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(57)  Methods are provided for producing compo-
nents. The methods include applying a slurry or paste to
a surface of a substrate, wherein the substrate includes
a nickel-based superalloy, drying the slurry or paste ap-
plied to the surface to define a coated substrate, and
performing a heat treatment on the coated substrate to
simultaneously densify and/or crystallize the dried slurry
or paste to thereby form a coating that is bonded to the
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Description
TECHNICAL FIELD

[0001] The presentinvention generally relates to meth-
ods for producing components comprising superalloy
substrates with coating systems thereon, and more par-
ticularly relates to methods that include combination heat
treatments that simultaneously age the substrate and
densify and/or crystallize the coating thereon.

BACKGROUND

[0002] Various processes are used during the produc-
tion of components that include superalloys, such as cer-
tain components of turbine engines, to achieve a balance
of various desired properties. For example, nickel-based
superalloy components for turbine applications common-
ly undergo precipitation hardening, also known as age
hardening or aging, to increase the yield strength of the
superalloy. The precipitation hardening treatment in-
volves heat treating the superalloy to form precipitates
therein. If properly controlled, the formed precipitates will
be configured to allow a hardening of the superalloy ac-
cording to a desired hardness. Specifically, the formed
precipitate particles may act as obstacles to dislocation
movement and thereby strengthen the superalloy. There-
after, a coating system may be applied to the aged su-
peralloy to provide, for example, environmental protec-
tion (e.g., resistance to high temperatures, oxidation,
and/or corrosion).

[0003] These processes may have various shortcom-
ings. For example, the aging process can form an oxide
scale on surfaces of the superalloy that typically must be
removed (e.g., mechanically). In addition, formation of
the coating system typically exposes the superalloy sub-
strate to high temperatures for an extended period of time
that may cause removal of residual stress therein, which
in certain applications may be desirable.

[0004] Hence, there is a need for methods capable of
producing superalloy components that are efficient and,
optionally, preserve residual stress therein. Furthermore,
other desirable features and characteristics of the
present invention will become apparent from the subse-
quent detailed description and the appended claims, tak-
en in conjunction with the accompanying 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 notintended
to identify key or essential features of the claimed subject
matter, nor is it intended to be used as an aid in deter-
mining the scope of the claimed subject matter.

[0006] A method is provided for producing a compo-
nent. The method comprises applying a slurry or paste
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to a surface of a substrate, wherein the substrate includes
a nickel-based superalloy, drying the slurry or paste ap-
plied to the surface to define a coated substrate, and
performing a heat treatment on the coated substrate to
simultaneously densify and/or crystallize the dried slurry
or paste to thereby form a coating that is bonded to the
surface and to age the substrate to achieve a specific
hardness therein by controllably forming precipitates of
an intermetallic phase within the substrate and/or con-
trollably modifying a size distribution of the precipitates
of the intermetallic phase within the substrate, wherein
residual stress within the substrate are preserved during
the heat treatment.

[0007] A componentis provided that comprises a sub-
strate comprising a nickel-based superalloy having pre-
cipitates of an intermetallic phase, the substrate having
a specific hardness therein, and a coating bonded to a
surface of the substrate, the coating configured for re-
sistance to hot corrosion caused by molten salts of so-
dium, magnesium, vanadium, and/or sulfur dioxide gas,
wherein the coating is configured to react with the molten
salts to increase a melting point of the molten salts there-
by reducing deposition thereof on the component, where-
in the substrate includes residual stress therein, and
wherein the coating has an as-formed structure free of
mechanically induced defects created during production
of the component.

[0008] Furthermore, other desirable 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 THE DRAWINGS

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

FIG. 1 is a flowchart of a method for producing a
component in accordance with an embodiment;

FIG. 2 schematically represents cross-sectional
views of nickel-based superalloy substrates with a
coating thereon before and after heat treatments in
accordance with an embodiment; and

FIG. 3 includes a component that includes a nickel-
based superalloy substrate and a coating thereon
and illustrates a method of performing a heat treat-
ment on the component to produce a microstructure
having a grain size gradient in accordance with an
embodiment of the invention.

DETAILED DESCRIPTION

[0010] The following detailed description is merely ex-
emplary in nature and is not intended to limit the invention
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orthe application and uses ofthe invention. As used here-
in, the word "exemplary" means "serving as an example,
instance, or illustration." Thus, any embodiment de-
scribed 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] Methods disclosed herein that generally pro-
vide for producing components, such as gas turbine com-
ponents, having a substrate with a protective coating sys-
tem on a surface thereof. The methods provide for pro-
ducing the components in a manner that is more efficient
than certain prior art methods and that may preserve re-
sidual stress within the substrate imparted prior to form-
ing the coating system.

[0012] The substrates may include or be made from
any type of alloy. For aerospace applications, the sub-
strates may be made from a superalloy material due to
their mechanical strength and resistance to high temper-
atures. For convenience, the method is described herein
in reference to substrates comprising a nickel-based su-
peralloy. However, it should be understood that the sub-
strates may include or be formed of various other types
of superalloys (e.g., cobalt-based, nickel-iron-based) or
alloys (e.g., stainless steel). Nonlimiting examples of
nickel-based superalloys include Ni-Cr-Fe-based (e.g.,
Inconels), Ni-Mo-Fe-based (e.g., Hastelloy A and B), and
Ni-Cr-Mo-Fe-based (e.g., Hastelloy C and Hastelloy X).
The substrates may have any regular or irregular shape
and size.

[0013] The coating system may include any number of
layers each having different compositions, microstruc-
tures, and/or intended purposes. In various embodi-
ments, one or more of the layers of the coating system
may be configured to provide environmental protection
to the underlying substrate, such as resistance to high
temperatures and/or corrosion. In various embodiments,
the coating system is configured to provide for resistance
to hot corrosion caused by molten salts of sodium, mag-
nesium, vanadium, and/or sulfur dioxide gas. In such em-
bodiments, one or more layers of the coating system may
be configured to react with the molten salts to increase
a melting point of the molten salts thereby reducing dep-
osition thereof on the component. In various embodi-
ments, the coating system includes a glass material hav-
ing different ratios of metal oxides such as, but not limited
to, barium oxide, silicon oxide, strontium oxide, aluminum
oxide, magnesium oxide, calcium oxide, cobalt oxide,
and titanium oxide. The thickness of the coating system
and/or individual layers thereof can vary. For example,
the coating system may have a total thickness of between
about 0.5 and 10 pm. Nonlimiting examples of coating
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systems that may be applied to the substrate are dis-
closed in U.S. Patent No. 11,415,004 B2 to Mohajeri et
al., the contents of which are incorporated herein in their
entirety by reference.

[0014] Referring now to FIG. 1, a flow chartis provided
illustrating an exemplary method 100 for producing a
component. The method 100 may startat 110. At 112, a
substrate is provided, such as a superalloy substrate. In
various embodiments, the substrate may be near net
shape, that is, substantially similar in size and shape to
the intended final size and shape of the component being
produced. Various processes may be used to produce
the substrate, including but not limited to various forging,
milling, machining, casting, and/or powder metallurgy
processes. In certain embodiments, the substrate may
include residual stress imparted by one or more of these
production processes.

[0015] Various material processing processes may be
performed on the substrate. For example, the method
100 may include performing a solution heat treatment on
the substrate to dissolve precipitates in the substrate and
to homogenize a microstructure of the substrate. The
method 100 may include performing a stabilization heat
treatment on the substrate to optimize a size and a mor-
phology of precipitates therein, such as gamma prime
phase precipitates, within the substrate.

[0016] After the substrate has been provided, the
method 100 may include applying, at 114, a slurry or
paste to the substrate that is configured to form a coating
thereon. The slurry or paste may be formed by various
processes. Forexample, the slurry or paste may be made
by mixing a fine glass powder with a carrier fluid and,
optionally, additional components (e.g., binder, disper-
sant, etc.). Nonlimiting examples of slurries and pastes,
as well as application methods thereof, are disclosed in
Mohajeri et al. The slurry or paste may be applied onto
desired surfaces of the substrate by, for example, brush
painting, doctor-blading, screen printing, or spray paint-
ing. Low temperature volatile components of the slurry
or paste may be removed during a drying step at 115,
for example, in an oven. If present, organic compounds
of the slurry or paste may be burned-out by a binder burn-
out process.

[0017] At 116, the method 100 may include analyzing
the coated substrate to determine whether the dried slur-
ry or paste applied thereto is of sufficient quality to pro-
ceed. If the slurry or paste is insufficient (e.g., includes
defects), an entirety or a portion of the slurry or paste
may be locally removed to repair the slurry or paste at
120. Once a determination is made at 118 that the slurry
or paste is of sufficient quality, the method 100 may in-
clude simultaneously performing an aging process and
a coating firing process in a single heat treatment at 122,
referred to herein as a combination heat treatment.
[0018] The combination heat treatment may have var-
ious parameters, including various temperatures and du-
rations, depending on the materials and desired result.
Notably, the parameters of the combination heat treat-
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ment must be sufficient to both age the substrate to a
desired degree (e.g., to achieve a specific hardness
therein by controllably forming and/or modifying a size
distribution of precipitates therein) as well as densifying
and/or crystallizing the dried slurry or paste to a sufficient
degree (e.g., to form a coating bonded to the surface of
the substrate). In addition, the parameters of the combi-
nation heat treatment may be configured to avoid elimi-
nation of residual stress in the substrate (e.g., sufficiently
low temperature and/or short duration). The precipitates
formed in the substrate may be precipitates of an inter-
metallic phases, such as but not limited to a secondary
gamma prime phase. In various embodiments, the com-
bination heat treatment may include heating the substate
having the dried slurry or paste to a temperature within
a range of between about 750 and 850 °C and maintain-
ing such temperature for a duration of between 8 to 32
hours. The combination heat treatment may be per-
formed in a vacuum (e.g., less than about 1330 Pa), an
inert atmosphere (e.g., argon, helium, hydrogen), and/or
atmosphere having a different partial pressure of oxygen
with respect to air.

[0019] In various embodiments, the combination heat
treatment may be performed by an induction heating
process. The process may include generatingamagnetic
field around the substrate with an inductor connected to
an electrical power source sufficient to induce eddy cur-
rents within the substrate and dissipate heat by Joule
effect within the substrate. The electrical power source
may be controlled while generating the magnetic field to
provide the magnetic field for a duration of application of
the magnetic field sufficient to directly induce the eddy
currents within the substrate so as to produce a heatlevel
therein to form and/or modify the size distribution of the
precipitates. Exemplary but nonlimiting induction heating
processes that may be adapted to perform the combina-
tion heat treatment are disclosed in U.S. Patent No.
11,136,634 to Bridier et al., the contents of which are
incorporated herein in their entirety by reference.
[0020] In various embodiments, the method 100 may
include performing the combination heat treatment in a
manner, or performing a subsequent heat treatment, to
produce a dual microstructure within the substrate. For
example, the method 100 may include performing a lo-
calized induced heat treatment at 126 to controllably gen-
erate a coarse grain microstructure region within the
component from a fine grain microstructure metallic com-
ponent. In various embodiments, the component may be
heat treated such that a core region thereof includes fine
metallurgical grains configured to provide a desired fa-
tigue resistance and a peripheral region thereof includes
course metallurgical grains configured to provide a de-
sired creep resistance. Exemplary but nonlimiting meth-
ods for producing such dual microstructures are dis-
closed in Bridier et al.

[0021] In various embodiments, the dual microstruc-
ture may be formed by generating a magneticfield around
the coated substrate with an inductor connected to an
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electrical power source sufficient to induce eddy currents
within the coated substrate and dissipate heat by Joule
effect within the coated substrate, and controlling the
electrical power source, by a processor, while generating
the magnetic field to provide the magnetic field for a du-
ration of application of the magnetic field sufficient to di-
rectly induce the eddy currents within the coated sub-
strate so as to produce a heat level within the coated
substrate to grow the grains. In general, the heat level
may be lower to produce the fine grains and greater to
produce the coarse grains. The grain growth may be fur-
ther controlled by applying the slurry or paste in a manner
such that a thickness of the coating on the surface varies
across the surface. For example, the coating may be
thicker over areas of the surface having the coarse grains
and thinner over areas of the surface having the fine
grains.

[0022] Subsequent to producing the dual microstruc-
ture, or if such dual microstructure is not desired, the
method 100 may finish at 128.

[0023] Referring now to FIG. 2, a portion of a compo-
nent is represented during production thereof which il-
lustrates changes that occur during the heat treatment
described at 122 of the method 100 in FIG. 1. Initially, a
substrate 210 is provided that is coated with a slurry or
paste 230. During the heat treatment, the substrate 210
is aged to produce the substrate 220 and the slurry or
paste 230 is converted into a coating 240. Importantly,
an oxide layer is not formed on the substrate 220 as is
common during aging processes performed on uncoated
substrates.

[0024] Referring now to FIG. 3, an exemplary compo-
nent 300 is represented that includes a substrate 310
having a coating 312 thereon. The substrate 310 includes
a nickel-based superalloy having precipitates of a gam-
ma prime phase therein and having a specific hardness.
The coating 312 is bonded to exterior surfaces of the
substrate 310 and is configured to provide resistance to
hot corrosion caused by molten salts of sodium, magne-
sium, vanadium, and/or sulfur dioxide gas. In particular,
the coating 312 is configured to react with the molten
salts to increase a melting point of the molten salts there-
by reducing deposition thereof on the component 300.
The substrate 310 includes residual stress therein that
were imparted prior to forming the coating 312. Since the
residual stress was preserved, mechanical treatments
were unnecessary subsequent to forming the coating
312. Therefore, the coating 312 has an as-formed struc-
ture free of mechanically induced defects.

[0025] In this example, the component 300 includes a
dual microstructure produced by controlling the induction
heat treatment and the thickness of the coating 312. Por-
tions of the component 300 directly treated by induction
are represented as being located between a series of
solid circles 330. The coating 312 includes coating por-
tions 314, 316, 318, 320, 322, and 324 having various
thicknesses. As represented, the combination of the con-
trolled heat treatment and the varying thickness of the
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coating 312 results in a dual microstructure wherein the
component 300 includes a coarse grain region 326 and
a fine grain region 328. As a nonlimiting example, the
coarse grain region 326 may have grains with a minimum
or average grain size of greater than 20 um and the fine
grain region 328 may have grains with a maximum or
average grain size of less than 20 um. The component
300 may include additional grain regions between the
coarse grain region 326 and the fine grain region 328
having grain sizes that transition from the grain sizes of
the coarse grain region 326 to the grain sizes of the fine
grain region 328.

[0026] Thecomponent300 is configured to be installed
in a gas turbine engine. For example, the component 300
may be a shroud.

[0027] The methods disclosed herein and components
formed therewith provide various benefits over certain
existing methods and components. For example, use of
the combination heat treatment combines two heat treat-
ment processes into one heat treatment process which
reduces the steps necessary to produce the components,
thereby potentially reducing the cost and time required
for production thereof. Further, aging the substrate with
the coating thereon prevents or reduces the likelihood of
the formation of an oxide layer on the substrate. This in
turn avoids the necessity of removing such oxide layer
and therefore further reduces the number of steps nec-
essary to produce the component.

[0028] The methods may provide for producing com-
ponents having novel properties. For example, the meth-
ods allow for maintaining residual stress within the sub-
strate during the coating formation process unlike certain
prior art process, for example, that cause diffusion be-
tween the coating and the surface. In such embodiments,
subsequent mechanical treatments may be omitted and
therefore, the coating may be free of surface defects
(e.g., scratches, abrasions, etc.) that may be created by
such treatments. This may allow for the coating to exhibit
improved performance relative to comparable coatings
having such defects.

[0029] In this document, relational terms such as first
and second, and the like may be used solely to distinguish
one entity or action from another entity or action without
necessarily requiring or implying any actual such rela-
tionship or order between such entities or actions. Nu-
merical ordinals such as "first," "second," "third," etc. sim-
ply 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 per-
formed in a temporal or logical 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.
[0030] Furthermore, depending on the context, words
such as "connect" or "coupled to" used in describing a
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relationship between different elements do not imply that
a direct physical connection must be made between
these elements. For example, two elements may be con-
nected to each other physically, electronically, logically,
or in any other manner, through one or more additional
elements.

[0031] While at least one exemplary embodiment has
been presented in the foregoing detailed description of
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 for producing a component, the method
comprising:

applying a slurry or paste to a surface of a sub-
strate, wherein the substrate includes a nickel-
based superalloy;

drying the slurry or paste applied to the surface
to define a coated substrate; and

performing a heat treatment on the coated sub-
strate to simultaneously densify and/or crystal-
lize the dried slurry or paste to thereby form a
coating that is bonded to the surface and to age
the substrate to achieve a specific hardness
therein by controllably forming precipitates of an
intermetallic phase within the substrate and/or
controllably modifying a size distribution of the
precipitates of the intermetallic phase within the
substrate,

wherein residual stress within the substrate are
preserved during the heat treatment.

2. The method of claim 1, wherein the coating is con-
figured for resistance to hot corrosion caused by mol-
ten salts of sodium, magnesium, vanadium, and/or
sulfur dioxide gas, wherein the coating is configured
to react with the molten salts to increase a melting
point of the molten salts thereby reducing deposition
thereof on the component.

3. Themethod of claim 1, wherein the coating compris-
es a mixture of two or more metal oxides, which are
selected from the group consisting of: barium oxide,
silicon oxide, strontium oxide, aluminum oxide, mag-
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nesium oxide, calcium oxide, cobalt oxide, boron ox-
ide, iron oxide, zirconium oxide, nickel oxide, and
titanium oxide, wherein the coating is in fully crystal-
line form and/or a mixture of crystalline and glass
phases.

The method of claim 1, wherein the component is
configured to be installed in a gas turbine engine.

The method of claim 1, wherein performing the heat
treatment on the substrate comprises:

generating a magneticfield around the substrate
with an inductor connected to an electrical power
source sufficient to induce eddy currents within
the substrate and dissipate heat by Joule effect
within the substrate; and

controlling the electrical power source while
generating the magnetic field to provide the
magnetic field for a duration of application of the
magnetic field sufficient to directly induce the
eddy currents within the substrate so as to pro-
duce a heat level within the substrate to form
the precipitates.

The method of claim 1, further comprising producing
the substrate such that the substrate has a final net
shape and dimension prior to applying the slurry or
coating to the surface of the substrate, wherein pro-
ducing the substrate results in the residual stress
within the substrate.

The method of claim 6, further comprising:

performing a solution heat treatment on the sub-
strate to dissolve other precipitates in the com-
ponent and to homogenize a microstructure of
the substrate; and

performing a stabilization heat treatment to op-
timize a size and a morphology of the precipi-
tates of the intermetallic phase within the sub-
strate.

The method of claim 1, wherein performing the heat
treatment comprises increasing and maintaining the
temperature of the substrate to a temperature range
of between 750 and 850 °C for a duration of between
8 to 32 hours in a vacuum, an inert atmosphere,
and/or atmosphere having a different partial pres-
sure of oxygen with respect to air.

The method of claim 1, wherein performing the heat
treatment produces a microstructure in the substrate
having a grain size gradient that transitions from fine
grains having a grain size of less than 20 pum to
coarse grains having a grain size of greater than 20
pm.
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10.

1.

12.

13.

The method of claim 9, wherein performing the heat
treatment includes controlling the grain sizes of the
microstructure of the substrate by:

generating amagneticfield around the substrate
with aninductor connected to an electrical power
source sufficient to induce eddy currents within
the substrate and dissipate heat by Joule effect
within the substrate;

controlling the electrical power source, by the
processor, while generating the magnetic field
to provide the magnetic field for a duration of
application of the magnetic field sufficient to di-
rectly induce the eddy currents within the sub-
strate so as to produce a heat level within the
substrate to grow the grains,

wherein the heat level is lower to produce the
fine grains and greater to produce the coarse
grains; and

applying the slurry or paste in a manner such
that a thickness of the coating on the surface
varies across the surface, wherein the coating
is thicker over areas of the surface having the
coarse grains and thinner over areas of the sur-
face having the fine grains.

A component comprising:

a substrate comprising a nickel-based superal-
loy having precipitates of an intermetallic phase,
the substrate having a specific hardness therein;
and

a coating bonded to a surface of the substrate,
the coating configured for resistance to hot cor-
rosion caused by molten salts of sodium, mag-
nesium, vanadium, and/or sulfur dioxide gas,
wherein the coating is configured to react with
the molten salts to increase a melting point of
the molten salts thereby reducing deposition
thereof on the component,

wherein the substrate includes residual stress
therein,

wherein the coating has an as-formed structure
free of mechanically induced defects created
during production of the component.

The component of claim 11, wherein the coating
comprises a mixture of two or more metal oxides,
which are selected from the group consisting of: bar-
ium oxide, silicon oxide, strontium oxide, aluminum
oxide, magnesium oxide, calcium oxide, cobalt ox-
ide, boron oxide, iron oxide, zirconium oxide, nickel
oxide, and titanium oxide, wherein the coating is in
fully crystalline form and/or a mixture of crystalline
and glass phases.

The component of claim 11, wherein the component
is configured to be installed in a gas turbine engine.
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14. The component of claim 11, wherein a microstruc-
ture of the substrate has a grain size gradient that
transitions from fine grains having a grain size of less
than 20 wm to coarse grains having a grain size of
greater than 20 pm. 5

15. The component of claim 11, wherein the component
is formed by a method comprising:

applying a slurry or paste to the surface of the 170
substrate;

drying the slurry or paste applied to the surface

to form a coated substrate; and

performing a heat treatment on the dried slurry

or paste to simultaneously densify and/or crys- 15
tallize the dried slurry or paste to thereby form

the coating and to age the substrate to achieve

the specific hardness therein by controllably
forming the precipitates of the intermetallic
phase within the substrate and/or controllably 20
modifying a size distribution of the precipitates

of the intermetallic phase within the substrate,
wherein the residual stress within the substrate

are preserved during the heat treatment.
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