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(57)  Components and methods for forming a layer of
chromia on a substrate thereof are provided. The meth-
ods include forming a mixture that includes at least one
chromia promoter, applying the mixture to a surface of a
substrate formed of a nickel-based alloy having between
1 wt.% and 30 wt.% chromium, and forming a layer of

COMPONENTS AND METHODS FOR FORMING A LAYER OF CHROMIA THEREON

chromia (Cr,0O3) on the surface of the substrate by per-
forming a heat treatment on the surface with the mixture
thereon, wherein during the heat treatment oxygen dif-
fuses from the at least one chromia promotor and reacts
with the chromium in the substrate to form the layer of
chromia on the surface.
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Description
TECHNICAL FIELD

[0001] The present invention generally relates to pro-
cesses for coating substrates, and more particularly re-
lates to processes for forming a layer of chromia on a
surface of a substrate formed of a low chromium content
nickel-based alloy.

BACKGROUND

[0002] Nickel-based alloys may include various ele-
ments to provide corresponding properties. As exam-
ples, aluminum (Al) and titanium (Ti) may be added to
promote age hardening due to formation of precipitates,
and refractory elements such as molybdenum (Mo),
tungsten (W), and tantalum (Ta) may be added to provide
solid-solution strengthening. Since increasing a concen-
tration of one element inherently requires a decrease in
concentration of another element, concentrations of al-
loying elements in nickel-based alloys are often adjusted
to achieve desired properties depending on the applica-
tion.

[0003] In some nickel-based alloys, chromium (Cr) is
included in concentrations of 30 weight percent (wt.%) or
more to promote stability of the nickel-based alloys.
However, in certain applications, it may be desirable to
reduce the concentration of chromium below 30 wt.% to
allow for increases in other elements. Unfortunately, a
reduction of the concentration of chromium below about
30 wt.% may promote undesirable formation of an ex-
ternal scale of nickel oxide (NiO).

[0004] Hence,thereisaneed forsystemsand methods
that provide for the use of low chromium concentration
nickel-based alloys with little or no formation of a nickel
oxide scale. Furthermore, other desirable features and
characteristics of the present invention will become ap-
parent from the subsequent detailed description and the
appended claims, taken in conjunction with the accom-
panying drawings and the foregoing technical field and
background.

BRIEF SUMMARY

[0005] This summary is provided to describe select
concepts in a simplified form that are further described
in the Detailed Description. This summary is not intended
to identify key or essential features of the claimed subject
matter, noris itintended to be used as an aid in determin-
ing the scope of the claimed subject matter.

[0006] In various embodiments, a method is provided
for forming a layer of chromia on a substrate. The method
includes forming a mixture that includes at least one
chromia promoter, applying the mixture to a surface of
a substrate formed of a nickel-based alloy having be-
tween 1 wt.% and 30 wt.% chromium, and forming a layer
of chromia (Cr,03) on the surface of the substrate by
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performing a heat treatment on the surface with the
mixture thereon, wherein during the heat treatment oxy-
gen diffuses from the at least one chromia promotor and
reacts with the chromium in the substrate to form the layer
of chromia on the surface.

[0007] In various embodiments, a component is pro-
vided that includes a substrate formed of a nickel-based
alloy having between 1 wt.% and 30 wt.% chromium; and
a layer of chromia on and in contact with the substrate
having a density of 4.69 to 5.22 g/cm3.

[0008] Furthermore, otherdesirable features and char-
acteristics of the method and component will become
apparent from the subsequent detailed description and
the appended claims, taken in conjunction with the ac-
companying drawings and the preceding background.

BRIEF DESCRIPTION OF DRAWINGS

[0009] The present disclosure will hereinafter be de-
scribed in conjunction with the following drawing figures,
wherein like numerals denote like elements, and where-
in:

FIG. 1 is a cross-sectional view that schematically
represents an exemplary turbofan gas turbine en-
gine in accordance with an embodiment;

FIG. 2is aflowchartillustrating an exemplary method
for forming a coating system on a component in
accordance with an embodiment;

FIG. 3is aflowchartillustrating an exemplary method
for forming a coating system on a component in
accordance with an embodiment; and

FIG. 4 schematically represents a cross-section of a
portion of a component having a coating systemon a
surface thereof in accordance with an embodiment.

DETAILED DESCRIPTION

[0010] The following detailed description is merely ex-
emplary in nature and is notintended to limit the invention
or the application and uses of the invention. As used
herein, the word "exemplary" means "serving as an ex-
ample, instance, or illustration." Thus, any embodiment
described herein as "exemplary" is not necessarily to be
construed as preferred or advantageous over other em-
bodiments. All of the embodiments described herein are
exemplary embodiments provided to enable persons
skilled in the art to make or use the invention and not
to limit the scope of the invention which is defined by the
claims. Furthermore, there is no intention to be bound by
any expressed or implied theory presented in the pre-
ceding technical field, background, brief summary, or the
following detailed description.

[0011] Broadly, embodiments of the present disclosure
include components comprising coating systems there-
on and methods for forming such coating systems. In
particular, the components disclosed herein include a
substrate formed of or including a low chromium con-
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centration nickel-based alloy with a dense layer of chro-
mia thereon. The layer of chromia may provide oxidation
resistance and thereby reduce the likelihood of formation
of a nickel oxide scale. In various embodiments, the
nickel-based alloy has a concentration that includes
equal to or less than 30 weight percent (wt.%) chromium
(Cr). In various embodiments, the coating systems may
include an additional layer of a glass, ceramic, glass-
ceramic, or cermet material disposed on the dense layer
of chromia. In such embodiments, the layer of chromia
may promote attachment of the additional layer to the
substrate. In such embodiments, the layer of chromia
may function as a transition layer between the additional
layer and the substrate to reduce thermo-mechanical
mismatch therebetween (e.g., thermal expansion coeffi-
cient mismatch) that may induce stress in the additional
layer and potentially promote cracking, delamination,
and/or spallation of the additional layer.

[0012] The components are not particularly limited to
any size, shape, or application. The components may be
used in any industry including, but not limited to, the
automobile industry, the aerospace industry, the trans-
portation industry, the power generation industry, etc. In
some embodiments, the components may be any portion
of an engine or a motor, such as used for propulsion of a
vehicle, aircraft, ship, train, etc. In some embodiments,
the components may be any portion of a gas turbine
engine, such as an aircraft engine.

[0013] ReferringtoFIG. 1, a cross-sectional view of an
exemplary turbofan gas turbine engine 100 is illustrated.
In general, the gas turbine engine 100 includes a fan
section 102, a compressor section 104, a combustion
section 106, a turbine section 108, and an exhaust sec-
tion 110. The fan section includes a fan 112 mounted on
the low-pressure turbine shaft 138 and contained within a
fan casing 114. The fan 112 induces air from the sur-
rounding environment into the engine and passes a
fraction of this air toward the compressor section 104.
The compressor section 104 includes at least one com-
pressor and, in the depicted embodiment, includes a low-
pressure compressor 120 and a high-pressure compres-
sor 122. The compressors are mounted on turbine shafts
134 and 138 and contained within a compressor casing or
shroud 118. The combustion section 106 of the gas
turbine engine 100 includes a combustor 124 in which
the high-pressure air from the high-pressure compressor
122 is mixed with fuel and combusted to generate a
combustion gas. The combustion gas is then directed
into the turbine section 108 which includes a number of
turbines 126, 128, and 130. The combustion mixture is
then exhausted through the exhaust section 110.
[0014] The gas turbine engine 100 includes at least
one component with a coated outer surface. The com-
ponent may be included in an area of the gas turbine
engine 100 subjected to high-temperature environments.
The coated outer surface is defined by one or more layers
of the coating system secured directly or indirectly (e.g.,
via underlying layers thereof) to surfaces of a substrate
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(i.e., an underlying layer or body). The substrate may be
defined by a component body. The component body may
define a majority of the component. The component body
may have a variety of shapes without departing from the
scope of the present disclosure.

[0015] In various embodiments, the component body
and, thus the substrate, may be constructed of a nickel-
based alloy and include a layer of chromia. The nickel-
based alloy may have various compositions. In various
embodiments, the nickel-based alloy includes one or
more of aluminum (Al), cobalt (Co), molybdenum (Mo),
tungsten (W), and tantalum (Ta). In various embodi-
ments, the nickel-based alloy may be Superalloy 10,
ATl 718Plus®, Astroloy™, CMSX2, CMSX4, CMSX®,
CMSX10, MAR-247, FT750DC, Hastelloy X®, Hastelloy
S® Inconel® 600, Inconel® 718, Inconel® 625, Inconel®
MA758, Inconel® MA760, Inconel® MA6000, Inconel®
MAR-M200, Nimonic® 80A, Nimonic® 105, PM1000,
Rene N5, Rene N6, Rene 41, RR2000, RR3000, UCSX1,
UCSX8, SRR99, TMS 63, TMS75, TMS138, TMS162,
Udimet® 500, Udimet® 700, or Waspaloy®. In various
embodiments, the nickel-based alloy includes 1 to 30
wt.% chromium, such as 1 to 25 wt.% chromium, such as
1 to 20 wt.% chromium, such as 1 to 15 wt.% chromium,
such as 1 to 10 wt.% chromium.

[0016] The layer of chromia (Cr,O5) may include at
least 95 wt.% chromia, such as 98 wt.% chromia or
greater, such as 99 wt.% chromia or greater, such as
99.9 wt.% chromia or greater with incidental impurities of
0.1 wt.% orless. The layer of chromia may have a density
sufficient to provide oxidation resistance to the substrate.
In various embodiments, the layer of chromia has 4.69 to
5.22 g/cm3. In various embodiments, the layer of chromia
has a relative density of greater than 90 percent, such as
greater than 95 percent. In various embodiments, the
layer of chromia has a thickness of 100 nanometers (nm)
to 5 micrometers (pm), such as 500 nm to 0.5 pm.
Thicknesses within these ranges may reduce stress in-
duced in the chromia layer due to lattice mismatch and
thermal expansion coefficient mismatch between the
chromia layer and Ni-based substrate. In various embo-
diments, the layer of chromia uniformly covers a surface
of the substrate.

[0017] In various embodiments, a density and/or por-
osity gradient may be formed between the substrate and
the layer of chromia. In particular, such gradient may
reduce induced stress in the layer of chromia and pro-
mote mechanical attachment of any layers on the layer of
chromia (e.g., the additional layer) to the layer of chromia,
especially when the thickness of the layer of chromia is
between 2 and 5 pm.

[0018] The layer of chromia and, optionally, any other
layers of the coating system may be formed on the sur-
face of the substrate by various processes. In some
examples, the layer of chromia may be formed on the
surface of the substrate by, for example, air plasma
spraying (APS), cold spraying, sputtering (e.g., direct
current (DC), radio frequency (RF), magnetron, etc.),
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or electron-beam physical vapor deposition (EB-PVD).
For example, FIG. 2 is a flow chart illustrating an exemp-
lary method 200 for forming a layer of chromia on a
substrate of a component.

[0019] The method 200 may start at 210. At 212, the
method 200 may include applying a chromia promoter to
a substrate formed of a nickel-based alloy. The nickel-
based alloy may have various compositions such as
those described previously. The chromia promoter may
be applied onto the surface of the substrate by various
methods including, for example, air plasma spraying
(APS), cold spraying, sputtering (e.g., direct current
(DC), radio frequency (RF), magnetron, etc.), or elec-
tron-beam physical vapor deposition (EB-PVD).

[0020] The chromia promoter may be any material
configured to function as an oxygen donor by providing
oxygen adjacent to the surface of the substrate during a
heat treatment at a temperature sufficient to diffuse the
oxygen to the surface. During such heat treatment, the
oxygen diffused from the chromia promotor reacts with
the chromium of the surface of the substrate to form the
layer of chromia thereon. In some embodiments, the
chromia promotor is configured to donate oxygen in a
temperature range of between 400 °C and 850 °C, such
as between 650 °C and 750 °C. In various embodiments,
the chromia promotor may include, but is not limited to,
cobalt (II) oxide (CoO), nickel (ll) oxide (NiO), iron (ll)
oxide (FeO), iron (lll) oxide (Fe,0O3), zinc oxide (ZnO),
aluminum oxide (Al,O3), or a combination thereof.
[0021] In various embodiments, the method 200 may
include preparing the surface of the substrate prior to
application of the chromia promoter thereto. Preparation
of the surface may include, for example, mechanical or
chemical polishing or cleaning to remove any oxides of
the substrate disposed thereon. Various contaminates,
such as oxides of the substrate material, may reduce or
prevent formation of the layer of chromia, may result in
increased porosity of the layer of chromia, and/or may
negatively affect adherence of the layer of chromia to the
substrate thereby promoting delamination and/or spalla-
tion.

[0022] At214,the method 200 may include forming the
layer of chromia. Forming the layer of chromia may
include heat treating the surface of the substrate with
the chromia promoter thereon in a heating apparatus
such as, for example, a box furnace or a belt furnace
while exposed to an inert atmosphere or air at a tem-
perature and duration sufficient to activate the chromia
promoter and promote a reaction that forms a uniform
layer of dense and crystallized chromia to a predeter-
mined thickness. During the reaction, the chromia pro-
moter functions as an oxygen donor via diffusion of
oxygen from the chromia promoter to the surface of
the substrate. The diffused oxygen reacts with the chro-
mium of the surface of the substrate to form the layer of
chromia thereon. As such, the chromia promoter may
become oxygen deficient.

[0023] Invarious embodiments, the temperature of the
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heat treatment is less than an age-hardening tempera-
ture of the nickel-based alloy of the substrate. In various
embodiments, the heat treatment may be performed at a
temperature equal to or less than 850 °C, such as in the
range of 750 °C to 850 °C for a period of time. The period
of time may be selected to form the layer of chromia to a
predetermined thickness and may be based, at least in
part, on the chromium content of the surface of the
substrate. In various embodiments, the time period
may be about 10 to 30 minutes. The method 200 may
end at 216.

[0024] In some examples, the layer of chromia may be
formed on the surface of the substrate by, for example,
brush painting, troweling, doctor-blading, screen print-
ing, and spraying processes. For example, FIG. 3 is a
flow chart illustrating an exemplary method 300 for form-
ing a layer of chromia on a substrate of a component. The
method 300 may start at 310.

[0025] At 312, the method 300 may include forming a
mixture of a first powder and a chromia promoter (in
powder form). For example, the mixture may be in the
form of a slurry, a paste, or a paint. The mixture may
include the first powder, the chromia promotor, and,
optionally, one or more additional components such as,
but not limited to, a carrier fluid (e.g., water and/or an
organic solvent), certain surfactants, chelators, stabili-
zers, and pH adjusters. In various embodiments, the
mixture may have a solids loading of about 5 to 85
wt.%. In some examples, the lower end of this range of
solids loading may be used with nanometer-sized pow-
ders and the upper end of this range of solids loading may
be used with micrometer-sized powders. The mixture
may include particle sizes in a range of about 0.1 micro-
meters (pm) to 10 wm.

[0026] The first powder provides a carrier medium for
the chromia promotor. In addition, the first powder may be
configured to provide a layer of protection over the sur-
face of the substrate while a reaction occurs between the
surface and the mixture. In some embodiments, the first
powder may be configured to promote the reaction by
maintaining a specific partial pressure of oxygen re-
leased from the chromia promotor over the surface of
the substrate. In some embodiments, the first mixture
may be configured to promote activation of the chromia
promotor. In various embodiments, the first powder may
include a glass material, a glass-ceramic material, or a
combination thereof. In various examples, the first pow-
der may include at least a first metal oxide such as, but is
not limited to, zirconium dioxide (ZrO,), aluminum oxide
(Al;O5), barium oxide (BaO), strontium peroxide (SrO,),
cobalt oxide (Co0), silicon dioxide (SiO,), boron trioxide
(B,0O3), titanium oxide (TiO,), any combination thereof, or
a glass powder composition configured to form one or
more of the aforementioned compounds. In various em-
bodiments, the first powder may include the first metal
oxide and at least a second metal oxide. In such exam-
ples, the second metal oxide may be, butis not limited to,
cobalt (Ill) oxide (Co,03), zinc oxide (ZnO), nickel (I1)
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oxide (NiO), iron (II) oxide (FeO), iron (lll) oxide (Fe,05),
chromium (lll) oxide (Cr,0O3), or any combination thereof.
[0027] The chromia promoter may be any material as
described above in relation to step 212 of the method 200
provided in powder form. In various examples, the chro-
mia promoter may include a powder of particles that each
have a metallic core encased in an oxide shell. In such
examples, the oxide shell may be formed of or include
one or more of the compositions noted above for the
chromia promoter (e.g., CoO, NiO, FeO, Fe,03, ZnO,
Al,Og, or a combination thereof).

[0028] At 314, the method 300 may include applying
the mixture to a substrate formed of a nickel-based alloy.
The nickel-based alloy may have various compositions
such as those described previously. The mixture may be
applied onto the surface of the substrate by various
methods including, for example, brush painting, trowel-
ing, doctor-blading, screen printing, and spraying pro-
cesses.

[0029] At 316, the method 300 may optionally include
performing a drying process on the applied mixture and,
at 318, the method 300 may include performing a burnout
process on the dried mixture. Method steps 316 and 318
may not be omitted, for example, if the mixture does not
include an organic material.

[0030] At 316, during the drying process, low tempera-
ture volatile components may be removed. Various pro-
cesses may be used to perform the drying process. In
some embodiments, the drying process includes heat
treating the substrate with the mixture applied thereon in
a heating apparatus such as, for example, an oven at a
temperature and duration sufficient to remove the volatile
components. In various embodiments, the drying pro-
cess may be performed at a temperature in the range of
100°C to 130°C for about 20 minutes.

[0031] At 318, during the burnout process, organic
compounds may be removed. Various processes may
be used to perform the burnout process. In some embo-
diments, the burnout process includes heat treating the
substrate with the dried mixture applied thereon in a
heating apparatus such as, for example, a box furnace
or a belt furnace while exposed to an inert atmosphere or
air at a temperature and duration sufficient to remove the
organic compounds. In various embodiments, the burn-
out process may be performed at a temperature in the
range of 400°C to 650°C for about 30 minutes, such as
about 10 minutes.

[0032] At320,the method 300 may include forming the
layer of chromia. Forming the layer of chromia may
include heat treating the surface of the substrate with
the remainder of the mixture thereon in a manner such as
those described previously in relation to step 214 of the
method 200.

[0033] Insome examples, the remainder of the mixture
may form an additional layer on the layer of chromia. For
example, the additional layer may include a layer of a
ceramic material formed from the first powder. For ex-
amples in which the chromia promoter includes particles
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having metal cores encased in oxide shells, the addi-
tional layer may be a cermet in which metallic particles
(i.e., the core of the chromia promoter) are dispersedin a
matrix of a ceramic material.

[0034] The method 300 may end at 322.

[0035] Referring now to FIG. 4, a cross-section of a
portion of acomponent400 is presented. The component
400 includes a substrate 410 formed of a nickel-based
alloy having a low chromium concentration, such as
between 1 and 30 wt.%. A coating system is formed on
a surface 411 of the component 400. The coating system
includes a first layer 412 of chromia. In various embodi-
ments, the first layer 412 may be formed by the method
200 or the method 300. Optionally, one or more additional
layers 414 may be formed on the first layer 412 (e.g., the
additional layer that includes the glass, glass-ceramic, or
cermet material). However, in some embodiments, the
one or more additional layers 414 are omitted and the first
layer 412 is an outermost layer of the coating system.
[0036] The components and methods disclosed herein
provide various benefits over certain existing compo-
nents and methods. For example, in various applications
nickel-based alloys may benefit from having a layer of
chromia thereon to promote oxidation resistance. How-
ever, low chromium concentration nickel-based alloys
are unlikely to form a continuous external layer of chro-
mia. Some existing methods include depositing chromia
onto nickel-based alloys to provide a layer of chromia
thereon. However, these methods may result in a rela-
tively porous, low density layer of chromia. The methods
disclosed herein provide for forming a continuous, ex-
ternal layer of chromia on low chromium concentration
nickel-based alloys. The layer of chromia formed by the
methods disclosed herein have relatively low porosity
and high density. As such, the components and methods
disclosed herein provide for producing nickel-based alloy
components with excellent oxidation resistance.

[0037] In this document, relational terms such as first
and second, and the like may be used solely to distin-
guish one entity or action from another entity or action
without necessarily requiring or implying any actual such
relationship or order between such entities or actions.
Numerical ordinals such as "first," "second," "third," etc.
simply denote different singles of a plurality and do not
imply any order or sequence unless specifically defined
by the claim language. The sequence of the text in any of
the claims does not imply that process steps must be
performed in atemporal orlogical order according to such
sequence unless itis specifically defined by the language
of the claim. The process steps may be interchanged in
any order without departing from the scope of the inven-
tion as long as such an interchange does not contradict
the claim language and is not logically nonsensical.
[0038] As used herein, the terms "substantially" and
"about" denote within 5% to account for manufacturing
tolerances.

[0039] While at least one exemplary embodiment has
been presented in the foregoing detailed description of
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the invention, it should be appreciated that a vast number
of variations exist. It should also be appreciated that the
exemplary embodiment or exemplary embodiments are
only examples, and are not intended to limit the scope,
applicability, or configuration of the invention in any way.
Rather, the foregoing detailed description will provide
those skilled in the art with a convenient road map for
implementing an exemplary embodiment of the inven-
tion. It being understood that various changes may be
made in the function and arrangement of elements de-
scribed in an exemplary embodiment without departing
from the scope of the invention as set forth in the ap-
pended claims.

Claims
1. A method, comprising:

forming a mixture that includes at least one
chromia promoter;

applying the mixture to a surface of a substrate
formed of a nickel-based alloy having between 1
wt.% and 30 wt.% chromium; and

forming a layer of chromia (Cr,03) on the sur-
face of the substrate by performing a heat treat-
ment on the surface with the mixture thereon,
wherein during the heat treatment oxygen dif-
fuses from the at least one chromia promotor
and reacts with the chromium in the substrate to
form the layer of chromia on the surface.

2. The method of claim 1, wherein the at least one
chromia promoter includes cobalt (Il) oxide (CoO),
nickel (1) oxide (NiO), iron (l) oxide (FeO), iron (lII)
oxide (Fe,03), zinc oxide (ZnO), aluminum oxide
(Al;O3), or a combination thereof.

3. The method of claim 1, wherein the mixture includes
at least a first powder comprising a glass material, a
glass-ceramic material, or a combination thereof,
wherein the method includes forming an additional
layer that includes the glass material, the glass-
ceramic material, or the combination thereof on
the layer of chromia during the heat treatment.

4. The method of claim 3, wherein the first powder
includes at least a first metal oxide chosen from
the group consisting of zirconium dioxide (ZrO,),
aluminum oxide (Al,O3), barium oxide (BaO), stron-
tium peroxide (SrO,), cobalt oxide (CoO), silicon
dioxide (SiO,), boron trioxide (B,O5), titanium oxide
(TiO,), any combination thereof, or a glass powder
composition configured to form one or more of zir-
conium dioxide (ZrO,), aluminum oxide (Al,Os), bar-
ium oxide (BaO), strontium peroxide (SrO,), cobalt
oxide (Co0), silicon dioxide (SiO,), boron trioxide
(B,03), titanium oxide (TiO,).
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5.

10.

1.

12.

13.

14,

15.

The method of claim 4, wherein the first powder
includes a second metal oxide chosen from the
group consisting of cobalt (lll) oxide (Co,03), zinc
oxide (ZnO), nickel (ll) oxide (NiO), iron (IlI) oxide
(FeO), iron (llI) oxide (Fe,03), chromium (lll) oxide
(Cr,03), or any combination thereof.

The method of claim 3, wherein the at least one
chromia promoter includes particles having a metal-
lic core encased in a ceramic shell, wherein the
additional layer is a cermet material.

The method of claim 3, wherein during the heat
treatment the first powder provides a layer of protec-
tion over the surface of the substrate that promotes
the formation of the layer of chromia by maintaining a
specific partial pressure of the oxygen diffused from
the at least one chromia promotor on the surface of
the substrate.

The method of claim 1, wherein the heat treatment is
performed at a temperature that is less than an age-
hardening temperature of the nickel-based alloy.

The method of claim 1, wherein the nickel-based
alloy includes an amount of chromium equal to or
less than 10 wt.%.

The method of claim 1, wherein the layer of chromia
has a density of 4.69 to 5.22 g/cm3 and a thickness of
100 nm to 5 pm.

A component, comprising:

a substrate formed of a nickel-based alloy hav-
ing between 1 wt.% and 30 wt.% chromium; and
a layer of chromia disposed on and in contact
with the substrate having a density of 4.69 to
5.22 g/ems.

The component of claim 11, wherein the nickel-
based alloy includes an amount of chromium equal
to or less than 10 wt.%.

The component of claim 11, wherein the layer of
chromia has a thickness of 100 nm to 5 pm.

The component of claim 11, further comprising an
additional layer disposed on and in contact with the
layer of chromia, wherein the additional layer in-
cludes a glass material, a glass-ceramic material,
or a combination thereof.

The component of claim 11, wherein the component
is configured to be installed in a gas turbine engine.
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