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COATINGS, MATERIALS, ARTICLES, AND METHODS OF MAKING
THEREOF

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH &
DEVELOPMENT

The U.S. Government has certain rights in this invention pursuant to Office of
Naval Research grant numbers N00014-98-C-0010, N00014-02-1-0171.

BACKGROUND

[0001] There is a wide variety of methods for forming a coating or deposited
material. Methods include chemical vapor deposition, physical vapor deposition, laser
assisted pyrolysis deposition, electron-beam physical vapor deposition and thermal
spray. The coating or material produced by these methods can vary significantly in
microstructure from method to method. The microstructure of the coating or material,
as well as its composition, has a significant impact the physical and mechanical
properties, as well as the end use. Thus it is clear that there is a complex interaction
between the microstructure, composition, end use and the method of making the

coating or material.

[0002] Microstructure, as used herein, refers to the structure of the material or
coating on a microscopic level. Components of microstructure include the phases
present, grain size, precipitate and/or dispers;)id size, density/porosity, cracking, and
the presence and size of lamellar splats (in thermal spray methods). Splats are the
result of molten or partially molten particles impinging upon a substrate at a high
temperature, high speed or combination of high temperature and high speed. The size
of the splat boundary is related to the size of the splat and large splat boundaries may
result in lateral cracking, potentially causing material fajlure. These components of
microstructure may affect gross physical properties of the coating such as thermal
conductivity, bond strength, elastic modulus and so forth. As can be readily

appreciated some of these gross physical characteristics are desirable in some uses and
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not in others. None of the currently available methods of deposition is capable of

manipulating all the above-described microstructural features.

[0003] Of the above-described methods, thermal spray is the most flexible
with regard to feedstocks. Thermal spray may employ a solid, powdered feedstock, a
dispersion of a solid, powdered feedstock in a liquid carrier, or a liquid precursor.
Thermal spray is highly flexible with regard to the composition of the feedstock
owing to the variety of available flame types, velocities and flame temperatures and
resulting in a wide compositional variety in the produced materials. Additionally,

thermal spray generally is highly efficient making it a cost effective method.

[0004] What is needed in the art is a cost effective method of material
deposition that can produce materials and coatings with a variety of compositions and

microstructural features.
BRIEF SUMMARY

[0005] The above—described and other drawbacks are alleviated by a method

of producing a material comprising:

injecting precursor solution droplets into a thermal spray flame wherein
a first portion of the precursor solution droplets are injected into a hot zone of the
flame and a second portion of the precursor solution droplets are injected into a cool
zone of the flame;

fragmenting the droplets of the first portion to form reduced size
droplets and pyrolizing the reduced size droplets to form pyrolized particles in the hot
' zone;

at least partially melting the pyrolized particles in the hot zone;

depositing the at least partially melted pyrolized particles on a
substrate;

fragmenting at least part of the second portion of precursor solution
droplets to form smaller droplets and forming non-liquid material from the smaller

droplets; and
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depositing the non liquid material on the substrate. The substrate may

be optionally preheated and/or maintained at a desired temperature during deposition.

[0006] The material produced by this method comprises splats having an
average diameter of less than or equal to about 2 micrometers. Additionally the splats
preferably have a thickness less than or equal to about 800 nanometers. The material
may also exhibit three dimensional porosity of about 1 to about 50 volume percent,
and the pores may be micrometer sized (about 1.0 to about 50 micrometers),
submicron sized (about 0.1 to about 1.0 micrometer), nanometer sized (up to about
100 nanometers) or a combination of two or more of the foregoing. The material can
optionally have vertical cracks that vary in length from about 0.5 to 1.0 times the
thickness of the material. The vertical cracks generally are spaced at a distance less
than the coating thickness but can be spaced at distances up to two times the thickness
of the material. The material may optionally comprise inter pass boundaries. The
material may be employed as a coating over a large thickness range of about 1

micrometer to over 5 millimeters or as a structural preform.
BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings wherein like elements are numbered alike in

several FIGURES:

Figure 1 is a photograph showing inter pass boundaries in a solution plasma

spray-formed material.

Figure 2 shows a schematic illustration of a solution plasma spray-deposited
coating (C) in comparison to those formed in the electron beam physical vapor

deposition process and (A) and conventional thermal spraying (B).

Figure 3 shows scanning electron micrographs (SEM) of cross-section of a
solution plasma spray-deposited coating of zirconia stabilized with 7 weight percent

yitria based on the total weight of the material (7YSZ).
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Figure 4 shows a schematic of the micro and nanostructure of a solution

plasma spray-deposited 7YSZ coating.

Figure 5 shows SEM fracture morphologies of solution plasma spray-
deposited zirconia stabilized with 20 weight percent yttria (20YSZ) coatings at two

different magnifications.

Figure 6 shows SEM microstructural observations of a low-porosity 20YSZ
coating (A) and a high-porosity lanthia-doped ceria (LDC) + nickel oxide (NiO)

coating (B) deposited by the solution plasma spray process.

Figure 7 shows the durability of a solution plasma spray-deposited 7YSZ
thermal barrier coating in a thermal cycle test, compared to a conventional powder

sprayed TBC and an EB-PVD deposited TBC.

Figure 8 shows the thermal cycling behavior of solution plasma spray-
deposited 7YSZ coatings as a function of the coating thickness, compared to a

conventional air plasma sprayed coating.

Figure 9 shows the thermal conductivity of a solution plasma spray-deposited
7YSZ thermal barrier coating compared to the thermal conductivity ranges of both
conventional thermal sprayed coatings and an electron beam plasma vapor deposited

coatings.

Figure 10 shows the performance of a 20YSZ coating applied using the

solution plasma spray method bent at angle of 90°.

Figure 11 shows the X-ray diffraction pattern for an LDC+NiO anode layer

deposited by the solution plasma spray process.

Figure 12 shows the cross-sectional microstructure of solution plasma spray-

formed LDC and LDC+NiO layers in a solid oxide fuel cell (SOFC).
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0007] The above-described and other drawbacks are alleviated by a method
of producing a material comprising:
injecting precursor solution droplets into a thermal spray flame wherein
.~ a first portion of the precursor solution droplets are injected into a hot zone of the
flame and a second portion of the precursor solution droplets are injected into a cool
zone of the flame;
fragmenting the droplets of the first portion to form reduced size
droplets and pyrolizing the reduced size droplets to form pyrolized particles in the hot
zone;
at least partially melting the pyrolized particles in the hot zone;
depositing the at least partially melted pyrolized particles on a
substrate;
fragmenting at least part of the second portion of precursor solution
droplets to form smaller droplets and forming non-liquid material from the smaller
droplets; and
depositing the non-liquid material on the substrate. The substrate may be
optionally preheated and/or maintained at a desired temperature during deposition. As
readily understood by one of ordinary skill in the art, the terms first portion and
second portion do not imply a sequential order but are merely used to differentiate the

two portions.

[0008] Without being bound by theory it is believed that non-liquid material
formed in the cool zone contributes to the creation of porosity, vertical cracks, and
inter pass boundaries. Non-liquid material includes both solid and gel-like materials
and is, at most, only partially pyrolized and may be completely unpyrolized. The
volume contraction that occurs in the material when the trapped residual liquid is
heated and the non —liquid material undergoes crystallization contributes, along with
the thermal expansion mismatch between the coating and the underlying substrate, to
the formation of vertical cracks. Additionally, volume contraction contributes to the

formation of porosity.
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[0009] The material produced by this method comprises splats having an
average diameter of less than or equal to about 2 micrometers. Additionally the splats |
preferably have a thickness less than or equal to about 800 nanometers. All splats in
the material are less than about 5 micrometers in diameter. The material may also
exhibit porosity of about 1 to about 50 volume percent, and the pores may be
micrometer sized (about 1.0 to about 50 micrometers), submicrometer sized (about
0.1 to about 1.0 micrometers), nanometer sized (up to about 100 nanometers) or a
combination of two or more of the foregoing. The material can optionally have
vertical cracks that vary in length from about 0.5 to 1.0 times the thickness of the
material. The vertical cracks generally are spaced at a distance less than the coating
thickness but can be spaced at distances up to two times the thickness of the material.
The vertical cracks can be generated in materials having a porosity of about 13 to
about 50 volume percent. The material may be employed as a coating over a large

thickness range (about 2 micrometers to over 5 millimeters) or as a structural preform.

[0010] It has been unexpectedly discovered that injecting the precursor
solution droplets predominantly into the hot zone of the flame results in a material
having an average splat size less than or equal to about 2 micrometers. A thermal
spray flame typically has at least two zones based on the flame temperature range: the
hot zone which has a temperature greater than or equal to the pyrolization temperature
of the precursor salt, and the cool zone which has a temperature less than the
pyrolization temperature of the precursor salt. When the precursor solution comprises
more than one precursor salt the lowest pyrolization temperature determines the
size/location of the flame zones. Controlling the location of injection and droplet
momentum are required to ensure the desired amount of the droplets penetrate the hot
zone for fragmentation and subsequent pyrolysis. Pyrolysis is defined herein as'the
conversion of the precursor to the desired material without substantial degradation.

Precursor solution injection may be radial or coaxial into the hot zone.

[0011] The droplets need sufficient mass and velocity to carry the droplets into
the desired zone. Without being bound by theory it is believed that upon entering the

hot zone of the flame the some of the droplets may have formed or may rapidly form a
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crust. As the solvent portion of the droplet inside the crust vaporizes the droplet
explodes resulting in the formation of a large number of very small droplets and/or
particles. Alternatively the droplet may be fragmented by a dynamic interaction
between the velocity of the droplet and the velocity of the flame. As can be readily
appreciated based on these theories, parameters such as precursor solution viscosity,
precursor solution surface tension, precursor solution concentration, droplet
momentum, injection location, flame temperature and droplet residence time in the
flame and particularly in the desired zone of the flame have bearing on the splat size

and overall microstructure.

[0012] Additionally it has been discovered that heating the substrate prior to
thermal spraying and/or maintaining the substrate temperature within a desired range
can impact the bond strength and microstructure of the materials produced,

particularly in the formation of coatings such as thermal barrier coatings.

[0013] Useful substrates include, but are not limited to, metals, coated metals
such as bond coated metals, ceramics, cermets, and plastics. The substrate must be
capable of withstanding the conditions of the thermal spray process. For example,
when the thermal spray process includes preheating the substrate, the substrate
material should be capable of being heated to the desired preheat temperature and
coating temperature without structural degradation. Exemplary materials capable of
withstanding preheating include, but are not limited to, stainless steel, titanium,
aluminum, superalloys (such as nickel superalloys and cobalt superalloys) and
ceramics. In contrast to currently available thermal spray methods, in one
embodiment the surface roughness of the substrate may have little or no impact on the
material-substrate bond strength. The thermal spray method described herein is
capable of forming a material on a polished substrate and the resulting composite
material exhibits satisfactory bond strength as demonstrated by substantially no

delamination or spalling.

[0014] The substrate may have an average roughness (Ra) greater than or
equal to about 0.1 micrometers, preferably greater than or equal to about 5.0

micrometers.
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[0015] The substrate may be preheated, typically by employing a temperature
control unit. The temperature control unit may comprise a heat supply, a cooling jet,
temperature measurement means and optionally temperature recording means. The
temperature measurement means is located on the substrate side opposite the thermal
spray flame source for reliability and durability. The heat supply may be, for example,
a scanning thermal spray flame, an electrical resistance heater or other heating device
known in the art. Preheat temperatures are greater than room temperature, preferably
greater than or equal to about 150°C, and more preferably greater than or equal to
about 200°C. Additionally the preheat temperature is typically less than or equal to
about 600°C, preferably less than or equal to about 500°C, and more preferably less
than or equal to about 450°C. Alternatively or in addition the temperature control unit
may be used to maintain the substrate and/or deposited material at a desired
temperature range during thermal spray. Typically the desired temperature of the
substrate and/or deposited material during thermal spray is greater than or equal to
about 250°C, preferably greater than or equal to about 275°C, and more preferably
greater than or equal to about 300°C. It is envisioned that the maximum desired
temperature for the substrate and/or deposited material during solution thermal spray
would be less than or equal to about 700°C, preferably less than or equal to about

650°C, and more preferably less than or equal to about 600°C.

[0016] The precursor solution may be prepared by dissolving a precursor in a
solvent. The precursor may be a liquid or a solid such as a precursor salt. Suitable
precursor salts comprise, for example, carboxylate salts, acetate salts, nitrate salts,
chloride salts, alkoxide salts, butoxide salts, and the like of, for example, alkali
metals, alkaline earth metals, transition metals, rare earth metals and the like, and
combinations comprising one or more of the foregoing salts. Preferred precursor salts
include, for example, zirconium nitrate, zirconium carbonate, zirconium acetate,
yttrium nitrate, aluminum nitrate, gadolinium acetate, gadolinium hitrate, samarium
acetate, samarium nitrate, ytterbium acetate, ytterbium nitrate, nickel nitrate, cerium
acetate, lanthanum acetate, iron nitrate, zinc nitrate, and combinations comprising one

or more of the foregoing salts.
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[0017] Suitable solvents include those solvents and combinations of solvents
capable of dissolving the precursor(s). Exemplary solvents include water, alcohols
having 1 to about 5 carbons, carboxylic acids, organic solvents, and combinations of

the foregoing solvents.

[0018] In the case of complex compounds such as a mixed oxide ceramic, the
reagents are weighed according to the desired stoichiometry of the final compound,
i.e., mixed oxide, and then added and mixed with the solution. The precursor solution
may be heated and stirred to dissolve the solid components and homogenize the
solution. Reagent grade precursors may be suitable for the manufacture of the
coatings, particularly for doped semiconductors or oxide membranes used as
electronic components, electrodes or electrolytes. Industrial grade precursors may be
preferred for the manufacture of structural thick coatings or bulk materials due to the
low cost of the starting chemicals. For the fabrication of composite or graded
coatings, two or more different precursor solutions may be prepared, and stored in
individual containers. The precursor solutions may then be combined prior to spraying

or atomized in separate nozzles and sprayed simultaneously or sequentially.

[0019] The precursor solution is delivered to a liquid injector, preferably an
atomizing injector nozzle or a piezo electric crystal induced liquid injector. In a one
embodiment the precursor solution is atomized into micrometer sized droplets in the
atomizing injector nozzle and injected into the thermal spray flame, primarily into the
hot zone of the thermal spray flame. In another embodiment, precursor solution is
introduced to the thermal spray flame by a piezo electric crystal induced liquid
injector which produces large (greater than about 50 micrometers) droplets of low
velocity. The majority of the large droplets have sufficient momentum to be carried
into the hot zone of the thermal spray flame. The precursor solution may be injected
into the thermal spray flame internally or externally, radially or coaxially. When the
precursor solution is injected radially, the injector nozzle may be oriented at an angle
of about 45° to about 90° relative to the axis of the flame. Preferably the injector
nozzle is oriented at about 90° relative to the flame axis. The injection parameters

may impact the porosity of the deposited material and the presence or absence of
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vertical cracks. Multiple radial injectors may be used forming composite or graded

materials or increasing deposition efficiency.

[0020] Micrometer sized droplets exiting an atomizing injector nozzle are
herein defined as having a diameter less than or equal to about 50 micrometers,
preferably less than or equal to about 30 micrometers and more preferably less than or
equal to about 20 micrometers. Additionally, micrometer sized droplets have a
diameter greater than or equal to about 0.5 micrometers, preferably greater than or
equal to about 1 micrometers, and most preferably greater than or equal to about 5
micrometer. Preferably the atomizing gas used in the injector nozzle has a pressure of
about 30 pounds per square inch (psi), preferably about 25 psi and more preferably

about 20 psi of the pressure of the precursor solution.

[0021] Useful thermal spray methods include all known types of thermal
spray. Preferably plasma spray is employed. When plasma spray is the thermal spray
method, the porosity and the generation of vertical cracks can be impacted by the
argon flowrate. In the case of porosity, a low degree of porosity may be produced
using a low argon flow rate. The lower argon flow rate results in a higher temperature
plasma flame. In the case of vertical cracking, a high argon flow rate may increase the
spacing between the vertical cracks. The high argon flow rate results in a lower
temperature flame. Parameters of other types of thermal spray may be similarly

modified to achieve similar effects.

[0022] The material formed by the solution plasma spray process has fine
splats. A splat is defined as a thin platelet formed when the particles formed in the
plasma flame from the reduced size droplets of precursor solution are at least partially
melted and impinge on the substrate. Splats may typically be described as having a
length, width and thickness. For convenience, the diameter is herein defined as the
length or the width, whichever is greater. Fine splats are defined as having an average
diameter less than about 2 micrometers, preferably less than or equal to about 1.5
micrometers, and more preferably less than or equal to about 1 micrometer in size.

Additionally the splats have a thickness less than or equal to about 800 nanometers,



WO 2005/017226 PCT/US2004/000629

11

preferably less than or equal to about 700 nanometers, and more preferably less than

or equal to about 600 nanometers.

[0023] The material may exhibit porosity of about 1 to about 50 volume
percent, based on the total volume of the material. The porosity is three-dimensional
when the porosity is greater than or equal to about 8 volume percent. Three-
dimensional porosity is herein defined as interpenetrating porosity substantially evenly
and randomly distributed throughout the material. The pores may be micrometer
sized (to about 10 micrometers), submicrometer sized (about 0.1 to about 1
micrometer), nanometer sized (up to about 100 nanometers) or preferably a

combination of two or more of the foregoing.

[0024] In some embodiment the deposited material comprises fine layers of
porosity and unmelted particles called inter pass boundaries. Inter pass boundaries
reduce thermal conductivity. The inter pass boundaries have a thickness of about 0.1
to about 2 micrometers and in some embodiments a thickness of about 0.5 to about 2
micrometers. The porosity of the inter pass boundary may effect the overall thermal
conductivity of the deposited material. The porosity of the inter pass boundary is
about 20 to about 95 volume percent, preferably about 20 to about 75 volume percent,

- more preferably about 20 to about 50 volume percent, based on the total volume of the
inter pass boundary. The inter pass boundaries may exhibit a layered spacing of about
1 to about 10 micrometers. The inter pass boundaries may be continuous or
discontinuous. In some embodiments there are no inter pass boundaries within about
50 micrometers of the substrate/coating interface. The absence of inter pass
boundaries within 50 micrometers of the substrate/coating interface can enhance
coating longevity when subjected to thermal cycling. Figure 1 shows inter pass

boundaries 40. g

[0025] The material may optionally comprise vertical cracks. The vertical
cracks may vary in length from about 0.5 to about 1.0 times the thickness of the
material. When the material comprises layers of separate materials the vertical cracks
may extend through the layers. The vertical cracks generally are spaced at a distance

less than the material thickness although in some applications, such as thermal barrier
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coatings, spacing up to about two times the thickness of the material may be useful.
Vertical is herein defined as forming an angle of about 60° to about 120° with the
material surface. Preferably the crack forms about a 90° angle with the material
surface. The solution spray process may be manipulated to vary the amount and
spacing of the cracks in the material through variations in the liquid injection position,
primary plasma gas flow, and substrate temperature before and during spraying. In
general the distance between the liquid injection nozzle and where the flame exits the
flame nozzle can be determined without undue experimentation for the desired
amount of cracking and crack spacing. When the primary plasma gas flow is high the
material exhibits larger crack spacing. High substrate temperatures tend to produce
materials with higher levels of cracking. Without being bound by theory it is believed
that maintaining a thermal inertia differential between the substrate and deposited

coating is important to the formation of vertical cracks.

[0026] After deposition the material may be subjected to a post-treatment such
as heat treatment, cleaning, surface finishing, near surface finishing and combinations
of two or more of the foregoing. Appropriate post-treatment process or processes are
readily determined by one of ordinary skill in the art depending upon the composition

and intended use.

[0027] The solution plasma spray process can be used to make materials
having a unique structural morphology featuring fine splats, micrometer sized cracks
perpendicular to the substrate surface (i.e., vertical cracks), inter pass boundaries and

three-dimensional porosity.

[0028] The materials produced by the solution plasma spray method can
include, for example, wear resistant coatings, corrosion resistance coatings, thermal
barrier coatings, dielectric coatings, catalytic films, electrolyte layers, electrode layers,
thick metal oxide coatings, solid conductive layers, semi-conductor films, sensors and
activators and the like. In addition to coatings, the solution plasma spray method may
be used to form preforms, layered materials, graded materials and composite materials
containing nanoparticles and/or nanofibers for thermal insulation, wear and corrosion

resistance, and solid state conductivity in the power generation, aerospace and fuel
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cell areas. Other potential applications include biomedical prostheses, advanced
catalysis, battery electrodes, separation membranes, chemical sensors and physical

SENSOrS.

[0029] The produced material may comprise metal oxides, metal carbides,
metal nitrides, metal silicides and combinations of one or more of the foregoing,
wherein the metal is, for example, aluminum, boron, sodium, potassium, lithium,
calcium, barium, and magnesium; transition metal such as chromium, iron, nickel,
zinc, niobium, titanium, zirconium, scandium, yttrium, lanthanum, cerium,
gadolinium, praseodymium, neodymium, samarium, terbium, ytterbium; and
combinations comprising one or more of the foregoing metals. Stabilized or partially
stabilized ceramics such as those stabilized by the presence of one or more rare earth-
based compounds may be used. Stabilized ceramics include, for example, zirconia
stabilized with yttria (YSZ) or zirconia stabilized by ceria, scandia, calcia, magnesia,
gadolinia, lanthia, samaria, neodymium, ytterbia or a combination of two or more of

the foregoing.

[0030] Preferred materials comprise oxide ceramics such as AO; (aluminum
oxide) and NiO (nickel oxide), rare (earth zirconates, in which the rare earth may be
ceria, scandia, calcia, magnesia, gadolinia, lanthia, samaria, neodymium, ytterbia or a
combination of two or more of the foregoing and mixed oxide ceramics such as La;0;
doped CeO, (lanthia-doped ceria), composites such as NiZnFe;O, and yttrium
aluminum gadolinium (YAG).

[0031] Embodiments include, for example, thermal barrier coatings such as
ZrO,+6-8 percent by weight (wt%) Y203 based on the total weight of the material
(7YSZ), electrolyte layers such as ZrO,+20 wt% Y03 based on the total weight of the
material (20YSZ), thick metal oxide coatings such as Al,Os, anode layers such as NiO
and Lay03-doped CeO, (LDC), solid conductive layers such as La;Os-doped CeOs,,

and solid oxide fuel cell layers.

[0032] The thickness and porosity of the material, as well as the presence or

absence of cracking, will depend upon the form, type and composition of coating. All
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porosity volume percents are based on the total volume of the coating. In the case of
thermal barrier coatings, it is preferred that the coatings have a thickness of greater
than about 125 micrometers and porosity of about 15 to about 40 volume%. For
electrolyte layers, the thickness is preferably less than about 200 micrometers and
porosity less than about 5 volume%. A thick metal oxide coating can have a thickness
of about 500 to about 5000 micrometers and a porosity of about 15 to about 40
volume%. Anode layers can have thicknesses of about 20 to about 200 micrometers

with porosity of about 15 to about 50 volume%.

[0033] In a bulk material or article fabrication process, the substrates can
comprise component templates of various geometries. After solution plasma spray
deposition of the material, the template can be removed, or alternatively, can be part

of the formed article.

[0034] One embodiment is a coating wherein greater than or equal to about
90% of the splats are splats having an average diameter of less than or equal to about
2 micrometers. The coating has a thickness of about 1 micrometer to about 5
millimeters. The porosity is less than or equal to about 10 volume percent and there

are no vertical cracks or inter pass boundaries.

[0035] One embodiment is a bulk structural material wherein about 80 to
about 95% of the splats are splats having an average diameter of less than or equal to
about 2 micrometers. The bulk structural material may have a thickness of about 5
millimeters to about 10 centimeters. There are no vertical cracks or inter pass
boundaries. The bulk material may undergo additional densification by high

temperature and/or thermal pressure processes.

[0036] One embodiment is a coating or bulk structural material comprising at
least two alternating layers wherein one layer is a material wherein about 80 to about
95% of the splats are splats having an average diameter of less than or equal to about
2 micrometers and there are no vertical cracks or inter pass boundaries. Preferably the

porosity is less than or equal to about 10 volume percent, based on the total volume of
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the layer. Another layer is a material having inter pass boundaries an preferably no

vertical cracks.

[0037] One embodiment is a Y»O;-stabilized ZrO, (YSZ) thermal barrier
coating (TBC) having the unique microstructural features illustrated in Figure 2C.
Figure 2 is a schematic illustrating substrates 12 with conventional powdered
feedstock plasma sprayed coating 13, (2B), an EB-PVD-deposited coating 11 (2A),
and a solution plasma spray-deposited coating 14 (2C). The microstructural features
of the solution plasma spray-deposited coating 14 include fine splats, vertical cracks
17, three-dimensional micrometer size porosity 16 and nanometer size porosity 15.
The vertical cracking in the solution plasma spray-deposited coating can provide relief
from cyclical thermal stress. The existence of micrometer size porosity and
nanometer size porosity (i.e., duplex porosity) in the solution plasma spray-deposited
coating can result in reduced thermal conductivity and thereby improve thermal
insulation properties as well as enhance thermal stress tolerance. The fine splats in
the solution plasma spray-deposited coatings can increase coating integrity and
decrease unfavorable cracking (especially lateral cracking) compared to a
conventionally sprayed coating 13 that has a lamellar structure consisting of marny
large (i.e., 100 micrometers or greater) inherent splat boundaries as shown in Figure
2B. The unique coating structure is clearly exhibited in the scanning electron

microscope (SEM) cross-section in Figure 3.

[0038] Other characteristics also are identified in the solution plasma spray
deposited materials. The solution plasma spray deposited coatings typically consist
essentially of nanometer sized features (<100 nanometers) comprising about 10
nanometers to about 60 nanometer size grains. The deposited materials are
predominately nanostructured. Additionally the materials typically exhibit greater
than about 90% crystallization, preferably greater than about 95% crystallization and
more preferably greater than about 98% crystallization. Figure 4 shows a schematic of
the microstructure of the coating illustrating the grain sizes. In the case of YSZ, the

phase composition is primarily tetragonal prime-ZrO, and minor cubic-ZrO, rich with
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Y,0;. The fractured surface of a 20YSZ coating prepared by the solution plasma

spray process is shown in Figure 5.

[0039] As described above, the characteristics of the materials deposited by
solution thermal spray can be systematically varied. The solution plasma spray
process is flexible in producing materials with a porosity of about 1 to about 50
volume % of the total volume of the material. In Figure 6A, a dense 20YSZ coating
with a porosity less than 2 volume% of the total volume of the coating is shown. In
Figure 6B, a porous lanthanum doped-ceria (“LDC40) with nickel oxide (“NiO”)
coating with a porosity more than 40 volume % of the total volume of the coating is

shown.

[0040] The combination of fine splats, vertical cracks inter pass boundaries
and three dimensional porosity is especially valuable in thermal barrier coatings. As
shown in Figure 7, yttria stabilized zirconia thermal barrier coatings deposited by
solution plasma spray have improved durability in a thermal cycling test. The yttria-
stabilized zirconia coatings can withstand about 1018 or more thermal cycles
compared to less than or equal to 675 cycles for an EB-PVD coating and less than or
equal to 391 cycles for plasma sprayed coatings employing a powdered feedstock.
Each thermal cycle includes heating to 1121°C within about 2 minutes, holding for 50
minutes followed by forced air cooling to room temperature over a 10 minute period.
A sample is considered to have failed when the area of spallation (i.e., where the
coating is fully detached from the substrate) and delamination (i.e., where a portion of
the coating is detached but still hanging from the substrate) reaches about 50% of the
total area of the thermal barrier coating. Thus, a coating that can withstand 1018
cycles has an area of spallation and delamination of less than about 50% of the total

area after 1018 cycles.

[0041] The thermal barrier coatings produced by solution plasma spray exhibit
improved thermal cycling behavior even at coating thicknesses over 12 mils (305
micrometers), Figure 8. Typically, the thicker the coating, the fewer cycles it can
withstand. A 305 micrometer thick powdered feedstock plasma sprayed 7YSZ

coating can withstand 391 thermal cycles, while a 305 micrometer solution plasma
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spray deposited 7YSZ coating can withstand 1018 cycles. Further, 508 micrometer
and 635 micrometer solution plasma spray deposited coatings can withstand over 650
thermal cycles. Even a 1016 micrometer solution plasma spray deposited coating can

withstand 555 thermal cycles.

[0042] The solution plasma spray deposited thermal barrier coatings exhibit
improved thermal cycling behavior as compared to powder feedstock plasma sprayed
coatings. In a standard 1 hour 1121°C thermal cycling test, the solution plasma spray
deposited coating withstood 1018 cycles, while the powdered feedstock plasma

sprayed coating, on an identical substrate, withstood 391 cycles.

[0043] Figure 9 shows a comparison of thermal conductivity for solution
plasma spray deposited coatings, conventional thermal spray coatings, and electron
beam physical vapor deposition coatings. The solution plasma spray deposited
coatings 26 have about the same thermal conductivity compared to those formed in
conventional thermal spraying 25 and lower than that of coatings deposited by
electron beam physical vapor deposition 24 process. The thermal conductivity of the
deposited material can by varied by the presence or absence of inter pass boundaries,
porosity of the material, the frequency and thickness of coating inter pass boundaries,

and additions of rare earth elements to the precursor solution.

[0044] With the solution plasma spray method, materials can be applied to
various substrates made of metal, alloy, ceramic, and the like. The materials produced
by the solution plasma spray method can include, for example, thermal barrier
coatings; electrical and thermal insulating coatings; thick and thin coatings formed on
steel, stainless, Mo, superalloy and ceramic substrates; wear resistant oxide coatings;
solid reaction barriers (conductive layers) used for solid oxide fuel cells (SOFCs);
electrolyte layers for SOFCs; anode layers for SOFCs; and electrolyte layers for gas
separation and purification of hydrogen from syngas in integrated gasification
combined cycle units (IGCC). The materials can be used, for example, in applications
requiring wear and corrosion resistance such as engines, dielectric and thermal
insulation, electrodes and electrolytes for solid oxide fuel cells, and in catalyst

applications.
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[0045] In one embodiment, the coatings can be used as electrolyte layers,
conductive layers and/or electrode layers in solid oxide fuel cells (SOFCs). A fuel
cell is a device in which a first reactant, a fuel such as hydrogen or a hydrocarbon, is
electrochemically reacted with a second reactant, an oxidant such as air or oxygen, to
produce a DC electrical output. A fuel cell includes an anode, or fuel electrode, a
cathode, or oxidant electrode, and an electrolyte. In an SOFC, a solid electrolyte
separates a porous anode from a porous cathode. The SOFC may also contain
additional conductive layers or interconnects. Each individual fuel cell, made of a
single anode, a single electrolyte, and a single cathode, generates a relatively small
voltage, typically about 1 volt. To achieve higher voltages that are practically useful,

the individual fuel cells are connected together in series to form a stack.

[0046] In the SOFC, the electrolyte layer is preferably dense and preferably
has a thickness less than or equal to about 20 micrometers and a porosity less than or
equal to about 5%. The anode layer of the SOFC is porous and preferably has a
thickness of about 2 to about 500 micrometers for anode supported SOFCs or about
100-200 micrometers for cathode supported SOFCs and a porosity of about 15 to
about 40%. The cathode layer of the SOFC is preferably strontium doped LaMnO;
and preferably has a thickness of 50 micrometers for anode supported SOFCs or 2
millimeters for cathode supported SOFCs and a porosity of about 40%. The reaction
barrier is dense and preferably has a thickness of about 10-50 micrometers and a

porosity of less than or equal to about 5%.

[0047] The invention is further illustrated by the following non-limiting

examples.
EXAMPLES

[0048] Solution plasma spray was used to produce eight different coatings. In
each of the coatings, a precursor solution was prepared, poured into a container and
fed into the injector by a mechanical pump or a gas-pressure pump operating at about
10 to about 50 psig. The flow rate was regulated at about 5 to about 150

milliliters/minute by a flow meter. A fog nozzle was used to generate atomized
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droplets with nitrogen as an atomizing gas at 10-50 pounds per square inch (psi). The
precursor solution was fed radially into the plasma in an external injection manner. In

all cases, the precursor chemicals were reagent grade.

[0049] Unless otherwise noted, stainless steel was employed as the substrate.
The substrate was coarsened by sand blasting, degreased and cleansed in acetone, and
then preheated by plasma torch scanning. A Metco 9M plasma spray system was
employed to deposit the coating. The system consisted of a 9MC plasma control
console, a IMCD distribution, a 9MR power supply unit and a 9MB direct current
plasma gun. The gun was mounted on a six-axis robotic arm and the substrate was
attached to a turntable. The coating rate was about 2 to about 30 micrometers per pass
at a deposition efficiency of about 30-75%. The spray parameters for the different
coatings are summarized in Table 2. Primary and secondary gas flows are measured
in standard cubic feet per hour (SCFH). Except for Example 2, the primary plasma
gas was argon at a pressure of 100 psi and the secondary plasma gas was hydrogen at a
pressure of 50 psi. In Example 2 the primary plasma gas was argon at a pressure of
100 psi and the secondary plasma gas was helium at 50 psi. The plasma current is
described in amperes. The plasma voltage is described in volts. The gun traverse
speed and vertical speed are described in millimeters per second (mm/s). The
turntable speed is described in rotations per minute (rpm). The distance between the
gun nozzle tip and the substrate (spray distance) is described in inches. The substrate

preheat temperature is described in degrees Celsius.
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Table 2- Spray parameters for solution thermal spray-deposited coatings

Example 1 2 3 4 5 6 " Ta 7b 8
Primary 100- 60- 100- | 120- 100- | 120- | 100-140 | 120-160 | 60-100
Gas flow 160 100 140 160 140 160
rate

(SCFH)
Plasma 650 650 650 600 650 600 650 600 650
Current
(amp)
Plasma 35-50 | 35-50 | 35- | 35-50 | 35-50 | 35- 35-50 35-50 35-50
power 50 50
(kilowatt
s)

Anode GP GE GP GH GP GH GP GH GP
nozzle
type
Gun 1000 500 50 100 100s | 100 100 100 1000

traverse

speed
(mny/s)
Gun 4 2 - - - - - - -

vertical

speed
(mny's)
Spray 1-4 1-4 1-5 2-6 2-5 2-6 2-5 2-6 1-4

distance
(in)

Substrate | 150- 150- | 100- | 100- 100- | 100- | 100-400 | 100-400 | 100-400
preheat 600 600 | 400 | 400 500 400
temperat
ure (°C)

[0050] Example 1: ZrO,+7 wt%Y,03 (7YSZ) Thermal Barrier Coating
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[0051] The precursor solution was prepared as follows. Zirconium acetate
was dissolved in a weak organic acid and then mixed with distilled water to form a
solution having a pH of 3-5. The Zr solution was mixed with yttrium nitrate to form a
precursor solution. Multiple coatings were formed by deposition of the precursor

solution according to the parameters in Table 2.

[0052] The solution plasma spray deposited 7YSZ had a porosity of about 15
volume % to about 30 volume % of the total volume of the coating and a thickness of
about 300 micrometers to as much as 3,000 micrometers. The 7YSZ coating was well
bonded to the substrate, contained fine splats, and contained some spaced vertical
cracks as well as micrometer and nanometer-sized porosity. Figure 3 shows the splats
and vertical cracking. Moreover, the 7YSZ coating structure was verified to be stable
in retaining nanometer grain size and reducing sintering during long-term exposure at

an elevated temperature of 1121°C.

[0053] Using the above procedures, MCrAlY as well as Pt-Al bond coated
Ni-based superalloy substrates were used for deposition of YSZ ceramic coatings.
The deposited coatings were subjected to physical, microstructural and performance

evaluation. The coating primary phase comprised t' tetragonal material.
[0054] Example 2: ZrO,+20 wt %Y203 (20YSZ) Electrolyte Layer

[0055] The precursor solution was prepared by dissolving zirconium acetate in
acetic acid and then mixing with distilled water with a pH of 3-5. Then yttrium nitrate
was mixed with the solution to form the precursor solution. Multiple coatings were

formed by deposition of the precursor solution according to the parameters in Table 2.

[0056] The solution plasma spray deposited 20YSZ had a porosity of less than
about 2 volume % of the total volume of the coating (Figure 6A). The coating was
crack-free and adherent to the substrate when its thickness was below 100
micrometers. However, vertical cracks and coating exfoliation occurred in coatings

having a thickness more than 200 micrometers. The coating comprised cubic-ZrO,.
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[0057] A stainless steel strip was coated with a solution plasma spray-applied
20YSZ coating, then bent into 90° angles. As shown in Figure 10, no spallation in the
deformed area was found with the exception of minor cracks and slightly peeling of

the coating at the edge area.
[0058] Example 3: Al,O3 Coating

[0059] The precursor solution was prepared by dissolving aluminum nitrate in
distilled water to form a 1.0 mole precursor solution. Coatings were formed by

deposition of the precursor solution according to the parameters in Table 2.
[0060] Example 4: NiO Anode Layer for an SOFC Unit

[0061] A sintered LaSrMn oxide tube (1.22 inches in outer diameter) was
coated with NiO oxide using the solution plasma spray method. The precursor
solution was prepared by dissolving a nickel salt (Ni(NO)3:6H,0), in distilled water to
form a solution. The coating was formed by deposition of the precursor solution

according to the parameters in Table 2.

[0062] The solution plasma spray deposited NiO had a porosity of about 35 to
about 45 volume % of the total volume of the coating (Fig. 6B) and a thickness of
about 100 to about 200 micrometers. The coating microstructure was characterized by

aggregated fine particles, weak cohesion and adherence to the substrate.
[0063] Example 5: La;Os-doped CeO, Solid Conductive Layer

[0064] A sintered strontium doped LaMnOs oxide tube (1.22 inches in outer
diameter) was used as a substrate for the fabrication of a La;O3-doped CeO,
(“LDC40”) coating using the solution plasma spray method. The precursor solution
was prepared by dissolving an organic cerium salt and an organic lanthanum salt in
distilled water to form a 1.0 liter precursor solution. The coating was formed by

deposition of the precursor solution according to the parameters in Table 2.

[0065] The LDC40 layer with a thickness of about 10 micrometers fully

covered the tube surface.
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[0066] Example 6: LDC40+NiO Anode Layer

[0067] A sintered strontium doped LaMnOs oxide tube (1.22 inches in outer
diameter was used as a substrate for the formation of a mixed LDC40+NiO layer
using the solution plasma spray method. The precursor solution was prepared by
dissolving nickel nitrate , cerium acetate with lanthanum acetate in distilled water to
form a precursor solution. Coatings were formed by deposition of the precursor

solution according to the parameters in Table 2.

[0068] The solution plasma spray deposited LDC+NiO had a porosity of about
35 to about 45 volume % of the total volume of the coating and a thickness of about
100 to about 200 micrometers. The coating microstructure was characterized by
aggregated fine particles, weak cohesion, and adhesion to the substrate. The
LDC+NiO phase composition was analyzed by X-ray diffraction analysis. The
analysis indicated the presence of LDC and NiO phases with near complete

crystallization in the as-deposited layer, shown in Figure 11.

[0069] Example 7: LSM Tube/LSGM/LDC/LDC+NiO Solid Oxide Fuel Cell
(SOFC) Unit

[0070] A single solid oxide fuel cell was fabricated by sequential thermal
spraying a LaSrGaMn electrolyte, a LDC40 barrier and an LDC40+NiO anode on a
sintered LaSrMn oxide tube substrate as cathode. First, a LaygSrg,GagsMgp, oxide
electrolyte layer was deposited onto the tube by conventional powdered feedstock
plasma spray. Next, an LDC40 barrier was applied by the solution plasma spray
process (coating Fig. 6a) as described in Example 5. Last, an LDC40+NiO anode
layer was deposited using the solution plasma spray process (coating Fig. 6b) as

described in Example 6.

[0071] A single SOFC fabricated by the solution plasma spray process was
examined in cross-section by SEM observation. Figure 12 shows a LaSrMn cathode
34 adjacent to a dense LaSrGaMn electrolyte 32. LDCA40 barrier layer is located
between LDC40+NiO layer 30 and LaSrGaMn electrolyte 32 but is too thin to be seen
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at this magnification. Figure 12 illustrates that the solution plasma spray-LDC+NiO
anode layer 30 and the solution plasma spray-LDC barrier layer satisfy the SOFC’s

requirements for a high porosity, thin coating.
[0072] Example 8: Varying the morphology of a 20YSZ coating

[0073] The 20YSZ coatings were produced using precursor solutions as in
Example 2. Coatings were produced under three conditions: 1. low plasma heat input
and substrate temperature, 2. high plasma heat input and substrate temperature, and 3.
moderate plasma heat input and substrate temperature. Under condition 1, the coating
produced had splats of about 5 to about 20 micrometers and nodules of less than 1
micrometer. Under condition 2, the coating produced had fine splats. Under
condition 3, the coating produced had a combination of the morphologies produced by

conditions 1 and 2.

[0074] Solution plasma spray has been employed to make coatings having a
unique microstructure. The materials have fine splats, vertical cracks, and three-
dimensional porosity. The microstructure of the materials makes them well suited for
applications requiring exposure to temperatures of 1000°C or higher, strong interface
strength, low thermal conductivity and/or stress tolerance. The materials have many
uses such as thermal barrier coating for hot-section components in gas turbine engines
for jet aircraft and power generation and the like. Other applications include use as
dielectric coatings, catalytic films, doped oxide films for use in fuel cells and gas
separation and purification, electronic and ionic conductivity membranes and sensor
devices. Because of the unique structure of the materials, they may even be used to

form ceramic engine components for aircraft applications and diesel engines.

[0075] While the invention has been described with reference to a preferred
embodiment, it will be understood by those skilled in the art that various changes may
be made and equivalents may be substituted for elements thereof without departing
from the scope of the invention. In addition, many modifications may be made to
adapt a particular situation or material to the teachings of the invention without

departing from essential scope thereof. Therefore, it is intended that the invention not
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be limited to the particular embodiment disclosed as the best mode contemplated for

carrying out this invention, but that the invention will include all embodiments falling

within the scope of the described embodiments.

[0076] All cited patents, patent applications, and other references are

incorporated herein by reference in their entirety.
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CLAIMS:

1. A method of producing a material comprising:

injecting precursor solution droplets into a thermal spray flame wherein
a first portion of the precursor solution droplets are injected into a hot zone of the
flame and a second portion of the precursor solution droplets are injected into a cool
zone of the flame;

fragmenting the droplets of the first portion to form reduced size
droplets and pyrolizing the reduced size droplets to form pyrolized particles in the hot
zone;

at least partially melting the pyrolized particles in the hot zone;

depositing the at least partially melted pyrolized particles on a
substrate;

fragmenting at least part of the second portion of precursor solution
droplets to form smaller droplets and forming non-liquid material from the smaller
droplets; and

depositing the non liquid material on the substrate.

2. The method of Claim 1, wherein the substrate is preheated to a
temperature of about 150°C to about 600°C and the substrate is maintained at a
temperature of about 250° to about 700°C.

3. The method of any of the preceding claims, wherein the precursor
solution droplets have sufficient mass and velocity to carry the precursor solution

droplets into the hot zone.

4. The method of any of the preceding claims, wherein the substrate is
selected from the group consisting of metals, coated metals, bond coated metals,
ceramics, cermets, stainless steel, titanium, aluminum, nickel superalloys, ceramics,

and plastics.
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5. The method of any of the preceding claims, wherein the precursor
solution droplets comprise a precursor solution comprising a precursor salt selected
from the group consisting of carboxylate salts, acetate salts, nitrate salts, chloride
salts, alkoxide salts, and butoxide salts of alkali metals, alkaline earth metals,
transition metals, and rare earth metals, and combinations comprising one or more of

the foregoing salts.

6. The method of any of the preceding claims, wherein the precursor

solution droplets are injected radially or axially.

7. The method of any of the preceding claims, wherein the precursor

solution droplets have a diameter of about 0.5 to about 50 micrometers.

8. The method of any of the preceding claims, wherein the thermal spray

flame is a plasma spray flame.

9. The method of any of the preceding claims, wherein the precursor

solution droplets comprise multiple precursor solutions.

10.  The method of Claim 9, wherein the multiple precursor solutions

comprise different precursor salts.

11.  The method of any of the preceding claims, wherein the precursor
solution droplets are injected using an atomizing injector nozzle or a piezo electric

crystal induced liquid injector.

12. A material made by the method of any of the preceding claims and
comprising splats having an average diameter of less than or equal to about 2

micrometers.

13.  The material of Claim 12 wherein the splats have a thickness less than
or equal to about 800 nanometers and all splats are less than 5 micrometers in

diameter.



WO 2005/017226 PCT/US2004/000629

28

14. The material of Claims 12-13, wherein the material has a porosity of

about 1 to about 50 volume percent, based on the total volume of the material.

15.  The material of Claims 14 wherein the porosity results from pores that
are micrometer sized, submicron sized, nanometer sized or a combination of two or

more of the foregoing.

16.  The material of Claim 14 wherein the porosity is greater than or equal

to about 8 volume percent and the porosity is three dimensional.

17.  The material of Claims 12-16 wherein the material comprises at least

one inter pass boundary.

18.  The material of Claim 17 wherein the inter pass boundary has a

thickness of about 0.1 to about 2 micrometers.

19.  The material of Claim 17 wherein the inter pass boundary has a
porosity of about 20 to about 95 volume percent, based on the total volume of the

inter pass boundary.

20.  The material of Claim 17 wherein there are no inter pass boundaries

within about 50 micrometers of the substrate/coating interface.

21.  The material of Claim 12-20 wherein the material comprises one or
more vertical cracks having lengths of about 0.5 to about 1.0 times the thickness of

the material and spaced at a distance up to two times the thickness of the material.

22. The material of Claim 12-21, wherein the material has a thickness of

about 1 micrometers to about 5 millimeters.

23. A wear resistant coating, corrosion resistance coating, thermal barrier
coating, dielectric coating, catalytic film, electrolyte layer, electrode layer, thick metal
oxide coating, solid conductive layer, soft magnetic film, semi-conductor film, sensor

or activator comprising the material of Claims 12-22.
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24. A structural preform, layered material, graded material or composite

material comprising the material of Claims 12-23.
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