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
super al | oy conporfefit s RSN FEAM Y HECAdn gIARER DEHSYRIRCGROUNLP EARAHES | NVENTI ON
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
Eoni']?naf %E gxgv?&f?g% [ . conponent s

(TBC) forned he" eXpos es of high tenperature
have-found w de use. 25 To be effective, thermal' barrier coatings nust
have' | ow thermal condTieis vmyeahuoadgenerauy relehes conEonesfedivdace.

Vari ousscer apé&m ”ﬁh?‘sh.ébi %lbegngélélgﬁ b %“tin%oogpgg}%%%llo%ore
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partlcularlnnanlngsapperatdsladQQBEdyQ@ deposit ceramic coatings on
components, such .- as  thermal barrier coatings on

superalloy components of gas turbine_‘englines..
- 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



in the art because they can be readily deposited by 5 pl aén%bé%ar%f;o%%d

vapor depos™MABAEChni ques. An exanple of the latter is el eeifagoRpam
physi cal vapor deposition (EBPVD), which produces a thermal barrier
coating having -a columar grain structure that is able to expand with its
under | yi ng substrate w thout causing damaging 10 stresses that lead to
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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 controi
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 prgximity 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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deposit on the cog&mnent whil e a maxi num process tenperature i general |y

est abl i shed W0\ 5 nicrostructural damage to the articl e PCThrsonrgieat
the deposition process, the tenperature within the coating chanber
continues to rise as a result of the electron beam and the presence of a
mol ten pool of the coating material. As a result, EBPVD'coating processes

are often 10 A miriimue preecesdetemperi e hs ngeh@f@LWSebeHBﬂ%H&etoand

then term natggd, uwhe e g U&Pa@e n the Xi mum process
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Februaﬂ? 20o@hamber. Advanced E PVD apparatuses permlt 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



apparatuses and processes are continuously being sought for depositing
coatings, and particularly ceramc coatings such as TBCs;l &%IIEF Sg%RY OF
THE | NVENTI ON The present invention provides an el ectron “beam physrcal
vapor deposition (EBPVD) apparatus and a nethod for using an apparatus
such as t haBPParprvéase and oRrPRESEEsy. arar rooltd nu@icdnanbeinbersmigtiarri er
coati ng) ongcan Al %orodsi n%.to one aspect of thjs inventi 31%1 t he EBPVD

appar at us compri Ses & coat¥ng bR co niftfy- Bt E8aE My met 8FREILC t he
coating chagbgfibgs NGuclPRey aldces at an el evated tenperature and a

subat nospheric pressure; an el ectron beam gun for projecting an el ectron
beaminto the coating chanber and onto the coating naterial, the electron

beam gun bej p t orate the coating material; a

crucible sﬁ%%glf;?l %W%%Y%gfﬁgfﬁ‘z@%fﬁﬁ within the coating chanber, the

crucible conprising @nki 'stesBAREr; A0S £ SV OURAS, ANSL & €L ”éé@ct’?&'r} en

pool of the coating material, the crucible conprising a second nenber

secured to kpheenfiphysheabevapet deppsiuhdbng EEBRWDD| bepaparthisonand tahe

coating mater] the fi,rst and second rren‘geri of the crucible defining an
n;

al
annul ar - shape %%offfﬁguﬁa@?agearf haPRBEE 8 dfedry?f oF© BERPYCE fy an
article in theecAgtiiBYgchanber 5nifathe VaRA" H 0 188 ¢Rald Ngy MBEAT 13
deposit on the arficle. (n an enbodi ment of the present i1nvention, t
operation ofirthelEBPVD apparatus can be enhanced by the inclusion or
adaptati on of one or pore features and/ or%Br ocess _nodifications. According

to one aspect of the*FRP&EHIHH & aPPfig ? BF&cess tiéthb%raitrb\’%nééﬁ’tnrfo!, .
the coati ngrghankgipygont gbﬁgréqusaél on-hiELESLErs 4 hagogggngbe JRYed W thin

the coating chanber to increase and 4
containing a coating material, the coating chamber being

e

operable at an elevated 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



4 February 2004 decrease the anpunt of reflective heating that the article
receives fromthe nolten coating naterial during a coati BgrgAURA} @004
Process pressure control is also an aspect of the invention, by which

rocessin r.es f greater, than 0,0 ar _can be .practiced i
gccor dancg \Efi\néggggos%eng’?lﬁg B8 Bt ecr’f Aﬁ%ﬁ?%ggilgﬁ SBFia%IlngNo.tW1 1201 to
Rigney et ahrtfadsl gret ived her6AMeheas1GNEE @Sat NEGPREERRL 11 IMEAMTAHN)

with mnimal or no adverse effects on the operation and reliability of the
el ectron bednc§atighdeapalann Fgloddctpresonsei wonroelesss prédssuras.

Mechani cal ocess. inprovements directed to this aspect of the
i nventi on i%ggﬁgé O%dltbiecéﬂ%%tf%nt h&Yel Wt FBn IR TR t RE SSSRTTRY

chanber, andrthgrenner bynhwhi Cho 9eses abad ntegduced apdscemmygd finpm the
apparatus. Al so inproved by this invention is the electron beam pattern on

the coatingacharéangle. Wwirdt heepgneingr 8d Sasfedterdf Appl i nzenbnoSeantlai | is a
r ot at abl e azi t hat pports. nultiple _ingots of the coating material
beneat h th@%batqb?(gl@h%\%e&.o T%Jegﬂﬁﬁazﬁtnea' S i P9 Ui J%]il%uaﬂﬂr%ﬁ align
multiple stagksgRbeOnss OLHBOLSdNGN S WhtRndN APErL it i inlle) coating
chanber for sequentially feeding the ingots into the coating chamber

W t hout i ntedvepsengldaposi ohobhef dperaohon ngnonterliiabi Bcepr difng Heo

th f d aspgct of the invention, a.viewqort _is provided for
Singwi ﬁ[:] ngef%ngﬁ E@S?I“nggHBt er P3H V\FI"{LEFn PHBIRGAt | AGUChEHEONS n 1Tor der

to be capabbeogbsBr Qvidk 8grasVi e fad PEa1 O EMBLY, JAgh- t srpeLALL
process ocg%r?i na vm'c%/hi n J:[:hz coati naé ch%nber, {Tﬁg \?i ewportB}BsQ’%?nwn -Sco_ol ed
and has a ®igphcretat itenal tispeedaspeatios copi ctdeumiambratimgn&ﬁl;ndlupwu cle
i i gh- | f th t roboscopi c
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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



Anot her preferred aspect is that the viewort provides 5 4 February 2004 a
stereoscopi c view of the coating chanber, by which one orn rayr@a®penaiors
can simul taneously observe the coating chanber while retaining
stereoscopic vision. Qther objects and advantages of this invention wll
be better appr&HCREAF IR t Kéewf AT oliheg ¢rabinegd desdrehi i by. BRI EE

DESCRI PTI ON &¥re Tiz DRAVENG dH DU LS Eadnds Znal €afebemaly Cobop-gad dfont
views, respectively, of an el ectron beam physical vapor, deposition

appar at us us‘é‘aannéeﬁgé e & ]i%gre%%%f? | SERTEOSS P W 1AL hi s
invention. Figures 3, 4 and 5 are cross-sectional views taken along
section line 3--3 of FDOghee 1, objedcilowi agd a ewwakliteagdat f asf emiioyed in
accordance w asp, of iS4 ion._ Figure and 7 are_,nore
detail ed frg%%ggﬁgioflop ‘gfg'(i):sLs-s%gclti (%Sréa‘%@% emrs%,pljr%%q%%%fle(\glel - pr %rred
interior conpehéavinpodedaddad ipedraipeiont the apparatus of Figures 1
and 2. Figures 8 and 9 conpare an EB gun orifice of the prior art and an

orifice confBRUEEdDERCRCPOIdANCE THE hDRARINGSferred enmbodi nent of this
invention. Figure 10 is a cross-sectional view of a crucible housing an
i ngot of coating material and an _elegtron be roj.ected ontq the surfaces
of the crucible 6 4 F}éﬁgﬁﬁ?ﬁ' g‘oo‘ﬁn 0ﬁ%1§@%ﬁ6§0(ﬁ%2@§ ard9™Hgot in
accordance widawshe peepertédednbodiatentarof eldesronvehtbon. physical

vapor deposition apparatus used to deposit a coating

material in accordance with this invention.

Figures 3, 4 and 5 are cross-sectional views
taken along section line 3--3 of Figure 1, and showing
a movable platform employed in accordance with one
aspect 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
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Figure 11 1 | an view of the crucible of Figure 10 ang a praerrgp%d

a
Jpattern for ‘f’ﬂ@i)’éll%tron beam on the crucible and ingot. Fi gureudedniagi cts
a preferred power intensity distribution of the electron beam pattern
across the surface of the ingot and crucible of Figures 10 and 11. Figure
13 shows a preferred viewport for 10 observing the procé€ss "within the
coati ng chankgtd ofndidwe iappacat-HsnsRO ' ' .. Fi.qure 14 shows
a control panel, fargm)r]:i.tori ng and%léc\gfn}’tﬂrH(;Iﬁ%;ﬁtfﬁgé%%%rga%%ﬁ’dgfnepﬁe of
appar atus of Frgurdy “H-:@3itt 2. DETAI LED DESCRI PTI ON OF THE | NVENTI ON 15 An.

EBPVD apparatus 10 in accordance with this invention is generally depicted
in Figures 1 and 2, wi tigwesidls iconponsids efdwf asft UEgs helnegi Bepi gleed in
Figures. 3 thiQueh ¢ e.a 0. articularly well suited for ’
depositing a céram c thg_[?rala ar r%ﬁ%%a?%gﬁgﬁﬁ 5fTa ﬁa&%ﬁﬁﬁ%ﬂeﬁ’@am
i nt endec® f or Wpdhs icGMCile @nsl ingntral |y hostile environment. Notable
exanpl es of such conponents include the high and | ow pressure turbine

10zzl es and . bl ades, S i Qude, i t ] war. e of
ggs t ur bi ne n%itne . V.\hill e %heﬁ?gﬁgg\}gﬁtsgaées§g§@§ﬁi~c§&i9 venéf)"'lt o%ﬁ\%\ngflﬁlgg
descri bed wi é‘%’é‘rtéf?é‘e P dﬁéﬁsiﬂ?ﬁf ReRAA% PREGEFR oBCXOSS the

conponents, tshefiacacbifngheofingbits andv erticdbleadtheiqaeesr alg wrapnhkied to a
variety of coating materials and conponents. 30 For purposes of

illustrating the inventiy thg o7 4 uaLry. WD .01/11106

PCT/ US00/ 21263 EBPYD a“;ﬁ"%%?%?usqfo issll?%?%vmgi n%%%&%?dl AEYWPRE i FiRF udi ng
a coat iy chQREEFVIDG £h%iPrefFess eMdshine Hdiheroatling antiamberpadd sthé
I'oadi ng chankpparibuanghd¥n in Figures 1 and 2. -

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

DETAILED DESCRIPTION OF THE INVENTION

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 inveﬁtion can be
generally applied to a variety of coating materials and
components.

30 For purposes of illustrating the invention, the



so t hat the%ﬁ)arat us 10 has a symmetrical configuration. 45FePrua OO

| oadi ng cha K111% are shown as being aligned with their r@@p‘&t&oo&eﬁs
preheat chanbers 14, with parts 20 originally |oaded on a rake 22 within
the I efthand chanber 16 having been transferred to the preheat chanmber 14
and, as depicted in Figure 1, into the coating chanber 10 12. Wth the
symmret ri cal EBHVDguapphntﬂé the a,p@arsﬁcum 1G, : \migluq-etshelpaéha 29 | gaded

t hr ough the t hand _ | oadi ng arrber are be| coaf ed W|th| n the
coating cha 8%2535 gecgﬁ’a‘%ﬂ'gﬁch oS sjﬁn t e fF? ¢+ ghPRgheat
| oadi ng chanﬁbaﬂ@eréaﬁ;‘lbeapdeh@r@t g iins tdfe ch&dmnyltdmdaqaj’sefmtamﬁlan@ﬂ 14,
a third bat CQoOEthr Eﬁec% a%th%a%d élc}oatﬂﬁn eﬁ%]f Lé]‘?‘? ﬁﬁ%&f i

chanber 18, and fourth tch of s can
ri ght hafd |o§BFn§rEHénﬂ@adﬂ@9 @?ﬁ'&mtl@ arguﬁhpwuc@ss besirag ezl bgmedccur

si mul taneoushytw theELEre x@s@fe@t&% ERRMAa 2 Oc RRSE AL U§410w‘?.fth| gﬂa}ééwft?t Ion.
According to 3ref gi rr$ (gl ment of th]6 | nvention, the I Ng
chanbers 16 ?;fﬁi:l 1aeard r’r%)ﬁﬁ 84 t9" | dw-PHEF I?e2 VR pl e orkefthend o

that the | oadhagberhagbhasifh§ beenllramsfeered eel ittRl oralHdHte hnidtbt hei r

25 heat | Wh he .f t_. I efthand | qadi
chanber 16 | L bRaNgHES APBLEE e T 1NN Thd o e e PR e 14
to all &t heliﬁ)arté’ltﬁo tthe bﬁﬂiﬂﬁ%@rl@%ﬂ- i eonfiteravionngfcitheberphdrathhe rear
| ef t hand | 1

ef thand | eagly ngwﬁhﬁgb%he $ar Sedg bﬁ&&déa 0%@%&6%@%‘1@% B E‘{Lﬁjeaanqlear

that parts gﬁ ‘%g“ | taneéously | oade he rake
| efthand | oA PENE ef3g. 1%aéﬁep|1%ﬁ1flaﬂ nfFoated Jitdrigt etheamoatinwabl e

to a mai nt enzieosbeuesi 12 pn ai nsgbbond npathlr of phstlsoadinng trhamMysfshel6 and
s o IS AR TSl oo LR L (e
15 righthand preheat chamber 14, a third batch of parts can
be loaded into the rear lefthand loading chamber 18, and
a fourth batch of parts can be unlcaded from the fear
righthand loading chamber 18. Consequently, four process
stages can occur simultanecusly with the pre.ferred 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'



and | oadi ng chanbers 14, 16 and 18 can be accessed for cﬁeFaertl}lrunag'inq%dé

platfornms 24Va01HPef erably supported at least in part by ratdwUsdoRazsdngs
44 mounted in the floor, though it is foreseeable that a variety of
bearings could 5 be used. Each platform 24 has a | ow el evational profile
(projection above the floor) of not nore than one inch (about 2.5 cm wth
a chanfered eastyd {(padirgallhand@rsdely cesef amd hog | zaat & , avBkgBeliogRiyher
essentially | et ' oL ,a perator_tripping on the 10
-edge of the p a%{%{r}?é'ZA I&%teg%f;#afr%gbj 5e‘%‘:t grgu(i’r%ﬁﬁf%&ypt ﬁ’é;gpaﬁﬁﬁaataﬂfs 10
are preferablleagiosinipied byaycliem béariregyess  nbunbedpliat thems12b1t,0
avoi d an oper@tQiapel 119 s PELHELS L at for 4 wpepeit Ls.reposjti.gned.
As alternatives %o tlﬂelspl atif:or%e%%%l i%%t?oﬁaéh%%, BFSESthlbgr%mcloél)}gt ens
with multipl €DVesedppi BECBr Plattdoespizig hafovabl @ . ebguahionadulpddfd lesed.

Furthernore, thejamaide abegaente cOlbks! bp hRReapbra finsed %év%%ﬁl

pl atform suryqundin tg'ue lLatfo assenblies. Finally, separate_ preheat
chanber s coul{lag%oéﬂbr%vi de& orwf'hg] I?)ao‘?%“%eéﬁa 1Bref@TPPlYso 30hat
bot h | oadi ng dewrees s SorandhotBzamcial hei rwhbeh i ngogbehber sewsentibely
abort i on of S ndEAAY, 0@ BOLBRRNRYSIEE, 47 SUBMRLLE Dl o Bitos
nove relttivedd® t9e pRenhpaatEpambes -14 Statorat@ry cobjectsi sureotndanbng of

the interior wfe tdgpLhaiier 14 2arbepiRearandll RoSTRAH SSwdly 850 ke
Figure 3, the _ coating chanmb rt]eFZ Is in its operating positi'on Wwth a
viewport 48, HI&F i Béd "ﬁ??glpgé‘t PIFE: aft 1A ofVonBurdRd ORETASOF f beAng
section of theimiimrbebyla phatfgnte24, when teonls seepbeit@bnkle COaki ng
chanber 12 ( Lngot gazj associated _w.th the _coating
chanber 12 gﬂ'&\%dgctﬁifs%g b‘é?ovv)tl:irtgI sﬁ’ol\%%f;cg%havfgﬁﬂfﬂggﬁ%\?@d a®a§¥™ r om
the rend ndePl&t fega isuptemanert il Zoukt ip e rover Bipping ser atebeabbpingr k

platform 50, nevatld etV (hAlPbe 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
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Figure S. | WAHd1¥osition, the interior of the coating cham§ayUspozEsd be
easily accessed by the work platform50. The platform50 is shown as

bei ng coupled with a hinge 52 to the base of the s coating chanber 12,
though it is resee a e truc

enpl oyed. Thefn%l o‘rg%rgbﬁg ?r?%ég‘qcon?lﬁ?uﬂégg%?f %erenﬁ(lygfl m%} J’tl?:%”ﬁ?dvm I n
Figures 3 tF'F#T@ughngerilﬁl-fl uelf ndghea ﬁpﬁgéégse@h@m%n dé@nstancthoneasddy with

ki ck plates apgdidey f%th)é- rebak e 1 gfﬁq(peggorl E$he 1HA 2631959 Pr3gheat
"and | oadi ng chanbers ?Lf 16’ % 5 are connectpc'éde)byaL val ves not%

shown) that SECHTeds é’%ﬁﬁ%d b‘é’t%e"h biage eRakBerbe Ppasenefi mhee t he
size ang nun‘@%tqhgoaéﬁmﬁértmat, .-ﬁ:f;?slﬁ Il@acmkéﬁémﬂréthﬁa@h@%%&-s 12, -

14, 16 and 18, | ves ref er ab ve a m nsi f about 250
e Recamtae TRt IR A S e
t hose skil | ectainn b&mmflg&e@udeffheenwm ifrgm priete asheum h.na(mlggres

chambers 12, 314,16, 30518 20 {Tupln pesPWIRGR Osuahh00q YRS G cyagUUM

~and in some “caSés e ré ire ve'relative 'to eac

expl ai ned ab@nd t bl vg'él%st batepabl andf nebBedus sefetysrglated

rel ati vwgly hiagheRi=@sswses. Seal designs suitable for this purpose' are
known in the art, and 25 therefore will not be discussed in any detail.
Wth reference to Figures 6 _and. 7, coat IS erfo d within the coatlng
chamber 12 by nelting ﬁ"& SRLHIAL | R %5'[ m%h FF af<wi th
el ectron beads 285 panduded @yeebennlean:ekieaby(ﬁslvgans(nﬁt asiowhn) f ahagsed on

the ingots chhk'@v%ns% hqp&d‘_{m} ofgd gm_ﬁ C@é@ﬂé% ”@ﬁgéfeal #}gmi)g%sel ect rIQ)n

beans 28 caus€s”"the surface i'ngot nol t é
‘ceram ¢ pool BaKigize the size 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 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



: : : Feb
whi ch nol ecul es of the ceramic material evaporate, travel 4 uep\cxllfstarr%l?9/(,)4 and

then deposi tWoRIAHE6 surfaces of the parts 10 4 February 2004 paNauSubhifs306
PCTI USOQ 21263 20, producing the desired ceram c coating whose thickness
wi || depend on the duration of the coating process. Wile two ingots 26
are shown in these Figures, it is wthin the scope of tHis invention that

one or nore ¢ NS pWKe el Ls@Nte2hdi €VaBAt #h§UwAbsaNE nlickeRsst | ME.
EBPVD coatlnggﬂ.haggng ar e tygﬁcah%%BCa able:éf bei ng mgi ntai ned at a
vacuum | evel b&TFEHD02nbERE (IBEREIR1PE G ) CORLESs. PERCERE -pri or
art, a vacuumltiteof twat imgetts0. DA 0 arear shewnd Hor ecliggs ca@ibyrakouti®. 95 -
nbar, woul d awn Wit hj he ating c . dyripng _the coatin
process, , thgjﬁrtcei%giont‘g%i négg?él%t %gtﬁg}% p?giggﬁ?‘ééﬁme%é no%et(g’rcaﬁlgé'g
erratic oper dtignFof2¢ heoRRd qihspr3esant redice. evapordeedr et baayrsg28en
difficult totkspecontrol, with the presunption that inferior coatings would
result. It has also been believed that the life of the gun filanment woul d

be reduced or the gun m nated if operated at coating chanber
pressures' above O, 005%%% Qm&@a&?%ﬁ%aﬂl&l‘é\ﬂ cEpRARLRgob. S.

Patent 20 Apjfieiimef imaiBeaimed Nat (O/¢A8udfll llewead gy abbugl .0.0@ESkpaed to
t he sane assi a |-$ ti.Qn,, I coat | er_12 is preferably
Ry ryen banaddle opat LA ehadhelaAZ 13 BREERT D

operated at hig pressurés th surpri si ngly, :
w th i¥proved sphl masiton? oft0 | mbaat rendsmorse, tupioallyasizfitpr 00008 t he

coating deposibaizon wodfldl e GRRAWHIGH M the PbHHERg | AEHhLEYaPST aLLOR, " at es
than that achieved'in-, the rior art, Rough punpdown can be perforned in
“the coating,gﬁﬁwﬂﬁﬁﬁtﬁﬂﬁjIRéhﬁ?ﬁfchaﬁﬁsrs%f??OEA,hféjﬁhd Blpat t Righer
mechani cal ppressitesAwereogmaiwi pdTcdkoferdtie dg@ovation of the EB
guns 30 and make the electron beams 28 difficult to
15 control, with the presumption that inferior coatings
-would result. It has also been believed thét the 1life 6f
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



in the art iis shown in Figures 1 and 2 as bei ng enpl oyed 4t%ebé?ac{ylzgo% he
evacuati on oYOONA18%ating chanber 12 prior to the depositi onPEFUSEEI263A SO
shown in Figures 1, 3, 4 and 5 is a diffusion punp 34 whose operation is
simlar 11 4 February 2004 WO 01/11106 PCT/ U500/21263 to those known in
the art, but rmdlfled with a throttle valve 36 to reguldte the Operation
of the punp 3% i hhosEcHdamcemi ERet ﬁF§r|b\Wéintm0C)3rlebrélphrla| dlhrau‘l:lt)a,ethe

throttle val weaBge i ssact@atﬁgﬂgﬁ/@,eeehan @%m tben FF@B@

cl osed p03|t|on cﬁqﬁ ures 4 E 1-5%5 wel I' as positions t tvveen
benefit of tHES BT o 5Py B | LVERFT 780 WHAFS HEAYBEEUARRLY b r\"-htehe
coating chanbeirdizlies wailreaidedist ddendteidt b¥ewiehi Gh BHESS YRS g¥pl oyed
by this dnven t X tlng paci of the diffusion -
punp 34§'|s re€qﬂt'1 ecfwﬁg a[}gvg%ua‘{m—p‘gf%é) §§ f'@nch r?t%lrref% 4t RO he bt @Se
valve 36 is Wipeh & sPoOwdtilens gghersbeEweepr. oces'Ehe\g Heateliiay e of t fthe
coating chamhefrdid 18IStabee MBENG 3] N3k Gt Gl EDra LGRS HE RS Fne

0. 015 nbar), neceSS|tat|n that the 5 thrott |s nove
preset throt (99AF 155k ERaRPes ok d*%t@ﬁé’étﬁ%ﬂﬁitﬁé fﬁhﬂ yr%l@‘s@‘debnsimghn of

Figures.4 anteSsAesecenploy&dgue thisepareheiohl f USHh PLUARS md&imum
S|mlarl eg’\PaeD dlvmthathroétlev l.ves £€t showné are preferably
enpl oyed to &9 he@Behel (Fha r@IHRUSSEN A BUMR 3% FFe TegHdERAt hat

a rel ativel y thi ghvamestsurtehe scoalesng echdmibet he2 coshéenghppetdei 0a10k bhi s

comnect fons 35 (o oh. SRR, MHGAE Conh) Yo hEdtet e . RagBiErng
syst em vacuurhhSe featsing Fhankex ok2 2Bughobpcraptained aantbe satgeged
|ntroduced t@fz@ﬁﬁﬂeeakﬁe dn the chambesse?2, ﬂéceé@:.@i‘@lﬂg Pha@ssegkat ed
equi prre throt: fleer Y gaaé nlé Omgxlr élres z} Snr:]gsgt’: %hrottled position
some distance from the fully closed pos:.t:.on of F:Lgures_4'
and 5. As seen in Figure 1, se;ﬁarate 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
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| oadi ng cha and 18 are generally elongated in 30 sha A '?538 %re
Lequi pped wi W‘f%‘ég}?ng doors 40 through which parts are IoadEGTWﬁ9Q521FF?e

rakes 22.. The |l oading chanbers 16 and 18 are al so. equi pped with access
doors 42 to notion drives (schematically represented at 46 in Figure 1)

that control _the rati of the rakes 22. 35 Mire particularly, the
parts 20 suppbrt egggﬁefﬁggyakgg’ti’éegz AUEARFualy’ Atefp uithifpe the

PCTI USOQ 212638atirgpreharnabty 1ot aired crdkor tosciptatste WHle N ddws r&pat i ng
chanber 12 i t e | e coati | stribytion around the
parts 20. Thgogggg s&d‘%ﬁ%‘%ﬂ 3%83Fﬁe%o%eer§%5r@go$¢he a‘g Sr fWEETD to s
qui ckly adj udeoBf changelidve &t i pperetorheofivttbe apparstdys wio howd
interfegi ng M} bklvadi d I [ pa t I [ ; ers
16 and 18. R&‘i‘lerrig a&g’il%pt odinF,i %31%212’%6 g?llcei 7,§é?ﬁjéﬁggnt%?i oér)l?égf t %1%{(;2“ ng
chanber 12 wWPFHVeR gés ROyt frErEseingetwith 1aadingr and amndraastinge

af orenment i onefl patodl £rem colne el dading hehamdr®| 10fander ¢l ect ron beanms 28
and protection of the EB guns 30 at the. higher coating pressures enployed

by this invention, cergaij | Ypr o ts re.nade to the EB guns. and

the coating is chanberé%&réﬁgee%gfgﬁﬂﬁ S\évree%ég%%ﬁ?gené and® rgon ggg'{fs are

i ntroduced i HBeRTHRr cO4t ithg cirmiverg 1chanpeugh? arilli het dédckabatiedmear

cruci bhes ' Shorbalaepunort the dingnl s g6 dhahls | N OAHNAEhATIE 42 and
y

retain the rmlvtfn ools of ceramic material produce t'he el'ectron 20
beams 28. . BFPIFTRv FIRERTBINGx i8N CORErRlg G drke eheFvrenabegamsoRsr ol | ed

based on theattdr pebedcpionest (HeSEBr enaiyl Iteatangrd ei§REL! JloaRHeRsUr €
of oxygen. 'Ir%ré%%uecﬁe th%g‘ﬁ??’%%&enc}ff p%ﬁigur_e OSCi Itl:atlons within'the
coating chanber 17, t he | oop ¥ esp ti M TP hes EFESEE was
reduced by pHyprewnents adeere mhdecbot tile 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 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 6scillations 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 ingbts 26.

To further improve the electron beam focus and

13
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val ves 58 fw%ﬁlﬁgl&ases I medi ately adjacent to the inlet 54, St “out si de
cha

the coating r-12, as shown in Figures 1 and 6. P acgrré’ T S00R 63
control valves 58 so close to the coating chanber 12 provided a
surprisingly 30 significant inprovenent in pressure control, reducing

- pressure fluctuations within the coating chanber 12 and reducing
8i st ur bances FaF1He 1 octe BRAIBSi BiloRiE ¥hkatisrekyr baobahad Zsoon e

ingots 26. Taifghdhetodtimi@Vvperébsuekeat tBAnbeND fﬁé@ix%dgl}gn?gfg??gg{%

01/ 11 S0Q/ 2126 ttern, _the EB guns
izgglélat\é\g f ro%t Oglfﬁég#eer %%%i%%p‘g?%%sﬁ?técb\ﬁ h‘?"ﬁthQfCGQFi FYRSFEHGUSL2 by
a condensat e degEdhil3? vaporsatuiess dostnaf ﬂbpﬁsmgegﬂwushe?_epﬁirﬁeﬁ \p@por s

t | : he . Q .S, confi
ggggrg?ngoto { |§{C|B%C€2§n?i %% tcg’%féé?ll%%g %c-cgégtqlﬁ r&gi BAEr bﬂ?{gnf'ﬁan&Pt s
20, within wHefing e Walin®degion rrourdithel partsh2ocomtthgnpwhdess is
the hood 52 e prer ey ARy R L o R i b B e RS 0
and cl eaned &?teﬁi%'c %H’%a INRA chakBefapilifiatier ehegningebetveens 76

are retai nedcoatimg ngappasgns, i n%ieea@ho@ﬁ_ tbfﬁamd pgfe@_%tﬁl&ﬁ{}s Eaﬁggggge;o
inplify re crge nin e condijion o avi ng’.

coared  th WAL, GoTs TR sk 15 ok of PAPVBY A chiEtred CHRBARS.

Though generdl |Shermreatdngl idamimr t he. entPref exablbynsataehaasrdshs coal d be
removed and gepl a¢adaWhkfl' abgecgﬂgiﬁﬁela:?iﬂgodggz.iggggg?e Lpe Qﬁggﬁgég
surrounds the parts 20 as 20 seen IT gure 6, an_aperture 62 ssary .

for each beahPSESRRFSuGH tIEAHH0OP 52imablfy osmevale afardts | cyeens 76

mai nt ai ni ng whehei nprass Wasdi widhi Of t HeveagIBEEAt @odteRr i 1Sa Cogpared to
the req@i ndeEfOEhEh%o%%Eitnign%aterial 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



chanber 12, ywaekAfiph9 the vicinity around the EB guns 30, 4f§bflﬁg%0%4rtures
62 are preferably fornmed to have di nensions of not nore t harf G4R00/21263
necessary to allow the, electron beans 28 to pass through the hood 52. For
this purpose, the apertures' 62 are preferably cut with the el ectron

beans 28 duri nésgathe §et ug of t:}re EBPVD aﬁpar atus 10, so 30 that each
aperture 62 HEAW cP8sstEd¥eT orfdioMar BRE Hhatr SEPehipicoxauasel 30 eddiaiougd t hat
of its el ect rahmdizars p#t eformatl therwerder oot | 9Atwt Brt hea1ped &2. T

further isol EB 0 fromthe, eleyated pressure withipn the
condensat e hg%%ﬁ}ggz, t%ég%f§vw‘)0§?ll_f5’éi4 Igg*ﬁrua?vﬁgé%‘ﬁat?’dlk@fglzﬁw
beans 28 traRiefemahinhei the edpfusiongpienr8034 hhasghn clhddter seéd hadned

bet ween § he idgH&HOA iVl 1w Ofaddfed COaLI NGacha nd dengat e
hood 52. Pr eﬁfﬁer ablé theysdi f?uﬁ%n pgrrp 34?%?&?&;’1 i]%fégt %%%sbéﬁg 5%2‘
pneunat i cal | PRGUHI%dF0 Tk h THRITRE cRafBeraf 64he mperEeres t4d nikhenum

size of the aflastdtend Presdire iy ether essaeesats hhdod he2cqrdanagkg hood

52 (achi eved, by, the.intraduct.ion of oxygen and, argon with the inlet 54)
bl eeds into tHe E%ﬁrrﬁ'é‘rt og C5OR fP@f/'gﬁPl ?“%e @ 191 8 £7% dRaBEe the

di f fusi on purf#)3dlerdmiinttar nthdechariizateré4 6t ad aupfessentliopegutban
that wiihin t C de% h 52. =Fi S ' 8.an ill.ustr.ate
id ifte CBB fe gggt oa%ﬁgu%gégur%% 3 dtc?himg allrﬂ/.eﬁpfaon.

addi tional protection provid W't h
As is gener aldBE"RSFFenborfl | a hBrEBSRERANSONET  fhanedutdtpedviwitim vabaum

punps 66 thatcoriaHsRite pigessw222s Wi thin 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., within k_he I:ECBPVD 6g{oat' ng cgan%er of 20 this_invention as
wel | as typical EBPVD EOFRT chnbers 24 illustrate additional
protection provided to the EB guns 30 with this

15  invention. As is"gengrally conventional, the EB guns 30
are equipped with vacuum pumps 66 that maintain pressures
within the guns 30 at levels of about 8x10°% to about
'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

15



of the prior art. In order for such | ow pressures to be #E'tzierl?{uﬁ%%%%the

el ectron bedM@9P8lIAtIst pass through cylindrical orifices 68 porexbdzibée
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 positi‘ons A, B and C for
an el ectron BFRGRISHSheARALAIFNGuERadlath @ dpt boun6Pdisds imn ref athael y

| arge di anet eseamdrbengt ot (pakieut F3GupE 30 apd %Ouidég g‘f&
respectively._ The d%éﬁaldvant age of _the \}ﬁ)rl or art Is the reduce r ot ectlon
that such a I'§tge A 6P T T o ARITD (RS EFRRMS W%@*%iﬁf@] in

t he higher prmaf@wan'mE'tOﬁifiﬁé ‘ot thik0 MvehPisnl @Iﬁd{l&! S
During an i on_| eadi ng.t.0,this tion,.testing evidence
that inpr ove\cgﬁz%h?éa% J ?J@ g gB'Fuarlf 2%%&1% 1?"11%@“5&/%%/%‘2@?9
processi ng c@ﬁ@&&%reﬁa@madeanaogt |1mngt|@nsnhamntmubé tlbmarprMSaﬂpl nt
(Din Figure §)ifededsient i#iolre . MRCeLEEEHLE LIS Aol o yas, then

|nvest|gated resutlnglnt e orifice |S|nven|on
Figures 6 and® Wif PrikicrhéiaeiReFigued toabehabong 15 snd 159 mm,

di anet er and desigidt iy t h@lﬁo@?ht BRLEMue Blued' Fbi CRnbER Qimlférgéél

preferr di q:mater and é Q or_the orifice 68 gre bel i eved out
15 and 0 edBEet | %Pg” HRBUAT o PESTERTES uBRY FOFRESe Qﬁmm 10
can vary depe:ttﬁxhg:qurbasan&s:wmh]fbo;sometaﬂﬁtlon coil current, and

overal | geonetries.. As noted above, the condensate hood 52 is positioned

around the parts 20 to 7d nighzR t e, d:{,%om HPN ri an the
interior walls of the coating. .15 ch 5 eo ccor gﬂ% 1{%&; %er‘?ﬁ on,
the condensa®PSidsnesd at%o%%d:%é?ﬁ?éﬁ y2€oh$>| @&Fléalﬁe ity | e sHidwtdmg
of the, parto2earamifuhiesriQl NBhNtde" HtAAVOMNARLE of the coating

15 chamber 12. According to this invention, the condehsate

hood 52 is also specially configured to regulate heating
of the parts 20 as required to maintain an appropriate
part temperature during a coating campaign. More
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 temperatﬁre (e.g., about 1140°C) is delayed to
s maximize the length of the coating campaign. The hood 52

le
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part terrperwdjélgﬁnﬂsurl ng a coating canpaign. Mdire particular t he hood

I
52 is equi pped wth a novable 20 reflector plate 72 that radipg¥@§°ﬂ@&f3
emtted by the nolten surfaces of the ingots 26 back toward the parts 20.
At the initial startup. of a canpaign, during which the tenperature of the
coating chanber. 12 is relatively low, the reflector plate 72 is positioned
close to thea®s pdate 72 \dlge Hreetiat drnguet elhEREm aedhebabhg bladee

parts 20. AS coae ingRAsildr wd N it BR_gediiRGsChatbeiegdfed! 63ufiHEENY BN

ongoi ng canpai %3 the reflector plate j s noved away fromthe parts

(as shown i nSFRAMt FTUSTIESYFF R Feermte TPRELRFRINGD obhe aBRBEEBd2Aeat 30

reflected badke mminttaim pahes ddkidgd t febavbnaky, hike méﬁn?é) w@afhbg nore
e,

readi |y _brou t i.table osi.tion tenperature ., _about 925C) at
the start o Iﬁ% g%ﬁ%ﬁ%%ﬁ%%mﬁqoéijg%ﬁ Sht ¥ ?%ﬁ%&‘? %ﬁt?oz\gdlscbﬁti ng
tenperature C&eg rakdedit pesd0dpnis alevayed-roolBdmmtirowe TBe ienghtwnf the

coating canpawngh. Refelelol 6 brsary. 2 :
PCTI USOQY 212%%g§ndsug}frat 8065 Stnd SpafROIHA Yo 20ALID SHsl eRly betwsen |

coating tenp&Pgt GORdERFHat® IRt e 8RE Bdateed 2oolanfhaiheyghy nreduces ur e

for the cerapreseogti 1g8ssobethecpathe 20od 2 ERdNpARke! he desired
relatively high pressure within 5 the condensate hood 52 while the

reflect%r plate 72 is | t he,rai sed Posi_}ior}f a_wat.er -~ cool ed shro d 75 is
shown That surrounds Fﬁ@wﬁl at® 71;1?% Fnhl bit* HadFrent en’ 7t hgRAt
condensat e hestiebd -t pthe ec@atringd aliseetyy I2dbbesughr esseaXl | psint

bet th ] - te./ ' ' . ' t 77
etween the haad.p3 gﬁghpl’ﬂ 8n %hreé%rk%ﬁgygﬁ]'%lﬁhggr'@é% lrﬁ%zgnl.ﬁi?ﬂ?&é S

tthat extend-into t oati ng cha eed-t hrough

79 in the chakBePS&d o ‘Fﬁ@.isﬁaﬁ-inpm%%ti?{;urg?% heatiing efsthe parts
regul ating the heptimsvridigt heematis o0 keramdicnecatedm ge@leeehagi Cg§oat ed
'reflectlgrs 8?shown as a granﬁlar.material in Figure 10) toﬁard 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 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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I's (shown aéwg | ar-material in Figure 10) toward or awa %’omt
api g

crucibles 5 a coating canpaign. Mre specifically, ﬂ@%’"?ﬁ’éﬁr
proximty to the <crucibles 56, the reflectors 80 are at -a very high
tenperature during the coating pr ocess and therefore 20 radi ate heat

upward toward the parts.20. The anp # heat r%gl ated 'by the reflectors
80 is generally at a nh%i AdhY WhEn ﬁecPélftllggt GPETBET, SRV RENANY o hfe
cruci bl es 56,penticas befr edheedmb;na.pu\langrshe'?r?ef wechdmns 8 aveyatfiram t he

cruci bl es 56. é}@_)éfﬂ t9Fs %Q.—e%fe‘}a aprféfrﬁ fS“Qp?ItgrﬁHe’arféh%ﬁeﬁtu%rts

fl ui d-cool ed pate 81t at do not apprecia radrate
20. As a resm}oYt heughf @éc@oﬂécgglcﬁﬁsﬁea&%éﬁ BHchomsuictliSon vindteade

reflector’ plag ea72g£'@nuE£l:H| o @ 1L eNPRE At R orlRAT § 6 %&ﬁ% nﬁeCQL%t ed
within the coatl 'ﬁ’p%fg;?u 12 30 duri.ng an on oi ng canpai gn. At t _
begi nni ng of & ARy LPER| BREoREVE0SIFENELR F-Kalapy SSeRCed T

t Ee cruci b: e Sexbdinp e jrevos zerhe:aabr@g pﬁatt)efm aaa&:&dZOmaand a L&tee:rléﬂt\dﬁtféf with
t he mani pul at cru es 56.t0 reduce the anpunt .o

r adi at ed heatﬁéiﬁg%ﬁm%%;u% edV\O 13 1T Py ‘ifs&@f‘é’fﬁ%?‘“‘?& st ve
the coating crefdrstanyi B@nmwld the rpdetivesyoflarige rmieqes atots fFém
within {he copiddiss eFankemabeaia PEehetab! M;J OEHEG Oédf%ﬁ et ure

al | oy, such a ni ckel -base all oy such as X-15. Instea granul’ar
material , thé:S}FE-fgl'éc%Br {s36PPeg gt O‘éléf‘s"én??’éﬂ‘ycaﬂ?tﬁé'ﬁ-#ﬂ-éndlohd@e
essentially aw whape. For exanple, one or nore plates coated with a
reflective materidal could be used. As a matter of convenience, the

reflectors 80 could be gl aﬁéé/ %y AI%YQ plggﬁougﬁéf’{:go% ppg&gﬁ%csé?%ﬁ ther

material simlar to th being deposi
ceram C rratemaa:lesrxaj]marebsupp@gted within the coating chamber 12 by

15 -crucibles 56 that retain the mclten pools of ceramlc
materlal produced by the electron beams 28. One of the
crucibles 56 is shown in greater deta:i,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

18



As not ed abgy “ig% ingots 26 of ceramc material are sugg:c?}){ug 20%“ n the
.coating cha by I5 -crucibles 56 that retain the rmlte"FF%

ceramc rraterl al produced by the el ectron beans 28-. One of the cru0| bl es
56 is shown in greater detail in" Figure 10 as having a three-piece
configuration. An upper menmber 82 wth a tapered upper Surface 84 is
assenbl ed wi t34F £hoOWEIFD HenbeFoBseqhenrtdig iherreder veen ah@oexaﬁrlp:assage

-88 through Jfigdeanaber cak @@%&ermémalabés ﬁeowtaaécgjaleearfgf cb01 i ntain
u

the tenperature of the crucible below the neltin fts
material . A & GHEAGRHEST K t% “I’%Ual % TRHwPe ﬁ“FP’@f&*%Q‘iOtOV\RE@‘BOte
t hi ckness camdae: 25t$alne€t=_ed twichenge, ﬁ@ardﬁ%fgeasehet hémechanical

Cross- sectlon I W of _the..passage cool ant inlet. 92
and out %t 949% aﬁﬁt Cflh%zr%? %%hd &?VT‘\EA@ STRETET r SELTHEET | al
for the crumdmlmf:@mas:mppewﬁ)r ahimppeinwtioign neMlmamthaﬁhé he

cool ant flowg:, a%éﬁn &Q&P@ thfpnoﬁr?aslag o Bi % p&sy%p eent‘f#g_.’bg[?@p t he

crucible wall earest t em)lten portlono € 1ngo ow t he
t enper ature W&ﬂ?@w&erﬁ%eﬁfﬁmcaswnabéeévmnttmﬁdﬁmeﬁlsgmfe the: wantl as

further di scugsedd npef %%&ﬁéédt ovftQureighl apdeldnckhe el eﬁﬁi?@ bggm 28
Is 35 preferably proj ectg ont o, the L;gered surface 84- as well 18 4

Febr uaryP 200£P5AF331/ 991 65 eRENh PR nYBT 198BS ERESFFentdy, in
order for th@r@ﬂee:mem? wmrlfame d&flowhe rapper isendleouB2 fovée adeqﬂ:afteilry

cooled, the el Ne ikl 26 Mighe P@gm ni gi,zed é\? roni%.nd*-%
t C e 56.

transfer W t ut Je par ZI ng the “Wechani¢a strength o he Cru
The mul ti pl elpitess /Himitls) e UG i WARSK | dF of PrRESUreneénEboutf duid i tat es

the fabricatgjgn aﬁfm mégmtamlg%a&boal&%a&hetqﬁ@ p@ééé‘&%e
as well as- enabl the t hi ckness of .the .wall 96 to be pgoduced W|t tlght
t ol er ances. oacﬁ cross- sect:.onal area 1S about , 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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10 optimal configuration will depend on various factors, a preferred

cool ant fl owwoemiarios about five to fifty gallons/mnute (abopéridstiYss O
two hundred liters/mnute) using water at a pressure of about two to six
at nospheres (about two to six bar) through a passage 1S 88 whose

‘cross-sectional area is about 400 mm2, and with a maxi mum wall thickness

.of about 10 ~ad] a syl f. 84, ..an ou dj acent,-t he_i_ngot
26. Figures ﬂ?lgglg _13’9‘%6?@§§nt l%ﬁgr efer rc"er?jl %arﬁber%lr‘z?{(;ﬂrﬁ?hegél eélfl?ontﬁeam;
28 on the ingépitzengo fonm t BéS20 PEOVEAdeF car ampPrenaevenal tedpesatnrin

Figures 10 an@i'sitribhli‘io?@aéﬁ'f@séStﬁles%ﬂ@éz?cg%lonég e:‘?ﬁrrH]c?n Ofpt he
cruci ble surfgce 84 imedi ately surrounding thé ingot 26, . W 'gHe
perimeter of tREIBERM 28™8Fi0Fe cr udiisme ade grsedheapretber edingoter

di SL ri Futsi ondaﬁtefrihme eba@t&ameZSbEiaam Zﬁté?ssbﬁmr@_ i ﬁtr! aHlée péaRs haying
peaks | ocated.near t ingot-crucible interface, wt i tt of - ,n0O power
ai med at the g&%%lg? o?gt h%ﬂ? ngdt 26 ACEGFE| n‘@gt o*PPHE s Ci'rﬂveﬁ‘["f}(’?f‘ir}z'thés
benefit of di ceopamgdsuch @i gaxbeam lievednsift i @boanay .Oiomn femTeatt ethef
the nolten poglpksrae Otﬁgdgggg.tendency for spitting, which is generally
when a droplet of nolten ceramc is ejected fromthe pool during coating.

Spitting is associated with defects in _the coating produced on the parts
20, and therefore is pPefer ANPayvdRdddIumieo] 18t iify At bh&ha 28lestvorhe
35 cruciil e 5beasr ges ils0 irRildmt hgh afainsuefaser afl ehkehalngkt b dely uany
2004 W01/ 11106 PCTI USQO121263 m ght of herwige Qui dup_qn the crucible 56
due to . spitthg T8Rd AF'¥6%pr &R de¥ a Wor eS8VERIEE eF??'&tévedi st? i bttfon
across the nokeepepbibieafBlegenniddeda wproximaflr airtersegtbon WeenmtYSEo0 s

Lo B ap B U PSR SRRk R 101
with the crucible 56 at the perimeter of the beam

15 pattern. As shown in Figure 11, the '-preferred beam
pattern intensity on the ingot 26 and crucible 56
slightly diminishes, preferably by about 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 result

20
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conpared to_a maxi mum | evel of about 0.01 kWm® at the center of e

pool . Also M Figure 10 is that the electron 3.0 beamPZBUS8021361 dent
on the surface of the ingot 26 at an .or .gue angle so as to establish
relative to its respective EB gun 30 a proxi mal intersection point 100

and an oppositel y-di sposed distal intersection point 101" with the crucible
56 at the perofetgpiotindge bedarhiis [f&tattearrre ofis shewninvéntianr e, Hehe

o fert . beall pgLLgEN LI EUSLIY PR e DS AN GRUGLILG A0 0 SO

peri meter of @mﬁaﬁ‘éanppat tben, deﬁPSIl@G@nl opgogesshe crdai blae izﬁreferred
correspond' NOehBolifeR?, pm@nﬁ%@pﬁgeﬁwk plsRe %pg%cehi»slgﬂ ol

101. The Eose of reduci-n ensity of the beam pat
pr oxi nal 5i nte BecFPBRIBBENPREDHOTRs 90 tPe&N@@%PS& enbuéfldp@e ofr e 56 by

the beam 28, uhi tRer egueibyet Bg, bRampatters t9y7 als thed %I@Aomattﬁaiqg; I on
poi nt 101 has_25 begen S'Q&\Mgﬁ] o reduce vvaves a t ed €¥ he.beam 26 on

the nolten ceFSRPE:pbBF FudMHg n%‘ﬁje'ﬁl %mo\'/ t FBSe BFFEEE™ he
cruci bl e 56. Ahotcher theef &e eshrowitliol méesd uuuede:f thesdlra\zembnoroff ahet he

el ectron beanﬁgg@—d; rt Q% hid 'Eﬂet%e%rrg.gnpﬂuﬂ% % |t T upte dnflt REAT,

pattern on- surface the cruc sepa ate ‘
hi gher - LAt ensFeSUERERS p'éh‘?erﬁagt?eﬁéd 97 e&otoaacl}?P@anP@Sfléé-to@r the

evaporation 18k&lONE6dacEBétraFSea tHAtOr 86:1d0 1R4IPOE ! @a@c@gecea@mt@ae t hat
s a resul.t 20 4 Febryary 2004 WO

may become deposi the cruci bl
01/ 11106 Pﬂ/‘?ﬁéﬁ%‘%ﬁ%g 601 %5 pF eV RS Th?’gltﬁéf&%ﬂlé’edf%t Heh$ nP@ﬁt‘LFbﬁncaﬁ be
performed durting thbatcesti ng7opeoa1donbm t preprogebmaednosol Neket: ofthehe
deposi tion Progesse ol NelnP et Sthe CTBOGLIER" oS (08.OPS1 2! 8 Il ates
15 which the pattern 97 is to be projected. Ceramic buildup
on the crucible 56 that cannot be readily removed with
the pattern 97 can often be removed with the 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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5 the separate pattern 97 to evaporate a buil dup of ceramc

cruci ble 56,WPHRFIH&Etern 97 is first automatically repositi ameﬂusfmfzazdsnovm
position, fromwhich the pattern 97 can then be nanually noved under the
direction of the operator toward the ceram c buildup. By automatically 10
returning the pattern 97 to a known position, the |ikeli'hood of errors

t hat coul d Iegg Leedamage Oobkvhheraehuel blig | ed Al
t he position Qﬁe paﬁlt er nv9? (l;gul %be lprggagr ogzr‘s;m’rg'gﬁ(séht hf%éflflﬂé/@e

oper at or - can gﬁ?@’rn‘?he DAt oRst hdflcrdRi MEwasst ofisersimmi chiithe an

pattern 97 iselevaeopr 6jleetedouCeratbwing kiep clampite GMeidd Sk 1nad
cannot be re he tern 97 can aft.en be renoved wth
t he mani pul a?%érjw%gshog\q%‘]ygr#ctl gl%lre 1\/% Fhes PRI PR hoWBECENd Yased
the ingots 26depermpnedir obgh chusél ooammb.ngheofoatumg diesb e rmdlgh aanicksm nt 0

the cruci bl espobo£@imbe segn i pyEi guy ﬁ%gét%@ho“gh éb {"5&% I#{%??Lgozseen

in Figures 2, 6 and 7;_each_magazi ne as ' a nu
channel s 104 $fﬂ%ﬁ’%ﬁaulﬁealh‘§ﬁﬁs the Rextheingotrhed nﬂg&hl hbe Io@Werotemick to

25 index ingods Qﬁel b ﬁa‘]:'l tivgdd hbewﬁ.‘t%@.hmﬁ?eS@rucirﬂf?”%gaz'aﬂﬁf 102
can al so nove_.to g %mﬁ:ach otheré laterallyrélative to
the coating cHARDE ev?[ PFi F&? Ny R %n?é fBEOCEHE Klaating
separ at Lon amimlarttbmemz cl:pﬂh:rnctethdaeem@qidxrag:uxglelmg@ui 2‘6/r)| Gt tHeng0 or
devi ati on of acee I ani sns used to
grip and feed t enlh.?rtg ot's 52 ?ntc?%[ g E‘%}S% begyéggf élneP § ndSFFELe

cl anpi ng ar nERFETERE PRI theparts sZQii sposed at an angl e from hori zont al
and adapted to hold the evaporating ingots 26, in place while the 35,

magazi ne 102 is i ndexedrhd hej eianeFt eng ﬁété&clﬂnakgfégeﬁéedftEeli‘rl'é%E}ésZ%OA'
]\!\gc?llf 3‘2‘3‘22 PCEI'/ US%)’EI%ESS ngmg 1ntg§e§t\:/g Oégyagg I:l.r111 OEEJ.gZure 3. Th
15 viewport 48 is configured to permlt 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 (reughly 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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feeding the i 6 in an upward direction with an elevator 61ryvmt4110ut

ngot 2
al | owi ng th&'%‘ﬂ&l’dﬂﬁng arm60 to slide downward toward a horfGdHN21263
position, which was 5 determined to cause janmm ng of the feed nechani sm
According to the invention, each magazine 102 sequentially aligns the next
ingot 26 with the lower end of the evaporating ingot 26 'within the
crUCLbLg 56,aﬁ?ﬂsffubxﬂfﬁaugnaﬁé.feeﬂs Qhermnxglaﬂgqpraﬁiaek0ph9ﬁie@ating
10 chanber 12 behi t evapor at | [ ; | 0: 0 L Ni na
interruption TrETIHE-YepodTt ‘%?‘uéo%i%%% Qg?&a#%s %‘%g‘?%;ro%nf%@ part€S20.
The vi ewport a81notkd i modefredenceE dss Fi gair eysgful hr sogh Beducshohnghn
greater detaij.d | gure " e d SV i lgured it
t he operator lol}ﬂét%hée:i%’ppa@?uﬁ%@%tobgge\fgg&'% grcgg%?%gle%geéraa?%gﬁ,gﬂm
i ncl udi g t Mk ke 2Fegdi nhabat BEOVIERS pddl digh-FEMPER2ERT NI FACUERe
~reflectors 8Q;g0uUnght herlgd UCkPlE5cHEopBRd dhgn. MaNi MLbEHhEFS FreBsedelo
nove the refl ectors 80. Ag 20 ﬁ_gaovm t he vi gp/port 4§Fis%en§{aallé an,
encl osur e t hat®at4kd udes tRaf ik cBbPERPEhetPuPEONAEE HeShFTROROPLC
optional wi ndavewl O8f f thaeinoérsappbifr &hen coatdngt ahardext @i, tiye Whjbh
tenperatures (roughly C [ r QXi. gy C i pr ss. A
shi el di ng gascg S S %\%% a‘gf’%giyrélgl‘%i r%_h(:rge%)&t@v%?’é&tet% Htgligpe_-gg E’Fg-g SI a?ggl%
t hrought@ porgoatling orhanhem wpdse ustaimding Aop§hc Paricsyti®@d@position on the
w ndow 108 or equi pnment behind the aperture plate 106. within the viewport
48, a rotating strobosQpit iH Wchire SBL VES & Opféférid® €308l epahed 30

iew i ndow 114 't di ant. heat. .light and ot tion f t
Coat | ng ohantel® 1507 SRR e 1AL REES L PRRYS, ABPaFBRE 136 has

slots 116 thrafughhist sSiovadrtiamd r otTheescattzohi phnedt % ebi mhwere assual

flicker to e Eugafly the WARNEL:c Thoe W OHoW dddhd e PLET CLAR! Vis

mul ti pl e-pane~of” quariz gl ass, lead gl ass 22 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 is
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

23
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quartz gl ass” s physical strength, the |ead gl ass pro/%kYs06:21263

protection fromx-rays, and the colored glass is useful to reduce |ight

intensity. The viewport 48 further includes a magnetic 5 particle seal that
‘provides a high-tenperature vacuum seal for the stroboscopic drum Anot her
preferred fe%ttRe HRE t ABP2¥REUS| dpor Ehas syrddicess afstdreopespisc widkw of

the interior ejpibelrpat bag Rled 2, wDth WNaCh i OFoHERT € gIeN QLT can
si mul taneousls’i\[‘l obseré/e the. 10 coating,chanmber while retajning depth
per ception. ShEWATh-¥PQur®® lzfi*%c‘és%?q%f HTRE WY ol pdhkfC MBLPHr to
control |l ing adepomitingi thet herERPYDTHIpandteissuffacd bhi ShienWiHd Gbatdhe
control panel. ' oo LRg hematic of the apparatus 10
and its ?s Coﬁ%ﬁ%ﬁfgﬁ%@%%.1%99?%5?%%@2%5?%? %h&i %C’&ﬁglcoa?g &
(e.g., the comr@ngrrpdueer an).optiwvushowkrface viEsmdlshi ndiecptioresi 1285r
| ocat ed adj acgabodieinddieha 0 vD NEiEaki 0 : rati t S. .. Of
t he corrponents,oandl sg\’/]vi,tghersm%%4 E;E(? change t.iﬁg gggﬁéﬁa%n of ﬂgﬁé’t ?F;eﬂsér _
cor r espondi ngtR@oRFBREALINITHNS aREFMEE (PatINGer 8B B IHHTBUNEEALBY ighuges
fl(i)rs quantifyimgaﬁmsd_Wt e, SHEh Bén@reééfuters]atEB\g\ﬁ}iDh dlarfane! 10
, —infor n regarding the operati st at us e appar_at us
can be (%l ckl élﬁ%%rag‘g‘%? att% ypﬁ8?1§get oa‘%??%WIESQL et%’ﬁerﬁPﬁF"PS'nakér%y
appropri ate afusinenssaile,t hefteppardteoryetd tind asheacochéngaplpcemgowrd N
operation, t P anat Ugsd0 | ifg%%pt' L nitd ar_. as -
shown in Fi glr}ﬁéf;&%)_g%d 2. A‘géglégéégse : pr%}\?l{'%us cf/ﬁ tcﬁjea%ié%t ;aaq'g'%u’[n&mbe_
coated 30 ar EIVRIGHEht BrRPeCPakesizhey tthueudie éxpesuyechansseyatksl and

18. The part setberatibeed girask odo By éﬂfiﬁ?'&ep@@i@ibﬁl ofSYHR 3erBmic

ni ckel '-ll‘) se ar ctlo.bal t-basebsuperal I % i|_f 53 ehparts 20 '‘are bl ades of a gas

t ur bi ne>engi fPating, or by way 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

24
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t he case of dggs t urbi ne engine bl ades, prior to coating 23 WO 01711106 4

February 200%°°BB#PUS00/ 21263 with the apparatus 10, the surfPaTtasowtizshe
parts will typically be provided with a bond coat of known conposition as
di scussed previously. Also prior to depositing the ceramc TBC, the
surface of the bond coat 5 is preferably grit blasted to’clean the bond
coat surface spedipensuceTae ehimisedsswZ,ace: finé shngeddi b8l Rfacyated

depositing co a BP 1-C I.ngs. SO ior to,depositing the
ceram c coati Jﬁg?ﬁﬂaﬁhgl U%Qr%ga%{slca % %S‘g‘%%rgﬁer%r@ gg?‘ﬂﬁahﬁﬁlf:h@rl?@rﬁﬂlr@oat at
an el evat ed 18n€ehperadubéoverprompescadhwbiennpokssaeesodiriopg ol kaouwquni na
scale, often sef eiyagd tOoTRS A y oxi.de T devel gps from
s L ome orhsiomlL v ptsain; oxSe oL d el a1

oxi dation of the alum num containing coat eit
el evat ed® t enf¥8fRt ufes PFESEUTE0 & durPPet dep83 Pt ormivdr t hésceramaheids

coating, or byhseyapien, hilgh ALFPEEpéNT SubpSateghy sBegik %%'aﬁeae&f%f med

for this purpgse. According t thi,s i.nvention, the parts 20 are prefoerably
preheated to g%%ou‘foafl’d& %chn BRSfisftat & Wenanst Bdi nyhgseda to

preheat part speessute pihedtouthadixan 314 rimipr diser aldlayr-he@ .mai naiiasiat

about 600C t ], L 4 e a whigh_the chanber 14 is
subj ect ed du?‘gljfr?g);iﬂéaéE égrrr%%ﬁg%] A t%&%r%%%a?‘?%%h\?ﬁlt AP Pﬁsgﬁf‘&hggf‘“@ﬁaﬁber
14, th&0r akek? 2216r andyddharexde@dged1ont e ht0Coaary, 28ithashdtable As

previously noiegkindepeppatiabss beihepf abbit S 107V eRly Ofpbsr PaLhigsy! gLLY
configured tqg&gﬁgm g_’ha ceram c coating ém%_farqé he el evated pressure
conditions t I hy R A8 aF e9pPRordeHined t Pt i et hoashabrng A
process, a quiusl slmmentchiawk gsuge e56r pbyided§ el 4 om3Rukl agkuthes
punpdown rat &, a0 PIHFSW L %fé’:eﬁawthﬁgec? ACh,  easure the vacuum
15 pressure within t:he'.coating chamber 12. By using a gauge
55 with independently operable elements, either element
can be selected for use without interrupting the coating
operation. Alternatively, two ion gauges separated by a
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, thé
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 coating campaign or any other convenient
time. '
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of the coat w(? p"g;eat and | oadi ng chanbers 12, 14, 16. and 18 during a
set tinme. pe ?)Id ing so serves to .determine the vacuum iH{1&g$00R23263f
t he apparatus 10, which was previously perfornmed with prior art EBPVD
operations 35 through an oxidation test performed on sacrificial 24 4
February 2004 WO 01/11106 PCTI USOOr 21263 speci nens. The chanmbers 12, ‘14, 16
and 18 are evacuated VR4¥FA%e ‘h%%haﬁ@é*é?-nﬂunﬁ@egatﬂ-pnm alth@spreé.racn:ron
pressure, ankdnEenzga taz@/wfo@@mn@ead e pEBSSUrRS, dEHQréB¥arﬁ}H{1

nbar. The cry enl ¢y € 7 Tﬁéef erabl,y stafted 5 wh ssure 0O '
about 5x10" 3"30}?«,9&’ S Ther EFEEC ﬁféddi"FP8§For¥=1'tﬁfnp§eBQSahd°@4 are

_~sLarEeg 1‘18r , tihee pmvats ngoand tﬁ)heheatrarﬁlaabercﬁbaﬂr@dniéeﬁmht ﬁcoﬁ%gsw e of
abou ressures _w.thin

| oadi ng and pre eatéﬁle%g‘ﬁers Hﬁ%&mfg %8%@3; °5bigg: i@ng EHeFeL P /bar |
with suitabl & %oéﬂgﬁgspréﬁéurb% tﬁéurrﬁgaraztaout(zme)z p@:taimlnySMm Zulhgr
within the cealaiig -4 orb)pefyltqﬁqaby (g, hoog%‘s_%o%A &'f%lfeﬁja% 4 oraggauge

55 provided with a mahual “shutof-f valve 57 is prefe abl'y usé sure
the vacuum i $28tlessrRPYFR hi¥F e c hakig idadhheritiy. megngsiieg ezegaage

55 with i ndependdat,| ysepadabl ecel epgnds, cxifdery %bﬁ'lﬁntbec%élf sel egLed
bon. Alternativel two i on

for vmth erru t he_cpatin opecat

gaugeselsepar %lté’tea('j: §§‘ %ﬁ#%oﬁ?ﬁgb%uﬁgowgéé the t ndesireRethiskyessoul d
be 20 used onfos\mttmmwimwu@nl bher pagtisn@ & hies ccmlatangedppafaéroahlbﬁ a
preferred aspgel it gl Qi‘@”%k@.ﬂsfk%?edgg:m it t%&arPor helf %Labl y

started prior tothe diffusion
whi ch 25 bot R4pur@s tae a%%aéﬂnﬁer‘%‘at“ﬂﬂrcalﬁy s%f’:i-'r&l‘edwan-chhdﬂ‘mnéoadu.ng to

m nini ze i cechdinbded 08 the CV¥REEAI CtdUNitmizsphere. The wvents are

15 preferably at least 30 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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Starting the cryogenic punp 32 before the diffusion punp 34 has been found
.to significantly reduce the anount of tine required to attsg ting

chanber pressures 30 desired for this invention. Wile sta;$$%6&#ﬁ%6@@

cryogenic punp 32 prior to the diffusion punp 34- pronotes ice buildup on

t he cryog@uAaMsunp 32, this ice can be renoved at the end of a coating

canpai gn or any other convenient tine. 25 4 February 2004 WO 01/11106

PCTI USOQ' 21263 During the coating operation, the electron beans 28 are

focused on the anngatks:+26n %@%&e??y%QQQIHQFgBQed 0587 18ROk afs nGer am ¢ and

vapors that deposit on the par 20. Wi various coating materials could
be 5 usedappapedier compgdsamac material for TBC (and therefore the ingots

26) is zirconia (Zr artially or full, stabili,zed b ttria (e.g.,
3% 20% prefergb%fa%3?§&9%9§%§¥¥cf 63&9 tPi&ogFéBﬁIP?éﬁxﬁﬁgh §nesi a,
ceria, cabeitdngschatbarobedhebperades ceukd Becysedd Thapllagaati ng
operation continues until the desired thickness for: the coating on the

parts 20. ané 8b§&Pﬁ§&PSQP@éﬁGwﬁF@ﬁSPFﬁé parts 20 are transferred through
the preheat chagbenecldohOnblf Loadieds chRber 18 LA Leb ubhan, Llg | 0ading
e vent i fer ly a

chanber 16 is vented to atnosphére. S ar pre a | east 30
mm i n di afgeter the orddérngo chembeeasedt betvetthiengonatieyg hutegenérakhy | ess

t han about 6% nn1%n dianeter .to avoid dis urbiQ% dust and ot her _possible
cont ani nant-§ Wi oh e?Weggﬁaﬁﬁépg PPereRlel o, MG C18ndrEVaPRra tReb8n, it

may be desbaébhg matiemitilal |y 20 vent with a smaller diameter val ve,
followed by a larger dianmeter valve. Wile our invention has been
described in térfEUCAPLE shePeritdadefibedirrahtng patsriappuishint khe ot her

forns COUEQa@En@dgﬂgﬁﬂeQ¥ epe. -skikhed EmeQﬁsﬁkg-a first member that

surrounds and retains a molten pool of the coating material,
the crucible comprising a second 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

27



25 Accordingly, the scope of our invention is to be limted only by the
.followng clains. 26 4 February 2004 CLAIMS: 1. An eleCtrQﬂﬂﬁﬁﬁﬂ}Eﬂdfical
vapor deposition coating apparatus conprising: a coating chanber
containing a coating material, the coating chanber being operable at an

el evat ed termenaf Wre thNd raicslal mespRefoe fitassUidopdR t@&l et ke beam gun
for projecting an electron beam. into the coating chanber and onto the

coating nEEheR CoFHd N MEtETd R I @mtdith WBIGiP lsnetdls separadlet and

evapor at e 210e.+ LA MRS E A haRA 16U Bl; (AN ating materia
within the coating chaE%Er,I?heabﬁﬁgrglgl 5%%$?§Fﬁﬁggt?P$§%%n§P%er t hat
sur r ounds edied tretraibesima pagiteem poolthef ddae icoatratgmimtieri al, the crucible
conprising a second nmenber secured to the first nmenber and surroundi ng an
unnol ten portion of the coating material, the first and second nenbers of

the crucilile def iglicrg ran 2R dhyeiapad R @@ﬁ%ﬁ%@l tharebgt ween; and
means for supporting an article in the coating chanber so that "vapors of

t he coati FFPFECPEMISaRCEOFEdNg &9 Heimadyi dugther semgirdstingnabeam physi ca
vapor depQsjty ati a r.di | ai_m.1 rein the first
menber of9§%$%§%§ﬁ§% #§%h§§Q§i&aFﬁ%égﬁﬁgéﬁ'dg?%gﬁ%%iﬁﬁg E&Wgﬁggglectron
beam t he paaltliadéfyi murg cangidnigi dheofs uplpe rdoaleiang , passagenaed sahavhngda

m ni mrum t hi ckness qf, not re than 10 . An el ectrqn beam physi cal

vapor dep§§WFPGhac%&ﬁf%grggﬁﬁgFéWﬁsmﬁ 8Fd§ﬁ§aF8ch&FRﬂ§,t%ﬁg?@? 1Pfe

el ectron keambey sRicH ehhed 20Ntk thike «CaRRT tERt ehi 2het Qugebi-Regangl ectron
beam pattern on the coating material, the apparatus further conprising
means for 1§r Sedetieng thes éparat acdllectioe Pemwpe27 and the molten

coating material, the first reflective member being movable
between first and second positions 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:

28



4 February 2004 pattern on the crucible for evaporating droplets of the

.nmolten coating material on the crucible, the separate eleg%f%gxﬁygﬁa
pattern having a higher intensity than the electron bean1paf%er on‘%he

coating material. 4. An el ectron beam physical vapor deposition coating

appar at us accordigi@hed tClcdafMobr hufbhentCerRr kshR4nd chaRBRRS#Le hood
within the coating chanber and at [east Eﬁrtlally surroundi ng the support

means, th&IEHREEISG @rhead 1cAgy isNgraTtiedsbyr shrestipperiemseans peaved within
the coating, i%Q?ﬁ@?@i?@?Qh%h%Etﬁ%lérHh%%egﬁgﬁ88ékﬁﬂgo%h%%%e%”pport means

IS between the l'ective menbér "an € Nno n-coating materi al
the first refl ectlioadimgmbtambeirngdiavehlte thkepwearati chtmaed aagond
positions relativeé%% the nolte oating material, the first position

bei ng cl 0SEPEF Hen&Nes GRFEHRINERATOERAN the second position such that an

article suppoide@ehsbyith@nS¥PRONLARRARS chambuli 26t tAuARhE metL et bye
heating fromthe nolten coating material when the first reflective nenber

i s in thether srtgediet whd lehanrmeatednbyhéhesssppdrposieensn. 5. An el ectron
beam physi cal vapqr._de Ltign ati . _appar s accordi to_claim1l,
.%.EQrsq %%%F #g g%% logglpﬁeeﬁgﬁ%gr %or ESPHgHg 88gt

further conprising an outle acen én pool i ng
mat eri al winflbianiinke theoatritiglehdmber theheuppblet meahsedyalng a gas into the

coating chamber, and ns for controlling the flowrate of the gas from
the outlet inté Fﬁ&oégggpﬁﬁ Eﬁaﬁﬁér}OﬁﬁéHQCGHFWB?rnéaﬁsaﬁéﬁﬁélpécgbéd

out side thetgeati-Rasshanhernnkut immediately adjacent the outlet within the
coating chanber. 6. An"el ectron beam physi cal vapor deposition coating
apparatus according to claiml1, further conprising: 28 4 February 2004 a

Cupported by thE SHSGorPEgRl BPVEFoSo RRPFodaBPRG (LR GPEFENE i nio the
coating chaphebtus 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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a | oadi ng chanber adj acent the preheat chanber and opposite the coating

- chanber; nmeans within the |oadi ng chanber for causing nDtiQpF&£?

article while supported by the support neans; a first door to't %&Pg%%ing
chanmber for |oading and unloading the article fromthe support neans; and
a second door to the | oading chanber for accessing the notion-causing
means. 7. _An el ectron beam physical vapor deposition coating apparatus
accordi ng 1% P& MLECTAEr &oaTa PYSICagoMARSY GPPOHE ioBatdaRg iekanber i s
movabl e beleen 3 QRYIAUIRG RIS d N MU f B I3k ARl i1Qn i s mat ed
with a second portion of the coating chanber, and a mai'nt enance position
i n which tesrabflier stlomgr i dr nies rs gpdiha foeth efatdmtihiee comdimgy poratrbex. f&r An

el ectron heam si cal_.vapor. deposition .coating .appar.atys according to
claimi, 5&&?%%$X'0§§Fﬁiﬁﬁ§l§9 EggsFanW8gigﬁtg%ﬁ§gr¥1%éﬁnb§%§ing t he
subat nospheiEitd ngr esskber W thin the coating chanber, the ion sensors being
i ndependent|ly operable to enable selective operation of one of the ion
sensors without interrupting coating of the article. 9. An electron beam
physi cal vapor deposition coating apparatus according to claim1l, further
conprising at |east one rotatable nmagazi ne supporting a plurality of
ingots of the coating material beneath the coating chanber, the magazine
aligning at | east one of the ingots with the crucible for feeding the
ingots into the coating chanber. 29 4 February 2004 10. An el ectron beam
physi cal vapor deposition coating apparatus according to claim9, wherein
the magazine is novable along a |linear path beneath the coating chanber
for laterally positioning the coating material within the coating chanber
30
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.&., 4 ceramic thermal barrier coating) on an article (20). Fhe ERPVD apparatus (10) generally includes a coating

- chamber (12) that is operable at elevated temperatires and subamospheric pressures. An electron beam gun (30) projects an electron
beam (28) into the coating chamber (12) and onto a coating material (26) within the chamber (12); causing the coating material (26)
to melt and evaporate. An article (20) is supported within the coating chamber (12) so that vapors of the coating material (26) deposit

=

on the article (20). The operation of the EBPVD

apparatus (10) is enhanced by the inclusion of a crucible (56) that supports the

coating material (26) and is configured to be efficiently cooled so as to reduce the rate at which the process temperature increases

within the coating chamber (12).




