S 3 February 2004 ELECTRON BEAM PHYSI CAL VAPOR DEPCOSI TI ON APPARATLUS -
CROSS- REFERENCE TO RELATED APPLI CATIONS This application is related to
-co-pending s United States patent application Serial hbﬁ %g%%géggyzgggket
No. 13DV-130411, t | i orat ed_he

r ef er ence. FIELEgége?ééﬁlﬁﬁ%ﬁﬂ?@fﬁgggg ?%6%%t$ﬁ#5ék$@@%]$§P$%$%¥%s to an

el ectron beam physical vapor deposition coating apparatus. Mire io
particularly, this invention is directed to such a coating apparatus
adapted to deposit ceram c coatings on conponents, such as thermal barrier
coatings on superalloy conponents of gas turbine engi nes. BACKGROUND COF
THE | NVENTI ON Hi gher operating tenperatures for gas turbine. 15 engines
are continuausly sought in order to increase their efficiency. However, as
operating tér it ENGe A FELATRD MBS RIONS ure durability of the
conponents of the engine nust correspondingly increase. While significant
advances have been acMhﬂgHia@piﬁéiﬁ&bnﬁoﬁﬁiC&@liﬁéhco@@|fF€a§%n?ing
superal | oys,;,.t.he hi gh-t enperat ur ca ilities of these a s aloné are
of t en iénadec?tfla]t@eea}f gFa&‘Sﬁpoﬁgﬁ?ggl o B B r (S Ao cti%ns éittargﬁg

t ur bi ne engilieketuctiNas thaDVuib042] , corhest aorartitsaugnent Which A a@anon
solution is 4 5%§g Iasula onponent's in order to mnimze
their serviggﬂlt nﬁ%@%%%ﬁ%%%ﬁ“p%&’%%ﬁ?ﬁ%%ﬁi@e, thermal barrier coatings
(TBC) forned on _the exposed surfaces of high tenperature conponents have
foynd-mﬁde.&@@gmicf'ﬁ%%¥J§WFﬂﬂi9¥'To‘be effective, thernal barrier coatings

must have |l ow thermal conductivity and adhere well to the
This invention generally relates to an electron

beam physical vapor deposition coating apparatus. More

10 particularly, this invention is directed to such a
coatihg apparatus adapted to depbsit ceramic coatings on
components, such  as thermal barrier coatings on
superalloy components of gas turbine engines.

BACKGROUND OF THE INVENTION

Higher operating temperatures for gaé turbine.

15 engines are continuously sought in order to increase
'~ their efficiency. However, as operating temperatures
increase, the high temperature durability of the

components of the engine must correspondingly increase.
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 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. ‘
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conmponent surface. Various ceramc materials have been enployed as the
.TBC, particularly zirconia (ZrQ2) 5 stabilized by yttria §¥203hyy JR@NESI a
(MyO or other oxides. These particular materials are widely erployed in
the art because they can be readily deposited by plasnma spray and vapor
deposition techniques. An exanple of the latter is electron beam physical
vapor deposition 10 (EBPVD), which produces a thermal barrier coating
having a col umar gr&® nbst efiéeaEévenathermgdl dawrispandatips must

under | yi ng igdpst nafe whbbRHL CamSdie: DABEI Rgid ShaRsses et leadche
spal l ation, and therefore exhibits , enhanced strain taol erance. Adhesion of

the TBC to ¥R HonPBhEATSr s of FelPH%ir ERERMERhFREET W & hRAVF e8EREe of a
metal | i c bammboatd saeh ashen dTBCYSI graAdiodlxdes or zéBconia  (Zr0;)

oxi datj on-rgsj,si-an | h..as Y, where M.is ,.jrqn, cobalt and/or
e LR
preheati ng one : n
inserting the qopponent patude healed aeathag fé@g@f% d%;j’dél&e@%' ng, the
conmponent is. supported in_proximty to an ingot of the céramc coating
material (RIPSNYFPraamPAnaPLE fBPCHERhPYcheFBREGUSS - 258N SE¥RERLEON beam
(EB) gun i soprehectadrent st ke ddtgein SramSphiPsi®il {Agogunkaesidfiohhe

i ngot _ and p( a vapor _of .the coati.n terial,that deposits gnto the
compohnt . " MBECh | REOGUSEPnG IR, VeRA TS RArheaPn LR af%a
pressure ofaabolitimfa®0yrsbar . stighenrpr €bstr eiss webde 3@ cavexplead bedahse
control of el . m | di ffj at : es out

0. 005 mbar ,it{'/.\ngt hu%gé;rg ilglﬁgpe%g??gﬁg &i ng?v%tg%%ﬁrl% ed C%[L&cag‘gz{i ngad?:‘%§§€§tr)
pressures aHoREIEDIDhabaleaft tRaFRA L@ e et haerefnse| erddbatsof t he

EB gun woul ghhgeai® sephafl n1ed-adrce3d opahakednwidh gpat itk chanbeke

ressures above 0.005, nbar, 2 February_ 2004
P 15 component is often %urt er enhanced by the presence of a

metallic bond coat, such as a diffusion aluminide or an
oxidation-resistant alloy such as MCrAlY, where M 1is
iron, cobalt and/or nickel.

Processes for producing TBC by EBPVD generally

20 entail preheating a component to an acceptable coating
temperature, and then inserting the component into a
heated coating chamber. During coating, the component is
supported in proximity to an ingot of the ceramic coating
material (e.g., ¥S8Z}, and an electron beam generated by

25 an electron beam (EB) gun is projected onto the ingot so
as to melt the surface of the ingot and produce a vapor

of the coating material that deposits onto the component.

In the past, the coating chamber would be maintained at a
pressure of about 0.005 mbar. Higher pressures were

30 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 was also believed that
the interior of the EB éun would become contaminated if

35 operated with coating chamber pressures above 0.005 mbar,



and that the life of the gun filanment woul d be reduced. According to
copending U. S. Patent Application Serial No. 09/108,201,t0.Ri gney al .,
assigned to the sanme assignee as the present inventi on,3§?ﬁ‘l‘&ﬂ3%5 aglgér#g
pressures of %reat er than 0.010 nbar _can be enpl oyed to produce TBCs with
si gni fi caftd y¥pFBvett T4l FaE i B FédPEERh T Hid PF etREESF Y her mal
conductivity. adentidigndoy, cddend@uld uhe. desiteabl epbfl i st idir savedh 1IEBRYD

appar at us e ail abl e that reduced the risk of EB gun contani nation and
D ane oy e 2B ke T 19 RroR o crSHATED 8 APpat AR S5 SnEBarT alfe

pressur espadxatg An@t0t b, DAPVECCoadangepwnssdufdsgray @leatal. BRUEFO SUMVARY
OF THE | NVENTI ON The present |nvention vi des. an, el ectron_beam physi cal
Vapor depbeiR i G (HosdE ouppat A BT EE HPOAEERY BLEREE SRt o SR EoYed
ceram c témaiigltibarri eesicoainiceg) endan ssducelde. Abeandl ng damdackivsty aspect
of this ipventj.on, the EBP appar at ar.e. aspect _inc a_coatin
chanber theqoRiR e Spriatd gRPBRRELIN G SRPERG-AIR VD BRBL I o
and a substeros@Elidrbte ptiestsurejuagenehal ryskhbofieEB. @0 odraramifheiocmpspat at us

al so consj f a den ho efi.ni ng ting,...regi.on within_the
coating c%}gér%ée?l.e dAng"Cé}Fe? ?%Jﬁg%%a%qg%n ‘?’I}Senusg eg%)%_n& ojtclél%t gaapﬁjaéag':lf r oané beam
t hr ough arcapewt pressnras wabdveofOtHld mdeat iimg atrarbence andtlonRogrzeycost | ng

material W thiRRseRMiNGr gﬁ%i ARyEELbRed within the chanber. The apparatus

al so conmprises a second ch er wthin the coating chanber and encl osi ng
the aperture Bee agrespeparvaingivhe apervtidee fromlehérevabeayg peygsbml and

means fory SRt YeBblge Lhe SIS Chapheradls 8 BLESSIIAIHET o tBaR 1
coating region, erein the second chanber has a wa portion unattached
to the hob®l-9The eegeniontibremalglereanrbecabpedlatadd anoaEhieland evaporate

the coating mef&rd.alingAGGOrdifNg k0 ap80E0B¢ RRRSCENPERL{NEH, NVEML | PBpyAN
el ectron beam physical vapor deposi tpl on coating apparatus conprising: a
coati ng cHRHECUSa hodBe deTSRFCHg arebaithg & eGPORIN t HRRMRE cHBEF ngtS

chamber, opdeoRaticngnchagbered adiRraentai fing. 2 A0aldaRY BBbeE| akna the

coating region being operable at an el evated tenperature and a
subatmospheric pressure, generally above 0.010 mbar. The
apparatus also consists of a condensate hood defining a coating
regilon within the ccating chamber. An electron beam gun is used
to project an electron beam through an aperture in a wall of the
ceating chamber, and onto a coating material within a coating
region defined within the chamber. The apparatus also comprises
a second chamber within the coating chamber and enclesing the
aperture so as to separate the aperture from the coating region;
and means for maintaining the second chamber at a pressure lower
than the coating region, wherein the second chamber has a wall
portion unattached to the hood. The electron beam gun can be
operated to melt and evaporate the coating material.

According to a second aspect of the invention, an electron
beam physical vapor depesition coating apparatus comprising:

a coating chamber;

a hood defining a coating region within the coating chamber,
the coating chamber region containing a coating material, the
coating region being operable at an elevated temperature and a
subatmospheric pressure;

an electron beam gun for projecting an electron beam into
the coating reglcen and onto the ceoating material, the electron
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subat nospheric pressure; an el ectron beamgun for projecting an el ectron
beaminto the coating region and onto the coating rrater%z%e, t he eg&:é‘ron 3
3 February 2004 beam gun being operable to nelt the coat?ng P&y nd to
evaporate nolten coati ng. materi al ; nmeans for supporting an article in the
coating regi onP&H® TRaPELRDHARETGPLENES dodtti e netaing Matppiat a5 £he
article; afamperkUn8ltdh aowalihgohatddigageati ng chanber through which the

el ectron beamenters the coating chanber;. a.second chanber within the

coating chanbePeHKd T&AcFIRPHG 1 7BhaR apkTte t180thY 15 t4BFaFad ¥t K@ aperture

fromthe €t ivagorsegt Ailie abdt RN @i alblisddit B the Hacend; chanber at a
pressure |lower_ _than the coati nqﬁrggi on wherein the sec anber_ has a
ootd.

ond ¢
wal | portion ThatRSEEHED 1 & K€ Ly, 965189 TI?'F’é“bﬁrre§gﬁ?uq Verthon, the
oper ati ontled elretEBRP\VE2arappaeat ushatcoaahy Nchaessur es above 0. 010 nbar can
be enhanced by  the inclusion within the coating chanber  of second
chanber that entio8es c#ﬁ@b%]béﬁthﬁg EY &9 %6nge%é?‘§{eé: £he %Ib‘g'ﬁsdflg fromthe
coat i ng 3ehs dpebbtuae ys@ Q34 tbegeparathl shepapwitded Feomedans doatingi nt ai ni ng
the second .charrggr at a pressure |ower than the coating region. As a

result, coz J‘|orj‘ilg pressures of greater than 0.010 nbar can be practiced in

accordance w tieawpdodi ngittdinSngPaberdecppl chatbon aSeri predoirs036468, 201
to R gneyensf Bk MULMALTEL e A AHKET 26 ld ealapon tfle, gperation and

reliability of the ec eam gun. er objec and ‘a vgnfqages of this
i nvent i orpoxtiilon beabeirdthed dppteeilatced fromthe foll owing detailed 10

description. BRI EF DESCRI PTI ON OF THE DRAW NGS
By use of the present invention, the operation of the EBPVD

apparatus at coating pressures above 0.010 mbar can be enhanced by
the inclusion within the coating chamber of a second chamber that
encloses the aperture s¢ as to separate the aperture from the

coating
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Figures 1 and 2 are schematic top and front views, respectively, of an
.el ectron beam physical vapor deposition apparatus used t@pQ&ﬂQ@léﬁoo@
coating material in accordance with this invention. 15 Figure s a nore
detailed front cross- sectional view of interior conponents for the coating
chanber of the apparatus of Figures 1 and 2, including a second chanber
nmounted to the upper wall of the coating chanber in accordance with a
preferred ere@deRent dflachi proridedyensi oneaDETAf ¢ED BESCRIPTIGN GReTHE

| NVENTI ON' Age EBRYD @ppaiét Us¢10 4 ”p%%%@ﬁgéncfo%i-h £ 3 ﬂﬂé’e@da&rini
general ly depicted in Figures 1 and 2. apparatus 10 1s particularly

wel | suit ed*$+C™epodi® i hgrgSutkr aﬁ’loéttlF?@r ri%Heeo‘séJrWSerOEogFPﬁ@e% thawet al
conponent 2§91t ended teh Qj@r@.tacﬂihcmd hm ach@ﬁﬁﬁbbYWﬂQﬁ[ Idc@:endln

envi ronnent bI e x I es suc ent S and | ow
pressufe tur %;\IO ﬁ‘&? q%?uoeré 8eg §ﬁ? %E%T{;jui#g?ro} E8r§1%?§
augnent or hat dwaie oﬁughs miniinahe emgi nes. aw{netreet hefddcast ages dafhet h| S

nventfon 30,46l she descrdbed i 11 5FCLRDOE L. AAROSLLL NG, ceTamC 4 3

February 20 coatlng on such conpo eac invention
can be generally applied to a variety of coating materials and conponents.
For purposes of il us@#2ae¥ ngPiRECEnES iaantrRIes eBpYbigpFavantdcro is

shown in F| ‘gylgsbje apdt e S dppidedidte @ £k RheChaobeswindg AN f
pr eheat nbers 14 and two pairs of |oading chanbers 16 and 18, so that

t he aﬂ)ﬁar at SSIH REECR- symretrical configuration. Ingots 26 of the desired
coating material are shown as 10 being fed by elevators 61 into the coating
chanber 12 BRIBM RESGREPTIUOAODf THE nBRBIINES 102 | ocated beneath the
coating chanber 12. danping arnms 60 are used to secure

Figures 1 and 2 are schematic top and front
views, respectively, of an electron beam physical wvapor
deposition apparatus used to deposit a coating material

‘in accordance with this invention.

15 Figure 3 1is a more detailed front cross-
sectional wview of interior components for the coating
chamber of the apparatus of Figures 1 and 2, including a
second chamber mounted to the upper wall of the coating
chamber in accordance with a preferred embodiment of this

20 invention.

DETAILED DESCRIPTION OF THE INVENTION

An EBPVD apparatus 10 in accordance with this
invention is generally depicted in Figures 1 and 2. The
apparatus 10 is particularly well suited for depositing a
ceramic thermal barrier coating on a metal component

25 intended for operation within a thermally Thostile
environment. Notable examples of such components include
the high and low pressure turbine nozzles and blades,
shrouds, combustor liners and augmentor hardware of gas

turbine engines. While the advantages of this invention
30 will be described with reference to depositing a ceramic
4



t he evaporating ingots 26 in place. The front | oading chanbers 16 are
.shown as being aligned with their preheat 15 chambers 14,3 vwbthaRaidos 20
originally | oaded on a rake 22 wthin the | efthand | oadi ng charber

havi ng been transferred to the |efthand preheat chanber 14 and, as
depicted in Figure 1, into the coating chanber 12. Wth the symmetri cal
configuration of the apparatus 10, while 20 the parts 20 | oaded through the
front |efthepaitingdi ng chahberca®aremtsai ngtlovat edaghihgsa t bé cdadtiisng

chanber 12 fepe£00d 021 Cho! faldSaiy thipdrant rghtnandJgading

chanber 16 can be preheate erig preheat chanber

bat ch of pafeatia® Prtebhabs 25l ¢pererritRar | eft hand | oadi ng chanber 18,
and a, fourth batch of parts can be unl oaded fromthe rear righthand

| oadi ng chanber 18. Cooseguepbiys HOULIPHBELSSiSHAYES i@ARNOGGW, the

si mul t aneo th the preferred EBPYD apparatus 10 of_this.invention. 30
Accor df ng ;J%é%v%n e?%?q’%adp%sspgb({ G t KPS neBnt F 63T ¢Re 1 oatfihg thatbers 16
and 18 are mulm@dngo al oweptdhgl echrambblre pRatf arnpaid, od t lpateltcas

| oadi ng ch 6, and sel egt i | it B -t hejs r eheat
chanbers 14. ac%r&pljé fo?%ngzgélgngf'gg gr%ep'érgé%flg gggﬁgg Fugﬁy%i%vabl e
to a mai nt epaneeaposhei eRparatihi éA hest Resyome teealoaindd Br@aters 16 and

18 is alignegydts holt sor PrRBeGhabesoddingOombRatikhe 4/t echews @fs the
preheat and oadlgng1 chanbgﬁrs 14, 16_and 18 can be accessed flﬁ}r:: s ¢l _eani ng.
The piatfori8i%d &5& pr¥r &LANAFOEE | @hst ity paFt SORipeE eaBHERDI 11

' bearings 4#iramunhednedst N@4 foDoa, mbbazdhel t103 Iocasedabkacthat thevariety
O cuntTonnREoSoMY BERs. o I0e REALE fip S LBl Kal' B e dlle oo,
one inch (aboat exaborgfing tingets 26 in place. The front loading
chambers 16 are shown as being aligned with their preheat
15 chambers 14, with parts 20 originally loaded on a rake 22
within the lefthand 1loading chamber 16 having been
transferred to the lefthand preheat chamber 14 and, as
depicted in Figure 1, into the coating chamber 12. With
the symmetrical configuration of the apparatus 10, while
20 the parts 20 loaded through the front 1lefthand loading
chamber 16 are being coated within the coating chamber
12, a second batch of parts in the front righthand
loading chamber 16 can be preheated in the righthand
preheat chamber 14, a third batch of parts can be loaded
25 into the rear lefthand loading chamber 18, and a, 6 fourth
batch of parts can be unloaded from the rear righthand
loading chamber 18. Consequently, four process stages
can occur simultaneously with the preferred EBPVD
apparatus 10 of this invention.

30 According to a preferred aspect of this
invention, the loading chambers 16 and 18 are mounted to
low-profile movable platforms 24, so that the loading
chambers 16 and 18 can be selectively aligned with their
preheat chambers 14. Each platform 24 is also preferably



chanfered edge, which together essentially elimnate the potenti al for an
.operator tripping on the edge of the platform?24. St atlogewmg?
surrounding the apparatus 10 are preferably positioned away fr the 15
edges of the platfornms 24 to avoid an operator being pinched by a platform
24 when it is repositioned. The |oading.. chanbers 16 and 18 are generally
el ongate in shape, and are equi pped with | oadi ng doors 40 through which
parts are |BRARRLONLS tHelpaKESNRRCETIROYIG IWhdi AY cHHrder BeibhaRd of8 are

al so equi ppege W 1dbBGEES chaAdirs 426t 0aRBL i 08 didVves) {gedenaigal Ik s
represented at, 46 i am%%ure 1) that control, the operation ,of th rakes

22. More paRIFedbrfFHamphRE EJ&H?OZCF 0ot el bRt 1PES PhkEbe P
preferably amod aﬂeddang/ erhammﬂsl ated wet hind 258t hencass | agcebastiertck? i n

or der Lo propm éfg rt1$ glagg Hngg q]ﬂ Sél‘l bé%lr a?u?giund thgega ts 20 The

access™ door's pera the ap Iy adj ust
or change t}h@r%etsupmrtﬂdt bl m:mldﬁtr dbeasings wi4howruntedr fisri ridiani t h

| oadi ng ande ygh padi pgougl of  pagks Eae&aesbheadgﬂgtchaﬂb%ra%ﬂefigan%fw

Wth reference to Figure_ 3, coating IS erfaorme
chanber 12 BRAFERES ngRakd PRvEPBHRat i AGSt ﬁéatﬁeéff@ 26 wuet st é}@V@eans 28

that are momeelwaeieﬁéloﬁrbeamb(Eﬁfoguaelsﬁ apevkoeused 1) h%f6 3
February 2004 ingots gg I nt ense heati ng g kb' cer am £ m eri al t he
el ect Fon bedns 87 [RPQYT f &8 of MERch FTYt 26 ° t 6Trel t¥ ?%rrﬁ ng

nol t en ceraa:ha:mb@nebs tdgm, whihdleh nodoebeas e‘sseﬂnela]alwreamﬁhartealthe

evapor at e, @%([Eé %%ug\éﬁ_r dly. 4 %’é‘}att%‘}n gf{)%iﬁ O?’ﬁf E%l]éurf f ttﬂ'ée parts

20, produci sired ceramc coating ess depend on
t he durati dlafEeRe cddt-i ng prycsonany; | @bﬂﬁétﬁngo?@r%uraﬁenghovwa n

giGQUfe 3, idppSratddi Mo t heescoperairablys HB¥eRLbABAL NahaPner @m My | Ngot s
15 edges of the platforms 24 to avoid an operator being

pinched by a platform 24 when it is repositioned.

The loading. chambers 16 and 18 are generally
elongate in shape, and are equipped with loading doors 40
through which parts are loaded onto the rakes 22. The
20 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 supported on the
rakes 22 are preferably rotated and/or oscillated within
25 the - coating chamber 12 in order to promote the desired
coating distribution around the parts 20. The access
doors 42 allow the operator of the apparatus 10 to
quickly adjust or change the settings of the wmotion
drives 46 without interfering with loading and unloading

30 of parts from the loading chambexrs 16 and 18.

With zreference to Figure 3, coating . is
performed within the coating chamber 12 by melting and
evaporating the ingots 26 with electron beams 28 that are
produced by electron beam (EB) guns 30 and focused on the



10 could be present and sinultaneously evaporated. As al so seen in Figure
.3, ‘oxygen and argon gases are introduced into the coatingrghaahenod?
through an inlet 54 located near crucibles 56 that support the’ ingots 26
within the coating chanber 12 and retain the 15 nolten pools of ceram c
materi al produced by the electron beans 28. The flow rates of oxygen and
argon are individually controlled based on the targeted process_ pressure

and oxygen bﬁ?PFﬁlzﬁressépéen$8 MERIde hef Sdeurs el of mpEegiate by
oscill ationghw ehenttba ﬁéatnsn9826aqha@b@he1%urtfla@e0@ft leRlcH agiydrespnse

time for th se es [ referably, reduced hysi cal | acing .t he
control val g%ﬁ %ﬁ“ﬂﬁ%esmgxfﬁﬁenﬁ ﬁ@xfﬁlgﬁo%ﬁ y&??WdeV&Héﬂboating
chanber 12.m€ﬂacaheat of thheconbmahicvahmﬁ&rﬁ&lsoeﬁapﬂrduetfutnauﬁﬂng
Cha”beF 12 g g%kﬂ% a0 Séi{ %ﬁ&%i’tsbﬁ”' If\zﬂ{ £ AL IVEFEL (E:-‘h ress‘”e

contro uci ng bressure I ONS Wi t he'Coat T'ng ®'12 and
redUC|ng dlgﬂurbﬁﬁdéglnﬁ the ﬁ@@ugeén@eg@@npl@wa@ﬂnqiwhqaauﬁhxﬂknﬁﬂﬂm 28

on the ingo{;$126. gahdRd IR HRUMAOWR 1 Wht NoreCchRYT Cala S prbcesid
cryogeni ¢ and ilfoSIOH punps. 32 and 34 of types known in the art can be

enpl oyed toWBYABUAME AELSatIhg@ERafBer 1% FiBITe o3 ¢ héEdéfoNitgm
process. A skRpalsaiopepadf ahlsdllfnfmmmrampwmt 38nks cghoweras ihgbhg el oyed

to ev uate ug reheag Cﬁp § mu éfnlnd ated i n F|g#re 1, the 7 3

Febr ug y 2059 M PP 5 phie1fEned] hg® CABRDRYS92 nay be nodified
with a throttle valve 36 to regul ate the operation of the punp 34 at
relatively high presshsesilse. geemabodne DiQIe niar, owkrigeh atedprasfgan ed by

this 5 i nvegt,@n ﬁ%edwﬁﬁﬁﬁﬁ%éé%ﬂfﬁ%o1¥Eédbé£H§h§ncHHﬁBér3§ﬂ*¥hr64§?
preheat chanbers 14 are-al so preferably EQUIE?ed W th hrottl e valves for

the same pufPod@letBPvd L85RERE dIRftbefEuatBlespiSCal thrtafdbPerss the

ingots 26 within the coating chamber 12 and retain the

15 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 oxygen partial pressure. To reduce the
occurrence of pressure oscillations within the coating

20 chamber 12, the control loop response time for these
gases 1is preferably reduced by physically placing the
control valves 58 for the gases adjacent the inlet 54
outside the coating chamber 12. Placement of the control
valves 58 so close to the coating chamber 12 provides a

25 surprisingly significant improvement in pressure control,
reducing pressure fluctuations within the coating chamber
12 and reducing disturbances in the focus and position of
the electron beams 28 on the ingots 26.

After rough pumpdown with mechanical pumps 31,

30 cryogenic and diffusion pumps 32 and 34 of types known in
the art can be employed to evacuate the coating chamber

12 prior to the deposition process. A separate pair of
diffusion pumps 38 is shown as being employed to evacuate

the preheat chamber 14. As indicated in Figure 1, the



bei ng mai ntai ned at a vacuum | evel of about 0.001 nbar 10 (about 1x10-3
.Torr) or less. In the prior art, a vacuum of at nost 0. OdlBetrad,.208nd nore
typically about 0.005 nbar, would be drawn within the coating Cchanber 12
during the coating process, the reason being that higher pressures were
known to cause erratic operation of the EB 15 guns 30 and nmake the el ectron

beans 28 di .ftjqcul.t to control, wth_the Eresurrpt i.on that inferior coatings
woul d resul BEEHHSYRTL BMEE pedn 1R &W6d FREF1PHe FRIEPYY Ydhe™Gin PRI anment
woul d be r echdbieid ea¥ tvhieclguna cottiwot tied edvalife opes ated ategadhteg thanber

pressures Q05 20 . nhar er,_in ordance .t h_copending U. S
Patont | At saf AEaupat) Ths 401 TpRSREuHEy Gt peoBSURERey 1 o
the same assigyneead®ovehi §.0aventban, twislcloatiang poledieymed 2blys phéser abl y
oper aled. ati RYifition MLSPUARINALSULPT | D! YheL fod 5 §gCeaLi ng
with 25 inproved spal lation and iInpact resistance, as well ‘as _pronote the
coating defd thrsheah chamkers ukttdon 3439 PRefPERbIYigeuuEnEpdr YiFbn rates

than that aghivad ivalhhes Y Ahedldamd Pl .t 0 address the
af orenmenti oned problenms 30 concerni-ng the control of the electron beans 28

and protection of th uns .30 at .the higher coatin press s enpl oyed
by this invention, t SR 08 eeﬁ'sgtai”f/eel “yYP%%%an?édC?P%ﬁ? hggﬁi gher
coati ng préssurce mainbannédie atoat | mgcuhantievel?2. of nabogur €0 301 wbadensat e

8 3 FEgbruar 4 hopehs52 LSy S t calc f e Su ous
cerarﬁq}g vapoc%rs that do n%ﬁ%&p%%%%’o t%% ggur%t ?}%HO a.leé;, h%oggggulﬂs
confi gured SfccabditRFt o0t ALS WhRAEht | BAGt doxfef E¥Bigad bt iakPUegPefOar ound

the parts ZpaMi thiul b hidadhesetemat @he PESSSLAG SRshbed 19r ghbengoating
process is_.specifically maintained, To facilitate cleani ng behween
rﬁ?ﬁ that

coating ca g3 RS hoBHCSSSPs pFBfer AR BquilfidtP igher

pressures were known to cause erratic operation of the EB
15 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 pressures above 0.005
20 mbar. 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 1is preferably operated at higher
pressures that surprisingly vield a ceramic coating with
25 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.

In order to address the aforementioned problems

30 concerning the control of the electron beams 28 and
protection of the EB guns 30 at the 'higher coating
pressures employed by this invention, the EB guns 30 are
relatively isolated from the higher coating pressure

within the coating chamber 12. In Figure 3, a condensate



with screens 76 that can be renoved and cl eaned outside of the coating
.chanmber 12. Preferably, the screens 76 10 are retained by3spbiuag Juoas 78

i nstead of threaded fasteners in order to sinplify renoval of the screens
76 when in the condition of. having been coated with a | ayer of the
coating material by the end of a canpaign. Because the hood 52 surrounds

the parts 20 a 5 seen.in Figure 3, .an aperture LS necessary for each
beam 28 ¢ hr 50ah e hooFHSH™ TERRF o R e T BRBGDITY ¢ §ho0r JRA ok S g
hi gher presserasioi taporshetbandeltsanet ReEgohs5x asntonpdredpbotshe20.

r emai nder h atkihn chang, | | e, YL i ni I he EB
guns 30, 28{11%%’%8%% Fgr gs':s 62 ar?ﬁ%‘? eér@%{)%g#ggnég 'E:gll a\r/ié?' |nqrr:el(r%)g]?gcn&§ of
not nore tha@fipataneeassagyregian| awovnd begmpaxg st @0 pasishiny odyirh he

hood 52. Fofnhdéhb$epHERASRrekiir ARRILIWRE H2r akBePEBECARAR! Yr&degt tis the
beans 28 duri ng_ i he inltla| setup of the EBP¥D aggar tus ,10. 25 According
to this i nVeREFHRLICRhLBr BBANEGIRGFe (EPi SBFYLLERFGL & iBg RERERT from

t he el evat efloapirsgswanpsidiis, t hdecoBbodg TRgiien pgeéfeedbby tdwuimanilensate
hood 52, the.bea 2 ravel fromgtheir ctive.gu t hr N
Chanbers 6470 nBABE ket tHA S00H: &7 FSTAITS SRarrataitd MR ber 12
and the conflendgt ecdrguichd 2chargbelioil? i n IPir@free‘a:b,l.yeactth@f schreenshdifbers 64
is preferably.forge iﬁadagypﬁfﬂg#' nd Ne;g coaldng, ghatwery thd. a0y si de

wal | s attached to the upp I thhe coating chanber 12. In Figure 3,
the | ower 9fasteBevar jn20adeand ofs dich Bhahteveld PE SREWFEESBE ntf cl osed

by a wall paerl Lgl the tgdslilomfo NeaeDngepsahecbaedddiith \hi Xdirest he
apertures 62 are forngd thoggh.tglé V\%| of thg hood 52 could also serve
to enclose The*PovEPaEHiE BECEhE2S BRahBer §P849L TRCABBAIER i s preferably
unattached to the
Because the hood 52 surrounds the parts 20 as
15 seen in Figure 3, 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,
20 the apertures 62 are preferably formed to have dimensions
of not more than that necessary to allow the beams 28 to
pass through the hood 52. For this purpose, the
apertures 62 are preferably cut with the beams 28 during
the initial setup of the EBPVD apparatus 10.

25 | According to this invention, in order to more
reliably isolate the EB guns 30 from the elevated
pressure within the coating region defined by the
condensate hood 52, the beams 28 travel £from their
respective guns 30 through chambers 64 formed between the

30 intericr walls of the coating chamber 12 and the
condensate hood 52. As shown in Figure 3, each of the
chambers 64 is preferably formed by an upper wall of the
coating chamber 12 and side walls attached to the upper
wall of the coating chamber 12. 1In Figure 3, the lower



walls of the chanbers 64. In this manner, the condensate hood 52 can be

.moved within the

coating chanber 12 w thout requiring phyBelwakryd®0dchnment

of the chanbers 64 fromthe coating chanber 12. 1.0 The diffusion punp 34
preferably has an inlet near and pneumatically coupled to each of the
chanbers 64. Because of the m ninmum size of the apertures 62, the

el evated pressure within the condensate hood 52 (achieved wth the

i ntroduct i 6% TogaFdh Gty dt Vit rhave 38 deing salosedddy anvallhe

chambers 64z3a1a
to maintain.the

Qufdd cigat Ly1nedcathe r @batRs sn@bheckhe di {4 UéinQBJHPU”P 34
chanbers 64 at a pressure lower than that wwthin the

condensat e o FPSFLBES fF R Bety dgerudh ohig ekl eef rbhe oodeans 28
are focused2oncthedi rdeics 26rveherebynboppngide 1aRki-enepPo! rof tgeram c

d h d it t.he . 20. i| ari o coatin terials
coul d he - EADE B-o, Mhe B i TR AR S B SrACE TR BPOFBE ¢ he

i ngot s 26)Ma§l§imdomhﬁ(dhambeq&uaééﬂI;n(nhisnm@mﬁétstahél@zgdebyayEtria
(e.g., 3% 2Q%q peef erahl ¥pd%§%ed 20 enthouel YELLE] 3 thE{nﬁgg VT“hEh
scandi a or ot her oxi des couf1 bé "used. e

magnesi a, ceria,

coating opdi&ioH

calci a,’ .
CREHHUOY untYSieak detarbuenhi efindde ¢hrmbens co4ti ng on

the parts ZQons @Rt @baedngatkthemperi gh 30 the parts 20 are transferred
t hrough the preheat chanber 14 to the |oading chanber 16, at which tine

the | cading chanber 16 is, vented to at msphere i] e our invention has
been ‘described in te?#ﬁ %fé/rgu%]rcgf eﬂ“@ﬁngﬁbo%l’f%%’fva\wﬁ %?Sa;ﬁfhréﬂ{[ellhat
ot her 10 3nEabr g 2064mbormeligulabupEleatiopbedkanh oné sKid | eHambet e art.

Accordingl g4 the

foll owi ng cl ains.

RE0R% U We AN (G Rend T JRL £, -0 ¥o Y fhe
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25

30

elevated pressure within the condensate hood 52 (achieved
with the introduction of oxygen and argon with the inlet
54) bleeds into the chambers 64 at a sufficiently reduced
rate to enable the diffusion pump 34 to maintain the
chambers 64 at a pressure lower than that within the
condensate hood 52.

During the coating operation, the electron
beams 28 are focused on the ingots 26, thereby forming
the molten poocls of ceramic and vapors that deposit on
the parts 20. While various coating materials could be
used, a preferred ceramic material for TBC (and therefore
the ingots 26) 1is =zirconia (Zr0;) partially or fully
stabilized by yttria (e.g., 3%-20%, preferably 4%-8%
¥,031), though vyttria stabilized with magnesia, ceria,
calcia, scandia or other oxides could be used. The
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 chamber
14 to the loading chamber 16, at which time the loading
chamber 16 is vented to atmosphere.

While our invention has been described in terms
of a preferred embodiment, it is apparent that other

10



3 February 2004 CLAIM5S : 1. An electron beam physical vapor deposition
_codting apparatus conprising: a coating chanber operabl e AFetanary|2904t ed
tenperature and a subat nospheric pressure; a hood defining a coating region
w thin the coating chanber; an el ectron beamgun for projecting an el ectron
beam into the coating region; an aperture in a wall of the coating chanber
t hrough which the el ectron beamenters the coating chanber; a second
chanber wi t BPENEheC@BaRi nBe chR@PRFeANPY erftsiTiy IR apet t (e sdtds to
separat e t hgcapeaingeyf r enet Reopeodis ngiy eghwdnt 26Kl 18aRs ber 1Mmiiea ni ng

t he second chgnber gg a giessure iomer than the coating region wherein the
second chafBe¥ REsCReWAPHIOEIRFoRlahE®t ached to the hood. 2. An el ectron
beam physical vapor deposition coating apparatus according to claim 2,
wherein the wall portion has a second aperture through which the el ectron
beam exits the second chanmber and enters the coating region. 3. An

el ectron beam physi cal vapor deposition coating apparatus according to
claim1l1, wherein the second chanber has a first wall portion attached to
the wall of the <coating chanber. 4. An el ectron beam physi cal vapor
deposition coating apparatus according to claim4, wherein the second
chanber has a second wall portion unattached to the hood. 5. An electron
beam physi cal vapor deposition coating apparatus according to claimb5,
wherein the second wall portion has a second aperture through which the

el ectron beam exits the second chanber and enters the coating region. 6.
An el ectron beam physi cal vapor deposition coating apparatus conprising:

11



a coating chanber; 12 3 February 2004 a hood defining a coating region
within the coating chanber, the coating region contai niny E8PEBaFY mf 04
material, the coating region being operable at an el evated tenperature and
a subat %ﬁi c pressure; an electron beamgun for projecting an el ectron
beam int ‘coating region and onto the coating material, the electron
beam gun bei ng opergabl e A0 rBkttide ceam nghy@icdl avapand deposyapor at e

nol t en coat itn mat eériaatl; nel%nrsisf.ol{ .supporting an article in the coating
regi on so Pira gva%pors of CREPtuat |grig materi al deposit on the article; an
aperture in a wall of thettomati mrfanhanmbercpelabiugh awhi clint helelecéd on beam

enters.théa C%%%itﬂg cgnme%ﬁbg ggsc%%q_ighgg%)esrur\g;t hin the coating chamber and
encl osi ng The aper?ure §0°88°F speparat He aperture fromthe coating
regi on; and nmeans farhavel medining # heosscgndeghanbertlain dhepressime | ower

t han t he %paq[{biegg regi on wherein the second chanber has a wall portion
unattached to the hood. 7. An el ectron beam physi cal vapor deposition

coati ng appar at us avteldichgon dogdmigwns fonher&Eiartiing aal ¢leqiorni baathas a
second apﬁ{gouq:ﬁetg(g%% \glg%]ggn’t he el ectron beam exits the second chanber
and enters the coating regron. 8. An electron beam physical vapor

deposi tion coatingmapparitoe Hecordilagof othe stantingwheardiar theovgzond

chanmber hgs & hkSt1 NI donPBELL Uhtallaghedod & itie cHalbeof the coating
chanber. 9. An el ectron beam E}hym cal vapor deposition coating apparatus

according to cl ai ma0seapet eicharher sedshdn dhenberaHay ackaenid Rl

portion unatilachgdti® iheeadsclls Al &lketkancheamPhysieCaloNaprs

deposition coating apparatus according to claim1ll, wherein the second
coating region; and

means for maintaining the second chamber at a
pressure lower than the coating region wherein the second
chamber has a wall portion unattached to the hood.

2. An electron beam physical wvapor deposition
coating apparatus according to claim 2, wherein the wall
portion has a second aperture through which the electron beam
exits the second chamber and enters the coating region.

3. An electron beam physical vapor deposition
coating apparatus according to c¢laim 1, wherein the second
chamber has a first wall portion attached to the wall of the
coating chamber.

4. An electron beam physical vapor deposition
coating apparatus according teco claim 4, wherein the second
chamber has a second wall portion unattached to the hood.

5. An electron beam physical vapor deposition
coating apparatus according to claim 5, wherein the second wall
portion has a second aperture through which the electron beam
exits the second chamber and enters the coating region.

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

a coating chamber;

12



wal | portion has a second aperture through which the electron beam eX| ts
the second chanber and enters the coating region. 13 ABSTHEETUGEY 44
DI SCLOSURE An el ectron beam physical vapor deposition (EBPVD) appar at us

10) f d [ (e.qg. t he t
n Articlo (20) . T FERPYBTABBAT ot uEoT TOIT dererl MYt e coA ERk T ng
chanber cﬁlﬂaZr)beu:hatthex@qnt&in@blr@gabnebezvm:edntgetatpebatimganaetmha:%ubahemspheri C
Pressur eScodtlaf SSHLDPEAD WL LB0L 01l SELS PRl eEl L. Peam L 20

t hr ough af’ ape tar o and onto a
coating swiammoaph¢26) pwieskhiinea coating region defined within, the chanber

12), ' h 6 d
(12) anSI ng the (é%gﬁl%%b:g%%%%%% %IO;S:O%r ectlgg agvﬁgocrt%t ﬁubyﬂg

operation of the E ance i nclusron within
" the coatiimgachembercafili®) oégiorsezmhdovhantibe (c@é):ln@amaeﬁci@s,esth@e

apeft“reﬁﬁe@@roﬁob §1a ?gﬁeﬂé‘{rﬂ} eé%é)}%rbi‘ge%“{h@lé 6§ﬂef&%{‘81tn m%%ghﬁanber

regi on. SO provi means _ mai ntai ning ft econ
(64) at eoapt dosaverdater mohaan tdratdoat mﬁ’gerlréégl on. As a result, coating

pressures of great efothane,0. QO ahar canpe.practd ced inside 85@§ngoat' ng

region wth mniml or no adverse effect on the operation an
reliabili¥sgion tive tdlagciviegarpedin §hh €S@Fing material deposit on the

article;

an aperture in a wall of the coating chamber through
which the electron beam enters the coating chamber;

a second chamber within the coating chamber and
enclosing the aperture so as to separate the aperture from the
coating region; and

means for maintaining the second chamber at a
pressure lower than the coating region wherein the second
chamber has a wall portion unattached to the hood.

7. An electron beam physical vapor deposition
coating apparatus acceording to c¢laim 6, wherein the wall
portion has a second aperture through which the electron beam
exits the second chamber and enters the ceocating region.

8. An electron beam physical vapor deposition
coating apparatus according to claim 7, wherein the second
chamber has a first wall portion attached to the wall of the
coating chamber.

9. An electron beam physical wvapor deposition
coating apparatus according to claim 10, wherein the second
chamber has a second wall portion unattached to the hood.

10. An electron beam physical vapor deposition
coating apparatus according to claim 11, wherein the second
wall portion has a second aperture through which the electron

beam exits the second chamber and enters the coating region.
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