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(54) METHODS OF FORMING A POROUS THERMAL BARRIER COATING

(57) A method for controlling the porosity parameter
of porous thermal barrier coatings is presented. The
method includes disposing a feedstock material on a sub-
strate to form a porous thermal barrier coating. The feed-
stock material includes a gas-forming additive and a ther-
mal barrier coating material. The disposing step further

includes controlling the porosity parameter of the porous
thermal barrier coating by controlling a feedstock material
feed rate, an amount of the gas-forming additive in the
feedstock material, a temperature of the disposed feed-
stock material on the substrate, or combinations thereof.
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Description

BACKGROUND

[0001] The disclosure relates generally to methods for
forming porous thermal barrier coatings. More particu-
larly, the disclosure relates to controlling a porosity pa-
rameter of porous thermal barrier coatings.
[0002] Thermal barrier coatings are typically used in
articles that operate at or are exposed to high tempera-
tures. Aviation turbines and land-based turbines, for ex-
ample, may include one or more components protected
by the thermal barrier coatings. Examples of materials
used for thermal barrier coatings include rare earth-sta-
bilized zirconia materials such as yttrium-stabilized zir-
conia (YSZ). Rare earth stabilized zirconia materials
have a thermal conductivity of about 2.2 W/m-K when
evaluated as a dense sintered compact. The YSZ is wide-
ly used as a thermal barrier coating material in gas tur-
bines, in part, because of its high temperature capability,
low thermal conductivity, and relative ease of deposition.
In recent years, there has been a growing demand for
further improvements in the thermal barrier properties to
decrease the overall weight, thickness, and amount of
materials used to form thermal barrier coatings.
[0003] The thermal conductivity of thermal barrier coat-
ings may also be reduced by increasing the porosity of
the coatings. Conventionally thermal barrier coatings
may be formed using suitable deposition techniques,
such as, for example, by air plasma spraying (APS) or
by electron beam physical vapor deposition (EPVD).
Thermal barrier coatings deposited by the APS process
may typically have a microstructure characterized by ir-
regular fattened grains surrounded by inhomogeneous
porosity. Thermal barrier coatings deposited by the EB-
PVD process may yield a columnar, strain-tolerant grain
structure that may be able to expand and contract without
causing stresses that lead to spallation. However, the
EBPVD process may be more capital intensive than the
APS process. Therefore, there is a need for improved
coating processes that enable control over the porosity
of the thermal barrier coatings, thereby controlling the
thermal conductivity of the thermal barrier coatings.

BRIEF DESCRIPTION

[0004] One embodiment of the disclosure is directed
to a method of forming a porous thermal barrier coating
by disposing a feedstock material on a substrate. The
feedstock material includes a gas-forming additive and
a thermal barrier coating material. The disposing step
further includes controlling a porosity parameter of the
porous thermal barrier coating by controlling the feed-
stock material feed rate, an amount of the gas-forming
additive in the feedstock material, the temperature of the
disposed feedstock material on the substrate, or combi-
nations thereof.
[0005] Another embodiment of the disclosure is direct-

ed to a method of forming a porous thermal barrier coat-
ing by disposing a feedstock material using an air plasma
spray process on a substrate. The feedstock material
includes a gas-forming additive and a thermal barrier
coating material. The disposing step further includes con-
trolling a porosity parameter of the porous thermal barrier
coating by controlling the temperature of the disposed
feedstock material on the substrate using an auxiliary
heat source.
[0006] Another embodiment of the disclosure is direct-
ed to a method of forming a porous thermal barrier coat-
ing including a graded porosity. The method includes dis-
posing a feedstock material on a substrate to form the
porous thermal barrier coating, wherein the feedstock
material includes a gas-forming additive and a thermal
barrier coating material. The disposing includes forming
the graded porosity in the thermal barrier coating by con-
trolling an amount of the gas-forming additive in the feed-
stock material, a temperature of the disposed feedstock
material on the substrate using an auxiliary heat source,
or a combination thereof.

DRAWINGS

[0007] These and other features, aspects, and advan-
tages of the present disclosure will become better under-
stood when the following detailed description is read with
reference to the accompanying drawings, in which like
characters represent like parts throughout the drawings,
wherein:

FIG. 1 illustrates a method of forming a porous ther-
mal barrier coating, in accordance with an embodi-
ment of the disclosure;

FIG. 2 illustrates a method of forming a porous ther-
mal barrier coating, in accordance with an embodi-
ment of the disclosure.

FIG. 3 illustrates a method of forming a porous ther-
mal barrier coating, in accordance with an embodi-
ment of the disclosure.

FIG. 4 illustrates a sectional view of a schematic of
a porous thermal barrier coating, in accordance with
an embodiment of the disclosure;

FIG. 5 illustrates another sectional view of a sche-
matic of a porous thermal barrier coating, in accord-
ance with an embodiment of the disclosure; and

FIG. 6 illustrates a scanning electron microscope
(SEM) photomicrograph of a porous thermal barrier
coating, in accordance with an embodiment of the
disclosure.
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DETAILED DESCRIPTION

[0008] Approximating language, as used herein
throughout the specification and claims, may be applied
to modify any quantitative representation that could per-
missibly vary without resulting in a change in the basic
function to which it is related. Accordingly, a value mod-
ified by a term such as "about" is not to be limited to the
precise value specified. In some instances, the approx-
imating language may correspond to the precision of an
instrument for measuring the value. Here and throughout
the specification and claims, range limitations may be
combined and/or interchanged, such ranges are identi-
fied and include all the sub-ranges contained therein un-
less context or language indicates otherwise.
[0009] In the following specification and the claims, the
singular forms "a", "an" and "the" include plural referents
unless the context clearly dictates otherwise. As used
herein, the term "or" is not meant to be exclusive and
refers to at least one of the referenced components being
present and includes instances in which a combination
of the referenced components may be present, unless
the context clearly dictates otherwise.
[0010] As used herein, the terms "may" and "may be"
indicate a possibility of an occurrence within a set of cir-
cumstances; a possession of a specified property, char-
acteristic or function; and/or qualify another verb by ex-
pressing one or more of an ability, capability, or possibility
associated with the qualified verb. Accordingly, usage of
"may" and "may be" indicates that a modified term is ap-
parently appropriate, capable, or suitable for an indicated
capacity, function, or usage, while taking into account
that in some circumstances, the modified term may
sometimes not be appropriate, capable, or suitable.
[0011] As used herein, the term "coating" refers to a
material disposed on at least a portion of an underlying
surface in a continuous or discontinuous manner. Fur-
ther, the term "coating" does not necessarily mean a uni-
form thickness of the disposed material, and the disposed
material may have a uniform or a variable thickness. The
term "coating" may refer to a single layer of the coating
material or may refer to a plurality of layers of the coating
material. The coating material may be the same or dif-
ferent in the plurality of layers.
[0012] As used herein, the term "disposed on" refers
to layers or coatings disposed directly in contact with
each other or indirectly by having intervening layers there
between, unless otherwise specifically indicated.
[0013] One embodiment of the disclosure is directed
to a method of forming a porous thermal barrier coating.
The method includes disposing a feedstock material on
a substrate to form the porous thermal barrier coating,
wherein the feedstock material includes a gas-forming
additive and a thermal barrier coating material. The dis-
posing step includes controlling a porosity parameter of
the porous thermal barrier coating by controlling a feed-
stock material feed rate, an amount of the gas-forming
additive in the feedstock material, a temperature of the

disposed feedstock material on the substrate, or combi-
nations thereof.
[0014] FIG. 1 illustrates a method 10 in accordance
with some embodiments of the present disclosure. The
method 10 includes providing a substrate 110, at step
11, disposing a feedstock material 121 on the substrate
110 to form a disposed feedstock material 120, at step
12, and forming a porous thermal barrier coating 130 on
the substrate 110, at step 13.
[0015] It should be noted that although in FIG. 1, the
substrate 110 is shown has having a planar profile for
ease of illustration, the substrate 110 may have any suit-
able geometry or profile, for example, a complex geom-
etry, a non-planar profile, or a combination of both. As
used herein, the term "complex geometry" refers to
shapes not easily or consistently identifiable or reproduc-
ible, such as, not being square, circular, or rectangular.
In some embodiments, the substrate 110 may be a part
of a component exposed to a high temperature environ-
ment, for example, a turbine engine. In some embodi-
ments, the turbine engine may be an aircraft engine. Al-
ternatively, the turbine engine may be any other type of
engine used in industrial applications. Non-limiting ex-
amples of such turbine engines include a land-based tur-
bine engine employed in a power plant, a turbine engine
used in a marine vessel, or a turbine engine used in an
oil rig. Non-limiting examples of turbine engine compo-
nents include turbine airfoils such as blades and vanes,
turbine shrouds, turbine nozzles, buckets, combustor
components such as liners and deflectors, heat shields,
augmentor hardware of gas turbine engines, and other
similar turbine components known to those skilled in the
art.
[0016] The substrate 110 may include a ceramic matrix
composite or a metallic superalloy. Non-limiting exam-
ples of suitable metallic superalloys include iron-based
superalloys, cobalt based superalloys, nickel based su-
peralloys, or combinations thereof.
[0017] The substrate 110 may be a pre-fabricated com-
ponent of a turbine engine, or, may be manufactured be-
fore the disposing step. In some embodiments, the step
11, of providing the substrate may include one or more
preparatory steps, for example, cleaning, polishing, dis-
posing a bond coating, and the like. In some embodi-
ments, the substrate 110 may be coated with a bond
coating (not shown in Figures), at step 11. The bond coat-
ing may be formed from a metallic oxidation-resistant ma-
terial that protects the underlying substrate 110 and en-
ables the porous thermal barrier coating 130 to more te-
naciously adhere to substrate 110. Suitable materials for
the bond coating include MiCrAlY alloy powders, where
M1 represents a metal such as iron, nickel, platinum or
cobalt. Non-limiting examples of other suitable bond coat
materials include metal aluminides such as nickel alumi-
nide, platinum aluminide, or a combination thereof.
[0018] As mentioned earlier, the feedstock material
121 is disposed on the substrate 110 to form a disposed
feedstock material 120, at step 12. As used herein, the
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term "feedstock material" refers to a homogenous mix-
ture of two or more materials forming a single phase, or,
alternatively, to a heterogenous mixture of two or more
materials forming more than one phase. The feedstock
material 121 may be in a solid form, in a liquid form, or
in a semi-solid form. In certain embodiments, the feed-
stock material 121 is in the form of a powder.
[0019] As stated earlier, the feedstock material 121 in-
cludes a gas-forming additive and a thermal barrier coat-
ing material. In certain embodiments, the feedstock ma-
terial 121 includes a homogeneous mixture of the gas-
forming additive and the thermal barrier coating material.
In certain embodiments, the gas-forming additive is pre-
dissolved into the thermal barrier coating material to form
the feedstock material 121. Without being bound by any
theory, it is believed that by incorporating the gas-forming
additive in the feedstock material 121 at the time of fab-
rication of the feedstock material 121 (for example, a
feedstock powder), a porosity parameter of the porous
thermal barrier coating 130 may be controlled. For ex-
ample, by controlling one or more of the amount, the size,
or the distribution of the gas-forming additive in the feed-
stock material 121.
[0020] As used herein, the term "gas-forming additive"
refers to a material which, at an elevated temperature,
is capable of oxidizing into a non-reactive and insoluble
(with the thermal barrier coating material) gas that is en-
trapped by the thermal barrier coating material, thereby
forming pores. Examples of suitable gas-forming addi-
tives include, but are not limited to, graphite, carbides,
oxycarbides, nitrides, or combination thereof. In certain
embodiments, the gas forming additive includes elemen-
tal carbon. As described in detail later, during or after the
disposing step, the gas forming additive forms a gas, for
example, carbon monoxide, carbon dioxide, nitrous ox-
ide, or any suitable gas depending on the composition
of the gas-forming additive employed. The insoluble gas
is entrapped in the thermal barrier coating during the dis-
posing or the post-disposing steps, thereby forming
pores. In some embodiments, a substantial amount of
the gas formed is entrapped in the thermal barrier coating
material. The term "substantial amount of the gas" as
used herein refers to at least 90 volume % of the gas
formed. This is in contrast to fugitive materials employed
to form porous coatings, wherein the coating materials
are subjected to elevated temperatures such that the fu-
gitive materials decompose or oxidize, and the resulting
gases are expelled from the coatings, thereby resulting
in pores.
[0021] As used herein, the term "thermal barrier coat-
ing" refers to a coating that includes a material capable
of reducing heat flow to the underlying substrate of the
article, that is, form a thermal barrier. The composition
of the porous thermal barrier coating in terms of the type
and amount of the thermal barrier coating materials may
depend upon one or more factors, including the compo-
sition of the adjacent bond coat layer (if present), the
coefficient of thermal expansion (CTE) characteristics

desired for the thermal barrier coating, and the thermal
barrier properties desired for the thermal barrier coating.
[0022] Non-limiting examples of suitable thermal bar-
rier coating materials include zirconias, pyrochlores, or
combinations thereof. In some embodiments, the thermal
barrier material includes chemically stabilized zirconias
(for example, metal oxides blended with zirconia), such
as yttria-stabilized zirconias, ceria-stabilized zirconias,
calcia-stabilized zirconias, scandia-stabilized zirconias,
magnesia-stabilized zirconias, india-stabilized zirconias,
ytterbia-stabilized zirconias, lanthana-stabilized zirco-
nias, gadolinia-stabilized zirconias, as well as mixtures
of such stabilized zirconias.
[0023] In certain embodiments, the thermal barrier
coating material includes yttria-stabilized zirconias. Suit-
able yttria-stabilized zirconias may include from about 1
wt % to about 20 wt % yttria (based on the combined
weight of yttria and zirconia), and more typically from
about 3 wt % to about 10 wt % yttria. An example yttria-
stabilized zirconia thermal barrier coating includes about
7 wt % yttria and about 93 wt % zirconia. These chemi-
cally stabilized zirconias may further include one or more
of a second metal (e.g., a lanthanide or actinide) oxide
such as dysprosia, erbia, europia, gadolinia, neodymia,
praseodymia, urania, and hafnia to further reduce ther-
mal conductivity of the thermal barrier coating.
[0024] As used herein, the term "porous thermal barrier
coating" refers to a coating including a plurality of pores.
The term "porosity parameter of the porous thermal bar-
rier coating" as used herein refers to one or more of pore
size, pore size distribution, number of pores, or pore
microstructure of the plurality of pores, in the porous ther-
mal barrier coating 130. The pore size provides an indi-
cation of the median or average size of the pores in the
porous thermal barrier coating 130. The pore size distri-
bution provides a quantitative description of the range of
pore sizes present across the length, breadth and thick-
ness of the porous thermal barrier coating 130. Pore vol-
ume is the percentage of volume occupied by the plurality
of pores in the total volume occupied by the porous ther-
mal barrier coating 130, and is also referred to as the
"total porosity" of the porous thermal barrier coating 130.
By varying one of more of the aforementioned porosity
parameters, the total porosity of the plurality of pores in
the porous thermal barrier coating 130 may be controlled.
One or more of the pore size, the pore shape, the number
of pores, the pore size distribution, or the pore micro-
structure in the porous thermal barrier coating 130 may
be controlled using the methods described in the present
disclosure.
[0025] In some embodiments, an average pore size of
the plurality of pores in the porous thermal barrier coating
130 is in a range from about 0.1 microns to about 25
microns. In some embodiments, an average pore size of
the plurality of pores in the porous thermal barrier coating
130 is in a range from about 0.25 microns to about 5
microns. The plurality of pores in the porous thermal bar-
rier coating 130 may be characterized any suitable
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shape. In certain embodiments, the shape of the pores
in the porous thermal barrier coating may be substantially
spherical. In some embodiments, spheroidal porosity in
the porous thermal barrier coating 130 may provide a
strain tolerant microstructure, thereby allowing the ther-
mal barrier coating to operate under the gas turbine op-
erating conditions for much longer periods.
[0026] Referring again to FIG. 1, at step 12, the feed-
stock material 121 is disposed on the substrate 110 using
a suitable apparatus 115. The feedstock material 121
may be disposed on a bond coating (if present) or on the
substrate 110 directly by any of a variety of techniques,
including vapor disposition, such as physical vapor dep-
osition (PVD), electron beam physical vapor deposition
(EBPVD); plasma spray, such as air plasma spray (APS),
suspension plasma spray (SPS), and vacuum plasma
spray (VPS); other thermal spray deposition methods
such as high velocity oxy-fuel (HVOF) spray, detonation,
or wire spray; chemical vapor deposition (CVD), sol-gel
method, or combinations of two or more of the afore-
mentioned techniques.
[0027] The particular technique used for disposing, de-
positing or otherwise forming the porous thermal barrier
coating 130 may depend on one or more of the compo-
sition of the porous thermal barrier coating 130, the thick-
ness, and the physical structure desired for the porous
thermal barrier coating 130. In certain embodiments, the
feedstock material 121 is disposed using plasma spray
techniques, in particular, APS technique. As mentioned
earlier, the gas-forming additive and the thermal barrier
coating material is co-deposited as a feedstock material
121 on the substrate 110 or the bond coating (if present).
In some embodiments, co-depositing may be achieved
by blending, mixing or otherwise combining the gas-form-
ing additive and the thermal barrier coating material to-
gether (for example, as powders) to provide a mixture
that is then deposited onto substrate/bond coating. The
blending or mixing of the gas-forming additive and the
thermal barrier coating material may be effected prior to
providing the feedstock material to the deposition appa-
ratus 115 (for example, an APS gun), or may be effected
in the deposition apparatus 115 itself, therein forming the
feedstock material. In certain embodiments, the gas-
forming additive is mixed and dissolved in the thermal
barrier coating material prior to providing the feedstock
material 121 to the deposition apparatus 115. The term
"disposed feedstock material" as used herein refers to
an as-deposited feedstock material, i.e., feedstock ma-
terial that has not been subjected to additional steps (e.g.,
heating), or, alternately to a feedstock material that has
been subjected to additional steps (e.g., heating via an
auxiliary heat source) after the disposing step. The term
"disposed feedstock material" as used herein is differen-
tiated from a "porous thermal barrier coating" such that
in the "disposed feedstock material" the thermal barrier
coating material is in a partially or completely molten
state, and the pores may still not be entrapped within the
coating.

[0028] The disposing step 12 further includes control-
ling the feedstock material 121 feed rate, an amount of
the gas-forming additive in the feedstock material 121,
or the temperature of the disposed feedstock material
120 on the substrate 110 to form a porous thermal barrier
coating 130. By controlling one or more of these param-
eters, the porosity parameter (and therefore, a total po-
rosity) of the porous thermal barrier coating 130 is con-
trolled. Without being bound by any theory, it is believed
that, in the absence of this controlling step, an uncon-
trolled, non-spheroidal, or randomly distributed porosity
in the porous thermal barrier coating 130 may result.
[0029] In some embodiments, the porosity parameter
of the porous thermal barrier coating 130 is controlled by
controlling one or both a feedstock material 121 feed rate
and an amount of the gas-forming additive in the feed-
stock material 121. The term "feed rate" as used herein
refers to rate of deposition of the feedstock material 121
on the substrate 110, using a suitable deposition appa-
ratus 115. In embodiments, wherein the feedstock ma-
terial is deposited using the APS process, the term "feed
rate" refers to the spray rate of the feedstock material
121. In some embodiments, the porosity parameter of
porous thermal barrier coating 130 is controlled by con-
trolling an amount of the gas-forming additive in the feed-
stock material 121 in a range from about 0.1 wt % to
about 10 wt %. In some embodiments, the porosity pa-
rameter of porous thermal barrier coating 130 is control-
led by controlling an amount of the gas-forming additive
in the feedstock material 121 in a range from about 0.5
wt % to about 5 wt %. In some embodiments, as described
in detail later, the amount of gas-forming additive in the
feedstock material 121 may be varied over the duration
of the disposing step such that the disposed feedstock
material 120 includes a graded content of the gas-form-
ing additive, thereby forming a graded porosity in the re-
sultant porous thermal barrier coating 130. In such em-
bodiments, the term "amount of gas-forming additive" re-
fers to an average amount of gas-forming additive in the
feedstock material 121 over the entire duration of the
disposing step.
[0030] In some embodiments, the porosity parameter
of porous thermal barrier coating 130 is controlled by
controlling the feedstock material 121 feed rate in a range
from about 2.5 gm/min to about 100 gm/min. In some
embodiments, the porosity parameter of porous thermal
barrier coating 130 is controlled by controlling the feed-
stock material 121 feed rate in a range from about 20
gm/min to about 50 gm/min. The feed rate may be con-
trolled by using a valve or any other suitable method.
This is in contrast to methods used to form porous thermal
barrier coatings, wherein the feed rate or the amount of
the gas-forming additive in the feedstock material are not
controlled, which may result in uncontrolled and random
porosity.
[0031] In some embodiments, the porosity parameter
of porous thermal barrier coating 130 is controlled by
controlling the temperature of the disposed feedstock
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material 120 on the substrate 110. The temperature of
the disposed feedstock material 120 on the substrate 110
may be controlled by controlling one or more of the tem-
perature of the feedstock material 121 before depositing
(e.g., by pre-heating the feedstock material), tempera-
ture of deposition (e.g., the spray temperature if using
APS for deposition or by using an auxiliary heat source
during deposition); or the temperature of the substrate
110 on which the feedstock material is being deposited.
In certain embodiments, the temperature of the disposed
feedstock material 120 on the substrate 110 is controlled
by a combination of pre-heating the substrate and by
maintaining the disposed feedstock material tempera-
ture.
[0032] In some embodiments, the disposed feedstock
material 120 on the substrate 110 is heated to a temper-
ature greater than a temperature that the substrate 110
can withstand. As used herein, the term "temperature
that the substrate can withstand" refers to a temperature
beyond which the substrate may start to deform, melt, or
change form. In some embodiments, the disposed feed-
stock material may be heated to a temperature similar to
a turbine engine operating temperature. Depositing and
heating the feedstock material to a temperature similar
to the engine operating temperature may result in re-
duced coating stresses of the interface, while at that tem-
perature, therefore, potentially improving the lifetime of
the thermal barrier coating in the engine. In some em-
bodiments, the disposed feedstock material 120 on the
substrate 110 is heated to a temperature in a range from
about 1000 °C to about 1500 °C. In certain embodiments,
the disposed feedstock material 120 on the substrate 110
is heated to a temperature in a range from about 1150
°C to about 1300 °C.
[0033] The disposed feedstock material 120 may be
heated using an auxiliary heat source. The term "auxiliary
heat source" refers to a heat source employed in addition
to the primary apparatus used for disposing the feedstock
material 121. For example, when disposing the feedstock
material using an APS technique, the APS apparatus
may include a primary heat source that is distinct and
separate from the auxiliary heat source. Suitable auxiliary
heat sources include, but are not limited to, infrared (IR)
sources, plasma sources, inductors, or combinations
thereof. In some embodiments, the auxiliary heat source
is a plasma source that is different from the plasma
source used for the APS process. In certain embodi-
ments, the auxiliary heat source includes an induction
coil.
[0034] Another embodiment of the disclosure is direct-
ed to a method of forming a porous thermal barrier coat-
ing using an auxiliary heat source. The method includes
disposing a feedstock material using an air plasma spray
process on a substrate to form the porous thermal barrier
coating, wherein the feedstock material includes a gas-
forming additive and a thermal barrier coating material,
and wherein the disposing step includes controlling a po-
rosity parameter of the porous thermal barrier coating by

controlling a temperature of the disposed feedstock ma-
terial on the substrate using the auxiliary heat source.
[0035] FIG. 2 illustrates a method 20 in accordance
with an embodiment of the present disclosure. The meth-
od 20 includes providing a substrate 110, at step 14; dis-
posing a feedstock material using an APS apparatus 115
on the substrate 110 to form a disposed feedstock ma-
terial 120, at step 15; and forming a porous thermal bar-
rier coating 130 on the substrate 110, at step 16. The
method further includes, controlling a temperature of the
disposed feedstock material, at step 15, using an auxil-
iary heat source 125. Non-limiting examples of suitable
auxiliary heat sources are described herein earlier. Fur-
ther, it should be noted that although Fig. 2 illustrates a
single auxiliary heat source 125, one or more heat sourc-
es 125 may be employed depending on the size and
shape of the substrate. Furthermore, one or more of the
configuration of the auxiliary heat source 125, the place-
ment of the auxiliary heat source 125, and the proximity
of the auxiliary heat source 125 to the substrate 110 may
be varied depending on the degree of heating required.
[0036] Referring now to Figures 1 and 2, in some em-
bodiments, the heating of the disposed feedstock mate-
rial 120 is effected by one or more of pre-heating the
substrate 110, simultaneously disposing and heating the
feedstock material 121, or heating the disposed feed-
stock material 120 after the disposing step 12,15. In cer-
tain embodiments, the heating of the disposed feedstock
material 120 is effected by pre-heating the substrate 110
prior to the disposing step 12,15. In some such instances,
the substrate 110 may be pre-heated to a first tempera-
ture using the auxiliary heat source 125 and the feedstock
material 121 may be deposited on the pre-heated sub-
strate. The first temperature may be sufficient to melt the
thermal barrier coating material or maintain an already
molten thermal barrier coating material in the molten
state, but lower than the temperature that the substrate
110 can withstand. In some embodiments, during the dis-
posing step 12,15 the feedstock material may be further
heated to a second temperature using the auxiliary heat
source 125. The second temperature may be sufficient
to result in oxidation of the gas-forming additive thereby
forming a gas in the molten thermal barrier coating ma-
terial, but greater than the temperature that the substrate
can withstand. For example, for nickel or cobalt-based
superalloys, the auxiliary heat source may heat the dis-
posed feedstock material 120 to a temperature greater
than the melting point of these superalloys, such that the
gases are formed.
[0037] The method may further include cooling the dis-
posed feedstock material 120 to form the porous thermal
barrier coating 130, at step 13,16. In some embodiments,
by employing a pre-heated substrate, the gas-forming
additive containing feedstock material 121 is deposited
at a temperature such that the gas-forming additive oxi-
dizes and forms a gas. This gas may form while the feed-
stock material is still molten causing the gas bubbles to
form pores. In some embodiments, the rate of cooling of
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the disposed feedstock material 120 is such that these
pores are entrapped within the disposed feedstock ma-
terial 120. As mentioned earlier, the porosity of these
entrapped pores may be controlled using the methods
described herein. In some embodiments, as described
in detail later, the auxiliary heat source 125 may be further
controlled such that the heating from the auxiliary heat
source 125 may be effected to generate a graded porosity
in the porous thermal barrier coating 130.
[0038] Another embodiment of the disclosure is direct-
ed to a method of forming a porous thermal barrier coat-
ing including a graded porosity. The method includes dis-
posing a feedstock material on a substrate to form the
porous thermal barrier coating, wherein the feedstock
material includes a gas-forming additive and a thermal
barrier coating material. The disposing includes forming
the graded porosity in the thermal barrier coating by con-
trolling an amount of the gas-forming additive in the feed-
stock material, a temperature of the disposed feedstock
material on the substrate using an auxiliary heat source,
or a combination thereof.
[0039] The term "graded porosity" as used herein re-
fers to a variation in the volume percentage of the porous
thermal barrier coating 130 occupied by the plurality of
the pores, across a thickness of the porous thermal bar-
rier coating 130. For a specific region of the porous ther-
mal barrier coating 130, the volume percentage occupied
by the plurality of the pores may be referred to as the
"porosity" in that specific region. Further, the term graded
porosity encompasses a discrete variation in porosity, a
continuous variation in porosity, or a combination thereof.
For example, in some embodiments, the method may
include forming a graded porosity in the porous thermal
barrier coatings 130 such that the porosity continuously
increases or decreases across a thickness of the porous
thermal barrier coating 130 from a region disposed prox-
imate to the substrate 110 (or the bond coating if present)
to a surface of the porous thermal barrier coating 130. In
some other embodiments, the feedstock material 121
may be disposed on the substrate 110 (or the bond coat-
ing if present) in the form of discrete layers such that
there is a step change (increase or decrease) of the po-
rosity across the different layers of the resulting porous
thermal barrier coating 130. In certain embodiments, the
method includes forming a porous thermal barrier coating
130 such that regions proximate to the substrate 110 (or
the bond coating if present) and the surface of the porous
thermal barrier coating 130 may be substantially free of
porosity. The intermediate region may have a graded po-
rosity that may be discrete or continuous. Further the
porosity in the intermediate region may increase or de-
crease depending on the desired properties of the porous
thermal barrier coating. Without being bound by any the-
ory, it is believed that a graded porosity across a thick-
ness of the porous thermal barrier coating 130 may pro-
vide desired performance characteristics, depending on
the end-use application. For example, by minimizing the
porosity in a layer/region proximate to the surface of the

porous thermal barrier coating, erosion or impact resist-
ance of the coating may be enhanced. In some other
applications, a porous surface of the thermal barrier coat-
ing may be desired, for example, to improve sacrificial
properties of the coating.
[0040] The porosity of the porous thermal barrier coat-
ing 130 in different regions/layers of the thermal barrier
coating 130 may be varied by varying one or both of a
number of pores in the different regions/layers and an
average size of the plurality of pores in the different re-
gions/layers. In certain embodiments, a graded porosity
across a thickness of the porous thermal barrier coating
is formed by controlling an amount of the gas-forming
additive in the feedstock material, a temperature of the
disposed feedstock material on the substrate using an
auxiliary heat source, or a combination thereof
[0041] Referring back to Figures 1 and 2, in some em-
bodiments, a graded porosity across a thickness of the
porous thermal barrier coating 130 may be formed, for
example, by controlling an amount of the gas-forming
additive in the feedstock material 121. By varying the
amount of the gas-forming additive in the feedstock ma-
terial 121, the amount of gas-forming additive in the dis-
posed feedstock material 120 over a duration of the dis-
posing step 12, 15 may be varied. Therefore, resulting
in a graded content of the gas-forming additive in dis-
posed feedstock material 120. This graded content of the
gas-forming additive in the disposed feedstock material
120, upon oxidation may result in a graded porosity. In
some embodiments, the amount of gas-forming additive
in the feedstock material 121 may be varied by providing
a plurality of feeds to the deposition apparatus 115 with
varying gas-forming additive content, and controlling the
feed into the deposition apparatus 115.
[0042] With continued reference to Fig. 2, in some oth-
er embodiments, a graded porosity across a thickness
of the porous thermal barrier coating 130 may be formed,
for example, by controlling the temperature of the dis-
posed feedstock material 120. In such embodiments, the
auxiliary heat source 125 may be turned on or off, during
the duration of the disposing step 15 depending on the
desired gradation in porosity. For example, for layers/re-
gions where minimal porosity is desired, the auxiliary
heat source 125 may be turned off, thereby minimizing
the formation of gases in those layers/regions.
[0043] Referring now to Fig. 3, a method 30 of forming
a porous thermal barrier coating 130 with a graded po-
rosity is illustrated. The method 30 includes providing a
substrate 110, at step 31; disposing a thermal barrier
coating material 112 on the substrate 110, at step 32;
disposing a feedstock material 121 on the thermal barrier
coating material 112 to form a plurality of layers of dis-
posed feedstock material (120’,120"), at step 33; dispos-
ing the thermal barrier coating material 112 on an outer-
most layer 120" of the disposed feedstock material 120",
at step 34, and forming a porous thermal barrier coating
130 on the substrate 110, at step 35. The method further
includes, controlling a temperature of the disposed feed-
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stock material 120’, 120", at step 33, using an auxiliary
heat source 125. Non-limiting examples of suitable aux-
iliary heat sources are described herein earlier. In some
embodiments, the auxiliary heat source 125 may also be
used in steps 32 and 34 to dispose the thermal barrier
coating material 112 on the substrate 110. It should be
noted that although Fig. 3 illustrates two layers of dis-
posed feedstock material (120’, 120"), multiple layers of
disposed feedstock material may be present on the ther-
mal barrier coating material 112 depending on the total
porosity requirement.
[0044] In some embodiments, the amount of gas-form-
ing additive in the disposed feedstock material 120’ may
be different than the amount in the disposed feedstock
material 120". As mentioned earlier, the amount of gas-
forming additive in the disposed feedstock material 120
may be varied by varying an amount of the gas-forming
additive in the feedstock material 121. This variation in
the amount of gas-forming additive in different layers may
lead to variation in the total porosity of each layer thereby
producing the porous thermal barrier coating 130 with a
graded porosity. Thus, in such embodiments, the porous
thermal barrier coating 130 includes a plurality of layers
(112, 120’, 120") such that the porosity of each layer is
different.
[0045] In some embodiments, the temperature of the
disposed feedstock material 120’ may be different from
a temperature of the disposed feedstock material 120".
As mentioned earlier, the temperature of the disposed
feedstock material 120 may be varied by controlling the
auxiliary heat source 125. This variation of the tempera-
ture in the different layers may lead to variation in the
total porosity of each layer, thereby producing the porous
thermal barrier coating 130 with a graded porosity. Thus,
in such embodiments, the porous thermal barrier coating
130 includes a plurality of layers (112, 120’, 120") such
that the porosity of each layer is different.
[0046] Figures 4 and 5 illustrate a sectional view of a
schematic of a porous thermal barrier coating 130 includ-
ing a plurality of pores 132, formed using the methods in
accordance with some embodiments of the disclosure.
In some embodiments, controlling the porosity parameter
of the porous thermal barrier coating 130 includes con-
trolling an average pore size of a plurality of pores 132
in the porous thermal barrier coating 130 in a range from
about 0.1 microns to about 25 microns. In some embod-
iments, controlling the porosity parameter of the porous
thermal barrier coating 130 includes controlling an aver-
age pore size of a plurality of pores 132 in the porous
thermal barrier coating 130 in a range from about 0.25
microns to about 5 microns. In some embodiments, con-
trolling the porosity parameter of the porous thermal bar-
rier coating 130 includes controlling an average pore vol-
ume of a plurality of pores 132 in the porous thermal
barrier coating 130 in a range from about 1 volume % to
about 10 volume %. In some embodiments, controlling
the porosity parameter of the porous thermal barrier coat-
ing 130 includes controlling an average pore volume of

a plurality of pores 132 in the porous thermal barrier coat-
ing 130 in a range from about 5 volume % to about 10
volume %.
[0047] In some embodiments, controlling the porosity
parameter of the porous thermal barrier coating 130 in-
cludes controlling the pore microstructure of the plurality
of pores 132 in the porous thermal barrier coating 130.
In some embodiments, the porous thermal barrier coating
130 includes a plurality of pores 132 such that at least
some pores of the plurality of pores are intragranular.
The term "intragranular" as used herein means that the
pores are present inside the grains. In some embodi-
ments, the porous thermal barrier coating 130 includes
a plurality of pores 132 such that at least some pores of
the plurality of pores are intergranular (present between
the grains), or, present at the grain boundaries. In certain
embodiments, greater than 50 % of the plurality of pores
are intragranular. In certain embodiments, greater than
80 % of the plurality of pores are intragranular.
[0048] FIG. 4 illustrates a schematic of a microstruc-
ture of the porous thermal barrier coating 130 formed, in
accordance with some embodiments of the present dis-
closure. The microstructure of the porous thermal barrier
coating 130 as illustrated in Fig. 4 is characterized by
grains 134 having a plurality of grain boundaries 136.
The microstructure further includes plurality of pores 132
present inside the grains 134 (intragranular pores).
[0049] FIG. 5 illustrates another schematic of a micro-
structure of the porous thermal barrier coating 130
formed, in accordance with some embodiments of the
present disclosure. The microstructure of the porous
thermal barrier coating 130 as illustrated in Fig. 5 is char-
acterized by grains 134 having a plurality of grain bound-
aries 136. The microstructure further includes plurality of
pores 132 present inside the grains 134 (intragranular
pores) and plurality of pores 138 at or between the grain
boundaries 136 (intergranular pores).
[0050] FIG. 6 illustrates a scanning electron microsco-
py (SEM) photomicrograph of a porous thermal barrier
coating 130 formed by coating a mixture of YSZ and el-
emental carbon, using the APS process. The microstruc-
ture of the porous thermal barrier coating 130 as illus-
trated in Fig. 6 is characterized by grains 134 having a
plurality of grain boundaries 136. The microstructure fur-
ther includes plurality of susbtantially spherical pores 132
present inside the grains 134 (intragranular pores). The
pores 132 are generated by entrapped carbon-contain-
ing gas.
[0051] Without being bound by any theory, is believed
that the presence of gas-forming additive (e.g., elemental
carbon) in the feedstock material may result in additional
porosity, because of gases (e.g., carbon monoxide, car-
bon dioxide, and the like) produced from the decompo-
sition of the gas-forming additive at high temperatures.
These gases, because of being insoluble in the thermal
barrier coating material, may be trapped within the ther-
mal barrier coating material. The pressure exerted by the
entrapped gas on the surrounding thermal barrier mate-
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rial may inhibit pore coarsening and redistribution in the
microstructure, such that the thermal barrier coating re-
tains fine porosity and the microstructure of the thermal
barrier coating may be thermally stabilized. The control-
led porosity may further result in lower thermal conduc-
tivity of the porous thermal barrier coating. Therefore, in
some such embodiments, the porous thermal barrier
coatings may provide enhanced thermal protection, be-
cause for the same coating thickness, the temperature
gradient across the coating is higher. Alternatively, the
turbine engine components can be designed for thinner
thermal barrier coatings and, where applicable, lower
cooling air flow rates. This may lead to reduction in
processing and material costs, and promote component
life and engine efficiency.
[0052] The foregoing examples are merely illustrative,
serving to exemplify only some of the features of the dis-
closure. Accordingly, it is the Applicants’ intention that
the appended claims are not to be limited by the choice
of examples utilized to illustrate features of the present
disclosure. As used in the claims, the word "comprises"
and its grammatical variants logically also subtend and
include phrases of varying and differing extent such as
for example, but not limited thereto, "consisting essen-
tially of’ and "consisting of." Where necessary, ranges
have been supplied; those ranges are inclusive of all sub-
ranges there between. It is to be expected that variations
in these ranges will suggest themselves to a practitioner
having ordinary skill in the art and where not already ded-
icated to the public, those variations should where pos-
sible be construed to be covered by the appended claims.
It is also anticipated that advances in science and tech-
nology will make equivalents and substitutions possible
that are not now contemplated by reason of the impreci-
sion of language and these variations should also be con-
strued where possible to be covered by the appended
claims.
[0053] Various aspects and embodiments of the
present invention are defined by the following numbered
clauses:

1. A method of forming a porous thermal barrier coat-
ing, comprising:
disposing a feedstock material on a substrate to form
the porous thermal barrier coating, wherein the feed-
stock material comprises a gas-forming additive and
a thermal barrier coating material, and wherein the
disposing comprises controlling a porosity parame-
ter of the porous thermal barrier coating by control-
ling a feedstock material feed rate, an amount of the
gas-forming additive in the feedstock material, a tem-
perature of the disposed feedstock material on the
substrate, or combinations thereof.

2. The method according to clause 1, wherein the
controlling the porosity parameter of the porous ther-
mal barrier coating comprises controlling the tem-
perature of the disposed feedstock material on the

substrate using an auxiliary heat source.

3. The method according to any preceding clause,
wherein the disposed feedstock material on the sub-
strate is heated to a temperature greater than a tem-
perature that the substrate can withstand.

4. The method according to any preceding clause,
wherein the disposed feedstock material on the sub-
strate is heated to a temperature in a range from
about 1000 °C to about 1500 °C.

5. The method according to any preceding clause,
wherein the controlling the porosity parameter of the
porous thermal barrier coating comprises controlling
the amount of the gas-forming additive in the feed-
stock material in a range from about 0.1 wt % to
about 10 wt %.

6. The method according to any preceding clause,
wherein the controlling the porosity parameter of the
porous thermal barrier coating comprises controlling
the feedstock material feed rate in a range from about
2.5 gm/min to about 100 gm/min.

7. The method according to any preceding clause,
wherein the gas-forming additive comprises graph-
ite, carbides, oxycarbides, nitrides, or combinations
thereof.

8. The method according to any preceding clause,
wherein the gas-forming additive comprises elemen-
tal carbon.

9. The method according to any preceding clause,
wherein the thermal barrier coating material com-
prises yttria-stabilized zirconia.

10. The method according to any preceding clause,
wherein the feedstock material is disposed on the
substrate using an air plasma spray process.

11. The method according to any preceding clause,
wherein the porosity parameter comprises an aver-
age pore size, an average pore volume, a pore size
distribution, a pore microstructure, or combinations
thereof.

12. The method according to any preceding clause,
wherein the porous thermal barrier coating compris-
es a plurality of pores such that at least some pores
of the plurality of pores are intragranular.

13. The method according to any preceding clause,
wherein the controlling the porosity parameter of the
porous thermal barrier coating comprises controlling
an average pore size of a plurality of pores in the
porous thermal barrier coating in a range from about
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0.1 microns to about 25 microns.

14. The method according to any preceding clause,
wherein the controlling the porosity parameter of the
porous thermal barrier coating comprises controlling
an average pore volume of a plurality of pores in the
porous thermal barrier coating in a range from about
5 volume % to about 10 volume %.

15. The method according to any preceding clause,
wherein the controlling the porosity parameter of the
thermal barrier coating further comprises forming a
graded porosity across a thickness of the thermal
barrier coating.

16. A method of forming a porous thermal barrier
coating, comprising:
disposing a feedstock material using an air plasma
spray process on a substrate to form the porous ther-
mal barrier coating, wherein the feedstock material
comprises a gas-forming additive and a thermal bar-
rier coating material, and wherein the disposing com-
prises controlling a porosity parameter of the porous
thermal barrier coating by controlling a temperature
of the disposed feedstock material on the substrate
using an auxiliary heat source.

17. The method according to any preceding clause,
wherein the disposed feedstock material on the sub-
strate is heated to a temperature in a range from
about 1000 °C to about 1500 °C.

18. The method according to any preceding clause,
wherein the gas-forming additive comprises elemen-
tal carbon.

19. The method according to any preceding clause,
wherein the thermal barrier coating material com-
prises yttria-stabilized zirconia.

20. A method of forming a porous thermal barrier
coating comprising a graded porosity, the method
comprising:
disposing a feedstock material on a substrate to form
the porous thermal barrier coating, wherein the feed-
stock material comprises a gas-forming additive and
a thermal barrier coating material, and wherein the
disposing comprises forming the graded porosity in
the thermal barrier coating by controlling: an amount
of the gas-forming additive in the feedstock material,
a temperature of the disposed feedstock material on
the substrate using an auxiliary heat source, or a
combination thereof.

Claims

1. A method of forming a porous thermal barrier coat-

ing, comprising:
disposing a feedstock material on a substrate to form
the porous thermal barrier coating, wherein the feed-
stock material comprises a gas-forming additive and
a thermal barrier coating material, and wherein the
disposing comprises controlling a porosity parame-
ter of the porous thermal barrier coating by control-
ling a feedstock material feed rate, an amount of the
gas-forming additive in the feedstock material, a tem-
perature of the disposed feedstock material on the
substrate, or combinations thereof.

2. The method according to claim 1, wherein the con-
trolling the porosity parameter of the porous thermal
barrier coating comprises controlling the tempera-
ture of the disposed feedstock material on the sub-
strate using an auxiliary heat source.

3. The method according to claim 2, wherein the dis-
posed feedstock material on the substrate is heated
to a temperature greater than a temperature that the
substrate can withstand.

4. The method according to claim 1, wherein the con-
trolling the porosity parameter of the porous thermal
barrier coating comprises

(a) controlling the amount of the gas-forming ad-
ditive in the feedstock material in a range from
about 0.1 wt % to about 10 wt %; or
(b) controlling the feedstock material feed rate
in a range from about 2.5 gm/min to about 100
gm/min.

5. The method according to claim 1, wherein the gas-
forming additive comprises graphite, carbides, oxy-
carbides, nitrides, or combinations thereof.

6. The method according to claim 1, wherein the feed-
stock material is disposed on the substrate using an
air plasma spray process.

7. The method according to claim 1, wherein the po-
rosity parameter comprises an average pore size,
an average pore volume, a pore size distribution, a
pore microstructure, or combinations thereof.

8. The method according to claim 1, wherein the porous
thermal barrier coating comprises a plurality of pores
such that at least some pores of the plurality of pores
are intragranular.

9. The method according to claim 1, wherein the con-
trolling the porosity parameter of the porous thermal
barrier coating comprises

(a) controlling an average pore size of a plurality
of pores in the porous thermal barrier coating in
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a range from about 0.1 microns to about 25 mi-
crons; or
(b) controlling an average pore volume of a plu-
rality of pores in the porous thermal barrier coat-
ing in a range from about 5 volume % to about
10 volume %.

10. The method according to claim 1, wherein the con-
trolling the porosity parameter of the thermal barrier
coating further comprises forming a graded porosity
across a thickness of the thermal barrier coating.

11. A method of forming a porous thermal barrier coat-
ing, comprising:
disposing a feedstock material using an air plasma
spray process on a substrate to form the porous ther-
mal barrier coating, wherein the feedstock material
comprises a gas-forming additive and a thermal bar-
rier coating material, and wherein the disposing com-
prises controlling a porosity parameter of the porous
thermal barrier coating by controlling a temperature
of the disposed feedstock material on the substrate
using an auxiliary heat source.

12. The method according to claim 1 or 11, wherein the
disposed feedstock material on the substrate is heat-
ed to a temperature in a range from about 1000 °C
to about 1500 °C.

13. The method according to claim 1 or 11, wherein the
gas-forming additive comprises elemental carbon.

14. The method according to claim 1 or 11, wherein the
thermal barrier coating material comprises yttria-sta-
bilized zirconia.

15. A method of forming a porous thermal barrier coating
comprising a graded porosity, the method compris-
ing:
disposing a feedstock material on a substrate to form
the porous thermal barrier coating, wherein the feed-
stock material comprises a gas-forming additive and
a thermal barrier coating material, and wherein the
disposing comprises forming the graded porosity in
the thermal barrier coating by controlling: an amount
of the gas-forming additive in the feedstock material,
a temperature of the disposed feedstock material on
the substrate using an auxiliary heat source, or a
combination thereof.
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