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ABSTRACT

This research focused on the development and testing of a hyperbaric
aerodynamic levitator for containerless materials research of specimens at temperatures
greater than 2000°C and pressures up to 10.3 MPa (1500 psi). The effect of specimen
size, specimen density, pressure, and flow rate on the levitation behavior was studied.
Lightweight specimens demonstrated two stable levitation regimes that were speculated
to be associated with a change in the turbulent wake structure. The hyperbaric
aerodynamic levitator was also used to determine the effect of pressure on the heat
transfer by studying the melting behavior of a levitated 3.0 mm diameter alumina sphere
melted with a continuous wave CO: laser. The convective heat transfer coefficient
increased threefold from atmospheric pressure to 10.3 MPa. However, the additional
output laser power necessary at 10.3 MPa was only approximately 60 W, demonstrating
the feasibility of the system. To demonstrate the benefits of high reactive gas pressure,
further melting studies with aluminum oxynitride and chromium nitride were completed.
Aluminum oxynitride specimens were melted in N2 at atmospheric pressure and 10.3
MPa to determine the effect of gas pressure on the phase composition. Preliminary X-ray
diffraction results indicated a difference in phases present at atmospheric pressure and
10.3 MPa. A net mass loss of 5.68 wt.% was observed at atmospheric pressure, while at
10.3 MPa, the mass loss was 0.27 wt.%. Similarly, chromium nitride samples were
melted in N2 at atmospheric pressure and 5.52 MPa (800 psi) to determine the effect of
gas pressure on the phase composition. A more significant mass loss of 60.22 wt.% was

noted at atmospheric pressure compared to the 23.64 wt.% mass loss at 5.52 MPa.
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1. INTRODUCTION

Containerless processing is a useful tool for materials researchers in studying the
behavior of materials at high temperature without the effect of container walls. By
avoiding contact with container walls, contamination from chemical interactions with the
container can be eliminated. Containerless processing also allows for the elimination of
heterogeneous nucleation sites.! Avoiding these heterogeneous nucleation sites allows for
the deep undercooling of materials and the ability to access novel phases.! There are
several methods for containerless processing studies, many of which include work with
ground-based levitation techniques. Levitators have a history of being used to synthesize
and study ultra-high purity semiconductors®® and bulk metallic glasses.* Pairing
levitators with directed energy sources allows for specimen temperatures greater than
2000°C to be attained for material processing. Additionally, levitators can serve as an
environment for in-situ characterization including synchronization beamlines for atomic
structure data and structural chemistry information.>12

There are four main types of levitation techniques: acoustic, aerodynamic,
electromagnetic, and electrostatic, along with combinations of these.*3® This work
concentrates on the development of a special purpose aerodynamic levitator.
Aerodynamic levitation operates on the principle of overcoming the gravitational force to
levitate a sphere by supplying a gas flow. This condition is derived from a force balance
between the gravitational force and momentum transfer from the levitating gas, which is

a function of the drag force.! Aerodynamic levitation offers the advantage of the ability to
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utilize the processing gas to make in-situ chemistry changes. Changing the processing gas
allows for new redox states of materials to be accessed.

Hyperbaric aerodynamic levitation offers additional advantages over levitation at
atmospheric pressure (0.1 MPa). One benefit to an elevated pressure system is the ability
to suppress volatilization, which allows samples to be better preserved.'®’ Specimens
can be observed for longer durations at elevated pressures, enabling measurements of
properties or structural chemistry of volatile materials. The other main advantage to high
pressure systems is that the increase in fugacity leads to the increase in chemical
potential, Ay; = RT In f;/f;°. With an increase in chemical potential, there is a
possibility for unique phase formations that cannot be achieved at atmospheric pressure
along with the synthesis of new compounds. This effect has been explored previously
with high pressure crystal growth work.-28

Hyperbaric aerodynamic levitation is a promising technique that allows for the
study of materials that cannot be processed or studied under atmospheric pressure in a
containerless system. Aluminum oxynitride (AION) is a material of interest to study at
elevated N2 pressures due to the effect of N2 pressure on the lattice parameter. Increasing
the N2 pressure affects the nitrogen content by suppressing Al2O vapors, which can lead
to shifts in the lattice parameters.?” AION is a material of interest due to its combination
of mechanical, thermal, and optical properties. It has a greater than 80% transmittance of
ultraviolet and mid-infrared light, and it has excellent mechanical properties, such as a
high Knoop hardness of 1800 kg/mm? and a room temperature flexural strength of 306

MPa.28



Similarly, chromium nitride (Cr2N) is of interest to study, as it will decompose
before reaching its melting point at atmospheric pressure. However, if the pressure is
increased, melting can be achieved without decomposition and net reduction of
nitrogen.?® CrN is also a useful material to study due to its hot corrosion resistance along
with its high hardness and wear resistance.%-*2 Hyperbaric aerodynamic levitation
provides an avenue to study these materials without influence from high temperature
container interactions.

This work details the design and testing of a hyperbaric aerodynamic levitator for
materials containerless processing research. This levitator operates at pressures ranging
from atmospheric to 10.3 MPa and temperatures greater than 2000°C when paired with a
continuous wave CO, (CW COy) laser. Levitation behavior was assessed by studying the
effect of sample size, sample density, pressure, and flow rate on stable levitation.
Furthermore, this system was tested to determine the effect of pressure on the convective
heat transfer losses by studying the melt behavior of a levitated molten alumina (Al.Oz3)
sample. The convective heat transfer coefficient was calculated at a range of pressures,
and the output laser power necessary to reach the melting point was assessed at
atmospheric pressure and 10.3 MPa. Additionally, the study of AION and CrzN is
detailed to compare the effects of N2 pressure on phase formation and lattice parameter
shifts. AION and Cr2N were melted in the hyperbaric aerodynamic levitator at
atmospheric pressure and elevated pressure, and samples were recovered to determine the
mass change after processing. X-ray diffraction (XRD) was performed to determine

differences in phase composition with changing pressure.



2. LITERATURE REVIEW

2.1. CONTAINERLESS PROCESSING

Containerless processing is a technique that eliminates contact between a material
and a container during material processing.®® It is used for the synthesis and study of
novel materials at high temperatures under non-equilibrium conditions.®® Containerless
processing offers many advantages including the avoidance of contamination at high
temperatures.t21333 With increasing temperature, the possibility of chemical reaction
between the container surface and molten material increases, leading to contamination of
the sample.!® Containerless processing offers a route to producing and studying high-
purity materials due to the lack of container contamination.

Another advantage to containerless processing is the elimination of heterogeneous
nucleation sites. Contact between a molten sample and the container can also lead to
extrinsic heterogeneous nucleation, which limits the amount of undercooling that can be
achieved.®® Eliminating heterogeneous nucleation sites allows for melts to be deeply
undercooled due to the high nucleation barrier before solidification, which can affect the
microstructure of the material.>* Novel metastable and amorphous phases can be achieved
due to this solidification.3* Deep supercooling is a prerequisite for glass formation;
therefore, containerless processing is an attractive solution for the formation and study of
novel glasses.®

There are several methods for containerless processing which can be
characterized as either transient or steady-state containerless processing techniques.

Transient techniques utilize the free fall or entrainment of sample particles to achieve



containerless processing.™® This can include drop-tube methods, where a drop free falls
with sufficient times for solidification. Steady-state techniques utilize a sustained directed
force to overcome gravity and achieve levitation at a fixed position for a long duration.*
Steady-state techniques include microgravity experiments as well as ground-based
levitation techniques. There are four main ground-based levitation techniques: acoustic
levitation, aerodynamic levitation, electrostatic levitation (ESL), and electromagnetic
levitation (EML). Other techniques include gas film, magnetic, and hybrid methods, such
as aero-acoustic® or electrostatic-aerodynamic.**

Steady-state ground-based levitation techniques are valuable for the synthesis of
novel materials, as well as in-situ characterization during material processing at high
temperatures. Levitators are used in conjunction with directed energy sources, such as
CW CO: lasers, electron beams, or electromagnetic inductive coupling, to achieve
temperatures greater than 2000°C. This allows for capabilities to synthesize materials,
study chemistry and atomic structure, and perform thermophysical property
measurements. Levitators have previously been used to study solidification and
vitrification of materials undergoing solid-liquid phase transitions during processing,
allowing for the study and synthesis of novel materials. Materials synthesized using
levitation have included ultra-high purity semiconductors®® and bulk metallic glasses.*

In addition to the synthesis of novel materials, these systems are useful for the
study of materials at high temperatures. Levitation techniques allow for thermophysical
measurements of liquids at high temperatures without the influence of container
interactions and interference. Thermophysical property measurements of enthalpy of

fusion, density, surface tension, viscosity, and thermal conductivity have been completed



on levitated samples.®>*! Different types of levitator systems are each suited for the
measurements of particular properties. For example, electrostatic levitation has been used
to measure density by imaging, surface tension, and viscosity of metals. However,
aerodynamic levitation is suitable for the measurement of the density of liquids, but the
determination of surface tension and viscosity has been more difficult.>® The enthalpy of
oxides at high temperatures has been measured using a system known as a drop-and-
catch calorimeter.*? This works by using a ‘split nozzle’ design, allowing the nozzle to be
separated along a vertical join.*?> The nozzle can open to allow the hot sample to fall into
a calorimeter enabling the measurement of the heat content.*?

These systems can also be integrated with radiation scattering experiments to
determine atomic and crystalline structure information via X-ray diffraction, spallation
neutron diffraction, and X-ray absorption near edge structure (XANES). The high energy
X-ray beams and neutron beams probe the top 100-200 um of a levitated sample to
determine the structure and dynamics of materials.3® Wide angle high-energy X-ray
diffraction has been used with aerodynamic levitation to collect scattering data for the
liquid and crystalline state of materials, as well as frequently being used in glass
studies.®

2.1.1. Acoustic Levitation. Work on acoustic levitation began with Bucks and
Muller®® and was further developed by many others.***® Acoustic levitation uses an
acoustic radiation force resulting from an impedance difference between the suspension
media and the solid or liquid sample to counteract the force of gravity and levitate a small
sample.*® A gas medium is typically used as the suspension media to propagate the sound

waves. Acoustic levitation can be classified into two types: standing wave acoustic



levitation and near-field levitation.*® The standing wave acoustic levitation is most
common, where small solid and liquid materials are suspended in the pressure nodes of a
standing wave field. Single-axis acoustic levitators (SAL), a type of standing wave
acoustic levitation, consists of a vibrating source and a reflector to improve efficiency.*
SAL can be used to levitate any sample, including high density materials such as
tungsten, often ranging in size from 0.5-3.0mm; however, this system typically operates
in a lower temperature range.® Many studies with acoustic levitation have been
completed in the temperature range of -40°C to 250°C.

2.1.2. Electromagnetic Levitation. Electromagnetic levitation was one of the
first containerless processing techniques developed by Muck51 in 1923 for the levitation
of metallic samples. The basic operating principle for electromagnetic levitation comes
from the force for levitation produced by the induction of eddy currents in a metallic
sample by an alternating electromagnetic field.4 The sample is positioned in a potential
well generated by electromagnetic fields and is self-stabilizing. Solid samples oscillate
about the equilibrium position with a frequency normally in the range of 5 Hz, while
liquid samples exhibit free surface oscillations with a frequency usually in the range of 50
Hz.52 The samples for EML must be conductive, typically in the size range of 2-6 mm,
and experiments can be performed in gas or high vacuum.

2.1.3. Electrostatic Levitation. Rhim et al. pioneered the development and use of
electrostatic levitation.* Electrostatic levitation utilizes a vertical electric field to levitate a
sample that is charged or polarized. Levitation is achieved through the Coulomb force
where q is the charge on the sample.>?

F, = qE 1)



The sample’s charge must be maintained throughout the levitation, and due to the
high voltages applied, ESL is often done under ultra-high vacuum.®” ESL is used for
thermophysical property measurements, solidification, structural studies, and mechanical
properties of metallic materials.>®

2.1.4. Aerodynamic Levitation. Aerodynamic levitation of solids was initially
performed by Winborne et al.,> while levitation of molten samples was performed later
by Coutures et al. in 1986.> This technique utilizes a gas flow to levitate a sample by
overcoming the gravitational force. The condition for aerodynamic levitation is derived
from the force balance between the gravitational force and the force from the levitating
gas, which is a function of the drag coefficient, Cq, fluid density, p, flow velocity, v, and
pressure drop over the area of the sample, A.%3

Mg = Cq [(pv? + p)dA ©)

Aerodynamic levitation is usually achieved with use of a converging-diverging
nozzle, known as conical nozzle levitation (CNL). There can be many different designs
of the conical nozzle as shown in Figure 2.1.%% The cone typically has a semi-angle of 30-
60° and an orifice of 0.5-3 mm.3 Recent nozzle designs are reduced in size from early
nozzle designs,>* allowing for more of the levitated sample to be visible. Recent designs
allow for 30-70% of the sample to levitate above the plane of the nozzle, while early
designs were deep and only visible when viewed from above.?3354% The material used to
produce these nozzles include aluminum alloy, stainless steel, vanadium, as well as
nonmetallic materials, such as boron nitride, graphite, and machinable ceramic.*
Aluminum alloy is a popular choice of material due to its durability and ability to be

easily cleaned.®



Figure 2.1: Examples of differing nozzle designs beginning with early deep nozzles on
the left and moving to designs towards the right that allow for the levitated sample to be
viewed along the horizontal direction. Adapted from C.J. Benmore and J.K.R. Weber.*?

Aerodynamic levitation has been utilized to levitate spherical specimens ranging
in diameter from 2.0-4.0 mm.**57-% The material choice for aerodynamic levitation is not
limited to electrically conductive specimens, as is the case for EML, providing the
opportunity for the processing and studying of metals, semiconductors, and ceramic
oxides.®® The gaseous environment required to provide the levitation force allows for the
use of the gas to adjust the chemistry of a specimen in-situ. This gas can be purified to
part per billion (ppb) levels, avoiding the need for ultrahigh vacuum systems when
processing metallic samples prone to oxidation.

One study completed by C. Shi et al. took advantage of the gaseous environment
for aerodynamic levitation and investigated the structures of stable and supercooled iron
oxide melts as a function of oxygen fugacity and temperature.®” The oxygen partial
pressure was controlled using different gas mixtures for levitation, and in-situ XRD was
able to provide structural information for the iron oxide melts.

While aerodynamic levitation offers many advantages, a disadvantage of the
technique is the temperature gradients that arise from laser heating with aerodynamic

levitation. A study completed by McCormack et al. investigated the thermal gradients on
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specimens levitated in a CNL and melted with a CW COz laser.®® The study completed by

McCormack et al. showed that thermal gradients can be minimized by maximizing the

sphericity of the specimen and the density along with minimizing microstructural

features.%® These properties allow for rotation of the specimen around multiple axes,

leading to homogeneous heating and reduced thermal gradients. Figure 2.2 shows the

temperature difference monitored from two points on the specimens.®® As shown here,

the commercially provided specimens that were perfectly spherical and dense (ZrO, and

ruby) showed a much lower thermal gradient.
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Figure 2.2: Thermal gradients at varying temperatures between points Ta and Tp
(indicated on the image) for materials prepared via different processing routes. Adapted

from McCormack et al.®®

The specimens for this study were prepared via different routes to determine the

effect of processing on the temperature gradient. As samples are required to be spherical

for aerodynamic levitation, there are multiple processing routes to attain this shape.

Typically, samples, such as ceramic oxide spheres, are formed using the molten hearth
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method.®® In this method, powder is heated in a copper-hearth with a sealed tube CO;
laser, and due to the strong surface tension of an oxide liquid, spheroids are formed.
However, a drawback with this method is the inability to control composition and phases
as some materials may be volatile above their melting point, and metastable phases can
form upon quenching from a melt. Another method to produce spherical samples is the
“vibrating table” method.’®"2 In this method, a ceramic slurry is prepared and vibrated at
a frequency of around 70 Hz in a cubed-wall container. This method can produce
spheroids due to the presence of a shear thinning binder. The spheroids can then be
calcined and sintered at low temperatures. However, these low temperatures result in low
density specimens. Perfectly spherical materials can also be provided commercially and

manufactured with the Verneuil process or via a ball milling process.

2.2. EFFECT OF HIGH PRESSURE

While levitation at ambient pressures for the study and synthesis of materials has been
studied for decades, there are fewer examples of levitators capable of performing under
hyperbaric conditions. High pressure, however, provides benefits that cannot be achieved
with levitation work at atmospheric pressures. One such benefit is the suppression of
volatile losses. As the vapor pressure increases with increasing temperature, evaporation
of the sample can be observed. By suppressing volatilization, sample chamber windows
used for sample viewing, pyrometry access, and laser access will be less susceptible to
deposition from the melting sample. Additionally, by suppressing volatilization, the

composition is better preserved, allowing for a more consistent sample chemistry.” This
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also allows for in-situ property measurements due to the extended life of the specimen
itself at high temperatures.

Another benefit to containerless processing under hyperbaric operating conditions
is the increase in fugacity with a reactive gas species, such as oxygen or nitrogen.
Increases in the fugacity, fi, leads to increases in the chemical potential, Ay; =
RT In f;/f;, which can affect the phase equilibria of a sample. As shown with this
relationship, both temperature and fugacity are important for increasing the chemical
potential. Temperature has a large effect on the chemical potential as there is a linear
relationship, while fugacity affects the chemical potential on a logarithmic scale. Within
the pressure range of P = 10 — 10,000 bar, inert and reactive gases transition to liquids or
supercritical fluids.” Changes in fluid pressure result in order of magnitude changes in
chemical potential.”*

An example of this principle is the La-Ni-O system.”™ At 1 bar (0.1 MPa) of O,
gas pressure, La2NiOs is the most stable ternary at higher temperatures above Ty, as it has
the lowest energy as shown in Figure 2.3.74" The higher valence La-Ni-O ternaries that
are formed are from a reaction of La;NiO4 and oxygen. These reactions have a negative
net entropic change, meaning that the formation of these higher valence states becomes
unfavorable at higher temperatures. However, with increasing oxygen pressure (denoted
by the blue lines in Figure 2.3), the equilibrium is shifted towards the valent species, and
between the range of T1 and T, LaNiOz has the lowest energy and becomes the most
stable state.”*"® This example shows that changing the pressure of reactive gases affects

the chemical potential and phase stabilities.
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Figure 2.3: La-Ni-O system demonstrating the effect of pressure changes of reactive
gases on the chemical potential and phase stability. Adapted from W.A. Phelan et al.”*

High-pressure crystal growth is one such example taking advantage of the
increased fugacity.’* High pressure floating zone furnaces have been designed as shown
in Figure 2.4 for crystal growth.” There have been many studies that have crystallized
materials by high pressure optical zone growth at pressures greater than 30 bar
(3M Pa).75'77'84

There have been examples of special use levitators as well that have been
operated at elevated pressures. For example, there have been multiple examples of high-
pressure acoustic levitators.®>88 One such example of an acoustic levitator used at
elevated pressures is the study of mass transport processes on suspended samples.®® This
work was completed at operating temperatures up to 180°C and pressures of 30 MPa.%®
Other work has been completed with hybrid aerodynamic-electrostatic levitation,®
electrostatic levitation,® and electromagnetic levitation.®®%! The hybrid aerodynamic-
electrostatic levitator proved the feasibility of levitating and melting oxide material

samples in a pressurized environment to 1 MPa.® The electrostatic levitator was
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pressurized to 0.4 MPa and operated at temperatures ranging from 400-2000°C to
measure the density of calcium aluminate in gas atmospheres of oxygen, nitrogen, and
air.2 An example of electromagnetic levitation at elevated pressures has been studied to
understand the kinetics of gas-liquid metal reactions with levitated drops.®® The
decarburization of the levitated molten iron-carbon alloys was studied in gas mixtures at

temperatures of 1650°C and pressures of 4 MPa.%

Figure 2.4: Schematic of overall assembly for high pressure floating zone crystal growth
(left) with exploded view of the core components (right). Adapted from J.L. Schmehr et
al.’

2.3. MATERIALS OF INTEREST AT HIGH PRESSURE

As stated previously, there are many advantages to increased pressure in the
synthesis and study of materials. Elevated pressure can allow for the access of new phase
states and prevent the decomposition of phases at elevated temperatures. Nitrides,
specifically, provide many materials of interest to study with a reactive gas at elevated

pressures. One such material is aluminum oxynitride due to the shift in lattice parameters
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that is observed with changing N2 pressure. Chromium nitride is also a material of
interest due to the decomposition that occurs at atmospheric pressure prior to reaching the
melting point. However, at an increased pressure, this melting point can be accessed,
allowing for the preservation of the phases present.

2.3.1. Aluminum Oxynitride. Aluminum oxynitride materials can be transparent
ceramics depending on the microstructure and relative density. AION has been produced
with a grain size ranging from 150-200 um and a relative density greater than 95% to
attain optical transparency.® This is utilized frequently in defense applications for
transparent armor for helicopters, aircraft, and ground vehicles, along with domes for IR
guided missile systems and IR sensors for reconnaissance pods.?® AION has many
properties that make this material ideal for these applications, including its transparency,
allowing it to act as a window material due to the greater than 80% transmission in the
wavelength range from ultraviolet to mid-infrared light.?® Other basic properties of AION
provided by McCauley and Corbin are summarized in Table 2.1.% This sample was

pressureless sintered into a nearly pore free, single-phase material.

Table 2.1: Summary of AION properties of a pressureless sintered sample recorded by
McCauley and Corbin.%

Property Value
Knoop Hardness 1800 kg/mm?
Elastic Modulus 3.3 x 10° MPa
Room Temperature Strength 306 MPa
High Temperature Strength (1000°C) 267 MPa
Thermal Expansion (a)) from RT-1000°C 7 x 10°°/°C
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AION is a cubic spinel phase in the Al.O3-AIN system that was first reported by
Yamaguchi and Yanagida in 1959.%* Since that time, this result has been confirmed, and
additional phase diagrams have been constructed. McCauley and Corbin completed the
work to create the full Al,Os-AIN pseudo-binary phase diagram including the AION
phase as shown in Figure 2.5.% Their diagram shows the composition centered on 35.7
mol% AIN, and a melting temperature of AION at 2165°C in 1 atm (0.1 MPa) of flowing

N2 gas.
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Figure 2.5: Phase diagram of the pseudo-binary Al.Oz-AIN system in 0.1 MPa of flowing
N, gas. Adapted from McCauley and Corbin.%

AION has been synthesized by many different routes, including the reaction
sintering of AlO3 and AIN,**" carbothermal reduction of Al,O3 % plasma arc
synthesis,**1% and self-propagating high-temperature synthesis (SHS).1%* For reaction
sintering of Al,O3 and AIN to form AION, powder mixtures of Al.Oz and AIN are
sintered at temperatures greater than 1650°C in a flowing N2> atmosphere for the

formation of single phase AION.%7 Often these reactions occur with additives, such as
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Y03, to aid in sintering and increasing the densification.®>®” For the carbothermal
reduction of Al,O3 Al>O3 is mixed with carbon in varying ratios and milled together
before being reacted at temperatures near 1700°C in flowing N2.% In plasma arc
synthesis, Al,Osand AIN powders are milled and pressed into pellets before being placed
in a DC arc-melting furnace.®*% A high purity gas is introduced into the chamber and
the samples are quickly melted in the plasma. To synthesize AION via SHS, the
combustion of aluminum metal and Al,Os is performed in a flowing N, atmosphere. 1%t
Following this, samples are manufactured by grinding the powder and hot-pressing or
spark plasma sintering billets.

AION is of interest to study at elevated pressures because the structure has a
strong dependence on the pressure of N2 gas as observed by shifts in the lattice
parameter. The change in lattice parameter is dependent on temperature, pressure, and
nitrogen content. One study investigated the effect of N2 pressure on the combustion
synthesis of AION and measured the nitrogen content and lattice parameter as a function
of N, pressure.1%2 These combustion reactions were completed at pressures ranging from
10-60 MPa and the combustion temperature was approximately 1850°C. As shown in
Figure 2.6, the nitrogen content and lattice parameter increased with increasing nitrogen
pressure.'%? McCauley et al. similarly reported that in the temperature range of 1800-
1950°C, the lattice parameter increased linearly with nitrogen content.?” However,
McCauley et al. reported that this relationship changed with further increasing

temperature.
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Figure 2.6: Lattice parameter and nitrogen content dependence on N2 pressure for the
combustion synthesis of AION. Adapted from T.G. Akopdzhanyan et al.1%2
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McCauley et al. further reported work that was performed at temperatures greater

than 2000°C and also demonstrated the dependence of low N2 pressures on the lattice

parameter. 2 Figure 2.7 illustrates this phenomenon of N2 pressure dependence.?” This

work shows a decreasing lattice parameter with increasing nitrogen pressure. The lattice

parameter is a reflection of the change in ratio of nitrogen content to oxygen content. The

lattice parameter, therefore, is dependent on the nitrogen content. As the N2 pressure

increases, the nitrogen content is reduced due to the suppression of the Al.O vapor phase,

meaning there is more relative oxygen.®® The loss of nitrogen content, or the

composition shift towards Al>Og, is associated with a reduced lattice parameter as shown

in Figure 2.7.2” When comparing the two studies, it can be noted that there is a

temperature dependence on the relationship between lattice parameter and N> pressure,

impacting the trend observed.
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Figure 2.7: Lattice parameter vs. nitrogen and argon pressure for a AION specimen
heated at 2000°C for 30 minutes. Adapted from J.W. McCauley et al.?’

2.3.2. Chromium Nitride. Chromium nitrides are frequently used as thin film
coatings for hard, wear resistant applications, as well as medical implants and tools.
These materials have a high hardness along with wear and corrosion resistance3%-32 as
well as hot corrosion resistance.%41% Chromium nitride is also formed in steels and
provides benefits in increased hardness and toughness.106-108

Within the Cr-N system, there are two nitrides present: cubic CrN and hexagonal
closed packed CrzN. Figure 2.8 shows the phase diagram of the Cr-N system with
calculated isobars.?® CroN decomposes to metallic Cr and demonstrates a net loss of
nitrogen content at atmospheric pressure as shown by the reaction below. However, at a
pressure of 10 atm, Cr2N can achieve a melting temperature of 1750°C. By increasing the
N2 pressure, different states of chromium nitride can be achieved.

2Cr,N 2 4Cr + Ny gy AGSy = —35.343k] at T = 1750°C ©)
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Figure 2.8: Phase diagram of the Cr-N with calculated isobars. Adapted from K. Frisk.?®

Chromium nitride can be synthesized by multiple routes. One example is by
heating Cr metal at temperatures near 1000°C in a stream of ammonia.'®® These reactions
can also be completed with chromium halides or hydrides with nitrogen or ammonia.'® A
popular method for the synthesis of chromium nitrides is SHS. Cr metal powders are
chosen as the starting materials, which are then pressed into pellets. The reaction is then
conducted in a chamber filled with N2 gas. The N2 gas pressure in these reactions can
vary from 0.45-4.24 MPa, as reported in the study by Yeh and Liu.'® The increased
nitrogen pressure increased the combustion temperature and the flame-front propagation
velocity, enhancing the nitridation due to increased nitrogen content at the reaction front.
After synthesis, billets of materials can be formed from hot pressing in a N> atmosphere,
often at temperatures around 1300°C with pressures of 20-30 MPa. 110111

The melting behavior of AION and Cr2N have not previously been studied via
aerodynamic levitation. These materials have been selected for investigation to

demonstrate the benefits of hyperbaric aerodynamic levitation melting. These materials
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were suitable choices for study with hyperbaric aerodynamic levitation due to AION and
Cr2N having a dependence on high nitrogen pressure. Phase preservation and lattice

parameter shifts will be investigated to determine the effect of increased nitrogen gas

pressure.
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ABSTRACT

A hyperbaric aerodynamic levitator has been developed for containerless
materials research at specimen temperatures exceeding 2000°C and pressures up to 10.3
MPa (1500 psi). This report describes prototype instrument design and observations of
the influence of specimen size, density, pressure, and flow rate on levitation behavior.
The effect of pressure on heat transfer was also assessed by studying the heating and
cooling behavior of levitated Al.Oz liquids. A threefold increase in convective heat
transfer coefficient was estimated as pressure increased to 10.3 MPa. The results
demonstrate that hyperbaric aerodynamic levitation is a promising technique for

containerless materials research at high gas pressures.
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1. INTRODUCTION

Levitators are useful for studying solidification and vitrification phenomena of
ubiquitous importance to materials that undergo solid-liquid phase transitions during their
natural history or in industrial processing, and, consequently, levitators boast a strong
legacy of materials discovery breakthroughs.'* Researchers have used levitators to
synthesize and study some of the earliest known examples of ultra-high purity
semiconductors®® and bulk metallic glasses.” Levitators have enabled advances in
fundamental science by providing direct evidence of liquid-liquid phase transitions®!
and by elucidating high temperature structural chemistry of corrosive and hazardous
materials.'?*® Levitators serve as sample environments for synchrotron beamlines for the
acquisition of atomic structure data while simultaneously probing structural chemistry via
high energy x-ray scattering techniques.14-20

Levitators can attain specimen temperatures of 2000°C or greater using directed
energy sources such as lasers, including continuous wave CO- lasers (CW CO.), or
electron beams, or via electromagnetic inductive coupling, or combinations thereof.
Ambient environments in standard levitators vary from high vacuum to near-atmospheric
pressures depending on the requirements of the selected heating method and instrument
design limitations. As summarized in Table 1, special purpose levitators capable of
hyperbaric operation (i.e., operating at greater than normal atmospheric pressure) have
attained high specimen temperatures via either steady-state heating or transient dynamic
pulse-heating techniques. Pulse-heating techniques can attain extreme specimen

temperatures, although short (ms) heating times limit the types of measurements that can
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be made. Accordingly, levitators used as sample environments for synchrotron beamlines

typically employ steady-state heating techniques.

Table 1: Overview of hyperbaric levitators used for containerless materials research.

Max. Max.
Prlnplpl_e of Heating Source Specimen Operating Reference
Levitation Temperature Pressure
[°C] [MPa]
Acoustic Laser (CW COy) 1300 0.9 [21]
Acoustic Jacketed 180 20 [22]
chamber
. Laser (pulsed
Acoustic CO,) 5000 30 [23,24]
Aerodynamic Laser (CW COy) 2200 10.3 This work
Hybrid
Aerodynamic Laser (CW COy) 2000 1 [25,26]
Electrostatic
Radiant heater
Buoyant (HIP) 1800 200 [27]
Electrostatic Laser (CW COy) 2700 0.3 [28]
Electromagnetic Induction 1600 10 [29]
Electromagnetic Induction 1900 5 [30]

Containerless experimentation at high gas pressures confers two primary benefits.
First, pressurized systems are known to suppress volatilization. For example, when
limited by mass transport through an external boundary layer, evaporation rates are
proportional to 1/~/P up to a critical pressure on the order of 1-100 MPa.3*% With
reduced volatile losses, specimen composition can be better preserved. Specimens may
also be observed for longer durations, enabling measurements of properties and/or

structural chemistry of highly volatile materials. Second, reactive gas pressures possess
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increased chemical potentials Ay; = RT In f;/f;” where i is a reactive species (e.g.,
oxygen or nitrogen) whose magnitude may attain ca. 100 kJ/mol at elevated temperatures.
This increase in chemical potential can dramatically affect phase equilibria, a fact that has
been exploited to synthesize new compounds using elevated pressure crystal growth,
surface heating and/or melting.>3*

This work describes the design and performance characteristics of a prototype
hyperbaric aerodynamic levitator for containerless materials research. The levitation
behaviors of two series of spherical specimens of varying size and density were studied
as functions of pressure and flow rate. Additionally, the effect of pressure on heat transfer

was assessed by comparing the heating and cooling behaviors of levitated liquid Al2Os at

pressures up to 10.3 MPa.

2. INSTRUMENT DESCRIPTION

The hyperbaric aerodynamic levitator shown in Figure 1 comprises four major
components: a pressure vessel; a diamond window for CO. laser admittance; a
converging-diverging conical nozzle; and pressurized fluid handling systems. System
components and controls were carefully engineered for safe operation. The pressure
vessel (Encole LLC, San Jose, CA, USA) consists of a monolithic CNC machined billet
of 7075-T6 aluminum featuring a vertical through-bore, multiple ports, and internal
water-cooling passages. Finite element simulations were conducted to design the pressure
vessel for a maximum internal pressure of 17.2 MPa (2500 psi) with a safety factor of

four. A pressure-relief valve and burst disc were installed on the outlet and inlet sides of
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the pressure vessel, respectively. As an additional engineering control, operators were in
a separate room from the hyperbaric levitator. The electronic backpressure regulator and

mass flow controllers were operated via computer interface with remote displays.

CO; laserbeam---- - -~ - - - - - -2 \
—‘ | Diamond
1L~ window

Sample | Chamber| | Burst
7 disc

Pyrometerj[ NQI& I Pressure

H& gauge
MFCs BPR
g - >
(backfin)l (nozzle) PRV Gas
Gas outlet
supply

Figure 1: Schematic of prototype hyperbaric aerodynamic levitator integrated with a CO-
laser. Abbreviations: mass flow controllers (MFCs), back pressure regulator (BPR),
pressure relief valve (PRV).

The converging-diverging levitation nozzle features conical semi-angles of 30°-
60° intersecting at a cylindrical orifice whose diameter may vary from 0.5-2 mm.?° The
nozzle was vertically installed and sealed onto the pressure vessel with an SAE thread
identical to that used for the sight glasses. The shallow conical nozzle design allowed for
about half of the levitated specimen volume to be visible above the top of the nozzle as
viewed from the horizontal sight glasses. During levitation experiments, the specimen
was remotely viewed via camera (acA150-uc, Basler) equipped with 1.0X f/6-f/25
telecentric lens (Edmund Optics, Inc.) using a white LED backlight. The optical

configuration provided a spatial resolution of 4.8 um x 4.8 um per pixel and videos were
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recorded with a frame rate of 150 fps. Levitation stability as indicated by the vertical
displacement of the top of the sphere was measured using motion tracking software
(ProAnalyst, Xcitex Inc.).

A pair of mass flow controllers (SLA5850 Series, Brooks Instrument)
independently provided pressurized fluid to the levitation nozzle (maximum volumetric
flow rate Q = 5.0 SLM) and as a purge flow across the diamond window to abate deposit
formation (max. Q = 0.5 SLM). Pressure within the chamber was controlled using an
electronic backpressure regulator (SLA5820 Series, Brooks Instrument) located
downstream of the pressure vessel outlet. During a typical levitation experiment, the
purge flow was maintained at a constant 0.5 SLM until the system attained the ambient
pressure setpoint. Flow through the conical nozzle was then increased until maximum
flow rate was attained or instabilities in specimen position presenting as lateral movement
were observed. Subsequently, levitation height was recorded at different flow rates
stepping down in increments of 0.1 SLM until the sphere no longer displayed stable
levitation. In this investigation, two series of levitation experiments were conducted:
aluminum spheres of varying diameter (2.529, 3.048, 3.575, or 3.979 mm) and 3 mm
diameter spheres made from materials of varying density (aluminum — 2.71 g/cm?,
alumina (Al.03) — 3.95 g/cm?®, yttria-stabilized zirconia (YSZ) — 6.00 g/cm?, or type 302
stainless steel (SS302) — 7.93 g/cm®).

A custom sight glass featuring a 1.3 mm thick x 10 mm clear aperture diamond
window (Element Six Technologies, Santa Clara, CA, USA) encased in a SAE-12 fitting
made from 17-4PH steel (Encole, LLC). All sight glass housings featured SAE threads

coated with WS; in accordance with AMS2530 to prevent galling during frequent
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disassembly. The diamond window provides excellent transmission for the 10.6 um
wavelength CW CO: laser (400 W Synrad Firestar i401, Novanta Photonics) used as
heating source in these studies. Diamond is an ideal material for this purpose given its
excellent thermal conductivity and high strength as compared to traditional CO> laser
window materials such as ZnSe. In this work the diamond window was uncoated,
consequently, approximately one-third of incident laser energy was lost due to Fresnel

reflections (i.e., diamond has an index of refraction of 2.376 at 10.6 um).

3. HYPERBARIC AERODYNAMIC LEVITATION

Figure 2 shows the effect of volumetric flow rate Q on stable levitation height of
the specimen Z normalized to its diameter d at selected pressures of 3.45 MPa
(corresponding to a nitrogen density of 55.5 kg/m®) and 10.3 MPa (corresponding to a
nitrogen density of 166.6 kg/m®). From available data it is recognized that Z/d increases
with Q (at a fixed pressure and specimen density) and decreases with specimen density
(at a fixed pressure and flow rate). Deviations from these trends are discernable. For
example, an increase in Z/d when Q approaches 3.0 SLM at 10.3 MPa is observed for
the 2.529 mm, 3.048 mm, and 3.575 mm diameter aluminum spheres that is not seen for
larger diameter aluminum spheres. Similarly, an increase in Z/d when Q approaches 3.0
SLM at 10.3 MPa is observed for the 3.000 mm diameter aluminum sphere, but not for
this same sphere at 3.45 MPa and not for 3.000 mm diameter spheres made from denser

materials at either pressure. These results suggest that a change in drag force occurs
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across this flow rate regime whose magnitude is sufficient to displace the stable levitation

position of relatively lightweight specimens.
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Figure 2: Relative stable levitation position (Z/d) vs. volumetric flow rate (SLM) for
experimental series varying (a) diameter for Al specimens and (b) material (aluminum —
2.71 g/cm?, alumina (Al.03) — 3.95 g/cm?3, yttria-stabilized zirconia (YSZ) — 6.00 g/cm?,

or type 302 stainless steel (S5302) — 7.93 g/cm?®) for 3.000 mm diameter spheres.

To better understand observed trends, fluid mechanics relations were used to

calculate drag force for varying experimental conditions. A necessary condition for

aerodynamic levitation is given by the force balance:

yr-

0=Fd+FVP+Fb_F,'g

EFd_Fw (1)

where F, is drag force, Fyp is pressure gradient force, F, is buoyant force, F; is the force

of gravity, and F, = F, — F,, is the buoyant weight of the sphere. The buoyant weight

must therefore be offset by the sum of the drag force and pressure gradient force. For

clarity, herein we neglect the pressure gradient force, as it is assumed the full pressure

drop of the fluid jet occurs within the nozzle orifice (a detailed simulation would be

needed to confirm this assumption).
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The buoyant weight of a spherical specimen can be expressed in terms of

specimen size (d), specimen density (p,), fluid density (p), and acceleration due to

gravity (g) as:

1
Fy = gﬂd3(ps —p)g @)

The drag force can be expressed as the product of the drag coefficient Cy,

specimen area, and dynamic pressure:

1 (md?\
Fo=Cosp|\—7 |V 3)

In equation (3), velocity v is not singular valued but rather varies with axial
position as the flow diverges from the conical nozzle exit. The axial flow velocity can be

taken to be inversely proportional to the vertical distance from the jet source*, or:

A 2
= (3) @
where A is a constant of dimensions length x velocity. Substitution of (4) into (3) yields:
A2
fa = Cargmp g2 (5)
(@

The constant A can be determined by conservation of momentum flux by
assuming the jet momentum J crossing any longitudinal surface located at distance Z
away from the jet source is constant. The jet momentum at the nozzle exit J,,,,z1e 1S

therefore related to the constant A by the expression:**

1 (nD? 5 -
Jnozzie = E'D T Vinozzie = TTPA p (6)
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where £ is the cone angle of the jet, here assumed to be the same as the nozzle, and D is

the diameter of the nozzle orifice. Re-arranging, the constant A is given by:

V2 s1eD?
AZ — nozzle 7
S ™
The nozzle velocity can be expressed in terms of the experimental parameters
volumetric flow rate (Q), fluid density, and nozzle cross-sectional area:
. __ 0
nozzle — D2 (8)
p(—-)
Substitution of (8) into (7) yields:
2 2
‘== zQ 22 ©)
n?p2D4p
Finally, substitution of (9) into (5) and equating to (2) yields the following
expression for drag coefficient upon simplification and re-arrangement:
7 2
_2m? (3) d*(ps — p)gpD?B* (10)

C, =

Evaluating expression (10) using observed relative levitation heights as functions
of flow rate and fluid density (i.e., pressure) yields computed drag coefficient values as
shown in Figures 3 for specimens of changing size and as shown in Figure 4 for
specimens of varying density. Specific fluid densities of interest are highlighted in color
and act as representative trends, while all other conditions are shown in gray.
Atmospheric pressure, 3.45 MPa, and 10.3 MPa are highlighted for all samples of
varying size and density, while the transitions between trends is also highlighted when

applicable.
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Figure 3: Computed drag coefficients for Al specimens with diameters of (a) 2.529 mm,
(b) 3.048 mm, (c) 3.575 mm, (d) 3.979 mm as a function of volumetric flow rate.
Highlighted pressure series correspond to minimum and maximum pressures employed in
this work, a selected common trend for comparison, and, where applicable, the pressure
at which deviation in the trends first appears.

Figures 3 and 4 illustrate the occurrence of two drag coefficient regimes: a
primary trendline onto which most observations fall and a secondary trendline that
reflects the change in relative levitation height for lightweight samples (i.e., small size
and/or low density) at moderate flow rates and high pressures. For example, Figure 3a
shows a jump in computed Cq values near 3.0 SLM for pressures exceeding 8.96 MPa.
Observations fall on secondary trendlines for similar flow rates starting at pressures of

5.52 MPa and 4.14 MPa, as shown respectively in Figures 3b and 3c, with increasing
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specimen diameter. The transitional nature of these drag coefficient regimes are captured
in the highlighted pressure series at 5.52 MPa in Figures 3b and 3c, where the calculated
Cq deviates from the primary trendline up to the secondary trendline before returning to

the primary trendline at higher flow rates.

@ ] (b) ]

° o
%(? OO%

0.1 o 9 0.1

‘ OEQWD Q ‘ (IPQQQQG%P

0014 o 0.011
Fp ©
[) 3 O Atmospheric
e oK O Atmospheric ~  3.45MPa . 3.45 MPa
O 552MPa O 103MPa o O 10.3MPa
0.001 , ; . ; 0.001 e . .
0 1 2 3 4 5 0 1 2 3 4 5
Flow Rate [SLM] Flow Rate [SLM]
@ ] @ ]
0.11 0.11
Cy Cy "
o%%wb%o%@@mmaﬁ PG e RS
| @
0.01 8 0.01 P 0
O Atmospheric s O Atmospheric
- 3.45 MPa =P 3.45 MPa
o A
Fo oy © O 10.3MPa O 10.3MPa
0.001 — 0 - . ; 0.001 ; ; ; .
0 1 2 3 4 5 0 1 2 3 4 5
Flow Rate [SLM] Flow Rate [SLM]

Figure 4: Computed drag coefficients for 3.000 mm diameter specimens Al specimens
made from (a) Al, (b) Al203, (c) YSZ, (d) SS302 as a function of volumetric flow rate.
Highlighted pressure series correspond to minimum and maximum pressures employed in
this work, a selected common trend for comparison, and, where applicable, the pressure
at which deviation in the trends first appears.
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An alternative means to identify the onset of the secondary trendline employs a
semi-empirical dimensionless scaling relation to describe the suspension of spheres in

turbulent jets:
C 1/2 _1/2 d —3/2 Z l/a
@ =G 6 -6 @
3 P D D
where Fr is Froude number (Fr = v/,/Dg).**® This expression was used to numerically

fit the free parameter « using the data from Figures 3 and 4 as summarized in Figure 5:
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Figure 5: Best fit o values with error bars for trends illustrated in Figures 3 and 4 for
varying specimen (a) size and (b) material at pressures ranging from atmospheric to 10.3
MPa.

As shown in Figure 5, the secondary trendline for lightweight specimens features
a statistically different exponential dependence on experimental parameters as compared
to the primary trendline. The origin of this difference is not well understood but is
speculated to relate to wake turbulence transitions like those reported for spheres in

comparable Reynolds and Froude number regimes.*
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The effect of fluid density was also evaluated by comparing hyperbaric
aerodynamic levitation behavior in nitrogen versus argon as a function of pressure.
Figure 6 illustrates levitation of 3.000 mm Al,Os spheres at 3.45 MPa (Ar — 55.5 kg/m?®,
N2 — 39.8 kg/m®) and 10.3 MPa (Ar — 166.6 kg/m®, N, — 118.7 kg/m?3). At each pressure,
the heavier fluid imparts more momentum to the sphere, resulting in a higher relative
levitation height. As pressure increases — and, consequently, flow velocity decreases at

any given flow rate — relative levitation heights decrease for both fluids.
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Figure 6: Relative stable levitation height vs. volumetric flow rate for a 3.000 mm Al203
sphere using argon or nitrogen as levitation fluid at selected pressures of 3.45 MPa and
10.3 MPa.

4. HEAT TRANSFER IN A DENSE FLUIDIZING MEDIA

A levitated 3.000 mm Al>O3 sphere was melted with a 400 W CO laser at
atmospheric pressure, 2.07 MPa, 4.14 MPa, 6.21 MPa, 8.27 MPa, and 10.3 MPa nitrogen

to assess the effect of pressure on heat transfer characteristics. Levitation trials were
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conducted with a constant volumetric flow rate of 1.5 SLM at ambient pressures up to
4.14 MPa and at a constant volumetric flow rate of 3.5 SLM for ambient pressures from
6.21 MPa to 10.3 MPa, with flow rates selected to maximize specimen stability during
heating.

Figure 7 shows the molten Al>Os sphere levitated at atmospheric pressure and at
10.3 MPa. At elevated pressures the increased fluid density apparently leads to
concomitant change in fluid refractive index, thereby allowing for the turbulent flow
structure to be visualized. Figure 8 shows cooling curves for the 3.000 mm Al>Oz sphere
as measured by optical pyrometry (IR-CAS, Chino Corp.). Reported apparent
temperatures are uncorrected for effects of view factor, specimen emissivity, or window

absorption.

Figure 7: Aerodynamically levitated molten Al,O3 droplet (initially 3.000 mm diameter
sphere) at (a) atmospheric pressure and (b) at 10.3 MPa. At atmospheric pressure a
reflection of the sample by a window surface is clearly visible. At high pressure, strong
convection results in a turbulent wake pattern in the fluid above the hot sample as well as
blurring of the image. (Multimedia view).
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Figure 8: Cooling curves of levitated Al,O3 liquids as recorded by optical pyrometry as a
function of nitrogen pressure.

Convective heat transfer coefficients h were calculated from cooling curve data

by fitting the following convection-radiation heat equation:

43\ dT
psCy (’%) T+ TA[A(T — ) + eo(T* —T4)] = 0 (12)

Calculations assumed specimen emissivity of ¢ = 0.9, constant sample density,
and utilized reported literature values for temperature-dependent heat capacity. Resulting
values are summarized in Table 2 where convective heat transfer coefficient is shown to
increase threefold as pressure increased from atmospheric pressure to 10.3 MPa.

The convective-radiative heat balance can be used to estimate maximum
attainable specimen temperatures as a function of absorbed laser energy and specimen
surface area. Figure 9 shows calculated equilibrium temperatures using estimated heat
transfer coefficients for atmospheric pressure aerodynamic levitation (dashed) and
hyperbaric aerodynamic levitation (solid). Assuming a constant 150 W output laser

power and total hemispherical emissivity of 0.9, specimen temperatures above 2100°C
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should be attainable for 3.0 mm specimens with absorptivity values greater than 0.6 at

10.6 um. To attain higher specimen temperatures, additional laser energy must be

delivered to the sample, which can likely be achieved via combination of optimization of

beam delivery optics, the use anti-reflective coatings on the diamond window used for

laser admittance, or increasing output laser power.

Table 2: Convective heat transfer coefficient calculated from cooling curve data for a
3.000 mm Al>Oz sphere at varying MPa pressures.

Pressure h

(MPa) (W/m?K)
Atmospheric | 300 = 200
2.07 500 + 300
4.14 500 + 200
6.21 700 + 200
8.27 700 + 200
10.3 900 + 200

aE = [oe(T*T4)+h(T-T.)1nd?

T

1.0
50.9- /
o 0-87 X
S 0.7
< 0.61
S 05'
20.41
>
2 0.3
@ 0.2
0.1

25 3.0

35 4.0

Diameter of Sphere d [mm]

Figure 9: Calculated equilibrium temperature versus specimen size using heat balance
equation shown. E is output laser power (150 W), h is convective heat transfer coefficient
(solid lines: 900 W/m?K, dashed lines: 300 W/m?K).
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Concordant with increased convective heat losses, additional laser power was
required to melt the specimen. Figure 10 compares the laser power necessary to
overcome convective heat losses for atmospheric pressure aerodynamic levitation versus
hyperbaric aerodynamic levitation at 10.3 MPa. An increase of approximately 15% of the
maximum laser power corresponding to an additional 60 W was required to attain molten
Al>Oz at 10.3 MPa. This represents a modest increase relative to the total laser power
available (400 W maximum), indicating that materials with even greater melting points
than Al,Oz can be levitation melted in hyperbaric conditions, demonstrating the
feasibility of melting a wide range of specimens at hyperbaric conditions (note: as
temperatures increase further above 2000°C, radiative heat losses are expected to
dominate over convective heat losses such that increased convective heat losses at

elevated pressures may become negligible).
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Figure 10: Apparent temperature vs. output laser power necessary to attain melting of a
3.000 mm Al2O3 sphere in nitrogen at atmospheric pressure and at 10.3 MPa.
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5. CONCLUSION

A hyperbaric aerodynamic levitator for containerless materials research has been
designed and tested. The instrument operates at ambient pressures up to 10.3 MPa and
can attain specimen temperatures greater than 2100°C depending on material
characteristics. Preliminary evaluations of hyperbaric aerodynamic levitation phenomena
indicate stable levitation can be attained across a wide range of flow rates and pressures.
For the nozzle configuration tested, two stable levitation regimes were observed for
lightweight specimens that are speculated to be associated with a change in turbulent
wake structure. Additional simulation and experimentation are recommended to better
understand the effects of flow turbulence on levitation stability.

Output laser power necessary to melt specimens at elevated pressures increased
due to enhanced convective heat transfer with increasing fluid density; however, the
magnitude was modest — approximately 60 W additional output laser power in going
from atmospheric pressure to 10.3 MPa flowing nitrogen necessary to melt a 3.000 mm
Al>O3 sphere. The results demonstrate that hyperbaric aerodynamic levitation is a
promising technique for containerless materials research at high gas pressures. The
extended instrument operating conditions in temperature-fugacity space are expected to
confer two primary benefits for future experimentation: suppressing volatile losses and
accessing new chemical stability regions especially for oxide and/or nitride compositions

via use of high reactive gas pressures.
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APPENDIX

Table A.1: List of Abbreviations.

Abbreviation Term
d diameter of sphere
D diameter of nozzle
Ps density of sphere
p density of fluid
Z/d relative levitation height
standard acceleration due to
g gravity
v Velocity
Q volumetric flow rate
Cq drag coefficient
A momentum flux constant
B cone angle of the nozzle
Fr Froude number
h convective r_]e_at transfer
coefficient
Cp heat capacity
€ Emissivity
o Stefan-Boltzmann constant
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Il. THE MELTING OF ALUMINUM OXYNITRIDE IN A HYPERBARIC
AERODYNAMIC LEVITATOR

1. INTRODUCTION

Aluminum oxynitride (AION — Al23027Ns) is a solid solution from the Al203-AIN
system with a cubic spinel crystal structure as shown in Figure 1.* The y-AION phase,
according to the phase diagram of the Al,Os-AIN system from McCauley and Corbin,? is
centered on 35.7 mol% AIN and will congruently melt at 2165°C at 0.1 MPa. AION
applications include transparent armors, missile domes, and lenses due its optical
transparency in the ultraviolet to infrared range.® AION has a > 80% transmittance in the
wavelength range from ultraviolet to mid-infrared light, as well as excellent mechanical
properties.® Commercially produced AION is reported to have grain sizes on the order of

150-200 pum and relative densities greater than 95%.*

Figure 1: AION cubic spinel crystal structure. Adapted from S.A.T Redfern et al.t
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AION is often referred to as nitrogen stabilized cubic aluminum oxide with 8 Al
cations in tetrahedral sites and 15 Al cations and one vacancy in the octahedral sites.® The
model shown is a unit cell with 32 anions total. This accounts for the AION (x=5) phase
and is as follows: Alas+xys Cls-xys Oz2-x) Nx.> This model shows that as N substitutions
increase, the vacancy content decreases which affects the lattice stability and the lattice
parameter.

There is also a dependence on the lattice parameter with N pressure at
temperatures greater than 2000°C.°> A decrease in the nitrogen content or a shift in
composition towards the Al>Oz side of the pseudo-binary phase diagram is signified by a
reduced lattice parameter.> An increase in the nitrogen content corresponds with a
decrease in the oxygen content, and this change in the ratio can be reflected in the lattice
parameter. A decrease in the nitrogen content has been observed with an increase in the
N2 pressure, possibly attributed to the suppression of the oxygen rich vapor phase, Al.O,
with increased pressure.®

AION was chosen to be studied as it is one of the most stable oxynitrides due to
the material not fully decomposing at atmospheric pressure. By changing the N2 gas
pressure, it is expected that there will be a shift in the lattice parameter and potentially a
different phase composition depending on the gaseous environment. The goal of this
study was to utilize a hyperbaric aerodynamic levitator to examine the effect of N>
pressure on phase formation and lattice parameters. AION specimens were melted at

atmospheric pressure and 10.3 MPa in N2, as well as at atmospheric pressure in air.
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2. MATERIALS PREPARATION

To produce phase pure AION samples, there are multiple processing routes;
however, the reaction sintering of Al203 and AIN was chosen for this study. The raw
materials used for the synthesis of AION were 64.3 mol% Al>Os (BeanTown Chemical
99.95 wt.%, alpha phase) and 35.7 mol% AIN (BeanTown Chemical). Powders were ball
milled for 24 hours with 3 mm alumina media in an ethanol medium. Once dried, the
powders were compacted and pressed into 13 mm diameter pellets with a pressure of 280
MPa. Pellets were sintered in a graphite furnace with a heating rate of 10°C/min at
1950°C for 4 hours with a cooling rate of 10°C/min. Pellets were placed in a graphite
crucible lined with boron nitride sprayed GraFoil (NeoGraf) to reduce contact with
graphite and possible carbon contamination. Furthermore, the pellets were immersed in a
powder bed of Al.Ozand AIN powder. Figure 2 shows the resulting pellets were phase

pure AION.
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Figure 2: XRD of AION (PDF card number: 01-080-2173) pellet pressureless sintered at
1950°C for 4 hours.
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Samples were cut and polished to have a non-cuboidal shape. Pellets were cut into
3.5 mm cubes using a Chevalier FSSG-618 surface grinder fitted with a diamond cutting
blade. To reduce the size further and spheroidize the samples, a Struers LaboPol-5
polishing equipment was used. Samples were manually polished on the wheel with a
coarse 80 grit SiC grinding pad. This allowed for large removal of the edges and corners

to produce noncuboidal samples with a size of approximately 3 mm.

3. ALUMINUM OXYNITRIDE MELTING

Levitated AION samples were melted with a 400 W maximum continuous wave
CO2 (CW COy) laser at atmospheric pressure and 10.3 MPa in an ultra-high purity N2
atmosphere and at atmospheric pressure in air to assess the effect of gas atmosphere and
pressure on the chemistry of the samples. At atmospheric pressure, a volumetric flow rate
of 1.20 SLM was supplied for levitation and an output power of 185 W was used to
achieve melting, while at 10.3 MPa, a volumetric flow rate of 4.50 SLM was supplied,
and an output power of 200 W was necessary for melting. An image from the melting
process of these specimens is shown in Figure 3. As samples were not perfectly spherical,
stable levitation was not able to be achieved, leading to samples not being fully melted.
As seen in Figure 4, regions of the spheres melted at atmospheric pressure and 10.3 MPa
did not melt, as indicated by the remaining non-spherical shape of the sample. This was
similarly observed at atmospheric pressure in air. An attempt to achieve full melting was
made by completing two runs with the sample being flipped between each run, allowing

laser access to the “top” and “bottom” of the sample.
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Figure 3: Specimens melting in N> at (a) atmospheric pressure and (b) 10.3 MPa.

3mm

Figure 4: Specimens melted in N2 at atmospheric pressure (left) and at 10.3 MPa (right)
with melted regions visible by the dome structure and unmelted regions noted by non-
spherical shapes.

Upon melting the sample in N> at atmospheric pressure, some smoking from the
sample and a total mass loss of 5.68 wt.% was observed. Two samples were melted at
10.3 MPa: one sample melted once and one sample melted in two separate runs on both
the “top” and “bottom”. Upon melting, no smoking was observed from these samples,

and a dome was formed on sides in contact with the laser. The sample melted once
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showed no measurable mass loss, and instead a small mass gain of 0.06 wt.% was
recorded. Similarly, the sample melted twice showed a total mass loss of 0.27 wt.%.

These mass changes are summarized in Table 1.

Table 1: Mass change of samples melted in changing pressure conditions and gas

mediums.
Mass Change (wt.%0)
Pressure Gas Medium First Melt Trial | Second Melt Trial
Atmospheric N2 -2.87 -5.68
Atmospheric Air -3.82
10.3 MPa N2 +0.06
10.3 MPa N2 +0.06 -0.27

To compare the effect of the gas environment, a sample was melted in air at
atmospheric pressure. This sample, prior to reaching the molten state, at an approximate
apparent temperature of 1600°C, shattered, expanded, and oxidized to form Al.Oz. The
recovered sample can be seen in Figure 5, showing unreacted material with the initial
grey coloring and Al>O3, as indicated by the white phase. As shown in Table 1, a mass
loss of 3.82 wt.% was observed. However, not all material losses could be accounted for
with this sample.

X-ray diffraction (XRD) was performed to attain a qualitative comparison of
unmelted specimens and specimens melted at atmospheric pressure and 10.3 MPa. Figure
6a shows the XRD pattern for the “top” of the specimen melted in N at an atmospheric
pressure, while Figure 6b shows the XRD pattern for the “top” of the specimen melted in
N2 at 10.3 MPa. The collimated X-ray beam was aimed on the “top” of the specimens, in

the melted zone. A 2 mm mask was used in an attempt to have a beam size on par with
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the size of the specimen. However, due to the spherical shape of the specimens and the
texture of these samples, the phases identified were considered qualitative and noise is

present.

Figure 5: Sample processed in air at atmospheric pressure showing the formation of
Al,03 with remaining unoxidized AION.

Nevertheless, the difference in the phase composition of the two samples
processed at different conditions was discernable. At 10.3 MPa, the specimen appeared to
be single phase AION; however, at atmospheric pressure, there appeared to be the
presence of another phase, tentatively identified as AIN, possibly due to Al2O losses. The
initial qualitative analysis indicated that increased N2 pressure was necessary to retain the
pure AION phase, and decomposition occurred at atmospheric pressure. Further
characterization is necessary to determine the decomposition pathway. XRD can
additionally be used to determine the lattice parameter, which is affected by the nitrogen
content and the overall N2 pressure. However, this could not be attained using available

laboratory XRD without destructive sample preparation.
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Figure 6: XRD with identified peaks of AION specimens melted at (a) atmospheric
pressure and (b) 10.3 MPa.

Additional XRD data is necessary to understand phase composition. Performing
measurements with a synchrotron beamline would allow for more precise data that would
allow for further information on phase preservation and lattice parameters to be gathered.
The different processing environments are likely to cause a lattice parameter shift, as
pressure and nitrogen content have been shown to affect lattice parameter. A gradient in
composition can also be expected across the sample. Different phases and lattice
parameters might be observed when comparing the umelted region, the region melted
once, and the region melted twice.

Additional characterization to be completed includes X-ray photoelectron
spectroscopy (XPS) to obtain information on the chemical state, electronic structure, and
bonding. LECO oxygen/nitrogen analysis can be utilized to determine the oxygen and
nitrogen content of the samples. Cross sections of the samples can be prepared for
scanning electron microscopy (SEM) to view the materials’ microstructure and Energy
Dispersive Spectroscopy (EDS) for elemental composition information. This is scheduled

to be conducted March 2023.
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4. CONCLUSION

AION specimens were melted in a hyperbaric aerodynamic levitator at varying
conditions to determine the effect of gas medium and N2 gas pressure on the phase
composition of levitated samples. The sample melted in N> at atmospheric pressure noted
a total mass loss of 5.68 wt.% after two runs, while the specimen melted in a N2 gas
atmosphere with a pressure of 10.3 MPa experienced a total mass loss of 0.27 wt.%.
XRD phase compositions identified were qualitative and inconclusive; however, it can be
noted that the two samples showed a difference in phase composition after melting. The
specimen processed in air at atmospheric pressure oxidized and did not reach the melting
point, exhibiting a mass loss of 3.82 wt.%. Further characterization is recommended with
a synchrotron beamline. These results will provide quantitative XRD measurements to
determine phases present and lattice parameters. Other characterization techniques,
including XPS, LECO oxygen/nitrogen analysis, and SEM can be performed to
characterize these specimens. This ongoing work will be completed and submitted for

publication in the spring of 2023.
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I11. THE MELTING OF CHROMIUM NITRIDE IN A HYPERBARIC
AERODYNAMIC LEVITATOR

1. INTRODUCTION

Within the chromium-nitrogen system, two nitrides are present: CrN (cubic) and
Cr2N (hep). Chromium nitrides are important materials used frequently as coatings to
protect against wear and corrosion.* Additionally, chromium nitrides provide hot
corrosion resistance.*®> Chromium is used as an alloying element and chromium nitride
formation is beneficial in steels to increase hardness and toughness.®® Nitrides are of
great interest; however, processing of chromium nitride can be challenging due to the
decomposition of the material.

As an important high temperature material, understanding the behavior of
chromium nitride at elevated temperatures is of interest. According to the phase diagram,
Crz2N has a melting point of approximately 1750°C at a N, pressure of 10 atm (1 MPa).®
However, at atmospheric pressures, CraN will decompose at temperatures of 1550°C to
metallic Cr with total loss of nitrogen content. In order to avoid decomposition of this
phase, an increased N2 pressure is necessary.

2CTy,N 2 4Cr + Ny () AGS, = —35.343k] at T = 1750°C (1)

To study the effect of N2 pressure on the decomposition behavior of Cr2N, a
hyperbaric aerodynamic levitator was utilized to process samples at atmospheric and
elevated pressure. The goal of this study was to demonstrate the benefits of containerless
melt processing under high N2 pressure for CroN. This was completed by selecting a

target specimen temperature in the liquid phase field and melting at atmospheric N2
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pressure and 5.52 MPa (800 psi), a pressure exceeding the decomposition pressure at
1750°C. After melting, samples were recovered for ex-situ phase and elemental analysis

to determine whether the elevated pressure preserved the phase composition.

2. MATERIALS PREPARATION

To produce dense phase pure chromium nitride samples for levitation studies, a
commercial CrN and CraN powder mixture (Alfa Aesar) was hot-pressed. The as-
received powder as shown in Figure 1a had an initial phase composition of metallic
chromium (Cr) and a two-phase chromium nitride mixture, CrN and Cr2N. Powder was
loaded and compacted into a 25 mm graphite die before being hot pressed at 1300°C for
1 hour at 30 MPa with a heating and cooling rate of 20°C/min in a flowing N>
atmosphere. The X-ray diffraction (XRD) results shown in Figure 1b of the hot-pressed

billet demonstrate the material is phase pure upon equilibration.
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Figure 1: XRD identifying Cr (PDF card number: 00-006-0694), CrN (reference code:
01-076-2494), and Cr2N (PDF card number: 00-035-0803) for (a) initial commercial
CrN-Cr2N powder mixture and (b) billet after hot pressing at 1300°C for 1 hour with 30
MPa.
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Similar to the AION sample processed in the previous section, these samples were
required to be spherical or non-cuboidal for aerodynamic levitation. Pellets were cut into
3.5 mm cubes using a Chevalier FSG-618 surface grinder fitted with a diamond cutting
blade. To reduce the size further and spheroidize the samples, a Struers LaboPol-5
polishing equipment was used. Samples were manually polished on the wheel with a
coarse 80 grit SiC grinding pad. This allowed for large removal of the edges and corners

to produce noncuboidal samples with a size of approximately 3 mm.

3. CHROMIUM NITRIDE MELTING

CroN samples were melted with a 400W maximum CW CO: laser in the
hyperbaric aerodynamic levitator in an ultra-high purity N2 environment at both
atmospheric pressure and an elevated pressure of 5.52 MPa. As Crz2N is sensitive to
oxygen due to Cr203 being very stable, an oxygen getter was installed to remove any
residual O.. This allowed for the gas stream to get down to 100PPT O, but limited the
maximum pressure that could be achieved. At atmospheric pressure, 1.2 SLM was
supplied for levitation and an output power of 200 W was necessary for melting, while at
5.52 MPa, 5.0 SLM was supplied for levitation and an output power of 260 W was
required for melting. Due to the samples not being fully spherical, stable levitation was
not achieved and melting was not uniform through the entirety of the sample. This
nonuniform melting left a gradient on the samples, where the “top” (the point of laser
contact) formed a dome from being molten and the “bottom” (the side not melted)

remained slightly non-spherical.
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The pyrometer read an apparent temperature in the range of 1400-1500°C while
the specimen was molten. However, these values were associated with an emissivity
value of 0.92, which is not standard for reflective metallic samples. This specimen
appeared very similar to a metallic specimen due to the shiny, reflective surface. This
metallic appearance made coupling with the laser more difficult, and emissivity corrected
temperature could not be measured. The temperatures reached were likely higher than
reported by the pyrometer due to its smaller emissivity value.

The sample melted at atmospheric pressure demonstrated a rapid volatilization
once reaching the melting temperature. Figure 2 shows an image of the sample in the
chamber after reaching the melting point. As shown in Figure 3, large amounts of

material were lost, and the sample showed a total mass loss of 60.22 wt.%.

2 mm

Figure 2: Melting of Cr2N sphere at atmospheric pressure with spalling of material during
heating.
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Figure 3: Specimens melted at atmospheric pressure (left) and 5.52 MPa (right) showing
“top” melting regions and non-spherical unmelted regions.

When considering that the temperature was likely higher than the recorded
pyrometer value, this 60.22 wt.% mass loss could correspond with the decomposition of
Cr2N as the mass change from Cr2N to Cr metal was expected to be 11.86 wt.%. The
observed value was in excess of the expected decomposition mass change, so additional
material was lost via other mechanisms (e.g., Cr volatilization) as seen in Figure 2.

In comparison, the specimen melted at 5.52 MPa showed a significantly smaller
total mass loss of 23.64 wt.%, and as visually seen in Figure 3, the material size did not
see significant decrease when compared to the sample melted at atmospheric pressure.
The increased fluid density of the N2> demonstrated the capability of suppressing
volatilization. However, this mass loss was in excess of the decomposition of CrzN,
indicating that additional material was lost by another mechanism. This mass loss
occurred over a longer exposure time when compared to the sample processed at
atmospheric pressure. Initially, the chamber was pressurized to 5.52 MPa; however, the

laser did not properly couple with the specimen and a molten state was not achieved. To
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achieve this molten state, the pressure of the system was lowered to 1.38 MPa to reduce
the convective heat transfer losses. The specimen was successfully melted at this
condition, evident by a dome forming on the top of the specimen where the laser came
into contact. The laser was then refocused and a successful attempt was made to achieve
a molten state at 5.52 MPa.

To understand the decomposition of Cr2N at atmospheric pressure and the effect
of elevated nitrogen pressure, FactSage was utilized to construct phase diagrams at
atmospheric pressure (1 atm) and 5.52 MPa (54 atm) as shown in Figure 4.1° This was
calculated using the Spencer Group database for carbide, boride, nitride, and silicide
systems (SMCBN). As confirmed by these diagrams, CraN does not achieve congruent
melting at atmospheric pressure; however, it is achieved at 5.52 MPa. The Cr2N phase
extended as the N> pressure increased. At a temperature of 1800°C (estimated to be near
the actual achieved temperature), the nitrogen content for the liquid was decreased to
16.2 mol% at atmospheric pressure when compared to the nitrogen content of 32.3 mol%

at elevated pressure of 5.52 MPa.
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Figure 4: Phase diagrams of the Cr-N system constructed with FactSage (SMCBN) at (a)
atmospheric pressure (1 atm) and (b) 5.52 MPa (54 atm).
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XRD was performed on the melted “top” surface of both specimens to compare
the phase composition. A 2 mm mask was used to reduce the beam size. However, the
spherical shape and size of the specimens interfered with XRD measurements, providing
only a qualitative comparison between the specimens. Figure 5 shows the phase
compositions from XRD, which were determined to be inconclusive due to the sample
shape and size and large beam size. On Figure 5a, the CroN sample melted at atmospheric
pressure showed a peak at 67.5° that lines up with CroN. However, an accurate
determination of the phase composition was difficult to achieve due to the large beam
size and the inhomogeneity of the sample. No other peaks were discernable on this plot.
Similarly, Figure 5b showed no clear phase composition identified. To attain clear phase
composition, samples are planned to be analyzed with a synchrotron beamline. This
would provide a more accurate assessment of the phases present to better understand the
phase preservation at elevated pressures and compare it to the decomposition that

occurred at atmospheric pressure.
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Figure 5: XRD of melt surface of Cr.N sphere at (a) atmospheric pressure and (b) 5.52
MPa.
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Additional characterization to be completed includes LECO oxygen/nitrogen
analysis to determine the oxygen and nitrogen content of the samples. Cross sections of
the samples will be prepared for scanning electron microscopy (SEM) to view the
materials’ microstructure, and Energy Dispersive Spectroscopy (EDS) can provide

elemental analysis. This is scheduled to be conducted March 2023.

4. CONCLUSION

A hyperbaric aerodynamic levitator was used to melt Cr.N at atmospheric
pressure and an elevated pressure of 5.52 MPa to compare the effect of surpassing the
decomposition pressure on the phase preservation. At atmospheric pressure, the specimen
was expected to exhibit phase decomposition and a net loss of nitrogen content. This
specimen demonstrated a significant weight loss of 60.22 wt.%; however, phase
compositions identified with XRD were inconclusive due to the textured sample, as well
as specimen shape and size. In contrast, the sample processed at a pressure above the
decomposition pressure was expected to preserve the initial phase composition. This
specimen had a smaller weight loss of 23.64 wt.%, and the XRD results were not able to
conclusively show the phase present. Additional characterization, including XRD with a
synchrotron beamline, is recommended for more conclusive results. This ongoing work

will be completed and submitted for publication in the spring of 2023.
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SECTION

3. CONCLUSION

The research presented in this thesis focused on the development, testing, and use
of a hyperbaric aerodynamic levitator. Hyperbaric aerodynamic levitation offers two
main benefits in materials containerless processing research: suppression of volatile
losses and the access of new chemical stability regions not achievable at atmospheric
pressure conditions. The levitator was designed to operate at temperatures greater than
2000°C and pressures ranging from atmospheric to 10.3 MPa.

The levitation behavior was studied with varying sample size, sample density,
pressure, and flow rate. Specimens of differing sizes and densities were systematically
levitated with varying flow rates from 0-5.0 SLM and pressures ranging from
atmospheric to 10.3 MPa. Levitation behavior was characterized by the vertical
displacement of the specimen with increasing flow rate at a given pressure and stable
levitation regimes were determined. As the volumetric flow rate increased at a given
pressure, the vertical displacement increased for specimens of varying size and density.
Additionally, as the pressure increased, the vertical displacement decreased for specimens
of varying size and density. To understand the trends observed, the drag force was
calculated for the changing experimental conditions. For lightweight specimens with
diameters ranging from 2.5-3.5 mm, two stable levitation regimes were noted with
increased pressure. This suggested that a change in drag force occurred with an

increasing flow rate with a magnitude sufficient to displace the stable levitation position.
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A change in the turbulent wake structure was speculated to be associated with the two
observed stable levitation regimes for the lightweight specimens.

The convective heat transfer behavior of a levitated molten 3.0 mm diameter
Al>O3 specimen was studied upon heating and cooling. The Al>O3 specimen was melted
with a CW CO: laser to temperatures greater than 2000°C at a range of N2 pressures from
atmospheric to 10.3 MPa. The apparent temperatures of the specimens were recorded by
optical pyrometry, and these values were used to create cooling curves of the levitated
Al>0O3 liquids as a function of N2 pressure. The convective heat transfer coefficients were
calculated from these cooling curves by fitting a convection-radiation heat equation. The
convective heat transfer coefficient was shown to increase threefold as the pressure
increased from atmospheric pressure to 10.3 MPa.

Along with determining the convective heat losses due to the increased fluid
density, additional output laser power was necessary to melt specimens at elevated
pressures. The necessary output laser power was compared at atmospheric pressure and
10.3 MPa, and it was determined that approximately 60 W additional laser power was
required to melt the Al>Os specimen at 10.3 MPa. As this increase is modest compared to
the total output laser power available, it was determined that materials with greater
melting temperatures could be melted using the hyperbaric aerodynamic levitator at
elevated pressures. This study demonstrated that hyperbaric aerodynamic levitation is a
promising technique for materials containerless processing research.

With the proven capability of a hyperbaric aerodynamic levitator, two materials
were studied with this system: AION and Cr2N. AION pellets of 35.7 mol% AIN were

sintered, cut, and polished into specimens for levitation in the hyperbaric aerodynamic
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levitator. These samples were melted with a CW COz laser at atmospheric pressure and
10.3 MPa in an ultra-high purity N2 gas, as well as at atmospheric pressure in air.
Specimens did not achieve a fully molten state in any trial, despite repeating some trials
with the sample flipped to melt the “top” and “bottom”. At atmospheric pressure after
two runs, a total mass loss of 5.68 wt.% was noted, while at 10.3 MPa after two runs, a
total mass loss of 0.27 wt.% was observed. In air, the specimen did not reach the molten
state and instead oxidized to form Al>Os. A mass loss of 3.82 wt.% was observed for the
specimen levitated in air.

A qualitative XRD was performed on the “top” of the specimen melted twice at
atmospheric pressure and 10.3 MPa. These initial results were not clear due to the sample
size and shape as well as the texture of the sample. However, initial results indicated
there were two phases present in the specimen melted at atmospheric pressure, while only
the AION phase was identified in the specimen melted at 10.3 MPa. N2 pressure was
expected to influence the lattice parameter and cause a shift due to the changing nitrogen
content. The lattice parameter was expected to decrease with the increasing pressure due
to the reduced nitrogen content from the suppression of Al.O vapor. However, the lattice
parameter was not able to be calculated due to the unclear phase identification; however,
work with a synchrotron beamline could provide these results.

Additionally, Cr2N specimens were sintered and processed for study with the
hyperbaric aerodynamic levitator to determine the effect of N2 pressure on decomposition
and phase formation. Specimens were melted with a CW CO; laser at atmospheric
pressure and 5.52 MPa in N2 gas. At atmospheric pressure, CroN will decompose at

temperatures of 1550°C and assume a net loss of nitrogen content. To avoid
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decomposition of the phases, an increased N2 pressure is necessary, as Cr2N has a melting
point of approximately 1750°C when reaching a pressure of 1 MPa. When melted at
atmospheric pressure, the Cr2N specimen experienced a mass loss of 60.22 wt.% and
spalling of material was observed once the molten state was achieved. In contrast, at 5.52
MPa, no visual loss of the sample mass was observed, and the mass loss was 23.64 wt.%.
This supported the theory that increased pressure will suppress volatilization, and
elevated pressure was necessary to maintain the initial phase. XRD of the two Cr2N
specimens was inconclusive due to the sample size, shape, and texture. However, initial
phase composition identification showed that CroN was still present after processing at
both atmospheric pressure and 5.52 MPa. To improve the quality of XRD results,

samples can be analyzed with a synchrotron beamline.
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4. FUTURE WORK

This research has demonstrated the feasibility of a hyperbaric aerodynamic
levitator for materials containerless processing. However, further improvements can be
made to the system to allow for future studies of materials. For example, a new chamber
design could allow for improved optical pyrometry, as the current design only has two
90° access windows.

The conical nozzle used for aerodynamic levitation can be designed to have
different flow patterns. The converging-diverging nozzle cone semi-angle can vary from
30-60° and the orifice diameter can change as well. A future study could be completed to
determine the optimal nozzle design for this system and assess whether different nozzles
are best suited in different pressure regimes. Flow simulations and tests with a series of
nozzles could be performed to understand the optimal design for stable levitation.
Computational fluid dynamics (CFD) could be performed to study the effects of nozzle
design on the levitation height achieved and levitation stability.

Additionally, further characterization for the two materials presented in this
thesis, AION and Cr2N, would provide more conclusive results on the phases present and
lattice parameters. Preliminary XRD has provided some qualitative information on the
phase composition, but further information is necessary to fully characterize the effect of
increased N2 pressure. A synchrotron beamline can be used to provide XRD results for
the materials melted at varying pressure conditions. This can also further provide lattice
parameters for the AION samples to understand if shifts occurred due to the increased N>

pressure. Additional characterization to be performed includes XPS to gain bonding and



chemical information, LECO oxygen/nitrogen analysis, and SEM for microstructure
imaging.

Completing improvements to the current system and understanding the results
from the current nitride studies opens the possibility of future studies with a variety of
materials. Future experiments can be completed by melting other materials that have a
pressure dependence on decomposition or phase formation, including further work into
high temperature nitrides. This hyperbaric aerodynamic levitator has a large impact on
the future of materials research by allowing for the study of materials that are limited at
atmospheric pressures. Phases that decompose at high temperatures and atmospheric
pressures can be studied and measurements can be performed. This work can allow for
the formation of novel phases and materials and provide a deeper understanding of the

behavior and properties of molten materials under hyperbaric conditions.
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