; e3ec™ _a”zac6: cTc_nA3 Cctober 2002 METHOD OF FORM NG A THERVAL BARRI ER
COATING SYSTEM This i nvention was made with Governnent support under
Agreenent No. NO0019-92-C-07.49 awarded by the U S. Depart mpgjotgbbr 262 Navy.
The Governnent has certain rights in the invention: Field of tL | nventi on
This invention relates to thermal barrier coatings for conponents exposed

to high tenperatures, such as the hostile thermal environng

turbi ne engine. Mrre particularly, this invention is directWWIﬂMWﬂMﬂﬁlmod
for formng a thermal barrier coating gsystemthat exhibits inproy E
resistance to spalling and | ow thernal conductivity. Background of the

I nvention Hi gher operating tenperatures of gas turbine engines are
continuously sought in order to increase their efficiency. However,

component’s. of HERGCEN e SCRREREE 5 by FIRE t‘é@z%ﬂ#‘éa%kéﬁ%a‘“ e

advances in high tenperature capabilities have been achi eved through the
formul ati on of nickel and cobalt-base superallo¥$ t hough such all oys al one
are often |nadequat@hﬁ?fkﬁ?ﬁ&kﬁ@@n@ﬁ%smﬁééaﬂéé [FOME TSN Ls EUARARE of a

gas turbipgy oSGk Aol NRO0YIY 112 LIS 4ha A0CL A TRAECT, ) COMTIDN
solution Is to t y i nsul ate such conponents in ordef to ninmze thier
service tBﬁpamamane Bdr thei Navy .3 Qtieoltevez®ftiént has certain 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 seérvice témpératures. TFor this

L
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- 2 purpose, thermal barrier coatings (TBCs) fornmed on the exposed
surfaces of high tenperature conponents have found w de use. To be
effective, thermal barrier coatings nust have | ow thermal cam@bsstier 200y, be
capabl e of being strongly adhered to the article, and remain adherent
t hrough many heating and cooling cycles. The latter requirenent is
particul arly demandi ng due to the different coefficients of thernal
expansi on between materials having |l ow thermal conductivity and superall oy
materials used to formturbine engine cpnponents. For this reason, therma
barrier coatings have generally enployed a netallic bond coat deposited on
the surface of a superalloy conponent. A thermal-insulating |layer (the TBC)
is then deposited on the bond coat, which together formwhat is terned a
t hermal barrier coatin slgtﬁnl The nmetal |ic bo t _is typical
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di f fusi on B tHPAFde td _ BAEPE- redR Sane aq‘%ﬁﬁ?) sHeR™ES I\ﬁfl‘Alt¥‘evmere M
is iron, cobsbdednsipfades kSt hivh ChempOPRE@Bet B8mBERRRALAN KA el #Bund
insulating layer ' to the conmponent while also inhibiting OX|§at|on of the
underlyind"%%%e@%ﬁloy. Various ceram c materials have been enpl oyed as the
TBC, particularly zi&gonia .St abiii b gl sia
(MygO) or other oxi defgs %ﬁeset(a%egcﬁ%ll%éu'l a{ﬁh%%ﬁg%i éa)sgrtéréelawé cd%%?l%?rpnﬁg%gd in
the art beéwwsel dhayhexanmalbeanshditiyidgpodiet edpaple afmbeipgapt rbhaly spray
and vapor dgposition tEthi ues, A ngtiHUiﬁngh | | enge of thermal barrier
coat i ngsy StEHET Fls tBedet I it | DR of C X3 AT & eflor BT QUIRY BANYhat i s
| ess susCapid®lfgt anPabdblthg yQlleédher 202 1aBrevharbgiitidrdad ta

thermal cycling. For this purpose, the prior art has proposed various

coating syEmECuldnly davangdngidiiee bohidies ddf feaenti eordfdedenhavifig
enhanced %r{%i Oleﬁ[g%@xcsq_o%s B?Efﬁﬁulnt rﬁécéiﬂf‘?gégf&%@gﬂ 1Y Péh&¥ﬁ

m crocracks segnentation o € ceramc ntation i 8|lcat es
t hat the camavativayeyr drab soglenraldroyrea reiabhslansed bo fomnksuebinet ed
per pendi cuel ar. to the surface of B‘he cggponent and iﬁ achi ?vig with

el ectron BEFHHhy TTHOUAING  depdSit i SHEEBPSBF PechiP§aRel AB2FEIRKown in
the art, addwingd brve egefieahilly hévbDgyadCod Uitaldliat NbehduCEyhe 1S
able to expand with its underlying substrate w thout causi ng damagi ng
stresses o3ilRA t ONs A8 afHERACEs fvi BefUREIAL kPer RATPEPEPE: t eBti ng.

Zir coni a- hagagh iR SAHd 9hye9at(ches Tead iBakthienUkiabbk 1 ¥kl ba- ghabi | i zed
zirconia QQ\Z) coatings having-col umar grain structures and a thickness on
t he order daboott 12%hiictr dmgether aboun oes iachkeroedioy ethernal del y

enpl oyed i e art_far.their desirabl her ad i,on .
character :bs%trltxtc}s?]?Pr%%aéslsé fso”fg%?“c‘)duci ?\Ig‘;ﬁ? he“s%%gg anggé\nat hc%%EVDls
t echni ques ypeinexldlyt ya edi ffbs Sospeaibdmigidec aparentdxidaaicnatesistcantber

mai nt ai ned ,at_a pressure of_ 0. ar. o[, less.. Wile eater_pressures
have been eS8t e§UC ucﬂsayqorrﬁqa.?s%ﬁeen NoS. £ Ubs, Egga_g:‘id %’??2%3:720,

t he 0. 005 nilekelyPR@lidl pIoHbeelsl Fhe h8haghenedft ehehefsusktlihgdlapethe art
when depositing thermal barrier coatings because of the operational

char act er it§t i e orogpesensn iebls gahsoaridhiei bing | prddakirpercf the
exanpl e, hi oi ded because control of the el ectron beam
SR Al

is nore- ressures above
Various ceramic materials have been employed as

the TBC, particularly zirconia (ZrO,) stabilized by yttria
(Yéo3), magnesia (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



3 Cctober 2002 - 4 about 0.005 nbar, with erratic operation being reported
at coating chanber pressures above 0.010 nbar. It has al so been believed
that the life of the gun filanment woul d be reduced or the ggDcEsHetagpNnat ed
if operated in pressures above 0.005 nbar. Though YSZ deposited by EBPVD is
a highly successful coating systemfor protecting turbine engine
conponents, there is an ongoing effort to inprove the spallation resistance
and further reduce the thermal conductivity of thermal barrier coatings.
Accordingly, it would be desirable if thermal barrier coating systens that
exhi bit inproved spallation resistance™and reduced thermal conductivity
coul d be produced with conventional materials by inproving the processes by
whi ch such coating systens are deposited. Sumary of the Invention The
present invention js a method for Eroducing a thermal. barrier coating

system onwgﬁnar‘c-t“}hﬂleé:tiﬁrﬁ P v RerBRlsEhFedngd t §oF HhT IRUERRES onbRAL t hat
pronotes gpalat el f3gl os@de %Elﬂoh‘ér bbfﬂggéfﬁgirﬂégféeé gnd guggrent or

B rBr o -
conponents of a gas turbing ehgine. e thernma coatr hg systemis
conposed ebngidetralbliec émpbasbat candceramiani aydmes nhhvhagr i ethaedd ng,

Accor ai nyPE6 a0 Re FARBAEISn 41 b DORNLE0RE. I-0aERetP ity AP PRttt ¢

subsequenii ¥ rdepagkieed dnd el segimentaeamdnphysf cathgapeerdenesi tiHpek EBPVD)
usi ng process - paraneters that significantly inprove spallation resistance
3 CbtoberSﬂﬁméntasloﬁnangéﬂﬁﬁﬁstﬁ@thépﬁmc§ﬁﬂﬂhﬁnHQMQS/QﬁstQRJQ%ﬁ%ﬁic

thermal DgLehfr HAfddidked Nor TBEARR Ot {1kt daVEBEPRAAJENELE! b GH&! | S
form ng a bond coat on a surface of a conmponent, such as an airfoil, and
t hen gritsurfscengf hehgowdmpoatenti t hand dlsr aachvievedi wibkhviglpatpanticl e

of “or oat PR RaRPYEiEaL Yhpet iRedifion RRERVRY sERRORR n AP BT ng

chanmber clndehniig ithgot agt, cesarilvermd Br iklrridist coaktlingal hieihgi S
i nvention if t hat an a?gol ut e gressure of greater than 0,010 nbar is

est abl i sShEAIWRRFN FRB1B0afFRYSEHERDerSwi BRLGN bRy PRRMt diiithg ige®, after

whi ch t heug@é ATy EnlBbehsefat s WELREG: 2aRguY PRYT LR Thd s Sl &Ctd iy beam
such that_ the vapor deposits on the surface of the conponent to forma

| ayer of t¢Rdceeaspalhatbeialadrevhdengedaly. thermal cyclic testing.
Zirconia-based thermal barrier coatings, and

particularly yttria-stabilized =zirconia (YSZ) coatings
having columnar grain structures and a thickness on the
order of about 125 micrometers (about 0.005 inch) or more
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



According to the invention, a preferred pressure within the coating chanber
is about 0.012 to 0.015 nmbar, and the - oxygen-contai ning gas has an oxygen
partial pressure of at |east 0.006 nmbar (50% . Finally, the3¢RisHs 2002
material is preferably evaporated at a rate of about 23.i to about 29:2
grans per mnute for each source (e.g., ingot) of ceramc - according to
this invention. It is the evaporation rate of each ceram c source that is
critical, and not the conbined evaporation rate of all sources.
Surprisingly, under these conditions the ceramc coating naterial is
deposited to forma porous thermal barrier |ayer that tenaciously adheres
to the bond coat. Even nore surprisingly, the ceramc coating is 3
Cctober 2002 g significantly nore spall resistant than thermal barrier
coati ngs ggposited un%;gﬁconuentional conditions, i.e., |ower chanber

pr essur es 2PO8r Ser® Oan MEETve Wit ST RS RBYERE bart Paingr 5eBarEgdaad/ or
| ower oV AR ElRSet NBRekBATe LIS Dy b NERERLNOG O 4T 8 50

i nvention, with Tha ssure appearing to be the nost critica

par anmet er been Hee bieeedt thavethieod i §8 sof uhbrpguneilandrt widneldobhei ng
deposition _rate is depgndent on chanber pressure, w.th hjgher pressures
correspondt §9ﬁérﬁ5h ed@&&n%?Qﬁ??h?%%g%na%m&HEHﬁR%Qﬂ tPLSRBr 6P
ceram c mabetiealo,, 00s.mbd®re ceram c deposited on a turbine conponent per
unit length of ingot consumed (volune evaporated). Accordingly, the nethod
of the present invemtiehotYShi eppsbhed (P sBBPVBti 4% rasiBighi¥ of the

resul ti ngghBeeddthuid! 88at MREOR AT VERH Y5t e EELAGMLeR b iR ingPhect s and
advant ages ofethis inve%tio% w1 be betté% appr ecl tegﬁ?¥éﬁ%t%%§?%§lomﬁng
det ai | ed gemponeriten. Bhere Descr@rmpt pogodhngt hef Dpati Mys Thiprewevethed ot her

advant age ;5.1 nyent.i 1| o] ap. nt fromthe follow ng
descripti %ﬁgﬁéggﬁ%lnn \é%n%jllfnc%tn:%fn Vé}ﬁ‘c} Pﬁ%@:%%npgﬁéﬁﬁé d'f’%ﬁ\,i n‘lg}é?np‘?iiMi ch:
Figure 1 sbndacaivdhenmefi cheepndsézhmtiean afataingd ectAefobdamy Py sical
vapor depositi.op apparat used to deposit a ceramc, |layer of a therma
barri er cﬂﬁ?ﬁﬂgg§y5F§ﬁFPEi§c& r gﬁﬁ?%iib??qﬁ%Fi?R@ﬁ&?QwﬁYSt%W%x?B%Er 2002
exhibit improved spallation resistance and reduced thermal
conductivity could be produced with conventional materials
by improving the pfocesses by which such coating sgystems

are deposited.

Summary of the Invention

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
stfucture. According to the invention, the bond coat is
prepared and the ceramic subsequently deposited by electron
beam physical w~apor deposition (EBPVD) wusing process

parameters that significantly improve spallation resistance



Figure 2 is a graph indicating a correlation between THC thi ckness and
coating chanber pressure and ingot feed (evaporation) rate, and Figure 3 is
a graph indicating a strong correl ati on between %92 of total n
FCT Iife in relation to ingot feed (evaporation) rate. Detaf%g%ﬁﬁggggpgtion
of the Invention The present invention is-generally directed to a nethod
for depositing a thermal barrier coating on a netal conponent intended for
operation within an environnent characterized by high tenperatures. Notable
exanpl es of such conponents include the.high and | ow pressure turbine
nozzl es and bl ades, shrouds, conbustor Finers and augnentor hardware of gas
turbi ne engi nes. Wile the advantages of this invention wll be described
with reference to turbine blades of gas turbine engines, the teachings of
this inventiqgn are %enerally apqlicable t.o any conponent in which a therna
barrier co@fPngegrfenihgsshergaly songductiyd tyopfokdst ceramis riwrmad
thermal enybr-o3@RNcoalq d.lustrate the invention, the coating chanber |0 of
an el ectron beam physi cal™ vapor deposition (EBPVD) coating apparatus is
shown in Figure 1. SHiwen metphodt of wihis ninventicrn i ggnebabhber ehl adrlss

t ur bi bl .12 of t i khe. ti ch f the t
shown 1 1 BEERiDE, &' bPud GanEL )8 EREEREe oFF bR et et AR b uum
| evel of aldiifoil]0' andorhdrmbautit0.PlHstiey) the |masd Aow@cumitipuh 14 of

a type known in the art is eqRoned to, evacuate the chanber 10 during the
deposi t i on@Praséveopefiaohaving a pagkicle 2iz¢ Ofydhauy 1250 &K &hAUnal

the bl ades;3g, ey ey [OrdBshef 52 ReSKS! o i0Ta (PR IuHESEE SURRLRILOY.

Each bl ade 12 includes an airfoil section against” which hot cdnbustion
gases are thasct&d gating Bher somponentt his ghbenushipporsegl reithin whose
surface is refore subjec hostil e t hermal . and_ chem envi,ronnent .
For this rgéggﬁsgaéﬁﬁﬁhégé%§8F%2P1§§atindqgﬁﬁeﬁﬁi Eﬁﬂb?eﬁ%kﬁngéﬁed on
t he sulr}‘acnog_t: tllae_ibliaﬁa: 1ot othist efhvensisnperal ltdpacsubst (r]I abfeolAS,ei sI .
generally typical in _the art, the coating systemis conppsed of a netallic
bond coat B%gFSHﬁFCHFa9ﬁ§%£ﬁ¥: i%go}g F%?ﬁgﬂ? ?ﬂ%agghﬂhEGaFiFgln

pref erabl ye g8 @UaA3lPL el&fbEE AW LBt | 1ddiih il¥alg RS SChEcihe
underlying superall oy substrate from oxidation and enabl'es”the ceramc
coating t owhbeb thaacevawi¢ makerdaloishmedtidt padevaporigpfewhshd adoat
materials j di f.fusi | a0 i C FégLn' j r net [ i,num
and/ or nicﬁgﬁbggﬁgikfggﬁp agggg&ggd )i aI?gggég%%ﬁggsékfC%XFtaefhe

t hi ckness é&frthe dcdhpsnhent atanfotwea bbagex oaff tile aerhedst mabeutia2son

m croneters, mﬁthfa sui t abl e range being about 50 to 75 m croneters. A
typical thtRRnBYLEASRge for MIAlY bond coats is about 25 to 375

mcroneters. Fol | ow pgceedasigt tontde iheehendn¢oat prébersedf peeselirehe bond
coat is prepared for deposition of the ceramc coatlnquy abrasive grit
f

f
bl asting. YHthAB S&e copting| gbamhgrwien adputedh 092 5e? - & BinfRar:
particles b p e i r asleve haRdi U t Ox¢hEAN Hhethkgnd coat
surface an%ﬁaprgggcea?%géghgggﬁaéﬁﬁ ce%?Fnish requireﬁf?or ngrromg
paral | el cpresmareP\df catanileasgat Pngeé mbar (S0%).  Finally, the
ceramic material is preferably 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 _ g _ However, according to this invention, a coarser

abr asi ve fredi um-has been unexpectedly found to pronote the adhesion of the
ceram ¢ coating to the bond coat. A particle size of about 2pRidur2bgrt 300
m cronmeters is suitable, with a preferred particle size being about 54 nesh
(about 275m . The abrasive nediumis preferably di scharged under a pressure
of about 60 psi or nore at a standoff distance of about 7 to about 10

i nches (about 17.5 to about 25.4 centineters) froma standard unit used for
this purpose. Thereafter, an alumna scale is fornmed on the bond coat at an
el evated tenperature to pronote adhesi on of the ceramic coating. The

alum na scale, often referred to as a thermally grown oxide or TGO

devel ops from oxi dati on of the alum num containing bond coat either through
exposure to el evated tenperatures  during deposition of the ceram ¢ coating,

or by way 9% RPN tehpBrReurgPIt batpsietapdci $h2R) Ehegdalor RREXL8E this
pur pose. M il t I @ L. NG ékﬁ} i fed R nder

condi ti onslé| t altd@vsergegﬁgiggge ﬁ?éide%ecirﬁl’ ne Q?[ﬁ%at a\?ghggsléilg\;%#i cgh?'éf f ect
on the spdidweresichinmbes apdessemes, cooduservi abragiviee guati nglowershown
in Figure 1 and well known in the art, .the ramc coatingfis degosited
froma vapdr o R by IRE?ﬁfQﬁﬁFvSB&/Pitﬁ;%ﬁ% 8§V 2RSFE YN 3bt 5285%wi th an
appr opr i at@apurdiise| @ah I SpedeBys theomethert o thgam guredBion, phetrr red
ceramic coating material is zirconia (Zi02) %grtlally or fully stabilized
by yttri acgé."‘b&.r, THEHTDr FRPEBT I % 8% YPE3) thenolpstyt t FFatieabi| i zed
W th, Mgpesiatetes! i fo EALCiBresaAdiAvRhtIbRET 0Xi48S wRIMgb G ised. ' The
bl ades 12 are preferably secured 3 Cctober 2002 - 10 to a rotatable
support 26het Fhepeokhitng deposdtdon matethe dapendens are ¢hawbed within

t he chanb ch ei,r__upper are jacent. the bl ades, 12. The
el ectron ggg#guz%’tt‘se{(;a[ﬁyt}g‘r?ehegrun§$?§sgrgésdﬁoec€ée%?rg%é€ tt%eaﬁb%}é?rends of
t he ingot deposiwiicsh catzes thd smokaceaffficibati ngehgelbofo adetambad form
nol ten pool sF%éaéhe geramc nmaterial. Intense he,aticfg of the ceramc

material B§L lrectir&i heSIRF ¢ a REFEMS e ARRAS Hred hePRer@ni EUFRRIR®I al to
evapor at ecotpdn@htupyeid! Yoniand iRt erasi ti b NesiddRe®s pholdige bl ades
12. A heater (not shown) may be positioned above the blades 12 to provide
addi t i onaPvAParRS§dds mayAbeorddnoiyd t sheuppeehedt efe Heat Pressemled by

t he vapori ram |,als e (-1 ; sug face of
the i ngotgﬁ?g.n‘éﬁr?%t r{?%@an%ﬁ%gr ,m@%g)v%l%ad%gg1%%?251%?%55%%#0@% éat rgél}; tabl e
deposi ti ohheenpematliringf @BOUt ®2EC tal sboutimpid®E€s A rstrabf acthnieg
tenperature pronotes the desired columar grain structure for the ceramc

|l ayer in ﬁ/ﬁ?gﬁ fi€1 ongi tudi nal axis of each grain is roughly perpendicul ar
to the surface of eathel jdZts | Anlhaad¥fdriyagdd , off thdsuniofent i oSt

0. 010 nbar, .and nore typically about 0.005 nbar, vvoﬁld be drcl?vvn y\iﬁt%n n the
chanber 1¥ild 81 bekhtate 8BREPRI2EPECEEOMt fdrer eEQLAOKEPHY TRER L HYher
pressuresquBEeipBeWR .t 0 cause erratic operation of the electron beam guns
18 and make the electron beans difficult to control, with the presunption
that inferior coatings would result. However, according to this invention,
coating chawher hat in,Flgure 1 are operated at higher
pressur esg?gg? ?S%%%???ﬁ*g"l%y%yf. zﬁm%m?%%f%td C coating with inproved

spal l ati on and i npaChe above and other advantages 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;



3 October 2002 - 11 resistance, as well as pronote the coating deposition
rate in conjunction wth higher ingot evaporation rates than that achieved
in the'prior art. Furthernore, prior art practice is to perg@Ride9o69ati ng
process by flow ng oxygen gas into the coating chanber 10. wever,
according to this invention, flow ng an oxygen-argon m xture to achieve an
oxygen partial pressure above 50% (e. g., about 0.006 nbar) has al so been
determ ned to pronote the spallation resistance of the resulting ceramc
coating. During a prelimnary investigation |eading to the present

i nvention, conventional (baseline) coating paraneters were evaluated with
test specinens formed of Rend N5 superall oy (nom nal conposition in weight
percent: 7.5Co, 7.0Cr, |.SMo, 5.0W 3.0Re, 6.5Ta, 6.2A1, 0.15Hf, 0.05C

0. 004H, 0.01Y, bala L) . n ts. ed, o h cinmens by
pl ati num pl ati ng fol %%\%I\%Ig byf\[/g%o?aop%gs %al her%g%ﬁ?%{:gégeaand%tohré%rlsa%ﬁ'rofnaces
prepar ed bieittwessrt h@BC36thbéknes80 aredhcalattinga ehadbeye pibsk sute Selial ged at

pressures ,of 40,_ 70 a{}g 60 Esi, respectively (about 0.28, 0.41 and 0. 48
MPs, respedgfelffed THEVPPFREEAR! dF &ERar 889%r essures served to achi eve a

simlar surface roughngsse or 3t extdir & (ageHpho0 it iAo iGidchgs Balroey each
of the specinens. The sSpeci nens were thén coated with YSZ by EBPVD Usi ng
t he fol | ofoAFPataen cbetwesnt iy dnpotalir pressupsuon 0OTL, 1éeat iimg

pressure %1%%5}1%0%%@%?3@‘%‘Paéﬁgﬁﬁiéﬁggr gee of about 2.1 mmim nute

usi ng two i ngots having ers e('yi el ding an evaporation
rata of about 24.6 grans/m nute per ingot, for a conbi ned evaporation rate

of about 49.2 .gq/mnute).., 3 Cctober 2002 - 12 Furnace cycle testing (FCT)
was then Stt\a&aﬁgd FPSHR bnshet IB¥98ELPbout 1135C) with one- hour

cycles, with speci mese hgtddbdteMkachd 16N { £de el 10 %80k ehedc @at iang
surface area had spalled. On average, the specinens ose bond coats were

surface tmekhed kerh dsparddH nebraadiharmakikaexiebi ¢eat tRgaver ageetet |ife
of 493 Cyegﬁgongg{é:' eihlﬂgg@etdr ef_%ﬁd daofoR NG 4G 11BS nmgh@i%BthEed FCT
olt an

lives of a cycles, respectively. Based on the above
prom si ngchesalcts rizestcoyd highe dtematrarunes. t hdotplrlsueexawpbeal odt e

vari ous coatin araneters,wth,te speci nens, f.ormed of | ncopel, 601
Soper al | gOERo HNHOTR S TF BHOP nEhe; RO, @t oY SHEs ooy Ee fOrhIng,
0. 05C, 0. Ab%zlebahadc®lbdes, Teareodsi ngopdluareielinefel nadd apghdagbr

tenperatures of about 900C to about 1100C, coat,ing tenperatures of about
1000C t o BREAWArFsRE IR/FPEHERENROFRILERE- spREdSE dthardvaBtegednsht 60

rpm | ngOknigedniahed bl yilaUibel dbd Aty AP FEESEAULE EOT cBRABnGT (WO

ingots with dianmeters of about 6.35 cm (equivalent to an evaporation rate
of about hkbadeso @fougag9.tuybine mngineste the tegehings fLcokbimed

0o o SBRUBEL 8o oL P, Skl S SBo” AP Mlondnd S6° g
provi ded whibhaadthewsadnbalruiieni deabdnd ceat bhaused tot hnekdese thet he
enge o, aRHkaZac SRl LR ALy g Baldggats vere suface
about 60 psi (about 1@ 4h1M2radéeRas tirferfidihe €196 addb&t €At thgmbareach
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



3 Cctober 2002 - - 13 specinmen was performed in two coating chanbers
simlar to that shown in Figure 1. The speci mens were preheated to about
900C tb about 1100C, after which the coating process brought3 O&gb&2HoRMENS
to the coating tenperatures indicated above. As was expected, the operation -
of the guns significantly changed over the range of pressures tested. At
the | ower pressures (e.g,, 0.001 nbar), the focus effects were nore gradual
and easier to control, and it was observed that high evaporation rates
could be maintained without "spitting' sf-the nolten ceram c pool forned at
t he upper end of the ingots. At pressures of 0.015 and 0.0195 nbar, the
focus changes were nmuch nore critical, with small focus changes prodUC|ng
significant changes in evaporation rate. H gh ingot feed rates (e. g., 2.5
m m nut e cdg¥ot, equivalent to a combined evaporation rate of 58.5

g/ m nute when using two ingots) required sharper focus adjustnents, and the
melt became nore prdh% i® geheradhy mqmwantqgnakwtheohbadéaedzrmaqs of

2. 1 i 9t @l BOOL (A0 B4 hMLANLA DRG0, LadUGed SRLLIEND Lo

a |l evel accepta e experlnent r f or med

on speci melader omzssmb]mdé\st e adbb¥Eofbatdanry At aaghehStar»aammb'tzed
below in Table |. Preheat tenperature and rotational speeds are not

i ndi cat ed®P ion gagRerhr| FlrprércadudieoRerdslof 2fobhengasa

positive @txfrg‘ihe \e_/agllaer Oladld QARseSReRdR qsn%e%@rf%% sapakecanyqef fect
on coatlng resul 3 Cctober 2002 - 14
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Chanber Co Eﬁgﬂﬁg@hﬁ@ﬁ&ﬂC@@@|ﬂ@eﬂmcéﬁnéggﬂﬂﬁgﬁﬁméTenﬁoﬂeéblﬁareﬁsed Rat eper
m | ngot Hs%ﬂeﬁﬁﬁf(ég Qer)é§y€gﬂb Q§SHQEWHLOA%%S¥%£t1Y formed on

the surface of the blade 12 to protect its superalloy
substrate. As is generally typical in the art, the coating
system is composed of a metallic bond coat over which a
ceramic coating is formed. The bond coat is preferably an
oxidation-resistant metal composition that protects the
underlying superalloy substrate from oxidation and enables
the ceramic coating to more tenaciously adhere to the
substrate. Suitable bond coat materials include diffusion
aluminide containing intermetallic platinum and/or nickel
aluminide phases, and MCraAlY alloys such as NiCrAlY. The
thickness for a diffusion aluminide bond coat is at least
about 25 micfometers, with a suitable range being about SO
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.



10131. 3230. 9,
2.920. 00097511122. 0247. 34. 570. 00781510542. 2552. 64. 450. 00787711372. 2753. 13. 9
10. 0078981 0902. 1049. 24. 600. 0142310321. 3331. 14. 850. 0143109913 3%3dbet 60630. 019
511382. 2853. 46. 99 The above results evidenced that deposition, efficiencies
(indicated by the anmount of coating deposited per unit |ength of ingot
consunedy substantially increased with higher coating chanber pressures.
Such a result 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 perfornmed on test specinens fornmed of Inconel 601 and Rend N5
superal | oys. A preheat tenperature of 1100C and a coating rotational 'speed
of 6 rpm | o rs t LS. . t est [ rs
evaluatedwﬁg§%§%gét¥§gO%gH%1rg?ﬂr%éb%f}ggggﬁﬁgkil (é%?%éE% ngggﬁgges of
about 1. 3 mddimmorh&s Ibewn nimertme erssdiy t fiound god Sprohdtdi ahet adkestoabout

6.35 cm (an. evaporation rate qof about 15.2, 19.9 or 24.6 g/ m pute per
oot o R RS gn S BRLANg S oA R AN foath, 3 A ARt arlgoesRe

g/ m nute) ofasibodt PEESEL @bodt AUl tikihdddra biad afiete & DON) wiBRdacCoat i ng
chanber pressures of about 3 COctober 2002 - 15 0.001 to about 0.015

gbaa. A1l mm%mﬁw vierze feindgetbait 54 peshi haheut uR7Bikae . (Pt Al)
i ' . . ' 3 76
ond coat r’fg??é,/' V\%ﬁa%é{\h& ’h?écfn.g‘} g 2ug)r13fixla%l§r ”h&%ciaﬁ?%%tgd \%nth%ra a

m cronet e e I'ncon peCi MENS “wer € prov

di f f usi on pptessurae balsbuwtoa80 lpsd rgr andie ckines sstodnddbfit dDsOahoe205 ml s

(about 23 to 64 microneters). The baond coats were_surface prepared with

ei ther 54 Y aﬁ]un’fﬂa attﬁﬁ‘ét)sl V}g rfe‘b‘?ﬂ'_ée%li s@&f’é’r‘“bted(fgtga U e?@@r"@_,o?saﬁout 70
psi  (aboutceht4ndBsys pr £80mas Etalndda ahiasusedmrdra whisshpnggdsat about
60 psi (about 0.41 MPs), again the different pressures serving to achieve

simlar sfirekRe®itQIghids Smng Sgakesi§ orormad rcihenRondheoapedt nens
vere then yaciupAead ééng?ézeaq:l{x%r Aﬁd"ﬁ:%@e aédﬁé)é’i’é? 1950En & 38045 1066C)
ontrolled such t f

The coating process was at an equal mass of Tngot was
evapor at e¢dat igegh exflvei rehumibar i sgateat i oftemo wEfiprifedanto diakf eaence in

spitting" S O rved at the differ paranmeters.._Fol | ow deposition of
t he cer amt?ﬁcrdnaa{qisler?@,g’éo‘ffgl Pé‘tlldgn Yes fn eVESﬁPSr 55@3‘5 ocﬁhéslée}%l%ésogbser ved
W th four theedlItmisnuh heert &iniid Chonar ecataledd tlr MRSSuHeSeRboSubO®l nbar
and the fourth was coated at a | ow tenperature (about 950C) wi th np oxygen

f1owing i F% It SsAten CeBReTBFUERR ARFAPH F§ PN Tt eX&RFHRD f or
coat i ng t@o@w}%dwl Pt hedp Wderyent; dnr neshp &yt @rd st agt @én@bout

2075F (about 113 W t h ‘one-hour cycles. The average coating thickness fox
all speci #P¢s ifdsadbantPariomed ofe cf3is TRWERO8eci nens whose bond coats

S S et b STheb O RS BBERLLS ot Al 24 288p605LLR0 LI chness
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 (2r0,) 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 - 16 average, and those whose bond coats were surface
treated with 80 .-nesh abrasive had an average coating thickness of 2.7% 1| ess
than the overall average. Since all speci nens were exposed B8@ddter 2002
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 thickness,qln contrast, a narked correlation
was made when conpared on the basis of total coating chanber pressure and
ingot feed (evaporation) rate. Increased total coating chanber pressure
(fromO0.001 to 0.015 nbar) increased coating thickness, while increased

feed rates_(from 1. 2.1 mminminute per ingot, or 15.2 to 24.6 g/ m nute
per i ngot)t(gegurf’ B%P&?(ilemﬁé‘rpg?églog%{i ?a’i_@ge p’%‘f‘o‘&ﬁahfli FbeoPrFmggtndpsed,
regardl esscioé £H9BABAT 187 QIVUNS LS Qi th & | S NeRSmBé S 1EPEESANERA L N
Figure 2, and evidence an interaction that has a substantial economc

ef fect of theirHmpeprerdssaresadiacepecthechlagesdiposi Thenelegtsonan be
reduced a 054 4 ficlenci t ] osite [.unit
of i ngot (r:tgenéslﬁ%e {'%t?r%?gév%d&\l}mgtﬁhﬁ;égggpggga??%aggéggééygga E)é\%‘agpggf aphi c
exam nat i casdsf ofhelspetngets dlsowadhildiat caldeseths eauxdatdargsofhadheol umar

m crostructures s woul d expected fromthe EBPVD process used. However,
the parti c%ﬂ%?tgtiﬁct‘if? emSR%t hae&grg?ﬁ@ PO pEEd gt dERE Bt he

coating prgsseFfal Fer Inkek@eOhdRArREIcf 1tife COdrEMBE @APePAFaYChe FREe Of ten
3 Cctober 2002 - 17 associated with coati ngs deposited at high total

coati ng clRlfRreR Leamesciwsen edefyleanef cthpi reranke matebiaiched

col umar i e ke ob ve r LBOgs posited at
hi gher ox%\gél paér(\%'al n%%ggé%reh%gg%gﬁg?( 10%%%95%% fﬁ%&k%gg‘heggﬂéééhedul e
ent ai | ed tsherCorgs ebiforched blwedéy dBe- hAurhegcérs (pet ddhowmlermay pbei od of

aDout " Sl e UBSYE! G00, SHEIETS, MeposLIEt RS GBSl O
FCT test MHemtiatlylaad aghy bd addQuitedetdveugpBbhent . the heat provided
by the vaporized ceramic material and the radiation from
the molten surface of the ingots 16. In 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
opération 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
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3 Cctober 2002 - 18 The above resul tsigviidence a strong correlation

bet ween total coating chanber pressure, evaporation rate, oxygen parti al
pressure and grit nmedia used with FCT |life. Wen anal yzed on the basis of
bond coat surface treatnent, those specinens treated with the 54 nesh nedia

exhi bi ted aMel F e I a | es for
t he 80 neslf\ééspeci@n%ﬁ's.gEldilén]iﬁaﬁ gt %‘ygegﬁ tgégg?ggngggg%qééggl%ﬁaer
pressure dml 08y uorggen ceittht hdgheevideyoedexaperat i ergaoasi shamt

correl ati etween F l.i fe and _bond coat surfa reparation, vyielding
aver age _F%E%‘a}bﬁ Vggﬁf.gye hems4tlé?ld_p§6°ﬁe§¥ 'peciFt"r’Erc‘é‘_eg:lm aRBLa77 8&fcl es,
.respecti yactidslend hts e Sk, the 4a0BR Jprbcsssl ane preRanati on
techni que exhi bited an approximtely 32% FCT |ife i nprovenent over the 80

nmesh speciHBIEEn Mas HéYsrordie \Wodk ingychamagan 19pec Howeyeal i miceerednat he
average FGER |1 f O is pENS LLshlast ed w Y j d,coat ed
at 0.015 %-b[)ar lt\i/?gg 6%8§§§g ggl,' agi%%%r{)lgr eé tcéﬂﬁir#barggar%%rvl imﬁgétgﬁxa%7§%f or
speci mens acdEiteste aan (o®Pdehapatanailnpreseaver afoweboti0t 1689 g. Fi abbly,

Figure 3 gh t he stirong i nfl.uence that .oxygen partial pressure had on FCT
life in réel'ation c?ﬁ:)ng(ﬁ%‘% e8d 5Pat BEPet \%?&%%Tl?e%dt?. 1B?ff?f“f?itﬁut Ege
(evapor at ispia Iaiteiorfrddi 2 dnc@dof ghai pebalpehgl Beghmikoccataeipi ned

evaporation rate of 30.3 to 49.2 g/mnute). Statistical analysis of the
results verified thdUEHg foRrSlifomeant inyassigatdosy deddigiorce thee

(2075F, OBgeddif CUGHAMIBHE ON&EReRRlbhal prgﬁéyéﬂnwgotcsxeea@atiOn
rate and total coating chanber pressure, wth Oct ober 2002 - 19

pressure pamagetiersyrearestevilufted avibh. taatl yspecoimense frgmed f efdat a on
1802 8l NS BRUATSLD BT A] A SRR pBEE b 5
(O 2 7.5Co, 7.0Cr, 1.5Mo, 5.0W, 3.0Re, 6.5Ta, 6.2Al1, O0.15Hf,
0.05C, 0.004B, 0.01Y, balance Ni}. PtAl bond coats were
formed on the specimens by platinum plating followed by
vapor phase aluminizing, and their surfaces prepared with
either 36, 54 or 80 mesh alumina abrasive media discharged
at pressures of 40, 70 and 60 psi, respectively (about
0.28, 0.41 and 0.48 MPa, respectively). The different
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).



where: "FCT life" is in hours; "P" is total coating chanber pressure in
nbars; "R' is ingot evaporation rate is in mimnute for each 6. 35cm

di amet'er ingot (ceranic source); and "O' is oxygen partial pQeicherd00
percent of total coating chanber pressure. Goodness of fit (R2) for this
equation was 74% and R2 adjusted was 60% This analysis predicts that,
using a preferred evaporation rate of 6.35 to 7.9 cnB/ m nute per ingot
(equival ent to an evaporation rate of about 23.5 to 29.2 grans/ m nute per
ingot, for a conbi ned evaporation rateldf -about 47.0 to 58.5 g/ m nute),
paraneters for FCT |life are an oxygen partial pressure of about 60% nore
preci sely about 61.4% and a total coating chanber pressure of about 0.012
nbar, nore precisely about 0.0117 nbar, and would yield an average (Xbar)
FCT life slurdhaidl &{Rlecyeketinghe (pEtectyddathbhe §82EbPHeA MESEhe
parameters of this invention have on coating erosion and inpact resistance
was al so ePgliments fh 478 ¢k, (abeutml 1BACE) ewisbatongrshewr gaycleshi ne

engi ne co en Iy W t t - inhstand, danage
fromi rrpag;?%gly %é?glg\ae%%i ::&Féegg%f %\?e?ro%e% g?(grés%t%%ét ehrer Wtohse c%n ggh§el ocity
gas streanctlitrimggh dineface | arabe hhda gpslledbi ne engi aeeragear ectpener at ed

upstreamin the engine. The result of i npingenept can be erosive wear
(gener al | SPREGATHMI PBPSEamnd oSPaEF WRRE:1 SURBRPS! L30T es

particl esmeAht efbrA6¥eL ORRA 0 dWBatead Ngnr glrakbye Beff or{fEdNCer 0f ggoat i ngs
at high tenperatures (2250F, 1232C) and high gas velocities (Mach 0.3) was

nodi fi ed £¥cdiefow whé lenj eleesen realiedl witha powaad t 80 emgsiat @ediasi on
and i npac i ce | uRi; o] rs_ ayerag rtd e si of about
50 un1andggbg%?§%%g uﬁ?@krghﬁggﬁ pggevgﬁﬁgFe é?gsigﬁﬂgndéf%pa§¥é?§§fstance,
respecti veegpelitniveggei nens of 0.25 inch dianmeter (about 6.35 nm were

formed of Rene N5 and then coated with a PtA, bond coat, and a five m!| (125
Ut hi ck EBPVD t naTHTS baP e Y aPT oS Sente A S & BPEPRA ot 4

rate of abauvksb@QatAdrdwaNGEHdte PXPAIddBNY . e Wi DSA 08 VEPI6LANESaVRg
measured in terns of the nunber of grams of erodent required to break

through tRBTEAGGANS baritler (AR i mpacsmans udgamed ngfhokaoepat. §hé
thermal bappeeh19QR | PYSmIRLE RV 8d 4D Eﬁa%ﬁgh%hii%eé_ eﬁ}tﬂﬁ' fgaj.ned at
nbai”, with a

an absolute pressure of elther 0.006 or 0.012 eed rate of
ei ther abdbutAl,7 9rSHnl i 5@uUt & 2HSii,ngbaléngei Whllent (Theanceabpogati on

or a9.2 GPAFRUEEFTeaAR AR bR BEt  cihe e PR P CHPRRE "BBE e ThOot o

50% Undeabeuesiianofandicbiatisg teaparlathaes ef abauitngsodégosot aboat
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 0.0195
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



3 October 2002 - 21 0.012 nbar exhibited about 10% greater erosion

resi stance than those deposited at 0.006 nbar. Under inpact conditions, the
thermal barrier coatings deposited at 0.012 nbar exhi bited g\ pdtetss 2002

spal lation lives of about 1.3 tines that of the | ower pressure specinens.
Accordi ngly, these experinments evidenced that thermal barrier coatings
formed at pressures within the scope of this invention exhibit superior
erosi on and i npact resistance as conpared to coatings deposited at
conventional coating pressures. Finallys the effect that the coating
process paraneters of this invention have on thermal conductivity was al so
eval uated. Test speci nens havi ng di nensions of about 0.5 x 0.5 x 0.025 inch
(12.7 x 12.7 x 0.635 nm) were machined froma Rend N5 substrate, surface

treated to k urf ness_ of about 6 and t.hen goated
with a fi V%B%Qkﬁ%ﬁzé’af% %&ffﬁ%%"%‘%%ﬁ\/&s%eﬁ%lé%r%éﬁb?%& isr%&‘,lq‘Fﬁeftr?m
conducti vi t javashoainc ntEighrem t he Theodpdc idert®aveng peediehted hey nal
diffusivity and Sé)egi fic heat. Coating density and thermal diffusivity are

functions YPOLoa?YAd- A AUt A0eCy eafBET WateRi the | Rat nquRteeasfeci fi ¢
heat s mahrbiohemPasid | ogpdepRBAsNt -Pu! kngoalddi: fers! benis ale al ed
C mal diffasivity we

fromwei ght gain and vol une. Specifi eat and ther re
measur ed ubhdpcatedeadoveal sdanniasy egperiedt r ghendpesatidhaofi the

t echni ques spect.ivel th of which were perfornmed in.accordance with
ASTM st ancivBE BT Sane Ry A cRepl el o YRE C i L 2hPBE. e BRReRER
chanbers meestedned 28 ehéetdwedt pdsaboal le(gol, 2 .Joouw mbay) ¢ péie | ngot
(an evaporf’;\ti on rate of about 20 to 3 Cctober 2002 - 22 24. g/ mnute
per ingot, fFUS eoheTHR MR BPLE i Shaturt rdaagienoty GrRtI@le) 2nsh

absol ute presyude bRl @na6 REgH- Udvwapbde i8A0 Bdk OXY IRSURAT Heal
pressure of either about 100% or 500/;3 respectively. The average thernal
conduct i vingintaimedawithoot wisrltt gy aefi the3anal/tma f eeramecope®d and

0. 015 nbar I S, i.E RY , EVi Cj at ty siteed at
pressures fvm { E‘lg%n?ﬁe té{:eog‘%%ft %lhé iogveﬂféno%lq %%Igbi t%sq?gh?gggggggy oItf'gwer
t hermal canducs i ahtly (a® Ie@pabed, t eheoalongs drangesedveate crangk ntroaeal

coating pressures, Consequently, thermal barrier copatjngs fornmed in
accor dancE Wi 13 hi sWit 8erﬁ“?a(}nl af@cup| EPARIFFRTRAYRI RS sf‘ﬁé‘rq%élcant

i nsul ati ortt{aa{gbééwemcgw&ra@i_&m Yt Eh tiheyh af ggdepesttiedatWhi l(@ .qur,
invention has been described in terns of a preferred enbodinent, it is
appar ent, %+t BRABLOEEENS REFUI L BEORAOpEEHINFLERE ST | el | FOMPENSF; |

fgf?g\% 28'%?5&%@:@8&%&&0% I et SR hGe L Owhen! IWBARS ORGY 1BYtLRS
required sharper focus adjustments, and the wmelt 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 I. 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.
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| ayer on a conporient (12), the nethod conprising the steps of: establishing
an absol ute pressure of at least 0.014 mbar within a coating @gdigsrepof10)
containing a gas; and evaporating a netal oxide ceramc nmaterial wth
beam f ocussed on at |east two ingots (16) of the ceramic materi al
produce a vapor of the ceramc material, the vapor travelling
upward and then depositing on a surface a conponent (12) above the ingots

el ectron
so as to

2002 23~ What is clainmed is: 1. A nethod of formng a ceramc

(16) within the coating chanmber (10) tg forma layer of the ceramc

mat eri al

conprising the step of formng a bond coat on the surface of the conponent
(12) prior to formng the layer of ceramc materi al
conponent (12). 3. A nethod as recited in claiml1, further conprising the

step of grit blasting the surface ofAB
medi a having a particle size of about 250 to about 300 um and at a pressure

on the surface. 2. A nethod a3°recited in claim1, further

of great elChamher0 pseating Ingot Total Coating Thickness
Pressure Temp. Feed Rate Feed Rate per mm ingot used
—(mbar) _(°C)  (mm/min.) J(g/min.) (um/rm)
0.000959 1013 1.32 30.9 2.92
0.000975 1112 2.02 47.3 4.57
0.007815 1054 2,25 52.6 4.45
0.007877 1137 2.27 53.1 3.91
0.007898 1090 2.10 49.2 4.60
0.01423 1032 1.33 31.1 4.85
0.0143 1099 1.33 31.1 6.53
0.0195 1138 2,28 53.4 6.99

The above results evidenced that deposition efficiencies
(indicated by the amount of coating deposited per unit
length of ingot consumed) substantially increased with
higher coating chamber pressures. Such a result was
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

an

on the surface of the

Eonponent {12) with an abrasive

’



4. A nmethod as recited in claim1, wherein the layer of the ceramc
material is characterized by a feathery columar mcrostructure. 5. A

met hod' as recited in claim1, wherein the absol ute pressure3fictdben200
coating chanmber (10) is not higher than 0.020 nbar. 6. A nethod as recited
in claiml, wherein the gas is a m xture of oxygen and an inert gas. , , 7.
A nethod as recited in claiml, wherein the surface of the conponent (12)
is at a tenperature of about 1000 C to about 1400 C as the vapor is
deposited thereon during the evaporattngsstep. 3 Cctober 2002 24 8. A
method as recited in claiml1l, wherein the ceramc material is evaporated at
~ rate of about 23.5 to about 29.2 grans/m nute per ingot of the ceramc
material. 9. A nethod as recited in claim1, further including.the step of

preheating ¢ heo sutbacibaft theocommaent (A3 tRemet RBPIFd MRy @RpWt 1100
C prior to depositing the layer of ceramic material on the surface of the
conmponent gmgylded with a platinum dluminide (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 %4 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 spécimens. 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 specimensiwere examined for
coating thickness, while others underwent furnace cycle
testing at about 207S5°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 54 mesh abrasive had an

average coating thickness of 1.9% greater than the overall



10. A nethod as recited in claim1, wherein the conponent (12) is an
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ingot wused, regardless of chamber pressure. These
relationships are fepresented 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 results of the FCT test are tabulated in Table II

below.

TABLE II.
Chamber Coating Ingot 0, Part. FCT Life
Pressure Temp. Feed Rate Press. 5S4 Mesh 80 Mesh
~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 S0 753 446
0.008 1075 1.7 0 480 333
0.008 -107S 1.7 50 686 566
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 ?73
0.015 1000 1.3 100 660 446
0.015 1000 2.1 100 673 466
0.015 1075 1.7 S0 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 %4 mesh
grit gsurface 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)2

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 gramé/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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)-S 1 10%& (L gk 2ha damage from impact by hard particles of varyinhg
sizes that enter the high velocity gas stream through the
air intake of a gas turbine engine, or are generated
upstream in the engine. The result of impingement can be
erosive wear (generally from smaller particleé) 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 S0 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 NS 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 resgistance
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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coatings deposited at conventional coating pressures.

Finally, the effect that the coating process
parameters of this invention have on thermal conductivity
was also evaluated. Test specimens having dimensions of
about 0.5 x 0.5 x 0.025 inch (12.7 x 12.7 x 0.635 mm) were
machined from a René NS5 substrate, surface treated to
achieve a surface roughness of about 60 um Ra, and then
coated with a five mil (125 wm) thick EBPVD thermal barrier
coating. Thermal conductivity was calculated from the
product of coating density, thermal diffusivity and
specific heat. Coating density and thermal diffusivity are
functions of coating microstructure (e.g., porosity level)
while specific heat is mainly composition-dependent. Bulk
coating density was calculated from weight gain and volume.
Specific heat and thermal diffusivity were measured using
differential scanning calorimetry and laser flash
techniques, respectively, both of which were performed in
accordance with ASTM standards.

The thermal barrier coatings were processed in

coating chambers maintained at a feed rate of about 1.7 or

2.1 mm/minute per ingot (an evaporation rate of about 20 to
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conductivity values at 1100°C were 1.284 and 1.036 W/mK for
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 invention has been described in terms
of a preferred embodimené, 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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L* v 10% i%o@ss'e_ﬁ on at least two ingots (16) of the ceramic material so as to produce a
vapor of the ceramic material, the vapor travelling upward and then depositing on
a surface a component (12) above the ingots (16) within the coating chamber
(10) to form a layer of the ceramic material on the surface.

2. A method as recited in claim 1, further comprising the step of forming a
bond- coat on the surface of the component (12) ptior fo 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 particle 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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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.



