THERMAL BARRI ER COATI NGS W TH LOW THERMAL CONDUCTI VI TY BACKGROUND OF THE
| NVENTI ON This invention relates to thernmal barrier coatings nmade from
ceramic materials and to netallic parts having such thermal barrier
coatings. The thermal barrier coatings have particular utility in gas
turbine engines. Gas turbine engines are well devel oped nechani sns for
converting cOEBRMAIBARRIER COATENGYS WIHH TKeWf DI FRMAE GePNDLE TV in |
energy and then to nechanical energy for use in propelling aircraft,
generating electrical power, punmping fluids, etc. At this tine, the major
avai | abl e avenue for i npropatEGROINEDOF THHORSVENTIHRE engi nes appears to
be the use of higher operating tenperatures. However, the netallic
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coating reapRieiedficielags not crack. Zirconia has a high coefficient of thernal
expansion and this is a_ primry reason for the success of zirconia as a
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cooling air required can be substantially reduced, thus providing a corresponding increase in

efficiency.

Such coatings are invariably based on ceramic. Mullite and alumina have been
proposed, but zirconia is the current material of choice. Zirconia must be modified with a
stabilizer to prevent the formation of the monoclinic phase. Typical stabilizers include yttria,
calcia, cena, and magnesia.

Generally speaking, metallic materials have coefficients of thermal expansion which
exceed those of ceramic materials. Consequently, one of the problems that must be addressed
in the development of successful thermal barrier coatings is to match the coefficient of
thermal expansion of the ceramic material to the metallic substrate so that upon heating,
when the substrate expands, the ceramic coating material does not crack. Zirconia has a high
coefficient of thermal expansion and this is a primary reason for the success of zirconia as a
thermal barrier material on metallic substrates.

Despite the success with thermal barrier coatings, there is a continuing desire for
improved coatings which exhibit superior thermal insulation capabilities, especially those
improved in insulation capabilities when normalized for coating density. Weight is always a

crifical factor when designing gas turbine engines, particularly rotating parts. Ceramic
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I mproved coatings which exhibit superior thermal insulation capabilities,
especially those inproved in insulation capabilities when normalized for
coating density. Wight is always a critical factor when designhing gas
turbine engines, particularly rotating parts. Ceramic 1 thermal barrier
coatings are not |oad supporting materials, and consequently they add wei ght
wi t hout theomeblsimegr eiatingrprh noflved euperian sinawniglsdasd canstqrently Cleayaadidoveiglgr mal
barrier ma eréaal whi ch adds,.t he.ni ni n(}vvei ght whil e Brovilgi%th Xi mum
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it is an object of the present invention to provide thermal barrier

coat i ngs Imaddinign,|tbere aivethambrioanitsices for topg life, stabiktyfandtehemoropj ect of t he
present invention to provide thermal barrier coatings as above which have
utility in gas turbine engines. The foregoing objects are attained by the
thermal barrier coatings of ¢HENIARSCOF THRYRVENIIQN N accordance with a
first enbodi nent of the present i nvention, a thermal barrier coating is
provi ded whi chAdeomiully, ic ramratges ofithel pressht ihSemmirogiroate Heantl lneerd ant hani de
sesqui oxi de.an%t.he bal ance co%r I.sing a first oxide selected fromthe group

consi st i FG2HES N2YIngAay herpa} fondugliythaf ni a. The first oxide is preferably
present in an I@ﬁ‘&bfﬁkh&rcﬁ)zéc@ﬁfm& i ti6n td Do d b B%Eﬁ d @2k jsde
sesqui oxi de has a formula A203 Sggg%gnﬂq?i@snelg c?e e#@%ﬁnlt eegr oﬁﬁms
consi st i ajowof whah hve uthaty iSgps fuhind boginesd m xt ures thereof. O her

enbodi nents of _.thermal barrier coati I.n accordance with t pr esent
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I nvent i ofgyeqtibher mal barrier coating is provided which broadly conprises an
oxi de present in an amount from5 to 60 nol % with the oxide having a

formul a A203 ihareordarics vatl 20tsé dmbpdimenhef Ge pogsentonségionng thedmbnbarser, Y, Dy,
Ho, FEr, Tm_Yb, Lu, and mxtures thereo t he bal ance copprising a
Frst oxchBinaR oprited Phisk wiondigFostipies ableatlnghaife oF pOBHE ahe FanaRid”an
ceria. |RegquiddiddaRNBedLRBM copridie: PHAS 8RideisBICERE ifdih 1R drb&y E3Hsishias bF er
coating is provided which broadly conprises a |anthani de sesqui oxi de and

t he bal am;r@owgnmasm@a&mﬁj Tae figktiogede is preferably present in an amount greater than 50

mol%. The at least one lanthanide sesquioxide has a formula A,O; where A is selected from

the group consisting of La, Pr, Nd, Sm, Eu, Tb, and mixtures thereof.

Other embodiments of thermal barrier coating in accordance with the present
invention include the following.

In a second embodiment of the present invention, a thermal barrier coating is provided
which broadly comprises an oxide present int an amount from 5 to 60 mol% with the oxide
having a formula A;O3; where A is selected from the group consisting of In, Sc, Y, Dy, Ho,
Er, Tm, Yb, Lu, and mixtures thereof, and the balance comprising a first oxide selected from
the group consisting of zirconia, hafnia, and ceria.

In a third embodiment of the present invention, a thermal barrier coating is provided
which broadly comprises a lanthanide sesquioxide and the balance comprising a first oxide
selected from the group consisting of zirconia, hafnia, and ceria. The lanthanide sesquioxide
1s present in an amount sufficient to create more than one oxygen vacancy on average
adjacent each zirconium, hafnium, and cerium ion.

In a fourth embodiment of the present invention, a thermal barrier coating is provided
which broadly comprises from 15 to 60 mol% of a lanthanide sesquioxide having a formula
A0; where A is selected from the group consisting of Er, Nd, Yb, Eu, Dy, Pr, Sm, and La,

and the balance zirconia.



selected fromthe group consisting of zirconia, hafnia, and ceria. The

| ant hani de sesquioxide is present in an anount sufficient to create nore

t han one oxygen vacancy on average adjacent each zirconium hafiiium and
ceriumion. In a fourth enbodi mrent of the present invention, a thernal
barrier coating is provided which broadly conprises from15 to 60 nol % of a
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In a ninth embodiment of the present invention, a thermal barrier coating is provided
which broadly comprises greater than 30 mol% Sc;Q3, 2 lanthanide sesquioxide having a
formula A,O; where A is selected from the group consisting of Nd, Eu, Dy, Gd, Er, and Pr,
and the balance zirconia.
In a tenth embodiment of the present invention, a thermal barrier coating is provided
which broadly comprises from 11 to 20 moi% In,Os, and a lanthanide sesquioxide having a
formula A,O; where A is selected from the group consisting of Er, Nd, Eu, Dy, Gd, and Pr,
and the balance zirconia.
In an eleventh embodiment of the present invention, a thermal barrier coating 1s
provided which broadly comprises more than 20 mol% In;0Os, and a lanthanide sesquioxide
having a formula A,Os where A is selected from the group consisting of Er, Nd, Eu, Dy, Gd,
and Pr, and the balance zirconia.
In a twelfth embodiment of the present invention, a thermal barrier coating is
provided which broadly comprises from 5 to 60 mol% of at least one of La;O; and Sm;0s,
and from 5 to 60 mol% of at least one oxide having a formula A,O; where A is selected from
the group consisting of Sc, In, Y, Pr, Nd, Eu, Sm, Gd, Dy, Er, and Yb, and the balance
zircona.

Other embodiments of thermal barrier coatings in accordance with the present
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formul a A203 where A is selected fromthe group consisting of Er, Nd, Eu,
Dy, Gd, and Pr, and the balance zirconia. In an el eventh enbodi nent of the
present invention, a thermal barrier coating is provided which broadly
conprises nore than 20 nol % 1 n203, and a | ant hani de sesqui oxi de having a
formul a A203 where A is selected fromthe group consisting of Er, Nd, Eu,
Dy, Gd, imvedtibn arcainclutib®hérainance zirconia. In a twel fth enbodi nent of the
present inventjion, a thermal barrier coatinq is. provided which broadly
conpri ses fronlS RigseBOmygRtanAsorelqtesiorangacle hicivbroadly somppisss a M8Y fr om 5

to 60 noly ' @mﬂ? | ’%@ ' cted
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and the bmteanakatezlia monal substthieaind ehbdermatiasrniafcobdieg. mal barrier coatings in

accordance with the present 3 invention are included herein. The present
i nvention al s&thel datalls afdhethegmnal Rarder gortinesighe piesen ipyaniien, as whdk ag other
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coating. O her details of the thermal barrier coatings of the present
invention, as well as other objects and advantages attendant thereto, are
set forth in t h&EhLdl) DESCRIFTIQN QRJIHE BRE .Rﬁrﬁﬁ. B k] | ON OF THE
PREFERRED ENB@?M@EB@ME@S;&&%?&%&@& {L&% Bfoﬁﬁ‘fl@tdiécw&?ﬁﬁ 1Reftdih %g:%nﬁé om t he
di scovery that certain ceramc materials have great ut Ilaty as thernal

barri er ooatnaghacngremtaility as Sighailtaiea, coptids cnmatallic subktestes, pseiduladyf or m
corrponenhg, such as the airfoils, of turhine engine conponents. These

ceram c rHAPErUSst & orDEoRpOReR S, uch ¢S Beiriels, PRBYDIES KNBINE CPPRERenit ekheas
conducti Wefopnit ieri AORNRMLRNAlit) SRR mAPALHIGE 1GAF IR Hlc@RnAngel ht %
yttria stabilized zirconia. In dccordance wth the present Invention, a
first enbodveswnabhemndl berrmmlcoftargsisech acDakei ghtf owhiralstanvediAsosach a | ower

thermal conductivity conprises at |east. 15 | % qf at | east one | anthani de
sesqui oxi de arkl FRREIBAEARCLIEREEPLIREAIP LR codim euiobacRamel biffithe

group conghghd A8iA exBibicRRiPa 1vdritRernBDEoriRERVRy ccPrﬁﬁrfi&E apleYsttiRendibs sf at0Xi de
Is present in an anount greater than 50 nol % "Each | ant hani de sesqui oxi de

has a f orlpast ana\kothanidersesqgiidxade and the balance comprising a first oxide selected from the

group consisting of zirconia, ceria, and hafnia. Preferably the first oxide is present in an
amount greater than 50 mol%. Each lanthanide sesquioxide has a formula A;0O3 where A 1s
selected from the group consisting of La, Pr, Nd, Sm, Eu, Tb, and mixtures thereof. In a
preferred embodiment, the at least one lanthanide sesquioxide is present in a total amount in
the range of 15 to 45 mol%. In a most preferred embodiment, the at least one lanthanide
sesquioxide is present in a total amount of at least 25 mol%. In the thermal barrier coatings
of the present invention, where the first oxide is zirconia, each zirconium ion has more than
one adjacent oxide vacancy on average, and preferably at least two adjacent oxtde vacancies.
If the first oxide is hafinia or ceria, each hafnium ion and each cerium ion would also have
more than one adjacent oxide vacancy on average, and preferably at least two adjacent oxide
vacancies. The presence of these oxygen vacancies minimizes the thermal conductivity of
the coating. Thus, they are a highly desirable feature of the coatings of the present invention.
A second thermal barrier coating in accordance with the present invention comprises
an oxide present in an amount from 5 to 60 mol% and the balance comprising a first oxide
selected from the group consisting of zirconia, hafnia, and ceria. The oxide has a formula
A,0s where A is selected from the group consisting of In, Sc, Y, Dy, Ho, Er, Tm, Yb, Lu,
and mixtures thereof. In a preferred embodiment of this coating, the lanthanide sesquioxide

1s present in an amount from 10 to 40 mol%.



selected fromthe group consisting of La, Pr, Nd, Sm Eu, Th, and m xtures
thereof In a preferred enbodi nent, the at | east one | ant hani de sesqui oxi de
is present in a total amount in the range of 15 to 45 nol% In a nost
preferred enbodi nent, the at | east one | anthanide sesquioxide is present in

a total amount of at |east 25 mol % I n.the thermal barrier coatings .of the
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accordance w tAhforte em’oedmn&nt ofig d&mrmalrbamermolaaeg hawang exower thers oondustiaity
anount from5 fo 60, %and t he bal ance. co iﬁ]ng a fL/rst oxi de . sel ected

from t he HPGapIaE Bemyibd By ednt JVERLOR COMRiseR rqm OFREAHANKE has a
formul a s%gfbxmq{a‘%n@ a' f?)rrﬁﬁﬂa IRy Ok E%e&éfﬂgmctﬂgﬁgcﬁ%fd&s@{ n%ﬁ%&’s‘f\]d

Dy, Ho, Er, m™xt ures thereo I'n erre odi mént  of
this coat‘ﬂh;l@p, DblePri Sm, harmddelmﬁsqﬂmemmf ched tlnesbaﬁamemtcomla dhe almpomat bdrriem 10

to 40 nol % den‘nod a.th barrier atin onprises a
| ant han! G0 AT AR TR BB D A1 SLBIpEs Biing Rrpeiner SMUSUSErEe: ed
from the Zg .85 i S HREr I} 'BQes@xfit i lah GRRLA: gredlal RhA 40 GF510A TN Fat baffs thereof.
The | ant hani de sesqui oxide is present in an anmobunt sufficient to create

nor e t hawgoating XY gled cardaiarnny oo mass ef thg o lindying enmstidaagits: fione 6.00Une 2.5l um

and cerium.i ons. ur.t.h odi nent of er rrier atin ving a
over -t ndlHe B R ey R e i Pha eme Ee T RR Lot "

conpri sesmzogrfr&ﬁ 0t0D166 4ATh 819 520, anl/drafdd ©.0(8a8 AL exldenfyi ng a formul a
A203 where Ais selected fromthe group consisting of Er ., Yb, Eu, Dy,

Pr, Sm La, arfdfifihembedinenhef adtermalhermereopmgmeascoidenemith tlﬁwe$€|ﬂér mal
barri er i503khLD %Fc'hge{xﬁjbg{%{?ﬁgﬁg@%@aﬁ ch&ﬁl%u%ﬂf @?r%gn%q%' al’ ‘ie%‘ét Fﬂ? ﬂ%"n% h.Q

pyrochl ore Crys I'rconra f esen anount

greater talamhdidersdsfnioNide haiap wEbrnds B,O5 whemaA iiNg:1¢emyd ﬁbﬁlqhegﬂml n one or
nore of the follow nggconstltuents fromO0.001 to 2.5 mol % yttria, from

0. 001 t o coPSiptlidT. Ne. Yoait h&dPr.cadmniranbsreet. and thedmlarics zxcenippime

preferred embodiment, the zirconia is present in an amount greater than 40 mol% and the
coating contains less than 10 vol% of phases with a pyrochlore crystal structure. The yttnia in
this coating system may be present in an amount in the range of 15 to 22 mol% and the
lanthanide sesquioxide may be present in an amount from 1.0 to 35 mol%. In a particularly
useful embodiment of this thermal barrier coating system, yttria is present in an amount
greater than 22 mol% and the lanthanide sesquioxide is present in an amount from 1.0 to 38
mol}%.

In a sixth embodiment of the present invention, a thermal barrier coating having a
lower thermal conductivity comprises from 9 to 15 mol% Yb, 03, and from 1.0 to 48 mol% of
a lanthanide sesquioxide having a formula A,O; where A is selected from the group
consisting of Er, Nd, Eu, Dy, G4, Pr, and mixtures thereof, and the balance zirconia. The
zirconia is present in an amount greater than 40 mol% and the coating has less than 10 vol%
of a pyrochlore crystal structure.

A seventh embodiment of a thermal barrier coating in accordance with the present
invention comprises greater than 15 mol% Yb,0; and a lanthanide sesquioxide having a

formula A;O; where A is selected from the group consisting of Er, Nd, Eu, Dy, Gd, Pr, and

5



Yb203, from0.001 to 4.0 nol % Sc2C3, and/or from0.001 to 4.0 nmol % 1 n2C3. A
fifth enbodi ment of a thernmal barrier coating in accordance with the present
i nvention which exhibits a |lower thermal conductivity conprises at |east 15
mol % yttria, and a | anthani de sesqui oxi de having a fornula A203 where Ais
selected fromthe group consisting of Er, Nd, Yb, Eu, Dy, &, Pr, and

m xtures thereof, and the bhal ance zirgonia. I.n.a referred enbodi nent, the
T ont dniigs Beisgh. 104 (R D ARG B OF 25 HP SoPrR o AR SEHaP 26 GOy

cont ai NSyl ASSthh3H nidloy ahidne!, (D@88 s WdrbraBlyRWneHY 1RELthes YO 181y, 8 piRtur €.

The yttria in this coating systemmay be present in an anount in the range
of 15 t owi2i2apypickhbmelcityistal sthatirhaihe dantlewiie wrquexidayndydepresenin anrmmaunanount
from1.0.to 35 nol% |n a particularly useful enbodiment of this thernal
barrier CHROGTY € tBW yttria is present in an anount greater than 22 nol %

and the |ant hﬁrﬁnd&n%ﬁﬁ%ﬁwo@ﬁﬁaﬁomewr@séﬁﬁhvwiﬁpaml b:IrH@f‘&olatiH%ESO 38 nmol%

In a sixth enbodi nent of the present invention, a thermal barri coati ng
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A s selleEpels Adbvite Ay seisried dne Ge e Poongsingal Eive. By, Do e ngh
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amount greater than 40 nmol % and the coating has | ess than 10 v
pyr ochl capownt wsdagdr thar 4Ctei%. FArtbey thettherorabbatinice ndatinfg tas idse thanl | Obaieiodr

coating i,n accordance with th resen i nyentjon, c ri ses eater than 15
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thereof, and the bal ance zirconia. The zirconia is preferably present in an
anmount  gr eat bBra ninginemBodimietn ofithe present inveationa thagngdbefesr abhtyngrie ptaviides! | ess

sesqui o AShraeRaeTFRugh e A0 ARG * PR setu et et i o ght h
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whi ch conprises from?20 to 30 nb] % Sc2C3 and a | ant hani de sesqui oxi de havi ng
a for mithgrenfopdubebadante zrcorize dhe dirgoroaristiefegatdy preseisn 9n amguuifgreater Nd, Eu,

Y o B 48 oedt BhER b AR cou Bl nbP RaVRALANRE: T0 LGRLR 4SS BREQT S 1 De
pyrochlore crystal structure. In a preferred embodiment, the lanthanide sesquioxide is present
in an amount in the range of 0.001 to 30 moi%.

In a tenth embodiment of the present invention, a thermal barrier coating comprises
from 11 to 20 mol% In;O; and a lanthanide sesquioxide having a formula A,O3 where A is
selected from the group consisting of Er, Nd, Eu, Dy, Gd, Pr, and mixtures thereof, and the
balance zirconia. In a preferred embodiment, the lantanide sesquioxide is present in an
amount from 0.001 to 36 mol%. The zirconia is preferably present in an amount greater than
40 mol%. The coating also preferably contains less than 10 vol% of phases with a pyrochlore
structure.

In an eleventh embodiment, a thermal barrier coating is provided which comprises
more than 20 mol% In, O3, and a lanthanide sesquioxide having a formula A;O; where A 1s
selected from the group consisting of Er, Nd, Eu, Dy, Gd, Pr, and mixtures thereof, and the
balance zirconia. In this coating system, the zirconia is preferably present in an amount
greater than 40 mol%, the lanthanide sesquioxide is preferably present in an amount from
0.001 to 40 mol%, and the coating contains less than 10 vol% of phases with a pyrochlore
structure.

In a twelfth embodiment of the present invention, a thermal barrier coating comprises

from 5 to 60 mol% of at least one of La;Os and Smy0s, from 5 to 60 mol% of at least one
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anount greater than 40 nol % Further, the thermal barrier coating has |ess
than 10 vol % of phases with a pyrochlore crystal structure. In a preferred
enbodi ment, the | anthani de sesquioxide is present in an anount from 0. 001
to 30 mol % In a ninth enbodi nent of the present invention, a therma
barrier coating is provided which conprises greater than 30 nol % Sc233, a
| ant hani de. sesqui oxi de having a fornmula A203 where Ais selected fromthe
group coR&K§hRHRE b fmav,wlelﬁzcgﬂhe@jf\ 1pelegsed frgpythgigraupr@gsisting peos. Nahdks he
bal ance gzjir b.a. ' nj gy | I ' - a er
Chan 40 ot b ScOd ey Banm B REEHERAR AREREhod Al L UG o4
phases wsydtera, thpyiramnid Brpeeferapbt prksedit it ameuntlgreaerthai 40 madembdaht aeithg t he
| ant hani de sesquioxide is present . in an anount in the range of 0.001 to 30
nol % | ncantpispisss Brpdivebntof phasehithaaapehlpig AMelwss, a thernal barrier
coating conpri r 9 - ' I oxi de
havi ng a forw@géﬁ%ga%éﬁ%gﬁh@ﬂgéﬁ%k? é%%a%é@%%gﬁgmgg?@% ing of Er,

Nd, Eu, BDysenfosh inClude @dfolfbwing. es thereof, and the balance zirconia. In a
preferred enbodi nent, the | antani de sesquioxide is Eresent i n an anount

from 0. 001 t o{(5EB Adiermalienescoaiang comprisngeframddhp Jo A28 serito pintdepshamutinst
greater 9 e | . r ' SS ot 10
Vol o6 of ShaeLe e dibthull MORRREI R SA A B Lo ERBN AL SRS Sl
ther mal  ITal, rané LuGoaibimd wish peaohdedideltiebted dropi tikeSoupBumisigdf ZRcdid, %

I n2C3, and_a | ant hani de sesqui oxi de having a fornula A203 where Ais

sel ect ed hafimapdh eerip: Jo Rieissied emgditentthe sggongdgxidpys pregent [ an amguw oftatir es
t her eof , al ' ' | i e jrconia is
brof or ablGE7 s ol THAEB A RV so chitabtyom Al 9185 B6RPar 1R e 38
sesqui oxiotlRlel flonp tief gowgbionhsiptiag eNin,On StROa M Mg @ad) afd mikmr<QheiebavitAnd
the coating contains |ess than 10 vol % of phases mﬁtp a pyrochlore .

st ruct ur éh€ serond exXide beIRS araseRtipam pmeRnt gieatey War AP molvasiherbihe third pxidads

barri er Wy | - OMm: .0 d
bar 1o BBk S OHAL R oD ok nB0aeh S Plork SRTr DS, 8021ARAR B
wher e A iasleaglometlde dxidendlbmedyfromphe gromp sonsigtimgg ofSCeO4, Br, 0¥, NB¥Q,, By, Eu, Sm

Dy ol TN B SR el L AER a9
than 40 nplstaaich 3%ideRiHgFesent in a total content not greater than 22.5 mol%.

(14) A thermal barrier coating comprising from 0.5 to 1.0 mol% of at least one first
oxide from the group consisting of CeQ,, Pr,03, Nd; 03, Eny 05, Gd,03, Dy203, EryOs, Yb,03,
n»01, S¢,05, Y205, and mixtures thereof, combined with a second oxide selected from the
group consisting of zirconia, hafnia, and ceria. The thermal barrier coating may also contain
from 0.5 to 22.0 mol% of at least one third oxide selected from the group consisting of La,0s,
Sm; 03, Th305, Tmy 03, Hoy 05, LuyOs, Mg, Ca0, and mixtures thereof, with the at least one
first oxide and the at least one third oxide being present in a total amount of not greater than
22.5 mol%, and the second oxide bemng present in an amount of at least 77.5 mol%.

(15) A thermal barrier coating comprising from 20.5 to 22.5 mol% of CeO; combined
with an oxide selected from the group consisting of zirconia, hafnia, and ceria. In a preferred
embodiment, the oxide is present in an amount of at least 77.5 mol%.

(16) A thermal barrier coating comprising from 0.5 to 22.0 mol% of CeO,, and from
0.5 to 22.0 mol% of at least one first oxide selected from the group consisting of La;0Os,
Sm,03, Th,05, Tmy03, HoyO3, Lu,03, MgO, Ca0, Pr03, Nd,04, Euy O3, Gd20;, Dy,0;,
Er;03, Yb,(, and mixtures thereof, combined with a second oxide selected from the group
consisting of zirconia and hafnia, and the CeO; and the at Jeast one first oxide being present

in an amount not greater than 22.5 mol%. In a preferred embodiment, the second oxide is
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contains less than 10 vol % of phases with a pyrochlore structure. O her
enbodi nents of thermal barrier coatings in accordance with the present
invention include the followinla. (13) A thermal barrier coating conprising
fromO0.5 to 22.5 nol % of at | east one first oxide having a fornula A203
where Ais selected fromthe group consisting of La, Sm Tb, Tm and Lu

conbined with a second oxide §§| ected fromthe group consisting of zirconia,
hafiti a,PrEYAL R aPoun, oLaldedy df PdRCtrbodi ment, the second oxide is present

in an amount (@) Atthcﬁrﬁa%&ﬁycéadﬁglc%ngmﬁlg%iortgto@% AP G AbM J.5 QN 0. 5
to 59.5 nol % of at |least one third oxide fromthe group consisting o
| n2C8, SC2DBelN203t lehB@ne Cale saledtedifxmu thesgrotye cavisting ol In,OheSeg.0md oxi de

bei ng present in an amunt. greater than 40 | %.when the third oxide is

pr esent . ML thefhoffom “E‘ff‘ije‘glf]&éi ]ie?mfé,“Bi‘ﬂOlgﬁ%{%e X‘&Q?qq%ﬁt?‘gﬁ?m §8OYRt ai n from
0.5 to 22,6 5 Afconiilanl i,one third oxide selected fi 7omthe group
consi sting 8%02,‘:0 ?azaéjg,%ﬁ‘ﬁd%‘os, EU203, Gd203, DY203, Er203, Yb203, and

m xt ures t her{@éj A therthdl berrgtr coaamgtcoarpeisirigrfsdm O B2 2ahtholHefat leadteasifirgne

third oxide being present in a total contep ot_greater than 22.5 nol %
(14) A tHe mle%%ﬁe?@rth%é@ppﬁan%w&qfﬁﬁra@,i\fd@ﬁm‘iusoﬂ,cﬁra(?na Mysigresdherpelast

one firs i : | st - P : 203,
505, | omitEeish SRR AR R ol s mg Tt Conid Hafila, >
conbi nedcendat fin a psefeadiembodiment tlecdeechd oxade ishpresegt mum monsit gieateg thah 77.5
zirconia, firiag, and ceria. .The thermal barrier coatin | so contain
from 0. 5Pf °'25{"63W5‘P% ¢t Copting fmay urthericompERs %@n’s@gé‘bégﬁlﬁ% af fastengup
consi st : . > L , 0 O, d

m xt ur esﬂﬂg ﬁg}le(%)cfas,%g\?\}etd r@%g%a%rzﬁég%%moln Q@;fib ?@%’qgﬁjaggz%inEQ% Gad?@ ’ehg ' one

t hird oxCa@, hei mzptpeetherdof mwithaht e¢cahd anwlaheingfpresent or aatnesunt hat 1e2248 nol %

and the seg)nd oxi de being present in an anount of at least 77. S nol% (15)
A thermafoérrier coating comprising from20.5 to 22.5 ol % of Ce02 combi ned

with an oxi de(19§/aehbRRhar B cBS iy QRriHEShSh 13D Q2224 IePhita H& dxidéd,  and
ceria. In a preferred enbodinent, the oXide is present In an anount of at

| east 77seleotas] Hom tbrodp chesistalg dfddy,Os and ¥au Ongprooinpd iwsthrag leastoin. Dmb1% @22, 0
nmol % of Ce02, .and from .Q.5 to 22. 0 nol % of .at | east.one first oxide
Sel ect ed® FEGH BRGe oF G0 SR M EFalp SSPoLU30 9 Aregipo B 568 03,  Ho203,
1-11203, MO, (/BA thBhgd Darrhld 28Bin ok B ind 68D, 5 1YADS moida ATy, 0Y e &onand
m xtures thereof, conbined with a second oxi de selected fromthe group
consi st i 84§ tef92imeldnphatdeast hag o¥ide frommible ghaupconsisangiof neOatScr@a Me@rfea®d,i r st
oxi de beialgcgmpxrh?rseg ﬂ;[creof, combined with at least 40 mol% of an oxide selected from the group
consisting of zirconia, hafnia, and cera.
(21) A thermal barrier coating comprising from 0.5 to 22.5 mol% of Yb,03, and from
0.5 to 59.5 mol% of at least one oxide from the group consisting of In,Os, Sc,03, MgO, Ca0,
and mixtures thereof, combined with at least 40 mol% of an oxide selected from the group
consisting of zirconia, hafnia, and cena.
(22) A thermal barrier coating comprising from 20.5 to 60 mol% of at least one oxide
selected from the group consisting of InyO;, Sc;0s, and Y03, combined with at least 40
mol% of an oxide selected from the group consisting of zirconia, hafnia, and ceria.
(23) A thermal barrier coating comprising from 15 to 59.5 mol% of Y03, from 0.5 to
45 mol% of at least one first oxide selected from the group consisting of La;03, Sm;0s,
Tb,03, Tmz 05, Ho,03, Lu03, MgO, Ca0, Pr;03, Nd2 O3, Eu, O3, Dy204, ErzOs, Yb20;,
In; O3, Sc20;5, and mixtures thereof, combined with at least 40 mol% of an oxide selected
from the group consisting of zirconia, hafnia, and ceria.
(24) A thermal barrier coating comprising from 9.0 to 23.0 mol% Gd;0Os, from 0.5 to

51.0 mol% of at least one first oxide selected from the group consisting of La;03, Smz0;,
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In an anount not greater than 22.5 nol% In a preferred enbodi nent, the
second oxide is 7 present in an anount of at least 77.5 mol% (17) A thernal
barrier coating conprising fromO0.5 to 22.5 MOM Ce02, fromO0.5 to 59.5 nol %
of at |east one oxide selected fromthe group consisting of 1n203, SC203,

and mxtures thereof, conmbined with at |east 40 nol % of an oxide sel ected

from t he ThrQm g roOhasiiatQmbuzrds, M@ rh Parfep, MgeQi, £v201.9Yy 83t B bkr ri er

coating copprd sihng f.ro 0 ool % n i '

cel cot e P B ERe st s thef S kst 8 horp Bl (il s el

m Xt ur es fiohethe gtoupCavbisigg o Mditdoni, heRd)dndxérite sel ected from the group
consisting of zirconia, hafnia, and, ceria. In a preferred enbodi nent, the
second oxi de il&e ypoeusiheimpl harmersoaingg seldoeh herpammpay bs chpyigrtggizahwith der mal
barrier %gﬁti n1g tgﬁ%ugurther conprise from0.5 to 51 nol % of at |east one
third oxige el e fromthe group consisting of Yb203, 111203, SC203,

Y203, Gd203' b@péniclgga@vi@ﬁlaﬁmmbmﬁ&ytamrcmgoﬁmmhig@s afsiae engxé dBayied Ny
present in an anmount of at |east 40 MOM (19) A thermal barrier coating
conpri si mepMidesnin Bsca@ydensedtisthepresenyingertions {The ertarde mayhaye e dandtaionbitrsée gr oup
consi sting,of B.and _Yb203 .conbined wth at |east 747.5 nmol % a second
owi de se i Pas YA RER T GERel BFnsEtaod sdfiee BhspfTad” Theodebfly
(20) A t heriRoliRiphey b€ A5Hlie0 BireoMPid Shtfhck bPMeGubstidle 59may BRlafpIdd t9¥203 and
from 0.5 to 59.5 nmol % of at | east one oxide fromthe group consisting of

| n203, Sbrodcogigepositigdon onn@r rioxe shréases plethe gictal suh$rate dAny stitable teglriquelo

mol % of an _oxi.de sel ected fromthe.qgr onsi stipg of zirgconia,, haf ala,
T cor i MRopH 8 e A BRL BE WA RSO Blna FANRI bl B ackbLAOI Bun BRESE S
of Yb203 the&fibddifehts @fthd ireSdt veptidn. Huitibld teasliqu@iendxdddedtianBdaie gr oup

consi st ng O 1n203, SC203, MBO, CaO, _and_m xtures thereof, conbined with
at | east PRYSIHEVapefdepasibrn.clicaitab ¥aRay depeswier & PESJaphniqusssimsk difysion

zirconi a, I i ' -he ' | LSl from
20 5 1o BRI She UL Rie RAf LodphNEGIReAIREKS BheiBbLARLE AMERR VARG 1 O
| n203, SGdpGaliaynd 203 alershtinedstvél] Mitiahiunealidy, 403 aroppérafloan oxi de sel ected

fromthe group_caqnsisting of zirconia,. hafnia, and ceria. (23)_ A therml
barrier coati ngetSREICPATARY SOBPRSERNY Suitaplsbams\paat known in thegwt. FFos exgmple,

the bond coat may be formed from an aluminum containing material, an aluminide, a
platinum aluminide, a ceramic matenal, such as 7wt% yttria stabilized zirconia, or a MCrAlY
material. The bond coat may be formed on the substrate using any suitable process known in
the art including, but not limited to, low pressure plasma spray, electron beam physical vapor
deposition, diffusion processes and chemical vapor deposition processes. If desired, the bond
coat may have an oxide scale on an outer surface, which oxide scale consists essentially of
alumina. The thermal barrier coatings of the present invention may be bonded to the oxide
scale using any suitable technique known in the art.

If desired, a ceramic layer may be bonded to the thermal barner coating. The
additional ceramic material may be selected from the group consisting of matenals which
reduce oxygen diffusion, provide erosion and abrasion resistance, and/or provide optical
emissivity of 0.7. Examples of high emissivity ceramic materials which can be used are
alumina and mullite. High emissivity reduces the heat transfer across a thermal barrier
coating by internal radiation (radiation of the thermal barrier coating material itself) due to
the temperature difference between the hotter outer surface of the coating and the cooler
interface between the coating and the TGO, thereby reducing the temperature of the TGO,
thus the bondcoat, thus the alloy. Thus, high emissivity increases the insulative properties of

the TBC. The additional ceramic layer may be formed over an exterior surface of the thermal
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45 nol % of at |east one first oxide selected fromthe group consisting of
La203, SM203, Tb203, TM203, H0203, L11203, MBO, CaQ, Pr203, Nd203, EU203,
DY203, Er203, Yb203, [1n203, SC203, and m xtures thereof, conbined with at
| east 40 nol % of an oxide selected fromthe group consisting of zirconia,
hafiiia, and ceria. (24) A thermal barrier coating conprising from9.0 to
23.0 nolReHZERINE  om 0.5 to 5 1.0 nol % of at |east one first oxide

Tu205, Mo, R B RifES 1A wlgichat B It i B ang G20
and m xtthe denhldraendr, coatings ofabe piesént atvehtas madbenmphplieddirenlyoniedendpdraiet ed

fromthe glir)oup, consi sting of ,zirconia, hafg&a, grrlld ceria. The various

t her mal 93PS Pefc sl popBIREitRblerdsppution IeChRIguS BN PHIbE SFt iRgiHdife: it zot

col umary; t o LG Vil J i J: & panent i n
o gas t DAL, Wi b B, ool ibiath PRI bkl ddpdsition! ofoPofialibs

i nvent i ovepor Bepositiohaéchniquigs. hAneoadoetaid mayhshsigtsabstamniklynd abfminhe

af orenenti oned thermal barrier coatings a‘?pl ied to the substrate. The
thermal  bar rfBRoughdhe figrnalbasacrgesiingspidhe Bessnt IREngoR Yo g ey edped fer

subst r at 2 | ; j : s

sur't acostP5p e Ein ifs ARBiE Eleints te AORHaChRl, (FRPR ARG SRIPADR IR fih |
may be usegbeiaurdemeshtomtdrbdrsieh abfunidces asbaitdrigl dofbaetien eigtintes. Wi t h one of
t he enmbodi nents of the present invention. Suitable techniques jnclude

el ectron beamhiyioring expaies e pyenderd dp shoy g 20ypntagero?! the portings ghthel pps

techni g a0 ediidf usion processes. The netal substrate may conprise one
of a ni gﬁgfenbasgghésljperal | oy, a cobalt based superalloy, a ferrous alloy

such as steel, a titaniumalloy, and a copper alloy. The bond coat nay

conprise any suitable bond coat knﬁgn irf] LEe art. For exanple, the bond
coat may be fornmed froman al um nu ilng material, an alum nide, a

pl ati num al unggi, 2 €8 mLANL ehi18h ﬁ-%‘hwé‘x% VAN I id i.zied
zirconia, or a V\@,SAIOY mat erti%a\rEBThe bond coat  ray ubéeaagagrd(r)rgi oﬁs@%#erﬁ
subst r at enigsing gf emyedsprivideid © plapsiy 85 %ndwnedretical. "Ehasampla disasliORR S " but not

limted | nl . el ect beam. physi cal
Gepos 11 BRcsssy MR Gl BB R h L BB rA RSP B BoR s es. |1 ¢
desi red,u&fbernﬂ%\%ing:ﬂétlasgﬁﬂaﬂ%ﬁl a%plsoﬁﬂedmwmefwmmefy swedipce, which

oxi de scal e consists essentially alum na. "The thermal barrier coatings
of the pmessmeméeniwéthe smplmginipasioos debiweight. hEhaymiatieonductivity values of 1.95

W/mK were calculated from the data measured at 1200°F, linearly corrected to theoretical

density.

EXAMPLE 2
Samples of 16.7 mole% Y03, 16.7 mole% Gd;QOs, balance ZrO,, were similarly
produced by cold pressing and sintering of mixed powders to a density 90.8% of theoretical.
The 0.025"-thick samples were again coated with graphite and measured in the laser flash
apparatus. From careful measurements of sample weight and dimensions, the bulk density of
the sample was determined. Thermal conductivity values averaging 1.37 W/mK were

calculated from the data measured at 1600°F, linearly corrected to theoretical density.

EXAMPLE 3
Coatings with an average composition of 19 mole% Sm,0,, balance Zr0O,, were
deposited by electron beam physical vapor deposition onto alumina discs. High temperature
measurements of thermal diffusivity were made in the laser flash apparatus. High

temperature specific heat values were estimated from previous measurements of monolithic
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scal e using any suitable technique known in the art. If desired, a ceramc

| ayer nmay be bonded to the thermal barrier coating. The additional ceramc
material may be selected fromthe group consisting of materials which

reduce oxygen diffusion, provide erosion and abrasion resistance, and/or
provi de optical emssivity of 0.7. Ex | es of high em ssivjty ceramc

mat er i aP3 MHEErSB s B%‘a’[h%“-'e%‘oczrsémp@su ﬁuﬁgg%{ﬁ&}' ffithe; SP@P?GISH"@% cgh:pgaéqc\, rem
reduces t. f - j i LN

adi ot e BelERn AR oG (AR of e R BUIRE LR o RORCE DA RIGLOTRRR (o
t he t enpendictivy daliteivenggnd 26K vecrb oslcelated ften tisuddtameasted oid 4004, i ng
and the cooler interface between the coating and the TGO thereby reducing
the tenpéthaiqsarestion prdedgs density;s t he bondcoat, thus the alloy. Thus, high
em ssivity increases the insulative properties of the TBC. The additi onal
ceram c |layer may be fornmed over an exterior surface of the thermal 9
barrier coating. In sone enbodinents, the article may have an oxi de scal e on
its surfaces and one of the thermal barrier coatings of the present
invention may be applied directly over and bonded to the oxide scal e using
any suitable deposition technique known in the art including, but not
limted to, diffusion processes, electron beam physical vapor deposition,
and/ or chem cal vapor deposition techniques. The oxi de scal e may consi st
substantially of alum na. Al though the thermal barrier coatings of the
present invention were developed for application in gas turbine engines,
the coatings have utility in other applications where high tenperatures are
encountered, such as furnaces and internal conbustion engines. The follow ng
exanpl es are intended to show the advantages of the coatings of the present
i nvention. EXAMPLE | Sanples of 27.3 Ml e% Y203, bal ance Zr02, were produced
by cold pressing and sintering of m xed powders to a density 95% of
theoretical. The sanple discs, 0.025" in thickness, were coated with
graphite. Specific heat and thermal diffusivity neasurenments were nade
using the laser flash apparatus. Bul k density was determ ned by careful
measur enent of the sanple dinensions and wei ght. Thermal conductivity val ues
of 1.95 W/nK were calculated fromthe data neasured at 1200'F, linearly
corrected to theoretical

11



density. .EXAVMPLE 2 Sanples of 16.7 Ml e% Y203, 16.7 nol e% Gd20. 3, bal ance
ZrO 2, were simlarly produced by cold pressing and sintering of m xed
powders to a density 90.8% of theoretical. The 0.025"-thick sanples were
again coated with graphite and neasured in the laser flash apparatus. From
careful neasurenents of sanple weight and di nensions, the bulk density of

t he sanpl d l . Thermal conductivity values averaging 1.37 WnK
wer e ca@é{@f%&ﬁhﬁkbﬁ@ data neasured at 1600'F, linearly corrected to
theoretical density. EXAMPLE3 Coatings with an average conposition of 19

nol e% Sn203, bal ance Zr02, were deposited by el ectron beam physical vapor
deposi t i oh AtheBnal|barries SoHIMECOmMPrisigs foanbef it 24-& mokepf arfipterrids sstecteler mal

di ffusi Vi fry, W& O%Q@nsisﬂné B?D}lﬁﬁ%'hgf\f}b%bc@ﬁﬁﬁéﬁﬂﬁ at [Eh07 sLgmes At ur e

specific heat val ues were esti'mated ffom previous neasurenents of nonolithic
10 33 nol swwEheds: schesteslfomn Rre@ownequsising &iditconiensifoig, ofd dehie. sanpl es was

cal cul ated from the changes in weight and thickness of the discs during
coating, and their diameters. Thernmal conductivity val ues averagi ng 1.26

W nK wer €2 .cA liguhalttacridr codtinglae clghal iR 1 eehatinlsdi0hermalMbhiticn Coati@p hect | on
made for der]sit . Jt. WHAT IS CLAIMED I'S: 1. A thermal barrier coating

conpri si nYCHTYMTBEUBIIES 22. 5 ol % of a first oxide selected fromthe group
consi sting of Dy203 and Yb203‘:conbined with at least 77.5 nol % of a second
oxi de sel ected fromthe group consisting of zirconia, hafnia, and ceria. 2.
A t her mal 3.0 artigle hawiag 2 ngetalsubstegtaand 4 thermal barrier cogtiag @b plainagdiintcladm dal

barrier coating has a columar structure. 3. An article having a netal
substrate and a thermal barrier coating as clained in claiml. 4. An article
accor di ng4.tAn atielermc&yrding ¢o elaim 3 awhkernintsaild rsethisnbsttate coongrises esleast ohealst one of

ickel b | | lt. b | | : | | oy,
{1 Cani om S0k 6y ossiqoges D8t trogn G HAT e e o Sy v o
further ceippet flioyg a bond coat internediate said netal

5. An article according to claim 3, further comprising a bond coat intermediate said metal

substrate and said thermal barrier coating.

6. An article according to claim 5, wherein said bond coat is formed from at least one of
an aluminum containing material, an aluminide, a platinum aluminide, a MCrAIY

material, and yttria stabilized zirconia.

7. An article according to claim 3, wherein said article comprises a component used on a

turbine engine or an internal combustion engine.
8. An article according to claim 3, wherein the metallic substrate has an oxide scale outer
surface consisting substantially of alumina, and the thermal barrier coating is bonded to

the oxide scale.

9. An article according to claim 8, wherein the bond coat has an oxide scale on its outer

surface and the thermal barrier coating is bonded to the oxide scale on the outer surface.
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substrate and said thermal barrier coating. 6. An article according to claim
5, wherein said bond coat is forned fromat |east one of an alum num
containing material, an alum nide, a platinumalumnide, a MCrAlY naterial,
and yttria stabilized zirconia. 7. An article according to claim3, wherein
said article conprises a conponent used on a turbine engine or an internal
conbustion engine. 8. An article according to claim3, wherein the netallic
substrate has an oxi de scale outer surface consisting substantially of

alum na, and the thermal barrier coating is bonded to the oxide scale. 9.

An article according to claim8, wherein the bond coat has an oxide scale on
i ts out erl0 dararticle aggoading to ¢lpia pefirthercomprisiag aceragnic Bobenat between e oxi de

scal e on &Q&a@%ﬁﬁfer§&%@%%ﬁdtlpe%négl'licéﬁ'bs?rra%i. cle according to claim3, further

conprising a ceramc coat between the thermal barrier coating and the
metallic substrate. 11. An article according to claim5, further conprising

an additi | ceram c l.ayer on .said thermal barrier coating, and said
20a 11 onal A TE SpyP B RER oiher PrBRre Sratefpufl SBarit i ¥ om ¢ he
group congii¢thenshl ®hrriBatedting sndMaidCAiditRAbdCR iy 38R Béihf dsrhd fronPi OVi de
erosi on and abrasion resistance, and/or have a level of optical em ssivity
of 0.7. 1material selected from the group consisting of materials which reduce oxygen diffusion,

provide erosion and abrasion resistance, and/or have a level of optical emissivity of 0.7.
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