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

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

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

PCT/ usoo% 2123583‘%&%{ & t‘ﬁ’ép%ca%‘aﬂ?%%m afPptingc appardngd2). More
stabjlized byP3rEirulawdpa), thignesheedbbsd oisotaggecgéhde%oqu?gi- a
paktf cul ar maggatdhe 1, del loyed .in the art because they can be
readily deposited b§ gngggﬁggsSﬁgggghdE&ﬂﬁﬁPQRiks??¥%ﬂiFe&ﬁﬁﬁéasgsQN1
exanpl e of tﬁ%@%’i‘%’éﬁ"si s e4h r oASheabhphyal calbarpber depssdtigs  on

. 8uperalloy components of gas turbine engines.

BACKGROUND OF THE INVENTION

10 -~ Higher operating temperatures for gas turbine

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

increase, the high- temperature durability of the

components of the engine must corrésﬁondingly increasé.‘

15 While significant advances have beenfachieved with iron,

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

") | capabilities of these alléys alecne aré often inadequate

for components located in certain sections of a 'gas

turbine engine, such as the turbine, combustor and

20 augmentor. A common solution is to thermally insulate

.such_ components ‘in order to minimize their service

temperatures. For this purpose, thermal barrier coatings

(TBC) formed on the exposed surfaces of high temperature
components have found wide use.

25 | To be effective, thermal barrier coatings must
have low thermal conductivity and adhere well. to the
component surface.- Various ceramic materials have been
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(EBPVD), which produces a thermal barrier coating having a_gpl ' i N
structure that' is able to expand with its underlying subst?gtaaﬁzg%f

causi ng darpgiphgods Stresses that lead to spallation, and.- 'Ptc{'}‘ﬁﬁs‘%ﬁfz‘ﬁs
exhibits enhanced -strain tol erance. Adhesion of the TBC to € conponent

is often further enhanced by the presence of a netallic bond coat, such as
a diffusion alum nide or an oxidation-resistant alloy such as.. MCrAlY,

where Mis ' c | t d/ i ckel. Processes for producing TBC by'
EBPVD gener a%ﬁ?/iélgﬁ?ai %%gr eﬁggt i (r)llz:]Béla’ coﬁﬁaﬁé‘ﬁfﬁ'ﬁé‘ia’n aEEEpPRbR e d%&@hhg
tenper at ur e, ShaRlheedi egr tyvgriae ¢Pymonenmanesia hmgbed eealbfiGer
chanmber mai npas at S : 0 0 5_nbar., Higher essures
are avoi ded %%ié%ési'e coﬂ%ﬁf B gfr._. %tl hgllgll}et:{'éar%%ngaég% Fgenﬁ:‘éﬁ% f?@ﬁi?y%ﬁ
pressures abdle thghodEto. besamssr , theyh ecamatbe epediiliyondepbsgtedpasy ed
at coat sng cpbades £5GULR8 @Y %& ' SO e elJ eved
that the li fig oght'h?bgl gct r.on bgg% gu Zg'rﬁ??{nar#e%ﬁmﬁo%% be ﬁd%&%&“ﬁﬁ t he
gun ‘cont ani n3f ef'?r 13558Fatst elerEQauPRIMaFRYSicad0 T ans . dapes ttgronent
i(s sup\p{grzg edEBPVIY oxwhilth p&;ﬂmda}g% aﬁefiﬂaécgagﬂ@ﬁ]c&;gﬂg%g R Ff s

e.g., L ad ] e i roj.ected, on e ingot” so as 1o
melt the sur?aceiglggntgke%f%agor}f gg?‘ﬁ‘%ﬁo Falfafitteor toy I?S‘P&S’Qt i e
materi al thatt¥epdsiderlyime t sabstmaiment withoutenpeansing r adgeragirichi n
whi ch EBPVD strénss echgan1badpaid o RS 2hR . Caxhibi
conpositions_af_the cog‘goment ndc§ tﬁggglég‘??ﬁg' rraa?g‘r ?g{éregbézé]ﬁ@%f WO
01/ 31080 PCITTRIIA 285 FALR: rﬁ%ﬁﬁﬂ%ess Adhgsdon upE itheyeTBFaltioy the
establ i shed ¢ampevents eis heftent iftguirierdrilantdd , by Uthabpredeapd e And
deposit on t g i_le I qum_pr s . te rature is generally..
est abl i shed Iﬁ%%@%%%p%@ﬁu%%l ggaﬁag‘gffgu?’r@ QBEPE‘FB?E%P&U@%M <
the .deposi t9%iaficuewesistantnpkloyr sudh hias t MEXraday i nghegbarderis
continues toiFdrse cbaly e toP nidgeg! ectron

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

20 0.005 mbar. Higher pressures are avoided because control
of the electron beam is more difficult at pressures above
about 0:005 mbar, with erratic operation being reported
at coating chamber pressures above 0.010 mbar. It has

~ also been believed that the life of the electron beam gun

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

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

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



beam and the presence of a nolten pool of the coating mat e{ki?l. A@
result, EBPVD coating processes are often 3.0 initiated nfa rEeBt @lét ed

m ni mum progess tenperature and then term nated when'the coating chanber

- hears the 1#%%r ocess tenperature, at which tine the cREVEPI288anber
Is cool ed and cleaned to renpve coating nmaterial that has deposited on the
interior walls of the coating 1s chanber. Advanced EBP-VD.appar atuses
permt renoval of _ .coated conponents fromthe coating chanber and .

repl acement - & ¥ P EGCOHE oheBDCrahprachss generally estiabilighdavaot he
"appar at us, t C ' S [ hs ach . The continuqus.
operation of'égsglg% gﬁea%ﬂﬁrﬁnﬁggﬁiﬁs t%?r]fg' c&gglmba:g]ﬁgrﬁ%gsgra %mﬁ&ﬁgn,'
with greater 5. ‘g‘F c5hgon&mpangstessfitide coat edaxdmninng priceess

canmpai gn cor respetitigre t 0 ggeat efefé s i Ngegrand igherom c.&f figigngi es.
e 25 nptivation to increase the

In view of the. . abqve, "there i,s_considerapl ,
nunber- o$ col@'cﬁfg‘%ﬁ FUGRE R0 I5Eag5 At By hiai‘i"'tal%rfehgl e TRFRHERFUE r EBGCe
the amount ofdepdsigirgyupredess,i nthedurmpae thawvei EATAONHY S cbaefhihe

coati ng chamigyy,, : e of _gi jred_t erfor
mai nt enance on RS %ﬁﬁg?ﬁggget%ﬁ%@%& caagrrpgfgfneg. \A/@\;er'?hé)i ﬁﬁF&PFBHs of
the prior artedm ap@t &he nhpresspre off taemoditan Veogl naxfr ovhe acgatahg

accept abl e Cenitetd denParatar essul Be BREVHCXbAYiRE ﬁ?&i:egs EXEE:E”BHeHOt'
and t he |F icultires

ontronted vAO SHACREL ARG The BREHHGER. B4 THETD BipESSS uSSTRESBFERAg]
inproved EBPWDA3 vhémbreamin20@4l appen athee scaai pyg oehamberantefedt tpgousl y
Slon as. ThCs " BAEE SRRRERR o e RE TR e R FOREDPEY: des
an el ectron K&aMPeRhyid cePoledornde sisianesn YEBrRRyvappaating materiakt hod
for using antckaganaidisSdepesitedt i die PIREEELoR wRALLENGE (Efnd- coBeEfgam C
thermallé)arr_lc rén%%%t.l ng)Ad(w)rr]anac%f ' Ebg ' apparatuses permit removal of '
_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
20 apparatus during this time can be termed a “campaign,
with greater numbers. of components successfully coated
during the campaign corresponding to greater processing
and economic efficiencies.

7 In view of the. above, there is considerable
25 motivation to increase the number of components that can |
be coated within a single campaign, redﬁce the amount of
time required to introduce and remove componenl;',s from the .
coating chamber, and reduce the amount of time required
to perform méint_enance on  the apparatus between
30 campaigns. However, limitations of the prior art are
often the vresult of the relatively narrow range of
acceptablf_- coating temperatures, the complexity of moving
extremely hot components into and out of the coating
chamber, and the difficulties confronted when maintaining”
35 an advanced EBPVD apparatus. Accordingly, improVéé EBPVD



According to an aspect of this invention, the EBPVD apparatus conprises a
coating chanber at an el evated tenperature and a subat nosphetigerypeessur e,
a crucible wthin the coating chanber; a coating material surrounded by
and contained within the crucible, the coating material having a surface
exposed by the crucible; an_el ectron beam n _projecti .an el ectron beam
onto t he RATERENTT { FEY CBEPPRGSRE 7Tal CTHe TR Son Chiah gEnd?ati ng a
beam patt®r nd@@&éﬂ_ﬂiﬁghbgaﬁin'?@f,e%%idt Yt idh ldtief facenbed Wweescihdhe
surface of the coating material and the crucible than at a central region
of the swideeadfTRER- coating material. According to another aspect, the
EBPVD apparatus conprises: a coating chanber containing a coating
material, the coating chanber being at an el evated tenperature and a
pressur e RRERT e3UMNMERY COD ITHROEMVERT TONICI bl e within the coating chanber; a
coating material surrounded by and _contained within the crucible, the
coating material h3%i RFESEYur FEVENERPHseBTBY 18 @ LcFBrELTaR Pe@Pron
beam gun 1Py €41 | REpaR ed&sdd on Heankgpp)t g suvdace ghdt he reehbagy
material and a contiguous surface portion of the crucible, the electron
beam f or ieiy EsSbhaamapatarParaliuh aupbr iwetidrat ohot Peodwel guossatingace
portion ofg the cfuclble: o g, A February 2004, lechyon, beam g mel ting
the surface Of' the coatThg naterial and evaporating nolten coating
material, the el ecicornrdiag kavi 89 adpaiter offntignds t Y n&tenan onnt ethace

bet ween the surface of the coating material and the contiguous surface
portion dfBR¥e 2PRRTHFESt RARPELSES eemoraéamrgegi%w%r tHe arfhe¥abedt he

coating nalgrdAlyurd hegghect r ogybeam Hshog: Enchaent,pp; the surfaggief the
coating material at an oblique angle so as to establis relative to the

el ect ron wedmguhha mosstiimgl Poimteandaaroadppasinaigr idilspegedodingdedl poi nt
at the peDri met(?r Qf .the .beampattern thebell ect.r.on be\z,a\}r? havi] ng?a. I pwer
h

intensity Y ath 803}:8)1({‘%% wéﬁ i gt Al ’ch%llcn S et’hatnheel%%‘—’1 ere At - the™
peri met erh®findea beaprpatt ekposAdcordiung tarwaiihere prai es1ect aspeseésmof the
gun projecting an electron beam onto the surface of the
coating material, the electron beam generating a beam
pattern having a higher intensity at an interface between
the surface of the coating material and the crucibkle than
at a central region of the surface of the coating material.
According to another aspect, the EBPVD apparatus
comprises: a coating chamber containing a coating material,
the coating chamber being at an elevated temperature and a
pressure greater than 0.010 mbar; a crucible within the
coating chamber; a coating material surrounded by and
contained within the crucible, the coating material having
a surface exposed by the crucible; an electron beam gun
projecting an electron beam onto the surface of the coating
material and a contiguous surface portion of the crucible,
the electron bkeam forming a beam pattern with a perimeter

on the contiguous surface portion of the crucible, the
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present invention, the operation of the EBPVD apparatus can be enhanced by
the inclusion or adaptation of one or nore features and/ arFgiroeeg 004

nodi fications. According to one aspect of the invention relating to
process tenperature control, the coating chanber contains radiation

fl d withinp.th [ hanb [ d
Uocr case tHE-SRBURL OroTLl EHE | VE-Chdt I | RAETCRE arti I v BOBEUR from

the nolten goatrngl MRAE! icdlapdiiaitiicd RBAteRY EQAPEh@N madlcaGess prassure
control is also an aspect of the invention, by which processing pressures
of greater BhaAtHOD1D=ABahaElDer PiLabercddtiomsddooratante whtRréggendi ng

D . Pat enty, AppLLCaAoN Serdcalo Nor 090108:301; 10 Bneys o aloy (Rssi gned
to the same assignee as the present invention th mnimal or no 4a FEB
2004 WO 01/ 8¢08OgwaTs USDD! 2420 3 padtese eff ddtes omutrhelepetiadnomtand

reliability . of the electron _beamgun, and_with m ninmal fluctuations in
process pr e(s‘%’aPéii NMEGHER ¢ EE‘S p?%%%s%e i fpr 5@@%‘?\?%“%‘%5‘8%@51? 7t hi s
aspect of thgei BUERrdR ivKddBebngodirddicRiHtonsn t ehthesBleely o beam gun,

the coating chanber, and the manner by which gases are introduced and
renoved -frepRtheIappariiad. aN s | abtoded BRIk $° awehei 6atrbliRa

electron belgy,payLery pRe!0ac0abhNEeallBLAR! &1 prd0iAGSORMiRY LAqaRAL NET
preferred aspect o e ‘I'nvention, a crucible Ps enpl oy 0 support the
coating matepeaitatyhidhspheedoadtiisng 1cpaniber .dt Thee cpacihdeer poef ehabl vy

conprising at |east two ers, a first of whjch surrounds and retains a
mol t en ppolb%?mtﬁ@%585Prggggs Q5QQHTE?HWIQFY¥RQS%C ﬂﬂeﬁeﬁﬁgﬁnﬁéFgecured
to the firsit FBRELYrANGhSUrdRUNESsEAL URBRKESN IR | ONsQfihdhe g0athRg
material. The first and second nenbers define an annul ar-shaped cooling

passage thePebénaken ehathesbeamosaryeadjacent the nolten. pool, so that
efficient 20 cooling of,tNG £ yel Plg1ean be Ae Qued, Ledyel ng et hey

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

with minimal or no

da



rate at which 'the process tenperature increases within 'Ilj}efﬁﬁ 203
chanber. Another preferred aspect of the invention ent a‘rl S él e
fragazi ne th&¥oaupesnrts nultiple 25 ingots of the coating nmatgtimkodrasgat h
the coating chanber. The nagazine is indexed to individually align

mul ti ple stacks of one or nore ingots with an aperture to, the 'coating
chanmber for sequentially feeding the ingots into the coating chanber

wi t hout i nterragti ng d%%osition 30 of the coating material. .According to
.anot her pref eFPEGTESpEHESGES IR FROefPrsAtianyadshoreliabpl by dedt fute

vi ewi ng the neleebroncohéaing erighd Wit biigigRat i tgﬁq?}%{l n Qrder
to be capablﬁggé g&o&di n a@i??ew of -the:L ext remnf'l'y. i grkﬁ' - %OGZPV\D
01/ 31080 PCT/ F27 283 SFENFESar ur MeghaRasel o AN PFRCOSS hilmpravemeanttisg
chanber, thedireapedt ito f|uhib coabpdeandolias thei ginv&haibAnalinSRERA

st roboscepi c gnheti ¢ rticle seal .that rovides  a Nk

hi gh-t enper atﬂég%ggﬁﬁﬁoggal g#ort}?%e‘#%qetrr s O5FM - ERfot Ifsating
“preferred aspeldampari handt hhe WRBRPDr bypwbichegasest areosaepiodudeaneid t he

coating chanbghoveéy WH-&h O OF Jper at ghgca i_oul § aneousl, V.

observe. the cpati ne. chanber whi | apéﬁé{agcl ni ng s?‘é’%gosgggﬁ"gr&\%&si (SW %6&& her
" obj ects* and HAVERTEYRs W EREs qiﬁ_ FHRQRonPedin | PatEera ten dppe ecicatdohd r om
t he fol | owi ngnateexiakd description. BRI EF DESCRI PTI ON OF THE DRAW NGS ‘

"Figures 1. and 2 are. scherrft!c top and front views, respectively, of an
Coati ng ot o] ol i aciarotding FEPCmLRn TRREe i aa R rne e B aiheS are

cro s-sect i orfdtVEREVRR tAKERUGLBAY decEmpAoyede t& -Binport guhe Eoatisg
shobing a. et Ak HIR CMPhEY S0kt s CURRSE: M 1N BHE 23855120 Of

: %ﬂ'gferably comprising at least two members, a first of

- which surrounds and retains a molten pool of the coating

15 material, while the second member is secured to the first

member and surrounds an unmolten _portion of the coating

material. The first and second members define an

annular-shaped cooling passage therebetween that is

’ closely adjacent the molten: pocl, so that efficient

20 cocling of the crucible can be achieved, reducing the

rate at which the process temperature increases within

the coating chamber.

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

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

S



Fi gures 6 an

respectively,

d 7 are nore detailed front and top cross-sect)
of preferred interior conmponents for a codfﬂhgﬁgﬁgggﬁvfo

the appar Wwo910foséi gures 1 and 2. 25 Figures 8 and 9 conparggisosBiayn

orifice of

the prior art and an orifice configured in accordance wth

preferred embodirment of this invention. Figure 10 is a cross-sectional
of a crucible housing an ingot of coating nateri al and any 30 el ectron

beam projec

PCT/ US00/ 212

this inventi
a preferred

%%HI%% the surfaces of the crucible 6 '4 FEB 2004 WO 01/ 3
ENASHG6t PERCSSSo R 149 Wi Hain, sher ﬁ@atemgoenhmﬂnemf

&he Frigwmontl is afmml-dd>@1/\é@f alnle H&yclab'f}gﬁ t%‘&&%njaci

r el eciron m on the cruci
Figure 12 dep c%? gt%%§ %E%? ci%ﬁgm qﬂ rﬁlmﬁgnﬁFéFrPBEFFéﬁeoﬁeﬁﬂeUN&&:
beam pat t er n PAOVaEEst hea sdnighetelﬂpeimtmngot wachugh ucigd£) of fggur @§el0
and 11. g gur err 1Q obs VJng he proc
F1 gUiseriBosks REQURENPBLL cLikea’a et 1A 9chat R

within the coatin

nber ‘the apparatus s

Figure 14 sh(Y\?beWBgESntPE@Vb‘éﬂél #orsﬁﬁ#ﬂQQﬁCPm:gc arew o . d:lh|e| ngoaldng

. operation of

| NVENTION i s An PVD appar at u 10 in accordance wth'
general |y defie g E$8 gsﬁ

f eat ures bei

chhabappar abys OkhIcHUr eond Ak 2. T4 LEEHQ@E@L ETI Oy

|nvent|0
APROBPYYr esOR2GRUS2, GREn GRREADS. cohpmbent s uhdle
mgtddpingedteneésgopts’ viQ;bhrough 14. The apparatus . 10 i

particularly well suited for depositing a ceram c thernmal barrier coat

20 on aoretal componenbehaleagGlcher ARe AlaRcLbLY | T BRebR IR | o

envi ronnent .
_pressure tur

such onen

S 5
[ofo z?FEEean&RB%@t%r 6@@9\ tleerb feldowing sdetdiled

augrment or haddasertpoiogas turbine engines. while the

BRIEF DESCRIPTION OF THE DRAWINGS

15

20

25

30

“Figures 1 and 2 are. schematic top and front
views, respectively, of an electron beam physical vapor
deposition apparatus used to deposit a coat:.ng material
in accordance with this inventlon. '

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

- of this invention.

f

t he
Vi ew

1080
and
tron

ess
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.
i ng
ile

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
the prior art and an orifice configured in accordance
with the preferréd embodiment of this invention.

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

i)



25 advantages of this invention will be described with referefd® 2004
depositing a ceram c coating on such conponents, the teachings of this

~¢nvention cwodesiomeneral ly applied to a variety of coating F?ﬁ/%ﬁ@;ﬂﬁosand
conponents. 30 - For purposes of illustrating the invention, the -- FEB
2004 WO 01/31080 PCT/ US00/ 21203 EBPVD apparatus 10 is shown in Figures 1.
and 2 as including a -.coating chanber 12, a pair of preheat chanbers 14,

and two pairsgof Eng,C and_.18 so_that the apparatus 10 has
.a symet ri_calacpn#’flqv ur a?'!nonrgl.E %ﬁaéil?eer ot R oGP nBrSESFFSéFis erdbogHanestowat as
bei ng al i gnedthiF tINYPRE o espective preheat chanbers 14, with parts 20
originally loaded on a rake .22 within the | efthand chanber 16 havi ng been

transferred to the prehg ager; o1 as, . icted.in Fiqure .1, into
the coating chamber 10 1 .uf\/élth th%ssénﬁé???cgﬁl%%gn#g&hﬁiSﬁ'gSFbﬂ'ﬁe of
appafatus 105 *9WHi¢ elPhénfard sPyofessadd pektsngh fide theneleetirbandbeam

| oadi ng ghanben tife armudiby e@tesge¢dhin the coating chanber 12, a
second batch of parts in, the front™ righthand | oadi ng chanber 16 can. be

preheated in the is right d prehgat, chanber 14, a third batch of parts
can be |oaded into thgﬂr o g%t %qrcﬁad?né’r(?%fr%d 1BOWERd infensityn

bat ch of par t&istgHimtion oafedtheonelbetrenr beamhtfarthinadicesshappar 18.
Consequent | y,sififfdeced'dFCaS 1 i ARG t-aneou with the
preferred EBPVD 20 appar at ulslﬁl%gg?ﬁmtfhl S |%§nﬁﬁl%}gﬁ ﬁ‘%garf% it _
preferrec enmbodi ment of .this invention, the loading chanbers 16 and 18 are
mounted to | ow profil & ¥l el Pl afFEMAs B4, BRefewxed heviewnory Ebanber s

1[§"}3md 18 carhservisigecthe epyoakisgnad tiirh thei Eodtinge@aimsdanBer $nis-
For’ exanpl e, Bat . A l.oad] chanmber 16 is brought into
alignment wt tﬁqugfs{}{?gﬁltd lﬁlr gfhlﬁgk&aln‘%g}dq%ér to allow the parts 20 to
be inserted into the coating chanber.12, the rear |efthand |oadi ng chanber
18 is set-back fromth&iaeEhakfl shows a control panel for monitoring

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

DETAILED DESCRIPTION OF THE INVENTION

15 : ~ An EBPVD apparatus 10 in accordance with this
invention is generally depicted in Figures 1 and 2, with
various. components and features being depicted in Figures
3 through 14. The apparatus 10 is particularly well

| - suited for depositing a ceramic thermal barrier coating
} 20 on a metal component intended for operation within a -
thermally hostile environment. Notable ‘examples .of such
components include the. high and low pressure turbine
nozzles and blades, shrouds, combustor parts and
augmentor hardware of gas turbine engines. While the

25 advantages of this invention will be described with
reference to depositing a ceramic coating on such
components, the teachings of this invention can be

generally applied to a variety of coating materials and
components. |

L4

30 : For purposes of illustrating the inventién, the



30 preheat chanber 14, so.. that parts can be sinultaneousl or
unl oaded fromthe rake 22 of the rear lefthand | oading c'ﬁzlilyntﬁtgigaﬂéach

pl at f or m 24wbpg1aleo preferably novable to a. maintenance p@gigisedizizof
which neither of its |oading chanbers 16 and 18 is aligned with its 35
preheat chanber -14, so that the interiors of the preheat 8 4 FEB 2004 WO .
01/ 31080 PCT/ US00/ 21203 (.) and'loadi ng chanbers 14, 16 and 18 can be

accessed for g%\?gni ng. The platforms 24 are preferably supported at | east
in part by rof bRHRAL Y dlintled ishowme fRooFigurésugh iands 2 as

foreseeabl e tim¢ludiregi eay. obabengi nehageukd 32be wsed,;Fachepl abiorm 24
j ecti on above the ?Iloor) of “not” nore

has a | ow el evl_zlit ,onal g& of il (8ro

than one inch® ?’&‘B%{ﬁ '5 %ﬂ§ WPnPalrgh ok dPadinggehapbersr 461 pngdo 18,
degrees fr ?m $or tzant the apbhchthsg&mhe;ﬁse&s @Wﬁd t'r!gaiLhEhF!&bfﬁrfa*ﬁon.

pot ent i or t G LRPI t .0 edge of.the plalfor,m 24.

St at i.ongér y obr'}‘lg%t ng%t?r géﬁg:ﬂr’]‘é cﬁ%@éﬁpgegtﬁe 1%‘%"(% ?)?ehg?-ﬁgl #1398e6 oned
away from t hevitdygehebr rrRepprhiver myeheato chavikkxan loperwdel perdg 20
pinched by a odadimiingd whled | & 1£PAMINd 000, \Athifl ¢ 8HAA! LKgRnbR 4! NE
pl atformconfll_%ﬂatlon shown, 15" platformsystens wih miltiplée

over | appi ng SRS bhi MVINGVRBER SEarEResreduta bBeupsehertr chambere,

the novabl e Jsﬁegitml ,tm:oaxéplicté@_'bnneaghral fi xedeel emat eaaeiﬁ@‘ Ehﬁﬁb%

surroundj ng the p r m.as ies.' Finally separate ehéat chambers
could -Bfejd provil%l'ed ?_Ec'){rzﬂt glé‘%l %%ﬁgt%%%am}r{gﬁ%a 1%£ E%et ARPABBFHS

| oadi ng chanblets Wisiksmdthegpantst 126 rldadad nchodugtbetlse Whnbdt bdeguhandnded

by a novabl qdd@tdepr 8hs m oW, 442, Fi heou , rtion .-
of the coat icﬁg heg)rrber ?L%E?s 1a6IA:g§%r \gbelrd;ol ?/8%%% |g’ﬁ§:gé&t %%5‘%833“9 L)
relative to t Shedt2 chahbe?edand, briek tef fRartstain ctheni figoot the

interior of theyhtitmrker 1b2dihet wehambeat i 1§ GAMPabENSpreifesaad iih FLgure 3,
the copling Mg Wrdedd bhSnBRE" 34 "Y RINEY Ve 'of parts can
‘be loaded into the rear lefthand loading chamber 18, and
a fourth batch of parts can be unloaded from the rear
righthand loading chamber 18. Consequently, four process
stages can occur simultaneously with the preferred EB?’S:T'D

20 apparatus 10 of this invention.

According to a preferrec =mbodiment of this
invention, the loading chambers 16 and 18 aré mounted to
lcyr-profile movable platforms 24, so that thé loading

- chambers 16 and 18 can be selectively aligned with their .
25 preheat chambers 14. For example, when the front
lefthand loading chamber 16 is brought into alignment
with the lefthand preheat chamber 14 to allow the parts -
20 to be inserted into the coating chamber 12, the rear
lefthand locading chamber 18 is set back from the lefthand
30 preheat chamber 14, so. that parts can be simultaneously
loaded or unloaded from the rake 22 of the rear lefthand
loading c}:an:ber 18. Each platform 24 is also preferably
movable to a. maintenance posgition, in which neither of
its loading chambers 16 and 18 is aligned with its
35 . preheat chamber 14, so that the interiors of the pfeheat

g 8



Vi ewport 48, described in greater detail below, nount ed___3 front
section of the chanber 12. In Figure 4, the front sect, EE@!’@U%atl ng
a

chanber 12 (4§ g @S an ingot nagazine 102 associated W|th gat i ng
chanber 12 angﬂ@fl scussed below) is shown as having been moved ’Bgﬁ’zznqrom

the renai nder of‘ coating chamber 12 in order to 35 access a nmovable work,
~platform 50, which is shown rotated 9 4 FEB 2004 WD 01/ 311380

PCT/ US00/ 21203 |nto a wor Ki ng@gosmmn in Figure 5. In this position, the
interior of tRE%ORIHPENGHBEPEIS ddn LS eard] 8 msreshed anressediofar

“pl at f or m 50. 'EllféawmgfornTﬁ@ biati%% 523; bﬂ'é‘QFEQEQ g6h ee%&% %Qf é‘fzh °

"the base of t cQatin anber hough i ore
accept abl e st H‘&@ls&r &l (P@%tdgy arFI‘PQSpI founted lé'artltk f;lﬂﬁii‘.gured
differently-f m@mughab.tshamnfdr‘edﬁewbl%s th%tt A atagfiedy IOFCIHEH i

gas htoed
segnented con Lon, | ck tes_and ot er safet rel ated 10
acgessor:ges %Eelﬁc%toea i ng, ﬁ%?eﬁ%é&éﬁ% ?gag?ﬂg chENbEREV: BRPLiRy 18
are connect ed (pgrovar:tesm( rahoﬂs.ﬁotl\h¢ tflabr)aci enet ammuwhmabnbetihﬁﬂ'ﬂ
t hese chanber XE M a
15. | oaded beﬁﬁgggttg ghaéﬁers %& %4 ngmEHgQQB &%% 1\./%%}%;%0
have .a m ni nuRPEEREAsi §5O8x AFizoNte whidicbh ﬁQQ@Gmrder%&ﬁqnﬂmlglar
t han previ ousbylmﬂnagbt tép.r a@ét@ﬂ&lﬂﬁ%b@sanslﬁﬂlézqifrn g,l_g@% {81t1 5 Be t g
the coating, t C er, an rrus
punped ?tg vgr ylaﬁ8 ?’gvetl%& c#loaa\ﬁ%%ﬁ] Eg Isi}aébﬁﬂargag degts SRR nove
relative to cEBR épparagus @Opl@xmeplrmm tmom:gﬂmdruaw.a?e feapaldise of

rous cycl r&f a el essur [

?E?E pur p0>s/e graeégngc\,j\fh ftﬁ\ét ﬂlgirzﬂang%dszi Eét here Ol‘gﬁWI ?6% tﬁcﬁ%’&issed
in any detai | PLRFRRAr &Yerdn attchr“gu?‘@swéeand'-t? 1%031&9Q§J4t§-°t}ﬁﬂform
within the coaltagnabaﬂ”éer Yo by ufed t | pUa8BErm conflguratlon shown,

1s ~ platform systems with multiple overlapping or telescoping -
movable segments could be used. Furthermore, the movable
segments could slip beneath a fixed elevated platform
surrounding the platform assemblies. Finally, separate
preheat chambers could be provided for the loading

20 chambers 16 and 18, so that Loth loading chambers 16 and
18 and their heat:Lng chambers would be surrounded by a
movable platform system.

As shown in Figures 3 throﬁgh S, a portion of

y the coating chamber 12 is alse preferably configured to
’ 25 move relative to the preheat chamber 14 in order to
facilitate cleaning of the interior of the chamber 12

between coating campaigns. As seen in Figure 3, the .

coating chamber 12 is in its operating position with a

viewport 48, described in greater detail below, mounted

30 to a front section of the chamber 12. In Figure 4, the
front section of the coating chamber 12 (as well as an

ingot magazine 102 associated with the coating chamber 12

and discussed below) is shown as having been moved awa'y’

from the remainder of - coating chamber 12 in order to

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



evaporating ingots 26 of ceramc nmaterial with electron. eﬁgmpduced
by el ectron beam (EB) guns 30 and 30 focused on the ingotst 26! se

heati ng of woeieessami ¢ naterial by the el ectron beans 28 Caﬂfﬁﬁ doP$203
~surface of each ingot 26 to nelt, formng nolten ceramc pools ?rom whi ch

mol ecul es of the ceramic material evaporate, travel' upwardly, and then |
deposit on the surfaces of the parts 10 4 FEB 2004 WO 01131080

PCT/ U500/ 21203 .20, _p cing the desired ceranic _coating whose t hi ckness
will depend o%ﬁead{dggﬁ%% BPSELH&ORodM NP bReSs. Imni EBiswpdsiddion 26

are shown in theesénkeyioes,of t the wbibingt hehsmaepe abh thLs | By erldqn f hat
one or nore 51 26 caul.d be', present and.evaporated_at any given

ti me. EBPVD cSaodagl nge% ch g# a"?oer]fygﬁégEPf"ba?)gbl e e PARSGOFH ntQi d&d at
-a vacuum | ev&d1owWst aghdeing eoupied witdtbauthingd' 82 Tesr ther bhaes ofl R He
prior .ard, a dsxyl ' st i@ e picall

about . - O 005 nba'lrﬁ,g V\]%lljélhgb%fa %?hmﬁﬂﬁgg% n h(aé,s %ﬁﬁ&a%n%?glftm ng
the coating FEReble,strugtyreseiarnichdhe erepleyedr esTheeplacforn®in t o

cause errati capdsalcoit Hudde ¥ ferascdp FremmMtad Nthowh CLh! INGRE 28
difficult. tg |@1‘ﬁ&2§§roé,-wtﬁ theggresi{ﬁnﬁtl n that inferior coati'ngs
woul d result * 1T FASE 20 BBEAUFIRG R aNEAgES: RegTeREed cPRStEuStAORanent
~woul d be red@@sd owitthe glickont @liataeed anfdopesehed at sagatingedazeler
pressurgs abewes3s393egar. However, in accordance-w th copending U. S
Pat ent 20 Application geri al No. 09/108,201 to Rigney et al., assigned to

~the sane assignee as th'hs i nvention, .the* coating chanber 12 i-s
preferably operated at TRPgIfSRtiRGEsshFebeakatand r porgingl \charders a8nani c

coat i ng V\n'hthl_4.,i _rmﬁ'-ozwdi spaldral | @enAGdr kAP AR ,ﬁ&ﬂéé@ﬁ%@th?&ﬁaﬂj 88225 ¢ J
bvapor at i on FaTeE Enan  NAFCAM, 8683 | PAUHEER | tlhess,  (chawRghs punpdden can
be performed™R¥ipagecdtd ngize and number of parts 20 that can be
15. loaded between the chambers 12, 14, 16 and 18, the valves
' preferably have a minimum dimension -of about 250 mm,
which is considerably larger than previously thought

practical by those skilled in the aft.  Because the
coating, preheat and loading chambers 12, 14, 16 and 18
20 must be pumped to varying levels of vacuum, and in some

cases are required to move relative to each other as
explained above, the valves musgt be capable of numerous

cy;les at relatively hi‘.gh pressures, Seal designs
suitable for this purposeé are known in the art, and \
25 therefore will not be discussed in any detail. 5

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

performed within the coating chamber 12 by melting and_
evaporating ingots 26 of ceramic material with electron
beams 28 produced by electron beam (EB) guns 30 and
30 focused on the ingots 26. Intense heating of the ceramic
material by the electron beams 28 causes the surface of
each ingot 26 to melt, forming molten ceramic‘pools from
which molecules of the ceramic material evaporate, travel”
upwardly, and then deposit on the surfaces of the parts

10



ﬁreheat and | oading chanmbers 12, 14, 16 and 18 with 30 nechenj .
31. A cryogenic punp 32 of a type known 1in the art is sho{mq' ?FE@ml

and 2 as bewgoegsnpiooyed to aid in the evacuation of the coa{,é@%&p%g@er 12
prior. to the deposition process. Also shown in Figures If 3, an is a

di ffusion punp 34 whose operation-is simlar 11 4 FEB 2004 WO 01/ 31080
PCT/ US00/ 21203 to those known in the art, but nodified with a throttle
valve 36 to regulate the operation of the punp 34 in accordance with this

Jdnvention. ME@, pprodecing| ghet Hesitbdoteramidl \@ath s W@t Hgiyeen an
open positiong:{fi %15%’?3 %?lnd 2 gl oged- Eositign ']('Fi gures 4 and as  wel |
as positions fherebetvesh. Sthe B&nefPFabRopneott nthe t Icoaking Feracess.

real i zed whenWihbevawguningats n26hareoshowg clantResd?2 Biguyridlt aijped At

the rel ativel yifj S enpl d. by, 1 his.nvention.”™ Wien the maxi num
to operating czbg%?t f%‘e %Eéﬁgl f%sic%ﬁlspur%ﬁl%}ﬁo? rﬁg‘ﬁ?’r et PevdFa e
the coatPng ch%g%‘é? 5, add npet PreseaitveaBd evapopabeds sthounyi RyiRiegiir

3. For procestsimg. hardware, the coating chanber 12 nust be maintai ned at

the targeted pressure (e.g., 0.015 nbar), necessitating that the is .

throttle valve .36 is 1 to atr.pres t throttled position sone distance
fromthe fully closed posith SHEIFERE RATRELS aRE EYPASaidyncppablgucs 1,
separate di f fRinsh pabptadgedsiti lar vacagm doecelni 68 Ebceid | @, yokvembainot

2000 foy the g eacon i AoEEt o, TR Tk Sl B K TR R
coati ng*bper &5 ofitofAFH sO; RY@nfkGF. TARD merRntyRLCBIAYs adowt efoenalsl v
| joj ude | eak mistmctauld g ehidansaithi® th CBodtiAgKoAShBEL 0L 2 AR
.conhected -f hedet(feé:#éiq_g%a %%%tem vacgﬁm I %ak usi _n%) hel 1'um or 25 "anot fer
gas that can be safely i-ht rotced s hr 6t§h FEAEOR | P]ING chbhdkr shighers, 16
and 18, or aFfFREATES weqw kmown tW tdausd cxrraei @oeperavidhgsEeshd apd 2,
the |oading fiiabgds Ay anthik’ 2he JETEERLLY SLOMME &b 1 Rirficule to
] 18 control, "with the presumption that inferior coatings
would result. It has also been believed that the life of
the gun filament would be reduced or the gun contaminated
if operated at coating chamber pressures above 0.005
mbar. However, in accordance with copending U.S. Patent
20 - Application Serial No. 09/108,201 to Rigney et al., ‘
assigned to the same assignee as this invention, .the
coating chamber 12 is preferably operated at higher
~ bressures that surprisingly yield a ceramic coating with
;;".}, _improyed spallation and impact resistance, as -well as .
25 promote the coating deposition rate in conjunction with

higher ingot evaporation rates than that achieved in the
.prior art. |

Rough pumpdown can be performed in the coating,

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

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

to aid in the evacuation of the coating chamber 12 prior
to the deposition process. _Also shown in Figures 1, 5, 4’

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

11



30 shape, and are equi pped with | oadi ng doors 40 through %ﬁE%ﬁb are
| oaded onto the rakes 22. The | oading chanbers 16 and 18 @&l pped

with accesswip@figdd tO notion drives (schematically repres fggoo?ztlz(ﬁfs in
Figure 1) that control the operation of the rakes 22.°

particularly, the parts 20 supported on the rakes 22 12 14 FEB 2004 WO

01/ 31080 PCT/ US00/ 21203 are preferably rotated and/or osci’llated within the
coating cha er to pronote the desir _coating distribution
around the gg"r? s §8S%he A0t et E§801‘3§t42 H“FoWEhglﬁﬁeP’&Fgr aoftl'g:m;:tle
apparatus 10 Yalveqi&kry adgaistater theangperaeisgt tdmoshef fgid?@ nggi of

d 46 Wt f d | oadi ts f t he .
oadi ng chantare Taiace. 15T, BOSHEAATC pHoRRCpRge 1R BE v s e

interior of - tHerebhiengyadinbdé iz V\#¢¢u®@edesbatlwbmh ian d)@ermms(ie;tlajd In

order tosaddresbgtpe afor gHENG OFEgs 40 nc %E&gﬁ r of the
el ectron beamns and pr ot ectlon o?&? ?&g&gu%s g% %e hlcag{ﬁlie g}:ozﬂ ng
pressures enpfoyed 3 HAIS iRt ,tgwre eMasnn i Fheovkemefit warke e to
the' EB guns tﬂﬂraﬂdle heamoat 380 iiss wdriasd 1@heﬁ\5tﬁée€}abﬁuﬁ' d4ERif t@f@’ gen

and argon ga duc into_the coatln r 12 through

inlet 54 | oca rCB%E@e%I 3% 58° t RAENERS gat gh? n§8§-§t28‘33\k’t Ilﬂlﬂhc he

- coating chanﬂé‘ﬁfea‘ﬁ’um eppdoredhdy nbhienlm(emf.mh cerwtere ﬂnéelfrlaadlmum )

pr oducegh by LAeshd op h t PXYQggN and .ar
tdlﬁ a%gc@egm%: 8thJ aa.ffﬂ‘QiEﬁ n'g{: 4 Qg  Feduize

are individya %/con r ol the targeted
the targeted Par Y%‘F%)‘F%SEG?ecﬁ?tbﬁﬁgéhami%r " dué‘-élet fdroctder &ﬂ&ereoﬁs

‘pressure osciild abpensagi tdtiowr hin s'ﬁzghrag 3char’r15§£- %%ocbaﬁlﬁgmhra&'dd é
esponse {1 yelcan REsEnggtes 19°gt st bRl Rty Blae g KRS
out si de the ERBIIRFehatdeg. 12, anlShombarm Fi geressitaning. thaeenenle of

t he conig ol Mree RS v9lve 36 is moved to a preset throttled position

. some distance from the fully closed position of Figures 4

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

similarly equipped with throttle valves (not shown) are

preferably employed to evacuate the preheat chambers 14,

20 again for the reason that a vfelatively high pressure is

desired for the coating operation of this invention. The

mechanical pumps 31 preferabiy include 1leak detector

connections 33 to which a leak detector can be connected

for detecting a system vacuum leak using helium or

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

With reference again to Figures 1 and 2, the

loading chambers 16 ~and 18 are generally elongated in

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

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

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

12
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30cl ose to the coating chanber-12 provided a surprisingl w;sl}gpg%cﬁm% .

| nprovenent j.n pressure control, reducing pressure fluctuation 1t t he

coat i ngchanbgpl‘géi’%?“r educi ng disturbances in the focus and pegiriusenefbhe

el ectron beanms 28 on the ingots 26. r To further inprove the el ectron beam
focus and 13 WD 01/31080 4 FEB 2004~ PCT/ US00/ 21203 patter,n, the EB guns 30
are relatively isolated fromthe higher coating pressure within the

coating chanbetre 2 pyefearazbhdensatetbgod; s at 1 st..pf .the
super f I uous %M%VM% hat %o not 3ea{)é?t 8%?%5?%%%2&%8%63 5tRfe
hood 52 is configured accor Phg 1%0- Yhi £rdefveta oromotdef the adesaikdy
regi on around 9REIRE t diz6ribution Wikelng t BRee! gyat£d pr essuie dggﬁ__ﬁ% f or

ained, Tqg facilitate cl@

t he. coati ng_ praysss i Lf i ly_Imain

betevvgen cgé{)i n 422i- %E?%%egﬁ%oéogﬁx?éoﬁr éter 28, agOREPENS1010i t ho

screens 76 thﬁ‘ﬂccﬁﬁr;ge a%éh’@\l?edoé\‘nd':baagﬂedtrwt Sattimfs t B¢ Ccegbi %Eféﬂber
2. Preferabl itvies s egp , kped SR i ns-, 78 jnstead of

| [l o onens SRS 2besnS g HH AR U nbbnciian |

t hreaded fas rs.in order .to si renova

the condit i‘onto(???:l*?}\ﬁsn Io8b g 1R ifhambgyer 16sanfl 1Be coating materi al
by the end of .a canpaign. Though generally- nore conplicated, the. entire
condensate hood. 52 couReflesmiswpovedhaind repl apegumesh a sggﬁndlgcl ea{h%ood
52. Be,ca.use thﬁt@i@_@ﬁ%ﬁ S%éogggﬁihﬁecgl%r#sfgzo s ,20 ]saeen In .i'gu_r € b,
an. aperture 62 is aece,ssary f or €achH b tif otiyhl t Ré KiegFrdbedroin
pranot e ‘the cBPEGi | FEF21bf il aPhey Higheddresssuthe Vifdyemdit®ioned
condensate hpodbliamas conitedidthg & He CcdfrEdNd the. _goating_ chanber
1%, )i ncl udi ngapRe \roc'héy\}:t% ar ogr?tg the FB unis1 %% 9{2% ?E&‘l‘gﬁa“t 3’%@5‘36?301%
preferably for ned S HArE R nghs FBRs beg'g‘b? A8r @t hthe t higheec esming o

all ow t he el eP¥e8gures employed by this invention, . certain
_ improvements were made to the EB guns 30 and the coating
15  chamber 12. As seen in Figure 6, oxygen and argon gases

are _introduced into the coating chamber 12 through an
inlet ‘54 located near cruciblfes 56 that support the

| ingots 26 within the coating chamber 12 and retain the
molten pools of ceramic material p'rdduééd by the electron

20 beams 28, The flow rates of oxygen and argon are
indivi;lually controlled based on the targeted process
pressure and the targeted partial pressure of.oxygen.- To
reduce the occurrence of Pressure oscillations within the

_ - coating chamber 12, the control loop response time for
25 f:heae gases was reduced_by physically plécing the contfol |
valves 58 for the gases immediately adjacent to the inlet

54 just outside the coating chambef 12, as shown in
Figures 1 and 6. Placement of the control valves S8 so
close to the coating chamber 12 provided a surprisingly

30 gignificant improvemen}_: in pressure control, reducing
Pressure fluctuations within the coating chamber 12 and
reducing disturbances in the focus and posit-;ion of the

electron bearr';s 28 on the ingots 26,

L

To further improve the electron beam focus and

13



beans 28 to pass through the hood 52. For this purpose, the eé@ﬁ&es 62
are preferably cut with the el ectron beans 28 during th_e s éé

EBPVD apparwOws/3168p so 30 that each aperture 62 has a cfosspggatdegAfes ar ea
that is approximately equal to that of its electron beampattern at the
intersection with the hood 52. To further isolate the EB guns 30 fromthee
el evated pressure within the condensate hood 52, the 14 WO 01/31080 4 FEB

2004 PCT/ USOQ travel fromtheir respective guns 30 through
chanbers 64 ' é%‘%@rr%%‘ ?&Eeﬁ t FEIEN 30 ja%e V\ﬁﬂ%theEMelsodaltieldg fotraniette 12

and the condehsﬂherhoodtmg pPeetarabli thike' thgfég ti’ﬁ‘% %g zéltlazséjg :
inlet near 51 g R&gﬁg&#%cﬂ% % ggutg%ed (t:g e ch of - ers o4 ause
of the mini mum Size 0 P afocatgrhe eF‘@ﬁ&t@é s Anpe nd kudus t he
C(r)]ndenisat e h@o@@ri@mq a¥Bpevred that t He imgtr odepbisem ]Qd‘fm@asygﬁllré ag Qﬁeggggb with
the inleg 5 tQat su |centyreuce1
rate to ena\t,)\ghfhggg?f?gs?gn%%lﬂl%%gfioa%gmﬁ'{%qgt'ﬁ% bﬁﬁnﬁé‘i‘@n@&o&t 1%
_pressure | on®t iR 1 HePahingi reqinn axouhdsthe havds520,Fiwdehds &hi%rand 9
illustrate adrhélall@#t@d 2655@Fe P B O yith this is
invention. As# T | I ;ﬁ con%tag%ggsgt Egrt ?g{:n%gggfng grgﬁﬁﬁﬁpé‘d’ with
vacuum punps cf’hajtc ’éé‘%‘{rr es Tonifagil itatguaieaning betalesrof
about 8x10"5 Gaatdimgit ca&pamgnsnbauhevxmla i 52wel & mﬁm e>@q$} ﬁ%%

out si deld he PVD coat, n this

i nvention -as “\%gl}? %?%/%?CZFWEEBQ}D CoatThg EREVES ﬁ‘%fc ﬁgne rP(S‘FSéd@ I n
order for su@¥ | BHR pcoatings chambher nh2 nt alEtlaejferdnhlyl, eathenNebeesns 2Fgnust
pass through aray| |rrutrajleﬁld obyf [ §§§iﬁ§ tﬁéﬁél t-,ghe1 ggg% (?gf]vgﬁfe(}ﬂ&fd

schemati cal | )éa%q__own in JFigur repr esen

configurati o For & Hh %‘F‘fﬁ’f &P 1%"8‘“931‘6 £y aredavedr of rtigescteenanis
focussing . e&edi tirorishe condition of having heen coated with a layer

15 - of the coating material by the end of a campaign. Though'
generally more complicated, the entire condensate hood 52

could be removed and replaced with a second clean hood
- 82,

Because the hood 52. surrounds the parts 20 as
20 seen in Figure 6, an aperture 62 is necessary for each
beam 28 through the hood 52. To promote the capability
of ma:.nta:.n:l.ng higher pressures within the condensate
hood 52 as compared to the remainder of the. coat:.ng
chamber 12 Aincluding the vicinity around the EB guns 30,
25 the apertures 62 are preferably formed to have dimensions
of not more than that necessary to allow the electron
beams 28 to pass through. the hood 52. For this purpose,
the apertures 62 are preferably cut with the electron
beams 28 during the setup of the EBBVD apparatus 10, so
30 that each aperture 62 has a cross-sectional area that is
approximately equal to that of its electron beam pattern

at the intersection with the hood S52.

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

14



represented by focus positions A, B and C for an el ectron eaméZf@igown
in-Figure 8, the orifice 168 has a relatively |large di anet rF& _ th

e. g., about vBRorm#D and about 120 nm respectively. The di saewagdodgds;of
the prior art is the reduced protection that such a- large orifice 168
can provide to the EB guns 30 operating in the higher pressure environnent
of the apparatus 10 of this invention. During an investidation |eading.to
this 35 invention, 'testing evidenced that inproved control of 15 4 FEB
2004~ WO 0113%@@@%Dc?ﬁusvmmho§r9mocfemimgreepd'ct'ioas ened| Sd aBhERhigAUM
position, of tdambeam kqcu LAt | [ e . . be i tified.

nore effective orifice d sigﬁgﬁvxg‘g t%r?%r?segylégaﬁ%%&?%sdﬁi g Ph t ke
orifice 68 of Ci%téq%veﬁgia@ge%ovﬂﬂzi n #dri geles GomdenEatishi chood depict ed

in Figure 9 aPreferaplyy stiel! aifdiai®hepumpdaal ap@ ot hapkhat,of,. the
prior artg Or?fn'e%?na%i%ag{} F-rgcgre. 8. Atigreferred di anmeter an Ieng’ih ?or
the orifice 68 aroberrevdd YR+ &houto | Lachd 85 mivhe r chashene| y64.
t hough opti nuiiecaugses ¢6r theseaidimansi siwe 18fcarhy atpedeRQEE NE20N the
pressures and gh @Gk d ' 1GQJ s r , qver al eometries. As
not ed above, ;hg%%gr?ge?sﬂaete %X%g{ﬁns%og‘l’lﬁdg%%%tﬁwt%e g?l?%e‘ﬁfito
mini ni ze the Q¥pdhei dRtreduection ©feexygen andt kegom evichr thal | snbét t he
coating 'is cBanmbelebds Aet® AiHW dHanblrs igav Rt iz0 feﬂ{@gp od
S2 -is 3.'030 spgeial |y c%‘nfi ur g to I& ulate heatai nrbuf%eclt 1€ arsltaés&é%g%s
_required to. marntarf & %%rog Patd %‘h?‘tc’nc eRPBPatif e tRUr MA§NEaEBat thry
canpai gn. Mor ghapherscf4r lat, aheresxh?® leweguitlpad Whiat awieMah! a-12d

rﬁD ector - pl abgndénkigk 568 akgs heat emitted. by the nolten. surfaces of
t i ngots 26 back toward the parts 20. At the initial startup of a ,

canpai gn, during which _the fenperature of the coating chanber 12 is .
relatively |ow, the reFLEBEER plbate 8 72384 pBsi dldnsratese adulithionLS

parts 22 withpaotectiiehor ptbvidedaxits zetheat EBY Qunid® 36 with this
1s invention. Ag is genéfally‘conventional, the EB guns 30
‘are equipped with vacuum pumps 66 that maintain pressures
within the guns 30 at levels of about 8x10°° to -al-:out
8x10°* mbar, which is well below that existing outside the

guns 30, i.e., within the EBPVD coating chamber 12 of

20 . this invention as well as typical EBPVD coating chambers
of the prior art. 1In order for such low pressures to be
maintained, the electron beams 28 must pass thfough
cylindrical orifices 68 to ~exit the guns 30, as

/ ".; " schematically shown in Figure 6. Figure 8 represents a
2§ conventional configuration for such an orifice 168. To-
allow for a range ~of beam focussing . conditions
represented by focus positions A, B and C for an electron .

beam 128 shown in Figure 8, the orifice 168 has a
relatively large diameter and length, e.g., about 20 mm

30 and about 120 mm, respectively. The disadvantage of the
prior art is the reduced protection that such a large
orifice 168 can provide to the EB guns 30 operating in

the higher pressure environment of the apparatus 10 of

this invention. During an investigation leading to this’

3s invention, testing evidenced that improved control of

1s



parts 20. As .the tenperature within the coating chanber T??E ﬂ ring an
ongoi ng canpaign, the ref lector plate. 72 is noved avwh-y frFt[)E Qg‘rts 20

(as shown | WpHEHE®M in Figure 6) to reduce -the anount of pagi@bgsheat
30 reflected back onto the parts 20. In this manner, the parts 2.0 can be

nmore readily brought to a suitable deposition terrperature (e.qg., -about
92S'C) at the start of a canpai'gn, while attainnment of the maxi nuT al | owed

coating tenpenrgidiag (1‘?1 it 4 del ayed to 35 nmxim ze the
| engt h of the coati r?gL catlzrcr)pngﬁg%réL rﬂsﬁ glﬁ%%)%e%Z SREgy mesifien/ efoshe
PCT/ US00/ 2120%eafd §P@se poiaksolD pr.nnmJ.gLa'ermBE e f1o6 Migagrstrallye bl ade

coating tenpenhpird €t ro he ed colu rain structure
for the ceramc aﬁ ng EEgXet hgg%ﬁcg 28&!8f nifft aF ePhegﬁé’@ﬁFéEatEd
rel atively hi &I‘?%‘&ééQﬁr ey Ehen ondifd asonenoft etltmd inZenkiba tdimwref EACt OF

I 728s i l; d 5 h
L o Ty 208 TR 12 M RLSEELA M S ol

that surrounds t Iat t o inhi It gas oW be
hood 52 and p‘F“aJPﬂ cgdlcﬁ%%t h skkanuthatosf mhewepnioheantod

52 and plate ¢zlineSh6anoanElggurbe 87 ame p"i@’ﬁe&tﬂe’a Qi Sa g%g.,,h]ag e?%ﬁgghl nto
th t 1 | t

Charbor vy CIBE Ehe 814 PL0UBA00R! berklils JOTE WM g tand 56 wme
heating' of t FésBSFFé"eiﬁ: by heghn prddmm cvaluesr foirc-tinaieddigbhegbRss 80
Cruci bl es - S gyt a . ceperang o' fretiifedd) StTElcle, Whectione

cruci bl es sﬁél ng coatin More. speci
proxinmty. to FEefbt 30 6°"? %1 eQ'P%‘E‘PGFéeSO are at' a very high

tenperature during the coating process, and therefore' 20 radi ate heat
upward toward t he part sA20.ndted analone of tl’(teatccsmlqgggebyhégg redl eg %ors 1{ )

Cruenfs 56 PR et S A8 BBGHTAOC R Wi S Gl Fom e
cruci bl es 56.°FhEerRBiFBAEREigd SNe tiw mxn:wrmywammaowectm ¢oating
fluid-casl ed chatlee 8112 hat A@Q:Q&d:.ng 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 duriz_zg a coat:mg campaign. Mcre
particularly, the hood 52 is equipped with a movable = °
20 reflector plate 72 that radiates heat emitted by the
molten surfaces of the ingots 26 back toward the parts
20, At the initial startup of a campaign. during which
the temperature of the coating chamber 12 is relatively
low, the reflector plate 72 is positioned close to the | y
25 parts 22 with an actuator 74 to maximize heating of the ;
parts 20. As the temperature within the coating chamber
12 rises during an ongoing campaign, the reflector plate.
- 72 is moved away from the parts 20 (as shown in phantom
in Figure 6) to .reduce the amount of radiated heat
30 reflected back onto the parts 20. In this manner, the
parts 20 can be more readily brought toc a suitable
deposition temperature (e. g., about 925°C) at the start
of a campaign, while attainment of the maximum allowed
coating temperature (e.g., about 1140°C) is delayed to
3s maximize the length of the coatlng campaign. The hood S2
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not appreciably radiate heat to the parts 20. As a result, t ? E{ZBQM
80 can be used in conjunction with the reflector plate 72 Té eg t he

t-enper at ure ¥P 0188 s 20 being coated within the coating chawpgyyshe, 1?29
duri ng an ongoi ng canpaign. At the beginning of a canmpai gn, the reflectors
80 are originally located near the crucibles 56 to naxim ze heating of the
parts 20, and |ater moved with the manipulators 77 away fromthe

cruci bl es 56 tand epllmtee the B0&INdr&fiota@dhafgdah 4 EEB 2004 WO
01/31080 PCT/ USOQ/ 21203 To AR brbnote ok :5%8 c ﬁB%‘ 8RS & blade

portions of- tHé& n"ﬁ}ﬁ pUTIREF atYEe ) Whilhy ramsdEisngthe hdebéred? ayltimnar
preferably forgmtmfsadntgiré eﬁmerm@rgerghieyc?éegﬂ%gs ﬁl Eh%k%? g@ <§8al | oy
re

such as X-15. S f anul a teri ecto ul d
be in essentlaé] @Qﬁt):%.rg Fﬁh&n%{ Ci:sé‘gﬁéF&VP}Yan&hameesmre w1th:.n
exa(rjrpl isoﬁe orthﬂ)r@qﬁimsad:a:dm@ mhtwhmf Fﬁﬂ;@cféﬁg%c@@*;a%g_g{:ecqg P
use a mat i t ectors cou ere atlve y
| ar ge pi eces céﬁfir;%lr'ng?% ?%ésg'?g'%o é?na{aizler Fogﬁ'ﬁfil HREPRANIE pe# nghown
. deposited, t Jurraungdsakkat plage o'tmetocenhdrbo‘.trrgﬁlﬁiéw saelvdenbe
used. As not ectmi)mcmdetdge @gﬁj@dZ o] C C rted
within the co# Jg ijtg ;[B © §2 Bnd ?1%% ggq?hagidre]fl%Fﬁb ggﬁ'BFFEn
pool s of cera ?5!%8 g‘i’?@del Sec fngh PBa&®s 728. One of .t he

crucibles 56 is shown in greater detail in Figure 10 as  having a
t hree- pi¥te confi gurati 8howan impeFigerber? 8&reNl wAnd paRRicd upiger ofikf ace

84 is assenbl Qgtt\gnah N er ebet a cool ant
p@s age 88 t P v::'/%tlt(?l % § or -Hﬁot%r% swt ghEB'CW n® Vgaﬁowaantto
tain the ﬁg QFBP@ o?gt FrE &hecichamieg Mﬂ]dw t Hehe mmimlateﬁﬁevat ure

of its materi are Asedstoi abkdstpial & d &Ef_{wh l e
whose t hi cknegg Cl?? %\?ﬁx el ect.ed toeggﬁaa gﬁ‘g g ecredarbg' % parts
cross-sect i onal ow are ofcetrﬁéuﬁ:asgggec §aBéFV\EE‘ﬁt8dco§Pﬁﬂiﬁctnret 82

(shown ag a granular material in F:.gure 10) toward or
away from the crucibles 56 during a coating campaign.
More specifically, due to their proximity to the
crucibles 56, the reflectors 80 are at a very high
temperature during the coat:.ng process, and therefore
20 radiate heat upward toward the parts 20. The amount ef |
heat radiated by the reflectors 80 is generally at a
maximum when the reflectors 80 are closest to the.
crucibles 56, and can be reduced by moving the reflectors
80 away from the crucn.bles 56. The reflectors 80 are
25 preferably supported on a fluid-cooled plate 81 that does
not apprec:.ably radiate heat to the parts 20. As a
result, the reflectors B0 can be used in conjunct:.on with -
the reflector plate 72 to regqulate the temperature of ‘
parts 20 being coated w:.th:.n the coatlng chamber 12
30 dunng an ongoing campa:.gn At the beg:.nnlng of a
campaign, the reflectors 80 are origmally located near
the crucibles 56 to maximize heating of the parts 20, and
later moved with the manipulators 77 away from the
crucibles $6 to reduce the amount of radiated heat. ’
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and outlet 94. For reasons of thermal conductivity, a prefdr feb Br@0Bki al
for the crucible 56 is copper or. a copper alloy, necessitating that the
cool ant f| SWOOHBHE030 t hrough the passage 88 nust be sufficiremust@zizeep t he
-crucible wall 96 nearest the nolten portion of the ingot 26 well below the
tenperature of the nolten ceramc. As is evident fromFigure 10, and as .
further discussed in reference'to Figures 11. and 12, the el ectron beam 28
ism 35 preferably projeggedyphigeat Bt 8 -8 wel |l 18 FEB
2004 WO 01/ 31080 PCT/ USOQ/ 21203 as S‘hee%ita’(n%é:ot ggg{h%%’%e?ﬁi’e SR /or for
the exterior PREF$3R® oPLt hEhgppBanddlatogs t @ 7he witddmat dihe camdatdng t he
thi ckness of ¢hembar| 126 aust £dBdB 1Y Z8drheaPg¥ 0L e at, f

wi t hout jeopa’rij' zing thﬁ nechgr?ﬁglfa 5 rsﬁ{ren h of th% chr%gﬁ)tleyigg. tﬁ%
mul ti pl e- pi ecd e BI'EY 88nfi BarkeiloRase atileyi sueht rEnX-3si-| | tasseadne
fabricat$on off am opramalaromfatgirial ,onther refd k@drantgo P B8, ias
wel | as enabl : I ck S t Ll 96 to _be,produced,' with _tight

t ol er ances; \/ﬁlé?%ﬂgﬁg*{%fo%ﬁfngg%o%&éﬁ?gﬁ SﬁsﬁPFFa&ggeﬁﬁyoﬁhaPﬁri ofor
factors, a . pFe3ERked @nsl ar fhover plates avoatetl veith fafireflective

gal | ons/ m nutradeboat E¥EIEYbRO e hungl egd Té tEFSLE E%’é‘r)an&iéggg)‘“’ghgr at

a pressure of: ut_two to six at m)sphires about two 10 SI'X ough
a passage 1. B8 THIE® cPBs& iPPaFedrEavelYadargeiquienss aut dirom a

maxi nuMo wal lindotkness aofmatentitall Ostitiddiacsit thiae BeaHdRCReBdsivad,
about.7 mn | tythe_i + Fl es..l1 and 12, represent_a preferred
‘pattern for El-"fiqhe %i e%:frgﬁ %g%%{%%tg t{01.?1&1:[" hcztl?%of‘gri%l?o REERLEAE. CS81Bool s
of ceramic nd®r4e8d. As seen in Figures 10 and 11, the beam 28 is al so
'projected onto that portion of the crucible surface' 84 imediately

surrounding the ingot' 26, ndkdd tLBope! i NBLE' 9%3593 bggméggt ﬁgegﬁﬁic

—

cruci bl e surfage 8451 The greferre power, di stri-bUtign ectron
25 beam 28 iénasi:f‘ﬁﬂr’?. t n2FF gFHEPPETELY VAP pBBRS CPaEANEd ghamber 12 by
: 15 crucibles. 56 that retain the molten pools of ceramic

material produced by the électron beams 28. One of the
crucibles 56 is shown in greater detail in Figure 10 as
having a three-piece config_uration. An upper member 82
with a tapered upper surface 84 is assembled with a lower
20 member 86, forming therebetween a cooclant passage 88
' t'hrougl; which water or another suitable coolant is flowed
to maintain the temperature of the crucible 56 below the
melting temperature of its material. A restriction plate
90 is. alsgo _shown in Figure 16, whose thickness can be
25 selected to change, e.g., decrease, the cross-sectional
flow area of the passage 88 between a coolant inlet 92
and outlet 94. For reasons of thermal conductivity, a
preferred material for the crucible 56 is copper or a
copper alloy, necessitating that the coolant flow rates
30 through the passage 88 must be sufficient to keep the
crucible wall 96 nearest the molten portion of the ingot
26 well bglow the temperature of the molten ceramic. Aé
- is evident; from Figure 10, and as further discussed in
reference to Figures 11 and 12, the electron beam 28 is’
35 preferably projected onto the t:apered." surface 84 as well
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30 35 the ingot-crucible interface, with little or no pomer'-ailm_FcEBtZ{t]@é
center of the ingot 26. According to this invention, the benefit of
directing s OHPYRO beam intensiti es away fromthe center opci/soormbdsen
pool is a reduced tendency for spitting, which is generally when a

droplet of nolten ceramic is ejected fromthe pool during coating. .
Spitting is associated with' defects in the coating produced on preferably

z Cectin
the beam 26 ont.a. mw‘f&“éﬁm %“é“’ﬁﬁﬁq“?ﬁ‘é??' oERbEASy oLk 2chS oRERLTEL 00
01/ 31080 PCT/ ﬁ“g%%@ezo% %t 4 é’%v&f‘% upCoPa Requatieie eeolied, to

.spitting, andhe W@ﬂsﬁasaﬁ ttimewab%/e%tmﬁmerm “ﬁﬁ“ﬂﬁ‘%‘?’f%‘? oss
d d r | n
e ol ten podledt %*EE‘?FES Wﬁ%ﬁ?ﬁ‘ﬁﬁt SR "BBR o Tachrnignd 12

are on tHe. orfrengthy sy ke 6. cﬂh@amlitimla-pm%@j{meof
i
about 0.01 kvv/durﬁz@lrfalte.orpemﬁ oft i poﬁﬁverﬁ!ﬁﬁle %acg‘o%she |

T, LN NP L A S Ui
gun 30 a proxip@ssaget d8sects omelbi as éﬁlablaadtaa?ﬂheéléiruléhngt ga'rfsg.gfeteﬁé e;ﬁq‘
:gt S;tsfg'; |non_@fg| nl‘%ﬁ%‘-‘, %:&%'%ﬁ% (irl"yﬁ%]ﬁ pl%i"r F@g Bgﬁﬁ??ntens‘ﬂ]ﬁ/ lontar
i ngot 28 %andcPREIBREs R LH %wfpr@iblalﬁl@em a0 BOLOLD 7 EHcteat i e to
Cruc ble. SO b aspondi noot ot betaan B?%E?irgfsandbé}f%ta 88 B ey
gé“)‘if[ : i 00 ang&}g‘%%g?%nuge 8639t twenty two hundred
liters/minute) using water at a pressure of about two to
§ix atmospheres (about two to six bar) through a passage
15 ‘88 whose cross- sectional area is about 400 mm?, and with a-
| maximum ‘wall thickness ~of about 10 mm adjacent the

surface 84, and about 7 mm adjacent the ingot 26.

Figures 11 and 12 represent a preferred pattern
for the electron beams 28 on the ingots 26 to form the
20 pools of ceramic material. As seen in Figures 10 and 11
the beam 28 is also projected onto that portion of the
crucible surface 84 immediately surrounding the ingot 26,
with the perimeter of the beam 28 on the crucible surface
84. The preferred powér distribution 98 of the electron
25 beam 28 is shown in Figure 12 as having peaks located
near the ingot-crucible interface, with 1little or no
power aimed at the center of the ingot 26. Aé:cording to
this invention, the benefit of directmg such high beam
intensities away from the center of the molten pool is a

30 reduced tendency for spitting, which is generally when a
droplet of molten ceramic is ejected from the pool during
coating. Spitting is associated with defects in the
coating produced on the parts 20, and therefore is
preferably avoided. Projecting the beam 28 onto. ther

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

1s



purpose of reducing the intensity of the beampattern at ‘thi E@Iml{'
I ntersecti ony@iBiosd 00 is to reduce erosion of the crucible 56 by the beam
28, while reducing the beamintensity at the distal, inters&HWGHYEBI At
. 101 has 25 been-shown to reduce waves generated by the beam 26 on the
rml ten cerami c pool from pushing nolten ceramic over the edge of the
cruci bl e 56. Anot her preferred control feature of this invention for the

_-electron beafia | Lhhrrwisid | hpild@0 teimpotiks i | ¥ri8iB1LUPE 6t hg Reap,

pattern on thessud i Ofapd h uci,bl 56 wiith_a separate
hi gher - i nt ensi ﬁ;} bq@ren g'artltte‘ran§87 Egagiﬁﬁad Bo HORFevF§Ra f:@glp@p:ature

B O o | ah rerges S35 malten oo 288" At dfye! Wik

slightly 20 : A&WEB 2004% 812/31 g@%c?{/%oo‘lailzﬁ%e f §5|tFF‘ﬁg ipgps

feature Of thérl Sfitiron Sudkabde pEPF@r nﬁatﬁaﬁihgesheatoatheg opekat i e

with mninml &Flgure i rmacar@n drhetdl%poébBIeQn BF OCL5Sut ! f];!_)a;t ﬁiﬁ”zed
f

enbodi nent gta gl tiates 3 cursion O rat 85
pattern 97 to evapor ate a uﬁ"f“ﬁ PUBf €& Cani %‘H"‘t‘ﬁe%ﬁd—cﬂﬁfémﬁ% at hehe

pattern 97 |s°ﬁntt§tr g&t sharpoally repositioned to-a, known position, from
whi ch the pattern 97 can then be manual |y noved under the direction of the

cperator Lotard. {ne ceMEbC L BASEeTRY l yodf WU Dag e
to damage of Pﬁgm ggu&l ‘ncigens omg khe, surfaeeacfvihe, m’igatpCES tapnanf
the pattern 9¢bléqie banglepr egr am@ed t@é&abbfsh OE%} car}:ooent $tsthe
| ocation on t?@ﬁ?&t’gw% gt @Qﬁ RQS heh é e
projected. Cera ur Fdup the ¢ uBFBK EWO%GM | %90
feroved with 2pf eapatququg:plyadwpmmdbeiarmeﬂnnetbebhioﬁa'iidiq{tat?61 o
shown In.Figuwech. dheazeAesidly 9@t OusganGdLffhidEe | Dgots, 26 ‘beam
15 pattern. - As shown in Figure 11, the preferred beam
- pattern intensity on the ingot 26 and crucible 56
slightly diminishes, preferably by about 230% to 70%
relat:.ve to the remaining perimeter of the beam pattern,
at 1ocatlons on the crucible 'Sé6 correaponding to the
20 proximal and distal :.ntersect:.on peints 100 and 101. The
purpose of reducing the intensity of the beam patte.rn at
the proximal intersection point 100 is to reduce erogion
of the crucible 56 by the beam 28, while reducing the
beam intensity at the distal zntersectlon peint 101 has
25 been shown to reduce waves generated by the beam 26 on.'
the molten ceramic pool from pushing molten ceramic over.
the edge of the crucible 56.

Another preferred control feature of this

invention for the electron beams 28 is the abxl:.ty to

30 temporarily interrupt the beam pattern on the surface of
the crucibles 56 with a separate higher- J.ntensz.ty beam
pattern 57 dedicated to achieving a faater evaporation
rate over a small area in order to evaporate any ceram:.c‘

that may become depos:.ted on the crucibles 56.as a result
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20. up through the roor of the coating chanber 12 and into the crucibles
56 can be seen in Figures 1 through 7. As nost readily $edn[;E | ﬁe 2,

6 and 7, e ine 102 has' a nunmber of cylindrical ch 41in
whi ch theaﬁﬂag?QQEG are held. - The magazines 102 rotate to 2} é@
-ingots 26 into alignnent with the crucibles 56. The mmgazi nes 102 can al so
nove toward and away from each -other (i.e., laterally relative to the
coating chanmber 12) in order to make adjustnents for crucible separation
and t hereby opf i RAEGIRE coat Thiszofeature whfchthée Dfvatenvicr | @arOf be

Che i ngots 26 e Tho Cor e R B opReaetn Bt A b g aPre o0,

the ingots 26,into. the crUC|bIes Yy Ine
each of whi cH'P&Cl PFbsddhent %ﬁf\"gﬂ’&onromﬁ@ﬂiaontal Iandaadpp’eéérrbd hoId

t he evapor atlérg:a;dtt}ﬁrﬁ: ~26uhén ptREe dﬁafaetéﬁe A2c78028 %%%%‘éf th
engages e

The uppeg each mH’?(r)F 41 2]51 WD 01/31080 PCT/ USQQ :

evaporatl ng f‘?\lg ts qﬁl % eseVrReERRG 2hBuikgup o6 reramigpwar d

d: _rgct i gn wi ton atrhe et ke GSE,wﬂHmlpataﬂ:énm 2y ibefﬂkﬁﬁphgﬁoﬁ\éﬁhégm?

slide down i efermn

cause janmi \rllvaf%& ﬁ O?’leéﬁdh:gr{e an|§‘ﬂ§‘p8§€é'5?‘ ® qu[roorr{ V@“’r%eﬁ’%‘?oﬁatgﬁ

magazi ne 102 e‘(‘-ﬂén‘% hen | e aranpallyempyed M’giﬁr Zﬁlw‘d:hredme:.dvmmef chd of

the evapor at igiedai@t 26widd hicRe!l NG LimEh IR i9GuRNd dihe ESM‘QEQE&??‘P; eeds
ng

T the nexjy | NIl AP e Coalgy 1 narber L e pgaiaféﬁtﬁr%a@ramc
. ingo i i 0s e

matgerl al on tlhécqia:hcmdsz Tleermlrewp:hat 4@ oulided? eﬂdrej‘cerdaﬁﬁ gkO df gb_'hés 3

t ‘L})ugh S. |$:,§ﬁq\m_é n%é;rggt ek gggall |Rl€égﬂé§é§,§%}{ i 5 VI ey@g %18 S

igured to permt eoera or of the™~app
coat| ng oper &%n PattErndi ﬁd cealgar bﬁchmmgwmw sbe phats uhe

Mol ten ceramoperdttf id e&itds EReanoatildie &4 UehB! rucibie ¥k  Bfico
15 - which the pattern 97 is to be projected. Ceramic buildup
on the crucible 56 that cannot be readily removed w:.th
the pattern 97 can often be removed with the manipulator
77 shown in Figure 7.

Magazines 102 that house and feed the ingots 26

20, up through the floor of the coating chamber 12 and into

i the crucibles 56 can be seen in Figures 1 through 7. As
most readily seen in Figures 2, 6 and 7, each magazine

102 has' a number of cylindrical channels 104 in which

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

12) in order to make adjustments for crucible separation

and thereby optimize the coating zone over which the

30 deviation of coating thickness is acceptable. The feed
mechanisms used to grip and feed the ingots 26 into the
crucibles 56 generally include clamping arms 60, each of

which is disposed at an angle from horizontal and adapted

to hold the evaporating ingots 26 in place while the(

35 magazine 102" is indexed. The upper end of each"arm 60
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mani pul ators 77 used to nove the reflectors 80. As 20 shown, EFE@/Z‘
48 is generally an enclosure that includes a fluid-cool ed"zi‘b pl ate
- 106 with arWodpsiesal w ndow 108 formed of sapphl re in orderpdm@usosizidest and
the high tenperatures (roughly 800C or nore) in. proximty to the coating
process. A shiel'ding gas is 25 shown as being directed toward the aperture
plate 106 through a port 110 for the purpose of mnimzing coating
deposi tion onsrddieges Ndeme 108+, n in apertu | ate 106.
Wthin the vi g%t 48 royaPoegea'Rgeotblgg%gpl ?thr urff eé%f@g"t tes
mnimze expcfs%g R Eh Jding@tng2@i ntiow an 4 upwaradi ddrebeddn |wigh and
other radi atdXsv4tem Sfewfﬁﬁétﬁgaﬁ!g{piﬁ? %%ﬁ CAarBifal d3ACo Wt 2951“ pn
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retaini.ng dep perceg@ QuisPPRy pPaf drited cexamis
panel 118 féatestialoldn hearmhrtoni2®r i ng t he' EBPVD apparatus 10 of -this
i nvention. The control panel 118 is shown as including- a schematic of the
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is s %wn in greafer detail in Figure 13. The:
15 viewport 48 is configured to permit the operator of the
apparatus 10 to observe the coating d’peration, including
the parts 20 being coated, the pools of molten ceramic,
the reflectors 80 around the crucibles 56, and the
manip_ulators 77 used to mév_e the refléctors 80. Ag
20 shown, the viewport 48 is generally an enclosure that
includes a fluid-cooled aperture plate 106 with an
optional window 108 formed of sapphire in order to
withstand the high temperatures (roughly 800°C or more)
in proximity to the coating process. .A shielding gas is
25 shown as being directed toward the aperture plate 106 |
through a port 110 for the purpose of minimizing ceoating
depositlion on the window 108 or equipment behind the
aperture plate 106. Within the viewport 48, a rotating
stroboscopic drum 112 serves to minimize exposure of a
30 viewing window 114 to radiant heat, 1light and other
radiation from the coating chamber 12. In accordance
with known practice, the drum 112 has slots 116 through
its wall and rotates at a high rate to eliminate visual
flicker to the eye of the obgerver. The window 114 is”
35 preferably a multiple-pane of quartz -glass, lead glass
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are visual indicators 122 | ocated adjacent the indicia %@n cat i ng
the operating status of the -conponents, and sw tches 124 t lh

oper ati on oW@O3K80 cor respondi ng conponents.. The panel 118dgusda¢id@r abl y
surrounded by gauges for quantifying process paraneters, such as
“pressures. Wth the panel lie, information regarding the operating status
of 'Ehe EBPVD apparatus 10 can be quickly and accurately noted to al. Iow

25 the operat @md/@m&l&cw‘w PRSP | af o_the. par at us

and the coatin erP c{]agj[ on, ﬁ:eh §§%g}e§§§sg 1Br%‘flc?‘?ﬁpsah¥ﬁ7%ﬁ i on
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turbi ne engi ngelhad pr, t 4 FEB 200 01/ 31084
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bond coat' 5 | reég q?%% grrt bl.asted to cle coat face and
produce an op urtate MRS uicasy be“u 148p8susing QQ#QMr HRPVD

cerami cl@oati ﬁg§t1AEschpmber whildepesatiniggt Hepehr pet6es@Pdh Ng, an al unina
scale is preferably fornmed on the bond coat at an el evat ed 10 tenperature

to, pronote adhesi on of a T m en referred to
agp thermal | IIg.rovvn Shaﬁgiiﬂ i:‘I'I'%x.edtei\(;&el ?ptsé fé}:gerﬁ% 51%' 5“[1
alum num con¥?a§n Ry Gongrediing aRer WW@ME@PW alppaaraeds 10
t enper at ures @fi ahitsd Drvewtisg. demtmt%ltWaﬂg f wrgg’as

or

bt pose. - Accori natas” £ SERLMRF G, BEno thirt & %élﬁégfeperasﬂy_ its
preheat 88 to components,  including indicia 120 for individual
components (e.g., the ceating chamber 12). Also shown
are visual indicators 122 located adjacent the indicia
‘120 for indicating the operat:.ng status of the
- components, and switches 124 to change t:he operation of

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

information regarding the operating status of the EBPVD

- apparatus 10 can be quickly and accurately noted to allow

25 the operator to make any appropriate adjustments to the
- apparatus 10 and the coating process.

In operation, the apparatus 10 of this

:mventlon may initially appear as shown in Figures 1 and

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

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

- 1f the parts 20 are blades of a gas turbine engine. 1In.
the case of gas turbine engine blades, prior to coating
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about 11000C i n an argon atnosphere. \Wen not being used Eo#pFeBBaEU%rts
20, the preheat chanber 14 is preferably 20 mai ntained at about 600C to

mnimze th&QeuP@dtt ure range to which the -chanber 14 is sgbivesiAdos
during a canpaign. After preheating within the preheat chanber 14, the
rakes 22 are further extended. into the coating 25 chanber 12. As
previously noted, the apparatus 10 of this invention is particularly

confi gured to S a ti under.the el evated pressure
vﬁ%@p the ap’ﬁ‘i&%@u@ Cf@ @ge tsbu"‘f;ﬁ(ﬁ%tp the RATGHgwill

condi tions tg%h Sﬁ ney et al’. Prior
process, a qui ¥m cth@V-‘gfﬂ@ierubth per f dromd t@o&(& treek kR8wn
punpdown rate o@,ﬁ,@g_@gre achji hi t he atin r eheat
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serves to de é’r‘?ﬁ’isr’r 1PHe Nigc FRRAMHC BTy Wie t serfppar afuth), botid cboavas

pr evi ouslsy peubomdfewabth PHret dlk EBEVIE 0@;@ i
oxi dation tes aerg d gnb sacrif, ISCI al 5 %EBQQ%O}%% %#?glgﬁsface
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with the rrechéﬁp@autpugpscanmammmmeram@r eBAihgs ANd AR ﬁ rbbpver

commenced V\/neaoprcféi,%gieﬁng OPnd 0 LRI g_, {%?grgx%gel ﬁ gogechélreea%%?adl s

preferably startg i\/nen a pressure
Thereafter, tRE® FF‘F‘B Yonfﬁﬁﬁﬁg SQnathS4 hPBdstGpaed fadr  dime ebetatgdand

pr eheat loharrbEempéfaaﬁfle 14 ohpRromotRr eééyée;&f; a:bpug éxag qag; 'SThe
reached. Sui t%ﬂl@ nB cofcc%a_s pregguresrﬁl}y !{eglthe Ra i
chanmbers io 1 3 S4r b5t Bo1 ‘51‘1'5bar:’1 Rh@m&lwam:eown
coating pr essﬁxé@ebmrnqr%oudetelapso ﬁztmutoﬁxdﬂtfoﬁbc’ﬁf %&hlﬂﬁrﬁlﬁmm_
coating regi oRaReiin h 0d 134 A eI enent ion gau
provided with a mamuj::jtﬁjg % nd ?og\ga%ve tbr%ﬂ’ Hggdt%) %e%‘é‘%ﬁ‘%dthe
vacuum i.s pr e§§'ﬁ?%r%‘{‘¥ﬁ$1 EW%O"&% 23 @‘hambgrdeﬁossylanl of TigaUugeranpic Wit h
i ndepentent | ycopeinp) e o et svael idEer a0l IRt e ct se
wi t hout int eréﬂ:’@éif‘&ﬁ?y coatl ng_f o ﬁ@é}%éﬁlee &degt%en%
performed for this purpose. According to
this invention, the parts 20 are preferably preheated to
about 1100°C in an argon atmosphere. When not being used
to preheat parts 20, the preheat chamber 14 is preferably

20 malntamed at about 600°C to minimize the temperature
range to which the .chamber 14 is subjected during a
campaign. :

After preheating within the preheat chamber 14,
tlie rakes 22 are further extended . into the coating
2s chamber 12. As previously net_ed, the apparatus 10 of
this invention is. particularly configured to deposit' a
ceramic coating under the elevated pressure conditions
taught by Rigney et al. Prior to initiating the coating
process, a quick vacuum check is preferably performed to
30 track the pumpdown rate and pressure achieved within each
of the coating, preheat: and loading chambers 12, 14, 16
and 18 during a set time period. Doing so serves to
determine the vacuum integrity of the apparatus 10, which
was previously performed with prior art EBPVD operatlons
35 t:hrough an - oxldat:.on test performed on sacrificial
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operation. Alternatively, two ion gauges separated by a 4\,\}{&@“*@0}?6
provi ded, so that either gauge could be 20 used or swi t chied t

Fnterrupti ndv@ RE3198Mht | ng operation. In a preferred aspect opci/bb6/21203

i nvention, the cryogenic punp 32 is preferably started prior to the

di ffusion punp 34, contrary to prlor- practice in which.. 25 both punps 32
and 34 were typically started at the same tine to, mnlmze ice buildup on

t he cryogenic rti t.he cryogenic punp 32 before the diffusion
punp 34 has bgen s toﬁg g%?afr?l?:%ﬁﬁli 2¢ edfice lbhangholbhtané evageated
required to atWigim the neghanfcabhapmpspress ke ?élzrﬁif‘s:ﬁ}{é?ﬂ 015 %’
cinvention.. Wide e td fi@fl(ﬁié% g&ﬁﬁ%en' C é‘g}ﬁr{g 32 {0 the arPT usT bn
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renoved at tid cHBRBf a Theait cayosenpai grump agy D§ hereFetulyenstatid®. 25
4 FEB .200#4 V\DMIC&SO é{ﬁqpl 0 ng -goa operation, t

ﬁﬁé’é ot tﬁgdht . H?&rg"e ﬁ‘l"’i‘@heghe

el ectron bea@ % cused on e I ngot’s b q‘or
mol t en pool s CEER ﬁe(’ffaﬁ evgﬁgﬁklsﬁﬁ&t PH@BésBQ and lmamrssaﬂﬂedvt‘mte

various coati m@errat:eatahg caﬂdid Peeledls echambé gfer 15 ed ‘;);&ra c' Y erl al
| a

for TBC (and ot .21 S _zirconia
fully stabil ggﬁ‘%yt ?I’I a &g Ss’éﬂg 500 ef%?abé?a@rb@@% Ymtahlﬂ'}ugh
yttria stabil PE@GeﬁFt Er#agngsaawlchlnathecabaldangsWlﬁg{ea@tmnmges

| d_baousedi4Thael ) d
coul d bagused14TheelQuepais nsrepsbahtorio“’”&b” ﬁ ga‘,t i gfs%erq he

t hi ckness for tEg coating on the- parts 20°Ts

parts 20" are FP3h&PEr r%??e%“‘&?grp%%pﬁbﬁﬂét l:%antm abouto $xx0FPoabary,
cg’éjrber 16, atwithinhitte’ tbeatjmgll &@g;@iu;anaefiﬁ@dl %%Iereth%d £ trgis.pherﬁ
T \Y e o

|ncreggéstﬁ;evé%t P%g&ﬁéﬁpl XBﬁlt gagﬁgﬁ Iqué’ésdq‘il ‘élboélt r':‘ag(r?ail%ﬂhv@%ﬁreter |
to avoid di st¥ebvag aastlandpneﬁerabbpssubéd ceot ameaaiire Wthe n&d?ﬁxum
chanmber asl. 2, ptdgsdbe 89fthin the coating chamber 12. By using a gauge
55 with independently operable elements, either element
can be gselected for use w:.thout: :Lnterrupt:.ng the coating
oOperation. Alternatively, two ;Lon gauges separated by a
valve could be provided, so that either: gauge could be

20 used or switched without " interrupting the coating
operation. ' |

In a preferred aspect of this :.nventlon, the
cryogenlc pump 32 is preferably started prior to the
5 * diffusion pump 34, contrary to prior practice in which
- 25 both pumps 32 and 34 were typically started at the same
time to' minimize ice bu:.ldup en the cryogenic pump 32.
Starting the cryogenic pump 32 before the diffusion pump |
34 has been found to significantly reduce the amount of
time required to attain the coating chamber pressures
30 desired for this invention. While starting the cryogenic
pump 32 prior to the dszusion pump 34 promotes ice
buildup on the cryogenic pump 32, this ice can be removed

at the end of a coating campaign or any other convenient
time. - !
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18. For this.reason, it nmay be desirable to initially 20 VIE'J} m:_i%?ﬂ
smal | er di ter vaI ve, followed by a |arger diameter valve. Y

i nventi on h49 BB8¥%escribed in terms of a preferred enmbodi PETIUS00I21203S
apparent that other forms could be ‘adopted .by one skilled in the art. 25
Accordingly, the scope of our invention is to be linmted. only by the
followng clains. 41 26 f 4 February 2004 CLAIMS. 1. An el’ectron beam

physi cal vapor depositiBrréngti be amoartdigs P tsi g, atls;@atépg?ﬁe

t | evat pat t pher | sur a_cruc
\?\ntﬁlnnet ﬁ\é cggeéﬁgzgaa é%? it%c%atdlsz%?rm % Ctlﬁ? g Wbé(ndf%mw ned

within the chRgi ttheP%h‘él A§ rearamiz Eadl n@pbmrth&e Qepead - dy the
e b e bl s R T

f th ti terial, the electron
;S);[ I 2(r:ﬁ avi n‘gs Cgﬁl 3n§¥g?ﬁF€ﬁ§ £eramign matﬁéﬁﬂa@@ﬂ)&%ehndle:mem of
the coating neheriizgatel 2he g¢suczbreohpan @Zr@z)ceﬁbﬁrﬁh?g? ;08521;)%%1%

surface of t alsPRE er| n el ect 1 beamp
deposi tion cg%tl ng %é%a;%% acc’(ﬁzdl ﬁ% 9o cl *frﬁol% wigreferably i Bty
at the cent rffs} egi Bhowght hﬁttmaacet@bllheedoaﬁm didsla; S ceria,

| ositi.on coating
substanti al | yeaR¥il, 3.scAhdlaLChrONoPREM F%éfaen]‘?ect St eg sedy. The

t accor to claim1, whereln
SP@?E& ontctf’aﬂ:lsrg? f%%r%5+?‘i10ﬁ°8f:1p#@5cr‘~mﬁlﬂl etheonueg.;.m Vil kriess

sur f ace of t Heow oztte ngoaaiﬁglr taflo t:th(lﬁe ;;dggfﬁ“mlt ibléraFEg‘%hgtﬂ tﬁ?t%gﬁ which

Lg;egﬁl E)]}/ ?Rgﬂ@ﬁ#ﬁcicg? E% &Ia%‘}&]?gerrﬁft rL&é’F eh t:he preheat chaml.:er

‘ to .the loading chamber 16, after which the loading

- chamber 16 is vented to atmosphere. The vents are

15  preferably at least 30 mm in diameter in order to

increase the venting rate, but 'generally less than about

60 mm in diameter to avoid disturbing dust and other

possible contaminants within the chambers 12, 14, 16 and

18. For this reason, it may be desirable to initially

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

' While our invention has been described in terms

of a preferred embodiment, it is apparent that other

- forms could be adopted by one skilled in the art.

25 Accordingly, the scope of ocur invention is to be limited
only by the following claims. |
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4. An el ectron beam physical vapor deposition coating apparatus according
¢to claiml1l, wherein the beam pattern has a perineter on tQQ%%Eh&ﬁQGD4
portion of the crucible, the 27 4 February 2004 el ectron beam being
incident on the surface of the coating naterial at an oblique angle so as
to establ icsiamvg:ative to the electron beam gun a proxi mal point and an
opposi tel y- disposed distal point at the perinmeter of the beam pattern,
the beam pattern having a lower intensity at the proxinmal and distal

points than el geMigre i %%a&e@g%?i%%lofva%)%‘} d%?%@i%% erc%at?ingf” el ectron

beam physi cal vapor deposition ing apparatus according to aim 4,
wher ei n t k@pareéens topmpirithieg:beam pattern at the proxi mal and di st al
points is about 30% .to about 70%| ess than the intensity el sewhere at the

perimeter of tRe PEHH FafPEFNST6 2t AR FAEVAGH b EEMPSIFEIES 2Pepar

deposi ti oguERkcRgheRRAPFUS@EGOrding to claim 1, further conprising
nmeans for projecting a separate beam pattern on the crucible for

evaporating dr @plcdtsisiet Wd thdnt éhec 6QeitAgInehembgition the crucible, the
separate beam Ba%g]rt'lr@a}ﬁktﬁgﬂaﬁ' %t&?&ouhﬁte%%'g.t %nltdh%%nttg?tggﬁaw:ﬂ%?ﬁ%er n on

t he coating materi n el'ectron beamphysi cal” vapor deposition coating
appar at us thenmuriusiibd e, a theatioag ickamaere rdait aiaviing a coatfang eRpesed , the
coating cgggg r bein t an elevated tenperature and a pressure greater
than 0. 0167 gF;¢5”€&G 8l e within the coating chanber; a coating materia

surrounded by andcaepiaibnedewt Bul pileceiusihhe, oherceat baammaheni al
havi ng a surface exposed by thé crucible; an el ectron beam gun projecting

an el ect r hepbeamianeo oft fesgopidagomatikeiedat ithg maeetirah ®rdma conti guous
surface iqnsof th ugi t | ect.ron m.form ng_ a_beam 28 4
February %%é%rpaﬁggf% %F%ﬁ §a§§§Fﬁe %Fﬁg %hglggﬁgié&gﬁgségyfggeaﬁortion
interface between the surface of the coating material and
the crucible than at a central region of the surface of the

coating material.

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

substantially zero.

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

surface of the coating material.

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

a perimeter on the surface portion of the crucible, the
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of the crucible, the electron beamgun nelting the surface of the coating

.material and evaporating nolten coating material, the el ect Vi ng
a higher intensity at an interface between the surface of ‘{ﬁ&r&)%g?P%

material and the contiguous surface portion of the crucible than at a

central regicwtmn s wdiage iofcildatCeat ithe MbeHddl off e &lRaliHRN beam
being incident on the surface of the coating naterial at an oblique angle

so as to &EttEdidh atela iR e PR lE &6t Pon tseamtglnd ishprediatdivepdiont and
an opposi gl ¢ 1WA D s tiin %O!p%ﬁ%atlh%ﬁ%{’chg%tde%nokﬁao%%i g pattern,

the el ectron beam having a [fower intensity at pr OXi and di st al
poi nt s t hat sgiccevhelistatl tod nperitmither pefr itdet e rbedmtpat eam plittArrgl ectron

beam physi.cal ,vapor 0si tion coatin appar atys according to claim?7,
wherei n t &S RS a\% S VN &y &IO%reégilg‘ﬁe&fs%the%u%é’ré’#lm‘?é coati ng

material iahd subkstaantdants 2868 <3 seihetleeetr Q%@?@@i&@t%!ﬁ%‘f egRor
deposition coatin apparatus according to claim7, wherein the intensity
of the b@&i%“bé’tattgreﬁfnat the proximal and distal points is about 30% to
about 70% | ess than el sewhere at the perineter of the beampattern. 10. An
el ectron beam physi cal vapor deposition coating apparatus according to
claim7, furthén edrprtirsinnpemmapdyldcalprapect degosisepar abathegm pattern
on the crucible for evapgrating droplets of the nolten coating material on
the cruciPBPEr3HHE ?é’]ﬁ’é’vrpéitlélgbéé’mc Aiflefn HRFFRGa theghatensitansitt Fhehan
the beam pabkepateRrhnN@tCeal PEoMakaN 8hd d9stal points is about 30%

to about 70% less than the intensity elsewhere at the

perimeter of the beam pattern.

6. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising means for
projecting a separate beam pattern on the crucible for
evaporating droplets of the molten coating material on the
crucible, the separate beam pattern having a higher

intensity than the beam pattern on the coating material.

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

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

a crucible within the coating chamber;

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

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

portion of the crucible, the electron beam forming a beam
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Title: EL
.el ectron
for using

barrier coating) on an article (20).

ECTRON BEAM PHYSI CAL VAPOR DEPCSI TI ON APPARATUS Abstract: An

beam physi cal vapor deposition (EBPVD) apparatus (48 ﬂﬁ?
the apparatus (10) to produce a coating (e.g., gﬂé%}a gﬁ?

t hod
er nal

The EBPVD apparatus (10) generally

i ncludes pagealrinngitdhamperimbdlert B the RStk RirevwleddrenRer at ures

and subat
el ectron
mat eri al

to nelt an

nospheric pressures. An el ectron beamgun (30) projects an

P &R SHVGIRLE t Fdec GdECHg oBh By gum Feditd nenttdea seaftaiosy

evaporate. “An article

A6k R shige nalhahien g}%@g&&g&ggg@ foiqall Do paterial (26)

in the-coating

chanber (f@kesdatlhattheapdestabnt beamoakiviggmat erigdle ( 2@t ctiefasi at @m t he

article (
shape and

1

20). ti f the EBPVD apparatus (10) i s enhanced by the
P%Féﬁg%FS%%%%F%gné @cFP%ﬁaﬁgaﬁﬁpp e PatdR% HetegdtiingWat eri al

(26) and emea contGighbes( 30k raeet gotitnent ke Walt enyeqahicnghimt el al  (26).

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

beam pattern.

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

substantially zero.

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

beam pattern.

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

intensity than the beam pattern on the coating material.
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