4 February 2004 ELECTRON BEAM PHYSI CAL VAPCOR DEPOCSI Tl ON AggéﬁéﬁgﬁgﬁhELD OF
THE .1 NVENTI ON Tht s-i nvention generally relates- to an electron s beam
physi cal vapor deposition coating apparatus. Mre particularly, this
.invention is directed to. such- a- coating apparatus adapted to deposit
ceram c coatings. on conponents;- such as thermal barrier “coatings on
superal | oy conponents of gas ®ErYRDE ggghngﬁgsgégﬁGﬁgyﬁ OF THE | NVENTI ON
10 Hi gher operating tenperatures for gas turbine “engings are continuously
sought in order to increasée: thePEP@S%TEOKnBQPARBEHSerL as operating
tenperaturés increase, the high , tenperature durability of the
conponents of the engine nust correspondingly increase. is Wile
significant advances have been achieved with iron, nickel and cobalt-base
superal | oys, the high-tenperature capabilities of these alloys alone are
of ten- inadequate for conponents |located in certain sections of a gas
turbi ne engi ne, such as the turbine, conbustor and 20 augnmentor. A common
solution is to thermally insulate such. conponents in order to mninimze
their service__tenperatures. For this purpose, thermal barrier coatings
(TBO) fornmed SAELReOBxBBEcANVENTEG¥s of high tenperature. conponents have

found wi de use. 25 To be effective, thermal barrier coatings nust-, have
| ow thermal conductivityhasdid¢BREEoMehbpald €. nent surf.ace. -
' " seneERptY s ORREI £ sl e fectron

Vari ous gerani. | s .have beenp 1 = 1

PCT/ usoof 212358%‘%&%{ & t‘ﬁ’ép%caeli}%ﬂ%%m afPptingc Aappargnd?2). More

stabjlized byP3rEirulawdpa), thignesheedbbsd oisotaggecgéhde%oqu?gi- a

paktd cul ar mag@atPhs aplafai,del loyed .in the art because they can be

readi | y deposited b§ spglagﬁggsSﬁgggghdE&ﬂﬁﬁPQRiks??¥%ﬂiFe&ﬁﬁﬁéasgsQN1

exanpl e CONP?n nts, such as thermal barrier coatings on
,superalloy components of gas turbine engines. '

BACKGROUND OF THE INVENTION

10 -~ Higher operating temperatures for gas turbine

engines gre continuously sought in order to increase
their efficiency. However, as operating temperatufeé

increase, the high- temperature durability of the

components of the engine must corrésﬁondingly increasé.‘

15 While significant advances have beenfachieved with iron,

) - nickel and c¢obalt-base superalloys, the high-tenperature

") | capabilities of these alléys alecne aré often inadequate

for components located in certain sections of a 'gas

turbine engine, such as the turbine, combustor and

20 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.

25 | To be effective, thermal barrier coatings must
have low thermal conductivity and adhere well. to the
component surface.- Various ceramic materials have been
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of the latter is electron beam physical vapor deposition

produces a thermal barrier coating having a columar grain SF\PE%MM
is able towgpps@sM th its underlying substrate w thout ca%ﬂ%ﬁ | ng
10 stresses that -lead to spallation, and.-.therefore exhibi anced

-strain tol erance. Adhesion of the TBC to t he conponent is often further
enhanced by the presence of a nmetallic bond coat, 'such as a diffusion

al um ni de or da n- |st aIIo suc MCrAlY, where Mis '15
i ron, cobal te{ﬂﬁd?l%am 330 Egr ocelgésEés fBP b{jrér’:ﬁ@ TB@’E)?OEB*F’VD (g&Rel al 1 y
entai | prehestabilbzednderenyttoian a‘cgapt,abtnagneatang (rggern)eb@t UpEheANd
then inserti co e n cha mai ntai ned at a
pressure of g%o%%EZO 0. OO§ thQEgﬁﬁéﬁg:r q%aft(ejes%gﬁe gF %‘e"(’j S‘BE]:
control of iRe H&ctT¥én besamss nb eyd.«tamcme aeagidysudeposlieed mpout
0. 005 near, ddmEerspta¢ 9p8r ata hefl t|

IM 2 rrgar or lacép(&lbeen rﬁ?‘u wg%f t he

pressures ab as also |eve

e 0.0
el ectron beaﬁ%lgﬁﬁ éaFtF‘ané'rﬁ trem P@BGCG’@Yérlclalle \gﬂpozcommmm i f
operated at PEBBERX eswhboke ptodiremad . tiBemal"pARSAk Y %oéﬂ’:ﬁﬂ_ﬂ

proximty to,ap, of coati.ng . nateri.al and an -
el ectron beam Psigggggct%ltt#l ?Egpﬁgurﬁgoﬁh%b 48 tat?]ﬁall(' a‘t‘:’eﬁ f the .
i ngot and 30i%% oddelerlyimg ofsubEteateat | wg thauer | ad:auhangdepdmnadﬁ.ng)nto

the couponenésrdiied ceRes alluadl R ogput il fouh ‘éﬂdE%@h\éQeﬂ?{roece So A be
perfornmed de , _conposlILions of e conponent - antd t he

“?’ﬁs El}éf Egrt on
coating mate Egino %M?sm@eﬁwmysoefzm 751361 rtlorru:rhe
process. t enpeorpanent sigeottehl Furaindy igdiathded BPSthe phe

material wlgo aleif@bﬂaéfn vgggrate r}gaﬁgepo %%fn he cgg&gggaléso\ghlalne a

maxi mum process t'enper a ure |§ y es
mi cr ost ruct % WQ%&W%H&HW Ewahugkeut MChBlY, where M is

15 n:on, cobalt and/or nickel.

Processes for producing TBC 'by EBPVD generally
entail preheating_ a component to an acceptable cdating
temperature, and then inserting the component into a
heated coating 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 above 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 coating
material (e.g., YSZ), and‘ an electron beam is projected
onto the ingot so as to melt the gurface 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 depends in part on the
compositions of the component and the coating material.



Yeposition process, the tenperature within the coating chag‘o I ypues
torise as aresult of the electron beam and the presenc® fﬁgmqe pool

of the coat}) material. As a result, EBPVD coating processes are often
- 3.0 initi atg’g’gﬂé’z}?sot he targeted mini num process tenperat ur e PCHES0RAE3
term nated when the coating chamher nears the mnaxinmum process tenperature,
at which time the coating chanber is cooled and cleaned to renpve coating
material that has, deposited on the interior walls of the coating 1s
chamber. AdvahdeP B \PXoppas atespsrpeunet isegenaradly esrabdd shedpesent s

‘from the coatdg,€hapher c%@ctiémgﬂnfagefm Wigh . pgﬁmggs@gagogsg%ﬁe? 8865

onponents w t hout, shuttin e apparatus, , _ .
gprenroat ionis se"x)"ed.°”1"hethnt iGARRERendper ke of 2t hmagdmuppapabeesdur i ng
this tine cartén@etﬁutgﬂg a "ganpai géneratiyh g@g@hgg_iggggtegsgtﬁcg;t g?qggaents
successful | .0at e yri.ng, the canpai gn correspondi ng.
processi%g,y.“ilh%to E:Lcﬁ]i’b %?%ff%@f’@ﬁ(‘?i :’%‘9 F eviﬁé)’cﬁri?he. HEghewer shes
consi der abl e d&2®sidtiorat processi,nctkas e dnipe ravdrer Qitn?ﬁpqmmt %obh;ihgga?
be coated W tdH ;S| : aign, . teduce, the of. l.ine cequire o]
i ntroduce anyﬂr ermvxz gghgéﬁgn s l??or’#"?%e Elescogt i%nﬁgr ,t}é?ldeﬁ'gggﬁ_'@nt he
amount of ti Reamegandedha cppesenem mf ntemoiserorpedk afparke usobetingen 30 -

canpai gns. Heweearialli Fidatd opsseit! h995m°é°3§1ﬁ§r§g°eé%§t@3§ gger ?Egl"h of
Gonpl exily oPHEIAREY GRPPE e NEREBBERDNEHPATIA PERRE %Rt COMPERACHBA! | ng
“chanber, andaride thédi d:elruriimtmhfwhehe@thdmmm@izﬁg dichaf®er %‘ieamg agu?nced
EBPVD ; | , PVD_3 .4 .Febryar a [ at uses
26c) pr oeosomtintit brodeny) Pe AR RE i o ERPE AR o PRE 58 and
pafticul ar| y SOMRetc i L9 306h cleaneds t BRI GUMPSRYLGF TREEAWENT| ON

The present ichaentta @epusdeedaivmn! €nd  0Atb888t walls of the coating
i chamber. Advanced EBFVD apparatuses permit removal of
_coated <components from the coating chamber and
_replacement with preheated uncoated components without
'shutting down the apparatus, . so0 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 corresponding to greater processing

and economic efficiencies.

7 In view of the. above, there is considerable
2s  motivation 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 méint_enance on  the apparatus between
30 campaigns. However, limitations of the prior art are
often the vresult of the relatively narrow range of
acceptable coating temperatures, the complexity of moving
extremely' hot components into and out of the coating
chamber, and the difficulties confronted when maintaining”
35 an advanced EBPVD apparatus. Accordingly, improVei:l EBPVD



physi cal vapor deposition (EBPVD) apparatus and a nethod for using an
apparatus such as that to produce a coating (e.g., a cerargebrtder nabs
barrier coating) on an article. According to an aspect of this invention,
the EBPVD apparatus conprises a coating chanber at an el evated
tenperature and a subatnpspheric pressure; a crucibl.e ithin the coating
chanber ; SPRAUET R fmeti) aP OGP FSRAAEEE® by HHic Tsedvhe AowBhi FOTHRS

cruci bl e,fdheqepasi tongatebkdhgshawhndy o rUdace 18X Rasemy b thigsi bl e;
an el ectron beam gun projecting an electron beamonto the surface of the
coating n%%@?i%ﬁ,Tﬁg%- el ectron beam generating a beam pattern having a
hi gher intensity at an interface between the surface of the coating
material and the crucible than at a central region of the surface of the
coati ng MERETT alUMMEROr @ NTHE oI NWENTEON aspect, t he EBPVD appar at us
conprises: a coatiﬂg chanber containi.ng a coati ng material , the coating

chanber being at SRS elRRERDY t eRYEPSLGPe BRAVAIEPr L ufd SGEERPer PEAEN 0. 010
nbar; a cipked HE£ WohBoR tdigosnatdng (eBalber japbLoatddJaABt &f | gétBYHT ounded

"

by and contained within the crucible, the coating material having a
surface ekposedihg e aprRfdtes anch| ést ridmtbehm garduseojectPagiag

el ectron pe ont o r coat | . erJ nti guous
surface pgeh on %fcé{:%m%?u@?%f%ﬂ @%gﬂe%’gcéf‘g%%l%@tm#*g‘%rﬁl%gtgc%%am pattern
with a perineter aacdéhediontitguoss siEdece par tilois ofinvikatdowgi btee the 4
4 February 2004 el ectron beam gun nelting the surface of the coati ngn

mat eri al BvapR?r 5t FRE ABTPEASESati F§arrdtidr ihamhiate atel 2t #HRVBEST havi ng

a higher igtensity-at afgingerfacecnbeiuesict hsreyshase of theueogilbng
material and the contiguous surface portion of the crucible than at a

central regilim ofheheosirifnge eclofmvére? coatciond imgt evdtdyialk heuestregnded beam
bein9 | IO AR 38Tk, S, OPLIR, T Rl tlpd BB HOKE ol
an opposidelyg di spas€edcdi skpbspdi Bty athd herpEbIgt edn od1éderon beam
gun projecting an electron beam onto the surface of the
coating material, the electron beam generating a beam
pattern having a higher intensity at an interface between
the surface of the coating material and the crucibkle than
at a central region of the surface of the coating material.
According to another aspect, the EBPVD apparatus
comprises: a coating chamber containing a coating material,
the coating chamber being at an elevated temperature and a
pressure greater than 0.010 mbar; a crucible within the
coating chamber; a coating material surrounded by and
contained within the crucible, the coating material having
a surface exposed by the crucible; an electron beam gun
projecting an electron beam onto the surface of the coating
material and a contiguous surface portion of the crucible,
the electron bkeam forming a beam pattern with a perimeter

on the contiguous surface portion of the crucible, the
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beam pattern, the electron beam having a lower intensity at the proxinal
and distal points than el sewhere at the perineter of thebestimupat t2enn.
According to other preferred aspects of the present invention, the
operation of the EBPVD apparatus can be enhanced by the inclusion or

dapt at i f eat . and/ dificati . A di
to one aspettChiothd Yoot P Lt AP ng 1 FrOCESE  Tompdicat GPE i8Rt rol

the coati ngmgbapbel cod aieR@pdradiialg ool ekhectossihdatmanatika novad W thin
t he coating _chanber to increase and decrease the anount of reflective
heating t ha®l@RBrant PERE Mecdingsa f P ERe IMSIeNsd Woatt ngn Anteritareduri ng

a coating cgopaLan. CesSs Sy, nt | S al . asp o] he
i nvention, %%P\Mé"ngfgh a%?ocess%cgespgggsaﬁgs %(?AE%IZ ten?é)ct(%glnﬁg. %i%l n{%gtre can be
practi ced i noattgudascewfdceopendiion DoS. tRat entrucAppli cabamn sSer ral No.

09/ 108,201 to Rigney et. al. _(assigned.to th me assjgnee_as the_present
‘nvent | on) CHRERTM Moo fothE FEE TR 0D G1F31080" P/ DRB6F 25303
adverse effegés eacihenopssaa | paiagd irRliiRlitl idy thef dulteracl estrenebeam
gun, and with minimal fluctuations in process pressures. Mechanical and

process i npFovehRat Fatariadt &d 131t APLiaUPeenISr take Ahvent PERaPAERlde 5
modi f i Cat'%él%@i{r@etgl eaLr QQeQ‘g?thBQa tBSnCQaggBQF_mSEaFKE%t and %He
Ic r - s. Also

manner by gases are introduced an renmov rom the apparatu
i nproved byophositéehyedtiibpnses thetellegioion bei ntheapéeimeonrt b€ thati ng

material. 10 According to another preferred aspect of the invention, a
cruci bl e i s"&7PI 89%5‘9?8’55360 etctifé:o@ojﬁaﬁ‘b hatgdng i a1 LA ERi ARERBSLSYt i ng

chamber.' The ehdCiHHR il HAbLYs€QIPLLINRG alhdrfasisdWierenher ghea first
of which surrounds and retains a nolten pool of the coating is

mat eri al , , waerémeher sefohlde neader ppstesBured to the first
According to other preferred aspects of the

present invention, the operation of the EBPVD apparatus
can be enhanced by the inclusion or adaptaticn of one or
more features and/or process modifications. According to
one aspect of the invention relating to ©process
temperature coentrol, the coating chamber contains
radiation reflectors that can be moved within the coating
chamber to increase and decrease the amount of reflective
heating that the article receives from the molten coating
material during a coating campaign. Process pressure
control 1s also an aspect of the invention, by which
processing pressures of greater than 0.010 mbar can be
practiced in accordance with copending U.S. Patent
Application Serial No. 09/108,201 to Rigney et al.
(assigned to the same assignee as the present invention)

with minimal or no
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menber and surrounds an unnolten portion of the coating tfg%go'me
first and second nenbers define an annul ar-shaped coolihg pas

t her ebet weeW@DBH310BE cl osel y adjacent the nolten. pool, so phpyseifibe ent
20 cooling of the crucible can be achieved, reducing the rate at which
"the process tenperature increases within ‘the coating chanber. Another
preferred aspect of the invention entails a rotatable nagazine that

supports multiple 25 ir}%ots of the coating material beneath the coating
.chanber. The RBYSZPHe S*EStde EBei poevRELan Bod ixpliabilipye oft agis of

one or nore iafetsront hbaamapguhr eah® itd ' Gl chEanhey .
sequentially égggggg g:%e lngots ipto:t he:L coatin J"'rcr%l%anber V\AL%‘%]tgjlf’J ns 1in

i nterrupting TeposTti es:ﬁsx(;:&s 't heMEGRRAAGE IR APTOCe@e oidinRpameniss her
preferred aspdtrectedhe ta nvents onaspeyt ewpdrt tife ProNvE8€iEAT \grpéqbd& t he
nol ten, gcoatiRq; ' w { hi e coating chanber. In order to be-
capabl e of pr%@?é?%ggi%%w %‘? ﬁ]%@eﬁcf%%cg‘ PR SNEER thg04 SRBENB1080
“PCT/ US00/ 21208haeheEr atudetheonansescbyr whhghwgahen abe §adtiodnca@nbey |

t he viewport remblredd-£06he d at}i’p% igh ro i.on t rohoscopi c
drum and a rra%rllrgt i c.(grgr t.i el gﬂgé]eal thalfaéupsgoyi d%‘?sg h?éﬁ-"?’%%‘?éri’tyur% cuum
"seal for the BYEEPoHR et ctRF ufleSkivmePedn ePattesmsenctthe dratitge

vi ewport provnatearidakt ereoscopic view of the coating chanber, by which one
or. nore operators can simultaneously observe the coating chanber while

mventi on il L be pet (i anund 't ot | bipRigeh ARREdE of the
dgsyri ption. BREIEIEECRR PFFEribieTHE BRMNONES 'tRi glupport ehd 2oaténg
S h-errft I C tomatek{410Ntwi VhEYS, tRESPESAL MBS Y cidmidy &1 eCt 4R beIPRBYS cal
vapor 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: pocl, so that efficient
20 cocling 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 deposition
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 view of the extremely high-

S



I s deposition apparatus used to deposit a coating material
with this invention. Figures 3, 4 and 5 are cross-sectiona
al ong sectiwooiBmee 3--3 of Figure 1, and showing a. novab
enpl oyed in accordance with one aspect 20 of this inventi
7 are nore detailed front and top cross-sectional views,
preferred interior conponents for a coating chanber of th
Figures 1 an(ﬁeﬁp %g Fiqgures 8 and 9 conpare an EB gun orif
art and an or €&3k

[ ?ﬂTﬁance
Hfd?gﬁg -Jaken
| e caladobRists
on. Figures 6 and
respectively, of
e apparatus of
ice of the prior

i §FCSESSH Wit within Ehe goatdnge¢hanthedi,nent

of this inverttieorvidimurte 18 if£1wid+O56ISEChnINahayi QW ﬂi%fi‘ z%rt‘é“éi@n‘%[l g
n p

housi ng an i of [ materjal and any 30 electron,
onto tﬁe sur%%%tgg gftgtg%és%?@&icb%’%“'% @%%@HEWOEPSEGB

eanm rojecte
pepeealstdazl 203

and ingot inPiovdAganceaw thighetgnpératete enbestwant eal Ni FdVeRbieon.

Figure Kl isga ' f-the ¢ | Lgure 10 and
pattern for thé:Bg'ng}[ég%V %é'é‘?]'qh on&?ﬁgﬂéfugggFgE%%g ﬁ?d’cﬁcm_
a preferred POR¥POFRt cPEPY{deqi sArighrrensaspidie wiect rafh

-across the shambee,of bpe | pmAlehand fdici Rie ofm(g}_.gur eSpd
13 shows a prg&ggﬁed Vi ewpor t L 10 observing the procgs
coating chanBer or*ER8"Sadpar &

a preferred '
F+ﬁu£§‘352 tg’@pi cts
lehem pabtdng

11. Figure

BatBfe!l cah

or 7 _
88T ¥RownthR Fi ng*éénﬂ anghambergur whideshows

a control paﬁébaﬁ-oingoatEUebagopaud’vcteﬁbn..oI ling the operation of the
apparatus of Figures | and 2. DETAILED DESCRI PTION OF THE I NVENTION i s An

EBPVD appar atus -10 i'n r 1.t 4 hi | [ [
depicted in Figures 1 %ﬁ%&% %Bﬁﬁt\yva%%uéav%g%ggén%? a
_depicted in Eigﬁrg@

description.

BRIEF DESCRIPTION OF THE DRAWINGS

better appreciated from the following detailed

ener al |

¥ eéf‘h’-ﬁ&giBBi ng

'Figu;:es 1 and 2 are. schematic top and front
views, respectively, of an electron beam physical vapor
15 deposition apparatus used to deposit a coating material

in accordance with this invention.

Figures 3, 4 and 5 are cross-sectional 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 9 compare an EB gun orifice of
the prior art and an orifice configured in accordance
with the preferréd embodiment of this invention.

Figure 10 is a cross-sectional

view of a

crucible housing an ingot of ceoating material and an
30 electron beam projected onto the surfaces of the crucible
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3 through 14. The apparatus . 10 is particularly well su;tlboFEcB 2[][]4
depositing a ceramc thermal barrier coating 20 on a netal conponent

~¢ntended fowopesiedoi on within a thermally hostile envi ronnepéng{g,t,%g]ﬁ
exanpl es of such conponents include the. high and | ow pressure turbine
nozzl es and bl ades, shrouds, conbustor parts and augnentor hardware of gas
turbine engines. while the 25 advantages of this invention wll be

descri bed with.qreh nge t jting.a ceranmic coating on such
_.conponents, the te‘agﬁlen%g #%ﬁaﬁi%e‘g%%nggﬁnpﬁé%eéﬁﬁér Aubpdimsntedf o a
vari ety of coEii:gmegRtiemns and conponents. 30 - For purposes of
illustrating the invention, the 7 -- FEB 2004 WO 01/ 31080 PCT/ US00/ 21203

EBPVD apparatus 10 is s L N4k guLe d Lncluding a,-,coating
chanber 12, " air of pre eadt: 1gha?7%er%s.1ﬁﬁ%9ar‘i§et%’sv\o°tai oFgPSéH?'ﬁg of
chanbers 16 gi:fgg‘i%? 180 andat2 t RECBpEEREt P&tEernasar syherkliectiron beam

confi gurati oron Hhefu®ibld aatd nbhgdnbers 16 are shown as being aligned
with their respective preheat chanbers 14, with parts 20 originally |oaded

on a rake .22 within the t hagd , chanber 16 having been transferred to
the preheat chanber 1_2?161%%‘3 agadedp?%é% i f Iﬂrﬁ%reé' d | BPYerhd Hensity
chanmber 10 1Aisgributionyefet theal eleotirgur dvéam fatitermpRacrddls tha.

whil e the pardigfidd exleq,d Qr,%w~ ity 4 £F oadj hg_c er 16
are being coated within the coati n%mc%ﬁa%'ebrleiéé]gﬂg%%%ﬁdiogtﬁgﬂparts _
in, the front righthand | oadi ng chapber 16 can. be preheated in the is

ri ght hand preheat chanfe@“FF ali hi FHOWEL R ofPFRESEredn vhewpoztied fiomt o

t[f'é}reaw | ef iimedviogi tige chaohessl&itdnih €hé odbhl jhat dhafodRr b§ %ga be

uhi‘oaded fr oA ke sHoWH@Pﬂ%ﬁaedsl Iq‘g a\%ﬁl er 18. Consequently, Tour
gously

process 'stagés can occur sinult ‘the preferred EBPVD 20

apparatus 10 of this invention. According to a preferrec enbodi nent of this
Figure 14 shows a control panel for monitoring

_ and controlling the operation of the apparatus of Figures
1 and 2. S o

DETAILED DESCRIPTION OF THE INVENTION

15 : ~ An EBPVD apparatus 10 in accordance with this
invention is generally depicted 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. |

L4

30 : For purposes of illustrating the inventién, the



i nvention, t

he | oadi ng chanbers 16 and 18 are nounted to: 1§EE§§§QQﬁ

novabl e platforns 24, so that the |oading chanbers 16 aﬁa

sel ectivel ywealoigmesd Wi th their 25 preheat chanbers 14. For e¥gng¥efzizohen’
the front |I|efthand | oading chanber 16 is brought into alignment wth the
heat chanber 14 to allow the parts 20 to be inserted into the
coati ng chanber the rear Iefthand | oadi ng chanber 18 is set-back from
%g eheat chanber_ 14, that parts can be sinultaneously
B 1ARRATHT aldd 225 Shesmy edh | Bignzes 1 oatichg Thasber

18. Each plaiimmhm&ﬂmgs al-secht ehgr akhympapvakbe tg a i nt.ena
g chanbers g%d %@ §ﬁ£¥ﬁgned

w@ h Pelgﬂgr é its | gadin
o % TETh PRQLEWQLPRAZE PRe Pﬁgépﬁoﬁba@beFﬁeléréﬁdaﬂGS 4
FEB 2004 WD (Od 310980 Eh‘é’/ BSPAratas3 10. haand Is@mew;eaarﬁ&%%léﬁra%@oand 18

| east in part yf?%?? gg?gﬁg @%ﬂﬁ%ﬁﬁhggyEﬁ %%§ refege%ﬁéueﬁpported at

f or eseeabl e tWikih atba;rerysgacbwm myehear dhanie nss adt, Ee:‘:d:hpbai'f:era‘o24
Qg 1 Pr Ofddded (R3] 41 180G eyﬁ (15'0 bﬁe%gg. bR e

| ef t hand pre

t he | eft hand
| oaded or un

posi ti on,
withits 35

can be agces

has a | ow el
t han one inc

prefera

h bout Vﬁ% ere
degrees from 4%ﬁ§“%§)ha 2h ?GBeFﬁéF5§§§€ﬁ§|§P|9heeprﬁhﬁatechnmber
pot enti al fOHAMamdMN&acﬂepicbﬁdngnOFlghee3lQ efee Ehetbéaﬁhﬁ%f&hﬁhgér

osi ti oned

o, ety e A A B TR0

pi nched by a%ﬂéuﬁh#hﬁzﬂhﬂhpnrhﬁ|29rkﬂnﬁndlthmmhgﬂﬁthaJonnatuétahhﬁdthe
pl at f or m conf 0 I
ldﬂﬂﬁ‘ig Bhﬁllﬂﬁw 1 flrE 3id 9, éé‘ééﬁsb\éﬁtﬁ‘g‘e‘w%r{’ﬁgﬁﬂﬁe,

over | appi ng
t he novabl e

surroundi ng trhieghtterddr Toagderbl chambeki npé | yansepar %&héﬁ@wahrphﬁﬁgers

or, | escopi hg novable se S cou
9§ﬁﬁ%§ﬁ IcPsI?%P%%ﬁeagﬂtﬁhflﬂéd BREVAt edinpl Bheor front

coul d bg provi;dad HHa Weh @AY Bamber 14, a third batch of parts can

20

- chambers 16 and 18 can be selectively alxgned with their

25

30

3s

‘be loaded into the rear lefthand loadlng chamber 18, and

a fourth batch of parts can be unloaded from the rear
righthand loading chamber 18. Consequently, four process
stages can occur szmultaneously with the preferred EBPVD
apparatus 10 of this 1nvent10n

According to a preferrec eambodiment of this
invention, the loading chambers 16 and 18 are mounted to
low-profile movable platforms 24, so that thé loading

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 locading chamber 18 is set back from the lefthand
preheat chamber 14, so. that parts can be simultaneously
loaded or unloaded from the rake 22 of the rear lefthand
loading cbamber 18. Each platform 24 is also preferably

movable to a. maintenance posgition, in which neither of

its loading chambers 16 and 18 is aligned with its
preheat chamber 14, so that the interiors of the preheat

)



20 chanbers 16 and 18, so that both | oadi ng chanbers 16 _and_ 18 and their
heati ng chanbers vvoul d be surrounded by a novable plat, rrFﬁBtZ—ﬂﬂ As
shown in Fi gy gd hrough 5, a portion of the coating chanp s al so
preferably COI’I?I gur ed to. 25 nove relative to the preheat ch}é(ﬁ@g%‘%ﬂz?“‘n
order to facilitate cleaning of the interior of the chanber 12 between |
~ coating canpaigns. As seen in Firgure 3, the coating chanber .12 is inits
‘operating positio éh a Vviewport 48, described in greater detail bel ow,
_mount ed 30 toaéldfpld?ﬂ NGt FhATBeTEhd dohakbeand 2 18| ram gheead:,cetst.'a@dffont

section of theleaatingg ch@n@e 1L%f(3§-§15wej4l £S5 ABref
“associ at ed Wmtjl?? t he coatl ng rrtir and di sgﬁgsgﬂé&% ?a% i| S thown as
havi ng been BF tatdy }?ﬂi’é'rm&ls' 4o aoung egh dbeyhe of 1opnr der

to 35 access athmghblle \amrlfqdaémé&ha\ﬂmachralﬁe‘i ROWE Niatiathd éoff@

2004 WO Q1/313138 / U Kin os on.i.n Figure 5

this pos%t i oni)% S‘n ngnt (%?él)‘%}%léggﬁig og%mﬁéslzﬁg | vaéz‘}h'%@l ggR‘chgﬂ-le
accessed by tH@I\mﬁKtpbat falrane& 0th@he lpioat) f mﬂnﬁ@tl mor&hd:/hamSohel Nghch
coupl ed Wi th gabbpge §2st ophje o Eﬂﬁm?eﬁ?at' @)leéf%@%:ldf( h?‘_ﬂgh it

S foreseeabla that other. acceptabl e _structures
platform50 G&ATEESCoREPHur P diZREAdAn| v Whaeh t ﬁ@gegh@m igssRnfuraly 3

through 5, inellidingte hhegesbeegrEsl cdogoagt rdtfetx*a@br \9&% pihg %hcktﬂ&at es
and ot hgy saf S?ﬁe %gatt%% % cess |es B oat i ing. ore eat " and oad| ng
chamber s 12, and ta E‘Ct 852 §7°9§F¥e? ORGESs IRHOUTR
achi eve a vachbf SPRRIBEUSCED t%epmmw ff@sltmeﬂzawaye fxice t&-m:l
er of parbagdl tdwt t6an BealPorhgadad pst h * heftig 1°
agg}) t he val, veﬁ pr.ef erallI9 %a?/e ﬁl mum %ﬁssgn%@?%
which is consPdBFEBAY I?Yarﬁerplﬁ%?%e%o%lp? tHoudht repcs:.tioned As
alternatives to the platform _conflguratlon shown,
1s ~ platform systems with multiple overlapping or telescoping -
movable segments could be used. Furthermore, the movable
segments could slip beneath a fixed elevated platform
surrounding the platform assemblies. Finally, separate
preheat chambers could be provided for the loading
20 chambers 16 and 18, so that Loth loading chambers 16 and
18 and their heat:Lng chambers would be surrounded by a
movable platform system.

As shown in Figures 3 throﬁgh S, a portion of

y the coating chamber 12 is alse preferably configured to
25 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

30 to a front section of the chamber 12. In 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 awa'y’

from the remainder of - coating chamber 12 in order to

35 access a movable work platform 507, which is sHown rotated



practical by those skilled in the art.. Because the coati ngl-_,- ez%
| oadi ng chanbers 12, 14, 16 and 1.8 20 nust be punped to"v,‘bryE% el s of
vacuum andwionisese cases are required to nove relative to ®aGhsRlis: as

~ expl.ai ned above, the valves nust be capable of numerous 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

Wth referenc o Fi s 6 and./. coating,is_ performed within the coating.
chanber 12 by&r#ecft%zngggﬁhngegaﬁbzgtppndq BFSre650f cEr afhiésmpasditdlomn t h

el ectron

beaite 28npeviarediy thkectogpihgareiiBesuns 3028N%30 JfoGused on

ram c_.material by the electrdn

the ingots 26 eating of th )
beans 28 caugaecsdﬁs:éazﬁ? agieleog'wzg%\c ‘iﬁ??rg&trm%s?o methe  PdatoFho$lerds
ceram ¢ pool shgwmaswhedmanwionplless wiftt he kbngen 62 mepechal bagaperai®e

travel.' 5 upwey, , i}y deposi t suLf of e parts 10.4 FEB
2004 WO 01131(%&# F:}g%r@hg £ 8,&“’%%1’ fat %%sess"'ﬁﬂg’gece%ﬁéc" & ng
whose t hi ckn@&SeRkable]&FEHGtyFeehcanichthe rerplaoyed coaThagppabéesm 50Whi | e
two ingots 2@aar eoes heOMEiqudetP @i FFEHéREly | Exrbi tMdthidhddie fﬁoﬁ‘?g‘&fretsh' S

i nvention that % re,5 iLngats 26 ﬁoul d be'%%‘r\esent and evaporated at
_any given. time. bal"f’ﬁgu D%t s Pargefy piedrentechpapretanctiomg

- mai ntai ned atnda vadddm | dick of plees 0. a8 nhasthéabousafetQ-2elatel or

/ U500/ 21203’ 2 oduci ng t he

| ess. Iy the jide@odiksg. @ Vacuum 10 of at nost 0.010 nbar, and nore

typically about.-0O 005 nbar, would -be drawmn within the, coating. chanber
the coating_process,, the reason being that higher pressures

12 during

"were known to cause er FaBi RSt oRTBReke 40adigg athhambses t BE,
el ectron beans,28ali défdcubt are tonsesteal by ¢h1vEe Rh%%“’ﬁ}?]&&ﬁ‘) th‘.ﬁ%t

i nferior coatl.ngs,.wuld t. Ltsha | so been believed that the [ife of
the gun fil atrzrllgﬁgg\_‘f\gul bggggghcege&l t%(ﬁgﬂﬁ?’torﬁ S athpmbers. To

15.
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. maximize the sgize and number of parts 20 that can be

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
must be pumped to varying levels of vactium, and in some
cases are required to move relative to each other as
explained above, the valves must be capable of numerous
cycles at relatively hi‘.gh pressures, Seal designs

suitable for this purposeé are known in the art, and
therefore will not be discussed in any detail.

With reference to Figures 6 and 7, 'coati'ng is

performed within the coating chamber 12 by melting and
evaporating ingots 26 of ceramic material with electron
beams 28 produced by electron beam (EB) guns 30 and
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 molten ceramic‘pools from
which molecules of the ceramic material evaporate, travel”
upwardly, and then deposit on the surfaces of the parts

10
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i f operated at coating chanber pressures above 0.005 nbar
accordance-with copending U S. Patent 20 Appl I cation Seri alrﬁ\?@ 1?(%]1%1

to Rigney etw@biszies;assi gned to the sane assignee as this mvp&{wﬁ&mz&he
coat i ng chamber 12 is preferably operated at higher pressurest
surprisingly yield a ceramc coating with .inproved spallation and inpact
resi stance, as-well as 25 pronotie the coating deposition rate in
conjunction with higher ingot evaporation rates than that achieved in the

.prior art. ReGghppodpding the ﬂesﬂ)séﬁol&:@&ﬁmlll& RS se Q{ﬂ}%ﬁ{e&;‘d

| oadi ng chanb,gig 1248151&4_{ 1% g\%%B 30 rrectF)anl caI

cryogeni ¢ pu y Hr‘?ﬁéogrt EJH%WFQQFFiggurRé@qe%d 2
as being enp”ﬁ?blzle ﬂiwoalld'lgota h26evwamuashownofind hehegat 'E’W@Hg,beitl%.so“ or
to the deposi rctq.g__,ss 0 sho Fi and 5 is a

di f f usi on MQHHP ose operégtg'l oélgl \g}}s’iét]n I ﬁ}éf% Z?”FE%‘QGM"% ¥ 3MBE

PCT/ usoolezggﬂ%tﬁ hé8e dovdwh Pe PHesent, and ewdpbradedi tdt aahfr @fiNen

valve 36 to reptwate the operation of the punp 34 in accordance wth this
invention. Mdre particularly, the throttle valve 36 is actuated between an

open position (Figure d a close 05|t|on (Figures_4 and S) as well
as positions therebet vveE? ‘ﬁil]'hceo aFﬁrEY'gFSa@&Yvéa%h]@ of

real i zed wherPeing veaintainedi att e vacaumngle:\m]nbef hbdut nai obai Redat

the rel ativel yagduh 1R ESSubes) e by thi n When the maxi mum
to oper #lng qépamt of thggglf%s%e?\éjsu &H Hles%qétﬁpr%ﬁt'ta SR e

the coating HanBEr L Rellfr Mare vapée ff&'@-'el Eyppenlidy sitoowt i 9 .Biogur e
%’e}:or proceswiany hawdehe diden Qﬁéﬁhm @ﬁ@”@@&tiﬁg”&ﬁ&n@ﬁ {T&?E%ﬁﬁﬁg at
a e 15 .

‘ targeted es r necessitat)n
throttle val vé&r 36&}%@1&,&?6%’{%% e eggg e hA&38sy Rat 1%9 onthébrrehésﬁteémce
fromthe ful IBFreAsses pesie koown toFiauss drravic Sopdpacesn 5§ Ehauks 1
P

separate difigiHsON3pUNDSd Sthake the electron beams 28 difficult to
18 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

20 - Application Serial No. 09/108,201 to Rigney et al., ‘
assigned to the same assignee as this invention, .the
coating chamber 12 is preferably operated at higher
~ bressures that surprisingly yield a ceramic coating with

g‘_}, _improved spallation and impact r‘esistance, 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 cryégenic 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 pr:l.or

to the deposition process. Also shown in Figures 1, 3, 47

and 5 is a diffusion pump 34 whose Gperation'-‘is -simllar

11



simlarly equipped with throttle valves (not shown) are
enpl oyed to evacuate the preheat chanbers 14, 20 again fo
a rel ativel wohamdyopy essure is desired for the coating opera{a%,{)fg ‘@m%}l S

i nventi on. %
connections 33 to which a I eak detector can be connected for detecting a

T

he nmechani cal punps 31 preferably include |eak

system vacuum | eak using heliumor 25 another gas that carf be safely

i ntroduced t
equi pnent .

16 and 18 ar evgkvier alf ytol orggulake n ti@ sd:paeatﬁ@ﬁ He endi paegd Waih 34
| oadi ng door

| oadi-ng

cha

F%? é@ﬁggq‘t hat

h%(gu I%alﬁ&ol n the hanb rs . 2 14 16 and 18, or associ at ed
re a&f&r

erence Ghath FGe

h o,k ded  onto _th 22. T
sadokaaaudl it oLy R ERC0,quLo e s, 22 I

ePYt JMadsfiedewitBadi thxaktirer s

motion drivestREeREH: VEAIVe 36pr1@seammlafaed4®e|tmreléngmm dpenhajosianigr! .
t he opersiti on(Pighibe nake 24 r p
supported on E%f?akesqzzéﬁg 14 FfééB %%0?0%% %MU%O%Z%g &%

preferably rof
order to prontrothkedealved36cda ixghllifdd i YHéhOBhar QHEQu&lh?uEﬁ&

access doorsc 43:

adj ust. or. chang

d 3% d/RFSHsiqng atté@mhqweecme cBhei neerefiberofl 2 the

Referring agmﬂéf@tfﬁgu&gﬁaglegd of Hg? dlllg I‘Ii ggy;e:,.&ogél Q% ch

wi Il be described in

Ss’ t

af or ement i ondtP 7 bRFEHES cgﬁeemﬁgns héhé@Pf—'FoIlz@f thige t@lrect-ﬂ-envbém 388
‘and protectids obpeheaB8 ghuwm 3ﬂ1at=':.§h2‘eh|39.herF@Qag'r%esﬂiﬁ§s‘ﬂ%%w%%| oyed
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by th 30 and
Che coat i ng 1L renniff Bhduatih BB bl Sainkaiged ahdcheosatgates

pressure (e.g., 0.015 rnbar), necessitating that the

r

- throttle valve 36 is moved to a preset throttled position
. some distance from the fully closed position of Figures 4

and S. 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,
again for the reason that a vfelatively high pressure is
desired for the coating operation of this invention. The
mechanical pumps 31 preferabiy include 1leak detector
connections 33 to which a leak detector can be connected
for detecting a system vacuum leak using helium or

another gas that can be safely introduced through leaks .

in thg 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
shape, and are equippgd with 1loading 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.°

More particularly, the parts 20 s'uppci:ted on the rakes 22

12

Elst%(;_, The
p rator of .t he .appar at us to s, quicC

f‘%‘# é[rﬁe% g 1% hB‘ar‘rB‘FF&H ﬁR/eEhQGrﬁ}?HbHFIYnt@Erbrl ng
~with | oading E&Fﬁ:ﬁ%‘ht@%ldﬁmglowﬁdpéa}t sthisminventdadi.ng Whewbehs RxERmlS.
12
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are introduced into the coating chanber 12 through an |rrt‘e[, P@ lj_ed
near cruci bl es 56 that support the ingots 26 within the coati ber

and retain t Y@ %133080%en pools of ceramic material produced bypthﬁygab,gpzbjon

20 beams 28. The flow rates of oxygen and argon are individually
controll ed based on the targeted process pressure and the targeted parti al
pressure of oxygen. To reduce the occurrence of pressure oscill ations

within the coue ngpx:héﬁbeblftZ robateant sl bpop 25 these
gases was redy %rﬁ? ﬁg aci ng the/cont ?éﬁiwgﬁg% ét%fﬂl t hbe
gases i nmedi at e cen i Mt oFA ei’-‘usttc’out?sf;lotllett%hetheat dagighdanber
12, as shown |W¢§We§1£ta‘n&buﬁloﬁlmm ehet Nea £t b Val‘fﬁ%fs gﬁ?ss

SOcIosetothqicfd}_aglr@c proyvided a su pr|5|ngly Si
i mprovenment in pr ssure %g%r%{)l 11"?‘r edgé?:ﬁﬁt ’r'es%'{n &hg ué‘PEéﬁ-‘ﬁ@ﬁg wiLOhi hot he

coat i ngcl‘?anbe FGIuEF diest ughanges thmet raao‘mmg‘s apg pegkt '1989{6@

el ectron beamdrz&e@n 4¢lewi.ﬁHQ{1€ 2Bte E:S%% ﬁg Baﬁxzd?jar?gvpeﬁ t he eI ectron beam
focus and 13 W %Jﬂ/ ;[10%0 l;{ éOO4~ f 0 edingds 30
are relatively i fhfteh & Cactimge chasbersg 16r endule . wi t h| n the

coating chanber 12 by a condensate hood 52 that catches nost of t he
superfluous ceran ¢ vafeferrtiay dagwmin daj;msmlg@i-@sthg p hhs S'fﬂ-%
‘coa

hood 52 is cophtawiesd n h| ent |ne
regi on. 1A ound_t he p&rtgﬁggéﬂe\n? Egln "{bﬁ Qrde Pe@@ﬁ@l@@ﬁ r il for

the coating pP8EEssdfEailpeci fIFlcaprﬁenalmalankﬁ'esﬁo thel |d S et oRH &1
between coat prgbtemgaicghite rinitigQask 580:&%:&)1 efer ahhy Figﬁggggd Hlo Vgc :%Tﬁrb
er

sa{réens 76 th ac ved,_.and- cl eaned outsi dé
]12.7 Preferabl y, %és:!%r‘{é:% 78t 5?‘8 2FWRY BY AN i bhe phaghers ooﬁ:ﬁﬁgi of
t hr eaded pressures employed by this invention, . certain
_ improvements were made to the EB guns 30 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 cruczbles 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
ind:widually controlled based on the targeted process
pressure and the targeted partial pressure of oxygen. To
reduce the occurrence of pressure osgcillations within the

. - coating chamber 12, the contrel loop response time for
25 °© these gases was reduced by physically Placing the control |
valves 58 for the gases immediately adjacent to the inlet

54 just outside the coating chamber 12, as shown :.n‘_
Figures 1 and 6. Placement of the control valves S8 so
close to the coatmg chamber 12 provided a surprisingly

30 gignificant J.mprovement in pressure control, reduc1ng
Pressure fluctuations w:.th:.n the coating chamber 12 and
reducing disturbances in the focus and position of the

electron beams 28 on the ingots 26,

L

To further improve the electron beam focus and

13



fasteners in order to sinplify renoval of the screens 76 when gg
condition of having been coated with a layer is of the. ¢g t| Bnﬁg I al by
t he end of WoO®aspmwogn. Though generally- nore conplicat ed, ﬂaﬁ? F fdok ©
condensate hood 52 could be renoved and replaced with a second clean 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

pronote the c ty |nta|n|ng hi gher pressures within the
condensat e hgggéé%ﬁastg 86“1?0 30hexe e bk velyt hsolamau rfg:oncham)er
12, i ncl udi nghiglkewi coatnslgap@eedutéewEBhghnfth@ c&ﬁ &Lg&eﬁzfsépf

preferabl y fo n of not nore-t necessar

all ow the el e%??gnag%ée%yng gééﬁoééanéa'f h?%ﬁﬁf‘ne? h@°ﬁ§o@f52=hﬂ:cﬁunqﬂﬁshpmq)ose

the aperturesc@pamie papbesalthatcutowirdt t Hepekeet r &t o beHB %grggrlﬂg t he

setup ofgthe pakat; us t ch ert re §2 has .a

Cross- sesctlon??g;/?%g@t ﬁﬁ t'I'lg cwlfl r§,-8 %%? é? drvensigne &iq on

_beam pattern %ﬁ"‘?’%@l?ﬁ?@?b@ﬂ:tﬁﬂﬁ-% tétrmmd hiolpel bartiozburuifthlhsﬁhﬁfc% t he

EB guns 30 frie t 8kevacteV f@gl PFES t C t od 52, the
: SR SHSSEML 20T IR TOOMERRA Brofets®ts

14 WO 01/ 310 4%1058 ng"}fl C,T/ USOO/ 1203 eams rave
respective gurs 157 - 64T%f FARd Hateecaleaningt @etoireamal I's
of the coat |Q@@mrbeamlaalgnd thﬂie:omdaeﬁsase hpgd Eﬁ?efe,_Pg@j @%l(ﬁg

lLe each of

di ffusign, -p I eal..a neumat i'ca I cou
t he cha%ers%ﬁ%ﬁiﬁ 17? %heﬂm%{%nwr}? §5‘°8n%t f’ﬁP@g GRtside
el evat ed pre@ur Qi CRA%Singe dhmhersal 2. hocﬂréﬂetabhyevm]he byciéens 76

i ntroduct i on aafe 0Xxedelinaad %WOB Wi ggnégl ?gt ei?lo eng&gdé %ga'eﬁfi&& on |

hY

t he' chanbers t a su.ff|C|
punp 34 to rraﬁl(g%tt% ?ﬁ‘fﬁ)‘e %/‘36%1‘519 13£y, sempval] ofertheaacreenswizshi n
t he when in the condition 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 clean hood
- 82,

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 capability
of ma:.nta:.n:l.ng higher pressures within the condensate
hood 52 as compared to the remainder of the. coat:.ng
chamber 12 Aincluding 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 EBBVD 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 S52.

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

14
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condensate hood 52. Figures 6, 8 and 9 illustrate additional _prot M’Ton
provided to the EB guns 30 with .this is invention. As is=g nErEaélﬁi

eonvent i onaWo otiEosB guns 30 are equi pped with vacuum punpsp®@@uédaitizes
maintain pressures wthin the guns 30 at |evels of about 8x10"5 to about

8x10"4 nbar, which is well below-that existing outside the guns 30, i.e.,
wi t hin the EBPVD coating chanber 12 of 20 this invention ds well as typical
EBPVD coati ng chanbers of the. prior art. In order for such | ow pressures
to be maintailtiéHs tRE Hekvebn FeATEtGinuTEspassivhr anghs @Yl | BHEbGGA
orifices 68 t@mdeddresgun a 't?Féé‘?#m | cal own in ki gure 6,
Figure 8 represent,s a 25 cogegﬁte?oﬁ)fl con ishgat}i%%é#]’b?rsdpa‘} 6’% fFRe
168. To allof g r afif@mBerheatd f oddski nghe cowtidsnmate r epoedent 82, by

focus positiokreferBdy] GHOT dRBfeEEE6AH! BlmpbaAMKLAS gﬁo%li& 'f’i%i[ ea§ t he
orifice 168 h%%%martq_lcgéi vely |ar qe di aneter and Iengt , €.g., about 6 mm
30 and about T B’é’cti%‘f%}: GrhetQi s8Nt Qe Shet hehankens ar6di s
the reduced pPéerastsiconof hathes uatindmutargize ool i tlite 16PHerausdOVigde tond he
EB guns 30 ope@hat, | By | R ur i_ronment of _th ar at us
10 of this | renreed Baceitad MThA B orilheatl Rad 5 oladhieved

i nvention, 't&¥ itRE edNBERdEEtinat dfpeaEsn candr elrgohn 16idh FERe20Drle $\O

01131080 PCT/ 6800b2£2d8 HreerIHd'¢HaMiryd @S a2nab! ' ' [ tion,

of the ,heam F._QE S (gi R_“(,g in Ei gusr e o bg i derﬁ@&&%_lwng%w&é

. effective ori |c§ d_'g'i% t i8R i 154t eBUMDr 24| Hongmaintadnortie ce
68 of this ingbambemsshothn datn B Mrps:xd doded, diurchthatdeRichef ithe

Ffgure 9 as hayhREnsaca"Rbbar sgi aneter and' -1 ength.than that of the prior
a(tg}I orifice 168 of Fi gurébg. .SQA preferred dianmeter ‘and length for the

orifice 68.are believed t,o' bé about 1S. and 50 mm _ respectively, t hough
opti nuM val ues for thesElgPk€dsi ps & and 9 illustrate additional

protection provided to the EB guns 30 with this

1s invention. Ag is genéfally‘conventional, the EB guns 30
‘are equipped with vacuum pumps 66 that maintain pressures
within the guns 30 at levels of about 8x10°° to -al-:out
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. 1In order for such low pressures to be
maintained, the electron beams 28 must pass thfough
cylindrical orifices 68 to ~exit the guns 30, as

/ ".; " schematically shown in Figure 6. Figure 8 represents a
2§ 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 20 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’

3s invention, testing evidenced that improved control of

1s



10 can vary dependi ng on pressures and focus, deflection ,c t Cé_bb nt, and
overall geonetries. As noted above, the condensate hood’_-Sit ﬁ:Ls Bp I oned

around the NQOE31P® to mininize the deposition of ceram c Np&Epikad9gy t he
interio'r walls of the coating 'is chanber 12. According to this invention,

the condensate hood S2 -is also specially configured to regulate .heating
of the parts 20 as required to. maintain an appropriate part tenperature
during a coati AR r ril ar | t he hood 52 is_equi pped with
a novabl e 20 rﬁeiﬁ ect or bglr&aot@ f?'%%gté#‘%i%éeéhhé’é’tt%nttm1wrph@f et en.
surfaces of tReaThgfREUDEPRABR tdhain thgurarts) 20 Ké iRentisiiedl, Sstartup
of a canpai gnmodd | BEFRREEHe t BE; er re _of the cpating chanber 12 1s
relatively |ow, the ref] ec?oragf"gﬁgg' 7%%%8-8051"??%5 eB| odBVEStigateds
parts 22 wit h¥&FUabifgt o 7oheo andbfiicder bheafi nthid theenpasns sHbwrfSihhe
t enper.at i e WiFiguresh®d o 1910 whisghel{s ddnii (Y, ongoi n .
plate. 72 issmvg%bg\%\quhg% S partt gﬁvﬂ'ﬁg

canpai gn, the_ref _l.ector,, ,
& %fmﬁlﬁeﬁi GHATesen #nd drRgth nehanothatolof adiet prideanr80

shown in phantom

ol et it s e et sl 5 S
92S"C) at the start _o?iglégrrpgi'in,e g@%ﬁl EVER %ion%{.;gtal?ﬂu'{ n@8d n8q wRl oned
coating tenpeF&FBeEti¥ely, Shoughl OO svabtagedoro tHed@xiiha@tsibls
| engt h afo t hecanaty ' T, - B 04 W0O,01/31080 )

g 0 c v @é%ﬁﬁgﬁg 8k Stred %nFcF g? ug, | g§ SEEEPR e

PCT/ USOO/2120§ ?Ed 8' ate a%so -Er-o te-a nore unif
coating tenper3tar E4FhfRth FAnBYesalheduemetsdegol urmar grain structure

for the ceram.c coatings on the parts 20. To maintain the desired

relatively high pressurdsvindted tdiovenderisat ecchwdsndzrahi heodhess efgctor 4 )
plate 72 is i { PEokdd SEFR@SELLO er-coaled shroyd 75 is shown
t hat surroundgo?he ‘glgdtle uz{i’d; {l:fﬁﬁl g?f'.ga\ggbf |t8\N'_IB'&W ttli'f‘% RRREeR
hood 52 and- pPht E8¥3MignBatAEiady onedihsesinterior walls of the coating

15 chamber 12. According to this invention, the céndensate
hood 52 is also speéia_llyrconfigured to regulate heating
. ©f the parts 20 as required to maintain an appropriate
part temperature duriz_zg 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 startup of a campaign. during ﬁhich
tl-_ze temperature of the coating chamber 12 is relatively
low, the reflector plate 72 is positioned clese to the y
25 parts 22 with an actuator 74 to maximize heating of the ;
parts 20. As the temperature within the coating chamber
12 rises during an ongoing campaign, the reflector plate.
72 lis moved away from the parts 20 (as shown in phantom
in Figure 6) to reduce ‘the amount of radiated heat
30 reflected back onto the parts 20. In this manner, the
parts 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) 1is dellaye.d tc:
3s maximize the length of the coatirigA campaign. The hood g2

16



pressure | oss between the hood 52 and plate 72. 10 Shown ip g‘i Bé@ﬂq*e
mani pul ators 77 that extend into the coating chanber 12 tHT ?E

jroint  feed-WANMYEYEO79 in the chamber wall. The mani pul at or s pftus6A145 €d
to assist- in regulating the heating' of the parts 20 by novi ng ceram c or
ceram c-coated réflectors 80 15 (‘'shown as. a granular "material in Figure
10) toward or away fromthe crucibles '56 during a coating canpai gn

More.. specifi catd yplake 1D 41eh r%péa&@ hY mok@ urgl 3 UCI gl e}ﬁ% &ﬂ s,

reflectors 80 a ve tenperature
and therefore' @%t% %?'Ep?%% naWBithndrpndte pathes dés:.fleel B iNin 26
heat radi at ed g_h;aimetrmidtemwrﬁoﬁoth | en t
reflectors’ 95 t %?15 c# N ?ﬁg%ﬁ%sé‘%ﬂ: ﬁ%% cangg@ gh&'&@eg%by
moving the ref ec B8 18% 5 er%‘rﬁ'? ere#asiseéx e ghTHpresshtecwitaifl
are 25 plr;l"’efer;&:‘il%/ anrsismsade: dmad melnde@Iadepf@fge%goi.hgiagg]elgz gt ; ing
appreciably r t art sul t refl ectors
can be used in cegnfﬁgﬁl%okgsalgﬁop’rhegré’falt&? Spoale(ét Shtoyd 78quiat showne
. tenperature ofthaﬁarﬁ%rwf&ﬂ ngheondageniidi ot hahdbati rmec helder bb2iwden
during an ongaitig cxmizdisgite AModdiespe n f he reflectors
e Moddpsrognd g e g%to Bxi nﬁ?jéehgatrie °6f the

80 are orlgln ated n t he u
parts 20, and x4F’%’E%t“:’ue"r%%mt)L§§8 &Fhﬂ{ t&?& S‘ﬁlﬂdatsar a&nd7 pdade 2om t he
cruci bles 56 to reduce the amount of radiated heat.. 17 4 FEB 2004 WD

01/ 31080L%PCT/ US00/ 21203SKowsur inveFidnareoal i reec hm&hﬁpxﬂl&‘@dz@neﬁt thhe
portions of - ni t n

p{ezerabl y fot%eggrﬁgé lftbg ﬁ{j deratg rﬁﬁe(ipaﬂs g.‘p,r agb &éfbaeenm | oy
such as X-15 4oyggf alar 5#@ ahammzemadn, t Hehe afdrtpalat88sconl d
be in essent iaxkel ytsedyt:boaebaed hﬁv&e%ﬁﬁl%u@ thei e aﬁ-_'!.[qig OEO%%EI RaEES

exanpl e, one 0k gD coat ed . wth refl’egtive
used As a rratter gf onv ﬁgg J‘tcne r ceramic-coated reflectora 80

(shown as a granular material in F:.gure 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 very high
temperature during the coat:.ng process, and therefore
20 radiate heat upward toward the parts 20. The amount ef |
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 crucn.bles 56. The reflectors 80 are
25 preferably supported on a fluid-cooled plate 81 that does
not apprec:.ably radiate heat to the parts 20. As a
result, the reflectors B0 can be used in conjunct:.on with -
the reflector plate 72 to regqulate the temperature of ‘
parts 20 being coated w:.th:.n the coatlng chamber 12
30 dunng an ongoing campa:.gn At the beg:.nnlng of a
campaign, the reflectors 80 are origmally located near
the crucibles 56 to maximize heating of the parts 20, and
later moved with the manipulators 77 away from the
crucibles $6 to reduce the amount of radiated heat. ’
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reflectors 80 could be relatively |arge pieces cut from to-llrncE)EB aﬂUﬁ
material simlar to that being deposited, though is is apparent that other
‘ceram ¢ matVe@OHEBYB0coul d be used. As noted above, the ingoreTABowii203
.ceramic material are supported within the coating chanber 12 by .i5
crucibles. 56 that retain the nol'ten pools of ceramc material produced by
the el ectron beans 28. One of the <crucibles 56 is shown in greater detail

in Figure 10 as havingr [ fels er

with a tapered upper sur?a%gkggvles%g%s t %ﬁ%eﬁ%@%%er 1'%

forming ther BR¥WERASa €601 khe pﬁ@%@eﬂ%orﬁhrdﬂghmﬂnh wather amoeamiotcher

sui t abl e cool cigamberf I1(2We§ret @ﬁ@gé}téglry t hgrﬁlggpec;&atgr G (gh[ p%rfé[%rﬂl e 56
restrifction-pla %0

bel ow t he erature,o b- mat er.
h

is. also shovﬁtﬂ'ﬂgﬁ gUre 38, anRdske é‘ﬁﬁeé& £¥nspeh28ssXi-d&t-ed Ing tetmshge,
e.g., .detreasef tahegramskasemtdt@m]alflﬁhearxﬁl@fctﬁi% p@@%ﬂﬁl@ hetween a
cool ant inletg t Qng of e conducti vit a -
preferred mat e%ge fﬁ’jh'J"eI‘?%ruc §n§6 cSBﬁ@PE li_t{g aEXpSE‘F‘Pﬁl I Oé'or
necessitati ngeh‘-ml%he Qwo| Qi m«bnw rplaatsesmcblartedghwihh s Yefd e@8ivast be
sufficient tmd@epidhecosldchll astel | %y ”&%&?Eeéth”%h’é‘rQn%g%égng f, the

I ngot 26.well Pﬁl ow t he te;%%rlat ure of ten ceramc Cdent
from Fi gure TOF -4 1 BPt le%s§§ath"eH§f aR&i9€e Riegeyueet fromand

12, theltel ectxngn&mamfZSal sat¥rizie! eimblurpriy eehdd M Dhd heehdRSked,

surace- 84 as 18. 31080 PCT/ US00/ 21203 as the i ngot

26, Consequent#&lél n§or gf% téhj e%% &EEU??Eﬁﬁl‘Bfmf‘ﬁﬁrbﬁbér ChEfBer 82
to be adequatk® 28l ed, the thickness of the wall 96 nust be- nininized ()
to pronote heat transfer wi t hout jeopardizing the nechanical 5 strength of *
the crucible 56. - The mgd i Q{&@decgbg{,gcr btRe cgﬁ%ﬁyraé on.ef LRLS

_|nvent|onfaC|I|ta.t the fabricat)on, an o con |gurat|on r t he
cool ant aterial are supported wit J.n the ccating chamber 12 by
: 15 crucibles. 56 that retain the molten pools of ceramic

material produced by the électron beams 28. One of the
cruczbles 56 is showm in greater detail in Figure 10 as
having a three- -piece confzguration. An upper member 82
with a tapered upper surface 84 is assembled with a lower
20 member 86, forming therebetween a cooclant 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. alsgo _shown in Figure 16, 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 1ngot
26 well below the temperature of the molten ceramic. As
- is ev:r.dent; from Figure 10, and as further discussed in
reference to Figures 11 and 12, the electron beam 28 is’
35 preferably projected onto the t:apered." surface 84 as well

18



passage 88, as well as enables the thickness of the wall 9% ifoF_thB 2{][|]|1+
produced.' with tight tol erances; Wiile an 10 opti mal configuration wi
depend on- W@HEYS actors, a preferred coolant flow rate iscebswizibdve to
fifty gallons/minute (about twenty to two hundred liters/mnute) usi ng
water at a pressure of about two to six at nospher es (abou’t two to six gr_)
t hrough a passage 1.s 88 whose cross-sectional area is about 400 nmm2, an

with a maxi mas -vike|ingotkdess COﬁgg@@gﬁtlﬁ 'ﬁmﬁéfa%f%o{r-ggl}%:gﬁ{:gg‘fdg4’
Drerorrod par tEEagE st LR, IR “Rentedb3° 55 e ademiately t Gosdesh t he

preferred pattern

i th i - the BesrnHed is

20 pool s of cévhsrithigknggmiof Ashe ewall n9Ei 05 € Sbd M dded t 5 8 |
ur T oundi gt he S hgot Toagres | fReRbub " et LB6R, 233%%5%%2316 ’
surrounding-the in , . [ _ Of" T . 10
cruci bl e ssurfascré’e"&ﬁh 'ﬂfe rﬂ?ﬁaf%‘é@%ﬁ)v@ﬁ-'dl The i el § Pl SPpidcd g%rlgdéﬂﬁ]ééon
g0t -0 ol bl & Lt o ase i Ch T LTy paeeatetor O YIarRh o ey
i ngot - cr uci bl e _j,nt.erface, | £ QI ( | _ ,
thg i ngot 26. G‘f&%,r &tﬁér’t og%tﬁ’ﬂs SRR % o‘ﬁ?ng%@mtf‘@t gheectoolpstch
hi gh beam i nbassiadeeSfanegs fwell t as _eqabeésotlliléht\ll\:hﬂﬁiﬁhgﬁsg?g' ldgfe g?a]r'rjf)l fen
Coram c i o el oo edotr o the et el HRU ph1888ReRR, | o Hakee Ama.
ceram.c is ejecte | ) _ S ri _ _
with' défect s OPkiMgd &%ﬁ%ﬁ‘&ﬁ%&eﬂl_ A quebdrajnwwﬁmwbdfacgbu@i,blfh?
serves to thepmefierrad, aB_dlhhe.reE%g:ﬁél' lg%téé’rzgiﬁcm% o Q U 03
reduce the a”&ﬁﬁ&oﬁ%f%ﬁhﬁ e’ th?gbout twenty to two hundred
) liters/minute) using water at a pressure of about two to

S1xX atmospheres out two to six bar) through a passage

s h (ab ix bar)
15 88 whose c¢ross-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 11l,
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 powér 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. According to

this invention, the benefit of ciirecting 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. ther

3s crucible 56 serves to reduce the amount of ceramic that

1s



m ght otherwi'se buildup on the crucible 56 due to .spittingh BkeB a1 0%k
provi des a npHY1/3AEEN t enperature di stribution across the nmolten pool
determined with infrared i maging. Wien YSZ is used as the i BG&fUS§0/21203
material, suitable beamintensities at the peaks in Figure 12 are on t he.
order of about 0.1 KWm2, as conpared to a maxi num | evel, of about 0.01
kw nm2 at the center of the pool. Al so shown in Figure 10 is that the
.electron 10 BEEH®8 otherwiss ddwilsup t ke suti@cecgficiBeel ngEt d%@ %Oan
oblique angle tasiricp, ) el ve to its__respective 3
proxi mal i nt erg‘ﬁelctl A poi nt 183@ EQ-BIV §ﬁ8$| el POFRspEYER dltmlerature
i ntersection ﬁf}‘l 1GQH t RCXPRS cf-‘-@@ bhel &&n apddle agr ideierm{ed hqn_ﬁ:lam

is pattern. ﬁffzfd}:@w | tnalej 190, € 11 eryed beamintensity onth
i ngot 26 andcruci bl.e 6 d| m i ghes abI% by Abotit %0% #B 7054 8e| &FH?§ to

't he. remaini ng he b ﬁﬁiﬂpawéeﬁs«ltaem oaliti ohe opehhe in
crucible , S6 cfmgmpomdl ngréo drher_&@ Egaébﬁ%far%guéta‘% t]&{/se(‘ﬂt i on
f

poi nts 100 an oP redu the 1 ntens T peaft
pattern at t%e oxwra %tﬁ g‘B‘l‘ﬁ“or]r ®¥&itn gfloﬁbP‘éttG ﬁédd‘%/tmnoabnthef

the cruci bl e SRS BE Ebanpgel while redu0| ng the- beamintensity at the

distal, intersection point .101 has 25 been shown to reduce waves generat ed |

by the beam 26 on the mgbe@mﬁﬁ‘a pysh ram c over

the edgg,of tﬁ? Cl‘léél hl e"56., Anot hgar'ﬁpr@g' egfbcolit o?g?ggtt&‘ee e?ﬁ?@“

i nventi on f or Ot | && ARicigeRts org the tfﬁéf%ﬂﬂ-ﬁiloﬁ thEB(ingmpcn‘aratyan

I nterrupt theobéaqupataagﬂeonsbheawrf@@e @&tabﬁfsﬁru‘i-'e@ v widh 1?%
ster

L5011, 1 b AEISE AT S5 ol e o S
that may becofBd dgpogmmlm-fdwmleldl atisifal asnaefeéutioﬁatﬁcﬁrrft 101
s||ghtly 20 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 230% to 70%
relat:.ve to the remaining perimeter of the beam pattern,
at 1ocatlons on the crucible 'Sé6 correaponding to the
20 proximal and distal intersection points 100 and 101. The
purpose of reducing the intensity of the beam patte.rn at
the proximal intersection point 100 is to reduce erogion
of the crucible 56 by the beam 28, while reducing the
beam intensity at the distal zntersectlon peint 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 abxl:.ty to

30 temporarily interrupt the beam pattern on the surface of
the crucibles 56 with a separate higher- J.ntensz.ty beam
pattern 57 dedicated to achieving a faater evaporation

rate over a small area in order to evaporate any ceram:.c‘

that may become depos:.ted on the crucibles 56.as a result

20
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;- 4 FEB 2004 WD 01/ 31.080 PCT/ US00/ 21203 of spitting. This feature of the
i nvention can be performed during the coating operation 'B1i _or no
i mpact on t ition process. In a preferred enbodi nent,

oper at or inﬁﬁ‘gﬁg@ﬁan excursion of 5 the separate pattern 9 F%@@é{}gfate
-bui l dup of ceramc on the crucible 56, the pattern 97 is first
automatically repositioned to a known position, fromwhic¢h the pattern 97
can then be manual ly noved under the direction of the operator toward. the
ceram ¢ buil d®p. SREEIHGat i cERLy 1Deatuveni of ttie pairnwsnt Bkt Garp fHeoWN

position, th ' | i r C apage of the
crucible 56 %e%%déﬁt%&‘d?ﬁ%:{ﬁ r%ﬁ?v%%%%egg%g?ﬁﬁgﬂ %gtgt ﬁgﬂbg?ﬁ'epﬁ &P
coul d be prepttRAGIMRP sdhhatdanRSitingrr apBeceas. ent eint he | prefiearedn t he
cruci bl e 56- cartilsod Bmestt Chwlidre PREt e HtEdS - 1 ojBft '
bui | dup _on t%? crucibl.e 56 that caﬁnéoz?tbde réggfzgétfgén@a\%dggmc‘f%{we?f
pattern 97 can of T G AEFWith S YaPPharat arburkdynos rerrMdGre 7.
l\/]!cagaﬁi nes 10201t halte haorisesi bed 5‘63ed:ltd1're1paiumg@rﬁ lﬂﬁ iﬁgfiﬁﬁtt Auedghetbalfikoor
of the coati d i Luci bl es. 56 can, he seen’in Figures
Y through 7 poRineld (i'a Badud \BoBLeIOR. e eZh, (LA 82" palrir
102 has' a nitbefanfthsn beirneapathrnmored 1owiem tike chiredeiomgofsthe are
held. - The rgamtms d6@ardt ahe tde2bmi8d®uingg s 2%‘» naatgm%s@& W th
‘towdrd and away frém

a,

. the crugjbles. k6. .The nmagazines 102 can al SO nove d and,

. each oﬂwr ?::I'e%:gr.:n:.lngt e:EZ‘%I ypl"‘g'ﬁ:me 9[61}; tHe' cdat FRGWRhaRBELE1AND) | Kher der
to nake adj uskifeeitihdodr of uerirbesseplmtat icouldnYealierebydarhgai 25 t bhe
coaiing zone QY& Al t jsat i ' thi_ckness jis; -

a@-olpt able. The fleﬁg? qr?ecﬂ%nﬁgcr}geégéd ?%%%F%ggﬁggged e BRI OB 6% nt o
the cruci bl &%56 Ridg#e@ra | 97 neowdd chepipreprograoned acéo of thahi cbhies

di sposed at aperr@er fdin drddZophal 180& 3¢t &4 thg @é& & ay@pghgh! ng
ingots 26 in place while rthe 33 mggazing 102, 1s 1| ndexed. e upper end of
each art 60 ich the pattern 37 is. to be projected. Ceramic buildup
. on 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

i 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

g " the ingots 26 are held. - The magazines 102 rotate to
' 25 index ingots 26 into alignment with the crucibles 56.
The wmagazines 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 separation

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

- 21



41 21 WD 01/ 31080 PCT/ USO00/ 21203 engages the evaporati ng..l-rlh%gﬁ@z_l |ch
facilitates feeding the ingot 26 in an upward direction wrth'a evat or

61 wi-t hout WDI0a@¢8§ t he cl anping arm 60 to slide downward tFywawshaizos

" horizontal position, which was 5 determined to, cause janming of the feed
mechani sm According to the invention, each magazi-ne 102 sequentially
aligns the next ingot 26 with the | ower end of t he evaporating ingot 26

the coat .hﬁg” i *%ﬁsnﬁﬁ‘ﬁh‘?i‘gdﬁ‘e’%géskﬁé@é%p PR ngBithe 4 ik ke
mi ni mal interk dthe hé-n&%'os?ﬁl ohno arheup@aamd cdmateﬁ.oal with hgnparts

20. The vi ewngrd gl&,floggd ipneeEe ur, hr, I S.S own In
greater det alciﬁl‘f] F| ure ‘IS 2 ?g%ﬁlwg End gﬁmglné ﬁ%ﬁ 8d b

t he oper at of ap é’r"’ét’-l’iis 18 td‘%’s@?’%’@l heP@@attllng.opewL'aielmn was

includi ry  t kietparmined blecbngcﬁﬁﬁéed alh@ngoobg OfHaD! teRla Cer
man| pul at or s use

reflectors 8 q_g%he cruci gh 6 ang the

nove the refle ors AeC 20 EHBwn, TPNERE8Rnor t S2SH 5 Feserirey argr"-’2
encl osur e t h&equentialky aaligng- thel exémperrtgﬂue 24 awttH0Bhwi llbw%@ end
optional win f; 1 hst t
tgmeraturesgéﬂg E%gg,s_tae H%Hggéten.tgp%ilﬁ ;’:l}e '% @g:g?l Hg %ess
A shi el di ng

t hr oughtoa porcthahikesf 012t|lﬁ1ﬁufd30§1$e0ﬁav'§‘pi6r‘§‘t ¢t Ndg dGPQY 19NN the
06. V\i’thln the viewport

ZMSndir (%'? 2t?ng%q'ﬁériggg§58%%ngﬁtﬁ’%eﬁ g@tﬁu;g lasfh%% z8% extﬁ'é%urc@réﬂllzﬁ 30
vi ewi ng wi ndd@terialo qmd:hamtpa:m ,20i ght and other radiation fromthe
slots 116 through itsmgal v B8Up L 2 £5ndted E'hggefékgnég Eb' ﬁaﬁ%gsvﬁsual
. through 5 is shown in greater detail in Figure 13. The:
15 viewport 48 is configured to permit the operator of the
apparatus 10 to observe the coating d’peration, including
the parts 20 being coated, the pools of molten ceramic,
the reflectors 80 around the crucibles 56, and the
manip_ulators 77 used to mév_e the refléctors 80. Ag
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 ceoating
depositlion 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, 1light 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 obgerver. The window 114 is”
35 preferably a multiple-pane of quartz -glass, lead glass

22

?‘@%mﬁlageﬁéﬁnéhﬂ rf&:&feclmm&ist hetaptheu lc@amlmge 106

coating chanmber 12. In "accordance wth known practice, the drum 11.2 has L-}
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flicker to the eye of the observer. The window 114 ism 35 a
mul ti pl e-pane of quartz glass, |lead glass 22 , 4 FEB 2007 W&@%ﬁyb

PCT/ US00/ 21¥0301/31980 and/ or col ored gl ass. The 'quartz gl ass wFP¥sRLS203
physical strength, the. lead glass provides protection fromx-rays, and
"the colored glass is useful to reduce light intensity. The viewport 48
further includes a magnetic s particle seal* that provides a high-

t enperature vamd/mr &&ﬂloﬁé& NSl ofpRsc Lher ferred
feature is tha ort §48 rovi des g&lfe %is%%%l %Wpo?elw?l?‘ecal
-interior of ts \g,ﬁ’ ]fLaZSS roniées Bretestimn efmqmer:a{mxsspan

si nul t aneous| )armbsetrh/e tbeloi:@dcoqtl'a@@ chpgrbe gwhizh € 'E;F;t alJu g, ﬁ)ht:

perceptlon Fioure 14 is a preferred control pane
control ling" a% @#glnl tgfrl ng&l{’ﬁe"’égl‘mﬁr&pp%& afygther 6F1C1’e1¢1¢§ |anmqnmc The

.contral fanel Pﬁr&lp@eshemlasthanclpmbMem &chhﬁghkee@{,efgguf\@payaaém 10

and its is coggglj.entf_@ | di 420, for individyal onents
(e.g., the cog% Charrrbg:lri'{"‘Eu é?ﬂ:&i c:%lﬁ'own Az i s 0%

| ocat-ed adj ac & iR ’éﬁl%t Ehreo vrzmpcm c48i pgoviidespar aetuenggcﬁcaip& of
the conponentriewand wid Chﬁfexi:?dlrt@f CBREYRohESN p%hgfnbgg 5 ,2%, thﬁ}wh '

correspondlng np e The nel 118 IS era sSurtéun

gauges for quair:% |f§?ng%%|:%c 22 SéE‘Bﬁt§§eﬁP§§Kur@ésemththﬁe
panel |8 |@Patingi chambgarﬁhm@et hetaﬂ)aﬁ.agl degpshapedceptidmwe EBPVD
apparatus 10 can be quickly and accurately noted to al.low 25 the operator

bropess. In aggg"gggﬁt e?ﬁ%‘“’g?gfgééu*%o%e R BT, FoRsy o Beral
appear as sho Ei Gonszoiling apd m%ttmrgmsm @B@\VDoappﬁ:athe parts
20 to be coatefl dhim eihvedeionnt o The c¥hesod2 paddl n1ige Isoagﬁ&gncg%n‘oers
| _ 1nc1uc_i1ng a schematic of the apparatus 10 and its
15 components, mcluding indicia 120 for individual
components (e.g., the ceating chamber 12). Alsb shown
are visual indicators 122 located adjacent the indicia
‘120 for indicating the operat:.ng status of the
- components, and switches 124 to change t:he operation of

20 the corresponding components._ The panel 118 is
preferably surrounded by gauges for quant:.fy:.ng process
parameters, such as pressures. W:Lth the panel 118,

information regarding the operating status of the EBPVD
o - 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 operation, the apparatus 10 of this

:mventlon 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 may be formed of any suitable
material,  such as a nickel-base or cobalt-base superalloy

- 1f the parts 20 are blades of a gas turbine engine. 1In.

the case of gas turbine engine blades, prior to coating

23



16 and 18. The parts 20 may. be forned of any suitable maEehi EEB gﬂ% as
a nickel -base or cobalt-base superalloy if the parts'20 are bl ades of a
gas turbi neV¥MeI/H880 | ne the case of gas turbine engine bl apegmsiiii9iz

to' coating 23 4 FEB 2004 WO 01/31084 PCT/ US00/ 21203 with the apparatus 10,
the surfaces of the parts will typically be provided with a bond coat of
known conposition as discussed previously. Also prior to” depositing the’

ceram c TBC, uiehsugp‘,@cg b c 5 . is.prefer grit blasted_to
cl ean the bond cqat p@%rfalﬁ 3 Oggdugglrea ‘EP fé@@ RANEh Wéddired

for depositifhyPe ﬁﬁar tEBP\MQ‘é*@mdc wdhhi ngs. Bosd proat tef derasivhi Ng

the ceram c ceompdgitabnal HE Na;s68 S y forped on_the bond
coat at an elgvated 10 te erattre %ge& %Péf;ég%%ﬁtm on gis?hepr?ﬁﬁtlﬁ@

The al unina 85’&?1 tdPfekieercanagi ¢ B thecswnfage. ofr mire bondecoat TGO
devel ops sf rormsxpdaﬁlearabmif nghetabumslaum te0oB @ %eb%kgacfoé‘é £l EQ?EW% ¢
r n o

. through expos t evate eratures rior to o Uring deposi
the ceramc i éﬁgoagfg’&, &f“ug‘ hisb‘ﬁ'%ﬁéﬁ’pelf&ﬁ}#éi t reeAwbned  for
speci fically geppsitbdg fc@rltmhmax mBMecefamﬂedlc@gtthl g his Hl@@ﬁ% t he
parts 20 are ppeffigddie h e o) J1000C_in ar gon at sp ere
‘E‘r £ © Serimt go ‘5%%'91 'eh88t ? prale

When not bei. ng E i eheat 'parts
preferably 20PREFREEPHE 5 r@gdut ©Bootheo hpndm goathe attermm atelevaﬂi@dﬂge

to whi chot he tehpabatutd ito Sphioneited SiKésioR ,_pian'wh WAANY, pre ating
within the pr are furt Cextended. in %the

h t he
coating 25. chgirjr e n%zaéz%ge‘preelf%ﬁgl f%ré:&%zt ke @harat Ebemaéfly tgwawn
i nvention is %ldﬂc@lrarTGO.codEwgﬂlopd tﬁrdﬁeposidaﬁioﬁercﬁn €h80ad 1 i eler

T ae oy L 26Rea G OB0hG BR3 MMy ML R oBlre i elgyated

initiating the coating pro quic vacu :
performed to STRPRRKIFSR movm ®§t duahl!gpdepean.tnanhlce\/eme/mdél-dmﬁﬁch

15 . coating, or by way of a high temperature treatment
- specifically performed 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 malntamed at about 600°C to minimize the temperature
range to which the .chamber 14 is subjected during a
campaign. :

After preheating within the preheat chamber 14,
tlie rakes 22 are further extended . into the coating
2s chamber 12. As previously ndt_ed, 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 operatlons
35 t:hrough an - oxldat:.on test performed on sacrificial
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of the coating, preheat and |oading chanbers 12, 14, 16 @_nﬁ E};Bur@g a
set tinme period. Doing so serves to deternine the vacuunkint t«QB - the

apparatus 10YORHBIEBY was previously performed with prior artp&BoYe21203

operations 35 through an. oxidation test perfornmed on, sacrificial 24 4 FEB
2004. WO 01/ 31080 PCT/ US00/ 21203 speci nens. The chanbers 12, 14, 16 and 18
are ‘evacuated wth the rrechani cal punps 31 from at m)spherl C pressure, and

then a bl ower ures drop to around 20 nbar. The
' cryogenic pur%%ﬂl[és pr ef %b? @f%ﬁ'? etls Whenlsd Bnsksls eare obvaboated
5x10" 1 mbar . with r@h@hmdchaﬁlheabaptmps t4e Qri—;fnusd@,[b i 258095 égeare
~started for t lﬁh 5@?& t ch rs 12 and en a pressufe
about . 5x10-2 ar I's reache b‘&’c%és‘-%r?ﬁ%ﬁér‘??t%@narwénd
| oadi ng and’ préheBPAEhantEhe CG‘Y@QEnie @J:ln],:il_833r e:\.@b@lﬁefb(i‘a%l?o é@aﬁt@@ar
W th sui taabl e whegat ing S in ut "1t o bout SX
wi thin the' (%? e%'f %?%ﬁ?negf ég aﬁg héod 52. Aualth| eﬁ%’h‘t’ ? n
gauge 55 provi a fBRudLIEHELBn PUFRBY 325 ANG 3 clre adtartskdEdD
measure the vadneum:os.tnngssuna vpi—ém;@aﬁ heclq,%égg cyg g‘,lﬁdlzn, Bywl‘{'éﬁngaa
ement  can

gauge 55 wit e gl enents,  either
sel ected for %sgg\%ﬁ? %%% ipt ’ﬁ]go the™R35:i 18 Fpaehedon. Sultable
Al ternativel yPrPﬁBSFoﬁrgaaggsssupahanedhby 1&ad\i&:lg\/&r@%ﬁﬂ&ﬂ”él¥dﬂ§‘é&s SO
that eitther gauyge 1(50Largabf92g S = Yo th I nt errupt i N
z¥ sgan 2 PS ﬁg@ Rt | h Rl %R/Jcﬁ,)em c

coati ng operatlg In a preferred aspéct of thAis i
purrp 32 is pr&PEFABRy REeHSUTESyheing oabl%lt d1$Tzus¢@na|b@mn B/l ettty t O

?r- practlwethmnvvhlhdﬂ co2bihgt h‘e@lﬂaﬁs 38f£ﬂ€d34b9‘“ert?x YRSGE 's\é;tarﬁed
he same fj,ge. LPa mgh@ ze lce du {gﬁ i ogeni C punp
St arting the Cryogenrc pun%b§293398 i ht %uﬁfpma@ﬂaﬂasﬁWﬁ ound
to significanY®yveedbe tae nnotmrabiy tuaedreqm r edalsqral t dha t h%c_qﬁgﬁl ng
chanber 1pr esspre€8sure within the coating chamber 12. By using a gauge
55 with independently operable elements, either element
can be gselected for use w:.thout: :Lnterrupt:.ng the coating
oOperation. Alternatively, two ;Lon 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 :.nventlon, the
| cryogenlc pump 32 is preferably started prior to the
5 * 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 bu:.ldup en 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. Whllg starting the cryogenic
pump 32 prior to the dszusion 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 convenient
time. - !

25



30 desired for this invention.. Wile starting the cryogerfﬂ'clf mg“ or
to the dlffﬁ%o unp 34 pronotes ice buildup on the cryogeni c pu
this ice ca ved at the end of a coating canpai gn orPERIYS@IAzN3
convenient ti rre 25 4 FEB 2004 WO 01/31080 PCT/ US00/21203 During the
coatihg operation, the electron 'beans 28 are.. focused on the ingots 26,
thereby formng the nolten pools of ceramc and vapors that deposit, on
the parts 20. while var Petisngoatheg rmitae:mr@ s wtilﬁ'xs usies, 814, égﬁ red
r 2)

ceram c' natepéghsi @y THGE ( r r 26) is zirconla
partially or fully stablllgggu%?ayt%r? Ehf" ’31 % thenely, pigrmings o,

Y203) t houghtH®t MR e PPe e d of tCFﬁEHgimesaad O.Eapars thiEi @,ep‘é-.(‘sé_l.rf;dlcﬁ.l

‘ot her oxi¢les pawkd QEO use e i aLi conti nue til
the desited thi c&%es ﬂhéggt |‘ﬂ1%l% h(g? %gt‘rfé F“ 8 Fia Eﬂtﬁ ter
whi ch . %e parteo20® aPEe??’éﬁ% cFREATRr Sagerind FQeheRBC ctamberherdfdre t he

| oadi ng, chanthe Jaﬁzgcm‘s easz il tbfrb@ﬁﬂang(z;ed}qnbggrggaig veg edf& .
|n Yor der

at mosphere. T. ab st_30"mmiIn ane
to increase t ven?l ng 1 teﬂ% v L‘%‘r%ﬂ‘l y :fa!'és% 0% harPzafrEab Jao 8%
di aneter to a‘(ﬂ&ﬂj di %b@uﬁhngnltlmaanﬁt@bhbzze@o%iwe B o DAN e i Di N

t he chanbers dal?e1a14 sl 48 EEﬁeEh'éx:[ ggor}%o“}]r%ag\é be d ls;; Sghee to

|n|t|aIJf0y20ve W|thas [l er dianeter valve
di anmet val \Fe° B%?thQ’éanﬁﬁlﬁ%Sbé&mdes%hﬁ! bedlesn.redr mhmﬁnas

preferred emﬁmrrtdm coatiﬁgaaﬁaltmst pdidis oddeis 5g§;ggngaul gfl;_eézaq‘gﬁt?{j by'
one skilled i é% % ﬁ c%r%ﬁ%é/ fé’] sco&)eho our invention I's
Vimited  onl yﬂbb o? % 5 rr the preheat chamber
_ to .the 1oading chamber 16, after which the loading
chamber 16 is vented to 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 ocur invention is to be limited
only by the following claims. |
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4 February 2004 CLAIMS: 1. An el ectron beam physical vapor deposition

g¢coating apparatus conprising: a coating chanber at an elewgh%gﬁ&ﬁg@@{ature
and a subatnospheric pressure; a crucible within the coating chanber; a

coating material surrounded by and contained within the crucible, the
coati ng matreyrva: having a surface exposed by the crucible; an el ectron
beam gun projecting an electron beamonto the surface of the coating
material, the electron beam generating a beam pattern having a hi gher

i ntensi ty iat ann igkekhage delweenlihe suLbage [abJlie coaking gt eri al and

the crucibl’'e than at a centra ion of the surface of the coating
mat eri al . a@pakatelseclompriBéan:physi cal vapor deposition coating apparatus

according to claiml, wherein the intensity at the central region of the
surface of theacggﬁiﬁﬁgngbé Gl e a§uﬁ3@§%¥@9|¢?mB§F8Fu§? AR%Pect ron beam

physi cal vapetrdepesiticopreeaiirag apparatus according to claim1, wherein
the electron beamis  also projected onto a surface portion of the crucible
conti guous wit R CHECIIplEaed thint fbec soBitAGImEhambalr; the beam pattern

naving a Mt ghet IaLendlql %a22:-428 S4i-36RaeROLY AROLLRG GEUCLALR Fhan at
the central region o he " surtace of the coating material. 4. An"el ectron
beam physittal crapdbldepadict icortdoat magerdpiahatrisgaacendifaget expbaien 1
wherein t%g g%%nlpattgrn_has a perinmeter on the surface portion of the
cruci bl e, P¥h&N87 SXUEHLE4ry 2004 el ectron beam being incident on the

surface of theag0alielg rof@bREkhual padRbliiialde aaNeghe 8@ oRS peameshabl i sh
relative to the el ectron beam gun a proxi mal” point and an oppositely-
di sposed d&hst gurgeicst cdt thke cpetimet apteriele Béamepactern, bephlle beam

pattern h%%h%%a%ih%“%rb%ghegﬁkk%r%thggﬁn%rgxhq%her intensity at an
interface between the surface of the coating material and
the crucible than at a central region of the surface of the

coating material.

2. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the intensity at the
central region of the surface of the coating material is

substantially zero.

3. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the electron beam is
also projected onto a surface portion of the crucible
contiguous with the surface of the coating material, the
beam pattern having a higher intensity on the surface
portion of the crucible than at the central region of the

surface of the coating material.

4, An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the beam pattern has

a perimeter on the surface portion of the crucible, the
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and di stal points than el sewhere at the perinmeter of the beam pattern. 5.

An el ectron beam physi cal vapor deposition coating apparat hng to
claim4, wherein the intensity of the beampattern at the ﬁ%ﬁﬁ?eg‘ﬂd

di stal points is about 30% to about 70% | ess than the intensity el sewhere

at the peliedirn WedmhedieamipdilRint & the heac@n JreaRdsEtGaly vapor
deposition coating apparatus according to claim1, further conprising

means for M3jiett idfg B Pt R Fa et Foestisb ldsbcinsilatiore to
evapor at i ig,ArAR 8L P IR TR taeg)r%gatﬂaqgg%q_tn rialy %’ﬂ[ tog) osGygi bl e, the
her nsity than th

separate beam pattern having a hi I nt eam pé’tter n on

t he coati g spatserd alistal Avisltectr dhebgamipkysircalf thpobedap @sittteam, coat i ng
appar atus ,conprising: .a _coating chanber cqontaining a coating material, the
coati ng cﬁ%’rﬁ) bRt aéfllg'\gatae C‘t""@ﬁpéf‘&e&sétg{n@tathﬁr ELOF g eat er
than 0. 01Gnabaista iC Gkl thalhhien sh@ cseakitng hehgahe e +a L o3t ihg mat eri al
surrounded by and contained within the crucible, the coating materi al

havi ng a $§aEat&gFdsed by the crucible; an el ectron beam gun projecting
an electron beamonto the surface of the coating material and a conti guous
surface portion of the crucible, the electron beamformng a beam 28 4
February 2004 pat tedewmtwionh beapephystiealorapbe depbisditdvs swataee portion
of the crucible, the el ectron beagégun melting . the surface of the coating

material ARE2EFANS ZAREHOC &7 ESREFnG  nHPEEPAR, thRe 1BtERSAEY BéafDRavi ng

a higher babengaltedh at that prbasaahebweenithaIsyphace ok LR ¢oakkng
material and the contiguous surface portion of the crucible than at a
central ré&gi eROSEt t/Ré Jestathanf thike insanisigynelleeivhkeret A& tdkectron beam

bei ng |ncgggqbﬁggrtg% %#%f%%%mp%ekggrﬁqatlng material at an oblique angle
so as to establish relatirve to he "él'éctron beam gun a proxi mal point and
an oppositely
6. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising means for
projecting a separate beam pattern on the crucible for
evaporating droplets of the molten coating material on the

crucible, the separate beam pattern having a higher

intensity than the beam pattern on the coating material.

7. An electron beam physical vapor deposition coating
apparatus comprising:

a coating chamber containing a coating material, the
coating chamber being at an elevated temperature and a
pressure greater than 0.010 mbar;

a crucible within the coating chamber;

a coating material surrounded by and contained within
the crucible, the coating material having a surface exposed
by the crucible;

an electron beam gun projecting an electron beam onto
the surface of the coating material and a contiguous surface

portion of the crucible, the electron beam forming a beam

28



di sposed distal point at the perineter of the beampattern, the electron

.beam having a lower intensity at the proxinmal and distal ROE RS, Bﬁ@h
el sewhere at the perineter of the beampattern. 8. An electron %ganl _
vapor deposition coating apparatus according to claim?7, wherein

physi cal

the intengititedin Wieh ceplerimeted oh ehd Rentuliaes eurtiheLealdngymteri al

S

subst

coating

pattern agftQ%ep%%?%g%l %gquE%ﬁgln@ﬁ%@5@8&%tq%@féFﬁg%%b%gﬁﬁq %t 70% | ess

t han el sewhere at

physi cal
conprisin

for

on the coating material.

evap

antially zero. 9. An el ectron beam physical vapor deéeposition
fpdh& §TusdEddi irget ¢ Lelckinmny bogine gaim medd iingt dhsi sprdcehe
e

erineter am pa

beam

ectron beam

vaperiddposhe @l ectabinnipeaapharvdigs aadtdehdind. nitencliaiymat, ahurt her

neans fo rojecting a _separate beam pagttern on the crucible
gP&FFﬁéc&r%ﬁﬁgF ogkﬁhguﬁﬁﬁanC%b&ﬁ@n&°ﬁ§ﬂ@ﬂi&aﬁﬁﬁlﬁﬂeangrucibIe,
the separahe heamigabuer @gg%ic@g pdriiighel £ I}:!Pl:ele%%ufdib%a%hta%e seam pattern
i

VAPOR DEPCSItreN APPARATOS the surface of the coating material, the

electron beam being incident on the surface of the coating
material at an oblique angle so as to establish relative to
the electron beam gun a proximal point and an oppositely
disposed distal point at the perimeter of the beam pattern,
the electron beam having a lower intensity at the proximal
and distal points than elsewhere at the perimeter of the

beam pattern.

8. An electron beam physical vapor deposition coating
apparatus according to claim 7, wherein the intensity at the
central region of the surface of the coating material is

substantially zero.

9. An electron beam physical vapor deposition coating
apparatus according to claim 7, wherein the intensity of the
beam pattern at the proximal and distal points is about 30%
to about 70% less than elsewhere at the perimeter of the

beam pattern.

10. An electron beam physical vapor deposition coating
apparatus according to claim 7, further comprising means for
projecting a separate beam pattern on the crucible for
evaporating droplets of the molten coating material on the
crucible, the separate beam pattern having a higher

intensity than the beam pattern on the coating material.
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Abstract: An el ectron beam physical vapor deposition (EBPVD) apparatus (10)
and a nethod for using the apparatus (10) to produce a coating (e.g., a
ceram c thermal barrier coating) on an article (20). The EBPVD appar at us
(10) generally includes a coating chanmber (12) that is operable at

el evat ed t e EVTRRNATESNAR AEPISCATEIN VIS DISEED YNDRR §BE PHTEST COVPERATEGH TIRATV@A) gun
(30) projects an electron beam (28) into the coating chanber (12) and onto
a coating material (26) within the ch (12) causing the coating

et otevccpanat GROTD. b ubhy DulGBAGi o

t he coati ng chanJeemdidgi2)Bugan t hat vap & _
deposit on the article (20). The opel Bdn of the EBPVD apparatus (10) is
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(5Ty Abstract: An electron beam physical vapor deposition (EBPVD) apparatus {10) and a method for using the apparatus (10) to
~~ produce a coating (e.2., 2 ceramic thermal barrier coating) on an article (20). The EBPVD apparatus {10) generally includes a coating
chamber (12) that is operable ut elevated temperatures and subatmospheric pressures. An electron beam gur (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
a on the article (20). The operation of the TBPVD apparatus (10) is enhanced by the shape and intensity of the electron beam pattern
on the coating material (26) and on a crucible (56) containing the molten coating material (26).
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