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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 ﬂﬂ%fﬁs
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
‘conmon solution. is to thermally insulate such coﬁponents in order to.

m nimze their service tfﬂﬁgﬂfﬁ*@ﬁé& T mal rrier

coatings (TEC), forne ihe exposéﬁfq% %fcegy Egﬁgsﬁ t ﬁp@Pa tron

conponent s hav&®$Bun8 Wﬂ‘éa &appg U@%@ﬁ’é&%qmecoat@-hgr req:lpdzmrﬁuga.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 rcoantangzr m)
stabilized by y#mmpqnqptaos) sunhgneasa (mmezman OHaafriedXi d@Sat

particul ar mat iy Iiar | | art _because Fhey can
readi |y deposi-ted by o WUdifiohetBl ¥t Gas %u&@ine engines.

BACKGROUND OF THE INVENTION

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 materlale have been
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5 plasma spray and vapor deposition techniques. An exarrpI%Fect)’fUE{%go?%tter'
i's el ectronvaeammipisysi cal vapor deposition (EBPVD), which preeiag®e&ios
thermal barrier coating having a columar grain structure that is able to
expand with its underlying substrate w thout causing damagi ng 10 stresses
that lead to spallation, and therefore exhibits enhanced.strain tolerance.

Adhesi on of to the NPORgAL | .en f er db
presence of taehﬁ)rJf\-:%;?a‘%ldl i cé ong(fl%oat_, sUchiggitté%Sﬁlﬁg[}é{]onzg?gﬁﬂ?ﬁ?de g%&%ﬁ
oxi dat i on- r eSE&PAAE 28 oPYsu¥htadamoiBss) wherempsia | @#gd)on orcolsdiher

and/ or ni ckebxiBeecesseheker fareducilng TR Oy EBEVR NI adiy eﬁgtl%bfed
pr eheat i ng a.co onent to.an accept bl e coati.n t enper at ur €, an t nen
i nserting théncgﬁlﬂ%ne?ﬁti MEFaShe 40SY BRR] n%‘gc Lmidseasicedht by

pr e;ssulres o: @baamFZ(ésp&a@O&mi)a:!’apdzﬁ gi@dqﬁtﬂaﬂu_' I{m?mm@i deﬂnggg@@qg :
control o e.ele eam i iC essur es .above .abou

0. 005 nbar, \E/)\Agt ﬁ%éar ﬁa%&;elgplggaﬁisgggg{lngef—l %gbﬂyesg‘c% LT ngepREAh &P
pressures abdEBPYDO10 wiianh produces aksthbewalbdlamuiet tdaatihg hibkdngf t he
el ectron bea I d;qr g C } nat: i f
oper at ed at g]r g%sagt}%%séfabgg%ﬂ%. \OA%SEJ u(r%t?%r%erT e%%o%%onée%ei EB sét}%%ﬁ e%&?%
proxinmty tollf ingeéesiving cerubfteratont i wgthemteri gausdng. | ¥8mprgiagd an
el ectran beaptirespes] etized 144 ocdhephnatiss, asrdd® tRbtetdee SHKhageef the
i ngot and 30 R{loducg.a vapor of.the coati mat eri al thartl dego& ts onto

t he conponenf 2FHES erﬁfeﬁéfhr'&o}ﬁﬁﬁ‘é\c?\ﬂhi PP ERBVD-D9r 8EEsR ERR be
performed depempenentpadst afiterhefurttmmp osnhanesd obyt e pmpanaide apd khe

coating mategjal- 1} Febr 2 011 U 1108 A m ninmum
process terrpfenlrag%larléci }sboél?ge#%%/’y ggé%b |shja{ed&%g§u§%hr giﬂ]nén& ity 2"
mat eri al wi | Pxagataphyresigbante ahtioydeposht ash MirAddhwpomdsire Wi | ésa

maxi MUREprocessn, t eABgLat 4ha/bs HSRRERl Iy established to avoid

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.



5 mcrostructural damage to the article. Throughout the éLeFﬁggli' 2%04

process, th¥%Wdp@8ature within. the coating chanber contineesaisontiige as
"a result of the electron beamand the presence of a nolten pool of the
coating material. As a result, EBPVD coating processes are often 10
initiated near the targeted m ni num process tenperature and then

t erm nat ed V\hemlnhmumoproagseha&b@Eraltteﬁfes JIshﬁgeﬂ@é%llf.“L-ﬂfn SEOEEPPshed to
| ed and cl eaned_to

tenperature, . e coa

renove coati ng iL\?e%lﬂgl éﬁe%éjtqlg h%kﬁggfﬂ‘% SFhEapiYeﬁV&P%i‘}tl% ¥t he
coating éLS ?@W&P;t Adn?nd;él@ Emca‘mratrat uwfaﬁlper mtt ntaafmh fh holbfo(g@gg ed
conponent s in a rep Nty th preheate

uncoat ed con%%;@énts L\(gvlf%?lhoutgtg"SC l’?&ﬁeﬁg 0 %&g&%ar sher 4 s&% hat2%eid
cont i nuéus r&b%?%@‘?%‘hct%r%h@@&f@&e T'ﬁ‘é d%?ﬁ i Aublsleper att'hm‘nughoulue 2

appar at us dudelﬁtgsiﬂf\i&at PR ey becher NBshnSer £ARR1 §A.thi M Eﬂegrc‘?&lt_e{ng
nunber s of %]n%) nents Ccessfully coate during the ca
n

cor r espondi BPS’@es'é‘? n&lsgndaﬁcd%oﬁ?ﬁuéﬁ G reTEélieeselfFCﬁ:mléw of
the above, theame asdcu:chaa derabkace25 0t \mblﬁh t gobmcf&ﬁsﬁhbhecéﬁtﬂ%‘g of

conponents t be e I n n canpai reduce the_ arount
of tinme req]ﬁ%e m'%%o%ug%yé%g rg%tl))\%/'g 5’ FHENE: SheTe RSy
chanbei? ancFLl'#Jé'eRﬁ:féed haearoe otargﬂeedeqanMmtprpeeéar nemartanance on

t he appar at e n n r t f t he r|or art
pp Undetwes tg}:nﬁh |9 §hehbvﬁ¥§ coa‘:':l.gh actﬂ Cgﬁﬁgslpe }b%atl ng

are often the result of the relatively narrowr eo
t enper at ur eSEXHEIR oREPERSEY Qﬂmwweextaﬁen‘éhychottwmmbhent@ahm and

out .of the dmaaﬂbeng ighagbeed and thedidd il &éﬁévéoat:%%& ré(m*.?]:
mai nt ai ni ng adv nced. EBPVD appar at, u§P Accordingly, rove EI§§VD 3 4

February 200 ap %%a goasi %e% &t E’ant“fa}'}&o%sq’gl BéenFosdidit  for
deposi 13 ng cﬁdmnbtgs, ar?dimcted:uEBPW capparztwoad | P@Imituchensvd BCos BRI EF

SUMVARY  OF IHEHQNVENEéaBonents from 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 motlvatlon 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



The present invention provides an el ectron beam physical vapor deposition
(EBPVD) apparatus and a method for using an apparatus sughrasubhabobs
produce a coating (e.g., a ceramc thernmal barrier coating) on an article.
Accor di ng wppamataspectand tdwdanesrd | are atonEBRVBuappanaiiisy | Sopgavi ded,
t he apparatus conpri,ses a coating chanber containing a coating materi al

t he coati ng°TcHEs P& FBemdire 29 dne et LAt 28l Y eAPERBE Gir £08KANES

subat nospheiieg BkesgUe; an el ectron beam gun projecting an electron beam
into the coating chanmber and onto the coating material, the electron beam
gun being operable to nelt the coating nmaterial and to evaporate the

nol t en coat,i Lal ; S orting an article in the coating
bRA%E SBLBARY! HrRARS ([OENSYAY

chanber so vapors~o e coating terial deposit on the article; a

condensat e hood W t hiThet greteatd nNchwaiadigt @phRelvaded east epactirahl Yeam
surroundi ng_the support neans, the condensate hood having a first
refl ecti vePh¥Abefl] &R opehihlehe (EBFVIDIg 2WRadREUSUERT: at MaRhaPti cl e

supported £88 LREA3UPRA( Lo i betuesn thad IStosadlagt Lve aeyher  and
the nolten coating material, the first reflective enber el ng novabl e
bet ween fi fetgandaseevadiposhervas baekaerveotbdinbe obl aenacodatiag

terial, the first it bei | tQ th t than_th
second posi tion  suchERAETAN aFPi RE sspsitedShy e SOFFOIE Means™ s

subj ect toEpPYE r&fpecitve heat brgviidem, t hensol 4wk eoatd NGomPatigidsal gwhen
the first reflective nenber is in the first position 4 4 February 2004
t han when FR2FhRIsEBBRBCHoSONtEANIANd ezt ¥5F Pavepiet hethej espting

reflective gl nglald v dens ‘nﬁ&%i i her
aspect of ? eﬂpnve%%%bﬁ% gpé%%%ggd%% ggeggﬁing Qﬁégéghggg%grg?8£ ?s
provi ded, sheatmesbbdrtonpresesréheast epscotonnbeaini ggnaprafeceliagoana
support wt

Suppor W LIL A2 oRden0. ShaTber Lisk 15 AdLagent . preheal, ccharber,
wi thin themheading, chagbencafdohh®eam 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



preheat chanber; noving the article into the preheat chanber; establishing
an el evated tenperature and an absol ute pressure of bet -3
nbar and 5x10-2 nmbar wthin a coating chanber adjacent rﬁgﬂﬁggﬁﬁéﬁa%

chanber; @REhAHRE AR IRCITLREPBAWE il PRI Gféardd £6ECHLEPInEERAE | NtO
t he coating chanber and onto a ceramc material, the electron beamnelting

a coating Aareri apfhpehivet nembeat ragaténanber thndcendposatengongi ten
coating material; r@%&@?d%ﬁﬁ ﬂywéﬁgﬁpéﬁtgsgg%tco ing.ch éﬁtié#e coating
ensate hoo at "at y

chanmber contai ning a con I"'eaSt partia surr ounds
the articleethbe edndemsedeimpodhba\EBRYA apeht&Ets Ve smegtherideatat eHew t hin
t he coatiﬂg chanber such that the article is between the reflective nmenber

and the mBPERAdC CAMBHY SRst ebhal StERS r@F1 eBPPPREIRENE BEFAGLPN A fir st

position rglgbbye ochig HOLLER: f9aLhBELER ehhal 180,45 Baknt NS ?EEB@EE IS
subject to reflective heating fromthe nolten coating material; depaqsiting

vapors of chambenti rgtakatiehialg om takesalute| preasdras ofhddttemsar atlir'e

i thi h ' b i i h fl ' nmb
Second posTPbn TUFt et 1 AR hE hbiihen LBat RGTHA iRy eRsL RS

article ispsuhpett thahBss;renbechyvetheat hpgikrem ihbe nehéenpgenthiy
material. According to other preferred aspects of the present invention,

the operat PRSP { heSEBPYDIEPpALat G8  CHif B ShhdrRERFIAL Wife | #efusfBn or
adapt at i OH%QEOPHE’eO reSBh Gl 52t HE%?@H%B_B&V 6% ifd£addans. nAgeording

to 4a 4 February 2004 one aspect of the invention relating to process

t enper at ureitibhnr gl , adediogat chgmbhanbadi zoen @i rishe r adichkiagn chbhbetror s
that can be mpved w thin thﬁ coaéin chanber_to. i ncrease. and decyease the
amount of TRFFRGtPe hEAEERE OPREETh G (LI TR Vi FHOREAB RRFen
coating nehesi BhedWdatdndy CORNMr CanRabgio B Qeasmiy essteLiaLONthel is
al so an aspect of the invention, by which processing pressures of greater
t han 0. 010SHBaFreanPeam Behkinged Fﬁaééﬁér’ﬁéﬁ@él#tHlégh’énﬁhﬁgclﬁ’s.lng’atent

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

4a



lication Serial No. 09/108,201 to Rigney et al. (assigned to the sane
App gney g

assignee as the present invention) wth mnimal or no 4b, 4(£§9%Hﬂ5802004
WO 01/11108 PCT/ USOQO 21 108 adverse effects on the operation an
reliabilitynaf thepest ectyon bgam giiyedndomi t it ipR fhuct ugtboassin
process pressures. Mechanical and process inprovenents directed to this
aspect of t@epengeareéon testudé, 5 nbdefi caefbhvg- toclnmb@recw@mt@mm gun,
the coating.,chanber . aad tReMRAGr by, vl chogases,ate | Nidedused; apd
renoved fromthe app ara so i nmproved by thr's nvention i s e

el ectron benswpatt ebn 1®itﬁé21%eCCE&id Ngecrdiesi dahe AtRand ngf t beBOtbtve
preferred aspect . of invention, a ,crucible is enployed to support

t he coatlnﬁeaﬁﬁ?érFQPﬁMqﬂﬁrﬁ%qkpk%a¥?%%13%%n€épm e R Ubl €2 pteder abl y
conprisinguat.least LwpiAEMDEr S o ify Stca‘i’r{pal"%{ ch spsounds, apdsketains a
nol ten pool of the coating 15 material, whil'e the second nenber 1s secured
to the f|rsontnehbexseuaisyuraoundspaﬂtunwblﬂénEpomww@ml@h t heycoelioly
material. The first and second nenbers defln g ﬁgbar shaped cag ol i ng
passage- tRePEBEtwWeEn HiTd" 1™ cf segﬁ/eaa%ffléceﬁtant h &30l 2% Gfhat

efficient g0ago0tédg ah t hgcesugahte canithbe aspieaedy reduci ngPét\@ntrate
at which the frocess tenperature increases wthin the coating chanber.

Anot her pr@pe %éﬂth@becﬁeéﬂaﬂheNQﬂuﬂﬁ$fﬁ98e%leI§°a ﬁd@@@ébléﬂhag%%tne
t hat suppor n 0 n e
coatlngppcﬁé%%gy#é§ﬁg%hég§%|%gﬁés%ingg%'% ?%glg Srvi %%né3| i gn <|Sl[l?tlple

stacks of wehehominbmeliogots with an aperture to the coatlng chanber for
sequentially feeding the ingots into the coating chanmber w thout
interrupting deposition 30 of the coating material..

4b



According to another preferred aspect of the invention, 5F\?P%?9045
provi ded forw@oewing the nolten- coating material within the ?110
~chanmber. In order to be capable of providing a view of the extre ﬁl

5 W 01/11108 4 February 2004 PCT/US00/ 21108 tenperature process occurri ng
wi thin the coating chanber, the viewort is fluid-cooled,and has a high .

otational | senatnd obeEcoe! Enlul odepaorgetls DALLGle sel theL

provi des a hi gh-tenperature vacuum se
preferred asfe@CHEOR h&eahe Tup ewgsct Mlcth degnimeier édscophtivhew ah, the

coating chamheicesty phesHupES. OF MBFRaRPEARL QLY cé*éé"“kﬁ@?gggﬁll éta he

observe the .coati ngiechanber whi | e retaining stereoscopic VisSion

obj ects and Sdv&NT B t fPLSi nASRE SN || the pelmeantinn ecb-at:éudfarom
the fol Sowi ngodétfdidatd ombes tiai ptthen. eBRCETORESERERT! §hhOF #HE DRAVENGS

Figures 1 an S & nt . views, respectivel of an
el gct ron bea% %ﬁl%&%dagﬁ\%ﬂr f&“‘%ﬁ dl?l{ |‘C5)1?1 %Iﬂ)p%?%?%sa%gﬂn?ﬁo@é%%‘gl ang
coati ng mat ekeBlvedn £zoor dahee wpphArehus.i nvehlson. imbgoved 3by4 anQSS are
Cross-sectio Kk I [ n of _Fiqure

IBYoHEaeh 18Khd BMGcEEEh Yedd "Badteindiofl Bt faafllls,

showi ng a rmvabl e. _platformenployed 1 n accordance Wt
this-inventi Bt eF-’P-@&res 6 and 7 are nore detailed front and top
cross-sectional views, respectively, of preferred interior conponents f or

a coatiing chanber of theco&ﬂ&ﬁgattlé QindtiHEs eprdfapded. AfHddtIULES ééé.nd °
ed in

oobrdance WPPHAERERG 8 Phucinlin ol nmBLoy SR rE  Rbeitor e gt eing |5 a
Cross- secuomatemlew ofwighin 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



cruci bl e hoq?bra?/ a9 i ngot of coating material and an 30 equ% rer%rng%m
projected onto W% urfaces of the crucible 6 4 February 2004pd¥auSde/2h 19508

PCT/ USOOn1108 and ingot in accordance with the preferred enbodi nent of

this invention. Figure 11 is a plan view of the crucible of Figure 10 and
a preferred pattern for the electron beam 5 on the crucible and ingot.
Figure 12 defiRRena e &rrmﬁqﬂ)vmcmmmﬂgiﬁr;‘(thﬂhsthieb@da@l’ngo‘cclﬁh%exf

el ectron beargzat{:¢ o] t . Su of _the_ingot and crucible of’
Figures 10 and 11, éF?Eﬁ?‘té ?% ,sﬁguwls&aé%él%%gr r‘-’lé.‘é{]v]ilﬁﬁ/p(5_"’rtﬁ‘?ﬂ}’f’l ¥ Shserad ng
the process WRHf%h SHORWHRF HambeIndfat hagneppar phus ishewsdal Ry es 1

and. controlling the

and 2. Figur orbAisheenws a copigRl coapel mong,t Qi Ng

oper at i of Skhe appar at us oféFi urgs,agﬁgﬁd 2‘.}& ILE??%SCF#%’I OB THE
| NVENTI ON 15 ﬁ%@%\?ﬁpéﬁpé%%{“hs 1B RheE c prefpcaed tdendtts iENyAAL Qthd S
general | y depiiewperitn Prguidesl andsterdbsddopVar iwus, C O'H-{l}s ;
features bei pg.deaict edb'gn Fiwgl &S 3 throu % 14. The g%%’ara us c%gldcllgg
~particularly we duited for deposi t9Hy a Ter affer® her ABPTBACKESer ©aat i ng
20 on. a net SLTESkpOREHSIYNt enbedriver opheat i.coawibli N anakbekal Ly hastile

envi ronnent . reglggg@hg gqg@ggbgéoﬁg_ sygh; gonponents include the high and | ow
pressure turbine noZzles and bl ades, sﬁrduds, conbustor parts and

augnent gr har dwar e of gas turbine engines. Wile the 25 advantages of th'i S
i nventi'dn wi |l be descPFBeE @dgcteefatdnadvantagpssiofi mhis cenagheisgat i ng

on such conpdhentss bbetéeaciipis ifrddli $rbRvetd o gener al |
applied to ad¥§5{:§é¥18£ coating materials z]a:nd coér'rpgr?g%{&é&?% @%Eabtl'lﬁéoses
of illustrating ' AvVéention, the V. :

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
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7 February 2004 WD 01/11108 PCT/US00/ 21108 EBPVD appar at ds B8'3%2%Wbwn in
Fi gures 1 anWOP148108i nc| udi ng a coating chanber 12, a pair of PoreseRdios
“chanbers 14, and-two pairs of |oading chanbers 16 and 18, so that the
apparatus 10 has a symretrical configuration. 5 The front | oadi ng chanbers
16 are shown as being aligned wth their respective preheat chanbers 14,

with parts 20andriggosl iy lcatedanrea wiake 2Re whtbEarihg Ie%ﬁ:t&m%mcflﬂémer
16 having begmid ansfgidggd, to the preheat chanber 14 and, as depicted in
- Figure 1, into the coating chanber 30 12. Wth the symetri cal
configuration of the apparatus 10, while the parts 20, |oaded through the
front lefthand | oadi nfHibetllcisire elany vdawedofi tthen thectbaki nge

chanber 12, aFispoandibakel of & t t ' apd _|l oadi ng chanber
16 can be pr ehegzt ed inthe.ib %ﬁﬁ%ﬁ% grgie:%%g?' gf?g:lrrbg%%glgieggfﬁpr %% ch

of parts’ can “he- Mot iti% Ak MR 1 ef t hand | oadi ng chamber 18, and a
fourth batch of parts can be unloaded fromthe rear righthand | oading

chanmber 18. Consequent IBigufreur 1pr degdst St A0@5eFaR r@er Usowd AUl ré@%igy

wi-th the prefar H%EEP a rafus 10 of .this invention. According to a
preferred enb%ﬁ%nt C#Bthl%g ?%\%en%#%ﬁtfg??ie PR R tREbe RS TREBINERES ar e
mounted to |SOWERCST i9fe they dBigetplaad eresidle s tFHafundre Joadiaql chanbers
16 and 18 can be selectively aligned with their 25 preheat chanbers 14. For

exanpl e, when the frontpichgld hapd | A0 gha ' t_int
alignment w fg{é the | ef Lhand 8rehea§?§$\’gnbgr %fg%%%wb{:ﬁ%g%%#s %?6 to
be inselt ed PREETHES JHS nBrefgfBevithin Heie capating: inhadkesaddfigthkanber

18 -i s set baepphratishehoaht HandidRreseheandchkanber 14, so that parts can
be sinultaneously ‘|loaded or unloaded from the rake 22 of the rear

| efthand | oading cha . C | atform 24 is _alsq preferably novable
to a mai ntenance posi F?‘g'ﬁu}lgn lﬁi%}h&féifhg‘r_’n FOh'i ?I’legao%% EHB%EFéDEG and
18 i s a|ignean@1qqqq;glllng the operation 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 depicted in Figures 1 and 2, witﬁ
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
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35 preheat chanber 14, so that the interiors of the prehe%tFegrLE@é?%%d'ry 2004

WO 01/11108WRaMMWBRB0 21108 and | oadi ng chanbers 14, 16 and 1$cqarsodeii0s
accessed for- cleaning. The platforns 24 are preferably supported at |east
in part by roller bearings 44 mounted in the floor, though it is
foreseeable that a variety of bearings could 5 be used Each platform 24 -

has a | ow el eyatironal fk_)p&&%ftldse 10PT @keChhegmaboye #hguibeory Q{ diot, My.e
t han one inch (abqu c W th a chanfered edge™ (preferab 3(? egrees

from hori zont’éﬂc)ludx?vﬁﬁgch % offtHet S ssEMTRETy 12t nPnaPéithe Oéot @nshgaty or
an oper at or tdhla}fl‘ﬂueig; anrt t end Ocwesiggadist be Dbaﬁiﬁgﬁbﬁémbéﬁ:@t h@namy aly ects

surroundi ng Al us 10 e preferably I.Qne fromthe

edges of the ﬁl %th%%pﬁts LR, a\?%lll%l gﬁ ﬁﬁgrﬁt 8?1'"5‘8 hgc ag %’faélﬁ’lnatform
24 when st i §her dpoyitt | beedindschambernatlitv escet oshdwen phat bed rgc afiiggedat i on
shown,; 15 pl rmp I v t

m)vabl e segrne%tr:{{tgll Cg&?ﬁ? Slg@sdé%&pl%rﬁjhg%l%gegh e m)va% ‘e ‘%égé %Fggc&?l d
slip beneat hoxigiped 1y evarsedl &2F om radker 0@Adi h@tﬁllil-est pltaef olefthand

assenbl i es. Ehagbey 1%69%@1 BE SN epta s HPEPRES EQUEH deglah@k, 1 he
| oadi ng 20 chanbers 16 a I% 0, thataboth Ioadl ng h %g?g‘é} B'%ef8 and

their heatind*cR&belS BIFFed by 32 ﬁn%’*aﬁl GOBF&FSOF#@F?Fem
As showw in Eegur@mﬁhthheugb'rrﬁeta'lp:aﬂt icon fifqurdtel padf nghehapbakaldsi S

al so preferablly f| eto.th hea er 14 in
order to fa?!ol‘l S'%Itle egngelgeg }%grég ?ﬁ |°r?tea§?af o:il cﬁuqlhee%ﬁaﬁﬁgpglg gg‘?ﬂée
coat i ng carrp&pg-dsngAsc@ebﬁrnllﬁl wre Peinge caomied nyithdmberhd 2cbatingi ts
operating poshhi@arw tlﬁ a i ewnRdda 4%&1%0%% d?égr:gr eajer tﬂ% EEPB@ ow,

mounted 30 to.a_ front. séction of the cha rgure 4 ront
section of tKéShshandy teafbee 103WREYe|16 a§aBn bengoreheaked ndnioghe
associ afsed mughthanao@ﬁe}gaﬁw@mﬁbelﬁ 18ndadichgues eshee] ayd pérégowanas

having been gDV% Sﬁ%ﬁllnto the rear lefthand loading chamber 18, and
~a fourth batch of parts can be unlocaded 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



-fromthe remai nder of coating chanber 12 in order to' 35 chgte)gus?nézcr}%L abl e

work pl atfowm@Arioshi ch is shown rotated 9 4 February 2004 V-PikdekliPsk
“PCT/ USOQ/ 21108 into a working position in Figure 5. In this position, the
interior of the coating chanber 12 can be easily accessed by the work
pl atform 50. The platform50 is shown as being coupled wth a hinge 52 to

the base of thg ToMing Eﬁﬂﬂﬁgfsla."i thpglggnat 1 é*%eége can %e Con{jl gur ed

accept abl e st'[luctures coul d be enployed. The platform
differently £r&fPqat sh ?\mpllﬁtﬁpé'ﬂ‘lsesz‘l BaF%r B&§hH ez ablyncfurrarted hehged

segnent ed. Coméﬁﬁsﬁchtrplparta&@' \Hmdlfldﬁ gi(el-airlgi @I‘hdnnb&IﬁlﬁédSﬁﬁeﬁ%ergﬁéééfg 1éb
accessories e goating, breheat and |o |n chanbers an

are connect eHE 9&?/1 IJ\}:e Eserﬁf?\}éﬂ) % %%’Eﬁﬁ?%’é&$ sethden

t hese clanbebs. u‘E@d rraszm:lzeplhtefsmezanﬁasumberovofemwé&c?ﬁhl hatofabebe 15

i mam o AEreR e APHE (g i AR, 3P bl A ShrgRl Sy e

a m ni nrum di no a ch™ T s consi
previously thakgHt Bract FaAl Vbl,/tl’! hése chiimfleggd nedgke édprefSrahiliye 3be

coating, prehegkeand lmap NhahamhRias )12, wifichl6 @ik thi 20 é(};_ygénpfapred

to varying leyels of vacuum and jn some cases are required to nove
relative to E4cHiBekeEr RpPat ikt AP6vED tPREXRIRsLRLBPLBE 'Anpkiee e of

numerous cyelge aif rtﬂi@tpyﬁf’omgﬁmpre&‘ﬂﬂt&&na loriRsd taN SsuSHbhRdp £ f OF
this pur poseFﬁre known .in re Wi,ll not be di scussed

i any dot ai FROVAER S ePeriet T P R0 exoRl goF1EL5R8M AYas THg f Ghec
wi thin the cedgeag ehartdher gzaby‘omm i2¥y &rd aevibforaat | operagotrs Béimd
cor e T bt ! S ogoriende ealit ean i
material by BHESEPBELVER bebPs Q:au§%§tvfﬁ€msur¢9%519‘ﬁratlon shown,
15 platform systems with multiple overlapping or telescoping
movable segments could be used. Furthermore, the movable
segments could slip beneath a fixed elevated platform
surrocunding the platform assemblies. Finally, separate
preheat chambers could be prévided for the loading
20 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

25 move relative to the preheat chambei* 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

30 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”

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



each ingot 26 to nelt, formng nolten ceram c pools from “k/\ﬁﬁefbé%a%f)%ul es
of the ceramvgormateyi al evaporate, travel", upwardly, and tg% ge@osit on
the surfaces of the parts 10 WO 01/11108 If February 2004 F 198108
20, producing the desired ceram c coating whose thickness w | depend on
the duration of the coating process. Wile two ingots 26.are shown in
these Figures, dt is L.thin the.scope of .this inventjon that one or nore s
i ngots 26 co&rﬂéc{)e.é pwggdé:%{j‘éaﬁgsé‘\%ﬁgr aJtréthguﬁﬁyggi vel? ERde. BBRAE Qat i ng
chamber s ar e Wgpi éaFkyicapatf e thie  behhyngnichamved af2 acwacupa |eyed 140f
~about 0.001 RadesdedPOopt, PRED' 3odRr e £5Senl Nt pri,or_art, a'  vacuum
10 of at nost _0.010 nbaif'_, and nor e yggggrﬁ?%%but 'gﬁ%oglaﬁo&lﬁvﬁel d-%e
drawn wit hi n ST &t iBRinh spEled vikhiagiinge Edatonghepbasesof the
reason lwei ng ddaatiny OFieimbdF €38UT @RhAMRfHE oYa tﬂbx‘ﬁ% rragjc,.operation
of the EB guns SQg%rlt%nrrake t he el ectron beans 28 dit %cbﬁjl% [:ic}gf:s O(;%&lrﬁrrol,
with the predfifiiH ACTURRESS QG Rp emRteYed esuThe platforal SO been

bel i eved t hatcainhéd i ¢denbigutdd QuUAférbATEHRt fwem dHRe radueed;qr Fﬁgﬁu%%n
cont-am nat ed 4 igh%@t gd at, Gopf4. g chanmber pressures above 0. 005 = nbar.
However, in accordarte Wi th copendishg UNSIIBE: SRIBTFUGHI FORSTENCEOmal No.
09/ 108, 201 t 87R gnéfitdy alkick agslafreal t ;endie satbeassi gagetys reliated
i nventi@n, theces@dliilg chanber 12 is preferably operated at higher.
pressures that surprisingly yield a ceramic coating with inproved
spal I ati on and i npact rEsi stance, as well as 25 pronote the coating
deposition rate in confifcti¥RFMIn PREPREE bt leadpugatdhambeares 12han
that achi eveddi n Iéheangr ner srd . cBatebred %P@é‘s-b‘%n%rfé}?]&g:g) i 'Ehhﬁe
coating, pr ggﬁggvgndal o] gi n chanbair Sﬁl’i‘é 4, 16n and 18 wt nmechani cal
'punps 31. AT c¢ryogeniic S’uﬁb" 5% t P GT8n these  chambers. To

_ maximize the size ‘and number of parts 20 that 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 designs
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



in the art is shown in Figures 1 and 2 as bei ng enpl oyed Lh ebgi:a&yFRO% he
_evacuation ot"&H1¥8at | ng chanber 12 prior to the depositi onpEresessiesh SO
“shown in Figures.1, 3, 4, and 5 is a diffusion punp 34 whose operation is
*simlar 11 14 February 2004 WO 01/11108 PCT/ US00/21108 to those known in
the art, but nodified with a throttle valve 36 to regulate the operation.

of the punp 320i npraducridgncaewdel iteids derertild UbatMi$ %éécﬂhilé{(}{ %he
an

throttle valvg;36 i at ween an .open position s (Figure a
cl osed positi on§§F| (33 %éb!4 %db@) % 0% SOSF%FOI’Igo?HEP@bePF\@@ﬁSSThe

benefit of thBRiiAr diwe eivapve 26 |sreea[h|omd minenhielaé vnﬁgluﬁ%:w thith jbe
coating chambgithZni StHA rgczgp%edogt % gsrelrgJé vtellcy }g\%p%’%sétsﬁregz ]f?g%ogoyed
[ i on

by this invention, Wen the faxi mum operating €

punp 34 Ps redBPPEE 40 evakdiabe m@%muaa@dcwmmaﬁsdme ot i eeval ve
36 is open asiméown in Figure 3. For processing hardware, the coating
chanber 12 nust be maintained at the targeted pressure (e.g., 0.015 nbar),

necessitating that the ﬁg %ﬁ}rottle valve 36 is noved to a preset throttled
position some distance™FTom TRRETLY| GRETBEER BESi tvwicelly ganable ofd S.

As seen in Fipeirglmadapaiaed ditf fasiveruyumnybeddl SiEMdBshy ©J6iRPSELW t h
throttle valv t ven e bl y l,0 edto evacuate the .
pr eheat chanbgfg&?g 1%%861 ;II‘o%rrlsorcﬁE hie‘g%%asoﬁntnﬁ: FTEPEt FYEr y ahigpFruum
pressuré®is ofesBte ok hé818odthaw) opodatiare oﬂ:yphlcsa:m.ly\/eabbﬁﬂ olhms

mechani cal pmrﬁjwc@tﬁﬁﬁeﬁ@bﬁi{awcdvﬂgﬁlﬁe@ﬁedSBSEEBﬁgcﬁgﬂrﬂ% PR

whi ch a | eak detector_can be connected. for detectl a sys
usi-ng hel i um%© 25CQRbIASr BLSCERS: cihebe TZeESay |1?ﬁ¥@91uc§halthrdugghelreaks

in the chanbapeedrdsl wdfe datbviB, t@rcmw%ﬁi@ﬂlceaﬂéQ%EEn Wt R elegr ence
again to Fig 133nd 28 18! Q3dl n nbers 16 and_18 are general y
el ongat ed mlgﬁ'g?sshape ARd gk e%’ trﬁnl oBATHY RPr SIREkFHBughko
15 control, with the presumptlon 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
coating chamber 12 is preferably operated at higher.
pressures that surprisingly yield a ceramic ‘coating with
improved spallation and impact resistance, as well as

25 Promote 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

and S5 is a diffusion pump 34 whose operation is similar

L 4
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- . r
which parts are | oaded onto the rakes 22. The | oading ch%nbeg%arﬁgo%nd 18

are al so eqgwpeediod th access doors 42 to notion drives (scherpiédashiog
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 WO
01/ 11108 4 February 2004 PCT/USOQ 21108 are preferably rotated and/or

oscill ated withi i chgarb 12,1 p te the e'red.
coating di st r%%uﬁ%gnga]rcgﬁ% '[lgle partggﬁf). %qu%g{efs%gdd{gggg %2 %ﬁ% %e
operator of tMelvppafatie Iedudatequbbrl yoreyaksionr ofhaklye thanmsefti ngs of

the motion drduasAR M Lheyt diter {gviRgivht h Imﬁénga%chi'agag),ngthégf
parts fromthe | oading chanbers 16 and 18. Referring again to Figures and
7, the intefifgrtdla ngadsst idfy eRafrdruatedy PPEyESHestt | BRET PADL HiR
det ai II. gP OL(dﬁf%dﬂa aglglr Qiiﬁib thggﬁfd%&ﬂeﬁbb@ﬂ;ﬁdn p(]gmia_:yhﬁ@sEchncaﬁ%m t:hﬁ
control of the.el ectron beans otection o e n at_.the
hi gher coati ﬁ"geﬁprg‘?supé’és; ﬁﬁpgyegﬁﬁ§8¥)ﬁ}t§’efeﬁventi8h? c%??ggﬁg i ¥br Rrent s
wer e made t o timtERegusl dd A6disheceddtdeady wher hehberatBumAsviddem ithe
Fi gure 6, ox : ases ;are_k ed t ' er
12" hrough ac il GheRBeOTaa® 8 RarAbRERLAC e Thle ' SRIGREVETY SISt o
26 within thenesaunes ceapbeyed2 band-hied al AVERELORD t efhgoltheofmassimun
mat eri ajy Pr odieattind h@a§£@§£y0&f2%ﬁ@aa§f£§si$hep*dr@yv 58t esr Qqopowen
and argon are” individual controlled bﬁed on thgl targeted process
pressure and ¥h&ERFHReEarfParipg esharkesr Loxy §BF. theottd@ucakvre 36
occurrence ofigpresanr &sosticwrationEigiutdi 6.t heFoﬁOpﬁ:bﬁngIi@l@b&{aﬁc&axﬁ,e
control | oop response ti f 5.1h gase reduce sic
pl aci ng the & rcﬁa.%n{galr%é%ﬁg%gf%% Iﬁﬁgtggéegl#ﬁﬁﬁ@&flg e _ Eg(r:%rﬁgetatoe‘{he
inlet 54 jugremsugiede tehag coat?® nglshambar) 12, neseskawating Fitqates theand
6. Pl acgrent tHrdhe LR 3@l ¥ESM3Pe§0to a preset throttled position
some distance from the fully closed position of Figures 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



.

_close to the coating chamber 12 provided a surprisingly 300N #P%nt

i nprovenent WQOBtH8&ure control, reducing pressure fluctuatiroreusepeiion t he
“coating chamber 12 and reducing disturbances in the focus and position of
the electron beans 28 on the ingots 26. To further inprove the electron
beam focus and 13 | February 2004 WO01/11108 PCT/ US00/ 21108 pattern, the EB

gﬁns 30 are ratatipebyfeirablgt edobrosut h@.ﬁldlii?@herosﬁmtlidmadﬁr%sdﬁﬁ V\ﬂ%éﬂén
the coating c 12 ensate od 52 that catche of t
GafEEha eBhmay o Phsi T0 ok T e AR e

superfluous GCerame Vapor do*Hhot®
hood 52 is comdagimad ctncsjn:rldmtgmm alpgnidnvigme | @arte zlefl neTheC Gaddexgs

regi on aroundsthes paf4s a?flovw ty %I e e d gl eif.ﬂ[aed ﬁ’gf t’”ég dfél rted for

the coating process Is peci fical | y"mai nt ai ne o fac cl'eani hg
bet ween 3 coat@ﬁgc}éb}?paﬁlwtt 22 h@@@lm i £her eBetabhygseqof ppele 3. W tdarh

screens 76 thatisas he ramRE and&Heanady oyl £4h080a8% nhhend Qa1 iyl Ghamber
12. Preferabl¥% t he screens 76 _are retaj ned b% sgrl n ins 78 I nstead of
|

threaded fasterRREEs ntEPHetlE ol QRFHRY f GRRBRSY faRfel8creens 76 when in
“the condition of having been coated with a layer is of the coating nateri al
by the end of a canpai gRefdhoimdy ggadénal Ity MEPEospl i ¢at afdd t e endrig e

condensat e ho, d r a aced ond an _hood
52. Because t%q‘:%ﬁ ngks#%oun(ggy% Bﬂa{r\sg%oﬁgs ‘Wz%flsgg R CF && e an
apertur &0 62 imoyRces@mIl f or éacrplrﬁb%\vn x® t hAdugh st h@hﬂoc&f@memlpmad)t e

Lhe capabi| i iyroivfedi BbALBEAING! eI RARSUN E5r AL @lE?grBHn‘ﬂ)%ﬁ t &g hood

52 as conpared to the renainder of the coatin I ncl u I'ng the

Vicinity arolfRftRECEBCHHARE Rf, oBet FE £pi:s ugés a2 %IP% bigheramaptigared
to have di nensiedsur®é nolemdlicgedhan bjpat nggessar ynirenaibay t hedteGhy on

bears 28 to pf£§r$@é£g§pstﬂgr20%gdgz 1:o|:q:rhe3t hﬁﬁ 8 18938 and the coating
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



the apertures 62 are preferably cut with the electron be.n'%‘abﬁléarﬁap?%g t he

“setup of theweBR¥Dimppar atus 10, so 30 that each aperture 62
cross-sectional area that is approximtely equal to that of iti!'?iw‘gﬁﬁ%l’roﬁn

beam pattern at the intersection with the hood 52. To further isolate the
EB guns 30 fromthen elevated pressure within the condensate hood '52, the

14 14 Februar yz20@4n,VWO SQO/.2 28 travel fromtheir
respective guls? S%QPﬁr(%l]E%h %IéHG%QJFO##g%EEL&%V\%eH‘St ‘??éeFFBF‘ W&Re s
of the coati AGIBRENKESRAENG RFeFRIRD NdERBER etheod 0B ingPra et y12t e

di ffusion punp 2Zénbassame Mol BearcAMd & dERIEBLLSAl pl t each of
t he chanbers 64. Because of tge m ni mum si ze of (%%‘2 ééypeﬁ}%rggggff%lyﬁéls

el evated presSGFE™HFt NP EBRTerfiAt BokodPBStacknépedthey pawts 20,
i ntroducti on Bheokpgen Sandi ar gonf MdiHhedt Aecbptithg $4) tb{i@dﬁj{,@l? ibheto
|

chanbers 64 a .suftici . reduced 3-0 rate to enable the diffusion punp
34 to maintai %e?ﬁég %h%o g%& g%% M aﬁPé@&ﬁrtziﬁ RSt ey tWaERdt Whichhe
condensat e hoblesgleragede presrandidsitedisfont ehaddichitdny pPsesest 1an
provided to t 0 ks his 15 Lav LOg [ ener al

convent i onal , ?E@J:E%Hgﬁ%\g ?gﬁg? ré?léac?di pli‘ecgj \%Q[:%?ggg@%mcétﬁ%ﬁ?% JE’%E‘{’een

mai ntai n pr esSAFEINI W GHIBR NS guihe3onaed| & $sof pakbetrabi§0- Squdppbaut

8x10- 4 wbar, whikhscgewnkl 7elonet NabhneHesty Si S -
wi thin the EBP%/D gat ien charrbﬁrFL%Z o? ?ggt%%%eﬁglaogigegl\%e I°§§S%§%i cal
h& Sty g B

EBPVD coat i ng” ersP §F drd-. | RT&L@eRMlyn stled Isowesrsss6es

to be nuintared reteirneédctbon deaisg 2 inst TRSSiAdH N of CYEhRAL LG

orifices 68 t e.gu , +.as . schematical ly..shown_in Figure 6.
 Figure 8 repr%%e%%eiégﬂgcg%\c}%%{itgnaslmipglﬁreﬂfgﬁ%ﬁ‘?%%l- Pbr LOSCIEHPBT [ T6e
168.. To al IWhen oinathangendftheamdbhesing e toated wiRhesentfgepy
,f ocus ppsi thlrQﬂES the Be@idifg T RAL8P1 81 66T Plle 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 eaéh |
beam 28 through the hood 52. To promote the capability

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
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beam 128 Shg)Q?oﬂ ‘ﬁi gure 8, the orifice 168 has a rel atib‘e'zleg“faﬂagm

di anet er engt‘ , e.g., about 30 nm 30 and about 120 nm FPELHSHVIVES v.
“The di sadvantage.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 environnent of the apparatus 10 of this invention. During an :

i nvest i gati oRSPBEdi 8 ttFavisls EBOWn\Fé?ﬂJilbn}’eﬁpscth'gee\ngs@ t tiatougtpr oved

control of 1ghbdbebsuasy 2004k QLLLELYS PEI/ Lﬁ%?if]&:f’gw%ﬁ‘i“sesél Bgﬁlhe

condi tions enabg:ed an optimum pgsition of the beamfocus point

Figure 9) to°Ba8SHENti FrEtPeA rore 8PfectiiR oodeds@ési gnhaad t Hih.

i nvest i gat edprefesabiing ﬂh&dtd@fméidmepﬁﬂpobﬂ s Lé‘z\!emhh.gﬁ \Ml“ 4 o

Fi gures. 6 an I hS epi ct in Figure 9 as vin a_smaller

di anet ef ahdgflgﬁr&%ﬁiggé%yt hgtc’%gﬁet%ﬁe Wti ot 2t Obri F?‘Ee %6'@"83‘33!5 glfre 8. A

preferred di BReaugearef | &hgt mihbdnunhesiod f bfe e apdrehirasedsb o herabout

15 and 50 mMp1efg8R{CLH t OR%, f th | mensi ons 10
e88RACHIY.LY e Wi'ﬂglg.n Rle \é%}r%eaﬁ;e ?{0031%260%%‘{3(2

can vary dependi ng on pressures and focus, ction Cco nd
overal | geonBYritd& IRCFeiwetippyeL (HyIBhdendaradesodith i $hepdgildétoned

around the paafsb2Bells ThAbNMtEe LhamdRRasisl Qt Ofs el ezrécﬂ{cet% the
s ‘i nvention,

‘interi % wal | stof t he cogéi ng_J15 'mer_ 12. According to thi's i
the condensal®2-Shddt §23P&Ca| 5 s EGIP oRFMBurddtl £6 reabnbainhddis ng
of the partscRomasrsrequi aed 4 o praigsaien A6wePPrehdr atBatPakith ERNPYHRE Ure

during a coatj [ e particularly, the hood 52 is equipped with
a hovabl e 20 érngg?lg%%gé? %P%?el\@%Z that radiates heat emtted by the nolten

surfaces of the ingots 26 back toward the parts 20. At the initial startup
of a canpaign, during ¥@e¥est hé.t eMperaitdir e9of ilRustvateng aaldidienal? i s

relatively pestedteosef besi9Renl atd 72the PRSI tigpRd of@seylpnt hg35 parts
22 w Hfs an _afxg\lrjéiﬁg{ogfl tgsmi)él ng}ezneergeﬁ:[)} " or?\;er}thfonal, 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 thig
35 invention, testing evidenced that improved control of
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parts 20. As the tenperature within the coating chanber ePlrusaégz%rl ng an
ongoi ng canpAP@gwiiwke refl ector plate 72 is noved away from HE‘F g@;f#@%&zo
(as shown in phantom in Figure 6) to reduce the anount of radi g 30
reflected back onto the parts 20. In this nmanner, the parts 20 can be nore
readily brought to a suitable dep05|t|on terrperature (e.g., about 925C) at
the start ofpfocadaign t t XI nmum al |,owed coating
2 SrosHarErons! SRIEE o LS IR DSk S e e

tenperature ( about 1140C) is
coati ng carrpaﬁeg%“ TREURo &Pt 16 FéBy u%*SﬂJJZ@OE) V@Obﬁllﬂd&fﬁié&OO/Z&llOB

and plate 72 twdrseo e e NMre firid of, s e e. n
p [Bﬂfr’e:ﬁ O U C c‘% 1e‘%'to%d't he

t enperature, nptes.the desired collumar , grain stPu
cerani c coati ngs onlq'{g'ﬁelﬁar%lhée E::[%e m&Pntof nthhE desienddion| showal yithi gh

pressur & wi t Higwlrashes cawndleasatvhlbhodsEaegildt%d hien rp{égféog Rl Add S 1N
t he rai sed pgsi 0 hro shown_ that surroun t he
plate 72 to ﬁhstint)@eg d\ﬁ‘ﬁét%fe)t %ﬁgnie?ﬁggcg &t dbdtBe madop ans 72,
and t her eby e&dddes I LfirBigurs det wk@nreﬁerhedddSQmaﬂérph@ﬁe 1&agtiD

Shown in Fi gfior Erar %ﬂﬁl@'@é Y Ueltzfgwed aéh%‘éﬁt ngl Co%hl ngm%f]arrber

12 through a _bal | jqin d-t hrough_ 7
mani pul at or s *F7ES élté' d t'ﬁ“%l'ﬁ;br s‘t’P‘FHWTégHﬁ&tlBﬁg fidre these ngmn‘enrsliean[gar ts

20 by r®vi ngcaer awaryorde;mr&lﬂng C ot eldré§§u§§gora§1c§30f 11(55 %c%:.

granular matepial .0 Elgur enbb%;’ Wié or fromthe ‘cr UCI bres 58

. during a coatng campai gn. g&h 9?85‘?F§1e§ue to their proxi mty to

the «crucibles 56, the reflectors 80 are at a very high tenperature during

the coating process, ahg thereflorab@e;adthée beatetiguped hgwardsbhelgarts

20. The anoupbg9fi t t b I fI ctors, 80 is rally at a
posptiolenl akatnd fite éatrt&% % “Fh%l Jc’f%c\:]% Fe eB@“Eh@“can

maxi mum V\,hen he reflectors 80 ar closest
be reduced b§Ef nﬁ?Fﬁ@‘thé‘artﬂlé@t &5 tlgp. llatt\aylérowaﬂﬂs erflct i eacaBbinghe

refl ectérs 86hamber 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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25 preferably supported on a fluid-cooled plate 81 that d%gs‘?bmr?gfzom

appr eci abl yWMH{14108 heat to the parts 20. As 'a result, thePCBEUS@AINSs 8.0
*can be used in conjunction with the reflector plate 72 to regulate the
tenperature of parts 20 being coated within the coating chanber 12 30
during an ongoi ng canpai gn. At the beginning of a canpaign, the reflectors
80 are origi andll gplhoeavedabear proneter Hcinblresuhf rbemmaxidnisaadleatilngieof t he

Cruc bl o5 56078° FGLEEMVRE= RN nt “BF-Fadi AT Toci o 1 ICPAB ORI SOBRT v

01/ 11108 PCTgysbe/ 2t108tToe sfiowi Yeet hergwaci agathagbernehier gansst ,20.he

portions of fhenmmaalhalies ddsytldi BehBeiGRaYl gt harREEu2 Hiknin
preferably formed of a hi gh-tenperature all oy; suc% as a ni ckel -base al | oy
such asSx- 15thengprdansaks Boed abal Whikat ERpaFefinetrEf Pdter §28G5cdml d be
in essent:ait;ﬁa wtsfeaar-r@@g&th if&y,]t;l gsts,gﬁéﬂdc%blwlgﬁaalﬁg Foy iQ’é@HAHSvﬁz one
or nore -plates coated w reflectiy mat.eri.al, cou used. a
matter of pcom%’ﬁi EHEZOURHE t%@'f IR@Ets S7§0t80d1n&n%’é‘tr YAt 3399’ &E’ij‘@eﬁ eces
cut from 10 thgotsn@énasatat Robdl 53i mndarplatd hze, behdg thepebiyt atduddrough
It Is apparent %Q@:’é oiggsr‘ 158 v?é@x? %q{éﬁ%fo&ﬂﬁﬁfﬁeﬁ . As noted above,

the ingots DTS CeFant e hater al —are " Supporte e coating chanber
12 by 15 crucibles 56 that retain the nolten pools of ceramic material
producéd by the el ect rtrBean® 2819058 of take dnaRiDIbEtess % skdwt in
greater detabitdidFifthethld aatifyg NehanbEF €@2PiteGR_uIN T4 JBEALT G AN
upper nenber 82 wth g tapered ugper surface £4 I s assemhl ed wi th a | ower
20 menber 865€¢dT HATRIIhet 20 weRR GRRBBPENYEDhs sadB e FAnHGEHPTMi ‘ch

wat er or anciherusedtedl gssvot aih regfilavedg thenheatdny oife thenpenaidur e of
the crucible,56.hel ow t.he nelilpng tenpe e of its.materjal. A
restriction ?p atbé" F5Vit& %l S%réﬁg%n ‘?ﬁ Iflg%ﬁ’ lc_LO“FO%%%e ﬁ%]t%%%%s c&P ve

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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25 sel ected ‘gg ?ﬁﬁge e.g., decrease, the cross- sectlonaﬁ Febfua]%zoar ea of
t he passage en a coolant inlet 92 and outlet 94. For PERHSHYRI10H
thermal conductivity, a preferred material for the crucible 56 is copper
or a- copper alloy, necessitating that the coolant flow rates 30 through
t he passage 88 nust be sufficient to keep the crucible wall 96 nearest the
mol t en portlon of the iFgosuryéviekhebsicawinge Ctmlatm‘elxﬂnméwtmtmen

ceramic. Srevésient of r ophEi ghhéﬁlﬁﬁla%&lsas il t&‘f’&hﬁi{ Sctg&-?é S0k 5
reference to %ﬁées 11 and 12, the electron beam 28 i15s. r eFer ajfﬁl?
projected onto? reﬂr%urﬁré’cf@rt?@ly asormer 1@t |_a F@eﬁhnaﬁ?mnﬁmtm

01/11108 PCT/&EDﬁy,Zlé@(BhaasthentLageIl Ease%aaaqu@ﬁdw,as I} ofgler fﬂét%}m

exterior sur ﬁc of ‘_;tlhelu enher 8% to_b uatel cool ed

t hi cknes3 of wat T 9% aﬁg rh B trc?efp}r tc‘?‘iﬂa‘f‘]sP@r in

wi t hout | eopm%ﬁ@nwgallue my:hﬁnrmahna ht—:wengslseuftﬂaﬂ&ycranm b;kh'-a@ 6. dAde

mul tipl e-pi e Lpiied bl @peLOoptd gt%@él Q%eé hig dyventon facil % fLes. the

fabrication of anm optimal_ configurati or e cool ant pass
wel | as enabl®&temk hrerh@sbeolisele vva’if’r aQIBatiﬁebeom mmmnde,tltg'm

tol erances. WdfledibAd 00t icRIICHE i guiatior1y I1a%egﬁ?8§sv<’€dt°t§mm |

factors, a preferred _coolant flow rate. is abolUt five

gal | onsthi nutdFHHUP tm%nfrg‘?‘tte&%aao Aamdied §9t &heftni heiey deprsikadr at
a pressure oftlaeyt 1w0ikoapparenttmasphersshénbortainie i tHre Y )cddrPugh
a passage 15 8‘}/% e cross-sectional area is about 400 mm2, and with a
maxi mum wal | i ckness of about 10 nm adj acent the surface 84, and about 7
nm adj acent the ingot 26. Figures 11 and 12 represent a preferred pattern
for the el ectron beans 8 dirterk |gove, 26the f@ngnthe 26 pad s acdrameirani c

material . As n&ﬁt@%ﬂa& Féﬁé”%% pbBre8d ihinhid hEthQJB Gh SRl Oh §Cl

onto that port I on cruci ble surface 8 surroundi ng “t he

i ngot 2 . ’tbﬁﬁspelsﬁne't:gﬁtofr?q\%ube&rhe%méﬂtﬁﬁe BPAtrbl f s aeramic
mater1a1 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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84. The pref‘gérﬁ&h@?v\er di stribution 98 of the electron 2 '%eéjgﬁﬁ go?dé shown

in Figure 12 ng peaks | ocated near the ingot-crucibl FGHIHELRLISS,

"wWith little or ne power ainmed at the center of the ingot 26. According to
this invention, the benefit of directing such high beam .intensities away
fromthe center of the nolten pool is a 30 reduced tendency for spitting,-
whi ch is gene¥al t§e vir@ch 26r opfensefuaptivn dur anideri fogj edieedxftearhort he

pool during goatddy. oBPictlel Npder ansR6eAt 89 Wd hhdehge akglgh% cqQat ! ng
produced on the pa};jlecskm, and- ‘therefore is preferahly avorded. I9r01 ecting
the beam 28 drit% tHECKNESS PhicERE eWBbl s@PvBYSEoPPeMiBa M Feda tou proghote

ceram c that Héatd Febramafer?004ivaottll198opiAdi o003 21%0% m ghi-nahiemw se
bui | dup on the cruci.bl e 5t due_to, iglrr%%l ng,., and zl So_provi des a nore even
tenperatlre UTaTHIBUtT Dn-ATr 058°hA t en TBGoMUat 1R PaPAERE] SRCRPle

infrared i mnagianfigtmrtiveY | sofisedthsst heihmgntibnnat gacallitabisabl @hbeam

i nt it | [ . : .of _about Q.
B L R i e o s N
of the pool . PASSRI i | &S Frghteas0 smaldies the Whidtness ¢ bbanw2dli s

incident on tdee o fpee pholiiBelNIRitR6 eigwd oblidMmmangl e senaSel Oap
establish relatiyve . to |t$. respective l::[Boc?un 30 a proximal intersection .
poi nt 11  afPHfal PoRT et Wo¥dd] AWed | AReraedoush FRFFOYa012 with
t he cruci bl e prafeatreidhe qoeyliamet erf lefw t hatkeais3. abpatkt eFRveAS £5N0WA Fi

'
Figure 11, t refecr. eam ttern intensity on the ingot 26 and
crucible 56 Ig’%llﬁéﬁltsﬁﬂl g‘n‘%%ni she(%,%otﬂ)lr eferécé)ﬂl%f/ﬁgy ab&8t 30% o) 7086"“85?% i ve
to -the remai Ailfgnsedmimter) ofsime baber patt er pressureocsH i amsutntebeto
cruci bl e 56 GQk! SRRSO 1450120 PHEXERRIS 134G, dijst |ntersectiQn points
100 and 101: The_  purpose of reducing the i_r?tlengzl)ty) 0 %%%%eéanﬁ%gg?gfgn at
_ 15 88 whose cross-sectional area is about 400 mm®, 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 beam 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 thé,

35 crucible 56 serves to reduce the amount of ceramic that
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the proximal intersection point 100 is to reduce erosion LIoFfebflf?éy &flitible
56 by the be¥ROP8l108hi | e reducing the beamintensity at the pist€doriios

i ntersection point 101 has 25 been shown to reduce waves generated by the
beam 26 on the nolten ceram c pool from pushing nolten cerami c over the
edge of the crucible 56. Another preferred control feature of this

i nvention fomidie . ebEeerwisdednsiP8ups she ghil i byukapl@ t%rgoorcﬁ{ejhl Yeo
interrupt the A pat t el orgit%e surfaceg of _the.crucibles 56 wth a
separate hi gher-int ehisity bed pattérn 9F dédi (e (e hiERRRF A YLt er
evapor ati on dftgidurion spakbssr ethe nmoillden twoelaper aflet apyiseaaRiGh

that may becomEr48Res1 tahPihd he cryxel bl 6 a ult 20 01/11108
February 2004 PCIl USOQ 21%(r)h8éof spﬁ;‘%l?ngfs higgfegggae &F tﬁggi nveiton

can be ‘Yerf SakEF @i nFuitakdsat ibegmbpdidiensd bdiesh mtni nide ompeks i njpact

on the deposirigurer a@essrel Nod  PFied erdxRtbr eodLBRAL. When Hi?mﬁperaat or
Initiates an excurselcdfn of 5 the %ﬁrﬁglrate pattern 97 to evagoraze a b dup
of ceramic GIYERE S ULF bfe TSELM Dt ePh 6POUE Q1Y kiYomat atalthe

repositi oned cemt@xk mdfmtheperidli.on, from which the pattern 97 can then be
manual | y noved under the direction of the operator toward the ceramc

bui | dup. By automati caly 0 rnai.n attern 97.t kno posi tian,
the |ikelihood of err (%l?séogh%{lg‘%:%u{lg ?%%Et—% géma’g% gpaghgth%r\ggleﬁ’lté% i s
reduced® Al t OEAE i2Pelif ineigerttpontbe sumfapet odf tl9Y fwgbdd be at an
preprogramme@éblqquial difle OPSS at 95 CapR el ocal{.an. t crucible
56 onto 3.5 whi cﬁht he Siz?tqiern 97 . is to be?ﬁ?gﬂ&gt%gld.%jféa%“ggbupgduﬁ%son
the cruci bl e T86PERALVEamiot IHB rHhdRI PF WERTSERSipat tRPint7 168n
of ten be renmandd ati-tdppdei tely pdl Sposed 7TdigBAMN iint dHHEE lg@gﬂgi Rgg 102
t hat house aggtﬁeeghghe 'kngo}ﬁ 26_.20 P H_}rough the floor of the coafing
chanber 12 abdtint s crucible 56 "a he erimeter 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 reducing 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 ceramié,

that may become deposited on the crucibles 56 as a result
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' : Februa
t he cruci bl gﬁ)@ %n be seen in Figures 1 through 7. As ﬂéé?ﬁ’y seen
and 7,

-

I n Figures each magazi ne 102 has a nunber of cyPC'ﬁlE!IJISDQmIIOS

channels 104 in which the ingots 26 are held. The nmgazines 102 rotate to
25 index ingots 26 into alignment with the crucibles 56. The nmagazi nes 102
can al so nove tovvard and away_from each other (i.e., laterally relative to

the coating SfanfFBAttisg.in o'TflEfb'T' theatie agifustirent snventdonci bba be

separation pedfdreceby@nhgricze eRaraer) i
devi ati on of t| g t hi %ess S acqe%ag%@ﬁgx?\e(%&ﬂm%am SnB u@%d to
grip and feed 5 i ngot s AR OEHE 198 uBINCEFSS6 gerlet aldy Phefedesed

cl Srrpljng a(rjn'gmbﬁd,lneath ofhemht icda b@edasmseg-llaglaq;rﬁsanghe é‘,{cq{g{lig%zggt al
and adapte ti,ng ts 26.in ace while

magazi ng 102%‘% r@%%qrtagg E’%‘%ng‘% 9 é FPé’iéﬁeaPm% U pF uaeyarbes WO
01/11108 PCTP@S@@/EZPmlbﬂgagés ttﬂve Pedserat iavg dsndoirsas, am:ﬁ@ti@ﬂiyt ates
feeding the rgggglggohgda@ougwqg&ﬂ it?:[sz t I e at V\{I:t hout

al I owi ng the a arm60 to I de” downwar d ?ovvar ac

posi tion, ?% C\%‘s t%?ndé%eer“iﬁfﬁﬁ’d“ﬂb ReRe Jader nghef dﬂ-M‘ecIte'.@ah rceﬁzhatm sm

Accor di ng toopdafatnrerﬁdmd egké rm&ail&e Q@?.ldﬁ?que”ﬁxa W %h

next- got 2§e H-] g l: QQ ége evapor at i ng | t;2

Cr uci b? '\'Mé th gat B %inf e FRe AextTPWgot PZ?@Jitﬁth;Lt hetl’cﬂ)atl ng

10 charrber 12:Lbeh1hdomih@fevepmm| tgaitn gedu PS, 1k €6 (Hamal'%é“ Bl ¢

interruptio dego [ he I eri t arts 20
ncPﬁciﬂfe @.B Sid Pé'dl?ée& %.t%rpn% eﬁ'ﬂ’r‘oi}a’ﬁ 5PP§1§Hﬁ’ﬂn qf,

The viewport 48 not I'n reference to gures
greater det afre; npﬂibm 137 TReuld vbewpbrepzegramwedfi gur edHax peyHdt t he

oper at or of cb;b@ra@@paeahugn,g@rt bSEhvEeibe cpatig &pL?é?lhié’ns i ncl ud| ng
t he pai%s 20 .bei.ng _coated, th opls of nolten ceramc fi &’ s 80
around WE R | BIF%S afgte ghdg htS FRnPBuUPEPHESESE - us Eeremiep i itlideip

reflectors 83211 Bbe 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
the 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 thereby 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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20 shown, the. viewoort 48 is generally an enclosure that i FRebringL 20gs

flui d-cool e a?)'élr'\f,@re plate 106 with an optional w ndow 108 H@yyRe&20H08
sapphire in order to wthstand the high tenperatures (roughly 800C or
more) in proximty 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 nERERELENg tGat IFHRPAUFIOIT | ohnadt t h@éwi nabch08 farc iddtiarent
behi nd the apediuge phaleiddoe W hidh | B8 Vigwaes! dBredeIOhaliil . a

st roboscopi cﬁgr um I12 serves to minimze exposure of a Vi ewi ng-w ndow
114 to radi aft-®N8&PT |6ilgml‘=§wd1tot%ﬂe1rowa=%i'é*fl%‘ﬁl%%hnsher@oéﬁ e cHddeer

12. In accor dewaeardi t hedn@@ pract hoeizoh@adr unpdd2chas, sl ofsi &6 tfaough
its wall and tatese%t &kllvi%%rate to elimnate visual flicker tg the eye
n N

of the Gbser IEFSTHAE v FPASS, BYRS er @bl ytaSnufERRl e MSSHEdEquart 2
gl ass, |ead fktaszd28gW0 @b/ 11108 | f Febenaign 2004eafRT/ UnGR21468 andkor
col ored gl as | i p Lcal tr.ength he | ead gl ass
provi des pr o?gélggﬁg??g ??irlg}s%, p&gé/ndggﬁg géég?egsgﬁ"éls@j ?%h%séff’ﬂf"‘rt &% educe
| i ght i nt en8ft EheThRvapenpoing 48ngott g whthidethe mugpmtbhle 556ar andl e

seal that preyede3edaliogh-d1eRasds UrReVaeUeMingRAl SOTi 406 $LEORASEQRLC
drum Another_preferred feature_ is that the vifewport 48 provides a .
st er eos€opi cchgwgﬁlroflzt heehiRd, ithe ofVRRer8bARINd GRINhef . 121l B o  one

or nore opgrmnnmamar&zs&m&m,@mhﬁmslcw olpger V&ebb@itl@nco?fi 'ﬂhe?h%@ﬁfnli\éhi ! e
retaining de erception. Sho Ln. Figure 14 is a preferred control pane
118 for contﬁ%?‘??ﬁaiaﬁa ﬁgﬁi PSFp%gblBhe EBPVD apparatus 10 of this
-invention. The control panel 118 is shown as including a schematic of the
apparatus 10 and its iBheowmpenpars, 4tnclaisidigin ndeLererd@® tor Figdiresdaal
conponents (enfoughhe Ci@_téﬂ@wﬁhﬁﬂggr Iceira%élflaffom At SUAl  7he

I ndi cators 122 | oCated adj acent _t I n ] _
15 viewport 48 1is 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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120 for indi gﬁkng t he operating status of the conponent%f%gﬂﬁng%PQ%hes
124 to chandﬁ 4 gberation of 20 the correspondi ng conponentPECT/USG#2118% el
"118 is preferably surrounded by gauges for quantifying process
paranmeters, such as pressures. Wth the panel _118; information regarding
t he operating status of the EBPVD apparatus 10 can be quickly and
accurately noﬁ%@V@¥)%@1@@@@591%%8opeﬁgﬁoquaﬁtna@éaﬁﬁyEappmmmaﬂaphysical

adj ust ment s _t@-tdegr1RPPahdt ¥8ad 0g8Rgst PeoteakENP LRSS 'ﬂo?cpg{—gta!d}y],’ the
apparatus 10 of thlﬁe I nvention %mtlally appear as shown 1 n Fidgures 1

and 2. As di¥¥issERepr SplGFedy Par L& 2065 Ye cvat eyedocsr e Jighded

onto the rakemt2hsithj n tie |ebsipgrehasbaisthtsd abl§ded g RAGHEAQ My
kel - base or cobal t-base

be formed of any_suitable erial, such as_a.nigk

super al I%y | iqa‘{%leclﬁlp%r f,alz_g%ﬁél?g b958¥§88ﬁ & g T HFTRE TG TR, VAT Whe
case of gas tsedl nef@nginize btbdebospeopbde tdrumoat i n@ndihewr 0PrkEiGed
February 200 n 8 wiith,t ar,at e_surfaces of .the
parts wl | %?p?%%?gget%%gvi%%% Vwi?ﬁpgggoﬁ ‘clﬁ)%#@%qé{n%mﬁteggﬁﬁgﬁpﬁcon as
di scussed pr&AYsPY . thesonperaprt ©F ddjposteatipg hehambperr 22TBBY thd.ch
surface of thmdord CRakeS bpePhfbPEabENn 0rdimbl Bsidshsiy | d1€ ¢hand

coat surface _and produce an qQptinum su_rf_aceAii ni.sh required for :
deposi tthg cd Ler'dHiie i3 N9 ASRF D BCeRG I FReposi ting the

ceram c coating, an alumina scale is preferably forned on the bond coat at
an el evated 10 tenper atdivert clprimiee athess oa prefheredationgrolh@anelluni na

scale, often . 1 her mal oxide &Q._devel opsg .from
oxi-dati on' of %ﬁ%cf%%éfﬁcnﬁ%#% %ﬁgﬁ%%%%g% téiégt. ﬁg?vgthgaﬁagk‘ﬁojare to
el evated teferbhipednyentiano or The | pentepbsipaned ofl8 hdsceshovm &5
coating, or BynWwaiofy a Ni Welamerdt e tErat NBpbarsPRS! fh6al Lygpestar med
for this purpose. Accordi n%to . Do o

15 = ‘components, ncluding indicia 120 for individual

components (e.g., the 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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this invention, the parts 20 are preferably preheated to FebrlfarﬁEB%AC In an
argon at mosBiEH&118hen not bei ng used to preheat parts 20, PREUSHELIdER '
chanber 14 is preferably 20 mai ntai ned at about 600C to minimze the
tenperature range to which the chanber 14 is subjected during a canpaign.
After preheating within the preheat chanber 14, the rakes 22 are further.
ext ended i nt @Ilttﬂne ’cbat |am>a2:t'atnimnﬁer the Asupfauesus:bﬁ/ nakedhatte. w1ll
apparatus 10 | nt ar arly I g epgsi
ceramc coatl t%gel gggyggear eé‘}slf};ﬂe c%nd??ﬁéns% augh‘?’gj %ﬂl gHey et
al. Prior toq%msaﬁw t l#& c@dﬁ%’@se@r ob&syiodsdyi.ck vadsom phreob: i €0

preferably peepeisied i 3 téé‘ﬁéfmi@eTBégwEﬁeV‘@urrf ale e&gss%& %gﬁk;e"ed

wi thin each .of the coati ng, at and | oadi ng chanbers

18 duriffg a <&t B rﬁé}h’o&rlﬁo DGR RIGa it cPAMACCRE ShEGase
integrity of ahde apealvateus akD, mmmv\g@uﬁ@m oueim@llgrf_@é Qréﬁthfaf&-l or |
art EBPVD opegrations. 35 throu | dation test performe n sacrificia
24 February %6825\3\6189/ 19% g’ﬁ"ﬁ%ﬁ' %gggﬁzﬁﬁ?%ec?%gépg%he ePE19% 14,
16 and 18 ar éocevdepmd Bdingi thet heemachancoakipgppsaBlatiumimat masyiherie
pressure, Iggg_rm mg;_? e S op_.Lo

nbar. The cr%%gtg%?c%baap I's pre eﬁ%%ﬁte%gm% aa%re surgg‘daf:1
about B®10"' tRFRETRSUEFEached. Pramefeafadiesione gff f tle orrqatvng 32 afitle34

are started houmihhe §0aiéNg FGP! eBeatreRanker 8512 anthel4ad§) Grown
pressure of about 2 mbar is reached. Suitable process preéssures

5x10-
within the | 8§&ﬂﬁg %dTﬁPeh V‘?:]r%ﬁf’beEE"TO opidafihgotg e absuine-3 to
10" 3, nbar, wohhasnn_hgbIhemd:oabamgelphessuhes:ubhl RgpaRaite 1o 2el evabeyt

5x10. 2 nbar . 109 n..def i ned by 1he hoo . A .
dual - el enent t%?glﬁgté}% %%ﬁlozgé:e t%’gremr?ancgeﬁa/ss’ht[ﬁ% f© vﬁ%@eaegé}mi"g
preferdbly ugedtv-ogmeagur ebyhewaacuqﬁl i 8 phegbureewmpehaburee toastmgnt

chanber 12. BycUskR8a8192Udrformed. for this purpose. According to
this invention, the parts 20 are preferably preheated 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 operationef

35 through an oxidation - test performed on sacrificial
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55 with Ind%ﬁS%ﬂﬁﬂPéy operabl e el ements, either element 84iPPBEEEP%tt ed
for use w thouat rrupting the coating operation. AlternathGRVU§0028108 i on
‘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 punp 32 is preferably .
started pr|orsP%C%ﬁ@nSdlfﬂ@§|@WBE@@§S342:cdh%Jal® andplisoans astaceatad

whi ch 25 bot hwﬂtlﬂp%h%z rﬁ’éléha?rﬁc‘!ﬁe phpk calyl Ve aeﬁ{o h ?g qﬁ'm? to
mnimze ice b he cryogeni ¢ punp ) tarti e ryoge T punp
32 before the? ﬁg? bﬁﬁﬁerSEDﬁE%nE@@nW%Bnﬂrﬁésﬁrgﬁl fdreanttloy ameluw® t he

amount of tize m&qsuj red'nh(e atpodetiie Wipl ngi2 Cﬁ%nbﬁfePé§§EP{/ess€&tﬂé9§' red
forth|5|nve tion. _Wile startln th ogeni. ¢ u rior tot

di f f usi on pun% A pPomdt &S S Hﬁq d‘%ﬁ ﬁ ﬁe Br g‘gﬁ‘?"é pifp Feaghed. jce
can be rermve'iﬁhezaeafherendh@fdaffuaiomgpummalagnand any agehet ag@RE i gnt

time. 25 4 Fabyyaryo2004; %@%ﬁ%{%ﬁéﬁ@; 21108 Duing jhe goat no

operation, the electron ~ beans ocused on the |n o)
forming the MRIEPoRE APV arrd Cand mRaKor sia ha:teadémcbut oiSuittablEart s

20. whil e var ;@é@egg +& £rifts e a r
a%_ Cgmg?d t he e%lg(r)ghg; %galélﬂé Qnd E‘Faglte?:i:r ?g’m ae(rf r Q2)

cer am c mat erir‘%zj1 é ng
partialf :'1":1 A% bFPPHREr 1 T (B gt 3%%’% pi bhesatiitabdsm 8%
Y203), t hough:gatiimg prabihiraed beirdy napoeasi 61{.0'éert|oa ab&at Cigk1 PS¢ a5 or

ot her oxi des b se 7. er on continues until the, '
desired thi ckv(rfllg';pédﬂf gPlét hgo%%zazf ng-e%g%{h é]%gﬁ?%& Yi stB%t 5*‘?%@ S&ft er Z*k/\,'m ch
the parts 20 @#Eelﬁhmreﬁrr?efdntgﬂwgh%h@rpm’.ldedt vultammrmaﬂéaloshlwdf&adl ng

chanber 16, afd®fe W-gh fhe Ieastl}gga@@éa 1651 Sme¥ERLED Eﬁgft r‘r%s here

The vents are 15 E'preferably at draneter 1n
pressure within the coating chamber 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 -
time required to attain the coating chamber pressures

30 desired for this invention. While start:mg the cryogenic
pump 32 prior to the. dlffusz.on 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 convenn.ent
time.

r
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I ncrease the venting rate, but generally | ess than about 4&?%%'760% anet er
to avoi d di ¥@PBIMe dust and other possible contam nants w tgamnudddR11os
chanbers 12,- 14, .16 and 18. For this reason, it nmay be desirable to
initially 20 vent with a smaller diameter valve, followed by a |arger

di aneter valve. Wile our invention has been described in,terns of a

preferred enbodi nent, |ﬂuﬁ1&193pp@ﬁ@ntcéggin§t hgﬁergg&gﬁ coyhd beqjadqnted by
one skilled in the t 25V£ccordé %E t he SCOE our_invention 1s to be
limted onl YHP fSLIrIe AGLF ‘e 4ipgR ﬁar%ﬁ 20bReTehy vEorming,

el ectron beamhmyrsobiaénvg)p@rlsdeqnbscémmlcoaéndlgvapﬁﬁar athese caa?b*sﬁtngm a
coating chamhsy NLRg a n ria t.he coatin canb ei ng
operabl e at an elﬁ ?gedbpenpe@g%% ega%ésa §&B‘§&ﬁ§sdﬁ%‘?%1%}%sgali

el ect r orP beaMsgh & gjrsfiemedincetanic onabernial nfor ’E[‘Bé deatd mgleﬂ’reﬁm%r and

onto the coatiyay FRLBEkal 241 hej g ell/Gh e rab
the coating materi gl and t%) evsaporatcfa&{rgb tgh%cf)gtl g mater Arerrégﬂ'gefor

supporting aFt@RLLdZeG n bhe Y&6&ERNg (EhBber 3%s808hat W@[f@rr@bdfy t k& -8&at i ng
- material depgsof) on ttl‘ﬂﬁlgl’ﬁr itda a staMiansaie At Wb dihe f%&iﬁg

chanmber and at Ieast 8 |aII sur.r.oundi n he su ort neans
condensat e h&84CHAVI n§Ca™ ?‘?st T efEReY v@ e \{i$¢dn t h&he
coat i ngiochaneertiungh doeata taiomr ¢ont Enseppantad m:rhe t h@e§ﬂﬁﬁar th&%&ﬂ&sbs

between the Gtsteeedarline qerbet aadedths Tl a0, coalh o BBLerL gl e

first reflective nenb bEt ween T
rel ative to thge Degiter?Coare ngrﬁraséemred e cighs tth sprébaabeichgmbkaser

to the supponl MEAnghknarodditng CEaRMHAGS! 150N ek LBl AN ol LhgkAing
pported by &P support peans is subject-to nore ective héa |ng from
the molten c& Grma%-érl%ﬁ WeRtede Eo atmosphere. The vents are

15 -preferably at least 30 mm in diameter in order 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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first reflective nenber is in the first position than when in the second
position; and neans for noving the first reflective nenber éfﬁéigoaio t he
condensate hood. 2. An el ectron beam physical vapor dep03|t|on co ng
apparatus according to claim1, further conprising a shroud surrounding
the first gigfivecti ve nenber when in the second 27 4 February 2004 position,
the shroud Tnhibiting gas flow between the condensate hood and the first
reflective nenber. 3. An electron beam physical vapor deposition coating

appar at us 3cCondl 1 . LALTLR, HhyLihen GARLI SLDOATRANs, LoLe ig@nt ol 11 Ng

the first reflec ive me ntroll ns “causi ng e i r st
refl ecti vapparatust eomprd sdway from the nDIten coating material as the

tenperature within the coating chanber rises. 4. An el ectron beam physica
vapor dep05|t|@nC€@§ﬁpﬁQCh§BF§ aF8§t5686P6|ﬁgcpét&P§|W@IerﬂG#vh§Pe

conpri si NgoR t3eeORbambeil eetihyeo g%%g%&eagkagﬁntelb%t@al kRhpeeallig material
such that an article supportéd the support neans.is sugject to

refIectlv@nﬁeétﬁw@aﬁﬁ@ﬁphﬁél§e@@ﬂéspéﬁbect|ve menber. 5. An el ectron beam

physi cal vapor _de ition in ra accor | ai m.4, further
conpri sing neaﬁg %q%CEr% %ggbhg geggﬁ eFégﬁgCFIVS ﬁ§%5 ﬁgﬁgr& DR away
fromthe tiel icentdoat ichgmbatreainal c8®oasht0 coBEhags hadreidesr ease,

respectively, the reflective heating fromthe second reflective nmenber to
t he artlcPéeC@rORnb@P@bﬂP&nbﬁé§ﬁlBH§§?@AP ¥2pBELdepbsi Cr64186at i ng

appar at us r¢eedingr0 8l BhikBrawaenehRehheoseeaRdnat etligati ve member is a

ceramc material or 1s coated wwth a ceramc materi al An el ectron beam
physi cal vapor mgepssifoirosuppatitingy appamanaéeag@om@engoa@i@babhambewherein

h d h d_h [ h h_wh t h I t b
he openi®ta RAN NP8 er 6ba tLBcFPBRAT b B8 SApAoRPRACdy CBaURE Lo t hat of

a patternadeficned by the el ectron beam at the

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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28 4 February 2004 intersection with the condensate hood. 8. An electron

‘beam physi cal vapor deposition coating apparatus accordin cl ai ,
wherein the condensate hood is fluid cooled. 9. An el ect r%ﬁ%’é&%ﬂ’&ﬁ% cal

vapor deposition coating apparatus according to claim1, further
conpri si Ngci tiRASt tHNSIGRREN FEEAGTEY YSE IR Yt S8, ch{édensat e hood.
ep

10. A nethod of operating an el ectron beam physical vapor osition
coati ng apFadensatea heatetansd tdengriinsihgafiectstvepmepfoemount i ng an article
on a support within a |oading chanber that is adjacent a preheat chanber;
establishing an absol ute pressure of between 10-3 nbar and 10-1 nbar
wi thin the.l cadinng leharrer baach e gireheatapdhaifiersi tivd e ddieqarticle
into the preheat chanber; . establishi ng an el evated tenperature and an

3

absol ute FFFEISIE SCAWEAREE Teb Gl 1013 et hard SRIFE-I3 s meanshifie ra
coating chameni1adiRceMe e R gheal & %'@?Je&nb%&%r (a:c%feng:o%'%é:?&qgﬁrl{ggnabeam

gun to project an el'ectron beaminto the coating anber
ceram ¢ nmAE@nisalcausting dlhec tfrios th ewmrh el ttiivieg meendeat itrg meetee faivaly \irtoni n t he

coating chanber .and evaparating nolten coati mat eri al ; i.ng the article
into the é:glaGt ?nr?gl%ceﬁlar%)@r ,lqghgla%@&d’ﬁhn&scﬁzﬁ%g:%@&ﬁaﬁ%ené’ %%h&«%‘ﬁsate hood
that at | easltingadhagldey SUe@unds the article, the condensate hood having

a reflective nmenber |ocated within the coating chanber such that the
article is between the reflective nenber and the nolten coating material,

the refleqtivepeaherReingdn anfitsh RASIL R JLlative L he molten
coating material so 29 February f&g} tha?ot he art |l(%| é)\ﬁl SCO%&E_FI ct to
reflecti verpeatitng tcoordiey ol kéaieodt,i g ktear icaimprdefos) i Bgosagor s of
the Coatlggfq%%%ﬁbglm%%b%@eadjacent 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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article; and as the tenperature within the coating chanber rises, noving
the reflective nmenber to a second position further fromthe nolten coating
"material so that the article is subject to |ess reflectivéjﬁ@§F¥$§094(nn
the nolten coating material. 30 Title: ELECTRON
BEAM PHYSI, CAL - VAPOR DEPC? T%%N APP, RATU% AED THOD [err] Abstract: An
el ectron 585%F5ﬁ§ &8 "rapor §e§8§| &eiil FE 2 ) apparatus (10) and a net hod

for using the apparatus (10) to produce a coating (e.g., a ceramc
thermal barrier coating) on an article_(20). The EBPVD apparatus (10)
generalIyshnclﬁ§e§lﬁcééﬁpiﬁ§am physical vapor deposition coating

apparatus according to claim 1, wherein the condensate hood

is fluid cooled.

9. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising at least

one screen detachably secured to the condensate hood.

10. A method of operating an electron beam physical wvapor
deposition coating apparatus, the method comprising the
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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chanmber (12) that is operable at el evated tenperatures and subat nospheric
pressures. An el ectron beam gun (30) projects an el ectron Wﬁf n1(2%élinto
the coating chanber (12) and onto a coating material (26) 0
chanber (12), causing the coating material (26) to nelt and evaporate. An

article (2Qxd §134 (ltig.)% #-st @urﬂ)tjte%gtn %ﬁgear elccj{ﬁ%e%&)(ajtzl_)?ﬁs%rto?natth}éapor s of

the coating materl a eposi cle | e “oper ation of

t he EBPVDmafipgarataes t(itd) masearilzdnced by the inclusion or adaptation of one
or nore nechanical ,and/or process nopdifications, including those necessary
or beneficial WERSIFemS iViReMTe OdppratPating) metedddti R§ péssures above
0. 010 nbararticle; and

as the temperature within the cocating 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.
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