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(57) ABSTRACT

Rhentum-1iree nickel based alloys are provided. More particu-
larly, the alloys comprise preferred levels and ratios of ele-

ments so as to achieve good high temperature strength of both
gamma matrix phase and gamma prime precipitates, as well
as good environmental resistance, without using rhenium.
When cast and directionally solidified into single crystal
form, the alloys exhibit creep and oxidation resistance sub-
stantially equivalent to or better than rhenium-bearing single-
crystal alloys. Further, the alloys can be processed by direc-
tional solidification into articles 1n single crystal form or
columnar structure comprising fine dendrite arm spacing,
¢.g., less than 400 um, 1f need be, so that further improve-
ments 1n mechanical properties in the articles can be seen.
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NICKEL-BASED SUPERALLOYS AND
ARTICLES

BACKGROUND

[0001] The present disclosure relates to mickel-based
alloys, articles based thereupon, and methods of making the
articles.

[0002] Gas turbine engines operate in extreme environ-
ments, exposing the engine components, especially those in
the turbine section, to high operating temperatures and
stresses. In order for the turbine components to endure these
conditions, they are necessarily manufactured from a material
capable of withstanding these severe conditions. Superalloys
have been used 1n these demanding applications because they
maintain their strength at up to 90% of their melting tempera-
ture and have excellent environmental resistance. Nickel-
based superalloys, 1n particular, have been used extensively
throughout gas turbine engines, ¢.g., in turbine blade, nozzle,
and shroud applications. However, designs for improved gas
turbine engine performance require alloys with even higher
temperature capability.

[0003] Single crystal (SC)nickel based superalloys may be
divided into four generations based on similarities 1n alloy
composition and performance. A defining characteristic of
the first generation of SC superalloys 1s the absence of the
alloying element rhenium (Re). The second generation of SC
superalloys, such as CMSX-4, PWA-1484 and Rene N5, all
contain about 3 wt % Re, pursuant to the discovery that the
addition of this amount of Re can provide about a 50° F. (28°
C.) improvement in rupture creep capability and the accom-
panying fatigue benefits. Generally, third generation superal-
loys are characterized by inclusion of about 6 wt % Re; while
fourth generation superalloys include about 6 wt % Re, as
well as the alloying element ruthenium (Ru).

[0004] Currently, gas turbine engines predominantly use
second-generation superalloys because of their balance of
properties. However, although the alloying element Re 1s the
most potent solid solution strengthener known for this class of
superalloys; 1ts cost, as well as its short supply have provided
a strong motivation to minimize, 1f not eliminate, its use 1n the
same. To date, known superalloy compositions having lower
Re content have not been able to provide the properties
obtainable those having at least 3 wt %, 1.e., the second
generation superalloys. And, because Re 1s so eflective at
strengthening N1 base superalloys, merely replacing Re with
other elements typically does not provide alloys having the
strength that can otherwise be provided by Re, or can degrade
environmental resistance, such as oxidation and corrosion
resistance.

[0005] Thus, there remains a need for nickel based super-
alloy that exhibits all of the desirable properties for use 1n gas
turbine engines, €.g., creep and fatigue strength, resistance to
oxidation and corrosion at elevated temperatures, while yet
mimmizing, or eliminating, the use of rhentum. Desirably, the
superalloy would also exhibit good castability so as to be
suitable for use directionally solidified, single crystal articles.
Finer primary dendrite arm spacing (PDAS) 1s preferred for
better mechanical properties, since finer PDAS generally
gives less grain defects, porosity, and better heat treatment
response.

BRIEF DESCRIPTION

[0006] There are provided herein rhenium-iree, nickel-
based superalloys. In one embodiment, a superalloy 1s pro-
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vided that comprises from about 4.0 wt % to about 10 wt %
cobalt (Co), from about 4.0 wt % to about 10 wt % chromium
(Cr), from about 0.5 wt % to about 2.5 wt % molybdenum
(Mo), from about 5.0 wt % to about 10 wt % tungsten (W),
from about 4.0 wt % to about 6.5 wt % aluminum (Al), from
about 0 wt % to about 1.0 wt % titanium (I1), from about 5.0
wt % to about 10.0 wt % tantalum (Ta), from about O wt % to
about 1.5 wt % hatnium (HT), up to about 0.1 wt % carbon (C),
up to about 0.01 wt % boron (B), up to about 0.1 wt % yttrium
(Y), with the remainder being nickel (N1) and incidental
impurities, and wherein the ratio of tantalum to aluminum 1s
from about 1.24 to about 2.0, Al+0.15Ta 1s from about 6.0 wt
% to about 8.5 wt %, Al+0.15HTf 1s from about 5.0 wt % to
about 7.0 wt % and Mo+0.52W 1s from about 4.2 wt % to
about 6.5 wt %.

[0007] There are also provided herein articles comprising
the superalloys. In one embodiment, the article comprises a
rhenium-iree, nickel-based alloy comprising from about
from about 4.0 wt % to about 10 wt % cobalt (Co), from about
4.0 wt % to about 10 wt % chromium (Cr), from about 0.5 wt
% to about 2.5 wt % molybdenum (Mo), from about 5.0 wt %
to about 10 wt % tungsten (W), from about 4.0 wt % to about
6.5 wt % aluminum (Al), from about O wt % to about 1.0 wt
% titanium ('11), from about 5.0 wt % to about 10.0 wt %
tantalum (Ta), from about 0 wt % to about 1.5 wt % hatnium
(H1), up to about 0.1 wt % carbon (C), up to about 0.01 wt %
boron (B), up to about 0.1 wt % yttrium (Y ), with the remain-
der being nickel (N1) and incidental impurities wherein the

ratio of tantalum to aluminum 1s from about 1.24 to about 2.0,
Al+0.15Ta 1s from about 6.0 wt % to about 8.5 wt %, Al+0.

15H{ 1s from about 5.0 wt % to about 7.0 wt %, Mo+0.52W 1s
from about 4.2 wt % to about 6.5 wt %.

[0008] Methods for manufacturing an article are also pro-
vided herein. In one embodiment, the method comprises cast-
ing a nickel-based alloy into a mold and solidifying the cast-
ing into a single crystal or columnar structure with the
primary dendrite arm spacing within the article less than
about 400 um. The nickel-based superalloy comprises from
about from about 4.0 wt % to about 10 wt % cobalt (Co), from
about 4.0 wt % to about 10 wt % chromium (Cr), from about
0.5 wt % to about 2.5 wt % molybdenum (Mo), from about 5.0
wt % to about 10 wt % tungsten (W), from about 4.0 wt % to
about 6.5 wt % aluminum (Al), from about O wt % to about 1.0
wt % titanium ('11), from about 5.0 wt % to about 10.0 wt %
tantalum (Ta), from about 0 wt % to about 1.5 wt % hainium
(H1), up to about 0.1 wt % carbon (C), up to about 0.01 wt %
boron (B), up to about 0.1 wt % vyttrium (Y ), with the remain-
der being nickel (N1) and 1ncidental impurities, and wherein
the ratio of tantalum to aluminum 1s from about 1.24 to about

2.0, Al+0.15Ta 1s from about 6.0 wt % to about 8.5 wt %,
Al+0.15H{t 1s from about 5.0 wt % to about 7.0 wt % and

Mo+0.52W 1s from about 4.2 wt % to about 6.5 wt %.

DRAWINGS

[0009] These and other features, aspects, and advantages of
the present invention will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

[0010] FIG. 1 1s a graphical representation of creep rupture
lite at 2000° F./20 ks1 for several alloys according to embodi-

ments described herein as compared to the conventional
nickel-based alloy Rene N5 and an alloy MC2+ which is a
modified alloy based on the conventional rhemum-free
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nickel-based alloy MC2 (comprising 5 wt % Co, 8 wt % Cr, 2
wt % Mo, 8 wt %, 5 wt % Al, 1.5 wt % T1, 6 wt % Ta, with the

remainder being N1 and incidental impurities) with additions
of B, C and Hf;

[0011] FIG. 2 1s a graphical representation of creep rupture
lite at 1800° F./30 ksi1 for several alloys according to embodi-
ments described herein as compared to the conventional
nickel-based alloy René N5 and the rhenium-free nickel-

based alloy MC2+; and

[0012] FIG. 3 1s a graphical representation of the weight
change after cyclic oxidation test at 2000° F. for 500 cycles
tor several alloys according to embodiments described herein
as compared to the conventional nickel-based alloy Rene N5
and the rhenium-iree nickel-based alloy MC2+.

DETAILED DESCRIPTION

[0013] Unless defined otherwise, technical and scientific
terms used herein have the same meaning as 1s commonly
understood by one of skill 1n the art to which this invention
belongs. The terms “first”, “second”, and the like, as used
herein do not denote any order, quantity, or importance, but
rather are used to distinguish one element from another. Also,
the terms “a” and “an” do not denote a limitation of quantity,
but rather denote the presence of at least one of the referenced
item, and the terms “front”, “back”, “bottom”, and/or “top”,
unless otherwise noted, are merely used for convenience of
description, and are not limited to any one position or spatial
orientation. Ifranges are disclosed, the endpoints of all ranges
directed to the same component or property are inclusive and
independently combinable (e.g., ranges of “up to about 25 wt.
%, or, more specifically, about 5 wt. % to about 20 wt. %,” 1s
inclusive of the endpoints and all intermediate values of the
ranges of “about 5 wt. % to about 25 wt. %,” etc.). The
modifier “about” used 1n connection with a quantity 1s inclu-
stve of the stated value and has the meaning dictated by the
context (e.g., icludes the degree of error associated with

measurement of the particular quantity).

[0014] A rhenium-iree, nickel-based alloy 1s provided.
More specifically, the alloy comprises various levels and
combinations of elements, 1n place of rhenium, so that cost
savings are provided. Yet, articles formed from the alloys are
processed 1n such a way as to comprise a dendritic structure
turther comprising fine primary dendrite arm spacing, 1.e.,
wherein the nominal spacing between the dendrite arms 1s
less than about 400 micrometers. As a result, the alloy can
exhibit properties substantially similar to, or even improved
over, those exhibited by Re-bearing alloys, and improved
balance of properties over other rhenium-1iree, nickel-based
alloys comprising the same, or similar, combinations of ele-
ments.

[0015] More specifically, the nickel-based alloys disclosed
can exhibit creep rupture lives substantially equivalent to, or

better than, the creep rupture of life of conventional Re-
bearing alloys, such as Rene N5 (3 wt % Re), both at 2000° F.

and 20 ks1, or 1800° F. and 30 ksi1. Additionally, the nickel-
based alloys can exhibit oxidation resistance substantially
equivalent to that exhibited by conventional Re-bearing
alloys, and significantly better than that exhibited by some
rhenium-iree alloys, such as MC2+ And, in certain embodi-
ments, the provided nickel-based alloys exhibit improved
phase stability, with minimal, or even no, topologically-
close-packed (TCP) phase formation, The ability to provide
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substantially similar properties as provided by Re-bearing
alloys with a rhenium-iree alloy provides a significant cost
savings.

[0016] The rhenium-iree, nickel-based alloys described
herein comprise various combinations and concentrations of
the elements molybdenum, tungsten, aluminum, titanium,
tantalum and hatnium unique to the alloys described herein.
By selecting preferred levels and ratios of the amount of these
clements, desired properties, similar to those exhibited by
rhenium-bearing alloys can be achieved.

[0017] More particularly, levels and ratios of certain com-
binations of elements were selected 1n certain embodiments
to provide, or optimize, certain desired properties. For
example, 1n some embodiments, the combined weight % of
aluminum and hatnium according to the relationship Al+0.15
Hif (weight %) will be between about 5 wt % to about 7 wt %.
This relationship of Al and Hf may not only provide the alloy
with improved oxidation resistance, but also, can assist in
avolding formation of the undesirable insoluble eutectic
gamma prime phase.

[0018] As another example, in some embodiments, the
combined weight % of aluminum and tantalum, according to
the relationship Al+0.15 Ta (weight %) may desirably be from
about 6 wt % to about 8.5 wt %. In certain of these embodi-
ments, the ratio of the tantalum to aluminum (Ta/Al, wt %)
may also be optimized, e.g., to be between about 1.24 to about
2. Al+0.15 Ta (weight %) 1s desirably kept below 8.3, so that
formation of an insoluble eutectic gamma prime phase can be
substantially avoided. And, such ratios of Ta/Al can assist 1n
the strengthening of the gamma prime phase.

[0019] In some embodiments, the combined weight % of
molybdenum and tungsten according to the relationship
Mo+0.52 W, 1s desirably between about 4.2 and 6.5. It has
now been found that, by so selecting the levels of Mo+0.52W,
the solid solution strength of the gamma prime phase of the
alloy can be enhanced. It has also been found that by so
selecting the levels of Mo+0.52W, e.g., so thatless than 6.5 wt
% 1s utilized 1n the present alloys, precipitation of topologi-
cally-close-packed (TCP) phase and formation of an
insoluble eutectic gamma prime phase can be substantially
avoided.

[0020] One or more of the above preferred relationships of
clements may be utilized 1n different embodiments of the
alloys described, and which and how many to utilize can
depend on the properties desirably impacted 1n the alloy.

[0021] Generally speaking, the alloys described herein
comprise from about 4 wt % to about 10 wt % Co, from about
4 wt % to about 10 wt % Cr, from about 0.5 wt % to about 2.5
wt % molybdenum (Mo), from about 5.0 wt % to about 10 wt
% tungsten (W), from about 4.0 wt % to about 6.5 wt %
aluminum (Al), from about O wt % to about 1.0 wt % titanium
(T1), from about 5.0 wt % to about 10.0 wt % tantalum (Ta)
and from about 0 wt % to about 1.5 wt % hatnium (HI), up to
about 0.1 wt % carbon (C), up to about 0.01 wt % boron (B),
up to about 0.1 wt % yttrium (Y ), with the remainder being
nickel (N1) and 1incidental impurities.

[0022] In some embodiments, the molybdenum content of
the nickel based alloy may desirably be between about 0.5 wt
% to about 2.5 wt %, or from about 0.7 wt % to about 2.1 wt
%, or from about 1.0 wt % to about 2.0 wt %. In other
embodiments, the molybdenum content of the alloy may
desirably be between from about 0.8 wt % to about 1.8 wt %.

[0023] In some embodiments, the tungsten content of the
nickel-based alloy will be from about 5 wt % to about 10 wt
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%, or from about 6 wt % to about 9.5 wt %, or from about 7 to
about 9 wt %. In other embodiments, the tungsten content of
the nickel-based alloy will be from about 6.5 wt % to about
8.7 wt %, or from about 6.5 wt % to about 8.5 wt %.

[0024] The aluminum content of the nickel-based alloys, 1n
some embodiments, may range from about 4 wt % to about
6.5 wt %, or from about 4.3 wt % to about 6.2 wt %, or from
about 4.8 wt % to about 5.8 wt %. In other embodiments, the
aluminum content of the nickel-based alloys can range from
about 5 wt % to about 6.2 wt %, or from about 5 wt % to about
6 wt %.

[0025] Some embodiments of the present mickel-based
alloys may comprise titantum in amounts ranging from about
0 wt % to about 1.0 wt %, or from about 0 wt % to about 0.8
wt %, or from about 0 wt % to about 0.5 wt %.

[0026] In some embodiments, tantalum may be present 1n
amounts ranging from 5 wt % to about 10 wt %, or from about
6.5 wt % to about 9.5 wt %, or from about 7.5 wt % to about
8.7 wt %. In other embodiments, tantalum may be present 1n
amounts of from about 7 wt % to about 8.6 wt %, or from
about 7 wt % to about 8.3 wt %.

[0027] Hainium, 1n certain embodiments, may be utilized
in amounts ranging from about 0 wt % to about 1.5 wt %, or
from about 0.25 wt % to about 1.5 wt %, or from about 0.5 wt
% to about 1.25 wt %. In other embodiments, hatnium may be
utilized 1n amounts ranging from about 0 wt % to about 0.5 wt
%

[0028] In addition to the elements described above, the
nickel-based alloys may also comprise cobalt and chromium.
Generally speaking, cobalt may generally be added in
amounts of from about 4.0 wt % to about 10.0 wt %, or from
about 4.5 wt % to about 6 wt %. In other embodiments, cobalt
may be utilized 1n amounts of from about 5 wt % to about 9.5
wt %, or from about 5 wt % to about 7 wt %.

[0029] Generally speaking, chromium may be included 1n
amounts of from about 4 wt % to about 10 wt % and 1n some
embodiments, from about 6 wt % to about 8.5 wt %, or {from
about 6.5 wt % to about 8.0 wt %. In other embodiments, the
chromium content of the nickel-based alloy may range from
about 6.0 wt % to about 8.0 wt %, or from about 6.0 wt % to
about 7.5 wt %.

[0030] Carbon (C), boron (B), yttrium (YY) and other rare
carth metals may also be included 1n the present nickel-based
alloys, 11 desired.

[0031] Carbon, when utilized, may generally be utilized 1n
the nickel-based alloys described herein 1n amounts of less
than about 0.5 wt %. In some embodiments, amounts of
carbon of from about 0.01 wt % to about 0.5 wt % may be used
in the nickel-based alloys. An exemplary amount of carbon 1s
from about 0.03 wt % to about 0.49 wt %.

[0032] Boron may be present in the nickel-base alloys 1n
some embodiments 1n amounts of less than or equal to about
0.1 wt % of the nickel-based alloy. In some embodiments,
amounts of boron between about 0.001 wt % and about 0.09
wt % may be mncluded in the nickel based alloys. One exem-
plary amount of boron useful 1n the nickel based alloys 1s
from about 0.004 wt % to about 0.075 wt %.

[0033] Yttrium, 11 used, may be present in amounts of from

about 0.01 wt % to about 0.1 wt %, and exemplary amounts
range from about 0.03 wt % to about 0.05 wt %.

[0034] So, for example, one embodiment of the nickel-

based alloys may comprise from about 4.0 wt % to about 10
wt % cobalt (Co), from about 4.0 wt % to about 10 wt %
chromium (Cr), from about 0.5 wt % to about 2.5 wt %
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molybdenum (Mo), from about 5.0 wt % to about 10 wt %
tungsten (W), from about 4.0 wt % to about 6.5 wt % alumi-
num (Al), from about O wt % to about 1.0 wt % titanium (11),
from about 5.0 wt % to about 10.0 wt % tantalum (Ta), from
about O wt % to about 1.5 wt % hatnium (HI), up to about 0.1
wt % carbon (C), up to about 0.01 wt % boron (B), up to about
0.1 wt % vttrium (Y ), with the remainder being nickel (N1)
and incidental impurities. In such embodiments, the alloy
may also comprise the following relationships of elements:
Ta/Al from about 1.24 to about 2.0; Al+0.15Ta from about 6.0
wt % to about 8.5 wt %; Al+0.15HT1 from about 5.0 wt % to
about 7.0 wt %; and Mo+0.52 W 1s {from about 4.2 wt to about
6.5 wt %.

[0035] In these embodiments, the nickel-based alloy may
comprise from about 4.5 wt % to about 6.0 wt % cobalt (Co),
from about 6.0 wt % to about 8.5 wt % chromium (Cr), from
about 0.7 wt % to about 2.1 wt % molybdenum (Mo), from
about 6.0 wt % to about 9.5 wt % tungsten (W), from about 4.3
wt % to about 6.2 wt % aluminum (Al), from about O wt % to
about 0.8 wt % titanium ('11), from about 6.5 wt % to about 9.5
wt % tantalum (Ta), and from about 0.25 wt % to about 1.5 wt
% hatnium (HI).

[0036] In even other such embodiments, the nickel-based
alloy may comprise from about 6.5 wt % to about 8.0 wt %
chromium (Cr), from about 1.0 wt % to about 2.0 wt %
molybdenum (Mo), from about 7.0 wt % to about 9 wt %
tungsten (W), from about 4.8 wt % to about 5.8 wt % alumi-
num (Al), from about O wt % to about 0.5 wt % titanium (1),
from about 7.5 wt % to about 8.7 wt % tantalum (Ta), and
from about 0.5 wt % to about 1.25 wt % hatnium (HI).
[0037] Nickel based alloys according to the embodiment
described in paragraph

[0038] may also comprise from about 5.0 wt % to about 9.5
wt % cobalt (Co), from about 6.0 wt % to about 8.0 wt %
chromium (Cr), from about 0.8 wt % to about 1.8 wt %
molybdenum (Mo), from about 6.5 wt % to about 8.7 wt %
tungsten (W), from about 5.0 wt % to about 6.2 wt % alumi-
num (Al), from about 7.0 wt % to about 8.6 wt % tantalum
(Ta), and from about 0 wt % to about 0.5 wt % hatnium (HI).

[0039] Or, 1n such embodiments, the nickel-based alloy
may comprise from about 5.0 wt % to about 7.0 wt % cobalt
(Co), from about 6.0 wt % to about 7.5 wt % chromium (Cr),
from about 6.5 wt % to about 8.5 wt % tungsten (W), from
about 5.0 wt % to about 6.0 wt % aluminum (Al), and from
about 7.0 wt % to about 8.3 wt % tantalum (Ta).

[0040] The nickel-based alloys may be processed accord-
ing to any existing method(s) to form components for a gas
turbine engine, including, but not limited to, powder metal-
lurgy processes (e.g., sintering, hot pressing, hot 1sostatic
processing, hot vacuum compaction, and the like), ingot cast-
ing, followed by directional solidification, investment cast-
ing, ingot casting followed by thermo-mechanical treatment,
near-net-shape casting, chemaical vapor deposition, physical
vapor deposition, combinations of these and the like.

[0041] Inone manner of manufacturing a gas turbine airtoil
from a nickel-based alloy as described, the desired compo-
nents are provided 1n the form of a powder, particulates, either
separately or as a mixture and heated to a temperature suili-
cient to melt the metal components, generally from about
1350° C. to about 1600° C. The molten metal i1s then poured
into a mold 1n a casting process to produce the desired shape.

[0042] As mentioned above, any casting method may be
utilized, e.g., mgot casting, mvestment casting or near net
shape casting. In embodiments wherein more complex parts
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are desirably produced, the molten metal may desirably be
cast by an investment casting process which may generally be
more suitable for the production of parts that cannot be pro-
duced by normal manufacturing techniques, such as turbine
buckets, that have complex shapes, or turbine components
that have to withstand high temperatures. In another embodi-
ment, the molten metals may be cast into turbine components
by an ingot casting process.

[0043] The casting may be done using gravity, pressure,
inert gas or vacuum conditions. In some embodiments, cast-
ing 1s done 1n a vacuum.

[0044] Adfter casting, the melt 1n the mold 1s directionally
solidified. Directional solidification generally results 1n
single-crystal or columnar structure, 1.¢., elongated grains 1n
the direction of growth, and thus, higher creep strength for the
airfoil than an equiaxed cast, and 1s suitable for use in some
embodiments

[0045] In some embodiments, the melt may be direction-
ally solidified 1n a temperature gradient provided by liqud
metal, for example, molten tin. Liquid metal cooling method
creates larger temperature gradient than conventional direc-
tional solidification method that uses radiant cooling, and
provides a finer dendrite arm spacing. Finer dendrite arm
spacing, 1n turn, can be beneficial to the mechanical proper-
ties of the alloy, as well as 1n the reduction of segregation
within the same.

[0046] The castings comprising the nickel-based alloy may
then be typically subjected to different heat treatments in
order to optimize the strength as well as to increase creep
resistance. In some embodiments, the castings are desirably
solution heat treated at a temperature between the solidus and
gamma prime solvus temperatures. Solidus 1s a temperature
at which alloy starts melting during heating, or finishes solidi-
fication during cooling from liquid phase. Gamma prime
solvus 1s a temperature at which gamma prime phase com-
pletely dissolves 1into gamma matrix phase during heating, or
starts precipitating 1n gamma matrix phase during cooling.
Such heat treatments generally reduce the presence of segre-
gation. Alter solution heat treatments, alloys are heat treated
below gamma prime solvus temperature to form gamma
prime precipitates.

[0047] The mickel-based alloys described herein may thus
be processed 1nto a variety of airfoils for large gas turbine
engines. Because the preferred levels and ratios of elements
are selected in the alloys, they and the articles and gas turbine
engine components made therefrom exhibit improved high
temperature strength, as well as improved oxidation resis-
tance. Further, high gradient casting, may be used 1n some
embodiments to provide fine dendrite arm spacing, so that
turther improvements 1n mechanical properties can be seen.
Examples of components or articles suitably formed from the
alloys described herein include, but are not limited to buckets
(or blades), non-rotating nozzles (or vanes), shrouds, com-
bustors, and the like. Components/articles thought to find
particular benefit in being formed form the alloys described
herein imnclude nozzles and buckets.

[0048] The following examples, which are meant to be
exemplary and non-limiting, illustrate compositions and
methods of manufacturing some of the various embodiments
of the nickel-based alloys.

Example 1

[0049] This example was undertaken to demonstrate the
improvement in properties that can be seen nmickel-based
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alloys according to embodiments described herein and not
comprising rhenium, as compared to a conventional nickel-
based alloy comprising rhenium, René N5, and a modified
nickel-based rhenium-iree alloy, MC2+, based on MC2
(comprising S wt % Co, 8 wt % Cr, 2 wt % Mo, 8 wt %, 5 wt
% Al, 1.5 wt% T1, 6 wt % Ta, with the remainder being N1 and
incidental impurities) where carbon, boron and hatnium were
added to the original composition. The samples having the
comparative composition, as well as those according to
embodiments of the invention described herein, are shown 1n

Table 1, below.

TABL.

L1

1

Composition (wt %o)

Alloy Mo W Ta Hf Co Cr Al Ti C B Re Ni

Rene 1.5 5 65 015 75 7 62 0 0.05 0.004 3 Bal

N5
MC2+ 2.0 80 6.0 015 5.0 80 50 1.5 0.05 0.004 0 Bal

Alloy 1.3 82 &1 020 88 7.3 57 0.6 0.08 0.004 0 Bal
16
Alloy 1.6 9.0 86 120 54 7.5 52 04 0.07 0.004 0 Bal
17

[0050] The samples were prepared by taking the various
components thereol and heating them to a temperature of
1500~1550° C. The molten alloys were poured into a ceramic
mold and directionally solidified into single-crystal form via
high gradient casting using the liquid metal cooling method,
wherein the alloys were directionally solidified 1in a tempera-
ture gradient provided by a molten tin bath. Liquid metal
cooling method creates larger temperature gradient than con-

ventional directional solidification method that uses radiant
cooling, and provides a finer dendrite arm spacing.

[0051] The primary dendrite arm spacing was between
about 170 um and 260 um. In each alloy, a two phase gamma
plus gamma prime microstructure was achieved by solution
treatment at temperatures between the solidus and solvus
temperatures, followed by aging treatment at 1100° C. and
stabilization treatment at 900° C. The solution treatment tem-
peratures were between 1250° C. and 1310° C., and alloys
were hold at the temperature for 6 to 10 hours, followed by air
cool. Aging treatment was conducted at 1100° C. for 4 hours,
followed by air cool. Stabilization treatment was conducted at

900° C. for 24 hours, followed by air cool.

[0052] The samples were then subjected to creep testing
and cyclic oxidation testing. More specifically, for the creep
testing the samples were cut 1nto cylindrical dog-bone type
creep sample with a total length of 1.37 inches and the gauge
diameter of about 0.1 inch. The testing was conducted 1n a
tensile testing machine at a temperature of 2000° F., under a
stress ol 20 kilograms per square inch (ksi), and again at a
temperature of 1800° F., under a stress of 30 ksi1. The time
taken to rupture was measured and recorded as a function of
the samples ability to display creep resistance.

[0053] The results of the creep tests are shown 1 FIG. 1
(2000° F./20 ks1) and FIG. 2 (1800° F./30 ks1). As shown,
Alloy 17 (comprising 1.6 wt % molybdenum, 9.0 wt % tung-
sten, 8.6 wt % tantalum and 1.2 wt % hainium) exhibits better
creep resistance than Rene N5. Alloy 16 (comprising 1.3 wt %
molybdenum, 8.2 wt % tungsten, 8.1 wt % tantalum and 0.2
wt % haftnium) exhibits comparable creep rupture life to Rene

NS.




US 2011/0076180 Al

[0054] For the cyclic oxidation tests, cylindrical specimens
0.9" long and 0.17 1n diameter were used. Cyclic oxidation
tests were conducted with a cycle consists of holding samples
at 2000° F. for 50 min and cooling samples to room tempera-
ture for 10 min. Tests were completed at 500 cycles. Samples
were weilghed at various intervals to monitor the weight
change due to oxide formation.

[0055] The results of the cyclic oxidation test are shown 1n
FIG. 3. As shown, Alloy 17 (comprising 1.6 wt % molybde-
num, 9.0 wt % tungsten, 8.6 wt % tantalum and 1.2 wt %
hatnium) did not show any weight loss after 500 hours of
exposure, indicating oxidation resistance at least on the order
of that exhibited by Rene N5. Alloy 16 (comprising 1.3 wt %
molybdenum, 8.2 wt % tungsten, 8.1 wt % tantalum and 0.2
wt % hathium) showed larger weight loss than Rene N5, but
it 1s significantly less than that of MC2+.

[0056] While only certain features of the mvention have
been 1illustrated and described herein, many modifications
and changes will occur to those skilled 1n the art. It 1s, there-
fore, to be understood that the appended claims are intended
to cover all such modifications and changes as fall within the
true spirit of the mnvention.

1. A rhentum-iree, nickel-based alloy comprising from
about 4.0 wt % to about 10 wt % cobalt (Co), from about 4.0
wt % to about 10 wt % chromium (Cr), from about 0.5 wt %
to about 2.5 wt % molybdenum (Mo), from about 5.0 wt % to
about 10 wt % tungsten (W), from about 4.0 wt % to about 6.5
wt % aluminum (Al), from about O wt % to about 1.0 wt %
titanium (1), from about 5.0 wt % to about 10.0 wt % tanta-
lum (Ta), from about O wt % to about 1.5 wt % hatnium (Hi),
up to about 0.1 wt % carbon (C), up to about 0.01 wt % boron
(B), up to about 0.1 wt % yttrium (Y), with the remainder
being nickel (N1) and 1incidental impurities, and wherein:

Ta/Al 1s from about 1.24 to about 2.0;

Al+0.15Ta 1s from about 6.0 wt % to about 8.5 wt %:;

Al +0.15H{1 1s from about 5.0 wt % to about 7.0 wt %; and

Mo+0.52W 1s from about 4.2 wt % to about 6.5 wt %.

2. The nickel-based alloy of claam 1, comprising from
about 4.5 wt % to about 6.0 wt % cobalt (Co), from about 6.0
wt % to about 8.5 wt % chromium (Cr), from about 0.7 wt %
to about 2.1 wt % molybdenum (Mo), from about 6.0 wt % to
about 9.5 wt % tungsten (W), from about 4.3 wt % to about 6.2
wt % aluminum (Al), from about O wt % to about 0.8 wt %
titanium ('11), from about 6.5 wt % to about 9.5 wt % tantalum
(Ta), and from about 0.25 wt % to about 1.5 wt % hainium
(H1).

3. The nickel-based alloy of claim 2, comprising from
about 6.5 wt % to about 8.0 wt % chromium (Cr), from about
1.0 wt % to about 2.0 wt % molybdenum (Mo), from about 7.0
wt % to about 9 wt % tungsten (W), from about 4.8 wt % to
about 5.8 wt % aluminum (Al), from about O wt % to about 0.5
wt % titanium (11), from about 7.5 wt % to about 8.7 wt %
tantalum (Ta), and from about 0.5 wt % to about 1.25 wt %
hatnium (HI).

4. The nickel-based alloy of claam 1, comprising from
about 5.0 wt % to about 9.5 wt % cobalt (Co), from about 6.0
wt % to about 8.0 wt % chromium (Cr), from about 0.8 wt %
to about 1.8 wt % molybdenum (Mo), from about 6.5 wt % to
about 8.7 wt % tungsten (W), from about 5.0 wt % to about 6.2
wt % aluminum (Al), from about 7.0 wt % to about 8.6 wt %
tantalum ('Ta), and from about O wt % to about 0.5 wt %
hatnium (HI).

5. The nickel-based alloy of claim 4, comprising from
about 5.0 wt % to about 7.0 wt % cobalt (Co), from about 6.0

Mar. 31, 2011

wt % to about 7.5 wt % chromium (Cr), from about 6.5 wt %
to about 8.5 wt % tungsten (W), from about 5.0 wt % to about
6.0 wt % aluminum (Al), and from about 7.0 wt % to about 8.3
wt % tantalum (Ta).

6. An article, comprising a rhemum-iree, nickel-based
alloy comprising from about from about 4.0 wt % to about 10
wt % cobalt (Co), from about 4.0 wt % to about 10 wt %
chromium (Cr), from about 0.5 wt % to about 2.5 wt %
molybdenum (Mo), from about 5.0 wt % to about 10 wt %
tungsten (W), from about 4.0 wt % to about 6.5 wt % alumi-
num (Al), from about O wt % to about 1.0 wt % titanium (11),
from about 5.0 wt % to about 10.0 wt % tantalum (Ta), from
about O wt % to about 1.5 wt % hatnium (HI), up to about 0.1
wt % carbon (C), up to about 0.01 wt % boron (B), up to about
0.1 wt % vttrium (Y ), with the remainder being mickel (N1)
and incidental impurities wherein:

Ta/Al 1s from about 1.24 to about 2.0;

Al+0.15Ta 1s from about 6.0 wt % to about 8.5 wt %:

Al+0.15HT1 1s from about 5.0 wt % to about 7.0 wt %;
Mo+0.52W 1s from about 4.2 wt % to about 6.5 wt %.

7. The article of claim 6, wherein the mickel-based alloy

comprises from about 4.5 wt % to about 6.0 wt % cobalt (Co),
from about 6.0 wt % to about 8.5 wt % chromium (Cr), from

about 0.7 wt % to about 2.1 wt % molybdenum (Mo), from
about 6.0 wt % to about 9.5 wt % tungsten (W), from about 4.3
wt % to about 6.2 wt % aluminum (Al), from about O wt % to
about 0.8 wt % titanium ('I1), from about 6.5 wt % to about 9.5
wt % tantalum (Ta), and from about 0.25 wt % to about 1.5 wt
% hatnium (HI).

8. The article of claim 7, wherein the mickel-based alloy
comprises from about 6.5 wt % to about 8.0 wt % chromium
(Cr), from about 1.0 wt % to about 2.0 wt % molybdenum
(Mo), from about 7.0 wt % to about 9 wt % tungsten (W),
from about 4.8 wt % to about 5.8 wt % aluminum (Al), from
about 0 wt % to about 0.5 wt % titanium (11), from about 7.5
wt % to about 8.7 wt % tantalum (Ta), and from about 0.5 wt
% to about 1.25 wt % hatnium (HT).

9. The article of claim 6, wherein the nickel-based alloy
comprises from about 5.0 wt % to about 9.5 wt % cobalt (Co),
from about 6.0 wt % to about 8.0 wt % chromium (Cr), {from
about 0.8 wt % to about 1.8 wt % molybdenum (Mo), from
about 6.5 wt % to about 8.7 wt % tungsten (W), from about 5.0
wt % to about 6.2 wt % aluminum (Al), from about 7.0 wt %
to about 8.6 wt % tantalum (Ta), and from about 0 wt % to
about 0.5 wt % hatnium (HI).

10. The article of claim 9, wherein the nickel-based alloy
comprises from about 5.0 wt % to about 7.0 wt % cobalt (Co),
from about 6.0 wt % to about 7.5 wt % chromium (Cr), from
about 6.5 wt % to about 8.5 wt % tungsten (W), from about 5.0
wt % to about 6.0 wt % aluminum (Al), and from about 7.0 wt
% to about 8.3 wt % tantalum (Ta).

11. The article of claim 6, wherein the alloy comprises a
dendritic structure.

12. The article of claim 11, wherein the dendritic structure
comprises primary dendrite arms having a nominal spacing
less than about 400 micrometers.

13. The article of claim 12, wherein the alloy 1s a single
crystal.

14. The article of claim 13, wherein the alloy comprises a
directionally solidified microstructure.

15. The article of claim 6, wherein the article 1s a compo-
nent of a gas turbine assembly.

16. The article of claim 15, wherein the article comprises a
blade, vane, shroud, or combustor component.
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17. A method for manufacturing an article comprising cast-
ing into amold arhemum-iree, nickel-based alloy comprising
from about 4.0 wt % to about 10 wt % cobalt (Co), from about
4.0 wt % to about 10 wt % chromium (Cr), from about 0.5 wt
% to about 2.5 wt % molybdenum (Mo), from about 5.0 wt %
to about 10 wt % tungsten (W), from about 4.0 wt % to about
6.5 wt % aluminum (Al), from about 0 wt % to about 1.0 wt
% titanium (11), from about 5.0 wt % to about 10.0 wt %
tantalum ('Ta), from about 0 wt % to about 1.5 wt % haitnium
(H1), up to about 0.1 wt % carbon (C), up to about 0.01 wt %
boron (B), up to about 0.1 wt % vyttrium (Y ), with the remain-
der being nickel (N1) and incidental impurities, wherein:

Ta/Al 1s from about 1.24 to about 2.0;
Al+0.15Ta 1s from about 6.0 wt % to about 8.5 wt %;

Al+0.15HT1 1s from about 5.0 wt % to about 7.0 wt %;

Mo+0.52W 1s from about 4.2 wt % to about 6.5 wt %; and
wherein the article 1s cast and directionally solidified
into a single crystal form or columnar structure and so
that the primary dendrite arm spacing within the article
1s less than about 400 um.

18. The method of claim 17, wherein the nickel-based alloy
comprises from about 4.5 wt % to about 6.0 wt % cobalt (Co),
from about 6.0 wt % to about 8.5 wt % chromium (Cr), from
about 0.7 wt % to about 2.1 wt % molybdenum (Mo), from
about 6.0 wt % to about 9.5 wt % tungsten (W), from about 4.3
wt % to about 6.2 wt % aluminum (Al), from about O wt % to
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about 0.8 wt % titanium ('I1), from about 6.5 wt % to about 9.5
wt % tantalum (Ta), and from about 0.25 wt % to about 1.5 wt
% hatnium (H1).

19. The method of claim 18, wherein the nickel-based alloy
comprises from about 6.5 wt % to about 8.0 wt % chromium
(Cr), from about 1.0 wt % to about 2.0 wt % molybdenum

(Mo), from about 7.0 wt % to about 9 wt % tungsten (W),
from about 4.8 wt % to about 5.8 wt % aluminum (Al), from
about 0 wt % to about 0.5 wt % titanium (11), from about 7.5
wt % to about 8.7 wt % tantalum (Ta), and from about 0.5 wt
% to about 1.25 wt % hainium (HT).

20. The method of claim 17, wherein the nickel-based alloy
comprises from about 5.0 wt % to about 9.5 wt % cobalt (Co),
from about 6.0 wt % to about 8.0 wt % chromium (Cr), from
about 0.8 wt % to about 1.8 wt % molybdenum (Mo), from
about 6.5 wt % to about 8.7 wt % tungsten (W), from about 5.0
wt % to about 6.2 wt % aluminum (Al), from about 7.0 wt %
to about 8.6 wt % tantalum (Ta), and from about 0 wt % to
about 0.5 wt % hatmium (HI).

21. The method of claim 20, wherein the nickel-based alloy
comprises from about 5.0 wt % to about 7.0 wt % cobalt (Co),
from about 6.0 wt % to about 7.5 wt % chromium (Cr), from
about 6.5 wt % to about 8.5 wt % tungsten (W), from about 5.0
wt % to about 6.0 wt % aluminum (Al), and from about 7.0 wt
% to about 8.3 wt % tantalum (Ta).
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