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DESCRIPTION

TECHNICAL FIELD

[0001] The present disclosure is directed to alloy ingots and other alloy workpieces, and to
methods for processing alloy ingots and other alloy workpieces.

BACKGROUND

[0002] Various alloys may be characterized as being "crack sensitive". Ingots and other
workpieces composed of crack sensitive alloys may form cracks along their surfaces and/or
edges during hot working operations. Forming articles from crack sensitive alloys may be
problematic because, for example, cracks formed during forging or other hot working
operations may need to be ground off or otherwise removed, increasing production time and
expense, and reducing vield.

[0003] During certain hot working operations, such as forging and extrusion, dies apply a
force to an alloy workpiece to deform the alloy workpiece. The interaction between the die's
surfaces and the alloy workpiece's surfaces may involve heat transfer, friction, and wear. One
conventional technique for reducing surface and edge cracking during hot working is to
enclose the alloy workpiece in a metallic canister before hot working. With a cylindrical
workpiece, for example, the inside diameter of the metallic canister may be slightly larger than
the outside diameter of the alloy workpiece. The alloy workpiece may be inserted into the
metallic canister such that the metallic canister loosely surrounds, but is not metallurgically
bonded to, the alloy workpiece.

The dies may contact the outer surfaces of the metallic canister. The metallic canister
thermally insulates and mechanically protects the enclosed alloy workpiece, thereby eliminating
or reducing the incidence of crack formation on the alloy workpiece. The metallic canister
thermally insulates the alloy workpiece by action of the air gaps between the alloy workpiece
and the metallic canister's inner surfaces, and also by directly inhibiting the alloy workpiece
from radiating heat to the environment.

[0004] An alloy workpiece canning operation may result in various disadvantages. For
example, mechanical contact between forging dies and the metallic canister's outer surfaces
may break apart the metallic canister. Also, during upset-and-draw forging of a canned
workpiece, the metallic canister may break apart during the draw operation, and in such case
the alloy workpiece may need to be re-canned between each upset-and-draw cycle of a
multiple upset-and-draw forging operation. Re-canning increases process complexity and
expense. Further, a metallic canister may impair an operator from visually monitoring the
surface of a canned alloy workpiece for cracks and other work-induced defects.
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[0005] US4728448, on which the preamble of claim 1 is based, discloses a self-lubricating,
friction and wear reducing composite material for use over a wide temperature spectrum from
cryogenic temperature to about 900°C in a chemically reactive environment comprising silver,
barium fluoride/calcium fluoride eutectic, and metal bonded chromium carbide.

[0006] US3122828 discloses a process of converting an ingot of heat sensitive alloy involving
rolling the ingot at a temperature above the critical temperature of the alloy, consisting of
enveloping the ingot in a metal shell, hot-extruding or drawing the enveloped ingot to compress
the shell onto the ingot and to reduce the cross-sectional area of the ingot, hot rolling the
article and removing the shell from the resulting billet.

[0007] Given the foregoing drawbacks, it would be advantageous to provide a more efficient
and/or more cost-effective method of hot working crack sensitive alloys. More generally, it
would be advantageous to provide a method for improving the hot workability of alloy ingots
and other alloy workpieces.

SUMMARY

[0008] The invention provides a method of processing an alloy workpiece to reduce thermal
cracking in accordance with claim 1 of the appended claims. Aspects according to the present
disclosure are directed to methods of processing alloy ingots and other alloy workpieces to
improve hot workability.

[0009] According to the present invention, a method of processing an alloy workpiece to
reduce thermal cracking is provided, the method comprising spraying a metallic coating
material onto at least a portion of a surface of the alloy workpiece to form a surface coating
metallurgically bonded to the alloy workpiece. The metallic surface coating is more ductile than
the alloy workpiece and reduces heat loss from the alloy workpiece. In certain non-limiting
embodiments of the method, the alloy workpiece is rotated about a long axis of the workpiece
during the spraying of the metallic coating material, which is deposited on at least a portion of a
circumferential surface of the alloy workpiece.

[0010] A presently non-claimed aspect according to the present disclosure is directed to a
method of processing an alloy workpiece to reduce thermal cracking, the method comprises
inserting the alloy workpiece into a metallic canister. The metallic canister may have a lower
coefficient of thermal expansion than the alloy and includes an inner surface comprising an
nickel-boron coating on at least a portion thereof. The alloy workpiece is encapsulated in the
metallic canister to form a canned assembly, and at least a portion of gas is removed from the
interior of the canned assembly. The canned assembly is heated to transient liquid phase bond
the alloy workpiece to the metallic canister.

[0011] Another non-limiting aspect according to the present disclosure is directed to alloy
workpieces made or processed according to any of the methods of the present disclosure.
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[0012] Yet another non-limiting aspect according to the present disclosure is directed to
articles of manufacture made from or including alloy workpieces made or processed according
to any of the methods of the present disclosure. Such articles of manufacture include, for
example, jet engine components, land based turbine components, valves, engine components,
shafts, and fasteners.

DESCRIPTION OF THE DRAWING FIGURES

[0013] The various non-limiting embodiments described herein may be better understood by
considering the following description in conjunction with the accompanying drawing figures.

FIG. 1 is a flow diagram according to certain non-limiting embodiments of a method disclosed
herein.

FIG. 2 is a schematic of a method of processing an alloy workpiece according to various non-
limiting embodiments disclosed herein.

FIG. 3 is a schematic of a method of processing an alloy workpiece according to various non-
limiting embodiments disclosed herein.

FIG. 4 is a flow diagram according to certain non-limiting embodiments of a method disclosed
herein.

FIG. 5 is a schematic of a method of processing an alloy workpiece according to various non-
limiting embodiments disclosed herein.

The reader will appreciate the foregoing details, as well as others, upon considering the
following description of various non-limiting and non-exhaustive embodiments according to the
present disclosure.

DESCRIPTION OF CERTAIN NON-LIMITING EMBODIMENTS

[0014] As generally used herein, the term "softening point" refers to the minimum temperature
at which a particular material no longer behaves as a rigid solid and begins to sag under its
own weight.

[0015] During hot working operations, such as, for example, forging operations and extrusion
operations, a force may be applied to an alloy ingot or other alloy workpiece at a temperature
greater than ambient temperature, such as above the recrystallization temperature of the
workpiece, to plastically deform the workpiece. The temperature of an alloy workpiece
undergoing the working operation may be greater than the temperature of the dies or other
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structures used to mechanically apply force to the surfaces of the alloy workpiece. The alloy
workpiece may form temperature gradients due to cooling of its surface by heat loss to
ambient air and the thermal gradient off-set between its surfaces and the contacting dies or
other structures. The temperature gradients may contribute to surface cracking of the
workpiece during hot working. Surface cracking is especially problematic in situations in which
the alloy workpiece is formed from a crack sensitive alloy.

[0016] According to certain non-limiting embodiments, the alloy workpiece may consist of or
comprise a crack sensitive alloy. For example, various nickel base alloys, iron base alloys,
nickel-iron base alloys, titanium base alloys, titanium-nickel base alloys, cobalt base alloys, and
superalloys, such as nickel base superalloys, may be sensitive to cracking, especially during
hot working operations. An alloy ingot or other alloy workpiece may be formed from such crack
sensitive alloys and superalloys. For example, a crack sensitive alloy workpiece may be formed
from alloys or superalloys selected from, but not limited to, Alloy 718 (UNS No. N07718), Alloy

720 (UNS No. N07720), Rene 41™ alloy (UNS No. N07041), Rene 88™ alloy, Waspaloy® alloy
(UNS No. N07001), and Inconel® 100 alloy.

[0017] Although the methods described herein are advantageous for use in connection with
crack sensitive alloys, it will be understood that the methods also are generally applicable to
any alloy, including, for example, alloys characterized by a relatively low ductility at hot working
temperatures, alloys hot worked at temperatures from 537°C (1000°F) to 1204°C (2200°F)
and alloys not generally prone to cracking. As such, as used herein, the term "alloy" includes
conventional alloys and superalloys. As is understood by those having ordinary skill in the art,
superalloys exhibit relatively good surface stability, corrosion and oxidation resistance, high
strength, and high creep resistance at high temperatures. In various non-limiting embodiments,
the alloy workpiece may comprise or be selected from an ingot, a billet, a bar, a plate, a tube, a
sintered pre-form, and the like.

[0018] An alloy ingot or other alloy workpiece may be formed using, for example, conventional
metallurgy techniques or powder metallurgy techniques. For example, in various non-limiting
embodiments, an alloy ingot or other alloy workpiece may be formed by a combination of
vacuum induction melting (VIM) and vacuum arc remelting (VAR), known as a VIM-VAR
operation. In various non-limiting embodiments, an alloy workpiece may be formed by a triple
melt technique, in which an electroslag remelting (ESR) operation is performed intermediate a
VIM operation and a VAR operation, providing a VIM-ESR-VAR (i.e., triple melt) sequence. In
other non-limiting embodiments, an alloy workpiece may be formed using a powder metallurgy
operation involving atomization of molten alloy and the collection and consolidation of the
resulting metallurgical powder into an alloy workpiece.

[0019] In certain non-limiting embodiments, an alloy ingot or other alloy workpiece may be
formed using a spray forming operation. For example, VIM may be used to prepare a base
alloy composition from a feedstock. An ESR operation may optionally be used after VIM.
Molten alloy may be extracted from a VIM or ESR melt pool and atomized to form molten
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droplets. The molten alloy may be extracted from a melt pool using a cold wall induction guide
(CIG), for example. The alloy may be deposited as molten or semi-molten material using a
spray forming operation to form a solidified alloy workpiece.

[0020] In certain non-limiting embodiments, an alloy ingot or other alloy workpiece may be
formed using hot isostatic pressing (HIP). HIP generally refers to the isostatic application of a
high pressure and high temperature gas, such as, for example, argon, to compact and
consolidate powder material into a monolithic preform. The powder may be separated from the
high pressure and high temperature gas by a hermetically sealed container, which functions as
a pressure barrier between the gas and the powder being compacted and consolidated. The
hermetically sealed container may plastically deform to compact the powder, and the elevated
temperatures may effectively sinter the individual powder particles together to form a
monolithic preform. A uniform compaction pressure may be applied throughout the powder,
and a homogeneous density distribution may be achieved in the preform. For example, a near-
equiatomic nickel-titanium alloy powder may be loaded into a metallic container, such as, for
example, a steel canister, and outgassed to remove adsorbed moisture and entrapped gas.
The container containing the near-equiatomic nickel-titanium alloy powder may be hermetically
sealed under vacuum, such as, for example, by welding. The sealed container may then be
HIP'ed at a temperature and under a pressure sufficient to achieve full densification of the
nickel-titanium alloy powder in the container, thereby forming a fully-densified near-equiatomic
nickel-titanium alloy preform.

[0021] In certain non-limiting embodiments according to the present disclosure, referring to
FIG. 1, a method of processing an alloy workpiece to reduce thermal cracking may generally
comprise 10 rotating the alloy workpiece about a long axis of the alloy workpiece; and 15
spraying a metallic coating material onto at least a portion of a circumferential surface of the
alloy workpiece to form a surface coating metallurgically bonded to the alloy workpiece that
reduces heat loss from the alloy workpiece. In certain non-limiting embodiments, the alloy
workpiece may be a generally cylindrical alloy workpiece, and the metallic coating may be
deposited on, for example, a circumferential surface of the alloy workpiece. However, it will be
understood that the alloy workpiece may have a different shape. In addition, although FIG. 1
schematically depicts an embodiment in which the alloy workpiece is rotated about an axis, it
will be understood that any alternative method may be employed in which the spray device is
translated relative to the alloy workpiece, or vice versa, so that the metallic coating material
may be distributed about and deposited on a surface of the alloy workpiece.

[0022] In certain non-limiting embodiments, the method according to the preset disclosure
may comprise spraying a metallic coating material onto at least a portion of a longitudinal end
of an alloy workpiece to form a metallic surface coating metallurgically bonded to the alloy
workpiece that reduces heat loss from the alloy workpiece. In certain non-limiting
embodiments, the method may comprise moving the alloy workpiece along the long axis of the
workpiece after completing at least one rotation of the alloy workpiece; spraying the metallic
coating material on at least a subsequent portion of the outer circumferential surface of the
alloy workpiece; and repeating the moving and spraying until a desired coating thickness is
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achieved. Again, however, it will be understood that any alternate operation may be used so
that relative motion is achieved between the spray device and the alloy workpiece, so that the
metallic coating material may be distributed about and deposited on a surface of the alloy
workpiece.

[0023] In certain non-limiting embodiments, the material of the metallic coating may be more
ductile and/or malleable than the alloy workpiece. In various non-limiting embodiments, the
metallic coating formed on the alloy workpiece may be ductile over a wide temperature range,
such as, for example, 20°C to 1260°C (68°F to 2300°F) and 815°C to 1232°C (1500°F to
2250°F). The ductility of the metallic coating and the alloy workpiece may be measured as
elongation or reduction of area in a tensile test. In certain non-limiting embodiments, the
metallic coating may comprise an elongation (% in 5 cm / 2 inch at room temperature) greater
than the elongation of the alloy workpiece. In certain non-limiting embodiments, the metallic
coating may comprise an elongation (% in 5 cm / 2 inch at room temperature) of at least 15%,
at least 20%, at least 30%, at least 40%, greater than 20%, greater than 25%, greater than
30%, greater than 35, greater than 40%, greater than 45%, 15% to 45%, 20% to 40%, or 25%
to 40%. In certain non-limiting embodiments, the alloy workpiece may comprise an elongation
(% in 5 cm / 2 inch at room temperature) of up to 15%, up to 20%, or up to 30%.

[0024] In certain non-limiting embodiments, the metallic coating material may comprise a
metallic material having greater toughness and/or lower hardness than the alloy of the alloy
workpiece at the particular working temperature that is to be used when working the alloy
workpiece. The hardness may be measured according to the Rockwell test. In certain non-
limiting embodiments, the metallic coating may comprise a Rockwell hardness less than the
Rockwell hardness of the alloy workpiece. In certain non-limiting embodiments, the metallic
coating may comprise a Rockwell B hardness of 88 to 95, and the alloy workpiece may
comprise a Rockwell B hardness of 92 to 100. In certain non-limiting embodiments, the metallic
coating may comprise a Rockwell B hardness of 82 to 88, and the alloy workpiece may
comprise a Rockwell B hardness of 92 to 100. In certain non-limiting embodiments, the metallic
coating may comprise a Rockwell B hardness of 88, and the alloy workpiece may comprise a
Rockwell B hardness of 92. In certain non-limiting embodiments, the metallic coating may
comprise a Rockwell C hardness of 25, and the alloy workpiece may comprise a Rockwell C
hardness of 38. The toughness of the metallic coating and the alloy workpiece may be
measured by Charpy V-notch impact testing on annealed materials at room temperature. In
certain non-limiting embodiments, the material of the metallic coating may comprise a Charpy
V-notch impact energy greater than the Charpy V-notch impact energy of the alloy workpiece.
In certain non-limiting embodiments, the metallic coating may comprise a Charpy V-notch
impact energy of 88 to 108 Joule (65 to 80 ft-Ib) at 23°C (75°F).

[0025] In certain non-limiting embodiments, the metallic coating may thermally insulate the
alloy workpiece's surface from the surfaces of contacting dies. In such case, the metallic
coating inhibits or limits the underlying alloy workpiece from radiating heat to the environment
and/or to surfaces of forging or extrusion dies contacting the coated workpiece. The thermally
insulating effect of the metallic coating may prevent or inhibit the underlying alloy workpiece's
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surface from cooling to a brittle temperature at which the surface may more readily crack
during hot working. In certain non-limiting embodiments, the metallic coating material may be
more resistant to oxygen than the alloy workpiece.

[0026] In certain non-limiting embodiments, the metallic coating material may comprise
metallic particles, which are sprayed onto the workpiece surface. The metallic particles may be,
for example, one or more of stainless steel particles, nickel base alloy particles, iron base alloy
particles, nickel-iron base alloy particles, titanium base alloy particles, and cobalt base alloy
particles. In certain non-limiting embodiments, the metallic particles may be selected from
stainless steel particles and nickel base alloy particles. In certain non-limiting embodiments, the
stainless steel particles may comprise austenitic stainless steel particles. In certain non-limiting
embodiments, the metallic coating material may comprise austenitic stainless steel particles
selected from the group consisting of Type 304 stainless steel (UNS No. S30400) particles,
Type 304L stainless steel (UNS No. S30403) particles, Type 316 stainless steel (UNS No.
S31600) particles, and Type 316L stainless steel (UNS No. S31603) particles. In certain non-
limiting embodiments, the metallic coating material may comprise nickel base alloy particles be
selected from the group consisting of alloy 600 (UNS N06600) particles and alloy 625 (UNS
N06625) particles.

[0027] In certain non-limiting embodiments, the metallic coating material and alloy workpiece
may comprise a base metal selected from the group consisting of cobalt, iron, and nickel. In
certain non-limiting embodiments, the base metal of the metallic coating material may be the
same as the base metal of the alloy workpiece. For example, the metallic coating material may
comprise a nickel base alloy selected from alloy 600 (UNS No. N06600) and alloy 625 (UNS
No. N06625), and the alloy workpiece may comprise a nickel base alloy selected from Alloy

720 (UNS No. N07720), Rene 88™ alloy, and Waspaloy® alloy (UNS No. NO7001). In certain
non-limiting embodiments, the base metal of the metallic coating material and the base metal
of the alloy workpiece may be different. For example, the metallic coating material may
comprise an iron base alloy selected from Type 304 stainless steel (UNS S30400) and Type
316 stainless steel (UNS S31600), and the alloy workpiece may comprise a nickel base alloy

selected from Alloy 720 (UNS No. N07720), Rene 88™ alloy, and Waspaloy® alloy (UNS No.
N07001).

[0028] In certain non-limiting embodiments, a method of processing an alloy workpiece to
reduce thermal cracking may generally comprise thermal spraying the metallic coating material
onto at least a portion of a circumferential surface of the alloy workpiece to form a metallic
surface coating metallurgically bonded to the alloy workpiece, wherein the metallic surface
coating reduces heat loss from the alloy workpiece. In certain non-limiting embodiments, the
alloy workpiece may comprise a generally cylindrical alloy workpiece. As understood by those
having ordinary skill in the art, thermal spraying may comprise spraying a metallic coating
material onto a surface while the metallic coating material is at a temperature greater than or
equal to the melting point of the metallic coating material so that the sprayed metallic coating
material comprises semi-molten metallic particles and/or molten metallic droplets. Conventional
thermal spray techniques include, for example, plasma, high velocity oxygen fuel (HVOF), arc,
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and gas-flame thermal spray techniques. Any of the several conventional thermal spray
techniques may be suitably adapted for use in methods according to the present disclosure,
without undue effort.

[0029] In certain non-limiting embodiments, before thermal spraying a metallic coating
material comprising semi-molten metallic particles and/or molten metallic droplets onto a
surface of the alloy workpiece, at least a portion of the surface of the alloy workpiece may be
heated to of at least 93°C (1100°F) such as, for example, 93°C (1100°F) to 1093°C (2000°F).
For example, at least a portion of a circumferential surface of a generally cylindrical alloy
workpiece may be heated to a temperature greater than 1093°C (2000°F), and then a metallic
coating material comprising semi-molten metallic particles and/or molten metallic droplets may
be thermal sprayed onto at least a portion of the heated surface of the alloy workpiece.

[0030] In certain non-limiting embodiments, referring to FIG. 2, a thermal spray system 100
may generally comprise a vessel 105, such as a tundish, for holding metallic coating material in
a molten state. The vessel 105 may comprise a bottom wall having an opening to permit the
molten material to flow from the vessel 105. The vessel 105 may receive the molten material
from a ladle or furnace 107. A nozzle 110 may be adjacent the bottom wall of the vessel 105 to
receive an exit stream of the molten metallic coating material from the opening. An atomizer
120 may be in communication with the nozzle 110 to atomize the molten metallic coating
material that exits the nozzle 110. The atomizer 120 may impinge the exit stream of the molten
material with a fluid stream, such as a liquid, air, or an inert gas stream, to break up the exit
stream into molten droplets forming a spray cone 125. The spray comprising the spray cone
125 may be at a temperature greater than or equal to the melting point and/or softening
temperature of the metallic coating material. The spray comprising the spray cone 125 may
include molten material and/or semi-molten material. Alternate designs of atomizers 120 and
spray systems that may be used in conjunction with this and other non-limiting embodiments
described herein will be apparent to those ordinarily skilled in the art on considering this
description of various embodiments of the present disclosure.

[0031] Referring to the non-limiting embodiment shown in FIG. 2, the alloy workpiece 130 may
be moved and rotated parallel to the long axis of the alloy workpiece 130 through a rotating
seal 140 into a spray chamber 150. An induction or resistance heating coil 160 may be
positioned around the perimeter of the workpiece 130 to permit heating of a surface of the
workpiece 130 and/or the spray cone 125. In certain non-limiting embodiments, the heating coil
160 may heat the workpiece surface to 1010°C (1850°F). A thermal sprayed metallic surface
coating 135 may be formed on at least a portion of a circumferential surface of the generally
cylindrical alloy workpiece 130 by impinging the spray cone 125 on the alloy workpiece 130
and rotating the alloy workpiece 130. The alloy workpiece 130 may pass beneath and through
the spray cone 125. Although FIG. 1 schematically depicts an embodiment in which the alloy
workpiece is rotated about an axis, it will be understood that any alternative method may be
employed in which the spray device is translated relative to the alloy workpiece, or vice versa,
so that the metallic coating material may be distributed about and deposited on a surface of
the alloy workpiece.
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[0032] Optionally, the alloy workpiece 130 may contact one or more rollers (not shown) prior
to exiting the spray chamber 150 and/or after exiting the spray chamber 150. After thermal
spraying, and optionally rolling, the alloy workpiece may be removed from the spray chamber
150. Any overspray of the molten coating material may solidify as a powder to be collected in a
chamber base 155 and recycled.

[0033] In certain non-limiting embodiments, a method according to the present disclosure may
comprise, after thermal spraying, rolling the alloy workpiece to consolidate or densify the
thermal sprayed metallic surface coating. Without wishing to be bound to any particular theory,
it is believed that semi-molten metallic particles and/or molten metallic droplets may oxidize
during formation and when in-flight and form pores. The resulting thermal sprayed metallic
surface coating may comprise an open porosity that may interfere with subsequent hot working
of the coated alloy workpiece. In certain non-limiting embodiments, the present method may
comprise, after thermal spraying, rolling the alloy workpiece in the spray chamber to remove or
reduce open porosity in the thermal sprayed metallic surface coating. In certain non-limiting
embodiments, the method may comprise, after thermal spraying, re-heating the coated alloy
workpiece and rolling the alloy workpiece to remove or reduce open porosity in the thermal
sprayed metallic surface coating. In certain non-limiting embodiments, and without limitation,
the rolling process may use up to 17 stands of rolls, such as, for example, 2-8 stands, and
process material at rates up to 100 tons/hour. In certain other non-limiting embodiments, the
method according to the present disclosure may comprise consolidating or densifying the
metallic surface coating by hot isostatic pressing the coated workpiece to remove or reduce
open porosity in the thermal sprayed metallic surface coating.

[0034] In certain non-limiting embodiments, the characteristics of the thermal sprayed surface
coating may be related to the processing conditions, including, but not limited to temperature,
pressure, stand off (distance between the spray nozzle and target surface of the alloy
workpiece), spray rate, and deposition yield. In certain non-limiting embodiments, the pressure
of the metallic coating material spray generated by the thermal spray device may be 1 MPa, up
to 1 MPa, less than 1 MPa, 0.5 to 1 MPa, or 0.7 to 1 MPa. In certain non-limiting embodiments,
the temperature of the metallic coating material spray generated by the thermal spray device
may be 537°C to 1482°C (1000°F to 2700°F), 815°C to 1371°C (1500°F to 2500°F), or
1232°C to 1482°C (2250°F to 2700°F). In certain non-limiting embodiments, the spray rate of
the metallic coating material generated by the thermal spray device may be 0.45 kg/min to 45
kg/min (1 Ib/min to 100Ib/min), 13 kg/min to 45 kg/min (30 Ib/ min to 100 Ib/min), 11 kg/min to
34 kg/min (25 Ib/min to 75 Ib/min), or 22 kg/min (50 Ib/min). In certain non-limiting
embodiments, the stand off distance between the thermal spray device and the target surface
of the alloy workpiece may be 2.5 cm to 1.80 m (1 inch to 72 inches), 30.5 cm to 1.80 m (12
inches to 72 inches), 70 cm to 91 cm (24 inches to 36 inches), 91 cm to 1.80 m (36 inches to
72 inches) or 91 cm (36 inches). In certain non-limiting embodiments, the deposition yield of
the thermal spray process may be up to 95%, up to 80%, up to 75%, up to 70%, 10% to 95%,
20% to 80%, 25% to 75%, 30% to 60%, or 50%. As generally used herein, the term "deposition
yield" refers to the percentage of thermal sprayed metallic coating material that adheres to the
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alloy workpiece.

[0035] In certain non-limiting embodiments, the thickness of a thermal sprayed metallic
surface coating on an alloy workpiece may be up to 5 cm (2 inches), up to 2.5 cm (1 inch), up
to 1.2 cm (0.5 inch), up to 6.4 mm (0.25 inch), 6.4 mm to 5 cm (0.25 to 2 inches), 6.4 mm to
2.5 cm (0.5 to 1 inch), or 2.5 to 5 cm (1 to 2 inches). In certain non-limiting embodiments, the
thermal sprayed metallic surface coating, after rolling, may have a thickness from up to 5 cm (2
inches), up to 2.5 cm (1 inch), up to 1.2 cm (0.5 inch), up to 6.4 mm (0.25 inch), 6.4 mm to 5
cm (0.25 to 2 inches), 1.2 t0 2.5 cm (0.5 to 1 inch), 2.5 t0 5 cm (1 to 2 inches), 6.4 mm to 1.2
cm (0.25 t0 0.5 inch), 2.5 mmto 1.2 cm (0.1 to 0.5 inch) or 2.5 t0 6.4 mm (0.1 to 0.25 inch). In
certain non-limiting embodiments, the thickness of a thermal sprayed metallic surface may be
related to the traverse speed and/or rotational speed of the alloy workpiece.

[0036] In certain non-limiting embodiments, a method of processing an alloy workpiece to
reduce thermal cracking may generally comprise cold spraying the metallic coating material
onto at least a portion of a surface of the alloy workpiece to form a metallic surface coating
metallurgically bonded to the alloy workpiece, wherein the metallic surface coating reduces
heat loss from the alloy workpiece. In certain non-limiting embodiments, the alloy workpiece
may be a generally cylindrical alloy workpiece, and the metallic coating may be deposited on,
for example, a circumferential surface of the alloy workpiece. However, it will be understood
that the alloy workpiece may have a different shape. As understood by those having ordinary
skill in the art, cold spraying may comprise spraying a metallic coating material onto a surface
while the metallic coating material is at a temperature below the melting point of the metallic
coating material, so that the sprayed metallic coating material comprises solid particles of the
metallic coating material.

[0037] In certain non-limiting embodiments, referring to FIG. 3, a cold spray system 200 may
generally comprise a vessel 205 for holding the solid particulate metallic coating material. The
vessel 205 may comprise a bottom wall having an opening to permit the solid particulate
material to flow from the vessel 200. A nozzle 210, such as a converging-diverging (Laval) type
nozzle, may be in communication with the vessel 200 to receive the solid particulate material
from the opening. The nozzle 210 may accelerate a fluid stream, such air, nitrogen, helium,
argon or mixtures thereof, to a supersonic speed. The solid particulate material may be fed
from the vessel 200 into the fluid stream to become entrained in the flow and accelerated to
high velocities, forming a spray cone 225. The solid particulate material may be fed from the
vessel 200 into the fluid stream upstream from the nozzle 210 or at the exit of the nozzle 210.
The fluid stream may be heated to a temperature less than the melting point and/or softening
temperature of the solid particulate material. In certain non-limiting embodiments, the fluid
stream may not be heated prior to entry to the nozzle 210 when the solid particulate material
achieves sufficient velocity to plastically deform upon impact with the workpiece 205. Suitable
nozzles and cold spray devices that may be used in conjunction with this and other non-limiting
embodiments described herein will be apparent to those having ordinary skill in the art on
considering the present description of embodiments of the invention.
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[0038] Referring to the non-limiting embodiment shown in FIG. 3, the alloy workpiece 230 may
be moved and rotated parallel to a long axis of the alloy workpiece 230 through a rotating seal
240 into a spray chamber 250. A cold sprayed surface coating 235 may be formed on at least
a portion of a circumferential surface of the alloy workpiece 230 by impinging the spray cone
225 on the alloy workpiece 230 and rotating the alloy workpiece 230. The alloy workpiece 230
may pass beneath and through the spray cone 225. Any overspray of the solid metallic coating
material may be collected in a chamber base 255 and recycled. Although FIG. 3 schematically
depicts an embodiment in which the alloy workpiece is rotated about an axis, it will be
understood that any alternative method may be employed in which the spray device is
translated relative to the alloy workpiece, or vice versa, so that the metallic coating material
may be distributed about and deposited on a surface of the alloy workpiece.

[0039] Cold spraying may be carried out at relatively low temperatures, below the melting
point of the particulate metallic coating material and the alloy workpiece. The relatively low
temperatures may prevent high temperature oxidation, evaporation, melting, recrystallization
and/or gas evolution of the metallic coating material, which may provide an advantage over
thermal spray coating methods. In certain non-limiting embodiments, the original structure and
properties of the solid metallic coating material may be preserved when deposited as a coating
on the alloy workpiece, without phase transformations that might otherwise be associated with
high temperature coating processes, such as, for example, plasma, HVOF, arc, gas-flame
spraying or other thermal spraying processes. Without wishing to be bound to any particular
theory, it is believed that the cold sprayed coating material may not oxidize during flight and
may provide a metallic coating on the alloy workpiece having higher density and/or lower
thermal conductivity than various thermal sprayed coatings.

[0040] The underlying principles, apparatus and methodology of cold spraying are generally
described, for example, in U.S. Patent No. 5,302,414. Without wishing to be bound to any
particular theory, it is believed that a cold spray surface coating may be formed as a result of
particle impingement on the workpiece's surface. The impact of the solid metallic particles on
the alloy workpiece may plastically deform the solid metallic particles. The shearing at the
particle/particle interface and/or particle/workpiece interface may break down surface oxide
films on the particles and/or alloy workpiece, thereby initiating metal-on-metal contact and the
formation of strong, metallurgical bonds between individual metallic coating particles, and
between the metallic coating particles and the alloy workpiece surface. Bonding in cold spray
processes may be dependent on the process of particle deformation and, therefore, hard,
brittle materials may not be conducive to cold spraying due to their limited ability to plastically
deform.

[0041] In certain non-limiting embodiments, the characteristics of the cold sprayed surface
coating may be related to the processing conditions, including, but not limited to temperature,
pressure, traverse speed of the alloy workpiece, stand off (distance between the nozzle and
surface of the alloy workpiece), spray rate, and deposition yield. In certain non-limiting
embodiments, the pressure of the spray generated by the cold spray device may be 0.5 to 5
MPa, 0.7 to 5 MPa, 1 to 5 MPa, 1 to 4 MPa, 0.3 to 1 MPa, 0.5 to 1 MPa, or 0.7 to 1 MPa. In
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certain non-limiting embodiments, the temperature of spray generated by the cold spray device
may be 100 to 1000°C, 100 to 600°C, 250 to 600°C, 300 to 1000°C, 400 to 600°C, 500 to
1000°C, or 500 to 800°C. In certain non-limiting embodiments, the spray rate of the cold spray
device may be 1 to 200 g/min, 10 to 100 g/min, or 0.1 to 1 g/min. In certain non-limiting
embodiments, the stand off distance between the cold spray device and the target surface of
the alloy workpiece may be 2.5 cm to 1.83 m (1 to 72 inches), 30.5 cm to 1.83 m (12 to 72
inches), 70 to 91 cm (24 to 36 inches), 91 cm to 1.83 m (36 to 72 inches) or 91 ¢m (36 inches).
In certain non-limiting embodiments, the deposition yield of the cold spray process may be up
to 95%, up to 80%, up to 75%, up to 70%, 10% to 95%, 20% to 80%, 25% to 75%, 30% to 60%,
or 50%.

[0042] In certain non-limiting embodiments, the thickness of a cold spray surface coating may
be up to 5 cm (2 inches), up to 2.5 cm (1 inch), up to 1.2 cm (0.5 inch), up to 6.4 mm (0.25
inch), 6.4 mm to 5 cm (0.25 to 2 inches), 6.4 mm to 2.5 cm (0.5 to 1 inch), or 2.5t0 5 cm (1 to
2 inches). In certain non-limiting embodiments, the thickness of a thermal sprayed metallic
surface may be related to the traverse speed and/or rotational speed of the alloy workpiece.

[0043] In certain non-limiting embodiments according to the present disclosure, after a
surface coating is deposited onto a region of a circumferential or other surface of the alloy
workpiece, the alloy workpiece may be re-positioned to move the deposited surface coating
and the corresponding region of the surface away from the spray cone and to move a second
or subsequent region of the surface toward the spray cone. After the alloy workpiece is re-
positioned, a metallic surface coating may be cold sprayed onto the surface of the alloy
workpiece by moving the alloy workpiece in a direction parallel to the long axis of the alloy
workpiece to contact the spray cone. In other words, the spray cone may be stationary while
the alloy workpiece is moved parallel to the long axis of the alloy workpiece and a subsequent
region of the surface of the alloy workpiece passes beneath the spray cone.

[0044] The relative re-positioning of the alloy workpiece and the depositing of the metallic
surface coating on, for example, a circumferential surface of a generally cylindrical alloy
workpiece in directions parallel to a long axis of the alloy workpiece may be successively
repeated until the circumferential surface of the alloy workpiece is substantially covered with a
metallic coating. In certain non-limiting embodiments, the spraying parameters and alloy
workpiece positioning may be predetermined and/or actively controlled to form a uniform
surface coating over at least a portion of the circumferential surface of the alloy workpiece.

[0045] The temperature range over which alloys may be hot worked may take into account
the temperature at which cracks initiate in the alloy and the composition and form of the
metallic coating material deposited by methods according to the present disclosure. At a given
starting temperature for a hot working operation, some alloys may be effectively hot worked
over a larger temperature range than other alloys because of differences in the temperature at
which cracks initiate in the alloy. For alloys having a relatively small hot working temperature
range (i.e., the difference between the lowest temperature at which the alloy may be hot
worked and the temperature at which cracks initiate), the thickness of the metallic surface
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coating may be relatively greater to inhibit or prevent the underlying workpiece from cooling to
a brittle temperature range in which cracks initiate. Likewise, for alloys having a relatively large
hot working temperature range, the thickness of the metallic surface coating may be relatively
smaller to inhibit or prevent the underlying alloy ingot or other alloy workpiece from cooling to a
brittle temperature range in which cracks initiate.

[0046] In certain non-limiting embodiments, the metallic surface coating may be formed on at
least a portion of the surface of the alloy workpiece. In certain non-limiting embodiments, the
metallic surface coating may be formed on a substantial portion of the surface of the
workpiece. In certain non-limiting embodiments, the metallic surface coating may be formed on
a circumferential surface of the alloy workpiece. In certain non-limiting embodiments, the
metallic surface coating may be formed on a circumferential surface of the workpiece and at
least one lateral face or end face of the workpiece. In certain non-limiting embodiments, the
metallic surface coating may be formed on a circumferential surface of the workpiece and each
lateral face or end face of the workpiece

[0047] The metallic surface coating provided on an alloy workpiece according to methods
disclosed herein may be deposited to a thickness sufficient to thermally insulate the underlying
workpiece surface from a surface of a contacting die, thereby inhibiting or preventing the
underlying workpiece surface from cooling to a temperature at which the underlying workpiece
surface may more readily crack during hot working. In this manner, greater hot working
temperatures may generally correlate with a preference for greater metallic surface coating
thicknesses. In certain non-limiting embodiments, the metallic surface coating may have a
thickness suitable to reduce heat loss from the workpiece. Without intending to be bound to
any particular theory, the metallic surface coating may reduce heat loss of the alloy workpiece
and/or increase slippage of the workpiece relative to the die or other contacting surfaces
during hot working. The metallic surface coating may act as a thermal barrier to heat loss from
the workpiece through convection, conduction, and/or radiation.

[0048] According to certain non-limiting embodiments, a method of processing an alloy ingot
or other alloy workpiece to reduce thermal cracking may generally comprise cooling the alloy
workpiece including the metallic surface coating prior to working the alloy workpiece. Cooling
the alloy workpiece may comprise cooling the metallic surface coating. In certain non-limiting
embodiments, cooling the alloy workpiece may comprise air cooling the alloy workpiece. In
certain non-limiting embodiments, the surface of the alloy workpiece may be cooled to room
temperature prior to working the alloy workpiece.

[0049] In certain non-limiting embodiments, referring to FIG. 4, an additional method of
processing an alloy workpiece according to the present disclosure o reduce thermal cracking
generally comprises 40 inserting the alloy workpiece into a metallic canister. At least a portion
of an inner surface of the metallic canister comprises a nickel-boron coating. The alloy
workpiece is encapsulated 42 in the metallic canister to form a canned assembly. At least a
portion of gas is removed 44 from the interior of the canned assembly, and the canned
assembly is heated 46 to transient liquid phase bond the alloy workpiece to the metallic
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canister. In certain non-limiting embodiments, the metallic canister may comprise a metallic
cover. For example, the metallic cover may be welded or otherwise securely attached to an
open end of the metallic canister to enclose the alloy workpiece in the metallic canister and
thereby form a canned assembly. In various non-limiting embodiments of the method, an outlet
may be provided in one of the metallic canister and metal cover, and the canned assembly
may be sealed expect for the outlet. Gas may be drawn out of the interior of the canned
assembly by establishing a vacuum on the outlet.

[0050] In certain non-limiting embodiments, the nickel-boron coating may metallurgically bond
the alloy workpiece to the metallic canister during heating of the canned assembly. Accordingly,
in certain non-limiting embodiments, the metallic canister may be referred to or considered to
be a surface coating metallurgically bonded to the alloy workpiece.

[0051] In certain non-limiting embodiments, the metallic canister may comprise a generally
cylindrical metallic portion having an open end and a metallic cover that may be welded or
otherwise attached to the open end of the metallic portion and thereby encapsulate an alloy
workpiece therein. In certain non-limiting embodiments, the metallic canister may comprise a
wall thickness from 6.4 mm to 2.5 cm (0.25 to 1 inch), such as, for example 6.4 mm to 1.9 cm
(0.25 to 0.75 inches) or greater than 6.4 mm to 1.2 cm (0.25 to 0.5 inches). In certain non-
limiting embodiments, the metallic canister may comprise an internal diameter that is larger
than an outer diameter of the alloy workpiece so that the alloy workpiece may be disposed in
the canister. In certain non-limiting embodiments, the metallic canister may comprise a larger
internal diameter at the open end of the canister relative to the internal diameter at the closed
end. In certain non-limiting embodiments, the canned assembly may comprise a gap between
the alloy workpiece and metallic canister. In certain other non-limiting embodiments, the
canned assembly may lack a gap between the alloy workpiece and metallic canister. In certain
non-limiting embodiments, the alloy workpiece may be inserted into the metallic canister to
contact the metallic canister under the effect of gravity. In certain non-limiting embodiments,
the alloy workpiece may contact the metallic canister, including the nickel-boron coating
therein, during transient liquid phase bonding and/or homogenization.

[0052] In certain non-limiting embodiments, the alloy workpiece and/or metallic canister may
be tapered. The tapered metallic canister may be formed by cold forming and welding a metal
sheet to fit the tapered alloy workpiece. In certain non-limiting embodiments, the tapered alloy
workpiece and tapered metallic canister may each comprise a wide end and a narrow end. In
certain non-limiting embodiments, the narrow end may comprise a bottom end and the wide
end may comprise a top end. In certain non-limiting embodiments, the tapered alloy workpiece
and tapered metallic canister may comprise a taper of 1:50 to 1:200, 1:50 to 1:100, 1:200,
1:100, or 1:50. In certain non-limiting embodiments, the alloy workpiece may comprise a
tapered, cylindrical outer surface, and the metallic canister may comprise a complementary
tapered, cylindrical inner surface. In certain non-limiting embodiments, the complementary
geometry of the tapered surfaces may provide close contact between the alloy workpiece and
metallic canister, including the nickel-boron coating. In certain non-limiting embodiments, the
alloy workpiece may be tapered along the entire length of the long axis of the alloy workpiece.
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Without wishing to be bound to any particular theory, it is believed that utilizing a tapered
workpiece and a tapered metallic canister having complementary geometries may improve
contact between the alloy workpiece and the metallic canister, including the nickel-boron
coating, relative to an untapered alloy workpiece and/or untapered metallic canister.

[0053] In certain non-limiting embodiments, the metallic canister may comprise a material
having a lower coefficient of thermal expansion than the alloy workpiece. For example,
austenitic stainless steel may have a thermal expansion coefficient about 30% greater than
carbon steel. In certain non-limiting embodiments, the coefficient of thermal expansion of the
metallic canister may be at least 20% less than the coefficient of thermal expansion of the alloy
workpiece over a broad temperature range, such as, for example, from 20°C to 1093°C (68°F
to 2000°F). Without wishing to be bound to any particular theory, it is believed that providing
such a difference in thermal expansion properties between the alloy workpiece and metallic
canister may generate compressive stress to maintain contact between the alloy workpiece
and the metallic canister, including the nickel-boron coating, during heating of the canned
assembly and transient liquid phase bonding. In certain non-limiting embodiments, the metallic

canister material may comprise a coefficient of thermal expansion of 6.9x10°8 in/in*°F at 70-
200°F (12.4 pm/m+°C at 21-93°C). In certain non-limiting embodiments, the metallic canister

material may comprise a coefficient of thermal expansion of 9.2x10 in/ine°F at 70-200°F (16.5
um/me°C at 21-93°C). In certain non-limiting embodiments, the alloy workpiece may comprise

a coefficient of thermal expansion of 6.8x10C in/in*°F at 70-200°F (12.2 ym/m+°C at 21-93°C).

[0054] In certain non-limiting embodiments, the metallic canister may comprise a material
selected from a nickel base alloy, an iron base alloy, a nickel-iron base alloy, a cobalt base
alloy, and a stainless steel. The iron base alloy canister may comprise Alloy 902 (UNS No.
N09902). In certain non-limiting embodiments, the metallic canister may comprise a Type 430
stainless steel (UNS No. S$43000).

[0055] In certain non-limiting embodiments, the alloy workpiece and the metallic canister may
comprise a base metal selected from the group consisting of cobalt, iron, and nickel. In certain
non-limiting embodiments, the base metal of the metallic canister and the base metal of the
alloy workpiece may be different. For example, the metallic canister may comprise an iron-
base alloy selected from Alloy 902 (UNS No. N09902) and Type 430 stainless steel (UNS No.
S43000), while the alloy workpiece may comprise a nickel-base alloy selected from Alloy 720

(UNS No. N07720), Rene 88™ alloy, and Waspaloy® alloy (UNS No. NO7001).

[0056] In certain non-limiting embodiments, the method may comprise, prior to inserting the
alloy workpiece into the metallic canister, depositing a nickel-boron coating onto at least a
portion of an inner surface of the metallic canister. In certain non-limiting embodiments, the
nickel-boron coating may be applied to the inner surface of the metallic canister by electroless
plating. As known to those having ordinary skill in the art, electroless plating may deposit
material onto a surface without the use of an electric current. Generally, electroless plating
includes catalytic reduction of one or more metal ions in a solution to deposit the metal on a
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surface without use of electrical energy. The driving force for the deposition process may be
provided by a chemical reducing agent in the solution. A variety of suitable electroless plating
processes may be used to deposit the nickel-boron coating onto the inner surface of the
metallic canister, and those having ordinary skill in the art will be able to readily adapt
conventional electroless plating techniques to provide a suitable nickel-boron coating on an
interior surface of a metallic canister in connection with the present methods.

[0057] In certain non-limiting embodiments, depositing a nickel-boron coating onto at least a
portion of an inner surface of a metallic canister may generally comprise: disposing a plating
solution comprising a nickel-boron material in the interior of a metallic canister; plating the
nickel-boron material onto at least a portion of the inner surface of the metallic canister;
draining the plating solution from the metallic canister, such as through an outlet; rinsing the
metallic canister; and drying the metallic canister, such as, for example, by heating the metallic
canister. The process provides an inner surface of the metallic canister with a nickel-boron
coating. During the plating process, the temperature and pH of the plating solution may be
monitored and controlled. In certain non-limiting embodiments, the plating solution may be held
at a constant temperature. In certain non-limiting embodiments, the plating solution may
initially be heated to initiate the catalytic plating process. In certain non-limiting embodiments,
the plating time may be selected to produce a coating with a certain desired thickness.

[0058] In certain non-limiting embodiments, the plating solution may comprise a solvent, a
reducing agent, and ions of one or more metals to be plated onto the inner surface of the
metallic canister. The solvent may comprise water and/or alcohol, such as, for example,
methanol and/or ethanol. The metal ions may be provided using, for example, a metal salt that
is at least partially soluble in the solvent. In certain non-limiting embodiments, the metal salt
may comprise nickel chlorides, nickel sulfates, nickel formates, nickel acetates, and/or any
other suitable nickel salt that is soluble in the solution. In certain non-limiting embodiments, the
salt may be selected such that the salt anions will not interfere with the electroless plating
process or will not produce undesired coating properties. In certain non-limiting embodiments,
the reducing agent may comprise one or more of N-dimethylamine borane, H-diethylamine
borane, and sodium borohydride.

[0059] In certain non-limiting embodiments, the plating solution may comprise one or more
additives to control the pH of the solution, to stabilize metal ions, to prevent precipitation of
metal salts, to control the free metal ion concentration, and/or to control certain physical
properties of the coating. In certain non-limiting embodiments, the plating solution may
comprise an acid and/or base to control the solution pH. In certain non-limiting embodiments,
the plating solution may comprise a complexing agent, such as an acid, for example, to control
the free nickel ion concentration of a plating solution.

[0060] In certain non-limiting embodiments, the plating solution may comprise solid lubricants
and/or hard particles to produce certain physical properties. For example, the solid lubricants
and/or hard particles may be selected to produce a coating having a certain coefficient of
friction or resistance to wear. In certain non-limiting embodiments, the solid lubricant may be
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selected from polytetrafluoroethylene, graphite, and molybdenum sulfide. In certain non-
limiting embodiments, the plating solution comprises hard particles selected from carbide (e.g.,
silicon carbide and/or chromium carbide), nitrides, borides, diamond, and/or oxides. In certain
non-limiting embodiments, the solid lubricants and/or hard particles may comprise a powder
suspended in a plating solution. During a deposition process, some of the suspended material
may be incorporated into the resulting coating, thereby producing desired physical properties.
In certain non-limiting embodiments, the solid lubricant and/or hard particles may individually
comprise up to 20% by volume of the coating. In certain non-limiting embodiments, the nickel-
boron coating may have a hardness and/or wear resistance that is greater than a hardness or
wear resistance of the alloy workpiece.

[0061] In certain non-limiting embodiments, the nickel-boron coating may comprise nickel and
1 to 10 weight percent boron, such as, for example, 2 to 7 weight percent boron, or 3 to 5
weight percent boron. In certain non-limiting embodiments, the nickel-boron coating may
comprise nickel and 3 to 5 weight percent boron. Nickel-boron coatings also may comprise
incidental impurities. In certain non-limiting embodiments, the nickel-boron coating consists of
or consists essentially of 1 to 10 weight percent boron, 2 to 7 weight percent boron, or 3 to 5
weight percent boron, nickel, and incidental impurities.

[0062] In certain non-limiting embodiments, the nickel-boron coating may comprise a
thickness from 127 pm to 6.35 mm (0.005 inches to 0.25 inches), such as, for example, 127
pm to 2.54 mm (0.005 inches to 0.1 inches) or 127 to 254 ym (0.005 inches to 0.01 inches).

[0063] In certain non-limiting embodiments, before depositing the nickel-boron coating, the
metallic canister may be surface conditioned, for example, by grinding or peeling the inner
surface of the metallic canister. In various non-limiting method embodiments, the metallic
canister may be sanded and/or buffed. In certain non-limiting embodiments, the metallic
canister may be surface ground to #3 to #4 finish to improve bonding of the nickel-boron
coating to the inner surface of the canister.

[0064] In certain non-limiting embodiments, the nickel-boron coating may be applied to the
metallic canister by one of thermal spraying and cold spraying, as described above. In certain
non-limiting embodiments utilizing thermal spraying to apply a nickel-boron coating to an
interior wall of the canister, the molten metallic coating material may comprise a nickel-boron
alloy. In certain non-limiting embodiments utilizing cold spraying to apply a nickel-boron coating
to an interior wall of the canister, the solid metallic particles of the metallic coating material may
comprise nickel-boron alloy particles. In certain non-limiting embodiments, the nickel-boron
alloy applied by thermal spraying or cold spraying may comprise a nickel base alloy or borated
stainless steel comprising up to 3 weight percent boron. In certain non-limiting embodiments,
the nickel-boron alloy applied by thermal spraying or cold spraying may comprise Type 304B7
stainless steel (UNS No. S30467) comprising 1.75 to 2.25 weight percent boron.

[0065] In certain non-limiting embodiments, after forming the nickel-boron coating on at least
a portion of an inner surface of the metallic canister, but before inserting the alloy workpiece,
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the metallic canister may be heated. For example, in various embodiments, the metallic
canister may be exposed to high temperatures, such as, for example, 593°C to 1371°C
(1100°F to 2500°F), to expand the metallic canister, and the alloy workpiece may be inserted
into the expanded metallic canister. The metallic canister may contract when the metallic
canister cools, such that the nickel-boron coating may be drawn into tight contact with the alloy
workpiece.

[0066] In certain non-limiting embodiments, the present method may comprise removing gas
from the interior of the canned assembly by connecting an outlet provided on the canister to a
vacuum pump and applying a vacuum to remove at least a portion of gas and/or moisture from
the interior of the canned assembly. In certain non-limiting embodiments, the vacuum may
generate air compression pressure to maintain contact between the alloy workpiece and
metallic canister during transient liquid phase bonding and/or homogenization. Without wishing
to be bound to any particular theory, it is believed that heating the canned assembly may
generate gas in the interior of the canned assembly that may adversely affect transient liquid
phase bond formation and/or metallurgical bond formation. In certain non-limiting
embodiments, the method may comprise simultaneously applying a vacuum to remove gas
and/or moisture from the interior of the canned assembly and heating the canned assembly to
a transient liquid phase bond temperature and/or homogenization temperature.

[0067] In certain non-limiting embodiments, heating the canned assembly to transient liquid
phase bond the alloy workpiece to the metallic canister may comprise placing the canned
assembly into a furnace or oven. In certain non-limiting embodiments, the canned assembly
may be heated to at least one of a transient liquid phase bonding temperature and a
homogenization temperature. In certain non-limiting embodiments, the transient liquid phase
bonding temperature may be less than or equal to the homogenization temperature. In certain
non-limiting embodiments, the transient liquid phase bonding temperature may be equal to or
greater than a melting temperature of the nickel-boron coating. In certain non-limiting
embodiments, the melting temperature of the nickel-boron coating may be less than or equal
to the homogenization temperature. In certain non-limiting embodiments, the homogenization
temperature may be from 1148°C to 1204°C (2100°F to 2200°F). In certain non-limiting
embodiments, the transient liquid phase bonding temperature may be from 982°C to 1093°C
(1800°F to 2000°F). In certain non-limiting embodiments, the melting temperature of the
nickel-boron coating may be from 1010°C to 1054°C (1850°F to 1930°F).

[0068] In  certain non-limiting embodiments, transient liquid phase bonding and
homogenization may occur simultaneously. For example, in certain non-limiting embodiments,
the transient liquid phase bonding temperature may overlap with the homogenization
temperature. Without wishing to be bound to any particular theory, it is believe that during
transient liquid phase bonding and/or homogenization, the nickel-boron coating may melt and
boron may diffuse into both the alloy workpiece and metallic canister. As the boron diffuses
from the nickel-boron coating, the melting point of the nickel-boron coating may increase.
When the nickel-boron coating re-solidifies, a metallurgical bond may form that welds the alloy
workpiece to the inner surface of the metallic canister, thereby resulting in transient liquid
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phase bonding. In certain non-limiting embodiments, transient liquid phase bonding may occur
prior to homogenization.

[0069] In certain non-limiting embodiments, the canned assembly may be heated to a
transient liquid phase bonding temperature for a first period of time and a homogenization
temperature for a second period of time. In certain non-limiting embodiments, the first period of
time and second period of time may be independently selected from up to 72 hours, up to 48
hours, up to 36 hours, up to 24 hours, up to 12 hours, up to 5 hours, up to 4 hours, and up to 2
hours, such as, for example, 24 to 72 hours, 36 to 48 hours, 6 to 24 hours, 1 to 5 hours, 2 to 4
hours, or 2 to 3 hours. In certain non-limiting embodiments, the first period of time may be up
to 5 hours, such as, for example, up to 4 hours, up to 2 hours, 1 to 5 hours, 2 to 4 hours, or 2
to 3 hours. In certain non-limiting embodiments, the second period of time may be up to 72
hours, such as, for example, up to 48 hours, up to 36 hours, up to 24 hours, up to 12 hours, 24
to 72 hours, 36 to 48 hours, or 6 to 24 hours. In certain non-limiting embodiments, the canned
assembly may be heated to a temperature from 1010°C to 1054°C (1850°F to 1930°F) for up
to two hours to melt the nickel-boron coating and result in transient liquid phase bonding
between the alloy workpiece and metallic canister, prior to heating the canned assembly to a
homogenization temperature from 1148°C to 1204°C (2100°F to 2200°F) for 36 to 72 hours.

[0070] In certain non-limiting embodiments, the canned assembly may be heated to produce
transient liquid phase bonding between the alloy workpiece and the metallic canister by
applying a first temperature gradient, and then heating to homogenize the alloy workpiece by
applying a second temperature gradient. In certain non-limiting embodiments, the first
temperature gradient may be at least 0.27°C/ min (0.50°F/min), such as, for example, at least
0.41°C/min (0.75°F/min), at least 0.55°C/min (1°F/min), at least 1.11°C/min (2°F/min), up to
1.6°C/min (3°F/min), up to 1.11°C/ min (2°F/min), up to 0.83°C/min (1.5°F/min), up to
0.55°C/min (1°F/min), 0.27 to 1.11°C/min (0.5 to 2°F/min), or 0.33 to 0.97°C/min (0.6 to
1.75°F/min). In certain non-limiting embodiments, the first temperature gradient may be at a
rate sufficient to increase the temperature from 1010°C to 1054°C (1850°F to 1930°C) over a
time of up to two hours. In certain non-limiting embodiments, the first temperature gradient
may be at least 0.05°C/min (0.10°F/min), such as, for example, at least 0.11°C/min
(0.2°F/min), at least 0.27°C/ min (0.5°F/min), at least 0.41°C/min (0.75°F/min), up to
0.55°C/min (1°F/min), up to 0.50°C/ min (0.9°F/min), up to 0.41°C/min (0.75°F/min), 0.05 to
0.50°C/min (0.1 to 0.9°F/min), or 0.11 to 0.27°C/min (0.2 to 0.5°F/min). In certain non-limiting
embodiments, the second temperature gradient may be at a rate sufficient to increase the
temperature from 1149°C to 1204°C (2100°F to 2200°F). over 36 to 48 hours. Without wishing
to be bound to any particular theory, it is believed that slowing down the temperature gradient
near the melting point of the nickel-boron coating and/or holding at the melting point of the
nickel-boron coating may reduce or prevent long-range migration of the melted nickel-boron
coating and provide a stronger metallurgical bond between the alloy workpiece and the metallic
canister. In certain non-limiting embodiments, heating may be slowed from 1010°C to 1054°C
(1850°F to 1930°F) and held for 1 to 2 hours from 1037°C to 1054°C (1900°F to 1930°F).

[0071] In contrast to the canning method described herein, a conventional canning technique
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may be characterized by lower protection efficiency because the metal can is not
metallurgically bonded to the workpiece. Without wishing to be bound to any particular theory, it
is believed that a transient liquid phase bond between the metallic canister and the alloy
workpiece may survive heavy hot working to effectively protect the workpiece from surface
cracking due to die chilling effects, and thereby improve forging yield. For example, the present
inventors have observed that a transient liquid phase bond produced according to the present
method survived under very tough rolling conditions. The nickel-boron surface coating may
metallurgically bond to the surface of the alloy workpiece and the metallic canister may be
retained on the surface of the alloy workpiece up to and during hot working. The metallic
canister bonded to the alloy workpiece may reduce heat loss from the alloy workpiece and
eliminate or reduce the incidence of surface cracking during forging, extrusion, or other
working of the alloy workpiece relative to an otherwise identical alloy workpiece lacking such
bonded canister. The metallic canister may remain metallurgically bonded to the alloy
workpiece after rotary forging to produce forged bar and billet products and/or after rolling to
produce bar and coil products.

[0072] In certain non-limiting embodiments, referring to FIG. 5, a method of processing an
alloy workpiece to reduce thermal cracking may generally comprise: providing 50 an ingot;
grinding 52 the ingot to form a tapered ingot; providing 54 a tapered metallic canister;
depositing 56 a nickel-boron coating by one of electroless plating, spray forming, or cold
spraying onto at least a portion of an inner surface of the metallic canister; rinsing 58 and
drying 60 the inner surface of the metallic canister; inserting 62 the alloy workpiece into the
metallic canister; encapsulating 64 the alloy workpiece in the metallic canister to form a canned
assembly; removing 66 at least a portion of gas and/or moisture from the interior of the canned
assembly under vacuum; heating 68 the canned assembly under vacuum to transient liquid
phase bond the alloy workpiece to the interior surface of the metallic canister to form 70 a
canned alloy workpiece.

[0073] According to certain non-limiting embodiments, a coated alloy workpiece or a canned
alloy workpiece produced by an embodiment of the methods disclosed herein may be hot
worked. Hot working the coated or canned alloy workpiece may comprise applying a force to
the coated or canned workpiece to deform the workpiece. The force may be applied with, for
example, dies and/or rolls. In certain non-limiting embodiments, hot working the coated or
canned alloy workpiece may comprise hot working the workpiece at a temperature from
1500°F to 2500°F. In certain non-limiting embodiments, hot working the coated or canned alloy
workpiece may comprise a forging operation and/or an extrusion operation. For example, a
workpiece having a metallic surface coating deposited on at least a region of a surface of the
workpiece accoridng to the methods disclosed herein, or an alloy workpiece that has been
canned as disclosed herein, may be upset forged and/or draw forged. In various non-limiting
embodiments, the method may comprise, after forming a metallic surface coating on the
workpiece, hot working the coated workpiece by forging. In various non-limiting embodiments,
the method may comprise, after forming a metallic surface coating on the workpiece, hot
working the coated alloy workpiece by forging at a temperature from 815°C to 1371 °C
(1500°F to 2500°F). In various non-limiting embodiments, the method may comprise, after
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forming a surface coating on the alloy workpiece, hot working the coated alloy workpiece by
extruding. In various non-limiting embodiments, the method may comprise, after forming a
metallic surface coating on the alloy workpiece, hot working the coated alloy workpiece by
extruding at a temperature from 815°C to 1371°C (1500°F to 2500°F).

[0074] An upset-and-draw forging operation may comprise one or more sequences of an
upset forging operation and one or more sequences of a draw forging operation. During an
upset forging operation, the end surfaces of a workpiece may be in contact with forging dies
that apply force to the workpiece that compresses the length of the workpiece and increases
the cross-section of the workpiece. During a draw operation, the side surfaces (e.g., the
circumferential surface of a cylindrical workpiece) may be in contact with forging dies that apply
force to the workpiece that compresses the cross-section of the workpiece and increases the
length of the workpiece.

[0075] According to certain non-limiting embodiments, a method of processing an alloy ingot
or other alloy workpiece to reduce thermal cracking may generally comprise removing at least
a portion of the metallic surface coating and/or remnants of the surface coating from the
workpiece. In certain non-limiting embodiments, the method may comprise, after hot working
the coated workpiece, removing at least a portion of the metallic surface coating from the
product formed by hot working the workpiece. Removing the surface coating material may
comprise, for example, one or more of shot blasting, grinding, peeling, and turning. In certain
non-limiting embodiments, peeling the hot worked coated workpiece may comprise lathe-
turning.

[0076] According to certain non-limiting embodiments, a method of processing an alloy ingot
or other alloy workpiece to reduce thermal cracking may generally comprise removing at least
a portion of the metallic canister or remnants of the metallic canister from the workpiece. In
certain non-limiting embodiments, the method may comprise, after hot working the canned
workpiece, removing at least a portion of the metallic canister from the product formed by hot
working the canned workpiece. Removing the canister material may comprise, for example,
one or more of shot blasting, grinding, peeling, and turning. In certain non-limiting
embodiments, peeling the hot worked coated workpiece may comprise lathe-turning.

[0077] In various non-limiting embodiments, an alloy ingot or other alloy workpiece that has
been processed to include a metallic surface coating or that has been canned as described
herein may be subjected to one or more upset-and-draw forging operations. For example, in a
triple upset-and-draw forging operation, a coated or canned workpiece may be first upset
forged and then draw forged. The upset and draw sequence may be repeated twice more for a
total of three sequential upset and draw forging operations. In various non-limiting
embodiments, a coated or canned workpiece may be subjected to one or more extrusion
operations. For example, in an extrusion operation, a generally cylindrical coated or canned
workpiece may be forced through a circular die, thereby decreasing the diameter and
increasing the length of the workpiece. Other hot working techniques will be apparent to those
having ordinary skill, and the methods according to the present disclosure may be adapted for
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use with one or more of such other techniques without the need for undue experimentation.

[0078] In various non-limiting embodiments, the methods disclosed herein may be used to
produce a wrought billet from an alloy ingot in the form of a cast, consolidated, or spray formed
ingot. The forge conversion or extrusion conversion of an ingot to a billet or other worked
article may produce a finer grain structure in the article as compared to the former workpiece.
The methods and processes described herein for producing coated and canned alloy
workpieces may improve the yield of forged or extruded products (such as, for example, billets)
from the workpieces because the material provided on the surface of the alloy workpiece may
reduce the incidence of surface cracking of the workpiece during the forging and/or extrusion
operations. For example, it has been observed that a metallic surface coating provided on a
region of an alloy workpiece surface according to an embodiment of a method of the present
disclosure tolerates the strain induced by working dies. It also has been observed that a
metallic surface coating provided according to the present disclosure more readily tolerates
temperature differentials between the working dies and the alloy workpiece during hot working.
In this manner, it has been observed that a metallic surface coating according to the present
disclosure may exhibit zero or minor surface cracking, while surface crack initiation is
prevented or reduced in the underlying alloy workpiece during working.

[0079] In various non-limiting embodiments, ingots or other workpieces of various alloys
having a surface coating or canned according to the present disclosure may be hot worked to
form products that may be used to fabricate various articles. For example, the processes
described herein may be used in processes forming billets from nickel base alloys, iron base
alloys, nickel-iron base alloys, titanium base alloys, titanium-nickel base alloys, cobalt base
alloys, nickel base superalloys, and other superalloys. Billets or other products formed from hot
worked ingots or other alloy workpieces may be used to fabricate articles including, but not
limited to, turbine components, such as, for example, disks and rings for turbine engines and
various land-based turbines. Other articles fabricated from alloy ingots or other alloy
workpieces processed according to various non-limiting embodiments described herein may
include, but are not limited to, valves, engine components, shafts, and fasteners.

[0080] Alloy workpieces that may be processed according to the various embodiments herein
may be in any suitable form. In particular non-limiting embodiments, for example, the alloy
workpieces may comprise or be in the form of ingots, billets, bars, plates, tubes, sintered pre-
forms, and the like.

[0081] While particular non-limiting embodiments of the present invention have been
illustrated and described, it would be obvious to those skilled in the art that various other
changes and modifications can be made within the scope of this invention as defined in the
appended claims.
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Patentkrav

1. Fremgangsmade til behandling af et legeringsarbejdsemne til reduktion af
termisk krakning, hvilken fremgangsmade omfatter:

at sprojte et metallisk coatingmateriale pa mindst en del af en overflade af et
legeringsarbejdsemne til dannelse af en overfladecoating, der er metallurgisk
bundet til legeringsarbejdsemnet;

hvor overfladecoatingen er mere duktil end legeringsarbejdsemnet;
kendetegnet ved, at:

overfladecoatingen reducerer varmetab fra legeringsarbejdsemnet.

2. Fremgangsmade ifglge krav 1, hvor legeringsarbejdsemnet er et generelt
cylindrisk legeringsarbejdsemne, og fremgangsmaden omfatter:

at sprojte det metalliske coatingmateriale pa mindst en del af en omkreds-
overflade af legeringsarbejdsemnet til dannelse af overfladecoatingen, der er
metallurgisk bundet til legeringsarbejdsemnet.

3. Fremgangsmade ifglge krav 1 eller 2, hvor legeringsarbejdsemnet roteres
omkring en laengdeakse af arbejdsemnet under pasprajtningen af det metal-
liske coatingmateriale pa mindst en del af omkredsoverfladen af legeringsar-
bejdsemnet.

4. Fremgangsmade ifelge krav 1, hvor det metalliske coatingmateriale omfat-
ter partikler udvalgt blandt partikler af rustfrit stal og partikler af nikkelbaseret
legering.

5. Fremgangsmade ifolge krav 1, hvor det metalliske coatingmateriale omfat-
ter partikler af mindst et austenitisk rustfrit stal rustfrit udvalgt fra gruppen
bestdende af rustfrit stal type 304 (UNS No. S30400), rustfrit stal type 304 L
(UNS No. S30403), rustfrit stal type 316 (UNS No. S31600) og rustfrit stél
Type 316L (UNS No. S31603).

6. Fremgangsmade ifolge krav 1, hvor det metalliske coatingmateriale omfat-
ter partikler af mindst en nikkelbaseret legering udvalgt fra gruppen bestaen-
de af legering 600 (UNS No. N06600) og legering 625 (UNS No. N06625).



10

15

20

25

30

35

DK/EP 2969298 T3

7. Fremgangsmade ifglge krav 1, hvor pasprajtning af et metallisk coating-
materiale pa mindst en del af omkredsoverfladen omfatter at sprojte det me-
talliske coatingmateriale pa mindst en del af omkredsoverfladen af legerings-
arbejdsemnet ved en temperatur, der er lavere end smeltepunktet af det me-
talliske coatingmateriale og smeltepunktet af legeringsarbejdsemnet.

8. Fremgangsmade ifglge krav 7, hvor pasprgjtning af et metallisk coating-
materiale pa mindst en del af omkredsoverfladen omfatter at sprojte faste
metalliske partikler p4 omkredsoverfladen.

9. Fremgangsmade ifalge krav 7, hvor det metalliske coatingmateriale omfat-
ter faste metalliske partikler.

10. Fremgangsmade ifelge krav 1, hvor pasprgjtning af et metallisk coating-
materiale pa mindst en del af omkredsoverfladen omfatter:

at sprojte det metalliske coatingmateriale pa mindst en del af omkredsover-
fladen af legeringsarbejdsemnet ved en temperatur, der er hgjere end eller
lig med smeltepunktet af det metalliske coatingmateriale og lavere end smel-
tepunktet af legeringsarbejdsemnet.

11. Fremgangsmade ifelge krav 10, hvor pasprgjtning af et metallisk coa-
tingmateriale pa mindst en del af omkredsoverfladen omfatter mindst en
blandt halvsmeltede metalliske partikler og smeltede metalliske smadraber
pa omkredsoverfladen.

12. Fremgangsmade ifalge krav 10, hvor det metalliske coatingmateriale om-
fatter mindst en blandt halvsmeltede metalliske partikler og smeltede metalli-
ske sméadraber.

13. Fremgangsmade ifglge krav 1, yderligere omfattende, inden pasprgjtning
af et metallisk coatingmateriale pa mindst en del af omkredsoverfladen:

at opvarme mindst en del af omkredsoverfladen af legeringsarbejdsemnet til
en temperatur p& over 1093 °C (2000 °F).

14. Fremgangsmade ifolge krav 1, hvor legeringsarbejdsemnet omfatter et
materiale udvalgt fra gruppen bestdende af en nikkelbaseret legering, en nik-
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kelbaseret superlegering, en jernbaseret legering, en nikkel-jern-baseret le-
gering, en titaniumbaseret legering, en titanium-nikkel-baseret legering og en
koboltbaseret legering.

15. Fremgangsmade ifalge krav 1, hvor legeringsarbejdsemnet omfatter et
materiale udvalgt fra gruppen bestdende af legering 718 (UNS No. N0O7718),
legering 720 (UNS No. N07720), Rene 41™-legering (UNS No. N07041),
Rene 88™-legering, WASPALOY®-legering (UNS No. N0O7001) og INCO-
NEL®-100 legering.

16. Fremgangsmade ifalge krav 1, hvor det metalliske coatingmateriale og
legeringsarbejdsemnet omfatter et grundmetal udvalgt fra gruppen bestaen-
de af kobolt, jern og nikkel.

17. Fremgangsmade ifelge krav 16, hvor grundmetallet af det metalliske coa-
tingmateriale er det samme som grundmetallet af legeringsarbejdsemnet.

18. Fremgangsmade ifolge krav 16, hvor grundmetallet af det metalliske coa-
tingmateriale er forskelligt fra grundmetallet af legeringsarbejdsemnet.

19. Fremgangsmade ifglge krav 1, yderligere omfattende, inden pasprajtning
af et metallisk coatingmateriale pa mindst en del af omkredsoverfladen:

at konditionere mindst en del af omkredsoverfladen af legeringsarbejdsem-
net.

20. Fremgangsmade ifolge krav 3, yderligere omfattende:

at bevaege legeringsarbejdsemnet i en retning langs med leengdeaksen af
legeringsarbejdsemnet efter fuldfgrelse af mindst en rotation af legeringsar-
bejdsemnet;

at sprojte det metalliske coatingmateriale p4 en efterfalgende del af om-
kredsoverfladen af legeringsarbejdsemnet; og

at gentage bevaegelsen og pasprgjtningen, indtil der er opnaet en gnsket
tykkelse af den metalliske coating.

21. Fremgangsmade ifalge krav 1, yderligere omfattende:
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at sprojte det metalliske coatingmateriale pa mindst en del af en langsgaen-
de ende af legeringsarbejdsemnet til dannelse af en overfladecoating, der er
metallurgisk bundet til legeringsarbejdsemnet.

22. Fremgangsmade ifalge krav 1, yderligere omfattende, efter pasprajtning
af et metallisk coatingmateriale pa mindst en del af omkredsoverfladen:

at valse legeringsarbejdsemnet til konsolidering af den metalliske overflade-
coating.

23. Fremgangsmade ifolge krav 1, yderligere omfattende, efter pasprajtning
af et metallisk coatingmateriale pa4 mindst en del af omkredsoverfladen:

at varmbearbejde legeringsarbejdsemnet ved mindst en blandt smedning og
ekstrudering til deformering af legeringsarbejdsemnet.

24. Fremgangsmade ifolge krav 23, yderligere omfattende, efter varmbear-
bejdning af legeringsarbejdsemnet:

at fierne mindst en del af den metalliske overfladecoating fra legeringsar-
bejdsemnet.
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DRAWINGS

FIG. 1

Step 10: rotating the alloy workpiece
about a long axis of the workpiece

Step 18: spraying a metallic coating
material onto at least a portion of a
circumferential surface of the alloy

workpiece to form a surface coating

metallurgically bonded to the
alloy workpiece that redlces
heat loss from the alloy workpiece




FIG. 2
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FIG. 3
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FIG. 4

Step 40: inserting the alloy workpiece
info a metallic canister, wherein an
inner surface of the metallic canister
comiprises a nickel-boron coating

Step 42: encapsulating the alloy
workpiece in the metallic canister
to form a canned assembly

y

Step 44: removing gas from the
interior of the canned assembly

y
Step 46; heating the canned assembly
{o transient liquid phase bond the
alloy workpiece to a metallic canister
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FIG. 5
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