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required can bc substamnally reduccd thus providing a corresponding increase in efficicncy.

Such coatings are invariably based on ceramic. Mullite, alumina, etc. have been proposed, but
20  zirconia is the current material of choice. Zirconia must be modificd with a stabilizer to prevent the

formation of the monoclinic phasc, and typical stabilizers include yttria, calcia, ceria and magnesia.



Despite the success with the current use of electron beam physical vapoMAY 2002

deposited zirconia base coatings, there is a continuing desire for inproved

coatings which exhibit superior thermal insulation capabilities, especially

those inproved in insulation capabilities when normalized for coating 20
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St and,phal &hibulths esgas of the A and B val ences is 7. The oxygen can be
replaced in part by sulfur or fluorine. Typical pyrochlores which we
believe to have potential as ther rral barrier coatings are those in which A
is selected fromthe gr ougﬁg@ﬁp q}{Elm{wﬂggj gadol i nium and yttrium
and m xtures thereof and I's selected om the group consisting of
zizoconi um F& nA depiets thetchyisahstuotuanaf ampyrdchloessuch ey leathanuhvbairgomth@rgadolinia
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zirconate.
FIG. 1B depicts the crystal structure of a fluorite structure, such as fully stabilized zirconia.
FIG. 2 shows the relationship between the A and B constituent ionic sizes nccessary to produce
a pyrochlore structure.

35 FIG. 3A depicts a ceramic coating dircctly on a metallic substrate.



30 thermal barrier materials. See "Oxide Pyrochlores - A Review' by 5 AAY 2002
Subramani an et al, Progress in Solid State Chem stry, vol. |5, pp. 55-143,
1983 (i ncorporated herein by reference) for a full description of

pyrochl ores. W have found that, on a density adjusted basis, pyrochlores
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those of 1 R PuRRaHRDi ot e o SRtl v RpRSs Tp it
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25 2" and B can have a valance of 4" or 5" and wherein the sum of the A and B valences is 7. The oxygen
can be replaced in part by sulfur or fluorine. Typical pyrochlores which we believe to have potential as
thermal barrier coatings are those in which A is selected from the group consisting of lanthanum,
gadolinium and yttrium and mixtures thereof and B is selected from the group consisting of zirconium,
hafnium and titanium and mixtures thereof. Many other pyrochlores exist which also have potential as

30 thermal barrier materials. See “Oxide Pyrochlores - A Review” by M.A. Subramanian et al, Progress

in_Solid State Chemistry, vol. 15, pp. 55-143, 1983 (incorporated herein by refercnce) for a full
description of pyrochlores.

We have found that, on a density adjusted basis, pyrochlores which we have investigated have
thermal insulating properties which exceed those of the more commonly used zirconia-based thermal

35  barrier materials. Additionally, many of the pyrochlore materials have a phase relationship in which



31 MAY 200Z exenplary MCorAlYs that can be applied by thermal spray 31 MAY 2002

processes, by EBPVD processes, and by electroplating. TABLE Il (wt % -
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As in other ceramic thermal barrier coatings, adherence of the ceramic to the alloy substrate is

critical, whether the ceramic has a non-pyrochlore (e.g., fluorite) and/or pyrochlore-containing crystal
20 structure.

It is known from prior zirconia thermal barrier coatings that a metallic bond coat (sometimes
described as an overlay coating) such as a MCrAlY is a superior bond coat for ceramic coatings. It is
also known that aluminide coatings are useful bond coats, though generally not as durable as MCrAlY
bond coats. The common feature of overlay coatings and aluminide coatings is that they both form

25  adherent alumina surface films or scales.

A broad composition range for MCrAlY materials is 10-25% Cr, 5-15 Al, 0.1-1.0 Y balance
selected from Fe, Ni, and Co and mixtures of Ni and Co. Additions of up to 5% each of Hf, Ta or Re,
up to 1% of Si and up to 3% each of 0s, Pt, Pd, or Rh may also be made. Table II describes
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corner to corner with cations filling the interstices. The MAY 2002
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Gadolln a _zircon p r unded by
dashed PR Ohafeutia O wel ool el A e e e Shrled B G U 207 o

gaghol Iwhﬂnlayldnammlﬁszrbhaboauﬂeﬂﬂhﬂjra:tthe/zehrymhar ge, near the edge of pyrochlore
form ng region of FIG 2. Recent tes";{%j has i ndi c%&ed t adol inia and
form &

zirconia prFSFaR casEs: SURSFHIGHSEY Elﬁﬁé‘if%ffﬂfﬂea Y 4S 15 Tes “8’8“ 6\’"{%th

pyroc h%ﬂ&ﬁﬂébérﬂﬁkh’frﬁ adckAlithbuta segﬁ}htbb&@ Rhtt BRE, cbnhfnomy YRhdd@.SSPAtUNdsur € or a
combi nati on of fuorlte structure and the ochlore structure. W have

wor ked4 %38 f‘bé“? 9%4895 BOk: 8 OBt884 3. 248AH @H‘ 5t5|§é 58021593838, 1%r nul a and of
these we pr?ﬁ@%te Efl)sd&&stg?%?lléaﬁbﬁémfcJ:rQ'nch@QH su% drilldy W< iRludell Gn OxibiONi C
speci es and ni-um um or zirconium for e B7ionic species.

Laz$t halayen(usualbyoshernioa, gaalytsilica) Uetyvoen the bomd costdntiwnbstiajd)tagd the geramgyeoning10
difficult to prepare by EB-PVD, since |anthanum and zirconi um have
substantially different vapor pressures, thus making vapor deposition nore
difficult. W have DBSCRIPTIYON QR Tiil RRERERRED EMBODARIEBYT~ structure and
have not attenpted the use of the known pyrochl ores, which have either
fluorine or sulfur to substitute a portion of the oxygen, but we do not
believe that there is any reason to exclude the sul fur and
fluorine-substituted conpositions fromthe present invention. W have al so
not
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15 experinental ly eval uated the A2B206 and AB206 structures, but bel3|1eMg{ 000
that they also may have utility in thermal barrier coatings. Wth respect
to non-pyrochlore structures, gadolinia and zirconia have simlar vapor
pressures, thus naking vapor depositi on nore readily possi bl e. Ti, Zr and
Hf all displa Ieesolrdsoub It neach ieve that
iy conbi nal T e R id ol Hr ek o fin SBTR, GAHRA ANty BRI

Si m | & flyoriteSthuctue darichtive, oA ¥ea &@w@hbﬁécﬁh&dr@ll lmBﬁil dothes ol dokiet with efiofsilling La has
conpl e}e solubility). Any conbination of Gd + La + Y which does not forma
second“b’h‘%sé'c?f‘an be used as the A ionic species. These alloys of the A and
B species npglg aéatnrasmo.t.ttau@enhtaeroan&fw.tﬁltga préseAlcRRHIE GiScuSse Wiritieh | OT €
structure. The | ow t hermal conducti vit oxi de pyrochl ore conpounds can
be 5r athelomavitlyserasge odkai & erdintlades afcule 2}1@ dluodigh ars‘rtymczrﬂm dorpeaghiare crystplect s

on thegaal,conductivity. The thermal 25 conductivity of dielectric solids
at el evat ed’ tenperature is determ ned by phonon scattering, by crystal

i nper f ect i dfig. & adbwieionphmmdxitcspyr@hlocbecrw]aiewwc eReganfiss pigruetars bi t many of
the featur t her nal u nmaterial s. . The

oyr ocrittraien GEPuRys Holitha i SaiRT Hoh b SR Bt B Prdiosn, 1
has besB, (g)wiet theirttraivd Yeitg tofdpte sd’adetethtyroamotehtel-‘rgr IA Bluargs linthagt@m ¢ mass
bet ween constituents in a conpound in Lmases t he t her nal conduct|V|ty of

t 8t CHRYBHATEVInG AR S21f:0r chemistenand thespyroghiorfuinstial steetysgr bight i showsadubit uori t e
St UCtHoRiteRErBctle Qe |tﬁ()n-'b§1|o@ﬂl&€) (R YRSk UE fuﬁﬁ‘st%lllﬁd RirgdRiaC ARERRLIAbAPON Of
relatively high atomc mass atons (|anthanum gadoli ni um and yttri um into
t he f|fuidhar belowiliugirateythe grustirarigadelimeaireoniaoxidswath aflveriiestrudisddct i vi ty t hat
has n [ [ hy W ed
zir co%rbaB%ggan éﬂﬁgp 15\0&? : ?%%4 b%m Sﬁlgtaedg%lg d% eggét Etvdéaﬁﬂ hars?]fagtpe;
appl i duth Bigs, lAtdmd IBeurﬁatthSdowbtﬂw <166 Enystah axtse VisudllyG thegyrdchlotelsenctale
ductl Vi ttébg qu} r’rh i use of 35 high atomi c nass el enents nust
weraﬁheatrsn GeD 'Heg‘i'h RS WY Rer density. 31 MAY 2002 Reduction in
t her mal  coriby yioviilérgs, Iﬂ&s« atdsmnobe@h haaedifférait eslanved 43 lonpCis eleessumpfaemphrixi ty of

Cchi it EEhog g o ey i AT ot § 1 o7t AEAPR et P B o shown

i N Fi GyrokhiBre chMBoitd®lidGeritéd B&Eh @N Bavetefthts AUB,O, brSA BL0Tlsirddturtd) all BésoukdsC
fluorite structure but with a | arge nunber of the o>r%;§en atons di spl aced

(and ow@Eng A:BeDreriA z§z%f§sqnﬁ@(mclrrt'@s Hgieadplipiaiziponizopidesgeeribkbeloypintedior y

apg! i %@cepaantﬂ?,rr&miom%pwpﬁsafo?éﬁaauraum A B APER S AYhipd IF Bddd K HRS) or
in low pressure (LPPS) by high velocity oxygen fuel processes (HVOF) or by

det onagdiio rFigZrifustmteaiis)relatinslyp indicatingetha gshersli combingtagyont Acand dkionic aadii(VEaBRVD)
and s Q)?&Iu% éL{BQE ﬁo%m%}e? e{Netll?iQm{lﬂHE% ‘the"ﬂ fida i bf lﬂﬁ? %tecs%IneMﬁ:R Qhcertain
deposi‘tion I's avored process pen I'ng upon t application and
ci r curmd snbdiye,dash op vadrestigatnons pthattlanthanemn tiseaeta r[rlteagés)v] laisla stablet ¢vbice

pﬂocesses can,dbe readily. use rochl o h r mal arrrer
Coat | Taehge Sydfiprel Mepspbicuyeabits PREnE i R BB, Fe FRCHIRL B8 e
pPrgVi Giedchlofts)Soflss mdentibin®e FBRYS 26 oG afiss Rhitlehide advisio pagéore Struvhge.i t
devel ops a structure suited for extrene tenperature applicatiqns an

t her ef ore bAs skpwp indfjg.2a the dormation.of e dsyred Gubig Ryrpehie erypta Sﬁectetﬁdbtﬂtgﬂ‘?@

Ther thidYeBYvdibME ﬁ'of'ﬁﬁeﬂf ng 'Bscoﬂgi\{&ﬂttsaQQ§pds§lbl@Q@-ﬁ§e '&gmkﬁ’d:é}ﬁ elbmefto f QRRENT S

of conpl ex shape a e nost suitable in coating conponents such as
conbush ardéor Bogstitudsy to BEvrde an ®rage fonistradinsavhichy willpause firmetien aflaspbial barri er
coatin rdance w f t 3A
dopi carosHBsRREGuaT B Sl of faliR, B3R R 1 'ah BBl B0 GRIEDAEYZROD. L
PYBD OC Wild havetcabic po@thl@e stouttiress Asat generaiuutb,amompéztﬂnds bfthg ﬁmsmt;la I(deb(e)(Tr.Zrb) 0,

| he b f | ed
Dy coBTIERGH 12 TG0 EHo il S hEMAG RIS S YGRS rages st phigfis” " ©

pyr oc hbduBicsdch apEnziiSDPﬁ&ﬂ'd lilRlyHequidbrd cdted g peresl sulSEh&mGn toebinglilRo be
hol es between the outer surface and. the back5| de ermt gbgg Ilng air to

f1 ow faverage A andB donis radil int thebigpyErchlgrgFeeaRnsshov, iy é%l aﬁ&’éﬁ @ dd i ng
holesah@ pfﬂgt@ptron with flow ng hot gases on the outer surface can

pr oduce m cooling in which a layer of cool air separates the outside
surface fromthe hot gases to further reduce 1 heat slow Heat will flow
fromthe front surface 21 to the cooled surface 11 and the quantity of the
heat 25 flow will be substantially reduced by the |ayer 20. As previously
mentioned, the pyrochlore may be appljed by various nmethods and the
macrostructure of the pyrochlore Layer will be largely a function of the
deposition process. The nost basic invention enbodinent is a pyrochlore
Iayer adhered to a substrate mhrch reduces heat flom1|n the presence of a

- ~rs " oy Y oy



To illustrate the benefit, the 50 percent reduction thermal conducti3vi fty 200
all ows the coating thi ckness to be reduced by 50 percent for the sane
degree of thernmal protection. Decreasing the coating mass by 50 percent on
a typical turbine blade will |ower the blade pull at the blade root by 25
appr oxi mat ) al at t| ons, which
results i n%g%glﬂjil§9?c°§§lr¢ ggﬁf:asgegk B)ql))chl%% fodlyg)r 4 é‘rt"g?ﬁ) %drcﬁ1g¥ gaséerénﬁﬂ'élu on in
mass GGt lﬂe, aslmsd(cateﬂ bgpdlme(fhcttlhethbicmﬁbesdnedfgadmmacahdaﬂrcohih a’tehelatrife@rlaigle hearrier

coatin hel d at_.the sane j.ckness, and hel d
const dikol5% frabEtloft s EAGReLHlGr £ FoG a5k hucafoui st 30b £ (55 o
gi Vi NGirbdied rased if iRehpaition 8ideRpdrdth® ex Pﬁ@l@@t(ﬂﬁmﬁ PRroaMat stR@nidadcalengss
constant_and reduci nlgst the airflow woul d i ncrease engi ne efficiency. 30

Cortbi 1§8tibisfehesithe firosie sruptreior 3 corgbigation pthe Slﬂﬂflt%t"&c@dfiﬁ’édhedtyéﬂchh@ mass and
(slighfrhotlrer €duced cooling air, are also possible. Fig. 6 shows the nmean
coefficient of thermal expansi on of La2Zr207 conpared to that of cubic
st abi | i zed W¢ haverwosked svith tlfedypstof perdﬂort:Edw:pmchlv)uheAz Bh@ formneslavend ofshesenes on  of
La2Zr 207 thermal, barri coa sgen Lo to that of the
b ¢ PRt el e R0, B8 ATt Bpons b\ 1
behav eirednitint for the B oniz ispecie i Banthatuirm glrdohﬁé asadlbx@ym thaxgml conddctivViy bt rhiyte

anple |1 Lant hanum. zj r conat s applied . to a substrate by el ectron beam
EQBor dtf@ﬁ%gppreewe(bﬁgﬁ%‘f e Sty 51%|Z€a°"atmﬁﬁ§?s@n&ﬂb(r%f&rm Y30E coat i ng
was applshesh, thas Malkih@ Gper EpYSlalmatd@atciRt Welbe dsBEoltPR: RdleriaROPMS AL BYN Of
PWA 1480 (see Table 11)). The coati n%‘ process was carried out in a vacuumb5
oft 3. Pxstigture merhavepat pitdmptesihapsa of helparapsrashloss vidihavasithereroripgoradded t o
ensur gy hOGIRERG G10f i Ok
5 057 4 D OSRERUE HONREDe BE B0 KL donch G RRATAR, X ARG Sl ™2
subst waifus atltbﬂwmlecebsmumdamonosmbnﬁﬁmthem'cdses invdittien.s Werha e ngorr@chl ore ceramc

\é\?? dg\é vge(r)urn%"%%' f:élafuateé1 \{;l'\a% ﬁ% 1%%]%616[8‘ srtnrucr:tlf']rge)s(,hI bg?llg\éfpt‘P%QIde?r 2 \f8 Jn 515 Ih\g/ve UI ﬁr sour ce

grai ntlﬁahﬁal(bhureema;amscMntlafeslﬁétechmﬁfyrdnﬁhm sotaytaies,addidiavap eirconiztasd t ed cub| c
zirconj a]rat hernmal barrj oat i n s that I’OVI s st. \aﬁsn relief and inproved
dur abfiEyVBHIEPEHTES: usé 3‘%’8" HQ{OF‘H&% orI‘—’lr Wp‘ésﬁ‘ an X-ray diffraction

scan obt ai ez fameMranaispluy EngpRetddolid Etﬁ!ulﬁlﬁﬁhi dagh otildr@ndlive bEIRGS thednpeaks have
been i ndexed t the p i_FochI ore cra/‘;el?j structure which dermnstrat es that

t he p)??‘B‘?,‘Pﬁt’GPQ Lt F GE T i sanpesednsihied?) 1nis spegies g dipnlarly-<&h LAaapdbaYrar ri er

CORL i BEhstahfal BSIEIIublIRES (GAT 1A38s édﬂ%e@@%ﬁfﬂnl@a%g @&%nhdﬂoﬁ oZGA FQRAt e Widni N9 a
cubic, fluorite crystal structure (& may_ include sone

mat er fdegs nptferm a sepetd phage % be used asthe Adonin gJe@eqoyTl@&qﬂll@YSeofgh% and B apegies o

exhi binkg LA, HRLAMRL oFﬁg fpblsbota pfRcRGRALHAREE W LD another aspect of the
present 1 nvention, inia zirconate vv| "preferably contain up to
IOO vol . %’Iﬂtaloe\rﬂlahlah@ondwng wfwbndcpmglmrabonmqumtstcambqraamhmdwyl ncl udes sone

rochlore uct ferred,to .her fluorite" as
Dy oo BBty ot alge b R shatfte effrlson B aieaib Rt e el L oy et o
ags py camattbite of diblectfit wmas it%leSitéleﬁlpHrﬁuieSs &taminkd By phonbih@asdring Bylirgst8 hown i n
FIG 1 B. | .do not rule out nmaterial having other structures. FIG 8 shows

a sanprrerfsetiongandthenphongpy .%dwroeﬁom"w"ahex&lb&rﬁlw s fatiresassociagde 22
The C%ﬂtﬁ%x@tb@ﬂ@aﬁ b&ﬂu&& V\?ﬂﬁteﬁal@Oh\érﬂ}%chlgfe%rﬁtaﬂtﬂéﬁlré‘ﬁﬁ a hi Thﬁmm% aérta!

i ncl uded about w o yttria, as 7YSZ (rather % ure zirconia)
was Ceorsemationi ltthasdmmpmuwnwéimastabhglydtﬂwéav@ed@repmn a@micgwﬁ gfFyeen

(A, Y imlar to
the s SN Aoy ipciiais, e BT HARLRY oAATRoGpfi B irens®) 7o

hoar SAlﬂFdnghﬂmrmfk@hlort(ﬂnddlamte kteucturelare nlosalyonelathd, subbsmtroatoéa highl coriventadien | ng,

whi ch kness " di cat ed .the | eft of
o of Bl ek G aploh O RS iy ottty igiod ubrled Apus

i Nt er pRwRledd mtdiR tCRIveNdieral @hichtityahsl hhdiot bedakhsvad © reddiligatist with be an area
in which the substrate and coati n& naterials i nterijl ffu during the heat

t r eat REsticuslyEpesd; gabilized rirgopia werapquads dbthaeld PR aRtedisah 0ﬁa)§n SEEd of Tl uorite
gadol g;?ﬂl@at?dng G beRe MK biHEn@thinbint RdIAGHR R BOhEI hARtIGER r"eﬁ&th% AR @e uddyreover,

furth testing has 1 ndicated that gadolinia zirconi'a oxide is sufficiently
r 8%5i shighatomic wasstelsmientyymust outweigh the debit incurred from higher density.



10 3 9 MAY 200Z Testing has also indicated that the sanples incl udg1 2
consi stent conpositions at various |ocations across the coating, and ttNAsY 0
confinns that the gadolinia and zircoiria have sim|lar vapor pressures.
Accordingly, gadolinia zirconate may be readily applied using conventi onal
tecl uti qUCSRedRIE 1ﬁ‘§heﬁt’%n\5&@5&9“?1133%@8\5&& a@so\éﬂteg k’wtﬁ nﬁ:tdﬂgltﬁco%ﬂ)l}lﬂfxﬁ9 of ar get
material, e.g., an al I's evaporated t he” ot her
abov e- wptialdetaplit s.trucquesf\s ghow epli;8| 1A, thy pm@dorewrudturp eﬂememcgecatem dégr€e. of 10,
severa I a i |rc nia e fluorite
str uct‘%ﬂ %ﬁ\%}é gﬁ? B 1] ﬂngﬂg Stm&] ¢ Shr?t)%ll'rtooi:'? QIB(? Tee TEFTaPEr 8’b°rf Ftﬁuecg’r . 'S?%E’I F? (vsz),
bet weethe ahﬁmﬁluohmttel‘éﬂﬁt @tthui argmtmBa b the oxmn sfomeidispladed (anddat inteiphe
gadol i nj agél rconia has a therntal conductivity of about 1.1 - 1.4 WmK
whi’ch P$5%8out one-hal f the measured thermal conductivity of the YSZ. The
10 materi al Tﬁ&tﬁﬁl@ﬂrrieﬂ%aﬁﬂé&cﬁr@@ﬂbﬁlly%pﬁﬂeﬁ b&Yﬂenmﬂ@er} Efob@ses%cﬂyﬁasﬁ{aat her
than pure zirconi a) was conbi ned adol inia. Gadolinia zirconia oxide
mat er | WraYe Bridi @PShe 1B iawpressurgi(pREH |bah'a delegit oryasn frchprgragses €1y OBkgrdwt ed t o
exhi bi fe;@abidSLIBID 60 Ecird ded dafapb b . As
i ndi cat (tadatltl ne%':ma{ 1IB coa{tr%{n%sm?g%rglpggvegg ?eb{;gﬁtlwaaggy@?)s&@%g%% oﬂ"%ogép
zZi rc0|tte¢lmlqom Flectfembeast phasieal virer é@netmmem&vasd brocéss.nBemEendiag upuntthe r espect to
Y coatinas ex 5 condygt i bel ow 1.5 W (M
50 wBlicaBFa FERH AR, B pRete Brt ARGl ek RufY R oh e e
C O ndu C:Tchdﬂyhxyedaf) aﬂb}i)bbtlde]p}@oc‘ilt‘fo(d\ﬂnﬁ%am&[er Sodtifge & Wl LS Bofi-pachldred sielens about
roomtenperature to at | east bout 23 i ndi cated by the, sanpl es
t @st edBaPfing ooy oxide, A9 pigaous rﬁi&wsg?dngw&gﬁéf% persSAtievatasss. -d&pl i ed by
EBPVD &mbﬁalatsnw@,rergatedmu@m Minbér@Sreapplithtie and'R tferdfbte 58 md s¥itak foPp! i ed
by EBPVD. n’gortantl , the reduction in thermal conductivity of gadolinia
zi rcorﬁoat‘%& Eectiqn tyxbing somponppss. 7Thymal sprpp pepeessing effers advpwtages fncopingdaneat ur e.
THse eipothisGRAMMIL! fafd i ABLIE bO o Suitablea iblind ClfBHARI GEn NBRALGRGPAr ed Lo
7YSZ. Thus, on a density-adjusted basis, enn uctivity
gadol i ni a ZFigs 3Ai 3B and &lliustrmvahants qfubﬁttﬂlw‘abb@mr@g@tm}gs mhawrc?aw@watthar@ 12 is

a partjal ram f d nia a. Fluorite adlin'a

Zi rcon%sgec(t)é)thgg&ﬁ%h{igvmﬂ%s ce};'% tg g‘b‘f%' R u?aerécsl WH bEFTPRE TS SI'fp er y isﬁ%ﬁ"é‘%t ed by
t he nor-laeingd pynodﬂ&e @@rammi) dulite oanemrtﬂa&l 1g rlmgasdurbme pppligactob,ithd Eacksided 1

zi rconi rnt. a pyrochl| ore ure t belieyed to. be a

st rong“@ﬁfr%%‘ﬁ?]g’y é“lPSHF%éP W'IAL}%%’PIGSF’}@?‘S? ing gif (ngt %8“3&9§H’etoﬁﬁtdegﬂ%tﬁ“ffﬁcctzﬂe area
(Po ofoftikeryritmisr: will B8 exiokeaieElevagid dlpeidesZ IThe@ Ml AlsvBe helediRivaxparbad: t 0 be
a pyrochlore fonner in the formof GdzZrzO~, such material is |ikel y to

i ncl ucirage and thebackside permiting coplingzis ta o froprthe basksidsrip thspyter syrfager Apgled

ST T UCT4f Ghapbcodling l%s%’-&ﬁl%ulaﬂod: »L'igﬁ ﬂc;'vat?jg Rt ?mymhé)bfﬁt%mfg&%an produce film
gadol i ni a- zi rconia oxi de can f onne hin a broad range of conpositions
and i scoglingiip whigh adayergisael alrsex@rams therpptsidegndice dionx thelpt gerguilodfuleer radueche

fl'uori I

t errper}%?tuifoéé Lﬁé?wvﬁ ﬂn°\§‘hf6 th%%r F'Jes [ n Qgthggo%@aﬂg%olﬁ aggmte%um Oﬂ%&ﬁ ni a
amngd ziflonowillbeautsemtiaty rbdnchiab)aheplyy@ahl As previbidy me:y&h@lL ths tpynocltlm magafbet he

material .was primarily fluprite. This findin ees di cat.i on by
(s hed PP Broiseds sy Bt digal iF Prodi oy s5gmiflvs frtdbahudbies S T o |
bel i euRe ddpaiitidh R6RES. etcte SRBIASE invetisn Bfibddieent B M§PFdcRBreilaiet Atiered i tda:om a wth
bet ween roughly 5 - 60 nol. % gadolinia, | do not rule out use of other
conpos‘ilbﬁt%wm‘ﬁtf@d‘tcpfo‘ﬁa‘l flpy ingthecpresprice o thewtal gradiemti ni a can be partial |y
substitute 1000 ARa esefieralbon Rl y up to
about 20 no lw%ll&tt&&gggr&a{)g%@w%najﬁlcm&]ﬂ%ﬁ(pﬂ?Eéentla lém elstt abl i shed and
ac®eptsebistiatealt and titelpgrodhlpiedOe Tbeband ceat d friraprovees adligeenoreand Peqymt Pridadions in a
conmpound i ncreas e n t 0

Gocr ot el R G Goplly AT 50 SQUBHEULY bl Rlorklific BATRAMACLAGRR 192 | o
a | oweind tlhq:;rmhlmdndum.lm b:ydetlkg&n22{$ﬁncmpllyeﬁalninmh dxiverad thisinirlgyee andis

dlffere i atom mass n ab t 157). and Zr (about 91 ) than
bet vveé’ﬁ ‘éﬁ’gﬁd’f‘“@% d??éfo‘fr‘q’?e fv@lﬁg\%@@‘g’t‘émg‘ lfé’éFoééloteo whi ch the reduction in
10 thernal g RN todubMer® BeWaSrallf BuringQhitind 1GyeY 64 the BUfidddoaShyPuttNmgal so
not ed above, it has been generally accepted that |increased conplexity of

tHé crajuming ong thg bpit w@alpn thayeashefiziEonia thergabbpres cpatinesy phdthppesraf asenaratellir e of
FIG | A is associated with reduced thermal conductivity. It is therefore
very surprising that fluorite gadolinia zirconia oxide, given its
relatively sinple crystal structure -gas conpared to the pyrochlore

Gd2Zr 207 - exhibits a low thernial 15 conductivity. The conductivity of
gadolinia zirconia oxide is conparable to the pyrochlore LazZrzO-, both of
mhlch exlublt a tlrern aI conduct|V|ty about half that of conventlonal YSZ.
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in atomc mass (versus the zirconia) and al so provides a significant nunber
of vacancies. The above enbodi nents of the present invention include MBe ]
use of the coating as a single, 20 generally honogeneous |ayer. However,

the coating of the present invention can be enployed in a system i ncl uding
multiple. discrete |ayer such as is described in co nly owned U.S. Pat.
No. 5 HaedgBiadiafer (BEF Gon BT picBuPRRE b daled af AR BHRCe. Ve nave
f ound ibveatiomappl ying a thin layer of a ceram c such as YSZ onto the al um na

| ayer prior to plying the TBC praqvjdes an adequat dherent | ayer, or
ceramic boddaéb‘i{)e,’ C%QP?"W?E“? vl éﬁﬂ"?-bﬁﬁb*?'ﬁé&’ﬂ?’%%q syyfage of fthe thergal 13

the amjajrier Bodtifg! VEESddRd RybThi B R1cdRd toFediRE Slyghrnfusitto drVidedrosidhanl an
alum na layer) 15 and a {ceramc) thennal barrier coating 20. A ceramc

bofid @beasion spistangey of te prayidgtacigsifsd thepeah emisgivitieghatactensiig, o same egmebinatien eher n~al
barri NG khe ceram c bond coat should be thick enough to ensure

t hat ?é}cgggﬁhdn%&%zsaml-gayer is covered; however, ~here the ceram c bond coat is
used on a rotating 30 part such as turbine blade the |ayer should be no

t hi ck th N necessary to effect this purpose, as this additional |ayer
adds Mto the pat acid will contribute significantly to blade pull. hi
one test, tTR vs€sfans Ka,DO0H(IERAhuh By@hate)gsrRIGRAXRI cohpolXdds ABBPVPd by

EB- PVD, and was about 0.5 s, thick,_ although the | ayer may be of a

i |
diPs er@plicdibarmplbarier coatipg \,mes iiiystrated, o Fhgiadygnfageous propertipsofithe feagZnBant
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| ayer offers s resistance in the event t outer TBC fails.
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An exanpl e woul d be the incorporation of fg‘ol ynmer_material |nto gadolinia

ris $RPut

] : 1 . .gad
zi r coRYReRTeFamPeng AU 5 SebRTA COAPIGH Y Ay Het Hat ofstbdizedaigonat
t r eat MBEHersRy MRS ERYr, 08 PRGNSR BAREd if aﬁﬁi&mﬁﬁélz McGamé Bs Saikbed @8R, the
coating preferably has a porosity of between about 30 - 60 vol. % Although

this (FAPEHMYPlY Raidenhbeaonshbeipht seréecied basis, He dhoinal gondustyity eredit alsgiabay
enpodisgen | i t L j art
Lt ar ke ABGERC n Yol bRl G RE TR RS aB fo hede o
may be piasuie spieyddegatingeparting fromthe spirit and scope of the clained

I nvention. ’llo iﬁ%sﬁja{ythe]b?éneﬁt, the 50 percent reduction thermal conductivity allows the coating
thickness to be reduced by 50 percent for the same degree of thermal protection. Decreasing the
) coating mass by 50 percent on a typical turbine blade will lower the blade pull at the blade root by
25  approximately 1,500 pounds (680 Kg), at typical operating conditions, which results in a significant
increase in blade life and permits a reduction in mass of the disk to which the blades are attached. If
the thermal barrier coating were held at the same thickness, and the cooling air flow held constant, the
substrate temperature would be reduced by about 100 °F (55 °C), giving increased substrate creep life.
Keeping the coating thickness constant and reducing the airflow would increase engine efficiency.
30  Combinations of these benefits, e.g., (slightly) reduced coating mass and (slightly) reduced cooling air,
are also possible.
Fig. 6 shows the mean coefficient of thermal expansion of La,Zr,0; compared to that of cubic
stabilized zirconia as a function of temperature. The thermal expansion of La,Zr,O; thermal barrier

coating can be secn to be similar to that of the cubic zirconia thermal barrier coating. This means that

La,Zr,0; will behave similarly to zirconia during thermal cycling.



31 MAY 2002 1. A netallic article conprising a netallic substrate havMAGE]
ceramc coating on its surface whereur the ceramc coating i s conposed of
gadolinia and zirconia and has a cubic crystal structure. 2. An article as
in claiml, wherein the netallic substrate is selected fromthe group

consi sting of steels, superalloys, titaniumalloys and copper alloys. 3. An
article as in claiml, wherein the coated article is adopted to be used in
envi r &xampie § where t he free surface of the ceramc coating will be heated

and the free surface of ereb ramc
coat i me i ienaipRaRaRlc VaaoRhedis & St by 0Bl BT pat REbH EBEVRS T fo

cer amita édabilddthiciphaie ﬂﬁhlﬁé}nﬂﬂle Bﬂaﬁﬁg)ﬁﬁd’d{b@hddl’tea single frysfl sabitiate @ftheCcl e as in
claim1l, wherein.the netalli icle has an oxide scale on jts outer

sur f a@@hinglgemgositinn of S&fﬁel‘@am éfflk)lﬁ e dde F931% Process wag GFRFSIQUL AYAGHYEY ei n t he

ceg anpe3 SRAF4 ks Wiih mg;g?g, A falSroY ki, sm@;&, wld ad&a t&6ilshiSlp§roffiore dxGedl M 1,

wherein the ceramc ¢ I ng I's conposed gadolinia zirconi a oxide haV|ng
bet weeteichiometry, See 006®10nblown% @édbﬁtl NO. 85,08ﬁdf7'én"6@ substiatsrieraperdture Ayas 4840°El e as

in cl %H_rmwd(em\'\@%gl%t 1a hgstr%f%% squ%e%%?am@e (gf@elrS mc Cﬁ,@ggu%é ;%/y:;];chlé)l eseramlc a=-

about eas In oating'is
appl i eds bwaperaed odthas elsatoa(bt:amd rlfnraotn;tM&dgngmcb Vo drhs ls(ﬂirctenglcbfwa's Ilemml,

sprayi tterin nd sition, A netallic
arti CP%‘g%n@ﬁq WP Shhibigaghe’ a&°’§'ﬂ5§‘§?'ﬁ% gfat%émgtuﬁéwcaﬁﬁ/@ %f‘évp%beaawhaf% na

f a6 M P&hof Adfobiltd cOlc Litdona WichAf BarRAcALSR IR bRvRGA L AT IR AdEthptRed he al uni na
form ng coating, wherein the ceramc coating is conposed of gadolinia and

zil r codiiabifiyover Rlamiaspreysaoaingst r uct ure. 10. An article as in cl ai m9,
wherein theyy ﬁé&s & )@fh?%ﬁffr%%n nSbtaficd ﬁgn‘il{e(%mfﬁc@%f%%h%?goxﬁ J sting of

steel s, sup oys, ani um a oys and copper alloys article as
in cl dﬂnaogomh@kehave bées ilozeddelthg pyiodilere crystalitiptten whichizlemonserdtes that the
pyrochlore structure was formed in the deposited thermal barrier coating.

15 Recent testing has indicated that gadolinia-zirconate having a cubic, fluorite crystal structure
(Gd,Zr)Oz2 - which may include some material (up to about 8-10 vol. %) having a pyrochlore structure
also exhibits low thermal conductivity. In accordance with another aspect of the present invention, the
gadolinia zirconate will preferably contain up to 100 vol. % material having a cubic crystal structure,
and may includes some pyrochlore structure. Such structure is referred to herein as "fluorite” as

20  opposed to the above-discussed "cubic pyrochlore structure” referred to as pyrochlore. The fluorite
structure is essentially the structure shown in FIG. 1B. I do not rule out material having other
structures.

FIG. 8 shows a sample of (Gd,Zr)Oz2 applied by EB-PVD to an aluminum oxide substrate 22.
The ceramic coating 24 has a columnar grain structure. The material included about 2 w/o (wt. %)

25  yttria, as 7YSZ (rather than pure zirconia) was combined with gadolinia, and thus the use of the
designation (Gd,Y,Zr)Oz2 in FIG, 10.

FIG. 9 shows another sample of material, similar to the sample of FIG. 8, after being heat
treated at 2500°F for about 125 hours. The sample includes the aluminum oxide substrate and the
coating, which has a thickness "L" (indicated by the white line 26 to the left of Fig. 9 as about 49

30  microns). The lighter band 28 located at the interface of the columnar grains and the substrate appears
to be an area in which the substrate and coating materials interdiffused during the heat treatment.
Erosion testing has indicated that coatings composed of fluorite gadolinia-zirconia oxide exhibits

acceptable erosion resistance. Moreover, further testing has indicated that gadolinia zirconia oxide is

sufficiently resistant to sintering,.
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environnments where the free surface of the ceramc coating will be Rhe¢aaedy
and the free surface of the substrate will be cooled, whereby the ceramc
coating will reduce heat flow 12. An article as in claim9 wherein the
ceram c coating has a columar microstructure. 13. An article as in claim
S wherei i, FRGANEIGRE UG b AQTRARE doflucARdRlabiMidhs & YRR Beshsle
havi ng bet ween about - ol . ga ol inia, hce zirconta. 14. “An
arti c¢0eosaﬂle|cnatmg,aanmt191,s cwlrfemethat thhgldaluumlrdezlrmnmhavg sigdlat ‘?alpgr wcemns’s ses an
over | c in .15.. An um na form ng
coat | AL PRloumz st e Sk e ol Pl BBt rig O BB Bt "Cher mal 1y
| ns ul c&imﬂgoxﬁll EBPWDIih Ghigh bsinglabearashagh nR@diar, e g6 Sn aRPLYinp@ iSevapsradd, er coat i ng
nposed q adalinia and zirconia to at |east a portion of the substrate
SL?ch iy of the qlherabers-prjed trdmiguesdordepepsing T8Gsyct ure. 17. A nmethod as in claim
16, furthewihoamkhitvBId 6, Sien smplémhﬁbhagm@ gfa@mmzﬁc&%&!u&%bm fHeOr tO
the step of applying the ceram c coating, the ceram c bond coat Detween the
met al flyasitesyiysiureayase gsted, phwacenghithic mt@atsﬁahr@zedtznem@e%% detysariabostircomonposed
of yt n_antic n claim
ltequégatﬁk 6}Rd é%&f%ﬂﬂsgﬁé{vﬂa%e n%lb%ohtlu% Jf\(/)]i\ Bla-tz\l,l\’gOéllalhaBa/tAf[ %rtjfustbvlaty %, 19. An
ar ti cdbsutalkl i . 4cw/a1 m \izmch‘ i labchlebnedﬁlmlﬁd Bdaggred therarl eontectibionsr theo¥SZ bTherneen t he

cerami c coatij he metal | i, substr ., 20. An article as in cI im19,
wier el?’ﬁefeaﬁé%@@gﬁﬁ'ﬂed AT Y&‘B?pﬁéggéﬁé‘la £ P Bre Eizggpe) Yetrombiedni a.
21. ARitipgddokdi® @fdolimta Gr@hokide fﬂdfehﬁ%(ms‘i%@iﬂ?&il?bf‘ﬂrcoxﬁi‘%&ﬁﬂolﬁ%@&ﬂl&bé ayer
applied to the thermal barrier coatlng to reduce Oﬁgen diffusion, to

6

pr ovi exeectadde pebitmtherist epppuntivinesimilarde the saraplestusedin 4G - a desired t her mal

t t t t 16
e? Z S lﬁ\\?/):_ %\U%m%\x ﬁ%\! 1?\@}%31 lzcoa(%%s%gﬁqg\os%)m\@q{deg%gidﬂlmg%I?coﬁﬂaot(% eristics.

demonstrate the same trend as bulk material with respect to YSZ, i.e., such coatings exhibit a thermal

15 conductivity below 1.5 W/(M °C). More specifically, gadolinia zirconia oxide coatings have a thermal
conductivity of about 1.0 W/(M °C) over a temperature range between about room temperature to at
least about 2300 °F. As indicated by the samples tested in FIG. 11, coatings comprising gadolinia
zirconia oxide applied by EBPVD exhibit thermal conductivities about one half those of 7YSZ applied
by EBPVD. Importantly, the reduction in thermal conductivity of gadolinia zirconia oxide relative to

20  7YSZ increases with increasing temperature.

The mass of gadolinia zirconia oxide is about 10% greater than compared to 7YSZ. Thus, on
a density-adjusted basis, the thermal conductivity of gadolinia zirconia oxide is still roughly 50 % less
than 7YSZ.

FIG. 12 is a partial phase diagram for gadolinia and zirconia. Fluorite gadolinia zirconia oxide

25  is phase stable to at least about 3000 °F. As indicated by the non-solid lines (around the area
designated "P"), gadolinia and zirconia may form a pyrochlore structure, but is not believed to be a
strong pyrochlore former. Accordingly, it is believed that even in the area (P) of the phase diagram
where gadolinia zirconate would be expected to be a pyrochlore former in the form of Gd2Zr207, such
material is likely to include at least some material having a more conventional, fluorite structure. As

30 indicated in FIG. 12, althongh pyrochlore gadolinia-zirconia oxide can be formed within a broad range
of compositions and is stable up to about 1800 °F, any transformation should be to the fluorite
structure, which as already noted is stable up to much higher temperatures. Testing of samples
indicates that, for samples of gadolinia and zirconia expected to be a pyrochlore, the crystal structure of
the material was primarily fluorite. This finding agrecs with the indication by dashcd lines of the

35  pyrochlore area of FIG. 12

11
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)-J9%0% & ()-J9%40% & ()-J4(8(<(@B(F(eF99%d0% & ()-J9%40% & ()-J9%40% & ()
-J9%0% & ()-J9%0% & ()-J9%40% & ()-J9%40% & () - IF( G N( Q S( W aB#F9%4.0% & (
J 9% ¢ % reover, th r offer.
) "W Y%’]Q 1(@(& g‘%s)l?( %‘(%é/'?:@%%%%ddgﬁge%&t‘y)ap '(; )@éa JQ.QB(VG.O&G;LMO Y0605 T I35 006 & (
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10 opstyper St 486 oy oty kit by B B ant) (s
6# 10%653&11(;)16 &&l@#@@e@n&) ra&& (ﬁ?&%l‘gﬂ\aﬁéﬂa{ m&)lé:&cﬁl&la( dirconid oxide, with subsequent
10 & ()-yyvsns, c~ 3k3#)$ 6#10N & ()-($ 6#10%& O)-($
6# 10cy@gpl(c§mc@$)y6m%sggay)auq leat trcaﬂuenb\p@wgqby(g%c&lte( @r@#ggry@c&a@q (I$suc a

6#109 $ 6#10% &
..... el R RSN 0 (8 e O
6#10% & () Klthodg-h%lk inferRioChasPeGrshowh &id(desofibed-with respect to detailed embodiments

10 thereof, it will be understood by those skilled in the art that various changes, omissions and additions in

form and detail thereof may be made without departing from the spirit and scope of the claimed

| invention.

I Claim:
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6#10% 109% & ()- MO% & ()- #10% & ()-

2, An article as in claim 1, wherein the metallic substrate is selected from the group

consisting of steels, superalloys, titanium alloys and copper alloys.

3. An article as in claim 1, wherein the coated article is adopted to be used in
environments where the free surface of the ceramic coating will be heated and the free surface of

the substrate will be cooled, whereby the ceramic coating will reduce heat flow.

4, An article as in claim 1, wherein the ceramic coating has a columnar
microstructure.
5. A metallic article as in claim 1, wherein the metallic article has an oxide scale on

its outer surface, the oxide scale consisting essentially of alumina, and wherein the ceramic coating

is bonded to the oxide scale.

6. An article as in claim 1, wherein the ceramic coating is composed of gadolinia

zirconia oxide having between about 5 - 60 mol. % gadolinia, balance zirconia.

7. An article as in claim 1, wherein the coating has a thermal conductivity less than

about 1 W/(M °C).

8. An article as in claim 1, wherein the coating is applied by a process selected from

the group consisting of thermal spraying, sputtering and vapor deposition.
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14. An article as in claim 9, wherein the alumina forming coating comprises an

overlay coating.

15. An article as in claim 9, wherein the alumina forming coating comprises a

diffusion aluminide coating.

16. A method of thermally insulating a metallic substrate which comprises applying a
ceramic coating composed of gadolinia and zirconia to at least a portion of the substrate such that

the coating includes a cubic structure.
17. A method as in claim 16, further comprising the step of applying a ceramic bond

coat prior to the step of applying the ceramic coating, the ceramic bond coat between the metallic

substrate and the ceramic coating, the ceramic bond coat composed of yttria stabilized zirconia.

15



6#10%L0 - Y"10%0R) M ()- f,- 10%R)ME ()- * 10%R)ME ()- @ 109R)N& {\ny gy
'31098R) M&' ()- &L109WR)M& ()-3_"|[:NA4 6#10940 F7"109%R2) V& () 5y 0
1090R) M& ()- 4109%VR) M& ()- y2$109%vR) M& ()- 1"109%VR) M& () -

"10002) M& ()-"vU4 6#10% fy#10%): & ()-S " 3(m0%): & ()-10|v|2) I\/IlOI\/IZ) MLOMR) M
Y=10%2) M& ()- yY: O/aO%VQ)N& ()- 8Z"10%v2) M& ()-KO; | [:vU4 6#10%

10%): & 4.0% ) QN N&, (). 940% 3394.09&& () - 3%0% &
Vs 61185 y1 10REkleey 1 chi Bttt o ooy g ()

10% ) : & (J0-6002%08' ()- |B|[:vU4 6#10% f ! 10%&& ()- S MLOYKEE ()-

fO109%K&& ()- S 100K ()- y MIO%KE& ()- y! 109%&& ()-BQ [:vU4 6#10% SS

109K&& ()- S "109K&& ()- @OLOYK&ES: ()- SESLO0Y%ES ()- @OYK&S' () -

Ssiéoo/;(%&é)g h*U|Bn‘th1e6sﬂrD&’alm@/gﬁtg&%&pﬁélng 10‘%(%0&) I%}/O‘I’éfg&z 8
0

&10% E& & (?cer&‘fé’o}%oE‘i&%‘ %"3“”eenlt V¥R g*‘(‘ &egiﬂ?fkgié%’éfr ate.

. 109%K&& ()-:>| [ VU4 6#10% -10% E& & () “10% E& & ()- t!10%E& & ()- s
10(VE&&()- L10% E& & () - lO(VE L'IP é#lo% f 8&Z10% E& & () -
yy#10% E& &2P) -y 6icleds in qaim Iy /8' 5‘"%}’ B BgORPPSP
Y @10% E&tiflasabitiBdd zirebiia 6#10% 21 10% E& & ()- 111096 E& & ()- fvY. 3
109% E& &()- y, | 10% E& & ()- {3+ 10% E& & ()- f (10% E& & ()- nvU4 6#10%
@0%& ()- @0%& ()- ' 1110%& ()- 10 E& 10°E& 10°E& F; 10% E& & () -

f 41 10% E& &2(.) - n8Ah hitiéldhs A1, fudhOCbfpliding:, ~ 109$& () - 10%&' () -

, 21098 &' 0% & W 6#10% , GLOY%
10968 § 3 %’éﬁ&erew 2 'ayeiwééz{%)&he(%ifeﬁ%%fcﬁvr coatigggogedyce owﬁlfg)smpéad. ng

13]c" " Hq&dv:ﬂkgeras’ic}ncand ablasich registaddeCor t6 pleaide B desirdd thermatemidsingy 53] ¢ " Headi ng
63] c"

" 73] c" " He 93] c"A "Default P h
Font - &) TARESA B ATsonR DA SHOTEF R R aul t Par agr ap

"N\t (($(4(F(Wo(([)i+,,,--2-F-]-n-/13>56: : =@DKOXH 8af mhknpt y3k" B
unwi j kI mopgr st uvwxyz{|}~6Ti nes New RomanAri al Couri er New'h Root
Ent r yWor dDocunent \ I"H#S9R () *+,-./0123456789: ;

<=>?@\BCDEFCGHI JKLMNOPQRSTUWWKYZ[\]"_" abcdef ghi j kIl mopqr st uvwxyz{| } ~

16



