples or usable material
with the same amount of precursors, modifying processes or developing new ones to simplify the processes
to get from raw materials to usable products, or accelerating the production of samples or the exploration
and testing of new materials.

Focusing speci cally on solid-state processing of bulk ceramics, sintering, the process through which a
shaped powder compact is heated and consolidated into a cohesive part, requires a signi cant amount of
both time and energy. On a laboratory scale, sintering is typically carried out in resistively-heated electric
furnaces. A current is passed through heating elements, which then heat up the insulation and the sample
within the furnace. The combined mass of the heating elements and insulation typically exceed the mass of
the samples in the furnace, so the majority of the energy is wasted heating the furnace instead of the
samples themselves. Additionally, the mass of the heating elements and insulation limits the attainable
heating and cooling rates, typically to 10 °C/min. The slow heating rates increase the amount of time
needed to sinter ceramics, both directly by adding hours-long heating and cooling steps, and indirectly by
forcing the powder compact to spend a prolonged period of time in a temperature regime where the
particles are losing surface area, which drives sintering, without densifying. Therefore, reducing the heating
time, a technique known as fast- ring, has a twofold advantage: there is less time wasted heating and
cooling the entire furnace, and the non-densifying temperature regime is skipped, greatly decreasing the
sintering time from several hours down to potentially minutes. In a laboratory, the simplest way to achieve
this is to introduce samples in a preheated furnace, and then remove them after a few minutes after they
have nished densifying. On an industrial scale, samples are continuously fed through tunnel kilns on a
conveyor belt, allowing for continuous operation and eliminating the need to heat and cool furnaces.
However, because ceramics are brittle and prone to fracture from thermal stresses, fast- ring is only
reliable with small or thin-walled parts, where the possibility of developing a temperature gradient large
enough to cause fracture is minimal.

Chapter 2 is a review of the literature relevant to sintering. First, an overview of electromagnetic (EM)
radiation and the blackbody spectrum will be given, along with an overview of how EM radiation interacts
with dielectric materials. Then, an overview of sintering will be provided, which then leads into a

discussion of conventional sintering and fast- ring, which provide the heat required to sinter ceramics



primarily through (roughly) blackbody radiation. The following sections will outline additional,
unconventional methods that deviate signi cantly from conventional sintering and fast- ring in that the
energy supplied for sintering is not primarily provided by (roughly) blackbody emission. Some employ the
use of an electric eld to assist and/or provide the primary source of energy for sintering, microwave
photons which interact with ceramics di erently than those in the UV-IR range of the EM spectrum, or
single-wavelength photon sources (i.e., lasers) focused at either at a single point on the sample, or across
the entire specimen at once. To conclude the introduction, methods that rely primarily on UV photons
(blacklight sintering) and photons that span the UV-IR range (halogen ash lamps) will be summarized to
set up the introduction of the optical furnace.

Chapter 3 presents a novel method to sinter ceramics, called optical sintering. The optical furnace is
constructed using four halogen lamps with parabolic re ectors, arranged to focus light onto the sample.
Re ective walls recycle photons that are not immediately absorbed by the sample, increasing the energy
e ciency of the furnace. In addition, various methods to measure sample temperature and qualify
densi cation are discussed. Chapter 4 compares conventionally and optically sintered barium titanate. The
grain size, sintered density, and electrical properties of traditionally sintered barium titanate are compared
to those of an optically sintered barium titanate sample. The relationship between the surface temperature
of the optically sintered sample and its grain size are discussed. Chapter 5 explores the optical processing
of additional materials. Successful attempts to optically sinter rutile, optically melt lunar regolith simulant,
and the unsuccessful attempts to optically sinter silicon carbide are discussed. Alterations to the furnace
which could potentially allow non-oxides to be sintered are discussed. Chapter 6 summarizes the present

work, and potential routes for future work.



CHAPTER 2
LITERATURE REVIEW

INTERACTIONS BETWEEN MATTER AND ELECTROMAGNETIC WAVES

Electromagnetic (EM) waves interact with matter in a variety of ways. At the most general level, an
incoming EM wave can be re ected, absorbed, or transmitted when it reaches an interface. The fractions of
an EM wave that are absorbed, re ected, and transmitted are the absorptivity , re ectivity , and

transmissivity , respectively. In order to ful Il the conservation of energy:

+ + =1 (2.1)

, ,and are themselves dependent on multiple factors. For one, each depends on geometric
considerations, e.g., on the angle of incidence of the incoming wave, or on surface roughness. They are also

temperature- and wavelength-dependent.
2.1 The Blackbody Spectrum

An ideal blackbody is an object that absorbs, and neither re ects nor transmits, all incident light. Any
object that is hotter than absolute zero will emit EM radiation, and the emission spectrum of an ideal
blackbody is described by Planck's law:

2hc? 1
5 gc=(ksT) 1[1]

B (;T)= (2.2)

whereB ( ;T ) is the spectral radiance as a function of wavelength andT temperature, h is Planck's
constant, kg is Boltzmann's constant, and c is the speed of light. The shape of the blackbody spectrum at

various temperatures is shown in Figure 2.1 (page 4).



Figure 2.1 Left: The ideal blackbody spectrum at various temperatures. As the temperature of the
blackbody increases, the absolute intensity of the emitted radiation increases, and the peak shifts towards
shorter wavelengths. Right: The spectrum at lower temperatures, note the increase in the range of
wavelengths in the x-axis needed to capture the peaks, and the drastic reduction in intensity shown in the
y-axis.

As the temperature of the blackbody increases, the peak shifts to shorter wavelengths, and the total
emission increases drastically. The power emitted by an ideal blackbody per unit area is described by the

Stefan-Boltzmann law:

P

—="T74 2.3

A (2.3)
where" is the emissivity of the material, =5:67 10 8 Wm 2K * is the Stefan-Boltzmann constant,

and T is the absolute temperature. The power emitted rises with the fourth power of temperature.
According to Kircho 's law of thermal radiation, a blackbody that is in thermodynamic equilibrium with

its surroundings must radiate as much heat as it receives, which necessarily means that its emissivity must
be equal to its absorptivity. If the absorptivity of the blackbody was higher than its emissivity, it would
absorb more energy from its surroundings than it emits, and it would spontaneously heat up as its
surrounding cool down, violating the second law of thermodynamics. More generally, because the

emissivity of a blackbody, or any surface, is wavelength-dependent, Kirchho 's law can be stated as:

()= () (2.4)

As a blackbody heats up, the amount of energy that it radiates increases with the fourth power of

temperature. To maintain a constant temperature, it must at a minimum absorb an equivalent amount of



energy from its surroundings. In other words, a blackbody becomes both a better absorber and a better
emitter at higher temperatures.

While the blackbody spectrum is useful for generalizing temperature-dependence of absorption and
emission, most materials do not behave like blackbodies. For one, absorptivity in any material will be less
than 1, and due to Kirchho 's law, the emissivity will be correspondingly lower. The emission spectrum for
such a material, known as a graybody, is simply the blackbody spectrum scaled by the emissivity

(Figure 2.2).

Figure 2.2 The spectrum of an ideal blackbody at 1500 K, the same spectrum for a graybody with an
emissivity of 0.7, and a spectrum where the emissivity is wavelength-dependent.

As a rst approximation, the emissivity over a certain range of wavelengths will be assumed to be some
xed value, e.g., for pyrometry. However, the emissivity of any material will also be wavelength- and
temperature-dependent. At a speci ¢ temperature, the wavelength-dependence of emissivity (and
absorptivity) of a material will result in peaks in the spectrum (Figure 2.2). Ultimately, the emission and

absorption behavior of a materials will depend on its bonding.
2.1.1 Dielectrics in an Applied Electric Field

In insulating materials, absorption occurs via two mechanisms: electronic transitions as electrons are
excited when interacting with EM waves, and the excitation of vibrational and rotational bonding modes in

response to the electric eld and/or magnetic eld [2]. As photons consist of alternating electric and



magnetic elds, a material's response to an alternating electric eld will dictate how it interacts with EM
waves. In dielectrics, the application of an electric eld will cause charged species to translate or rotate in
response, e.g., ions and electrons will displace, and molecules will rotate. This relative shift of positive and
negative charges is electric polarization, and it results in an electric eld in the opposite direction of the
applied eld, so the net electric eld within the dielectric is reduced. The extent to which a material
polarizes in response to an applied electric eld is its permittivity, and the permittivity relative to the

permittivity of a vacuum is:

"= D (2.5)

where"; =8:854 10 2 Fm ! is the permittivity of free space, ", is the material permittivity, and ", is
the unitless relative permittivity of the material. Polarization is not an instantaneous process, and how
quickly charged species displace depends on their masses. Under an applied alternating current, the
direction of the applied eld switches periodically, and the displacements of the charged species will
alternate in response. Some of the energy of the applied elected eld will be stored in the dielectric, and

the rest will be dissipated. This is represented by separating out the real and imaginary components as:

=m0 o (2.6)

where "? is the real part of the relative permittivity and represents the fraction of energy that is stored in

the material and ", " is known as the loss factor; it is the imaginary portion of the relative permittivity and
represents the energy that is dissipated within the material. The loss tangent, or tan, also called the

dissipation factor D, is the ratio of energy lost to energy stored [3]:

w00
D=tan = 5 2.7)
r

As dissipation factor increases, more energy is dissipated as heat within the material rather than stored.
As shown in Figure 2.3 (page 7), both"? and "®are frequency-dependent as they depend on the di erent
polarization mechanisms, so the dissipation factor is also dependent on frequency.

For electronic and atomic polarization, there is a restoring force and therefore a resonant frequency.
When the frequency of the applied electric eld matches the resonant frequency;? and therefore D, spikes

and a larger proportion of the energy is dissipated as heat instead of stored.



Figure 2.3 Schematic diagram of four polarization mechanisms and the rough frequency ranges over which
they occur, along with the real ("%) and imaginary ("% components of permittivity. As the frequency of

the electric eld increases, mechanisms are no longer able to keep up and the relative permittivity drops.
At resonant frequencies, the imaginary portion spikes, as does the real portion of permittivity for
mechanisms that have a restoring force. Figure taken from Moulson with permission [3].



2.1.2 Absorption and Emission in Dielectrics

Photons consist of perpendicular electric and magnetic elds, so a dielectric's response to a photon with
a certain frequency depends partly on how it responds to alternating electric eld with the same frequency.
If the interactions between the magnetic eld and the dielectric are ignored|which is a valid assumption
for non-magnetic insulators|how e ciently a dielectric absorbs EM radiation of a certain wavelength is
a ected by the dissipation factor of an alternating electric eld with an equivalent wavelength. In general,
photons with energies above the bandgap|but not too far above the bandgap, such as x-rays and gamma
rays|absorb e ciently and have low penetration depths. In dielectrics, the bandgap energy, Eg, in

electronvolts (eV) can be related to the wavelength, ¢, by:

he
Q_Eg

(2.8)
In materials with large bandgaps, such as alpha-alumina, which has a bandgap of 8.8 eV [4], only
photons with wavelengths shorter than 140 nm will e ciently absorb, and visible photons will transmit
through the material. As the bandgap shrinks, the corresponding wavelength increases and moves into the
visible and eventually near infrared region of the EM spectrum. Even for bandgaps in the ultraviolet region
of the EM spectrum, defects within the material can increase the absorptivity at longer wavelengths [5]. In
the infrared region, dielectrics are generally transparent, but if the wavelength of the photon matches that
of a phonon mode, the photon will be absorbed. At longer wavelengths, dipolar and ionic polarization
mechanisms become active (Figure 2.3). Unlike atomic and electronic polarization, there is no restoring
force upon the removal of an applied electric eld, and the charged species will relax, rather than spring
back, to their original positions [3]. These mechanisms are di usional and therefore strongly temperature

dependent, which results in a strong temperature dependence on the absorptivity of microwaves in

ceramics. The interactions between photons of di erent wavelengths and dielectrics are shown in Figure 2.4

(page 9).



Figure 2.4 Top: The interaction of photons with a generic ceramic specimen. Depending on their
wavelength and the properties of the material, photons may absorb at the surface, transmit through the
bulk (either completely or absorb within the bulk) or re ect. At the same time as it's receiving photons,
the sample is emitting them. Bottom: The interactions of certain wavelengths of photons with ceramics.

It should be noted that when a dielectric is exposed to more than a single wavelength of EM radiation,
these mechanisms will be occurring simultaneously. As an example, a ceramic in a furnace at 1580 will
be exposed to a broad spectrum of EM radiation that peaks at roughly 2000 nm (Figure 2.1), so the total
energy absorbed will be primarily dictated by the absorptivity around the peak, along with contributions

from the absorption of visible light and infrared radiation at longer wavelengths.



2.1.3 Capacitance

A dielectric's ability to polarize under an applied electric eld can be used to increase the charge that a
capacitor can store. In a parallel-plate capacitor, the permittivity of the dielectric is related to its

capacitance:

c=""9 (2.9)

o|X>

where C is the capacitance in Farads,A is the area of the plates inm?, and d is the distance between the
electrodes inm. In an alternating eld, capacitance follows the same trends as the real part of the complex
permittivity (2.6, Figure 2.3) and generally decreases as the frequency of the applied eld increases as

slower polarization mechanisms are unable to keep up.
2.2 Sintering

Solid-state sintering of ceramics is driven by the reduction in interfacial energy of the particles in the
initial powder compact. In a polycrystalline material, there are at least two types of interfaces: the
particle-atmosphere interfaces, or surfaces, and particle-particle interfaces (grain boundaries). There are six
mechanisms for mass transport during sintering (Figure 2.5, page 11). Surface di usion, either along the
surface itself or through the lattice, causes necks between particles to grow and reduces the curvature, but
does not cause the particles to move closer together, resulting in no densi cation. Vapor transport
similarly reduces curvature without densi cation. What these mechanisms have in common is that the
sources of the atoms is the surfaces of the particles being sintered. Conversely, if the atoms instead di use
from the grain boundaries, either along the grain boundaries or through the crystal lattice, both neck
growth and densi cation will occur. Plastic ow is typically only encountered under the application of

external pressure, or in the sintering of glass, which is amorphous.
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Figure 2.5 A three-particle model showing the six sintering mechanisms. The surface di usion mechanisms
and vapor transport reduce curvature and cause necking without moving the particles closer together,
resulting in particle coarsening but no densi cation. In contrast, di usion from the grain boundary and
plastic ow simultaneously cause neck growth and pull particles together, resulting in densi cation. Figure
taken from Rahaman with permission [6].

Each of the six mechanisms is thermally activated and can be described with an Arrhenius equation.
The activation energies of the surface di usion mechanisms are lower than those for the grain boundary
di usion mechanisms, so they are dominant at moderate temperatures. At high temperatures, grain
boundary di usion becomes dominant, and at extremely high temperatures, vapor transport becomes
signi cant. To maximize densi cation, sintering is ideally done within a temperature range where grain
boundary di usion is dominant, i.e., sintering at too high or too low a temperature results in signi cant
coarsening with less densi cation. To provide su cient kinetics for di usion, this temperature range is
typically 2/3 to 3/4 of the melting temperature. For most oxides, sintering therefore requires heating to
temperatures exceeding 1000C and holding for several hours. Paired with long hold times, the high

temperatures required for sintering incur signi cant energy costs.
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2.2.1 Conventional Approaches

Ceramic components are commonly sintered continuously (e.g., in tunnel kilns) or in batches (e.g., in
resistively heated furnaces). Our method is currently a batch process, so we focus on comparisons to batch
ring in a resistive furnace. In batch processes, where furnaces are heated and cooled between sintering
runs, the need to heat a large thermal mass (e.g., insulation, setters) limits the attainable heating and
cooling rates, which not only extends the amount of time a part is in a furnace, but is also ine cient as
energy is being spent to heat both the green body and the furnace. Additionally, because the activation
energies for surface di usion mechanisms are often lower than those for grain boundary and bulk lattice
di usion, some of the driving force for sintering is wasted during heat-up as samples spend hours losing
surface area in a non-densifying regime.

Heat is supplied to the sample through three routes: thermal conduction from the setter to the sample,
convection from any air currents in the furnace, and radiative heat transfer from the heating elements to
the sample. At low temperatures, most of the thermal energy is supplied to the sample by convection and
conduction, but as the furnace heats up, the energy emitted increases rapidly due to the
Stephan-Boltzmann law 2.3 and radiative heat transfer to the sample becomes the dominant heat transfer
mechanism above roughly 608C. In short, the elements heat the furnace itself, which then heats the
sample.

There are multiple established approaches, as well as ongoing research in developing new methods, to
decrease solid state sintering times and/or temperatures [6, 7]. Dopants can be added to control di usion
rates during sintering, either by changing defect concentrations, slowing grain boundary motion through
solute drag, or through the varied impacts of complexions [8, 9]. Dopants can also greatly increase the rate
of di usion by forming a eutectic melt, and in some ceramics, merely altering the composition allows for
the formation of a transient liquid phase at high temperatures, such as in TiG-rich BaTiO 3 (Figure 2.6,

page 13)[10, 11].
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Figure 2.6 The BaO-TiO, phase diagram in mol%, with the line compound BaTiG; at the center. On the
TiO ,-rich side of the phase diagram, there is a two-phase region above 1322 where a liquid phase
coexists with cubic barium titanate. Figure taken from Carter and Norton with permission [11].

In fast- ring, the green body is introduced to a preheated furnace; the rapid heating rate bypasses the
non-densifying regime and maximizes the amount of surface energy present at temperatures where
densifying mechanisms are dominant, reducing sintering times from hours to minutes [12{15]. One
advantage of fast- ring is that is relies on mature and well understood processes and equipment, and in
industrial settings is routinely performed in tunnel kilns as a continuous process to make, for example,

small components such as multilayer ceramic capacitors [16].
2.2.2 Sintering with an Applied Electric Field: FAST, SPS, Flash Sintering, and UHS

Additional methods for rapid sintering are actively being researched. These include spark-plasma
sintering (SPS), in which samples are sintered in graphite dies under both pressure and an applied electric
eld [17, 18]. The sintering mechanisms in SPS are complicated by the multiple simultaneous processes:
The sample is under applied pressure, like in hot pressing, and the applied electric eld heats both the
graphite die, that then heats the sample, and directly heats the sample itself, via Joule heating. The

mechanisms that aid in sintering in SPS include both improved particle contact due to the applied
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pressure, and the rapid heating rate a orded by Joule heating[18]. There is some disagreement over
terminology, but SPS can be considered a type of eld-assisted sintering technique (FAST). There is
ongoing debate as to whether the applied electric eld enhances densi cation beyond directly and rapidly
heating the sample via Joule heating, and this is di cult to determine in SPS where densi cation is also
aided by applied pressure. The role of applied electric elds has been studied on samples that have been
sintered with platinum electrodes. Studies on zirconia have shown that the application of a weak electric
eld is capable of reducing the sintering temperature of zirconia by suppressing grain growth [19, 20]. In a
seminal ash sintering paper by Cologna, et al., it is shown that increasing the applied electric eld reduces
the sintering temperature, and that there is an applied electric eld at which the sample heats up and

sinters within seconds [21], as seen in Figure 2.7.

Figure 2.7 Increasing the applied electric eld decreases sintering temperature, and there is an applied
electric eld at which sintering suddenly progresses very rapidly. The low applied electric eld regime is
designated eld assisted sintering technique (FAST) and the high applied electric eld regime ash
sintering. Figure taken from Cologna et al. with permission [22].
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What di erentiates ash sintering from FAST is both the time scale (seconds as opposed to hours) as
well as the sintering mechanisms. In FAST, the sintering curve is translated to lower temperatures, and the
applied electric eldis 60 V/cm or below [22]. In ash sintering, the sample is preheated in a furnace to a
minimum temperature, which can be below room temperature, and then a large electric eld, 60 or
above, is applied. AS seen in Figure 2.7, the sintering curve is sharper than that of FAST, and sintering
can be done in as little as 5 seconds [21]. The transition between FAST and ash sintering is gradual and
material-dependent, but broadly, the electric eld in FAST merely assists in densi cation by suppressing
grain growth, while in ash sintering, the electric eld is the sample's main source of energy. Di erent
hypothesis have been posed to explain the ash sintering phenomenon: the simplest is that the electric eld
causes Joule heating within the sample, and/or localized Joule heating at particle-particle interfaces (i.e.,
grain boundaries) [23]. Other proposed mechanisms include the generation of Frenkel pairs by the electric
eld, increasing di usivity by increasing the concentration of defects, and partial reduction in oxides [22].

Joule heating relies on the resistivity of the sample (which is directly dependent on temperature, as well
as any phase transformations or reactions that the sample or precursor powder might undergo). In any
technique that relies on the sample to Joule heat directly, controlling the process is complicated by how
resistivities in di erent materials di er, requiring parameters to be determined for each individual material,
and modi ed based on doping, which can alter defect concentrations and therefore resistivity.

Alternatively, by Joule heating a material with a known behavior and then allowing the sample to heat up
via heat transport, these complications can be avoided. An approach that does not rely on Joule heating
the sample directly is ultrafast high-temperature sintering (UHS) [24]. In UHS, samples are sandwiched
between two carbon strips that are then Joule-heated, and can reach temperatures of up to 300C with
heating rates up to 1¢* °C/min. Samples are heated by radiative heat transfer and conduction from the
carbon strips, and can be sintered with isothermal holds of under 10s. Unlike SPS, UHS can sinter multiple
samples at a time without the need for a special die. However, because graphite oxidizes at high

temperatures in air, UHS must be carried out in an inert atmosphere.
2.2.3 Photonic Sintering

There are also methods that rely primarily on photons to provide the energy for sintering. These
include microwave sintering [25, 26], laser sintering [27, 28], and sintering/annealing with xenon ash
lamps[29{31], as well as blacklight sintering[32]. A material's response to incoming photons depends on its
re ectivity, transmissivity, and absorptivity, which further depend on surface roughness, the angle of
incidence, the temperature of the sample, and the wavelength of the incident photon. The absorptivity is

also a ected by the bandgap of the material, i.e., in an insulator or semiconductor, the absorptivity of
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photons with low energies is very low, and rises sharply as the wavelength of the photon decreases and
approaches the bandgap. Defects within the material enable absorption, which can be visibly seen as the
material becoming darker as it becomes more absorptive [5]. Defects also a ect the lattice, which a ects
absorptivity in the IR range which is determined by the interactions of IR photons with phonon modes of
similar wavelengths. Vacancies and substitutions locally distort the lattice, a ecting which phonon modes
are available and changing the corresponding peaks in absorptivity in the IR wavelengths.

For even longer wavelengths, e.g., microwaves, absorptivity is determined by dielectric loss. Most
ceramics tend to absorb photons with wavelengths in the visible and infrared ranges more e ectively than
they do microwaves, resulting in more absorption near the surface of the sample, which then leads to a
thermal gradient where the surface is at a higher temperature than the bulk [12]. In microwave sintering,
the part heats up volumetrically instead of just at the surface, and because the surface is also radiating
heat, this results in an inverted temperature gradient compared to conventional sintering [25, 33]. As the
ceramic heats up, the dielectric loss increases and the part will become more absorptive. The inverted
temperature gradient can potentially result in fracturing in the part [26, 34]. The use of a susceptor, such
as a crucible made of a ceramic with a high dielectric loss at room temperature, or as particles dispersed
within the part being heated, the temperature distribution can be made more uniform. As the part being
sintered heats up, it will directly absorb the microwaves more e ectively as well. Using microwave
sintering, high heating rates of hundreds of°C/hour can be realized, and sintering times can be reduced to
tens of minutes [34]. However, because microwave absorption is determined by dielectric losses, material
selection is limited by how lossy the ceramic is, or otherwise necessitates the use of a susceptor, and the
temperature dependence on loss means that microwave power needs to be controlled to avoid overheating a
sample and causing thermal runaway [25].

Laser sintering is typically done with either a CO, laser with a 10.6 um wavelength or a Nd:YAG laser
with a wavelength of 1 um [28]. Laser sintering is often considered a form of additive manufacturing
because in one form of the approach, the laser rasters over a powder bed, allowing for formation of near-net
shape parts. Depending on the laser power and the time the beam dwells at a point, temperatures of up to
3000°C can be reached [28], well above the melting points of nearly all ceramics. The wide range of
achievable temperatures means that laser sintering can consolidate powders through solid/liquid-state
sintering, or through complete melting and recrystalizing. Since only a small region is locally heated, heat
is quickly dissipated, which quenches in non-equilibrium defect concentrations or high-temperature phases,
such as hexagonal barium titanate[35]. However, the high power density results in high thermal stresses
that are generated from the massive temperature gradients due to the extremely localized heating, and

rapid cooling rates, as well as the potential melting and recrystallization of the material, typically results in
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microcracks in the nal part [27, 28, 35]. Additionally, these thermal gradients typically result in
heterogeneous microstructures, where di erent regions of the same sample can have di erent grain sizes,
porosities, or even phases[35].

To avoid the issues related to rastering point-by-point, it makes sense to increase the surface area being
exposed and/or to minimize the thickness of the material being heated. In thin Im processing, xenon ash
lamps are used to crystallize and anneal thin Ims. By choosing a substrate that is less absorptive than the
Im, and by administering pulses that are milliseconds long, only the thin Im is heated, allowing for the
heat treatment of thin Ims on low-temperature substrates such as polymers [30, 36, 37]. Work has also
been done to adapt ash lamps to sinter ceramic thick Ims on substrates, such as lead-zirconate titante
[29], and alumina on soda-lime glass [31]. These methods still rely on millisecond-long pulses and are
limited to thick Ims, where the development of a steep temperature gradient, and the associated issues
relating to thermal stress and microstructural heterogeneity, can be avoided. Recent work, speci cally
Porz, et al.'s seminal paper on blacklight sintering, has expanded the use of ash lamps to sintering bulk
ceramic parts on the order of millimeters thick [32]. As explained in the paper, and from conversations
with Wolfgang Rheinheimer and Julian Ebert, the choice in substrate material is critical as it determines
the steady-state thermal gradient within the sample. When using a copper substrate, the copper was
thermally conductive enough to act as a heat sink, resulting in pellets that only densi ed at the
illuminated surface, resulting in an elephant's-foot like pellet. The use of either alumina-silica wool or
porous boards prevented heat from escaping from the bottom of the samples, resulting in a sintering front
that strongly resembles those seen in fast- ring [12, 13, 32].

One limitation of using ash lamps is that they emit signi cant amounts of visible and IR photons as
well, and materials with a high bandgap, such as alumina, will not readily absorb photons longer than the
UV range. For ceramics with wide bandgaps, such as alumina, this necessitates the use of an absorptive
material such as iron oxide [31] to act as a susceptor, much like in microwave sintering. Unlike in
microwave sintering, the susceptor is necessarily mixed with the ceramic being sintered, resulting in
unavoidable contamination. To maximize absorbance and expand material choice, Porz, et al. used a
high-power, 450 nm laser which provides photons with an energy that is close to, or exceeds, the sample
bandgap. As the sample heats up, due to blackbody radiation, the absorptivity increases and eventually
reaches a point where the sample is absorptive enough that thermal runaway occurs (Figure 2.8, page 18).
When placed on a thermally-insulating setter, such as expandable graphite or alumina foam, the result was
similar to that of heating with ash lamps: a sintering front similar to those observed in fast- ring, though
only in one direction. Porz, et al. demonstrated that the method is broadly applicable, requiring only that

the material readily absorbs the UV light. Blacklight sintering is a very promising method to quickly sinter
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ceramics at scale and is being commercialized, however, it currently relies on equipment that is expensive

and neither commercially available nor trivial to replicate in a laboratory setting.

Figure 2.8 Top: The absorptivity of SrTiO 3 as it relates to both wavelength and temperature, along with

the emission spectra of the laser and xenon ash lamps used for blacklight sintering. Bottom: Laser power
and the resulting temperature of Lig:4LazZr;:4Tag:60:2 over time, showing a temperature surge at 30
seconds due to an increase in absorptivity as the sample temperature increased. Figure taken from Porz et

al. [33].
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CHAPTER 3
THE OPTICAL FURNACE

Our Optical Furnace (Figure 3.1, 20) is an image furnace based on the Quadrupole Lamp Furnace
(QLF) used for high-temperature powder di raction studies at the Advanced Photon Source at Argonne
National Lab [38{40]. The furnace consists of an inner re ective chamber, nominally 57.15 mm x 57.15 mm
x 57.15 mm, made of polished aluminum sheets sputtered with gold to increase infrared re ectivity, with
holes cut into them for the halogen lamps (OSRAM 64635 HLX) (Figure 3.1c). The halogen lamps have
gold-coated parabolic re ectors with a diameter of 51 mm and a focal length of 19 mm. The focal points of
the lamps fall short of overlapping because the radius of the re ector is greater than the focal length, so
the hot spot in the center of the furnace is defocused. The lamps emit mostly visible light, with a
substantial amount of emission in the near infrared region of the electromagnetic spectrum, and marginal
(relative) emission below 500 nm (Figure 3.2, page 21). The outer housing is made of machined aluminum,
and the furnace is held together with screws, so that it can be quickly disassembled and reassembled. Holes
cut in the top and bottom walls are used to position the sample on an alumina tube, through which a
thermocouple can be run to collect temperature measurements near the bottom of the sample, and to
provide a viewing port for an optical camera and/or a thermal camera from the top. To extend their
lifespan, the lamps are water cooled using copper tubes wrapped around their bases. The furnace has
rudimentary process control. Various methods to measure temperature were used: rst a k-type
thermocouple, which was then switched out for a b-type thermocouple to both increase the maximum
operating temperature and to minimize sample contamination due to contact with the thermocouple. To
have a better idea of the surface temperature across the sample, b-type thermocouple was swapped-out
with a thermal camera (Optris PI 400i), which estimates the surface temperatures using 8-14im infrared
radiation. Prior to using the thermal camera, there were attempts to use a pyrometer (Fluke Endurance,
E1MH-FO-L-0-0). However, the pyrometer only measures a single spot, and measures Ju, meaning that
any samples that transmit 1.6 um photons couldn't be measured, as the optical emission from the halogen

lamps would interfere with the pyrometer.
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Figure 3.1 a) A view of the optical furnace during operation showing the thermal camera positioned above
it. b) A top-down view of the furnace. c) A simpli ed, cross-sectional view of the furnace, with a sample
resting on the alumina tube at the center of the furnace.
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Figure 3.2 The relative emission spectrum of the OSRAM 64635 HLX halogen lamps. The peak of the
spectrum is at roughly 800 nm, but it is fairly broad, with a signi cant amount of emission in the NIR
range. Plot taken from [40] with permission.

The MATLAB scripts to process the data from the thermocouple(s) and/or pyrometer were written. A
PID controller was written in the Arduino IDE, though it wasn't tuned, and interfaces with MATLAB.
The intended data collection and feedback loop for the optical furnace is given in Figure 3.3 (page 22),
along with a relevant section of Figure 2.4 (page 9) focusing on optical photons and taking into
consideration that the sample rests on a setter which conducts heat away, and that photons that aren't
immediately absorbed by the sample can be re ected by the inner wall of the furnace and have multiple

chances of being absorbed by the sample.
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Figure 3.3 (top) Schematic representation of the photon and heat ows and (bottom) associated ow
diagram including the sensing and control methods for the optical furnace.

Each lamp draws 15A and up to 10V. Lamp power is determined by the voltage, which is controlled by
the PID controller and a solid-state relay (Crydom HDC100D160) used to allow for analog control of lamp
voltage. Images of the laments are re ected onto the sample by the parabolic re ectors, and some fraction
of the photons are absorbed, some are transmitted through the sample after scattering, and some re ect o
the sample. Any photons that aren't absorbed the rst time might re ect o the inner walls, and might hit

the sample again, while others escape through the view ports. As long as the energy that the sample
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receives is greater than the energy lost due to thermal conduction down the alumina tube through
convection and (especially at higher temperatures where the sample is emitting signi cant amounts of
light) radiation from the sample, the sample will heat. The light that is absorbed depends both on the
absorptivity, which is wavelength- and temperature-dependent, and the positioning of the sample; if the
sample is too far from the hot spot, it won't heat up appreciably. Preliminary studies without a re ective
box demonstrated that the focused light alone was su cient to heat samples, but the re ectors still
increase the number of photons that interact with the sample on net.

Thermal conduction is minimized by using a porous alumna spacer between the alumina tube and the
sample. Heat loss from convection was not considered in-depth: the furnace was initially cooled with a fan,
but this was changed in favor of the copper water lines that wrap around the lamps. This likely increased
the maximum attainable temperature, but was done before the thermal camera was used to measure
sample temperature, precluding direct measurements. It should also be noted that the furnace was moved
to a fume hood due to concerns of sample volatilization. Barium titanate samples that were overheated in
the furnace and melted released visible fumes, and it is known that barium is volatile at temperatures
exceeding 1600C [41]. The e ects of convective losses due to the air pulled from the fume hood appear to
be negligible, as multiple samples were heated to temperatures exceeding 1000 C.

Any photons that don't get ultimately absorbed by the sample are either absorbed by the furnace itself
or escape through the viewing ports. These photons can interfere with data measurement, as noted
previously regarding the 1.6pum pyrometer, and as shown in (Figure 3.3, page 22). Depending on which
photons the detectors are sensitive to, the light from the lamps can be detected by cameras too. Initial
attempts to use an optical camera for in-situ dilatometry exploited the photons that were re ected and
transmitted through samples, as seen in (Figure 3.4, page 24), where the light re ected from the sample
(and the alumina rod it rests on) was used to track the densi cation of the sample by converting the video

to gray scale, and then black and white using a binarization algorithm.
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Figure 3.4 a) A still taken from a recording from an optical camera (Kurokesu C1 Pro), showing a broken,
crescent-shaped rutile pellet, and the alumina rod it's resting on. Note how the rutile appears darker than
the alumina, with resolvable surface featues, due to it's higher absorbtivity. b) The video after being
processed through an algorithm that binarizes and then converts the image to black and white. c) A plot
showing how the densi cation of the sample can be tracked by counting the number of white pixels, and
normalizing to the initial number of white pixels.

It should be noted that the binarization algorithm captures both the sample and the alumina tube that
it's resting on. Therefore, while densi cation can be tracked, estimating the actual density of the sample

requires either positioning it so that it fully covers the alumina, or a method which tracks the sample, but
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not the alumina. The eventual goal is to integrate the densi cation tracker and automatically shut the
furnace o after the sample has nished densifying.

Apart from basic on/o control, there was some progress made into integrating the temperature data
into a PID feedback loop. A PID controller was programmed in the Arduino to control the power output
based on temperature information that was collected by the thermocouple. After switching to the thermal
camera, a MATLAB script that processed the data from the thermal camera as an array in real time was
developed, but not integrated into a controller for the furnace. Future work can expand on both
temperature measurement, either through the use of a thermal camera or ber optics, and feedback

control, integrating both temperature and densi cation information.
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CHAPTER 4
SINTERING OF BARIUM TITANATE

To assess the applicability of optical sintering for research purposes, barium titanate pellets were
optically sintered and conventionally sintered, and the densities, microstructures, and electrical properties

of the two sets were compared.
4.1 Powder Processing

Commercial barium titanate nanoparticles (NanOxide HPB-2000, TPL Inc.) were milled to reduce
agglomeration. The pH of DI water was adjusted to 10 with ammonium hydroxide to avoid the isoelectric
point of BaTiO 3 [42]. The BaTiO3z powder was added to the water along with 2mm zirconia milling media,
and milled for 4 hours at 450 rpm on a planetary mill. After milling, 4 wt. % ammonium polyacrylate
(Darvan 821-A) was added as dispersant, and 3 vol. % polyethylene glycol (MW 20000, Alfa Aesar) was
added as a binder, after which the suspension was loaded back into the planetary mill and mixed at 250
rpm for 20 minutes. A particle size analyzer (PSA) (Microtrac S3500) was used to measure the particle size
distribution of the suspension (Figure 4.1). Though the PSA did not show 50 nm patrticles, the submicron
particle size was considered su cient to continue with sintering. The suspension was then passed through a
150 um sieve, and then dried at 90°C for 24 hours. The dried powder was then crushed in an agate mortar

and passed through a 15Qum sieve.

Figure 4.1 The particle size distribution of the BaTiO 3. By volume, the peak of the distribution is roughly
300 nm. When the number of particles is considered, the peak of the distribution is smaller and narrower,
around 200 nm, indicating some agglomeration.
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The pellets for optical sintering were uniaxially pressed at a pressure of 110 MPa in a 6.35mm diameter
die, while the conventionally-sintered pellets were pressed in a 12.7mm die at 220 MPa. 1 wt.% stearic acid
dissolved in methanol was used as a lubricant for both sets of pellets. The planar surfaces of the pellets for
the optical furnace were dotted with a Sharpie to di erentiate them, and then both sets of pellets were cold
isostatically pressed at 414 MPa for 10 minutes. The pellets were massed and measured with calipers to
determine their green densities after both uniaxial and cold isostatic pressing. To prevent the pellets from
exploding due to the high heating rates associated with optical sintering, they were then placed in a furnace
and heated to 450°C for 4 hours at a 3 °C/minute ramp rate to burn out the binder and lubricant. A razor
blade was used to notch a planar surface of each pellet that could then be tracked with the thermal camera.
The binder burnout was identical for the conventionally-sintered pellets, which were then immediately

heated to their nal sintering temperature at a rate of 10 °C/minute and held for various times.
4.2 Conventional Sintering

The 1/2" BaTiO 3 pellets were conventionally sintered at 1250°C, 1300°C, and 1350°C, and at each
temperature sintering was carried out with a 2 hour, 8 hour, and 20 hour hold, for a total of 9 runs. For
each run, a small amount of BaTiO; powder was added to an alumina crucible, and 2 pellets were placed
on the powder, to prevent the pellets from sticking to the crucible. The crucible was then covered with a
lid. The furnace was heated at a rate of 10°C/min to the sintering temperature, held, and then allowed to
naturally cool to room temperature. After sintering, both the pellets and the powder, which were originally
white, changed color due to thermal reduction: the pellets became tan and the powder bed turned gray. In
pure BaTiO3, a gray color suggests more extensive thermal reduction than tan (Figure 4.2, page 28). It is
possible that the powder bed thermally reduced more than the pellets because it was not compacted, and
therefore had more surface area for oxygen to escape, compared to the pellets, which densi ed t®5%
density. The pellets were then removed from the crucible, the powder bed was discarded, and the crucible

was loaded again.
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