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4 February 2004 ELECTRON BEAM PHYSI CAL VAPOR DEPCSI TI ON APPARATUS "AND

VEEWPORT THEREFOR | 5 CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s
application is related to co-pending s United States patent application
Serial Nos. .[Attorney Docket Nos. 13DV-13220, 13DV-13221 and 13DV- 132221,
the contents of which are incorporated herein by reference. FIELD OF THE
| NVENTI ON This invention generally relates to an el ectron beam physi cal
vapor deposition coating apparatus. More 10 particularly, this invention

is directed to%%%ld&ﬂog BeAM B4 13t %Fﬁé’&bfﬁc%ﬁpﬁﬁbhﬁf{@%g
coatings on c onents, such as '%§é§9 oat'1 ngs 'on ~superal |l oy
conponents of gas turbine engines. HE | NVENTI ON Hi gher
operating tenperatures for gas turbine is engines are continuously sought
in order to increase their efficiency. However, as operating tenperatures
i ncrease, the high tenperature durability of the conponents of the engine
must .correspondi ngly increase. Wile significant advances have been
achieved with iron, 20 nickel ‘and cobal t-base superal [oys,- the

hi.gh-t enperat ure caggbilities of these alloys alone are often inadequate

for conponerffROFHTREBBRENCE T PaRRIALED SRELIAIIGES t urbi ne engi ne, such

as the turbine, conbustor and augnmentor. A common solution is to thermally
insul ate 25 such conpomrdks ia@pzriﬁﬁtﬁm gi DEM zelEfRld Sepvi @:Q)—pfendin
tenperatures; For.thjs ,purpose, thernmal.barrier goating TB ornmed on
e xpocka Uad FeteortaH DRaEsnor AR 4R SORFoRt 9T S0te vio B erae O
PCT/'US00121 Iisclestrpdloent s13BVelsa0ad iy isi2Toabé ef3B¢+1¥222]1 heriad
barrier coatings, fUSt o£h@HechoWrbheHMRL-peadua! ikl AR, adlarsqeL! "to the

FIELD OF THE INVENTION

This invention generally relates to an electron

beam physical vapor deposition coating apparatus. Mofe

10 particularly, this invention is directed to  such a

coating apparatus adapted to deposit ceramic coatings on

components, such as thermal  barrier <coatings on
superalloy coﬁponents of gas turbine engines.

BACKGROUND OF THE INVENTION

Higher operating temperatures for gas turbine

15 engines are continuously sought in order to increase
their efficiency. However, as operating temperatures

increase, the Thigh tempefature durability of the

compeonents of the engine must correspondingly increase.

While significant advances have been achieved with iron,

20 nickel and cobalt-base-superalloys;-the high-temperature
capabilities of these alloys alone are often inadequate

for components located in certain sections of a gas

, _ turbine engine, such as the turbine, combustor and
augmentor. A common solution is to thermally insulate

- ' 25 such cowponents ‘in order to minimize their service
temperatures. For this purpose, thermal barrier coatings
(TBC) formed on the exposed surfaces of high temperature
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conponent surface. Various ceramic materials have been 5 dnfpiboyasd 2684 t he
TBC, particularly zirconia ZrQ2) stabilized by yttria (Y203), magnesia
(MyO or other oxides. These particular materials are widely enployed in
the art because they can be readily. deposited by plasm spray and vapor
deposition techniques. An exanple .o of the latter is.electron beam

physi cal vgpgsegosi tion” (EBPVD), which produces a thermalp c'?ﬂf(f’ohﬁfr/s
coating having a columar grain structure that is able to expan

under | yi ng substrate w thout causing damaging stresses that lead to

spal | ati on, and therefore exhibits 1s. enhanced strain tol erance. Adhesion
of the TBC 14 Ng oo dq&}_&@ fUEt her enhanced by the presence of a
metallic bon coat suc as a diffusion alumnide or an

oxi dati on-resi stant al | og/ such as MrAlY, where Mis iron, cobalt and/or

ni ckel . 20 Processes ¥rb@r 648G VEBC BYeERR/Dbgaméea | 5oahras| must

preheat i ng yawePMegenthkeman aééﬁﬁﬁéEh@:LE?atéﬂ@ é&&@% atyde, ayl then
i.nserting the conponent into a heated coati ng chanber ;mai ntained at a

pressure ofOHBSMERY. BB5EAGS:. H ghaPYSr aﬁ“@té\%ﬁaéd hreaubesdont r ol
25 of the ehgQigyasd beam i schor e T#id,fi cphtatubaedgur esiohonNea ab@io,). 005

nmbar, with rratlc oeratlo hei ng orted t coati hamber pressures
above 0.01F5A135 h&Y 4 tor%baeen(%eqz‘?éve‘aa%ﬂ??l?he?ﬁ?&e of Tt hg’ E‘FEctron
beam gun foxialeent vvdwedsebepae'duceaa@r matemial £ oataniwiateld, i emBQogpedr at ed

2. pressur s, aUAKe 0:00%008ce TEnETRANENL  xeBiBRY/ AR AAK! Iy (O

an-ingot of thé ceramc coating an el ectron beam
i s proj ect ®dasm @RWl%tvéﬁoasdﬁ@%tthnhé:W%@%f the prgoplend

produce a YADHOf)sbeesoald r@glé@iﬁcsm abebﬁa?h@%ﬁ(&dlt Svdpdr Feebeaahagm WO
01/ 57288 PCTNSOQ 21175, onto the corrpontc_jﬂagi9 ﬂe t enperature range wth

whi ch EBPVDEERGYess#RicRnP 5@ d?a]r 155 tCRTIRE haVlng
conposi ti oms ceélmhﬁafommntsandctulre czt ngsnedlele ako expand with

its underlying substrate without causihg damaging
stresses that lead to spallation, and therefore exhibits

i5s . enhanced strain tolerance. Adhesion of the. TBC to the
component is often further enhanced by the presence of a
metallic bond coat, such as a diffusion aluminide or an
oxidavtion-resistant alloy such as MCralY, where M is
iron, cobalt and/or nickel.

20 Processes for producing TBC by EBPVD generally
entail preheating a component to an acceptable coating
temperature, and then inserting the component into a
heated coating chamber maintained at a pressure of about
0.005 mbar. Higher pressures are avoided because control

25 - 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
filament would be reduced or the gun contaminated if

10 operated at pressures above 0.005 mbar. The component is
supported in proximity to an ingot of the ceramic coating
material (e.g., ¥S3Z), and an electron beam is projected
‘onto the ingot so as to melt the surface of the ingot and
produce a Vapor of the coating material that deposits



s A mininmum process tenperature is generally established #&ebassni@04 he
coating material will suitably evaporate and deposit on the conponent,
while a maxi mum process tenperature is generally established to avoid

i crostructural damage to the article. Throughout the io deposition
process, the tenperature within the coating chanber continues to rise as a

resul t” of Oﬁg.,?ggron beam and the presence of a nolten pogl-@fisebBfi7s
coating materi As a result, EBPVD coating processes are often

initiated near the targeted m ni mum process tenperature 15 and then
term nated when the coating chanber nears the maxi mum process tenperature,
at whi ch tinenthetheatbmponeminber i s cool ed and cl eaned to renove coating
-material that has deposited on the interior walls of the coating

chanber. Advanced EBPVIi)hgppaEg&l%éfgtgfgmtrarrfig)vahl% %0 coat el %

fromthe coating chanber and acenent ehe uncoat e
conponent s v@rth@aﬁse%uﬂﬁﬂnghﬁ)vwetlf@@!ﬁﬁr actlggen@g thalt @Emtnt igruoushe

gperation isg Bbgiﬁﬁon}:heoﬁo%bn%d&ﬂ%@t hAl Ynd h@oa%EB Aiq ng
this tine can e termed a "canpaig 25 with greater nunb s conponent s

successf uf | yA cBARARUTY @rﬁ%%ﬁwé’-%ﬁ%ﬁ%‘% ot f eSBBRIPRG 1 @Ed?raéﬂtlesrhe‘i to

processing @ngueeond Ccehtingeniriridn www Ghuither BPo¥gapbiaie i$nd
consi der abl e m)tl ation tq_él ncr ease thg of conmponent's that can 30
V|

be coated wi $FPRSLE si%yl &¥anpSPPROTFR earm?lnt 1M e RIEfFFRA to
i ntroduce andempanaéurarrporms\ts fgeomandidy coabbhgbdhimiest , and reduemid he

amount of ti £899H18pura at&%rtﬁgég; ttr%eeasnaarp&cgf%ﬁ ge @gegughaﬁtb

canpai gns. pri or ruary
of ten theoredepesdtirhe PEPERSTel \Ehfar FOWDEIAFETS Wasddpt abhe mux@

tenper at ur eschamseﬁor’&&:%iﬁﬂegf tEVEDge @ I 8Melyshpt wenentélééﬁfb@nd
out of the coatlng and t hg&lfflcultles confronte whe

mai nt ai ni ng %ﬂma(ﬁ%cEﬁeEW%‘b‘%\r us? Red&EH ngPgL ipr 59&d Cmdwg
appar at uses @atepialtesses al eenilti NEBBVY beabyngopgiiceds¥es are often

initiated near the targeted minimum process temperature

15 and then terminated when the coating'chamber nears the
maximum process temperature, at which time the coating
chamber is cooled and cleaned to remove coating material:
that has deposited on the interior walls of the coating
chamber. Advanced EBPVD apparatuses permit removal of

20 coated components from the ‘coating chamber and
replacement with preheated uncoated components without
shutting down the apparatus, so that a continuous
operation is achieved. The continuous operation of the
apparatus during this time can be termed a “cé.mpaign,"

25 with greater numbers of components successfully coated
during the campaign corresponding to greater processing
and economic efficiencies.

In view of the above, there is considerable

motivation to increase the number of components that can

30 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
campaigns. =~ However, limitations of the prior art are



depositing coatings, and particularly ceram c coatings such as TBCs. BRI EF
SUMWARY OF THE | NVENTI ON The present invention provides an el ectron beam
physi cal vapor deposition (EBPVD) apparatus and a nethod “fGPTUeThg%%h
apparatus such as that to produce a coating (e.g., a ceram c thermnal
barrier coating) on an article. According to an aspect of this invention,
the EBPVOCEppar &hes demilitsesofa cblaei ngedphrvel ycomagintvhg wangoat Phg

mat eri al , 5t BEpEQBLE NG RAMREr L BRLOF2 PRBERD! @ 1Al abmpebayaled s egpesaLure
and a subat rmslgherl c}hgr essure; an electron beam gunh projecting an elfectron

beam i nt oS¥FHESR L | RYt chaBRPISRES ontBEP he2BBat PR mafer FBF, FARLENGctron
beam gun &ieamige bperalal ethe REILALitdia tdeat | gnfRbREEAl wiitdh tRaigvapRiAge the

nol ten coating, materj al. ans_for_supporting .an article in the i ng
chanmber s% 't hag:lvavné:peodr slﬂgp %heap%%ﬁ?f‘ﬁg' n&cecrcg%qlrt%]%si £TBF O aﬁggﬁ)e; and
a vi ewporapparatysewn agdt heoppbten ewat icrg Etenisaly baing $degltbatong
chanber, i r k fluld- Vidg & - maghet i e partjcle
seal , the&%%gigw&pzﬁg%%?ﬁa'aghgt ?%g]gggggi%%l\r%ie%v of the coaﬁ%@ C %iflrber.
Pr ef er abl §3 %%A{Siiemport is provided for viewing the nolten coating nateri al
within the coating chanber. In order to be capable of providing a view of
the extreBRIFF $UMKWARYNQErBHEIr ENPEWTESE occurring within the coating
chanber, the viewport is fluid-cooled and has a high rotational speed

stroboscopi ¢ drum ange apregeati G iR@miticine 4pfotrelerany 2004t 58al béhat
provi des a hi gh-tenperature vacuum seal for the stroboscopic drum Another
pref er r edPAEPEEL i FaPR4t ERROSHTERPor (EBHR depraratupecsitdpicc NEEWPSf t he

coating FORMEEnchy A Ghoone.0s URER CRETANAY S EaB. S Aneolstng

observe the coati e retaining stereoscopic Vvision.

to other feeferradcaspettstivdrnhke bapresentcomving) oon aheaopecheion of the

EBPVD apparatus can, be, enhanged by the Jncl ysi o, adaptatien of gne or
EBPVD apparatus comprises a coating chamber containing a
coating material, the coating chamber being operable at an
elevated temperature and a subatmospheric pressure; an
electron beam gun projecting an electron beam into the
coating chamber and onto the coating material, the electron
beam gun being operable to melt the coating material and to
evaporate the molten coating material; means for supporting
an article in the coating chamber so that vapors of the
coating material deposit on the article; and a viewport for
viewing the molten coating material within the coating
chamber, the viewport being fluid-cooled and having a
magnetic particle seal, the viewport providing a
stereoscopic view of the coating chamber.

Preferably, 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-temperature process occurring within the coating

chamber, +the viewport 1is fluid-cooled and has a high

rotational speed stroboscopic drum and a magnetic particle



features and/or process nodifications. According to one aspect of the
invention relating to process tenperature control, the coating chanber
contains radiation reflectors that can be noved mﬁthin'thFggggépgogpanber
to increase and decrease the anount of reflective heating that thé article
recei ves faegrh t hkahobrenideat inghhabertmpedariing aaswaw ngeatadpai gihe

Process pressure control, is also an aspect. of the_ _inventiagn, i.ch
processin§%ﬁ¥%§§ﬁ¥%§xbfdéP@étegn?ﬁ%%r é?ﬁ?ﬁﬂﬁﬁg$ G pﬁﬁct?%%ﬁwfﬁpe
accor dance iwvdoraopasivigied). Sa Patentodpppi€at voswSenifal e OHahg01 to
Rigney et al. (assigned to the sane assignee as the present_ invention)

with mini fAReHo REvERsehePRECIF JPEheCBRERRPF SN CaRd S B EANIUSL BT t he
el ectron hgam , d with: moni u io i CESSs

Mechani cal an progggs M?%%}o eﬁg%#gm%%rg%?gg tgé%%?%Pégpect %ﬁé%ﬁ%gfﬁ

i nventi on viisignude nodifications to the el ectron beam gun, the coating

chanber, and the na?ger by. whi ch gases are in%roduged and  renoved fromthe
apparatus. Al so i mproved By hi i nVERtT onPrPEeFhE%el BEPFSH Sbe&h patit®rn on

the coating-emired i dverfictsd di fige t pangt Deh prefaer edryspegipfatie can
invention, a crucible is enployed to support the coating material wthin

the coati Mf chanbered TRE dhfci brelupiet epablfapdapdios il aPneedt MWe
menber s, j f Feb 00 N : und ai | ten
ool of t RS ot P T RBELRR] Mol Ebh O TR AI AN S B e
first nmerdsgrecndodur tbeandsnamtuimmwl treyl apdmig ohoofptheceoatianpemmtare al .

The first and second nenbers define an annul ar- shaped cool i ng_ passage
{her cbet weah 1t | ST GOBFy Mo BT ¢ HaTHof 28n TRBGRCIC0 (HERTSHTaEE ent

cool i ng oftHdte c Wd My iltehiar MRy eba g e vt Atea¥d dhd he
process tenperature increases within the coating chanber. Another preferred

aspect of qanr9anfentionaearalrl of xafdeataiie reafaimethnat thepporticle

o Phe PR LG, COB 400 IR S APIGR L 084 L09 ol e
campaign. Process pressure control is alsc 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 adverse effects on the operation and
reliability of the electron beam gun, and with minimal
filuctuations in process pressures. Mechanical and process
improvements directed to this aspect of the invention
include modifications to the electron beam gun, the coating
chamber, and the manner by which gases are introduced and
removed from the apparatus. Also improved by this invention
is the electron beam pattern on the coating material.

According to another preferred aspect of the

invention, a crucible is employed to support the coating
material within the coating chamber. The crucible
preferably comprising at least two members, a first of
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ingots with an sequentially feeding aperture to the coating chanber for
the ingots into the coating chanber wi thout interrupting deposition of the
coating material. Other wll be better description. obj&ct&T4uy 2004
appreci ated BRI EF DESCRI PTI ON OF views, Figures 1 respectively, deposition
appar at uswhacbkborsganoeingdst handli sefiagusesa 3moddeant@agels of tiies cosenbgon
fromthe fo Iomﬁgg det, %Ie THE DRAW NGS, and 2 are schematic top_and front

i C

of an el eBEFBhideam”

© vﬁ?)‘&?ng\lng‘@é]bteé dehoSPEURSCodt g et &F PRI in

i nvent i onpebafd dndr QuEHBSHIEECih ORRMAMItRWS bakeRodl oY @6t i @Pating 3--3

of Figure 1, and show ng

a novable platformenployed in accordance wth

one aspechaberighi s Theyehitoh. arfgwesengl drefilyens edgbiaedami feguiadnt and

top

cr osgﬁggg&i Oggdol"ii 5 h@%%%ﬁgt | Vcer‘q'e\%feb%‘;;w%re?f er{iﬁgti “tzi_es,” Ob1o58

for a coafin

chanber 0o ratus o I'gures and Fi gures

onents
and 9

conpar e aadfBcgnh ahef med teh oblFebsvatia?04 fMOi0ht5 289 iPGI/dS00h21175
the prior art,aﬂd an orifice gonfigured in accordance wth the preﬁgrred

embodi mentrBFLP

?sclaﬁ]velﬂ?iéﬁhleved' reducing the rate at which t
process temperature increases within the coating chamber.

Another preferred aspect of the invention entails
a rotatable magazine that supports multiple 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 of the coating material.

Other objects and advantages of this invention
will be better appreciated from the following detailed
description. |
BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1 and 2 are schematic top and front
views, respectively, of an electron beam physical vapor
deposition apparatus used to deposit a coating material in
accordance with this invention.

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

Figures 8 and 9 compare an EB gun orifice of



Figure 10 is a - cross-sectional view of a crucible housidiehavary2§o4 of
coating material and an 5 el ectron beam projected onto the surfaces of the
crucible and ingot in accordance with the preferred enbodi nent of this
invention. Figure 11 is a pl.an view of the crucible of Figure 10 and a
preferred pattern for the electron beam 10 on the crucible and ingot.

Fi gure 12 WeRiizbmsa preferred power intensity distribution perigsgoghest ron
beam pattern across the surface of the ingot and crucible of Figures 10

and 11. Figure 13 shows a preferred viewport for 15 observing the. process
wi thin the coating chanber of the apparatus shown in Figures 1 and 2.
Figure 14 sghowprdcoonars! gadelar opradaiceor cogtigudedontin olddanrdance

operati on. %g%t%%gggggggdo[a“go Yhesel ﬁh%ﬁ.s %%A%IEESCRI PTION OF THE .

| NVENTI ON n apparatus 10 1 n accordance w i nvention is
generally depicted in Figures 1 and 2, with various conponents and
features bei ng depi cFeaUrg Filfurd® F tIFERFH-48CtIRBadppYisius o0 i%
particul ardy,mebie SWhiSfndoraklenesidd nera eeatihe thgrapiabarsher 4pating
2s on a netal conponent i ntended cior. oper.ati on )tgvithi n % hermal | ¥ hostile
envi r onfrertleqErah| BealaMRIcde T (THC (Ui oReht AP fcPhdE R &GP Hhd | ow
pressure tawdi MRgoB0Zzl escentdahadewithhriiedsprepebhst oempaidiseand of
augnent or har dwar e oé.gas turbine engines. Wile the 30 advantages of this
i nventi on Wt? HBVEBEEPPbed with 7 4 February 2004 WD 01/57288

PCT/ US00/ 21175 r-eference to depositing a ceram c coating on such
conponents, the teacKigygseofll hils i avaldonviaw bef §Goeerarngibppl icd to a
variety ofp£oalingomaledi gl %ﬁ%rﬁgsaeeéﬁn FJTOr I BRELE 1R beam

illustratin e inventiLon, "the apparatus 10 is shown in Figures 1
and 2 38 on the crucible and ingot.

Figure 12 depicts a preferred power intensity
distribution of the electron beam pattern across the
surface of the ingot and crucible of Figures 10 and 11.

Figure 13 shows a preferred viewport for
15 observing the process within the coating chamber of the
apparatus shown in Figures 1 and 2.

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

DETAILED DESCRIPTION OF THE INVENTION

20 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

25 on a metal component intended for operation within a
thermally hostile énvironment. 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

30 advantages of this invention will be described with



including a coating chanber 12, a pair of preheat chanberdsFatuan2804wo
pairs of |oading chanbers 16 and 18, so that the apparatus 10 has a
symmetrical configuration. 10 The front | oadi ng chanbers 16 are shown as
being aligned wth their respective preheat chanbers 14, with parts 20
originally |oaded on a rake 22 within the I efthand chanber 16 havi ng been

transferreqyé@rkpgs Preheat chanber 14 and, as depicted in F| to-
t he coating chan@gr 15 12. Wth the symretrical configuration oﬁ?‘ﬂ?mﬂ%

apparatus 10, while the parts 20 | oaded through the front |efthand
| oadi ng chanber 16 are being coated within the coating chanber 12, a

second bat&l&f(% rdiid S 8 tgggfor,sg_Qtl i ghth an\lﬁédl R, =G 60%anglrts

preheated in e 20 righthan reh cha athir atc
can be | oSPEPINRIY-S he Fo&r F@FFH&HHSI o&di n(}l@rﬁan@errvea_ratlmd canf obeth

batch of p%@%ﬂmweappneade%‘ r@Mvhhe ekgarof r kALLAR rdaﬁ?éil “£Jh§h§ﬂ'aer 18.
Wt

Consequent our process stages can-occur sinultaneéous

preferred Hpparatus 10 of 'this invention. Accordl ng to a
preferred enbodlnent of this invention, the |oading chanbers 16 and 18 are
mountedst o | ow prof iFer npnma,@cbee:ﬁml aff dﬂﬁmsz&,atﬁ.mgt hale thevéwatbing rtgRanbers

16 and 18 their rehe t chanbers 14. For
exanpl e, \M%%%Vhe%%p(;%q{ét\{ﬁef tlh Ioagfoﬁ?gl cﬁglnb %f roaﬁat Ent gs

al i gnment . inwiluditee Ié@ft%@l@@eh@hambhanbéﬁ! 14at01.‘azlmw ohe prehsat20 to

be insertedy 0 a 1 t chanber
18°is set %ggﬁ&)%rrf)%n%fé:eaél%??ﬁgﬁdﬁgg%gbrggarl R s DA e e
preheat ch&fpéhats the @%@r%E?FSIEaHaEe%lweérw ycondiglerabionnl oaded
fromthe rake 2@t t headeng kabidband 1e)aéirélgsﬁbaﬁbars Keirkpch: phakfor m 24

Is al so pref abl novable to. a ma eq:an 05|t| I ch neither of
5 its |oadi r’rgi“c $Sr§%pegﬁavf8pr$ ?’Fﬁlié ﬁ'rléméi’a_’étl’%nﬁgr 14,
so that therigtiewmildnys dfoadesl prashea mitbl(mll ne thinarb et ise 141 efithand 18
can be accgssile:on ¢ eANNIedher PAALERLYE 24 AP al ANl Y suRROLt ed at
14 and, as depicted in Figure 1, intb the coating chamber
15 - 12. With the symmetrical configuration of the apparatus
10, while the parts 20 loaded through the front lefthand
loading chamber 16 are being coated within the coating
chamber 12, a gecond batch of parts in the front
righthand loading chamber 16 can be preheated in the
20 righthand preheat chamber 14, a third batch of parts can
‘be loaded into the rear lefthand loading chamber 18, and
a fourth batch of parts can be unloaded from the rear
righthand loading chamber 18. Consequently, four process
stages can occur simultanecusly with the preferred ERBPVD
25 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 sélectively aligned with their

30 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



| east in part by roller bearings 44 nounted in the floor, 4febrerrygAl4t is
foreseeable that a variety of bearings could be used. Each platform 24 has
a low elevational profile (projection above the floor) of not nore than
one, inch (about 2.5 cm W|th a- chanfered edge (preferably 30 degrees
from horizontal ), which t oget her essentially 15 elininate the potential for

an oper at ing on the edge of the platform?24. Statig obj ects
surroundi ﬁg"“ #@ngppar atus 10 are preferably positioned avva "Iflﬁggﬂ

edges of the platforns 24 to avoid an operator being pinched by a pI atform
24 when it is repositioned. As 20 alternatives to the platform

conf i gur a#r%@le%}EO amBbat fior m SYStaR Vﬁéﬂ:émlzﬁhpll‘?e 0¥§ﬁh§ﬁﬁh@%u%gy

tel escopl novabl e segnent S coul be used. Furthernore

segment s émd@dslcrrp %%%@aéﬁdaffr%&@ VR d2p| &tff St seR¥ oksdthgnthe

pl at f or m asseithld eshafber! hg,. Semasiatgl2broraheat iGhaibes speagkdabey
provided for the |oading c¢hanbers 16 and 18, sq that both | oadi ng chanbers

16 and 189¥%Pienef? r?eaF‘F‘FIBt@H&F?‘S& P CBe St r BihaRd IRA EherpPsbl e
pl at f orsm Sy eMoals rig) OWhantbdrguries Jndhr cusghla alpeheidonwdth 3@tkhe

t h 12 | f f t lative to th
b choat CRAMRERC) FHSBPRo bt 0 50 A0iTT (BRe CFEERERT DR HoLF nPEFGRCol t he

chanber 1a2d bbbadingcodEmizpranpdi g Fedséeén ¢an FbguracSEssdd forating

chanber 12,i ts ratq t ih@Qn h i bed in
greater %le%dlglg ‘ow, ql@rr%uﬁé é]g%&?fﬁ%e (rluaar%é 833)3\%\6&8%%%%%?%%88 121175
to'a frontleasdt iigh RATE Hay cRakber P?arllﬁlglsl G eopntee inrohe fdepron of

the cogli RGlahel 12 f@se¥Bbhbas 2Ratl tageztazrrﬁg.efw@ BO2r 888§8CcaLhed with
t he coating chanper 12 arlllg@ cussed ﬁel ow) own as hayving been noved
away 5 fr&® 4ed enafFadsr td%%ﬁ"? Afbér 1 SFetordl REeEddea

novabl e waptdjleitfiainm aBovehitde i fls_bm}vn abt abed moxd Othawordngigipehi tion
b i o nddt 1.3 PRR' Wlen U0 LRLRELOELT ohliE ©9BLLBE ARATPOG 12 Can
degrees from horizontal}, which together essentially
"15 eliminate the potential for an operator tripping on the
edge of the platform 24. Stationary objects surrounding
the apparatus 10 are preferably positioned away from the
edges of the platforms 24 to avoid an operator being
pinched by a platform 24 when it is repositioned. As
20 alternatives to the platform configuration  shown,
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
25 preheat chambers could be provided for the loading
chambers 16 and 18, so that both loading chambers 16 and
18 and their heating chambers would be surrounded by a

movable platform system.

As shown in Figures 3 through 5, a portion of

30 the coating chamber 12 is also preferably configured to
move relative to the preheat chamber 14 in order to
facilitate cleaning of the interior of the chamber 12
between coating campaigns. As seen in Figure 3, the
coating chamber 12 is in its operating position with a

35 viewport 48,l described in greater detail below, mounted



accessed; by the work platform50. The platform50 is i 0 ghahnuag 26@4 ng
coupled with a hinge 52 to the base of the coating chanber 12, though it
is foreseeabl e that other acceptable structures could be enployed. The
platform 50 can be configured differently fromthat shown in Figures 3
through 5, including a hinged segnented construction, is.and with kick

pl ates and ot h fety-related accessories. The, coating, preheat and

| oadi ng chmgﬁé”%g, 14, 16 and 18 are connected by val ves (P

that achi eve a vacuum seal between these chanbers. To 20 maxi m ze the size
and nunber of parts 20 that can be |oaded between the chanbers 12, 14, 16

d 18, th | ferably h i Ni dj i f _about 25
whi ch | s coSi Qefabi 1STTETOR hah pryi ST nbtight Thriadieal by Hiose
skilled in fientar secBdcauses t bbe2-omatiggrhpmbeeatl andaboadiily abamder s
12, 14, 16 argc%?%g agg%nBeﬂa%”B%%c}c‘la‘@era/'vﬁigc eVl ScOL ¢+ YA “Ihlg‘ggéggoi} ,50”‘9

cases are r nove rel ative to-each ot héir aS™ éXpFfa t he
val ves nustam® dapabissest briawbuss @icwes as havangvdigerhi pghvedesswies.
Seal desig |d ablegafiaelhi SEPUERASENG GHAMYMY | Aot hepar d

t her ef o?ée vrﬁﬁgn?tﬂ be di s?é’uss?ed I n_any det%i |. Wth re?ergrrllceglf% ig}:t?res 6
and 7, coat3REsS 3pBPVaPAEd VRREhBRatHeT R ngvkhahbes showp metEtes and

evapor at i ng; A#YoLS wiirlting eposi €i8At ani aigitd 8l ectrpnt As4pbaliyayy, 2004
WO 01/57288 PCT/ .US00/ 21175 SgyIE 28 prpduced by el eﬁréron begm (Egzséﬁl ns 30
and focuséd®n FHETIYot €226 Fnt S PR aTH I t i€ c&FBni iYal by

the el ectr cicdesssd2®icatbes wdrk splhafernf 5kach ThgoplaGfoammesd, ifsor m ng
nmol t en ceramn ¢ . pool s..fr | I . t r al. c erjal
§" SR 8L Spbiflp ;@Ngggﬁ[ TRle afifle (92 €8T BHLCLIBLC LAl ne

evapor at e, avel hen "deposi hé surfaces of thé parts

20, producigratirgdetiambercckdun thevati i whes£arssserdde wWhat otdsend on

E EgsgurF ?5 L%b@é?%é‘]i?]ééoétﬂﬁtil&@%e%‘é}ul&wé Qeriyoydy Ot STRE BAELTRW 50
can be configured differently from that shown in Figures

3 through 5, including a hinged segmented construction,

is and with kick plates and other safety-related

' accessories.

The coating, preheat and loading chambers 12,
14, 16 and 18 are connected by wvalves (not shown) that
-achieve a vacuum sgseal between these chambers. To
20 maximize the size and number of parts 20 that can be
" loaded between the chambers 12, 14, 16 and 18, the wvalwves
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
25 coating, preheat and loading chambers 12, 14, 16 and 18
must be pumped tc varying levels of vacuum, and in some
cases are reguired to move relative to each other as
explained above, the valves must be capable of numerous
cycles at relatively high pressures. Seal designs
30 suitable for this_ purpose are known in the art, and
therefore will not be discussed in any detail.

With reference to Figures 6 and 7, ceoating is
performed within the coating chamber 12 by melting and
evaporating ingots 26 of ceramic material with electron

10



10 within the scope of this invention that one or nore i AdePsiap62@¥ul d be
present and evaporated at any given tinme. EBPVD coating chanbers are
typically capable of being 'maintained at a vacuum | evel of about 0.001
hbar is - (about 1x10 3 Torr) or less. In the pri or art, a vacuum of at
most 0.010 nbar, and nore typically about 0.005 nbar, would be drawn

within th | chanber 12 during the coating process, t ei ng
t hat highgwgggggggures were known to cause erratic operatioﬂqubgﬁ@ggﬁb
guns 30 and nake the electron beans 28 difficult to control, with the
presunption that inferior coatings would result. It has al so been believed

that the '551%? coat.?%#‘{% agpnt gaukdohe B@QMCGgEﬁf t%guwow nat ed

i f operaté pressures above 0
accor dancefcwu?fﬁ%o@énﬁhﬁgIBSStSP@tGent Im‘iﬁﬁ}ﬁ%éﬁ?%"ﬁuﬁmﬁl tRE. FIUE 201 to

Rigney et raliari f8Shgnadd OelBer$aie iswisiNPe agubkiss umaveahwacet ftef

t h 12 - f ted at high
G pr 1 9 nGRAFY | BRAOR 26 BR CVEDY | RREIAPE 39 LORS CVRREha PAPLAN THAF | mpact

resi st agiceshdh Webleoslepr oottt hesramic nuaepbal t vapoateel,n toayalnct i on

wi th higher t eyapor,gtlon I t han t d i rior art.
. Rough pdf%ﬁ%#o g %ﬁﬁ%r g?%tt h%g1 cé}jp? Sa%% % ebrPuarkngZ(?@%%

01/ 57288 B/ lﬁf)@dﬁdiﬁg phehe?as:tamﬂ | et R cm@bemg wzpsm thligckaessl8 with

mechani cal g:g{g cmggq:lz?& ofs£' a e iR dheart is
shown in li"guiresel%ean§2as el n oyedotog%éolnt eev cuation of the
coatl ng chitnbke twopriv@otst 2§ hérGepﬁﬁQ‘ﬂ ohTlprieR@es. FASMFefhowhti & gures

Qﬂ&ﬁﬁs thdll fsfdbiié)n dRIMehd4 Mﬁﬁ@nem@hat tBAt] SoséNMdAr mdre t hose
knovvn |nt art, but no lbed with at val ve .36 to regulatethe

operati on ¥I9eFR B3R ?ln e cRbRAEHEe a\ﬂ%t heYW?gr?Fﬁ@nﬁton

particul ardymethe io throttle valve 36 is actuated between an open position

EBPVD coating chambers are typically capable of

being maintained at a wvacuum level of about 0.001 mbar

15 . {about 1x10® Torr) or less. In the prior art, a vacuum
of at most 0.010 mbar, and more typically about 0.005
mbar, would be drawn within the coating chamber 12 during
the coating process, the reason being that higher
pressures were known to cause erratic operation of the EB -

20 guns 30 and make the electron beams 28 difficult to
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 préssures above 0.005

25 mwbar. However, in accordance with copending U.S. Patent
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
pressures that surprisingly yield a ceramic coating with

30 improved spallation and impact resistance, as well as
promote the coating deposition rate in conjunction with
higher ingot evaporation rates than that achieved in the

prior art.

. Ro'ugh pumpdown can be performed in the coating,

11

However,'' in -



(Figure 3) and a closed position (Figures 4 and 5) as weMFehsugrpgD®4 ons.
t her ebet ween. The benefit of the throttle valve 36 is realized when the
vacuumwi thin the coating chanber 12 is naintained at the relatively high
15 pressures enployed by this invention. - Wen the maxi num operating
capacity of the diffusion punp 34" is required to evacuate the coating
chanber 12, the throttle valve 36 is open as shown in Figure 3. For..
processi ng WAPURASB, the coating chanber 12 nust be mai nt ai ned/HE%3{L™>
targeted 20 pressure (e.g., 0.015 nbar), necessitating that the throttle-
valve 36 is noved to a preset throttled position sone distance fromthe

fully closed position of .Fiqures 4 se in,Eig separnate

di ffusion gﬁx‘ﬁ%ge?é %1?@1 I]acfﬁq-\&}'%uicélﬁgrg)devﬁ% hfzhro?‘t I"e \]igl v_%lég( rJFO% s‘ﬁ%mknﬁ) are .
25 pref er ahhgcrani ogyddpuopevdduat & tdryggeticat pehpndar 9£14, tyggaikndwr t he
reason that, a | at.iyel.y. hi r eSSWt e, esited-f |

operation olfnt{\ﬁg %%&enltsi %%Eefﬁngéﬁgﬁgaﬁ B%Jﬂrff];sz 3%{3}%?’8%2%%;#1%%?%%

| eak detecttons atdndecttilnsevacuatipinchia Hheakcort trg oFhemhele 1@omieid®ed 30
for detecti y RRledss] Nh1ed | gHbRR ianetBekegas that gan be
safely i%t réc:cgug}é% _ta%‘ﬁglﬁéﬁq%g?s I n the_chanbers 12:‘L 14, B?B?and., 18, or
associ at ed ar@ubpright2 BAERVEAOEr SHIERP addi WHOSSFi RFERE1OBNAS2 Eihelans

| oadi ng chaghepsok® antbdd ane t@eneirt) ybetongaticidd W2t¥ Behrhisstye 2H04 WO
01/57288 PCTI CTS0Q/ 21175 shaﬁg tand%_i;lre e%uiag:ped vmé%h Jj0adi Q‘%‘ dogrs AQ
through whahvBart®s &Pe FORARATENtB'T hEPFARES b OTh D& NE dhartfers 16
and 18 are gtsor@qutppedtit t bhascdssraduniron 42 Marewpavhidoiagdy, the
"(schematical | r dLat 46 i QU at,,co I ‘ ation
of the F%ke@hﬁét?'gf%bsgae%geret F%uljé% Sla/l?tt%ﬁee%ar?%%%éguﬁgr%%ﬂorﬁﬁe.ra es 22
are preferabfyguoeat®®d and/ & 63eFELatREVWFiARN ULt An@Rhakberdd2 in
order to proupie fhe 48sifednsCoghbPpdiGbehbut i onhar opddlete peftscrd. The

access to doors 42 allqw ihg operaley ; ok & NE APPALE Y8 ol Sithin the
coating chamber 12 is maintained at the relatively high

15 pressures employed by this invention. - When the maximum
' operating capacity of the diffusion pump 34 is required
to evacuate the coating chamber 12, the throttle wvalve 36

is open as shown in Figure 3. For processing hardware,
the coating chamber 12 must be maintained at the targeted

20 pressure (e.g., 0.015 mbar), necessitating that the
throttle valve 36 is moved to 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 wvalves (not shown) are

25 preferably employed to evacuate the preheat chambers 14,
again for the reason that a relatively high pressure is
desired for the coating operation of this invention. The
mechanical pumps 31 preferably include 1leak detector
connections 33 to which a leak detector canh be connected

30 for detecting a system vacuum leak using helium or
another gas that can be safely introduced through leaks

in the chambers 12, 14, 16 and. 18, or associated

eguipment.

Wiﬁh reference again to Figures 1 and 2, the
35 loading chambers 16 and 18 are generally elongated in

12



qui ckly adjust or change the settings of the notion drivddebBuany 200t
interfering with | oading and unl oading of parts fromthe |oading chanbers
16 and 18. Referring again to Figures 6 and 7, the 3.5 interior of the
ctoating chanmber 12 will be described in nore detail. in order to address

t he aforenmentioned problens concerning the control of the electron beans

28 and pr of the EB guns 30 at the higher coating
enpl oyed b‘gb%ﬁ}ﬁzﬁg ket J%?{{)fﬁ?%e EB

i nvention, certain' 20 inprovenents were na
guns 30 and the coating chamber 12. As seen in Fi gure 6, oxygen and argon
gases are introduced into the coating chanber 12 through an inlet 54

| ocated near crucibles 56 that, support, t.he ots 6 W thj e coating
chanber 15h#REretth 8RE W?g OB (}Pa' rﬁ%goﬁﬁt e‘#“?al I}br %(L:ed by

t he el ect rgipichepart28. afde 1baded adrso othexytgdcemndzar goThear doading
tar get e pENERARE %gggeg A82560 O (esd A GEl Sl BT PEEAS acREETS WAty d e

stre of oxygen € occurrence preessure
ascill ati otns Wb thi on t hér:%eszoat&tﬁgem@h%llKZ repreesenRtedl 3bopt? esbonse

time f0§ §a§ 9eS @1b>tr@yé 9EEYOH|3&f”&hteherSREEr0i2 val ves
58 for The gases |nne adj acent to he 1 nl et 4 just outside the

coati ng cH&nberPQZtl§§1§ﬁ6Wh ithie mafires2 %ﬁﬂp%rtﬁﬁaeénﬁﬁﬁ F2Kse Tontro

val ves 58 $pe SSPQEQQ%abqyth%dﬂﬁﬂédm Sharber d2cplovidad arishipy i siigly 13
4 February 2004 WD 01 /572

88_PCT/,U500/ %#?175 signifi c%rﬁt t{f%eo ment_Ln
pressure cORRESRI r EHAEPRY presdfr e LSS udf oRE SN Y
chamber 12c@§dlngedmi:sm11dmsiunbammd nt]tc’nleae Pacus &l posTheolrame$$1eb
el ectron beans 28, 9n ng e tr eam
focus &Rd gﬁaf?erﬁg gf%g Ehs §SPE§aE8r gghé té%@§ £ e

guns are rela Y romthe higher
coati ng prqasukéymnaEUHStheO€oa@hﬁ§9@hahb@r qgt%ynga cohdezat andloben 52

that catchgsy {}Bét & & SUpe %EEB%@rl@@' &6 th V2688 SN hahddriobadlenesi t
onto the parf’ 1o T 00 onf |eglyre aCCSI' éng to this invention

to of parts from the loadlng chamb

Referring again to Figﬁres 6 and 7, the

15 - interior of the coating chamber 12 will be described in
more detail. In order to address the aforementioned
problems concerning the control of the electron beams 28
and protection of the EB guns 30 at the higher coating
pressures employed by this = invention, certain -

20 improvements were made to thg EB guns 30 and the coating
‘chamber 12. As seen in Figure 6, oxygen and argon gases
are introduced into the coating chamber 12 through an
jnlet 54 located near crucibles 56 that support the
ingots 26 within the coating chamber 12 and retain the

25 molten pools of ceramic material produced by the electron
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

30 coating chamber 12, the control loop response time for
these gases was reduced by physically placing the control
valves 58 for the gases immediately adjacent to the inlet

.54 Fjust outside the coating chamber 12, as shown in
Figures 1 and 6. Placement of the control valves 58 so

35 close to the coating chamber 12 provided a surprisingly

13



define a coating region around the parts 20, w thin which 4 fdteualye0d4 ed
pressure desired for the coating process is specifically nmaintained. To
facilitate cl eaning between coating canpaigns, the hood 52 is preferably
equi pped 3.5 with screens 76 that can be renoved and cl eaned outside of

t he coating chanber 12. Preferably, the screens 76 areée retained by spring
pins 78 instead of threaded fasteners in order to sinplify renoval of the
screens 76 WQAEF28%H t he condition of having been coated wi th PAT/ESPRRIVE of
the coating material by the end of a canpaign. Though generally nore
conplicated, the entire condensate hood 52 could be renoved and repl aced
with a second cl ean hood 52. Because {he hood 52 surrounds the parts 20 as

25 seen i nSrigRfd GRNtn HPRFPVRBEBD |%nnéEE%%%P§efO?OEEEﬁlbeaﬁ?QHCﬂﬁEough

the hood 5%re£%xﬁré)rrenacthatci®mblwiﬁmnoth@aldﬁaadlmglgchaabé& pmsaﬂaes

wi thin the condensat as €o red.to the remainder of e _coating
chanber 12 FSOMQIRE nglﬁl"—ré‘r a&cms[ v Ar GlTd FREVER AithsPRBT t 361t aﬁg‘fzt ures
62 are prefsaeaiinod dseams t 28 hanetdé mbngoboas26of not nore than that
necessary to allow the electron beans 28 to pass through the hood 52. For

this purpose, the a t [ I ' beans
2& dulrol r'?g the setup gfé E{lgﬁﬁg% ¢ gﬁvg{ﬁ% ¥188E£§1—;4Q1§ Q‘fuﬁé‘g&éoggd\/\o
01/57288 P@E/um,zluhg Eﬁatgumrﬁtap@reur@lazqu’%Ya igdsy-eskciromakhgr ea
that is rﬁ%ﬂ%ﬁéﬂlﬁguike%%dz@twﬁhiﬂ St§é CebhPAnBCINRMILr 12 B the

|ntersect|on e hood 52. To further .isolate the™EB guns 30_fromthe

5 eIevatedﬁmqgﬁﬁﬁﬁﬁ%ﬁ?hhﬂoﬁhézc5ﬁ6§n§§ﬁ§hﬁﬁM?Q§F Q%etQ%aﬁﬁpgﬁngQVEI from
their resp@ayaﬁagungpanrwnuﬁhddMﬁabmﬂeﬁﬁbiwr6@ddxxm@e@gﬁ&g|nberlor

the di frusite Js 39%nde aPTT B bt ARECr BIpReut i al FYeRbERR ekt 0
each of theierﬂaamaeatscﬁatln@ecagsemfamdnnhernpnmaez@f whEhapewhur:bs 62,
the the elevated pressure desired for the coating process is
specifically maintained. To facilitate cleanlng between
coating campaigns, the hood 52 is preferably equipped
15  with screens 76 that can be removed and cleaned outside
of the coating chamber 12. Preferably, the screens 76
are retained by spring pins 78 instead of threaded
fasteners in order to simplify removal of the screens 786
when in the condition of having been coated with a layer
20 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
52.

Because the hood 52 surrounds the parts 20 as

25 seen in Figure 6, an aperture 62 is necessary for each
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,

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

.14



el evated pressure within the condensate hood 52 (achi eved4 Hepruane2004

I ntroduction of oxygen and argon with the inlet 54) bleeds into the
chanbers 64 at a sufficiently reduced i5 rate to enable the diffusion punp
34 to maintain the chanbers 64 at a pressure |ower than that within the
condensate hood 52. Figures 6, 8 and 9 illustrate additional protection

provi ded guns 30 with this 20 invention. As is gqpeigsdod1175
conventlorr‘t’P i."g-’hggEB guns 30 are equi pped with vacuum punps 66@%1

mai ntai n pressures within the guns 30 at |evels of about Bx10_5 to about
8x10-4 nbar, which is well bel ow that exi sting outside the guns 30,

i.e. -vmthlnthe PVD coatin 21? of 25 this i.nvention as well as
typi cal EBPVAF cBAFTnGPETENSE %2 ag h8 ﬁtrlogrs'é"retc‘:ﬁ%ac;r d%-’Fe?thE}S}cH% ow
pressures dphexin@t ol g eqdalt e etlest r ol Hesmss It paas tutmegn

cyllndrlcal orifices 68 tp.exit e n s schematically shown in
Fi gure 6. gt't}?% @?%B?Sggh% gl%g g%%vzlntglgongl configuration for such an

orifice 168. To allow for a range of beam focussing conditions
represented by focusTposfuidmer A iRkai Cther HB efuner oh0 bowm 1Zheshown

|n Fi gu e ri r | diypped ergand dygnat h,
e e sgfg%%@%apﬁftz%ﬁi \?\&D@%ﬁ%fﬁzasésﬁ%% LR S tagan s R

120 nm rels%tﬁl vl ytraneld %é@l‘t}arﬁl'éﬁj’er o eERECtEMEor TURE 30 t K md@liked
protecti Ort:ﬁmsefgcts@ lﬁtﬁ@d obieftivenl 68heani pt oxi de t@atbg B¥ guns 30
operating in the h| ressure enV|ro nt of q&hea usdlo f 5 this
i nvent i on. CPRFHAY. q ti é;t i oﬁmldead 9 t S tzs'ns‘-i=1 ent %?1 t €4 ng

evi denced Pﬂ@ﬁei‘ﬂbl?\/ed:néortliﬂtu@ionppum@ssamghasndlnt |nn‘setenalalaed aani

opti mum position_o us, pol D i Fi

i denti £? ed® %um%?'céa%?yect%%% 1c()a(ralcf|%€ dgécgn \?/a%s t%ﬂén |nvest| at ecf4 i 0
resul ti ng Becaheeoraf i chesgmbnimums $h%@ntqfont§ﬁovmpﬁﬁtul:ﬁgurg% 6 thed 9,

which |s deplebedal BrELgure YitnfaiRY condsmlies Hb3EREY -@Rthiengh than
that Ofttgapghg introduction of oxygen and argon with the inlet
54) bleeds into the chambers 64 at a sufficiently reduced
15 rate to enable the diffusion pump 34 to maintain the
chambers 64 at a pressure lower than that within the

condensate hood 52.

Figures 6, 8 and 9 dillustrate additional

protection provided to the EB guns 30 with this

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

25 this invention as well as typical EBPVD coating chambers
of the prior art. In order for such low pressures 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

30 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 B8, the orifice 168 has a
relatively large diameter and length, e.g., about 30 mm

15



orifice 168 of Figure 8. A preferred dianeter and | ength 4ffebrudne2004 fice
68 are believed to-be about 15 and 50 mm 15 respectively, though optinum
val ues for these dinensions can vary depending on pressures and focus,
deflection coil current, and overall geonetries. As noted above, the
condensate hood 52 is positioned around the parts 20 to.mnimze the

dep05|t|on eramc material on the interior walls of t I

chanber vwiggg%ﬁgng to this invention, the condensate hoodggﬁﬁg@kanh
specially configured to regul ate heatlng of the parts 20 as required to
mai ntain an appropri ate part terrperature during a coating canpaign. Mre

25 partlcularl o] equi W t reflecto | at e

72 that radifates a %%?t?%d b qéygégﬁﬁkﬁtsngace aﬁﬁqFaQ%g%# EEE back .

toward the @e:nlcs: aﬂt As t hdel nredita‘tt":@t guefpwiicn cahpsi geuchdwr i hgreki ch

t he t enper aty t C er | I | ¥n3 :
lf&%ls;,fze D8scoald NgrGhagReiol2chs B8l ahie! ¥oSQadiheddle in

reflector plate I S p03|t| se-to t
t.o maxim ze tlb@athh@héff m@swtsewlr@mﬁé t‘égpéﬂ'@t WREPAFaBRE tHe efating

chanber 512 (hjises; lHehHPoRN OMERI iRy, Cﬁrp@hgesttggttehl qcetaqtlrtg at@ thesi S
noved away fromthe parts 20 (as shown I n, phantom, 35 in gurwe to reduce
1§{I§ FEat IR 4 o

t he amount &PViERd 2 E"t\/\O"@?FS’Y?S}B P@T‘F sda 9%175
reflected basloceisinidiecpadisidfls lemaliesl ranneptinbe pwltt&o?rﬁ santhe nore

readily bro ht tp a swt bIe e [ emper ture (e. t 9250 at
the start g grtJo Ié-B rg.l %lﬁ%ﬁf:g g ﬂtgﬂf:ﬁg g "5 cOating
tenpgraturemprq; afﬁﬂnnmvajxmKQflgeded@@egn t@asna&hamzelnhestegg;hdof t he
coal|ng CAMhAGRLithe BROEm2 oPRe;Bbaldy 73falt§ﬂs°rﬁﬁpéﬁt§oﬁor£1 f opm and;

stabl e b ade “coat tenperature, which pronotes t desired col umar
grain st ructdoares h@n@e?am"@lé’é“at:‘r%ﬁe%ct'—ﬁ‘é par Figpge 19 F9 HﬁVhPQl n

the desired gy elmii Mt YaDh@Et BEESSId & addh nth&ﬂetﬁaade»&sasrﬁa hepdlob2avki | €
the refl ector 4 ate 7 |s IP the gai s%dpo ertlon ter-cogl Ed shkoud
75 is. show®tl ice 1 igu referred dlam er an
for the orifice 68 are believed to be about 15 and 50 mm,
15 respectively, though optimum values for these dimensions
" can vary depending on pressures and focus, deflection

coil current, and overall geometries.

Ags noted above, the condensate hood 52 is

- positioned arcund the parts 20 to minimize the deposition
20 of ceramic material on the interior-walls of the coating
chamber 12. According to this invention, the condensate
hood 52 is also specially configured to regulate heating

of the parts 20 as required to maintain an appropriate
part temperature during a coating campaign. More

25 particularly, 'the hood 52 is equipped with a movable
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 which
the temperature of the coating chamber 12 is relatively

30 low, the reflector plate 72 is positioned close to the
parts 22 with an actuator 74 to maximize heating of the
parts 20. As the temperature within the cecating chamber

12 rises during an ongoing campaign, the reflector plate

72 1is movedfaway from the parts 20 (as shown in phantom

35 in Figure 6) to reduce the amount of radiated heat
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that surrounds. the plate 72 to inhibit gas flow between 4Hebremsndedsat e
hood 52 and plate 72, and thereby reduces 1is pressure |oss between the
hood 52 and plate 72. Shown in Figure 7 are nmanipulators 77 that extend
into the coating chanber 12 through a ball joint feed-through 79 in the
chamber wall. The nmanipul ators 77 are used to assist in.regulating the

heat i ng of ts 20 20 by noving ceram c or ceranic-coaé&&Q l.egct.ors
80 (showﬁ”égggﬁgéanular material in Figure 10) toward or /ﬁﬁﬁgﬁﬁ%he
cruci bles 56 during a coating canpaign. Mre specifically, due to their
proximty to the «crucibles 56, the reflectors 80 are at a very high 25

t enperat ure ring the coatin oce ~an herefore .radiate heat. upward

t owar d therﬁgﬁfag‘t%ﬁi. qﬁfgka%ﬁ%t R{)l}e ﬁ%%gr% I'at e nbyte?h% FEAER0orsP80 i s

general | y phr&s n8Ri nuemwhba thereefieadbly Soremshtl| osestat ostheable

cruci bl es : by myvi ng r @kl or 5. 3Q+80 from
Aol iEan Oemlerlearl b abBet ' 8ble@hor 5. 3Q,80 guay,
&8956. ere e’ 5

the crucib ) ectors 80 are preferably supported on a
fl ui d- cool of Pt acampaicmat Webkle Aétadpmeant abfy theli apeimem ablewedparts

20];|Ast% E:;é%;&'ih Zt?émﬁéihlﬁﬁ{rérts(e& ..C,anabaﬁﬁseﬁii#@agpnjits{wcatzegag@{d_ heot hte |
refrirector pilate, Q regul ate e tenperaifure o art s el ng_coate
Vil t hin t heT@Fafigg GRghbendth 1‘%‘&%%38‘&%}%062%1 y-57 I8 BraPUSeey 21

175 duringaag @N@@ieNyrX s girofbté he hegennnigotn and AR DH, blhge
reflectors 80 are ori inajl%rlocaéed near__ t.he cruckgkes 56. to Ximze
e S5 tHas

heating of CPREIHG tEBRETANE S al’ B CRodd P Y SHFed or LY 3hay

fromthe braincidiuresthifrd cfordute ¢dravbounbadbingadiosnt ethehegmrtIo28urvive

the coating.c vick.an : e A . the i t

W t hi nqloheq‘gogﬁqr?g{a%a%gr %%‘?@pf&?g‘?gﬁ’?’g?f gﬁlr%lg gﬁgswgﬂ-‘?{é%érzat ure
al | oy, suclhgs condaniadtehdeodlFdywWaieh bEexreflerssresdate of2 algrdnul ar
material, the reilessoppAd el daberdter@asandd akhyoaay F9r manghbaye

essentially any shape. "For . examnpl. e, e or re plates at e ith a -
refl ective haelsurégungg the plate 99 Lo 1in f%f% gas %ﬂow etween
the condensate hood 52 and plate 72, and thereby reduces

15 pressure loss between the hood 52 and plate 72.

Shown '~ in Figure 7 are manipulators 77 that
extend into the coating chamber 12 through a ball joint
feed-through 79 in the chamber wall. The manipulators 77
are used to assist in regulating the heating of the parts

20 20 by moving ceramic or ceramic-coated reflectors 80
“(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 very high

25 temperature during the céating process, and therefore
radiate heat upward toward the parts 20. The amount of
heat radiated by the reflectors 80 1is generally at a
maximum when the reflectors 80 are closest to the
crucibles 56, and can be reduced by moving the reflectors

30 80 away from the crucibles 56. The reflectors 80 are
preferably supportéd 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 reflec;or; plate 72 to regulate the temperature of

35 parts 20 being coated within the coating chamber 12
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material could be used. As a matter of convenience, the r&Félwoayr20080
could be relatively large pieces cut from15 ingots of a material simlar

. to that being. deposited, though it is apparent that other ceramc
materials could be used. As noted above, the ingots 26 of ceramc

materi al are supported within the coating chanber 12 by 20 cruci bl es 56
that retai Ry ffgsP®d ten pools of ceramc material produced b Ctlﬂfﬁgﬁéﬁlg”
beans 28. One of the «crucibles 56 is shown in greater detail

-as having a three-piece configuration. An upper rrerrber 82 with a taper ed
upper surface 84 is assenbl ed with a | ower 25 nenber form ng

t her ebet weefdi riepolaant dafsiage FhamddWpigh wWhaikcheyat e ] ui_t abl e
coolant is flowed to | nt%ﬂ%t he E{ e EﬁLgrat ure of theb(t?%u(l:ﬁ%%ec;q faow t he

nel ting t eMFEERHEY oF TS ﬁ r €% | eFighnalave lomted arlgarshown

in Figure Hhe \Mms:eﬂbl\esksesmcmath&ﬁ $elatGied J0 hangert 8- 9o, dBEr ease,

the Cross t on 0 [ea f the SS bet ween ' a cool ant inl et
and out%'I q:ter94£?'[l éér\eglg%ns eth@?rﬁhﬁ’ @%‘h‘aﬁ%u?ﬁtyaway pEEPBY [ ERe

rrat eri als f erudidlasca®l to S6edyce opper amount ofippadiatkdy hedgcessitating
that the coolant flow rates 18 4 February 2004 WO 01/57288 PCT/ USOQ 21175

t hrough t he passage S | ruci bl e wa

nearest the nolten pg% P%%E{)P@? gﬁ%n§b%@1?§0 C'Jﬁ%%&bglq ‘?%Ieo?%%'érakhfae of
the ol t enPO&EHARE QL | §heyi BBRLPHLaRPIPgu7E 10Vitdvd asther t beatdngcussed
in 5 refer emember Figurese 1praférkdl heoeﬂnéat S Qeqm%ﬁ té%BEQEﬁ{»éb' y

projected Q othe ered surfgig as _the i

Consequentlag’ O SiUEt 3or2tRECER F‘EF 2 PVaéé‘c@f atsné‘{'tﬂp?)er Fafberds2 to
be adequat elfy ao@mhulamemaltiemﬁaé.ss thet e flaldt &6 most @eumima‘e zed-to
pronote io0 | 80 [ chanlc stren th of

t he cruci bl Ie%%%glt&?ﬁ'ri e%rpw§e Di ecg gl’gjl;.l,gl %F%gntcc auf"é‘u ?ﬁet hi EOT

i nventi on EFeMPlEat e@n@heorf apreattlares avaded nwitbon&i gnefileoniter; the
cool ant material could be used. As a matter of convenience, the

reflectors 80 could be relatively l'arge pieces cut from

15  ingots of a material similar to that .being. deposited,
though it is apparent that other ceramic materialls could
be used.

As noted above, the ingots 26 of ceramic .

material are supported within the 'coeting chamber 12 by

20 crucibles 56 that retain the molten pools of ceramic
material produced by the electron beams 28. One of the
crucibles 56 is shown in greater detail in Figure 10 as
having a three-piece configuration. An upper member‘82
with a tapered upper surface 84 is assembled with a lower

25 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

30 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
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passage 88, as well as enables the thickness of the wall #5ebeary26@4

produced with tight tolerances. Wiile an optinmal configuration wll depend
on various factors, a preferred coolant flowrate is about five to fifty
gal l ons/ m nute (about twenty to two hundred l|iters/mnute) using water at

a pressure of about two to 20 six atnpspheres (about two.to six bar)

t hrough a 88 whose cross-sectional area. is about ‘gﬁ%ﬁﬂﬁﬁalﬁ@d
with a ngﬁﬁﬁﬁ%gﬁ%ll t hi ckness of about 10 mm adj acent the surface 84, and

about 7 mm adj acent the ingot 26. Figures 11 and 12 represent a preferred
pattern 25 for the electron beans 28 on the ingots 26 to formthe pools of

ceramic material. As seen in Figures 10 and 11 the beam 28.is al
broj ected GHEGUGHRt CREr (RRATFHS L RS BPRE| B% SHFFAEECHE | Hiedioail e
sur roundi ngrifae Hirgota B, 96Wnehrelse e moktenf poreibramP2&ivn ihgot

cruci bl e syrface 30 84. The pr, rr disLri Lan . 1 he ectron
beam 28 i sgéhéﬁ]i ?P%%%Urgﬁfz_tgb%}%\%%r%\g% stﬁ%cgtgggegnéjze?rﬁleé' ﬁg

i'ngot - cr uciilgl eevhdent adeomi Fhghiet 18 ,orand asowtursherd ditsaussednisr of
the ingat 26.. Ac di IS 4NV, igp, t b ' fdi h Ngsuch
hi gh beam ?fierﬁegigc{s%tle%s%g%;%g rolr%tﬁlgacg%t'er 0 igﬁgé% itger?@;%nglci?sgg 19 4
February 206 ia@ali/s7p8e] Poredsontel 1% repRreed t BHIEREE & 39i VEiLAg,

whi ch is genengld yihen s . drephgbqgAbnilt edrceyraidx fsr etRet edr byt he
' pool during coatlng. Spitting is soci at ed m%th defects in the oati ng
produced oSUH@gsareE 5be HRPEHePEFBFE i8¢ SEPr BPe AU ekt ¥edoCPri ecti ng

the beam 28 entihilditness ust btRe5hadr 6s rustr duuceidiwl zedund prometani c
that m ght otherw se i_l dup.. %e CL ? : ue spi.Lii0g. d al so
provi dé¥ afde er&Aer abit 5?11011 'strEBR #‘gﬁggg _oss'Eﬁﬁ_e n‘lﬂ%%ié‘%ﬂﬁgg - as
det er mi ned stirtdngtth i of rehedcinagbhg. S@hen TS nil tiple dgiepe FHycible
material, Al g feam i nteasi liassal BRI I N fdlM €addsarecgn the
order of abou ; mR, as . , ,
fabrication of an optimal configuration for the coolant
passage 88, as well as enables the thickness of the wall
15 96 to be produced with tight tolerances. While an
' optimal configuration will depend on various factors, a
preferred coolant flow rate is about five to (fifty
gallons/minute (about twenty to two hundred
liters/minute) using water at a pressure of about two to,
20 six atmospheres (azbout two to six bar) through a passage
88 whose cross-secticonal 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

25 for the electron beams 28 on the ingots 26 to form the
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

30 84. The preferred power distribution 98 of the electron
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 directing such high beam

35 intensities away from the center of the molten pool is a
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conpared to a maxi mum | evel of about 0.01 kWnmR2 at the ddmbsvarpR0dhe
pool. is Also shown in Figure 10 is that the electron beam 28 is incident
on the surface of the ingot 26 at an oblique angle so as to establish
relative to its respective EB gun 30 a proximal intersection point 100
and an oppositely-di sposed distal intersection point 101.20 with the .

crucible 5@@516579@ perinmeter of the beam pattern. As shown E’&TE}E@H@%";L
uci

the preferred beam pattern intensity on the ingot 26 and cr
slightly di mnishes, preferably by about 30%to 700 relative to the
remai ni ng perineter of the beampattern, 25 at |ocations on the crucible 56

cor r espondi-gg,teqt Renderyy "ebr agdidishal iwﬂi%ﬁeféiQ@nQQSﬁ? J“q,%ﬁang 101.
y of t he

The purpose of reducing the intensit the beam pattern a pr oxi mal

i nt er sect | SROBOEHL OTOMILL S GRRRIRES b DsPIRCLBE £KOTCLHE FRP5EIByia%e beam
28, while ¢e84ehgy t hesBi:bbegn i1 easisoeiat ddewdicht aieFBEEESESHI OFRPOI Nt

101 has been_shown_to red ceowavg: gener at ed 2%%/ thagﬁgeatg}f 26 on the nolten
cerani ¢ podP2FrBH p8§ﬁ’fjH§e | ©&n amPEover “Yhe e OFEEHPTTF uctBl e 56.

. Anot hes ppeéEersblyonavolidédat ur Pwijeadi im0 theebeaar y28004ni® 0d1&7288

PCT/ USOQ 2 i Ryentd o t he. op, he ise-th ility to
tenporaril %};‘g%}érﬂrgur%é t%%{_g%%mtﬁgjat%ﬁé%nEPEe%gﬁbﬁ%gzceéfof cg?%%‘%r uec/' %res 56
W th a sepakraht hpggl@rfmlﬁteenémiyl%mmpatt@t?-n grudabileat 66 t el hitewi ng a

faster ev {@EEQQBS bAle Y86 apTiRlikedl €d | Ricledelovied e%ﬁﬁﬂ%f

ceramc that nma econme deposited on the crucibles 56 as a. .

spitting. %FEW%HF&PE‘ ACTPRS| t FBhEERN BRPL pésf ciekerBinehg Wi

coati ngo operftheadw imakdimigral omien ivg@ctien tibeddepesi tiHn pPlesss. In

a preferred odi rrens;gsglr%en t he operator,  i.nitiates an excursion of the
a

0 e
separ at e prﬁ?%%?ﬁa 7 t3-& t %FMoutPETRS81-16E afitc t REHRcibre 56,
the patterhigires I2rsarautemttileal lopdawposi t abned t 0.2 kkWimmppsids on,

from\Mﬂ(ﬁEéﬂﬁaPé&t%ﬁﬁ a maximum level of about 0.01 kW/mm*> at the
center of the pool.

15 . Also shown in Figure 10 1is that the electron
beam 28 is incident on the surface of the ingot 26 at an
oblique angle so as to establish relative to its
respective EB gun 30 a proximal intersection point 100
and an oppositely-disposed distal intersection point 101

20 with the crucible 56 at the perimeter of the beam
pattern. As shown in Figdre 1i, 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 pattern,

25 at locations on the crucible 56 correspending to the
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 c¢rucible 56 by the beam 28, while reducing the

30 beam intensity at the distal intersection point 101 has
been shown to reduce waves generated by the beam 26 on
the molten ceramic pool from pushing inolten ceramic over
the edge of the crucible 56.

. Another preferred control feature of this
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97 can then be manual |y noved under, the direction of the4if€bsgsy 300t
toward the ceram c buil dup. By automatically returning the pattern 97 to a
known position, the |Iikelihood of errors that could | ead to damage of the
crucible 56 is reduced. Alternatively, the position of the pattern 97
coul d be preprogranned so that the 20 operator can enter -the | ocation on

the cruci £t 0 which the pattern 97 is to be projecte
bui | dup (t}h’%t he cru0| ble 56 that cannot be readily renoved ngtjﬁig%?cﬂig‘ﬁs

pattern 97 can often be removed with the manipulator 77 shown in Figure 7.
25 Magazi nes 102 that house and feed the ingots 26 wup through the floor of

the coati ngfhANGy 13candchot @1ddiaef uekhlgs 56 aan bresean infi gy es 1

t hrough 7 seen in Figures 2, 6 an
has a nunbdremgorsaikar mﬁerwﬁﬁn&k@ 1laﬂam nPRRFBRN3OT H&§ n@wéags &fe

hel d. The magazinesibA2s otat ilth hENUSXDAFEIOES h&@ﬂé&t—q_rﬁiéﬂﬂ[‘@%ﬂt béizgh t he
cruci bles 56. The magaé $ es 103 can al g& nQve tovx%egrtand awa rom each
other (i.ePatta®haf’y 9#ELE7V8%t £ n8COIEVARY ch ST 2FVRROGAFECR t o
make adjdistimiY sober ar weidille anpardhi ordas and dviehyt @pahyi zerkhd c
coating zone qver ich the .21 ryar 00 57288 PCT/ UsQQ-.21175
devi ati on ﬁ“%aﬁ‘?% ?ﬁ?lgﬁngggoﬁ%gggce% kfe At?‘ﬁq}?%eéé% %re%ﬁaﬁl E780ded to
grip and fesi tdpetitigod s 'Zﬁ‘hlraoftem:umir ueifl gdhe56 igaeatdldny icsed ude

cl anpi ng ar, h cbgfé} ‘@%}QJ, o] {al
and adapt eég% foorrﬁgﬁdg?ﬁin%\\ll\gh%rgt ?r?g'&%gg ts Eg%lc?g ace V\%Qﬁ%lﬂ By o
magazi ne 102npact nd@&edthﬁrhedﬁﬁﬁéﬂtéﬁ@l ofPTERAE S m 601nen3ag§§etfl¢ér6d

evapor alj NeuiPimefy , Waheh fokd | bbatr@soxf eﬁ@li@gawg Laﬂg%xc%@réﬂoﬁn afpwar d
direction W|th an el evator 61 WI% ut aIIo ﬁgplng arm 60 to
slide 1o ddWfFPTHREF dPAthEF2z3t ﬁo"sﬁ‘i‘? v5h B £t GEFAREE to

cause | ammigiy wthe t Beuttbile nechanhempa tAcoor d?'hgm oftheti auentmacmicaaagh
Magazi ne 102p051tloned to a known position, from which the pattern
97 can then be manually moved under the direction of the

15 operator toward the ceramic buildup. - By automatically
" returning the pattern 97 to a known position, the
likelihood of errors that could lead to damage of the
crucible 56 is reduced. Alternatively, the position of
the pattern 97 could be preprogrammed so that the
20 operator can enter the location on the crucible 56 onto
which the pattern 97 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.

25 Magazines 102 that house and feed the ingots 26
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

30 the ingots 26 are held. The magazines 102 rotate to
index ingots 26 into alignment with the crucibles 356.
The magazines 102 can also move toward and away from each
other (i.e., laterally relative to the coating chamber
12) in ord_er-'to make adjustments for crucible separation

35 and thereby optimize the coating zone over which the

21
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sequentially aligns the-next ingot 26 with the |ower end 4dfehrtrry 2004
evaporating ingot 26 within the crucible 56, and 15 the el evator 61 feeds
the next ingot 26-into the coating chanber 12 behind the evaporating ingot
26, with no or mnimal interruption of the deposition of the ceramc
material on the parts 20. The viewport 48 noted in ,reference to Figures 3

20 throughyoppspggwn in greater detail. in Figure 13. The vi s -
configured to permt the operator of the apparatus 10 to obslgwggéoﬁi%g

coating operation, including the parts 20 being coated, the pools of
nolten ceramic, the reflectors 80 around the crucibles 56, and the 25

mani pul at of, Lused £ R 4t : s ;80. , th i t 48
i s general Ic%\é'na encl oEsDure thaltrrgei %@?Ejggégg fﬁ%i%ﬁ%%?gg%ﬁertﬁ?é p aet%é 106

with an ofeaCIRLISNHdBFILI08ST IR 8Rdsdmed e nivgess t26 dnthsttdred t he
hi gh t enperatuiias d$ 0sghb¥n8eaC19r ImsBIde0ciampinyi Bk téh  heasgatds<ng

process. A shielding.gas is., shown as hei directed toward the aperture
pl ate 106 gt adg%??s?&oapofant I’?é"ggl?r %s‘é“ %A #P7% 34 ngndoadamged

deposi tison ten hbédwi thew ek airaeimy prisrdotdzehed 1he pBpest e 1 ag106.
Wthin the yi ‘ rofati 35 robgscopi ¢ _dfum.112 serves to

i ni i ze e e 482 34 ’F‘g‘%‘%%g?y 2O VBT 5 P PET, 34750

vi ewi ng wi shgedEs! tithe adewaponatingl i gmgodnd 28 herwhichli afaod lfitameshe
coating chagRefink?. thia a¢gghgansg 4t hkn cty, he dr 112 has
slots 116 throumr]?2 its wal (I% and r ot at_e?aat Q‘ﬁ%’? }ié'%%ct%l eli rh}in@a{jt e ¥ sual
5 flicker FOVREEEbiWiHOWBsBLIEWInGhELR FdGRPERE jarm péef bpabllyide

mul ti plig- pErRRmefardliar tawahdss, al eatosl a68ta Rnd/gy=i00ls ed ghAss, Thgsauartz
gl ass provi d%;s hysi cal strength, .the .l ead as royvi des protection-from
x-rays, aff TH%Dr &P gl BRBYEFs d2BFEPS: 0 Fed | i gBtdt oWPRBBRLEIY. The
vi ewport 4&ckurdiers i nddedesthemagiavientipart i cleacteal hwdghzphevi degza

hi gh-t enper Al Ma0UYM o BA3hs T Bhel B FARASE 0P C LI UM 10f BEL  PLEfer T ed
of the evaporating ingot 26 within the crucible 56, ana
15 the elevator 61 feeds the next ingot 26 into the coating
" chamber 12 behind the evaporating ingot 26, with no or
minimal interruption of the deposition of the ceramic
material on the parts 20. ‘

The viewport 48 noted in reference to Figures 3

20 through 5 is shown in greater detail- in Figure 13. The
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

25 manipulators 77 used to move the reflectors B80. As
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)

30 in proximity to the coating process. A shielding gas is
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

35 strobosco‘pié drum 112 serves to minimize exposure of a
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feature is that the viewport 48 provides a. stereoscopic HFebtiasy 200k

I nterior of the coating chanber 12, by which 15 one or nore operators can
si mul t aneously observe the coating chanber while retaining depth
perception. Shown in Figure 14 is a preferred control panel 118 for
controlling and nonitoring the EBPVD apparatus 10 of thi.s invention. The
control panel %éﬁ?ls shown as 20 including a schematic of t ﬁ?-

and its C8 including indicia 120 for individual conponents
(e.g., the coatlng chanber 12). Also shown are visual indicators 122

| ocated adjacent the indicia 120 for indicating the operating status of

the 25 components, and vm tches 124 to change. th on _of
correspondﬂﬁgﬁ"&ﬂﬂ)or‘@rﬂ f liaéﬂ_' p rabﬁx}gtsbt}r Sﬁﬁjde t Tgauges -
for quant|fﬁ@mﬁmeﬁorrpath&etmestlngch:mtmresiares M t hetbedpaweel 118,

o ggrg}(; e kaere, Bl | e o tﬁssE%P\éQéolﬁgp%%ﬁ@hlo can

ed to al er at
appropri at ei taglj ualhemtusl twottaizes apparaatmlloraha ttee %buﬂimgtﬁrﬁé@:’@l I n.
operati on, “{:;—,?1 ' N¥eaELQR MY ikt kaldd6APPERT 1S
shown ir® F.tlg]l}r d 43% tlpl?afglhéZOg’4 WD 01/ 57288 PCTI LJS00/ 21175 2. As

di scussed mmﬁ@u@b%‘ #hemphEiBleoppBeheLf o EF tZar 81a88de dt #31 0 FHFES akes

22 Wi thin teﬂ?d)c?@%&ﬂof@é”@@&§s 16 Ta5ed rtTé1Q3P@é§Sp£Qvﬂﬂésb nieiead of
any suitable ‘material, such as a ni ckel -base or_cobalt-b ?se S£eral l oy s

i f the partetzengtl: pFhgedesf LG5S RFPIFELRFAESCCIAN THEMCASENE gas
t urbi ne engigre bkades,cqglidyd t ogtasski ngdis witbefhdr amear ateduds, t]J:Lght

surfaces of, the arts Wi d g bon
known %Q)rrp’d%‘??rf‘%ﬁ 85 dlé}t%sgégbérgke:\wﬁl 5“9%‘%% 6_‘?%%:& |% g‘ %91 iting the
cerani ¢ TB@atthicher fseml ofthdte Fomyvicdea & shigdfr éﬁame;ragwrte bIVASWY t o

clean the bonth copl,Suphace o-3fJYRMPICE ahrap! i rmnhﬁathéee fp'ﬁé'f@?:rfe@U' red
for depositing columar EPPVD ceram'c coatjngs. - SO gr
feature is that the viewport 48 Yroviaes ,stereoscoplc
view of the interior of the coating chamber 12, by which
15 one or more operators can simultaneously observe the

coating chamber while retaining depth perception.

Shown in Figure 14 is a preferred control panel

118 for controlling and monitoring the EBPVD apparatus 10

of this invention. The control panel 118 is shown as

20 including a schematic of the apparatus 10 and its
- components, including indicia 120 for individual
components (e.g., the coating chamber 12). Alsoc shown
are visual indicators 122 located adjacent the indicia
120 for indicating the operating status of the

25 components, and switches 124 to change the operation of
the corresponding components. The panel 118 1is
preferably surrounded by gauges for quantifying process
parameters, such as pressures. With the panel 118,
information regarding the operating status of the EBPVD

30 apparatus 10 can be quickly and accurately noted to allow
the operator to make any appropriate adjustments to the
apparatus 10 and the coating process. '

In operation, the apparatus 10 of this
invention fnay initially appear as shown in Figures 1 and
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to depositing the ceranic coating, - an alumina scale is 5 §hrea¥2apdy
formed on the bond coat at an elevated tenperature to pronote adhesi on of
the coating. The alunmna scale, often referred to as a thermally grown

oxi de or TGO, develops from oxidation of the alum num containing bond coat
ei ther through exposure to elevated 20 tenperatures prior- to or during
deposi tion eram c coating, or by way of a .high tenperature -

t r eat ment nggfél ?%ally performed for this purpose. Accordi né)qréusqoﬁilg’s

i nvention, the parts 20 are preferably preheated to about 1100C in an
argon at nosphere. Wen not being used 25 to preheat parts 20, the preheat

chanmber 14 4s prefe I Rf,ad ab to,pinimze the
tenperatureé' rarfgge ?gg\%\%lsgﬁat ﬁﬁeﬂ}:‘ﬂlg%‘tl)%iry'mg_ﬁé gjgagﬁg:e%tggl (rll-lﬁi § £93HHai gn.
Af ter prehefe n§Odferi Pntife Prehsakeshdrberitiin t30e t headdkes Aamsers
further extendgddi ntgd t heheoatd Ao chaMhgk vigusly n the
apparatus 10 of  this inventiegon IS parti uljigerl é\ég@% igéukrjeéx%,o%é@g:oasl?]ﬁ a

cerani c codtATRF tfiter SHRE 8FefatifkRedinfie ebnarbadhsbassughpanaRianey et
al. Prig tifighéi ghirtg t3® g8t bladRs WOCLS§as- +13HGle VagaugLcheck. is
preferably perfornmed to 24 J_4 February 2004 ?\D 01/57288 PCIT U 21175
track the pUNpdSHRTr &'e THY pHESIOFe eéé’ﬂ%‘?/eﬁ AReRin RBEQr BP @RatdRE i ng,

preheat andvidadthg cippéeasus?, 104, theé aufdfesurdmgthesebaitse yaari od.
whi ch. 5 et A BTy PBer PR AEA £ h A3 Por ar tBD G at bene MiHifough
an’ oxi dat i iPResitpien oraed dhscuesedi chaeviepsetivnens. Alke chpatifrar s tl2, 14,
16 and J8 psvacudd ethe Wekhantihe FRENAMLEaLPEIRS Jr fL0M ALaRSRACT C
pressure, .and then bl ower conmenced when pressures drop to ar oG t10 20
mbar. The crydRjether 935%| B1agteret4pIG) Sathrtel Dondncaapr ssvifiee et
about 5x10ehdrbasrocduceacard. opthaieal tarrfddie difh1sh ONrBHIRS 32 - 34
are st arte%efp(%:rsiting columnar EBPVD ceramic coatings.. Also prio.rr
to depositing the ceramic coating, an alumina scale is
15 preferably formed on the bond c¢coat at an elevated
- temperature to promote adhesion of the coé.tin’g. The
alumina scale, often referred to as a thermally grown
oxide or TGo; develops from oxidation of the aluminum-
containing bond coat either through exposure to elevated
20 temperatures prior to or during deposition of the ceramic
coating, or by way of a .high témperature 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
25 to preheat parts 20, the preheat chamber 14 is preferably
maintained at about 600°C to minimize the temperature
range to which the chamber 14 is subjeéted during a

campaign.

After preheating within the preheat chamber 14,

30 the rakes 22 are further extended into the coating
chamber 12. As previously noted, the apparatus 10 of
this invention is particularly configured to deposit'é
ceramic coating under the elevated pressure conditions
taught by R;i.ghey et al. Prior to initiating the coating

35 process, a quick vacuum check is preferably performed to
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v

the coating and preheat chanbers 12 and 14 when a pressurkFeffrualy@9045x10° 2
nmbar is, reached. Suitable 15 process pressures within the | oading

and- preheat chanbers 14, 16 and 18 are about 10-~ to 10-1 nmbar, wth
suitable coating pressures being about 10-2 to about 5x10'2 nbar within
the coating region defined by the hood 52. A dual -el enent ion gauge 55
provi ded W4k, a-ggnual shutoff 20 valve 57 is preferably useg#gsiiRafisr

t he 'vacuum “pressure within the coating chanber 12. By using a gauge

wi th independently operable elenents, either element can be selected for
use w thout i nterrupti ng the coating operation. Alternatively, two ion

gauges sepg{,géﬁ chY dutpdRRY ol ghBeppegyidedacsq bal WBidhel sauge

could be use Swi't ched wi t hout |nt rru tlng t&ﬁ} coatln operatlon
g

a preferr edfasté@ctc%ﬁlt%%gs Pﬁ\%’ﬂaltonan heCagip 3:j d%retlr abI y
started prigh tiptBRr3Gedi &f WONtPrED ;Bél:.-:_cﬁcontramglﬁg Rd ogewagtlg@ |n

whi ch  bot unps 32 an 34vvere.t icIIy t ted at the s tJ

minimze i@ @EBEWF-HGptg‘r? Y ot a@frp g BeSFEPtaFﬁﬂfutsngln%'r c purrp
32 befoge kQQ rfefvlis:hmhpup@rfaﬁmhdswhean ;fmund 4Dt s ERPVD aqmi-eyti@dﬂce t he
amount of 3 ui red. a r e 4
February 25% 01/%’728%}‘19%,%’% %ﬁ%s SII’ 8 n‘g Spél%sllzﬂgl(?)}lgis
starting thpecipegeni c Tkpe,unphstﬁbprsorl%o tdhe R f&ndl éﬁ |@u=r¢p W@#@Mes | ce
bu I'dup-on, t bg Ciﬁ’é)gfﬂ@bﬁaﬁﬁ.gal?’ urhl S3hCeE A BembepRyedc Firébeypad of a

coating canpal gn or an nvenl ent s tinme. During the coating
opér at i on, apfle tyesctd d?ito"{ﬁérar%OVE‘Be%‘F%df BRERBTER SURES] B B, aF‘PI‘é’F‘éby

form ng, tag Mbd£n poghs @‘rﬁﬂ_jéﬁm@ pochpvappr S.o t pabfdepdlivt Startde parts

20. While various coatin rraterl s could Olus a preferred ceranc
materi al fWREPBCE anHr?ﬁgPE?oré’ h%b"?‘ﬁﬁotg’ }é “g??coﬁ‘l S (D %eg'

partially ohelrehlfyerst alid |d:€ﬁf1h§/lgﬂtpulap$e3@ ;‘:lnﬁ%BZO%rq:)rﬂiaertasbrﬁyfd% 8%
the coating and preheat chambers 12 and 14 when a
pressure of about 5x107° mbar is, reached. Suitable

15 process pressures within the loading and preheat chambers
'14, 16 and 18 are about 107 to 10" mbar, with .suitable
coating pressures being about 10°%? to about 5x107° mbar
within the coating region defined by the hood 52. A
dual-element ion gauge 55 provided with a manual shutoff

20 valve 57 1is preferably used to measure the vacuum
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

25 valve could be provided, so that either gauge could be
used or swiﬁéhed without interrupting the c¢oating

operation.

In a preferred aspect of this invention, the

cryogenic pump 32 is preferably started prior to the

30 diffusion pump 34, contrary to prior practice in which
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

35 time re(quiied to attain the coating chamber pressures
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Y203), though yttria stabilized with nagnesia, ceria, catdigpruanégf@ta or
ot her oxi des could be used. The 15. coating operation continues until the
desired thickness for the coating on the parts 20 is obtained, after which
the parts 20 are transferred through the preheat chanber 14 to the |oading
chanmber 16, after which the | oading chanber 16 is vented to atnosphere.
The vents ' referably at least 30 mmin dianeter in or : ‘
i ncrease tﬁgﬁsgﬁgfﬁg rate, but generally | ess than about 60 ﬁnﬁ’?é}ﬂ%@gﬁeter
to avoi d disturbing dust and other possible contam nants within the
chanbers 12, 14, 16-and 18. For this reason, it may be desirable to
initially 28egtatdwifolr ahdnmlirerent boet er Whal ¥esthelioed Hy @regaeic

di aneter val V@. %I epxou6ri q:voentti Qn a% b%en described. in ternsg ©of a
preferred eRBSHi gt PIECT s Shpdisnt SrRAFSSPRer PUFB, né4c RFIMBESSdobt®d by
one skill edbihldhp ent thE0 caytageatiing|pyump a2 scobisoficeurcamisnt tamovedt 0 be
[fmted onky Bhel Rind b M BYatliAlansh it OF UBRY 2000 AL, Jop AN

el ectron beam physical vapor deposrtion-coating apparatus conpristng: a
coating hakb8®-containing a coating material, the coating chanber being
operabl e at an elevated tenperature and a subatnospheric pressure; an

el ectron beam gun propaethgg @méﬂfﬁ&éﬁ&h%eaﬂbéBEEiohbe GeRl | Ny Lhapher and
onto the coatin terial, the | ectrqQqn beam gun bei ng operable to nelt
the coati ngbe"ﬁlﬁge %1 25Rd 75 of 5t éﬁ'f?olfﬁﬂogﬁat‘%sng grﬁ?é'ﬁpa'l EorEminRg f or
supporting aheamdiden i pobhe cdfat cagambanzard sapbhat tiapor gepbstilie @pating
mat eri al de i t article; ; i Lt for_view t he .npl.t en
coating mﬂéﬁ?a#dg%%[#?fthyééﬁﬁié%gﬁﬁgﬁbgggaﬁ? \Hﬁﬁﬁﬁ}?fgeFﬁfld be

fl ui d- cool edsedndaharedgraedagaudnlparatertatefiby TBE Vizaghditiepringeli ng

a stereoscophe Vigyoof e coali ng.CRAMMET (zro,) partially or fully

stabilized by ytttia (e.g., 3%-20%, preferably' 4%-8%
¥,0;), though vyttria stabilized with magnesia, ceria,

calcia, scandia or other oxides éould be wused. The

15 coating operation continues until the desired thickness
for the coating on the parts 20 is obtained, afﬁer which
the parts 20 are transferred through the preheat chamber
14 to the loading chamber 16, after which the loading
chamber 16 1is vented to atmosphere. The wvents are

20 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 distﬁrbing dust and other
possible contaminants within the chambers 12, 14, 16 .and
18. For this reason, it may be desirable to initially

25 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 appareﬁt that other
forms could be adopted by one skilled in the art.

30 Accordingly, the scope of our invention is to be limited
only by the following claims.
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2. An el ectron beam physi cal vapor deposition coating apparatus according
to claiml1, wherein the viewport conprises a rotating straqg %coagivl\gg&{um
t hrough which the article and the nolten coating nateri al SO 77 3. An
el ectron beam physi cal vapor deposition coating apparatus according to
claiml, yhergin the viewport conprises a fluid-cooled plate with an
aperture separating the viewport fromthe coating chanber. 4. An electron
beam physi cal vapor deposition coating apparatus according to claim 3,
wherein the viewdort further conpri,ses neans for di.recting a,shielding gas
at the apert uPd CEPCETRBNFGAR) POYEACEL ARDAFCEERGT L5akh SRYSEH vapor
deposi ti oppRaLItG RERAHakWS according to claindl, wherein the viewport
conprises: an enclosure; a window to the enclosure; a fluid-cooled plate

wi th an apert use cogpangt ichgrbles centkésdng Br epathadcsationgadhabéer; a

rotating %&k&ﬂ?@ﬁ%&%%b%&“ e 'ﬁhBBeEgﬁléngkoaﬂr%1e%Q%%H9QéMEé%Et%%% ol ten
coating material” 1S viewed; and “a shiel ding gas flow ng afFong the
aperture. a8l @l2ublaNTcRNAERONAP rABBLIEATI ON PUBLI SHED UNDER THE PATENT

COOPERATI ON TREATY _( PCT) (%9) World Intellectual Pr opert¥1 g%ani_zati on
| nt er nati onal B&r Cp@Epn beam gun projecting an electro eam into

1111111113 EbEH L EhhhbEEL DR EL bbb bbb b1 hE LI BT 1hinle 1111 111
(43) International Publication Date 9 August 2001 (09.08. 2001) (10)

| nt er nat i GgictPedl beam eroNpeiag WoeTab3e28® Meltsthel wogtdad onal Pat ent
0 e BT G MLEOEE Ly A g gl 104, O Faton Court
Nunber : PCT/ USO@edhl7 F o2 Zuplpatreinagt aanalrtBicliend nDahe: cdaAuguds ich200@ r
(03'08'20282that vapors of the coating material deposit on the

article; and

a viewport for viewing the molten coating material
within the coating chamber, the viewport being fluid-cooled
and having a magnetic particle seal, the viewport providing

a stereoscopic view of the coating chamber.

2. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the viewport
comprises a rotating stroboscopic drum through which the

article and the molten coating material is viewed.

3. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the viewport
comprises a fluid-cooled plate with an aperture separating

the viewport from the ccoating chamber.

4, An electron beam physical vapor deposition coating
apparatus according to claim 3, wherein the viewport further
comprises means for directing a shielding gas at the

aperture,
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(EBPVD) apparatus (10) and a nethod for using the apparatus (10) to
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material (26) deposit on the article (20). The operation of the EBPVD
apparatus (10) is enhanced by the inclusion of a viewport (48) for view ng
the coating process perfornmed within the apparatus (10).
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