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,
conbusti*8 ﬁaﬁéﬁ@xﬁﬁﬁaﬁ’é‘?‘ﬂ?’e‘g@%?’“ ftf ‘ppfbans gesta éggle FNEERIREP By ri er
coat i nggbicy@iGalihy pRRRPITISE ihvAatiex bﬁﬁi&ﬁiarl?%%aké@ﬂo%cﬁ YedRE® tRtirmbese

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).

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).



-1 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-
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tolerant, as well as erosion and inpact Fesistant coatin s. not her
gener al ambm&hwem&ﬁMwmonpom tional changes to the zirconia-
cont ai ning ceram c conposition used to formthe thermal barrier coating. A
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reduce the inherent thermal conductivity of the coating. One effective way to do this
is to provide a layered 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 2
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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t hese approaches have |imtations. For exanple, nodifying. the zirconia

| attice, and in particular achieving a conplex crystal structure, limts
the potential options for chem cal nodification and can interfere with
good spal l ation resistance and particle erosion resistance of the thermnal
barrier coating -2 Mdification of the zirconia lattice to inprove the
reduction in thermal conductivity can also interfer wth other nechanical
properties of the thermal barrier coating. In particular, nodification of

t he t her iiddification ef tepziréanip latticedd dopraveshaatdusting u@thwmifcor@&ﬁtm@suu in a

coating that is |ess adherent o .the underl|yj nd I a
resul t, Fﬁéa]tsﬁé‘}tﬁé‘?f ‘H'?@FP MEATTHY RRFHE %&%e@gﬁaé%?%&egﬁgﬁﬁaﬁ'i ﬁ] over
Li e, €SPaftibatal ¥oditiatloR dfINP RcAhM turkidCldalive b dua duimallosridugtivioy ol
operatioh of gas turbine engines. Inclusion of a lower |ayer conprising,

for exanpheresylt in aaoatimbitial kelgsy adhepent 40 grenundeslying Rondotnat dHEE &F 4 he

thermal barrier coating.to the bond caa . glstt]'-lﬁgf tQsgiyg sone
of the ré%&’e'g‘e #WEP%?HQE%%’&QF% ?/ﬂn?/e ceiﬁel}a?l?%écszﬁ%nea&/lgg Ogy C a’n%SPng tjphe
conposi t GROR) teRpEAARE %ﬁh@fthétbecﬁrh duARg nbraidloperationdf pg. turkinoengimey! y, it
woul d be desirable to be able to_(;ha(r}ge the conpositional, paranmeters of
the zircmlusiooaf ai leweg lexer eamprisigy dor CxgRPleo Yiaastabaized, #FHOMa &lict i ons
in the {heroml el & 30t R Bat BTt e GRAGE NG by
bei ng ab%g{ogggqlgeg%%l zoteftﬁ%%ﬂglhr%%ﬁ?%&%ﬁh%he cuﬁﬁ cray’stalal i ne phase. It
woul d f uldshey sdae 6fgie Rdhecdt thehnealaduindudtivityabinefiv eckioedd by dhanging hd n
thermal conductivity w thout s&l(éri ficing other desired mechanical

pr oper t | eempgsitigral parampters etk thermal RO eci al |y good spal | ation
resistance. BRI EF DESCRI PTION OF THE INVENTION In a first aspect, there is
provi ded A 4L RPk Wkl el desiedld be M WclApP ithe@smpdditichal parameters
zirconi a-contarning upper |ayer wherein the zirconia is stabilized in the
cubi ¢ cr pftie tiicopiagloatening ndranit chmpositioh de gchisve durthes Feduciionsin 8 ol e %
i reont aihe?nqgl 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 cénsisting 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

3-



2. a stabilizing anbunt up to about 49 nole % of a stabilizer conponent
conprising: a. a first netal oxide selected fromthe group consisting of
ytterbia, neodym a, mxtures of ytterbia and neodym a, m xtures of
ytterbia and | anthana, m xtures of neodym a and |anthana, and m xtures of
ytterbia, neodyma and |anthana in an anmount of from about 5 to about 49
nol e of the upper layer, and -3 b. a second netal oxide selected fromthe

group consisting of yttm.a, a%b@drﬂ,méﬁl loi‘d Sk rﬁ'%%nes' a,. india and.
m xtures thereof in an anount of about o l(?/f?'%lri&ﬁroess BP If8 ﬂﬁtﬂtgr

| ayer; and 3. one, or nore ofo%ﬁtﬁﬁf@alm%abemlm&e,l @ideRekid I 9Mid haidgr oup

consisting of. a. hafnia. in om about 0.5 to about 40 nole %
of the upper layer; and b. ta‘%p(i ﬁp f D anAmaung pf shoytfamelet %@rdesso about

10 mole % of the upper | ayerofalnaiu@eraaﬁkr&am a-contai ning | ower |ayer
wherein the: zi I‘COI’]Ij‘:\ |s stabilized jn the tetragonal crystalline phase,
and whi ch conpri ses? ape Pp are Moatthizd metak osdidzi seteotedafrod. tiw gioapi | i zi ng

anount. up to about 10 rmé(ﬁm %1? stabilizer conponent, which conprises:
a. a first netal oxide selecte romthe group consisting of yttria,

calcia, ceria, scandia, arragndmﬁaa it aglisfovAt HEXAB6GED.S tbha%BﬁP&o ih1@s, amount

of fromabout 1.5 to about 6 rtrﬁ1
ot 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':éi_rc)onia—contahﬁng 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 aspect, there is provided a thermally protected article, which comprises:

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

| ant hana, neodymi a, ytterbia and m xtures thereof in an anount of from
about 0.5 to about 8.5 nole % In a second aspect, there is provided a
thermally protected article, which conprises: 1. a substrate; H a bond
coat | ayer adjacent to and overlaying the substrate; and Il1l. a thernmal
barrier coating adjacent to and overlaying the bond coat |ayer, the
thermal barrier coating conprising: A a zirconia-containing upper |ayer
~Wherein.the zirconia is stabjhlizeg iffst hetdlUBkieCEisha Iftdif BRAgFUpand
whi ch conprises: 1. at |east about 50 nole % zirconia, and 2. a stabilizing
anount up to about 49 nole % of a seagiitiizef yitwbpomsadymwnpnidyreg:of- 33 a. -
a first netal oxide selected fromthe.,grqu cons. st i. of yiter.hia
“neodyni a, mixtures of ytterbia anﬁﬁ‘é"gﬁﬁ ,m%%nt%f)eﬁ ?/f%/’f%%?aangnd

| ant hana,” m xtures of neodym a and [4@hinagmaxtuf®s &f nBddyinii 8ad Rihthahs embi a,
neodyi nia and | anthana in an anount of fromabout 5 to about 49 nole % of

the upper layer, b. a second netal mxhuRs ofgrtiethiadgopdyniaand lyrbug in an
consisting of yttria, calcia, ceri -oﬁﬁ)agfi{‘r?m al ?%etﬁifuou{‘ﬂgirﬁ I@“’g Jf Xtures
€ Y% or t T3y d

thereof in.an amount of about 4 no €ss 0 e upper ayer, an
' ' 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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3. one or nore of a third netal oxide selected fromthe group consisting.
of a. hafnia in an anbunt from about 0.5 to about 40 nole % of the upper:

| ayer, and b. tantala in an anount of from about 0.5 to about 10 nole % of
t he upper layer; and B. a zirconia-containing |lower |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 anount up to about 10 nole % of a
stabilizer conponent, which conprises: a. a first nmetal oxide sel ected

from the o 0UPr, ARSI Bl plibd dne i 6] Rennfil @maRaBREL Bing RONEST 2,

i ndia and m xtures in an anpunt of from about 1.5 to about 6 nole

% and b. , g.gaannde MR a Shl 66t BEECHRE Bnbd QMptififs Gk QYPor .cONSI sting of
| ant hana, neodym a, ytterbia and™ m xtures thereof in an amount of from

about 0.5 to about_ 8.5 mole. % .-3b . In.a third, aspect, .thgre j oyi ded a
net hod for pre%ari NS o FIBUEG CARIE }I%v&croﬁyexgvﬁﬁr%ﬁi @&gir%r{?ée 1%avi ng a
bond coat |ayer, thgauiRsdi0R tES thpial @rkbRlinktphbseBy depdsitingron the adond

zi rconi a-containing | ower |ayer erein the zirconiais stabpilized in the

tetragonal .crystal |¢oat lpyers@ Hipstdaisensliz-ropjaipingt Reramis HMPPOSHRD, |igh 3
~first zirconi a-cont&hﬂ;rﬁgszceram c conposition, which conprises:

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 sélected from the group consisting of
. : . 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
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1. at least about 80 nole % zirconia;, and 2. a stabilizing amunt up to
about 10 nole % of a stabilizer conponent, which conprises: a. a first

nmet al oxide selected fromthe group consisting of vyttria, calcia, ceria,
scandi a, magnesia, india and m xtures thereof in an anount of from about
1.5 to about 6 nmole %and b. a second netal oxide selected fromthe group
consisting of l|lanthana, 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

zi rconi a- cont ai ni ng upper | ayemixthesdharesfha an aipomit afiaboutst miold Yezedesn t he
cubic crystalline phase by depo 'ti%% n the lower layer a second

zi rconi a-contai ning ceramc co this Bt COMROVHOPAy i ses: 1. at |east about
50 nol e % zirconi a; :aNd Zenedof nddte | dfZ4 NHIrdNALEAL obtRiel Scléhiel rof? thelgeodp of a
stabilizer component conprising: a. a first netal oxide selected fromthe
group consi sting of ytteﬁmséﬁhﬂﬁé’@dym a, mxtures of ytterbia and neodym a,
m xtures of ytterbia and ant @ﬁtﬁcﬁﬁnt?{oﬁ%gﬁrﬁ§t %9&&'4%”&19 and
m xtures of ytterbia, neodym a and T1Pant hana ThTan  anmoun from out 5
to about 49 nole % of the secsfite saopdsbipositiognmdb. a second nmetal oxide

selected fromthe group consistin of yttria, calcja, ceri sca
magnesi a, india and 3c rh-xt ur'@® E‘Hér"é‘oqm‘i"ﬁl &f@%ﬂh?“‘oqsé%a]ﬂﬁutiorfﬁf’é % or

lless of the second conpositi ofioriifhecond composition.

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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3. one or nore of a third netal oxide selected fromthe group consisting
of .a. hafnia in an anmount from about 0.5 to about 40 nole % of the second
conposition; and b. tantala in an anmount of from about 0.5 to about 10 nole
% of the second conposition. An enbodinent relates to a thermal barrier
coating for the underlying substrate of articles that operate at, or are
exposed to, high tenperatures. This thermal barrier coating may conprise:
A. a zirconia-containing upper |layer wherein the zirconia is stabilized in
the cubic crystalline ahbhEathaasdnishiredofanoliviieand lanttaha | Sdshixabedr 50
nmole % zirconia; and if. a stabi]izing,anount up to about 49 nole % of a
stabilizer conponent cY#IPids nfRiymta agd danthanajip: an argqurd of Segnpabayd Sieom t he
group consisting of yttgyhkae ,de0dym a, mxtures of ytterbia and neodym a,
m xtures of ytterbia -3 andnrant?iana;, m xtures of neodym a and | ant hana,
and m xtures of ytterbia, neodymia and | anthana in an anount of from about
5 to about 49 nol ety dhoubBouneicd%swoles &f arsetaskmetal axisle selededdivel thexi de

selected fromthe group consistin f yttria, calcia, ceria, scandia,
megnesi a, india and i SPHPSOUTHEMSRK Ykt Falfih e SCRg e AN AR et al
oxi de sel ected from t he;p@rabue®iridiridad@ of: a. hafnia in an anount from
about 0.5 to about 40 nole % and b. tantala in an anount of from about 0,5

to about 10 nole % and . . L.
S1IR 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 %; 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 zirconia-containing |lower |ayer wherein the zirconia is stabilized in
the tetragonal crystalline phase, and which conprises: |I. at |east about
80 nole %zirconia;, and Il. a stabilizing anount up to about 10 nole % of a
stabilizer conponent, which conprises: a. a first nmetal oxide sel ected
fromthe group consisting of yttria, calcia, ceria, scandia, nagnesia,

i ndia and m xtures thereof in an anount. of fromabout 1.5 to about 6 nole
% and b. a second netal oxide selected fromthe group consisting of

| ant hana, peodyH] i Xk her epf..in_an angount of _from
about 05 1o anmueephel GhfiePe e Bt ot Rha o neR AT Phe e Ty
protected arti chomd chbht eyt otected article may conprise: a substrate; Il. a
bond coat |ayer adjacent to and overlaying the substrate; and -4 Il1. the
thermal b wer | | O . descri.be dji acent to and overl aying the
bond coat %yer?nﬁ%ﬁ%ﬁieﬁgfeﬁée%%%#%e%grr%?%apg%%fgldé\'“ thod for pfeparing the

ther mel  bajari&icos@id tj)ﬁ‘ﬂle%nhlégatqg%? oT R ﬂigg&&e t@brdvi: éﬁ@ﬁ@@tﬁgfggwg; ovi de

a thermally protected article. s met may conprise

form ng t hetdlovis hay@maglcohpee teetepBdt: barri er coating by depositing on the
bond coat |ayer the ceram c conposition of B above; and form ng the upper

| ayer of the thernml .barrier., coatj deposi.ting.on.th l.awer | ayer the
cerami c conpos it}?tir%lﬁ'gotﬁe KOER %@gt‘ﬁéﬁﬁ’%ﬁrr?(’g@%&é’t‘feﬁﬁ§m%% O8i @%I osed

can provide sewehdkodtanet ithecedisic comipdEitiofdf Bobdveoals | ayers of substrates
of articles exposed to high tenperatures, such as ‘

forming the upper layer of the thermal barrier coating by depositing on the

lower Iayer"-' the ceramic composition of A above.

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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turbi ne conponents. The. zirconia-containing upper |ayer of the thernal
barrier coating can permt the zirconia to be stabilized in the desired
cubi ¢ phase structure to provide reduced thermal conductivity. The

zirconi a-containing |lower layer which is stabilized in the tetragonal
crystalline phase can provide inproved adherence of the upper |ayer of the
thermal barrier coating to the bond coat |ayer, thus inproving the

resi stance of the thernmal barrier coating to spallation, including that due

to t eﬁnﬁaﬁk.tgﬁca&:iﬂ 184kt tab@dt 2H00OCF gmpw,gana%aﬁl 8iIY W BleN@ngdef ne
operation. BRI'EF DESCRI PTI ON OF THE DRAW NGS FI G is a partial side
sect i ondrontiabeut dfonaaboatBédl° e abow MOBOY (froen atedut HODG°i te mbowtA750Y"). and coat ed
article of this invention. DETAI LED DESCRI PTI ON OF THE | NVENTI ON As used

herein, the term:.ziJyconiascontaini,ng ceram.c conpositions”" refers to

cor am & A 50 Pk bR ARRE “SHRRSTRE. RSt SRy GO GUREn SREPOHALS. ar o

usef ul  ampbl&ftdBlayhar by akP@ld RS childe MifoiffPaRipfoyRll eMEGirBgnheat flow
to the underlying “substrate of the article, i.®e., formng a'thernal

barri er ,ingantionhi Spcandinglya thee tarim ecqropniing 5 endeatpasss tthe imere| sgstrictiveeast about
2600F (1426Q ., and more.typigal lLy. in.the range of from about from about
3450 1 o EBocoaS e PG S sl e oLt 27500 | A used herei n. the
term "conprising” means vari ous conpositions, conpounds, conponents,

| ayers, Al apsudngaithaatiodamdpercehtgeondedinvtdiy ahy myleds unleshethprdsent

i nvention. Accordingly, the term "conprising"” enconpasses the-nore
restrictP¥dteder ns "consisting essentially of' and "consisting of." All
anounts, parts, ratios and percentages used herein are by nole % unl ess

ot herwi e RRAGE IcbRidosititiRs &RE M the GHTR IDYer 0P Me Hizffall BhrlifiScdARRES of ayer of
the thermal barrier coatings of thi's invention inpart inproved thernal
conduct ithis iryveptiapisnpartdmpaertditherpad comluctyity prpertics het mglardodddeveni ty .
Ther mal tl(ff:(%rrl]l(fjif]1%I{d\{llcttixyityl.< Jl‘ﬁergneé;j Icglg'\cpucg%t)tr %eisf (?e!én%w br)](qhg (}&%{vlvi%g 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
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(1): K=ax(1l-p)xCPxD, (1) where a is the thermal diffusivity, pis the
fraction of porosity, CPis the specific heat (in 7/g *K), and D, is the
t heoretical density. As be seen fromequation (1) above, the thermal
conductivity depends on thermal diffusivity and porosity. Particularly

sui tabl e zirconia-containing ceram c conpositions for use in the upper

| ayer of this invention are disclosed in copending U S. nonprovisional
applications entitled "CERAM C COVPOSI TI ONS FOR THERVAL BARRI ER CQOATI NGS

STABI L | 40k KipTidabouBIOmGRYSET AE b lstibil A& mpdnRatt TR parféulad dmobial No.
10/ 748, 517 btiled DecenbetE 30,2003, which is incorporated by reference.
The zi'PE SHAPHIZCH GPRPARGHY that 18n] %&ﬁ%swlﬂ@ﬁﬁe%@@ﬁﬁaﬂWsﬁ efers, | ayer
conpr i S8clalink 8RS therROMEu1 %IEJ 0% ZiLCon TYpI ositions
used in %hilgkup_pere Iayeru co roﬁgﬁegﬂggn%gbgrﬁtp%@é@%] %‘%%uuntwg’?)&%gse %

zi r conidd, theostebiliggri veetdlyofidemuasab uhd 6likd dactaeoutTypRallp) ehdoseabilzeni a. The

Zi rconi_c%-cont I ni n% co osibtiogs u%ed %{m :fp er layer. of the thernal
bar ri er*® @A FGTRFIESS, 1o0ube BSPAY 4t BI07 o &RpTe ttyRically frgmr ahopt,

st abi | i@ abdul? 1DRG alssHR BO m&é%b@h{édﬁﬁ?ﬂ%@ﬁﬁﬁm%n%ﬁﬁiiw hit,S, these

conpositions further conprise a stabilizing 6 anpbunt (up to about 49 nole
% of a_stabilizer conponent. The particular amount of the stabilizer
conponehe iahilizar comppnent| the icaxgmigicompgeiem gseshimtheanppet Yayet at detsor s,

i ncl udi : h . nsyl-atin roperti.es desired,. the particul ar anounts
and typcgglp hglf% %hg;sgﬁgglapiéﬂé(?é r%%%q%dogrgﬁleéh%%ﬂ‘paﬁanﬁl?tw@ PECYE & Typical |y,
the st abbdymies and oriptarsnhereof)witls of wWithom Bthaha 5i.d. OyRdiBial ndSiyihe % nore
typically fro abog.t fromabout 10 to about 30 nole % -of the conposition
used i MEFHFS plovdeorAgnd, neodymia iiyres of Yeterbib At danthanae enigivires efonposi ti on

7 | R Al oL RSN 15l W R A 51
with oh @dmotgrund tnpireande, the greatesy re¢daction jn teadyindanductivity as the first
' metal oxide. Inclusion of yiterbia in the first metal oxide can bé desirable because of
its higher molecular weight. Inclusion of lanthana in the first metal oxide can create
further 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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m xtures of ytterbia and neodym a, m xtures of ytterbia and | anthana,

m xtures of neodym a and | anthana, and m xtures of ytterbia, neodym a and
| ant hana. Neodymi a has been found to provide the greatest reduction in
thermal conductivity as the first netal oxide. Inclusion of ytterbia in
the first netal oxide can be desirable because of .its higher nolecul ar
wei ght. Inclusion of lanthana in the first netal oxide can create further
phonon scattering by effectively increasing lattice strain, provided the
anmount oxidecomairises abieit dtrhole 2y ot e, hravpichllyatogti @olefiac lesarud the 0Si on
resistance of. the _thermal barrier coating. The particul ar anmount of first
met al FPFOSEORY willl 1hage ety disspvaredathal; Pheyt zircmiantontalning | GRFANC t he

t her mal oohisdisah : | | et i r; first
ot al oxT ey, B8 48 BRERAHE bt BEMAE et balt cORMATBHEIE Bt ors.
The fi rdesiredrentad comsiatiereqehase eithpitseeeflingrtv adude Gaditiorsd stabil4erspaide %)
typical.ly fro bout 10 to. .about 40 le % nore typi.cally from about 10 to
ot 38 PR oporah st BiuBanitiel gupls Fudfh e Yey TP ST R ey or Vihen
i ncl udggagisinast indf I‘\?%)rfﬁn?gl, thekRborPXESIRainin@ UeBAiR doWPloSifibhy cA&PMPY | Ses

fromabout 1 to about o % nore typically fromabout 2 to about 8
mol e Ypbeosubshatidbimpesiafi ba ageel metal hixgde, Uspethe | sggwd, miFké oxidebedn zer
comnmpone f ram G osiktions used in the upper |ayer of the
t her nal%glggif? %‘%@gltﬂ%ﬁiéﬁsﬂ’%?@ﬁ?gaﬁcﬁ%‘ﬁ??lﬁ?fl‘can al so optionally conprise a
second nmetal oxide selected fromthe group consisting of selected fromthe
gr oup - esdikbhiagonfainiys teramic cahpositions ekedin Heapgerlayéragnis tikmmiendi a and
‘m'xturf'bs thereof. This second netal oxide, such as tﬁ({tri a, is one that has
been t PAHIS | GRERES,OLISISADY PHORSHAT opPIsceneqrappte had amstalopiidesc ont ai ni ng
ceram Gelee@PORbkl GRS PLEGRIdHY i d I o7 8061 rises about
4 nol e S:/oor | ess, m)lgre0 ypl calﬁ% g@%@%%l%@rlﬁ’eé@dgﬁ f(&ﬁgf@
conposilvglusion bf hifas ibeessed ittecovleceldr whight 4ieCz of the mbmpostivmivthogt cer am c

conposi fi f this i.nventio n oVi hermal , barrier coatings
 ccapir sizatnty piitinsnEods . SBpERE, Jaft) ik katetiienclt fMeBRRNg t o
i ncl Ud@oﬁd@ﬁﬁﬂ&%ﬁ thd giddniiZ Rktfoe sMMllity is fixed by the stabilizer metal oxide,

ie., 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-



in particular traditional stabilizer netal oxides such as yttria, calcia,
ceria, scandia, nmagnesia, or india. Accordingly, the zirconia-containing
ceram c conpositions can be substantially free of the second netal oxide,
i.e., the second netal oxide can conprise about 0.1 nole %or |ess of the
conposition. The zirconi a-containing ceram c conpositions used in the upper
| ayer of the thermal barrier coatings of this invention can al so conprise
one or nore third nmetal oxides selected fromthe group consisting of

haf ni a %ndf thenteadnaic compositibamsal innthe xippke. laydrn dlypalby tmitallaaii iictudedcr eases

it 1 orte Sare of Rork Abop bl e ABTROBI % MaimiepglY fiom Hophaic

CondUCt:iBUuE8ﬁMl@%,bk‘mezdefzﬁﬂ@'camb@&ﬁbﬁﬁseﬂtxﬁl&hkh%p/er'la"‘yef' xed by the stabilizer
net al oxi de i.e., the first netal oxid or “"w t hout the second netal

oxi de. Hafnia inclusion also reduces surface diffusion in the
zi r coni Bhc Bapraved thyrmaleeonductyvity pmpedwatqfrtge cetamie tempositionisrged e

et helP Al e BTyt BE fheferRlB Byt ARG of AR BB ek BEergiibe Sper at 1 on

due t adisdwwetyothat, téliablties oty Ratles réduchiah M thernhill GondSHVty DelyBnd tHIRT €
"feathery" structure of the, as-deposited coating that confributes to

r educedPe¥ad &vi Wﬂdﬁt}f’l’tﬁh sabilisingaeeh sxdes foEo ity ariffesaumsahanisms t v .

I ncl usipR4o aqk he ther nal
barri er coa{()l %ﬁ%ﬁ er ther m@h@)ﬁ%ﬁ?@cﬁﬁ@ﬁ%@% ?’Ee@dgh nwl (rjl“g’]ﬂI}eQ st ance.
| ncl usmmﬂiﬁowdmﬂaam, pr thei stabslizex ygmpondntedlsig tithl hafidh and/er adithia ponon
scatter é mass difference,. thus effecti Vﬁﬁi/ Influencing the stability

| evel i tﬁ CORIPCRRTAIINE, SEBERE o CORRPSIEIS; helnslusion ot wierbigi @ador | o | t he
first aRddpapoRdingt ﬁ’ithoﬂ)qm‘iiﬁﬁna Viﬂ'th@ sﬁ@inltzél‘ Sthpdind afo‘ﬁg'*%%ﬁ g | owering
of thermal conductivity of the ‘thermal barrier coating e particular

anount a@fl/onialﬁmaht #hdhtese aezamigl eomprsiticoed imparts eigpidicantobersfitato ehg/ of
rties desired, e anmnounts

fact . at
aﬁg ? ;%gssu e Hgée?q?yere?ft {ﬂ%om%a(] Salfl'iﬁ%e(}t?ngﬁg E‘gmﬁa%r{ ?rsmoﬁlﬁf ly, hafnia
i's i nclfollesingn &) i btonsf of amlah@aghtoméhéromai@%tcoﬁﬁni@sﬁeé’{anwvr e

t ypi caI |y from about 5 to about 25 nol
ytterbium, hainium and tantalum) and typlcally 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
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-8 % of the ceram c conposition used in the upper layer. Typically,
tantala is included in an anount of from about 0.5 to about 10 nole %
nore typically fromabout 2 to about 8 nole % of the ceram c conposition
used in this upper layer. The inproved thermal conductivity properties of
the ceramic conpositions used to formthe upper |ayer of the thernmnal
barrier coatings of this invention are based on the discovery that, to
achieve any further reduction in thermal conductivity beyond that provided
by tradittonodato sicabP¥ nwileYo riedomla, more pidatly from ybdutigd)to aboudiobimslent

mechani sm. needs to be used. This mechani sminvolves including ytterbia
and/ or ﬁ’é‘é@%ﬁaa with or without lanthana, in the stabilizer conponent,
along with hafnia and/or tantala in these zirconia-containing ceramc
CONPOSi ied Bramid ebmpbifio us¥d &@rtﬁi'sqo%efiwer fﬁ‘ﬁ%’ rissd LNt g&ghout
| ant hana, in the stabilizer conponent, al'ong afnia é of tantal a
i n t hesaneomt apite abmtpi@smolecﬂr&s:'f thevivaver éa)s:r gﬁafstabdxmr btmmdnemsof ofitshe

resultin hethe I rrier coatin i.ncludi,ng one or nore
0f *the Ml BBt g Ersoandh ot e At RS HE DT coni o
(especicdimponent Hhaf By tabiRAhe? wmladts%eh@r@haé Wiiet¢nof i qh&maﬁgﬁﬁé er than

the atom c weight of the netal atomof first netal oxide (e yttrium
t o i nt ribergesd msplading prapepirs Mispirek tha abilitydo miniraze %Irfédlﬂ(@cﬂyﬁéﬂllg'@f tb@em fic

heat of, ( from
zirconi uérhﬁ%gg&g&tcfln 1 fhe &}u%‘ﬂ%ln%m%&%qﬁ%o}@)%%?ﬁ glﬁsg’ %é Blllca 431)& rfa111 an ionic
radi us third ametal tdxadestimﬁ aiid tlike. faoedral dypiculdf, fhier Sﬂablflﬁeélalcompblfkﬁt (e.g.,
yttriun) such_tha q&) the resultant |attice strain_introduces phonon

scat t e/ PRSPt Bam(aboyt 3 tq gpqus 4l arele Phanpirmeinal heliprorabeut Bammpoutz) and
addi N9 bl sHbROR, Ainhdhfssitin KBRS fh@layel. " Coni @ (espect al Iy metal
oxides of trivalent” netal 1ons such as ytter neodym a, | anthana and
yttria and nmetal oxides of pentaval ent netal |ons such as tantala) to

i nt rodude ﬁmylgeﬁal dﬂeﬂecmbaseleptqbﬁnmdhb gcbupwemstmgnﬁyttrraeaalmgcmot her

Prvent eSbhibadPiagRERT dad Pishige MEEEo rT: hioighial SRoui?Se fhe el

metal oxide w111 depend on a variety of factors, 1nclud1ng 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.
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| ower |ayer wherein the zirconia is stabilized in the tetragonal
crystalline phase to inprove the adherence of the upper |ayer to the
underlying bond coat layer. The ceramc conposition used in the |ower
| ayer conprises at | east about 80 nole % zirconia. Typically, the ceramc
conposition used in this |ower |ayer conprises from -9 about 86 to about
97 nole % zirconia, nore typically fromabout 88 to about 95 nole %
zirconia. The ceram c conposition used in this |ower |ayer further
conpr i Pestianlatyakiitabld zigrondrEuntdining degandib WoimpbBitivhs doasd irl the lo@wer | ayer of
a stabilizer component of a first mnetal oxide and a second netal oxide.
The parl®Y€uREr 4ndessd dp cpRendingi ViS: e ponprarisiomaht anphigations 'ﬁ.!;ltlﬁ@ﬂll i zi ng"
will dec@/@]gﬂq a MaMPS ac S, 1 Re! ud} r ating
properties egtljr e%? themgl‘g(lfﬂlqlét yFté([){ mL% ;’(gb%?ﬂ?(ggmfgﬁgi @e@%@g%“of t he
resul t BARBHEER OQA TINGS b @G driranl aa al)a SetialtNo.alii748yPless fiddd Dbeenibies S, second

s used like factors. Typically, the

d ' |..1hitd t al i de: and. al

2’? ab?r)itzlgﬁg’a‘g d%] @W%E%%S)&Lr@%ﬁf‘}cﬁmlﬁﬁgamog o Figpeigrangd ghenstabilizer o e
typi cal , : : (o] FESIY ; osition
R e i e AR R S L L e
group e@ohsiptionally ¢antslet r Inclustal of dhafiderinareases cthadinaleculary vasgh, arijmdi aI iand

' S L ' e, fi .. met al. ' |
depend SBsae DERI o G2 3pRRE I8 stho R PlgBiesa o S el i FER St Ty
pr oper effestivdBsiciesing tHempidohtiGstvady wilehhe Aiedodlia RIHESBARY is fiha wount s and
types of first netal oxide used and like factors. Typically thé first
net al &8 debibzEmatalaoxidasohs., e dirst andsecandanetat oxgdeso| Hafga imtypscallypi cal | y
froma 0 % Ition, m ¢ _conposi tions
of thi ?ﬁ:‘[ﬁr\d\?gn%li %ﬁ%ﬁé’l@%&go&%ﬁ s&égﬁ?tar%lggpgg e ’%i%ﬁg?wn%eir%woxi de. The

secondcompaditiaxisdd it dre Ibeeskhyac Moreftyoivally) GafiDemnsRs tohi suel.sl ant hana,
ia m xtures thereof. The particular amunt of second

neodym a, er bi The. (
met al t%‘i@%‘é% §)°tf"? ‘%ocq?fﬁg%aewq coppRsHipnatedin s lawer lgver act ors, i ncl uding the
t hermal insul ating

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 such 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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properties desired, the particular second netal oxide(s) used, the amounts
and types of first netal oxides used and like factors. Typically the
second netal oxide conprises fromabout 0.5 to about 8.5 nole % nore
typically fromabout 1.5 to about 4 nole % of the ceram c conposition used
in the lower |ayer. The ceram c conposition of |ower layers of this

i nvention typically conprise |anthana, ytterbia or m xtures thereof as the
second netal oxide. -10 Particularly suitable zirconia-containing ceramc
conposithe lzading @nd tsdingredgbeandoter surfayes ofthe aitfdl [basact the ataghereait ng U. S.
nonprovi si anal. applications entitled "CERAM C COVPOSI TI ONS FOR LOW
CONDUCRISg TWhiteytrevinllowmershsqngsiomat fhodherorabbprries cagtmgs o this ipveptiay,

107748 ke Yith ?&e&ﬁ&@f@&%ﬁ?%bsﬁ%&@ Bf n)ﬂ’ﬂin%kbn%gxﬁi)ﬂg?@ "Q rc%lﬁ@@néﬁfs, rigf er ence.

In addition to zirconia an e stabilizer. nent, thése particularly
sui t ablshould mbsoite undeptsil ttha tise thamidl darro wpatings off #iis irven@erdarepisefohal | y

tantal a.. I nclusiqn of hafnia increages the nolecular weight, and, specific
heat of*ifth&nq ‘ﬁ’SFé%rO%\A?‘bﬁ‘baﬁwi‘?Sgﬁﬁa% iOPEIAEE *hi A% 18R FEP Hi s Mgt | ty,
thus effhs&hival y reducing thermal conductivity when the zirconia lattice
stability is fixed by the stabilizer nmetal oxides, i.e., the first and

second netal oxides. Hafnia.is typically included in an anpunt of from
about (@bs vegoupherabodimenis|of the g bagést gepldngscd Pl dnyangian gsefrtbar t he | ower

| ayer. . VRI f i i_se FOm- 1. 5 mole %
of the lfcﬁgs?%trﬁhcg%%%%%ﬁ ?@gﬂ%?gﬁ%ﬁﬁg tagi(%s%%t{ﬁg]r lEil%}gyeerr " %%{e%%“ré?&%\%l usi on of
t ant al drgwiays, dIS. Dxh@ana patiel sdd sdcibndl eiee bf amagbpdiananof the didaal ng by nass.

difference, thus effectively influencing the st_aajlit | evel in_the

di r ect iD8HicH 5ERE wsed e e gl sibalatei fen sricly In septsdzenglly & dBnt r i buti ng
a reduald gl in IFROCT] gL llg;hﬁésn@:mggﬁgﬁtfsm@ fntticled Béncfdlfy BRl1qDarT i er

coating. Tantala is typlca I ncl uded 1 n an anount m about 0.5 to
about Bubstraté &4 c8f coropmset aryi afad Yariety ofimetaldn wr n@ird tymcadlyouetallalbglses % of

L CoLa & SOMBAR L0 R Mot oL A4Sty g R BRLEIGY oot oS
- nickel, cobalt and/or iron alloys. For example, subsirate 14 can comprise a high
temperature, heat-resistant alloy, e.g., a superalloy. Such 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 él), 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). Ilustrative high
temperature nibkel;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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engine (e.g., gas turbine engine) parts and conponents that are fornmed from
substrates, typically nmetal substrates conprising a variety of netals and
metal alloys, including superalloys, and are operated at, or exposed to,

hi gh tenperatures, especially higher tenperatures that occur during norna
engi ne operation. These turbine. engine parts and conmponents can i ncl ude
turbine airfoils such as bl ades and vanes, turbine shrouds, turbine

nozzl es, conbustor conponents such as liners and deflectors, augnentor

har dwargatirfung aluntinidb] sewel gk safipla ndurhiéddsi (ke., thdze fofmeddnwitholraiobiler coatings
of this |nvent|on can al so cover a portion or all of the netal substrate.
For exdhpfl)- thistbandganlayer b Fatobe §p311ﬁ§1h dgposged gk sthepwise dorapeda®? bar ri er

coat i “%ﬁbﬂf{até Eb %Xedngvcﬁrﬁ {ER0E chRnfi Jl%eé@f‘cﬁe& Osu %ﬁk&ncﬁ% b OF overlay

portions o substrate of the alrfo rat er ‘than thé entire

conponeiepositiory (PVDb,entchﬂmmblebmn ibeamcplatsicah vapavdepositibh BRPVERJi ng and
trailing edges and o her surfaces o e girfoil,  but not at t achnent
ar ea. \R%ﬁ“@‘ PR, ARl ing Sg&g’gffyo{ﬁ]gf} %"ﬁé’ menﬁﬁﬁye%aﬁ ngs of
this i yepith@mal Yirky d&ﬁsﬁ%h%&tﬂcﬁ%ﬁ&?ﬁ‘s lhgh Welodity SkRAlel ATOBkplayr bi ne

engi ne parts and conponents, it should also be understood fhat t he thernal
bar ri edetwatiomgs wifre spriay, ¢hwam1|vapoxad@oa@em(CVEh phckrectrmbntmlswdat es of

ot her artlcles er.at r.e osed t.o.. hij eratures. The
O oudebfyertite AMRlnGRE R b flsk o im Bl REROR Shifies o ot ERREEL T on ar o
furtheny.si IPatiSNbaUedsy s’ @epaan e leP ishieddppwi N@s 1®y9dessr iPaednber eaf ter.

' Referrln to the drawi ngs, FIG shows a artlal 'side sectional view of

an enmbd 5 Gloward ehea nﬂﬁsue%dﬂm ér> d8a%ii ﬁ@d J&8d Rat-t Not He0IRHM substrate
f ~ | t le 10
ﬁasag ; a OQVSW Qﬁg&%ﬂ%ﬁ%&b%& %%@Zraliﬁfy as aigﬂl%@u%ﬁ@%r&irﬁ calnccgrrprl se

any of aad wdtittetigclofe nﬁicﬁﬂs@pﬂﬁmd rhathodsadok )&pﬁl@{l@i digfukioy Siluminidd ar e
typical | y.prot d by th arrier coatings, cluding those_ based on
ni ckel £ S/ o comiraptiont Gheu s q%rsuékt&ﬁp@%ex 1% SRrRP ALY conprise a
high gﬁﬁﬁﬁr ey Eand @fFhi{0RS hREARUe At Bqued: 9 Typiafy) pft[éh’laolfpra?u&[h hi gh

tenperature alloys are
: - diffusion techniques are employed to deposit bond coat 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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di scl osed 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 (Cell et al),

i ssued Septenber 26, 1978; both of which are incorporated by reference.

Hi gh tenperature alloys are also generally described in Kirk-Qhner's
Encycl opedi a of Chem cal Technol ogy, 3rd Ed., Vol. 12, pp. 417-479 (1980),
and Vol . 15, pp. 787-800 (1981). Illustrative high tenperature

ni ckel -based al |l oys are designated by the trade names | nconel (r),

Ni noni aficronsRaneertypitallygfromRinal D18 abouRanahily (ASmabbey s to At Sog met (r) . As
descri bed above, the type of substrate 14 can vary widely, but it is
represdRiCEMSYely in the form of a turbine part or conponent, such as an
airfoil (e.g., blade) or turbine shroud. As shown in FIG 1, article 10

al so i ngd uglasy dic l-pdi gat I : 8 t s adjacent
to and overli ezn ?‘Sagstl T gtgg %%36‘8%18%15& c%lgtl&gflg};agrg{ %JB‘: ]?rgaltﬁi}spl%cdae%@efi %r med from
a net alihdicatod ingl 36 ithat-is edjasdnant andbesrlied bérdatoaptayeets.s Thielowet &rvkyi Ng

bstrat.e 14 d enabl es, t he t her [ coati i ndi cat ed_ gener al I.'
e 22 STl SHEBTER &) Jinoh FENGH Db TB0DSer B, SUf IHraHRI 20 | A 5 1 of
bond ceampkR¥Lfrorh&bbites tholVtdY; Ymord 6@%%12%2?{?{ %Spmﬁfi?ﬂ(\é F @Jéagﬁf"nt S a

metal such as iron, nickel, platinumbor c , nposi tions,
as wel [theghinesoes TREN% ?f&ém diirtifen spwprisdsuie nppeslagerclas asevieus®y pl at i num

~al umi nige. . | i npl.e . al.uni ni d i.e.. thase f d with bl
et a1 oy ESoribED Wichre s 307 Bds ATl 50 dysafes 1o IR Tovst lfher wi o ¢
f or med 30willawbsbiatempAseic amyority oathe&mcﬁhyss%ffmmnmyﬁi&aﬂlyﬁ%ﬁ&ni gues,

such a phési cal vapor _ deposition (PVD)é i ncl udi ng el éctron beam physi cal
vapor i“@{% P ol coppgsegom abgut 88 ke abgnt 5%, ime @mlﬁgl)faﬁ@mrﬂba@tr@ tpray ( APS)

and Vaﬁﬂ&mgﬁ%%ﬁ‘gmﬁﬂfc@{es@éf@sc ot her thermal spray deposition nethods

such as high velocity oxy-fuel VOF) spray, detonation, or wire spray,
chem cal vapor deposition (CVD), pack cenentation.and vapor phase
al umi nReéfergng ro tHE. dadlkes ddwerelagér 26 fof (BBO 122atanmbaiagpkied, skposifedrorexanpl e,

8 Dot ArGhadr o o b H s Mmoo
6, 039, tebhiniques, to be 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 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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(Mant kowski et al), issued March 21, 2000, all of which are incorporated by
reference and which disclose various apparatus and net hods for applying

di ffusion alum nide coatings, or conbinations of such techniques, such as,
for exanple, a conbination of plasm spray and diffusion al um nide

techni ques. Typically, plasma spray or diffusion techniques are enpl oyed
to deposit bond coat |ayer 18. Usually, the deposited bond coat |ayer 18
has a thickness in the range of fromabout 1 to about 20 mls (from about

25 to M;@%Pﬁtm&rﬁm,mmﬁ? C@ghed PGSy L9, 0OR9TEdp8GalRY colPVD
t echni ques )such as ED-PVD or dif E’sr)icon al um n{i‘ﬁ%lle procegs%s, We t hi ckness

nore lipgHi4-al); gnd B.S.Rat. Dn §e4d 858 (Bigngistial).lissued Sppsember k6 2092( f r om about

IS

25 102. i E b d ited b I

Cochni QUagh atroAlF uGoSRRAB py G8freRRR uiERle AR SHRRARH B% 8¢ e ange of
from ahgpitally utrofrout cobfingidhambéd M akeut (of Gzak Anidd@y) 38 préfefabns) . As

shown in FIG 1, the thermal barrier coating (TBC) 22 prepared of this _
i nvent iiBgludes oxygemandqan ingrtges, though anexygendice sattinggtmosplgre qawealschi ckness of

TBC 22,4 i cial y : f jIs (from
about ;gsetngﬂ "giut%%5‘5?3"“%1&??’8@@8%%‘3&ﬁ%&‘%gg’éﬁ#é’]‘ﬁ%@%g %Pe\&;{a{?ﬁ}g?%/n%of factors,
I ncl udifogstdenafot kxdmpléOinptiatofitls: cemaricwedting Eanpasitionglse as t@producdi ne

shrouds, TBC gZ is typically.thicker and is usually in_the range of from

about 30V4PGT & Sutal bty pxdeed gt dUt FeBotomald grideredhgiesah#ld  nore
typi calokyodd R 3QUhetdP okife@ RRAUMBER W1 fodm( Ly QDY HPAE doophput 1524

mcrons). "By contrast, in the case of turbine blades, TBC 22 is typically .
t hi nnesugfaet ofingetalswbstrage 14 or meore fypiellyfonfhoorhcaitdayer 18t o about 30 mils (from
about 25 to about 762 -13 microns), nore typically fromabout 3 to about

20 TR ] GOk BB B 07
i s adj aerte #tilized do Qe liyess DEBY 60TBCk @Per S forlEMagplQVIEkk-Ottygér Wi | |
U eTBpedta of Chemaeal Techmology, 3td Fav Vel 1. bage 255 ‘and reforences 7S %0
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 techniques will be weli-known to those skilled in the art, including various
relevant steps and ﬁroces_s paraxﬁeters 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 velocity, torch
- ‘power, plasma gas selection, oxidation control to adjust oxide stoichidmetry, 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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conprises fromabout 5 to about 40% nore typically fromabout 15 to about
30% of the thickness of TBC 22. TBC 22 further conprises the upper |ayer
(as previously described) indicated as 30, and is adjacent to and overlies
| ower | ayer 26. Upper layer 30 will normally conprise the magjority of the
t hi ckness of TBC 22. Typically, upper layer 30 will conprise from about 60
to about 95% nore typically fromabout 70 to about 85% of the thickness
of TBC 22. Referring to FIG 1, the |ower layer 26 of TBC 22 can be

appl i edihedRPASE BskiY corRpdiRoN SRtiéIes HBHININRP I S18@ha PRUR! (ol BldBhaany of a
vari ety of conventional " techniques, to be foll owed by the applying,

deposi t {ia8) ranothice pavametet svbidhnig usdallymoeatroll¢dayasy cRelyf TBC 22 on | ower | ayer
26 by any of such techni ques. These techniques include physical vapor

" al i | b e o
(b puoy S dfdma gy Shes et L BRNERE Y S RBE o, IR Bum pt asma
spray ({&§36kar e aht auedt Beptembers R0ANIIEPOBIH & inGRipRESd Vi€ hefaenbd. gh

vel omtg_ oxy-fuel (HVOF) spray, detonation, or wire spray; chem cal vapor
deposi t PEgfl,avbypical glassh By syges weludes anplasm gyn apadovibidhebtniques. The

partic :hni : 1.0 ' i, 1 ner W form ng

| ayer S%%zléﬁ&%@ﬁ%@ggﬁgﬁtﬂ% éfy%lg? g*‘ +§3gs%gagg%g tfééﬁ %Sﬁéte%%g%igjdn of TBC
22, -i t sThéplasne gen Brdica spricolsdd aptdniveically,sd. £ aby a sdbotic tmechardesj whkidhf or . TBC
22. For, exanpl e,. PVD techni ques tend to be useful in formng TBCs having a
st rai n-FARRMERET QvinG e 81 evanaus nafferns fcrass dhe Sibsirats %lg?aa@ €chni ques
(e.g., E@uaﬁﬁ:ﬁﬂ:éx@eﬂ&%%%ﬁaﬁiaﬁ&ﬂr&tﬁbh%ﬁﬁé‘cﬁtHQEﬁ‘E'ﬁfﬁfeyﬁshWP%m:l:f%}i@r,S 26, 30
of TBC 22 are typically forned by PVD, and especially EB-PVD techniques to
provi deand thersubsiraiolsurfagst  Solngrsedr of powdeningsctivarmenns is yispesalf atP¥D and
especi al | y EB-.PVD .t echni S || known to those_skille in the art can

a1 5o bPEeEh (b A dgrabon betegS T ol SR8 oyl s “Us
Pat . Nosorfe &Bodidnts ORsGREsRIENS! 1R powdes Shjetiohtinyar. is $9Réd Gpapachal |y col .
3, lines -14 36-63); U.S. Pat. No. 5,716,720 (Mirphy), issued February 10,
1998) (rgglﬁbéﬁtgsm ij;omoqhga plasma plume region, and an injector tube for the powder

material is situated in a position so that it can direct the powder into the plasma plume

at a desired angle. The powder particles, entrained in 2 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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5, lines 24-61); and U S. Pat. No. 6,447,854 (Rigney et al), issued
Septenber 10 2002, which are all incorporated by reference. Suitable

EB- PVD t echni ques for use herein typically involve a coating chanber with
a gas (or gas mxture) that preferably includes oxygen and an inert gas,

t hough an oxygen-free coating atnosphere can also be enployed. The ceramc
conpositions are then evaporated with an electron beans focused on, for
exanple,. ingots of the ceram c coating conpositions so as to produce a
vapor ofadetal ions, oxygen ions and one or nore netal oxides. The netal
and oxygen ions and netal oxides reconbine to formlayers 26, 30 of TBC 22
on th e.0f metal substrate 14  or nore typically on bond coat Iayer
18. V%ﬂMGE%C@VBES of plasidMels®ay techni ques VL %known to those $killed in
the arft can also be utilijzed to forn1|ayers 46, 30 of TBCs 22. S¢e, for
exanpl W@’ﬁm‘—ﬁnb)y U]pemd of—€henrcat 88(:7(,||||U| ogy;—3rd—Edy, Vol.

15, pdge , and refereng¢géS” noted therein, gs well as U S. Pat.|No.
5,332,598 (Kawasaki et al), issued July 26, 1994; U S. Pat. No. 5,047,612
(SavkarYeﬁaal) i ssued Septldmber 10, 1991; and|@sS. Pat. No. 4,74}, 286
(Itchjet al), issued May 3, 1998 (herein inconporated by reference) whi ch
are i °*f““+'ve -A—-egard tn var--ous—aspects—ofplasna-sprayi-ng-sii t abl e
for us U4B%ein. In generdﬂ, typi cal plasna spﬁ t echni ques involve the
formatfi on of a high- tenperature plasm, which produces a thermaljplune.
The cqri@utngoati ng  conpggigion, €.0., ceran% powders;are fed™|nto the

pl ume,| and the high-velociity plunme is directe¢d toward the bond cpat |ayer
18. Vdriaus details of su¢h plasma spray coafling techniques w.ll|be

wel | - kddadniat o t hose skill @82 n the art, includBdg various relevanht steps
and prjocess paraneters su¢ch as cleaning of the bond coat surface 18 prior
t o deposittiom—grit—brastingto-rerove—oxides-and—+oughen—the-surf ace
substrate tenperatures, plasnma spray paraneters such as spray distances
(gun-to-substrate), selection of the nunber of spray-passes, powder feed
rates, Tabldd cl e velocity, torch power, plasnma gas selection, oxidation
control to adjust oxide stoichionetry, angle- of - dep05|t|on post -treat nent

of thesagRtERdccont e apdpeg ke —Toreh ppypropan
I. | Zircqnia 92.2. : | 85.0
Ytiia 1.8 " (30
| Ytterbia 1.0 3.0
1 Lanthana 1.2 3.0
| Tafoia 338 - 60

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 léyers 26:
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vary in the range of about 10 kilowatts to about 200 kilowatts, and in
preferred enbodinents, ranges from about 40 kilowatts to about 60

kil owatts. The velocity of -15 the ceram c coating conposition particles
flowng into the plasma plume (or plasma "jet) is another paraneter which
is usually controlled very closely. Suitable plasma spray systens are
described in, for exanple, U S. Pat. No. 5,047,612 (Savkar et al) issued
Sept enber 10, 1991, which is incorporated by reference. Briefly, a typical
pl asma Tpley systemincludes a plasma gun anode which has a nozzle pointed
in the direction of the deposit-surface of the substrate belng coated. The

pl asne
whi ch
substr

ate surface. The p

n—_conti-olled-autonpti-call\v
ohe Y5
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layer 26 of TBC 22 can be formed as a stabilized tetragonal

pl'asma and propelled toward the

kly cool

barrier coatlng EXAMPLES The following illustrates
barrier coatings of this invention:

le 1: The

crystcmﬂﬂﬂi) Hgdse on bongih gaatTayer 18 by ERyRVEy Techni ques Trom any of
the cgramc conp03|t|ons shown in Tables 1 ahd 2:
| ercoma 61 40
- [ Ytterbia 10 20
| Neodymia 11 | 20
| Hafnia 18 20
. Table 5
[ Metal Oxide | Molc % Wt. %
j Ziréonia 71 54
Yiterbia 13 30
| Lanthana 3 6
| Hafnia 8 {10
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E

-16 Table I 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
Mle %W. % 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 |ayer 30 of the TBC 22 can be
formed by EB-PVD, APS or any other suitable technique fromany of the
ceram c conposition shown in Tables 3-5 as a stabilized cubic crystalline
phase on any of these layers 26: -17 Table 3 Metal Oxide Mole % W. %

Zi rconi Bx#ipldQ: Ytterbia 17 35 Hafnia 22 25 Table 4 Metal Oxide Mle %
W. % Zirconia 61 40

A TBC 22 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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Ytterbia 10 20 Neodym a 11 20 Hafnia 18 20 Table 5 Metal Oxide Mdle %
W. % Zirconia 71 54 Ytterbia 13 30 Lanthana 3 6 Hafiiia 8 10 18
Exanple 2: A TBC 22 can be prepared by EB-PVD techni ques by first
depositing the ceram c 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 ceram c conposition shown in Table 7 on | ower
| ayer 26 to provide upper layer 30 stabilized in the cubic crystalline
phase: Fkahipte & (Lower Layer) Metal Oxide Mole %W. % Zirconia 94.1 87.8
Yttria 4.1 7.0 Ytterbia 1.8 5.2 Table 7 (Upper Layer) Metal Oxide Mle %
0 : . : . o
W. % Zirconia 74.7 48.3 yﬁ%é&kﬁ)?ainf'o ;&%&r la.20.8 43.8 .Hafinia 0.8

0.9 A TBC 22 can be prepared b ques b eposifing the ceramic
composition shown in Table 8 on bond coat layer 18 to provide lower layer 26
stabilized in the tetragonal crystalline phasé, 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 appended

claims.
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-19 Exanple 3: A TBC 22 can be prepared by EB-PVD techni ques by first
depositing the ceramc 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
Yttria 4. 1CLAOMS.anthana 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 V\h'mtﬁ peci &I c. enb dl rreg E of this invention have been
descri bed, He 3T & ¥8S8™BRFEf ed in the art that various

nodi fications theret Qzﬁadhlﬁl@omﬂﬁlg‘/ﬂﬁpéplé&er @E&%&h@ﬁr&oﬁl&% aRi1384 § theand
scope of this invention as define he appended clains. 20 CLAIM5S 1. A

thermal barrier coat wlgccmtia&me@bnqﬂ ﬂfsdawhlc}lcoalpmsqsscom a- cont ai ni ng upper

| ayer wherein the zigconi AN the bic crystalline phase,
and whi ch conpri ses: i gtl aslboul?lsb mole /ézucoma, atid
-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 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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1. at least about 50 nole % zirconia;, and 2. a stabilizing amunt up to
about 49 nole % of a stabilizer conponent conprising: a. a first netal
oxi de selected fromthe group consisting of ytterbia, neodym a, m xtures
of ytterbia and neodymia, mixtures of ytterbia and |anthana, mxtures of
neodym a and |anthana, and m xtures of ytterbia, neodymia and |anthana in
an anount of from about 5 to about 49 nole % of the upper layer; and b. a
second netal oxi de sel ectigd fr@mdoh& ntelUgXidORgetéd ROm Bk grbdy Lénsistia, %CI a,
o}

ceria, scandia, nagnesia, india m xtures thereof in an anount about
4 mole %or less of the upperoﬁ ?“a aerfyoua,citertuy aphméxteres sharenfrig amet al

oxi de sel ected fromthe group 4 TN aTe R o) £0.310 g@(]‘uglg% 1111? 133 amount from
a

about 0.5 to about 40 nmole % o t he upper Tayer; ntala in an
amount of from about 0.5 to about 10 nple %of t he upper layer; and B. a

zirconia ntaipi ng l.ower. L aye erein the zjrconia iis stabilized in the
t et ragonafé)crysﬂ%ﬂ ‘199 afipe &ﬁé’%aé i%ﬁ?ﬁﬁf‘c © UBRF 12y comprises froam gbouhafido g0

mol e % zi r coni aibowdt 9Bmokd AblitdoRial GroAEBHAE 10Ro 590@%%01;3% fﬂ}étgne@ap{mae
stabilizer conponent, which conprises: a. a first metal oxide selected

fromthe groupasd bpiattd mploPe oyless ph thecsscondametad okale, swhmdierein tfsaglne&r I
india and m xt "ﬂ)%? cox%?rezgescﬁ'om b S%WB%Qout(HW £1gcn3n%1ba%%t ﬁ'(:)l'mSabE)gt f to aﬂaou? rTD €

10 mole % stabilizer component.

3. The coating of claim 2 wherein the upper layer comprises from aboﬁt 60 to
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.



% and -21 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 % 2. The coating of claim| wherein the upper
| ayer conprises fromabout 50 to about 90 nole % zirconia, fromabout 10
to about 40 nole %first metal oxide and about 2 nole %or |ess of the
second netal oxide, and wherein the |lower |ayer conprises fromabout 86 to
about 97% Zi r corfite @nadng rdfml:ﬁbpﬂtwﬁerélﬁ thbapper [aPern@Ineprides vkl hbar 70 to

conmponent. 3. The coating of claim2 wherein the upper |ayer conprises from
about 60 1o abdReUBEsHoPE G ApPRISa0l flico Pt Fd GVResciaD i | Wrnlﬁwe“ %

first metal oxi qgm,,0g Whodt MP8HS0C0%d 565 O tal oxide,

and wherein the Igl\’\)/er yeroconprol ses fr/i(’)m a oul'tt: §S§§&§E§%}¥% 95% zi rconi a
and fromabout 5 to about 8 rml e % stabilizer conponent. 4. The coating of
claim3 wh re| n rst rret f the stabilizer conponent of the
upper | ayef" éetp plf?‘i?ﬁ'i %‘Fc‘!ﬁ‘bq\: $€¥'ng of ytterbia, nixtures of
ytterbia and nepdym As@ighatd xt ures of ytterbia and | anthana, and wherein
the second netal oxide of the stabilizer conponent of the |ower |ayer is
sel ected from Hhe gt bopd eentdivst adigeent tol @dtd\’arlwmg(theaumtaltamddm xtures
thereof. 5. The oatl of al m4 wherein es from
about 5 to aboull 25" Hra=bEaBPnT iR AR il RS RIBS HEREBI PSR,
tantal a and wherein ﬂlheherhﬁy\amb@y@hnéu@mﬁﬁgmgonprl ses hafnia in an anount
fromabout 1.5 to about 5 nole % 6. The coating of claim2 wherein the
upper |ayer conprised- frofh gBeeria-gontpigingapper daverovherein t thie c kiseanda df t he
coat! ng and wherel n the & ABlib# e oGRERHs R fiA%, R Which Rt 40% of

t he thi ckness of the coati

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 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

23



-22 7. The coating of claim6 wherein the upper |ayer conprises from about
70 to about 85%of the thickness of the coating and wherein the | ower

| ayer conprises fromabout 15 to about 30% of the thickness of the
coating. 8. Athermally protected article, which conprises: 1. a
substrate; If. a bond coat |ayer adjacent to and overlaying the substrate;
and Ill1. a thermal barrier coating adjacent to and overl ayi ng the bond coat
layer, the thermal barrier cohting tatapnnsinngnouht of fmim aboted.§ dotabbai ng

upper layer wherein the zirconia is ,LJized in the cubic crystalline
phase, and which conprises: 1. at égﬂﬁﬁlzbﬁf&@(}‘pﬁfﬂléy%%drconi a; and 2. a
stabi lizing ambunt up.to %béiifébmﬁg:oﬂﬁﬁrﬁné/‘ldﬁreﬂaﬁr% {?Cblthr) an§ QVRPLA

conprising: a. a first netal oxide selected fromt group consis |ng of
ytterbia, neodym a, mi xtubesdgoat yltiffér bvhfzr@mdﬂWe@dwma ispstrbilized iof the

ytterbia and | ant hana, m Mres ta’fﬁ agaqvl}l&néor%ga and m xtures of

ytterbia, neodym a and Ian na i n-an m)urit O PFOMABGEY 5 to about 49

nol e % of the upper |ayen; b.atdesgsestivnd3oaiold %0xtcbaiasehect ed from the group
consisting of yttria, calcia, ceria, scandia, nagnesia, india and m xtures

thereof "in an anount of gboutaﬂaWBF@g%T&un‘r’@ééo%houi ke melg ¥y of 4 sighilizerand 3.
one or nore of a third netal Oeﬁhﬂ%néﬁ[%fcﬁ%gp%&he

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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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 nol e % dR. a dbebitideef claioo il svierdin thwhihetmad dpiérestinghasa §traistoleenal

oxi de sel ected frlolrlrl1nt hsgﬁ_ug{ oup consisting of yttria, calcia, ceria,
scandi a, magneST MRS 8id ni xtures thereof in an anount of from about
1.5 to about 6 nole % and b. a second netal oxide selected fromthe group

consi sting of |anthana, neodynmia, ytterbia and m xtures thereof in an
anount of flBom &be@ttice sf claimaldo whes:im, the ippey, lager cpmpriasy fiohe absutciton 8

wherein the sub 15.3 . subst d.wherein.th herval .barri er
coating hasa t h?é:oﬁlﬁtggsnh (g /f rgggnﬁ%é%osf%u rﬁfij?%tela(g%u%bo g%(?nrﬁlqlé ./"e flibgtt té(;iaozi{rl% cle
of claim9 wheraduabdne 2upplerysl dryless Goiprsesnsl he@nvLdeuindoPhéginatheUbwed5% of

the thickness of the thermal barrier coati n? and wherein the | ower | ayer

conpri ses from BEgUOmPrises Hpmabor8s tr ahome 974 zreaaia and franp abqui S teeaborar r i er

gggu ng7go éL(l) They Rold %lstibfizeLbthHonkde Wherei n the upper layer conprises from

14, The article of claim 13 wherein the upper layer comprises from about 60 to
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.

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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about 85% of the thickness of the thermal barrier coating and wherein the

| ower | ayer conprises fromabout 15 to about 30% of the thickness of the
thermal barrier coating. -24 12. The article of claim 10 wherein the
thermal barrier coating has a strain-tolerant columar structure. 13. The
article of claim12 wherein the upper |ayer conprises fromabout 50 to
about 90 nole % zirconia, fromabout 10 to about 40 nole % first netal

oxi de and abou¢oaingbiea fcdnessefSraph abdue 3decond 1fmtikd. oxi de, and wherein
the lower |ayer conprises fromabout 86 to about 97% zirconia and from
about 3 to about 10 nole % stabilizer conponent. 14. The article of claim
13 wherei n2phe upprholawE brpaARg Higemal bARLAENAEh &R 4 thetARAYS A6 hERhE 2%
zirconia, fromabout 10 to about 30 nole % fi rs% metal oxide and about 2
mol e % or |ess bpnd ¢nat lyew the methad comprsing testepndi ei n the |ower |ayer
conprises from gbout ~-88. a 95% zirconia and fr 0 .10 . ut 8
ol b 56 Stabi |1 2o ol o alnl Tofel Mt [ R ZtSiR R o1
metal oxide of the sabilized gy the Gsrpgosdlterysefllidd shas g depaniig dstheal ated
fromthe group consisti nfg of ytterbia, mxtures of ytterbia_and neodym a
and ni xtures of yttef¥italayeid 4 Jivsth ZHeon g AmEmSe cArapte CoBRGHIPMEYRIchoxi de
of the stabilizer co t. of the lower is selected fromthe group
consisting of |anthana,” ytterbia and m xtures thereof. 16. The article of
cl ai m 15 wherei n t hel.uppeat leay esout Bhprdls Sszifooaim albut 5 to about 25 nole %
haf nia and from abo 2to at?) ut. 8 nole % tantal a and %reifg the ..l oner

| ayer further conprises hafHPIIZRE ZMOYRL YR tor 2kamt dfomola s qfya 25 nol e

% 17. The article of cl a%ﬂ&éﬂ@iv&ﬁcﬂ&rﬁprﬁs‘éébi ne engi ne conponent. 18. The
article of claim17 which is a turbine shroud and wherein the thernal

barrier 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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coating has a thickness of fromabout 30 to about 70 mls. 19. The article
of claim 17 which is a turbine airfoil and wherein the thermal barrier

-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 layer, the nethod conprising the step of: A formng a
zirconi a-containing |lower |ayer wherein the zirconia is stabilized in the

tetragonal crystalline phase by,daRasinbicd9;0mh E%%F%h&%gut £0Rle l’/c?%lelrega?

first zirconia-containing ceram c conposition, conpri ses:
| east about 80 mole % zir coni aefgrcseondacosipaisitidnz emyy anount up to about 10

nmol e % of a stabilizer caonponent i ch.conprises;, a., a first tal oxide
sel ected fromthe grg‘up c SRS LAY \é\'?a @f’%rﬁ%fﬁlc‘g‘l‘@ﬁ zi?le?:t%‘g ifé’,méggr%‘?“’é’,
magnesi a, india and m xt urggsist feof jn an anmpbunt of fromabout 1.5 to

about 6 nole % and b. a second netal oxide selected fromthe group
consi sting of |anthana, Aeodyhfia in aeappuntafemmbruie.8do heytetdf mole %n

anount of from about 0.5 to ab le %.and B formng a
zi rconi a- cont ai ni ng upper | aye?{}I %F%)lnﬁocf)ﬁl O%Iit’lpgb?ﬂ%a is stabilized in the
cubic crystalline phase by. depemidli rgawBmbhe: $OREK AHONED.S t& aBARADmole

zirconi a-contai ning ceramc cog&si tion, which conprises: 1. at |east about
50 nole %zirconia; and 2. a staffthe $6595d sAMRATHOM t o about 49 nole %of a

stabilizer conponent conprising: a. a first netal oxide selected fromthe
group consi sti r_}% of

21. ¢ method of claim 20 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.

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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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 second conposition; and b. a second netal oxide selected
fromthe group consisting of yttria, calcia, ceria, scandia, nagnesia,
india and -24b m xtures thereof in an anount of about 4 nole %or |ess of
t he secon®%onigihehod ofrthis. 210%6@&1 e Rwet lavet fdirn@&ts&as%idéﬁqﬁﬁé eCt ed
fromthe group  consisting fnia_in an amount from.about 0.5

about 40 nol e d)sonbfa QtﬁéSSt@@gw& g’é‘?ﬁt thigknessrrf the the&ﬁﬂlabaaﬂ?rnm&ﬁn&ﬁ%m of
from about 0.5 i

met hod of cl ai ﬁ vvher J‘}’ eﬁgg{%%dc%%gﬁgggﬁpﬁﬁﬁ@%% E{)lﬁfeﬂpioraégmta}g%
second conposi bfﬁrwhﬂ:keessleﬁdmth@mwbaml&ysmamg vapor deposition to forma
thermal barrier coating having a strain-tolerant columar structure. 22.
The nmethod of claim21 wherein the |ower |ayer is forned by depositing a
first ceram c conposition conprising fromabout 86 to about 97% zirconia
and from about 3 to about 10 nole %stabilizer conponent and wherein the
upper layer is fornmed by depositing a second ceram c conposition
conprising fromabout 50 to about 85 nole % zirconia, fromabout 10 to
about 40 nole % first netal oxide and about 2 nole %or |ess second netal
oxi de. 23. The nethod of claim 22 wherein the |ower |layer is formed by
depositing a first ceramc conposition conprising fromabout 88 to about
95% zirconia and from
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about 5 to about 8 nole % stabilizer conponent and wherein the upper |ayer
is fornmed by depositing a second ceram c conposition conprising from about
60 to about 85 noble % zirconia, fromabout 10 to about 30 nmole % first
metal oxide and about 2 nole % or |ess second netal oxide. 24. The nethod
of claim21 wherein the lower layer is formed so as to conprise from about
5 to about 40% of the thickness of the thermal barrier coating and wherein
t he upper layer is formed so as to conprise fromabout 60 to about 95% of
t he thi THERIACBARRIER@OETINGS HAVING RUWBR I24¢ER EOR INPROWEDOD of claim
21 wherein the lower layer is forned so as to conprise fromabout 15 to
about 30% of the thi ckneAPIHRENEE HABRINDKLPATer coating and wherein the
upper layer is forned so as to conprise fromabout 70 to about 85% of the
t hi ckness of the thermal barrier coating. -24d-; THERVAL BARRI ER COATI NGS
HAVI NG ABNERAICAYER FOR | MPROVED ADHERENCE TO BOND COAT ABSTRACT A thernal

-barrier coatings (22) for the underlying substrate (14). of articles (10)
Chat  dbdramel Bmicprdaing: G2pdectiovudtings stemis doy pbaticks TOhbRml bart i er
coatin [ | nEQnkas jNi bilized in
t he cu%?%&g%_%tog%%lggﬁsg%%elﬁ%k?n uce tsheﬂ?ehgiré#ﬁ;fd %%ﬁ%é%fétgﬁgf t he

coat i ngn¢lid@s. a Hiveotihepmainitganpparr layero &0) ragabi22)l inuthieheubis meystalbse a

zirconi a-contai.ni ng | ower | ayer 6 abi lj.zed, j.n t.he . tetraganal :
cr yot alobntrote S e e Bl SR doalide b T tshe! PP (30) 1o
the bepgisoa?) el ibdifdestNAtcoRVLEdtARinkNBweH RSEF Bl6F stabflize@fin e article
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tetragonal crystalline phase that increases the adherence of the upper layer (30) to the
bond coat layer (18) that overlies the substrate (14) of the article (10) to improve the

resistance of the coating to spallation.

(FIG. 1)

25~



