. ARTI CLE HAVI NG A DURABLE CERAM C COATI NG AND APPARATUS AND METHOD

FOR MAKI NG THE ARTI CLE 5

TECHNI CAL FI ELD The present invention relates
generally to thermal barrier coatings (TBCs) and rel ates nor e
particularly to articles having a cerami ¢ TBC and to apparatus and net hods
for maki ng such articles. 10
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vapor d [ TS One netnoa 1or coat upstrates or
ot her conponents with thin IW@E& n coat i ngs and is

typgcal |y perforned within a seal ed chanber that is nmaintained at a
| ow gas pressure. The application of ceramc TBCs to 15 substrat es
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met hod nfogs pasticubily itmarticled havivgr cgramiaiTBE ant o apRBOsS, and meg®debomaking such Ul i on

et al, w 1egh di scl oses a nethod for producing netallic articles having

dur abl 8*¢&F ani ¢ TBCs; and 5,087,477 to Gggins, Jr. et al., which

di 96l oses an EB-PVD nethod for applying ceramc 20 coati ngs.

During EB-PVD, an electro Wﬁ@@tl ng target provided in

solid form e.qg. asrha3|% g;&r&gggo terial. The target is held

in a cool ed cruciBlcton gcmrewlwlsllcgl vapor degosision (JBB-PVD) is cpé mthhélﬁtr@wtmgl i nder .

The be pool
%ﬁ'ﬂsp-iﬁ & Sl cSHRABRL W R thiPlay, érrggqéoglgrg,g{ r%ﬁe.gs;tﬁ,gy arlﬁrsr{bﬂ&u pEFRIched

ev apor avithirf4 sealsd thambetihaiemaintaihed eﬁﬁewgespmsure El'p@appdlmslos of ¢mc 6'1805 it

sulsgtr t s yttria

St ani 1 (oyaf WA iRgE Rkl (B ohAp e O, PRNGE D Bl L

si mi | arStraggyean, whick digelesss columnar gyaicesraniin giegmal bireicresatings: 414 &S9tend t o
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correspon e conposition o The
gener alUljsn repds‘ehldf dipbezes & method for producing mgtakhe duicles having durable deramic TREs;
conpon LS. i cations,
ooy ol s0Re T BXgR, B BSEIAReSaS PTGl B A ceRR! P O
t urdi neodfingsies and vanes are subject ed to gas tenperatures of up to

2500-3000[ €r 1]  DyringEB-BPHCH @{? dabn iTHPREEs n{]ﬂaﬁ afé&{ting Ridod? Pf&@ide&’in ston§
t here

under | y| ng substrate.” The TBC ore nust

conductfPsm. €12 ana stiskearadyof materialo he asert ishgldin alcgqiedﬁuqzbjelg@epralbm&péhape
provi digeg hollow cylﬁ@&' RO béind hetaﬁ e RpGRT BRI e téxﬁguﬁa%b)[(QﬁnBQ%rxﬂkﬂ ?ool of

efficiency of t’he turbine. nown-target/coating
mat er i dargetanajerial. | Thegnaigsial V@eazeza and thei vapqresEyapomapfi fills theschamber and eendenseser i zed
by z%on%ﬁ}bﬁ e Qﬁr‘f’acgawhggu@irﬁb l&%ﬂ&@%&tﬁé%ﬁé’%&ﬁ tar %&"t Hﬁl al i§ {?ﬁxa
constituents tend vaporize at~sim eat e and the
conposistabidizedsircohia (Y 28 whighis charaeteniggd by pmetpgmjlsavm smlar vapor pressures.

Accordingly, the constituents tend to vaporize at similar rates, and the composition of the resultant

TBC corresponds to the composition of the target.
The general purpose of TBCs is, of course, to reduce heat flow into the component,
30 thereby protecting the substrate. In aircraft applications, and particularly with respect to the first
several turbine stages, turbine blades and vanes are subjected to gas temperatures of up to 2500-3000°
F, which are well above the melting point of the underlying substrate. The TBC therefore must have a
low thermal conductivity and usually the component must also be cooled. However, providing
cooling air to the component reduces the opera‘ting efficiency of the turbine.
35 One known target/coating material is yttria stabilized zirconia (YSZ), which is
characterized by constituents having similar vapor pressures. Accordingly, the constituents tend to

vaporize at similar rates when heated, and the composition of the resultant coating corresponds to the

9902550-5

2 4 MAY 1398



. c.orrposition of the target. 7YSZ, YSZ including about 7 wo yttria, applied
by EB-PVD has a relatively constant thernmal conductivity of about
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const ituents are n d heat
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| mpr ovediT Be hahgonyBE:5 w/o yttna using the above-descnbed EBIPVIEteaﬁrﬁtﬁles':l MER6YVR sohd] ect of
the present inventi o OVIWSB an a and net hod, for

pr oduci w&lc‘rﬁo’&cﬁ I’aé%a% Pts jch agg o PS& { tepq)tofc{)arcﬁ]dqu&heatmg due to the
30 thermal gradients that are generated betwkén thé tvib dIRn6t @ﬁﬁi@deﬁisc obj ect of the

|nvent|onto rov T I n I r th
P fn aﬁdn?ion I?tcl;s pre}érab (2 tﬁat T%\eﬁ also ex 1b1t erosnon resistance.

It is a general object of the present invention to generate an article having an
improved ceramic TBC.
It is also a general object of the present invention to provide an apparatus, and a

35  method, for producing mixtures of two or more evaporants to form TBCs.



. cbnductivity t han known TBCs. It is a nore specific

* object of the invention to provide an apparatus capable of, and a

met hod for, adjusting the amounts of the constituents in the vapor fl ux,
and t hereby adj usf. Ltion. T : h 1

It is another, rrg%'égglp?}a%?’? ‘?féc %‘ﬁ%gg{m%#b?rﬁlgglionéfgﬁﬁ %ﬁstcé‘a‘ﬁ‘r‘%%}%’“é’ taer'xl'nlgc
conpos echdgétivity than kpewei’B&b.s havi ng significantly different vapor pressures,
for exanple yttria L: . . : : dbathis BABIPSF 2P4 €ct of
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as yttr} i a SUMVARY
OF ¥HE°F‘§R)%&]%"%§I¢C ) The present invention relates to
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00 v SRR TS s i UL P b FEES

ovdP twena| umi na | ayer. The coating is conposed of yttria and ceria with at
|l east 5 wo yttria, balance ceria. The article may also include a
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const g Qhﬁ:leojlsotigl;?u&g)gidy%f cg-rgl‘ﬂicqm&faﬁ‘o%ing la%glu}nﬂﬁj #ﬂﬁ’ﬁh@mrl barrier coating
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second EHaPPlHict maf sFANE] GriE bl QREG: d By BARRN diblgtldngl L0 enabl e
the first and secon i evaporants to forma generall'y honpbgeneous vapor
m x30ur ezifgeniy etwsen bin daminadgyen prstthe basriercpatinge. The

present invention e | : ' oating
on a 30 super al ?%ﬁg?g{tlsléﬁ%%? ec%é‘?ﬁg’g&?‘ﬁﬁvﬁ es’ t %tg‘é’%ésgg"?mﬁ%ﬁi ding a
first casneratingacgramid themmal bastier oagfingred aguperalloy agfisleo Tée anparatustprrierablpf t he
coatin Bl : ' ' : a ;

cepar aty et Bodhinf SFHefs GRFTR 0P RablthP B oBlind chfihel 28 oL ARTH U prosnt

const i tinesmtion is ppuitioned irf the caating ehambenn Tha ariciblegistinnygeparate channelgfor pravidisy as to
forym a s.%ﬂag&%lyfa{ H&‘stt Exfloct in];én{s%tf ﬂl%\é@ﬁﬂlrga%e Qrahxlg Gls6 EE:QHEL &R réto%ﬁj

condensi e flux on the constituent to generate the coating on the
arti c| eheatyg and evaporating the at least two constituents to form a nRuERr (HYRGORIT Py laast firsiE

DRAW NGgq4 d evaporant h itioned i d relation to enable the first and
Fi g. 165?3 second evaporants. The channels arc raw ng of ‘an articre: fe the ng a f%cé?".gn

accor dm@g,orm‘tq. fo forma gqnh@llphgmneopmv@m jni;qture prior to f.:ondensing upon the articl.eF ig. 2is
a schematic vi ew ffe 20 AR A Hiso DEted B ol dr dEhel:ig b Qra R BAAHRING 2 TBC

30  superalloy article. The method includes the steps of: providing a first constituent of the coating and a

second constituent of the coating within a sealed chamber maintained at a low gas pressure; separately
evaporating the first constituent and the second constituent to form a first evaporant and a second
evaporant so as to form a vapor flux of the first evaporant and the second evaporant; and condensing
the flux on the constituent to generate the coating on the article.
35
BRIEF DESCRIPTION OF THE DRAWINGS



. in accordance with the present invention. 5 Figs. 3a and
* 3b are additional views of the crucible of Fig. 2.
Fig. 4 is a portion of a phase diagramof yttria and ceri a.

DETAI LED DESCRI PN i{ Fcrddslsedibhdt kg ialBEk) YW having a TBC in accordance with
Tur ni ng now tQ FI(]:J. 1, which is not a scale draw ng, a portion of an

arti cl BeHEEIRVEH to the present invention is illustrated generally by

the reference nurmy alis d&hentdiR vl dfGh @pfddiusdndi®fisd d dricible for geltediilg GTWC  as
wel | as a nqgvel t‘ger mal barrier coating (TBC). U S. Pat. Nos. 4,405,659 to

St r angifuffeordance with thepresantanyeptioy ggins et al . and 5,514, 482 to Strangnman

gensral Iy descri l@gst heandPplaicdditionhl Gikwsof the cruciblebfFigi £z bond coat and a TBC
to an article, sych as an_ ai rf cooled turbine articgle nade froma
super al | oy nat er if4§ 4 g gportion of a phase diagram of ytipa andhgetiz. a1 ¢ 12 such as a

superal l oy substrate is coated with a |ayer 14 of MCrAlY,

internetallic al yumnid . other suitable nmaterial_ _which serves as a
metal [ c bond coRETAIFERDESCRFTION OF TE RBERERRED RMEOOMENT 2 e and t he
TBC. Preferably at-ﬁxh@glﬂ&w taqtig.n,erﬁmﬁambi ¥scale G&in@/@boriién &t*HnCaktih%Se&cording I'S
bet ween about 2 10, s and i s uniform The ';r@éﬂq]”%?' al so be treated,

.to n |
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appl i catPHH FMAf8eparate netal lic bond coat is not necessary. See, e.g.,
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pressures . . ote | N L O. f. . , to
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suggest esjrable properties are produced. where the ceria_.has up
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target 0oes n corre on enera to.t osition,o 1 e,resutlng

TBC. °'a?¥ampl%tby egﬁ% cgm P!ﬁ’ @t Yyeer ‘XeBPﬁ“é‘?“r{Eﬁé]%d‘&f’t ShitaPle teehniqper o5y t ed

in a TBtah@ianTesPaidyGigdiaykt al 477\ stusy TBCk domposed of yAGS aliizg lzconid @ sgyi or art

suggests,that it is not possible tg continually_jncrease the yttria content
of 99 T\ﬁhxﬁe tﬁe present i%ventlon as partf?:ular utility f%r generafal'ng Z TBE from target matgr)l/a s having

t he r eslifférenm gapoBpresaaies) sncldys yiifia badbGringhd preselt ihventlort AR &fkllyobe dnipfoyedr get ,
par] i cul. rllY wher e trgcﬁ{dTBC IS, . 8e.nerat ed using EB-PVD. _

In éene‘”f‘ other materials incliding materialsJiaving similse@pPrRISSSWRYent vapori zation of
physi cal |t y snﬂtnatig_umgebrtom%acﬁak%vm&et A1 me_ufcﬁti@ d}}s?ﬁ?ﬁéﬂoﬂfts of
evapor ant.s. and enabl.e adj ust,ment of e . conposition o e resultin
TBC  WABFR (DR SRR E - PR Bavie TPl ProRertiss PAbE ML rdness. Vine
si gni f isoggests yhat tivdeésirubla probéreiesirdiprodited whératieSria has up So 46T WioRpdreentely USt

the rel ati,ve .anmu of the . . .
weight) of yttrrnl')la. n{/i?le also notes that where yttria and ceria are deposited by EB-PVD, the

35  composition of a target does not correspond generally to the composition of the resulting TBC. As an
example, a target containing about 9 w/o yttria resulted in a TBC having only about 0.5 w/o yitria.

Accordingly, the prior art suggests that it is not possible to continually increase the yttria content of
4



- materials vaporized, and thereby adjust the conposition of the resulting

* TBC as desired. For exanpl e, where yttria and ceria are to be applied

as a TBC using EB-PVD, the present invention permts the generation
of a THE@ rhswm@ BC merelyiby ionsiep thegitgatdntanof thetatgey baticulsthnviesthp dBSiibl e 10
conpar part. Turning now to Fig. 2, an
appar a%gne %&)& g?{]o% for utilizing EB-PVD to generate a TBC fromtwo
target materi al s,Ingensral,dhe gresenti inventiorevtijiztsaindegensient vapor@imanf mhgsuaﬂy el atively
hi gh ytg ¢Met hods, such
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At ﬂoea%mgggdg,qxéﬁema&uch as an el ectron beamgun 28, is provided for
heati ng and evaporating any_20 target materials contained in a crucible
30, which differ sSTURBHIGY LR 2y 2% IRpARIE 20 i shown foF widligieB-PVD to generate a
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cyl i ndrNigidd Fdr A?Jam Cdtdnib an:ﬁlgab Qich TPasEPRed 3o ¢ the adsignBe sh:aétiﬁfe@m deaﬁon
crucible 30 dif antly fromt lugr art 3\

posi ti 8 RTess L pryprrafed prek Wﬂce CrFigt %PPf*ﬁB*S?Pﬁ@ fich segled coating ¢ ranspor t
target dmaﬁxsérlzaldeﬁmgy Waﬂs path, a@& nleh® 26Qa¢H as\Whetlamiune forsvaihtinghetHaber. S
vapor i ‘gﬂ escri b 0 klnrt her gel OW. (;I'H% arousel is rqotated as

i ndi cat eat§§/°‘§ o) :§?§' B 24 SF5T8 IS AFRECeqiter, ?‘f%r’i‘“%?"ap“atmg TWnt r ol
unigo 3Gadgee :hah&xanwdaﬂ@rneai iseCdridiisiel 3@&&1@:{ dnfg%t; k@xﬂamﬂpﬁ?mtpabgat cru€ibled) bst rate
separations nay npl o oduc sati sfacto ave
used a separati ongé’f‘gé%ﬁﬁ %a%f’is Elaérgsl’ace ation'{3 the fargct and thay geI"i’i‘@"e Fici bl e
30 i s shiammise magtpelateemtﬂeéspa:ct td the farg@t as i3 &nawdin e artThEhe(gnmns akladésa built-in

Bt LA SR SR e eGP B e Gl o B i s 5 e K R "

provi deﬂt 1A tliehﬁoﬁ:irt; cudhldeflection is utilized to scan the beam acrbs3 tite tah@piandtetial, Whichiz t he

priqr the crucible t he.pres tion .35, ..provides

t vvogor ak?ﬁ’)?% L@Jé'tcglrfﬁf}ﬁ’f jdupJQ ghau g% 2 (?r"bﬁ‘n g‘t?é"%"ﬁo ee?’?cq?lﬁt‘}? ngp “Br ef err ed

enbodi rﬁgmﬁcahtlmefrom the prior arcadal iepasttiotlédsdir zsdfa&ped 3anchicledotans shea:npﬂﬂas toof

channel s 34, 36, althou a nels nSQ

channel Seopskrie Sl g PR CIRE BERR, g et i e PRERPEE B4 ofiedc,

and ar efurther below. The carousel is rotated as indicated by arrow 33 by a motor 35 under the direction of

physi ca al e the L1l ustrated

case, o‘lr?g%%lh gR%g %ﬁ magﬁg{ dpsgltlbeﬁ%leﬁ%v %hl (5 varlo ce? t%ﬁé%tto Sthbgtrrat% ]s]egarﬁt ?ns§%ay b(gnt ai ns

cer30a. employed to producea satlsfactory TBC,dmshaNe dsed adchatatlom af abotradnhietlescoul d be

provi ded, or the nstltu coul d rat agpunt s, .of ot her

oxi des, i ncl udi ng?% UGG Qgﬁh?%n '?igfe&?ﬁfi%{a‘l 2:0 éht ﬁﬁa uablEls 2 and 5

scandi eprefErablydataicatod fromrtdpmutasé Umnid codpdlans hﬂmmnn tife arth &&midemtieas water ion a

substr T racterized by a linmted substitution

of the eagso%der!r’"g?)'% ?%H'? PROT Psa& y 37 roé"%% tggcrg%'%fa on the cation

subl attice, whi chlnmaqepmtmdﬁme tigtphier artlgsciblad) e cprcipesfthemresent invoatidiBC.

The ar t | cal
32" frbfiths Ao O HERUBA BraRrialWEnall il hBhnd LRue e B Lfholfndhl ld 21

suf f | CI awtibly lssbsktShmedtahdadqunsa painafighannela 4, BO, althbugh\mqemphameds ¢cautiipendent | y

| of one ABAHIE "rhe (MG ROAG SRSk ghﬂﬁaltﬂhﬁﬁ\ { dofdefflbhis¥or fle 3BT, RiPate ™ 1Y




. that the vaporized materials can form a honbgeneous m xture prior to

* condensing upon the article. The channels are preferably but not

necessarily arcuate (nore preferably circular) and concentric, to

provid e bpcdnBidt ed.
B 0V) S5 BAP BB, SEEh Rk e Mo ATl Sl
and t hettonansih¢ etherrchannglc}d cebleins ceiir- i nch deep and defined by 15 sl oped
wall's 38, 40 and Iflgesuéiﬂ adciﬁ@xap&%rf}mcgﬂ'atbbﬁa%vgtd topﬁle\e@lllsluﬁlen%gcoﬁé) and 42, 44
of a given channel are separated from one anot her about 0.5 |nch
and t héncomergiomeusts of pthetexides inchgiingdfut Hmiiediozipania, hafnia, lant iag@isi aded from

t he sadjsaaapt E‘)@pc;rati%f} a8 Eﬁﬂsaﬂxel‘ﬁ cohddRsaRb6F thé%g ﬂﬁﬂ'ﬁhls QB{ a@ﬂﬂh‘{tte Q/ill?ésdlﬁﬁg | f

needed, target terial is continuously added he channel s by
hopper & Bi%chazpstemedtbu@ limited substitpborefithese ptherraxides for Yﬁﬂ"a@“@f"i‘ s¢ria qudbedatien anay
from Whgkiguitd) evhfmtn%@'p%dubéotﬂéﬁ%ﬂagl@gropgxges in the TBC. As noted above,

the yttria and ceria are provided I n separate channels, and are
provi ded as a ng\?é’P““’“lﬁ’r@!"éﬁs&b‘F9“?1@19’“?#516&’%P‘FIEV"éitglbiént&Pl tathe east about

2 mm angL AR e h&nal E%uld be sepa?&?&lﬁ'on?’one aRolhER su%nﬁ? Ko R RS dombtittieRYs @h SO be
used. Wien finer nmaterial been used, the particles have

t ented beaaprsized waensadegtly Pféﬁﬁetaﬁéh%h a'hﬁ@!amlféﬁrﬁhﬂﬂd \b&pcwffmmlbﬁowrprwaxent
mat er i ahat 4@ vlporized materihld SanSIBE A ﬁém%%ﬁéo‘u@ }n%aur& %HS’: th eoxtaensmg%en fneamclche
channel _prior to being vaporized ccording particles finer than
about JThewhangplg arspasferably byt @b@ﬁﬁ@sswlmca%t@(mme p&j@f@#wwcylaoﬁﬁcon@%f%d

above, provide a @finicu®1tad path torm@bammﬁﬁrm@camex l&eroﬁ%edhé Rudth®dChispidize by
hoppers 46, .48, or other suitab

Havi ng hg@a tickpesy Tt‘}féb%% harnghess anv& %dap@l%ﬁrﬁ eawh aPous Ainglhdeep and defined by
desgri hfghed walls 38, ¥¥ hddl 264£ " BRGBuSHR REﬂnQn ofdhe tvha@s 33a40 anaQ2 £ 419 giRALRMAnbIAS

been forned, a netallic bond coat been applied (if

appr opraraieaaraisd fromynne anqthar fy aboyt .5 inch, %83’65%?9@%9%’&? wall3§ of opgefigansl i ¢ he

art.  separated from the ad djacent wall Ihﬁorﬁ@a{ &f thdothér cHirﬁGﬁQr abbut 08 isdhaMReded2tarted t he
chanmber 1s evacuated to a gﬁessur %) grl ate for the application of

the TBCMARRIsCartRporshsaddedinthedpnrelsiyfhoppers 1o~ of thhEssragivg contitestt

appl i ednaréu, 1@éamla@yhumlsﬁael%\fﬁbmﬁieﬂanmas&$zeef how the TBC is applied, it is
t to control the suybstrate terrperature durlng

bel j eved to be JTB)OI‘ t %)n
TBCGppl i cati on. Agnoted above, the yitria and ceria pigproyideg jn sgpargie cpanpels.and ais| i ed by
EB- PVD, prb¥i@eddd A3 EiadéI e preféraiely ﬁi\hﬁ Saneild $zeReF afleast about 2 el nihoprefeidBl err] C

or 1750 F, althou t he act era terlaﬁ*E
equi prrear‘PP“”' mmy, i "PP@“ F‘a}‘r%‘{s‘é “suse‘srb@ﬁé‘% F‘&l" a‘% gﬂf‘t“F“é‘r F‘?S‘Hg!ff ed

EI ther daytidids Qa@u&ld&ﬂ tddsd digplaced B6m de chﬁﬁhbl&fuﬁm% Waplorization of adjacent material, e.g.,
d heat, is_al SO{!ﬁiqu

to the sybstrate
i nd| r edf smaligr P%‘Sﬁ’d?f’ddﬂ BF Hgwp Li9Bythe chapesh Pagr te ﬁ@ng vaporigeg, é@?Of in8Yai nt ai n

SUbgst I faticled TRer tAdn dbBut 2 mm, and &eferabl% about 3 mm ard @6t gcAGAIR) B8d.OAs noted above,
yttria- strenqt hened- ceri a ave indicated a relativel \b/ poor

adher erpdditignal yHga *Fﬁée’f"bm?hé %ﬂdﬁﬁﬁ"ﬁ%"' ‘f"&‘i”é’F by Aenpers thet Ss piifther syitebles not

suf fi ci gedhhssheat ed during TBC 5 application. The tests have al so
indicated that th heaé roduced during vaporization of yttria and

ceria by EB-PVD i davyipg desyribed teappardtes. Higiongration %f'@ﬁepar%tuwp?\atde%flhﬁﬁiper ature.

Accor diwgh Yefer@ﬂfélt& FigNZlthe part 10 tOBAdoRfed hadvebi f(imh&i Smtamé%nd coat MYng 1) ?as ‘h
onto e

W have foun pplying a thin | ayer of eramc such as

al uth nabeen appﬂe% ﬁsa/wm@rlﬁ%} a"%dh%%‘ﬂv‘f)? e Iﬁé’a‘g’/ﬁev Fomgh s isdnpun pridvides an

adequat e adherent meamecrw i©placea irptik ehdamdzmatme chBmbdry evhblRte td & prdssure t
ers. are no

strengt hened ceria I addi tional , exterpal heat

enpl oye‘i?pPB”ﬂ%g’fﬂfer?@ cation 04&%#{:%"%#?5?1 ag ghaut i(ilt Fh ﬁ'f’ TBfesthepria and
ceria prphéd fo exaniti BPEB-PVD, sxzﬂg@:tireamhb@rmerm WraBplied, it is believed ReM se not
mai nt ai the ceram c bond coat |ayer

i s indi 'E‘Q'P‘é‘ﬁ‘t foropufhesubstimtatenperatyre dPH“&)ﬂ%C[“@gF‘“‘"“ the |ayer was

conposed of 7YSZ whBciYSF &Y sEBOP N Eppifathy BBSP YD OHS substratdliemperhiiteChoRtl bhaugh

the la
yleast about 950° C or 1750° F, although the actual temperature may vary by material and equipment

operating parameters. The substrate is initially heated either by the gun or using external heaters (not
6



. 15 may have a different thickness, -e.g., up to several mls. The ceramc

* bond coat should be thick enough to ensure that the alumna |ayer is

substantially conpletely covered; however, where the ceram ¢ bond

coat i %hm%@meza id MoALipglidd RAthd subbtedie ﬁﬁtrécﬂ%' By the gt ddRghRRdaroraoul d be
no thi cker necessary to effect this purpose, as this additional
| ayer Bt fe@mqt%atbétf%tegwqﬁtum cant blade pull. It is bel i eved t hat

sputtering wll ai‘é&aﬂbﬁyb@@trtﬁ-sﬁé}fgﬂféﬁéﬂc&ﬂﬁ Ws‘é%2ﬂ%1@fﬁhﬁ:at'@@ﬂ%lzﬁﬂ@lz pbayer .
M croscopi c 20 exam natjon of sanples includi ng the YSZ | ayer
S

i ndi catderenss el Beil BGe de ab'rfmlﬁvewe%rﬁ the gubstratg is not suffigjently hegy &3

bet wee RppltatiohSAHe Rédtsthiee dﬁottﬁdl@at@ttﬁzﬁ RtHeRpRsiueRIdufing MPHEAYIBH of ytita aP(éSZ | ayer
offe sone ther resi stance in the event that the outer - TBC fails.

I'n or dé’F"%W%%ﬁVP ign tsseflht@ MRIIRIR PIOPY SBsUpigdPrne e Accotlingly. pitanal each
of the heaterssh&xmdxﬂ 4s nust be heated and vapor| zed. In the illustrated
case, only a si ngwe eI ectron beamgun. is 25 enp g nd i nclydes a

& ¥§2

bui I t-in vari abl eVehgHsdeynd qqté?@‘%@"dﬁwof%?”%f Fue PRQ A INA s | 5

known ijgyet Bordé Ilpplﬁﬂ; B {Rhd b cm&ha& aft hdﬂq@at&%@feﬁﬂ@fcr r&!er&ﬂtc%ﬁ&’cdaﬂ t he
event that the oes not i ncl ude built-in magnetic fi

gen@r atfprtheyttnz Srepghesed pora lgyey evrritadditional ek bsafespre, eplopgf to foest the

char actsgpdutte! dufing applibdtion Bf thOYtirdd dnd c&ribCd? iftRS APREdphind shisstratt tdnipéRehrd @ NDIr e
evenly heat a conyentional target. Wth reference to

Fi gs.  PUERMISSECt Maptaipdam 29 is scanned back and forth between the 30

channel 34 and thmmgtanmeteréiﬁlctbend/@agayem.ﬁﬂedtedqﬁ ddshed lirs gel7. mbtesdl s. The
scan rafe nust be sl%ﬁ/ to enabl e the gamtol

vapor i 28 R¥RE e FefRRoserafdY] SZiapplsd iy LRV R0t gs eRoubhs pis thick at o Ghe o 2"

const i trifHabe @umtenﬁmmdﬁetsaego Up kd/sebdral\lRO Thé Bdrithic Bohd\@aCINSRIB BE thick.- V& do
not believe that a%l e beam, can be scanned too fast, aparf from

equi prefPugn PR that ghe alymipg, fayer is-subgtantially eamplgiely govered; bawever, wherg g, at
gi ven tdef&uc 5&1@ chS3hised Bila Ttng §ar€§h%ﬁ a&&xﬂﬁdeMe B 18)ieB HotldDe ha MfE&: @hn t ar get

mat eri al . her ei n scan" inc¢ludes one path of nov nt of
t he bea[ﬁf"'sf%m %ggt%tf PHTRgSe %5 this a%ﬂtepnav@fer gﬂl contri “t?d?té‘t%‘i“ ‘E?é‘h{"a‘i‘CrP“ﬁnit is
channel pelitved tigak sputteringokilltalye phﬁmmatsmstdwn;ovsrz Eer@hiR O] coaDMPdr. MErb&BPic

constituent i.n nne ck over .t he, anot her constituent
ot et ielih e STues g e T YRLT s e il S1oWh Oeburs Setos

7 gram boundatidddktwetbn ths YISZehe tiRljttea kteengthéred chit. VaBaveR SHeeY SZ By dteffedishan
sl ower, ?h aﬁt | east , apout 3 times P%{B sfaefond and preferably at
| east a"BB'ﬁ cfiga "Fst‘Fé?é‘cf)E‘r &ephpt the outer TBC fails The tinme during

V\?I CE t[\)e beam i Nl oAge $o app@% 'fﬁ@uit@’%@@ixtdi@bﬁﬁvbQéparalteh&nstittiéﬁ& ék\ldl‘i?bfthe ; tine
of the beam is inporta on | on the, naterial, provides
nmor e he“SPStt“EF“fSH’éHsnE {‘Ja“ds"apmi‘z}‘? 8’ g‘ﬁ t?‘g‘? oply asingle efegron léﬁ"{j‘eﬁ"“t'shan
does a @ﬁ}ﬂéﬁe&rand%lddeia Btﬂlt-mT\hﬁaﬁi&ﬂJaénehb feld (géhe&ft’&ffortd%ﬂ&ﬁfhg the beam,@BYs be

I ve vapor pressures of the target as

adj ust base art upon the at

vel | ?(newa Iy F‘Pe external mggae r?ﬁt)%ﬁnffﬁwﬁm%b@used {orBe eyent ke 848 degdigkr on
a mtat1 erinéthdd o built-in iSagietsd ﬁdﬁdjgén&atoﬂﬁig&?%uﬂthﬁ gS&FHt&Bick@ﬁesnred operatctilhgt hrrat erial
in e . . . . eamil S scanne e

car ouse‘tl;a@‘z'tet‘ﬁlc? olndhs Ryigr afhspeh 4efpetign aw@zqdég mogqgvenly ngﬁéﬁmt"sm&ﬁ‘ﬁ't‘?'ﬂ%usl y

provide material WxhheferéarRas Fge®d anB3b, thé RMM29eNRUEHRI bRkend Rir HehReR@M t O

| mpi nge r@ggt i ti veléﬂupon and vaporize materi al For the nmaterial and the

cr v bl agiel 34 anddbe chpprsk 36 to vaporizg pach of the Grget faterplat Thescamiate must By 3 rpm
or | esSenolfilytbiefdbfe tht BRmNb ||ﬂ1p|ﬁé&@oﬂﬁxﬁ09€hborﬁﬂaﬁhef tagét rﬁ’éterM\ |bﬁhfa§t|&60ugh to ensure

car ouse d be rotated,, wt ar cI es eral l uiri n
P ooer har b ttantiinls G smitantoutu il alph oo PE fh tambe oy Ove &4 ngt BAipve g
cruci bl the Bdafincah 6k Panfdayefakt, ab%ﬂ@fohi@hipﬁﬁnﬂfmtﬁﬁbk&l Inf hly@re @bhstituentleRistsdsnce
the beamw || not repeate @%&% on an%x‘? gortl op of the (irum ble for
a si gni PYALR SIVEREme, e res ‘SI§B‘E’ tgrizpdy Ry dispsgte layers of fasgedpateriply AB Beds or m
sucds t hateid, Besdéﬁ’pihbl%ds%rdhe pz&h Bmatemehmeﬁeamﬁsm,n a startmg p6inChnd ot/étfa vapors
forma %enerally neo ture, Lor condensi | ng, on t he part and
formn gc nstifuent pwgeq&g@g atgpél; ati%) g}ed)eanl;)ot c othcr channel, over another constituent in the

other channel, back over the another constituent and then back across the one constituent. We believe
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. Fig. 4 shows a partial phase diagramfor yttria and ceria. As indicated in
" the diagram 20 yttria and ceria having up to about 12 w o (equivalent to
about 9 4 mol. % ) YsCeQ2 exists as a single phase and is stable up
to at tﬁﬁsﬁls m%bl@tzggc{n%ef Beakn faﬁ%' rdtfier B h'sﬁ%@ld kN8l ledsDsboll $HRALpel SéGHH | ON
can produce havi ng substanti al h| gher yttria content e.g.,
greatera“dmﬁfﬂi‘ﬂywlﬁsyﬂoﬁ‘i'é)“’%ﬁwelt%ﬁ%ﬂﬂdsuch TBCs may al so have utility

as TBCs even thoum tixﬁ@dd?ﬁ%%fhﬁcﬁ'thé’ﬁ%){m iRpingdQpSitht tRdee mBRANESe., thSdddndi cat ed
in , such Is expected to |nclude hore than one phase. 25

The t hemmpfgtb@bmm isiimperianbf A &RﬂBQﬁﬁ‘P&H tiss 0p tie repseriobRIowides QTR heah &4 hatdarag:

L enper afkkby vé%Bn}lﬁéiﬁBrveE}Q'td}gétlﬂﬁn'H@&giesh&ier Q@El‘f‘ﬁﬁ@ Wellﬁ@ne oned&lclegr 11 F.
In other words, th conductivity of YsCe®2, specifically, 9
YsCe(n ®ay hraadwtedéeseéasw @pg Hie relatiye (vRBPT BiFesures Rbthe target, as el thadepied r ange,
froml eq?ﬁcfcmsﬁiam@g %hébéélr(dneﬁ@ [onk&Plon AlmaAt RN it I RSH AL b iR rda e th@SchtdnhiMn
about 1.0 . Increased yttria content of YsCeQ2

provi deg‘a‘ffﬁ?tﬂi’él“q“‘e'ﬁﬁgt i ons | n ther mal 30 conductivity. W have tested
sampl es of 50 YsCROhebef R Het@lcthed theWadusél 17 i foratlg. RBtaVibPodefisifa) ,

whi ch was apg,lled by EB-PVD, W th favorable results. The sam Ies had a

t hedQral eRo88R &pvtmuwsbwrowde matefial Q& YpPaRzsth bui slvly enqughigo W‘Het%& 4Bt room

tenpera ¢ réRABCERAIRIVAPBHRahNERN PRI mileraBand the crucible d&riW¥dHbord, about
2200 eﬁ‘ﬂh% ﬁ% %C ﬁao no%pgf or esee usi ntlg YsCe2 with gﬁeat er than about

60 W o the prefer(% rotv&@ndete tbont } rameor fesy Ragisla sizgiall alse pifect the mate alwhigh thas |
Wi | e YefetifsBl shuidbé ﬂm&wwm a?%egﬁﬁﬁﬂest adaBPrequiriipZslovid? @atbustOrotatidk % Nor e
Vi

dense; the thermal conducti YsCe2 “is'typically | ess than about one
hal f t ha¢anpipg thgpeam while rotating the crucible also helps preverit vaporization of crucible matenal,

8 15 since the beam will not repeatedly dwell| ?o&&ﬂ%@ﬁéﬂlo@oﬁm&bl@%ré sanfﬁcmZm{%as a
general |y, constant therpmal conductivift of up to about 2

.3 W(m
[ er r] C) PGipdr Bethdargematqriafssxistin yaror fofpy @Jch Rt ﬁsvwr%aa%wf%ﬂmmﬁ@gis@& to
Fig. 4, e g the vYSdr&foPm Q%&ﬂdﬂaﬂly%mb%bn@éus'nﬂﬂtﬁie A2 cohdendin® ol tlie gast add foPmings

greater phase sta generally than YSZ over the tenperatures
encount Q‘Fé@q lﬁy g(]lf‘%rr%l ne applications. 5 I n addition,
tests perfor rred UFigg showé a ARl piasd Gadrad fér?ﬁha&ﬁideh@ &pmaieﬁtka ilth®dla@hm,
yttria inc¢reases,, the erosion resistance ecreases. | n one

tesfd SRR S cEfa RpLPRR G pRyut 12 Wio (%uwr@naﬁabezegwﬁer '\?%Co% Kistsasasiagifed t o

er 0si oNphAR8 had 19 stable BFtoal leadtabaM 224091F Ndis Pélietddaha %eq;res&QQnJeﬁmn can produdRer
second i‘ﬁ%ﬁ 000 [e rtlnnaIlyThe rate of erosion increased fromthe 7YSZ to the

12YSZ s _vinggyhs highsr yHHa eanteqh 5%a S7c21T 1hin 17 WindttHR. 2pd {absuch 1BGe 20vsz

sanpl es ma% @lso have utility as TBCs even tholi@h the nafediaCadEintiiéd miififle gﬂﬁbi | A inditat&die
yttria en anc S t€&erom on resistance of ceria. urprisingly, the

addi t i ofigof S S§xReqtsd te clude mre thanyong Raskices er osi on resi st ance, in

congsast to the Thetheirﬁd:re@hduawl@@r&du@:ﬁwecé@zrddcfesgeemhn&reéslh i a content
in YSZ. These tests altﬁo i ndi cate that the sanp sCe® are

| ess er HEIPGRMS af least withip the rangpgy betyyggn %evteﬂbﬁi}é‘%ﬁ Fregtbzrt%m@s thedieroelysz,

and conda&ﬁmgdmmeomwmm SXBESH2 5chﬁlly JefRtR si@ﬁiﬂ'kéixt@'o%@rtbﬁ useful as
an abradable, e.g i n _an engj ne seal and be Iled bé) pl asma

’
sprayi nifmperagy ?@Pg% fromdess ghap HB‘P%PIW/&‘a(}) e %@?@Pe%‘l“’e@\}‘iﬁﬁ ap plout 1.0

coef fi cgit 2060°F NRicRBded ?ﬁﬁ@é&ﬁéﬁﬂoﬂs&b& Ipko¥ides h&ﬂ&trﬂﬁx@ﬁ’cﬂ\s Qn@ﬂxbﬁnd[mr e closely
follows the expapsion o based superal | oys,

sub3P r afenduetiyity. Wsdaveagsted semplss af 2 ¥ §CeQ2 (comaprissdiof SO0 yitria Fand 30 wio §‘|’o' @ ation

due to ebmchwa@a;sphedpﬁnalwn rAthS8vordblid refifts. ERELaRATIes RAT 4 thérriaPéoniudily sf a
t hi nner TBC i 9§ ied. Tests confirmthat a YsCeO2 TBC, eit

appl i edbﬁ?”F?é’&%PV 13 ah 73 WimKiahatoyt repm demperasuye, and deoreasqdi betyvesn %“’s%@s‘t rate

It enp ter abYs V/AIK ﬁBlBJlnlt Q@'od7 «\?S%vmlemeedorﬂ%df@&ee uéRg Ys@UOP with @Rdall has Bt 6OF/AT
eas as we as
Ce, we do not rule out using higher ceria concentrations. While YsCeO?2 is slightly more dense than

35  YSZ, about 10 - 15% more dense; the thermal conductivity of YsCeO?2 is typically less than about one
half that of YSZ.



. Wil e the present invention has been descri bed above in sorne detail,
" numer ous vari ations and substitutions nay be made w t hout departing
fromthe spirit of the invention or the scope. of the follow ng

clainms. For exa F}eﬁ%,@x rial,

or 25 the wei g%per%%g%ﬁ% one mat é‘??ﬁ#‘% ?}E%'S%ftgﬁhﬁf&ﬁ?‘gbﬁé{?to

t hi cknemgo ebout B3 VWigratChayer the game tmperature range. 45 eetedabogowitle respest fodig. ¢f yt tria
adj ace

cer o aliCE0R HEVRD PR, of ks B66he 04wl BRI RBL BRLRORERPMANNEY e
i nvent |QynrMQ!¢mewr@®9muhb@d in gas turbmyaMyat@'fls i llustration and not by

i msation.
5 In additi ts performed YSZ h dicated that as thc concentrax n of
9 What is C a“?r%éessspe ormed using ave in lcai su eraﬂ)oy article

conpr i sytinig:increases, the erosion resistapcef] the matdriol desighsss. r kntoge test, samples of YSZ havingyn
adher enj é‘hﬁ%d"@/o'@é& Gvel%@ulggﬁ%ﬁ’ﬂ Qﬁ)%l'&@l&:@tu&"{fs{ngcﬁ mlél'mialumma particles at 800 fee

| ayer of nateri al rmn erma arrirer coating over the alumna [|ayer,

t he coaper sngommgowrﬁadlé‘wedatgﬁf egosingl incfeasesd foan: the 76’6255@ the dA¥SZ sampleseandni c
mat eri alL\a'eased dramatxcgll%fro%\ the IZY%Zt the 25?@2%&%‘ e of claim1, wherein the

coatl ng I's conpose etween ap 0 yttria.
10 The arti cl Eestsfinditasd thatithe Mapepﬁsmmamhanqsmmm@m offseriqveen

about 1%%?45%[5?);, @% aWéx ot {:ﬁrﬁ&r@ M V\ﬂ &k fnh @ﬁﬁaﬂéés ¥rosBh kistance, in ¢ ntr?st to the

alm erelnt e coating Is conpdse a single
P has e. trend indicated above for increasing yttria content in YSZ. These tests also 1nd|cate that the samples

of 7YsCeO2 are less erosion resistant that 7YSZ, but more erosion resistant than 20YSZ, and
accordingly we would expect that YsCeO2 would also be useful as an abradable, e.g., in an engine air

15  seal and be applied by plasma spraying or other suitable thermal spray process. Moreover, the
coefficient of thermal expansion of yitria strengthened ceria more closely follows the expansion of
nickel based superalloys, e.g., the substrate, than does YSZ. Accordingly, it is expected that
spallation due to different expansion rates will be reduced, particularly where a thinner TBC is
applied. Tests confirm that a YsCeO2 TBC, either applied directly to an alumina layer ata

20  sufficiently high substrate temperature or applied to an intermediate YSZ layer, resists spalling at least
as well as 7YSZ.

While the present invention has been described above in some detail, numerous
variations and substitutions may be made without departing from the spirit of the invention or the
scope of the following claims. For example, multiple beams may be used to evaporate the material, or

25  the weight percentage of one material may be graded through the thickness of the coating, €.g., has a
greater concentration of yttria adjacent the exposed surface of the TBC and a greater concentration of
ceria adjacent the substrate. Accordingly, it is to be understood that the invention has been described

by way of illustration and not by limitation.



. 5. The article of claim1, further conprising:
“internediate | ayer of ceram c generated on the alum na“lWHHI""HHlIHIHm‘mI
barrier coating being applied to the internedi ate | ayers Ofc Cer awi Cs cofiposed
of staﬁjﬂl i zeg.zi coni a. 6. The article of claim1,
wher ei 8 ls'g further conprises at | east one additional constituent

sel ected fromthe group consisting of zirconia, hafnia, lanthia, calcia and
scandi a. ..+ A superalloy article conprising:

a superall oy subslt'rat e";\ superallZy amCleco""’"spngan adherent alum na | ayer on the
substrat e surf aceg supgralloy substrate; a ceramc, columar grain, thermnal

barrier coating of 4Ll Aufhe slfifus ARELNG PO N9 cOmPOsEd Of 2
general | y honbgeneous™ m xture at east abou W o yttria, balance

essentially cer | a layer of material forming a therm@l l_)arrier cd'zhiag avdritlel aé,umj_ﬁa alyeri the 7,
furthe leoft reing 'cgrg;')%sF_ld of ahsolid scrlut'g)n of at 1814 Matcgrram?cghﬁgr?alsq eram ¢ bond coat on
ayer, therm er

the alumn e arri coat1ng being applied over the
i ntermedi ate ceram ¢ bond coat. 9 The article of

cranm 7. wherein ghe UgRie SRk WAREh WILERER LGl o b§feln b
10. IPhwlogittia.cl e of claim 1, wherein the conposition of the coating is
graded through its thickness. 11. The article of
claim1l1, wherein the constituents are conposed of yttria and ceria, and the

| ayer of materi al3.al soTleartide cfivlabrl aahbdotie tHeagamgds composadiod between about 12
12. J,QQ‘S&(,}/(%%& bg{angeleggemia’h&,,ce;@gerei n the article is incorporated into an
seal "

engi ne arr

4, The article of claim 1, wherein the coating is composed of a single phase.

5. The article of claim 1, further comprising:
an intermediate layer of ceramic generated on the alumina layer, the thermal barrier

coating being applied to the intermediate layer of ceramic composed of stabilized zirconia.

6. The article of claim |, wherein the coating further comprises at least one
additional constituent selected from the group consisting of zirconia, hafhia, lanthia, calcia and

scandia.

7. A superalloy article comprising:

a superalloy substrate;

an adherent alumina layer on the substrate surface; and

a ceramic, columnar grain, thermal barrier coating on the alumina layer, the coating

being composed of a generally homogeneous mixture of at least about 5 w/o yttria, balance essentially

ceria.

8. The article of claim 7, further comprising;

an intermediate ceramic bond coat on the alumina layer, the thermal barrier coating

being applied over the intermediate ceramic bond coat.

9. The article of claim 7, wherein the thermal barrier coating comprises at least
12 w/o yttria.
10



. 13. An apparatus for generating a durable thernal lﬁ’m i n a
" superalloy article, the apparatus conprising: ,mmn@g’@m!ﬁl e
defining at |east two separate receptacles for providifdg Separ s om
one another at least two ceramc target materials for the coating; and
means for heating and evaporating two target materials in the separate
receptacl es to folin fi Tistardaeloftaino i dwharap dreanmpositivnef dicgodting if gradetl and
second forma mxture prior to condensing upon an article.
14. oeag%%gicg?eﬁg of claim 13, wherein the target materials are yttria
and ceri a. 15. The apparatus of claim4, wherein the
coating i s conpos of at. I ut . 5 .wil L] I A
16. The appar aﬁs 0] cﬁAé‘?%?ftl%a%ah‘édr‘eer?'H ﬂgﬁéﬁstrtrléugﬁtg 9%6‘?% Hﬁ%{ﬁ? ?%‘a“é‘ﬁﬂd
evapor aerimagnd telayvesefonai¢rial alssforronan abradahle byerloé smaterial. 17.
The apparatus of claim 13, wherein the nmeans for heating provides nore heat
to one of the target materials than to the other of the target materi al s.

18. The appar atdis oThcdridlonficBimiliewlgrein theerticleis inbdrporpied witalasengine larast
two cirgul ar channels as the receptacles for receiving target materials.
19. é apparatus of claim 13, further conprising:

nmeans for generating an internmedi ate ceram ¢ bond coat on the article.

11



12 20.  An apparatus for geneiﬂﬂ! ﬂuﬂtw m)luw
thermal barrier coating on a superalloy article, the ap o * Silg:

a coating chanber; a crucible positioned in the coating
chanber, the crucible defining at |east two distinct channels for providing
separately at |eatt twdnpapagies fapgcapminga dunble tharmabbartiss goating gn a superalloy

means f griclb@Rd dpparafal dorfiprdgf at i ng two target materials in the channels to
formfirst and second, gvdgpor ant,s, wherein the cga nel S.H!?re gaosi ti.oned in
e S Sep Broxiding ¥

spaced rel ation t & ¥RRYI RGP STRArAISIEERRIRCIEY Ko BFY gy fiog one
gener al anptheoardepst o wsramitptangetmaitriaiscfopthe coating) asbndensi ng upon an article in
t he chanber. - . r : i in the
means for heati ngmg%nr%?rihé%%nggﬁdéfa 88?&%2%%%‘%%%3‘&?%@? Qé%‘g%“?{%gg he
beam befosa dimst and sepond eyapprantsowherpin e first and secprdsgypposanty fors a sxtuEwERH® one of
the chagpalmingQpbdiRi 416 UpON one target material located in the one channel
and a second position in which the beamis directed towards another channel
to i npinge upon another target material |ocated in the another channel.

22. The appar at 4. of Taé spparalit of vikhiar E3, Whérbia theaamgst ha¢riabcanntiagndostias t he
beam so as to inpinge upon one of the target materials for a |onger
duration than another of the target materials. 23. The
appar at us of cl ai #$.20, Thhagparatustoficaigr 4)cvhbiedn thecadtingis sompased ofiad ledssfabowt §

concent Ly fbaliadtefi£Cept acl es, and further conprising:
means for Totating the crucible to continuously provide continuous feed

paths for the target materials.
16. The apparatus of claim 13, wherein the means for heating and evaporating

comprises at least one electron beam.

17. The apparatus of claim 13, wherein the means for heating provides more heat
to one of the target materials than to the other of the target materials.

18. The apparatus of claim 13, wherein the crucible provides at least two circular
channels as the receptacles for receiving target materials.

19. The apparatus of claim 13, further comprising:

means for generating an intermediate ceramic bond coat on the article.

12



3 ;?t icle, the nmethod conpri S|2?11g thé gﬁaggdo?f genera lmﬂ, mﬂmﬁﬂmﬁumng a

first ceramc target material and a second ceranic target ‘naflerfal*within a
seal.ed chanber, the first and second target material s being provided
separately from offe and® mReRrals doriganesying @ durable sherma] bPB‘eé?PaﬁFﬁ ones wredlleye

coat ed;article, the apparatus comprighg@por ating the first target material and the
second target mat eri al and, generating a vapor flux of the evaporants; and
condensi ng the f14%? g‘f ‘?’ﬁ ‘%irst evaporant and the second evaporant on the
article. a crucible positidd8d in theldvetimgadhamblerpthe clucibimd2fining\itdeast twotdiséngt ep

'cl)'];leIo:rgtdnhgéir{3 LM&W% z&ﬁ%ﬂ ; %txé‘&lé {a %t I%Qtfqmﬁg{ \'ﬂxe c?atmg’r provi ded as 22'

gravel having a paeans &rdeating embtfvamfatmaw@ wwbmateealm the chamnels to form fist 27.
The nethadedhd Eladbrints. themswanﬁémear& aésaﬁ,hemtssarcb@}e&naﬁ £ RRBNY tHe Tkt asd @

gravel having a particle si z \(/)Q‘? bet ween about
28.  THREPHEVIRSEIH Brargencsally é’Pé‘?“ﬁ"‘feréP%‘t“éiS‘“ES‘fP"@(/59;?8?%?(‘?‘%“1?% 3Ber f or ned
by i npi ditkleth thechambet r on beam upon the target materials and vaporizing the
target materials
21. The apparatus of claim 20, wherein the means for heating comprises an
electron beam and means for scanning the beam between a first position in which the beam is directed
towards one of the channels to impinge upon one target material located in the one channel and a
second position in which the beam is directed towards another channel to impinge upon another target
material located in the another channel.

22. The apparatus of claim 21, wherein the means for scanning moves the beam
so as to impinge upon one of the target materials for a longer duration than another of the target
materials.

23. The apparatus of claim 20, wherein the crucible is disk shaped and defines
concentric, arcuate receptacles, and further comprising:

means for rotating the crucible to continuously provide continuous feed paths for the
target materials.

13



.independent|y of one another by scanning an el ec’tror”"ﬂ g" l ﬂ””"t first
"target and the second target. 29. % A | ai m
a

28, wherein the electron beaminpinges on the yttria | onger than on the
ceri a. ' 30 T

beam i s scanned bzeﬁ'weeﬁ nt“eheddfolf 3

he..met hod of cl aj. 3, erein_.t.he.el ectron
Pl SRag i L I e S gL

t hree tstepssfiper second. 31. The net hod of cl ai m 24,
wherein the first X t tar Vi .at e,
endl ess feedpat hsl.ntoe\dg'(gtak ﬁ?’ﬂqﬂmﬁ tgr%&q@a%mﬂr%ﬁaese%g?ﬁ%éﬁgf&gﬁé& %@E‘Q@'ﬁr&t her
conpr i ssealgd tliambst, e fost agdseeorak tanget materialstbeingpdivided sépasatety iém ose anoiher ot er i al
on the article,.prior to.the.step of evaporating.

14 in'spaced relal?’0"90anamctlemé’g.coa'?ed(’)The met hod of claim 24, wherein the first
and second t ar get evapératingthsfiat wrgevagieniah helthasedorgioagtetmsatetial andpeoatatog aa
coating e t] 0 sed of at |east about 3 wo yttria bal ance
subst an‘{atggli 1?"9‘ ogg%"lezl‘i'%o‘?an%’ i 34. The nmet hod of claim 33,

wher ei n t he coat i sapdensingdhwpihsed theffirgevapoent aidohe sefond et ovanbonsthe astigle.

25. The method of claim 24, wherein the step of providing includes providing

yttria and ceria,

26. The method of claim 24, wherein the target materials are provided as a gravel

having a particle size of at least about 2 mm.

217, The method of claim 26, wherein the target materials are provided as a gravel

having a particle size of between about 3-5 mm.

28. The method of claim 24, wherein the step of evaporating is performed by
impinging an electron beam upon the target materials and vaporizing the target materials
independently of one another by scanning an electron beam between the first target and the second

target.

29, The method of claim 28, wherein the electron beam impinges on the yttria

longer than on the ceria.

30. The method of claim 28, wherein the electron beam is scanned between the

first target and the second target at least three times per second.

31. The method of claim 24, wherein the first target and the second target are
provided on separate, endless feedpaths. '

32. The method of claim 24, further comprising the step of generating an

intermediate layer of ceramic material on the article prior to the step of evaporating.

14
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33. The method of claim 24, wherein the first and second target materials are
evaporated and condensed to produce a coating on the article composed of at lcast about 3 w/o yttria

balance substantially ceria.

34, The method of claim 33, wherein the coating is composed of between about 5
- 12 w/o yttria.
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