MULTILAYER THERMAL BARRIER COATINGS TECHNICAL FIELD The present disclosure relates to
thermal barrier coatings, BACKGROUND The components of high-temperature mechanical
systems, such as, for example, gas-turbine engines, 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 about 1000C, with short-term
peaks as high as 1100C. 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 temperatUVESLTHeAKERBHERNEA b SRR R/ GAATI& G $hermally insulative
ceramic topcoat, and may be bonded to the substrate by an underlying metallic bond coat. The
TBC, usually applied either by air plasma spraying or electron beam physical vapor deposition, is most
often a layer of yttria-stabilized zirconia (Y@?éﬂﬁ%ig@é& of about 100-500 um. The properties of
YSZ include low thBrmatsondisctosity, igltesoxtgempebmeaabiiataad 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.

BACKGROUND

The components of high-temperature mechanical systems, such as, for example, gas-
turbine engines, 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 about 1000°C, with short-term peaks as-high as
1100°C.

Typical components of high—temperatur_e 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 éoating may include a thermally
insulative ceramic topcoat, and may be bonded to the substrate by an underlying metallic
bond coat.

The TBC, usually applied either by air plasma spraying or electron beam physical
vapor deposition, is most often a }ayer of yttria-stabilized zirconia (YSZ) with a thickness of
about 100500 pm. 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.

SUMMARY

In general, the present disclosure is directed to a multilayer thermal barrier coating
(TBC) including a plurality of layers. The multilayer TBC may include two or more layers,
each of which is selected to provide one or more properties to the multilayer TBC. For
example, each of the plurality of layers may be selected to provide at least one of low thermal

conductivity, erosion resistance, thermal cycling resistance, and CMAS degradation



SUMMARY In general, the present disclosure is directed to a multilayer thermal barrier coating
(TBC) including a plurality of layers. The multilayer TBC may include two or more layers, each of which
is selected to provide one or more properties to the multilayer TBC. For example, each of the plurality
of layers may be selected to provide at least one of low ther a conductivity; erosion resistance, thermal
cycling resistance, and CMAS degradation resistance to the multilayer TBC. in some embodiments,
the multilayer TBC may nclude three layers. in some embodiments, at least one of the plurality of
layers or the multilayer TBC may be selected from yttria-stabilized zireonia, rare earth oxides, alumina,
silica, rare S&HHSiHcREY BAHiay A kBF mitarorisrsodikaliteshthrmdiziyoxitRs, maraire lgdeth
oxide-stabiliaeg Figeania, a rare earth oxide-stabilized hafnia, or combinations thereof In one
aspect, the preser}% cgisclosuge di,s dirtecte to a thermal barrier coating including a first layer deposited
over a substrate, a second 1ayer GBBoLitsH oV thfirltTalrobites wirtia aydraegosREd over the
second layenaY he filstted/omayrproaidEighitheim alreyetihg xeRistanednths isecend daygr may
provide low seialans ety aaP IR MAYRIBVGE at [sast.one of efosion resistance and

CNIAS degradation resistance. In another aspect, the present disciosura (S directdd o an article

including a 0Bt ARy thetifer BaHieddeitingea sposirsdoveherSubstrate. The thermal barrier

coating includes aifirstdayergepositeshovesithersubsiatied %%@Hﬂah%ﬁ%%ﬂg%g\ﬁﬁfn?e first layer
and a third layer, 5,80 ited.g\éer the second layer. The first layer may provide high thermal-cycling
s ;

st 2y provide 1ow thermal ESherEivEy ahd e rtayeray provide at

resistance, the se gyer may provide Jow therma
least one ofteifgdivnrésistiaptevanth CIVAS! degradatioiirsesistameg provilie Anbtheraspsetidhe present

agosure inastanio aaullaNeHe At EARINBINEIND A IS BYETSANpIog ether 7-8

YSZ (zirconium oxide (Zrat) including about 7 wt. % to about 8 wt. % yttrium oxi ?é)) or a base

oxide includifiy/ 4 1BELHAB Y Shedidcaistrrisrivd, SfiAasreissant evstsksing ytterbia, a first
‘co-dopant comprisinghseumnasigscanika seeantscoUdepRMIeoRPISInG AL e astiengs.of dutetid. Scandia,

cedar aadolig!]a &%prgxm'@r nd europia. The first layer comprises a first phase constitution selected
from a metasta%le tetragon%lr ﬁﬁ%én é{g S %ﬁ%gﬁe&n & &}gepslfggghgﬁg i‘;’ﬁmﬁﬁ StH&#ultilayer thermal
barrier coatifigléledanEibesr dgwetedl dasichel apusited oveptldairstdayeitcihesenofitiayer comprises

a base oxidgngomFisingAldeasteReLTZIeBiR AYNaiN%a &@@?%}éﬁ&%@f&%%’%ﬁ%?i”%ﬂerbia’ a

first co-dopantlcom rlsing samaria, and a second co-dopant comprising at least one mutetla,
Scandia, ces. JRUBIHEChSH A AL TDpRL e a¥ dbtienel yerumpis e dhsabish daptiase
constitutionrsefguteddrenictheometastaiite tetiagonad fa@se sargtiiuiionmangkihe cubic phase

constitution, and the se60pdphasgconstivianizdiieent ihan the first phase copstitution.
coating including a first layer comprising either 7-8 YSZ (zirconium oxide (ZrOy) including
about 7 wt. % to about 8 wt. % yttrium oxide (Y,0s)) or a base oxide including at least one
of zirconia and hafnia, a primary dopant comprising ytterbia, a first co-dopant comprising
samaria, and a second co—dopani comprising at least one of Iutetia,‘Scandia, ceria, gadolinia,
neodymia and europia. The first layer comprises a first phase constitution selected from a
metastable tetragonal phase constitution and a cubic phase constitution. The multilayer
thermal barrier coating also includes a second layer deposited over the first layer. The
second layer comprises a base oxide comprising at least one of zirconia and hafnia, a primary
dopant comprising ytterbia, a first co-dopant comprising samaria, and a second co-dopant
comprising at least one of lutetia, Scandia, ceria, gadolinia, nebdymia and europia. The
second layer comprises a second phase constitution selected from the metastable tetragonal
phase constitution and the cubic phase constitution, and the second phase constitution is

different than the first phase constitution.



In yet another aspect, the present disclosure is directed to a multilayer thermal barrier coating
including a first layer deposited over a substrate, a multilayer intermediate layer deposited over the
first layer, and a top layer deposited over the multilayer intermediate layer. The first layer provides high
thermal-cycling resistance, the multilayer intermediate layer provides at least one of low thermal
conductivity and/or erosion resistance, and the top layer provides at least one of low thermal
conductivity, erosion resistance, thermal cycling resistance, and CMAS degradation resistance. In
an additional aspect, fineypresetitedisilodutbaprgivedtd ey suthesiat Hadiorccvaiingiectbeimgla first
layer deposited over a substrate, and a second layer deposited over the first layer. The first layer may
include a base iiRs eontipdding wkineastishdagezierrmiscdny tradmishsar gananpddpemt comprising
ytterbia, a first co-dopant comprising samaria, and a second co-dopant comprising at least one of lutet
a, scandia, ceri#i@adirnlavendypaitehaveuibpibrst e firstidyeiomby dotnprisedpieashone of a
metastable tetragonal phase constitution or a cubic phase constitution. The second layer may include
at least one of P8 Wdpier SpeHmastiass kista; Hhedreselivipr exinadesdngin shesinedesoline waitheieate;
titania; an alkali metal oxide; an alkali earth metal oxide; a base oxide comprising at least one of
zirconia and hahsia d Harsa NI aEpsHietolRsH Oy ee dlikcast firag ebleppheredraprdasy Ehtnaria, and a
second co-dopant comprisin at |east one of lutetia, scandia, ceria, gadolinia, neodymia and europia,
wherein the se@BH@N5RY EBATBITERS SR &oie BrshExidabi f@?’a@%af K deessaktitution or a
cubic phase constitution; or RE2Zr207 and RE2Hf207, wherein RE comprises a combination of
ytterbia, samarfQHHF LY ¥ aSISHRSFHRENES-JREHPRA CEelng EeROnnes; HRbEDMIS degradadona.  The
details of one or more embodiments are set forth in the accompanying drawings and the description
below. Other féﬁf%@?%bjects, and advantages will be apparent from the description and drawings,
and from the claims. iRIEF ESC&IPTION OF DRAWINGS | FIG. 1 is a cross-sectional diagram
illustrating an exampl& sAEHGOR AP S IniiRIRTRSP B Wﬂ%ﬂ%&?ﬁ%fi%ﬁﬁﬂséod%g’&% Fa bond coat,

which is deposited.over a substrate. .
P coating m&ucHng aaftlrst layer deposited over a substrate, and a second layer deposited

over the first layer. The first layer may include a base oxide comprising at least one of
zirconia and hafnia, a primary dopant comprising ytterbia, a first co-dopant comprising
samaria, and a second co-dopant comprising at least one of lutetia, scandia, ceria,
gadolinia, neodymia and europia. The first layer may comprise at least one of a
metastable tetragonal phase constitution or a cubic phase constitution. The second layer
may include at least one of 78 yttria stabilized zirconia; a rare earth oxide; alumina;
silica; a rare earth silicate; titania; an alkali metal oxide; an alkali earth metal oxide; a
base oxide comprising at least one of zirconia and hafnia, a primary dopant comprising
ytterbia, a first co-dopant comprising samaria, and a second co-dopant comprising at
least one of lutetia, scandia, ceria, gadolinia, neodymia and europia, wherein the second
layer comprises at least one of a metastable tetragonal phase constitution or a cubic

phase constitution; or RE,Zr,O7 and RE,Hf,07, wherein RE comprises a combination of



FIG. 2 is a cross-sectional diagram illustrating an example article including a multilayer thermal barrier
coating deposited directly on a substrate. FIG. 3 is a cross-sectional diagram illustrating an
example article including a multilayer thermal barrier coating deposited over an environmental barrier
coating. FIG. 4 is a bar diagram comparing the thermal cycling resistance of example oxides. FIG. 5 is
a bar diagram comparing the erosion rate of example oxides. FIG. 6 is a cross-sectional diagram
illustrating an example article including a CMAS degradation resistant layer deposited over a multilayer
thermal barrieryitsatirg s#E@ri7 dsdatiosst sectidhaletiagandibustradingdolieiampldyanichmdncluding a
two-layer thermal barrier coating.

curopia.

The details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional diagram illustrating an example article including a
multilayer thermal barrier coating deposited over a bond coat, which is deposited over a
substrate.

FIG. 2 is a cross-sectional diagram illustrating an example article including a
multilayer thermal barrier coating deposited directly on a substrate.

FIG. 3 is a cross-sectional diagram illustrating an example article including a
multilayer thermal barrier coating deposited over an environmental barrier coating.

FIG. 4 is a bar diagram comparing the thermal cycling resistance of example
oxides.

FIG. 5 is a bar diagram comparing the erosion rate of example oxides.

FIG. 6 is a cross-sectional diagram illustrating an example article including a
CMAS degradation resistant layer deposited over a multilayer thermal barrier coating.

FIG. 7 is a cross-sectional diagram illustrating an example article including a
two-layer thermal barrier coating.

FIG. 8 is a cross-sectional diagram illustrating an example article including a

multilayer thermal barrier coating including a multilayered intermediate layer.



FIG. 8 is a cross-sectional diagram illustrating an example article including a multilayer thermal barrier
coating including a multilayered intermediate layer. DETAILED DESCRIPTION As gas turbine
inlet temperatures continue to increase, new thermal barrier coatings (TBCs) are required with better
high temperature performance. Higher turbine inlet temperatures are detrimental to conventional TBC
performance as vttria (yttrium oxide)-stabilized zirconia (YSZ) may sinter significantly at temperatures
above about 1200C. Sintering reduces the porosity of the YSZ TBC, which may lead to increased
thermal conductivity and reduced strain tolerance. Increased thermal conductivity results in the
substrate over which the TBC is depo&gg%@@&w&ﬁ%er temperatures, which increases the
strain on the subsE&ate Sapd lowers the useful life of the component to which the TBC is applied.

The reduced straif toterance o 1 FBEANL s SHTRYRG MGy 3is O PEARRE thBATTATERHBES the
component Hd¥exaraptanttlid it estotingghxperienced byt thenenrapbinerrt (egineambient temperature
when gas tyhine.-is,pff . Righ temperature Spi rbine is turned on, continuous high
temperatures d?],rin op%ratiéng exerts Iagr%%égﬁgégggsg o%? %ﬁ%r(%a%%oaﬁ%% Iél%t[%cl)ufﬁé)ﬁh%?—expansion and
contraction. & "dgégﬁ?/“ﬂﬁ e DBRP oVl saifisntb sfdpoeeiuuie eboporbsity 1406°6 sintering

reduces theSitraimgoierancenohihestBE andRRYBOMPERNiss thameshanical stakility of the TBC
and/or TBC-QB fele! t interface .Hitgper turb{ne inlet temperatures may also lead to degradation of
c IV% erance ncreasggigx_eé{%

the TBC throug%g% reachon with CIAS A s cia-magn PhFRLHICHES GaPbSR FB%ulting from the

ingestion of ¥ifigEstI8vietindielisite IR dadeh sstctimomashessalinwaghdebrigeanddhevlike) with the intake

of air in gasitrbiog enRgiRas.JyRicalCMAS,deRRsils AVE neiing ROl of about 1200C to about
1250C (about.2200F to about 2300F). As advanced engines run at TBC surface tempera%ures above
the CIVIAS niettiigi . molten CMAS can penetrate mierostructural features (e.g., pores) in the

TBC that provide Sthairedoteraneey leasing:tof shlosB Ofdsl aindaleransayadsh aniinereasedn the thermal

conductivity, Another. me radation hy CMAS is chemical: a reaction between CMAS and yttria
in the TBC: rlnay occar, %%egfeglr[éﬁ%@%ﬂgn% %};@%a 6 %Eér%gﬁleega?ﬂg 5f§ﬁ1%°5‘é’§f§8ﬂffa§ion of YSZ by
precipitating*FUpS cRmiRS 2 trEo MibeZIO2 Witts Iow s yighidcoutentBoille GMASapenbeination and YSZ

destabilizatigmnaissh! eshiinii & harterdife hefare allus ohihs GmRNEDt Aus o figher thermal
stresses. component due to thermal expansion and contraction. The porosity of the TBC provides
strain tolerance; reduced porosity due to sintering reduces the strain tolerance of the TBC and
may compromise the mechanical stability of the TBC and/or TBC-bond coat interface.

Higher turbine inlet temperatures may also lead to degradation of the TBC through a
reaction with CMAS, a calcia-magnesia-alumina-silicate deposit resulting from the ingestion
of siliceous minerals (dust, sand, volcanic ashes, runway debris, and the like)y with the intake -
of air in gas turbine engines. Typical CMAS deposits have a melting point of about 1200°C
to about 1250°C (about 2200°F to about 2300°F). As advanced engines run at TBC surface
temperatures above the CMAS melting point, molten CMAS can penetrate microstructural
features (e.g., pores) in the TBC that provide strain tolerance, leading to a loss of strain
tolerance and an increase in the thermal conductivity. Another mode of degradation by
CMAS is chemical: a reaction between CMASS and yttria in the TBC may occur, |
preferentially along grain boundaries, leading to the destabilization of YSZ by precipitating
monoclinic zirconia (ZrO,) with lower yttria content. Both CMAS penetration and YSZ
destabilization miay result in a shorter life before failure of the component due to higher

thermal stresses.



__Additionally, because the TBC typically includes a surface that is exposed to. turbine gases, the TBC
may be impacted by debris that enters the gas turbine engine or other high-temperature mechanical
system in which the TBC is utilized. Thus, it may be desired that the TBC includes materials with
relatively high fracture toughness, which leads to resistance to mechanical damage, such as erosion
by debris. Each of these considerations: thermal cycling resistance, erosion resistance, thermal
conductivity and CM,AS degradation resistance, when considered individually, may lead to selection of
a material or materials that compromise one or more of the other considerations. For example, a first
material with desiraBHitiovihebasaisohd GEivitypreajy pogsdss 1 etafiveihpooethermab eyeling resistance
and erosiongasistapasARANRING £XAMIe. 2 sason material with desirable ergsion resistance and
thermal cycling resistance may possess relatively poor CMAS™ egradqatloﬁ’ resistance. £ In general,
the present GTERBRUIE TRHhAvLR ¥6‘%I%‘Mﬁ]’é§)éﬁ‘ﬂ1%ﬁﬁdﬁ s cdathglTBOX fesismhéastbodiments,
the multilaySBTBiGcindey inalertiestwiohor mpreylayer sbaeh:of ig-layerscaniHbuies ig.ihe properties of

the multilayer TBC, &gg&? Iag r ma.y. be selected independently to provide similar or different
properties to %eaﬁﬁ%ﬂayér B l‘eiiacssreé(>)<%211?rr1§?)t1ye,A?ehbrelsr'nuItiIayer TBC may include three layers, and a first

layer, which is dep&siberf Bhee %Péﬁé%é@@?iﬁf@yn@é eulbugedsiotprayidesine rmatayelingresistance (e.g.,
2 long thermuahayaling fR) cAsAseckhekein, faslual cyrlian s RIRancs siefined,as iegmal cycling

resistance co Earabl to or greater than the thermal cycling resistance of zirconium oxide stabilized
by about 7 WE.Q R0 Oﬁ%&ﬂ?@%@%‘%ﬁﬁ% BRiGeprER Py Pns SersHPie cthmiesnsidgmbenited over the
first layer, nfay beuselectettormonidevlovdthierhalcordustyitynAs1s80hSeIs I dagrmal
conductivityj ] - | Iyity. that is lower than the thermal conductivity of 7-8 YSZ,
Which may iog%%?ﬁl %%i%&%%%%%%%%éﬁé?Bf/sig%nlg’i/[ﬁ&%? r]ig rl%@%??\lﬁh?csﬁﬁgngeposited over the
second layePaREY Batl drséiddey provits sarsastd e via wsibr nesismmesandd@vAS :degradation
resistance. teiagkiion & thesnapeHies af thedfikst second and third layers described above, each of
the layers may corlltribute Iio he low ef eciive thermal conductivitg of the:mtiltilayer TBC. In some
embodiments, the Maftiayer T BE FHLy FHETHE Movedsaichroalidgsrsthemrad Rarrpe oatiftultlayer TBC
may include(BHFst layenthanis detectedtorprbiligertiBinaicyelingeresisiance: anecongklayer that is
selected to i r n Ivi ' r thatis selected to provide erpsion
resistance, %%Y%Q%lﬁ%{g%uﬂoﬁ ﬁgggﬁ%ﬁ%ﬁ%ﬁ%&%ﬁ%ﬁﬁ%@é‘ar;f glf‘i(})a Fedit gb & Bitfler
combination8PEYEraFe Rdds séuileoadifiare  argarsrtie thyorstitryriBdiffErentiroptethose

described hefeinultilayk MEDeMbodiments, iymay.kedesiragdhalioe firstJayey which is deposited
over the sutﬁ% te eprovi gsetiiggtrm?l C cligg esist]ancef, and the top layer (e.g., the layer exposed to the
environment; the t‘hir‘é‘%yersm a thred-iayer tl{ﬁ%?.aj SOV S S Bhe ORISR SISt RSce and
CMAS degriiiatidy rseisharete. thampahtoriveglististiayers dotatechbeimaeitthafi sideyacand the top
layer may pravidaa @'uhe-sharaslenisics dengrlad hereln.and may i deposiisd over the first

e

layer in any order, Further, the multilayer TBC may include any num er of intermediate la ers,
including no R MEHIAEIAYRHSS O BIRSBHIMERTSY ahuttiksperd B rhskivicludenoritete layers
may providebetter thermalpreiesticsdadhe substaievhaamaamiskiayer B G dhatdnelugde fewer layers.
While not wigfiing.to he bound by 9%5*‘(38%&“”9?“3/ gvatilable evijdence indicates that this is due to
phonon and/or photon scatterin at erfayer m?%cceg, Whﬁ‘éﬁl%%?s@%@h‘&fh?et&ﬁ@?ﬁlual conductivity
of the multil&§efrBaLY of 7EFG. 2l udtichawa orlsuis e Gbiial Kiswweofdapoexehbpl @i Bivticles100 used in a

high-temperatre.maechrpical aystemy il 100.may includes hond goal 104 depsited over a

substrate 102 and a multilayer TBC 106 deposited over bond coat 104. In‘the em ‘ocillsm(é?\et illustrated
in FIG. 1, mUMAEYIEPTEE R8s Ady- M dattiomyesisionse a Baddiipdydhanorendea afihd layer 112.
However, asideserihethabhie] inyothessentbodimentscmtiiayeyFBbea:l 06may:inslyde nore than three

layers, such.as,.for %@@HI& fg)urt.la ers,as will.be ql%%‘éibed in further detail below with reference to
FIG. 6, or as marlly layers as rEL)rlétcctlivc%:?'b?e \?Vel'[ ]g\%}%/aeﬁ)le process methods, as will be described in further

detail below with réféspgempodiments, the multilayer TBC may include more than three layers. For

example, a multilayer TBC may include a first layer that is selected to provide thermal

cycling resistance, a second layer that is selected to provide low thermal conductivity, a third

6



FIG. 8. In sonic embodiments, as illustrated in FIG. 1, multiiayer TBC 106 may be deposited
directly on bond coat 104. In other embodiments, multilayer TBC 106 may be deposited over or be
deposited directly on substrate 102, with or without bond coat 104. As used herein_ "deposited over" is
defined as a layer or coating that is deposited on top of another layer or coating, and encompasses
both a first layer or coating deposited immediately adjacent a second layer or coating and a first layer
or coating deposited on top of a second layer or coating with one or more intermediate layer or coating
present between the first and 7 second layers or coatings. In contrast, "deposited directly on" denotes
a layer or cdativighiias isldepbsiten viderediately sfacenthdndihethlayer dacoating ke wthere are no

intermediate laygrs ONaQallagRion SURSHAICHAZ Mk comRanent of A gh Jemasrature
IKe.

mechanical system, such as, for example, a. gas turbine engine or the me embodiments,
substrate 109K IRERa L EUBAr Aoy st Ben Besseteirsipesisedinn Ni, Co, NilFe, and the like. A
substrate 102 includingm smpedatioymiayincudesodianadditive qlements o alie dtsmeshanical

properties, sych s, hardness,.temperature stability, corrosion resistance, oxidation
resistance, and %%gtﬁ%el’%ggﬁgevﬁle F%%?v?/%dllhn%heszlasr%n,&%i‘/nuste?uéfl)gﬁia‘/eerra(l‘?o%/’ MSYASE" GHiR2Y for substrate
102, includiriBe fav examsplethendae st b fremantatiBMarieite ColpasBethesdasiMD, under the trade

designation MARM24; dose auailabledtom&RANOBMiskegan CtRy Muskegon,Miyunder the
trade designfaljtsi%)ps CM%X-4 and CMXS-10; and the like. In other embodiments, Substrate 102 may

include a cerarmi@ St BSr R IRRIFHUB RIS e iche Ahatnsiristics d5HERIdIRIN 2srmtic or CMC
may includebtarignsetdl oerahitimatesiah ingludiang JHoriexampheu silicenaariids. slicananifride,
alumina, Siliﬁﬂnﬁ@pomﬁt%‘?edmglwg g;c%ﬁgﬂﬁgﬁg eglugcga%engl/aﬂyde?glr d filler g}%tenal, and the filler

material may include a continuous reinforcement or a discontinuotis PRt GBI b &xample, the
filler materiadPFHEFYRCIlR e Brédortiftiner sRisKke R pRtsIdesh wreptitiowdbpesed®anotier example, the

filler materiahumaminglideacorisuns MeReflAnaRtP IRULIHRAMRVE R e to be bound by
any theory, currently available evidence indicates that this is due to phonon and/or photon
scattering at the layer interfaces, which lowers the effective thermal conductivity of the
multilayer TBC. '

FIG. 1 illustrates a cross-sectional view of an exemplary article 100 used in a high-
temperature mechanical system. Article 100 may include a bond coat 104 deposited over a
substrate 102 and a multilayer TBC 106 deposited over bond coat 104. In the embodiment
ilfustrated in FIG. 1, multilayer TBC 106 may include a first layer 108, a second layer 110
and a third layer 112. However, as described above, in other embodiments, multilayer TBC
106 may include more than three layers, such as, for example, four layers, as will be
described in further detail below with reference to FIG. 6, or as many layers as practicable
with available process methods, as will be described in further detail below with reference to
FIG. 8.

In some embodiments, as iltustrated in FIG. 1, multilayer TBC 106 may be deposited
directly on bond coat 104. In other embodiments, multilayer' TBC 106 may be deposited
over or be deposited directly on substrate 102, with or without bond coat 104. As used
herein, “deposited over” is defined as a layer or coaﬁng that is deposited on top of another
layer or coating, and encompasses both a first layer or coating deposited immediately
adjacent a second layer or coating and a first layer or coating deposited on top of a second

layer or coating with one or more intermediate layer or coating present between the first and
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The filler composition, shape, size, and the like may be selected to provide the desired properties to
the CMC. For example, the filler material may be chosen to increase the toughness of a brittle ceramic
matrix. The filler may also be chosen to provide thermal conductivity, electrical conductivity, thermal
expansion, hardness, or the like to the CMC. In some embodiments, the filler composition may be
the same as the ceramic matrix material. For example, a silicon carbide matrix may surround silicon
carbide whiskers. in other embodiments, the filler material may include a different composition than the
ceramic matrix, such as aluminum silicate fibers in an alumin.a matrix, or the like. One preferred CMC
includes silisevpoatnide contitugusifibersrembededein drsiticas casaides matix.or coRRPE/xample
ceramics an; hi r substrate 102 include ceramics containing Si, such as SiC
and Si3N4;?o%%&%&%%%@%f%%ﬁ%%&%tzll%c% “oxvhitide oF §ih}:e(§erlaéfd?ﬂi%%n8§£f’ﬁﬁride; metal
alloys that if®/GHE S OGS as a molybdenum-silicon alloy (e.g.. MoSi2) or niobium-silicon alloys (e.g.,

NbSi2); and oxide dReammmies. ve  BanscoabA0%imav R denosiad. QVel Yasposigarecty on
substrate 1%}.‘ €I)_%,ond coat 104 {)ngfv improve adhesion between multilayer TBC 106 and substrate 102.
rate

SRR SEHRte B3 NE RIS Shperay SYAE RO A e inRimdtide an alloy,

In embodiments in W‘ﬁi(%%su
such as a Miae ¢ angp(WhErequ_ s Nsmamy\li@ea,cm Nﬁ[\tb@slr}inkealf ahmﬂeimee:auspw(gﬁlag_ unmodified
or modified by Ric il Lheiind A ig&g@g@\gpga Jhereof). a %’s’%cl) YiNISAL nlgkel alumihide alloy

(either unmodified or modified by Pt, Cr, Hf, Zr, I, an combinations {ﬁtesrrc’)l B like. In other

embodimentEoRBREF CUSE 10W reaYeH clagthesr Aripe s GtREP Wifatedals iatarsacompaidelewith a

substrate 102sthaidaciles Biceramicar MG, iﬁ%ﬁa@mm?;,@@ﬁﬂ &0et10¢ mawinglide mullite
(@luminum §(i)|1i,cs%%;cﬁé[§§jzp1@d.suicfa,. silicides, silicon or the like. Bond coat 104 may further include
other ceramics, SUCH a.s Tars eafth SicatEeRe ARt g Yatehtsfrer) eimadarisidetisiim (vb) silicates,

thulium (Tm eiisatedlerbivier (B reilicdteignhodmidnRB)silicatesyvdysprosimoday)silicates,
gadoinum (asalicales RONOTAEGRIPS SUIBPIT (Y sicetes. samaym(yim, slicates

promethium (Pm) silicates, neodymium (Nd) silicates, praseodymium silicates, cerium (Ce)
Silicates, laffdhEm (La) Silicates, yttrium (Y) silicates, scandium (Sc) silicates, or the like. Some

preferred compositiosiseptathing coatltd-fer depasitingiauer sLME suksiaie 192 include silicon,

mullite, and ytterbi licate on at 104 may be selected based on a number of
%mpos}%&%{éﬁﬁ A Rt 008 Sitioh LripHa e sttt aH Bis RS TRC 106 (e.g.,

considerations, InC e cRemical cOmMposi
first layer 108)3ne Bebsttateciind Grexample sivbenceubétraté b2 includesasugacallayiwith a+ yl-

the like. The CMC may further include any desired filler material, and the filler material
may include a continuous reinforcement or a discontinuous reinforcement. For example, the
filler material may include discontinuous whiskers, platelets, or particulates. As another
example, the filler material may include a continuous monofilament or multifilament weave.

The filler composition, shape, size, and the like may be selected to provide the
desired properties to the CMC. For example, the filler material may be chosen to increase
the toughness of a brittle ceramic matrix. The filler may also be chosen 1o provide thermal
conductivity, electrical conductivity, thermal expansion, hardness, or the like to the CMC.

In some embodiments, the filler composition may be the same as the ceramic matrix
material. For example, a silicon carbide matrix may surround silicon carbide whiskers. In
other embodiments, the filler material may include a different composition than the ceramic
matrix, such as aluminum silicate fibers in an alumina maftrix, or the like. One preferred
CMC includes silicon carbide continuous fibers embedded in a silicon carbide matrix.

Some example ceramics and CMCs which fnay be used for substrate 102 include

ceramics containing Si, such as SiC and SisNy; composites of SiC or SisNy and silicon
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Ni3Alphase constitution, bond coat 104 preferably includes a y-Ni + -1-Ni3A1 phase constitution to
better match the coefficient of thermal expansion of substrate 102, and therefore increase the
mechanical stability (adhesion) of bond coat 104 to substrate 102. Alternatively, when substrate 102
includes a CIVIC, bond coat 104 preferably includes silicon and/or a ceramic, such as, for example,
mullite or a rare earth silicate. In some embodiments, bond coat 104 may include multiple layers. A
bond coat 104 that includes multiple layers may be desirable because each layer may periform a
separate function. For example, in some embodiments in which substrate 102 is a CMC including
silicon carbideyrattdmet sombd @4umokudiovgy sitiist; loner! afisilichna: maydesdepeisiied on - substrate 102,
followed by ha.dapasiiomahasseend IRyer nsludingmulfie.or aare. sarth silcate. The siicon layer
may provide bonding while the céramic layer provides a grac?uafl {ransition of t érma?expansmn and
prevents watdl 4B HSmM reaching the silicon layer. In other embodiments, article 100 may not

include a bond coatcta4oFonexampledin seme eanbpdimants, asisiraiadinE G2 2paparticle 200
may includecmylltjjg){relzr TBC 106 in whic ?}\i)%?t la er osited directly on substrate 102. Bond

08
Vi réquired of desired WHah ftiha%?él?r‘%gé Yo AP ErBstate 02 are chemically

coat 104 may not be required or desire &h mu
and/or meclsarvedinenmpabisie swbsirasdipieslinemisopkmBatstinnd hich firshlayerch8 of multilayer

TBC 106 ang)sphsisris 40%crdhers sufficiently stiongly 19 faeh, oihelsa N9nd caat 104 may not be

necessary. As illustrated in FIG. 3, an article 300 may also include an environmental harrier

coating (EB&IE 15 e UERAN R dP Uit RE & dfracts 65 Borsd eeshtcrovingsianishenspBaitent,
multilayer TBCr108VisAdejpasiteidovidon depeisitediaiiecthe 00 ERGi B EBQ 314 mayyprgvide at least
one of water yapor stability,.chemical. stability, and environmental durability to a substrate 102 that
includes, for exa?nplle, %J)%’rtg?ﬁ?gb?r k&ﬁg.QEBC 314 may include, for example, a rare earth silicate,
barium strontium dRufihsacsiieditac(Ba0osiToAl 208:28id I BBAS bariumtbduminaisilichieare

(Ba0-Al203-253iBa: B Nuistranivmealuming silicate 4SE0:AK03-28i02 ARk salcitim Alumina silicate
(CaO-AIZOB-%?iOZ; Cﬁ% m?nesium,alumina siIicate,(MgPO-A[203¢ZS_i 02; 1VLAS) and lithium
) LI REIE SHTAE [RES 120 insiisnidifer riberinmssie ket pictured),

alumina silicate t1°0™
EBC 314 m&pibecdepdsitedydinebtlyinnsishsiratehoncwhich maydrehidgircef amicieie.CMC. In these

Cimila 10 b0 om0 preTen o L SLa e L 5 50 ROat oA TFkides mullte
or rare earthielifdugegtio) silicates, dysprosium (Dy) silicates, gadolinium (Gd) silicates, terbium (Th)
silicates, europium (Eu) silicates, samarium (Sm) silicates, promethium (Pm) silicates,
neodymium (Nd) silicates, praseodymium (Pr) silicates, cerium (Ce) silicates, lanthanum
(La) silicates, yttrium (Y) silicates, scandium (Sc) silicates, or the like. Some preferred
compositions of a bond coat 104 for depositing over a CMC substrate 102 include silicon,
mullite, and ytterbium silicate.
Bond coat 104 may be selected based on a number of considerations, including the
chemical composition and phase constitution of multilayer TBC 106 (e.g., first layer 108)
and substrate 102, For example, when substrate 102 includes a superalloy with a y-Ni + v'-
NizAl phase constitution, bond coat 104 preferably includes a y-Ni + y-NisAl phase
constitution to better match the coefficient of thermal expansion of substrate 102, and
therefore increase the mechanical stability (adhesion) of bond coat 104 to substrate 102.
Alternatively, when substrate 102 includes a CMC, bond coat 104 preferably includes silicon
and/or a ceramic, such as, for example, mullite or a rare earth silicate.
In some embodiments, bond coat 104 may include multiple layers. A bond coat 104

that includes multiple layers may be desirable because each layer may perform a separate
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As described briefly above, multilayer TBC 106 may include first layer 108, second layer 110 and third
layer 112, each of which may be selected independently to contribute to the properties of multilayer
TBC 106. For example, each of first layer 108, second layer 110 and third layer 112 may be selected
from a variety of materials, including yttria-stabilized zirconia, rare earth oxides, alumina, silica, rare
earth silicates, titania, alkali metal oxides, alkali earth metal oxides, a rare earth oxide-stabilized
zirconia, a rare earth oxide-stabilized hafnia, or combinations thereof Yuria.-stabilized zirconia
includes zirconia (Zr02) mixed with a minority amount of yttrium oxide (Y203). For example, one
yttria-stabiliZedcziveofiiar exmmpasitioninctudesizikconia stabilized:hy-alout 7 owidata.about 8 wt. %

ytrom oxid el i RlerieRia DEISAIS, A5 7:8 YBE, o Rarg eath oxides iseddn atfeast one of

first layer 108, second layer 110 and third layer 112 mclude, for example SRS it Yb, Tm, Er, Ho,

Dy, Gd, Th, BG5S, 107 INigwed, be éhe depesithen ahel sopnbilationstidéreofTie saamersaretiearth

elements mayiialso badiselhwhenRiesRIk@sTa@:sanhisilicatesWhigh.ngiude.both [arg earth
monosilica.tet%lFS{IEZSi ,ewhﬁre RE is a ra(%re earth element) and rare earth disilic,ates (RE;7Si707,

el LB BT enqy Srrosaues iy rjjerriageand third layer

where RE is a rare earth elemertj " At
112 may also inclulectarecunttioxide stathlizétmiconianonrare watth oxite-stapilizedafnia. The

zirconia or FiaAna mayheslablliedwene o more ol e fve.earihoxidss listed abov and in some

embodiments, may be stabilized by at least three rare eart oxides. For exampﬁ%‘? the zirconia or hafrila
may be stabM284 By EpMaA YR s kedrdredlu opanbsirie: d S cBauicoadpamay notts was

described brigflyrabovesre phEpasaniyautiayerd BE 06isdq @Qﬁé%e‘iﬁ%ﬂ?kﬁ&waﬁo” for
substrate 101%Jcrgm.highgoem a%%?gur s of the turbine . Because of this, it is desirable that TBC 106

s .
"cor both At %ﬁ?ﬂgiéﬁﬁg}%%%%ﬁ%’cm}?ﬁ?S’Ffﬁ@Wa%QﬁQF(S) that forms

has a low thermal conductiv ity
multilayer |1B@dsyandtsn o eotivettiatm T edductiviticahhultiaysy TBGcA0has consatruated). Heat is
transferred theawgh myitilavesTBE 106 through conduction and. radiation, The inclusion of one or
more rare earth oxides, such as those described above, as a dopant may heip decrease the thermal
conductivity (by conddetiFaIaine Giromartihiifimayadevinajisk winesomeistingtetbe bound by
any specific ¢thaony (ERCirlusignokableast asgosisbasetopaniaides inuthg, zirgonia- or hafniabased

layer may re al conductivity through one or more mechanisms, as follows. A first
proposed mec zi%%}lglr%rlﬁltz)1 rLe'ztollJa i%r%%rlnagllscor%ﬁ% |vi%y%8m§8gsfﬁ? o%’[?&ﬂ?g%&%@ ﬁ'}ﬁ)eﬁ%&ions into

the crystal strifctire BPHE 2irkserianorhedtinvbpseddeier, duattive!imeifeciiehaninisiugendafects in the
crystalline lagtieg pithe az-é'i%f}iﬁ‘eoerB@ﬁﬁ@%ﬁéﬁ@@eg%@%mple, a ceramic or CMC. EBC 314 may

include, for example, a rare earth silicate, barium strontium alumina silicate (BaO-SrO-
A1,03-2510,; BSAS), barium alumina silicate (BaO-ALO3-2S5i0,; BAS), strontium alumina
silicate (SrO-Al,03-2510,; SAS), calcium alumina silicate (CaO-Al,05-2Si0,; CAS),
magnesium alumina silicate (MgO-Al,03-2Si0,; MAS) and lithium alumina silicate (LipO-
AlO5-25i0,; LAS); and the like.

In alternative embodiments (not pictured), EBC 314 may be deposited directly on
substrate 102, which may include a ceramic or CMC. In these embodiments, EBC 314 may
increase adhesion between multilayer TBC 106 and substrate 102, similar to bond coat 104.
A preferred EBC 314 that functions similar to bond coat 104 includes mullite or rare earth
silicates.

As described briefly above, multilayer TBC 106 may include first layer 108, second
layer 110 and third layer 112, each of which may be selected independently to contribute to
the properties of multitayer TBC 106. For example, each of first layer 108, second layer 110

and third layer 112 may be selected from a variety of materials, including yttria-stabilized
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11 may he caused by the incorporation of dopants with differing ionic radii or 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),
while larger defects, such as grain boundaries of crystals that are smaller than about 100 nm, may
scatter lower frequency phonons. in either case, phonon scattering decreases the thermal conductivity
of the zirconia- or hafnia-based layer by reducing the mean free path of a phonon (i.e., the average

distance thezphorondravets betiveenusdattering, sias)arth siHeavienkane, earth pxige,dapants are

expected to Jower thy %?et\gm | conductivity. more than lighter rare earth oxide dopants. For example,
rare earth oxides Eincﬁu ing y%tlé% 13%”&?5%}3 ﬁjstlegtelusrtﬁ1 61&9 é,zbrﬁ%ﬁhﬁfﬁ{eo‘?ﬁﬁa,°§§%Tétﬁ]3€ﬁﬁz6‘§<ide,
neodymium @fm&,%&ﬁﬁ&mﬁl@ﬁéd@@% the like are expected to more effectively lower the thermal

conductivity of the igseniasigsdafniahaseiRyerhan, YU gxide, i . GSIoN of Gertain rare earth

elements in the zirconja- or hafnia-based layer may also decrease the extent to which the zirconia- or
hafnia-based TAy8r & %Fg° )y Ve BHRIS e PAfUE SR BMA R s peResi mirshdesarth element
with a largerzionics adhi§Ahbry yitium sartdecrease the apadonalsirterng.at@-given temperature.
While not wighing to.be ouggd by any theory, a larger ionic radius can lead to a lower diffusion
coefficient at a giver temperature. As sintering is primarily a diffusion-related process, a lower diffusion
coefficient lowers RESFATYAVEES T IRG e Give A tEmparatlies. secautinanizirg endlininating

sintering mayignificantiyeimproverthe stakilityrofithesthermal enesctiityof fnedafpia-ex
zirconia-basgrd &ayﬁg oy,ersghe ﬁervicbe life of/c ultilayer TBC 106. As describéd above, the thermal
conductivity of at least one’of fayars o8 F1o5Rd 112 stRsIiiasEth 8lemwE may 3% Bfvered by

depositing tWéeétllé/asnr@rﬁeelay@m‘@&mﬂi@kiﬂaMZﬁQfa poiodstsitucirearhadornsiieof the at least one
o R elsla2 FeeR e e B e e e e R o

conducted and by providing a large refractive index difference between Grels and the material

from which ft & EHEATDEREEBNd layer 110 or third layer 112 is made, which can reduce heat transfer
by radiation. S_intevtmgeaec_lm;esihetM@Sm,%thﬁdsﬁf#&tlﬂ[@aﬁ@%ﬁ?&'%’%@ﬁ‘i}@%ﬂ%%?ot%ﬁ%@'
ConduCtIVItyrg\peaeztl)l%t)ho%lacffl:[as%!i%ﬁigydd z%ggr%lél%trlgyx)e %gtttrllleo%tcilee—s{.itgﬁi(l)irzlgdl %Xfenria].-qlgﬁelzig(glrialg}z '
hafnia may be stabilized by one or more of the rare earth oxides listed above, and in some
embodiments, may be stabilized by at least three rare earth oxides. For example, the zirconia
or hafnia may be stabilized by a primary dopant, a first co-dopant and a second co-dopant.
As was described briefly above, one purpose of multilayer TBC 106 is to provide
thermal insulation for substrate 102 from high temperatures of the turbine gas. Because of
this, it is desirable that TBC 106 has a low thermal conductivity (both an intrinsic fhermal
conductivity of the material(s) that forms multilayer TBC 106 and an effective thermal
conductivity of multilayer TBC 106 as constructed). Heat is transferred through multilayer
TBC 106 through conduction and radiation. The inclusion of one or more rare earth oxides,
such as those described above, as a dopant may help decrease the thermal conductivity (by
conduction) of the zirconia- or hafnia-based layer. While not wishing to be bound by any
specific theory, the inclusion of at least one of these dopant oxides in the zirconia- or hafnia-
based layer may reduce thermal conductivity through one or more mechanisms, as follows.
A first proposed mechanism of reducing thermal conductivity includes introducing
lattice imperfections into the crystal structure of the zirconia- or hafnia-based layer. Lattice
imperfections include defects in the crystalline lattice of the zirconia or hafnia. The defects
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Thus, preserving the porosity (i.e., reducing sintering) of the at least one layer 108, 110 or 112 over
repeated thermal cycles may help maintain the thermal conductivity of multilayer TBC 106 at or near
the level of the originally applied multilayer TBC 106. In some embodiments, the rare earth
oxide-stabilized zirconia or hafnia layer may include a base oxide, a primary dopant, a. first co-d.opant
and a second co-dopant. Including multiple dopants, preferably of different ionic radii, may decrease
the thermal conductivity of the rare earth oxide-stabilized zirccmia or hafnia layer more than a single
dopant when present at the same total concentration. For example, the differing ionic radii may
increase themalasticastedinyfitskelivaurpechiynthedigtiios intpelifationsnic radherhrgeraxide may include or
o ocRsahal AL 8 east e IR AN AR eI RE Re 2 cone:
essentially of means to consist of the listed element &) or comp und%sﬁl, Whilé aﬁomﬁng%e inclusion of
impurities pROSBAElRCEARM BBt SadtHis rI@IRsp afitids dernwisubStamidiydafieet thelproperties of
the listed elemendteieempetid, mmeexanpecths surifigationaf many.rag easth alements is difficult,
and thus th%goumrilngl @5%1%355%ielewent ma .1inlclude s%rfnall amounts of other rare earth elements. This
mixture is intended'té be covered yatileés)fa\?}gllfaagaizg Sidts WELSAEEIN BYUlRAlsy RoTvEAtonal TBCs
are based oiairconallsothhe hotdsinganproshattioiv et affEBGing hidingzirtosihdsoaell understood,
but a hafniaghasacb R exprsted da hRYEIOWRAbEHAL FADIHELNIY dlie A9, & igher mean atomic

weight, which is one factor in thermal conductivity. composition of the rare ear
oxide-stabil FelF HFEHIA SPY3aHRS RATR PHi BROBEIctll fyPrEvidisianeaéiashiientatredonal (t) phase

constitution pereehicda)ephasasgpnstitution, a compound phase constitution. or a mixture of two or

more of tetragonahgq}?ig nd.c ound phase constitutions. he primary dopant may include
ytterbia, or may consist egsrféﬁ%a.y(%lf&;e/tgg ai%? TREY ?Céteéigr Eoéyﬁﬁtg-es %m%le%g%&’ﬁ@’d??iﬁfnia layer
compositiorfiajahiglude eaetpeirirgaropantier eenuvpltrations fromidaboul@imollrtouabout 40 mol. %.

In some embodimeRimrihg RUBaM IAARANLEA I PIESERID GONGeNtAtns." %@%é‘i%riiom about 2 mol.
% to about ZO.EQ(%’/?; OJ, front about 2 mol. % tg about 10 mol. %. The primary dopant is preferably
a

present in a4t Pt SrRsiS RSP B ek deBRb ko teropahtendusd vitsy Hiépresent in an
amount lesztama equalitiy-dasgricater thanythétotaliagnount of the first and second co- dopants. In

sddion o g e perTs ey o s o ol g alestafconn g i er
decrease the extent to which the zirconia- or hafnia-based layer sinters at a given
temperature. For example, incorporating a rare earth element with a larger ionic radius than
ytirium can decrease the amount of sintering at a given temperature. While not wishing to be
bound by any theory, a larger ionic radius can lead to a lower diffusion coefficient at a given
temperature. As sintering is primarily a diffusion-related process, a lower diffusion
coefficient lowers the amount of sintering at a given temperature.

Minimizing or eliminating sintering may significantly improve the stability of the
thermal conductivity of the hafnia- or zirconia-based layer over the service life of multilayer
TBC 106. As described above, the thermal conductivity of at least one of layers 108, 110
and 112 of multilayer TBC 106 may be lowered by depositing the at least one layer 108, 110
or 112 as a porous structure. The porosity of the at least one layer 108, 110 or 112 reduces
the thermal conductivity by reducing the area through which heat is conducted and by
providing a large refractive index difference between the pores and the material from which
first layer 108, second layer 110 or third layer 112 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 at least one layer 108, 110 or 112.
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The first co-dopant in the rare earth oxide-stabilized zirconia or haffiia layer may include or consist
essentially of sarnaria The rare earth oxide-stabilized zirconia or hafnia layer may include the first
co-dopant in concentrations from about 0.1 mol. to about 20 mob %. in some embodiments, the first
co-dopant may be present in the rare earth oxide-stabilized zirconia or hafnia layer in concentrations
from about 0.5 mol. ,4 to about 10 mol. %, or about 0.5 mol. A TO about 5 mol. %. - The second
co-dopant may include or consist essentially of oxides based on Lu, Sc, Ce, Gd, Nd, Eu, and
combinations thereof. The second co-dopant may be present in the rare earth oxide-stabilized zirconia
or hafnia layéwinmesamogriteangisiy fiomraheitds inraohaAdOiabau200maky%. losothereembodiments,
the second sent in the rare earth .oxide-stabilized zirconia or hafnia layer in a
conce ntratiogrgzrgg%%%)%?% %%%%Sﬁ%% .a%ht%pargghnt%%)%riﬁecﬁ?%%?% ra ouﬁglﬁl.lf %OT‘%)J Iﬁd @bout 5
mol.'/G. The fist dhd seasaidtolsspaitdaraizinsducer thisdharitial eohBudWity of the rare earth

oxide-stabilized zifgQBig.QriRiniadaY ke rare IH6: @Ha@%%iggﬁ'&fm@o@{%%ma%%%ﬁﬁ%bi'ized zirconia

or hafnia Iayerlrr%aé/‘ Ee selected tog%rov'de a desired phase constitution. Accessible phase

constitution& fhciide AePALaLT TEURY SRATT: (heFEattal PaN GG RaERMNAD -Lemiet (HEFUKHRS “cubic low

k"), and RE2G®iZ0dofand/ordttabbmpadifiteds;t such asiRE2Y mfeandi drik0dofwbeareifRbfis a rare

earth elemeg; fieregliel IRABHAZION, 19.asNeks & somppndlon phiase gonsitution, the rare
a (] a

earth oxide-stabilized zirconia or hafnia layer may include about 15 mob ) about 40 mol. % primary
dopant, abdRJESPhBH %, FERSH8E SPFRBIYHirSOE Gaepalt, thp8iffosiradenie msibeat iRorenss!. % second
co-dopant, ancetheibatancednbsaaxide apdanry impeitiespresent. To achieve a cubic low k phase

constitution, the rafgeebaatstg ox(iide-stabiIEEd zirconia or. hafnia | eréma include about 4 mol. % to

X1de may mciude n% qu)}yo %8nasbsé S%Sfﬁu II _0 /S‘tf Fgftc%}}aBEQﬁ??%gﬂ? 1 mot. % to

about 20 mol. % primary d%pan , abou
about 10 mdbivi séedricencdbpaninsard tthe taliancedstoxidaand s uiitiesipresent. To

achieve a tefragonal QW el ORAHItUtRR ithalara s ide-stabili irconia,or hafnia layer
may include about meog%jgt%sguf[ 10 mol. &?grim%%@%gﬁq?%&%%g%o .%o%gfbout 5 mol. %

first co-dopdMOYH 4B EH e TBPUsHiEs LRt FHes hesireesrdispahtha listed epmen jllustrates

the results afrthenmahdy ding tietesthppifaitaschast fausaroples efchén¥ $Zanduieunsamples of
tetragonal Iq}\{v k.. As FIG. 4 shows, the norm Jli&éad thﬁrmal cyclifn(% life of 7-8 YSZ and tetragonal low it
c

are similar. V\ﬁwl%nﬁ%%sr S A T&?%,{?ﬁyel%ﬁermaslr%?/cﬁrr%) 18 8t AT ey B Sighificantly lower
than either TA8YSZsantpagedysn tovieted by tReGnsulgstretessthessonnilizéd éviesion rate of two
samples of Zogv¥R#&nenesrananie Atielkagenaklaw Hapd Qaesample.of GhRIG IoWK; Ft| Gy S .clearly

shows that the erosion rate of 7-8 YSZ and tetragonal low it are similar, while the erosion rate of cubic
low k is HighBF By ab STt A PARESP ot tRFeR MR RACAE S BRI CABA k \ePsadksisYe quickly than
both 7- 8 YSZndnditétyatyenaklbigter mearHowaverithe, theinal eenduct vityhefabic low K is lower than
either 7-8 Y34 gl.tetragonal low k. Thus, in some embodiments, mtiltilayer TBC 106 may
advantageously include a layer including cubic low k and a layer including at least one of 7-8 YSZ or
tetragonal low it to BFosAER BRI GWHeara sREb Raiskaivieyitird dserible brbsioksesiztance and

desirable thesmatCYChRE keSIStARGRbIe tetragonal (t°) phase constitution, a cubic (c) phase
constitution, a compound phase constitution or a mixture of two or more of tetragonal, cubic
and compound phase constitutions.

The primary dopant may include ytterbia, or may consist essentially of ytterbia. The
rare earth oxide-stabilized zirconia or hafnia layer composition may include the primary
dopant in concentrations from about 2 mol. % to about 40 mol. %. In some embodiments,
the primary dopant may be present in concentrations ranging from about 2 mol. % to about
20 mol. %, or from about 2 mol. % to about 10 mol. %. The primary dopant is preferably
present in a greater amount than either the first or the second co-dopants, and fnay be present
in an amount less than, equal to, or greater than the total amount of the first and second co-
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For example, first layer 108 may be selected to provide a long thermal cycling life for multilayer TBC
106. As described briefly above, thermal cycling refers to thefinal expansion and contraction
experienced by multilayer TBC 106 when undergoing temperature changes from the use temperature
of the article 100 (i.e., fne temperature at which a gas turbine engine operates) to ambient temperature
(when the gas turbine engine is not operating). Presently available evidence indicates that the thermal
cycling life of a material may be influenced by the fracture toughness of the material, and higher -
fracture toughness may lead to a longer thermal Cycling life. In some embodiments, first layer 108
may includedapiedst orel&fii 8 ¥SZranditettagonat dadnyvhichtposse ss&iviae thgsmalcycling
resistance, g5 SN BAYAID:EIG e me SREONA Iaver, LA0IMaY be selected fo provide low thermal

conductivity to rmiltilayer TBC 106. As described above, any of tetragona {BiCw 1t and
compound low k providBSicinrtiaarrsal Btsriatictvily dtidetsiahidizpt risiomofrhréneaitreoxiges as dopants.

In fact, the thesimal conduetivityohthe tetiaganalriow k. curiciaw: Jtand comparndloytis expected to
be comparaple to or |0V\1€I‘ théan 75% YSEZ or other TBC materials. Accordingly, second layer 110 may
ayer may mclude the fi OO

I a
include at least one’of tetragonal 1o B B RH RO BUMRP - foRk, %rie 3Rty fclude
combinationgeheredf oo efdinten{s sseednpalayery Ik raaytnciid eapregemigantly cubic low k

or consist essntiallyAtehRIc- Ik, ASCUPICIREIEMAY BaYIs.sven lower thermal,conductivity than

tetragonal low k and compound low k. Third layer 112 may be selected to provide at least one of

0,

erosion resi<faRbAPRHHCE IR ‘GdyraauibR ¢ redistance. As illustrated above in FIG. 5, tetragonal low k
and 7t-8 YSZ haveTsimitaserositipaatesiihiolimaybe iowaeiharn he.eresienstate,af.cupic low k.

Accordingly p £mbadiments, third layer 112 may comprise at least one of tetragonal low k and
7-8 YSZ to providé erég‘l%n geg%?gﬁhcag or mﬁﬁﬂ%iyg} ﬁ'gff) 1080 PR S S B SRRt hird layer

112 may be %Sl ctedcrsiPrdviie CRIkS tbefrde ition iresistance; imeiddifiom tehenosiomsesistance or

instead of erpsianiasistance JRiciayaihlZ Ay Roide.CMAR %9"998&%?&@?@%@%? by providing
a physical barrier to CMAS; by reacting with CMAS to form a reaction layer, or both. For example, third
layer 112 mSV%(%‘8%‘%ﬁ%}léﬁ%ﬁgﬁ?rﬂﬁa‘ﬁ@é@&aWﬁ@hﬁﬁi@fﬁ%?ﬁ%%@ﬁ@%iﬁafﬁiﬁﬁ!‘}ﬁOiéé@@s reaction

product (i.e.%acrelamtion praduchthabis @l sotit wris Highly Misicousakthederaperatdres experienced by

article 100). 41 Qr&?%ﬂpx@d?f%q%{h 1hav a melting temperature significantly higher than CMAS
(e.g., higher tr?an about 1200-1250C) . Acg%%u or ig%lg/]%fgc%ﬁ%ﬂre%éé%ﬁt %rggﬁ%tzfég%gi?éd because
third layer ﬂ?f’i’i‘?alﬁ?{fé- consumed as it reacts with CMAS to form the reaction layer if, for example, the

reaction product oftihireblayesidoh2 2 MASNES & relalively Jow¥iscosin iayid, the lpw viscosity
e the parous mu tilgger TBC 106 once third layer 112 was consumed by the

quic would inia , vas con
Sg}wec Fthe Vet T THIB L 2 TRl Ao esiiri Breteistion resistance

reaction, which is the ery OccUrencE
is designed toepretadntetragonal t* (hereafter “tetragonal low k™), cubic (hereafter “cubic low k™), and

RE,O3-ZrO, (and/or HfO, compounds, such as RE,Zr,O» and RE,Hf,07 (where RE 1s a rare
earth element; hereafter “compound low k™). To achieve a compound low k phase
constitution, the rare earth oxide-stabilized zirconia or hafnia layer may include about 15
mol. % to about 40 mol. % primary dopant, about 5 mol. % to about 20 mol. % first co-  »
dopant, about 5 mol. % to about 20 mol. % second co-dbpant, and the balance base oxide and
any impurities present. To achieve a cubic low k phase constitution, the rare earth oxide-
stabilized zirconia or hafnia layer may include about 4 mol. % to about 20 mol. % primary
dopant, about 1 mol. % to about 10 mol. % first co-dopant, about 1 mol. % to about 10 mol.
% second co-dopant, and the balance base oxide and any impurities present. To achieve a
tetragonal low k phase constitution, the rare earth oxide-stabilized zirconia or hafnia layer
may include about 2 mol. % to about 10 mol. % primary dopant, about 0.1 mol. % to about 5
mol. % first co-dopant, and about 0.1 mol. % to about 5 mol. % secondary co-dopant. |
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If the reaction product is,a solid or is highly viscous; however, a reaction layer will form on the surface
of third layer 112, which will lower the reaction rate of the CMAS with third layer 112. That is, once a
solid or highly viscous reaction layer forms on the surface of third layer 112, the reaction between third
layer 112 and CMAS will slow, because any further reaction will require diffusion of CMAS through the
reaction layer to encounter third layer 112 or diffusion of a component of third layer 112 through the
reaction layer to encounter the CMAS. In either case, diffusion is expected to he the limiting step in the
reaction once a solid or highly viscous reaction layer is formed on the surface of third layer 112.

Third layer 112 majléheliltisirforsekamplés af teastadnecthaliifainss siicasraetane feartamyiceyfa rare

earth slicate, a2, an alklmeial P AR AR SAhmelal aride, andmay include combinations

g WS, the norm St
of two or more of these constituents. Further details regarding R_/IA%S oFegradaaltlon resistant layers may
be found in &Y. 3N8AtER AphhcKtioH Sdirarng lanloas saolap [Whilepatigw oA RESstant Thermal
Barrier Coatiigmiitbe cantent ofwhichis incomponatad heneinbyrefarenss in tseptirety.  Each of

first layer 1Ot§trsecorl190l9¥er 110 and third layer 112 may be deposited using a wide variety of coating

techniques, mc?é%?ﬁg, for example, plasma spraying, physical vapor deposition (PVD) such as
EB-PVD (electron BEarh iphysitsalthapomedpoditionpor D) (aiveeted asaior-8l@jsdsitienaeathodic arc
deposition, ghemitzheRerdeRAsIUam{EY B.shiy i 598150, o0l 08l coafiag,elgetiophgretic

deposition, and combinations thereof. For example, first layer 108 may be deposited using a first
coating techMidué Seédhd EiAsPIald Ay B syBpEsidiitding askacsidoirerdardoitinghtachnique, and
third layer 1b3 shay: béaciepositeet usinchadhicaieantingtechniquecudishis gifferen:frepboth the first
coating techgiggg nnddttgg geaqqg\g coating technique. In other embodiments, each of first layer 108,
second layer 110 and t ird féyer 112 may be deposited sequentially using the same coating technique.
In other embodimeAesyear dhtcieBoD pragusitiutielzcnhistitaykriTBEe606uthahmhRIES fikst layer 108,

second layeekdBodhitgvayerhl 2oaathadpueimiaver Blfiasilvatraled inFiG SEach.f first layer 108,
second layer 1&%{2{;? third layer 112 may be selected based on the considerations described above,

including, fol"'& YAPRILTRB RERICHORY < BPaSidH selishuties tHerthanetiing Yeistance and CMAS
degradationtresistaridewkouitvlayebGh6onaycheaseladied typiavide EGMAS Srgradatiancresistance.

For examplednfggggm%e&%%l%igi%clj&g&a%&east one of a rare earth oxide, alumina, silica, a rare

earth silicate. Mania, an al aloxide, an alkali earth metal oxide, and may include combinations
of two or more of these*eBnSutihtaysd Mesenbedalriindiepteidi abmgethermal cycling life for

multilayer TBC 106. As described briefly above, thermal cycling refers to thermal expansion
and contraction experienced by multilayer TBC 106 when undergoing temperature changes
from the use temperature of the article 100 (i.e., the temperature at which a gas turbine
engine operates) to ambient temperature (when the gas turbine engine is not operating).
Presently available evidence indicates that the thermal cycling life of a material may be
influenced by the fracture toughness of the material, and higher fracture toughness may lead
to a longer thermal cycling life. In some embodiments, first layer 108 may include at least
one of 7-8 YSZ and tetragonal low k, which possess similar thermal cycling resistance, as
shown above in FIG. 4.

- Second layer 110 may be selected to provide low thermal conductivity to multilayer
TBC 106. As described above, any of tetragonal low k, cubic low k and compound low k
provide low thermal conductivity due to the inclusion of rare earth oxides as dopants. In fact,
the thermal conductivity of the tetragonal low k, cubic low k and compound low k is
expected to be comparable to or lower than 7-8 YSZ or other TBC materials. Accordingly,
second layer 110 may include at least one of tetragonal low k, cubic low k and compound
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In yet other embodiments, an article 700 may include a two-layer TBC 706 that includes a first layer
708 and a second layer 710, Two-layer TBC 706 may be deposited directly on substrate 102, as
illustrated in FIG. 7, or may be deposited over substrate 102 with one or more intermediate layers,
which may include a bond coat, an EBC, or both, as described above. Each of first layer 708 and
second layer 710 may be selected to provide desired properties to the two-layer TBC 706. For
example, first layer 708 may be selected to provide thermal cycling resistance, a.nd may include 7-8
YSZ or tetragonal low k. In other embodiments, first layer 708 ma.y be selected to provide low thermal

conductivity]cenkl mayrincludeds-&oNShatetrageral oM fobel bihbowike Rk GOROURL: 1PV Ky  Second

ayer 710 ma e elspienRiayieor cxample, erosier esiiance, QMAS deqradation resistance

and/or low therma?jconéluctlwty. Second ayer may Inc
low k, compBighEldSWER I 7e8r Vi 7mak epnitissy tnéhof teraseredithvoxiae, catuming, ISiica, a rare earth

silicate, titania, analkalisnetal oxigde ranalkali @glrr?vm@tgh@agﬂ&éefse%@]%ne{@s%gr&%%ea”%& second layer

710 may inc&gﬁ%cgmbigations of two or more of these constituents. A composition of second layer 710
may be different than A CoMPSEHBI of first IEIY 68 M SBrfieCembpimanapiow k and SombSereferred
embodimentsyfishigyer®0s may.inditdentstiadonal tow kharsbseeaagd layaridl®may include cubic low

K. In other p hadi st 208 ma include cubic low k and second layer 710 may
include tetra%eg)%goﬁ%v%%g%gﬁ%%%?g%ﬁ@g’ %eﬁrﬁé)gg irﬁg%%?ﬁ?sﬁ%félrs%ger%%%ﬁS?Jagal%cﬂl&gonaI low Ic,

and second RY&RT Iy it vy o exmsioresisiaraderanvitilaysd @B&lUATNa, silica, a rare earth
silicate, Mania, anialkalisetaldaxices anidlialtcathmeirl Qude and-mak hpudecompingtions of two

or more of theesss%coen%tig %gts. In other embodiments, an article 800 may include a multilayer TBC
806 that inclides first layer 108° &' MuTNATAFRtR Ah LTSt HyErsan sipgsted bt 1Ayer 108, and
a top layer 81% depodited dvetagrattiiayerdsitemmetiateolayer8lshyardllustiates dMAS, 8, First layer 108

may be depsitegQyer @Nﬁi@ﬁ'?’ogﬂ §%§{f@rﬁa}8?b989§di§ some em§)01g11hjiirrr(ﬁ;r11tgf tm;;;y be deposited over
e

or directly on at least one of a bond coat 104 or an E 14, b ?ilayere fmediate layer 814
may include 3UTARY Fisaratdaahraptieania ot eiafpres anlidilenehédiintsemadiatsitayer 814 may
include at lepstitiegilayensaaivch maydocthid e %i’émiﬁQﬁﬁﬁ%i@l@ﬁe\/mﬂst‘é\f@h'@%ﬁ{ﬁeratures

experienced by article 100). The reaction product may have a melting temperature

significantly higher than CMAS (e.g., higher than about 1200~1250°C). A solid or highly

viscous reaction product is desired because third layer 112 may be consumed as it reacts with

CMAS to form the reaction layer. If, for example, the reaction product of third layer 112 and

CMAS was a relatively low viscosity liquid, the low viscosity liquid would infiltrate the

porous multilayer TBC 106 once third layer 112 was consumed by the reaction, which is the

very occurrence a third layer 112 which provides CMAS degradation resistance is designed

1o prevent.

If the reaction product is a solid or is highly viscous, however, a reaction layer will

form on the surface of third layer 112, which will lower the reaction rate of the CMAS with

third layer 112. That is, once a solid or highly viscous reaction layer forms on the surface of

third layer 112, the reaction between third layer 112 and CMAS will slow, because any

further reaction will require diffusion of CMAS through the reaction layer to encounter third

layer 112 or diffusion of a component of third layer 112 through the reaction layer to

encounter the CMAS. In either case, diffusion is expected to be the limiting step in the

reaction once a solid or highly viscous reaction layer is formed on the surface of third layer
112.
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Each of first layer 108, multilayered intermediate layer 814 and top layer 816 may be selected_b_ased
on at least one of the considerations described above, including, for example thermal conductivity,
erosion resistance, thermal cycling resistance and CMAS dagradation resistance. In some ‘
embodiments, one or more layers of multilayered intermediate layer 814 may he selec'ged to provide
low thermal conductivity and/or erosion resistance. For example, multilayered int_ermedlate layer 814
may include one or more layer that includes at least one of tetragonal low k, cubic I_ow K, c_ompound
low k, 7-8 Y SZ, and a rare earth silicate. in some embodimenis, at least one layer in multilayered

intermediate layer Bliddrhayrinciudeyaambinations efi ok B0se-oF thesesanstiluents, asgescribed in

further detai ve some embodiments, top layer 816 m e selected to provide CMAS
degradation!)r)?eigi%t%.a};lacréé.e ii:%}? Selli)?g%%ebr%% gpalrééﬁé\rdgfgeta Oxﬁaﬁaé ?ﬁ@é@%@%%‘?ﬁré‘% oxide,

may'i
alumina, silig! ¥ paembaneieiicdtey tieaniercan lialionetithoxidd;waihalkatiibartherdetalcovide, and may
include comipipatienshakiuaarmere.al heariconstituents.asdsreribedin further detail.above.

Various embodiments have been described. These and other embodiments are within t?'ne scope of the
following clatlom?éée’l\ﬁ?f'gf P-ClaTgistant Thermal Barrier Coatings,” the content of which is
incorporated herein by reference in its entirety.

Each of first layer 108, second layer 110 and third layer 112 may be deposited using a
wide variety of coating techniques, including, for example, plasma spraying, physical vapor
deposition (PVD) such as EB-PVD (electron beam physical vapor depoéition) or DVD
(directed vapor deposition), cathodic arc deposition, chemical vapor deposition (CVD),
slurry dip coating, sol-gel coaﬁng, electrophoretic deposition, and combinations thereof. For
example, first layer 108 may be deposited using a first coating technique, second layer 110
may be deposited using a second, different coating technique, and third layer 112 may be
deposited using a third coating technique, which is different from both the first coating
technique and the second coating technique. In other embodiments, each of first layer 108,
second layer 110 and third layer 112 may be deposited sequentially using the same coating
technigue.

In other embodiments, an article 600 may include a multilayer TBC 606 fhat includes
first layer 108, second layer 110, third layer 112, and a fourth layer 616, as illustrated in FIG.
6. Each of first layer 108, second layer 110 and third layer 112 may be selected based on the
considerations described above, including, for example thermal conductivity, erosion
resistance, thermal cycling resistance and CMAS degradation resistance. Fourth layer 616
may be selected to provide CMAS degradation resistance. For example, fourth layer 616
may include at least one of a rare earth oxide, alumina, silica, a rare earth silicate, titania, an
alkali metal oxide, an alkali earth metal oxide, and may include combinations of two or more
of these constituents, as described in further detail above.

In yet other embodiments, an article 700 may include a two-layer TBC 706 that
includes a first layer 708 and a second layer 710. Two-layer TBC 706 may be deposited
directly on substrate 102, as illustrated in FIG. 7, or may be depositéd over substrate 102

with one or more intermediate layers, which may include a bond coat, an EBC, or both, as

described above.
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A thermal barrier coating comprising: a first layer deposited over a substrate, wherein the first Ia_ty_er
comprises: a base oxide comprising at least one of zirconia and hatnia, a primary.d.opant comprising
yttcrbia, a first co-dopant comprising samaria, and a second co-dopant comprising at least one of
lutetia, scandia, ceria, gadolinia, neodymia and europia, wherein the first layer comprises at least one
of a metastable tetragonal phase constitution or a cubic phase constitution; and a second layer
deposited over the first layer, wherein the second layer comprises at least one of:

Each of first layer 708 and second layer 710 may be selected to provide desired
properties to the two-layer TBC 706. For example, first layer 708 may be selected to provide
thermal cycling resistance, and may include 7—8 YSZ or tetragonal low k. In other
embodiments, first layer 708 may be selected to provide low thermal conductivity, and may
include 7-8 YSZ, tetragonal low k, cubic low k. or compound low k.

Second layer 710 may be selected to provide, for example, erosion resistance, CMAS
degradation resistance, and/or low thermal conductivity. Second layer 710 may include, for
example, tetragonal low k, cubic low k, compound low k, 78 YSZ, or at least one of a rare
earth oxide, alumina, silica, a rare earth silicate, titania, an alkali metal oxide, an alkali earth
metal oxide. In some embodiments, second layer 710 may include combinations of two or
more of these constituents. A composition of second layer 710 may be different than a
composition of first layer 708 in some embodiments.

In some preferred embodiments, first layer 708 may include tetragonal low k and
second layer 710 may include cubic low k. In other preferred embodiments, first layer 708
may include cubic low k and second layer 710 may include tetragonal low k. In other
preferred embodiments, first layer 708 may include tetragonal low k, and second layer 710
may include at least one of a rare earth oxide, alumina, silica, a rare earth silicate, titania, an
alkali metal oxide, an alkali earth metal oxide, and may include combinations of two or more
of these constituents.

In other embodiments, an article 800 may include a multilayer TBC 806 that includes
first layer 108, a multilayer intermediate layer 814 deposited over first layer 108, and a top
layer 816 deposited over multilayer intermediate layer 814, as illustrated in FIG. §. First
layer 108 may be deposited over or directly on substrate 102, and in some embodiments, may
be deposited over or directly on at least one of a bond coat 104 or an EBC 314.

. Multilayered intermediate layer 814 may include as many layers as practicable. For
example, multilayered intermediate layer 814 may include at least two layers, and may
include significantly more than two layers.

Each of first layer 108, multilayered intermediate layer 814 and top layer 816 may be
selected based on at least one of the considerations described above, including, for example
thermal conductivity, erosion resistance, thermal cycling resistance and CMAS degradation
resistance. In some embodiments, one or more layers of multilayered intermediate layer 814
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7-8 yttria stabilized zirconia; a rare earth oxide; alumina; silica; a rare earth silicate; titania; an alkali
metal oxide; an alkali earth metal oxide; a base oxide comprising at least one of zirconia and hafnia, a
primary dopant comprising ytterbia, a first co-dopant comprising samaria, and a second co-dopant
comprising at least one of lutetia, seandia, ceria, gadolinia, neodymia and eurapia, wherein the second
layer comprises at least one of a metastable tetragonal phase constitution or a cubic phase ‘
constitution; or RE2Zr207 and RE21-1f207, wherein RE comprises a combination of ytterbia, samaria
and at least one of lutetia, scandia, ceria, gadolinia, neodymia and europia. 2. The thermal barrier
coating of ctaim i, sskerdim thesecone tayeracomprisesthe Haseroxiserenmprising akigast one of
zirconia and g e pUMARLA9RANLGOMATSING, Xterbis, the first co;dopant comprising samaria
and the second co-dopant comprising at least one of lutetia, scandia, cérié,cguaa%ﬁn|eeﬁsn(éoedymia and
europia. 3. PhEHErHtAltakriertisdtwid cloemitag |wh&rdirsth S firstdayercomniprisstbetween about 4

mol, % and siiREbaab¥ BriRaryHoRA iDRMeETAROHE @ Ya AR abouk 10 mel % first
co-dopant, betv%(laen. abOl,[lt 1 mol. % ar%%%about 10 mol. % second codopant, and the balance base
r

oxide, and WRarein the firstayerConprass HatihRAEScHReitBHb A&’ A% mal barrier
co_ating of claim 3,Iwmehnfheliseaﬁnddaye;recémpﬁs&bdmﬂwe@talpmmdemMA%ca@ﬂcaJﬁ@tit 20 mol. %
primary dopagk:hewesh @'\991%6]; ma}o/& ang I?IQ?H}?%\,%&?I}E%JH}%& £P;49 aenltthbo%(%e% u%?r?am 1 mol. %

and about 10 mol. % second co-doparit, and the balance base oxide, and wherein the second layer
comprises tAEuBitAI5IFAER HhraGigHe 80 taltmeta arbisierditipg b diaviisrsimthe second
layer compriseishetweabouszwaat: Moanst akeutdRmneho RrimanssopantRetvgen about 0.1 mol.
% and about. 5 mol. % first co-dopant, between about 0.1 mol. % and about 5 mol. % second

above. . . .
co-dopant, and the balance base oxide, and wherein the second layer comprises the metastable
tetragonal phase cé#istititiohodgndtie tier rrahbiasrigbaco atirg cofrol aitie 2emihelisienth e divett iy er
comprises hgtwegh abeutdimel2eigng about 10 mol. % primary dopant, between about 0.1 mol. %
and about 5 mol. % first co-dopant, between about 0.1 mol. % and about 5 mol. % second codopant,
and the balance base oxide, and wherein the first layer comprises the metastable tetragonal phase

constitution.
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7. The thermal barrier coating of claim 6, wherein the second layer comprises between about 4 mol. %
and about 20 mol. % primary dopant, between about 1 mol. % and about 10 mol. % first co-dopant,
between about 1 mol. % and about 10 mol. % second co-dopant, and the balance base oxM@f’ér“l
wherein the second layer comprises the cubic phase constitution. 8. The thermal barrier coating of
claim 6, wherein the second layer comprises between about 2 mol. % and about 10 mol. % primary
dopant, betweggmahgstt 0.1 mol. % and about 5 mol. % first co-dopant, between about 0.1 mol. % and
about 5 mol. % second co-dopant, and the balance base oxide, and wherein the second layer
comprises the metastable tetragonal phase constitution, 9. The thermal barrier coating of any of

claims 1 to 8,jfurthepcoepfisivg-dethitdiayesovhetaip: the third layer is deposited over the first layer,
wherein the second layer js deposited over the third layer, and wherein the third layer comprises at

least one of: a base®oXideREThPrRIA MWEER SHR BRI RESHS BB AYS RN e pant comprising

ytterbia, a First co-dopant ey isiigesmatigingnd R-5e600¢ CondepanikoRaRiiging at least one of
lutetia, scandia, ceria, gadolinia, neodymia and eu,ropiat, at%d wherein the second layer comprises at
4

least one of a metastable tBFHJEHEIORIEECIHERUNHE Y¥abic phase constitution, or a compound

phase constitution. 10. The fineredadibpaniescoptisigofamtiaf glaiims 1 to 9, further comprising a fourth

layer deposited over the second Igyer, wherein the fourth ‘ggfer comﬁjises at least one of a rare earth
I

oxide, alumina, silica, a rare S0 SicRRIRL SRIAP L BERL AR R ORIdL IS SHAMICEUHth metal oxide.
11. An article compriaiigirasubstipigrand theofhermiadbartes featingotanpifeslaimast sadlér

a metastable tetragonal phase constitution or a cubic phase constitution; and
a second layer deposited over the first layer, wherein the second layer comprises
at least one of?

7-8 yttria stabilized zirconia; a rare earth oxide; alumina; silica; a rare
earth silicate; titania; an alkali metal oxide; an alkali earth metal oxide; a base
oxide comprising at least one of zirconia and hafnia, a primary dopant comprising
ytterbia, a first co-dopant comprising samaria, and a second co-dopant comprising
at least one of lutetia, scandia, ceria, gadolinia, neodymia and europia, wherein the
second layer comprises at least one of a metastable tetragonal phase constitution
or a cubic phase constitution; or RE,Zr,07 and RE,Hf,0, wherein RE comprises
a combination of ytterbia, samaria and at least one of lutetia, scandia, ceria,

gadolinia, neodymia and europia.

2. The thermal barrier coating of claim 1, wherein the second layer comprises the
base oxide comprising at least one of zirconia and hafnia, the primary dopant comprising
ytterbia, the first co-dopant comprising samaria, and the second co-dopant comprising at

least one of lutetia, scandia, ceria, gadolinia, neodymia and europia.

3. The thermal barrier coating of claim 2, wherein the first layer comprises between
about 4 mol. % and about 20 mol. % primary dopant, between about 1 mol. % and about
10 mol. % first co-dopant, between about 1 mol. % and about 10 mol. % second co-

dopant, and the balance base oxide, and wherein the first layer comprises the cubic phase

constitution.
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12. The article of claim 11, further comprising an environmental barrier coating deposited over the
substrate, wherein the environmental barrier coating comprises at least one of a rare earth silicate,
barium strontium alumina silicate, barium alumina silicate, strontium alumina silicate, caldi@$ aliimina
silicate, magnesium alumina silicate, lithium alumina silicate, or mullite.

4, The thermal barrier coating of claim 3, wherein the second layer comprises
between about 4 mol. % and about 20 mol. % primary dopant, between about 1 mol. %
and about 10 mol. % first co-dopant, between about 1 mol. % and about 10 mol. %
second co-dopant, and the balance base oxide, and wherein the second layer comprises

the cubic phase constitution.

5. The thermal barrier coating of claim 3, wherein the second layer comprises
between about 2 mol. % and about 10 mol. % primary dopant, between about 0.1 mol. %
and about 5 mol. % first co-dopant, between about 0.1 mol. % and about 5 mol. % second
co-dopant, and the balance base oxide, and wherein the second layer comprises the

metastable tetragonal phase constitution.

6. The thermal barrier coating of claim 2, wherein the first layer comprises between
about 2 mol. % and about 10 mol. % primary dopant, between about 0.1 mol. % and
about 5 mol. % first co-dopant, between about 0.1 mol. % and about 5 mol. % second co-
dopant, and the balance base oxide, and wherein the first layer comprises the metastable

tetragonal phase constitution.

7. The thermal barrier coating of claim 6, wherein the second layer comprises
between about 4 mol. % and about 20 mol. % primary dopant, between about 1 mol. %
and about 10 mol. % first co-dopant, between about 1 mol. % and about 10 mol. %
second co-dopant, and the balance base oxide, and wherein the second layer comprises

the cubic phase constitution.

8. The thermal barrier coating of claim 6, wherein the second layer comprises
between about 2 mol. % and about 10 mol. % primary dopant, between about 0.1 mol. %
and about 5 mol. % first co-dopant, between about 0.1 mol. % and about 5 mol. % second
co-dopant, and the balance base oxide, and wherein the second layer comprises the

metastable tetragonal phase constitution.
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9. The thermal barrier coating of any of claims 1 to 8, further comprising a third
layer, wherein the third layer is deposited over the first layer, wherein the second layer is
deposited over the third layer, and wherein the third layer comprises at least one of:

a base oxide comprising at least one of zirconia and hafnia, a primary dopant comprising
ytterbia, a first co-dopant comprising samaria, and a second co-dopant comprising at least
one of lutetia, scandia, ceria, gadolinia, neodymia and europia, and wherein the second
layer comprises at least one of a metastable tetragonal phase constitution, a cubic phase

constitution, or a compound phase constitution.

10.  The thermal barrier coating of any of claims 1 to 9, further comprising a fourth
layer deposited over the second layer, wherein the fourth layer comprises at least one of a
rare earth oxide, alumina, silica, a rare earth silicate, titania, an alkali metal oxide and an

alkali earth metal oxide.

11.  An article comprising:
a substrate; and

the thermal barrier coating of any of claims 1 to 10.

12.  The article of claim 11, further comprising an environmental barrier coating
deposited over the substrate, wherein the environmental barrier coating comprises at least
one of a rare earth silicate, barium strontium alumina silicate, barium alumina silicate,
strontium alumina silicate, calcium alumina silicate, magnesium alumina silicate, lithium

alumina silicate, or mullite.
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