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(54) Coating systems and methods therefor

(57) A coating system and a method of forming the
coating system capable of enabling components to sur-
vive in high temperature environments, such as the hos-
tile thermal environment of a gas turbine. The coating
system is formed of a ceramic powder having powder
particles (30) each having an inner core (32) formed of

a first material and an outer region (34) formed of a sec-
ond material on the surface of the inner core (32). The
inner core (32) has a lower thermal conductivity than the
outer region (34) and the outer region (34) has improved
erosion resistance relative to the inner core (32).
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Description

BACKGROUND OF THE INVENTION

[0001] The present invention generally relates to coat-
ing systems capable of use on components exposed to
high temperatures, such as the hostile thermal environ-
ments of gas turbines. More particularly, this invention is
directed to a coating system having a thermal barrier sys-
tem with improved thermal insulation and erosion resist-
ance properties.
[0002] Improvements are continuously sought to in-
crease the operating temperatures of gas turbines to
achieve higher energy output and efficiencies. As a con-
sequence of the higher operating temperatures, hot gas
path (HGP) components within turbines are required to
withstand the ever increasing temperatures. Often, hot
gas path components are expected to operate at tem-
peratures near their melting point. Consequently, com-
plex cooling processes and improved materials are used
to mitigate damage to the hot gas path components. In
many instances, circumstances may necessitate further
increasing the operating temperature of hot gas path
components by depositing a thermal barrier coating on
their exterior surfaces that are directly exposed to the hot
gas path. The use of thermal barrier coatings (TBCs) on
components such as combustors, high pressure turbine
(HPT) blades, vanes and shrouds is increasing in com-
mercial as well as military gas turbine engines. The ther-
mal insulation provided by a TBC enables such compo-
nents to survive higher operating temperatures, increas-
es component durability, and improves engine reliability.
TBCs are typically formed of a ceramic material and de-
posited on an environmentally-protective bond coat to
form what is termed a TBC system.
[0003] Notable examples of ceramic materials for
TBCs include zirconia partially or fully stabilized with yt-
tria (yttrium oxide; Y2O3) or another oxide, such as mag-
nesia, ceria, scandia and/or calcia, and optionally other
oxides to reduce thermal conductivity. Binary yttria-sta-
bilized zirconia (YSZ) is widely used as a TBC material
because of its high temperature capability, low thermal
conductivity, and relative ease of deposition. Zirconia is
stabilized to inhibit a tetragonal to monoclinic crystal
phase transformation at about 1000°C, which results in
a volume change that can cause spallation. At room tem-
perature, the more stable tetragonal phase is obtained
and the monoclinic phase is minimized if zirconia is sta-
bilized by at least about six weight percent yttria. A sta-
bilizer (e.g., yttria) content of seventeen weight percent
or more ensures a fully stable cubic crystal phase. The
conventional practice has been to partially stabilize zir-
conia with six to eight weight percent yttria (6-8%YSZ)
to obtain a TBC that is adherent and spallation-resistant
when subjected to high temperature thermal cycling. Fur-
thermore, partially stabilized YSZ (e.g., 6-8%YSZ) is
known to be more erosion resistant than fully stabilized
YSZ (e.g., 20%YSZ).

[0004] Various processes can be used to deposit TBC
materials, including thermal spray processes such as air
plasma spraying (APS), vacuum plasma spraying (VPS),
low pressure plasma spraying (LPPS), and high velocity
oxy-fuel (HVOF). TBCs employed in the highest temper-
ature regions of gas turbine engines are often deposited
by a physical vapor deposition (PVD), and particularly
electron beam physical vapor deposition (EBPVD),
which yields a columnar, strain-tolerant grain structure
that is able to expand and contract without causing dam-
aging stresses that lead to spallation. Similar columnar
microstructures can be produced using other atomic and
molecular vapor processes, such as sputtering (e.g., high
and low pressure, standard or collimated plume), ion
plasma/cathodic arc deposition, and all forms of melting
and evaporation deposition processes (e.g., laser melt-
ing, etc.). TBCs formed by the various methods noted
above generally have a lower thermal conductivity than
a dense ceramic of the same composition as a result of
the presence of microstructural defects and pores at and
between grain boundaries of the TBC microstructure.
[0005] In order to improve TBC coatings, composite or
clad powders have been developed which comprise
more than one material wherein each material offers its
own inherent material benefits. For example, the powder
may be a metal-ceramic composite comprising a ductile
metal matrix and a hard, wear resistant carbide phase.
Alternatively, the powder may be a ceramic-polymer
composite comprising either ceramic grains encapsulat-
ed in a polymer or a polymer encapsulated in a ceramic.
The polymer material may be removed through oxidiza-
tion of the resulting coating after consolidation. Removal
of the polymer material yields an open porosity within the
coating allowing the ceramic to be compliant in a turbine
blade rub event. However, composite powders formed
of more than one ceramic material are difficult to reliably
form due to processing limitations.
[0006] In view of the above, it can be appreciated that
improved coating systems are continuously sought in or-
der to allow components to be capable of operating in
higher temperature environments.

BRIEF DESCRIPTION OF THE INVENTION

[0007] The present invention provides coating systems
and methods of forming coating systems that are capable
of enabling components to survive in high temperatures
environments, such as the hostile thermal environment
of a gas turbine.
[0008] According to a first aspect of the invention, a
coating system is provided on a surface region of a com-
ponent. The coating system is formed from a ceramic
powder comprising powder particles each having an in-
ner core formed of a first material and an outer region
formed of a second material on the surface of the inner
core. The inner core has a lower thermal conductivity
than the outer region and the outer region is more erosion
resistance relative to the inner core.
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[0009] According to a second aspect of the invention,
a method is provided for forming a coating system on a
surface region of a component. The method includes ob-
taining a ceramic powder comprising powder particles
each having an inner core formed of a first material and
an outer region formed of a second material on an outer
surface of the inner core. The inner core has a lower
thermal conductivity than the outer region and the outer
region is more erosion resistance relative to the inner
core. The method further includes depositing the ceramic
powder onto the surface region of the component to form
a thermal barrier coating.
[0010] A technical effect of the invention is the ability
to form and provide a coating that is capable of enabling
components to withstand higher temperatures. In partic-
ular, it is believed that, by forming a thermal barrier coat-
ing (TBC) from a ceramic powder whose particles are
individually tailored to exhibit both low thermal conduc-
tivity and erosion resistance, a component protected by
the coating will be capable of operating at higher tem-
peratures within an erosive environment.
[0011] Other aspects and advantages of this invention
will be better appreciated from the following detailed de-
scription.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

FIG. 1 schematically represents a cross-section
through a coating system in accordance with an as-
pect of this invention.

FIG. 2 schematically represents a cross-section
through a coating system in accordance with another
aspect of this invention.

FIG. 3 schematically represents a cross-section
through a powder particle that can be produced and
used to form coatings in accordance with various
aspects of this invention.

FIG. 4 is a scanned image of a coating system pro-
duced by a process within the scope of this invention.

FIG. 5 schematically represents a cross-section
through a coating system in accordance with another
aspect of this invention.

DETAILED DESCRIPTION OF THE INVENTION

[0013] The present invention is generally applicable to
components subjected to high temperatures, and partic-
ularly to components such as high and low pressure tur-
bine vanes (nozzles) and blades (buckets), shrouds,
combustor liners and augmentor hardware of gas turbine
engines. The invention provides ceramic powders, meth-
ods of forming ceramic powders, and coating systems

that can be formed with the ceramic powders and are
suitable for protecting the surfaces of gas turbine engine
components that are subjected to hot combustion gases.
While advantages of this invention will be described with
reference to gas turbine engine components, the teach-
ings of the invention are generally applicable to any com-
ponent on which a coating system may be used to protect
the component from a high temperature environment.
[0014] In accordance with a first embodiment of the
invention, a multi-layer thermal barrier coating system 14
is schematically represented in FIG. 1. As shown, a sub-
strate (surface region) 12 of a component 10 is protected
by the coating system 14. The coating system 14 reduces
the operating temperature of the component 10, thereby
enabling the component 10 to survive within higher tem-
perature environments than otherwise possible. While
the coating system 14 is represented in FIG. 1 as con-
taining each of multiple layers 16, 18, 20, 22 and 24
whose compositions and functions will be discussed be-
low, it will become apparent from the following discussion
that one or more of these layers could be omitted from
the coating system 14. As such, the coating system 14
of FIG. 1 represents one of a variety of different coating
systems within the scope of the invention. For example,
FIG. 2 represents a multi-layer thermal coating system
14 without layers 18 or 24.
[0015] An interior layer 22 of the coating system 14
represented in FIG. 1 will be referred to as a thermal
barrier coating (TBC) 22 that is adhered to the substrate
12 by a bond coat 16 directly applied to the substrate 12.
Other optional layers represented in FIG. 1 include an
intermediate layer 20 between the TBC 22 and bond coat
16, an erosion barrier coating 18 that is deposited as the
outermost layer of the component 10, and a transitional
layer 24 between the TBC 22 and erosion barrier coating
18.
[0016] As noted above, the bond coat 16 of the coating
system 14 serves to adhere the other layers 18, 20, 22,
and 24 to the substrate 12. The bond coat 16 may be an
aluminum-rich composition of a type typically used with
TBC systems for gas turbine engine components, such
as an overlay coating of an MCrAlX alloy or a diffusion
coating such as a diffusion aluminide (including diffusion
aluminide coatings modified by a precious metal, for ex-
ample, platinum) of a type known in the art. A particular
example is a NiCrAlY composition of a type known in the
art. A suitable thickness for the bond coat 16 is about
0.007 inch (about 175 micrometers), though lesser and
greater thicknesses are foreseeable and within the scope
of the invention as long as the bond coat 16 is capable
of providing the desired functions of protecting the sub-
strate 12 and anchoring the TBC system 14. Aluminum-
rich bond coats of the types noted above develop an alu-
minum oxide (alumina) scale (not shown), which is ther-
mally grown by oxidation of the bond coat 16.
[0017] The TBC 22 is employed to protect the substrate
12 it covers from high operating temperatures. Hot gas
path (HGP) components such as buckets, nozzles, and
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shrouds in turbine engines burning liquid fuels are often
protected by thermal barrier coatings (TBCs). According
to a preferred aspect of the invention discussed in more
detail below, the TBC 22 preferably contains a material
having a relatively low thermal conductivity compared to
traditional partially stabilized YSZ (e.g., 6-8%YSZ) coat-
ings known in the art. Increased thermal insulation prop-
erties reduce instability of the coating system 14 at higher
temperatures thereby allowing higher efficiency with in-
creased reliability and therefore a longer coating system
life span. According to another preferred aspect of the
invention, the TBC 22 is deposited from a powder pref-
erably by a thermal spraying process, such as air plasma
spraying (APS). A suitable thickness range for the TBC
22 is about 125 to about 1600 micrometers, depending
on the particular application, though lesser and greater
thicknesses are foreseeable and within the scope of the
invention.
[0018] The erosion barrier coating 18 may be provided
to further protect the component 10 and the underlying
layers 16, 20, 22, and 24 from solid particle erosion and
foreign object damage during operation. The erosion bar-
rier coating 18 can be formed of any suitable erosion-
resistant material known in the art, but in preferred em-
bodiments is formed of a constituent of the powder used
to form the TBC 22, as will be discussed below. A suitable
thickness range for the erosion barrier coating 18 is about
100 to about 400 micrometers, depending on the partic-
ular application, though lesser and greater thicknesses
are foreseeable and within the scope of the invention.
[0019] The intermediate layer 20 is optional but useful
in certain applications to promote the adhesion of the
TBC 22 to the bond coat 16 and the underlying substrate
12 of the component 10. Suitable materials for the inter-
mediate layer 20 will depend on the particular composi-
tions of the bond coat 16 and TBC 22, though notable
materials include zirconia partially or fully stabilized with
yttria (YSZ) or another oxide such as magnesia, ceria,
scandia and/or calcia, and optionally other oxides to re-
duce thermal conductivity. A suitable thickness range for
the intermediate layer 20 is about 50 to about 150 mi-
crometers, depending on the particular application,
though lesser and greater thicknesses are foreseeable
and within the scope of the invention.
[0020] The transitional layer 24 is another optional lay-
er of the coating system 14 that, if present, may be used
to mitigate a potential CTE mismatch between the TBC
22 and the erosion barrier coating 18, and/or inhibit re-
actions between the TBC 22 and erosion barrier coating
18. Suitable materials for the transitional layer 24 will
depend on the particular compositions of the TBC 22 and
erosion barrier coating 18, though notable materials in-
clude zirconia partially or fully stabilized with yttria (YSZ)
or another oxide such as magnesia, ceria, scandia and/or
calcia, and optionally other oxides to reduce thermal con-
ductivity. Suitable thicknesses for the transitional layer
24 will depend on the particular application, though thick-
nesses in a range of about 20 to about 130 micrometers

are typically adequate. Lesser and greater thicknesses
for the transitional layer 24 are foreseeable and within
the scope of the invention.
[0021] According to another aspect of the present in-
vention, particles of the powder used to form the TBC 22
are tailored so that the TBC 22 exhibits a low thermal
conductivity and enhanced resistance to erosion. As rep-
resented by a powder particle 30 shown in FIG. 3, powder
surface properties and grain boundary interactions may
be tailored by forming the particle 30 to have an inner
core 32 surrounded by and preferably entirely encased
within an outer region 34 of the particle 30, wherein the
inner core 32 and outer region 34 are formed of different
materials. In preferred embodiments, the inner core 32
contains and more preferably is formed entirely of a ce-
ramic composition that has a lower thermal conductivity
(K) than a ceramic composition that entirely or at least
partially forms the outer region 34 of the particle 30, and
the composition of the outer region 34 is more erosion-
resistant than the composition that forms the inner core
32. In addition, it is believed that the compositional inter-
faces between the inner core 32 and the outer region 34
will in itself hinder thermal conduction.
[0022] The ceramic composition of the inner core 32
is preferably initially in the form of a particle that can be
made by a reverse coprecipitation process. Typical co-
precipitation processes are carried out in an initial acidic
reaction environment that subsequently changes slowly
to basic, whereas reverse coprecipitation processes oc-
cur in a constant strong basic reaction environment. Such
a reaction environment is believed to allow for improved
control of the hydrolysis-complex process, resulting in a
better control of morphology, size, crystalline phase and
the chemical composition of the final precipitate. For ex-
ample, oxides with a desired molar ratio may be dissolved
in nitric acid (0.1 M) and distilled water at about 90°C at
a pH of about 10 to about 13. Once the reaction is com-
plete, the resulting precipitate may be processed to form
the inner core 32 of the powder particle 30. Processing
of the precipitate may include filtering, washing with
deionized water, calcination, and milling. A powder made
up of inner cores 32 formed in this manner may be sub-
sequently blended with an organic binder, such as eth-
anol and polyethyleneimine, and spray dried at elevated
temperatures, such as about 100 to about 150°C, to give
the powder a more uniform consistency. Alternatively,
the inner cores 32 may be formed by blending sub-micron
constituents in a slurry. The slurry may then be spray
dried to achieve a desired particle size and sintered for
increased strength. Yet another method includes forming
the inner cores 32 in an arc fusion process followed by
milling the particles to a desired size.
[0023] Thereafter, the inner cores 32 are surface coat-
ed to form the outer region 34 of each powder particle
30. The inner cores 32 may be coated by a chemical
vapor deposition (CVD) process or by blending the inner
cores 32 in a slurry comprising the material for the outer
region 34, spray drying, and sintering the resulting pow-
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der particles 30 for increased strength. A preferred av-
erage particle size (as measured along a major axis) of
the resulting powder particles 30 will typically depend on
the method by which they will be deposited. For example,
if the powder particles 30 will be deposited by air plasma
spraying (APS), a suitable average particle size is about
10 to about 90 micrometers. If the powder particles 30
will be deposited by solution precursor plasma spraying
(SPPS), a suitable average particle size is about 1 to
about 15 micrometers. It is believed that smaller particle
sizes promote an increased number of splat boundaries
per unit length in a coating formed therefrom relative to
coatings formed of larger particle sizes, which is believed
to enhance strain tolerance, increase crack propagation
tortuosity and thus improve fracture toughness and ero-
sion resistance.
[0024] The inner core 32 is preferably tailored to have
a thermal conductivity up to about 1 Wm-1k-1, and more
preferably between about 0.5 to about 1 Wm-1k-1, and
may be formed of various materials including, but not
limited to, zirconia (ZrO2) doped with at least two dopants
that significantly differ in atomic size and weight, or zir-
conia doped with ytterbium oxide (Yb2O3; ytterbia). Com-
positions having low concentrations of ytterbia are be-
lieved to provide decreased thermal conductivity. Yb-Zr-
based oxide compositions preferred for the inner core 32
comprise about 20 to about 70 wt.% ytterbia, and more
preferably about 45 to about 70 wt.% ytterbia, the balance
being zirconia and incidental impurities. As used herein,
the term incidental impurities refers to those elements
that that may be difficult to completely eliminate from an
alloy due to processing limitations, yet are not present in
sufficient quantities to significantly alter or degrade the
desired properties of the alloy, for example, rare earth
oxide impurities having levels of less than about 2 wt.%
and other impurities having levels of less than about 0.5
wt.% within the oxide composition.
[0025] In the case of zirconia doped with at least two
dopants having significantly different atomic sizes and
weights, it is believed that by substituting a large ion with
another much heavier and smaller ion, the substituted
large ion will remain in a relaxed state. The phonon scat-
tering effect is believed to then be due to both localized
vibration of the smaller ion and intrinsic oxygen vacancies
resulting in an abnormal heat capacity. As an example,
the TBC 22 may comprise zirconia doped with ytterbia
and lanthanum oxide (La2O3; lanthana), wherein the con-
tents of ytterbia (Yb3+, 0.985 A°) and lanthana (La3+, 1.16
A°) are sufficiently high to promote the substitution of
Yb3+ and La3+ ions within the material. These Yb-La-Zr-
based oxide compositions can be regarded as a solid
solution of Yb3+ taking the site of La3+ in La2Zr2O7 ce-
ramics or as Yb3+ being substituted by La3+ in Yb2Zr2O7
ceramics. Preferred Yb-La-Zr-based oxide compositions
comprise about 30 to about 40 wt.% ytterbia and about
10 to about 25 wt.% lanthana, the latter of which may be
partially or entirely substituted with samarium oxide
(Sm2O3; samaria). Exemplary compositions may further

include hafnia (HfO2) and/or tantala (Ta2O5), a nonlimit-
ing example of which is about 30.5 wt.% ytterbia, about
24.8 wt.% lanthana and/or samaria, about 1.4 wt.% haf-
nia, about 1.5 wt.% tantala, the balance being zirconia
and incidental impurities.
[0026] The Yb-La-Zr-based oxide compositions de-
scribed above for the inner core 32 are characterized by
a mixed pyrochlore structure showing significant drop in
thermal conductivity. However, such a pyrochlore struc-
ture possesses inherently poorer fracture toughness as
compared to traditional partially stabilized YSZ (e.g.,
6-8%YSZ). Therefore, the outer region 34 is provided to
protect the inner core 32 from solid particle erosion and
foreign object damage during operation. The outer region
34 deposited on the surface of the inner core 32 may be
formed of erosion resistance materials including, but not
limited to, zirconia doped with low concentrations of lan-
thana (below about 20 wt.% lanthana, preferably about
3 to about 10 wt.% lanthana), zirconia doped with low
concentrations of ytterbia (below about 10 wt.% ytterbia,
preferably about 2 to about 12 wt.% ytterbia), oxides of
mischmetal (any alloy of rare earth elements in naturally
occurring proportions), zirconia doped with mischmetal
(below about 75 wt.% mischmetal), zirconia doped with
ytterbia and mischmetal (below about 30 wt.% ytterbia
and below about 25 wt.% mischmetal), zirconia doped
with high levels of ytterbia (below about 55 wt.% ytterbia),
zirconia doped with ytterbia and lanthana (below about
55 wt.% ytterbia and below about 8 wt.% lanthana and/or
samaria), and the like. A suitable thickness range for the
inner core 32 and the outer region 34 depends on the
particular deposition method. For example, for SPPS,
the inner core 32 preferably has a diameter or about 5
to about 6 micrometers and the outer region 34 has a
thickness of about 1 to about 2 micrometers. For APS,
the inner core 32 preferably has a diameter or about 10
to about 60 micrometers and the outer region 34 has a
thickness of about 3 to about 30 micrometers. However,
lesser and greater thicknesses are foreseeable and with-
in the scope of the invention.
[0027] An exemplary powder composition includes
powder particles 30 comprising an inner core 32 formed
of a composition consisting of about 45 wt.% to about 70
wt.% ytterbia and the balance being zirconia and inci-
dental impurities, and an outer region 34 formed of a
composition consisting of about 1 wt.% to about 5 wt.%
ytterbia and about 2 wt.% to about 8 wt.% lanthana and
the balance being zirconia and incidental impurities. In
another example, the powder particles 30 may comprise
an inner core 32 formed a composition consisting of about
45 wt.% to about 70 wt.% ytterbia and the balance being
zirconia and incidental impurities, and an outer region 34
formed of a composition consisting of about 8 wt.% to
about 18 wt.% ytterbia. In another example, the powder
particles 30 may comprise an inner core 32 formed of a
composition consisting of about 30 wt.% to about 40 wt.%
ytterbia, about 10 wt.% to about 25 wt.% lanthana and/or
samaria, and the balance being zirconia and incidental
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impurities, and an outer region 34 formed of a composi-
tion consisting of about 8 wt.% to about 18 wt.% ytterbia.
In yet another example, the powder particles 30 may
comprise an inner core 32 formed of a composition con-
sisting of about 30 wt.% to about 40 wt.% ytterbia, about
10 wt.% to about 25 wt.% lanthana and/or samaria, and
the balance being zirconia and incidental impurities, and
an outer region 34 formed of a composition consisting of
about 25 wt.% to about 75 wt.% mischmetal, and the
balance being zirconia and incidental impurities.
[0028] As previously noted, the optional erosion barrier
coating 18 can be formed of one or more of the compo-
sitions described above for the outer region 34 of the
powder particles 30. As such, the erosion barrier coating
18 may be formed by depositing a powder whose parti-
cles are, for example, a Yb-Zr-based oxide composition
with low concentrations of ytterbia, a La-Zr-based oxide
composition having a low level of lanthana, a Yb-Sm-Zr-
based oxide composition having a low level of ytterbia,
a mischmetal-based oxide composition, or a Yb-La-Zr-
based oxide composition, as described above for the out-
er regions 34 of the powder particles 30 that are used to
form the TBC 22. Alternatively, the erosion barrier coating
18 may be formed of a YSZ composition deposited by,
for example, detonation gun thermal spraying or high ve-
locity oxygen and/or air fuel spraying (HVOF/HVAF), or
an aluminum oxide or an aluminum oxide doped with
titanium deposited, for example, by APS. According to
an aspect of the invention, the erosion barrier coating 18
may be formed, for example, by low temperature proc-
esses such as SPPS or a sol-gel process to include oxide
whiskers (shot fibers) 36 randomly distributed in the ero-
sion barrier coating 18 for improved erosion and oxidation
resistance, as schematically represented in FIG. 5 (not
to scale). The whiskers 36 are preferably about 1 to about
5 micrometers in diameter and about 5 to about 20 mi-
crometers in length, though lesser and greater diameters
and lengths are also within the scope of the invention.
The whiskers 36 are randomly distributed throughout the
erosion barrier coating 18 having a volume fraction of
about 10 to about 40%. The whiskers 36 may be com-
prised of any suitable oxide such as, but not limited to,
aluminum oxide and titanium oxide. A nonlimiting exam-
ple of oxide whiskers 36 can be found in U.S. Patent
8,272,843 to Ryznic et al., the contents of which relating
to the oxide whiskers are incorporated herein by refer-
ence.
[0029] Once deposited onto a substrate 12 of the com-
ponent 10, the thermal barrier coating system 14 is be-
lieved to provide improved thermal and erosion protec-
tion for the substrate 12 that are attributable to the com-
positions of the inner cores 32 and outer regions 34 of
the particles 30 used to form the TBC 22 and, optionally,
the erosion barrier coating 18. Suitable methods of de-
positing the layers 18, 20, 22, and 24 of the above em-
bodiments include, but are not limited to, sol-gel proc-
esses, solution plasma spray processes, suspension
plasma processes, high velocity air fuel thermal spray

processes, high velocity oxy-fuel thermal spray process-
es, and plasma spraying (air (APS), vacuum (VPS), so-
lution precursor plasma spraying (SPPS), and low pres-
sure (LPPS)). Particularly suitable results have been ob-
tained by depositing the TBC 22 by a thermal spraying
process, such as air plasma spraying (APS), by which
softened particles deposit as "splats" on the deposition
surface formed by the bond coat 16, and result in the
TBC 22 having noncolumnar, irregular flattened grains
and a degree of inhomogeneity and porosity. This cate-
gory of thermal barrier coating includes coatings referred
to as dense vertically cracked (DVC) TBCs, which are
deposited by plasma spraying to have vertical microc-
racks to improve durability. Such processes and their pa-
rameters are disclosed in U.S. Patent No. U.S. Patent
Nos. 5830586, 5897921, 5989343 and 6047539. Alter-
natively, the TBC 22 may be formed to have columnar
grains with defined spacing for structural integrity of the
TBC 22.
[0030] Following the deposition of its layers on the sub-
strate 12, the thermal barrier coating system 14 prefer-
ably undergoes heat treatment to relieve residual stress-
es. An exemplary heat treatment is in a temperature
range of about 2000 to about 2100°F (about 1090 to
about 1150°C) in a vacuum for a duration of about two
to about four hours. A particularly preferred heat treat-
ment is believed to be about 2050°F (about 1120°C) in
a vacuum for about two hours. This disclosed heat treat-
ment is merely exemplary and other effective heat treat-
ments may be employed.
[0031] In investigations leading to this invention, layers
of Yb-La-Hf-Ta-Zr-based oxide compositions of the type
described above and deposited by plasma spraying,
such as APS to form DVC TBCs, as well as SPPS were
observed to form a well-connected microstructure with
isolated pores that were circular in shape. Other dopants,
such as hafnia and tantala, were identified at the grain
boundaries. Furthermore, the microstructures of the lay-
ers comprised Yb-Zr oxide grains surrounded by La-Zr
oxide grain boundaries. It is believed that the Yb-Zr oxide
grains provide low thermal conductivity properties while
the La-Zr oxide grains promote erosion resistance. An
exemplary microstructure is shown in FIG. 4. Therein,
the darker grains correspond to grains with a relatively
higher content of ytterbia and the lighter grains corre-
spond to grains with a relatively higher content of lantha-
na.
[0032] While the invention has been described in terms
of specific embodiments, it is apparent that other forms
could be adopted by one skilled in the art. For example,
the number of layers used could be increased or de-
creased, and materials and processes other than those
noted could be used. Therefore, the scope of the inven-
tion is to be limited only by the following claims.
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Claims

1. A coating system on a surface region of a compo-
nent, the coating system comprising a thermal bar-
rier coating formed from a ceramic powder compris-
ing powder particles, each of at least a plurality of
the powder particles comprising an inner core
formed of a first material and an outer region formed
of a second material on an outer surface of the inner
core, each of the inner cores having a lower thermal
conductivity than the outer region thereof, and each
of the outer regions is more erosion resistance rel-
ative to the inner core thereof.

2. The coating system of claim 1, further comprising a
bond coat bonding the thermal barrier coating to the
surface region.

3. The coating system of claim 2, further comprising an
intermediate layer between the bond coat and the
thermal barrier coating.

4. The coating system of any preceding claim, further
comprising an erosion barrier coating overlying the
thermal barrier coating.

5. The coating system of any preceding claim, wherein
the first material of the inner core has a thermal con-
ductivity of about 0.5 to about 1.0 Wm-1k-1.

6. The coating system of any preceding claim, wherein
the first material of the inner cores comprises a com-
position chosen from the group consisting of Yb-La-
Zr-based oxide compositions, Yb-Sm-Zr-based ox-
ide compositions, and Yb-Zr-based oxide composi-
tions.

7. The coating system of any preceding claim, wherein
the second material of the outer regions comprises
a composition chosen from the group consisting of
Yb-Zr-based oxide compositions, La-Zr-based oxide
compositions, Yb-La-Zr-based oxide compositions,
Yb-Sm-Zr-based oxide compositions, Yb-mischmet-
al-Zr-based oxide compositions, and mischmetal-Zr-
based oxide compositions.

8. The coating system of any preceding claim, wherein
the first material of the inner core consists of about
30 to about 40 wt.% ytterbia, about 10 to about 25
wt.% lanthana and/or samaria, the remainder being
zirconia and incidental impurities, and the second
material of the outer region consists of:

about 8 to about 18 wt.% ytterbia, with the re-
mainder being zirconia and incidental impurities;
or
about 25 to about 75 wt.% mischmetal, with the
remainder being zirconia and incidental impuri-

ties.

9. The coating system of any one of claims 1 to 7,
wherein the first material of the inner core consists
of about 40 to about 70 wt.% ytterbia, the remainder
being zirconia and incidental impurities, and the sec-
ond material of the outer region consists of:

about 1 to about 5 wt.% ytterbia, about 2 to about
8 wt.% lanthana, with the remainder being zir-
conia and incidental impurities; or
about 8 to about 18 wt.% ytterbia, with the re-
mainder being zirconia and incidental impurities.

10. A component having the coating system of any pre-
ceding claim thereon.

11. The component of claim 10, wherein the component
is installed on a gas turbine engine.

12. The coating system of any preceding claim, further
comprising an erosion barrier coating on the thermal
barrier coating, the erosion barrier coating compris-
ing oxide whiskers distributed in the erosion barrier
coating.

13. A method of forming a coating system of any pre-
ceding claim on a surface region of a component,
the method comprising:

obtaining a ceramic powder comprising powder
particles each having an inner core formed of a
first material and an outer region formed of a
second material on an outer surface of the inner
core, wherein each of the inner cores has a lower
thermal conductivity than the outer region there-
of, and each of the outer regions is more erosion
resistance relative to the inner core thereof; and
then
depositing the ceramic powder onto the surface
region of the component to form a thermal bar-
rier coating.

14. The method of claim 13, wherein the depositing step
is performed by a thermal spraying process or a sol-
gel process so that the thermal barrier coating has
noncolumnar, irregular flattened grains.

15. The method of claim 13, wherein the depositing step
is performed by a thermal spraying process or a sol-
gel process so that the thermal barrier coating has
a columnar pattern with defined spacing holding the
structural integrity.
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