‘CERAM C COMPOSI TI ONS USEFUL FOR THERMAL BARRI ER COATI NGS HAVI NG REDUCED
THERVAL CONDUCTI VITY BACKGROUND OF THE | NVENTI ON This invention relates to
ceram c conpositions for thermal barrier coatings having reduced thermal
conductivity conprising zirconia and a stabilizer conponent having a first
metal oxide such as yttria, a second netal oxide such as |anthana or

gadol i ni i i ch as ytterbia. This invention
further f‘gﬁgﬁﬁgﬁgbﬁ@%ﬂg@%ﬁéﬁﬁﬁg}ﬁg EMWR@Q}%TM& cles
having such coat | nasAvwIdGTRtbOUET PHERRAPVANBLEUGYLEQaL i ngs for the
article. Conmponents operating in the gas path environnent of gas turbine
engines are typically subjected to significant tenperature extrenes and

degradati on by oxidizing and corrosive environnents. Environnmental /

coat i ngs W b ier coating are an inportant el enent

in curre]%\{q&gn at ur ei:éﬂa}gmme&gi ne designs, as well as other
articles that are expected to operate at or be exposed to high
t enper atTiigdnveatich trdlatss ¢aus@nibRokpOsiBhs RAT thérdial HaAAtdrDatifedPBaviiPi ected to

hi gh sur&ac t enper at ures. Exanpl es of turbine engine part% an onponent s

for whi CRAUCEH derngkgonductiyatyGoprishgizinegria ané a debilizabtamparehtigeirta e bi ne

bl ades : j r ets, nozzles, conbustign |iners and
def | ect gg}gt, Mgﬂ%§§¥1ﬁ%‘§f[ﬁ5e§yt‘;ﬁ%sag§&§ %%%négarli Ride; T‘ugﬁ & g%ﬁql?{ﬁ’sort WPB’&IIai y

conpr i sentfrethindtrectaboxiderstctoas giterdid. f Thie iberdtdASRhGORRRCRL Soafhss Usual |y
deposited onto_.a netal substrate (or nore typically onto a bond coat |ayer
on the mBTREFeds fige: F'ﬁ?‘ecqwo%‘é‘fl’tse Articinsehasing sush epgtings cmdt methods tor
f(’jonponeliﬁ»eﬂaﬁng%dﬁ%a{i&srfgp%wgt flow (i.e., provide thermal insulation)
and to limt “(reduce) the operating tenperature the underlying netal
substrate of these parts and conponents is subjected to. This netal

subst r al@mupErwa| ppratiogpini des gas petlalenvirdroyent sefc bavsurdingi ekehes aRbal t,
i The t her nal

and/ or it .. oy. .,.a high tenperature superalloy).

barri er lt}éogéaljtnsrg%lg% C%g ﬁ%?é‘g%‘%bcgﬂbgpﬂj&mf%% (FRUCRes apd degradationdty, oXidigingas a
cheni cakhy omeied civtionin! abhliicksingil BAM R anXAPRLAR Rlbril Yhntlier cal Iy
stabilized, zirconias include yttria-stabi.llzed zirconia,

scandi a3 BB 4¢ FR HNPeTHEG Alement gy ¢urrent and Kfitaredgas-thrbine engine designs, as

well as other articles that are expected to operate at or be exposed to high

. temperatures, and thus cause the thermal barrier coating to be subjected to high
surface temperatures. Examples of turbine engine parts and components for which
such thermal barrier coatings are desirable include turbine blades and vanes, turbine
shrouds, buckets, nozzles, combustion liners and deflectors, and the like. These
thermal barrier coatings typically comprise the external portion or surface of these
components are usually deposited onto a metal substrate (or more typically onto a
bond coat layer on the metal substrate for better adherence) from which the part or
component is formed to reduce heat flow (i.e., provide thermal msulation) and to limit
(teduce) 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 superalioy).

The thermal barrier coatingis usually prepared from a ceramic material, such as a
chemically (metal oxide) stabilized zirconia. Examples of such chemically stabilized

zircomas mclude yttria-stabilized zirconia, scandia-stabilized zirconia, ceria-stabilized
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a, calcia-stabilized zirconia, and magnesi a-stabilized zirconia. The

barrier coating of choice is typically a yttria-stabilized
a ceramc coating. A representative yttria-stabilized zirconia
barrier coating usually conprises about 7 weight %yttria and
about 93 weight % zirconia. The thickness of the thermal barrier coating.
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ructural
deposited yttria-stabilized coating provides a “feathery” microstructure that is the

result of the presence of sub-grains within the columns of the coating. These sub-

grain interface boundaries can be viewed as being low-angle grain boundaries formed

by porosity within the columns. It is believed that the boundaries between the sub-

grains make the major contribution to the reduced thermal conductivity of the EB-

PVD formed thermal barrier coating structure (when compared to the bulk ceramic).

When exposed to higher engine operating temperatures, this “feathery” microstructure
begins to sinter. (This sintering process also partially takes place during the
deposition of the coating by EB-PVD.) It has been found that this sintering occurs
due to diffusion at the grain and sub-grain boundaries caused by the presence of
defects in this microstructure. This results in coarsening and collapsing of the original
porosity, as well as a reduction of the interface boundary area. These microstructural
changes that occur at elevated temperatures enhance the thermal conductivity of the

thermal barrier coating, and thus reduce the thermal insulation of the underlying metal

substrate. Indeed, this sintering process can increase the thermal conductivity of the -
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changes that occur at el evated tenperatures enhance the thermnal
conductivity of the thermal barrier coating, and thus reduce the thernal
i nsul ation of the underlying netal substrate. Indeed, this sintering
process can increase the thermal conductivity of the -2 thermal barrier
coating by as nmuch as 20 to 30% While this sintering process is

parti CUI%%MMS)W dent tl n bEB— PVD depgosi teg yttria- stabilized zirconia
thermal DArTY SFTESSOMHELY & PSS od9%  can occur in such coatings

deposited by plasma spraying. In the case of plasna sprayed

yttria- swable! thise Sinferfg Opodesst ﬁeﬁifﬁl:ullé@% ][évﬁfenf: Qﬁ‘tﬁﬁﬁpt&‘e%gs;ipega&tggﬁ[‘dax S

are the conductivity reducing feature such coati ngs.

si nt er i rifatikizad AEsonia therma batries godtings miniiler effectocdrdoccieinndbebb@se.

Accor di s )t e desiraple to mnimze or reduce this sintering

pr ocess%xggéd btygﬁérgan?an 5?‘3"311%‘@] é:ﬁ?ea‘ffirm@m& fradyytea-statiisedeireaniapar r i er
coat i ng themal berrier teathigs!the splOBbudidrie£5ReRE Bdbdducil; Gatings
formed by EB-PVD techni ques.pl t would be furtrLeF d%’?fe[dggi?‘éq%%&geo(%:bl eto
modi fy tSHED EPRtIMRE aAscoTRsBL anyointefing that weoulds badvir lai zed baindagssi wollds ed

ther mal Rappb&LpR0ati ng systenms to reduce this sintering tendency and thus
mai ntain or nprove the reduced thermal conductivity of such coatings.

BRI EF DESCRI PTION OF THE INVENTION In a first aspect, there is provided a

cerani ¢ Avonpligly,iiowoulthbe desirablerto $8igimizd or Fédidk @H@@ht&%gtﬁo@&?% ag§> 1ol e %
zirconi g. and .2. fr.o&%about 5 to about 8 nole % of a stabilizer conponent
conpr i sith§angn the dngalatingeficacy,olibe dheraal darrierwatibe fayr hapifcoishst i ng of

yttria, cealngl sspeciaBy | ' ' I ndi i.xtur t hereof in
‘anount ;f fn%ompegboﬁlt“a & lt%%%ggﬂgﬁctoagwg&%é b%%aﬁgﬁgeﬁﬁ%ﬂﬁ?sal LQUe of a
tri val ehe furentiesitbln te deablectd riadifp thbeh@hedPcorgsiRfionldManRl shignthpna, and
m xt ures; gof .Isnt hzﬁga ' Bgm%adol inia, neodym a, _samaria, or dysprosia, in
an anoufteByEpasth 668’:% TSE CoYIghitens pgreducesthisasiatenng yendendyi and n an
amount - hus fadhialR Wapfve threBR QM thémtB béndlcetivity of such coatings.

BRIEF DESCRIPTION OF THE INVENTION

In a first aspect, there is provided a ceramic composition, which comprises:

1 from about 92 to about 95 mole % zirconia; and

. 2. -from about 5 to about 8 mole % of a stabilizer component comprising:
a. a first metal oxide selected from the group consisting of yttria, calcia,
ceria, scandia, magnesia, india and mixtures thereof in amount of from
about 3 to about 5 mole %:
b. a second metal oxide of a trivalent metal atom selected from the group
consisting of lanthana, and mixtures of lanthana with gadolinia, neodymia,
samaria, or dysprosia, in an amount of from about 0.25 to about 2 mole
%; and

¢. ytterbia in an amount of from about 0.5 to about 2 mole %.



-3 In a second aspect, there is provided a thermally protected article,

whi ch conprises: A a netal substrate; and B. a thermal barrier coating
conprising: 1. fromabout 92 to about 95 nole % zirconia; and 2. from about
5 to about 8 nole % of a stabilizer conponent conprising: a. a first netal
oxi de selected fromthe group consisting of yttria, «calcia, ceria,

scandi a, = oY [ 1 f i : X .om.about 3 to
Sbout 5 oy e b e Rt bR e AR R sl ect el
from the groupPconsf§at@gubstrdtemridana, and mixtures of lanthana with

gadol i ni a, neodym a, 5 4RWRLIRri ) L8n.-l N an amount of from about
0.25 to about ZEFmI ea% anldb%g{epg?éti%@%?gﬁbﬁngan anount of from about 0.5 to
about 2 mole % In a'lthirboBapede?2 te pkow 9p ol Greiraeie:@ndet hod for preparing
a thernal barrier coatinghén abut SUSEBEUNE MBle 5 staibst dhsonehre et hod
conprising the step of: A formng a thermal barrier coating over the netal
substrate by depositing a*°"8&F&fi ¢ conposition, which conprises: 1. from
about 92 to about 95 nvl ea.%fistmedali ckideasetboed flohOfit §RAP Cobsidtng@PptiHa, 8 nol e %
of a stabilizer conponent Ié}é)rggrrii Si nrgg a. a fi r.sc}é. rrﬁ%al OXiG.e SFJ ected from
the group consisting of yEI79&  CAFCTHE MRAPPS IR ARPKUrGSIREOT Y i ndi a
and m xtures thereof in aaroeunt oidfor albont 3dbabdut 8 niake #hout 5 nole % b. a
second netal oxide of a tyi\v . . oup

consi sting of |anthana, atgi %kéﬁfp%gr%{"dﬁf%{}h%ﬁ%?v&}teﬁ:aroég%%?cltt%efé&g neodym a,
samaria, or dysprosia, irhagroapsonistion of leothanamodmigures of entieoaivit? nol e %

and gadolinia, neodymia, samaria, or dysprosia, in an amount of from
about 0.25 to about 2 mole %; and

¢. ytterbia in an amount of from about 0.5 to about 2 mole %.

In a third aspect, there is provided a method for preparing a thermal barrier coating on an
underlying metal substrate, the method comprising the step of:
A. forming a thermal barrier coating over the metal substrate by depositing a

ceramic composition, which comprises:

1. from about 92 to about 95 mole % zirconia; and
2 from about 5 to about 8 mole % of a stabilizer component
comprising:

a. a first metal oxide selected from the group consisting of yttria, calcia,
ceria, scandia, magnesia, india and mixtures thereof in amount of from
about 3 to about 5 mole %;

b. a second metal oxide of a trivalent metal atom selected from
the group consisting of lanthana, and mixtures of lanthana with
gadolinia, neodymia, samaria, or dysprosia, in an amount of from
about 0.25 to about 2 mole %; and

C. ytterbia in an amount of from about 0.5 to about 2 mole %.
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c. ytterbia in an anmount of from about 0.5 to about 2 nole % 3a

Di scl osed are conpositions for preparing a thermal barrier coating having
reduced thermal conductivity for an underlying nmetal substrate of articles
that operate at, or are exposed, to high tenperatures. These conpositions
conprise: A at |east about 91 nole % zirconia; and B. a stabilizing anmount

up to abpuilos FRlEmABRbnSosir8inhy 3er conponent conprising. a. a first
netal oxi de selected fromthe group consisting of yttria, calcia, ceria,

scandi athefReNeStids cdtgd r r a second, netal oxide of a
trival ent metal  atom sg?ﬁggﬁgégﬁgg?ntﬁaﬁ{?%g@mmg%g? e(.r)]f rPgaWFH‘g

gadol i r Flibétfafﬁe@dW&:S thalnepdrate atdys [nm)sekﬁosed,nﬂb mglﬁtﬂéﬁj?éraftmg.eﬁhes@nd c. a
third r’r@&gll)os xid a trivalent netal atomselected fromthe -3b group:
consi st ng" ot n[ °8F1?P5 erbia and mixtures thereof. Also disclosed is a
thermal |y protected article. This protected article conprises: A a netal
substrate; BA.opitlemahboit31bedle g odoriden adj acent to and overlaying the
netal substrate; and C. a thermal barrier coati ng (prepared fromthe
previ ously scri bed ceram c conposition) adjacent to and overlaying the
‘bond coat I%er a 6i3p IW@rﬂlﬁwfﬁg‘lR e abqtta? nsub 96 oétaestalfilizdrecdagpmenoat | ayer
is absent). Nsocdi'ﬁpﬁﬁjé sed is a nethod for preparing the thermal barrier
coating on a netal su rate to provide a thernmally 'protected article.
This nethod conprises the steps of A optionally form ng a bond coat |ayer
on the netal subsirat eg fimmehetal oxide selected from the group consisting of yttria,

calcia, ceria, scandia, magnesia, india and mixtures thereof;

b. a second metal oxide of a trivalent metal atom selected from
the group consisting of lanthana, gadolimia, neodymia, samaria,

dysprosia, and mixtures thereof; and

C. a third metal oxide of a trivalent metal atom selected from the
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B. depositing on the bond coat |ayer (or on the metal substrate in the
absence of the bond coat |ayer) the ceram c conposition previously
described to forma thermal barrier coating. The ceram c conpositions of
this invention provide several benefits when used to provide thernal
barrier coatings for netal substrates of articles exposed to high
tenperatures, such as turhine c opents. Thermal barrier coatings prepared
from these ceranic co#ﬁ%‘g’lﬁ"i%ﬁg%a@%“%l%}ﬂea{?@e%% XRs %eEeé’@ tendency to
sinter, including coatings prepared by physical vapor deposition (PVD)

t echni gas disclsedis ash@hamy protectclertolgmsd cal vapor deposition (EB-PVD) that
formcolumar, strain-tolerant mcrostructures. Thernmal barrier coatings
pr epar eBrOtGatse arhiels SORpFises: c conpositions can al so possess reduced
intrinsic conductivity. As a result, the thermal barrier coatings prepared
fromthese cgram gngé?m%%}aié@ns are able to maintain their reduced thernal
conductivity over tine an uring exposure to higher tenperatures, as well
as tenperature cycling. 4 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1
represents aBbar gptipilallghowiond dobe layeer adihcenpnsluad i otickiyiaf; theemamll barrier
coatings prepared from zirgconi a-containing ceram c conpositions having
various netal oxf‘ﬁ’é“ﬁt&dﬁ“}‘fons. FIG 2 represents a bar graph showi ng the
percentage increase in thermal conductivity of sone of the thermal barrier

coatings sho@n i na fth&mal bdi& céating BrEparkd Ao HE HEGHLLAT A eklEYy of an
enbodi nent of the thermal barrier I%ogoti%é;r an%l coatlgg aP%l?c{ilees\é%§¥4 hi s
i nvention. DETAl LERIDESTRIFFION) @HIaTHE foNvENTIodhlyiag the ddnthienei tyet he term

“thermal barrier ing: refers to. thgs oatings fhat. afe capable of
reduci ng heat fl o(?\)/??{éér?%én%tﬁagﬁ%?}iSHBSth"g? gtﬁgﬁ‘?fﬁ]&éf lté‘y‘érflsta ¥k ticle, i.e.,
formng a thermal barrier. As used herein, the term"conprising" means
var i ousAlsodipassict isonsethedisporepatag thetgprnent s, | ayers, steps and the |ike
can be conjointly enployed in the present v _

barrier coating on a metal substrate to provide a thermally protected article. This

method comprises the steps of:
Al optionally forming a bond coat layer on the metal substrate; and

B. depositing on the bond coat layer (or on the metal substrate in the
absence of the bond coat layer) the ceramic composition previously

described fo form a thermal barrier coating.

The ceramic compositions of this invention provide several benefits when used to
- provide thermal barrier coatings for metal substrates of articles exposed to high
temperatures, such as turbine components. Thermal barrier coatings prepared from
these ceramic compositions have a reduced or minimized tendency to sinter, inciuding
coatings prepared By physical vapor deposition (PVD) techniques , such as electron
beam physical vapor deposition (EB-PVD) that form columnar, strain-tolerant
nmicrostructures. Thermal barrier coatings prepared from these ceramic compositions
can also possess reduced ‘intrinsic conductivity. As a result, the thermal barrier
coatings prepared from these ceramic compositions are able to maintain their reduced
thermal conductivity over time and during exposure to higher temperatures, as well as

temperature cycling.



‘invention. Accordingly, the term"conprising" enconpasses the nore
restrictive terns "consisting essentially of' and "consisting of." Al
anounts, parts, ratios and percentages used herein are by nole % unl ess

ot herwi se specified. The ceram c conpositions of this invention inpart

i nproved thermal conductivity properties to the resulting thermal barrier
coatings, .and in g articular |ower thermal conductivity. Thernal

conduct BRIWDES dTONAF By RBAWINGSI ng equation (1): Kax(1-p)xCpxDt

(1) -5 where a is the thermal diffusivity, pis the fraction of porosity,

CPist theor et i density. As
be seenhﬁ q%égﬁsr(}ﬁg%‘rléag@og\i} Eignth%n?lﬁ%ar%a °“Eé%‘§‘a’b‘é’t ?(/ﬁ'[ %e?)aéﬂﬁrs on
t her mal c«shtmgmajrapargd a“rtdnpmoomatopntaﬁﬁﬁg neramidi écfmgsdsw[drm hmg Ratisusaf f ect ed
by the coaé %chg{t}ﬁsml on and mcrostructure (i.e., the higher stability
of the Mt Baries, the lower thermal diffusivity) is the focus of
the ceram c conpositions of this invention in terns of inproving, and
especi a t: er mal
SR S e L T e S N
conpr i sef sume eldbe thebualtbagder qtmmgs%mwncmﬁl(a 1. Typ| cally, the conpositions of
this invention conprise fromabout 91 to about 97 nole % zirconia, nore
The conp05| tions

i |
of "t s e i Rer B el an Bt of i hRmA bapier e Mot o ol o

% of a siddvatddziridlc 6OMOMEBRticONPrising a first netal oxide, a second
nmetal oxide and a third netal oxide. The particul ar anount of the

~stabilizin onent that is "stabilizing" will depend on a variety of

“fact or sPET %éL SEREPTIONPFeTHE AYVENTIOY properties desired, the ability
to minimze or reduce sintering of the resultant coating, the particular
amount SAQQ@E& K&%ﬁl Qifle e'r{ns‘t‘th m‘f%ﬁﬂle?'lgaﬁ%] é}? ttg lthosg)gogt?n Sut?leld and | ike
factors. Typically, IzIn 15T oM afb6ut 3 to
about 9capeble Gﬁ;redmnﬂeg IhWII ﬁfadvlty the Gmﬂa'lbpnlg n’idta:lmuaklﬁué 0P the aateiti.e§ nole %

of the fonPOgSa!t ermal barrier.

As used herein, the term “comprising” means various compositions, compounds,
components, layers, steps and the like can be conjointly employed in the present
invention. Accordingly, the term “comprising” encompasses the more restrictive

terms “consisting essentially of” and “consisting of.”

All amounts, parts, ratios and percentages used herein are by mole % unless otherwise

specified.

The ceramic compositions of this invention impart improved thermal conductivity
properties to the resulting thermal barrier coatings, and in particular lower thermal

conductivity. Thermal conductivity K is defined by the following equation (1):

K=ax(1p)xC,x D (1)



‘The.-first metal 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 nmetal oxide will depend on a variety of
factors, including the thermal insulating properties desired, the ability
to mnimze or reduce sintering of the resultant coating, the particular
first netal oxide used, the amounts and types of second netal oxide used
and | i k&vherscy iy the theypiak diffugivitiep i the tiragtiom ot psuiogity,deyis thesgscificdentbout 3 t o

about 9 e t vl cal from apout 3 to about.5 le % of the
ceram c%n{:woé@(ﬁééil ¢ 6%\&%?%0%@64%8%%? I ?gso s ST ﬁms&qfl?ﬂpé]n@ﬁ)aﬁo‘feyﬁl?%al ly
conpr i seheyinbl icandisctivitg dépends ot erredli deffusiNE GRAAARLGSERTPO/ickhans of this
i nventiagn_having inproved thermal conductivity properties are based on the
di scovefiffuskaty, Whishds pilscted ithe ceatingcopmesision and inmcroseverate (i.c6 the

conduct .\ ' : LI t oxide, .a different
mechani lsﬁr%h F%/Stgﬁglgggf %E?éteﬂn%lgﬁgﬁﬁg%% r%{l/égfo\%ésr tﬁ%\%ﬁ%&ﬂhﬁlﬁlﬁgﬁw@es@&lﬁ l'izing
conponenf thef cerimisacongrisiivns of AP dSichtion $n €RMBIdfShpeovEhd GaAIcBp&edityai n

trivalent (j.e,, 3+) dopant. netal oxides (i.e., "second netal"” and "third
met al " B%W%@é)the ﬂﬁEf%ﬂs‘iOBﬂu%lfVﬂmég@rﬁﬁ’é%mﬁﬁhﬁmalbtamwoaﬁmal oxi des in the

stabilizing conponent of these ceram c conpositions inparts significant

benef i t gt eklig) B! ddafifie LOBPBRMioNAT i EORbh Mmpl SELTIPdp AR, 07 MO e Of
the follow ng: (a) reducing the defect Concentration at the grai'n
boundar imede Yr zirdonteer Tyypealyb $hef compiomgions abttés tovepiemesmprischrore dbogd
concent i ons bo netal. 1on (i.e., cationic). and oxygen (i.e.,
ani oni ﬁ%‘é?@%‘-ﬁ? TBgehoé’nﬂﬁci?B}analo§%é)’Fpé‘§f$]tYi N Ouh%%‘j%ﬁ‘b‘(qt .9g.f¥1°]lea%ger)
~atom ¢ giadhinis 'ﬂfﬂﬂcﬁh’ﬂ:d@itﬁ;ﬂ@bf {is BwentRRAMHBED coRtREE G s%ﬁ&iﬂ% unt Pl des to
C

the interface to reduce the diffusion processes along su oundaries or
i nt er f ateaboubhgole o efraagthihgngdempomsmatomppusiog a Srsieal axidedefsemnsd Wi t hi n

the zir ra_.latthce,. i ( and (b) reduce t t endency of the
cer ani cﬁlgtyrl 303&1 (#Jel‘ tglt“lt! &8 1%%’?6@ ?’ﬁﬁ% ?F%‘?/ ipﬁr[ﬁi@aa_trhaémP)‘i:}"ﬁe‘?fJi1 ?‘eoftg@ﬁé‘?@r vi ng
| ower cestiptstichy itay is WhtabitiziRC hailli 8¢Peh€)on RrAYieHesT alehrl, | PERkiH-e@dct i on of
the intrinsic conductivity. In particular, it i's believed that the
st abi | | FieFgAldeTRRsmEmroRtiesfesived thmabilitydprpuginize ar reduessistermppfithized or
reducedeshithflchithe thd Pkl TlouhR i Hp&8t HhY RLSRALSH olifd Retal

oxides used and like factors. Typically, the stabilizing component comprises from

about 3 to about 9 mole %, more typically from about from about 5 to about 8 mole

%, of the composition.

The first metal oxide can be selected from the group consisting of yitria, calcia, ceria,
a - scandia, magnesia, india and mixtures thereof. The particular amount of the first
metal oxide will depend on a variety of factors, including the thermal insulating
propertics desired, the ability to minimize or reduce sintering of the resultant coating,
the particular first metal oxide used, the amounts and types of second metal oxide
used and like factors. Typically the first metal oxide comprises from about 3 to about
6 mole %, more typically from about 3 to about 5 mole %, of the ceramic
composition. Ceramic compositions of this invention typically comprise yttria as the

first metal oxide.

The ceramic compositions of this invention having improved thermal conductivity

properties are based on the discovery that, to achieve any further reduction in thermal
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't her efrom because one or nore of the follow ng effects. The first netal

oxi de, such as yttria, has a strong tendency to segregate at the grain
interfaces of the thernmal barrier coating. This segregation reduces the
crystal lattice defect concentration at the grain interface in the coating
structure and thus substantially reduces diffusion processes at the
ceramic grain interfaces that can cause sintering during initial thermal

bar ri er cordygtyify besmeethpioproyided by thy firsnmwD) oxaded ai differebs mgdemisnags ng of t he

coating Dt usi .QCe. l.ong,.t he ai n,i.nterfaces y so be
r educed Sy fg{th? h%gh%{‘uéﬁt%%g@ﬁsg W%‘%’%%Ié%grsﬁa&flf%’?\g S?mQP%%]I%eOfg&’ﬁﬁonent s
bet ween céramid composiabm conspisingnitcorih lcefmindtrialchh €5€, 9% RidBpimtREhpCES
e.g., zirconate type conponents such as pyrochl ores forned between
é

zi r coni 8%idat(yet sesPnd mefal” wad nihidheetgE covideske inglusion ofcthpsesenendoandet al  at om

e.g., t . i1k radij.i rger.than the.netal atom of the
(53 bt maaroats SAekBu: Blpbft of Rk EhatAR AR RS BpnfloT O
oxi de, sigdif@tntchenefitsabrhe fdstiingMidralal bxiride c6RERNthelRlimY ofXbid@ofadf 0S, can

cause fcl{grr?ti on of zirconate-type conponents at the intracol umar

boundar HésolPRERgidi (3¢ TEfeTRSthe dpfeety corpentaiiom ay ithry sram deandastesrerdi i net al
atons (§xst b : ' tad: OXi ill . distort

t he zi rconlfalfﬁ%l%g%g{rllﬁlﬁ?ﬁt;eﬂr%? 8}#?0 |S§%I%E§%JC?%%F%%%@$J}D% ép}%’dgﬁ%‘?@i nation
conpl exjone(ig., cailonic) @nd oxygeresiul, t amignicndefebise @R dohandig sbgcgdioni ¢l bond
structure, and sgegregati on of. the secqond netal oxides of the snmaller atom
The t hi FghFrofidr [BESHALOTYE raioh ASHRE |TRENS i-chdisgTIEn Homie mast apelels

sytterbi gaeL AN iR! HRerfREU6 Gedlick! S i dphusiod n ' n

é\.boundari_ eseof t he cerr am c Ieay?er. The Sﬁeng’?ﬁéis‘%?ragd%%t%ghpﬁog gésl%najof t hese
‘second bwetfackd; raddnte) afeating ddditiomalt henoh ecattdring alefisbtec tvithint sheafircohia t her nal
barrier, coati repar.ed from.these ceram c.conpositions is particularly
shown 1 FEREGMAETamsEs () g b Edhsecthe rBdeRe) shife CHAmRITIFRES S Filkher mal

bar ri er o 3rdvigmgPheRshett bf PRaséiviri0 Mvikr CURLAIVINY WAk Gab AP £5, tions
having various netal oxide additions, including conbinations of "netal

oxi des. Proles addstignag redugtiompl brinfansiddpndustivitged in this eval uation are 4-6
nole % 8 nole %and 11 nole % The conductivity of the resulting coatings
is eval ter L 1200C for 2 heurs in air. The. dashed
basel | ni e, i Bl RS AbEARE comnRinety PPHS corfint dompbifion

causes minimized or reduced sintering of the thermal barrier coating prepared from

therefrom because one or more of the following effects. The first metal oxide, such as
ytiria, has a strong tendency to segregate at the grain interfaces of the thermal barrier
coating. This segregation reduces the crystal lattice defect concentration at the grain
interface in the coating structure and thus substantially reduces diffusion processes at
the ceramic grain interfaces that can cause sintering during initial thermal barrier
coating formation (e.g., by EB-PVD) and in subsequent aging of the coating.
Diffusion processes along the grain interfaces may also be reduced or retarded due to
the increase formation of stable components between the first metal oxide and
zirconia at these grain interfaces (e.g., zirconate type components such as pyrochlores
formed between zirconia and yttria). Including the second metal oxide having a metal
atom (e.g., lanthanum or gadolinium) of radii larger than the metal atom of the first
metal oxide (e.g., yttrium) enhances segregation of first metal oxide, and at a certain
first metal oxide/second metal oxide ratios, can cause formation of zirconate-type

components at the intracolumnar boundaries. Including the third metal oxides having
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‘conductivity of a coating prepared froma zirconia-containing ceramc
conposition conprising 3.95 nole %yttria addition only. As can be seen in
FIG 1, coatings prepared fromceram c conpositions having 4 to 6 nole %
stabilizing conponent addition had the | owest thermal conductivities. The
percentage increase in thermal conductivity, relative to the conductivity
of the sane coating before aging of some of the coatings in FIG 1 is

r epr esesmalipr gadia nigiz! gomgHeign Wethiuz) tharGthoze st dhvs firdtatetthoxide will

anti - si [ effect is def.iped by hoth the and unt ..of . t he

st abi | i@%‘%& E@cﬁ’ﬁ?BHl OXE %Ff’g"@g%g’ﬁ et &y Tﬁ%ﬂﬁd“eg) ﬁZ‘g‘é’OPFFBH?t&nnw a B203
wher e Bcdndplax,te.gy @k end L, Gesultdp)in dTBleakdcHiPBF 8R! @ehnfd! bbAdshradhRanum
gadol i nium neodym um samarium  dysprosium i.e., the second netal oxide
can be ¥l sagregstipr oh the seepndupetab pxidss iofi ghofsmallemathem a The dbliod inmtal,

neodym a,. ' rosia. and m xtures thereof. The . partl]cul ar anount
of the dg'{elgong %l?%?lg%%ﬁ) gﬁ%ﬁ%ﬁr agoélﬂ)séﬁﬂc}b?f teghirim, £epi glpo fezﬁlgg%fl’é{fuswpncl udi ng
t he t heprovdssésdohgthe igteiabPRmdhess SRREé E@8mid Bgerabi ity to minimze or
reduce sintering of the resultant coating, the particular second netal

oxi de used, tge mounts _and t g%g of first and thi-rd netal oxides used and
li ke fathobee ’ﬁ/%‘i’reéh? Ppelusionddbisg seqmadand dhirdimetad pides e8 the Bemadlout 0. 25

to abo £ & e peal.l v - . . nol e %
of o CaSuRAE nERAnd kARG o R RRa o oD clhahfe SBbdond . T
conpr i sie pharuhalyshowngadbGi hi BIGd fepresaes dredhemiahbomaXictieity aftherindle
typically.lant f}ana. The éhl%rrd net al. oxi de. has the fornmula D203 where Dis a
otrival et e CEIUNGS) REPTEC £ Yt “EFBIUFREHNEING PERBIQ Fpmpodtions havingi rd net al

- 0xi de cafiohe n%@.«:ll%‘iﬁc%dadfdft%}s,tiﬂﬁugfngl&mb% hs bt ngha?t))éﬁ[e?' h Yév%ﬁgﬁ' a, and

m xtures thereof. The particular amount of the thir retal oxide will
depend mwetahoxide iaddijion fusédiot issgvaluatibo dirag-6 inelet Yoo B nmdle %0 and dfl imgle

propertj es.desired, .the ability to mnimze or reduce sinterjing,of the
resul t aft glgactoflﬂ'éc%vnﬁ?gﬂbeaﬁﬁﬂ%@ EP31NgP ll%levr?&aéffd e E@nﬁs‘?@ 1 af Lﬂ)%a unts and
types ofor fJi héirs 3Athis e aRRAIIREBbasclts dBSWHSBAFRN kidt&schRCHRr SermndyPi cal |y
the third nmetal oxide conprises fromabout 0.5 to about 2 nole % nore

t ypi caldopdngtyatyatfoucoding preparbd diont aSzirpohi-gentayfing lveramic composition

comprising 3.95 mole % yttria addition only. As can be seen in FIG. 1, coatings

prepared from ceramic compositions having 4 to 6 mole % stabilizing component
addition had the lowest thermal conductivities. The percentage increase in thermal
conductivity, relative to the conductivity of the same coating before aging of some of
the coatings in FIG. 1 is represented as a bar graph in FIG. 2. FIG. 2 shows that this
anti-sintering effect is defined by both the type and amount of the stabilizing

component.

Suitable second metal oxides have the formula B,O; where B is a trivalent (i.e., 3+)
metal atom selected from lanthanum, gadolinium, neodymium, samarium,
dysprosium, 1.e., the second metal oxide can be selected from the group consisting of
lanthana, gadolinia, neodymia, samaria, dysprosia, and mixtures thereof. The
particular amount of the second metal oxide will depend on a variety of factors,
including the thermal insulating properties desired, the ability to minimize or reduce
sintering of the resultant coating, the particular second metal oxide used, the amounts
and types of first and third metal oxides used and like factors. Typically the second

metal oxide comprises from about 0.25 to about 2 mole %, more typically from about
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‘ceram ¢ conposition. Conpositions of this invention typically conprise
ytterbia as the third netal oxide. The ratio of the second netal oxide to
the third netal oxide is typically in the range of fromabout 0.5 to about
2, nore typically fromabout 0.75 to about 1.33. Thermal barrier coatings
prepared fromthe ceram c conpositions of this invention are useful with a
w de variety of turbine engine (e.g., gas turbine engine) parts and
conponeftSstotabgut hp engle Yoveed the eavamist cimposbinr dfespasdivps iof ithig irventdon et y of

net al s I i.ncl udi .super,al | oys, and, are operated at, or
expos ed%&g?ﬂﬁséﬂhpﬁéeeng%ﬁ%atnﬂr & ,ga‘é@ﬁ’é%i% h‘? ﬁffc\éﬂ@rm?télnﬁ&d& skt occur
during mgicallly ienbadae operation. These turbine engine parts and conponents
can include turbine airfoils such as blades and vanes, turbine shrouds,

turbi ne_nozzl es, conmbustor conponents such as liners and defl ectors,
augnent afe HrRgtaboyde asthe fommria DeRgivhers Risa triveleant mistal salheted frormal

barrier ﬁj@,%i S [S 4N } o.coyer .a rtion.or all of the
nmet al SS stradt?lg yt%lr)ﬁlgiizlféﬁl gj%n%\nﬁrg kr}n(rétggé)r%ﬁt%ana?? fs%lfj?tggs%oc%qg% #%des, the
t her mal consistingef ecaatytiedsia,ondtrhixsuretherdol 0 Thapertickiat bl drSBE iRl pr ot ect,
cover or over| Jportions of the nmetal substrate of the airfoil rather

t han t h8% thﬂ%y(‘i" RERt ongd yanety f fackss, paplugmer thertherseal i inglatingver t he

| eadi Ngp frifek ﬂgéﬂeﬁgt}ﬁ%ﬁﬁy%ﬁiﬁhﬁ% o%%éﬁﬁ@&ﬁﬁteﬁﬁ%yﬁﬁﬁ er@%tﬂifaﬁi J:C,atig t not the

attachrref;jll‘itis area. Wiile the follow ng scussi on er ma arrier
coat i ngthegfartiduilas thind eretdl @midei dskd,ibe winbhnts @hé twws e f fiest mal atcondhadtalat es of

turbine_ .engin rt.s and conpanents, it .should also be understood that the
-t her mal Oﬂgf’g]lse@ﬁ aﬁ@@@o%ﬁ"ﬁbs lcelﬁ]ﬂ g"ei thV@ EFiehnoife corgBrEns R rba al
Usubst r ap@stoafbogt Dhold ] RloRS typhatly GREE ab8ut @.B'wﬂ%o@ﬁ' EB%BB%%% fhe hi gh

tenperatures. The various enbodinents of the thernmal barrier’ coatings of
t hi s i ne@amicopprapasitianr t Gempoditionssoeft thiseitventionetypicelly eompriscgttetbawisngs as

describ ter.. Ref.errj.n o the ~drawings, EIG .3 shows . a partial

o de. el R AR st féﬁ%%&%ﬁ%ﬁf“& Wﬁ_ﬁno%‘ﬁsr‘?rg}eethﬁ TR O ng used
wi t h t hgpiallalin SehshieadCieh 8Butal.§ ¢ hikout PIhRA RPIEAYHR hod® A As shown
in FIG 3, article 10 has a netal substrate indicated generaliy as 14.

Subst r a®®ut 2.33an conprise any of a variety of netals, or nore typically
metal all oys,

Thermal barrier coatings prepared from the ceramic compositions of this invention are
useful with a wide variety of turbine engine (e.g., gas turbine engine) parts and
-components that are formed from metal substrates comprising a variety of metals and
metal alloys, including superalloys, and are operated at, or exposed to, high
temperatures, especially higher temperatures that occur during normal engine
operation. These turbine engine parts and components can include turbine airfoils
such as blades and vanes, turbine shrouds, turbine nozzles, combustor components
such as liners and deflectors, augmentor hardware of gas turbine engines and the like.
The thermal barrier coatings of this invention can also cover a portion or all of the
- metal substrate. For example, with regard to airfoils such as blades, the thermal
barrier coatings of this invention are typically used to protect, cover or overlay
portions of the metal substrate of the airfoil rather than the entire component, e.g., the
thermal bam'e; coatings cover the leading and trailing edges and other surfaces of the
airfoil, but not the attachment arca. While the following discussion of the thermal
barrier coatings of this invention will be with reference to metal substrates of turbine

engine parts and components, it should also be understood that the thermal barrier
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'that are typically protected by thermal barrier coatings, including those
based on nickel, cobalt and/or iron alloys. For exanple, substrate 14 can
conprise a high tenperature heat-resistant alloy, e.g., a superalloy. Such
hi gh tenperature alloys are disclosed in various references, such as U S
Pat ent 5, 399, 313 (Ross et al), issued March 21, 1995 and U. S. Patent
4,116,723 (Cell et _al), issued Septenber 26, 1978, both of which are

i ncor pofeatEgs By thismyertinneare ppefhl wihpwtal substratds| ofpeheaadicldssbat aperats al | y

describ i LIk ' n | opedi a of Chem cal Technol ogy, 3rd Ed.,
Vol . 12,51‘3'8%_5%%{?5%%&2@%%%{@%%‘3%0'_ 15, pp. 787-800 (1981). Illustrative
hi gh tenperature nickel -based all oys are designated by the trade nanes

| nconel Thg varidisnommbaments BE e thirni bgrrier Bema{gs)oflis inV2aH6k hde M¥ethad | 0YS) ,
and Udi q&tﬁ( r‘i)e. As described above, the type of substrate 14 can vary
wi del y, Uistrated bys referopes dndhg dvasyipes as deacribsdberedften t Refsiring paithe or

conpone : i Ly 6 o) uy. bi.ne ud. As, shown in
FIG 3, %ﬁlﬁ I’EK?%% %gbr‘{%l a;{ éagh%lnsg%u%gtl%&tl)gge&) ?:%%ﬂ élflé?/élﬁle{lﬁ%;tgféﬂ'ggn%ner ally
as 18 t batier soailigaced twittothandetal arbisirate fubsirtieleandidateBeBRersldahs hayer 18 is

typical | f or ned oma netallic oxidation-resjistant material that
pr ot ectégtﬁh@“@n’d]eﬁéi H]g arnsn%bjp rifsea 1actal epbsisals| wdicpled gemeraliyl anddr i er

Coat | NOSlaRAl LARISHRSEL R 22k dPEEuL EPARLOUTMIRIRELE g, Subst T ate

14. Suitable materials for bond coat r 18 1nc a F’oy
powder sthatvaer typidallyppreteeredsba theetnal bsurieh castingso inclinding ehosepbatd mum or

cobalt, .0 1Ni 12}%2%%&% osilti onsF as well as various Noble nmetal diffusion
~al uni ni kel o O BRB) 9y iy cros =;§P§%t¥aﬁ%r’rf*aﬂaan‘iomra@? 28ighel | as
sinpl e gbipetaire CBeal reststant alIBPSEg f HLARGaNt NQlkh NPl e o%él' Ries bond

coat |ayer 18 can be applied, deposited or otherws or nme n substrate
10 by a#figclesedainyarions yreistencen \suoh aoAAR. Prechnj3§9843 (Boshetasl),playsidcal vapor

deposi t{ (RV ingludi e m - 10. physj, cal vapor osition
(EB- PVD), 5’1% ?ggg pa;ﬂgyt,ﬁlgi ﬁ%ﬁeﬂﬁ?ﬁﬁﬁi’ﬁ‘% t@?}é%&ﬁsﬁgﬁ‘%‘ %Wﬁ%ﬁ‘bﬂ%@d 152 uum pl asma
spray (B6th)of @hicht el inkGPoridd SPT RYerS@ROSIHikP NeMBLARMS WG 28 a1 gh
vel ocity oxy-fuel . (WGI% ﬁgray,1 detonation, "or wire spray, chem cal vapor
deposi t gasralydoycribsd ik Kekrfathmer isdincuelapedipof Chtracel Bechndlogri g Edn t he case
of rmet iof L USi0R haind (see,far LS. Patent 4,148, 275
(Bendeﬁvoe'qazr B i422&23%%), Gid W& 15, pp. ?ﬁ%(l) E{I9§H). Ilﬁlstratlve hi

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. 3, article 10 can also include a bond coat layer indicated generally
as 18 that is 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
tenactously adhere to substrate 14. Suitable materials for bond coat layer 18 include
MCrAlY alloy powders, where M represents a metal such as iron, nickel, platinum or
cobalt, or N1Al(Zr) compositions, as well as various Noble metal diffusion aluminides
such as nickel aluminide and platinum aluminide, as well as simple aluminides (i.e.,
those formed without Noble metals). This bond coat layer 18 can be applied,
deposited or otherwise formed on substrate 10 by any of a variety of conventional

techniques, such as physical vapor deposition (PVD), including. electron beam
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April 10, 1979; U. S. Patent 5,928,725 (Howard et al), issued July 27, 1999;
and See U. S. Patent 6,039,810 (Mantkowski et al), issued March 21, 2000,
all of which are incorporated by reference and which disclose various
apparatus and nethods for applying diffusion alum nide coatings, or

conbi nati ons of such techniques, such as, for exanple, a conbination of

pl asma spray and diffusion alum nide techniques. Typically, plasma spray
or diff @gyfdﬁaltVéEWrﬂecHBEBOIaﬂ%Bé’ﬁvﬂ?)@9@@HI@GPWpimslmiﬂgmidplamaa sprapyAPS) 8.

Usual | S | 18 'h t hi.ck in t f
from aban VRSP ARk MES T ¥ ste 28 SehBiet SoBaF chone - For
bond coaigh velpeity ok§-fdepGEVORY sprayPBtoneGt)i SR Tre SIpedy, ahelRYRagbr di f f usi on

al um ni ge proceqs}{ses, the thickness is nore typically in the range of from
about 19gBR5tHOGN ) Pagk Gegipntibion @ng yaper phisen alumBiding roths caseFafimetand  coat

| ayers it QY t j S, .the.thickness is
nor e ty%ﬁ?%lﬁjlnsﬁi n tﬂéeg Ggﬂgglsg’;ﬁprl%nﬁ ?E?&&ﬁgﬁ’@%a%gﬁ?&% hitDs 158%9%%h m about
Zg to alpuoi 1?8597@; &1.8nBgtent ASO2M RSN Howdrl Gt al?,, isid_agrmw 21261!999,e£nd09e}?i ng (TBC)
prep ro e ceram c conposition of this invention is adjacent to
and oveﬂﬁiﬂt%%bﬁa }0 @Z%’f‘mﬁ@ tigd), 155Rek Meechs 2 br200BCal 2fivhiely piecal |y i n
the rangg E ] ' I Quf 25.1 bout 2564
m-crons) gﬁ{?rv&f{nyg%g%%%&u%%nq@%ﬂap ?Sgg)ﬁéno‘}faﬁ P éi{:? rag?tﬁlgr%l uIBFtHB&)S ?‘P{e article
10 t hat applying\bffusidn aRoninik aopliegs, borombinating styuol dechnitfaes, 2ach st ypi cal |y
t hi cker.and is usual%¥.in tg& range of from about 30 to about 70 mls (from
about 768 KB CORRERAR dﬂ%ﬁ“?a SBRY efphAdEIIon plppyride deshniyies.o about 60
(S (f TomabR WasnkdaFad or AFAon £3Bnil] Wi cbhe case of
“turbine ad2§&ﬂ$bc 2a}|tsr typf%aﬁ%%mghgﬂﬁg%%gﬁ Eﬁggﬁkﬁgﬁiyo#gckﬁe range of
from ablguer 18.t &sapbutthgdeprsited pomdovatdbyart1 S2mstothidkaegs HGQe Fhresfs) , NOr e

typi cal f oy Q. _about 20 m (fro about 77 to about 513
m cr ons&r%{ml Jrll)%m o?lr?r? rallgou?tlgésm’;gza%%@gglétr%rﬁocab@Bﬂ%%qu - gfor pRPG cp#vent i on
can be hpaki B8l depieR@yt @O kechhRBEN i faQrMBAYON P AN FHRLIILAYE 18 by any

of a variety of -11 conventional techniques, such as physical Vvapor
deposi t PIoREEEyL)e thigkarssdis mapre (teapiealbhin theammgehyfsireral abeapbrnbaemriiksi on

(EB- P\/l_:%fronﬁJ h@&ﬂ%sﬁg L8dut 75 Qﬁilcfjo%ls)r? ch%‘I bron lc%zsitquesrg Eigalosited by plasma spray
techniques such as APS, the thickness is more typically in the range of from about 3

to about 15 mils (from about 75 to about 385 microns).

As shown in FIG. 3, thermal barrier coating (TBC) 22 prepared from the ceramic
composttion of this invention is adjacent to and overlies bond coat layer 18. The
thickness of TBC 22 is typically in the range of from about 1 to about 100 mils (from
about 25 to about 2564 microns) and will depend upon a variety of factors, mcluding
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 769
to about 1795 microns), more typically from about 40 to about 60 mils {from about
1333 to about 1538 microns). By contrast, in the case of turbine blades, TBC 22 is
typically thinner and is usually in the range of from about 1 to about 30 mils (from
about 25 to about 769 microns), more typically from about 3 to about 20 mils (from

about 77 to about 513 microns).

In forming TBCs 22, the ceramic compositions of this invention can be applied,

deposited or otherwise formed on bond coat layer 18 by any of a variety of
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‘(APS) and vacuum plasma spray (VPS), or other thermal spray deposition

nmet hods such as high velocity oxy-fuel (HVOF) spray, detonation, or wire
spray; chem cal vapor deposition (CVD), or conbinations of plasnma spray
and CVD techni ques. The particular technique used for applying, depositing
or otherwise formng TBC 22 will typically depend on the conposition of
TBC 22, its thickness and especially the physical structure desired for
TBC 22. cefentquahiecdmiquos spele ahplypisics] vepod depositéon (P38D), lindlurlifi elettngn TBCs

havi i0- o ture. By.contrast, . pl
t echn qfedh PRV Yaie ingS o TERIRVDY Hiedistinnt iedbtip et ebir o of
open po(&BS) HRCvAAmisplaynh @piabrv(lVfE@%,n&dotfhépfﬂeﬁﬁﬁlaéﬁr&y AFRADN homaqof this

invention by PVD, _and especi al B- PVD techni ques to provide a
strai n- S¥hed Righclomttyapxy-fet (BVGID. spuay, idstonatigmey wite RByRyactemipkci al | y

EB- PVD ' I - killed in rt can SO be .
utili zeg%%‘dgwfegr mq%@@;%?\gg%%?ﬁéggigg a%m%gq{ﬂ%gﬁlqgﬁ%?eﬁww%%lﬁventi on.
See, f opartixalapteehniquSusddafoe applFings de@RRingRrcdtRiriysceording, TBEYFY Ul ¥ 8,
1997 (es}%ec:lall c(gl. %'9 | ines 36-63) and U.S. Patent 5,716,720 (Mirphy),
i ssued © ?&lﬁaq'%’eli on gggaemnosivion; off P8R its thicknass apd-@pycialix the. S, Pat ent
6,447, 8 ( ol TG, Se D 0 whi ch, ar. | |
i ncor poglg}{S(edgl %gﬁ%/tgeggeesﬁllggfogui ta%F'e P@%EE 9%55’1%’2%%% %S}emslq!fl%sr teﬂggoﬁ’ rein
typi cal bsefilnvolorming d8&lsi eyinghandhein-wildrbntacd@an{rostrucgas. NByidaaAstt hat
preferably includesg ox n a n ipert gas, though an oxygen-free coating
at msph@?é“%éﬂfaéﬂ%%%"é}ég %9&’&3 f%ﬁet%@'ﬁ%tﬁiacsppﬁéfrﬂm PREOUE isBHCliSaRfl ng
(mat el abgendicted MPBCOMARYHALAL Mrhl oA RSB SERORvald, examp! e,
wingots of ‘the ceram c thermal barrier coating terirals 'so as t0 produce a
vapor ofy il aridoegpecialy yERRVIDb tchaimgleo e poovidoa estrabi-alerati dgsmnarhe met al
and oxy 1(.aurétigns and netal oxides reconbine to form TBC 22 on the surface
of metal ' Sub&trate 14, or nore typically on bond coat |ayer 18. Various
types of plasma-spray techniques well known to those skilled in the art can
al so beVuiidsi tgeeh dPVD b E@@@iaﬁ? HE-PYT BEnfiGHR W W@hﬁé&@nféﬁ this
invention, See, for exanple, Kirk-OQ hnmer Encyclopedi a of em cal
Technol Bd{e argcgn plso bewdilized sforpARCOBS frognihe cefaprie nompositomsbftthisr ei n, as

wel | asinyexﬁfionl.:aége?tfope)é%lé%.s. Patent 5,645,893 (Rickerby et al), issued July 8,

1997 (especially col. 3, lines 36-63) and U.S. Patent 5,716,720 (Murphy), issued
February 10, 1998) (especially col. 5, lines 24-61) and U.S. Patent 6,447,854 (Rigney

et al), issued September 10 2002, which are all incorporated by reference. Suitable
EB-PVD techniques for use herein typically involve a coating chamber with a gas (or
gas mixture} that preferably includes oxygen and an inert gas, though an oxygen-free
coating atmosphere can also be employed. The ceramic thermal barrier coating
materials are then evaporated with electron beams focused on, for example, ingots of
- the ceramic thermal barrier coating materials so as to produce a vapor of metal ions,
oxygen 1ons and one or more metal oxides. The metal and oxygen ions and metal
oxides recombine to form TBC 22 on the surface of metal substrate 14, or more

typically on bond coat layer 18.

Various types of plasma-spray techniques well known to those skilled in the art can
also be utilized to form TBCs 22 from the ceramic compositions of this invention.
See, for example, Kirk-Othmer Encyciopedia of Chemical Technology, 3rd Ed., Vol.
15, page 255, and references noted therein, as well as U.S. Patent 5,332,598
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-12- (Kawasaki et al), issued July 26, 1994; U.S. Patent 5,047,612 (Savkar
et al) issued Septenber 10, 1991; and U S. Patent. 4,741,286 (lItoh et al),
i ssued May 3, 1998 (herein incorporated by reference) which are
instructive in regard to various aspects of plasnma spraying suitable for
use herein. In general, typical plasm spray techniques involve the
formatign of a high-tenperature plasm, which produces a thermal plune.
The cer Shivasakhel dlYy sBiegdoin 2onl9%; §1.S. Betentnd, 0460l Savkametealj éduedit o t he

| une, i | qGi is. directed t d b t |
e Var Softomef 10, Bl Shline rCa 181,966 T on oy hshod QletSuipibe "
el | - kn@weihondonpsated iy iréfeebncs) wilieh afd instridivt HfieBSdMa vhRbss Js?écﬁé’ gt steps

and process paraneters such as cleaning of the bond coat surface 18 prior
to depoBlegmgspraying suspbletipngse bereianoncecosial dypisalblasoteysreny tdvbniques f ace

substra : N rameters such as.spray .di stances
Caun- |+ oo RERTHET of EhER BB ife BRSRHE) Sk elifdo S 1eBaoilibucr 1 e
rates, Phe temirdc comtingaiompositionChigpewaimic PhRasrs, #8FeBRked MimeOxidat i on
control ,tq.adjust. oxjde  stoichiometry, angle-of-deposition, post-treatnent
of the g‘ﬁg]‘glé' elogity phygre is dircetrd towwd ¢ etrwgwapéﬂml a angps/détails dfe range of

about 1 i i), . ] re r.ed enbodi nent s,
ranges %%%I%%ﬁﬁ%gﬂ?ﬁ%ﬁ%@g&% Vlg@\(l)% %E%kgwgvt\g?}t‘ogse S{fﬁ%d 1{}&}?% ity of the
cer ani cincbalinggerovspelsvant sieppand pricess farawtteg sudh as tlening a% M Rndame  (or

lasma "jet"). is. anather parameter. which is usually controlled ver
(F:) | osel y‘?éa? Hﬁ)f?éFbingP’éMg@ﬁ‘rné’% WEP@%@H%IF%I”%@%J‘@W%@@ gl foﬂiﬁhefeﬁ&rrzl e,

5, 047, 64 SeMateRbmPloturésS DU %éﬁ;m , ishnd S (Ligor por at ed
(by reference. V\hial e Is].ageci fi éﬁenb(z)l?? ts o?tél{aﬁ%&lgn%ﬁ%%é%%ﬁ]@e% (%'?Igsent
i nvent i ersubsivaicheelecticte of thdradmbet ofisbtayhmsappacedsr fead tiapsepadiclel ed in the

art tha\trelch{i ous. m)di’vfi cations thqret 0 can,be made wi thout departing from
the spifit and 35‘088 §b PRENHr &S e RTCHRy it dabinnasonied | e ddiugt OREleappended

g |ngUth ;%m%%m%gée-%??c@?éo?%ﬁsﬁ%%Bf @1@1&pi§‘ff‘éc§&aﬁﬂé§pﬁd§ﬁé iikd- from
- 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 the ceramic coating composition particles flowing into the plasma plume
(or plasma “jet”) is another parameter which is usually controlled very closely.

Suitable plasma spray systems are described in, for example, 5,047,612 (Savkar et al)

issued September 10, 1991, which is incorporated by reference.

While specific embodiments of the method of the present 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 the present

invention as defined in the appended claims.
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2. fromabout 5 to about 8 nole % of a stabilizer conponent conprising: a.
a first netal oxide selected fromthe group consisting of yttria, calcia,
ceria, scandia, nagnesia, india and m xtures thereof in amount of from
about 3 to about 5 nole % b. a second netal oxide of a trivalent netal
atom sel ecd, gﬂwgr omthe group consisting of |anthana, and m xtures of

| ant hana with gadolinia, neodym a, samaria, or dysprosia, in an anount of
fromabout 0.25 to about 2 nole % and c. ytterbia in an anmount of from

about 0.54to0 aapég,a,g,cqghgo%onzwh,m@o,ﬁaﬁgs| tion of claim1 which conprises
the second netal oxide an in aratio of the anount of the second

netal oxide to ytterf'BFhaQ?Ptggf@rﬁbaﬂf(ﬂﬁm@e%Z"tC@mab%@t 1.33. 3. The

conposi tion of 2l ai Mo dﬂ%@f@tdbﬂohﬂsﬁm@@)@@fﬁ%&hz&%brﬂﬁoﬂeﬁt&cﬁﬁﬁr@ﬁl@a 4. A
thermally protected ar a netal substrate; and B.

a thermal barrier cd?'a?tf'f‘?gmgtﬂlrﬁ’f'?%?‘?ﬁgé%rmr? ﬁ@rﬂr%ﬂ?o‘i?ﬂm@tﬂ‘gtq;yﬁrﬂ?oﬁ? Iigs ol e %
zirconia; and 2. fr canalsoartdid magnets indiBantrhigtuéstheraofih abiolmtzefromonponent

conprising: a. a fi rggutrﬁg%dﬁ@rg&es/el ected fromthe group consisting of
yttria, calcia, «cerra, scan nmagriesia, india and mixtures thereof in

amount of from abodt a@GtG@nChrbetatomerrﬁlaéﬂ\%enbmewl gtenosstbctesitfeim thrigaripof a
trivalent netal at O%%tﬁﬁbﬁ@n&é%&h@ﬁ]l J@yeﬂaﬁtﬂél% Wit d}:\Qioﬁ}‘Tla n@@&ma and

m xtures of l|lanthana wth gadolinia, neo sanari a, sprosia, in
an amount of from aB8MEN o5 8ySPESighBLAN aZ“QHB‘F%ffm% a%’ﬁ“@“@@@%‘i rele n an
amount of from abouw,:Gnd to about 2 nole % -14 5. The article of claim4

whi ch further conpri Sﬁ?erbla in an ar%o()u% IJa erbougb toaboutgmole%

2. The composition of claim 1 which comprises the second metal oxide and ytterbia

in a ratio of the amount of the second metal oxide to yiterbia of from about 0.75 to about

1.33.

3. The composition of claim 1 wherein the second metal oxide is lanthana.

4. A thermally protected article, which comprises:

A a metal substrate; and
B. -a thermal barrier coating comprising:
1. from about 92 to about 95 mole % zirconia; and
2. from about 5 to about 8 mole % of a stabilizer component
comprising:

a. a first metal oxide selected from the group consisting of yttria, calcia,
ceria, scandia, magnesia, india and mixtures thereof in amount of from
about 3 to about 5 mole %;

b. a second metal oxide of a trivalent metal atom selected from the group
consisting of lanthana, and mixtures of lanthana with gadolinia, neodymia,
samaria, or dysprosia, in an amount of from about 0.25 to about 2 mole
%:; and

c. ytterbia in an amount of from about 0.5 to about 2 mole %.
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and overlaying the netal substrate and wherein the thermal barrier coating
is adjacent to and overlies the bond coat |layer. 6. The article of claim5b
wherein the thermal barrier coating has a thickness of fromabout 1 to 100
mls. 7. The article of claim6 wherein the thermal barrier coating has a
strain-tolerant columar structure. 8. The article of claim7 whichis a
tur bi ne engi ne conponent. 9. The article of claim8 which is a turbine
shroud an®- wherl@emrigrot drimhwhish further compasdasrmberakcoat talyeradiesent f from

about S0 tAadeidyirinirteia sjclgsﬁréli%%na%ief:éir‘?tr%fth&g 1 BuffichEudiflg i @ Lurbi ne

airfoil and whereinm the thermal barrier coating has a thickness of from
about 3 t @diaseni:to #pd wveries the borHeoaklayerl e of claim 4 wherein the thernal
barrier coating conprises the second netal oxide and ytterbia in a ratio
of the ampunt of the second netal oxide ytterbia of fromabout 0.75 to
about 1.3%: 12 Themsticle of daie Hwvhereln the dhanmar barrien ¢nating bana thikness oki de i s

| ant hana. fbd Ui td980 fs, Preparing a thermal barrier coating on an
underlying netal substrate, the nmethod conprising the step of: A formng

a thermal barrier coating over the netal substrate by depositing a ceramc

conposi tign, WrheRteRIICIaRES whireid the McARALar®? cbAing AN sBaInWb@nf0 Zi r coni a;
and 2. from about 5 to about 8 nole % of a stabilizer conponent

conpri si n§OVRNALSKUCIE]. et al oxi de sel ected fromthe group consisting of
yttria, calcia, ceria, scandia, nagnesia, india and m xtures thereof in

anount of cfro t, 3.t .aZo t.5 le % and -15 b. a second netal oxide
of a tri vaBI en'TT%rrgt%g\C[eaqu%{n% Iwg'écpé‘oda”ﬁ‘rr%ﬂ‘?%?q{%e Wﬁ'e'&t()nsi sting of |anthana,
and m xtures of lanthana with gadolinia, neodymia, samaria, or dysprosia,
in an amoynt ofyELAMe of claim 8 which is a turbine shroud and wherein the thermal barrier

coating has a thickness of from about 30 to about 70 mils.

10. The article of claim 8 which is a turbine airfoil and wherein the thermal barrier

coating has a thickness of from about 3 to about 15 mils.

11. The article of claim 4 wherein the thermal barrier coating comprises the second
‘metal oxide and ytterbia in a ratio of the amount of the second metal oxide ytterbia of
from about 0.75 to about 1.33.

12. The article of claim 4 wherein the second metal oxide is lanthana.

13. A method for preparing a thermal barrier coating on an underlying metal
substrate, the method comprising the step of:
A. forming a thermal barrier coating over the metal substrate by depositing a

ceramic compaosition, which comprises:

1. from about 92 to about 95 mole % zirconia; and
2. from about 5 to about 8 mole % of a stabilizer component
comprising:

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

amount of from about 3 to about 5 mole %; and
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about 0.25 to about 2 nole % and c. ytterbia in an amount of from about
0.5 to about 2 nole % 14. The nmethod of claim 13 wherein a bond coat | ayer
is adjacent to and overlies the netal substrate and wherein the thernal
barrier coating is formed on the bond coat layer. 15. The method of claim
14 wherein the ceram c conposition is deposited by physical vapor

deposition to forma thermal barrier coating hav:Mrag a strain-tol erant
col umar structure. 16. bTheeet ARl oxide pta Wivalentiprizlefiamn selectedirami c

conposi tion that is depogietdrsuLamMBIlifEst laritaSAeansturitAlanthang itand _
ytterbia in a ratio of theogrmunt of the second netal oxide to ytterbla of
fromabout 0.75 to about 9299531 NSpAYRfa SFRAM, B GSPORIE; iR ADEMAHELAMIM he
ceram ¢ conposition that abeutdsas ebed 2cosprd; aa¢ | ant hana as the second

metal oxide. -16 c. ytterbia in an amount of from about 0.5 to about 2 mole %.

14. The method of claim 13 wherein a bond coat layer is adjacent to and overlies the

metal substrate and wherein the thermal barrier coating is formed on the bond coat layer.
15. The method of claim 14 wherein the ceramic composition is deposited by physical
vapor deposition to form a thermal barrier coating having a strain-tolerant columnar

structure.
16. The method of claim 13 wherein the ceramic composition that is deposited comprises
the second metal oxide and ytterbia in a ratio of the amount of the second metal oxide to

ytterbia of fram about 0.75 to about 1.33.

17. The method of claim 16 wherein the ceramic composition that is deposited comprises

lanthana as the second metal oxide.
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