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: YZe3eSPL"n 6VT5: 14 February Zoo3 w 1 THERVAL BARRI ER COATI NG SYSTEM
Fiel'd of the Invention The present invention relates to protective
coatings «for conponents exposed to high tenperatures) such as conponents of
a gas turbine engine. Mdire particularly) this invention is directed to a
thermal barrier coating systemthat includes a thermal-insulating ceramc
| ayer whose conposition and 5 deposition technique significantly enhance
the spallation resistance of the coating system Background of the Invention

The operati ng environment within a gas t bir bi ne engi ne i s bot 10y
and chem c tile. Significant advances in high terrperjmm@ﬂwﬂw"%m :
have been wm Iwm;gh the formulation of iron, nickel -pdse
super al | oys, onents fornmed from such alloys often carfie*

wi t hst and IongGQ"é@m ce exposures if located in certain sections of a gas
turbi ne engine) such as the turbine) conbustor or augnentor. A conmon
solution is to 15 protect the surfaces of such conponents with an

envi ronnmental coating system such as an al um nide coating or a thernmal
barrier coating system The latter includes an environnentally-resistant
bond coat and a | ayer of thermal barrier coating (TBC) of ceram c applied
over the bond coat. Bon a I I an

oxi dation-resistant all W&@W@Mﬁgﬁhn cobalt 20 and/or
nickel, or froma diffusion aluminide or platinum aluninide that forns an
oxi dation-resistant internetallic During high tenperature excursions, these
14 February 2@ of tholnventimst s f or m an oxi de | ayer or scal e that chemically

bonds the ceramic l.gyer to the bond coat. Zirconia 4|) that-is partially
or fully stabi |izeéﬁ’éypf§§f{‘? myeRUpACSEIAeS 1 PTBLFRYS ftiesofor SOMBPISNS des has

been ermbl oyed caodklt o HRihPierlrahits, Wi & &Rkl oRYCkas el dighbadl | | zed

zirconia (YSZ) W de as the ceram'c |ayer f cause it
exhi bits desi rMbrIcqaatthahﬂy.ah:smhtmnfmﬂnng toraothermal bamexi coatimifisysieon, YSZ can

be readlly deposited by air a rayin APS ressure plasm
sprayi ng (LPPSHat mghud ?ﬁ\; V‘&sggf“‘g g?é’?"tg ‘SN'F' t’(:?E\e uch as

el ectron bgam Stidn %ﬁ'ﬂ%’ﬁ' DQpal]%ﬂ @hé: of e deposited
by EBPVD |§ cha acterlkezce y straf n- t%rfcerant co unn[\#aa% grain ?tzcructure)

enabl i ng the soldigsyitemi 0 expand and contract w t hout causi ng-damagi ng
stresses that |lead to spal)ation.

Background of the Invention
The operating environment within a gas turbine engine is both thermally
10 and chemically hostile. Significant advances in high temperature alloys have
been achieved through the formulation of iron, nickel and cobalt-base
superalloys, though components formed from such alloys often cannot
withstand long service exposures if located in certain sections of a gas turbine
engine, such as the turbine, combustor or augmentor. A common solution is to
15  protect the surfaces of such components with an environmental coating system,
such as an aluminide coating or a thermal barrier coating system. The latter
includes an environmentally-resistant bond coat and a layer of thermal barrier
coating (TBC) of ceramic applied over the bond coat. Bond coats are typically
formed of an oxidation-resistant alloy such as MCrAlY where M is iron, cobalt
20  and/or nickel, or from a diffusion aluminide or platinum aluminide that forms an
oxidation-resistant intermetallic. During high temperature excursions, these
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As is Irnown in the art, stabilization inhibits zirconia firomundergoing a
phase transformation (tetragonal to nonoclinic) at about 1000C that would
15 otherwise result in a detrinental volune expansion. Shown in Figure 3 is
t he phase diagramof the zirconia-rich region of the zirconia-yttria system
The phase di agram shows that) at roomtem-xrature) a nore stable tetragonal
phase is obtained and the undesirable nonoclinic phase is avoided if
zirconia is stabilized by at | east about six weight percent yttria. The
phase diagram further 20 shows that an ytkria content of seventeen wei ght
percent or nore ensures a fully stable cubic phase. Testing reported by S
Stxura, "E~Cts of Conpositional Changes on the Perforn~ance of a Thernal

Barrier Coati ngpndyrents form apexideriayer or scale thatishemisalinhopdothe ceramglayer showed

that plasma sp SZ_coatings containing six to eight weight percent
yttria were méogxeg%"ércéﬁ% and 25 resistant to high tenperature cycling than

YSZ coatings cont ai Riréthi (28 tha i pArfigiFeor ANNURMERLIZRd byt ﬁﬁ{aafyz@pve_nti onal

practice in the art has been to .stabilize zirconia wfh at [|east six
wei ght per cent mggresia dMgfhdornathes exigsss das Ibeera¢roployesi as the material forcthght per cent

L (o B e S SRR e G
oxi doe. 4.t aughlra TPE REaeAtenid bt e S hgie NS I8 01"

t hermal bar ri eadditivat Y855 canpé ogadily) depasitezn by airt plisnha gpealyinpy (APS), Yowri a
performwell in gas turbine engine l?ﬁflétir@ati ons, and significant advances

have been nadePSRFSUFE RS2 cHEYINEn (ef nehyeicalt vangr (Hepesitiona PVRAt £ urt her
he adhesi . I . q bl
promot e the aclieniqils GIoHT L0 MERRIR! behfS PRISRAC Saflld litsfiBh | (HRPV). Y52

coating systens, greater 1 nprove S are desire nor e demandi ng

appl i catioms. Notblyr WWSZ depasited\bynEBBWDAGC ohatacigrized yhe qra@isidrantnvention,

there is provided a thermal barrier coatjng systemon a C&Eonent of a gas
P

t ur bi ne engi neSOMARArERUR sRICtYsE, cpatling the subsygteto sxpand and s Withoub\/D t her nal
insul ating |ay ' '-Qﬂr ' ]?m' t1ally stabilized by about 1 to
| ess than 6 %%ufirﬁggﬁ‘?# Cé:?%%”la%{ aygsng%{]é]dg characterized by a col umar
grain structure in Wsiiscknowwnnin fiRcdr, Siabiliztion thhibits pireshefrora unde@gathd & nper at ure.
The thermal barrier coating systempreferably includes a substrate and a

bond coat adhePhas) Hapdormatian(tetragopal, tot ponaglinia) saboyt L0007G thyt wewd t he

desi 1 ed_ SOLHMTBiedral s BUChMERend Vo AT Rich™XHowh S Befhes fy doposi ted

by an EBPVD t echni que. e conponents are era esi use in a

hosti | e t her maphasé diagfaniref the fitd6Mia-dibh repidh 6 theCAIToMISIria sRtbndUTHENT OF
conponents of a gas turbine engine. The ceramic |layer is particularly

suited for appPhasadiagiam shawsap @t FaoRpIERRETatuES ajmore siable seteagongd phase 2000F

(about 11000 ar eq f i va[g t. ;@“ y fatigue
stresses . TheﬁmalE %‘e!alrléldai’m%ﬁﬂet he %%%ﬁ Cal@%r 'S c"g?f%a | Ffegv‘\:nsf'%aénom
metal |ic bond ewailifed byae Rasabslit kikusdight pércentiytirisl e Pheptidsdiiahbrl fitieer Ni Al
coatings, between the surface of the conponent and the ceram c | ayer. 14

February 2803 shopschalyanyrigcoritent of seuenteen arpight pergent opmogegnsuresis Billyi on have
been surprisingl D&xvg i hi uper icok | @kl on si stance when
conpared to co%\a}%iﬁtél on Pﬁsgsiéégh@gtrﬁ@g&é‘?gf%ﬁﬁg M‘g‘?@oﬁ@'&aﬁnt yttria
or nore. | npor Chfligey onRhé¢ Pérfarrianceesfod Mherll Barriéh (Ratiid Systéh,” NXS &Y St ems
have avoided 5 zirconia stabilized by |ess than six weight percent yttria
because such ndeehnical Memorandum 78976 2/1976), showed that plasma sprayed YSZ

coatings containing six to eight weight percent yttria were more adherent and

25  resistant to high temperature cycling than YSZ coatings containing greater and

lesser amounts of yttria. Conventional practice in the art has been to stabilize

zirconia with at least six weight percent yttria, and more typically about six to

eight weight percent yttria (6-8% YSZ). Exceptions to this trend have generally

been limited to plasma sprayed zirconia that is stabilized by a combination of
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undergo a phase transformation that pronotes spat)ation of the ceramc
| ayer. However) in accordance with this invention) YSZ containing yttria
keel s bel.ow six wei ght percent have been determ ned to exhibit superior
spavation resistance if the ceramc |ayer is appropriately deposited by
EBPVD. 10 O her objects and advantages of this invention wll be better
appreci ated fromthe foll owing detailed description. Description of the
Drawings )~igure 1 is a perspective view of a high pressure turbine bl ade;
15 Figure 2 is a cross-sectional view of the blade of Fgure 1 along |ine 2-
2, and shoygiqas, t Alch "R yidh Wikl sl 160R SMopRIFPSLidds s @m%ﬁf%srws.l ayer
in accordance with this invention; and Figure 3 is a phase diagram of the
zi rconi a- r Patent Ngs.ch13,916henchd ©96j1d 7yt tri a system 20 Detail ed Descri ption

of the Inventiop, The present invention is generally appljcable t
con~onents t hat 18pPeghtharmal barrieroeratings, PyIpe aﬁﬁﬂ’o%ﬂ‘?@iﬁ?@ og‘lgi% e

envi ronnen r e -hajki . I . | &..8 ~ f such
corrponentsslﬁtﬁ%lpﬁﬁfg%hﬂilgféaﬁgﬁ gbﬁgg%gg/ﬂ%r%%%? l{téklitraglgnsé‘% ﬁgz{znlrteagk’%ﬁ:ggbl ades,
shrouds, cameISEed rhideewsthabshd¢oat afiteriald ahdvZesatingf p@essstdl rthitnfurehiegi nes.
Wil e the advantages of this invention are particularly applicable to gas

t ur bi ne engrqmotedgpcﬁdénmlgr,l, enwrqnangntglrgsistance; Bnd dunghility @E Bré epatieg al | y
applicable to any. .co nent on which a, coati.ng nmay,be used to thermall

"houl ate ¢ PRSPy Giarptoted e ieRRd el mGP et R popBepitis o 7
exanpl e of a high pressure turbine blade 10 is shown in Figure 1. The bl ade
10 generally has an airfoil 12 and platform 16 agai nst whi ch hot conbustion

gases are Sumsuredf therlnventioper ati on of the gas turbine engine, and whose

surfaces are therefore subjected to severe _attack by . oxidation,, corrosion 5
and or osi on. ThACEeTfng o 16 PLSaR: HYERHORothErs 45 provided @i terBal BHARR) wi t h

a dovetai | 4'J%ﬁ?@ RomBRfent 65 b0 nftbi Meadfe dHlrmiRifcahes 18
are presenf&}lngt e gll(??%i? QZ etnﬁrouﬁ \Rﬁ%ii)g%nﬁﬁgeeed%%r fn'; foréed to Transfer
heat from systerhlcadpritiihg REVDe geameldinsnlating layer Zohdstingt bfezinainia pantinlly oat i ng
system 20 in t0 accordance with this invention. As _shown, the coatin

system 20 stabilized by Abpweltless tham 6% Yiffia dhe ceramic [layeg beg %ﬁra&t%ﬁ@jgcoat

24 that overl] . . t i i ' e base
mat eri al o? glténgU a%gﬁ%ﬁ%cﬁé&%hﬁgﬂfgr% glﬁ%&}g}rmtﬂgsésa t%!gtﬁg%gm%gnd
therefore tdmpephtace The thadhal darrierceiting syseab pdferablyeinsludes al subytsgte t hough
it is foreseeable that other materials could be t 5 used. As is typical

wi t h t her mand gond epatcasiheripg theycaramiclayergto the Fabstiagst Josbtain the desed e ,
ee th . : ¥ nts” e
o o de. SpnoBaR sFlR Sufitule 4R Bt BV i GRATENE deBbuied iy af BEpyh |1 101 O

oxi dat i on- ¢Rfhijuant and forman al ununa (A1203) |ayer or scale 28 on their
surfaces during exposure to elevated tenperatures. "the alum na

J

The components are generally designed for use in a hostile thermal
environment, such as turbine, combustor and augmentor components of a gas
turbine engine. The ceramic layer is particularly suited for applications in which
temperatures in excess of about 2000°F (about 1100°C) are encountefed and
induce severe thermal cycle fatigue stresses. The material of the ceramic layer is
compatible with known metallic bond coats, such as diffusion aluminides and
MCrAlY and NiAl coafings, between the surface of the component and the

ceramic layer.
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20 scal'e 28 protects the underlying superalloy substrate 22 from oxi dation

and ‘provides a surface to which the ceramc | ayer 26 tenaciously adheres.
According to this invention, the naterial for the ceramc layer 26 is
zircania partially stabilized with less than six weight percent yttria,
with a suitable range being about one up to six weight percent yttria, a
nmore preferred 25 range being about two to about five weight percent
yttria. In addition, the ceramc layer 26 is characterized by a

strain-tol erant columar grain structure)* as represented in Frgure 2. The
columar grain structure is attained by depositing the ceramc |ayer 26 on

the bond coat 24 usj a _physi cal vapor .deposition technique, and
preferably EBPVD. Atggr Eﬁsﬁfﬂ%t Wtﬁh‘ihg &Wéﬁt"?)@h)d this inveationahave 2628 6

deposition of gup@,-s bem! o . . rocesses, sych as air
pl asma sprayi ng (A% gﬂggg’nltgﬁP%Sg%ﬁgp asur?gngpr yclen‘ﬁhe('Lclgf-”Jg)afcgﬁPel ds
unaccept abl e reswintionaleY§Z) caatiiSCcontainiag tsix Sysight ere¥it gktﬂavgre af the
above) it can ge a eciated that the cerarruc.layer 26 of 5 this invention
is contrary t Qg‘myr BFIOR AR \CeraFiG fayer mpferiale for | sagtems Bévecavoided ns | ess

than the i ndusfrys: 1 of. ja for stapilization. Specifically,
prior art @st%gg??%%@%%\% l(ré%alséhﬂ éeuawgm"# ﬁ%f%‘ﬁms‘aagw(safh F@?fﬁglssi X Wei g%t
percent) of ytindesgotaoplaue trdnsfdifhatitilgai prakotes PARELA BF thel Id have

typically limted the yttria content to about six to eig wei ght percent
in order to meklowescn imagogrdapce) with this invpation. YSZsontaiing erviadlevelsiskidyy t he

zirconia-yttri i amof Fjqure, 3, yttria content of |ess than
si x wei ght pers?eﬁgg@}ﬁgéggﬂ{aﬁg%f@kgyp%@ ?&%ﬁ%b%’%@ﬂﬁm
t o- monoclinic iﬁﬂhaﬁﬁaﬁioﬁlﬁb%f‘eraﬁ?{obﬁﬂclﬁuéﬂda B Such a phase

transformation causes a vol unme expansion in‘the YSZ | ayer) pronoting
spal | ati ont0 HoweverQOthemebjeeszand @dvantages ofjthis iréntivh willibs better apyireciated

intentionally +| S trija. levels bel ow six weight percent, and

t heref ore contfgalo?'ﬁgg? M@MHFWOCI inic phase in an otherw se
tetragonal matrix. Surprisingly, the TBC coating system 20 enpl oying the
ceram c |layer 26 of this invention has been shown to exhibit superior

spal | ati on redPeseription ofitherDrawingsir ed t o conventional YSZ coatings contai ni ng
si x wei ght percent l5{ttr';lla or nore. The 20 basis for the unexpected superior

performance of the TEHE yit3PESPeRIeie:0fdihish prgssyre serbise bladeis | nvention is
not fully jgnder st oq?‘,ry\biig £cros se¥icai | n rtiscul ar

t heory) the inproved performance may ﬁ%v%gvg%gggpgﬁeﬁdﬁ?#@m&' fa~ure
mechani sns betdwaad sipWs athenpalamicr spatingesystery ampeising |aCcedatfic 248 W t h pl asnm
sprayed ceram ¢ tend to all by fracture within the 25 ceramc |ayer)
while TBC systaéﬁ%gmwnb%{%?"g\ﬂ/?'@“aypi cally fracture within the thernally
grown al um num oXi ¢gnir@ %8¢ a ﬁgsg@fagram L 6k . ond coat. In the
course of evaluating this i?venti n, u@ﬁé@@nc&ymﬁbggggt&?@%ﬂor med on
ni ckel - base swpBR 8stepy speci nens having a zirconia | ayer stabilized 14

February %803 by either four weight percent yttria (4%/SZ) or seven wei ght
percent yttria (7%/SZ)) the latter being representative of the industry

standard YSZ @egdiled Destiiphod 6 the Reftiofik€e! - base superall oy was Rend Nb5)
havi ng the foll ow ng nom nal conposition in weight percent: 7.5 cobalt, 7.0

chromum 1.5 5 nolThodweseny inGerfion s gerteeally apptabiéadi dompofienss taphal um 6. 2
alum num O.15 f%{'r%rum Oﬂe%%@]far bon, 0.004 beron, with the bal ance nickel
and i nci dent aPIUHigT PR ¢ yyasd ¢heprucally Restile emsironmenscbyby tiedRMD t o a

thi ckness of Bt cdath® Svs! 1.CGO r on platinum al um ni de
bond coats. Both YCSZ c%g’{sﬁ'ggbr é%?‘g%% rac‘ﬂﬁé%%"@%@?‘ﬂﬁ%&? héﬁl]!‘ai n
structure2ds and &y ipressire ttimbing (nozHEYkhdl Blads| shroudsp COMBSstor UHeMeEM@r . Whi l e

the 7kYSZ coating was, characterized by a fully tetragonal phase, the 4%YSZ
coating of thia‘ég'ﬂ?ﬂwn{‘q’ Vang0f 833 turhinecengines theoadybutages 16f thisl une

percent of th@yveRRaCAH .a&id?ﬂ?l? i tetragonal nat.ri x. The test was
conduct ed at avtenpeérgt re o ?@3823&50@5@(%%’&& ell%"’lf%’@@j,eméng‘econti nued
unto fract ur e teachingsaif ithis inventioh atehpencfK; sppiaiable e ﬂffdéh?eﬂcm Thehik YSZ

life

speci nnens of thjis inyention exhibited an average of about 1000
cycles, as coﬁ??é’lnngg"ﬂwtEMﬁWtﬁbemmntﬁomWMMns. A
second series of furnace cycle tests was perforned under the sane
conditions as before, with the exception that a marginally different
pl ati num al um ni de bond
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20 coat was used. Again, the 4%SZ specinmens of this invention exhibited a
superior cycle fatigue life, with an average life of about 700 cycles as
conpared to 538 cycles for the standard 7%SZ speci mens. Fromthese tests,
it was determ ned that an EBPVD 4%SZ ceram c |layer (i.e.) a YSZ coating
characterized by a columar grain structure wwth a 25 nonoclinic phase in ~
a tetragonal matrix) exhibited superior adhesi on over conventional 7%SZ
coatings under harsh thernmal conditions.s Such a result is conpletely
contrary to prior art teachings and tests which have shown 68%/SZ coati ngs
to be superior. On the basis of these tests, it is believed that a PVD YSZ

stabilized by | essAhkasmgle xf aighhpredarecrtineytlidei H) Bxshb®h tis F fer 14
February 2003 8 adhesion at tenperatures above about 2000F (about 1 |00C)
t han does PVDIhesblade 40igenerally bastan grfedtlerandplatfosmy 1quagajnst whichchett yttri a.

It is fiirther Bbelieved that.. ardness.. and therefore the ergsion and
| mpact resi st%ﬂ% i gﬂsﬁsearfo%%{l?q P%“Wﬁ’%” gélfei %ad ﬁ%"{ehqngmﬁn ention is
superior to pyh&¥e safficeyare thérefordElibjected A6 bVerd! diGick ¥y OkidaRINE cortdsidnd. Al SO

fromthe above tests) it is believed that PVD YSZ Sstabilized by |ess than

si x wei ght$ peandeerpsign.t The agfoil 1eis ancharadatged tisbipe disk dnetsshawhlawish laayer f or

other ceram c .|l ayers, .For,examl e, 20% [ xirenely stable at el evated

t enper at ur es B‘Eu‘fe}sgleﬁ formed PHfag‘r%PbP"H%QEﬁﬁnﬁ%f@ %n@?ﬁ‘?ﬁ {’ sc&ﬁ’&nt i onal 6

| 0 8%/SZ. Acc | 1Sy 9 ' y : 0 base on
g:;;g&rni‘g\t lgmgiafrﬁ‘)'ﬂi i 12 tﬂfbﬁgﬂl Whith biked %.@fof&@‘é?tr&?!ﬂeae muf‘goﬁ.

which a YSZ | ed by 7% yttria is deposit yield a
t hermal barri ¢e bladetiOng characteri zed by enhanced adhesion as a result of

the lowyttria YSZ_base | ayer_and jncreased thermal stability as a result
of the high-yttriaRopeseniedein Fgusen I gr thereal Jpertien ot Sy g0 in

A ternat i 46! Y hocoRnSPGRASh ifEndih, 2l AL A8 CodfY Smtif dydndifeeianded o

have an yt(?ri a content of Tess than six weight jacent the bond
coat and gr eathermiltinsalacng) béramieilgyet 26 enachind coatR4) thar eaklizs atshbstrateevent een
the outer surface of the ceranic |a Wil e the

wei ght per cent%e‘g;I er . f er . ]
i nvention has? lattex; of Which is ypicallythe Saseamyeraal of thegbladm Y puitabley it s

apparent that Eﬁ ggﬁl 8%’0' !Jﬂ the art.
For exanpl e) I@%& félﬁ rii %%Mgg{}éﬂgeo@?(})% @ég]g,l‘ﬁgn ﬁ%dthi cl axss
of the ceram cobatytake supetatioysathoukh tnis tfbraseeitds thatl othet! iapeeials vould, bewhi | € YSZ
coatings in accordance with this invention are particularly advantageous

for use atlSt ek huif &Picabyith thegpad barrien gpating SYRRISHOT FRMRANSAIS @680ns  can
I o R e R T TRt S
only by the f diffusiohnguinéfensr an MCrAlY or NiAl coating. These bond coat
compositions are oxidation-resistant and form an alumina (ALO;) layer or scale
28 on their surfaces during exposure to elevated temperatures. The alumina
20  scale 28 protects the underlying superalloy substrate 22 from oxidation and
provides a surface to which the ceramic layer 26 tenaciously adheres.
According to this invention, the material for the ceramic layer 26 is
zirconia partially stabilized with less than six weight percent yttria, with a
suitable range being about one up to six weight percent yttna, a more preferred
25  range being about two to about five weight percent yttria. In addition, the
ceramic layer 26 is characterized by a strain-tolerant columnar grain structure,
as represented in Figure 2. The columnar grain structure is attained by
depositing the ceramic layer 26 on the bond coat 24 using a physical vapor
deposition technique, and preferably EBPVD. According to this invention,
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14 February 2003 9 Clains: 1. Athermal barrier coating systemon a
conponent of a gas turbine engine, the thermal barrier coating system
conprisiing a PVD thermal insulating | ayer consisting of zirconia partially
stabilized by about 1 to |less than 6% yttria, the ceram c |ayer being
characterized by a columar grain structure in which a nonoclinic phase is
present at roomtenperature. 2. A thermal barrier coating systemas recited
in claiml, wherein the nonoclinic phase is present in a tetragonal natrix.
3. Athermal barrier coating system as r&cited in claiml or 2, wherein the
thermal insulating Iayer contains about 2 to about 5 weight percent yttria.

4. A thermal barrijer as recited in clai 1 or 2, wherein the
t hermal i nsul g?ﬁ’%ﬁmf‘g “a‘%" ﬁg]rbya”%m%mpfs?e%s%l @‘W@i ght

percent at an d an
yttria contentﬁa?ﬁ%?mif)egrﬁ?g@?r fsl\1/\r/%| %ﬁ Slserce Lw) fnl' ce of the
thermal i nsul aésultg elgaMerBC pronétd spallavieh. barri er coatl ng syst em as recited in

claiml or 2, wherein the thermal insulating Iaég has a graded P/,ttria
content charact eri 2R diewyofshe ghave, ihcandierappreciated thas she ¢eramic hef percent at

of ar eat or St nao bR CFuerEier R phlSih 3 WP e Bl Bel B b
i nsul ating Iamgthaﬁme&ﬂdaeyiaadepdaawvbmfy&ﬁ@fdr@ﬁbﬁmﬁns?&mcﬁw pAsk | n any one
of the preceding clains, further conprising a bond coat adhering the

t her mal i nsul atti Y$Z ceafings hayeireguired ientdevels (&Memmg}n peoentiiof 7. A
thermal barrier _.coatin yst.em.as recited one_of cedi ng
claims, wher eiYHrif fRa Gﬂﬁﬁﬁ’@ﬂ S g\oggﬁygpah%y A1 nwal@q’"ﬁt%ﬁg? t ur bi ne
engine. 8. A ty&ﬁﬁ CBhAtedtab abSit ﬁ)@ﬁ:télélﬂ weight percert ih @fder 96! matheAN ¥ of the

precedi ng clai'ns, wherein the thermal insulating |ayer is an EBPVD ceramc
layer. 9. 18 t hesraganal phasei Aseudavem@'tbymwomaphmﬁmmoﬁﬁgmcgas t ur bi ne

engine, the thernmal barrie Siem conpri Si thermal insulating
| ayer of zircfli B4R P le g’ﬂ?lsﬁ‘z@%‘ ﬁfy NB g& Xg%tc ﬁtﬂf'gt@ | ess than
6 wvei ght per ceplier f:rartétf‘a 3l 4G noRodiRRifhag d%ﬂ&fﬂnfﬂiﬂﬁ agonal

phases,’ the ther | ns ' ati ng | ayer "bel ng deposi ted b PV aving a
col umar gr ai ra phaseurdnsfoemationctaased @ valume zkpansiomr in tthtSlZelayehqnombungnsul ating

ci 2 m 9, whor SPABHMe. FuFH Do SRS 50 25 of dt M ACAJUERROBA0 about 5
LTS A i S 5
per cent yttri andesirable monoclinic phase in an otherwise tetragonal matrix. Surprisingly,
the TBC coating system 20 employing the ceramic layer 26 of this invention has
been shown to exhibit superior spallation resistance when compared to
conventional YSZ coatings containing six weight percent yttria or more. The
20  basis for the unexpected superior performance of the low-yttria YSZ ceramic
layer 26 of this invention is not fully understood. While not wishing to be held
to any particular theory, the improved performance may be related to the
differént failure mechanisms between PVD and plasma sprayed ceramic. TBC
systems with plasma sprayed ceramic tend to spall by fracture within the
25 ceramic layer, while TBC systems with PVD ceramic typically fracture within
the thermally-grown aluminum oxide layer between the ceramic layer and bond
coat.

In the course of evaluating this invention, furnace cycle tests were
performed on nickel-base superalloy specimens having a zirconia layer stabilized
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12. A thermal barrier coating systemas recited in claim9, wherein the
thermal insulating |ayer has an yttria content of |ess than 6 wei ght
percent adjacent the bond coat and an yttria content of greater than 17
wei ght percent at an outer surface of the thernmal insulating |ayer. 13. A
thermal barrier coating systemas recited in claim9) wherein the thernal
insulating layer has a graded yttria content characterized by an yttria
content of less than 6 wei ght percent adjacent the bond coat and an yttria
content of greater than 17 wei ght percenf at an outer surface of the
thermal insulating |ayer. 14 February 2003 11 14. A thermal barrier
coating systemas recited in any one of claims 9 to 13 wherein the bond
coat is formedyoither four aveight petsesenitrier(@hY34e qjrssuen W@lﬂbﬁ Bercany ywiria di f f usi on

| d b
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of a gas turbine engine, the thermal barrier coating system conprising: a
pl ati num al umrrmdmlbmmposmau ion weight petesaty a1.8: caball, 30 EBRABUM, 1.5

thermal -insul ati cera C Ia er o bo t er.an c yer
consi sti ng s 0 Q‘i"g 3a6115§"rnf ‘?g @B#"f %af %OQJE 2 to about
5 wei ght  per cepnyh tooa cabti, ORI08diod, AR ¢ lﬁa&nar a
col umar grain structure and a rmnoc Inic p se I'n a tetragonal matri x. 17.

A thermal bar rimpuritesafhe  SZ/layeesiwere depasitedbtly EBPYDatona thicknesk ef about t he

superal foy conponent is a bl ade of a gas t urbi ne engi ne. 18. A thernal
barrier coati IEO%E‘? Ro fAbguat 1 2ScmicEmsters)conyplatinm E‘F“'E‘)é c bandcents: (Bath cer ami ¢
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system as rec alm ereln ceramc | ayer S an
yttria conteent EBPVBbdefositioh Oprabsssit ﬂomi/qhtwmlermenV%a(d;rZa@emngtmsbond coat

A A T G tenied by & Fully testagonal phase, the 4% ¥SZ coaing of this invendon -
was characterized by up to about 10 volume percent of the monoclinic phase in
a tetragonal matrix.

The test was conducted at a temperature of about 2075°F (about
15 1135°C), and continued until fracture or spallation of the YSZ coating occurred.
The 4% YSZ specimens of this invention exhibited an average life of about 1000
cycles, as compared to 555 cycles for the standard 7%YSZ specimens. A
second series of furnace cycle tests was performed under the same conditions as
before, with the exception that a marginally different platinum aluminide bond
20 coat was used. Again, the 4%YSZ specimens of this invention exhibited a
superior cycle fatigue life, with an average life of about 700 cycles as compared

to 538 cycles for the standard 7% YSZ specimens.
" From these tests, it was determined that an EBPVD 4%YSZ ceramic
layer (ie., a YSZ coating characterized by a columnar grain structure with a
25 monoclinic phase in-a tetragonal matrix) exhibited superior adhesion over
conventional 7% Y SZ coatings under harsh thermal conditions. Such a result is
cornplctcly contrary to prior art teachings and tests which have shown 6-
8% YSZ coatings to be superior. On the basis of these tests, it is believed that a
PVD YSZ stabilized by less than six weight percent yttria exhibits greater
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surface of the ceramc layer. 20. A thernmal barrier coating system as
recited in claim16 or 17, wherein the ceramc |ayer has a graded yttria
content .characterized by an yttria content of about 2 to about 5 weight
percent adjacent the bond coat and an yttria content of greater than about
17 wei ght percent at an outer surface of the ceram c |ayer.
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10 8%YSZ. According to this invention, using a <6%YSZ layer as a base on

which a YSZ layer stabilized by >17% yttria is deposited would yield a thermal

barrier coating characterized by enhanced adhesion as a result of the low-yttria

YSZ base layer and increased thermal stability as a result of the high-yttria YSZ

layer at the surface of the TBC system. Alternatively, the compositioh of a

15 ceramic layer could be graded to have an yttria content of less than six~wcight
percent adjacent the bond coat and greater than eight weight percent, e.g.,
greater than seventeen weight percent, at the outer surface of the ceramic layer.

While the invention has been described in terms of a preferred
embodiment, it is apparent that other forms could be adopted by one skilled in

20 the art. For example, MCrAlY and NiAl bond coats could be used, and the
thickness of the ceramic layer could vary from that tested. Furthermore, while
YSZ coatings in accordance with this invention are particularly advantageous
for use at temperatures above 2000°F, lower tc@aamo applications can also
benefit from the enhanced adhesion provided by such ceramic compositions.

25  Therefore, the scope of the invention is to be limited only by the following
claims.
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1. A thermal barrier coating system on a component of a gas turbine engine,
the thermal barrier coating system comprising a PVD thermal insulating layer
consisting of zirconia partially stabilized by about 1 to less than 6% yttria, the
ceramic layer being characterized by a columnar grain structure in which a
monoclinic phase is present at room temperature.

2. A thermal barrier coating system as recited in claim 1, wherein the
monoclinic phase is present in a tetragonal matrix.

3. A thermal barrier coating system as recited in claim 1 or 2, wherein the
thermal insulating layer contains about 2 to about 5 weight percent yttria.

4, A thermal barrier coating system as recited in claim 1 or 2, wherein the
thermal insulating layer has an yttria content of less than 6 weight percent at an
innermost region of the thermal insulating layer and an yttria content of greater
than 6 weight percent at an outer surface of the thermal insulating layer.

5. A thermal barrier coating system as recited in claim 1 or 2, wherein the
thermal insulating layer has a graded yitria content characterized by an yttria
content of less than 6 weight percent at an innermost region of the thermal
insulating layer and an yttria content of greater than 6 weight percent at an outer
surface of the thermal insulating layer.

6. A thermal barrier coating system as recited in any one of the preceding
claims, further comprising a bond coat adhering the thermal insulating layer to the
component.
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9. A thermal barrier coating system on a component of a gas turbine engine,

the thermal barrier coating system comprising:

a thermal insulating layer of zirconia partially stabilized by 1 weight
percent up to less than 6 weight percent yttria so as to contain both monoclinic
and tetragonal phases, the thermal insulating layer being deposited by PVD and
having a columnar grain structure; and

a bond coat adhering the thermal insulating layer to the substrate.

10. A thermal barrier coating system as recited in claim 9, wherein the thermal
insulating layer contains about 2 to about 5 weight percent yttria.

11. A thermal barrier coating system as recited in claim 8, wherein the thermal
insulating layer contains about 4 weight percent yttria.

12. A thermal barrier coating system as recited in claim 9, wherein the thermal
“insulating layer has an yttria content of less than 6 weight percent adjacent the
bond coat and an yttria content of greater than 17 weight percent at an outer
surface of the thermal insulating layer.

13. A thermal barrier coating system as recited in claim 9, wherein the thermal
insulating layer has a graded yttria content characterized by an yttria content of
less than 6 weight percent adjacent the bond coat and an yttria content of greater
than 17 weight percent at an outer surface of the thermal insulating layer.
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16. A thermal barrier coating system on a superalloy component of a gas
turbine engine, the thermal barrier coating system comprising:
a platinum aluminide bond coat on the substrate; and
an EBPVD thermal-insulating ceramic layer on the bond coat, the ceramic
layer consisting essentially of zirconia partially stabilized by about 2 to about 5
weight percent yttria, the ceramic layer being characterized by a columnar grain

structure and a monoclinic phase in a tetragonal matrix.

17. A thermal barrier coating system as recited in claim 16, wherein the
superalloy component is a blade of a gas turbine engine.

18. A thermal barrier coating system as recited in claim 16 or 17, wherein the
ceramic layer contains about 4 weight percent yttria.

19. A thermal barrier coating system as recited in claim 16 or 17, wherein the
ceramic layer has an yttria content of about 2 to about 5 weight percent adjacent
the bond coat and an yttria content of greater than 17 weight percent at an outer
surface of the ceramic layer.

20. A thermal barrier coating system as recited in claim 16 or 17, wherein the
ceramic layer has a graded yttria content characterized by an yttria content of
about 2 to about 5 weight percent adjacent the bond coat and an yttria content of
greater than about 17 weight percent at an outer surface of the ceramic layer.



