; noe3e~F6| TQU | MPROVED PLASMA SPRAYED THERVAL BOND COAT SYSTEM FI ELD OF THE
| NVENTI ON The present invention relates to protective coatings for
conmponents exposed to high tenperatures, such as conponentsmmmmmmmwm
turbine engine. More particularly, this invention is direct Ss
for formng a thernmal barrier coating systemutilizing a N Al beasdsecoat and
a ceramc top coat using an air plasma spray nethod. BACKGROUND OF THE

| NVENTI ON Hi g et ROPEEB (PGS MANSER AV THERM AB BONDTCOA TESYS TESS ar e
continuously sought in order to increase their efficiency. However, as

operating tenperatures increase, the high tenperature durabjli he
conponents of the engi ne nust correspondi ngly increase. Si M“Ib"]‘ﬁwm@m]’mm
advances FWW@FTB&&@VQ&T@Mapabi lities have been achiev

formul ati on of nickel and cobalt-base superalloys, though such*®Mys al one
are ofteng nade f LS i i.0.sectiong of a
gas turbi © 8?1"5%#3%‘3%1&1@?11 rgié@tsﬁtg 'H?g@gﬁlee?éag@géﬁogtcg ?“P%ﬁé‘;‘gﬁg%%sﬁgé? ?uél conmon
sol ution fempemithies! $iBh ¥ dofifjénaits oFUL BasCRIBIAG @AjiRe | MBI b&tihﬂhﬂ?,aﬁﬁss of
conmbustion in order to mnimze their service tenperatures and to provide
envi r onmeinventiqm &t digeétedh tooa presess tfor domning ranthesmal barrier eoating giystem
corrosive, . oxidat.i es, For this purpose, thetnmgl barrier coating (TBC)
systenms fUHHRE %Mﬁ@%@ﬁ&&g&f)&tﬁrﬂ&e@pg atiising an fRg Rt ents have
found w despread use. To be effective, thermal barrier coating systens mnust
have | ow gRekGRoNYOE TMEINVENTION! ¥ adhere to the article, and remain
adherent through many heating and cooling cycles. They al so nust protect

t he underlying substrate from environnental damage. Adherence to a
substrate is aHighehoperatingleniperatures Suaas burbine edginésare conimmiuslyciosghts of

t hermal expansion between terials having | ow.thernmal conductivity such as
the cer arPONIcHta tpatpase fiyir eHelepey;s BEWRKs T QRmIneIamPrralire A teRss teand

super al | Qo Rt Bhlatuse U¥RbARY lof HS @BrmipBnddd BY ki Bidife FNS BESHIRMASH! S-

Ther nal gﬁ%ri erf)coat? ng syfsi%’ems capa Ig of sati sf%;i ng the a%sg’ve Egl\?e

gener al | yincreagel r Significhnt adwahedsl inchigh nemparaturel eggmbilites have bhen echigadent

surface to provide an infer medi at e laiityer t hat E;;y have a coefficient of
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thermal Rpagbifgrmylaugn pf pickgletndeenbaftrhase seperalioys, bhevghusushmallaysialgneand t he
ceram ¢ L SR iaddgEfle & ol E5HBINRAR! IobREF in Bittaitb S b a/gs ttbf] ated o
provi de environnment protection fromthe hot oxidative andcorrosive gases
of conbusdnighie, sacnds thie tunkintucdmbest@natid augmditor. SACtomamah i sofgioprisduce an
adherent thermal|ly grown oxide (TGO Iaxer that aids in the_adherence of
the TBC dhpaallycsyate; wish gomponents o dhe bpb gases pft ombision ixy ordes

enpl oyed . am. G: eyl ar .1 -ﬁ”i% il.ized by
yttria (%&%n%%{r{egrgm% ﬁ}é@.}@ra@%&% é‘ﬁ?c@obﬁé’,@cg‘ﬁ‘ﬂfa Ea%%)o?&:g?ﬁg her

oxi des. Thewat Pafetiotitibarfromithédeahst, ab@oshie]) &Ixydatinplgayesd For thixe padpbsdyecause
they can be readily deposited by plasnma spray, flanme spray and physi cal
vapor depbesimal draricsceanting el BG syiteras fomngd,en cthe eexphed, ausfaces ridehigh ¢ he
ceramc Ig{\éer 0 spall at% n \A@endsu%'hect d to thermal cycling, thermal
barrier ¢EGPFAYITEGURRIRET ﬁfﬂ'% B RIPLHE " enper at ure regi ons of a gas
turbine engine are typically deposited by physical vapor deposition (PVD)

techni ques, pard ipeUéffdckive € HREMAL BaRRAO4ARE 'syStERS SintibtORakeERWP R rmal hat
yield a spat(-resistant columar grain structure in the ceramc |ayer that

i s consi dendettivity patronglyaidhetedbdhaarticlePyid igmagesthessnttheoyghahany leadtifigr
deposition of ceramc Iayelgs at  these hot sur acedléﬁcatio s because of the

need for aé‘ﬁDS‘_P "tghi°¥‘_klﬁ%ss hﬁ-&nngPi gnst RIBGFY HBe nyt X’(S‘ﬁmfl?l state drPhet ween
i nternal Goalinthdil dﬂnﬁg@y PRAHE SRR 280 %Faﬁé"is 2 e %glst%ha&lgﬁepdléstﬁquépr ayed
er of codling ho

(APS) are used In regions not having a [arge nu es open

to the swifféest coufficiems s ihegmilhexpambion rietveeni materaisnigavidy tdverthaaml i ngs
than can efficiently and econom cally be applied using PVD. APS ceramc
coat i ngs cpygctiaity pucheapthe ecigpriel matritals Gipichlly usdddee thegngHiedercoadngs; i ci ent
to enhance,t he chang call band, bet en. th%\ vao Ia,l¥lers.

and superalloy materials typically used t6 form turbine engih€ components. Thermal

barrier coating systems capable of satisfying the above have generally required a
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The bond coat typically is formed from an oxidation resistant

al um nuntontaining alloy to pronote adhesion of the ceramc |layer to the
conponent through the formation of a TGO at the interface. The bond coat is
critical to pronoting the spallation resistance of a thermal barrier
coating system Exanples of prior art bond coatings include MCrAl'Y (where M
is iron, cobalt, and/or nickel), diffusion coatings 2 such as ni ckel

al um ni de j el FviRsS ' Lch are
oxidationyggggépgﬁ?%atﬁ%#ﬁﬁﬁ%ﬁggggggﬂgggﬁgggﬁpgggs;?ﬁe Nﬁ?hy$é§gﬁ@m%oats

t ypi cal | ylageethde pesi hiaad Dyodiiciep afsthermglr axpafsidiS)hat \des betweeh ahgthafsthe Nl Ai i S
typically deposited by | ow pressure plasma spray (LPPS) techniques or high
vel ocity a;b,sga@m:{tmwdttb%mmrewtenﬁb uspborbermat bamiersa put primarily iand gr ow

th, st dh t .and ti TCO, | t hat chenical.ly bond
the. cer aneemuizidh t BRVREPiBRsiAl bistih Sl Mo iRy AT o he
under | yi ngasgs B tcomfbRsticr foundl Hedhe ArARd edibonaint. O FueR -coB@mgh soahcdmheri al s

are particularly alloyed to be oxidation and corrosion resistant through

t he f or nmasdherendfthermally rgrown akindser €GO laywei that gisls|in thé adherenwg dfghé TBGer
doped with chrom c or Qther reactive oxides or elenents. However, when used
sol ely asd%WF§ﬂ£$95“H§H¥al coating, that is, without a ceram c topcoat, the
thin alum na or chrom c-doped alum na scale is adversely affected by the
hot, corrosi vevghyhd QR nfldridl!l Kok Y bé&l QiiPloyedOWEVEE: cbiifid Qhp& ng of
a replacenment scal e gradually depletes alum numromthe environnental

coati ng. pirdenladydiresnia (V€Y stabilivahbyittioY 0] neagnesin (MgOdtcetia(CaBY,
applications, alumnumis lost frogmthe bond coat .as a result of

|t erdi | epandin (SraQb)rareotaerndast ophefa patticytae matsrials arg) widely eraploged fn of i
ar owt - or it BelsiBe TR R KB4BY (pSuRe) b EFRCHED.) Aupl SHER et "

ri sen si gpliysicabWapor, dépositoinC fechhidess pdhl @0t ifycade ahié radisthie bty f ace

bet ween the bond coat and the ceramic layer. In addition to the depletion
of al unmi repsgmicHayeypispaliation whea sybjegtedda tharmak gycling b baeier gpatingha scal e

on the bond coat r . e h re h [ ffusion o e s from
t he _su_perSa}'IsEe’(r)nyS _ ?mnqsl §y %(ﬁ@e%gﬁ% t_?:%l [,%Hggcr:?‘gq%%yoﬁjar ?aﬁgh{bééén%[%"gn&a? J’%{ggl ffusion
al um ni dedepositddgly physikal vAgoriepBsitieAPRYBY tchnRey) spuﬁﬁaulaarw dléitiodbedin such

el ements within the bond coat can becone thernodynam cally favored as the
al umi num wipphiepasiiwn(ERdP ¥ Das thitsyield# spabdesisians gghinmar geain siruciurg in the

interdi ffusion. Hi l.evel s. of , el.ements. suc ickel , chromu titani um
{ ant al um SSTAGSPEt o HOTstR e T 1Bt AP i Fres FEPEHN A oase
the growtqphatien Ur R¥dntie 185t @8 thkse HP AudfieMoBARNE HREARBIrSREIN8Sd 6k t he
bond coat surface that may be del eterious to adhesion of the ceram c |ayer.
One of t henamdly shickneshitahsition$; qopbbg dol: temmuieaironabietwess etteingl tédingddi ti on
of a nonoli.thic beta-phase Ni AL |ayer to the sur of a superal.l oy
corrponenttjhﬂé iSHBP RS AN ctermdsu c?_SPPg,” plagma sﬁa§J ggfs) NB.“S%‘?]S‘VS‘TW Nagar aj

et al., w ; ' 1&%%? 5“%& ' f 3 héhr
substratg#kﬁg%%gég?%glie atf€g§y |ﬂg&gg%ﬁé?gmbéggﬁgégﬁ§§¥@ﬁg$!ve ? snoot h
surface, powcidd asingphickenatogingsfthiheard 3ffidiehtlyLaydeeconbimicatigaicedpsliedf ace i s

treated to_have a surface finish not greater than about 50 m croinches
(about 1.wing EVIXret S maramyigcepatisgpytypicalbt regtire Sand Foatsapith pwikacsg,

l'i shi | iah ' bl i.ng, I LI ed be thick
" or der tpamehtn e ARIGRE Y Gan gl Mt ooy BE SR B RRNGRE “R Coram

topcoat having columar grains is then applied by a physical vapor

deposi tion (PVile B6RE @88t tyPiRUYER! foYmed QYRY Bin, okibRidHO Rsdised@lalifinum-
intentionally sprayed to provide a rough surface finish to enable the

f or mat i orcopfaingetioyto prohetniadhé¢sidronithseewaun lasiee th theccooymnentrtiranghAPS
ceramc t oat.. I n confrast tq LPPS, cause APS bond coats that .include
U numiBs Evatalion bt g GO Shive alsitecsy 156 BURGET S PROGHLS BIUUHRELST ai r
t hey inh i C t Jyng
discIosu§é8%%§%ﬁ%§&ggﬁgﬁgggﬁﬁgﬁgéggﬁﬁPﬁg@%%gﬁﬂg gbg% u ﬁﬁﬂ?ﬁgﬁﬁgﬁ& arrier
coati ng syafigiEEnclitd 0¥y YARSeRo MlisCiest, £obaly @ndrot nivkel) tdiffutibglodtiigeer at ur e
(e.g. above 1 000C ) oxidation resistance of systens enpl oyi ng LPPS bond
coats. Furthernore, adhesion of a thernmal sprayed ceramic |ayer to a
nonbet a- phase Ni Al APS bond requires & surface roughness of about 200

m croi nches to about 500 m croinches Ra on the bond coat, and the APS
ceramc top coat is bonded to the bond coat by a substantially mechani cal
bond. APS bond coats are often favored due to the higher as-sprayed surface
roughness. | ower equi pnment cost and ease of application and masking. As a
result, various approaches have been proposed to inprove the oxidation
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In addition, while various overlay coatings have been proposed to further
enhance the oxidation resistance of diffusion alum nide and LPPS bond
coats, e.g. US. Pat. No. S 427,866 Nagaraj et al., such techniques have
utilized a | ow pressure plasma so that a strain-tolerant PVD ceramc top
coat can be adhered to the bond coat. APS bond costs have been used to
deposit the coating at el evated tenperatures, however, prior art indicates
that suchsdhOly hiSKe1edlahnities of glaafa lalimiRRNbdndaéoat r&dqyeimiﬁﬁasermmpr med
during the APS process. The APS application pronpotes a rou surface finish
and pr evewhishtdre dxidationitesistent alumidhmsbasad pnisrmetaltigs.s mbst MCradiYi hodis oxi de

scale that is required of t appl i gati on of und.. TBC by a process.
Accor di ndapts Wikaty o, dBpetten S B, e Spy ARSY Whils Betecieds NI B
conponent | f f QLOBAC ! Py thas LiIQkincoat i ng
pr ocessest?p%ﬂgidrgmkgpygsﬁﬁ}%ner S%EQ(S:%%¥?IF1% tha%lﬁ? eétﬁ?%l???eé%l oyed
by ai r - pl asfiwel YPIVQEtebhstigies. alise LBRS (oad soate apd siaoathapd pred dN\srbothpnd
coatings w thout adversely affecting the environnmental resistance or

spal | at i owrongly; adhsrent apd confinuops TP laysy thak chemigallbondsthe geramie bayer shoul d

I nprove nt abi i d,i.n t ryi | f r mal
barrier gtgg?llg %onsdyg&et’mg"@m% '&‘3 W?ﬁ%\?ﬁﬁ@l % %‘%’?‘5 H,gs g‘r'][%tﬁa%vgﬁ]& on
gener al | yoxid6nd@d hat 8&tdxash.of forming a thernmal barrier coating system on
an article subjected to a hostile thermal environment, such as the hot gas

path conmponents of a _gas turbine engii ne. The coating systemis generally
conpri sedB@id eoat anaipiials |agg partignlarly ralloxod te hewxidatipg apd gososign mwastanbhase

i ckel al yni i pt tal ] 3-Ni Al)_, bond t .that adh t.h i
Maver t o (Rt The BrERSA A tncdum AAfen tEe b bolchihal b By a1 ho' ©
surface afjth BRromda bt 6lhef ¥dcii¥e DRAEs b SlRMBRRL Howkves) wiehisBdbSlegd30s ment  of

the present invention, an additional layer of diffusion alumnide can be
f or med orenvhrenmenthhceatirig, t thet ds,t imitheufpri caramnes tépeoate pbeithimoalumfinaher (3 Ni Al

bond coat, or.the diffusion alunjnide can be fornped i medi ately after the 5
depos: ¢ chrniardhpedalyging S whyarehcatiiictbrede ot raforike cor oty
al um r udg, RdReHAy fehfmSe" UYwrevkRYBE defordify ©PP U tenit fsBAE- grdd@ally3- NI Al

bond coat may be deposited by a conbination of techniques to satisfy
per f or manlepletescpiumamen frem thereneirampemal ¢dd@hg.c Whemyisad as ah @nvivarimeritalne

wd .b d, t first bl dj h bstrat
Phat ar e caieor e wanpe EHE aptireione: imisiy B3l E5ghe hord Cup B Locd
{0 P 0UGEel 4B imi R iRU LA Gie! AfEFalohbutRCDE tERGRIE! Ble cRatest on of

t he subsequently app T rocess produces snoot h and dense
subl ayer ahgninbhm Wihin thedlomdqioat isesufficichidy tepletep avwpesvenifitrther pramthdifzi ng
them The subl ayer has_a surface finish of 125 Ra produced with powders
finer thahe grotestiveiuminapicals and/of steessrsvidhe 10 (ibave gisen gignificaptinertei n,

refers tQuhle tgxgeaggzilﬁi{iogfm )h B E e interface between the bond coat and the

ceramic layer.

In addition to the depletion of aluminum, the ability of the bond coat to form the
desired alumina scale on the bond coat surface can be hampered by the diffusion of
elements from the superalloy into the bond coat, such as during formation of a
diffusion aluminide coating or during high temperature exposure. Oxidation of such
elements within the bond coat can become thermodynamically favored as the
aluminum within the bond coat is depleted through oxidation and interdiffusion. High
levels of elements such as nickel, chromium, titanium, tantalum, tungsten and

molybdenum incorporated into the TGO can increase the growth rate of oxide scales



According to this invention the ~3-Ni Al may contain alloying elenents in
addition to nickel and alum numin order to increase the environnental

resi stance of the (3-N Al. These el enents include chrom um and zirconium
and increase the oxidation resistance of the (3-Ni Al during the application
usi ng APS. Cobalt may al so be included substitutionally for a portion of
the nickel. The ~3-N Al has a nom nal conposition of about 15-33% by wei ght
al um num &od g rhe nbRladnGEntNcal EP I EOIPERRLUARSG tHAEHBY be AdlEtiBGd fENt 2l
inmpurities. For the purposes of this disclosure, the térm "incidental

i mpuriti eathesionndahe ceaniioddyede Oneadfl thammystis wifich sqehrproblesis dade baai dent al
el errents,gm;i ch_i.n chayacter and/or_ anmount do not adversely affect the
advant agedlfitessed it the idition, of apenglithig betarphase iViAkilager do thesurfase afir

(3-Ni Al c [ : haht cept d i !

cont ent o%'ﬂ)te eoi-ﬁnﬁﬂngggn&vlgg%dr%% %1%8% B.pgg’t %E'at[)‘ggt Péthj\’ (\;iveslr’%ﬁ%% cent,
and the hihgdrsfnetcaltwith affoxide ldyer MbriledCdifectin@nudp ofihelp-Kidl §ubsgleut 1.7
wei ght percent. The zirconium and hafniumi r’rProve t he adhesi on of the

i nt er f aci BPPYuising telafively fine powders mreduces agelativgely smnotle bycfac; endinfier TBC.

life. Accordi t 0. L hi S, nt i at |east a portion of the_.beta.phase

i cicel o) SRR OF i AERIAY B J8 edtted §8Fieg s Rl e nsipra idlos)
process. dheglehier &S abBht 15908 nfidirthed FMIuti £21 xﬂi&orﬁ@t@%eRgf siROWe vl to
about 20 mlS. If the (3-Ni Al layer is thinner than about™1 mls, then the
anmount ofeledt;uﬁoﬁshi;ng,v@pb?bbﬁin’gr pm'hshlhg ?Bﬁglit/ﬁbréshgcdﬂasﬁngi tﬂ;ucﬁ laydr?s.u:f f ihci ent
to protect the surface o e artjcle fromenviro ntal danage for the
expect ed teaviEEcHio hafbickiniosdes o ?ﬁ@bﬂ-amieaﬁ%aa@wweﬂﬁg fRr thp perapeneat-eA

conposi t iéygqu1 I I G935 I | powder
is then hea e% té%%o\%%déﬁ%glgﬁﬁ%%%hsggﬂ?ﬁ agpl geem -an@fyg ghF‘Z%)gf geqo-cgnﬁ)ﬁ'e
article S@PVDY piceessSi Myequently) hpvasern the dbnd oet isThtertbnbllAlsppgedeo used
for the APS are preferably in the range of 20 80 m crons. After

appl i cat imsAvide peraveh suefaes fipish thenpblgtthe fematigniadia balisnimeshenied basdut f our
hour s at I focl F- F in order to forma stronger
net al | urg&é%?%ﬁ%ggﬁé %gﬁ@%gpssu%g%?lgtt%&&?gpi cally a nickel -based

superal l oy, and the ~3-Ni Al coating. If a diffusion alumrude is applied,

t he heat Ihroeatragné IPPS, bbwaust APSHond cohtsthatiifdudaslubényde afeoddpositat att he same
time as the heat treatnment. for the ~3-Ni Al. The advantage to using APS

rat her t Harelevated tempgeabysiin thapreprncy of s thekjinhier¢ndlyt fagn eppapped oxidest expose
t he under] vi t t ty hi eratpures. The hig

tompor at (R SR B e Al TRk et BERRoBl Gl s p ot

i MPOssi blrgsulf, @ermal BARRF cOAtirgNgisiensCANPIBPRBTAPS BoAE c6Aahe: Hed P thBe LPPS

technology. In addition, APS is an inherently |ess expensive way to apply
bond coathigh iemparsps: (crieabaves! (03casexidatigpsresisiocaref sysiemaremmoyiagount s of
time, ther reducj n oductivity: for each chamber | oa vacuum mnust
b o5t abiARA G A dHPRRE G heAfbetion 0P URARAGEAAEE Feamia P B our o of
i nert gagetadhia8¢ NI APS! BihdSRg@YesCPAlTARE rdifzhACRBFGbSS 2000hlPsRchel Yo COO!
down in vacuum and unl oadi ng. Using APS, the engine parts can be coated in
a ring f aboutt 50mairdiovhasRd on tte gmdadoat, and e APSfcepari¢ sopt @abes Yondad ed at
any one time. Prior art clearly indicat t he use of coating materials such
as Mr Al Wgl?g‘{j’@é@atrhyg%sq%é%P%%bF‘eﬁbﬁ“ﬁﬁMupon exposure to air and prior
to application that would indicate ~3-NN Al is uniquely suited to the
thermal gk | LOREE jo-L A Lo i-al 5}%& ter when
appl i ed by Agge.{d Idr?\ thg‘:’t g?f‘g%‘girr%d (ag%é&g?é thﬁ%g{ ?ér;&%ra |dg§hdsfpd§§ér| eg&fo APS is
t he hi ghléwepequipnest dst \ahil Gdasd o€ applicionnarck alaskdhgl M A1 eodt, i vigiopar t i cl es
enter the atnosphere prior to deposition on the substrate. These high

t enper at @ppwachesthwve begngueposedde ipsoss theopxidgtongreaistaars of dih ordhat
oxidation wil.l occur duri t he .spr,ayi ng, process .t L L1 cause.greater
apal | at | SR PR Rt or Loy B Bl BLPTR TR At e fifRFEE

st oi chi ogeiid oddcdat by bk defiftnlati®a & doRfOdRtRE U&;ﬁ)r‘léasaﬁ%&) #efHhuds. | 638C)
in order to liquefy, normally a tenperature that causes a ‘severe oxidation

i n ot her Haiweoyss resuilisvendito be mopnsistentcand th8hddel steps irewiade poddctiar gosisow | evel s
of oxidation as conpared to bond coatings such as MCrAlY. In addition to

t he af orenmenti oned advant ages of the APS over the LPPS, the present
invention al so enables the use of a t#hinner coat of ~i-Ni Al that could be
achieved with the LPPS technol ogy. For exanple, U S. Patent No. 5,975, 852
di scl oses that the m ninmumthickness of NNAl required to be applied such as
by LPPS is 125 microns (about 0.005"). The thinner coat that can be applied
by the present invention allows the treatnment of |arger pieces of equipnent
that includes cooling apertures. Such apertures would be conpletely covered
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8 underneath the ~3-Ni Al is that application of such a |ayer facilitates
stripping of the remaining thermal barrier bond coat systemfromthe part
once normal wear |eads to excessive spalling. Optionally, a diffusion

al um ni de such as a platinumalum nide | ayer nay be applied over the
~3-Ni Al layer. In order to create a consistent diffusion alum nide coat on
top of the beta-phase N A, a flash |layer of either platinum nickel or
both, nustn LRiiEGDedileoAridus 6¢drldy cdatifed ke Deé@plopasd tbifdvthdr@YRinceThé1ce t he
bet a- phase NI Al layer is a stable, alumnumrich internetallic, the

f or mat i onoxiflationuresistange of diftusiamalgminide add LPRPbond\asatst he. (BS.NPatl Noayer

f bl i th bot h i ckel,. d | ati fl |
Dbl +eq by 2780 g eh s b e oyl v B dO% v Snsifana 5 e g
| ess t han, Qrfin BblbraB PPV Rkic! t¥p Qo cah be adifer@Ploltnd b dagyers are applied,
f

the plati num shoul d be deposited first in order to achi eve the proper
conposition of the diffusion |ayer. Additional diffusion alum nide |ayers
may then be dep#®Si tbedd asostie shaved becihaised- td Alepadis ahé uomitingnat adewatadl f f usi on
barrier between the substrate and sny metallic l.ayers applied over_ the

(3-Ni Al | SIPeratyes, phawrye; PHQfs g dndigates, ghat spugh highh tempargturssnecpssagly Ni Al
Rt Saliite pull ; - T e ok ' pedtioy
G 11 uet onnEfHE at bnd@, dxifes 08 chfified Wluibdg HREARS HRPLCE TERVADS apREMRR, > 2

and underprofitds3r fugh sty finishiand prepems teSormbatich ¢fl dnidhédien-pfomidthgpart to
be stripped easily while preserving the advantages of having a diffusion
al uni ni desmasnth ceqfinyous oxidp sexle thas igreqnires) off the applicatieepl/esaund FRC byiat i al
reservoi rpﬂ‘) erll %ng num for formation of a protective alumna scale. The
final step PPHE>TBC systemis the application by plasma spray of the
ceram c topcoat on the surface of the [3-NiAl, or optionally, on the

surface of theAéHJrrﬂiHEinﬁavﬁzitUm he€l®ed Y & prddess HRAC ABUIKC PRSWi&dsS terbireer am ¢
materials generally known to one famliar with the art, such as yttria

st abi | i zexpmpionewiaivath greater perframaneedsid 4t adeiwet qogbtham prier ¢oating prasessios,l i zed by
ceria (Ce02). or scandi a { ScZ03).. The .ceram.c topcoaf,is. zirconia stabilized
Wt abodt Wrg of B SREnS M iting IRd Eugeas oigvet oy S RARECRENGH « he
present iNICeAtY QRdi[dwt PREsude PBasta bprapdd REARBORd €6atihgh NAitRut AldbeéI§s MR
spray technique as an environnental bond coat over a nickel-based

super al | cffesting theagrvirommentié pestitansd dyopellatmat resiatanes o thei thermal herrégopl | ed as
a thinner Ita erSt an with Llflizg Anot her adv?nt aﬁ;'f of t.he regent invention
is that SERIPASUER A RRCCSHTU ROV e SYNPYITL diraPisangt infiRaie 1Be AYiCRet hods
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SUMMARY OF THE INVENTION

The present invention generally provides a method of forming a thermal barrier
coating system on an article subjected to a hostile thermal environment, such as the
hot gas path components of a gas turbine engine. The coating system is generally
comprised of a ceramic layer and an environmentally resistant beta phase nickel
aluminum intermetallic (3-NiAl) bond coat that adheres the ceramic layer to the
component surface. A thin aluminum oxide scale forms on the surface of the 3-NiAl

during heat treatment.

In an alternate embodiment of the present invention, an additional layer of diffusion
aluminide can be formed on the surface of the article prior to the deposition of the 3-
NiAl bond coat, or the diffusion aluminide can be formed immediately after the
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effective, protective alum na scale. Still another advantage of the present
invention is that the ~i-Ni Al scale fornmed by air plasma spray provides a
rough surface finish. Wile the rough surface finish is not suitable for
application of a ceramc top coat by a PVD nethod, it is suitable in the
assprayed condition without the need far further surface treatnent for
application of the ceram c top coat by a thermal spray technique such as an
ai r pl asnRpafifiay of A BUNIAS bohd 88Ht) ol suchtRAttRé difRisidh A18mIMIHS B@heréS hET
features agd advant ages of the present invention will be apparent fromthe
f ol | owi ngheveramielayet todhelemaponEnt snfaot. tThe pNEAd boad ceatinogi baaddpositaken i n
conjunction with_ the acconpanying draw ngs which illustrate, by way of
exanpl e, Wha cambinatign of teehniqyies to satigly psriompanes reqrigemepts. CROEX2ppEe.DRAW NGS
The pres j i ] rl i
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conponencdnEsia ob it sieaeduently Bl TBE S Bl artar Bedtes's SPiohvel y
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tg P I. . . :
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t enper at Kcesrdifig taithis et diei HNiIAL mag eonmimpaltynigelementsdnatiditien tbe
operated near or even ahove their nelting tenperatures. The turbine portion
of the emigksbandalumiauyn iporder 5o incgease thegmvipymenabiesistapcs of thedbNifhdes such
as the hi i . i I S L .S driven
25 a 11 uigear AR TR Rl Aol Ehd fofeath e ontifof AR
causes t ¢ thet®PNiAD dofihg hthé tapplicatiohadadigg ARS.t UCsbaltThaybilssdelihcirieer al | y
includes an airfoil portion 12 against which the fluid is directed. The
fluid issubsityiinnaljydersa portiop ob tha niekelr dbaPtiNidy hap @ mopieal compasitios ®fof f uel
fromthe _go i por.tion of the hne. T irfoil . i.S.Subject to
attack b)?g%‘;(}})%gﬁ(%%?’ ‘gedgiﬂtpa{s]?[ghnugln%mg&lgsha g‘ﬁc%s 1,&3‘065%&;%0%%-121%20%? hecrgo ustion
strike tRRd dhdiétital- impueitiad." TRk lthel Bulpssadnsin@isedisdlosude, ! the hérme “Hicidenfanot
shown) with a dovetail 14 fornmed on a root section 16 of the blade 10. The
di sk i n timpuwrities" as meahiclo inolude smaldiamougisaiftimpartied angl ivsilenwgd slet®nts; e
present in.the airfoil t hr ou i gh bl.ee i,f fromthe conpressor
portion &a“‘flh'é‘ cg’f"f{ﬁcg?éaf‘ Of 8?'88'&‘9 ‘roo‘\{\‘ﬁil&gf’erf“ﬂ% agff:gt&ée Bélvﬁa&ﬁg‘fseﬁsp $SREat from
the bl adgelGmbosicify bfdidih BARDE BOSYENEAD &dh Rry Frati Bl hefbohP2@t | east
t he ai rfg}l 6‘(1) tsi on o”?{llqtﬁg {S‘i‘grfj‘e to furth)eqf- pr ot ect l—‘fhre ai rfoiIo substrate
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this invention wil|l be described with reference tq the hiﬁg-pressure
turbi ne BbaHE 4 weighbpgrcem, andghe hafnjuya contentiaf tapsB-HfA] pasinclunde abowg 0. by e
general | lLi,cable, 1o an npone an i i I t her nmal
a1 or AR d 2 ekul orBi d M RERS g Ml i e SR AE RISl R ot §
envi r onMpférfadif RxRRAN Q@ talsdrdfdfed t8 ak TGO, thaEbpéxt@ilind EBCAMaL i ng system 20
in accordance with this invention. As shown, the coating system 20 i ncl udes

a ceramc layer 26 11 _ _ ]
According to this invention, at least a portion of the beta phase nickel aluminum bond

coat is deposited using an air plasma spray (APS) process. The thickness of the B-
NiAl layer is in a range of about 1 to about 20 mils. If the B-NiAl layer is thinner than

about 1 mils, then the amount of aluminum available from the B-NiAl layer may be



bonded to a ~i-N Al layer, consisting essentially of nickel and alum numin
stoichionetric anounts, 24 bonded to a substrate 22 with a thin scale of
alumna 28 on the (3-NiAl. In a preferred conposition, the ~i-N Al includes
0 to about 20 percent by weight chrom um and about 0.1. to about 3 weight
percent zirconium In a nore preferable conposition, the (3-N Al includes
about 2 to about 14 weight percent chrom um and about 0.5 to about 2.4
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enbodi nent, the diffusion alum nide coating can be applied over_the (3N Al
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| ayer cargbgedgnRastideduriig MBYSE 6athe\apRl pdRP PRividver) a tRleEdiciigRRaR - ON,
sputtering, cathodic arc deposition, |aser evaporation or any other known

met hod of producing a uniformthin |ayer. Then, the article that includes a
deposited | ayer can be exposed to a vapor phase al um niding process, as is
wel | known in the art, so that a diffusiomalumnide |ayer is fornmed. The
internmetal (ic j3-Ni Al bond coat that |ies between the diffusion alum nide

| ayer and the substrate acts as a diffusion barrier that significantly
reduces or prevents the diffusion of elenents fromthe substrate into the
di ffusion alum nide |ayer. The diffusion 13



al um nide | ayer can be applied over the (3-N Al coating by other
establ i shed techni ques. Although the present invention has been described
in connection with specific exanples and enbodi nments, those skilled in the
art will recognize that the present invention is capable of other
variations and nodifications wwthin its scope. These exanpl es and

enbodi nents are intended as typical of, rather than in any way limting on,

t he scopenNgil fegﬁir@m&ﬁmerdtmemdbem Z980PF ERBBLENin didés 1RRBENH6En4llyad 5. 14
WHAT IS CLAIMED IS: 1. A process for formng a thermal barrier coating
syst em ( 2@mperatereshatf cavsesod sevegaipridatiomin etbamaliayst ,Howeveprioqeadicepfipri si ng

the steps, 0 a).provjding a,~i-NA(.pawder alloy,c rising 15 to 33

wet gt - NIV RIS oy bl anicBORR S5srimpantd BaRPd orHa el 85 (b)
air plasnpkﬁgﬂ?ﬁing the -N Al powder alloy on the surface of a superall oy
conponent as a bond coat by air plasma spraying the powder on the surface

to produce a thin layer of a continuous (i-N Al (24); and (c) thermally
sprayi ng  addition © thepfaemieni@&E)d alventagdscof-tBe MPS ovronthe LPPS, the present

invention also enables the use of a thinner coat of $-NiAl that could be achieved with
the LPPS technology. For example, U.S. Patent No. 5,975,852 discloses that the
minimum thickness of NiAl required to be applied such as by LPPS is 125 microns
(about 0.005"). The thinner coat that can be applied by the present invention allows
the treatment of larger pieces of equipment that includes cooling apertures. Such
apertures would be completely covered by the LPPS technology are not covered using
the APS method.

The surface roughness created by the APS method also allows the ceramic coating to
be applied using a lower cost thermal spray technology, such as APS. In order to
apply the ceramic topcoat using APS techniques and achieve an adherent ceramic top
coat, the §-NiAl bond coat should have a surface roughness (R,) of 400 microinches
or in excess of 400 microinches, that is the surface finish is no smoother than about
400 microinches. The larger particles coupled with the well known air plasma spray
parameters make such a relatively rough surface possible. Another advantage of
applying a ceramic coating using APS technology over the 3-NiAl bond coat is that a

thicker ceramic bond coat can be applied quickly and in a cost-effective manner.

Such a surface roughness is necessary to form a good mechanical bond between the 3-
NiAl and the ceramic topcoat. If a good mechanical bond is not formed, spallation
will occur more readily during use of the engine component. Optionally, a diffusion
aluminide such as a platinum aluminide layer may be applied using vapor deposition
techniques either directly onto the substrate prior to deposition of the B-NiAl or to the
B-NiAl bond coat prior to deposition of the ceramic thermal barrier layer. The
application of a diffusion aluminide to the substrate is in the fashion to one well
known in the art. One of the benefits for placing the diffusion aluminide layer
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coat. Z. The process of claim1l wherein the step of depositing a ceram c
top coat (26) includes depositing a zirconia coating. 3. The process of
claiml1l or 2, wherein the step of depositing Q N Al bond coating include
depositing substantially SO atom ¢ percent nickel and 50 atom c percent
alumnumto formthe ~3-Ni A( coating (24) so as to produce a substantially
stoichionetric coating. 4- The process of claim1l or 2, wherein the step of

deposi t i ngnddifiedth MheAB-MidNds GRAtdppUcativhl sliarh deRge fatiligatéharippmbi ol the 0at | ng
(24) that further includes a reactive element. 5. The process of claim4
wher ei n t remainiagtthemmad barrientbond coal systeat fibmothe Pad ageo nprmsal nwgas i¢adg tof v,
Zr, Hf and conbinations thereof. 6. The process of claiml1, 2) 4 or 5,
wher ei n t fEFeSTEGSRAlIRE nositing the f~-Ni Al bond coating includes depositing
the f5-Ni Al coating (24) that further includes a Lanthanide series el enent.

o 12" coRly Sl Ain Sy o el g8 sy gt 0

i ncl udes averahy §eNiAldaydredinmgder to create a consistent diffusion aluminide coat on top
of the beta-phase NiAl, a flash layer of either platinum, nickel or both, must be
deposited directly onto the beta-phase NiAl layer. Since the beta-phase NiAl layer is
a stable, aluminum-rich intermetallic, the formation of a uniform diffusion aluminide
layer over the B-NiAl layer preferably requires the use of both a nickel and an
platinum flash layer applied by electroplating. These flash layers are extremely thin,
being less than 0.8 mil and typically 0.2 mil. If both flash layers are applied, the
platinum should be deposited first in order to achieve the proper composition of the
diffusion layer. Additional diffusion aluminide layers may then be deposited as
desired. The B-NiAl also functions as a diffusion barrier between the substrate and
any metallic layers applied over the B-NiAl layer, with the diffusion in the layer above

the beta-phase NiAl limited primarily to the applied diffusion aluminide layers.

Optionally, a diffusion aluminide layer can be applied as set forth above both on top
of and under the B-NiAl layer. Such a process would allow the coated part to be
stripped easily while preserving the advantages of having a diffusion aluminide
located over top of the B-NiAl layer to serve as the initial reservoir of aluminum for

formation of a protective alumina scale.

The final step in the TBC system is the application by plasma spray of the ceramic
topcoat on the surface of the (-NiAl, or optionally, on the surface of the diffusion
aluminide layer. The topcoat consists of ceramic materials generally known to one
familiar with the art, such as yttria stabilized zirconia, yttria non-stabilized zirconia,
zirconia stabilized by ceria (Ce0,) or scandia (Sc,0,). The ceramic topcoat is zirconia

stabilized with about 3 to about 20 weight percent yttria.



element. (5 8. The process of claim7 wherein the oxygen-gettering
element is selected fromthe group consisting of Cr, Ta, Nb, Ti and W 9.
The process of any one of clains 1, 2 and 4 to 8, wherein the step of
providing a Q N Al powder alloy further conprises providing a (3-N Al that
I ncludes fromO to about 20 wei ght percent C and about 0.1 to about 3

wei ght percent Zr and about 0 1 to about 3.0 weight percent H . 10. The
process o one of cl ains 2 and 4 to 9, wherein the (3-N Al powder
alloy inc mwivaa%eto fhe @r%m%qu_mqnensgth@t » BNt canybesappligd gsingham airo abhout

2,4 el SNy REGSSRl Gt s oRiR6RRuR bofl o Bl w0 SALEC SRt 21 ™)

wherein t U es a’s plying a

al um ni de s@RahicN ITIRY 8pdsitéd bl &at Qﬁﬁléfféaﬁﬁelypbé Q[ﬁplfeﬂ akfaethﬁmgpl@ter Eﬁéﬁr mal |y

spraying a ceramc top coat. |12. The process of claiml 1 wherein the step
of appl yi mathtllRPS.ayer of the al um ni de coating includes the step of first
el ectroplating a |layer of Pt followed by the step of el ectropl ating a | ayer

f Ni t 13T f.cl furth
ddi t onanote s o e B FHEioa B IR AN r% appisd B e 0%
al um ni de,&Pafctd1na bifer PheéthddsO8Y dHptyiflg HEp NiING 'and@ Twilll the formation of an

effective, protective alumina scale.

Still another advantage of the present invention is that the B-NiAl scale formed by air
plasma spray provides a rough surface finish. While the rough surface finish is not
suitable for application of a ceramic top coat by a PVD method, it is suitable in the as-
sprayed condition without the need for further surface treatment for application of the
ceramic top coat by a thermal spray technique such as an air plasma spray technique

or equivalent thermal spray technique.

Other features and advantages of the present invention will be apparent from the
following more detailed description of the preferred embodiment, taken in
conjunction with the accompanying drawings which illustrate, by way of example, the

principles of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be described, by way of example, with

reference to the accompanying drawings, in which:
FIG. 1 is a perspective view of a high pressure turbine blade; and

FIG. 2 is a cross-sectional view of the blade of FIG. 1 along line 2-2, and

shows a thermal barrier coating on the blade in accordance with this invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
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components include the high and low pressure turbine nozzles and blades, shrouds,
combustor liners, splash plates, and augmentor hardware of gas turbine engines.
Typically, these articles are manufactured having cooling holes that are connected to a
source of cooling fluid, so that during operation, these components can be exposed to
operating temperatures that at which they would otherwise not be usable. When
combined with other techniques to protect against the high temperatures of turbine
operation, these components can sometimes be operated near or even above their
melting temperatures. The turbine portion of the engine includes, of a plurality of high
pressure turbine blades such as the high pressure turbine blade 10 shown in Fig. 1.
The engine is driven as a fluid strikes the blade causing the blade to turn, which in
turn causes the rotor to which it is attached to turn. The blade 10 generally includes
an airfoil portion 12 against which the fluid is directed. The fluid is the hot gases of
combustion resulting from the combustion of fuel from the combustion portion of the
engine. The airfoil thus is subject to attack by oxidation, corrosion and erosion as the
hot gases of combustion strike the airfoil. 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. The disk
in turn is attached to a turbine shaft. Cooling passages 18 are present in the airfoil 12
through which bleed air from the compressor portion of the engine is forced to cool
the blade by transfer of heat from the blade 10. A thermal barrier coating system is
also applied to at least the airfoil portion of the blade to further protect the airfoil
substrate from the effects of the hot gases of combustion. While the advantages of
this invention will be described with reference to the high-pressure turbine blade 10
shown in Fig. 1, the teachings of this invention are generally applicable to any
component on which an environmental or thermal barrier coating system may be used

to protect the component from its environment.

Represented in FIG. 2 is a thermal barrier coating system 20 in accordance

with this invention. As shown, the coating system 20 includes a ceramic layer 26
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stoichiometric amounts, 24 bonded to a substrate 22 with a thin scale of alumina 28
on the B-NiAl. In a preferred composition, the B-NiAl includes 0 to about 20 percent
by weight chromium and about 0.1. to about 3 weight percent zirconium. In a more
preferable composition, the B-NiAl includes about 2 to about 14 weight percent
chromium and about 0.5 to about 2.4 weight percent zirconium. The most preferred
composition of the B-NiAl includes about 12 weight percent chromium and about 1
weight percent zirconium. According to the invention, the substrate is a high
temperature material such as a superalloy that is based on Ni, Fe Co or combinations
thereof. A novel feature of this invention is that the APS system is more amenable to
masking and can be easily adapted to perform patch repair operations on a field-
returned part. The B-NiAl bond coat layer 24 can be formed using air plasma spray
(APS) rather than by the LPPS deposition process taught in the prior art. The
preferable range of thickness of the B-NiAl bond coat layer is about 0.002" to about
0.007". A minimum thickness for the -NiAl layer 24 is about 1 mil (0.001"). At
thicknesses of below about 1 mil the amount of 3-NiAl is insufficient to provide the
necessary reservoir for the formation of a protective alumina scale for the life of the
component. At thicknesses of greater than about 7 mils (0.007"), the brittle B-NiAl
layer becomes more likely to chip than thinner layers of B-NiAl, making layers of B-
NiAl in the range of 0.002" - 0.007" preferable. Furthermore, the thicker layers of §-
NiAl increase the weight of the airfoil component and decrease its aerodynamic
efficiency, adversely affecting engine performance. The 3-NiAl used as the bond coat
24 is not prone to interactions and interdiffusion with other elements observed with
prior art bond coats and their superalloy substrates. This is due to the ordered structure

of the intermetallic, which inherently allows it to act as a diffusion barrier.

During the APS deposition process and subsequent heat treatment, a thin aluminum
oxide layer is formed over the B-NiAl layer. An optional diffusion aluminide layer,
containing platinum or nickel, the composition of which is well known in the art, can

be deposited between the B-NiAl bond coat 24 and the ceramic layer 26.
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Alternatively, the optional diffusion aluminide layer can be deposited between the

substrate 22 and the 3-NiAl bond coat 24.

The ceramic layer 26 is preferably deposited by plasma spray techniques using
techniques known in the art. A preferred material for the ceramic layer 26 is zirconia
containing yttria-stabilized zirconia (YSZ), having about 3 to about 20 weight percent
yttria, preferably 6-8% by weight yttria, and most preferably about 7 weight percent
yttria, although other ceramic materials could be used, such as non-stabilized zirconia,
or zirconia stabilized by another transition oxide such as ceria (CeQ,) or scandia
(Sc,0,). The ceramic layer 26 is deposited to a thickness that is sufficient to provide
the required thermal protection for the underlying substrate 22 and blade 10, generally
on the order of about 0.004" - 0.030", and preferal;ly about 0.005"- 0.015".

As' with prior art bond coats, the surface of the -NiAl bond coat 24 oxidizes
at elevated temperatures to form a thin alumina scale 28 to which the ceramic layer 26
bonds. The B-NiAl bond coat 24 provides a reservoir from which the oxide layer 28
is formed, and which will contribute to the reformation of the alumina scale if the
scale is adversely affected as the result of interaction with the corrosive gaseous

products of combustion that may penetrate the ceramic layer.

In an optional embodiment, the diffusion aluminide coating can be applied over the f3-
NiAl bond coat. This can provide a reservoir of aluminum from which the oxide scale
is formed. Such a diffusion aluminide can be applied by depositing a thin layer of
platinum, Pt, or Ni, or both over the B-NiAl coating. The layer can be deposited by
physical vapor deposition, electrodeposition, sputtering, cathodic arc deposition, laser
evaporation or any other known method of producing a uniform thin layer. Then, the
article that includes a deposited layer can be exposed to a vapor phase aluminiding
process, as is well known in the art, so that a diffusion-aluminide layer is formed. The
intermetallic -NiAl bond coat that lies between the diffusion aluminide layer and the
substrate acts as a diffusion barrier that significantly reduces or prevents the diffusion

of elements from the substrate into the diffusion aluminide layer. The diffusion
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aluminide layer can be applied over the B-NiAl coating by other established

techniques.

Although the present invention has been described in connection with specific
examples and embodiments, those skilled in the art will recognize that the present
invention is capable of other variations and modifications within its scope. These
examples and embodiments are intended as typical of, rather than in any way limiting

on, the scope of the present invention as presented in the appended claims.
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1. A process for forming a thermal barrier coating system (20) on a surface of a
superalloy component, the process comprising the steps of:

(a) providing a f-NiAl powder alloy comprising 15 to 33 weight

percent aluminum and the balance Ni and incidental impurities;
(b) air plasma spraying the B-NiAl powder alloy on the surface of a

superalloy component as a bond coat by air plasma spraying the powder

on the surface to produce a thin layer of a continuous f3-NiAl (24); and
(c) thermally spraying a ceramic top coat (26) over the B-NiAl bond

coat.

2. The process of claim 1 wherein the step of depositing a ceramic top coat (26)

includes depositing a zirconia coating.

3. The process of claim 1 or 2, wherein the step of depositing B8-NiAl bond coating

include depositing substantially 50 atomic percent nickel and 50 atomic percent
aluminum to form the B-NiAl coating (24) so as to produce a substantially

stoichiometric coating.

4. The process of claim 1 or 2, wherein the step of depositing the 8-NiAl bond coating
includes depositing the B-NiAl coating (24) that further includes a reactive

element.

5. The process of claim 4 wherein the reactive element is selected from the group

consisting of Y, Zr, Hf and combinations thereof.

6. The process of claim 1, 2, 4 or 5, wherein the step of depositing the 3-NiAl bond
coating includes depositing the B-NiAl coating (24) that further includes a Lanthanide

series element.

7 The process of claim 1,2 , 4, 5 or 6, wherein the step of depositing the R-NiAl bond coating
includes depositing the B-NiAl coating (24) that includes an oxygen -gettering

element.
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weight percent Cr and about 0.1 to about 3 weight percent Zr and about 0.1 to about 3.0
weight percent Hf.

10.  The process of any one of claims 1, 2 and 4 to 9, wherein the B-NiAl powder alloy
includes about 2 to about 14 weight percent Cr and about 0.5 to about 2.4 weight
percent Zr.

11. The pracess of any one of the preceding claims, wherein the process further includes
a step of applying a layer of aluminide coating over the B-NiAl bond coat prior to the step of

thermally spraying a ceramic top coat.

12. The process of claim 11 wherein the step of applying the layer of the aluminide
coating includes the step of first electroplating a layer of Pt followed by the step of

electroplating a layer of Ni over the Pt.

13. The process of claim 12 further including an additional step of heat treating the
component to develop a diffusion aluminide coating after electroplating the layer

of Pt.
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