LOW THERMAL CONDUCTIVITY, CMAS-RESISTANT THERMAL BARRIER COATINGS
TECHNICAL FIELD [0001] The present disclosure generally relates to thermial barrier coatings for
high-temperature mechanical systems, such as gas turbine engines. BACKGROUND [0002] The

components ofhjghssempg ature mechanical systems, such as, for examp{eecjgg,i’zz-&w}ag@%d;ngines,

must operate in severe environments. For example, the high-pressure turbine blades and vanes

exposed to hot gases in commercial aeronautical engines typically experience metal surface
temperatures of abo&@%&é%%&@%%%é%ﬁigﬁé R63] A’i‘ﬁb@%ﬁé&l components of

high-temperature mechanical systems incld¥ superalloy substrate. The substrate
can be coated with a thermal barrier coating (TBC) to reduce surface temperatures. The thermal
barrier coating may include a thermally insuleiG&dd aadiciiddeBat, and is bonded to the substrate by

an underlying metglfjgi§ofifl 6RO Toe 86 HR1aly BRRIGH BIhatyathplasma spraying or

electron beam physical vapor deposition, is most often a layer of yttria-stabilized zirconia (YSZ) with a
thickness of about B0t BRs THHTeTRE ISRl Hete RIS A AT RIS BT 5BBAST conductivity, high oxygen
permeability, and a relatively high coefficient of thermal expansion. The YSZ TBC is also typically
made "strain tolerant" and the thermal conductivity further lowered by depositing a structure that
contains numerous pores and/or pathways. [OBAS]JEGHR{MIN®and environmental concerns, i.e. the
desire for mproved efficiency and reduced emissions, continue to drive the development of advanced
gas turbine engind80f?h Higkemnernte pijeghtipepcrasitheeohbines| sistaamperansrédtontinues to

increase, there is a.giemandhfaldiT8a ML, lowebiesal %Mwm%gtpi%%;gmg’rature stability

B e I At DI bTAdes s At v potnd 1o BoE sheie ooy e substrate.
aeronautical engines typically experience metal surface temperatures of about
1000°C, with short-term peaks as high as 1100°C.
[0003] Typical components of high-temperature mechanical systems include a Ni
or Co-based superalloy substrate. The substrate can be coated with a thermal
barrier coating (TBC) to reduce surface temperatures. The thermal barrier coating
may include a thermally insulative ceramic topcoat, and is bonded to the substrate
by an underlying metallic bond coat.
[0004] The TBC, usually applied either by air plasma spraying or electron beam
physical vapor deposition, is most often a layer of yttria-stabilized zirconia (YSZ)
with a thickness of about 100-500 um. The properties of YSZ include low thermal
conductivity, high oxygen permeability, and a relatively high coefficient of thermal
expansion. The YSZ TBC is also typically made “strain tolerant” and the thermal
conductivity further lowered by depositing a structure that contains numerous
pores and/or pathways.
[0005] Economic and environmental concerns, i.¢. the desire for improved
efficiency and reduced emissions, continue to drive the development of advanced
gas turbine engines with higher inlet temperatures. As the turbine inlet temperature
continues to increase, there is a demand for a TBC with lower thermal conductivity
and higher temperature stability to minimize the increase in, maintain, or even

lower the temperatures experienced by the substrate.



SUMMARY [0006] In general, the present disclosure is directed to a TBC with at least one of lower
thermal conductivity or enhanced CMAS-resistance compared to conventional YSZ TBCs. CMAS is a
calcia-magnesia-alumina-silicate deposit resulting from the ingestion of siliceous minerals (dust, sand,
volcanic ashes, runway debris, and the like) with the intake of air in gas turbine engines. [0007] In one
aspect, the present disclosure is directed to a thermal barrier coating composition including a base
oxide comprising zirconia or hafnia; between 2 mol. % and 40 mol. % of a primary dopant including
ytterbia; between 0.1 mol. % and 20 mol. % of a fiEMMA®RIANt including samaria; and between 0.1
mol. A and 20 [neheYorafRamesomnsk ¢redopantindudingmatlaastoneraidulgtiascandiae. e¢riavgadolinia,
neodymia, or G{opia, é’éﬂﬁ&ﬁ@é&ﬂfoﬁh&{@%@@H@A@%'ﬁ%&&%ﬁ%‘“&%‘% e ¥R, AQAOBL In
another aspect the present disctosure is directed to a thermal bartier coating composition including a

base oxide congitting‘@¥sen ity BF ArEBRE RN bR BIA SHBRY tFRYUBRDERIL AN 85819, and
40 mol. % of aqirihaey eopart ebridistingpedseitaliyc ofhere rvialy bie tlobdn Ot thellids JamdPhanol. % of
a first co-dopanitelasiSiingnessentisihy ehgamaria.; and between 0.1 mol. % and 20 mol. % of a

second co-dopgspleFiRd KoM the OFpUR AANSISINGLEIHIRIR FRANHIRNETIBrIRACNRIRNeOdyimia,

europia, and combinat{ons. thfrgof wherein the thermal barrier coatlngr,{ls. estientlally free of yttria.
[0009] In yet afio Orséé%%%: C ‘ﬁénpg_rgsearslf 3%%%58%%53?!%%]{58%?%% e | eém%ﬁﬂ& & e(f’nal barrier
coating applied1d 4Y B85t "4 pbridHF N dopitdis Wi atethirtmstrabatiBrot o4ty iHemigks: a base
oxide comprisifigafirctribcorduptniaisdidiegsdnmod, ¥dihetwBem6l] Yhadf &oprichafyndapéntinciuding

yttelrk;}a; bccejtvzvg@a&)% &Bi&o%@ﬁﬁ’cgﬂim ht%%& %?Hﬁf@@ré%ﬁb@@%ﬂﬂféy%ﬁ%Stg%fc’!b’j}ﬂﬁég%&ﬂ%‘%éendo-I_l _
meodyma, or Gy e g TS {00101 The detas
of one or more[@'rq%l)(ﬁ’i’rﬁgﬂ eGP ERE T R RET e S8R ’iﬁ‘ﬁ@%ﬁ%&hﬁ)@ﬁﬁ?@y BrEERERY the
description beltvinD e TapelresILoblEesaidd eelvasitagessofitiad imientiomiaihi@iapparent from the
description anddrdivings,sihdrrirbtive alaims.oBRIER DB SEIR IPTIONOn DRMPANGSsisting

essentially of ytterbia; between 0.1 mol. % and 20 mol. % of a first co-dopant consisting

essentially of samaria; and between 0.1 mol. % and 20 mol. % of a second co-dopant

selected from the group consisting of lutetia, scandia, ceria, gadolinia, neodymia,

europia, and combinations thereof, wherein the thermal barrier coating is essentially

free of yttria.

[0009] In yet another aspect, the present disclosure is directed to an article including a

thermal barrier coating applied to at least a portion of a substrate, wherein the thermal

barrier coating includes: a base oxide comprising zirconia or hafnia; between 2 mol. %

and 40 mol. % of a primary dopant including ytterbia; between 0.1 mol. % and 20 mol.

% of a first co-dopant including samaria; and between 0.1 mol. % and 20 mol. % of a

second co-dopant including at least one of lutetia, scandia, ceria, gadolinia, neodymia,

or europia, wherein the thermal barrier coating is essentially free of yttria.

[0010] The details of one or more embodiments of the invention are set forth in the

accompanying drawings and the description below. Other features, objects, and

advantages of the invention will be apparent from the description and drawings, and

from the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0011] FIG. 1 is a cross-sectional diagram of a substrate coated with a thermal barrier
coating including a bond coat and a thermal barrier coating.
[0012] FIG. 2 is a cross-sectional diagram of an alternative embodiment of a substrate
coated with only a thermal barrier coating.



[00111 FIG. 1 is a cross-sectional diagram of a substrate coated with a thermal barrier coating
including a bond coat and a thermal barrier coating. [0012] FIG. 2 is a cross-sectional diagram of an
alternative embodiment of a substrate coated with only a thermal barrier coating. [0013] FIG. 3is a
cross-sectionay, giageasy gl a substrate coated with a bond coat, environmeptalBagdasaaating, and a
thermal barrier coating. [00143] FIG. 4 is a cross-sectional photograph of a CMC substrate coated with

a themial barrier i nded to the substr by an ytterbia-stabilized haffiia on a mullite and
o bora moat T R o B B B R B A e i
thermal barrier coatingioerdelbtoritrecsatbrtrard byharmpttbetrigrsiatitized hafnia on an ytterbium silicate,

mullite and silicon ppngl pRA QA1) KIG  fois PosiRSSrafcliepalrRhQtagrarn.of g GME.substrate coated

with a thermal barrier coating mcludin% yttrium silicate on a mullitc bond coat. DETAILED
DESCRIPTION [08F71HPgRHE LR HRCARI0 S Facis Bie ey (SR Er Habrigr EBaliay ofriC)

compositions thathassessiailleasbomnecobteduced thermal conductivity or increased CMAS

(ealcia-magnesia- ing-silicate) degradation resistance co ed_to conventional yttria-stabilized zi
rconi a (YSZ) TBC@[,Pl;gEﬁCFStiéllessaczgg &t %Nllﬂzllasp@%ﬁ%f% gﬁ%'ﬁe}%%res& |§§%®??F?§éd%1§o§s/ure is directed
to a thermal barrishaoetihgtiscluding dbuisd Oxitiesuditritadryadoparitiandtwecddadopants that

possesses at leasfpng gt [educegtharmel cansuckiviyaringreased CMAS degradation resistance

compared to conventional YSZ TBCs. i i
[0016] FIG. 6 is a cross-sectional photograph of a CMC substrate coated with a

thermal barrier coating including yttrium silicate on a mullite bond coat.

DETAILED DESCRIPTION

[0017] In general, this disclosure is directed to thermal barrier coating (TBC)
compositions that possess at least one of reduced thermal conductivity or increased
CMAS (calcia-magnesia-alumina-silicate) degradation resistance compared to
conventional yttria-stabilized zirconia (YSZ) TBCs, and articles coated with such
TBCs. More specifically, the disclosure is directed to a thermal barrier coating
including a base oxide, a primary dopant and two co-dopants that possesses at least
one of reduced thermal conductivity or increased CMAS degradation resistance
compared to conventional YSZ TBCs.

[0018] As turbine inlet temperatures continue to increase, new thermal barrier
coatings are required with better high temperature performance. Higher turbine
inlet temperatures are detrimental to conventional TBC performance as YSZ may
sinter significantly at temperatures above about 1200°C. Sintering reduces the
porosity of the YSZ TBC, which may lead to higher thermal conductivity and
reduced strain tolerance. Higher thermal conductivity results in the substrate being
exposed to higher temperatures, which increases the strain on the substrate and
lowers the useful life of the component.

[0019] The reduced strain tolerance of the TBC may also reduce the useful life of
the component. For example, the thermal cycles experienced by the component
(e.g., ambient temperature when gas turbine is off, high temperature spike when

gas turbine 1s turned on, continuous high temperatures during operation) exert large
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[0018] As turbine inlet temperatures continue to increase, new theal barrier coatings are required with
better high temperature performance. Higher turbine inlet temperatures are detrimental to conventional
TBC performance as YSZ may sinter significantly at temperatures above about 1200C. Sintering

reduces the pgrasifyabthg YSZ TBC, which may lead to higher thermal copdyetivilyandyeduced
strain tolerance. Higher thermal conductivity results in the substrate being exposed to higher

temperatures, whi(t:h increashes the strain on th%sub trate and I0\g/ers the,usef?gl life of the component.
[00191 The reducBFSHA0R OTeTARRLPSPHIECTREHIE) SIB8PEt R (RS it 0P ¥ ¥ mponent. For
example, the thernighcyBeyexpérieteadidyrtheccanm pehend ([@wpsignibientstemperatdirecyvhen gas

turbine is off, highylemperale,RIke NOeROaR MRIDSISAHREA 0l CONIRYOUS HIgh Jemperatures

during operation) exert large stresses on the component due to thermal expansiori and contraction.
The porosity of thET BE st dBStrbprdoratEncaend reduced porosity due to sintering reduces the
strain tolerance ofdbeoi Bfghrne:rbay Gosprapisathenmeenanicalstakility.abthe hBE€mand/or TBC-bond
coat interface. [oqg%]fﬁk%rc;r turbine ﬁn&%keénferfs\tures may also lead .}0 degradation of the TBC
through a reaction Wi r,&gfoarll E:Naltfcia-mag’ne%%ac-%mlﬁﬁ%%s-gﬂ?clé em&ésbbcsaﬁer eéiﬁ)mﬁg from the ingestion
of siliceous minersis:(thgstiwati; nelstnicdsHes s misydebiist, andltveltike) witbtsthe intake of air in

gas turbine enginggEynicat CHAS deRoNBNAYS ARSIHY ACD! AaROUJAA0G g about 1250C

(about 2200F to about 2300'F). As advanced engines run at TBC surface teméjeratures above the

CNIAS melting pdinf RIS At Rmseling peméabtbard Ao dmbrud R ufEOM the TBC that
induce strain tolerznoes lbading 10 IpssAf stvaidoleranae-and: aBMsIasSdharihesmal

conductivity. Another mod f%e radation by CMAS is ical: a reactign between CMAS and yttria
in the TBC may o‘%:%"r%ﬁce?égé% ia F)?t %‘l%ﬁ&“é%ré}i‘ﬁ ‘6185%%%?&%?@%%66 63%%%’%1estabilization of YSZ by

precipitating monotlirigziveodi &R iwith EBIowet intdticcconiertel Botte CMAR pendisatién and YSZ
destabilization may.rgsyltima.shariariiieRefrmialivee ot e campenenhdieg iadtgher thermal

stresses. 100211 FIG. | shows a cross-sectional view of an exemplary article 10 used in a
high-temperature $HEEFIITR AV Sytem isaberaifikia rasiriubycstoMitg a4 X5iméuths a substrate 12.

The coating includexarhgndcanairditrapplistionthersufacaiibRf sulisiratent2, and a TBC 13 applied
to the bond coat 1 eStL%%ZZl.TrpgﬁL@ggater e1012 may be a component of ?rgigh tﬁ]n;qerature mechanical

12& li) monoc Hll C zirconia W1 OW%‘
system, such as, for example, a gas turbine engi e like. Typical'superalloy substrates 12 are

alloys based on NittGo:oNIR, BaththdlkikepPhsasioperdySdpogatitedRmmaayirsiddie other additive
elements to alter i, mechapiealPRar g SUEhRRAUIRRG S IhRkIRSSS siRmperature stability,

corrosion resistance, oxidation resistance, and the like, as is well known in the art. Any useful

superalloy su bstrat@2th iyt 5BOHi2 SEPSTRAEIARY, Hsr Al ple TRB 5L ARdBIBSHOm Martin-Marietta
Corp., Bethesda, liib;tengarntive tradetesignation MARHV247;ithbgk awvedtable fromplied

cannon-Muskegqg LR A MIny LRIANG BBHPIEPIANBIRE MR it M3 5r10: and the

substrate 12, and a TBC 13 applied to the bond coat 11.

[0022] The substrate 12 may be a component of a high temperature mechanical
system, such as, for example, a gas turbine engine or the like. Typical superalloy
substrates 12 are alloys based on Ni, Co, Ni/Fe, and the like. The superalloy
substrate 12 may include other additive elements to alter its mechanical properties,
such as toughness, hardness, temperature stability, corrosion resistance, oxidation
resistance, and the like, as is well known in the art. Any useful superalloy
substrate 12 may be utilized, including, for cxample, those available from Martin-
Marietta Corp., Bethesda, MD, under the trade designation MAR-M247; those
available from Cannon-Muskegon Corp., Muskegon, MI, under the trade
designation CMSX-4, CMXS-10; and the like.



[00231 The substrate 12 may also include a ceramic matrix composite (CMC), The CMC may include
any useful ceramic matrix material, including, for example, silicon carbide, silicon nitride, alumina,
silica, and the like. The CMC may further include any desired filler material, and the filler material may
include a conti‘%%&y@i%rcement or a discontinuous reinforcement. For %@M }&%ggger material
may comprise discontinuous whiskers, platelets, or particulates. As another example, the filler material
may include a continuous monofilament or multiflament weave. 100241 The filler composition, shape,
size, and the like MAT P L RO pratiod thE dRdfa asH B eRLE S IR CIAEC EP exBfnple, in some
embodiments, thedNir matarial daayyhsdthosemin inereaseathetdughiesgs fof axbiitile, ceramic matrix.
In other embodiments, the filler may be .chosen to provide a desired 0.the .CMC, such as
thermal conductv Llee e S B o) The fier
composition may BElts sarrissas dHsleeramicehmdihmaierialaForl exaniplbidg siigomearbide matrix
may surround siligep eREbige VRIS KERnthAherambedimeants, the.fillar matgrial mayepmprise a
different composition than the ceramic matrix, such as aluminum silicate fibers in an alumina matrix, or

the like. One prefdPRY ERAESHURTQRESNEOR LB Q Rl S FETHEUALE b ALRFTN a silicon carbide
matrix. 100261 TheanitletiOfieyracitidenasbiant coatditinibes hand Seatctdomay improve adhesion
between the TBC substrate 12. The bond coat 11 may include any useful alloy, such as a
conventional MCr,‘A%ﬁ% ]lal%rygv&%erae%i/l is Ni, Co, or NiCo), a P-NiAl nickel aluminide alloy (either

unmodified or mod#i2d] Khpfilier cpimrpsitipnShapsdszsnibihBgdis therdefclacriiopipyidgAl nickel
aluminide alloy (eithesddnenqaifiedies MaditaddyBt.«tdmblh, 41 symStnaiidisRmbinatigns thereof), or the

like. [0027] The bond coat 11 ma}é also include chiramics or other materials that are compatible with a
CMC substrate 17" F8PEXBH SR HEH I CHRE 11 MAFIRTH B MUt atttsi i Silate, A16Si2013),
silica, silicides, silicbey; anibéitikcetsTihe fHidardmgat thanaydyprheddnaudeodihepaeramies, such as rare
earth silicates incleg/'tlaggl%gg m % §qu - Luteti m), yiter i {n.tsili ates (Yh; Ytterbium), erbium
silicates (Er: Erbium), dysprogiuren s%%gtes nglfy D%%%rc?g}ugé%%%% |’nt|%€rltr,1msai ice t*é%s?éa: Gadolinium),
europium silicate'gEtresSupsHiaMYS samarium silicate (Sm: Samarium), neodymium silicates (Nd:

Neodymium), yttriggpesilicates kY cissumbnseandiime: slicatesSerasandim)narthg. likg: Some
preferred bond coat 11 com Psitionsgfgr overla igg‘a CMC s bstratg).glz i%cl de sjlicon, mullite and
ytterbium silicate.%ﬁﬁ%i]%ﬁég I58RGER: Fff%’é& SLEREIE§ be¥ed Oh 8 WOBEY of Coididerations,
including the chemmladdiompszsthh_)ﬁlﬂandmbmimwmstﬁpﬁmaﬁﬂ“@eemsiﬁmthersthb_strqte 12. For
example, when the.systiate. 12 ngludas a.superalioy Mith itk YrNiRATRRASS SaOsHtution, the bond

coat 11 preferably includes a y-Ni + y'-Ni3A1 phase constitution to better match the coefficient of
thermal expansiorP8f tHefetpbtAYi6y aiiar stheep cafifarerioraunbpsasenbrldsddnanical stability
(adhesion) of the biopehcagsidd tathe substrate 12. Alternatively, when the substrate 12 comprises a

CMC, the bond ¢ is, preferahly silicon.and/qr a ceramic, such as, for example, mullite or rare
earth silicates. [03%%6]]n@gr%fg%?ﬁgga%gﬁ{gﬁﬁg %n%‘)g{cﬁ;{t‘ 1 ?f]baoy}l m%%tdg(rrnna tilﬁgrfgfers. For
example, in someaghebodihsentsnihed the3suldshrasebbRis A2CVIC ncldding Kiliconicdrdide, a first bond

coat of silicon is dgposited on, e GMC.ubstats Haviellowed by dif.Aepasition-gf g second layer

including mullite (aluminum silicate, Al6Si2013) or a rare earth Silicate. The mt]ltiIaByer bond coat is
desirable becausé\lﬂﬁé?)sﬁi@%lﬁbﬂ’ﬁjﬁ’éélﬂﬂ’é\lﬁﬁég%ée%?fd%ﬂ‘@‘?ﬁﬁi@ﬁféwgﬁﬁ@% h&oat provides a
gradual transition gf, thgmal,expansibinAiodsphemeiisawate - vapAremkeathingdbel plicon bond coat.

(either unmodified or modificd by Pt, Cr, Hf, Zr, Y, Si, and combinations thereof),
or the like.

[0027] The bond coat 11 may also include ceramics or other materials that are
compatible with a CMC substrate 12. For example, the bond coat 11 may include
mullite (aluminum silicate, AlgSi,013), silica, silicides, silicon, or the like. The
bond coat 11 may further include other ceramics, such as rare earth silicates

including lutetium silicates (Lu; Lutetium), ytterbium silicates (Yb; Ytterbium),



[0030] In other embodiments, such as the article 20 illustrated in FIG. 2, the article 20 may not include
a bond coat 11 For example, in some embodiments, the TBC 23 may be applied directly to the
substrate 22. A bond coat 11 may not be required or desired when the TBC 23 and the substrate 22
are chemicall r anically compatible. For example, in embodiments where the TBC 23 and
substrate 22 m%&éﬂ?gfgntly strongly to each other, a bond coat 11 maly)/grrlréltJ Zgo?ug%sgéary.
Additionally, in embodiments where the coefficients of thermal expansion of the substrate 22 and TBC
23 are sufficiently i i HehEEJab T AP RO BEHEkedesad)y: PoPIpaEshaewaliniEnG. 3, an article
30 may also inclugigi @fee(wirabsaenial hpeies seatingHeB 336 appliad, tasheibendiegst 31. In this
embodiment, the S’I%QC_: S”<;3 iés a Iireld the EBC 36. Enyi ngwental b&{rier co?tint s&[g‘ay provide water
vapor stability, ch mli:afg]tz{blﬁgl, ARG environnienta cﬂ]ra%ol @ﬁ/ %“Eb Stratd S Lie , for example,
CMC. Environmenttitibankiesaodatimeisismnay (Pl Sderdomxantip dikbafiome strfatiadrbatdrovan silicate

(Ba0-Sr0-AI203-26iQ2: BSARN A& cailalicaigae sambinations theraaband Ngdike; [0032] In
alternative embodiments (not pictured) the EBC 36 may be directly applied to a CMC substrate 32. In

these embodimenfdStNETEBECEE may also perform the function of the bond coat 31 and increase the
adhesion betweenosIOR Bshandithe BMGsidsiraioRd Hnpreferedgenilinatianns,BC 36 and bond

coat 31 layer includes mullite and rare earth silicates. [00331 As was @descli riefly above, one
purpose of the Tﬁﬁ%}%’s{ §§% c%’lfgi: |c\)/r(relglos"f§l§?:af§?5) |%S?oc%r%sét\1ﬁ%féo?hoe9r§]n% %%gﬂlg |%Cl|¥8r the substrate
from high temperanbstziofltheturbinegasyBachasebofrtids, 2iiis désirediecthidetvatT B3 has a low

thermal conductiviiwgheth rdrbirsaicibermabsendugtivit ot e maieral ) Joat fprps I BC 13 and an

effective theimal conductivity of the TBC 13 as constructed@. Heat is transferred through the TBC 13
through conductidi&REatiaiER. o hetficni&bibsrrsd deptn blsmen g atrsrasttérbia, samari a,
lutctia, scandia, cetfgrgagainiaranetrwmiaheufepimcangddthe likeasidapanisimnayhalpecrease the
thermal conductivity (by conduction) of the TBC 1.3. While not wishing to be bound by any specific
theory, the incIusi%%%fécﬁgg%%?c;lr?etgot?%sé%é{%éepgﬁt %Yﬁegnlﬁtlf’ﬁ@/ ’Ilﬁ%nl%erﬁlé%%%ﬂcge thermal
conductivity throughronecs e fadle, the bhahians! las fotitswd!{0084h Anfifst proposedsmeekanism of

reducing thermal ganduetivitninglides ey Gingaatice imperfections into the crystal structure of the
TBC 13. Lattice imperfections include defects in the crystalline |attice of the TBC 13. The defects may

be caused by the NGB S8R TRRASHARS Wik W AR 1o e yarsluske dmbrelidarsstalifie lattice types.
Lattice imperfectiersnmiy ibedotoadiyodivicdes Witadwie cabegoees, poDtdefeatsiandilarger defects, for

the purposes of this.di Clésf%ia% mg ngi@t q%f cts, suck S s&yfto' ljonal defe interstitial defects,
void defects, and tﬁrég]ﬁ%é, may gcatter k?lgﬂ }rg%tﬁi%%)f ?31 e%isﬁ)ggge(lattlgesﬁg%gg)ﬁsﬁﬁrﬂ%vfg(’r{ger defects,
such as grain boutd@fi€sneprigsedls wrendleysmanbidinamabsutloomm shagtscatter lower frequency

phonons. In eithengas phanoR:sCaHR NG AL BRI ShRImabeas dus ity RidhsFRC 13 by
reducing the mea e palh o2 pASRSN (£, 1S AYETRYR diance i phonen favels between

gradual transition of thermal expansion and prevents water vapor from reaching the

silicon bond coat.

[0030] In other embodiments, such as the article 20 illustrated in FIG. 2, the article

20 may not include a bond coat 11. For example, in some embodiments, the TBC

23 may be applied directly to the substrate 22. A bond coat 11 may not be required

or desired when the TBC 23 and the substrate 22 are chemically and/or

mechanically compatible. For example, in embodiments where the TBC 23 and

substrate 22 adhere sufficiently strongly to each other, a bond coat 11 may not be

necessary. Additionally, in embodiments where the coefficients of thermal

expansion of the substrate 22 and TBC 23 are sufficiently similar, a bond coat 11

may not be necessary.



[0035] Heavier rare earth oxide dopants are expected to lower the thermal conductivity more than
lighter rare earth oxide dop ants. For example, rare earth oxides including ytterbia, lutetia, gadolinia,
samaria, neodymia, europia, and the like are expected to more effectively lower the theimal
conductivity ofg TR 13 than yttria. [00361 Inclusion of certain rare earth ?@Eﬁ%ﬁgi/ﬁ';;BQ%TBc 13 may
also decrease the extent to which the TBC 13 sinters at a given temperature. For example,
incorporating rare earth elements with a larger jonic radius than yttrium can decrease the amount of
sintering at a giveh B AFEM RIS fotWiShif iy BlArtcBY ey IheBrmEfat §&Fidic radius can
lead to a lower diffusitry ¢BBIficntmtiadgiver temparatare. JASBivtabHEnS P iariCa sifusion-related
process, a lower d'H iqn ceefficient lowers the amaunt of sintering at a given temperature. 100371
Minimizing or elimlé gﬁé%qgltr?gﬁﬁg@ %a%&ﬁ? |cr%1€rr11t%}olor%r€%\/cé)gthn g afﬁlli?{/ He & %é?ﬁpeﬂrconductivity of
the TBC 13 over the¥bRjiekeifedfstialirB @nd3n TinerraartalcbmehititivieysobihieteFBGCh 3sisfoypically
lowered by depositing:fhe CBE. 1BRschRRIMHHAUCIME IS ROARSIY: Ofthe IR 3 sgduces the

thermal conductiv:;%/ by.reducing the area through which heat is conducted and by Providing a large
refractive index diffSPEHEE Befaa i i HERL-3RA-tHeYnardtal B WIS IHE FEE™ S is made, which
can reduce heat tramsparabyradiatiof) adnberiikg. reduces the porosity of the structure, and thus
increases the thergal sondyctivit L)v' oth radiation and duction) of the TBC 13. Thus, preserving
the porosity (i.e., r@du_@mg %interir}l% éc%t? é-lmr%ngs ?‘%&ogfgtru%g?e%%%gt%?rémnﬁy%% elge(r%lgy help maintain
the thermal condutivigf & tHeMB esyrae 37 nEathetse ¢ebelonents. dhigFRMAappliedsTBC 13. [0038] The

TBC 13 compositighgshthe RieseRtAigeesHic Ay alse ipRrRYe.aaetheh significanhshortcoming of

conventional YSZ g }113(;333 %g@lafi%allé; CMAS is highly reactive with yttria in the TBC 13, preferentially

along grain boundhti€s’ > ESH SRS 2 ANBRS ST P B BRAREL A REfhic zirconia

(Zr02) with a loweroatd kpetentiuddsictuitiayreé salt vaehshiareslife before failure of the component due

to higher thermal e i icularly desirable to f that is substantially
S?[H&’%? [§S \-Ugéj &és&‘ﬂ;&y bk%l%ﬁrggﬂ]gVé, O%e gllg%og? Oft &)leqrgbq g(?r%/t I’i

free of yttria. Substantially fre“e of yttria means the exclusi any amoun a greater than that
present in the comfREFEIRVavaiab e Térnehide beisarareLesen foxible substas&onitigs used in the

TBC 13. [00391 Ohispdaraaatimelemantsinauding witamia, #igtira b scandiscfer gxample, are
more chemically stable in the pregence of CQ{I}]AS, Thus, these elements, ei%?er atone or in

combination, may ‘& ABH FeFTACACHtA REUHE B GeERHERr A4 EEY 1% Which may reduce or
sl_ow the destabilim&@dadﬁlﬁﬁf&mmﬁ@ﬁé%ﬂ@ eﬁ@MASxeﬁW@]aﬂhetﬁB@ol‘ﬂxeﬂmé thrrent
disclosure generauym&g&éogb%%éﬁgﬁ%f%am%ggqg@%é frsheasionant.and.asecond

co-dopant. Including multiple dc ts, preferably of different ionic radii,”may decrease the thermal
conductivity of the* ﬁ%E%‘OI‘S Hsratvaincifighe et pheseficttithea@arite etk concentration.
For example, the diffeding-ipnigsadiinaaycbisiaaseutbpiglastienstmindalhsaysed byghe lattice
imperfections. [00411 The base oxjde of the TBC 13 may.inclu cQpsist essentially of
S oonia, haffia, ac CoO g eI T e e RS & BBl of means to
consist of the listedisheménbshomddmpaus@iiowhiteyatiovint: tha infcltsion efinfplmities present in
small amounts suggfhatshe;impuriies da.0ptsubstaatAl ARRLNE RIRREHIGS of g disted clement or
compound. For example, the purification of many rare earth elements is difficult, and thus the nominal
rare earth elemenfnﬁ?gfﬁﬁ%cfé GiifiSamounts of other rare earth elements. This mixture is intended to
be covered by the|laBguagestenosisteaseniialy of relamg eamventonal-TiBGsdkiase based on
zirconia, so the pro e%sin a}gtgcorodugpon of T CE 13 inclu ing zirc ialaé[%vlviall-understood, but

ue

hafnia-based TBCS aoreugxﬁecte(% to ea\;egaa0 Sﬁeﬁ ee?ﬁ%ﬁaccs)n uc €|"v(|9yt i a hiIg'F’ﬁ%lF fean atomic

weight, which is onepfateions thelrdaebaguntibsty {0042t Fieccofithosion df The TBEt43 may be
selected to providg,a metasiabls 18l ageRRkALbnGRIG Gk Ui MBHE Rietragonal and cubic (' + c)
phase constitution, A metastable tetragonal phase constitution is generally preferred

different crystalline lattiCe types. Lattice imperfections may be broadly divided

into two categories, point defects and larger defects, for the purposes of this

discussion. The point defects, such as substitutional defects, interstitial defects,

void defects, and the like, may scatter high frequency phonons (lattice waves),



10043] The primary dopant is generally selected to provide increased resistance to CMAS attack. The
primary dopant may include ytterbia, or may consist essentially of ytterbia. The TBC 13 composition
may include the primary dopant in concentrations from about 2 mot. % to about 40 mol. %. Preferred
primary dopant concentrations range from about 2 mot. % to about 20 mot..%, and about 2 mol. % to
about 10 mol. %Opzr?%g)ﬁ%‘épant is most preferred. The primary dopant is ﬁr%%%&?/ B;?%sgént ina
greater amount than either the first or second co-dopants, and may bc present in an amount less than,
equal to, or greateViHaMEY dsdaF BniseihtoRitHe et dmngsselcanieiddbppantsafbodaThe first and

second co-dopantgiaie gRneralbaselacteddadpraddecesreassd themmal earduetivity compared to YSZ
and increased resistance to sinterin%. H‘g ﬁrﬁft co-dopant prise samaria, or may consist
SASBRRSHE

y CO
essentially of sam&HA e FBESF3 SROH ‘fhtglﬂrg THePhirdt O3-EOBSAE IR Eentrations from
about 0.1 mol. % tfealpott EQ Moindd (re fibradykyr @b alittHh & nhel pBotonabouts Btmeh %, most preferably
about 0.5 mol. % t&ﬁ@%@ cft. %. [0045] The second co-dopant may include lutetia (Lu203),
scandia (Sc203), ceria (Ce02)," gadolinia (Gd203), neodymia (Nd203), europia (Eu203), and
combinations ther&¥Pf1 SlereisioenrieptidadersasoiRiccpcansdatonay he tseteeted from the group
consisting of lutetigotdu203)y seabdiad $eR0B3)eeuan 6:e82iogadolimg: (RULBR) rneaimia (Nd203),
europia (Eu203), and comli'

inations thereof The second co-dopant may be present in the TBC 13 in an
amount ranging frSM S L@.l P&8F 9k ué%@u?%%ﬁ‘ﬁbat. S%I,l%f‘gf&?%w}é%(%‘io@%’ AR89 to about 10

mol. %, most preféiiaie abpt @l SomotcX%fia tlrdyiosvan die YoefORAEI Tt donopediBon df the TBC 13
may be chosen totggg\?ggaa desired phase constitution. Accessible phase constitutions include
|1 C

metastable tetragonal ubic (c), and RE203-Zr02 (and/or H102) compounds, such as RE2Zr207and

RE21-1f202 (wherdRfE Bielysire ebsrtaeisigiire dpsisve HREDO3 717 (hadrsiao2) compound

phase constitutionhtexbRGo IhibedanabmutizOrmelk ¥ta abasr4d-aatede.prmary dopant, about 10
mol. % to about 20 mot. % first co-do apt, about. 10 mol. % to about 20 mol. % second co-dopant, and

the balance base SXiIR AR &R TR UNTSS BrSSE “TH e AN pRELER S itution, the TBC 13
includes about 5 ndetrés¢dhabownaOomohteserrnagydoants@about Mhistn8owislabgtt 4O mot. % first
co-dopant, about 2ol 2,43, a0 L0Met ighisecand srdapant and- gRAansaRAass oxide and any

impurities present. In some embodiments, the TBC 13 composition is preferably selected to provide a
metastable tetragShAEt" phSSEPEBHEG LS AMBBS 21 PHRE T @ A8 wHaY-FRAIBErHy aany useful coating
method, however; preferitg imetbotizingluseplasmaspraying Batwelectiosheapphysical vapor

deposition (EB-PV, lasma spraying.is.generally preferred when a lower thermal canductivity is
desired due to the[gééﬁtg}?rl Blrrél\lﬁfflgh%:regcl) é‘?éilfl Sérbee%nﬁcr)rr% Scl)%lérl]rfcélg} 1 ifﬁl%r%%fg? %{?((lésa 1[t)%rpendicular to
the temperature geddienewtsictraitusiedtestithe T hab voriblestivitye difernd hBTBL3I EB-PVD is

preferred when higher-straii dalerancsris desirer dus iR e isQumngy &Oﬂdg{lé&{TgB&M“@cT%C 13 that

impart greater strain tolerance than plasma-sprayed microstructure. 10048 Cs 13 of the present
disclosure may proVitRPERUEHEIGHS: of 3 JeErEREYdtHd Rfval LERHGRRE A AREELRd resistance
to CMAS attack. TherdB&ng3hefdhe thustghtocistiasirs oayualso anthiedhighap gasgurbine operating
temperatures, up %%t%%g% gfl%é)? %ﬁ%l%@cl\ﬁ/:l Eel'h%e%n the pores and the material from which the TBC

13 is made, which can reduce heat transfer by radiation. Sintering reduces the

porosity of the structure, and thus increases the thermal conductivity (via both

radiation and conduction) of the TBC 13. Thus, preserving the porosity (i.c.,

reducing sintering) of the TBC 13 over repeated thermal cycles may help maintain

the thermal conductivity of the TBC 13 at or near the level of the originally-applied

TBC 13.

[0038] The TBC 13 compositions of the present disclosure may also improve

another significant shortcoming of conventional YSZ TBCs. Specifically, CMAS

is highly reactive with yttria in the TBC 13, preferentially along grain boundaries,



Example 1: Ylierbia-Stabilized Hafnia (YUSH) TBC on CMC 100491 FIG. 4 shows a cross-sectional
view of an article 40 including an yttcrbiastabilized hafnia (YbSII) TBC 42 on a silicon 49 / mullite
(Al68i2013) 48 bond coat 44 applied on CMC substrate 46. The article 40 was exposed to 300 one

hour thermal I%% A300C and 90% water vapor prior to the photogra%tt $§|% 5@ elatively high
coefficient of t érmag?‘gexpé‘nsion (CTE) of YUSH (about 10 x 10" 6PC for bg vertygﬂs %éout 4 x

10-6PC to about 5 x 10-6PC for CMC), the multilayer coating having the YUSH TBC 42 maintained
excellent adhererl€&liBEdR Gt TABI ERIE SRS AR AE-RBHA HSBIDaHBH QI Propensity of
through-thicknessxinaekingis/hglieveddo kane relienedihe.Gldrenisinatehrsigss fdeing the YbSH

TBC 42 reduced the ther aéconcéu tivity by about 34%0I from the %aseline environmental barrier
coating, from about AVM-K o about 3%6%348%\7?$§K. Xg%mnb% ?W%W%edrﬁll%% Sificate TBC on

CMC [0050] FIG. BrshewB @ tdky-seetonalivioviror ey trticl€ S6timcldbint anlytteirbiesisbilized hafnia
(YbSI-) TBC 52 op,a.silicem59r/amite 58 dsyikerbisem:Siicatar7 sk soakb.Hhshend coat is

applied on a CMC substrate 56. The article 50 was exposed to 100 one hour thermal cycles at 1300C

and 90% water vaSBa ol Y PiAbiGrApK Stk orEsles 95 asanridstintsthibdhexBfient adherence to
the substrate 56. Brasend: rittritanthSikaate s mdidlite Bordacoatad, eid 6c4085 b F1G. 6 shows a

cross-sectional vig}yxé mof an %rticcl)?ch ir'}'x%‘éﬂin%%% }/&t{i%mrés,igcat% T@SA%Z op a Qfﬁlélégte bond coat. The
mullite bond coat Was%lp’p |gérlto a silicon car ide subs ra%enég. ‘? e article 60 was exposed to 46 one
hour thermal cyclelsmenaoaticCatmg S0mopabirajigpompridesisatie shiotsgrgivhesthe mullite bond coat

and yttrium silicatgfaactadda.farn the glassy bubbles fie 3e\rre hdamasingtg JBC 62. A similar
glass formation reaction due to yuria-mullite reaction was observed when the yttrium silicate was

replaced with an yti et SEEIERGSREOREYEE: Mullite-ytterbium silicate does not show glass formation
in the same condii@n)sUhgeRN (ka0 Stipatiatchdmicalstahitityl B iytiathicadosepatied to yttria in the

presence of CMAS. 1005 él/ne%rié)%{lssteég%dgn}ent of the | vegzt)ign palve end 1p'iiebed' These and

b
i - 10d
other embodiments are’'within the scope of the %ﬁlgvs\ﬁﬁ%ncl%?ms. At Ihetutinig mh

dopants, preferably of different ionic radii, may decrease the thermal conductivity
of the TBC 13 more than a single dopant when present at the same total
concentration. For example, the differing ionic radii may increase the elastic strain
field caused by the lattice imperfections.

[0041] The base oxide of the TBC 13 may include or may consist essentially of
zirconia, hafnia, and combinations thereof. In the current disclosure, to “consist
essentially of” means to consist of the listed element(s) or compound(s), while
allowing the inclusion of impurities present in small amounts such that the
impuritics do not substantially affect the properties of the listed element or
compound. For example, the purification of many rare earth elements is difficult,
and thus the nominal rare earth element may include small amounts of other rare
earth elements. This mixture is intended to be covered by the language “consist
essentially of.” Many conventional TBCs 13 are based on zirconia, so the
processing and production of TBCs 13 including zirconia are well-understood, but
hafnia-based TBCs are expected to have a lower thermal conductivity due to a
higher mean atomic weight, which is one factor in thermal conductivity.

[0042] The composition of the TBC 13 may be selected to provide a metastable
tetragonal ("), cubic (c), or a mixture of tetragonal and cubic (t” + ¢) phase

constitution. A metastable tetragonal phase constitution is generally preferred.



MOSLEY CLAIMS: 1. A thermal barrier coating composition comprising: a base oxide comprising
zirconia or hafnia; Sbetween 2 mol. % and 40 mol. % of a primary dopant comprising ytterbia; between
0.1 mol. % and 20 mol. % of a 'first co-dopant comprising samaria,; anq betwgen 0.1 mc_)l. % and 20
ol %o s faen comorising e et one of et scande, g g et

[0043] The primary dopant is generally selected to provide increased resistance to

CMAS attack. The primary dopant may include ytterbia, or may consist essentially

of ytterbia. The TBC 13 composition may include the primary dopant in

concentrations from about 2 mol. % to about 40 mol. %. Preferred primary dopant

concentrations range from about 2 mol. % to about 20 mol. %, and about 2 mol. %

to about 10 mol. % primary dopant is most preferred. The primary dopant is

preferably present in a greater amount than either the first or second co-dopants,

and may be present in an amount less than, equal to, or greater than the total

amount of the first and second co-dopants.

[0044] The first and second co-dopants are generally selected to provide decreased

thermal conductivity compared to YSZ and increased resistance to sintering. The

first co-dopant may comprise samaria, or may consist essentially of samaria. The

TBC 13 composition may include the first co-dopant in concentrations from about

0.1 mol. % to about 20 mol. %, preferably about 0.5 mol. % to about 10 mol. %,

most preferably about 0.5 mol. % to about 5 mol. %.

[0045] The second co-dopant may include lutetia (Lu,05), scandia (S¢,03), ceria

(Ce0y), gadolinia (Gd,03), neodymia (Nd,03), europia (Euy03), and combinations

thereof. In other embodiments, the second co-dopant may be selected from the

group consisting of lutetia (Lu;03), scandia (Sc¢,03), ceria (CeO,), gadolinia

(Gd203), neodymia (Nd;0s), europia (Euy03), and combinations thereof. The

second co-dopant may be present in the TBC 13 in an amount ranging from about

0.1 mol. % to about 20 mol. %, preferably about 0.5 mol. % to about 10 mol. %,

most preferably about 0.5 mol. % to about 5 mol. %.

[0046] The composition of the TBC 13 may be chosen to provide a desired phase

constitution. Accessible phase constitutions include metastable tetragonal t’, cubic

(c), and RE;O3-Zr0, (and/or HfO;) compounds, such as RE,Zr,07 and RE;Hf,0

(where RE is a rare carth element). To achieve a RE,03-ZrO; (and/or HfO,)

compound phase constitution, the TBC 13 includes about 20 mol. % to about 40

mol. % primary dopant, about 10 mol. % to about 20 mol. % first co-dopant, about

10 mol. % to about 20 mol. % second co-dopant, and the balance base oxide and

any impurities present. To achieve a cubic phase constitution, the TBC 13 includes

about 5 mol. % to about 20 mol. % primary dopant, about 2 mol. % to about 10
p

10



2. The thermal barrier coating composition of claim 1, wherein the primary dopant is present in a larger
amount than either of the first co-dopant and the second co-dopant. 3. The thermal barrier coating
composition of claim 1, wherein the thermal barrier 15coating comprises 2 mol. % to 20 mol. % of the

primary dopant 029 5?%I1.7g/2 to 10 mol. % of the first co-dopant, 0.5 mol. %1;[8%1959309"0%89; the second
co-dopant, angj%e Balaiée base oxide and impurities. 4. The thermal barriéer coaﬁﬁg composition of

claim 1, wherein the thermal barrier 20 coating comprises 2 mol. % to 10 mol. % of the primary
dopant, 0.5 mol. %¢b ¥ k. Grdsieié fibehtdavhanto 0 Hhbf. Bekosspsendseatapsaéeénd co-dopant,

and the balance hase Qxide kg dripuiiies:y mfhaitiernahbafrisnecatingicampasitionof claim 1,

wherein the ther bartier Zocoang compses A oA e 2L & GURisRlase poTRiuton or 2
constitution.

[0047] The TBC 13 may be applied by any useful coating method, however,
preferred methods include plasma spraying and electron beam physical vapor
deposition (EB-PVD). Plasma spraying is generally preferred when a lower
thermal conductivity is desired due to the greater prevalence of disk-shaped pores
oriented with a major axis perpendicular to the temperature gradient, which
decreases the thermal conductivity of the TBC 13. EB-PVD is preferred when
higher strain tolerance is desired due to the columnar structure in the TBC 13 that
impart greater strain tolerance than plasma-sprayed microstructure.

[0048] TBCs 13 of the present disclosure may provide at least one of a decreased
thermal conductivity and an increased resistance to CMAS attack. The TBC 13 of
the current disclosure may also enable higher gas turbine operating temperatures,
up to about 1650°C.

EXAMPLES

Example 1: Yiterbia-Stabilized Hafnia (YbSH) TBC on CMC

[0049] FIG. 4 shows a cross-sectional view of an article 40 including an ytterbia-
stabilized hafnia (YbSH) TBC 42 on a silicon 49 / mullite (AlSi,013) 48 bond coat
44 applied on CMC substrate 46. The article 40 was exposed to 300 one hour
thermal cycles at 1300 °C and 90% water vapor prior to the photograph. Despite
the relatively high coefficient of thermal expansion (CTE) of YbSH (about 10 x 10
6/°C for YbSH versus about 4 x 10°/°C to about 5 x 10%/°C for CMC), the
multilayer coating having the YbSH TBC 42 maintained excellent adherence,
protecting the CMC substrate 46 from water vapor attack. The propensity of
through-thickness cracking is believed to have relieved the CTE mismatch stress.
Adding the YbSH TBC 42 reduced the thermal conductivity by about 34% from
the baseline environmental barrier coating, from about 2 W/m-K to about 1.3 - 1.4

W/m-K.

11



MCSLLP 6.The thermal barrier coating composition of claim 1, wherein the thermal barrier coating
comprises RE203-Zr02 compounds, RE203-14102 compounds and combinations thereof, and wherein
RE is a rare earth element. 5 7. The thermal barrier coating composition of claim 1 , wherein the

thermal barrier,935iRg.LosppPrises a mixture of a cubic phase constitution mﬁﬁ&%ﬁ@oz

compound, RE203-Hf02 compounds and combinations thereof and wherein RE Is a rare earth
element. 10 8. The thermal barrier coating composition of any of claims 1 to 7, wherein: the base oxide

consists essentiallSFHEGnid PRAHYAlSProm-Biicie IS hersbMbne primary dopant consists essentially
of ytterbia; the firs{i@&4]dpiant chosisisessantisdhabiisamasiaaaittt 50 including an ytterbia- o

stabilized hafnia (YbSH) TBC 52 on a silicon 59 / mullite 58 / ytterbium silicate 57
bond coat 54. The bond coat is applied on a CMC substrate 56. The article 50 was
exposed to 100 one hour thermal cycles at 1300 °C and 90% water vapor prior to
the photograph. The TBC 52 again maintained excellent adherence to the substrate
56.

Example 3: Yttrium Silicate on Mullite Bond-coated CMC

[0051] FIG. 6 shows a cross-sectional view of an article 60 including an yttrium
silicate TBC 62 on a mullite bond coat. The mullite bond coat was applied to a
silicon carbide substrate 66. The article 60 was exposed to 46 one hour thermal
cycles at 1400 °C and 90% water vapor prior to the photograph. The mullite bond
coat and yttrium silicate reacted to form the glassy bubbles 67, severely damaging
the TBC 62. A similar glass formation reaction due to yttria-mullite reaction was
observed when the yttrium silicate was replaced with an yttria-stabilized zirconia
TBC. Mullite-ytterbium silicate does not show glass formation in the same
condition, suggesting a superior chemical stability of ytterbia compared to yttria in

the presence of CMAS.

[0052] Various embodiments of the invention have been described. These and

other embodiments are within the scope of the following claims.

12



15the second co-dopant selected from the group consisting of lutetia, scandia, cer gadolinia,

neodymia, europia, and combinations thereof 9. An article comprising: a substrate; and 20the thermal

barrier coating of any of claims | to 8, wherein the thermal barrier coating is i@[&{gﬂ E) at least a portion
't

of a substrate. ID.The article of claim 9, further comprising a bond coat appli
the substrate, wherein the thennal barrier coating is applied to the bond coat. 25

least a portion of

10

15

20

25

CLAIMS:

1. A thermal barrier coating composition comprising:
a base oxide comprising zirconia or hafnia;
between 2 mol. % and 40 mol. % of a primary dopant comprising ytterbia;
between 0.1 mol. % and 20 mol. % of a first co-dopant comprising samaria; and
between 0.1 mol. % and 20 mol. % of a second co-dopant comprising at least
one of lutetia, scandia, ceria, gadolinia, neodymia, or europia, wherein the thermal

barrier coating is essentially free of yttria.

2. The thermal barrier coating composition of claim 1, wherein the primary dopant

is present in a larger amount than either of the first co-dopant and the second co-dopant.

3. The thermal barrier coating composition of claim 1, wherein the thermal barrier
coating comprises 2 mol. % to 20 mol. % of the primary dopant, 0.5 mol. % to 10 mol.
% of the first co-dopant, 0.5 mol. % to 10 mol. % of the second co-dopant, and the

balance base oxide and impurities.

4. The thermal barrier coating composition of claim 1, wherein the thermal barrier
coating comprises 2 mol. % to 10 mol. % of the primary dopant, 0.5 mol. % to 5 mol. %
of the first co-dopant, 0.5 mol. % to 5 mol. % of the second co-dopant, and the balance

base oxide and impurities.

5. The thermal barrier coating composition of claim 1, wherein the thermal barrier
coating comprises at least one of a cubic phase constitution or a tetragonal t’ phase

constitution.

13



11.The article of claim 9, further comprising an environmental barrier coating MCSLIP applied to at
least a portion of the substrate, wherein the thermal barrier coating is applied to the environmental
barrier coating. 12, The article of claim 9, further comprising a bond coat appliggte,atdeast a S5portion
of the substrate and an environmental barrier coating applied to the bond coat, wherein the thermal
barrier coating is applied to the environmental barrier coating.

6. The thermal barrier coating composition of claim 1, wherein the thermal barrier
coating comprises RE,03-Zr0, compounds, RE,03-HfO, compounds and combinations

thereof, and wherein RE is a rare earth element.

5
7. The thermal barrier coating composition of claim 1 , wherein the thermal barrier
coating comprises a mixture of a cubic phase constitution and a RE,03-ZrO, compound,
RE,03-HfO, compounds and combinations thereof, and wherein RE is a rare earth
element.
10
8. The thermal barrier coating composition of any of claims 1 to 7, wherein:

the base oxide consists essentially of zirconia, hafnia, or combinations thereof;,
the primary dopant consists essentially of ytterbia;
the first co-dopant consists essentially of samaria; and

15  the second co-dopant selected from the group consisting of lutetia, scandia, ceria,

gadolinia, neodymia, europia, and combinations thereof.

9. An article comprising:
a substrate; and
20 the thermal barrier coating of any of claims 1 to 8, wherein the thermal

barrier coating is applied to at least a portion of a substrate.

10.  The article of claim 9, further comprising a bond coat applied to at least a
portion of the substrate, wherein the thermal barrier coating is applied to the bond coat.
25

11.  The article of claim 9, further comprising an environmental barrier coating

14



MCSLLP

applied to at least a portion of the substrate, wherein the thermal barrier coating is

applied to the environmental barrier coating.
12. The article of claim 9, further comprising a bond coat applied to at least a

portion of the substrate and an environmental barrier coating applied to the bond coat,

wherein the thermal barrier coating is applied to the environmental barrier coating.

15



