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Description
PRIORITY INFORMATION

[0001] The present application claims priority to Indian Patent Application Serial Number 202311012037 filed on
February 22, 2023.

FIELD OF TECHNOLOGY

[0002] This disclosure broadly relates to coatings for surfaces of a component. In particular, the coatings may be a
solid lubricant wear resistant coating particularly suitable for surfaces subject to high stress and coatings having oleo-
phobic, oleophilic, and porous properties for lubrication efficiency.

BACKGROUND

[0003] Atleastsome gas turbine engines, such as turbofan engines, include a fan, a core engine, and a power turbine.
The core engine includes at least one compressor, a combustor, and a high-pressure turbine coupled together in a serial
flow relationship. More specifically, the compressor and high-pressure turbine are coupled through a first drive shaft to
form a high-pressure rotor assembly. Air entering the core engine is mixed with fuel and ignited to form a high energy
gas stream. The high energy gas stream flows through the high-pressure turbine to rotatably drive the high-pressure
turbine such that the first drive shaft rotatably drives the compressor. The gas stream expands as it flows through a low-
pressure turbine positioned aft of the high-pressure turbine. The low-pressure turbine includes a rotor assembly having
a fan coupled to a second drive shaft. The low-pressure turbine rotatably drives the fan through the second drive shaft.
[0004] The drive shafts in the turbine engine are typically supported by one or more bearings, and at least some
turbofans include a speed-reducing gearbox coupled along the drive shaft between the low-pressure turbine and the
fan. The gearbox facilitates decoupling the fan tip speed from the speed of the low-pressure turbine. For example, at
least some known gearboxes include a sun gear engaged with and rotatably mounted radially inward relative to a plurality
of planetary gears. The planetary gears each include a roller bearing cage having a plurality of roller elements therein.
In operation, the planetary gears sometimes rotate circumferentially about the sun gear, and also rotate about an axis.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] A full and enabling disclosure of the present invention, including the best mode thereof, directed to one of
ordinary skill in the art, is set forth in the specification, which makes reference to the appended Figs., in which:

FIG. 1 is a schematic illustration of an exemplary turbine engine;

FIG. 2is a schematic end view of an exemplary power gearbox that may be used in the turbine engine shown in FIG. 1;
FIG. 3is aschematic end view of an exemplary planetary gear that may be used in the power gearbox shown in FIG. 2;
FIG. 4 is a schematic perspective partially cut view of an exemplary roller bearing cage and inner ring that may be
used in the power gearbox shown in FIG. 2;

FIG. 5 shows a schematic perspective partial view of exemplary coated gear teeth, such as in the exemplary planetary
gear of FIG. 3; and

FIG. 6 shows a schematic partial cross-sectional view of the exemplary planetary gear of FIG. 4 taken along the
line 6-6 of FIG. 4.

FIG. 7 shows a schematic partial cross-section view of the exemplary planetary gear of FIG. 4 taken along the line
7-7 of FIG. 4.

[0006] Repeatuse of reference characters in the present specification and drawings is intended to represent the same
or analogous features or elements of the present disclosure.

DETAILED DESCRIPTION

[0007] Reference now will be made in detail to embodiments of the present disclosure, one or more examples of which
are illustrated in the drawings. Each example is provided by way of explanation of the invention, not limitation of the
invention. In fact, it will be apparent to those skilled in the art that various modifications and variations can be made
without departing from the scope of the invention. For instance, features illustrated or described as part of one embodiment
can be used with another embodiment to yield a still further embodiment. Thus, it is intended that the present disclosure
covers such modifications and variations as come within the scope of the appended claims and their equivalents.



10

15

20

25

30

35

40

45

50

55

EP 4 421 154 A1

[0008] In the following specification and the claims, reference will be made to a number of terms, which shall be defined
to have the following meanings.

[0009] As used herein, the word "exemplary" is means "serving as an example, instance, or illustration." Any imple-
mentation described herein as "exemplary" is not necessarily to be construed as preferred or advantageous over other
implementations. Additionally, unless specifically identified otherwise, all embodiments described herein should be con-
sidered exemplary.

[0010] The singular forms "a", "an", and "the" include plural references unless the context clearly dictates otherwise.
[0011] The term "at least one of" in the context of, e.g., "at least one of A, B, and C" refers to only A, only B, only C,
or any combination of A, B, and C.

[0012] As used herein, the terms "first", "second", and "third" may be used interchangeably to distinguish one com-
ponent from another and are not intended to signify location or importance of the individual components.

[0013] The term "turbomachine" or "turbomachinery” refers to a machine including one or more compressors, a heat
generating section (e.g., a combustion section), and one or more turbines that together generate a torque output.
[0014] The term "gas turbine engine" refers to an engine having a turbomachine as all or a portion of its power source.
Example gas turbine engines include turbofan engines, turboprop engines, turbojet engines, turboshaft engines, etc.,
as well as hybrid-electric versions of one or more of these engines.

[0015] The term "combustion section" refers to any heat addition system for a turbomachine. For example, the term
combustion section may refer to a section including one or more of a deflagrative combustion assembly, a rotating
detonation combustion assembly, a pulse detonation combustion assembly, or other appropriate heat addition assembly.
In certain example embodiments, the combustion section may include an annular combustor, a can combustor, a cannular
combustor, a trapped vortex combustor (TVC), or other appropriate combustion system, or combinations thereof.
[0016] The terms "low" and "high", or their respective comparative degrees (e.g., -er, where applicable), when used
with a compressor, a turbine, a shaft, or spool components, etc. each refer to relative speeds within an engine unless
otherwise specified. For example, a "low turbine" or "low speed turbine" defines a component configured to operate at
a rotational speed, such as a maximum allowable rotational speed, lower than a "high turbine" or "high speed turbine"
of the engine.

[0017] The terms "forward" and "aft" refer to relative positions within a gas turbine engine or vehicle, and refer to the
normal operational attitude of the gas turbine engine or vehicle. For example, with regard to a gas turbine engine, forward
refers to a position closer to an engine inlet and aft refers to a position closer to an engine nozzle or exhaust.

[0018] Theterms"upstream"and "downstream" refer to the relative direction with respect to fluid flow in a fluid pathway.
For example, "upstream" refers to the direction from which the fluid flows, and "downstream" refers to the direction to
which the fluid flows.

[0019] As used herein, the terms "axial" and "axially" refer to directions and orientations that extend substantially
parallel to a centerline of the turbine engine or the roller bearing cage. Moreover, the terms "radial" and "radially" refer
to directions and orientations that extend substantially perpendicular to the centerline of the turbine engine or the roller
bearing cage. In addition, as used herein, the terms "circumferential" and "circumferentially" refer to directions and
orientations that extend arcuately about the centerline of the turbine engine or the roller bearing cage.

[0020] In the present disclosure, when a layer is being described as "on" or "over" another layer or substrate, it is to
be understood that the layers can either be directly contacting each other or have another layer or feature between the
layers, unless expressly stated to the contrary. Thus, these terms are simply describing the relative position of the layers
to each other and do not necessarily mean "on top of" since the relative position above or below depends upon the
orientation of the device to the viewer.

[0021] Chemical elements are discussed in the present disclosure using their common chemical abbreviation, such
as commonly found on a periodic table of elements. For example, hydrogen is represented by its common chemical
abbreviation H; helium is represented by its common chemical abbreviation He; and so forth.

[0022] As used herein, the term "polymer" generally includes, but is not limited to, homopolymers; copolymers, such
as, for example, block, graft, random and alternating copolymers; and terpolymers; and blends and modifications thereof.
Furthermore, unless otherwise specifically limited, the term "polymer" shallinclude all possible geometrical configurations
of the material. These configurations include, but are not limited to isotactic, syndiotactic, and random symmetries.
[0023] As used herein, the term "substantially free" is understood to mean completely free of said constituent, or
inclusive of trace amounts of same. "Trace amounts" are those quantitative levels of chemical constituent that are barely
detectable and provide no benefit to the functional or aesthetic properties of the subject composition. The term "sub-
stantially free" also encompasses completely free.

[0024] As used herein, the term "substantially equal" is understood to be inclusive of a minor trace variation of a
quantitative level that is barely detectable and provides no benefit to the functional or aesthetic properties of the subject
composition. The term "substantially equal" also encompasses completely equal.

[0025] As used herein, "substantially” refers to at least about 99% or more of the described group. For instance, as
used herein, "substantially all" indicates that at least about 99% or more of the respective group have the applicable
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trait and "substantially no" or "substantially none" indicates that at least about 99% or more of the respective group do
not have the applicable trait.

[0026] As used herein, the term "aspect ratio" of a particle refers to the length of the largest caliper diameter of the
particle divided by the length of the smallest caliper diameter of that same particle. For example, a circular particle would
have an equal length all around the particle, and thus would have an aspect ratio of 1. In another example, a microparticle
having a caliper diameter in its largest dimension of 100 micrometers (.m) and a caliper diameter in its smallestdimension
of 10 wm would have an aspect ratio of 10 (i.e., 100 wm divided by 10 wm is 10). It is noted that the aspect ratio is
agnostic to measurement units, as the formula cancels out the particular units utilized to measure the length, as long
as the measuring units are the same.

[0027] In certain aspects of the present disclosure, a solid lubricant wear resistant coating is provided for enhanced
durability and performance of components generally exposed to high stress (e.g., > 0.75 GPa). Components generally
exposed to these conditions experience high friction, increased contact temperatures, surface finish deterioration, ex-
cessive wear, micro pitting, and crack formation. An example of such components may be gears, bearings, and bearing
cages; however, it should be understood that other types of components may experience similar operational character-
istics. In some embodiments of the present disclosure, a coating having lubricating properties with a negative thermal
expansion coefficient material dispersed therein for wear resistance is provided that may be applied to various surfaces
of certain components, such as by way of non-limiting example, gear-related components. For example, as the contact
stress on the gear-related component increases, the flash temperature increases which would in turn result in contraction
of a coating. In embodiments of the present disclosure, the contact stress applied on the coating gets regulated, which
thereby enables the coating of the present disclosure to be both wear resistant and lubricious. Additionally, in some
embodiments, coatings having oleophilic or porous properties are applied on load bearing areas according to the present
disclosure which retain a certain quantity of lubricant. Under pressure, the oleophilic and porous coatings of the present
disclosure get squeezed to release the lubricant into the contact zone. Once the coating exits the contact zone, it begins
to relax and during this process, the lubricant gets absorbed back into the coating layer. Additionally, in some embodi-
ments, coatings having oleophobic properties are applied to certain surfaces of the components according to the present
disclosure to conserve lubricant consumption. Accordingly, embodiments of the present disclosure provide increased
performance under starved lubrication and under higher temperature rise and improved resistance to the presence of
particles in lubrication sumps due to the presence of coatings.

[0028] Referring now to the drawings, wherein identical numerals indicate the same elements throughout the figures,
FIG. 1 is a schematic cross-sectional view of a gas turbine engine 10 in accordance with an exemplary embodiment of
the present disclosure. More particularly, for the embodiment of FIG. 1, the gas turbine engine 10 is a high-bypass
turbofan jet engine, sometimes also referred to as a "turbofan engine." As shown in FIG. 1, the gas turbine engine 10
defines an axial direction A (extending parallel to a longitudinal centerline 12 provided for reference), a radial direction
R, and a circumferential direction C extending about the longitudinal centerline 12. In general, the gas turbine engine
10 includes a fan section 14 and a turbomachine 16 disposed downstream from the fan section 14.

[0029] The exemplary turbomachine 16 depicted generally includes a substantially tubular outer casing 18 that defines
an annular inlet 20. The outer casing 18 encases, in serial flow relationship, a compressor section including a booster
or low pressure (LP) compressor 22 and a high pressure (HP) compressor 24; a combustion section 26; a turbine section
including a high pressure (HP) turbine 28 and a low pressure (LP) turbine 30; and a jet exhaust nozzle section 32. A
high pressure (HP) shaft 34 (which may additionally or alternatively be a spool) drivingly connects the HP turbine 28 to
the HP compressor 24. A low pressure (LP) shaft 36 (which may additionally or alternatively be a spool) drivingly connects
the LP turbine 30 to the LP compressor 22. The compressor section, combustion section 26, turbine section, and jet
exhaust nozzle section 32 together define a working gas flowpath 37.

[0030] Forthe embodiment depicted, the fan section 14 includes a fan 38 having a plurality of fan blades 40 coupled
to a disk 42 in a spaced apart manner. As depicted, the fan blades 40 extend outwardly from disk 42 generally along
the radial direction R. Each fan blade 40 is rotatable relative to the disk 42 about a pitch axis P by virtue of the fan blades
40 being operatively coupled to a suitable pitch change mechanism 44 configured to collectively vary the pitch of the
fan blades 40, e.g., in unison. The gas turbine engine 10 further includes a power gearbox 46, and the fan blades 40,
disk 42, and pitch change mechanism 44 are together rotatable about the longitudinal centerline 12 by LP shaft 36 across
the power gearbox 46. The power gearbox 46 includes a plurality of gears for adjusting a rotational speed of the fan 38
relative to a rotational speed of the LP shaft 36, such that the fan 38 may rotate at a more efficient fan speed.

[0031] Referring still to the exemplary embodiment of FIG. 1, the disk 42 is covered by rotatable front hub 48 of the
fan section 14 (sometimes also referred to as a "spinner"). The front hub 48 aerodynamically contoured to promote an
airflow through the plurality of fan blades 40.

[0032] Additionally, the exemplaryfansection 14 includes anannularfan casing orouter nacelle 50 that circumferentially
surrounds the fan 38 and/or at least a portion of the turbomachine 16. It should be appreciated that the nacelle 50 is
supported relative to the turbomachine 16 by a plurality of circumferentially-spaced outlet guide vanes 52 in the embod-
iment depicted. Moreover, a downstream section 54 of the nacelle 50 extends over an outer portion of the turbomachine
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16 so as to define a bypass airflow passage 56 therebetween.

[0033] During operation of the gas turbine engine 10, a volume of air 58 enters the gas turbine engine 10 through an
associated inlet 60 of the nacelle 50 and fan section 14. As the volume of air 58 passes across the fan blades 40, a first
portion of air 62 is directed or routed into the bypass airflow passage 56 and a second portion of air 64 as indicated by
arrow 64 is directed or routed into the working gas flowpath 37, or more specifically into the LP compressor 22. The ratio
between the first portion of air 62 and the second portion of air 64 is commonly known as a bypass ratio. A pressure of
the second portion of air 64 is then increased as it is routed through the HP compressor 24 and into the combustion
section 26, where it is mixed with fuel and burned to provide combustion gases 66.

[0034] The combustion gases 66 are routed through the HP turbine 28 where a portion of thermal and/or kinetic energy
from the combustion gases 66 is extracted via sequential stages of HP turbine stator vanes 68 that are coupled to the
outer casing 18 and HP turbine rotor blades 70 that are coupled to the HP shaft 34, thus causing the HP shaft 34 to
rotate, thereby supporting operation of the HP compressor 24. The combustion gases 66 are then routed through the
LP turbine 30 where a second portion of thermal and kinetic energy is extracted from the combustion gases 66 via
sequential stages of LP turbine stator vanes 72 that are coupled to the outer casing 18 and LP turbine rotor blades 74
that are coupled to the LP shaft 36, thus causing the LP shaft 36 to rotate, thereby supporting operation of the LP
compressor 22 and/or rotation of the fan 38.

[0035] Thecombustiongases 66 are subsequently routed through the jet exhaust nozzle section 32 of the turbomachine
16 to provide propulsive thrust. Simultaneously, the pressure of the first portion of air 62 is substantially increased as
the first portion of air 62 is routed through the bypass airflow passage 56 before it is exhausted from a fan nozzle exhaust
section 76 of the gas turbine engine 10, also providing propulsive thrust. The HP turbine 28, the LP turbine 30, and the
jet exhaust nozzle section 32 at least partially define a hot gas path 78 for routing the combustion gases 66 through the
turbomachine 16.

[0036] It should be appreciated, however, that the exemplary gas turbine engine 10 depicted in FIG. 1 is by way of
example only, and that in other exemplary embodiments, the gas turbine engine 10 may have any other suitable con-
figuration. For example, although the gas turbine engine 10 depicted is configured as a ducted gas turbine engine (i.e.,
including the outer nacelle 50), in other embodiments, the gas turbine engine 10 may be an unducted gas turbine engine
(such that the fan 38 is an unducted fan, and the outlet guide vanes 52 are cantilevered from the outer casing 18).
Additionally, or alternatively, although the gas turbine engine 10 depicted is configured as a geared gas turbine engine
(i.e., including the power gearbox 46) and a variable pitch gas turbine engine (i.e., including a fan 38 configured as a
variable pitch fan), in other embodiments, the gas turbine engine 10 may additionally or alternatively be configured as
a direct drive gas turbine engine (such that the LP shaft 36 rotates at the same speed as the fan 38), as a fixed pitch
gas turbine engine (such that the fan 38 includes fan blades 40 that are not rotatable about a pitch axis P), or both. It
should also be appreciated, that in still other exemplary embodiments, aspects of the present disclosure may be incor-
porated into any other suitable gas turbine engine. For example, in other exemplary embodiments, aspects of the present
disclosure may (as appropriate) be incorporated into, e.g., a turboprop gas turbine engine, a turboshaft gas turbine
engine, or a turbojet gas turbine engine.

[0037] As indicated above, embodiments of the present disclosure provide a coating having lubricating properties with
a negative thermal expansion coefficient property that may be applied to various surfaces of certain components. Ad-
ditionally, embodiments of the present disclosure apply coatings with porous, oleophobic, or oleophilic properties to
certain surfaces of the component for lubrication efficiency. Application of such coatings will be described below in an
exemplary gearbox application. However, it should be understood that the coatings and applications thereof according
to the present disclosure may be used for other components of the gas turbine engine 10 (FIG. 1) or other components
of other types of machinery. Accordingly, FIG. 2 is a schematic end view of a power gearbox 46 that may be used in the
gas turbine engine 10 (FIG. 1). In the exemplary embodiment, the power gearbox 46 includes a least one sun or central
gear 202, and a plurality of planetary gears 204 that are each rotatably coupled to the central gear 202. The power
gearbox 46 furtherincludes a carrier member 206 coupled to the plurality of planetary gears 204. The plurality of planetary
gears 204 are positioned circumferentially about the central gear 202 and are meshed with the central gear 202 (gear
teeth partially or completely omitted). The planetary gears 204 are positioned in and meshed within a ring gear or an
annular gear 208 (gear teeth partially or completely omitted). In the exemplary embodiment, the annular gear 208 is
fixed, and the central gear 202 is driven and in turn drives the planetary gears 204. The planetary gears 204 rotate about
the central gear 202, and in turn drive the carrier member 206 rotationally about a centerline axis passing through the
center of the central gear 202. In an alternative embodiment, carrier element 206 is fixed, and planetary gears 204 do
not rotate about the centerline axis passing through the center of central gear 202. Central gear 202 is driven and drives
planetary gears 204. Planetary gears 204 drive annular gear 208. In all embodiments, as described above, central gear
202 and planetary gears 204 cooperate to produce differential input and output speeds for different portions of the gas
turbine engine 10 (FIG. 1).

[0038] Inthe exemplary embodiment, each planetary gear 204 includes a bearing assembly 210. The bearing assembly
210 operates to facilitate rotating of the planetary gears 204 with respect to the carrier member 206 and to facilitate
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rotating of the planetary gears 204 about the central gear 202. In alternative embodiments, as described above, the
carrier member 206 is fixed, and the bearing assembly 210 operates to facilitate rotating of the planetary gears in the
carrier member 206, but the planetary gears 204 do not rotate about the central gear 202.

[0039] FIG. 3 is a schematic end view of a planetary gear 204 including a bearing assembly 210. The planetary gear
204 is positioned in, and meshed with, the annular gear 208 (the annular gear 208 is partially omitted). The bearing
assembly 210 includes a center 212 coupled to the carrier element 206 (FIG. 2). The bearing assembly 210 further
includes a longitudinal centerline 508 that extends axially through the center 212. The bearing assembly 210 further
includes an inner ring 304 having an outer surface 214. The bearing assembly 210 further includes a roller bearing cage
302 having an inner surface 216 and an outer surface 218. The bearing assembly 210 further includes an outer ring 220
having an inner surface 222 and an outer surface 226. The inner surface 216 is in opposition to the outer surface 214,
while the outer surface 218 is in opposition to the inner surface 222. Rollers 310 reside within the roller bearing cage 302.
[0040] FIG. 4 is a schematic perspective partially cut view of the bearing assembly 210 including the roller bearing
cage 302 and the inner ring 304 used in power gearbox 46 (FIG. 2) with the outer ring 220 omitted from view in FIG. 4
for ease of description and illustration of various features of the inner ring 304 and the bearing cage 302. The roller
bearing cage 302 includes a plurality of openings 305. The roller bearing cage 302 includes a pair of circumferential
side rails 306 and a plurality of web members 308 extending between the side rails 306. The side rails 306 and web
members 308 define openings 305. The openings 305 each contain a roller 310 (additional rollers 310 omitted for clarity).
The rollers 310 are free to rotate within the openings 305. The roller bearing cage 302 positions the rollers 310 relative
to the inner ring 304 (and the outer ring 220 (FIG. 6)). The roller bearing cage 302 guides and separates the rollers 310
from each other during operation to provide for rotation of the outer ring 220 (FIGS. 3 and 6), disposed at least partially
around the roller bearing cage 302, relative to the inner ring 304.

[0041] The innerring 304 has a diameter less than that of the roller bearing cage 302 and is disposed within the roller
bearing cage 302. Theroller bearing cage 302 positions the rollers 310 at least partially within the inner ring 304. Referring
also to FIG. 6, FIG. 6 shows a schematic partial cross-sectional view of an exemplary planetary gear, such as the
exemplary planetary gear 204 of FIGS. 3 and 4, taken along the line 6-6 of FIG. 4 (with the outer ring 220 depicted in
FIG. 6). The rollers 310 (omitted from view in FIG. 6) contact an inner race 312 of the inner ring 304 and an inner race
313 (FIG. 6) of the outer ring 220 (FIG. 6) and travel within a pair of outwardly extending shoulders 314 of the inner ring
304 disposed on opposite sides of the rollers 310 (only one shown in FIG. 4) and within a pair of inwardly extending
shoulders 316 (FIG. 6) of the outer ring 220 (FIG. 6) disposed on opposite sides of the rollers 310. The shoulders 314
and the shoulders 316 (FIG. 6) guide and at least partially support the roller bearing cage 302 as the roller bearing cage
302 rotates relative to the inner ring 304 and the outer ring 220 (FIG. 6). Circumferential side rails 306 of the roller bearing
cage 302 form a hydrodynamic bearing with one or more of the shoulders 314 (and with shoulders 316 (FIG. 6) formed
on the outer ring 220 (FIG. 6)). This significantly increases the support to the roller bearing cage 302.

[0042] The outerring 220 (FIG. 3) of bearing assembly 210 has a diameter larger than the diameter of inner ring 304.
The diameter of the outer ring is also larger than the diameter of roller bearing cage 302. The rollers 310 extend within
the outer ring 220 and provide for rotation of the outer ring relative to inner ring 304.

[0043] In the exemplary embodiment, the roller bearing cage 302 is metallic. For example, and without limitation, the
roller bearing cage 302 is formed as a result of a casting, machining, forging, additive manufacturing, or other metalworking
processes. In alternative embodiments, the roller bearing cage 302 is formed from other materials. For example, and
without limitation, the roller bearing cage 302 is formed from one or more polymers using one or more techniques such
as, without limitation, molding, additive manufacturing, and machining.

[0044] FIG. 5 shows a schematic perspective partial view of exemplary coated gear teeth 700, such as in the exemplary
planetary gear 204 of FIG. 3. In the illustrated embodiment, each gear tooth 700 includes a number of different surfaces
701 including a flank surface 702 on each side thereof, which is the working or contacting side/surface of the gear tooth
700 (sometimes referred to as a dedendum flank surface), a face surface 704 on each side thereof, which is the surface
of the tooth 700 between a pitch diameter or circle and an outer diameter or circle of the tooth 700 (sometimes referred
to as the addendum flank surface), the top land surface 706, which is the top surface of the gear tooth 700, the bottom
land surface 708, which is the surface at the bottom of the space between adjacent teeth 700, and the root fillet surface
710, which is the rounded surface portion at the base of the gear tooth 700 between the flank surface 702 and the bottom
land surface 708. In FIG. 5, the planetary gear 204 also includes an end face surface 712 on each side of the planetary
gear 204, which is a lateral or side surface of the planetary gear 204.

[0045] InFIG. 5, the flank surface 702 and face surface 704 of the gear tooth 700 include a solid lubricant wear resistant
coating 722 disposed thereon. The solid lubricant wear resistant coating 722 includes a solid lubricant phase with a
negative thermal expansion coefficient material dispersed therein to provide wear resistance. For example, as will be
described further below, the contraction properties of the negative thermal expansion coefficient material provide wear
resistance to the respective coated component surface. In some embodiments, the solid lubricant wear resistant coating
722 is disposed on both working and non-working flank surfaces 702 and face surfaces 704 (e.g., the non-working flank
surfaces 702 and face surfaces 704 not participating in conjugate meshing when a gear pair is in operation). However,
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it should be understood that in some embodiments, the solid lubricant wear resistant coating 722 may disposed on at
least one of the working and non-working flank surfaces 702 or face surfaces 704.

[0046] InFIG. 5, certain surfaces 701 of the gear tooth 700 include a coating 724 having porous or oleophilic properties,
and certain surfaces 701 of the gear tooth 700 include a coating 726 having oleophobic properties. For example, in FIG.
5, the coating 724 having porous or oleophilic properties is disposed on the bottom land surface 708 and, in some
embodiments, extends at least partially onto the root fillet surface 710 and adjoining regions of the flank surfaces 702.
In the illustrated embodiment, the coating 724 having porous or oleophilic properties is also disposed on a portion of the
face surface 704 proximate the top land surface 706 (e.g., load bearing areas or surfaces). The coating 724 having
porous or oleophilic properties can absorb a lubricant (e.g., oil) when the gear teeth 700 go through a lubricant sump
(not shown). As the gear teeth 700 emerge out of the lubricant sump, lubricant is retained in the pores or on the surface
of the coating 724 having porous or oleophilic properties. As the gear teeth 700 mesh or come into contact with teeth
of another component or gear (not shown), the lubricant gets released into a contact zone of the gear teeth 700 (i.e.,
surfaces of the gear teeth 700 contacting surfaces of meshing teeth of another component or gear (not shown)). In some
embodiments, the coating 724 having porous or oleophilic properties comprises polydimethylsiloxane (PDMS), poly-
urethane (PU), graphene oxide (GO) dispersed PU, etc. In some embodiments, the coating 724 having porous or
oleophilic properties comprises an aluminosilicate coating, iron doped aluminosilicate (e.g., 30 vol % iron; 70 vol %
aluminosilicate), high silica zeolite coatings, etc. In some embodiments, the coating 724 having porous or oleophilic
properties comprises graphene oxide (GO), boron nitride, or a mixture thereof. In some embodiments, the coating 724
having porous or oleophilic properties comprises a hexagonal boron nitride coating. In some embodiments, the coating
724 having porous or oleophilic properties comprises carbon nanotubes dispersed within the coating 724.

[0047] In the illustrated exemplary embodiment, the coating 726 having oleophobic properties is disposed on the end
face surface 712 of the planetary gear 204. For example, in the illustrated embodiment, the coating 726 having oleophobic
properties is disposed on a portion of the end face surface 712 extending inward toward the longitudinal centerline 508
(FIG. 3) from the root or dedendum circle/diameter of the planetary gear 204. The coating 726 having oleophobic
properties is applied to certain portions of the planetary gear 204 to conserve lubricant consumption. In some embodi-
ments, the coating 726 having oleophobic properties comprises a diamond-like carbon (DLC) coating (e.g., DLC coating
functionalized using fluorine based groups including polytetrafluoroethylene (PTFE)), a SiO, dispersed coating, a PTFE-
based coating, or a mixture thereof. In some embodiments, the coating 726 having oleophobic properties has a thickness
of 1 wmto 100 pm.

[0048] In some embodiments, the solid lubricant wear resistant coating 722 covers at least ninety percent (90%) of
the surface area of the flank surface 702 of each tooth 700. In some embodiments, the top land surface 706 of each
tooth 700 is substantially free or devoid from the solid lubricant wear resistant coating 722. In some embodiments, the
coating 724 having porous or oleophilic properties is disposed on the top land surface 706 of each tooth 700.

[0049] Referring againto FIG. 6 and to FIG. 7, FIG. 7 shows a schematic partial cross-section view of the exemplary
planetary gear 204 of FIGS 3 and 4 taken along the line 7-7 of FIG. 4. In the illustrated embodiment, the planetary gear
204 includes a bearing assembly 210, such as the exemplary bearing assembly 210 of FIG. 3. In FIGS. 6 and 7, the
bearing assembly includes an outer ring 220 having an inner surface 222, a roller bearing cage 302 supporting rollers
310 (only one roller 310 depicted in FIGS. 6 and 7), and an inner ring 304 having an outer surface 214.

[0050] In the illustrated embodiment, various components and/or surfaces thereof of the planetary gear 204 and/or
bearing assembly 210 include the solid lubricant wear resistant coating 722. For example, in the illustrated embodiment,
the solid lubricant wear resistant coating 722 is disposed on at least a portion of the outer ring 220, the inner ring 304,
and the roller bearing cage 302. In some embodiments, the solid lubricant wear resistant coating 722 may be disposed
onthe inner surface 222 of the outer ring 220 and the outer surface 218 of the innerring 304. Thus, in some embodiments,
the solid lubricant wear resistant coating 722 is positioned on the inner surface 222 of the outer ring 220 and the outer
surface 214 of the inner ring 304 such that the solid lubricant wear resistant coating 722 contacts the rollers 310.
[0051] In some embodiments, the solid lubricant wear resistant coating 722 may be disposed on portions of the roller
bearing cage 302 in contact with rollers 310. For example, as best illustrated in FIG. 7, the roller bearing cage 302
includes web members 308 each having surfaces 732 facing and contacting the roller 310. In some embodiments, the
solid lubricant wear resistant coating 722 may be disposed on the surfaces 732. Thus, in some embodiments, the solid
lubricant wear resistant coating 722 is positioned on surfaces of the roller bearing cage 302 defining the openings 305
(FIG. 4) such that the solid lubricant wear resistant coating 722 is positioned to contact the rollers 310 when the rollers
310 are positioned within the roller bearing cage 310. As best illustrated in FIG. 6, in some embodiments, the coating
724 having porous or oleophilic properties may be disposed on the surfaces of the shoulders 314 and 316 facing towards
the rollers 310.

[0052] Additionally, in the illustrated embodiment, the coating 724 having porous or oleophilic properties is disposed
on at least a portion of the roller bearing cage 302. For example, in some embodiments, the coating 724 having porous
or oleophilic properties is disposed on an inner surface 216 of the roller bearing cage 302 and an outer surface 218 of
the roller bearing cage 302.
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[0053] In some embodiments, the solid lubricant wear resistant coating 722 includes a solid lubricant phase. In some
embodiments, the solid lubricant phase comprises WS,, MoS,, a diamond-like carbon material, chromium plating, a
thin, dense chrome (TDC) coating (TDC having a dense chromium structure, i.e., 99.9% chromium content as opposed
to conventional chrome plating which only has 80-88% chromium) or a mixture thereof. In some embodiments, the solid
lubricant wear resistant coating 722 is configured to contract 0.005 % to 0.1 % of its room temperature thickness on the
surface of the flank surface 702 at an operating temperature of 300 °C. In certain exemplary embodiments, the solid
lubricant wear resistant coating 722 has a room temperature thickness of 25 um to 1000 wm, and has an operating
thickness that is 0.001 % to 0.064 % of the room temperature thickness at an operating temperature of 200 °C. In certain
exemplary embodiments, the solid lubricant wear resistant coating 722 comprises a compound of the formula:

Zry 4HfW5.,Mo,Og

where x is 0 to 1 and where y is 0 to 2.
[0054] In some exemplary embodiments, the solid lubricant wear resistant coating 722 comprises a compound of the
formula:

Zr, HE W,0q

where x is 0 to 1.
[0055] In some exemplary embodiments, the solid lubricant wear resistant coating 722 comprises a compound of the
formula:

Zry xHf,Mo,0q4

where x is 0 to 1.
[0056] In some exemplary embodiments, the solid lubricant wear resistant coating 722 comprises a compound of the
formula:

Zr, Hf WMoOgq

where x is 0 to 1.
[0057] In some exemplary embodiments, the solid lubricant wear resistant coating 722 comprises a compound of the
formula:

ZrW,_ Mo, Og

where y is 0 to 2.
[0058] In some exemplary embodiments, the solid lubricant wear resistant coating 722 comprises a compound of the
formula:

HfW,.,Mo,Og

where y is 0 to 2.

[0059] In some exemplary embodiments, the solid lubricant wear resistant coating 722 defines a plurality of discrete
particles within the solid lubricant wear resistant coating 722. In some embodiments, at least ninety percent (90%) of
the plurality of discrete particles define a particle having a maximum dimension of 0.01 pm to 30 um. In some embod-
iments, at least ninety percent (90%) of the plurality of discrete particles define a particle having an aspect ratio that is
greater than ten (10) (i.e., an aspect ratio defined as length to diameter, such that the discrete particles are rod-like). In
some embodiments, at least ninety percent (90%) of the plurality of discrete particles define a particle having an aspect
ratio of 100 to 1,000. In some embodiments, the plurality of discrete particles (e.g., rod-like particles and/or having a
fiber microstructure) are oriented such that a rod or fiber axis (e.g., a longitudinal axis) of such particles is located normal
or perpendicular to a corresponding mating surface thereto to maximize contraction/shrinkage in a desired direction.
For example, referring to FIG. 3, in the exemplary planetary gear 204, the solid lubricant wear resistant coating 722
applied to the flank surface 702 of the gear tooth 700 may have the rod or fiber axis of its discrete particles oriented in
a direction 728 normal or perpendicular to the flank surface 702 based on engagement of the flank surface 702 with a
corresponding surface of a mating gear tooth 730 of the annular gear 208.

[0060] As described above, in some embodiments, the solid lubricant wear resistant coating 722 includes a solid
lubricant phase. In some embodiments, the solid lubricant phase defines a continuous phase or matrix within the solid
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lubricant wear resistant coating 722. In some embodiments, the solid lubricant phase comprises WS, and MoS,, at a
weight ratio of WS,:MoS, that is 2:1 to 1:1, inclusive of endpoints.

[0061] In some embodiments, the solid lubricant wear resistant coating 722 comprises 1 wt. % to 90 wt. % of the
negative thermal expansion coefficient material. In some embodiments, the solid lubricant wear resistant coating 722
comprises 1 wt. % to 100 wt. % of the negative thermal expansion coefficient material. In some embodiments, the solid
lubricant wear resistant coating 722 comprises 10 wt. % to 45 wt. % of the negative thermal expansion coefficient material.
In some embodiments, the solid lubricant wear resistant coating 722 comprises 25 wt. % to 40 wt. % of the negative
thermal expansion coefficient material. In some embodiments, the solid lubricant wear resistant coating 722 comprises
50 wt. % to 99 wt. % of the solid lubricant phase. In some embodiments, the solid lubricant wear resistant coating 722
comprises 65 wt. % to 90 wt. % of the solid lubricant phase. In some embodiments, the solid lubricant wear resistant
coating 722 comprises 60 wt. % to 75 wt. % of the solid lubricant phase. In some embodiments, the solid lubricant wear
resistant coating 722 comprises 25 wt. % to 40 wt. % of the negative thermal expansion coefficient material, 25 wt. %
to 40 wt. % of MoS,, and 30 wt. % to 50 wt. % of WS,

[0062] In some embodiments, the solid lubricant wear resistant coating 722 has an average thickness of 1 um to 50
pm. In some embodiments, the solid lubricant wear resistant coating 722 has an average thickness of 1 um to 1000
pm. In some embodiments, the solid lubricant wear resistant coating 722 has an average thickness of 5 um to 15 um.
[0063] Thus, embodiments of the present disclosure comprise coatings having lubricating properties with a negative
thermal expansion coefficient applied to various surfaces of certain components, such as gear-related components. For
example, as the contact stress on the gear-related component increases, the flash temperature increases which would
in turn result in contraction of a coating. In embodiments of the present disclosure, the contact stress applied on the
coating gets regulated, which thereby enables the coating of the present disclosure to be both wear resistant and
lubricious. Additionally, oleophilic and porous coatings are applied on load bearing areas according to the present
disclosure which retain a certain quantity of lubricant. Under pressure, the coating of the present disclosure gets squeezed
to release the lubricant into the contact zone. Once the coating exits the contact zone, it begins to relax and during this
process, the lubricant gets absorbed back into the coating layer. Additionally, oleophobic coatings are applied to the
components according to the present disclosure to conserve lubricant consumption. Accordingly, embodiments of the
present disclosure provide increased performance under starved lubrication and under higher temperature rise and
improved resistance to the presence of particles in lubrication sumps due to the presence of coatings.

[0064] Further aspects of the invention are provided by the subject matter of the following clauses:

A coated component, comprising: a component having a surface; and a solid lubricant wear resistant coating on the
surface, wherein the solid lubricant wear resistant coating includes a solid lubricant phase with a negative thermal
expansion coefficient material dispersed therein.

[0065] The coated component of the preceding clause, wherein the solid lubricant wear resistant coating is configured
to contract 0.005 % to 0.1 % of its room temperature thickness on the surface of the component at an operating temperature
of 300 °C.

[0066] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating has a room
temperature thickness of 25 pum to 1000 wm, and wherein the solid lubricant wear resistant coating has an operating
thickness that is 0.001 % to 0.064 % of the room temperature thickness at an operating temperature of 200 °C.

[0067] The coated component of any preceding clause, wherein the solid lubricant phase comprises WS,, MoS,, a
diamond-like carbon material, chromium, or a mixture thereof.

[0068] The coated component of any preceding clause, wherein the solid lubricant phase comprises WS,, MoS,, or
a mixture thereof.

[0069] The coated component of any preceding clause, wherein the solid lubricant phase comprises WS, and MoS,.
[0070] The coated component of any preceding clause, wherein the negative thermal expansion coefficient material
comprises a compound of a formula: Zn-,Hf, W, , Mo, Og, where x is 0 to 1 and where y is 0 to 2.

[0071] The coated component of any preceding clause, wherein the negative thermal expansion coefficient material
comprises a compound of a formula: Zn-,Hf, W,Og4, where xis 0 to 1.

[0072] The coated component of any preceding clause, wherein the negative thermal expansion coefficient material
comprises a compound of a formula: Zn-,Hf,Mo,Og, where x is 0 to 1.

[0073] The coated component of any preceding clause, wherein the negative thermal expansion coefficient material
comprises a compound of a formula: Zn-,Hf, WMoOg, where x is 0 to 1.

[0074] The coated componentofany preceding clause, where xis 0 such that the negative thermal expansion coefficient
material comprises a compound of a formula: ZrW2_yMoy08, where y is 0 to 2.

[0075] The coated componentofany preceding clause, where xis 1 suchthatthe negative thermal expansion coefficient
material comprises a compound of a formula: HfW,_ Mo, Og, where y is 0 to 2.

[0076] The coated component of any preceding clause, where x is 0.1 to 0.5.

[0077] The coated component of any preceding clause, wherein the negative thermal expansion coefficient material
defines a plurality of discrete particles within the solid lubricant wear resistant coating.
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[0078] The coated component of any preceding clause, wherein at least 90% of the plurality of discrete particles define
a particle having a maximum dimension of 0.01 pm to 30 pm.

[0079] The coated component of any preceding clause, wherein at least 90% of the plurality of discrete particles define
a particle having an aspect ratio that is greater than 10.

[0080] The coated component of any preceding clause, wherein at least 90% of the plurality of discrete particles define
a particle having an aspect ratio of 100 to 1,000.

[0081] The coated component of any preceding clause, wherein an axis of at least a portion of the plurality of discrete
particles is oriented perpendicular to a mating surface of another component.

[0082] The coated component of any preceding clause, wherein the solid lubricant phase defines a continuous phase
within the solid lubricant wear resistant coating.

[0083] The coated component of any preceding clause, wherein the solid lubricant phase comprises WS, and MoS,
at a weight ratio of WS,:Mo0S, that is 2:1 to 1:1.

[0084] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
1 wt. % to 90 wt. % of the negative thermal expansion coefficient material.

[0085] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
1 wt. % to 100 wt. % of the negative thermal expansion coefficient material.

[0086] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
10 wt. % to 45 wt. % of the negative thermal expansion coefficient material.

[0087] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
25 wt. % to 40 wt. % of the negative thermal expansion coefficient material.

[0088] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
50 wt. % to 99 wt. % of the solid lubricant phase.

[0089] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
65 wt. % to 90 wt. % of the solid lubricant phase.

[0090] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
60 wt. % to 75 wt. % of the solid lubricant phase.

[0091] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating comprises
25 wt. % to 40 wt. % of the negative thermal expansion coefficient material, 25 wt. % to 40 wt. % of MoS,, and 30 wt.
% to 50 wt. % of WS,

[0092] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating has an
average thickness on the surface of 1 um to 1000 pm.

[0093] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating has an
average thickness on the surface of 5 um to 15 um.

[0094] A coated component, comprising: a component having a surface; and a solid lubricant wear resistant coating
on the surface, wherein the solid lubricant wear resistant coating includes a solid lubricant phase with a negative thermal
expansion coefficient material dispersed therein.

[0095] The coated component of any preceding clause, wherein the component has a plurality of teeth, each tooth
having a top land surface and at least one flank surface, wherein the solid lubricant wear resistant coating is on the at
least one flank surface of each tooth.

[0096] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating covers at
least 90% of a surface area of the at least one flank surface of each tooth.

[0097] The coated component of any preceding clause, wherein the top land surface of each tooth of the plurality of
teeth is substantially free from the solid lubricant wear resistant coating.

[0098] The coated component of any preceding clause, wherein a coating having oleophilic properties is disposed on
the top land surface of each tooth of the plurality of teeth.

[0099] The coated component of any preceding clause, wherein the solid lubricant wear resistant coating has a thick-
ness of 25 pm to 1000 pm.

[0100] The coated component of any preceding clause, wherein the component is a roller bearing cage defining
apertures therein, wherein the solid lubricant wear resistant coating is positioned on surfaces defining the apertures
such that the solid lubricant wear resistant coating is positioned to contact a bearing when positioned within the roller
bearing cage.

[0101] The coated component of any preceding clause, wherein the component is an outer ring of a planetary gear,
and wherein the solid lubricant wear resistant coating is on a surface of the outer ring such that the solid lubricant wear
resistant coating contacts a bearing when positioned therein.

[0102] The coated component of any preceding clause, wherein the component is an inner ring of a planetary gear,
and wherein the solid lubricant wear resistant coating is on a surface of the inner ring such that the solid lubricant wear
resistant coating contacts a bearing when positioned therein.

[0103] A coated component, comprising: a component having a plurality of teeth and a plurality of bottom land surfaces
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alternatively arranged such that each tooth is positioned between a pair of bottom land surfaces and each bottom land
surface is positioned between a pair of teeth, wherein each tooth has a top land surface and at least one flank surface;
and a coating having oleophilic properties is disposed over at least a portion of the at least one flank surface.

[0104] The coated component of any preceding clause, wherein the coating having oleophilic properties is over each
of the plurality of bottom land surfaces.

[0105] The coated component of any preceding clause, wherein the coating having oleophilic properties comprises
graphene oxide, boron nitride, or a mixture thereof.

[0106] The coated component of any preceding clause, wherein the coating having oleophilic properties comprises a
hexagonal boron nitride coating.

[0107] The coated component of any preceding clause, wherein the coating having oleophilic properties comprises
carbon nanotubes dispersed within the coating having oleophilic properties.

[0108] A coated component, comprising: a component having a plurality of teeth and a plurality of bottom land surfaces
alternatively arranged such that each tooth is positioned between a pair of bottom land surfaces and each bottom land
surface is positioned between a pair of teeth, wherein each tooth has a top land surface and at least one flank surface,
and wherein the component has a plurality of end face surfaces; and a coating having oleophobic properties over the
plurality of end face surfaces.

[0109] The coated component of any preceding clause, wherein the coating having oleophobic properties comprises
a diamond-like carbon, a SiO, dispersed coating, a PTFE-based coating, or a mixture thereof.

[0110] The coated component of any preceding clause, wherein the coating having oleophobic properties has a thick-
ness of 1 um to 1000 pm.

[0111] A coated component, comprising: a component having a plurality of teeth and a plurality of bottom land surfaces
alternatively arranged such that each tooth is positioned between a pair of bottom land surfaces and each bottom land
surface is positioned between a pair of teeth, wherein each tooth has a top land surface and at least one flank surface;
and a coating having porous properties over at least a portion of the at least one flank surface.

[0112] The coated component of any preceding clause, wherein the coating having porous properties is over each of
the plurality of bottom land surfaces.

[0113] The coated component of any preceding clause, wherein the coating having porous properties comprises
aluminosilicates.

[0114] The coated component of any preceding clause, wherein the coating having porous properties comprises an
iron doped aluminosilicate.

[0115] This written description uses exemplary embodiments to disclose the invention, including the best mode, and
also to enable any person skilled in the art to practice the invention, including making and using any devices or systems
and performing any incorporated methods. The patentable scope of the invention is defined by the claims, and may
include other examples that occur to those skilled in the art. Such other examples are intended to be within the scope
of the claims if they include structural elements that do not differ from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal languages of the claims.

Claims
1. A coated component, comprising:
a component having a surface; and
a solid lubricant wear resistant coating on the surface, wherein the solid lubricant wear resistant coating includes

a solid lubricant phase with a negative thermal expansion coefficient material dispersed therein.

2. The coated component of claim 1, wherein the solid lubricant wear resistant coating is configured to contract 0.005
% to 0.1 % of its room temperature thickness on the surface of the component at an operating temperature of 300 °C.

3. The coated component of any preceding claim, wherein the solid lubricant wear resistant coating has a room tem-
perature thickness of 25 um to 1000 wm, and wherein the solid lubricant wear resistant coating has an operating

thickness that is 0.001 % to 0.064 % of the room temperature thickness at an operating temperature of 200 °C.

4. The coated component of any preceding claim, wherein the solid lubricant phase comprises WS,, MoS,, a diamond-
like carbon material, chromium, or a mixture thereof.

5. The coated component of any preceding claim, wherein the solid lubricant phase comprises WS,, MoS,, or a mixture
thereof.
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The coated component of any preceding claim, wherein the solid lubricant phase comprises WS, and MoS,,.

The coated component of any preceding claim, wherein the negative thermal expansion coefficient material com-
prises a compound of a formula:

Zr  Hf, W, Mo, Og
where x is 0 to 1 and where y is 0 to 2.

The coated component of claim 1-6, wherein the negative thermal expansion coefficient material comprises a com-
pound of a formula:

ZrHf W504
where x is 0 to 1.

The coated component of claim 1-6, wherein the negative thermal expansion coefficient material comprises a com-
pound of a formula:

Zry_,Hf,M0,04
where x is 0 to 1.

The coated component of claim 1-6, wherein the negative thermal expansion coefficient material comprises a com-
pound of a formula:

Zry Hf, WMoOg
where x is 0 to 1.

The coated component of claim 10, where x is 0 such that the negative thermal expansion coefficient material
comprises a compound of a formula:

ZrW, Mo, Og
where y is 0 to 2.

The coated component of claim 1-6, where x is 1 such that the negative thermal expansion coefficient material
comprises a compound of a formula:

Hf\Nz_yMoyO8
where y is 0 to 2.
The coated component of claim 12, where x is 0.1 to 0.5.

The coated component of any preceding claim, wherein the negative thermal expansion coefficient material defines
a plurality of discrete particles within the solid lubricant wear resistant coating.

The coated component of claim 14, wherein at least 90% of the plurality of discrete particles define a particle having
a maximum dimension of 0.01 um to 30 pm.

12
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