CERAM C COMPOSI TI ONS USEFUL FOR THERMVAL BARRI ER COATI NGS HAVI NG REDUCED
THERVAL CONDUCTI VI TY BACKGROUND OF THE I NVENTION 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 a, ' [ r Qi P I on
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havi ng such coat i ngHAAMNGREDVIEED QHERM AP CONDISUTIVICYat i ngs for the
article. Conmponents operating in the gas path environnment of gas turbine
engines are typically subjected to significant tenperature extrenes and
degradati on by oxidizing and corrosive environnents. Environmental
coatings B@i@KﬁR@ﬁﬁhﬁ'éB’TﬁWN’?ﬁjﬁi er coating are an inportant el enment
In current and future gas turbine engine designs, as well as other
articles that are expected to operate at or be exposed to high
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conponentpréparihg sushdohiingsedtihe atikedd. fl ow (i.e., provide thermal insulation)
and to limt (reduce) the operating tenperature the underlying netal
substratiof t hese parts anggﬁ conponents i s subjected to. This netal
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and/ or i §acAngsefietlel Y sighiftbant Rrdde@iirt SAREHAL M@de;%mﬁah |b9Y&xidi%iﬂ§ ther mal
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well as other articles that are expected to operate at or be exposed to high

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

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

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

zirconias include yitria-stabilized zirconia, scandia-stabilized zirconia, ceria-stabilized
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zirconia, calcia-stabilized zirconia, and nmagnesi a-stabilized zirconia. The
thermal barrier coating of choice is typically a yttria-stabilized
zirconia ceramc coating. A representative yttria-stabilized zirconia
thermal barrier coating usually conprises about 7 weight %yttria and
about 93 weight %zirconia. The thickness of the thermal Dbarrier coating

depends L he et al . S t_or Ggo ent Lt i.s osited on, but
i s usual I%E&l&rlllta’t aelglgésnlgél%é? %l};cgﬁnﬁa%@%tma%n? B3 aglu]tze‘%&lrﬁ?rflg‘ ?ﬁ%o HBdut 75 to
about 1 7brieri cortns pf thbicKisl @pichilyh yieapebiliied zigasialodfio oy Na parts.
Thermal barrier coatings conprising yttria-stabilized zirconia are usually
formed orfePTssenighivE | WHar Habilizisn direqiua thegpial befries eqaiiag ispaly wemRrisesubst r at e,
such as t 4 [ jar £, 01 Y &4 . [.1i on
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coati ng. 170§ nliedh AR Sor Bgh RMpeldtAW O FRMAD ehBhSp&RaT I NG structure is
enhanced by the defect matTix in this structure created by the "dissol ving"

of yttria (the dopant oxide) into zirconia, as well as process-induced
por osi t y. Thehnal EEi@vpatingpesmpréedng yitnd-stabiliagd rircomih esatshally froeddas a

"feathery” merostructure that is the . result of the presence of, sub-grains
wi thi ¢ 108 BRIER Bt (et laEH of & stebfallol SBefaT sofpictt YRR &5 FIREE 86 Mdar s
can be vitgiggt dSolgibypHydlealangbe deositidnPVIYasichasicioiBe bely ghgkiesl ty
within the columms, It _is believed that the boundaries between the sub-
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the EB- R | | ' : dtoth
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" f eat her wbhlumrer,ostainitierag mivegitmsturothat ahlenmcey fisispakdtivheperfognpicecess al so
partially. tagkes, place, durjing the deppsitjon of the coating by EB-PVD.) It
has been ﬂi‘%a?RPS%tngafoett‘!’i‘gs 'Ll?en’feé’tsfaﬁﬁe Hgg?ﬁtsflovﬂﬁgo‘t‘@ 1Y FRRUPERTAFENE grai n
and sub- ghRileHPYNHEHLRS: LAHSCH BYs {ARGRE %&%%ge%%ﬁe ‘%ﬁs@ﬁir%”'d? S

mcrostructure. This results In coarsening a apsi ng of tHe original
por osi t y (theglopeit| oxide) antoerigotiapss well tab eracasseinfiucsed fooesiyarkhiaEBaPVIDhese

[n hglt g,;lt rtﬁ%h%t%{li)@‘ﬁ%?%?%fﬁ%ehggaﬂgg Cplf‘cr)vigés Sl“?é/a?}tle?%’ tn%g}%gtrrggtllfrree ate E‘sh%réce 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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thermal barrier coating, and thus reduce the thernmal insulation of the
underlying netal substrate. Indeed, this sintering process can increase
the thermal conductivity of the -2 thernmal barrier coating by as nuch as 20
to 30% Wiile this sintering process is particularly evident in EB-PVD
deposited yttria- stabilized zirconia thermal barrier coatings, simlar

effects qﬁ&n%ﬁ:g%e}goagﬁgﬁygg%{dcﬂgig?%%i ted by plasma spraying. In the

case of plasna Spraye rta-s Zirconia thermal barrier
coatings, the splat boundaries are the conductivity reducing feature of
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yttria- stabilized ,zirconja-based.thermal harrier coating systens to

! educe  RAGE STHPER AS % B ABY SHNRTnG o™ A et At el hRFEEcs Hebldeduced
t hermal qRARMEd Kl Y of such coatings. BRI EF DESCRI PTI ON OF THE | NVENTI ON
An enbodi nent of this invention relates to ceram c conpositions for
preparing a thernal barrier coating having reduced thermal conductivity
for an unieerdmgly Heonld besdestrablgtie nuninre priedyce Hig sinjodnapecass, soors ar e

cxposed. il ETRSI N 85 50 AT SHEERS R B el ey oo

about 91 no I'rconi a; “an Zing a 9 nole %

of a st alohiing esgeluigvat rega@Nardoating. foBmedby FRSPVIEfeeiniQies dgt Gehict ed from
the gr ou&econsi sting. of yttria, calcia, cerja, scandia, magnesia, India

and m xt bedurtherdegiple 1o begpblefoanerifeths chemicalecostpositioniod yitker stehakized at om
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thus maintain or improve the reduced thermal conductivity of such coatings.

BRIEF DESCRIPTION OF THE INVENTION

An embodiment of this invention relates to ceramic compositions for preparing a
thermal barrier coating having reduced thermal conductivity for an underlying metal
substrate of articles that operate at, or are exposed, to high temperatures. These

compositions comprise:
A.  atleast about 91 mole % zirconia; and

B.  a stabilizing amount up to about 9 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;

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

dysprosia, and mixtures thereof, and

c. a third metal oxide of a trivalent metal atom selected from the
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c. athird nmetal oxide of a trivalent netal atom selected fromthe -3 group
consisting of ytterbia, erbia and m xtures thereof. Another enbodi nent of
this invention relates to a thernally protected article. This protected
article conprises: A a netal substrate; B. optionally a bond coat |ayer

adj acent to and overlaying the netal substrate; and C a thermal barrier
coating (prepared fromt | SCr i ceram ¢, composi tion)

adj acent to and overl ayi %qf%%ﬁ%@ﬁ%&%%%ﬁn a%@ﬁgn?ngoﬁéﬁ?a?gﬁg the neta
substrate if the bond coat |ayer is absent). Another enbodinment of this

i nvent i oMAneehatersbotliment raftthie dnfentiop relpias idg théremallperomtted aidld. eThizoat i ng on
a netal substr te.%g provide a thermally protected article. This nethod
conpriseé”?ﬁ@egﬁﬁﬁ @MPIASS:optional |y forming a bond coat |ayer on the
metal substrate; and B. depositing on the bond coat |ayer (or on the netal
substrate in thle ahsanacRbAtatt.ne bond coat layer) the ceram c conposition
previously described to forma thernmal barrier coating. The ceramc
conmpositions of this invention provide several benefits when used to

provi de ther né3- baroptierallyoathongscdap layest aljacentbtt rad eyeddying tthe Inestalex posed
to high tenperatu%gﬁﬂﬁaygﬂdas turbi ne conponents. Thermal barrier coatings
prepared from these ceram c conpositions have a reduced or m nim zed
tendency to sinter, including coatings prepared by physical vapor

deposi tion (P\WD) t ectirimgulebarries wohtigs (Rlepatd drom bhamrphiyadle adesserar
deposition (EB-PVD) that form_colunpar, strain-tolerant_  mcrostructures.

Thermal barrier co&fiays CBWEB%{P@H_ ﬂ%?ﬁmt Redil ewriaing e hpadcealdAxer can al so
possess reduced 'nt(61‘%Hﬁyﬁgl?lgé’xﬁléﬂayéd’o)&rat@'f‘ftﬁef)&?d’é&at 1@@%5@&5{5@' barri er

coatings prepared fromthesé ceramc conpositions are able to nmaintain
their reduced thermal conductivity over tine and during exposure to higher
t enper at vmwther gmbadinieng of thie mpeention redates td # mypthod for preparing the thermal

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

method comprises the steps of:
A. 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 to 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 turbme components. Thermal barrier coatings prepared from
these ceramic compositions have a reduced or minimized tendency to sinter, including
coatings prepared by physical vapor deposition (PVD) techniques , such as electron
beam physical vapor deposition (EB-PVD) that form columnar, strain-tolerant
microstructures. 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.
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-4 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 represents a bar graph show ng
the thermal conductivity of thermal barrier coatings prepared from

zi rconi a-cont ai ni ng ceram ¢ conpositions having various netal oxide
additions. FIG 2 represents a bar graph show ng the percentage increase in
t hermal conductivity of sonme of the thermal barrier coatings showmn in FIG
1. FIG | i i i Lew of an enbodi nent of the thernmal
barrier %ﬁ?%ﬁg%ﬁégﬁ{gg%ﬁpgﬁ%éghi s invention. DETAILED DESCRI PTI ON
OF THE | NVENTI ON As used herein, the term"thermal barrier coating"” refers
t o t hose RiGal r¢pgssehisad bar graphashabirg e thedhat i cogdirei@ity fdfohedntl thagieinder | yi ng
metal substrate of the article, i.e., formng a thermal barrier. As used

herein, CREMES RFEPEEPFIR;] ?ﬁ’”“ﬁé&ﬁ?l%g i GSTAIIE o?Pﬁ‘Ei&S’cqoBﬁsl"aVE’(Snﬁ%m’és

conponen%allﬁy&ragdltghgps and the like can be conjointly enployed in the
present 1nvention. Accordingly, the term"conprisi ng" enconpasses the nore

restrictive terns "consisting essentially of' and "consisting of." All
anount s, Fp@r2 sepresants @é)aaMPb@hwngalmmrmehmeasn imtherbyl cvptlectdbitynl ess

ot herw se ied cera 0sS of this invention inpart
i mproved lfﬁ%‘ﬁ tfhggl?'ﬁ {]li’a\ﬂ'l?ryco%? g‘%’fl i:(Lﬂ))nltshe resulting thermal barrier
coatings, and in particular |ower ther mal conductivity. Thernal

conduct i AIGY3 i§ d garislfsideadctivhal Hiewl ol dnembddirBent af tRthérdnal blfrier doatingl-p) X Cp
X Dt (1) where a is the thermal diffusivity, pis the fraction of porosity,

CP i s thandpeaied aicksodthis mventigngk) | and Dt is the theoretical density. As
be seen fromequation (1) above, the thermal conductivity depends on

ther mal g AR IEY bYseRdpPRNGS fT'HEw 1\§I|ffu5|V|ty, which is affected

by the coating conposition and mcrostructure (i.e., the higher stability
of the internal boundaries, the |ower thernal dlfoSIVIty) is the focus of
the cer aﬁiscuscdd’pm,tﬂlm@nof‘ theimal bamiermoatng’] refere torghast coatimgsvthatgareand

especi al IcXpable of reducing heat flow to the underlying metal substrate of the article, i.e.,

forming a thermal 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(1-p)xC,x Dy (1)
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| owering the thermal conductivity of the resulting thermal barrier coating.
The thermal barrier coating conpositions of this invention conprise at

| east about 91 nole % zirconia. Typically, the conpositions of this

i nvention conprise fromabout 91 to about 97 nole % zirconia, nore
typically fromabout 92 to about 95 nole % zi rconi a. The conpositions of
this inv ' I S 1L zin t .9 nole %
of & st Aot i te atal SFRENRE, Fish tatil S FERT ot e BBt "eta

oxi de andinal/gk), add tmh@theqmcdaxcairbmsﬁm tAsChd Sen droanl Bluibnt(Mpatsdvepitel zi ng
conponent that is "stabilizing" will depend on a variety of factors,

i ncl udi néhqfﬁ’é qondugtiyity; derands i oy tb?@?fﬁflr difbisivifyrs japd dporefiEy. abilibermelt o
mnimze 4 | f tjhcul ar
aount o SaEu R SBicH BB ) g bk COMPb b B BuplcRe REG 18T 71
factors. hi‘ghpr stabﬂhw of ﬁre intertfal bowdages; Qmmuhemmbdnfﬁlemtm tsnthe dbaigt 3 to

about 9 le % npre lcall¥fromabout fromabout 5 to about mole %
of the cOMIFFIHBIT. COPMROSHIONS £ F@f&}ve&&%@i temS 196 TwBroyEiZe @Y FERACINY group

consi sti nGw@ingtht fﬂeﬁnalcc%hﬁﬁ&wn?%'ﬁlﬁ res bﬁmal%%ﬂﬁ?ébﬁm\%: ndia and mxtures
t hereof The particular anount of the firs met al oxi de Il depend on a
variety of factors, including the thermal insulating properties desired,
t he abi | iThy theymal bﬂrnfsmoa@ng pemnc%h@ismféhnsngvmﬁon cempesa dttleast alwaﬂﬂng, t he

particul used. the a nts_and t pes. of sec nmet al

bt de " uBIsdt 2 Ao "Bty E e mekitRof PRA o B0 on s T B [ oo
from abowi t3 aboutadotole % HRdoRI/and¥® it Réth! dbohitr IR 53 rh@leazbout S
nole % of the ceramic  conpqgsition. Ceram c conpositions of this invention
typi cal | yiredtpr Taecempasitiong o fhiginveqtion fupthergomyisg e StapHiZing4mapHE up

conposi t 5 u y

o oper t  SReED phelt 3o b RRbiiae bR FBAANGe b Al AT bl

reduct i omeital ¢xhée rmatl a Ghicd makialt omdt:y 'Eﬁhcyq;radimlmt arpeoN | afethebstabilieingi r st

nmetal oxide, a differ qnt cha used. This chani sminvol ves

m.i s
i ncl udi ngomﬁoqqqé taat 45" sfabl Vralgco fensrd g ¢ reglety elfastars BekaEe BEons
Cormr i si 'ﬁgsrﬁlhﬁﬁﬁlﬂbtﬂ‘lgcﬁbf)ﬁ‘hgs &Js{r)!@ltﬁ@ﬁblﬁﬂy t6 mm.}gl' ke gpﬂ:ﬁﬁée ke oﬁfﬁgdes

(i.e., "second netal metal " “oxi d ncl usion o e second
and resultant coating, the partICular amounts and types of ﬁrst second and third metal

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 yttria, calcia, ceria,
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
propetties 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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third netal oxides in the stabilizing conmponent of these ceramc
conpositions inparts significant benefits to the resulting thermal barrier
coating, including one or nore of the follow ng: (a) reducing the defect
concentration at the grain boundaries or interfaces by form ng stable
conpounds with reduced concentrations of both netal ion (i.e., cationic)
and oxygen (i ..e.,.aniani,c) defects;, (B) enhancing sggregatiqn of . higher
(e D PPy R e wrEPiaRE by i, Pl B o5t SR P e i s e
netal  OXisgles THs hiRhhMEA! Thd610ed tohQHME on tthe shbilizie efnpsRee Tasexk! ONg such
boundaries or interfaces; and (c) creating additional phonon scattering

def ect s \GEXaHIiQ cORPOsitipRO APrAPTiYing Lireenia sERANTYAln{ f)e.ad) depant eeride t he

t endency e ceranmc b e ' . pr v di t he henefit of
preser vi r?%iqe%)\lgléer" %8‘?10?3&1% %}%ﬁ \E/ﬁ]idl Ige%%ac%’g%‘?%%@l&pﬁ%% ggmé@cﬁn?i onal
reduct i onhied mistud okidts innthé stabitinihig oirpbhsnt lofi theee tdramiicadompokitioss bapargved t hat
the stabilizing c?{;Bonent of this ceramc. conposition, causes mnimzed or
reduced S$iFtiaaphbenstity dhe mreplviag thermal bamshsedting, incligieeenes 9rgnpretdHer ef r om
because e £ 0l ' . | LSk ide, such
as ytor i oS, B (ERRIE MO MRS Ehletiion  de iin ToUR 47, Vo1
t he t her nmtlerfiaes hiyeformogadtabig .cobpbendsegitle gaduced cosbutrasortshe eotly stead] | atti ce
defect caoncentratjon at .the gr in i.nt.erfgée i aatfg]% coating structure and
thus subdtaftT-aFHipPnice e €8 Vart {ifsi BHOPFbOBisEss (Mrenhaniiog sredpgatiogrofin -+
interf ?‘C?é%l{epﬁ.ef@d}g&%%ﬁ' RHRE! Y/AUGERG (8] UelicHNRbMA nB¢ mh&dl coating
formation {e.g., by EB-PVD) and in subsequent "agi ng of the coating.

Di f f usi oexples dedhe sterfangcfot taduagr thie rdiffnsien fpaemssseamjong swhdwundatiesed or

it metaross o il P RE sty biodln o el RABE 12 455 conat e

type conpgfientSleshigbsnaapido®hteduesthehieiddre) bRhveaamid starkird tasideyt tria) .

I ncl udi ng the second netal oxide having a nmetal atom (e.g., |anthanum or
gadol i ni dkys pPVidis the bengét of papseries Aeve candaeh oy, trblef meehanisge(@l oxi de
(e.9., vy I; r t:] f..Lhrst..petal oxide, and at a certain
first rm%pg(f‘}zgé)gaggﬁ%g@grﬁtguc?égg?ﬁ%}g#@@s@g{) %%Jsc,%l%g n cause formation of
zirconate-type conponents at the intracol umar boundaries. Including the

t hi rd nmetlabanicidedt Bdeliegd-tHatshabibitizingdiompoedralof dtiooarafhé epmpogitioar bi um

t han those of t.he _fi({st net .oxi.de \%VI
causes minmnmzed or reduce smtenng Q

tﬂxe! thermal barrier coating prepared from
therefrom because one or more of the following effects. The first metal oxide, such as
yttria, 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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distort the zirconiumoxygen interatom c distances inthe M- 0 - Y
coordination conplex, e.g., Zr - 0 - Y, resulting in a breakdown of the
chem cal bond structure and segregation of the second netal oxides of the
smaller atom The third netal oxides of such snmaller but heavier atons,
such as ytterbium can also reduce diffusion processes along the internal

boundar i er ts fr he inc) usi,on .of these

second aﬁ% ? Eﬁ% nl%?{arg%)%lsd sg"oxﬁ%ﬁﬁnﬁﬁggnn% OSE:coon ut(t:iﬁ%\}}q%}?i 8¥1df’ K&t her mal

barrier alstbit nigs zpconhan sty fmotdrivestc ditMats irlCRPMSH O 0¥ coosdif@idni cul arly
1. FIG 1 represents the thermal conductivity of thernal

shown in FI

barri er 5&9’&:& Bpridpalied Y-revling wohPreakdntaphihtehearieatbend sipearet i ons

havi ng [ [ n taI

oxi des. slggéé{% éf e &‘é I‘ﬁgg{leE I%}gdcﬁ t%hg(t}g{e%g i gﬁlggﬂlﬁuﬁll on are 4-6
nol e % &xuteb ef %uhrsmha]l&r bmllmaw% atdine, snolmdsigttdrbiuiny cexi alsb esdues diffusivg coat i ngs

I's evaluated after being aged af 120 for .2 hours in air. The dashed
basel i ne PERGRITS AIPPES m%f?ﬂﬁ%P%%f%ﬁ*@%O%&C?ﬂ%@%’&wer conductivity of a coating
prepared froma zirconia-containing ceranm c conposition conprising 3.95

nol e % ytitheitRnéftd iohPhe Gdlxsion \Sf Hhafkk REoREAM thidd Fhdal okides althd'@RmAr epar ed
fromceram c conpositions having 4 to 6 nole % stabilizing conponent

addi t i on cRBgRotiNgY pﬁth@éhertnlabbmﬁr eenugroprepdred ﬁsm thi¢rs cprande norapesitionsr ease i n

h | h ty t
borore. adt RAOGRMLY biotm il 1y BIGP bR AR bt Yo Ryl VR BEMREALS' 107
graph i n baidsr &)atlﬁgﬁpr@)aﬁéﬁb\ﬁ‘@ni harcotilicentaiid c8taftierdoffpositibae thalvingdef i ned

by both the type and anmpunt of the stabilizing _ conponent. Suitable second
net al oxWGE%“Sn‘&Gtél p¥ide pdditionsa shutingprinkingiqng of meiglwxidept The levels f+) et al

?t om sel %étadoxﬁ%pogam{}{ ggielagmhﬂ%g%utm Rt ggﬁ@é%@ma%mﬁ%w mBSPr osi um

.e., the secon e can t'he group conS|st|ng of
| ant hana %.gatecomiuativiteofithearasultizneniiags idyssinasd afterdrthgrget ut €300°Ger eof The

articul gr unt . of . t he secqond ,netal qxide w epend onavarlety of
Pact ors, %o of 22?% Hbairheﬁ‘?lgf‘%ﬁg baseleathong B‘rgb(lé f rgRregrgds thsgtherpd apility
to mni mcéﬁd&ﬁvftﬁ@?“aecoaﬁh?tp%ﬂa’f&l £bmt Deirk GIMLLABLHeORL AN, ¢ spRpt i cul ar

second netal oxide used he "anobunts and types of first an h|r nmet al
oxi des usenipasidg 3. %Hmdxfcfyoma'ﬁsi@ntioaldnyy.t e smclmeken in FIG. 1, coatings

prepared from ceramic compositions having 4 to 6 mole % stabilizing component
addition had the Jowest 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,0; where B is a trivalent (i.e., 3+)
metal atom selected from lanthanum, gadolinium, neodymium, samarium,
dysprosium, i.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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met al oxi de conprises fromabout 0.25 to about 2 nole % nore typically
fromabout -8 0.5 to about 1.5 nole % of the ceram c conposition.
Conpositions of this invention typically conprise | anthana or gadolinia as
the second netal oxide, and nore typically lanthana. The third netal oxide
has the fornula D203 where Dis a trivalent netal selected from erbiumand
ytterbiu hi, t oxi de can be eec ed fromithe roup

tonet ot i i 5rbembt 4GP bR S SRR BioRT c2RrBRiEH of AR PG R voun
of the thymﬁhllyrmbmbnm(llﬂﬁhaﬁd or @e@ﬁnﬁh QB theVacomRd ynaifd baidbobAd m@el udi ng
the thermal insulating properties desired, the ability to mnimze or
reduce sityiellylgntBana he resul tant coating, the particular third netal

oxi de used, the amounts and types of first and second netal oxides used
and like I bout 0.5
t o about Tth%rqrftl)I eﬁrega]-rxrgfrd g%%éy%llecgﬁ&lgp g?nwg I%L]I%% al%ﬁ (%ﬂl?t? E@%&Pﬁg}@ % of
the cer arbmmcmq:)gmrbumn Iec;ompdshlrdrmml okidehias bmwdmted)rﬁ'om/mha:gfdup conprise
ytterbia as. xi de. The r e second rretgll oxide to

it oftie, Yin B rfi gt
the t hi r FORUTIES A Erija yreer B4 ’IXF%}'G% R HpEtigplay argonntof e B ¢ o about
2, more tyghicaliy illompehedh Ol AROM, ikeldding TE RN A RmeCOA | NTS

prepared fromthe ceramc conpositions of this invention are use with a
Wi de var ipsepertgds desirdsl, e @mlgtry e n(mmgze, ogmdummmtmemg eﬁ@lreneeultpatrqoetlagrd
conmponen vari.ety of

t hat for om substr es
ot ol o ane PAEA i 30 il et mpliRS g bies 87 FR 04 boPa ridicy
exposed toRideB lugéu afdeliRe FRLGHE. eTypeae teathind Métghexidé esmpriss Fas abbat occur
during nor nal i ne eration. These turbine engine parts and conponents

can incl &d%tqeh ?r?-emgler spmoge typicallyEom ahgeis0-Arta abawel, melenel 81§ ouds,
turbine ng .%Hl@%om st %ﬁggﬂ%’?@f fhis BNER Swié;gﬁg Bﬂﬁ;ﬂg&l{ ﬁ%t %rs

augmnent or dvvar gas I ne engi nes an er nal
barrier cthmﬂmndgﬁetalfoﬁﬂlé sThmxaﬁ'ntdfm]rre seondineml oriderto ailepld:Irﬂlmﬂalocrmd?d is of the
met al subst.r or exanple, wt r rd to airfoils such as bl ades, the
Cher i DiFAGR tﬁ%ﬁ’tﬂﬁﬁﬁnﬁBW %bml& i R Gm M LIP3 AT 2bRUE Q- 1fpr ot ect,
cover or ,gy@fl#y portions of the rret al substrate of the airfoil rather
than the entire conponent, e.g., the

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 barrier coatings cover the leading and trailing edges and other surfaces of the
airfoil, but not the attachment area. 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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thermal barrier coatings cover the |leading and trailing edges and ot her
surfaces of the airfoil, but not the attachnent area. Wiile the foll ow ng
di scussion of the thermal barrier coatings of this invention will be with
reference to metal substrates of turbine engine parts and conponents, it
shoul d al so be understood that the thermal barrier -9 coatings of this

invention re usef.ul with netal t hat, operate
ot Cor areRiaes ST iy g e bSOV iieBh Soefred of PloaCmbies Bt bRfcor 1 he
ther mal laardgwex@@@tdltagﬁgpferﬁﬂ@muﬂegvent|on are further illustrated by
reference to the drawi ngs as descri bed hereafter. Referring to the

drawi ngs, FIG, 6 3 shows a partial side sectional view of an enbodi nent of
the t her e vapays srabodigsnts of thesthernygl barrier sostings of Sup iventien o farhatrti cl e

i ndi cat eq f'erdalg)lz gef@?enw to thS dfeﬂﬂﬁ@s % U{Lc%beg hei‘é tffef; ! eRéthrﬂlgstoatl’gEt al

substrate |n | cat’e genera Iy as 1 £ C4n conprise any of a
vari ety aitawmgsa,lFiG bshdmepamam sidd deytioned alevwadi ayanbodifant ke thyepna:lal |y

protecte t hermal Rar r| coa i ncl udi.ng .t hose, base ni ckel ,
cobal t ag’ BIsE COREIE %ﬁea Leﬁ%ﬁee@ iglf dndaated, genssy P b0 hi gh
tenperat ‘Hsesh(ﬂﬁ?tm 86! St %Hicl@'lboﬂas £ thetal SubHRE' RlcAEd g%'deﬁllg'&hm

tenperature alloys are "disclosed in various references, such as U. S
Pat ent 553991834 34 cRosomptiseadnyy, ofi sseamety ofvmetfs, 214 mot®Hpicalig nuts. allegs, ent

4,116, 72 CGel | I ' d t epber 26, .1978 t f which

i ncor por gli‘agaar%ﬁy}?“e?@r é‘?%ee’%esdﬂﬁ% ﬁ‘%&?ﬁé’?ﬁi@a rRetRgS, 9@01%‘?’83 3*“%8 baﬁleqc]é’Pglr Iey
descri beghdi@l, Kobkit hivoBliron &MKY.CI Rpeshiampld, sabsrieakl cha rR@Ya mphd Ed.,
Vol . 12, pp. 417-479 (1980), and Vol . 15, pp. 787-800 (1981). Illustrative

hi gh t efgrepeseiures heatorestanzalied, agh 8yeperalioy e%u@dagletﬁnwrattwe alloggarenanes
| nconel (1 sms:b& ﬁg@g@éﬁcszll'egégg&%grgucﬁ t‘i%’s '5%{&% 58 98973 (E%Fseé%i) Nyl 0Ys) .

and Udi ne above, sUbst ‘can vary

wi dely, Dirch 1] $995emcee681tmtsnve1m6m3t(meuf@ram issfiedaSéperhibere26papys,or
conponent, such as an airfoil é bl ade)._or turbine shroud. As shown in
FIG 3, &eth ef avhieh @ ingogoraty m’déefareﬁfeﬁm I@ebttemayr@wrﬁ rflio¥n 25 2ener al | y

as 18 th %ﬁuﬁ@éﬁﬁéﬁ inIGHAR Y £l ?H&lﬁto?@‘h@mgc%l TERRH gyasfrdt yer 18 is

typi cal | orme roma netallic oxi I on-resi stant mate at

pr ot ect s Mdie 12npler4 yi-4itp (lﬁsb;tzmdt Folldl 5apg. §8A1B06 9 1P8B. t Hawstrativebhrghi er

coating Ité‘rg}!_)é%gttu?ed ngcq(eﬂaased al%syszgret %esrlrgrga%ed 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 1s adjacent to and overlies substrate 14. Bond coat layer 18 is typically
formed from a metallic oxidation-resistant material that protects the underlying
substrate 14 and enables the thermal barrier coating indicated generally as 22 to more
tenaciously adhere to substrate 14. Suitable materials for bond coat layer 18 include
MCrAlY alloy powders, where M represents a metal such as iron, nickel, platinum or
cobalt, or NiAl(Zr) compositions, as well as various Noble metal diffusion aluminides
such as 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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tenaci ously adhere to substrate 14. Suitable materials for bond coat |ayer
18 include MIAY alloy powders, where Mrepresents a netal such as iron,
ni ckel, platinumor cobalt, or Ni Al (Zr) conpositions, as well as various
Nobl e netal diffusion alumnides such as nickel alum nide and platinum
alum nide, as well as sinple alum nides (i.e., those fornmed w thout Noble

| s). i .. l.ied. d i t ed ]
formed oR LR VAR S0P Py BRaF oY ohSfine B PRl ques
such as physeaaim prpo. sPRPAYIPS),ar dtfd¢Bhermiah epradidegosth @CineMBdd el as- 10

physi cal _vapor. deposition (EB-PVD), plasnma spray, including air plasma
spray (Abgh VﬁlﬁﬂltX/é’éMIfH‘r'lpﬂ}g‘é%) Spay detopation, oF W, SPrayh shemicak yrRey

q it . . ‘

ot onat | SaPSICHIEN % Biicemehlein 4t Oapdr b inbRlaing th g i gl

cenent at iddffusiordalvayrcdespfses doabxramme,dDiSg Patent 4,248,235 (Bdndertcahl), idinfe?usi on |
| um nid I LS. t 4,148, 275 (Bend t , issue

por | 10738 19780 BaPahi S B rb st ‘stued Pyly T 000 Wi Seen7. * 1900:

and See 15SpaBat £039,61 DM aRkOWiYRR LISOVGId Blardhld s, J0BBUSH opfgméh gk, 2000,

b,
all of which are ‘incorporated by reference and which disclose various
appar at usncengbrated ot seférence aph Iwhicly disclobel viadousa bppraratiisl end cagthodys foror

conbi nat i gns. of ..such techni gues,. such as,. for anpl e, a conbination of
o1 norm. s APy =k P Pp B RO Shrmeae” BRSO S B S or ay
or diff ughoBxdngslbNs GeRbimtien fopﬂilﬁéfﬁﬂ sbfhifdﬁﬂpﬁifﬁlsﬁﬂﬂﬂuﬁﬁ&ﬁﬁe teNRfued 8-

Usual Iy, the deposited bond coat |ayer 18 has a thickness in the range of

f rom abodivpirally plpwua spray wr [diffysierotechiigues 215 eeplensdutc Gposirbendnedt. For
bond Coatlay& q¥€e rﬁsu%ﬁy,dtﬁg ggﬁﬁﬁg?( %Xm? ¥Qatt1§§eqql8ql!ija%.sa %F(ﬁ(?le%ﬁint %ya}?)g%gogd | Tusion

al um ni de™ processes, ness 1s re typic of from

about 1 doubbdrt i tbabodtf 200milelibon abbut 26 abghsiut T80 Miebad)s )For bond besrd coat
| ayers d posi:}gd by .pl.asma_spray .techni ques_such as APS, the thickness is

more typid&r y8i4PPPHEEd, Binge Ioriethmimearyeh a3 ERBVEbeuditfusion plinginidsm about
75 10 ab?i’ﬁce?&??, HE flieBRYs is o allf i 1% ragige (lﬁli?ﬁ{)ﬁez{bogﬁﬁ b £afk! N9 (TBO)

22 preparfed fromthe ceramc cohposition of"this invention I's adjacent to
and over (fres abouid2 oaboltifemiciéns). Ther bandi ckniagers déposB&l BY plasmbgpiagal |y in
the r ang?ec fiqfutraso gﬂc%bag lfﬂEPsl, ﬂgeotlgc Ogsts i%('r)r?onren t)lzpslca%];rig rt?le 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
composition 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, including
the article 10 that is involved. For example, for turbine shrouds, TBC 22 is typically
thicker and is usually in the range of from about 30 to about 70 mils (from about 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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about 25 to about 2564 microns) and will depend upon a variety of factors,
including the article 10 that is involved. For exanple, for turbine
shrouds, TBC 22 is typically thicker and is usually in the range of from
about 30 to about 70 mls (fromabout 769 to about 1795 mcrons), nore
typically fromabout 40 to about 60 mls (fromabout 1333 to about 1538

m crons) . r i ] e_case. of turhine.Dbl T 22 s, typically
t hi nner acﬁgyﬁnglgﬁésll}%qufe% Sbgheasr@lr?(gsgao\[apﬁ @e 0531(%1?(9 ?ﬁ)bmgﬁigmg %?ftl}%nl s (from
about 25 beamahgtital AaBondeposiasn (EBNEDY, Yiseal spyay Immd&tg)grué gsﬁlsinﬁ spitaﬁut 20

mls (from_ _about 77 to about 513 microns). In formn 3Cs 22, e ceramc
conposi t i(BRS) ard ¥asuwim plaang ispreY YA Sheorapibty Barmal sepysyapesition mathedswi se

formed o I ?m l.et = n . gnal

t echni qugg‘?pg%gﬁﬂggd% s?@%ﬁle\? por 3%@8‘3& ;ﬁ?@h&?%%%mf%%?%gi %*gé?%k@ct ron
beam phy sikpal depagition (€PD3idricombiraBoid/&f) plaghaspray spd €YD ienmﬁﬁmﬁanmi r plasma
spray (APS) and yacuum sma spray (VPS), or. other_ thernal spra

deposi ti (Pﬁ“i‘?@ﬁ*ﬁ qé‘EélﬁgJa rﬁP@H&ﬁefyi?RﬂS{tPg&(ﬁ@%Fse(fPW¥ e 35 ,Wﬁ/l

det onat i ; i : cﬁﬁ]ﬁ‘:@i | d Lt .

conbi nat ?%br%gﬂrcj)(f M\%]Iregcsl?rglr g%r%y anéﬁﬁcvcg Fggﬁ?\iz’qﬁggﬁb%egp agarti %ctlfﬁrgr thteechni gue

used for phpptalistyctuge dosiretli oy THC G2heFui eanipde, PV EBQUGRswiehd to tbepi cal |y
depend on the.c 0Si ti f . TBC 22, jts thickness and especially. the

hyst cal LT SPESHE SRS B Fun oo SRR cs TS0 SRh DU (end <o
be usef ylashia sfpeuﬂeaq]ic‘{&@qe%gm tendid aefte la0dpBH ATk S PbIeU® Sfructhreust ure. By
contrast, plasma_spray techniques (e.g., APS) tend to create a sponge-|ike
porous stopekperee §BC z%léﬁym@%lb‘sf.orm n ¢esarpigrionwiobjionpeibis ihvenhoser ami ¢
conposi ti r]tgrﬁf IS, .-%TD PVD,_ _an ecial ly, EB-PVD:t echni ques to
provi de 21)95 rai %{@3 T %XI? n%%l urmg%((:hmﬁu}a & g’rn‘g% grsl%rglﬁps/to ef?)%tscog)lmeD and

especi al IsgpudthBeePVD t echni ques well known to those skilled in the art can
al so be utilized to form TBCs 22 fromthe ceram c conpositions of this

i nvention, See, for lLle, U S Patent 5, 645, 89 Ri ckerby et al), issued
July 8, VPgeys tw%@%ﬁ?il%@d&a?wiy R RED teglmgyes g edhesrsidiledi s 720
(Murphy) in RSHESn FEPEL@ed %o fBPBBCS 93 BRM Be! dbratAt compodilifRSofiftis61) and
U. S. Patent 6,447,854 (R gney

invention. See, for example, U.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 ions 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 Encyclopedia of Chemical Technology, 3rd Ed., Vol.
15, page 255, and references noted therein, as well as U.S. Patent 5,332,598

12-



et al), issued Septenber 10 2002, which are all incorporated by reference.
Suitable EB-PVD techniques for use herein typically involve a coating
chanber with a gas (or gas mxture) that preferably includes oxygen and an
inert gas, though an oxygen-free coating atnosphere can al so be enpl oyed.
The ceram c thermal barrier coating materials are then evaporated mﬁth

bar 1 or (KA SEXDTRSRR Julr 36 TR LEs RAOR Sl L RBEE REIR O3y gen

i ons and Sepgentber MO[ e9mtaa1k1 U>S dasent The4neeallteind: apy geied MRy RNthoget al
oxi des reconpbine to form TBC 22 on the surface of netal subst rat e 14, or

nore t yp(h%ram ipcgspongisA pydefgtencelnshich gre ingiruckvie in igpard t@vmmt&smﬁc@mfay

techni qu t lized to
For m TaCE S Pr Sib8I AP 88 Aetin, ° bl bl e B icBinillld ' 70
exanpl e, ikvalke &lfnm;ztﬁn@yaMgb@ﬂn@emiurelpﬁmn@advm&tpmma/theﬂﬁﬂ pheine. Vol .

15, page .255, and references noted therein, as well as U.S. Patent

5, 332, 598 NeLETAING (AALHIG COMPOFITPD, 783 GEAMIGPOWIHS, aroded infp the phyperands 047, 612
( Savkar he Righ- ﬁeﬁﬁ}tg%lur&eﬁtcﬁ&pﬁﬁ tdard 4RO bondP Okt giygr 18£2480bus é%tglfslng86 (1toh

et al), issued My 1998 herein incorporated by referenc which are

i nst ruct isueh plasme gpragt m@tn@techmquﬂsxpébheswan—knp'thMcsprslamedgn$1w srabl e for
use herei.n eneral, t asma t echni ques . Ive t.he
ot oinipdifle REGRL ety R aofREH SRRREAHOn AL Hemung R irdondl e,
The cerarbg: aRfké N8 frRINO Aepdsitibn; &rif blashifs ATrénRRVSIRAS arflf RubR& {Hat o the
plune, and the high-velocity plune is ditected toward the bond coat |ayer

18. Var i Gudackeiulistrate tpmperaies, ml%smpwmyam@amsn@ eespal distencesi(fin-be
el |- KON shiRghllfS oy iioh | hnt Tl e corag| PRI pRRAUARLBUS L GuBAL St ePS

and process paraneters such as 18 prior

t o deposiveloofty, girch palvast pmmtaOgamemamw@iﬁ@atmdcmﬂghwﬂ atifuet osidef ace
substrate tenperatures, plasma spray paraneters such as spray distances

(gun- toS%?%tﬂé)ang@@fé’ém%%mbﬁmtﬁéeaﬁu%@f therapghedgeaagsedl thebiligler f eed
rates, paighd &vervc%:%gfe;}%théi’ o?%\%?&v1dolh?cﬁv%sQ8‘§e%@'z%6tﬂlf%%ttwpﬂat' on

control to adjust ox stoichionetry sition t r eat nent
of the apbqnpieédrecdombodgnems;damgw fionk ebout %0 ﬂcdbwpmmrab@aMO/hﬂwam tTe range of
about 10 k q %Es t o about .200 kil owatts H
001 y of the ceramic coating composition parflcles owing 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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in preferred enbodi nents, ranges from about 40 kilowatts to about 60

kil owatts. The velocity of the ceram c coating conposition particles
flowing into the plasnma plunme (or plasnma "jet") is another paranmeter which
is usually controlled very closely. Suitable plasma spray systens are
described in, for exanple, 5,047,612 (Savkar et al) issued Septenber 10,
1991, whiGghy s i ncorporated by reference. Wiile specific enbodi nents of the
nmet hod of e present invention have been described, it will be apparent
to those skilled in the art that various nodifications thereto can be nade
w t hout depar tA egahicamnigoeition) which aslpdsspe of the present invention as
defined in the appended clains. CLAIMS 1. A ceram c conposition, which
conprises: A at |least 91 Y% zircopia;, and B. a stabilizing anmount up
to 9 nole % of‘a & ﬁ#ﬁﬁf@ﬂg%gﬁﬁﬁﬁ%ﬁﬁngconprising: a. a first metal oxide
selected fromthe group consisting of yttria, «calcia, ceria, scandia,
magnesi a, indim aRds@bilkiee ambR’ 881 fo B n188%008F AMRlBlIiZRX| @pRhed
trivalent metal atom selected fromthe group consisting of |anthana,
gadol i ni a, neodyncempHgngri a, dysprosia, and m xtures thereof and C. a
third netal oxide of a trivalent netal atom sel ected fromthe group

consisting of ytterhbia, J 1] e f.. 2 C ition of
claim21 which con%'ri ses aﬁngnl]% 8%11&’8%?1%?%ﬁk}&z@?%g%‘}pacona%gng ?gﬁ‘?@it o 8 nole
% st abi |'i zi ng conpslonteria3scahliia, HOgRRR nddandimiatiredhe@bfli N8 1 to 2 wherein
the first netal oxide is yttria 1in anpunt of from3 to 5 nole % wherein

the second netal oxide is selected fromthe group consisting of |anthana,
gadoliru' a and mi gt ures %ﬁ?&?@oﬁefaﬁ Oéwea‘ﬁlu%mvagqm fetzh atemosslectedofions| e o5 and
wherein the thir dtgptﬁbuyx&(?@is%iﬁg | §F ?g?%gggyn a hinfar, O fymik O s8mfia, M0l € %

4. The conposition of any of clains i ch conprises the second and
third dysprosia, and mixtures thereof and
c. a third metal oxide of a trivalent metal atom selected from the

group consisting of ytterbia, erbia and mixtures thereof.

2. The composition of claim 1 which comprises from 92 to 95 mole % zirconia

and from 5 to 8 mole % stabilizing component.

3. The composition of any of claims 1 to 2 wherein the first metal oxide is yttria
in amount of from 3 to 5 mole %, wherein the second metal oxide is selected from the
group consisting of lanthana, gadolinia and mixtures thereof in an amount of from
0.25 to 2 mole % and wherein the third metal oxide is in an amount of from 0.5 to 2.0

mole %.

4. The composition of any of claims 1 to 3 which comprises the second and third
metal oxides in a ratio of the amount of the second metal oxide to the third metal

oxide of from 0.75 to 1.33.

5. The composition of any of claims 1 to 4 wherein the second metal oxide is

lanthana and the third metal oxide is ytterbia.

6. A thermally protected article, which comprises:
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metal oxides in a ratio of the amobunt of the second netal oxide to the
third nmetal oxide of fromO0.75 to 1.33. 5. The conposition of any of
claims 1 to 4 wherein the second netal oxide is I|anthana and the third
netal oxide is ytterbia. 6. Athermally protected article, which conprises:
-14 A a netal substrate B. a bond coat layer that is adjacent to and
overlies the‘gntal Qgﬁ&g&fteand C. a thermal barrier coating conprising

t he conpositi’on of any 0 *m 1 to 5 that is adj acent to and overlies

t he bond coat layer. 7. The article of claim6 which is a turbine engine
conmponent andBwher @itontiheat Taher thai ishaljacest tocadt dvegliddaBe mdtdlisaksiassg of from
1 to 100 mls and has a strain-tolerant columar structure. 8. A nethod
for prepépﬂng a thermal barrier coating on a bond coat |ayer adjacent to
and overlaying a nmetal substrate the method conprising the step of. formng
on the bond ceat | g\fémpy B%%F%atﬂ?rcbh?hsﬁg%él?&n SitHEPOSIny JT1A sceram c
conposi tion, which conprises 1 mole % zirconra; an

st abi | i zilrtg Sahasumedjeqent v @deykBiesshefboad svaidayarzer conponent corrprl si ng. a.
a first netal oxide selected fromthe group consisting of yttria, calcia,

ceria, scandi es i . an tures.thereof b, a.sgcond neta
oxi do of Tatr AEIERTe Ao B whicBar adkEi Fied R nl AR SheRu B o

| ant hana thgaeDbdrfibBcoatif® By thicle@8béfi flom W8 1100 $hids andatidd alfipsinoRgardther eof ;
and c. a third netal oxide of a trivalent netal atom sel ected fromthe

gr oup coﬁ@h§ﬂﬁh§“§ﬂﬂ?{terbia, erbia and m xtures thereof. 9. The nethod of
claim8 wherein the ceram c conposition is deposited by

8. A method for preparing a thermal barrier coating on a bond coat layer adjacent

to and overlaying a metal substrate the method comprising the step of:

forming on the bond coat layer a thermal barrier coating by depositing a

ceramic composition, which comprises:

A. at least 91 mole % zirconia; and
B. a stabilizing amount up to 9 mole % of a stabilizer component
comprising:
a. a first metal oxide selected from the group consisting of yttria,

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

b. a second metal oxide of a trivalent metal atom selected from the
group consisting of lanthana, gadolinia, neodymia, samaria, dysprosia,
and mixtures thereof; and

c. a third metal oxide of a trivalent metal atom selected from the

group consisting of ytterbia, erbia and mixtures thereof.

9. The method of claim 8 wherein the ceramic composition is deposited by
physical vapor deposition to form a thermal barrier coating having a strain-tolerant

columnar structure.

10.  The method of any of claims of 8 to 9 wherein the ceramic composition that is
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physi cal vapor deposition to forma thermal barrier coating having a
strain-tolerant columar structure. 10. The nethod of any of clains of 8
to 9 wherein the ceram c conposition that is -15 deposited conprises from
92 to 95 nole %zirconia and from5 to 8 nole %total stabilizing
conponent. 11. The nethod of any clainms of 8 to 10 wherein the ceramc

conposi tian th deposit.e riges. yttria s fdrs oxide in
coont ofepetii colpristiARR' GO 69 BRAC 96 Fintdnd 54 But Pdo &l Titdilom 1 he
group CoRgbizintocoMponaiit hana gadol inia and m xtur es ther eof in an anount
of fromO0.25 to 2 rmle %and a third nmetal oxide is in an anpunt of from

0.5to 2 nole % 12. The nethod of any of clains 8 to | | wherein the
ceramc éénpoghﬁl%?ﬂquﬁafaﬂYsCIa@tsﬁtfsaﬁo vBersH the seraang pempositipatiabisount  of

‘;/; om 0.5 gkBostred c&ﬂbﬁ'seg‘)ﬁtﬁg a¥ e Aetaloxil PR of Frobd £ P nwoid &, % 5 ol e

second metal oxide is selected from the group consisting of lanthana, gadolimia and
mixtures thereof in an amount of from 0.25 to 2 mole % and a third metal oxide is in

an amount of from 0.5 to 2 mole %.

12.  The method of any of claims 8 to 11 wherein the ceramic composition that is
deposited comprises lanthana in an amount of from 0.5 to 1.5 mole % and ytterbia in

an amount of from 0.5 to 1.5 mole %.
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