(53

4 February 2004 ELECTRON BEAM PHYSICAL VAPOR DEPCSI TI ON' ARPRARAL dﬂﬁj
METHOD FI ELD OF THE I NVENTION This invention generally relates t

el ectron beam physECIROVABEAM GENGTICATOVACOH DEPORIAEOA Y ﬂﬁ%f%s AND
partlcularly, this invention is directed to such a coating apparatus
adapte' d 'to deposit -ceranic coatingdEGHODconmponents, such as thermal -
barrier coatings on superalloy conponents of gas turbine engines.
BACKGROUND OF THE | NVENTI ON Hi gher operating tenperatures for gas turbine
engi nes are continuously sought in order to increase their efficiency.
However, as operating tenmperatures increase; the high . tenperature
durablllty of the conponents of the engine nmust correspondingly increase.
VWi | e significant advances -have been achieved with iron, nickel and
cobal t - base superall oys,'the high-tenperature capabllltles of these alloys -
al one are often inadequate for conponerits |ocated.-in certain sections of a
gas turbine en@IWeD QI CPHRSTNWENTION bi ne, conbustor and augnmentor. A
‘comon solution.is to thermally insulate such coﬁponents in order to.

i ni nize their service tgﬂggﬂfﬁ 1 mal rrier
coatings (TEC), forne ihe éﬁ%@%@ﬂfq% %fcegy Egﬁgsﬁ t ﬁp@Pa tron
conponent s hav&®$Bun8 Wﬂ‘éa &appg U@%@ﬁ’é&%qmecoat@-hgr req:lpdzmrnuga.r C Gakiengs

must - have | owpahﬂ:r:rmilaﬂr;d,uctuméy m@@ﬂme y\@I lai Pe ggpong\b{_l
ruar 2004

surface.. Vari naterlal 4 Fe

01/11108 PCT/ u%%gé %‘3 E’ﬁ%ng %ul%lraymzcr rcoatinggr o)

stabilized by ﬁqmnme(nms) ,sun.'hgneasa (ttmﬁ)ma)x Otgirier coatings on
superalloy components of gas turbine engines.

BACKGROUND OF THE INV‘EN‘I‘ION

Higher operatlng temperatures for gas turbine
~ engines - are contlnuously sought in order to increase
their efflclency. However, .as operating temperatures
increase; the high . temperature durability of the
components of the engine must correspondingly increase.
While significant advances  have been achieved with iron,
nickel and cobalt-base superalloys, the high-temperature
capabllztles of these alldys alone are often inadequate -
for components located in certain sectlons of a gas
turbine engine, such as the turblne, combustor and
augmentor. A common solution is to thermally insulate
such components in order to. minimize their service
temperatures For this purpose, thermal barrier coatings
(TBC) formed on the exposed. surfaces of high temperature

components have found wide use.

To be effective,  thermal barrier coatings must:
have low thermal conductiv;ty .and adhere well .to the
component surface., Various ceramic materlals have been
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oxi des. These particular materials are w dely enpl oyed i% Fter%uaﬂgo%%cause
they can bew®adithgs deposited by 5 plasma spray and vapor depesini$0821108
techni ques. An exanple of the latter is electron beam physical vapor
deposition (EBPVD), which produces a thermal barrier coating having a
columar grain structure that is able to expand with its.underlying :
substrate w usi d gl 0 sty | e all ation, and
therefore extﬁ?@?%g?aenhﬁce E%trg?%é‘t ol ragﬁggﬁlk%aéfsi o%g%?gf‘%g TB@lf((%qt he
conponent i s S§RPéR1ZEF: hbY eWhbhiad BY=QHe presessdaof HgOiet it i otihend
coat, such agxaddisf.fusrRBsal Wartide 10 afat&X1 4851 Qe 631 GL APt eRliQYeiiCh
as MCrAlY, where %{I%is I S.iron, cobﬁlpt and/ or_ ni ckel ,, Processes for
produci ng TBEPpyERBPVAF e RGSAUSE  EREYI | CRR et iTRAdL bomsisRanitast aky
ﬁccepgahl e cpateng stpe:rmeraaidjrvmpc&ndietﬁmﬁmrﬁéc]gﬁmi@@e§oﬁpﬁﬂe@ka}n t@ a
eated coati Lntain ressure out_20 Q. 005 .mhar.
H gher pr esslE}geg:%%p?ga%%e%gbsggﬁgéogoﬁte E‘SII %rg?s%%ipeﬁr%??oaeggﬁhtilgnmr e
difficult at (FBE¥BUN esvldlsdy eoredotes 0a00berval, bainttiesr radatingehatiay
bei ng reported [ cha I abaqv 1Q b al so
been beli eveg tch%hn?% I Q'?%ng r%‘l'ﬁré‘%“?c%f?@ﬁéﬂ%eg% gaulgl%SQPl I%%an%&v\/(%lﬁg be
reduced or tRESQqUNURSATEYHRAL e FURSTERH at & tAOUSr es §aued ngbovdanagdsanbar .

The conponenktirgsseHPRMated ddll PEOXBRLYatooAN i@t tidrdforsebaniipiggat i ng
material (e.q. YSZQ, akgt%i an el ﬁctron beag& S projected. onto the |ngot SO
as to nelt t%’é‘hgﬁf:? c € G het P HGHE GRd 3 "15)1? YRt It HeP cbhEi ng
mat eri al thatouppnents isomtfix arhefwaripaneatharibedt bypaha Wre=dainge »Ft i n
whi ch EBPVD e er depe . 0. Rar the, -

mBEREFSC LR DenPer LALHPUISPORMR el D BA b 10hi\Re o an) o,

conpositions o e comnmponent” and € coat1ng erral .

o

WO 01/ 11108 PEidasbonzreogstant alloy such as MCrAlY, where M is
.15 iron, cobalt and/or nickel.

Processes for producing TBC by EBPVD generally
entail preheating a corﬁponent to an acceptable coating
temperature, and then inserting the component into a
heated coéting chamber maintained at a pressure of about

20  0.005 mbar. Higher pressures are avoided because control
of the electron beam is more difficult at pressures above
about 0.005 mbar, with erratic operation being reported
at coating chamber pressures abofre 0.010 mbar. It has
also been believed that the life of the electron beam gun

25 filament would be reduced or the gun contaminated if -
operated at pressures above 0.005 mbar. The component is
supported in proximity to an ingot of the ceramic coéting
material (e.g., ¥SZ), and an electron beam is projected '
onto the ingot so as to melt the surface of the ingot and

30 produce a 'vapor of the coating material that deposits:
onto the component. '

The temperature range within which EBPVD
processes can be performed depénds in part on the.,
compositions of the component and the coating material.



A m ni num process tenperature is generally established to4Fé9rt1’§lﬁa%29?14

coating nat WiH0{1118| | suitably evaporate and deposit on thepPcosonanis
“while a maxi mum process tenperature is generally established to avoid 5
m crostructural damage to the article. Throughout the deposition process,
the tenperature within. the coatlng chanber continues to.rise as a result

of the el ecthoninbeam ppdckbe peeperatuaie &smﬁérfél:aqqq} S ABP; SRAY 1 PY
The 1 ar get eccipaen rhe. CRAQETERPERATCSEEET  RubeRblR hemenahon ThE
coat i ng changeposhiear ont h@hermmmmnrpﬁmcesswhéhperaturmxmuM|l§fb@ég§ t he
hos dopos t e berdeepd ClaBNC TEABEILD o AR Tk amuntaa

has deposited, on the | nterior |ng
EBPVD appar dftReespereiurabnsidiagsl teodthwl sshbobent s Thmm:gheumoatth@g

chanber and dép@éﬁ@mnbwdéasprebﬁét SepeRAL Sk CQARONAGN! ELu éﬁ%m
shutting dOV\%{% rle}g apt%ar t.us, so t hat, a conti nuous _operation is ed.
The conti nuo 1pfieshetoo ti5car 3 ud dERFRGEL IS Ehge electeon er med

"canpai gn,Beam thdgrigat eprasehees of eompsent speugcessf Ehby %ﬁﬂg
dur| ng the cor{ espo to t er_pr.ocessing and econom C :
efficiencies. In %élhew oég % QQ%@\Q}% F%%r%g |C§’a SRS BEPARSEE R/ R on to
i ncread® t helmidniafedf nearpdient targaetedamire moat pdoweBlaI 't éfngsd g e
canpai gn, regucerhhg acrgq_.qﬂtnaog%dt ABn! Qi rg aEgn{;ntrr ) 3%{ aggaggn%\he

conmponent s fromthe coatin er, ano uce - ano
required t J3ETTHR @ﬁﬁ?ﬁ?én&%@%%‘h@apﬁ&r aviziChettioen B8Bec ametiigns.

However', |idhdmiidonss obobladpand didard® t&f FeRolhe chasuhly Haddiaa
relatively rrox\iérganﬁe of gcgﬁ}%%e cotln te ratures ecorrp]1eX|ty
of noving eX S HEPOESHD fit 6% ﬁal ot Yeorl s h%fCBQﬁ fpatdmsnber
and t h&s di ffdhamhe!nas covdvamestl EBENDmeambaraiuge S5 patnddy apenevEBPYR _
apparat us. AL N9lobmddBed BBRYP  the coating chamber and

replacement with preheated uncocated components without

shutting down the apparatus, so that. a continuous
operation is achieved. The continuous operation of the

20 apparatus during this time can be termed a “campaign,”
with greater numbers of components successfully coated
during the campaign correspondlng to greater processing
and economic efficiencies.

In view of the above, there is considerable

25 mot:.vat:.on to increase the number of components that can

be coated within a single campaign, reduce the amount of

time required to introduce and remove components from the

coating chamber, and reduce the amount of time required

to perform maintenance on the apparatus between

30 campaigns. However, limitations of the prior art are

often the result of the ‘relatively narrow range o%

acceptable coating temperatures, the complexity of moving

extremely hot components into and out .of the coating
chamber, and the difficulties confronted when malntaz.nlng- ’

35 an advanced EBPVD apparatus Accordingly, improved EBPVD



3 4 February 2004 apparatuses and processes are continuously bei ng sought
for depositing coatings, and particularly ceram c coatingg reihehr2S0dBCs.
BRI EF SUMVARY OF THE | NVENTI ON The present invention provides an ‘el ectron
beam physkepphkreagpeesdepndi tomycd=BRVDhrrappasat isuandl ¢ meihaed sbaghtsi ng
an apparatys such as that to produce a_coating _(e.g., a ceramc thernal
barrier coZPrnGEPOFIEt S tGRQAE"Irc A N2 T bl GREPBEPeEE T8I EhECRKFBASI on,
an EBPVD appar akuspes provi ded, the apparatus conprises a coating chanmber
containing a coating material, the coating chanber being operable at an

el evated tenperature and a subatnospheric pressure; an el ectron beam gun

projectingpﬁgEFeggﬁhhﬁQ B%aghhn&ﬁvkg%l§§ating chanber and onto the coating
ec

mat eri al , e el ron-beam gun~-belng erable to nelt the coating

material and to evapahat exrd¥en®liBreraoaid Ngpr&Ri @4 ahh BBABSrbAr beam
supporting an article in the coating chanber so that vapors of the coating
mat eri al dBPBSEEAdn VARRE afePefetien cdREBE DAt A PiRRER WS heRdt e BS&RPAg

chanber apdralsliggst pardhallycsyrsqupdiag PRI RERNS. i
condensat e hgodsﬁaging ai%gﬁst ré%lect?vggngﬁggr ocatedﬂ?mjghfﬁgﬁﬁgg
coati ng chaebegr,sacherhmicahharmnat| basuppor tedting)tbe soppoticheans is

between the first refl ective mepber and the nol fen .coat.in terial, the

first reflective nefSePHerdy Mvabie BSRREE PErsiiand YosPi ons

relative tepbUip rdperawoat iiRg prbehdalb, theefidsdaRosidi edmdiaiseg choser
to the support neans than the second position such that an article
support ed B92FhBIsGppBPErNELRS Aleinguls e@attindroreteeidbct Fhe Reating from

the ol ten goabipg b%L%@%r%gg the Lhrsh dld &Pt UG ERIPEL ! Sl Lhe

first position 4 4
subatmospheric pressure; an electron beam gun projecting an

electron beam into the coating chamber and onto the coating
material, the electron beam gun being operable to melt the
coating material and to evaporate the molten coating
material; means for supporting an article in the coating
chamber so that vapors of the ccating material deposit on
the article; a condensate hood within the coating chamber
and at least partially surrounding the support means, the
condensate hood having a first reflective member located
within the coating chamber such that an article supported
on the support means 1s between the first reflective member
and the molten coating material, the first reflective
member being movable between first and second positions
relative to the molten coating material, the first position
being closer to the support means than the second position
such that an article supported by the support means is
subject to more reflective heating from the molten coating
material when the first reflective member is in the first

position



t han when in the second position; and neans for noving the first
reflective nenber relative to the condensate hood Accordipg.to.another
aspect of the invention, a nethod of operating the EBPVD apparatus Is

provi ded, than #BlhodnCaRR iR ANGSd BP0 af®@Uding ABr 3hbl¢hE €HeA
support within a | oading chanber that is adjacent a preheat chanber;

establ i shi Aigrah apEbeatevepresshes selpbivieenc1bh8 capdenaatie 100¢dnbar
wi thin the Ioadingcﬁgg egingnq&J§%?£$§@eg%g%@%m%¥;tggﬂ{g%éﬁgiggtigle

into the preheat stablishing an evated tenmperature arfd an
absol ute pmeskude oaf dedreetn@bate ERB/Dbappandt9x10s2 pgiwmridad t hthea
coati ng chanber aqgfcent t he greheat chanber; operating an el ectron beam

gun to profREROEn CAMBERLSST belen SHEPS 1Pk cBRPhg P EhabeRTEAGLENID a2

ceram ¢ matgrhake Denif! §CL680: REABHARLLENINGL COBt LAY FBEET hab WhbhEN the
coating chanber and evaporating nolten coating material; noving the

article i nchamber¢oasitalylikshiber an hbsolmtagorhashee ofotedivsany B0
condensat e_hogd that .ati1l east partially, B surrounds the article, th
condensat e“%%]éd ‘—ﬁ%@i r:u@t a Teti egtl:;t\llllénrrertrggr {%%%Jf%%l vﬁ%%br?ﬁ h@hgoaﬁlﬁg
chanmber suphehéhat themBet:Cclmovsnhet veen tbheicetl echtye arabeprandathe

nolten coating material, the reflective nenber being in a first position
rel ative teh&ReeHDI t BAtEBALSRd Hat 1 alclsyatatht kHePeratere iandubpfBet to

reflective,Begihpg hronstbe oroLbenccaabiBgemMber idlsy denesididg yagers of
F on tﬁe ar Fe, g he

the coating materia tic and as the tenperature wthint
coati ng chabbeinrisesoatmvigngchhmbeef | #¢favententiesr poeheasecohdmpesiti on

further fron1thg.nn|ten ﬁoa%%n terial so that the article iS Eubhect to
| ess refl cCbPUAthBAL PRq SFPORTOPnBoREl (P Joati iy ik o7 af S ALESR dPREM: 0
ot her prefentedtaspedss iefy tdeamyeSend bAYeNtd Wbrddie: aRefatiHN, othkhe

EBPVD apparatus can be enhanced by the inclusion_or adaptation of one or
nore feat uFESChRBN OPEPROBRLEIABIRT FeatiBAsIaReESRYi Hythenghhe coating

chamber and evaporating molten coating material; moving the
article into the coating chamber, the coating chamber
containing a condensate hood that at least partially
surrounds the article, the condensate hood having a
reflective member located within the coating chamber such
that the article is between the reflective member and the
molten coating material, the reflective member being in a
first position relative to the molten coating material so
that the article is subject to reflective heating from the
molten coating material; depositing wvapors of the coating
material on the article; and as the temperature within the
coating chamber rises, moving the reflective member to a
second position further from the molten coating material so
that the article is subject to less reflective heating from
the molten coating material.

According to other preferred aspects of the
present invention, the operation of the EBPVD apparatus
can be enhanced by the inclusion or adaptation of one or
more features and/or process modifications. According to
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4 February 2004 one aspect of the invention relating to process
tenperature control, the coating chanber contains radiati r S
that can be noved within the coating chanber to in_creaseﬁ%&%%%fggg‘g t he
amount of pghl ecidyect heatd ngthBat ihe-fidg! € foGRIMRS fEEM thesaBLEen
coating nmaterial during a coating canpaign. Process pressure control is
al so an aspewpevftuhe i nventioh, bythhi chcoptbrassi plgappessuresnodingseat er
than 0. 010 r i.C i,n C a i endi ng U at ent
Applicati on E%Fjg hlg.%fEIEF?%%,SZ%%atto %qbﬁlé% feﬁ%%g‘ﬁ'_ m(tglg% 3%%% %al%sjhrégsarre
assi gnee ashikiBepr esenindrieeeit i) detitsagdnihal s@lound 4x dr&ebsdiat y= 2004
WO 01/11108 PCT/ USOQ' 21 108 adverse effects on the operation and
reliabilitye8FiRfethafedti®orP PeimQurSCohESH TROM HlfalmHHtRR &P BHRII n
process prgssures: Maghaphcak and RuOCES S dnP OMENMENS Socdid eChedstQrd hi s
aspect of the invention include 5 nodifications -to the el ectron beam gun,
t he coati ngonthahbers aiga henmaaspecby ahi dihgadeyeatd onnt r bgtucedianmd
renmoved fromthe algsar at us. Aé! SO | rrpr)g)ved by tht]ains iﬁésnti on is thelP@j

el ectron bRARTHATTRF n Bt THY Coalnd FRter i a2 PacloP dP nd™% aféthe
preferred pspeeicedof ithe actdve&ahtON, wa t&f UCEBbEndSngNPINEed tPatépport
the coatin material within_ the coati ng chanmber.. The crucible preferably
conpri si ngPBPLieasiohwo SeEABdr s No-a 1§94610%F20hhi BR s&OHGds &nd *ktains a
mol ten pook,of; bieCa! gk 1248t EldsAlonthi e the sacandeIbeint sospoured
to the fi ré? rlrénger and surrounds an “unmol ten portion of the c%at?ng

mat eri al . whehfmisfmahdosecond nenbers define an annul ar-shaped cool i ng
passage- therebetween that is

4b



cl osely adjacent the nolten pool, so that efficient 20 coHIﬁeﬁﬂia&zqq{E

cruci bl e carwobriaehi eved, reducing the rate at which the pr%
*tenperature increases wthin the coating chanmber. Another pre erre'a aspect
of the invention entails a rotatable nagazine that supports multiple 25
ingots of the coating nmaterial beneath the coating chanber. The nmagazine

5. indexed tadvise dupbLyeal b i sipke: 2Cka 01 ane g0 rore | gt

with an apertuyre to e coat ing © sequenti
i ngots i nt o SFE ISR | REAFhasyar wiendouwiitht emdianimadg déposmatdmnsBOmf t he

coating mat epralcess As£eESuAEst O aMOLRLR i PLET ahpe J.acﬁf@scé
I nvention, a \uie oré]ppl S pro ?ded for w%avm ng thedEJ ten- cogﬁ:?ﬁsmﬁﬁ%:g’r' al
within the c8ace \r% anb@r . HiSor ASPRY bR capdll e BIVeRtOni ngnaludew of

t he extsenel wmoliighi cat\on®l/ +b10&he F%bbu:&l&:)anOQéaE{CT 4200/ 24408 -beppgipat ure
process occu t t at| cha the viewport is fluid-Cooled
and has a hi %ﬁh?%t\gt i rogr%{?jl é}gepg[g I‘?o%s‘& Jp?% HIRT T A RepReEredparticl e
seal that pEkewcdes afiiogh- tbeperpparetuacuum adab f bmptéeedst bpbogropi C
drum Anot heg nge ed; as t LlnPrQyi

nRedtebhed; asnefd éieEQﬁBn r}ﬁaamigy %ﬁ?ckn ?:?’ﬁorgoﬁb?a?ators

stereoscopi c_vi ew of t he coating anber ong' o
can - si mul taﬁ@BGé'P-? observe the .coat | ng chanber while retaining
stereoscopic vision. 10 O her obj'ect s and advantages of this invention

will beobetter appreCIat:edrfiﬁ.ﬁgltif@ faQidtﬂi@rngpgéfétkéé éﬁ%c{ﬂ pbgoncth' EF

DESCRI PTI ON gﬁ c c@& es; 1 and are_schematic 't front
vi ews, respective y C)f Gan- et %eﬁﬂ?ﬂ)ﬂ?]ggch FapEert ‘cHe coating
_ material within the coating chamber. The crucible

preferably comprising at least two members, a first of
which surrounds and retains a molten pool of the coating
15 -material, while the second member is secured to the first
member and surrounds an unmolten portion of the coating
material. The first and second members define an
annular-shaped cooling passage:- therebetween that is
| closely adjacent the molten pool, so that efficient
20 cooling of the crucible can be achieved, reducing the
rate at which the process temperature increases within
the coating chamber. '

Another preferred aspect of the invention
'entails a rotatable magazine that supports multiple
‘25 ingots of the coating material beneath the coating
chamber. The magazine is indexed to individually align
multiple stacks of one or more ingots with an aperture to
the coating chamber for sequentially feeding the ingots
into the coating chamber without interrupting Ideposition
30 of the coating material..

According to another preferred aspect of the
invention, a viewport is provided for viewing the molten-
coating material within the coating chamber. In order to
be capable of providing a wview of the extremely high-

5



15 depositicw0 Pﬁprgtus used to deposit a coating nateria“*F?%U%zégPﬁance
wth this inve R Fi gures 3, 4 and 5-are cross-sectional vrEEBsoorAkRN

al ong section line 3--3 of Figure 1, and showing a novable. platform

enpl oyed in accordance with one aspect 20 of this invention. Figures 6 and
7 are nore detailed front and top cross-sectional views, .respectively, of
preferred ilﬁQﬂHQﬁaQRﬁﬁxpﬂﬂﬂasscmceurnﬁmgngiehﬁﬁbQheOEcbﬁﬁigﬁQﬁﬂﬁﬁﬁgé of
Figures 1 andi® vdekbOures 8 : 9 e B gun oyiflce of "thée prior
art and an orifice c%f I gured ?ir:‘gggc(gér?gg% ea%\% Eﬂagh@ pgéggr reF adrdsoei drent
of this inverfASGE FHRRP AP druwk cand sechignativi pareficde sezucit s
housi ng an i pyetvidfescoaki Nghigh e bpbe A Ll ectron beam projected
onto the surf ce§ of the c uggble GbiFgg?garigﬁggﬁﬁvm)%ﬁ?ﬁlld%“’ the
PCT/.USOGn1108 “AE FTEE S 1 afor dAREEheF 1 Preferpest erspattenbadichent tfe
this inventi onewbogur eptdviden pharnstéevo®iophe GFsp bl g of i gure .10 and
a preferred pattewy for ye g}h%%\t}éon. beam Sﬁon t he cruc% bltglé;n%léﬁ%d‘&g

- Figure 12 depicts a'preP rred power iMensity dPFRi bubPeratetst he can

el ectron beafipHiltansousiyss oheerserfatheof .tbatingot andmbeyci blg 9t

Figures 10 ardtdinifhodkerd3ssh .peeferred viewport for 10 observing
the process within tﬁe cogtiﬁg @E%ngégag ‘the apparatus shown in Figures 1

and 2. lFi gure 14 shows _a control panel for nonitoring and controlling the
operati-dn of the appar 3FB€TorbBEgEEend advant a@es ACIER HESCRhPEhONegF THE

| NVENTI ON 15wAh] ERf/Doappar atafpretidt RF CeraAN et 1MW ng detailed
description.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1 and 2 are schematic top and front

x{iews, respectively, of an electron beam physical vapor

15 deposition apparatus used to deposit a coating materia.l
in accordance with this invention.

Figures 3, 4 and 5 are cross-gectional views
taken along section line 3--3 of Figure 1, and showing.a
movable . platform employed in accordance with one aspect’

20 of this invention.

Figures 6 and 7 are more detailed front and top
cross-sectional views, respectively, of preferred
interior components for a coating chamber of the
apparatus of Figures 1 and 2.

25 ‘ Figures 8 _and S compare an EB gun orifice of
the prior art and an orifice configured in accordance
‘with the preferred embodiment of this invention.

Figure 10 is a cross-sectional view of a.
crucible housing an ingot of coating material and an
30 electron beam projected onto the surfaces of the cfucible

6
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: : : F
I nvention is general ly depicted in Figures 1 and 2, with qvaarbrua%zom

conponent s aW® ®d4t%res being depicted in Figures 3 through gdruShgziies
"apparatus 10 is particularly well suited for depositing a ceram c thernmal
barrier coating 20 on. a netal conponent intended for operation within a
thermally hostile environment.- Notable exanples of such .conponents

i ncl ude the Hamgh angotompramrrdarﬁdmr bhiiteh tiog zhesrapdel! %Q%%dl%rﬁ‘ﬂf
combust or pargys; andsQugignt or hardware of gas turbine engines Ilethe
- 25 advantages of this invention will be described with reference to

depositing a ceram c coating on such conponents, the teachings of this
i nvention can be generFa‘lW%pE)FLl eBste P | gipwofoLoatiengecrateblal ,and

conmponent s. epy0paaasep roraistLAt by
Febr.uary 2004 Wﬁ%?l/lll USd%?éllOg %E% é%%ﬁ?% e}%g%§°§héﬁ?ﬂr1

Figures 1 and® nd dgd9thg chanber 12, a pai r of preheat
chanbers 14, and two pairs of | oadi ng chanbers 16 and 18, so that the

appar atus 10 has a symmtguml 120ram‘epg_wta|a)npr5f'é|%%efdr Opbw LA ERgber s

16 are shovvn a:iﬂ glrg iah ective L{)r eheat chanbers 14,
with parts 2 or|g| na'1 ad&d® %&% 2 SFT hiBRHRFD eROTARE  ShEnber
16 havi ng bed@yafases ok rtéﬁ@ tiggdte apldeh:ea;tcmmﬁr Fitdhranyd, 1 casargiepixct ed in
Figure 1, into the coating chanmber 30 12. Wth the synmetrical

configuration of the. apaarateus 130, subike Lhe fteé:‘J?eQ:l hl@f%ﬁg Eg %gh t he

front Ileofthan | oadi nqi chanber 16 are _bein oate
chamber'12, &PEEFIHED A BFOREFEs wikhime §heneoatinat Iﬁw@ha;admflgthhanber

16 -can be pr eppatraduisn shivemi S iFdbiraad 1peekeat. chanber 14, a third batch
of parts can be loaded into the rear |efthand | oading chanber 18, and

Figure 14 shows a control panel for monitoring
. and controlling the operat:.on of the apparatus of Figures
1 and 2.

DETAILED DESCRIPTION OF THE INVENTION

15 An EBPVD apparatus 10 in accordance with this
invention is generally deplcted in Figures 1 and 2, with
various components and features being depicted in Figures
3 through 14. The apparatus 10 is particularly well
suited for depositing a ceramic thermal barrier coating

20 on- a metal component intended for operation within a
thermally hostile environment. Notable examples of such
components include the high and low pressure turbine

nozzles and blades, shrouds, combustor parts and
augmentor hardware of gas turbine engines. While the
25 advantages of this_ invention will be described with

reference to depositing a ceramic coating on such
components, the teachings of this invention can be
generally applied to a variety of coating materials and

components.
‘ r

30 | For purposes of illustrating the invention, the



a fourth batch of parts can be unloaded fromthe rear ri&ﬁ?ﬁgﬁﬁy %%hlng

chanber 18. Wlnhiglatpgent |y, four process stages can occur si mpcraRReYHLY
with the preferred EBPVD 20 apparatus 10 of this invention. According to a
preferred enbodi nent of this invention, the |oading chanbers 16 and 18 are
nmounted to lowprofile novable platforns 24, so that the.loading chanbers
16 and 18 camg@e:rseb%talfé@wé ahiggned Wsthhheiﬁ 2§1§ﬁ§8§at10%@ Ja‘é For
exanpl e, when t front |efthand | oadi ng chanb brou

alignment w qﬂ%“iﬁtqmuﬁP?ﬁ¥W%aic%%%H%€r 34/t 02al Pt he paEﬂ?haatto

be |nserted|dMHmHérs(mmﬁlanﬁcmw@bﬁalﬁé ofheohgihg bﬁhhbé&@ h@adiag jghanber

18 is set ba%% fro e Iefthand 30 @ ﬁheat chanbg Hg}uwparts can
be S|nultaneously d%di%pa ArdRaeY PRENP CHEMF %&
| ef t hand Io@maufnﬂnnﬁtmadﬁngEabhmpbaefaﬁmahkisheWmoasrbéehgbbnlgm@wable
to a nmainten t I.&h r di hanb 6 and
18 is allgneﬁwaﬁt#ﬁ%l og%s ﬁgﬁg BEEEEQQ , fathFﬁtE?Fgﬁsz f the
preheat 8 Felrd&ipaidys \md@Q 19108apcrﬁ@3002211®8t@m | 6adi ngedliduainer s
14, 16 and 18ngabebe 13C f9gen Ct 20 Pérrdderpl ghEO %é£§étabﬁa o
S rount €d i n e

preferably S pported at 1 eas art by roller bearin
fl oor, thouéﬁ 2 ‘£ %ﬁaﬁlﬁg%%r?et§nBP b8&r FREs iaguchanbes

used. Bach pllatforfmit-z-{l bhs aymmeteliewat ldmﬁlgwﬁa‘tlzldh é@rehecelpgaralﬁ%e the

fl f it

(pref erably 30" ARPEt A CRRER, 78nded tiiPuclh el 280k cRePpad
el i m nat e t héopdiagt i chhamiper ad6oparat being pmaige@nwuruhlho mbgecohtuhg
platform 24. ~8habkenany. oméané%égﬁg(n%?ggg 5pe atgﬁ 1%23 front

pref erably posltloned away _fromthe es of the forns to~avoi d an
oper at or bei AgShEhARRedl8§dang| a@lﬁﬂ‘l?ﬁ”m MheRant b@ Pl’e@mﬁ&!@nedl phe

15 righthand preheat chamber 14, a third batch of parts can
" be loaded into the rear lefthand loading chamber 18;-and
a fourth batch of parts can be unloaded from the rear
righthand loading chamber 18. Consequently, four process
stages can occur simultaneously with the preferred EBPVD

20 apparatus 10 of this invention.

According to a preferred embodiment of this
invention, the loading chambers 16 and 18 are mounted to
low-profile movable platforms 24, so that the loading
chambers 16 and 18 can be selectively aligned with their

25 preheat chambers 14. For example, when the front
lefthand loading chamber 16 is brought into alignment
with the lefthand preheat chamber 14 to allow the parts
20 to be inserted into the coating chamber 12, the rear
lefthand loading chamber 18 is set back from the lefthand

30 preheat chamber 14, so that parts can be simultaneously
loaded or unloaded from the rake 22 of the rear lefthand
loading chamber 18. Each platform 24 is also preferably
movable to a maintenance position, in which neither of
its loading chambers 16 and 18 is aligned with its”

35 preheat chamber 14, so that the interiors of‘the.preheat



-alternatives to the platformconfiguration shown, 15 pl at #c'):rer%rus%%

004

ens with

mul tiple ovedlappiasg or tel escoping novable segnents coul d Peras®fkiios

“Furthernore,-

t he-novabl e segnments could slip beneath a fixed el evat ed

platform surrounding the platformassenblies. Finally, separate preheat
chanbers coul d be provided for the |oading 20 chanbers 16.and 18, so t

surrounded by a novable

hat -

bot h | oadi ngzghamsyd$ and and thetr hgaty agper y@ég b
v lr@ggl a{n?%?ﬁ] E'qstem zsgsk%oa\?\nglcﬁ Eggua?ce %}urgaﬁh 5,

a portion of

CleRaid@at i n

@h&%ﬁ&fomsu <4 382 pPEréeaBby Yo sHnRArteRt t 8t 25

nove rel ativeehett H.el pahedly chamkar b’ledammgsrdﬂ xﬁ&nﬁé’&liﬁt@ﬁé ghgapi ng of

the interior

f t ha.nb 12 b oatl n seen in
Figure 3, t hg?l %Hse etﬁ'lal %2‘3?%?1#9% ERuAd
vi ewpor 5 48, bdesxsrached Emclgrphatefoﬂet ael hlael awlomwnladaﬁibrﬁ@l aptopile

1BxSRERTom ootk (LA rbon)" s BOE, FSRLChel RC E8EH,

section of t
chanber 12-(a

i ng
i ng.

chanber 12 4ABoHEtscédsSedcBel owdth s %h@hﬁ“@@rﬁd\ll ﬁggbeelhpneﬁeuahwgy 30rom
t he remai nde ati h f iin or rk
He &eeg fAbnf @f&%zo%%alr) Q1 P’ %@&Vf%émﬁg%gbéﬁw

pl at f orm 50,

ich is shown rotated 9 4 February 2

PCT/ USQQ 2116 T“ﬁPS‘t& ot Pt restat ofioFn am eRerator ntrippipesian orhe

interiap of
pl at f or m 50.
t he base of

differently

is

blgec ot Itrtga oﬂaw&amna.Zza;an @%aﬂ:&%ﬂa}ty &stcja-;sca.@i DYrEHen 0K

t.-he

The Iat rm ei cou W th hi nge 52 to
the & aﬂ: 5 ﬁa %lfe 1151‘&??1 ﬂy gﬁ% ngg eé‘é’fi‘lyeaﬁm Yiter
accept abl e sedge5urce‘é dde dpbetEophoy et tbe piratdoran Soperatobe lﬁe);trig gured

h ' d
segrrent ed co%%fta%g?l ?’rysgowgdﬁfﬁﬁ ‘Esglh%t esiglrjlg'got eegéé]ﬁ%ﬂ%gr el at %ge

alternatives to the plat orm configuration  shown,
platform systems with multiple overlapping or telescoping

movable segments could be used. Furthermore, the movable

20

25

30

35

segments could slip beneath a fixed elevated platform
surrocunding the platform assemblies. Finally, separate
preheat chambers could be prévided for the loading
chambers 16 and 18, so that both loading chambers 16 and
18 and their heating chambers would be surrounded by a
movable platform systeﬁ.

As shown in Figures 3 through 5, a portion of
the coating chamber 12 is also preferably configured to

move relative to the preheat chamber 14 in order to -

facilitate cleaning' of the interior of the chamber 12
between coating campaigns. As seen in Figure 3, the
coating chamber 12 is in its operating position with a
viewport 48, described in greater detail below, mounted
to a front section of the chamber 12. 1In Figure 4, the
front section of the coating chamber 12  (as well as an
ingot magazine 102 associated with the coating chamber 12
and discussed below) is shown as having been moved away

from the remainder of coating chamber 12 in order to”

access a movable work platform 50, which is_shown.rotated'



1b accessories. The coating, preheat and | oadi ng chamersql%b-ruﬂ?oq% and

18 are conngabedithps val ves. (not shown) that achieve a vacu eal between
t hese chanbers. To nmaxim ze the size and nunber of parts 20%&]@%10% 15

| oaded between the chanmbers 12, 14, 16 and 18, the valves preferably have

a m ni num di mensi on of about 250 mm which is considerablLy |arger than
t.hose skilled in "the art. Because the

previously thqught .i.cal by ' ) se
coati ng, preE'eat aandv?rﬁgg%# gp(?hsé'r%éjrns Jf?,bi@,lr‘%gand 13 55iguRoHiE IRmmed
to varying | &8 sisfevaeuunet ande nceshéngcasesnaer nequeaed b Mau®ily
relative to eReHNErpas Xl aine t val st_Jbe 'capabl'e of
nunerous cycles at relg_t ively ﬁ#gh%&%ggég?nesggseal ¥§§S%R§P%ﬂ?ta | €% or
this purpose SR¥TKFSuPeing mouried anith 25 hirgef bRetei thenbiadee off wHessed
in any detailcoaWily reffsace1bo FHES Hr a0d FordQaldg i §,, e qred
wi thin the cqatin anber 12 bxy rne*ltigﬁIS and evggorat #%LQDT nﬁg?g fbt%cﬂ'r
cerani ¢ nat eASTEREEO Sl I e S84 8B b RIREeYedy Thet pdatifoam GEB)
guns 30 and 23arnf deusechbigihed i dgoferahrlinFesse tieal i s¥hwh Eﬂefﬁgﬁﬁggc

mat erial by th op b causes .t he surface of  each ingot to
el t, formng %ﬁ%é%e?émﬁ%%ﬁ&% BrP e SRTERGY SPTSREGEISM, o

mat eri al evap®fat e withavelkick upwpikaties amahd henotkepsi t safietlhe reukicages of
the parfgs 10340033 LQ8 | f February 2004 FCT/USOCOx 21 108 20, producing
the desired ceram c coating whose thickness w Il depend on the duration of

t he coating process. ile two, ingots 26 are shown in these Figures, it is
within the scope of thif8ei RRAINH t REEDEAE @Endpieadinggmbamtersulld, be

present and @daparétandatsanyrei ¥€finett8B. by valves (not shown) that
' achievé a vacuum seal between these chambers. To
maximize the size and number of parts 20 thaf. can be
15 " loaded between the chambers 12, 14, 16 and 18, the valves
preferably have a minimum dimension of about 250 mm,
which is considerably larger than previously thought
practical by those skilled in the art. Because the
coating, preheat and loading chambers 12, 14, 16 and 18
20 must be pumped to varying levels of vacuum, and in somé
cases are required to move relative to each other as
explained above, the valves must be capable of nume'rous“
cycles at relatively high pressures. Seal design's
suitable for this purpose are known in the art, and

25 therefore will not be discussed in any detail.

With reference to Figures 6 and 7, coating is
performed within the coating chamber 12 by melting and
~evaporating ingdts 26 of ceramic material with electron
beams 28 producgd by electron beam (EB} gums 30 and

30 focused on the ingots 26. Intense heating of the ceramic
material by the electron beams 28 causes the surface of
each ingot 26 to melt, forming moltén ceramic pools from
which moleculés of the ceramic material evaporate, travel ¢
upwardly, and then deposit on the surfaces of the parts

10



EBPVD coat i n% chanbers are typically capable of being mﬁnﬁegir%aéﬂzgwa

. vacuum | evel &4t 0. 001 nbar (about 1x10'3 Torr) or |esspctwstdigidy i or
fart, a' vacuum 10 of at nost 0.010 nmbar, and nore typically about 0.005
mbar, would be drawn within the coating chanmber 12 -during the coating,
process, the reason being that higher pressures were known to cause
erratic oper aPonpabduesnEBthgude s3dedn ot d e B Mo S8 R ABness

difficult to ;830N Wi the presunption that_ inféerior coatings would
result. it has a so&%géﬂdbe‘}rpev%c?t AEHHEY i PE oFher heoghing | BReAessoul d

be reduced or "Bhéegliwaohnantnattéd aié shewat eth atheeal i Pggebagberit ig
pressures aboyerfiQ05-habay, er 1. nce w.th copending U S
Patent 20 Application Seri aﬁoﬂlﬁé’g%gw?&%%g% to Oéhe);hé-’tq: alo.%‘e, OZssPeFRd to
the sane®assi Ji8@8LEs 4%hi ¥ ehei Gireaant aodt ievepchartest 42 ianypreiesabl y
operated at htghet. pressures that surprisingly yield a ceram c coating
with inproved spallation and inpact. resistance, as well as 25 pronote the

coating deposition rate_j onjunction with higher ingot evaporation rates
than that achieved in tﬁ%&’%r?%‘?‘t%ﬁ‘?.cﬁ%ﬂ%ﬁrﬁuﬁ‘ﬁﬁoﬁﬁpéé:ﬁlﬁé’ mEgai ke df n
the coating, bpirtesaiatainheddiaty ahamhensm 1Devd®, o6 HHsLel8oWolbh 3har
mechani cal ' pupsus8ly :xr@bqggni p 32 qof type known in the art is
shown in Figures 1 an(yif\cz) as béei'n (&en%%%ffed 1 o%ﬁ% Pt thedtlac FatVamiwt t he
coating*@hant®f 8F pRPeE Ot-81fh os endomereceypicalldy sabwati o FHar es

1, 3, 4, andubats wollldfmsi @RaPhMPiYs L0 S, *Sini 11 14
February 2004 WD 01/ 1%108 PCT/ us00/1211%)£§h?%§t %ggéﬁl{l‘ﬁox%ﬁaﬁ‘ﬁe hggara‘{‘fr%
nodi fi ed wit 3¢ t nFSEEFRY VBFOESEE: t o thEquIBRASThe RpiRat i bhas tighemp 34
in accor danqrassurdsiveraviantumnto Maes@astetiar bjerhReont Brothle pal ve

36 I's actuat ed, het ween g qpap, PeSld | gEectron beams 28 difficult to
15 . control, with the presumption that inferior coatings
would result. It has also been believed that the life of

the gun filament would be reduced or the gun contaminated

if operated at coating chamber Pressures above 0.005

mbar. However, in accordance with copending U.S. Patent

S 20 Application Serial No. 09/108,201 to Rigney et al.,
assigned to the same assignee as thig invention, the
coatipg chamber 12 is preferably operated at higher .
pressures that surprisingly yield a ceramic coating with
improved spallation and impact resistance, as well ag

25 ‘pPromote the coating deposition rate in conjunction with -
higher ingot evaporation rates than that achieved in the
prior art. ‘

Rough pumpdown can be performed in the coating,

preheat and loading chambers 12, 14, 16 and 18 with

30 mechanical pumps 31. A cryogenic pump 32 of a type known
in the art is shown in Figures 1 and 2 as being employed

to aid in the evacuation of the coating chamber 12 prior

to the deposition process. Also shown in Figures 1, 3, 4

L 4

and S5 is a diffusion pump 34 whose operation is similar

11



s (Figure 3) and a closed position (Figures 4 and 5) as &Bebruagy%%%”lons

t her ebet weeno dipa1dsenefit of the throttle valve 36 is reali zgerRR1fode
vacuum wi thin the coating chanber 12 is naintained at the relatively high

pressures enployed by this invention. Wen the nmaxi nrum 10 operati ng
capacity of the diffusion punp 34 is required to evacuate the coating

chanber 12, t I | S M\% r For
processi ng h%m{algéegé kﬁg%@oﬁ% S@h%hgﬁgg f% i eé‘?raﬁ%g ia{I %e§h¥°?%%e
targeted preéssiie 6. 9 @fegll@rai‘ﬁ@ar fhenemessttiQn n@ft hbhet lppmips Bhrotnl e

val ve 36 is nmpuedddahce PLEER! tHiOt {henposht i Omoﬁénﬁagfhihﬁ'i%%léﬂé onjhe

fully cl osed p05|t|on of Figures.4 and S. As_seen in ure arate

di f fusi on purfdrofdissi Wpi4el ﬁ%q&?pﬁ&?%@rﬁitﬁﬁﬁ’{’??@ \P&PV@E’ePn(ﬁO%WF} are

preferakd y ermil@(mt t 9) earliage dlhﬁsd& eb@aﬁ.tﬁlbﬂnb@':ﬁgdfbs 20 agrad nshorad he
reason that a_r ativelg}hi h pre?g‘g £ d%sired or thefgtlng
operation of IHi's AfveRPFSH Qﬁ ¥&PPounps T8 PeEeFA ncFifie

| eak det ect orthmaruiectvalise 336t @smmmlad@aﬁhedettaheovacanmbmmﬂmmdﬂ&d

for detecti n%r Od:si)(.%fde é(r%é' 2eai<s “iﬂé?ﬂ Qgh Hm_qr S,_Zi%ag%zg%r g%eiﬁ,dtﬂl}?h can

be safely in rou eaks I n t anber
associ ated @FESHRIRS ST OY'éﬁebé’nctélJaﬁgai'—ﬁV@BtFpguresz}Elan(Ehg ndrelmum

| oadi ng hamagyes-a+8 i dedSadi ey JFeriahd Yaek A8 abRd duk %éhilée’ é{lﬁ
equi pped with’l oadi ng do%ﬁ?s 40" t artiarpg oaded rr}le_‘ro Ijsi
15 tvielaee

rakes 22. Thé&9 @é’cﬁqi’g?‘tec%e?%a%nanﬁhﬁﬁﬂ%e ksk
doors 42 toﬂmtd:péndasvg&o&ﬁphﬁﬂamgaféyyeprm:enpedcétsse‘z@gi maﬂﬁv&tﬁe@ 1)

hat cont ol e ol Lol 100 88 B2 ma s MRBGPSL L5 eI
PCT/ USQQ 211@8&essure (e.g., 0.015 wmbar}), necessitating that the
15  throttle valve 36 is moved to a preset throttled position

some distance from the fully closed position of Figufes 4

and 5. As seen in Figure 1, separate diffusion pumps 38

similarly equipped with throttle valves (not shown) are

preferably employed to evacuate .. the preheat chambers 14,

20 again for the reason that a relatively high pressure is
desired for the coating operation of this invention. The

mechanical pumps 31 preferably include leak detector
connections 33 to which a leak detector can be connected

for detecting a system vacuum leak wusing helium or

25 another gas that can be safely introduced through leaks
in the chambers 12, 14, 16 and 18, or associated
equipment.

With reference again to Figures 1 and 2, the

loading chambers 16 and 18 are generally elongated in

30 shape, and are e_qﬁipped with loading doors 40 through
which parts are loaded onto the rakes 22. The loading
chambers 16 and 18 are also equipped with access doors 42

to motion drives (schematically represented at 46 in
Figure 1) that control the operation of the rakes 22.

35 More particularly, the parts 20 supported on the rakes 22

12



.

are preferably rotated and/or oscillated within the coat MFPEBHBEH 12 in
order to prdWoO¥INPE desired coating distribution around therqrargos22@s The
“access doors 42.allow the operator of the apparatus 10 to 5 quickly adjust
or change the settings of the nmotion drives 46 without interfering with

| oadi ng and unl oading of parts fromthe |oading chanbers,16 and 18. .
Re”ar[)i ng agahnet opFefarebld SadtZFeEheaddﬂto&fd i(trsd(%ltét%d?ﬁa&iiﬁf}ﬁrph%ﬁ@r 1(Zj
Wi e descrj .1n 1 etail._In order to address t af or enent | one
pr obl ens conc%‘?%?ﬁ%gt h(ghglglé Tol i%f he RFRTE r oh° hdAHEIEE an'ﬁ"%r d{ee%‘ﬁ of
t he EB guns 30catinte diigfheirbwdiain ngropndsstines panulsoyzol. by tThies dawssd i on,
certain inpr nt d 0 n O,and NG, 4 S
chanber 12. Agagggn ??yﬁﬁ{}ﬁﬂg g?k%x$ %ﬁggﬁgyaﬁggntggseégsgggéﬁét%H%ué%ﬁ

i nto t hedcoat@wiCkhanbrdiust t Mpughamge | thet B2trdvgsedofieather umitbiass 56

that support &hgvednget si2Giott! Mt dvee | 99 ENABRAE nd? 200 I Ade
nol ten pools of ceram ¢ material produced the el ectrdon 20 beans 28.” The

flow rates- oft Bged Shamatlentarding nehRembesr| ¥6 caRdrdft ed based on the

“targeted process pressure and the targeted partial pressure of oxygen. To
reduce the occurrence okepersinge agaihl aticonsFimniteas tdHe aadatimg cimnber

12, the contr r e tine: for S reduce N
physi cal |y p|§%‘f%§ﬂ?’ﬁe8§gn ro|‘¥‘5£%334£e§ﬁg§£?gr %Tzlglgé;‘ga"";ls\é\ggi %&F&?’g% 1n
adj aceni0t o tiere nld@taiss j usinowexdere ttise eddresg chaebarfdr®Ementishmah in
Figures 1 andyfon s CEBALethihe thRNUAe ) VSF OffeSB1ectkBAC Heanthg

-coating chanber 12 provided a sUrprisingly 30 significant 1nprovenent in

e
_pressure cont3¥t, PFRBBEEAGD Mfesthe e EP (Bt PBnstni i nhiFBeFoAqaTd NI
chanber 12 ansres®gtes ng dnpller@ncesbyn t hthifsPcusintenposhli on rddis

el ect ron beang o nddifs ' 198LSnae T3 "id N LERLCYE LG fheclin heam
- 15  chamber 12. As seen in Figure 6, oxygen and argon gases
are introduced into the coating chamber 12 through an
inlet 54 located near crucibles 56 that support the
ingots 26 within the coating chamber 12 and retain the
molten pools of ceramic material produced by the electron
20 beams 28. The flow rates of oxygen and argon are
individually controlled based on the targeted process
pressure and the targeted partial pressure of oxygen. To
reduce the occurrence of pressure oscillations within the
coating chamber 12, the control loop response time for
25 these gases was reduced bjr physically placing the control-
valves 58 for the gases immediately adjacent to the inlet
54 Jjust outside the coating chamber 12, as shown in
Figures 1 and 6. Placement of the control valves 58 so
close to the coating chamber 12 provided a surprisingly
30 - significant improvement in pressure control, reducing
pressure fluctuations within the coating chamber 12 and
reducing disturbances in the focus and position of the
electron beams 28 on the ingots 26.

L d

To further improve the electron beam focus and

13



| February 2004 W01/11108 PCT/US00/ 21108 pattern, the EBTqumiu®%2304

‘relatively i wa@ariadosf romthe higher coating pressure within '
chanber 12 by a-condensate hood 52 that catches nost of the ?%ngs%ﬁ%{)‘['}g

ceram c vapors that do not deposit onto the parts 20. 5 The hood 52 is
configured according to this invention to define a coating region around.

the parts 20, pukkRi-g, \Myl.gﬁ rB k@u% eygt gg.fa %ﬁ%[lt qreq_em red]@t?r)%i ggeﬁoatl ng

process is gem fically mai ntai ned:
coating canpafgA8ert H@aﬁd@ Fressref et bibly ét}al ppaatmgo cfhatrﬁbéfr gengyy/6

that can be rarremde@&dt‘él %@@d SQUUHAL cfcddle m&oat 9
Preferably, the_screens gar et ai nedc byc spring p|dr>1fs1 %§§8§§%HPHS

t hreaded fasFEREFLC valf?%l"é? F P i PEtr HRRRS LT onre s‘@h@emﬂ@ @fen in
the condbti onThé hawvdngbeean @@@fﬁ@u:‘n\é&haacbﬁﬁgﬁgl gooftﬂl@ ﬁg@éhggogartgrl al

by the end of [ u ener al e Ilcate the entire
condensat e hoggfgggp%ogﬁa%gg g.%g\} 5‘ ﬁ@qr%lpr@’@e sn 20 sekbhinl whichood
52. Because thbBehe&devazedupusasise k@me& ﬂ@rasheZQ:o&Qﬁm pfb&ess 65 an

aperture 62 igp f t d 52 ronot e
t he capabilit Qéﬁﬁ%g?%:t{al ﬁll rllgﬁ%tJL eﬁ%ﬁ%sgéggggt%ﬁ ﬁ?g‘f’éenhood
52 as conpar eéC’%ElFﬁe GARA Y o h@h eodt i 3Ry l@hapbefeﬂ:ablyncéqdnpgeahe

vi ci ni tyoaromﬂthh%cEBeﬁﬁns‘ié%h&s‘_’ kha %%erﬁé’tﬁ&?ecﬁzaﬁ&e bLy % ohed
to have di neng rﬁ?xﬁ rg)l rmrg Eﬂgan t hat necessar e”BF %Yl?on
beans 28 to pass “tfir G- FBBECSS. I=or t Rreh P%’dé’e tltiﬁesaqmﬂnﬁeEGGZ
are pref erablgreutretainede oy ecdpring basirms 28 glurinirddie Sof UncRfe188a
EBPVD appar at g, each r e 62 has..a s-sectional area
“that is appr oxslén%%e“g ggué#a%o t%%’atﬁgqep]ﬁ et Fe¥oh Bg F?‘ﬁaﬁ"’éﬁﬁnsatw he
i Nt er secti on WieMh ;nethgog:oggltlon of having been coated with a layer
15 of the coating material by the end of a campaign. Though
generally more complicated, the entire condensate hood 52
could be removed and replaced with a second ¢lean hood
52. |

Because the hood 52 surrounds the parts 20 as

- 20 seen in Figure 6, an aperture 62 is necessary for each |
beam 28 through the hood 52. To promote the capablllty

of maintaining higher pressures within the condensate
hood 52 as compared to the remainder of the coating
chamber 12, including the vicinity around the EB guns 30,

25 ‘the apertures 62 are preferably formed to have dimensions
of not more than that necessary to allow the electron
beams 28 to pass through the hood 52. For this purpose,

the apertures 62 are preferably cut with the electron
beams 28 during the setup of the EBPVD apparatus 10, so

30 that each aperture_'62 has a cross-sectional area that is
' approximately equal to ‘that of its electron beam pattern

at the intersection with the hood 52.

To further isolate the EB guns 30 from thér
elevated pressure within the condensate hood 52, the

14



To further Wé}ﬁtlg the EB guns 30 fromthen elevated pregsFt?PéuW??n?% t he
condensat e hoo % the 14 14 February 2004 WO 01/11108 PCTPCBUSH®2211@3
"beans 28 travel fromtheir respective guns 30 through chanbers 64 forned
between the interior walls of the coating chanber 12 and the condensate
hood 52. Preferabl t he diffusion punp 34 has an inlet near and 5
pneunat i cal | P eé@&pl%%i fFavedcht 5pmt HhahanespesttiveBanmese 36f  timeowdini num

size of the ahamb@f:@s 62, fd¥ne®! BLALRANPT BHS Uttt %ﬁl‘sﬁ“gﬁ @%e hood

52 (achieved the introductiagn of oxygen and argon with 54)

bl eeds into f:ﬁ@)é&ﬁgnbe? BELt d%uf PRE enthy r S3t@ r ahecdo é@bl e

t he diffusi oﬂrplﬁEpaBélyt,otﬂlm rdf fud ten phmﬁbeqs ha@4 @ itnm[aﬁs & | Qe

than that wi mg §c a_ctgnderésat CLe %l%ureg 8 and Iustrate
addi t i onal "SR pr ovicAER 5 EBe@ Pﬁ tlﬁr’é@r%veﬁm on.

As is generaﬁﬁyausﬁve@ﬁl Ghe | mihemEB g 30f atlee e@q_ue}meﬂ-eg tbzyaqmgn
unps 66 tha | r 0 t abo t
gxgg 5 to ab%ﬁtgwae%a Br@%ﬁﬁ%é \?ﬁ-lt |t§lhv%et#%%bd%?1 t'?ah ht% exi szte ¢Fgc e the
guns 30, i.ePY \ihehi FREFRIEHREN c o4t iovyIanded BXgeh 20itini shlen\nmilteton as

wel | as typl s EBBy@sceﬁtbnﬂhéh@mfa%%rsofsq,t he R '&ffﬁréledﬂl ey dgy such
1 ow pr sures {: Etég aggal n e el ectron beans must pass through.
cyl i nd cal oFrFi tfifdosnp, Pume %"Chéﬁ’aﬂ@éﬂi?l%hm in

Figure 6. Fi ghlambersep&zlesantSaagﬁ:&smmeennbweal il | guedt i 9PchiQr Heeh an

orifice 168. ., range of beam focussi ng conditions
represent ed %O c?%%%éslé%(l)%sl%?l 0%25 A, B and C for an electron beam 128 shown

in-Figure 8, the orifice 168 has a relatively |large dianeter and |ength,

e.g., about 30 nm 30 JhtTWERst $20 Pm andpedti vdlpstTatedi salfiaritomgd of
t he protection provided to the EB guns 30 with this

15 ~invention. As is generally conventional, the EB guns 30
are equipped with vacuum pumps 66 that maintain pressures
within the guns 30 at levels of about 8x10°° to about
8x10™* mbar, which is well below that existing outside the
guns 30, i.e., within the EBPVD coating chamber 12 of

20 this invention as well as typical EBPVD coating chambers
of the prior art. In order for such low preésures to be
maintained, the electron beams 28 must pass through-
cylindrical orifices 68 to exit the guns 30,  as
schematically shown in Figure 6. Figure 8 represents a

2s conventional configuration for such an orifice 168.. To
allow for a range of beam focussing conditions
represented by focus positions A, B and C for an electron
beam 128 shown in Figure 8, the orifice 168 has a
relatively large diameter and length, e.g., about 30 mm

30 and about 120 mm, respectively. The disadvantage of the
prior art is the reduced protection that such a large
orifice 168 can provide to the EB guns 30 operating in
the higher pressure environment of the apparatus 10 of
this invention. During an investigation leading to this',

35 invention, testing evidenced that improved control of
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prior art is the reduced protection that such a | arge orH’fFiegeuaf%gocan

provide to tWeOoEBIg&ins 30 operating in the higher pressure e )gg (i? of
the apparatus 10.of this invention. During an investigation Wl’
this 35 invention, testing evidenced that inproved control of 15 f 4AFebr uary

2004 W 01/11108 PCT/ USOQ 21108 processing conditions enabled an opti num .
posi tion of thescdasin oggﬁdpgiaﬁ ( gure be_identified mor e
e g ° inaB%Ea i gﬁt{tgurptpﬁalf:ﬁof]hé’fortihﬁ‘- ce

effective orifice ge5| n was en i nves |gated resu
68 of this i MVt ﬁckl O\Pr?lind: 5(Ri difr Bigizad 99, thi bk i Kemeptié@d i m
Figure 9 as hlmmeng eﬂes:nﬁh)rer dﬁﬁrm:teer R gren t the or
art orifice xje6s§.1 ggret‘g]éa ’8 ferred (g aneg{aeér fﬁ%nf ené}‘ﬁés t&n%'
orifice 68 are d to Pottt4S 8Rd Ho Fhts rdesmntiarel yhowtlough
opt i mum%al ué“slglmea hesandi frenshdoa 1€ @i@pl\ca;re\d dﬂD%{l\geog grseg.ﬁw and
focus, deflegi I d,ove tries, not e bo

g %ldfé’fz GEREED SBEUSER. LrIRITEL S 0Re rtion A he

t he condensate ho

deposition &FifdCanilsdreferfigunsh & he A rpreferradl ﬁﬁamétébeae@aty S tAD
chanber 12. E@(iortdjé’lggrt Cf t&g 563 4Nt od i S aI SO
specially confi %ur ) healﬁ)lnrh'ge‘;é]f Ltccﬂgg é&éo g "%e& i M8d to
mai ntain an &5PFG Y'p éhp‘é?%%’&‘#‘é vadueg iamathagecdlmmngliorﬂh’bre

parti cuoar | ycanheva:opd cﬁperﬁ:lﬁq}u @ﬁed??éggu@efgov&m eff%gh sgef I ﬁ%itif(ire Ilgtgekm
en surfaces o e ‘i ngots C

that radiate a ed b
. toward the p%??g Egg@e t tﬁ‘el FF& sBEPREFYSa canpai gn, during which
the tenperature of the coating chanber 12 is relatively low, the reflector
plate 72 is positionedAsl oseted takoPs, paths 22omileAisateaChyatior s34 4@

maxi m ze hea e S he, At rature within the coatin
chanber pbBat 2bnkhe arBaAnKS +AL- A3 S ol YU H A IS Y the deposition J
of ceramic material on the interior walls of the coating

15 - chamber 12. According to this invention, the condensate
hood 52 is also specially configured to regulate ‘heating

of the parts 20 as required to maintain an appropriate

part temperature during a coating campaign. More
_ particularly, the hood 52 is equipped with a movable
20 reflector plate 72 that radiates heat emitted by the

molten surfaces of the ingots 26 back toward the parts
20. At the initial Sstartup of a campaign, during which
the temperature of the coating chamber 12 is relatively
low, the reflector plate 72 is positioned close to the
25 parts 22 with an actuator 74 to maximize heating of the
parts 20. As the temperature within the coat:.ng chamber
12 rises during an ongoing campaign, the reflector rlate
72 iz moved away from the parts 20 (as shown in phantom
| in Figure 6) to reduce the amount of radiated heat
30 reflected back ontq' the parts 20. In this manner, the
barts 20 can be more readily brought to a suitable
deposition temperature {(e.g., about 925°C) at the start
of a campaign, while attainment of the maximum allowed
| ‘coating temperature (e.g., about 1140°C) is delayed to
35 maximize the _lengthl of the coating campaign. The hood 52
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12 rises during an ongoi ng canpaign, the reflector plate 4;5b|m§ryrr%{%/oéd away

fromthe paMd01a8108as shown in phantom in Figure 6) to reduR€TAUS@24mMsunt
«of radiated heat 30 reflected back onto the parts 20. In this manner, the
parts 20 can be nore readily brought to a suitable deposition tenperature
(e.g., about 925C) at the start of a canpaign, while attai nnent of the -
maxi num al Ihomd pzlzmiéic mghhmﬁ'@epabmwe(a. @oreahﬁmﬁoﬂqgaﬁh iss:adﬂjgam(hd@ 35
maxi m ze the t he tin a ' The hood .52.16 .February 2004
V6 01) 11108 4T Q0P sbBB=ERAt o1 Hra eb Bitior ke 0987988428l AT RAL

st abl e bl adegrzbat shgucewper four ehe wherhmpronoatinghe ode $ihee gpaoisuratar
grain structsre f ' i g | i.h the
desired rel a?évgﬁaghﬁ}agﬁ Bﬁ%g%éfgmé%h?%ig%?ﬁ%&go% %aﬁgeﬁgﬁgeglﬁl I{; t he
refl ectbr pl Bbe gondsnsateiheodfieuhpdsi Ehenreflaater- edeited 2hisudn 75 s
shown. that sgéreudn@ed odiaieh,/2at ardtidt-idolgas Ehewuletyeens tdiwn
condensate hood 52 and pl.ate_ 72, _and thereby .reduces ressure | oss between
t he hood 52 %@tpﬁygo?gdslﬁh@hmq% —I':?gt‘e'lf’e N tm51$|$ u%jtf’a'r derragi

extend into the coaiengacdahbed 52 Emdougtate bzt andnthefredy- tuduegs 79 in
t he chanber wal %%?%r%\el%gmtpégﬁeq{ SHd hiE dised i ;ngéés.; in regulating the

heati ng of the® by  moving céram c or ceram c-coated reflectors .80
15 (shown as a granular material in Figure 10) toward. or away fromthe
cruci bies 56 during a SheWn ndrcafpauge. 7M@Ee spgeniPehrtgrs duEl t dhdtei r

proxi mty tosk¢endCiHebbkee adiify rehdfcésr 328 i & ¥eLY hidiht
tenperature during the coatin 1E)rocess, and tgfref og_le 20 r.adi_at e "heat
upwar d tomr%le?cp‘l'eg%’?a?lf%h 20° Ji*ﬁe BEoTREMBPY WAl - r adgt ERPHPULRE & 17ct or s

80 is ‘gener adty @te® toBxESLO IBerethbatehyether Re8linge ofl esestpdrad he
eruci bl es 5620ar}§jy C?nnovg%gr egg%‘glgligy gPVicpeqrérpfc—rcegAteé: Orrseflectors 80
15 - {shown as a granular material in Figure 10) toward or
away from the crucibles 56 during a coating campaign.
More specifically, due to their proximity to the
crucibles 56, the reflectors 80 are at a wvery high
temperature during the coating process, and therefore
20 radiate heat upward toward the parts 20. The amount of
heat radiated by the: reflectors 80 is generally at a
maximum when the reflectors 80 are closest to .the
crucibles 56, and can be reduced by moving the reflectors
80 away from the crucibles 56. The reflectors 80 are

25 preferably supported on a fluid-cooled plate 81 that does -
| not appreciably radiate heat to the parts 20. As a
result, the reflectors 80 can be used in conjunction with
the reflector plate 72 to regulate the temperature of
parts 20 being coated within the coating chamber 12
30 during an ongoing ~campaign. At the beginning of a
campaign, the reflectors 80 are originally located near
the crucibles 56 to maximize heating of the parts 20, and
later moved with the manipulators 77 away £from the
crucibles 56 to reduce the amount of radiated heat. -
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80. away frcwgtopﬁz S%UCi bles 56. The reflectors 80 are 25 3rF§PEL§a%?904
supported on UP8- cool ed plate 81 that does not appreci abP{TRSHV2A108
heat to the parts 20. As "a result, the reflectors 8.0 can be used in
conjunction with the reflector plate 72 to regulate the tenperature of
parts 20 being coated w thin the coating chanber 12 30 during an ongoing -
canpai gn. At the begi nnTagservavechhpaicgatinge ahefibsst crrsvBommenior | gh@al |y

| ocat ed near pdreishisici Bkescha tglaﬁgf,hma%grgeatng Wedie RaLd s &?
| at er noved W|th t he manl ulators 77 away from_the_ crucibles 56 T0 réeduce

the .amount of SPAMPEE edhed¥e ProRsEaRLY bopmedwrH1p1 aimh POTDISOSE 2ad 08
To survive t i‘@lb@ﬁl | @@cl@h&ﬁber neakeaoa.&aet altl.h:? s#‘lfdht IN%.Ofs [ hernstea

manlpulagors 7f7WI {I coaatln cha JSE% referablyforned of a
hi gh- t enper atUr e asﬁ% W cAeEE 2 HMick FubR #0uddsbe nit ead

5 of a granul%ﬁsemmealw anpefonhl endohavaoesstelmtllaﬂllyn arﬂj,fSSeﬁtﬁpeaJ | yrany
f orm and hav i al a X o r pore
ee:rgasr&ﬁ'fg dné apy- srﬁcgfg céféd:e[f @&&%d U&t?l boogo T gfec(’:itlve

coated with a reflective naterl
conveni ence, WHer¥ak | eeubdsbgoused.d e ral maryery Olfarqgmvmmmes,uttﬁe om

10 ingots of w@efRid@idRd §bMdRnd Cbé hi‘blE@h{}&l?eQL géi,gle&EQggab' d el

apparent that, ot her o%ramc mat eri.al s, coul use ove, the

i ngots 2% of met eMae e sﬁbﬁ‘&i?éd Wt Rt heedpgt | drpetitigsbr 12
by 15 cruci bIt&B:t@ltilat iseappariehe rMHdterofloor s cetaf@bafat e T i @ulg
produced by t tron beans 28. One of the crucibles 56, is shown in
greater detai |n I'gure 10 as having a three-piece configuration. An

upper nenber 82 wth a tapered upper surface 84 is.assenbled with a | ower
20 nenber 86, formng thter dhetigRenbotesl abhepadnggesss 26t hrafiighrerndt

water or anohiferSWl aRl€e GOPLRRtelS ditWHH the coating chamber 12 by
15 . crucibles 56 that retain the molten pools of ceramic
material produced by the electron beams 28. One of the
crucibles 56 is shown in greater detail in Figure 10 as
having a three-piece configuration. An upper member 82

with a tapered upper surface 84 is assembled with a lower

20 member 86, forming therebetween a coolant passage 88
through which water or another suitable coolant is flowed

to maintain the temperature of the crucible 56 below the
melting temperature of its material. A restriction plate

90 is also shown in Figure 10, whose thickness can be

25 selected to change, e.g., decrease, the cross-sectional.
flow area of the passage 88 between a coolant inlet 92

and outlet 94. For reasons of thermal conductivity, a
preferred material for the crucible 56 is copper or a-
copper alloy, necessitating that the coolant flow rates

30 through the passage 88 must be sufficient to keep the
crucible wall 96 nearest the molten portion of the ingot

26 well below the temperature of the molten ceramic. As

is evident from Figure 10, and as further discussed in
reference to Figures 11 and 12, the electron beam 28 is

35 preferably pr03ected onto the tapered surface 84 as well
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to maintain ‘%B% }Eﬁl erature of the crucible 56 bel ow the l‘lrrﬁﬁbmarﬁzood'

t enperat ure f terial. Arestriction plate 90 is al so KTA§#021E08
"Fi gure 10, whose-thickness can be 25 selected to change, e.g., decrease,
the cross-sectional. f low area of the passage 88 between a cool ant inlet
92 and outlet 94. For reasons of thermal conductivity, a. preferred
material for 3hetke EnsPe B6.i sCepppanently. doppedesl foy, thecestietrdicrng

that the 000|é\£h§fa{&é3%fatt% oY onghni e gBassAgse 8§d§#ﬁ£ﬁ3§ﬁ]l&u '1%§§n\t,\,e|tf)

keep the cru I n arest the nolten portion

bel ow t he ter?%é‘? e}b’r\@‘%‘?sﬁ h%grﬁ)ll‘?eﬂa%raﬁ E‘us}é\sbel pigjpderd ﬁpomrﬁﬂ@iﬁe 10,

and as furt hdieat scu&&eﬁkﬂeﬁ- r ef eneaee tj)ecE% £5idd anthel2, nh@a8ligehr on
be

?gam de ruarsj: fera%ll/ytﬁ 6%ect ef%sgé tglg&r ed surface 84 " as well

thelPngdeces crucible
Consequent | y,cantignumtiar thef extehisr s$ovéateonf tHactippeatsemberh82 to

be adequat el y heet clggs:é be_yininized to
pronote heat trac%fqzelrcn{vvlttg oEﬂtn par% z%ﬁgfpﬁhkag? %%ﬁ:oal %hgt F@ﬁé Htof
the cruci bl e PRS2SB4l 29 pW@ltl 8&e enalbdiesl he dHtigmass onf othehiwsll
invention facid i teat e&et hgroaaeéacameﬁ OElgf&@topédm_lar&%H ' gur%ﬁlﬁ%g t he

cool ant pass%{q:l as, enabl, t ckness of the to be
producetf wi t lﬁﬂ?ﬁ t%‘?‘é %E%tl‘Wn ek i AR VeFHISur BReeRr T | B
depend on vapreferfrad orcolantpr eflemw ed:at@OI det Bbowtr aFevies a&boukifye to
fifty gallo a1t ut t to t ndred I|te s/ m nute) .usi_ng
water at a p%%/ssure/ﬁ}lkﬁg%ut tﬁ%@ﬁt si xv@tﬁ-@: pher<5§J (ab HP twoi"l%d%'?g bar)
through a padd&gasYBigRitRiosE igrpseatect abnal paeesre aifoudba twa, tand
with a  maxi mym waldoddHekes s pbu@beyl 8 @15@35@6%45% n 4 b3ELEd. and

about 7 nmad acent the 1 ngot 26. Figures 11 an a pre rred
patternt whose cross-sectional area is about 400 am*®, and with a

- maximum wall thickness of about 10 mm adjacent the
surface 84, and about 7 mm adjacent the ingot 26.

Figures 11 and 12 represent a preferred pattern
for the electron beams 28 on the ingots 26 to form the
20 pools of ceramic material. As seen in Figures 10 and 11,
the beam 28 is also,projected onto that portion‘of the
crucible surface 84 immediately surrounding the ingot 26,
with the perimeter of the beam 28 on the crucible surface
84. The preferred power distribution 98 of the electron
25 bemm 28 is shown in Figure 12 as having peaks located .
near the ingot-crucible interface, with 1little or no
power aimed at the center of the ingot 26. Acéording to
this invention, the benefit of directing such high beam
intensities away from the center of the molten pool is a
30 reduced tendency for spitting, which is generally when a
droplet of molten ceramic is ejected from the pool during
coating. Spitting is associated with defects in the
coating produced on the parts 20, and therefore is
preferably avoided. Projecting the beam 28 onto the,
35 crucible 56 serves to reduce the amount of ceramic that
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for the el ectron beams 28 on the ingots 26 to formthe 20LI egfLéa%Foceramc

material . ASWQAERIMH Figures 10 and ii- the beam 28 is aI S OPQRF/06R%H Rk
onto that portion of the crucible surface 84 i medi ately surrounding the
I ngot 26, with the perinmeter of the beam 28 on the crucible surface 84.

The preferred power distribution 98 of the electron 25 beam 28 is shown in
Figure 12 as neghtng qztelmcsuimatiexﬂlldl@pr bhe thgot cehkgibhle it ertjuaece e(mth

little or m—::ﬁ t ecenter f ther ot 26. Accordrngto this

i nventi on, é generr t Cgr ] i TEHSi (SR ERBIES om

the center ofd-"{ﬂife‘-‘lrhﬂmem pégkoss a:m) meduead pcemlieracey éﬁ@teﬁm.hédngvm/ml ch

i s general |y yyah g draplpinef nol c ted fr ooI
“ﬁné) e é}(’i ef?%‘ de% cﬁ tn fife %rc;’](‘?a

duri ng coatr . Spr tting associ at

produced® on Z@uléfr?éllet h&eatr dritengidtiasablat a\mejerperﬂrsm eiet i ng

t he beam 28 Grﬁgmtehe,lz 38rer Ushbl €nd6 sxafates o0 Leduse Hﬁ?‘%z of
Ot'herW se

ceramc that 19 4 dbgruar 2004 wool /11108 PCTI Us001211

bui | dup on t FE"EATEDI ¥ 58 JEm ket ngt akeud & cb'#olin@El aahortdieeven
t enperat ure oehinsteni it ithie goadss the nolten pool as-determnined with
infrared i maging. When YSZ is used as the ingot 5 material, suitable beam

intensities at the pea r he, or of aboyt
kW m2, as conpar ed t?aaonrraal:ﬂr)rg#n Iq'evgﬁ‘f%‘?r b&ht JOSO%%?\W LiFI‘Fé'froé"enter
of the Yool . PERFO 2hoith inciemt econothe shafacke ofl diite aingd® beam:Z&nl S
i nci dent on bb&:.&lu@.f agthdfe t NEoi Nget 26 ates%%ggﬂlérﬂ Pvéo 23 ttc{t
r oxI i-on

establish relative to its respective EB gun nt ersec
point 100 aR§SRACEIFoHE By 3Hode TN FﬁFéFé‘@@FP-@rﬂ pebint 1800 with

the cruci bl eanB6 aat: dhwopttéelIpi@ispdbsédhedheall intersection point 101
with the crucible. 56 at the perimeter of the beam
15 . pattern. As shown in Figure 11, the preferred beam
pattern " intensity on the ingot 26 and crucible 56
slightly diminishes, preferably by about 30% to 70%
relative to the remaining perimeter of the beam prattern,
at locations on the crucible 56 corresponding to the
20 proximal and distal intersection points 100 and 101. The
purpose of redu.cing the intensity of the beam pattern at
the proximal intersection point 100 is to reduce erosion
of the crucible 56 by the beam 28, while reducing the
beam intensity at the distal intersection point 101 has
25 been shown to reduce waves generated by the beam 26 on
the molten ceramic pool from pushing molten ceramic over

the edge of the crucible 56. ' |

Another preferred control feature of this

“invention for the electron beams 28 is the ability to

30 temporarily interrupt the beam pattern on the surface of
the crucibles 56 with a separate higher-intensity beam
pattern 97 dedicated to achieving a faster evaporation

rate over a swmall area in order to evaporate any ceramie,

that may become deposited on the crucibles 56 as a result
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3.5 patternwdé%/ﬁ wn in Figure 11, the preferred beam pé*tl:tegrrur\aq’%?%%sity
on the ingot 26 and crucible 56 slightly dimnishes, preferBETASH21a080 Ut
"30%to 70% relative to the remai ning perineter of the beam pattern, at

| ocations on the crucible 56 corresponding to the 20 proximal and di stal

I ntersection points 1Q0 and 101, The purpose of reducing.the intensity of
the beam pat Cér nSEFEHRG - proximed ifRa Wt idh pbent inoenitiono raducke

erosion of tee formeid|®RBahyHehed2ean2 S i i ng: beam
intensity at 'Hh qI:i stal int g?sect i Qn .pgl]igznt plég%tﬁg)g ggltgieggngﬁg% ?’% Y8duce
waves generafe®oby tF& bd&h 26505 e o RreFeEEr-ani c Jgbol af rprepeshedg

mol t en cer anevboddmenthe widge thet bpeettorbl i 562 APt KT eggcq{%rrcgp gentrol
11ty to 30

f eat ur e -of t hj i .0 r..the..electron beans 28 j.s.the a

t enpor ari| y ?%?eﬁreg’\é?g%ﬁe Sie:g%r%a?t'?e(r%ﬁ-c?ﬁ’atpﬁé:aé:ﬁr @aiﬁ“ﬁ’fduﬂﬁéfc@%?fﬂbi@s 56

wi th a separ 8fe theglsacibilenset y theamatgatreray 95 deidt st L6t st BLEA B NG

faster evapogabbaRtibakl @Wer. | 1N 0 .eyvaparate an

ceram c, th%ijma 8_%%0% degog?te o%éétﬁ‘gl%?’uc%gﬁ%s%géc\és%}er e%%&ré/% WO

01/ 11108 Feb aF9¥‘2 I ReT Mgy oeeved sprder nghe THils ebediom eohfthde

i nventi on caopéeatper frywmRd dehé NGdrenicoabh N4 garatjagn é’ﬂé&hﬁ]ﬁ%or no
en .

| npact .on th itio rocess. In preferre enbodi nent ,
oper at 8r9 ini??gﬁggfﬁé egggrsP?jﬁgﬁfnS ?Ee E8pafat ¥TEHT: eRPL iR evapr ate a
bui | dup of ckileedthood wife ermotdl €ha, . cobbd paead N7 damddd Sbf the

aut omat i cal | ¥y, & ERPSI ELO own. L tiqn, .fromwhich the pattern

97 can then be nanual F§ goesse%é)cll}?lc &t t h&y %}l@&tﬁgﬁl&' tHee BRELLESR fwar d
the ceranmi c V| dBREtEIN auPdraepredd| ybeo poepragngmnad patt ehad? tthed

known posi tigperater bhkelnbeed e e160481sRabnCoMd 1 53d; 1 PodamRYE Of the
15 which the pattern 97 is to be projected. Ceramic buildup
-ont the crucible 56 that cannot be readily removed with
the pattern 97 can often be removed with the manipulator
77 shown in Figure 7.

Magazines 102 that house and feed the ingots 26

20 up through the floor of the coating chamber 12 and into
‘;he crucibles 56 can be seen in Figures 1 through 7. As

most readily seen in Figures 2, 6 and 7, each magazine-

102 has a number of cylindrical channels 104 in which

the ingots 26 are held. The magazines 102 rotate to

25 index ingots 26 into alignment with the crucibles 56,
The magazines 102 can also move toward and away from each
other (i.e., laterally relative to the coating chamber

12) in order to make adjustments for crucible gseparation

and lthereby optimize the coating zone over which the

30 deviation of coating thickness is acceptable. The feed
mechanisms used to grip.and feed the ingots 26 into the
crucibles 56 generally include clamping arms 60, each of
which is disposed at an angle from horizontal and adapted

to hold the evaporating ingots 26 in place while the‘,

35 magazine 102 is indexed.” The upper end of each arm 60
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cruci ble 56 reduced. Alternatively, the position of tHé:eﬁéqq%?RO@?

coul d be prg'lﬁf%' ?¥ned so that the operator can enter the | d63VV9H2UA8t he
crucible 56 onto-3.5 which the pattern 97 is to be projected. Ceramc
buildup on the crucible 56 that cannot be readily renoved with the
pattern 97 can often be renoved with the mani pulator 77 shown in Figure 7.
Magazi nes 102RERELSholdE aVarahting i njorst 262620 whichr odglvitlie aftle@or of

the coating Q@@&aﬁg 1€handm@é9 e gricihl eﬁp§§raand9feé€f '%fﬂﬁ?”r%s !

t hrough 7. nost readily seen in Figures 2, magazi ne 102
has a nunbereEneV@PFnélll @%t%r?e]ﬂso”iwmh%ﬁ%ﬁmp%ﬁﬁ ﬁﬁ@oﬁ@ 2@ ald deel d.

The magazi nedodfidatdt at ow@rdS isndexorigeintad6 i pbeishbaNMENih] h thg
cruci bl %s 56.;_.The magam nes 102 can. al sp nove_toward and away from each

other (©.e., OFEFEPAPEY [ &Cat iISAMSS tHEYBHAF i ngf chhfBer Te89) MecHedds™ o
make adj ust rramzsrﬁmngcructlobl e tdepar atnvent howl, t heeabyl opinagezeénkthe qoati ng

zone over wh evi c 55 |s acceptabl e. The
feed nechanlbgﬁggﬂgégglg \gérl?'?n%ﬁ eelggﬂ;l hggt ?%‘23 ogﬁfﬁ To O¥FPGcFhfes 56
general |y i nefuddec| evaporpains. isgotedth @ithwm thei s:ms:g@:ssedsat andang| e
fromhorizontak andvadant el £&dw! éhéhﬁes‘:‘taa%%le s | Skg%e
while the 35 H‘a%%zal ne 10}% qu i_ndexed.’' The up end o eac armgl
February 200%72%pRH 1121 1080 Bee/ IQ’IEE@réﬁbﬁgeslr’fEﬁé‘- e¥Bpordiihgne ngat 26,
which facilihahésalf et egripiei oNgBf 2€HeN aepopiBidndisLCld Welhmap

el evator 61 wiiho al | oy ng_th nping arm 60 to slide dowward toward a
hori zont al p%gﬁﬂ:g%ll %\he ?rgg é@t'erm’ ned to cause janm ng of the feed

-mechani sm According to the invention, each nagazine 102 sequentially
al i gns the- next ingotTR6 wWiehWpoht Méwerotadtl irnfreferenapotat Figuragos 26

within the ceygbbbR 86.ifNhown in greater detail in Figure 13. The
15 _viewport 48 is configured to permit the operator of the
apparatus 10 to observe the coating operation, including

‘the parts 20 being coated, the pools of molten ceramic,

the reflectors 80 around the crucibles 56, and the
manipulators 77 used to move the reflectors 80. As

20 shown, the viewport 48 is generally an enclosure that
includes a fluid-cooled - aperture plate 106 with an
optional window 108 formed of sapphire in order to
withstand the high temperatures (roughly 800°C or more)

in proximity to the coating process. A shielding gas is

25 shown as being directed toward the aperture plate 106 .
through a port 110 for the purpose of minimizing coating
deposition on the window 108 or equipment behind the
aperture plate 106. Within the viewport 48, a rotating -
stroboscopic drum 112 serves to minimize exposure of a

30 viewing window 114 to radiant heat, light and other
radiation from the coating chamber 12. In accordance
with known practice, the drum 112 has slots 116 through

its wall and rotates at a high rate to eliminate visual
flicker to the eye of the observer. The window 114 ié,

38 preferably a multiple-pane of quartz glass, lead glass
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t he el evator, %ﬁ;{&eds the next ingot 26 into the coati ngLle(?bE i %(r)d’ 12

behi nd the &Y% afng ingot 26, with no or nininmal interrufGTo/EcHR1108e
‘deposition of the ceramic material on the parts 20'. The vi ewport 48 noted
in reference to Figures 3 through 5 is shown in greater detail in Figure
13. The 15 viewport 48 is configured to permt the operator of the

appar atus 10 3RA/0pEef9koTe@ gbasfng Bper quashz ghessdprpvides pantss 20

bei ng coat ed, ¢t Aen o) scigd I@Ja@lteE@éaBEBvidEer&%ftle%%tj.Bﬁsrf%%gf‘:#lsﬂgrost,hi's'

cruci bl es 56, anpd gg mani pul ators 77 used to nove the re
t

20 shown, thé®ife £olicregenF ATy ahSendiSGiinle that repAurgdesight
f1ui d- cool ed apssisitey pl atterel Gbi evpdirain4 8O FurehRlr WM AsDvadO84f ¢ tafe

sapphire_in qrder. t wi t hstand, t he_hi t enper at res?{igou hl'y 800C or

mor e) i5n pr o Jti/lo?ostel"ii _cg itngpﬁPng?g. n% %%?'cﬁ eg‘%gc’“i 253 as
bei ng di r ect ezkalownafalr t heh@pestunokoptapéc108rumhr oughnathert b faarrddhe
pur pose of m#itd.zing.: coati.ng PQSLLL on gt ﬂggyv 08 .or._equi prent
behi nd the a%edr%ﬁ@e 1$a? tga%%tﬁ%v?%{eﬁbgﬁg \%iae;%%% : é rsgtee{;telo%é" Jpie

st roboscopi c ey afl 2ther daseron pinithe cqisine ohambao ¥Rewbyg whilkdiow

114 to radi adndiedr hbetht apdrotbes &afli adimm 4B, CQUL NG, L hamRer
12. 1 n accordance, Wc&{]a nown _practice,, the %Jm 112 has s|ots 116 through

its walt® and 9%t S gRITLR SR EHTE (RRER IRGEFePEI9Rker to the eye
of the observer. The w ndow 114 is, 35 preferably a nultiple-pane of quartz
gl ass, lead glass 22 WaHdvrl lil0&Fidufebl4eaiy 20PtefRETLHSGEON2THAS pand/ior

A ovi despr ot 1o rron st bt PR HBRL PP e R VB dook PR ugs 10 auce
li ght inten$ik ythipe invemssian .48 fIhe heentrel upasied ndbdetisc shown as
including a schematic of the apparatus 10 - and its
15  components, including indicia 120 for individual
components (e.qg., thé 'coating chamber 12). Also shown
are visual indicators 122 located adjacent the indicia
120 for indicating the operating status of the
components, and switches 124 to change the operation of
20 the corresponding components. The panel 118 isg
preferably surrounded by gauges for quantifying process
parameters, such as pressures. With the panel 118,
information regarding the operating status of the EBPVD
apparatus 10 can be quickly and accurately noted to allow
25 the operator to make any appropriate adjustments to the .
apparatus 10 and the coating process.

In operatioﬁ,, the apparatus 10 of this

invention may initially appear as shown in Figures 1 and

2. '~ As discussed previously, the parts 20 to be coated

30 are loaded onto the rakes 22 within the loading chambers
16 and 18. The parts 20 fnay be formed of any suitable
material, such ag a nickel-base or cobalt-base superalloy

 if the parts 20 are blades of a gas turbine engine. 1In
the case of gas turbine engine blades, prior to coating,
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5 particle seal that provides a high-tenperature vacuum g'eaelbr"fa(lﬁf2?(?14

st roboscopi ¥U{HH%Anot her preferred feature is that the vi @GpEISO0/ZB08
provi des a stereoscopic .view of the interior of the coating chanber 12, by
whi ch one or nore operat ors can sinultaneously observe the 10 coating
chanber while retaining depth perceptlon Shown in Figure.l14 is a preferred
control panewithig8ther apgaturadius n@Oand:ha)niatmeaogst h:nf EBHVDmﬂ&famuallo

of this i nveg??qr&f&'is,edcg%n rggoggagh 1 | S s cI ud| (?goa schenat i C

of the appar conponents, |nclu |ng |n 1% a
i ndi vi dual ~EOMPOFEFESN e 8§ , diFEUSERd ngreNampsiyl2) . Also shoirr ate

visual i ndi cafeRlbitddd Aaal edeAsthASOPRC! h%hb”%h@f%cel%% el thﬁahb% the
operatl ng status of the conponﬁgits and switches 1724

operati Gn of 180 P& ST s g ﬁﬁ%n%t%lealfhetlﬁ%n]@n@lgoﬁg SHF-’éﬁéﬁabl y
sur rounded b)anglaumdua:re quant i syt gumr osestacdar BRI RS, régthrad for
pressures. Wd%hot h& ?1@“ 118a o E%mat Lon Jregar dg’g t he operating status
of the EBPVDCSRSSAFAfTs GO ¥ he 8 KISF T Ca TR e P - not’atfR oPARPEW 25
t he oper at or too dexkes Bimin@pphepréetrambaj asatengs tan t hdumdpparsdalse 1Qsand

t he coating | oy, the,ap us, of _{ hi

initially ap gg‘;&%ggb% OW%%I | glrjbrnesh% g%%i [ scu{ése prSé?‘é%@F@ the
parts 40 to 5@“‘@65?@@1'30 ‘é’Pe DIRMEREE o dRasion aQés ‘Pewiaddtnindgie | o@beng
chanbers 16aa06ik8 Jbgroar to?ft%Ql mpyrberbar gl b any +HuABAS, gRbehi al .

such as a ni ckel.- base or cob ase gerall If the parts, “207are
eTebs | B

bl ades of a ﬁﬁé‘dﬁuﬂf nec Qngl Bad¥ tdz%‘tﬁ?bl‘m? cAGFRENUBT ades,
prior to. coabnnglﬂan\goﬂbﬂdlldd&~e1Ehéruahy-oﬁ@ﬁ4e@&ﬂdﬁ@oﬁblé%\r&téb the |

appar at us 10te&B$r§Eﬁ]}%§e§r?Lfort f,l_% R t&.lrv\frig} deposition of the ceramic
is coating, or by way of a high temperature treatment
" specifically performed for this purpose. According to
this invention, the parts 20 are preferably preheatéd to
about 1100°C in an argon atmosphere. When not being used
to preheat parts 20, the preheat chamber 14 is preferably
20 maintained at about 600°C to minimize the temperature
range to which the chamber 14 is subjected during a
campalgn

After preheating within the preheat chamber 14,

the rakes 22 are further extended into the c¢oating

25 chamber 12. As previously noted, the. apparatus 10 of .
this invention is particularly configured to deposit a
ceramic coating under the elevated pressure conditions
taught by Rigney et al. Prior to initiating the coating -
process, a quick vacuum check is preferably performed to

30 " track the pumpdown rate and pressure achieved within each
of the coating, preheat and loading chambers 12, 14, 16

and 18 during a set time period. Doing so serves to
determine the vacuum integrity of the apparatus 10, which

was previously performed with prior art EBPVD operationéf

35 through an oxidation - test performed on sacrificial
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typically be‘xﬁr S’Ymgd wi th a bond coat of known corrposit(”'d:r?béléar%lgg%‘hssed
previ ously. d or to depositing the ceram c TBC, the sUiGTHEX0EH108he
‘bond coat s is preferably grit blasted, to clean the bond coat surface and
produce an optinmum surface finish required for depositing columar EBPVD
ceram c coatings. Also prior to depositing the ceramc coating, an alum na
scale is prefRRrabNGREor mddicorhamdersnd coats at lanartl el st edel Gevtaampetrad ur e

to pronote adheshornef & Loatdn | ugy an ed to
as g t hermal | ro ox%&é or d'I;LGgOp uﬁdﬁgéeﬁg ﬁ%mégg‘%’sg%‘%%%orﬂ If%sgédre’
al um num con%% nFﬁgannB. OWBAt C@F‘F‘ﬁBFeEth"gGQhPé‘%ﬁéslﬁﬁé doom dvmtarbund

tenperatures poi abar0 Or THY | BByEGRRSEE t ipthpof 32 hq’sceﬁﬁg*férgglﬁ;oaé%&g:ecpr by
way of ashi‘gh terrperaturre treat menﬁg S eC{'é igallyJL performed for this

pur pose. > Accol'dfhg fo T et onfPPRe partl 20 WPRF pr éfer sfached.
preheat ed t o ThéveafidedpChe &hffugbon apuwsphizeanihen aee kel disat-t 0

preheat parts.20, h ' gnﬂsﬁﬁﬁ[ 14 . eraply 2 I ntai ned at
about 600C to %Qni%&%teféie%dnp rat ur@t-;e ?Egir?‘ge {I(;%f V\hl?zgh T g%‘anﬁ‘g}eri4 s
subj ect ed durPFRFBUTearhi FPOUS t SXLSr ehawding 34 t Maaahesl .pr eh@ati tattdber

L4, the rakesrddeas cptésbhiess oyl eadedeha! PobAng0hAN G 2het RN R g AS
previougly ng{ d, the. apparatus 10 of ~this invegntion“is particularly .
confi gut®d t ‘g'epﬁ i P08 TR cabouti A9 untRr 1Phe BN at Wathr sssiieble

condi ti ons tmczz’li'ttnglpypaiegeayee_t k&lingfor hbgut:o 10TPt it ijélﬂoﬁbg Stgélfti'iﬁgtﬁaar
process, a ¢ VAC C . ref.era erformed to ac e.
punmpdown raﬁal anlcf?p#gl?su(?(ggéjb e%éa l&llnt hﬁh%ﬁgﬁ%‘% Ii)é’f 'f'%% 3’&9&‘:{ naz -pr eleat
and | oadi ng chimbeelenent 1ion 16augads5s pawviidgda wsidth ta meapeal oghud@iffy SO
serves to defgivd nesg hey yacyuord it t S whi_ch was
previously perforned with prior art EBP S%%erg(tgi gﬁg&&%&t hr.%gﬁghvgr?uum

oxi datibh t eRYSFEFIG eF i dhe 199359 ghamber 12. By using a gauge

55 with independently operable elements, either element
can be selected for use without interrupting the coating
operation. Alternatively, two ion gauges separated by a
valve could be provided, so that either gauge could be
20 used or switched without interrupting the coating
operation. ' '

In a preferred aspect of this invention, the
cryogenic pump 32 is preferably started prior to the
diffusion pump 34, contrary to prior practice in which

25 both pumps 32 and 34 were typically started at the. same.
time to minimize ice buildup on the‘ cryogenic pump 32.
Starting the cryogenic pump 32 before the diffusion pump
34 has been found to significantly reduce the amount of -
timg required to attain the coating chamber pressures

30 desired for this invention. While starting the cryogenic
pump 32 prior to the. diffusion pump 34 promotes ice
buildup on the cryogenic pump 32, this ice can be removed
at the end of a coating campaign or any other cohvenient
time. '

r

25



February 2004 WO 01/ 11108 PCT/US00/ 21108 speci mens. The cHAMBEAY #3904 14 16
and 18 are &v@euuterd with the mechani cal punps 31 from at noshgiis0621108
pressure, and then a bl ower conmenced when pressures drop to around 20
mbar. The cryogenic punp 32 is preferably started 5 when a pressure of
about 5x10"' nbar is reached. Thereafter, the diffusion punps 32 and 34 .
are started for the cqa_tm ar\glé)reaggglﬁ angﬁégaggoﬁnd Hhehen @t ron
pressure of ‘g\)bout 5€% h€ eacheqi yi tabl e rocess gressures
within the | 68dihg ahd PrencdtU e rrﬁ’@rs D 1¥gotLs 1Bhgrebybfarmies t o
10" 3, nbar, wikeh solteabl @ood@;atmf\gcemaeﬁs:uraaﬁi beapgrabaiiatl 0ddpbai abQu
5x10. 2 nbar e,goat i g fined hy the hood
dual - el ement i onk%au%% prow\}?ldiee {rgfqﬁgssnﬁﬁlﬂl %ﬁ%??rl%gﬁivgouéé Pg
preferafl y usegd.o m&mﬁ%rlt&tb GerRNNT | Bapersalr fowi TBCN (ahel ddwiriofgre
chanmber 12. S ga it p ngly.

BheiSingoRs0dgr £ Wiblkddideranden | ) ”up?afirg éf"?b@?ﬁfng

either elenent _can~be selecte use w t hout |nt
operation. AStE&PdLized v l”twtlté'ﬁagalJ&eg sepa@raiéd by Paefealald yc oditd ke

- provided, sowbat, e'ttHlﬁ.{gl'Qab_l&Q:J.C:.@ﬂ cét%laqzt@aed Wit 15 Wirlaglhed W t hodt-5 5 |

I nterrupting the, coatlng as eration. a preferred_aspéct of ‘this

i nvention, tf&-%¢fyogERfEYpanC32 q@ep; Pé‘fgé)ﬁ SPHPedPBr ivFed o théf'he ,

di f f usilon pumpa:tdngcmpem‘qa.dm mmbinmachnt&ll nthehi che2drbat hm@m&s& and
34 were typi t a | mze |ce n the
cryogeni ¢ pu%%&-I %'h% g&ﬁ{i% ‘%ﬁetlééyggem c pu g%b%%lf%?% t A 8Fff" Fg
punp 34 has theePatrEin®Rq case ghrhsfrrredr dhiomgthetherooneheat thamber
required to dut ad the %aﬁggcfa@l%erprfésu Feil. gﬁ§bﬁe%ﬁé)r|l¥)gh§_n

i nventi on. ble starting, the tryogenic purrp prlor to t
punp 34 pronGt8EPFEEe 1fui tuporEede %9 yfaMPhRr® 32, sveéléscanrbe
renoveds at -preferdbdiy aacoalleAgtcanpai g Qﬁnanﬁlah%ércoﬂﬁenb%afer to

increase the venting rate, but generally less than about

60 mm in diameter to avoid disturbing dust and other
possible contaminants within the chambers 12, 14, 16 and
18. For this reason, it may be desirable to initially

20 vent with a smaller diameter valve, followed by a larger
diameter valve.

While our invention has been described in terms
of a preferred embodiment, it is apparent that other
forms could be adopted by one skilled in the art.

25 Accordingly, the scope of our invention is to be limited -
only by the following claims.
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tine. 25 4 February 2004 WD 01/11108 PCTI US00/ 21108 During the coating

operation, the electron beans 28 are focused on the ingot y
‘forming the nolten pools of ceramic and vapors that depos?ﬂ%%ﬁk&?z@igarts

20. while various coating materials could be 5 used, a preferred

ceram c. mafiyrival: for TBC (and therefore the ingots 26) is zirconia (ZrQ2)
partially™or Tully stabilized by yttria '(e.g., 3%20% preferably 4% 8%
Y203), though yttria stabilized with magnesia, ceria, calcia, scandia or

ot her oxi des cqul d e ti eratiaqn ntin until the,
desired tﬂfckn%@%gl%%F%%ﬁbtg%g&P#&Sg%g}hgggggtg%§8%ﬁ§§§8t59%§ Pgéfter whi ch
t he part s a2@aatee utsr anafetisddgt:hr ough the preheat chanber 14 to the | oading

chanber 16, after which the Ioadin% chanber 16 is. vented tqQ atnosphere.
The vents are B5 REAECaFGTRET| £R5E2301RM Pn CAREABLeMatRTdrder thE

i ncrease ha iR iRGrRe il 8pReLahLY akess thaRaRautenPR AW, di aneter
to avoid disturbing dust and 6ther possible contamnants wthin the

chanbers 8Rd B4 subgtmegphegicFpresisiugereason, it may be desirable to
initially 20 vent wmith spal_| er di .ervalve, foqllowed a l.arger
%%mﬁﬁkctr%n g%am ug %%gé tl%gdah eggggrpﬁ ?éﬁwslng a

di anet er val ve. € our” irnvention een-descr
pr ef err ed terbediareniy, chtamb®rappar eftot hat ebherngl eafercaul dthe adopted by
one skilled in the art. 25 Accordingly, .the scope of our invention is to be

limited 8&F§t59ntﬁgaﬂoﬂwawpﬁ@n8|Qpﬁgabée AOFBratPe2004tEPM MS: 1. An
el ectron heamRRYSLEA t¥ARVapLeReE hb2RehORLLRI N ARRRER, YUY ;CONMPri sing:

means for supporting an article in the coating chamber
so that vapors of the coating material deposit on the
article;

a condensate hood within the coating chamber and at
least partially surrounding the support means, the
condensate hood having a first reflective member located
within the coating chamber such that an article supported on
the support means is between the first reflective member and
the molten coating material, the first reflective member
being movable between first and second positions relative to
the melten coating material, the first position being closer
to the support means than the second position such that an
article supported by the support means is subject' to more
reflective heating from the molten coating material when the
first reflective member is in the first position than when
in the second position; and

means for moving the first reflective member relative

to the condensate hood.

2. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising a shroud

surrounding the first reflective member when in the second
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a coating chanber containing a coating material, the coating chanber being
operable at an elevated tenperature and a subatnospheric p sure;

el ectron beam gun projecting an el ectron beaminto the coa%F%&u%gg@gr and
onto the coating material, the electron beam gun being operable to nelt

the coati RghsifBIA,I athaanth ddhLUMATALS JPJLN €A itk Jikerid ; means for

supporting an article in the coating chanber so that vapors of the coating
mat eri al d@Fssinsage theed and dhe 6 mondefdatad iveodnenikidsi.n t he coati ng
chanber and at |east partially surrounding the support neans, the
condensate hood having a first reflective nmenber |ocated wthin the

coating clanmberrsudfedtian deaal ohlsd HUPRAPRI bodifte sURRRIHLHgEansS s
between the first reflective nenber and the nolten coating naterial, the

first ref PEEREFE UTe5Eior Béihd nsiladie loedkedhen campaid igec sivdnsodion ons
refative \nda 1Ml ehe qalihd MBI Alve LR, St ROYSHPR1AIRO cl oser

to the support neans than the second position suc¢h that an  arti
suppor t ed Migansheagwipar ttheedris sits raafljeedti-vieo menher ref meotel weralyedirong from

t he nolten.coati.ng nmateri.al when t.h first reflective ne r,is.in the
first posittlrll%o%lotlﬁc%ll1 &Y lrﬁgnm[a%?%@ ofif ﬁg’ﬁ ttiegw;eré‘rjfdlrﬁeéi’ﬁg §Eﬁ’ﬁvi ng the
first refleetivg Epaeer elidldsve to the condensate hood. 2. An el ectron

beam physi cal vapor deposition coating apparatus according to claima1,
further conprising a shroud surrounding the first reflective nenber when

in the segond 27 4iEeRruar 0 it0 e Shr d.nhi piti.ng gas flow
bet ween t he condensea?éclé?]lo%{)g%glngjh&ﬁ%chlr ?tap%gf I‘% tO%\L/iglr?e%nbcgraFtlgl.% An
el ectron beagarphysi eglcorapon depediatimond ,c datrithgr app@rdtsisgacc Grediong: t 0

claim1, further .caonmprising nmeans for  controlling the first reflective
menber tﬁgfégﬁgﬁgprﬁﬁaiergadjacent the molten coating material such
that an article supported by the support means is subject to

reflective heating from the second reflective member.

5. An electron beam physical vapor deposition coating
apparatus according to claim 4, further comprising means for
moving the second reflective member toward and away from the
molten coating material so as to increase and decrease,
respectively, the reflective heating from the second

reflective member to the article.

6. An electron beam physical vapor deposition coating
apparatus according to claim 5, wherein the second
reflective member is a ceramic material or is coated with a

ceramic material.

7. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the condensate hood
has an opening through which the electron beam passes, the
opening having a cross—sectional area approximately egual to

that of a pattern defined by the electron beam at the
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means causing the first reflective nenber to nove away from the nolten
coating material as the tenperature within the coating chanb%r ri ses. 4.
"An el ectron beam physi cal vapor deposition coating apparaﬁd?’éﬁ%b?@@%g to
claiml1, further conprising a second reflective nenber adjacent the nolten
coating material such that _an article _supported by the support nmeans is
subj ect t GNCPEPEELE e eRt NG FPONCTRETEaERa ref | ective hember. 5. An

el ectron beam physi cal vapor deposition coating apparatus according to
claim4, further conprising neans for _noving the second reflective nmenber
toward and-awaf?f FERCLEST FERFeRNYSACRAg VARPEr F8PCsd taont 60RkdPFase and

decrease1aPE§§8%%%i%§E%gdH§§ E%fbﬁﬁﬁhVﬁ,h%%%EEangﬁ%‘EB%d%&%Q@Q.hb%ﬁ'eCtive

menber to e artic el ectron beam physic vapor deposition
coating appddatidscacdedding to claim5, wherein the second reflective
menber is a ceramc material or is coated wwth a ceramc material. 7. An
el ectron beam physi cal vapor deposition coating apparatus according to

claim1l, wherenn theceeodensake ph9ed calasaps ropepioRd tibhoegh twhigch the
el ectron beam passes, the openln% having a cross-sectional area
B

appr oxi maBePyréfusl acgordhag &P glpam érnfyethead coprrasiageats dga5Eam at
the 28 4 Eﬁ@r%%%%eﬁogétb%hgkigc%b%ﬁ %HFQotQ@Fﬁggﬂégﬁﬁa%ehﬂ8%d.8- An

el ect ron beam physic vapor deposition coa apparatus according to
claim1l, wherein the condensate hood is fluid cooled. 9. An el ectron beam

physical wipor ioaesiiy o coaling, SopaaLys seogrng g ol Tudy v her
10. A netaego@&tqaﬁr@bbﬁgn@nagbggbkga,b%ﬁgla@xgb@abom%gqginqe@aéition
coating apparatus, the nethod conprising the steps of:
steps of:

mounting an article on a support within a loading
chamber that is adjacent a preheat chamber;

establishing an absolute pressure of between 1073 mbar
and 107! mbar within the loading chamber and the preheat
chamber;

moving the article into the preheat chamber;

establishing an elevated temperature and an absolute
pressure of between about 107° mbar and 5x107 mbar within a
coating chamber adjacent the preheat chamber;

operating an electron beam gun to project an electron
beam into the coating chamber and ontec a ceramic material,
the electron beam melting a ccating material within the
coating chamber and evaporating molten coating material;

moving the article into the coating chamber, the
coating chamber containing a condensate hood that at least
partially surrounds the article, the condensate hood having
a reflective member located within the coating chamber such
that the article is between the reflective member and the
molten coating material, the reflective member being in a

first position relative to the molten coating material so
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nounting an article on a support within a |oading chanber that is adjacent
a preheat chanber; establishing an absol ute pressure of bet n 10- ar
‘and 10-1 nbar within the | oadi ng chamber and the preheat %ﬁwzw%
the article into the preheat chanber; establishing an elevated tenperature
and an ab r f oyt - 3 .7har__an x10Q- 2 ar within
a coati na:%ghgaer%lee? agg—‘ﬁ?cl%ngst %gltb\ér%g%egt% clfﬁéf %é:%;l opgregttﬁr?g ;f%oe g;gl[er on beam
gun to pracddterarcozitdciy amteydarh;i nto the coating chanber and onto a
ceramic material, the electron beamnelting a coating material within the
coating chanbePSRFVAForZPHG mdl HEF SOATRY MRTEL AL SRoFhfy the article
into the gEating;chgyper, the coating chanber containing a condensate hood
that at least partially surrounds the article, the condensate hood having
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A (57) Abstract: An electron beam physical vapor deposition (EBPVD) apparatus (10) and a method for using the apparatus (10) to

produce acoating (e.g., a ceramic thermal barrier coating) on an article (20), The EBPVD apparatus (10) generaily includes a coating
— Chamber (12) that is operable at elevated temperatures and subatmospheric pressures. An electron beam gun (30) projects an electron
! beam (28) into the coating chamber (12) and onto a coating material (26) within the chamber (12), causing the coating material (26)
to melt and evaporate. An article (20) is supported within the coating chamber (12) so that vapors of the coating material (26) deposit
on the article (20). The operation of the EBPVD apparatus (10) is enhanced by the inclusion or adaptation of one or more mechanical
aund/or process modifications, including those necessary or beneficial when operating the apparatus (10} at coating pressures above
0.010 mbar. :
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