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Abstract
In the liquid-feed flame spray pyrolysis (LF-FSP) process, alcohol solutions of
metalloorganic precursors are aerosolized by O» and combusted. The metal oxide
combustion products are rapidly quenched (< 10 ms) from flame temperatures of 1500°C
to temperatures < 400° C, limiting particle growth. The resulting nanopowders are typically

agglomerated but unaggregated.

Our first studies included the production of yttrium aluminum garnet, Y3Als012 (YAG),
tubes which we extruded from a thermoplastic/ceramic blend. We approached YAG from
two processing schemes, nanopowders with the exact chemical composition, and mixed
single metal-oxide Y203 and Al>O3 nanopowders. At equivalent final densities, we found
finer grain sizes in the from the mixed Y203 and Al,O3 nanopowders, which was attributed

to densification occurring before full transformation to the YAG phase.

The enhanced densification in production of pure YAG from the reactive sintering
process led us to produce composites in the YAG/a-Al2Os system. Again, we used
nanopowders with the exact composite composition and compared the sintering and final
microstructures to mixed single metal oxide nanopowders. Finally, a third Y.Oz3 stabilized
ZrO» (YSZ) phase was added to further refine grain sizes using the same two processing
approaches. In a separate study, single-phase metastable Al>Oz rich spinels with the
composition MO+*3A1,03 where M = Mg, Ni, and Co were sintered to produce dense
MAI204/a-Al>03 composites. All of these studies provide a test of the bottom-up approach;
that is, how the initial length scale of mixing affects the final composite microstructure.

Overall, the length scale of mixing is highly dependent upon the specific oxide composites

XVi



studied. This work provides a processing framework to be adopted by other researchers to

further refine microstructural size.

Lastly, LF-FSP flame temperatures were mapped using different alcohols with
different heats of combustion: methanol, ethanol, 1-propanol, and n-butanol. The effect of
different alcohols on particle size and phase was determined through studies on Al.Os,
Y203 and TiO2 nanopowders. The final studies describe the morphology of composite
nanopowders produced in the WOs-TiOz2 and CuO-TiO; systems. The composite
nanopowders have novel morphology, and may offer novel electronic, optical, or catalytic

properties.
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Chapter 1

Introduction

1.1 Spray pyrolysis production of nanopowders

Spray pyrolysis has been described as dating back to cavemen painting cave walls with
the soot formed from fires.! Most notably, the 1950’s brought the introduction of the
chloride process for TiO, pigment production, replacing the sulphate process.! In the
chloride process, TiOz is dissolved in hydrochloric acid, and the resulting TiCls is purified
by distillation.® The purified TiO- is fed into premixed Hz/O, flames, producing TiO:
which collects on the walls of a hot reactor or is collected by filtration. The combustion
process produces HCI gas which is scrubbed from the gas feed at high efficiencies. By the
same process, large amounts of SiO2, ZnO, and Al2Os are also produced annually. Even
UO: is produced by combustion of UFg in an oxidizing flame.! The chloride process is
described as a gas-to-particle spray pyrolysis process, in which the molecular precursor is
combusted to the gas phase before nucleating and growing through coalescence processes.
The chloride process can produce primary particles < 50 nm in size, but the high reactor
temperatures allow for sintering of the particles to produce aggregates several hundred
nanometers in size.! Mixed-metal oxides are difficult to produce by the chloride process,
as the disparate hydrolysis rates of different metal chlorides leads to inhomogeneous

particles.



Ulrich conducted some of the first serious investigations of gas-to-particle flame spray
pyrolysis in the formation of fumed SiO, from SiCls.* Ulrich determined that the particle
growth rate was a function of three factors: chemical reaction, nucleation, and Brownian
motion. Using thermochemical data for SiO», Ulrich showed the critical nucleation radius
at flame temperatures of 2000 K was less than that of a single molecule. This would suggest
that any multimolecular species is thermodynamically stable in the flame. Ulrich further
reasoned that the free energy of reaction of SiCls (-19 kJ/mol) with Hz and O to create a
single molecule of gas phase SiO2 could not account for the exothermic nature of the
combustion reaction, which must be a consequence of the production of condensation of
SiO2 (-586 kJ/mol) produced in the flame. Since any multimolecular species created by
condensation of SiO> are above the critical nucleation radius, they are thermodynamically
stable. As a consequence, no distinction can be made between nucleation and chemical
reaction in the flame. In a follow-up publication, Ulrich et al sampled particles from the
flame, finding that the particle growth could be well modeled using a simple Brownian

collision-coalescence growth model.®

Comprehensive reviews have been provided by Pratsinis,® Stark and Pratsinis,’
Pratsinis and Vemury,® Wooldridge,® and Roth.° Further theoretical and experimental
studies have shown particle size can be described by a characteristic collision time,
coalescence time, and residence time.!12131415 The collision time is the average time
required for two particles to collide in the flame. The collision time is directly correlated
to the concentration of particles in flame. The coalescence time is the time required for two
particles to form a single particle. This reaction can occur through viscous flow or by solid-

state sintering of the particles. When the collision and coalescence times are equal,



colliding particles do not form a single particle but instead are bound into fractal structures.
If bound weakly by electrostatic forces, these groups of particles are called agglomerates.
If bound physically by sintering, the groups of particles are called aggregates. The
residence time is the time spent by particles in the flame. At long residence times beyond
the coalescence time, aggregates are likely. At shorter residence times, the particles are
quenched before sintering, favoring agglomerate formation. Aggregates are preferred for
some applications such as fumed silica for integration into elastomers,® but unaggregated

powders are preferred for powder processing.

1.1.1 Liquid-feed flame spray pyrolysis (LF-FSP)

Spray pyrolysis, as developed at the University of Michigan is described as liquid-feed
flame spray pyrolysis. In LF-FSP, metalloorganic precursors are dissolved in alcohol
solutions at <5 wt% ceramic loading. The alcohol solutions are fed into a simple spray
nozzle and aerosolized with O.. Pilot torches combust the fine atomized spray
approximately 50 mm downstream of the spray nozzle. The nozzle design and pump flow
rate operate such that the flame front velocity is not faster than the velocity of the atomized
fuel flow, preventing the flame from “flashing” back to the headplate. A separate oxygen
“shield gas” stream is fed from four nozzles around the flame. This Oz ensures complete
combustion of the organics. After complete combustion, the product moves from the
combustion chamber into aluminum tubes with a pseudo 10 kV DC potential running
“wire-in-tube”  electrostatic  precipitators. This potential drives a combined
thermo/electrophoretic deposition of the nanoparticles onto the inner and outer electrode

surfaces.



Unlike other spray pyrolysis techniques, in LF-FSP, the precursor is dissolved in the
fuel itself. Like the chloride process, LF-FSP is a gas-to-particle flame spray pyrolysis
method. The relatively uniform combustion rates lends LF-FSP to the production of mixed-
metal oxides. Precursors are typically metal carboxylates or alkoxides. The most common
precursors are propionate salts, which are typically produced from the reaction of metal
hydroxides or carbonates with the propionic acid. Acetate salts are more available
commercially but have lower solubility in alcohols, so are used sparingly or for doping. A
second class of precursors are metal acetylacetonate salts, which also have limited
solubility in alcohols. A third class of precursors are “atrane” molecules with three five
member rings.’® The most common atranes for LF-FSP are synthesized through the
reaction of triethanolamine with SiO2, TiO2, or Al,03.1” These compounds are more easily

synthesized from the room temperature reaction of triethanolamine with metal alkoxides.®

LF-FSP as developed in the Laine group at the University of Michigan have produced
nanopowders such as Al,03,'° MgAI,04,2° SiO.-Al,03,2 Ti0,,%% Ti02-Al,03,%2 CoO-
Al;,03,2* NiO-Al203,2° Y3Als012,% upconverting Y203 phosphors,?” CeO2-Al,03,2 ZrO,-
Al,03,% BaTiOs,% and Liz7Alo3Al17Si04P26012°t among others. Through these studies,
LF-FSP has demonstrated the production high quality metal oxide and mixed-metal oxide
nanopowders that are agglomerated but unaggregated, making them ideal for ceramic
processing. Notably, we find that LF-FSP often produces metastable “kinetic” phases that
are outside the thermodynamic phase diagram.'32 These phases are formed because the
particle flame residence times (< 100 ms) are insufficient to form the thermodynamic

phase, and/or stabilization of kinetic phases at fine particle sizes.>*3*



1.1.2 Fine grained ceramics

With the development of nanopowder synthesis techniques came efforts to produce
monolithic ceramics with grain sizes far below that of traditional bulk scale techniques.
Nanograined ceramics have improved mechanical properties, such as strength, hardness,
and toughness.®>3 Other nanograined ceramics have applications such as ballistic armor
or transparency not achievable by traditional techniques.>” One advantage in sintering of
nanopowders is the reduction in sintering temperature when compared to micron sized
powders.®®3° Despite these efforts, obtaining fine grained < 500 nm dense ceramic
materials by typical pressureless sintering methods has proven difficult.***! Processing of

nanopowders is often challenging for the reasons explained below.

One major consideration in the sintering of nanopowders is the degree of agglomeration
of the starting powder. Agglomerates in the nanopowder starting material pack poorly
compared to bulk materials, and the high surface areas of nanopowders leads to greater
interparticle friction.*? As a result, nanopowders require higher forming pressures to reach
adequate green densities. For fine agglomerates, the primary green body pores are
intraagglomerate pores, which can have relatively uniform pore size distributions, leading
to the best sintering results.**#4 The presence of aggregates is deleterious to sintering, as

interaggregate pores are difficult to remove during the sintering process.*

Briefly, sintering can be divided into three distinct stages. In the first phase of sintering,
surface diffusion along particle surfaces begins to neck particles that are touching. The
particles may also rotate to align crystallographic directions with adjacent particles.346
The second stage of sintering is where the bulk of densification occurs. In the second stage,

a 3D continuous pore network is formed. In the third stage of sintering, the continuous pore



network collapses, producing isolated spherical pores. Further sintering eliminates final
porosity, but the diffusional processes coincidentally cause grain growth. One technique
for avoiding grain growth while eliminating closed porosity is hot isostatic pressing
(HIPing). In HIPing, the samples are heated to temperatures below which grain growth is
active, and gas pressure (typically 200 MPa) provides a driving force for the elimination
of porosity.** Recently, spark plasma sintering has emerged as a sintering technique for
nanopowders with relatively little grain growth.*” Briefly, in SPS, pressure and a pulsed
DC current are applied to samples. The rapid heating promotes densification without

significant coarsening.

1.2 Ceramic composites

The field of ceramic/ceramic composites covers multiple types of composite materials
most of which are strengthened by fibers or whiskers. Roy and Komarneni were among the
first to use sol-gel chemistry to produce diphasic materials and the field of nanocomposite
oxide materials.*®4%%0 Nomenclature established by Niihara defines four types of
nanocomposites: intra, inter, intra/inter, and nano/nano.®® The inter and intra
nanocomposites describe a fine secondary phase located either inside the primary phase
grains or at grain boundaries, respectively. The intra/inter nanocomposite is a mixed case
of the two. Nano/nano composites consist of two or more phases that exist as discrete grains
nearly the same size. The work described in this dissertation focuses on the production of

dense nano/nano composites with well dispersed phases.

Early investigations of composites with duplex, or two-phase, microstructures
determined that sintering to obtain fine-grained, dense composites is best achieved by
pinning grain boundary migration using a second phase.%? In single phase materials,

6



diffusion along grain boundaries or through the lattice can accommodate grain boundary
migration or coarsening of the microstructure.>® French et al found the grain growth rate
constant in equivolumetric Al20s-c-ZrO; was 160X smaller than that of undoped Al2O3 at
1650°C.>* As a result, French et al reported grain sizes were reduced from 13 to 1.4 um
upon addition of 50 vol% Al>Os to ¢-ZrO2.>* French and also postulated that diffusion
occurs along interphase boundaries in high composites with high interconnectivity of
phases.> As more phases are added, they present barriers to diffusion accommodating
grain boundary migration.>® Men and Mecartney determined that in an equivolumetric
four-phase composite with perfect mixing, a grain of a single phase would have an adjacent
grain of the same material.>® Multi-phase ceramic nano/nano composites have applications
as structural materials,>>°® ferroelectrics,® or IR windows.*® Kim et al showed superplastic
strains up to 1000% in a three phase Al,03-MgAIl>04-ZrO, composite, which is another

application for multi-phase nanoceramics.>®

The bottom-up approach to materials synthesis states that the best macroscopic
properties will be obtained from materials in which the synthesis is controlled from the
finest possible length scale.5616263 |n this dissertation, the majority of work focuses on
expanding the bottom-up approach to the processing of two and three-phase ceramic
composites. Our processing studies focused on the degree, or length scale of mixing. In
one approach, nanopowders were produced by LF-FSP with the exact composition of the
final composite. In the second approach, single metal oxide nanopowders or a mixed metal
oxide and single metal oxide nanopowder were mixed by ball milling to produce the same
composition composite. In the exact composition studies, or nanocomposite hanopowders,

the stoichiometry is assumed to be contained within a single particle (< 50 nm). Further



discussion in Chapter 5 provides more data on the structure of the as-produced
nanocomposite nanopowders. In the ball milled, or mixed nanopowder approach, the
separation of particles with the overall composite stoichiometry is likely closer to the
agglomerate size, or between 100-800 nm. At two length scales of mixing, we examine the
sintering of the composites and determine what effect, if any, the length scale of mixing

has on the final microstructure.

1.3 Common LF-FSP oxides

Here we provide an introduction to some oxides used in multiple chapters in this
dissertation. One of these oxides, Y3AlsO1w2 (YAG), having a garnet structure, is a
technologically important laser host material. Nd and Er doped YAG are widely used solid-
state laser materials.® Ce doped YAG is a phosphor for white LEDs.®> As an optical
window material, YAG shows high transparency across the visible spectrum.%® YAG has a
creep rate an order of magnitude lower than a-Al,O3 along with acceptable thermal shock
resistance from operating temperatures > 1000° C.5"%8 For this reason it is a possible
replacement candidate for polycrystalline alumina as a high-temperature window material,
such as for high-pressure sodium vapor lamps. LF-FSP production of YAG produces a
hexagonal YAIO; phase that transforms to YAG at temperatures as low as 800° C.2° LF-
FSP production of YAG has been previously described.?

LF-FSP production of Al.O3 nanopowders produces the transition Al>Os phases: 6, 6%,
and y-Al203.%° Most alumina nanopowder synthesis techniques produce a mixture of
transition Al>O3 phases. All transition phases are based on FCC oxygen packing and can
be idealized as lattice distortions of the cubic spinel-type y-Al.O3 based on oxygen vacancy

positions required to maintain the stoichiometry of the spinel structure.®® These transition



Al>0O3 powders transform with the general transformation sequence y — 6 — 6 — a-Al20s3,
with the ® — o transformation occurring around 1000-1200° C.%° The transformation of
the transition aluminas to a-Al203 has a high energy barrier to nucleation, which once
activated, leads to excessive growth into vermicular or “worm-like” grains.”®’* These
vermicular grains prevent densification at low temperatures, leading to difficulty in

producing fine grained a-Al>O3 from nanopowders.
1.4 Scope of dissertation

LF-FSP provides access to single and mixed-metal oxide nanopowders well suited for
processing into dense ceramic monoliths. Since the synthesis parameters of LF-FSP can be
fixed, the size, chemical homogeneity, and degree of agglomeration are relatively constant.
The fixed synthesis parameters allow us to focus on the formation of materials from both

single-particle and multi-particle processing approaches, as discussed above.

Chapter 2 provides relevant experimental information for LF-FSP powder production
and processing, as well as descriptions of characterization methods, including: X-ray
diffraction, BET surface area analysis, dilatometry, thermogravimetric analysis, and

electron microscopy.

Chapter 3 describes the development of thermoplastic/ceramic extrusion techniques
capable of producing 10 mm tubes that retain dimensional uniformity throughout the
sintering process. Next, the sintering of YAG tubes is examined through two processing
approaches, reactive sintering of Y203-Al>03 nanopowders and sintering of nanopowders

having a Y3AlsO1> composition.



Chapter 4 describes an extension of the two sintering approaches used in Chapter 3 to
now approach three composite compositions in the YAG/a-Al.O3 two-phase system.
Discussion specifically focuses on the effect of the processing approach on the final

microstructures.

Chapter 5 is again an extension of the two processing approaches, mixed single phase
nanoparticles, and nanocomposite nanoparticles having the final composition contained
within a single particle. In Chapter 5, ZrO> is added to YAG/a-Al203 to produce a ternary
phase composite. The effects of the two processing approach as well as the addition of

ZrO> are discussed.

Chapter 6 describes dense MAI2O4/a-Al203 composites where M = Ni, Mg, or Co,
where composites are produced from mixed nano-Al>O3 and MAI,O4 nanopowders or from

single-phase metastable Al>Os rich spinel particles.

Chapter 7 provides results and discussion on LF-FSP particle formation. First, flame
temperatures are measured and the effect of flame length on particle size and crystalline
phase is tested on Al203, TiO,, and Y203 nanopowders. Next, LF-FSP studies on
nanopowders in the immiscible oxide systems WO3-TiO2 and CuO-TiO are presented,

with focus on the as-produced particle morphologies.

Chapter 8 provides general conclusions of the work presented in this dissertation as

well as recommendations for future work.
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Chapter 2

Experimental

2.1 Introduction

This chapter highlights the experimental techniques and characterization methods
used in the course of this dissertation. More specific experimental techniques are provided

in each chapter.

2.2 Liquid-feed flame spray pyrolysis

Nanopowder production by liquid feed-flame spray pyrolysis (LF-FSP) typically
consists of metalloorganic precursors, metal alkoxides or metal carboxylates, dissolved in
an anhydrous ethanol at 2-5 wt% ceramic loading. The precursor solutions are fed at 50-
100 mL/min into an atomizing nozzle and atomized by dry oxygen at 80 psi with a flow
rate of 3.5 mol/min. The atomized droplets are ignited by ceramic methane oxygen torches
40 mm from the nozzle face. Four separate nozzles feed shield gas which envelops the
flame, providing mixing to the turbulent flame and ensuring complete combustion. The
shield gas for all studies reported here was oxygen at 80 psi with an approximate flow rate

of 11.9 mol/min. Figure 2.1 shows a schematic of the LF-FSP process.
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Figure 2.1. LF-FSP schematic

Nanopowders are drawn downstream of the combustion chamber by a whole
laboratory exhaust system, providing 85 m®min of exhaust, of which approximately 5-
10% is provided to the LF-FSP apparatus. Nanopowders entrained in the exhaust travel
through two separate 120 cm aluminum tubes, which serve as electrostatic precipitators.
Voltage is generated by a 10 kV AC oil burning furnace spark transformer. The output
voltage is converted to DC with a custom bridge rectifier. The output DC potential is placed
between 304 stainless steel rods placed in the center of the aluminum ESPs and the
aluminum ESP tubes. The total potential is controlled by a variable transformer on the input

of the AC transformer. Voltage is adjusted to provide maximum potential without arcing.

2.2.1 Precursor synthesis

Several common precursor syntheses are described here for general precursors used
throughout this dissertation. More specific precursors are described in applicable chapters.
Yttrium propionate, (CH3CH2COO)3Y, was used as a precursor to all products containing

Y20z3. Yttrium propionate was prepared by the dissolution of Y2(COz)s or Y203 (PIDC,
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Ann Arbor, MI) in propionic acid (Acros Organics, Geel, Belgium). Approximately 200 g
(0.885 mol Y203) of starting material and 1 L (13.3 mol) of propionic acid was placed into
a 3 L round bottom flask with magnetic strirring under dry N». The reaction was heated to
120° C for 10 h, distilling off water. Upon full dissolution of the starting material into the
propionic acid to produce a yellow liquid, the reaction was heated 145° C and excess acid
was distilled off. The reaction was cooled, and yttrium propionate precipitated from the
supersaturated solution. Typical ceramic yields determined by TGA for yttrium propionate
used in the course of these studies were 34-37%, which is consistent to the 36.6 %

theoretical ceramic yield for (CH3CH.COO)3Y.

Alumatrane was used as the precursor to all Al2O3 powders produced in the course of this
study. Aluminum tri-sec-butoxide (870 g, 3.53 mol) was added to a 5 L mechanically
stirred reactor under dry N2 flow. Triethanolamine (631 g, 4.23 mol) was slowly added
with an addition funnel. The reaction is exothermic, so triethanolamine was slowly added

to maintain a temperature less than 80° C.

2.3 General powder processing

2.3.1 Powder treatment

Nanopowders processed for compaction into ceramic bodies typically follow the following
procedure. Approximately 10 g of as-produced nanopowders are ball milled with 2 wt%
bicine in 300 mL of anhydrous ethanol with 0.5 mm yttrium stabilized ZrO2, 3 mm yttrium
stabilized ZrO2, or 3 mm 99% Al>Os media for 24 hours. After 24 hours of milling, the
suspension is ultrasonicated for 20 minutes at 100 W using a Vibracell VC-505 ultrasonic
horn (Sonics & Materials, Newtown, CT). The suspension is then allowed to settle for 24
h and decanted to remove large settled particles. The suspension is dried, ground, and
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sieved though 75 um polypropylene mesh. The powder is redispersed in anhydrous ethanol
with 4 wt % binder, typically polyethylene glycol (PEG) with a My = 3400. The suspension
is then ultrasonicated for 20 minutes at 100 W of power. The suspension is then dried,

ground, and sieved through 20 um polypropylene mesh.

2.3.2 Pellet formation

Sieved powders are loaded into a 14.7 mm tungsten carbide die and pressed to 14 MPa to
for 3 minutes to produce 700 to 1000 mg cylindrical pellets. Stearic acid is used as a die
lubricant. Pellets are then vacuum sealed into latex gloves and cold isostatic pressed to in
an Autoclave Engineers CIP (Avure, Lewis Center, OH) to 200 MPa for 30 minutes. A

typical pressure building and release rate is 10 MPa/min.

2.3.3 Thermal processing

Pellets are typically burned out 800 °C for 4 h in dry flowing air, with a ramp rate of 3
°C/min. Burnout and sintering up to 1100 °C is conducted in a BlueM (Thermo Fisher
Scintific, Waltham, MA) tube furnace with a sealed quartz tube. Sintering from 1100-1500
°C is conducted in an MTI GSL-1600X (MTI Corporation, Richmond, CA) tube furnace.

For sintering from 1500-1600 °C, a BlueM muffle furnace is used.

2.3.4 Pellet densities
Pellets were first boiled for 4 h in deionized water, then were left for 24 h in room
temperature water. Measurements were performed using an Archimedes density kit for an

Ohaus VVoyager Pro balance, with a sensitivity of 0.1 mg
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2.3.5 Grain size measurements

Dense ceramic samples were polished with standard ceramographic techniques. Polished
samples were thermally etched at a temperature 50° C under the sintering temperature for
30 minutes. ImageJ (NIH, Bethesda, MD) was used for grain size measurements. Two
different grain size measurement techniques were used. For single phase materials or
composites with relatively simple grain size distributions, the lineal intercept method was
used across greater than 500 grain intercepts on at least five images. For composites with
differing grain size distributions, at least 250 individual grains of each material were
measured in ImageJ and adjusted by a proportionality factor of 1.56 for random slices

through tetradecahedron grains.

2.4 General characterization techniques

2.4.1 X-ray diffraction (XRD)

Powder X-ray diffraction was performed on a Rigaku rotating anode diffractometer
(Rigaku USA, The Woodlands, TX) at 40 kV and 100 mA. Typical continuous scan ranges
were from 10-70 ° 26 at 2°/min with a 0.02° interval. XRD patterns were analyzed using
JADE 2010. Rietveld refinements were conducted within JADE using XX peak fitting

model.

2.4.2 Scanning electron microscopy (SEM)

SEM was performed using a FEI Nova Nanolab dualbeam SEM/FIB or FEI Quanta
200 SEM/FIB (FEI Corporation, Hillsboro, OR). Typical accelerating voltages were 5-20
kV, depending on sample conditions. Powder samples (50 mg) were ultrasonicated in 20
mL of ethanol and dropped onto SEM sample stubs. Pellets were mounted on sample stubs
with copper tape.
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2.4.3 Transmission electron microscopy (TEM)
TEM was performed using a JEOL 3011 HREM (JEOL Ltd., Tokyo, Japan) at 300
kV. Powder (10 mg) was dispersed in 20 mL ethanol and wicked through a 400 mesh

carbon coated copper grid.

2.4.4 Thermogravimetric analysis/differential thermal analysis (TGA/DTA)
TGA/DTA was performed on a TA Instruments Q600 TGA/SDT (TA Instruments,
New Castle, DE). Precursor ceramic yields were determined by experimental runs at 10
°C/min to 1000 °C. Thermal behavior of ceramic particles or pellets was characterized by
sample runs at 10 °C/min to 1400 °C. All experiments were performed with dry air flowing

at 60 mL/min.

2.4.5 Surface area analysis

Specific surface areas were analyzed using a ASAP 2020 sorption analyzer (Micromeritics,
Norcross, GA). Samples were degassed for 8 h at 400 °C under vacuum. An 11 point BET
method analysis was conducted on 200 mg samples at relative pressures of 0.05-0.35.
Nitrogen was used as the adsorbate gas and analysis was conducted in liquid nitrogen.
Average particle sizes (APSs) were derived from BET SSAs per Equation 1, where p is a

the particle density.

Equation 1. Formula for particle size for spherical particles from SSA.

6
d= (SSA) * p

2.4.6 Dilatometry
Dilatometry was conducted with a Dilatronic Il single pushrod dilatometer (Theta

Industries, Port Washington, NY). Linear displacement was observed by a linear variable
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differential transformer (LVVDT) and recorded by a custom LabView program. Constant
heating rate experiments were conducted from room temperature to 1500 °C with a

10°C/min ramp rate in static air.

2.4.7 Vickers microhardness
Microhardness measurements were made using a Clark CM-400AT equipped for
Vickers hardness measurements. All measurements were taken at a load of 500 g. Values

given are at least an average of ten separate indentation sites.

2.4.8 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
DRIFTS samples were prepared by grinding 5 mg of nanopowder with 400 mg of
spectroscopy grade KBr. Samples were analyzed on a ThermoScientific Nicolet 6700 FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA) under dry flowing nitrogen.
Recorded spectra were an average of 60 scans at 400-4000 cm™ with a resolution of + 4

cm™. A blank KBr served as the reference sample.
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Chapter 3

Extrusion of YAG tubes

3.1 Introduction

There is a considerable driving force to develop highly transmissive materials for high-
temperature transparent ceramics for applications ranging from armor, to lasers, to sodium
vapor lamp envelopes.! The current material of choice for armor and lamp envelopes is a-
Al,O3, whereas doped YAG has emerged as the material of choice for lasers.?3*® While
widely used, polycrystalline a-Al2O3 has significant optical losses due to the inherent
birefringence of its hexagonal lattice.> As such, it is limited to translucent applications (as
in vapor lamp envelopes, ave. grain sizes 20"um) or transparent applications if grain sizes
are sub-500 nm, typically attained only by HIPping for long periods of time (12 h, 200

MPa, 1250°C).2

Polycrystalline YAG is a potential replacement material for polycrystalline a-Al203
due to its high transparency in the visible region, along with satisfactory thermal shock and
chemical resistance.!* In most applications, polycrystalline YAG is sintered at
temperatures of 1700-1800° C in vacuum, taking advantage of excessive grain growth to
limit porosity and grain boundary light scattering, but at the cost of both mechanical and

optical properties.® YAG nanopowders are often made from solution based processes,
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although reactive sintering of Y203 and Al.O3 powders also appears to be a viable route to

high-quality YAG monoliths.’

Most laser-quality ceramic YAG is either cold pressed or slip cast to form the green
body, which limits attainable geometries.®® Thermoplastic extrusion is an attractive
candidate for producing more complex shapes, with the drawback of much lower green
densities than accessible via cold-pressing or slip casting.'® The production of near-net
shape ceramic monoliths is especially crucial in optical ceramics, where expensive and
time consuming machining and polishing operations could be reduced. In addition, many
demanding applications for transparent ceramics, such as missile radomes, have
complicated geometries. Thermoplastic extrusion of nanopowders has rarely been studied,
likely due to the challenges in obtaining high solids loadings due to the increased surface
area interactions between particles in the melt leading to extremely high viscosities that

prevent easy extrusion.112

Liquid-feed flame spray pyrolysis (LF-FSP) is a unique route to mixed-metal oxide
nanopowders with elemental mixing at the atomic level.*** In LF-FSP, ethanol solutions
of metalloorganic precursors are combusted, producing nanopowder “soot” with average
particle sizes (APSs) of 25-45 nm. The as-produced powders are unaggregated and lightly
agglomerated. In principal, these powders offer the potential to sinter to high densities at
low temperatures, with exceptional control of final grain sizes and according the bottom-
up paradigm should permit ready optimization of final global properties including for

example optical properties.

Indeed, the “bottom-up” approach to processing materials has received considerable

support from numerous research groups in the past few years,>16:17.18.19.2021.22 Hawever, to
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the best of our knowledge, no one has sought to test this concept. Thus, one major objective

of the work reported here and in an accompanying paper is to attempt to validate this axiom.

We have previously used LF-FSP to produce Y3AlsO12 composition nanopowders
albeit finding a hexagonal phase that transforms to YAG with a low activation energy,
referred hereafter to hex-Y3Als012.2 24 In the work reported here, we explored the utility
of using atomically mixed, single phase material as the basis for extruding tubes with the

long term goal of making them transparent.

As part of this work, we also evaluated the maxim that optimal control of the scale of
elemental mixing should provide the best control of sintering rates, final grain sizes and
final densities. Thus, comparative studies using 3:5 molar mixtures of Y203:5-Al>.03 were
undertaken in an effort to process tubes using reactive sintering. In this case, nanopowders
of both oxide nanopowders (APSs 30-40 nm) were mixed and then ball-milled, achieving

what we estimate to be compositional homogeneity at the submicron scale at best.

Both sets of powders were thereafter mixed with an ethylene vinyl acetate polymer
binder in a Brabender shear mixer and then thermoplastically extruded. Both approaches
provided 10 mm diameter tubes with 0.7 mm wall thicknesses up to one meter in length.
Ten cm sections were sintered to at least 95 % theoretical density (TD) with grain sizes of
0.5-3 pm. Surprisingly, nanosized Y203 and Al.Oz powders reactively sinter at lower
temperatures and to finer final grain sizes than the YAG composition powders. This

contrasts strongly with the commonly accepted maxim of “finer mixing is better.”
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3.2 Experimental

3.2.1 Powder processing

For reactive sintering, approximately 60 g of as-shot LF-FSP Y203 was added to 750
mL of ethanol, with 2 wt % bicine as a dispersant. The suspension was ultrasonicated for
20 minutes using a Vibracell VC-505 ultrasonic horn (Sonics & Materials, Newtown, CT)
at 100 W of power. After a 24 hour settling period, the supernatant was decanted and dried.
The same process was repeated using 60 g of NanoTek AlOz. The dried powders were
mixed in a 3:5 stoichiometric ratio, and added to 750 mL of ethanol. The suspension was
ultrasonicated 20 minutes at 100 W, and dried. The resulting powders were then used for
thermoplastic processing. The as-produced YAG composition powders were processed

using the same conditions.

3.2.2  Shear mixing

Thermoplastic-ceramic powder extrusion mixtures were produced at volumes of 42
cm®. The mixture consisted of 1 vol% polyethylene glycol with a M, = 3400, 1 vol %
stearic acid, 3 vol % heavy mineral oil, 48-50 vol % nanopowder, and the remainder was

an ethylene vinyl acetate based hot-melt adhesive (3M #3792LM B).

Powders were mixed on a Brabender Plasti-Corder 2100 (C.W. Brabender,
Hackensack, N.J.) twin-screw shear mixer. The mixing chamber was preheated to 120 °C.
Approximately 80% of the hot-melt adhesive was added to the mixing chamber and
allowed to melt. With the shear mixer running at approximately 60 rpm, the powder was
slowly added. Powders were allowed to mix in fully before more powder was added. Upon
saturation of the hot-melt adhesive with powder, the final amount of hot-melt adhesive was
added. After approximately 90% of the powder had been added to the thermoplastic melt,
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the minor components were added. Following the full addition of all the powder, the
thermoplastic-ceramic melt was mixed for approximately 15 min at 60 rpm. The mixer
was stopped, and the melt was cooled before it was removed from the chamber. The
hardened melt was granulated, and slowly added back into the chamber at 120 °C to ensure
complete homogeneity of the melt. The powder was mixed at 60 rpm for an additional 30

min. The cooled melt was manually granulated prior to extrusion.

3.2.3 Extrusion

Prior to extrusion, the thermoplastic-ceramic mixture was degassed in a vacuum oven
at 110 °C for 2 h. The vacuum level was estimated to be around 107 torr. Extrusion was
performed on a Bradford Small Scale Extrusion Unit (Bradford University Research, Ltd.,
West Yorkshire, U.K.) ram extrusion machine using a spider die. The 31 mm diameter
extrusion die was preheated to 140 °C, and the granulated thermoplastic-ceramic mixture
was added to the die. The bottom of the die was blocked, and the ram was pressed to a
pressure of 2.3 MPa. The die was cooled to 50 °C, and the stop was removed from the end
of the die. A smaller heating mantle was then applied to the spider region of the die. The
spider was heated to 120-130 °C, and tubes were extruded at typical rates of 2 mm min-,
with die pressures averaging 1 MPa. Dimensionally uniform tubes up to 0.7 m in length

were extruded.

3.2.4 Burnout
Tubes were burned out at 3 °C min™ to 400 °C for 4 h in dry N2. Tubes were then
burned out at 3 °C min™ to 600 °C for 4 h in dry air. Tubes were then burnt out to 800 °C

for 3 h under flowing O,. Gas flow rates were kept constant at 50 ml/min.
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3.2.5 Sintering

Tubes were sintered in rough vacuum in a MTIl GSL-1600X tube furnace up to 1500°
C or in a BlueM muffle furnace for temperatures above 1500° C. Two different sintering
schedules were investigated, a two-step 1500° C 0 h peak with 20-30 h holds at 1300° C,

or up to 35 h holds at 1500° C followed by 5 h at 1600° C.

3.2.6 Density measurements

Sample densities were tracked during sintering by monitoring the average tube diameter,
which was converted into a linear shrinkage value that was correlated to the final density.
Final densities were calculated using Archimedes density measurements. Samples were
first boiled in deionized H>O for 5 h and left to sit for 24 h in H.O at room temperature.
Measurements were performed using an Archimedes density kit for an Ohaus VVoyager Pro
balance, with a sensitivity of 0.1 mg. Dry masses were determined after heating the

samples to 110° C for 24 h. All densities were compared to that of YAG, 4.55 g cm™.

3.3 Results and discussion

In the following sections, characterization of the powders used in tube processing are
presented. We first characterize the powders used in tube processing, followed by
discussion of the tube extrusion, binder burnout and final densification. Thereafter, the
processes that lead to faster densification for the reactive sintered powders than the
stoichiometrically correct single-phase powders are discussed. Thereafter we discuss the
processes that occur leading to faster densification for the reactive sintered powders than
the stoichiometrically correct single-phase powders. This latter discussion is presented in
light of work described in chapter 6 where processing of an atomically mixed nickel,
magnesium, and cobalt aluminate spinel also does not equate to better control of final
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densities or grain sizes in a composite system vs mixtures of 5-Al.Oz and stoichiometrically

correct NiAl,04.%

3.3.1 Powder Characterization

Table 3-1 records the BET derived SSAs and the corresponding calculated APSs for
the LF-FSP and commercial nanopowders used in this study. Y3AlsO12 composition
nanopowders produced by LF-FSP are a hexagonal phase as described previously, as
confirmed by XRD.?* Figure 3.1 provides SEM and TEM micrographs representative of
hex-Y3AlsO12 composition powders. Figure 3.2 provides an SEM micrograph
representative of the LF-FSP Y203 powders. The SEM micrographs show uniform particles
with typical APSs < 50 nm, which agrees with BET SSAs. The SEMs also do not reveal
any particles > 200 nm. In Figure 3.1, the TEM micrograph shows partially crystalline
spherical particles. Some necking can be seen between the particles; however, this does not

represent the majority of the powder.

Table 3-1. BET SSAs, and corresponding APSs, assuming spherical particles.

AlOsz | Y203 | Y3Als012

BET SSA[m2gl | 30 | 30 36

APS [nm] 56 | 40 37
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Figure 3.1a. SEM and b. TEM of LF-FSP produced Y3AlsO12 powders.

Figure 3.2. Representative SEM of as-produced LF-FSP Y20s.
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3.3.2 Tube Extrusion and Burnout

Through trial and error, we identified a binder, consisting primarily of a polyethylene-
vinyl acetate based hot-melt adhesive that offers the viscoelastic properties needed to melt
extrude powder/binder mixtures (see experimental). The adhesive materials were
characterized by TGA and solvent solubility and were found not to contain any insoluble
inorganic materials; therefore, no ceramic residue would be retained following binder

burnout.

Tubes could be extruded up to 1 m in length with typical diameters of 10 mm with 0.7
mm thick walls. The tube lengths were limited only by the volume of melt loaded into
thedie. Figure 3.3 provides a schematic of the extruder and spider extrusion die.
Thermoplastic melts for extrusion were loaded at 50 vol % powder, corresponding to an
approximate solids loading of 82 wt %. Powder loadings < 45 vol % were insufficient to
maintain a tubular geometry through burnout. Thermoplastic melts with higher ceramic
loading were difficult to extrude into defect free bodies. The high amounts of binder

required a first burnout step in dry N, followed by dry air and then O». The final O
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burnout was performed at 800 °C to impart mechanical strength to the debindered bodies.

<+—Plunger

| Compaction
die

<——F— Extrudate

! <—1— Dead volume

——1— Transition zone

Tube die

< Alignment
rod

Figure 3.3. Schematic of extruder and spider extrusion die.

Figure 3.4 shows cross-sections of an as-extruded tube, a fully debindered tube, and a
tube sintered to 95 % TD. Cross-sectional geometry was maintained from the as-extruded
tubes through to the final sintered product. Figure 3.4b provides a view of longer extruded
sections, along with a debindered tube and a sintered tube. Some deviations from linearity
along the tube axis are seen in the as-extruded tubes. However, the extrusion process did

not use a guide rod, which is expected to improve overall straightness.
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Figure 3.4a. Optical photograph of tubes, from left to right: as-extruded, burnt-out, and
95% TD. b. Images of tubes, from top to bottom, 95% TD sintered, burned-out, and as-
extruded.

3.3.3 Tube sintering

Two different routes to 95% dense YAG tubes were examined to ensure that one
processing approach did not favor one set of materials over the other. Thus, reactive
sintering of Al,O3 and Y203 and simple sintering of hex-Y3AlsO1. tubes were run under a
1073-10"* torr vacuum. All samples were first heated in vacuum at 1000 °C for 2 h, which

has previously been found to improve pore size distributions.?®

One processing approach followed the two-step method of Chen and Wang, that
involves ramping to a peak temperature followed by a long isothermal hold at a lower
temperature.?’” Two-step sintering is an effective way to minimize grain size, and has been
used successfully in processing Y AG. %8281 Reactive Y,03-Al,0s tubes sintered easily using

two-step sintering with an initial peak temperature of 1500 °C, followed by isothermal
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holds of 20-30 h at 1300 °C. Tubes sintered to a final density of at least 96 %TD after 30

h holds.

Ball milled, reactive Y>03-Al>O3 pellets of the same composition did not sinter well
below 1500 °C. This difference in sintering behavior may arise because of the intensive
shear mixing of the thermoplastic mixer or simply because the binder used in forming the
pellets was simply PEO rather than the vinylacetate polymer. The Figure 3.5 microstructure

is typical of reactive sintered YAG and offers grain sizes of 500 + 30 nm by lineal intercept.

HV mag curr WD | tilt | srot | HFW
18.00 kV|40000x|0.14 nA| 5.0 mm |0 °|279 *|6.40 pm

Figure 3.5. Y203-Al203 tube fracture surface SEM; two-step heated to 1500/1300°C (96

% TD).

Hex-Y3Als012 powder tubes sinter only to = 70 % TD using the same two-step scheme
(Figure 3.6a) and were only found to sinter on heating to 1500 °C for extended periods
(Figure 3.6b). After 35 h at 1500 °C in vacuum, sintering of hex-Y3AlsO1> composition
tubes stalled at = 93 %TD. Further sintering at 1600 °C/5 h/air brought the tubes to 98

%TD with typical microstructures per Figure 3.6b. This microstructure is characterized by
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a distribution of grains much larger (3-5 pum) than seen in Figure 3.5. For optical

applications, subsequent hot isostatic pressing is mandated by the need to eliminate the

remaining closed porosity.[!

Figure 3.6. SEMs of Y3Als012 composition a. tube surface two step heated to 1500/1300°C
(70% TD), b. Fracture surface at 98 %TD after heating to 1600°C/5 h/air.

Figure 3.7 and Figure 3.8 provide time/temperature XRDs for hex-Y3Als012 and Y20s-
Al>O3 powders mixtures, respectively. As-produced hex-Y3AlsO12 powders show a
diffraction pattern indicating yttrium aluminum monoclinc (YAM), Y4Al20s, as well as a
pattern similar to hexagonal YAIOs but actually the hexagonal Y3AlsO12 phase.?* YAM,
hexagonal-Y3AlsO12, and YAIOz (YAP) phases are commonly present in nano-YAG
synthesized by a variety of solution based processes.?® After 3 h at 1100° C, the powders
transform fully to YAG. Y203-Al,0z3 reactive sintering consists of a mixture of Y203 and
3-Al203 at low temperatures. Heating to 1100°C causes formation of YAP and YAM. Then

at 1200° C/3 h, the Y203-Al>,03 powders fully transform YAG.
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Figure 3.7. XRDs of Y3Als012 ground tubes on sintering for 3 h at 800-1400 °C.

(Hexagonal YAIO3z, M-Y4Al209, G-Y3AlsO12 garnet).
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Figure 3.8. XRDs for Y203-Al>03 ground tubes on sintering for 3 h at 800-1400 °C. (Y-
Y203, A-transtion-Al203, P-YAP, M-YAM).

As previously shown, the activation energy for transformation of the hexagonal phase
to YAG is =110 kJ/mol, compared to 550 kJ/mol for transformation of YAIO3 to YAG.
This accounts for the full transformation of the hexagonal powders at 1100° C/3 h.2+3*DTA
traces (supporting information) for both Y3AlsO1, and Y203-Al>03 give the Table 3-2

phase transformation temperatures.
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Table 3-2. Table 2. DTA phase formation temperatures for Y3AlsO12 and Y203-Al03
samples.

Material Phase formed

YAP, YAM YAG

Y203-Al20s | 1160° C | 1307°C

Y3Als012 915° C 1061° C

Although both samples show similar YAG nucleation temperatures, the XRD patterns
suggest different rates to full transformation, likely determined by the diffusion distances.
The differences in densification rates between the reactive and exact composition samples
is unusual. One explanation is that densification occurs prior to full phase transformation
in the Y203-Al>03 system. At a low temperature, the hex-YAG powders were shown by
XRD to fully transform to YAG. As such, any sintering can be explained mechanistically
as that of YAG. In YAG, anion diffusion has been shown to be the rate determining species
for lattice diffusion.3! For the reactive sintering case, the mechanics are more complicated.
O is the rate limiting species in Al,O3, and Y is the rate limiting species in Y203.31:32[31.32],
Diffusional couples of Al,Oz and Y203 have shown the reaction occurs when Al diffuses
into the Y203 lattice.®33% As such, the reaction between AlOz and Y203 should produce
yttrium rich phases before YAG stoichiometry is reached. This is reflected by the XRD
patterns from the reactive Y20s-Al,Oztubes, where yttrium rich YAP and YAM are formed
prior to transformation to YAG. It should be noted that the lattice mobility of Al in Y203

is 5X that of Al in YAGE2],

Thus, there is a basis to claim low temperture densification of reative Y.03-Al>03

powders represents densification seen prior to full transformation to the garnet phase.
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However, diffusion in some yttrium aluminate phases (YAP,YAM) has not been well
characterized. As such, a number of phases with different diffusion mechanisms may exist

at any one time in the sintering process.

An alternate explanation may exist for the sintering behavior seen in the Y.03-Al>03
system. Indeed, the micrographs shown in Figure 5 reveal small numbers of darker grains
that result from less electron dense materials. Element mapping studies (Fig. S3) suggest
that these darker grains are primarily aluminum with little or no yttrium; although we see
no evidence of a-Al203 in any XRD studies. This suggests that the presence of a small
amount of a secondary phase; however, it is not clear if this is responsible for the difference
in sintering behavior. For 50 vol% Al>O3-YAG composites, Palmero et al. found a
reduction in sintering temperature from 1600 °C to as low as 1370 °C with mechanical
activation of powders through ball milling and an optimized pre-calcination step.3*4 In
another study, Palmero et al. found a 100 °C lower onset of sintering in 5 vol% YAG in
Al;03.3] These studies provide a possible explanation for the low-temperature sintering
behavior seen here, but the high Al>O3 contents studied preclude direct correlation to our
work. However, if it is the basis for rapid sintering, then this represents an alternative to
the use of SiO> as a sintering aid in the generation of transparent YAG materials. Clearly

future studies should focus on exploring the effects of different excesses of Al20:s.
Dilatometry studies were conducted to follow densification for both systems.

3.3.4 Dilatometry studies.
Powder compacts (pellets) were pressed, CIPped and debindered to provide samples
for the Figure 3.9 dilatometry studies (see experimental). There is considerable contrast

between the two systems.

40



0.00 0.00

-0.02
-0.05

= =

- -

< <

-0.04 -

-0.10 -

-0.06 -_— -—

a) 800 1000 1200 1400 b800 1000 1200 1400
T(°C) T(°C)

Figure 3.9. Dilatometry traces of pellets (after debindering at 800 °C) of a. Y3AlsO12 at 5
°and 10°C/min/air, b. 3Y203:56-Al>03, heated at 10°C/min/air to 1500° C, 1300° C for 3
h in vacuum.

The Figure 3.9a early densification changes in the hex-Y3AlsO1. powders (900-1100
°C) likely result from both reorientation of powder particles combined with crystallization
of the YAG phase, based on Figure 6a SEM and XRD studies. Thereafter, densification is
slow because of the diffusion rates in YAG, as previously discussed. Indeed, as we have
reported elsewhere, the only way to get high density, relatively fine grained YAG is to

sinter at very high heating rates (up to 30 °C/min).%6%l

In contrast, 3Y203:53-Al,03 densifies rapidly beginning at 1100-1150°C then
densifying more slowly per Figure 3.9b. The likeliest explanation is that the YAG phase
forms with sintering but it is not complete even on heating to 1500°C briefly. This permits
relatively rapid densification in time frames and at temperatures well below those needed
to fully densify the atomically mixed Y3AlsO1, materials. This is again quite contrary to

the maxim that atomic mixing should provide optimal processing of ceramic materials.
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3.3.5 Tube processing.

Figure 3.10a is an optical micrograph of a 98% TD sintered tube (1600° C/5 h/air) that
is straight and has a nearly circular cross-section, Figure 3.10b. Samples were cut from 1
m long extruded tubes to simplify processing. Figure 3.11 shows that the tube is

translucent, retaining a bluish-tint, assumed to originate from contaminants in the original

powder or from shear mixing and extrusion.

Figure 3.10. Optical micrograph of sintered 98% TD Y3AlsO12 composition tube with
excellent dimensional uniformity.
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Figure 3.11. Optical micrograph of sintered, 98% TD Y3Als012 composition tube. The

light shining through the sample gives an idea of the translucency.

3.4 Conclusions

The work described above provides a rare example of thermoplastic extrusion and
processing of nanooxide powders to high density ceramic tubes. More importantly it
provides an example that contrasts greatly with the general maxim that atomic mixing
(bottom-up approach) offers superior opportunities to control time, temperature and rates
of densification in processing ceramic materials. In this paper, a single phase, atomically
mixed hex-Y3AlsO12 nanopowder crystallizes rapidly to YAG faster than it densifies. In
contrast a shear mixed 3Y203:55-Al>03 set of nanopowders, where the compositional
homogeneity is closer to submicron volumes, sinters much faster because densification
occurs much faster than diffusion leading to the formation of the final stoichiometric YAG
phase. This work contrasts with work discussed in chapter 6, where phase segregation
occurs much faster than densification leading to equivalent submicron compositional

uniformity prior to processes that result in full densification.
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It should be noted that our goal was to achieve densities > 95 % of theory as this
represents a practical objective of researchers exploring densification mechanisms and

routes to optimizing such processes.
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Chapter 4

Processing routes to YAG/a-Al203 composites

4.1 Introduction

Liquid feed-flame spray pyrolysis (LF-FSP) is a combustion synthesis technique for
the production of single metal and mixed-metal oxide nanopowders. In LF-FSP,
metalloorganic precursors are dissolved in alcohols at the desired composition, and
aerosolized with Oz. Typical oxide precursors are metal alkoxides, carboxylates, or B-
diketonates. The aerosol is ignited using pilot torches and combusted. The resultant oxide
nanopowders are rapidly (< 100 ms) quenched and collected downstream in electrostatic
precipitators. The LF-FSP powders are typically agglomerated but unaggregated with
specific surface areas (SSAs) from 30-120 m?/g. As a gas-phase process, LF-FSP makes
atomically mixed nanopowders. We term the distance separating atoms which must react
in the course of synthesis to be the degree of mixing. In contrast to LF-FSP, other oxide
nanopowder synthesis methods such as coprecipitation and sol-gel synthesis may have
lower degrees of mixing due to inhomogeneous rates of precipitation or hydrolysis,
respectively.! LF-FSP is scalable and has been well-studied.?

In the previous chapter, ball milled reactive sintering of Y203-Al>03 extruded tubes
densified prior to fully transforming to YAG leading to finer grain sizes than tubes
synthesized from single phase Y3AlsO12> composition powders. The continued densification

of reactive sintered tubes at temperatures below that of typical YAG sintering led us to
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more closely examine our results. Although XRD showed no secondary phases, SEM
indicated inclusions that were determined to be a-Al2Os. This astoichiometry, along with
the reactive sintering results at temperatures below that of typical YAG sintering
temperatures, provided motivation for the work reported in this chapter where describe the
production of YAG/a-Al2O3 composites, where fine grain sizes may lead to enhanced
mechanical properties. In keeping with the results of Chapter 3, we again approached the
same compositions from mixed Y»03 and Al2O3 nanopowders as well as powders having
the exact composition of the final composite. We will refer to the samples by their

composition in vol % and mol % Al>Os of the final composition.

As described in Chapter 1, multi-phase ceramic composites are a technically important
class of ceramic materials. The YAG/a-Al2O3 composite system has seen considerable
attention, especially the eutectic which showed promise as a high-temperature structural

material in oxidizing environments.®4>¢

A number of methods have been used to process Al.O3-YAG (AY) composites via
powder processing. Schehl et al. found yttrium alkoxide doping to be effective in pinning
exaggerated grain growth in o-Al2Os through YAG phase formation along grain
boundaries.” The resultant micro/nano composites had well dispersed 200 nm YAG
particles at a-Al2O3 grain boundaries. Sommer et al. produced 5, 10, and 15 vol% YAG-
Al>;0O3 composites from both alkoxide coated Al,Oz powders and mixtures of YAG and
Al,03 nanopowders.2 Sommer et al. found composites sintered at 1500° C for 3 h had
theoretical densities that dropped from 98 % to 94 %TD as YAG was increased from 5 to
20 vol %. Sommer et al. reported alkoxide coated Al.Osz and mixed YAG and Al>O3

nanopowders produced composite with grains in the 3-5 pum size range.
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Waku et al. synthesized eutectic composition, 45 vol% (80 mol%) Al.O3 YAG/a-Al203
composites from submicron Y203 and a-Al,O3 powders.® These composites exhibited a
sharp reduction in flexural strength above 1000°C, likely due to amorphous material at
grain boundaries. Palmero et al. produced 50 vol% YAG/a-Al,O3 composites from
nanopowders produced by the reverse-strike-precipitation method.'° Mechanical activation
of the reverse-strike powders by planetary milling gave powders that sintered to 98%
theoretical density (TD) after 2 h at 1420° C with grain sizes < 200 nm. No mechanical
properties were reported. For nanopowders, the energy required to create new surfaces is
beyond the energy input of ball milling, so the primary particles sizes are not reduced. Ball
milling does break up agglomerates, and in this case, only mixes the powders. If perfectly
mixed, the length scale of mixing would be the distance between two adjacent
nanoparticles of Y203 and Al2Os. In practice, the length scale of mixing provided by ball
milling is at least the size of agglomerates, which could be 100-800 nm in size. In LF-FSP
powders that are synthesized from solutions that contain Y203 and Al>Os precursors with
the exact final desired composition, the length scale of mixing is assumed to be within a
single particle. More credibility is given to this assumption by TEM studies of single multi-

phase particles described in Chapter 5.

4.2 Experimental

Precursors were dissolved in ethanol solutions at less than 5 wt% ceramic loading.
Yttrium propionate, (CH3CH2CO2)3Y, was used as a precursor to Y»03. Alumatrane,
[N(CH2CH20)sAl], was used a precursor to Al20s. Yttrium propionate was produced from
the reaction of propionic acid with yttrium carbonate (PIDC, Ann Arbor, MI). Alumatrane

was produced from the reaction of aluminum tri-sec-butoxide (Chattem Chemicals,
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Chattanooga, TN) with triethanolamine. The syntheses of these precursor compounds are

described in depth in Chapter 2.

Approximately 20 g of powder was ball milled with 99.5% Al.O3 media in ethanol for
24 h with 2 wt% bicine, (HOCH2CH2)N(CH2COOQOH), in a 500 mL Nalgene polypropylene
at 2 media loading by volume. Powders were milled on a Labmill 8000 (Gardco, Pompano
Beach, FL). Powders were then ultrasonicated for 20 min at 100 W of power with a
Vibracell VC-505 ultrasonic horn (Sonics & Materials, Newtown, CT). The powders were
settled for 24 h, after which the remaining suspended powder was decanted. Approximately
10 wt % powders settled, and were disposed after the suspended powders were decanted.
The decanted powders were dried, ground in an agate mortar and pestle, and sieved through
79 um mesh. The powders were dispersed in ethanol with 4 wt % PEG 3400 as binder and
ultrasonicated for 20 min at 100 W of power. The powders were dried, ground, and sieved
through 30 um mesh. Powders were divided into approximately 700 mg portions and
pressed into 14.1 mm diameter pellets at 14 MPa. Pellets were double sealed into latex

gloves and cold isostatically pressed at 200 MPa.

4.3 Results and discussion

The major objective of the work reported in this chapter is to synthesize fine-grained
oxide composite materials with final microstructures consisting of well dispersed YAG and
a-AlO3. The secondary objective is to determine the effect, the length scale of mixing in
the original nanopowder compact has on the final composite microstructure and
mechanical properties. Two-phase materials were produced from both LF-FSP
nanopowders synthesized at the desired composition and LF-FSP nanopowders of the
constituent oxides mixed by ball milling to study the effects of phase development and
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sintering on the final microstructure. As noted, we find drastically different sintering
behavior and final grain sizes in YAG tubes produced with these two processing
techniques, which we mainly attribute to the difference in phase development due to the

initial length scale of mixing.

4.3.1 Powder characterization

Three compositions were synthesized, as detailed in Table 4-1. The phase diagram, shown
in Figure 4.1, indicates that 88.5 mol % Al203-Y203 corresponds to the YAG/a-Al203
eutectic at 45 vol% Al>03, making it a popular composition in the literature for YAG/a-
Al>;O3 composites. Although we are not accessing the eutectic, several examples of powder
processed composites exist at this composition. The other two compositions synthesized
here are ca. £7 mol% from this composition, and all three compositions are within the

Y AG/a-Al;O3 two phase region.

Reactive sintering of Y203 and Al>O3 nanopowders will be referred to as mixed
nanoparticle approach. Sintering of LF-FSP nanoparticles produced at the exact
composition will be referred to as the nanocomposite approach. To avoid confusion, we
will refer to the samples by their composition in vol % and mol % Al20s of the final
composition. Both synthesis processes start from metastable states, so the final
composition is used as the sample nomenclature to avoid confusion. As in the previous
chapter, we targeted densities 95 % theoretical density (TD) as a starting point for hot

isostatic pressing (HIPing) for final densification with limited grain growth.
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Table 4-1. Composition table for YAG-AI>O3 composites.

mol% mol% mol% mol%  wt% wit% vol%  vol%
Y203  AlOs Al>O3 YAG AkOs YAG AlOs  YAG
11.5 88.5 90.0 10.0 60.8 39.2 63.9 36.1
18.5 81.5 80.4 19.6 41.4 58.6 44.6 55.4
25.3 74.7 65.8 34.2 24.9 75.1 27.4 72.6

Nanopowders were synthesized under standard LF-FSP conditions. Figure 4.2 provides
a SEM micrograph of 45 vol % (80 mol %) Al.Oz as-produced nanocomposite
nanopowder, and is typical of all powders produced in this study. Particles are all generally
< 100 nm, with no fraction of large particles present. Table 4-2 gives BET SSAs for
powders produced in the course of this study. APSs were calculated using p = 3.58 g/cm?®,
representative of a low-density Al2Os-Y203 amorphous material since the true density of
the powder is unknown, likely giving APSs slightly larger than their true values, as a low
density would reflect a higher surface area for an equivalent mass.!! BET derived APSs are

within 20-50 nm, so the differences in particle size between nanocomposite nanoparticle

and mixed nanoparticles are likely negligible.
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Figure 4.1. Phase diagram for Y,03-Al,03.12

Table 4-2. BET SSAs for all powders used in this study. (NN = nanocomposite
nanopowders)

BET [m?/g] APS [nm]

Al203 65 26
64 vol% NN 41 41
45 vol% NN 38 44
27 vol% NN 36 47

Y203 53 23
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Figure 4.2. SEM micrograph of as-produced 45 vol% (80 mol%) Al.Oz nanocomposite
nanoparticles.

Figure 4.3 provides XRDs of as-produced nanocomposite powders. At 27 vol % Al20s,
3-Al203, 6*-Al203, and hexagonal YAIOz are present, along with an amorphous hump
centered at 33° 20. Hexagonal YAIOs is an intermediate phase, seen in almost all nano-
YAG syntheses.’® §-Al,0; and &*-Al.0s are transition-Al.Os phases, typical of nano-
Al,03, and the two most common phases in LF-FSP Al,O3.1* At 45 and 64 vol % (80 and
90 mol %) Al>0s, 6-Al>03 is not seen, with only 6*-Al>.03 and hexagonal Y AlOz observed.
Both retain a significant amorphous fraction, indicated by an amorphous hump centered on
33° 20. Rietveld refinement of the XRD pattern for pure LF-FSP Y>03 powders used in
this study gives 77% cubic and 23% monoclinic. XRD shows LF-FSP Al>O3 to be a

mixture of transition Al2O3 phases, mostly 6 and 6*.
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Figure 4.3. XRD patterns for 27, 45, and 64 vol % (66, 80, and 90 mol %) Al.Os as-
produced nanopowders.
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4.3.2 Thermal analysis

Heat flow [A W/mg]

Figure 4.4. DTA traces of both mixed nanoparticle (dotted lines) and nanostructure
nanoparticle pellets (solid lines). (P = YAIOz perovskite, M = Y2AIl409 monoclinic, YAG

_ P
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= Y3Al5012, a = a-Al203).

Dotted traces correspond to the mixed nanoparticle approach, and solid lines to
nanocomposite nanoparticles. It is important to note that YAP or YAIOz perovskite, and
YAM, monoclinic Y2Al:O9, are often intermediate products in YAG synthesis.
Microdiffraction of TGA samples was used to identify the phase transformations associated
with the exotherms. The increasing background for both 45 vol % (80 mol %) Al>Os

samples are a function of DTA baseline calibration and do not indicate any real thermal

Figure 4.4 shows DTA traces from TGA/DTA analyses of pellets after binder burnout.
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affect. All three nanocomposite nanoparticle samples show an exotherm at = 935° C,
corresponding to the transformation from hexagonal YAIO3z, 3-Al203, §*-Al,03 to YAP
and/or YAM as both are indicated by XRD. In the 27 vol % (66 mol %) Al.O3
nanocomposite nanoparticle sample, an exotherm centered at 1070° C corresponds to the
transformation to YAG. In the 45 vol % (80 mol %) Al>.Oz nanocomposite nanoparticle
sample, an exotherm around 1130° C corresponds to either the YAG and/or a-Al,O3
transformation, as both phases are present by XRD after the exotherm. In the 64 vol % (90
mol %) Al.Os nanocomposite nanoparticle sample, an exotherm at 1140° C is typical of
the transformation to a-Al2Os, and the exotherm around 1250° C corresponds to the

transformation to YAG from YAP/YAP and Al,Os.

All three compositions show similar YAP/Y AM transformation temperatures, but note
that the YAG transformation is suppressed as Al,Oz content increases. Per the phase
diagram in Figure 4.1, both YAP and YAM are Y203 rich in comparison to YAG, so the
transformation is diffusional. As Al>O3z content increases, the local composition is more
Al>O3 rich, and the reaction is delayed up to 180°C due the diffusion necessary for YAG
transformation. Alternately, the reduction in YAG transformation temperature as Al.O3
increases suggests large YAP/YAM concentrations within a particle react with small
amounts of Al,Oz more quickly than small amounts of Y AP/Y AM react with large amounts
of Al2Os to form YAG. This suggests a shift in the morphology of the particles as the
composition is changed. Diffusional couples of Y203 and Al.O3 show the dominant mass
transport is Al.O3 diffusion into Y203z, so small islands of Al>Os adjacent to YAP/YAM
within a single particle may more quickly react to form YAG.'® Hay studied YAG

formation from diphasic Y203-Al.O3 gels and found diffusion of Al,Os is rate-controlling
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in YAG formation.® At high volumetric loading of AlOs, the diffusion rate of Al.O3 may
be less than the diffusion rate into YAP/Y AM, leading to the delay in YAG transformation
seen here. Hay also observed the presence of YAG at temperatures as low as 800° C,

indicating our DTA transformation temperatures are typical for this system.

In the mixed nanoparticle materials, an exotherm around 1160° C corresponds to the
transformation to YAP, and the 1250-1270° C exotherm corresponds to the transformation
to YAG, as seen by XRD. No change in thermal behavior is seen with compositional
changes for the mixed nanoparticle processing approach. For mixed nanoparticles, the
reaction occurs as a diffusion couple between adjacent Y203 and Al.Oz nanoparticles. The
local Y203-Al203 interface is unchanged regardless of the global composition, so little
change is seen in the DTA indicated phase transformations. In contrast, the local
composition of the nanocomposite nanoparticles closely matches the global composition.
As a result, the DTA indicates phase transformations are dependent on the global

concentrations.

4.3.3 Dilatometry

Figure 4.5 provides dilatometric traces for all three compositions from both
nanocomposite nanoparticle and mixed nanoparticle samples. All samples had green
densities of 53 = 2% TD. Both the mixed nanoparticle and nanocomposite 64 vol % (90
mol %) Al,O3 composites show the most densification up to 1500° C at 15 and 14% linear
strain, respectively. Both the 45 and 27 vol % (80 and 66 mol %) Al.O3 mixed nanoparticle
samples show similar densification levels of 12 and 13 % linear strain. The nanocomposite
45 and 27 vol % Al>Os samples showed similar densification of = 8 % linear strain up to

1500° C, below that of the their respective mixed-nanoparticle counterparts. The
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nanocomposite sintering curves for 45 and 27 vol % (80 and 66 mol %) Al,Os are similar
to those seen in Chapter 3 for pure LF-FSP YAG nanopowders. This may indicate once
YAG is the volume majority phase, the sintering of the continuous 3D connected YAG

grains may be rate limiting for composite densification.
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Figure 4.5. Dilatometry traces for all compositions studied.

The sintering of the Al.O3-YAG composites reflects the dilatometry curves. Our
sintering targeted densities of 95 % TD reflecting a practical density with closed porosity
for further processing by hot isostatic pressing (HIPing) to high densities with minimal

grain growth. Different sintering temperatures were used, but the data here are presented
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as an iso-density case. Figure 4.6 gives polished SEM micrographs for all three

compositions for both processing methods.
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4.3.4 Final microstructure

Figure 4.6. SEM micrographs at 95 %TD for a) 64 vol% Al>O3 nanocomposite b) 64 vol%
Al>03 mixed c) 45 vol% Al>Oz3 nanocomposite d) 45 vol% Al>O3 mixed €) 27 vol% Al>Os
nanocomposite f) 27 vol% Al,O3 mixed.
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In a reflection of the higher densification at lower temperatures, the mixed nanoparticle
composites sinter to much finer grain sizes than the nanocomposite nanoparticle
composites at equivalent densities of 951 %TD. In general, the larger grain sizes observed
for the nanocomposite nanoparticle case is likely a consequence of the higher sintering
temperatures used. Table 4-3 gives the measured grain sizes from the polished SEM
micrographs. Average grain sizes do not differ significantly with composition. All of the
mixed nanoparticle composites have average grain sizes for both phases of ~ 1000 nm. The

nanocomposite nanoparticle samples have grain sizes for both phases of ~ 1700 nm.

Table 4-3. Average grain sizes in nm for all three compositions (NN = nanocomposite
nanoparticle, Mix = mixed nanoparticle).

YAG [nm] AlOs[nm]  %TD Schedule
64 vol% Al203 NN 1800 * 310 1600 + 400 95 1500 °C 8h
64 vol% Al203 Mix 730 + 270 1100 + 460 95 1500 °C 8h
45 vol% Al,0s NN 1800 + 370 1700 + 300 94 1600 °C 4h
45 vol% Al203 Mix 980 + 250 1000 * 280 95 1600 °C 4h
27 vol% Al203 NN 1700 = 420 1700 + 380 95 1600 °C 4h
27 vol% Al203 Mix 910 + 380 1000 * 320 95 1500 °C 8h

4.3.5 Vickers microhardness

Microhardness data for each sample are tablulated in Table 4-4. Larrea et al. suggest
that the Al2O3 content dominates the hardness in YAG/a-Al203 eutectic composites, and
our results fit well with this observation.’” Here we note higher indicated hardness values
are observed as volume fraction of Al.Oz increases. No significant differences between the
nanocomposite nanoparticle and mixed nanoparticle samples were observed. The hardness

of bulk Al>,O3 is commonly cited as 17.7 GPa, but values as high as 20 GPa have been
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obtained from nanopowder processed Al,Oz with 1 um AGS.!8 The bulk Al,O3 hardness is
equivalent to our 64 vol % (90 mol %) Al20s mixed nanoparticle sample, and below the
nanocomposite nanoparticle sample of the same composition, but both are below the 20
GPa for nanopowder derived Al>Os. For reference, Li and Gao obtained a hardness of 16.15
GPa for 75 vol% Al,Os-YAG composites.® Although these results suggest enhanced
hardness due to a pseudo-Hall-Petch grain size effect, the high hardness values here may
also be a consequence of the low loading used in microhardness testing.? Our
microhardness testing used a load of 500 g, where Vickers hardness tests for true hardness
measurements are recommended to use 5-10 kg loads. Comparative hardness studies with
higher loads should be performed in the future to determine if a true grain size hardness

effect is present.

Table 4-4.Vickers microhardness results (NN = nanocomposite nanoparticle, Mix =
mixed nanoparticle.

Material Hardness [GPa]
64 vol% Al203 NN 186+ 1.7
64 vol% Al203 Mix 178+ 1.5
45 vol% Al203 NN 165+ 1.7
45 vol% Al203 Mix 165+1.4
27 vol % Al203 NN 151+1.3
27 vol% Al203 Mix 14.7 £ 0.8

The results shown here indicate that as in Chapter 3, the low temperature
transformation to YAG in the nanocomposite nanoparticle processing scheme prevents
densification, and as a result the mixed nanoparticle reactive sintering processing scheme
provides finer grain sizes. In the YAG/a-Al.O3 system, the mixed nanoparticle case
provides finer microstructures, with no indication that particle mixing affected the final
phase dispersion. The AGSs are consistent with literature, except for Palmero et al. who
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found < 200 nm AGSs from planetary milled powders.” Although not well explored here,
the finer grain size of the mixed nanoparticle samples may lead to better mechanical

properties.

4.4 Conclusions

Y AG/a-Al20O3 composites were prepared by two processing schemes, the mixing of the
constituent oxide nanopowders, or mixed nanopowders, and nanocomposite nanoparticles
containing the overall stoichiometry of the composite. In all cases, the mixed nanoparticle
case sintered to microstructures with significantly finer grain sizes than that of the
nanocomposite nanoparticle processing scheme at equivalent densities. These results are
similar to that of Chapter 3, in which the mixed nanoparticle case sintered to much finer
grain sizes than that of Y3AlsO12 composition powders. Similarly, we find here that
transformation to the YAG phase prevents low temperature densification in the

nanocomposite nanoparticle materials here.

In the nanocomposite nanoparticle samples, thermal analysis by DTA indicated a
significant reduction in the YAG nucleation temperature from 1250° C to 1070°C as Y203
content was increased. Since YAG is formed from the Al.Oz reaction with YAP/Y AM, this
suggests the particle morphology may allow for smaller diffusion distances for rate-
limiting Al.O3 species as Y20z is increased. In the mixed nanoparticle processing scheme,
no change in the thermal behavior is seen with changing composition, which is consistent

with a fixed reaction front between adjacent Al.Oz and Y203 nanoparticles.

Hardness testing showed no significant increase in the hardness between the

nanocomposite nanoparticle and mixed nanoparticle processing schemes. Hardness did
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increase as the volume fraction increased, to a peak of 18.6 £ 1.7 GPa for the 64 vol%
Al>03 nanocomposite nanoparticle sample. This value is above that of bulk Al>Os, but
lower than that of some fine-grained Al2Os. Future testing with higher Vickers hardness
loads should be performed to determine if we are seeing a true Hall-Petch type increase in

hardness due to grain size.

As we test the bottom-up approach to composite synthesis, we find the mixed
nanoparticle processing case to be superior to that of the nanocomposite nanoparticle
processing scheme. This runs contrary to the idea that controlling the composite
composition at the finest possible length scale leads to the best composites. In addition, the
results described here indicate powder processing is likely much more important the
powder chemical homogeneity. Despite the advantage of the mixed nanoparticle approach,
the AGSs are around 1 um. To reduce the grain size into the nanometer range, we explored
the addition of a third phase to both further pin grain boundary movement and provide
lower temperature sintering. These studies are described in Chapter 5, where we add a Y203

stabilized ZrO> phase to YAG/a-Al,O3 composites.
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Chapter 5

Al203-YAG-YSZ composites

5.1 Introduction

In Chapter 3, we showed that the reactive sintering of Al>Os and Y203 nanopowders
produced dense, fine-grained tubes at lower temperatures than nanopowders with the exact
Y3AlsO12 composition. We attributed these results to densification that occurred during the
transformation to the YAG phase. A secondary factor was a small a-Al203 excess which
may explain the low-temperature sintering of the reactive tubes. The densification
enhancement, along with the possibility to reduce grain size by pinning grain boundary
motion, led us to consider YAG/AI>Os two-phase composites. In Chapter 4, we showed
that mixing of constituent Al>Oz and Y203 nanopowders produces composites that sinter
to finer grain sizes than those made from LF-FSP nanopowders produced at the desired
composition of the final composite. We term these two approaches either “mixed
nanoparticle or mixed nanopowder” for ball mill mixing of the constituent single metal
oxides, and “nanocomposite nanoparticle or nanocomposite nanopowder” for individual
particles having the composition of the final composite. As in Chapter 4, this approach
tests the bottom-up approach to composite formation. The bottom-up is a paradigm of
materials synthesis in which the best global properties are expected from materials that are
built from the smallest possible length scale. In this study, the nanocomposite nanoparticle

processing method represents bottom up processing, where the length scale of mixing is
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within the average particle size, APS, or < 30 nm. At best, the mixed nanoparticle
processing approach gives a length scale of mixing within the volume of three adjacent
particles of each separate material. However, perfect mixing is unlikely, and the length
scale of mixing is likely on the order of agglomerate size, which can vary from 100-800

nm.

In Chapter 4, a-Al.03/YAG composite AGSs were > 1 um in size, despite starting from
< 50 nm nanopowders. In a single phase material, diffusion through the lattice or along
grain boundaries can easily provide mass transport to facilitate grain boundary migration.
In a multi-phase material, an adjacent grain of dissimilar phase provides a barrier to
diffusion that would facilitate grain boundary migration. Equivolumetric four-phase
composites would theoretically provide complete isolation in 3D space, i.e. a grain of one
material should not share a grain boundary with a grain of the same phase.! An additional
phase should decrease grain sizes, as adjacent grains of dissimilar material require longer
diffusion distances for grain growth.! This provides the motivation for the work described
in this chapter. Starting from the YAG/a-Al203 composites synthesized in Chapter 4, we
produced composites with a third phase, Y20s3 stabilized c-ZrO,. Previously, LF-FSP core-
shell ZrO2-Al>,O3 powders were shown to sinter to fully dense composites at 1120° C with
AGSs < 200 nm.? The studies described here sought to test: the pinning effect of a third
phase on grain size, the effect of a phase with a lower sintering temperature, and the effect
of the so called “bottom-up” approach to composite processing. As in Chapter 4, we will

refer to the composites in terms of their vol% (and mol%) Y SZ fraction.

Several groups have produced -eutectic composites in the AlLO3-YAG-YSZ

system.3#>6 As with the YAG/AIL,Os composites discussed in Chapter 4, eutectic

69



composites are typically produced as prospective high-temperature structural materials.®*®
A few examples of powder processed Al:03-YAG-YSZ or AYZ composites have been
reported. Palmero et al. synthesized AYZ composites from Y(Cl)s and Zr(Cl)4
decomposition on nanosized transition Al.Os nanopowders.” Palmero et al. produced
composites of 90 Al203- 5 YAG-5 vol% YSZ, 60 Al203- 20 YAG-20 vol % YSZ, and 34
Al203-33 YAG-33 vol % YSZ. In sintering 34:33:33 vol % slip cast composites, they

demonstrated grain sizes < 500 nm after 3 h at 1500° C at 98 % TD.

Oelgardt et al. synthesized AYZ composites at the same composition as reported here
by milling < 300 nm commercially available powders of Al203-Y203-Al,03 (AYZ) and
Al,03-YAG-YSZ (YAG-AZ).2 Oelgardt et al. reported 95 % TD after sintering 1 h at 1500°
C with average grain sizes (AGSs) of 0.55 um for Al203, 0.56 um for YAG, and 0.46 pm
for YSZ. The YAG-AZ of Oelgardt et al sintered to 98 % TD after 1 h at 1500° C with
AGSs of 0.64 um for Al203, 0.78 um for YAG, and 0.50 pm for YSZ. Kim and Kriven
synthesized 34:33:33 vol % AYZ composites from nanopowders produced by the steric
entrapment method.® Samples sintered to full density after 3 h at 1550 ° C with AGSs > 1

pm.

5.2 Experimental

Precursors were dissolved in ethanol solutions at less than 5 wt% ceramic loading.
Yttrium propionate, (CH3CH2CO2)3Y, was used as a precursor to Y203. Alumatrane,
[N(CH.CH>0)3Al], was used a precursor to Al,Os. Syntheses for yttrium propionate and
alumatrane are described in Chapter 2. Zirconium isobutyrate was used as a precursor to

ZrO,. Zirconium isobutyrate was produced from the reaction of isobutyric acid with
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zirconium basic carbonate at 130° C. Dried zirconium basic carbonate, Zr(OH).CO3 «
ZrO2, (200 g, 0.49 mol) was added to a 1 L round bottom flask with 600 mL (6.6 mol) and
the reaction was heated to 140° C for 5 h until all of the zirconium basic carbonate was
dissolved. Isobutyric anhydride was added and the reaction was continued for 8 h at 155°
C until a dark brown solution was obtained. The obtained zirconium isobutyrate had a TGA
ceramic yield of 42.0%, which means the precursor likely had a formula of
[((CH3)2CHCO2)2(OH)Zr]O[Zr(OH)(O2.CCH(CH?a)2)], with a theoretical ceramic yield of

42.4%.

Approximately 20 g of powder was ball milled with 99.5% Al>O3 media in ethanol for
24 h with 2 wt% bicine. Powders were then ultrasonicated for 20 minutes at 100W of power
with a Vibracell VC-505 ultrasonic horn (Sonics & Materials, Newtown, CT). The powders
were settled for 24 h, after which the remaining suspended powder was decanted. For
mixtures of single metal oxides, powders were first dispersed in ethanol and settled for 24
h prior to milling to account for any differences in settling rate. The powders were dried,
ground, and sieved through 79 um mesh. The powders were dispersed in ethanol with 4
wit% PEG 3400 as binder and ultrasonicated for 20 minutes at 100W of power. The powders
were dried, ground, and sieved through 30 um mesh. The powders were pressed at 14 MPa

and cold isostatically pressed at 200 MPa.

5.3 Results and Discussion

The major objective of work in this chapter is to test the effect of length scale of mixing
on the production of fine-grained composites from the mixed nanoparticle and
nanocomposite nanoparticle route. Within this objective, we are specifically interested in
how the length scale of mixing in the initial mixture affects the sintering behavior and the
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final microstructure of the composite. A secondary objective is to determine if a third phase
leads to a reduction in grain size due to the aforementioned pinning effect. In this chapter,
we will begin with characterization of the as-produced nanopowders, then discuss the
sintering behavior and final microstructures along with hardness measurements. Sintering
studies in this chapter targeted densities of 95 %TD, which represents a starting point for

HIPing studies.

5.3.1 Powder characterization

All nanopowders were produced under standard LF-FSP conditions. Table 5-1 contains
the compositional data for the three compositions studied in both vol% and mol% of the
final composite phases. Within this chapter, the nomenclature will be vol% YSZ, along

with the mol% YSZ. Full compositions can be referred back to Table 5-1.

Table 5-1. Phase compositions for the three composites synthesized.

YSZvol%  YAG vol% Al203 vol%

(mol%) (mol%) (mol%)
15 (10) 29 (70) 56 (20)
23 (16) 26 (65) 51 (19)
32 (23) 24 (60) 44 (17)
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Figure 5.1. SEM image 15 vol% (10 mol%) YSZ nanocomposite nanopowder.
Figure 5.1 shows an SEM micrograph of 15 vol% (10 mol%) YSZ as-produced

nanocomposite nanopowder. The powders are typical of LF-FSP synthesis with no fraction
of larger particles. Table 3-1 shows the BET SSAs for each powder and a corresponding
APS. BET SSAs are typical for LF-FSP nanopowders, and the single metal oxide particles

have similar APSs (20-30 nm) as the nanocomposite nanopowders.
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Table 5-2. BET SSA and APS for all powders used in this study. (NN = nanocomposite
nanopowder)

SSA APS
[m?g]  [nm]
15 vol% YSZ NN 33 30
23 vol% YSZ NN 39 26
32 vol% YSZ NN 46 22
Al203 65 26
Y203 53 23
ZrO2 32 31
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Figure 5.2. XRD patterns for as-produced 15 (10), 23 (16), and 32 vol% (23 mol%) YSZ
nanocomposite nanopowders.

Figure 5.2 shows the XRD patterns for the as-produced nanocomposite nanopowders.

Cubic yttria stabilized ZrO> is the primary phase visible by XRD, along with hexagonal
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YAIO3 and 6*-Al203. As discussed in Chapters 3 and 4, hexagonal YAIO3z is a common
intermediate phase in the synthesis of YAG, and 6*-Al;03 is the most common phase in
LF-FSP produced Al,Os; nanopowders.’®! For the mixed nanoparticle case, ZrO; is a
mixture of 48 wt % monoclinic ZrO> and 52 wt % tetragonal ZrO». Y>03 is a mixture of
10 wt% monoclinic and 90 wt% cubic phases. Al2Os is a mixture of transition Al>Os

phases, at 57 wt % 6*-Al>03, 30 wt % 6-Al>03, and 15 wt % y-Al20:s.

Figure 5.3. HRTEM of 15 vol % (10 mol %) YSZ nanocomposite nanoparticle, with inset
high magnification TEM micrographs. A spacing of 0.30 nm corresponds to the YSZ (111),
a spacing of 0.53 nm corresponds to YAIO3 (002), and a spacing of 0.23 nm corresponds
to 6*-Al>03 (132). Inset not shown to scale.

Figure 5.3 shows a TEM micrograph of a nanocomposite nanoparticle with inset close-
up micrographs of the three major crystalline regions within the particle. Fast Fourier
transforms (FFTs) of each crystalline region provide the lattice spacings given on the inset
micrographs. The crystalline region with a spacing of 0.30 nm corresponds to the (111) c-

YSZ planar spacing, the region with a spacing of 0.53 nm corresponds to the (002)
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hexagonal YAIOz3 spacing, and the region with a spacing of 0.23 nm corresponds to the
(132) 6*-Al20s3. The lattice spacings in this figure match with the phases observed by XRD.
FFTs were used in lieu of selected area electron diffraction (SAED) due to the difficulty in

producing usable SAED patterns from such small regions.

Figure 5.4. HRTEM micrograph showing 15 vol% (10 mol%) YSZ nanocomposite
nanoparticle showing crystallite with 0.30 nm spacing, corresponding to the YSZ (111),
and a region showing a lattice spacing of 0.53 nm, corresponding to YAIO3 (002).

Other particles show the same three phase particle morphology, although it is difficult
to resolve the 6*-Al>03 phase. Figure 5.4 shows another particle with two clear crystalline
regions. FFTs give a lattice spacing for the left region of 0.53 nm, consistent with the
hexagonal YAIOz (002) spacing, and secondary FFT points in the same orientation at 0.26
nm correspond to the (004) spacing. In the other crystalline region, FFTs give a lattice
spacing of 0.30 nm, consistent with the c-YSZ (111) plane. Figure 5.5 provides four more
particles with similar morphology. Together, these micrographs provide a strong example

of nanocomposite nanoparticles. This novel result has implications beyond the composite
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processing presented here. With multiple phases in contact in each particle, the interface
between the phases becomes a large volume fraction of each particle, which may lead to

novel properties. In Chapter 7, we investigate the LF-FSP formation of other

nanocomposite nanoparticles.

Figure 5.5. TEM micrographs of 15 vol% (10 mol%) showing nanocomposite nanoparticle
morphology.
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5.3.2 Dilatometry
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Figure 5.6. Dilatometry for all mixed nanoparticle and nanocomposite nanoparticle (NN)
samples.

Figure 5.6 shows the dilatometry traces for both nanocomposite nanoparticle and mixed
nanoparticle processing approaches. The first trend seen is increasing YSZ content is
associated with higher densification up to 1500° C. For the nanocomposite nanoparticle
samples, linear densification goes from 9 to 17% on increasing the YSZ volume fraction
from 15 to 32 %. In the mixed nanoparticle samples, linear densification goes from 9 to
15% as YSZ volume fraction is increased from 15 to 32%. The second trend is that,
nanocomposite nanoparticle processing provides higher densification up to 1500° C than
the mixed nanoparticle approach for a given composition. This is in contrast to Chapters 3
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and 4, where the reactive sintering or mixed nanoparticle approach led to higher

densification than the nanocomposite nanoparticle case.
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5.3.3 Final microstructure

Figure 5.7. Polished SEM micrographs for a) 15 vol % (10 mol %) YSZ nanocomposite
b) 15 vol % (10 mol %) Y SZ mixed c¢) 23 vol % (16 mol %) Y SZ nanocomposite d) 23 vol
% (16 mol %) YSZ mixed e) 32 vol% (23 mol %) YSZ nanocomposite f) 32 vol % (23 mol

%) YSZ mixed.
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Figure 5.7 shows polished SEM micrographs for all the composites, with AGSs
measured for each phase tabulated in Table 5-3. Phases can be delineated by Z-contrast,
with YSZ appearing white, YAG appearing gray, and a-Al2Oz appearing black. As
dilatometry showed, densification up to 1500° C increases as ZrOz content increases. As
the ZrO> content increases, lower sintering temperatures were required to reach at least
95% TD, and is reflected in finer grain sizes. In relative proportion, YSZ generally has the
finest grain sizes, followed by YAG and then Al2Os. At 32 vol % (23 mol %) YSZ, the
average grain size for all three phases is under 410 nm. Although the nanocomposite
nanoparticle approach leads to finer grain sizes than the mixed nanoparticle case, the effect
is lessened as the ZrO> content is increased. The finest grain sizes here, 410210 nm, are =
100 nm less than the finest grain sizes reported in the literature achieved by pressureless

sintering.

Table 5-3. AGSs for individual phases for nanocomposite nanoparticle (NN) and mixed
nanoparticle (mix) samples. Sintering schedule required to reach 95-97 %TD also
provided.

Al203 [nm] YAG [nm] YSZ [nm] Schedule
15vol% YSZ NN 1200 + 400 820 + 320 630 + 310 1500° C 8 h
15vol% YSZ Mix 1800 + 490 1700 + 360 1200 + 440 1600° C 4 h
23 vol% YSZNN 520+ 170 540 + 180 500 + 170 1500° C 8 h
23 vol% YSZ Mix 550 £ 200 550 + 170 550 + 260 1500° C 8 h
32vol% YSZNN 410+ 210 410+ 180 340 £ 170 1400° C 8 h
32 vol% YSZ Mix 510 +190 450 + 220 440 + 180 1500° C 4 h

5.3.4 Vickers microhardness
Vickers microhardness measurements were taken on samples of each composition and
tabulated in Table 5-4. The microhardness doesn’t vary much with composition, with all

samples within a 0.6 GPa range. In Chapter 4, we saw significant shift in hardness with
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composition, which we attributed to alumina dominating the observed hardness values.
Here we do not see the same effect, although here the change in vol % Al,O3 across the
three compositions is A12 vol %, where in Chapter 4 it was A37 vol %. For the same
composition as the 23 vol % Y SZ composite, Oelgardt et al obtain hardnesses ranging from
16-19 GPa, slightly above the hardness measured here at equivalent grain sizes obtained
by pressureless sintering.® As in Chapter 4, the hardness is likely dominated by the Al,O3
volume fraction, which agrees with the hardnesses here that are well above those of YSZ

(12.3 GPa) or YAG (13.7 GPa).*

Table 5-4. Vickers microhardness for each composition (NN = nanocomposite
nanoparticle, Mix = mixed nanoparticle).

Hardness [GPa]

15 vol% YSZ NN 16.0+0.9
15 vol% YSZ Mix 16.2+14
23 vol% YSZ NN 15.7+1.4
23 vol% YSZ Mix 156+ 0.5
32 vol% YSZ Mix 15.4+0.5
32 vol% YSZ Mix 156+1.5

The results show nanocomposite nanopowders sinter to higher densities at lower
temperatures giving finer grain sizes at than mixed nanopowders at equivalent densities or
95 %TD. This is in contrast to Chapters 3 and 4, in which the mixed nanopowder processing
approach gave better results. In this case, the bottom up approach to composites was the
optimal processing strategy. In the mixed nanoparticle approach, initial phase separation
obtained from ball milling gives a minimum separation distance of the particle sizes or ~
40 nm. The maximum phase separation is likely on the scale of the agglomerate size, which
could be 100-800 nm. In the nanocomposite nanoparticle processing approach, the
maximum phase separation distance is less than the average particle size of 40 nm. These
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results imply phase separation on the nanoscale during sintering does have a significant
effect on the final microstructure of the composite, despite significant microstructure
coarsening. From a different perspective, we can calculate the approximate number of
nanoparticles needed to represent the final volume of the three phases in the dense
composite using the average grain sizes and average particle sizes for the nanocomposite
nanoparticle 32 vol % YSZ composition. Assuming that grains are tetradecahedral, the
volume of a tetradecahedron is given by Eq. 1, where D, the average grain size, is related

to the tetradecahedron edge length, I, by the relationship D = 3.3

Equation 2 vV =821

Assuming spherical particles, we find an approximate volume coarsening ratio of 8000.
This means for the finest grain sizes obtained here, three adjacent grains of separate phases
started from an average of 8000 nanostructured nanoparticles. This figure illustrates the
novelty of the difference observed between the two processing approaches. The finest grain
sizes for YAG-AI203-YSZ in the composites also start with powders < 100 nm, giving a

similar volume coarsening ratio from the green body.

Although the intermediate sintering mechanisms are unclear, it is clear that the addition
of ZrO; is important in reducing the grain size, as the grain sizes (410 nm) here are much
less than the > 1 um AGSs presented for a-Al203/YAG composites in Chapter 4. For the
nanocomposite particle case, the initial finer length scale of mixing may allow YSZ
coalescence which promotes sintering in the 1200-1300° C range leading to higher final
densities after the second significant densification regime of 1350-1500° C. Alternatively,

the pinning effect of the third phase on the finest length scale, i.e. within the same
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nanoparticle, may become an important factor where it was not a factor in two-phase

composites produced in Chapter 2.

5.4 Conclusions

The bottom up approach postulates that best global properties are obtained from
synthesis processes that start at the finest possible size. This approach, vis-a-vis the length
scale of mixing, was tested here through two processing schemes, mixed single metal-oxide
nanopowders, and nanocomposite nanopowders have the desired composition within single
particles. We find that in the Al.Oz-Y203-ZrO; ternary system, composites prepared from
nanostructured nanoparticles sinter to finer grain sizes at equivalent densities of 95 %TD
than those prepared from mixed nanoparticle processing. These results stand in contrast to
Chapters 3 and 4, where mixed nanoparticle processing gave the best results. The final

microstructures for both processing schemes consist of well dispersed composite phases.

Another major finding is clear evidence observed by TEM of nanostructured
nanoparticles containing the metastable YAIOsz and 6*-Al.O3 phases along with c-YSZ.
These are the first LF-FSP ternary phase particles directly observed to have such structure.
Nanostructured nanoparticles are a promising avenue for LF-FSP studies, as intra-particle
interfaces may give rise to novel properties. In Chapter 7, we investigate the general
parameters of particle formation in LF-FSP and two more cases of nanostructured

nanoparticle formation.

In Chapter 6, we apply the same processing approaches to MAIO4/a-Al203 composites,

where M = Mg, Co, and Ni. Unlike the ternary phase single particles used here, we began
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with single phase metastable Al>Oz rich spinel particles, monitoring the exosolution of

Al>03 and its impact on densification.
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Chapter 6

Dense MAI204/a-Al203 (M = Ni, Co, Mg) composites

from single phase spinels and mixed MAI204 + Al203 nanopowders

6.1 Introduction

Developing a detailed understanding of diffusion processes is one of the most important
facets in properties optimization in ceramics science and engineering. The opportunity to
start from nano-oxide powders that are atomically mixed offers the potential to develop
unique perspectives about these processes when sintering to produce dense monoliths. A
further opportunity presents itself when the nanopowders have compositions outside
traditional thermodynamic phase diagrams, as observed in liquid-feed flame spray
pyrolysis (LF-FSP) nanopowders. Given that the powders are crystalline yet metastable,
the potential exists to study phase-segregation without passing through chemically derived

precursors that must be calcined prior to sintering, such as in sol-gel processing.

In chapters 2 and 5, we described studies along these lines designed to explore the
concept of “bottom-up” processing in Y3AlsO12 compositions made both from atomically
mixed nanopowders and ball-milled mixtures of Y203 and Al>Os nanopowders, and
nanopowders with a final composition of NiO*3Al>03. Our findings were that the bottom-
up concept was either not the optimal route to the targeted materials with controlled
microstructures or gave the same microstructures despite significant differences in levels
of mixing.
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The bottom-up concept, pervasive in materials science, suggests that the finest scales
of mixing should provide the shortest diffusion paths and therefore sintering times to fully
dense materials with optimal control of final microstructures. In this study, we extend
studies on the initial NiO*3Al>03 system and now include two additional spinel systems
with M = Mg and Co. Our objective here was to delineate microstructural and phase

evolution in much greater detail than in the earlier study.

To this end, we have examined the sintering behavior of disordered MAI>04/Al203
spinel solutions, in which the disorder gives rise to densification processes and rates
different from that of the component systems, likely due to the high defect/vacancy
contributions. In addition, we examine sintering of equivalent compositions from ball-
milled powders to investigate the role of length scale of mixing in processing dense

composites and its influence on control of final densities and microstructures.

MgAl>04, CoAl204, and NiAl,O4 spinels are of significant technological interest for
their inherent mechanical, optical, and catalytic properties.>>345678 Nanosized MgAI204,
CoAl204, and NiAl2O4 spinel powders have been synthesized using a variety of methods
including co-precipitation of metal hydroxides,®*® wet impregnation,'® sol-gel
processing,** and spray pyrolysis.'? High surface area (50 m?/g) spinel powders are of
interest for both catalytic applications where surfaces exhibit high activity and sintering of
ceramic monoliths in which reduction in surface area provides added driving force for

densification.

Metal aluminate spinels having the general formula MAI>O4 are a class of materials
with a wide range of properties dependent on the divalent cation. Metal aluminates belong

to the cubic space group Fd3m. The unit cell is composed of a pseudo-cubic closed packed
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oxygen lattice with 64 tetrahedral and 32 octahedral sites for divalent metal and aluminum
cations. In normal spinel 1/8 of the tetrahedral sites are filled by divalent atoms and 1/2 of
the octahedral sites are occupied by aluminum atoms. In the unit cell of a fully inverted
spinel, the aluminum atoms occupy 8 tetrahedral sites and 8 octahedral sites with the

remaining 8 octahedral sites occupied by the divalent metal atoms 13141

In metal aluminate spinels i, the inversion parameter, is defined as the fraction of
tetrahedral sites occupied by aluminum atoms; thus it follows that in a normal spinel i =0
and in a fully inverted spinel i = 1. In practice the cation distribution is of a mixed nature
with 0 <i <1, a function of the octahedral site preference energy (OSPE) of the constituent
cations. The OSPE is a measure of the preference of a cationic species to be located on an

octahedral site.18:7

The spinel structure consists of a rigid anion lattice through which cations diffuse.®
Diffusional processes are dependent on the mobility of the divalent and trivalent cations
through the octahedral and tetrahedral sites formed by the oxygen lattice. From a
mechanistic perspective, there are two major interactions to account for when considering
cation diffusion. The lattice strain energy imposed by the diffusing cation and the
preference of the diffusing cation to occupy a tetrahedral or octahedral site. Therefore the
mobility of a specific cation through the spinel oxygen lattice is a function of the cation

radii and the OSPE of the cations.1%2°

Liquid-feed flame spray pyrolysis (LF-FSP) offers access to a variety of metal and
mixed metal oxide nanopowders over a wide range of ceramic systems. In LF-FSP, alcohol
solutions of metalloorganic precursors are aerosolized with oxygen, combusted, and the

resultant nanopowders are collected downstream in electrostatic precipitators.?
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Combustion produces oxide nanopowders with identical compositions to the precursor
solution and high surface area powders due to a rapid quench from flame temperatures of
1200°C-2000°C to downstream temperatures of 300°C-400°C within nanoseconds. The
resulting nanopowders are crystalline, having no microporosity, and good dispersability,

with average particle sizes (APSs) of 15-40 nm,22:23.2425.26.27.28

Previous work has shown the high quench rate of LF-FSP provides routes to Kinetic
products. In the case of certain MO-Al>O3 [M = Mg, Co, Ni] systems, LF-FSP can produce
single-phase  MAI.Os powders at Al.Oz-rich compositions well outside the
thermodynamically defined single-phase region. The Al2Os-rich MAIOs materials are
single-phase and can be considered a solid solution of the isostructural phases, y-Al>Oz and

MAI,04.2°

Here we use single-phase MO<3Al>03 powders to form Al.O3z/MAI,O4 composites and
com-pare the sintering behavior to ball-milled Al.Os and MAI>O4 powders to investigate
the effects of length scale of mixing on the sintering behavior of Al;03/MAI2O4
composites. We then further examine the sintering behavior of the single-phase Al>Os-rich
MAI>O4 powders in the context of the transition from a single-phase material to a duplex

Al203/MAI204 composite.

6.2 Experimental

Cobalt propionate was used as a precursor for CoO. Alumatrane was used as precursor
to Al20s. Nickel acetate was used as a precursor to NiO. Magnesium acetate was used as a

precursor to MgO.
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6.3 Results and discussion

As noted above, we are interested in the microstructural evolution of MO*3A1,03 (M
= Mg, Co, and Ni) using nanopowders that offer a homogeneous composition at atomic
length scales versus, mixtures of nanopowders of the same composition but with
homogeneity defined by ball-milling of the same ratios of the two component nanooxide
powders. In all instances the nanopowders used offer average particle sizes (APSs) of =
30-40 nm. Inthe latter case, we believe that the homogeneity of mixing is submicron rather
that atomic. Our goal has been to explore the potential utility of the “bottom up” synthesis

paradigm to processing of bulk ceramics from nanopowders.°

Starting powders were synthesized by LF-FSP which provides a route to both
atomically —mixed, single-phase Al.Oz —rich MAI,O4 [M = Mg, Co, Ni], hereafter referred
to as NiO<3Al203, and stoichiometric MAI>Os which was ball-milled with Al>Os to

produce materials of equivalent composition, hereafter referred to as MAI2O4 + Al,Os.

6.3.1 Powder Characterization

SEM was performed on all as-produced powders to assess the homogeneity of particle
sizes and determine particle morphology. Powders were agglomerated due to electrostatic
interactions but contained no micron-sized particles. The particles appeared largely
homogenous in terms of particle size and spherical morphology. Figure 6.1 shows as-
produced MgO+3A1,03 powders, representative of all LF-FSP materials produced in this

study. Figure 6.2 shows a HRTEM image of the as-produced NiO+3Al>,O3 powders.
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Figure 6.2. TEM micrograph of MgO+3Al20s.
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Table 1 presents SSAs of the as-produced powders. No hysteresis was observed in the

BET adsorption/desorption isotherms indicating that the particles had no surface porosity.

Figure 6.3 shows powder XRD patterns for as-produced MO<3Al1,03 powders. As-
produced powders are single phase and can be considered solid solutions of y-Al,O3 and
MAI,0; as y-Al,O3 has a defect spinel structure.’32 XRD patterns taken with Si (111)
standards were used to determine the lattice parameters of the as-produced powders. The
lattice parameters were found to be 7.99 A for MgO+3Al,03, 8.01 A for CoO+3A1,03, and
7.98 A for NiO+3Al,03, which correspond to points at 48% along the Al,O3s-MgAl,Oy4 tie
line, 54% along the Al,03-CoAl.O; tie line, and 51% along the Al,03-NiAl2O; tie line.
The powders are generally in good agreement with the predicted lattice parameter as

determined by Vegard’s law of a 1:1 solid solution of y-Al.O3 and MAI>O4.
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Figure 6.3. XRD patterns of as-produced MO<3Al,0s powder with PDF for a.
MgO-+3Al1203 b. CoO*3A1,03 c. NiO*3Al1,0s.

Although the deviations from Vegard’s law are less than + 4%, there is evidence to

suggest the spinel inversion parameter can affect the lattice parameter in MgAIl204.%

Given the kinetic nature of particle formation in LF-FSP, the MgAl.Os may have
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significantly higher inversion than spinel synthesized by other methods. The deviation
from Vegard’s law could also arise from small stoichiometry deviations due to

inhomogeneous precursors.

6.3.2 Final Microstructures

Samples of MO+3A1,03 and MAI2O4 + Al,O3 were subjected to two sintering schedules
both targeting practical densities of >95% of theoretical density in all materials. The low
temperature schedule (LT) with holds at 1150 °C - 4 h, 1300 °C - 8 h, and 1400 °C - 4h
was intended to minimize grain growth during densification. The results are compared with
a high temperature schedule (HT) comprised of a single hold at 1400 °C for 10 h. All
sintering was performed in air as initial studies under O, N2, and vacuum were found to
have no effect on densification behavior. Figure 6.4 shows microstructures for
MgO+3A103 and MgAI,Os4 + AlOs sintered at the HT and LT schedules. These
microstructures are typical of all three systems studied. Figure 6.5 shows microstructures
for CoO*3A1,03 and CoAl;,O4 + Al2O3 sintered at the HT and LT schedules. Figure 6.6
shows final microstructures for NiO*3Al1,03 and NiAl2O4 + Al2O3 sintered at the HT and

LT schedules.
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Figure 6.4. SEM micrographs of polished MgAI204 pellets a. MgO+3A1,03 HT, b.
MgAIl204 + Al203 HT.
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Figure 6.5. SEM micrographs of polished CoAl.O4 pellets a. CoO-3Al,03 HT, b.
Co0-3Al,03 LT, c. CoAl04 + Al2Os HT, d. CoAl204 + Al,O3 LT.

97



Figure 6.6. SEM micrographs of polished NiAl.Os pellets a. NiO-3Al.0z3 HT, b.
NiO-3Al,03 LT, c. NiAl,O4 + Al,O3 HT, d. NiAl,O4 + AloO3 LT.

Average grain sizes (AGSs) were measured by the lineal intercept method. Included in
the grain size plots of Figure 6.7, Figure 6.8, and Figure 6.9 are the 95% confidence interval

(box) and variance (bars) of measurements taken for each sample.

With the exception of the ball-milled NiAl2O4 + Al>O3 samples, the lower temperature
sintering schedule reduces the AGS by 240 nm £ 150 nm. However, the differences
between the AGSs of the LT and HT samples are within the 95% confidence interval. Thus,
the size difference is not statistically significant except in the case of the MgO+3Al1,0s3,
where the single, high temperature sintering step results in grain sizes significantly larger
than that of the low temperature sintering schedule. In this case, the high temperature

sintering step may be above a temperature at which significant grain coarsening occurs.
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Figure 6.7. Grain sizes of Al2O3 — MgAI.O4 composites a. MgO+3A1,03 HT, b.
MgO+3Al1203 LT, c. MgAI>04 + Al203 HT, d. MgAI>O4 + Al2O3 LT.
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Figure 6.8. Grain sizes of Al,Oz - CoAl>,04 composites a. CoO*3A1,03 HT, b. CoO+3A1203
LT, c. CoAl;04 + Al,O3 HT, d. CoAlLO4 + AlO3 LT.
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Figure 6.9. Grain sizes of Al,O3 - NiAl,O4 Composites a. NiO*3A1,03 HT, b. NiO*3Al203
LT, c. NiAl,O4 + Al,O3 HT, d. NiAILO4 + AlO3 LT.

Surprisingly, samples made from the ball-milled MAI>O4 + Al>O3z powders produce
compacts with AGSs equivalent to samples made from the atomically-mixed MO<3Al1,03
powder. This finding implies that mixing of constituent powders at atomic length scales
does not correspond to finer grain sizes in the final microstructures of dense composites
when compared to mixing at nanometer length scales. This observation seems counter to

the widely accepted bottom up approach to processing that has been widely accepted

throughout the literature.

6.3.3 Phase exsolution and sintering behavior
The effects of exsolution on the sintering behavior of MO<3Al1,03 compacts were
investigated by combined dilatometry and XRD studies of powders heated at 10 °C/min/air

to selected temperatures with a 1 h dwell. The ramp rate for heating of all XRD samples

was 10 °C/min.
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Figure 6.10 and Figure 6.11 present XRD and dilatometry data for CoO*3Al1>03 and
MgO+3Al203, respectively. Here we observe a-Al203 and MAI;O4 [M = Mg and Co]
exsolution directly from the as-produced Al,Os-rich MAI2O4. Dilatometry curves for these
two materials indicate similar, two stage, sintering behavior with the onset of densification
for the CoO*3Al,03 and MgO+3A1,03 at 1050 °C and 1160 °C respectively. In both
systems, considerable densification, approximately 20% TD (theoretical density) by
dilatometry, occurs prior to exsolution of a-Al.O3z, and the densification rate slows
significantly coincident with exsolution. It is likely that the a-Al.O3 greatly slows sintering
following exsolution, either through slower sintering kinetics or by presenting a physical
barrier. A similar enhancement in densification in Al>Os rich spinels was seen by Krell et
al.3* in which sintering of MgO+nAl,O3 was promoted in samples where n > 1.5, although

n = 3.0 in this study, representing a significantly higher Al>Os content.
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Figure 6.10. a. XRD results of phase separation of a-Al203 (o) and CoAl2O4 (S) from
Co0+3Al1,03 powders heated for 1 h. b. CoO+3A1,03 dilatometry results plotted with
amount of a-Al203 (¢) and CoAl204 (A ) from XRD patterns of powders heated for 1 h.
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Figure 6.11. a. XRD results of phase separation of a-Al2O3 (o) and MgA1204 (S) from
MgO+3A1,03 powders heated for 1 h. b. MgO+3A1,03 dilatometry results plotted with
amount of a-Al203 (¢) and MgA1204 (A ) from XRD patterns of powders heated for 1 h.
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Figure 6.12. a. XRD results of phase separation of NiAl10016 (B), a-Al203 (o)) and NiA1204
(S) from NiO<3 Al203 for powders heated for 1 h. b. NiO<3Al>Os dilatometry results plotted
with amount of a-Al>O3 (¢) and NiAl20s (A ) from XRD patterns from powders heated for
1h.

Figure 6.12 shows the XRD and dilatometry for NiO<3Al20s3. In the case of
NiO<3Al203, an intermediate phase, NiAl10O16, forms prior to separation of a-Al.O3 and
NiAl2O4. Bassoul and Gilles report that NiAl10O16 is monoclinic and exhibits a periodic
antiphase boundary structure based on the (100)c plane of the NiAl Q4 structure.®>% Here

we observe conversion of NiO*3Al203 to NiAl1oO16 before phase separation of a-Al203
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and, unlike the cobalt and magnesium systems, phase separation of Al>Osz does not
immediately hinder densification, as seen in the combined dilatometry/XRD plots. The
NiAl10O16 phase is Ni deficient compared to the original NiO*3A1>O3 composition,
meaning the remaining spinel phase must be Ni rich. The conversion of the NiO*3Al203
material to NiAl10O1s6 is likely why densification continues after a-Al.O3 nucleates, in
contrast to the cobalt and magnesium systems, where densification is slowed. To our

knowledge, the sintering behavior of the metastable NiAl10O16 has not been studied.

Although the NiAl10016 was previously described by Bassoul and Gilles, relatively few
studies on this phase exist because it is difficult to access except in bulk. The work reported
here, offers, for the first time, simple access to this phase from nanopowders, which may
allow future researchers to explore their properties including for example, catalytic

behavior.

Table 2 contains the dilatometry results for the first densification regime across all three
systems. The CoO<3Al>,03 shows the lowest amount of densification in the initial
densification regime, approximately 20% TD. The dilatometry trace for MgO+3Al1.03 is
similar to that of the CoO*3Al1,03, but shows approximately 24% TD densification. As
previously discussed, the NiO*3Al>03 does not densify until after exsolution begins, with

approximately 33% TD densification during the initial densification regime.

In a previously published study on NiO+3Al>O3, we looked at the degree of mixing of
the starting materials vs. the final microstructure and densities. The current study represents
a more in depth look at the sintering behavior of NiO*3Al>03 throughout the exsolution
process, which is shown by dilatometry to differ from that of the MgO+3A1,03~ and

Co00°+3Al1,03 systems.
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Diffusion in stoichiometric spinels is governed by oxygen mobility, which is reported
to be several orders of magnitude smaller than the cation mobility.3"*® However, the kinetic
nature of the as-produced MO+3Al>03 powders necessitates rearrangement of the cations
to form the thermodynamically favored a-Al203/MAI,O4 composite. The as-produced
powders likely deviate from the thermodynamically favored inversion levels due to the
rapid quenching of LF-FSP. Since astoichiometry in Al2Os rich spinels creates 1/8 cation
vacancy per additional Al,***° the Al,Os rich materials studied here have a high number of
cation vacancies. The role of cation vacancies in altering the densification behavior of these
materials was investigated by comparing dilatometry curves of the component oxides,

Al203 and MAI204, with the Al,O3-rich MO+3A1203, materials (Figure 6.13).
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Figure 6.13. Dilatometry curves of Al2Os (blue) and MAI2O4 (black), and MO*3A1203
(red) fora. M =Mgb. M =Coandc. M = Ni.

The dilatometry results indicate that the initial onset of densification scales with the
onset of densification for the respective stoichiometric MAI2O4. This is most pronounced
in the cobalt sys-tem where we observe sintering of the CoAl204 at just above 900 °C and
a much earlier onset of densification, 1050 °C, for CoO*3Al1>03 when compared to 1130

°C and 1160°C for NiO+3Al203 and MgO+3Al1,03 respectively.
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Comparison of the densification behavior of Nanotek 70:30 &/y-Al.O3 with those of the
MO-+3Al,03 materials seem to indicate that part of the initially enhanced densification the
first densification regime, in the MO<3Al>03 materials could arise due to the y-Al203 to a-
Al;03 transformation. In the Nanotek d/y-Al2O3, the steep initial densification regime
shown in blue in Figure 10 coincides with the y-Al.O3 to a-Al,O3 phase transformation.
The -0.06 linear strain in this densification region is larger than theory for the
transformation, -0.034, indicating some densification coincides with the transformation.
However, since XRD studies of the magnesium and cobalt materials do not show a-Al>,O3
until after the as-produced powders enter the second densification regime, we argue that
the first densification regime in these systems is likely a result of cation rearrangement in

the MO<3Al1,03, enhanced by the high concentration of cation vacancies.

Given only that the Al,Oz content of the three materials is the same, the cation vacancy
con-centration should be similar between these materials, however, the octahedral site
preference of the divalent cation varies between the three materials such that Ni > Co > Mg
implying an in-creasing degree of inversion between the materials studied such that
MgO<3Al,03 < Co0*3A1:05 < NiO*3A1,03.414243 In this context, the earlier onset of
densification in CoO*3A1,03 when com-pared to MgO+3A1,03 may be explained by the
lower octahedral site preference of Co, allowing for a greater number of lattice sites to

participate in diffusion.

This process is enhanced by a relatively higher concentration of cation vacancies in
these AlOz rich materials when compared to their stoichiometric counterparts.

Dilatometry shows the formation of the NiAl10O16 phase appears to retard densification
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onset but leads to significant densification during exsolution in contrast to the other two

systems.

Diffusion of cations during exsolution eventually leads to regions rich in the divalent
cations, promoting nucleation of a-Al2O3. The NiO<3A1,0s material densifies
approximately 33% TD compared to the initial 20% TD densification for CoO*3Al1,03 and
MgO-*3Al203 materials which is accompanied by the appearance of a-Al203 in the XRD
studies. We attribute the defect-rich intermediate NiAl10O16 phase to the anomalous
sintering behavior that allows for rapid diffusion in the first densification regime beyond

the point at which we observe nucleation of a-Al203.

The sharp reduction in densification rate in the second regime for each of the
MO-3Al>03 materials can be interpreted as a shift in the densification rate limiting species
from cations to oxygen anions, the rate limiting species in a-Al203. Once the MO+3A1203
materials precipitate MAI>O4 and a-Al>Os, diffusional processes are dominated by oxygen

mobility and the rate of densification is slowed.

To clarify, each MO+*3Al,03 shows a similar initial densification regime not seen in the
corresponding phase pure spinels. For the MgO+3A1>03 and CoO+3A1203 systems, this
densification regime happens prior to exsolution of a-Al2Os. For NiO<3Al>03, an
intermediate NiAl10O16 phase forms, and the initial densification regime is concomitant
with a-Al203 exsolution. The cause of the initial densification regime is not immediately
clear, and may arise due to a number of factors. The first being the high number of cation
vacancies necessarily present in the Al>Os rich spinel. In addition, the highly kinetic LF-
FSP synthesis process may introduce further defects that drive this densification process.

The kinetic nature of the synthesis process may also provide spinels with inversion levels
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different than the thermodynamically favored inversion level. The rearrangement of cations

to the thermodynamically favored inversion level may facilitate densification.

6.4 Conclusions

Al>O3 rich MAI;O3 [M = Ni, Co, Mg] single-phase nanopowders were produced by
LF-FSP at the composition of MO-3Al203. Upon heating, the powders phase separate to
a-Al,03 and MAILO3z. Compacts of the MO-3Al.0Oz powders were produced that resulted
in dense a-Al,03/MAI>O4 composites after sintering. Compacts of the same composition
were prepared by ball-milling MAI,O4 and Al>O3 nanopowders. Despite the difference in
initial length scales of compositional mixing, both routes produce microstructures with
average grain sizes that are not statistically different.

Through a combined dilatometry and XRD study, we establish that in the Mg and Co
systems, densification occurs prior to nucleation of a-Al.Oz from the solid solution phase.
We attribute the initial densification to cation rearrangement in the solid solution. Once a-
Al>Os3 is nucleated, densification is slowed. In the NiO-3Al>03 system, the solid solution
transforms to a metastable NiAl10O16 phase. The NiAl1oO16 phase then densifies while
retarding the nucleation of a-Al20s3.

In the Mg and Co systems, an initial densification region is present by dilatometry that does
not appear in the stoichiometric spinel dilatometry. We attribute this densification region
to a combination of rearrangement of the cations in the highly disordered Al>Os rich spinel
lattice and the corresponding density increase upon transformation to a-Al203. In the Ni
system, this densification regime is delayed until the intermediate NiAl10O16 phase

transforms to a-Al203.
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Chapter 7

LF-FSP particle formation studies

7.1 Introduction

Two decades of research have shown that LF-FSP is a robust technology that allows
access to some of the highest quality mixed-metal oxide nanopowders as compared to
solution based methods.?3# However, as previous chapters show, nanopowder quality is
not the most important factor in developing dense, fine-grained ceramic monoliths. Few
examples exist where final grain sizes are not dramatically larger than the starting materials
despite decades of research on “ultrafine” or “nano” powder.>® Alternately there is value
in producing nanopowders by LF-FSP that can be used in the as-produced state, such as
catalysts. As previously reported, LF-FSP can produce particles with novel morphologies
and catalytic properties.”®® To this end, we endeavored to more fully understand the
fundamental processes of particle nucleation and growth in LF-FSP, as well as develop

composite nanopowders.

The main goal of work reported in this chapter was to map LF-FSP parameters and
track how they affect the as-produced nanoparticles. One important factor in flame spray
pyrolysis is the flame temperature. Flame temperature is a function of the heat of the
combustion of the fuel, but is also dependent on the equivalence ratio, @. Equation 3
describes @. For @ > 1, the flame conditions are fuel rich, and @ < 1 describes fuel lean

combustion conditions. An equivalence ratio @ = 1 indicates stoichiometric combustion.
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Along with mapping the effects of different alcohol fuels on the as-produced nanoparticle
properties, molecular dynamics (MD) computational methods were developed to give
insight into the relatively unexplored particle formation processes inherent to LF-FSP

processing.

Equation 3. Equivalence ratio for combustion.

nfuel/nox

o= —
(nfuel/nox)st

Previous LF-FSP work has shown that certain oxide combinations form core-shell
particles in a single step, for example ZrO,-Al,O3 and Ce02-Al,03.%1% The formation of
core-shell particles is attributed to large differences in the vapor pressure between the two
intermediate oxide species; the oxide with the lowest vapor pressure would first nucleate
from the gas phase, followed by a shell of the higher vapor pressure material.'® Given this
set of conditions, we identified immiscible binary systems to investigate core-shell particle
formation. The two systems reported here are WO3-TiO2 and CuO-TiO. Both systems are
immiscible, but WOz has a significant vapor pressure at LF-FSP flame temperatures. If the
particle morphology is not core-shell, it likely is a nanocomposite nanoparticle, similar to

the Al2O03-YAIOz-YSZ particles described in Chapter 5.

TiO2 is the basis for a number of photocatalysts, although the band gap (3.2 eV anatase)
limits absorption to the UV range.!! WOs has a band gap in the 400-700 nm visible light
range (2.8 eV), but has a conduction band (CB) below that of the H> reduction potential
(OV NHE), limiting its use as a photocatalyst.!* In addition, WO3 readily degrades in
neutral or basic conditions.!? Riboni et al. produced 3 mol% WOs-TiO> that showed 31%

acetaldehyde reduction after 2 h, compared to 18% for pure TiO2 under 320 nm
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irradiation.!® Reyes-Gil and Robinson found a five-fold increase in methanol degredation
under AM 1.5 illumination by a WO3-TiO, composite nanotube photocatalysts compared
to pure TiO2 nanotubes.** Akurati et al. found 3.5 mol% WOs3 coated TiO, degraded 95%
methylene blue in 15 minutes under UV irradiation while pure TiO2 only degraded 85% of
methylene blue.™ Lalitha et al showed 160 mmol H, production over 10 h on 5 mol% CuO
loaded TiO2 under visible light, while TiO- showed no hydrogen evolution.'® Jin et al.
found a 5.1% quantum efficiency for H2 production on a dye sensitized 1.0 wt% CuO-
TiO, catalyst under visible light irradiation.!” Bandara et al. found up to 20 ml/h H;
production from 7 mol% CuO-TiO2 composite photocatalysts under UV irradiation where
pure TiO, produced 0.625 ml/h.*® The possibility of reduction to Cu.O-TiO, particles
provides access to another type of particle with considerable interest in the literature.'® The
materials described in this chapter were not tested for photocatalytic activity, but testing

should be performed in the future.

7.2 Experimental

7.2.1 Particle formation studies

Alumatrane, N[(CH2CH20)3]Al was used as a precursor to Al,Oz. Yttrium propionate,
(CH3CH2COO0)zY, was used as a precursor to Y203. Synthesis of these precursors is further
described in Chapter 2. Titanatrane, N[(CH2CH20)3]Ti(Oi-Pr) (MP Biomedicals, Santa
Ana, CA), was used as a precursor to TiO2and was used as received. All particle formation
studies were conducted at 1.0 wt% ceramic loading in solution fed at 106 mL/min into the
nozzle. The nozzle O flow rate was 3.5 mol/min and the shield Oz was 11.9 mol/min at 80

psi. Flame temperatures were measured by an A11C S-type thermocouple (Nanmac Inc.,
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Holliston, MA) inserted directly into the flame. Flame measurements were also measured

by an OS3750 optical pyrometer (Omega Engineering, Inc., Stamford, CT).

For core-shell particle studies, titanatrane was used as a precursor to TiO2. Tungsten
glycolate, (OCH2CH20)sW and tungsten lactate, (CH3CH(OH)COO),WO_, were used as
precursors to WO3.2® Tungsten glycolate was prepared by reaction ammonium
metatungstate, (NH4)eH2W12040 * xH20, (Sigma-Aldrich, St. Louis, MO) with ethylene

glycol (Sigma-Aldrich, St. Louis, MO).

Ammonium metatungstate (50 g, 17 mmol) was added to 250 mL (4.48 mol) of
ethylene glycol and heated to 160° C for 3 h. The colorless solution turned from pale yellow
to deep blue over the course of the reaction. The solution returned to yellow after several
days aging. Tungsten glycolate had a ceramic yield of 11.8% in excess ethylene glycol and

was not further isolated before using as a precursor.

Tungsten lactate was prepared by the reaction of ammonium metatungstate with lactic
acid at 120° C. Ammonium metatungstate (50 g, 17.0 mmol) was added to 250 mL (3.36
mol) DL-lactic acid and heated to 120°C for 3 h. The as-produced tungsten lactate had a
ceramic yield of 12.4% with excess lactic acid present. The deep blue solution was used

as-produced.

Copper acetate (Sigma-Aldrich, St. Louis, MO), (CH3COO)Cu  1H20 was used as-
received as a precursor to CuO. Copper acetate had an experimentally observed ceramic
yield of 38.2% by TGA, where copper acetate monohydrate has a theoretical ceramic yield

of 39.8%.
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Densities were calculated using phase fractions from Rietveld refinement of XRD
patterns and the following densities: Rutile 4.22 g/cm3, Anatase 3.89 g/cm?®, monoclinic
WOj3 7.30 g/cm?, tetragonal WO3 7.219 g/cm?, triclinic WO3 7.30 g/cm?, orthorhombic

WO;3 7.30 g/cm?, tenorite CuO 6.51 g/cm?.

CuO-TiO, powders were also produced using a sol-gel synthesis method. Powders
were prepared by slowly dripping 10.7 g (37.6 mmol) titanium (1V) tetraisopropoxide into
a stirred 500 mL DI water solution containing 0.4 g (2.0 mmol) dissolved copper acetate
at room temperature. TTIP immediately reacted with the solution to produce a green

precipitate. The solution was rotovapped until dry, and ground.

7.2.2 X-ray photoelectron spectroscopy (XPS)

For XPS, approximately 4 mm? of powder was spread into a thin (0.5 mm) layer on
conductive copper tape. XPS analysis was performed on a Kratos Axis Ultra XPS using
monochromated Al X-ray source at 15 kV and 10 mA. Samples were flooded with electrons
during data acquisition. A pass energy of 160 eV was used for survey scans and individual
peak scans used a pass energy of 20 eV. Survey spectra were collected at 240 eVV/min and
individual peak spectra were an average of four scans at 4 eV/min. Spectra were analyzed

using CasaXPS. Spectra were calibrated used the adventitious C 1s peak at 284.6 eV.
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7.3 Results and Discussion

This section begins with discussion of particle formation studies as a function of flame
temperature for four different alcohols with increasing heats of combustion: methanol,
ethanol, 1-propanol, and n-butanol. This effort provides a baseline to identify the factors
in LF-FSP that determine particle size, phase, and morphology. Next, modeling studies are
briefly discussed. Finally, the formation of composite oxide nanoparticles by LF-FSP is
discussed through studies on two systems, WO3-TiO, and CuO-TiOz. These studies were
undertaken in light of the nanocomposite nanoparticles we observed by TEM in Chapter 5.

Composite powders are referred to in mol% WO3 and mol% TiOo.

7.3.1  Particle formation studies

The study of LF-FSP particle formation began with mapping of particle formation
holding all variables constant. Previously it had been established that particle formation
was affected by the altering LF-FSP fuels.?’ Although LF-FSP often produces kinetic phase
powders, we hypothesized that flame temperature could affect phase composition.?° Our
studies used constant 1.0 wt % ceramic yield solutions in progressively longer chain
alcohol solvents/fuel: methanol, ethanol, 1-propanol, and n-butanol. The 1.0 wt % ceramic

yield represents a standard concentration for LF-FSP nanopowders synthesis.

7.3.1.1 Flame temperature study

To properly characterize the effects of solvent on particle size and phase composition,
flame temperature profiles were created for the four alcohols used in this study. For flame
temperature studies, solvent/fuel was pumped at 106 mL/min with 15.4 mol/min of O, at
80 psi. The oxygen mass flow rate was not varied to avoid changing process variables.

Flame temperatures were measured by an S-type thermocouple inserted directly into the
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flame. Direct flame temperature measurements were supported by a standard: optical
pyrometer measurements of an Al.Oz tube placed into the flame, calibrated to the

emissivity of Al,O3. Figure 7.1 shows the flame temperature profile for each solvent.
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Figure 7.1. Flame temperatures for the four alcohol fuels studied.

The peak flame temperatures did not change significantly as combustion proceeded
despite using longer chain alcohols with higher heats of combustion. Table 7-1 shows the
standard heats of combustion (AcH°®) for the four solvents studied. Although the peak
temperatures did not vary, the flame length increased as alcohol chain length increased. In
LF-FSP, two sources of O are available for combustion, the nozzle O, which is injected

with the fuel and the shield Oz, which is injected around the flame. Assuming the nozzle
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02 is the only gas involved in combustion, the flame equivalence ratio is @ = 1.6. At this
equivalence ratio, typical adiabatic flame temperatures for the alcohol fuels used in this
study are around 1900 K, which agrees well with peak measured flame temperatures of

1820-1850 K.2

Taking into account the total O2 content, an equivalence ratio of @ = 0.35 is found.
Flame temperatures are not typically characterized at such lean conditions, but at @ = 0.5,
the fuels used here have adiabatic flame temperatures around 1500 K, below our
experimentally measured flame temperatures. Although the shield O is important in
oxidizing any trace carbon soot formation, it is not likely a participant in the combustion

process.

Table 7-1. Standard heats of combustion for alcohols used for particle formation studies.??

Fuel [k%/crt:ol]
MeOH 726
EtOH 1367

1-PrOH 2019
n-BuOH 2677

7.3.1.2 Particle size and phase composition as a function of flame length

Our particle size and phase composition experiments included three separate trials for
each Al.O3, TiO2, and Y203 data point. Phase composition was tracked by XRD of the
products and average particle size was tracked by BET. Table 7-1 shows average BET
surface areas for the three materials studied. All three materials show significant surface
area reduction as the alcohol chain length increases, which is a consequence of higher

coalescence rates due to longer residence times.

120



Table 7-2. BET SSAs for Al203, Y203, and TiO.

Al203 Y203 TiO2
[m%g] [m?/g] [m?/g]

MeOH 89+2 6313 70+2
EtOH 6713 5317 58+4
1-PrOH 61+2 5242 5312
n-BuOH 5615 39+7 49+2

Figure 7.2 shows the particle size as a function of flame length, derived from BET
SSAs. A clear trend emerges: as flame length increases, the average particle size increases.
This suggests higher particle flame residence times lead to higher coalescence rates. Table
7-3, Table 7-4, and Table 7-5 show phase compositions for Al;Os3, TiO2, and Y203,
respectively. The Table 7-3 Al>Oz phase composition varies but is primarily 6* and 6-
Al20s. Note that Rietveld refinement of mixtures of transition Al,Oz phases is problematic,
the phases are structurally similar, with different structures representing only small
deviations in the location of cation vacancies.?® Rietveld refinement is further complicated
by Scherrer broadening of the peaks. Refinement improves by using an internal standard

of 10 wt% LF-FSP MgO powder.
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Figure 7.2. Average particle size by BET SSA as a function of flame length.

Table 7-3. XRD WPF phase composition of Al,O; trial 1.

a-alumina ©-alumina ©&-alumina ©&*-alumina y-alumina Amorphous

PDF#  10-1730 23-1009 46-1131 46-1215 50-0741

MeOH 0 0 73.3 10.8 15.9 0
EtOH 0 0 75.6 18.2 15.9 0
ProH 0 0 63.3 33.9 2.7 0
BuOH 0 0 65.9 271 6.1 0
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Table 7-4 indicates that phase composition is typical of gas phase production of TiOa.
TiO, phase composition is constant within the error limits of Rietveld refinement. The
85:15 anatase to rutile ratio is not unexpected, even FSP of TiCls, such as the commercial

Degussa P25 TiO; has a similar phase composition.

Table 7-4. XRD refinement for TiO, with standard deviation of three trials.

Anatase Rutile

PDF # 98-000-0081 98-000-0375

Is MeOH 85.1 (+1) 14.9 (+1)
EtOH 85.5 (+2) 14.5 (+2)
ProH 85.8 (+1) 14.2 (+1)
BUOH  84.9 (+1) 15.1 (+1)

Table 7-5 shows the phase composition ofY.0z for all three trials. The only phases
present were cubic and monoclinic Y20s3. The monoclinic phase is often present in

nanopowders and surface energy stabilized at particle sizes below 7+6 nm.?*
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Table 7-5. XRD refinement for Y,03 with standard deviation of three trials.

Cubic Monoclinic

PDF # 01-074-7393 04-007-8278

MeOH 90.5 (+7) 9.5 (+7)

EtOH  88.7 (8) 11.3 (+8)
PrOH  88.7 (8) 11.3 (+8)
BUOH 89.4 (+7) 10.6 (£7)

The XRD patterns and Rietveld refinement results indicate that the particle phase
compositions do not change as a function of flame residence time. Similarly, the particle
phase composition does not change with increasing particle size. These results suggest the
“window” in which kinetics determine the particle phase is still longer than the average
particle residence time (< 100 ms), even with increasing flame length.® At a residence time
longer than this kinetic window, we would begin to see a shift to equilibrium phases. We
also find particle size does not determine particle phase composition. This again supports

a kinetic phase formation conclusion, as particle size should affect particle phase.

7.3.2 Molecular dynamics results

Our original goal was to couple particle formation studies with MD simulations
modeling particle nucleation and growth processes in LF-FSP. However, the combustion
environment presents many issues that complicate modeling. First, the fluid dynamics of
the flame are uncharacterized and present turbulent rather than laminar flames which are

better understood. Second, the molecular/ionic species that form in the flame remain
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unknown. Last, the time scales required for modelling of nucleation and growth are
computationally intensive. In general, our computational collaborators were able to
develop a number of generalized force fields that can model a number of metal oxide
nanoparticle species. Force fields CuO and a-Al,O3 were developed that describe

decreased melting point behavior of particles <5 nm.2627

7.3.3 WOs-TiOz2 particles

The first system we identified for possible core-shell particle formation was the WO3-
TiO2 binary oxide system. WOs3 has a melting point of 1473° C and a boiling point of 1700°
C, whereas TiO2 has a melting point of 1843° C and a boiling point of 2972° C. In addition,
the Figure 7.3 phase diagram shows the oxides are immiscible. From previous core-shell
results, we would expect TiO> to nucleate first from the gas phase to form a core that is

later coated by a WO3 shell.
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Figure 7.3. Phase diagram for the WOs-TiO; system.?
Composite nanopowders of 1, 3, 5, 10, and 25 mol% WOs-TiO, were produced by LF-

FSP in addition to TiO2 and WO3 nanopowders. Table 7-6 shows the BET SSAs along with
BET derived APSs with calculated powder densities. BET SSAs are relatively constant
across all samples with an average of 56 m?/g, but WOs is remarkably lower at 21 m?/g.
The low melting point of WO3 may allow for greater particle coalescence in the flame

before cooling into discrete particles.
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Table 7-6. BET surface areas and APSs.

SSA Density APS

[m?/g] [g/cm?] (nm)
TiO2 62 3.93 25
1 mol% 55 3.93 28
3 mol% 50 3.93 31
5 mol% 56 3.93 27
10 mol% 47 4.05 32
25 mol% 66 5.61 16
WOs3 21 7.28 39
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Figure 7.4. XRD patterns for TiO2, 1 mol% WOs-TiO2, 3 mol% WOs-TiO2, 5 mol%
WO3-TiO2 10 mol% WOs-TiO2, 25 mol% WOs-TiO2, and WOs.

Table 7-7 contains the phase composition of as-produced nanopowders derived from

Rietveld refinement of XRD patterns, along with Scherrer crystallite size. TiO2 has a
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composition of 88 wt % anatase, and 12 wt % rutile. This composition is typical of gas
phase produced TiO2, and stays constant as WOs is added. At 10 mol % WOs, triclinic
WOs3 is observed. At 25 mol % WQsg, triclinic, tetragonal, and orthorhombic WO3 are
observed by XRD. Pure LF-FSP WOs3 is a mixture of triclinic, monoclinic, and
orthorhombic WO3z. WO3 is tetragonal (P4/nmn) between 740-900°C, orthorhombic
(Pmnb) between 330-740° C, monoclinic (P21/n) between 17-330° C, and triclinic (P1)
between -40-17° C.?® Mixtures of these phases, even triclinic, are common in WOs3
nanopowders synthesized by various methods.>® 3! Scherrer line broadening gives average

crystallite sizes around 30 nm, consistent average particle sizes (APSs) in Table 7-6.

Table 7-7. Phase compositions of as-produced nanopowders by XRD (XRD indicated
crystallite size in () in nm.

Tetragonal Triclinic Monoclinic  Orthorhombic

Anatase Rutile WOs WOs WOs WOs
TiO2 88 (26) 12 (15) -- -- -- --
1 mol% 87 (36) 13 (18)
3 mol% 87 (34) 13 (30)
5 mol% 88 (27) 12 (26) -- --
10 mol% 81 (30) 13 (28) -- 6 (14) --
25 mol% 31 (54) 4 (18) 18 (13) 25 (31) -- 22 (13)
WOs -- -- -- 18 (50) 41 (23) 41 (32)

Visually, TiOz is bright white, and increasing WOz content gives a gradual bluish tint
to the particles. This bluish tint is likely due to a reduced surface species of W°* 32 LF-FSP
WO3 exhibits a bluish tint in the lower electrostatic precipitators during collection (300°
C), but oxidizes to a bright yellow on cooling to room temperature. WO2¢s is blue, so the
color change could be a consequence of slight carbothermal reduction of WO3 by residual
organics in the gas stream.3? At lower temperatures, i.e. in the upper ESP, the powders are

yellow during collection.
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Figures 7.5 and 7.6 show typical nanopowder morphologies with no fraction of large
particles present. Figure 7.5 shows SEM of 25 mol% WOz3-TiO». Figure 7.6 shows an SEM
micrograph of LF-FSP WOz, In contrast to the composite powders, which all have a
spherical morphology, the WO3 nanopowders are highly faceted. Octahedral WO3 crystals

are typical for both gas-phase and solution based synthesis methods.3 34

’ HV ‘ mag | WD ‘ curr tilt‘ HFW

2115.00 kV| 120 000 x| 5.0 mm | 0.14 nA|-0 °[2.13 um

Figure 7.5. SEM micrograph of 25 mol% WO3-TiO2 nanopowders.
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Figure 7.6. SEM of WO3 nanopowders.

TEM was used to probe individual particle morphology. Figure 7.7 shows an example

of a cluster of particles surrounded by a shell material that aggregates the particles together.
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Figure 7.7. TEM micrograph of 25 mol % WO3-TiOa.
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Figure 7.8. TEM micrograph 25 mol% WOs-TiOo.
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Figure 7.9. TEM micrograph of 25 mol% WOz-TiO2 showing core lattice spacing of 3.51
A, (101) anatase, and shell lattice spacing of 2.65 A, (200) tetragonal WOs.

Figure 7.8 shows a second region of particles typical of 25 mol% WO3-TiO2, and
Figure 7.9 shows a closer magnification of the same region. Fast Fourier transforms (FFT)
of the crystalline regions show a core with a lattice spacing of 3.51 A, consistent with that
of the (101) interplanar spacing of anatase TiO2. A FFT of the shell region gives a lattice
spacing of 2.65 A. This spacing is most consistent with that of the (200) plane of tetragonal
WOs, but is also within 0.02 A of the (022) and (202) triclinic and (201) orthorhombic

WOQO3 d-spacings. This spacing is not consistent with that of any TiO> phase.
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These TEM results strongly support our prediction that the WOs-TiO> system would
form core-shell particles. Whereas LF-FSP particles are typically unaggregated, the TEM

suggests the TiO> particles physically bonded by the WO3 shell layer.

To further validate the core-shell particle morphology, we used XPS measurements to
confirm the composition. XPS is a surface sensitive technique, as photoelectrons generated
deeper than a few nanometers of the surface will be inelastically scattered before being
ejected. In addition, the X-ray spot size provides square microns of analysis area. XPS
compositional analysis of the W 4f and Ti 2p gives the composition contained in Table 7-8.
XPS measurements have significant error, but still indicate surface enrichment of WO3
when compared to the compositional data obtained by Rietveld refinement of XRD

patterns.

Table 7-8. Compositional data for 25 mol% WOs-TiO2 by XRD and XPS.

wit% wt%

WO3 TiO2
XRD 50+2 50+2
XPS 78+20 22+20
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Figure 7.10. W 4f and Ti 2p XPS spectra for 25 mol% WOs-TiO..
The W 4f 7/2 and 5/2 peaks are located at 35.4 and 37.5 eV, respectively, which are

consistent with WO3.3% Although the powders appear blue, there is no evidence of W°*,
which would appear at a lower binding energy. The peak around 41 eV is typical of a
satellite shakeup peak. The Ti 2p 3/2 and 1/2 peaks appear at 459.0 and 464.7 eV,

respectively, which are typical of Ti0,.%

The core-shell growth process is attributed to a large difference in vapor pressure of
the two oxide components. The WOjz trimer is the most likely vapor phase species.®” Using
the Clausius-Clapeyron equation in Equation 4, we calculate a (WQOz3)3 vapor pressure of
860 Pa at 1800 K, near the peak flame temperature.®” The actual vapor pressure may be

higher with water generated from ethanol combustion contributing to formation of WO3 ¢
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1H20, which has a higher vapor pressure than the oxide.®® For TiO;, the congruently
vaporizing TizOs phase and likely gas-phase species has a vapor pressure of 6.0E-7 Pa at
1800 K per the relation in Equation 5.%° This strongly supports the vapor pressure argument
for core-shell formation, as vapor phase (WOz3)s is abundant while TiO: is expected to

nucleate quickly from the gas phase.

Equation 4. Clausius-Clapeyron relation for WOz (P in atm, T in K).

90156

+40.52 + 0.59

Equation 5. Clausius-Clapeyron relation for TiO2 (P in atm, T in K).

, 32393
log P (Ti0;) = ———— 048 X 107°T + 1051

Both TEM and XPS indicate that LF-FSP WOz3-TiO> particles form as a TiO2 core with
a WOs shell. We attribute this morphology to the high vapor pressure of WO3 at
temperatures encountered within the flame. In the next section, we examine the

morphology of composite CuO-TiO2 nanoparticles produced by LF-FSP.

7.3.4 CuO-TiO2

Given the success of the WO3-TiO> core-shell studies, we extended our approach to
other possible systems. The CuO-TiO2 system was attractive as the phase diagram (Figure
7.11) did not indicate significant solubility and we had already seen success with a TiO>
based system. One composite composition was produced, at 25 mol % CuO-TiO2, which

would provide enough surface enrichment to be easily identified.
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Figure 7.11. Phase diagram for the CuO-TiO; system.*°

Figure 7.12 gives an SEM micrograph of as produced 25 mol% CuO-TiO>
nanopowders. The SEM is typical of LF-FSP nanopowders. The XRD pattern for 25 mol
% (25 wt %) CuO-TiOz is shown in Figure 7.13. Surprisingly, the XRD pattern shows an
8:92 anatase to rutile ratio, as opposed to the typical 88:12 anatase to rutile ratio seen in
Ti0O2 and the WOs3-TiO studies. Rietveld refinement gives a composition of 31 wt % CuO-

69 wt % TiOo.
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Figure 7.12. SEM micrograph of as-produced 25 mol% CuO-TiO; LF-FSP nanopowder.
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Figure 7.13. XRD pattern for as-produced 25 mol% CuO-TiO. (R = Rutile TiO, A =
Anatase TiO2, C = Tenorite CuO).

From the XRD pattern and the literature, we can infer the high amount of rutile is a
consequence of Cu doping of the TiO2. While the onset of the anatase to rutile phase
transformation typically begins around 600° C, subvalent substitutional dopant cations can
be transformation promoters.** To ascertain if CuO doping readily decreases the
transformation temperature, we prepared sol-gel CuO-TiO2 powders at a doping level of 5
mol% CuO, well above the solubility limit of CuO in TiO2. The initially amorphous
powders were calcined at 400° C to produce powders that were pure anatase by XRD with
no observable CuO phase. No phase attributed to CuO was detected by XRD. Figure 7.14
shows TGA/DTA of the 5 mol% CuO-TiO: sol gel powders, with a DTA exotherm peak

at 461° C, corresponding to the anatase to rutile transformation. This represents a 140° C

139



reduction in the transformation temperature, which is likely the source of a significant

amount of rutile in the as-produced powders.*!

Other groups have also reported CuO promotion of the anatase to rutile
transformation.*? Substitutional doping of Cu creates oxygen vacancies, as shown in Eq. 2,
which tend to oxygen diffusion through the oxygen sublattice necessary for the

reconstructive anatase to rutile transformation.*!

Equation 6. CuO doping defect reaction

Tio,
Cu0 — Cup; + V5" + 0y

Earlier in this chapter, it was established that flame residence time does not affect the
rutile:anatase ratio in LF-FSP TiOg, but in this case, CuO doping is likely the cause of the
high rutile content in the as-produced powders. The anatase to rutile transformation may
happen in the flame, but could also occur in the ESP at temperatures of 300° C for 1 h and

may be seeded by rutile phase in the as-produced powder.
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Figure 7.14. TGA/DTA for sol-gel 5 mol% CuO-TiO,.

The as-produced powders were studied by TEM to ascertain the particle morphology.
Figure 7.15 shows TEM images of CuO-TiO2 composite particles. Unlike the WO3-TiO>
particles, the CuO-TiO- particles appear to be nanocomposite nanoparticles. The (200)
rutile and (111) tenorite d-spacings are 2.30 and 2.32 A, respectively, so lattice spacings
cannot be used to specify individual crystallites in HRTEM. The majority of particles
exhibit the nanostructured nanoparticle morphology, with both CuO and TiO- phases likely
present in the same particle. These results are similar to that of the YAG-AI203-ZrO-
particles seen in Chapter 4, and suggest that this is the default morphology for multi-phase

LF-FSP particles.
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Figure 7.15. TEM images of 25 mol% CuO-TiO; particles.

XPS compositional analysis coupled with Rietveld refinement provide data
summarized in Table 7-9. The XPS composition closely matches that of the XRD, unlike
the core-shell WO3-TiO., which supports the nanostructured nanoparticle morphology seen

by TEM.

Table 7-9. Compositional data for 25 mol% CuO-TiO2 in wt% by XRD and XPS.

CuO TiO2
XRD 31+2 69+2
XPS 28+20 72+20
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Since the precursors are dissolved in a stirred alcohol solution, we assume complete
chemical mixing of the precursors. Once the precursors are injected into the turbulent
flame, a good distribution of the molecular species in the gas phase is assumed, which
would make discrete particles of separate phases unlikely. Unlike WO3-TiO, where WOs3
had a significant vapor pressure at 1800 K, CuO has a vapor pressure of 1.6E-2 Pa at 1800
K. Although this value is well above the TiO2 vapor pressure of 6.0E-7 Pa at 1800 K, the

vapor pressure is low enough that CuO shell formation is not seen.®

Both TEM and XPS suggest that LF-FSP CuO-TiO2 nanoparticles form as
nanostructured nanocomposites. This is in contrast to the WO3-TiO2 system, where core-
shell particles form as a result of the high vapor pressure of WOs. Typical gas-phase TiO:
has a anatase to rutile ratio of 88:12, where the CuO-TiO, composite nanopowders have an
anatase to rutile ratio of 8:92. We attribute the high amount of rutile to Cu doping of the
anatase, which lowers the rutile transformation temperature. The particles may transform

in the flame or in the sustained 300° C heat of the electrostatic precipitators.

7.4 Conclusions

Mapping of LF-FSP flame temperature shows that the temperature is largely
independent of the heat of the solvent combustion, and peak flame temperatures agree with
adiabatic flame temperatures for the alcohols studied here. Increasing alcohol chain length
increases total flame length. As a consequence, at constant concentration conditions,
particle sizes increase with total flame length due to longer flame residence time. The most
important finding that increasing residence time has little effect on nanopowder phase in
LF-FSP. This demonstrates that regardless of LF-FSP conditions, one can expect similar
phase nanopowders to be produced. This suggests all conditions tested are still within a
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kinetic envelope, and that while thermodynamic surface energies may be a factor in
nanopowder phase, they do not appear to control phase selection in LF-FSP. MD
simulations of the in-flame particle nucleation and growth mechanisms proved too
difficult, but generalized force fields for metal oxides developed in the course of the study

hold promise for future modeling.

In this chapter, we also demonstrated that the WO3-TiO, system creates particles with
a TiOz core and WOs shell. The core-shell claim is backed up by TEM and composition
measurements by XPS. This particle morphology is likely a direct consequence of the high
vapor pressure of the WO3. Additional studies on CuO-TiO2 show the system produces
nanocomposite nanopowders, similar to those seen for Al2Os-YAIOs-YSZ particles in
Chapter 5. Future work should focus on photocatalytic testing of the WO3-TiO2 and CuO-

TiO2 composite nanoparticles.

Regardless of the morphology, we have demonstrated several composite particle
systems in which individual particles contain interfaces of various materials. These hold
promise for novel properties due to the interfaces contained within the Janus-type particles.
From a synthesis standpoint, we have shown that LF-FSP offers single-step synthesis to a
variety of nanostructured nanoparticles, which may be difficult to achieve via solution

based synthesis techniques.
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Chapter 8

Conclusions and future work

8.1 Composites

Chapters 4, 5, and 6 present the synthesis of dense composite structures from both
mixed single metal oxide nanoparticles and nanocomposite nanoparticles. One future
direction is to increase the number of phases to at least four, at which pinning may
dramatically decrease grain sizes into the regime where nano-sized starting materials
produce composites with novel properties. Although the composites studied in this work
are given a fair amount of attention in the literature, future composites should focus on
materials with inherent utility, such as for composites capable of superplastic deformation.
The bulk of future work should focus on processing regimes. As we demonstrated,
producing high quality nanopowders with a composition close to the desired composition
is not as important as it initially seems. Processing factors are likely much more important
in producing fine grain sized composites, and future research should focus on processing
parameters. Pore size distribution is generally acknowledged as important, but is often
overlooked in the processing of nanomaterials. Finally, despite the high quality
nanopowders produced by LF-FSP, we have not investigated recently popular sintering
methods such as pulsed electric current sintering (PECS), also known as “spark plasma
sintering”, or microwave sintering. These sintering technologies show great promise for

grain size reduction and should be explored using LF-FSP nanopowders.
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8.2 Multi-phase particles

In both Chapters 5 and 7, we demonstrate a variety of systems in which multi-phase
ceramic particles are produced, with both core-shell and multi-phase polycrystalline
morphologies. In the production of such particles, LF-FSP is unique. Namely, LF-FSP
offers high production rates (100 g/h) and single step synthesis. Future work should focus
on identifying collaborators with advanced characterization equipment that can
demonstrate the utility of multi-phase particles produced by LF-FSP. The production of
multi-phase particles is one of the most promising aspects of current LF-FSP research.
Multi-phase nanoparticles could offer novel catalytic, optical, or electronic properties, and
LF-FSP is uniquely positioned to offer a non-solution based route to these particles at high

production volumes.

8.3 General directions

A relatively new direction for LF-FSP is the development of lithium battery materials,
one in which LF-FSP has demonstrated great promise. In terms of both funding and
scientific progress, battery material development should remain the primary focus of LF-

FSP research.

During the course of this Ph.D. study, a great amount of research was put into the
development of transparent ceramics. High demand exists for domestic sources of high-
quality nanopowders for transparent ceramics primarily utilized in military applications.
The most important factor in laser-quality nanopowders is extremely low contamination
levels. In its current state, LF-FSP is ill-suited for producing extremely pure powders. As
a research reactor, many different types of nanopowders are produced, all of which can

serve as contaminants. For a research reactor, electrostatic precipitators are much better
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than baghouse filters, as many different powders can be collected with limited
contamination. However, the current electrostatic precipitator design offers the collection
efficiencies which peak at 70% and often dip below 50%. With the cost of rare earths and
other transparent ceramic precursors, these losses are significant. Finally, tracking down
and eliminating impurities from raw materials or precursor processing is a time-intensive

process of limited academic value, and as such, is better left as an industrial exercise.
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