;1 Je3eRIOLb"6TI58 NI CKEL ALUM NI DE COATI NG AND COATI NG SYSTEMS FORMED
THEREW TH * G00002* BACKGROUND OF THE | NVENTION (1) FIELD OF THE | NVENTI ON
The present invention generally relates to coatings of the type used to

protect conponents exposed to high tenperature environnents, su
hostile thermal environnment of a gas turbine engine. More parti glmum[ymmm,m”m
this invention is directed to a predom nantly beta-phase N Al (bN

overlay coating alloyed w a pﬂ@m vi ronment al coa 15
and as a bond coat for aﬁlﬁ&ﬂ%&%ﬂ arrllgE g@ﬁ‘[ﬁlﬁg%(“ DESCRI PTI O\Ir”m

RELATED ART Conponents within the turbine, conbustor and augnento ﬁ’%ﬁmﬂmﬂw
of gas turbi ne engi nesCaAAdTSIEEERTEMSFORMED TRIEREWEd hot corrosio

attack, in addition to high tenperatures that can decrease their mech®fioeal
properties. Consequently, these conponents are often protected by an
environnmental coating alone or in conbination with an outer thermal barrier
coating (TBC), which in the latter case is terned a TBC system Ceramc

mat er i al S PACRGROBNDOP THH RICENTRENt i al |y or fully stabilized by yttria
(Y203), magnesia (My0) or other oxides, are widely used as TBC materi al s.

Various netallic coating systens have been used as environnental coatings
for gas tutbiFHELRQ hE BNt he npst wi dely used being diffusion

coatings such as diffusion alum nides and pl ati num al um ni des (PtAl).

Di ffusiongl.u .egénqugﬁﬁfﬁhgg%g%{@. 5182 9o DpalifAC hF MHe .tt?ﬁea%g&f %ﬁ'ﬁrgtfecla

conponent Wwth an a i ning vapor t eposi l'um num and form
vari ous alcomponglgs exgposedried highi emptiaaire @neirddmers, cuvic tas tiaf hadtilerthemneiand

elements of the substrate materi.al. piffusion . alum.nide coatings formed in
o i oke! - aEoRTSE O e gy felipe cpeing Mot BITCRAHS B PYOHABE TR ant

i nt er met aldrd o RARESHeRR phRE i NI @Niﬁ@o&ﬂmozﬂfﬂ%’mlo@% With B iumBér dse

incorporating plati'num the coating further includés PtAl internetallic
phases, uswahkyvirRmaiental do@ing avd aaadopd aoatdoma tharngallbatriecwgoating he Ni Al
internetallic phases.

(2) DESCRIPTION OF THE RELATED ART

Components within the turbine, combustor and augmentor sections of gas turbine
engines are susceptible to oxidation and hot corrosion attack, in addition to high
temperatures that can decrease their mechanical properties. Consequently, these
components are often protected by an environmental coating alone or in combination
with an outer thermal barrier coating (TBC), which in the latter case is termed a TBC
system. Ceramic materials such as zirconia (ZrQ,) partially or fully stabilized by

yttria (Y,03), magnesia (MgO) or other oxides, are widely used as TBC materials.

Various metallic coating systems have been used as environmental coatings for gas
turbine engine components, the most widely used being diffusion coatings such as
diffusion aluminides and platinum aluminides (PtAl). Diffusion aluminide coatings
are formed by reacting the surface of a component with an aluminum-containing
vapor to deposit aluminum and form various aluminide intermetallics that are the
products of aluminum and elements of the substrate material. Diffusion aluminide
coatings formed in a nickel-base superalloy substrate contain such environmentally-

resistant intermetallic phases as beta NiAl and gamma prime (c') NisAl. By
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Anot her wi dely used coating systemis an overlay coating known as M Al X,
where Mis iron, cobalt and/or nickel, and X is an active elenment such as
yttriumor another rare earth or reactive elenent. MAlX overlay coatings
are'typically deposited by physical vapor deposition (PVD), such as

el ectron beam PVD (EBPVD) or sputtering, or by plasma spraying. MrAl X
overlay coatings differ fromdiffusion alum nide coatings as a result of

i ch ¢ noy areS BT SRS, eoRRRAbeShpaH P A Fy o P aRiRE ARERn ot o

the subst rrahPand IﬁtAqlgla@as ptaadmarin Sollti6k R thO A3 A MuRekalliphassbst rate, an
MCr Al X coating will conprise a nmetallic solid solution that contains both

gama prime and beta nickel al um nide phases. Used in conbination with TBC,

a dif f usi dHoiheyidelyaised coating sxstedp pRpverdat saing kpows agMerAdSnavherat t o
adhere t hayr 18{roh Roblie aldFEhINEh RS b Bbve Jgkfﬁ&' 108 B PG Bhofly  hESE
ond coat materials provi des rong adner ent

cont i nuougarel earth row reaexivel @ldnsaner MGJ}AIN Mrbyaba)n@tarehm&ﬂl@cﬂdpemrlgt ures.

Thi s ther IIy own, oxi.de rote ts t he o from oxi dati on and
hot corrod Bﬂca g’ﬁaorcq?gﬁ'?@%‘i‘ flwiﬁg q%e r\gl)lsgﬁé V&t spyitsrie,
recently, Qpugr élﬁéin& QRrlal, RS MCerX (ﬂz@fla cgétfrf %ng@r) 18 @i'fﬁgﬁg] agtgﬂ;nlld/e

bet a- phase ni'c aluninide internetallic een propose
envi r onnerspatingsnas boresult ofitthere anérds stranﬁfbnreclxllt(é\lthbesubstmmaserfmei snds theor

kel - al t.3 .
D Gt num RS DR RREt ep Ree diroREA a b e it Blee:
Not abl e exgaplREatef IP@&p’b’si@é@@@aNaﬁ%l %etsugaamat ﬁms@étﬁ ampieﬂi@( coatin

commonl y-assi gned U. S. Pat ent . to Nagaraj et al., whic

di scl oses vallNpompprEsg et m}alb@rsalué@ahltleptth@tnwnta,ms:bnt painmg psitae and thstee act i ve
el enent s, cerium zirconiumor hafnium and

comonl y- é‘iﬁk%g%@% %.Hg’h%an%'ent No. 6,291,084 to Darolia et al., which

di scloses a Ni Al overlay coating material containing chrom um and

zi r coni umUsedrinwoipimsioh gried TBCS.a Héfusioh dNasinide dOMGMIXandrlay 268601 t o

Rigney et al. and Darolia, respectjvely, also di scllg%e bet aphase Ni Al bond

coat and SRV BhabRRGrcogtdaadhere thg EBCaoghe ypderlyingmsybrisate. Nihgjalyminug | oy

di scl osed RyH (Smﬁé’seebtona|coat¢r9£ﬂ:ﬁél§‘?ro‘€1'ﬂfe9%IUIHE siaaf é]’oWEH Seldinotd dh@t‘%gpm and
optionally tantalum silicon um zirconium  cal cium |gon and/ or
yttrium \Monllmldbara:blhmafum beida- 1pyms(elmma saalle))ylt cbmnad rtsmpenaumm urhhisThe

bet a- phas allo of r o) | t al.,. and

Dar o1 | o hAbSMBLEeRBnATHS Db ot aneid Rost e axkiaen e h&er

t her eby i%hbklbh,%d%ﬁé‘lhicaﬂ%]@Bnd%fthé mBC-F[BQI@-&qld' daaf.easing the service life of
the TBC system The role that hafnium pl ays in inproving spallation

resi stance of a TBC vvas i nvestigated by Nagaraj and R gney et al. Nagaraj

i nvest i gatMeresEgRly oNprlayoceings sua-f nefl 4 GyiEusiom fcrrdoraastly bete- hass oved
spal | ati Orhlék%ﬁ 'aﬁfrtﬂﬂﬁ@ 19@%3#1’? IRRE Eﬂegﬁﬁgrd osé&s gﬁwﬂ}?ﬁﬁenpiﬂégﬁ b0 o}

el enents, suc trium nium cerium zirconium etc., were present
at |evels mﬂtemﬂs t ﬂih&NﬁAhbelanphaspcextsmfor nl%kghﬂymﬂtumbompmmtsl afabeut m her

Ni Al aIons conta ing hafniu uch as N -49.5A1-O. S

N -8 5AT S, SR e A0S e S ks ey - 0 B viekebRluTingE 0. 2ca,
Ni - 47. 15A%pm gfﬁ@n %‘éﬁ% AR NotdblE: exinpftl- &’5&15& hase WiAP. cobdind madrials 2G2,

Ni -44. 3A1- S 2Ga, and Ni-4575A1-1.04Ti -0. 14H. Based on these
results uanigdmpommo@xlsaamg@nd USerRatant Maf HiOUMBS2 ttowkisgasajopt ebt edidthat

when conbi §3 etc as _ muc at.om c percent
e oo fiefpsLh RuA L eal Bopd Lo Bptiat Snteigife SHET AR Fetv et Befislr (e
advancenenush i $eHEBEceraf)VArcohin@l 6r ha&iRinand coalitérdphaiRdang, Pahi nuous
effort to further increase the service |ife of TBC systens by inproving the

spal | at i ofNG-eb2%k.08fc & Harelifect pler whichi ﬁgﬂo%eﬁm@hfxbw@rlaysm@gsmmm OF THE
| NVENTI O'\'cEHf‘auf?ﬁ%S&HEmith eid %e?&lﬂﬁ{ al lé’on?rfl&\/lk r?edp I?Eecﬁdté! § srlay
coating for ar | es used i n hos e 'therm VT Bnmen SUEh as’tur bi ne,

conbust or &I, Elagamdr&ZﬂS (If)dﬁp@’i@r[ety&t af. aad Pasgoliayrdspertivelygalse disdloge bétyent i on
is particularl dfs{’ ed to~ a predom npant|y beta-phase N Al overl| aly
coating f dMasfsBiAkband,sem %aﬁmrsmsntﬁh@m IB&tFFIP]éf EhrabptaphasealijA
deposited on the overlay coating. According to the invention, hafnium at

| evel s significantly higher than previodsly expected can be i ncor porated 3




into a Ni Al-based coating conposition, yielding a coating system capabl e of
exhi biting i nproved spal |l ation resistance as conpared to prior bond coat
mat eri al s, nmost notably platinum alum nide diffusion coatings. A preferred
conposition for the beta-phase Ni Al overlay bond coat of this invention
further contains about 2 up to about 15 atomi c percent chrom um O her
possi bl e alloying el ements of the bond coat include titanium tantalum and
zi rconi um Ly [ . OV f this
nvent 1 on UaY i EbERARARe of oty ShELIELRbiin, AELEY SAABY BB L

st oi chi omeptibsalymatiatuny dilicon| gkléiim, Strc@fuig cdleiupt, ebanandast yurived, whike

beta- Ni Al _phase. Wth the addition of hafnium the overlay coating also
cont ai ns H&Tﬂh%ﬁnb?ﬁﬁt@ﬁ?ﬁai‘l%i alloypenadains zigepoimas T tk’étbftapplil%%\(%l Rllowy ofeus| er)

phases (N ) r d i

Dot a- ni A1 et PPy ol RishBy U o CpBIGHE 1B B SAGAE BBk, ¢ om
i mproved h:dhesmrr ob i oeramcomHC dalent therebyt inhibghinpe spaibptiby ofhlhenTB@] arahd
precipitation str t heni ne a-Cr phases dispersed within the beta
phase of tlﬁ‘ge%SH}ﬁttSﬁgerVWé’EgB{éEgjﬁdiyé&@% her in a beta-phase N Al overlay
bond coat, these phases have been shown to inprove the spallation

resi st ancermef rdle THE HeRAS tR8)sOth nﬁgr&w Isgaealahaﬂdregl%ﬁce bre; bi@-whase N Al

overlay coating of this invention is also | ieved to have application as
an envi r onmastigdted bxtNaggraj @nﬁéhgmb] elcals Maghraidnsertiggied severathg49 Bfdént i on

TR T X e

pressure toae Wrngordel en-GbtOHer Eerdents, SuchlRSHtrR@EtHabiiam, \ébﬁﬂmohr&&iﬁ‘u@ ade of
Figure 1 along line 2--2, and shows a thernal barrier coatlng system on the

bl ade in &ScoMeEnresent ehleyalserfpauionbAtatemic prreentn Rigaeyat aly invesigiiek 3 is a
graph ill a C I £ r mance
of Ni Al Cr %ﬁ{r?ﬁfﬁ@%f § cro§ 5 dh%%a. r{go%?e}ﬁ #ﬁ@%pﬁg@%n@un gAgf Fgf niumin
0.5Hf, N1-49.45Al 0.5Hf-0.05Ga, Ni-48.3A1-1.0Ti-0.5Hf-0.2Ga, Ni-47.15A1-2.0Cr-
0.25Fe-0.5Hf-0.1Y, Ni-48.05A1-0.75Ti-0.5Cr-0.5Hf-0.2Ga, Ni-44.3Al-5.0Ti-0.5Hf-
0.2Ga, and Ni-45.5A1-1.04Ti-0.14Hf. Based on these results using up to 0.5 atomic

percent hafnium, it was projected that, when combined with chromium, titanium, etc.,
as much as 2.0 atomic percent hafnium would be beneficial to a beta-phase NiAl bond

coat.

Even with the advancements discussed above, there remains a considerable and
continuous effort to further increase the service life of TBC systems by improving the

spallation resistance of the thermal insulating layer.

BRIEF SUMMARY OF THE INVENTION

The present invention generally provides a protective overlay coating for articles used
in hostile thermal environments, such as turbine, combustor and augmentor
components of a gas turbine engine. The invention is particularly directed to a
predominantly beta-phase NiAl overlay coating for use as a bond coat for a thermal
barrier coating (TBC) deposited on the overlay coating. According to the invention,

hafnium at levels significantly higher than previously expected can be incorporated
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accordance wth the present invention. DETAI LED DESCRI PTI ON OF THE

| NVENTI ON The present invention is generally applicable to conponents that
operate within environnments characterized by relatively high tenperatures,
and are therefore subjected to severe thernmal stresses and thermal cycling.
Not abl e exanpl es of such conponents include the high and | ow pressure
tur bi ne nozzl es and bl ades, shrouds, conbustor |iners and augnent or

har dwar e gas rky Iell . SUGK |l . kSt i SStr e
Furbi e bihdar TR AFBLEr, GahE tomiRigl, STERER Foutite, i MRS Lo
airfoil 12xhih#tingsimpsbvedhspatisti@oresisginc® ns gamparedrte ptior dohd dogtunatedaleper at i on
of the gas turbine engine, and whose,surface is therefore subjected to
severe at %knw&aﬁ@&%ﬂ%w?@ t@wnawaﬂggsosf.f(ﬂae.qgﬁicm%&dn top thes

anchor ed_ igrahifald RiAP oflrtly ¥dHR e @l Whidhin daiRk ohiaddh fiRGMRAPR 3 100!
section 16 of the blade 10. Cooling holes 18 are present in the airfoil 12
t hr ough whabeilt 15| atedicgiercensclromignl Other passitile nllgyang elemenistofithedbamdesodtn. Wi | e
t he advant%gecf of this invention will be described with reference to the

hi gh pressHf¥ eﬁ&?‘b‘f‘ﬂ’e%ﬂ%‘&@ AR ZUERW n Figure 1, and particul arly

ni ckel - base superal | oy bl ades of the type shown in Figure 1, the teachings
of this i nuenbét@phadeENDEBtchbilIRPEHe SRBLE cbRingnof BRMAARDL cOftaiMiiJth a
coating system may be used to protect the conponent fromits environnent.
Repr esent éel 60 mtqriigpeecent alymanuppprefesabbyrip thegtoighipipgict dragunk avidy nickels r om t he

t eachi ngs Qf 1S Al At J.a0. )\ o i ﬁ]p‘“z p-ncl udes a
ceramc | §§§F tt(gbég%)e%glgﬁ %nggtoﬁ??%ﬁgquébgg%F aﬁgmﬁ& W ‘Fﬁﬁﬁa |]%fhlg§1é|#%ay

coati ng 24yvetdy cdatinfealsefcontabrhaftumintarmanitic phadestsnch hebee pameqbl) fyrer 26.
The substrate 22 (bl ade ). is.preferably a high-tenperature materjal, such
as an ir oﬁwﬁkeemaseé?fg’@o%gm Whidhare Eé?vgmt%precwaaeﬁ?}épatﬁan therbefaNidl er ant
col umar  gjhaldh Skl Ghe!Ta8ditibRCofC Hrdtiim| A¥CEoatife ! BonBfif! REAPINGHRRORLE d by
physi cal %por eposi tiaon1 l%PVD), tﬁ%ug’h otﬁoer éepgsilti on teclﬁn?egﬁes coul d
be used. Aoppsbrrsotid sohitionisttengtbening by cbroamiim, hag ereciiftatien amengthaning 5
stabilized. zir.coni YSZ) .. Wwth a, suitable conposition.bei about 3 to
2bout | 20 VTR ges MR e TiBghe BeRalater ik conutter \AG IEBHMY be
used, sucho@sheftihrd _@eta?ﬁﬁb‘éﬁﬁb’ll' Mﬂdﬁbﬁ@%b@the@é ﬁnagegm@v@bééramdwgﬁd_ by
ceria (Ce02), scandia (Sc203) or other oxides. The ceram c |ayer 26 is
deposi t ed imprayetths epatletien resistance of af FBC idepusited op sy perslay thond egefi r B t her mal
protection fo . i ng.su I | on the
order of ae{)auéha%%ghl%ﬂggge{g% tcggtb@ %Stégsﬁhg?@%g qy%gﬁ%ﬁ%’eég? (I)lrg%;%{p nsyst ens,
t he surf ace apkntifthnenedllcaptingoat i ng 24 oxi di zes to forman oxide surface i
| ayer (scale) 28 to which the ceramc |ayer 26 chem cally bonds. According
to the invention, the Ni Al overlay.coating 24, is predom nantly of the beta
NUAl phasPEeRtieRs AR avemHagss ot bis %VFW%naﬁéham%ﬂ%gppw@e%fmm Her | ay
coating Z‘Foil&wila%%%{lé@hé’scﬁﬁﬁ&ﬁi ted using a PVD process such as sputtering,
ion plasma, cathodic arc, or nelting and evaporation with an el ectron beam
| aser or other higher energy source. It is foreseeable that other
deposition techniques could be used, such as thernal spraying of powders or
el ectropl ating. According to the invention, a suitable thickness for the

over |l ay c%m I i S to protect the underlying
substrate andé%?%@’gg)?\gﬁlﬁr equat e suggl y of alum num for oxide
formati on, though thicknesses of about 10 to about 125 m croneters are

bel i eved tRiglre 1d9s1a pealspertivd veevabitw kigRyRstwee tmmboeddader e preferably carri ed
out to reduce the diffusion of the overlay coating 24 into the substrate

22. Preferabl .deposition qof .t he.qverl ay at i 24 respulis in virtually
no di {1 us IFORITb A St R Bpavisy Of ectlady oS F i T e 3nd Bty
subsequentihdifial barkiepAtdlBIng sy feth@nitBY BlalE &l siédldanitd GREQE cBHOSMMANEHS thiy | ng t he
deposition process, a very thin diffusion zone, typically not nore than
about fivanvangedneters, may devel op. A suitable heat treatnent is two to
four hours at about 1800F to 2100F (about 980C to about 1150C) in a vacuum
or an inert atnosphere such as argon. To attain the beta-Ni Al internetallic
phase, the Ni Al overlay coating 24 of this invention has an al um num
content of about 30 to 60 atom c percent, preferably about 30 to 50 atom c
percent, and nore preferably at the stoichionetric ratio of 1:1 with

ni ckel . According to this invention, hafhiumis also deposited to formthe
coating 24, in an anount of at |least 0.01 atomi c percent up to as nuch as
about 4 atom c percent (about 14 wei ght percent) of the coating 24. For
exanple, the coating 24 may contain 6 in excess of 1 atom c percent,

whi ch exceeds the anmpunt taught by Nagaraj et al., or in excess of 2 atomc
percent, which exceeds the anount taught by Rigney et al. The desired

Y e R




According to the invention, beta-phase N Al overlay coatings containing

haf nium at | evels significantly higher than previously predicted have been
shown to provide a desirable | evel of spallation resistance for a ceramc

| ayer deposited on the Ni Al overlay coating. These benefits are believed to
be the result of the Heusler phases (N ZAIH j, which are believed to
strengthen the coating 24. Based on previous investigations, e.g., R gney
et al., it..was,unexpect.ed that .hafni.um.wul d have a efici.al effect at
Cevel s as TR 345% AP ifiutaiBh st bR hn R Y S Rh BT mBREl Lot hi s
i nvent i on NilChaiaRr@¥@lIR RS cddtTdonthig POz TR AMtsTBE BYMIEBASin

enpl oyi ng bond coats fornmed of N Al +Cr+Hf overlay coatings, which were then
conpar ed tageqrdance gwith g presewripyantigns or Pt Al di f f usi on coatings. The overl ay
coatings were deposited to have a conposition of, in atom c percent, about
5% chrom um up to about 3.4% hafnium about 40% al um num the bal ance

ni ckel . The coatings were deposited on buttons formed of a single-crystal
superal | oy known as Rene N6, with a nomi nal conposition of, by weight,

12. 5% Co, REPAIED DESCRIPAJON.OBYVHA INVENBBONY 5. 4% Re, 1.4% Mo, 0.15% Hf,
0.05% C, 0.004% B, 0.01 %Y, the balance nickel. Each overlay coating was

f or med bylﬁioevagqorati on. usi ng _an EBPVI? rocess to a thjckness of .about 2
7t i) i

ml's (abouiPesBeRiR BEIERSY, E4TAEWERPTISEPIS 0aarmnanes hat SRCTREaP Pk at nent
at about 18¢RodkmémY Odtarabterizd@8OC) refa@ifelgbaldh iBpdrRufes, tadbard thdigfore

Ni Al +Cr +Hf coatings to their substrates and to relieve residual stresses
gener at ed stbicrtagd to Kevere fsemnali greses god shermal pyadingt Mdothble teapmplge o€ se¢ten

db i fi il i f 79
Che TBC wSPRROTHS SRARIANE i Sodovf phRRY hyrbR sp1eR TRh s a0, 20
wer e t hen cemustat Helerb Yind Glgraéntadigiid wart 2 gal albiut eafiaedC) Oné bilichCsx@mipisir

cycles. Testing was termnated for a given speci nen _when approximately 20
per cent ofis e higBPRERYre Baping pladen 0 sbatn o Tegure He Fh@é%qqegﬁi Beneralbe

i IlTustrat ﬁﬁ'cllx&‘e Fhﬁ%ﬁoiﬁ lfzﬂﬁggi'{lsteWh%”ﬁS*échﬁ%stﬁ> abhdlg e??réifércfga”&?ri S
strongly epeno?ent on hafnitimcontent. The resultS confirmthe concl usions
of U S. RebemtibnNbtheGzai BipBie2npineRingnelyose surdhce istherefotersmbizetedfto s¢vate ef f ect

of hafniumat levels of up tp 2.0 atami c _percg i.n, t he presence . of
chr o um ke e EHany ltisfe i GouondaRE R s e bRy dvd) Sroine
si gni fi canidky (o 3AGWnY KB 2 dOvARAIOTH GoRREF BRTa RI0E sEARAM 1€ bRkhe BREE 10,
particularly, hafniuml|evels of greater than 2 atom c percent (about 2.25

atom ¢ perGwling hotes L areopraseat an ¢he airfodr Be througly whishoveed air e faoekstast ent | y

b ficial i [ he.b |. 4 Pt Al _bond . The b | i
aver age. PTG AR et Saie 7007 Biiso e aebandfd ol B TaverSRgire 5% o e
about 238 dey&ited withreferemartd $l§tnhi§h Peesiré\turblme fladeel)t shoP@ch eg\Te C0AidI Ni NY

greater than 2 atom c percent hafnium exhibited an average FCT |ife of
about 800 Reytiquiasly nigkelibase superallpy pladesplahe Erpershawn imEigore] . thetearhings Life
vari ation e : 0 [ S J d r . from
vari ati on?fioﬂ?]qust Ln\ggg?(g% ﬁ% bgialleg%f}g? %ga\é:ﬂfo n?ﬂ??@ﬁﬁéaﬁ\égeghﬁg fg%ghtré%édtl ngs
or coati ngybtemdeay boudedrnd prdtexa dienmgniponedtdranwits knrdrammenhat | nproved process
control to better distribute hafniumin a beta-phase N Al coating woul d

rovide better spallation,resistance consi sten ith _the best specimens for
D i ven natsrsrrEem BieR 2 3 ARE BEEmIY st Be thabhentits Fodabe 3REEe N A
bond coat fc@it RivBhdih. URst shodvntidTesatRRr §8fkin RfinLlMaeAk &ehhic aUpS 1@

exhibit inproved FCT |ives over TBC systens with PtAl bond coats. Wile the
above evalheadedto sees blade fsubsieste e twiitle andidlacysley ehtisg 2dmivdnelatherefar ni um i n
bet a- phas j Al b 0 i I d T- t W th

bet a- phas :Se%eilasb%?ijgngo%%g ’t%(%friﬁ \aéllg%fnﬁ%%%pe?% 4%33[%0%1}13(9:{% %tgri?gﬁlﬁ&lieaﬁ p{f&é’n": al one
are capablpgefofabbx iy high-teghpstatirabmeteRgl] duckess aASirealChickther adubdR-bassul t's
agree with the _conclusion of U S. Patent No. 5,975,852 to Nagaraj et al. as
to the bersdpsralley. &ppgain pstrain-tolgantcqlumpgr gralpatuctyre. the egamiglayer 26

bet a- phas I i [T : i gher
than b0 af orartrabUpbHIAS SRRal Dtk SRGRNR (TS} IndleRiAir pbatlond

descri bed techniqressouf] te yeéf & preteredboatera by thet ceramiappger @6tis thattria-

nodi fi cations could be adopted by one skilled in the art. For exanple,
based on investigations reported in U S. Patent No. 6,153,313, it is
believed that the overlay coating of thi%s invention could be nodified to
further contain one or nore of, in atomc percent, 0.1 %to 5%titanium
0.1 %to 5% tantalum 0.1 %to 5%silicon, and 0.01 %to 1.5% zirconium
Accordingly, the scope of the invention is to be limted only by the
following clainms. 9




CLAIMS: 1. A coating system (20) on a superalloy substrate (22), the
coating system (20) conprising a beta-phase NAl internetallic overlay
coating (24) containing, in atom c percent, about 30%to about 60%

alumi num greater than 1 %to about 4% hafnium the bal ance essentially
ni ckel, the overlay coating (24) consisting essentially of intermetallic
phases conprising beta-phase N Al and hafniun}containing phases 2. The
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(24) consists of nickel, alum num chrom um, and hafniuy . The coating
syst em ( 20pnsiehilized ZAgonia, @1 zifcrpiastabilizsd twfférléi(@e@ﬁescemlla@wzb@frﬁtbﬁt of the

over| ay Cg;?fdeﬁ‘g Thé Serahiic ?a? b6 2 éibo?i'?e@% V#hc’l‘&l%‘t athﬁ Eﬁf&‘iem 150 ecoating

system (2 according to alms rernt hi-um coht ent. of the
overl ay colatiequirddhgroad paheujton?foﬂﬂnemdabomg substtatet2@rind bﬂmﬁed@ngenefallyThe
coating syst em (20)

ccor I 178 or wherein ni and al um num
are preseff th %&9}“ é&& %Wh ngaEaﬁromﬁt% phd itheprigryarty ﬁgélsygﬁ’ﬁﬁnt s. 10
the surface of the overlay coating 24 oxidizes to form an oxide surface layer (scale) 28

to which the ceramic layer 26 chemically bonds.

According to the invention, the NiAl overlay coating 24 is predominantly of the beta
NiAl phase (beta-NiAl) with limited alloying additions. The NiAl overlay coating 24
is preferably deposited using a PVD process such as sputtering, ion plasma, cathodic
arc, or melting and evaporation with an electron beam, laser or other higher energy
source. It is foreseeable that other deposition techniques could be used, such as
thermal spraying of powders or electroplating. According to the invention, a suitable
thickness for the overlay coating 24 is about 15 micrometers to protect the underlying
substrate 22 and provide an adequate supply of aluminum for oxide formation, though
thicknesses of about 10 to about 125 micrometers are believed to be suitable. The
above PVD techniques are preferably carried out to reduce the diffusion of the overlay
coating 24 into the substrate 22. Preferably, deposition of the overlay coating 24
results in virtually no diffusion between the overlay coating 24 and substrate 22.
During subsequent heat treatment to relieve residual stresses generated during the
deposition process, a very thin diffusion zone, typically not more than about five
micrometers, may develop. A suitable heat treatment is two to four hours at about
1800°F to 2100°F (about 980°C to about 1150°C) in a vacuum or an inert atmosphere

such as argon.

To attain the beta-NiAl intermetallic phase, the NiAl overlay coating 24 of this

invention has an aluminum content of about 30 to 60 atomic percent, preferably about

30 to 50 atomic percent, and more preferably at the stoichiometric ratio of 1:1 with

nickel. According to this invention, hafnium is also deposited to form the coating 24,

in an amount of at least 0.01 atomic percent up to as much as about 4 atomic percent

(about 14 weight percent) of the coating 24. For example, the coating 24 may contain
6



7. The coating system (20) according to clainms 1, 2 or 3, wherein the
overlay coating (24) consists of, in atom c percent, about 2%to about 10%
chrom um about 2.25%to about 3.4% hafnium the bal ance essentially nickel
and al um numin approxi mately equal amounts. 8. The coating system (20)
according to clains 1, 2, 3 or 7, wherein the overlay coating (24) further
contains at |least one of, in atomc percent, 0.1 %to 5@6titaniun1 0 1%to
5% t ant al o0 zil.r '
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Darolia et al., the presence of chromium in a beta-phase NiAl overlay coating 24 has a

significant effect on the spallation resistance of the ceramic layer 26 adhered to the
NiAl overlay coating 24 to form the TBC system 20 as a result of solid solution
strengthening by chromium and precipitation strengthening from fine a-Cr phases

dispersed within the beta phase of the coating 24.

According to the invention, beta-phase NiAl overlay coatings containing hafnium at
levels significantly higher than previously predicted have been shown to provide a
desirable level of spallation resistance for a ceramic layer deposited on the NiAl
overlay coating. These benefits are believed to be the result of the Heusler phases
(Ni,AlHf), which are believed to strengthen the coating 24. Based on previous
investigations, e.g., Rigney et al., it was unexpected that hafnium would have a

beneficial effect at levels as high as 4 atomic percent.

During an investigation leading to this invention, furnace cycle tests (FCT) were
performed on TBC systems employing bond coats formed of NiAl+Cr+Hf overlay
coatings, which were then compared to FCT test data compiled for PtAl diffusion
coatings. The overlay coatings were deposited to have a composition of, in atomic
percent, about 5% chromium, up to about 3.4% hafnium, about 40% aluminum, the
balance nickel. The coatings were deposited on buttons formed of a single-crystal
superalloy known as René N6, with a nominal composition of, by weight, 12.5% Co,
4.2% Cr, 7.2% Ta, 5.75% Al, 5.75% W, 5.4% Re, 1.4% Mo, 0.15% Hf, 0.05% C,
0.004% B, 0.01% Y, the balance nickel. Each overlay coating was formed by co-
evaporation using an EBPVD process to a thickness of about 2 mils (about 50

micrometers), followed by a vacuum diffusion heat treatment at about 1975°F (about

7
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1080°C) for about two hours to bond the NiAl+Cr+Hf coatings to their substrates and
to relieve residual stresses generated during the deposition process. All of the buttons
were then coated by EBPVD with above five mils (about 125 micrometers) of
7%YSZ as the TBC material. The spallation life potentials of these coating systems
were then evaluated by FCT at about 2125°F (about 1160°C) with one hour cycles.
Testing was terminated for a given specimen when approximately 20 percent of its

TBC had spalled.

The results of the investigation are illustrated in Figure 3, which evidences that
coating performance was strongly dependent on hafnium content. The results confirm
the conclusions of U.S. Patent No. 6,153,313 to Rigney et al. as to the beneficial
effect of hafnium at levels of up to 2.0 atomic percent in the presence of chromium.
However, the results also evidence that hafnium levels significantly higher than 2.0
atomic percent are beneficial. More particularly, hafnium levels of greater than 2
atomic percent (about 2.25 atomic percent) and up to 3.4 atomic percent were shown
to be consistently beneficial in comparison to the baseline PtAl bond coats. The
baseline average FCT lives for PtAl diffusion bond coats are shown in Figure 3 to be
about 238 cycles. In comparison, the NiAl+Cr+Hf test specimens containing greater
than 2 atomic percent hafnium exhibited an average FCT life of about 800 cycles, or
about 3.4 times greater than the PtAl baseline. Life variations observed at some
hafnium levels were believed to result from variations in the distribution of the
hafnium-rich phases in the coatings or coating leader content, leading to the
conclusion that improved process control to better distribute hafnium in a beta-phase
NiAl coating would provide better spallation resistance consistent with the best
specimens for a given hafnium content. On this basis, TBC systems with beta-phase
NiAl bond coats containing up to 4 atomic percent hafnium are believed to exhibit

improved FCT lives over TBC systems with PtAl bond coats.

While the above evaluation was performed with combinations of chromium and

hafnium in beta-phase NiAl bond coats, it was also concluded that TBC systems with

beta-phase NiAl bond coats containing up to 4 atomic percent hafnium alone are

capable of exhibiting suitable FCT lives. As such, the above results agree with the

conclusion of U.S. Patent No. 5,975,852 to Nagaraj et al. as to the beneficial effect of
8
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hafnium at levels of up to 1.0 in beta-phase NiAl, and furthermore that hafnium levels

significantly higher than 1.0 atomic percent are beneficial.

While the invention has been described in terms of a preferred embodiment, it is
apparent that modifications could be adopted by one skilled in the art. For example,
based on investigations reported in U.S. Patent No. 6,153,313, it is believed that the
overlay coating of this invention could be modified to further contain one or more of,
in atomic percent, 0.1% to 5% titanium, 0.1% to 5% tantalum, 0.1% to 5% silicon,
and 0.01% to 1.5% zirconium. Accordingly, the scope of the invention is to be

limited only by the following claims.
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CLAIMS:

1. A coating system (20) on a superalloy substrate (22), the coating system (20)
comprising a beta-phase NiAl intermetallic overlay coating (24) containing, in atomic
percent, about 30% to about 60% aluminum, greater than 1% to about 4% hafnium,
the balance essentially nickel, the overlay coating (24) consisting essentially of

intermetallic phases comprising beta-phase NiAl and hafnium-containing phases.

2. The coating system (20) according to claim 1, wherein the overlay coating (24)

further contains about 2 to about 15 atomic percent chromium.

3. The coating system (20) according to claims 1 or 2, wherein the overlay coating

(24) consists of nickel, aluminum, chromium, and hafnium.

4. The coating system (20) according to claims 2 or 3, wherein the chromium content

of the overlay coating (24) is about 2 to about 10 atomic percent.

5. The coating system (20) according to claims 1 or 3, wherein the hafnium content

of the overlay coating (24) is about 2.25 to about 3.4 atomic percent.

6. The coating system (20) according to claims 1 or 3, wherein nickel and aluminum

are present in the overlay coating (24) in approximately equal amounts.
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8. The coating system (20) according to claims 1, 2, 3 or 7, wherein the overlay
coating (24) further contains at least one of, in atomic percent, 0.1% to 5% titanium,

0.1% to 5% tantalum, 0.1% to 5% silicon, and 0.01% to 1.5% zirconium.

9. The coating system (20) according to claim 1, further comprising a thermal-

insulating ceramic layer (26) adhered to the overlay coating (24).

10. The coating system (20) according to claim 9, wherein the thermal-insulating

ceramic layer (26) is yttria-stabilized zirconia.
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