4 February 2004 ELECTRON BEAM PHYS| CAL VAPOR DEPOSI TI ON APEARRIUISY B¢ D OF
.THE, I NVENTION This,. invention generally relates to an electron beam

‘physi cal vapor deposition coating apparatus. More particularly,. this
invention is directed to such a coating apparatus adapted to deposit
ceram c coatings on cquonents such as thermal barrier coatings on
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10 Higher operating tenmperatures for gas turbine engines' are continuously
sought in. order to increase their efficiency. However, as operating
tenperatures increase,'. the high tenperature durability of the

conponents of the engine nust .correspondingly increase. is Wile ,
si'gni ficant advances have been achieved with iron, nickel and cobalt-base
~superal l oys, the high-tenperature capabilities of these alloys alone are
often. inadequate for conponents |ocated in. certain sections of -a gas
turbi ne engine, such as the turbine, conbustor and 20 augnmentor. A common
solution is to thermally insulate such conponents in order to mnimze

their servic r r ' this purpose, thermal barrier coatings
Fiz ]?r@f %E gxgv?&f?g% [ . conponent s

(TBC) forned on thée eXxpos es of high tenperature
have-found w de use. 25 To be effective, thermal' barrier coatings nust
have' | ow thermal condTieis vmyeahuoadgenerauy relehes conEonesfedivdace.
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superalloy components of gas turbine_eng;nes..
- BACKGROUND OF THE.INVENTION

10 - Hz.gher operat:.ng temperatures for gas turbine

engines are cont:.nuously sought in order to increase
__the:.r efflcrency. However, as opez_‘ating temperatures

increase, = the high temperature durability of the
components of the engine must -correspondingly 3.norease
15 'Whlle significant advances have been .achieved with ironm,
nickel and cobalt-base superalloys, “the h:.gh -temperature -
‘capabillt:l.es of these alloys alone are often: :|.nadequate
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 serv_:.ce
temperatures. ' For this purpose, thermal barrier coatings
(TBC) formed on the exposed surfaces of high temperature
.components have  found wide use. :

25 - To be effect:.ve, thermal barr:.er coat:Lngs must
have low thermal conductivity and adhere well to the
component surface. Various ceramic materials have been



of the latter is el ectron beam physical vapor deposition Flflgﬁl{ﬂzo%i ch
produces a MOMHAROSharri er coating having a columar grain Picidobls Bl hat
is able to expand with its underlying substrate w thout causi ng damagi ng
10 stresses that lead to spallation, and therefore exhibits enhanced
strain tol erance. Adhesion of the TBC to the conponent i's often further

enhanced by erhpalqyes:i;enae oftlee matRad,lic b@rﬂﬂc@@é‘i—l Sucﬁﬁ%r%n 'ff#bo)n
er 15
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the tenperature within the coating: _

Processes for producing TBC by EBPVD generallﬁr

entail preheating a component to an acceptable coating
temperature, and then inserting the component - inte a
heated coating chamber maintained at a pressure of about

20 0.005 mbaxr. 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 preximity to an ingot of the ceramic coating
material (e.g., ¥SZ), and an electron beam is projected

onto the ingot so as to melt the surface of the ingot and

30 Produce a vapor of the coating material that deposits

onto the component. ‘

The temperature range within which EBPVD
Processes can be performed depends in part on the
compositions of the component and the coating material.
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chanber continues to rise as a result of the electron beam an Wﬁ

presence of MP#IHE¥n pool of the coating material. As a res®CrUSERRAYE
coating processes are often 10 initiated near the targeted m ni mum process
tenperature and, then term nated when the coating chanber nears the

maxi mum process tenperature, at which tinme the coating chanber is cooled
and cl eaned tho MHeHIWE quetdews neemperatutdal s hgendeadsyt edran1t bRk Nteri or

wal | s of the &£Ratdd0 U@:ﬁy ppatatuses permt renoval
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pr eheat ed un@@é&%%orﬁ}bneﬁhg wEeRBanenshut tihdid edoven tt‘rmxammr apuscess that

a continuous te@-@ﬁ‘x@tthﬁ@ is aghi e\é%er 3.}ponté§ygﬂ§lgﬂ§&atl n of the 30
apparatus duri,ng this tinme _can bé terne gn, , gre
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of time reqbeasd anrdi ﬁhﬁo@mm refiove mobpenepcdlf rom tthe &oating
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t he apparatus between 30 ca I gns wever
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t enper at ur esanﬂha:kiampi:etmﬁ.naaédﬁmhé’iﬁ tBxt rc@i%':hghoéh&wnﬁm%:?s q;tl'Pe and
nd the difficulties confronted

out of the c nber
mai nt ai ni ng %gfdﬂgm ceecngBEQBpﬁﬁﬁEPﬁFus a%cifgf‘-ﬂpndﬂf“el FproVRRBRIEBRVD 3 4
February 2004happaratigsemcied mmtesheanad etooremoreu Yo tieiganaqughiy  for
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physi cdf vaptPeBeREsi| tlﬁﬁVFEBF’@’D)E%Bjﬂhr aPpsrahuses permit removal of
coated components from the coating . chamber and
- replacement with preheated uncoated components without
shutting down the aﬁparatus, so that a continuous
operation is achieved. The continuous operétidn of the
20 apparatus during this time can be termed a “campaign,”
with greater numbers of components successfully coated
during the campaign correspondlng to greater process:.ng.
and economic efficiencies.

In view of the above, there is considerable

25 motivation to increase the number of components that can
‘ be coated within a single campaign, reduce the amount of
time required to introduce and remove components from the
coating chamber, and reduce the amount of time required

to perform maintenance on the apparatus between

30 campaigns. However, limitations of the prior art are
often the result of the relatively narrow range of
acceptable coating temperatures, the complexity of mov:.ng
extremely hot components into and out of the coating
chamber, and the difficulties confronted when maintaining

35 an advanced EBPVD apparatus. Accordingly, improved EBPVD



met hod for using an apparatus such as that to produce a coating (e.g.,
article. a ceramc thermal barrier coating) on an Accordngﬂao one ggfect
of this invention, the EBPVD apparatus conprises a coating C aiber
containing a coating material, the coating chanber being operable at an
el evat ed t eRPERERGRECENERRM sDbacRSSEiserate prasdmeusdly ebethgorsdsdm gun
for project'gg apeglqgi on  beam,into the coating chamher and onto the
coating natarial H%et &H88t r SY HekWHun 6 g;Q%EFéBP Aol Yrel £ LAHC

evapor at e t Bea€Days NELdRtLS idlds a cruci bl e supporting the coating materi al
wi thin the coating chanber, the crucible conprising a first menber that
surrounds and retains a nolten pool of the coating nmaterial, the crucible

conpri si ng o] enber . .s r first nmenber and surroundi ng an
unnol t en poﬁ??gﬁ §@W@ﬁ§96é5tfﬁg ﬁgygﬁTL$§ the first and second nenbers of
the crucible definingras @rasbae- shapedtseql i ng RASSASE Lherebetweey; and
means for supporting an article in the coating chanber so that vapors of
t he coati ngegaierplays tepbsiviarmr t lepastitcbe. (EBRWD enbogiarerntsof atde a
present invention, . the gperation of the EBPVD apparatus can be enhanced by
the incl usi®Bn %?gaﬁﬁﬁygﬁﬂgﬁ'oﬁﬁbn%PB?rﬁBPé F@é?pﬁ§§1%$ﬁB/E? precess a

modi fi cati oBSat ARGONELRY,1Q @RE ASPECERRlmAING,d PV LAY %%arte_ﬂr?c%] NgntQp
process tenmperature control, the coating chanmber contains radiation

refl ectors ahhicden be noved within the coating chanber to increase and 4

4 February 2004 decregse t he ann%nt of reflective heating that the article
recei ves from the nol +ERCEGH g tPht 8PFal 28BFFhg ©4 doatfng REePhiGR.

A i ot the. i on, !
rocess presgare gt ol ohgaahspsan aég%%%lggs %a'n%8Q£EH§ti2%ﬁm@%ﬁb

processi ng pressures of greater than O. nbar can be pra
accor dance s¥niaiopendiangddtSndaneneriph) i ¢cakei v Beirial chilabef9/LEIB,R201 t o

Rigney et aépexgﬁésfégg%d atno e% §v§€g§ temperature and a subatmospheric

pressure; an electron beam gun for projecting an electron
beam into the coating chamber and onto the coating
material, the electron beam gun being operable to melt and
evaporate the coating material; a crucible supporting the
coating material within the coating chamber, the crucible
comprising a first member that surrounds and retains a
molten pool of the coating material, the c¢rucible
comprising a second member secured to the first member and
surrounding an unmeclten portion of the coating material,
the first and second members of the crucible defining an
annular-shaped cooling passage therebetween; and means for
supporting an article in the coating chamber so that
vapors of the coating material deposit on the article.

In an embodiment of the present invention,
the operation of the EBPVD apparatus can be enhanced by
the inclusion or adaptation of one or more features
and/or process modifications. According to one aspect of
the invention relating to process temperature control,
the coating chamber contains radiation reflectors that can
be moved within the coating chamber to increase and

4



assignee as the present, invention) with mnimal or no adverse effects on
the operation and reliability of the el ectron beam gun, anﬂaBMJEﬂ( Foph mal
fluctuations in process pressures. Mechani cal and process inprovenents

directed to ' e of e i,nvention pnclude difi.catiqns to the

el ectron be%%nggéﬁ%%ltohgt%goataﬁogun%ha er]feggﬁcgﬁgeﬁanﬁﬁéﬂzlﬁ’;g w%lhc‘?ﬁ: gadt® are
i ntroduced agndcnenrst f¥am fhemappar alditerN &9t IREOMEHeRY AliNifirin
invention is the electron beampattern on the coating naterial. Another

preferred ad3pEeRtdMa Heampaan ol rosres IBraSSQK?t z:imlnéznnrallgaﬁis nalls{tn@tan
supports mulfipl I hgots of the coatin terjal beneath the coating
chanber . Thgeghgagzioné ?éei rfd&%%ti’%nfncﬁji%fvr‘g]ﬁédlylpaqc?cg??smtﬁ’ﬁleés&’ﬁs of
one or noreokngeireardh aphaper tar 1ot opbhe Coééﬁngb%ha@%c%ﬁ&ed in
sequentially feeding the ingots into the coating chanmber w thout

i nterrupti ngccaspesicel ontdf chrendanyny -fat ddtaint A?epp_lﬂi:gg?.bn Sratiber )
preferred ect e,~jnyention, a vie rt Js provide or view ng the
nol t en coa’?lﬁﬁg r{rjﬂfje]rq%z%t i ﬁ%h%gatei%\é\gghan@e?&qrhegort@ertl'tl% Féapabl e
of providings3aiyhew ofs t PRe PuidRIlY RLOBLEIRAr ALUER RHOLSSS O§GULJ NY
within the ?:o;?i ng chsanbe?, %%—the Vi e%port ins @ﬁi d- cool eo’?‘ an has acLl gh
rotati onal apeedsst edifsstiopi endthm anmk et hagnenic yedritdicd B seabft hate

provides a high: tenperature vacuumseal for the strohoscopic drum
Anot her pr e?jeg?gﬁogspgg?mi s9PRat ERE vIehPorPLprBeildes 15k ueddans v 9004 a

St er e0Scopi sry&8Ws0fp t&es¢PA8L | NGLMIDEE A 1 DY, AW %Eiolc%%% Of_mg?%ge%%rtast ors

can sinul taneously observe the coating chanber eretalt . .
st ereoscopi@ivésted. Ghertlobfectspandt advant abes dfntdnisionnvenidlagem | |

' follow ng detail ed description. BRI EF
BES%ETL?[C%ﬁ%éE%iEg d fr&g%%hetheo e?g%t on eam gun, %he coating

chamber, and the manner by which gases are introduced
and removed from the apparatus. Also improved by this
invention is the electron beam pattern on the coating

material.

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

deposition of the coating material.

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-temperature process occurring within
the coating chamber, the viewport is fluid-cocled and
has a high rotational speed stroboscopic drum and a
magnetic particle seal that provides a high-
temperature vacuum seal for the stroboscopic drum.

Another preferred aspect 1is that the viewport provides



Figures 1 and 2 are schematic top and front views, respectively, of an

el ectron beam physical vapor deposition apparatus used te e9past 2804
coating material in accordance with this invention. Figures 3, 4 and 5 are
cross-sectional views taken along section line 3--3 of Figure 1, and

showi ng a ndvaHNSESSISATRYEN BApFoyell theactordbnge aliatbone baspdtichf this

invention. Fbger e 6mand by t®re dakal bedulkantoanrd v t 99seLQes-Sgst i onal
Vi ews, respecti vebé, Fgfﬁ referred interior conponents for a, coating
a

chanmber of tH@3ty St WRigLH S U LMY SEPGROSS W hV bSE@Rpare an EB
gun orifice of the prior art and an orifice configured in accordance wth

the preferred enbodi nedthef: t hobjievant i and Fi gdveintidess a apss-tyecs i onal
view of a ¢ i ousj an i ngot ating material, and_an l.ectron
beam pr oj ectieféegﬁ%goltﬂhe J'sagfg‘ﬁ'l'aceﬂ"sélof Q%te.c"gr uéi ree%l?ljcle—%br JF?}“ZO@?%
01/ 11106 PCTfosbow2ngegedad liathcleserbetbedance with the preferred

enbodi nent of this invention. Figure 11 is a plan view of the crucible of

Figure 10 anBRREPr pEGCRE®THAN ey Tup phewekestron beam on the crucible
and ingot. Figure 12 depicts a preferred power intensity distribution of
the el ectron beam pattern across th surface of the ingot and crucible of
Figures 10 and 11. Fi gEi’Lguf§SsﬁDV\%n§ Er&reerr%‘aﬁ@fn@%ﬁ&r P’:q?%rango 1T vi ng
the process YWwvhin rhepecatived wharnber agf tékectappar abesmshplwysicadi gur es
1 and 2. Figiigod4 NS & SONLESL RN fgédnqgjt LAd : +an .ql] ling
t he operation %? { he "appar at us ggalgi gur esu 1 an 2.8&3.%%11: d %%%ttrlq{gl
material 1in accordance with this invention.

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

Figures 6 and 7 are more detailed front and
top cross-sectional views, respectively, of preferred
interior components for a coating chamber of the
apparatus of Figures 1 and 2.

Figures 8 and 9 compare an EB gun orifice of
the prior art and an orifice configured in accordance
with the preferred embodiment of this invention.

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



DETAI LED DESCR! PTI ON OF THE | NVENTI ON 15 An. EBPVD appar at us [BY 3904
.accordance WPRHPE invention is generally depicted in Fi guesudooaishs2,
with various conponents and features being depicted in Figures. 3 through
14. The apparatus 10 is particularly well suited for depositing a ceramc
thermal barrier coating 20 on a netal conponent intended for operation
within a the_rxfail 1ygd®sihl gcepyine 3 | S eQbogy

conmponent s i ude %he hlcg'h and o?vggﬁgstémﬁ%)u E%ﬁ%gpééz%r%?%éﬁ‘&ntblogdes
shr ouds, n%ﬁ%’t d augrrent or hardware of gas turbine engines.

Wi | e the 25 advant ages of this invention will be described with reference

to depositing a ceran @ignatd nglonisuah planpotient Sf t Baet eash 19F= 0 st hi s
I nvention cafe; HeN®r ghly ;2 ety .of cqQating materials and "
conponent s. 30 For purposés ow%f‘%‘é% %?P%QE Fﬁv?er%eoneg?ﬁ‘ér?n4bpé5‘ruary

2004 W3 01/ PR1GEePCHMISHE/ areh ImRRD | apparat us 10 is shown in Figures 1
and 2 as i ncludi ng a coati ng chanber a pair of preheat chanbers 14,

and two palrs of | oadi padoehRanbessd it p 0 has
a symTetrlca ;& nf #?%irat |g%n 5 Theéglggg X F%gegﬁ ér@%g ﬂl nﬁé\%ﬁ

being ali gned Hefr PEspERei Rafmbes tern watcwopartvsheo

originally | sagddcenod talee iAZoti ralmdnctﬂmmm&t bEngigehagban Edhaving been
transferred to the preheat chamber 14 and, as depicted in Figure I, into

the coating chanber 10gl2, W th 4 heggynaet nfiguratjon of the
apparatus 10, : whil-e t e%ugrts Iso%%ed t%ro gh%%ﬁ‘- *F ont? ?"é‘?‘i”i:\"andfor

| vadi ng°chanBBFeTEinge Ghe @r%%%dwwthﬁnn thee coatimg chhaivesr df, the

second bat chappapakiig@ ERotvheifir @ﬁ?‘ur@sgﬁt Bandal oadi ng chamber 16 can be
preheated in the i5 righthand prefeat chanber 14, a third batch of parts

can be |loaded into th .rear %;tsg_ﬁ?d | oadi ng tfanber 18, and a fourth
‘batch of parts can be 9858&} Wed r EgRETOl panel for monitoring

and controlling the operation of the apparatus of Figures
1 and 2.

DETAILED DESCRIPTION OF THE INVENTION

15 | An EBPVD apparatus 10 in accordance with this
invention is generally depicted in Figures 1 and 2, 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 deseribed w:Lth

‘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.

30 For purposes of illustrating the invention, the



ri ghthand | oadi ng chamber 18. Consequently, four process 4sﬁeat1)gr]léqsry(‘:2gcr)l4occur
Ry

si mul t aneou¥ Q04 }ii% t he preferred EBPVD 20 apparatus 10 of {PGiTgISopreeesi on.
According to a preferred enbodi nent of this invention, the | oading
chanbers 16 and 18 are nounted to |lowprofile novable platforns 24, so
that the | oading chanbers 16 and 18 can be selectively d@ligned with their
25 preheat cBBRBUBr saﬁ@ar&ﬂﬁsexmrplﬁs witeswit heldf r gnigurdef t hangdphoadi ngg

chanmber 16 i alignnent ., wi,th t | ef t hand, preheat chamber 14
to all ow theingitﬁ%éo E@atﬁ'ggrté:&lalnmeg t Brg 'codt i M Chander BBEhede rear

| eft hand | ead agbehanﬁér, 28dj ¢weetpaiawsk dff droadiad e:fl-tah&mi‘éms)rﬂli&ais 14, so

that parts c | t qde ke 22. of the rear
| ef t hand Io§g| E%aé e %%%%% achlcba ormgz"h:ﬁ:'lllgB "glrso p‘?%"? Jr%‘fﬁ'i‘/ 1Mvable -
to a naPnt eniite §8§Ft |1(9€*d1|119 \Mhﬁﬂbﬁiéﬁth@ram shown| @@dlha}nmaaﬂa:egrsedG and

18 is alignedivht Bheliy IegpRftgile léhaﬁgezt:gauth iRt gféﬂf t he
preheat 8 4 Februar 2004 g\g 01/ 171106 qul'l USOO 21263, an Ioa chanbers

14, 16 and 18Tta&h™ % 1¥ccteaetds o cReabtfy. Fhe Wieti®r fhe4 kefthand
preferably schpobeérdlat havéagt beenp&lriarﬂs)fembldetobﬂﬁfd I}:Qfekfébﬂ%&rﬁef n the

fl th h t. |.d

used. " Each prac it 37 HEBEEEREN t BighelO S pheR 1 G o PR ¢ he
fl oor) 1®f not2nor é’lttharthﬂlesmr:(%bucolzfmmtmnhoﬁ (t:ltu@nf&pmaaﬂgﬁ
(preferably 8§, dﬁgise%hter YRAY i ZPNM Shded \A@hfaugﬂ%hgefff%%%e%ﬁ'rhm

ellmnatettﬁ%{%entl for an_ operator, tri |ng
pl at form 24 YN EFTEEFects &Xer (Rﬁﬂﬂ%gcotaﬁé apdri u§h§0 coating
preferably. qlushbémdnen avvaa f seobhlie badeghs of bh&-t@' alor Mhe?4 Y 0i d
'~ an operator )k nghe o) Latfor 4 when osi.tioned. As

al ternatlveslb][e% %he Dl gﬂa r‘r%@coﬁgJl Pgtlr% scfﬁﬂ/vnbﬁ spﬁﬁéFQEFF’n st with
nul ti pte overigipptand oprebéatcopanbernddablzae tisiagirebaschoofdpagtésethn
Furthernore,bé heofB¥@PiRto 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 EBPVD
20 apparatus 10 of this invention.

According to a preferred embodiment of this
invention, the loading chambers 16 and 18 are mounted to.
low-profile movable platforms 24, so that the loading
chambers 16 and 18 can be selectively aligned with their

25 preheat chambers 14. For example, when the " front
' lefthand loading chamber 16 is brought into alignment
with the lefthand preheat chamber 14 to allow the parts
20 to be inserted into the coating chamber 12, the rear
lefthand lcading chamber 18 is set back from the lefthand
30 preheat chembsc 14, 'so that parts can be simultaneously
loaded or url.aded from the rake 22 of the rear lefthand
loading chamber 18. Each platform 24 is also preferably
movable to a maintenance position, in which neither of
its loading chambers 16 and 18 is aligned with its
35 -preheat chamber 14, so that the interiors of the ‘prehe‘at'



segnents could slip beneath a fixed elevated platform su#ch?t?ﬁ %209‘11e
platform ass¥RPIMHES Finally, separate preheat chanbers couIRtItmsqorzmded
for the | oading 20 chanbers 16 and 18, so that both | oadi ng chanbers 16 and
18 and their heating chanbers woul d be surrounded by a novable platform
system As shown in Figures 3 through 5, a portion of tHe coating chanber
12 is al so prafcr abhdingnfaiginbed-s 015 mevendel rxd i vant bd hgcpegheat f(zﬁanber
14 in order t 2Giditate

e ter of, the chanber
- bet ween coat |ér)llg Jcarrp%?al gns. Asp@@eﬁefr%rﬁr)lElf FEguFEQB%%%eer%l ﬁﬂpgﬂﬁﬁﬁgr af? is
in its operatisagtpositpant wy hraller chparings, 44descunbed in gheatfdoddet ai l
bel ow, nount o} 191 Of : e, C 1 e t-he
front secti oﬁ&a%rhgl%oﬁlﬂéréﬁgé% 1%113?% @ﬁrpgéyaéf #Drglao g#ggglzé’l &éi 102
associ ated wilk%h Lt‘%%‘ﬂcoalzi?‘ﬁb @H&r‘%ﬁé’ﬁml?‘@ s} S%Qiss@éleﬁetmalaﬂ-s peiedid eas

havi ng been wmmnféeméhQH@mMY et Qﬁﬁt'rﬂaréh%'m‘%f &&’e' 1 ppder
to 35 access (a novabl e work,.pl atform 50 Wrgrﬂ shown rotated 9 4

February 2004 a%%llzlf’log% cTiisBa 215687 \ﬁ(ﬂﬁﬁ nd PFE&eEaEHY n 36 gure
S. In this polEgresy fimmi erizontdll he woath ngto@eﬁher 1as©anttia1e98| Iy

accessed by t I o] e tfor .as_bein
' coupl ed w %/h éz}%h[%{%r%{%tﬁzﬁé Pﬁkégxtlyi' fﬂyrﬁegrg g%é?afér % rl% O?h%BSh It
i s fore%‘éeabl%iﬁqﬁeﬁf other platéepmaBite stSﬁ.ﬁﬁlﬁmoQiDﬂeQESeﬁplrm‘paddlﬁge

platform 50 wan dspLeadigui edadel beeeatrhyil! oBdikalbonelP W, dé;an Eﬁ@ﬂr Ege

t hrough 5, inc udlng a hin d se nment ed construgtion,
ptates and ot &t yehe Sactdsd&i €¥°1¢hea%oé’c99r¥@t%'r ebkeang' and

| oadi ng chanipeirehEg bft4,a 1161aaﬂdrrﬁ8zar avmamnectesb b:tepabsiesoheat shayn)

and nunber oF %a%%%‘é?%iil B T8, R PR SR E R oPEoYS: 14,

16 and #B, tmdarfioras systems wz.th multlple 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 both loading chambers 16 and

18 and their heating chambers would be surrounded by a
movable platform system.

As shown in Figures 3 through 5, a portion of

the coating chamber 12 is also 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. 1In Figure 4, the
front section of the coating chamber 12 f{as well as an
ingot magazine 102 associated with the coating chamber 12

and discussed below) is shown as haviﬁg been moved away

from the remainder of coating chamber 12 in order to

35 access a movable work platform 50, which is shown rotated



preferably have a m ni mum di nensi on of about 250 nm  whi éhF%bguac%%g?%erabl y

| arger than &4 Y%s|y thought practical by those skilled i PGTAESHR1263
Because the coating, preheat and |oading chanbers 12, 14, 16 and 18 20
nmust be punped to varying | evels of vacuum and in sone cases are required
to nove rel ati t .ot her..as: expl.ai oyge, t . yes nmust. be
capabl e of nh%‘?’oy&s) $§§c]ugé g’tos?%llg |\Ble_yﬁﬁ%ﬁgp\rééssu{r]lgsgﬁ§3ai%°(f’el§:'llé’ﬁls
suitabl e for thigi sIpLFPeSE @f e theowACRAinHe Gpambend 125caherked ore@siillyl not
be di scussed jddcaeqdebi !t-heWxtzar}EequraQ:erﬁ’ﬂ Og i gur'?ﬁerel%@meFQ%' NG!S
perfornmed within the coati ng chanber 12 g%srreltl-ng and evagoratl ng i1 ngots
26 of ceran EheHTeES PRI PURESD Fikk AshdBIBr BAuEBITLHE -BREE: O8N theam

(EB) guns 30 coatidly facamesh on2t haHdigl sig6isl iansaeaald nghat bider '
ceramic material by .the electron be@ﬁ 2% caUst %{ahe igrfﬁge %f each

i ngot 26 to MESEP FF TP TS POoFTPEPBRT - whibh RORSERFES 58f t he

ceram c nuat eciaal Bvaponbigured adéf ferpnalyl roandldensdeymosih Gighires

- surfaces of t)h 19 4 [Februyary. 2004 . 1 I 3 20,

- produci ng thtg %%@cgfaﬁ@c%%%ggmﬁégy%%% e%gtgé:\nj_lcﬁﬁgegﬁé%é%’ﬁ'the
duration of @md coatitly privkdss. PIgte® t wandngoPEhes ar sadkswn redatikdse

Fi guresyy it iagcelsddist.he scope of this invention that one or nore 5

i ngots 26 could be present and evaporated at any given tinme. EBPVD
coating. chanmbers are pical |l y. capabl e.of _ being.nmaintained at a vacuum

| evel of about 0.001 nit%ﬁe ‘E%‘?)%Jcﬁgix?@-%‘e’f‘&r n‘gr Loageng P orart, a
-vacuum 10 of 14at I®sanf. A0 abar coangéciede bypvedveg almmtt Shown) rhac,

vould be dr ARyl il N of NG, £07h NG GGl dedU! Eidse! NENGARLERY PP OGESS.
the reason berng that higher ~pressures were known To cause €rratic
‘operation of MEHAMEBS gtihe 30-zehdandk UMDRE elodct PatBedfs RBati fdarcube to
1s contys0l, WohBelh®RREHRIHO EHAEed NTRE] 014 CORET 868 18, the valves

- preferably have a minimum dimension of about 250 mm,

which is considerably larger than previously thought

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

cases are required to move relative to each other as

‘explained above, the wvalves must be capable of numerous

cycles at relatively high pressures. Seal designs

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

With reference to Figures 6 and 7, coating 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



woul d result. It has also been believed that the |life of 4#%%“51 29??anent
mwoul d be red¥d@8#1UP6t he gun contaminated iif operated at coatpamusdarismr
pressures' above 0.005 'nbar. However, in accordance with copending U.S.
Pat ent 20 Application Serial No. 09/108,201 to Rigney et al., assigned to
t he sane assignee as this invention, the coating chanber 12 is preferably

operated at mghquocniﬁﬁgmﬁ&tcﬁ@élﬁéﬁpééﬁéﬁﬂéyeoatfhg @ho%%r %ﬁfﬂl%l&l%%‘s' ng
W th |nproved]ﬁgallat| n and k % resi st anc 5 pronote the

coating depodiititon ¥FREES n®Bon ‘b’ﬁa‘?\ﬁ'?‘ﬁ gﬁg?e ﬁ(j’é‘ttlé\gapBFé’Fieéﬁ -rat es
than that achileiled twe timgotpri2é arrt. Aunnprioywe c@igoeeper formed in
the coati ng, ea nd | C er 1 d 18 with 30

mechani cal pujﬁﬁﬁgﬁ EE@ Sé %IEQE Qﬁﬂ%ﬁ ﬁp%%nt}én kg%éﬁ T t 7F aPPXPs
shown i rf Fi gi39tE afl zoaé é?mgpéﬂﬁﬁnyedmd oe'aaplorantecﬂae agvaxmat gdwenf the
coating chamgmel2 prior to the deposition' process. A so shown in Figures
1, 3, 4 and 5 is a diffusion punp 34 whose operation is simlar 11 4
February 2004 WD Olllié% PCT/ U500/ 2 to those knpwn_in the art, but
nodified with a throttl AGPREEG & %ﬁ;ﬁ%ﬁe??%e tiperativncapabhe Blinp 34

in accordanmenmgrmaimsainm@nat)alv&bﬁempaﬁmamnétlybouheotduptmbgrvalve
36 t t t 5 I d iti
pur os. 4 andBEeAdSAD, S0ER DAY L 2 (TADURS. BeiU Al O3B "

(Figures 4 a ositions therebe
thrott|¥ val & 38t | Fos&a| Qz%lo wirda I, heandc m@men tybhcahdy adanitmgochasber

12.is maint aimpa@ ,atydund HRl drdau@] Yritinih PSSO et Bhaisdy byt BiiSin

i nvention. Wren the maxi mum 10 0 eratlng capacity qQf the diffusion pu
h

i's required . e RTRCLHAt i nElBhaf58foR2, heidq nriokat e hagherss
i s open as s@mwmsumeElgume kndﬂm‘nmwnzﬁsﬂrﬁrfﬁﬁib%ﬂ ra&iﬁnC@@ttHQ ghanber

necessi tati ngibRa SPnlis ARISTL B tii?eécﬁégﬁé%%%% 25 24522380t e
posi ti off control with the presumption that 1nfer10r coatlngs
-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 highef
pressures that surprisingly yield a ceramic coating with
improved spallation and impact resistance, as well as

25 promote the coating deposition rate in conjunction with
| higher ingot evaporation rates than that achieved in the
prior art.

Rough pumpdown can be performed in the coating,

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

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

to aid in the evacuation of the coating chamber 12 prior

to the deposition process. Also shown in Figures 1, 3, 4

and 5 is a diffusion pump 34 whose operation is similar

11



some distance fromthe fully closed position of Fi gures. 4 Februaéyzg\s4seen
in Figure 1,WQ&K4H8% e diffusion punps 38 similarly 'equi ppedP@iUE00zZEGt t | €
val ves (not shown) are preferably enployed to evacuate the preheat
chanmbers 14, 20 again for the reason that a relatively hi gh pressure is
desired for the coatln operation of this invention. The * nechani cal punps

31 pref er abl y*¢ nEPo8e citbcEbe 285nnbett omdidBiad whtbhaa Hheaktle
det ector can xhﬂxe@nmscted o 1qﬁéact-,hgg Vagu e [ I i um
égu |ntr duced%ﬂhrgggﬁééa%lﬁ“&s glghe‘?1 '

or 25 anot her %at can e g

chanbers 12, ¥ N Yét ti%?s""so PYUERY- “Rqui piR%R . PAFERCRERBLEACEhggai n
to gbgures 1 tzincbiﬂ;la healhreag?.mglshamlgras:etﬁ Eédwé&narael g@ﬁgﬁal dé#@l%?at ed
in S ui i ing.doors hr ou ch parts
are Ioagd on Cki eerggeaor%g 1%11%% adPRg %ﬂ%rrb Fsg“f& nﬁ fgldar\% ) aléSo.
equi pped. wi t Weldee s d®ess tipnst o tisrebatyeenes (s'ﬂherré:tema&iw reefpr ehent ed
at 46 in Fi g@ehid hati1e@ngEOk &t ra i

particularly, the parts 20 sggpltl)'rst g%agﬁ%te%e% k&% ég‘g‘%ﬁe%%uary fg% WO
01/ 11106 PCTIAFS53 2%§a‘a?%rpr18f ekRphginbained &ﬁd/f&e oselativedywhtghn t he

coat i ng Chan‘@ﬁfesis&ﬁe"s Oéldploiredp "ﬁ.é henvlest {66, Cqméﬂgtﬂéshabaﬁhhon
ar ound the p The_acce g | ow . the operator of the
appar at'U's 10%{P§rsa dﬂ%k??p%lﬁf‘ﬁ& ‘g?a REIQRt PIAGs ¥ e rRELAERD

drives 46 wi ttiowvaqiatrd e:rhengcmttimq; ocbamigennti2 unthadthgot elepaatsel Bgm t he

| oadi ng cha a r n

_ |nte|r| gr of n?_%;s%%%l %g % r"r@ ﬁ-& Fa?‘ll?gbg degrz:r £8éegigngmg‘grggﬁﬁfel' In .
order to addid&s qaad gt rdmhebntd mw%bb%n@awh@emmngttnbec@argetedf t he

el ectron beapreddurand G ecti®nopd tHSaER JURScSOs Btat higher gﬂét' ng

p;gsgg e BRI IR, Falh TR 5 Roved L4 % "porbIBE TGt Ted posttion ©
some distance from the fully closed position of Figures 4
and 5. As seen in Figure 1, separate diffusion pumps 38
similarly equipped with ‘throttle valves (not shown) are
_ preferably employed to evacuate the preheat chambers 14,

20 again for the reason that a relatively high pressure is
desired for the coating operation of this invention. The
mechanical pumps 31 preferably include 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 1leaks
in the chambers 12, 14, 16 and 18, or associated
equipment . )

With reference again to Figures 1 and 2, the

loading chambers 16 and 18 are generally elongated in

30 shape, and are equipped with loading doors 40 through
which parts are loaded onto the rakes 22.. The loading
chambers 16 and 18 are also equipped with é.ccess 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 suppdri:ed on the rakes. 22

12



I s chamber [ﬁeen in Figure 6, oxygen and argon gasesf1 Feé’lr"ea'}’apﬂ)%duced
into the coatl ng chamber 12 through, an inlet 54 |ocated neaf UG BF%s
"56 that support the ingots 26 within the coating chanber 12 and retain
the nolten pools of ceramic material produced by the el ectron 20 beans 28.

. The flowr £ ox and on are _ jndividual control |l ed based on
the target edgﬁg reg %%gguréogﬁgeaheapé/&& e @S5 |a§IEdpré'§s’-'d?3é1 oftixygen.
To reduce theabmngr rengebet plzssime amsder | atd onmromdts N g Lo+

chanber 12, tr o] he gas was reduced
by physical |§8§Fg§$nﬁ éerc'}%gln ﬁﬁf Q%g}lﬁg% gét% 2; ses oai‘ca?ee?
adj acent to €Rergnl4d IJdoy usthepurpedetore obatthg oac[apm:eatﬂé BS simvm in

Fi guressl angufek P acgdfide Ofort NereoRler Olth\éal g@ﬁt..s.l??éo 1 a8 1 Qud ﬂnc%

coating chanber 12 provided a surprisSingly gn I cant i Apr ovemne
pressure. con ?b?esrééué"lﬁﬁ‘ouﬁr és‘t‘-'tﬁ’equltﬂﬁ d’é’ft'rlbn ofing nande wmadigg

chamber 12 anfl paetsicEngm diisé LI GEADRS dhatibers Orsisar@ch 9osi tion of the
el ectron beans 28 on the ingots 26. To further inprove the el ectron beam

focus and 13 4 Februar 106 P 0/212 3 tern,

guns 30 are relativel yﬂ?é%?éfre%g éé&% Qoh%tgj% é’gatl %P ssdre v’\'n

the coating ERe@BEer 12fbyhes i ackanbed 52 mhdil daecdescmbtedofld he
super f hyous mELE Alek 24aP0T S fﬁatofﬁef‘o'ﬁ:odeﬁaéi‘ésgnttﬁlé h‘aaff%%re%rl%Q.onse grhe

hood 52 is conf)ﬁ,gur ed according to this invention coating
regi on ar ourRFPRESTRr ESROPTIINY hFReWREEH rod hé’fel%t‘ehe%‘ﬂé@@,ubsaaésﬁlﬁed f or

E)he coat i ng mcﬂ)cpssteetmﬁe@ff Iﬂﬁdﬂ EBSIT@“LﬁiZ Al m@?atTg:lHe.aChighéirg c?(ja%%.%gnhg

et ween a| gns 00 i refera ppe Wi
screens 76 tax# 3%’\]/83 %ane%hgﬁty eV %‘? q‘m coalGSF§adfanber
12. Pr eferabiwprmmmszemaanadeetnetthenaﬁ Igurspritgapd nshés coattiead of
threaded fasiapess 19, or ger sk@nSis 'm%feer@vaé;q%eﬁ gngChegla Llseen in

t he condltlon of .having been, coate
are introdiiced into the coat:.ng chamber 12 through K an

inlet 54 1located near crucibles 56 that support the
ingots 26 within the coating chamber 12 and retain the
molten pools of ceramic material produced by the electron

20 beams 28. . The £flow rates of oxygen ‘and argon are
individually controlled based on the targeted process
pressure and the targeted partial pressure of oxygen. To:
reduce the occurrence of pressure escillations within the
coating chamber 12, the control loop response time for

25 these gases was reduced by physically placiﬁg the control
valves 58 for the gases immediately adjacent to the inlet
54 just outside the coating chamber 12, as shown in
Figures 1 and 6. Placement of the control valves 58 so
close to the coating chamber 12 provided a surprisingly

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

To further improve the electron beam focus and

13



: : . 4Februarx200
15 of the c 613191 terial by the end of a campaign.. Though
ate

nore conplic he entire condensate hood 52 could be re @@0%@63
replaced with a second cl ean hood 52. Because the hood 52 surrounds the
parts 20 as 20 seen in Figure 6, an aperture 62 is necessary for ﬁacﬂ beam
- 28 through the hood 52. To_pronote _the capability of mai'ntaining higher
pressures. wiRkiTFhe %‘T’ld@ﬁs%@s Rlo®B2 Elabhiatediselanedr dmarnddre of

the coating mfzﬂidmrcditlm@cbuésggréh&mh@hmtlh)é Fsumnchd h@hé?b@k'nizi”%g t -

the apertures ref ably_fornmed to ve di nensi_on of not__nor
t hat necessary‘lzfJ a?q-l\ %I%%t?%?\t ‘5% eSgmegtpeLs t ?’ﬁr&h’@?rt

52. For this qanasuse, Vaphesapﬁramrés ek adeppstteraity el wwiafrd th

| ect b h tus,10, so 30 that ’
gagﬁ ;gert u?gl}%Z%%aéwgéggéésggégﬁggﬁgﬁ é#gza';t%ﬁgg Ooa%@ 7 ok PYBREEGRedBal to
that of its deddieom At ind txegiomtardund ntlee sparton20j t withénhehdch2. To

furth | t | t r
Condensat o hoes éﬁ‘%‘ﬁj ﬁég%%fl@”ﬁggrﬁﬁp?é?ﬁ?‘fo S birbbebBs51 38
beans 28 trav aecflrf&rﬁ | 3RS e giRs BBEiddtdtdh ctermbeg sbetweenned

bet ween t he icoaeinar madnpalg?st he:h@oaxbbﬂgélsﬁarﬁ@r p];%ﬁytﬂgllge gaﬂggggate
hood 5 P o] u as _ah et. near

pﬁgumatzll cal {Sf;@@ﬁb%é’rdee%ﬂ(}eegéhlg t%ea%cg?’rbgﬂwgﬁg aé’gca‘a]s%a%? d¢ RELELARIUmM
size of the é’ﬁerﬁhﬁ esoseinghechagiert 22l. pr ddseferablij nthee Wabe hood
52. (achi eved a -y E‘Q%a':.ﬁbﬁ‘)dﬂﬁ't'gﬂr@ﬁ?l C%Qﬁﬂ agg aiﬂgge%t qr,:he JB §§8P54)

bl eeds into the chanbers 64 at a suf ently reduce e the.

di ffusi on puffS§8REEFSENQEIEE HeP EHERDEFY Bamavad efedte estveenst Mén
that within when dendsnsadendDOibd2ef Fhewis§ Beend ¥ty 'Jlé&?téaiﬁyer

add' ti q.'%al of the coating material by the end of a campaign. . Though
‘generally more complicated, the entire condensate hood 52'
could be removed and replaced with a second clean hood
52.

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

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

14



protection pggkaadst 0 the EB guns 30 with this 15 inventi Febru)&sry2004
.generally conventional, the EB 'guns 30. are equipped with \Fﬂjﬂﬂ?ﬂﬁﬁms 66
that maintain pressures wthin the guns 30 at |evels of about 8x10"5 to
about 8x10-4 nbar, which is well below that existing outside the guns 30,

i.e., wthin the EBP Dcoatlfg chamber 12 of 20 this invéntion as well as
t ypi cal EBPVII}P%%E?U chamber s TI6M t RRepFi dreSRactivie ogues 3R Shawugbw
pressures to demmrarst ddnedorinbd cdbepisan WeansidBerist PAsSB1E hr&ugf&_he

cylindrical o 6 xi t ns 3 emat i cal | own in
Figure 6. Fi g%drgeﬂﬁe ?zgéglﬁ%s a %g c%ﬁlvd(:nt ?gﬁal "C'%?# AR orﬁ/‘?c&# s@éh an
orifice 168. Plltﬁf%ﬁawrf othe -daffusébnbgamps ob%shaagauorndﬂteu)nnear and
repr esens ed %é&%mﬁ'%ﬁle@ apg CefalQFx an¢el a4 one Q&B@L 2863*‘0‘“’“

in Figure 8’3%?%%1-%3%“& él% Pn%.%g(agmm%esgtg!gve Faéllrge t er \fjlﬁral::h hgth
e.g., about d u pett i VEFy. aHPELEreddveant agaeof

t he (L:)ll’l ;)r ?réld\&déﬁa pmhmmbso pfmlemmﬁet@@ﬁdém@t@ ﬂa@é&eszor(ht:h&%véﬁts C]?n
provide to the uns oper.atin er_pressyre environpent o
Phe appar at u¥i0EBF - IARORRTARE G FIVERG ARY HES0R gHiFon TEAULAGeEs
this 35 inverﬁé)orbleeemlngzce\mhiermwmém $4rpabvadsnﬁﬂitbénﬁiylﬁeéuEéarUary
2004 Wg p01/1 PEL/ 12512@.%epr? f&éggn ?M‘S% Qs &pa& t%n Othme)re

position of t beam f ocus poi nt 0 be i
ef fective or ﬁhaa@%u §A A5 BhePreRTEse| dav@;r thasulthaty iwitiie orhei ce

68 of this |r@5midmtglqma,d m2h Figures 6 and 9, which is depicted in
Figure 9 as having a srraller di aneter and Iength than that of the prior

art orifice 168 of FI%JJ 6oref rred.di and length. for the
orifice 68 are believed 1?5‘ fout 45 8R8 5 ‘F%rs’f?eﬁ i vRRGIELRBEYN
opti mum val uggdtectimse piroeidednstd0 the vy dgmmdl s} orij}essuhﬁ:s and

focus, fl eqthe 169 | rent r es ted ab e,
ha o ensate hoo FL %g £8 geﬁ@%.ﬁ'? 2bhvaGeTBhL1SS £yeS EP' & &Y E
are equlpped with vacuum pumps 66 that maintain pressures

within the guns 30 at levels of about 8x10™° to about
'8x107* mbar, which is well below that e:{isting 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 through
cylindrical orifices 68 to exit the guns 30, as
schematically shown in Figure 6. Figure 8 represents a
25 conventional configuration for such an orifice 168. To
allow for a range of ©beam focussing conditions
represented by focus positions A, B and C for an electron
beam 128 shown in Figure 8, the orifice 168 has a
relatively large diameter and length, e.g., about 30 mm
30 and about 120 mm, respectively. The disadvantage of the
prior art is the reduced protection that such a large
orifice 168 can provide to the EB guns 30 operating in
the higher pressure environment of the apparatus 10 of |
this invention. During an investigation leading to this
35 invention, testing evidenced that improved control of
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. o - 4F
positioned around the parts 20 to mnimze the deposition 5 ruar¥2004

materi al on WR&8YiHPerior walls of the coating .15 chanber 12. PETABOGE1BEE t O
this invention, the condensate hood 52 is also specially configured to
regul ate heating of the, parts 20 as required to maintain an appropriate
part tenperatures during a coating canpaign. Mre particularly, the hood
52 is equi ppeRFRFeTSERFosandet ponserradled pimt @PﬂthMapqsadhmEsomeehe

enitted by thseamoEbenssydanes (of ittheriggets 9%6 Packd oyaedet Peoparts
whi ch the tenperature o]

At the initial startngo of a canp tacg%v (gurln
coating chanf&*92 G5 FHLNST vaRitd FRIGTES RS ortl'tﬁ’%t elrreescigatedi oned
close to the @s\pkrirsy 22nwitte acriticet @8 74f t @niRXi IAZenPeshi Rkl tHe

parts 2 As hi the atl cha 12 rises during an
ongoi ngoscanpa%iﬁllt?e%p %tf“ru‘egt’ or"&ulcglt e ﬁ”sc eﬁnnh?utrﬁorﬁ 4 BRFing 20

(as shown in Eph%lmblfﬁ-rl Aimngtes e)'ldtderatm:e:ha”re enatnbfott headmiad dweat 30
reflected backeonta thes ¥ tls:l.&\grel B, 1NhS JRRAGL.. 4 taq_a(r[%q;etrs grgd Cfe ror €

readily brougt toaswtabl ep05|t|onte erature ) at
the start l%u% %&f%abﬁ%réﬁtfeef tPhberrﬁbpmr-mlaﬂ laswk 50 qumt i ng

terrperature (ﬁe@ect&bﬁémy,llﬂﬂ@ghsoﬁﬁhﬁm&ﬁ VL uls NBE MeRe g6y d il 1,0 the
coati ng 2_%“(_:1%l The hgod 52,16 4 Februar 004 1/ 11106
212 n

PCTI US J2p¥at EeRSOIRG FHnbiEEs e GRFf orPFARd deliactsioiie
coating tenperetlurairngitch aprd)rmteealt]hegetemtrﬂies:ol umar grain structure
for the ceram c coatings on the parts 20. To maintain the desi red

relatively hi-gh pressurag vm é:onq'q{ésatc%ﬁ& t%]
reflector plate 72|S|n eralse posi tion, avvater-coole hr dlﬁSIS
shown that RAFGHRed AP Lo %’-’t%h?%. t;Ogasnf-méweb@thﬁe&epctmlon

condensat e heafl &ami rﬁé@éﬁla?ﬂ oAN@hehalrfiue B UeLE] s PHES THe ddRSSin
ure 7 are mani pul atorgs 77

bet he hpad 52 te Fi
et o 5 RS Aol Dt “FBene bt

hood 52 is also specially conflgured to regulate heating
of the parts 20 as required to maintain an appropriate
part temperature during a coating campaign. More
particularly, the hood 52 is equipped with a movable
20 reflector plate 72 that radiates heat emitted by the
~molten surfaces of the ingots 26 back toward the parts
20. At the initial startup of a campaign, during which
the temperature of the coating chamber 12 is felatively
low, the reflector plate 72 is positioned close to the
.25 parts 22 with an actuator 74 to maximize heating of the
parts 20. As the temperature within the 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 to a suitable
deposition temperature (e.g., about 925°C) at the start
of a campaign, while attainment of the maximum allowed
coating temperattire (e.g., about 1140°C) is delayed to
s maximize the length of the coating campaign. The hood 52
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feed-througlyy ?Ql fost Ne chanber wall. The. manipulators 77 are used t
a

.assist in reqgulati ng the heating of the parts 20 by noving (?EFWQ:'“G@
ceram c-coated reflectors 80 is (shown as a granular-material in Figure 10)
toward or away fromthe crucibles 56 during a coating canpaign. Mre
specifically, due to their proximty to the crucibles 56, the reflectors
80 are at - a2 PLAtgh 72 ek RUARORIrA MOTHeURHEPTNgapdostableahdiade

therefore 20 doadiiaie fiaaie s, t GURER F&%m@%@ss A d0e: AORUBL) Bhnabeal

radi ated by the .reflectors 80 is nera at a jpaxi mum
reflectors 8§TArE UL Gate 5802 LRI o0 blehie cBaEEg 20.
by- movi ng t h@or efdactatrs t88 aimﬁerd)m:éhgtﬁfrurybh&§h5§3ré|'§‘éhf@fh@@h_‘?ﬁs 80

Appr oci bl y. i SeRdRBREE, iR 22 Mt R PRl e ol et ot g0
can be used ithecorgisrdi Dnswttmn t e wetkzctoplegl aala:ciﬂ:ltGSragul shewh he
tenperature Qilatpaiﬁxsrogﬂléée'ﬁ‘ﬂeCEQE%g w4 hi g EPEJ.B? Ir% Sf?zﬂ?he re?%ectors

during an on 0|ng canpai egi_nn

80 are origi q"’é’@&’ﬁé’g— aiged (e éPGcPBPg§ g8 1t @%xﬁmﬁ%bﬂﬁemd%@em t he
parts 20, angrebaueé Te¥edbeicveehhehenhiopd aoand/ plaway 7oromthe
crucibles 56 to reduce the anount of radiated heat. 17 4 February 2004 WO

01/ 111 PCT/ 11S00/ 212 To surviye the ating chanber nV| the
Sortion® of the mant purhens HhY I eihE, TR AmK: MARIBRG ARG e o Ty ctn

preferably fexteddofindchitite t eoptingurchaniedoy) 2 sbhhoaghaamh‘dde‘ll jlaislet al | oy
such as X-15 legasgﬁggu?hogga I i q:rha{m;eqﬁr iy t he%ﬂgfrhfé{oﬁafaggrs coyld be

i‘'n  essentia m and “have essentially any one
or nore pl at é§ecH§?§dt\ﬂl taﬁsésrtefllneéﬁ%a%%rqrbﬁ J?,Qﬁﬂﬂd'isl)e?ﬁjs’é@le m@rtas

matter of cowenwn&@ovir@ defdneicd Ol 8Qegadic - b@aﬁ:ehat r¥ghyctarge g eces
cut frci ots of a_mater.i % sim_lar tg_ t hat % dfé)OSl ted, . though

m 10 i
it is apparer‘n? PHBt % ndr BT nBPEPFARE B toward or

away from the crucibles 56 during a coat:.ng campaign.
More specifically, due to their proximity to the
crucibles 56, the reflectors 80 are at a very high
temperature during the coating process, and therefore
20 radiate heat upward toward the parts 20. The amount of
heat radiated by. the reflectors 80 is generally at a
maximum when the reflectors 80 are closest to the
crucibles 56, and can be reduced by ‘moving the reflectors
80 away from the crucibles 56. The reflectors 80 are
25 preferably supported on a fluid-cooled plate 81 that does
‘ not appreciably radiate heat to the parts 20. As a
result, the reflectors 80 can be used in conjunction with
the reflector plate 72 to regulate the temperature of
parts 20 being coated within the coating chamber 12
30 during an ongoing campaign. At the beginning of a.
campaign, the reflectors 80 are originally located near
the crucibles 56 to maximize heating of the parts 20, and
later moved with the manipulators 77 away from the
crucibles 56 to réd_uce the amount of radiated heat.
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be used. Asvg(g%’ﬁgldgéc)ove, the ingots 26 of ceramc nmateri :jtill:eabrncjea Sq%og%rted

within the c hamber 12 by 15 -crucibles 56 that retairf 136én
pool s of ceramic naterial produced by the el ectron beans 28-. One of the
crucibles 56 is shown in greater detail in' Figure 10 as having a

t hree-pi ece configurati

- pi [ I an. _An_upper. nenber ata ered upper surface
‘84 is assenbled with a f%v@?rﬁﬁggreg}ggr ngtlf'igr ﬁyﬁﬁgﬁﬁerﬁé{%’ r& ddieant
passage -88 pdrolgmswhpEh wheer menipndtherssul7abiwe thdal arthd s ddantedy to
mai ntain the ¢ LAt Yre ofct | 0 grature
of its materi ; Arestri c%?o%%%tebqag ?‘gng 4 \g% leeék#:l gurﬁe‘ﬁ% Whose
t hi ckness canala]eOIQB Sarhcasdat Bl§haﬂagbasé QllOYdéelr-‘!bagé X%fé. Instead

cross-sectiongf af l@ﬁéﬁuﬁ@rOEnattf&ﬁélssagﬁe8&&%\&%&6‘ s60laft1d nhet 12
and outlet 94. For reasons of _thernal Eonductlwt preferred materi al.

for the cruciBiSEHEFE R oPPer LOFMadnE oBpYR SFFS?tlﬁéEIés?Pﬁ’atsmet hatFQthe
cool ant fl ow exdms] S0 tdrreouglﬁ tther@agsl&gmémcﬁiat*edbewﬁuﬁf Iéil et e dieRp the

cruci bl e wall eaf e portion of the i 6.wel | bel ow the
t enper at ur e or?ag'f%ﬂ% ?%’ﬁi ePS tv:S%g Plts w?i%'ﬁ?rf?g I?Pé'&Pé'efGe'ar’f@eas
further di scusshiedtrrseffr @mdd g gelatitelundarze tmeemectntm flream 28

i's 35 pief er afflyowy olgct gd rpitG-itie Lapeigd %Hfﬂﬁﬁts%eﬁ?g
February 2004 01/ 11106 PCTI USOQ' 21263 as the 1 ngot Con?e uent c{//

order for théROUFidF 18uAPREESHC (HhetupeieTefBErTED EG"—Bé’léééq@@ﬂ-’é-l
cool ed, the Beiwdagwss of the wall 96 nust be mininmzed to pronote heat
transfer w thout jeopardizing the rrechani cal 5 strength of the crucible 56.

The nmul ti pl e- pi ece cruc‘ié)l e é)cEIfl [ Ontl% tphéﬂ‘ég ti ?)l% faci Ig;ﬂ{té‘at es
an

the fabrication of an optlrra con ‘atlonfor Cgs,
as wel | as-emaflexiahearfi @klmt@ﬁ twd:hwal thegecaamg pnha;mbmd nRt byt i ght

]Eglcf(r)?;&‘eez RS AR 0 s@PT EHBE CARYd ST AP Nmth bbnd6GPEATls O/ AlcleQdihi ¢
‘ ’ materlal produced by the electron beams 28. One of the
crucibles 56 is shown in greater deta:;,l in Figure 10 as
having a three-piece configuration. An upper member 82
with a tapered upper surface 84 is assembled wiﬁh a lower
20 member 86, forming therebetween a coolant passage 88
through which water or another suitable coolant is flowed

to maintain the temperature of the crucible 56 below the
melting temperature of its material. A restriction plate

90 is also shown in Figure 10, whose thickness can be

25 selected to change, e.g., decrease, the cross-sectional
flow area of the passage 88 between a coolant inlet 92

and outlet 94. For reasons of thermal conductivity, a
preferred material for the crucible 56 is copper or a
copper alloy, necessitating that the coolant flow rates

30 through the passage 88 must be sufficient to keep the
crucible wall 96 nearest the molten portion of the ingot

26 well below the temperature of the molten ceramic. As

is evident from Figure 10, and as further discussed in
reference to Figures 11 and 12, the electron beam 28 is

35 preferably projected onto the taperéd surface 84 as well
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preferred C%’“ﬂﬂﬁ Iow rate is about five to fifty gallons /e ruaLrJ)f2004 bout

dwenty to t liters/mnute) using water at a press‘fﬁ@?ﬂm #dut
two to six at m)spheres (about two to six bar) through a passage 1S 88
whose cross-sectional area is about 400 nmmR2, and with a maxi num wall

t hi ckness of about 10 mm -adj acent the surface 84, and about 7 mm

adj acent - t he dsngdte ZNgF RF es qqnmuqrzthepr@smd@r pfef ethedegherdon for
the el ectron dszﬁ@r&“ce'z%pntheeufgw %n&ﬁoélo §or Bbt Be 20:pa0 Oﬂ{) E8604C

material. As seen . in Figures the beam 28 1s7als roj ected onto

that portion o tHECkRRT A% %kiﬁ"f‘%Jel 826 | Heleli 28 NNt F@AINEP N PRt ngot
26, f vmdth e tper ikrahef eaf thﬁt]}?@@fﬂ 28J| a‘.ﬁftazqrﬂgcl btﬁegurzﬁé@lﬁanﬁéal-rhe
pre erre po t|on 98 o eclyon 28 1's sho n
Figure I asmsﬁéiﬂq%%bea B CERMtP e'ea?‘ the{' P gBid ‘f:’r%ﬁ?b?%e‘?%t%’r'?% Wit h
little or- n@:oqﬁmmtraé:md atoft he tedd er Divemeidmgot f&6i 1 Acatorddi ngche
this inventi [1Ng | ns way
fromthe cen'?re%lrbII 'ﬁ' (IL’% e%]h %éft%'ﬁﬁsa{la %%H {% é;%u?gn eﬁc;} oréé%lfe???ng,
whi ch is gen®a@saganmfdh s dvepl efsornablesn ther shiickness) eft cxhd reml he

pool during ggoakiNgbeSPhibiigeds @ﬁ@QCI@g%ﬁ: Wil ed@heelss 1 N §RL1eCOM I NG
produced on the ,parts 20,,and therefq ,[-_ﬁ éﬁeﬁ preferably. avoi ded. Projecting
%

the bedf 28 GRS RN} FT B OB 6w & RficE2EHRUSNFRREBTE rce? ani ¢
that 19 4 Fel@mﬁre)rr%@D4c‘dﬁ(lhhtll&&oﬂCTh:US&OliéZGQbmlghtvatrélermsef:bﬂijrdup
on. t he cruci spit and provides re

tenperature @3' strlst{u nt"l% ac ros(tgb'[é%et nol Fg%ﬁggo aggdet ZF%Bned%&?%Ed
i'nfrared i madilfgravimamuysy? jusinee valkex het | agﬁressnﬁeepufalabm ttatst ebdpeam
intensities afjx haRopitfedds Fa&su@ é@oaes g&xt Bar@r %‘?{ro%fghat&)%at%s e e

kKW me, as corrp red to a maxiny el of ,about

of the Y5ool . BR ¥BOSHFoHTOST - ?legﬁ’&r"é’n |a§ePh8rF FP@uEi éepr[‘iﬁ , and with a

maxlmum, wall thickness of about 10 wmm  adjacent the

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

Figures 11 and 12 represent a preferred pattern

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

20 pools of ceramic material. As seen in Figures 10 and 11,
the beam 28 is also projected onto that portion of the
crucible surface 84 immediately surrounding the ingot 26,

with the perimeter of the beam 28 on the crucible surface

84, The preferred power distribution 98 of the electron

25 beam 28 is shown in Figure 12 as having peaks located
near- the ingot-crucible interface, with 1little or no
power aimed at the center of the ingot 26. According to

this invention, the benefit of directing such high beam
intensities away from the center of the molten pool is a

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

35 crucible 56 serves to reduce the amount of ceramic that
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3.0 beam 28 is incident on the surface of the ingot 26 at an .or .gue angle

so as to estwoldaigosel ative to its respective EB gun 30 a prpgtiBéo2i263

i ntersection point 100 and an oppositely-disposed distal intersection
point 101 wth the crucible 56 at the perineter of the beamis pattern.
‘As shown, in Figure 11, the preferred beam pattern intensity on the ingot

.26 and crucib | VAR [l * 1 MY , ef bl : ut .30%.t0 70%
relative to t h@gr%gnal%lr%h%guﬁ)ééﬁ mreﬂtdelrlﬁgu%st_ horeH betg{rﬁapa%{ e';T(:LnE;lﬂgatS ochFon ©on
t he crucibl e BPiESAREspoRdAngalsot hereUigesxi anl mang devenl tetpesattiren

poi nts 100 aneij1Q%i bhlk8 onP W PASSs O_fcntee%tsiwllt %dlntsasi&ﬁ&e%it&% b&aph,

pattern at the proximal, intersection point 100 is to reduce erosion of

the cruci bl e 38I5¢TeAe BEAFLET. whi FESFeddd%g dhe USRAM 3t elBRt yiagothe
gi stﬁl ibrst ergaﬁﬂ:ieﬁrﬁaﬁoi ntsluleébmas B_Eaheeﬂll'lﬁf@ﬁ%ti@sL eéecet?ﬁaveﬁegﬁaeréﬁw '
y the beam 26.qn_ t molten ceramic po rom pushing nolten ger,am c over
the edge of t%é%'c“?"ﬁci E?e L6 Aot %&e pBEaSFr e‘apco%f‘?‘ﬂﬁ ot uﬁﬁ”’}é‘fmzt' hi @S
i nvention for compagkedcttoore bsarsma@8 ilevielle cfbi &boytt 0.8Q tkwymmZardd ythe
interrupt the.Reag,-pakt exa nglt.he surface of the crucibles 5 with a

. : b

separate higher-intensity am pattern 97 ded_ __ed to achieving a faster

evaporation rate over a_small area in _order to evaporate any ceram c that
may become deposited on®LAE SHRWh| &8 Fadre; 1@sdis Pha e uatgchood WO

01/ 11106.0PCT/ H8Q®/ 28283 dincipiddt ngh e Sshefddeecodl thie iiHyanti @y agn be

performed during the coating operation_wth ﬁ%ﬂim or_no . . npact on,the
OLHfEn

deposi tion pr'8ge§rsmel naélgp]fr"eef 7 efS enbBdi FE et o i nttFat es
an excursi on vespechivseER agenpattt ea npeoximady ajnratrseat bonl digimf TEDani c

R L

a known position ro I ch t'he [ ‘
under the dir¥afhonthe t@EuCEHRbeats? t@farthe heperimprer bubf duphe Bybeam

automat izgal | ypattern. As shown in Figure 11, the preferred beam
pattern intensity on the ingot 26 and crucible 56
slightly diminishes, preferably by about 30% to 70%
relative to the remaining perimeter of the'beam pattern,
at locations on the c¢rucible 56 corresponding to the.
20 proximal and distal intersection points 100 and 101. The
- purpose of reducing the intensity of the beam pattém at
“the proximal intersection point 109 'is to reduce erosion
of the crucible 56 by the beam 28, while reducing the
beam intensity at the distal intersection point 101 has
25 been shown to reduce waves generated by the beam 26 on
the molten ceramic pool from pushing molten ceramic-over

the edge of the crucible 5€.

Another preferred contreol feature of this

invention for the electron beams 28 is the ability to

30 temporarily intevrupt the beam pattern on' the surface of
the crucibles & with a separate higher-intensity beam
pattern 97 ded. .:ed to achieving a faster evaporation
rate over a small area in order to evaporate any ceramic

that may become deposited on the crucibles 56 as a resuit

20
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10 returning the pattern 97 to a known position, the |ikelihood of errors

that could "Ea8/HA0Gamage of the crucible 56 is reduced. Al PETREOV/UEH3
the position of the pattern 97 could be preprogranmed so that the
operator can enter the |location on the crucible 56 onto is which the
pattern 97 is to be projected. Ceranmic buildup on the crucible 56 that
cannot be readfl yspenoimg. W t IThitshe feattimten 8F caheof i evedei senygad Wd h

t he mani pul at o] FLaur gazi 2 t _house.and feed
the ingots ZGBEEBZZHE?h&gﬁhﬁgt %gg 8(%?‘:1?){% %ﬁ’equgégb?lnwtlg TSR &Fd Bt o
the cruci bl esltBEaQEm b s&éﬁ i Aeppgdtdonl phEcEgs.7. Adn nest preidnedseen

in Figures 21eﬁb§8§mgntea%e'ﬂigﬁ¥é NBpetQe Pag.rﬁt'llérﬁté%r o (éééhkgggbﬁalof

channels 104 in which the- mggts 26 are azi nés rotate to
25 i ndex 5i ngoFBe28SPAFBtE| PERRERE W't FOt KYAPPEETSI ésbﬁleldupn@frm@;'ﬁm 102

can al so mveoﬁomédcaadlbm@ystsroméa@att@&he@'i( Iise f,lﬂs%t %r@ddmétrl@aatllwe to
t he coating chanber to make, ad] ustgents cible

12
separation ﬁap?ﬁé'ﬁé‘w%%p?? PR AT P onk SV ek? %Pn (‘?ﬁ‘et Retdern
devi ati on of Bdatang thl&nclbreesmmmldqcermﬁﬂ eundéme theddmechannsmf uded to

grip and feed, %%Patggo%v%@ﬂnnﬁﬁet r&eega‘?r[lléc' B £%a nﬁga rom"&orl zor%lyal

cl anpi ng arns each osed at an” an
and adapfed TOLBBRENG het B apBREEFHY |ﬁ50t §0262 |ﬂ$n9W§ceRﬂfﬁ14téoﬁlhe Ihe

magazi ne 102 isgkéndexsd. oEheetppes @:'BﬁtOfc&QP@ Q@adGOtgld%nlé@y gy 704
WO 01/11106 PCT/ USI%] 2%@6 (r)\?ag%cs orat| got. 26, "Whi ¢
facilitates FE&dt %é‘p'f\?ﬁfrr{? t'| otrfn"\"m Pﬁséﬁloﬁl &fat or
61 without aI tioai npatbernl am’m ngoald GBet opskptegrdomedar got owdiad athe

hor ! zont a1 Posbhitalos MLAN R ARl CTELBELLHOBARR | AITLIG OF skhe feed

mechani sm 0 the inventl on, nmagazi ne sequ
al i gns the ne‘o@lfi‘»hlg’é]tlemameﬁntﬂé LenEP bﬁdpr@ﬂet:ﬁ@devaﬁbﬂfmlwgblund@mp%

within the cregi Bhe Xudi¥le 56 that cannot be readily removed with
the pattern 97 can often be removed with the manlpulator
77 shown in Figure 7.

Magazines 102 that house and feed the ingots 26

20 up through the floor of the coating chamber 12 and into
the crucibles 56 can be seen in Figures 1 through 7. As

most readily seen in Figures 2, 6 and 7, each magaziné

102 has a number of cylindrical channels 104 in which

the ingots 26 are held. The magazines 102 rotate to

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

12) in order to make adjustments for crucible separation

- and thereby optimize the coating 2zone 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 armg 60, each of
which is disposed at an angle from horizontal and adapted

to hold the evaporating ingots 26 in place while the

35 magaiine 102 is indexed. The upper end of each arm 60
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the elevator 61 feeds the next ingot 26 into the coating 10 cha

behi nd the &¥Q@bIHLé ng i ngot 26, with no or i nimal interrumams@hliﬁbe
deposition of the ceramic mnmaterial on the parts 20. The viewport 48 noted
in reference to Figures 3 through 5 is shown in greater detail in Figure
13.' The is viewport 48 is configured to pernmit the operator of the

apparatus 10 éﬂ 9§§§rVQhEhee9ﬁ?e'ragJ.9@er"?Ltnngn'E Il udhgey thes paris, d@ﬁ

bei ng coat ed, » ggool s, of n_ceramc reflectors 80 aroun
cruci bl es 56, %ﬁ Pe tl?r%nllﬁ’@oét oP§ 7TIMuSHRY tu@"ﬁ’éiﬁe fhEersipact gishsmn As

20 shown, theeléeaport 648wishganesallbyian ehel @I h@)ltn?atarrd ] WESs i de

fluid-cool ed pl 6 wt tipnal w 108 or d of

sapphire in oc?eg‘%&%fg t%‘&é‘ﬂlcg t fie %cgﬂl%%rﬁ%aefat & G Bugh! ¥ 85 C dfashore)

in proxifity determigedti hg prauvees. jAmshngl diofg ddme | Fehl shmham_@e_i ng

directed towagd-shQiRger tupe pLgke 1Q§Wehtg g gh a pakt 11“%% 9J; dhe ose
e be

of mnim zing coating” _deposition on th ow 1 or equi t he
aperture pl at%“WtW%%Yna@hﬁnﬁl éﬂﬁorntexd% 1@Qt'ot%1@ i Wgthsthebdseepi et um

112 serves taofi ahan zeefa@mw&@ of ngoB02§i wtmrw&}@v\eﬂ-&élwef% ' aanci‘eat
| i ght and oth‘gh fro e coatl chanber . "I'n accordance  TA .
known practic etﬁﬁeﬁ? fé %155 %“i htEh 2§t§nﬁﬂl EhenFsdiiqi®es at

a high tate tchatbes nake hﬂlsmd thél evapdratting eiwgof bEe GRS vae. okhe

w ndow 114 i e L tz gl Iead | ass 22
4 February 236%'%?0%%%?%5@’{5% 1583 fn"é’%ﬁr 15 orBy s £ermmec
quartz gl ass TRERT R PmyERe pared (2hgth, the | ead gl ass provi des
protection fromx-rays, and the colored glass is useful to reduce |ight

intensity. The VI ewpor tTHe '\F:Lléﬂrﬂiﬁt'{‘@'Héj@édaz.ﬁaﬁﬁﬁbkﬁnéepﬁﬁt' pm«:a.a' t hat
provi des a hl%{ rlr_})e at.ure.vacuum seal for Ztro oscopi c Anot her

preferred s>t &t Sihﬁémvlle‘?zvp%’r“?aﬁ%rpfiﬁgﬁa s 18 RiFwmscbpic

15 viewport 48 is configured to permit the operator of t,he
apparatus 10 to observe the coating operation, including
the parts 20 being coated, the pools of molten ceramic,
the reflectors 80 around the crucibles 86, and the
man:.pulators 77 used to move the reflectors 80. As

20 shown, the viewport 48 is generally an enclosure that
includes a fluid-cooled aperture plate 106 with an
optional window 108 formed of sapphire in order to
withstand the high temperatures (rbughly 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 coa_ting
deposition on the window 108 or equipment behind the
aperture plate 106. Within the viewport 48, a rotating
stroboscopic drum 112 serves to minimize exposure of a

30 viewing window 114 to radiant heat, 1light and other
r :lation from the coating chamber 12. ' In accordance
w 1 known practice, the drum 112 has slots 116 through
its wall and rotates at a high rate to eliminate visual
flicker to the eye of the observer. The window 114 is

35 preferably a multiple-pane of quartz glass, lead glass
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view of the interior of the coating chanber 12, by which one orryrmre

operators cH? Y MHA% aneously observe the 10 coating chamberP&iP$es/21263
retaining depth perception. Shown in Figure 14 is a preferred control panel
118 for controlling and nonitoring the EBPVD apparatus 10 of this

i nvention. The control panel 118 is shown as including & schematic of the
appar at us 10 gl ot scoboxedmeredd s, Thel adangz i gihss apt@0ifies phgsyedual

conmponents (e.qg., the coati h . o] . are.Vvi sual

[ ngP cators (1292% %{}é’d @Eﬁ a@%ﬁ% g%s%’ ré%%?%ﬁgﬁé $€¥&Jh%ﬁ cgf‘{:rﬁgxt' hays.
operating stand. bhet heolowregonearkass ants swheefied 124 t ceharge Lhght
operation of i%&éﬁ@iﬁ?{) re%ﬂ%”%ﬁ%%@”%ﬁrtﬂ@f ARl aLls ésmagﬁéfz?&ab' y

surrounded by gauges r quanti rocess ggramaters_,‘ such a
pressures. . DAXTLGIR | tBBt’ PRPVIAREi oh Péghr GPRESCREUSSer HRFHEM

~ status of thesEBPVroappgiat ust 28b68¢oPEc qUitlthy andageeneat epyepeteddt o
allow 25 the erator.to gake %ney a£$r0$ri aag acil‘:j ust.ment s tg t he aggar at us
10 and the cdfdtiFSr dEe&bat| Fhe BEr¥Reoh, 4PhPIRYPEES: 5 $HHFOBRAPRIC

i nvention mawiewtdfl tie appearies siiowhe rdEtgmoeshhmied 122, Asy dwhtohsed.
previously, the parts to d ar tQ, t L S

within the | dath n %hgéggr sog%éggﬁgg18%%&5{5@?%%%8%%%& bgglﬁg?ﬁgd %%eany
suitabl® nateEtEing stheanber athilekaletissdng dephd pepgedté@Peralloy if the
parts 20 'are bl ades of a gas turbine engine. in the case of gas turbine

engi ne bl ades, prior tguaalifng 2R 014 11408 gréedrtad Yedfffol panel
PCT/ US00/ 21263 Wvl%h t he aIEFPJg{at us 1%, thetsurfac&i éYhI? gﬁ{bts WER

typi cal |y be rovidedCw®t YEhPRD TR = Ehthid “o i ORPRE2HFE c48sed
previously. AfSothikorinventdepnsitiThg tdenteshnpendBCllitheisurdlene oést he
bond coat 5 IS ILAISIALlY Wddedlepl ehi 0 Cheamutfie-hald cpgt sHAfages and
produce an OpJTI mum-sut f ace T1nish required for o _

15 components, including indicia 120 for individual
components (e.g., the coating chamber 12). Also shown
are visual indicators 122 located adjacent the indicia
120 for indicating the operating status. of the
components, and switches 124 to change the operation of

20 the corresponding components. The panel 118 1is
preferably surrounded by gauges for quantifying process
parameters, such as pressures. - With the panel 118,
information regarding the operating status of_ the EBPVD
apparatus 10 can be quickly and accurately noted to allow

25 the operator to make any appropriate adjustments to the

| apparatus 10 and the coating process.

In ' operation, the apparatus 10 of this

invention may initially appear as shown in Figures 1 and

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

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

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

the case of gas turbine engine blades, prior to coating
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depositing cgl érmar EBPVD ceram c coatings. Al so prior tgFggruoas (l)on4g t he

ceranic coat'h }/IHHG alumina scale is preferably fornmed on t H&EBEMI24Wdt at
an elevated 10 tenperature to pronote adhesion of the coating. The al um na
scale, often referred to as a thermally grown oxide or TGO devel ops from
roxi dation of the alum num containing bond coat either through exposure to
el evated tenpPeFlt s PPPI¥FatWs ol ldurFRg dewdsiassonodf thre Parssi cwilkl

coating, or byypéyabliya begh greimeiad ureitheakmeMondspesbht caldsy pesdqy med
for this purpose. Accordi n%hto ,this |c£vent|o,n, the parts 20 are, preferably

preheated to CEBRTTIHADC T AHSTEHHHEL RRPHAE 1 Xmen PASheiEeKedOto
preheat part sd@fositingr cheatechadhe sy itheprafefadd yo20thai HoHd ashat

about 600C t o, | 17} e n Q ich t chanber 14 is
subj ect eg dur:|L£nn ggk%gﬁ%gfgéfggf%g%gégghégt ?;28551“ ?ﬁlen%t%’geﬁo a?u’f:ﬁlﬁﬁﬁ)er
14, the rakezn@2 predpeet hen expthuud i susfahe cfanish 2xechemest Ifbr As
previously nodggositthgPeaiahtar HBMD ESbSnldVERLEIRSS Pahhisgul e:i!éﬁ:

configured to eﬁgsm .a, ceramc coating under the elevated pressure
condi tions tERIgHEPBFIRIGHe\FR] SRTAPLFoCAAFING t | aP| fl WHAE 0BERAG 1S
process, a qubtkieraniyn chesteds ¢ref ehabl yoper f eped e 3@ r atleddi®ed

d: t d hi 1 t hi h of th ting, heat
nd | oabng Crameracss $6" BsSChR) 1hRig of SEhS: | SRaEhBHr o0, WA ng

so ‘serves to aluwing nisgalehe efenmieafieegeid ytof asheaapphashadl 0 grirch

was previ ously 8L gL i t Be DL QAT P )@1-@ i t hrough an -
oxi dation test perfornmed on sgcr%[??gi ﬁfﬁ‘g e%?%géy%ogﬁ%%f% _
PCTI USOOr 21263 ¢t ish sbond e ceptinisditdier? thpugls exposerar &oeedavated
with the nechasigedtatiuris pilids Ofb AbFOGRPEAG CABHESEHL8n oFNEHe & rdrilOVer
conmmenc when pr.essures rcip to aro%nd Zg,n‘gar. The cryogenic punp 32 is
preferag y St g, or by way of a high temperature treatment
- specifically performed for this purpose. According ,to'
this invention, the parts 20 are preferably preheated to
about 1100°C in an argon atmosphere. When not being used
to preheat parts 20, the preheat chamber 14 is preferably
20 maintained 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,

the rakes 22 are further extended into the coating

25 chamber 12. As previously noted, the apparatus .10 of
this invention is particularly configured to deposit a
ceramic coating under the elevated pressure conditions
taught by Righey 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 periocd. Doing so serves to
determine the vacuum integrity of the apparatus 10, which

was previously pér_formed with prior art EBPVD operations

35 through an oxidation test perfoi'med on sacrificial
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5 when a pressure of about 5x10" nbar is reached. Thereafter
di ffusi on- pdkP8VEY% g 34 are started for the coating and prerasvozizeatber s
12 and 14 when a pressure of about 5x10-2 nbar is reached. Suitable
process pressures within the | oading and preheat chanbers 10 14, 16 and 18
are about 10"3 to 10"1 nbar, with suitable coating pressures being about

.10-2 to abousp8zidefs mharhevichaimbetrize 120atiag 1£0:88 daf Lpd dun d Jéecl

val ve 57

52. A dual -e Nt pieO PLY e Wi nual  shut of - f

i s preferabl yhgggdttto rrqneaa%tgrq@%ﬁl é mq’lls gp’?"é%sgﬁeowbﬁrm R S5 heng

chanber 12. Bynédsthgn' a Bhower Cetamwnchdl wuepepdesshreepau:a!pl & celarminas

either elenendg Gdarbe sqlh%ct@g,g, nyée ‘(Y‘mgh (r%te LUpLL the CO%’[I ng
E arat e bé/ V%

operatlon Alternatively, two a va
pr ovi ded? so YRE® eft hé’t"-’e&&ﬁ"g"é c 29 u§§él00r smbax:hedsvm tmramhed

i nterrupting T]h\@r@@ﬁ&éfl,g tlwedﬁﬁf@élloﬂl Npemps e3 er s8d 33Pgek %fta'frtﬂ for
y started prior to e

I nventi on, cr nic pu 32 i.s pref I

di f f usi on purrtgh%4 ‘y%%?ﬁr}gar ya’}r% aqe&}e% Eﬁﬁagg’ﬁrﬁ wHiZch @ pdidh Mﬁl@@s 82 and
34 were typi catdzrysuar tefl asbdute Sxl®” ztmﬂmﬁom Nivdat@rdd.e bUIshd_t&ng@ t he
cryogeni c pu 2 fore the di si on
punp - 34 has een sfs %}d Et’féo‘ﬂ'gﬁf%n %%rgt y re uce% %ggnBEﬁP 8?‘ c{hﬁﬁ’g’

requi ret®to attai kot RBAcd iakF calemwer 187 estr 88” 130“-bh&!8;| retithosutithble

i nventi on. Wuda:i&igarpragshbéscrbeﬂ@ﬂ SboREM 032 RYY O%t%&?tt G G- gL an

punp 34- pronot bui on the cry punp this ice can“be
removed at tHe tﬁ'@ﬁﬁ gpe C&%ﬂ% ES%SP@S%%@@ Byhekheompad eh2- tide. 25
4 February 2mmmamoﬁomcgam§@mzlg&avméanwm #O0gahiig] ORB:RbEEN,
the el ectron £ f th gots 26, thereby fornmn t he
mol ten pool s o%i ceram c and Rofg%%rs at Lgsepcg i 0 onMERHRE %ar¥§e20Ya B
var i ousitoat iBRFSANLS iwilthigo ke moating Chamber 12. By using a gauge

55 with independently operable elements, either element

can be selected for use without interrupting the coating
operation. Alternatively, two ion gauges separated by a
valve could be provided, so that either gauge could be

20 used or switched without interrupting the coating
operation.

In a preferred aspect of this invention, the
cryogenic pump 32 is preferably started prior to the
diffusion pump 34, contrary to prior practice in which

25 both pumps 32 and 34 were typically started at the same

' time to minimize ice buildup on the cryogenic pump 32.
Starting the cryogenic pump 32 before the diffusion pump
34 has been found to significantly reduce the amount of
time required to attain the coating chamber pressures

30 desired for this invention. While starting the cryogenic
pump 32 prior to the diffusion pump 34° promotes ice
buildup on the cryogenic pump 32, this ice can be removed
at the end of a coatlng campaign or any other convenient
time.
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5 used, ap é?{’f‘? ceramic material for TBC (and therefore the ingots 26)
is zirconi aR’? §6partially or fully stabilized by yttria (BCTgUS00292630%
preferably 4% 8% Y203), though yttria stabilized with nagnesia, ceria,
calcia, scandia or other oxides could be used. The 10 coating operation
continues until the desired thickness for: the coating on the parts 20. is
obtai ned, after which RWelishrtsheo GpatiRdnsPeerediohs oughet helmaseat

chamber 14 tl:esetnfbe teadirr&g ﬁb@ﬂﬁéﬂ 6, hd e&n}z_‘.‘{@'t%h id"e tRedLpg Otfcri‘?r[m 16

Is vented to s%)gg venits are 15 prefe | east” 30 mm i
di aneter in e?nc?roé’ e Phe SFEATTy 334 evaBBFsgéﬂ’@ftal ferpeidt 1Oman
‘about 60 mntahre (bamtes e20t.0 avini He divaribhengaditSineAngh d el s p@éﬁﬂ.ﬁl ge

Contart tant Uiyl s deingd cf ohpr (S eso0n.

may- be desirable 'to il ven

fol l.owed by &hear gagotsi adbi erl$alaﬂé"cqwa e (Ex0z2) nveantt Dal Tyas cbeenfully
descri bed |nstt%m z(gda eftadeq e menty,g, i S Hoih her
fornms could be dopt ed étf(r)nfg&r skill reﬂdé()(§j| theB%ar:%(HH 515%%?%%%51@{( yqt% %g
scope of our |29¥/eﬂt|§)1'|‘P’+ t YHFI3 nistabildaeg pyithe meonediiag ckerie, 26
4 February Z%QC%N MBcahdiAn ekecstinsr bma@wsmhdvaﬁer eRPSi i 9Re

t t t t
maeri a0 neodrdbe MPLAR T GefREuBe, GHRTLacHe, cfeghred p@%%s%%ﬁare
and a subat rr@gp‘h@rhec gratsing epntabhel pamten 2A%eans golot4 imed) oaeeérngh@ah
el ectron beagnel @J&@%O&Léngrﬁh@%ﬁ%e@ 5&35% *\ﬁ%éolt?%éﬂgagaf:ﬁ

el ectron beam gun bei ng operab

material; a éfucidl éhﬁjp})%‘?@%’ﬁ@ t"ﬂ@“&ﬁﬁ i 316 nmefdre | wiaichi rtl'tEheloedangng
chanber, thechambel! e1gonpsi S*trélﬁtéldfltfét dEnBphd @l  SeheouRdgeand gt ai ns

a rmlte_llg pOOprgtc. In:.t_ltglcoatlng].o:aa.si %0 mm in diameter in order to

increase the venting rate, but generally less than aboutl

60 mm in diameter to avoid disturbing dust and other

possible contaminants within the chambérs 12, 14, 16 and

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

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

While our invention has been described in terms

-of a preferred embodiment, it is  apparent that other

forms could be adopted by one skilled in the art.

25 Accordingly, the scope of our invention is to be limited
' only by the following claims.
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the crucibl e conprising a second nmenber secured to the first nenber and

- surrounding an unnol ten portion of the coating material, the&phidsh d
second nmenbers of the crucible defining an annul ar-shaped cooF#%% %ngage

t her ebet ween; and neans for supporting an article in the coating chanber
so that vaiwisisaf the coating material deposit on the article. 2. An

el ectron beam physi cal vapor deposition coating apparatus according to
claim1l1, wherein the first nenber of the crucible has a wall subjected to

heating by .theagl @at@Rond @Al g Wl daljn 55O ilhige cooling
passage and having a nﬁﬁinun1t%ﬁ?ﬁne§§ 0 %ﬁot%%gggagﬁgﬁ %8%%%%%3. An
el ectron beparphysi caimpragdnadeposition coating apparatus according to

claim1, wherei.n the.electron beamis., projected.onto the coating nmateri al
to define an eFeEPF%%ngbgéﬁ gftgPHtgﬁnﬁﬁgl@o&?ﬁﬁdnﬁapéFﬁéﬂ?%vh@gﬁpparatus

further ecoeping AfamBais beahgpbpleabilegat sepanaieatekeekmprrhears27 4
February 2004 pattern on_the crucible for evaporating droplets of the

mol t en coéPFn& ﬁﬁPéFﬂ§ﬁPGﬁrﬁﬁePéﬁﬁépﬁﬁé, the separate el ectron beam
pattern havi ng .3 qug%gohngggﬁpﬁﬁgéQgQ h?gpggFg&Qrgﬂ eam.patt gen on the

coating material. 4. An electro am p por deposition coating
appar at us iateotdiengorat icbaicmaipefruanbdepntonphiesicngtdngcondersafle haed

within th%l%% ting, chanber %nd at Ieas% p%rtia ly s rroundin% t he support
means, thS CoNASHsRFEThIER PRAVENGPETPPLSt tPePFett PRE REABSFAFScAP&d wit hin
the coati agatehanbaresiah;that an article supported on the support neans

is between the first reflective menber and the nolten coating material,
the first refl 8cErVEIRBRDEMPPEIRENADEABI 0abengeBatririsl wathsacsohe

posi tionspekati,ventRpkhe t - [ .etl.al : ir gsition
bei ng cloger tobthe s%%bo??%nggﬁgggﬁgng?ﬁggégégﬁdapgggfioﬁgéﬁgﬁ Fh%g an
article suppornndd bndt Metsipport mpikars psoidubjfechet acantagr abkeethve

heating‘f£8n1the nghten coating material when the first reflective nmenber
is in thefFr St UFOETEI GRTPRAR e PROPRE member secured to the first

member and surrounding an unmolten portion of the coating
material, the first and second members of the crucible
defining an annular-shaped cooling passage therebetween; and

means for supporting an article in the coating chamber
so that vapors of the coating material deposit on the

article.

2. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the first member of
the crucible has a wall subjected to heating by the electron
beam, the wall defining a portion of the cooling passage and

having a minimum thickness of not more than 10 mm.

3. An electron beam physical vapor deposition coating
apparatus according to claim 1, wherein the electron beam is
projected onto the coating material to define an electron
beam pattern on the coating material, the apparatus further

comprising means for projecting a separate electron beam
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second position. 5. An el ectron beam physical vapor deposition coating

. apparatus according to claim1, further conprising an outI%teb%gﬁgggﬁg t he
nol ten pool of the coating material within the coating cha#%er, e outl et

introducing a gas into the coating chanber, and neans for controlling the

fl ow rat e paft teie cgas:He @rudi®leuticat dviaipd e reoalriohd tRaFerhet he
control neans being |ocated outside the coatin%_chanber but imediately

adj acent {178 t60 IR tintoh e b ado &1 g civditsdoles. tAe sledeed® beam
Physi cal \ARRY MRPRRh YA3RAL BhviaRPA HiheAC AU L0 (Hal Bl T urther
y J t

conprising: 28 4 Februa 2004 a preheat chanber ad) ace € coating

chanber f erleqirehe disiamy part tart oine theppoettachgoynatlee imdpport neans prior to
introducing the article into the coating chanber; a |oadi ng chanber
adj acent the preheat chanber and opposite the coating chanber; neans

Wi thin the | oadinng ichamer Hedin gAYSiRG 1MILEHIT Clepdsi® idnt icohe iwyi | e
supported by the support neans; a first door to the |oading chanber for
| oadi ng aR®PPaFAtGEd TG R Ngrr tioc Icd afifio by t HdrdiysFocompEasdndand a second

door 10 tRRJRALNAG HRAENG chak ARECIBY dNEnHRELONLGAUS! R TRaNS. 7. AN

el ectron beam physi cal vapor deposition coating apparatus according to
claiml, whaertdiadly fsurstoupdinigonhef suppe rdoateang ,chagbeondensarabhechet ween

an operating.positign ,in ich.the first portion is mated with a second
portion ohé%ﬁﬁg Codt iRy ERIIGEFIVENGS ﬁéiﬁ?&ﬁ&ﬁ W3S SRS RORRILRA t he
first poridhambes SeRA ahed bhomhe1secoRdReLY of tBe Alppbeet heankeam
physi cal vapor deposition coating apparatus according to claim1, further

conpri si ngSabetggen theo filgntsarddestige gembieng anke togbadbspheri c

o essure CUeEIND, BRSO D0-NAT0R (LT AShRRE. OBy 10y LEORRGRCeNC !

i nterrupt begweeat ifigsaf ahkle seabhidclp@sitions relative to the molten
coating material, the first position being closer to the
support means than the second position such that an article
supported by the support means is subject to more reflective
heating from the molten coating material when the first

reflective member is in the first position than when in the

second position.

5. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising an outlet
adjacent the molten pool of the coating material within the
coating chamber, the outlet introducing a gas into the
coating chamber, and means for controlling the flow rate of
the gas from the outlet into the coating chamber,.the
control means being located outside the coating chamber but

immediately adjacent the outlet within the coating chamber.

6. An electron beam physical vapor deposition coating

apparatus according to claim 1, further comprising:
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9. An el ectron beam physi cal vapor deposition coating apparatus according

.to claiml, further conprising at |east one rotatable nmaggzi ting
a plurality of ingots of the coating naterial beneath theaé%gﬁﬁﬁgggﬁgnber,

the magazine aligning at |east one of the ingots with the crucible for

feedi ng the ingotpxaheie tdhaneRat iadg ackatbehe 2324 1REbLUARKe2084,10. An
el ectron beam physi cal vapor deposition coating apparatus according to

claim9, W&ERTINGe atagatiled s SUPROFAL e byl 51§ subpresr sanls beneath t he
Coat i ng canay - oAb el LaRIRe! ORL00 " BaB LAY BRHEERT prver oL
VAPOR DEPCSI TI GN1ABRARATUEamber adjacent the preheat chamber and
opposite the coating chamber;
means within the loading chamber for causing motion of
the article while supported by the support means;
a first door to the loading chamber for loading and
unloading the article from the support means; and

a second door to the loading chamber for accessing the

motion-causing means.

7. An electron beam physical vapor deposition cecating
apparatus according to claim 1, wherein a first portion of
the coating chamber is movable between an operating position
in which the first portion is mated with a second portion of
the coating chamber, and a maintenance position in which the

first portion is separated from the second portion.

8. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising at least
two ion sensors for sensing the subatmospheric pressure
within the coating chamber, the ion sensors being
independently operable to enable selective operation of one
of the ion sensors without interrupting coating of the

article.

9. An electron beam physical vapor deposition coating
apparatus according to claim 1, further comprising at least
one rotatable magazine supporting a plurality of ingots of
the coating material beneath the coating chamber, the
magazine aligning at least one of the ingots with the

crucible for feeding the ingots into the coating chamber.
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{err] Abstract: An el ectron beam physi cal vapor deposition (EBPVD)
-apparatus (10) and a nethod for using the apparatus (10) tQthb%)‘%ggSO@
coating (e.g., a ceramc thernmal barrier coating) on an article ). The
EBPVD apparatus (10) generally includes a coating chanber (12) that is
operabl e at el evated tenperatures and subat nospheric pressures.. An

el ectron beam gun (30) projects an electron beam (28) into the coating
chanmber (12 a%’dl GrieS tE B0 RERAY Phatséicad] VeRer Wepmisd ise aeatdan (12);
causing 1 hgeaaliudd fledidly (20k1is W) Ly ey any %Iag;az%eafitg cle (20)
is supported wthin the coat ng chanber (153 so that vapors of the coating
mat eri al (@EFRAepediong én limeaar padche be2@p.t hT Hédreo peradtiingn abfantdee: EBRVD
appar at us Q). _i.s.enhanced hy the incluysion of a.crucible (56) that
supports t ite)r@&iﬁ ﬁé’sﬁg:tlé)ﬁlé‘lg R Eﬁﬁﬁrgl@lled’ltbc@lﬁet iciently
cool ed socasitliag ethag®elrhe rate at which the process tenperature increases
within the coating chanber (12).
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