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LOW THERMAL CONDUCTI VI TY, CMAS- RESI STANT THERVAL BARRI ER COATI NGS TECHNI CAL
FI ELD [ 0001] The present disclosure generally relates to thermal barrier
coatings for high-tenperature nmechani cal systens, such as gas turbine

engi nes. BACKGROUND [ 0002] The conponents of high-tenperature nechanical

systems, sU¥P2We0917Hr exanpl e, gas-turbine engines, nuSCTISMOYPERL severe
envi ronnents. For exanple, the high-pressure turbine bl ades and vanes

exposed to hot Qga9RSTHERSPATEUNIBUCTFIVEANGCIVIASIRENISTARY THERNVAL ¥
experience netal surface tenper agm,@hmsloooc w th short-term peaks

as high as 1100C. [0003] Typical conponents of high-tenperature mechani cal
systens include a NI or Co-based superall oy substrate. The substrate can be
coated with a thermal barrier coiﬂﬁ(}’r@W(CFBCFIEId)reduce surface tenperatures.

The thermmal b%do'lE'T5&%@{&{‘@f]c”&}’lretg;éﬁérh'lﬂﬁregt& REMIRY Xefm&sc‘dlltﬂ{ cfr ceram ¢

topcoat, and i's b trate an un I ¢ bond
coat. [0004] Tigh-tFBratususdchynicb pisiced, sich bregasbyblae cngmeesma sprayi ng or

el ectron beam physi cal vapor deposition, is nost often a |ayer of
yttria-stabilized zirconia (YSZ) with a thickness of about 100-500 gm The

properties of YSZ include |owt he;ﬁ%@rwﬂﬁi" vity, high oxygen
perneability, and a relatively hi nt of thermal expansion. The
T oAb e S e S SR SR
NUIMEr OUS Por esxalé, Yas-RbiRy\ettnes, must operate in severe environments. For example,
the high-pressure turbine blades and vanes exposed to hot gases in commercial
acronautical 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” énd 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. /

_*159159*

| AR BT RO !IIII lml finnm
*G0000o1*




- [ 0005] Econom c and environnental concerns, i.e. the desire for inproved
efficiency and reduced em ssions, continue to drive the devel opnent of
advanced gas turbine engines with higher inlet tenperatures. As the turbine
inlet tenperature continues to increase, there is a demand for- a TBC with

| ower ther W 2088WEFti vity and hi gher tenperature st abPFTPROPWNEAI i ze t he
increase in, maintain, or even |ower the tenperatures experienced by the
substrate. SUWWARY [ 0006] I n genesgMmARS present disclosure is directed
to a TBC with at | east one of |ower thermal conductivity or enhanced

CMAS-resi st a”moﬂqg%&‘le‘?ﬁ, tbf’ﬁ@éﬁ\’&i@él&ﬁ?@i& A R4edBGEBCQYRPat 18asPone of

cal ci a- ragnesi a- al na-sillcate deposit resulting fromthe Ingestion of

si | i ceous mi nlomgt Sefehl sendugtaminl or eidlaseed (@M A8 iessstanceienieppredddri s, and t he
like) with the | ' o I i . | n, one aspect,
t he present d?osng%{s%ﬁfﬁﬁzsﬁédclssf e(gY'g?? %&%&% H%g%gﬁ all)arlpel1 é?@%%g plo% conposi tion
i ncl udi ng a besdtinxirae theangesiionsfisildepamniindrals (dudi, sapdytoldaeichslas, a fir st

codopant includin amaria; .an econd co-dopant ,includi ng at | east one
o Dot sBaAT 4t e He i BRGNS rur B oG n” [0008] I n
anot her aspecf0007jha opé espedty thelpednogis¢lesuisis direcdeitod tiicomal takre b&dtinpar ri er

coating conposition including a base oxide consisting essentially of
St rconta. haf FMEPOSEPn B e R done PRGN A LR * GOhet-st i ng

essential ly oflopshtiREIRdiAg samakiby &t aGecod@ P& AbpanPMsIugink B8 SR dfil@blay Of
samari a;, and a second co-dopant se|ected fromthe group consisting of

|utetia, scantftddiacgis 2digleonsoRY R FSYRPIA a, europi a, and conbi nati ons

t her eof . [ O0ORNo0&]NnY%BEhEAGSRIE EhedpBttdisclobEre Y BRERY tFH ®ERSbdBed s di rected
to an article including a thermal barrier coating applied to at |east a

portion of a $WHaE PamEROSItigAECkIdingtakese trederrensimgerentidlyf Fvigpniancl udes: a
base oxi de; anfhia"EcYmBRRANS Rl UMy B fahOloR stﬂlgfek§eﬁﬁa1f§szf99&ﬁﬁ,tf

including samaria; and a second co-dopant |ncluﬁlng at | east one o
| utetia, scangfist cederant cogsistoigicnicntiallyed samaria; angra seeandgoalopdneel@ledThe

accompanyi ng. e au nRef SARPMEIAICLhAE RV G B, HoByaf ohgL" b ect .
and advant agesnddontbimatiomsteareéafon wi || be apparent fromthe description and
draw ngs, and [Jﬂli)e]r?ntygp an%lh%; E{E?Séct, 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; a primary dopant

including ytterbia; a first co-dopant including samaria; and a second co-dopant

including at least one of lutetia, scandia, ceria, gadolinia, neodymia, or europia.

[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.



BRI EF DESCRI PTI ON OF DRAW NGS [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

al ternati ve enbodi nent of a substrate coated with only a thernmal barrier
coating. [WORMPOH'™™ 3 is a cross-sectional di agram ofPCA/USNYPI08e coat ed
viith a bond coat, environnental barrier coating, and a thermal barrier

coating. [ 001‘“01’5] BG4 i §c1%bsc.{e@§oﬁla§<ﬁ§§rhrﬁ@all stmé‘t?ét@g&a%hmﬁlfa BondWarSubstrat e
coated with a thermal barrier coating bonded to the substrate by an

“ytterbi a- st abiePYizsEeniat bircropatper andia tharmakbheerios icpdtisen bond coat. [0015] FIG
5 15,3 cross- 365l Al iGkOKAaBlcRe Y BUBSIC SheRPRLEA LD 2, ther ma

barrier coating bonded to t strat tterbi a-stabi |zed hat hia on
an ytterbi um ghdrinaldtaerier pedting bendad tb the Bubstna'ie bymdyttadaa -stabiigtidpfid @ a6 is a
Cross- SeCtIOn?ull@tggﬁfgﬁ%%o&?cﬂt% substrate coated with a thermal barrier
coating inclu rumsilTrcate on a nullite bond coat.

[0015] FIG. 5 is a cross-sectional photograph of a CMC substrate coated with a

thermal barrier coating bonded to the substrate by an ytterbia-stabilized hafnia on
an ytterbium silicate, mullite and silicon bond coat.
[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 thé 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 is turned on, continuous high temperatures during operation) exert large

3



- DETAI LED DESCRI PTI ON [0017] In general, this disclosure is directed to
thermal barrier coating (TBC) conpositions that possess at | east one of
reduced thermal conductivity or increased CVAS

(cal ci a-magnesi a-al um na-silicate) degradation resistance conpared to
convent i on¥O Y¥¥¥172¢ st abi | i zed zirconia (YSZ) TBCs. anBCHP$HWPN%E¥3Zoat ed
with such TBCs. Mre specifically, the disclosure is directed to a thernal

barrier coatigigsdef6d HeHpheRARE tPMbAR etpaRlibiBIdNcoRRRANM. ARG otody CO- dopant s
t hat possesses at | east one of reduced thermal conductivity or increased

CMAS degr adat ¢fdke TR prwvidse ragbivfsaimed and reduerdantastnaye wspierpescdups018] As
turbine inletyt %Fg?ﬁ{ogér%{cg flﬁ@@ﬁb%‘dﬁln{gag c!tng fofiGhe MEWNahiPASIBAILPG 1 er

coatings are require etter erature pertornmance. Hi gher
t ur bi ne i nl ettht @BpendoufBE-bandécaeintdrizent al to conventi onal TBC perfor mance

Sintoring v ociegl BRI REM terer SEDRLAAL B3 SRRISURBRKEREIRET, o1

t her mal conduihtaugh b yeaesiogh widdORIAS, s talanmapgodserdmoma-siticgthdeposiner mal
conductivity results in the substrate bein osed to higher tenperatures,
Shich i nor exseeTtap heintihal sl St il B FEheb Rk @ Rt i 1 fe o

t he conponent unjv®0dD}is, Bhé theditareith S imake df alrén gaize@bnt ehidises TBCpicAy al so
reduce the usgful. |ife of the conponent. For exanple, the thermal cycles
exper i enced bgm’?edee%gﬁvé’r?tmflfér}%&,mté’gﬁl?%é)qu_eﬁﬂé%m?éov%éHo‘ﬁafs turbine is
of f, high tenpmoat 80 RBUCFIVNR add@ied tiddhddud & TBO ReEcaBmp&dies nUous hi gh
t enperatures during (])\glgratlon exert large stresses on the conponent due

to thermal ex{usiss %“’EBWE?%’@WWOIW MaP 681 pspetite thie TBC provi des

strain tol er afpg@ostr@difral REAULSh MOTREI that idtiSe SRS REAEL NAdmEMIE RYs §he strain
tol erance of the TBC and may conprom se the nechanical stability of the TBC

and/ or TBGC boWdinclelsranphandranaeascasq pobotherpay prndugtivityi Anothenmete efenper at ur es
may al so | eadydpdRBrRUalhals Bleridle o TEILIEANAN AVASAGE L@ Hdd CVAS, 2

cal ci a- magnesi a- al um icate deposit resul fromthe ingestion of
si | i ceous mi nEBGImay odenstprefswgntdally\dsing graic beusdarses, leadingety thtebri s, and t he

like) with the ink: bho . i engl : e al S deposits
have a nel ti n‘ges%g%"%‘%&%élg ffgggl?ty P %58)8%”%%% %Logﬁ?lg%g{fgés(g 5@%&1&%% t o about
2300F) . As adytancedteen dloteSMARBpeattrafiBCasllY $ 4 destabeirpeonahay resulbeve t he CVAS
mel ting point

the.amlten. . an penetrate the mcrostructural features
T he rhe e RS BT S SRR RAEh R B MRS 2 L
t ol er ance and[0821]i FiCr eshee's b Rrdsfieectibred nialv of an etediplary tyicleA0@bdden anode of
degradation by. CMAS is chemical: a reacti tween CMAS a triain the
B mo bonur Metidmstdt MEMtat ssftghe 16 bl dRiniBes enad Thaphibd e

dest abi | i zat i @ s@bstr¥fRZ 20T hp E&Linp ircRidbborares 1l Apslicdits GORBifact Z502) with a
| ower yttria %’gntent. B(gt h CVAS penet ra%i ocp and YSZ destabilization may
result in a sHOMTaT 13 Area hBEJP@rpligh ithg brd ¢93k! l.onponent due to hi gher

thermal strespog2] THQZBIralel1Gmay b RARWEpEncAT S SECboBRAte MéAUiOfl an
exenplary article 10 used in a high-tenperature nechanical system The

article 10 i n¥ISEHesich 2pdei X AYPIE4? 275 HrPiBg crenserdipidkcr dyeical superileycoat i ng

i ncludes a bog@seratinhie ARPL bR &ONT, 08, RUEd agEmd AxOf TIRUBSIRe 12, and a
TBC 13 applied to the bond coat 11.

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 example, those available from Martin-
Marietta Corp., Bethesda, MD, under the trade designation MAR-M247; those
available from Cannon-Muskegon Corp., Muskegon, M, under the trade
designation CMSX-4, CMXS-10; and the like.



[0022] The substrate 12 may be a conponent of a high tenperature nechani cal
system such as, for exanple, a gas turbine engine or the |ike. Typical
superal | oy substrates 12 are all oys based on Ni, Co, Ni/Fe, and the Ilike.
The superal | og substrate 12 may incl ude ot her addi tive el enents to alter
its mechani¥@P"YPYg¥rties, such as toughness, ‘hardness PCTRRHEVEHY
stability, corrosion resistance, oxidation resistance, and the like, as is
wel I known i n§g28 @ﬁé sub@RiYe m&wélsosluaﬁaeaa $cPnis Hﬁﬁ%xrc%kgos]n%( ?hé‘t' lized,
i ncluding, for exanple, those available fromMartin rietta rp ,

Bet hesda, MD, QOffdemry inelude pajuschi seramisriatix MARIADAYludinpderexapalel abl e fr om
Cannon- MiskegQflic&PEdrbide, MiilER e, AMmink REIRE, atnhﬁletl[k@d?h?@ﬂ@rﬂ%t fuPRer CVBX- 4,
CMXS-10; and the |ike. 100231 The substrate so i1 nclude a ceramc
mat ri x corrposul'w@d(eme:sxr@dféllmtmy andhthE Gitler raataynedlsetz riclucle p aontmuomst r i x
material, incly con carbi de n nitride,

alum na, sili (Et?iﬁitloangleltlt Oraﬁlsgmmﬁub r%fl((}c ent Fb Xtaﬁlﬁe |hﬁg rdmatférrlﬁ} desired
filler materi alay camgrifchigscontinuews wieskers, allatemsyon mdiqudtesaAsemtthanuous

rei nforcenent o scont i uous reintorce exarrple the filler
mat erial may c?’(‘ﬁ‘?ﬂﬁ?il?e @F f‘lrfﬂ??h‘gc qqs??élr'g OuE)P]QP%fI”@Tgm °br particul ates.
As anot her exaxr[mdlfﬂamélha/eﬁ\tel ler material may include a continuous

nonof i | ament il ament . wea 0024 il osi tjon, shape,
S rer and the Db The o BOBR B e ob B 601 6 R By bErd S BOMET o5t o ¢ he

CMC. For exanmiciesitdd p36HERicE FPBE CVRNt For ckdifplé,ith ke dRoRInaRlts, BYillBE chosen to
i ncrease the toughness of a brittle ceramic matrix., In ot her. enbodi ments,

the filler mayaEabmesbachossnde Bigreass the ipaghnespt gbsgiscepmiomets. BVC, such as

thermal condugiteVihdodiféRs iHel R} mEPHAUHOEdnUb bbbmdfeu%reﬂpeh peopRAPRI A, har dness,
or the like. [0025] The filler conposi tion ma he same as the ceramc

mat ri x nat er i 4MCyeh sibgrprlconducsivity, glsetried cpn tl\r‘r’ﬁft hpmahexpasiiet ound sil i con
car bi de whi skehQinesk br M. enbodi ments, the filler material may conprise a
different conposition than the ceramic matrix, such as aluminumsilicate
fibers in an 490281 hbe flar copmposgrontnipey ueltlkeesam@:aethprcetﬁ@tqre@nmerlnlcIFudes

silicon carbi %Q 1-1?89%6%8#&5&1 91% q‘ﬁr% ggﬂldl 1c?11§érli_¢(]igwﬂlsﬁ bjnq)ghe rix.

t
[0026] The artic I nc coa bon ‘coat 11 may
i nprove adheswmhmbetm,ehe ﬁlﬂmfmmalﬁa)amnmheaglﬁfysitnrain@omon fﬁhetlbond coat 11

Ry et ude ancanShitl A0k ARl Sl FARRL' Bk MR fofl iRy (where M

is Ni, Co, nic unini unm)dl fied or
nodi fi ed by Pthe(ﬁre,feerd CM€E mdﬁde&lhccalnﬂrb(iZthbntmﬁlbuoﬁl&rid‘iﬁh’edd)efd)m aa y-N +

y' -Ni 3A1 ni ckell al um ﬁ%de alloy (either unnodified or nodified by Pt, Cr,
H, zr, v, Si SUSRYCEUABTREE ons thereof), or the Iike. [0027] The bond coat
11 may al so i m@ﬂZﬁﬁ@h@ﬁﬁaHﬂOﬂlaSDlianIdherboﬂffB(toafilaHS]eibhﬂ?d coaf Bl agmpgkdvel e with a

CMC substrate %éfﬁ For exanph, t he bond, coat 1clf i ncl ude mnul | :
(al umi num si | i ‘8“%2@’8@% gF 13and thesubstraie; 12 EgE rSlePf‘tcldﬁnayde‘t“lr‘?e li ke.
The bond coat adyflud¥Bl afidif sk ks b BsiveiRNOtNIEFA IFRNIBHTWiere USRI, &, bar € earth
silicates incl ud| ng lutetiumsilicates (Lu; Lutetium, ytterbl um silicates
(Yb; Ytterbi. url?}l 0), a B-NiAl nickel aluminide alloy (either unmodified or modified by Pt, Cr,

Hf, Zr, Y, Si, and combinations thereof), a y-Ni + y'-Ni3;Al nickel aluminide alloy

(either unmodified or modified 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, AlsSi,Oy3), silica, silicides, silicon, or the like. The

bond coat 11 may further include other ceramics, such as rare carth silicates

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



~erbiumsilicates (Er: Erbium, dysprosiumsilicates (Dy: Dysprosiun),
gadoliniumsilicates (Gd: Gadolinium, europiumsilicates (Eu: Europium,
samarium silicate (Sm Samarium, neodym umsilicates (Nd: Neodym un),
yttriumsilicates (Y: Yttriun), scandiumsilicates (Sc: Scandium), or the
li ke. SonmeWsr289%¥t8d bond coat 11 conpositions for ovePCHY$S2AY/OZ08EMC
substrate 12 include sili con mullite and ytterbiumsilicate. [0028] The
bond coat 11 f i ncl udi ng
t he chem cal %g%pn%glctﬁlgg %lpﬁag}gpfg)gﬁgﬁ]% |g I?I}Q(?f}g §lhﬁ§é§a dBQEﬁmi t he
substrate 12. sﬂF@tesé@ér@ﬁdehmumbnumnemsmlb@t%élﬁle Enpopiume)l spiesium sdigpier al | oy wit h

VN + phase CootREorTERREL i) Ak TR PR AREh MBLTIALER Y T 100

expansi on of Yhﬂurs),lprandnhmcsywstnbﬁcr Sdapdilith), carick ltkheSezrhoplefeimedbaabc@at he
mechani cal stf;v1 X é} }) W%‘ﬁbt q a tlo the%eagtrate 12.
Al ternatively: SHBPRHRE gruoagf?é?%ag F'%es ?i 1P B G coat 11 is

preferably sijiegsiomailiddter a ceramic, such as, for exarrpl e, mullite or rare
earth silicate [Q029] . In sone enbodi ment t he on coal 11 may include
mil tiple | ayel®: 281y 811% | mpy,b %%?ﬁeé gﬁfﬁ? Hﬁﬁ"t‘? e RSB hst rate 12 is

a CMC incl udi ﬁi@lu&ﬂngE&Qﬁeﬁﬁﬁl%d@omﬁor{dnﬂ%haé@@ﬂﬁkuﬁ@@h opihe ¥BIO BaAd e deposi t ed
on the CMC substrate 12, foll owed t he degom tion of a second Iayer
i ncl udi ng mul fuPiEatq K- Jier amnds, Mhe&ﬁ@ subsirgig; 13 onchydesyp superallpe weth 't *si | i cat e.

The nul til ayefB I\h%l%h%%%néu&ti@ﬁsthé Q&Jd‘%oQQQ%‘r@@ralSl?%cﬁldlei £RN; Bongtj,apat
provi des the bonding while the ceramc coa rovi des a gradual

transition of Ph%?%qlm%aﬁgﬁteéﬁla&thdh?)?%ﬁ'@tﬁﬂ"so%tré\al Qapetonfaf §ip r eachi ng t he
silicon bond ﬁfﬁ@ttallm[ &%ﬁpalﬁ zuﬁtt mstef&megagtw r'ﬁe;ch%fﬁ&h s@Bili\@dRkiohf! € 20

illustrated in FI G e article 20 may not Include a Bond coat 11. For
exanpl e, in softke boridaditrig e the selyeaFBL 2Bematyvelewappht edbsedte &2ty to the

substrate 22. o RRNdh SRRt ukboMRYROt RELAAVITEd Al WESLAR WhgT, Lhe TEC 23

and the substf em ca ani ca For
exanple, in efdoemmmﬂmllwbermretdaeth?ﬁﬂi@at% and substrate 22 adhere

sufficiently a t he t be.necessary.
Addi tionally, ﬁllto?tﬂgnbo'a? ﬁ%g?fmv&ctgsé?he gc%agggfna&mech q’?}/ptfftl%i Ta Foerxpan5| on of
t he subst r at eexathpss)th sbBE eBBoditments whitteahesubktyates | nis hmMC mcbxdmg sdeat 11 rmay

not be necessar I.n ticle | so

i ncl ude an en" glg?tﬁéﬁfti’loll%%ﬂat ?fgﬁ?hct%éftqeﬁﬁ‘“t(eﬁgﬁheg%\?éﬁbqstrga?f?’ofgﬁ%‘ée ond coat

ﬁl. In this e@méldew@ﬁwnbhﬁsef&ﬁ 13ver iigc Ly mﬂdtef(ﬂumhﬁnﬁﬁﬁa&@ Envi r?)nmant al .
arrier coatin rovi de er vapor stabiljty, enj c ility, an

envi r onment al AUSEAE) 1 Wreteaﬁgvﬁgtt? dig ltelpyep bopd copigp 5%9%3 %caméu\e%

Envi ronnment al sihedndostd c&é@%ﬁdvﬂigg;th%bfndtﬁ‘g?%hh@eethe EQEmRPBADERL pt@@l’&lb&iﬁn strontium

alum na silicate (BaO-Sr0-Al 203-2Si 02; BSAS), rare earth silicates,

conbi nati ons gH&¢ Hﬁnmtmwfm?enal|ek@n81p@e@zqretqatsamt@rva@&r. g saghaE thent s (not
pi ctured) thegEBH v3RdbEy be directly applied to a CMC substrate 32. In
t hese enbodi nents, the EBC 36 nmay al so performthe function of the bond

coat 31 and i H9BMakamthenemberimenitnisudhets weattieln 20 Herasal ia FEC. 2hibe @ides ubst r at e
32. A preferr E@' fﬁagtt?cgﬁsde%oﬁﬁi&a%@taﬁ&t LR GRWmSdmbavkind, Beltgges mullite

and rare eart
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.



[ 0033] As was described briefly above, one purpose of the TBC 13, 23, 33
(collectively "TBC 13") is to provide thermal insulation for the substrate
from high tenperatures of the turbine gas. Because of this, it is desirable
that the TBC 13 has a | ow thermal conductivity (both an intrinsic thernal
conduct i vi WO YN B4naterial (s) that fornms TBC 13 and BRIESTE¥3832 t her mal
conductivity of the TBC 13 as constructed). Heat is transferred through the

TBC 13 t hr ougfyos PNAYSHolAM RRY 3,%%?414[ rmay 6 nPGhESH Q0irGndn®di ﬁ%rga” h

el ements such as ytterbia, sanmaria, lutetia, scandia, ceria, gadolinia,
neodym a, eur egitiag (EBHe) Iormppliddie thedonbpmhds Imdlis breblidendrtba¥BCt3Bas t her mal
.conductivity : +oR) : ﬁg; 13- i W shi be bound
by any speci f|gl lfﬁ%gﬁg,ﬁhtt%g Fﬁ%lr%ng%g{r% 0 %tco%/%%ﬁagﬁ%“%%{}hegga ogopant i ons
in the TBC 13statmlityr ddmaml! stételityrand eoncnoentel duyability aughstoires, sach oo foz

mechani sns, as_foll 0034] A first pr.oposed. hani sm gf .reduci ng
thermal condu&&WAe gﬁ%c#'ﬁdré’rsl%f"lﬁ?lrbggl%f%&ngsaql?}f lgg%‘l%”rgoéref‘%%@f”é’ﬁgurf’nt o the
crystal structtngumfahiniiea SIBGtl@BaOLSIOt Ale@;-23iPerBXI)| @rescatthsilickds, def ects in
the crystalline J.attice of .the TBC 13. The defects may be caused by the

i ncor porat i oncwblﬂ%ﬁﬁﬁ‘g‘greﬁf’f‘fﬁﬁm ¥&ring ionic radii or different

crystal line | pioB2ICR alty¥iR@sve chbblin@tsi(hRglcheed) RITREBY migbbaieady y di vi ded

into two categor]j gs, oi nt defects and Iarg,er def ects, for the purposes of
this di scussi gpplic Weag%cnst“bﬁ@fee?@t dn theyrambodinggtssthe EBC gy 4w ect s,

interstitial gdaf@miiBo Mo of Ble@ohd coatBaddNferbdsK the dBRKioR GRENCEE B O
frequency phonons (lattice waves | arger defects, such as grain

). Wwhile rd
boundari es of TEBASt2afl &et(ME suhsirats day AdrelerrrdisombmatiomigRC Aerpndippdscat t er

| ower. frequengya_t@pgg}gq%ludegn%i”;t@%dlg@%gmhQn_@ﬂég_n scattering decreases the
thermal conductivity of the TBC 13 by reducing the nean free path of a

phonon (i.e., [1083] Ay wpsdsscribied bagflyeaboye ophpiipese of e dBS 13e2d8n scattering
sites). [0035 VLS kTRar 8 t i .l.ower the

t hermal condu Ctoll-[%(‘?lt %ﬁrm r g 113 k?g%{ol 4?%1%?&6@&?%? @Q‘Qgt?"t“ﬁff’gﬁ?%g‘g@%g grﬂ{ﬂgl.léhFo r

exanpl e, r ar eteawetahuirendf desuibime|gasli Bagayst béthiy, @ js desirabld that tigdt®C ilhhas, samari a,
neodym a, eurgpia, and the |ik re expected to re effectively | ower the
t her mal condu?:!ti)ol“\'/flhf5 ?nagfongu%&y ?%0%? lan yntS'tCrﬂi]earlr.n al[cﬁg%’éﬁvfyn%fﬁﬁesi on of certain
rare earth el enentlés)ithat fomas TBC 133ndrary efédcs o tearabamdudtivey ekthe MBCtIG whi ch t he

TBC 13 sinters_at _a di enperature. FEo I i,ncorporating rare
earth el enent & %nftﬂlcged}/'gﬁﬁi?%&%ﬁ?‘ﬁe‘{ﬁ@%}%{@ﬁ?%ttﬁﬁofl%o gﬁc 'GB81%ase the
amount of si ntediatiog Bhe iAcl@ioresT rire APEH démidngs sudhiad Btefid, smhahal Rgetiho be bound

by any theory, a,larger ionic radius can |le 0 a L ower diffusion

oher 1ot ont abesRintth spistey ool aie nESar bdenie Pedgirinry hoiba

di ffusi on-r el atechsptho erRaRal canduoiddty (B tdndadton) 60é TBCilgNWHilewsr s t he anmount
of sintering at a gzi ven tenperature. [0037] . Mnimzing or elimnating
sintering nmay“SN8e Peiarnd fy prpingtEc theerysing Biclusiop obit IgastoneRé ives
conductivity @épahtiSnsiBEhclBOYSMmay RAu&ShME LIt &ivR tHr&igh DRCorldere Ther Mal
conductivity of the TBC 13 is typically |owered by depositing the TBC 13 as
a porous struBeeheismeis followssi ty of the TBC 13 reduces the thernal
conducti vity [o3heA%gk BRpbiE nRERAIRUARINYM SRS RiucivintiaRdyst ed and by
providing a |arge (efra_ctpg ve index difference between thHe pores and the
mat eri al fr omniefeding lp@carmmentectioss wtndbe crwpihlotruetrs of SIBC hediatticcansf er by

radi ation. Si ﬂﬁ;ﬁe‘f‘fie&g)lng ﬁl‘élﬁggﬁcéﬁﬁinﬁ%( é&?%&lﬁneﬂ%tﬁ:cggftﬁ% THELYT Ehe x4 hus

increases the thermal conductivity 0 iation and conduction) of
the TBC 13. Thway be prussdmthegeorherapor efsiopanty wittedifferimgiiogic ngliigirnt er i ng) of t he

TBC 13 over r qmﬁ . cycle .hel p mai nt ain,the the I
conductivity g%%%l&}g i%ﬁ%tgtce %’Pebheiggl%gh%pﬁﬂgesne nsg}ay!tbﬁgm(%r ?lélllvrlfgelqﬁy- appl i ed
TBC 13. [ 0038]ntdtwe chidgoris, moitpofert amdhargef ddféves, for @sgnuipodésstkiasur e may al so

i nprove anot her si.gnificant shortcom ng af .conventional .YSZ TBCs.
Speci fically, gwg,g?-sﬁ}ﬁpgmt 9°$g§éP$Vé D&WSPW“W%[ rd?%c"?’ﬁ“tf’rﬁté“a?é%ecf%,
preferential | yoidldefagsghathe [keURdascht®s high frequency phonons (lattice waves),



leading to the destabilization of YSZ by precipitating nonoclinic zirconia
(Zr02) with a lower yttria content, which may result in a shorter life
before failure of the conmponent due to higher thermal stresses. Thus, it
may be particularly desirable to forma TBC 13 that is substantially free
of yttria YQMYBA#ally free of yttria neans the excl BSVBR®YOHY anount
of yttria greater than that present in the commercially-available forns of
the other rargh@anihr QfACSiA%s BATDHAXdARSo 14 t'ﬂattap@stﬁ*l@r thdn [0039] Qther
rare earth elements, including ytterbia, |utetia, and scandia, for exanple,
are nore chenﬂ@allog@ s, @isly scatigr lober f§¢®l§@m3é0mnsdmhemﬂﬁﬁsphtmﬁese el ement s,
ei ther al one L he primary
dopant in a %ﬁélrglg%v\i? ASE%E% A(]gééneﬁgﬁv Iol&v%tm&pdﬁsteg&‘%ﬁéztg% ?%nlli of TBC13
in the pr esen&@ roth (ﬂmoncframtm]heﬁmag“ﬁlzﬁstmedﬁphtmndmclehtmdﬂscl osure
general ly mcécté&ensn %ubzse oxide, a primary dopant, a first co-dopant, and a
second co-dopan P iding mul ti ple dopants, preferably of different ionic
radii, may de[03%jdécatRerardeirtmixide dopinatary/étpyctef totibveer iRGhdrhahor e t han a
si ngl e dopant presen e sane total concentration. For exanple,
the differi ngcc},\’gﬁ?t‘é RETI thflfhégqteﬁcf?rgﬁggl H %ﬁpﬁpﬂl OrSKIRIH 9 S caused by
the lattice iogiedshimtidigngtertid)Odtd]a, 'g“mhbla,s@enﬁm @eodyiid, ReropBCanti3hgray i ncl ude
or may consi s{ essentially of |rcon| a, |a an conbi ath(g § t her eof .
In the current eoqrg‘é’ip(?%t E’m‘i’%e ecywely dove é \‘f"s‘} Wi B¢ d3consi st of
the listed el gagpiudsS) or corrpound(s) while allow ng the inclusion of
inpurities present in sma anounts such that the inpurities do not
substantial ly ﬁgﬁﬂe@?l“@?feoﬁﬁeﬁﬁét”tﬁ’ sythgrlemangs in thet TREC &} wawplso dscr@dhpound. For
exanpl e, the pdtkfhGahRA t&fm@myuheﬁeategrthe%lp@ﬁﬁﬂé str%xQﬁglél cul't, and
thus the nomnal rare earth el enment may include small anounts of other rare
earth el ement Bicorppriagngiaset agrte eieglentﬁmethdéﬁgftroorberaéwélwedfttbymtcwe | anguage
"consi st esse zirconi a,
o the. pr ocosayra e o MR SAK AN Hpol R, WRIERG, PRRRELS 2
wel | - under st obalind by enhtfery.c lbeseidnit Bkusare lead peclowndr difuhenv@cticicotner t her mal

Chermal - condutt iy inted) ATRARAL AT ik datEs 02" oo ect ea

to provide a hmteaélffahbmcdeﬁimengmmks the amoumubmmerﬁng)ata(grveatempetamre of

t et ragonal se.constituti on et ragonal
phase const ;¢ IO ehizesr ShrlagRer Ry FaBhentr iR Aerg iSpant | <
general |y sel etthetheinml pdirﬁMbtdx&tylolﬁﬁfeel&EECB di\eStlﬁtsamz:e lifeof@AB@tL3.ack. The
primary dopan ncl ude erpi gonsi t .essentia f

Dt erbr a o TS Bt hERBba i et leSored b Argabpdnt
concentr at i ongs § pReusabetire2 Tﬂpborog{oyto@ t@blcm 134£}dﬁ@k theYheribi&beducadinpr i mary
dopant concentratiaons range from about 2 %to about 20 nol. % and

about 2 nol . b fegucinbibe arep thipygh \v)alﬁvheﬁhlﬁyomﬁ%ﬁnw%gfhngﬁéarreerred The

primary dopan;efﬂdsmlanﬁ&e%rdﬁ@r%c%e%a{thé PorBs £HdQRE @kt AUTBOH whibidihe@igicher the
first or second co-dopants, and be present in_an anount |ess than,

equal to, or &b barade. whéhcamhedweb%ﬂt trafpfi By rasationeSinferigg redueps shec ond
co- dopants. @%4 of i sfnhétﬁ{ SERQBHCf %@Hﬁd‘%&nd%&?n ;&%@'Jh' y selected

to provide decrea ed t herma conguctlwt conpared to YSZ and i ncreased
resi stance torasilam)emd@ndmtlen)qurﬂ@t"r%lboﬁaﬁlprmvlllgihpmrget}’s(a??mr| a, or may

consi st _essentigglihyi s AT AR LBG . AATRAPLI QBT RYpifiShatle the

first co-dopant In conc | ons trom abou 20 mol . %
pref erably abtetthdmél cxmdlucn%)mf thdOBC 13 0t arolear tBg lenad of thproe’gmal;h)bagpha&)out 0.5
not. %to aboulthCSBm)l . %

[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,



[ 0045] The second co-dopant may include lutetia (Lu203), scandia (Sc203),
ceria (Ce02), gadolinia (&d203), neodym a (Nd201), europia (Eu203), and
conbi nati ons thereof. In other enbodi nents, the second co-dopant may be
selected fromthe group consisting of lutetia (Lu203), scandia Sc203
ceria (Ce02Y02YaldiHni a (Gd203), neodymi a (Nd203), eur SHTASIOEY and
conbi nations thereof. The second co-dopant nmay be present in the TBC 13 in

an amount rangeaaﬁigftm@h@@mha{?o&ofwz ﬁr&&plﬁgﬁé'ﬁmg(%hmalzuco{ﬁa @rr@berabl y

about 0.5 nol o about 10 referab %to
about 5 nol . %lth[aO@\&@]ytmhémé@Wpdsﬂtliné))nre@\ﬂt mlﬂehmlli@eﬁfﬁ(?%@e@ﬁd@en to

provi de a desi, S ,ONS

i ncl ude net astg PO Iggittﬁlgé&%gﬁ%kﬂe%m SSéC?E% hmr? bgg%gj@%%gk%ﬁ% r Hf 02)
conpounds, su (fdxmastlREZZtl@Gm smbschnmﬁzll—ﬁ@@)f yttmvdh e?nﬂastREiail ;; frae pfyteiae@anh

el enent). To 3§E203 ZrO and/

e.
constitution, i ﬁmloﬁ%fe apotit? ?dk'an tﬁgt pg/%sf @Sﬁ{’)m%rc%r
primary dOpanta}alkabkalfd)rml(bft‘l‘ﬁ|0the%d1r©eaaﬂb©utde§2@h’cmdox1dB¥05eﬂluﬂEhb'RBﬁJ opant, about
10 mol . %to ?‘?q%gtoﬁ\% nol . %%econd'éoa.dogan]? 1and t he bal.ance base oxi de
and any i npuri plaEmRarth plyments; inc/ading wipghip, IWRta AnG6ARG-(9ft i on, the TBC
13 includes ak@ithpl§ a%ore%érﬁlcﬁty@tﬂbleaﬂtHH}JreseI%blblfCWBKS/ Tepanée about 2 nol .
%to about 10 _ nol %flrst Co- do%ant about 2 Gor %to about 10 nol. %

second co- dop&KIeN B theTRONS & HrearIREeN, Ay Sesizehly reisccivitpaRt Ffes present. In

sone enbodi meptifaryt ddpant BCa TBCAONPRISH haPRedu RsRIhaldsbarh®miggd to provide
a netastable tetragonal t' phase constitution. [0047] The TBC 13 nay be

appl i ed by anyBtdéfuihe pesencngt G¥Pod, however, preferred methods include

pl asma sprayi igp4aP¢het ﬁ@tlﬁgpth@@ﬁ%nphﬁﬁbﬁ% geYléQQ\} mgﬁlg&si ﬁaké)@xlééz@ PVD) .
Pl asna Sprayl ng 1s (&%nera Yy pre erred when a |lower thernal CO”dUCthlty IS

desired due t oTHHE dppardt afirsinoedpaprinad agtcogi sk-deprap ddclpdngsuliplent ed with a

maj or axis pery i ases the
t her mal conduct8 VI tg&%egbl}&%@gm%&%%% (QEI%% rﬂrleerﬁ“g Iﬁd ?lg{gt er strain
tol erance is détherl&€ Buwore thanheingly depd whsh pmﬁtnuutehq sarrtem@alTBC 13 t hat

t t t t 0048
'Tgpcgr 13 0f i ﬁ;orgcr@étziéﬁ g&seé?rﬂgl% thi‘él@feﬁrlb% iRl LA rﬁé’y‘%gcrnafs‘é Eh%se‘ias}f-'g el [ease d]

t her mal condudield_mahgedamdleaattwmmpeﬁsmdns esi st ance to CMAS attack. Th_e TBC 13
T S C R R SR
Haf ni a ( YbSH) zikB@ic hafeda\An@ 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

impurities 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 arc 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 (t’), cubic (c), or a mixture of tetragonal and cubic (t* + ¢) phase

constitution. A metastable tetragonal phase constitution is generally preferred.



-+ [0049] FIG 4 shows a cross-sectional view of an article 40 including an
ytterbiastabilized hafnia (YbSH) TBC 42 on a silicon 49 / mullite
(A16Si 2013) 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% wat er vapor prior

to the photSyt"8PH172espite the relatively high coeffi cPENUSHIYEHEEL nal
expansi on - (CTE) of YbSH (about 10 x 10- 6/C for YbSH versus about 4 x

10- 6/ C to_aboyosd TneiRmiCddpant iCHakralll BQediRY b ipkAYRIInGOALd REsBRVYIHY the YbSH
TBC 42 nmai nt alwr?e excjngl | ent pgdhler enl(r:ae,sl .p?ot ectpi ng tuﬁe @)Y & sabst.r ate 46 from

wat er vapor afFMaekattathelhsmsinens dappnigna ineladrpriterths. Ok may sonsishesrentiglly s
believed to h i ‘m . i .+ he YbSH TBC 42
ﬁf!ﬁtefb%. ﬁ%ﬁﬁad bﬁcﬁﬁggbg E%%ﬁl%lu%& &@ﬁﬁlmaéd&up & ih

reduced the thermal conductivi about 34% from t'he "basel i ne _
envi r onnent al cdngentiagipnscioan dbrogt 2 fnob ¥ tizbowt 49 nwl oK Prefereed puitnaty, ®pant1. 4 W m K.

Exanpl e 2: Yb%}%g&t}aﬁ&@ r%%%)lgli iﬁ%ﬁlﬁZ -grl 9013 a% 25919051’9)6 e{ﬁg ?Boé Z%ch%i ? ed

Cross-section VI ew oOf ‘including an 'yt I ast

haf ni a ( YbSH) toldBGutS® nool. % psinlarycdopaii9s mostprdférted. T8e primbryelopintim si |l i cate 57
bond coat 54. Ee?ab?on%iseﬁpﬁta isata}rggll irﬁctiha(r)lnit r(EL\/[}Ersubstrzéltée 56. The article
50 was exposel Tt Lo “ERe M AR Rer KMy e B3 RS 558 S%4°REYs wat er  vapor
prior to the phichogsapbsentiihen oD Zsathan, rquaitd)bagieater tharctdt toeait adherence to
t he substrate 56. E%( le 3; YttriumSilicate on Miullite Bond-coated CMC
[0051] FIG 6%3ABWe @ggf%é%d-%?ﬁdica‘ PaY§-ew of an article 60 including an

yttrium silicafoa4|TBE 62 208 setohdibd-Bdpant @Rt aly seldbRd Miprbi e dhsngedcoat was
applied to a sil |a§on carhide substrate 66. The article 60 was exposed to 46

one hour t her HEM& yRINEily comperedioayRy aoeiaases reyisBee BrnsFng ol ithe

phot ograph. Thgt mlhéﬂahﬁng%éﬁ@@ganﬁﬁg, dftrﬂa?cHﬁE@ bdstRRNG of afatigdThO formthe
a

gl assy bubbles 67, severely magi ng the TBC 62. A simlar glass formation

reaction due TECyBtoemaosiiign maseingladethe Hrst oprdongpisi corsantytions from ahautr i um
silicate was HeRhAcHd Yaduh@Rol b4, biedrsti@iout & hof 1% &Pbok 10BRol. %,

Mul lite-ytterbiumsilicate does not show glass formation in the sane

condi tion, suggeigréfpgbly abey€rSiroel. GHeabwdb mol.dbi ity of ytterbia conpared to

T

t he fol |l ow ng(@dQaj,gedolinia (Gd;0;), neodymia (Nd,Os), europia (Eu,03), and combinations
thereof. In other embodiments, the second co-dopant may be selected from the
group consisting of lutetia (Lu,0:), scandia (Sc,03), ceria (CeO,), gadolinia
(Gd;03), neodymia (Nd,03), europia (Eu,03), 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;03-ZrO; (and/or HfO;) compounds, such as RE,Zr,O; and REszéoy
(wherce RE is a rarc earth elemen_t). To achieve a RE;03-ZrO; (and/or HfO;)
compbund 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

10



CLAI MS: 1A thermal barrier coating conmposition conprising: a base oxide; a
primary dopant conprising ytterbia; a first co-dopant conprising sanmari a;
and a second co-dopant conprising at |east one of lutetia, scandia,
ceria, gadolinia, neodym a, or europia. 2. The thermal barrier coating
conposi ti onVBRVEOYH 1, wherein the base oxide is sel e®CEFSEOYPABRe group
~consisting of zirconia, hafnia, and conbinations thereof. 3. The thernal

barrier coati ng, oRRQShibRR: qf)o&k%n%mmﬁ{]ﬁi@oﬂ%@se&fnuggrdx @%ﬂ@t s

present in a larger amount than either I rst co- and t he
second co- dopé_l‘m balance base oxide and any impurities present. In some embodlments the TBC

13 composition is preferably selected to provide a metastable tetragonal t” phase
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 conductiv.ity 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: Ytterbia-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 (AlsSi,O; 3) 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.
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. 4.. The thermal barrier coating conposition of claim1, wherein the thernal
barrier coating conprises about 2 nol. %to about 40 nol. % of the primary
dopant, about 0.1 nol. %to about 20 nol. % of the first co-dopant, about

0.1 nol. %to about 20 nol. % of the second co-dopant, and the bal ance base
oxi de and WWPY¥NB4. 5. The thernmal barrier coating BERESPMYEERZof clai m

1, wherein the thermal barrier coating conprises about 2 nol. %to about 20

nol . % of theEQimﬁRQymm&erlﬁ{hﬁlsfllu@teETE@bn(ﬂ@ICO about 10 mol. % of the
first co-dopant, about O. . %to about 10 nol. % of the second

co- dopant , anOBFHEFIGaP alm‘é awa@ﬁé-sﬁﬁtlpﬂé V&?h‘doﬁamﬁmcietﬁoelgcludlmn ytterbia-
2009/ 091724PC§IH§%991%:1%3@%§FI) TBC S-E'B%asﬂ%ﬁr%/ﬁﬂfh'ié &y eﬁt@ﬁﬁdn’i‘ﬁh&‘?@?fjs' tion of

claim1l, wherein the barrier coatlng npris about 2 nmol. %to
about 10 nol . bésdabatHe Tpcbmairgpad@pmmomb@MC anstrartmﬁé Thaatidbduwas nmol . %

of the first %‘ oge%gga{)() ox%%%ﬁ% thgnnal C)a: ¢s at d3t0% % %9‘2)3\x%érya o.I: o11the second

co- dopant, ance base 0x t Rer mal :
barrier coat i thg pbotopraph. t TherTBG Sbﬁglmamtamhéemehem hdhetdnes twehe imhstrdteer coating
conprises a c g)l c phase constitution. 8. The thermal barrier coating
conposition of 'claim11l, wherein the thermal barrier coating conprises a
tetragonal t' phase constl tution. 9. The thermal barrier coating

comOsT 1100 Ok ch 8T e Ao b SR B0t 19, o ses @
[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.
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10. The thermal barrier coating conposition of claim1l1, wherein the thernal
barrier coating conprises RE203-Zr02 conpounds, RE203-Hf 02 conpounds and
conbi nati ons thereof. 11. The thermal barrier coating conposition of claim
1, wherein the thermal barrier coating conprises a mxture of a cubic phase
constituti OHOANHOU7RE203- Zr 02 conpound, RE203- Hf 02 coRpHUAE/ &2
conbi nations thereof. 12. The thermal barrier coating conposition of claim
1, wherein the coating is essentially free of yttria. WD
2009/ 091724PCT/ US2009/ 030832 13. A thermal barrier coating conposition
conprising: CLAIMB:pase oxide consisting essentially of zirconia, hafnia,
or conbinations thereof; a primary dopant consisting essentially of
ytterbia;

1. A thermal barrier coating composition comprising:

a base oxide;

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, or europia.

2. The thermal barrier coating composition of claim 1, wherein the base oxide

is selected from the group consisting of zirconia, hafnia, and combinations thereof.

3. 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.

4, The thermal barrier coating composition of claim 1, wherein the thermal
barrier coating comprises about 2 mol. % to about 40 mol. % of the primary
dopant, about 0.1 mol. % to about 20 mol. % of the first co-dopant, about 0.1 mol.
% to about 20 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 about 2 mol. % to about 20 mol. % of the primary
dopant, about 0.5 mol. % to about 10 mol. % of the first co-dopant, about 0.5 mol.
% to about 10 mol. % of the second co-dopant, and the balance base oxide and

impurities.
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- a first co-dopant consisting essentially of samaria; and a second
co-dopant selected fromthe group consisting of lutetia, scandia, ceria,
gadol i ni a, neodym a, europia, and conbinations thereof. 14. The thernal
barrier coating conposition of claim 13, wherein the primary dopant is
present i nWPM08YWEP4ampunt than either of the first coPdHEMWY/BPE2t he
second co-dopant. 15. The thernal barrier coating conposition of claim13,
wher ein t he CQat|nﬂlqu&§1'afsﬁa§rlé? glesmaosﬁmnof&amlma&nﬂ@tﬁ% | % of the
primary dopant, about O. . about % of the first co-dopant,
about 0.1 nol bar%nco&*atxwmp@@esnmut’%Qif%ttm@osle&mdl ¥oofdloprirmary and t he

bal ance base o 0 r |ng
conposi tion o@ﬁ%ﬁgf g%B wé%g%ﬁﬁ) Sﬁgga ?ﬁg;€§%§$i Qﬁ'%bﬁgog?% nmol. %to
about 20 nol .‘V&fp@bomlﬁenqmr%rmﬁrh;sctmpdim -dombpand Be balamk baghoxaleabdut 10 mol . %
of the first co-dopant, about 0.5 nol. %to about 10 nol. % of the second
co- dopant, andnqulﬁaJance base oxide and inpurities. 17. The thernma
barrier coating conposition of claim13, wherein the coating consi sts of
about 2 mol. % to about 1 % of .the.pri opant. ut 0.5 nol. %
o about 5. ol o R hmat byl e ing plAt mst dle | SV Brarh b abont '8 ol
% of the secobshrieCod@paddinprisdd@d cube phask apistindiase oxi de and inpurities. 18.
The thermal barrier coating conposition of claim 13, wherein the thernal
barrier coating conprises a cubic phase constitution. 19. The therma

barrier coatigg CONMRQRédaPErdr cEatRigRohBositidieIrR]aln i NehdrfIR E¥Bherar I i er
coating conprises a tetragonal t' phase constitution.
barrier coating comprises a tetragonal t” phase constitution.

9. The thermal barrier coating composition of claim 1, wherein the thermal
barrier coating comprises a tetragonal t’ phase constitution and a cubic phase

constitution.

10.  The thermal barrier coating composition of claim 1, wherein the thermal
barrier coating comprises RE;03-ZrO, compounds, RE,03-HfO; compounds and

combinations thereof.
11.  The thermal barrier coating composition of claim 1, wherein the thermal
barrier coating comprises a mixture of a cubic phase constitution and a RE;O;-

Zr0; compound, RE;03-HfO, compounds and combinations thereof.

12.  The thermal barrier coating composition of claim 1, wherein the coating is

essentially free of yttria.
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WO 2009/ 091724PCT/ US2009/ 030832 20. The thermal barrier coating
conposition of claim 13, wherein the thermal barrier coating conprises a
tetragonal t' phase constitution and a cubic phase constitution. 21. The
thermal barrier coating conposition of claim 13, wherein the thernal

barrier cod¥YPAYBYMIri ses RE203-Zr 02 conpounds, RE203- BEOPSY8MPOWAds, and
conbi nations thereof. 22. The thermal barrier coating conposition of claim

13, wherein the thgrimlBatkd 86an0abhiditoR WhbsEs-2a M xture of a cubic
phase constitution and g RE263-.a 2%2 %t%}rpogﬁ@? R%OB-HfOZ conpounds, and

conmbi nat i ons t her edbase ogige caisistinghessendibllbefraiicenia, hotid, agcoodingoeist i on of cl ai m
13, wherein the ceating is essentially free of yttria. 24. An article
conpri si ng: >a thermal barrier coating applied to at |east a portion
of a substrate, whep@marytdhpant bewsisahg dsamtipléy ofgttatbiang conpri ses:

a first co-dopant consisting essentially of samaria; and
a second co-dopant selected from the group consisting of lutetia, scandia,

ceria, gadolinia, neodymia, europia, and combinations thereof.

14. The thermal barrier coeating composition of claim 13, wherein the primary
dopant is present in a larger amount than either of the first co-dopant and the

second co-dopant.

15.  The thermal barrier coating composition of claim 13, wherein the coating
consists of about 2 mol. % to about 40 mol. % of the primary dopant, about 0.1
mol. % to about 20 mol. % of the first co-dopant, about 0.1 mol. % to about 20

mol. % of the second co-dopant, and the balance base oxide and impurities.

16.  The thermal barrier coating composition of claim 13, wherein the coating
consists of about 2 mol. % to about 20 mol. % of the primary dopant, about 0.5
mol. % to about 10 mol. % of the first co-dopant, about 0.5 mol. % to about 10

mol. % of the second co-dopant, and the balance base oxide and impurities.

17.  The thermal barrier coating composition of claim 13, wherein the coating
consists of about 2 mol. % to about 10 mol. % of the primary dopant, about 0.5
mol. % to about 5 mol. % of the first co-dopant, about 0.5 mol. % to about 5 mol.

% of the second co-dopant, and the balance base oxide and impurities.

18.  The thermal barrier coating composition of claim 13, wherein the thermal

barrier coating comprises a cubic phase constitution.

19.  The thermal barrier coating composition of claim 13, wherein the thermal

barrier coating comprises a tetragonal t’ phase constitution.
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- a base oxide; a primary dopant conprising ytterbia;, a first co-dopant
conpri sing samaria; and a second co-dopant conprising at |east
one of lutetia, scandia, ceria, gadolinia, neodym a, or europia. 25. The
article of claim?24, further conprising a bond coat applied to at | east a
portion of MhWHWOYWBBEr ate, wherein the thermal barrier ESHUSRREP/P3Zpplied to
the bond coat. 26. The article of claim24, further conprising an
environnmental barrier coating applied to at | east a portion of the
substrate, wherein the thernmal barrier coating is applied to the

envi r onnent al 2&ar rThertherpalk iapvigr coanng 2000909128 4T LSZEEYY hedggRal

barrier coating comprises a tetragonal t” phase constitution and a cubic phase

constitution.

21.  The thermal barrier coating composition of claim 13, wherein the thermal
barrier coating comprises RE,03-ZrO; compounds, RE;03-Hf0O, compounds, and

combinations thereof.

22. The thermal barrier coating composition of claim 13, wherein the thermal
barrier coating comprises a mixture of a cubic phase constitution and a RE;Os-

710, compound, RE;0;-HfO, compounds, and combinations thereof.

23.  The thermal barrier coating composition of claim 13, wherein the coating is

essentially free of yttria.

24.  An article comprising:
a thermal barrier coating applied to at least a portion of a substrate, wherein
the thermal barrier coating comprises:
a base oxide;
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, or europia.

25.  The article of claim 24, 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.

26.  The article of claim 24, further comprising an environmental barrier coating
applied to at lcast a portion of the substrate, wherein the thermal barrier coating is

applied to the environmental barrier coating.
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27. The article of claim?24, further conprising a bond coat applied to at

| east a portion of the substrate and an environnmental barrier coating
applied to the bond coat, wherein the thermal barrier coating is applied to
the environnmental barrier coating. 28. The article of claim?24, wherein

t he t her maWOHP¥9%24coati ng consists essentially of: PCT/USKHOYINE? oxi de
selected fromthe group consisting of zirconia, hafnia, or conbinations
thereof; a primary dopant consisting essentially of ytterbia; a first
co-dopant consisting essentially of samaria; and a second co-dopant’
sel ect ed fron2t.he HreougrleoimdintZdniyrtbér compasings badanaiagpliadde atdeasgadol i ni a,

neodym a, eur B(Hjtl@n oﬂﬂgsﬁgﬁg& %téf.n%g%r&npr?ehﬁ%amer coating applied to the bond
coat, wherein the thermal barrier coating is applied to the environmental barrier

coating.

28.  The article of claim 24, wherein the thermal barrier coating consists
essentially of: | _

a base oxide selected from the group consisting of zirconia, hafnia, or
combinations thereof;

a primary dopant consisting essentially of ytterbia,

a first co-dopant consisting essentially of samaria; and

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

ceria, gadolinia, neodymia, europia, and combinations thereof.
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