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aviation propulsion systems

(57) A method of repairing a component (209, 301)
comprises identifying a non-compliant surface (213a,
213b 313) of the component, wherein the non-compliant
surface is not within an allowable tolerance, cold spraying
a powder comprising a metal onto the non-compliant sur-
face, and forming a coating (219, 319) comprising the
metal over the non-compliant surface, wherein an outer
surface of the coating (219, 319) is within an allowable
tolerance. In an embodiment, the method of repairing an
outer component (209, 301) further comprises machining

the outer surface of the coating (219, 319). In an embod-
iment, the component (209, 301) is a shaft, a rotor mast,
an input quill, or a bearing. In an embodiment, the com-
ponent (209, 301) contains electronic equipment during
the cold spraying, and wherein the cold spraying does
not damage the electronic equipment. In an embodiment,
the component (209, 301) is repaired without subjecting
the component (209, 301) to a hydrogen embrittlement
bake.
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Description

CROSS-REFERENCE TO RELATED APPLICATION

[0001] Not Applicable.

STATEMENT REGARDING FEDERALLY SPON-
SORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable.

BACKGROUND

[0003] Rotor masts for rotorcraft such as helicopters
must often conform to strict tolerance requirements. As
a result of fabrication errors or accidents during manu-
facturing, assembly, maintenance, or transport, a mast’s
bearing journal may become damaged and unsuitable
for use. As an example, during installation of a mast into
a rotorcraft, the bearing journal must make a tight preci-
sion fit and the surface of the journal may become
scratched during insertion. The journal surface may also
become damaged during operation, as a result of fretting,
for example. In some applications and for some designs,
available repair techniques are not considered adequate
to restore a damaged bearing journal of a rotor mast to
operating condition, and protocol often calls for a dam-
aged mast to be discarded entirely. Therefore, it would
be desirable to provide improved methods of repairing
surfaces of rotorcraft masts and other precision rotary
components of aviation and aerospace propulsion sys-
tems.
[0004] In some instances, bearing journals of rotorcraft
gears and shafts are repaired by electrodeposition fol-
lowed by a post plate bake. Copper plate or thin copper
plate layered over sulfamated nickel plate is deposited
onto a damaged or worn surface of a bearing journal
using electrodes. During electrodeposition, a process
known as hydrogen embrittlement may occur wherein
hydrogen atoms dissolve into the metal matrix of the mast
causing excessive internal stresses. Because the inter-
nal stresses may later induce cracking, the post plate
hydrogen embrittlement bake of the mast or gear is re-
quired to remove the dissolved hydrogen. However, post
plate hydrogen embrittlement bakes can have a detri-
mental outcome for some mast designs and mast appli-
cations. For example, some rotorcraft masts contain
electronics that may be destroyed by the high tempera-
tures of a post plate hydrogen embrittlement bake. Es-
pecially in rotor designs where the electronics cannot be
replaced without compromising the integrity of the rotor
mast, this situation often requires the mast to be replaced
entirely. Thus, a need exists for new methods of repairing
helicopter masts wherein hydrogen embrittlement may
be avoided.

SUMMARY

[0005] In some embodiments of the disclosure, a meth-
od of repairing a component is provided that comprises
identifying a non-compliant surface of the component,
wherein the non-compliant surface is not within an allow-
able tolerance, cold spraying a powder comprising a met-
al onto the non-compliant surface, and forming a coating
comprising the metal over the non-compliant surface,
wherein an outer surface of the coating is within an al-
lowable dimensional range. In an embodiment, the meth-
od of repairing an outer component further comprises
machining the outer surface of the coating. In an embod-
iment, the component is a shaft, a rotor mast, an input
quill, or a bearing. In an embodiment, the component
contains electronic equipment during the cold spraying,
and wherein the cold spraying does not damage the elec-
tronic equipment. In an embodiment, the component is
repaired without subjecting the component to a hydrogen
embrittlement bake.
[0006] In other embodiments, a method of protecting
a component is provided that comprises cold spraying a
powder comprising a metal onto a surface of the compo-
nent, and forming a coating comprising the metal on the
surface of the component. In an embodiment, the com-
ponent is a rotor mast. In an embodiment, the coating
comprises an anti-corrosion coating. In an embodiment,
the coating comprises chrome, stainless steel, or com-
binations thereof.
[0007] In yet other embodiments, an apparatus is pro-
vided that comprises a component that was previously
out of an allowable dimensional range, but that has been
brought into an allowable dimensional range by cold
spraying a powder comprising a metal onto a non-com-
pliant portion of the component.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

FIG. 1 is a perspective view of a helicopter according
to an embodiment of the disclosure;

FIG. 2A is a longitudinal cross-sectional view of a
rotor mast of a rotorcraft;

FIG. 2B is a longitudinal cross-sectional view of a
damaged bottom portion of a rotor mast of a ro-
torcraft;

FIG. 2C is a longitudinal cross-sectional view of a
bottom portion of a rotor mast of a rotorcraft repaired
according to an embodiment of the disclosure;

FIG. 3A is a longitudinal cross-sectional view of an
input quill of an aircraft engine;

FIG. 3B is a longitudinal cross-sectional view of a
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damaged bottom portion of an input quill of an aircraft
engine;

FIG. 3C is a longitudinal cross-sectional view of an
input quill of an aircraft engine repaired according to
an embodiment of the disclosure;

FIG. 4 is a flow diagram of a method according to an
embodiment of the disclosure.

FIG. 5 is a block diagram of an exemplary cold spray-
ing system according to an embodiment of the dis-
closure;

FIG. 6 is an oblique side view of a cold spray appa-
ratus according to an embodiment of the disclosure;

FIG. 7 is a longitudinal cross-sectional view of a top
portion of the rotor mast of FIG. 2A comprising a
protective coating in accordance with an embodi-
ment of the disclosure.

DETAILED DESCRIPTION

[0009] It should be understood at the outset that al-
though an illustrative implementation of one or more em-
bodiments are provided below, disclosed systems and
methods may be implemented using any number of tech-
niques, whether currently known or in existence. The dis-
closure should in no way be limited to the illustrative im-
plementations, drawings, and techniques illustrated be-
low, including the exemplary designs and implementa-
tions illustrated and described herein, but may be mod-
ified within the scope of the appended claims along with
their full scope of equivalents.
[0010] In some cases, it may be desirable to repair or
restore a rotary component of an aviation propulsion sys-
tem such as a rotor mast or an input pinion having un-
dersized dimensions by cold spraying a powder compris-
ing metal onto a surface defining an outer boundary of
the undersized dimensions. In some cases, it may be
desirable to protect the rotor mast of a rotorcraft by cov-
ering a surface of the rotor mast with a protective or cor-
rosion-resistant layer applied to the surface by cold
spraying a powder comprising metal onto the surface of
the rotor mast. In some embodiments, the lower temper-
atures and localized heat of the cold spraying process
allows electronics contained with the rotary component
to remain functional and thus reusable when the rotary
component is installed or reinstalled into the aviation pro-
pulsion system.
[0011] Various embodiments of the methods de-
scribed herein may be suitable for repairing, protecting,
or repairing and protecting the rotor masts, input pinions,
and other high precision rotary components of various
types of aircraft and rotorcraft. Various embodiments of
the methods described herein may be suitable for repair-
ing, protecting, or repairing and protecting the rotary com-

ponents of rotorcraft such as helicopters, tiltrotor aircraft,
turboprops, and the like, both manned and unmanned.
Various embodiments of the disclosure may be suitable
for repairing, protecting, or repairing and protecting rotor
masts and input quills of helicopters.
[0012] Referring to FIG. 1, a perspective view of a hel-
icopter 100 is shown. It should be understood that the
helicopter example is given merely for illustration purpos-
es only. Embodiments of the present disclosure are not
limited to any particular setting or application, and em-
bodiments may be suitable for the rotary components of
other aircraft, vehicles, or equipment.
[0013] Helicopter 100 includes a main rotor assembly
110, a tail rotor assembly 120, a fuselage 130, and land-
ing gear 140. Main rotor assembly 110 includes two or
more blades 112 that are rotated about an axis of rotation
114 in either a clockwise direction or a counterclockwise
direction as indicated by arrow 116. Main rotor assembly
110 generates a lift force that supports the weight of hel-
icopter 100 and a thrust force that counteracts aerody-
namic drag. Main rotor assembly 110 can also be used
to induce pitch and roll of helicopter 100.
[0014] Tail rotor assembly 120 includes two or more
blades 122 that are rotated about an axis of rotation 124
in either a clockwise direction or a counterclockwise di-
rection as indicated by arrow 126. Tail rotor assembly
120 counters the torque effect created by main rotor as-
sembly 110 and allows a pilot to control the yaw of heli-
copter 100.
[0015] Fuselage 130 is the main body section of heli-
copter 100. Landing gear 140 is attached to fuselage 130
and supports helicopter 100 on the ground. Fuselage 130
optionally holds the crew, passengers, and/or cargo and
houses the transmission, engine, gearboxes, drive
shafts, control systems, etc. that are needed to establish
an operable helicopter. Rotor assemblies 110, 120 are
coupled to a transmission housed within fuselage 130.
Transmission includes an input quill. End of input quill is
coupled to the rotor assemblies 110, 120 through one or
more gears, and directly to engine at the other end. En-
gine drives rotation of input quill and the rotation of input
quill drives rotation of rotor assemblies 110, 120.
[0016] Various embodiments of the disclosure may be
suitable for repairing, protecting, or a combination thereof
the rotor masts of rotorcraft such as helicopters, tiltrotor
aircraft, airplanes, and the like. Referring to FIG. 2A, a
longitudinal cross-sectional view of an exemplary rotor
mast 201 of a main rotor assembly of a helicopter is
shown. Rotor mast 201 generally comprises an elongat-
ed tubular structure having an external wall 203 made of
steel, such as 4340 steel, 9310 low-alloy steel, or nitriding
steel such as nitralloy steel. A top portion 202 of rotor
mast 201 may have protrusions and/or end fittings 205
that allow the mast to be connected to a rotor hub. Top
portion 202 may also include at least one outer circum-
ferential surface 206 that is not enclosed within a fuselage
130 during operation of the helicopter, but is instead ex-
posed to an outside environment. Bottom portion 204 of
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rotor mast 201 includes a bearing journal 209. Bearing
journal 209 facilitates free rotation of the rotor mast 201
around rotational axis 208 and cooperates with a station-
ary bearing to limit undesirable movement of rotor mast
201 relative to the fuselage. In some embodiments, the
bearing journal 209 may be a tapered bearing journal. In
some embodiments, the bearing journal may be a cylin-
drical roller journal.
[0017] Over the lifetime of a rotor mast, the rotor mast
bearing may become damaged by, for example, surface
wear, fretting, fabrication error, accidents involving the
rotor mast occurring during transport, assembly, disas-
sembly, or repair of the rotor mast, any plurality thereof,
or any combination thereof. Because mechanical failure
of a rotor mast is highly likely to result in catastrophic
damage to the helicopter and loss of life of the passen-
gers therein, rotor mast designs often set forth exacting
dimension and tolerance requirements. Thus, when
damage or wear compromises the dimensional precision
of a rotor mast, protocol often dictates repair of the rotor
mast, or replacement if repair is not feasible. Referring
to FIG. 2B, a longitudinal cross-sectional view of the bot-
tom portion of rotor mast 201 is shown. Damage to bear-
ing journal 209 is represented by the presence of one or
more damage surfaces 213a, 213b along an outer cir-
cumferential surface 211. Dashed lines 212a, 212b rep-
resent the minimum and maximum allowable dimension-
al ranges specified for the outer diameter 210 of outer
circumferential surface 211 of bearing journal 209. Di-
ameters 215a, 215b, 215c represent undersized dimen-
sions because each of diameters 215a, 215b, 215c ter-
minates at an endpoint below dashed lines 212a. Dam-
age surfaces 213a, 213b define an outer boundary of a
plurality of undersized dimensions 215a, 215b, 215c of
bearing journal 209. Damage surfaces are one kind of
non-compliant surface. As used herein, the term "non-
compliant surface" refers to a surface of a component
that comprises the endpoints of a plurality of dimensions
that are outside allowable dimensional ranges (e.g., un-
dersized dimensions 215a, 215b, 215c), that is out of
tolerances prescribed by a design specification of the
component, or a combination thereof. Thus, damage sur-
faces 213a and 213b may be referred to as non-compliant
surfaces 213a and 213b.
[0018] In accordance with various embodiments of the
disclosure, a repair may be made wherein all or substan-
tially all of the undersized dimensions 215a, 215b, 215c
may be extended to lengths falling within the maximum
and minimum tolerance limits represented by dashed
lines 212a, 212b by the addition of material administered
through a cold spray process. Referring to FIG. 2C, a
longitudinal cross-sectional view of a bottom portion of a
rotor mast 201, repaired in accordance with an embodi-
ment of the disclosure, is shown. By covering non-com-
pliant surfaces 213a, 213b with a cold sprayed powder
comprising metal in accordance with one or more em-
bodiments of the disclosure, a coating 219 may be
formed. As the coating builds, the undersized outer di-

mensions 215a, 215b, 215c shown in FIG. 2B lengthen
into diameters 217a, 217b, 217c, having endpoints 218a,
218b, 218c that fall within the maximum and minimum
allowable dimensions 212a, 212b prescribed by the de-
sign specification of the rotor mast 201. In instances
where the coating extends beyond maximum allowable
dimensions 212a, 212b, the coating may be machined
to provide diameters 217a, 217b, 217c, having endpoints
218a, 218b, 218c.
[0019] Various methods of the disclosure may be suit-
able for repairing, protecting, or a combination thereof
input pinions of aircraft engines. For example, various
embodiments of the disclosure may be suitable for the
repair of an input quill of a helicopter. Referring to FIG.
3A, a longitudinal cross-sectional view of a helicopter in-
put quill 301 is shown. Input quill 301 comprises bevel
gears 304a, 304b for engaging a rotor mast of the heli-
copter. Input quill 301 also comprises a hollowed out por-
tion 305, splines 307 for engaging the helicopter engine,
and notches 309 for engaging a nut lock spring that fa-
cilitates maintaining proper preload of the bearing. When
damage or wear compromises the dimensional precision
of an input pinion bearing journal, such as an input quill
of a helicopter, protocol often dictates repair of the input
quill, or replacement if repair is not feasible. Referring to
FIG. 3B, a longitudinal cross-sectional view of an input
quill 301 is shown. Damage to input quill 301 is repre-
sented by the presence of one or more non-compliant
surfaces, such as non-compliant surface 313, along an
outer circumferential surface 311. Dashed lines 312a,
312b represent the minimum and maximum tolerance
limits specified for the outer design diameter 310 of outer
circumferential surface 311 of input quill 301. Diameters
315a, 315b, 315c represent undersized dimensions be-
cause each of diameters 315a, 315b, 315c terminates at
an endpoint below dashed lines 312a. Non-compliant
surface 313 defines an outer boundary of a plurality of
undersized dimensions 315a, 315b, 315c of input quill
301.
[0020] In accordance with various embodiments of the
disclosure, a repair may be made wherein all or substan-
tially all of the undersized dimensions 315a, 315b, 315c
may be extended to lengths falling within the maximum
and minimum tolerance limits represented by dashed
lines 312a, 312b by the addition of material administered
through a cold spray process. Referring to FIG. 3C, a
longitudinal cross-sectional view of an input quill 301,
repaired in accordance with an embodiment of the dis-
closure, is shown. By covering non-compliant surfaces
313 with a cold sprayed powder comprising metal in ac-
cordance with one or more embodiments of the disclo-
sure, a coating 319 may be formed. As the coating builds,
the undersized outer dimensions 315a, 315b, 315c
shown in FIG. 3B lengthen into diameters 317a, 317b,
317c, having endpoints 318a, 318b, 318c that fall within
the maximum and minimum allowable dimensions 312a,
312b prescribed by the design specification of input quill
301 design. In instances where the coating extends be-
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yond maximum allowable dimensions 312a, 312b, the
coating may be machined to provide diameters 317a,
317b, 317c, having endpoints 318a, 318b, 318c.
[0021] Referring to FIG. 4, a flow diagram of a method
400 of repairing a component in accordance with an em-
bodiment of the disclosure is shown. The component may
be a rotary component of an aircraft propulsion system,
as described above. In explaining method 400, the fol-
lowing description refers to the rotor mast shown of FIGS.
2A-2C and the input quill of FIGS. 3A-3C. References to
the rotor mast of FIGS. 2A-2C and the input quill of FIGS.
3A-3C are made for the purposes of illustration only, and
are not intended to imply limitations of method 400 or
any of the other methods embodied in the disclosure. For
example, methods according to various embodiments of
the disclosure, including method 400, may be applied to
other designs of rotor masts and input pinions and to
types of rotary components different from those shown
in FIGS. 2A-2C and 3A-3C. Similarly, various methods
of the disclosure may be applied to different surfaces of
component, and are not restricted to, for example, the
outer circumferential surface of a rotor mast bearing jour-
nal or an outer circumferential surface on the central por-
tion of an input quill.
[0022] The method 400 may begin at block 401 where-
in one or more non-compliant surfaces of the rotary com-
ponent are identified. As mentioned above, the term
"non-compliant surface" refers to a surface of a compo-
nent that comprises the endpoints of a plurality of dimen-
sions that are outside allowable dimensional ranges, that
is out of tolerances prescribed by a design specification
of the component, or a combination thereof.
[0023] Non-compliant surfaces defining an outer
boundary of a plurality of undersized dimensions of the
rotary component may be identified by measuring indi-
vidual dimensions of the rotary component and determin-
ing whether the measured values fall within the tolerance
limitations of a design specification of the rotary compo-
nent. Measurements may be made using any devices or
techniques suitable for measuring the dimensions of avi-
ation engine components, rotorcraft rotor components,
or a combination thereof. Suitable measuring devices
may include, for example, digital or mechanical calipers.
[0024] The method 400 may progress to block 402
wherein the one or more preparation treatments are ap-
plied to one or more of the non-compliant surfaces before
cold spraying. Preparation treatments may include, but
are not limited to, cleaning, machining, masking off, or
any combination thereof one or more of the non-compli-
ant surfaces of the rotary component before cold spray-
ing the one or more non-compliant surfaces.
[0025] In various embodiments, the non-compliant sur-
faces may be cleaned before cold spraying in order to
remove surface contamination. Surface contamination
may include oxide layers formed between the material
of the non-compliant surface and the surrounding envi-
ronment as well as foreign matter such as organic par-
ticulates and non-combustible substances. The surface

contamination may comprise substances that are incom-
patible with the cold spray bonded system; that may alter
over time the properties of the deposited repair material,
the properties of original material surrounding the re-
paired surface, or a combination or a combination there-
of; that may compromise the bond formed between the
non-compliant surface and the deposited repair material;
or any combination thereof.
[0026] Cleaning may comprise, for example, high-
pressure spray washing of one or more non-compliant
surfaces of the rotary component using one or more polar
solvents, nonpolar solvents, any plurality thereof, or any
combination thereof. For example, surface contamina-
tion may be removed by applying a high-pressure water
spray to one or more non-compliant surfaces of the rotary
component. Although not wishing to be bound by theory,
it is believed that the water spray cleans the surface by
dissolving substances having a polar character, through
the mechanical action of the high-pressure spray, and
through convection. As another example, the non-com-
pliant surfaces of a component may be cleaned by ap-
plying a high-pressure toluene spray. Although not wish-
ing to be bound by theory, it is believed that the toluene
spray cleans by dissolving nonpolar substances, through
the mechanical action of the high-pressure spray, and
through convection. In some embodiments, an acidic so-
lution may be used to clean the non-compliant surfaces.
In some embodiments, a basic solution may be used to
clean the non-compliant surfaces. In some embodi-
ments, one or more abrasive materials selected from the
commercially available abrasives described below may
be used to clean the surface. In some embodiments, an
oxidative cleaning agent may be applied to the surface
of one or more non-compliant surfaces to remove surface
contamination. In some embodiments, a cleaning solu-
tion is applied at elevated temperatures. In some embod-
iments, one or more soft abrasives may be used to clean
the non-compliant surfaces without substantially altering
the surface properties of the rotary component.
[0027] In various embodiments, the one or more non-
compliant surfaces may be prepared for cold spraying
by machining the one or more non-compliant surfaces.
Machining may include any suitable operations for re-
moving material from a work surfaces. The machining
may include, for example, the application of one or more
surface finishing processes. Suitable surface finishing
processes may include, but are not limited to, abrasive
blasting, grinding, polishing, superfinishing, or any com-
bination thereof. In some embodiments, machining may
be employed to remove an oxide coating from one or
more of the non-compliant coatings to provide a stronger
bond between the one or more non-compliant surfaces
and the powdered repair material of the cold spray proc-
ess.
[0028] In some embodiments, the one or more non-
compliant surfaces are machined to texturize the surface
to be cold sprayed. Although not wishing to be bound by
theory, it is believed that texturizing the surface allows
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for greater mechanical interlocking between the cold
sprayed particulates and the non-compliant surface
when the cold sprayed particulates impact the one or
more non-compliant surfaces at high speeds. Texturizing
may be achieved, for example, by first grinding away sur-
face discontinuities of the non-compliant surfaces to pro-
vide a uniform surface and then vapor blasting the sur-
face to provide surface texture. As another example, tex-
turizing may be achieved by vapor blasting the non-com-
pliant surfaces. In an embodiment, cleaning and textur-
izing may be accomplished by applying a degreasing sol-
vent (e.g. PD680) to the non-compliant surfaces and then
vapor blasting the non-compliant surfaces. The vapor
blasting may advantageously clean and texturize the
non-compliant surfaces in a single step.
[0029] In an embodiment, one or more commercially
available abrasives may be used to machine the non-
compliant surfaces of a component. Suitable abrasives
may include but are not limited to free abrasive particu-
lates, coated abrasives, bonded abrasives, abrasive
wheels, abrasive slurries, such as a chemical mechanical
polishing (CMP) slurry, superabrasives, and the like. In
an embodiment, abrasive blasting of a non-compliant
surface may be achieved using free abrasive particu-
lates. In another exemplary embodiment, grinding of a
non-compliant surface of a component is achieved using
an abrasive wheel mounted on a grinder. In yet another
exemplary embodiment, surface finishing of a non-com-
pliant surface of a component may be achieved using a
CMP slurry.
[0030] In various embodiments, one or more non-com-
pliant surfaces of a component may be prepared for cold
spraying by masking off one or more portions of the non-
compliant surfaces from the undamaged surfaces before
cold spraying. Masking may prevent powdered repair
materials from accumulating on the undamaged surfac-
es, thus allowing deposition of the powdered repair ma-
terial to be restricted to the intended surfaces. In an em-
bodiment, at least one of the non-compliant surfaces of
the rotary component is masked off with an industrial-
quality masking material capable of withstanding (i.e. not
prematurely disintegrating) the elevated temperatures of
the cold sprayed powdered repair materials. In an em-
bodiment, the masking material comprises a thermally
insulating masking material. As described in greater de-
tail below, masking may advantageously facilitate great-
er localization of heat transferred to the rotary component
during repair of the one or more non-compliant surfaces.
[0031] In preparing the rotary component for cold
spraying, the preparation treatments selected, the
number of times each preparation treatments is carried
out, and the order of carrying out the preparation treat-
ments may be varied to achieve one or more desired
results, to optimize the condition of the non-compliant
surfaces for a particular cold spray bonded system, or a
combination thereof. For example, one or more of the
surface cleaning treatments may be cleaned separately
with high-pressure sprays of polar and nonpolar solution,

grinded with an abrasive wheel to remove an undesirable
oxide coating, and isolated from the undamaged surfaces
with masking material.
[0032] The method 400 may progress to block 403,
wherein a powder material comprising metal may be cold
sprayed onto each of the one or more non-compliant sur-
faces of the rotary component. Cold spraying the one or
more non-compliant surfaces of the rotary component
may comprise cold spraying a powdered repair material
over each of the one or more non-compliant surfaces
using a cold spray system, a cold spray apparatus, or a
combination thereof.
[0033] The method 400 may progress to block 404
wherein a coating comprising metal forms over one or
more non-compliant surfaces of the rotary component.
More particularly, a coating comprising one or more met-
als may be formed over each of the one or more non-
compliant surfaces such that an outer surface of each
coating defines an outer boundary extending all or sub-
stantially all of the undersized dimensions to lengths fall-
ing within design tolerances of the rotary component.
Cold spraying may be continued for a length of time suf-
ficient to eliminate all or substantially all of the undersized
dimensions.
[0034] Formation of the one or more coatings may be
facilitated by machining surfaces of the cold sprayed
coatings. The machining may be carried out in accord-
ance with the techniques (e.g., abrasive blasting, grind-
ing, polishing, superfinishing, and combinations thereof)
and/or with the materials discussed above in connection
with block 402. In various embodiments, surface finishing
may be applied to remove portions of the coating having
thicknesses exceeding the upper tolerance limits of a
component design. In various embodiments, surface fin-
ishing may be applied to provide the coated surface with
a uniform texture, to provide texture uniformity between
coated and uncoated surfaces, or a combination thereof.
Machining, by abrasive blasting, grinding, polishing, su-
perfinishing, and combinations thereof, may also be uti-
lized to achieve a more uniform profile of the non-com-
pliant surface, to achieve dimensional precision greater
than the dimensional precision required by the tolerance
limits, to achieve a particular texture, or a combination
thereof.
[0035] In some instances, the cold sprayed coatings
may be over-machined resulting in a new plurality of un-
dersized dimensions. In these cases, the cold spraying
step of block 403 may be repeated, followed by additional
machining if necessary. Blocks 403 and 404 may be it-
eratively repeated as necessary, until the desired surface
coatings are achieved, or both.
[0036] In some cases, the method 400 may progress
to block 405 wherein at least one of the coatings under-
goes heat treatment. In an embodiment, the heat treat-
ment comprises annealing the deposited material com-
prising the coatings over the non-compliant surfaces
(e.g., deposited material 219 covering non-compliant
surfaces 213a, 213b). An annealing heat treatment may
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stress relieve the deposited material, achieving a desired
microstructure (such as the microstructure of the original
material of the rotary component), or a combination
thereof.
[0037] When annealing more than one coating, the
coatings may be annealed at the same or different times
and under the same or different annealing conditions.
Although selection of an optimal annealing temperature
may depend on the materials forming the cold spray bond
at the non-compliant surface, annealing may generally
be conducted in a temperature range of from about 260
°C (500 °F) to about 760 °C (1400 °F).
[0038] In some embodiments, the heat treatment com-
prises localized Hot Isostatic Pressing (HIP) of one or
more of the coatings. HIP may reduce porosity of the
coating material, improve mechanical properties of the
coating, or a combination thereof.
[0039] In an embodiment, one or more of the non-com-
pliant surfaces may be prepared for one or more heat
treatments by masking off one or more portions of the
non-compliant surfaces from the undamaged surfaces
before applying the one or more heat treatments. Mask-
ing may be carried out in accordance with the techniques,
materials, or a combination thereof discussed in connec-
tion with block 402. In an embodiment, masking material
used in the cold spraying step may be removed and new
masking material applied. In another embodiment, mask-
ing material used during the cold spraying is re-used dur-
ing one or more heat treatments by selecting a material
capable of withstanding the conditions of the cold spray-
ing and the one or more heat treatments.
[0040] Subsequent to the heat treatment, an outer sur-
face of one or more of the coatings may optionally be
subjected to machining operations such as abrasive
blasting, grinding, polishing, superfinishing, and combi-
nations thereof to achieve one or more of the objectives
discussed in connection with block 404. Machining may
also be appropriate in instances where the one or more
dimensions of the rotary component become oversized
as a result of thermal expansion or other thermodynam-
ically induced microstructural changes occurring within
the deposited repair material, the original material of the
rotary component, or a combination thereof during the
repair process. The oversized dimensions may be ma-
chined down to within tolerance limits of the rotary com-
ponent design.
[0041] The method 400 may progress to block 406
wherein the rotary component is installed into a rotorcraft.
In an embodiment, one or more of steps 401-405 are
applied to a rotary component containing electronic
equipment. In an embodiment, one or more of steps
401-404 are applied to a rotary component containing
electronic equipment without also conducting a post hy-
drogen embrittlement bake. In an embodiment, the repair
process is carried out utilizing one or more of the methods
disclosed above for localizing application of the heat to
the non-compliant surfaces. By avoiding a post hydrogen
embrittlement bake, by utilizing one or more of the tech-

niques for localizing heat during the repair treatment, or
a combination thereof, a rotary mast containing electronic
equipment may advantageously be repaired without
damaging the electronic equipment, without having to
replace the electronic equipment, and without having to
transport the rotary component to the manufacturer.
[0042] In some cases, method 400 may progress to
block 407 wherein component of an aviation propulsion
system having been previously repaired in accordance
with an embodiment of the disclosure is removed from
operation (i.e., disassembly) and repaired again in ac-
cordance with an embodiment of the disclosure (e.g., by
applying one or more of steps of blocks 401-406). In an
embodiment, a rotary component of an aviation propul-
sion system may be repaired using the cold spraying
methods described herein to repair the rotary component
a plurality of times.
[0043] In various embodiments, repair of a rotary com-
ponent does not require all of the steps disclosed in con-
nection with FIG. 4. Nor are the embodiments of the dis-
closure limited to conducting the steps of FIG. 4 in the
order presented. Also, steps of blocks 401-407 are not
limited to a single iteration. In various embodiments, the
selection, order, and repetition of steps may be varied to
achieve a desired result.
[0044] Referring to FIG. 5, a block diagram of an ex-
emplary gas dynamic cold spraying system 500 accord-
ing to an embodiment of the disclosure is shown. The
gas dynamic cold spraying system 500 generally com-
prises a powder feeder 505 for providing a powdered
repair material, a carrier gas supply 501, a gas flow con-
trol device 503, a propellant gas heater 507 for heating
and accelerating (i.e. propelling) particles of the pow-
dered repair material, a mixing chamber 509 and a nozzle
511. In general, the gas dynamic cold spraying system
500 transports the powdered repair material with a suit-
able pressurized gas to the mixing chamber for 509. Pres-
surized carrier gas, such as air, helium, nitrogen, and
mixtures thereof, enters gas flow control device 503 from
carrier gas supply 501, which splits the carrier gas be-
tween powder feeder 505 and propellant gas heater 507.
Particles of the powdered repair material are accelerated
by the pressurized carrier gas through nozzle 511, which
may be a specially designed nozzle such as a de Laval
nozzle. The accelerated gas exits nozzle 511 towards a
target substrate 513. In some embodiments, the sub-
strate 513 comprises one or more non-compliant surfac-
es of a rotary component of an aircraft propulsion system.
In other embodiments, the substrate 513 comprises a
surface of a rotary component of an aircraft propulsion
system to be protected by forming a corrosion-resistant
coating, a coating with enhanced mechanical properties,
or a combination thereof on the surface. When the par-
ticles strike the target surface, converted kinetic energy
of the particles cause plastic deformation in the target
metallic substrate (the non-compliant surfaces of the ro-
tary component), which permits the particles to partially
embed into the surface. Thus, the gas dynamic cold

11 12 



EP 2 778 256 A1

8

5

10

15

20

25

30

35

40

45

50

55

spraying system 500 can bond the powdered repair ma-
terial to the non-compliant surfaces of the rotary compo-
nent, thereby forming coatings over the non-compliant
surfaces, as discussed in more detail in connection with
block 404.
[0045] The gas dynamic cold spraying process is re-
ferred to as a "cold spray" process because the particles
are applied at a temperature that is well below their melt-
ing point. Rather than by the particle temperature, it is
the kinetic energy of the particles, on impact with the
target surface, which causes the substrate to plastically
deform and bond the particles with the target surface.
[0046] A variety of different systems and implementa-
tions can be used to perform the gas dynamic cold spray-
ing. For example, U.S. Pat. No. 5,302,414, entitled "Gas-
Dynamic Spraying Method for Applying a Coating" de-
scribes an apparatus designed to accelerate materials
and to mix particles of the materials with a process gas
to provide the particles with a density of mass flow be-
tween about 0.05 grams per second per centimeter
square (g/s·cm2) and about 17 g/s·cm2. Supersonic ve-
locity is imparted to the gas flow, with the jet formed at
high density and low temperature using a predetermined
profile. The resulting gas and powder mixture is intro-
duced into the supersonic jet to impart sufficient accel-
eration to ensure a particle velocity ranging between 300
and 1200 meters per second (m/s).
[0047] Referring to FIG. 6, a cold spraying apparatus
in accordance with an embodiment of the disclosure is
shown. The cold spraying apparatus 600 generally com-
prises a nozzle 603 that is communicatively coupled to
a propellant gas heater 601 by way of a main gas passage
605. A premix chamber 607 is in line with the main gas
passage 605 and upstream of the nozzle 603. The gases
are transferred from the premix chamber 607 into a mix-
ing chamber 609 where the gas is combined with the
powdered repair material. Particles of the powdered re-
pair material are transferred to the mixing chamber 609
using an injection tube 611 that is in communication with
a powder feeder that supplies the particles. The gas dy-
namic spraying is enabled by using the nozzle 603 that
includes a throat 613 or other aperture that is sized to
optimize the gas pressure and, in turn, the particle ve-
locity as it passes through the nozzle 603. The particles
exit nozzle 603 and are deposited on substrate 617 as
layer 615.
[0048] The gas flow rate through nozzle 603 may gen-
erally be in a range of from about 30 cubic feet per meter
(CFM) to about 100 CFM. The powdered repair material
may pass through the cold spray apparatus 600 in a
range of from about 10 pounds per hour (lbs/hr) to about
30 lbs/hr. The temperature of the gas stream passing
through nozzle 603 may range from about 0 degrees
Fahrenheit (°F) to about 1300 °F, alternatively 0 °F to
about 1000 °F, alternatively 700 °F to about 1000 °F,
alternatively 900 °F to about 1000 °F. The gas flow may
be maintained at a pressure of from about 5 atmospheres
(atm) to about 20 atm and at temperature below the melt-

ing point of the powdered repair material. Sizes of the
particles of the powdered repair material may range from
about 1 micrometer (mm) to about 100 mm in diameter,
alternatively from about 1 mm to about 40 mm in diameter.
[0049] Velocities of particles of the powder repair ma-
terial may exit the nozzle 603 at velocities of from about
300 m/s to about 1500 m/s. The gas composition may
comprise nitrogen, helium, air, or any combination there-
of. Gas compositions comprising air may accelerate par-
ticles of the powdered repair material of from about 300
m/s up to about 600 m/s. Gas compositions comprising
helium may accelerate particles of the powdered repair
material up to velocities of from about 1000 m/s to about
1200 m/s. When the gas composition comprises a mix-
ture of air and helium particles, the powdered repair ma-
terial may be maintained at velocities in a range of from
about 300 m/s to about 1200 m/s.
[0050] Powdered repair material suitable for use in var-
ious embodiments of this disclosure may include pow-
ders comprising metal. The powdered repair material
may comprise the same material as the non-compliant
surfaces of the rotary component, or a different material.
The powdered material may comprise steel. For exam-
ple, the powdered material may comprise one or more
stainless steels, alloy steels, nitriding steels, or any com-
bination thereof. In an embodiment, the powdered repair
material comprises stainless steel, such as 440C stain-
less steel, alloy steel, such as 4340 steel, low-alloy steel,
such as 9310 low-alloy steel, nitriding steel, such as ni-
tralloy steel, or any combination thereof.
[0051] By employing cold spraying in the repair of ro-
tary components used in aviation propulsion systems, a
repair process wherein heat is effectively restricted to the
non-compliant surfaces and kept away from one or more
untreated portions of the rotary component is provided.
By localizing the heat away from temperature sensitive
materials in other parts of the rotary component, elec-
tronics contained with the rotary component, or a com-
bination thereof may advantageously be protected from
temperatures that would otherwise further damage to the
rotary component. The temperature of the rotary compo-
nent during treatment may vary as a function of distance
from the regions where heat is supplied and regions of
the rotary component more distally located from the sur-
faces being repaired may enjoy a greater degree of heat
shielding than regions located closer. In various embod-
iments, thermal isolation is enhanced by using thermally
insulating masking material to mask off the repair surfac-
es from the undamaged portions of the rotary component.
Thermal isolation may further be facilitated by controlling
the application of heat as a function of time. The temper-
atures of temperature sensitive regions and sub-compo-
nents of the rotary component may be monitored during
the repair process. When the temperature at one or more
of these regions approach levels that may damage other
parts of the rotary component, the temperature may be
lowered again by temporarily reducing or terminating the
cold spraying or heat treatments. Thermal isolation may
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further be enhanced by taking advantage of both the dis-
tance-temperature and the time-temperature functional
relationships in a single repair treatment. Over the course
of treatment, the temperature profile of the rotary com-
ponent may be monitored and the application of heat
fluctuated over time such that sensitive regions and sub-
components located further away from the treated por-
tions of the rotary component do not exceed potentially
damaging temperature thresholds.
[0052] Localization of heat may be particularly advan-
tageous when the component under repair contains elec-
tronics. Electronics are sensitive to, and may be de-
stroyed by, elevated temperatures. By restricting the ap-
plication of heat to the repair regions of the rotary com-
ponent, temperatures near regions containing the elec-
tronics may be maintained low enough to prevent dam-
age to the electronics. As such, various embodiments of
the present disclosure may be particularly advantageous
in connection with rotary components containing elec-
tronics. Previous repair processes have required baking
the entire rotary component, which necessitated shipping
the rotary component back to the manufacturer or a suit-
ably equipped repair facility to remove the electronics by
a specially trained technician using specialized equip-
ment and then heat-treat the entire component in a kiln,
an autoclave, or other specialized heat treatment device.
Transportation of the rotary component is often difficult,
time-consuming, and expensive (e.g., in terms of down-
time of the rotorcraft). Transportation also carries the risk
of accidents during transport which may inflict additional
damage to the rotary component. By localizing applica-
tion of the heat to the non-compliant surfaces, repair may
be made without removing the electronics and without
the need for transporting the rotary component to another
facility. In circumstances where electronics cannot be re-
moved in order to make a repair to the rotary component,
various embodiments of the disclosure are further ad-
vantageous in that significant costs can be saved by re-
pairing instead of replacing the rotary component. In
some embodiments, cold spraying is employed to repair
an outer circumferential surface of a helicopter rotor mast
containing a torque sensor, a flexible circuit board, and
heat gauges, which may be damaged at temperatures
exceeding 160 °F. In some embodiments, cold spraying
is employed to repair a rotary component containing one
or more optical devices, fluid sensing devices, or a com-
bination thereof.
[0053] Various embodiments of the disclosure are ad-
ditionally advantageous in that employing cold spraying
to repair rotary component of aviation propulsion systems
allows successful repairs to be made without conducting
a post hydrogen embrittlement bake. Post hydrogen em-
brittlement bakes may have a detrimental effect on steels
sensitive to post hydrogen embrittlement bakes and may
result in the destruction of electronic equipment con-
tained within the rotary component being repaired.
[0054] In accordance with various embodiments of the
disclosure, a method of protecting a rotor mast of a ro-

torcraft is also provided. The method may generally com-
prise cold spraying a powder comprising metal onto a
surface of a rotor mast of a rotorcraft, forming a coating
comprising a metal on the surface of the rotor mast, and
installing the rotor mast into a rotorcraft.
[0055] Referring now to FIG. 7, a previously exposed
circumferential surface 706 of the rotor mast 201 of FIG.
2A has been coated with a protective coating 701 admin-
istered in accordance with an embodiment of the disclo-
sure. The method of protecting a rotary component of a
rotorcraft may utilize one or more of the steps discussed
in connection with FIG. 4, except that cold spraying is
applied to an undamaged portion of a rotary component,
rather than a non-compliant surface, in order to provide
corrosion-resistance, enhance mechanical properties, or
a combination thereof to the coated region. For example,
various embodiments of the method of protecting a rotary
component of a rotorcraft may be carried out by utilizing
the gas dynamic cold spraying system 500 and apparatus
600 described above. However, the methods of protect-
ing and repairing disclosed herein are not to be consid-
ered mutually exclusive. In an embodiment, a damaged
rotary component is repaired in accordance with the
method disclosed in FIG. 4 and a portion of the repaired
portion of the rotary component, an undamaged portion
of the rotary component, or a combination thereof is pro-
vided with an anti-corrosion coating, a coating providing
enhanced mechanical properties, or a combination
thereof.
[0056] In an embodiment a powder comprising metal
is cold sprayed onto a surface of a rotor mast of a ro-
torcraft, such as a helicopter. Referring again to FIGS. 2
and 7, circumferential surface 206 of helicopter rotor
mast 201 and circumferential surface 706, being outside
the protective encasement of a rotorcraft fuselage, may
experience critical loading while simultaneously being
exposed to various kinds of damaging environmental el-
ements, including debris blasts, sand blasts, and chem-
ical corrosion. This combination may cause circumferen-
tial surfaces 206 and 706 to undergo dangerous cracking
on the surface leading to potentially catastrophic failures.
[0057] In an embodiment an anti-corrosion coating, a
coating having enhanced mechanical properties, or a
combination thereof may be cold sprayed onto a portion
of the rotor mast exposed to the environment. The coating
may comprise chrome, stainless steel, or a combination
thereof. A chrome coating may provide enhanced anti-
corrosive and enhanced mechanical properties (e.g.,
hardness), thus augmenting a usually vulnerable portion
of a rotorcraft rotor.
[0058] In addition to exposed portions of the rotorcraft,
the method of protecting a rotor mast of a rotorcraft may
also be applied to other regions of the rotor mast. For
example, a protective coating may be applied to a surface
of the bearing journal of a rotor mast. In various embod-
iments, the method of protecting a rotary component of
may be suitable for repairing or protecting a rotor mast
of rotorcraft such as helicopters, tiltrotor aircraft, turbo-
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props, and the like.
[0059] Various embodiments of the methods of the dis-
closure may be particularly suited to repairing and pro-
tecting high precision rotary components used in aviation
propulsion systems. Such components may be subject
to tight tolerance requirements, which may, for example,
range in magnitude from about 9x10-4 inches to about
1x10-4 inches, depending on the particular component.
Rotary components may have undersized dimensions
subject to one or more design tolerances of, for example,
6 1x10-4 inches, alternatively within 6 4x10-4 inches,
and alternatively within 6 7x10-4 inches may be repaired.
In some embodiments, helicopter rotor masts having a
design tolerance of, for example, 6 1.5x10-4 inches for
an outer journal bearing diameter may be repaired. In
some embodiments, an input quill of a helicopter having
a design tolerance of, for example, 6 1.5x10-4 inches for
a diameter may be repaired. In some embodiments, ro-
tary components of aviation propulsion systems having,
for example, one or more design tolerances of a magni-
tude of greater than or equal to about 3x10-4 inches and
less than or equal to about 6x10-4 inches may be re-
paired. Various methods for repairing and protecting ro-
tary components according to embodiments of the dis-
closure may also be used to repair and protect surfaces
of integral roller raceways, other gears of rotary aircraft,
and other rotary components designed to withstand ex-
treme loads and high rotational velocities.
[0060] At least one embodiment is disclosed and var-
iations, combinations, and/or modifications of the em-
bodiment(s) and/or features of the embodiment(s) made
by a person having ordinary skill in the art are within the
scope of the disclosure. Alternative embodiments that
result from combining, integrating, and/or omitting fea-
tures of the embodiment(s) are also within the scope of
the disclosure. Where numerical ranges or limitations are
expressly stated, such express ranges or limitations
should be understood to include iterative ranges or lim-
itations of like magnitude falling within the expressly stat-
ed ranges or limitations (e.g., from about 1 to about 10
includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11,
0.12, 0.13, etc.). For example, whenever a numerical
range with a lower limit, R1, and an upper limit, Ru, is
disclosed, any number falling within the range is specif-
ically disclosed. In particular, the following numbers with-
in the range are specifically disclosed: R=R1+k*(Ru-R1),
wherein k is a variable ranging from 1 percent to 100
percent with a 1 percent increment, i.e., k is 1 percent, 2
percent, 3 percent, 4 percent, 5 percent, ..., 50 percent,
51 percent, 52 percent, ..., 95 percent, 96 percent, 97
percent, 98 percent, 99 percent, or 100 percent. Unless
otherwise stated, the term "about" shall mean plus or
minus 10 percent of the subsequent value. Moreover,
any numerical range defined by two R numbers as de-
fined in the above is also specifically disclosed. Use of
the term "optionally" with respect to any element of a
claim means that the element is required, or alternatively,
the element is not required, both alternatives being within

the scope of the claim. Use of broader terms such as
comprises, includes, and having should be understood
to provide support for narrower terms such as consisting
of, consisting essentially of, and comprised substantially
of. Accordingly, the scope of protection is not limited by
the description set out above but is defined by the claims
that follow, that scope including all equivalents of the sub-
ject matter of the claims. Each and every claim is incor-
porated as further disclosure into the specification and
the claims are embodiment(s) of the present invention.
[0061] Accordingly, the scope of protection is not lim-
ited by the description set out above but is only limited
by the claims which follow, that scope including all equiv-
alents of the subject matter of the claims. Each and every
claim is incorporated into the specification as an embod-
iment of the present invention. Thus, the claims are a
further description and are an addition to the embodi-
ments of the present invention. The discussion of a ref-
erence in the Detailed Description of the Embodiments
is not an admission that it is prior art to the present in-
vention, especially any reference that may have a pub-
lication date after the priority date of this application. The
disclosures of all patents, patent applications, and pub-
lications cited herein are hereby incorporated by refer-
ence, to the extent that they provide exemplary, proce-
dural, or other details supplementary to those set forth
herein.

Claims

1. A method of repairing a component, comprising:

identifying a non-compliant surface of the com-
ponent, wherein the non-compliant surface is
not within an allowable tolerance;
cold spraying a powder comprising a metal onto
the non-compliant surface;
and
forming a coating comprising the metal over the
non-compliant surface, wherein an outer sur-
face of the coating is within an allowable toler-
ance.

2. A method of protecting a component, comprising:

cold spraying a powder comprising a metal onto
a surface of the component;
and
forming a coating comprising the metal on the
surface of the component.

3. The method of claim 1 or claim 2, wherein the non-
compliant surface is not within the allowable toler-
ance because of surface wear, fretting, fabrication
error, an accident during transport, assembly, disas-
sembly, or repair of the component, or any combi-
nation thereof.
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4. The method of any preceding claim, wherein the cold
spraying comprises spraying a mixture of a gas and
the powder comprising the metal at a temperature
of less than about 1300 °F onto the non-compliant
surface; wherein the cold spraying optionally or pref-
erably further comprises spraying a mixture of a gas
and the powder comprising the metal at tempera-
tures of less than about 1000 °F onto the non-com-
pliant surface.

5. The method of any preceding claim, wherein the
component is repaired or protected without subject-
ing the component to a hydrogen embrittlement
bake.

6. The method of any preceding claim, wherein the
component contains electronic equipment, optical
equipment, or fluid sensing devices during the cold
spraying, and wherein the cold spraying does not
damage the electronic equipment.

7. The method of any preceding claim, wherein the met-
al is substantially the same material as the compo-
nent.

8. The method of any preceding claim, wherein the
component is a shaft, a rotor mast, an input quill, or
a bearing; and/or wherein the component is an air-
craft component.

9. The method of any preceding claim, further compris-
ing machining the outer surface of the coating.

10. The method of any preceding claim, wherein the cold
spraying comprises substantially limiting application
of the cold spray to areas defined by the non-com-
pliant surface.

11. The method of any preceding claim, wherein the de-
sign tolerance is 6 about 3x10-4 inches.

12. The method of any preceding claim, wherein the
coating comprises an anti-corrosion coating; and/or
wherein the coating comprises chrome, stainless
steel, or combinations thereof.

13. An apparatus comprising:

a component that was previously out of an al-
lowable tolerance, but that has been brought into
tolerance by cold spraying a powder comprising
a metal onto a non-compliant portion of the com-
ponent.

14. The apparatus of claim 13, wherein the component
is a rotary component of a drivetrain.

15. The apparatus of claim 14, further comprising an en-

gine and a fuselage.
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