THERMAL BARRI ER COATI NGS HAVI NG LONER LAYER FOR | MPROVED ADHERENCE TO BOND

COAT BACKGROUND OF THE I NVENTION This invention relates to

zirconi a-containing thermal barrier coatings having reduced thernal

conductivity that conprise a stabilizer nmetal oxide selected fromytterbia,

neodym a or mxture thereof, with or without |anthana, to stabilize the

zirconia in the cubic crystalline phase. This invention particularly
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Components operating in the gas path environment of gas turbine engines are
typically subjected to significant temperature extremes and degradation by oxidizing
and corrosive environments. Environmental coatings and especially thermal barrier
coatings are an important element in current and future gas turbine engine designs, as
well as other articles that are expected to operate at or be exposed to high
temperatures, and thus cause the thermal barrier coating to be subjected to high
surface temperatures. Examples of turbine engine parts and components for which
such thermal barrier coatings are desirable include turbine blades and vanes, turbine
shrouds, buckets, nozzles, combustion liners and deflectors, and the like. These
thermal barrier coatings typically comprise the external portion or surface of these
components are usually deposited onto a metal substrate (or more typically onto a
bond coat layer on the metal substrate for better adherence) from which the part or
component is formed to reduce heat flow (i.e., provide thermal insulation) and to limit
(reduce) the operating temperature the underlying metal substrate of these parts and
components is subjected to. This metal substrate typically comprises a metal alloy

such as a nickel, cobalt, and/or iron based alloy (e.g., a high temperature superalloy).



For reduced thermal conductivity, the thermal barrier coating is usually
prepared from a ceramc material, such as zirconia. It is also desirable
to chem cally phase-stabilize the zirconia-containing thermal barrier
coating in the cubic phase. The cubic phase is desirable for |ower thernmal
conductivity and can be either fluorite or pyrochlore structure. Exanples
of such em cal |y phase-stabilized zirconiias include yttria- stabilized
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tol erant, as well as®erosion and inpact resistant coatings. Another
general approach is to nake conpositional changes to the zirconia-
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pot ent i alplRpial Pasyik®Eoatings. However, coatings formed by physical vapor deposition
(PVD), such as electron beam physical vapor deposition (EB-PVD), that have a
columnar structure are typically more suitable for turbine airfoil applications (e.g.,
blades and vanes) to provide strain tolerant, as well as erosion and impact resistant

coatings.

Another general approach is to make compositional changes to the zirconia-
containing ceramic composition used to form the thermal barrier coating. A variety of
theories guide these approaches, such as: (1) alloying the zirconia lattice with other
metal oxides to introduce phonon scattering defects, or at higher concentration levels,
provide very complex crystal structures; (2) providing “coloring agents” that absorb
radiated energy; and (3) controlling the porosity morphology of the coating. All of
these approaches have limitations. For example, modifying. the zirconia lattice, and
in particular achieving a complex crystal structure, limits the potential options for
chemical modification and can interfere with good spallation resistance and particle

erosion resistance of the thermal barrier coating
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chem cal nodification and can interfere with good spallation resistance and
particle erosion resistance of the thermal barrier coating -2 Mdification
of the zirconia lattice to inprove the reduction in thermal conductivity
can also interfer with other mechanical properties of the thermal barrier
coating. In particular, nodification of the thermal barrier coating to
reduce thernﬁgﬂconduct|V|ty can result in a coating that is |ess adherent
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anount up to about 49°nole % of a stabilizer conpon

the zirconia in the cubic crystalline phase. It would further be desuable to be able to

achieve such reductions in thermal conductivity without sacrificing other desired
mechanical properties of the thermal barrier coating, especially good spallation

resistance.
BRIEF DESCRIPTION OF THE INVENTION

An embodiment of this invention relates to a thermal barrier coating for the
underlying substrate of articles that operate at, or are exposed to, high temperatures.

This thermal barrier coating comprises:

A. a zirconia-containing upper layer wherein the zirconia is stabilized in the cubic

crystalline phase, and which comprises:

I at least about 50 mole % zirconia; and
I a stabilizing amount up to about 49 mole % of a stabilizer component
comprising:

a. a first metal oxide selected from the group consisting of ytterbia,

neodymia, mixtures of ytterbia and neodymia, mixtures of ytterbia
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conprising: a. a first netal oxide selected fromthe group consisting of
ytterbia, neodyma, mxtures of ytterbia and neodym a, m xtures of
ytterbia -3 and | anthana, m xtures of neodym a and | ant hana, and m xtures
of ytterbia, neodym a and | anthana in an anount of from about 5 to about
49 nmole % b. about 4 nole %or less of a second netal oxide selected from
the group consisting of yttria, calcia, ceria, scandia, nmagnesia, india
and m xtures thereof; #@fdanthana, pixduiss ofpeedygpa and knthgnpend migiireseofsel ect ed

fromthe group consi sty g)ia,qfeoaymﬁagn Hanth BnPR %n%#g&mfog%{%r?ge# 0,5 to

about 40 mole % and b. tantala in an anount o om a t'o about 10
nole % and B. a zircaboe:-45ombki%;) ng | ower | ayer wherein the zirconia is

stabilized in the tetragonal crystalline phase, and which conprises: |. at
| east about 80 mole % zirconia; ,and I1..a stapilijzing anmpunt up to about 10
nol e % of a stabil i%zera%’% HWZ%%’,OI' | ¥ egonst ekl ox ?’Sﬁle‘f’ﬁeﬁ&&or‘hﬁ?al oxi de

sel ected fromthe groupogPBsisating@f kit bAER; cerfelsCdndia, $@ldndsia, SinafAdi a,
magnesia, india and nmixtures thereof in an amount of from about 1.5 to
about 6 nmole % and b.and mistessdhersefabndxi de sel ected fromthe group

consisting of |anthana, neodym a, ytterbia and m xtures thereof in an

amount of fr ab e % ther embodinent of this
i nvention rel ates ;&g&ﬁpﬁé% ﬁ%ﬁ?@x?&pp%{aig@g Sglref:tle@{ﬁejo.m %hel %rou%rcgyf%s P&d article
conprises: |. a sul$trate;

a. hafhia in an amount from about 0.5 to about 40 mole %; and
b. tantala in an amount of from about 0.5 to about 10 mole %; and

B. a zirconia-containing lower layer wherein the zirconia is stabilized in the

tetragonal crystalline phase, and which comprises:
L at least about 80 mole % zirconia; and

1I. a stabilizing amount up to about 10 mole % of a stabilizer component,

which comprises:

a. a first metal oxide selected from the group consisting of yttria,
calcia, ceria, scandia, magnesia, india and mixtures thereof in an

amount of from about 1.5 to about 6 mole %; and

b. a second metal oxide selected from the group consisting of
lanthana, neodymia, ytterbia and mixtures thereof in an amount of

from about 0.5 to about 8.5 mole %.

Another embodiment of this invention relates to a thermally protected article. This

protected article comprises:
L a substrate;

IL a bond coat layer adjacent to and overlaying the substrate; and
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1. a bond coat |ayer adjacent to and overlaying the substrate; and -4 M
the thermal barrier coating previously described adjacent to and overl aying
the bond coat |ayer. Another enbodinment of this invention relates to a

met hod for preparing the thermal barrier coating on the bond coat |ayer of
the substrate to provide a thermally protected article. This nethod

conprises the steps of: formng the |ower |ayer of the thernal barrier
coating BY- dephrstherma) baier peatingpreyieush desaribed adjncentdp anil o vedmpessthei on of B.

above; and fo pper | ayer of the thermal barrier coating by
deposi ting on%tghggoﬁttc%{rj' | ayer the ceram c conposition of A above. The

thermal barrier coatings of this invention provide several benefits when
formed dmoliendmbodimdnapé tiss afventidos telatee ®nettidd o pseparipg sledtheandii gh

tenperatuyres, such as ur pi ne. co ents, The zirconia-caqnptai ni ng upper
| ayer of DR ERRRGN e PPICEOR GG SLIHE PHPEdo PHRdR 7 WORPADUGOBEd: bl | 1 zed

in the dggidedriayethoaRdfPrisdd tHEblpLoft 0 provide reduced thermal
conductivity. The zirconia-containing | ower |layer which is stabilized in

the tetragonal crystalline phase provides inproved adherence of the upper
| ayer of the forarpatheplower dayer @dithethermal hariboeehtivgdty deppeitingtdmuthei npr ovi ng
the resistan thermal .barrier.coatl t o spallation, including
that due to t%g?r%éoraté?af}'rmé&lgfgﬁ%m%C?IH%?SI%O&%%Q%UFI?féjonornal gas turbine

engi ne operation. BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a partial

si de sect i onalforviirgvtief upper dages @if Mk theprhal barithesdtak Haddépositing @t 89 and

coated article of .this invention. DETAILED DESCRI PTI ON OF THE | NVENTI ON As

used herein, tHErHReRrescrayqicanppstien af AGP% ani ¢ conpositions" refers to
ceram c conpositions where zirconia is the primary conponent that are

usef ul  aghefiehiRbabiRf Ea‘)ﬁnfggemimﬁzem&i 81?{;1?(13?5%2@1131 §elfehtsr\%ﬂe&9if eheat flow

to the underlying substrate of the arti ormng a thernal

barri er, cargndivioshlayerseofesubsitratésnef pticles exposed to high temperatures, such as
turbine components. The zirconia-containing upper layer of the thermal barrier
coating permits the zirconia to be stabilized in the desired cubic phase structure to
provide reduced thermal conductivity. The zirconia-containing lower layer which is
stabilized in the tetragonal crystalline phase provides improved adherence of the
upper layer of the thermal barrier coating to the bond coat layer, thus improving the
resistance of the thermal barrier coating to spallation, including that due to

temperature cycling that occurs during normal gas turbine engine operation.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a partial side sectional view of an embodiment of the thermal barrier coating

and coated article of this invention.
DETAILED DESCRIPTION OF THE INVENTION

As used herein, the term “zirconia-containing ceramic compositions” refers to
ceramic compositions where zirconia is the primary component that are useful as
thermal barrier coatings that are capable of reducing heat flow to the underlying

substrate of the article, i.e., forming a thermal barrier, and which have a melting point



-5 that is typically at |east about 2600F (1426C), and nore typically in
the range of from about from about 3450 to about 4980F (from about 1900 to
about 2750C). As used herein, the term"conprising" neans various

conposi tions, conpounds, conponents, |ayers, steps and the |ike can be
conjointly enployed in the present invention. Accordingly, the term
"conprising" enconpasses the nore restrictive ternms "consisting

essent i althaf 1ptypieatly atdeast plaut 2§00TF (1426TC)anpdimoase tymieally, inrthe irengeanfd

Cor am ¢ COTpARIY FORLRpRLR0s W A Aot e arget Folt e T e
coatings of this invention inpart inproved thermal conductivity properties

and in payst i&dl RdreinOWRY terinh eddmristdmehnsy virfous TERAEMRI 0RO NEWAHdALEY K 1S
defined by the follow ng equation (1): Kzax(l-r)x xDt (1) ere ais the
t her mal @Pmporsnis, tlgyerp stepst anel thealdkd ean be qeaiorIn gmployed 4n tthe prgsensi i ¢ heat
(inJd/g * -and i he .t heoretical.density. As be seen from.equation
(1) abovdVepiBh Rsokipbs s GRRY Hof s Eh coemeter T B6s rbETURE) "ang
por osi ty terlf@reomsidtingleyscatiallyod’ and FeésBiztiag 6ANt ai ni ng ceram ¢ conposi tions
for use in the upper layer of this invention are disclosed in copending

U. S. nonprovisional applications entitled "CERAM C _COVPCSI TI ONS. FOR
THERVAL EARRPERIGOATT NEDS agf RBIEntages Yo Reiemcs by nesls SrpplpssigtheppiesE"

( Bout wel Ig &%ﬁﬁi), Serial No. 10/748,517, filed Decenber 30, 2003, which is
incorpora?e y reference. The zirconia-containing ceramc conpositions
used in this upper |ayer conprise at |east about 50 nole % zirconia.

Typi cal | Yhetchmngo gpuppsifionssusgd en theuprer daygp € the thyenal beomgrrdosengsrafm about

50 to abqut .90 |l e % zirconi nore typi.cally fr.om about 60t about 85

mol ¢ % 2t BeRto TP mpagie el FonabB e ureriartirore Heameekt lter | ayer
of the tligyriel chtutiidty. ThékialgoRiveticiaP &DisedePhed BlyiBe SS18IWihE 266htiohypi cal |y
fully Sta(.{))l.| ized, in the cubic

K=ax(1-p)x Cox D (1)

where a is the thermal diffusivity, p is the fraction of porosity, C, is the specific heat
(in J/g *K), and D, is the theoretical density. As be seen from equation (1) above, the

thermal conductivity depends on thermal diffusivity and porosity.

Particularly suitable zirconia-containing ceramic compositions for use in the upper
layer of this invention are disclosed in copending U.S. nonprovisional applications
entitled “CERAMIC COMPOSITIONS FOR THERMAL BARRIER COATINGS
STABILIZED IN THE CUBIC CRYSTALLINE PHASE” (Boutwell et al), Serial No.
10/748,517, filed December 30, 2003, which is incorporated by reference. The
zirconia-containing ceramic compositions used in this upper layer comprise at least
about 50 mole % zircomia. Typically, the compositions used in this upper layer
comprise from about 50 to about 90 mole % zirconia, more typically from about 60 to

about 85 mole % zirconia.

The zirconia-containing compositions used the upper layer of the thermal barrier
coating are capable of being stabilized, typically fully stabilized, in the cubic

crystalline phase. To achieve this, these compositions further comprise a stabilizing
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crystalline phase. To achieve this, these conpositions further conprise a
stabilizing -6 anount (up to about 49 nole % of a stabilizer conponent.
The particular amount of the stabilizer conponent that is "stabilizing"

wi |l depend on a variety of factors, including the thermal insulating
properties desired, the particular anpbunts and types of the stabilizer
nmet al oxi des used and | i ke factors pically, the stablllzer conponent
conpri se&MOMBHUREB @bow 4t96n%116c/a)c Of@Stﬁh}ﬁ%&fq@%F@t{ ypF @articylar @@m’%‘bgat from
about 10 9 o t d,i | ayer.
The st abitl?t?glg?&g%rrrg%ﬁ@eﬁt ﬁ%ﬂ gger gtjrahﬁlcl:ﬁcgp q?)lgl {léyc%ﬁ&laogle V:aﬁg héf t%ﬁ%%’ | ayer at
| east  comgiudisg sheathbimal tinsubdtalg mnpdaeséés&ed ettle panivntah angootspndapsdsst i ng of

ytterbia, eodymn.a, and . m xtures the f, with or vvlthout | ant hana, i.e.,
ytterbi aof ntg %ﬁ jzer W&Xé‘iesoPs%it ﬁ%‘iaﬁ‘é fsterheodymirally, nthg sipubizess

ytterbi ac@ﬂlgoﬁtﬁﬁtcbﬁ‘iﬂﬁsesrﬁéiﬁ ‘é‘b@ﬁ’t oto a%ﬂ%%@lea’,@dn‘lo?éqg)%%g PO aBbgtt Ures of
ytterbia, neodym a and | anthana. Neodym a has been un to provi de t he
gr eat est froalaketuit &) to zbauhad nmle Wonfithe tcompositias ugeden this ktwer hpenl oxi de.

I ncl usi on of ytterbi ainthe fi rst net al oxi de can be desi rabl e because of

its high l.ar_weight. | nc lon of e, first tal oxide
con or on e i RomtEhdine LAEL ofpGo Bl B3ns Yeher el R £ co
strain, mbmpng&dat fst afee toxiddeeleatd | Somettat isHRipY ch@éting av Gitdrigduci ng
|rrpact and erosion resistance of the thernmal barrier coating. The

parti cul &PO%)ﬁWan@anmlmr%tth@ré@@mwpﬁéfl@@@tdlawluana,deepeﬁéprblann@dmm,et y of
fact d
pg(r:t ?Ezal 511}52%% %fgn%pﬁ %é&%ﬂgnlur oxi d. e{gf R’f}gedé{ ‘Lﬂltl(ﬁ q’%tﬁleg Qoenef its

desired alﬂﬁﬁ)lmlkﬂnd ﬂamlﬁanasandﬁhectﬁms of yttarbia| nendiytea mahlanmaml Bkeodymimn about 5
t o about 49 nol ally fromapout 10 to bout 40 nol e %_ nore
t ypi cal | 2§ P&h g’ﬂ %1‘0 Eé’%ﬂqcf %‘Sc%‘?at%s@ recﬁ’ﬁp%‘l ) tb(’ﬁm h‘é’“é'é?t&’r‘r?’casct@ﬁﬁ’é%tl tion

used in iR WRRRY ThAY%E6n oy\pﬁé}biariﬁlth'éjﬁgt ﬁ%te@%&fdec‘iﬁbya@s&z{b'lbslgecgﬁgeadf oxi de,
| ant hana typically conprises fromabout 1 to abou 9 nore

typi cal | ytsthigher aisdesulap weighib dudlugonrof knttanaoin thedirstonpobotidenausmestei n t hi s
,l[J ﬁgeLpp e&hrtl'éey é’pg%‘% s?:ﬁ érknzg y ef?en%v&()afq;lcrg;sugghﬁtt?c% I’s Q?ncpr(z)(\)/m:e):a f'lé !11‘(1)1{)]1?1‘1 used in
thereof is relatively low to avoid reducing impact and erosion resistance of the

thermal barrier coating. The particular amount of first metal oxide used will depend
on a variety of factors, including the thermal insulating properties desired, the
particular mixture of first metal oxide(s) used, the stabilizing benefits desired and like
factors. The first metal oxide can comprise from about 5 to about 49 mole %,
typically from about 10 to about 40 mole %, more typically from about 10 to about 30
mole %, of the ceramic composition used in the upper layer. When included as part
of the first metal oxide, lanthana typically comprises from about 1 to about 10 mole
%, more typically from about 2 to about 8 mole %, of the composition used in this

upper layer.

The stabilizer component of the ceramic compositions used in the upper layer of the
thermal barrier coatings of this invention can also optionally comprise a second metal
oxide selected from the group consisting of selected from the group consisting of
yttria, calcia, ceria, scandia, magnesia, india and mixtures thereof. This second metal
oxide, such as yttria, is one that has been traditionally used to chemically phase-

stabilize zirconia-containing ceramic compositions. Typically, this second metal

7-



thermal barrier coatings of this invention can also optionally conprise a
second netal oxide selected fromthe group consisting of selected fromthe
group consisting of yttria, calcia, ceria, scandia, nagnesia, india and

m xtures thereof. This second netal oxide, such as yttria, is one that has
been traditionally used to chem cally phase- stabilize zirconia-containing
ceramc cqu03|t|ons { ically, this second netal -7 oxide conprises about
4 nol e YOEHe OBPrisEHFIOU 5510&%1% qr lassomoretynispidy shavit 2|l % of less; f the

conmposi tigy as he oV, a hg zi_k n erani c
compos t i-apobioflp R b ek Tngt "he? SR, TR CPHES

st abi | i zedmiposititugs oﬁmsg' meehtinmbdan Iﬁbwiﬂé ahdrinaEbgtias eoatingé etabilized i g t o

i ncl ude tradﬁgh%nal fblllzers and in particular_ traditignal stabilizer

met al  oxidGEECISGHON rystpHling iphasecuthoul negdipg & 1@%&@1@%&&1@&#&8 B i ndi a.
Accordin 9%99?

subst ant ?g?bﬁgkprﬁé?agggﬂh%@gg%ﬁgﬁ&nggg ﬂ%%lgﬂ‘ﬁ & s ch ngnggﬁ%nrg rret ‘al oxi de
can conprigaesiabouind@. 1Acmkdingtypthel mmnmf-ccmtmmgrmpmmm icompositiens can
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structure during the deposition process, such as physical vapor deposition, used to
prepare the thermal barrier coating, as well as during subsequent engine operation due
to the lower diffusion rates of hafnia. This results in a more “feathery” structure of
the as-deposited coating that contributes to reduced conductivity through increased
porosity and reduced density. Inclusion of hafmia also maintains the reduced
conductivity of the thermal barrier coating after thermal exposure due to better
sintering resistance. Inclusion of tantala provides oxygen interstitial defects and
phonon scattering by mass difference, thus effectively influencing the stability level in
the direction opposite that of the other metal oxides, i.e., the first and second metal
oxides, while contributing a reduction or lowering of thermal conductivity of the

thermal barrier coating.

The particular amount of hafnia and/or tantala included will depend on a variety of
factors, including the thermal insulating properties desired, the amounts and types of
first metal oxide(s) used and like factors. Typically, hafnia is included in an amount

of from about 0.5 to about 40 mole %, more typically from about 5 to about 25 mole
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sintering resistance. Inclusion of tantala provides oxygen interstitial
defects and phonon scattering by mass difference, thus effectively
influencing the stability level in the direction opposite that of the
other netal oxides, i.e., the first and second netal oxides, while
contributing a reduction or lowering of thermal conductivity of the
thermal barrier coating. The particul ar anmount of hafnia and/or tantal a

i ncl uded % 9fitheegsamis emposijign;useq irvthe uppen layes; Typidallyi tagtalanis indledegl

i nsul at i I i i u n fit al

oxi de('s) q%%@&@ﬁ%%f%%ﬂ% g’é@tg@g.% §%L|ﬁ(r:ig’l rﬂél% @Ha r?%%gﬁcaﬁ%goﬁ%gg&}tn%én anount

of from aboutt8 flok % cofahocdrarid cvbipdsition wedEinttliguppdr lyydrr om about 5 to about
25 nole -8 % of the ceram c conposition used in the upper |ayer.

Typi cal | tantala [s included .in an anou of from about, 0.5 to about 10
nmol e % #?Fe‘mc%‘iegalhf"ﬁmﬂ CORTUeHEIY P?"Heétlesa‘?frc}g? ografF ConpogtioRhseddpani ¢

COMpOSi g HRGHpENMalel oF thOBRImAID AR er cz%gérm&ﬁg Oreh}ﬂﬁﬁi%'ba%&ﬁ fHel Vity

properties of the cefamc conpositions used to e upper l|ayer of the
t her mal Idéacovay thadatol avhseve fany Highérmedurtionnn dhe@mbhsadluonivitihbeyodid ghatver y

B
di f f er entncoRaHPRIvEH. TEEHSechifif ikvdvhs iMALSnFEABMNY Sérneliyem, Wil udi ng
ytterbia and/or neodyma, with or wthout |anthana, in the stabilizer
conponentor vdthenylapthana,Hafthe stabibidgeiorompomenl along witlh bafaiazandéarieatalaont ai ni ng
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resul ting upper |ayer of the thermal barrier coati ng, i ncludi ng one or nore
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metal atom of first metal oxide (e.g., yttrium) to introduce effective phonon scattering
sites and reduce the specific heat of the coating; (b) adding atoms of ionic radius
different from zirconium (especially lanthanum and neodymium) and typically with
an ionic radius greater than that of the metal atom of first metal oxide (e.g., yttrium)
such that the resultant lattice strain introduces phonon scattering sites (i.e., to reduce
the phonon mean free path); (¢) and adding metal oxides of different valence from
zirconia (especially metal oxides of trivalent metal ions such as ytterbia, neodymia,
lanthana and ytiria and metal oxides of pentavalent metal ions such as tantala) to
introduce oxygen defects at a controlled level, thus creating another phonon scattering

mechanism.

The thermal barrier coatings of this invention further comprise a zirconia-containing
lower layer wherein the zirconia is stabilized in the tetragonal crystalline phase to
improve the adherence of the upper layer to the underlying bond coat layer. The
ceramic composition used in the lower layer comprises at least about 80 mole %

zirconia. Typically, the ceramic composition used in this lower layer comprises from
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(e.g., yttriun) such that the resultant lattice strain introduces phonon
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factors, including the thermal_ insulati ng properties desired, the ability
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used and actors pi ca zer nponent corrprl ses from
about 3 ttc»abchmtatmdle‘)/Smdfehé’,bompmlsmohmped:mlthm l(f)WQﬂHﬁDUt fromabout 5 to
about 8 nole % of the corrposition used in this | ower layer. The first

nmet al oxi.gde n _be, sel ect om.t consisting of yt .cal ci a,
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met al oximerialyexde wiHedependionsa yadetyyefefactsks, finglsding the thermal insulating

properties desired, the particular first metal oxide used, the amounts and types of first
metal oxide used and like factors. Typically the first metal oxide comprises from
about 1.5 to about 6 mole %, more typically from about 3 to about 5 mole %, of the
composition. Ceramic compositions of this invention typically comprise yttria as the

first metal oxide.

The second metal oxide can be selected from the group consisting of lanthana,
neodymia, ytterbia and mixtures thereof. The particular amount of second metal
oxide(s) included will depend on a variety of factors, including the thermal insulating
properties desired, the particular second metal oxide(s) used, the amounts and types of
first metal oxides used and like factors. Typically the second metal oxide comprises
from about 0.5 to about 8.5 mole %, more typically from about 1.5 to about 4 mole %
of the ceramic composition used in the lower layer. The ceramic composition of
lower layers of this invention typically comprise lanthana, ytterbia or mixtures thereof

as the second metal oxide.
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nmetal oxide used and like factors. Typically the first netal oxide
conprises from about 1.5 to about 6 nole % nore typically fromabout 3 to
about 5 nole % of the conposition. Ceram c conpositions of this invention
typically conprise yttria as the first netal oxide. The second netal oxide
can be selected fromthe group consisting of |anthana, neodyma, ytterbia
and n1xtures thereof The particular anmount of second netal oxide(s)
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Opt i onal Qptiohalsiimsiusadn tafntaatada mrovidde Lxyggydnterstitiel steffdctsalandepleaios and
phonon scattering by mass difference, thus effectively influencing the stability level in the
direction opposite that of the stabilizer metal oxides, while contributing a reduction or
lowering of thermal conductivity of the thermal barrier coating. Tantala is typically
included in an amount of from about 0.5 to about 1.5 moles %, more typically from

about 0.5 to about 1 moles %, of the ceramic composition used in the lower layer.

Thermal barrier coatings of this invention are useful with a wide variety of turbine
engine (e.g., gas turbine engine) parts and components that are formed from
substrates, typically metal substrates comprising a variety of metals and metal alloys,
including superalloys, and are operated at, or exposed to, high temperatures,
especially higher temperatures that occur during normal engine operation. These
turbine engine parts and components can include turbine airfoils such as blades and
vanes, turbine shrouds, turbine nozzles, combustor components such as liners and
deflectors, augmentor hardware of gas turbine engines and the like. The thermal
barrier coatings of this invention can also cover a portion or all of the metal substrate.
For example, with regard to airfoils such as blades, the thermal barrier coatings of this
invention are typically used to protec;t, cover or overlay portions of the metal substrate

of the airfoil rather than the entire component, e.g., the thermal barrier coatings cover
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scattering by mass difference, thus effectively influencing the stability

l evel in the direction opposite that of the stabilizer netal oxides, while
contributing a reduction or |owering of thermal conductivity of the
thermal barrier coating. Tantala is typically included in an anount of
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disclosed in various references, such as U.S. Pat. No. 5,399,313 (Ross et al), issned
March 21, 1995 and U.S. Pat. No. 4,116,723 (Gell et al), issued September 26, 1978,
both of which are incorporated by reference. High temperature alloys are also
generally described in Kirk-Othmer’s Encyclopedia of Chemical Technology, 3rd Ed.,
Vol. 12, pp. 417-479 (1980), and Vol. 15, pp. 787-800 (1981). Illustrative high
temperature nickel-based alloys are designated by the trade names Inconel®,
Nimonic®, Rene® (e.g., Rene® 80, Rene® N3 alloys), and Udimet®. As described
above, the type of substrate 14 can vary widely, but it is representatively in the form

of a turbine part or component, such as an airfoil (e.g., blade) or turbine shroud.

As shown in FIG. 1, article 10 also includes a bond coat layer indicated generally as
18 that 1s adjacent to and overlies substrate 14. Bond coat layer 18 is typically formed
from a metallic oxidation-resistant material that protects the underlying substrate 14
and enables the thermal barrier coating indicated generally as 22 to more tenaciously
adhere to substrate 14. Suitable materials for bond coat layer 18 include MCrAlY
alloy powders, where M represents a metal such as iron, nickel, platinum or cobalt, or

NiAl(Zr) compositions, as well as various noble metal diffusion aluminides such as
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As shown in FIG 1, article 10 has a netal substrate indicated generally as
14. Substrate 14 can conprise any of a variety of netals, or nore
typically netal alloys, that are typically protected by thermal barrier
coatings, including those based on nickel, cobalt and/or iron alloys. For
exanpl e, substrate 14 can conprise a high tenperature, heat-resistant
gh_tenperature alloys are disclosed in
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mils (from about 25 fo about 508 microns). For bond coat layers 18 deposited by

PVD techniques such as ED-PVD or diffusion aluminide processes, the thickness is

more typically in the range of from about 1 to about 4 mils (from about 25 to about

102 microns). For bond coat layers deposited by plasma spray techniques such as

APS, the thickness is more typically in the range of from about 3 to about 15 mils

(from about 76 to about 381 microns).

As shown in FIG. 1, the thermal barrier coating (TBC) 22 prepared of this invention is
adjacent to and overlies bond coat layer 18. The thickness of TBC 22 is typically in
the range of from about 1 to about 100 mils (from about 25 to about 2540 microns)
and will depend upon a variety of factors, including the article 10 that is involved.
For example, for turbine shrouds, TBC 22 is typically thicker and is usually in the
range of from about 30 to about 70 mils (from about 762 to about 1788 microns),
more typically from about 40 to about 60 mils (from about 1016 to about 1524
microns). By contfrast, in the case of turbine blades, TBC 22 is typically thinner and
is usually in the range of from about 1 to about 30 mils (from about 25 to about 762
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detonation, or wire spray, chem cal vapor deposition (CVD), pack
cenentation and vapor phase alumniding in the case of netal diffusion

al um ni des (see, for exanple, U.S. Pat. No. 4,148,275 (Benden et al),

i ssued April 10, 1979; U S. Pat. No. 5,928,725 (Howard et al), issued July
27, 1999; and U. S. Pat. No. 6,039,810 (Mantkowski et al), issued March 21,
2000, all of which are incorporated by reference and which discl ose
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t hi cker abduti A fidid tricknessloé TBC2ZRe of from about 30 to about 70 mls
(from about 762 to about 1788 microns), nore typically fromabout 40 to

about 60 gn_s (framahou 016 o apout 4 mcrons). By contrast, in the
case of %‘PH% Bk Jﬁegl,’ ﬂgr% e \tageft ?‘gi‘%ﬁ 2nf¥nbr apRlied. jderedigdioy in the
range of JiHepwisabRMhed did HBRP WoaBlaytt | & b MY %?Oé’tva_ﬁétgft r aBRWHLRA - 13

mcrons), nore typically fromabout 3 to about 20 ml$§ (from about 76 to
about 508echpiquesrig pe followed by the applying, depositing or otherwise forming of upper

layer 30 of TBC 22 on lower layer 26 by any of such techniques. These techniques
include physical vapor deposition (PVD), including electron beam physical vapor
deposition (EB-PVD), plasma spray, including air plasma spray (APS) and vacuum
plasma spray (VPS), or other thermal spray deposition methods such as high velocity
oxy-fuel (HVOF) spray, detonation, or wire spray; chemical vapor deposition (CVD),
or combinations of plasma spray and CVD techniques. The particular technique used
for applying, depositing or otherwise forming layers 26, 30 of TBC 22 will typically
depend on the composition of TBC 22, its thickness and especially the physical
structure destred for TBC 22. For example, PVD techniques tend to be useful in
forming TBCs having a strain-tolerant columnar structure. By contrast, plasma spray
techniques (e.g., APS) tend to create a splat-layered porous structure. Layers 26, 30
of TBC 22 are typically formed by PVD, and especially EB-PVD techniques to

provide a strain-tolerant columnar structure.

Various types of PVD and especially EB-PVD techniques well known to those skilled
in the art can also be utilized to form layers 26, 30 of TBCs 22. See, for example,
U.S. Pat. No. 5,645,893 (Rickerby et al), issued July 8, 1997 (especially col. 3, lines
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As shown in FIG 1, TBC 22 conprises the |lower |ayer (as previously
described) indicated as 26 that is adjacent to and overlies bond coat

| ayer 18. This lower layer wll usually conprise a mnor fraction of TBC
22. Typically, this |ower layer 26 conprises fromabout 5 to about 40%
nore typically fromabout 15 to about 30% of the thickness of TBC 22. TBC

22 further c3§_rr§ri ses _the upper |ayer (as previ ousla/ descri bed) indicated
as 30, arm@-§%: Hd)- dakMo- O/ 18rd0 SYBimphRsissusdicbruape 10.0998) fsspacialbneol. 30 wi l |

normal |y ) e | B4 f i T [ ly, upper
| ayer 30 %ﬁﬁ?g%ﬁﬁ% ?rgdeﬁﬁr' grrér% %%3681442‘353% @%%%@5%“%%& & %bp%ﬁglaﬁéﬁ’f rom
about 70 which atzoall in8&&gpraéd binecfetehedk SeitsbloEBIBUIRRchiRadesr bt ng: haeinl G 1,

the | ower_l.ayer.26 of TBC.22 can be applied, deposited or otherw se forned
on bond &wFMﬁ’aWPlvﬁa HiPALRg cg?m'éerv‘gﬁ et oo 8aY Bk athat pedEablyues, to

be fol | owggludwg &gge@maﬂiﬁem gHERRS iaﬂg)xg%elp-fr @Ec‘ﬁtﬁ% ahﬁggrgh&%%aaibﬁper
| ayer 30 of TBC on lower l[ayer 26 by any of such”techniques. ese
L echni ﬂuéE 6H|mi@)redd el lp?samgl:pmapmgg@g\:g&m E?’HPQIW@)WI'III m@:lactlmrgbefamsc_t ron
eam cal . vapor eposi tion - : asnma spray, including air

ol aorm 2 aPed KBRPF xR e op e el SRRt ihes A RBRES spr ay

deposi ti anvipet BeGstHUehs, dxyBédibnY @h8GOnkYor R-Thetl ofiEMOFIThE i and
detonation, or_wre spray; chem cal_ vapor deposition (CVD), or

conbi nat i9¥dgeofonp agd ractahetigesarpgombinet te crh daxsss 26h80 p&rEBE 3Ram thechni que

used for | W Ry or her,w form.ng |ayers 26, 30 of TBC 22
w | | typisggﬁ%ya@ngﬁg%lesﬂgg%zé i%gg(r:n&rr%ﬁ@ %li%r?ﬁ§ nt%lg@t%g{er ?%/'s t hi ckness and
especially the physical structure desired for TBC 22. For exanple, PVD

t echni qué&rioan tiypies olf lasseisptayi tachrfiqresiweil idG: tathbsgskdllal maihe sktodagr ant
columar structure. By contras | asma spray. techniques_(e.qg., APS) tend
to creat éjse? Reotized 49 dpay 13@’8’?50& 32}_[?5—5]?@? &2 L%F’)?eg%r f?‘.@{npéf@ Ié‘é?‘ 22 are
typi cal | erkQs15RiL¥r CHBniAN T eQaR&Syabld EE.'?'\%\{.DB,E;S%E'MG%& PefeldhOM! de a
strain-tol erant columar structure’ Various types PVD and especial ly
EB- PVD t aokedi thersin, we Welk aoliS. tRett Nos2 33k 598 ¢dawasaki bealprissuvediubl 3@ be

I e N T
No. 4,741,286 (Itoh et al), issued May 3, 1998 (herein incorporated by reference)
which are instructive in regard to various aspects of plasma spraying suitable for use
herein. In general, typical plasma spray techniques involve the formation of a high-
temperature plasma, which produces a thermal plume. The ceramic coating
composition, €.g., ceramic powders, are fed into the plume, and the high-velocity
plume is directed toward the bond coat layer 18. Various details of such plasma spray
coating techniques will be well-known to those skilled in the art, including various
relevant steps and process parameters such as cleaning of the bond coat surface 18
prior to deposition; grit blasting to remove oxides and roughen the surface substrate
temperatures, plasma spray parameters such as spray distances (gun-to-substrate),
selection of the number of spray-passes, powder feed rates, particle velocity, torch
power, plasma gas selection, oxidation control to adjust oxide stoichiometry, angle-
of-deposition, post-treatment of the applied coating; and the like. Torch power can
vary in the range of about 10 kilowatts to about 200 kilowatts, and in preferred

embodiments, ranges from about 40 kilowatts to about 60 kilowatts. The velocity of
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-14 36-63); U S Pat. No. 5,716,720 (Mirphy), issued February 10, 1998)
(especially col. 5, lines 24-61); and U.S. Pat. No. 6,447,854 (Ri gney et
al), issued Septenber 10 2002, which are all incorporated by reference.
Sui t abl e EB- PVD techni ques for use herein typically involve a coating
chanber with a gas (or gas m xture) that preferably includes oxygen and an
i nert gas, though an oxygen-free coati ng atnosphere can also be enployed.
The cer afi¢ CEamoAINg Semppwitiom partisles Slomang intoithaplasme phise F Dlasaes

focused gib )i Qh&ﬁ&@*ﬁuetéﬂgﬂkﬁ 1SQIsu£1£}?cochWoﬁQa Gerg%g)ts&&g COMposi tions so as

to produ a vapor metal 1 ons en 1 ons one or nore netal
oxi des. The nmetal and oxygen ions and net al oxi des reconbine to form
I ayers 2 ®uitgble plasTtBCpLY wystetisare é%cﬁbalbinpforrmmapleswkﬁmaa% Bl47gg12mor e

t [ 1 bond t 8. f pl tech
el oSk et SShed ReRtemtber 0 BYS aBE R ShosBodiRien; R ok e m | Hver s
26, 30 Oan@?fgs aztéplcﬁa@}asﬁlg rsg?éya@&{e%l nl@hidfesq pisha JeRCHole R}@rﬁg@ hﬁé aChem Cal

Technol ogy, page 255, and references note erein,

wel | as wogle mmted\m th@ digetieoef @hﬁadmalkfuléaceaif)th6|ssmm¢ Beihy caded. 1994

U S. Pat 047,. (Sa et, al) ued, Sept 199 and U. S.
Pat. No.l%¥ pjfalf%az%% 17 PY8he% roqu autprafi y Mg~ 8Y af@@go %ﬁ]iéﬁhﬁmr hﬂlporat ed
by ref ereme@;)ablevm flbviakehé Rah b Ghives pﬁteh%ﬁrﬂssttﬁe\éﬁlﬁsltl‘atbsstﬁ‘ﬁ]@@”ﬁle()f pl asma
spraying suitable for use "herein. In general, typical plasma spray

t echni quddsmavinme exisads Braveaxia) dlirgetion bﬁtgﬁen thé@gséroétﬂaﬁ plaghagwmanadsi ch
produces gt; g@t I T n tio ceramc
powder s, agr eﬂ?e |nF}o e %onngee anéﬁ q%%tﬁl- %ea?%g}gl?%ﬁs 18 lfposeg &&irected
t owar d t ipeedetemtiiredadesiray exmﬂlbcat‘iéﬂ:rbawsendﬁé ambc& @ikl thel @d‘bsﬁh@&ﬂﬁac&p rmay

s w il bewell-knvmtothoseskllled|ntheart

coating techni
i ncl udi ng® r\?ﬁrefrg’@gm?“é‘-i ef/sich s¥vtems hRaopreaiestion meARt Brpaced@Raidn @l eani ng
of the beMlacQake Tl 36e ﬂagmapﬁlhﬁ% feQioACBAS ! Afbctd tube 1{3‘ nggw&é} renmove

oxi des and roughen the surface substrate tenperatures, spray
par amet emsaterial s sikiategrimy pdsitiomae dwt it gamdirest sheogsawder ajto thas;ﬂhsmm plomeof t he

nunber of SP asses,.powder feed. rates rticle.velocity, t h power,
pl asma g&&? %f%%cfﬂ%ﬁ oXICARY U PEGIISS0 Ien?’é}ngcgj“hgtc%rc@ssf‘rﬁi IHHP%[?@'[ ry,
angl e-  through the injector and into the plasma plume. The particles are then heated in the

plasma and propelled toward the substrate. The particles melt, impact on the

substrate, and quickly cool to form the thermal barrier coating.

EXAMPLES

The following illustrates embodiments of thermal barrier coatings of this invention:
Example 1:

The lower layer 26 of TBC 22 can be formed as a stabilized tetragonal crystalline
phase on bond coat layer 18 by EB-PVD techniques from any of the ceramic

compositions shown in Tables 1 and 2:
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barrier coatings of this invention:

Exampl e 1: The

| oner | ayer 26 of TBC 22 can be fornmed as a stabilized tetragonal
crystalline hase on bond coat |ayer 18 by EB-PVD techni ques from any of
the cera a%bzgonpositions shown in Tables 1 and 2:

Metal Oxide Mole % Wt. %

Zirconia 92.2 85.0

Yttria 1.8 3.0

Ytterbia 1.0 3.0

Lanthana 1.2 3.0

Hafnia 3.8 6.0

The upper layer 30 of the TBC 22 can be formed by EB-PVD, APS or any other

suitable technique from any of the ceramic composition shown in Tables 3-5 as a

stabilized cubic crystalline phase on any of these layers 26:
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Table 1 Met al

Oxi deMbl e %N .
Lant hana0.51.5 Hafnia 2.23.5 Table 2 Mtal

% Zi rconi a93. 786. 7 Yttrial.52.5 Ytterbial.95.8

Oxi deMol e %N .

%

Zirconia92.285.0 Yttrial.83.0 Ytterbial.03.0 Lanthanal.23.0 Hafni a3.86.0

The upper

| ayer 30 of the TBC 22 can be forned by EB-PVD, APS or any ot her

sui tabl e technique fromany of the ceram c conposition shown in Tables 3-5
stabilized cubic crystalline phase on any of these |ayers 26: Table 3

as a
Met al

Oxi debl e %N .

Oxilgblct e o . % Zirconi a6140 Ytterbial735 Haf ni a2225 Table 4 Metal
% Zi rconi a6140 Ytterbi al020 Neodym all120 Hafni a 1820
Metal Oxide Mole % Wt. %
Zirconia 61 40
Ytterbia 17 35
Hafnia 22 25
Table 4
Metal Oxide Mole % Wt. %
Zirconia 61 40
Ytterbia 10 20
Neodymia 11 20
Hafnia 18 20
Table 5
Metal Oxide Mole % Wt. %
Zirconia 71 54
Ytterbia 13 30
Lanthana 3 6
Hafnia 8 10
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Table 5 Metal OxideMble 9N . % Zirconi a7154 Ytterbi al330 Lant hana36
Haf ni a810 - 18 Exanple 2: A TBC 22 can be prepared by EB-PVD techni ques by
first depositing the ceramc conposition shown in Table 6 on bond coat

| ayer 18 to provide |lower layer 26 stabilized in the tetragonal
crystalline phase and then depositing the ceramc conposition shown in
Table 7 on | ower |ayer 26 to provide upper layer 30 stabilized in the
cubi ¢ cry¥empleédie phase: Table 6 (Lower Layer) Metal OxideMole %N . %
Zirconi a94.187.8 Yttria4.17.0 Ytterbial.85.2 Table 7 (Upper Layer) Metal

Oxi deMol e - 290, A J: 4 fnia
0.80.9 Egénplezglél%%%%hgig %%%%ﬁgié%%?gg % EQE¥%$%ﬁ§g%ﬁ%F%d%E§%§bflrst
dep05|t|ngnwbanmemhmwn1ndhﬂ@@§|@1bnm$homnhwm:T&hbqnﬁvﬁeIbwmdkgea&6layer 18

o’ hon SHRIReT o e hesfidapdl prstalfie phike! B e WOing S Framld® PO

composition shown in Table 7 on lower layer 26 to provide upper layer 30 stabilized

in the cubic crystalline phase:

Table 6 (Lower Layer)

Metal Oxide Mole % Wt. %
Zirconia 94.1 87.8
Yitria 4.1 7.0
Ytterbia 1.8 52
Table 7 (Upper Layer)

Metal Oxide Mole % Wt. %
Zirconia 74.7 48.3
Yttria 3.7 7.0
Yitterbia 20.8 43.8
Hafnia 0.8 0.9




conposition shown in Table 7 on |ower |ayer 26 to provide upper |ayer 30
stabilized in the cubic crystalline phase: Table 8 (Lower Layer) Metal

Oxi deMol e 9N . % Zirconi a94.088.4 Yttria4.17.0 Lanthana 1.94.6 Table 9
(Upper Layer) Metal OxideMole %N . % Zirconi a6l. 340.0 Ytterbia9.620.0
Neodym all. 220.0 Hafnia 17.920.0 Wil e specific enbodinents of this

i nvention have been described, it will be apparent to those skilled in the
art that B¥ampkiul nodifications thereto can be made wit hout departing from
the spirit and scope of this invention as defined in the appended cl ains.
-20 CLAI f Ler 1 LC

zi r coni a%gnktca%:c%bu p (gbgrE%:\ggpe%%hrtn e ZIFS(’ ?gﬂbl S ﬁé‘b (I%rzeg in the
cubi ¢ cr gsinpbditiore shinas an "Berhdh whort I’mond)rmau Egsr 18. toqﬁrohdagbwsﬂ layet €6%

zirconi a; 3 dLl. st abi | i r?, unt 4@ no| e %.of stabilizer
conponent*® ﬂlﬁ?ﬁ‘ér‘i“sf tet?go%ﬁf? &g Wﬁtﬁtl‘as e 8%1“‘?% &ﬁ?t??ém@t"oup
consi sti REmpbsitidt 51%@1 f Tﬂﬁ@ﬁw Iawemagswe% [S}BVME tusﬁé}' 18y R0 PR 2,

m xt ures of ytter bi a and | ant hana, m Xtures neod ym a
in the cubic crystalline phase:

Table 8 (Lower Layer)

Metal Oxide Mole % Wt. %
Zirconia 54.0 88.4
Yitria 4.1 7.0
Lanthana 1.9 4.6
Table 9 (Upper Layer)

Metal Oxide Mole % Wt. %
Zirconia 61.3 40.0
Yiterbia 9.6 20.0
Neodymia 11.2 20.0
Hafnia 17.9 20.0

While specific embodiments of this invention have been described, it will be apparent
to those skilled in the art that various modifications thereto can be made without
departing from the spirit and scope of this invention as defined in the appended

claims.



and | anthana, and m xtures of ytterbia, neodymi a and |anthana in an anount
of from5 to 49 nole % of the upper layer; and b. a second netal oxide
selected fromthe group consisting of yttria, calcia, ceria, scandia,
magnesia, india and m xtures thereof in an ambunt of 4 nole % or |ess of
the wupper layer; and Il1l. one or nore of a third netal oxide selected from
the group._ consisting of: a. hafnia in an anount fromO0.5 to 40 nole % of

t he uppetCLAI&%r; and b. tantala in an amount of from0.5 to 10 nol e % of
the wupper layer; and B. a zirconia-containing |ower |ayer wherein the
zirconiajyis st&\@lle %‘Jrr%egcoitfl% gﬁ}cﬁlacg glecrystalline phase, and which
conprises: |I. east Z|rc0|a H a stabilizing anpunt up to 10
nole % of a stﬁabl I mmncomampnMg upp'dmlejfero;dmpﬂnn$hrsz1rcannealsfstal:8hze|dahal oxi de
selected fromthe consi ?tl n ttria, calcia, ceria, scandia,

magnesi a, india an %‘t‘ﬁi”%@l PHE ae%*farid Whiph SHBPHSCS0f from 1.5 to 6 nole %
-21 and b. a secorj!d Metalea@*0d8018 8f SieddRch; kh@m t he group consi sting of

| ant hana, neodynia, ytterbia and mixtures thereof in an ampunt of fromO0.5
to 8.5 nole % 2. The ceatabiiging arobwit mp To iflenadé fio ofestalpbesr dompenertonpri ses
from50 to 90 mole % zirconi.a, from10 to 40 nole % first netal oxide and
2 mole %or |ess of theCOWPISIE:

a. a first metal oxide selected from the group consisting of

yiterbia, neodymia, mixtures of ytterbia and neodymia,
mixtures of ytterbia and lanthana, mixtures of neodymia
and lanthana, and mixtures of ytterbia, neodymia and
lanthana in an amount of from 5 to 49 mole % of the
upper layer; and
b. a second metal oxide selected from the group consisting
of yttria, calcia, ceria, scandia, magnesia, india and
mixtures thereof in an amount of 4 mole % or less of the
upper layer; and
118 one or more of a third metal oxide selected from the group

consisting of:

a. hafnia in an amount from 0.5 to 40 mole % of the upper
layer; and
b. tantala in an amount of from 0.5 to 10 mole % of the

upper layer; and
B. a zirconia-containing lower layer wherein the zirconia is stabilized in
the tetragonal crystalline phase, and which comprises:
1. at least 80 mole % zirconia;
II. a stabilizing amount up to 10 mole % of a stabilizer component,
which comprises:
a. a first metal oxide selected from the group consisting of
yttria, calcia, ceria, scandia, magnesia, india and

mixtures thereof in an amount of from 1.5 to 6 mole %,;
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second netal oxide, and wherein the |ower |ayer conprises from86 to 97%
zirconia and from3 to 10 nole % stabilizer conponent. 3. The coating of
any of clainms 1 to 2 wherein the first netal oxide of the stabilizer
conponent of the upper |ayer is selected fromthe group consisting of
ytterbia, mxtures of ytterbia and neodym a and m xtures of ytterbia and

| ant hana, and wherein the second netal oxide of the stabilizer conponent of
the |ower |ayer is selected BR&m the group consisting of |anthana, ytterbia

and mxtures thereof. 4. Th ing of . i wherein the
upper |ayer conprises fr%bm 5?l Sggoqlggn%%llgéﬂ%%é %ﬁdgé(%ﬁ?eférgltﬁﬁﬁg?%st Smol e %
tantal a and wherein the | owenf ldntiy@h, daodiine, yeord msEmitiafesitteredt i@an anmount
froml1l.5to 5 mole % 5. The coating of any of clains 1 to 4 wherein the
upper | ayer conprises from 660 anguaEfim Dizdody) WRlseds and wherein the

| ower |ayer conprises from5 to 40% of the thickness. 6. The coating any
of clains 1 to 5 wherein the upper |ayer conprises from70 to 85% of the
t hi cknesg. and Thhepding ¢fhdaitroiveheteaythe vppaplhysesnfprises tamtsd 8% mole t he

t hi ckness. 7. A thernmal | [ Of ect ticle, i ch conprises: . a
substrate; I1.7° ﬁlr%%é‘i%&foa O];%Z%@ﬁ?etgl&x%rg\@ggﬁ’ﬁﬁfeﬁ@%@ﬁbst rate:
and -22 111. t8nHhREABOXiBE N SIhF QA vty 18 Bfnptik@ Bmlsd & Gryherein

the lower layer is adjacent to and overlies the bond coat |ayer. 8. The
article of cl airperia eiid Tpm;stod Otmelb i¥metabitigenmengonpgnent and wherein t he
substrate is a netal substrate and wherein the thermal barrier coating has
a thickness of from25 to 2540 mcrons. 9. A nethod for preparing thermal

barrier goati MiedaBndBf ahnySdfoghiidt & thay wigren thofigstCaahl bayerof thide net hod
conprising the step of: ]

stabilizer component of the upper layer is selected from the group consisting

of ytterbia, mixtures of ytterbia and neodymia and mixtures of ytterbia and

lanthana, and wherein the second metal oxide of the stabilizer component of

the lower layer is selected from the group consisting of lanthana, ytterbia and

mixtures thereof.

4, The coating of any of claims 1 to 3 wherein the upper layer comprises from 5
to 25 mole % hafnia and from 2 to 8 mole % tantala and wherein the lower

layer further comprises hafnia in an amount from 1.5 to 5 mole %.

5. The coating of any of claims 1 to 4 wherein the upper layer comprises from 60
to 95% of the thickness and wherein the lower layer comprises from 5 to 40%
of the thickness.

6. The coating any of claims 1 to 5 wherein the upper layer comprises from 70 to
85% of the thickness and wherein the lower layer comprises from 15 to 30%
of the thickness.

7. A thermally protected article, which comprises:
I a substrate;

IL a bond coat layer adjacent to and overlaying the substrate; and
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A. formng a zirconia-containing |ower |ayer wherein the zirconia is
stabilized in the tetragonal crystalline phase by depositing on the a bond
coat layer a first zirconia-containing ceram c conposition, which
conprises: |. at least 80 nole % zirconia; and Il. a stabilizing amunt up
to 10 nole % of a stabilizer conponent, which conprises: a. a first netal
oxi de sel ected _fromthe group.consisting of ttria, calcia, ceria,

scandi a, magnédi a, thsHieEnaharriss ceating ef amppbelimn 1 4 Saikapin the 19%em 1.5 to

6 nole % and b. "i‘ay%,? & grggtglang)g{',&ﬁessﬁg%%ggoaftﬁag,fq}._t he group consisting

of | anthana, neodym Ila and mxtures there in an amount of from
0.5to 8.5 nmle % and B. form ng a zirconi a-contai ning upper |ayer wherein

the zircqnia i st abiliized jn the cubi ¢ crystalline phase by depositing on
the | onef | ayfdr Eideeh i) E’Bl‘fgdé @&H{?é%#&jﬂ%@?rapﬁ@n&wpwéﬁepb < whi ch
conprises: |. s@ibstla@ARla RBAIBLEAZ hhE WheRin 8O thkimalbasliéPidatigs #ds gmount up

bi .
to 49 nole % of a stabilizer conponent conprising: a. a (%l rs% net al oxi de
sel ect ed fr omthibknegs offiorn@Add 864thiabns. yt t er bi a, neodymi a, mi xtures of
ytterbia and neodym a, -23 mixtures of ytterbia and | anthana, m xtures of
neodym a and |anthana, and m xtures of ytterbia, neodymia and |anthana in

an anount, of fA giRHadtfer fRphMhEtH¥%RAl YahGer 286RNEN § 3NRASIubee halfg a
bond coat layer, the method comprising the step of:

A. forming a zirconia-containing lower layer wherein the zirconia is

stabilized in the tetragonal crystalline phase by depositing on the a

bond coat layer a first zirconia-containing ceramic composition, which

comprises:
L at least 80 mole % zirconia; and
1L a stabilizing amount up to 10 mole % of a stabilizer component,

which comprises:

a. a first metal oxide selected from the group consisting of
ytiria, calcta, ceria, scandia, magnesia, india and
muxtures thereof in an amount of from 1.5 to 6 mole %;
and

b. a second metal oxide selected from the group consisting
of lanthana, neodymia, ytterbia and mixtures thereof in
an amount of from 0.5 to 8.5 mole %; and

B. forming a zirconia-containing upper layer wherein the zirconia is
stabilized in the cubic crystalline phase by depositing on the lower

layer a second zirconia-containing ceramic composition, which

comprises:

L at least 50 mole % zirconia; and

II. a stabilizing amount up to 45 mole % of a stabilizer component
comprising:
a. a first metal oxide selected from the group consisting of

ytterbia, neodymia, mixtures of ytterbia and neodymia,
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b. a second netal oxide selected fromthe group consisting of yttria,
calcia, ceria, scandia, nmagnesia, india and mxtures thereof in an anount
of 4 nole %or less of the second conposition; and U . one or nore of a
third netal oxide selected fromthe group consisting of: a. hafnia in an
anmount from0.5 to 40 nole % of the second conposition; and b. tantala in

an anopunt of fromO0.5 to 10 nole % of the second conposition. 10, The
met hod of claim9 wherein t héVEBreRRiiconpard lanthaua, spixiyses 9fineedymiid  second

conpositions are deposited b)énghmb&gal aﬁ&ﬂﬂﬁ&hﬂé’so%gt%x%& tngoé)%igl fq thernmal

barrier coating having a strain-tolerant col umar ucfure.
lanthana in an amount of from 5 to 49 mole % of the

second composition; and
b. a second metal oxide selected from the group consisting
of yttria, calcia, ceria, scandia, magnesia, india and
mixtures thereof in an amount of 4 mole % or less of the
second composition; and
118 one or more of a third metal oxide selected from the group
consisting of:
a. hafnia in an amount from 0.5 to 40 mole % of the
second composition; and
b. tantala in an amount of from 0.5 to 10 mole % of the

second composition.
10.  The method of claim 9 wherein the ceramic compositions of the first and

second compositions are deposited by physical vapor deposition to form a

thermal barrier coating having a strain-tolerant columnar structure.
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