NI CKEL- BASE SUPERALLOY COVPCSI TION AND | TS USE I N SI NGLE- CRYSTAL ARTI CLES
This invention relates to the conposition of a nickel-base superalloy, and
toits use in articles that are substantially single crystals. BACKGROUND
OF THE | NVENTI ON Ni ckel - base superal |l oys are used as the materials of
construction of sONECKEL-BASECHABRAI IO ¥FCONEP@HIIOM AV nes that are
exposed to the nost severe and denanding tenperatures and environnental
conditions in the engilhEJISE-ON ANGHHE-SARYSRAL ARFIGLEN ades and vanes,
seal s, and shrouds are typically forned of such nickel- base superall oys.
During service, these conponents are exposed to tenperatures of 2000F
(1093C) or nore, and also to the effects of the high-velocity flow of the
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conponent g+iads thab @¢8uBRadiallyRindlcerysthikengt h, a sufficiently high melting
poi nt, good thermal shock resistance, and good oxidation resistance at

such high tenperatures. These conponents are al so exposed during service to

hot - cor r oBAGKGROEND oXF THRINVENIIONe t enperatures in the range of from
about 1500F (816C) to about 1 700F (927C). In this tenperature range,
n S_may_.condense

alkali netal salts,such as Na2SO4 found.in the , canbusti
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in sea salt and its subsequent reaction with sul fur oxides during the
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and many engine cycles, the materials used in the components must have good rupture
strength, a sufficiently high melting point, good thermal shock resistance, and good

oxidation resistance at such high temperatures.

These components are also exposed during service to hot-corrosion attack at
intermediate temperatures in the range of from about 1500°F (816°C) to about 1700°F
(927°C). In this temperature range, alkali metal salts such as Na;SO4 found in the
combustion gas may condense on the component and produce an accelerated, severe
corrosive attack. Such alkali metal salts typically resuit from the ingestion of sodium
chlonde in sea salt and its subsequent reaction with sulfur oxides during the

combustion of the fuel.

The selection of the alloy compositions of the components exposed to these
different types of temperature and environmental conditions poses some difficuit
challenges.  Elemental additions and compositions that produce good high-
temperature properties often lead to unsatisfactory corrosion resistance at intermediate
temperatures, and vice versa. Coatings have been developed to alleviate some of the

oxidation and corrosion attack, but high-aluminum coatings may lead to phase
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1 instability in the interdiffused regions during |Iong-term exposure at the
hi ghest tenperatures. There is an ongoi ng need for nickel -base superall oys
and articles made from such superalloys that achieve a better conbination

of high-tenperature,and |.ptennedi atestenperature properties than avail able
super al | olﬁ}gt.g gq‘ﬁl' $" ﬁg%dnfegdl%sfgt fe&ﬂnﬁrﬁhﬁp%cﬁ)t"g't?r(?? %Bﬁ%ﬂ’%lait & Nigst to make
si ngl e- crigffpatatidkd.i cl es, as these articles are used at the highest
tenperatures. The present invention fulfills this need, and further

provi des rel at ed advant ages. BRI EF SUMVARY OF THE | NVENTI ON The present

i nventi on provlifEs spampegeng Besslefos yirkehbasgysupgrallastand| asdcles pade ifiond ar | y

single-cr a rticle made fromthe superalloy.. The nickel -base
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thermal shock resistance, and oxidation resistance, and _
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hot - corrosi on-t esi,stance, .A conposition of matter. c ists. essentially of,
0 wei ght T Berabat o PEREL SEIRT Ry L prse duratinl PRLR: Qi EfomGbout 6
to about SrpersetidestciitddiiVantp@m O to about 0.5 percent titanium from
about 4 to about 6 percent tantalum from about 12.5 to about 15 percent

chromum from about 3 to about 10 percent cobalt, fromabout 2 to about 5
percent tBREFt BAMNABY, OF(IGIRBYUENTIONper cent hafnium from O to about 1

percent silicon, fromO to about 0.25 percent nol ybdenum fromO to about

0.25 percent -piohj b. i nd. . nor. el ements. The copposition
of matter desmeaa{r%%lslﬁggggﬁs{b{@?@% i%esnéc eﬂg%seag%etrg&%(%gpgﬁﬁgﬂg’ per

cubi ¢ i nglur@dA0, kijpldinystanngid@stmpdeffonabhy dupssibian Tabositk-b3&0 pounds
per cubic inch (8300 kgm3). In a preferred enbodi ment of this conposition,
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resistance, and oxidation resistance, and intermediate-temperature mechanical

properties and hot-corrosion-resistance.

A composition of matter consists essentially of, in weight percent, from about
1 to about 3 percent rhenium, from about 6 to about 9 percent aluminum, from (O to
about 0.5 percent titanium, from about 4 to about 6 percent tantalum, from about 12.5
to about 15 percent chromium, from about 3 to about 10 percent cobalt, from about 2
to about 5 percent tungsten, from 0 to about 0.2 percent hafnium, from O to about 1
percent silicon, from 0 to about 0.25 percent molybdenum, from 0 to about 0.25
percent niobium, balance nickel and minor elements. The composition of matter
desirably has a density of less than about 0.305 pounds per cubic inch (8440 kgm™),
and most preferably less than about 0.300 pounds per cubic inch (8300 kgm™).

In a preferred embodiment of this composition, the superalloy has about 1.6
percent rhenium, about 6.6 percent aluminum, less than about 0.1 percent titanium,

about 5 percent tantalum, about 13 percent chromium, about 7.5 percent cobalt, about



2 3.8 percent tungsten, about 0.15 percent hafnium and | ess than about 0.1
percent silicon. It is preferred in all conpositions that mnor elenents
be limted. Preferably, the conposition hasbaboug 8.301 maxi {mm per cent
ron, abgyt 0.07 maxjnmu e nt carbon, about O. percent maxi mum
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| ant hanumjjiadput 0. 04 percent maxi num nagnesi um about 0.001 maxi mum
percent cal cium about 0.01 maxi mum percent manganese, about 0.005 naxinum
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i nvention }sc ssed %Isemhere herein nmay be used in relation to such an
article. af‘ﬁé)rébj?lf@'%o R BE" 8t he shape of a conponent of a gas turbine
engi ne, such as a turbine blade, a turbine vane, a seal, or a stationary

shroud. The den hitsaft ddioRiiBAet mlibOndSod Qed, REETEEARIY i} §fgathan about

having any operable crystalline structure, such as polycrystalline, directionally
solidified, or single-crystal microstructures. However, its greatest advantages are
achieved for single-crystal articles. Thus, an article comprises a substantially single
crystal having a composition consisting essentially of, in weight percent, from about 1
to about 3 percent rhenium, from about 6 to about 9 percent aluminum, from 0 to
about 0.5 percent titanium, from about 4 to about 6 percent tantalum, from about 12.5
to about 15 percent chromium, from about 3 to about 10 percent cobalt, from about 2
to about 5 percent tungsten, from 0 to about 0.2 percent hafnium, from 0 to about 1
percent silicon, balance nickel and minor elements. Other compatible features of the

invention discussed elsewhere herein may be used in relation to such an article.

The article may be in the shape of a component of a gas turbine engine, such as

a turbine blade, a turbine vane, a seal, or a stationary shroud.

The density of the present alloy is low, preferably less than about
0.305 pounds per cubic inch (8440 kgm'3), and most preferably less than
about 0.300 pounds per cubic inch (8300 kgm™). A low density is

desirable both generally to save weight in a structure that is flown, and
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0. 305 pounds per cubic inch (8440 kgm 3), and nost preferably | ess than
about 0. 300 pounds per cubic inch (8300 kgm3). A low density is desirable
both generally to save weight in a structure that is flown, and 3 also
specifically in those portions of the structure that rotate during service.
A reductisensierifigellyhn these portionsitof ibe stroctoray that amam/\émwg/vetrgrw réducti on
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preferred approach for nmaking an article; Figures 3 and 4 are plots of
wei ght cha\rfgeonlaﬁrmmghcower,dnmiﬂddatthleprelf@’sﬁtdlermgi)ceisnalt function of time, for
two different test protocols; Figure 5 is a graph of creep stress as a

stress vEIUEE TEr Bl IR PPAET PR uIb8 Teperature low cycl e fati gue
testing. DETAILED DESCRI PTION OF THE | NVENTION Figure 1 depicts an article

18 in the formigiea EAPRGRREVE0ie® o gi’sstuﬁﬂﬁ@b&ﬂ oAl spddificdlly 4 hi s case
a substantially single crystal gas turbine bl ade 2 The present = approach

i s operabiP®ingitledeot her articles, such as other conponents of the gas
turbine engine, and the gas turbine blade 22 is presented as an exanple.
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Figures 3 and 4 are plots of weight change during cyclic oxidation testing as a

function of time, for two different test protocols;

Figure 5 is a graph of creep stress as a function of Larson-Miller parameter;

and

Figure 6 is a graph of normalized stress versus normalized life in elevated

temperature low-cycle fatigue testing.
DETAILED DESCRIPTION OF THE INVENTION

Figure 1 depicts an article 18 in the form of a component 20 of a gas turbine
engine, and in this case a substantially single crystal gas turbine blade 22. The present
approach is operable with other articles, such as other components of the gas turbine
engine, and the gas turbine blade 22 is presented as an example. Other components
include turbine vanes (i.e., nozzles), seals, and stationary shrouds. The gas turbine
blade 22 has an airfoil 24 against which the flow of hot combustion gas impinges
during service operation, a downwardly extending shank 26, and an attachment in the

form of a dovetail 28 which attaches the gas turbine blade 22 to a gas turbine disk (not



during service operation, a dowwardly extendi ng shank 26, and an
attachnent in the formof a dovetail 28 which attaches the gas turbine

bl ade 22 to a gas turbine disk (not 4 shown) of the gas turbine engine. A
platform 30 extends transversely outwardly at a |ocation between the
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conpositid@n consisting essentially of, in weight percent, fromabout 1 to
about 3 percent rhenium from about 6 to about 9 percent alumnum fromO

to about 0.5 rcent titani,ym from about. 4 t bout 6 rcent. nt al um
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nickel and mnor elenents. (Al conpositions stated herein are in weight
per cent, Rhffess specified to the contrary.) Mre preferably, the
conposition has fromabout 1.3 to about 2.0 percent rhenium from about 6

to about 7 pergRniqiglcuid REkhd EQAHERRH of 1 Fe@eiﬁbag»ﬁfoaéhﬁa RemHE&ALoA ant al um
fromabout 12.5 to about 13.5 percent chrom Em fr about 7 to about 8
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about 4 to about 6 percent tantalum, from about 12.5 to about 15 percent chromium,
from about 3 to about 10 percent cobalt, from about 2 to about 5 percent tungsten,
from 0 to about 0.2 percent hafnium, from O to about 1 percent silicon, from 0 to
about (.25 percent molybdenum, from O to about 0.25 percent niobium, balance nickel
and minor elements. (All compositions stated herein are in weight percent, uniess
specified to the contrary.) More preferably, the composition has from about 1.3 to
about 2.0 percent rhenium, from about 6 to about 7 percent aluminum, from about 4.5
to about 5.5 percent tantalum, from about 12.5 to about 13.5 percent chromium, from
about 7 to about 8 percent cobalt, from about 3.25 to about 4.25 percent tungsten,
from about 0.1 to about 0.2 percent hafnium, and from about 0.03 to about 0.07

percent silicon.

It is preferred that the broad and specific compositions are limited to about
0.01 maximum percent boron, about 0.07 maximum percent carbon, about .03
percent maximum zirconium, about 0.01 percent maximum cerium, about 0.01

percent maximum lanthanum, about 0.04 percent maximum magnesium, about 0.001



It is preferred that the broad and specific conpositions are limted to
about 0.01 maxi num percent boron, about 0.07 nmaxi mum percent carbon, about
0. 03 percent nmaxi mum zi rconi um about 0.01 percent maxi num cerium about
0.01 percent maxi num | ant hanum about 0. 04 percent maxi nrum nmagnesi um
about 0. OGExiGumaRrénrenh @énwenabaul & Lmaxabont pEcOl menganean peow ehd0s
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conposition of nmatter. Elenents may not deviate substantially fromthe
i ndi cat echiregeges and anmounts w t hout the advantageous results being
adversely affected. The rheniumcontent is fromabout | to about 3 percent,
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strength by tying up rheniumin the TCP sigma phase. The al um num cont ent
is from f&éw¥%wg%0@mdvgntﬁ%qoeéﬁffsylff)la@fl%ﬁg\fﬂrﬁﬁ?x fifsfiehbout 6 to about 7
percent, nore preferably fromabout 6.4 to about 6.8 percent, and nost
preferably abopfe fefuRElonfit is FhHEILOUM loSabblies B&'cemgﬁx@f@am% 1% il ng

el ement to provide precipitation hardening and thence strength to the
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the rhenium content 1s less than about 1 percent reduces the rupture strength, and more
than about 3 percent promotes sigma-phase formation, which also reduces rupture

strength by tying up rhenium in the TCP sigma phase.

The aluminum content is from about 6 to about 9 percent, preferably from
about 6 to about 7 percent, more preferably from about 6.4 to about 6.8 percent, and
most preferably about 6.6 percent. Aluminum is the main gamma-prime forming
element to provide precipitation hardening and thence strength to the superatloy. If
the aluminum content is below about & percent, the oxidation resistance and strength
are reduced unacceptably, while above about 9 percent too much gamma-prime phase

is formed, leading to reduced stability because sigma-phase formation is promoted.

The titanmium content is from 0 to about 0.5 percent, preferably from 0 to about
0.1 percent, more preferably from 0 to about 0.04 percent, and most preferably 0.

Titanium is avoided as much as possible because it impairs oxidation resistance.



is formed, leading to reduced stability because signma-phase formation is
pronoted. The titaniumcontent is fromO to about 0.5 percent, preferably
fromO to about 0.1 percent, nore preferably fromO to about 0.04 percent,
and nost preferably 0. Titaniumis avoided as nuch as possi bl e because it
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is reduced, thereby limting el evate
mixed oxides rather than aluminum oxide, which is the principal oxide scale for

oxidation resistance.

The cobalt content 1s from about 3 to about 10 percent, preferably from about
6 to about 8 percent, more preferably from about 7 to about 8 percent, and most
preferably about 7.5 percent. Cobalt promotes stability and hot corrosion resistance.
If the cobalt content is below about 3 percent, the stability and hot-corrosion
resistance fall. If the cobalt content is above about 10 percent, oxidation resistance
falls and the gamma-prime solvus temperature is reduced, thereby limiting elevated

temperature rupture capability.

The tungsten content i1s from about 2 to about 5 percent, preferably from about
3.25 to about 4.25 percent, more preferably from about 3.5 to about 4.1 percent, and
most preferably about 3.8 percent. Tungsten contributes to rupture strength, because
it is an excellent solid-solution strengthener. If the tungsten content is less than about

2 percent, there is insufficient rupture strength. If the tungsten content is more than



tenperature rupture capability. The tungsten content is fromabout 2 to
about 5 percent, preferably fromabout 3.25 to about 4.25 percent, nore
preferably from about 3.5 to about 4.1 percent, and nost preferably about
3.8 percent. Tungsten contributes to rupture strength, because it is an
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content i nore out™s pgr ent, there is potential for instability
and al so the hot corrosion resistance and oxidation resistance fall
unaccept abl y. THeehalfrdfoni comenoist festh 0its abo@r0. D ptRe@bpteferfbly fipal sk 0.1
preferably fromabout 0.1 to about 0.2 percent, nore preferably from about
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0.25 percent, preferably from 0 to about 0.15 percent, more preferably from 0 to about
(0.1 percent, and most preferably 0. Molybdenum is a solution hardener in the gamma
phase, and niobium replaces aluminum in gamma-prime phase, resulting in increased
strength in each case. However, if the molybdenum and niobium contents are
individually greater than that indicated, hot corrosion resistance is reduced, because in

hot corrosion these elements dissolve in the sulfate melt and promote acidic fluxing.

Yttrium 1s preferably present in a maximum amount of about 0.03 percent, and
most preferably is present in an amount of about 0.01 percent. Yttrium promotes
aluminum scale stability and adherence. If a greater amount than about 0.03 percent is
present, the excessive yttrium promotes undesirably mold-metal reaction at the casting

surface and increases the inclusion content of the material.

Boron is preferably present in a maximum amount of about 0.01 percent, more
preferably from about (0.003 to about 0.005 percent, and most preferably about 0.004

percent. Boron promotes grain boundary strength, particularly low-angle grain



nost preferably is present in an anount of about 0.01 percent. Yttrium
pronmotes alum num scale stability and adherence. |f a greater anount than
about 0.03 percent is present, the excessive yttrium pronotes undesirably
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about 0.01 percent to promote oxidation resistance. Greater amounts of these

elements promote undesirable mold-metal chemical reaction at the casting surface and

increase the inclusion content of the superalloy.

Magnesium is preferably present in a maximum amount of about 0.04 percent,
and calcium is preferably present in a maximum amount of about 0.01 percent. These
elements function as deoxidizers and also improve oxidation resistance in small

quantities.

Manganese is preferably present in a maximum amount of about 0.01 percent;
phosphorus is preferably present in a maximum amount of about 0.005 percent; sulfur
is preferably present in a maximum amount of about 0.001 percent; iron is preferably
present in a maximum amount of about 0.08 percent; copper is preferably present in a
maximum amount of about 0.2 percent; vanadium is preferably present in a maximum
amount of about 0.1 percent; platinum is preferably present in a maximum amount of
about 0.01 percent; oxygen is preferably present in a maximum amount of about 0.001
percent; and nitrogen is preferably present in a maximum amount of about 0.001

percent.



phosphorus is preferably present in a maxi rum anmount of about 0.005
percent; sulfur is preferably present in a maxi num anmount of about 0.001
percent; iron is preferably present in a nmaxi rum anount of about 0.08
percent; copper is preferably present in a maxi num anount of about 0.2
percent ; vanadiigeiZsis grdgck by diagrass ehe praferzedmpprombnforanding aprtighout 0. 1
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percent; ragd) Rift thegkibkdlhaps ehpsraindyy hﬁﬁiﬂf%eﬂhte EdimpbsiR%i S8 MoaRDHEkinOks about
0.001 percent. 9 Figure 2 is a block flow diagram of a preferred approach
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ni ckel - base su_&eral | oys. The nelt is thereafter cast and solidified,
numeral 42. Thehenpielt eipersaftersedst and iselidifigdanemenal 42t i Ehe mell imay be
appr oxi mat el.) e _final..shape and di nensions.-of 1he rticle 18,
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preferred " that the present” nickel -base superal oy be used for casting
articl es achmvingrbesesubystlastrichrey fwi othtrenicksidtast suizedys candhibese sat@ri al s

are used at .the highest . erat.ures and, uire th r eat est on(gi nation
of i gh- t G SERPEuGHR AR o7 PRIk Eneoe SYRTINSE DS REFETEL and
I nt er medighevhERefeRt UhiskdlBhs AupaaNAN bed G3bF L RPCEstingoURELIRN ihal |afe ST Nl €
crystal" and the |ike neans the article is primarily of
substantially single crystal, because these materials are used at the highest
temperatures and require the greatest combination of high-temperature mechanical
and oxidation-resistance properties and intermediate-temperature hot corrosion
resistance. “Substantially single crystal” and the like means the article is primarily of
a single crystal (i.e, a single grain), although there may be small volumes of the

material, typically not more than about 10 percent of the total volume, formed of other

grains.

The article 18 is thereafter optionally post processed, step 44. Such post
processing may include, for example, repairing casting defects, cleaning, heat treating,
machining, applying protective coatings, and the like. The approaches to these post
processing operations that are known for other nickel-base superalloys may be used

for the present nickel-base superalloy as well.

The present invention has been reduced to practice and comparatively tested

with commercially competitive alloys. A number of developmental melts and two
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a single crystal (i.e, a single grain), although there may be small vol unes
of the material, typically not nore than about 10 percent of the total

vol une, formed of other grains. The article 18 is thereafter optionally
post processed, step 44. Such post processing may include, for exanple,
repai ri ngPredugtiongpeaief kaatss werd gramareg;  Kawt of Meaamrotyctiomdenisnidaggnaighl yi ng
protectiw ti.ngs. and th ike. The.approaches to these post ocessi ng
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silicon, 0. 003 percen osphor us, .0.Q0002 rcent. . sulfur, 12.9 er cent
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| ess t hanpddecht RaLEE R, MIBOAG BN boPorDD. PYeR@nt caipel BSMhah&®$ feh@nt 0. 01
percent titanium |ess than 0.1 percent niobium 4.9 percent tantalum |ess

t han 0. 01vangdingerl-14%inetesni batniwnO68s phae 8M00bapeseent Qittiuper C&Ntpersspper, | ess
than 0.1 percen vanadi um. 0. 14 cent hafniu ss_than 0.0001, percent
YR L SO e T R A A A g e e
oxygen, 0e80f3n n6o %9%/ MHalR QRN balidde nlcRESaddnAMol R ~RARW TRONSSHYBT bal ance
ni ckel and m nor elenents. The density of this alloy was about 0.299

pounds pethiscallsiycwasnatiouf 8290 pogndsayer cabicciopp 5286 kant M, as catepaed yitifa Rene TM
N5 of about 0.3 oM r cubjc inch (8640 k Magh | velocity

oxi dat | onéjec“é& ?%e%as ?}%’z?f%%‘edé? | Zpayngy Péftc“%éf’gg@%%‘%g’&t '2220F (1216C)
with one cycle per hour to roomtenperature, and in a second test series at
2150F (1177C) Miabl] 201084$ bEFahe te RO wisOher DAL BIDRF AL RricBRt 2208St S

utilized {1216°C) with one cycle per hour to room temperature, and in a second test series at
2150°F (1177°C) with 20 cycles per hour to room temperature. Both tests utilized
forced air cooling to room temperature using a compressed air blast. The baseline
Rene™ N5 {(“RN5") alloy and specimens of Y1715 alloy had substantially the same
performance in each test. Comparison alloys IN 738, Hastelloy X (“HASTX"), and
directionally solidified Mar M247LC (“DS MM247LC"), widely used gas turbine
materials, exhibited inferior performance to both the Rene™ N5 and Y1715 alloys in
the 2220°F (1216°C) oxidation test, see Figure 3. Comparison alloys Rene™ N4
(“RN4") and Rene'™ 142, also both widely used gas turbine materials, exhibited
inferior performance to both the Rene™ N5 and Y1715 alloys in the 2150°F (1177°C)

oxidation test, see Figure 4.

Hot corrosion tests with 2 ppm (parts per million) sea salt contaminant were
conducted on 0.130 inch (3.3 x 107 m) diameter pins in a cyclic temperature test in
which the specimens were cycled between 1500°F (816°C) and 1650°F (899°C) in a

burner rig, with a saw-tooth ramp and one hour cycle time, for a total of 1039 hours in
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The performance of Rene™ N5 alloy could not be measured in this test, as it corroded

completely through and was completely destroyed in 350 hours, indicating 0.065

inches (1.65 x 107 m) of attack per side at this point.

Stress rupture testing was performed over a range of temperatures, and

the results are presented in standard Larson-Miller format in Figure 5.

At

clevated temperatures, alloys Y1715 and Mar M247LC are substantially

equivalent in stress rupture performance. This result is significant, because the

Y1715 alloy has a density of 0.299 pounds per cubic inch (8280 kgm™), while

the Mar M247 has a higher density of 0.308 pounds per cubicinch (8530
kgm™). The Y1715 alloy has an 1800°F (982°C)/100 hour rupture stress of



per side) Y17150.002 (0.05 x 10-3) Y17150.002 (0.05 x 10-3) Y17150.002
(0.05 x 10-3) Rene 800.046 (1.17 x 10-) Rene 800.058 (1.47 x 10-)
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hot corr ance, but chro net an effective solution

st r engt hgjﬁ% P%yo‘ﬁ'z)faédwf’%dsﬁﬁécﬂ@ﬁvﬁ‘c r(gg%l?%’&t bry el enents nol ybdenum
tungsten, and rhenium Thus, nmany alloys reduce the chrom um content at

the expense ofFdrhessy dmg@eref beahéivg Ef@@gshmgﬂhngnﬁh' Q@WRALSn A &ddi tional
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to promote hot corrosion resistance, but chromium is not an effective solution
strengthener compared to the heavier refractory elements molybdenum, tungsten, and
rhentum. Thus, many alloys reduce the chromium content at the expense of these

more-cffective strengthening elements.

An additional problem facing the alloy designer is the successful coupling of
oxidation and hot corrosion resistance. Alloys recognized for their corrosion
resistance include Rene™ 80, IN 738, and IN 792. These alloys have a chromium
content of more than about 12.5 percent, and an aluminum/titanium ratio of 1 or less.
The levels of titanium and chromium allow the alloy to form Cr;O; and TiO; in the
hot-corrosion temperature range to forestall corrosion. The composition also provides

useful strength characteristics up to about 2000°F (1093°C).

Rene™ N5 provides outstanding strength and oxidation resistance above about
2000°F (1093°C). lts composition allows the alloy to readily form a protective layer
of aluminum oxide for oxidation protection. However, the hot corrosion resistance of
Rene™ N5 lags that of Rene™ 80, IN 738, and IN 792, because the aluminum level is
too low to provide protection at lower temperatures. Additionally, the chromium level
1s deliberately limited for strength, stability, and oxidation requirements. Since
Rene™ NS5 is designed for strength above about 2000°F (1093°C), chromia formation
is not desirable due to its volatilization in this high-temperature range. The chromium

™

content of Rene' ™ NS is therefore limited to about 7 percent by weight.
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content of nore than about 12.5 percent, and an alum num titaniumratio of
| or less. The levels of titaniumand chromumallow the alloy to form
Cr233 and T102 in the hot-corrosion tenperature range to forestal
corrosion. The conposition also provides useful strength characteristics
up to about 20WofemayaiEy byRbpdesTRsNs, phopicsey compesition prydasrestith and
oxi dat | O%a{a%sciz Sl}langc a"l%lbcglvera%%ué[s 0)2(00%8 Fn ( ]fg ge:lg‘txc%s' An%sco%os oOSi t0i %Rie%l | ows the
alloy to rea |Iy]Porn1a ppﬁp%cf|Ve 1ay%r1303 ar’urfi nufl oXi de PFEr 6% dat i on
pr ot ect i QlanyHeN®EMEbine tdbipBAEntS @idOEI AFzZl@S(vahaN&ad GhrouBened NoM\Birdsags t hat

of ReneTM 80, IN 738, and IN 792, because the alum numlevel is too lowto
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this high-tenperature range. The chrom um content of Rene TM N5 is

t her ef or erropamytbadance about 7 percent by weight. 13 As denonstrated by the
test results, the present conposition provides a good balance in

mechani cal properties, oxidatio ropertd es,. and. corrosion,pr rties.

Vany gas t ur bi AEeohRarelRE sabBLRRE ) 2 ip ol Fain B SRR I o
stress- rdepliUfR gurpaskeds iMReSBo% OMPRAE ModifMBasibnd 884 ShhaAE&HEAS nidyOke t he
conbi ned effects of hot corrosion and oxidation, and | ow cycle-fatigue
damage f rrosdet wighowtdeparoing figm teespirprand snopeadd thy investien.e skorilingly, Bye al | oy
Y1715, neets these criteria.and is unjque in its. property bal ance.

Al t hough 3 FHPRFRRI b REtt Faree! 81 OY 18 PRoRad fBirhas. been described in
detail for purposes of illustration, various nodifications and enhancenents
may be made without departing fromthe spirit and scope of the invention.

Accordingly, the invention is not to be |imted except as by the appended
clainms. 14 CLAIMS What is claimed is:
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1. A conposition of matter consisting essentially of, in weight percent,
fromabout | to about 3 percent rhenium from about 6 to about 9 percent
alumnum fromO to about 0.5 percent titanium from about 4 to about 6
percent tantalum from about 12.5 to about 15 percent chrom um from about
3 to abodtLAMMpercent cobalt, fromabout 2 to about 5 percent tungsten,
fromO to about 0.2 percent hafnium fromO to about | percent silicon,
fromoO t %gg%mgh&§spercent nol ybdenum from O to about 0.25 percent

ni obi um bal ance nickel and minor elements. 2. The conposition of matter of
claim1l, wherein the conposition of matter has fromabout 1.3 to about 2.0

percent rhenium frAnoalpositiop df anatbd Wonsistinpeéssaniallglafminnweighf pewempout 4.5
to about 5.5 percent tantalum fromahout 12.5 to  about 13.5 percent

chr oni um {1970 P Eploier abput 3 psiseRiThgnigey &Rt akavb&Ite abeyt Speaersy alustipem, ¢ o about
4. 25 per f t ni and
from abgiﬁ(%]%(?.t [g?'f]% t8 &oteéz;’ggﬁf&gg. @%R%@f gléorl?’t' E‘é’%@?ggna}) 8%12651 8&22%%%5| :ﬁlggm of

mat t er ofabohal 6 ko abber &5 percit ChEsTNOSH, tfhomi abdut ITRY At haperlenutobhits per cent
rhenium about 6.6 percent alum num |ess than about 0.1 percent titanium
1

about 5 p&vmeaheultZletahpuing PBYL tumestepefrem i} tocbpuind-2 mercay duimymsiromet cent
bal t, . . haf i |
o apagthch BBy 405 € oo pleBh AALEANT HRLI TR | o5

t han about Si17co aim1l,

wher ei n thes peepasidtian, BflanceRidker ardsminoftlef@nfso about 0. 01 naxi num per cent
boron, about 0.07 maxi num percent carbon, about 0.03 percent maxi num

zirconium about 0.01 percent maxi num cerium about 0.01 percent naxi num
| ant hanum abolit 0. D pempesiiomeakirpaiter ofedaies il uMherpitd thib svPPEIYEN ofaxi num

percent calcium. 5. The ¢ Shit i f tter .of claimié erej he
conpositﬂ%ﬁ%gﬁwségy?é&gﬁ%ggg%6ﬁpuggépsgg%gﬂ'ewﬁghﬁﬁﬁ%%g‘gd¥m%?§m%é?cent

al um num pdr&s$ alidnuababin dbolit 43eHGBBL §.5iRAdeHiManfROLt frém PBbEETL.S tant al um
about 13 percent chrom um about 7.5 15 percent cobalt, about 3.8 gercent

t ungst en, abeblA-5 @eresntpdreraim, Heh plmat 740 abous Sperdeahcobalt, from about 3.2

to about 4.25 percent tungsten, from about 0.1 to about 0.2 percent hafnium, and from

about 0.03 to about 0.07 percent silicon.

3. The composition of matter of claim 1, wherein the composition of
matter has about 1.6 percent rhenium, about 6.6 percent aluminum, less than about 0.1
percent titanium, about 5 percent tantalum, about 13 percent chromium, about 7.5
percent cobalt, about 3.8 percent tungsten, about (.15 percent hafnium, and less than

about 0.1 percent silicon.

4. The composition of matter of claim 1, wherein the composition of
matter is limited to about 0.01 maximum percent boron, about 0.07 maximum percent
carbon, about (.03 percent maximum zirconium, about 0.01 percent maximum
cerium, about 0.01 percent maximum lanthanum, about 0.04 percent maximum

magnesium, and about 0.001 maximum percent calcium.

S. The composition of matter of claim 4, wherein the composition of
matter has about 1.6 percent rhenium, about 6.6 percent aluminum, less than about 0.1

percent titanium, about 5 percent tantalum, about 13 percent chromium, about 7.5
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about 0.1 percent silicon. 6. The conposition of matter of claim11, wherein
the conposition of nmatter is limted to about 0.01 maxi num percent
manganese, about 0.005 maxi mum percent phosphorus, about 0.001 naxi num
percent sulfu ahout 8 maxi mum  per.cent .i.ron, t 0.15 maxi num

per cent r?ﬁf?gé(\e(?}i’ﬁﬁ'\ Zﬂ’é’b’ga% RFTge 'Wﬁﬁboﬁébéérﬂmcﬁf‘gﬁ%ﬂw’éﬂgﬁ S maxi mum
percent GOPMEN] p&lemtsilod. Maxi mum percent vanadi um about 0.0001 maxinmum
percent yttrium about 0.01 maxi mum percent platinum |ess than about

0. 001 percent oxygen, and about 0.001 percent nitrogen. 7. The conposition
of matter of d&ny orléicotomppsitipmeelediatigr of alam, 1. wivbereinnthet ¢renprsitipnsédlt i on of
matter has depnsity, of. | t han_about 0. 305 pound r bic.inch (8440
cgm 3) . Atk SHET 1 b PN P R RETCEH T BB Sty Bt P03 MR e g
percent, pefdefMpBOPUbrus, EBORPOUD1 InDEMEANhefcBRNLUNY, I AP Yhambi@ about 9
percent alumnum fromO to about 0.5 percent titanium fromabout 4 to

about 6 perEahironambeitylSf meRimeh opareen?  1Bolybdenvout abbBt gkl emaximhmoni um

from about 3 1o0. about .10 rcent cobalt from abo 2 to. _about 5 percent
tungst en PRFBRSORE et B SR EE AR Rt R SR0NDd megm B e Der cent
silicon, vahanu8, 4Bo@b®udo 10 n#RiReh CeRteniBhREAE BBt 6100 MnBkihRinfberent 0. 25

percent niobium about 0.01 nmaxi mum percent boron, about 0.07 maxi num

percent @dathom, leshdun abogd.Yer peseint maydemuandzbogichUnperedd nitro@e@1 per cent
maxi mum ceri um about 0.01 percent naxi mum | ant hanum about 0. 04 percent

maxi mum magnesi um -ghout 0..001 paxi nu ercent. .cal ci al ance ni ckel and
m nor el enent :7' 9. e 0@5’%@8?9?&@8@%@?9@? O&;fhe rﬁ?eﬁfm@, Cqmrgﬁ?fe‘t"hg
conposi t itecdhpositRint ETmdiRs hhd PBRBRPYF lebs thah AbARWH05DRnPEF&GRAbiciAGN um
fromabout 6 to about 7 percent alum num fromabout 4.5 to about 5.5

per cent t&Ft0dfamn). f rom about 12.5 to about 13.5 percent chromum from
about 7 to about 8 percent cobalt, fromabout 3.25 to about 4.25 percent

Lo oer o 6o AP BbelifaRidf Hhal ERGBE LR B infMh SteRPOUt 0 03
from about 1 to about 3 percent rhenium, from about 6 to about 9 percent aluminum,
from 0 to about 0.5 percent titanium, from about 4 to about 6 percent tantalum, from
about 12.5 to about 15 percent chromium, from about 3 to about 10 percent cobalt,
from about 2 to about 5 percent tungsten, from 0 to about 0.2 percent hafnium, from 0
to about 1 percent silicon, from 0 to about (.25 percent molybdenum, from 0 to about
0.25 percent niobium, about 0.0l maximum percent boron, about 0.07 maximum
percent carbon, about (.03 percent maximum zirconium, about 0.01 percent
maximum cerium, about 0.01 percent maximum lanthanum, about 0.04 percent

maximumn magnesium, about 0.001 maximum percent calcium, balance nickel and

minor elements.

9. The composition of matter of claim 8, wherein the composition of
matter has from about 1.3 to about 2.0 percent rhenium, from about 6 to about 7
percent aluminum, from about 4.5 to about 5.5 percent tantalum, from about 12.5 to
about 13.5 percent chromium, from about 7 to about 8 percent cobalt, from about 3.25
to about 4.25 percent tungsten, from about 0.1 to about 0.2 percent hafhium, and from

about 0.03 to about 0.07 percent silicon.



16 10. The conposition of matter of claim@8, wherein the conposition of
matter has about 1.6 percent rhenium about 6.6 percent alum num |ess than
about 0.1 percent titanium about 5 percent tantalum about 13 percent

chrom um about, 7. ercent..cobal t .. about .3. rcent, tungsten, apout 0.15
percent haf ni um' a?@{)g%rgp?%té% Og%tter S?fﬁ%@r g‘e “s$H ?kbeoﬁ(_?‘ H%.’mf‘th

conposi t i @Bit&@fhagabduen . cOfermy riRARinO fab&ktdl. 6perBert Aluh@nuMh RE€IHAN bt 0.]
conposition of matter has a density of |ess than about 0.305 pounds per

cubi ¢ i ncrerequg4umniwgnel®ut 51peregwt tantelugl, ebpuig) 3 poreent dirpppiem.sahvst drft i al |y

single crystal havin onposi.ti on cansi sti_ng es iall f, ln weight
pergent, ‘%/elf%er‘ﬁtﬁgtb%tta O‘ﬁg‘é:ag%g?nﬁéungﬁ«%%% Ut?Hérf%ﬂ?ﬁn?g"i?{nm’a%’gﬂfgséhi“b about 9
percent adyéi 0¥ Perdehoidnt 0 about 0.5 percent titanium fromabout 4 to
about 6 percent tantalum from about 12.5 to about 15 percent chrom um
fromabout 3 to about 10 percent cobalt, from about 2 to about 5 percent
tungsten, from0 tolkbemmepoitpnyermatiar dzniioapmofftams @ tool ibydherein theer cent

silicon, fromQ.to abaut ,0.25 perce | ybdenu romf to about .0.25

per cent %\ql%sﬁlr?f] aT%geég’a%iacqggfl{ya%ﬂfeﬁ%nﬁ%ﬁ agP%rT@mgs POYNS PR SUBICHPE) o ((18)
of clai m@®&240wh@rgi n the conposition has fromabout 1.3 to about 2.0
percent rhenium from about 6 to about 7 percent alum num from about 4.5
to about 5.5 percent tantalum from about 12.5 to about 13.5 percent
chromium fromZ2-abote artiglg @g%monwrfp@gc@rwb&t@rwllw, sipglgneragialuhagngs t o about

4.25 perc sten, .. fr ut-0.1 t.0 abo 0.2 percent . haf ni and
from abou%eo%oéggg oéogl 153’9é 6?%]’}615%9}?%9‘&“'&3’%% %%ﬁé.m’lﬁmeﬁbeougﬂt foca%(m(tllg]) of
cl ai m 12, pantrsk ehdhikRe iepEasi td @Nativas 9ap@tdnt ldninkey, GRMt OF Regbdwno.about 6. 6

percent alum num |ess than about 0.1 percent titanium about 5 percent
t ant al um PeagsBt itanBipelreia pbowHt ndhoni 6 abeant EnBluseritenebewsddly to divsit 3. 8

percent tf‘:'n eerzgnrt] ’chr%?‘r%tlfﬁl, 8"0%‘15& og{ ??ongborﬁ?fla I lfJ:rc ntac%%allt,eﬁgntaﬂg& fg)ozﬂ)toup -1
per cent SIT1con. P
5 percent tungsten, from 0 to about 0.2 percent hafnium, from 0 to about 1 percent
silicon, from 0 to about 0.25 percent molybdenum, from 0 to about 0.25 percent

niobium, balance nickel and minor elements.

13.  The article (18) of claim 12, wherein the composition has from about 1.3 to
about 2.0 percent rhenium, from about 6 to about 7 percent aluminum, from about 4.5
to about 5.5 percent tantalum, from about 12.5 to about 13.5 percent chromium, from
about 7 to about 8 percent cobalt, from about 3.25 to about 4.25 percent tungsten,
from about 0.1 to about 0.2 percent hafnium, and from about 0.03 to about 0.07

percent silicon.

14.  The article (18) of claim 12, wherein the composition has about 1.6
percent rhenium, about 6.6 percent aluminum, less than about 0.1 percent titanium,
about 5 percent tantalum, about 13 percent chromium, about 7.5 percent cobalt, about
3.8 percent tungsten, about 0.15 percent hafnium, and less than about 0.1 percent

silicon.

15. The article (18) of claim 12, wherein the composition is limited to

about (.01 maximum percent boron, about 0.07 maximum percent carbon, about 0.03
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15. The article (18) of claim 12, wherein the conpositionis |limted to
about 0.01 nmaxi num percent boron, about 0.07 maxi num percent carbon, about
0.03 17 percent nmaxi mum zi rconi um about 0.01 percent maxi num cerium about

0.01 per t . maxi.num |l_ant hanu b 0. 04 percent maxi num nmagnesi um and
about 0. BOL e N b EHE T ARy U1 BErOSHE AR T 6o By YPUCIm 15,
wher ei N thece0 MRFhtmoAnMasrabmsut b.03 peﬁ@é}ﬁ?%&xixﬂabﬁ]ﬂinbl@esﬁﬂg%dﬁab%uper cent
al umi num | ess than about 0.1 percent titanium abouf 5 percent tantal um

about 13 H@Plcmarinutm percenhicalgboit 7.5 percent cobalt, about 3.8 percent
tungsten, about 0.15 percent hafnium and |ess than about 0.1 percent

silicon. 17. T, article (1 0 Laip 12, wherein the.coppositi IS

i ted to apar ot el b sRuB . eSS o o PO R b rum
percent plospheiiditum, §0Ub.0phedhat RXhIRUMN RAE CIRAL atit DU perddi®Uftarfud8 NMaxi num
percent iron, about 0.15 nmaxinum percent nol ybdenum a%out 0. 15 maxi mum

percent rAbEBY YiRereaydantalom aberi P memepeehremiune,abpat 7.5 aorsant @baltadwihum
t i { . 0 i ttri bout 0.01 i
er cont Pl atesat «PRREh, HielP%ns PERGTIRREET a8 hab Ao d Bl bt o o

per cent niilidgoagen. 18. The article (18) of claim 12, wherein the
substantially single crystal is in the shape of a conponent (20) of a gas
turbine engine._ 19. The article (18) of claim 12, wherein the substantially
single crystall%s The emslesH@pefoiaim tdnpbereimt theo@mpskitigngadinitebine engi ne

sel ected fr nsisting of. a i ne.bl ade (22), a,turbine
vane, a s%gﬁ@'gg%agglg?lgtﬁegc%gf?%}%%ap gsl;f’d a b%b%é“%ﬁ‘ﬁ“& Eer%?é)ph?ﬁphgﬂ? one of
clai ms 12ibbot 0.801 whenshm geh@ntbilfi! oul 808 NaGninfgaSkdtYrdd ab&RD. tan about
0. 305 pounds per cubic inch (8440 kgm3). 18

maximum percent molybdenum, about (.15 maximum percent niocbium, about 0.2

maximum percent copper, about 0.1 maximum percent vanadium, about 0.0001

maximum percent yitrium, about 0.01 maximum percent platinum, less than about

0.001 percent oxygen, and about 0.001 percent nitrogen.

18. The article (18) of claim 12, wherein the substantially single crystal is

in the shape of a component (20) of a gas turbine engine.

19.  The article (18) of claim 12, wherein the substantially single crystal is
in the shape of a component (20) of a gas turbine engine selected from the group

consisting of a turbine blade (22), a turbine vane, a seal, and a stationary shroud.

20, The article (18) of any one of claims 12 to 19, wherein the article (18)
has a density of less than about 0.305 pounds per cubic inch (8440 kgm™).
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