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CORROSION RESISTIVE MATERIALS,
SYSTEMS, AND METHODS OF FORMING
AND USING THE MATERIALS AND
SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/551,124, filed on Aug.
28, 2017, the disclosure of which is incorporated herein by
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under DE-EE0007117 awarded by the US Department of
Energy. The government has certain rights in the invention.

TECHNICAL FIELD

[0003] The present disclosure pertains to systems and
methods for producing corrosive resistant surfaces, and the
like. More particularly, the present disclosure pertains to
systems with corrosive resistant surfaces at high tempera-
tures and/or pressures and methods of forming corrosive
resistant surfaces at high temperatures and/or pressures.

BACKGROUND

[0004] A variety of approaches and systems have been
developed for producing materials that are resistant to
corrosion. Such approaches may include utilizing materials
having surfaces exposed to corrosive materials in a system
that are naturally resistant to corrosion under operating
conditions of the system. Of the known approaches for
producing systems with materials that are resistant to cor-
rosion, each has certain advantages and disadvantages.

SUMMARY

[0005] This disclosure is directed to several alternative
designs for, devices for, and methods of creating thermody-
namically noble materials at high temperatures. Although it
is noted that noble materials are known, there exists a need
for improvement on those noble materials.

[0006] Accordingly, one illustrative instance of the dis-
closure may include a method of rendering a material
thermodynamically noble. The method may include heating
a mixture of carbon monoxide and carbon dioxide and
applying the heated mixture of carbon monoxide and carbon
dioxide to a material to render the material thermodynami-
cally noble. In some cases, the mixture of carbon monoxide
and carbon dioxide may be heated to a temperature at or
above three hundred (300) degrees Celsius.

[0007] Another illustrative instance of the disclosure may
include a heat exchanger having a passageway defined at
least in part by a plate formed from a first material. The first
material may be coated with a copper coating such that the
passageway is at least partially coated with the copper
coating. The heat exchanger may be configured to receive
fluid in the passageway, where the fluid is at or above a
temperature of about three hundred (300) degrees Celsius.
[0008] Another illustrative instance of the disclosure may
include a method of operating a power system. The method
may include heating a working fluid of the power system and

Feb. 28,2019

imparting nobility to a copper material of a passageway of
the power system by passing the heated working fluid
through the passageway. The working fluid may be a mix-
ture of carbon dioxide and carbon monoxide. The mixture
may have a carbon monoxide content of at least ten (10)
parts per million of carbon dioxide.

[0009] The above summary of some example embodi-
ments is not intended to describe each disclosed embodi-
ment or every implementation of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The disclosure may be more completely under-
stood in consideration of the following detailed description
of various embodiments in connection with the accompa-
nying drawings, in which:

[0011] FIG. 1 is a schematic perspective view of an
illustrative heat exchanger;

[0012] FIG. 2 is a schematic perspective view of illustra-
tive plates of a heat exchanger;

[0013] FIG. 3 is a schematic cross-sectional view of two
adjacent plates of a heat exchanger;

[0014] FIG. 4 is a schematic flow diagram depicting an
illustrative method of rendering a material thermodynami-
cally noble;

[0015] FIG. 5 is a graph depicting partial pressure of
oxygen needed to form various oxides;

[0016] FIGS. 6A and 6B depict examples of exposing
sample materials to a mixture of carbon monoxide and
carbon dioxide at high temperatures;

[0017] FIG. 7A depicts an optical image of a structural
material exposed to a carbon monoxide and carbon dioxide
mixture for 1000 hours;

[0018] FIG. 7B depicts an optical image of a structural
material having a copper coating;

[0019] FIG. 7C depicts an optical image of the structural
material having a copper coating of FIG. 7B after exposure
to a carbon monoxide and carbon dioxide mixture for 200
hours;

[0020] FIG. 7D depicts an optical image of the structural
material having a copper coating of FIG. 7B after exposure
to a carbon monoxide and carbon dioxide mixture for 1000
hours;

[0021] FIG. 8 depicts a graph of mass change of different
samples of material during exposure to a carbon monoxide
and carbon dioxide mixture during a period of one thousand
(1000) hours;

[0022] FIG. 9 depicts a chart of results of tensile tests
applied to different samples of materials at room tempera-
ture;

[0023] FIG. 10 depicts a graph showing stress/strain
curves for different samples of materials;

[0024] FIG. 11 depicts a graph showing stress/strain
curves for different samples of materials that each include a
weld joint;

[0025] FIG. 12 is a schematic flow diagram depicting an
illustrative method of operating a power system; and
[0026] FIG. 13 is a chart depicting a generation of carbon
monoxide concentration in a carbon dioxide working fluid of
a power system over time.

[0027] While the disclosure is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail. It should be understood, however, that
the intention is not to limit aspects of the claimed disclosure
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to the particular embodiments described. On the contrary,
the intention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the claimed
disclosure.

DESCRIPTION

[0028] For the following defined terms, these definitions
shall be applied, unless a different definition is given in the
claims or elsewhere in this specification.

[0029] All numeric values are herein assumed to be modi-
fied by the term “about”, whether or not explicitly indicated.
The term “about” generally refers to a range of numbers that
one of skill in the art would consider equivalent to the
recited value (i.e., having the same function or result). In
many instances, the term “about” may be indicative as
including numbers that are rounded to the nearest significant
figure.

[0030] The recitation of numerical ranges by endpoints
includes all numbers within that range (e.g., 1 to 5 includes
1, 1.5, 2, 2.75, 3, 3.80, 4, and 5).

[0031] Although some suitable dimensions, ranges and/or
values pertaining to various components, features and/or
specifications are disclosed, one of skill in the art, incited by
the present disclosure, would understand desired dimen-
sions, ranges and/or values may deviate from those
expressly disclosed.

[0032] As used in this specification and the appended
claims, the singular forms “a”, “an”, and “the” include plural
referents unless the content clearly dictates otherwise. As
used in this specification and the appended claims, the term
“or” is generally employed in its sense including “and/or”
unless the content clearly dictates otherwise.

[0033] As used in this specification and the appended
claims, terms such as first, second, third, and so on, along
with top, bottom, side, left, right, above, below, and/or other
similar relative terms and are used herein for descriptive
purposes unless the content clearly dictates otherwise.
[0034] The following detailed description should be read
with reference to the drawings in which similar elements in
different drawings are numbered the same. The detailed
description and the drawings, which are not necessarily to
scale, depict illustrative embodiments and are not intended
to limit the scope of the claimed disclosure. The illustrative
embodiments depicted are intended only as exemplary.
Selected features of any illustrative embodiment may be
incorporated into an additional embodiment unless clearly
stated to the contrary.

[0035] Various devices and systems have materials that
come into contact with corrosive materials and under certain
operating conditions these materials may deteriorate after
exposure to the corrosive materials, particularly at high
temperatures and/or high pressures. In one example, a heat
exchanger or other component in a power system (e.g.,
pipes, coils, tubes, valves, pumps, turbines, compressors,
and/or one or more other components of a power generation
system or other power system) may have one or more
passageways that interact with a working fluid (e.g., a gas,
liquid, or other material without a fixed shape) at high
temperatures (e.g., temperatures above about three hundred
(300) degrees Celsius) and/or high pressures (e.g., pressures
between about 7.5 Megapascal (MPa) and 20 MPa and
above) during operation of the power system, where the
working fluid may be considered corrosive at operating
conditions of the power system and may cause the material

Feb. 28,2019

forming a surface of the passageway to corrode (e.g., due to
oxidation) and/or carburize over time. Additionally or alter-
natively, other systems and/or components of other systems
including, but not limited to, sequestration of CO, systems,
CO, piping systems, CO, pumping systems, CO, storage
systems, etc. may interact with corrosive fluids at high or
low temperatures and/or at high or low pressures and the
corrosive fluids may cause material forming a surface of the
system or component of the system to corrode and/or
carburize over time.

[0036] Power systems may have operating conditions with
temperatures between three hundred (300) degrees Celsius
and nine hundred (900) degrees Celsius or higher. Illustra-
tive next generation power systems may include nuclear
reactors power systems, coal power systems (e.g., third
generation coal power systems and/or other coal power
systems), concentrated solar power (CSP) systems, and/or
other suitable types of power systems. The Brayton cycle,
which may utilize supercritical CO, (sCO,) (e.g., CO, at
temperatures above the critical point of CO, (e.g., three
hundred (300) degrees Celsius)) as a heat transfer fluid, has
been identified as a thermodynamic cycle that may be
utilized with next generation power systems due to its
structural stability at high temperatures (e.g., temperatures
above about three hundred (300) degrees Celsius) and high
pressures (e.g., pressures between about 7.5 MPa and 20
MPa and above); example pressures of systems utilizing
sCO, are discussed in Ahn, Yoonhan, et al. “Review of
Supercritical CO, Power Cycle Technology and Current
Status of Research and Development.” Nucl Eng Technol 47
(2015): 647-661, which is hereby incorporated by reference
in its entirety). Other thermodynamic cycles in addition to or
as an alternative to the Brayton cycle may be utilized with
next generation power systems. As the Brayton cycle and/or
other thermodynamic cycles may utilize high temperatures
and/or high pressures, one or more heat exchangers and/or
other power system components that can withstand high
temperatures and high pressures facilitate operation of
power systems utilizing the Brayton cycle and/or other
thermodynamic cycle.

[0037] Further, devices and systems having components
with surfaces that contact corrosive materials at high tem-
peratures and/or high pressures other than devices and
components of power systems are contemplated. For
example, devices and systems related to aircraft, space
structures, and/or other devices, systems, or industries incor-
porating energy conversion systems may have components
with surfaces that contact corrosive materials at high tem-
peratures and/or high pressures.

[0038] A technique for protecting against corrosion and/or
carburization of structural material (e.g., material maintain-
ing a general form of a structure) in a system having
operating conditions with high temperatures and/or high
pressures may include providing a layer of non-corrosive
material over the structural material and/or otherwise treat-
ing the structural material contacting the corrosive fluid such
that the material (e.g., the structural material and/or the layer
of non-corrosive material) is resistant to corrosion and/or
carburization resulting from contact with the corrosive fluid
and/or is resistant to degradation from high temperatures
and/or high pressures resulting from the operating condi-
tions of the system. In some cases, a layer of non-corrosive
material may be a layer of non-structural material that
receives its shape from an underlying structural material
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(e.g., a substrate), but it is contemplated that the layer of
non-corrosive material may be a layer of structural material.
[0039] Although the disclosed concepts may be primarily
described herein with respect to heat exchangers for power
systems that operate at high temperatures and/or high pres-
sures, the devices and techniques discussed herein may be
used for and/or with other devices and/or components of
devices. For example, the disclosed concepts may be applied
to any passageway of a power system or other system that
contacts corrosive fluid or other corrosive material includ-
ing, but not limited to, passageways of valves, pumps,
turbines, compressors, piping, coils, or tubing in a power
system and/or other system.

[0040] Turning to the Figures, FIG. 1 depicts a schematic
perspective view of a heat exchanger 10 (e.g., a printed
circuit heat exchanger (PCHE) or other heat exchanger). The
heat exchanger 10 may include an optional housing 12
receiving a plurality of plates (e.g., plates, as shown in FIG.
2), one or more inflow pipes (e.g., inflow pipes 14, 16), and
one or more outflow pipes (e.g., outflow pipes 18, 20). In the
heat exchanger 10, fluid (e.g., a working fluid) may enter
through one or more of the inflow pipes 14, 16 and exit
through one or more of the outflow pipes 18, 20. In some
cases, the fluid may be pumped into and/or out of the heat
exchanger with one or more pumps (not shown).

[0041] The fluid entering the heat exchanger 10 may be
configured to perform a heat transfer as the fluid flows from
the inflow pipes 14, 16 to the outflow pipes 18, 20 via
channels in plates of the heat exchanger 10. In some cases,
the fluid flowing into the heat exchanger 10 through one of
the inflow pipes 14, 16 may be cooler than the fluid flowing
into the heat exchanger 10 through the other of the inflow
pipes 14, 16 to facilitate transferring heat between the
respective fluids.

[0042] The fluid may be any type of fluid configured to
transfer heat with another fluid through walls of a channel.
In some cases, the fluid may be a supercritical carbon
dioxide (sCO,), steam (e.g., ultra-supercritical (USC) steam
or other steam), a liquid (e.g., water, etc.), and/or one or
more other suitable materials.

[0043] FIG. 2 depicts a schematic perspective view of a
plurality of plates 22 (e.g., heat exchange members) of the
heat exchanger 10 (e.g., where the housing 12 is removed
from the heat exchanger 10). The plates 22 may be super-
imposed on one another and combined to facilitate forming
the heat exchanger 10. Each plate 22 may include one or
more channels 24 (only a single channel 24 is labeled in each
plate for clarity purposes) that form passageways (e.g.,
passageways 26 depicted in FIG. 3) for fluid when adjacent
plates 22 are abutting one another and/or attached to one
another. Alternatively, or in addition, the channels 24 of the
heat exchanger 10 may be formed from one or more struc-
tures other than the plates 22. For example, the channels 24
may be formed via a molding technique, three-dimensional
printing, and/or other suitable techniques.

[0044] The plates 22, when included, may be connected to
each other in one or more manners to form the heat
exchanger 10. In some cases, the plates 22 may be bonded
together. In one example, adjacent plates 22 may be brazed
or diffusion bonded together to form passageways with the
channels 24. Other connection techniques are contemplated.
[0045] The channels 24 of each plate 22 may take on a
suitable configuration to form passageways that facilitate
heat transfer between fluid in adjacent passageways. In some
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cases, the channels 24 may be curved, may be straight, may
be angled, may zigzag, may take on one or more other
shapes, and/or may be formed by bumps or formations in
each plate 22. Curves and/or changes in direction of the
channels 24 may result in increased heat transfer surface
areas of the channels 24 and more efficient heat transfer
when compared to straight channels 24 or channels 24
having fewer curves and/or turns.

[0046] As discussed above, the heat exchanger 10 may be
utilized in power systems. For example, power systems
utilizing the Rankine cycle, Brayton cycle, and/or other
thermodynamic cycle may utilize heat exchangers. Addi-
tionally, heat exchangers may be utilized in other types of
power systems, along with or as other types of types of
devices and systems.

[0047] Heat exchangers and/or other components of sys-
tems may be formed from a structural material such as a
stainless steel (e.g., ferritic stainless steel, 316 stainless
steel, etc.) and/or other suitable material. However, stainless
steel and/or other materials may oxidize and/or carburize
when exposed to sCO,, particularly at high temperatures
(e.g., temperatures above about three hundred (300) degrees
Celsius) and/or high pressures (e.g., pressures between
about 7.5 MPa and 20 MPa and above). As such, a material
that may be or may be made to be thermodynamically noble
may be utilized for heat exchangers and/or other devices or
components of systems in addition to or as an alternative to
a stainless steel or other suitable structural material that may
be reactive (e.g., may corrode and/or carburize) when in
contact with sCO, or other fluid at high temperatures and/or
high pressures. Example materials that may be or may be
made to be thermodynamically noble at high temperatures
and/or high pressures may include gold, silver, platinum,
palladium, copper, nickel, molybdenum, chromium, tita-
nium, zirconium, yttrium, and/or other noble materials. In
some cases, alloys including the above thermodynamically
noble materials may retain their thermodynamically noble
properties.

[0048] In one example, copper may be utilized as a
material of the heat exchanger 10 of a power system utilizing
sCO, at high temperatures (e.g., temperatures above about
three hundred (300) degrees Celsius). To maintain the struc-
tural integrity of the heat exchanger 10 and/or for other
purposes, the heat exchanger 10 or other component may be
formed from a first material (e.g., a structural material of
stainless steel or other structural material (e.g., structural
metals)) and may have passageways coated with a second
material (e.g., a structural or non-structural layer of copper,
copper alloys, silver, silver alloys, nickel, nickel alloys,
and/or other material that has thermodynamically noble
properties when interacting with sCO, at high temperatures)
applied thereto. In such cases, the first material may be
considered a substrate to which the second material is
applied. When copper is utilized as the second material 28,
the heat exchanger 10 may maintain its thermal property
performance due, at least in part, to the copper having a
higher thermal conductive than the first material of the
substrate.

[0049] In addition to or as an alternative to applying the
second material to the first material of the heat exchanger 10,
the second material may be applied to a first material of one
or more other components of power system utilizing sCO,
or other working fluid at high temperatures (e.g., tempera-
tures above about three hundred (300) degrees Celsius). In
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some cases, the second material may be applied to surfaces
of piping, tubing, valves, and/or other components of the
power system that may be in contact with sCO, during
operation of the power system.

[0050] FIG. 3 depicts an illustrative cross-section of a first
plate 22a of a heat exchanger (e.g., heat exchanger 10)
connected to a second plate 225 of the heat exchanger. Each
of the connected plates 22a, 226 may include channels 24
that face a channel 24 of the other plate 224, 225 to form
passageways 26 (not all channels 24 and passageways 26 are
labeled due to clarity purposes). Alternatively or in addition,
the passageways 26 may be formed by a channel 24 in only
one of the first plate 224 and the second plate 224. Further,
similar to as discussed above, although the first material
generally forming or defining the passageways 26 is
depicted and discussed with respect to the heat exchanger,
the first material and passageways may be part of, or may be,
other components (e.g., piping, tubing, valves, etc.) of a
power system or other system.

[0051] Although the passageways 26 are depicted as hav-
ing a rounded cross-section, the passageways 26 may take
on a cross-section that has one or more other full or partial
shapes including, but not limited to, a full or partial square,
a full or partial rectangle, a full or partial star, and/or one or
more other suitable shapes. Additionally or alternatively, the
shape and/or sizes of a cross-section of a passageway 26
may be the same or different than the shape and/or size of
cross-sections of one or more adjacent passageways 26.
Further, the shape and/or size of a cross-section of a pas-
sageway 26 may be consistent along a length of the pas-
sageway 26 or the shape and/or size of a cross-section of a
passageway 26 may vary along the length of the passageway
26.

[0052] As shown in FIG. 3, the passageway 26 may
include a second material 28 (not labeled in each passage-
way 26 for clarity purposes) applied thereto, such that the
second material 28 is configured to contact the sCO, or other
fluid rather than the first material generally forming or
defining the passageway 26. As discussed above, in some
cases the second material may be copper or other material
that may be thermodynamically noble at high temperatures
and/or high pressures.

[0053] The second material may have a thickness T when
applied to the first material. The thickness T of the second
material may be selected based, at least in part on, a
thickness needed to prevent carburization and/or oxidation
of the first material when in an environment in which first
material coated with the second material is expected to be
used and/or the thickness T may be selected based, at least
in part, on one or more other suitable factors. In some cases,
the second material 28 as applied to the surface of the first
material may have a thickness T of less than about ten (10)
microns, between about 0.5 microns and about one thousand
(1000) microns, and/or one or more other suitable thick-
nesses. In one example, the thickness T of the second
material 28 applied to the surface of the first material may
be at least fifty (fifty) microns. In further examples, the
thickness T of the second material 28 applied to the surface
of the first material may be between about thirty (30)
microns and about one hundred fifty (150) microns and/or
between about one hundred (100) microns and about three
hundred (300) microns. Other ranges for thicknesses T of the
second material 28 applied to the surface of the first material
are contemplated.
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[0054] Various methods for applying the second material
28 to the surface of the first material forming the passageway
26 may be utilized. In some cases, the second material 28
may be electroplated to the surface of the first material with
electrodeposition techniques (e.g., using a sulfate-acid bath,
a cyanide bath, and/or other bath). For example, when the
second material 28 may be a copper material, a copper
sulfate solution may be provided through the passageways
26 and a voltage applied to the heat exchanger 10 may be
adjusted as the copper sulfate solution flows through the
passageways 26 to achieve a uniform coating (e.g., thickness
T) of the second material 28 or other thickness T of the
second material 28 on the first material defining the pas-
sageways 26. Alternatively or in addition to applying the
second material 28 to the surface of the first material with
electrodeposition techniques, the second material 28 may be
applied to the surface of the first material with a thermal
spray technique, a diffusion bond technique, and/or other
suitable techniques.

[0055] Once the second material 28 has been applied to
the first material defining the passageways 26, the second
material 28 may be rendered noble (e.g., thermodynamically
noble at expected operating conditions of the heat
exchanger) through one or more techniques. It may be
necessary to impart thermodynamic nobility to render the
second material 28 thermodynamically noble at high tem-
peratures (e.g., temperatures above about three hundred
(300) degrees Celsius) even when the second material 28
may exhibit noble properties at room temperature. For
example, copper, which exhibits noble properties at room
temperature, has low strength and poor steam-corrosion
performance at high temperatures, and thus, imparting ther-
modynamic nobility to copper at high temperatures (e.g.,
when copper is used as the second material 28) allows the
copper to perform unexpectedly well at high temperatures
and/or high pressures (e.g., copper may be configured to stay
structurally intact at high temperatures and/or high pres-
sures).

[0056] FIG. 4 depicts an illustrative schematic flow dia-
gram of a technique 100 for rendering a material thermo-
dynamically noble, particularly at high temperatures (e.g.,
temperatures above about three hundred (300) degrees Cel-
sius, such as temperatures of an operating power system
and/or other system). When the material to be rendered
thermodynamically noble is copper or other material having
similar physical properties, the technique 100 may include
creating 110 a mixture of carbon monoxide (CO) and carbon
dioxide (CO,). The mixture of CO and CO, may then be
heated 112 and the heated mixture may be applied 114 to the
copper or other similar material. As discussed above, the
material to be rendered noble at high temperatures may be
applied to a substrate, such as steel (e.g., 316 stainless steel
or other steel), but this is not required.

[0057] The mixture of CO and CO, may be heated to a
suitable temperature. For example, the mixture of CO and
CO, may be heated to a temperature at or above about three
hundred (300) degrees Celsius, between about three hundred
(300) degrees Celsius and about nine hundred (900) degrees
Celsius, between about three hundred (300) degrees Celsius
and about seven hundred fifty (750) degrees Celsius,
between about five hundred (500) degrees Celsius and about
nine hundred (900) degrees Celsius, and/or one or more
other suitable temperatures. In some cases, a mixture of CO
and CO, may occur or may be created during operation of



US 2019/0062892 Al

a power system and the temperatures to which a mixture of
CO and CO, may be heated in a power system are discussed
in Ahn, Yoonhan et al. cited above and incorporated by
reference.

[0058] In the method of FIG. 4, the mixture of CO and
CO, may include a suitable amount of CO relative to CO,
s0 as to render the copper or other similar material thermo-
dynamically noble under certain pressure and/or tempera-
ture conditions. When rendering copper and other similar
materials thermodynamically noble at high temperatures
(e.g., temperatures above about three hundred (300) degrees
Celsius), an example mixture of CO and CO, may have a
wide range of allowable CO content relative to CO, content.
For example, an illustrative mixture of CO and CO, having
a content of CO in the mixture of at least ten (10) parts per
million (ppm) may be capable of rendering copper thermo-
dynamically noble at temperatures up to about seven hun-
dred fifty (750) degrees Celsius. In some cases, an example
mixture of CO and CO, may have a content of CO in the
mixture of at least fifty (50) ppm, which may be capable of
rendering copper thermodynamically noble at temperatures
up to about nine hundred degrees Celsius. An amount of CO
in the mixture of CO and CO, needed to render copper
thermodynamically noble may be a function of (e.g., at least
partially dependent on) temperature and/or pressure.
[0059] FIG. 5 depicts a graph 31 showing an amount of
partial pressure of oxygen (pO,) that is needed to form
various oxides over a range of temperatures. As can be
determined from the graph 31 of FIG. 5, because a pO, for
a CO content of fifty (50) ppm in a mixture of CO, and CO
(see line 30) is lower than the pO, needed to form copper
oxide (Cu,0O) (see line 32) at all temperatures below one
thousand one hundred seventy-three (1,173) Kelvin (about
nine hundred (900) degrees Celsius), copper is thermody-
namically noble at temperatures up to about nine hundred
(900) degrees Celsius when in contact with a mixture of CO
and CO, having a CO content of fifty (50) ppm because there
is not enough oxygen present to form oxidation on or
through the copper.

[0060] FIGS. 6A and 6B depict results of exposing sample
materials to a mixture of CO and CO, at high temperatures
and pressures that support the conclusion made from the
graph of FIG. 5 that copper is thermodynamically noble
when exposed to certain mixtures of CO and CO, at high
temperatures and pressures. FIG. 6A depicts an uncoated
piece 33 of 316 stainless steel that was exposed to a mixture
of CO and CO, having a CO content of 50 ppm at a
temperature of seven hundred fifty (750) degrees Celsius
and a pressure of about twenty (20) MPa (about 2,900.75
psi). FIG. 6B depicts a coated piece 35 of 316 stainless steel
with a thirty (30) micron thick coating of copper that was
exposed to a mixture of CO and CO, having a CO content
of 50 ppm at a temperature of seven hundred fifty (750)
degrees Celsius and a pressure of 20 MPa. As can be seen,
after exposure to the CO and CO, mixture, the uncoated
piece 33 of 316 stainless steel in FIG. 6A has visible surface
oxidation, while the copper coating of the copper coated
piece 35 of 316 stainless steel in FIG. 6B is intact and there
is no visible oxidation on the copper coating. These results
support using a copper coating to protect against oxidation
of an underlying material.

[0061] FIGS. 7A-7D depict optical images showing
results of exposing coated and uncoated 316 stainless steel
to a mixture of CO and CO, having a CO content of fifty (50)
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ppm at a temperature of seven hundred fifty (750) degrees
Celsius and at a pressure of twenty (20) MPa. The results
depicted in FIGS. 7A-7D demonstrate benefits of using a
copper coating to protect against oxidation and carburization
of an underlying material.

[0062] FIG. 7A depicts an uncoated 316 stainless steel
sample 34 that has been exposed to a CO/CO, mixture with
a CO content of fifty (50) ppm at a temperature of seven
hundred fifty (750) degrees Celsius and a pressure of twenty
(20) MPa for one thousand (1000) hours. Note, although a
coating appears to be applied to the 316 stainless steel
sample 34 in FIG. 7A, the coating was not present during
exposure of the 316 stainless steel sample 34 to the mixture,
but was added after exposure to the mixture as part of an
analysis procedure (e.g., to allow a surface of the 316
stainless steel sample 34 to be electrically conductive). FIG.
7B depicts a 316 stainless steel sample 34 coated with a
copper coating 36 that has not been exposed to CO/CO,
mixture. FIG. 7C depicts a 316 stainless steel sample 34
coated with the copper coating 36 that has been exposed to
a CO/CO, mixture with a CO content of fifty (50) ppm at a
temperature of seven hundred fifty (750) degrees Celsius
and a pressure of twenty (20) MPa for two hundred (200)
hours. FIG. 7D depicts a 316 stainless steel sample 34 coated
with the copper coating 36 that has been exposed to a
CO/CO, mixture with a CO content of fifty (50) ppm at a
temperature of seven hundred fifty (750) degrees Celsius
and a pressure of twenty (20) MPa for one thousand (1000)
hours.

[0063] As can be seen when comparing the oxide height H
(e.g., oxidation 38) in the copper coating 36 in FIGS. 7C and
7D (e.g., the vertical distance between the dashed lines in
FIGS. 7C and 7D), the oxide height H appears to be
effectively constant over time (e.g., from two hundred (200)
hours to one thousand (1000) hours of exposure to the
CO/CO, mixture). This indicates that a kinetic diffusion
barrier generated by the copper coating is protective to the
316 stainless steel sample 34 and/or other structural material
for extended periods of time. Moreover, this result may be
beneficial as it is known in the art that uncoated 316 stainless
steel shows time-dependent corrosion (e.g., oxidation) when
exposed to mixtures of CO and CO,. The difference in
oxidation between an uncoated 316 stainless steel and a
copper coated 316 stainless steel can be seen by comparing
the image of FIG. 7A with the images of FIGS. 7C and 7D.
For example, the oxidation 38 in the uncoated 316 stainless
steel sample 34 of FIG. 7A is greater than in the 316 stainless
steel sample 34 with copper coating 36 of FIGS. 7C and 7D,
where there is essentially no oxidation of the 316 stainless
steel sample 34.

[0064] In addition to protecting the 316 stainless steel
sample 34 from oxidation, the copper coating 36 appears to
result in a reduction and/or prevention of carburization of
the stainless steel sample 34. Carburization may be a con-
cern in CO, environments because carbon ingress at high
temperatures (e.g., temperatures above about three hundred
(300) degrees Celsius) may be deeper than oxidation, and
unlike oxidation, carburization may have the tendency to
embrittle 316 stainless steel sample 34 or other structural
material. The embrittling of the 316 stainless steel sample 34
or other structural material may be due to the formation of
metal carbides at grain boundaries which then lock the
boundaries and prevent ductal slipping. In environments
such as those to which heat exchangers may be exposed
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(e.g., environments with cyclic loading and/or other envi-
ronments), a fatigue susceptibility imparted by carburization
is a known problem within the industry and potential lim-
iting factor for the use of numerous materials (e.g., includ-
ing, but not limited to, stainless steels) with otherwise
promising mechanical properties at high temperatures.
[0065] The protection from carburization by the copper
coating 36 may occur, at least in part, due to the copper
acting as an inhibitor of carbon transport. While oxygen
transport through copper may be relatively fast (e.g., when
compared to other metals), it forms no stable carbides and
copper has no or almost no solubility for carbon. As such, it
may be difficult for carbon to pass through the copper
coating 36 and degrade the 316 stainless steel sample 34 or
other structural material. This distinction can be seen by
comparing the 316 stainless steel samples 34 in FIGS. 7A
and 7D, where the uncoated 316 stainless steel sample 34 in
FIG. 7A shows an internal attack throughout the material
(e.g., carbide formation as represented by lines and markings
37 in the 316 stainless steel sample 34) while the 316
stainless steel sample 34 with a copper coating 36 in FIG. 7D
appears to be in a similar condition to that of the 316
stainless steel samples 34 of FIGS. 7B and 7C.

[0066] FIGS. 8-11 depict additional evidence of the ben-
efits of the coating an underlying structural material such as
316 stainless steel with copper or other similar material.
FIG. 8 depicts a graph showing mass changes of samples of
material, FIG. 9 depicts a chart showing results of tensile
tests on samples of material, and FIGS. 10 and 11 depict
graphs of stress/strain curves for samples of material.
[0067] FIG. 8 depicts a graph 40 of a mass change of
samples over time when the samples are exposed to a
CO/CO, mixture having 50 ppm CO over a one thousand
(1,000) hour period, with the mixture at a pressure of twenty
(20) MPa and heated to a temperature of 750 degrees
Celsius. The x-axis depicts mass change of the samples in
mg/mm? and the y-axis depicts exposure time of the samples
to the mixture in hours. In the graph 40, line 42 represents
a mass change of a 316 stainless steel sample that does not
include a copper coating, line 44 represents a mass change
of a 316 stainless steel sample that includes a copper
coating, line 46 represents a mass change of two 316
stainless steel samples welded together that does not include
a copper coating, and line 48 represents a mass change of
two 316 stainless steel samples welded together that
includes a copper coating. As can be seen from the graph 40,
the samples without the copper coating (e.g., as represented
by lines 42 and 46) had a large increase in mass when
compared to the mass increase of the samples with the
copper coating (e.g., as represented by lines 44 and 48) over
the sample exposure time of one thousand (1000) hours.
From the results of this testing as depicted in the graph 40,
it is apparent that the copper coating has eliminated a large
amount of corrosion that 316 stainless steel otherwise expe-
riences without the copper coating.

[0068] FIG. 9 depicts a chart 50 of the results of tensile
tests on various samples of materials that were exposed to
CO, or a CO/CO, mixture having fifty (50) ppm CO at 20
MPa and 750 degrees Celsius for one thousand (1,000) hours
as compared to a sample of material that is not exposed to
either one of such conditions (“operating conditions”). Sec-
tion 52 of the chart 50 depicts results of samples of 316
stainless steel without a weld joint and section 54 of the
chart 50 depicts results of samples with a weld joint between
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two pieces of 316 stainless steel. The benefits of a copper
coating on welded pieces of 316 stainless steel was tested as
weld joints are considered the weakest portion of a sample
and may be prone to failure.

[0069] Column 56 depicts results of an ultimate tensile
strength (UTS) test on the samples, column 58 depicts
results of a yield strength (YS) test on the samples, and
column 60 depicts the results of an elongation test on the
samples. Row 62 depicts results for a 316 stainless steel
sample without a copper coating that is not exposed to the
operating conditions, row 64 depicts results for a 316
stainless steel sample without a copper coating that is
exposed to CO, at 20 MPa and 750 degrees Celsius, row 66
depicts results for a 316 stainless steel sample without a
copper coating that is exposed to a mixture of CO/CO,
having fifty (50) ppm CO at 20 MPa and 750 degrees
Celsius, row 68 depicts results for a 316 stainless steel
sample with a copper coating that is exposed to CO, at 20
MPa and 750 degrees Celsius, and row 70 depicts results for
a 316 stainless steel sample with a copper coating that is
exposed to a mixture of CO/CO, having fifty (50) ppm CO
at 20 MPa and 750 degrees Celsius. Row 72 depicts results
for welded 316 stainless steel samples without a copper
coating that is not exposed to the operating conditions, row
74 depicts results for welded 316 stainless steel samples
without a copper coating that is exposed to CO, at 20 MPa
and 750 degrees Celsius, row 76 depicts results for welded
316 stainless steel samples without a copper coating that is
exposed to a mixture of CO/CO, having fifty (50) ppm CO
at 20 MPa and 750 degrees Celsius, row 78 depicts results
for welded 316 stainless steel samples with a copper coating
that is exposed to CO, at 20 MPa and 750 degrees Celsius,
and row 80 depicts results for welded 316 stainless steel
samples with a copper coating that is exposed to a mixture
of CO/CO, having fifty (50) ppm CO at 20 MPa and 750
degrees Celsius.

[0070] The results depicted in the chart 50 were obtained
by applying tensile tests to the samples at room temperature
and tend to indicate a large effect of a CO, environment on
mechanical properties of 316 stainless steel. As can be seen
in FIG. 9, a change in ductility of the samples, as measured
by elongation, is the parameter most impacted by using a
copper coating on the 316 stainless steel and the coated
samples remained ductile. Even so, the results of the UTS
test and the YS test improved for the coated samples (e.g.,
rows 68, 70, 78, and 80) relative to the uncoated samples
(e.g., rows 64, 66, 74, 76).

[0071] FIGS. 10 and 11 depict stress/strain curves of
samples of materials that were exposed to a CO/CO, mixture
having fifty (50) ppm CO at 20 MPa and 750 degrees Celsius
for one thousand (1,000) hours as compared to a sample of
material that was not exposed to such conditions. In FIG. 10,
Line 92 represents a sample of 316 stainless steel that did not
include a copper coating and which was not exposed to the
heated and pressurized CO/CO, mixture. Line 93 represents
a sample of 316 stainless steel that did not include a copper
coating and which was exposed to the heated and pressur-
ized CO/CO, mixture. Line 94 represents a sample of 316
stainless steel that did include the copper coating and which
was exposed to the heated and pressurized CO/CO, mixture.
As can be seen see from the graph 94, the sample with the
copper coating showed improved tensile performance over
the sample without the copper coating (e.g., the sample with
the copper coating had a much higher break or rupture point
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than the sample without copper coating) after exposure to
the heated and pressurized mixture of CO/CO,. As a result,
the copper coating may be utilized as an effective carbon
barrier for underlying material (e.g., structural material),
such as 316 stainless steel.

[0072] Similar to the results depicted in the graph 91 of
FIG. 10, the results depicted in graph 95 of FIG. 11 support
the finding that a copper coating may be utilized as an
effective carbon barrier for an underlying material (e.g., a
structure material), such as 316 stainless steel, and may even
be used to improve the performance of material at weld
joints. In FIG. 11, line 96 represents welded samples of 316
stainless steel that did not include a copper coating and
which was not exposed to the heated and pressurized
CO/CO, mixture. Line 97 represents welded samples of 316
stainless steel that did not include a copper coating and
which was exposed to the heated and pressurized CO/CO,
mixture. Line 98 represents welded samples of 316 stainless
steel that did include the copper coating and which was
exposed to the heated and pressurized CO/CO, mixture. As
can be seen from the graph 95, the welded samples with the
copper coating showed improved tensile performance over
welded samples without the copper coating (e.g., the welded
samples with the copper coating had a much higher break or
rupture point than the welded samples without copper coat-
ing) after exposure to the heated and pressurized mixture of
CO/CO,.

[0073] As discussed, copper may be applied to passage-
ways of power systems and/or other systems that are con-
figured to contact potentially corrosive materials at high
temperatures (e.g., temperatures above about three hundred
(300) degrees Celsius) to facilitate preventing corrosion and
carburization of an underlying material. However, as copper
is not naturally noble (e.g., non-reactive) at high tempera-
tures, copper may be imparted with nobility through one or
more processes, which may occur during or as part of
operation of a power system or other system. FIG. 12 depicts
a method 200 of operating a power system that may impart
thermodynamic nobility on a copper material or other mate-
rial in a passageway of a power system (e.g., a passageway
of a heat exchanger, piping, or other passageway). Although
the method 200 describes imparting thermodynamic nobility
on a copper material, a similar method may be applied to
impart thermodynamic nobility on materials having similar
physical properties to those of copper and/or a similar
method may be applied to impart thermodynamic nobility on
materials in systems other than power systems.

[0074] In the method 200, an amount of carbon monoxide
may be added 210 into a working fluid of a power systems
to create a mixture. Although not required, the working fluid
may be a carbon dioxide (e.g., a supercritical carbon diox-
ide) and the mixture may have a carbon monoxide content
of at least ten (10) ppm. The mixture of the working fluid
and the carbon monoxide may be heated 212. In some cases,
the working fluid may already be heated when the carbon
monoxide is added and may accordingly heat the mixture of
the working fluid and the carbon monoxide. Alternatively,
the carbon monoxide may be injected 210 into the working
fluid and the mixture may then be heated. Further, the
mixture of carbon monoxide and the working fluid may be
heated to a suitable temperature. For example, the mixture of
carbon monoxide and the working fluid may be heated to a
temperature at or above about three hundred (300) degrees
Celsius, between about three hundred (300) degrees Celsius

Feb. 28,2019

and about nine hundred (900) degrees Celsius, between
about three hundred (300) degrees Celsius and about seven
hundred fifty (750) degrees Celsius, and/or one or more
other suitable temperatures. The heated working fluid mix-
ture with carbon monoxide may then be passed 314 through
passageways of the power system or other system coated
with copper or other materials to be made noble at high
temperatures. Once the mixture of carbon monoxide and the
working fluid has been applied to the copper or other
material of the passageways, the copper or other material
may be thermodynamically noble and protect an underlying
structural material from corrosion.

[0075] The adding 210 of carbon monoxide to the working
fluid may include initially injecting carbon monoxide into
the working fluid at startup of the power system and/or
utilizing carbon monoxide that may result as a byproduct of
utilizing supercritical carbon dioxide as the working fluid in
the power systems. As such, it may be possible to facilitate
maintaining a carbon monoxide content in the mixture of
carbon monoxide and carbon dioxide (e.g., the working
fluid) at or above 10 ppm without injecting carbon monoxide
into the working fluid after the initial injection of carbon
monoxide.

[0076] FIG. 13 is a graph depicting CO content generated
in a working fluid of pure supercritical CO, at a temperature
of five hundred fifty degrees Celsius over an extended period
of operating time. As can be seen from FIG. 13, a sufficient
amount of CO (e.g., greater than (10) ppm CO) may be
generated from the corrosion process of supercritical CO, at
high temperatures or operating conditions of a power system
such that the power system may be able to naturally maintain
a requisite amount of CO in the working fluid mixture (e.g.,
a mixture of CO and CO,) to continually render the copper
coating or other coating of the passageways thermodynami-
cally noble (e.g., the power system may self-maintain the
copper in a non-reactive state).

[0077] Those skilled in the art will recognize that the
present disclosure may be manifested in a variety of forms
other than the specific embodiments described and contem-
plated herein. Accordingly, departure in form and detail may
be made without departing from the scope and spirit of the
present disclosure as described in the appended claims.

What is claimed is:

1. A method of rendering a material thermodynamically
noble, the method comprising:

heating a mixture of carbon monoxide and carbon dioxide
to a temperature above three hundred degrees Celsius;
and

applying the heated mixture of carbon monoxide and
carbon dioxide to a material to render the material
thermodynamically noble.

2. The method of claim 1, wherein a content of carbon
monoxide in the mixture is at least ten parts per million
(ppm) of carbon dioxide.

3. The method of claim 1, wherein the content of carbon
monoxide in the mixture is at least fifty parts per million
(ppm) of carbon dioxide.

4. The method of claim 1, wherein the mixture of carbon
monoxide and carbon dioxide is heated to a temperature
between three hundred degrees Celsius and seven hundred
fifty degrees Celsius.
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5. The method of claim 1, further comprising:

applying the material to a substrate prior to applying the
heated mixture of carbon monoxide and carbon dioxide
to the material.

6. The method of claim 5, wherein the material applied to
the substrate has a thickness of at least ten microns.

7. The method of claim 5, wherein the material applied to
the substrate has a thickness between one hundred microns
and three hundred microns.

8. The method of claim 1, wherein the material is copper.

9. The method of claim 1, wherein the material is a
coating of a passageway in a power system and the mixture
of carbon monoxide and carbon dioxide is heated to the
temperature above three hundred degrees Celsius during
operation of the power system.

10. The method of claim 9, further comprising:

injecting carbon monoxide into the passageway of the

power system prior to heating the mixture of carbon
monoxide and carbon dioxide.

11. The method of claim 1, wherein the material is a
coating of a passageway in a heat exchanger.

12. A heat exchanger comprising:

a passageway defined at least in part by a plate, the plate

being formed from a first material;

a copper coating on the first material, the copper coating

at least partially coats the passageway; and

wherein the heat exchanger is configured to receive fluid

in the passageway at a temperature above three hundred
degrees Celsius.

13. The heat exchanger of claim 12, wherein the copper
coating has a thickness of at least ten microns.
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14. The heat exchanger of claim 12, wherein the heat
exchanger is configured to receive fluid in the passageway at
a temperature between three hundred degrees Celsius and
seven hundred fifty degrees Celsius.

15. The heat exchanger of claim 14, wherein the copper
coating prevents corrosion of the first material at the tem-
perature between three hundred degrees Celsius and seven
hundred fifty degrees Celsius.

16. The heat exchanger of claim 12, wherein the first
material is a steel and the copper coating is configured to
prevent carburization of the steel.

17. A method of operating a power system, the method
comprising:

heating a working fluid of the power system;

imparting nobility to a copper material of a passageway of

the power system by passing the heated working fluid
through the passageway; and

wherein the working fluid is a mixture of carbon dioxide

and carbon monoxide, the mixture having a carbon
monoxide content of at least ten parts per million (ppm)
of carbon dioxide.

18. The method of claim 17, further comprising:

adding carbon monoxide to the working fluid of the power

system to initially form the mixture.

19. The method of claim 17, further comprising:

maintaining a carbon monoxide content in the mixture at

or above ten parts per million (ppm) of carbon dioxide.

20. The method of claim 17, wherein heating the working
fluid of the power system includes heating the working fluid
to a temperature at or above three hundred degrees Celsius.
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