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FIG. 1

can include a combination of Ti and Zr in a total weight amount sufficient to
form cellular precipitates (30) located at grain boundaries (32) of the alloy,
wherein the cellular precipitates (30) define gamma prime arms (42) that dis-
tort the grain boundaries (32) at which they are located. The Hf-containing,
gamma prime nickel-based superalloy and/or the gamma prime nickel-based
superalloy can include cellular precipitates (30) that are predominantly loc-
ated at grain boundaries (32) of the alloy such that the cellular precipitates
(30) define gamma prime arms (42) that distort the grain boundaries (32) at
which they are located. The superalloys can further include finer gamma
prime precipitates (e.g., cuboidal or spherical precipitates) than the cellular
precipitates (30).
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ENHANCED SUPERALLOYS BY ZIRCONIUM ADDITION

FIELD OF THE INVENTION
[0001] The present invention generally relates to nickel-base alloy compositions, and more
particularly to nickcl-basc supcralloys suitable for componcnts, for cxample, turbine disks of gas
turbine engines that require a polycrystalline microstructure and a combination of disparate

properties such as creep resistance, tensile strength, and high temperature dwell capability.

BACKGROUND OF THE INVENTION
[0002] The turbine section of a gas turbine engine is located downstream of a combustor section
and contains a rotor shaft and one or more turbine stages, each having a turbine disk (rotor) mounted
or otherwise carried by the shaft and turbine blades mounted to and radially extending from the
periphery of the disk. Components within the combustor and turbine sections are often formed of
superalloy materials in order to achieve acceptable mechanical properties while at elevated
temperatures resulting from the hot combustion gases. Higher compressor exit temperatures in
modern high pressure ratio gas turbine engines can also necessitate the use of high performance
nickel superalloys for compressor disks, blisks, and other components. Suitable alloy compositions
and microstructurcs for a given component arc dependent on the particular tempcraturcs, stresscs,
and other conditions to which the component is subjected. For example, airfoil components such as
blades and vanes are often formed of equiaxed, directionally solidified (DS), or single crystal (SX)
superalloys, whereas turbine disks are typically formed of superalloys that must undergo carefully
controlled forging, heat treatments, and surface treatments such as peening to produce a
polycrystalline microstructure having a controlled grain structure and desirable mechanical
properties.
[0003] Turbine disks are often formed of gamma prime (y') precipitation-strengthened nickel-
base superalloys (hereinafter, gamma prime nickel-base superalloys) containing chromium, tungsten,
molybdenum, rhenium and/or cobalt as principal elements that combine with nickel to form the
gamma (y) matrix, and contain aluminum, titanium, tantalum, niobium, and/or vanadium as principal
elements that combine with nickel to form the desirable gamma prime precipitate strengthening
phase, principally Nis(A1,Ti). Gamma prime precipitates are typically spheroidal or cuboidal, though
a ccllular form may also occur. Howcver, as reported in U.S. Pat. No. 7,740,724, ccllular gamma
prime is typically considered undesirable due to its detrimental effect on creep-rupture life.
Particularly notable gamma prime nickel-base superalloys include Rene 88DT (R&8DT; U.S. Pat.
No. 4,957,567) and Rene 104 (R104; U.S. Pat. No. 6,521,175), as well as certain nickel-base

1
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superalloys commercially available under the trademarks Inconel®, Nimonic®, and Udimet®.
R88DT has a composition of, by weight, about 15.0-17.0% chromium, about 12.0-14.0% cobalt,
about 3.5-4.5% molybdenum, about 3.5-4.5% tungsten, about 1.5-2.5% aluminum, about 3.2-4.2%
titanium, about 0.5.0-1.0% niobium, about 0.010-0.060% carbon, about 0.010-0.060% zirconium,
about 0.010-0.040% boron, about 0.0-0.3% hafnium, about 0.0-0.01 vanadium, and about 0.0-0.01
yttrium, the balance nickel and incidental impurities. R104 has a composition of, by weight, about
16.0-22.4% cobalt, about 6.6-14.3% chromium, about 2.6-4.8% aluminum, about 2.4-4.6% titanium,
about 1.4-3.5% tantalum, about 0.9-3.0% niobium, about 1.9-4.0% tungsten, about 1.9-3.9%
molybdenum, about 0.0-2.5% rhenium, about 0.02-0.10% carbon, about 0.02-0.10% boron, about
0.03-0.10% zirconium, the balance nickel and incidental impurities.

[0004] Disks and other critical gas turbine engine components are often forged from billets
produced by powder metallurgy (P/M), conventional cast and wrought processing, and spraycast or
nucleated casting forming techniques. While any suitable method may be used, gamma prime nickel-
base superalloys formed by powder metallurgy are particularly capable of providing a good balance
of creep, tensile, and fatigue crack growth properties to meet the performance requirements of
turbine disks and certain other gas turbine engine components. In a typical powder metallurgy
process, a powder of the desired superalloy undergoes consolidation, such as by hot isostatic pressing
(HIP) and/or extrusion consolidation. The resulting billet is then isothermally forged at temperatures
slightly below the gamma prime solvus temperature of the alloy to approach superplastic forming
conditions, which allows the filling of the dic cavity through thc accumulation of high gcomctric
strains without the accumulation of significant metallurgical strains. These processing steps are
designed to retain the fine grain size originally within the billet (for example, ASTM 10 to 13 or
finer), achieve high plasticity to fill near-net-shape forging dies, avoid fracture during forging, and
maintain rclatively low forging and dic stresscs. In order to improve fatiguc crack growth resistance
and mechanical properties at elevated temperatures, these alloys are then often heat treated above
their gamma prime solvus temperature (generally referred to as a solution heat treatment or
supersolvus heat treatment) to solution precipitates and cause significant, uniform coarsening of the
grains.

[0005] In many gamma prime nickel-based superalloys, hafhium (Hf) is included within a
specified range of the superalloy composition as a strengthening element. For example, the gamma
prime nickel-based superalloy described in U.S. Patent No. 8,613,810 of Mourer, et al. includes 0.05
wt% to 0.6 wt% hafnium. It is believed that higher Hf levels tend to promote fan gamma prime at
grain boundaries creating a desirable interlocking grain structure. Even with these benefits of

hafnium within the superalloy composition, the relatively high cost of hafnium restricts is use in
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many applications. Additionally, hafnium is rcactive with certain crucible matcrials, which further
limits its use.

[0006] Also in many gamma prime nickel-based superalloys, zirconium (Zr) is included within a
specified range of the superalloy composition, as it is attributed the high temperature property
variability. In particular, it is commonly belicved that adding B and Zr togcther (at about 0.01%
cach) provides even better rupture, ductility and workability. However, the use of zirconium (Zr) in
gamma prime nickel-based superalloys has been limited because Zr has earned the reputation as a
"bad actor” in the field of gas turbine components. Primarily, Zr has been associated with increased
porosity, especially in integral wheel castings, and hot tearing. Higher Zr is also believed to lower
the incipient melting temperature and increase the eutectic constituent in castings or ingots. Use of

powder metallurgy processing alleviates these porosity and eutectic concerns.

BRIEF DESCRIPTION OF THE INVENTION
[0007] Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be learned through practice of the
invention.
[0008] A Hf-containing, gamma prime nickel-based superalloy is generally provided, along with
its mcthods of manufacture. In onc cmbodiment, the Hf-containing, gamma prime nickel-bascd
superalloy includes: about 10 wt% to about 22 wt% cobalt; about 9 wt% to about 14 wt% chromium;
0 wt% to about 10 wt% tantalum; about 2 wt% to about 6 wt% aluminum; about 2 wt% to about 6
wit% titanium; about 1.5 wt% to about 6 wt% tungsten; about 1.5 wt% to about 5.5 wt%
molybdenum; 0 wt% to about 3.5 wt% niobium; about 0.01 wt% to about 1.0 wt% hafnium; about
0.02 wt% to about 0.1 wt% carbon; about 0.01 wt% to about 0.4 wt% boron; about 0.15 wt% to
about 1.3 wt% zirconium; and the balance nickel and impurities. In a particular embodiment, the
total amount of hafnium and zirconium in the gamma prime nickel-based superalloy is about 0.3
wt% to about 1.5 wt%.
[0009] A gamma prime nickel-based superalloy is also generally provided, along with its
methods of manufacture. In one embodiment, the gamma prime nickel-based superalloy includes: 0
wt% to about 21 wt% cobalt; about 10 wt% to about 30 wt% chromium; 0 wt% to about 4 wt%
tantalum; 0.1 wt% to about 5 wt% aluminum; 0.1 wt% to about 10 wt% titanium; 0 wt% to about 14
wt% tungsten; 0 wt% to about 15 wt% molybdenum; 0 wt% to about 40 wt% iron; 0 wt% to about 1
wt% manganese; 0 wt% to about 1 wt% silicon; 0 wt% to about 5 wt% niobium; 0 wt% to about 0.01
wt% hafhium; 0 wt% to about 0.35 wt% carbon; 0 wt% to about 0.35 wt% boron; about 0.25 wt% to

about 1.3 wt% zirconium; and the balance nickel and impurities, wherein the gamma prime nickel-
2 2
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bascd supcralloy includes at Icast 4 wt% of a combincd amount of aluminum and titanium, and
wherein the gamma prime nickel-based superalloy includes tungsten, niobium, or a mixture thereof.
In certain embodiment, the gamma prime nickel-based superalloy includes 0 wt% to about 0.008
wt% hafnium, and may be free from hafnium.

[0010] A gamma prime nickel-bascd supcralloy is also provided, which includcs a combination
of Tiand Zr in a total weight amount sufficient to form cellular precipitates located at grain
boundaries of the alloy, wherein the cellular precipitates define gamma prime arms that distort the
grain boundaries at which they are located.

[0011] The Hf-containing, gamma prime nickel-based superalloy and/or the gamma prime
nickel-based superalloy according to any embodiment disclosed herein includes, in certain
embodiments, cellular precipitates that are predominantly located at grain boundaries of the alloy
such that the cellular precipitates define gamma prime arms that distort the grain boundaries at which
they are located. The superalloys can further include finer gamma prime precipitates (e.g., cuboidal
or spherical precipitates) than the cellular precipitates. For example, the alloy can contain about 5 to
about 12 volume percent of the cellular precipitates and/or about 43 to about 50 volume percent of
the finer gamma prime precipitates.

[0012] A rotating component (e.g., a turbine disk or a compressor disk) of a gas turbine engine is
also provided, with the rotating component being formed of the Hf-containing, gamma prime nickel-
based superalloy and/or the gamma prime nickel-based superalloy according to any embodiment
disclosed herein.

[0013] These and other features, aspects and advantages of the present invention will become
better understood with reference to the following description and appended claims. The
accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and, together with the description, serve to explain the

principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] The subject matter which is regarded as the invention is particularly pointed out and
distinctly claimed in the concluding part of the specification. The invention, however, may be best
understood by reference to the following description taken in conjunction with the accompanying
drawing figurcs in which:
[0015] Fig. 1 is a perspective view of an exemplary turbine disk of a type used in gas turbine

engines according to an embodiment of the invention;
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[0016] Fig. 2 schematically represents a cross-sectional view of a corrosion and oxidation-
resistant coating on a superalloy substrate according to an embodiment of the invention;
[0017] Fig. 3 is a schematic representation of a cellular gamma prime precipitate of a superalloy

composition.

DETAILED DESCRIPTION OF THE INVENTION
[0018] Chemical elements are discussed in the present disclosure using their common chemical
abbreviation, such as commonly found on a periodic table of elements. For example, hydrogen is
represented by its common chemical abbreviation H; helium is represented by its common chemical
abbreviation He; and so forth.
[0019]  Reference now will be made in detail to cmbodiments of the invention, one or more
examples of which are illustrated in the drawings. Each example is provided by way of explanation
of the invention, not limitation of the invention. In fact, it will be apparent to those skilled in the art
that various modifications and variations can be made in the present invention without departing
from the scope of the invention. For instance, features illustrated or described as part of one
embodiment can be used with another embodiment to yield a still further embodiment. Thus, it is
intended that the present invention covers such modifications and variations as come within the
scope of the appended claims and their equivalents.
[0020] Gamma prime nickel-base superalloys are generally provided that are particularly suitable
for components produced by a hot working (e.g., forging) operation to have a polycrystalline
microstructure. A particular example of such a component is represented in FIG. 1 as a high pressure
turbine disk 10 for a gas turbine engine. The invention will be discussed in reference to processing of
the disk 10, though those skilled in the art will appreciate that the teachings and benefits of this
invention are also applicable to compressor disks and blisks of gas turbine engines, as well as other
components that are subjected to stresses at high temperatures and therefore require a high
temperature superalloy.
[0021] The disk 10 represented in FIG. 1 generally includes an outer rim 12, a central hub or
bore 14, and a web 16 between the rim 12 and bore 14. The rim 12 is configured for the attachment
of turbine blades (not shown) by including dovetail slots 13 along the disk outer periphery into which
the turbine blades are inserted. A bore hole 18 in the form of a through-hole is centrally located in
the bore 14 for mounting the disk 10 on a shaft, and therefore the axis of the bore hole 18 coincides
with the axis of rotation of the disk 10. The disk 10 is a unitary forging and representative of turbine
disks used in aircraft engines, including but not limited to high-bypass gas turbine engines, such as

those manufactured by the General Electric Company.
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[0022] Disks of the typce represented in FIG. 1 arc typically produccd by isothcrmally forging a
fine-grained billet formed by powder metallurgy (PM), a cast and wrought processing, or a spraycast
or nucleated casting type technique. In a particular embodiment utilizing a powder metallurgy
process, the billet can be formed by consolidating a superalloy powder, such as by hot isostatic
pressing (HIP) or extrusion consolidation. The billet is typically forged undcr supcrplastic forming
conditions at a temperature at or near the recrystallization temperature of the alloy but less than the
gamma prime solvus temperature of the alloy. After forging, a supersolvus (solution) heat treatment
is performed, during which grain growth occurs. The supersolvus heat treatment is performed at a
temperature above the gamma prime solvus temperature (but below the incipient melting
temperature) of the superalloy to recrystallize the worked grain structure and dissolve (solution) the
gamma prime precipitates (principally (Ni, Co);(Al,T1)) in the superalloy. Following the supersolvus
heat treatment, the component is cooled at an appropriate rate to re-precipitate gamma prime within
the gamma matrix or at grain boundaries, so as to achieve the particular mechanical properties
desired. The component may also undergo aging using known techniques.

[0023] Because the bore 14 and web 16 of the turbine disk 10 have lower operating temperatures
than the rim 12, different properties are needed in the rim 12 and bore 14, in which case different
microstructures may also be optimal for the rim 12 and bore 14. Typically, a relatively fine grain size
is optimal for the bore 14 and web 16 to promote tensile strength, burst strength, and resistance to
low cycle fatigue (LCF), while a coarser grain gize is more optimal in the rim 12 to promote creep,
stress-rupture, and dwell LCF, and dwell fatigue crack growth resistance at high temperatures. Also,
grain boundary character becomes more important as operating temperatures increase and grain
boundary failure modes become the limiting behaviors. This trend toward grain boundary-driven
behavior being the limiting factor has led to the use of supersolvus coarse grain processing, in part,
to provide a more tortuous grain boundary failure path that promotes improvements in high
temperature behavior. Thus grain boundary factors, including the degree to which grain boundaries
are serrated to increase the tortuosity of potential grain boundary failure paths, are even more
important in a disk rim.

[0024] As discussed previously, higher operating temperatures associated with more advanced
engines have placed greater demands on turbine disks, and particularly on the creep and dwell crack
growth characteristics of turbine disk rims. While dwell fatigue crack growth resistance within the
rim 12 can be improved by avoiding cxcessively high cooling rates or reducing the cooling ratce or
quench following the solution heat treatment, such improvements are typically obtained at the
expense of creep properties within the rim 12. Furthermore, because the disk rim 12 is typically

thinner with a reduced cross-section, specific attention must be given to maintain a lower cooling
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ratc, which adds complexity to the disk hcat trecatment schedule and any cooling ratc procedurcs,
fixturing or apparatus.

[0025] Generally, the gamma prime nickel-based superalloy is processed, including a solution
heat treatment and quench, to have a microstructure that contains cellular precipitates of gamma
prime. A cellular precipitate 30 is schematically represented in FIG. 3. In FIG. 3, the ccllular
precipitate is represented as having a fan-like structure comprising multiple arms radiating from a
common and much smaller origin. In particular embodiments, the cellular precipitate is surrounded
by considerably smaller (finer) gamma prime precipitates, which are interspersed between the larger
arms of the cellular precipitate as well as generally dispersed throughout the grain interior.
Compared to the cellular precipitate, the smaller gamma prime precipitates are more discrete and
typically cuboidal or spherical, generally of the type, shape and size typically found in gamma-prime
precipitation-strengthened nickel-base superalloys. The volume fraction of the smaller gamma prime
precipitates is greater than that of the cellular precipitates, and typically in a range of about 43 to
about 50 volume percent.

[0026] The term "cellular” is used herein in a manner consistent within the art, namely, to refer
to a colony of the gamma prime phase that grows out towards a grain boundary in a manner that
causes the phase to have the appearance of an organic cell. More particularly, growth of cellular
precipitates of gamma primce is the result of a solid-state transformation in which the precipitates
nucleate and grow as aligned colonies towards a grain boundary. While not wishing to be bound by
any theory, it is surmised that during the post-solutioning quench, the supersaturated gamma matrix
heterogeneously nucleates gamma prime, which grows in the fan structure morphology towards the
grain boundary and distorts the grain boundary from its preferred low-energy minimum-curvature
path.

[0027] The cellular precipitate 30 represented in FIG. 3 is shown as located at a boundary 32
between two grains 34 of the polycrystalline microstructure of the superalloy. The precipitate 30 has
a base portion 36 and a fan-shaped portion 38 that extends from a central location or locus point 40
in a direction away from a general origin locus, which may include a base portion 36. Notably, the
fan-shaped portion 38 is much larger than the base portion 36 (if present). Furthermore, the fan-
shaped portion 38 has multiple lobes or arms 42 that are large and well defined, resulting in the fan-
shaped portion 38 having a convoluted border 44. While the arms 42 impart a fan-like appearance to
the precipitate 30 when obscrved in two dimensions, the arms 42 confer a morc cauliflower-type
morphology when observed in their full three-dimensional nature.

[0028] FIG. 3 represents the arms 42 of the fan-shaped portion 38 as extending toward the local

grain boundary 32 and distorting its preferred natural path, which is normally a low-energy
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minimum-curvaturc path. In the presence of a sufficicnt volume fraction of ccllular precipitates
represented in FIG. 3, for example, at least 5 volume percent such as about 5 to about 12 volume
percent, the grain boundaries of the superalloy tend to have a serrated, convoluted or otherwise
irregular shape, which in turn creates a tortuous grain boundary fracture path that is believed to
promotc the fatiguc crack growth resistance of the supcralloy. Whilc not wishing to be bound by any
particular theory, it is believed that the fan-shaped portions of the cellular gamma prime precipitates
appear to be preferentially oriented towards the grain boundaries of the superalloy, and the broad fan
regions are typically observed to intersect or coincide with the grain boundaries. The apparent
growth of the fan-shaped portions is noted to distort the grain boundaries to the extent that the grain
boundaries have a very irregular shape, frequently outlining the fan-shaped portions and creating a
morphology that exhibits a degree of grain interlocking. Certain grain boundaries have been
observed to have a morphology approaching a ball-and-socket arrangement, attesting to the high
degree of grain boundary serration or tortuosity caused by the fan-shaped portions.

[0029] The gamma prime nickel-based superalloy forms, in particular embodiments, serrated or
tortuous grain boundaries, promoted by the fan-shaped cellular precipitates of the type shown in FIG.
3, through the application of a solution heat treatment that solutions all gamma prime precipitates,
followed by a cool down or quench at a rate that can be readily attained with conventional heat
trcatment cquipment. Preferred solution heat trcatments also do not require a complex heat trcatment
schedule, such as slow and controlled initial cooling rates and high temperature holds below the
gamma prime solvus temperature, as has been previously required to promote serration formation.
Furthermore, the serrated and tortuous grain boundaries produced in the superalloy using preferred
heat treatments have been observed to have greater amplitude and a higher degree of apparent
interlocking than has been produced by simple growth of gamma prime precipitates local to grain
boundaries.

[0030] A particular example of a heat treatment follows the production of an article from the
superalloy using a suitable forging (hot working) process. The superalloy forging is supersolvus
solutioned at a temperature of about 2100 °F to 2175 °F (about 1150 °C to about 1190 °C) or higher,
after which the entire forging can be cooled at a rate of about 50 to about 300 °F/minute (about 30 to
about 170 °C/minute), more preferably at a rate of about 100 to about 200 °F/minute (about 55 to
about 110 °C/minute). Cooling is performed directly from the supersolvus temperature to a
temperaturce of about 1600 °F (about 870 °C.) or Icss. Conscquently, it is unncccssary to perform hcat
treatments that involve multiple different cool rates, high temperature holds, and/or slower quenches

to promote the grain boundaries to have a serrated, convoluted or otherwise irregular shape, which in
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turn crcates a tortuous grain boundary fracturc path that is belicved to promote the fatigue crack
growth resistance of the superalloys.

[0031]  Nickel-based superalloy is strengthened primarily by the NisAl ' phase in the matrix. The
Ni-Al phase diagram indicates that the Ni3;Al phase has a broad range of potential chemical
compositions. The broad range of chcmical compositions implics that significant alloying of gamma
prime is feasible. The Ni site in gamma prime is primarily occupied by Ni but the “Ni site” may in
fact contain appreciable Co content. Focusing on the “Al site” location, Al atom replacement is
possible by such atoms as Si, Ge, Ti, V, Hf, Zr, Mo, W, Ta, or Nb. A major factor in gamma prime
alloying is the relative size/diameter of the element and its impact on distorting the gamma prime
lattice and increasing the coherency strains. While they are potentially useful additions Si, Ge and V
have factors which reduce their desirability for gamma prime alloying. Molybdenum and tungsten
have limited solubility for X in NisX, and their effect on the mismatch due to change in the lattice
parameter of Ni3X would not be appreciable. Focusing on gamma prime alloying by Ti, Hf, Zr, Ta,
or Nb, their increasing effectiveness based solely on increasing diameter and increasing refractory
nature re-orders them Ti, Nb/Ta and Zr/Hf (most desirable).

[0032] As such, Hf and Zr are highly effective strengthening elements in gamma prime nickel-
based superalloys (e.g., NizAl), because of the relatively large size of the atoms along with the
difference between the valence of these atoms, the APB cnergy, and the cnergy associated with
cross-slip on the (100) face. It is believed that both Hf and Zr increase the CRSS (critical resolved
shear stress) on the (100) face and only weakly affect the (111) face. Thus, the temperature of
transfer of slip systems is increased. Additionally, both Hf and Zr reduce the APB energy, increasing
the rate of the cross-slip from {111} to {100} associated with super-dislocation. Additionally, it is
presently believed that higher Hf levels tend to promote fan gamma prime at grain boundaries
creating a desirable interlocking grain structure, such as shown in Fig. 3, and it is believed that the
Ti/Zr/Hf levels and relative amounts are critical factors in fan gamma prime formation.

[0033] Based on its position in the periodic table including its atomic diameter, Zr is believed to
provide similar effects as Hf on enhancing fan gamma prime at grain boundaries with improvements
in high temperature behavior consistent with a highly tortuous grain boundary path and interlocking
grain structures. The use of Zr instead of Hf has potential advantages in both cost and inclusion
content. Additionally, Zr tends to fill lattice discontinuities at interface boundaries or grain
boundarics, incrcasing the structural regularity and the strength of bonds between the angulated
lattices. This interface segregation and vacancy filling would also serve to reduce or impede grain
boundary diffusion of such species such as oxygen and sulfur, major factors in high temperature

behavior. Thus, enhanced Zr levels may further enrich at grain boundaries and boride/matrix
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interfaccs, and become solid solution in the MC carbide and matrix, possibly changing the primary
MC carbide and influencing the gamma prime morphology as well.

[0034] Thus, the addition of Zr may fill grain boundary vacancies resulting in improvement of
the grain boundary structure by reducing vacancy density and increasing bond strength between the
GBs. A genceral mechanism is that odd-size atoms (~20-30% oversize or undersize) scgregate at grain
boundaries, filling vacancies and reducing grain boundary diffusion. When Zr concentrates at the
grain boundary and fills grain boundary micro-cavities, this reduces grain boundary stress
concentrations, retarding crack initiation and propagation, and increasing the rupture life and
clongation. Additionally, zirconium has been found to form ZrsC,S,, significantly reducing the
amount of elemental sulfur at the grain boundaries and retarding the generation of grain boundary
cracking. These tendencies promote the accommodation of stress improving ductility and retarding
the initiation and propagation of cracks, increasing the high temperature strength and dwell
resistance of the alloy.

[0035] Notwithstanding the benefits of Zr, Zr has been used at the 0.05 wt. % nominal levels in
wrought superalloys, with some alloys at up to 0.10 wt. %. However, higher Zr enrichment levels
(e.g., about 0.15 wt% to about 1.3 wt%, such as 0.2 wt% to about 0.4 wt%) have the potential for
further improvements, particularly as a replacement for Hf or augmenting a Hf addition.

[0036] Sincc it is belicved that that the T1/Zi/Hf Ievels and relative amounts arc critical factors in
fan gamma prime formation, the following discussion is directed to two types of gamma prime
nickel-based superalloys: (1) Hf-containing gamma prime nickel-based superalloys and (2) gamma
prime nickel-based superalloys free from Hf or containing no more than a nominal amount of Hf
(e.g., up to 0.01 wt%).

[0037] In one embodiment, Hf-containing, gamma prime nickel-based superalloys are generally
provided that comprise: about 10 wt% to about 25 wt% cobalt (e.g., about 17 wt% to about 21 wt%
cobalt); about 9 wt% to about 14 wt% chromium (e.g., about 10.5 wt% to about 13 wt% chromium);
0 wt% to about 10 wt% tantalum (e.g., about 4.6 wt% to about 5.6 wt% tantalum); about 2 wt% to
about 6 wt% aluminum (c.g., about 2.6 wt% to about 3.8 wt% aluminum); about 2 wt% to about 6
wt% titanium (e.g., about 2.5 wt% to about 3.7 wt% titanium); about 1.5 wt% to about 6 wt%
tungsten (e.g., about 2.5 wt% to about 4.5 wt% tungsten); about 1.5 wt% to about 5.5 wt%
molybdenum (e.g., about 2 wt% to about 5 wt% molybdenum); 0 wt% to about 3.5 wt% niobium
(c.g., about 1.3 wt% to about 3.2 wt% niobium); about 0.01 wt% to about 1.0 wt% hafnium (c.g.,
about 0.3 wt% to about 0.8 wt% hafnium); about 0.02 wt% to about 0.1 wt% carbon (e.g., about 0.03
wt% to about 0.08 wt% carbon); about 0.01 wt% to about 0.4 wt% boron (e.g., about 0.02 wt% to
about 0.04 wt% boron); about 0.15 wt% to about 1.3 wt% zirconium (e.g., about 0.25 wt% to about

10



WO 2016/053489

CA 02957786 2017-02-09

PCT/US2015/045547

1.0 wt% zirconium, such as about 0.25 wt% to about 0.55 wt%); and thc balance nickcel and

impurities.

[0038] The compositional ranges set forth above are summarized in Table 1 below, which are

expressed in weight percent (wt%):

Tablc 1
Component Broad (wt%) Preferred (wt%) Exemplary (wt%)

Co 10.0 - 25.0 17.0-21.0 20.0
Cr 9.0 - 14.0 10.5-13.0 11.0
Ta up to 10.0 4.6-5.6 5.0
Al 2.0-6.0 26-3.8 3.2
Ti 2.0-6.0 25-37 2.7
W 1.5-6.0 2.5-45 4.3
Mo 1.5-5.5 2.0-5.0 2.5
Nb up to 3.5 13-32 2.0
Hf 0.01-1.0 0.3-0.8 0.5

C 0.02-0.10 0.03 - 0.08 0.058
B 0.01-0.4 0.02 - 0.04 0.03
Zr 0.15-1.3 0.25-0.55 0.25
Ni Balance Balance Balance

[0039] The titanium:aluminum weight ratio of the alloy specified in Table 1 is believed to be

important on the basis that higher titanium levels are generally beneficial for most mechanical

properties, though higher aluminum levels promote alloy stability necessary for use at high

temperatures. The molybdenum:molybdenum+tungsten weight ratio is also believed to be important,
as this ratio indicates the refractory content for high temperature response and balances the refractory
content of the gamma and the gamma prime phases. In addition, the amounts of titanium, tantalum
and chromium (along with the other refractory elements) are balanced to avoid the formation of
embrittling phases such as sigma phase or eta phase or other topologically close packed (TCP)
phases, which are undesirable and in large amounts will reduce alloy capability. Aside from the
clements listed in Table 1, it is believed that minor amounts of other alloying constituents could be
present without resulting in undesirable properties. Such constituents and their amounts (by weight)
include up to 2.5% rhenium, up to 2% vanadium, up to 2% iron, and/or up to 0.1% magnesium.
[0040] According to a preferred aspect of the invention, the superalloy described in Table 1
provides the potential for balanced improvements in high temperature dwell propettics, including
improvements in both creep and fatigue crack growth resistance at elevated temperatures, while
limiting the negatives associated with the use of Hf.

[0041] While discussed above in Table 1 with respect to one particular gamma prime nickel-
based superalloy, the substitution of Zr for Hf can be utilized in any gamma prime nickel-based

superalloy that contains Hf. In this embodiment, both hafnium and zirconium are present in the
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gamma primc nickcl-bascd supcralloy, with the total amount of hathium and zirconium (Hf + Zr)
being about 0.3 wt% to about 1.5 wt%. For example, in such an embodiment, the amount of
zirconium can be at least about 0.25 wt% of the gamma prime nickel-based superalloy (e.g., about
0.25 wt% to about 1.0 wt% zirconium, such as about 0.25 wt% to about 0.55 wt%), with at least
somc amount of hafnium prcsent (c.g., about 0.01 wt% to about 1.0 wt%).

[0042] Referring to Table 2, the compositions of several commercially available, Hf-containing

gamma prime nickel-based superalloys are given, which are expressed in weight percent (wt%):

Table 2

AlloyName | Ni Al LT Ta o L ¢Co Mo I W Nb c B W

AF115LC © 55380 3.8 | 3.9 0 105 i 15 28 1 59 1.8 0.5 0.02 005 i 08
...... AFLIS | 54080 38 : 39 : 0 . 105 f 15 28 [ 59 i 18 . 0I5 | 002 . 005 i 2

. EP74INP | 58610 5.1 1.8 0 9 15.8 39 5.5 0 0.04 | <0.015 . <0.015 i 0.25
Mel7e G 54755 5 43 0. ;.14 185 32 . (S S S 0025 : 002 . 0....04

NR3(Onera) 60.681 3.65 : 5.5 0 14.65 33 0 0 0028 i 0013 @ 0052 : 033
..... RR1000 : 54850 3 . 38 . 175 . 1475 i 165 475 : 0 . 0 . 00225 0O0l§ : 006 : 05

SR3 | 60525 26 49 0 12 5.1 0 16 003 | 0.015 0.03 0.2

[0043] As stated, the concentration of Zr in each of these Hf-containing gamma prime nickel-
based superalloys can be increased to be about 0.15 wt% to about 1.3 wt%, such as about 0.25 wt%
to about 0.55 wt%, while decreasing the Hf concentration.

[0044] However, many alloys allow for Hf as a constituent while not formally identifying it as
part of the alloy composition. In thesc alloys, the concentration of Hf is typically present in a
nominal amount, if at all. That is, such alloys include 0 wt% (i.e., free from Hf) to about 0.01 wt%
(i.e., nominal amount of Hf present). Thus, an alternative embodiment is directed to nominally Hf-
containing and/or Hf-free gamma prime nickel-based superalloys. In these nominally Hf-containing
and/or Hf-free gamma prime nickel-based superalloys, the Zr concentration is of about 0.15 wt% to
about 1.3 wt%, such as about 0.25 wt% to about 0.55 wt%, while further minimizing the need for Hf,
if any, to be present and still realizing improved creep resistance, tensile strength, and high
temperature dwell capability. The alloy so modified may exhibit the grain boundaries of the
superalloy to have an enhanced serrated, convoluted or otherwise irregular shape, which in turn
creates a tortuous grain boundary fracture path that is believed to promote the fatigue crack growth
resistance of the superalloy.

[0045] For example, in such an embodiment, the amount of zirconium can be at least about 0.15
wt% of the gamma prime nickel-based superalloy (e.g., about 0.25 wt% to about 1.3 wt% zirconium,
such as about 0.25 wt% to about 0.55 wt%), with thc amount of hafnium complctcly abscnt or
nominally present (e.g., about 0.001 wt% to about 0.1 wt%, such as about 0.01 wt% to about 0.08
wt%) within the gamma prime nickel-based superalloy. Additionally, to qualify as a high strength,

gamma prime nickel-based superalloy, the alloy composition includes at least about 4 wt% of a
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combincd amount of Al and Ti (c.g., about 4 wt% to about 15 wt%), along with at Icast onc of
tungsten or niobium, or both.

[0046] Thus, in one embodiment, a gamma prime nickel-based superalloy is generally provided
that includes 0 wt% to about 0.01 wt% Hf, at least about 4 wt% of a combined amount of Al and Ti
(c.g., about 4 wt% to about 15 wt%), at Icast onc of W or Nb, and about 0.15 wt% to about 1.3 wt%
zirconium, such as about 0.25 wt% to about 0.55 wt% zirconium. Such gamma prime nickel-based
superalloys comprise: about 0 wt% to about 21 wt% cobalt (e.g., about 1 wt% to about 20 wt%
cobalt); about 10 wt% to about 30 wt% chromium (e.g., about 10 wt% to about 20 wt% chromium);
0 wt% to about 4 wt% tantalum (e.g., 0 wt% to about 2.5 wt% tantalum); 0.1 wt% to about 5 wt%
aluminum (e.g., about | wt% to about 4 wt% aluminum); 0.1 wt% to about 10 wt% titanium (e.g.,
about 0.2 wt% to about 5 wt% titanium); 0 wt% to about 14 wt% tungsten (e.g., about 1 wt% to
about 6.5 wt% tungsten); 0 wt% to about 15 wt% molybdenum (e.g., about 1 wt% to about 10 wt%
molybdenum); 0 wt% to about 40 wt% iron (e.g., 0 wt% to about 15 wt% iron); 0 wt% to about 1
wt% manganese (¢.g., 0 wt% to about 0.5 wt% manganese); 0 wt% to about 1 wt% silicon (e.g., 0
wt% to about 0.5 wt% silicon); 0 wt% to about 5 wt% niobium (e.g., 0 wt% to about 3.6 wt%
niobium); 0 wt% to about 0.01 wt% hafnium (e.g., 0 wt% to about 0.005 wt% hafnium); 0 wt% to
about 0.35 wt% carbon (e.g., about 0.01 wt% to about 0.1 wt% carbon); 0 wt% to about 0.35 wt%
boron (c.g., about 0.01 wt% to about 0.01 wt% boron); about 0.15 wt% to about 1.3 wt% zirconium
(e.g., about 0.25 wt% to about 1.0 wt% zirconium, such as about 0.25 wt% to about 0.55 wt%); and
the balance nickel and impurities.

[0047] The compositional ranges set forth above are summarized in Table 3 below, which are

expressed in weight percent (wt%):
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Tablc 3
Component Broad (wt%) Preferred (wt%)

Co 0-21.0 1-20
Cr 10 - 30 10-20
Ta 0-4 0-2.5
Al 0.1-5.0 1-4
Ti 0.1-10 02-5
W 0-14 1-6.5
Mo 0-15 1-10
Fe 0-40 0-15
Mn 0-1 0-0.5
Si 0-1 0-0.5
Nb 0-5 0-3.6
Hf 0-0.01 0 - 0.005
C 0-0.35 0.01-0.1
B 0-0.35 0.01-0.1
Zr 0.15-1.3 0.25-0.55
Ni Balance Balance

[0048] Aside from the elements listed in Table 3, it 1s believed that minor amounts of other
alloying constituents could be present without resulting in undesirable properties. Such constituents
and their amounts (by weight) include up to 2.5% rhenium, up to 2% vanadium, up to 2% iron,
and/or up to 0.1% magnesium. According to a preferred aspect of the invention, the superalloy
described in Table 3 provides the potential for balanced improvements in high temperature dwell
properties, including improvements in both creep and fatigue crack growth resistance at elevated
temperatures, while limiting the negatives associated with the use of Hf.

[0049] Table 4 shows compositions of several commercially available, Hf-free gamma prime

nickel-based superalloys, which are expressed in weight percent (wt%):
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[0050] As stated, the concentration of Zr in each of these nominal-HF or Hf-free gamma prime
nickel-based superalloys can be increased to be-about (.15 wt% to about 1.3 wt%, such as about 0.25
w1% to aboul 0.55 wt%, while nearly or complelely eliminating any Hf in the alloy (i.e., less than
about 0.01 wt%). Thus, each of the alloys shown in Table 4 can be modified to include about 0.25
wt% to about 1.3 wt% Zr, such as about 0.25 wt% to about 0.55 wt% Zr.

{0051] In onc embodiment, the superalloy component can have a corrosion-resistént coating
thereon. Referring to Fig. 2, a corrosion-resistant coating 22 is shown deposited on a surface region
24 of a supcralloy substratc 26. The superalloy substratc 26 may be the disk of Fig. 1, or any other
component within a gas turbine engine.

[0052]  This written description uses examples to disclose the invention, including the best mode,
and also to enable any person skilled in the art to practice the invention, including making and using
any devices or systems and performing any incorporated methods. The patentable scope of the
invention may include other examples that occur to those skilled in the art in view of the description.

Such other examples are intended to be within the scope of the invention.
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WHAT IS CLAIMED IS:

1. A Hf-containing, gamma prime nickel-based superalloy, comprising:
about 10 wt% to about 22 wt% cobalt;

about 9 wt% to about 14 wt% chromium;

0 wt% to about 10 wt% tantalum;

about 2 wt% to about 6 wt% aluminum;

about 2 wt% to about 6 wt% titanium;

about 1.5 wt% to about 6 wt% tungsten;

about 1.5 wt% to about 5.5 wt% molybdenum;

0 wt% to about 3.5 wt% niobium,;

about 0.01 wt% to about 1.0 wt% hafnium;
about 0.02 wt% to about 0.1 wt% carbon;

about 0.01 wt% to about 0.4 wt% boron;

about 0.15 wt% to about 1.3 wt% zirconium; and

the balance nickel and impurities.

2. The Hf-containing, gamma prime nickel-based superalloy as in claim 1,
wherein the total amount of hafnium and zirconium in the gamma prime nickel-based

superalloy is about 0.3 wt% to about 1.5 wt%.

3. The Hf-containing, gamma prime nickel-based superalloy as in claim 1,

comprising about 0.3 wt% to about 0.8 wt% hafnium.

4. The Hf-containing, gamma prime nickel-based superalloy as in any one

of claims 1 to 3, comprising about 0.25 wt% to about 0.55 wt% zirconium.

5. The Hf-containing, gamma prime nickel-based superalloy as in any one
of claims 1 to 4, comprising up to 2.5% rhenium, up to 2% vanadium, up to 2% iron,

and/or up to 0.1% magnesium.
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6. The Hf-containing, gamma prime nickel-based superalloy according to
any one of claims 1 to 5, wherein the alloy includes cellular precipitates that are located
at grain boundaries of the alloy, and wherein the cellular precipitates define gamma prime

arms that distort the grain boundaries at which they are located.

7. The Hf-containing, gamma prime nickel-based superalloy according to
claim 6, wherein the alloy further includes gamma prime precipitates, wherein the gamma
prime precipitates are smaller than the cellular precipitates, and wherein the gamma

prime precipitates are cuboidal or spherical.

8. The Hf-containing, gamma prime nickel-based superalloy according to
claim 7, wherein the alloy contains about 5 to about 12 volume percent of the cellular

precipitates and/or about 43 to about 50 volume percent of the gamma prime precipitates.

9. The Hf-containing, gamma prime nickel-based superalloy as in claim 1,
consisting of:

about 10 wt% to about 22 wt% cobalt;

about 9 wt% to about 14 wt% chromium;

0 wt% to about 10 wt% tantalum;

about 2 wt% to about 6 wt% aluminum;

about 2 wt% to about 6 wt% titanium;

about 1.5 wt% to about 6 wt% tungsten;

about 1.5 wt% to about 5.5 wt% molybdenum;

0 wt% to about 3.5 wt% niobium;

about 0.01 wt% to about 1.0 wt% hafnium;

about 0.02 wt% to about 0.1 wt% carbon;

about 0.01 wt% to about 0.4 wt% boron;

about 0.15 wt% to about 1.3 wi% zirconium; and

the balance nickel and impurities.
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10. A rotating component of a gas turbine engine, the rotating component
being formed of the Hf-containing, gamma p‘rime nickel-based superalloy according to

any one of claims 1 t0 9.

11.  The rotating component according to claim 10, wherein the rotating

component is a turbine disk or a compressor disk.
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