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NICKEL ALLOY AND METHOD OF
DIRECT AGING HEAT TREATMENT

Inventors: Richard L.. Kennedy and Wei-Di Cao

BACKGROUND

Embodiments of the present disclosure relate to nickel-base alloys and
methods of direct aging nickel-base alloys. More specifically, certain embodiments
of the present disclosure relate to methods of direct aging 718Plus® nickel-base
alloy to impart improved mechanical properties, such as, but not limited to, tensile
strength, yield strength, low cycle fatigue life, fatigue crack growth, and creep and
rupture life to the alloys. Other embodiments of the present disclosure relate to
direct aged 718Plus® nickel-base alloy, and articles of manufacture made
therefrom, having improved mechanical properties, such as, but not limited to,
tensile strength, yield strength, low cycle fatigue life, fatigue crack growth, and
creep and rupture life.

The improved performance of the gas turbine engine over the years has
been paced by improvements in the elevated temperature mechanical properties of
nickel-base superalloys. These alloys are the materials of choice for most of the
components of gas turbine engines exposed to the hottest operating temperatures.
Components of gas turbine engines such as, for example, disks, blades, fasteners,
cases, and shafts are typically fabricated from nickel-base superalloys and are
required to sustain high stresses at very high temperatures for extended periods of
time.

Alloy 718 is one of the most widely used nickel-base superalloys, and is
described generally in U.S. Patent No. 3,046,108, the specification of which is
specifically incorporated by reference herein.

The extensive use of alloy 718 stems from several unique features of the
alloy. For example, alloy 718 has high strength and favorable stress-rupture
properties up to about 689°C (1200°F). Additionally, alloy 718 has favorable
processing characteristics, such as castability and hot-workability, as well as good
weldability. These favorable characteristics permit the easy fabrication and, when

necessary, repair of components made from alloy 718. However, at temperatures
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higher than 689°C (1200°F), mechanical properties of alloy 718 deteriorate rapidly.
Therefore the use of alloy 718 has been limited to applications below about 689°C
(1200°F).

Other superalloys have been developed, for example, René 41 ®(a
registered trademark of AT| Properties, Inc.) and Waspaloy™ nickel-base alloys (a
trademark of Pratt & Whitney Aircraft), both of which are available from ATI Allvac
of Monroe, North Carolina, that have increased thermal capabilities relative to alloy
718. These alloys, however, suffer from poor workability and weldability and are
more expensive than alloy 718 due, in part, to the incorporation of higher levels of
expensive alloying elements.

The nickel-base superalloy 718Plus® (a trademark of ATI Properties, Inc.)
is generally described in U.S. Patent No. 6,730,264, the specification of which is
specifically incorporated by reference herein. Alloy 71 8Plus® comprises, in weight
percent, up to about 0.1% carbon, from about 12% to about 20% chromium, up to
about 4% molybdenum, up to about 6% tungsten, from about 5% to about 12%
cobalt, up to about 14% iron, from about 4% to about 8% niobium, from about 0.6%
to about 2.6% aluminum, from about 0.4% to about 1.4% titanium, from about
0.003% to about 0.03% phosphorus, from about 0.003% to about 0.015% boron,
and nickel; wherein the sum of the weight percent of molybdenum and the weight
percent of tungsten is at least about 2% and not more than about 8%, and wherein
the sum of atomic percent aluminum and atomic percent titanium is from about 2%
to about 6%, the ratio of atomic percent aluminum to atomic percent titanium is at
least about 1.5, and the sum of atomic percent éluminum and atomic percent
titanium divided by atomic percent niobium is from about 0.8 to about 1.3. Alloy
718Plus® exhibits improved high temperature mechanical properties compared to
alloy 718. In addition, alloy 718Plus® generally has better hot workability and
weldability, and is less expensive than René 41° alloy and Waspaloy™ nickel-base
alloys.

In co-pending U.S. Patent Application Serial No. 10/679,899, the
specification of which is specifically incorporated in its entirety by reference herein,
the inventors describe nickel-base alloys and methods of processing the same

using solution treatment and aging. Alloys processed according to the methods
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disclosed therein have favorable high temperature mechanical properties, which
remain substantially stable when exposed to high temperature.

Nevertheless, it would be advantageous to provide nickel-base alloys
having further improved high temperature mechanical properties, while not
requiring a solution treatment step during processing. As discussed in detail below,
the inventors have identified methods of processing nickel-base alloys which
provide enhanced, thermally stabile capabilities without the necessity of a solution
treatment step.

' BRIEF SUMMARY

The various embodiments of the present disclosure are directed toward
methods of direct aging the 718Plus® nickel-base alloy. Improved mechanical
properties may be observed in 718Plus® alloy that has been direct aged according
to the various non-limiting embodiments disclosed herein.

According to one non-limiting embodiment, there is provided a method of
processing a nickel-base alloy comprising: working the nickel-base alloy into a
desired shape; and direct aging the nickel-base alloy. The nickel-base alloy
according to this non-limiting embodiment comprises, in weight percent, up to about
0.1% carbon, from about 12% to about 20% chromium, up to about 4%
molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to
about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about
2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
about 0.03% phosphorus, from about 0.003% to about 0.015% boron, nickel, and
incidental impurities; wherein the sum of the weight percent of molybdenum and the
weight percent of tungsten is at least about 2% and not more than about 8%, and
wherein the sum of atomic percent aluminum and atomic percent titanium is from
about 2% to about 6%, the ratio of atomic percent aluminum to atomic percent
titanium is at least about 1.5, and the sum of atomic percent aluminum and atomic
percent titanium divided by atomic percent niobium is from about 0.8 to about 1.3.

Another non-limiting embodiments provides a method of processing a
nickel-base alloy having the composition comprising, in weight percent, up to about
0.1% carbon, from about 12% to about 20% chromium, up to about 4%
molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to
about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about
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2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
about 0.03% phosphorus, from about 0.003% to about 0.015% boron, nickel, and
incidental impurities; wherein the sum of the weight percent of molybdenum and the
weight percent of tungsten is at least about 2% and not more than about 8%, and
wherein the sum of atomic percent aluminum and atomic percent titanium is from
about 2% to about 6%, the ratio of atomic percent aluminum to atomic percent
titanium is at least about 1.5, and the sum of atomic percent aluminum and atomic
percent titanium divided by atomic percent niobium is from about 0.8 to about 1.3.

The method of processing comprises: working said nickel-base alloy into a desired

“shape; and direct aging said nickel-base alloy. Direct aging the nickel-base alloy

comprises: heating the nickel-base alloy at a first direct aging temperature ranging
from 741°C (1365°F) to 802°C (1475°F) for a time of at least 2 hours; cooling the
nickel-base alloy from the first direct aging temperature to a second direct aging
temperature ranging from 621°C (1150°F) to 718°C (1325°F); heating said nickel-
base alloy at the second direct aging temperature for a time of at least 8 hours; and
cooling said nickel-base alloy from the second direct aging temperature to room
temperature.

A further non-limiting embodiment provides a method of forming an
article of manufacture comprising: working 718Plus® nickel-base alloy; and direct
aging the nickel-base alloy. Direct aging the nickel-base alloy comprises: heating
the nickel-base alloy at a first direct aging temperature ranging from 741°C
(1365°F) to 802°C (1475°F) for a time of at least 2 hours; cooling the nickel-base
alloy from the first direct aging temperature to a second direct aging temperature
ranging from 621°C (1150°F) to 718°C (1325°F); heating said nickel-base alloy at
the second direct aging temperature for a time of at least 8 hours; and cooling said
nickel-base alloy from the second direct aging temperature to room temperature.

Yet another non-limiting embodiment provides an article of manufacture
made by any of the processes as described directly above or herein below. The
article of manufacture may be selected from the group consisting of a turbine or
compressor disk, a blade, a shaft, and a fastener.

In still a further non-limiting embodiment, the present disclosure provides
a direct aged nickel-base alloy comprising, in weight percent, up to about 0.1%
carbon, from about 12% to about 20% chromium, up to about 4% molybdenum, up
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to about 6% tungsten, from about 5% to about 12% cobalt, up to about 14% iron,
from about 4% to about 8% niobium, from about 0.6% to about 2.6% aluminum,
from about 0.4% to about 1.4% titanium, from about 0.003% to about 0.03%
phosphorus, from about 0.003% to about 0.015% boron, nickel, and incidental
impurities; wherein the sum of the weight percent of molybdenum and the weight
percent of tungsten is at least about 2% and not more than about 8%, and wherein
the sum of atomic percent aluminum and atomic percent titanium is from about 2%
to about 6%, the ratio of atomic percent aluminum to atomic percent titanium is at
least about 1.5, and the sum of atomic percent aluminum and atomic percent
titanium divided by atomic percent niobium is from about 0.8 to about 1.3. The
direct aged nickel-base alloy is made by the process comprising: working the
nickel-base alloy into a desired shape; and direct aging the nickel-base alloy.
According to these embodiments, working the nickel-base alloy comprises: working
said nickel-base alloy at a working temperature ranging from 913°C (1675°F) to
1066°C (1950°F); rapidly cooling said nickel-base from the working temperature to
760°C (1400°F) at a cooling rate of about 10°C/min (18°F/min) to about 1667°C/min
(3000°F/min); and cooling said nickel-base alloy from 760°C (1400°F) to room
temperature. Direct aging the nickel-base alloy according to these non-limiting
embodiments, comprises: heating the nickel-base alloy at a first direct aging
temperature ranging from 741°C (1365°F) to 802°C (1475°F) for a time of at least 2
hours; cooling the nickel-base alloy from the first direct aging temperature to a
second direct aging temperature ranging from 621°C (1150°F) to 718°C (1325°F),
heating said nickel-base alloy at the second direct aging temperature for a time of
at least 8 hours; and cooling said nickel-base alloy from the second direct aging
temperature to room temperature.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates the difference in the mechanical properties 704°C
(1300°F) Yield Strength and Rupture Live from solution treated and aged and direct
aged 718Plus® alloy as a function of forging temperature.

Figure 2 illustrates the percentage change in the mechanical properties
from solution treated and aged and direct aged 718Plus® alloy as a function of

forging temperature.



10

15

20

25

30

WO 2007/084178 PCT/US2006/017804

DETAILED DESCRIPTION

Certain non-limiting embodiments of the present disclosure relate to 718-
type nickel-base alloys that have been thermomechanically processed by hot,
warm, or cold working, and direct aging. As used herein, the term “direct aging” is
defined as treating the nickel-base alloy, after working, to an aging process, as
described herein, without a prior heat treatment step, such as a solution treatment
step. As used herein, the terms “aging” and “aging process” mean heating the
nickel-base alloy at a temperature below the solvus temperatures for the y'-phase
(gamma prime phase) and the y’-phase (gamma double prime phase) to form y'-
phase (gamma prime phase) and y"-phase (gamma double prime phase)
precipitates. As used herein, the terms “solution treatment” and “solution treated”
mean treating the alloy to a heat treatment step where the alloy is heated to a
temperature and time sufficient to dissolve substantially all of a phase, for example
the y'-phase (gamma prime phase) and y’-phase (gamma double prime phase)
precipitates, that exist in the alloy (i.e., a temperature at or above the solvus
temperature).

Not all nickel-base superalloys show such superior capabilities when
processed by direct aging. For example, due to the fast precipitation kinetics of
precipitation hardening y’ particles (gamma prime particles) of the Waspaloy™ alloy,
and its poor hot workability at lower hot working temperature, the advantage gained
from direct aging of the Waspaloy™ alloy is insignificant.

Certain non-limiting embodiments of the methods of the present
disclosure can be advantageous in providing 718Plus® nickel-base alloy having
enhanced thermally stable mechanical properties at elevated temperatures when
compared to the same nickel-base alloy that has not been treated with the direct
aging process of the present disclosure. As used herein, the term “mechanical
properties” is defined as properties of the alloy that reveal the elastic and inelastic
reaction when force is applied, or that involve the relationship between stress and
strain. As used herein, the phrase “thermally stable mechanical properties” means
that the mechanical properties of the alloy, such as, for example, tensile strength,
yield strength, elongation, fatigue crack growth, low cycle fatigue, and creep and

rupture life, are not substantially decreased after exposure to temperatures of about
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760°C (1400°F) for 100 hours or longer as compared to the same mechanical
properties before exposure.

According to certain non-limiting embodiments, the methods of the
present disclosure including direct aging to provide 718Plus® nickel-base alloy
having enhanced tensile strength at elevated temperatures compared to the same
alloy that has not been treated with the direct aging process. In other non-limiting
embodiments, the methods of the present disclosure include direct aging to provide
718Plus® nickel-base alloy having enhanced rupture life at elevated temperatures
compared to the same alloy that has not been treated with the direct aging process.
In addition, the various direct aging methods described herein may result in an
improved low cycle fatigue. According to the various non-limiting embodiments,
one benefit of the direct aging treatment of the 718Plus® nickel-base alloy is that
the treatment may result in (a) fine grain size, such as grain size of ASTM 10 or
higher, see Table 2; and (b) high tensile strength. It is believed that improvement in
low cycle fatigue results, at least in part, from the improvement in these properties
from the direct aging treatment.

Non-limiting embodiments of the present disclosure are directed toward \
methods of direct aging a nickel-base superalloy, such as, but not limited to, alloy
718Plus® nickel-base superalloy, and compositions and articles of manufacture
comprising 718Plus® nickel-base alloys that have been direct aged. As used
herein, the terms “nickel-base alloy(s)’ and “nickel-base superalloy(s)’ mean alloys
of nickel and one or more alloying elements. The 71 8Plus® nickel-based superalloy
is generally described in U.S. Patent No. 6,730,264, the specification of which is
specifically incorporated herein by reference, and is available from ATI Allvac,
Monroe, North Carolina. As described therein, alloy 718Plus® comprises, in weight
percent, up to about 0.1% carbon, from about 12% to about 20% chromium, up to
about 4% molybdenum, up to about 6% tungsten, from about 5% to about 12%
cobalt, up to about 14% iron, from about 4% to about 8% niobium, from about 0.6%
to about 2.6% aluminum, from about 0.4% to about 1.4% titanium, from about
0.003% to about 0.03% phosphorus, from about 0.003% to about 0.015% boron,
nickel, and incidental impurities; wherein the sum of the weight percent of
molybdenum and the weight percent of tungsten is at least about 2% and not more

than about 8%, and wherein the sum of atomic percent aluminum and atomic
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percent titanium is from about 2% to about 6%, the ratio of atomic percent
aluminum to atomic percent titanium is at least about 1.5, and-the sum of atomic
percent aluminum and atomic percent titanium divided by atomic percent niobium is
from about 0.8 to about 1.3.

Other than in the operating examples, or where otherwise indicated, all
numbers expressing quantities of ingredients, processing conditions and the like
used in the specification and claims are to be understood as being modified in all
instances by the term “about”. Accordingly, unless indicated to the contrary, the
numerical parameters set forth in the following specification and attached claims
are approximations that may vary depending upon the desired properties sought to
be obtained. At the very least, and not as an attempt to limit the application of the
doctrine of equivalents to the scope of the claims, each numerical parameter should
at least be construed in light of the number of reported significant digits and by
applying ordinary rounding techniques.

Notwithstanding that the numerical ranges and parameters setting forth
the broad scope of the disclosure are approximations, the numerical values set
forth in the specific examples are reported as precisely as possible. Any numerical
values, however, inherently contain certain errors, such as, for example, equipment
and/or operator error, necessarily resulting from the standard deviation found in
their respective testing measurements.

Also, it should be understood that any numerical range recited herein is
intended to include all sub-ranges subsumed therein. For example, a range of “1 to
10" is intended to include all sub-ranges between (and including) the recited
minimum value of 1 and the recited maximum value of 10, that is, having a
minimum value equal to or greater than 1 and a maximum value of equal to or less
than 10.

Any patent, publication, or other disclosure material, in whole or in part,
that is said to be incorporated by reference herein is incorporated herein only to the
extent that the incorporated material does not conflict with existing definitions,
statements, or other disclosure material set forth in this disclosure. As such, and to
the extent necessary, the disclosure as set forth herein supersedes any conflicting
material incorporated herein by reference. Any material, or portion thereof, that is

said to be incorporated by reference herein, but which conflicts with existing
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definitions, statements, or other disclosure material set forth herein will only be
incorporated to the extent that no conflict arises between that incorporated material
and the existing disclosure material.

Methods of direct aging 718Plus® nickel-base alloy according to various
non-limiting embodiments of the present disclosure will now be described.
According to certain non-limiting embodiment of the methods of the present
disclosure, 718Plus® nickel-base alloy is worked into a desired shape and then
direct aged. According to these embodiments, working of the nickel-base alloy into
a desired shape can include hot working, warm working, and cold working or
various combinations thereof. In one specific non-limiting embodiment of the
present disclosure, working the nickel-base alloy comprises hot working the alloy
followed by cold working the alloy. In another non-limiting embodiment of the
present disclosure, working the nickel-base alloy comprises cold working the alloy.

As used herein, the term “working” means manipulating and/or altering
the shape of the nickel-base alloy by plastic deformatioh. As used herein, the term
“plastic deformation” means permanent distortion of a material under the action of
applied stresses. As used herein, the term “hot working” means working the alloy
at temperatures sufficiently high such that strain-hardening does not occur. The
lower temperature limit for hot working is the re-crystallization temperature of the
alloy, which for the alloys of the present disclosure is about 982°C (1800°F),
however, the re-crystallization temperature may depend on the amount of strain
present in the alloy. In certain embodiments of the present disclosure, non-limiting
examples of hot working a nickel-base alloy may comprise at least one of forging,
hot rolling, extruding, hammering, and swaging. As used herein, the term “cold
working” means working the alloy at a temperature sufficiently low to create strain-
hardening. As used herein, the term “strain-hardening” means an increase in
hardness and strength caused by plastic deformation at temperatures lower than
the re-crystallization temperature range. The upper temperature limit for cold
working is the re-crystallization temperature of the alloy, which for alloys of the
present disclosure is about 982°C (1800°F). As used herein, the term “forging”
means the process of working the metal alloy to a desired shape by impact or
pressure, which may comprise hot working, warm working, cold working, or

combinations thereof. The terms “working” and “forging”, as used herein, are
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substantially synonymous. As used herein, the term “forging temperature” means
the temperature at which the metal alloy is forged or worked into the desired shape
by forging.

According to the various non-limiting embodiments disclosed herein,
working the 718Plus® nickel-base alloy comprises heating the alloy to a working or
forging temperature ranging from about 913°C (1675°F) to about 1066°C (1950°C)
followed by working or forging the alloy. According to certain non-limiting
embodiments, working the 718PIlus® nickel-base alloy may comprise heating the
alloy at a working or forging temperature ranging from about 913°C (1675°F) to
about 1038°C (1900°F) followed by working or forging the alloy. Working or forging
the alloy within this temperature range, followed by direct aging provides an alloy
with increased high temperature mechanical properties, such as, for example,
increased tensile strength, as discussed below. According to other non-limiting
embodiments, working the 718Plus® nickel-base ally may comprise heating the
alloy to a working or forging temperature ranging from about 982°C (1800°F) to
about 1066°C (1950°C) followed by working or forging the alloy. Working or forging
the alloy within this temperature range, followed by direct aging provides an alloy
with increased high temperature rupture life, as discussed below. Further, working
of the alloy may comprise repeatedly heating and working the alloy to achieve the
desired shape. After working the nickel-base alloy at the working temperature into
the desired shape, the nickel-base alloy is rapidly cooled from the working
temperature to 760°C (1400°F). The alloy is then cooled from 760°C (1400°F) to
room temperature at any rate.

Direct aging of the 718PIlus® nickel-base alloy had the largest effect upon
the mechanical properties of the alloy within forging temperatures from about
913°C (1675°F) to about 1066°C (1950°F). Under these conditions, increases in
yield strength and improved stress rupture life are observed compared to solution
treated and aged alloy forged under the same forging process. However, forging
temperature dependencies of tensile strength and of rupture life are different under
direct aging conditions. Compared to solution treated and aged alloy forged within
the same temperature range, the greatest increases in yield strength (at 704°C
(1300°F)) results from forging at temperatures within the range of about 913°C
(1675°F) to about 1038°C (1900°F). On the other hand, the greatest increases in

10
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rupture life (at 704°C (1300°F)), over solution treated and aged levels, results from
forging at temperatures within the range of about 982°C (1800°F) to about 1066°C
(1950°C). One skilled in the art will also recognize that increases in rupture life
also result in increases in high temperature creep. Thus, according to the various
non-limiting embodiments where increased rupture life is obtained, as described
herein, increases in high temperature creep may also be observed.

Figure 1 illustrates the response to direct aging processing of the
718Plus® alloy, as a function of forging temperature, as the increase in direct aging
values over solution aging values for yield strength (YS) and rupture life. Figure 1
shows that 704°C (1300°F) rupture life increase (i.e., lifegirect age - lif€solution age)
increases with increased forging temperature (i.e., between about 982°C (1800°F)
to about 1066°C (1950°C)), whereas 704°C (1300°F) YS increase (i.e., YSirect age -
Y Ssoution age) iNCreases with decreased forging temperature(i.e., between about
913°C (1675°F) to about 1038°C (1900°F)). Figure 2 illustrates direct aging |
response to forging temperatures of alloy 718Plus® as relative improvement
(percentage) in properties compared to solution aging. Thus, direct aging
conditions may be tailored for alloy 718Plus® to optimize a particular set of
properties, depending on the specific final part requirements. For example, forging
at higher temperature ranges, such as, from about 982°C (1800°F) to about 1066°C
(1950°F) followed by direct aging provides a material with tensile strengths slightly
higher than those obtained by solution treatment and aging processing but with
significantly improved rupture lives compared to solution treatment and aging.
Alternatively, forging at temperature ranges between about 913°C (1675°F) to
about 1038°C (1900°F), which may include additional room temperature cold
working, greatly increases tensile strength when compared to solution treatment
and aging, with little or no increase in rupture life compared to solution treatment
and aging.

According to certain non-limiting embodiments disclosed herein where
increased yield strengths are obtained (i.e., with forging temperatures raging from
about 913°C (1675°F) to about 1038°C (1900°F), during the working process, the
temperature of the alloy must decrease to below the hot working temperature so
that some residual dislocation substructure is retained. In any case, the alloy may

be re-heated to the working temperature before each subsequent working step or
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pass. For example, in certain non-limiting embodiments, the 718Plus® nickel-base
alloy is repeatedly heated to the working temperature and worked and, prior to the
final working pass, the alloy is re-heated at a temperature ranging from about
913°C (1675°F) to about 1066°C (1950°F). According to certain non-limiting
embodiments, the nickel-base alloy is repeatedly heated and worked and, prior to
the final working pass, the alloy is re-heated at a temperature ranging from about
913°C (1675°F) to about 1038°C (1900°F). In other non-limiting embodiments, the
nickel-base alloy is repeatedly heated and worked and, prior to the final working
pass, the alloy is re-heated at a temperature ranging from about 982°C (1800°F) to
about 1066°C (1950°F). According to certain non-limiting embodiments, the re-
heating the alloy to a temperature prior to a final working pass, as set forth above,
may be for any amount of time sufficient to observe the increased material
properties as discussed heréin. According to certain non-limiting embodiments, re-
heating the alloy prior to a final working pass may be for a time less than five hours.
As used herein, the term “final working pass” means the last working step prior to
rapidly cooling the nickel-base alloy to about 760°C (1400°F).

The rapid cooling of the 718PIus® nickel-base alloy during hot working in
certain embodiments of the present disclosure will now be discussed in detail. The
cooling rate after the final working pass may affect the effectiveness of the direct
aging treatment and slow cooling should be avoided, especially within the
temperature range for the y' (gamma prime) solvus temperature (about 982°C
(1800°F)) to about 760°C (1400°F). Without meaning to be bound by any particular
theory, it is believed that rapid cooling is necessary to prevent the precipitation of
coarse y' (gamma prime) precipitates, which may occur when the alloy is slowly
cooled within this temperature range. Therefore, according to certain non-limiting
embodiments, the 718Plus® nickel-base alloy is rapidly cooled after the final
working pass of the alloy at the working temperature, for example, a temperature
ranging from about 913°C (1675°F) to about 1066°C (1950°F). The nickel-base
alloy is rapidly cooled from the working temperature to a temperature of about
760°C (1400°F). The cooling rate of the nickel-base alloy may depend, in part, on
the size and/or thickness of the article being rapidly cooled and may range from
10°C/min (18°F/min) up to 1667°C/min (3000°F/min). In one non-limiting

embodiment of the present disclosure, the alloy is rapidly cooled at a cooling rate of
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greater than 28°C/min (50°F/minute). In another non-limiting embodiment, the alloy
is rapidly cooled at a cooling rate of greater than 42°C/min (75°F/min). According
to certain non-limiting embodiments, the alloy can be rapidly cooled at a rate of
28°C/min (50°F/min) to 112°C/min (200°F/min). In other non-limiting embodiments
the alloy is rapidly cooled at a cooling rate of 42°C/min (75°F/min) to 112°C/min
(200°F/min). Non-limiting methods of rapidly cooling the worked nickel-base alloy
include, for example, air cooling, forced air cooling and oil or water quenching.
Once the nickel-base alloy has been rapidly cooled to about 760°C (1400°F), the
alloy may be further cooled to room temperature. The rate of cooling from about
760°C (1400°F) to room temperature may be at any rate that is commercially
acceptable, and may be either rapid or slow.

In specific non-limiting embodiments of the methods of the present
disclosure, the degree of plastic deformation during working of the alloy may be a
factor in the success of the direct aging treatment. There may be insubstantial
effect on mechanical properties of the alloy by direct aging if the plastic deformation
is too small. In certain non-limiting embodiments comprising working the nickel-
base alloy, deformation greater than 10% can improve the mechanical properties of
the nickel-base alloy, as compared to worked nickel-base alloy with deformation
less than 10%. It is anticipated that the effect of direct aging will gradually diminish
as the deformation is decreased from 10% to 0%. In another non-limiting
embodiment of the present disclosure, the worked nickel-base alloy comprises
deformation from about 12% to about 67%. However, a too high degree of plastic
deformation during one working pass may reduce the improved mechanical
properties resulting from the direct aging treatment. Without meaning to be bound
by any particular theory, it is believed that this is due to significant adiabatic
heating, which occurs at the high working strain rates employed. Large working
reductions can be used if strain rates can be lowered to avoid excessive adiabatic
heating.

In certain non-limiting embodiments of the present disclosure, working
the 718PIus® nickel-base alloy comprises cold working before the direct aging step.
In certain embodiments the nickel-base alloy is cold worked at a temperature less
than 982°C (1800°F). According to other non-limiting embodiments, the nickel-

base alloy is cold worked at about room temperature. Cold working, in general,
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refers to plastic working of the alloy without recovery and recrystallization of the
alloy. Cold working the nickel-base alloy into the desired shape may include any
commercially accepted method of cold working, including, but not limited to, cold
rolling, cold drawing, hammering, swaging, and various combinations of these cold
working methods. As shown below, hot working followed by the combination of
cold working and direct aging can increase the strength, such as, the 704°C
(1300°F) tensile strength, of the 718Plus® alloy. As used herein, the term “704°C
(1300°F) tensile strength” is defined as a measurement of the strength, in units of
megapascals (MPa) or kilopounds/inch? (ksi), of the alloy when heated to 704°C
(1300°F) according to ASTM E21, the disclosure of which is incorporated herein by
reference. According to certain non-limiting embodiments, cold working, such as,
for example, cold working at room temperature followed by direct aging under the
processes disclosed herein may result in an alloy with a 704°C (1300°F) tensile
yield strength compared to a similar alloy that is not cold worked at room
temperature and direct aged, for example an alloy that is solution treated and aged.

As previously discussed, according to various non-limiting embodiments
disclosed herein, the 718Plus® nickel-base alloy.is direct aged after the alloy has
been worked into the desired shape. Although not limiting herein, according to
certain non-limiting embodiments, direct aging the nickel-base alloy may comprise:
heating the worked nickel-base alloy to a first direct aging temperature ranging from
about 741°C (1365°F) to about 802°C (1475°F) for a time of at least about 2 hours
(time at temperature). According to other non-limiting embodiments, direct aging
the nickel-base alloy may comprise: heating the worked nickel-base alloy to a first
direct aging temperature ranging from about 741°C (1365°F) to about 802°C
(1475°F) for a time ranging from about 2 hours to about 8 hours, cooling the nickel-
base alloy from the first direct aging temperature to a second direct aging
temperature ranging from about 621°C (1150°F) to about 718°C (1325°F),
maintaining or heating the alloy at the second direct aging temperature for a time of
at least 8 hours, and cooling the nickel-base alloy to room temperature. According
to other non-limiting embodiments, the second direct aging temperature may be
from about 635°C (1175°F) to about 718°C (1325°F). In certain embodiments
disclosed herein, cooling the nickel-base alloy from the first direct aging

temperature to the second direct aging temperature may comprise furnace cooling
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the nickel-base alloy from the first direct aging temperature to the second direct
aging temperature. As used herein, the term “furnace cooling” means allowing the
nickel-based alloy to cool in the furnace while the furnace cools to the desired
temperature or after the power to the furnace has been turned off. According to
other non-limiting embodiments, the nickel-base alloy may be cooled, for example,
by furnace cooling or air cooling, from the first direct aging temperature to a lower
temperature, such as room temperature, and then reheated to the second direct
aging temperature.

According to various embodiments of the present disclosure, when it is
desired to slowly cool the 718Plus® nickel-base alloy during direct aging from the
first direct aging temperature to the second direct aging temperature the alloy may
be cooled at any rate. According the certain embodiments, alloy may be cooled at
a cooling rate of 44°C/hr (80°F/hour) to 67°C/hr (120°F/hour). In other non-limiting
embodiments, the alloy is cooled at a cooling rate of about 56°C/hr (100°F/hour).
The nickel-base alloy is maintained at the second direct aging temperature for a
time of at least 8 hours and may then be cooled to room temperature using any
acceptable means in the art, including, for example, air cooling.

Direct aged 718Plus® nickel-base alloy according to the various
embodiments of the present disclosure can have enhanced mechanical properties,
as compared to analogous nickel-base alloys that are treated under non-direct
aging conditions, for example, under solution aging conditions. According to
certain non-limiting embodiments, direct aging of 718PIlus® alloy that has been
forged at a temperature of about 913° (1675°F) to about 1038°C (1900°F) has a
704°C (1300°F) yield tensile strength of about 40 MPa to about 100 MPa greater
than the 704°C (1300°F) yield tensile strength of solution treated and aged
718Plus® alloy that has been forged at the same temperature. This increase
corresponds to a 4% to 11% increase in 704°C (1300°F) yield tensile strength for
direct aged 718Plus® alloy over solution treated and aged 718Plus® alloy forged at
the same temperature. As shown in Figs. 1 and 2. According to other non-limiting
embodiments, direct aging of 718Plus® alloy that has been forged at a temperature
of about 982°C (1800°F) to about 1066°C (1950°C) has a stress rupture life at
704°C (1300°F) and 552 MPa of from about 40 hours to about 200 hours greater

than the stress rupture life of solution treated and aged 71 8PIus® alloy that has
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been forged at the same temperature. This increase corresponds to a 34% to 83%
increase in stress rupture life for direct aged 718Plus® alloy over solution treated
and aged 718Plus® alloy forged at the same temperature. As shown in Figs. 1 and
2.

The improved mechanical properties of the direct aged 718Plus® alloy,
under the various non-limiting embodiments disclosed herein, are thermally stable.
The improved mechanical properties of the alloys treated by the various non-
limiting methods of the present disclosure are observed even after exposure to
elevated temperatures of about 760°C (1400°F) for extended periods of time (100
hours or longer).

The 718Plus® nickel-base alloys according to the various embodiments
of the present disclosure may be a wrought 718Plus® nickel-base alloy. For
example, although not limiting herein, the nickel-base alloy can be manufactured by
melting raw materials having the desired composition in a vacuum induction meiting
(“VIM”) operation, and subsequently casting the molten material into an ingot.
Thereafter, the cast material may be further refined by remelting the ingot. For
example, the cast material can be remelted via vacuum arc remelting (“VAR"),
electro-slag remelting (“ESR”), or a combination of ESR and VAR, all of which are
known in the art. Alternatively, other methods known in the art for melting and
remelting can be utilized. .

Embodiments of the present disclosure further contemplate articles of
manufacture made using the 718Plus® nickel-base alloy and methods of direct
aging the 718Plus® nickel-base alloy of the present disclosure. Non-limiting
examples of articles of manufacture that can be made using the 718Plus® nickel-
base alloy and methods of direct aging the 718Plus® nickel-base alloy according to
the various non-limiting embodiments of the present disclosure include, but are not
limited to, turbine and compressor parts, such as, disks, blades, shafts, and
fasteners.

Various non-limiting embodiments of the present disclosure will now be

illustrated in the following non-limiting examples.
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EXAMPLES
Example 1

In a first example, the mechanical properties of 718Plus® alloy, that was
solution treated and aged according to the disclosure of U.S. Patent Application
Serial No. 10/678,933, were compared to the mechanical properties of 718Plus®
alloy that was directly aged according to one non-limiting embodiment of the
present disclosure. The mechanical properties from three processing conditions
were examined, resulting in products with ASTM grain size varying from 12 to 7.
The results are presented in Table 1 — Comparison of Mechanical Properties
Between Solution-Aged and Direct Aged 718Plus® Alloy Products Made by
Different Processing Conditions. SA = Solution Aged, DA = Direct Aged, AC = Air
Cooled, FC = Furnace Cooled, and CW = Cold Worked.

The 718Plus® alloy samples for this Example were prepared as follows.
The solution treated and aged alloy samples were solution treated by heating at
954°C (1750°F) for 1 hour followed by air cooling. The samples were then aged at
788°C (1450°F) for 2 hours, furnace cooled at a rate of 55°C/hr (100°F/hr) from
788°C (1450°F) to a temperature of 650°C (1200°F), aged at 650°C (1200°F) for 8
hours, and then air cooled to room temperature. The direct aged products were
direct aged according to one non-limiting embodiment of the present disclosure.
The direct aged products were heated at 788°C (1450°F) for 2 hours, furnace
cooled at a rate of 55°C/hr (100°F/hr) from 788°C (1450°F) to a temperature of
650°C (1200°F), aged at 650°C (1200°F) for 8 hours, and then air cooled to room
temperature. '

The products were subjected to tensile testing at 704°C (1300°F)
according to ASTM E21, the disclosure of which is incorporated herein by
reference, and the tensile strength ("UTS”), yield strength (“YS"), percent elongation
(“EL"), and percent reduction in area (“RA”) for each product were determined. In
addition, the products were subjected to stress-rupture life testing at 704°C
(1300°F) and 552 MPa (80 ksi) according to ASTM 292, the disclosure of which is
incorporated herein by reference, and the stress-rupture life and percent elongation
at rupture for each product were determined.

Both the tensile strength and stress-rupture life of alloy 718Plus® were

significantly improved by direct aging as compared to tensile strength and stress-
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rupture life of the solution treated and aged 718Plus® alloy, but the improvements
depend, in part, on the hot working conditions. The increase in both strength and
stress-rupture properties was significant in small size bar rolled at a finishing
temperature of 905°C (1662°F) (surface). The direct aged product had a YS of
1072 MPa (155.5 ksi) and a stress-rupture life of 261.3 hours compared to a YS of
904 MPa (131.2 ksi) and a stress-rupture life of 100.0 hours for the solution treated
and aged product. The improvements, particularly in strength, diminished with
increasing starting working temperature and product size, which can directly affect

the finishing working temperature.
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Example 2

This Example was designed to determine satisfactory working conditions
for various non-limiting embodiments of the methods of the present disclosure. In
this example, two sets of four 5.08 cm by 5.08 cm by 5.08 cm cubes were cut from a
25.4 cm diameter round billet of 718Plus® nickel-base alloy. The cubes were heated
to a series of different temperatures between 927°C (1700°F) and 1093°C (2000°F).
All cubes were then worked as follows. The cubes were first reduced to a thickness
of 3.81 cm in a first pass and further reduced, in a second pass, to a thickness of
2.54 cm after re-heating to the indicated working temperatures. The 2.54 cm thick
flattened cubes (or “pancakes”) were re-heated at a finishing forging temperature,
ranging from 1093°C (2000°F) to 927°C (1700°F) (as indicated in Table 2) for about
0.5 hours and further reduced, in a final working pass, down to 1.27 cm thick
pancakes (50% reduction in the final working pass). The resulting pancakes had a
uniform grain structure without noticeable chilling effect from forging dies. The
forged pancakes were air cooled to room temperature after final forging and test
sample blanks were cut from the forged pancakes. One set of four test blanks were
solution treated according to the solution aging procedure set forth in Example 1, the
other set of four test blanks were direct aged according to one non-limiting
embodiment of present disclosure as described in Example 1.

Tensile tests at 704°C (1300°F), and stress-rupture tests at 704°C
(1300°F) and 552 MPa (80 ksi) were performed. The results of the effect of forging
temperature are presented in Table 2 — Effect of Working Temperature on Efficiency
of Direct Aging.

The results in Table 2 indicate that working temperature can affect the
mechanical properties observed after direct aging the 71 8PIlus® alloy. Direct aging
after working at 927°C (1700°F) gave improved 704°C (1300°F) tensile properties as
those observed with solution treated and aged alloys that were worked at the same
temperature, but rupture life was essentially unchanged. When the alloy was direct
aged after working at working temperatures from about 954°C (1750°F) to about
982°C (1800°F), 704°C (1300°F) tensile strength increased significantly but only
modest increases in stress-rupture properties were observed. Hot working and
direct aging the alloy from 1038°C (1900°F) resulted in a modest increase in YS but
stress rupture life nearly doubled. When a still higher working temperature of

1093°C (2000°F) was employed, the direct aged alloy had a stress-rupture life of
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less than 1 hour and the tested sample displayed a notch stress rupture break
(N.B.).
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Example 3

This Example was designed to determine the effect of heating time at hot
working temperatures on mechanical properties of 718Plus® nickel-base alloy. This
was examined due to the fact that the heating time in certain commercial practices
may be quite long, especially for heavy, large cross section pieces. Samples of the
718Plus® nickel-base alloy were heated at forging temperatures of 927°C (1700°F)
or 954°C (1750°F) for 0.5 hours or 3 hours. One half of the samples were then
solution treated and aged according to the process set forth in Example 1. The other
half of the samples were direct aged according to one non-limiting embodiment of
the present disclosure as described in Example 1.

Tensile tests at 704°C (1300°F), and stress-rupture tests at 704°C
(1300°F) and 552 MPa (80 ksi) were performed. The results of the effect of forging
temperature are presented in Table 3 — Effect of Heating Time at Forging
Temperature on Efficiency of Direct Aging.

The results displayed in Table 3 show that the high temperature
mechanical properties of the alloy decreased as a result of extended heating times at
forging temperature, however, the reduction was modest in most cases. For
example, the 704°C (1300°F) tensile strength (YS) of direct aged alloy samples for a
forging temperature of 954°C (1750°F) was 1072 MPa (155.5 ksi) when the forging
time was 0.5 hours and decreased to 1047 MPa (151.9 ksi) when the forging time
was 3 hours. The 704°C (1300°F) tensile strength (YS) of direct aged alloy samples
for a forging temperature of 927°C (1700°F) was 1072 MPa (155.5 ksi) when the
forging time was 0.5 hours and decreased to 1047 MPa (151.9 ksi) when the forging

time was 3 hours.
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Example 4

This Example was designed to determine the effect of the amount or
degree of plastic deformation of alloy samples on the tensile strength and stress-
rupture life of the direct aged alloy. The degree of plastic deformation during working
can be a factor in the success of the direct aging treatment. In the present Example,
plastic deformation in the form of forging reduction in pancake forging was examined
for 718Plus® nickel-base alloy. Final forging reductions ranging from 12% to 67%
were examined at working temperatures of 954°C (1750°F) and 982°C (1800°F).
After finishing forging, the alloy samples were direct aged according to one non-
limiting embodiment of the present disclosure as set forth in Example 1.

Tensile strength tests at 704°C (1300°F) were performed and the stress-
rupture life of the alloy samples was tested at 704°C (1300°F) and 552 MPa (80 ksi).
The effect of forging reduction on the mechanical properties of the direct aged alloy
samples are presented in Table 4 — Effect of Forging Reduction on Efficiency of
Direct Aging.

Table 4 shows that the improvements in 704°C (1300°F) tensile strengths
that result from the direct aging process of the 718Plus® alloy samples are present
for forging reductions ranging from as low as 12 — 20% up to 67%. While there are
some differences in property levels as a function of the finish forge reduction, in all
cases, the 704°C (1300°F) YS and 704°C (1300°F) and 552 MPa (80ksi) stress
rupture lives, over the entire range investigated, exceeded the values for the solution
treated and aged material properties for the same forging temperatures presented in
Table 2.
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Example 5

The effect of the cooling rate after working on the mechanical properties
of direct aged 718Plus® nickel-base alloy was examined in this Example. The
cooling rate after working may have an effect on the observed mechanical
properties of the direct aged alloy. Slow cooling, especially within the temperature
range from y' (gamma prime) solvus temperature (about 982°C (1800°F)) to about
760°C (1400°F) reduces the observed improvements in the mechanical properties
resulting from direct aging. This may be due to the precipitation of coarse y’
(gamma prime) particles during slow cooling through such a temperature range. In
this Example, the effect of cooling rate after working during a pancake forging trial
(as described in Example 2) using 718Plus® nickel-base alloy was examined. After
working at 982°C (1800°F) with 50% reduction or 954°C (1750°F) with 50%
reduction, the pancake alloy samples were cooled from the working temperature to
760°C (1400°F) at a cooling rate of either 112°C/min (200°F/min) or 42°C/min
(75°F/min). Cooling at these rates (i.e., 112°C/min (200°F/min) and 42°C/min
(75°F/min)) may be achieved in commercial production, even for large articles of
manufacture, by various methods known in the art, such as forced air cooling or oll
or water quenching. The alloy samples were then cooled to room temperature and
direct aged according to one non-limiting embodiment of the present disclosure as
set forth in Example 1.

Tensile strength tests at 704°C (1300°F) were performed and the stress-
rupture life of the alloy samples was tested at 704°C (1300°F) and 552 MPa (80
ksi). The effect of the cooling rate after working on the mechanical properties of the
direct aged alloy samples are presented in Table 5 — Effect of Cooling Rate after
Forging on Efficiency of Direct Aging.

Table 5 shows that the improved mechanical properties from direct aging
of the nickel-base alloy can be dependent on the cooling rate of the alloy from the
working temperature down to 760°C (1400°F). Reduction of the average cooling
rate from the working temperature to 760°C (1400°F) from 112°C/min (200°F/min)
to 42°C/min (75°F/min) shows only slight reduction in the improvements in the
mechanical properties of the direct aged nickel-base alloys. This Example also
shows that the significant improvement in tensile strength for the direct aged

718Plus® products over solution treated and aged products, presented in Table 2,
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are maintained with cooling rates as low as 42°C/min (75°F/min). For example, at
a working temperature of 982°C (1800°F), a cooling rate of 112°C/min (200°F/min)
resulted in an alloy sample with a 704°C (1300°F) YS of 973 MPa (141.2 ksi) and a

~ stress-rupture life of 157.3 hours, whereas a cooling rate of 42°C/min (75°F/min)

resulted in an alloy sample with a 704°C (1300°F) YS of 980 MPa (142.2 ksi) and a
stress-rupture life of 146.1 hours. At a working temperature of 954°C (1750°F), a
cooling rate of 112°C/min (200°F/min) resulted in an alloy sample with a 704°C
(1300°F) YS of 1072 MPa (155.5 ksi) and a stress-rupture life of 122.9 hours,
whereas a cooling rate of 42°C/min (75°F/min) resulted in an alloy sample with a
704°C (1300°F) YS of 1007 MPa (146.1 ksi) and a stress-rupture life of 98.6 hours.
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Example 6

This Example was designed to assess whether the improved mechanical
properties that result from direct aging the 718Plus® nickel-base alloy diminish after
extended thermal exposure. In this Example, samples of 718PIus® nickel-base
alloy were either solution treated and aged or direct aged as described below and
then thermally exposed to 760°C (1400°F) for 100 hours. The high temperature
mechanical properties of the thermally exposed 718Plus® alloy samples were
compared to the high temperature mechanical properties of non-thermally exposed
718Plus® alloy samples. Small sized nickel-base alloy rolled bars, as described in
Table 1, were treated as follows. One half of the bars were solution treated at
954°C (1750°F) for 1 hour and then air cooled. All of the samples, both solution
treated and direct aged, were then aged by one of the following aging procedures:
(1) the alloy sample was aged at a temperature of 741°C (1365°F) for 8 hours,
furnace cooled at 55°C/hr (100°F/hr) to 621°C (1150°F), heated at 621°C (1150°F)
for 8 hours and then air cooled to room temperature, or (2) the alloy sample was
aged at a temperature of 788°C (1450°F) for 2 hours, fumace cooled at 55°C/hr
(100°F/hr) to 649°C (1200°F), heated at 649°C (1200°F) for 8 hours and then air
cooled to room temperature.

Tensile tests at 704°C (1300°F) were performed and the stress-rupture
life of the alloy samples was tested at 704°C (1300°F) and 552 MPa (80 ksi). The
effect of thermal exposure on the mechanical properties of both solution treated
and aged; and direct aged 718Plus® nickel-base alloys are presented in Table 6 —
Effect of Thermal Exposure on Mechanical Properties of Direct Aged Alloys.

As shown in Table 6, alloy samples treated to the direct aging processes
showed enhancement in the 704°C (1300°F) tensile strength and stress-rupture
life, as compared to alloy samples treated to the solution aging processes. Tensile
yield strength of the direct aged material increased after thermal exposure at 760°C
(1400°F) for 100 hours. For example, for direct aged alloy under direct aging
process (1), the 704°C (1300°F) yield strength was initially 1057 MPa (153.4 ksi)
and was 1082 MPa (157.0 ksi) after thermal exposure. For direct aged alloy under
direct aging process (2), the 704°C (1300°F) yield strength was initially 1072 MPa
(155.5 ksi) and was 1099 MPa (159.5 ksi) after thermal exposure. Stress rupture

results showed a slight decrease in life for aging treatment (1) and an increase for
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aging treatment (2). This data suggests that thermal stability of alloy 71 8Plus®
under direct aged processing is at least comparable to that of the alloy under

solution treatment and aging processing.
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Example 7

Enhancements in the mechanical properties of 718PIus® nickel-base
alloys from the direct aging processes of the various embodiments of the present
disclosure are also observed when the nickel-base alloys are cold worked at room
temperature prior to the direct aging process. This Example shows that room
temperature cold working when applied in addition to the working practices
discussed earlier can increase the strength of the 718Plus® alloy compared to
solution aging or direct aging alone.

In this Example, 718Plus® nickel-base alloy samples were worked with a
50% reduction in the finishing forging at 982°C-996°C (1800°F-1825°F). The alloy
samples were then solution treated and aged, direct aged, or room temperature
cold worked and direct aged. The solution treated and aged samples were solution
treated at 843°C (1550°F) for 8 hours then 954°C (1750°F) for 1 hour, and air
cooled. All of the samples (solution treated and aged; direct aged; and cold worked
and direct aged) were aged at 788°C (1450°F) for 2 hours, cooled at a rate of |
55°C/hr (100°F/hr) to 650°C (1200°F), maintained at 650°C (1200°F) for 8 hours
and then air cooled to room temperature.

The 704°C (1300°F) tensile mechanical properties of the alloy samples
were measured and the results tabulated in Table 7 — Effect of Cold Rolling + Direct
Aging on Tensile Property of Alloy 718Plus®. ,

As shown in Table 7, nickel-base alloy samples that were room
temperature cold worked prior to direct aging showed enhanced strengths at 704°C
(1300°F) as compared to both non-cold worked/direct aged and solution treated

and aged alloy samples.
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Although the foregoing description has necessarily presented a limited
number of embodiments of the invention, those of ordinary skill in the relevant art
will appreciate that various changes in the components, compositions, details,
materials, and process parameters of the examples that have been herein
described and illustrated in order to explain the nature of the invention may be
made by those skilled in the art, and all such modifications will remain within the
principle and scope of the invention as expressed herein and in the appended
claims. It will also be appreciated by those skilled in the art that changes could be
made to the embodiments described above without departing from the broad
inventive concept thereof. It is understood, therefore, that this invention is not
limited to the particular embodiments disclosed, but it is intended to cover
modifications that are within the principle and scope of the invention, as defined by

the claims.
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CLAIMS
We claim:
1. A method of processing a nickel-base alloy comprising, in percent by weight,
up to about 0.1% carbon, from about 12% to about 20% chromium, up to about 4%
molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to
about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about
2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
about 0.03% phosphorus, from about 0.003% to about 0.015% boron, and nickel;
wherein a sum of the weight percent of molybdenum and the weight percent of
tungsten is at least about 2% and not more than about 8%, and wherein a sum of
atomic percent aluminum and atomic percent titanium is from about 2% to about
6%, a ratio of atomic percent aluminum to atomic percent titanium is at least about
1.5, and the sum of atomic percent aluminum and atomic percent titanium divided
by atomic percent niobium is from about 0.8 to about 1.3, the method comprising:
working said nickel-base alloy into a desired shape; and
direct aging said nickel-base alloy.
2. The method of claim 1, wherein working said nickel-base alloy into a desired
shape comprises working said nickel-base alloy at a working temperature ranging
from 913°C to 1066°C.
3. The method of claim 2, wherein working said nickel-base alloy into a desired
shape comprises working said nickel-base alloy at a working temperature ranging
from 913°C to 1038°C; and wherein said nickel-base alloy has an increased yield
tensile strength compared to a comparable solutibn treated and aged nickel-base
alloy forged at the same temperature.
4, The method of claim 2, wherein working said nickel-base alloy into a desired
shape comprises working said nickel-base alloy at a working temperature ranging
from 982°C to 1066°C; and wherein said nickel-base alloy has an increased 704°C
rupture life compared to a comparable solution treated and aged nickel-base alloy
forged at the same temperature.
5. The method of claim 2, wherein: the method further comprises:
rapidly cooling said nickel-base alloy from the working temperature to
760°C; and

cooling said nickel-base alloy from 760°C to room temperature.
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6. The method of claim 5, wherein working comprises at least one of forging,
hot rolling, extruding, and swaging.
7. The method of claim 5, wherein working further comprises re-heating said
nickel-base alloy at a temperature ranging from 913°C to 1066°C prior to a final
reduction pass.
8. The method of claim 5, wherein rapidly cooling said nickel-base alloy
comprises cooling said alloy at a cooling rate of about 10°C/min to about
1667°C/min.
9. The method of claim 2, wherein working results in a final degree of
deformation of greater than 10%.
10. The method of claim 9, wherein the final degree of deformation ranges from
about 12% to about 67%.
11.  The method of claim 2, wherein working said nickel-base alloy into a desired
shape comprises room temperature cold working.
12.  The method of claim 11, wherein room temperature cold working comprises
at least one of cold rolling, cold drawing, forging, and swaging.
13.  The method of claim 1, wherein direct aging said nickel-base alloy
comprises:
heating said nickel-base alloy at a first direct aging temperature
ranging from 741°C to 802°C for a time of at least 2 hours;
cooling said nickel-base alloy from the first direct aging temperature to
a second direct aging temperature ranging from 621°C to 718°C;
heating said nickel-base alloy at the second direct aging temperature
for a time of at least 8 hours; and
cooling said nickel-base alloy from the second direct aging
temperature to room temperature.
14. The method of claim 13, wherein cooling said nickel-base alloy from the first
direct aging temperature to a second direct aging temperature comprises furnace
cooling said nickel-base alloy.
15. The method of claim 13, wherein cooling said nickel-base alloy from the first
direct aging temperature to a second direct aging temperature comprises cooling at
a cooling rate of about 44°C/hr to about 67°C/hr.
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16. The method of claim 1, wherein direct aging said nickel-base alloy
comprises:
heating said nickel-base alloy at a first direct aging temperature
ranging from 741°C to 802°C for a time of at least 2 hours;
cooling said nickel-base alloy from the first direct aging temperature to
room temperature and then re-heating said nickel-base alloy to a |
second direct aging temperature ranging from 621°C to 71 8°C;
heating said nickel-base alloy at the second direct aging temperature
for a time of at least 8 hours; and
cooling said nickel-base alloy from the second direct aging
temperature to room temperature.
17. A method of processing a nickel-base alloy comprising, in percent by weight,
up to about 0.1% carbon, from about 12% to about 20% chromium, up to about 4%
molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to
about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about
2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
about 0.03% phosphorus, from about 0.003% to about 0.015% boron, and nickel;
wherein a sum of the weight percent of molybdenum and the weight percent of
tungsten is at least about 2% and not more than about 8%, and wherein a sum of
atomic percent aluminum and atomic percent titanium is from about 2% to about
6%, a ratio of atomic percent aluminum to atomic percent titanium is at least about
1.5, and the sum of atomic percent aluminum and atomic percent titanium divided
by atomic percent niobium is from about 0.8 to about 1.3, the method comprising:
working said nickel-base alloy into a desired shape; and
direct aging said nickel-base alloy, wherein direct aging comprises:
heating said nickel-base alloy at a first direct aging temperature
ranging from 741°C to 802°C for a time of at least 2 hours;
cooling said nickel-base alloy from the first direct aging
temperature to a second direct aging temperature ranging from
621°C to 718°C;
heating said nickel-base alloy at the second direct aging

temperature for a time of at least 8 hours; and
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cooling said nickel-base alloy from the second direct aging
temperature to room temperature.
18. The method of claim 17, wherein cooling said nickel-base alloy from the first
direct aging temperature to the second direct aging temperature comprises cooling

said nickel-base alloy from the first direct aging temperature to room temperature

 and then reheating said nickel-base alloy to the second direct aging temperature.

19. The method of claim 17, wherein cooling said nickel-base alloy from the first
direct aging temperature to the second direct aging temperature comprises cooling
said nickel-base alloy at a cooling rate of about 44°C/hr to about 67°C/hr.

20. The method of claim 17, wherein working said nickel-base alloy comprises:
working said nickel-base alloy at a working temperature ranging
from 913°C to 1066°C, and wherein the method further
comprises:
rapidly cooling said nickel-base from the hot working
temperature to 760°C at a cooling rate of about 10°C/min to
about 1667°C/min; and
cooling said nickel-base alloy from 760°C to room temperature.

21.  The method of claim 20, wherein working said nickel-base alloy comprises

working said nickel-base alloy at a working temperature ranging from 913°C to

1038°C; and wherein said nickel-base alloy has an increased yield tensile strength
compared to a comparable solution treated and aged nickel-base alloy forged at
the same temperature. |

22. The method of claim 20, wherein working said nickel-base alloy comprises

working said nickel-base alloy at a working temperature ranging from 982°C to

1066°C; and wherein said nickel-base alloy has an increased 704°C rupture life
compared to a comparable solution treated and aged nickel-base alloy forged at
the same temperature.

23. The method of claim 20, wherein working said nickel-base alloy further

comprises re-heating said nickel-base alloy at a temperature ranging from 913°C to

1066°C prior to a final reduction pass.

24. The method of claim 20, wherein working said nickel-base alloy results in a

final degree of deformation of greater than 10%.
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25.  The method of claim 24, wherein the final degree of deformation ranges from
about 12% to about 67%.
26. The method of claim 20, wherein the working said nickel-base alloy
comprises room temperature cold working said nickel-base alloy.
27. A method of forming an article of manufacture comprising:
working a nickel-base alloy comprising, in percent by weight, up to about
0.1% carbon, from about 12% to about 20% chromium, up to about 4%
molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to
about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about
2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
about 0.03% phosphorus, from about 0.003% to about 0.015% boron, and nickel;
wherein a sum of the weight percent of molybdenum and the weight percent of
tungsten is at least about 2% and not more than about 8%, and wherein a sum of
atomic percent aluminum and atomic percent titanium is from about 2% to about
6%, a ratio of atomic percent aluminum to atomic percent titanium is at least about
1.5, and the sum of atomic percent aluminum and atomic percent titanium divided
by atomic percent niobium is from about 0.8 to about 1.3, into a desired shape; and
direct aging said nickel-base alloy, wherein direct aging comprises:
heating said nickel-base alloy at a first direct aging temperature
ranging from 741°Cto 802°C for a time of at least 2 hours;
cooling said nickel-base alloy from the first direct aging temperature to
a second direct aging temperature ranging from 621°C to 718°C;
heating said nickel-base alloy at the second direct aging temperature
for a time of at least 8 hours; and
cooling said nickel-base alloy from the second direct aging
temperature to room temperature.
28. The method of claim 27, wherein cooling said nickel-base alloy from the first
direct aging temperature to the second direct aging temperature comprises cooling
said nickel-base alloy to room temperature and then re-heating said nickel-base
alloy to the second direct aging temperature.
29. The method of claim 27, wherein working said nickel-base alloy comprises:
working said nickel-base alloy at a working temperature ranging from
913°C to 1066°C, and wherein the method further comprises:
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rapidly cooling said nickel-base from the working temperature

to 760°C at a cooling rate of about 10°C/min to about

1667°C/min; and

cooling said nickel-base alloy from 760°C to room temperature.
30. The method of claim 29, wherein working said nickel-base alloy comprises
working said nickel-base alloy at a working temperature ranging from 913°C to
1038°C; and wherein said nickel-base alloy has an increased yield tensile strength
compared to a comparable solution treated and aged nickel-base alloy forged at
the same temperature.
31. The method of claim 29, wherein working said nickel-base alloy comprises
working said nickel-base alloy at a working temperature ranging from 982°C to
1066°C; and wherein said nickel-base alloy has an increased 704°C rupture life
compared to a comparable solution treated and aged nickel-base alloy forged at
the same temperature.
32. The method of claim 27, wherein the article of manufacture is selected from
the group consisting of a turbine or compressor disk, a blade, a shaft, and a
fastener.
33. An article of manufacture made by the process comprising:

working a nickel-base alloy comprising in percent by weight, up to about
0.1% carbon, from about 12% to about 20% chromium, up to about 4%
molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to
about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about
2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
about 0.03% phosphorus, from about 0.003% to about 0.015% boron, and nickel;
wherein a sum of the weight percent of molybdenum and the weight percent of
tungsten is at least about 2% and not more than about 8%, and wherein a sum of
atomic percent aluminum and atomic percent titanium is from about 2% to about
6%, a ratio of atomic percent aluminum to atomic percent titanium is at least about
1.5, and the sum of atomic percent aluminum and atomic percent titanium divided
by atomic percent niobium is from about 0.8 to about 1.3, into a desired shape; and
direct aging said nickel-base alloy, wherein direct aging comprises:
heating said nickel-base alloy at a first direct aging temperature

ranging from 741°C to 802°C for a time of at least 2 hours;
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cooling said nickel-base alloy from the first direct aging temperature to
a second direct aging temperature ranging from 621°C to 718°C;
heating said nickel-base alloy at the second direct aging temperature
for a time of at least 8 hours; and

cooling said nickel-base alloy from the second direct aging
temperature to room temperature.

34. The article of claim 33, wherein cooling said nickel-base alloy from the first

direct aging temperature to the second direct aging temperature comprises cooling

said nickel-base alloy to room temperature and then re-heating said nickel-base
article to the second direct aging temperature.

35. The article of claim 33, wherein working said nickel-base alloy comprises:
working said nickel-base alloy at a working temperature ranging from
913°C to 1066°C, and wherein the method further comprises:

rapidly cooling said nickel-base from the working temperature
to 760°C at a cooling rate of about 10°C/min to about
1667°C/min; and

cooling said nickel-base alloy from 760°C to room temperature.

36. The article of claim 35, wherein working said nickel-base alloy comprises

working said nickel-base alloy at a working temperature ranging from 913°C to

1038°C; and wherein said article has an increased yield tensile strength compared
to a comparable solution treated and aged article forged at the same temperature.

37. The article of claim 35, wherein working said nickel-base alloy comprises

working said nickel-base alloy at a working temperature ranging from 882°C to

1066°C; and wherein said article has an increased 704°C rupture life compared to

a comparable solution treated and aged article forged at the same temperature.

38. The article of claim 33, wherein the article of manufacture is selected from

the group consisting of a turbine or compressor disk, a blade, a shaft, and a

fastener.

39. Adirect aged nickel-base alloy comprising in percent by weight, up to about

0.1 % carbon, from about 12% to about 20% chromium, up to about 4 %

molybdenum, up to about 6% tungsten, from about 5% to about 12% cobalt, up to

about 14% iron, from about 4% to about 8% niobium, from about 0.6% to about

2.6% aluminum, from about 0.4% to about 1.4% titanium, from about 0.003% to
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about 0.03% phosphorus, from about 0.003% to about 0.015% boron, and nickel;
wherein a sum of the weight percent of molybdenum and the weight percent of
tungsten is at least about 2% and not more than about 8%, and wherein a sum of
atomic percent aluminum and atomic percent titanium is from about 2% to about
6%, a ratio of atomic percent aluminum to atomic percent titanium is at least about
1.5, and the sum of atomic percent aluminum and atomic percent titanium divided
by atomic percent niobium is from about 0.8 to about 1.3, wherein the direct aged
nickel-base alloy is made by the process comprising:
working said nickel-base alloy into a desired shape, wherein working
comprises: working said nickel-base alloy at a working
temperature ranging from 913°C to 1066°C;
rapidly cooling said nickel-base from the working temperature
to 760°C at a cooling rate of about 10°C/min to about
1667°C/min; and
cooling said nickel-base alloy from 760°C to room temperature;
and
direct aging said nickel-base alloy, wherein direct aging comprises:
heating said nickel-base alloy at a first direct aging temperature
ranging from 741°C to 802°C for a time of at least 2 hours;
cooling said nickel-base alloy from the first direct aging
temperature to a second direct aging temperature ranging from
621°C to 718°C;
heating said nickel-base alloy at the second direct aging
temperature for a time of at least 8 hours; and
cooling said nickel-base alloy from the second direct aging
temperature to room temperatﬁre.
40. The direct aged nickel-base alloy of claim 39, wherein working said nickel-
base alloy comprises working said nickel-base alloy at a working temperature
ranging from 913°C to 1038°C; and wherein said direct aged nickel-base alloy has
an increased yield tensile strength compared to a comparable solution treated and
aged nickel-base alloy forged at the same temperature.
41. The direct aged nickel-base alloy of claim 39, wherein working said nickel-

base alloy comprises working said nickel-base alloy at a working temperature
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ranging from 982°C to 1066°C; and wherein said direct aged nickel-base alloy has
an increased 704°C rupture life compared to a comparable solution treated and

aged nickel-base alloy forged at the same temperature.
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