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Abstract of the Dissertation
Thermal spray as a processing tool for the functional oxides
by
Su Jung Han
Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University

2015

Functional oxides are important classes of materials that show a wide range of electrical
and magnetic behaviors for electronics, sensors and energy harvesting/storage applications. In
order to utilize these materials and their electrical characteristics, many fabrication methods are
being used, such as chemical vapor deposition, physical vapor deposition and screen printing, to
build thin or thick film multi-layer electronic devices. However, those existing methods require
high temperature or numerous sintering processes following the deposition which restrict
substrate and material selection due to chemical/mechanical stability requirements among the
multi-layers. Also, in some conditions, they need a sizable vacuum chamber for a large scale
deposition in order to commercialize the devices, and even then the cost of manufacturing is still

expensive.

Thermal spray is a directed melt-spray-deposition process in which powdered feedstock
is injected into a high temperature thermal plasma/flame and propelled towards a prepared

substrate with high velocity. The coating is built up by successive impingement and rapid



solidification of the impacting droplets. The process allows significant material versatility and
application flexibility with inherent scalability, with near ambient substrate temperatures.
However, upon rapid quenching, the particles contain structural disorder and produce
architectural defects such as pores, cracks, and interfaces within the coating. Compositional
changes of the particles via decomposition or preferential species volatilization from the thermal
and chemical gradient interactions experienced are also included in the deposit. These factors,
together with process-induced residual stresses can affect electrical properties and functional
performance, and have limited the application area only to the protective coatings such as

thermal barrier, wear and corrosion resistance coatings.

The goal of this dissertation is to elucidate the new opportunities for thermal spray as a
fabrication method for functional oxide coatings by deliberately controlling the process
parameters in order to achieve the required functionalities. The aims of this thesis are to provide
a scientific understanding of thermal spray parametric effects, using the plasma/flame as an
energetic reactive source that affects stoichiometry of the functional oxide materials and trapped
states due to rapid solidification. These depositional parameters affect the electrical/magnetic and
protective functional performances which are evaluated by examination of the process-
microstructure-phase-functional properties relations for solid oxide fuel cells and thermoelectric

applications.
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1. Introduction

Functional oxides are important classes of materials because of a tunability of their
physical properties due to their structural characteristics: cations with mixed valence states, and
anions with deficiencies [1]. By controlling either cations (dopants and ratio of doping) or anions
(level of oxygen vacancies) or both, the electrical, optical, magnetic and chemical properties can
be varied. The structural diversity of functional oxides induces new phenomena and applications
such as dielectricity, semiconductivity, superconductivity, ferroelectricity, and magnetism for
emerging technologies such as electronic components (complementary metal-oxide—
semiconductor (CMOS)), sensors and energy harvesting/storage (solid oxide fuel cells (SOFCs),
thermoelectrics, batteries) applications [2]. In addition, their thermal stability with a small range
of thermal expansion as well as high toughness compared to those of metals has enabled a focus
on these materials for high temperature applications with robust performance. The functional

oxide materials are classified by their functional application area and summarized in Table 1.1.

Traditionally, functional oxide materials are widely used for dielectric application such as
capacitors, resonators, antennas and metal-oxide-semiconductor field-effect transistors
(MOSFETS) due to their stable and excellent electrical isolation properties. In order to enhance
the performance (high dielectric constant, low dissipation factor, yet resistance to ionization)
with reducing cost for commercialization, countless endeavors are being made in both research
and industry sides by discovering new class of materials and processes as well as new designs of
device architecture. For example, silicon dioxide (SiO2) has been widely used as a gate oxide
material in MOSFET due to its good electrical insulation and high chemical stability [3].

However, leakage currents comprised of tunneling, which deteriorates power consumption and



device reliability, drastically increased as demanding of decrease in size of device as well as gate
thickness accordingly in order to increase the gate capacitance and thereby easily drive current,
raising device performance [4]. Thus, replacing the silicon dioxide gate dielectric with a high-«
material such as HfSiO4, ZrSiO4, HfO2, and ZrO; depositing via atomic layer deposition (ALD)

is considered to increase gate capacitance without the associated leakage [5-8].

The most notable part that made be paid attention to the functional oxides is
semiconducting behaviors. Metal oxide semiconductors are crystalline or amorphous solids with
size of band gap usually lesser than 3 eV that attribute temperature (T) dependent electrical
characteristics, i.e. electrical conductivity increases as T increase. There are two types of
semiconductors, p- and n-types classified by types of charge carriers, holes and electrons. The
charge carrier concentration can be controlled by either cations (dopants and ratio of doping) or
anions (level of oxygen vacancies), thus, the electrical conductivity of oxide materials could be
manipulated. The potential bias is generated by making junction with different charge carrier
(concentration) of semiconductors, this junction enables the metal oxide semiconductors as good
candidates for diodes, transistors and all modern electronic and energy harvesting applications.
For example, indium tin oxide (In203-SnO2, ITO) is one of the widely utilized electrode
materials for flat and flexible displays as well as solar cell applications due to its ability of
transparency with thermal and chemical stability and suitability of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels to the other
cell components for electrical transport [9-10]. LSM (La1xSrxMn0Q3,0 < x < 0.5) perovskite is a
popular cathode material in SOFCs because it provides high electrical conductivity and good
electrochemical performance with oxygen affinity [11-12]. In addition, thermoelectric property

of oxide semiconducting materials plays an important role in sensor and thermoelectric



generator/refrigerator applications. For instance, TiO2 could be a good alternative oxygen

sensing materials in catalytic convertor instead of expensive noble metals [13].

Oxide phosphors are often transition metal compounds that exhibit luminescence i.e.
includes both phosphorescence (shows a slow decay in brightness (> 1 ms)) and fluorescence
(the emission decay takes place over tens of nanoseconds). Phosphorescent materials are known
for their use in radar screens and glow-in-the-dark toys, whereas fluorescent materials are
common in cathode ray tube (CRT) and plasma video display screens, sensors, and scintillator in
white light emitting diodes (LEDs). Inorganic phosphors emit light by luminescence through
emission centers not by all atoms and these inhomogeneities in the crystal structure are created
usually by addition of a trace amount of dopants (impurities) called activators. For example,
cerium(I11)-doped yttrium aluminum garnet (Ce-YAG, or Ce3*-Y3AlsO12) is often coated on blue
light emitting material for generating white-LEDs by absorbs the light from the blue LED and
emits in a broad spectra from green to red [14]. Another application of the oxide phosphors is
phosphor thermometry in thermal barrier coating (TBC) in gas turbine engine (yttria-stabilized
zirconia co-doped with europia (Eu-YSZ) [15] and YSZ co-doped with dysprosia (Dy-YSZ) by

capturing temperature dependent decay [16].

Superconductors which carry electrical current without energy dissipation when they are
cooled below critical temperature or superconducting transition temperature (Tc) are one of
important roles of functional oxide materials. The superconducting state emerges at T¢ from
interactions of electrons that first form Cooper pairs. These Cooper pairs condense into the
superconducting state, marked by macroscopic spatial coherence that results in the zero-
resistance state. High-T¢ superconductivity (HTS), which shows zero resistivity above liquid N2

temperature, is discovered oxide system (Ba-La-Cu-O) in 1986 by Bednorz and Muller [17].

3



Since HTS materials have been discovered, scientists have been continuously trying to employ
HTS oxide materials in the electricity transmission and utility industry due to their potential cost
saving by using N2. There are several criteria which the “ideal” superconductor for energy
transportation and storage must meet such as the highest possible critical current density (Jc) and
higher upper critical field (Hc2). Superconductor has the ability of attaining high magnetic field,
important for superconducting motors, generators, and SMES (superconducting magnetic energy
storage). The upper critical field (Hc2) is the highest field at which superconductivity is finally
suppressed, and hence sets the limit for high field applications. The current-carrying capability,
measured by Jc, is governed by vortex pinning strength, which depends fundamentally on the
intrinsic anisotropy of the superconducting state, and is determined by the ability of defects in
superconductors to pin the superconducting vortices carrying the magnetic flux [18]. In addition,
the superconducting state is affected by mass anisotropy and critical current anisotropy, which
would ideally be minimized. Superconductivity can be suppressed or maintained depending on
the orientation of the crystallographic axis with respect to the applied magnetic field. Thus,
developing higher T¢, Jc and Hc materials while understanding the origins of their field
anisotropic properties are important issues to be solved in order for develop superconductors for

energy applications.

Ferrite are electrical insulating and magnetic moment containing transition metal oxides
composed of iron oxide (MO-Fe203) combined chemically with one or more additional divalent
metallic ions (M) such as Co?*, Fe?*, Mg?*, Mn?*, Ni%*, Zn?*[19-21]. Ferrites can be divided into
two families based on the value of magnetic coercivity; value of applied external magnetic field
to be demagnetized. Hard ferrites having high coercivity are usually composed of iron oxide and

alkali earth metal ions such as BaFe12O19 and SrFe12O19. They are used to make magnets, for



devices such as refrigerator magnets, loudspeakers and small electric motors. Soft ferrites having
low coercivity are useful in the electronics industry to make ferrite cores for inductors and

transformers, and in various microwave components.

Many fabrication methods such as atomic layer deposition (ALD), chemical vapor
deposition (CVD), physical vapor deposition (PVD), dip coating, electrophoretic deposition,
spark plasma sintering and screen printing are being developed to build thin or thick film multi-
layer electronic devices with the functional oxide materials (see Scheme 1.1). CVD is one of the
popular methods for depositing refractory functional oxide thin films by a chemical reaction at
the vicinity of any given substrates using thermal activation [22]. Thin film transistors (TFTs)
are three terminal field-effect devices, whose working principle relies on the modulation of the
current flowing in a semiconductor placed between two electrodes (source and drain). A
dielectric layer is inserted between the semiconductor and a transversal electrode (gate), being
the current modulation achieved by the capacitive injection of carriers close to the
dielectric/semiconductor interface [23-24]. Scheme 1.2 shows the most common TFT structures.
This multicomponent-subsequent thin layered device structure is accomplished by usually state
of the art CVD process but also the processes above. Despite their ability to be deposited from
nanometer scale to traditional thick-film-based mesoscale 10 um to millimeter dimension to
facilitate new generation electronic devices, these existing methods require multiple steps during
fabrication involving high temperature and associated numerous sintering processes, following
right after the deposition. These treatments restrict substrate and material selection due to
chemical/mechanical stability among the multi-layers. The comparison of the substrate
temperature and applicable thickness of coating deposition techniques are presented in Scheme

1.3. In addition, fabrication-under-vacuum schemes in a large scale deposition are generally



required to commercialize the devices, however this raises the cost of manufacturing
significantly. Moreover, the relatively slow production rate of existing methods is a barrier for
the commercialization of the devices to keep up with the excess energy demand. Thus,
fabrication techniques that enable large scale manufacturing with material flexibility, efficient

productivity and reasonable cost are in demand.

Thermal spray process is a surface coating deposit method by injecting desired feedstock
materials (powder or wire) into a high thermal energy source such as electric arc (6,000 to
15,000 °C) or combusted flame (95 to 205 °C for wire flame, 2500 to 3100 °C for high-velocity
oxy fuel) [25]. The molten/semi-molten particles are accelerated with high velocity (50 — 1000 m
s'1) and impacted on the substrate. The resultant deposit is built up by successive impingement of
these rapidly quenched (108 K s1) droplets (splats) resulting in a thick film or coating (50 um —
several mm thickness scale) (see Scheme 1.4). Since Schoop firstly deposited metallic coatings
by pouring molten metal into a gas stream in 1910, there has been successful progression for
more than five decades for depositing metallic and ceramic coatings in wide ranging applications
from aero- and land-based gas turbines, engineering machinery, biomedical implants and for
reclamation. (See Scheme 1.5) The high throughput, material/substrate versatilities, low substrate
temperature and scalability with respect to component size and number has allowed thermal
spray to be a highly competitive and cost effective materials manufacturing technology [26-29].
However, upon rapid quenching, the particles contain structural disorder (metastable phases) and
produce architectural defects such as pores, cracks, and interfaces within the coating (see
Scheme 1.6). Compositional changes of the particles via decomposition or preferential species

volatilization from the thermal and chemical gradient interactions experienced during flight are



also included in the deposit. These factors, together with process-induced residual stresses can

affect electrical properties and functional performance.

In recent years, the scientific methodologies have been established to extend the
capabilities of thermal spray for functional systems [30-33]. The concept of process maps, stress
and microstructure evolution dynamics, and property assessments developed for the zirconia-
based thermal barrier coating systems can be readily extended to functional oxides i.e.
La(Sr)MnOs (LSM). However, additional requirements of phase stability, chemical
stoichiometry, and disorder should be considered during process parametric analysis to retain the
material functionalities. Finding optimum performance is highly complex to interpret and map,
but is needed to direct and accelerate materials and process development. For example, plasma
sprayed MnZn ferrite coatings (MZF) with feedstock stoichiometry of Mnos2Zno.4gFe204 are
extensively studied by Yan et al. in order to provide scientific understanding of the plasma spray
process-structure-functional property relationships of ferrites [33-38]. First of all, the as-sprayed
coating contains wustite (FeO) phase at the grain boundaries attributed to oxygen loss in the
reductive environments in the plasma flame, but the resultant secondary phase is readily
converted to hematite (Fe2Oz) upon post annealing treatment (500 °C for 30 min in air). This
indicates that the oxidation state of Fe changed during processing from Fe3* to Fe?*. Second, the
stoichiometry of as-deposited coating shows deviations from that of the original feedstock due to
the preferential Zn vaporization during plasma spraying which led to disorder in the structure.
Thus, the compositional changes in as-sprayed coating affect degradation of saturated
magnetization. Recently, systematic study in parametric effect on stoichiometry, microstructure,

and magnetic properties of plasma sprayed MZF was conducted by Shinoda et al. [32].



In this dissertation, thermally sprayed functional oxide coatings were deposited by
deliberate control the spray parametric variables to investigate the effect of thermal exposure on
the feedstock functional oxide materials and their coatings. The main goal of this work is
providing a scientific foundation for the functional oxide materials based on process-structure-
properties relationship and demonstrating the feasibility of thermal spray process as alternative
fabrication methods for the electronic industry. Specifically, this thesis investigated two test
baths as the possible opportunities in power generation applications of thermal spray process;
oxide scale protection layer for cathode in solid oxide fuel cells (SOFCs) and thermoelectric
generators (TEGs). There are several key requirements that can be highlighted to make the
thermal spray process functional for the electronic device applications. The processing must
provide coatings with dense microstructure yet low residual stress, mechanical strength,
minimum thermal expansion mismatch with the other components and minimal phase
decomposition in order to get the desired properties with robust performance. For example, the
protection layer for cathode protection in SOFCs requires prerequisites of high electrical
conductivity (> 50 S cm™) at the cell operation temperature (600 — 800 °C) with providing oxide
scale growth barrier (sluggish the oxide scale growth rate than the system without coating).
Moreover, the thermoelectric coating system also requires low thermal conductivity, high

Seebeck coefficient without any reduction of electrical conductivity.



1.1 Solid oxide fuel cells (SOFCs)

Solid oxide fuel cells (SOFCs) are ceramic fuel cells which generate electrical power
with high efficiency by using natural gas which is reformed into hydrogen in situ as their fuel
with air which provides oxygen for the electrochemical reaction [39]. SOFCs are
multicomponent, multilayer systems comprising of a cathode, anode, electrolyte, and
interconnect, with specific material and microstructure attributes to meet a system level function.
The principle of conversion chemical into electrical energy is that hydrogen and carbon
monoxide are oxidized with oxygen ions at the porous anode electrode to form water and carbon
dioxide, respectively. Electrons are generated via the oxidation reactions, and transported to the
porous cathode side through an external interconnect. At the cathode, oxygen from air is reduced
to oxygen ion by electrochemical reaction with the resulting electron. This generated oxygen
ions are transported to the anode through an electrolyte where having a dense microstructure for
gas-tightness with high affinity of oxygen ion yet no electron transport to avoid electrical short.
Scheme 1.7 shows the typical planar type SOFC structure with chemical reactions at the each
component [40]. The most studied SOFC system is Ni-YSZ (Y203-ZrOz) cermet anode, 8YSZ (8
mol% Y203-92 mol% ZrO,) electrolyte, and LSM (La1-xSrxMnQOs.s, typically, x =0.15 — 0.30)
cathode for high temperature operation (750 — 1000 °C) due to their limited ionic/electrical
transport and catalytic properties. Recently, doped ceria electrolytes (Ceo9X0102-5, X = Gd or
Sm) are utilized with LSCF (Lao.6Sro.4Coo2FeosOs-5) cathode for the intermediate temperature
operation (< 700 °C). Table 1.2 summaries the material requirements for each desired function of

SOFC components [41].

Numerous techniques have been investigated to fabricate multilayers onto substrates i.e.

electrode (anode/cathode)-supported or electrolyte-supported SOFCs such as pulsed laser
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deposition (PLD) [42], electrophoretic deposition (EPD) [43-44], high temperature sintering in
reducing atmosphere [45-47], screen printing [48-50], slurry-spraying [51], electroplating [52],
and vacuum [53-55] and air [56-58] plasma spraying, etc. Among them, plasma spray process is

a promising method, offering scalability and cost effective manufacturing for SOFC applications.

Historically, thermal spray used SOFC was firstly attempted in 1967 by producing the
electrodes-electrolyte assembly using plasma spray process and documented by a Swiss patent
[59]. In 1990, Gruner and Tannenberger produced cathode supported entire fuel cell (A porous
Ni-zirconia cermet served as anode, a 250 um thick YSZ used as electrolyte, the porous cathode
of LaSrMnOz also sprayed) by vacuum plasma spray process [60]. Then, their results were
opened to the public in 1994 [61]. They obtained a maximum power density of 230 mW cm at
an operation temperature of 910 °C with applying humidified H. as fuel. As soon as the opening,
numerous research regarding each component of SOFC has been attempted to develop
industrialize level of cells via thermal spray processes in terms of materials and optimization of
spray conditions because of the versatility of plasma spray with respect to microstructural control
that could be utilized in the SOFC industry to fabricate a range of materials and products: porous
cathodes, porous dual phase (metal, oxide) anodes, dense electrolytes and oxide protection layers
(the focus of this dissertation). Scheme 1.8 shows a SEM image of a single SOFC cell built by
the plasma spray process [62]. Ma et. al. successfully fabricated fully integrated cells using air
plasma spray (APS). They employed strontium and magnesium doped LaGaOs (LSGM), which
has a lower melting point than yttria stabilized zirconia (YSZ), as electrolyte in order to
overcome structural porosity and obtained cell power density as 80-150 mW cm2 [63-64]. In
addition, nanostructured YSZ/Ni cermet anode, LSGM electrolyte with ~60 pm in thickness and

LSCF cathode with ~30 pum in thickness and ~30 % porosity SOFC cell is accomplished by
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APS process. The output power densities of ~440 mW cm 2 at 800 °C, ~275 mW cm 2 at 750

°C and ~170 mW cm2 at 700 °C are obtained by the novel nanostructure which is advantageous
to enhance the area of triple phase boundaries [65].

A lot of the research carried out on electrolytes of SOFCs in order to improve its ionic
conductivity and to lower operating temperatures without reducing oxygen ionic conductivity.
Many electrolyte material candidates were considered in terms of reducing the resistivity to
oxygen ion diffusion instead of yttria stabilized zirconia (YSZ), such as scandium doped zirconia
(ScSZz), gadolinia-doped ceria (CGO), lanthanum gallate based perovskites (e.g., LSGM),
apatite-type lanthanum silicate (La1o(SiO4)sO3) [66-67]. Also, a lot of efforts have been made to
understand spray parametric effect in terms of plasma gases, spray techniques (APS, low
pressure plasma spray (LPPS), suspension plasma or HVOF spray (SPS)), size and types (fused
and crushed, agglomerated and sintered) of feedstock YSZ in order to determine the influence of
gas-tightness, microstructure, deposition efficiency and electrochemical performance as well of

thinner YSZ electrolyte layers [68-73].

However, the particle based assemblage and high quench rates result in coatings with
numerous process induced defects, including microcracks, pores, and interfaces. In addition, the
large thermal gradients, high reactivity of the plume environment and rapid solidification result
in non-equilibrium states, affecting microstructure, chemical composition, grain size and residual
stress as well as electrical properties and functional performances [74-76]. In recognition of the
above imperfections, this study investigates the relationships among process parameters, coating
microstructure, electrical properties and Cr-poisoning protection performances of atmospheric

plasma sprayed LSM and Mnz.xCoxOs (MCO) coatings. Both LSM and MCO coatings were
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synthesized through controlled processing conditions resulting in significantly different thermal
exposures developed through a particle thermal energy-kinetic energy process map. The resultant
coatings were not only characterized for phase, microstructure and stoichiometry, but also for
functional attributes via temperature dependent DC electrical conductivity and magnetic
properties. Thermal analysis was conducted to quantify the extent of manganese and oxygen
recovery in the LSM and MCO coatings following process induced degradation. Lastly, the
protective capability of the coating to prevent Cr-oxidation was assessed through analysis of
oxide scales attributes underneath the various processed LSM and MCO coatings on ferritic
steels. Such an integrated analysis of process-structure-properties and performance provides a
framework for not only process design of optimal coatings but also identifying fundamental

mechanisms involved in this class of defected functional systems.
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1.2 Thermoelectrics

A thermoelectric generator (TEG) is one of the promising solutions for using wasting heat,
which directly produces electricity through a thermal gradient along the TE materials. A TEG
consists of many p-type and n-type junction pairs that are electrically in series and thermally in
parallel that multiplies power generation. A schematic illustration of the power generation
mechanism of a TEG is shown in Scheme 1.9. The ability for power generation with the TE

materials can be characterized by the dimensionless figure of merit (ZT), defined as

_ S?x0
(kptke)

XT —(1.2.1)

where S is the Seebeck coefficient, o is the electrical conductivity, T is the absolute temperature,
and ki and ke are the lattice and electrons thermal conductivities, respectively. For bulk materials,

k) and ke are defined as

ki = zvColpy  — (1.2.2)
ke =c,vA = LoT —(1.2.3)
by Wiedemann-Franz-Lorenz’s law [77], where vs is the velocity of sound, Cy is the constant
volume heat capacity, Lpn is the phonon mean free path, cv is the electronic specific heat per
volume, v is the electron velocity, 4 is the electron mean free path, and L is the Lorenz number,
respectively [78]. Scheme 1.10 shows the interdependent relationship of thermoelectric terms, S,
o and k as a function of carrier concentration (n); electrical conductivity increases with
increasing carrier concentration as well as thermal conductivity due to the proportionality of o

and ke, while Seebeck coefficient decreases because the electrical potential cannot be maintained

within the high electrical transport materials. As a result of optimization of the interdependent
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terms, the maximum ZT can be obtained from the range of carrier concentration 10%° < n < 10%,
where indicates heavily doped semiconductors as good TE materials. Despite numerous efforts
made to increase the value of ZT to above 1 for being practically useful, no significant
enhancement of ZT has been reported in literature after the (Bi, Sb).(Te, Se)s-based alloys were

found as TE materials due to the complex interdependence of S, oand ke [79].

In order to overcome the interdependence, many strategies have been tried to control the
thermoelectric variables beyond the optimization of carrier concentrations. Since ki is the only
independent term, many studies started from suppression of the phonon contribution, ki, without
the deterioration of optimized electronic transport through disorder within unit cell such as
interstitials, partial occupancies, or rattling atoms (see Scheme 1.11) [80-82]. Likewise, filling
the voids with rare-earth or heavy atoms such as La or Ce can reduce ki by a rattling effect that
scatters a larger spectrum of phonons in skutterudites and clathrates. Recently, introducing
complex structure including two physical properties nanosheets fascinates researchers to design
electronic-crystal phonon-glass structure such as cobaltite oxides ((Na, Ca)xCo0,)[83-85] and
the molecular design and examples are shown in Scheme 1.12. In addition, it is proved from
theoretical and experimental results that low dimensional systems [86-91] provide independent
control of the thermoelectric terms by manipulating density of electronic states (see Scheme
1.13) [88]. For example, a thin-film superlattice structure based on the Bi,Tes system offered an
enhanced ZT up to ~2.4 at 300 K by significantly increasing carrier mobility and reducing ki [86].
However, it is challenging to build such a good device due to the requirement of improving the
electrical and thermal contacts of these tiny materials. Kanatzidis et al. have demonstrated that
nanostructured bulk materials lowered the thermal conductivity by directly comparing the solid

solution form and the nanostructured form of PbTe-10%PbS [92-93]. Bulk nano-grain materials
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synthesized by existing fabrication methods can generate polycrystalline materials containing
randomly oriented grain boundaries that may lead to phonon-boundary scattering which reduces
ki, whereas the reduction of electron transport concurrently occurs via electron scattering at the

interfaces [94-98].

Since Birkholz et al. first applied FeSi>-based TEG to vehicle exhaust systems in 1988
[99], intensive efforts have been made to commercialize TEG as a self-powered boiler and
switching alternator, enabled by waste heat recovery from heater/furnace and engine
exhaust/catalytic converter in vehicles, respectively. After that, Bi>Tes-based materials used as
TEG modules have been commercially available. However, Bi Tes-based materials still are
limited to use at temperatures as high as 250 °C due both to the lack of chemical stability at high
temperatures in air and the toxicity. Also, the cost of TEG modules is still expensive owing to
the cost of the materials required as well as the cost of manufacturing. Thus, the thermal spray
process is considered an alternative method of producing TEG materials, to provide cost-
effective and scalable/additive processing flexibility compared to existing fabrication methods
such as melt-spinning, hot press and spark plasma sintering. Sampath et al. have demonstrated
the capability of thermal spray (TS) coatings for electronic applications such as dielectrics,
sensors, solid oxide fuel cells (SOFCs) and thermoelectrics [100-105]. Due to the process-
induced imperfections such as pores, voids, microcracks, nanograins and metastability, a
significant reduction of thermal conduction can be obtained in the TS coatings compared to that
in bulk materials. This process induced thermal property enables the TS technique to be a most
competitive thermal-barrier-coating (TBC) fabrication method in gas turbine industries
[106]. Recently, Fu et al. produced sprayed Mg.Si coatings in air and vacuum plasma which

yielded ZT values of 0.002 at 390 K and 0.16 at 700 K, respectively [107-108]. Muthiah et al.
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also reported a ZT value of 0.56 at 873 K for 2 at% Pb doped Mg2Si because of the enormous
enhancement of electrical conductivity, about three orders of magnitude, with only a nominal
decrease in thermal conductivity [109]. HR-TEM revealed that there were Pb-rich grain
boundaries which could provide carrier transport paths, like a brick-layer model. Similarly,
Sharma et al. found an ease of the in-plane electrical transport in plasma sprayed TiO> coatings
due to the generation of oxygen vacancy carriers at the splat boundaries [110]. Therefore,
thermal spray process can be a promising candidate for the fabrication of bulk nanostructured
TEG materials containing randomly oriented nano polycrystalline grains with conducting splat
boundaries, which are formed by the rapid solidification nature (~10° K s), even though it
causes electrons scattering at the interfaces that concurrently reduces both the electrical and

thermal conductivities [111].

For the last two decades, many researchers shed light on metal-oxide semiconductors as
good candidates for high temperature TEG due to their nontoxicity, thermal/chemical stability
and Earth-abundance [79,112-115]. In particular, studies of the thermal and electrical properties
of titanium oxides have gradually increased since Andersson reported the existence of the
Magnéli phases in 1957 (see the phase diagram of Ti-O system in Scheme 1.14), which was
understood in scattering process and electrical conduction mechanisms via point defects in Rutile
and reduced titanium oxides [116-120]. Since Okinaka and Akiyama recently published a brief
report of TiO11 attaining ZT of 1.64 at 800 °C, the study of the non-stoichiometric titanium
oxides as promising thermoelectric materials has accelerated [121]. Later, Lu et al. reported a
power factor up to 1 pW cm™ K2 at 1373 K for reduced TiO,« using carbon powders [122].
Harada et al. also prepared the Magnéli phase TiO2x (x=0.05, 0.10, 0.15, and 0.20) by hot-

pressing to vary oxygen deficiency and then reported their electrical conduction as well as the
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carrier concentration, which increased with increasing oxygen deficiency while lattice thermal
conductivity decreased [123]. They obtained ZT of 0.12 at 773 K for TiO1.90. More recently, an
enhanced ZT up to 0.35 at 700 °C was obtained by co-doping N- and Nb- in Rutile that induced a
locally distorted TiO2x and enhanced the asymmetrical carrier transport [124]. Nevertheless,
limited scientific research has been reported about thermal spray processing for practical TEG
applications using there promising non-stoichiometric TiO2.x materials that satisfy all of the

requirements such as cost, Earth-abundance and environmental symbioses.

In this work, the thermoelectric properties of thermally sprayed TiO2x coatings were
investigated with respect to the process-induced stoichiometric and crystallographic structure
changes. The microstructures of TiO2x splats as well as coatings were carefully studied using
SEM/EDX to discover a relationship between defect structures and electrical/thermal
conductivities. The aim of this work is to provide a scientific understanding of the parametric
effects of the thermal spray process to use the plasma/flame as an energetic reactive source that
affects stoichiometry of the TiO>.x and followed by rapid solidification to trap the states. In
addition, the aim is to understand how the process affects the thermoelectric and electrical
properties. Moreover, this work introduces the TS technique as a possible cost-effective
synthesis method for thermoelectric devices using the non-stoichiometric TiO2x without post-

reduction processes.
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2. Statement of Problem

In order to cope with the depletion of fossil fuels, there are significant worldwide efforts
at developing efficient power generation. Currently, international oil prices are soaring above $
50 a barrel and now more than ever there is a need for alternative energy sources and advanced
energy materials. Despite the rapid commercialization of alternative energy sources, such as fuel
cells, solar cells, electricity from wind, and geothermal sources, conventional energy sources
cannot be fully replaced due to the cost of the materials and processing. Thus, earth-abundant
and environmental friendly materials with highly efficient processing methods are currently

being sought.

Thermal spray is a directed melt-spray-deposition process in which powdered feedstock
is injected into high temperature thermal plasma and propelled towards a prepared substrate with
high velocity. The coating is built up by successive impingement and rapid solidification of the
impacting droplets (splats). The process allows significant material versatility and application
flexibility as wide ranging alloys and oxides can be deposited on to numerous substrate and
component types. The inherent scalability of the process, along with the ability to apply coatings
at near ambient substrate temperatures, has allowed thermal spray to be a highly competitive and
cost effective materials manufacturing technology. Despite the many benefits of the thermal
spray processes, perfection of the sprayed coatings, particular for electronic industries, remains
challenging because the feedstock particles are exposed to high temperature with large gradients
which cause preferential elemental vaporization. Also, particles are exposed to hydrogen content
in the plasma/flame that attributed to loss of oxygen. Moreover, the interaction between the
particles and flame/plasma is sensitively affected by location in the plume as well as size of the

particles because of the difference of thermal and kinetic energy transfer which directly
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influences to the particle melting status; fully-, semi- and un-molten. In addition, particles could
be re-oxidized from the surface regime during the flight depending on spray distance. Upon rapid
quenching at the substrate, ~10° K s, meta-stable phase or distorted lattice could be trapped in
the crystallographic structure. Also, the single splat contains microstructural defects such as
microcracks, droplet splashing with un-moltens due to complex effects of the above process
induced factors which cause architectural defects, voids, globular and interlamellar pores, and
microcracks in the coating upon successive impingements. These crystallographic and
architectural defects crucially influence interparticle contact, porosity, adhesion/cohesion,
stresses, delamination, compliance, macrocracks, electrical contacts which end up affect phase,
microstructure, and electrical conductivity. (see Scheme 2.1) Hence, understanding the process-
property-performance interplay for thermal sprayed functional oxide coatings is an important

endeavor towards development of reliable electronic devices.

Despite an interesting scientific challenge, there are only limited scientific research
approaches via thermal spray processes that have been reported for functional oxide materials
compared to TBCs and tribological applications. This dissertation focuses on elucidating the
relationships among thermal spray process-structure-properties of functional oxide materials for
SOFCs and thermoelectric applications as parts of case studies to demonstrate the applicability
of the thermal spray process. In order to provide scientific understand as well as find the
optimized condition for the desired properties, functional oxide coatings were synthesized by
thermal spray processes through controlled processing conditions resulting in significantly
different thermal exposures developed through a particle thermal energy—kinetic energy process
map. Such excursions allowed assessment of thermal decomposition, structural changes and

coating density effects. Particle characteristics were measured through in-flight temperature and
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velocity measurements and mapped to visualize the resultant effects and process correlations.
The resultant coatings were characterized for phase content, microstructure and stoichiometry. In
addition, thermal analysis measurements were used to understand the thermo-physical and
thermo-chemical changes. For SOFC protection layer application, the electrical and magnetic
properties of the coatings were measured through four-point probe techniques over a range of
temperatures, while vibrating sample magnetometer was used to assess the change in magnetic
characteristics of the sprayed materials for various process conditions. Lastly, the protective
capability of the coating to prevent Cr-oxidation was assessed through analysis of oxide scales
attributes underneath the various processed LSM or MCO coatings on ferritic steels. For
thermoelectric application, substoichiometric TiO2.x was chosen as an n-type TE material due to
its low cost and ease of availability. Thermoelectric variables, Seebeck coefficient and
electrical/thermal conductivities, of TiO..x coatings were assessed to understand the dependence
upon phase contents and microstructure of the coatings was assessed. The variables were
investigated as a function of temperature and process conditions to find the optimized condition

for future device application.
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3. Experimental Methods

3.1 Coating Deposition

3.1.1 Powder Feedstock Matierials

The feedstock materials used in all coatings were YSZ (9024, -75+10 um, Saint-Gobain
Coating  Solutions Thermal Spray Powders, Northampton, MA, USA), LSM
((Lao.8Sro.2)o.0sMn0O3, Metco 6801, -53+20 um, Sulzer Metco, Westbury, NY, USA) and MCO
(Mn15C01504, Metco 6820, -45+15 pum, Oerlikon Metco, Westbury, NY, USA) for SOFC Cr-
poisoning protection coatings. Two different stoichiometric feedstock powders were chosen for
thermoelectrics; TiO19 (Metco 102, -45+11 pm, fused and crushed, Oerlikon Metco, Westbury,
NY, USA) and TiO17 (Metco 6231A, -105+32 pm, agglomerated and sintered, Oerlikon Metco,
Westbury, NY, USA). Stoichiometry was selected based on the commercial availability of
sprayable sized powders. The size of the feedstock particles were measured by laser diffraction
particle size analyzer (LS™ 13 320, Beckman Coulter) and the distribution results are provided

with their electron micrographs in Figure 3.1 — 3.4.

3.1.2 Coating Preparation and Particles Temperature and Velocity Diagnostics

LSM and MCO coatings were produced by air plasma spray (APS) with five different
spray conditions (A-E), which were obtained through strategic variations to plasma H> content,
overall gas mass flow rate, applied power and spray hardware configurations. The coatings were
prepared with thickness of ~ 50 pum for LSM and ~ 70 pm for MCO on 18 % chromium (Cr)

containing ferritic steel (FS) substrate (1°° diameter, 0.133"" thickness, ATI441HP™) for oxide

21



scale growth test. Electrical conductivity samples were deposited through a bar-shaped mask
(0.196 W x 17" L) on yttria stabilized zirconia (YSZ) coated 316 Stainless steel (SS) in order to
confine coating geometry of the conductive coating deposit within the surface area of the
insulating YSZ layer. In order to measure the intrinsic electrical conductivity of the coatings, a
thickness of 200 pm scales was chosen as it minimizes any post deposition surface preparation
for direct property measurement. It has been shown in past study the electrical property of
thermal spray metals is not sensitive to the coating thickness [125]. A statistical design-of-
experiment methodology was utilized to vary process conditions to achieve a range of thermal
and kinetic energies exposure and the details of the processing parameters are shown in Table
3.1. Coatings A through C (Table 3.1) were prepared using FAMB-XL plasma torch (Sulzer
Metco Inc., NY, USA) with a 8 mm nozzle diameter while varying gas ratios and torch current.
Coating D was also produced using an FAMB-XL torch but with a 6 mm effluent nozzle to
achieve higher particle velocities. Coating E was deposited using a Praxair TAFA SG100 plasma
torch (Praxair surface technologies, Indianapolis, IN, USA) with a 4.5 mm nozzle and internal
particle injection to produce coatings at high velocities with minimal thermal exposure. Helium
was used as the secondary gas for this SG100 torch. All the coatings were prepared on preheated
substrates with raster speed and stand-off distance of the plasma torch set to 500 mm s and 100
mm, respectively. The conditions used here resulted in lower thermal energy input to particle
along with higher particle velocities. In-flight particle temperature and velocity of each condition
was monitored by particle diagnostic sensors DPV2000 and AccuraSpray-G3 (both from Tecnar
Automation Lte., St. Bruno, QC, Canada). The particle temperature distributions of all of

conditions obtained from the DPV2000 sensor show higher range than melting temperature of
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LSM (1800 °C) and MCO (1650-1700 °C), indicating the a majority of the particles underwent

melting during the spray process.

Substoichiometric TiO2.x coatings were produced by the thermal spray process with
varying torch hardware (FAMB-XL and SinplexPro™, both from Oerlikon Metco, Westbury,
NY, and HV2000, Praxair Inc., Indianapolis, IN) and hydrogen gas ratio (none, low, med, and
high for plasma spray process) in order to investigate process parametric effects on stoichiometry
and electrical power generation performance. The coatings for Seebeck and electrical
conductivity measurements were deposited on YSZ coated stainless steel substrate through bar-
shaped masks (0.1094” W x 5.5” L and 0.196° W x 1'* L, respectively) to confine coating
geometry of the conductive deposit within insulating layer. Thermal conductivity samples were
deposited at the same time on 1 cm dia. graphite rod. Coating thickness was ~250 um for
Seebeck and electrical conductivity measurements, with a range of 0.39-1.06 mm for thermal
conductivity measurement. All the coatings were prepared on preheated substrates with raster
speed and stand-of distance of the plasma torch set to 21000 mm s and 100 mm (F4AMB-XL and
SinplexPro guns) and 1000 mm s and 6 inches (HV2000), respectively. Splats of each condition
were produced on polished stainless steel surface (1°> W x 2°” L) by passing one stroke with
lowered powder feed rate to 4-6 g/min. Thermal and kinetic energies of feedstock particles were
varied by controlling spray parameters that are shown in Table 3.2. In-flight particles’
temperature and velocity were monitored by using particle diagnostic sensor AccuraSpray-G3
(Tecnar Automation Lte., St. Bruno, QC, Canada) and the results were plotted in 2-dimensional

T-v space which is represented in first order process map.
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3.2 Microstructure-SEM/EDX

As a first step, single impacted droplets (splats) were deposited on polished aluminum or
stainless steel (SS) substrates to examine the characteristics of the individual building block of
the microstructure. They were examined using scanning electron microscopy (SEM) (LEO
1550). Subsequently, coatings were deposited onto grit blasted SS substrates and the as-sprayed
coatings on stainless steel were cross-sectioned, mounted in epoxy molds and then polished to
examine microstructure and element ratio of coatings by scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM/EDX) (LEO 1550-EDAX Detector). Also, image
analysis was attempted with low magnification SEM images (x500) from 10 different locations
of each coating by threshold binary images applying Otsu (only for MCO) or Triangle (only for
TiO2x) formula in ImageJ 1.48v software (National Institutes of Health, USA) to calculate

porosity of coatings.

3.3 Phase Structure and Stoichiometry Studies

The phase structure and stoichiometry of LSM feedstock powder and as-sprayed A
through E coatings were investigated by powder x-ray diffractometer (XRD) (Phillips, 40 kV and
30 mA, CuKa source) and inductive coupled plasma-optical emission spectroscopy (ICP-OES,
Optima 7300DV, PerkinElmer, Inc. Waltham, MA, USA), respectively. Free-standing LSM
coatings were first prepared by polishing off substrate and then finely pulverized in order to
obtain a better resolution for XRD peaks and evenly dissolve into a concentrated aqua-regia acid
solution for ICP-OES. Ambient XRD measurements of as-sprayed and annealed MCO coatings

(at 700 °C for 2 h) were conducted using a Phillips x-ray diffractometer (CuKo radiation, 40 kV
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and 30 mA). Temperature dependent phase composition of MCO coatings and ambient XRD
measurement of TiO2.x were investigated by D8 Discover powder diffractometer equipped with
1D detector (Bruker AXS, 40 kV and 30 mA, CoKa source) and heat chamber (MRI, Germany)
with Platinum heating filament. Phase identification was attempted with X’Pert HighScorePlus

software and Rietveld analysis in TOPAS 4.2; PDF-2 and ICSD databases were used.

3.4 TGA/DSC/Dilatometry

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (STA
449C Jupiter, NETZSCH, LLC, Burlington, MA, USA) were used to measure thermal history of
the coatings. Feedstock powder sample of 20 — 30 mg or free-standing as-sprayed coating in a Pt
crucible set was heated up to 800 °C from room temperature in air with 10 ml min™ Ar protective
gas flow. Each specimen from two batches was measured 3 times each to obtain reliability of the
test results. Dilatometry was also employed to get the temperature dependent coefficient of
thermal expansion (CTE) of the coatings (DIL402C, NETZSCH, LLC, Burlington, MA, USA).
Freestanding samples were carefully prepared for CTE measurement with size of sample length
about 1°" and thickness about 1 mm. CTE has been measured with two thermal cycles from two
different sample batches by applying 15 cN of push load, and the results are averaged and

plotted.
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3.5 Temperature Dependent Four-Point Probe Electrical Conductivity Measurement

Four-point probe electrical conductivity of the geometry confined as-sprayed coatings
was measured from room temperature to 800 °C (for LSM and MCO) or 500 °C (for TiO2.x).
The bar-shaped coating was perpendicularly placed on one side of the alumina silicate bar
(1.5"W x 9.5"L x 0.125"H) and four Pt wires (0.020"" diameter) were contacted with high
performance Ag pastes (Ted Pella, Inc. Redding, CA, USA). Four probe contacts were carefully
prepared to ensure ohmic contacts were established. (Measurements at multiple span lengths
were used to ensure no contact resistance was present). The tip of k-type thermocouples was
contacted on the coatings surface with silicon-based zinc oxide pastes to measure accurate
sample temperatures. The schematic configuration of the prepared sample is shown in Figure 3.5.
The prepared sample on the alumina silicate bar was inserted into the center of a tube furnace to
control sample temperatures. The four-probe Pt wires and thermocouples were directly
connected to 7700 module of Keithley 2700 digital multimeter. Samples were thermally cycled
from room temperature to 800 °C then isothermally held for 24 hours and cooled down to room T

while measuring electrical resistance.

3.6 Vibrating Sample Magnetometer (VSM)

Magnetic hysteresis loops of feedstock powders, as-sprayed and annealed coatings of
LSM and MCO were obtained using vibrating sample magnetometer (VSM) (Model 880, Digital
Measurement Systems, Microsense, LLC. Lowell, MA, USA). The as-sprayed coatings were
annealed at 600 °C (LSM) or 700 °C (MCO) for 2 hours in the tube furnace in order to maximize

the oxygen recovery process based on the results from the TGA/DSC measurements. Free-
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standing specimens for VSM were prepared by polishing and mounted on high purity quartz rods
using Teflon tape. Saturated magnetization (Ms) values of each coating were calculated by an

extrapolation method due to the lack of a saturation plateau.

3.7 Oxidation Tests

18% Cr-containing ferritic steel substrates (ATl 441HP™) with 50 — 70 pum thick LSM
and MCO coatings or without coating were heat treated at 800 °C for 600 hours in tube furnace
to compare oxide-scale growth rate. The annealed coatings and ferritic steel substrate were
mounted in an epoxy mold and polished for cross-sections. The cross-sectional microstructure
and elemental profile across the oxide scale of each coatings and ferritic steel substrate were

investigated by SEM-EDX (LEO 1550-EDAX detector).

3.8 Seebeck Measurement

Electrical voltage was generated by creating a temperature gradient through the TiO2
coatings by heating one end on the back side with a hand torch and cooling the front side of the
other end with a voltex cold air gun (itwvortec.com, Cincinnati, OH, USA). K-type
thermocouples were directly attached on each end of the coating surfaces to measure hot and
cold-sides temperature. Seebeck voltages of the geometry confined TiO2x coatings were

measured using Keithley 2700 digital multimeter.
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3.9 Thermal Conductivity Measurement

Temperature dependent thermal conductivity was performed for TiO2-x coatings at 300,
350, 450, 550, 650 and 750 K by laser flashing method (FLASHLINE™ SYSTEM X-

PLATFORM™  anter corporation, Pittsburgh, PA, USA).
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4. Role of Process Conditions on the Microstructure, Stoichiometry and Functional

Performance of Atmospheric Plasma Sprayed La(Sr)MnOs Coatings

Typically, SOFCs operate in the temperature range of 600 °C to 1000 °C depending on
the material configurations. Cells operating at the higher end of the temperature spectrum
typically use ceramic based electrical interconnects. A key benefit of intermediate temperature-
solid oxide fuel cells (IT-SOFCs) that operate in the temperature range of 600 — 800 °C is the
ability to replace ceramic interconnects with less expensive metallic alloys [126] that provide
chemical/thermal stability, enhancing electrical/thermal conductivity of cells, and lowering
manufacturing/operation costs. Typically, ferritic or stainless steels are used as the interconnect
layer but these chromia containing systems can form oxide deposits at triple phase boundaries
and degrade cell performance by impeding catalytic and transport activities [127-129]. The

degradation mechanism of the air electrode is known as two steps;

Cr203 (s) + (3/2)02 (g) + 2H20 (g) — 2CrO2(OH)2 (9) — (4.1)

2CrO(0OH)2 (g) + 66~ — Cr203 (s) + 2H20 (g) + 30> —(4.2)

Due to vaporization of the intermediate species, CrO2(OH), it is difficult to control the
formation of chromium oxide scale at the cell operation temperature. Figure 4.1 shows the
schematic illustration of cell degradation mechanism and SEM images that display before and

after the Chromia poisoning at the interface of LSM cathode and YSZ interconnect.

Many research groups have developed special steel for intermediate temperature
interconnect such as E-brite, Crofer 22 APU, ZMG232, and 430 in order to improve oxidation
resistance [130-131]. The chemical composition and coefficient of thermal expansion of the

alloys are displayed in Table 4.1. Also, by adding reactive elements such as La, Y, Ce, Hf, Zr, Ti

29



etc. to the special ferritic steel, newly modified alloys show a highly oxidation resistance with
greater creep strength [132]. Despite the developments and modifications of special alloys,
protection layer for blocking chromia scales is still required for SOFC operation [133].
Gindorf et al. coated the alloy surface with doped-LaCrOz to avoid the volatile species producing
reaction (4.1) [134]. Taniguchi et al. introduced a La>Os containing second layer into the cathode
to trap the CrO2(OH). vapor [135]. Matsuzaki et al. demonstrated the suppression of
electrochemical reduction reaction (4.2) of the volatile Cr-species by changing chemical
compositions of electrode and electrolyte with LaosSrosCoo2FeosOz and Cep.gSmo.201.9,
respectively [128]. Nie et al. deposited LSM and Ni directly on both Cr-containing metallic
interconnects of cathode and anode sides, respectively, by plasma spray method to protect
against Cr-poisoning [136]. Thus, protective oxide coatings that are simultaneously electrically
conductive are sought to address this degradation issue with the most commonly used coating

material being La(Sr)MnOs (LSM) perovskites [137-141].

Lanthanum manganite (LaMnOgz) perovskite ceramic has been widely utilized as a
functional oxide material because of its high electronic conductivity at high temperature up to
200 S/cm at 800 °C, large positive thermoelectric power up to 300 °C (p-type semiconductor)
and ferromagnetic behavior enabling their applications in sensors and solid oxide fuel cells
(SOFCs) [142-144]. The electrical conductivity shows semiconducting behavior with increasing
temperature up to 600 °C but it shows constant conductivity between 600 — 900 °C due to
competing of oxygen vacancy generations and oxygen recoveries. Above 900 °C, the oxygen
vacancy generation is more dominantly occurred that the electrical conductivity is slightly
decreased. This high enough temperature of oxygen vacancy dominant regime makes LaMnOs

perovskites more popular materials as cathode as well as protection layer in IT-SOFCs. Better
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electrical conductivity and catalytic activity can be accomplished by substitution of the trivalent
La cation site with divalent alkali earth cations such as Sr?* and Ca?*. Particularly, Sr** is the
most popular for larger ionic size (1.44 A) compared to La®* (1.36 A) that provides better
structural stability in z-axis by compensating smaller ionic size of Mn*" than Mn®*" [145]. The
crystallographic structure of 30 % La doped LaMnOs and the phase diagram of La-Sr-Mn-O
system are shown in Figure 4.2. The maximum electrical conductivity is found when the Sr
doping ratio increases up to 50 % [146-147]. Higher doping is also ascribed to not only
enhancing the electrical conduction but also stronger ferromagnetism due to more unpaired
elections in the d-shell of Mn cations via switching the corresponding number of Mn®" to Mn*
indicating generated more positive character for electrical transport [143]. Recently, Sr doped
lanthanum manganite (LSM) became a popular cathode layer material in SOFCs as well as an

interconnect protection layer for Cr containing metallic alloys.

4.1 First Order Process Map: Linking process parameters to LSM particle thermal and
kinetic states
The advent of inflight particle diagnostics has enabled in situ characterization of the in-
flight particle state in plasma sprays. Process parameters such as gas flow, current, and hardware
(nozzle diameter and torch system) affect the thermal and Kkinetic energies of the particles which
are captured through these inflight particles temperature and velocity measurements.
Figure 4.3 shows the effect of these parametric changes represented through a first order
process map. Each point in the figure is an average of LSM particles in the plasma plume
conducted at the nominal spray distance of 100 mm from the nozzle exit. The LSM particle

temperatures range from 1700 to 2450 °C while the velocities range from 130 to 350 m s. The
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particle states are roughly divided into three regions. In the regime | (F4 torch and 8 mm nozzle
diameter), highest particle temperature and velocity condition B can be obtained by
simultaneously applying high hydrogen gas flow and high power. By lowering Ar gas flow rate,
lower velocity condition A is achieved. Decreasing the hydrogen flow rate and power, decreases
the particle temperature state (condition C). Higher particle velocity regime Il (condition D) is
achieved by changing to a 6 mm diameter nozzle which increases the effluent gas velocity.
Lowest temperature and highest velocity (shortest residential time in the hottest zone of the
plasma) regime 111 (condition E) is achieved by using SG100 torch with internal injection nozzle
system and helium as the working gas. Smallest diameter size of nozzle as well as highest Ar-He
gas flow rate enhances the particle kinetic energy to the maximum with concomitant reduction in
thermal exposure. The development of such maps provides a framework for controlled synthesis
of different coating microstructures.

The particle diagnostic technique DPV 2000 also allows examining detailed distributions
of the particle temperatures at each of the process map locations. Figure 4.4 displays these
distributions for the various process conditions. The high enthalpy parameters represented by the
conditions A and B show a single Gaussian type particle temperature distribution with an
average of 2217 and 2391 °C, respectively. Here we note that almost all of the particles display
temperatures greater than the LSM melting temperature which indicates fully molten state of the
particles. However, spray parameters C and D resulting from lower power and hydrogen in
addition to lower average temperature of 2057 and 2089 °C, showing bi-modal temperature
distributions. The first peak is at a constant temperature indicative of the melting peak of the
material [135]. Although the LSM powder feedstock has particle size distribution with range of

20 - 53 um, it appears that the applied thermal energy of plasma may not be sufficient to melt the
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coarse LSM particles at the conditions C and D. A second contributing factor is the lower
residence time of the particles in the condition D due to the higher velocity of the particles.
Coating E was deposited at a different spray booth with sensor capable of measuring average in-
flight particle temperatures. These differences in particle melting states and superheat have

implications on stoichiometry, phase and microstructure of the LSM coatings.

4.2 Microstructure and Stoichiometry of As-Sprayed LSM Coatings

Single droplet characteristics and cross-sectional microstructures of the various LSM
coatings are shown in Figure 4.5. As the process temperature and residence time of the particles
are increased (conditions A and B), fully molten splats are observed. Such molten splats upon
assembly result in dense microstructures of coatings, but these coatings also display
discolorations at the interfacial regions suggesting presence of secondary phases. However, the
lower temperature processed coatings C, D, and E exhibited significant presence of unmolten
particles in the splat and coating microstructures, anticipated from the diagnostic results. These
coatings also result in greater porosity associated with unmolten particle entrapment. Increasing
the particle kinetic energy, will cause an increase in splat fragmentation (splashing), while the
lower velocity processed splats have a tendency to form microcracks. The microstructure of

coating B displays the highest density among the five different coatings.

The powder XRD patterns of differently-processed LSM coatings and feedstock powder
are shown in Figure 4.6. The intensity of XRD signals are normalized with the highest (110)
peak. The patterns for all of as-sprayed LSM coatings contain the peaks of the LSM feedstock
powder that indicates the coatings also have the same perovskite structure. However, additional

peaks are seen in the patterns of coatings A and B, which likely result from process-induced
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decomposed phases. The additional peaks are assigned by comparing with all possible elemental
compositions in PCPDFWIN v. 2.1 library; signals, +, * and #, indicate (La,Sr)2MnQOs, La203,
and La(OH)s, respectively. More severe phase decomposition is seen in the coating A, where
La(OH)s is observed. The La,Os phase formed through loss of Manganese, being readily
hygroscopic reacts with moisture in air after spray process [138]. Moreover, perovskite peaks of
coatings A and B are broadened and their intensity is lowered by a factor of 3. This could be
evidence that small-sized grains or amorphous phases exist in the coatings A and B, resulting
from faster quenching rate. The XRD patterns of coatings C, D and E are very similar to those of
the feedstock powder since the coatings are produced at near or lower LSM melting temperature.
However, among coatings C, D, and E, as the process dwell time is longer, peaks are broader and
intensities are slightly lower as well, indicating finer grain size and potential lattice distortions.
Thus, the phases produced at the lowest temperature and shortest dwell time (coating E) are best

matched with that of the original powder.

In order to understand the signs of phase decomposition as a function of process
parameter, SEM and XRD data were augmented with ICP-OES to quantify coating chemistry.
These results are shown in Table 4.2. The elemental wt% of as-sprayed coatings A and B clearly
show preferential loss of Mn, estimated to be about 44 and 23 wt%, respectively. Coating A
loses more Mn than coating B due to longer dwell time in the flame. This stoichiometric change
also results in formation of secondary phases, LSM decomposition products ascribed to the XRD
patterns. The amount of Mn loss of the lower temperature processed coatings C and D is
estimated to be less than 7 wt% and that of coating E shows only 0.7 wt% based on the

composition of the feedstock powder (from Table 4.2).
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4.3 Thermal Stability and Oxygen Recovery of As-Sprayed LSM Coatings

In order to understand the thermal history of differently processed LSM coatings,
TGA/DSC analysis was employed subjecting free-standing coatings from room temperature to
800 °C. Figure 4.7(a) shows thermograms of the feedstock powder (solid line) and as-sprayed
coatings. In the figure, no significant thermal degradation is found for LSM feedstock powder up
to 800 °C, but, as expected, the weight % of all coatings A through E is increased at temperature
ranges from 320 °C to 700 °C in the TGA traces (weight gain starts from 350 °C to 590 °C for
coating A after thermal degradation), due to the oxygen recovery resultant from loss during the
plasma spray process. However, the amount of loss is different depending on the spray process
parameters. Examining samples exposed to similar process dwell time, higher temperatures
processed coatings A and B show less weight gain compared to low temperature processed
coatings C and D: due larger Mn loss in coatings A and B. The coating C displayed the highest
weight gain among the low temperature processed coatings, as the dwell time also affects the
oxygen loss with limited decomposition at the lower temperature range. Thus, the amount of
oxygen recovery directly indicates how much manganese ions remain to be oxidized without

phase decomposition.

Moreover, the TGA trace of high temperature and longest dwell time sample A exhibits
weight loss in two steps; starting at 100 °C and 600 °C, respectively. These thermal degradations
are attributed to thermal decomposition of La(OH)s second phase seen in the XRD patterns. The
first step starts with slow release of water molecules at 100 °C and then accelerates at 300 °C
indicative of La(OH)s phase decomposition to LaO(OH). In the second step of the thermal

decomposition from LaO(OH) to La»Os starts at 600 °C [148]. Furthermore, in the TGA, the

35



trend of weight loss above 700 °C for all coatings can be ascribed to oxygen vacancies creation

[142].

Differential scanning calorimetry (DSC) of the feedstock powder and plasma sprayed
LSM coatings are shown in Figure 4.7(b). In the figure, DSC provides further elucidation of the
weight gains seen during TGA of the coatings B and E. In the DSC, the exothermic peak of
coating B, which is indicative of the oxygen recovery, occurs at 335 °C with low intensity
whereas the sharp peak of the coating E appears at 350 °C. Thus, DSC further discriminates
between the TGA observations pointing to differences between B and E coatings; DSC implies
there is greater impure phase content in the coating B [149]. The shape of DSC curve of the
coating B shows similar to that of the coating C. However, in the coating C, the peak position is
not shifted and the amount of exothermic area is much higher, supporting significant oxygen loss
without phase decomposition associated with longer dwell time in the plasma. On the other hand,
the strong sharp peaks with less exothermic area of coatings D and E indicate rapid re-oxidation
to the pure LSM phase with limited oxygen loss. The endothermic peak of the coating A at 330
°C is mainly caused by the thermal decomposition of water molecules from La(OH)s. The broad
exothermic peaks of the coating are followed by the further oxidation and then structural phase

transformation.

4.4 Magnetic/Electric Properties
LSM is one of few oxides displaying ferromagnetic properties due to spin-alignment of
manganese ions. In order to compare how much manganese ions are reduced or lost at different

process conditions, saturation magnetization (Ms) of the as-sprayed and annealed coatings were

36



obtained by extrapolation of the magnetic hysteresis curves. The values of the determined Ms are
plotted in terms of product of the process temperature (T) and dwell time (7), and displayed in
Figure 4.8. In the figure, value Ms of the as-sprayed coatings are inversely proportional to the
product of T and z This result clearly shows that higher process temperature and longer dwell
time lower the oxidation state of manganese ions (via loss of oxygen) and phase decomposition
in the LSM coatings. In addition, the Ms of hydrogen rich coatings A through D display almost
similar values to that of 10 % of feed stock LSM powder. However, the Ms of the helium rich
coating E shows 50 % of the feedstock powder. Thus, the Ms value of the coating E could
indicate that using helium helps to retain oxygen and manganese in the coatings during plasma

processing.

Magnetic hysteresis curves of annealed coatings were also measured after heat treatment at
600 °C for 2 hours to determine extent of change to manganese oxidation state. The
ferromagnetic signals of annealed LSM coating pieces are improved except for coating A, as this
coating is severely decomposed. However, the Ms of the annealed coating B shows higher
magnetization signal than that of the annealed coating D despite phase decomposition. This
opposite trend suggests that the coating density is also a contributing factor as the high-density
coatings contain a larger number of spins in the same volume of LSM. Additionally, the
annealing process can change the manganese ion oxidation state from Mn?*/Mn®" to Mn3*/Mn**
unless the coatings contain decomposed phases. Therefore, oxidation enhances the manganese
ion oxidation state, and that strongly affects the ferromagnetism and electrical conduction in the

plasma sprayed LSM coatings.

Room temperature electrical conductivities (o) of as-sprayed and annealed A through E

LSM coatings are displayed in the inset of Figure 4.9 with respect to the product of process
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temperature (T) and dwell time (z) (empty and shaded blocks, respectively). The o of as-sprayed
coatings at room temperature tends to increase with increasing process velocity within a similar
temperature range (A < B, C < D < E). In contrast, there is no significant difference in room
temperature o for coatings with a similar v process but different temperature (A~C < B~D). As
shown in section 4.2, the coating at a higher velocity produces denser microstructures which
could provide conduction paths with less resistance. Despite the lower density, coating E shows
the highest electrical conductivity at room temperature associated with minimal process induced
decomposition. In addition, the trend of room temperature conductivity of annealed coatings is
changed after 2 hours heat treatment at 600 °C. Low temperature processed coatings C, D, and E
show more enhanced electrical conductivity than high temperature processed coatings A and B.
This is due to more effective oxygen recovery in these low temperature processed coatings (then
corresponding to the amount of Mn** generated during the heat treatment), providing more holes
and enhancing electrical conductivity. Therefore, stoichiometry of LSM, which is a function of

process T and v, affects their electrical performance at room temperature.

Temperature-dependent electrical conductivity was measured for LSM coatings which
were thermally cycled from room temperature to 200 °C, 400 °C and 600 °C in the tube furnace
and tracked the activation energy change with temperature. Since the electrical conduction
mechanism of LSM is based on small polaron hopping, it is governed by the Arrhenius equation

[150] below
oT = (aT)°exp(— i—;) — (4.3

, Where (oT)° and Ea are pre-exponential constant and activation energy, respectively. Figure 4.9

shows the Arrhenius plot, In(oT) vs. 1/T, of coating E and there is no significant slope change at
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which temperature of the coating increases up to 200 °C and then decreases to room temperature.
Thus, the calculated Ea of as-sprayed coatings is 0.194 eV for coating E. On the other hand, the
slope change is detected by offset from the extrapolation line at 342 °C when temperature is
increased to 400 °C. This significant slope change could show the oxidation starting temperature
and the slope is lowered during quenching. This temperature is corresponds to the temperature
where the weight gaining starts in TGA. A further slope change is detected at 470 °C during the
third cycle, where the temperature was elevated up to 600 °C. In addition, the presence of a kink
is observed at around 570 °C due to the phase transformation from the orthorhombic to
rhombohedral structure, which is attributed to the further oxidation of Mn®*" to Mn*" [145]. The
temperature of the phase transformation of LSM is known to rely on the amount of oxidation,
which could have an influence on the switching amount of Mn®**/Mn**. In the quenching process,
the Ea of coating E is lowered to 0.15 eV. Therefore, the total oxygen recovery could occur by
the two steps in the thermal sprayed LSM coating; (1) divalent manganese ions are first oxidized
to trivalent manganese ions at 342 °C. (2) The trivalent ions are oxidized to the quadrivalent
manganese cations at 470 °C. Hence, the further second oxidation may lead to the structural
phase transition at 570 °C. The activation energy values of as-sprayed, after the cycle from 600
°C as well as after further heat treatment for 24 hours at 800 °C of coatings A through E are

shown in Table 4.3.

Figure 4.10 shows temperature dependent conductivity during furnace cooling from 800 °C
to room T after 24 hours hold at 800 °C. The results display semiconductor-like electrical
behavior. When held at 800 °C for 24 hours, the oxygen content recovers in the LSM coating and
enhances electrical conductivity, but the enhancement of o is differently for different processed

coatings; the high temperature processed coatings A and B show slow enhancement due to the
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limit of oxygen recovery, however, the lower temperature processed coatings C, D and E show
faster enhancement rate due to limited stoichiometry change induced by processing. Moreover,
the porosity and unmolten particles in the microstructures of coating appear to undergo
rearrangement during long term heat treatment. Coating E, despite presence of unmelted particles
(low thermal energy of process), shows the highest & among coatings C, D and E, all with
similar stoichiometry. After 24 hours exposure at 800 °C, o of coating E enhanced up to 55 S cm’
! and its activation energy is also lowered to 0.112 eV. This value although significantly lower
than fully dense LSM at 200 S cm™ is still respectable from an application point of view [142-
143,145-146]. There is an anomaly in the o-T curve at 60 °C, indicative of the Curie point for
ferromagnetic-paramagnetic transition of LSM coatings [147]. Thus, maintaining phase
stoichiometry during processing is a critical factor for enhancing o via oxygen recovery of the

plasma sprayed LSM coatings.

4.5 Oxide Scale Growth

Oxide scale growth studies were performed through isothermal exposure at 800 °C for 600
hours in air on all the coatings. A 50 um thick coating was applied to 18 wt% Cr-containing
ferritic steel (ATI441HP™, FS) substrate, a benchmark interconnect alloy used in SOFC
application. An uncoated alloy was used to benchmark the oxide scale. Figure 4.11 cross-
sectional SEM images and corresponding EDX line profile at the interface for the various
exposed coating substrate systems. The results are displayed within the framework of the T-v
map to illustrate processing influence. The results show coatings B through E show similar oxide

scale thickness of less than 3 um without further cracking and delamination of coatings. The

40



EDX profiles show primarily Cr and O elements at the coating/ferritic steel interface indicative
of Cr203 phase formation. For reference, oxide scale thickness of uncoated ferritic steel exposed
to identical conditions was about 10 um (not shown). However, the coating A shows abnormally
thick 30 pm oxide scale which resulted in LSM coating delamination. EDX profile suggests there
are three sub-scales in this coating; chromium oxide (Cr20z3) near the FS substrate, iron oxide (a-
Fe,Os3) closer to the LSM layer and mixed chromium-iron-spinel phases (FeCr.O4, [Fe**.-
«Cré¥*Fe?*10?%4, and Fe304) between these two layers [151-152]. Since values of their coefficient
of thermal expansion (CTE) at 800 °C are known approximately 9.6, 14, 7, 11-12, and 28 x 10
K for Cr.0s, a-Fe203, chromium spinels, ferrite spinels, and FesO4, respectively [153-155], the
thick layers of chromia, chromium spinel and ferrite in the LSM coating A may cause the coating
delamination which could leading to failure of the interconnect protection layer. However, this is

a unigue observation only seen in one of the parametric conditions.

These atypical observations suggest that oxidation behavior of parameter A applied
coating on steel follows a different oxidation mechanism. As shown earlier, coating A contains
La>Os second phase which is known to be hygroscopic. Based on the equation (1) and (2), the
chromia layer first reacts with oxygen and water from the injected air at the interconnect surface
to grow toward the LSM layer. If the coating contains hygroscopic La>O3, water molecules can
be easily absorbed and then diffuse into the interfaces between interconnect and LSM. Hence,
the growth rate may be enhanced. However, in most coatings absent the La,Os phase, oxygen
diffuses only 4.0 x 10 cm? s in the 20 % Sr doped-lanthanum manganite layer [145] and the
diffusion rate of water vapor would be governed by the concentration gradient of water

molecule. Although it could not completely block the chromia diffusion into the LSM layer the
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growth rate is expected to be sluggish. Thus, selecting process conditions that avoids free La>Os

generation during plasma spraying is an important control element for the SOFC application.

4.6 Conclusions

In this study, 20% Sr-doped lanthanum manganite coatings were produced via plasma
spray. Coatings were produced using different process excursions by varying plasma torch
hardware, torch current and plasma gas ratios. The resultant effluent spray stream was
quantitatively characterized for their thermal and kinetic states using in situ diagnostics and
subsequently displayed using a process map strategy. It was found that phase and stoichiometry
of the coatings were affected by the type and extent of thermal exposure. Particles exposed to
high temperatures experience full melting and thus high density, but also suffer from significant
manganese and oxygen loss and phase decomposition. Coatings produced from lower thermal
energy particles, contain more porosity and unmelted particles resulting in lower density but also
minimal decomposition. Oxygen is recovered during subsequent thermal exposure but the extent
of recovery depends on initial coating chemistry. The temperature dependent transport properties
indicates semiconducting behavior of the coatings, with lower temperature processed coatings
displaying 10 times higher electrical conductivity values up to 55 S cm™ than that of high
temperature processed coatings. Most coatings are effective against chromia poisoning in SOFC
application. However, when the particles undergo severe decomposition, free La>Os can form
which can have deleterious effects on protective mechanisms. The results from this paper suggest
that plasma spray is an effective method for producing functional multi-component oxide
coatings, but also point to need for fundamental understanding complex relationships among

process, microstructure, stoichiometry and properties.
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5. Plasma Sprayed Manganese-Cobalt Spinel Coatings: Process Sensitivity on Phase,

Electrical and Protective Performance

For more than a decade now, MnxCo03.xOs (MCO) spinels have been considered as rare-
earth alternative conductive oxides to impart protection to metallic interconnects [44,48-52,56].
They offer excellent electrical conductivity at typical cell operation temperature, ~60 S cm™ at
800 °C [155-157], good electrochemical performance [156], reasonable thermal expansion
compatibility with ferrous alloys (CTE: 11-13 x 10 K1) [157], and chemical stability with other
cell components. Following the initial discovery of interesting structural and magnetic properties
of MCO in 1958 by Wickham and Croft [158], significant scientific research [159-165] has been
conducted as well as applications [166-167] of the material have been contemplated. In order to
elucidate their electrical conduction mechanism, several researchers have tried to investigate
their cation distribution in terms of Mn/Co ratio using X-ray fluorescence spectra [168], neutron
diffraction [169], and electronic structure calculation [170]. Structural studies found Mn ions
preferentially occupy B site (octahedral site) and cubic spinel phase structure starts to distort
above 55% occupancy of Mn®* [159]. The phase diagram of Mnz0s-Co304 system is provided in
Figure 5.1. Electrical conduction takes place by electrons hopping between adjacent different
oxidation state cations in the octahedral site, Mn®*/Mn*" or Co?*/Co"!, because their atomic
distances are the shortest [160,169]. (see Figure 5.2) The electrical conductivity of bulk
MnCo0,04 is reported to be 60 S cm™ at 800 °C while that of bulk CoMn2O4 has only shown 6.4
S cm™; almost 10 times difference of electrical conductivity [155] is due to the availability of
additional Co in the unit cell that has shorter electron hopping distance in the octahedral sites

than Mn-Mn.
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5.1 First Order Process Map of MCO coatings

The diagnostic results of particle temperature and velocity (T-v) were represented in a
first order process map as shown in Figure 5.3 [171]. A F4 MB-XL gun with a 8mm nozzle was
used for coatings A-C located on the low velocity regime with varying temperature. By
switching nozzle size from 8 mm to 6 mm for condition D, particle velocity was increased with
concomitant reduction in particle temperature due to reduced dwell time of particles in the
plume. A Praxair TAFA SG100 plasma torch with a 4.5 mm nozzle and internal particle
injection was used to produce particles at high velocities with minimal thermal exposure. This is
designated as the condition E in the particle T-v map. The particle temperature distributions of all
of conditions obtained from the DPV2000 sensor show higher range than the melting
temperature of MCO (1650-1700 °C), indicating that the majority of the particles underwent

melting during the spray process (Figure 5.4).

5.2 Microstructural Characteristics of MCO Coatings

Microstructure and EDX spectra of the MCO feedstock powder and cross-sectioned as-
sprayed coatings C and E are shown in Figure 5.5. Feedstock particles show agglomerated and
sintered structure with narrow size distribution but they contain unevenly brighter surface
regimes (See the box in Figure 5.5(a)). In order to examine chemical composition of the bright
regime, the electron beam is focused on the circled area in Figure 5.5(b) and the EDX detector
indicates Co dominant metallic phase in the bright regime. The bright regime is also seen in
cross-sectioned coating microstructures. Figure 5.5(d) and (g) are 10k magnified images of
coating C and E. Their chemical compositions of the coating matrices and bright regimes are

compared. Figure 5.5(e) and (h) represent chemical composition of matrix regimes of coatings C
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and E, respectively, which indicate that both coatings contain Mn-Co-O composition. However,
EDX spectra of bright regimes (Figure 5.5(f) and (i)) show similar patterns to that of feedstock
powder (Figure 5.5(c)) with less noticeable oxygen peak. Thus, the brighter regime in the
coatings is the reduced cobalt dominant metallic phase originating from the feedstock powder.
Cross-sectional microstructures at 3k magnification of coatings A-E are represented in
corresponding locations to their respective particle thermal and kinetic energies identified in the
T-v map as shown in Figure 5.6. Also, the average porosity of coatings calculated by image
analysis is displayed. Coatings deposited at high particle temperatures and medium velocity
plasma condition (such as coating B) show the highest density compared to those sprayed at
lower temperature such as coatings C and D, which exhibit relatively porous microstructures. In
addition, microstructural microcracking was apparent in the coatings that were sprayed at lower
particle velocity conditions. This microcracking is attributed to the large quenching stresses
associated with the rapid solidification of the depositing particles. Because particles are exposed
to the high thermal energy (with longer in-flight thermal exposure) the resultant splats are
subjected to larger tensile quenching stresses and thus greater propensity for cracking [172].
Coating E, on the other hand, had high porosity (~10 %), preferentially showing void structure,
originating from the unmolten character of the particles at this high velocity plasma condition.
Even with sufficiently high particle temperature, the high velocity did not allow adequate
residential time for the particle in the plasma plume, which resulted in limited melting of

depositing particles.
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5.3 TGA/DSC

In order to establish the proper post-annealing temperature, thermo-gravimetric analysis
(TGA)/differential scanning calorimetry (DSC) were used. Figure 5.7 shows typical TGA/DSC
curves of D coating. In the TGA curve, weight gaining starts at 352 °C, corresponding to
temperature sharp exothermic peak is emerged in the DSC curve which indicates oxygen
recovery. Subsequently, TGA suggests further oxidation as observed by the increasing weight
while broad exothermic peak is observed in the DSC (after the peak corresponding to oxygen
recovery) which corresponds to the metastable amorphous phase relaxation at relatively low T of
phase transition starting point ~ 620 °C (confirmed by temperature dependent XRD, discussed in
detail in the later sections) [173]. After the phase transition, DSC shows a sign change from
exothermic to endothermic as well as the slope of weight gain is also decreased in TGA at 700
°C where oxygen vacancy generation and oxygen recovery processes start competing. Based on
the TGA/DSC analysis, post-annealing process was carried out at 700 °C to maximize oxidation

state of MCO coatings.

5.4 Phase structures of MCO Coatings
XRD of as-sprayed and annealed coatings A-E with feedstock powder are shown in Figure
5.8(a) and (b), respectively. The patterns of MCO feedstock powder displayed a combination of
cubic MnCo0204 (space group Fd-3m) and tetragonal Mn2CoO4 (space group 141/amdS) spinel
phases with 2:1 weight ratio as refined by quantitative Rietveld method. The broad diffraction
profiles mirror the small crystallite sizes, i.e. coherently scattered domains which belong to the
lower tens of nanometers size range. The coexistence of cubic and tetragonal phases, with

stoichiometry range of x = 1.3 to 1.9 in Co3.xMnxQOs, and their broad diffraction profiles are in
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accordance with literature findings [174], confirming the appropriate phase content in the
feedstock. XRD patterns of as-sprayed coatings A-E deviate from that of the feedstock. The
intensities of spinel reflections are reduced and broadened, and additional reflections
corresponding to CoO rock salt phase (space group Fm-3m) are apparent. MnO phase, although a
rock salt phase similar to CoO, is not observed in any of the sprayed coatings. This can be
attributed to the significant larger lattice parameter of MnO compared to that of CoO. More
discussion on the preferential phase evolution of CoO is carried out in the next section. The
reflections of rock salt phase are most intense for coating A and the least for coating E. This is
mirrored in the results of quantitative Rietveld refinement presented in Figure 5.9(a) where the
rock salt phase forms about 80 wt% of coating A and coating B being closer to A, while its
presence in coating E is less than 60 wt% with coating D being closer to E. Hence, conditions
that processed with the shorter dwell times (high v condition) and that used helium generates less
amount of rock salt phase, on the other hand, high T and low v conditions lead to higher content
of rock salt.

Room temperature XRD is re-examined with post annealed MCO coatings at 700 °C for 2
hours. Indeed, the annealed coatings exhibit more pronounced spinel reflections (as seen e.g. in
XRD pattern of annealed coating A), but the CoO phase still remains trapped, especially in high
T and low v conditions (high thermal energy exposure of coatings A and B). This phase recovery
indicates metastable rock salt phase located in between liquid and spinel phases in the Mn-Co-O
phase diagram [159-160] is trapped in the as-sprayed coating by rapid quenching spray process
of ~10° K s rate [175]. Aiming at detecting differences between the annealed coatings, Rietveld
refinement was performed with the same structural information as for as-sprayed coatings and

the results of the phase quantitative presence in the irradiated volumes are summarized in Figure
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5.9(b). Ensuring that the lattice parameters had not deviated from the viable range, their refined
values were checked and are presented in Table 5.1. All the refined lattice parameters are within
the range seen in ICSD database except for those of CoO that are larger in comparison to the a =
4.230 to 4.273 A range; for comparison MnO phase has lattice parameters ranging from 4.408 to
4538 A. As shown for the rock salt phase in Table 5.1, the difference between as-sprayed and
annealed state is virtually nonexistent. Larger dimensions of CoO lattice indicate that a form of
substitution occurs and/or interstitials are present. In fact, the substitution of Co ions by Mn ions
leads in general to unit cell expansion [176-177] and the rock salt is most probably disordered
(Co, Mn)O. Unfortunately, the poor peak-to-background ratio and broadened reflections do not
facilitate refinement of the site occupancy factor (SOF) for this phase. Moreover, the annealed
coatings can be grouped into two batches according to values in Table 5.1; the coatings A-C
having larger CoO and CoMn20; lattices on one side and coatings D-E produced at high
velocities with smaller CoO and CoMn,O4 lattices on the other. As for the quantitative presence
of rock salt in the annealed coatings, it follows the trend seen in the as-sprayed coatings with
coatings A and B having the largest amount of rock salt phase in comparison with coatings D
and E with less than 20 wt%. The transformation from rock salt phase follows the common
wisdom [178] that the CoO converts to spinel structure if heated to 600-700 °C.

In order to gain more information about the phase recovery process from the metastable
rock salt phase to the stable spinel phase, as-sprayed coatings (A-E) were crushed into powder
and temperature dependent XRD was carried out. The powder XRD patterns were taken at the
following temperatures: 25, 500, 530, etc with a 30 °C increment in temperature up to 800°C
with a dwell time of 10 minutes at each temperature, and upon slow cooling, patterns were also

taken at 500 °C and at 25 °C. The transition temperature from rock salt phase to spinel with

48



tetragonal structure is about 620 °C as seen specifically for coating A in Figure 5.10.
Nevertheless the transition took place at virtually the same temperature level for all A-E coatings.
Rietveld refinements of the XRD patterns taken at 800 °C showed that the spinel formed over 80
wt.% of the irradiated volumes (we excluded the regions corresponding to diffraction of PtRh
heating filament during evaluation) for all coatings and the amount of spinel barely changed after

cooling to room temperature.

55 Magnetic Properties

Magnetic hysteresis of the feedstock powder and the as-sprayed and annealed coatings are
measured from —1 Tesla to +1 Tesla using a VSM instrument in order to understand electrical
conduction mechanism of plasma sprayed MCO coatings. Saturation magnetization (Ms) values
are decided by extrapolation from the top and bottom plateaus to y-axis (See Figure 5.11(a)) and
are then averaged. The extrapolated Ms values of as-sprayed and annealed MCO coatings are
plotted (Figure 5.11(b)) with respect to the product of average particle temperature (T) and dwell
time (7), which numerically represents the exposure to thermal energy during the process.
Comparing the M;s values of MCO coatings deposited under different processing conditions is an
indication of the oxidation state of Mn and Co in the coatings. Firstly, the powder contains a
mixture of MnCo020s and Mn2CoOs with a 2:1 ratio which is confirmed by XRD Rietveld
analysis. It is known that manganese preferentially occupies the octahedral site, thus Co?*
occupies tetrahedral sites and the rest of Mn3*/Co"" and two of Mn** occupy octahedral sites for
MnCo0204 and Mn2CoOs, respectively. Since the coatings electrically conduct via the hopping of
adjacent cations in octahedral sites, their formula can be written as Co?*[Co?*xCo"'1-xMn®*;.

«Mn**,]04 and Co?*[Mn®*2.,,Mn**y]O4 [162-163]. The Co?*(d7) in tetrahedral sites has a high
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spin state with higher tog orbital energy than that of eq orbital, and hence comprises of 3 unpaired
electrons in each tetrahedral site. However, d-orbitals in octahedral sites split in opposite ways to
tetrahedral due to the difference of bonding position with oxygen atoms, thus eg shows a higher
energy level. Trivalent Mn3*(d4) with high spin has 4 unpaired electrons while Co'''(d6) with
low spin has none. Thus, Co?*Mn**Co'"'O4 has 7 unpaired electrons and Co?*Mn®*Mn®*"O4 has 11
unpaired electrons, respectively. Hence, there is an average of 8.3 unpaired electrons per
molecule in the feedstock powder and the extrapolated Ms value of feedstock powder shows
0.615 emu g. However, Ms of as-sprayed coatings A-C shows lower magnetization than that of
feedstock powder, while those of coatings D and E show higher magnetization. This categorized
magnetic signal appears to be closely related to the lattice parameters of (Co, Mn)O and
CoMn,04. During the deposition of coatings A-C the particles were exposed to high thermal
energy and consequentially large thermal gradients within the plasma plume. Moreover the
increased hydrogen flow rates and the reduced particle dwell time arising from the nature of the
processing condition resulted in coatings undergoing oxygen loss in-flight. The ensuing rapid
quenching of the particles resulted in the formation of metastable (Co, Mn)O phases with larger
lattice parameter which indicates the disordered rock salt phase. Since coatings A-C mostly
contains antiferromagnetic rock salt phases (Co, Mn)O and minimal amounts of non-
stoichiometric MCO (due to process induced oxygen losses) the total number of unpaired
electrons in these coatings is reduced.

However, the actual number of unpaired electrons per molecule is increased to 11.7 if we
assume that non-stoichiometric MCO has only the lowest oxidation state of Mn?* and Co?* with
broken d-orbitals degeneracy which can be attributed to lower orbital splitting energies due to the

loss of oxygen. Coatings D and E that were processed with high velocity (less thermal exposure)
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plasma process using helium instead of hydrogen (only condition E) show increased magnetism
even though they also contain antiferromagnetic (Co, Mn)O phases. However, none of the
annealed coatings shows magnetic hysteresis even though their spinel phase is recovered from
metastable (Co, Mn)O phases (see Figure 5.8(b), 5.9(b)). It still remains unclear as to why their
magnetic property changed. It is likely that ferrimagnetic ordering might have taken place during
the heat treatment associated with antiferromagnetic exchange between tetrahedral Co?" and

octahedral Mn** cations [163].

5.6 Electrical Conductivities of MCO Coatings

Temperature dependent electrical conductivities (o) of MCO coatings were measured from
room temperature to 800 °C and the results are plotted using In(oT) vs. T form. The electrical
conduction mechanism is known to be small polaron hopping between the adjacent metals
occupied in octahedral sites which is governed by the Arhenius equation (Figure 5.12) [169].
From room T up to ~ 130 °C (0.0033 — 0.0025 range of T (K™)), electrical conductivity
gradually increases but the conductivities of coatings A-D show discontinuities in the
temperature range from 130 °C to 160 °C (0.0025 — 0.0023 range of T (K1) as indicated by
arrow in Figure 5.12. This unusual conductivity discontinuity is also seen in coating E but at a
different T range of 93-101 °C (~ 0.0027 in T (K1)). Above 160 °C (101 °C for coating E
coating), conductivity continues to increase with raising temperature. However, the slope is
slightly higher than that which was observed between room temperature to 130 °C which is
indicative of the change in activation energy (Ea) of coatings post the unusual fluctuation. This
large fluctuation (~ 10 times) in electrical conductivity might be attributed to cubic-tetragonal

phase transition at this temperature range. In order to prove the hypothesis that the fluctuation is
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associated from phase transition, temperature dependent XRD has been re-employed and
measured from 130 to 200 °C with 10 degree intervals and analyzed for each phases’ quantity via
Rietveld analysis. Initially, the quantity of more conductive cubic MnCo0.04 phase decreases
while the content of less conductive tetragonal Mn.CoOs phase increases with increasing
temperature from 130 to 170 °C. Then, the amount of cubic spinel phase increases while
tetragonal spinel phase decreases from 170 to 200 °C. The results of phases’ quantity analysis are
shown in Table 5.2. During further increasing T (350-450 °C), the conductivity curves show
some Kkinks at the temperature that TGA indicated the initiation of oxygen recovery. Furthermore,
rapid rises of conductivity at around 600 °C are observed where the phase transition from
metastable rock salt phases to spinels occurs. Beyond this up to a temperature of 800 °C,
electrical conductivities continue to increase with different slopes (Ea). Electrical conductivity
has also been measured during isothermal exposure at 800 °C for 24 hours (time dependent
conductivity curves are not shown). During the isothermal exposure, conductivity further
increased through the recovery of spinel phases as shown in the inset of Figure 5.12 after 24
hours exposure. Coatings A and B show lower electrical conductivity despite their dense
microstructures, which is attributed to the presence of more metastable rock salt phases resulting
from higher plasma energy exposure and H» content at these conditions (XRD results in Figure
5.9(b)). Coatings sprayed at parameters incorporating lower hydrogen content (C and D) as well
as those deposited using He containing plasma (E) show higher electrical conductivity (up to 40
S cm! for E coating) due to more appropriate phase retention with smaller lattice parameters of
conductive phases, MnCo0.04 and Mn2CoQ4, which provide shorter electron hopping distances.
This value is about 67 % of bulk MCO. Continued measurements of conductivity during the

cooling cycle show a linear behavior (only shown for coating E). Activation energies (Ea) of
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coatings A-E are calculated from the cooling curves using Arrhenius equation with data
summarized in Table 5.3. The lowest Ea is 0.40 eV corresponding to that of coating E while
coating B shows the highest Ea of 0.64 eV. The result points to the importance of stoichiometry

and phase retention over coating density on electrical performance.

5.7 Oxide Scale Protection Performance of MCO Coatings

Oxide scales of these MCO coatings (A-E) on ferritic steel were grown by subjecting them
to a thermal excursion of 800 °C for 20 and 600 hours in a tube furnace. Subsequently oxide
scale growth and their cross-sectional images are investigated by SEM along with chemical
analysis via EDX (Figure 5.13). Since the atomic profile of EDX only shows one specific
location of the sample, averaged values from multiple location measurements along with their
standard deviation following exposures of 20 hours and 600 hours are also presented in Figure
5.13(d) and (h), respectively. While the microstructures of coatings B, D and E heat treated for
600 hours appear similar, possibly due to the effects of sintering, coatings A and C showed signs
of significant crack formation. Denser coatings obtained from higher process temperature and
velocity show sluggish oxide scale growth. Oxide scales of coatings B and E after heat treatment
for 600 hours are only about 1 um. However, low velocity processed coatings A and C show
about 50 pum thick grown oxide scales with large variability. This could possibly be due to the
easy pathway available for the diffusion of volatile Cr species through the microcracks present in
these coatings. The growth of oxide scales was found to vary between coatings A and E. The
oxide scale in coating A exhibited a growth rate of 0.8 um h* for the initial 20 hours and then
slowed down to 0.06 pm h™! for the next 580 hours, which was still about 45 times faster than the

growth rate observed in coating E. This thick grown oxide scale between FS substrate and MCO
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coating causes crack propagation within the MCO coating in either the vertical or perpendicular
directions as shown in Figures 5.13(e) and (f). This leads to the catastrophic failure of the
protective layer as result of delamination of the coating. These results point to the need for
adequate density in sprayed MCO coatings to impart resistance to failure arising from the growth

of oxide scales.

5.8 Coefficient of Thermal Expansion of MCO Coatings
Finally, coefficient of thermal expansion (CTE) of coatings was measured to assess
mechanical stability with the other cell components (dL Lo and CTE curves of coating D are
displayed in Figure 5.14). The percent change in length, dL Lo curve shows linear thermal
elongation up to 800 °C but a constant CTE of 11.0 x 10® K was observed only up to 700 °C
and a sudden drop in CTE was observed above 700 °C. This is likely related to the metastable
rock salt phases transition to stable spinels. These findings suggest that the coatings investigated

in the current study could be reliably utilized at temperatures below 700 °C.

5.9 Conclusion
In this investigation, MCO coatings were deposited by APS to examine the effect of
process induced thermal excursions on the phase, microstructure and electrical properties. The
process dependence on the efficacy of the coating to provide requisite protection to SOFC
metallic interconnect from chromia scale is also investigated. MCO coatings were subjected to
deliberate thermal excursions within the plasma spray process through modifications to process
parameters including hydrogen content in the plasma gas, arc current, and total gas flow. Torch

hardware configurations were also varied to provide a wide window of particle thermal and
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kinetic energies. The resultant process map was used to benchmark coating attributes such as
density and phase contents. Particles exposed to high thermal energy and high kinetic energies
result in coatings with dense microstructures while those produced at low temperatures and
velocities produce coatings with significant porosity. In almost all cases, the as-deposited
coatings contain two different stoichiometric spinel phases, Mn.CoOs and MnCo.04, with a
trapped metastable rock salt phases with (Co, Mn)O chemical formula. This result is not
surprising and is attributed to the rapid quenching (~10° K s™) occurring during the plasma spray
process. Post deposition annealing allowed recovery of spinel phases from the metastable rock
salt structure as confirmed via T-dependent XRD measurement with a transition T of 620 °C.
However, substantial differences in initial and post-anneal phase contents resulted from different
process conditions. Coatings that retained a higher fraction of the desirable spinel phases (e.g.
coating E produced at high kinetic energies, less thermal exposures) showed excellent electrical
conductivity of up to 40 S cm™ at 800 °C. Correspondingly, coatings with high density achieved
through a combination of high thermal and kinetic energies (e.g. coating B) show excellent
oxidation protection of the underlying metallic interconnect. The results point to both efficacy of
plasma sprayed functional oxides in SOFC applications as well as the need for fundamental
understanding of the interplay among process conditions, phase evolution, microstructure and

properties to ensure requisite performance.
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6. Tunability of Thermoelectric Properties of in situ Thermal Spray Synthesized
Substoichiometric TiO2x

6.1 Manipulating thermal exposure by dwell time and temperature

TiO2.x coatings are produced by the thermal spray process with starting feedstock
stoichiometry of TiO19. Two different coating techniques with varying spray parameters and
hardware are applied in order to manipulate the thermal excursion of particles. Average
temperature (T) and velocity (v) of the particles in the plasma/flame are monitored in situ during
the spray process and presented on a 1% order process map in order to visualize the thermal and
kinetic energies of the conditions (Figure 6.1). T and v of plasma-sprayed coatings are located at
high T (2500-3800 K range) and low v (180-250 m s range) regime while HVOF processed
coating is scattered at low T (~2300 K) and high v (~900 m s range) regime on the map. With
increasing hydrogen ratio in the plasma, the average particle T is increased but the average
particle v remains almost constant. Two different types of plasma guns have been employed:
F4MB-XL and SinplexPro™. Compared to when the FAMB-XL gun is used, when the
SinplexPro™ is used conditions are displayed in the higher T and v range because the plasma
gun is known that has better plasma plume stability, based on its cascaded arc technology,
whereas the conventional FAMB-XL gun generates the plasma with continuous on-and-off of
electric arcs at high frequency. In this chapter, FAMB-XL and SinplexProTM plasma torches
refer to Conv and Cas, respectively. Coatings prepared with 7 different conditions are
represented as (type of gun used-amount of hydrogen used), i. e. Conv-0, 4, 12, Cas-0, 3, 9 and

HVOF.
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6.2 Phase and Stoichiometry via XRD

XRD patterns of as-sprayed coatings and feedstock powder are shown in Figure 6.2. The
patterns of feedstock powder showed a mixture of Rutile and Magnéli phases (TinO2n-1) with n =
5 — 9 with sharp reflections that indicate the phases have large crystallite sizes, i.e. too large to be
determined by profile analysis of XRD patterns. XRD patterns of as-sprayed coatings deviate
from that of the feedstock, which indicates that particles experienced phase decomposition
during the spray process. For the as-sprayed coatings’ surfaces, the reflections’ intensities are
reduced and broadened, mainly due to the decrease in the coherently diffracting domain sizes.
Moreover, the coatings can be categorized into three distinct groups according to the similarity
of XRD patterns; (1) HVOF, (2) non-hydrogen used plasma (Conv-0 and Cas-0) and (3)
hydrogen used plasma (Conv-4, 12 and Cas-3, 9). The pattern of coating HVOF most closely
resembles the feedstock phase contents with a majority of Magnéli (n=8 and 9) phases and Rutile
because of minimal thermal exposure during the process. However, the profiles are broad due to
significantly lower crystallite sizes on the as-sprayed surface compared to the feedstock. Non-
hydrogen processed coatings Conv-0 and Cas-0 shows similar XRD patterns with more
pronounced Rutile peaks except for the zirconia impurity reflections (2 theta ~30, 50, and 60
deg) in coating Conv-0. Since the hydrogen-free plasma provides oxidizing environment to the
particles, the generation of the more oxidized phase, i.e. Rutile is favored. Thus, the XRD
patterns show strong Rutile reflections with profile analysis indicating crystallite sizes of ~45 pm
compared to the even broader reflections from the remaining Magnéli (n=5 and 6) phases which
have crystallites smaller than 10 um. Meanwhile, the patterns of hydrogen-containing plasma
coatings, Conv-4 and 12 and Cas-3 and 9, are similar to those of hydrogen-free plasma coatings

with a lower intensity of Rutile reflections. One notable difference is the emergence of new
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reflections at 2 theta ~21, 26, 32, 53, and 55 degrees which implies the presence of a new
reduced phase of TisO7. These reflections are more noticeable if the hydrogen content in the
plasma is increased and, hence, supplies more thermal energy which can preferentially evaporate
oxygen atoms.

In order to quantitatively analyze the phase contents in the feedstock and coatings,
Rietveld refinements were attempted. The results are mapped on the process-dependent space
(phase contents as a function of thermal exposure (T X 7)) in order to visualize the process effect
on phase changes in the coatings compared to the phases of the original feedstock powder, where
T x T = 0 (see Figure 6.3). The quantitative Rietveld analysis of feedstock showed a dominance
of Magnéli phases (TinOzn-1) with n=5 — 9 (the most abundant phase is TigO17 with 38 wt%);
there is also ~17 wt% of Rutile, ~4 wt% of beta-TiO. and less than 1 wt% of Anatase. Based on
the refined quantities, the computed feedstock stoichiometry is TiO1.9 which matches well the
data provided by the powder manufacturer. The coating processed with minimal thermal
exposure (HVOF) shows the most similar phase contents to the original; it is the only coating
that contains Magnéli phases with n =7 — 9 (see Figure 6.3(b)) while the phases are decomposed
during the other plasma sprayed processes. Hydrogen-free plasma sprayed coatings Conv-0 and
Cas-0 show increased Rutile content up to 44.8 % due to their oxidizing environment, but the
rest of original Magnéli phases (n =5 — 9) transform to the reduced forms (n = 5 and 6) (Figure
6.3(a) and (c)). Although the coatings contain more Rutile phase (TiO2) compared to that of
feedstock, the average stoichiometry is reduced to TiO1.879 and TiO1.g90 for coatings Conv-0 and
Cas-0, respectively, due to the presence of reduced Magnéli phases (TisOg and TigO11).
Hydrogen-containing-plasma sprayed coatings Conv-4, 12 and Cas-3 and 9 show more reduced

Magnéli phases (TisO7, TisOg and TieO11) than the higher oxygen content Magnéli phases
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(TigO17, TigO15 and TizO13) while the amount of Rutile is practically constant, due to the
reducing environment of the plasma (Figure 6.3(a) and (c)). With increase of thermal exposure
(T x 7), the Ti4O7 phase is apparent while the TieO11 phase is decreased (Figure 6.3(a) and (c)).
This reducing transition pattern (generating lower number of Magnéli phases from the existing
higher number of Magnéli phases, and not generating existing Magnéli phases from Rutile)
suggests that phase transition within the Magnéli phases is more energetically favorable than
transformation from Rutile to Magnéli phases, which implies that adding oxygen vacancies by
generating stacking fault planes is easier than changing the crystallographic structure from
tetragonal (Rutile) to triclinic (Magnéli phases, n = 4 — 9). Thus, the average stoichiometry of the

coatings is lowered to TiO1.gzs.

6.3 Microstructure Analysis

Microstructures of the differently-processed splats (the basic building block) and coatings
are investigated using SEM/EDX and their selective images are displayed in Figure 6.4(a) - (e).
As a result of image analysis, average porosities are obtained in the range of 2.3 — 4.6 %, which
indicates that dense-microstructured coatings are obtained by thermal spray processes despite the
existence of voids, globular and interlamellar pores, and microcracks. The porosity of the
coatings as a function of thermal exposure is shown in Figure 6.4(f). With increasing process
temperature (T) and velocity (v), coating density is increased. Coating produced with a
conventional plasma torch containing no hydrogen (Conv-0) contains the highest porosity due to
existing “unmelts” (see Figure 6.4(a) splat), although the shape of the splats is a pancake-like
structure without any splashing. However, with increasing hydrogen ratio in the plasma, the
degree of the porosity in the coatings decreases due to better melting. Coatings produced with a
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cascaded plasma torch (Cas-0, 3, 9) show dense microstructure due to a sufficiently high process
T to homogeneously melt the particles and the higher velocity to impact the pre-deposited splats
(see Figure 6.4(b) and (c)). It is more common to see splashed fingers in the splats with bright
contrast edges with increasing H. ratio. Due to the rapid quenching, there many exists
amorphous or nano-sized crystallites at the edge and splashed fingers of splats with a higher
electron density which makes brighter contrast than in the center regime which contains void
spaces such as microcracks and nanoporous foams [179]. Especially, coating Cas-0 contains
bright nano-scale dots within the splat matrix (mostly periphery), as clearly shown in the
enlarged micrograph (Figure 6.4(e)). These bright dots might be the conducting Magnéli phases
(n=5 and 6) with small crystallite sizes that are detected by XRD (see the Section 6.2). The
images of splat and coating cross section processed via HVOF are also presented in Figure
6.4(d). The residential time in the flame is not enough to generate a molten state of the particles
due to the low thermal and high kinetic energies. Unmolten splashed splats are generated once
the particles reached the substrate with high impact energy. Although this condition produced
“unmelts”, dense microstructure is accomplished in the coating by high impact energy that

enhances the adhesion strength of the coating.

6.4 Thermoelectric Transport Properties (Seebeck Coefficient and Electrical

Conductivities)

Seebeck coefficients (S) of substoichiometric TiO2.x coatings are calculated by measuring
thermoelectric voltages with varying thermal gradients along the coatings. S values at the hot

side temperature (THot) of 750 K are displayed in Figure 6.5(a) (dashed bars) in the order of high
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to low S. The coatings produced without using hydrogen in the plasma and HVOF show large S,
225 — 250 uV K2, due to containing more Rutile phase. For coatings produced with hydrogen-
containing plasma, as the thermal exposure increases, the Seebeck coeffincient is decreased from
150 pV Kt to 80 pnV K7, due to increasing the more electrically-conductive reduced Magnéli
phase (TisO7) content while the Rutile content is constant. Thus, the values of the Seebeck
coefficient are significantly affected by the amount of Rutile content and then affected by
reduced phase contents in the coatings if the Rutile is constant. The correlation between phase
contents and S is apparent by comparing process-dependent phase contents and S plots shown in

Figure 6.3 and 6.6(a).

Temperature dependent electrical conductivity of the substoichiometric TiO2.x coatings is
measured from room T to 750 K. All coatings show semiconducting behavior from room T to
~650 K but a semiconductor to metal-like transition occurs at between 650 — 750 K (580 K for
Conv-0) due to the crystallographic distortion of Magnéli phases attributed to a change of the
lattice parameters [117,180-181]. The electrical conductivities of the resultant coatings show
more than a factor of 20 differences at 750 K which indicates that the electrical transport is
strongly affected by the thermal spray process and the consequent phase changes. Figure 6.5(a)
(dotted bars) shows the electrical conductivities of the coatings at 750 K which increase with
increasing hydrogen content in the plasma, with a corresponding reduction of Seebeck
coefficient. This interrelated S and o behavior is well correlated with the behavior of
conventional 3D TE materials. However, the S and o values of coatings Cas-0 and HVOF
behave somewhat independently, showing higher electrical conductivity without further
reduction of S. Meanwhile, the o of coating Conv-0, which has similar phase contents and

Seebeck coefficient to that of coating Cas-0, shows the lowest value. In addition, the hydrogen-
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processed coatings Conv-4 and 12 and Cas-3 and 9 contain more reduced Magnéli phases
(Ti4O7-(not for coating Cas-3), TisOg and TisO11), which results in a higher concentration of
transport carriers (oxygen deficiency) and exhibit even lower electrical conductivities. Figure
6.6(b) shows the temperature dependent electrical conductivities as a function of thermal
exposure, which may indicate an unusually high o for coatings Cas-0 and HVOF despite their
phase contents, as well as their higher porosity compared to coatings Cas-3 and 9. The only
remarkable difference between the coatings Cas-0 and HVOF and the others is the
microstructures of splats and coatings (see Figure 6.2). Splats of coatings Conv-0, 4, 12 contain
“unmelts” on the core area of the splats due to the inhomogeneous melting by the unstable arc
that causes voids and imperfections in the successive impingements in the coating
microstructure. Also, some splats of coatings Conv-4 and 12 shows splashed fingers generated
by the molten surface of the particles and voids produced at the periphery of the splats. These
imperfections raise electron scattering that interrupts the transport of carriers. The splats of the
coatings Cas-3 and 9 show a fully molten state with high density. However, void spaces at the
center as well as the edges of splats are detected due to the high impact which causes too much
splashing. Also, the splashed particles cause the globular and interlamellar pores by making the
next deposit bend. The bend interfaces are easily seen in the cross-section of these coatings.
These factors together impede electron transport, although the coatings consisted of electrically-
conductive reduced Magnéli phases. In contrast, the microstructure of splats Cas-0 shows a fully-
molten pancake-like structure without any voids in the center. Moreover, the brighter nano-scale
dots at the periphery regime of splats might provide an electrical transport channel, similar to

that of a brick-layer model, to enhance the electrical conductivity [109] despite the small reduced
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Magnéli phases’ contents. For the coating HVOF, dense microstructure with higher adhesion

might provide better electron transfer paths.

6.5 Thermal Conductivity

Figure 6.5(b) shows the temperature dependent thermal conductivity (kwt) of the
substoichiometric TiO.x coatings from room T to 750 K. All coatings show lower values of
thermal conductivity, ~1.27 — 2.31 W m™ K1, compared to the values for Rutile single crystals, ~
6 — 8 W m?t K1 [182], due to the microstructure of the thermal sprayed coatings containing
imperfections such as pores and microcracks. Figure 6.6(c) shows the temperature dependent
thermal conductivity as a function of thermal exposure, which shows that the phase contents,
both microstructure (porosity) and electrical conductivity of coatings affect the thermal
conductivity. Particularly, coatings HVOF and Cas-0 shows the lowest thermal transport values
even if they have shown high electrical conductivity over the temperature range, which is
contrary to the Wiedemann—Franz law. Since coating HVOF contains unmolten building blocks,
the microstructure conserves the grain boundaries from the powder state which would scatter
phonons. However, the reason is still unclear why coating Cas-0 shows low thermal conductivity
despite its high electrical conductivity, as well as good microstructure with fully-molten splats
that could provide better thermal energy transport. Thus, this unusual phenomenon supports the
possibility of the existence of low dimensional Magnéli phases at the peripheries of splats which
could be produced by rapid quenching from the bottom surface of splats in this particular spray
condition. Meanwhile, electrical and thermal transports obey the Wiedemann—Franz law for the

coatings Conv-0, 4, and 12 and Cas-3 and 9 with porosity compensation.
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Contribution of the lattice thermal conductivity (ki) is calculated using ki = kit - LaT. The
Lorenz number (L) used for obtaining ki is 2.6 x 10 V2 K2 which is the reported value of TiO1.4
[77]. Figure 6.5(c) shows the lattice contribution over the total thermal conductivity (ki / ktot)
which indicates that 94% of the thermal energies are transported via phonons in these coating
systems. It is discovered that thermal conductivities above 650 K are increased for the most of
coatings (except coating Cas-9), even though the electrical conductivity stays constant or
decreases above 650 K. This implies that the absolute values of ki are increased at 750 K due to
more sintered Rutile phase which might be generated by the oxygen recovery process from 723

K [110], which reduces the phonon scattering.

6.6 Power Factor and Figure of Merit

The power factors, PF, as a function of the thermal exposure of the coatings are shown in
Figure 6.7(a). The highest value of 2.83 uW cm™ K is obtained at 750 K from the coating Cas-0
due to its high o without a reduction in S. Interestingly, the PF of Conv-0 and Cas-0 conditions
shows a difference of about a factor of 20 at 750 K due to its lowest electrical conductivity,
which indicates that the TE properties of TiO2x coatings are very sensitive to the process
conditions. Finally, values of the figure of merit, ZT, for thermally sprayed substoichiometric
TiO2.x coatings are given in Figure 6.7(b). The highest ZT, 0.13, is obtained at 750 K from the
coating Cas-0 by breaking the interrelationship of S, o, and kiwt. The value of ZT obtained is in
the similar range with that reported for hot pressed substoichiometric TiO..x samples [119]
despite their lower PF, which indicates that the thermal spray process is a competitive method to

produce low thermal conductivity material. The coating HVOF also shows a promising result,
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with a ZT value of 0.077 at 750 K due to its low thermal conductivity, accomplished by a large
phonon scattering brought about by the unmolten microstructure. The coating Conv-0 shows
slightly higher ZT values compared to those of hydrogen-containing-plasma coatings because of
its high S. For the hydrogen-containing-plasma coatings, ZT values increase with increasing
thermal exposure. These coatings are likely to be governed more by the electrical conductivity

rather than the Seebeck coefficient.

6.7 Process Effects on Microstructure-Phase-Thermoelectric Properties of TiOw7
Coatings
Substoichiometric TiO2.x coatings were synthesized by the same thermal spray processes
with feedstock starting stoichiometry of TiO1.7. Since the particle sizes of the TiO17 powder are
bigger (coarse) than that of the previously used TiO1.9 powder, the process conditions are shifted
to a lower v regime on the T-v map compared to those used for TiO19, While the T remained
same. Thus, the particles experienced more thermal exposure due to the longer residential time in
the plasma/flame during the excursions. Phase content of the feedstock and the as-sprayed
coatings were investigated by XRD with Rietveld analysis. The patterns of TiO7 feedstock and
coatings are presented in Figure 6.8 and 6.9. The original feedstock consisted of Magnéli phases
(n =3 -6, a majority of TisOs and TisO7) and the calculated stoichiometry is TiO1.703, which also
matches well with the data provided by the powder manufacturer. The phases of all coatings
prepared with TiO17 are completely converted to Rutile and TigO1s phases by oxidation during
the process. The amount of oxidized phases is sensitively affected by the thermal exposure and
hydrogen content of the plasma. The coatings HVOF and Conv-0 retain the most reduced Ti3Os

phase due to the minimal thermal exposure. With further thermal exposure, the TisOs phase is
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completely transformed to the higher number Magnéli (n = 4 and 8) and Rutile phases. However,
with an increase of the content hydrogen of the plasma, the reducing environment limits the
further oxidation and provides more Ti4O7 phase in the coatings Conv-12 and Cas-9. Hence, the
stoichiometry of the coatings was calculated and increased from TiO1gos t0 TiOz932, Which
implies the oxidation of the original feedstock. Microstructures of splats and coatings were
investigated and porosity of the coatings was also calculated, as in the above section. A similar
trend of porosity versus thermal and kinetic energies of particles is obtained, with a range of 2.8
—10.9 %, due to the inhomogeneous melting brought about by the coarse sizes of the particles
(see Figure 6.10). However, splat HVOF shows a better molten state compared to that of TiO19
used because of the longer thermal exposure (see Figure 6.10(d)) and coatings made with
hydrogen show much higher density (see Figure 6.10(f)) than the coatings made without using
hydrogen. Thus, providing higher thermal energy by including a H> gas content plays important
role in developing desirable microstructure for these coarse-sized particles. The values of
Seebeck coefficient and electrical conductivities of the TiO1.7-used coatings vary in ranges of 90
—210 uV K1 and 900 — 15400 S m™ at Tror = 750 K, respectively, which are a lower range of S
and a higher range of o than those of the TiO1-used coatings due to their phase contents (see
Figure 6.11(a)). However, the S and o of TiO17-used coatings are interrelated each other, thus
the highest power factor, PF, of 1.62 pW cm™ K2 at 650 K is obtained from the coating Conv.-0
(see Figure 6.7(c)). Temperature dependent thermal conductivities of these coatings were also
measured and a lower range of kit 0.88 — 2.33 W m™ K, was obtained due to their higher
porosity (see Figure 6.11(b)). Because of the higher electrical conductivity of these coatings,
more electrical contribution, up to 18 %, is involved in the thermal transport (see Figure 6.11(c)).

Thus, the trend of thermal conductivities of the coatings is well described by the Wiedemann-—
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Franz law. Indeed, the substoichiometric TiO2x coatings that were processed with the coarse
TiO17 powder show interrelated behaviors of thermoelectric variables, which indicate that
conventional 3D TiO».x coatings are produced. The highest figure of merit, ZT, value among the
TiO1.7-used coatings is 0.10 at 650 K from the coating Conv-0 by optimization of the carrier
concentration through the spray process (see Figure 6.7(d)). In addition, the coating HVOF

shows a promising result of ZT values 0.085 at 650 K.

6.8 Conclusions

The thermoelectric properties of substoichiometric TiO2x coatings produced by the
thermal spray process were investigated from room temperature to 750 K. Various
stoichiometries of TiO2.x coatings (0. 068 < x < 0.195) with high density are obtained by
changing the thermal and kinetic energies of plasma/flame during the process. The particles
experience reduction/oxidation during the excursion, thus, phase decomposition occurs and
produces a mixture of Magneli (TinO2n-1, n = 3 — 9) and Rutile phases in the coatings. Significant
enhancement of the electrical conductivity from 2.30 x 102S m? to 1.74 x 10* S m™ at 650 K, as
well as a corresponding reduction in the Seebeck coefficient from 270 pV K™ to 73 uV K* were
observed depending on the spray parameters. Surprisingly, one coating produced by the cascaded
plasma torch without hydrogen, shows a high Seebeck coefficient without reducing the electrical
conductivity, due to a relatively higher Rutile content with a superior microstructure, which
yields a power factor of 2.85 uW cm™ K2 at 750 K. In addition, lower thermal conductivity, 1.36
W m? K?at 650 K, is attained for this coating, which indicates that the thermoelectric terms of
this coating behave independently. Thus, the largest ZT of 0.13 is obtained from the coating at

750 K.
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7. Synthesis

LSM, MCO and TiO2x coatings were deposited with different spray parametric
conditions by deliberately changing hydrogen ratio, mass flow rate, arc power, and hardware in
order to vary the thermal excursion of the particles. The particle temperature and velocity were
monitored in situ and their physical (phase, stoichiometry, and microstructure) and functional
(electrical/thermal conductivities, oxide scale protections, Seebeck coefficient) properties were
analyzed based upon how much the thermal exposure is experienced by the particles, T X v,

during each process.

As the first test bath for investigating applicability of thermal spray process for the
functional oxide coatings, LSM and MCO coatings were prepared by air plasma spray process in
order to provide cathode protection from the oxide scales generated from metallic interconnect.
The prerequisites of the protection layer are providing protection performance from oxide scale
growth toward the triple phase boundary with a reasonably high electrical conductance. The
coatings generated with high T and low v on the 1% order process map indicating more thermal
exposure with longer residential time in the plume showed more preferential elemental losses
such as oxygen and manganese in LSM and MCO coatings which brought secondary phases or
trapped distorted lattices. In contrast, the low T and high v used conditions such as condition E
retained more original phase and stoichiometry within the coatings. However, coating E contains
unmolten particles that cause porosity in the microstructure. Also, low v conditions A and C
showed a tendency to generate microcracks in their microstructure due to the larger tensile
quenching stresses. Meanwhile, the high T and v used condition B produced the highest density

in LSM and MCO coatings. Despite the high porosity in the microstructure of condition E, the
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electrical conductivities of LSM and MCO coatings were obtained the highest, 55 and 40 S cm'?
at 800 °C, respectively, compared to the other four T and v used coatings due to the better phase
retention. Protection against the oxide scale growth also was assessed by heat treatment at
800 °C for 600 h. The cross-sectional EDX atomic profiles displayed that the LSM coatings
except for coating A showed 70 % better protection performance compared to the bare ferritic
steel interconnect. However, coating A showed enhanced oxide scale growth rate due to the
secondary phase, La>Os, which is known as hygroscopic material by pulling the oxides with
retaining moisture in the LSM layer. For the MCO coatings, oxide scale were barely grown, ~1
um, after the heat treatment but the cross-sectional atomic profiles of coatings A and C showed a
large deviation of oxide scale because the oxide scales were grown through the microcracks in
the coatings. Thus, the LSM coatings B-E and MCO coatings B, D, and E were shown superb
protection performance compared to the interconnect without any protection even though they
contain a certain amount of porosity. Overall, condition E, high v with He gas exhibited the best
functional performance for the both LSM and MCO coatings by satisfying the all prerequisites
for the functional requirements which imply the thermal spray process could successfully

produce the cathode protection layer in SOFCs by optimizing the spray parametric variables.

As the second test bath, TiO2.x coatings were produced to demonstrate the capability of
thermal spray process for fabricating thermoelectric generator. Magnéli titania (TinOzn-1) was
selected as our starting materials for aiming at n-type semiconductor due to their high electrical
conductivity, thermal/chemical stability up to 500 °C, cost effective, earth-abundance, non-
toxicity, good flowability and commercial availability. The seven different thermal excursion
applied coatings were produced by consciously control hydrogen ratio, hardware, and thermal

spray techniques. All coatings produced with starting stoichiometry of TiO17 experienced
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process induced phase oxidation and showed conventional 3D thermoelectric properties, i.e. high
S with increasing oxidized contents in the coating with reduction of o and kiwt. Thus, the highest
ZT value of 0.10 at 650 K is obtained by the optimization of the thermoelectric variables from
condition Conv-0. However, the coatings prepared from the stoichiometry of TiO1¢ displayed all
reduced phases during the spray process except for the non-hydrogen used conditions. The non-
hydrogen used conditions contained twice more Rutile phase in the coating but the total
stoichiometry of coating still showed similar to the starting stoichiometry due to generation of
reduced phases of Magnéli. All coatings also followed conventional 3D thermoelectric trend by
showing interdependence of variables, but coating produced by cascaded plasma gun with non-
hydrogen (condition Cas-0) exhibited independent behaviors with high S without reduction of o
as well as low kwt. Containing low dimensionality such as nano-scale crystallites within the
coating might be attributed to the peculiar behavior, hence, the value of ZT is obtained 0.13 at
750 °C which is the same value that has been reported from previous research produced by hot
press. This result makes thermal spray process as a competitive method for thermoelectric

generator fabrication.
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8. Suggestions for future work

8.1 Possible p-type, n-type semiconducting materials for thermoelectric modules

In Chapter 6, we demonstrated the capability to use thermal spray processes to fabricate
thermoelectric devices using n-type TiO2.x materials. In order to build a complete thermoelectric
generator (TEG), finding a good p-type material, which could be sprayable, is crucial to
accomplish the goal of this project. Since we had available stocks of LiNiggCo00.15Alo.0s02 [183],
Li-doped (various %) CoO [184] and NiCrCoAlY-Al,O3 [185] nanocomposites, which are
known as p-type semiconductors, they were sprayed through the mask that had been used for
TiO,. coatings in order to preliminary demonstrate the applicability. Due to the limited powder
quantity, only one spray condition was chosen, with parameters close to those that show the best
thermoelectric performance of the TiO>x coating and the conditions for the p-type materials are
presented in Table 8.1. As shown in Chapter 6, the thermoelectric properties are affected by

stoichiometry and coatings mictrostructure, employing the use of XRD and SEM.

Figure 8.1(a) shows the XRD patterns of LiNiogCo0o0.15Alo.0s02 (LNCAO) feedstock and
as-sprayed coating. Additional reflections are noted at 2 theta ~ 30, 32, 34, 43, 57, 63 and 76 deg
in the XRD patterns of coating that indicate the possibility of phase decomposition or metastable
phase entrapment during the spray process. Thus, post annealing processes were attempted at
300, 500 and 700 °C, respectively, for 2 hours in air in order to recover the original phase. As a
result of the post-annealing process, the phase composition of the coating was recovered after
700 °C annealing. However, the microstructure of the annealed coating contains perpendicular
cracks that could possibly cause delamination of the top part of the coating (see Figure 8.1 (b)).
These catastrophic perpendicular cracks are propagated from the low density region (Figure
8.1(c)) in the as-sprayed coating during the annealing process, and is attributed to the broad
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range of the particle size distribution (see Figure 8.1(d)). In order to improve the quality of the
microstructure of the LiNiogCo00.15Al0.0s02 coatings, the size distribution of the particle must be

narrower.

The Seebeck voltage of the annealed LiNio.gCo00.15Al0.0s02 coating was measured by a
generating thermal gradient along the coated line with successive thermal cycling from room T
up to 400 — 900 K at 100 K intervals in order to see the repeatability and thermal stability. With
the same measurement set-up of TiO2.x coating, an opposite sign of voltage is generated which
indicates different type of carriers in this coating (p-type). The Seebeck coefficient is -170 uV at
750 K, and the temperature dependent S is shown in Figure 8.2. Thermal hysteresis is shown
between heating and cooling due to the inaccurate temperature measurement while the heat
source (hand torch) is directly touching the hot side of substrate. However, after removing the
heat source (cooling down), the Seebeck curves of the successive thermal cyclings followed
same line. Thus, the LiNio.8Co00.15Al0.050> is a promising candidate as the p-type pair with n-type

TiOZ-x.

Likewise, Li-doped Co304, a mixture of NiCoCrAlY/Al203 (80:20 wt%), and 95 wt.%
In203 and 5 wt.% SnO- (ITO) were deposited through the line-shaped mask in order to test the
thermoelectric property of thermally sprayed coatings. Due to the limited quantity of Li-doped
Co304 (0.05, 0.5, 2, and 5 %) powders, a mixture of the various doping ratio Li-Co3O4 was
deposited by the plasma spray process. XRD of feedstock and as-sprayed coating was measured,
and like the MCO coatings in Chapter 5, Co3O4 spinel phase was decomposed to the rock salt
CoO phase due to the rapid solidification of the plasma spray process (see Figure 8.3). Thus,
post-annealing process was tried at 700 °C for 2 h, since we know that the recovery starting

temperature is 620 °C via the temperature dependent XRD study of MCO coatings. The XRD
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patterns of annealed Li-doped Co304 show the same patterns to those of feedstocks. The Seebeck
voltage of annealed Li-doped Co030s; coating was measured and the highest opposite-sign
Seebeck coefficient of -608 nV/K at 750 K was obtained. However, the Seebeck coefficient from
the NiCoCrAlY/Al>Os coating was not shown any reasonable values due to the poor
microstructure of the mixture. The microstructure of the coating and composite is compared in
Figure 8.4. In order to produce composite structure, the author recommends retrying the plasma
spray process using fine-sized powders with fully melting and slow quenching to grow
composite structure. Lastly, ITO was also successfully deposited using the plasma spray process
without any phase decomposition (see Figure 8.5). In addition, an excellent thermally-stable
value of the Seebeck coefficient, 65 uV/K, was obtained (see Figure 8.2). Since it shows the
same sign as the S of TiO., ITO is a possible alternative n-type candidate for high T application

above the TiO2x phase transition temperature (~ 500 °C).

A TEG is a multi-layer-structured device operating one side of the module continuously
exposed to the high temperature. Thus, minimal mismatch of coefficients of thermal expansion
(CTE) as well as a small range of CTE with respect to temperature are required for the robust
performance. Thus, Li-doped Co304 is the most promising p-type candidate, pairing with n-type
TiO2, in terms of good CTE matches and high Seebeck coefficient. The CTE of the possible

candidate materials are presented in Table 8.2 [155,183,186-188].
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8.2 Off-diagonal thermoelectricity

As we have seen in the above, optimization of the carrier concentration in TE materials is
the only way to obtain the highest thermoelectric performance for the conventional 3D materials
due to the interdependence of the thermoelectric variables. As a part of the efforts to be free from
these constraints, unconventional approaches such as introducing low dimensional systems have
been tried. Recently, a new concept of transverse or off-diagonal TE effect was developed to
enhance the TE performance via applying a thermal gradient through-thickness (z direction)

while generating electricity in-plane (x direction) from tilted layered materials (see Figure 8.6).

With the above TE configuration, the thermoelectric voltage obtained by the Seebeck

effect is given by

E=3S,,xVT when0°<a<90° (8.1)
Sex  Sxy  Sxz Sap cOS* a 0 Sinzza (Sap — S¢)
5= Sy Spe|=| 0 Sab 0 (8.2)
Sex Szy  Szz]  |EE2E(S, —S.) 0 Sysin?a+S.cos?a

2

where S is the Seebeck tensor and VT is the temperature gradient. The Seebeck tensor depends
on the tilt angle (o) and the values of crystallographic anisotropy, Sc and Sap (thermopower of c-
axis direction and ab-plane, respectively), with respect to the coordinates in Figure 8.6. Also, the
generated thermoelectric voltage is affected by the size (I) of the heat irradiated zone, and the

thickness of the tilted sample (d). Thus, the off-diagonal voltage output is given by

sin2a
E =
2

(Sap — SHVT = (8.3)
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where the Sa» and S¢ depend on the electrical and thermal conductivities of the tilted materials A

. Sa+pogS SakgtpS
and B, and thickness of A and B, S, = 2424798 gng 5, = 2B "Bk
oatpop pkatkp

,and p = dy/dg [189-
190]. Possible application areas of transverse thermoelectric generators range from power plants
and aerospace for power generation, as well as fuel consumption sensors, to automated home

heating/AC systems by mounting through the wall of windows.

In order to maximize the thermoelectric performance, finding two materials which
provide a reasonably high anisotropic Seebeck coefficient difference is important. The transverse
thermoelectric voltage output is calculated with respect to the tilted angle and thickness ratio
with VT = 30°C using the equations above for the two different material combinations; (1) A =
metal, B = semiconductor (Sa = 10°Sg, oa = 10*os, ka = ks) and (2) A = p-type semiconductor, B
= n-type semiconductor (Sa = -Sg, oa = oB, ka = ks). Figure 8.7(a) and (b) show the calculated
voltage outputs obtained by inputting arbitrary numbers that follow the above relations of the
two types of material combinations, respectively. As a result of the calculation, the choice of two
different types of semiconductors vanish the anisotropic Seebeck coefficient difference. Thus,
the combination of high Seebeck (low conductive semiconductors) and close to zero Seebeck
(metals) materials would be ideal for this application. For example, Al-n-type Si combination
generates maximum voltage output of 450 uV at o = 45 deg and p = 20 for absorbed power P =
1W [191]. Also, Takahashi et al. reported 250 mV generations with by inputting a temperature
gradient of 90 °C through thickness of tilted BiosSbisTes/Ni tube with o = 35 deg and p = 1

[192].

Although the previous research has proved the benefits of the transverse thermoelectric

power generation, it is challenging to fabricate the tilted multilayers for the commercial
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applications. The tilted multilayers were prepared by stacking foils of A and B with desired
thickness and sintering with pressure and then cutting the sintered stack obliquely to the stack
axis. The CTSR has demonstrated fabricating a tilted structure by thermal spray process with
premixing feedstocks A and B of desired ratio and spraying by tilting the plasma torch (see
Figure 8.8) [193-194]. As preliminary work, splats various impact angles of 90, 60, and 45 deg
were produced via HVOF with a mixture of LSM (Metco 6800) and TiO2 powders (Metco 102)
process, and their morphologies are examined by a zygo interferometer (see Figure 8.9). In the
figure, the most impacted center shows a dip due to the splashing and the location of the dip is
moved from the center of splat to the hill of the wedge by changing the torch angle from 90 to 45
degrees. These obserbed cross-sectional morphology profiles are well matched with the proposed

illustration presented in Figure 8.8.

Coatings of the mixture of LSM (Metco 6800) and TiO. were produced with various
torch angles (90, 60 and 45 degrees) and ratios of mixture (75:25, 50:50, and 25:75 v/v), and the
electron micrographs of 45 deg of 50:50 mixture are shown in Figure 8.10. As seen in the cross-
sectional electron micrographs, we successfully produced tilted multilayers by the thermal spray
technique. In order to confirm the capability of the coating as a transverse thermoelectric
generator, the thermoelectric voltage was measured by generating a thermal gradient through
thickness. The design of the measurement set up is presented in Figure 8.11. Two heaters were
employed to see the sign changes while changing the direction of the thermal gradient, as a proof
of evidence for transverse voltage generation. Also, copper plates were placed between the two
heaters to avoid generating in-plane thermal gradient. Then alumina plates were placed directly
on the sample top and bottom sides to avoid electrical shorts. The transverse thermoelectric

voltages of angled TiO2, TiO2-LSM mixture, and LSM lines were measured, and the results are
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displayed in Figure 8.12. As seen in the results, an in-plane voltage is generated via a thermal
gradient through thickness and the sign is changed with changing the direction of thermal
gradient. Since the LSM as the material has an almost zero Seebeck coefficient, the value of the
generated voltage of the mixture is similar to that of TiO2 which is well correlated to the results
of the calculation. Thus, we have successfully fabricated a tilted multilayer structure via the

thermal spray process for generating transverse thermoelectric voltage.

Even though the transverse Seebeck voltage generation is confirmed by the preliminary
work, there are many things to be improved for the temperature measurement technique to
accurately calculate the Seebeck coefficient of the tilted materials, as well as the material
selection to improve the performance. Since the thermally sprayed coatings are an additive
method to generate coatings, there are several deposit layers (insulating layer such as YSZ and
TE material layer) on the substrate which makes it unable to measure the bottom temperature of
the TE material directly. Thus, employing an imbedded thermocouple underneath of the

insulating layer would solve the problem.

For generating high power output, reasonably high voltage and current are required.
Thus, a high-Seebeck material, such as TiO, is in charge of generating voltage while the low
Seebeck material is in charge of transporting carriers. Thus, finding a low Seebeck material with
high electrical conductivity is crucial for this project. The author presents some suggested

candidates in Table 8.3.
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8.3 Magnetic measurement as a signature to study metallic particle oxidation in
thermal spray

8.3.1 Introduction

Thermal sprayed (TS) nickel and nickel-based alloy coatings have been widely utilized in
protective coatings and bond coats for ceramic topcoats due to their high wear and corrosion
resistance, thermal efficiency, as well as superior adhesion. There has been aggressively
investigated as one of the major applications of thermal spray process, thus, numerous studies
were attempted based on searching for a relationship of thermal spray process-microstructure-
functional properties of Ni based alloy coatings in order to optimize the process conditions that
give the desired properties. Also, the process effect on functional properties in process map space
provided systematic insights of the parametric effect on coating properties. One of the main
reasons for the necessity of the optimization process is to control the oxide contents within the
thermally sprayed coatings, which could affect the wear/corrosion resistance or thermal barrier
system performance of the coatings. Thus, detecting oxide phase contents in the coatings with
providing quantitative values is crucial to finding the optimized condition. In this part of
dissertation, the author introduces electrical/magnetic measurements as a signature of metallic

particle oxidation during the thermal spray process.

8.3.2 Experimental Methods

Ni, Ni-5wt%Al, and Ni-20wt%Cr were prepared using atmospheric plasma spray (APS)
and high velocity oxy-fuel (HVOF). Stainless steel substrates (316 SS, 9 L x 17 W x 0.125™
H) were grit blasted under the pressure of 80 psi and carefully cleaned with alcohol to remove

residual grits on the surface. A 300 micron of alumina was firstly applied on the 316 SS substrate
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as an electrical insulation layer prior to deposition of Ni and Ni-alloys for electrical conductivity
measurement. The coating is then applied 100 pum thickness through a mask that has three
different widths and lengths (0.050, 0.075 and 0.100 inches W x 0.50, 1.00 and 2.00 inches L) to

confine the coating geometry.

The feedstock materials used in all coatings were alumina (#183, -45+15 pum, Microgrit),
Ni (for APS, Metco 56C-NS, -75+45 um, Oerlikon Metco, Westbury, NY, USA, for HVOF, NI-
914-3, -45+16 pum, Praxair Surface Technologies, Inc., Indianapolis, IN, USA), Ni-5%Al (Metco
480NS, -90+45 pum for APS, Diamalloy 4008NS -45+11 um for HVOF, Oerlikon Metco,
Westbury, NY, USA), and Ni-20%Cr (Metco 43C-NS, -106+45 um, Oerlikon Metco, Westbury,
NY, USA). A design-of-experiment methodology was utilized to vary process conditions to
achieve a range of thermal and kinetic energies and exposure. Coatings A through D (Table 8.4)
were prepared using FAMB-XL plasma torch (Oerlikon Metco Inc., NY, USA) with an 8 mm
diameter nozzle while varying with gas ratios and torch current. Coating E and F was also
produced through an FAMB-XL torch but with a 6 mm effluent nozzle to achieve higher particle
velocity. Coating G was deposited using a SG100 plasma torch (Praxair surface technologies,
Indianapolis, IN, USA) with internal powder injection mode and with helium as the secondary
gas. All A through G plasma sprayed coatings are prepared 100 mm plasma torch to substrate
spray distance with 1000 mm/s raster speed. Coating H was prepared using both Woka Jet 4
(Oerlikon Metco Inc., NY, USA) and JP-5000 HP/HVOF system (Praxair surface technologies,
Indianapolis, IN, USA) with 16" spray distance and 500 mm/s raster speed. Particle diagnostic
sensors DPV2000 and Accuraspray (both from Tecnar Automation Lte., St. Bruno, QC, Canada)
were used for FAMB-XL torch and JP-5000 HVOF system, respectively, and Spraywatch (Oseir

Ltd., Tampere, Finland) were utilized for SG100 torch to obtain in-flight particle temperature, T,
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and velocity, v, in the thermal spray stream. The output of the diagnostics results were

represented in a T-v map referred to as a first order process map as shown in Figure 8.6.

Cross-sectional microstructure of Ni, Ni-5%Al and Ni-20%Cr coatings was examined
through scanning electron microscopy (SEM) (TM3000 Tabletop Microscope, Hitachi, Japan).
Coatings were sectioned and fixed in epoxy mold and carefully polished. The phase structure of

each feedstock powder and as-sprayed A through H coatings were investigated by powder x-ray

diffractometer (XRD) (Phillips, 40 kV and 30 mA, Cu Ka source). Four-point probe electrical

conductivity of the geometry confined coatings was measured at room temperature. Four Au
wires (0.1 mm diameter, 99.95%, Alfa Aesar, Ward Hill, MA01835, USA) were contacted with
Ag paste (Ted Pella, Inc. Redding, CA, USA). The four-probe wires were directly connected to
7700 module of Keithley 2700 digital multimeter. Magnetic hysteresis loops of feedstocks, as-
sprayed coatings were obtained using vibrating sample magnetometer (VSM) (Model 880,
Digital Measurement Systems, Microsense, LLC. Lowell, MA, USA). Free-standing Ni and Ni-
alloy specimens for VSM were prepared by polishing off the substrate layer and mounted on
high purity quartz rod using Teflon tape. Saturated magnetization (Ms) values of each coating

were calculated by an extrapolation method due to the lack of saturation plateau.

8.3.3 Results and Discussion

Coatings of Ni, Ni-5%Al and Ni-20%Cr were prepared by using both air plasma and
high-velocity oxy fuel sprays (APS and HVOF) techniques with controlling spray parameters in
terms of gas contents, mass flow rate, power, size of particles and hardware. (see Table 8.4) The

several parametric variables are mapped on 2-dimensional particle temperature (T) and velocity
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(v) axis (called 1% order process map) by in situ diagnosing particle T and v during the process.
Examination of process-properties relationship using the process map for this type of coating
materials is important because thermal spray processes are non-equilibrium process that evolves
pores, cracks, interfaces, and trapped phases. Figure 8.13(a) — (c) show the 1% order process map
of Ni, Ni-5%Al, and Ni-20%Cr coatings, respectively, and the range of temperature and velocity
shows similar to each material within the same technique and hardware. However, temperature
range of alloys shows higher range than that of pure Ni because of exotherm via preferential
oxidation of Al or Cr. Also, the small variation of T and v is shown due to the difference of the
size of particles; coarse Ni-20%Cr particles are located on lower T and lower v range compare to
the fine particle size of Ni and Ni-5%Al. In addition, particle thermal energy increases with
increasing hydrogen gas flow and applying higher current within the same hardware
configuration. (see Figure 8.13 and Table 8.4) However, the particle thermal energy decreases
with increasing kinetic energy when nozzle diameter is decreased in APS or switch the spray

technique from APS to HVOF.

Cross-sectional microstructure of Ni, Ni-5%Al, and Ni-20%Cr coatings was investigated
through SEM and their images are displayed at the corresponding location on the particle T-v
map and shown in Figure 8.14, 8.15, and 8.16, respectively. Since A through D processed
particles (APS F4 8mm nozzle) have no significant difference in the particle v, but show
variations in particle temperature in the plasma, only thermal energy could be affected on their
microstructure. The lowest temperature coating A contains both globular and interlamellar pores
because of the unmolten particles. Particle temperature distribution via DPV-2000 diagnostic
system shows some particles are located below the material’s melting point for this coating

condition A. As increasing thermal energy of plasma from coatings B to D, interlamellar pores
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dominate with higher density. However, coating D shows dark phases around the interlamellar
pores because of decomposition due to the high thermal energy. Within the similar temperature
range, porosity and unmolten particles are increased as decreasing nozzle size (from 8 mm
nozzle to 6 mm and SG100 gun’s internal injection nozzle) due to short residential time in the
plasma. Although HVOF process is lower T and shortest residential time process in the flame,

the coating microstructure shows the highest density.

In-plane electrical conductivity of 100 um thick Ni, Ni-5%Al, and Ni-20%Cr coatings
was examined through four point probes method and their average values are plotted in Figure
8.17. The conductivity of Ni coatings looks closely related to the microstructure. As increasing
coating density with increasing process T of coatings A through C, conductivity is also increased.
As increased porosity of microstructure in short residential time APS coatings, conductivity is
decreased but the highest density HVOF processed coating shows the highest electrical
conductivity and the value is about 70 % of bulk Ni. However, alloy system shows different
trend of electrical conductivity with pure Ni coating system. As increasing the process
temperature of coatings A through D, electrical conductivity is increased. Particularly, coating D
shows the higher conductivity than that of HVOF coating H despite higher porosity. This
peculiar result could be attributed to selective oxidation of Al or Cr. Once Al or Cr is oxidized,
there are more free Ni phases in the coating that enhances electrical conductivity. For the higher
velocity 6mm nozzle APS and SG100, microstructure effect more dominates than phase due to
less oxidation time. Thus, electrical conductivity of alloy system affects both microstructure and
phase of coating. With rapid thermal quench, oxygen can form a metastable solid solution in Ni,
Ni-5%Al, and maybe in NiCr. The oxygen impurity causes scattering of electron and high

resistivity. It precipitates out as oxide in elusions at 400 °C and the resistivity decreases.
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Magnetic hysteresis up and down to = 1 T of Ni and Ni alloys coatings were measured by
VSM and their saturated magnetic field (Ms) and % of coercivity are shown in figure 8.18 and
8.19, respectively. Ms of the pure Ni coatings shows almost same value to the original powder,
but slightly lower Ms as increasing the process temperature with in the similar process velocity
due to the formation of nickel oxide. However, coatings of Ni-5%Al and Ni-20%Cr alloys shows
different trend with the pure Ni coatings and looks relying on the process. Ms value of feedstock
powder of alloys is suppressed as increasing % of doping ratio of Al or Cr to Ni that is already
expected from the magneto-phase diagram. After spraying process, alloy coatings show higher
M;s than that of the feedstock powder due to the selective oxidation of Al or Cr which produces
more pure Ni phase in the coatings. The amount of generated pure Ni increases with increasing
process temperature because of more selective decomposition. However, coating D of NiCr
shows lower Ms value than coating C because too much high process temperature causes not only

selective Cr oxidation but also Ni oxidation that attributes to the lower magnetization.

Percent of coercivity (Hc) of Ni, Ni-5%Al and Ni-20%Cr coatings are calculated via the
hysteresis curve of each coating versus the value of feedstock powder and the plots are shown in
figure 8.19 with respect to the product of process temperature and dwell time to monitor the
process effect on magnetic property. The % of coercivity of pure Ni coating shows no correlation
to the process temperature and dwell time with scattering ranging from 25 % to 90%. Less
decomposed coatings such as B, G and H are shown higher % of coercivity because of less NiO
production. Also, the particle size of feedstock powder affects to the coercivity of coatings. Since
the particle size of Ni and Ni-5%Al for HVOF is smaller than that for APS, so it shows highest

coercivity.
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8.3.4 Conclusions
We have examined the relationship among spray parameters, microstructure and
electrical/magnetic properties of APS and HVOF sprayed Ni, Ni-5%Al and Ni-20%Cr coatings
to relatively quantify oxide contents generation during the spray process. Since the thermal spray
process generates imperfections in the coating microstructure and oxide second phase depending
on the process parameters; as increasing process temperature and flight distance as well as
decreasing particle velocity and size, Ni and Ni alloys particles are easily oxidized. In the case of
Ni-5%Al and Ni-20%Cr, Al and Cr are preferentially oxidized that generates
aluminum/chromium oxide second phases and free Ni phase. The free Ni phase increases their
electrical conductivity and magnetic properties. However, too much high power condition
(condition D) can also decompose nickel to nickel oxide that can lower saturated magnetic field
and coercive field. The pure Ni coatings and alloys with too high processing energy generate

nickel oxide phase that can lower the coating’s electrical conductivity and magnetic field signals.
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Scheme 1.2 Schematics showing some of the most conventional TFT structures, according to
the position of the gate electrode and to the distribution of the electrodes relatively to the

semiconductor.
(Courtesy of E. Fortunato, P. Barquinha and R. Martins, Adv. Mater. 24 (2012) 2945-2986.)
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Scheme 1.3 Comparison of substrate temperature and coating thickness of coating deposition
techniques. (Courtesy of Oerlikon Metco)
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Scheme 1.4 Schematic illustration of thermal spray coating process. (Graphic courtesy of
Westaim Ambeom)
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Scheme 1.5 Schematic illustration of opportunities of thermal spray coatings.

(a) Coated gas turbine vanes, (b) Combustion chamber, (¢) Nose gear of a Tiger with a WC/CoCr
coating (d) Various textile machinery components (e) Biocompatible Titanium coating on a hip
implant. (Graphic courtesy of Oerlikon Metco)
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Scheme 1.6 Schematic illustration of architectural defects in microstructure of thermal spray

coatings.
(Courtesy of Coating Structures, Properties, and Materials, as published in Handbook of

Thermal Spray Technology J.R. Davis, editor, p 47-53. ASM International and the Thermal
Spray Society, 2004)
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Scheme 1.7 Schematic illustration of planar type SOFC structure and their chemical reaction
formulae at the each stage of layers.

(courtesy of http://www.csa.com/discoveryguides/fuecel/overview.php)
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Scheme 1.8 Optical micrograph of plasma sprayed planar-type solid oxide fuel cell.

(Courtesy of DLR)
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Scheme 1.9 Thermoelectric module showing the direction of charge flow on both cooling
and power generation.
(Courtesy of G. Jeftrey Snyder and E. S. Toberer. Nature Materials vol 7 (2008) 105-114.)
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Scheme 1.10 Optimizing Z7T through carrier concentration tuning. Maximizing the
efficiency (Z7) of a thermoelectric involves a compromise of thermal conductivity (k:
plotted on the y axis from 0 to a top value of 10 W/mK) and Seebeck coeffficient (.5); 0 to
500 puV/K) with electrical conductivity (o; 0 to 5000 S/cm). The thermoelectric power

factor S’ & maximizes at higher carrier concentration than Z7. The difference between the

peak in SZ oand ZT is greater for the newer lower-k, materials.

(Courtesy of Rowe, D. M. & Min. G. Alpha-plot as a thermoelectric material performance
indicator. J. Mater. Sci. Lett. 14 (1995) 617-619).
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Scheme 1.11 Complex crystal structures that yield low lattice thermal conductivity.
(a) The skutterudite structure is composed of tilted octahedra of CoSb, creating

large void spaces shown in blue. (b) The room-temperature structure of Zn,Sb, has a

crystalline Sb sublattice (blue) and highly disordered Zn sublattice containing a variety
of interstitial sites (in polyhedra) along with the primary 51tes (purple). (c) The

complexity of the Yb,,MnSb,, unit cell is illustrated, with [Sb3]
tetrahedra, and isolated Sb anions. The Zintl formalism describes these units as

covalently bound with electrons donated from the ionic Yb'
(Courtesy of G. Jeftrey Snyder and E. S. Toberer. Nature Materials vol 7 (2008) 105-

114.)
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Scheme 1.12 (a) Design of new functional oxides according to the concept of nanoblock
integration. Schematic illustration of the crystal structure of CoO,-based TE oxides: (b)

Na Co0,, (c) a Ca-based Co oxide known as Ca,Co,O,, and (d) the Bi-based Co oxide
BiZSrZCOZOy.

(Courtesy of K. Koumoto, I. Terasaki, and R. Funahashi. MRS Bulletin, vol 31 (2006)
206-210.)

111



(a) (b) (c) (d)
o U‘ i 7
o) a a )
3D E op F 1D E 0D E
Bulk Semiconductor Quantum Well Quantum Wire Quantum Dot

Scheme 1.13 Electronic density of states for (a) a bulk 3D crystalline semiconductor, (b)
a 2D quantum well, (c) a 1D nanowire or nanotube, and (d) a 0D quantum dot.

(Courtesy of Dresselhaus, M. S., Chen, G., Tang, M. Y., Yang, R., Lee, H., Wang, D.,
Ren, Z., Fleurial, J.-P. & Gogna, P. New directions for low-dimensional thermoelectric
materials. Adv. Mater. 19, 1043-1053 (2007).
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Scheme 1.14 Phase diagram of Ti-O system. The red box indicates the location where the
phases containing in the coatings in this work.

(Courtesy of J. L. Murray and H. A. Wriedt, Ti-O phase diagram, In: R. Boyer, G.
Welsch and E. W. Collings, Materials properties handbook: titanium alloys. Ohio,
Estados Unidos: ASM International; 1994. p. 130).
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Figure 3.1 Particle size distribution and electron micrograph of La, .Sr, ,MnO, (LSM)
feedstock powder (Metco6800).
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Figure 3.2 Particle size distribution and electron micrograph of Mn, ;Co, O,
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powder (Metco102).

117



Volume (%)

Differential Volume

< Metco 6231_01_01.8Is
|
|
|
|
|
|

—T— ' T I
10 20 40 60 100 200 400

Particle Diameter (pm)

Calculations from 0.375 pym to 2000 pm

Volume:

Mean:

Median:

D(3,2):
Mode:
d1o:
dso:
doo:

DA} <
Hm

10
25.18

100%

51.81 um
51.24 ym
35.01 um
55.13 pm
25.18 um
51.24 ym
79.00 pm

25
37.35

S.D. 21.53 um
CV. 41.6%
Skewness:  0.315 Right skewed

Kurtosis: 0.594 Leptokurtic
50 75 90
51.24 65.77 79.00

Figure 3.4 Particle size distribution and electron micrograph of TiO, , feedstock
powder (Metco6231A).

118




High-Performance K-type Thermocouple
Silicate Based Ag Paste
Contacts /

Pt Four-Probe wires

Aluminum Silicate
Insulating Plate

Figure 3.5 Geometry confined LSM coating on YSZ coated SS and self-developed
electrical conductivity measurement configuration.
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Figure 4.1 (a) Schematic illustration of the chromia deposition process at the LSM/YSZ
interface when the chromium-containing alloy is used as an interconnector. (b) A cross-
sectional SEM photograph of the LSM/8YSZ interface before the Cr poisoning. (c) cross-
sectional SEM photograph and (d) distribution of Cr element obtained by EPMA of

LSM/8YSZ interface after a polarization for 100 h with a current density of 0.3 A cm_2 with
the alloy current collector at 1073.

(Courtesy of K. Y. Matsuzaki, I. Yasuda, J. Electrochem. Soc. 148 (2001) A126-A131.)
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Figure 4.2 Crystal structure of La ,Sr,;MnO, (a) and phase diagram of LaO s—SrO-MnOx
system in air at 1073 K (b).

(Courtesy of S. P. Jiang. Journal of Materials Science, 43 6799 (2008) and A. Nicholas
Grundy et. al. Computer Coupling of Phase Diagrams and Thermochemistry, 28 191 (2004))
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Figure 4.3 First-order 7T-v process map of LSM coatings.
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Figure 4.4 Results of 5000 LSM particle temperature diagnostic of A through
D conditions. Dashed line presents melting temperature of LSM particles.
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Figure 4.5 Cross-sectional SEM images of as-sprayed LSM coatings with 3.0k
magnification. Inset: SEM images of splats. All scale bars represent 100 pm.
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Figure 4.6 Powder XRD patterns of as-sprayed LSM coatings A through E and feedstock
powder.

125



100.75 y ¢
100.50
— LSM .'\I;:I RS ooy ST e
3 100.25- Powder ;' e .

99.75 N A ! ‘”’ww"\"ll"}. A

99.50 T - . T -
200 400 600 800
Temperature, T (°C)

(b) 025
| Exothermic

0.20 -
0.15 1
0.10 -

0.05 -

DSC (uv/mg)

0.00 4

-0.05 . . , .
200 400 600 800
Temperature, T (°C)

Figure 4.7 (a) TGA and (b) DSC curves of freestand LSM coatings and feedstock powder.
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Figure 4.8 Saturated magnetizations (M) vs. product of process dwell time and

temperature of LSM feedstock powder and freestand as-sprayed and annealed coatings A
through E.
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Figure 4.9 Temperature dependent electrical conductivity of coating E with successive 200

°C interval thermal cycles. Arrows indicate oxidation points. Both gray solid lines are
extrapolation lines. Inset: Room temperature electrical conductivity of as-sprayed (empty

block) and annealed at 600 °C (shaded block) LSM coatings.

128



100

] Ferromagnetic- E
1 Paramagnetic Transition__ - --------- -
] I D __.7a-- Improve
] e TG Phase
L et - Content
T _.--"B Higher

-
o

Conductivity

-

Electrical conductivity, o(S/cm)

e
—

I " I v I v I
200 400 600 800
Temperature, T (°C)

o
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129



/\ B , Chromium
"‘"“-".:'-:-'""v'.:' ., oxide

Chromium |ron
oxide  oxide Ferritic
, Steel

LSM

;.N-
EA .

v
3 4?,' m,;:a ‘,” ,,r‘!!\.,.k

REACSW T PP

20 40 6'0 80

- Distance (um)

|- :-u:*u'.""-?" ;l‘é\ PR

Sl b 2 4 e & 100

3 Distance (um .

= (um) Chromium

8 G Chl’Omlum oxde

E ,.‘1\_.- » w.,w e OXIde SRR

(0] \l\'l-w"l" "“

: .

Chromium
Ferritic .
Ferritic e
‘:‘ ')"I ‘l’?‘
"

Ferritic

F
\'lo

. .
ST A e

0 20 40 60 80| LSM
Distance (um) 0 20 40 60 80
Distance (um)

Steel

. -,
Loyt iy 2 ‘l’
(A X5 \‘,\

LSM’

0 20 40 60 80
Distance (um)

| Velocity, v (m/s) >

Figure 4.11 Oxide scale test results; cross-sectional SEM images and corresponding EDX line

profiles of A through E LSM coatings after annealing process for 600 hours at 800 °C. The all
of scale bars in the SEM pictures represent 25 um.

130



2000, T T T T T T T T T

1900 -]

L1QUID
18001 {Cc,/MnJO*LIOUID ]
Melting T 170 e — .
= 1650'1700 OC 180} —
{Ch, Mn1 O
1500~ )
- TN Rock Salt
> 1400} -1
o
lclc-l 1 300}
- ]
|€—[ 1200
o SP
%3“°of<2:?\ INEL
=
S

AN
TETR. N |TETR (Mn,CosCy
:iMn.Cc]304 I spiveL
oo\ S\

\ 1
TETR. .
200k :Mn.cDgoa} \ Spinel |
[*Mn,Cu}-zO
600} .
SOC‘!— {Mn,Co)203 -
1 1 I ) I L L 1
MnzQ, 10 20 30 40 50 60 o 80 90  Coy0,
: Mn,Co0O, MoLe MnCo,0, ’

Figure 5.1 Phase diagram of Mn304—Co0304 system.

131



= A My-M, ) [\i,‘.(v\f\ .
y ‘ 7 \'4 Ry
Oyse |

® - ® -

\
\

\ \

[My=-M,,J,
: “o| o] €| <e| eof-
Nl
MRS 5
- ¢ ~ob"0| ef-
, ﬁ\ B s T T

<Je o <Jo| | <o >

Figure 5.2 Cubic (top) and tetragonal (bottom) spinel structures showing the succession of
kagome- (left) and mixte trigonal-type (right) plans formed by the oxygen. In the former plan,
only octahedral sites can be occupied by cations, while in the latter both octahedral and
tetrahedral sites are available. The shortest [M—M] and [M—O] distances are represented.
(Courtesy of H. Bordeneuve, C. Tenailleau, S. Guillemet-Fritsch, R. Smith, E. Suard, A.
Rousset. Solid State Sciences 12 (2010) 379-386.)
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Figure 5.3 First-order 7-v process map of MCO coatings with torch hardware information.
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Figure 5.4 Results of 5000 MCO particle temperature diagnostic of A through D
conditions.
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Figure 5.5 (a) Microstructure of feedstock MCO powder with 3.00k magnification. (b)
Magnified image (x30.00k) of the box in Figure 5.3(a). (¢) EDX spectrum at the marked
bright regime in Figure 5.3(b). (d) and (g) Cross sectional microstructure with 10.00k
magnification of C and E coatings, respectively. (¢) and (h) EDX spectra at the matrix regimes
in Figure 5.3(d) and (g), respectively. (f) and (i) EDX spectra at the bright regimes in Figure
5.3(d) and (g), respectively.
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Figure 5.6 Cross-sectional SEM images with 3.00k magnification of as-sprayed MCO coatings

on 1" order process map locations. Porosity (%) of coatings calculated by image analysis is
displayed in the images.
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Figure 5.7 TGA/DSC curves of D coating.
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Rietveld refinement of XRD patterns.
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Figure 5.11 (a) Magnetic hysteresis curves of as-sprayed and annealed MCO coatings (A and E
conditions) and feedstock powder. (b) Extrapolated saturated magnetizations (M) vs. product

of process dwell time (7) and temperature (7) of MCO feedstock powder and freestanding as-
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Figure 5.12 Temperature dependent electrical conductivity of A-E coatings up to 800 °C.
Arrows indicate cubic-tetragonal and CoO-Spinel phase transition points, respectively.
Cooling down curve is only provided for E condition due to the overlay with heating
curves. Inset: Electrical conductivity of bulk and A-E MCO coatings at 800 °C.
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Figure 5.13 EDX line profiles (a)-(c) and 1.00k (A) or 2.00k (C and E) magnified SEM images
(e)-(g) of A, C, and E MCO coatings on ferritic steel substrate after 600 hours oxidation at 800

°C. (EDX profiles and SEM images of coatings B and D are not shown since they are similar to
those of coating E.) The all of scale bars in the SEM pictures represent 50 pm. Average oxide
scales are provided by bar graphs after 20 h (d) and 600 h (h) heat treatments at 800 °C.
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Figure 6.1 First-order process map of TiO,_ coatings with feedstock stoichiometry of TiO, .
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Figure 6.2 Powder XRD patterns of TiO, , feedstock powder and surfaces of the as-sprayed
coatings (R = Rutile, A = anatase, Arrows indicate the emergence of Ti,O, phase. The rest of

reflections from Magneli phases (n =5 —9)).

146



(a) 7 o Feedstock Powder (b) 0 (C) o
J © Conventional Plasma = J o
80 2 Cascade Plasma 3 60 E €0 b
P 1 ] I} |
é 50 5 % 50 = 50
£ 409 L €401 o S 40
£ O n=g o
g g 30 ~ » 30
by 7]
@ 201 5 E 204 @ 5 20 b
& 10 TR z 10072
z E & L
0 SN L ¥ 9 gln=b v . ]
T T T T = T T T = I _|4 T T -(\Q,A’ N
0.0 0.5 1.0 15 0.0 05 1.0 . 0.0 0.5 1.0 {e;‘;.‘f’\ g
Txt(Ks) Tx(Ks) Txr(Ks) <%

Figure 6.3 Process effect on phase contents in the TiO,_, coatings produced with TiO1.9 feedstock.
(a) Rutile, (b) Magnéli phases (n = 7 — 9), and (c) Magnéli phases (n = 4 — 6) as a function of
product of temperature (7) and residential time (7) during the spray process.
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Figure 6.4 Cross-sectional microstructure images for 10.0 kx magnification of splats and coatings
produced with TiO1 .9 feedstock; Conv-0 (a), Cas-0 (b), Cas-9 (¢) and HVOF (d). (e) Enlarged splat
microstructure of splat Cas-0 where boxed in (b). (f) Porosity of TiO,_  coatings calculated by

image analysis as a function of product of process temperature and velocity.
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Figure 6.5 Thermoelectric properties of TiO,_ coatings produced with TiO; 9 feedstock.

(a) Seebeck coefficients (s) and electrical conductivities (o) of TiO,_ coatings measured at 750
K. (b) Temperature dependent thermal conductivity of TiO,  coatings. (c) Temperature
dependent k, / k,, of TiO,_ coatings. k, is obtained using k, = k,,, — LoT where L is Lorenz
number, 2.6 X 10_8 V2 K_z.66
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Figure 6.6 Process effect on thermoelectric properties of TiO,_, coatings.
(a) Temperature dependent Seebeck coefficient, (b) temperature dependent electrical conductivity,

and (c) temperature dependent thermal conductivity as a function of thermal exposure during the

thermal spray process.
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Figure 6.7 Process effects on TE power factor (PF) (a) and (c) and figure of merit (Z7) (b)
and (d) as a function of product of temperature (7) and residential time (¢) during the spray
process of TiO,_, coatings produce with and TiO, 4 and TiO, , feedstocks, respectively.
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Figure 6.8 Powder XRD patterns of TiO, , feedstock powder and surfaces of the as-sprayed
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rest of reflections from Magneli phases (n =3, 5, 6, 7, 9)).
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Figure 6.9 Process effect on phase contents in the TiO,_, coatings produced with TiO1 .7 feedstock.
(a) Rutile, (b) Magnéli phases (n =5, 6 and 8), and (c) Magnéli phases (n = 3 and 4) as a function
of product of temperature (7) and residential time (7) during the spray process.
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Figure 6.10 Cross-sectional microstructure images for 10.0 kx magnification of splats and coatings
produced with TiOj 7 feedstock; Conv-0 (a), Cas-0 (b), Cas-9 (c) and HVOF (d). (e¢) Enlarged splat
microstructure of splat Conv-0. (f) Porosity of TiO,_ coatings calculated by image analysis as a
function of product of process temperature and velocity.

154



300 24
(a) L 16 (b) Conv-12| (€) 100 = N .
o 2.2 4 TRe— T————y Cas-0
i L 0984 o
F 2.0+ 1 B —~<}——] Cas-3
1 i . f ) 0.96 N ~
= i z g )
= L PREE /57 Cas- 0.94 N
. ﬁx . — x/ A cmen . DTN o Conv-4
- - E 15 \ - e £0.92 7 . 1 Conv-0
- f \ Conv-12
~ = 0.90 1 HVOF
1.4 %
= 0.88
2] 0.86
1.0 0.84 4
|
0.8 T T T T T T 0.82 T
300 400 500 600 700 800 300 400 500 600 700 800
T (K) T(K)

Figure 6.11 Thermoelectric Properties of TiO,_, coatings produced with TiO, 7 feedstock.

(a) Seebeck coefficients (s) and electrical conductivities (o) of TiO,_, coatings measured at 750
K. (b) Temperature dependent thermal conductivity of TiO,  coatings. (c) Temperature
dependent &, / k,,, of TiO,_ coatings. k; is obtained using k, = k,, — LoT where L is Lorenz

number, 2.6 X 10_8 V2 K_z.66
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Figure 8.1 (a) XRD patterns of feedstock (black), as-sprayed (red), and annealed coatings
at 300 °C (blue), 500 °C (green), and 700 °C (magenta) of LiNi, (Co, sAl, ,sO,. Electron

micrographs of annealed coating at 700 °C (b), as-sprayed coating (c) and feedstock (d) of
LiNi, 4Coy 5Al) 45O,
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Figure 8.2 Comparisons of Seebeck coefficients as a function of temperature of
LiNi, ;Co, ,5Al, ,sO, (LNCAO), Li-doped Co,0,, and ITO coatings with respect to the

optimized TiO,_ coating.
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Figure 8.3 (a) XRD patterns of feedstock (black), as-sprayed (red), and annealed coatings
at 700 °C (blue) of Li-doped Co0O,. (b) Electron micrograph of 0.05% Li-doped CoO,

feedstock.
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Figure 8.4 (a) Cross-sectional optical micrograph of as-sprayed NiCoCrAlY/ALO;. (b)

TEM micrograph of an as-deposited NiCoCrAlY/alumina nanocomposite. Note the black
phase is A1203 and the lighter phase is NiCoCrAlY. (Courtesy of Otto J. Gregory et. al.
Thin Solid Films 518 (2010) 6093—-6098.)
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Figure 8.5 (a) XRD patterns of feedstock (black) and as-sprayed (red) of ITO. (b) Electron

micrograph of ITO feedstock.
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Figure 8.6 Schematic illustration of off-diagonal thermoelectric power generation.
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Figure 8.7 Schematic illustrations of torch angle effects on the morphology of splats. (a)
Impact angles of 90 deg and (b) 30 deg.

(Courtesy of ref. 146)

162



impact angle :
90 degrees

T

idealized shape real shape

impact angle :
30 degrees

wedge 1

idealized shape real shape

Figure 8.8 Schematic illustrations of torch angle effects on the morphology of splats. (a)
Impact angles of 90 deg and (b) 30 deg.
(Courtesy of ref. 146)
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Figure 8.9 Splat morphologies and cross-sectional profiles of HVOF processed a LSM-
TiO, mixture (50:50 v/v) with respect to the various torch angles (90, 60 and 45 degrees).
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Figure 8.10 Electron micrographs of plasma sprayed LSM (bright)-TiO, (dark) (50:50 v/v)
coating with 45 deg torch angle, cross-sectioned by vertical and horizontal directions.
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Figure 8.11 (a) Design of the Seebeck voltage measurements. (b) Picture of the actual
sprayed coatings for the measurement. (c) Top view of the Seebeck voltage measurement
set up.
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Figure 8.12 Transverse Seebeck voltage measurements of TiO, -LSM (50:50 v/v) mixture
coating with 45 deg impact angle.

(a) Temperature at top and bottom (substrate) of the coating. (b) Temperature difference of the
top and bottom of the coating. (c) Temperature difference of left and right sides of the coating.
(d) Transverse voltage output of TiO, only coating. (¢) Transverse voltage output of TiO, -LSM
coating. (f) Transverse voltage output of LSM only coating.
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Figure 8.13 First-order 7-v process map of (a) Ni, (b) Ni-5%Al, and (c) Ni-20%Cr
coatings with torch hardware information.
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Figure 8.14 Cross-sectional SEM images of as-sprayed Ni coatings with 2.0k magnification.
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Figure 8.15. Cross-sectional SEM images of as-sprayed Ni-5%Al coatings with 2.0k
magnification.
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Figure 8.16 Cross-sectional SEM images of as-sprayed Ni-20%Cr coatings with 2.0k
magnification.
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Figure 8.17 In-plane electrical conductivity of 100 um thick (a) Ni, (b) Ni-5%Al, and
(c) Ni-20%Cr coatings with torch hardware information.
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Figure 8.18 Saturated magnetization of (a) Ni, (b) Ni-5%Al, and (c¢) Ni-20%Cr coatings
and feedstock powders with torch hardware information.
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coatings and feedstock powders with torch hardware information.
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Table 1.1 Functional oxides; overview of materials, functional requirements and processings.

Functional . . " .
Classification Requirements Types of Materials Applications Processing
High dielectric constant | SiO,, ZrO,, HfO,, TiO,, | Capacitor, Dielectric Thin-fil
. . (x) MgO, Cr;03, Al;Os, resonator, Dielectric In- _' _m
Dielectric N deposition
Materials Low dissipation factor MgO-3Al,0s, resonator antenna, Gate techni _
High permittivity Mg(Sr)TiOs, Ba(Sr)TiOs | in MOSFET echniques-
. LT Molecular beam
Resistance to ionization itaxy (MBE)
- - — - epitaxy :
High-purity (no n-types: TiO.x, ZnO, Electronic components .
gh-purity ( P 2x P Hydride vapor

Semiconducting
Materials

unintentional
impurities), Crystalline
or amorphous
(transparent
applications),
Controlled doping and
oxygen vacancies for
concentration and
location

In203, SnOZ, G&203,
ITO, ZTO, 12O, GIZO,
IZTO, IGO, IHZO
p-types: Cobaltites,
La(Sr)MnOs, Mn..
xC0x04, CuO, Cuz0,
CuMO; (M = Al, Ga, In,
Y, Sc, La, Zn), SnO

(Microprocessors,
Microcontrollers, Static
RAM, Digital logic
circuits), Transparent
electronics, Image
sensors, Data converters,
Highly integrated
transceivers, Energy
harvesting (Batteries,
Solar cells, SOFCs,
Thermoelectrics)

High current density YBa;Cuz07, Electromagnets (MR,
(Jo) YBa,Cu4Oy, NMR, Mass
Higher upper critical Y2BasCu;0y (YBCO), spectrometers, particle
field (Hc2) La,.xBaxCuO4 (LBCO), | accelerator), RF and
Superconductin | Minimum mass and Bi,Sr,CaCu,0g.x microwave filters,
g Materials critical current (BSCCO) SQUIDs
anisotropy (superconducting
quantum interference
devices), Coated
Conductor
Large Mg Co, Mg, Mn, Ni, Zn- Motors, Generators,
Small He ferrites, Y203-Fe,03 Electromagnet,
Small conductivity (for | (vitrium iron garnet, Navigation,
Magnetic motors, generator_s ’ YIG) Transformer,
Materials electromagnets, signal Transmitter, Transducer
transfer) ' '
Low w Telecommunication
Linear M-H curve (for devices, Microwave,
transformer) Data storage
Compositional Y203-Al,03 (Yttrium Sensor, Laser, Phosphor
homogeneity aluminum garnet, YAG), | in cathode ray tubes,
Phase stability YIG, YIG-YAG, Y,0s- | Scintillator in white
Phosphors Appropriate dopant TiO2-Zr03, Y03, Eu- light-emitting diodes,

concentration

doped Y03, EU/Cr-
doped YAG, Zinc
silicates

Thermometer

phase epitaxy
(HVPE), Liquid
phase epitaxy
(LPE), Metal-
organic
molecular beam
epitaxy
(MOMBE),
Atomic layer
deposition
(ALD), Pulsed
laser deposition
(PLD),
Chemical vapor
deposition
(CVD),
Physical vapor
deposition
(PVD), Sol-gel,
Sputtering.

Thick-film
deposition
techniques:
Thermal spray,
Pressing and
sintering, Ink-
jet printing,
Screen printing,
Dip coating,
Tape casting,
Spark plasma
sintering,
Electrophoretic
deposition.
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Table 1.2 Overview of materials and requirements for SOFC cell components.

(Courtesy of P. Holtappels, U. Vogt and T. Graule. Advanced Engineering Materials vol. 7
(2005)292-302 )

Component Function Requirements Materials
Electrocatalytic activity | Long triple-phase Cermets
CO+H,0 — H,+CO, | boundary Ni-Y 521,450, o5
4207 => 4e 1.0 Activity for oxygen (Ni-YSZ)
Anode 2 2 surface exchange
Gas transport Porosity
Current pick up Electronic conductivity
Redox stability
Oxygen ion transport Oxygen ion conductivity [ Y sZr; O, 4, (YSZ)
Electronic insulator Gas tightness doped cerium oxide
Electrolyte Mechanical stability doped bismuth oxide
fully dense microstructure
thin layer (40 um)
0,(g) + 4e = 207 Long triple-phase Perovskite
boundary La, Sr MnO, (LSM)
Gas transport Activity f I-x""x 3
Cathode Current pick up su(; fla:;leyexocrhz)lgien La, Sr,Co, Fe O, (LSCF)
L F LSF
Porosity 8., 5r,Fe0; (LSF)
Electronic conductivity
Connect single cells 100% electrical LaCrO, (above 1000 °C)
Electrical current conductivity Ni based alloy (Inconel 600)
Interconnect | collection No porosity (900 - 1000 °C)

Inertness of electrode
materials

Ferritic steels (at 800°C)
Stainless steels (below 700°C)

176




Table 3.1 Plasma Spray parameters for deposition of YSZ, LSM and MCO coatings.
Temperature and velocity of particles are measured via Accuraspray particle diagnostics sensor.
aMean particle velocity and temperature of LSM. "Mean particle velocity and temperature of
MCO. °Helium is used as secondary gas instead of hydrogen in this particle torch-parameter
configuration.

Condition- Mean Particle
Feed Rate Arflow H; flow Current Power Mean Particle
Torch & Temperature
(@mint)  (Lmin?) (L min?) (A) (kw)  Velocity (ms™?)
Nozzle Size (°C)
YSZ-F4
8mm 30 47.5 6 550 355 173 2840
1392 22762
A-F4 8mm 30 35 10 650 42.9
127° 2281°
1982 24253
B-F4 8mm 30 60 6 700 47.3
212° 2318°
1712 21922
C-F4 8mm 30 60 3 400 23.5
154° 2087°
2422 21372
D-F4 6mm 30 60 3 550 29.7
345° 2251°
3502 17252
E-SG100 17 90 35¢ 590 39.2
580° 2690P
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Table 3.2 Thermal spray process parameters of for deposition of TiO1¢ and TiO; 7 coatings.

Torch Hardware

Powder | Oxygen H2 Carrier c )
r Flow urren
Nozzle  peeq Rate i) Flow  Flow GasFlow A
: min
GUN Size  (g/min) (Limin)  (Umin) (i)
(mm)
FAMB-XL 8 30 45.0 0412 5(A) 550
SinplexPro™ 9 30 45.0 0,3,9 5 (Ar) 380
HV 2000 15 236.1 566.5 21.2 (N2)
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Table 4.1 Chemical compositions of ferritic steel alloys for SOFC interconnect.

E-brite Crofer 22 APU ZMG232 430 441HP™
Alloy & Supplier
ATI Thyssenkrupp VDM | Hitachi Metals | Outokumpu ATI
Cr 25.00-27.50 20.00-24.00 22.00 16.00-18.00 | 17.50-19.50
Mo 0.75-1.50
Ni+Cu 0.50
Ni 0.50 0.26 1.00
Si 0.40 0.50 1.00
Mn 0.40 0.30-0.80 0.50 1.00 1.00
Cb 0.05-0.20 0.30-0.90
Cu 0.20 0.50
P 0.02 0.05 0.04
S 0.02 0.02 1.00 0.03
N 0.015 0.03
C 0.01 0.03 0.02 0.12 0.03
Al 0.50 0.21 0.05
Ti 0.03-0.20 0.10-0.50
La 0.04-0.20 0.04
Zr 0.22
Fe Balanced Balanced Balanced Balanced Balanced
CTE at 800 °C
9.9 11.9 11.8 11.4 12.4

(x10° °C%)
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Table 4.2 Chemical analysis results of LSM feedstock powder and coatings via ICP-OES.

Total of other

Sample La Mn Sr
trace elements

Powder 46.8 25.2 7.8 0.1

A 53.09  15.88 7.98 0.09

B 50.61 20.11 7.70 0.16

C 46.37 23.31 7.53 0.09

D 48.88  23.99 7.21 0.07

E 4584  24.40 7.40 0.09

180



Table 4.3 Estimated activation energies (Ea) of coatings A through E.

E. (V)
As-sprayed After oxygen recovery After 24 hours staying at
(Up to 200 °C annealing) (Up to 600°C annealing) 800°C
A 0.202 0.184 0.155
B 0.187 0.171 0.130
C 0.229 0.167 0.127
D 0.207 0.152 0.122
E 0.190 0.150 0.112
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Table 5.1 Refined lattice parameters of phases present in annealed A-E coatings; specifically for
(Co,Mn)0O the refined lattice parameters for as-sprayed coatings are given in parentheses.

CoO Co,MnO, CoMn,0O,
Coating
atAa (A) atAa (A) atAa (A) c+ Ac (A)
A 4.336 +0.001 8.167 £ 0.004 5.756 + 0.003 9.195 + 0.007
B 4.328 £ 0.001 8.162 £ 0.004 5.755 +£0.003 9.175 + 0.006
C 4.306 + 0.001 8.144 £ 0.004 5.750 + 0.003 9.157 £ 0.006
D 4.296 + 0.001 8.167 £0.003 5.734 + 0.003 9.159 + 0.005
E 4.296 + 0.002 8.182 £0.003 5.736 = 0.003 9.162 + 0.005
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Table 5.2 Phases’ quantity and lattice parameter of (Co,Mn)O changes of D condition MCO
coating by analyzing temperature dependent XRD results from 130 to 200 °C via Rietveld
Analysis.

Phases’ Quantities (%)
Lattice Parameter

T (°C) CoO CoMn20s  C02MnO4 of Co0, a (A)
130 48.75 8.75 42.49 4.285931
140 4755 8.04 44.4 4.286651
150 47.71 10.14 42.15 4.286649
160 45.38 10.17 44.46 4.288496
170 47.24 11.22 39.54 4.288941
180 45.05 6.77 48.18 4.291645
190 48.42 8.76 42.82 4.291482
200 48.37 9.91 41.72 4.292028

183



Table 5.3 Estimated activation energy (Ea) values of A through E coatings via calculating slope
of cooling down curves in Arrhenius plot (Figure 5.10).

Ea (eV) 0.53 0.47 0.64 0.54 0.40
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Table 8.1 Plasma spray parameters for deposition of TE candidates.

Torch Hardware )
Carrier
Nozzle  Powder Feed ArFlow H, Flow Current  Power
Material ) ] ) ) Gas Flow
GUN Size Rate (g/min)  (L/min) (L/min) (A) (KW)
(L/min)
(mm)
LiNip ¢Cog 15Alp 050, FAMB-XL 8 30 45.0 6 4 (Ar) 550 39.5
Li doped Co;0, SinplexPro™ 9 2 45.0 0 10 (Ar) 380 293
NiCoCrAlY/ALO, SinplexPro™ 9 45.0 3 4 380
ITO FAMB-XL 8 30 40.0 6 5 550 39.9
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Table 8.2 Comparisons of coefficients of thermal expansion of TE candidates.

Thermal Expansion
Coefficient (10-/K1)
TiO, 7-8 (25— 1000 °C)
9.80 (20— 100 °C)
15.1 (20500 °C)
Li doped Co;0, 9.3 (800 °C)
Intermediate CTE
15.9/9.2 (800 °C)
ITO 8.5

Material

LiNi{]_gCO{]_lsAl{]_{]soz

NiCoCrAlY/ALO;
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Table 8.3 Transport data of the possible candidates for the

materials.

transverse thermoelectric

Seebeck Electrical Thermal
Material Coefficient Conductivity Conductivity
(uVIK) (S/m) (W/mK)
Al -1.66 4 x 10’ 232
Cu 1.7 5.9 x 107 400
Constantan -37 0.2 x 10’ 19.5
Chromel 22 0.14 x 10’ 19
Ni -15 0.625 x 10’ 51
Si 1500 100 156
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Table 8.4 Spray parameters for deposition of alumina, Ni, Ni-5%Al and Ni-20%Cr

coatings. ‘Helium is used as secondary gas instead of hydrogen in this particle torch-
parameter configuration.

Feed Rate Ar flow Current Power
Condition-Torch Hardware H, flow (L/min)
(¢/min) (L/min) (A) kW)
Alumina-F4 8mm nozzle 30 60 4 550 344
A-F4 8mm nozzle 15 80 2 450 25.0
B-F4 8mm nozzle 15 70 4 500 311
C-F4 8mm nozzle 15 60 6 550 35.5
D-F4 8mm nozzle 15 50 8 600 40.7
E-F4 6mm nozzle 15 60 3 550 31
F-F4 6mm nozzle 15 75 6 550 37.3
G-SG100 18 90 352 590 358
H-HVOF 80 20(N;) 6.8fuel*17400,
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