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COATI NG SYSTEM AND METHOD THEREFOR Fi el d of the Invention This invention

relates to a bond coat for thernmal barrier coating systens of d
to protect conponents exposed to high tenperature environnent 4““@@”«&““%‘“»1'&
hostil e thermal environnment of a gas turbine engine. Mre part arty,
this invention is directed to a thermal barrier coating system thgtesiee*
includes a binary Ni Al bond coat depositgd.by a physical vapor deposition

techni que and on which a thermal insulating ceramc |ayer is d@@@si t ed,

wherein the thermal life of the coating systemis greatly enha mmﬂmwmwe
l[imted additions of zirconiumto the bond coat nmterial. Back

I nvention H gher operati pehrEMRHAFES flp GRSy, t L fir €Ngi nes  argoooors
continuously sought in &5 JFEN&OSY?EEﬁﬁmR%%O%f | iR%: . However, as
e high te

operating tenperatures increase, nperature durability of the
conponents of the engine nust correspondingly increase. Significant

advancesi:kigfguéﬁﬁeﬁ%gtgpggggggbiIities have been achi eved t hrough

formul atio cobal t - base superal |l oys, though such alloys
al one are often inadeTiubs eithverbion aoiporentt laobaned coatcéotraitheseatli ons
of a gas tﬁ{bine engi

I ne,.such_as, the tu buﬁg %pnbust02§9n%0gu ne%%o%. A
conmon sol AT S5s t ?We??ral?’fls‘i:?‘fgﬁl At cé’rﬁf"onélﬁt i mr §&PES
m ni m ze t heinpowevt € cekpiBeattdr @8l gH-of eriihé Sa thutr  0Sey i tbRmEAL s hastictr
coatings (THO), .fornmed .an the exposed.surfaces aof high tenperature,
Conpongntgqﬁxﬁyg(hﬂﬁifie thermd env1ronmen% 09 a gas Eugglne engine.

More particularly, this invention is directed to a thermal
barrier coating system that includes a binary NiAl bond
coat deposited by a physical vapor deposition technique and
on which a thermal insulating ceramic layer is deposited,
wherein the thermal life of the coating system is greatly
enhanced by very limited additions of zirconium to the bond

coat material.

Background of the Invention
Higher operating temperatures for gas turbine
engines are continuously sought in order to increase their
efficiency. However, as operating temperatures increase,
the high temperature durability of the components of the
- engine must correspondingly increase. Significant advances
in high temperature capabilities have been achieved through
formulation of iron, nickel and cobalt-base superalloys,
though such alloys alone are often inadequate to form
components located in certain sections of a gas turbine
engine, such as the turbine, combustor and augmentor. A
common solution is to thermally insulate such components in
order to minimize their service temperatures. For this
purpose, thermal barrier coatings (TBC) formed on the

exposed surfaces of high temperature components have found



‘13 March 2002 w de use. To be effective. thermal barrier coatings{dNmtch 2002
have | ow thermal conductivity, strongly adhere to the article, and remain
adherent throughout many heating and cooling cycles. The latter requirenent
is particularly demanding due to the different coefficients of therma
expansi on between materials having |l ow thermal conductivity and superall oy
materials typically used to formturbine engi ne conponents. Thermal barrier
coating systens capable of satisfying.the.above requirenents have generally
required a netallic bond coat deposited on the conponent surface, followed
by an adherent ceramc |ayer that serves to thermally insulate the
conponent. Metal oxides, such as zirconia (Zr02) that is partially or fully
stabilizengeéﬂ&gég.(Y203) , magnesia (My0) or other oxides, have been
wi dely enployed as the material for the thermal-insulating ceramc |ayer.

The ceram c layer is Tgpbealdffeaigpost echéymal rbprasea spraimgs (ARSE. | ow
pressur e p'h;%uc i%&ﬁyhﬂgrﬁxﬁ'fpséon&%c@iw 9! Caétf’(ﬁ-g%l'ogd%‘&ﬁ%zt on A PYR)

t echni que, as el ectron beam physi cal* {apor i ti'on (EBPVD) Wwhi ch
yiel ds a stardiircle) eandt revlaimadhprant sthoctgheut Boatycdetast tng apgdi cal |y

formed of an oxidation-resistapt al ymnu i r et o a
di f f usi on &%S%lrﬂ%echlﬁFati ngﬁleamrprﬁr}dg% Q@;Pg%d\%(?dg% g%fj"# gé&sﬁ%ﬁﬁ
al um nuncosrtexmaridinal ldue stioh tAse Ml Af¥rénberapafifiixcierns odbatheamdlor
ni ckel). The_al um nu ontent of th bove- not ed hond at i al
provi des f&FPERE 19n0$e V@\ﬁphm#eﬁlg?? g%%vh%e Oe"rlttt}teol}ﬂéfcir)lu %Qgéftfﬁ'ﬁg% oxi de
| ayer (al uginda scpkehlabyelmavadeichenpepatalég. uBed therfioan yogrbineoxi de
(TGO protects the bond coat f n1oxi ation and hat corrosion,
P&sbonég

an 13
Vi oh Doy Shiudnel eofine ThREt Bl g Sy eP et e B te Thougn
bond coat ot ersat s fyengar theul abbyeal reyed riemelne soxildatd ongeesirsi apt, the

oxi dation that .occurs over .ti.ne.at elevated te rature radual | y depl etes
al uni num f FERAYHE oﬁdmgﬁﬁﬁalﬁvéﬁP@QQQékt%%p?ggg?goPnal rﬁﬁﬁ%ﬁ%ﬁ?ﬁ t he
bond coat Ekarsfutki cifentlowedeplyetaed aldhefetite tie famtitd drayed wwigiovddreést he
protective _oxigde, and to_ _allow for the. nore rapi roomt h. of nonprotective
oxi des. At teuEE}eFf“ﬁ@iYsbBFPi#ISng%yC‘E}E%‘?HeIhE- tlﬁ%tl%r}t é??]afgees Dt Wedn?t he
bond coat addcohd aal (Zr0ouM iate isayairtdraliiie omnt eal dge sitebiddrddebpxi de

| ayer and the ceranjc layer. In addition to depletion.qf alumnum the

2bi ity of ERG ok eBuks + BAPRPRY £ nd a0 Fd SHRRR nomi 0P de TAFerPEah be
hanper ed Eyiﬂbgyiampﬂ?bhﬁu&hoth;m&kgﬁ?gﬂsfb&tWF@nﬂhutmﬁuxﬂﬁédxatﬁmg bond
coat, such _as _duri ormatjon of a, diffusian um ni.de cpating a uring
i gh t enpePSEARSCeIRYEE o, ThA BRFETLSI LY S e B P Al S HATHAS Rbbal 1
chrom um abtanplasméaspdaying uNEBS eN Abd MdedxeminptasmbnyEaseinde
growm h rat | um_num oxi de, and form vol um nqus, n erent. oxi des or
oxi de scal EQ%ﬁQV ﬁ3§ Be %&%ﬁ 035p9514ﬁ?° q%%?bn?gﬁgyhg%ﬁ§Qﬁﬁ%¢1ayeL
From the abocd, as iedeapparenbedhaphiybécadr wapmd | eposiaivheriBdpPURY ri er
coating is ndent. on the bond coat used to anchor the therml insulating
coram g | ayERERONERLEE) pad R gy e n st O PGRY " pkdTnc e e
conponent’ Buat keatey appedtypicel Ly bf sheddabd £cans ostdidalt iereasts iyt aretrovi ng

t he remai ni ceram c |l ayer  and bond.coat, .includi,ng_any diffusi.on zone
bet ween th%fg%hau@géPsg dlnterme alQ1c such as a dl%fu§£on alumlnlgé
or platinum aluminide, or an oxidation-resistant aluminum-

containing alloy such as MCrAlY (where M is iron, cobalt
and/or nickel).

The aluminum content of the above-noted bond coat
materials provides for the slow growth of a strong adherent
continuous aluminum oxide layer (alumina scale) at elevated
temperatures. This thermally grown oxide (TGO) protects
the bond coat from oxidation and hot corrosion, and



substrate. Because renoval of the diffusion zone effectively r enp @ Magch 2002
portion of the substrate surface, a limted nunber of repairs can be
performed before the 13 March 2002 - 4 conponent nust be scrapped. In
view of the considerable cost to repair and replace thernmal barrier coating
systens, there has been a considerable and continuous effort to increase
their service life by inproving the spallation resistance of the thermal
i nsul ating | ayer. However, such ef f ort s> have been conplicated by the denmand
for higher service tenperatures for gas turbine engines. Sumrary of the
I nvention The present invention generally provides a thermal barrier
coating systemand a nethod for form ng the coating systemon an article
desi gned fehenicailaya hoses| ethterGramEfyi ANi®ent EOsuERe adPAnA bigRat .

conbust or ?‘3&8?*‘9%@‘ e SATRRNEY 52 0 &aaﬁ?feiewsr@gghﬁqogg% vEtod is

particul ar rected to increasing the spallation resistan of a thermal
barrier coaxidatbystessivtant, dovd cxddatibhat thaki pecursi giefti ddmd yat

i nproved ox i i T I i is S this
nvent i on Srey bhed L EIbEt0GFes (ELRELTP! ARBTELES STBHIRAGIE KT e |

t her mal - i neehdt cogtoer apventagblyi stbepdsiviedd, ofni a humbeubowdtbéat tdar vi ng
the tradity I e; of i d i foth 1 G, | r.t e
articlo. A4St 0 AEEEIDLoRALRNERICELE, L BrEREAT Fur ThEY Sl

cont ai ns zgrewbh umfattveo p rotieat irveactkde elamkents asltdwafohatheumong tri um

and cesi um., byl | s gl bR W 5€ predap Aty ghile bet &y -y Al jphase. As
with prior al Um nuncont ai ni ng bond coats, the bond coat of this
i nvent i on sie/kl apkomm pntogmusataltivel notreofade bayeeetth&hepbonot epatthe

by ‘o physi €4 DhBop thauf B Wil & 0% 1neSFrRSHceEeiae) cRElC S

by magnet ranideutl dgerngndekbet cenabhéamlplgsi.cal vapor deposition (EBPVD)

and jet vapor depOSi%§££§$£%$%n égugéﬁlégqgﬂfO%eBqﬁgéhgﬁpgggge%§§ii%gph as

vacuum pl asrma spr ay OW pressure plasma sp and~air“pl asna
spray (APSf depesbbndncard pas ddine.thEhelesiced calayenugaoxbdéedépgeirt ed on

e nonc SO0, BL KARL O St Sl A pleste SRLAULDD BB BR.

ei t her by tteatstpeatiidnly pndobong depdsi tsuwwh s ,dimeibgnfiormation ddri ng

dEpOSitiOQiqiifPSngﬁagﬁﬁmhﬂxgg'coating and during high temperature
exposure. In particular, elements such as nickel, cobalt,
chromium, titanium, tantalum, tungsten and molybdenum can
increase the growth rate of aluminum oxide and form
voluminous, nonadherent oxides or oxide scales that may be
deleterious to the adhesion of the ceramic layer.

From the above, it is apparent that the service
life of a thermal barrier coating is dependent on the bond
coat used to anchor the thermal insulating ceramic layer.
Once spallation of the ceramic layer has occurred, the
component must be scrapped or refurbished at considerable
cost by removing the remaining ceramic layer and bond coat,
including any diffusion zone between the bond coat and
substrate. Because removal of the diffusion zone
effectively removes a portion of the substrate surface, a

limited number of repairs can be performed before the



A key feature of this invention is that the bond coat is not a trAsMaghaq02
diffusion alumnide or MCrAl'Y coatings, but instead is a binary NN A all oy
consisting essentially of nickel and alum numin stoichiometric anounts and
containing zirconiumin a very limted anmount that has been unexpectedly
found to drastically increase the service life of the thermal barrier
coating system In particular, zirconiumadditions of between 4.05 and 0.5
atom c percent have been shown to inp?o@e’the life of a thermal barrier
coating systemby a factor of about two to in excess of ten when subjected
to thermal cycle testing, with the best results appearing to be obtained at
or near 0.1 atom c percent zirconium_ The sensitivitﬁhthat thermal |ife has

for the zi¢eBRPOARCOMUTR BE BREARPAR-bordd coklv i @ phhei corgriiderahrent
W th increasifged estpd LAPSAL HeRacd rt‘i’ie%&a'lr‘%a%ggrt Q%a‘%%% GRAlt s L hi SI

invention is particularly advantageous for nore demandi ng applications. It
i s believetthehat masnebeegacti ¢onsiidesabd e sart gontdnwans ¢ffertmtand

cesium wo i f.f.acty . a N A Al I s rtant
oot of FhEriave Riefi SprenbeCu Ak Bl AnpdRRA P itne AN o0
deposi t ed ¥es bsfeanee nafinthe athesmal ninsréatiinfudayrref Howeyenwd couth

constitueni pebpie W subiace AnbNECALLACKS, ERL BXRINLP, e8r difigialon zone
of not nore an five mcroneters 1s préeferdbly achieved by the eferred
PVD t echnisgresicdhtempedatadelsefelr ghasi muabdetel emdigteasmen t he bond coat and
substrate pronotes the formation of an initial |ayer of essentially pure
al um num oxi de, pronotes the slow growh of the protective al um num oxi de

| ayer duriSwyuwsaryi of, thed Ingdnteésnt he fornmati on of vol um nous nonadher ent

oxi des of substrate nstitu that tend to djf j nt nd coat.
I mportantly, by lim ?lplﬁg Eltr t%’ﬁ:onqo V&He Bon %:%%’lf]g?ln o] ?ﬁébgﬁggt r &t e,
m ni mal sulistrredle veat eve ml conlsitnd es ysdeny edddar maghodf fioli Sbrmingofthehe

thermal barrier coatinhg system en, bo o] cQat d .

t her mal - i n<Ut a1 hg Fer & “|%‘§/e‘?‘¥\gﬁ‘§%gb§g?%§r§$§d9g6 §?Fo$vgd8p8$isﬁl&r‘r‘ of a

new bond didstrmal cenaiironh@ydr, orsudie samsttatlein€) hecombjietbs armehd

advantages,  of this_ invention.will. he better .a eciated fr the.faoll ow ng
: g ' B8ske

detail ed o%%%r%% ?an:ong&eln&si 8nf §f e t[% serll—‘?grllﬁ‘e 1 ac ective
view of a is glpgressutariyr biieedtede:tand nérgparsdngy | $he cspadia¢dbnonal
Coating SYREMENThe biad P HRal dorbhres o hi R sTPRER. PR eoReRR ca ©
Descripti croaf t heatnvessth Oni The phigeaeifticantdnt i dimproysher aklidaapphni cabl e
to resistance.

The thermal barrier coating system of this
invention employs a bond coat of a nickel aluminide alloy
over which a thermal-insulating ceramic layer is deposited,

" with the bond coat serving the traditional role of
promoting adhesion of the ceramic layer to the article.
According to the invention, the nickel aluminide bond coat
contains zirconium and/or other reactive elements such as
hafnium, yttrium and cesium, but is otherwise predominantly
of the beta (B) NiAl phase. As with prior art aluminum-
containing bond coats, the bond coat of this invention
develops a continuous aluminum oxide layer that promotes
the adhesion of the ceramic layer to the bond coat. The

bond coat 1is deposited by a physical vapor deposition



13 March 2002 conponents that operate w thin environnents charact ef4 gafho02
relatiyvely high tenperatures, and are therefore subjected to severe thermnal
stresses and thermal cycling. Notable exanples of such conponents
i ncl ude, the high and | ow pressure turbine nozzles and bl ades, shrouds,
conbustor |iners and augnentor hardware of gas turbine engines. One such
exanple is the high pressure turbine blade 10 shown in Figure 1. The bl ade
10 generally includes an airfoil 12 agaignhst which hot combustion gases are
directed during operation of the gas turbine engine, and whose surface is
therefore subjected to severe attack by oxidation, corrosion and erosion.
The airfoil 12 is anchored to a turbine disk (not shown) with a dovetail 14

formed on a_root segt. 16 t he bl a ol ing.p es .18 are
present i npfﬁ’gegisrf@isYBqQ FH%‘UQE{:S V\#Ycﬁggﬂiggﬁggli rsﬁugtf‘%rsli“%g t%ll?‘?tg%%? er
heat from bhambl ptgsliGalWiviaporhe deghoarittdges QEBPNDS i andntjet wdpobe
described with refere o] e high pressure turbine blade 10 shown in
foure 1 CRROpLELRRngavRl 71 HRSuPhORHBRE e et HP s cutie 45 any
conmponent gacwhiCplasinBesprbybaVPSEl Toatprassivsd ¢rhasma kprsed(IrRPPY ot ect
t he conponent fnon1|Ls enV|ronnen&H§§epresenied i n_Figure i,s a thermal

c e

2
barrier codPfnGidyskeaAvBe SRTAdco AR LIRS RGeRPSSAP1As s , the
coating sygkteam2@ ilnpfarlesan ber Addpddider o2b tradedniocbhe Byadswbstrate
22 with a bond coat 29., T e(gﬁﬁstrfte 22 %blade 10% i%éﬁ% fquﬁgéla
hi gh- t enpef §€0Rd IgSar i SN aBLAFMA r SRI2KIBReANGY &< es.
super al | oyanTa laindidiuin dogtiHai N-dyader 88t peelfd FaBL yglgidwist s1ICthee bdre
ceram c | ayer 26 is preferabl eposited b hysi cal . vapqr .deposj tion
(PVD) |t hotigR tot Rt HRE Y (RRAL t EERAFREBE BBUPH b6 GSBQS LA iSrord r
material feenéiheoatld VRGN P Uepodhi t i SEIAMthd Y&Famfc | Papdr.
yttria-stabilized zirconia (YSZ), wth g preferred caonposition bei ng about
6 to about 8 weight Pek@¥nteptiireact fbdgh IBVRBLioEy dm thadt dhieaRPbul d be
used. suchcgstytild i otnNenst il t 268aZi KGFFuBionl ZIuki e SbabiMdrpadr by
ceria (Ce02), scandia (S~ ~ or, ot her oxides. The ceram c |ayer 26 is
deposi t ed $9251RAFeki¥ss tRECCRE Sk f fciPeRRIYo Noirbli BLlPKe PEFHSERS her ma

protectione§genthalurderdsyi ig ISt raie 23 ndull ade, 1@todemgioaldtrien the
order of about 125 to about 300 nmicroneters.  As rior art therma

¢ . w th prior
barrier codPPHEtSySNECORTRIRIRG aReTEPRWR bRNA ¥8AY 34TdteMi 289U form
an al um nuph g¥i 8e d ay&én 28nkRpelireliyher 1AM € haxgtikalémPerIinQ&lelassebondS-
a

According to the inventjon, the bond coat 24 is a nicke um ni de all oy of
predom nant?§ I®EVHeRalih§ RE AFDHARFNRt fh2% 19 EFy CPPH DG S¥EdER-on 18

zi rconi umpdheiNudarhong: coghi vt a8die iR ust NBe8wBY¥R . aessndpioefser ably
sputtering, electron beam Q¥§i al vapor deposition gEBPVD or jet vapor

),
deposi ti orf ¥OVEF, PEFGSIH i &8s T that™BFREF dSostiienfeéhni ques

coul d be ugeshmsuaha ppi@LassRLSAGA%YBEen BGORdIFRBLLR bife abBuentiwentoan
adequat e thickness for_the Ni Al bond, coat 24 is aboui flfiy m crqoneters in
order to ptdt8¥teffie AUnd&t WHRP sTPRIFGEed 250 ahRepRaYi B¥CAR 5884d&Ca suppl y

of al um num £¥rtR¥i Besftormmhilans Adwerhiddi eknessest@inalodt 32 heaabout
125 nlcroqgters are believed to be suitable. The, [eterregBPVD t echni ques

are preferbbt PR IF RPTRNE IR he Ther £GP ORI t¥hEPBENGNESRE 24 i nt o

the substriffe d7as Fr@f efiad! ¥irdapas tdontedft biiethenfinoaborq ceswl tig in
virtually no d]é%rSI n between the bond coat 24 and substrate 22. During

subsequentPHeEt ¢+ a5t iferftV1da9RE MaHidh pppgreasing test  temperatures,

indicating that the bond coat of this invention is
particularly advantageous for more demanding applications.
It is believed that other reactive elements, such as
hafnium, yttrium and cesium, would have a similar effect on
a NiAl bond coat.

Another important aspect of the invention is that



_ g _torelieve residual stresses generated during the deposition1pirReEas3002
a very-thin diffusion zone 30 of not nore than above five mcroneters,
typically about 2.5 to 5 mcroneters. may develop. A preferred heat

treatment is conducted at about | 800F (about 980C) for about two to four
hours in an inert atnosphere, such as argon. Inportantly, the m ninal

t hi ckness of the diffusion zone 30 pronpbtes the initial formation of the

oxi de layer 28 as essentially pure al up gum oxi de, pronotes the slow growth
of the protective alum num oxi de |ayer 28 during service, reduces the
formati on of vol um nous nonadherent oxi des at the bond coat-ceramc |ayer
interface, and reduces the anount of substrate material that nust be

renmoved durj r i t ] h aLri in dem

Accor di ngl y{fﬂgr%&f& egbéggﬁgag Fﬁ%qgﬁgdghgghgﬁoénhﬁgﬁlr%?gfjarsegtfs Bcﬁglnrﬁkr?tegpe

r ef ur bi sheddibfesionesttbhe bond dodat psithiltaent sa intadithieorsalr fizored ebat
wer e used. shq i,n. Fi gur opti ongl di.f.fusi arrre a 32
bet ween t he Alar\tl)\tﬁ(}r#ol%c‘oat lé?% gerﬁq(g)u]beg’t r%t gkggh%§ﬁb%%cl %%eg‘ok:o%ﬁﬁ? her

i nhibit intendnffdiven arnidriometens i ipr operetfleerabdwi eehHiidwedf Hyhe tdoat i ng
system 20. As ElOtEd abgé/f% i;c i% believed that.the i%ia akum’ ?umo i de
formed by tRE® Fﬁlref)ion at 2% Brlgb'le&es the‘?'é?’ﬁund: €S or “5VEFow Y owi ng
oxi de scal eiftbeamtliby dratwedaxi tiee BoAYM. ddawewvard subbtretpempaionictes

exposure during service, diffusion of refractory eLenents fromthe

superal | oy ShiBstTarB25500 Ghe 2Ry A’rnb‘bhﬁi cgéty 4 Qhuleossteafktel?)ﬁ%e,p‘ﬁ?er eby
potenti al | yaDiefiwmah ngx i€, sprum6eeki tReOflbhegtbREARb fhahei Biroteaitivg
system 20. Tf avoid this situation $nd,further ext end %Frvice life, ,the

di ffusi on bAFPREPUayBF18S | S2¥BHI (TORMRYy TENETT al?Pd F8MESH 2682 - 10

Suibt abl e przfzmmsemhorof onvasimglihgasbatpdﬂaedhéwetrm 58291)?@@%?& nglﬁltrr;a?jd’lg thg
substrate i n_accordance w t . S.  Paten . 5, : to aeffer, an
deposi ti ng @CPaF&FY ﬁm%%h%%l‘ﬁ &R t‘ﬁ‘eég‘iﬁ)%t rlé‘t%é’ ZEh%y t?;PrFsngcto&thi que
gr ghenri calzmp@@taggmqsitﬂl\%)%h@@” ng AGLOEAEDENt B £t itk ikﬁb’xﬁﬁl” ta‘f:@a_t tkilmlew\lidAl
ond coat IS i nar i Al .al l.oy consisting essentia of nickel an

Al U num i FERE o ERBEABERY o TS, SHIP SHS TR RE oA + CORF bnbPn L oves
limted ?U}Elﬂﬁifﬁcflﬁfeﬂﬁﬂ)hﬂiﬁﬂibbnm@@@iee(&h_ﬁrfnﬁmnﬂaf@idlfaébiaca_hbylshf@@éﬁl@zle the
service |i 0 e .t mal . barrier coating system, In particular, N

bond coats %?aitl?ﬁ% ﬂ“‘éb&?ﬁato.ﬁ%da%@ei ‘W%‘laﬁakdwﬁg: FEL B

zi rconi um heyge Pepnsthayd temdvadt iteald Mdwpdey®sibeohi b€, d . Rew bbagease
the spall atian_resi stance, Otst a therngh baréi er %oati ng system During an

i nvest i gat i Gt 3R nGSEBNERi $2¥RYeRNi GRS SPREFRBAS ‘of a ni ckel - base

suEergI | oy were p\rAﬁvi ﬂeﬁe\m‘ tdbjtéwsw%m?)awidz@htag@tsi R swigrmnblagtibncl uged
a bond coat oyver i ~ yttria-stapilized zirconi YSZ s _deposite
by eBvD t ail F it B8t Ear amiedbated crishmt FiS ASIRAA oA THED o)
t he bond caldscfiptbohiirst group of superall oy speci nens were conventi onal
pl ati num al um nide (PtAl') diffusion bond coats having a nom nal thickness
of about 60 to 75 microneters. Second and third groups of superall oy

speci mens vEfsc et eénwEhtReNDAbwlAGE coat containing zirconiumat |evels
of either about 0.05 gr abou; 0.1 atomi c percent in %ccohg?ce with this

i nvention. Each of the*®tAF boht AR 1Y¥Epdefteltng thBRePFBRSVE®
sputtering gurbiave lladeckangds of about fifty mcrometers. Finally, two

groups of cast buttonEs.vvere formed of N Al 11acc rdance 't@hth{)i q
i nvention to contain |99 faichS2GoSrosprsectional view o € blade

of Figure 1 along line 2--2, and shows a thermal barrier
coating system on the blade in accordance with this

invention.

Detailed Description of the Invention

The present invention 1s generally applicable to



‘zirconiumat levels of either about 0.1 or about 0.5 atom c percenjs pthé, 2002
buttons had a di aneter of about one inch (about 25 mllinmeters) and a

t hi ckness of about 0.125 inch (about 3 mllineters). As with the superall oy
speci nens, the Ni Al buttons were also coated with 7~ YSZ deposited by EBPVD
to a thickness of about 125 m croneters. Spallation resistance of the YSZ
coats was then evaluated by thermal cycling fromroomtenperature to either
about 2075F (about 1135C) or about 2150F (about 1175C), with a full cycle
bei ng conpl eted in about one hour. The results of the test are sunmarized

in Table I. TABLE I. CDir ~ TMIt " TM HOURS5 TO SPALLATI ON (AVG ) 2075F 2150F
Pt Al Bond Coat 500180- 200Ni Al + 0.05 at.$ Zr*500(not tested) NA + 0.1 at.~

o+ 5020+ 1630 B0 AT, Sredrd, iR "0 IITUED CrRrACES i | g
appl i ed by bugnetelatispity erhibgh *temparagngeni Al nd cadrebuthenrsforelest
was di scont Liied beloks SR IN QeouTded. Fromhecaboyey hgange seen

that the the arrier “coatings deposi Speciens ‘wer e
consi der abljyotebéer estiasipdres taf spach atpoponkahst Hosd udeposhe edigh tamed

converty ooelof bt eskers Tl A cigtls T8 BIGUIE, SXELGQL, VEBREXUR o0 b
were greatelimyrsa ddtaugménadr | leasdwane of egas heufb dthebendioeat. One
such example is the high pressure turbine blade 10 shown in
Figure 1. The blade 10 generally includes an airfoil 12
against which hot combustion gases are directed during
operation of the gas turbine engine, and whose surface is
therefore subjected to severe attack by oxidation,
corrosion and erosion. The airfoil 12 is anchored to a
turbine disk (not shown) with a dovetail 14 formed on a
root section 16 of the blade 10. Cooling passages 18 are
present in the airfoil 12 through which bleed air is forced
to transfer heat from the blade 10. While the advantages
of this invention will be described with reference to the
high pressure turbine blade 10 shown in Figure 1, the
teachings of this invention are generally applicable to any
component on which a thermal barrier coating system may be
used to protect the component from its environment.
Represented in Figure 2 is a thermal barrier
coating system 20 in accordance with this invention. As
shown, the coating system 20 includes a ceramic layer 26
bonded to the blade substrate 22 with a bond coat 24. The
substrate 22 (blade 10) is preferably a high-temperature
material, such as an 1iron, nickel or cobalt-base
superalloy. To attain a strain~tolerant columnar grain
structure, the ceramic layer 26 is preferably deposited by
physical vapor deposition (PVD), though other deposition
techniques could be used. A preferred material for the



13 March 2002 - 12 specinens at 207SF and 2150F. Notably, the i
inthermal |ife was unexpectedly good for the speci nens whose N le{%iglﬁgﬁq%oz
coats contained 0.1 atomi c percent zirconium particularly at 2150F where

t hese speci nens exhibited an inproved thermal cycle life by a factor of ten
over the PtAl bond coat specinens. It is believed that inprovenents in the
deposition process enployed to form N Al +Zr bond coats wll increase the
thermal cycle life of such coatings tq tshat of the button specinens. On

this basis, while the above N Al +0. 05Zr "bond coat speci nens exhibited a
thermal cycle life roughly equal to that of the PtAl bond coat, inproved

deposition techniques will result in N Al +0.05Zr bond coats having a
thermal cycle life t ween .t h. Zr.- f Nii Al ci and
tho. N AL SO+ SRV Shedfrons, S KEFFS = SESRd Maah Horoodbenatoie

Ni Al +0. 5 bwtittdn apesrefesredhiduinpers i idmi bednlgi f&boht aléhosd tabbanet t IBat of
the Zr-free Ni Al buttons. Accordingl while N Al +0.5Zr bond_coats are
expected1ny%%ﬂ99ﬁggqcﬁﬁioyé rﬂﬁérEEP¥99C?E£?ff%FEﬁ%&Cam%E?FFQ SNFﬂP§90nd
coat, itt :‘Sbbealtom@% tigﬁh gp%é gllyn%ttxe*_sau tm@uet@lbihgﬁledkvv}zlibcanihr,coairu(r)n .
content of hetween O. a .5 atom c .percent,, and |like or near O.
atoni ¢ per GHCOTE S t ﬁgFF?ﬁ:ié,zefihe%% &3 | ﬁ(g‘laéia)t’ed sFﬁé‘[dlt%e?%rﬁléHar PfFer
&Qi}i ggl ;ys:ttefésrd eau%ta@gd vm'btrheNi%%rtfa&ni@on_dg@eaL'zs a{jsd @tépbisﬁz_uba& Ibo t e

i Al +O. 1 Zr bond coat, .can be used tqQ consi derabl e advant age i n depandi ng
appl i cati oﬁg‘]\&@eesst erg¥at dres Sé’)FC,féé:&e’é‘%SOEP VRFPE 186, Eﬁ@enFFSHlﬁﬁ been

gescri bedl ié:'lht;atﬁﬁédu; 9frg%§|@rtqfoefrﬁglrferm@d _iﬁﬁﬁbrlwnbs ﬁﬂ@@tealteth@f] ahBer f
orns cou e, adgpted by qne skilled in the art. Acc [ , the_scope o
our i nvent PdAdes 10p BENELAL LYY Bhifr P RIfF ¢ |%h?/6?¢15 ﬁ#gi%.gboﬁﬁ RBPcn
20D2 - 13 piatore: Al Meds switH. pAie@Manenthé a1l hdd g e t BesERhg
barrier coating system(ZO% on a surgac% tgiareof, ZI]JQ,G thermal barrier
coating sySv&he) HEmpt fqa,ﬁe:og bBRdles C@?AZ) pUsh Je_%F%nt‘Phé‘)?E}rface
of the conpenefturd&imb¥xadehusived 2apes wWrePEBi then deathidupayéhezbond
coat (24) being a binary Ni Al alloy containing about 0.05 to about 0.5
atomi ¢ per E&MLSAdohiRAAYS: t her mal -i nsul ating ceramic | ayer (26) overlying

the bond coat (24); atdriiRgrc600REI $heneidhnff usicobARNE-d30) 2 pet yween
t he bond coat (24) and the conmponent (10 t he diffusion zone([(%g,olgr havi ng a

thi ckness 6f Ndpk6laBouRinide Al tpBnef dplecdoninenidin dittibe ) Eited in
claiml, whaheknwilke Bi gary Nimhtaed! ydroidrics Nicdsliand al tié nvumin
stoichionetric, anounts. ,
bond coat 24 is formed using a PVD process, preferably
sputtering, electron beam physical wvapor deposition (EBPVD)
or jet wvapor deposition (JVD), though it is foreseeable
that other deposition techniques could be used, such as
plasma spraying. According to the invention, an adequate
" thickness for the NiAl bond coat 24 is about fifty
micrometers in order to protect the underlying substrate 22
and provide an adequate supply of aluminum for oxide
formation, though thicknesses of about 25 to about 125
micrometers are believed to be suitable.
The preferred PVD techniques are preferably
carried out to reduce the diffusion of the bond coat 24
into the substrate 22, Preferably, deposition of the bond
coat 24 results 1n virtually no diffusion between the bond

coat 24 and substrate 22, During subsequent heat treatment



3. A conponent (10) as recited in claim1, wherein the nickel alu '@B@$ 2002
all oy eontains about 0.1 atom c percent zirconium 4. A conponentn? ﬂk
recited in claiml, ,wherein the thernmal barrier coating system (20)
consists essentially of the bond coat (24), the ceramc |layer (26) and an
oxi de layer (28) therebetween. 5. A conponent (10) as recited in claiml,
wherein the conponent (10) is forned of a superalloy. 6. A conponent (10)
as recited in claiml, the thermal barrigr_ coating system (20) further
conprising a diffusion barrier layer (3 bet ween the bond coat (24) and
t he conponent (10). 13 March 2002 - 14 A conponent (10) as recited in
claimé6, the diffusion barrier layer (32) being selected fromthe group
consi sting

ConS! St L1gR BeBTRYE Teo 00840, I LR OS El s Lhe oA, (10 *0
Iayer betwampdémtb@mdpcaabs@24kxmmkyhehtmnnmméns1bﬁ0yonaMBGWbﬁAhoAU9.A
A AQ A AL @E %&aQYabove glve Alcrometers, typically about 2.5 to 5
micrometers, may develop. A preferred heat treatment 1is
conducted at about 1800°F (about 980°C) for about two to
four hours in an inert atmosphere, such as argon.
Importantly, the minimal thickness of the diffusion zone 30
promotes the initial formation of the oxide layer 28 as
essentially pure aluminum oxide, promotes the slow growth
of the protective aluminum oxide layer 28 during service,
reduces the formation of voluminous nonadherent oxides at
the bond coat-ceramic layer interface, and reduces the
amount of substrate material that must be removed during
refurbishment of the thermal barrier coating system 20.
Accordingly, articles such as the blade 10 shown in Figure
1 can be refurbished more times than would be possible if
a traditional bond coat were used.

As shown in Figure 2, an optional diffusion
barrier layer 32 between the NiAl bond coat 24 and
substrate 22 may be included to further inhibit
interdiffusion and thereby improve the service life of the
coating system 20. As noted above, it is believed that the
initial aluminum oxide formed by the NiAl bond coat 24
provides the ground work for a slow growing oxide scale
(thermally grown oxide; TGO). However, with temperature
exposure during service, diffusion of refractory elements
from the superalloy substrate 22 to the NiAl bond coat 24
could take place, thereby potentially degrading the service
life of the thermal barrier coating system 20. To avoid
this situation and further extend service 1life, the

diffusion barrier layer 32 is additionally beneficial.
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1077 10TT%§ES%S%H%:processes for forming the barrier layer 32 include
carburizing the substrate 22 in accordance with U.S. Patent
No. 5,334,263 to Schaeffer, and depositing a layer of AlN
or Al-0O-N on the substrate 22 by a PVD technique or
chemical vapor deposition (CVD).

According to this invention, the NiAl bond coat
24 is a binary NiAl alloy consisting essentially of nickel
and aluminum in stoichiometric amounts and containing
zirconium in a very limited amount that has been
unexpectedly found to drastically increase the service life
of the thermal barrier coating system. 1In particular, NiAl
bond coats containing between about 0.05 and about 0.5
atomic percent zirconium have been shown to drastically
improve the life, i.e., increase the spallation resistance,
of a thermal barrier coating system. '

During an investigation leading to this
invention, specimens of a nickel-base superalloy were
provided with thermal barrier coating systems that included
a bond coat over which 7% yttria-stabilized zirconia (YSZ)
was deposited by EBPVD to a thickness of about 125
micrometers. As indicated in Table I, the bond coats for
a first group of superalloy specimens were conventional
platinum aluminide (PtAl) diffusion bond coats having a
nominal thickness of about 60 to 75 micrometers. Second
and third groups of superalloy specimens were coated with
a NiAl bond coat containing zirconium at levels of either
about 0.05 or about 0.1 atomic percent in accordance with
this invention. Each of the NiAl bond coats was deposited
by magnetron sputtering to have a thickness of about fifty
micrometers. Finally, two groups of cast buttons were

formed of NiAl in accordance with this invention to contain
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zirconium at levels of either about 0.1 or about 0.5 atomic
percent. The buttons had a diameter of about one inch
(about 25 millimeters) and a thickness of about 0.125 inch
(about 3 millimeters). As with the superalloy specimens,
the NiAl buttons were also coated with 7% YSZ deposited by
EBPVD to a thickness of about 125 micrometers.

Spallation resistance of the YSZ coats was then
evaluated by thermal cycling from room temperature to
either about 2075°F (about 1135°C) or about 2150°F (about
1175°C), with a full cycle being completed in about one
hour. The results of the test are summarized in Table I.

TABLE I.

HOURS TO SPALLATION (AVG.)

SPECIMEN 2075°F 2150°F

PtAl Bond Coat . 500 180-200
NiAal + 0.05 at.% Zr 500 (not tested)
NiAl + 0.1 at.% 2r" 1800 (not tested)
NiAl (nqQ 2r additions)™  560-3200+ 370

NiAl + 0.1 at.% z2r' " 5920+ 1620-2000+
NiAl + 0.5 at.% zr*" 1000-2000+ 380-760

* NiAl+Zr coating applied by magnetron sputtering.
** NiAl and NiAl+Zr cast buttons.
+ Test was discontinued before spallation occurred.

From the above, it can be seen that the thermal
barrier coatings deposited on the NiAl+Zr specimens were
considerably more resistant to spallation than those
deposited on the conventional diffusion PtAl bond coat.
The thermal cycle lives exhibited by the NiAl+Zr specimens
containing more than 0.05 atomic percent zirconium were

greater by a factor of at least two over the PtAl bond coat
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specimens at 2075°F and 2150°F. Notably, the improvement in
thermal life was unexpectedly good for the specimens whose
NiAl bond coats contained 0.1 atomic percent zirconium,
particularly at 2150°F where these specimens exhibited an
improved thermal cycle life by a factor of ten over the
PtAl bond coat specimens. It is believed that improvements
in the deposition process employed to form NiAl+Zr bond
coats will increase the thermal cycle life of such coatings
to that of the button specimens. On this basis, while the
above NiAl+0.05Zr bond coat specimens exhibited a thermal
cycle life roughly equal to that of the PtAl bond coat,
improved deposition techniques will result in NiAl+0.05Zr
bond coats having a thermal cycle life between that of the
Zr-free NiAl button specimens and the NiAl+0.1Zr button
specimens. Finally, it is worth noting that the NiAl+0.5
button specimens exhibited a minimum life of almost twice
that of the Zr-free NiAl buttons. Accordingly, while
NiAl+0.5Zr bond coats are expected to exhibit improved
thermal cycle life over a Zr-free NiAl bond coat, it is
apparent that optimum results are obtained with a zirconium
content of between 0.05 and 0.5 atomic percent, and likely
at or near 0.1 atomic percent. Furthermore, these tests
indicated that thermal barrier coating systems equipped
with NiAl+Zr bond coats, and particularly the NiAl+0.1Zr
bond coat, can be used to considerable advantage in
demanding applications where temperatures exceed 2150°F.
While our invention has been described in terms
of a preferred embodiment, it is apparent that other forms
could be adopted by one skilled in the art. Accordingly,
the scope of our invention is to be limited only by the

following claims.
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IL'10%$&TQ%k&%9&}Og§%Qg& (20) on a surface thereof, the thermal
barrier coating system (20) comprising

a bond coat (24) deposited on the surface of the
component (10) by a physical vapor deposition technique,
the bond coat (24) being a binary NiAl alloy containing
about 0.05 to about 0.5 atomic percent zirconium;

a thermal-insulating ceramic layer (26) overlying
the bond coat (24); and further comprising a diffusion
zone (30) between the bond coat (24) and the cowmponent
(10), the diffusion zone (30) having a thickness of upto
about five micrometers.

2. A component (10) as recited in c¢laim 1,
wherein the binary NiAl alloy contains nickel and
aluminium in stoichiometric amounts.

3. A component (10) as recited in claim 1,
wherein the nickel aluminide alloy contains about 0.1
atomic percent zirconium.

4. A component (10) as recited in claim 1,
wherein the thermal barrier coating system (20) consists
essentially of the bond coat (24), the ceramic layer
(26) and an oxide layer (28) therebetween.

5. A component (10) as recited in claim 1,
wherein the component (10) is formed of a superalloy.

6. A component (10) as recited in claim 1, the
thermal barrier coating system (20) further comprising a
diffusion barrier layer (32) between the bond coat (24)

and the component (10).
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7 . A component (10) as recited in claim 6, the
diffusion barrier layer (32) being selected from the group
consisting of a carburized zone in the surface of the
component (10), an AlN layer between the bond coat (24) and
the component (10), and an Al-O-N layer between the bond
coat (24) and the component (10).



