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SUMMARY

[0005] In general. the present disclosure is directed to a multilayer thermal barrier coatine
(IBC) including a plurality of layers. The muttilaver TBC may include two or more lavers.
each of which is selected to provide one or more properties to the multilaver TBC. For
example. each of the plurality of lavers may be selected to provide at least one of low thermal

conductivity. erosion resistance. thermal cveling resistance, and CMAS deeradarion
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thermal barrier coating also includes a second laver deposited over the first laver. The
second layer comprises a base oxide comprising at least one of zirconia and hafnia. a primary
dopant comprising vtterbia. a first co-dopant comprising samaria, and a second co-dopant
comprising at least one of lutetia, Scandia. ceria, gadolinia, neodymia 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.
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second | aver conprises a base oxide conprising at

| east one of zirconia and hafnia. a primary dopant
conprising ytterbia. a first co-dopant conpri sing
samari a, and a second co-dopant conprising at |east
one of lutetia. Scandia. ceria, gadolinia, neodvn a
and europia. The second |aver conprises a second
phase constitution selected fromthe netastable
tetragonal phase constitution and the cubic phase

loomristveﬁanbﬂhara @ndhd HeseREHQ WLion .
nt than the P?I st pﬁg’ghi‘gﬁ%&?? i% llavﬁr tflffﬁlfb?ame

°°afw \?éltug‘éin hBERS }a‘ascbéeﬁt“ed PHeE applsgenta muhlhdvelsmreenedme laver

dep@bife@ ot @hd frs@avBd! dnli @lerly LL&h
a first Ig\ﬁ%’ dep g’g{ste \%%F mémga‘ﬁ?%{“?egpgdlat%

| u
la"?fu& Eﬁ(ﬂé}‘er|PfﬂVéfeﬁ§(ﬂhahf§mplaqyehn0 rdsp@met tﬁd rrm‘i/tﬁz[\ ef lﬂ&rmedlate

lavéripkSlidek &M el v
LS 10, P RS B TR e o

lay T:frDBQ)"‘%?é & 1Pﬁsb<|>fletqféq\’r‘rﬁ1€tr@%} chridugrivie séredianeeistabdiethermal cvcling

resﬁﬂdﬁ&_l dnd\MA S At &hdBdh flsRuaplcaver provides at |east one
| ow thermal ™ conductivity ardor erosion resistance.

of
(001} lhe [jetakisoyf onp QK/T@pr"m’@ﬂ’d@BtS ate seefagth irothe aﬂforﬂpﬁhﬂlmo drawings

~ anditheddiBlpisOBAYET Dtiiel ¥ r [esi.stance. thernma
cycl i ngf B esi stance. an %%n edgardgﬁné?ﬂef)ml ‘i@?ﬁ?ﬂ?‘é’m the

d“ser‘p“POB‘ldl‘jm"Tﬁéb @ad apmghmlmmﬂe or nmore enbodi ments are
set forth in the acconpanying drawi ngs and the
description below Oher features, objects, and
advant ages wi IBRIEE RIBERETION OFIIFEWINGSCr i ption and
drawi ngs. and fromthe clainms. BRI EF DESCRI PTI ON OF

[00 m/f\?@NGSa[COIB&chrlﬁmdadxagrarrsxllasnanmﬁrés,eﬁlble(hﬁeﬂle dtiagham
i t|cIe|ncIud|
murrtrl{ljalvt&ﬁhgr@gr%tgr %Pﬂagiﬁ@ ba rorsftee FOVELRPI O?feBB@g iselgpesiied ovgr a

subpesd coat, which is deposited over a substrate.

R t |
kIG5 e R R e ey i

mu‘ﬁ*ﬁ’b@ﬁthfa:melrbamﬁepn%ainokiapsosuﬁirmeetat drngsubepesi ted dir ect ly

S 14 3.is a cross-sectional
OOPAlﬂaFg? a%p?f:{o%; ecn%na?ma]rrﬁm d Lg%tllré an examppla aftigleli IWW 2

muliigiver thexmelrbatrire coming ldapsdstt@iroveﬂai InRPordRRS blrSith Q¥EL.. an

al. barrier co [0015] FIG 4 is & bar
00fT 1S %&E‘%E%paaamm e R St P o et eaics pamemo sfomides.

[005! P | S8 @Rardigszram F@fipbhe HeCroshnirsie 8f Bampf Ageam
the erosion rate of exanple OXI des. [0017]
0 c
[ “@ﬁ(rﬁféé ee ’é’sscSrCS%%’aL‘g‘éﬁTEIBHﬁisw"ai“gg'lﬁ SRR ersicle andludgnearCMAS
degepaivplrasisaant iagdraicpsrrkdleR @ maltidPSthermal barrier coarin 3
[0018] FIG. 7 is a cross-sectional diagram illustrating an example article inciuding a two-

layer thermal barrier coating.

[0019] FIG. 8 is a cross-sectional diagram illustrating an example article inciuding a

multilaver thermal barrier coating including a multilavered intermediate laver.
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degradation resistant | aver deposited over a

mul tilaver thermal barrier coating. =~ [0018] FIG 7 is
a cross-sectional diagramillustrating an exanpl e
article including a two- |aver thermal barrier
coating. [0019] FIG 8 is a cross-sectional diagram
illustrating an exanple article including a
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features pores) in the TBC that provide strain
tolerance. leading to a loss of strain tolerance and
an increase in the thermal conductivity. Another node
of degradation by CMAS is chemical: a reaction

bet ween CHAS and vrtria in the TBC may occur,
preferentially along grain boundaries. |leading to the
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zirconia (ZrO) with lower vttria content. Both CVAS
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[0026] In some embodiments, the multilaver TBC may include more than three layers. For
example. a multilaver TBC may include a first layer that is selected to provide thermal

cveling resistance, a second layer that is selected to provide low thermal conductivity, a third
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about 7 wt. %to about 8 wt. % yttriumoxide (7-8 YSZ
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adjacent a second laver or coating and a first laver or coating deposited on top of a second

lav Ing wi i i i j
VEr OT coating with one or more intermediate laver or coating present between the first and
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substrate 102 and a nultilaver TBC 106 deposited over
bond coat 104. in the enbodinment illustrated in FIG
I. multilaver TBC 106 may include a first |laver 108. a
second laver 110 and a third |aver 112. However, as
descri bed above, in other enbodinents, nultilaver TBC
106 may include nore than three |layers, such as. for
exanple, four lavers, as will be described in further
detail below with reference to FIG. 6, or as many

dodlY R t abl e process met hods,
scloBl Bl BeRAL! ARl kDB B8P, REGRES P o comnng thr

Is deppdied emedigely F@@ensam[r@o@mr dr eoBOEE. N ABBA irSerma@arte
1a¢e}\loy§$aglg(tsed in FIG 1. nultilaver TBC 106 nay be

osi t ed directly on bond coat 104. In other
lOf&HE%@hSﬁ@hﬂ @2 maybe 4 ¢canpenerT BCa A6 weniperavire ndeR@shl €em. such as,

or, te ct on substrate 102 wi t h
o o b R T RE A 8RR, odaisod? rg

Inchide prsunemligefsheted aaspaallcanbesedan Nhoeds INigFet Batthd Bee. A substrate

10868PRSIL & ot | a er. or coating, and
enconﬂasgggﬁy%gﬁmg ﬂ?%t}F%$gp’SFE?EBFF%@mﬂébﬁﬁﬁﬁéﬁﬂ

pPripamied sech @k Wuc’kxdijsiihs'dh"sa (SeRoAGre SAYRiEy, Qbrr&sQAlkAGarRD %x@lanop

£ d e ¢ deposited on top of a second
= Sga\rrllgr mjclaaﬁ}{cg]é i n £ tkﬂg“ 8% P hor B Psﬁf%ls‘l*f"l?%iﬁuﬁt may hywylized

for@pbs@g@ﬂ D% gnqm:dcme mr ebﬁﬁMﬁ elibst Beuithble SHorANEE-NERaNE,

oat i ny: deposited di rectll-py
B RO PR S5 R HA R 7oty St G-

Misheged Catpe IMushejcackihtunagaliedde lidd @fatiOfis ©A8% LG ﬁq and
ere are no intermediate |avers or coati ngs. 6?

th én(bstrate 102 may, be a conponent of a high
[063&Tperiat embodiehaRiBahte SYBHEMncRME B c&Smic the%r,gﬁg i
i ments.

bi e en |n or. the Tike, In some e
Comﬂ%%f fé]\?@ ﬁ?'n‘(‘,‘F Iydfae & carapiraaldMy mas instuda gnsauserul
cemmpenﬁrlab\m\mamdnﬁﬁ dMiple, S oA 8 |
thesl ﬁ"ﬁ a@ﬁc 102 i Iﬁ;ﬁlltpne aC%u ér a? Isglr\égnrr%nﬁlendlﬁlﬁglaa silica, and
ot'fie TR VERSE s aﬁ‘odf‘é}rt:(bﬁllqrtnsatermb laachihe &ller material

map ﬁl&ﬂl&ll% b b(&ﬁmu&@&&nﬂﬁceﬁ@kﬂﬁﬂ Q%i%%ontl?ﬂ{)vsy}@ﬁﬁdrcegn%ﬂp %rog\t,xl“zlimplo the
rrqsion resistance. oxidation

ﬁ“F ‘Eatir{aéﬂé%mc 8 ASHRRPYRQue Whigkers.oplagelpts. dmeriuiates. tAsenatht:
examyfe, el msdRg may iRMud¥BY 0B b dn

Oﬂégﬁ nﬂ cl udi ng. fc\)r1 eL>l<arrpOe g osggogg%lnll{n%r mlll)l\PFlamem weave.
[ hefilighsqraroPiionshape; sizepandibs Hise may 13, selenéro ;trh\eaet thade

deﬁi Egﬂ%ﬂdsgg tmgﬁg&e exglﬁﬁls QIxéﬁﬂér é@gér ]r‘nra‘Q gé %{wsen to increase

thedaenpseliagngticamia nﬁ‘ﬁﬁ* Gk Sligromararisb betd‘neseh tdk@ovide thermal

conductivity, eiectrical conductivity, thermal expansion. hardness. or the like to the CMC.
[0033] 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 aluminurn silicate fibers in an alumina martrix. or the like. One preferred
CMC inciudes silicon carbide continuous fibers embedded in a silicon carbide matrix.
[0034] Some example ceramics and CMCs which may be used for substrate 102 inciude

ceramics containing Si, such as SiC and SizN,: composites of SiC or SixN, and silicon
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[0031] In other enbodi nents. substrate- 102 nay
include a ceramc.or ceramc matrix conposite (CMO).
A substrate 102 including a ceramc or CMC nay i ncl ude
any useful ceramic material, including, for exanple,
silicon carbide. silicon nitride. alumna. silica. and
the |ike. The CMC may further include any desired
filler material. and the filler material .nmay |nclude
a continuous reinforcement or a di scontinuous

oxﬂfrﬁihﬂé 6 FiJIR Blum i@y oﬁbﬁﬁﬁ&l %etatl Qﬁovsftllult rrcfudggF ?ﬁch%
| ude di sconti nuous. whi skers e

““ﬁﬁﬁ?FEUPBFQ§HQA§=&HH?%@P “@%&ﬁwﬁgcmtﬁ@\iﬁkléﬁsnamedpaH&

oxﬂaMnMHﬁLude a continuous nonofiiament or nultifilanment
[0032] The filler conposition, shape. size.

W“&H]dB?WeCOPﬁ }04 tppyype Wepasasdeerer depogitediretely bheubsdasil 02 dBond

coPNOPRET indFotedhlfn@weef Qlliﬂtﬁ%\m@% 10k Igﬁd %dbLtr %102 b
material may be chosen to increase the fhiness of a

CBRGINENTE ICEHENUEsTRAER FA2includse asiperaioy nepd abas <1)040ma\cinol$aém an
alidyOsRhQY b SeC AL MR! (whe@REHaE ¥t ¥ I\ugk g» I\Ihg?mcket Aluminide,

conduct|V|t¥ thermal expansion. hardn
allovdeiths uepsiitied qyomrsiified by $o . BitFodY nindng combigatfdnk tefeof), a v-

N1 QQIWQN ;ﬂb@’n amm@‘ealtoh‘?elﬁ%r&?ﬂlﬁéa ?rbodg'{gd %\ ?’Bltc)r( }i&%r Y. Si.

material . For exanple i con car
andGAMPERANANSSPeTPB oM teediMsi de whi skers. In ot her

00@ edj fi Jal, may include a .
[ @P erﬂgﬁ{aﬁ]g%ar}r%g@f tbl l&)&n&){a I? el%cléma%/ﬁra 1CS 00, ﬁ]ekma@ugﬁ that are

coragatlaiemﬁfrmwbstram Hatthat ﬁHCbJ@rSa tararaie oalCvid . nizor BednfiflX boY coat
104 HS\ lﬂ"lﬁgﬂ Qpﬁeb@h%%ﬁ{ﬁgc teCIXC §1an: g[ ik F%oﬁixééq%%ﬁllbcégrokl) Itrgvellk»

cont | nuous rs e ed TH
Bopgheqat %04 @@%ﬁbermv@MMrmmersam sgaraBghHMaaeMicRlding

lu[!gg]ﬁ} g%%Hﬁ&% f%erb%Hrﬁ? r)aS‘gE&I]égﬁal nCl }J[dm slllgee}%sgrsn@?ﬁré@rbsthvat es.

holgji@n ()Irlo;Sul; chi#s. aimsbrediunm dmn sill\,@r)éy @zladid'iindﬁh @ d) Sikikdi&ORrbium (Th)
s _t hat |nclude Si.

. itride:

sﬂx%té%]magrgﬂgrg)%@) Stllb ateelg,] l‘?erl‘rr}nasrlu.llm % drh Sé ab'ﬁf p((gneé um (bra) §})1Va5:'s

neqﬁvmmrmﬁp@slhc@ten padstc@ysivfre(P) siiiddeS ce}lumgﬂéb sﬁ%htgﬁ'lan%hgrﬁ
& ﬂQ coat be deposited over

(L3l %‘gos qgslr“é‘é Ty S“S%“"élmjﬁg‘t’rsg‘? e 92the Bbh dPomedatierial

Comagﬁltlonpoﬁﬁ/l@nddhzes Do fDr detoseian omﬂat@N/I@\é@thtra_t'(l:O'ﬂ-Q@lu@thcon

mSPst th ak&n Lo, n enbodi nents in which substrate 102
I ncliudes” 3 sdﬁé?alloy bond coat 104 may include an

[0(5[7] Bynd ®at:h)4aﬁa\ doe M dYbaddd Gya RUMIRF 6 d¥hiierMons, HR1udHe the
chamgﬁ G N Al nickel alumnide alloy (either

URAbd P?‘PC?H‘OB P”ﬁB}bﬂiS? PRy PIRRE migfilavqnTBEy 106z, o Sfirst igpet 108)
anCabltaxat 120 Fsr &aGHROHhen @bstke 102-iNIRAL 2 Eﬂp@}ﬁﬁ!)\ @'lﬂ"r‘g]\ I’N d—ev -

IIo ei t.her nnDdlfled or nodified
g’%"* onsutution. ond coat 104 preferably includes a v %\ -y -]\hAl Dhas‘
constitution to better match the coefficient of thermal expansion of substrate 102, and
therefore increase the mechanical stabilitv (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.

[0038] In some embodiments, bond coat 104 may include muluple lavers. A bond coat 104

that includes multiple layers may be desirable because each layer may perform a separate
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and conbi nations therof), or the like. [0036] In other
enbodi nents. bond coat 104 may i nclude ceram cs or
other materials that are conpatible with a substrate
102 that includes a ceramc or CMC. For exanple. bond
coat 104 may include nullite (alum numsilicate.

Al16Si 2013). silica. siiicides. silicon, or the |ike.
Bond coat 104 may further include other ceram cs. such
as rare earth silicates including lutetium (Lu)

fursekibh CRdr@8ampit. tu?ﬂ?ﬂe%%b@ﬂ@en% 1klv&%n%§?]stragq05 a_é]}/l including

silicates. erblunt(Er) I'l cates
siligpp prbife @ bofﬂ/%‘}ﬁ? HYi 1UFH’11C(1E§/9 figst ﬂavcmfeélcorgrad‘obd dupusied Gdl)
skrhie Q8L &Sliovhe@ bR il Ll d
ST Cat e St Bl T FCAp e BHLRBE Tl Py com
silicpte &hg ghcon lqy@b@mrgmdg Nd)dusg Whlmhes:ralmb &S/LO8HY e A eradual
trafdf} tlrl(?nccgf{tlléég?@teq %‘rtlsﬁﬁ] E\Ilc%;}]e\(ﬂeg?s vxat T Va%glrt 50&%%4‘@2?&04@%%
[oog,pi ptcgpg§mbg¢1mme ah;clkeelOOSmrenqm meitee B®0nd @ANTIAS iFol &@fple.
@é ﬁb&ﬁﬁ f. epYsi ver . a substrate
soiie e bours ﬂ'xéi%si%llugt%geg 119[71@ gl,e aﬁxcg%(qgw} e Fﬂugll?‘ief:ng 106
in Fb@g'ﬁrst Boerd 08 dadepddd ngctlb@nsetbseﬁt,ed“ bB&ﬂCtoQtnloa bk e
fre& ONBLCEr ch al._conposition
redaanrtej phase 8?%29?1?‘ B?‘legﬁbgﬁ o8 e”zit?ér %?I?é qsgniqadly gndior
meehgnigally ggrenatiblegfor eamipkuinstﬂtﬂhﬂleﬂnﬁiin wIﬁ@li ﬁﬁsl( &R’E}l 1@)8 OWnen
g d super.a
m 9§Aail:r ptﬁgls(’)égg%%@?&#e a%nerggﬂ ICI(?Bg\t strfea}\ bq,%apg P%H ¢ bond coat
104ﬁ@yg@é§r@y$$ﬂ\- y' N|-A| phase constitution to better

ci ent_.of erma| expansi on of
[O%Lg‘g L8808 HG 2 SRl P B e Rl b 4 i mmerlieler
CO@tnalﬁElBCI yl 4(dapvesd o) ondepboied dgeak oh@dnd QaSHPSYE ate

en substrate 102 includes a
em@iﬁé“‘ ‘E;%’at Jﬂﬁﬁ%‘éw 6] Qver pricdepenssed diracly om EB&rdA 0EBC
3lqmge p@mdc at i8akC bneas V\afdﬂﬁ rapibX aﬁ'ﬁilla chBalidal Et@blglr\ ﬁldrﬁ(rﬁonmemal

coat

0 | n, sone enbodi nents;
d”‘?@’iﬁ‘h“’s“ S“bS% kde Lﬂﬁ j Prigfies: fongameple. A ceamis os 6MC.1BBC 3t haney
indlysi] md%mml i fapd @rth aNRAS, TXBRYMRGoRIRS] J18RIne sﬁ%‘é&é‘k@a%-sx%‘: h

rforma separate 8 function. For exanple
A O B A P i iy S EH B 5011 B stramGhCrumin

s1h|calthS,rd)|-m1gO sslbr csws ,t‘oarchindaunﬂxatmﬂgzo ¢OM. %@)4 2kpsl uding
eposli te

| aver
s pn S et (e il o o 08 omaling s ic:C-
AHCa@§M}tDﬁEudhm@emuéllte or arare earth silicate. The

con | aver may provide bonding while the ceramc
loqah{/lé“r ISPV o O4IMeRty gRRA PicireinBBE P bhmay be deppsiwt directly on

sutenanel, ovhicAnehyRRGYER A Sradas §F CMEPG the L UMb EAR RS B may
mc?elalso a&i?lgsuln \éte\{een multiiayer TBC 106 and substrate 102. similar to bond coat 104.
A preferred EBC 314 that functions similar 1o bond coat 104 includes mullite or rare earth
silicates.

[0042] As described briefly above, multilaver TBC 106 may include first layer 108, second
laver 110 and third laver 112, each of which may be selected independently to contribute to
the properties of multilaver TBC 106. For example. each of first laver 108. second laver 110

. 5 o - N . . .. ) .
and third laver 112 may be selected from a variety of materials, including vttria-stabilized
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[0039] In other enbodinents, article 100 may not

i nclude a bond coat 104. For exanple. in sone

enbodi nents, as illustrated in FIG 2, an article 200
may include nmultilaver TBC 106 in which first |aver
108 is deposited directly on substrate 102. Bond coat
104 may not be required or desired when nultiiaver
TBC 106 and substrate 102 are chem cally and/ or
mechani cal | y conpatible For exanple, in enbodi ments

zifconidVare BarfH dxgdes | @M&hHa 108 92‘1 ver TBC 106 and
aht#bSt rate 102 adher e suf fi crleeeﬁyr} §mca er5 o kg @uah oxides.

ﬁé‘?‘ meal S Agare eal:[}@qmﬁq;yambtedkzﬁcmz{; assakyrth (:4Mbilized

haﬁﬁa b}&dgﬁglﬂaag,%qhérgofl G 3. an article 300 may al so
ncl.ude an_environmental barrier coating (EBC) 314

lﬂgﬁgg)ggquﬁéabm@rzn@pnlel 8pbeikt B odia (&t ) yixed Wi RGhiEQRL akOth: of

vikiGmtdRids (v &b ogh - Ml r..TBC 106 i s deposited
over or (de osited oy g}:{t It‘yl%?fetﬁgégéﬁoma&‘é@m?}f@ frajdes

erﬁ?%ﬁﬁéhzﬁﬂ ¥ alosit 7 oo of abeat &pvt. Vapaiunsb:ald. lahd ¥ referred to
hefehRdnacalg g¢abi lity, and environnental durability to a
substrate 102 that includes, for exanple, a ceramc or
a‘EB@TIqudéﬁalyed 1h acleasdene cﬁfcfrrsteavaﬂnisesecang e 18544 nira

1a\%+bma&§de Q@Ekaﬁg%&% LM QLU a8 e Bl B o, Nd.
r(@a@. A]& margB}o@DBASMS thctrEcnnl’DhH [SINGY rb.hmeﬂﬁh elgl'nleﬂtgﬂg\ also be

us en ary ea / | l
&&rv@ieﬁlp?eg tggstl %d rt&ﬁé)‘étes \r}gbchgrgc} q?lm%g]qhﬂr%z{ﬁﬂ;;grp(ga@gac

%@} mhg@@ngg are m&)vmd ahil tAd &b ahsumh!%@&}ém% fpa‘“%ern RE

4113}259, 2Si0: LAS); and the like
s erﬁgﬂ %’gﬁ énbodi nents (not pictured). EBC 314 may be

W‘Hebésletafednfdcpfrfeutm\ya 008, seabbBhiat € 2%nivil .
rarg g&{huoqueaSIa%q am.c or CMC. In these enbodi ?rjejlr%?g%“ é@%m“me
i ncrease RNt & o WW@FW@@WDWH‘I’QhaFIaWeTmTZE%@)M&

ha@mdnasmstalbamai 80¢he o8 infBrd @iTihd @r-RQAK oG 8AL104 v And in sqme
em%cﬁfngﬁtg ed %B ﬁg hat functions simlar to bond coal
Fnel U {iEed By a5 deaptihuge wg qaph oxides. &m‘e&mp[lﬁ()ﬂléajrcoma
or fefnid eme be bﬁtdhkrrdltefalgf nePONSanWhilsl LAY, ¢
oEAUIE, L3 Laver, 108 enona 1o g ek gopane
i SA R0 RV T AnFRYPIsE Oé’@P’éléﬁi\erdTBﬁdi@q)smdﬁnth _
theiroalamgtanmbfmt Subls@ate ﬂ@efrr]&ﬁ;ﬂp‘ﬂ rtérhp??anprgs &lﬂaet egl'b%}lﬂecrac %ecause of
ar, e of first |aver
thl1 g\}seclles%ﬁbde égtrﬁgi((ep‘lﬁ)q?ws R fhema congyicthyety Sedtie et mctirfsic oneraal

condigeriviry yofﬂm‘e niaedriar()ahas forid Gluitelh RO THET abi | i zed
are earth oxi deus al um&r%g& Qndszin’ e%e‘ml’é?eéma]

conedg%t{vht\ g 111?1&1&\ s TBG 19685 C@nsuaqe@éﬂ iHemeis ahnsfocted @ifough 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 (bv |
conduction) of the zirconia- or hafnia-based layer. While not wishing to be bound b\_-'-anv.
specific theory. the inciusion of at least one of these dopant oxides in the zirconiza- or hat:nia-
based laver may reduce thermal conductivity through one or more mechanisms. as follows.
[0047] A first proposed mechanism of reducing thermal conductivity inciudes introducing
lattice imperfections into the crvstal structure of the zirconia- or hafnia-based laver. Lattice

imperfections include defects in the crystaliine lattice of the zirconia or hafnia. The defects
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al kali earth nmetal oxides. a rare earth

oxi de-stabilized zirconia, a rare earth

oxi de-stabilized hafnia, or conbinations thereof.
[0043] Yttria-stabilized zirconia includes zirconia
(Zr@2) mxed wwth a mnority anpunt of - yttrium oxide
(Y203). For exanple, one yttria-stabilized zirconia
conmposition includes zirconia stabilized by about 7
w. %to about 8 wt. @6yttriun1oxide and is referred

b e cligéefther Aridh of ) e des
mausggl in att | east one O%Pa;n%s)?%ﬁgl éerrm O(gm @@b n‘Jd e er

cryfRing REicE Riped Lq“eWéWPTi@“WWh@ndbe brbadty ewam)ln@o m%asée&]ns

poﬂf dﬂlféé{s a}{@iar@Hef’a@f‘% Ig%h P.\r%(%jeé r(])gﬁ} shcsE ?"élts.)siion flP e p@ghc@rchr éuch

as @Q'Fttthtl@pléjﬁ&qts.slnw&?lﬂall diechevoidsiefeuls. amd it [k @RBMNkat@$ high

frebh & SRS oth rare earth”
eﬁonos}?ﬁ| Crgt(%glCE g\%("%z “(9\{\#3 la?per Cp%eﬁg F%Eés W&P@O%{lﬁ of crvstals

thabfre By than abcruanl%o Ay Qﬁﬁt@rllo‘&a‘tfmuérREpﬁdno&7 In WK Base.

héflon staBerdh o REL2 LA 0045 | east .one of
P irst laver 108. {%E%egllr?g%lg%%%uﬁar Hh ”‘foﬂfa of Nakjaspased yer

by Frsiycing Bie mepr fregdeath plar ghosar (i ke dhel aerags @ibtahde ZRbh3AIGORNER

beteerl REGrBALL) Oxi de-stabil i zed hafnia. The zirconia or
haf nia may be stabilized by one or nore of the rare

[0Q48} Hervisk ratiegarthi oxide diopdnness exgrechet o HOSEhe BRI LRSS in more

h L at | east three [are earth oxides.
t aqg’)rémgﬁéﬁp?’m by ﬁeeg"z"%‘c oﬁoraexa"&?l o I el agiagy et e
oxig¢: lgteynm ppeide. emcpﬁmtum exidd. satarvgr SORAAtodRRTinfo,3RS Qtﬂgpxum

0 an descrj bed briefly above, one
0)d;au f‘g@@’e r“éf a"ﬁ%??e% eg\}"err“"‘rﬁ%e‘itb‘s? 5 OWEBtp 5T Bondpsisithef the

eri‘—qwublaltamunbﬁsod layutggr @treml1d32dd r om hi gh t enper at ures of
Bec e of this. it is desirable
[0642 i“E%%I‘ {i]feég‘ Rgarg € ‘%wsi PRI FraBiet i nye-elsest avea may also
degrepsy fhasientihehivhlthe doodbok hitintayoREd 08 sFRLEk EQIVQ,E
ten’ictg rI Of 118 arrrnu ti.l aver TBC 106 and an effectivé thermal
duct i S iTFP T HOMROTARg & Fare gerthy jemens with adarear caneaiadius than

vithigatari d}:crte;mmsé anduedoft iveng A Mulvbh tedefarurd BRnikOf: w shing 1o be
bo‘gntarbq igt tneondu tion and.radi at| on. The i ncl usion of}

nore rar e féﬁﬂﬁf IPnERdecan leadapa jogver ﬁkﬁ@@om@;ﬁmldmed a given

tﬂrmemmey ASslaeﬂmarptmﬁﬂM ahiem]dile&ra@e%so@oée&e TQer &Pfhs,on
co&8 16 et vSt rF] g;onductl on) of the zirconia-
fiarni a. based? %‘3}/&0 SIRT I A StV SRIgPIeUE 0 be bound by

lo(ﬁﬂ‘h’wflrﬂmﬁﬂmofdr ellﬁ]hﬁﬁﬂr Slﬁ[&%cﬂ rﬁ]&l Slil§d ﬁ& QI S ane o
se dopant oxides in the Zirconia- m%rﬂvef%% %%b““ OT%’

thef“é SPRGHEY Y é’émf’é‘afrh%Pﬁé‘FCOEBﬁHEF@tIF‘(ﬁTpyfertﬂh?rsgrugh lifene nasttilayer

TBITOI0E. mea&saﬂbesam@m At @B nducti ORA s R4 1L 1S 1 RLOPQSE
ch reduci ng thermal conductivity Of'g'e{fg@g o
anc{[ﬁr 2 § TBC 106 maY be lowered by depositing the at ieast one laver 108. 110

or 112 as a porous structure. The porosity of the at least one laver 108, 110 or 112 reduces

the thermal conductivity bv reducing the area through which heat is conducted and bv
providing a large refractive index difference between the pores and the material from which

first layer 108, second layer 110 or third laver 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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| attice inperfections into the crustal structure of
the zirconia- or hafnia-based |aver. Lattice

i mperfections include defects in the crystalline
|attice of the zirconia or hafnia. The defects 10 may
be caused by the incorporation of dopants with
differing ionic radii or different crystalline

| attice types. Lattice inmperfections may be broadly
divided into two categories. point defects and |arger

Thae bReérsing HiRMmotARy QU! RASERe Snid-ak D
poi nt dgfecgg such as subsiltuﬁfgkgf%% Pg a\mﬁ%81joor

LT AYEresied Wemepbevsdss say \hehvdn@etfa@dhsthemwcmﬁectmd« of miayaver
TBECHIGt2br k¥a O 1&51%%@%9&119!\09@!1%(1 Bl eCpuAYes), whi e

| arger defects. such rail oundari es of crystals
(0G50 h{n some eavpadiments. ttFFarﬁrﬁgﬁhleIﬁ@f}Tabllmd zm:axyla scl&tﬁﬁleﬁaver may

indl W@ hader &Wepﬁﬁ[mzﬂh QORRS o fllr B! dtoPant an aau &;qr\g cp);ioBantt Ingiuding

scattering decreases the t ermal con
MR depant. reefeiahll of diffowseidnic aedi. maperreduti ng:nmeoﬁmamm of
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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 mot. % to about 10 mol. %. The primary dopant is preferabiv
present in a greater amount than either the first or the second co-dopants. and may be present

In an amount less than, equal to. or greater than the total amount of the first and second co-
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or 112 as a porous structure. The porosity of the at

| east one laver 108, 110 or 112 reduces the thernal

conductivity by reducing the area through which heat

is conducted and by providing a |arge refractive
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ssent |
ear?’. TEom" 3”%%6 t ﬁoénpﬁﬂ%@ @Sk g T8 25 g acemening fova k PBGe
consnmhbhdItﬂftgarekhﬂﬂC@ﬂdleastaiﬁhz\&ﬁ|zlrc&{w&rn§ﬁ%qgvnr mét lua. apout 13
@ &@ %%ed TBC is expected to have lower” £ F
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the rare earth oxi e stabilized

gsition o
am n‘g‘HH?Sé’rngn’h P ﬁ?l‘ge\]eél\;:élplc,ll@yk [hase constitution, the rare earth oxide-

stab111zed zirconia or hafnia layer may inciude 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 laver
may include about 2 mol. % to about 10 mol. % primary dopant. about 0.1 mol. % to about 3

mol. % first co-dopant. and about 0.1 mol. % to about 5 mol. % secondarv co-dopant.
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selected to provide a netastable tetragonal (t') phase
constitution, a cubic (c) phase constitution. a
conmpound phase constitution or a mxture of two or
nore of tetragonal. cubic and conpound phase
constitutions. 10054] The primary dopant may incl ude
vtterbia. or may consist essentially of vtterbia. The
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[0062] Second layer 110 may be seiected to provide low thermai conductivity 1o multilaver
TBC 106. As described above, anv 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 1s
expected to be comparable to or lower than 7—8 YSZ or other TBC materials. Accordingly.

second laver 110 may include at ieast one of tetragonal low k, cubic low k and compound
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selected to provide a desired phase constitution.
Accessi bl e phase constitutions include netastable
tetragonal t' (hereafter "tetragonal |ow k"), cubic
(hereafter "cubic low k"), and RE20 -ZrQ2 (and/or
Hf @2 conpounds, such as RE,, Zr, 07 and RE_H 207 (where
RE is arare earth elenent; hereafter "conpound | ow
k"). To achieve a conpound | ow k phase constitution.
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at is, once a solid or hlghl\ viscous reaction layer forms on the surface of
third laver 112. the reaction between third layer 112 and CMAS will slow. because anv
further reaction wili require diffusion of CMAS through the reaction laver to encounter third
layer 112 or diffusion of a component of third laver 112 through the reaction laver to
encounter the CMAS. In either case, diffusion is expected to be the limiting step in the

reaction once 2 solid or highly viscous reaction laver is formed on the surface of third laver
112,
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tetragonal low k to provide both | ow thernal
conductivity and desirable erosion resistance and
desirable thermal cycling resistance. [0061] For
exanple. first laver 108 nay be selected to provide a
long thermal cycling life for nultilaver TBC 106. As
described briefly above. thermal cycling refers to

t hermal expansion and contraction experienced by
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of these constituents, as described in further detail above.

[0069] In vet other embodiments, an article 700 may include a two-laver TBC 706 that
includes a first layer 708 and a second laver 710. Two-laver 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.
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resistance, in addition to erosion resistance or

i nstead of erosion resistance. Third laver 112 nay
provi de CMAS degradation resistance by providing a
physical barrier to CMAS. by reacting with CHAS to
forma reaction |laver. or both. For exanple, third
laver 112 may include any elenent that reacts with

- CMAS to forma solid or a highly viscous reaction
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earth netal oxide i ncl ude

ST R T BRL S plRanbPaarE UF Serete CongE! euenps anda op

la\Fdn Bt d@podhed avek suligar tidt@e GCMARvedBar AdAkdaRd HESIGS § aﬁntrsL
) Y(%_l nr?%a be found in U S Pat ent Appl i cation Seri al
oy Y SposeBmsed P PEETEcENPT F408ERLe (AR $p18¢ ameodiments. may

be depusited ovBas:TdirestivCad idagtose of 4 BRdCONBNL: K EREECHh 1S

[0074] Multilayered intermediate layver §14 may include as manv lavers as practicable. For
example. multilavered intermediate laver 814 mav include at least two layers, and may
include significantiy more than two lavers.

[0075] Each of first layer 108, multilavered intermediate layer 814 and top laver 816 mayv be
selected based on at least one of the considerations described above, inciuding, for example
thermal conductivity. erosion resistance, thermal cvciing resistance and CMAS degradatioﬁ

resistance. In some embodiments, one or more lavers of multilayered intermediate laver 814

17



i ncorporated herein by reference in its entirety.
[0067] Each of first |aver 108. second |aver 1 10 and
third laver 112 may be deposited using a w de variety
of coating techniques. including. for exanple. plasna
sprayi ng, physical vapor deposition (PVD) such as
EB- PVD (el ectron beam physi cal vapor deposition) or
DVD (directed vapor deposition), cathodic are
deposi tion; chem cal vapor deposition (CVD). slurry
ma® bPslRa kdrov RO IovEBkmeP 88dd0&vi€! 56LF ABAGYK BlikGnce. o example,
deposi tion. and conbinatjons thereof. For —exanple
m%‘}‘%@fed ImgEEdRsgayeR Y| beaepgst prsorieit ipver that fstudepaitdanigpne
- of feRsoRAlGse k. 895 k| @¥RouddiBw B *?%zdﬁﬁg%fn%gnﬁﬁm% %
second, different coating techni que hir aver
some|gmbpgimags. atdedsodietlagr BenHdlagerehintdmediateiiaygr § 16 amyiiophede
cobth&ifdnd & tdb Gf BloNf tﬁe@o%nlgﬂhgntt he dés'cxrlllietd ift ﬁﬁ'{hlan&tal. ove.
t echni que and the second coating tec In oaﬁer
[0 fbledrive AnEodimarh 1of lapqr 86 miag be peiqaygl to pgem@m&d@radation
resikifc Hr L r e |
e T AR DBy Bl A30R s PSR e dumine
silighrld GaiP Rt silicagntitanie. ap| alkal OG taayide raclalidé eartmmbwi qxaizezmd may
chlﬁCc&QﬁnétQﬂE of t(l%lolrJ %%ISC- Offﬂll sSLodsAYE IS, Jaogescﬁg%orq guréngrvaee{all
10. third | aver . a Tourth laver 6
ab<PVI€Iustrated in FIG. 6 Each of first |aver 108
: d. Layer, 112 be sel ected
G2 A B harhEhls G Sl S A Tt Bnd B S R £ witein
the saenepd iy dolidvone egiamspl e t hermal conductivit\ . erosion
resi stance, thermal cycling resistance and CVAS
degradation resi stance. Fourth [aver 616 nay be
selected to provide Clvl AS degradation resistance. For
exanple. fourth laver 616 may include at | east one of
a rare earth oxide, alumna. silica, a rare earth
silicate. titania. an alkali netal oxide. an al kal
earth netal oxide. and may include conbinations of two
or nore of these constituents, as described in
further detail above. [0069] In vet other enbodi nents,
an article 700 may include a two-1layer TBC 706 t hat
includes a first laver 708 and a second | aver 710.
Two- |l aver TBC 706 may be deposited directly on
substrate 102, as illustrated in FIG 7. or may be
deposited over substrate 102 w th one or nore
internmedi ate | ayers, which may include a bond coatt,
an EBC. or both. as described above. 16 [0070] Each
of first laver 708 and second |aver 710.nmay be
sel ected to provide desired

18



properties to the two-iaver TBC 706. For exanpl e.
first laver 708 may be selected to provide thernal
cycling resistance. and may include 7-8 YSZ or
tetragonal low k. In other enbodinents, first |aver
708 may be selected to provide | ow thernmal
conductivity. and max include 7-8 YSZ, tetragonal | ow
L. cubic low k. or conmpound | ow k. [0071] Second | ayer
710 may he selected to provide. for exanple, erosion
rescCeiamse. CMAS degradation resistance. and/or | ow
thermal conductivity. Second |aver 710 may i ncl ude.
for exanple. tetragonal low L. cubic |Iow k, compound
1.|Ommkha%aﬁmﬁﬁlcoﬁhn@&mbﬂﬂﬁl one of a rare earth
oxid alun1na ilica, arare earth silicate.
tit aATsE! a"%{r?ea@%k%‘ﬁ P"%fléllstf%}% Weereip thegirikdavier mayiges highetherimal-
cvEl¥k @&istdnBe: SOMe enbodi ments. second iaver 710 may
i ncl ude conbi nations of two or nore of these
cond PRy deposirhRy6EInE fisth layker. svetsindths sepeird 170 preaidep bow
thedhnhif @h@Rtivikhang a conposition of first layer 708 in
some enbodinments. [0072] In sone preferred
enb & Hiiiddtes deropifagioverdiresecorgiBlangiy whanein thgdhitdeleyen geavides at least
onk OMerksiNdsisiBRE AN CW‘@J@%&QUWS#IQ[Q ude cubic |ow k.
In other preferred enbodi nents Irst laver 708 nmay
i ncl ude cubic low k and second | ayer 710 may i ncl ude
~ tet rfe ' Se ¢
o PP el @i . PR AT LS o
stapdgeheirdonger 710 may i ncl ude at feast one of a rare
earth oxide. alumna. silica, arare earth silicate,
titanic. an alkali netal oxide, an alkali earth netal
3. oxi dés thamap! traiyiei erotinge chanbi watreonse fifst lawoconprives.e  of
t he [ 3 7 ot her .enbodi nents, an
art Fore 805 o CBHSH&E B giga o obf Pritrihiad BB 606 t hat
[ nclauvdegr\ crqpamtcomamemvvmﬂna a multiiaver internediate
I av over first layer 108. and a top
Iavgrr1r g pgéﬁﬁggloegthuﬁ?llaver i nternmedi ate | aver
8142 sasmii k¢-depanataadprising B 1€ast Sne & lustia, sdaadiercedd) §adaixia,
BB PRI, QYElerthe A BSLL oo, SURSLLBLE 08 B0l
copsiingion| east one of a bond coat 104 or an EBC 314.
[0074] Multilavered internediate |ayer 814 may include
as many |avers as practicable. For exanple.
4, rrul tThb &heemﬂ dbairiet evariedbfalamliaweerefilte feayndiinet teprats:
S 8] Aeverrsg and “% i.ncl ude glgﬁlflcantly nor e
than w0 T AvereT Y 1ET a@ﬁzﬁf”#%¥19 Yver 108
mul talplnamerﬁdaammoenpﬂaﬁh atechid.aver 814 and top |l aver 816
sel ect ed based on. at |east one of the

con§ﬁagf8f?8ﬂ§CQB@EFVB@BMEbGW% i ncl udi ng. for exanple

a second co-dopant comprising at least one of lutetia, Scandia. ceria, gadolinia,

neodvmia and europia.

h

The thermal barrier coating of claim 4, wherein the second laver comprises a

metastable tetragonal phase constitution.
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thermal conductivity. erosion resistance, thernal
cycling resistance and CMAS degradation resistance.
In some enbodi nents, one or nore | avers of
multilayered internediate [aver 814 17 may be
sel ected to provide |ow thermal conductivity and/or
erosi on resistance. For exanple. nultilavered
internedi ate | aver 814 may include one or nore |aver
that includes at |east one of tetragonal Iow L cum
6. | owrke the@REPOANEH CLJQ%Q dfclafin 8. Xi?‘éem%dse?onﬁ & & nses L cu bic
silicate. In sonme énbodi ments. | east one(1é) er
phﬁhPPWW&W@Fed i ntermedi ate | aver 814 ma' include
conmbi nations of two or nore of these constituents, as
descrlbed in further detail above. [0076] In sone
- enbBF e bartigsorungent cBirG 1nayerbie tizekant! érfet @)rrmrﬂw aml ast
- [ Mys,5-€ or__exanp
A R R R L e R
Sar&‘{‘rl?rﬁ"ﬁ &t leass pyps of é\uteta» pandia.ggrit headoiiniac atodymta dndRin@piaan
al kali netal oxide. an alkali earth netal oxide. and
. may include conbinations of two or nore of these
8. condh¢ themml Barrierzoatewarf iclhad i whérein tikakhirdiat dicbmpAke ¥Seast one
od have been descri bed ese
Ot e Eab ot Rt e o TR ST st e
utnggt. poelkpigmethiadxids.and sn Gkall 848th mdial ofidt her mal  barri er
coating conprising: a first |laver deposited over a
substrate. wherein the first |aver provides high
9. t hedhmthernmy bartiergoaeRi S tchne & waersia engird RvEelofenRsi t ed
over, t he secaond | aver
prOV|%Q%XPQC§n?ﬁ”mﬁﬁFa%ﬁﬂaﬁtFVVP?ﬁ?f 2a third laver
depasnnmﬂcmvancthBSQQm@dmiaver wherein the third
Iavg%dg des at .|east one of erosion resistance and
egra

aP“@ﬁmP§§f§¥%ﬁEemm°. The thermal barrier

c 0 aa wcgnd)éo mdpamrtbﬂ:prmﬂ@ﬁteba@t bt iRl SdaAKE ceSOTRAJIRES
nﬂmV mande - D%ﬁ%2|rcon|a The thermal barrier
coat i 6‘f Dbal 8 *f“ &R lay & omprisst a mgtpaipble EvpEonsbEhase

coambase oxi de conprising at |east one of zirconia and
haf ni a;

10 The thermal barrier coating of claim 1. further comprising a fourth laver deposited

over a third iaver, wherein the fourth laver provides CMAS-degradation resistance.
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a primary dopant conprising ytterbia; a first

co-dopant conprising Samaria; and a second co-dopant

conprising at |east one of lutetia, scandia. ceria,

gadol i nia, neodvm a and europia, wherein the first

| aver conprises a netastable tetragonal phase

constitution. 4. The thermal barrier coating of claim

1. wherein the second | aver conprises: a base oxide

conprising at |east one of zirconia and hafnia; a
11pri RBkLMicAQBARLsig@NPri sing ytterbia; a first co-dopant

conprising samaria: and a second co-dopant conprising

at PeupsyasdBd of |utetia. Scandia. ceri a, gadol i ni a,

neog re

Cl o e O A B 08 ot P BB Wb R b Bl
COHPESSMBIBEE t et ragonal phase constltutlon 19 6 The

t her mal " , 4. where he second

| aver cdﬁ%ﬁf@gidﬁggﬁﬁqgeHL %%gﬁ%%nseF?hhegﬁth?m‘Wﬁﬁﬁequh
therprgypiingsesisianse: coating of claim 1. wherein the second

| aver ¢ , e~ a Zr.2 and

RE2E O - andaney erRORE e b TS aRs sff Haefard rer
Pospessey i dhermalamomduicavigndndat Ieast one of lutetia.

scandi a. - 2. neodym a and euro

The t helrarrtwgl;{?éi Laer: r‘%g&%%%g‘tef fhs sgn angFr “Eere\m*& ira“’fﬁré’ossesse‘
at fept pee dfawsioncompmesasl GVIAL dagtdiog resBfande. 8

vitria-stabilized zirconia, a rare earth oxide.

alumna. silica, arare earth silicate, titania., an
I“alkﬁh%mﬁﬁtaﬂdumﬂdeﬂamdwanmahh?hb?ﬁakﬁ?kﬁaﬁ@$oQ%H?Eum%ma

. rier coatin claim erein e

\WQE%13 ﬁ%p%¥rco%ﬁ ?%ggvat%*%ggé °%xi de conpri sing at

| east one of zirconia and hafnia: a primary dopant

€O gs tterhia;, a first co-dopant conprising .
B ﬁ%‘ afh“r]goa“a‘ms‘éc 8‘“” BIHHERE" TOHPRTIH gamier qaarrg deposited
ovcmhae idfnd lcodt ettietein Hedindildier € @EdoBiteddASOthE BhvAronmBRA Py TR
codnd europia. and wherein the third laver conprises a

metast abl e tetragonal phase

14. The article of claim 11. further comprising an environmental barrier coatine deposited

over the substrate, wherein the first layer is deposited over the environmental barrier coating.

I3 The article of claim 11, further comprising a fourth laver deposited over the third

layer, wherein the fourtn layer provides CMA S-degradation resistance.

16. The articie of claim 135, wherein the fourth laver 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.

17. The article of claim 11, wherein the first laver comprises 7-8 vttria-stabilized

zirconia.
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constitution. 10. The thermal barrier coating of claim
1. further conprising a fourth |aver deposited over a
third iaver. wherein the fourth [ aver provides
CVAS- degradati on resistance. 20 11. An article
conprising: a substrate: and a thermal barrier
coati ng deposited over the substrate. wherein the
thermal barrier coating conprises: a firs: |aver
deposited over the substrate. wherein the first |ayer
18POSBRSSES: & dlin (L hekaBl 1fYEL NG LoglAtance. a second
| aver. deposited over the first fa er, Wherein the
secHfe Peferommsises é”s@@éoﬂmﬁztrh@mmd heémiduct i vi t y. and
a tbﬁﬁ&%{ayﬁ%tgﬁﬂp§hpggﬂgﬁer the second | aver, wherein
the third ['aver possesses at |east one of erosion
r est Beiecdrar¢onmigaagratanion resi stance. 1 . The
artyj [dssin bond coat.
depo§%§g3£é§g%ht e&gﬂtsgkg on88 é?%l gFW% Cqfey oY o r
neqdymipene Simopid. \shesein thiadirgs daver mlamsnsjﬁneﬁhﬁalafetragbhﬂ pBfise
corzhi@iign 12. further conprising an environnental barrier
coating deposited over the bond coat., wherein the
first laver is deposited over t he environnent al
¢ bar ' 4 e e of claim1l. further
. coﬁ%%ﬁﬁ?ﬁ§&§%5§%¢l%%ﬁﬁgn a? g%??%?“@%ﬁﬁlng deposi t ed
ove? bashexigutrsnnrising at laireomiaf zirhenid adstafdiayer i s
dep enyi ronnental barrier coating. 1
#@g ara&%ﬁ gﬁﬁm further conprising a
fou¢ﬁhtMamwmndempsmmgdmmmemnﬁhe thlrd | aver. wherein
the t [ OVI CVAS-d ati on resistance.
%ﬁwdacptd."@?{ P aﬁf i O“wﬂe‘ﬂl Fify AR, 661 PP R r
Qﬂmmwm@esmam.least one of a rare earth oxide,
alumna. silica, a rare earth silicate. titania. an
al kali metal oxide and an alkali earth netal oxide.
2017 TheBmiciao ftdidne ofhetinihimsddond Myer @intbrishle: hiristdblel @¥Qbnal
ph&9g81h%Um17 8 yttria-stabilized zirconia.

21 The article of claim 19. wherein the second laver comprises a cubic phase
constitution.
22, Thearticle of claim 11. wherein the second laver comprises at least one of a

RE>Zr,0; and RE,Hf>,0-. and wherein RE comprises a combination of viterbia, samaria and
at least one of lutetia, scandia. ceria, gadolinia, neodvmia and europia.

23 The article of claim 11, where; 1 i f i
23, ¢ article or claim 11, wherein the third layer comprises at least one of 7—8 vtria-
stabilized zirconia, a rare earth oxide. alumina, silica, a rare earth silicate. titania. an alkali

metal oxide and an alkali earth metal oxide.



21 18. The article of claim1l. wherein the first

| aver conprises: a base oxide conprising at |east one
of zirconia and hafnia: a primry dopant conpri sing
ytterbia: a first co-dopant conprising Samaria: and a
second co-dopant conprising at |east one of lutetia.
scandi a, ceria, gadolinia. neodvm a and europi a.
wherein the first |laver conprises a netastable
tetragonal phase constitution. 19. The article of

241 aThe akdole WHALIRI 1N, WRSeis BRARTd IRVl HHAERS | ses:  a base
oxi de conprising at |east one of zirconia and hafnia:

a pt PHBPYIHERTEIEING hisest 8RaRf Atcprip bdhafmiaf i r st

CO- ApRaRt d6MMPEInSIRB: ALl @, and a second co- dopant
conprising at |east one of lutetia. Scandia, ceria,
gaddlifshFeadopapisgmphsiee wmgrisandpi a. 20. The article of

cl ai §acdh coMMBEAR icBmbieh S8 FANL e A¥ Rl & {3}(#115:" %%r'ail g%oelinia,

met ast abl e tetragonal =~ phase constitutl
negdypacand egropia) #idhEGIn tip Ehidj laver semprscomthetagoige tetragonal phase
cofsQfbh Ses a cubi c phase constitution. 22. The article
of claim1ll. wherein the second | aver conprises at
| east one of a RE Zr20 and RE2Hf 20-. and wherein RE

25 CONRA infififa®; @R BakiEAR 8 é’otrﬁpqm ,.a. samaria and at

| east one 'of lutetia, scandia.” cefia, gadolinia,
neod{ifi Bverfemensiupitdeasiz®e ofhe article of claim 11

wherei n 1Rekhifglaver conprises at |east one of 7-8

vttria- stablFlzed zirconra, a rare earth oxide,

al umi na.a t@is¢ pxide comprisingatdeast hneséflzirc@tieandthiafnd b @rim@fy dopant

Abiald v gl N an al kal i earth metal oxide.
cofp ancfit 2 el Ll e it B e P b s
compinyurd & é st onaobiasea, Geardién, cafy padiling, @bodyrBashd aRepiQfwherein

irrarny SRR P B Bp Sl R s R g - R egnal ohase
constitution and a cubic phase constitution: and
a second layer deposited over the first laver. comprising:

a base oxide comprising at least one of zirconia and hafnia:

a primary dopant comprising vtierbia:

a first co-dopant comprising samaria: and

a second co-dopant comprising at least one of lutetia, Scandia, ceria.
gadolinia, neodymia and europiza. wherein the second laver comprises a second phase

constitution seiected from the metastable tetragonal phase constitution and the cubic phase

constitution. and wherein the second phase constitution is different than the first phase

constitution.

26. The multilayer thermal barrier coating of claim 23, further comprising a third iaver,

wherein the third layver is deposited over the first laver. and wherein the second laver is

deposited over the third laver.



a second co-dopant conprising at |east one of lutetia.
Scandi a. ceria, gadolinia, neodym a and europia, and
wherein the third laver conprises a netastable
tetragonal phase constitution. 25. An nultilaver
thermal barrier coating conprising: a first |aver
conprising at |least one of: 7-8 vttria-stabiiized
zirconia. and a base oxide conprising at |east one of
zirconia and hafnia, a primary dopant conprising
27vt t arhilglaya@ thdrhsitoagRr Q@mm&oﬁ&m(i sing samaria. and a
secog fo dopant conpri si ng I'east one of iutetia,
Scahdf4 a"%éiFP%f“e‘b%‘%P PHisEate n\éhﬁwmka fasideveupropides high thermal-
cvihighr@iidlancd:he first laver conprises a first phase
constltutlon sel ected froma netastable tetragona
phad @UEyKE Itemediyn layad wacre e mphideyer iomnstdidtetayamrovides at
leaBithe Bf RACIHLthal &)Y]QUCUQE@ r?d/(gree(#os?on%sétpn% fhgst laver.
conprising: a base oxide conprising SF 3"dast one of
zi r & G IAYRTENCrRAT 1E ERP laver proivirigs ¢t ld@pantof EoMpeinsi n@qdumvm
eroéioh @i, & Q Shig, sSanmari a;
second co- déﬁ?ﬂ?*%%hﬁ??ﬁ?ﬁ%‘%? I as@ oﬁ%“m}mﬁﬁ?¥f a
Scandi a. ceria. gadoiinia. neodvm a and europla
2swherrgi o1 1S€C0
, constl?8%@%nsﬁgﬁgg%%§¥$%gﬁg¥ﬁ§hﬁgfa B?%E?gﬁqgﬁéﬁal
INETEE itedlayes eormRTisEomplaraitt dfdascubir vitaseat leansdtel of tei l@Rrs
COQEQKMQQEE{Q1QQG second phase constitution is different
an the first phase constitution. 26. The nultil aver
t hermaytrigsftabiliged gipaniang of claim 25. further
co S ird laver. wherein the third |aver is
degg%%f%ggggg%gthe first laver. and wherein the second
| av8F241s0- agé ﬁ@sﬂf.@d vowerin RBEeompiigesla I:C&Mﬁﬂauoz of vttehbia. samaria
- ar barrlgr oatin rising:. a first
ijv%lrs eg)olsl{t JIgr\l/déar “q'% B%S@P& %eo W‘érﬂ J FUrERiE a0f 1 st
| avebassoside desprhsnrghﬂ tehgronmebf zieyaik afDhdHBS.] SordfF € dofnt

er, wherein the nultilaver
COHEJI;I{IJ W%l aﬁrgvggio%arnév?ra% 1rh,tsamfiréaa§rtd aoﬁéor@fcorc&want

comphasimgakt l@strmha of luwetit yScandl. @eri€ eod1ian. KR8 Hkang @uroﬁQ.C{vherein
the first layer comprises a first phase constitution selected from a metastable tetragonal phase

constitution and a cubic phase constitution.

’7 o
29. The multilaver thermal barrier coating of claim 27, wherein the first laver comprises

at least one of:

7-8 vttria-stabilized zirconia, and

a base oxide compfising at least one of zirconia and hafnia, a primary dopant
comprising ytierbia, a first co-dopant comprising samaria, and a second co-dopant

comprising at least one of lutetia, Scandia, ceria, gadoliniz, neodvmia and europia.

30. The multiiaver thermal barrier coating of claim 27, wherein the top iaver comprises at
least one of a rare earth oxide, aiumina, silica. a rare earth silicate. titania. an alkali metal

oxide. an alkali earth metal oxide



a top layer. wherein the top |aver provides at | east

one of |ow thermal conductivity. erosion resistance,

thermal cycling resistance- and CVAS degradati on

resi stance 28. The multilaver thermal barrier coating

of claim 27, wherein the nultilaver internediate

| aver corrrt))rl ses a pluraljty of lavers. and wherein at
3L I eésthe@i*?é élfrlefﬁ%at}n@\F@F?“S’é‘@rrprl ses at |east one of:

fﬂf&ttlé’e? &%Sc%ptg%t} b§tfaq 'v@herelﬁ tHeAfiSt ﬁ%értﬂ?owdes high thermal-

i cat RE2 O . wherein RE conprises
cyclmgaeerm:nmetl on of vtter bia. samaria and at |east one

of lutetia. scandi adol i.ni a, ..neq

eulaéf)‘?oéld lgﬁa% gg@oxggﬁ@:‘ee 1(‘:96 eF, S\’Yl‘ﬁbel%{he sgcaﬂa'l%%e%%g?wdes low
ther&th&%h&nfil@daﬁkﬁfm a, a primary dopant conprising

ytterbia first co-dopant conprising sanaria.

s e@dhigd lﬂdenjdﬁpaﬁlted avsniheisseany layer| whereinghe thind laygar @fQ\gges at least
one 5 8RS R e G llcRanSPAPAL e fragiERCNLARANI eur opi a

aver-conprises a first phase
const itution selected froma netastabl e tetragonal

hase constitution ang a. cgii C hasE {: titution.
32. 29 Theplermmal barrigreqating gt plgim Fmé S HTSh G B COUPRITSRS:
277 %hgls&bn%d irE&ha'cﬁ‘Ver conprl ses at |east one

vttria-stabilized zirconia. and a base oxide
C omrh"ass oxide abmpesisg atdeast ohe of ricewmnisandiuftiafapramary dopant

pr.i ma compri si tterbia, a first 0 t
compRBR LR Eafsr atraRke R R e e o R
confkisin@ @ e OF hhtbti béahdiade @i igadol3Rd, ndody@id @hd Burdpia, wherein
neodym a and europia. 30. The nultilaver thermal

the fzst tayer caneprisen g mstastablg gfragonahpkase cAnstifionop | aver
conprises at |east one of a rare earth oxide,
alumna. silica. arare earth silicate. titania. an

33. al kKellel thefiad barriex tetting afi chlitkdllior8ar wherniptth¢ sarind &ay2vcomprises at
31. A thermal barrier coating conprising: a first

1eaﬂt89‘°e? ‘deposited over a substrate, wherein the first
| ay &g, 552?&%@8@1&%&? at %ﬁgt%ls of %M@Arhepgncf l?a?hﬁt PP&Baryddopant
second. I ayer

over the first layer, wherein
corﬁﬁmlr@e}cmzrlﬂa I aaﬁuet cqdaopantiesmpusing 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
or a cubic phase constitution;

RE,Zr,05; or

RE»Zr,07,

wherein RE comprises a combination of ytterbia, samaria and at least one of lutetia,

scandia, ceria, gadolinia, neodymia and europia

34,  The thermal barrier coating of any of claims 31 to 33, wherein the third 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 and an alkali earth metal oxide.
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thermal conductivity; and a third | ayer deposited over
the second | ayer, wherein the third | ayer provides at
| east one of erosion resistance and CVAS degradati on
resi stance. 32. The thermal barrier coating of claim
31, wherein the first |ayer conprises: 7-8
yttria-stabilized zirconia; or a base oxide conprising
at | east one of zirconia and hafnia, a primary dopant
35. COMRE kgl Barti&Y Vafing f driy f cl&@sIIRBNE, #ASRIH Bt Mrd layer
samaria, and a second co-dopant conpr|3|ng at | east
comprigesof |utetia, scandia, ceria, gadolinia, neodynmi a

o S eSSl S BR GRTR 0,

themﬁﬁknbabpmﬁbmﬁpﬁmngguabuglaln131 or 32, wherein the
sec d layer conprjses at . | east one of: a base oxide
Frtoriprant BRI Ramfia; fi¢oni a and hafnia, a
pri d ;
¢ oﬁp@??%ﬁd%g%%%ﬁ%{ﬂ”ﬁ% e e San i o R
neodytmih @nd curopia, aid Whenein the thivdhgencommuiseng mytastabiaiemagonal phase
dym a and europia, and wherein the second |ayer
con%@ fses at |east one of a nmetastable tetragona
phase constitution or a cubic phase constitution;
RE2Zr 207; or RE2Zr207, wherein RE conprises a '
36. corfbieiagrmehbastier ¢qagingioh anysahelaims Hrig 33s Turigs eoraprasieg a fourth
¢ I i
laveé g{:pgositgd %vé%?Lﬁ‘iiH ?Ehref %l} n& ?I;i\?g)ruhgo E%Qﬂ%ég]@dggddegradatlon
Iemﬂﬁﬁkns 31 to 33, wherein the third Iayer conpri ses at
| east one of 7-8 yttria-stabilized zirconia, a rare
earth oxide, alumna, silica, a rare earth silicate,
37. ti tﬂf&'tﬁemﬁpbﬁrl@@&dat Bgto@lcla%' ﬁewﬂ%lrﬁﬂe frd by &% rises at least
nmet al oxi de. he thermal barrier coatlng any
one of a cdraicamh Gmdt,cnlﬁtﬁmav\hhpa|arratdfe1rthisllrcdtel titpera, an alkali metal oxide

co .Ses ase OXIde conprising at |east one of
andfpg@G i€ BHE‘H a primry dopant conprising
ytterhbia;

38.  An article comprising:
a substrate; and

the thermal barrier coating of any of claims 31 to 37.

39.  The article of claim 38, further comprising an environmental barrier coating deposited

over the substrate, wherein the first layer is deposited over the environmental barrier coating.
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a first co-dopant conprising samaria; and a second

co-dopant conprising at |east one of lutetia, Scandia, .

ceria, gadolinia, neodym a and europia, and wherein

the third layer conprises a netastable tetragonal

phase constitution. 36. The thermal barrier coating

of .any of clainms 31 to 35, further conprising a fourth
0. 7o irhuistr sfmalera SRinegIBing ner e n the fourth

Iayqrrsmawicgﬁl@ri%st Ragroadati on resistance. 37. The

thermal barrier coating of claim36, wherein the

fourth [7a§strigsiapiizedzireania.®fst one of a rare earth

oxi de, gl ' . il . .

it ani ot G482 Sfide Phipfiing B R EnPBHoRla dofi3pfia, 2 primary dopan
compesial ytzibae a f38. coAlopantt donlpeism@rspmiasia,repd a secadost-daphnt

and the thermal. barrier coatin f.any of cl ai 31.to .
comgzising gt le3g|@ng, OF L. SFangien i Badqlifie AEPOEBH RS SHggicaNherein

the BRYIayNUTRIPrREs BFdt ipBise COAdItMbABRRBIBSN a®YREstdWM tetragonal phase
substrate, wherein the first |layer is deposited over

congtipetioaranidragiwkicrphase penstiiuéiencsdt i ng. 26 40. An
mul _t | rie at i conprising: a
TS DR BOE A S 006 BRuPERE,
yttri a- sittabd btide dompfisiafhtdeasd bnoDAfRnixindtaGRgpPr i Si ng
at |l east one of zirconia and hafnia, a primry dopant
conpr i siafgimary dpBams COMPHSIpG ytter§lagopant conpri si ng

samari a, 2 + .. Lonprising at | east
one of Iauf?gﬁog?@gg%ﬁgglr%g%paga ol i nia, neodym a
and eur apeegndvdoedaiant canlyerisingr & teasagrer ofdowyis, asdia, ceria,
first phase constitutiion.sel ected.froma netastable
gadlifiy, NsBAATIA 3RS SHTOPizh HAETER (i SFCOR 2E CHBPESSSIRasEond phase
con§ RS dettctedTroR Mtk ReRQERIP thtlady Rl pA8RADNERHGY &id thB@ubic phase
first layer, conprising: a base oxide conprising at
constiutdan, pewberei the setoad phaseregnstitation is differantrtharidp 4ist phase

rising ytterbia; a first co-dopant conpri sing
Conégﬁﬁ%'a; and

41.  The multilayer thermal barrier coating of claim 40, further comprising a third layer,
wherein the third layer is deposited over the first layer, and wherein the second layer is

deposited over the third layer.
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a second co-dopant conprising at |east one of lutetia,
Scandi a, ceria, gadolinia, neodym a and europi a,
wherein the second | ayer conprises a second phase
constitution selected fromthe netastable tetragona
phase constitution and the cubic phase constitution,
and wherein the second phase constitution is different

42. t hanmuligayer thermghbaraer ogHRE FOMPIYRAS 41. The nul til ayer
ther FANSL | Dehivofate] WhePethQhe fittk taher provides high thermal-
coﬁ%pf?@slﬁgégc%bﬁﬂeggﬁﬂﬁ%r, aV\7ner ein t?ﬁe thdi?r | ayer is
cychi@prsisiaace;over the first layer, and wherein the second

layer js deposited over the.third laver. :
mul @ mpkiayer ¢ gm?g}ateb]%y?ri,\é/ eTeyL hle ﬁxguléoﬁgllr%ﬁﬁ%cﬁ%g 1eﬁfie}’ g{OVldeS at

1ea+ ANELT BePRRSIt £ doRURivRYy SaAGH dradien resrednee;mntihe fir st
ayer provides high thermal- cycling re

' . Si g)t %ce; 2 i
mui 4 iopdgyer. Whereintheiiontlayer atraides gt kg gmeof CHl£ppfuctivity,
i.ntermedi ate | ayer .proyi. e QW

em%lﬂ'éF%&Fﬁf’&%ﬁﬁﬂ?}ﬁ%ﬁ‘@lggﬁsﬁq %?ce’:%ngs%n r%%?@tagg%e; and a
top layer, wherein the top |ayer provides at |east one

15 hek B s pachr i oeia s O g R e
intérﬁn%%i‘%{aeﬁﬁfﬁ Zcéﬁr\%g&ea Pillaliky G18Yerb hklerdif bt legst of@af thadayers

0 erein the nultilayer internediate
cothpiyees atleaponee a plurality of layers, and wherein at
| east_one of the layers conprises at |east one of.

7- 87y Y‘Fﬁ‘%ﬁ@?‘éﬁ?‘ﬁlﬁ‘é&‘aﬂ rconia, a rare earth
si | heabartiREkéae 07 and RE2Hf 207, wherein RE conpri ses

a conbi nati on of %/tter bia, samaria and at I.eas%g%gg. .
of RifbBt0aand RENDHE), wharein REysemupiises & CORQBEINT 4 1, samaria
uropia, o ha i C ihsi RYdahid Sadurdig oef
and By 884 Phe Sl Rindte, BaTRIBINE, Rbapinid SRl
yt t @iak@oxide Edmprisispatdeqsante eftaiponiziang hefe aipaimasy dopant
second co-dopant conprising. at | east one ofonlductogz(}oipgnt

coBPapiEE ytterdis BAIrstGRutAPAR; QPR B & i ST EP1

coV\'h B 1?1? "t %e%{%ng ioF Siftet! £ %84 df0 OB, $880lthid, inesdynfib aneé europia, wherein
EBRTP Ut on sel ected from a metastabl e tetragonal b
thRRS ByeCanyiriseut ifion phasd cansgithiion jsiested feam spetaxgblgtetragonal phase

constitution and a cubic phase constitution.

44,  The multilayer thermal barrier coating of claim 42 or 43, wherein the first layer
compri'ses at least one of:

7-8 yttria-stabilized zirconia, or

a base oxide comprising at least one of zirconia and hafnia, a primary dopant
comprising ytterbia, a first co-dopant corhprising samaria, and a second co-dopant

comprising at least one of lutetia, Scandia, ceria, gadolinia, neodymia and europia.
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44. The nultilayer thermal barrier coating of claim42
or 43, wherein the first |ayer conprises at |east one
of 7-8 yttria-stabilized zirconia, or a base oxide
conprising at | east one of zirconia and hafnia, a
primary dopant conprising ytterbia, a first co-dopant
conpri sing samaria, and a second co-dopant onpris

45. at Theasultilasier tb¢rmmb@1r1|eracoag@ar?é gy Ogﬂé?‘i‘% ‘&g‘élé‘% ‘r‘r’ﬁf"rgm i€ top
neod We de TI€mAA! dilid-2¥ @4retehh Blikate, titania,

lay%89m¥g§esggg g?hg%r?/ e%?h 6?1a|errs to 44, wherein the

an al1EM métﬁV@ﬁd&@[mﬂi hlkel$ eath et bxidae of arare earth
oxide, alumna, silica, a rare earth silicate,

titania, an alkali netal oxide, or an alkali earth
met al oxi de 29
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