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 metal oxide selected fromytterbia,
neodym a or mxture thereof, with or without |anthana, to stabilize the
zirconia in the <cubic crystalline phase. This invention particularly

rel ates. to such reduced thermal conductivity coatings having a
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i nproved adherence to th %@Di tion further relates to
articles having such coa ﬁ@ﬁﬂé‘? f(gd‘ggrepari ng such coatings for
‘the article. Conponents operating in the gas path environnment of gas
turbine engines are typically subjected to significant tenperature

extrenmes and degradation by oxidizing and corrosive environnments.
Envi r onnment al coatiags and especially thermal barrier coatings are an

i npor t dAACEGRREND GF 3k BRYENTHONUt ure gas turbine engi ne designs, as

wel | as other articles that are expected to operate at or be exposed to
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subjected to high surface tenperatures anples o e englne parts
and corthanmehtcendugtivithiticdt cosyrise tahgabitierbmetal exideosddongis frameytiabiay abl e

‘include turbine bl ades and vanes, .turhin shrouds, huckets, .nozzl es,
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conponents are usual ly deposited onto a nmetal substrate (or nore typically
ont o a COBYKHVED atoaiingre hawing t h imeniaiconiabing dower dayebetdbéhizeddiretience) from

whi ch t co t LS for to reduce heat. flow (L.e., provide
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This metal .substrate typically conprises a netal alloy such as a nickel,
cobal t HeHHFIEr iron based all oy (e.g., a high tenperature superalloy). -1

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 adherencé) 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 therm
conductivity and can be either fluorite or pyrochlore structure. Exanples
of such chem cally phase-stabilized zirconias include yttria- stabilized
zirconia, scandia-stabilized zirconia, ceria-stabilized zirconia, calcia-

st abi | i mér@ubmbﬁnm@aﬂdqmgn?,&' AttekRbl bad QL odlin ERMsaallyIfepdrBE ORI barrier
coating of choice is typically a yttria-stabilized zirconia ceramc
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coat i ng ;us Ly r-ises _ahput .7 wep.ght % ytiri angd about .93 wei ght %
o r cont SEARiople-GAERE PR Y 5iFE I b Eaon The iR e ' O
conduct idesitapleo forSloeler theha|confakivitgrandogin PO SithéN Hudibict & pyietiase the

t hi ckness of the coating. However, thicker thermal barrier coatings suffer
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tolerant, as well as erosion and inpact fesistant coatings. Another
gener al arplrond OB wietght & pedodiac onposi ti onal changes to the zirconia-
contai ning ceram c conposition used to formthe thermal barrier coating. A

vari ety t heori i ese r hes,, suc S.. | L oying the
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def ect sbhareier abatiiggh@neGone Gitiréaat o tHidknetsSof thBIRYINGE YRWevEQ L Cryst al

structures; (2) . providing "coloring agents" that absorb radiated energy;
~and ( 3) thepnlbsrmist sgatings spEREom i g cot porderns eArqihariapgroagh s taf  t hese

appr Oacﬁaﬁc@ﬁl\éq?ﬂ&gﬂtttl;?]éﬂn%péondﬁgﬁvi b CoarlRdi by &%ctib@%a%it{)%g%‘g lattice,
~and in particular achieving a co ex crystial structure,"lrmts the
pot ent i &lto ppaviid:ns ldyered structure such as is found in thermal sprayed coatings, e.g., air
plasma spraying coatings. 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) fo provide strain tolerant, as well as erosion and impact resistant

'coatings.

Another general approach is fo 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, modifyiﬁg. 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
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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 thermal conductivity can result in a coating that is |ess adherent
to the underlying bond coat layer. As a result, the thermal barr.ier
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the thermal conductivity of the resu]tant therma.l %ﬁr r .coating by being
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conduct i sacr i CI ng Ire mechani cal properties of

t he t her Moingbsvmid 6f theorduod, ﬂesmmomﬁhgmg@ohhreﬁalamw@qby chahgingfee. BRI EF
DESCRI PTI ON OF THE IN\/EI\FI'IO\I In a first aspect, there is provided a thermnal
barrier @%P‘P%*&jma rth'%g@m‘"ﬂ bagier;g PEB‘i"ﬁ a- cont ai ni ng_upper 1 ayer
wherein the zirconia-is stablllzed in the cubic crystalline phase, and

whi ch compriasiy. lrwdiid *b%%%&;:ﬁh@t&bé&l@@d EhSMpd it dthpositivid] Baramestabi | i zi ng
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amount up to a nol e % of a stabilizer conponent conprising: a. a
first nebﬁthmxcdmawlnmmmg ceragtic chepgsitiop te gekisee ifghasireductions in the

thermal conductivity of the resultant thermal barrier coating by being able to stabilize
the zirconia in the cubic crystalline phase. It would further be desirable 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

In a first aspect, there is provided a thermal barrier coating, which comprises:

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

-cubic crystalline phase, and which comprises:

I. at Ieast about 50 mole % zirconia; and
2. a stabilizing amount up to about 49 mole % of a stabilizer
‘ component comprising:
a. a first ‘metal oxide selected from the group censisting of

ytterbia, neodymia, mixtures of ytterbia. and neodymia,
- mixtures of ytterbia and lanthana, mixtures of neodymia
and lanthana, and mixtures of yiterbia, neodymia and
lanthana in an amount of from about 5 to about 49 mole

% of the upper layer; and
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ytterbia, neodyma, mxtures of ytterbia and neodym a, m xtures of

ytterbia and | anthana, m xtures of neodyma and |anthana, and m xtures of
ytterbia, neodym a and |anthana in an anmount of from about 5 to about 49
nole of the upper layer, and -3 b. a second netal oxide selected fromthe -
group consisting of yttria, calcia, ceria, scandia, nmagnesia, india and

m xtures thereof in an anount of about 4 nole % or |ess of the upper

| ayer; and 3.- one, -or note of aa,-e@dﬂdrlﬂeﬁpbgjde%jeggdW%}e%g%%ﬂ%gﬁfﬂﬁgrOUIO

consisting of. a. hafnia. in an anmpunt from about e %
of the upper layer; and b. taPf &it&3, joalcim cenimintcandiaf negmedsUinda Saddo about
10 mole % of the upper |ayer and thé L.rconi a-congali) ning | ower |ayer
wherein the zirconia is stabilized in 1 anamaensh AL poqut danale) Yorns lpgisase,

and which conprises: 1. at | exfthe afeutay@d 4@l € % zirconia; 2. a stabilizing
anount up to about O nole % of a stabilizer conponent, which conprises:

a. a first metal oxide s8N%8f &prednd tthisd gnefab oxida sieteriedgfiom thet proup,

calcia, ceria, scandia, &ﬁgﬁgﬁ”%ﬁf i ndia and m xtures thereof in an anount
of fromabout 1.5 to about 6 e % and b. a second netal oxide selected

fromthe group consistimg ofhafiémithanamor@osyii @ouy HisHoRibd g uar es
thereof in an anount of from ﬁlbout 0,5 to about 8.5 nole Bf@@nmlé %
_ | of the upper layer; and '
b: tantala in an amount of from about 0.5 to about IO 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 about 80 mole % zirconia; - _ .

2. 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
theregf in an amount of from about 1.5 to about 6 mole
%; and

b. a second metal oxide selected from the Broup consisting

oflanthana, neodymia, ytterbia and mixtures thereof in an
amount of from about 0.5 to about 8.5 mole %.

In a second aspf:ct, there is provided a thermally protected article, which COomprises:

L a substrate;

IL. a bond coat layer adjacent to and overlaying the substrate; and

IL  athermal barrier coating adjacent to and overlaying the bond coat layer,
the thermal barrier coating comprising:
A. a zirconia-containing upper layer wherein the zirconia is

stabilized in the cubic crystalline phase, and which comprises:

1. at least about 50 mole % zirconia; and
2. astabilizing amount up to about 49 mole % of a stabilizer
component comprising: |
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In a second aspect, there is provided a thermally protected article, which.
conprises: 1. a substrate; H a bond coat |ayer adjacent to and overl aying
the substrate; and Il1. a thernmal barrier coating adjacent to and
overlaying the bond coat |ayer, the thermal barrier coating conprising: A~
a zirconi a-containing upper |layer wherein the zirconia is stabilized in
the cubic crystalline phase, and which conprises: 1. at |east about 50 nole
% zirconia; and 2. a stabilizing anount up to about 49 nole % of a ‘
~stabilizer conponent conprishng: =3ird nfetdll bRide "Bl fiéls AR @rdupd from
the group consisting of ytterbia, neodyma, mxtures of ytterbra and
neodymi a, nmixtures of ytterbia andconaﬁvhamé ﬂWﬁh@un@@dﬁﬁﬂmeﬁdW#?&
I'ant hana, and m xtures of ytterbi eodyi ni a,and | ant han a nDunt
~of fromabout 5 to about 49 nole ¢ JgF% ﬁé& ?g}nr %Ewﬁg%gzﬁaneta

oxi de sel’'ected fromthe group COﬂSm&hmﬂngituﬁbE;Tolfhaodyﬁﬂbﬁjx@.lanﬂﬁﬁa,amd
scandia, nmagnesia, india and m Xt ures thereof In an anount of about 4
nmole % or less of the upper | ayer mizhgesof yitgebipmengdymiagnddanthanadngat o

oxi de selected fromthe group CO”%{rﬁﬁlhpgfﬁfmabdﬁ?fsnﬂgaﬁioﬂ% ad A L;.Anotoffrom

about 0.5 to about 40 nole %of t upper ay_er, an . tantala’in an
amount of from about 0.5 to about the upper layer;

b. a second metal oxide selected from the group

~ consisting of yttria, calcia, ceria, scandia,
‘magnesia, india and mixtures thereof in an
amount of about 4 mole % or less of the upper
layer; and )
3. one or more of a third metal oxide selected from the
| group ooﬁsisting of: 7
a. haﬁﬁa in an amount from about 0.5 to about 40

mole % of the upper layer; and

b. tantala in an amount of from about 0.5 to about =
' 10 mole % of the upper layer; and
B. a zirconia-containing lower layer adjacent to and overlaying the
bond coat layer, whergin. the zirconia is stabilized in the
tetragonal crystalline phase, and which comprises:
1. at least about 80 mole % zirconia; and
2. 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. é second metal oxide selected from the group
consisting of lanthana, neodymia, yiterbia and
mixtures thereof in an amount of from about 0.5

to about 8.5 mole %.
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10 nol e % of the upper |ayer; and B. a zirconia-containing | ower |ayer

adj acent to and overlaying the bond coat |ayer, wherein the zirconia is
stabilized in the tetragonal crystalline phase, and which conprises: 1. at
| east about 80 mole % zirconia; and 2. a stabilizing anount up to about 10 -
nmole % of a stabilizer conponent, which conprises: a. a first netal oxide
selected fromthe group consisting of yttria, calcia, ceria, scandia,
magnesi a, india and m xtures thereof in an anount of fromabout 1.5 to
about 6 nole % and b. a second netal oxide selected fromthe group

consi sting of 1,3HiAR, BRALY BbAdcdishErd B AindTerb B BRLROG 11 an

anount of from about to about 8.5 no In a third aspect, there

i's provi d@f#le@_sﬁﬁs&rﬁ@qlaﬁfggawneeéaﬁiap&m@ﬁl@tﬁa&co%ﬁﬁhgﬁe ¢@Rdd.:ng on a netal

substrate having a bond coat |ayer, the nmethod conprising the step of : A
formng a zircgnia-gontaining | ower |ayer wherein the zirgonia | .
stabilized in ‘ghe té’f‘?’é@or‘i‘a 8‘?%’?&?‘?5“%5 e IRy dgklbeé%lflt ﬁlr?gzg-ﬁ&ﬁ%elsa bond
coat l.ayer a first giyifgsd R-tHO M poial Sryeellad phasbipaeiokitiag, onhie albond
conprises: 1. at |east about 80 nole % zirconia; and 2. a stabilizing

anount up to about Bt reyer % &staziserit-PORIERINGC SABEIR MOMBAIIOR, B i ses:
-a. a first netal ox] rggi,‘,ect ed fromthe group consisting of yttria,

calcia, ceria, scandi & nHgnesia, india and mxtures thereof in an anmount
of fromabout 1.5 tlo abttlesst abvh:e80 mole % zirconia; and
2. a stabilizing amount up to about 10 mole % of a stabilizer

- component, which comprises:
' ©a. a first metal oxide sélected from the group consisting of
o : . yitria, calcia, ceria, scandia, magnesia, india and mixtures
thereof in an émount of from. about 1.5 to about 6 mole
%; and

b. . a second metal oxide selected from the group consisting
of lanﬂlana, neodymia, yiterbia and mixtures thereof in an

amount of from about 0.5 to about 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:

1. at least about 50 mole % zirconia; and
C 2. 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 yiterbia and lanthana, mixtures of neodymia
and lanthana, and mixtures of ytterbia, neodymia and

- lanthana in an amount of from about 5 to about 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

~3C-



% and b. a second netal oxide selected fromthe group consisting of

| ant hana, neodym a, ytterbia and m xtures thereof in an anount of from
about 0.5 to about 8.5 nole % and B. form ng a zirconi a-containi ng upper
| ayer wherein the zirconia is stabilized in the cubic crystalline phase by -
depositing on the I ower layer a second zirconia-containing ceramc
conposition, which conprises: 1. at |east about 50 nole % zirconia; and 2.
a stabilizing amount up to about 49 nole % of a stabilizer conponent
conprising: a. a first netal omixieresdhearesfon z{mmmrtte)fgboutpfi wohsYsern less of
ytterbia, neodym a, m xtures of tterbhi,a and .neod a, mxtures of
ytterbia and | ant hana, nlxturegt§F SEEBARMPOSIZAR ¥9nt hana, and ni xtures of
ytterbia, neodym a a@d gt BamsorkbRoA tﬁﬁ@ua&tapfoxideomle&&ytﬁaal fige @bsupt 49
mol e % of the second conposition; and: b. a second netal oxide selected
fromthe group con5|st|ngcowﬂﬂW%F¢|a calcia, ceria, scandla magnesi a,
india and 3c m xtures thagreofhgﬂ?laqﬁ aﬁ%&frxt?&oﬁ%ﬁbﬁtﬁ Ou{o@r [)%s of
t he second conposition; arid 3. 0ne or nore o oxi-de “sef’ect ed
fromthe group consisting of aﬁhha&ﬂmﬁommpaﬂuaﬁumﬁt fronlabout 0.5to
about 40 nole % of the second copposition; and b. tantala in an ann§nt of

from about 0.5 to about # nollanta %W%é@rﬁ?‘&éﬁﬁ%@ﬂ%ﬁbo%ﬂ%ﬁﬁ di ment
relates to a thermal barrier ogajriebOid Lifposition.

An embodiment 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 may compn'sé:

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

crystalline phase, and which comprises:

L at least about 30 mole % zirconia; and
1L a stabilizing amount up to about 49 mole % of a stabilizer component
comprising:

a. a first metal oxide selected from the group consisting of yiterbia,
neodymia, mixtures of ytterbia and neodymia, mixtures of ytterbia
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underlying substrate of articles that operate at, or are exposed to, high
tenperatures. This thermal barrier coating nmay conprise: A a

zi rconi a-cont ai ni ng upper |ayer wherein the zirconia is stabilized in the
cubic crystalline phase, and which conprises: |I. at |east about 50 nole %
zirconia; and if. a stabilizing amount up to about 49 nole % of a
stabilizer conponent conprising: a. a first netal oxide selected fromthe
group consisting of ytterbia, neodyma, m xtures of ytterbia and neodym a,
m xtures of ytterbia -l Rathahgnhixanas ofhedidyines aef lantoey Hrd mixtirésstt hana,
and m xtures of ytterbia, neodyma and_|anthana in an anount of from about
5 to about 49 nole % YicTBReneddymip aad dgnhanagasangmeund of Srm akeug S ©xi de
selected fromthe group,£pPR6iLshteg of yttria, calcia, ceria, scandia,
magnesi a, india and mixtures theréof;, and M one or nore of a third netal
oxi de sel ected fromthe group consisting of: a. hafnia in an amount from
about 0.5 to about 40 nallomt %melndslor ldsanf alseciml mntah opudetseletted fiom tloout 0, 5
to about 10 nmole % and B. a zi.rconi a-containing ]l ower .|ayer wher.ein the
Zitconia is stabilized FRUPREMSHURE AT At AendhaSHensHy RiRch
conprises: |. at |east aaoukedes Rl %ndi rconia; and I1. a stabilizing
anount up to about 10 nole % of a stabilizer conponent, which conprises:
a. a first netal oxide selected fromthe group consisting of yttria,

cal cia, ceria, Bcan@pgor mgaediadhin mastel emde aelretod &om Heraserp Ponsishing anount .
of fromabout 1.5 tggabout 6 mole % and

-

a. - hafnia 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-contaming lower layer wherein the zirconia is stabilized in the

tetragonal crystalline phase, and which comprises:

L at Icast about 80 mole % zirconia; and -
1 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, néodymia, ytterbia and mixtures thereof in an amount of
from about 0.5 to about 8.5 mole %.

Another embodiment relates to a thermally protected article. This protected
article may comprise:

L ~ asubstrate;

1L abond coat léyer adjacent to and overlaying the substrate; and
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b. a second netal oxide selected fromthe group consisting of |anthana,
neodym a, ytterbia and m xtures thereof in an anount of fromabout 0.5 to
about 8.5 nole % Another enbodinent relates to a thernmally protected
article. This protected article may conprise: a substrate; Il. a bond coat
| ayer adjacent to and overlaying the substrate; and -4 111. the thernal
barrier coating previously described adjacent to and overlaying the bond
coat | ayer. Another enbodinment relates to a nmethod for pfeparing the

thermal bayyier | . C f..the substrate.to_provide
a thermal I'y pr otthgct e Qﬂ%ér}ﬁe{:%}guﬁg ﬁ?esv ang[yh%%&ﬁéef%dé%em %e‘“@ﬁ’é’ erg?}@}b% f
form ng the | oviemdcayekyat the thermal barrier coating by depositing on the

bond coat |ayer the ceram c conposition of B above; and form ng the upper

| ayer of t Ler ¢ i y deposi.ting on the |ower |ayer the
ceranic co%é%?ﬁﬂﬁngﬁﬁkqagg&aeg%d;@{ﬁé‘?aﬁ% %Boﬂﬁ"??a r coatings as disclosed

can provi %ﬂ?&\éﬁﬁﬁﬁdg ttplg fRlddnd HRGRydJF @@sﬁgﬁu%g gl gqur?rgjerdbﬁﬁéﬁﬁéﬁl rofedfa! aEI'ﬁZ

of articles expose hi gh tenperatures, a I né ¢ onents.

zi r coni a- coendai Thistgethtdpely chbayie tefsepher: t hermal barrier coating can permt
the zirconia to be stabilized in the desired cubic phase structure to

provi de reduced. thermal ,conductivity. .The zirconia-contajining | ower |ayer
which is st ab%?tin%ne% e, 1098 é(?‘r%%%‘éa@%‘?%} i ?Pé‘“ﬁﬁé’é’e&eeaﬁgﬁ% S0 e
i nproved . adher ¢oa@ cedt liyee thegeimicayfipositioh B¢ B dbekgalndbarri er coating to the
bond coat l.ayer, thus inproving the resistance of the thernmal barrier

coating to spallation, including that due to tenperature cycling that
occurs during AIFHBE e EPRHIBYHOTHg themn bagia neatiRbERpriGR PTItN OF THE

DRAWNGS FI G ool 18l dlmit] A3 Gitioh 872 anithg Of an enbodiment of the
g

thermal barrier.coatin
The thermal barrier coatings as disclosed can provide several benefits when formed
on bond coat layers of substrates of articles exposed to high temperatures, such as

turbine components. The. zirconia-containing upper layer of the thermal barrier

coating can permit 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 can provide improved adherence of the
upper Jayer of the thermal barrier coating to -the bond coat layer, thus improving the
- Tesistance of the thermal bamier coating to spallation, including that due fto

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 .
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and coated article of this invention. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
As used herein, the term"zirconia-containing ceram c conpositions" refers
to ceram c conpositions where zirconia is the primary conponent that are
useful as thermal barrier coatings that are capabl e of reducing heat flow
to the underlying substrate of the article, i.e., formng a thernal
barrier, and which have a nelting point 5 that is typically at |east about
2600F (1426C), and nore typically in the range of from about from about

3450 1o koYt d AR at(1b4:0 Abaki 260049 QU AOCRLLMImeréXPhikally A5 tHeSbghigr ei n, the

term "conprising" ‘nmeans various conpositions, conmpounds, components,
| ayers, fedrepbowdobn diwuk B4¥°danbdd 4«98&‘]Rjﬁfmnh ybcmtrﬂ)i)@(;?etd abmttQﬁéO‘fﬁ)es ent
i nvention. Accor di ngly, the term "conprising" enconpasses the nore

restrict "consi st. essenti al | and "consisting of." All
anount s Aﬁ)&?"td'tsﬁerl‘:ﬁlt tﬁ 5‘58 ésf’l'i‘%g&eaﬁ%éa“ﬂ‘ésr E9THPOFIRLORS;, GH’E}‘Pg “ﬁg funl ess
ot her W S@mpdR&fs,§ ladds, &@;ﬁ; a1 ﬁ{E‘ ﬁk&‘éﬁiﬁ’%’é' &d 19 SRpIdyRd! iRethERR&dent ayer of
the thermal barrier coatlngs of his i nven lon inpart inproved thermnal

conduct itnvenjiopr opecardieglyate itemp ammmﬁl * prnpenpasseh dherahorg ogsttictivesi t y .

Ther mal conduct Lvity K def.i n gl l owi ng equation (1):

K=ax( 1- p?%)?ffwl?uf}g ‘W‘F&F %l ﬁt hgo ilflﬁé)lf diffusivity, pis the fraction
of porosity, CP is the specific heat (in 7/g *K), and D, is the

t heor et i Alhhmdeits,ipayts, rittosamdyeaienfagesmsed betdio fre(bl)mole 9% anlekhetheitwisy mal
conductivity depends on thermal diffusivity and porosity. Particularly
sui t abl @pgqlg%m a-contai ning ceram c conpositions for use in the upper

| ayer of this invention are d| scl osed in copending U.S. nonprovisional

appl i catfRNSrangB cbinp&sltiodsHRAY! ﬁ@é&’@?' 1P thliRedili MR e RARELEHCOATI NGS
STABI LI ZED I'N THE CUBI C CRYSTALL PHASE" (Boutwell et al), Serial No.

10/ 748, 34iF inventlienlinhectdmpeovedGhergad sonduhiivity pl@pcmws)mpbmaza@abuw lpwérer ence.

The thermal conductivity. Thermal conductivity K is defined by the following equation

1)
K=ax(Ip)xCxDy (1)

where @ 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
Iayer of this invention are disclosed in copending U. S nonprovisional applications
entitled “CERAMIC COMPOSITIONS FOR THERMAL BARRIER COATINGS
8 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 % zirconia. Tyinicaily, the compositions used in this upper layer
comprise from about 50 to about 90 mole % zirconia, more typically from about 60 to

abouf 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

-6-



zi rconi a-contai ning ceramc conpositions used in this upper |ayer conprise
at |least about 50 nole % zirconia. Typically, the conpositions used in
this upper layer conprise fromabout 50 to about 90 nole % zirconia, nore
typically fromabout 60 to about 85 nole % zirconia. The

zi rconi a- cont ai ni ng conpositions used the upper |ayer of the thernal
barrier coating are capable of being stabilized, typically fully
stabilized, in the cubic crystalline phase. To achieve this, these

conposi amans (dutotdbent 40mptd %@ ofia stabilizet Zdmgbneft. aNRMrtiCMRr sfio@leedt 49 nol e
the stabilizer

% of Zthsts?’lf)?L Lizer co'g%ontﬁnt_. Jhe particul ar anpunt of

conponehit stabLizer Somppngnt | that; 5 stafjilizingje walh depsndaon 4 vasisfy of fheforsor s,

i ncl udij 8 3 -af | di4€ - | ar anounts
and typoouting o Ricffa bR pRpeflc Nt e RUARE, bR b T TO0 T
t he st affi thez etpbilizampetad noxidenmsed eadf Homfadtas! Typivatpoutie 48biliee % nore
typi cal | frorp about r om,about 1% to about 30 nole % of the conposition
used in DO SREIPTISE] pm. Shodt 3ta mppit 4G mo mae typiealbefram 2bobnposi ti on

used i MrdhabsiRNGko hiGHRBOMolb SRS theC@MRIobRBA uled in'thiks 10ELALyQX de sel ected
fromthe group consisting of ytterbia, neodyma, and m A Ur es t her eof
with or_w thout |anthana, i.e., ytterbia, neodym a, mixtures of ytterbia

and neddnitabilizar coppenensfthy cemph¢ sompdsitiomubethiy thei wiper dayeofat lemsodym a and
| ant har ' r f o] odyim a_and | ant hana, odym a has
been f%gﬁlgﬁtg% g‘r g%/#d‘glgtiaﬁeox)g{(?ete%f:feggﬁ%drgrﬁ{ﬁlc F TR CRETHIE Bgng?f’{&%vi ty as the
first needwhiapmdimixtirs!theicof) vaith vt bambualdnthahhei.d.] yBébEELBbdRIE can be
desi rabl.e, because l())'f .its higher nolecular weight. Inclusion of |anthana
in t he PGS peyligrbig,andencodimis, grixdures of tvierbia path dintkana: mukiugs of
ef f ect in¥&dnih AEA EAF it 4 O o] oLV n hereof is
~relativel gﬁlnow to ava%ig’dilrﬂe%lg%%ﬁébf ?rij:t)éa}l&a’ g%oéi lygl?%%]irl J(;ﬁanra{egglgsﬁqfﬁégmoaf t he

t her mahapheani forné tmpiovide thh@rgeest rediction anthenhalofontluctstityn®t @k oy de used

wll d d..pon.a.varie of. f.actor.s, includin he thermal insulatin
| \;I)Mr oper |egag Oéé&s)‘?i rhé%ﬁ,{m?% 8% ¥%%f{’{ai 183#‘%&“?;{‘3&3& Példﬁfcg? itbP Sesipgblebecgsedd s) uged,
t he st.abhighet nGi1denRe kicight.d asilissh @ﬁ%{ﬂaﬁiﬁn t‘g}@%&rlﬁetal-rgﬁdé i breafdBt @l OXi de
nmol e %

can conprise fromabout 5 to about
er phonon scattering by effectively increasing lattice strain, provided the amount

' | thgreof is ;elatively low to avoid. reducing impact and erosion fcsistance of the
thermal barrier coating. The particular amount of first metal oxide used will depend
on a variety of factors, including the thermal insulating propérties 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 %, mf:ure 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, larithana ‘typically comprises from about 1 to about 10 mole
%, more typically from about 2 to about 8 mole %, of the composition used m 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 chemicalily phase-

stabilize zirconia-containing ceramic compositions. Typically, this second metal
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typically fromabout 10 to about 40 nole % nore typically fromabout 10 to
about 30 nole % of the ceram c conposition used in the upper |ayer. Wen
i ncluded as part of the first netal oxide, |anthana typically conprises
fromabout 1 to about 10 nmole % nore typically fromabout 2 to about 8
nole % of the conmposition used in this wupper layer. The stabilizer
conponent of the ceram c conpositions used in the upper |ayer of the
thermal barrier coatings of this invention can also optionally conprise a
second oxédetompriseslebae Handle ds br less, hivee Gypially abowi Sinblys ok 1selfched from the
group consi sting O%“n ttria, calci a ceria, scandjia, magnesia, india and

mi xt ur SOMAREIRBS | '%SSQE% ifgavared dhatgdhe sﬂ&?nﬁ’s"%@mp& cfI&Mifhe t hat has

been trg éfohi%ﬁé bYﬂH%{i/ehﬁobe&{Tbx% deYinBRR3 % én% %tkdé%taﬂl [£%h @& ont ai ni ng
ceranmi c conpositions. Typically, this second net OXI e conprises about
4 nol e degsioed CwEs prymxllmetglps&:adiﬂhyutamdmgo ndled Oratitibred stabidizetshand

i, scove at the zjrconja-containin ceram c

conposi.tion. Lt has.begen

PO o e T e L R e A

st abi | iyggthebiB, &Midid CALERingHD ke ﬁfry&ﬁ@béﬂtﬁiﬁm@@%ﬁnw& &mﬂ&eéamg to
include traditional stabilizers, and in particular traditional stabilizer

met al  di sibstagtidly drse yaft the ssecerd vietal aédd, a,c..sbarsdtend mmmgieacamr i ndi a.
Accor di [ cer.am c conpositions can be
substanpgmywoﬁléé O@Q{Ah/go??gé ﬁ%&ngglgpo%ﬁ?rbe i.e., the second netal oxide

can conprise about 0.1 nole % or |ess of the conposition. The

zi r coniThecambaiariongiring aefamic copesitione nsed iethe uppbhiayetiyfahe tiRyanl of the
“thermal  barrier ofaélgn gs of this invention can also_conprise _Qne or nore
third HEFEF GRiRessol s BYeniiens Gy linerigRdisPEotsingte tgdaethlaprifies and

tantal %elebte@ froﬁlaﬂ{ea Ot\fér%?stmﬁl O lnifl O ng' taﬂﬁia{“ .| REhfARCSKiupe nol ecul ar

wei ght ‘and Cp of the“cofpositionR without signifrcantly In IuenC| ng its
st abi | |Inglps1oma§haﬂftﬁaencmmb yhermdlspcmlagw'eight skeCpaf thea:ompumtwn/m@muMen t he

T BT R . SRR BB, e gl Lo
i ncl usicefducavip WRHUES Siréuid RER B RS 19 Pixbd bl hge zﬂabmeév BefaPhtiab,ni ng
t hermal barrier coatin
i.e., the first metal oxide, with or without the second metal oxide. Hafnia inclusion
also reduces surface diffusion in the zirconia-containing thermal barrier coating
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 hafnia 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, hafiia is included in an amount

of from about 0.5 to about 40 mole %, more typically from about 5 to about 25 mole
8-



structure during the deposition process, such as physical vapor deposition,
used to :prepare the thermal barrier coating, as well as during subsequent
engi ne operation due to the lower diffusion rates of hafnia. This results
in a nore "feathery"” structure of the as-deposited coating that
contributes to reduced conductivity through increased porosity and reduced
density. Inclusion of hafnia also naintains the reduced conductivity of
the thermal barrier coating after thermal exposure due to better sintering
r esi st a¥e ef tHermskansic sompbsitiamna¢dainphe wppadayery Jopicalhy, ansthliatis alchdiefiect s and
honon scatteri s differenc thus effectively influencing the
Stabi | j F\AT %%lrn’%%#ﬁ’%”gﬁ%&eim 6‘??“638&&?%%‘? iypicelip frgpnaioutgital oxi des,
ie., t:ﬂﬁ)uiBEﬂiﬂe@@‘éfﬁfe%%iﬂ%&ﬁabosi%ﬁﬁ%&n‘fﬂlbkﬁpe@ fibuting a reduction or
| owering of thermal conductivity of the thernal barrier coating. The :
particular_ amount of hafnia and/or tantala included will depend on a
vari et yTlst imprawed thermpheondurtiyitst beoperiiss redlthe nerainde cergpemitbpsruseédo desi r ed,

the a LIS tal agxide used.and Li ke factors.

Tyoi cartoyntpERshe HEP b uhd RBIcP cofed OF Bbs 3G BAs basonif aboue a0
mol e Y%dismivert thii, ¢alathietd @iy Aot réicfoRROtHermEl dPlRctvit§ Béyord tidpe ceranic
conposition used in the upper layer. Typically, tantala is included in an
anount RS"PMF‘EW&W&H"@I gta ’é‘zﬁ'(go‘ﬁiﬁtal%%%$ &8 yiBue atdiferent mgchangsm about 2 to
about 0 m kL Of | ' | aver. The

I nmpr ovg}jegtgghg)rﬁﬁl&gbn ucltﬁig(\gllﬁi fﬁlp%g'gg’%? ?r%gﬁg?éjft Eegblggfl g)r;# geck:ég&rrﬁé’s‘ﬂ I ons used
to . f oranwitieoul ppehanaairethe tabilizer chmpondnt balong efthdnsiis agd/optantdla $ni nventi on
are ba%ﬁd on. t he discove&y that, to achi eve aFy.further reduction in

t her mal™eEn JUEHRORIANME FFAHE COBPOIRNSd bipclusion; of oWiarbigt aBd/er 2i ng net al
oxi des reBdgia, Willl braWithSutluhthehe LeMohehe 7hi s
mechani sm ?ﬁ\%l ves including yt t’gétﬁgtgﬁ%]l}zgﬂ:&neody%’ tg!?)n%ﬁ@rﬁﬁ%gfriu% t hout

| ant harsad/or rfantale &t &lise | ceeamic oemopasitions aliopaytswiighi ficaritnbenefitd torthe ant al a i n

anay or 1388 A ftorbi o IRERT or b PRl et e Sbponent
al ong. fulléwingaf () aaddandaoinst 8N bkic i WeifiteRighGehan ArceRiROMsheqnsy 1 mparts

significant benefjts to the . . )
- “ytterbium, hafnium and tantalum) and typically greater than the atomic weight of the

: 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 (especiaily metal oxides of trivalent metal ions such as ytterbia, neodymia,
lanthana and yttria and metal oxides of pentavalent metal ions such as tantala) to
introduce oxygen defects at a controlled level, thus creating another phondn 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

A 0.



resul ting upper |ayer of the thermal barrier coating, including one or nore
of the follow ng: (a) adding atons of atom c wei ght higher than zirconium
(especially ytterbium hafniumand tantalum and typically greater than
the atom c weight of the netal atomof first netal oxide (e.g., yttrium
to introduce effective phonon scattering sites and reduce the specific
heat of the coating; (b) adding atons of ionic radius different from
zirconium (especially | anthanum and neodym um and typically with an ionic
radi us ahoatB@to dbvan9T hele 8 zitdvmia, mairakypadatinfoim hbows i88mebdut@Simide (€. g. ,
yttri un?/ .such that the resultant lattice strain introduces phonon

scatter °r?¢r°§¥“@es (i.e., to reduce the phonon nean free path); (c) and

addi ng netal oxides of different valence from zirconia (especially netal
oxi des pe Eéﬂaﬂﬁé eokpBBL& vk $n %hsgho%r 3{%&?% QR & staiffipana and
yttria and metal oxides of pentaval ent Ions such as tantala) to

I nt r odvageowt ygdo aumttd@tmolat%aofdmmvcﬂrllam b€z etabilizausomsp@mnt ofa fimdt her

honon s ter mechanj sm_.The. .t i er coatin f.this

P ivent (B} GFRe, 3Pk TPk PRgR olbo R G ghet MRy GRIEr ei n ¢ he
zi r coni nigonshtadhat i eflaliiizinge Wwillt dpepNdn £rYaéR! df ﬂ@toﬁaéﬂaiﬁauaﬁg thgprove the
adherence of the upper |ayer to the underlying bond coat |ayer. The

cer ani dhemrbinsiilation prepsyicsdesined, thability 49 avinigurgen rsduceainteaesel thoout 80

nol e % Typi I S | on 1 ower
ayer CSRMBRER g ' ffcrtar dHGuRE GRT ek SRR B "obRE dd Bulhel

t ypi calthird f metat am)dﬁs G&dt andalliket f4%0r8D| Typially,r thenstabilizbe co@pedtne
conposi tion, us d | n this 1ower |ayer further congrl ses a_stabilizing

anount OpRrsesieRKabent $in bt 4P mele “h.gnese tmy'fé} pm-abgphfpm;apapt T onponent
of a fig$gi o @&g? GERR i The particul ar anount of
t he st abi F?uzte@r%aigoﬁ?ofggen @Slﬁl gtﬁgﬁﬁl Zi ng vm Il depend on a variety of
factors, including the thernmal insulating properties desired, the ability
to ni nilheAisionetabolide cari br sdledigl Gbmt the gravpwhsisting @ﬁ)samamgalcnah@sqaart icular

| f.the f d hird I d
Teed ot AoPRef W ot iSRS b PP aman fr B B X1 95

metal oxide will depend on a variety of factors, including the thermal insulating
properties desired, the particular first metal 6xidé useci the amounts and types of first
metal oxide used and like factors. Typlcally the first metal oxide comprises from
about 1.5 to about 6 mole %, more typlcally from about 3 to about 5 mole %, of the
composition. Ceramic compositions of this invention typically comprise yitria 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
propertiesdesifed, the particular second metal oxide(s) use¢ the amounts and types of
first metal oxides used and like factors. Typically the second metal oxide comprises
N 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.

_10-



conprises fromabout 3 to about 10 nole % nore typically from about from
about 5 to about 8 nole % of the conposition used in this |ower |ayer.
The first netal oxide can be selected fromthe group consisting of yttria,
calcia, ceria, scandia, nagnesia, india and m xtures thereof. The
particul ar amount of the first netal oxide will depend on a variety of
factors, including the thermal insulating properties desired, the
particular first nmetal oxide used, the anpunts and types of first netal

oxi de WPanetitudarty hiiteblel ziedoniscontaipingadekgmit @nigosBlonsgéahiscOl the 16@EPri ses from
about 11.5 to abgut 6 mMole % nore tyé)i cally fromabout 3 to about 5 nole %
of t he 2¥&Enatsi ¢rdasedcdp asPrenddig oYit | @aBpigvisianpl nplientionsn enfilecdal | y

compr | SERHANIA ASOMPDSITIORS FOR! PYWe. cORbBETARTY e can be

sel ecte romthe group consisting of 1anthana, “neodym a, yi ia and

m xt ur BARREIR (A TING Y a(Goraanaat abSeridl Né. KEDEsl 6 eilal Decoritde39) 1 ncl uded
will d d on a vari et factors, .including the thernmal insulating
propergﬁﬁg’ W&Pr‘%&’,"omﬁ’ tﬁ‘gﬁ’ﬁ’ iTeferenices dr sadition: 1§ zinsenigeand the s@hilizehe ampunt s
and tyR@mpBhent,| st pdiBh Akl PKlidHR LA ddstiR E@@h&r i the
second ne al‘_moxi de 1?:orrpri s}gs ' from grglout d;dSS tg a Outr%gm@ﬁ?%ﬁ%ﬁmk% nor e )
t ypi calehg dptionallhdantald.. S5Inctusihoof hifinel iec8ssesf the hmoleerlamiveeigiamaalsi t i on used

in the, |ay The ceram c conmposition of. |lower. layers of this

| nvent SRS BB e I3iet PRBF MrPRERENArRLY B lhcsring, iy SHGLDE ABkeof  as the
second effeétilelyoniidng thbnidadohiGi vty Wwhehhd ABloRiZIaftfe@ BlaBIIRP I MAAIPY ceram ¢
conpositions _for use in the |lower |ayer are disclosed in copending U S.

nonpr oWesstdnbzer il axidasoles, hatlirst and Sec@mﬂﬂbmcﬁlﬁﬂmﬁ/ﬁfaﬁn oW
CONDUCT : I " ' No.
10/ 748, dscﬂdjgxf 1;'11:'%? &Ialﬁ@g 5’_&55 %@gdgﬁ Whi gﬁ{ ﬁgnwﬁieo%édrfaﬁgaéegwlrcef erence.

| n addicompositian zsed o tHedoaatlaydre Momhipicasy, hat@npongites fohegpupast i cul arly
sui tabl e cergm’ ? go{gtpﬁsi tions further conprise hafnia and optionally
tant al % 2HOHED T D1 e SETAMIE soRRasvBIsedh i thisi lewer layetvei ght and  speci fic
heat of the lower layer without significantly influencing its stability,
thus  Optional inclusion of tantala provides oxygen interstitial defects and phonon

scattering by mass difference, thus effectively inﬂueﬁcing_ the stability level in the
direction opposite that of the stabilizer metal oxides, while contributing a reduction or
lowering of thermal conductivity of the thémial barrier coating'. ,. Tantala is typically
- included in an amount of from about 0.5 té about 1.5 moles %, more typicall.y 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 e)ﬁposed 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 guch as blades; the thermal barrier coatings of this
‘ipvention are typically used to prote(;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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effectively reducing thermal conductivity when the zirconia |attice
stability is fixed by the stabilizer netal oxides, i.e., the first and
second netal oxides. Hafnia is typically included in an anount of from
about 0.5 to about 15 nole % of the ceram c conposition used in the | ower
| ayer. More typically, hafnia conprises fromabout 1.5 to about 5 nole %
of the ceramic conposition used in this lower layer. Optional inclusion of
tantal a provi des oxygen interstitial defects and phonon scattering by mass
di f f er ehckadinhund efaflingtadged ynd sthéumnfaceott the agfdliblut hyt thewrdchiment he
direction gpposite_that of the stabilizer nmetal oxides, while contributing
a redud$onVaHe th%@PWH@ FfcusHan ﬁgrhcéh?rm?éwmef goggs o this JFeBiohar i er
coat i ng,; ' ' ' ' ; t.nAf t 0.51to0
bout | T VRh Fefbnby B £t Yoo ey WERoILS ARG TR coll o ORI 0% of

t he cershoild aborbeasideiswod tlse dhe thetnid banive coatmgsof thif eensdn emsefat coat i ngs

of this.invention are useful with a wde variety of turbine ngi ne (e.g.,
gas t ur"ﬂﬂh@%ﬂg?'ﬁ’éﬁrmﬁ%rﬁs"@ﬁ‘d Apels o fheh Dot & ’agﬁ % Fﬁﬁ%ear@mql‘@h bstrat es,
typi caklypdRindds, Substrates conprising a variety of metals and netal alloys,
I ncl udi ng superal |l oys, and are operated at, or exposed to, high

tenperatures, especially higher tenperatures that occur during nornal

engi ne Thsardppoembalimsats of thdibganal dagigicopargsoidhis invmbon am h i ncl ude
turbi n?lh%lh%{ 'ﬂ) rgi%f;elﬂcg% tH’l %gwlﬁgéj asvtfégg%bedt'ﬂérgif{% SFE Ff%‘?r% td P! ne

nozzl es, "comust orf “corfponents Such as 11 ners an ef'ectors,” augnent or

har dwaideavdhgg 3Gt Ushdwiea paghhdde sRtohdl®idw kfan dibodifentad the aarabr coati ngs.
of this inpvention can also cover a portjon or all. of the substrate.

K t al
For ex&Apiee cogfinehused guitly theomgtal pilistratesafcan ardicls tdicated asgerale il barri er
coatl Nos Yol FIGIMEMGAD 181 fias' ¥ BhGH bosHaROiddafaRlOkGfcally oY qu, OF overl ay
or the u e ol

portions netal "substrate of t air rathef than the entire
conpon@&ubstrage §4 can bempiier gl oflzavariety of vatals) @s noow éypicallyimetaballeadi ng and

traili edges .and ot her rfaces. of the ai.rfoi.l ut not i he.attachnment
ar oa. W 1S ERRISA Pioling By RGBS ST SREREnPRR B PoTee P4 nos. of
this i pygeL icdBalt Whillor BORVAIIYs! SRS 8RGHIL, CsubBial 1AUOR EGhSSse04 high bi ne
engi ne parts and conponents, it should also be understood that™ the thermnal
barri eterepasatinreg deasfresisthng dlloyengi arsuperalless efugh high temperature alloys are

disclosed in various references, such as U.S. Pat. No. 5,399,313 (Ross et al), issued

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). IHlustrative high

temperature nickel-based alloys are designated by the trade names Inconel®,

.Nimonic®, Rene® {e.g., Rene® 80, Rene® N5 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 g;enerally as
.l 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 MCrAiY

| 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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with nmetal substrates of other articles that operate at, or are exposed to,
hi gh tenperatures. The various enbodi nents of the thermal barrier coatings
of this invention are further illustrated by reference to the draw ngs as
descri bed hereafter. Referring to the drawings, FIG 1 shows a partial

si de sectional view of an enbodi nent of the thermal Dbarrier coating used
with the netal substrate of an article indicated generally as 10. As shown
in FIG 1, article 10 has a netal substrate indicated generally as 14.

Subst r gilstinidn aREmicABPLd well a8 simplealvdiniddsy(i.ef Bt dbsnedowithoutendbypi cal | 'y
metal all oys that are typically protected by thernal barrier coatings,

i ncl udi‘ﬂ@a%}aog@sm&(‘%lwﬁ bk e be gpplied, éﬁeﬂsﬁﬁd PF gheryiseymedRn exanpl e,
substr r t oy, e.g.,
2 uperariiage (BTG fuftel o8 SonkRIPRL LML ALs LEPhEHEN Bl OV

refer entepesltlmucthvm iﬂc&dl@blecm beaB9ghRical (vE’pmsdcqiosmlo)l (BBBWEY, March 21,
1995 an(f . Pat, ‘R‘Iﬁ 4,116, 723 C@?‘éﬁ et al), ued S%E’é}%%r 26, 1978;
both of Wi‘facﬂ’%é“‘il B$ B PLSER YR ) éfacwaw tOFe)afl oys are
al so I cal

GRS Rdrin¥1 %ﬁ%&éﬂ%@ﬁoh%éﬁhcfdé s&lh%g% V(Ef%g%f' A P%E&Br | 287.800

Technol ogy, 3rd , pp. 417-4
(1981) detdnlatmn, ratwve spriaghchenaend erapoudeponitiok e(CV}ib)s Qalckacetmgmatmneambs i g nat ed

o 0 kBRI ARR A b B0 o ORS8O,

substr ay.s. Ht CHD. Mg, 26 d@enderd Wt dlf, issucdCADES Dl AOT7YLIYS] Pat. hHofOFm of a
' turblne art or conponent, such as an airfoil (e.g.. bl ade) or turbine

shr oud 5-R8. BoHowardretcal) issaed iTelve 270 199%0ant JJ-Sd dat.aNeo 0RO | ayer

i ndi ca t trate 14.
ndi Cg@gn RRKA . Rfued atah, 3Goondh 8P GRlcnlsfe RRGBHRLI b FerSidh

oxi dat |aﬁdw]fﬁeh disalnﬁe nmc&rslapparhh:atanﬂrrﬁ&tﬁﬁdasfot heplyingedilfykiog ahuhBideat e 14 and
enabl es the thernmal barri §Iicﬁ;lo:'gtl ng indi cated general ly as 22 to_ nore

t enaci GO¥FHBES: %‘P?é‘? ingtigng g chniques,ciich 3% far FREAmHs. ComYpatnef coat | ayer
18 i nchude Mt Yand@lid 10ﬁ0m3{1ﬁldem§lﬁc)1 s! epf; &%ﬂ&sgf’asas %ﬂa?uﬁlﬂ' as iron,

ni ckel ; platinumor cobalt, or conp | t1on as various
-nobI e digfiesiond tdchoisuen awl amployde o sdaplesis dond 1@at layer 18. Usually, the

deposited bond coat layer 18 has a thickness in the range of from about 1 to about 20

‘ ~mils (from about 25 to about 508 microns). For bond coat layers 18 deposited by
PVD techniques such as ED-PVD or diffusion aluminide processes, the thickness is
more typicalijr 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 suc-il 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 rangé of from about 1 to about 100 mils (from about 25 to about 2540 microns)
and will depend upon a variety of factors, iﬁcluding 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 frorﬁ about 40 to about 60 mils (from about 1616 to about 1524

| ‘microns). By contrast, in the case of tu.rbine'blad‘es, 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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pl ati num al um nide, as well as sinple alumnides (i.e., those forned

w thout noble netals). This bond coat |ayer 18 can be applied, deposited
or otherwi se forned on substrate 10 by any of a variety of conventi onal

t echni ques, such as physical vapor deposition (PVD), including electron
beam physi cal vapor deposition (EB-PVD), plasma spray, including air

pl asma spray (APS) and vacuum pl asma spray (VPS), or other thermal spray
deposition nmethods such as high velocity oxy-fuel (HVOF) spray,

det onatimizronsirmudertgpissltyaftomcdiii 8ad abVAR @0 HRP OFdhi BBut VR aboRASHS
cenentatjon and vapor phase alumniding in the case of netal diffusion

al umi niBEE S ee, 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, 199 s & Pat ; [ . vl d March 21,
2000, aall%f Sof V\A‘IHI‘? G'at?’eTlB%%zr %8’?‘?? (Sa% f/ lé‘ggrgiragg%@g 1(;J\r§%m§%}l¥;(%§¢§fo§é§ ose

var i oudndiped as @6 thatds adinbend $o fud owgrfits/boigl abiaf 1ayei 08, Jlhimlonietlayecoat i ngs,.
or combi.nations of such techni ques, s,..for exanple, a conbination of
pl asna “Spr WHAEH FOWPFPUE BIRORIMFAMN Bgsrﬁg:]ﬂﬁi ci[b@’é‘?al*?’y&%é‘?"f’?, laygraddva spray or
di f f uSicampiiess bl 488urs & AERl Q%0mbR: FERT troRPHLF 9810 L0k os Usual |y,

the- delpl)osi_ted bond coat | ayer 18 has a thickness 1n the range of from
about 1he Bugmsss 0DTBCRA. s TBG 3nfriwncomprises thb opperS@gemias poavsgushyFor bond

b om noaeeeafiodERRS R 4l ia ek R B TRy o, ameF e of 1 om

about BOtveillateemitlly cotpSse the eiaj@ito f tRbthicAneRAtTBA 02, rﬁyﬁfc@ﬂ‘%)uppglor bond
coat’ Ii%gers q‘%ﬁosite,d by plasma spray techni ques such as APS, the :
t hi ckn&®ET P8 Yl compyiss &am gbquh 60 e abaut §8%e mare dyniealbufiors aboutaBbit 15 nil s
(from ghQutsse %@ fgccgpns) . As shown in FIG 1, the thernal
barrier coa8t5i/§é)tf?]le68[ ng%é%?gpar ezg of this invention is adjacent to and
overlies bond coat |ayer 18. The thickness of TBC 22 is typically in the

range QefdrringntaddGt 11 tho labaukaya0Ds wif IRB( f220canabe uhpR&l, tdepadiredt 0r2540
m cronsb}‘3 andve/vi N depEndd(tg%o a valfrgi sty of factors, including the article
10 t hal™1*E"FRVEIEs .o PaR ﬁﬂﬂ"fyé’,r oPYt UPhPh JRFEe! cppyensionals ¢ ypical |y

* thi cketechfiidubs t@lﬁé«l?dlio)w&dfbfﬁ?ﬁgg aﬁgilg{ri%ﬁcsl‘;ﬁfosfuhgmr%lﬁ%isé(}'ofn‘?mgt&?ﬂﬁpgro mls

(from about 762 to about
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 i)lasma spray (APS) and vacuum-
plasma spray (VPS), or other thermal spray deposition methods such as high velocity
oxy-fuel (HV OF) 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 desired 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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nore typically fromabout 40 to about 60 mls (from about 1016 to about
1524 mcrons). By contrast, in the case of turbine blades, TBC 22 is
typically thinner and is usually in the range of fromabout 1 to about 30
mls (fromabout 25 to about 762 -13 mcrons), nore typically from about 3
to about 20 mls (fromabout 76 to about 508 mcrons). 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 | ower |layer wll

usual | B6C@3]PU§Q>a@N%FHJ7167m(1M hof isHRQ BebrudiyRio @9&5 (edpbtiglly eyer |ayer 26

conprises from about to about‘ﬁEO% nore typically from about 15 to about
30% ofd, 11%1%24-@)61%%593 dtat. TRE 62417, 8RR ey gt alhesssue@ﬁpptﬁmbsr ¥n003pper | ayer

over FugY Sindat BESEHRED by kR ARl Y el RO FR R kPR Ly "o the
t hi cknaggicslly TiRG1%2a éB)aﬁh%&thmbeﬂera da8y@F g%@ ma)dulre):mrprsﬁrafblﬁm about 60
to about 95% nor e pically fromabout 70 to about 85% of the thickness

of TBCIpeludesemypen aryl apinert@as,thoyghean exapgenifiop pating YmoyHErocands be

20P! ke SRR Lry NSRRI OB o o ey 2 ©

deposi tfoagedbn oﬂ‘ohexamlsle mgom\olﬁgamferarme:roatuh@y@ﬁp&hcmﬁ sé BEt@producd ower | ayer
26 by any of uch t.echni ues These techni ques n%%ude physi cal vapor
deposi th HIOF pUBjetal; iges. A% ﬁan écrné&ﬂfiocmeb@aw%%%am &pdihe BEab¥d i on

(EB- PV@%%% RATBNARhAY okidsd HLRBIR! fo RHASHPers WGaXO(d?pﬁé%%d um pl asma

spray ( or other thermal spray deposition metho
vel oci tsslrfa@«;fmqtélsut)mlﬁhwnmﬁ typecadlyaini tond coat layard8spr ay; chem caI vapor
deposition (CVvD), or conbi nat ions of plasma spray and CVD techniques. The

ayer s VaBloub ey of a3 gra bty Prone BERS e il B &on o ThC
22, it alsbibeciiiped tarfamesmﬁs 26, Iao ShEBOBYSL CRde, foit &xa6iple, Kideoitlipgr for. TBC
22. For. exanple, PVD techniques tend to he useful in form ng TBCs having a

st r ai nEpgYdensdia ebChaminel deshnolegye 3rbfde ofalr 45+ pags) 255mand sefgtences
noted therein, as well as U.S. Pat. No. 5,332,598 (Kawasaki et al), issued July 26,

1994; U.S. Paf. No. 5,047,612 (Savkar et al) issued September 10, 1991; and U.S. Pat.
No. 4,741,286 (Itoh et al), issued- May 3, 1998 (hérein incorporated by reference)
which are instructive in regard to various aépects of plasma spraying suitable for use
herein. In general, typical plasmai spray techniques involve the formation of a high-
temperature plasma, which produces 5-1‘ thermal plame. The ceramic coating
' composition, e.g., ceramic powders, are fed into the plume, and the high-velocity
.-piume is directed toward the bond coat layer 18. Various details of such plasma spray
coating techmques 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 fo 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 veloc1ty, torch
power, plasma gas selection, oxidation control to adjust oxide sto1ch1ometry, 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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techniques (e.g., APS) tend to create a splat-Ilayered porous structure.
Layers 26, 30 of TBC 22 are typically forned by PVD, and especially EB-PVD
techniques to provide a strain-tolerant columar structure. Various types
of PVD and especially EB-PVD techni ques well known to those skilled in the
art can also be utilized to formlayers 26, 30 of TBCs 22. See, for
exanple, U S. Pat. No. 5,645,893. (Rickerby et al), issued July 8, 1997
(especially col. 3, lines -14 36-63); U S. Pat. No. 5,716,720 (Mrphy),

i ssued fr@tickani¥ cbingl SRBPosktRsTPER i | 4 : U S Pat.
No. 6,447,854 (Ri gneg;ll et Oaslq), |ssﬁg%msgg%gel%ﬁhel%&g%aogéﬁa&éfg%@%?e al |

i ncor pofigt’ets dnpthee paramatee whitih is abuadlyBneolied wahniogelgs for use herein
typically involve a coating chanber with a gas (or gas m xture) that

Bt mosprapiold A e DXaER: BPs el h R BRambtg R P SRS RS, 0711

evapor aigadkm & ahnisQledC Semembean®, 199LUSALIOR ilddipRuedTYe refeichgt s of the
ceram c_coating conpositions so as to produce a vapor of netal ions,
oxygen Baﬁgy,am%m% Rastip FREay sy siemoipcndss aTplasmpin aade vaushyl#s fons and
met al oxi . i i r : f . rface of
ot ol ST nffRQTR P dhldd SF mEXERSsiCrfea of i Bt Wil EopBltl 28, Do
of pl asTie plpsiay gtreGhificn ostroldd avkomativally, ¢ holsea sdiotic atkchmisthewhich can  al so
be utiljzed to form.|ayers 26, 30 of TBCs 22. See, for exapple, Kirk-Q hmer
Encycl of§ Pl et Aing lie FUL HhBATHYS Patpms pgross (Bt Subsgatesygfacosdheang

" ef er enaging FRRARE  n afhl WebdiolbekcEn tFabxit Wit adfhdfauasaki et
al), issued July 26, 1994; U S. Pat. No. 5,047,612 (Savkar et al) issued
Sept enband the, subsigae sorface). SomPagort of\lpowder7injgchios ri¢ans s alispabdd, at asued May

3, 1998 (herei.n incorporated by reference) whi are instructive in regard
to var ilgé‘i&%{ﬂ}’é%‘% ge pqxaaé.ﬁ%cagé? égﬁwr%n %%F@ngg}e %’E@tmq?‘n@mgﬂcﬁ: \ﬁl]n gener al ,
typi cal sopleasiiBodedy of 6dHEyEtRE, tHevidwdr ikjectiod iBarisAh s@ce@ apirflira
tenperature plasma, which produces a thermal plunme. The ceram c coating

conpositefigh sense glromctbe slasndp slars ssgien, caridean ipieelor ebepfainte Rovuler he
hi gh- Vg:hgtf%héms ﬁi%ﬁ‘ﬂ{g%s%ogp@%%t%Pé’ﬁrcﬂre%mc%8%&8?& th PYefna Pume/ar 1 OUS

det ai | suc .
at a desired angle. The powder particles, entrained in a carrier gas, are propelled

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 ba;rier coating.

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

The lower layer 26 of TBC 22 can be forméd 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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coating techniques will be well-known to those skilled in the art,

i ncluding various relevant steps and process paraneters such as cl eaning
of the bond coat surface 18 prior to deposition; grit blasting to renove
oxi des and roughen the surface substrate tenperatures, plasnma spray
paranmeters such as spray distances (gun-to-substrate), selection of the
nunber of spray-passes, powder feed rates, particle velocity, torch power,
pl asma gas sel ection, oxidation control to adjust oxide stoichionetry,
angl e- pibleleposition, post-treatnent of the applied coating; and the |ike.
Torch power can vary in the range of about 10 kilowatts to about 200

kil owatts,—and in preferred enbodinents_ ranges from abhout 40 kilowatts to
about |odedl Oswist ts. The valMeletd of -15 the deVatbc coating conpdsition
particles flowng into thd plasna plune (or plasna "jet) is another

par angrEr- I ciT s usuat 1y Ttrotted-very LIL%I —Sui-tabte—ptasia spray
systens are described in, {foi exanple, U S. Pat".""'No. 5,047,612 (¥Havkar et
al) i9sued Septenber 10, 1991, which is: |ncorrorated by reference
Bri ef ljyYttda t ypi cal plasnma|9@ay systemincludg®.s plasma gun anodé which
has a nozzle pointed in the direction of thejideposit-surface of the

subst riat-e—petrng-—coated—Fhe—plasmm gun—-s—often—controlled-automptical ly,
e.g.,\E?“%ﬁFobotlc nechanléﬁi which 1is capabléiﬁf novi ng the gunfin

vari oys patterns across tWe substrate surface| The plasm plune extends in
an axi|glanfhgCtTON betweengifie exi T of The pragmp gunm anode—and™i he
substrlate surface. Sone s¢rt of powder injectifon nmeans is disposefl at a
predetlerm.ned, desired axidal |ocation between|the anode and the stbstrate
surfaqdiafiia  sone enbodi medt2s of such systens)3the powder injectipn neans
is spgced apart in a radial sense fronrthe plasma plunme reglon and an

i nj ector-tube—for—the—powter matertat—s—stttated—+t—=a post+ti+em—So that it
can direct the powder into the plasma plume at a desired angle. The powder
particles, entrained in a carrier gas, are propelled through the injector
and i ntfabldie pl asma plune. The particles are then heated in the plasma and
propelled tomard the substrate. The particles nelt, inpact on the-

" | Zirconia 92.2' | 850
Yitria 18 : ~ 130
| Ytterbia 1.0 3.0
- Lanthana 1.2 3.0
[Hafoia 3.8 | 160

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 cornposition shown in Tables 3-5 as a

stabilized cubic crystalline phase on any of these léyers 26:
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EXAMPLES The following illustrates enbodi nents of thermal barrier coatings
of this invention: Exanple 1: The |ower |ayer 26 of TBC 22 can be forned
as a stabilized tetragonal crystalline phase on bond coat |ayer 18 by

EB- PVD t echni ques from any of the ceramic conpositions shown in Tables 1
and 2: -16 Table | Metal Oxide Mole %W. % Zirconia 93.7 86.7 Yttria 1.5
2.5 Ytterbia 1.9 5.8 Lanthana 0.5 1.5 Hafnia 2.2 3.5 Table 2 Metal
Oxide Mole %W. % Zirconia 92.2 85.0 Yttria 1.8 3.0 Ytterbia 1.0 3.0
Lantham@able 2 3.0 Hafnia 3.8 6.0 The upper |ayer 30 of the TBC 22 can be
formed by EB-PVD, APS or any other suitable technique fromany of the

Ceran]n Pnnhnc|f|nn chnmn |n Tahlnc Q R as—a Stﬁhilivnd cubhi e “”‘stalline

phase |MetahQxide t hese | ayeMolo8e - 17 Table 3 \B¥{tabe Oci de Mol e % W. %
Zircorlia 61 40
Zirconia 61 - | 40
Yiterbia . , 17 35
Hafhia 122 25
" Table 4
{ Metal Oxide Mole % Wt. %
.. Zirconia 61 140
- [ Ytterbia 10 | 20
| Neodymia 11 ‘ | 20
| Hafnia 18 20
. Table5
[ Metal Oxide | Molc % Wit. %
j Ziréonia 71 54
Yiterbia 13 30
| Lanthana . 3 : 6
| Hafnia | 8 | {10
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E

Ytterbia 17 35 Hafnia 22 25 Table 4 Metal Oxide Mole %W. % Zirconia 61
40 Ytterbia 10 20 Neodyma 11 20 Hafnia 18 20 Table 5 Metal Oxide Ml e
%W. % Zirconia 71 54 Ytterbia 13 30 Lanthana 3 6 Hafiiia 8 10 18
Example 2: A TBC 22 can be prepared by EB-PVD techni ques by first
depositing the cerami ¢ conposition shown in Table 6 on bond coat |ayer 18
to provide |ower |ayer 26 stabilized in the tetragonal crystalline phase
and then depositing the ceramic conposition shown in Table 7 on | ower

| ayer ZBxdmplprovi de upper |ayer 30 stabilized in the cubic crystalline
phase: Table 6 (Lower Layer) Metal Oxide Mole %W. % Zirconia 94.1 87.8
Yttria 4’11]35% Ytterbia 1.8 5.2 Table.7 (Upper Layer) Mtal Oxide Mle %
W. % A 2

can be prepared by EB-PVD techniques by first depositing the ceramic
composition shown in Table 6 on bond coat layer 18 to provide lower layer 26
stabilized in the tetragonal crystalline phase and then depositing the ceramic
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
.- Yttria 4.1 7.0
[Yiterbia 18 52
| ’fable 7 (Upper Layer)

Metal Oxide Mole % Wt. %
{ Zirconia 74.7 483
[ Yitria 3.7 70
Yiterbia 20.8 43.8.
Hafiia 0.8 0.9
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Zirconia 74.7 48.3 .Yttria 3.7 7.0 Ytterbia 20.8 43.8 Hafinia 0.8 0.9
-19 Exanple 3: A TBC 22 can be prepared by EB-PVD techni ques by first
depositing the ceram c conposition shown in Table 8 on bond coat |ayer 18
to provide lower |ayer 26 stabilized in the tetragonal crystalline phase,
and then depositing the ceramic conposition shown in Table 7 on | ower
| ayer 26 to provide upper layer 30 stabilized in the cubic crystalline
phase: Table 8 (Lower Layer) Metal Oxide Mole %W. % Zirconia 94.0 88.4
Yttri akkahple ® Lanthana 1.9 4.6 Table 9 (Upper Layer) Metal Oxide nole %
W. % Zirconia 61.3 40.0 Ytterbia 9.6 20.0 Neodyma 11.2 20.0 Hafnia
17.9 20.0__Wiile specific dipents_of this Jjnventi.qn ve been
descri #edBG PZ\ﬁmfbeuge%?gﬁ‘é?Jg?ﬁB?% fresbalauRs VegHSti ‘??Pf’ﬁgnérr’fe A S ar i ous
nmodi fi ' | p ' f t jrit and
Scope ofPRNEoR AEOEh AnoPIER, PR Rt coaf tyer 1O0R! bighite oWB 1855 M
stabilized in the tetragonal crystalline phase, and then depositing the ceramic

composition shown in Table 7 on lower layer 26 to provide upper layer 30 stabilized
in the cubic crystalline phase:

Table 8 (Lower Layer)
1 Metal Oxide Mole % : Wt. %
Zirconia | . -94.0 88.4
| Yttria 4.1 7.0
{Tanthana BEE T4
~ Table 9 (Upper La&er)
Metal Oxide { Mole % Wt. %
Zirconia 61.3 ‘ 40.0
[Ytterbia BEG 20.0
Ne.:odymia 112 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_r appended

claims.

-20-



1. Athermal barrier coating, which conprises: A a zirconia-containing
upper | ayer wherein the zirconia is stabilized in the cubic crystalline
phase, and which conprises: 1. at |east about 50 nole % zirconia; and 2. a
stabilizing anmount up to about 49 nole % of a stabilizer conponent
conprising: a. a first netal oxide selected fromthe group consisting of
ytterbia, neodyma, mxtures of ytterbia and neodym a, m xtures of
ytterbia aRd.AIME hana, m xtures of neodyma and |anthana, and m xtures of
ytterbia, neodym a and | ant hana in an amount of from about 5 to about 49
and b. second netal oxide selected fromthe

nole % of ;the yppe e
group consisti né %}%ﬂegcoaé’é‘gcwg“’h&@?‘ipﬁsesscandl a, magnesia, i nd| a and
m xtures thereof in aRirasMabénthi br By SOk Rer&hQhe %1?0%%1 dQ%tan'i%

| ayer; and 3. one or nore of a third netal oxide selecte romthe group
consi sting of: a. hag#hiaciystalinephasenand whishabowris@: 5 to about 40 mole % of

mote TSof the upper T ayeft e i SRt B fteoPia mtdi i ng | ovier | ayer
wherein the zirconiais shakibilizz@d amidubh@p foehBAIUBImdE Yot 4 iamiphase,

and which conprises: 1. at |east about 80 nole % zirconia; 2. a.
stabilizing amount up to SYBDENCEHCFAPISING of a st abili zer conponent, which

conprises: a. a first met Q' OX} fifse $EUACEEE: [0S BE I Wof Ol f 3r Of
ytterbia, 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 about 5 to about 49 mole
% of the upper layer; and

b. . asecond metal oxide selected from the group consisting
| of ‘yttria, calcia, ceria, scandia, magnésia, india and
mixtures thereof in an amount of about 4 mole % or less
of the upper layer; and
- 3. one or more of a third metal oxide selected from the group
consisting of:
a. hafnia in an amount from about 0.5 to about 40 mole %
of the upper layer; and
b. tantala in an amount of from about 0.5 to about 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. atleast about 80 mole % zirconia;
2. a. stabilizing amount up to about 10 mole % of a stabilizer
component, which comprises:
a. a first metal oxide selectedlfrom the group consisting of
yitria, calcia, ceria, scandia, magnesia, india and mixtures
thereof in an amount of from about 1.5 to about 6 mole

%:; and
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yttria, calcia, ceria, scandia, magnesia, india and m xtures thereof in an
anmount of fromabout 1.5 to about 6 nole %and -21 b. a second netal oxide
selected fromthe group consisting of |anthana, neodym a, ytterbia and

m xtures thereof in an anount of fromabout 0.5 to about 8.5 nole % 2.
The coating of claiml| wherein the upper |ayer conprises fromabout 50 to
about 90 nole % zirconia, fromabout 10 to about 40 nole % first netal

oxide and about 2 nole %.or |@s&onll hidisl GEEORdedi®E BbmONk dfouPBShs1dEgs ei n
the lower |ayer conprises fromabout 86 o about 97% zirconia and from
about 3 to about 10 nole % st¥Hpnthaus needygunonterbizandrmixtarsatheiepfin ae| ai m 2

wherei n the upper | ayer Conpr'zﬁﬁt?ué%%ﬁoﬁ]loglb&%ltégﬁgb({u?? OXI%S/m)I e %

zirconia, fromabout 10 to about I rst ne and about 2
nole % or |ess of the second netal oxide, and wherein the |ower |ayer

conprises .Jrom bout 88 t.o abo 95% zi rconi-a_and from about to_about 8
mol e % st &bi | i Z&F° CBHPSPE Aty VT}FFée‘BothFHRB%'F‘Y‘Er %W@SW.H@O%% 019 r st

metal oxide of dbber o Mbid YeZAfcofRTRBALMout 9 t4 Q&dﬂﬂl@%lb@ﬁﬁa‘:ﬁaﬁ?&ﬁﬁé ed
fromthe group consisting of ytterbia, mxtures of ytterbia and neod ym a

and m xt ures ofangtabeits} modndo buleshaf e seadndunetadionidehend sdermind theeloader oxi de

consi st ng of 1T RBINS tos? bt 8 Bt PEC et Farm shmid Rl "o

cl ai m 4 wherei nonﬁmempﬂ@wlllk@yﬁmp@gemrl ses fromabout 5 to about 25 nole %
haf nia and from about 2 to about 8 nole %tantala and wherein the |ower
| ayer further conprises hafnia in an anmount from about 1.5 to about 5 nole

% 6. Theszcoati fati t r a er ises fr about
00 to andut oonLoepfs B M2 SiRin i€ ulREayer Mitp iR Riorh e RENGEr
| ayer about 85 mole % zirconia, from about 10 to about 30 mole % first metal oxide

and about 2 mole % or less of the second metal oxide, and wherein the lower

layer comprises from about 88 to about 95% zirconia and from about 5 to about

8 mole % stabilizer component.

4. . The coating of claim 3 wherein the first metal oxide of the 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.

R The coating of claim 4 wherein the upper layer oompﬁses from about 5 to about
25 mole % hafnia and from about 2 to about 8 mole % tantala and wherein the
lower layer further comprises hafnia in an amount from about 1.5 to about 5

mole %.

6. The coating of claim 2 wherein the upper layer comprises from about 60 to
_ about 95% of the thickness of the coating and wherein the lower layer
comprises from about 5 to about 40% of the thickness of the coating.



conprises fromabout 5 to about 40% of the thickness of the coating. -22 7.
The coating of claim6 wherein the upper |ayer conprises fromabout 70 to
about 85% of the thickness of the coating and wherein the | ower |ayer
conprises from about 15 to about 30% of the thickness of the coating. 8. A
thermally protected article, which conprises: 1. a substrate; If. a bond
coat | ayer adjacent to and overlaying the substrate; and IIl. a thermal
barrier codting Huj anang df aclaindc ovigstiathe gppdrclabanchngmaes Iy bbout tieto

thermal barrier coating c rising: A _a zirconia-containing upper_ |ayer
wherein the zir H‘r‘%%% 0%?‘3&‘%!%%% ff thfe contig: apd yeheipin; HE et daveind

whi ch conpri Ses;m@p&%&sﬁ%ﬁ%&»o@@ﬁ% a%Qllljt%!"/?oﬁ/ﬂlé l@r[gséé)l;t‘ﬁggogtingfi. stabi i zing

ki
amount up to abou Yo of a stabilizer conponent conpri’sing: a. a
first netal oxide selected fromthe grooup consisting of ytterbia,

neodym a, g} xture '

of tterbiia and neqdym a, mixtures of ytterbia and
| ant hana, fi xt ufegegpl %ﬂﬁ?ﬁﬁegagff&e’l"aﬂ@héﬁ‘ﬁ’,mﬁ%d m xtures of ytterbia,

neodym a and | apt hangghar; anmount of from about 5 to about 49 nole % of
the upper layer; b. a second netal oxide selected fromthe group
consi sting of yHiri aaberd ceah layeeadjacens tocandioyerlaying hesiubstrateidnd and mi xt ur es

nereof n an BEU] yel BB e 1 Vs 808 LB 270
: the thermal barrier coating comprising:
A. a zirconia-containing upper layer wherein the zirconia is
stabilized in the cubic crystalline phase, and which comprises:
1. atleast about 50 mole % zirconia; and
2. a stabilizing amount up to about 49 mole % of a stabilizer
component comprising:

a. a first metal oxide selected from the group
consisting of yiterbia, neodymia, mixtures of

- ytterbia and neodymia, mixtures of yiterbia and
_lanthana, mixtures of neodymia and lanthana, and
mixtures of ytterbia, neodymia and lanthana in an
amount of from about 5 to about 49 mole % of
the upper layer;

b. a second metal oxide selected from the group
consisting of yttria, calcia, ceria, scandia,
magnesia, india and mixtures thereof in an
amount of about 4 mole % or less of the upper
layer; and

3. one or more of a third metal oxide selected from the
group consisting of}

a. hafnia in an amount from about 0.5 to about 40

mole % of the upper layer; and
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group consisting of a. hafnia in an amount from about 0.5 to about 40 nole
% of the upper layer; and -23 b. tantala in an anount of from about 0.5 to

about 10 nole % of the upper layer; and B. a zirconi a-containing |ower

| ayer adjacent to and overlaying the bond coat |ayer, wherein the zirconia
is stabilized in the tetragonal crystalline phase, and which conprises: 1.
at | east about 80 nole %zirconia; and 2. a stabilizing anmount up to about

10 nole % of a stabilizer conponenttantsihiicrncongmit ofdrona abautf(.5 40 abettal -

oxi de selected fromthe group consisti f.yttria, calcia, ceria,
scandia, nmagnesia, india and m xtu@?@%&?% cupperiayey t of from about

1.5 to about 6 nole g ang iirco_ﬁia&%ﬁ&ﬂﬁ'n%_ﬁi\@ér 1?@&93'&@15@5%&! oV EPiAd fhedr OUp
consi sting of |anthana, neodélm a, ytterbia and mXtures thereof in an
amount of from about 0.5 boad atselitlagers, whsireinogheo zirtpnia aist stebikized iol tiem 8
wherein the substrate is | irate an enein the thermal barrier
coati ng hasa thickness of %??é%%}ﬁ%gﬁjé?ﬁ net%haggoufi%ﬁl TS0, The article
of claim9 wherein the upper |&Jedst ssonipBo aese $4 girdoa@uhd 60 t o about  95% of
the thickness of the thernmal barrier coati ntg and wherein the | ower |ayer
conprises from about 5 toZ2abou? Stapibigisg ameunt wp tzhows 1omale efipevtahilizasarri er
coating. 11. The article of clg] i wg pper |ayer conprises from
about 70 to about 85% of the %#B(?%‘%g\é@ﬁ% dt3 tﬁ%rnal barrier coating and
wherein the | ower a. a first metal oxide selected from the group

consisting of ytiria, celcia, 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 %.

9. The article of claim 8§ wherein the substrate is a metal substrate and wherein the

thermal barrier coating has a thickness of from about 1 to about 100 mils.

10.  The article of claim 9 wherein the upper layer comprises from about 60 to about
95% of the thickness of the thermal barrier coating and wherein the lower layer
comprises from about 5 to about 40% of the thickness of the thermal barrier

coating.

11.  The article of claim 10 wherein the upper layer comprises from about 70 to
about 85% of the thickness of the thermal barrier coating and wherein the lower
layer comprises from about 15 to about 30% of the thickness of the thermal

barrier coating.
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| ayer conprises fromabout 15 to about 30% of the thickness of the thernmal
barrier coating. -24 12. The article of claim 10 wherein the thermal
barrier coating has a strain-tolerant columar structure. 13. The article
of claim 12 wherein the upper |ayer conprises fromabout 50 to about 90
nole % zirconia, fromabout 10 to about 40 nole % first netal oxide and
about 2 nole %or |less of the second netal oxide, and wherein the |ower

| ayer conprliZsesThe erfickbolitlaid® 10 oviabauw thedthehmal rmonidr zoamg: hasomstabnddleBnt o
about 10 nole %lstabl | i zZer conponent. 14. The article of claim 13 wherein
the upper | ayer “CBREA Y¥E ¢ om about 60 to about 85 nole % zirconia, from
about 10 to about 30 nole %first netal oxide and about 2 nole %or |ess
of the second netal oxide, and wherein the lower |ayer conprises from
about 88 t d3abothe 98igey pf @bﬁnal?ametm@m@bpm Iqurd:omw ﬁ@nrr@b@t%O to

stabili zer Conpélg)%?bo n}(ﬁe /:IJ- Q?ccﬁn:%,'f%o 03‘ {0 about X‘@ %{0% E]/% éti:et%lStm&m tal

oxi de of the st i zer conponen e upper Tayer FOm t he

group consi st i ngndofibopt Ranbleds dﬂl&éswmeaémnﬂtmahbbﬂda%dmnﬁym thedBeer
m xtures of ytterbia and | anthana, and wherein the second netal OXI de of

the stabilizer R¥FFsomRsevfrompabopbgeto shous 8 %ctiwanipathitone abgit utg about
consi sting of ﬁf‘ﬁnﬁ?er%staﬁﬁ f Ddfpdtlafly M xtures thereof. 16. The article of
n

cl ai m 15 wher ei e upper ayer conprises fromabout 5 to about 25 nole %
haf ni a and from about 2 to about 8 nole % tantala and wherein the | ower

| ayer furt % C@} ris tgfnlg unt from about, 1. to about 5 nole
% 17. Theldrti BRESRICCHPRIM 43, hein theamns dA¥E camgrines 60 198 The
article of claigBodssiotdod ﬁr&niaug%?sboﬁﬂn@% APk IR %ﬁl@?ﬂ‘feﬁ[‘?r&?&e

barrier coating has a thickness’ rom about 30 to about 70 19. The
article of cl aiawdiabowh? apie & ar less wif the s¢oohdimetanakidd andiwherdin thé dowal

barrier. layer comprises from about 88 to about 95% zirconia and from about 5 to about

8 mole % stabilizer component.

15.  The article of claim 14 wherein the first metal oxide of the 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 is selected from the

- group consisting of lanthana, ytterbia and mixtures thereof,

16.  The article of claim 15 wherein the upper layer comprises from about 5 to about
25 mole % hafnia and from about 2 to about 8 mole % tantala and wherein the
lower layer further comprises hafinia in an amount from about 1.5 to about 5
mole %.

17.  The article of claim 12 which is a turbine engine component.

18.  The article of claim 17 which is a turbine shroud and wherein the thermal barrier
coating has a thickness of from about 30 to about 70 mils.

19 ~ The article of claim 17 which is a turbine airfoil and wherein the thermal barrier
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-24a coating has a thickness of fromabout 3 to about 15 mls. 20 A nethod
for preparing thermal barrier coating on a netal substrate having a bond
coat | ayer, the nethod conprising the step of: A formng a
zirconi a-containing |ower |ayer wherein the zirconia is stabilized in the
tetragonal crystalline phase by depositing on the a bond coat |ayer a
first zirconia-containing ceramc conposition, which conprises: 1. at
| east about 80 easting besva thidmiess; ofdrmain 2bouk 336 about il Zinmts. anount up to about 10
nole % of a stabilizer conponent, which conprises: a. a first nmetal oxide
selected fromthe group consisting of yttria, calcia, ceria, scandia,
magnesi a, 20di a AARRHIGoH pRPparihf RRhl bitrieNcHiRE Hn P indd QbaRAG having at O
about 6 nole %% and b. a second netal oxide selected fromthe group

of

consi sti ng awrd ¢neh layen dsoyathad cgmppsipg thestap off xt ures thereof in an.

#*

a_rmunt ) of f rom ﬁb out fOQTmE’né 9 %ﬂ%r\&%—%bgtam 1|%gﬁ lg@Jerarllza(lj erB . wi;grglrl[} @lgeo%lirconi is
Zl rconl a- cont al nli ng upper Iayer ereln e zZirconta 1 s stabl'll Zze in the

cubic crystalline phasakilibyd Gepe stiagdaal @bystdliend shaee b dyedsiting Giethentbond

zirconi a-contai ning ceramc conposition, which conprises: 1. at |east about
50 nole % zirconia;, SR Byl Al LirseHycCONBOME GEIAMEC aBRIROSHY ORIk, of g
stabilizer conponent,¢ ising: a. a fi rst netal oxide selected fromthe
group consisting of ytterbia, neodym a, m xtures of ytterbia and neodym a,
m xtures of ytterbial.and atdedshabmast 8ffimdletedroohianaatlymi a and | ant hana, and

m xt ures of ytterbia2 ne

Og %?;b?llzellx?g amount up to about 10 mole % of a stabilizer

component, which comprises:

a. a first metal oxide selected from the group consisting of
ytiria, calcia, ceria, scandia, magnesia, india and mixtures
thereof in an zﬁnoﬁnt 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 %; 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:
1. at least about 50 mole % zirconia; and

2. 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 and lanthana, mixtures of neodymia
and lanthana, and mixtures of ytterbia, neodymia and
lanthana in an amount of from about 5 to about 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
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| ant hana in an anount of from about 5 to about 49 nole % of the second
conposition; and b. a second netal oxide selected fromthe group consisting
of yttria, calcia, ceria, scandia, magnesia, india and -24b m xtures

t hereof in an anount of about 4 nole %or less of the second conposition;
and 3. one or nore of a third netal oxide selected fromthe group
consisting of: a. hafnia in an anount fromabout 0.5 to about 40 nole % of

th d ition; and b. g i t
e second conposition; an Iﬁ&ﬂir@éﬁeﬁe@f%ﬁ%#ﬁﬁtéﬁab%ﬁpwgooroleg% 0

about 10 mole % of the second conposition. . e nmethod o arm

wherein the ceram c conpositi o thefsetonsl dampsssitmmglandecond conpositions are
deposi ted by physical, vapar _deposition to forma .thermal Qarriger coating
having a strain-tol erg‘ant c?BFu%QPrest&c{hb" emeiaé.o*f‘ﬁf‘esﬁlﬁ‘ftﬁ%gmﬂ the FoHP 1
wherein the | ower |ayer isoh§iktigtcofby depositing a first ceramc

conposi tion conprising fromabout 86 to about 97% zirconia and from about
3 to about 10 nol e % st ab® i zehadimipotieamomidiehabein0.6He abppet0 inalects i s

formed by depositing a second ! Q ition_conprising fromabout 50
to about 85 npble % zirconia, f%gﬁnﬁgh%u%%%t%gﬁlgﬂbﬁﬁ)m mole % first netal

oxi de and about 2 nole %or | essalsaconamoBiedf BrndBdou®s td BBoureiohadleof

claim 22 wherein the | ower Iay? %g formed by depositing a first ceramc
conposi ti on conprising from abou¢! B88s¢¥nd 5e@POTHB-zi r coni a and from about

5 to about 8 nole % stabilizer conponent and wherein the upper |layer is
formed by depositing a second ceram c conposition conprising from about 60
to about &5.nolldeyunethod ofi eaini 26nwhéreint thtOcdramit ooinp3Qtiom! ef Ml firss tandet al
oxi de and about 2.nple %.or |ess secoelad net al ,cgf(i de. .

second compositions are deposited by physical vapor deposition to form a

thermal barrier coating having a strain-tolerant columnar structure.

22.  The method of claim 21 wherein the lower layer is formed by depositing a first
ceramic composition comprising from about 86 to about 97% zirconia and from
about 3 to about 10 mole % stabilizer component and wherein the upper layer is
formed by depositing a second ceramic composition comprising from about 50
to about 85 mole % zirconia, from about 10 to about 40 mole % first metal oxide

and about 2 mole % or less second metal oxide.

23.  The method of claim 22 wherein the lower layer is formed by depositing a first
ceramic composition comprising from about 88 to about 95% zirconia and from
about 5 to about 8 mole % stabilizer component and wherein the upper layer is
formed by depositing a second ceramic composition comprising from about 60
to about 85 mole % zirconia, from about 10 to about 30 mole % first metal oxide

and about 2 mole % or less second metal oxide.

' 24.  The method of claim 21 wherein the lower layer is formed so as to comprise
from about 5 to about 40% of the thickness of the thermal barrier coating and
- wherein the upper layer is formed so as to comprise ﬁom about 60 to about 95%

of the thickness of the thermal barrier coating.
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24. The nethod of claim 21 wherein the lower |ayer is formed so as to
conprise fromabout 5 to about 40% of the thickness of the thermal barrier
coating and wherein the upper layer is forned so as to conprise from about
60 to about 95% of the thickness of the thernmal barrier coating. 24c-, 25.
The net hod of .claim 21 wherein the lower layer is fornmed so as to conprise
fromabout 15 to about 30% of the thickness of the thermal barrier coating
and - wher e29 t theupphiod loykimi B vbersad tieolodsr 19/cE WTIrmee sbradno adeatprisd0 t o
about 85% of the thickness of the thermal barrier coating. -24d-; THERVAL

BARRI ER COATI NESTHARAWIG S toakput J0VERT thshiqimresdshe HisrpalEnorerreyaiep@ndoaT
ABSTRACT A th Hsred( i e (14)
of articles (1 HEP%%H %@Sglﬁla gqg;f or Sgrza)eg tgé%%lgﬁ% ?@ﬂ%h%)%h‘mtqg%gﬁa%% es.
The thernal baofterthchatss pfthe2@yrmal badedesatmgzi r coni a- cont ai ni ng upper

| ayer (30) stabilized in the cubic crystalline phase to reduce the thernal
conductivity of the coating (22). The thermal barrier coating (22) further
i ncludes a zirconia-containing | ower |ayer (26) stabilized in the
tetragonal crystalline phase that increases the adherence of the upper

| ayer (30) to the bond coat |ayer (18) that overlies the substrate (14) of
the article (10) to inprove the resistance of the coating to spallation.
(FIG 1)
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