THERVAL BARRI ER COATI NGS W TH PROTECTI VE QUTER LAYER FOR | MPROVED | MPACT
AND ERCSI ON RESI STANCE BACKGROUND OF THE | NVENTI ON Thi s invention rel ates
to inproving the inpact and erosion resistance of thernmal barrier coatings
havi ng reduced thermal conductivity. This invention further relates to
articles having such coatings and nethods for preparing such coatings for
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t he ther gath 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., 2 high temperature superalloy).

The thermal barrier coating is usually prepared from a ceramic material, such as a
chemically (metal oxide) stabilized zirconia. Examples of such chemically phase-
stabilized zirconias include yttria-stabilized zirconia, scandia-stabilized zirconia,
calcia-stabilized zirconia, and magnesia-stabilized zirconia. The thermal barrier
coating of choice is typically a yttria-stabilized zirconia ceramic coating. A

representative yttria-stabilized zirconia thermal barrier coating usuaily comprises
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barrier coating depends upon the nmetal part or conponent it is deposited
on, but is wusually in the range of fromabout 3 to about 70 mls (from
about 76 to about 1778 mcrons) thick for high tenperature gas turbine
engi ne parts. Although significant advances have been nade in inproving the
durability of thermal barrier coatings for turbine engi ne conponents, such
coati ngs L: U | lo e . e di ng
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f
-2 high tenmperatures. This t’hermal "barrier coati ng conpri ses:
components are subjected to. As a result, the thermal barrier coating can become

more susceptible to damage due to the impact of, for example, objects and debris
ingested by the engine and passing through the turbine sections thereof, as well as

erosion due to small particles and sand.

Accordingly, it would be desirable to be able to improve the impact and erosion
resistance of thermal barrier coatings having reduced thermal conductivity. It would
be further desirable to be able to modify the chemical composition of yitria-stabilized
zirconia-based thermal barrier coating systems to provide such reduced thermal
conductivity, yet still retain at least acceptable impact and erosion resistance in such

coatings.
BRIEF DESCRIPTION OF THE INVENTION

An embodiment of this invention relates to improving the impact and erosion
resistance of a thermal barrier coating having reduced thermal conductivity that is

used with the underlying metal substrate of articles that operate at, or are exposed to,
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A. an inner |ayer nearest to and overlaying the netal substrate and
conprising a ceramc thernmal barrier coating material; and B. a protective
outer |ayer adjacent to and overlaying the inner |ayer and having an
exposed surface, the outer layer having a thickness up to about 5 mls
(127 mcrons) and sufficient to inpart inpact and erosion resistance to

t he ther i codl: | i.si . zj.rconi a- containing ceramc
conposi tirﬁg%tlggl\?léﬂﬁgﬁ%& g%é ?lg??%%gfﬁe?%&izn%rcgglﬁlgé&I attice in the range of
fromabout 1.011 to about 1.016 and stabilized in the tetragonal phase by
a stabilizingfAanounh mhem lskeahiekiezi ny andt aderlaginigdthes pleet t ebsttatomndhe gr oup
consisting of yttria, calcia, ceria candi a, ,magnesia, india, ytterbia

and ni xtures ther eGPIRABNA A CCr2Ric Hernelibagiercanting Rtertl 88 rel ates to a

thermal |y protected article. This protected article conprises: A a netal
substrate; B. Bpti aRabledtivd &ﬁé}dla{}é}ae{djdc@;}‘t% AdiReA 'r(lgﬁheaiﬂﬂeﬂx Ayi ng the

metal substrate; and C. a thernal barrier coating (as previously
descri bed) adj acenthaviog andexposesh sufacegthe mastdsdayercdoring aykickrfess upvier | ayi ng

the metal substrate,if th nd. coat | is .absent). Another enbodi nent
of this invention sg?%tstelgﬁf gﬁg Iﬂ%?f%ﬁd@‘@%%?ﬁ’b%?i‘ﬂﬁ#%@p?%é? OS1%arrier
coating on a metal resikpdict abahé thep@l balGien cbdiRIpBhd YoRHALAE tLGird@id-Cl €. Thi's
met hod conprises the steps of. A optionally tormng a bond coat |ayer on

the netal substr at €onEninge 6er8MiG sgMppsitioe hoving ecd rityof therziseniahe net al

substrate in the ahaaiGenOlanbl8e ROALLEAAL of At 61 BLATLAEE T8

barrier coating orm the I nner yer, ormng on the
i nner |ayer the pr dicettriagenabythase bayestabidizingeshous! of a deddibieehetalhe
thermal barrier coatjngs,of d”H s ipnvention provide several significant
benefits oxlide “selecte om the group consisting of yttria, calcia, ceria,

scandia, magnesia, india, ytterbia and mixtures thereof.

Another embodiment of this invention relates to a thermally protected article. This

protected article comprises:
A. a metal substrate;

B. optionally a bond coat layer adjacent to and overlaying the metal

substrate; and

C. a thermal barrier coating (as previously described) adjacent to and
overlaying the bond coat layer (or overlaying the metal substrate if the

bond coat layer is absent).

Another embodiment of this invention relates to a method 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;

B. depositing on the bond coat layer (or on the metal substrate in the
absence of the bond coat layer) the ceramic thermal barrier coating

material to form the inner layer; and
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when used with netal substrates of articles exposed to high tenperatures,
such as turbine conponents. The thermal barrier coatings of this invention
provi de a desirable balance of reduced thermal conductivity for the
thermally protected article wth inproved inpact and erosion resistance.
This inprovenent in inpact and erosion resistance for the thermal barrier

coating can be: achigyad W g ALEOVIRD ¢d LEKBLLI dier AL USLOG Sitar ety of
zi rconi a-cont ai ni ng ceramc conpos Irons can 1npart YHe>Pher nal
- barrier coating desiesaided. reduced thermal conductivity properties. BRIEF

DESCRI PTION OF THE DRAWNGS FIG | is a partial side sectional view of an
enbodi ne her mal barrier. coati n coated article of _this
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from about 3450 to about 4980F (from about 1900 to about 2750C). Suitable

cerani c teFesiqraresistanee der &@athﬁﬁgalnlmﬂé@i egasing gyan ke a¢haeved nwhite lalloingal umi num
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cheni cal lijpphare thet thbinal 2 batrie rmﬁn@sde(siratﬁe redadsedouﬁermt adon@iid:tﬂ@@ such as
yttriumoxides blended with zirconia), such as yttria-stabilized

zi rconi a®TOREEHSSa- st abilized zirconias, calcia- stabilized zirconias,
scandi a-stabilized zirconias, magnesia-stabilized zirconias, india -4

stabili szrm@TmN@F@@gwmggd zirconias as well as m xtures of
such stabilized zirconias. See, for exanple, Kirk-Qhner's Encycl opedi a of

Cheni cal Technol ogy, 3rd Ed., Vol. 24, pp. 882-883 (1984) for a
descri pt iFda- bis apartialsiide sertionah view, of3wi etndmdaneqttﬁ ithesthemeah bhiriee doatingc oni as

can corrprahagogté&)gpn f%o'ftth]%u}v%n bqut 20% yttria (based on the

FIG. 2 represents a graphical plot of calculated c/a ratios of the zirconia lattice as a

function of yitria content.
DETAILED DESCRIPTION OF THE INVENTION

As used herein, the term “ceramic thermal barrier coating materials” refers to those
coating materials that are capable of reducing heat flow to the underlying metal
substrate of the article, i.e., forming a thermal barrier, and which have a melting point
that is typically at least about 2600°F (1426°C), and more typically in the range of
from about from about 3450° to about 4980°F (from about 1900° to about 2750°C).
Suitable ceramic thermal barrier coating materials for use herein include, aluminum
oxide (alumina), i.e., those compounds and compositions comprising Al,Os, including
unhydrated and hydrated forms, various zirconias, in particular chemically phase-
stabilized zirconias (i.e., various metal oxides such as ytirium oxides blended with
zirconia), such as yitria-stabilized zirconias, ceria- stabilized zirconias, calcia-

stabilized zirconias, scandia-stabilized zirconias, magnesia-stabilized zirconias, india-
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conbi ned wei ght of yttria and zirconia), and nore typically fromabout 3 to
about 10%yttria. These chem cally phase-stabilized zirconias can further

i nclude one or nore of a second netal (e.g., a lanthanide or actinide)

oxi de such as dysprosia, erbia, europia, gadolinia, neodym a, praseodymn a,
urania, and hafnia to further reduce thernmal conductivity of the thernal
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gaglg 614 ‘*(’é%felf“g@"&"éh@g%\}bl Bl 655 Se enbe ‘lggpl‘PB# %r&’&ga‘%%s? 526

(Beel e), (Rekudg dvay), ﬂséuedzmzuar?llls gtboowdcb sarmtlm@osmﬁltse?xlpaﬁer&ference
Sui t abl e ceram c conposi tions use herein are al so disclosed in

copendi n@duissiied Decsmbes,2 5i20R % boily pf Whishiasmincemperatedslly referrmgs SudaPOS! TI ONS

EJ ggr&bgrg e;{t‘g@ﬁh eri al C%Efo'%a y%a?(%ﬂﬂ? FF%QWI%% I\@f‘d‘}l f%%l'd , VY
ALt orney ADBeGetholo A 12006 havi 4 GHRAN L 3EAV/RORHE, GUoIMRT Kninbinn]HERVAL

BARRI ER COATI NGS . HAVI NG R D T ER'\/AL DUCTI VI TY" itsberg et al),
Seri al NSemirﬁgllf‘ﬂ%laﬁ% oyt sad mgial baypigaa V%@P’E“E?r @f%éﬂie(ﬁ gNo.

129968, l?ﬁﬁﬁhrﬁftlt%hﬁﬁ c&fin loPGRE 5@961%&&&3 aIH% 'cf_lerﬁ:@g & C

conmposi ti ons discloséd in the first t hese copen I ng applications
conpri se Reates¢rdatste ababerial9 lofmtitie Bpei inchwde agaiudinupn-ocatata,t lafthanhm % of a

stabiliz
?tanapenpanﬁlanum zirconate, yttrium zirconate, lanthanum hafnate, cerium zirconate,

aluminum cerate, cerium hafnate, aluminum hafnate and lanthanum cerate. See T.S.
Pat. No. 6,117,560 (Maloney), issued September 12, 2000; U.S. Pat. No. 6,177,200
(Maloney), issued January 23, 2001; U.S. Pat. No. 6,284,323 (Maloney), issued
September 4, 2001; U.S. Pat. No. 6,319,614 (Beele), issued November 20, 2001; and
U.S. Pat. No. 6,387,526 (Beele), issued May 14, 2002, all of which are incorporated

by reference.

Suitable ceramic compositions for use herein are also disclosed in copending U.S.
nonprovisional applications entitled “CERAMIC COMPOSITIONS USEFUL FOR
THERMAL BARRIER COATINGS HAVING REDUCED THERMAL
CONDUCTIVITY” (Spitsberg et al), Serial No. 10/748,508, filed December 30,
2003, Attorney Docket No. 129967, and “CERAMIC COMPOSITIONS USEFUL IN
THERMAL BARRIER COATINGS HAVING REDUCED THERMAL
CONDUCTIVITY” (Spitsberg et al), Serial No. 10/748,520, filed December 30,
2003, Attorney Docket No. 129968, both of which are incorporated by reference. The
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conprising a first netal oxide having selected fromthe group consisting of
yttria, calcia, ceria, scandia, magnesia, india, ytterbia and m xtures
thereof; a second netal oxide of a trivalent netal atom selected fromthe
group consi sting of |anthana, gadolinia, neodym a, samaria, dysprosia, and
m xtures thereof; and a third nmetal oxide of a trivalent netal atom

sel ect ed RO LhGpGLAUR HNGIEAH Bk At 8F Bl Y 8RRl BpRlfoplbahifigs t her cof

Typi cal |y, Beram ¢ conposi tions comnpri
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conposi ticrde ohie mbnd medlaktonx selected thom dhé Igodpanbxthgomf tadmhini a) can

corrprlsef m.about 0. 25 to. about 2 nole.% r tﬂllyfrom bout 0.5
to about SPdefinigmEodymigs sampatia dysprnsia, TP Bdital x oxi de

(typi cal lof ayrivaledt Metd Horfi WeREIed S drh G ag?c%t c&rsétlh% o@bms %té?Pl'aeand% mor e
typically fromabout 0.5 to about 1.5 nvle e ceranm c conposi tion,
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and up tq about e %of a stabilizer conponent conprising a first

net al ox@d@off?a%?arfé @él@éﬁ@ﬂtlﬂﬂd’rﬁt@ﬁé’m@ﬁ@mﬁ eomBonsnf; e ot petef joxidecal ci ia
[ t
oxt de of (ARefly yFRAPER Smdddl hof Bl TSR 6 BEAET, 08 RGP R OF °

| ant hana abmgaildtb iabiat, 5 rmoidy‘m af tlsapernindg cdmp@snﬁ)m athe &eﬂmna mytal @kbiea and
m xt ures ,t her pi cal /g( t hese cera éltlon conprlsefrom
about o1 By L'ﬁ“t@aférﬂﬂ gadefurig) £, rHpapr gy swc 2P yi0 fabelh el % 92 to
about 95 pigt @ypibaAly S IaBo@NF5 §E %Bu@l?@ﬁtno% ‘V8 ﬁ'{%%}an%c%%rﬁoﬁlo

typically fromabdut fromabout 5 to about e % of corrp05| tion of
t he st abithd third gn@dmﬁﬁyplcaily@tﬁerbls)t camepaipriox frdm gHoppd.6ad khouttzmole) can

conpri se,from about g, typLcally fromahqut 4 to
about 5 “HonEreagPHY o BRAD S egBL v bR tonel LEdSHRFEORPOBRPle
(typi cal lwith B4R the Second metal oxide to the third metal oxide typically being in the

range of from about 0.5 to about 2, more typically from about 0.75 to about 1.33,

The ceramic compositions disclosed in the second of these copending applications
comprise at least about 91 mole % zirconia and up to about 9 mole % of a stabilizer
component comprising a first metal oxide having selected from the group consisting
of yitra, calcia, ceria, scandia, magnesia, india and mixtures thereof and a second
metal oxide of a trivalent metal atom selected from the group consisting of lanthana,
gadolinia, neodymia, samaria, dysprosia, erbia, ytterbia, and mixtures thereof.
Typically, these ceramic compositions comprise from about 91 to about 97 mole %
zirconia, more typically from about 92 to about 95 mole % zirconia and from about 3
to about 9 mole %, more typically from about from about 5 to about 8 mole %, of the
composition of the stabilizing component; the first metal oxide (typically yttria) can
comprise from about 3 to about 6 mole %, more typically from about 4 to about 5

mole %, of the ceramic composition; the second metal oxide (typically lanthana,
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gadolinia or ytterbia, and nore typically |anthana) can conprise from about
0.5 to about 4 nole % nore typically fromabout 0.8 to about 2 nole % of
the ceramic conposition, and wherein the nole % ratio of second netal
oxide (e.g., lanthana/gadolinia/ytterbia) to first nmetal oxide (e.qg.,
yttria) is in the range of from about 0.1 to about 0.5, typically from

about O. . : o]l 0 E 0 t t. 0.3. As
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restri ctiabeut @.ktorsbout Oxfsitgpically fremeabbial.l§ tobband.35 onst $ypicglyofidmAl |

anount s, Bart r%ti% and percentages used herein are in w. % unl ess

ot her wi s& o%té)z?doﬁ 28t O3her mal barrier coati ngs of this invention are useful
with a wide variety of turbine engine (e.g., gas turbine engine) parts and

conponentss tddt heatia, iy R FiaoRtsfborositPStdfat ae heMlinft MehchioN i ety of
metal s and netal alloys, including superalloys, and are operated at, or

exposed POTOSHY gafireshipeyrities 1).animue il tatjo b Hieerctuad dprsititofiesthetmaal  occur
during nggﬁt&%c %&%qgitgaﬁg?ﬁttibgrhenﬁ se turbine engine parts and conponents
e turbi ol

can inclu e arr S such~as bl ades and vanes, turbine shrouds,

tur bi ne nozzles, conbustor conponents such as |iners and defl ectors,

augnent orAshesedvisareinpfheyéesm teonprising® npeassvaiust doenposiiens, Thengdwadsal

barrier coatin g f this inventiaon can also . cover a portion or all of the
s, %tﬂ‘

metal sufSTPRR I LGS | 2 & %ﬁ’as%l cpRy ol WP@Y%QIé‘htheaﬁwé?lﬁdes, t he
thermal Bavehiih. CORbEd8SyOthe! ik ‘i‘d&}fﬁalﬁli%in%n &e&ngy%sctﬁl]e' YhotS ?%i i@ar ot ect,

cover or overlay portions of the metal substrat e arr rather than
t he enti temscernsotiagesseatiajly off hrd F'¢vasivabg 07 ri er coatings could cover the
| eadi ng edge, possibly part of the trailing edge, but not the attachnent

area. Wiyl I ] | scussion of the therml parrier .coatings of
Thie i e R R R E P 0 hlfiy FEHTW BUMS oot
specified.

Thermal barrier coatings of this invention are useful with a wide variety of turbine
engine (e.g., gas turbine engine) parts and components that are formed from 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 could cover the leading edge, possibly
part of the trailing edge, but not the attachment area. While the following discussion

of the thermal barrier coatings of this invention will be with reference to metal
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substrates of turbine engine parts and conponents, it should al so be
understood that the thermal barrier coatings of this invention are useful
with nmetal substrates of other articles that operate at, or are exposed
to, high tenperatures. The various enbodi nents of the thermal barrier
coatings of this invention are further illustrated by reference to the

draw ngs ﬁ’é %rf t@r%ﬁ} h&{%ﬁ% né)ﬁfélangecfoﬁ{(?{)hgﬁ ﬁﬁ&?d Fﬂg %\éﬂ idErsto l(icéllatl shows a

si de sectl ona VI ew 0 nent barrier coating used
with the thnsaﬂmhnzﬂthlaﬁierabmmgfs oﬁﬂn@urtueﬁﬂum avedisefal e,ﬁihgmar@bktyatmoﬂ&her As shown
in FIG 1, cIe 10 has a netal strate indicated generally as 14.

Subst r at &g s 3 opETAHT Hs@F ﬂaﬁ9xwe%t% EPPYRIURSt al s, or nore typically

metal alloys, that are typically protected by ther mal barrier coati ngs,

i ncl udi nghkRagsuPaRESH ARnts B %@ethenﬁé? Bakler %85“1’%@ olf 8 irdlehQ¥s are"_fﬁfthéfx anpl e,

substrate 14 can conprise a high tenperature, heat-resistant alloy, e.g.,
a super allllwatESuhm réferghce dorple aitawisgslab olgscribed hedéadiet. o Refeirmgviar theus

f Ro d March 21,
1995 o SHivaRER IO sy 5ids ST Ve oL o e M e BBy, 1075,

both of wairih cBhitthg MeArwiE Eettletl siRirle TR arlitle hndleﬁaf@aiéﬂﬂg; & h@ys are
also generally described in Kirk-Qhner's Encycl opedi a of Chem cal

Technol odys, stewen By FIG. elartici 10pkms mrretaﬂ?glt(stwgcx)ldwamd seoerallysas pp. 787- 800

(1981) S Si gnat ed
by the trslélh&atrt\%?}jés ncoﬁg‘?e E&?%N f(qh’)%ﬁ? ene ‘%t a§¥m%él %%lyf 80-
Rend(r) tidb ¢ ltgpisally pfmlecwﬂil b tthérnal Airri&&!bﬁtlﬂi)ghd 1nc&ﬁlﬁﬂ% ,thds@€bdsy® @nof
substrate. 4ca varé/wldel but_it is representatively in the form of a

t ur bi ne Qerton alpye a’%orawaa}pﬂffaoﬁubst@ée é4 cap| GRartisgra highpi ne
hr oud. t t |
?n(r:liogat eﬁ%‘ﬁﬁe% Pgat-rl%%t%%t atlﬁgi é'%’é aﬁﬁg)egge t a:%lgcﬂaﬂr% Hg)%f%%gg és:t&r%at ea{?lr
Bond coatdischoped 1rIL8arlcmstr§szarenaéd )%uch‘ ox bl Har.d¥o.a5,389, 313 (Rosext di isaredr esi st ant
terial t d t her mal
ar i er SBEHAY TRSed a8 pEndRar i0de BRI Y dbiutes Srerbiuds 18her e o
subst r at goft of SHHiERREE lﬁe%hﬁfrmea Syf %feﬂaﬁaﬂ q@@h tEﬁ‘]}S@xratlﬁg au\%gé Yee ajggver |l ay

bond coatings such MCrAlY | oys (e.qg., | Oy powder s) ere Mrepresents
a netal seedraldsdéscnbed ImI@kleDthrpctraﬁtEmnynioocdleoﬁé,‘hcmlo@lrTMhAbI(ozy)3rch¢le,r| ay

coatlngs S nabl.e f | u des h as

o1 at i namsuht bt REURE ARV ELTE Foodered a0, TlEEE Fifined

Wi t hout nabpeatiR! dick:l-bakel AfoyRi 6leeliesighdddd Wydehe trade names Inconel®,
Nimonic®, René® (e.g., René® 80-, René® NS alloys), and Udimet®. As described
above, the type of substrate 14 can vary widely, but it is representatively in the form

of a turbine part or component, such as an airfoil (e.g., blade) or turbine shroud.

As shown in FIG. 1, article 10 can also include a bond coat layer indicated generally
as 18 that is adjacent to and overlies substrate 14. Bond coat layer 18 is typically
formed from a metallic oxidation-resistant material that protects the underlying
substrate 14 and enables the thermal barrier coating indicated generally as 22 to more
tenaciously adhere to subsirate 14. Suitable materials for bond coat layer 18 include
overlay bond coatings such MCrAlY alloys (e.g., alloy powders), where M represents
a metal such as iron, nickel, platinum or cobalt, or NiAl(Zr) overlay coatings, as well
as various noble metal diffusion aluminides such as platinum aluminide, as well as
simple aluminides (i.e., those formed without noble metals) such as nickel aluminide.

This bond coat layer 18 can be applied, deposited or otherwise formed on substrate 10
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This bond coat |ayer 18 can be applied, deposited or otherw se fornmed on
substrate 10 -8 by any of a variety of conventional techniques, such as
el ectrol ess plating, physical vapor deposition (PVD), including electron
beam physi cal vapor deposition (EB- PVD), plasnma spray, including air

pl asma spray (APS) and vacuum pl asma spray (VPS) I on plasma, or other

t her mal RO 9P HRINRGEI WG NG Y SleaBbict, pN Sk O

spray, detonation, Or” Wir eposi pack

cement at impo;adebosﬁmr (PDs Eincah&iﬁg reletitrog bemni Ipﬁysim evapbr aepcaitioatl {HBLSI on
alumnid WS%EH for exanple, U.S. Pat. 148, 275 (Benden et al),
i ssued Aﬁ’ Sma) 8pFay, IB"ISdea%H PhémaEﬁPQaZfB *AFE@ %Wplaam spfaysued Jul y

27, 1999; (V?’?Sjmﬁrl?i[]asﬁﬁt or Mfer tRrfA ?%Pdéd&gﬁbh%\ﬁﬁédsﬁsg\cﬂ'aé Sééﬂ?ﬁ%ﬁ’ar ch 21,

2000, all are i1 ncorporate erence and whi cirdi sc

vari ous appdnelt(is/ Qlfidsprat, detsatiamn; oawp‘c;sprag', chdnficdivapor ddpusition €VDyat i ngs) ,
and conbi n t| ons %}f}ereof T ; -

i cal ly, | f f
ochn qUASHE GHEREEN T STt AU EGURE By i be Phanait GBS i s i n
the ranggeides 08 0 ¥kandpit UL P N%04rrht§7fgﬁé?ﬂbﬁl9%$ ided A gﬁ??@t 508

mcrons). For bond coat |ayers 18 deposited PVD t ehni quesS such
EB- PVD or19a9;fIfJ{$sP@hN0aﬁ,19ﬁ$ ﬁﬁﬁiéﬂwud%sbsssueﬂéub'm'fc kPR snd §. 8ok at. Wy.pi cal |y

inther f .abao bgut. 25 to about, 76

m crons) a&%?ﬁ o%an t%l) 1?%8#:%?“%2&#@ g]éﬁvﬂﬁ I Fgdpcoporgied; 1

i nvent i omvyirefetdicaadivhich dilste QURGLS @?a@ﬁﬁ@nﬂ%’éthdcﬁ%@fa% Bffisfinckness  of
TBC 22 is_typically in the range of rom about to about 100 mls (from

about 25 HWligKisueoBingy). wne r@ﬁ!i)m?élﬁ'ﬁs vherpof. ddpeirallypiina lasard eppyodr factors,
| ud r I n ol e For
examp o it €t AG.ER GO, Bt b ar By, inefabBial b the (0T,

in the raage @fffrcim@hmlbbm aldfht 20 rafho (frord @bouwtl &5 {of 4ot aOS)hﬁlchﬁQ) tEorabout

1778 m gﬁonsc), ni%pl cal, IX fro abo t. 40 to_about 60 mls (from about
1016 to BBhCokY Eyars iquissidea EBeP VP et Aiiusionp| ades,

TBC 22 i sinfnfididedbroYesbddl 'ﬁﬂeefhlcl&@gis ssmHl%u (‘)éll Nnthe rgl%%oreﬂgéyf {lﬁyﬁ} gbout 3 to

about 30 mls (from abobut 76 to about crons) prcally from
about 3 taboutFomils ﬂ.@onnab@ltgﬁrtoarb@.tbﬂﬁmﬂﬁmsb about 254 nmicrons). As shown in
the FIG 1, TBC 22 conprises an inner |ayer 26 that is nearest to

As shown in FIG. 1, thermal barrier coating (TBC) 22 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 2540 microns) and will
depend upon a variety of factors, including the design parameters for article 10 that
are involved. For example, for turbine shrouds, TBC 22 is typically thicker and is
usually in the range of from about 30 to about 70 mils (from about 762 to about 1778
microns), more typically from about 40 to about 60 mils (from about 1016 to about
1524 microns). By contrast, in the case of turbine blades, TBC 22 is typically thinner
and is usually in the range of from about 3 to about 30 mils (from about 76 to about
762 microns), more typically from about 3 to about 10 mils (from about 76 to about

254 microns).

As shown in the FIG. 1, TBC 22 comprises an inner layer 26 that is nearest to
substrate 14, and is adjacent to and overlies bond coat layer 18. This inner layer 26
comprises a ceramic thermal barrier coating material (as previously described) and

will normally comprise most of the thickness of TBC 22. Typically, inner layer 26
9-



substrate 14, and is adjacent to and overlies bond coat |ayer 18. This

i nner layer 26 conprises a ceramc thernmal barrier coating material (as
previ ously described) and wll normally conprise nost of the thickness of
TBC 22. Typically, inner layer 26 -9 will conprise fromabout 50 to about
95% nore typically fromabout 70 to about 85% of the thickness of TBC

22. TBC ?\%11“&8:& b QDb 1§te§O g) Kk %85/(', Vn?or%"{&ff:al gr 81%6abo h%ﬁt gﬁeneral ly

as 30 that adj acent o and overliées 1nne exposed
surface %%,'ﬂﬁthethmkﬂessofﬁmzzso of TBC 22 typically fornms a relatively
thin protective Iayer t hat inproves the irrpact and erosion resistance of

TBC 22 a e i nper | ayer .26. The thickness of outer |ayer 30
shoul d bglq%(g?ﬁ tfd;gﬁ PRRISCHE BIRigSiEe oHar syesindicatedsgeactally aswi® Bghis undul y

af fect ngid}atc‘,@m%%'ﬁ c(v%rlﬂas mﬁ'é?clgﬁé}' Z@ﬁn@ﬂ% %12@%13(1 Sﬁ]l%égeaéﬁi ng élsp&ﬁae” les of

TBC 22, including strain tol erance hermal conductivity. In
this regalﬂ}d:r 30w dBC 22apwicallp fuhowd wlativelychint proetiyvet layer thatdm[pmx»es thet hi ckness

t bout 127 t.he th t I
30 i | nPRet e sl Frishha i %yagfl&%%ﬂy ISRSIFAST £By iy DBUSLS (o
about 51 dficutedNS)er 30BhGuldYR idh la¥ tc;F acll afPerodiBQ Ybsidal kithbhr OM about
25 to about 51 mcrons). The outer er of TBCs 22 of this invention

conpri sedndulyiafiesimsthe othea(®g. ngleclua@rca thompdsnszuﬂabmg) prapeiitiss of EBCl i zed in

a certai nyr 0 oved | ct and
o oot on 2 henah 101k B M BEAGEm S col AL FERR St BRE

resi st andgreprimpﬁfcﬁilcﬁbe qfalatlhasethmumr hh@a/ermloﬁﬁe@aip ke a%lﬁdﬁ Ghigd (@7 the
basis of the effect of the zirconia lattice stability equival ent of the

respect i vicons), ohyricallye thedfisknrss o6 pulst lyendissinitherese phfan abant08r osi on
resi st angg ,paf o5 rﬁ%\ﬁﬁt 1?%%0‘&95’{‘% Fn%n@e nfofe 6@?@11%%&9 bt 1CQN! 2
ui va Va

lattice sta ity e ent hi's sta equ can be cal cul at ed
based on abhuﬂnatls(fr@mabdmﬁltoabnutéllmmtoms)e paranmeters ¢ and a using
equation (1) below /=k,E(r-rzr)xm +k2 ~(V V)xm a (1) wherein c,a are the

£ oM < e AR SOL GAPRTTES Biehie Robe SRl 1 e
added, mceﬂaﬁm& B@mposmon that is stabilized in a certain region of the tetragonal phase to
impart improved impact and erosion resistance properties for TBC 22. The impact
and erosion resistance properties of these outer layers 30 can be predicted on the basis
of the effect of the zirconia lattice stability equivalent of the respective zirconia-
containing ceramic compositions. Impact and erosion resistance performance have
been found to be related to the zirconia lattice stability equivalent. This stability
equivalent can be calculated based on the ratio of the zirconia lattice parameters ¢ and

a using equation (1) below:

%:k]Z(f}—rZr)xm‘.+kZZ(V,-—Vz,)xm.- 6y)

wherein c,a are the zirconia tetragonal lattice parameters, 1 is the ionic radius of the
first metal oxide, V; is the valence of the metal ion of the metal oxide added, m; is the
mole fraction of the metal oxide added and k; and k; are constants. See Kim, “Effect

of Tay,0s, NbyOs, and HfO, Alloying on the Transformability of Y.Q;-Stabilized
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nole fraction of the nmetal oxide added and k1l and k2 are constants. See
Kim "Effect of Ta20b, Nb2G6 , and HHO2 Alloying on the Transformability
O Y203-Stabilized -10 Tetragonal Zr02," J.Am Ceram Soc., (1990) 73 (1)
pp. 115-120. Using equation (1) above, the lattice stability of these
zirconi a-containing ceramc conpositions in the tetragonal phase can be

rconi a- cont ai ni n si ragonal phas
Ctabi |12 RaP PRORP I (HRE Roc (A YR I T st Tated by FIc 2

whi ch represents a graphical plot of calculated c/a ratios for the zirconia
lattice ddsimg Bquetivhaih) abowd, tthd ttideenitability dheheSokireshid-cagainhRSesrhmize) in
FIG 2 represents a I rconi a-cont ai ni ng-ceram’ c, conpqsition stabilized

14

with the SCHRPFLPEHLR Jpe éB‘B"’lﬁon‘?l_ ase agny rqa@ﬂa(tef}\(SZ?l“dinlgaEhehﬁg‘?‘é #a ratio
of about jderfihéntal R of MR RaHiflzilig Getad oxfife, LG as! V¥ THis ¥lilihdeqdecr eases

in the zirconia-containing ceramc conposition, the c/a ratio conversely
i ncr easedy FIG. Rawhisharpresantsha igrdpbicabiploh af calaslatedec/z taios bt thel ricwamses,

I mpact er osj.on.resi stance, i oves, J.e.. | ri the yttria |evel
i npr ov_esj%}ﬁﬁe Frpageto %?&QF@H% @%ﬂ&‘é‘e Sase g\ﬁﬁdﬁ@g(}og retﬁé%se?israconi a
- cont ai NizigomiecafahiNRER s d dodtposilion RizBYiE WAl 8L egﬁj%@ﬁttdf\a%omamﬁ.s 30
havi ng sui tabl e inpact and erosion resistance performance,

zi r coni a-%eattiai(AY hg) et has xc/eanippef ehawh 1H3ulAs Hsy shoavcinaFIGat2; es theat i s
typically_j . . f about 1.011 to about 1.016, nore typically
P the. r denlot S} BEHEa i 68 RGR ot (S pRR gy e S it

zi r coni a-convdredl inegaceI0Ead beeA Fudtisr fouaRl that) a®tHeaVa taMahcrdhket Nataktave these
c/a ratios can conprise at |east about 90 wt. % zirconia. Typically, these

zi r coni a-2BORTHIG FgISEERD FUPIOVBhd-So JAFTIRS the Bimalsyet nagovesothabBpactos wt. %
Zi rconi .., FRF i BliStAl dedpef HATARE QR theLireonih oAl e FRamicYompdRitiph! CONI -
Suitabl e zirconia-contai'ni ng conpositions for use 1 n outer d ayer’ 30 that
have these c/a ratios further conprise a stabilizing amount of a
st abi | i ziliegprowtdal ougeri metectivieylayeral30yhavitgpeswtablei inpmrngndrebsion axsistendes
I ncl uded _i n.an anmount of f{om about .4 to abou%@?ld\/\ﬁ. %C}f t he_conposition.
Sui t abl e PEEEBTACH FHty R o aRP ey 8% CPRP L Wty ld s /R &alt Betbs
consi st mgai@,ﬂlyxhttné fang 8F b aboef 1.811 &EANRRA 2.018BGPRSFically f] Bedftthe M xtures
t hereof. The zirconia-containing ceram c conpositions useful in outer |ayer
30 typi caf Fprcahept 1.883 (o abonhl.0h% Suitable zitsioniaziontpinieg edmpositiensifor wse anount
from aboyt .2 Ia§e? RPpY hQVeSthvthsé c/oéor% iof régn %8%8% 2 st about 90 wt. %

zirconia. Typically, these zirconia-containing compositions comprise from about 93

to about 96 wt. % zirconia, more typically from about 93.5 to about 95.5 wt. %

zirconia. Suitable zirconia-containing compositions for use in outer layer 30 that have

these c¢/a ratios further comprise a stabilizing amount of a stabilizing metal oxide.

Typically, the stabilizing metal oxide is included in an amount of from about 4 to

about 7 wt. % of the composition. Suitable stabilizing metal oxides can be selected

from the group conmsisting of yttria, calcia, ceria, scandia, magnesia, india and

mixtures thereof. The zirconia-containing ceramic compositions useful in outer Jayer

30 typically comprise yttria as the stabilizing metal oxide in an amount from about 4.5

to about 6.5 wt. % of the composition.

While the c¢/a ratio of the zirconia-containing composition has a strong effect on
erosion resistance performance, and an especially strong effect on impact resistance

performance, it has been further found that the porosity level of the resultant outer
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While the c/a ratio of the zirconia-containing conposition has a strong
effect on erosion resistance performance, and an especially strong effect
on inpact resistance performance, it has been further found that the
porosity level of the resultant outer -11 layer 30 of TBC 22 has an effect
as well. Accordingly, additional inpact and erosion resistance benefits
can be o I ' - .

reduci ngt?%)t%ié gggrfggc?ﬁ h#%selt?ég yplgi?fag%&g%lﬁ%g&e%ﬁg@aqsﬂéﬁt raluglfll (‘%ﬁotsjfeorrl | ayer 30
SO as t o redisiaree behefits tarobe eftaiped by bptyoraily abitig dhtetQayer 30 @efser,il, &yt ypi cal |y
about O. 15 of less. T pjr ally quter Ia er 30 has a fractian of porosity of
f r om abodtdusEqits BOrgs 53p) typicalyy ach F‘;YE‘?I EX1tpyning SRR HeFE 39. Poastte about

0.15. Fumbien f4¥Refslor eﬂ> £ QP08 €39 F A€ ed by
optional l'y having gsersltyl naout erg? ayer ,%%ﬁ%&%%ﬁ@t%lﬁm ?é(;, haf ni a.
Typi cal | YypicaHy nirter it@epB@h@sna friactioroof worositye fr@0 aboutah 1@ moabuiut 6f20f,r om about
2 to about 7 wt. . %. nore l.cal rqm about 4 to about 6 wt. % O her
net al ox%gwé?ﬁlﬁ%“ﬁgﬁﬁgﬂé?aﬁéw ‘a, gadolinia and mxtures thereof
can also be optionally present in outer layer 30 in anmounts up to about 1

W . % mPaghéyippael Aol dsibAQedianae tehefits Vah 3 Ybtaifbdb @ BPEEnally haWng ©
Sui tabl e zirconia-containing ceranic conpositions that conprise af n| a

and/ or t REasent igromear laist 30 upp geanti19cwiude hefaiss cTurenlly, hafnianie presenioni ng Tabl e

1: Table ' 0 ' 0|; ion 2 Lon

Zi rconi ag%te%@%ké?ﬁ%%t ri aﬁ%@%@g&’@uﬁgﬁ ﬁlaégﬂ £ I‘_‘gn 8?1"5‘6%%’"%2%@?%0 4
Referri ngbdsui 4 focabbliG wi., %t @thermetal beided, sd¢h &f laMiBaha) decdyinibegRIBhiaed,

deposi t ed . othe W|se formed on bond coat layer 18 by any of a variety of

convent i & Fm’“ﬂ-‘éeéﬁ grferan alsoche opdionally pressnt Hgoutf}ﬂﬂ‘?rcﬁl m\?gﬁb‘ﬂtsd@déy tion
(PVD), i nphidi Rg. @} eﬁlb agyﬁa&ﬁg%%wfﬁgé of 3R HERCEKT it (EBRVE). Pl asma

spray, including arr
Suitable z1rcon1a~conta1mng ceramic compositions that comprise hafnia and/or these

other metal oxides include those shown in the following Table 1:

Table 1

Metal Oxide (Wt. %) Composition 1 | Composition ‘2 Composition 3
Zirconia 91.6 95.5 95.6

Yitria 4.0 4.0 4.0

Hafhia 4.4

Lanthana 0.5

Neodymia 0.4

Referring to the FIG. 1, the inner layer 26 of TBC 22 can be applied, deposited or
otherwise formed on bond coat layer 18 by any of a variety of conventional
techniques, such as wet plating, physical vapor deposition (PVD), including electron
beam physical vapor deposition (EB-PVD), plasma spray, including air plasma spray
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(APS) and vacuum plasma spray (VPS), or other thermal spray deposition
met hods such as high velocity oxy-fuel (HVOF) spray, detonation, or wire
spray; chem cal vapor deposition (CVD), or conbinations thereof. The
particul ar techni que used for applying, depositing or otherw se formng
inner layer 26 will typically depend on the conposition of inner |ayer 26,

its thi ' S] r L& IBC. For

exarpl c. VD) £08 RaSRE bl tolad (WP b e bielEh oty QERGHEY dhfthods?

st r ai n- t ehelr anthighovelotigr osy-fust HVEOF) B;piayo rietonstion, prasire spzpjy?yhélﬁeﬁini ques
.g., APS) tend .. a spqonge-1li ke porqus structure of open pores in

gi'? Igeast VERTT erIE’OF*Hg’é?é‘g@S’efrr . 11“’3&%‘? Iﬂféeql%f ﬁ’BCPaZt?“ilI% t?%i“ﬂf&l us¢d £4r ned from

ceram ¢ LRSI dBRisiinglor ARALISGoMRNE itk Buyd¥ 26 Wil MlcaIBREGEA by ieB PVD

techni ques” fo provide~ a strain- t ant col umar ructur arious types
of PVD amdmpegition alfl ipneEBlapR6,eith mhigkress wed |espevially the plysseal skidtheed in t he

t | so b ilized to f ' layer 26 of the .TBCs .22 of this
Mvent | ogesiredofr s B8 axaburle D eniaRd Fong g 4% useR imfeiRungy BGS ol ),
i ssued JWaying. a P8K-toleRBP @AY se@ture3. Bl RFagtOphidha dray 1eCRtiquddo

5,716, 720 ( Aggphy), i ssued February 10, 1998) &especi ally col. 5, | | nes
24-61) arkeisUASS) rnd to Kesated spong@ ke perogh eyucture gf ppen paseviadit Bastisndrer 10

2002, whi el t ef erenge. Sui.t.abl e EB-PVYD t.echni ques for
Gse her ol 41t 257 Atr SPGB ERY 28 &) BREAER ot iy Remie Yo R S ure
that prefcostity watemialsushe PVOX vige Rspetth BNEBIFVD tedmiquel 96 Ghodde axyaen- f ree
coating atnosphere can al so be enployed. The ceram c thermal barrier

coati ng t?llﬁﬁaéf‘?%l@n%sguﬁ% evaporated with el ectron beans focused on, for
exanpl e, ingots of the ceramc thermal barrier coating materials so as to
roduce - : 13,)«,:%@ | : LR oxi des.
‘Fl)'he nmet a?aﬁ%&@%%gﬂ??gnagﬁgﬁc% a @@]Pi %ggmag%o‘ﬁ%l ne to ftg?gnglesfkﬁinegr | ayer
of 26 of ITBE ®@Pcapralichiee whilized de fom mperlayerAfbsftthaTBCEL?2 afrthistmentigpi cal |y on

bond coat, | ayer 18.  Vari,o type ma- Spr echni ques | _known to
t hose skiLSFF’ T; fapiple; Z(JTS g’%ﬁ %gl Ségﬁré%ta@f%ég’ %)éalé’o}sﬁ?qdnx‘gy %A,ﬁ{?gﬂ 26 off
TBCs 22 @éspbéihy bV 8NihN36-88L . UBOPae X8l A6,7261 (Murbh P Blsubd & edia o
Chem cal Q'I%Jchnlg}ll ogy,.’ 31rd Ed.?ﬁ\}g)lg. P?Ltg, page 255, and %r efsgren%tglsl&ﬁot ed

t her ei n, 18s19@®) [(especinllseolpay lingg4-6l)3ed 588P#tkNina 6 4K7,864 (Righey esahed July

ggd 1994;issﬁjedSSe;ﬁ911nberl\¥b Zé()é? l%a?}hc%l‘ %re(%gf\)/rlf)grrateedt b)‘/le lrgfeljeﬁgegegui%%?et 5%10, 1991;

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 om, 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 imner layer of 26 of 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 inner layer 26 of TBCs 22 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. Pat. No. 5,332,598 (Kawasaki et al), issued
July 26, 1994; U.S. Pat. No. 5,047,612 (Savkar et al) issued September 10, 1991; and
U.S. Pat. No. 4,741,286 (Itoh et al), issued May 3, 1998 (herein incorporated by
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U S Pat. No. 4,741,286 (lItoh et al), issued May 3, 1998 (herein

I ncorporated by -13 reference) which are instructive in regard to various
aspects of plasma spraying suitable for use herein. In general, typical

pl asma spray techni ques involve the formation of a high-tenperature

pl asma, which produces a thermal plune. The ceram c coating conposition,

e.g., ceragl 0 S I.nt e hi.gh-vel ocity plune
[ sgdi rectrgﬁ}@gaa%%geg%ﬁ%&%%gtlﬂl I<C51é§£'ellra ?gwlj\iﬁlrsi %gti}gc%reb[%a? lfaéan% i‘%a‘c“ﬁ pl asma
spray coatitaide tfec s derein. wilh| gdaeratyetypidsh @ismiaOspiriyo $echsitiukd (ﬁﬁ/oihfe t}{a:e art, f
I ncl udi ng. varjous_rel evant steps and process paraneters such as cleaning o
t he bond%‘”&%‘t"ns?ﬁ f Jugh-fesnpsratare plaspanwaich; prrducssi @ tharmal phens o Thenove

oxi des a rfa . I ay

par amet org S0e ROATE AopoSifohACE, SRS BbUALE RE TR G The PRARTRERLTY ||
nunber ofhigpvelgeifasdams is gimottdrioweridhe hombcoap tayer 1. eVarimisaietaily of twshch power

| | ecti .0Xi dat t.rol dj ust I de... st oi ¢hi try,
g o- of PSS HEPS Foaiii tePpialittratt b ekl oo toBe AKIG; ol She || ke,
Torch powgdludiag viaws relRvirttQtdpa A€ pRicedtmdiBrskiubP ¥R tfeanihg o2 B ond00

kilowatts, and in_ preferred enbodi nent's, ranges from about 40 kilowatts to
about 60 cRel Bwkee 48 privs to wepesdtiany guit bldsting ¢o serhevecoxidénandmmgbei theon

particle oW .nfo th | asma _pl une or. plasma "jet") 1S anhother

bar ot oAl e APt R B BRT R sry g e sor ay
systens as-guiskear), febtion off A RXEEP|oF, spkhyPaskB! polaer FocddratcB]articiavkar et
al) issued, Septenmber 10, 1991, which is incorporated by reference. The

outer pr JEWEIY EIFyRIWES0 PIIRBERD Beleatinth eoXifiione onterd ptos iadivgt exidst BegI W:c se
o e 1562 kB, e B R S AFSEL 0.

formng 1nner oat %iyer 30 is
formed bylordemosirichmgarg iz itrecamgese fabotal Okitogvatte taibout 20MRIdS)AttsOindis

previ ousl escriped on the inner |ayer 26 by PVD, and especially EB-PVD,
t echni qué’é’ffg € B?%WBWCE’“BFF ?rﬁ’él ahsph40 Jalawalls & phaut \pUdaloxatis; ddini ques,

that are ydrefly be gleReshic &Hﬁ% chth (Ss?t%ﬂi Hﬁticlk@ﬂ@ﬁvir%oingd/n g'i/'e?lﬁ’stnié Bhnel ayer 26)

relate to those paraneters, particular pressur erature,

that can (&epleampeget(e ig apothgr peduciangwhick ipresslly epntrallededenyeclbiedy. porosity
HTEEETE e MR I T T

(Savkar et al) issued September 10, 1991, which is incorporated by reference.

The outer protective layer 30 of TBC 22 can be applied, deposited or otherwise
formed on inner layer 26 by any of the techniques previously described for forming
inner layer 26 on bond coat layer 18. Typically, outer layer 30 is formed by
depositing a zirconia-containing ceramic composition as previously described on the
inner layer 26 by PVD, and especially EB-PVD, techniques. The difference in the
PVD, and especially EB-PVD techniques, that are used to deposit outer protective
layer 30 (versus inner layer 26) relate to those parameters, in particular pressure
and/or temperature, that can be varied (e.g., by reducing the pressure) to reduce the

porosity of outer layer 30 during formation thereof.

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

ivention as defined in the appended claims.
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described, it will be apparent to those skilled in the art that various
nodi fications thereto can be nade w thout departing fromthe spirit and
scope of the present invention as defined in the appended clains. -14
CLAIMS 1. Athermal barrier coating for an underlying netal substrate,
whi ch conprises: A an inner |ayer nearest to and overlaying the netal
substr at g-a0glyg conpri sing ceramc thernal barrier coating material; and B.
a protective outer |ayer adjacent to and overlaying the inner |ayer and
havi ng an exposed surface, the outer |ayer having a thickness up to 127

m crons dnd suf theohdritariey coatpey for awrpader] yarpdnetnlosibstrate, erdiich eomygrides: t he
thermal barrier coating, and conprising a zirconia-containing ceramc

conposition having a.c/a,ratio of the zjrconia lajtice jn the range of from
10001 to 1 016k andn iR 1FEAGERESt HE BRt HBUmANE dhesBo) wbdrae AMi ng

amount of a st abi kbgipHbngetaniONcata $akRS toslidy BaAlICarif OUp consi sting of
yttria, calcia, ceria, scandia, nagnesia, india, ytterbia and m xtures

thereof. 2. The coating of claim1l wherein the outer |ayer has a thickness
in the range & ®@rigatcatdve euten layprcadipeent & argh everbinignte dinesrgyesfand| ai ms 1

to 2 wherein the ¢/ I.0._1384i e, r.an f from 0 t . . 4. The
coating of any of %8 gé%rréC%Pé%dé&vf\%erte}}eno"?%elg%eﬁthggmﬁggltglr&tggsﬁ%lpijtggl?from

93.5 to 95.5 wt. %igions and auffivient rtoMnpad ipactbaidt erdsion Wesistihod for ke as t he
stabilizing netal oxide. 5. The coating of any of clains 1 to 4 wherein
the outer |ayer hiterakpyger gontue, apgd cORPRng f FiFeoniameREaiBngs $#HMIg. 10 to

0.20. 6. The coat icgﬂpggigiw&pﬂ%flag ?E/ﬁirﬁ'@o 3 &Eﬁ ZRcMIETRIdR i#l I{‘lgenlgﬂ‘f%ffy% Ifr er

conprises from2 to afnia. 7. e coating o aims | to 6
wherei n the outer liHyetio LoOhprnd embilizodnif.tBe tétmgOudl phisse Yy of stabihieingl oxi de

I d fromthe grou onsi.sting of |.anthana -
selecte a.gloun of% staﬁnl?zmg gleta]i ox%e sglected from the group consisting of
yttria, calcia, ceria, scandia, magnesia, india, yiterbia and mixtures

thereof.

2. The coating of claim 1 wherein the outer layer has a thickness in the range of

from 13 to 51 microns.

3. The coating of any of claims 1 to 2 wherein the ¢/a ratio is in the range of from

1.013 to 1.015.

4. The coating of any of claims 1 to 3 wherein the outer layer comprises from
93.5 to 95.5 wt. % zirconia and from 4.5 to about 6.5 wt. % yttria as the stabilizing

metal oxide.

5. The coating of any of claims 1 to 4 wherein the outer layer has a fraction of

porosity in the range of from 0.10 to 0.20.

6. The coating of any of claims 1 to 5 wherein the outer layer comprises from 2

to 7 wt. % hafnia.

7. The coating of any of claims 1 to 6 wherein the outer layer comprises from 0.3
to 0.5 wt. % of a metal oxide selected from the group consisting of lanthana,
neodymia, gadolinia and mixtures thereof.
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neodym a, gadolinia and m xtures thereof. .15 8. A thermally protected
article, which conprises: A a netal substrate; B. a bond coat |ayer that
is adjacent to and overlies the netal substrate; and C. the thernmal barrier
coating of any of clains 1 to 7 wherein the inner layer is adjacent to and
overlies the bond coat layer. 9. The article of claim8 which is a turbine

engi ne ¢ one )y\@% i _a‘o't'ﬂ'rﬁ rier coating has a thickness
of from ?Smtogglfgrﬂ?nuc o%eg?éa : %&n@?}%g%g%%g'prepari ng a thermal barrier
coating on a bond coat |ayer adjacent to and overlaying a netal substrate,

t he met hod conpr.i siangetahmibsitag of A. forming an inner |ayer overlaying the
bond coat |ayer, the inner layer conprising a ceramc thermal barrier

coating material; B.. farm on.the inner |ayer a protective outer |ayer
havi ng an expo§ed aslzﬂrﬁa@gp%yar [—Pa?iﬁ %Cﬁ?f:ggtslou%ﬁqulgep &’F@ﬂﬂssugﬁtﬁatg-uf ficient
to inpart inpact agd erosion resistance to the thermal barrier coating,

and conprising a zirconia-containing ceramc conposition having a c/a
ratio of the zirconia lattice in the range of from1.011 to 1.016 and

stabilized inG he thethergnarigheesting pf any vdlslaimg lng Amberein dfe ianer
stabilizing netal Lele I f nsisting of yttria,

cal cia, ceria, scar%%%a,gs adiagzaﬁtgté?agc} 0?%%%@%3??%%?%@& §§d m xt ures thereof.

11. The method of claim 10 wherein the inner and outer |ayers are fornmed by
physi cal YvaporThedepuode toif it fvhichn ia at faeineabngding comporenatnd ghbsein g a
strain-tq] era .col umay structure.. 12. The thod of any of clains 10 to
11 Mere?ﬂﬁewgéﬁrﬂﬁ?‘f?ﬁm% 25 tyckagssiaf fepm ?%F’r@g'%%r%st hi ckness of from 25
to about 2540 microns and wherein the outer layer formed has a thickness
in the raoge of meftRAfdLpreParink AMheimRAarriet Boating on a bond coat layer adjacent

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

A. forming an inner layer overlaying the bond coat layer, the inner layer

comprising a ceramic thermal barrier coating material;

B. forming on the inner layer a protective outer layer having an exposed
surface and a thickness up to 127 microns and sufficient to impart
impact and erosion resistance to the thermal barrier coating, and
comprising a zirconia-containing ceramic composition having a c/a ratio
of the zirconia lattice in the range of from 1.011 to 1.016 and stabilized
in the tetragonal phase by a stabilizing amount of a stabilizing metal
oxide selected from the group consisting of yttria, calcia, ceria, scandia,

magnesia, india, ytterbia and mixtures thereof.

11.  The method of claim 10 wherein the inner and outer layers are formed by
physical vapor deposition to form a thermal barrier coating having a strain-tolerant

colummnar structure.

12. The method of any of claims 10 to 11 wherein the thermal barrier coating
formed has a thickness of from 25 to about 2540 microns and wherein the outer layer

formed has a thickness in the range of from 13 to 51 microns.
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