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| 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
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‘thermal bafngiegefBeigidyngs, there is a continuing desire for

Accordingly, there has been extensive development of thermal barrier coatings for use
with cooled gas turbine aircraft hardware. By using a thermal barrier coating, the amount of
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,

C calcia, ceria, 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 themmal 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

critical 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. Ceramc Il thermal barrier
coatings are not |oad supporting materials, and consequently they add wei ght
W t hout increasing strength. There is a strong desire for a ceramc thernal
barrier material which adds the m ni mumwei ght while providing the nmaxi num
t her mal i meemnaltiaoier cagtigs afenot load supndting rortenalpang capsequendly ayadd weiht r es

for long li.fe.  .stabilit d 2 ingly,
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present invention to provide thermal_ barrier coatings as above which have
utility iAngédition thsrperedhagpaormsl desies foplong ifs, gtabiiteeidecapmyt t ai ned by t he
thermal barrier coatings of the present invention. In accordance with a
first enbodi nent of the present invention, a thermal barrier coating is
provi ded which broadly conpr SsReMaRY GASTHEINVBNTIOR at | east one | ant hani de

sesqui oxi de and the, bal ance conprising a first, oxide selected fromthe group
consi sting of Aceidingha it igan phiectof thepigssniinventian fq proyidg theqmal Ramisraf or apl y
present i 3 9%, Mol % The at | east one | anthanide
sesqui oxi &8%&2@“?%%%%&%1&9%5?%A is selected from the group
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enbodi ment% of B.hﬁi]mal ﬁarri er cgatig& I n accordance with the present

i nvent i on A°RE HHED PAE HHNY Bl gur i “88'8%¥cond enbodi nent of the present
invention, a tmm&legaagsbj%asmaénmgdbgtm&ﬁeﬂnd?@hmmoﬁﬁng%m@sﬂpfemrI ses an
oxjede present in an anmount” from5 to 60 nol % with the oxide having a

f Jwul a A208nihere A. is selected fromthe group consisting of In, Sc, Y,

, Ho, FEr, Tiyn, Yb, Lu, .an 1 Xt ur.es Q nd t rising a
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coating is provided whjich broadly conprises a IanitThani de sesqui axi dfe and
t he bal ancsgs%qiq zquﬁbe balance ¢pmpnifipga first oxide selected from the group consisting o

zirconia, ceria, and hafnia. The first oxide is preferably present in an amount greater than 50

mol%. The at least one lanthanide sesquioxide has a formula A;Q3 where A is selected from
the group consisting of La, Pr, Nd, Sm, Eu, Tb, and mixtures thereof.

Other embodiments of thermal barrier éoating 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 in an amount from 5 to 60 mol% with the oxide

C having a formula A,0; where A i$ 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
is 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
A;O3 where A 1s 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 hafnium and

‘ceriumion. In a fourth enbodi ment of the present invention, a thernal

barrier coating is provided which broadly conprises from15 to 60 nol % of a
| ant hani de sesqui oxi de having a fornmula A203 where Ais selected fromthe
group consi sting Er, Nd, Yh, Eu, , Pr., Sip, a La, nd. t he .bal ance
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sel ect ed farmwiatAw®;grithup beihg Erlectedifronyishe Eaup obEr, Bd, Yy, By, Gidnand Erhandbal ance
zirconia. l %{}Si xt h_enmbodi nent of the present invention, a thermal barrier
coating iQ’eB?ra FHRt°™’hi ch broadly conprises from9 to 15 nol % Yb203, and

from1.0 to 48ywli¥nehbddinit fahé PRsent BvaticRXh SRNNA\Haher 3odtRigTiipRvided3 wher e
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sel ect ed ELODV,IEBE 264 PHRNE GRYakhtdgredhiaFr, Nd, Eu, Dy, Gd, and Pr, and the

bal ance zirconia. In an ei ght h enbodi ment of the present_ invention, a
t her mal barri et exenth gmbedimspirfithrprestnt wNenionatihyrad baries 62MEdM 20 to 30

nol %o Sc2 . ' . 1 OX| i a r 03 where Ais
sel ected 2’ ?oaz%rcfe tIa ﬁg&gﬂr%ﬁ%ﬁg%@&%?%wﬁmﬁﬁ Kg’,ﬁxgﬁow@éﬁ tlei)aan Pr, and the
bal ance zisesgonikie hhvinga fioritula £yioclicieAtis sHlectddeirqm drabup coneistingst, EraNd,her nal

bag i er coating.is ovi ded I ch broadly conprises greater than 30 npl%
Sc¥03, a | npﬁg’ﬁ‘%@@ﬁ’éé‘&gmagg%ﬁm%’@" a formula A203 where A is selected

fromthe gr OUphf:ﬁ{‘élﬁlﬁﬁ leRBo@meNbf thlprefdit inGehtiok! a thdflal Barrier 80dink e bal ance
zirconia. In a tenth enbodi nent of the present invention, a thérmal barrier
coat i ng i $romdedivdaeh browdlg horoprisss frpmcirtp 30 e %f Seolh, 20d 8 denfteinids|soegniordls, and a
| ant hani d%a\%ggglfgr?n)ﬁilad&z 3av\v/}i1err]9A"%s selected from the group consisting of Er, Nd, Eu, Dy, Gd,
and Pr, and the balance zirconia.
In a ninth embodiment of the present invention, a thermal barrier coating is provided
which broadly comprises greater than 30 mol% Sc;0;, a lanthanide sesquioxide having a
formula A,O3 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 1s provided
which broadly compnses from 11 to 20 mol% In,0;, and a lanthanide sesquioxide having a
C:» formula A;Q3 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 is
provided which broadly comprises more than 20 mol% In;Os, and a lanthanide sesquioxide
having a formula A;03 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;O3 and Smy 03,
and from 5 to 60 mol% of at least one oxide having a formula A,Q; where A is selected from
the group consisting of Sc¢, In, Y, Pr, Nd, Eu, Sm, Gd, Dy, Er, and Yb, and the balance
zirconia.

Other embediments 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, and Pr, and the balance zirconia. In a twelfth enbodi nent of the
present invention, a thermal barrier coating is provided which broadly
conpri ses ifiveatioib atednddfdedtiedinnf at | east one of La203 and SnR03, and from5
to 60 nol % of | east ,one,.oxide having a formu a, A208 wher ' el ected
from the group EHHSPURYRYtinY alep ,reqﬁ?ﬁ to%f‘ aB}c?e %‘,ﬂgﬁ?a%%n%on@ﬂ eﬁ;{n@ r, and Yb,

and the balgate adlidne 8RR b BEmRYBAGieNBRtifig ) f THeh i dTB Inap A6 vd £hondeadti ngs i n
accordance with the present 3 invention are included herein. The present

i nvent i on iafesuediak dreascteloubsirate andshethgimal hamiep aeitiigconpri ses a netal

substrate and of the.abqve thernmal barrier. coati JThe | Gl y
have a bond co;t?t%eri ‘{ﬂaélf %&ei@wﬂﬁawtcgﬁg Sﬁgfl}eﬁrgsegﬁﬁ%rﬁgﬂt %S?r;érlr;a Oggg‘rii er
coating. Quj&dss SRtaaidnsagel attdiantiRers®| arbadtifodh inhatolganglctiiled dosceipaod.

i nvention, as well as other objects and advantages attendant thereto, are
set forth in the follow ng detailed description. DETAlI LED DESCRI PTI ON OF
THE PREFERRED E 0. -G5S E b e RAINeay ari ses from
t he di scovery that I% -.' e % ”l' NS as thernmal
barrier coati ngeheQsdied &f the presetsiveati@barispafrbmaid dis¢orveryt thaisertsiseeratmie f or m
conponents, such as the airfoils, of turbine engine conponents.. These
ceram c mafaienalp bavereat aflty %t‘li’qw&/b%’é?éﬂé@&sﬁéﬁn%ém B trP‘SWFmtcHlég?‘ral
conduct i vi | | |..: ri | 5 i ght %
Virci o ot ol B o SARKERELARE, sl PR ol bR SR Thet 2
fiNest enboctrameiotmaiérials Have sudl uthiy bécanse thoyandhitgt lnvecthenndl coidustiticthata | ower

t hermal conduct.i vi coapri.ses at | east 15 % of. at....| east one | ant hani de
sesqui oxXi d%oné{FF&f’(?’ﬁ];%?fé{}a et P%ﬁ“ﬁl@;a‘sj F&Et‘%gﬁpagta‘glgﬁgc{lggmﬁ om t he
group consi sti ng ®REordirce Wihahe RER invemebn) afindt ambbaigfeat ot Mefnhudbirtiesst oxi de

Is present in an_ _anount greater than 50 nol % Each | ant hani de sesqui oxi de
has a f or ntAaing»hEhgrbibis micha lower thermal conductivity comprises at least 15 mol% of at

least one lanthanide sesquioxide and the balance comprising a first oxide selected from the
group consisting of zirconia, ceria, and hafnia. Preferably the first oxide is present i an
amount greater than 50 mol%. Each 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. Ina
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
C 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 oxide vacancies.
If the first oxide is hafnia 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 éonductivity 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
AQs where A 1s 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

is 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 enbodinent, the at | east one | anthani 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 least 25 mol% In the thernmal barrier coatings C of the
present invention, where the first oxide is zirconia, each zirconiumion has
nore than one adj acent oxide vacanc%a on average, and gmeferabl y at_ | east
two adj acent o Hud gmbediieatof a thermah rﬂ?‘r“@?t“éﬁ&%@ﬂ%sﬁ Hiapidg sesgpioxide each
haf ni um i @91 acent
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vacanci es.hafthe cmaesmm&tmrfes thla&sé meylguahamdﬁms@nmdmsmrmmaa ah lmotufiter nal
conductivit the coating. Thus, they are a hlfh%lﬂ desi abl e feature of
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accor danc i nvention conprises an oxide present in an
anount rglm%ﬁrp &Egeﬁﬁrﬁfﬁgnd t he bal ance conprising a first oxide selected
fromt he gr oup Afongh embodjmeht ofiartbemabbarhiafooatang lavthgeelovar theheal crndbetinis a
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Dy, .. £ SepOr AR (e DYEAE T PE e BURITTER BOR1ith o) A B Sod: hent o
this coatidgmiddif Hadk a0t & hé?éAOi@ 1bSed 63 SR orollp 8shsAURYBE EL MM 10 to
40 mol % S@QTH ¥ tﬁl fr?jg errbod:|a ITE??IW Sﬂerrrt;'al barri erﬁ'%oatsl ngg]corrprl ses a

| ant hani deYlsd?squy,cB«L S, Lamdd nh:etumaltlwmoé, audﬂwrbaianngzmccfmer Skhechérthel batiect ed
fromthe gro t|n Zi n eria,,and m xtures thereof.
The | ant A SEERDGERt 65 TR oF Bt it & Py SRRl P85 ea o
nore than ﬁf@nﬁxyﬁ@&rwﬁﬂﬁt mmuaggreﬁeh BEEA0 meR%s N TRE tHeANAlWarier haf Ni um

ang, ceriumions. A fourth enbodinment of a thermal barrier coati n% havi ng a

| Mwer t herqealingBrRIeq ¢aptainy ong ¢r mere of thaneliowing ponstiaepiselern t0.G0) ve Adirael %
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%05 whor & 1B G R T el aflen B AT RO b ER Y e L1 T
Pr, Sm LaYbndfrérh X001 ecs4DM%QOﬁmﬂdlbmbomal(mmm4ﬂlrn@10mIr603 The thermal

barrier coatin ef bly contains |ess than 10 vol % of. ases wth a
pyrochl ore crys'ggﬁ{‘ {”SB‘%PWP%D at%?rp@ PATEET CQatinEInaFeaEfigncs d qprcﬁ:nén amount

greater t hl%@&rﬂlgn Wl W ex bt b W&%eﬂﬁr&hﬁfcuvgﬁé&hﬂ%egﬁﬁﬂeﬂt $9 nfoPlALR LBe or

nore of the followng constituents: fromO to 2.5 nol
a lanthamde sesquioxide having a formula A;0; where A is selected from the group

consisting of Er, Nd, Yb, Eu, Dy, Gd, Pr, and mixtures thereof, and the balance zirconia. In a
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 yttna 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 émou_nt from 1.0 to 35 mol%. Ina particularly

C useful embodiment of this thermal barrier cdating system, yttria is present in an amount
greater than 22 mol% and the lanthanide sesquibxide 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,0s, and from 1.0 to 48 mol% of
a lanthanide sesquioxide having a formula A;0; where A is selected from the group
consisting of Er, Nd, Eu, Dy, Gd, 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,0s and a lanthanide sesquioxide having a

formula A;0O3; where A is selected from the group consisting of Er, Nd, Eu, Dy, Gd, Pr, and
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yttria, fromO0.001 to 10 nol % of at |east one of CaO and MgO, from 0.001 to
1.0 mol % Yb203, from0.001 to 4.0 nol % Sc2C3, and/or from0.001 to 4.0 nol %
1112.03 A fifth enbodi nent of a thermal barrier coating in accordance with
the present invention which exhibits a |ower thermal conductivity conprises
at least 15 nol % yttria, and a |anthanide 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 bal ance zirconia. In a preferred

enbodi menmjxtereetheiet ond the balgpresiegoniai Tha giregrauisrefewblyarescAbin a0 @MABILY and
the coatjng._contains.le han vol % ] crystal
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an amount from1.0 to 35 nol% In a particularly C useful enbodiment of this
t her mal bEPM &1t mRl%system yttria is present in an anount greater than

22 mol % and th : ' : L, 0XI | ; e | oml1l.0to
38 mol% In aﬁls%nie? %}H%%gg‘?lﬁn%ﬁt?&{ogﬁr %n{pl?%ésyéﬁﬁ ’ {%ngﬁ%lﬁaggﬁpg&ﬂtﬁhgﬁ%l barrier
coat i ng hgwoividgd avhidhasoripriséefisra 20 codlimo1% Bii04 and aparitisasdel seamickidechatmgmol %
Yb203, and from1.0 to 48 mpl % of a |anthani.de sesgui oxide having formul a
A203 wher ETRUSAL WHSE A 1f FOFRLIGHEDT] s EOUPCORE PG i ToNA L, DN OAERE, 318, i

Pr, and m r.eqf LI i N ' - E resent
n an ano R T Qe e Blithck Do, ARG/ OB i R ProfGbiy QR ol O

| a pyrochl ameumtreysitalthaut40unsl¥s. eFurthes cheghérmabbdin eli cvetitg his lesstihear Ifaloloaf r i er

coating in accordance wth th resen I nyenti o onprise reater than 15
o1 9 YD 20BDEREAD P ENCRAST USSR B2 REFHY DR GRoRy e KBS dhor o A 1 s
sel ect ed fsésﬂﬁi'o&f@@jgﬁr@ééﬁt frORSIntub9oR0.001 to Mlmolgd, Dy, Gd, Pr, and 5

m xtures thereof, and the balance zirconia. The zirconia is preferably

pri@sent in an &nouinth enghasament of hapresentiatengions arthermnal barker wohng isgreyidster abl y

contains lLess than 10 vol % of..pha it hl.or S uct ure.
e Pant e BB miter bR PRERE Seulh 4 el QG0N K Be BVEE BlosBhial'S UF
ol % | n anOshdbich BrbRdicaddm e gfdup coiisisiag bf NAyBNtD WG, &r,themdahixfagdsr i er

coating is provided which conprises from20 to 30 nol % Sc2G3 and a
| ant hani déhesefauddhe bpdansg girppua Theginsomia isgrefgrahhiapresent Meng@awst &M om t he

group consgi3t4go195. Fileth&hat GitrieVoatitFmay have 3 than 10 vol% of phases with a

pyrochlore crystal structure. In a preferred embodiment, the lanthanide sesquioxide is present
in an amount in the range of 0.001 to 30 mol%.

In a tenth embodiment of the present invention, a thermal barrier coating comprises
from 11 to 20 moi% 11‘1203 and a lanthanide sesquioxide having a formula A;0; 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

Y 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,O;, and a lanthanide sesquioxide having a formula A;Q3 where A is
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 & twelfth embodiment of the present invention, a thermal barrier coating comprises

from 5 to 60 mol% of at least one of La;03 and Sm,0s, from 5 to 60 mol% of at least one
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m xtures thereof, and the bal ance zirconia. As before, the zirconia is
preferably present in an anount greater than 40 nol % Further, the thernal
barrier coating has | ess than 10 vol % of phases with a pyrochlore crystal
structure. In a preferred enbodi nent, the |anthanide sesquioxide is present
in an amount from0.001 to 30 nmol % In a ninth enbodi nent of the present

i nvention, a thermal barrier coating is provided which conprises greater

t han 30 nol % Sc203, a l|.ant hani de sesqui oxi de having a fornula A203 where A
i s sel ect eslidé having the formlpAs@yehest AngsadéctaddirorEthe goup Grhsisting offc, Imnd Pr,

m xt ures her eof , d t.he,.bal ance zirconia. .Th irconia.li ef erably

present i daﬁ“’gﬁbtﬁif D rg&t a"‘?ﬂ&ﬁ?rﬁﬁﬁi%ef’ oanq,ﬁ‘gﬁ}aﬁagp%lrc%léar flpglﬁlgg%aixs ng may
have | ess g{dian tﬂ&i%@hf@i?ﬁrelﬂ?@oﬁﬁﬁreyﬂnﬂh@arxﬂ)ﬁh@@rhht@f@:aﬁﬂ&ﬁcﬂ% Hidrhecdodigs | n a
preferred enbodi nent, the |anthanide sesquioxide is present in an anount in

t he range cortaigs Besitham 1B golffppBphases withtagnrorhiorp siliciit of the present

I nvention, a thermal.barrier . .coati,ng _conpri ses 1.0, % 1 n20G3 and
a | ant hani de s ?EﬂF‘@Q?‘ﬁE’eﬂﬁWﬁ]ﬁnﬁalﬁ)gw{J%Uﬂgbg a\%ﬁéﬁéﬁcﬁ%\(@ ‘hggfeg% ted fromthe
group consghehiiditin@thd&ihe ibwikel, Dy, Gd, Pr, and m xtures thereof, and the
bal ance zirconia. In a preferred enbodi nent, the | antani de sesquioxide is

present in an (3adotermd pameoc@ong eangEingfom 0.51th 225 melgmphatileaspenstiaptapl y

present in_an,anoun rea than, .4 | % ting: erabl y
cont ai ns |°8¢ h?wg%ai%%\}lgﬁ ’56%&“"%?% elg's?e\}\n&%ﬁ %"‘%@‘%&g oéroglglsg{'g (gfc%?ter{’ h an
el event h emiodi MeRbmbikel Rethiadecdpdlokideseleciad from the group coksdinglof gicomia)pr i ses

nore than 20 nmol % 1 n203, and a | ant hani de sesqui ¢oxi de havi,ng a fornula A203
where A i dainihprtesd 1 apralsreedgmbapimeshdhesiersny Qpdeds progent tgn appunt@fjat py |

and m xt ungs: $AekeRL. TADEdiE ma)3lsBR6RaH! FHP01%0 593 rﬁél%somgéag&ﬂ[}gl&?mﬁgm the

zirconia is preterably prese n an anmount greater than 4
| &gt hani deoxsledmpui theigeripi congistifgaf &lDy, Sep@s &n0s,iMg@Cabpoundtmik uoes thére@Otit 0 40

| % dth ti, tains | th 10 vol % of . ph | & ) hi
S et o o9 oS QA RIS SR A GRS ey RER B o PR Ml
barrier CoatdkRg SERTRHie i ?éaz'iil?é‘} iR ahdth& Qafiitlofd flay BbnthiB3RIm 01380 0. 0lAc % and

Snm203, fromb to 60 nol% o east one 6 oxide having the fornula A203
where A i st keitooe thirdfoxide seleeted fiouythe provp sensisging of SOz, Py OsyNd#®s, Eup@, Eu, Sm

G DY Eige B LG Vs, ekl ABof o HR'RG8 ohb TR Ysfte Bkl
least one third oxide being present 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, Eny0s, Gdy0i, Dy; 03, ErOs, Yy Os,
Iny O3, 8¢205, Y7203, and mixtures theredf, combined with a second oxide sele_bfed from the
group consisting of zirconia, hafnia, and ceria. The thermal barner coating may also contain
from 0.5 to 22.0 mol% of at least one third oxide selected from the group consisting of La,O;,

- Smy 03, ThOs, Tm03, Hop 04, Luz 05, MgO, Ca0, and mixtures th'ercof, 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 being presént in an amount of at least 77.5 mol%.

(15) A thermal barrier coating comprising from 20.5 to 22.5 mol% of CeQ, 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 cornprising from 0.5 to 22.0 mol% of CeQ,, and from
0.5 to 22.0 mol% of at least one first oxide selected from the group consisting of La;0s,

Smy 03, Tby 03, Tm;03, Ho;05, Lu; 05, Mg0, Ca0, Pry03, Nd; O3, Euy 03, Gdy 03, Dy,0s,
Er;03, Yb,0s, and mixtures thereof, combined with a second oxide selected from the group
consisting of zirconia and hafnia, and the CeO, and the at least 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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system the zirconia is preferably present in an anmpbunt greater than 40 nol %
and the coating contains |less than 10 vol % of phases with a pyrochlore
structure. O her enbodi nents of thernmal barrier coatings in accordance with
the present invention include the following. (13) A thermal barrier coating
conprising from0.5 to 22.5 nol % of at |east one first oxide having a

formul a A203 where A is selected fromthe group consisting of La, Sm Thb,

Tm and Lu conbined with a second oxide selected fromthe group consisting
of zi r corfresent ipgn amguntpi gt keasti’a.5 MH¥a preferred enbodi nent, the second oxi de

s present in e AHRHAL 1 boadrB23horddng sGB 018 Bes CRRKICHD, MBmBlssg contain

from0.5to 5 'east” on oxl m t heé group

consi st i r59.50molh 308 leaScaHEbxidéABRctel/fiOm tBaGrouprdnsistingof &50s 8p@gfandv t h  t he
second oxi de bej ng t1or esent in, an armgnt r?at er. thgn 44(: nol % when the third
oxi de i s MyREEIhereolseembingd with at least AR mogAif Ag oxidp selpcehEPmG FER on, nay

contain f 0o 0f at least one third oxide selected fromthe
group con%?g%@lﬁ}fgﬁc‘@%&d@rf%& Nd203, Eu2C3, Gd203, Dy203, Er203, Yb2QG3,
and m xtures t(hgredermalrtdnidieoainglcomptisiog frofn 9.8to 2X 5 dmi%4nd at least ate filseast one
third oxide_bejn resent in a total .cont no reater than 22.5 nol %
(14) A trf@v%eiesgﬁ%og}t @éﬂqprf@n%wﬂf@rz@gsel%z&a @z@sfﬁrz » 6O BYREH thereof east
one firsteoaxide,fie 50 5 e Mo cof 8 g JR17ABhia MRS andU203,
G208, Dy°2"83£b,megr PR b RGO TR s B colBiting oo, M t Rer eof ,

conbi ned winthlpa pretord eobiodimest Itlecteeshdfoxoin is presend irouparcoms gerienthan /7.5 '
i ia, hafnia, . and.ceria. The th | barri ti I t ai

rom 0 5 P rEs EmsH Bt cqebag mag SRR PP 00" o 'eof B it BRLORF oup

consi sti n@ir@bxigad88sted §!t9%g§e b OchsisZ O8Y b IR 20350, %Hﬁ@,?yz?%gdé t AQpe@nd

m xtures thereof, with at least one first oxide and | east one

t KUr d oxi e i mjxiyresshereof withathe secand extdebring presant injreaneant phatheastdd 5 nol %
and the secq d oxi de being present in an amount of at least 77.5 nol % (15)
A thermal ™Bdfrier coati ng conprising from=20.5 to 22.5 nol % of CeQ2 conbi ned

wi th an oxi de (98} Ackiceghaf GadReriddeti RHpris@p Siost 1310 t012.8 otBrifa firfakidea, and
ceria. In a preferred enbodinent, the oxide is g_resent in an_anount of at

| east 77. SSlasiddzom the\erounqeasiping o dhnPeandcbleQs sgmbiies i ah fpast /dm molse el 22, 0

B R L,
Lu203, MO, Ca@)) Ruiimal iR oatmpA@priciag Gdm OF 20 39.5 nte1 %03 DWO2 68, frand
Xt ures b Ber 808 i TR RN  Mht B RES U S8 RERESHETO! KO PR PP
and mixtures thereof, combined with at least 40 mol% of an oxide selected fronﬁ the group
consisting of zirconia, hafnia, and ceria.
(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;05, M0, Ca0,
C and mixtures thereof, combined with at least 40 mol% of an oxide selected from the group
consisting of zirconia, hafnia, and ceria.
(22) A thermal barrier coating comprising from 20.5 to 60 mol% of at least one oxide
selected from the group consisting of In; 03, Sc; 03, and Y303, 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, Smy0s,
Tb203, Tm,03, Ho203, Luy 05, MgO, Ca0, Pr;05, Ndy O3, Euy O3, Dy, 03, EryO3, Y5205,
Iny 03, Sc;03, 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;0s, from 0.5 to

51.0 mol% of at least one first oxide selected from the group consisting of La;03, Smy0;,
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consisting of zirconia and hafnia, and the CeO2 and the at |east one first
oxi de being present in an anount not greater than 22.5 nol% In a preferred
enbodi ment, the second oxide is 7 present in an anount of at l|least 77.5
nmol % (17) A thermal barrier coating conprising fromO0.5 to 22.5 nol % CeQ2,
fromO0.5 to 59.5 nol % of at | east one oxide selected fromthe group
consisting of In203, Sc203, and m xtures thereof, conbined with at |east 40
nol % of an oxi de sel ected fromtharﬁﬁ%oup consi st i ng_of zirconi a and hafni a.

(18) A t hdbes, Ta®s iHnOsdabPndzd $08Yy, Nedim Bu®st BYs, Brafdst Yo at | east
first f Eu203,
one 1171 ek LR DB U RO, A0 PP MRS, 0205

group consiost thagrodp cahdigdigiof zirkaia) hafniaamst cegiari a. I n a preferred enbodi nent,
the second oxide is present in_an apount great er th 77.5 F&A% The

thermal barri efhebariqusghemag! Famier reptings iy fpdfeh ‘W‘Brﬂ“@ Cthéraﬁ?“ Yot at | east
one thi rg 4, HehE ted fromthe group consisting of Yb203, 1n203, Sc203,
Y203, d2 8, 6 and m xtures thereof with the second oxi de being
present in an aApsoimidle Qi‘avmg phrieslar diflity aod eompddpt iA atgaennhﬂnebnginé eraybeat i ng

conprising from15.0 to 22.5 nol % of. a flrsibomde sel ected fromthe group

consi st i n@TORESFID ARG YR theqieeRAVRRLCR Abe ?‘@&E"'tm 1ay¢ agneal Spbstrgtes e c ond
oxi de sel |4 a.
(20y At haagle ff BIMoR AHBHM GRS birteclind B RE S b gbitde, SRAERASS and
from 0.5 HaoiesBodfingmiHotefapplied desty mnaesmﬁacdef the arhstrate ogmaybeeppizdde ang of
1n203, Sc20 and m xtures i.ned with l.east 40
ol 96 of arboakFofE densrae enSrresmarh el e Bl SR RyRo Ry shl e iln, o,
and ceri aknﬁ%ﬁlnt%etaﬂ%;g% ttgeaf &boapaa&,bawaaw Esing irf a&e}d@n& With g% o ol %
of Yb203, and from 5 nol % of at | east oné oxide fromthe group

i st i nghoémiodog)ts gﬁ@epreswg@vc@‘a@ Suftablg dechniques iaglud o eleetsin beg@nbi ned with

at | east 4 9 sel 8¢t ed n f
zirconi a, Fﬁ’é(qgillaap‘g p%séllﬁ’rta e("?% VAP ctrt?ets?%rﬁ glr??;f; ?e;éﬁ%lg ? §l]'ds%i(“)f{r]r%cr’rl?s| ng from
20.5 to 60pro®dsdds OTh@inelabasistrad eha®XbpriseSdle@f b aitkbr ged hipegillowp woialsbatd ng of

1n203, Sc203, and Y203, conmbined with at | east 40 nol %of an oxi de sel ect ed
fromthe gretplebadsEusafonsuchiss stedi atitapamalloy. aide coppealloy-

The bond coat may comprise any suitable bond coat known in the art. For example,

the bond coat may be formed from an aluminum containing material, an aluminide, a
platinum aluminide, a ceramic material, such as 7wt% yitria 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

C 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 barrier coating. The
additional ceramic material may be selected from the group consisting of materials 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 atld 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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(23) Athermal barrier coating conprising from15 to 59.5 nol % of Y203, from
0.5to 45 nol % of at |east one first oxide selected fromthe group

consi sting of La203, SnR03, Tb203, TnR03, Ho203, Lu203, MO, CaO, Pr203,
Nd203, Eu203, Dy203, Er203, Yb203, 1n203, Sc203, and m xtures thereof,
conbined with at |east 40 nol % of an oxi de selected fromthe group
consisting of zirconia, hafnia, and ceria. (24) A thermal barrier coating
conpri si ng from9.0 to 23.0 nol % &d203, from 0.5 to 51.0 nol % of at | east
one firstb¥pargeatisigl ected from the group consisting of La203, Sn203, a Tb203,
Tn203, Ho203, \f :

n20s, Sc203, Mg embitiinet he Hehiney MR dn ofie Rk NS Ron B o

oxi de seltaethetnalbanier tdeings ofthe presait stvientiprohay be epphied dirbetfymvar arafrhzbnd@frl a

The various, thernmal,k barrier co Erc{}if’s set forth _herei.n_m igﬁmﬁharact erized

with a coIfimwge spiedemng By sybleqepesicon trchpiqug kngppiie e Pg-PULROLy
conmponent I th the
o sent |1 e B o P o o Rt "t e
af or ement vapoedepbhidomeechiiquesi he oxide scaipsmappinsistisubstantidlysaflabtmias.e. The

Substrate or | manabeh ispferats! b SRt o D eRepuiey Suln SiFre A elsper i o
surfaces gjgngigﬁgggg@mm €. thWBAtRLN Hadb Ll Sk BibleFDlickRe bR e art

may be us sit a thgr mal barrier coating in accordance with one of
t he enbodiempatagiresfar¢ breopmteednduch awﬂMacmndSuﬁembttBnhlsummgm i ncl ude

Ceahni ques. - anBb B TaRNERpirG HECQeiet hihoRPA RS CHIAREY ot 4° R LM sc. one

of a ni ckglesd@fRehipmper al l oy, a cobalt based superalloy, a ferrous alloy
h as steel, a titaniumalloy, and a copper alloy. The bond coat nmay

cﬁprl se any swtabl e bond coat known in the art. For exanple, the bond

coat may be formed froman al um nu W@?}ng material, an alum nide, a

plati num al um nide, a ceramc material, such as 7w%yttria stabilized

zirconia, or aSivipléyof 27tmrhercl’/aY20Jhﬂarhetzﬁl0g®&frc pmsaud:bdbfycubmmszmgtahé

substrate usi.ng any suitable process he art inclu IQ?g but not

pBY

i mited t@nterlagap%w@gapwdw&ﬁﬁer@m gy’ ogﬁ@efe.nsﬂ He8 RIPRI S15Eh
deposi t i Ofyiciteds! H@z‘e%at@&%ﬁ némgip b eﬁtazind\fﬁé?ﬂ{al SEROS ) hRAsRERGRSSes. | f

desired, the bond coat may e scal e on an outer surface, which
oxi de s calmerecroardeltsnlg tixslasntfiasi dppafus. Bulk density was determined by careful

measurement of the sample dimensions and weight. Thermal conductivity 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% Y303, 16.7 mole% Gd,Os, balance ZrO,, were similarly
produced by cold pressing and sintening 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,0s, balance ZrQO,, 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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C alum na. 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 ceramc |ayer nay be bonded to the thermal barrier coating. The
additional ceramic nmaterial may be selected fromthe group consisting of
materials which reduce oxygen diffusion, provide erosion and abrasion

resi stance, and/or provide optical emssivity of 0.7. Exanples of high

em ssivity ceramic nmaterials which can_be used are alumina and nullite.

Hi gh eni SBinplelp SnedlickalancgLriesamplesa Ffledensidy oktie sanpiey wag caaiatediomeoat i ng
by inter iall radi:at t 4 l:har,rhar. . i { al
itself) gg%—:-c‘{aggésﬁ hé& E%‘&rﬁlggglt%@g&c?ﬂ eedrkgﬁggﬁ \ia\ge% a’? %g(eﬁrgcﬁ?ﬂé%@%ugg%rﬁéhr face
of the cashdwgivapdalhbeaverugigy .26 WaKheae ciieilweé frotithe daatnidaguradat M@ FT GO,

t hereby reducing the tenperature of the TGO, thus the bondcoat, thus the
al | oy.  Th¥h neiFeclion e fardensif¥r eases the insul ative properties of the
TBC. The additional ceramc |layer may be forned over an exterior surface of
the thermal 9 barrier coating. In some enbodi nents, the article may have an
oxide scale on its surfaces and one of the thermal barrier coatings of the
present invention nmay be applied directly over and bonded to the oxide
scal e using any suitable deposition technique known in the art including,
but not I|imted to, diffusion processes, electron beam physical vapor
deposition, and/or chem cal vapor deposition techniques. The oxi de scale
may consi st substantially of alumna. Al though the thermal barrier coatings
of the present invention were devel oped for application in gas turbine
engi nes, the coatings have utility in other applications where high
tenperatures are encountered, such as furnaces and internal conbustion

engi nes. The follow ng exanples are intended to show t he advantages of the
c&%}ings of the present invention. C EXAMPLE | Sanples of 27.3 nol e% Y203,
bal ance Zr2, 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 wth graphite. Specific heat and thermal diffusivity
nmeasurenments were made using the |aser flash apparatus. Bul k density was
determ ned by carefu
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measur enent of the sanple dinmensions and wei ght. Thermal conductivity val ues
of 1.95 WnK were calculated fromthe data neasured at 1200F, linearly
corrected to theoretical density. .EXAMPLE 2 Sanples of 16.7 nol e% YzC3,
16. 7 nol e% G203, bal ance Zr02, 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 wth graphite and neasured in the

| aser flash apparatus. From careful neasurenents of sanple wei ght and

di rensions, the bulk density of the sanple was determ ned. Ther nal
conductivity values averaging 1.37 WnK were calculated fromthe data
measur ed atwﬁﬁ@%ahiﬂﬁﬁrﬂsy corrected to theoretical density. EXAMPLE 3
Coatings with an average conposition of 19 nol e% Sn203, bal ance Zr02, were
deposited by el ectron beam physi cal vapor deposition-onto alum na discs.

Hi gh t enper ht dmerticlerampriangametalohbstrate pided thetinpfhagievPeajingier e made in the | aser
fl ash apparat us ific heat values were estimted from
previ ous neasurtehr?euh malﬁa%%ﬁ%aﬁﬁéji&gﬁ%g% nol e% Sn2C3, bal ance Zr Q2 sanpl es.
Bul k density of fibhél0samf msl%/\m“&tbadtoneltutdedelécmﬁwmﬂhgroalbanMgofn wei ght and

t hi ckness e d| dur| ng.c i d..t hei ter Ther mal

conduct i vi ?‘!92O%i§f2dea§1 cgmlimrﬂ tﬁ%ge"’%\?o a{%‘/’eorf & T ?C%etﬁ%rg tﬁe $%¥he data
neasur ed atcoﬁsiﬂiﬁgofmwﬂta!‘halﬁﬁn amlrceréaf,ti on nade for density. C C 11 WHAT IS
CLAIMED IS: 1. An tlcle conmprising a netal substrate and a thermal barrier
coating, the tH’@FﬁﬁFc%ﬂ?‘P?}%r coating conprising: from20.5 to 60 nol % of at
| east one oxide sel egboad chat dibridtRargdaiufetal Qulsirgt htDsaldf therhaPéhdier SC203, and
Y203 conbi ned with at | east 40 nol % of an oxide selected fromthe group
consi sti ng 841" rconi a, hafinia, and ceria; the article conprising:

an additional ceramic layer on said thermal barrier coating, and said
additional ceramic layer being formed from a material 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 (.7.

2. An article as claimed in claim 1, wherein said thermal barrier coating has a columnar
structure.
3. An article according to claim 1, wherein said metal substrate comprises at least one of

-a nickel based superalloy, a cobalt based superalloy, a ferrous alloy, a titanium alloy, and a

copper alloy.

4. An article according to claim 1, wherein said bond coat is formed from at least one of
an aluminum containing material, an aluminide, a platinum aluminide, a MCrAIY

material, and ytiria stabilized zirconia.

5. An article according to claim 1, wherein said article comprises a component used on a

turbine engine or an internal combustion engine.
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a bond coat internediate said netal substrate and said thermal barrier
coating; an additional ceramc |ayer on said thermal barrier coating, and
said additional ceramc |ayer being formed froma nmaterial selected from
the group consisting of materials which reduce oxygen diffusion, provide
erosion and abrasion resistance, and/or have a |level of optical emssivity
of 0.7. 2. An article as claimed in claim1l, wherein said thermal barrier
coating has a columar structure. 3. An article according to claim1,
wherein said netal substrate conprises at |east one of a nickel based
superal l oy, a cobalt based superalloy, a ferrous alloy, a titanium all oy,
and a copper alloy. 4. An article according to claim1, wherein said bond
coat is fomed Anahvlancchdingto daim lowhergim thgmerilisynbstrgnbasianionide sealeeri al , an

al um ni de, | at1n | ung ni 1Y i - and. ytiria stabilized
zirconi a. Qﬁwﬁﬁﬁ%FEH@Fgmﬁﬁk%¥§?HgﬁﬁggéﬁgPﬁﬁgﬁkﬁﬁ%?%PﬁaggF%1%%?@?|e conpri ses
a conponentoiisesidostala. turbi ne engine or an internal conmbustion engine. 12
6. An article according to claiml1, wherein the nmetallic substrate has an
oxi de scale outer surface consisting substantially of alum na, and the
thermal banri er Agaditle Bg@oidimghongdad , whaeih e bond @& haCal Ride dealomiRrticl e
according to cl%jn11 m@greig t.he bond coat has an oxjde _scale on its outer
surface an@vEhutassapdibe thompa! pariercgaiing ipondediiotha ayds walere hePEe scal e on the
outer surfyggRe. 8. An article according to claiml, further conprising a
ceram c bond coat between the thermal barrier coating and the nmetallic
substrate. 13

8. An article according to claim 1, further comprising a ceramic bond coat between the

thermal barrier coating and the metallic substrate.

13




