NI CKEL- BASE SUPERALLOY COVPCSI TION AND | TS USE I N SI NGLE- CRYSTAL ARTI CLES
JThis'invention relates to the conposition of a nickel-base superall oy, and
toits use in articles that are substantially single crystals. BACKGROUND
OF THE I.NVENTI ON Ni ckel -base superall oys are used as the materials of

construction of sSMNICREL-BASEGFUBEORAM D PICORPOSIIION AN nes that are
exposed to the nost severe and denandi ng tenperatures and environnental

conditions in the engifeysEMNN SEXNSTH-ERYSTALIARPIOEER ades and vanes,
seal s, and shrouds are typically fornmed 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
hot conbustion gases. To performat this high tenperature for extended
peri ods dfhit inventicetlatesnty thegompositya &S nickel-hast supeslloyugeltoiits uskén
conmponent s _nust have good rupture strength, a sufficiently high nelting
poi nt, gdgicle P‘rﬁ?s‘élﬁ@@ﬁlalgﬁgpg]ﬁéﬁé‘;éaﬁs-and good oxidation resistance at
such high tenperatures. These conponents are al so exposed during service to
hot - cor r gsj4 i i@i;e tenperatures in the range of from
about 15 ﬁ@?é%%?ﬂ?oéggé{u?fﬁggggﬁ@?%?q. In this tenperature range,
al kali nmetal salts such as Na2SO4 found in the fl conbusti on gas nmay
condense on t Mickdrimen emierdlgs preodiedeasahe acateiads af ednstmewa@r ef s@oe pbsi ve
attack. Such al kal i rrgtal s%l,ts typically result frorche i ngestion of
sodi um dhE GPIRENGIHS 9b a8 APELIRE, gUEIPES LN e FERESSH R HICOMOR BFYSEUPRYr oxi des
during { e, GAARYSHLAINOL: dRSrHEhmeBEARLERL iR TOlnd G, AdrQkafBEPOST i ons
nt’s eXp 0 Ifier ypes

of the conpone ose t hese ent t tenperature’and

' @jvi r onmghé alrbmedides and v eseatp aid dhbhidc adettypiciibl feemgd of sidleniekélal

additions and conpositions that produce good high- tenperature pr o?erti es
of ten | edwse eonerdietys.s DHENErSProet thesk sempeses arecexpascd iy KMASHAtECS 0

t enper at 0 i\ce _versa. i en deyel |L.Leyiate
some of 20 Eo QDGR AR B BE RSB B AR AP E S Be a8 RS ey
l'ead to RRAMAstion gases. To perform at this high temperature for extended periods of time

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 result from the ingestion of sodium
chloride 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 difficult
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+i nstabili ty in the interdiffused regions during | ong-termexposure at the
hi ghest tenperatures. There is an ongoi ng need for nickel -base superall oys
and articles de from. sua{% superal | oys that achieve a better conbination
of high-t ell’?ﬁ'@gg‘ﬂlr“é 'g'ﬁd‘m‘?f @F?@d%?l@- ferpgriangiemp egpasrid et thdhdnghastai | abl e
superal | oyémpgmﬁesr_\eed Is particularly acute for superalloys used to nake
single-crystal articles, as these articles are used at the highest

tenperatures. The present invention fulfills this need, and further

provi des rel at etheadvaa agesing BREFor SUBRNBYsCRupEHE o} \MENIH N Phadd pegd is a
particularly single-crystal articles,

ni ckel - base superal,] o nd articles | ar_

made f romsf]ﬁlz g‘{i’ﬁ@}]'lﬁp’go&at THBINE c R ebettias sombinssipal phyhighaterapsintave aadgood
bal ance ofjhRBKsdis@lieRbORALL | LY. high- tenperature .
properties, _sucﬁ aéeggodﬁ{rﬁp quérﬁgstC?g%gt %‘?ﬁ{}%gfe{isﬁﬁer%@?yﬁt , n?ﬁlé;r r’?ﬁf"fs‘ﬁock
resi st anceartamthrlydcist fooisupesloyt anakto mike single/omat akeldse APl Milles
mechani cal sroper‘g es and hot-corrosion-resistance. In a first aspect,
there is HFoWded hedyshet tempsratpresnalhepresorgneeitiog folfdlscthis aeddy aod, in

- wei ght pem%?)rg‘;i(@égr@ﬂ%%d%ﬁ@%@bout 3 percent rhenium from about 6 to

about 9 percent alumnum tTrom® to about 0.5 percent titanium from about

‘4 to about 6 percent tantalum from about 12.5 to about 15 percent
“chr om um BRIBMSAMMARYtOF aBBINVIENDEIN Eent cobalt, from about 2 to about 5

percent tungsten, fromO to about 0.2 percent hafnium fromO to about I
percent silicon, fromO to about 0.25 percent nolybdenum from O to -about
0.25 percent HIgHRSER s BAIckaLRaseisuremlianandaislesel ements. In a second

aspect, thereqi il . conposition of ymatter consisting essentially
of, in welght plg}rl cée?él@g ?’f‘s gar%a%r&glg%) %a?% ﬁ%@utthes SB%?@@‘?‘% riﬁ‘ﬁi‘gﬁeﬁ’ﬁ% about
6 to abousupérgley cemtchibvena guod balhnanofphiysicallppoterfes; spgh s€aénsity tragh-um  from
about 4 to about 6 percent tantalum from about 12.5 to about 15 percent

- chr om um MPEIRER JUePAties suefbes 20wl pwitererstrepgthahtelting point, thermal shock

resistance, and oxidation resistance, and intermediate-temperature mechanical

properties and hot-corrosion-resistance.
In a first aspect, there is provided a composition of matter 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, from O to about 0.25 percent molybdenum, from O to about 0.25
percent niobium, balance nickel and minor elements. In a second aspect, there is
provided a composition of matter consisting essentially of, in weight percent,
from about 1 10 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, -
ﬁ"om about 2 to-about 5 percent tungsten, from 0 to about 0.2 percent hafnium, from O
". to about I percent silicon, from 0 to about 0.25 percent molybdenum, from 0 o about

- 0.25 percent riobium, about 0.01 maximum percent boron, about 0.07 maximum

-



fromabout 2 to- about 5 percent tungsten, fromO to about 0.2 percent
hafnium fromO to about.] percent silicon, fromb to about. 0.25 percent
nol ybdenum from O to about 0.25 percent niobium about 0.01 maxi num
percent boron, about 0.07 maxi mum 2 percent carbon, about 0.03 percent
MBXi MUM ZpEeaiti WiboAD Qb .(003 PRK AN ma RN R SHhiHM 258800 - pticdigr cent
maxi mum | ant hanum about 0. 04 percent maxi num magnesi um about 0. 001

maxi mum pmawmm cerrgim ngbovd | QAL ependeok ehaamum fambamual, e atenit 0. 04 Imarfzcnt hird

aspect, there is rOV|ded n a | e co |S|n a_subs a tla sin
crystal  WAVHE" tag?)“t Q:th,rgqﬁnﬂg B?&ﬁ‘il%ﬂ‘?‘?‘“@ﬁ’ ]n?“':ger cent,
from abou,t,,i,.;ler@gn%wt 3 percent rhenium . from about 6 to about 9 percent
alumnum fromO to about 0.5 percent titanium fromabout 4 to about 6
per cent t antialaudhird &speet, dheretis pRviied anasticle comprising arsubstantialy Bingld ¢Fdﬁtﬁbbout
3 to aboug p PP | t

fromO t %ugac%é—ﬁ:%%oﬁ ﬁé{étwgferﬁlg%ﬂg]% ronqz‘ﬁégh%b%%ltt f npg[ra@gﬂttotag? con
from 0 t@cesputhegiuns. %@mcd:rwt réolwﬂmtu?npercm@wnmnam ® t@3bpetr@ént

bi b I I Th
Gesi r abl PoRat Senai fien Bpou 28 el Bt 7458 JoMRLoHel> £ b FEtnch

(8440 kgns IkrcentdiioriRih, P68T86803 ¥ 4128610 B@ﬁeﬁ%ﬁ%lt Ol GbBAHPES afilt Cubi C

inch (8300 kgm3). In a preferred enbodi nent of thi's conmposition, the
super al | 6ypehast bingsten,1irém &y skt 0 pericemn hafisiowt, fion Opter atemit Igpercamtum | ess
t han about, 0.1 percent titanium about ercent tantalu about 13
per cent HFYHi G 5 gbowt &3661?36%‘??{ o 'é(?et"ematfﬂli‘? 0 30, 2bowt Udp &g ungst en,

about 0. 43 Bﬂ{%ﬁﬁhcé‘ﬁ]“cﬂa%nﬁﬂ 4iignik.nan THRQUmdsfioner eener silicon. It is

preferre t1ons at mnor elenents be |imted. Prg:ferably,
t he conp@%lr@blbhahasieaﬁmf lesﬂhamb@lﬁ@rﬁoéenwds pirovubix; ingh ¢844 00k0T Jraxi num

e rmum SRR prTay s bE oo TR e i et o088 V0. 04 per cont

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

2a



maxi mum magnesi um about 0. 001 maxi num percent cal ci um about 0.01 maxi num
percent manganese, about 0.005 naxi mum per cent phosphorus, about 0.001
maxi mum percent sul fur, about 0.08 naxinum percent iron, about 0.15 maxi mum
percent nol ybdenum about 0.15 naximum percent niobi um about 0.2 naxinum
percent copp@ciceabbwgsion, labwak Oriinpareers dnthivanand W (REPol. OB paRchmum
percent C yttrium about 0.01 maxi mum percent platinum |ess than about

0. 001 per hctonoxygen, and/ or about 0.001 percent nitrogen. The present
conposition of matter may be used, for exanple, in articles having any

oper abl e cryst g} {5 d6feprkd YEhp s RatRRInGe LR WSS T EGEL 9nal 1y
sgl idified, yor sisnrgl %—ﬁ%r;&gt aF&W%stsﬁﬁ%Bﬁr es?%ﬁi&a‘lévéfgfmﬁ efds g’f%%%ﬂ&
advant agesharcempaghpmied dbont iighexinyat pdredat tbo@érf;Saboﬁhl@(%Z @RhxdhtrnC | te' g
conprises _a substantially single crystal having a conposition consisti
esggnti al Iy ¢ Oﬁei@ﬂi{t &eégé??f‘fe“f r HAY ARGt ZiTconiug, apamt  B.0pe porsent

rheni um OWdrinBn t O ) . 1N fromO0 about 0.5

per cent tﬁlgéa%%%%] H%r?gnrﬁ a %}3;{? 21 3)06 %@gﬁﬁéxﬁlﬁ}é?}cﬂé’ﬂ}%&“&nta??ﬂm%ﬂr Bficdfout 12.5
to about IExpewmensgnekinmirabout 0(000 Makinnin Berbent @ektin, HBoMay 6E RlaxiRhial t. from
about 2 to about 5 percent tungsten, fromO to about 0.2 percent hafnium

from 0 toPHEEH MANEFEEeiPOW; (& n,mmmaﬁbé)émeckephoamwnrﬂ,neboml o1t 5.
[ ' [ i e. herein ma
CLP oo TR, RSN b of BN Phl 1EY Freneo

be used in relati'on to such an ar

a conponeptrcedt molybderiugt, kibbet NG Mexinfme PeRSnt ﬁioBMfrpidB‘éulbb.@dﬁraxﬁnﬁﬂfr bi ne
vane, a sea], or a stationary shroud. The density of the present alloy is

ow, pr ef BFESHityFoPRasatoyh A lapatimunppaoent penatism pehout 098 andximim( Betdét kgm 3) |

nd nost r t han about 0.303 ound e ubi ¢ inch (8300
kom 3y AR 0 OF Rl peRERL i e e by B boGhmerCemtiogec n
struct ur earidi@tabosit §.00Mperc@nditdgah S0 speci fically in those portions of the
structure that rotate during service. A reduction in weight for a rotating

structure allows a weight reduction for disks, shafts, bearings, and
rel ated struct the PEescRetdmpasitivar of eeatier asayahd vaeti afot agesphf ihhetigeesent

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 0to
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™), and most preferably less than
about 0.300 pounds per cubic inch (8300 kem?). A low density is

desirable both generally to save weight in a structure that is flown, and
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invention wll be apparent fromthe follow ng nore detailed description of
t.the Ppreferred enbodi nent, taken in conjunction with the acconpanyi ng

drawi ngs, which illustrate, by way of exanple, the principles of the
invention. The scope of the invention is not, however, limted to this

pr ef er r edaiggriapelii a@ity- inBRlJGE JoRRSGR HT hfa\bt%t&kﬁhm%%é%rﬁggmcé, g a
perspective view of "a gas turbine conponent, and specifically a turbine

bl ade; Fi tpdpdliod ingveaghiliock rdthting dnatranliors aweight exdoetibrafop dohs shifs, maki ng
an articleg; . Fiqures 3.,and 4 are ot s, of .wei ght change during cyclic

oxi dat i onﬁ%aé’gg?’%‘ﬂdégla%?d Saees B%ng- {Fthe, fef“HFe%_t% agl"’ q%&eérﬂ“ @Bk ot ocol s;
Flgure S insefidh G 1 afpAER FORCER A1 iDL Lk Ofkiled BERARGM |drShe

parameter; and Figure I's a graph of nor I zed stress versus nornalized
life in epreleateddmbivdipanataber il cojmyctibe Wit ihguecdresdnlying. drbbihgk Lighich

DESCRI PTI@I OF THE | NVENTI ON Fi %ure,l_ epicts an article 18 in the form of
a conponetiSBHCoPY YayaQl exampifeccpinciies ghdhs inventien.cakhe seopaindtthati al |y

single clistilond8hof HERENS, BhAGPIARIs pRAENES ERBQimeAPP! OBCh s operable with

other articles, such as other conponen gas turbine engine, and
the gas turbine blade 22 is presented as an exanple. O her conponents
i ncl ude tBREMPESGRIBTION €@F THEDM AWINGal s, and stationary shrouds. The
gas turbine blade 22 has an airfoil 24 against which the flow of hot
conbustion gas_inpinges during service operation, a downwardly extending
shank 26, and G8U&tk BchRESPEGUNE VY of B gas Brbiae sevppnst. ol speriéikallt # aches
t he gas tt‘dﬂﬁﬁ@ﬁa&iﬁde 22 to a gas turbine disk (not 4 shown) of the gas
t ur bi ne engi ne. ‘platform 30 extends transversely outwardly at a |ocation
etween the airfoil 24 and the shank 26. There may be internal cooling
passages Wit hiFighiee igablédkr fhow dialtaaclef 2pref@rediapgroach fubRingopepiicles 32.
During service, cooling air under pressure is introduced into the gas
turbi ne bl ade 22 at itg . . i o i

1gures 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., nozzies), 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




| ower end through openings (not visible) in the dovetail 28, flows through
the ihterior of the gas turbine blade 22 renoving heat as it flows, and
exits through the openings 32. The conposition of the present approach is
a ni ckel -base superalloy. A nickel- base alloy has nore nickel than any

ot her el egRRS- of%@ggmtb]ﬁ@é Roifit! PRI @hifin 56 cBrenfl GRVer) %u?vbdﬁlrﬂlé' dhat 1s

strengt hened by the precip i on gamma prine or a refate hase. The
article 1®chten bbt&recmnhmslrfmbm (ahdttheshmﬂrs%t Ahgre aaphbe dnteAp 663 Hnigon
consistin essentj II of, 1 ercent, from about | to about 3

per cent r R&HT&R, Wit agj"éutt“rlﬂmfé? ofﬁ dingr HeAtIG QRERHEA 3% r dMrmEt o about

0.5 percet@wrcbtaratlu anfﬁ 9@99 tm@ tl%e%a%etﬂ{)blﬁefﬂl%gc YA ¢ Ty oM about

12.5 to about '15 pe cent om um]S ll#trom a percent

cobal t, f teover abd throdght Gp@lm‘gst(mﬂ yisible it thedogehi g, ﬂ(fvb@m&]g!lﬂh@hﬁéﬂoro- 2
percent ha{ nium from Q to_about | percent silicon, fromO to about 0.25
per cent nB! {PEEaR IHHPINE e’ smsping heat asitflavwse ard eitsthroweh ieg epesingsi ckel
and m norqel ements. (All conpositions stated herein are in weight percent,
unl ess spécified to the contrary.) More preferably, the conposition has
fromabout 1.3 to about 2.0 percent rhenium fromabout 6 to about 7

per cent aI um nThe cdmpasitidrooftthd plesédt approadtvidta hiciel-pa¥eGapdrall Nt Anibkel-f rom
about 12.5 to_about 13.5 percent chromum from about 7 to about 8 percent

cobal t, f?@f’ﬁtaélﬁbﬂﬁtas?ﬁ% qr%%@maw othep elements. t frchebhase superllapoue 0.1 to
about 0 2 about

silicon. ?IBE&GD%Q& 0(—?fr d1 > sﬁgqg%gfﬁrgg?yggdprgﬁ@]tgtb%c?ffgagn%aomg °f I'“‘(ﬁgte

- limted t aa@out 0. 01 maxi mum percent boron, about 0.07 maxi num percent
ar bon, out 0.03 percent maxi mum zirconium about 0.01 percent maxi num
céerium about 0.01 percent maxi mum | ant hanum about 0. 04 percent maxi mum
magnesi um abolfke @T’@E)H 18 hﬁaﬂhwmnpembelmtofdhet eresemt appoeachDa Compesitinom

Pr:;lcerrﬂrn ggqnglgﬁ{efgs gﬁpwﬂtcgo Hﬁ\?%@h rcem‘tl n%rg gtrlltt] Po Eﬁ) BP r})lél'sccnt I gll‘iliE.ImO 001
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 0.25 percent molybdenum, from 0 to about 0.25 percent niobium, balance nickel
and minor elements. (All compositions stated herein are in weight percent, unless
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 0.03
percent maximum zirconium, about 0.01 percent maximum cerium, about 0.01

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



maxi mum percent iron, about 0.15 maxi num percent nol ybdenum about O0.15
maxi mum percent ni obi um about 0.2 maxi num percent copper, about 0.1

maxi num percent vanadi um about 0.03 maxi num percent yttrium about 0.01
maxi num percent platinum, |ess than about 0.001 percent oxygen, and about

0.001 per Ga0im M dt QAE Ralcile a%ﬁﬂ%rﬁlsg%ﬁ.@gﬂb}e%%a{: %%PEH{%% oY o34 their

speci fic anounts ‘interact <cooperativ e advant ageous

resul ts asreemahgsbrydnt Iphbsihoed ROt GAV] Ofaxiffint Gerceld SlERY ibowy 0108t
deviate substantially fromthe indicated ranges and anounts w thout the
advant ageB@siImEs parecnbaiory vk Bl ynafimagy gearcemhaolybdanum abowteAdSis from

about 1 t bly.fromabout 1.3,t out.2.0

per cent , PR e PG, RS SIT Pl Befgft Coprgy Aeb Rl Barirm oy

pr ef er abl yeraki UyanhdRinf) e48RAL0.0RNERIIMI ertePOYRALMS Abbst 91Ut inum
strengthener. If the rheniumcontent is |less than about 1 percent reduces

t he rupt upegcett ratgm. kst thepr @bout W) lapegent dxygeemd proomok @H pérgend- phase
formati on,. whi ch al so reduces rupture strength by tying up rheniumin the
TCP si gna"Bi¥8€E. The al umi num content is from about 6 to about 9 percent,
preferably from about 6 to about 7 percent, nore preferably from about 6.4

to about 6.8 PEhEMmen® PreséSh BEBERNLY B8 AHEr Bp&iRe 6RRhts MhdtRdnuUM i s
the main gamma-prinme formng C. elenent to provide precipitation hardening

and t henceooperagmelytio produke thagskyastaenns redults pkrocatadrwithu thecamipasitionofbel ow
about 6 percent, .the oxidation, resi stgnce. nd strﬁ]ngt . are reduceg
g e is

unaccept aBfys™ wHiFEenis gpay d’r%lﬂe“@tepéfl gt Sofrf’mc teg) FHASCHIAS
f or med, |&‘rﬁgﬁlﬂg_wﬁtﬁoﬁﬁgyE&Q{]Eﬁ%t@&%slsx'b%dts%@&%lﬁ@e %gtqﬁ%&gﬂse formation is

ronoted. The titanium con romO0"to a percent, preferably

fromO to about 0.1 percent, nore preferably fromO to about 0.04 percent,
and nost pref efhbtheniiim cofiteranms fromi aboat bialawbua3 percetit, peferablyifhine abatause it
inpairs o is fromabout 4 to

Ei da’:?itbon ?@Si stance. 6 Tge t]a t al um cont ent
about 6 pbrdBPOULL LRl ymetegRfEiErably dromy gt 153 50 ghewteh? Pefrshle apfef er abl y
from about, 4 BefelbRPYbut P.6DeRRAL Genidi S &BStknt solid solution strengthener. If

the rhentum content is 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

C \ element to provide precipitation hardening and thence strength to the superalloy. If
the aluminum content is below about 6 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 titanium 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.



preferably about 5.0 percent. Tantalumis a potent gamma-prine former, but
i.t is a heavy elenent that adds substantially to the density of the
superal l oy. Tantalumis |largely neutral to hot corrosion and

oxi dation-resistance. If the tantalumcontent is bel ow about 4 percent,

the rupture stThaghtahsh cbmenﬁyﬂ@ﬂﬁaﬁo@wit@ammﬁfameﬁﬁgmférfablghﬁzm hanpal um
content is above about 6 percent, there is a risk of instability in the

f or mat i onaboyt 3¥ peraenihase peeferably Homt Awuhidghbr abeuims2 peicest, codtmodi. The
chrom um nt 4s. . fromabout..12.5 to abqut 15 percent referably from
about 12. ﬁr%{qet{)aeoé)ggﬁ?mé&@eﬁ%’?tc eﬁ“,%alﬂﬁ'r 8 ap?fé?f&rg&m@a??% fﬁﬂgfft L‘i‘z‘ﬁ 752t 0 about

13.25  perceftelenishd tHIR HdP seemaRIY t&RRUGenkdy B?&&@Eﬁperaﬂgyp @mm@ jQresent
to pronote hot corrosion resistance by stabilizing al um num oxi de

f or mat i onlatgebt newirab ke badeatTosienpet axidetgor-mnganeand I thengntalunf cemestukf ur . | f
t he chron%ill:m cgnt eﬁpt i s bel ow about Y]f‘rz%’s perce E the hot corrosion is
reduced, ZNdYABBYE" BHSTL 18 PR fitengfly eihthe stperallovoksi compremised s Hsthance
drops as’ i } t he . i QR i .oxi des
P e Ao C U e P SRt n B0

oxi dat i onofrse@nasplease becalibeoftthb hlghecgmibrentpringe dontat.about 3 to about 10
percent, preferably fromabout 6 to about 8 percent; nore preferably from

about 7 to abaut ercent, and_nos referably about 7.5 percent. Cobalt
pronot es st abﬂﬂ?eﬁ?‘f@ﬁamha?m%ﬂ% gng%’OPEQ-étt‘égll‘é’.‘ 15 peroepte PEesaPlY fecmmt ent i s
bel ow ab r i r i r.esihsta fall. If
t he cobaﬁ%gggl?gr%t{";%iﬂéma%%é g‘%gidtnll&fé pgé@‘?gﬁ{ fr&g]xflybg’gl ?g'rzS rtgsﬁlbélt]tag%gs falls
and the g@neeat, pnd neoss prefuablyertpar 83 peeents Cladead is pRe&rhy primbleilRg

él evated tenperature rupture capability. The tungsten content is from
about 2 tTRBSNtTesISBRET St Stabjlighg; alyminim ooRidd dormat®n2 gveroam rxtandad 25

percent, r f. ut ,3.5 about. 4. 1 percent, and . nost
prefer ab|‘§5")‘§§‘8{3‘§ éa%'?@g%ééé%hg %?ﬁe%gssug%ﬁ (Iztf)t(r?l] rcljb'lﬁcii?lo}—f? f?{R‘FIUdf ?}F]é’wsf[r’]broélﬁgt h,
because 125 pacan, bytel bafdsiGPisirddwel Wndodbosé bERAtIRGRSEent thirohliEmithOgst en
content is_|less than about 2 percent, there is insufficient rupture

st r engt h.oxiqatipharesistanes drope ot et excgssingr ehromum 7promotes the formation of
- mixed oxides rather than aluminum oxide, which is the principal oxide scale for

oxidation resistance.

The cobalt content is 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 is 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 1s insufficient rupture strength. If the tungsten content is more than




about 5 percent, there is potential for instability and al so the hot
corrosion resistance and oxidation resistance fall unacceptably. The

haf ni um content is fromO to about 0.2 percent, preferably fromabout 0.1
to about 0.2 percent, nmore preferably fromabout 0.12 to about 0.18
percent, ab6utmsdrcen®) RN Bbin@qEE ifdtabit %ﬁ@%ﬁ%;thé“ﬁét%‘r&%hi%ﬁf}gﬁétﬁce
stability of the alum num oxide scale, thereby inproving oxidation

resi st ancénd pkigféon tesiviaher fa anecesptablye al | oy density and pronote the
formati on of gamma prinme phase, which ultimately reduces alloy stability
wi th respect t [ - phase f.or.matjon., Th ilicon content is fromO to
about | percen?‘,h é%?ﬁ’?%ﬁﬁ%?@“ﬁlﬁgﬂrbb?%a%‘%ﬁtf B?rient’ﬂg@%éaﬁ?& ABrabopt @der abl y
f rom abouto £hRABOLRGRRAY Indde PrefBEHISFIm aBARH (TBS(H a‘%@tf(ﬂ@?ér)éent.carﬁ‘}qﬂ%t .
percent. Silicon added in small anmounts inproves oxidation resistance.
However, prsderghlgaabout 8ilbipsorentddiafiiom predutesstabibtysof tegiltmifunt beide
superall o ecause .of the precipitation of the weak beta phase. Ml ybdenum
G obi T TR RPEp e RO P i St sher Pl prrease s lloy dermdypor cent
pref er abl ynd pRMAe B FaRidlioR of SaRGiLBA : f about
0.1 per cent,band nost pr eflgr abI%f/l 0. &#ﬁb@%ﬁﬁﬂlgﬂgﬁ@g#ﬁ]ﬁ%ﬁ%grag@)xer in

t he gammustaiphgseith arsgeatitobigommphesd f@eastial. umi num i n gamma- pri ne phase,
resulting in increased strength in each case. However, if the nol ybdenum
and ni obi um cogbej% S are indjividually greater than that indicated, hot

corrosion resi gon content ivizom Ofe @by prcemgrreisEbhoirmf orbeet @l enent s
di ssol ve joctdiemstd élﬁ?eﬁﬂﬂﬁ%ﬁ%up b%qg)gatb@gfbggf p%%cgéﬂ, %xgd mY)ts{ prnlegeﬁqﬂv'hs/ oSt

p6[\ef erably present X1 mum anount er cen

r ef er abl gbous OpiSepeandnti Sikvonasidedtin efalbmmbunds MproessCOBlationt fckiki4frdr oot es
alum num scal e stability _and adherence. If a greater anount than about 0.03
percent i SOWEYEstontgreat psilisgr addingrrefuees therstsengttp ebthe gwptsallaydiscausaol d- net al

reaction ﬁl‘égﬁ%ﬁ’ifa@%ir"gﬁ‘gr"i%@g%%g&q i ncreases the inclusion content of the

mat eri al . sent in a maxi mum anmount of about 0.01
percent, nore preferably fromabout 0.003 to about 0.005 percent, and nost

pref erably aboMolybdefidn apénidiim aBOERR RESMDIELEM Gmolit HOMGEar ¥ Sduenat h,
parti cul arlg | ow- angl e grain
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 is 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



8 boundaries in single-crystal material. G eater anpbunts of boron pronote
i.ncipient nelting during solution heat treating. Carbon is preferably
present in a maxi mum anount of about 0.07 percent, nore preferably from
about 0.03 to about 0.06 percent, nost preferably about 0.04 percent.

Car bon i sheuridefidd i @agleRirpaAnhateRall e 6ker HEdUN 6NBoloR HBMoR RREREAOY -

G eater anounts of carbon reduce the strength of the superall oy by

chemi cal | peltogrdyiring sefulipn heatiesatieg. deni ng el ements. Zirconiumis preferably
present in a maxi mum anmount of about 0.03 percent, and nore preferably is

present in an unt. of 0. .2Zirconium strengt hens ai.n, bo gari es that are
present. I-bV\nglgﬁ)oP or péﬂ?fgﬁ'lbé'- Rt A Eldei a??cf”gi)ﬁif&n?'i‘tsb{a M EPhpl y
present i fhods pioi@hbly SronEBUt 0.85 16 ab&It0.66 pg%éﬁtymo@ﬂgrelféaﬁlbadwm apg each’
preferably present 1n a maxi mum anount of about 0.01 percent to pronote

oxi dat i onperessitst §athen & ealeexidinep pmessnioto wrébwe indhsinentis the coptrelloy.

undesi r abl.e gol d- mettal fch m cal reatﬁti on aﬁl tth casti g}s rfq%ce_aﬂd

i ncrease PREST PSR HReEhfedire (ihe SLigparaeh By S {fﬁ i S§MGaEY or abl y
present i goAbifig wikiha WekRhingfclanawd 0. 04 percent, and calciumis
preferably present in a maxifum anount of about 0.01 percent. These

el ements function as deoxidizers and al so inprove oxidation resistance in
smal | quant i t Zaeonivm N prederebly presept inf emakinyunp aeeent ofi aboat 8% iperuengnount  of
about 0.01 dger cent; ghosphor us .is prefera esent in a naxi num anount

X b
of “about  BDESTEEFEHED SUPRH it AohPGPBIaR] U pEESaR] TRERt WA anoun
of about Q. 004BeRRR" bRl S IRFELEE ARV LSRRI dcls LR gLt of

bout 0.08 percent; copper Is prefera pre XI mum anount of
bout 0. 2pipfaratdnpresaimed small an pnede mapbggitpe.esent in a maxi mum anount of
about 0.1 percent; platinumis preferably present in a maxi nrum anmount of

about 0.01 percent; ogigeﬂ i s preferabl resent in a nmaxi mum anount of
about 0.001 pefaEnand Jaybanum Bfﬁeﬁ?q‘@r‘égfé Rriagie)t By & SRR IMYR 30GH% ofrum

amount  of 1 aREY o0 ‘pQIQ:%nt 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 1s 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.




percent. 9 Figure 2 is a block flow diagramof a preferred approach for

maki mg an article 18, such as the gas turbine blade 22, using the present

approach. A nelt (i.e., a nolten nass) of the nickel-base superall oy

havi ng the conposition set forth herein is provided, step 40. The nelt is

usual ly provid ' ' f | gﬁgrgns L:m;y.a vacuum

furnace using rﬁe ﬁ%é@ p%gg?iﬂ?ggﬁgég@moﬁﬂ%f ﬁg&gtrat)b:‘dgéﬂ T(;%rﬁlléa? ni cﬁl(rgp-e base

super al | 0y8,.sudlnes thelghs fusbitnb blada PP pusirgatht pessentappiodet. | Adpelnfileenatol#d. The
proxi mately the final

melt may be solidified o a cast artic¢le having ap
shape andmﬁﬂeﬂéiﬂtﬁ@%ﬁl- e Sla%ﬁfqt"ewehwg Abg §Pﬂ’é‘9$‘88’l‘ yset tpgh erein gy pe

first cast, e : ﬁgqgho.ar’l{hie%at i%%aﬁi?go%?&ﬁ%ﬁag@bg gliéez%%gpﬂnlgfy%gﬂgﬁélﬁa' ly

wor ked to't he shape and di ne e cast as
subst ant i alelgnta iai aghanei ainate stingaheltitg pradicée Rhdvomah lthe afti fontotitkr

mul tiple- crystal structure or a polycrystalline structure. Casting

t echni quedickelebareBiRsTalleys- achi eving these crystal structures for ot her

ni ckel - base superal |l oys, and those sane casting techniques are utilized

kel - bae Suhddiels BRRGREREAONRdide, RnREALRLT Sfhe bR mbi1Ge P CO0

. t . .
ni ckel - base super e used ftor casting hat "are antially

singl e crygslidificd tbecassatithas®ingadpprdxahsateb the finglhape hitedificgkiesd of the
tenperatures and require the greatest conbination of high-tenperature
mechani capiticlrd. dMtcamativehy. thesnelt may be firy sastas e sagipeticle, and the cast article

I nternmedi ate-te rature hqt .corrosiqn, resistance. stantigll sihle
crystal™ aid bF ﬁ%cﬁfukgéi \gﬁ@(e{iﬁ% ﬂéer ﬁ?@lsgal?esarﬁf‘%lﬂjgpflf)gfg'irﬁe ﬂﬂ%ﬁe@ g’l‘/'%rys'? al
(i.e, a shogh® 8'sBbMintialiyt Hejgle EHRREsBRYuBEa FRbliondRY WiRated mblhple-
faterial, typically not nore than about 10 percent of the total vol une,

for med of crysthlestructuraj as 2 Pilgcrystalling etraguies  Cagimgafetlniqugst arorkabivy fost
processed, .ste 4. Such, post rocessin I ncl ude, for,exanple,

Fepai r1 ng bl fiesr PRERL S0 isuuneR G Shee Btk Fase FhectTovsc AR TRGE Bl vi ng

pr ot ect i vy GARtdcifuethid ilifed ff She PREARRIRAGAESubGali (1S &t R%feg@& ocessing

operations that are known tor other” nickel -base superalloys e used
that the present nickel-base superalloy be used for casting articles that are

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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for the present nickel-base superalloy as well. The present invention has
been reduced to practice and conparatively tested wth commercially
conpetitive alloys. A nunber of devel opnental nelts and two 10
production-scal e heats were prepared. One of the production heats,

desi gnat e%mﬁ%ﬁ&%@@%ﬁ@g%ﬁg {e)éﬁlear. t epkedr iy Pfaﬂu&%d APtk CRLFEARGE

mechani cal properties, an orrosion resistance agal nst comnpetitive

al l oys. Th&7Y3rw8s pmtiparitatelhtested for @nddtionedsistango sicthamival propesieghindper cent
of 0.035 percent .carbon, less than 0.01 percent_ manganese, 0.05 percent
silicon, ORI ERISIHITEARRESUSOmBetis2aliRyscedte Xlilpumaterial bod 7wy cent
chrom um & t 0 e i 7 p balt,
ess t han TR E R b IR S p e "BE Blas) Bfent CarbnP Rag TRl 9010701
percent t ipt@akiumangasse, i pércdnt Biicoant.008 qleirdtm pHosPhe@s,CR0002 paicahtum | ess
than 0.01 er ng zirconium 0.003 percent boron, 0.1 percent copper, |ess
than 0.1 5%'?'&3&?9 \PEFEAT awmm%@-%ew@@ﬁttuﬂ@m QS nescseat wpmn/- B¢ peGENtper cent

yttrium Oég%gtgﬁ@srscﬁﬁgﬁ 0.1 !ﬁ%megtr%oggﬁémﬂlﬁr g%ﬂtmeg%ﬁabgﬂg}ﬁurg Pe%) ?ha%el[};g‘?“t

oxygen, percent ni‘trogen, ess v magnesi bal ance

ni ckel angentemotitagiuedess Shanlfle pdarai hipbivin, 4.Mipércaht! ayad@s 1&RaHsn 0.0299
pounds per cubic inch (8280 kgm 3), as conpared with a density of ReneTM
N5 of aboBErcont32iconsngS-0B% mercgp boropc B 1( BEaent keginpa) lesythan 0.1vpereeitt v

i dati ' f [ [ i es. OF 216C
i th one SyERRbI0MRChAEh Yl Jedcab U0 a0kl Fadhokd T bertler i ot a

2150F (11ybk@iunyi 0.01 Bercentgll@mubg 0.000% hefnt HOFeh, VPR3 rcht niBdkh, tBat s
utilized forced air cooling to roomtenperature using a conpressed air

il ast. Thiesyhhal i09eppnRe meaprEsE( bakmse)niclid oyd smubrspenimenthoflensty k6 al | oy
had substgntially th erformance in, e esk. Conparison alloys IN
738, Hast OP B0°XchS At 399 Bpds gy ?B}?QI(%&%EW&_WHFQ bRRied WY EC (" DS
MW247LC") denditd Bk ReHSEANG BBt OB F@poﬂifﬁlfs‘%@f alsge indi (dbtghHnf eri or
performance to both the ReneTM N5 and Y1715 alloys in “the 2220F (1216C)

oxidation test, see Figure 3. Conparison alloys ReneTM N4 ("RN4") and
ReneTM 142, al ¥achdtvelegitdokidahertesipsweupdformedun e firs et sabehinb22200F

(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 10° 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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inferior performance to both the ReneTM N5 and Y1715 alloys in the 2150F
((1177C) oxidation test, see Figure 4. Hot corrosion tests with 2 ppm
(parts per mllion) sea salt contam nant were conducted on 0.130 inch (3.3
x 103 n) dianmeter pins in a cyclic tenperature test in which the specinens
were cycl e&chheasoediten BSOR, (1819SHinans web5@Eti (:BA2G) thadapth bEfoReratthékgin Wi th a
sawtooth.r and, one hour cygle tinme, for a total of 1039 hours in 11
each case! nciggg?r Sﬂdé:s‘?”fsﬂﬁ?as‘t’rﬁg' gibeé?li%wgg@#%s@%wsh% rgfidtst he depth of
total attack in inches per side was neasured. The follow ng table

summari zes the results. A]R;\_(r Tot al AttaCKTé peches (m)  per side) Y1715
0.002 (0.05 x 10-3) Y1715 0002 (0.0p x 10. %a Y1715 0.002 (0.05 x 10 3)
Rene 80 0.046 (1.17 x 1043) Rene 80 DAf&&k (idckd () 10"3) [N738 0.068 (1.73
x 10-3) 1N738 0.069 (1.75 x 10-3) 1N738. 0,033 (0.84 x 10.3) |1N738 0.020
(0.51 x 10-3) The performance of Rene sNs) al | oy cpuld not be nmeasured in
this test, as it corroded r conpletely through and{was conpletely
destroyed in 350 hours, iIRgH§ATING O. §02 i(@ﬁgliiﬁo(s)l 65 x 10-3 m) of attack
per side at this point. $tress rupturfe testing was’ performed over a range
of tenperatures, and the results arel presented in gtandard Larson-MI |l er
format in Figure 5. At elavas ed tenperadu@es xabPpys Y1715 and Mar M247LC
are substantially equivalent in stregss rupture performance. This result is
significant, because the

Y1715 0.002 (0.05 x 107)
C Rene 80 0.046 (1.17x10%)
Rene 80 0.058 (1.47 x 10°%)
IN738 0.068 (1.73 x 107)
IN738 0.069 (1.75 x 107)
IN738 0.033 (0.84x 107) |
IN738 0.020 (0.51 x 107)

The perfornmance of Rene™ NS 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 10~ 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
elevated 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 kegm™), while
the Mar M247 has a higher density of 0.308 pounds per cubic inch (8530
kgm'3). The Y1715 alloy has an 1800°F (982°C)/100 hour rupture stress of |
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Y1715 alloy has a density of 0.299 pounds per cubic inch (8280 kgm 3),
while the Mar M247 has a higher density of 0.308 pounds per cubic inch
(8530 kgm3). The Y1715 alloy has an 1800F (982C)/ 100 hour rupture stress
of 12 about 30,000 pounds per square inch (207000 kPa), significantly
better thabowoil,ehbmundx peciasrefinch @07600 Ja) Wi shIfied B Beuar ihan Woaldlik per cent
range. Figure 6 depicts the |owcycle-fatigue capability of alloy Y1715 as
conpared StPedied ioaan sHoywHB emoRsi Ul 1n éRe 13 pareent Fwggat | gue paraneter A=-] and
a 2 mnute hold tinme. The Y1715 alloy is stronger than the ReneTM N5

all oy, even th ey Y; I | 2 nds per cubic
inchy(8280 kgm@‘11 gtr?g‘fepﬂ:ngfgr%}sg}vt@%%féﬁé%e%&ﬁy gﬁ%%)oygﬂ?ls‘?@?%ﬁl? Sids per
cubi ¢ i nclwifiB6d0okBend)'. NFatlogl Wity tidefitiginepsambl a2C1 Rgd LUPinRe Shidengt h
with oxidation and hot carrosion resistangg is difficult, because sone
el enent al URfdi Thsohd” \aralton 1e sirengsethgndbe Renspe Ny alimy evaiythaugh tealehsty.
Chrom um i ].©, ) : t r t,e hot .corr@si on
r esi stancg?Ygl?%?é ro]rsn%uzr%%gﬁ% 5%}9 rgc(]:]f(lgggﬂé%{lﬁ}%%’(Sﬁgggwséﬁ&tﬁgﬁ%r
conpar ed NS 4l iheav? gourdsfpcacdtr inch SaM@Nkgn Tpl ybdenum tungsten, and
rhenium Thus, many alloys reduce the chrom um content at the expense of
these nore-effective strengthening el ements. An additional problemfacing
the alloy desi §Reralloy deraenery calagang cupfpra nhersth with dexidatioramdd hiset

corrosion i: I e nj.z for their, .corrosign .resistance

i ncl ude Ré’{’\‘g%g"gﬁﬁ‘ﬁc%@%%ﬁg ?ﬁ%%fsg’?heg% entgl, adgiions v ih ol G

cont ent  opraperte nidyadegpdde ubothdr. SCRRMGEM is a8 adPled! URfoRHTnthEARE tleat i 0 of
| or less. The levels of titaniumand chromumallow the alloy to form

@ 208 and toripepnpts  gfecorprsionc sesistanicon buesbendumr & nainge ¢ffective estaioh

Cort 0oL oy IR SERIGhAED kR BEEtSEr S3 0L SR EhpaatehLy o

oxi dat i onrifegfingt ames, MBS B1AR0Huc2AR UnrdmAfB Qntedtl & HOTRPSIsE P MmAL! ows the
alloy to readily forma protiective |ayer
more-effective 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.0s 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). Its composition allows the alloy to readily form a protective layer
of aluminum oxide for oxidation protection. However, the hot corrosion resistance of
Rene™ NS5 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
is deliberately limited for strength, stability, and oxidation requirements. Since
Rene ™ N5 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™ N5 is therefore limited to about 7 percent by weight.
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of alum num oxi de for oxidation protection. However, the hot corrosion
resi stance of ReneTM N5 |ags that of ReneTM 80, IN 738, and IN 792,
because the alum numlevel is too lowto provide protection at | ower

tenperatures. Additionally, the chromumlevel is deliberately limted for
strength, st abiAsi demonsiste® Xl dBd ted k@Y &m@g@m coﬁhﬂ&ﬁon FeR&itMaNdas |
desi gned for strength above about 2000F (1093C), chroma formation is not

desi r abl ebalgece in imechgwiralt propesies.o axidatiarhipsorertigs, taedpermsionepropagies. The
chrom um ,cont ent ﬁ’f ReneTM N5 isht heref&re Iin}'tﬁg 0 gbout 7 percent by
wei gnt - 13RS safhind GoRROIPR: R et S drned) pnt shPudRA adhiee i on
provi des a,@aedimia, anede b&nl\/ggﬁé?ﬁd‘hﬁﬁl refl6OR64ibh Fom O AR LRSS | es,
and corrosion properties. ny gas turbine conponents such as nozzl es
(vanes) ahot smosiwdsind ozidation,sind des-cyclefttigue dainapt fdm theesd cgdingoridiet s nust
resi st erosi oqfabr om t he (ﬁﬁg‘g{s Bed ef{ﬁiﬂé of hot corrosion and oxidati on,
and | ow cHEFBN AT ATE*HR ¥ 80¥ el iipssertappandyis saore Moy, as
exenplifi gg) Bty 8hihde. Y1715, meets these criteria and is unique inits
property alpance. Al't hough a particul ar enbodi nent of the invention has
been described in detail for purposes of illustration, various
nmodi fi cati ons allioegthaneetimiirsembydiinent oAdiec wiviechbori hde paet idegribednint he
spirit ang S, (%ge of the}f@,gventi on. Accordi_%gly, the invention is not to be
limted e ‘E??Et LBUROSSS Y IYBHERRBd VIS fgodifigatigna | agd enbancsmesispBay bEon of
- matter copshst.; ' ' C: . fro ..t 0 about
3 percent H‘?Hiﬁ‘f@%“ﬁ%’%ﬂn“&?&ﬁ ﬂgg %péhg%ﬁgﬁ%c%gé Bgrﬁ%’elﬁyéﬂé 0 h1"‘§r:1ral§:§1p(ﬁllII ly’otr%eo to
ahout 0.5imemt§:cﬁfi&nbiﬁo&d&ilhﬂfltedfdmept&btbyﬁhéa;%@ncﬁd@ﬁin@. percent tantalum from
bout 12.5 to about 15 percent chromum from about 3 to about 10 percent
cobalt, - fromabout 2 to about 5 percent tungsten, fromO to about 0.2

percent hafnium fromO to about |I percent silicon, fromO to about 0.25
percent nol ybdenum from O to about '
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0. 25 percent ni obium bal ance nickel and m nor elenents. 2. The conposition
of matter of claim1l, wherein the conposition of matter has from about 1.3
to about 2.0 percent rhenium from about 6 to about 7 percent al um num
from about_ 4. Iiﬁo-about 5.5 percent tantalum fromabout 12.5 to about
13.5 per céﬂTA omum fromabout 7 to about 8 percent cobalt, from about
3.25 to about 4.25 percent tungsten, fromabout 0.1 to about 0.2 percent
haf nium and from about 0.03 to about 0.07 percent silicon. 3. The
conposition of matter of claim 1, wherein the conposition of matter has
about 1.6 percent rhenium about 6.6 percent alum num |ess than about 0.1
percent titani dm abBouompogition ehtmaitznicansistingadseentiallg qfeircenight peeamtum
about 7.5 ercen alt, about. 3.8 percent tungs about 0.15 percent
haf ni um &8 P ttﬂé‘H"“ta%BﬁfFe‘a rE”B‘é‘Pcﬁﬁ‘c“ %OPF géﬁ%?‘%‘ﬁ“ OmprECEb ARBENON of
mat t er of ﬁ%aorfa, ooutteRs geaaeﬁthﬁmfﬁ%pﬁgg{ A Qo amtt§h%r’c§1t télgzu’a&d fibfh about

0. 01 maxi num percent bo about 0 maxIi mum perce car about 0.03
per cent nahmunjr’nitda:bnutdﬁ]pe&bﬂbﬂbhtbnﬁﬁmpﬁbﬁfﬁﬁoﬂﬁ&xiomhmt temetsent eddalif 0. 01
nt hanum about 0.04 percent_ naxi rum magnesi um and about

1
o063 o oAl 2 e %ﬁaewt BMEstRG Hde |3P‘|’16r9 Dpersenthamren, Epmitn
wher ei n t*f@amm% c%hPé?h In, S84 %58@&%0%%0 PHEENh, & gouttugabgaPout 6.6

per cent al um num ess t 1" percen | tanl um?’ ercent

tantal um Oa?iSQJttceﬂn&prllhﬁﬂlbta]aﬁbémﬁkﬂmmdahﬂcbﬁd&néﬂs.ﬁ percent cobalt, about
3.8 percent tungsten, about 0.15 percent hafnium and I ess than about 0.1
percent sili con 6. The conposition of natter of claim1, wherein the
conposi tion of 2 mat #b¢ qogmosiiopedf mattemeliclaon ol Whsteinuthe pramnesitioneefyanese,

about 0.0 u p

ulfur, abRuf BoHO BRAETS ERBRRED MBe-RL R e R Ao p e

mol ybdenu rc&h%ﬂﬁmﬂuﬁﬁﬁwhmﬁﬂél pey sk 5 ﬁ’é}béimtarﬁﬁlgtﬂ ﬁ%n?aﬁ:@fsl]moper cent
copper, about 0.1 maxinmum percent

’ 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.

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 0.03 percent maximum zirconium, about 0.01 percent maximum
certum, about 0.01 percent maximum lanthanum, about 0.04 percent maximum

magnesium, and about 0.001 maximum percent calcium.

5. The composition of matter of claim 4, wherein the composition of
matter has about 1.6 percent thenium, about 6.6 percent aluminurm, less than about 0.1

percent titanium, about 5 percent tantalum, about 13 percent chromium, about 7.5
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~ Wherein t &&g@g@;ﬂmn of matter "has about 1.6 per
um nem

" percent silicon.

vanadi um about 0.0001 nmaxi mum percent yttrium about 0.01 maxi mum percent
pl ati num | ess than about 0.001 percent oxygen, and about 0.001 percent

ati num n about gen. 3 t 0.0 nt
of ot tor PRisEALCiERTRES oo sl Bho oA Seset T, wphAe Toien

(8440 kgmaByut B1 pbcei@sint i on-of matter consisting essentially of, in
wei ght percent, from about | to about 3 percent rhenium fromabout 6 to

about 9 percent alumnum fromO to about 0.5 percent titanium from about
4 to about 6 pé& centlheapPrapemyor phmatigpsft claim 4, thestin ube 1®mpositiont of

chrom um { . percent cobal t from t 2.to about 5
per cen'tJ t lﬁ]aétgmesﬁ]mﬁ %%:r?%} 86’?%%0%]39 .lﬂnﬁ’e'fcc:egﬁf”aﬁﬁ:fq?F% rﬁli)o‘f"r @Brﬁ Mk out . |
percent spkice@Nphdsphthf, aBowtb0.001 MnGmRes GRAJenMRLMBIMM 0f080MaQih®mabout

0. 25 percent ni obi ug}) about 0. 01 maxi num percent boron, about 0.07 maxi mum
percent caewer, 1apo@bowt 09 Speragemem npstceninmol ybdemimmabewo 0tl SO m@&impemc ent

maxi mum cer i .apout Q.0 ercent maxi num | ant hanum. about 0. 04 percent
- MaXi num %rﬁgﬁs{} rﬂﬁqglugboag'iouép &T%ﬁ%ﬂ%@?&gmﬁt%ﬁtﬁ "?ﬁi‘I“EHE'eP?TEWeI and
~mnor el ep@fadfim, abbut THEOEIO AR fhdrh Ofbr&dnt W, Souf 0N MBxidB8" Séilerdine

conposition of matter has fromabout 1.3 to about 2.0 percent eni um

" f r om abouplagngm, lgboihan abow &k @H meregntiok ypem arfd abont®60t pércBnttnitradenut 5. 5
‘percent tantalum fromabout 12.5 to about 13.5 percent chromum from

about 7 to abouj 8 Rer cent c_o_bal{, fromabout 3.25 to about 4.25 percent
tungst en, from‘about' N6 .compgsilipn ot matier gh&laina i whareil um and from about 0.03

to about fle@FmpPosiGeALF HatitFRR a d]eﬁsilyoofl-g.&ethﬁﬁ"ﬁpﬁﬁidj@gaeoﬁ]dgﬁéﬁc%ﬁicqﬂc laim 8,

enium about 6.6

percent a | ess than about 0.1 percent titani'um about 5 percent
tantal um about 13 percent chrom um about 7.5 percent cobalt, about 3.8

ercent tungsten, about 0.15 percent hafni.u and ] ess than _about 0.1
P g . R composmon.rpo matter conswtmg] esscn%ally 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 titanivm, 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 hafoium, from 0
~ to about 1 percent silicon, from O to about 0.25 percent molybdenum, from 0 to about
0.25 percent niobium, about 0.01 maximum percent boron, about 0.07 maximum
percent carbon, about 0.03 percent maximum zirconium, about 0.01 percent
maximum cenum, about 0.01 percent maximum lanthanum, about 0.04 percent
maximum magnesium, about 0.001 maximum percent calcium, balance nicke} and

nunor 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 per(fgni chromium, from about 7 to about 8 percent cobalt, from about 3.25
o about 4.25 percent tungsten, from about 0.1 to about 0.2 percent hafnium, and from

about 0.03 tdiébout 0.07 percent silicon.
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11. The conposition of matter of claim8, wherein the conposition of matter
has a density of |ess than about 0.305 pounds per cubic inch (8440 kgm 3).
12. An article cdupriBiengorapssitiet afitmalet yof daingBe wiikeysih ahe Rauiposition of
conposition consisting essentially of, in weight percent, fromabout | to
about 3 p&PHEH a%@i)@ﬁ?&mefﬂfq"b?heam@beuttw RBGERt %J%@Pﬁeﬁssélp%ﬁhﬁ’uhﬂ]from 0

to about O . t] i t -cent | um
from about P18 B PERMm, (oA S icecr A0 avul 93 BSRuthy SyBRLGE0 bRt S0
per cent colpaicent dabaly atihat 8. 82pdreent boigstenSalmt OAISt per¢sn0 Bhffumf ARG than about
0.2 percent, hafnfjum frgmO to about | percent silicon, fromO to about
0. 25 per ceAPoHd LB SIPPom 0 to about 0.25 percent niobi um bal ance

ni ckel and m nor elenents. 13. The article of claim 12, wherein the

conposi ti on has {1 omraBedpbifof 8 maRAU cRif PGRGEAE NNt um from about 6

to about 7 percent alum num froma to about '5.5 percent tantal um
f rom about cdiBpssitien aboatterl Bassa densitgrif ledsr thah Wboutf0. 308 pabistpef dubicabent 8
per cent 00@48, fr.ﬁm about 3.25 to about 4.25 percent tungsten, from about
..0.1 to abou : rcent hafnium and from about 0.03 to about 0.07
percent silkicon. 14. The article of claim 12, wherein the conposition has

about 1.6 percenb rhﬁﬁ‘laHi@% %@%iging'a%@gfﬂq‘%ﬁy%a%wf@ hhfiss ot han about 0.1

‘percent titaniunm about ent tantal um” about percent chrom um

about 7.5 ammpwitioncohisisting alsuntiall.of, heweiht fertegstfim abaul . dbuupey cent
hafnium and | ess than about 0.1 percent " silicon. 15. The article 'of claim
12, wher ei PETEeHE rheydsifiomy abewt § toriebay ¢ pespialupimm,fisim{topdogetS bor on,

- about 0.07 I (¥ t ut_ 0. 7 _pgercent [
“zirconi umP%A olttJt E.lgii’;%@?cag%ﬁ{%gggf‘brpﬁ?n%cpeef?eﬁg?anﬁai‘gﬂtFT : Ouﬁéégﬁ%%&g nmum
1'ant hanum 1I Sapeauint Chidinipe! GORT abBaK B b AbOR AV cad, ABRHAborR 208 LbaRXIT Mum
.percent calcium . :
5 percent tungsten, from 0 to about 0.2 percent hafnium, from 0 to about | percent
silicon, from 0O to about 0.25 percent molybdenum, from 0 to about 0.25 percent

niobium, balance nickel and minor elements.

13.  The article 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\]3.5 percent chromivm, 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. T_he article of claim 12, wherein the combosition has about 1.6
percent rheninm, about 6.6 percent a]urﬁinum, 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 of claim 12, wherein the composition is limited to

about 0.01 maximum percent boron, about 0.07 maximum percent carbon, about (.03
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16. The article of claim15, wherein the conposition has about 1.6 percent
rheni um about 6.6 percent alum num |ess than about 0.1 percent titanium
about 5 perecemt m@rinalhumircabium diupdr. Qe nteradnt amximunbeuiom] . Shopere@nt

cobal t, about BE rcen Lhtungsé n, about 0.15 percent hafnium and | ess
t han aboutpeﬁcefftfi’?—f"lx B fagihapygp a @CEFRY ERSIgM dpagnesium, apdebelrh t he

conposi t i Qoo 1Smbkifvng e,tcgmaga m0- 01 maxi num percent nmanganese, about 0.005
maxi mum per cent phosphor us, out 0. 001 naxi mum percent sul fur, about 0.08
maxi mum percéent iron, about 0 15 maxi mum percent nol ybdenum about 0.15
maxi mum per cent 16 obiTherprtiglsoftcladm A5, wh&nemuﬂrremerrmesnhomb@@eboutatﬁ)ut 0.1

maxi mum percent vanadi bout O. 0 01. maxi mum percent yttrium about 0.01
maxi mum pd@FEERt TASPRYR, r%rr‘%’t %é”sge‘?ﬂﬁ Bum. lessoban ghowdhi RexsegbHtanime about

0. 001 per ggait %éré&ﬁ%tal&& aﬂ_&ﬁ 13 r{i&&h?c%nﬁﬁﬁ' okt 7, ESitr}oB ab%'%{

substantially single crystal is i e shape o a co onent

tur bi ne eddi perceritStungten, aattout IOelSopercd:mrhaIﬁ’manﬁﬂelleﬁs tHaa Msmnbbr@éﬁty

- singl e crgﬁt al is in the shape of a conponent of a gas turbine engine

. sel ected P1'6fft he group consisting of a turbine blade, a turbine vane, a
seal, and a stationary shroud. 20. The article of any one of clains 12 to

19, wherein therrar t i TAahiag oRcial? s wierh the Bmb8brAR el 1F05 Pounds per
"cubic inch, (8440 kgm 3).

about 0.01 maximum percent manganese, about 0.005 maximum percent phosphorus,
about 0.001 ma;umum percent suifur, about 0.08 maximum percent iron, about 0.15
maximum percerit molybdenum, about 0.15 maximum percent niobium, about 0.2
maximum percent copper, about 0.1 maximum percént vanadium,'about 0.0001
maximum percent yttrium, about 0.01 maximum percent_ platinum, less than about

0.001 percent oxygen, and about 0.001 percent nitrogen.

18.  The article of claim 12, wherein the substantially single crystal is in
the shape of a component of a gas turbine engine.

19.  The article of clam 12, wherein the substantially single crystal is in the
shape of a component of a gas turbine engine selected from the group consisting
of a turbine blade, a turbine vane, a seal, and a stationary shroud.

20. The article of any one of claims 12 to 19, wherein the article has a
density of less than about 0.305 pounds per cubic inch.(8440 kgln'3)- |

i8



