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(57) Abrégée/Abstract:

Described herein are coatings. The coatings can, for example, catalyze carbon gasification. In some examples, the coatings
comprise: a first region having a first thickness, the first region comprising manganese oxide, a chromium-manganese oxide, or a
combination thereof, and CaWoO,,, Ba,Y,WO,, or a combination thereof; a second region having a second thickness, the second

region comprising X, W .Z, XW/Z, or a combination thereof, wherein X is independently Ni or a mixture of Ni and one or more
transition metals and Z is independently Si, C, or a combination thereof. In some examples, the coatings further comprise a rare
earth element, a rare earth oxide, or a combination thereof.
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(57) Abstract: Described herein are coatings. The coatings can, for example, catalyze carbon gasification. In some examples, the
coatings comprise: a first region having a first thickness, the first region comprising manganese oxide, a chromimum-manganese oxide,
or a combination thereof, and CaWQO4, Baz3Yo WOy, or a combination thereof; a second region having a second thickness, the second

a rare earth oxide, or a combination thereof.
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CATALYTIC COATINGS, METHODS OF
MAKING AND USE THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of priority to U.S. Provisional Application No.
62/368.279 filed July 29, 2016, which 1s hereby incorporated herein by reference 1n its

entirety.

BACKGROUND

From a materials perspective, the manufacture of olefins by hydrocarbon steam
pyrolysis has not changed very much since originally commercialized, except to
progressively operate at higher operating temperatures with overall greater cracking
severity. Process containment or furnace coils have evolved 1n alloy composition and
properties over the last 60+ years to sustain the higher temperatures and lower feedstock
residence times. This has resulted in an increase in unwanted or negative catalytic reactions
at the coil surfaces and other carbon-based fouling mechanisms, as well as the amount of
amorphous or gas-phase coke that results from the radical chain reactions of the cracking
process; for example, carbon or coke build-up by surface-catalyzed “filamentous™ coke-
make and accumulation of amorphous coke from the gas-phase reactions. Overall, these
fouling mechanisms reduce furnace and plant efficiencies, and significantly increase furnace

maintenance costs.

SUMMARY

Described herein are coatings. In some examples, the coatings comprise: a first
region having a first thickness, the first region comprising a manganese oxide, a chromium-
manganese oxide, or a combination thereof, and can include CaWO4, BazY2WOo, or a
combination thereof; a second region having a second thickness, the second region
comprising XeWeZ., XWZ., or a combination thereof, wherein X 1s independently N1 or a
mixture of N1 and one or more transition metals and Z 1s independently S1, C, or a
combination thereof; and a rare earth element, a rare earth oxide, or a combination thereof.
The transition metal can comprise, for example, Fe, Nb, Cr, Co, Mn, T1, Mo, V, or a
combination thereof. In some examples, the second region comprises Mn 1n an amount of

from 3 wt% to 15 wt% (e.g., from 7 wt% to 15 wt%). In some examples, the second region
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comprises S11n an amount of from 1 wt% to 10 wt% (e.g., from 3 wt% to 10 wt%, from 3
wt% to 10 wt%). The coatings can, for example, catalyze carbon gasification.

Also described herein are coatings that comprise: a first region having a first
thickness, the first region comprising a manganese oxide, a chromium-manganese oxide, or
a combination thereof, and can include CaWQO4, BazY2WOQg, or a combination thereof; and a
second region having a second thickness, the second region comprising Xe¢WeZ., XWZ, or a
combination thereof, wherein X 1s independently N1 or a mixture of N1 and one or more
transition metals and Z 1s independently Si1, C, or a combination thereof, and wherein the
second region comprises Mn in an amount of from 7 wt% to 15 wt% and S1 1n an amount of
from 5 wt % to 10 wt%. The transition metal can comprise, for example, Fe, Nb, Cr, Co,
Mn, T1, Mo, V, or a combination thereof. In some examples, the coatings can further
comprise a rare earth element, a rare earth oxide, or a combination thereof. The coatings
can, for example, catalyze carbon gasification.

The rare earth element, rare earth oxide, or combination thereof can comprise, for
example, Ce, La, Y, Pr, or a combination thereof. In some examples, the rare earth element
comprises Y. In some examples, the rare earth oxide comprises CeQO2, Lax0s3, Y203, Pr20s,
or a combination thereof. The first region can, for example, comprise the rare earth element,
the rare-earth oxide, or a combination thereof in an amount of from 0.1 wt% to 3 wt% (e.g.,
from 1 wt% to 3 wt%, from 1.5 wt% to 3 wt%, or from 0.3 wt% to 1.5 wt%).

In some examples, the second region comprises Si in an amount of from 6 wt% to 8
wt%. In some examples, the second region comprises Mn 1n an amount of 9 wt% to 15 wt%
(e.g., from 12 wt% to 15 wt%).

The thickness of the first region can, for example, be from 2 microns to 20 microns
(e.g., from 4 microns to 15 microns, from 5 microns to 12 microns, from 6 microns to 10
microns, or from 7 microns to 9 microns). The thickness of the second region can be, for
example, from 200 microns to 1,200 microns (e.g., from 200 microns to 1,000 microns;
from 300 microns to 700 microns; from 200 microns to 500 microns; or from 350 microns
to 500 microns).

The manganese oxide can be selected from the group consisting of MnO, Mn20Os,
Mn304, MnQOa, and combinations thereof. In some examples, the manganese oxide
comprises Mn30a4.

The chromium-manganese oxide can comprise a spinel chromium-manganese oxide,

an 1inverse spinel chromium-manganese oxide, a non-stoichiometric chromium-manganese
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oxide, or a combination thereof. In some examples, the chromium-manganese oxide
comprises MnCr20s4.

In some examples, the first region can comprises a surface loading of CaWOa,
Ba3zY2WQg, or a combination thereof 1n an amount of from 10% to 90% (e.g., from 10% to
60%, from 10% to 40%, from 15% to 35%, or from 20% to 30%).

In some examples, the second region comprises N1 1n an amount of 15-45 wt%, W
in an amount of 10-50 wt%, Cr 1in an amount of 2-8 wt%, Fe 1in an amount of 1-10 wt%., Mn
1n an amount of 7-15 wt%, S1 1n an amount of 5-10 wt%, Nb 1n an amount of 0-2 wt%, Mo
1in an amount of 0-2 wt%, T1 1n an amount of 0-2 wt%,. Zr 1n amount of 0-2 wt%, and the
rare earth element, rare earth oxide, or combination thereof 1in an amount of 0.1-3 wt% (e.g.,
1-3 wt%).

In some examples, the second region comprises N1 1n an amount of 15-45 wt%, W
in an amount of 10-50 wt%, Cr 1in an amount of 2-8 wt%, Fe 1in an amount of 1-10 wt%. Mn
1n an amount of 7-15 wt%, S1 1n an amount of 5-10 wt%, Nb 1n an amount of 0-2 wt%, Mo
1n an amount of 0-2 wt%, T1 1n an amount of 0-2 wt%, Zr in amount of 0-2 wt%, and Ce 1n
an amount of 0.1-3 wt% (e.g., 1-3 wt%).

The second region, 1n some examples, comprises XeWeZ. 1n an amount of 50 wt% or
more (€.g., 80 wt% or more), based on the total weight of the XeWeZ and XWZ.

Also described herein are substrates, the substrates having a surface, wherein any of
the coatings described herein can be provided as a coating on the surface of the substrate.
The substrate can, for example, be made from a high temperature alloy (HTA). In some
examples, the HTA can comprise a nickel-chromium-based alloy (e.g., an austenitic steel), a
nickel-cobalt-based superalloy, or a combination thereof.

Additional advantages of the disclosed compositions and methods will be set forth in
part in the description which follows, and 1n part will be obvious from the description. The
advantages of the disclosed compositions will be realized and attained by means of the
elements and combinations particularly pointed out 1n the appended claims. It 1s to be
understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the disclosed
compositions, as claimed.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages

of the invention will be apparent from the description and drawings, and from the claims.
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BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, which are incorporated 1n and constitute a part of this
specification, 1llustrate several aspects of the disclosure, and together with the description,
serve to explain the principles of the disclosure.

Figure 1 1s a back scattered electron image of a cross-section of a consolidated
coating formed with 0.5 wt% CeQO2 added during powder mixing.

Figure 2 1s a higher magnification back scattered electron image of the cross-section

of a consolidated coating tormed with 0.5 wt% CeO» added during powder mixing shown in

Figure 1.

Figure 3 1s a back scattered electron image of a cross-section of a coating formed
with 0.5 wt% CeO; added during powder mixing.

Figure 4 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating formed with 0.5 wt% CeQO» added during powder mixing.

Figure 5 1s a back scattered electron image of a cross-section of a coating formed
with CeO; added onto the consolidated coating.

Figure 6 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating formed with CeO; added onto the consolidated coating.

Figure 7 1s a back scattered electron image of a cross-section of a coating formed
with La>0O3 added onto the consolidated coating.

Figure 8 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating formed with Lax03 added onto the consolidated coating.

Figure 9 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating formed with CeQOs..

Figure 10 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating formed with La>Os.

Figure 11 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating formed with the Mischmetal (75 wt% CeQOa2, 25 wt% Lax03).

Figure 12 1s an energy-dispersive x-ray spectroscopy map of the surface of the
reference coating sample after three water quenches.

Figure 13 1s an energy-dispersive x-ray spectroscopy map of a cross-section of the

reference coating sample after three water quenches.
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Figure 14 1s an energy-dispersive x-ray spectroscopy map of a cross-section of a
coating sample, where the rare earth element and/or rare earth oxide was added to the
consolidated coating, after three water quenches.

Figure 15 1s an energy-dispersive x-ray spectroscopy map of a cross-section of the
coating sample, where the rare earth element and/or rare earth oxide was added, after three

water quenches.

DETAILED DESCRIPTION

The compositions and methods described herein may be understood more readily by
reference to the following detailed description of specific aspects of the disclosed subject
matter and the examples included therein.

Before the present compositions and methods are disclosed and described, 1t 1s to be
understood that the aspects described below are not limited to specific synthetic methods or
specific reagents, as such may, of course, vary. It 1s also to be understood that the
terminology used herein 1s for the purpose of describing particular aspects only and 1s not
intended to be limiting.

In this specification and 1n the claims that follow, reference will be made to a
number of terms, which shall be defined to have the following meanings.

Throughout the description and claims of this specification the word “comprise™ and
other forms of the word, such as “comprising” and “comprises,” means “including but not
limited to,” and 1s not intended to exclude, for example, other additives, components,
integers, or steps.

As used 1n the description and the appended claims, the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly dictates otherwise. Thus, for
example, reference to “a composition” includes mixtures of two or more such compositions,
reference to “an agent” includes mixtures of two or more such agents, reference to “the
component’” includes mixtures of two or more such components, and the like.

“Optional” or “optionally”” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where the
event or circumstance occurs and instances where 1t does not.

It 1s understood that throughout this specification the i1dentifiers “first” and “second”

are used solely to aid in distinguishing the various components and steps of the disclosed

subject matter. The 1dentifiers “first” and “second’ are not intended to imply any particular
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order, amount, preference, or importance to the components or steps modified by these
terms.

Olefin production through hydrocarbon steam cracking 1s highly energy and capital
intensive. One detrimental consequence of the cracking process 1s the formation of coke.
Coke deposits 1n cracking coils, quench exchangers, and other downstream equipment
which can result 1in: loss of heat transter and thermal efficiency, carburization of coils and
components, high maintenance costs and reduced furnace availability, high pressure drop
and reduction 1n furnace throughput, and reduced production yield.

In a conventional uncoated cracking coil, nickel and iron 1in the bulk tube metal
(typically austenitic steel) act as catalysts for coke formation. In early stage coke formation,
coke grows as hair-like filaments with an active nickel or iron particle at the tip. In the later
stages of growth, the filaments grow laterally into each other and continue to lengthen. The
result 1s a thick porous carbon coating. As this surtface process at the steel surface
progresses, a second source of coke-make, known as gas-phase coke or amorphous coke, 1s
produced as a by-product of the radical-chain based cracking process and such amorphous
coke collects on the filaments growing on the steel surface leading to a complex and dense
coke layer at the 1inner tube wall.

Described herein are coatings and coating methods. In some examples, the coatings
and coating methods described herein can reduce or eliminate filamentous coke-make and
can catalyze carbon gasification reactions, which can thereby reduce the overall build-up of
coke 1n cracking coils, quench exchangers, and/or other downstream equipment. The
coatings described herein can, 1n some examples, be used to protect pipe and equipment for
other, non-olefin production processes in which coke formation 1s undesirable. In general,
stainless steel surfaces are prone to the formation of filamentous (catalytic) carbon or coke
and the accumulation of amorphous (or gas-phase) coke, with their relative contribution to
the total coke-make being defined by the petrochemical manufacturing process, feedstock,
and the operating conditions. Filamentous coke formation 1s well documented and has been
shown to be catalyzed by transition metal surface species, their oxides, and compounds
thereof, with 1ron and nickel-based species being the major catalysts present 1n stainless
steels.

The coatings described herein are deposited on a substrate and have two regions. A

first region 1s the outermost region of the coating with respect to the substrate; this region 1s
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exposed to the processing atmosphere. Underlying the first region and immediately adjacent
the substrate 1s a second region.

The first region of the coating can comprise a manganese oxide, a chromium-
manganese oxide, or a combination thereof. The first region can provide chemical stability
to the coatings, for example, for commercial utility 1n a petrochemical furnace environment
(e.g., within a cracking environment). In some examples, the coating, and particularly the
first region, can catalyze carbon gasification.

The manganese oxide can, for example, be selected from the group consisting of
MnO, Mn>0O3, Mn304, MnO», and combinations thereof.

The chromium manganese oxide can, for example, have a spinel or an inverse spinel
structure. In some examples, the chromium manganese oxide can be non-stoichiometric. In
some examples, the chromium manganese oxide can comprise Mn,Crz-.O4, wherein 0.5 < a
< 3. In some examples of Mn.Cr3.404, a can be 0.5 or more (e.g., 0.6 or more, 0.7 or more,
0.8 or more, 0.9 or more, 1.0 or more, 1.1 or more, 1.2 or more, 1.3 or more, 1.4 or more,
1.5 or more, 1.6 or more, 1.7 or more, 1.8 or more, 1.9 or more, 2.0 or more, 2.1 or more,
2.2 or more, 2.3 or more, 2.4 or more, 2.5 or more, 2.6 or more, 2.7 or more, or 2.8 or
more). In some examples of Mn,Cr3-,O4, a can be less than 3.0 (e.g., 2.9 or less, 2.8 or less,
2.7 or less, 2.6 or less, 2.5 or less, 2.4 or less, 2.3 or less, 2.2 or less, 2.1 or less, 2.0 or less,
1.9 orless, 1.8 orless, 1.7 orless, 1.6 or less, 1.5 or less, 1.4 or less, 1.3 or less, 1.2 or less,
1.1 or less, 1.0 or less, 0.9 or less, 0.8 or less, 0.7 or less, or 0.6 or less). In certain examples,
the chromium manganese oxide can comprise MnCr20as.

The first region can have a first thickness; the thickness of the first region can be
selected, for example, to increase the product life of the coating for compatibility with
operating in severe petrochemical furnace environments. In some examples, the thickness of
the first region can be 2 micrometers (microns) or more (€.g., 3 microns or more, 4 microns
or more, 5 microns or more, 6 microns or more, 7 microns or more, 8 microns or more, 9
microns or more, 10 microns or more, 11 microns or more, 12 microns or more, 13 microns
or more, 14 microns or more, 15 microns or more, 16 microns or more, 17 microns or more,
or 18 microns or more). In some examples, the thickness of the first region can be 20
microns or less (e.g., 19 microns or less, 18 microns or less, 17 microns or less, 16 microns
or less, 15 microns or less, 14 microns or less, 13 microns or less, 12 microns or less, 11
microns or less, 10 microns or less, 9 microns or less, 8 microns or less, 7 microns or less, 6

microns or less, or 5 microns or less). The thickness of the first region can range from any
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of the minimum values described above to any of the maximum values described above.

For example, the thickness of the first region can be from 2 microns to 20 microns (e.g.,
from 4 microns to 15 microns, from 5 microns to 12 microns, from 6 microns to 10 microns.,
or from 7 microns to 9 microns).

The first region can further comprise, in some examples, CaWO4, BazY2WOQq, or a
combination thereof. The first region can have a surface and the CaWO4, BazY2WOQOo, or a
combination thereof can, for example, be loaded onto the surface of the first region. In some
examples, the first region can comprise a surface loading of CaWQO4, BazY2WOy, or a
combination thereof in an amount of 10% or more (e.g., 15% or more, 20% or more, 25% or
more, 30% or more, 35% or more, 40% or more, 50% or more, 55% or more, 60% or more,
65% or more, 70% or more, 75% or more, 80% or more, 83% or more, 90% or more, or
95% or more). In some examples, the first region can comprise a surface loading of CaWOa,

Ba3;Y2WQg, or a combination thereof 1n an amount of less than 100% (e.g., 95% or less,

90% or less, 85% or less, 80% or less, 75% or less, 70% or less, 65% or less, 60% or less,
55% or less, 50% or less, 45% or less, 40% or less, 35% or less, 30% or less, 25% or less,
20% or less, or 15% or less). The surface loading of the CaWO4, BazY2WOQg, or a

combination thereof in the first region can range from any of the minimum values described
above to any of the maximum values described above. For example, the first region can

have a surface loading of CaWOQ4, BazY2WOy, or a combination thereof 1in an amount of

from 10% to less than 100% (e.g., from 10% to 90%, from 10% to 80%, from 10% to 70%,
from 10% to 60%, from 10% to 50%, from 10% to 40%, from 15% to 35%, or from 20% to
30%). The surtace loading of the CaWO4, Ba3Y2WOo9, or a combination thereof 1s
determined using scanning electron microscopy and energy-dispersive X-ray spectroscopy
(SEM/EDS).

The second region of the coating can comprise XeWeZ. (1.€., X6WeZi1, which can also
be referred to as the “661” phase), wherein X 1s N1 or a mixture of N1 and one or more
transition metals and Z 1s S1, C, or a combination thereof. The second region can further
comprise, for example, XWZ. (1.e., X1W1Z1, which can also be referred to as the “111”
phase), wherein X 1s N1 or a mixture of N1 and one or more transition metals, and Z. 1s S1, C,
or a combination thereof. The transition metal can, for example, comprise Fe, Nb, Cr, Co,
Mn, T1, Mo, V, or a combination thereof. The second region can, 1n some examples,

comprise XeWeZ 1n an amount of 50 wt% or more (e.g., 55 wt% or more, 60 wt% or more,
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65 wt% or more, 70 wt% or more, 75 wt% or more, 80 wt% or more, 85 wt% or more, 90
wt% or more, or 95 wt% or more), based on the total weight of the X¢WeZ and XWZ.

The second region of the coating can, for example, comprise Mn 1in an amount of 3
wt% or more (e.g., 4 wt% or more, 5 wt% or more, 6 wt% or more, 7 wt% or more, 8 wt%
or more, 9 wt% or more, 10 wt% or more, 11 wt% or more, 12 wt% or more, 13 wt% or
more, or 14 wt% or more). In some examples, the second region of the coating can
comprise Mn in an amount of 15 wt% or less (e.g., 14 wt% or less, 13 wt% or less, 12 wt%
or less, 11 wt% or less, 10 wt% or less, 9 wt% or less, 8 wt% or less, 7 wt% or less, 6 wt%
or less, or S wt% or less). The amount of Mn 1n the second region can range from any of the
minimum values described above to any of the maximum values described above. For
example, the second region can comprise Mn 1n an amount of from 3 wt% to 15 wt% (e.g.,
from 9 wt% to 15 wt%, from 6 wt% to 9 wt%, form 9 wt% to 12 wt%, from 12 wt% to 135
wt%, from 6 wt% to 15 wt%, or from 7 wt% to 15 wt%).

The second region of the coating can, for example, comprise S1 1n an amount of 1
wt% or more (e.g., 2 wt% or more, 3 wt% or more, 4 wt% or more, 5 wt% or more, 6 wt%
or more, 7 wt% or more, 8 wt% or more, or 9 wt% or more). In some examples, the second
region of the coating can comprise S1 1n an amount of 10 wt% or less (e.g., 9 wt% or less, 8
wt% or less, 7 wt% or less, 6 wt% or less, 5 wt% or less, 4 wt% or less, 3 wt% or less, or 2
wt% or less). The amount of S1 1n the second region can range from any of the minimum
values described above to any of the maximum values described above. For example, the
second region can comprise S1 in an amount of from 1 wt% to 10 wt% (e.g., from 3 wt% to
6 wt%, from 3 wt% to 10 wt%, from 5 wt% to 10 wt%, from 6 wt% to 10 wt%, or from 6
wt% to 8 wt%).

In some examples, the coatings described herein can comprise a first region having a
first thickness, the first region comprising a manganese oxide, a chromium-manganese
oxide, or a combination thereof; and a second region having a second thickness, the second
region comprising XeWeZ., XWZ., or a combination thereof, wherein X 1s independently N1
or a mixture of N1 and one or more transition metals and Z 1s independently S1, C, or a
combination thereof, wherein the second region comprises Mn 1in an amount of from 7 wt%
to 15 wt% and S1 1n an amount of from 5 wt % to 10 wt%.

The second region can have a second thickness; the thickness of the second region
can be selected, for example, to increase the product life of the coating for compatibility

with operating 1n severe petrochemical furnace environments. In some examples, the second
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region can have a thickness of 200 microns or more (e.g., 250 microns or more; 300
microns or more; 350 microns or more; 400 microns or more; 450 microns or more; 500
microns or more; 550 microns or more; 600 microns or more; 650 microns or more; 700
microns or more; 750 microns or more; 800 microns or more; 850 microns or more; 900
microns or more; 1,000 microns or more; 1,050 microns or more; 1,100 microns or more; or
1,150 microns or more). In some examples, the second region can have a thickness of 1,200
microns or less (e.g., 1,150 microns or less; 1,100 microns or less; 1,050 microns or less;
1,000 microns or less; 950 microns or less; 900 microns or less; 850 microns or less; 800
microns or less:; 750 microns or less; 700 microns or less; 650 microns or less; 600 microns
or less:; 550 microns or less; 500 microns or less; 450 microns or less; 400 microns or less:
350 microns or less; 300 microns or less; or 250 microns or less).

The thickness of the second region can range from any of the minimum values
described above to any of the maximum values described above. For example, the second
region can have a thickness of from 200 microns to 1,200 microns (e.g., from 200 microns
to 1,000 microns; from 200 microns to 800 microns; from 300 microns to 700 microns;
from 200 microns to 500 microns; or from 350 microns to 500 microns).

The coatings can further comprise a rare earth element, a rare earth oxide, or a
combination thereof. The presence of the rare earth element, rare earth oxide, or
combination thereof in the coating (e.g., in the first region and/or the second region), can,
for example, improve the thermo-mechanical robustness of the first region, for example, for
commercial utility 1n severe petrochemical furnace environments..

The rare earth element and/or the rare earth oxide can comprise, for example, Sc, Y,
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, or a combination thereof. In
some examples, the rare earth element, rare earth oxide, or combination thereof can
comprise Ce, La, Y, Pr, or a combination thereof. For example, the rare earth element can
comprise Y metal. In some examples, the rare earth oxide can comprise CeQO2, Lax0s,
Y203, Pr2O3, or a combination thereof. In some examples, the rare earth oxide can comprise
Ce0O2, Laz0s3, or a combination thereof. In some examples, the rare earth oxide can
comprise a mischmetal. In some examples, the mischmetal can comprise 75% CeOxz by
weight and 25% Lax03 by weight.

The rare earth element, rare earth oxide, or a combination thereof can be present in
the first region, the second region, or a combination thereof. In some examples, the first

region can comprise the rare earth element, the rare-earth oxide, or a combination thereof 1n
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an amount of 0.1 wt% or more (e.g., 0.2 wt% or more, 0.3 wt% or more, 0.4 wt% or more,
0.5 wt% or more, 0.6 wt% or more, 0.7 wt% or more, 0.8 wt% or more, 0.9 wt% or more,
1.0 wt% or more, 1.1 wt% or more, 1.2 wt% or more, 1.3 wt% or more, 1.4 wt% or more,
1.5 wt% or more, 1.6 wt% or more, 1.7 wt% or more, 1.8 wt% or more, 1.9 wt% or more,
2.0 wt% or more, 2.1 wt% or more, 2.2 wt% or more, 2.3 wt% or more, 2.4 wt% or more,
2.5 wt% or more, 2.6 wt% or more, 2.7 wt% or more, or 2.8 wt% or more). In some
examples, the first region can comprise the rare earth element, the rare-earth oxide, or a
combination thereof in an amount of 3 wt% or less (e.g., 2.9 wt% or less, 2.8 wt% or less,
2.7 wt% or less, 2.6 wt% or less, 2.5 wt% or less, 2.4 wt% or less, 2.3 wt% or less, 2.2 wt%
or less, 2.1 wt% or less, 2.0 wt% or less, 1.9 wt% or less, 1.8 wt% or less, 1.7 wt% or less,
1.6 wt% or less, 1.5 wt% or less, 1.4 wt% or less, 1.3 wt% or less, 1.2 wt% or less, 1.1 wt%
or less, 1.0 wt% or less, 0.9 wt% or less, 0.8 wt% or less, 0.7 wt% or less, 0.6 wt% or less,
0.5 wt% or less, 0.4 wt% or less, or 0.3 wt% or less).

The amount of rare earth element, rare earth oxide, or combination thereof 1n the
first region can range from any of the minimum values described above to any of the
maximum values described above. For example, the first region can comprise the rare earth
element, the rare-earth oxide, or a combination thereof 1in an amount of from 0.1 wt% to 3
wt% (e.g., from 0.1 wt% to 1.5 wt%, from 1.5 wt% to 3 wt%, from 0.1 wt% to 1.0 wt%,
from 1 wt% to 2 wt%, {from 2 wt% to 3 wt%, from 1 wt% to 3 wt%, from 0.8 wt% to 3
wt%, from 0.3 wt% to 1.5 wt%, from 0.5 wt% to 1.4 wt%, or from 0.6 wt% to 0.9 wt%
from 2.0 wt% to 2.5 wt%, or from 2.5 wt% to 3.0 wt%).

In some examples, the second region of the coating can comprise N1 1n an amount of
15-45 wt% (e.g., 25-45 wt%, or 30-45 wt%), W 1n an amount of 10-50 wt% (e.g., 25-50
wt%, or 30-50 wt%), Cr 1n an amount of 2-8 wt% (e.g., 3.8-8 wt%, or 5.2-8 wt%), Fe 1n an
amount of 1-10 wt% (e.g., 3-10 wt%, or 5-10 wt%), Mn 1n an amount of 3-15 wt% (e.g., 6-
15 wt%, or 9-15 wt%), S1 1n an amount of 1-10 wt% (e.g., 3-10 wt%, or 5-10 wt%), Nb 1n
an amount of 0-2 wt%, Mo 1n an amount of 0-2 wt%, T1 1n an amount of 0-2 wt%, Zr 1n
amount of 0-2 wt% or less, and the rare earth element, rare earth oxide, or combination
thereof 1n an amount of 0.1-3 wt% (e.g., 1-3 wt%).

In some examples, the second region of the coating can comprise N1 1n an amount of
15-45 wt% (e.g., 25-45 wt%, or 30-45 wt%), W 1n an amount of 10-50 wt% (e.g., 25-50
wt%, or 30-50 wt%), Cr 1n an amount of 2-8 wt% (e.g., 3.8-8 wt%, or 5.2-8 wt%), Fe 1n an
amount of 1-10 wt% (e.g., 3-10 wt%, or 5-10 wt%), Mn 1n an amount of 3-15 wt% (e.g., 6-
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15 wt%, or 9-15 wt%), S1 1n an amount of 1-10 wt% (e.g., 3-10 wt%, or 5-10 wt%), Nb 1n
an amount of 0-2 wt%, Mo 1n an amount of 0-2 wt%,. T1 1n an amount of 0-2 wt%, Zr 1n
amount of 0-2 wt% or less, and Ce 1n an amount of 0.1-3 wt% (e.g., 1-3 wt%).

Also disclosed herein are substrates, said substrates having a surface, wherein any of
the coatings described herein are provided as a coating on the surface of the substrates. The
substrate can be any material to which the coating will bond. For example, the substrate can
be a cracking coil, quench exchanger, or other downstream equipment used for olefin
production or steam pyrolysis. In some examples, the substrate can comprise a tube and/or
pipe that can be used 1n petrochemical processes such as cracking of hydrocarbons and in
particular the cracking of ethane, propane, butane, naphthas, and gas oil, or mixtures
thereof.

The substrate can, for example, be 1n the form of a reactor or vessel having an
interior surface, said interior surface having the coating applied thereto. The substrate can,
for example, be 1n the form of a heat exchanger in which either or both of the internal
and/or external surfaces of the heat exchanger have the coating applied thereto. Such heat
exchangers can be used to control the enthalpy of a tfluid passing in or over the heat
exchanger.

Hydrocarbon processing in the manufacture of petrochemicals 1s carried out 1n
processing equipment that includes tubing, piping, fittings and vessels of broad geometries
and alloy compositions, any of which can be used as the substrate. These components are
generally made of ferrous-based alloys designed to provide adequate chemical, mechanical
and physical properties for process containment, and resistance to a range of materials
degradation processes. In commercial applications operating above 500°C, austenitic
stainless steels are often used ranging from 300 series alloys through to 35Cr-45Ni1-Fe
alloys, with the level of nickel and chromium 1n the alloy generally increasing with
operating temperature. Above 800° C, a sub-group of these austenitic steels are used and are
collectively known as high-temperature alloys (HTAs) or heat-resistant alloys. These HTA
steels range from 25Cr-20Ni1-Fe (HK40) through to 35Cr-45Ni1-Fe (or higher), plus alloying
additives 1n cast form, and similar compositions in wrought form. The classification and
composition of such steels are known to those skilled 1n the art.

In some examples, the coatings and/or substrates can be used in furnace tubes and/or
pipes used for the cracking of alkanes (e.g. ethane, propane, butane, naphtha, and gas oil, or

mixtures thereof) to olefins (e.g. ethylene, propylene, butene, etc.). Generally 1n such an
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operation a feedstock (e.g. ethane) 1s fed 1n a gaseous form to a tube, pipe or coil. The tube
or pipe runs through a furnace generally maintained at a temperature from 900°C to 1150°C
and the outlet gas generally has a temperature from 800°C to 900°C. As the feedstock
passes through the furnace it releases hydrogen (and other byproducts) and becomes
unsaturated (e.g. ethylene). The typical operating conditions such as temperature, pressure
and flow rates for such processes are well known to those skilled 1n the art.

The selection of a substrate compatible with the operating environment and also
compatible with coating formulation for generating targeted microstructures 1s considered.
In some examples, the substrate can be made from a high temperature alloy (HTA). The
HTA can be, 1n some examples, a nickel-chromium-based alloy (e.g., an austenitic steel), a
nickel-cobalt-based superalloy, or a combination thereof. Examples of HT As include, but
are not limited to, HK40, 800-series (e.g., 800, 8O0H, 8O0OHT), 25Cr-35Ni1-Fe, 35Cr-45Ni1-
Fe, 40Cr-50Ni1-Fe, superalloys, and the like, any of which can further include microalloying
elements.

In some examples, the substrate can have an elongation of 4% or more (e.g., 3% or
more, or 6% or more) after the coating has been provided as a coating on the surface of the
substrate.

The coatings described herein can be used, for example, on substrates that comprise
metal alloy components susceptible to carbon-based fouling (coking), corrosion and erosion
in hydrocarbon processing at elevated temperatures. The coatings can generate and sustain
surfaces that can catalytically gasify carbonaceous matter, can be inert to filamentous-coke
formation, and can provide a net positive economic impact to hydrocarbon manufacturing
processes. Additionally, the coatings can provide protection to the substrate from various
forms of materials degradation inclusive of high temperature oxidation, carburization, and
erosion. The coatings can be functionally-graded such that they can achieve both the
outermost surface catalytic properties required, and a broad range of chemical, physical and
thermo-mechanical properties needed to survive the severe operating conditions of
hydrocarbon processing, specifically, petrochemicals manufacture that can exceed 800° C.

Commercial applications of such coatings and/or coated substrates include furnace
components used to manufacture major petrochemicals such as olefins by hydrocarbon
steam pyrolysis in which temperatures may exceed 1100° C. These coatings and surfaces

can 1ncrease operating efficiency by gasification of carbonaceous deposits, reduce
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filamentous coke formation, and positively impact the overall pyrolysis process and product
stream.

Also disclosed herein are methods of making the coatings and coated substrates
described herein.

The methods of making the coatings can comprise forming a mixture of powders,
such as a mixture of metal powders, a mixture of metalloid powders, or a combination
thereof. The mixture of powders can, for example, comprise N1; Fe; Mn; S1; W, a rare earth
clement, a rare earth oxide, or a combination thereot (e.g., CeQO2); or a combination thereof.
In certain examples, the mixture of powders can comprise a first mixture of N1 1n an amount
of 60-70 wt%, Fe 1n an amount of 5-10 wt%, Mn 1n an amount of 5-15 wt%, and S1 1n an
amount of 10-20 wt%. In certain examples, the mixture of powders can comprise the first
mixture in an amount of from 50-355 wt% 1n further combination with W in an amount of
45-50 wt% and a rare earth element, a rare earth oxide, or a combination thereof (e.g. CeO»)
in an amount of 0.1-1.5 wt%. The mixture of powders can be formed, for example, by
mixing two or more powders. Mixing can be accomplished by mechanical agitation, for
example mechanical stirring, shaking (e.g., using a 3-dimensional shaker-mixer), vortexing,
sonication (e.g., bath sonication, probe sonication), grinding, milling (e.g., air-attrition
milling (jet milling) or ball milling), and the like. The powders can, for example, be 1n
elemental form. In some examples, the powders can be processed (e.g., screened) to have a
size distribution having dsp of 10 microns or less (e.g., 9 microns or less, 8 microns or less,
7 microns or less, 6 microns or less, 5 microns or less, 4 microns or less, 3 microns or less,
2 microns or less, or 1 micron or less).

In some examples, the powders and/or the powder mixture can be pre-conditioned to
make the powders and/or powder mixture reactive. The individual powders can be pre-
conditioned prior to mixing. Alternatively, some or all of the powders can be mixed and
then subject to a pre-conditioning treatment (e.g., the powder mixture can be pre-
conditioned). For example, the powders and/or powder mixture can be exposed to a
reducing agent to remove oxide from the surface of the powders. Reduction of the oxide can
be performed by exposing the powders and/or powder mixture to heated hydrogen, or by
any other method known 1n the art. In some examples, all of the powder and/or powder
mixture 1s made reactive. In other examples, only a portion of each of the powders and/or a

portion of the powder mixture 1s made reactive.
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The methods can also include, 1n some examples, exposing the mixture of powders
to a first heat treatment. The first heat treatment can at least partially stabilize the powder
mixture, e.g. thereby forming a partially stabilized powder mixture. The first heat treatment
can be conducted at a first temperature, said first temperature can, for example, be 250°C or
more (e.g., 350°C or more, or 400° C or more). The first heat treatment can be conducted
for a first amount of time, for example from 1 hour to 6 hours. The amount of time for
which the first heat treatment 1s conducted can vary with temperature; the hotter the
temperature of the heat treatment, the less time 1s used for the heat treatment. The first heat
treatment can, for example, be conducted 1n a vacuum or an inert atmosphere. Examples of
inert atmospheres include, but are not limited to, argon, neon, helium, or combinations
thereof.

If the coating 1s to be formed on a substrate, the powder mixture and/or the partially
stabilized powder mixture can be applied to the object (e.g., the substrate) to be coated.
Application of the powder mixture and/or the partially stabilized powder mixture can be
performed by a range of techniques capable of delivering powder-based formulations to the
surface of the substrate. Such techniques include, but are not limited to, spray coating and
dip coating. Depending on the application process selected, the powder mixture and/or the
partially stabilized powder mixture can be 1n a liquid form, a spray form, a slurry form, or a
quasi-solid form, with additions of aqueous and/or organic components known to those
versed 1n the art and appropriate to the compositional formulations noted above. In some
examples, after the powder mixture and/or the partially stabilized powder mixture has been
applied to the substrate, the substrate with the powder mixture and/or the partially stabilized
powder mixture applied thereto 1s allowed to dry.

Next, a heat treatment 1s performed on the substrate coated with the powder mixture
and/or the partially stabilized powder mixture. The heat treatment consolidates the coating,
e.g., thereby forming a consolidated coating. In the consolidation process, the powder
mixture interdiffuses into a defined microstructure (e.g., with defined regions). The
temperature of consolidation can, for example, range from 900 to 1200°C (e.g., from
1000°C to 1200°C, or from 1050°C to 1150°C). The time for which the consolidation heat
treatment occurs can, for example, range from 1 hour to 6 hours (e.g., from 2 hours to 4
hours, or from 2.5 hours to 3.5 hours). The temperature and/or time of consolidation can be
selected based on the base material or steel alloy composition (e.g., the nature of the

substrate, if present), coating formulation, and the targeted coating microstructure.
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The second heat treatment can, for example, be conducted 1n a vacuum and/or 1in an
inert atmosphere. Examples of inert atmospheres include, but are not limited to, argon,
neon, helium, or combinations thereof. The concentration of reactive gases, such as oxygen
and nitrogen, 1n the atmosphere during the second heat treatment should be kept low. In
certain example, a vacuum 1s first drawn and then 1-2 torr of argon 1s introduced to the
vacuum chamber in which the second heat treatment 1s performed.

Following heat treatment consolidation, the consolidated coating 1s prepared for
final surface generation. Standard cleaning procedures can be used to achieve the desired
level of surface cleanliness and surface finish. An initial hydrogen treatment can, in some
examples, be used to reduce surface oxide species and remove carbonaceous contaminants
such as organic cutting fluids. Surface generation can be achieved by performing a
controlled oxidation on the consolidated coating, to thereby form the coating. In the
controlled oxidation, the consolidated coating 1s heated 1in the presence of oxygen.
Depending on the oxygen concentration, during the controlled oxidation the temperature at
which the controlled oxidation 1s performed, and the time for which the controlled oxidation
1s performed, different oxide compositions, crystal structures, and morphologies can be
produced.

In some examples, the methods further include doping the first region of the coating
with CaWO4, BazY2WOg, or a combination thereof. Doping with CaWO4 can be performed,
for example, by introducing a sol containing, for example, CaO and WO3 during the
controlled oxidation. Doping can be performed at elevated temperatures, for example at
temperatures below 800° C. In an embodiment, the sols can be introduced 1nto a gas stream
during the controlled oxidation. Other methods of doping the first region of the coating with
CaWO0y4, BazsY2WOQ9, or a combination thereof can also be used, such as using fine powders.

The rare earth element, rare earth oxide, or combination thereot can be added during
various stages of the methods described above. In some examples, the rare earth element,
rare earth oxide, or combination thereof can be added as a powder during the formation of
the mixture of powders. In some examples, the methods can further comprise adding the
rare earth element, rare earth oxide, or combination thereof to the powder mixture and/or
the partially stabilized powder mixture before being applied to the substrate.

In some examples, the methods can further comprise applying the rare earth
element, rare earth oxide, or combination thereof to the powder mixture and/or the partially

stabilized powder mixture after the powder mixture and/or the partially stabilized powder
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mixture has been applied to the substrate. Application of the rare earth element, rare earth
ox1ide, or combination thereof can be performed, for example, by spray coating, dip coating,
or any other coating method. Depending on the application process selected, the rare earth
element, rare earth oxide, or combination thereof can be 1n a liquid form, a spray form, or a
quasi-solid form. In some examples, after the rare earth element, rare earth oxide, or
combination thereof has been applied to the powder mixture and/or the partially stabilized
powder mixture on the substrate, the powder mixture and/or the partially stabilized powder
mixture on the substrate with the rare earth element, rare earth oxide, or combination
thereof applied thereto 1s allowed to dry.

In some examples, the methods can turther comprise applying the rare earth
element, rare earth oxide, or combination thereof to the consolidated coating. Application of
the rare earth element, rare earth oxide, or combination thereof can be performed, for
example, by spray coating, dip coating, or any other coating method. Depending on the
application process selected, the rare earth element, rare earth oxide, or combination thereot
can be 1n a liquid form, a spray form, or a quasi-solid form. In some examples, after the rare
carth element, rare earth oxide, or combination thereot has been applied to the consolidated
coating, the consolidated coating with the rare earth element, rare earth oxide, or
combination thereof applied thereto 1s allowed to dry.

A number of embodiments of the invention have been described. Nevertheless, 1t
will be understood that various modifications may be made without departing from the
spirit and scope of the invention. Accordingly, other embodiments are within the scope of
the following claims.

The examples below are intended to further illustrate certain aspects of the systems

and methods described herein, and are not intended to limit the scope of the claims.

EXAMPLES
The following examples are set forth below to illustrate the methods and results
according to the disclosed subject matter. These examples are not intended to be inclusive
of all aspects of the subject matter disclosed herein, but rather to illustrate representative
methods and results. These examples are not intended to exclude equivalents and variations
of the present invention which are apparent to one skilled 1n the art.
Efforts have been made to ensure accuracy with respect to numbers (€.g., amounts,

temperature, etc.) but some errors and deviations should be accounted for. Unless indicated
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otherwise, parts are parts by weight, temperature 1s in °C. There are numerous variations
and combinations of measurement conditions, €.g., component concentrations,
temperatures, pressures and other measurement ranges and conditions that can be used to
optimize the described process.

Example 1

The effect of five rare earth element and/or rare earth oxide species, (CeO2, LaxOs,
Pr,0s3, Y203, and Y metal) at two loadings (0.05 and 0.5 wt%) on the coating robustness
were evaluated by adding the rare earth element and/or rare earth oxide into the coating
during powder processing (e.g., during formation of the mixture of powders).

After the consolidation heat treatment, rare earth element and/or rare earth oxide
species were associated with other oxygen containing phases present within the
consolidated coating. Back scattered electron images of the consolidated coating formed
with 0.5 wt% CeO» added are shown 1n Figure 1 and Figure 2.

After the surface generation, a portion of the rare earth element and/or rare earth
oxide species migrated to the first region while a portion remained within the second region.
A back scattered electron 1image of the coating formed with 0.5 wt% CeQO2 added 1s shown
in Figure 3 and an energy-dispersive x-ray spectroscopy map of the coating formed with 0.5
wt% CeQO2 added 1s shown 1n Figure 4.

The effect of rare earth element and/or rare earth oxide species on the coating
robustness were also evaluated by adding the rare earth element and/or rare earth oxide to
the surface of the consolidated coating. For example, Ce and La acetate were dissolved 1n
water and deposited on a consolidated coating surface. The acetate species were then heat
treated to form the desired oxide, after which the coating underwent surface generation. A
back scattered electron 1image of the coating formed with CeO2 added 1s shown 1n Figure 5
and an energy-dispersive x-ray spectroscopy map of the coating formed with CeO2 added 1s
shown 1n Figure 6. A back scattered electron image of the coating formed with La;0O3 added
1s shown 1n Figure 7 and an energy-dispersive x-ray spectroscopy map of the coating
formed with La03 added 1s shown 1n Figure 8.

The effect of rare earth element and/or rare earth oxide species on the first region’s
robustness were also evaluated by adding the rare earth element and/or rare earth oxide
during the formation of the coating. For example, three rare earth element and/or rare earth
oxide species - CeO2, La203, and a mischmetal combination (75 wt% CeQOa2, 25 wt% La203),

at two loadings (1.5 and 3.0 wt%) were evaluated. After the consolidation heat treatment,
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rare earth element and/or rare earth oxide species were associated with other oxygen
containing phases present within the consolidated coating. After the surface generation, a
portion of the rare earth element and/or rare earth oxide species migrated to the first region
and formed “pegs” at the interface between the first region and the second region, while a
portion remained within the second region. Energy-dispersive x-ray spectroscopy maps of
the coatings formed with CeO-, Lax0O3, and the mischmetal are shown 1n Figure 9, Figure
10, and Figure 11, respectively.

The thermo-mechanical robustness of the various samples was examined by heating
the samples to 1000°C and then water quenching the samples. Reference samples (e.g.,
coatings with no rare earth element and/or rare earth oxide) after three water quenches
exhibited delamination of the first region, which 1in some cases completely removed areas of
the first region exposing the second region (Figure 12 and Figure 13). The samples in which
the rare earth element and/or rare earth oxide was added to the consolidated coating had few
areas of delamination and cracking, and were mostly intact after three water quenches
(Figure 14). The samples in which the rare earth element and/or rare earth oxide were added
had areas of partial delamination to certain areas of the first region, but no delamination to

the second region (Figure 15).

Other advantages which are obvious and which are inherent to the invention will be
evident to one skilled in the art. It will be understood that certain features and sub-
combinations are of utility and may be employed without reference to other features and
sub-combinations. This 1s contemplated by and 1s within the scope of the claims. Since
many possible embodiments may be made of the invention without departing from the
scope thereof, it 1s to be understood that all matter herein set forth or shown 1n the
accompanying drawings 1s to be interpreted as illustrative and not in a limiting sense.

The methods of the appended claims are not limited 1n scope by the specific
methods described herein, which are intended as illustrations of a few aspects of the claims
and any methods that are functionally equivalent are intended to fall within the scope of the
claims. Various modifications of the methods in addition to those shown and described
herein are intended to fall within the scope of the appended claims. Further, while only
certain representative method steps disclosed herein are specifically described, other
combinations of the method steps also are intended to fall within the scope of the appended

claims, even 1f not specifically recited. Thus, a combination of steps, elements, components,
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or constituents may be explicitly mentioned herein or less, however, other combinations of

steps, elements, components, and constituents are included, even though not explicitly

stated.
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CLAIMS

What 1s claimed 1s:

1. A coating comprising:

a first region having a first thickness, the first region comprising a manganese oxide,
a chromium-manganese oxide, or a combination thereof, and CaW Oz,
BazY2WOQo, or a combination thereof;

a second region having a second thickness, the second region comprising XeWeZ.,
XWZ, or a combination thereof, wherein X 1s independently N1 or a mixture of N1
and one or more transition metals and Z 1s independently S1, C, or a combination
thereof; and

a rare earth element, a rare earth oxide, or a combination thereof.

2. The coating of claim 1, wherein the second region comprises Mn in an amount of from 3

wt% to 15 wt%, based on the total weight of the second region.

3. The coating of claim 1 or claim 2, wherein the second region comprises Mn 1n an amount

of from 7 wt% to 15 wt%, based on the total weight of the second region.

4. The coating of any one of claims 1-3, wherein the second region comprises S1 1n an

amount of from 1 wt% to 10 wt%, based on the total weight of the second region.

d. The coating of any one of claims 1-4, wherein the second region comprises S1 1n an

amount of from 3 wt% to 10 wt%, based on the total weight of the second region.

6. The coating of any one of claims 1-5, wherein the second region comprises S1 1n an

amount of from 5 wt% to 10 wt%, based on the total weight of the second region.

7. A coating comprising:
a first region having a first thickness, the first region comprising a manganese oxide,
a chromium-manganese oxide, or a combination thereof, and CaW Oz,
BazY2WOQo, or a combination thereof; and
a second region having a second thickness, the second region comprising XeWeZ.,
XWZ, or a combination thereof, wherein X 1s independently N1 or a mixture of N1
and one or more transition metals and Z 1s independently S1, C, or a combination

thereof,
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11.

12.
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13.

16.

17.
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wherein the second region comprises Mn 1n an amount of from 7 wt% to 15 wt% and
S11n an amount of from 5 wt % to 10 wt%, based on the total weight of the

second region.

The coating of claim 7, wherein the coating further comprises a rare earth element, a rare

earth oxide, or a combination thereof.

The coating of any one of claims 1-6 or claim 8, wherein the rare earth element, rare

carth oxide, or combination thereof comprises Ce, La, Y, Pr, or a combination thereof.
The coating of claim 9, wherein the rare earth element comprises Y.

The coating of claim 9, wherein the rare earth oxide comprises CeO2, La203, Y203,

Pr,O3, or a combination thereof.

The coating of any one of claims 1-6 or 8-11, wherein the first region comprises the rare
earth element, the rare-earth oxide, or a combination thereof 1in an amount of from 0.1

wt% to 3 wt%, based on the total weight of the first region.

The coating of claim 12, wherein the first region comprises the rare earth element, the
rare-earth oxide, or a combination thereof in an amount of from 0.3 wt% to 1.5 wt%,

based on the total weight of the first region.

The coating of claim 12, wherein the first region comprises the rare earth element, the
rare-earth oxide, or a combination thereof in an amount of from 1 wt% to 3 wt%, based

on the total weight of the first region.

The coating of claim 12 or 14, wherein the second region comprises the rare earth
element, the rare earth oxide, or a combination thereof in an amount of from 1.5 wt% to 3

wt%, based on the total weight of the second region.

The coating of any one of claims 1-15, wherein the transition metal comprises Fe, Nb,

Cr, Co, Mn, T1, Mo, V, or a combination thereotf.

The coating of any one of claims 1-16, wherein the second region comprises Si 1n an

amount of from 6 wt% to 8 wt%, based on the total weight of the second region.
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The coating of any one of claims 1-17, wherein the second region comprises Mn 1n an

amount of 9 wt% to 15 wt%, based on the total weight of the second region.

The coating of any one of claims 1-18, wherein the second region comprises Mn 1n an

amount of from 12 wt% to 15 wt%, based on the total weight of the second region.

The coating of any one of claims 1-19, wherein the thickness of the first region 1s from 2

microns to 20 microns.

The coating of any one of claims 1-20, wherein the thickness of the first region 1s from 4

microns to 15 microns.

The coating of any one of claims 1-21, wherein the thickness of the first region 1s from 3

microns to 12 microns.

The coating of any one of claims 1-22, wherein the thickness of the first region 1s from 6

microns to 10 microns.

The coating of any one of claims 1-23, wherein the thickness of the first region 1s from 7

microns to 9 microns.

The coating of any one of claims 1-24, wherein the second region has a thickness of from

200 microns to 1,200 microns.

The coating of any one of claims 1-25, wherein the second region has a thickness of from

200 microns to 1,000 microns.

The coating of any one of claims 1-26, wherein the second region has a thickness of from

300 microns to 700 microns.

The coating of any one of claims 1-26, wherein the second region has a thickness of from

200 microns to 500 microns.

The coating of any one of claims 1-28, wherein the second region has a thickness of from

350 microns to 500 microns.

The coating of any one of claims 1-29, wherein the manganese oxide 1s selected from the

group consisting of MnO, Mn203, Mn304, MnQO», and combinations thereof.
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31. The coating of any one of claims 1-30, wherein the manganese oxide comprises Mn30a4.

32. The coating of any one of claims 1-31, wherein the chromium-manganese oxide
comprises a spinel chromium-manganese oxide, an inverse spinel chromium-manganese

ox1ide, a non-stoichiometric chromium-manganese oxide, or a combination thereof.

33. The coating of any one of claims 1-32, wherein the chromium-manganese oxide

comprises MnCr20z4.

34. The coating of any one of claims 1-33, wherein the first region comprises a surface
loading of CaWOQO4, BazY2WOy, or a combination thereof in an amount of from 10% to

90%, based on the surface area of the first region.

33. The coating of any one of claims 1-34, wherein the first region comprises a surface
loading of CaWQO4, BazY2WOy, or a combination thereof in an amount of from 10% to

60%, based on the surface area of the first region.

36. The coating of any one of claims 1-35, wherein the first region comprises a surface
loading of CaWOQO4, BazY2WOy, or a combination thereof in an amount of from 10% to

40%, based on the surface area of the first region.

37. The coating of any one of claims 1-36, wherein the first region comprises a surface
loading of CaWQO4, BazY2WOy, or a combination thereof in an amount of from 15% to

35%, based on the surface area of the first region.

38. The coating of any one of claims 1-37, wherein the first region comprises a surface
loading of CaWOQO4, BazY2WOy, or a combination thereof in an amount of from 20% to

30%, based on the surface area of the first region.

39. The coating of any one of claims 1-38, wherein the second region comprises N1 1n an
amount of 15-45 wt%, W 1n an amount of 10-50 wt%, Cr 1n an amount of 2-8 wt%, Fe 1n
an amount of 1-10 wt%., Mn 1n an amount of 7-15 wt%, S1 1n an amount of 5-10 wt%, Nb
1in an amount of 0-2 wt%, Mo 1n an amount of 0-2 wt%. T1 1n an amount of 0-2 wt%, Zr
1n amount of 0-2 wt%, and the rare earth element, the rare earth oxide, or combination

thereof 1n an amount of 0.1-3 wt%, based on the total weight of the second region.
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The coating of any one of claims 1-39, wherein the second region comprises Ni 1n an
amount of 15-45 wt%, W 1n an amount of 10-50 wt%, Cr 1n an amount of 2-8 wt%, Fe 1n
an amount of 1-10 wt%, Mn 1n an amount of 7-15 wt%, S1 1n an amount of 5-10 wt%, Nb
1n an amount of 0-2 wt%. Mo 1n an amount of 0-2 wt%, T1 1n an amount of 0-2 wt%, Zr
1n amount of 0-2 wt%, and the rare earth element, the rare earth oxide, or combination

thereof 1n an amount of 1-3 wt%, based on the total weight of the second region.

The coating of any one of claims 1-40, wherein the second region comprises N1 1n an
amount of 15-45 wt%, W 1n an amount of 10-50 wt%, Cr 1n an amount of 2-8 wt%, Fe 1n
an amount of 1-10 wt%, Mn 1n an amount of 7-15 wt%, S1 1n an amount of 5-10 wt%, Nb
1n an amount of 0-2 wt%, Mo 1n an amount of 0-2 wt%, T1 1n an amount of 0-2 wt%, Zr
in amount of 0-2 wt%, and Ce 1n an amount of 0.1-3 wt%, based on the total weight of

the second region.

The coating of any one of claims 1-41, wherein the second region comprises N1 1n an
amount of 15-45 wt%, W 1n an amount of 10-50 wt%, Cr 1n an amount of 2-8 wt%, Fe 1n
an amount of 1-10 wt%, Mn 1n an amount of 7-15 wt%, S1 1n an amount of 5-10 wt%, Nb
1n an amount of 0-2 wt%. Mo 1n an amount of 0-2 wt%, T1 1n an amount of 0-2 wt%, Zr
in amount of 0-2 wt%, and Ce 1n an amount of 1-3 wt%, based on the total weight of the

second region.

The coating of any one of claims 1-42, wherein the second region comprises Xe¢WeZ. 1n

an amount of 50 wt% or more, based on the total weight of the X¢WeZ and XWZ.

The coating of any one of claims 1-43, wherein the second region comprises Xe¢WeZ. 1n

an amount of 80 wt% or more, based on the total weight of the X¢WeZ and XWZ.

The coating of any one of claims 1-44, wherein the coating catalyzes carbon gasification.

The coating of any one of claims 1-45, wherein the first region catalyzes carbon

gasification.

A substrate having a surface, wherein the coating of any one of claims 1-46 1s provided

as a coating on the surface of the substrate.
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The substrate of claim 47, wherein the substrate 1s made from a high temperature alloy

(HTA).

The substrate of claim 48, wherein the HTA comprises a nickel-chromium-based alloy, a

nickel-cobalt-based superalloy, or a combination thereof.

The substrate of claim 49, wherein the nickel-chromium-based alloy comprises an

austenitic steel.
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