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Precursor plasma spray synthesis is an innovative and rapid method for making functional oxide ceramic
coatings by starting from solution precursors and directly producing inorganic films. This emerging method
utilizes molecularly mixed precursor liquids, which essentially avoids the handling and selection of powders,
opening up new avenues for developing compositionally complex functional oxide coatings. Precursor
plasma spray also offers excellent opportunities for exploring the nonequilibrium phase evolution during
plasma spraying of multicomponent oxides from inorganic precursors. Although there have been efforts in
this area since the 1980s and early 1990s with the goal of synthesizing nanoparticles, only recently has the
work progressed in the area of functional systems. At the Center for Thermal Spray Research an integrated
investigative strategy has been used to explore the benefits and limits of this synthesis strategy. Water- and
alcohol-based sol/solution precursors derived from various chemical synthesis methods were used as feed-
stocks to deposit thin/thick films of spherical and nanostructured coatings of yttrium aluminum garnet
(YAQG), yttrium iron garnet, lanthanum strontium manganate and Zr-substituted yttrium titanates, and
compositions of Y,0;-Al,0; and their microstructural space centered around stoichiometric YAG. A de-
tailed discussion of the salient features of the radiofrequency induction plasma spraying approach, the re-
sults obtained in the investigations to develop various functional oxide coatings, and process issues and

challenges are presented.

Keywords ceramic coatings, liquid precursor, luminescent coat-
ings, magnetic properties, microstructure, thermal
plasma spraying

1. Introduction

Precursor-based synthesis of inorganics has spawned a new
era in materials research and has expanded the capabilities for
synthesizing compositionally complex multicomponent sys-
tems with a desirable homogeneity and high chemical purity
(Ref' 1, 2). These approaches allow the exploration of composi-
tional/phase space, helping to identify regions of interest for
functionality. Systems of general interest include electrodes/
electrolytes for solid oxide fuel cells, advanced ferrites and di-
electrics for magnetic/electromagnetic applications, novel sen-
sor materials with high sensitivity/selectivity, and composites.
Thermal spraying (TS) expands the potential of precursor routes
by offering access to thermal excursions with extreme tempera-
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ture-time profiles, coupled with the capability for the deposition
of novel materials in useful coating and thin film forms (Ref
3-11). The precursor TS approach also obviates the need for pro-
ducing and handling of powders required in conventional TS,
and thus allows the rapid assessment of compositions and mate-
rials, especially when coupled with combinatorial schemes. Be-
cause powders of the more attractive compositions can also be
synthesized by precursor routes and deposited through tradi-
tional TS, the strategy should ultimately enable faster discovery
and insertion of new materials into applications.

Traditional TS utilizes powder feedstock of premixed com-
positions to produce ceramic coatings. However, when complex
multicomponent oxide films are desired, wide-ranging issues as-
sociated with composition and phase stability arise and make it
difficult to explore the compositional field and its effect on film
characteristics. For instance, some of the early work on precur-
sor-based processing was initiated in late 1980s at the State Uni-
versity of New York at Stony Brook as a part of the efforts to
produce oxide superconductor films of the Y-Ba-Cu oxide fam-
ily. The powder-based method indicated preferential CuO va-
porization during plasma spraying, pointing to the need for the
overcompensation of CuO in the powder. However, to focus in
on the chemistry sweet spot required extensive evaluation of a
variety of starting powder compositions. The precursor ap-
proach allowed a much more rapid method to explore the chem-
istry field. Since then, a number of studies have been conducted
with varying fundamental and applied interests, but new capa-
bilities in solution chemistry, precursor injection, and plasma
spray processes have led to renewed interest in this area. The
advent of nanotechnology has expanded the field considerably.
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The TS coupled with precursor solution chemistry allows the
exploration of optical, magnetic, and electronic oxides. Further-
more, given the extreme conditions one would anticipate in the
formation/stabilization of metastable phases, TS therefore rep-
resents a unique synthetic tool for solid-state chemistry.

Multipronged efforts at various institutions during the 1990s
witnessed trials of solution/suspension spray. In early trials at
the University of Sherbrooke, several materials were tried with
some success using axial feed suspension plasma spray (Ref 3,
4). Recently, liquid suspension plasma spraying has been used to
make yttria-stabilized zirconia and LaMnO; perovskite thin film
coatings (Ref 5, 6). Here, the inorganic material was introduced
in a liquid suspension and did not use any chemical modification
that results from precursor decomposition. Combustion chemi-
cal vapor deposition (CVD), which is a complementary process
using combustion rather than plasma, has been used at Georgia
Institute of Technology to synthesize coatings of metals, oxides,
and polymer composites (Ref 12).

Non-vapor phase methods such as solution precursor plasma
spray, which is based on direct current (dc) plasma, have been
developed for synthesizing nanostructured powders and coat-
ings (Ref 7-11). In dc plasma approaches, a precursor solution is
injected radially into the plasma. The dc plasma methods have
the following issues to consider: contamination of the product by
arc erosion of the dc electrodes; reactive gases, when used to
affect chemistry, can potentially react with dc electrodes; and
external radial injection of feedstock produces less homoge-
neous thermal processing and reduces material-processing effi-
ciency.

2. Experimental

2.1 Radiofrequency-Precursor Plasma Spray

Recent work at the State University of New York at Stony
Brook has focused on radiofrequency induction precursor
plasma spray (RFPPS), utilizing molecularly mixed precursor
liquids, which were successfully used to deposit thin/thick films
of functional oxides (Ref 13-17). The important advantages of
RFPPS include: axial feeding of precursor solution/sol into the
larger hot zone, which would provide a longer particle residence
time; and the electrode-free nature of radiofrequency (RF)
plasma, which avoids contamination from the electrodes. The
RFPPS offers much greater operational temperature, large tem-
perature gradients, and very short exposure time in the flame,
which facilitate the investigation of the opportunities/
implications of metastable phases, stoichiometries and micro-
structures. Our interests in the development of functional oxides
from precursors are both science-based (e.g., precursor develop-
ment, exploratory synthesis, and process understanding/
modeling) and technology-based (e.g., property assessment for
potential application, identifying key barriers to implementation
and perspective paths to overcome the barriers). Systems of par-
ticular interest that were studied/developed included large-area
luminescence coating, electrodes/electrolytes for solid oxide
fuel cells and gas separation membranes, advanced ferrites, and
dielectrics for magnetic/electromagnetic applications.

Initial trials involved simple single-phase oxides, for in-
stance by spraying aluminum nitrate or bohemite sol, which re-
sulted in yAl,O5 coatings. Crystalline Y,O5 coatings were ob-
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Table 1 Spray parameters used to make YIG coatings

Parameter Value
Power, kW (EKNA torch) 60 kW
Chamber pressure, kPa 13-16
Plasma swirl gas (argon), slpm 25
Plasma sheath gas (argon/helium), slpm 85/150
Atomized gas Helium
Feed rate, mL/min 10-30
Substrate-torch distance, mm (TAFA torch/TEKNA torch) 200/250
Traverse speed, cm/s 2.5
Number of passes (preheat/deposit) 4/20

slpm, standard liter per minute
Source: Ref 17

tained when yttrium nitrate (in water) was sprayed. This
encouraging result provided confidence to examine more com-
positionally complex systems: yttria-stabilized zirconia; pure
and doped garnets [i.e., yttrium aluminum garnet (YAG) and
yttrium iron garnet (YIG) and Eu-doped garnets], lanthanum
strontium manganate (LSM), and Zr-substituted Y,Ti,0, pyro-
chlores. Although the development of coatings of the above-
mentioned functional oxides had varying success, many chal-
lenges remain, but healthy and growing interdisciplinary
collaborations are promising. This article reviews the progress,
critical observations, and challenges in developmental work on
Eu-Y,0; (a luminescent material), YAG, YIG, and LSM.

2.2 Precursor Development and Plasma Spraying

Several precursor liquids solution/sol/polymeric complexes
were evaluated for different oxide systems. The success of a par-
ticular precursor in forming the required phase for a given sys-
tem mainly depends on the decomposition characteristics of that
precursor. Some of the precursors studied include: (a) mixture of
nitrates in water/ethanol (solution); (b) mixture of nitrates and
metalorganics in isopropanol (hybrid sol); (¢) mixed citrate-
nitrate solution (polymeric complex); and (d) coprecipitation
followed by peptization (gel dispersion in water/ethanol).

Precursor liquids feedstocks were sprayed using RF plasma
torches manufactured by both TAFA (model 66; TAFA, Con-
cord, NH) and TEKNA (model PL-100; TEKNA Plasma Sys-
tems Inc., Sherbrooke, ON, Canada) under a series of spray con-
ditions (Ref 13-17). For the development of the coatings, the
precursor sol/solution was fed to the RF plasma torch and di-
rectly gas atomized into the plasma (Ar/He) through an atomiz-
ing probe. As an example, the typical spray parameters used to
make YIG coatings are shown in Table 1. The substrate holder
was designed to enable spraying simultaneously onto substrates
at different distances from the torch nozzle. The substrates were
moved horizontally during spraying, while the plasma torch was
held stationary.

Under optimum spray conditions, the coating thickness de-
pended primarily on the concentration of the sol and the number
of passes made. In a typical spray run, about 200 mL of sol was
sprayed continuously, which is sufficient for about 20 passes
over the substrates (6 x 2.5 x 0.2 cm). The average time required
to develop a coating with a thickness of 80 to 100 pm was ~40s.
Repeating the experiment as many as five times ensured the re-
producibility of the desired coating composition. The typical
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Fig.1 Temperature profile. The temperature of the substrate was mea-
sured using a thermocouple during plasma spraying and post-plasma
treatment (heated with plasma flame after spraying).

substrate temperature profile during spraying and after plasma
treatment of YAG (Ref 14) is shown in Fig. 1.

3. Discussion

3.1 Eu-Y,0; Luminescent Coatings

The extraordinary chemical stability, luminescent efficiency,
and environmental safety makes europium-doped Y,O5 phos-
phors the most promising oxide-based red phosphor known so
far. Europium-doped yttrium oxide (Y,0;:Eu®") crystalline
coatings (Ref 13) were produced from the mixture of yttrium
nitrate hexahydrate, and europium nitrate pentahydrate in
water or water/ethanol. The precursor solution was prepared
by dissolving yttrium nitrate hexahydrate, Y(NO;); - 6H,0
Aldrich, St. Louis, MO), europium nitrate pentahydrate,
Eu(NO;); - SH,0 (Aldrich, 99.9%), in ethanol. The europium
ratio was varied from 0.1 to 6 at.% in the system (Y,_Eu,),05 to
produce these phosphor coatings. The precursor solution was
sprayed using the RF plasma torch (TAFA) under a series of
spray conditions. Coatings with a thickness of ~60 to 100 um
were developed for use on steel plates and silicon (100) sub-
strates.

In this study for a Y-to-Eu ratio of 98:2, the best luminescent
coatings were obtained, and this was the one with a lower
amount of europium than the traditional phosphor composition
(in traditional red phosphor a Y-to-Eu ratio of 96:4 was mainly
used). X-ray diffraction (XRD) analyses on these coatings con-
firmed that polycrystalline cubic Y,O; phase formed in situ with
no impurity phases. The observed photoluminescence (Fig. 2)
from these coatings is in all probability due to the highly crys-
talline nature of the coating combined with the submicron
spherical morphology of the grains (Fig. 3).

An energy-dispersive x-ray analysis of the Y,0;:Eu*" coat-
ing on Si(100) confirmed a uniform distribution of Eu** among
the 0.5 to 5 um particles. It also confirmed the presence of both
EuandY on each individual particle. The surface morphology of
the film on Si(100) looks coarse and indicates the presence of
micron to submicron spherical/pseudospherical particles on the
coating, as is evident in Fig. 3. Coatings produced by this
method have better thermal stability and superior adhesion, and
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Fig. 2 Photoluminescence (PL) spectra of precursor plasma sprayed
Y,0,:Eu’" coatings on (a) Si(100) and (b) steel substrates. The excita-
tion wavelength is 260 nm.

Fig. 3 SEM micrograph of Y,05:Eu*" coating on Si(100) substrate
showing the surface image of spherical particles

are expected to offer high contrast due to the higher degree of
uniformity and crystallinity over traditional discrete powder
coatings.

3.2 Yttrium Aluminum Garnet

Yttrium aluminum garnet (Y;Al;0,,) is a promising high-
temperature ceramic and has been used in several applications,
such as refractory insulating coatings, optical devices, and phos-
phors for various display panels, when doped with rare earth
elements. Although the superiority of the chemical processes
over the traditional ceramic processes is generally recognized,
the details of conversion dynamics from the precursors to YAG
have remained unclear (Ref 18).

Yttrium aluminum garnet also represents a highly complex
oxide with a number of intermediate phases around the congru-
ently melting line compound YAG. Thus, this system repre-
sented a unique opportunity to explore the capabilities of the
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Fig. 4 XRD results of YAG coatings: (a) as-sprayed; (b) treated with
plasma for 10 s, wherein the conversion of garnet phase is evident; and
(c) sprayed powder calcined at 1250 °C for 6 h

RFPPS process for complex oxides. Much to the authors sur-
prise, it is possible to produce single-phase crystalline coatings
of single-phase YAG under certain conditions (Ref 14, 15). The
influence of liquid precursors in the form of a solution/sol/
polymer complex on the formation of the YAG phase has been
investigated.

Y(NO,); - 6H,O (Aldrich, 99.9%), AI(NO,); - 8H,0 (Al-
drich, 99.9%), citric acid monohydrate (Alfa Aesar, 99.5%),
deionized water, and ethanol were used for the synthesis of
YAG. Four precursor feedstocks were used: hybrid sol [a mix-
ture of bohemite (AIO(OH) and yttrium nitrate in water]; a mix-
ture of nitrates in water-ethanol; a mixture of nitrates and citric
acid in water; and coprecipitated sol (homogeneous gel obtained
from mixture of nitrates dispersed in water). In the case of the
mixture of nitrates and citric acid, the YAG precursor solution
was prepared by dissolving and mixing the required amount of
the metal nitrates in a stoichiometric Y-to-Al ratio of 3:5ina 1:1
ethanol-deionized water mixture. Citric acid (citrate-to-nitrate
ratio of 0.75:0.1) in water was added to the above mixture while
stirring. The clear solution obtained was directly sprayed onto
substrates.

When a hybrid sol was sprayed through the RF plasma, a
metastable hexagonal yttrium aluminate (H-Y AlO) was formed
as the major phase (Fig. 4). This phase on further treatment with
plasma, was converted to cubic garnet (YAG) as the major
phase, with a minor amount of orthorhombic YAIO; (O-YAP)
phase (Ref 14). When a mixture of nitrates and citric acid was
sprayed, a mixture of hexagonal YAIO;, O-Y AP, yttrium alumi-
num monoclinic, and YAG was formed, which eventually trans-
formed into YAG after heat treatment at 1000 °C for 6 h (Ref

704—Volume 15(4) December 2006

bost _—
G+O+

Heating . .G
1200 °C 1h Mo
il
G G+H M-
oI
25 30 35 37.5 40 45 50

Composition (mol% Y;0;) ——

Fig.5 Phase evolution of Y,05-Al,05 compositions around stoichio-
metric YAG (37% Y,0,) in as-sprayed and post-heat-treated (1200 °C
for 1 h) conditions

15). Interestingly, an amorphous phase was formed when a co-
precipitated sol was sprayed that completely transformed into
YAG after heat treatment at 1000 °C for 30 min. Although these
studies point to a potential synthetic strategy, the phase evolu-
tion is complex and requires careful parallel studies through
phase evolution maps (Ref 18).

The overall process of spraying, chemical reaction, and gar-
net particle formation occurred within 40 s, indicating the sim-
plicity of the process. The RFPPS also presents an opportunity
for the production of discrete combinatorial libraries of the func-
tional oxides. Feedstock compositions can be varied by mixing
precursors in different proportions while spray conditions were
maintained, or vice versa. The authors recently demonstrated the
feasibility of this approach to deposit Y,05-Al,0; compositions
around stoichiometric YAG. In the discrete combinatorial syn-
thesis approach, mixed nitrate solutions of different composi-
tions having the same final solid concentration were sprayed
through RF plasma. Liquid feedstocks of compositions from 25
to 50 Y,0; were sequentially delivered to the injector using a
liquid feedstock pump. The shutters placed above the substrate
holder and the liquid feedstock pump were programmed in such
a way that a particular composition was deposited on the alu-
mina substrate in a chronological order. The crystalline phase
was obtained in all the compositions in the as-sprayed condition,
and the phase evolution maps of the spray products are presented
in Fig. 5.

3.3 Yttrium Iron Garnet

Yttrium iron garnet (Y;FesO,,) has attracted much attention
in the telecommunications and data storage industries due to
their interesting magnetic and magneto-optic properties. Two
types of sols made by reverse and regular coprecipitation meth-
ods and citrate-nitrate polymeric complex were used as liquid
feedstocks (Ref 16, 17).

The YIG precursor sol was prepared by chemical methods
using reagent grade nitrates: yttrium nitrate (99.95% purity) and
iron (III) nitrate [Fe(NO;); - 9H,0, 98+% purity] in a 3:5 mol
ratio were dissolved in excess of deionized water. Two types of
YIG precipitates, namely, REGULAR sol (REG-sol) and
REVERSE sol (REV-sol) were prepared. In the case of REG-
sol, the mixed nitrate solution turned into a gelatinous mass with
the drop-wise addition of ammonia solution (25% ammonium
hydroxide, assay 28.0-30.0% NH;). The gel was washed, fil-
tered out, and redispersed ultrasonically in deionized water. To
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Fig. 6 SEM micrographs showing the surface features of YIG coat-
ings deposited on alumina substrates using (a) REG-sol and (b) REV-sol

prepare a REV-sol, the mixed nitrate solution was added drop-
wise into a diluted ammonia solution having a pH of 10. In this
case, a fresh ammonia solution was constantly added to maintain
the pH at 10 throughout the precipitation process. Gel so ob-
tained was then washed and ultrasonically dispersed in deion-
ized water similar to the REG-sol preparation.

An amorphous deposit was obtained in the as-sprayed condi-
tion (Ref 17), and a nanostructured coating resulted in annealing
treatment at 800 °C for 1 h. The average crystallite size ranged
from 32 to 53 nm for coatings annealed at 800 and 1000 °C,
respectively. Scanning electron microscopy (SEM) images of
surface morphology of REG- and REV-sol-sprayed coatings, in
the as-sprayed condition, are shown in Fig. 6. The microstruc-
ture of the coating obtained from REV-sol (Fig. 6b) appears
denser when compared with that of the coating obtained from
REG-sol (Fig. 6a). Figure 7 shows nanostructured grains in the
microstructure of a YIG coating annealed at 800 °C; the micro-
graph also revealed that postannealing treatments promoted
growth and the densification of grains.

Journal of Thermal Spray Technology

Fig. 7 SEM micrograph showing the morphology of nanostructured
grains in a YIG coating annealed at 800 °C for 1 h
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Fig.8 Room temperature M-H loops of YIG coatings annealed at 800
and 1000 °C for 1 h

Magnetic measurements were made using a vibrating sample
magnetometer (DMS VSM 1660, ADE Technologies, West-
wood, MA), and the hysteresis loops were recorded at room tem-
perature in fields up to 5 kOe. The room temperature magneti-
zation-magnetic field (M-H) curves of YIG coatings annealed at
800 and 1000 °C are compared in Fig. 8. The as-sprayed coating,
which was predominantly amorphous, had a low saturation of
2.5 electromagnetic units (emu)/cm’ and a high coercivity of
163 Oe. Annealing at 800 °C increased the saturation value to
62.8 emu/cm?® and decreased the coercivity to 31.2 Oe. The in-
crease in the magnetization of the annealed coating can be at-
tributed to the increase in crystallinity and crystallite size with
annealing temperature. Coatings annealed at 1000 °C exhibit a
saturation magnetization (65.3 emu/cm?) and a coercivity (37.4
Oe) close to that of the coating annealed at 800 °C. Microstruc-
tural and magnetic property studies revealed that better quality
coatings can be obtained using a reverse-coprecipitated feed-
stock sol than a regular coprecipitated one (Ref 17).

Volume 15(4) December 2006—705

)
o
o
o
1
D)
S
S
)
Q




3
S
2
S
[
o
Iy
8
Q

750 @ ®-La Sr, MnO,

[ B
* - Substrate

500 <

L ]
® 1000°C/6hrs
250 | ° ’U
J o g l\ A_e 2]
| I I

e I

800°C/6hrs

- L% (5]
[\%] =y 8

=} [=] [=] [=]
1 1 1

360 <

Intensity (cps)

240 <

120

240 <

120 H

Two theta (degree)

Fig. 9 XRD of RFPPS LSM coatings

3.4 Lanthanum Strontium Manganate

Lanthanum strontium manganate is an established cathode
material for solid oxide fuel cells due to its good chemical sta-
bility and thermal expansion compatibility with electrolytes.
The colossal magnetoresistance effect found in hole-doped
(La,Sr) manganates is promising for magnetic sensor applica-
tions. Acetate-nitrate as well as citrate-nitrate precursors in wa-
ter were used as feedstock to form crystalline LSM coatings on
alumina and aluminum substrates. A precursor feedstock for a
combustion TS was prepared by combining the calculated
amounts of metallic nitrates (lanthanum and strontium) and ac-
etate (manganese) in deionized water to ensure the exact stoichi-
ometry of LSM (La-to-Sr-to-Mn ratio 85:15:100). This LSM ac-
etate/nitrate precursor solution was used as the feedstock for a
combustion TS using a Terodyn 3000 (Eutectic-Castolin Com-
pany, Flushing, NY) oxyacetylene combustion spray gun. A
nozzle-substrate distance of 180 mm at gas flows of 30/30 psi, a
carrier gas pressure of 22 psi, and a liquid feeder pressure of 8 psi
were used. The substrate holder was fixed during spraying, and
spraying was performed under stationary conditions for 1 min
(Ref 19).

The XRD results (Fig. 9) for as-sprayed and annealed
La, ;Sr, ;MnO; samples essentially shows similar patterns with
calculated grain size of 10 nm (as-sprayed) and 23 nm (800 °C)
(Ref 19). The typical cross-sectional image of combustion ther-
mal-sprayed LSM coating is shown in Fig. 10.

The early results of magnetocaloric investigations indicate
that, although the perovskite phase is represented in the diffrac-
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Fig.10 SEM micrograph showing the cross section of an RFPPS LSM
coating
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Fig. 11 Temperature dependence of the magnetization of LSM
(Lag g5Sty ;sMnO;) coatings

tion pattern, magnetic measurements indicate disorder (not sur-
prisingly) within the perovskite phase. The temperature depen-
dence of magnetization of La, 35St ;sMnO; prepared by TS at a
measuring field of 0.5 T is shown in Fig. 11. In its as-sprayed
state, the La, 35Sr, ;sMnO; sample exhibited at least two mag-
netic transitions, both with very low magnetizations. This result
is strongly suggestive of inhomogeneity/phase separation. The
modest annealing treatment of 800 °C for 6 h that was applied to
this sample caused the moment to increase dramatically and to
exhibit single magnetic-phase behavior. The ferromagnetic re-
sponse of as-sprayed and annealed films indicated (Fig. 12) that
as-sprayed films do not saturate, which again is indicative of two
magnetic phases (Ref 19).

4. Summary and Conclusions

This article summarizes the recent progress in the develop-
ment of and the promising opportunities for RFPPS. The RFPPS
is highly promising because its larger heat zone, high tempera-
ture, and extremely short exposure time provide opportunities
for high-throughput exploratory synthesis and rapid property as-
sessment for targeted application. The RFPPS of systems having
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complex chemistries has been deposited as dense nanostructured
coatings in 30 to 40 s. The combination of selective precursor
choice and plasma spray parameters can result in thermody-
namically stable or metastable materials with unique micro-
structures. An approach based on a thermodynamic framework
and experimentally determined phase evolution map are ex-
pected to shed light on our understanding of phase formation.
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