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BARRI ER COATI NG SYSTEM Thi s invent.ion was nade wi th Governnent support

‘under Agreenment No. N00019-92-C- 0149 awarded by the U. S f the
REE 0%

Navy. The Gover ertain rights in the invention:
| nventi on Thi#mmmﬂ U Eﬂwmelates to thermal barrier coatings for conponents
exposed to hig es, such as the hostile thermal environnment of a

gas turbine engi ne'lfre particularly, this invention is directed to a

met hod for formng a thernmal barrier_cPaging systemt hat ammmwmn ' oved
resistance to spalling and | ow thermal “conductivity. Back mwmmwm

I nvention Hi gher operating tenperatures of gas turbine engi ness@ghsu
continuously sought in order to increase their efficiency. However, as

operating te r Increase, the high tenperature durability of the
conponent s o%ﬁgb néingoﬁ*ﬁg Ge Br % ﬁWIi%FQQEéNGSiSSﬁiTW%ant
advances in high tenperature capabilities have been achi eved through the

formul ati on of nickel and cobalt-base superalloys, though such alloys alone
are often inadequat@hW§fkﬂ“ﬁﬁﬁﬁﬂﬁnﬁ#ﬁsm¢@©awe§ i fovasnment seuppons of a

gas turbi ne LNgi gwgﬁk th I_Rg,_ ~C st 0f,. oA conmmmon
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t hei r ser Depertewper afuthse. N&oy .t hThe GbverAmedtOhtgbeer2@@d rights

in the invention:

Field of the Invention

This invention relates to thermal barrier
coatings for components exposed to high temperatures, such
as the hostile thermal environment of a gas turbine engine.
More particularly, this invention is directed to a method
for forming a thermal barrier coating system that exhibits
improved resistance to spalling and 1low thermal

conductivity.

Background of the Invention

Higher operating temperatures of gas turbine
engines are continuously sought in order to increase their
efficiency. However, as operating temperatures increase,
the high temperature durability of the components of the
engine must correspondingly increase. Significant advances
in high temperature capabilities have been achieved through
the formulation of nickel and cobalt-base superalloys,
though such alloys alone are often inadequate to form
components located in the hot sections of a gas turbine
engine, such as the turbine, combustor and augmentor. A
common solution is to thermally insulate such components in

order to minimize their service temperatures. For this



pur pose, thermal barrier coatings (TBCs) formed on the exposed surfaces of
hi gh' t enperat ure conponents have found w de use. To be effective, thermal
barrier coatings nmust have |l ow thermal conductivity, be capahigbeeRob®i Nng
strongly adhered to the article, and remain adherent through many heating
and cooling cycles. The latter requirenent is particularly demanding due to-
the different coefficients of thermal expansion between materials having

| ow t hermal conductivity and superalloy materials used to formturbine
engi ne conponents. For this reason, thegrmal barrier coatings have generally
enployed a netallic bond coat deposited on the surface of a superall oy
conponent. A thermal-insulating |layer (the TBC) is then deposited on the
bond coat, which together formwhat is terned a thermal barrier coating
system The netallic bond.coat is typically a diffusion alumnide or an

oxi dat i on-B&sFSFant thergal s%ﬁrh%rwﬁoﬁlt‘?‘ er eTRAP ifgmeL 088l ttREhd/ or
ni ckel, Wigho sl o ddie oFdPAYHE éfp el uretS Ui dHed @Y Haved ddifha
conmponent while al so inhibiting oxidation of the underlying superall oy.
Various céfkd® cus@terials have been enployed as the TBC, particularly
zirconia (Zr02) stahilized ria ( i ._ar ot her
oxi des. These parti (t:)il] a%gnﬁgéreiygl&é’leér et%org%aflyn%%%?%gdqg%%%ﬁgsaﬂu el:ecause
t hey can Heavedbvw litamnedi ceadaytpasyn Beraypabl@n®f st fiyg adtroafios
deposi ti OCPS‘{ echni ques. A continuing challenge of thermal barrier
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coati ng- sYAIRFESRaEOnEBR AFE idEmatath B hopdhgdRBE e A rOMEENME Ay er

that is | gssaeusseRbdd! Sod0impaklings. 3 PrLObale 2002 aqds ruheA: Uy ect ed
to thermal cycling. For this purpose, the prior art has proposed various

coating syA'mculdnly demanddngbrueehphbbe sdbhf erenti eoebfiaiertaialy
enhanced %Hé"fr@hi Ol .SL-ANEY S %‘?Efﬁght nfgtetﬂea}lpg ei%%ggxaﬁg}@?r %et]%ﬁhadln cat es

m crocracks and segnmentation € ceramc layer. ation
that the ceraddativayey dmb suplermldoygtaite ticlnrdardess twr fomac kurdrirent ed

perpendi cul ar,to the surface of the COH?OI’Ient, and is achi eviélawi,th
el ectron BEE PRy STHOREING: depbSit i bR E EBERAFOR ec iRl L1 8hown i n

the art, addein®d band egeRORhLNY hapG &d CQ URBRE1TARI NbShE UIHE 1S
able to expand with its underlying substrate w thout causing danagi ng
stresses tIRRO$EEedt enspdig gsushacas ofvi destperdy lovererimpenent ¢ t dsting.

Zi rconi a- hey. rrj er atings d:parficu . ria- bilized
zirconia ?@gn%logt@glsé@g\% f}i&y%%l dlﬁﬁnggégi ﬁgs%%%t%‘?%égﬁé/n%fi adr?hcﬁ%: ness on
t he order ndiboott 12whiictr aegesrteef abonh @h@@5 isicherwednar eelenmmali del y
enpl oyed i.n the art _for. their desirabl thermatl nd a%oer\?éon .

char act er iRYTTEET preRdsild 1S Buuci ng g heds %n t FEBpVE S

techni quex wei®i Bl ¥ Ya et AEhs 68 PENHMDE i deC QP Qe Hx il da ti dipatd gig wdipber

mai nt ai ned at a pressure of 0.005 nbar or less. Wile greater pressures
have been k¥t e@uchucasadMGrrlY swhpzeent Nos. 120006, 28Rabhd 3NY'RY, 720,

the 0. 005 s ; Il L L heredet h I | he art
when depositi n%ij'?ﬁg{rlrm %%%ﬁo?'grs g(&)l[éet ?%ggggéaggeeg% ﬁ%gﬁégfﬁodr%ﬁ

char act er itsd i theofcamipertentn wieblhe gailsoansitifd thiafd | oxpdatbobmers. the

exanpl e, hi%er pressures ﬁ]g avoi ded because control of the el ectron beam
is nore di YUY SYRREIHEY above 3 October 2002 - 4 about 0.005

mbar, with erratic opgfidu®ncdeanicr aaoetredl at havat ibegnc lkaipflelygd essur es
above 0.010 nmbar. It has al so been beljeved that t t he gun

ljf f
filament WOR dTBfer rRRKICEI AT e HiFPR bt B Qaatt e?FélrLfei]o"lp?;%&Bﬁ Y& Hr&ssures

above O'OOEYﬂﬂﬂn'nagnesia (MgO) or other oxides. These particular
materials are widely employed in the art because they can
be readily deposited by plasma spray, flame spray and vapor
deposition techniques. A continuing challenge of thermal
barrier coating-.systems has been the formation of a more

adherent ceramic layer that is less susceptible to spalling



Though YSZ deposited by EBPVD is a highly successful coating systemfor
protecting turbi ne engi ne conponents, there is an ongoing effort to inprove
the spallation resistance and further reduce the thermal cgrOitebdr200y of
thermal barrier coatings. Accordingly, it would be desirable if therm
barrier coating systens that exhibit inproved spallation resistance and
reduced thermal conductivity could be produced with conventional materials
by inmproving the processes by which such coating systens are deposited.
Summary of the Invention The present_ifgvention is a method for producing a
thermal barrier coating systemon an article which will be subjected to a
hostil e environnent that pronotes spallation, as is the case with turbine,
conmbust or and augnment or conponents of a gas turbine engine. The thernmal

barrier coating stemjs conposed of a_netallic bond coat and a ceranic
t her mal b&%@?@@dﬁiﬁq , %ﬁuﬁﬁ%ﬁ@%%t?Y%%%%ﬂiliE@H $NE8oRMEPPPSZ) th&Vi ng a

col umar ghaidk ShiWCt HAE. LESP68LAT VRribesi NVestiey, dhehnd ¢eah is
prepared and the ceram c subsequently deposited by el ectron beam physi cal
vapor dep&onsiiderebBrVImpRaHLS prdceser pat andteies st hza v g niehheageldy

i nprove spal i resi stang b 2_- nd _reduce t.he thernal
conductiv%?fgg%'t &%§§€§%:? tﬁné%éE%gr§?e§RgOBFF§89g?h8f PRGE L5 't hi s

i nvent i onmjemecalacksentanid s $egmengasiband cfoattlon acevambee Qhyer.
conponent, such as an airfoil, and thep grit bLasting t he bond coat with an

abrasi ve FEEMERHAVIARG ANPAFEFEFet8Rte tBF S63AMIS50 6 a8t CodYTRALe. g.
about 54 geghh AKliRiadidY 655 UERaRksO/ A tdd P Al REicullde €8MRRRENt S

then supported within a coating chanber containing ingot of ceramc
mat eri al . sNwdcer iaf chhet gomponantuemndn iiss adisievad abtohuedepteosure of

greater t 0 . r.j t I it Al e LN hanmher .with an
oxygen-co%?gfhﬁﬁégﬁg%a'£#§§§§ﬁ%$%%§?§g3%23§%?gﬁEa%égﬁé Egﬁerggdlgnd
vapori zedkwowin aineltdr r artheas sldrnidibt Hahrerieapocodepnsgi timviimg ha surface

of the conggnent to forma Iaxer of the ceégnic mat eri al _on the surface.

Accor di ng P RET nFEREFonSERUGFBFEr r &8 pRRSSurt® witRaRd h&itdat 15§ chanber

is about Gn@&21y9n8 B4Bsfbate @RDEhdhE ca@éi/xﬁlgrhé}%ﬁ{d‘ié&&%%sh%ﬁa%n oxygen
partial pressure of at |least 0.006 nbar (50% . Finally, the ceramc

material 1sagr éPernblyabionorat eevidencedt by othetywk FI5q seabdng -29. 2
grans per mnute fob;6a0;SOWGE { © Grerdd1904)s f; GOT AL.G 1ngdccoLgiyng o

this invention. It is the evaporati on fgie o#geac ceram ¢ Sourcé at is
critical, part ieofl ahrle c@ritiried sewidristddn Fiateomifa al¥SOur eeatings
Surprisinggﬁ, under. t hese conditions the ceram.c coati material .is

deposi t ed "BY G A YR VUsIF REP NS C BIETIRSS | 3P€r 2 et o8I ¥&dher es
to the bosgdeqalof REIUITOIS S Prohe LY, (hBBueevatvs €fah) NBri fore3
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are widely employed in the art for their desirable thermal
and adhesion characteristics. Processes for producing
these coatings with EBPVD techniques generally entail
suspending a component in a coating chamber maintained at
a pressure of 0.005 mbar or less. While greater pressures
have been reported, such as in U.S. Patent Nos. 4,006,268
and 5,716,720, the 0.005 mbar upper pressure limit is
adhered to those skilled in the art when depositing thermal
barrier coatings because of the operational characteristics
of electron beam guns and the baffling chambers. For

example, higher -pressures are avoided because control of

the electron beam is more difficult at pressures above



significantly nore spall resistant than thermal barrier coatings deposited
undei conventional conditions, i.e., |ower chanber pressures, coarser
abrasive grit, |ower oxygen partial pressures and/or |ower 3gyaegsr@ppen
rates than those enployed by the nethod of this invention, wth chanber
pressure appearing to be the nost critical paraneter to the present

i nvention. Al so unexpected is that the coating deposition rate is dependent
on chanber pressure, w th higher pressures correspondi ng to higher
deposition rates and nore efficient usgge of ceramc material, i.e., nore
ceram c deposited on a turbine conponent per unit |length of ingot consuned
(volunme evaporated). Accordingly, the nethod of the present invention not
only inproves the spallation resistance of the resulting THC, but al so

i nproves nuf act yri ng,econoni es. O her objects and advantages of this

i nvent i ong%»ol‘“it @e%gét 8\5’ rapfﬁ’rlé'rgi SR YD RARSTE H AN R depated at

descri pti edatBiHpf st PheBsateshagdawi s ol R&POVe 1aNe a3t her ,
advant ages of this invention will becone nore apparent fromthe osﬁ ow ng
descri pti beeraleal ievednthatt tbe viitle tof the oapanfidgndnawwoydd ibe whi ch:
Figure 1 sche [ e ' of ca rron beam physi cal
vapor dep%g;a}tﬁ?:()e?]i a%%aggtguéu&s?chﬁ?ﬁdﬁ%gﬁ %fcg §%1gggfla3}gr %(ﬁes%l%/ Yt mal
barri er cebbveg GsytSembar.accordance with this invention; 3 Cctober 2002

Figure 2 is a graph jndigatipng a corre]ation between TBC thickness and
coating chamber pr e%l?r‘tgr}hn ﬁggeﬁ%%’ot?‘izv;i%r HBOM it e add I iglre 3 is
a graph i pdicelggta1a ééé@i‘ﬁgCCny’sQiéﬁ' 28 DRl Ot ukBiak RIREHY € On

FCT life in relation to ingot feed (evaporation) rate. Detalled scription
of the | nFERPCHETf pEBSERt 1fivam | ongpingerefidty dior etmprove 4&heet hod

for deposit. ther - | [ 0 nent_.i nt ended for
oper at i ong'&)/lh'?gliia%laJr%1 e%srl%?rfa;dn cﬁag‘r?éac'?tg%%}é% g&‘l%lhbcﬁe {T%qrrlpeer atth rr(-éng‘—’l.r?L Not abl e
exanpl es obnsuci icdmyopEnthermalludea rirfie: hicgta tandyd .ow Arcesimey wyr bithe

nozzl es and blades,. shrouds, .conbustor. |iners and augnentor hardware of gas
LUr bl ne. CHGITES Dovriesd -odend Fa kI8 TofbARH 7 Rt SHGeTe Wedor | bed
Wi th ref eegRe® k0 itiphbhBd BHades taforae dihinme MH Neiuddie drawiings of
this invention are generally applicable to any conmponent in which a thernal

barri er c6aRANGtdad the cosidd be Progduses twid e epvmanitidnadmma tegsitd s

thermal e 'r-qg;ga o 4 LI r £ [ | O h N r 10 of
an el ect r%}X" bedm p %/régcg*‘gv %I(t))rcg %ﬁosjs]iqf* g%ﬁ?géPglbfhc%gt% ?ﬁé’%%ﬁ?}gﬁ}{ IS
shown i n Brgudepbsifiedwn supported within the coating chanber 10 are
turbine blades 12 of a gas turbine engine. Coating chanbers of the type
shown in the Figure are typically capable of being maintained at a vacuum

| evel of glaktiardx ¥ ?th@yyn¢eqm5no.001 nbar) or |ess. A vacuum punp 14 of

a type known in the art is enployed to evacuate the chanmber 10 during the
deposi tion The present invention is a method for producing

a thermal barrier coating system on an article which will
be subjected to a hostile environment that promotes
spallation, as is the case with turbine, combustor and
augmentor components of a gas turbine engine. The thermal
barrier coating system is composed of a metallic bond coat
and a ceramic thermal barrier coating, such as yttria-
stabilized zirconia (¥SZ) having a columnar grain
structure. According to the invention, the bond coat is
prepared and the ceramic subsequently deposited by electron
beam physical w~apor deposition (EBPVD) using process

parameters that significantly improve spallation resistance



3 Cctober 2002 _ g _ process. As is generally conventional, the blades 12
may be formed of a nickel-base,or cobalt-base superalloy. Each bl ade 12
includes an airfoil section against which hot conbustion ga§%§ct@t§e? Q{P%ect ed
during operation of the gas turbine engine, and whose surface 1S % fore
subjected to hostile thermal and chem cal -environnent. For this reason, a
thermal barrier coating systemis adherently fornmed on the surface of the
bl ade 12 to protect its superalloy substrate. As is generally typical in
the art, the coating systemis conposed._of a netallic bond coat over which
a ceramc coating is formed. The bond coal is preferably an

oxi dati on-resistant netal conposition that protects the underlying

superal | oy substrate from oxi dation and enabl es the ceram c coating to nore
t enaci ously adhere to the substrate. Suitable bond coat materials include
di f f usi on &Pdn¥RAYEecBRtaFherRalnceRAECEREVEEYpPAL FhenFakambs Rhekapl

al um ni de Y all oys such as NNCrAl'Y. The thickness for a

di ffusion g?ﬁgﬁfdggggn coat is at |east about 25 microneters, with a

sui t abl e range bei ngThleowe Btod oo 5 thier dmeteattsionA demE =l 1t henkagds range
for MCrAl'Y gond coaté ig abogt 25_to 375 mcroneters. F’gllowi Bg deposition
of the bonACEBARS £1ROBEFRE OF 2 HRUBLHRF Mat? iCOTHPBEREedSHER A8pBRi ti on
of the cerafirEoGaat iagd by hd agkye Bldsthirpt LRE. Hohd NCo@BSkwitd | hn
blasting with 80 nesh or finer alumna particles has been preferred as the
abrasi ve nBBramive vedia havipgnd pavticle fakze ofd apovdudslt ke aheuvth
surface fi Ry requiy ed ary o rallel..c AV r ap) atings.
3ot ober 3098™ Y et “BiCHeRT I & (EpiRE) SE Bl ace

abr asi ve nttaométaspbien ulieepeompdnentouinsl thepr suppertbhd adhdsironaof the
cerami c coatl ng to the.bond cogt. Agarti cle size of about 250 to_about 300
m cr onet er SOPS 1T (AP, FAREAHRERE, r ed 10FAN A SFATMRI RREEPLAL - 54 nesh
(about 275pekt TheieReagi Veomeehus i snwélt £6@blids dienahar 48d 4HESIube
pressure of about 60 psi or nore at a standoff distance of about 7 to about

10 inches PABSFUTE7 f Qremban tham @ehitQ nEbar sisfesrall sshedavithint used
for this PLRRODat A ddber AW ghUT r?—éc?‘xt{ahrn é%é,heal?ggg coat
on o e cC

at an elevated tenperature {0 pronote a ¢’ coating. The
al um na scwhéchothencermicedaterdalaishaeldeakdyandovapori ged owifhCan

devel ops from oxi dati on of the al unm num containing bond coat eitbher through
exposur e tﬁggFg\F&F‘eg’eﬁé}rﬁé‘}% UFRAC ehe n@%ﬁo@???%ﬂ‘%@? hele ePY 8C€oati ng,
or by way ef @nbi 8BmbSABRE ALY Eotheal IBPr SPEAHd carhiibenbhosredifen this
purpose. Finally, the ceramc coating i's deposited by EBPVD under

condi t i onsthRagUREREeUnexpect edl y determ ned to have a significant effect

on the spal | resi StaReeodid i@l RheC ORGURLIYH! VaOhr b HEr £08! bPaslEe ShOWN

in Figure 1 and well known 17 the art, the ceramc coating i's deposited
from a vapwithannmathebycomt inggchadbeapdsi abogtorde 0d2 ooy €0 i hhHtwbAB, Wi t h an

appropriate_nu r el ectron beans fromelectron beamgun 18. A ferred
ceramc cogf‘l&ng%ﬁ’ﬁt éf’?‘xsef’s'cﬂ’&@d‘rﬂlé"g( ng(?f) &ilsti ap yg’&{g?ﬁl I@agﬁgﬁfl i zed
by yttria peesgure3%20%t Pnefaytabbyodee Glea203b0%) houglrivalnyg sthéilized

w th, nmagnesia, ceria, calcia, scandia or other oxides could be used. The
bl ades 12 SE&aPYEF cPabPYyiadbcredPreferably evaporated at a rate of

about 23.5 to about 29.2 grams per minute for each source
(e.g., ingot) of ceramic - according to this invention. It
is the evaporation rate of each ceramic source that is
critical, and not the combined evaporation rate of all
sources. Surprisingly, under these conditions the ceramic
coating material is deposited to form a porous thermal
barrier layer that tenaciously adheres to the bond coat.

Even more surprisingly, the ceramic coating is



3 Cctober 2002 - 10 to a rotatable support 20 of a type known in the art,
and the ingots 16 are located within the chanber 10 such that their upper
ends are adjacent the blades 12. The el ectron beans em tted dptobdz@ogpns 18
are directed toward the upper ends of the ingots 16, which causes the
surfaces of the ingots 16 to nelt and formnolten pools of the ceramc
material. Intense heating of the ceramc material by the el ectron beans
causes nol ecul es of the ceramic material to evaporate, travel upwardly, and
then deposit on the surfaces of the bl ades 12. A heater (not shown) may be
posi ti oned above the blades 12 to provide additional heating as may be
required to supplement the heat provided by the vaporized ceramc material
and the radiation fromthe nolten surface of the ingots 16. In this manner,
t he bl ades, .12 .ar.e _brqught to a sui.tabl e, deposition tenperature of, about
925CtC)a%%épﬁﬁfﬁﬁﬁéhfsTﬁﬁFeﬁﬁ%&k&f%ﬁbﬁ?g?gréﬁﬁqnﬁ£g§m? e R ieky

col umar @oaivimdd ugépoeiten turRicer aBheehdiehaln Mnahe 168s! ongid udi nal
axis of each grain is roughly perpendicular to the surface_of each bl ade
12. I n the9Stor CRpbex VREGEAIERSat APR¥SOr 01PTARFVE ark Hor e koysixal | y
about 0. 0Qxyar ,%X‘P&&Ql be, U3 téﬂh@{]é{]e 1%%'1136&41@0%& P&R C}!a{Pet%‘e
coating process, the reason being that 'higher pressures were known to cause
errati c ofdaa ithosd enpleyettbontiheanegbod ¢8 thdsnikeeritd ol ,eotitdn beans
difficult ntrol. wth the presunption that jnferior coatings uld
result. Hg\t}\j%\'}‘ceb%,r adCSEHHS t oalfr%%mi ent? onl,’ecogﬁ?ngmeﬁ’&nbéﬁ'rsl as that
shown i n Pagametkrartos Oﬂﬁéat;ﬁﬂes’ﬁndﬂﬂh@én@i@ﬁsureﬁé&aﬁnékggbi:éhnmsy yield
a ceramc ?Pating wi th inproved spallation and i npact 3 t ober 2002 - 11
resi st ancé&Nags tR8 | Ceat hRGneeEoshEiepatiate déhierengentt o whagkjamct i on

W th hi ONgrelsdtale, e WRPOR Ak Al Sred hafled Neb - ARULBY it EBC HidY, art-
Furthernore, prior art practice is to performthe“coating process by

fl owi ng oR¢Posiddon nretelse eodt i ngrehambficilént Howaas , <t careiang ¢t 0 this
i nvention |_owi_ng an aqxygen-argon m.xture to achieve an oxygen.parti al
pressure g'gfé):\?%l?(r){%(é.‘%g.', 985G G668 Tbar PR t5Fs 0 B dg:t“érrﬂriﬁnﬁed to
pronot e t bemppalenat | @er esndttandengtht he fr esubbkng coaifiedl Co@idlghe Duri ng
a prelininaéé i nvesti gation Ieadinggto t he present invention, conventional

(basel i nefVeéBmATEPar anePereraerelyval theedieiherd t @f &hwi REEFISr ned of

Rene N5 s el (i C Loy | C = . o OCr,

| SWb, 5. OW e B STQX,EH%. %%?5‘6?%53&*3”0%%%2%%4%?56?é?éggbé’ffance

Ni ). PtA thend namtlding e TBEnedbot t el specimprsvédy phanufiantpiziriang

fol |l oned QE §%%&% phase al um ni zing, and their surfaces prepared with
ei t her 36, 82°0F €80 mesh al uni na abrasive nedia di scharged at pressures of

40, 70 and 60 psi, ©Oeheectobhpdotd abnat advadtadeél odtRid8 iMR&ention
respectively). The different discharge pressures served to achieye a
T er it Br o BppEEsared, Ehe; £ qY e datai st each
of the spge@iptibne speci mens were then coated with YSZ by EBPVD using

the followi ng paraneters: coating tenperature of about 1000C, coating
pressure of about 0.012 nbar, and an ingot feed rate of about 2.1 nm m nute

5100 MOpEAE BeRLR IR Wi, B 0,35 o (4 0 00 evapor s on
of about 49.2 g/ m nThe) aboveé @ntdobehe?08dvantages of this invention
will become more apparent from the following description
taken in conjunction with the accompanying drawings, in
which:
Figure 1 shows a schematic representation of an
electron beém physical vapor deposition apparatus used to
deposit a ceramic layer of a thermal barrier coating system

in accordance with this invention;



- 12 Furnace cycle testing (FCT) was then perforned on the specinens at
2075F (about 1135C) with one-hour cycles, with specinens being renoved from
test once 10% of the coating surface area had spalled. On %Wﬁ&g&ﬁQﬂb@e
speci nens whose bond coats were surface treated with 36 nesh abrasive nedia
exhi bited an average FCT |ife of 493 cycles, while those treated with 54
and BO nesh nedia exhibited FCT |ives of about 593 and 540 cycl es,
respectively. Based on the above promising results, a second investigation
was then pursued to eval uate various-cgating paraneters with test specinens
formed of Inconel 601 superalloy (nom nal conposition in weight percent:
23Cr, 1.4A1, 0.5WMn, 0.05C, 0.25Si, balance Ni), The coating paraneters

i ncl uded preheat tenperatures of about 900C to about 1100C, coating

tenperatures of aboy; C,t 0; abqut C; ot afJ eds of

about 6 to about 60 rlp%?pgnéotlse%d ?%%ég 0 %&{ﬁ% 35t o@%%lg%tzf%?

mm m nut e etiwessac hTBE ttini clgess \airidh doatkher sheaimswuprésdtaremand

(equi val ent to %ne evaporation rate of about_ 15.2 to about 29.2 grans per
t5,

m nut e perFJotteq%hr SV IRMMA P Mgt ev@Pration rate of about 30.3 to

about 58.5 g/ m nute)rigantk cogti NG chamheraph essHaesatingboy OsOdnd 0 about
0. 019S nbar. All specinens were provided wth a diffusion al um ni de bond

coat havi f@rFalftcigresbetieene ¥Pangé Fotadorrossure a@BuFCTs Iiife ohet er s.
The bond tS 4 I a | | um na abrasive nedia
di schar geg%;lta%a{'\%{ gtséshirrie(f%tfe jg%%%)t (%83%\55% g%%ﬂ?%?%l MPa) . Deposition of
the ceram c coating on each 3 Cctober 2002 - 13 specinen was perforned
in tw coating.ch ers simlar to .th shown in Figure 1. The specinens
were pr ehzbgttég]te@ag%ﬁﬁr’é?fo’@?oo bt a]tiriﬁfﬁlafl%‘?ter whi ch the coating
process brought the mpReqrEdnt o fvitGeH 10 JetaeliatyIEsréab & af &y above.
As was expected, the operation of the guns significantly changed over the

range of PFrEESSG font dapasitAng ite thewarlp qaatging WA WY, the
focus ef f el B MRIf Mhee h%ﬁuak?g“bé?e};a}ﬁoﬁOwg%%ﬁm'oﬁ?a%xbﬁeﬁmq&@%fved

t hat hi gh evdporation rates cou al ne Spitting” of the
nol t en cecharaqueatided nbg atighheamperaenctesnf t Netabjet exatplEessiires of

0.015 and 0. 0195 nbar, the, focus changes re ch nmore critical,.with
sl 1§ ocEU AR gL URe P PP BRE RO ARG 4o PRRRRIFaL FORE 3R o i gh
ingot fee@ozales Gad Bladesy BHABUBY! ecBRbuLBEL! 1iREHE VahE&NiudRerdt SOMDI ned
evaporation rate of 58.S g/ m nute when using two intg’ots) requi red shar per

focus adj GhemRze ehddepetuebinpeengingsdre [hdde thsdE &% fPent gas

erupt i ons . pfeed faLes & A1t By ﬁ%ﬁdiﬁ?ééﬁ%ﬂc@%é GhPB 3 g per

ingot) reduced spitting to a leve r the experinment.
resul ts oblR@ea estfi ngaper €erbide orerpine senshe oteesbd ngist hofhetkbove
coating para

ters are sunmmariz f bel ow.i n g_abl |.__Preheat tenperature and
rotational s‘%gietcfso%r grﬁotg?ﬂﬁf%g ¥d 8P éﬁﬂb 9 -gogearflé’r aFPm,EOBFe eanlIl
t enper at unéd bl al tPR@maAd barzdert cvatehbeean vBi hgedotat insalaspeets did
not appear to have any effect on coating results. 3 Cct ober 2002 - 14
component from a hostile thermal environment.
To illustrate the invention, the coating chamber
10 of an electron beam physical vapor deposition (EBPVD)
coating apparatus is shown in Figure 1. Shown supported
within the coating chamber 10 are turbine blades 12 of a
gas turbine engine. Coating chambers of the type shown in
the Figure are typically capable of being maintained at a
vacuum level of about 1x10°® Torr (about 0.001 mbar) or
less. A vacuum pump 14 of a type known in the art is

employed to evacuate the chamber 10 during the deposition



TABLE 1. Chanber Coati ngl ngot Tot al Coati ng Thi cknessPressureTenp. Feed

Rat eFeed Rateper mmingot used(nbar~~(C).lmim- n. )~~~ mn.

) (, um nm) 0. 00095910131. 3230. 92. 920. 00097511122. 0247. 34. 570300488&5D@p42. 2552
. 64. 450. 00787711372. 27S3. 13. 910. 00789810902. 1049. 24. 600. 0142310321. 3331. 14.:
850. 014310991. 3331. 16. 530. 019511382. 28S3. 46. 99 The above results evi denced
that deposition efficiencies (indicated by the anmount of coating deposited
per unit length of ingot consunmed) substantially increased with higher
coating chanmber pressures. Such a resugt-was unexpected, and was the basis
for initiating further investigation into the effects of using deposition
chanber pressures above that conventionally used in the art, e.g., above

0. 005 nbar. Subsequent testing was performed on test specinens formed of

| nconel GQ;ogggsRend N5 superal |l oys. A preheat tenperature of 1100C and a
coating rotational speed of 6 rpmwere enpl oyed throughout this phase of
tests. Test paranetésshauganﬂnﬁihMH@Dmxemii@pabnpehatbiedeef120®ﬁyto

1150C, t es of t 1. 3 1.7 .1 i m nut.e usin |ngots
wi oh ai aneereFafargh R BloRilibade Yo udhdls Bdsd BRI AR 1210 o]
24.6 g/ mi pLhdeper? i mgauudﬁa@r &n caikifedd eyePOichi aaidist OofhadRUhog0. 3

39.8 or 49.2 g/mnute), partial _pressures of 0% to 100% (the bal ance
ar gon), aﬁa"%aﬁlﬁg grefferans Aipeedrdapbug opsratispePiofB2 9385 0. 001

to about Qu%?ngb@ﬁ iAdl Beﬁew%sépeﬂfeﬁegrg}a&rﬂeef@%wﬁé&&d@' k@t i num

al um ni de (PtAl d coat having a th ut 1.37%to 3 mls (about
33 to 76 hpet@ibret ehe;'maih,hané ¢hemi ogbrehvbodnegeei nefer wivis preasoded with a
di f fusion algglnl e bond coat hav a thickness,of a 5 mls

(about 23%t §T5F TR EHEY £7 %) Eodfhfd el I S3aftr oo Sopkfodiui 1

ei ther S54tneshsatfiddacibr ehevelIrid a1di schapgeteat aips essipedaQfiogbout 70
psi (about 0.48 MPs) or 80 mesh alum na abrasjve nmedia discharged at about

60 psi (aBBhetpage - NP%? 1agarRcTRblYi FrRIeMt P dRrABE sdhA FPAINgchi eve

simlar sypbaeR HAUANRSSES40bs!t &XIHECS1 {06 BLLASRREITESPer THRIEREE MENS
were then vacuum heat treated for two hours at about 1950F (about 1066C).

The coat i agrarbdceseaangcodat Eormed.sufhet bandagoagudls parefesfabilygen was
evaporategxaaaggég_eé rigﬁﬁt'm%9%¥n93§ atdng, not%}gngé¥8€g cJifkerence in
e

spitting™ wasS o serve erents par anet ers Ou NG- deposi ti on

of the ceuadeelgdngi sgpespdlbgt sabsteatkt ifign bDdRTdees AnthdsRDb1eaS
observed gkth four specinens, three of which were coated at pressures of

0.001 nbaF8nCeFRMEHURIR GRS c 59t BOEE & TG A B¥Ief aRHPETCabRit TH50C) wi t h

no oxygenghibawi-Agel N bb@tﬁﬁ%eﬁbnéo%a‘ef nﬁa*&%ﬁ%ﬁ%' ri'd&u’%i%e%rf@i“u%l‘é’?{ e
exam ned for coating thickness, while others underwent furnace cycle

testing a@laﬁenﬂdEOPEPqﬁﬂning]ﬂﬂﬁﬁym@#@hlbﬂephéﬁinéVcB@§/°¥héné*@ﬂage
gggz:ggnggmgéggiggn 5%%%%5&§%%q§§§ ace g% %a Phgr ?ﬁ abraS|ve had
an aver agthiokhesg Emnﬂamﬁmffﬂsﬂoﬂ@&gumanedetbandtbea@veBaHt least

about 25 micrometers, with a suitable range being about S50

to 75 micrometers. A typical thickness range for MCrAlY

bond coats is about 25 to 375 micrometers.

Following deposition of the bond coat, the
surface of the bond coat is prepared for deposition of the
ceramic coating by abrasive grit blasting. In the past,
grit blasting with 80 mesh or finer alumina particles has
been preferred as the abrasive medium to clean the bond
coat surface and produce the smooth surface finish required

for narrow, parallel columnar PVD ceramic coatings.



3 Cctober 2002 - 16 average, and those whose bond coats were surface
treated with 80-mesh abrasive had an averagé coating thickness of 2. 7% ess
than the overall average. Since all specinens were exposed 3t @ci ge
coating conditions, these differences in coating thickness translated to
differences in porosity within the coating, which was unexpected but
beneficial to reducing internal coating stress and | owering thernal
conductivity. Coating tenperature and oxygen partial pressure did not
significantly effect coating thicknessg I.n contrast, a marked correlation
was made when conpared on the basis of total coating chanber pressure and
i ngot feed (evaporation) rate. Increased total coating chanber pressure
(from0.001 to 0.015 nbar) increased coating thickness, whil e increased
feed rate 1. r 2to mnute
per i ngot )%{é‘feésﬁ tedQCEB %l}l?m(?epom s|eo%1)ﬁ{r}‘<':3‘1 gg&tﬁErgqﬁ:a rser r‘5?1SgJOt used,
r egar dl essmesdiwhardzerbepsre sanepe clietley riduid (ﬂtstpnmca:rea d”rﬁapraiﬂﬁﬂiﬁm in

Fi gure 2, d evidence an interaction that has a substantial economc

effect of 4 t}E%P%)rﬁF‘bEe§9aFtl§8I Fo §hecibandhiqapt -defoRattoir ks elz&an be
reduced angk d@&%ﬂt@@ ebf i laBbﬁBCB% (e t@r o€ §ABG t3ARS] LAd e unit

of ingot consuned) inproved with higher coating pressures. Vet al T ogr aphi ¢
exani nat i cﬁféeﬁﬁrlt% mﬁqﬂ@mssm\b@mmaabcam Termadlc @mumwshm col umar
m crostru I pect e I E S However,
the parti glm%r stﬁscm#eqn%‘ﬁg qr%al gsgggg]gyrigd g&'@fi‘%gégen onathe

coating prmﬂure Fse? r&bod¢e & pfseatdrenndzféeau:cﬂ LHﬂ’&idem’fald]stdeb e e often
3 Octoberr?gtmqu CI ated w ]rﬁéhcoa |n s deposited at, high total
coating clifHyd Br e%gu ‘tfo 695 Wtsptke? | e 2RAUD Atttfed

col umar gf@iﬁ‘ﬁné@éﬁsﬁ“?%oh‘ |ée|s\{:air£aaﬁ‘%i ORSEF VGQeIiO'Eo§0%H1%95p ited at

hi gher oxy ’%Len partl pressure |level s (100% oxygen fl ow). Cl schedul e
entailed t :| AN Flumiaiat sasde Hourf axgred @rpérhﬂjegortd/eqoaa‘- @ i od of

about thr r%,tg;i 2400 e rom
t est once e céc}aa{(ﬁ/% sur z%e%area a spgﬁgﬁ é?ﬁc}reés%%%f t he

FCT test amattnatgu at eChien @3dbiméndl dHeddw, TBldn | Iref@lnﬁhlereoata@glmgot 02
art FOTLIGRELERPY S380hnT 20 BT ASS; S4.VE2080 Yook M dAeich o © )
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spec1f1cally performed for this purpose.

Finally, the ceramic coating is deposited by
EBPVD under conditions that were unexpectedly determined to
have a significant effect on the spall resistance and
thermal conductivity of the coating. As shown in Figure 1
and well known in the art, the ceramic coating is deposited
from a vapor formed by melting and vaporizing one or more
ingots 16 with an appropriate number electron beams from
electron beam gun 18. A preferred ceramic coating material
is zirconia (2ZrO,) partially or fully stabilized by yttria
(e.g., 3%-20%, preferably 4%-8% Y,0,), though yttria
stabilized with magnesia, ceria, calcia, scandia or other

oxides could be used. The blades 12 are preferably secured



3 Cctober 2002 - 18 The above results evidence a strong correlation

bet ween total coating chanber pressure, evaporation rate, oxygen parti al
pressure and grit media used with FCT life. Wen anal yzed @nOtfobed¥2s of
bond coat surface treatnent, those specinens treated with the 54 nesh nedia
exhi bited an average FCT |ife of 569 cycles, as conpared to 463 cycles for
the 80 nmesh specinens. Elimnating the results obtained at 0.001 nbar
pressure and "0% oxygen conditions evidenced an even nore consi stent
correlation between FCT |life and bond gﬁag surface preparation, yielding
average FCT lives for the 54 and 80 nesh speci nens of 632 and 477 cycl es,
.respectively. Under this analysis, the 54 nmesh grit surface preparation

t echni que exhi bited an approximately 32% FCT |ife inprovenent over the 80

mesh specigens. _Fur nor, wi_th."0%. axygen eci mens el im-nated, .the
aver age Fd[{gl ?‘f goggﬁggggcisﬁgﬁgr 0 ifast & ﬁ%xqos.«ﬁa el - et B andoat ed
at 0.015 nbhe YAgo65016yakes.loaatedmated d @ N cieirae 10 feuah SH3tf or
speci nens coated at 0.001 bar (an inprovenent of about 15%. Finally,

Fi gure 3 sHIRAY tWRPLY rends i 3¢ RFiaceMatthxyfeddeariz al Preseleetred on FCT

life inr I I f en, ) 1

(evapor at %ﬁé¢§%&sf%%é??% ??ﬁﬁgg;%%%e&p%?%%g%&%%%ﬂ% or\gé)?eﬁgd

evapor at i oendat efoft 30, Bngot 4918, gnimit e)austiat théi salkrfacalsysifs vhet he

results verified at_the opst_ i rtant factors determning FCT |ife

(2075, ontBEF &PiSR) FbFe i) GENFBAREAF o rRRLR ol Bt STRpBHEL i on

rate and tmdeércadli ngnebaskeheptanguicf, vMd ftera%i@tnﬁﬁlﬁirfé)pzbﬁr_@ﬁe
i

pressure Q%ing the greatest single factor. Analysis of the FCT ljife data on
the basis PFetHERR bRABFtHISeydRIeHEL 9D bWl FopBES| Brteyrtyl| tPe =
1309. 7 + 30¢30ctRe; 1APZvER) dpBardBy( O ardd3lEnéR) 8840 {R) Ro- 0.
066 (O 2 m%‘?%: "?:CT Iifg" i's Fnaﬁo%g; gé& iltgh%lgt aég%%g%léngoéhat %r
pressure isunbares OR' tihe ibhadesvapor ath dreatede i(Bokn sinotwm) numtay floe each
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heating as may be required to supplement the heat provided
by the vaporized ceramic material and the radiation from
the molten surface of the ingots 16. 1In this manner, the
blades 12 are brought to a suitable deposition temperature
of about 925°C to about 1140°C. A stable blade temperature
promotes the desired columnar grain structure for the
ceramic layer in which the longitudinal axis of each grain
is roughly perpendicular to the surface of each blade 12.

In the prior art, a vacuum of at most 0.010 mbar,
and more typically about 0.005 mbar, would be drawn within
the chamber 10 to perform the coating process, the reason
being that higher pressures were known to cause erratic
operation of the electron beam guns 18 and make the
electron beams difficult to control, with the presumption
that inferior coatings would result. However, according to
this invention, coating chambers such as that shown in
Figure 1 are operated at higher pressures that surprisingly

yield a ceramic coating with improved spallation and impact



Goodness of fit (R2) for this equation was 74% and R2 adj usted was 60%

Thi sanal ysis predicts that, using.a preferred evaporation rate of 6.3S to
7.9 cnB/ m nute per ingot (equivalent to an evaporation rat& Qftobdr@00223. 5
to 29.2 granms/ mnute per ingot, for a conbined evaporation rate of about
47.0 to 58.5 g/ mnute), paraneters for FCT |ife are an oxygen parti al
pressure of about 60% nore precisely about 61.4% and a total coating
chanber pressure of about 0.012 nbar, nore precisely about 0.0117 nbar, and
woul d yield an average (Xbar) FCT lifejpf-about 878 cycles. The effect that
the coating process paraneters of this invention have on coating erosion
and inpact resistance was al so evaluated. In service, thermal barrier
coatings on gas turbine engi ne conponents are required to 3 Cctober 2002
- 20 wt ek datmg r i r ' ' Lzes that
enter themfléi%h%vel oC| %yé gﬁmls{%?%ﬁ?%gﬁ‘fﬁéé%ﬁﬁ?n(tﬁ)%%eégg?iggg%g ur bi ne
engi ne, orirar eopgnecaten upsth ehighart hegeriyi eeapdhet Lesultatefs | upangenent

b ' . 1y fron || ticl i npact 'l ati
Fromar garidt: FEBr ek 8n T {He o BETRECR G nobltr BOERETFel HUUE poFFor mance
of coatingsradt htgh ilsemper il Bsrrl 225@F, cd2826y P¥bduh @3S FEORCAEI €S

(Mach 0.3) was nodified to allow the injection of an alum na powder to
eval uat e E’PEYh R inkadthe esdiagcshambem A8 - potleve¥eni t ACEOER Hpe

particle sigzegififs aBAYen?d onm A0gywaR ytafggfg&e‘ﬂe—ra% dm&%{;ﬁ al ué&ﬁch

erosion and inpact resistance, respeclive I"n speci nens 0 2571
di anet er (=Hvirve. 85 arygesr pattimed preskene MBcved Sdfen(eomt edabott a Pt Al

bond coat fi.ve ml (125 .Vim . thick .EHPVD.t hernal barrier coating. The
speci nmens n(?Oeé’ar SRR :ﬁésa PEE oPC§BoufeE56™ B dHEPngpFﬂ‘Eoéﬁpeﬁ‘?rent.
Erosi on r egpsl BicronesesEacaned oh tkemMBeshlt begnuabemief cenaibgQf erodent
required to break through the thermal barrier coating to the underlying

bond coat. The ther =5 r3 RrLIRINGY wevessioaedond radingt FagthRanber s
nmai nt ai necb,_aés@,gt absg&%&pgg;ssurgox?&ﬁ;gﬁél 0. opgagélpnggz n@ggF th a

feed rate 'of either about 1.7 or m nute per 1ngot (equlva ent to an
evapor at i @aranetefs 20ege 2Nvdlygteduwetpertdstgospeoimansorfisinmedi of

evapor at i ate of 40 or, 49. [mnute). and an oxygen, partial pressure of
ol ther - abdti 4 B P St L R om T e (R 8 ndrefaf

coatings demcefed.aCr, 3L GNopes.3R02 3. oke, 24. 618/ mMenirg pes.isg9p}, or a
conbi ned evaporation rate of 40 or 49.2 %m nute), _.an absol ute pressure of

ei ther 0. 0be°%r  090984Rnal, 04¥d HRIBBRFeNbhr t | BEAYr £ AL LI VAER about

100% or 50§84 pegt i y r o 2L Vi spat 1100C
vere 1. 200 S 036 T MCTOr TRes0 008 A 0 D10 RhaF Sepon et b7

respect i veraporphizeei Agumhnt zéogt i Ags ddyedsl ey fcqe apeepasedii vhth the
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conpared to coal?i ngs deposi conventi1 onal coati pr eSsur es.

Consequentdty, preessuiesbanfi @4i0,cord | agd feir npdi| n respectdned ywi {abodht s

invention are able to provide better thermal .i niul ati oq, f or tPg conponents
0&1 Y). h eren

on whi ch t(hE%/BarQ‘d‘ép ef-48 MPa, respective e di
discharge pressures served to achieve a similar surface

roughness or texture (about 50 to 60 winches Ra) for each
of the specimens. The specimens were then coated with ¥YSZ
by EBPVD using the following parameters: coating
temperature of about 1000°C, coating pressure of about 0.012
mbar, and an ingot feed rate of about 2.1 mm/minute using
two ingots having diameters of about 6.35 cm (yielding an
evaporation rate of about 24.6 grams/minute per ingot, for

a combined evaporation rate of about 49.2 g/minute).



VWil e our invention has been described in ternms of a preferred enbodi nent,
it irs apparent, that other forns could be adopted by one skilled in the
‘art. Accordingly, the scope of our invention is to be |im Bdteherg083 the
foll owi ng cl ai ns. 3 October 2002 23 What is clainmed is: 1. A nethod of
formng a ceramc |layer on a conponent (12), the method - conprising the
steps of: establishing an absolute pressure of at |east 0.014 nbar within a
coating chanmber (10) containing a gas; and evaporating a netal oxide
ceramic material wth an el ectron beammf ocussed on at |east two ingots (16)
of the ceramc material so as to produce a vapor of the ceram c materi al
the vapor travelling upward and then depositing on a surface a conponent
(12) above the ingots (16) within the coating chanber (10) to forma | ayer

of the cepamnadadt ytdk OResbengUr {RE®. was then performed on the
specimens at 2075°F (about 1135°C) with one-hour cycles,
with specimens being removed from test once 10% of the
coating surface area had spalled. On average, the
specimens whose bond coats were surface treated with 36
mesh abrasive media exhibited an average FCT life of 493
cycles, while those treated with 54 and 80 mesh media
exhibited FCT 1lives of about 593 and 540 cycles,
respectively.

Based on the above promising results, a second
investigation was then pursued to evaluate various coating
parameters with test specimens formed of Inconel 601
superalloy (nominal composition in weight percent: 23Cr,
1.4A1, 0.5Mn, 0.05C, 0.258i, balance Ni). The coating
parameters included preheat temperatures of about 900°C to
about 1100°C, coating temperatures of about 1000°C to about
1150°C, component rotational speeds of about 6 to about 60
rpm, ingot feed rates of about 1.3 to about 2.5 mm/minute
for each of two ingots with diameters of about 6.35 cm
(equivalent to an evaporation rate of about 15.2 to about
29.2 grams per minute per ingot, for a combined ingot
evaporation rate of about 30.3 to about 58.5 g/minute), and
coating chamber pressures of about 0.001 to about 0.0185
mbar. All specimens were provided with a diffusion
aluminide bond coat having a thickness in the range of
about 25 to about 75 micrometers. The bond coats were
surface prepared with 80 mesh alumina abrasive media
discharged at a pressure of about 60 psi (about 0.41 MPa).

Deposition of the ceramic coating on each



2. Anethod as recited in claiml, further conprising the step of formng a
bond' coat on the surface of the conponent (12) prior to forming the |ayer
of ceramic material on the surface of the conmponent (12). 3. Odob&t2002 as
recited in claim1, further conprising the step of grit blasting the
surface of the conponent (12) with an abrasive nedia having a particle size
of about 250 to about 300 ~,mand at a pressure of greater than 60 psi. 4.
A nmethod as recited in claim1, wherein the |layer of the ceranmic nateri al

is characterized by a feathery columarzm crostructure. 5. A nmethod as
recited in claim1, wherein the absolute pressure within the coating
chanmber (10) is not higher than 0.020 nbar. 6. A nethod as recited in claim
1, wherein the gas is a mxture of oxygen and an inert gas. 7. A nmethod as

rECitEdifbﬁé@iﬁéé1w&@egékmokhédsq%f%@% o dtha L UmRsts (dilsratoa
tenperature of about 1000 C to about 1400 C as the vapor is deposited
t hereon dutiral shewavdporFiduns st ep. The3sperdmens208r 2o hentrd hod as

ot o, AR By Sy 08T ey it R KARES B Bbede 1€ o
brought the specimens to the coating temperatures
indicated above. As was expected, the operation of the
guns significantly changed over the range of pressures
tested. At the lower pressures (e.g., 0.001 mbar), the
focus effects were more gradual and easier to control, and
it was observed that high evaporation rates could be
maintained without *“spitting” of the molten ceramic pool
formed at the upper end of the ingots. At pressures of
0.015 and 0.0195 mbar, the focus changes were much more
critical, with small focus changes producing significant
changes in evaporation rate. High ingot feed rates (e.g.,
2.5 mm/minute per ingot, gquivalent to a combined
evaporation rate of 58.5 g/minute when using two ingots)
required sharper focus adjustments, and the melt became
more prone to spits and violent gas eruptions. Feed rates
of 2.1 mm/minute per ingot (about 24.6 g/minute per ingot)
reduced spitting to a level acceptable for the experiment.

The results of FCT testing performed on specimens
processed with the above coating parameters are summarized
below in Table 1I. Preheat temperature and rotational
speeds are not indicated in Table I - generally, preheat
temperatures of 1100°C had a positive effect, while
rotational speeds did not appear to have any effect on

coating results.



material. 9. A nmethod as recited in claim1, further including the step of

preheating the siirface of the conponent (12) to a tenperature of about 1100

C prior to depositing the |layer of ceramic material on the 3s0éthb&e00p t he

conponent (12). 10. A nmethod as recited in claim1l, wherein the conponent

(12) is an airfoil. .AA A3. A9. AL. Al {. AL?. As, . ALR A s?. A3& A ?. AR A
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unexpected, and was the basis for initiating further

investigation into the effects of using deposition chamber
pressures above that conventionally used in the art, e.g.,
above 0.005 mbar.

Subsequent testing was performed on test
specimens formed of Inconel 601 and René NS superalloys.
A preheat temperature of 1100°C and a coating rotational
speed of 6 rpm were employed throughout this phase of
tests. Test parameters evaluated were coating temperatures
of 1000 to 1150°C, ingot feed rates of about 1.3, 1.7 or 2.1
mm/minute using two ingots with diameters of about 6.35 cm
(an evaporation rate of about 15.2, 19.9 or 24.6 g/minute
per ingot, for a combined evaporation rate of about 30.3,
39.8 or 49.2 g/minute), partial pressures of 0% to 100%

(the balance argon), and coating chamber pressures of about
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0.001 to about 0.015 mbar. All René NS specimens were
provided with a platinum aluminide (PtAl) bond coat having
a thickness of about 1.3 to 3 mils (about 33 to 76
micrometers), while the Inconel 601 specimens were provided
with a diffusion aluminide bond coat having a thickness of
about 0.9 to 2.5 mils (about 23 to 64 micrometers). The
bond coats were surface prepared with either 54 mesh
alumina abrasive media discharged at a pressure of about 70
psi (about 0.48 MPa) or 80 mesh alumina abrasive media
discharged at about 60 psi (about 0.41 MPa), again the
different pressures serving to achieve similar surface
roughnesses or textures for all specimens. The specimens
were then vacuum heat treated for two hours at about 1950°F
(about 1066°C).

The coating process was controlled such that
an equal mass of ingot was evaporated in each experiment. During coating,
no significant difference in “spitting” was observed at the
different parameters. Following deposition of the ceramic
coating, spallation resulting from process causes was
observed with four specimens, three of which were coated at
pressures of 0.001 mbar and the fourth was coated at a low
temperature (about 950°C) with no oxygen flowing in the
system. Some of the remaining specimens'were examined for
coating thickness, while others underwent furnace cycle
testing at about 2075°F (about 1135°C) with one-hour cycles.

The average coating thickness for all specimens
was about 125 micrometers. Those specimens whose bond
coats were surface treated with 5S4 mesh abrasive had an

average coating thickness of 1.9% greater than the overall
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average, and those whose bond coats were surface treated
with 80 mesh abrasive had an average coating thickness of
2.7% less than the overall average. Since all specimens
were exposed to the same coating conditions, these
differences in coating thickness translated to differences
in porosity within the coating, which was unexpected but
beneficial to reducing internal coating stress and lowering
thermal conductivity. Coating temperature and oxygen
partial pressure did not significantly effect coating
thickness. In contrast, a marked correlation was made when
compared on the basis of total coating chamber pressure and
ingot feed (evaporation) rate. Increased total coating
chamber pressure (from 0.001 to 0.015 mbar) increased
coating thickness, while increased feed rates (frpm 1.3 to
2.1 mm/minute per ingot, or 15.2 to 24.6 g/minute per
ingot) resulted in lower deposition rates per gquantity of
ingot wused, regardless of chamber pressure. These
relationships are represented in Figure 2, and evidence an
interaction that has a substantial economic effect of the
EBPVD process itself. Specifically, deposition times can
be reduced and deposition efficiencies (amount of ceramic
deposited per unit of ingot consumed) improved with higher
coating pressures.

Metallographic examinations of the specimens
showed that all ceramic coatings had columnar
microstructures, as would be expected from the EBPVD
process used. However, the particular structure of the
grains appeared.to be dependent on the coating pressure.

Fern-like or feather-like columnar grains were more often
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associated with coatings deposited at high total coating
chamber pressures (0.015 mbar), while spike-like and
branched columnar grains were more likely to be observed
for coatings deposited at higher oxygen partial pressure
levels (100% oxygen flow).

The FCT schedule entailed the completion of
twenty one-hour cycles per day over a period of about three
months with over 200 specimens. A specimen was removed
from test once 10% of the coating surface area had spalled.

The regults of the FCT test are tabulated in Table II

below.

TABLE II.
Chamber Coating Ingot O, Part. FCT Life
Pressure Temp. Feed Rate Press. 54 Mesh 80 Mesh
—f{mbar) _(°C) = (mm/min.) _ (%) = (cycles)  (cycles)
0.001 1000 1.3 0 225 420
0.001 1000 2.1 0 493 420
0.001 1075 1.7 50 593 487
0.001 1150 1.3 100 480 506
0.001 1150 2.1 100 646 520
0.008 1000 1.7 50 500 493
0.008 1075 1.3 50 753 446
0.008 1075 1.7 0 480 333
0.008 1075 1.7 S0 686 566
0.008 1075 1.7 50 526 420
0.008 1075 1.7 100 486 533
0.008 1075 2.1 50 700 386
0.008 1150 1.7 50 693 573
0.015 1000 1.3 100 660 446
0.015 1000 2.1 100 673 466
0.015 1075 1.7 50 646 440
0.015 1150 1.3 0 433 406
0.015 1150 2.1 0 560 486
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The above results evidence a strong correlation
between total coating chamber pressure, evaporation rate,
oxygen partial pressure and grit media used with FCT life.
When analyzed on the basis of bond coat surface treatment,
those specimens treated with the 54 mesh media exhibited an
average FCT life of 569 cycles, as compared to 463 cycles
for the 80 mesh specimens. Eliminating the results
obtained at 0.001 mbar pressure and “0%” oxygen conditions
evidenced an even more consistent correlation between FCT
life and bond coat surface preparation, yielding average
FCT lives for the 54 and 80 mesh specimens of 632 and 477
cycles, .-respectively. Under this analysis, the 54 mesh
grit surface preparation technique exhibited an
approximately 32% FCT life improvement over the 80 mesh
specimens. Furthermore, with “0%” oxygen specimens
eliminated, the average FCT life for specimens grit blasted
with 54 mesh media and coated at 0.015 mbar was 660 cycles,
as compared to an average life of 573 for specimens coated
at 0.001 bar (an improvement of about 15%). Finally,
Figure 3 shows the strong influence that oxygen partial
pressure had on FCT life in relation to ingot feed rates
between 1.3 and 2.1 mm/minute (evaporation rates of 15.2 to
24.6 g/minute per ingot, for a combined evaporation rate of
30.3 to 49.2 g/minute).

Statistical analysis of the results verified that
the most important factors determining FCT life (2075°F,
one-hour cycleg) were oxygen partial pressure, ingot

evaporation rate and total coating chamber pressure, with
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pressure being the greatest single factor. Analysis of the
FCT life data on the basis of these parameters gave the

following regression:

FCT life =  1309.7 + 30236(P) - 1407(R) + 8.15(0) -
13318 (P) (R) + 484(R)2 - 0.066(0)?

where:
“FCT life” is in hours;
“P” is total coating chamber pressure in mbars;
“R” is ingot evaporation rate is in mm/minute for
each 6.35cm diameter ingot (ceramic source); and
“0" 1is oxygen partial pressure in percent of

total coating chamber pressure.

Goodness of fit (R?) for this equation was 74%,
and R? adjusted was 60%. This analysis predicts that, using
a preferred evaporation rate of 6.35 to 7.9 cm’/minute per
ingot (equivalent to an evaporation rate of about 23.5 to
29.2 grams/minute per ingot, for a combined evaporation
rate of about 47.0 to 58.5 g/minute), parameters for FCT
life are an oxygen partial pressure of about 60%, more
precisely about 61.4%, and a total coating chamber pressure
of about 0.012 mbar, more precisely about 0.0117 mbar, and
would yield an average (Xbar) FCT life of about 878 cycles.

The effect that the coating process parameters of
this invention have on coating erosion and impact
resistance was also evaluated. In service, thermal barrier

coatings on gas turbine engine components are required to
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erosive wear (generally from smaller particles) or impact
spallation from larger particles.

A test developed to measure the relative
performance of coatings at high temperatures (2250°F,
1232°C) and high gas velocities (Mach 0.3) was modified to
allow the injection of an alumina powder to evaluate
erosion and impact resistance. Alumina powders with
average particle sizes of about 50 um and about 560 um were
used to evaluate erosion and impact resistance,
respectively. Pin specimens of 0.25 inch diameter (about
6.35 mm) were formed of René N5 and then coated with a PtAl
bond coat and a five mil (125 wum) thick EBPVD thermal
barrier coating. The specimens were rotated at a rate of
about 500 rpm during the experiment. Erosion resistance
was measured in terms of the number of grams of erodent
required to break through the thermal barrier coating to
the underlying bond coat.

The thermal barrier coatings were processed in
coating chambers maintained at an absolute pressure of
either 0.006 or 0.012 mbar, with a feed rate of either
about 1.7 or 2.1 mm/minute per ingot (equivalent to an
evaporation rate of 20 or 24.6 g/minute per ingot, or a
combined evaporation rate of 40 or 49.2 g/minute), and an
oxygen partial pressure of either about 100% or 50%. Under

erosion conditions, thermal barrier coatings deposited at
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the 0.006 and 0.015 mbar specimens, respectively,

evidencing that coatings deposited at pressures within the

scope of this invention exhibit significantly lower thermal

conductivity as compared to <coatings deposited at

conventional coating pressures. Consequently, thermal

barrier coatings formed in accordance with this invention

are able to provide better thermal insulation for the

components on which they are deposited.

While our invqntion has been described in terms

of a preferred embodiment, it is apparent that other forms

could be adopted by one skilled in the art. Accordingly,

the scope of our invention is to be limited only by the

following claims.
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bond coat on the surface of the component (12) prior to forming the layer of

-ceramic material on the surface of the component (12).

3. A method as recited in claim 1, further comprising the step of grit blasting
the surface of the component (12) with an abrasive media having a patrticle size

of about 250 to about 300 um and at a pressure of greater than 60 psi.

4. A method as recited in claim 1, wherein the layer of the ceramic material is
characterized by a feathery columnar microstructure.

5. A method as recited in claim 1, wherein the absolute pressure within the
coating chamber (10) is not higher than 0.020 mbar.

6. A method as recited in claim 1, wherein the gas is a mixture of oxygen and
an inert gas.
7. A method as recited in claim 1, wherein the surface of the component (12)

is at a temperature of about 1000 °C to about 1400 °C as the vapor is deposited
thereon during the evaporating step.
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8. A method as recited in claim 1, wherein the ceramic material is evaporated

at & rate of about 23.5 to about 29.2 grams/minute per ingot of the ceramic

material.

9. A method as recited in claim 1, further including the step of preheating the
surface of the component (12) to a temperatdre of about 1100 °C prior to
depositing the layer of ceramic material on the surface of the component (12).

10. A method as recited in claim 1, wherein the component (12) is an airfoil.



