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

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

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

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

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

as the turbine, combustor and augnmentor. A common solution is to thermally
i nsul ate 25 such conpomgpés iappdridercion N pEm zelEteid S€6Vi ¢®-pendin

tenperatures; For.this purpose, thernal.barrier goating TBQ), .forned on
e xpocka Uad FeteortaH DRaEsnor AR 4R SORFoRt 9T S0te vio B erae O
PCT/'US00121 Iisclestrpdloent s13BVels20ad i si22Toabé ef3B¢+1¥222] heruad
barrler<uxuééggéﬂ@§tof which are incorporated herein by reference.

FIELD OF THE INVENTION

This invention generally relates to an electron

beam physical vapor deposition coating apparatus. Mofe

10 particularly, this invention is directed to  such a

coating apparatus adapted to deposit ceramic coatings on

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

BACKGROUND OF THE INVENTION

Higher operating temperatures for gas turbine

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

increase, the Thigh tempefature durability of the

compeonents of the engine must correspondingly increase.

While significant advances have been achieved with iron,

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

for components located in certain sections of a gas

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

- ' 25 such cowponents ‘in order to minimize their service
temperatures. For this purpose, thermal barrier coatings
(TBC) formed on the exposed surfaces of high temperature
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have | ow thermal conductivity and adhere well to the congdrabntarg@fdhce.
Various ceramc materials have been 5 enployed as the TBC, particularly
zirconia ZrQ2) stabilized by yttria (Y203), nagnesia (MJO or other

oxi des. These particular naterials are widely enployed . in the art because
they can be readily. deposited by plasma spray and vapor, deposition

t echni queswggi¥gnpl e .0 of the latter is el ectron beam physgi§also¥2R9s
deposition' (EBPVD), whi ch produces a thermal barrier coating having a
columar grain structure that is able to expand with its underlying
substrate w thout causing damaging stresses that lead to spallation, and

therefore rﬂ“%l aﬂﬁﬁﬁ’d gl erance. Adhesion of the TBC to
the conponent Ts otgssen further en{ﬁance% by the presence of a nmetallic
bond coat, such as a diffusion aluninide or an oxidation-resistant alloy
such as M AlY, wher &MP8 effGEtistoal Ehafarbr DATERET, CORFIRESSTRSLS Or

produci ng FRGY 16BPVEagenanal é?ﬁndﬁ&ti‘krht?r eheat Ié&@r@om@ntt& Or8g
acceptabl e coatin te rature,__and then'insertin e conmponent into a

heat ed coafSioF® efUrBRrfAfai neﬁaﬁf'o‘alspr%ﬁz‘é: o'i“gSBGEtP 150 Iyee nbgen
Hi gher pressiplesseal e agoi dﬂ@bbeama:s,e Cpﬁttﬁ)buZErmf{ th&:@é@ﬁiéon fwam)i s

diff 005 b t t
bei ng. r eporta P ating Ydtr Preilar 2aBBgS 0. OII0KDAPE | PEASE al o0
been bel i evad dasmat t Mhesef ep@ftz.helereauaruﬂrltaélaﬁ'n gue wfmdaalmenémp@oyédbe
reduced or sthe, gun SQEt %8&&&3 | {r 80 opgy atfdl 3 9SSURES %tl%he ok

nbar. The corrponent upported In" proximty to an i'ngot o am C
coating nilesmg E(Rar@’ a Zyapgard deRodiddoro it asdumauedr o) BBt edampieo t he

i ngot sQ agpf Gxel Lathersukf %@l{rézhebeaﬁobhg@ﬁcam%’%@ r AquaBRaK £bnt he
coating material that, deposit Febg ré)? 01/ 7288 CTNSOO’ 21175
onto the cdmFdEHr. WS eﬁﬁ@ 53 hi ﬁ%e(?h having

a columnar grain structure that is able to expand with
its underlying substrate without causihg damaging
stresses that lead to spallation, and therefore exhibits

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

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

25 - of the electron beam is more difficult at pressures above
about 0.005 mbar, with erratic operation being reported
at coating chamber pressures above 0.010 mbar. It has
also been believed that the life of the electron beam gun
filament would be reduced or the gun contaminated if

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



processes can be perfornmed depends in part on the conpos#tfiebigneZ0dhe
conponent and. the coating material. s A m ninum process tenperature is
general |y established to ensure the coating material will suitably
evaporate and deposit on the conponent, while a naxi mum process
tenperature is generally established to avoid mcrostructural danmage to

the articl Wthﬁ“:‘%%@hO“t the io deposition process, the tenpergipwigeMiiBi n
t he coating clha er continues torise as a result of the electron eam

and the presence of a nolten pool of the coating nmaterial. As a result,
EBPVD coating processes are often initiated near the targeted m ni num
process tenpenabutkelboapdnemén ter m nat ed when the coating chanber nears
the maxi mum process tenperature, at which tinme the coating chanber is

cool ed and cl eaned to &.ﬁgoyetgrg@%gg ufga;g/dﬁ%dt E%%\]?qus dﬁﬂg 'ht edEé’vaﬂ _he

interior walls of the coati n&t er. ) apparatuses permt
removal of 2Preo@ss@sScof@dnemss fReFAed oadePgnéRanddr ALt r apt ackment

Wi th preheat gdr,Haseabad CHPERBN oAt agAUtdHdI -AQWE nbhenARPAL 2 US,

so that a contihugus operation is achi eved, The continuous operation of
the appafatlsTEBLIHE PFROSaSSe SRRETREWES ned eNeaAgdyestas ighad great er

nunbers of cemBapenithesuecasshyl Imawnalad willli g ithe DRNMBFa@Brate and
correspondi nﬁ to géeater r.ocessi ngrB an ecori_to i c efficiencies. In view of
the above, tREPB3FS cS¥si detabl O RBEFYari o oS nc? eaf8* i huife? CHis
conponent s tthetpeaat8@ebe chat ed generiallya siegkbebdampmdyn, teduceatdiad
anount of tj jui [ c n e : one h
coating cha ggrggg#%g 5%2 tﬁée&%%u%&ophtéi n;er!}yflecicqﬁélqr:_)ed ?%‘%O%éﬁ%%methe
mai nt enante @epoRdtipparPXeceset widie EampaTgiare Mekdder , thenmiceatins of
the prior ar&hgﬁsé edobinady 2Q04robtend hg rasubic ofos henbel @td Melan

narrow range o accept ab t%rrperat Lir es, the corr{ol exity of noving

|l e coatin
extremel y hoPe@Bmsdibntes rH%e%?fbc%uP ofdt Ae1LER iRgel of the “coating

material. As a result, EBPVD coating processes are often
initiated near the targeted minimum process temperature

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

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

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

In view of the above, there is considerable

motivation to increase the number of components that can

30 be coated within a single campaign, reduce the amount of
time required to introduce and remove components from the
coating chamber, and reduce the amount of time required

to perform. maintenance on the apparatus between
campaigns. =~ However, limitations of the prior art are



chanber, and the difficulties confronted when nmaintaining an advanced
EBPVD apparatus. Accordingly, inproved EBPVD apparatuses and processes are
continuously being sought for depositing coatings, and pé&r¥secapar (2904
ceram c coatings such as TBCs. BRI EF SUMVARY OF THE | NVENTI ON The present

i nvention provides an el ectron beam physical vapor deposition (EBPVD)
appar at usChhena fEehodestdit ustthg Bheappalatizeduch rerndvat range odate a

coating 4&c8ptaBléeicAHE et Sfbe PAELEES, COMd NGPmPRe Dt 1 td €] BovfggOr di ng
to an aspect of ith s. i nventlion, the EBP\/D aggar atus conprises a coafling
chanber coRtEFRFHY Ot oatPRGORERE? i alPtPhedBBat PR cRANbERSheFAFL 5BEr abl e

at an el evahedr| erper at i e ddTd izt IsNOSPhEF bEL A ESSIHTE; ma@Dnt &L RCHFON "
beam gun projegtin n tron beamintaq the ..coating.chanber to the
coati ng n%?era}cgﬁmt%nqg gﬁég ro%pp%]é%ﬂql%m Ce‘?‘?{djldﬁjglrydbl &P OFS aﬁﬁg\(? oating
mat eri al apparatusyspandt prohessebt erec@amtigumatsdni deimpansudlor for
supporting s articlesinLthe ti ] ; - t

coating na?pe(?igé d%posiat S%Qf h%ﬂgr h%%ltg!&%g%?lf \clbleteﬁm%%lr(%/a(?%élr\? Sevmgﬁcéht he
nmolten coati FgCPmterial within the coating chamber, the viewport being
fluid-cooled and having a magnetic particle seal, the viewport providing a

St er e0OSCOPREER| 8WMGARY hel CDBE | TIgVENRDDer . Preferably, a viewport is
provided for viewwng the nolten coating material within the coating

chanber. In order tige bpreapabl & fentrion di pgodideswaef dhe-exdd epehy
hi gh-tenperature process occurring within the coating chanber, the
vi ewport PRYF}IeRH- ¥G8I¢d dRBCRABIAN hi GIBEVDDt afPBAERLESectNSt PobB8ERPHC dr um

and a magpgti gspagti e 4o4- Febryaty R0 Seal at,_provijd :
hi gh-t enper at ure éacuum%%é? ?or tﬁeC s%%oboscopit'g %F%r%%\eﬁng%hg?a%%%?erred
aspect is{¢hat, thecevareiporhe pnalildesr fest evzostgpi envaewaotithe. coati ng

chanber, by which ope or nore_operators can c%m%ltaneousll){t_’,observe t he

coating chamber whiTECPEIHIRi h§ sTr E88ESH ¢ his invention, = the

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

Preferably, a viewport is provided for viewing
the molten coating material within the coating chamber. In
order to be capable of providing a view of the extremely
high-temperature process occurring within the coating
chamber, +the viewport 1is fluid-cooled and has a high

rotational speed stroboscopic drum and a magnetic particle



vision. According to other preferred aspects of the present invention, the
operation of the EBPVD apparatus can be enhanced by the inclusion or .
adaptation of one or nore features and/or process nodifi Eaﬁéb‘%l}%y éﬁ?&)rdl ng
to one aspect of the invention relating to process tenperature -control,

t he coati mpacharber eeevades radhaghohemperettoes vadvaim ceeabe fvwvethan t hin
the coating chanber .to increase and decrease the amunt of reflective
heat i ng tk%rotq?escéaﬁa‘lccl grulrnécezgl\}%gh?¥orﬁ’i%@erﬁ%ﬁ({]eﬁsgggﬁ nésna?%? aItl'bE'Luri ng
a coati ng vieapRaitgn.pryOeRes M eSstéLec08bpOt | gialisoo@n agpectcait i

i nvention, by which processing pressures of greater than 0.010 nbar. can be
pract i ced GHiMRedor dancBRHFRh OREp i TRRES LORSIPRPERL CAPDIS et NS Y  No.

09/ 108, 204 JR,BaNehaCl cofl ind ASTARRUL Gl SAE, aashgnen Axddis present

invention) wth mniml or no adverse effects on t eration an
reliabilitwisdfort.he el ectron beam gun, and with mnimal fluctuations in
process pressures. chanj.cal and process _inprovenents directed tqo . this
aspect of the i nven%%%orcilﬁ@ ugteo modt ¥ tat PoA efﬁefqﬁeaép&?ﬁson C%earﬁtb%n,
the coati ngresdiambeiverdtithd hetw@nsperByivhi 6 gasespave iapgaduced uwl
removed fromthe apparatus. Al so inproved by this invention is the

el ectron BREantpererd BY tHhe chatiwwiomt eFi adarAeddedi myf t en@nérhakore

preferred aspegt. oOf in .Qn, JPlof IS € : pa t he
coating nmateria Sovma:nhra?r?ft héﬁgggggngﬁgﬁgﬁgg?&?’h% c%%?%fglﬁgr 2‘?‘% a Ifey
conpri si ngsggedteastt t woe nmeiryerrst ien f irediatdingd 4oFegbroes ys 20hpwdrathure
surrounds anqcr tains a nolten pqol of the coatin% mat eri al , ile the
second mefBEI i s ethT 68OPG P FITWET rENBETLAnd TeGRPOIRTS ¥

portion oftHdte &oatddGnoviRt &Fiitin T fddati mpdrsggand venhiehsedef ifey an
annul ar- shaped cool i ng passage therebetween that is closely adjacent the
mol t en podsiecrsRehathef pinekbht codld g BTl teheheak ey btBatathise arhieled,

ggggicinggcyaaﬁcbereigfe% A I Ehet BR 1 RROGRST HRIARIAL M £1 | BELEATES VLN fhd he
campaign. Process pressure control is alsc an aspect of the
invention, by which processing pressures of greater than
0.010 mbar can be practiced in accordance with copending
U.S. Patent Application Serial No. 09/108,201 to Rigney et
al. (assigned to the same assignee as the present invention)
with minimal or no adverse effects on the operation and
reliability of the electron beam gun, and with minimal
filuctuations in process pressures. Mechanical and process
improvements directed to this aspect of the invention
include modifications to the electron beam gun, the coating
chamber, and the manner by which gases are introduced and
removed from the apparatus. Also improved by this invention
is the electron beam pattern on the coating material.
According to another preferred aspect of the
invention, a crucible is employed to support the coating
material within the coating chamber. The crucible
preferably comprising at least two members, a first of

5



Anot her preferred aspect of the invention entails a rotatabl e nagazi ne
that supports nultiple ingots of the <coating material beneath the coating
chanber. The magazine is indexed to individually align nilt5prer%se88ks of
one or nore ingots with an sequentially feeding aperture to the coating
chanber fwhichheumgotsis nddt retedatsi g ombakber pedhout ititer copting

deposition of the coat,i.n terial. Ohe w ||l be better description.
obj oct s aRACCEPBT eclaldl HRERSBESRR PRRERTOR Vi SREUTEgifesie  ELESt

respecti vgbybe HeRafd t kOB réppakat M8 BERAENCBoWE Bnt b Fhgur §§a§in%s
advant ages of this invention fromthe follow ng detailed THE DRAW NGS and
2 are scheaberéatop Thed friont apfl @eceinsctregrbdednrphysecan vaporlagsed to

deposit a l,ng terjal | L pyenti 5 a r oss- segt | Vi ews
t aken al oﬁ%gé%%t i oéngaqlﬁrﬁ{é;a&bgs%%&%i ghtrh%r}fbdéécﬁ%%srhowEﬁ%Ea s'Lfrsnva #e)ggﬁgt form
enpl oyed &djacentdahee multtleronsalspesd ohatt kifficieant icoweliFigus@estheand 7

are nore detail fd front, and to Cross-secti ona(Li Vi ews, respectivel %% of
of

P
pref er r ed“FRELPTIBr C3orfponéFtid SF6F a FIRP chBfberd gt fhe HPET at

Figures 1;888eds temperature increases within the coating chamber.

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

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

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

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

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

Figures 8 and 9 compare an EB gun orifice of



Figures 8 and 9 conpare an EB gun orifice of 6 4 February 408Muagy200457288
PCT/ U500/ 21175 the prior art and an orifice configured in accordance wth
the preferred enbodi ment of this invention. Figure 10 is a -
cross-sectional view of a crucible housing an ingot of coating materi al
and an 5 el ectron beam projected onto the surfaces of the crucible and

ingot in awbdIAMEee W th the preferred enbodi ment of this i peeiist@ITs
Figure 11 i's a plan view of the crucible of Figure 10 and a preferred

pattern for the electron beam io0o on the crucible and-ngot. Figure 12
depicts a preferred power intensity distribution of the el ectron beam
pattern asiess pirier sartacandf arheornaddreandonfigibked oin Fiapaasiamgeand 11.

Figure 13 s Vi Alitneh®r ofl% RS LM} the. process within
the coati n%lﬁg&i%%g%ggﬁggdagg%aﬁug shgvm In Fi gurée}gcﬁé}gnd 2. Figure 14
shows a control panel for nonitoring and controlling the operation. of the

appar at us of Fi guresFigukg 210DERA LED CEXUFS PIeeRl eraFHEVERVENTRION 20 An

EBPVD appatalsspld inb@sLagdafice iMddt t Birs cbat’@ﬂ?i ORat&rggner ahfily depi cted
in Figures 1 and 2, with 'various. co onelgts ang eat ures_bei ng depicted in
Fi guress ®legbteh pgamrpaoisahed fRUD TRe p3TFRGREr PY 18 CRIFYRAE f or
deposi ti Ngarad CehgBLC ihedd@dbriance ewichatting @se Harpedetaboddmeme i

i ntended for, operation within a thermally hostile environnment. Notable
exanpl es oFEBcHVEBHPBHent s i ncl ude the high and | ow pressure turbine
nozzl es and bl ades, shrouds, conbustor parts and augnentor hardware of gas
t urbi ne engi nes. Wi Féguie 301 adwand agdsiibf ViRWs ¢hvéie oarwriblge of

descri bed ﬂéﬁ‘rg 4oFeliyany AUFerred pattern for the electron beam
10 on the crucible and ingot.

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

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

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

DETAILED DESCRIPTION OF THE INVENTION

20 An EBPVD apparatus 10 in accordance with this
invention is generally depicted in Figures 1 and 2, with
various components and features being depicted in Figures
3 through 14. The apparatus 10 is particularly well
suited for depositing a ceramic thermal barrier coating

25 on a metal component intended for operation within a
thermally hostile énvironment. Notable examples of such
components include the high and low pressure turbine
nozzles and blades, shrouds, combustor parts and
augmentor hardware of gas turbine engines. While the

30 advantages of this invention will be described with



WD 01/ 57288 PCT/ US00/ 21175 reference to depositing a cer arfi celfganyi2@g4on
such conponents, the teachings of this invention can be generally applied
to a variety of coating materials and conponents. 5 For purposes of
illustrating the invention, the EBPVD apparatus 10 is shown in Figures 1
and 2 as including a coating chanber 12, a pair of preheat chanbers. 14,

and two paigg opbmkadi ng chanbers 16 and 18, so that the ap ) has
a'synnetricg? coﬁ??guration. 10 The front | oadi ng chanbers 1 aré&@ﬁ%%ﬁ as

being aligned wth their respective preheat chanbers 14, with_ parts 20
originally | oaded on a rake 22 within the | efthand chanber 16 havi ng been

transferr e(}é%ar%ﬁ;ré)r epgat & @tg_%rin913 @ndcefgﬁnggpi %I‘D%‘q;ll Fi gur etgﬁshi nt o

the coating c 15 12. th the“symetrical configurati on of
appar at us CRUPORENES t hetBar t 8e20REBEEed Ofhr Gldts t Herventnton ef chmndbe

| oadi ng chaaheirzh6 ar appeieg Q:Qﬁlt@dv%ﬁléitgvatcf@ €eating ﬁlﬁ;&%&%& ggﬁé be

second batch of parts in the front righthand | oadi ng cha ,
preheat ed I Y51 ght hand preheat chamber 14, a third batch of parts
can be loaded into the rear |efthand | oading chanber 18, and a fourth
batch of parts can be&Fam|padedsésooft hé lusaratinghtdian d hwasht Den charber 18.

Consequent our, t-ag C cur,_si gul taneously w.th_the
preferred Eﬁﬁ@@ éggﬁraiuéfﬁoq%f %?ﬁgéli%§En?$§HFeﬂccgrdPH8 t§ a2s
preferred émigddidiang of téeatingveakbobert hd2l oadi npadanbef s pbehadtl18 are
nmount ed t o plaWM0f14 € dmyaple BhatEopws 1244 E#T% | padi hanber s
16 and 18 ggﬁg%%H£e1ectively aligned W th %%gﬁﬁgé p%gﬁggi gﬁé%%gr%gl4. For

exanpl e, when HIAE (FRMtaPPRFRFARILPoRESNG EvAmstTi ] scorbignrathon.-

al i gnmagt . Thei tdrdde 1ehtibagd chaehedts clmndes 2hcika aldl Qyéitrbfoggi%%egﬁg mt) gr
- |

15 i 5 set BASE RART nECPRPLRANE BHelATar S 10 1 1 FA A HRCTI VSRR 21175
originally 1loaded on a rake 22 within the lefthand -
chamber 16 having been transferred to the preheat chamber
14 and, as depicted in Figure 1, intb the coating chamber

15 - 12. With the symmetrical configuration of the apparatus
10, while the parts 20 loaded through the front lefthand
loading chamber 16 are being coated within the coating
chamber 12, a gecond batch of parts in the front
righthand loading chamber 16 can be preheated in the

20 righthand preheat chamber 14, a third batch of parts can
‘be loaded into the rear lefthand loading chamber 18, and
a fourth batch of parts can be unloaded from the rear
righthand loading chamber 18. Consequently, four process
stages can occur simultanecusly with the preferred ERBPVD

25 apparatus 10 of this invention.

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

30 preheat chambers 14. For example, when the £front
lefthand loading chamber 16 is brought into alignment
with the lefthand preheat chamber 14 to allow the parts
20 to be inserted into the coating chamber 12, the rear
lefthand-loading chamber 18 is set back from the lefthand



preheat chanber 14, so that parts can be sinultaneously ldd=bedary200h| oaded
fromthe rake 22 of the rear |efthand |oading chanber 18. Each platform 24
is also preferably novable to a naintenance position, in which neither of
5 its loading chanbers 16. and 18 is aligned with its preheat chanber 14,
so that the interiors of the preheat and |oading chambers 14, 16 and 18
can be ac r cleaning. The platforns 24 are preferahl upported at
| east in Sgéﬁﬁ%igfol | er bearings 44 nmounted in the fl oor, 13’%@%’5 % is
foreseeable that a variety of bearings could be used. Each platform 24 has
a low elevational profile (projection above the floor) of not nore than

one, inch r(emlﬁtt %én@a} Wi h 8o ¢hawf gred edgan( MLl 61alh ¥ 2300489 ees
fromhorlfonta , I ch together essentially 15 elimnate the potential for
an oper at é© R nghdRcERe fa@ie e t kel def @fmthe eari deirpass ects

surroundi NgadiRg aPPABEHS180 arghdH epeaebbympoai Fﬂ@r@ﬂsé\'\’g}fefﬁéﬁ}@bﬁg}e
edges of the platforns 24 to avoid an oggrator pj nched by a platform

t bei ng .
24 when i POGV&DIEH 08Pt inBRIRASIIFCE (RPFRETIRs i t%@lﬁhaﬁ‘%ﬂ'q’ﬁ‘er of

colnf | g atiiten s_ba\gmg pb@iahﬁxgmyﬁﬁerrm& thWUli_t‘si Elaﬂ:ign%l&:’ﬂ aﬁrﬁitmg les

t el escopin movabl.e segnents cou e used. Furthernore, the_noyable

Segnment s ggcah&aé i?}‘%@ﬁ%ﬁt Eaa fs’loxe%“% eV ?eangFﬁﬁPgﬁmo UFPBuRAERG2Ehe

pl at f or m asskentbading Fioka@inbsrsepdar atlés 25ndr éReatamhbrberccenzed fer

provi ded fgr..th oadi 16,2 8 | g .chanbers
L R TR Tida o AR At

16 and eir rs wo e surrounde nmovabl e
pl at f or m dp@ssmimPaowdy | ROt gtr 8§27 ingiso dgh Mountqsdrin okhef £190rt he

coati ng ChaReh L4 i Ss af&PepLahBlabknagonf haliad ¢ L MOyeatehaki ¥eulig the
preheat chanmbér 14 in order, to facjlitate cleani he jnteri or of the

of t
chanber 1b2 URfdeenEach PG tEaRthi thsh2Rs s & |$@f%’iﬂ'%"‘%} Prefilgating
chanber 1Zprejigtdilch opboati ntheofiboeh wi hnat3mortewpheh 4he déaehi bed in

greater de(ta%iolutbelzq\g’ @%H_nt %q.t% 4aFer1Qﬁ§Egr%g04edge (preferably 30

degrees from horizontal}, which together essentially

"15 eliminate the potential for an operator tripping on the

edge of the platform 24. Stationary objects surrounding

the apparatus 10 are preferably positioned away from the

edges of the platforms 24 to avoid an operator being

pinched by a platform 24 when it is repositioned. As

20 alternatives to the platform configuration  shown,

platform systems with multiple overlapping or telescoping

movable segments could be used. Furthermore, the movable

segments could slip beneath a fixed elevated platform

surrounding the platform assemblies. Finally, separate

25 preheat chambers could be provided for the loading

chambers 16 and 18, so that both loading chambers 16 and

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

As shown in Figures 3 through 5, a portion of

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

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



WD 01/ 57288 PCT/ US00121175 to a front section of the chantddrebt@ary RROFi gure
4, the front section of the coating chanber 12 (as well as an i ngot
magazi ne 102 associated with the coating chanber 12 and di scussed bel ow)

i s shown as having been noved away 5 fromthe remai nder of coating chanber
12 in order to access a novable work platform 50, which.s show rotated
into a workj ng@_@htlon in Figure 5. In this position, the-interior.of the
coating chahB e} can be easily accessed; by the work plat ST S/ "ﬂ‘?e
platform50 is i 0 shown as being coupl ed with a hi nge 52 to the base of the
coating chanmber 12, though it is foreseeabl e that other accept abl e

structures coul npl oved. Th at f grm,50 n be caonfigured
differentl f?r%r’rﬁrﬁﬁ% SHowr S ?fg% q?ql?ﬁzbug% i g & hithsed
segnent ed cRwsitt usemm,on sofindhei td‘Dd(tLIIkg pbhambearndlz)t Kl&B sm‘leil yaselaai ed
accessori es, e 6 d 18
are connect:'érbgtgg %g'lslﬂ lla&s%%%t% CEEJCP ac e@gggggégﬁéﬁm ghéf“'bﬁé \1@2
these chanmsnd. dfl.'ec%smmbﬁh@”)t héSS|SZ@M§hda$1uhBE’FLngf heant smevedhawagan be
| oaded het: | e NaahRinats éﬂ da @iy 18ndrifen ahyes: o ProfeLablap have

a m ni mum di nensi on of about |c$1 I s considerably larger t
previ ous| y a¢ee@ht 2 E‘PH@PP—@aP’OE% tH*?@stef%’I%'i 13%d Yhiehelgr shomacI@Satase 25

coating, prahest zanghiicad ngoﬁhaﬂbﬁrs.nl%‘lgiﬂre 16, andrrl 8tniyshoag tiwmped to
varying | evel s of vacuum sone case}? re regél red t rmve rel ative

to each ot Het® adPtSHH A n& B%?e COREARA| c&PRbl rous
cycl es at I’aﬁi@é$$¥@cﬁy Hyt ghher essmk eplaSéalrmdem gns Be spﬂ.halﬁb&m‘ osot Hiss

Mot oip 14y ¢ aé“b&’i Ebugr% g&&ﬁ%i%ﬁ%\%'éz “96 Pﬁe%igﬂsgﬁd H[}% any

detail. erence orme n the
coating cha@m@tlm b\}"laﬁ’@letr n3g2an§h0€1€§-pdr%t¥-ﬁg flq?r‘@ﬁ@aiﬂ&)fth@tamtéler

material wWil-&)egbiansituttheBsudon10He employed. The platform 50
can be configured differently from that shown in Figure_s'
3 through 5, including a hinged segmented construction,
is and with kick plates and other safety-related
' accessories.

The coating, preheat and loading chambers 12,
14, 16 and 18 are connected by wvalves (not shown) that
-achieve a vacuum sgseal between these chambers. To
20 maximize the size and number of parts 20 that can be
" loaded between the chambers 12, 14, 16 and 18, the wvalwves
preferably have a minimum dimension of about 250 mm,
which is considerably larger than previously thought
practical by those skilled in the art. Because the
25 coating, preheat and loading chambers 12, 14, 16 and 18
must be pumped tc varying levels of vacuum, and in some
cases are reguired to move relative to each other as
explained above, the valves must be capable of numerous
cycles at relatively high pressures. Seal designs
30 suitable for this_ purpose are known in the art, and
therefore will not be discussed in any detail.

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

10



WD 01/57288 PCT/ US00/ 21175 beans 28 produced by el ectron Bd@hryamB2OGtins 30
and focused on the ingots 26. Intense heating of the ceramc material by
the el ectron beans 28 causes the surface of each ingot 26 to nelt, formng
holten ceram c pools froms which nolecules of the ceramic nmateri al
evaporate, travel wupwardly, and then deposit on the surfaces of the.parts

20, produgj desired ceram c coating whose thickness nd on
t he duratﬁ%ﬁgggﬁg%e coating process. Wiile-two ingots 26 ar‘HéﬂﬂﬁﬁﬁPﬁ

these Figures, it is 10 within the scope of this invention that one or nore
I ngots 26 could be present and evaporated at any given tinme. EBPVD coating

chanbers pigal I n t C I | of
%ieea%sv <4 b g@%ﬂlx eBeicRGonMehaLAl NeEh R Gui @O laie

about 0.0 O 3 Torr) or less. In the or art, a
vacuum offcgussston. 9@@ ABFPESa® nor i8NS APEgt BRGUPT 0 LHE5 CORSEH.C woul d

be drawn wiihis dhepgoatidgethagben beaty 19 chhge@oaihélgsﬁwaeés,oﬂ he
reason belng t hat hlgheriﬁgreSfﬁreg wer.e kno to cause, err at eration
é

of the EB SAFHNEIZE 2kd pERi P ot kar SR € BAb1E B L of
wth the phRessphoDechbets off eticorceamtingsateanihll eeapbiratit, tmveélso been

bel feved thaf. Le 11 Leofc, Jhe ua (L] agery, dould e Lodpegar

cont ani nat'Bex chanber- pressires above nbar
Fbmeverﬁ'20;1pmm@udangetWEtMEaxnﬁdhagramﬁg Foaehng wppbiec athiiskrSers al  No.

09/ 108, 20 Ri S .lg_.l:légpj SHE o]
I nventi on]mt:ﬁle &%?% &# h@ %2 -1s dr’r?e:‘ae}'ureabl o%gjr%at g%ear%:h&é%
pressur es Wikke sGmr | smggty yﬂﬁal arg 0%1?% clﬁoa‘%l'll?f@e vatll‘a'fuC{(?ﬁ:rrpFBVé(F

spal | a{} on,Angih Mad R arge, t&isvvehhvaﬁtlahon@h@tt heén&o0ada NGhore
dep03|t|on rate in coq$ f&t#Pn W th ot evaporati on rat.es than
that achi SRFPEH £Re' O ear?rese%ug'ﬁ"%pu RRAEEN B pBFY ol n t he
coating, thdeebruary 2004 ‘

EBPVD coating chambers are typically capable of
being maintained at a wvacuum level of about 0.001 mbar
15 . {about 1x10® Torr) or less. In the prior art, a vacuum
of at most 0.010 mbar, and more typically about 0.005
mbar, would be drawn within the coating chamber 12 during
the coating process, the reason being that higher
pressures were known to cause erratic operation of the EB -
20 guns 30 and make the electron beams 28 difficult to
control, with the presumption that inferior coatings
would result. It has also been believed that the life of
the gun filament would be reduced or the gun contaminated
if operated at coating chamber préssures above 0.005
25 mwbar. However, in accordance with copending U.S. Patent
Application Serial No. 09/108,201 to Rigney et al.,
‘assigned to the same assignee as this invention, the
coating chamber 12 -is preferably operated at higher
pressures that surprisingly yield a ceramic coating with
30 improved spallation and impact resistance, as well as
promote the coating deposition rate in conjunction with
higher ingot evaporation rates than that achieved in the
prior art.

. Rdugh pumpdown can be performed in the coating,

11



WO 01/ 57288 PCT/ US00/ 21175 preheat and | oadi ng chanbers 13, Febayarg80@hd 18
with nechanical punps 31. A cryogenic punp 32 of "a type known in the art
is shown in Figures | and 2 as being enployed to aid in the evacuation of
the coating chanber 12 prior 5 to the deposition process. A so shown in
Figures 1, 3, 4 and 5 is a diffusion punp 34 whose operation is sim.lar
to those known in the art, but nodified with a throttle valve 36 to.

regul ate t YO 8H§7’z§§| on of the punp 34 in accordance with th.%CT’HWé’F&lF%
More particularly, the io throttle valve 36 is actuated between an open
position (Figure 3) and a cl osed- p05|t|on (F| gures 4 and 5) as well as
positions. therebet ween The, henef j,t hrg_t tl e,

aI 3 S I | zed
when t he vm%th?% t PR | r?ghac %er 7 i $4ai n ai %@% ijé Etzﬂ )
rel ativel y feghadbcalepsmpes 3@npl dyaxryngenic puventRont a \Wyge tkm::wmm mum
operating capa f s sign 4'q eguLLe t he
coati ng cha:'rfg ﬁh a% Ehgryg%w# “\?a \P}gﬁ%gé I'S %b%nﬂaégs%gv%n%lﬁe ll%&ée‘d3
For processttcmga}ndr dwartehe eheceabiPngoéhdMsercast ingt chamhgrnid rifé’cl%?f t he
t ar get ed 2q:(9r§ﬁ%uag 081%iom0 ¥ ddiar ) anesesabiAt LR FiBakelshe , tirajtle

val ve 36 is noved to a preset throttled §05|t|on sone distance framthe
fully cl osezhgoSi tlisonaofillflfglélléél Puny 3% WROSSHPPFRAEI gur &51, 51k A Gt e

di foS}On Etl%pﬁh%%e StRenar iy ede pped, Wbtlb ot ilead v\aitha( iradele) are
25 prefera

enployed to_eva tethe t, cha ain for the
reason thatV% Lygl a}%VEF’y ﬁ?ﬁ‘ﬁfﬁegssﬁﬂee ?er %g’olnedn? pélg‘gg #\6 1o
operation okcébrlanoeemitin. thhe mmi p opse SQapte{:eiiab[Ly,l ndheide

| eak det ectﬁar%%ggge%ﬂré 32 110 vaEha ko liben! Un CBPRC snieRle 30

for det&Bti temvacuim I'6ak dsi ng hel | um o anot t ean be
safely introBigedet lroughdl eaks1oprd: iROTHahDR sl PEEUTRE %m 518,2%r

associ at ed n%ﬂw PEENtpoV £ Noh 8T eﬁ@@ﬁ@bégaeanto Fi ghé esbdnéfde 2, of hech&5
| oading Chathgégt%g %P €53§gel egggilz% ‘Léﬁ“fﬁ Iga%%um within the
'coatlng chamber 12 is maintained at the relatively high
15 pressures employed by this invention. - When the maximum
' operating capacity of the diffusion pump 34 is required
to evacuate the coating chamber 12, the throttle wvalve 36
is open as shown in Figure 3. For processing hardware,
the coating chamber 12 must be maintained at the targeted
20 pressure (e.g., 0.015 mbar), necessitating that the
throttle valve 36 is moved to a preset throttled position
some distance from the fully closed position of Figures 4
and 5. As seen in Figure 1, separate diffusion pumps 38
similarly equipped with throttle wvalves (not shown) are
25 preferably employed to evacuate the preheat chambers 14,
again for the reason that a relatively high pressure is
desired for the coating operation of this invention. The
mechanical pumps 31 preferably include 1leak detector
connections 33 to which a leak detector canh be connected
30 for detecting a system vacuum leak using helium or
another gas that can be safely introduced through leaks
in the chambers 12, 14, 16 and. 18, or associated

eguipment.

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

12



4 February 2004 WO 01/57288 PCTI CTS00/ 21175 shape, and ar & fesdpoigppedO4v t h

| oadi ng doors 40 through which parts are | oaded onto the rakes 22. The

| oadi ng chanbers 16 and 18 are al so equi pped with access doors 42 to
hotion drives '(schematically represented at 46 in s Figure 1) that control
the operation of the rakes 22. Mre particularly, the parts 20 supported

on the ra re preferably rotated and/or oscillated w ki

coating c@ﬁtﬂ’i&%g in order to pronote the desired coating f’l slpﬁ'?%tl?son
around the parts 20. The access to doors 42 allow the operator of the
apparatus 10 to quickly adjust or change the settings of the notion

drives 46 without interfering with.l oadi unl oadi ts fromth
oadi ng CHMERES ARhnaTEs SREIBPTing A A PR HRUREETE A0 LA S s

interior ofhible geattisngarbaiberiet? ontd bbhedesheded2i.n nBhe detadingin
order to address_the_aforenqgnt] r oneet Ni e o}, of the
electron b ?ﬁ@%gs gﬁdaglgoggctal%e%fsc?h% %‘%saggﬁathatgﬁtgghi g er'c"r c‘_lo%ti ng
pressures eoplnyetonhy dhives itachehapicabiy ai FEPDESERPEdyeent%S wek® made

to the %B 105,80 Andehhe COMEAGT HDEhetdribh SOEN R Figikes 62 0xygen

and argon gases” are introduced Into the coating chanber 12 through an
i-nl et 54 |Meoneenansarudpgdvnl &sParst QU pPorPorhed PRgStS FRKRE M4 the

coating chapber ni2randpi¢t aivbdted®5 andleh postildhteder adithitat efhal
produced by the electro beans 28. Th;leflo rates of oxygen and argon are
i ndi vi dual $§2E3REr oFRBEPEEsed20n 1Phe OFSFJet &8 pPECRSES prdtsurs % he

t§r99t9¢Fﬁmét§hﬁmﬂﬁﬁmw£b@tionygmbuﬂ® thedupertie 2xcur rehee afcpsessure
Cime o0 GREER ghlect TRSr Al ed BY- BhaSt ol |y oY ac b The Eont Lol Poval ves
58 for theqoaskiyi neddiatel 9radfhsnde tBhehesehtBrgs 540F ustheuteePEoR he
coating Chagﬁgésl%,s %iém[\g@ i AteFirawios Ly ﬁea&iﬁ%emat wellddeiggntrol
val ves 58 S0 close to the _coating chanber 12 prqyl ed a surprisingly
of parts from the loading chambers 16 and 18. _
Referring again to Figﬁres 6 and 7, the
15 - interior of the coating chamber 12 will be described in
more detail. In order to address the aforementioned
problems concerning the control of the electron beams 28
and protection of the EB guns 30 at the higher coating
pressures employed by this = invention, certain ’
20 improvements were made to the EB guns 30 and the coating
‘chamber 12. As seen in Figure 6, oxygen and argon gases
are introduced into the coating chamber 12 through an
jnlet 54 located near crucibles 56 that support the
ingots 26 within the coating chamber 12 and retain the
25 molten pools of ceramic material produced by the electron
beams 28. The flow rates of oxygen and argon are
individually controlled based on the targeted process
pressure and the targeted partial pressure of oxygen. To
reduce the occurrence of pressure oscillations within the
30 coating chamber 12, the control loop response time for
these gases was reduced by physically placing the control
valves 58 for the gases immediately adjacent to the inlet
.54 Fjust outside the coating chamber 12, as shown in
Figures 1 and 6. Placement of the control valves 58 so
35 close to the coating chamber 12 provided a surprisingly

13



13 4 February 2004 WO 01 /57288 PCT/ U500/ 21175 si gnifi cantd ireipvayefest in
pressure control, reducing pressure fluctuations within the coating
chanber 12 and reducing disturbances in the focus and position of the

el ectron beans 28 on the ingots 26. 5 To further inprove the el ectron beam
focus and pattern, the EB guns 30 are relatively isolated fromthe higher
coating pressure within the coating chanber 12 by a condensate hood 52

t hat cat ch®4OABER28%Hf t he superfluous ceramic vapors that do B¢GHUNERLEFt
onto the parts 20. io The hood 52 is configured according to this invention
to define a coating region around the parts 20, within which the el evated
pressure desired for the coatin rocess is specifically_naintained. To
facilitat e sdigsdddi iftpHet V\?é@PFO‘é%}'g?’IE’ﬁg TRANPRF GFIUTE heCPRBECER | SPHELBBaDI v
equi pped 3ralidiiysCcERaREUZEibhal withde theDveshwih cbhapedrouisi dag of

t he coating chanber az. Prﬁferably th?isc eens 76 . are retained b¥ spring
pins 78 in 1519 t ARERHERaTFES ohRr £ TPTeF A0%i RPFEFYOPeNaFR6f t he
SCreens 76 elwhkairdm Béwms abdli ononhef ihgutag2been coated with a | ayer 20 of
the coating material by the end of a canpaign. Though generally nore

conplicated, the enti at; C r r aced
w th a second cl ean ﬁ%%dfgggﬁégcéﬁggQgﬁ%5%%%dgg%ggg§Po§%%§?S%e p%r?ghzo as
25 seen i npRitpem 6, tha EPegumse I #5en&edasavelvori ssdditaskabro8 theough
the hood 5%1%%@@59&%@*1%&@%% IWhof £BENLaLRLRY RihRlePr £5SUYLS

within the c ensate hood 52 as_ conpared to the remii nder of the codating

chanber 1232 iGRNGRAFACE NBORCPRI thak GRTERST NSty s Be SBPEKELNPEAt ures
62 are preferablic f eapeast ochave db maesi asponit Nent@Dr €hé hagadtat 20.

Chi & pbodRe B ol Bt Cb0 B b 8PP EBHIEC 1P WIEHF (e EREESPoR® beams
2& during tdefiget up obathrgEBRYDoappacands the parts 20, within which
the elevated pressure desired for the coating process is
specifically maintained. To facilitate cleéning between
coating campaigns, the hood 52 is preferably equipped
15  with screens 76 that can be removed and cleaned outside
of the coating chamber 12. Preferably, the screens 76
are retained by spring pins 78 instead of threaded
fasteners in order to simplify removal of the screens 786
when in the condition of having been coated with a layer
20 of the coating material by the end of a campaign. Though
generally more complicated, the entire condensate hood 52
could be removed and replaced with a second clean hood
52.

Because the hood 52 surrounds the parts 20 as

25 seen in Figure 6, an aperture 62 is necessary for each
beam 28 through the hood 52. To promote the capability

of maintaining higher pressures within the condensate
hood 52 as compared to the remainder of the coating
chamber 12, including the vicinity around the EB guns 30,

30 the apertures 62 are preferably formed to have dimensions
of not more than that necessary to allow the electron
beams 28 to pass through the hood 52. For this purpcse,
the apertures 62 are preferably cut with the electron
beams 28 dﬁring the setup of the EBPVD apparatus 10, so

.14



14 4 February 2004 WO 01/57288 PCT/ US00/21175 that each apdebucey 820has 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 fromthe 5 elevated pressure within the condensate hood 52, the
beans 28 travel fromtheir respective guns 30 through chanbers 64 fornmed

bet ween t | jor walls of the coating -chanmber 12 and the depgat e
hood 52. Q%?gpgﬁgtly, the diffusion punp 34 has an inlet near and 10

pneumatically coupled to each of the chanbers 64. Because of the mninmm
size of the apertures 62, the elevated pressure within the condensate hood

52 hi d byt I nt roduct j f d ar, ith the inlet 54
ol ccas. | n{gahobe R O 105 BOP{ Rol BTy SFSMUERR] 575t 0thB ool o L he

di ffusi on gpEoBimaLelRi ejabld te tlchanrber $t64 ellectyrresbannm lpatredhan

that within the condensate hoo 2. Fi ras.6, 8 and 9 illustrate
addi t i onal®t pr'dt ettt 8h=pr 6?8989%:% FRE. %éogur?g'% with this 20 invention.

As is generally conventional, the EB guns 30 are equi pped with vacuum punps
66 that maintain preSsurferthex hiisakateuthe30EGt genel s30f fapaut €10 5 to

about ' Bx10rd,abag, whLEDuLS elinbel ovhd NAorbidiidd € Gisd A3 he guns SO,

I".e.,-within coating chanber 12 of 25 this invention_as well as
typi cal EBFe@mgoRd n§reNstbefEomoftheid prREPEREEVE nT¥P8er3 9 ot hERIBH ow

e e Sy TS ithed st upgoomedtipr e S0 |
Fi/gure 6. @ﬁﬁiﬂ’égS_'r@?:ﬁ‘&%ﬁts]a? 3oagglnve5€?bna‘?°ré€?ﬁ§%€?at ﬁb%gqor%gch an
orifice 16ﬁref@raalypwtﬂ'm _@ifﬁm@ﬂomf poepm¥dochssi ag condkt i near and
P et Bl SIS L Rl o S plgal 125 st
e.g., abouBe&fusen of the minimum size of the apertures 62, the
elevated pressure within the condensate hood 52 (achieved
by the introduction of oxygen and argon with the inlet
54) bleeds into the chambers 64 at a sufficiently reduced
15 rate to enable the diffusion pump 34 to maintain the
chambers 64 at a pressure lower than that within the

condensate hood 52.

Figures 6, 8 and 9 dillustrate additional

protection provided to the EB guns 30 with this

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

25 this invention as well as typical EBPVD coating chambers
of the prior art. In order for such low pressures to be
maintained, the electron beams 28 must pass through
cylindrical orifices 68 to exit the guns 30, as
schematically shown in Figure 6. Figure 8 represents a

30 conventional configuration for such an orifice 168. To
allow for a range of beam focussing conditions
represented by focus positions A, B and C for an electron
beam 128 shown in Figure B8, the orifice 168 has a
relatively large diameter and length, e.g., about 30 mm

15



15 4 February 2004 WO 01/57288 PCT/USOQ 21175 and about 1#Zd-ekmgary 2004
respectively. The di sadvantage of the prior art is the reduced protection
that such a large orifice 168 can provide to the EB guns 30 operating in
t he higher pressure environnent of the apparatus 10 of 5 this invention.
During. an investigation leading to.this invention, testing evidenced that

I mproved c processi ng conditions enabl ed an optim :
t he beantﬁgé£g%ﬁgﬁnt (Din Figure .9) to be identified. A mﬁﬁﬁﬁﬁ%ﬁ |ve
orifice design was then |nvest|gated, io resulting in the orifice 68 of

this invention showmn in Figures 6 and 9, which is depicted in Figure 9 as

having a smal] er r-and th t t ha f art__orifice
168 of Flguﬁ@%3 qeprg?%greﬁ'méf (§Lﬁﬁgﬁ%énggﬁg1& éﬁﬁQ?c%f6éh§re
bel i eved tophecaboatrtl15iain#h8) regudsdr @sswidtdaty, tthh@ug&luobt iarumrgkues
for these di rﬁrfsi 516§aréa\fpr%9g@p§gdltqg %DEQS?{I Ed Jﬁon%«%né flaction

coi |- current, overal | geotrefries. As note ood
52 is posi ttll'kﬁtehllﬁhéﬁncPItheE‘b"éﬁt ey repment; ng etth@e @Eﬁé’éatlllén 10200§f

cerani ¢ Bt @hidl Qhrdheibht er iDiriY. | $n 0intB8r€gating 1€anhey dd_ this
According to this .invention, the caondensate .hood,52 is also speC|aI

confi gured davieskdiofte &R 6V ARG t $P8F ai™PEGYRCed PR RSNt 8¥n an
appropri at e prgadsdienpecandi eidusi kpableohtamgopainaingposiior?5of the

ticularl t hood. 52 I f t I 72
Phat rad at PEafbatoge: medty (Ro LhofPahebl Packt & HESPREEIESE hack
toward the petes eﬁiecﬁﬂt&te cpzmim& stesigp ovas ceirgmi gnnvedtlu.gagev!hi ch
the tenp raws%lg;zlﬁd; 1 AOHHNIoLNRERRN 6P b§ rﬁtﬁ.t'yﬁtr%né% OVndlle in

reflector plate positioned close to th an act uat or 74‘
to maxi m ze Figamasn of affed, patrichhais A@Wh‘é"—?‘énﬁ@r Figreen® nep BR¥iBESat i ng
chamber 124 ih@s XK | AgaRBt 8RJGINGY m{gtﬂigtfhaﬁhehéﬁf bectite PhRi6r 42tiS

moved away frerltChee 1p6a§ts 21915(;35 S (?Wn pz%qaerrera diameter and length
for the orifice 68 are believed to be about 15 and 50 mm,
15 respectively, though optimum values for these dimensions
" can vary depending on pressures and focus, deflection
coil current, and overall geometries.

Ags noted above, the condensate hood 52 is

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

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

25 particularly, 'the hood 52 is equipped with a movable
reflector plate 72 that radiates heat emitted by the
molten surfaces of the ingots 26 back toward the parts
20. At the initial startup of a campaign, during which
the temperature of the coating chamber 12 is relatively

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

12 rises during an ongoing campaign, the reflector plate

72 1is move_d.'away from the parts 20 (as shown in phantom

35 in Figure 6) to reduce the amount of radiated heat
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35 in Figure 6) to reduce the anount of radiated heat 16 4 febmara2902004 WO
01/ 57288 PCT/ USQOQ 21175 refl ected back onto the parts 20. In this manner,
the parts 20 can be nore readily brought to a suitable deposition
fenperature (e.g., about 925C) at the start of a canpaign, while

attai nnment of the maxi numallowed 5 coating tenperature (e.g.., about

11400 i s I to maxim ze the length of the coating c | The
hood 52 a‘ﬂﬁ“ﬁ)ﬁ;ﬁ% 72 al so pronote a nore uni form and stabl ?%%@mhgati ng
tenperature, which pronotes the desired columar grain structure for the

ceram c coatings on the parts 20. 1o To maintain the desired rel atively
hi gh pressure.wi thi.,n . the conde te | whi l.e the.reflector plate 72
is in therﬁgﬂgg eﬁiosl??'%np,ntg wa ernggge Shr oddt 757178, MEREGT / t%@? )
surrounds. phlreéspl abe Zant obenhibie gasadiby beroeeht the candemstskbléood 52
and plate .ther IS r es I Rt n . the 52 and
ffpodid L gﬁ%’&{epéfgtﬁfé (e P eo2bbg: | 393 -R9! veen e Beode

plate 72. W are mani pglators that ‘extend into
coating chefbes campRAGigh Wibbe| Ftéainmemdedof hidihmagimym hel thbeder

wal . The SRALR teespdfatare Uaed 10 asshet ifusegy! atd ngehheieatbng of
the parts 20 20 By nmpving ceram ¢ or ceram c-coated . reflectors 80 shown
ds a granuFaximasr ithe i Yengtdurel 1652 69AF 478 CABRAY IFr-om TR 299 BRes 56
during a cgali pdaG¥Pal Hilso Mrenspecafl meakl vniduen addeitabIOxblhdy to
the crucibles, 56, the reftI:eCt ors, 80.are % X! ver% hi %.25 e%g)frature
during t he COB&iPRy WrHREEREULRY FREFE! SFETRR atRe hESS TSt CTIHERE t he

parts 20. gheiamuituafureezbr rigde atedabyct heatéhfectar £180 pargenzoal |y at

i en t f t t ' . and
R ik R e T

reflectorstde smondenssts M3 stppdriél BheaTrfdrgrosordats ai2 83 inat

does not apRpreshably RGAlieMead twartddie quiled 28hrbada 75 e tshbbg

reflectors 80 can be Us§d LRCYIMCUIN WL ivie gas flow between |
the condensate hood 52 and plate 72, and thereby reduces

15 pressure loss between the hood 52 and plate 72.

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

20 20 by moving ceramic or ceramic-coated reflectors 80
“(shown as a granular material in Figure 10) toward or
away from the crucibles 56 during a coating campaign.
More specifically, due to their proximity to the
crucibles 56, the reflectors 80 are at a very high

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

30 80 away from the crucibles 56. The reflectors 80 are
preferably supporte-d on a fluid-cooled plate 81 that does
not appreciably radiate heat to the parts 20. As: a
result, the reflectors 80 can be used in conjunction with
the reflec:t_or' plate 72 to regulate the temperature of

35 parts 20 being coated within the coating chamber 12

17



the reflector plate 72 to regulate the tenperature of 35 phieluay 280i#ng

coated within the coating chanber 12 17 4 February 2004 WO 01/57288
. PCTIUSOCO 21 175 during an ongoi ng canpai gn. At the beginning of a

canpaign, the reflectors 80 are originally |ocated near the crucibles 56
to maxi m ze heating of the parts 20, and |later noved with the mani pul ators

77 away fr Qo bfensd crucibles 56 to reduce the anount of radi heat To
' g%ﬂﬁ”ﬂ%ﬁé’?ors

survive the coating chanber environnment, the portions of th
77 within the coating chanber 12 are preferably forned of a

hi gh-tenperature alloy, such as a nickel-base alloy such as X-15. Instead

lo of a granitialg Mader iclgoidi® rRiMRotg S SOAQOUItﬂebeble%in?ﬁ% tighly
form and have es.sentigi}ly an sh‘che. or exanpl e, one Or nor I"at es
coat ed wi t FERA et FPE "?ﬁﬁje‘?? TRo8Pd 3 uSEEIinglayndiaeated near

any

conveni encechd heruihlest 56 st80mastind ze healtativ @)y fra %ﬁ‘aPﬁQCﬁé Clhgf rom

15 ingots af er.i sim.ar_to that. bejng. depgosite
appar ent tﬁ'éi'tt%o hEe'T}mJ(':e:# ant - Brat &¥ aI‘EaIE:Jo%III%a&BES uséd. A¢2¥ot ¥ HhokEe

though I't is

t he

i ngots %6 ofrusHidtis 56eterraduce eckeappooted oft badikhedchaiaitng chanmber 12

by 20 crucibles 56 that retain the nolten pools of ceramc nmaterial

produced by the el ecl¥OnsREaMFe 28ne 0822k
greater detail in Figure 10 -as ﬁavi ng a three-plece co

i b _ ; h i
Enaliel BL5 B0 noM L

upper nmenb&°TFLONG t (PR t Bher eﬂaﬂéﬁ&lag@rﬁacé"’w Wighigsentred woahiagl ower
25 menber Yharberi 1g t4es epelemReAIA L OosbaREdPasSage 13f hlﬁérﬂ?ggaﬁ‘m:%h
to maintain the tenpérature of

wat er or ang.tlher sui t.abl e cool aPt ig flowitd‘.

the cruci bPELSE b&WH 132 2nBEERRY ~PaifePAtoVe SUCH B8 FatkR i al Inatead
restri api ooipl at gra8filsr amatextiadn | théi g edhondose tdbekaesss Cap
selected t ; a cross-sectional__ flow area_of
passage 88(é %’? \%e%g%ll;’ (é!aor%}rgﬁghiﬁn%g? bggeaﬁggs' e 194 3% SHRE onsFBF
thermal cor¥adple.tyong or more plates coated with a reflective

material could be used. As a matter of convenience, the
reflectors 80 could be relatively l'arge pieces cut from

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

-be 30
t he

As noted above, the ingots 26 of ceramic .

material are supported within the 'coating chamber 12 by
20 crucibles 56 that retain the molten pools of ceramic
material produced by the electron beams 28. One of the
crucibles 56 is shown in greater detail in Figure 10 as
having a three-piece configuration. An upper member‘82
with a tapered upper surface 84 is assembled with a lower
25 member 86, forming therebetween a coolant passage 88
through which water or another suitable coolant is flowed
to maintain the temperature of the crucible 56 below the
melting temperature of its material. A restriction plate
90 is also shown in Figure 10, whose thickness can be
30 selected to change; e.g., decrease, the cross-sectional

flow area of the passage 88 between a coolant inlet 92

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

18



preferred material for the crucible 56 is copper or a copfd@brugry 8994
necessitating that the coolant flowrates 18 4 February 2004 WO 01/57288
PCT/ USOQ 21175 through the passage 88 nmust be sufficient to keep the
crucible wall 96 nearest the nolten portion of the ingot 26 well below the
tenperature of the nolten ceramc. As is evident from Fi.gure 10, and as
further di in 5 reference to Figures 11 and 12, the gl &GhsRp1PRaM 28
s prefeb@%P§§§g%jected onto the tapered surface 84 as well as the ingot
26. Consequently, in order for the exterior surface of the upper nmenber 82
to be adequately cooled, the thickness of the wall 96 nmust be mnimzed to
pronote io0 heat transfer wthout jeopardizing the.nmechanical , strepgth of
Phe or uci bEBTBYSITERRyRISH 2051 e DREE G SEOREPGeRa | n deaHh Ehe |
i nventi on tagiditiat egalhessf aknreati dheofmabhtept powk icanfdfguriae | dngbor, the
cool ant passage 8 S I §3Hﬁ§: t bl ck f | 15.96 to
be pr oduce%svm“?eﬁlt ﬁaﬁfo‘f’\gﬁgFa%%é@g | -eEI gﬁf g%%i Hn@ﬁ%gglnf‘%g}ﬁara I on %SII
depend on darieubdéatct drom aFipueéedifed and| &s fuvhhent discudsrd fhve to
fifty al Lons/ mnute_(a nty LQat hyll egh e bt LEASHEAAT Y Ysi N
wat er a% arﬁgézségécﬁéagggpr%%g to é@ s?%'atnns ﬂe?es ?about two to_six
bar) t hr oughre£ qradslagepreBeahede cBESs FhsecizprEed apuifare Hoas 498lime,

and with a_,mpydumpued | 2 hi ckpaseqabnabout 130 Jraadd] meentné hextsuibace 84,
and about ?snnlégﬁﬁé%%% t he i ngot g% Fi%ﬁres 1% and, 12 represent.a

preferred Fatt@de 9F £He (RPN cBEMBRTbELmst28P5n 33RaY % 58°15% or m
the pool s @heCanabitneds esf athe Amadkensi musitgireesuitimized 1to phembeam 28

i's al so projected _onto that i of LuGlhl e fac e iately

sur r oundi n?% i 565‘9%1' V\AR’?‘ %Etoﬁlg ‘peplg%g? 5?11%1& k.‘?j]he 'ggé_m 2§e§ﬁa#%ggi

cruci bl e setiraeet30 &2. thhecpneibleedbpondinaliwtktipie driese ofrufdbdrect ron
- beam 28 is ML i&weW&§ astRayi ng ipRAkT ilprat ehcBAEatds  the

i ngot - cruci ace, little or no, .
fabrication of an optimal configuration for the coolant

passage 88, as well as enables the thickness of the wall

15 96 to be produced with tight tolerances. While an
' optimal configuration will depend on various factors, a
preferred coolant flow rate is about five to (fifty
gallons/minute (about twenty to two hundred
liters/minute) using water at a pressure of about two to,
20 six atmospheres (about two to six bar) through a passage
88 whose cross-secticnal area is abouﬁ 400 mm®, and with a
maximum wall thickness of about 10 mm adjacent the
surface 84, and about 7 mm adjacent the ingot 26.

Figures 11 and 12 represent a preferred pattern

25 for the electron beams 28 on the ingots 26 to form the
pools of ceramic material. As seen in Figures 10 and 11,
the beam 28 is also projected onto that portion of the
crucible surface 84 immediately surrounding the ingot 26,
with the perimeter of the beam 28 on the crucible surface

30 84. The preferred power distribution 98 of the electron
beam 28 is shown in Figure 12 as having peaks located
near the ingot-crucible interface, with 1little or ‘no
power aimed at the center of the ingot 26. According to
this invention, the benefit of directing such high beam

35 intensities away from the center of the molten pool is a
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power aimed at the center of the ingot 26. According to thifebriay&ad4 on,
the benefit of directing such high beam 35 intensities away fromthe center
of the nolten pool is a 19 4 February 2004 WO 01/57288 PCTI USOQ 21175
reduced tendency for spitting, which is generally when a droplet of nolten
ceramic is ejected fromthe 'pool during coating. Spi tti.ng i s associated

wi th def ecip dis7h coating produced on the parts 20, and t 4.s 5
preferably av0|J ﬂ? Projecting the beam 28 onto the cruciblg%éékggﬁvgg to
reduce the anmount of ceramic that mght otherw se buildup on the crucible
56 due to spitting, and also provides a nore even tenperature

et | gagi ng.

di stributi gease i t £8r Paglk tagndet
When YSZ |§Qc&§ed as therlmr?ot ?erl an,g sﬁﬁmggﬁgl%me%%néﬁ?gggt les at the

peaks in RFERIEC1STAMOIGER RETHMG bF 8BBGESH. fTRW e RePl HWpIEd to a

maxi mum | eyeat ohgaboutsPi i kdV e alssidid ateent @itdf &Goeepesl . ihS ¥hesO
shown in Figure 10 is t.hat the elgﬁtron eam 8 is i cit&%nt on t he, surface

of the ingoPaoaldt BACINSECGuES & s&3ES o Wqt atﬁrﬁd;h ftolfts
respectsvepEBfguab3Q aapeobdednl | Mmrysotimgn pdient b#@M 28d @nto the

oppost ol Ve ghappeed £l SLakyLl! ResSHldl PeL! Ahth:AD It BLiR U © 56

at the per| rre of at t'er own 1 n Bferred
beam pattIElghT-nt @ﬁbﬁﬁwl(ﬁﬁtﬂ-‘élﬂ{@m an’lantlh%rucrbbebEG §l6i gl to

drmmshess Eeiﬁgabl ¥%nby ahaut Qéwaeéoo r gl Vpevte%tlg:%bﬁ;}é?g%ﬁﬁf@

peri meter eam pattern, 25 at |ocations on the_cru
correspond‘iihﬁt{:bb’tlﬁéonpr%‘ﬂ?i%? dPeL &R M kedsi epernisedoovihl 101.

The pus pogﬁfﬁaréaduem@m@e i nt entserd y ©éz t hesbeagepgat hgr n tq{e t cpcgom mal -

i f th b he b
28, ‘i | ¢ FRHBEIRY:  nE352ke5m PR ) ke Al o7 oo nt

101 has Figure 12 are on the order of about 0.1 kW/nm1, as
compared to a maximum level of about 0.01 kW/mm® at the
center of the pool.

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

20 with the crucible 56 at the perimeter of the beam
pattern. As shown in Figdre 1i, the preferred beam
pattern intensity on the ingot 26 and crucible 56
slightly diminishes, preferably by about 30% to 70%
relative to the remaining perimeter of the beam pattern,

25 at locations on the crucible 56 correspending to the
proximal and distal intersection points 100 and 101. The
purpose of reducing the intensity of the beam pattern at
the proximal intersection point 100 is to reduce erosion
of the c¢rucible 56 by the beam 28, while reducing the

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

. Another preferred control feature of this

20



been shown to reduce waves generated by the beam 26 on tHdebplanea0%er ami c
pool from pushing nolten ceram c over the edge of the crucible 56.

. Anot her preferred control feature of this 20 4 February 2004 WO 01/57288
PCT/ USOQ 21175 invention for. the. electron beans 28 is the ability to
temporarily interrupt the beam pattern on the surface of - the crucibles 56

wth a SepRbILB -gsgher - i ntensity beam pattern 97 dedi cated porRGhHAYNI 2
f aster evaporatlon s rate over a small area in order to evaporate any

ceramic that nay becone deposited on the crucibles 56 as a result of
spitting. This feature of the invention can be .perfornmed during the

coating Opgugéé I LR ntlﬁe elledtrord MBREMsOL 4 NG Hepgsi Lo Precess. In

a preferre odlment the operator initiates an excursion of the -
separ at e p&tetnmqrm}tb é’\?’éﬁ‘éﬂipé éf-l'!ﬁuh’%ﬂfb BRLEBFRNCER e t ReTéngei Wi 56,

the patterny/ b%ut:'lbitesauﬁ@mltﬂ'ﬁ' by séﬁ@@étél Priefhely0 i3 eIV POHainON,
fromwhich the pattern %(z{can é en be- nual gy noved under, the di,rection

of the is GRRRT ConaietFREE rérﬁcaﬁ FYIRY By dGEheH | SYRPPT AR ni ng
t he patter e tOvérkaowhaldsidrem, ihherdeirk el fmmbo)fam r@f@ ceatandeul d

|l ead to da e of t cruci,bl S ce nat t he ition
of the pattt T ey h%ﬁ?am%edspgégsgamgﬁ! ctxﬂlzﬁl}ﬁ]es Z%é/o%ér 8t 'ortesglg ent er
the | ocati @€t ompﬂtﬂ:mgum bl &h56& orfte@tuntﬂ cloft heheat tevengidrs taarbe be

projeCtedwﬁ$¥§§?ﬁ ?ugfﬂ Phe! RBAEHYS *Hﬁefﬁiféﬁi fﬁ@pﬁingﬁaie

renoved wi ern can o ten e renove e mani pu?Jator 77
shown in Fiigwpacty. QJS I\/’é@@m Aeposalionat HRRESnd f ebY tAe PHGIEITEE up

t hrough, ¢ h r&ﬂ&ﬁm@&tth%eeatdﬂw eﬁe&a%rlznamlam@ ahhee:sé&b.eebbﬁso% can
be seen 1 n Figures and

7. each nﬂ-’g}?u?@a{@?ehﬁilgﬁeﬁﬁn@g 5t S%g%ﬁﬂ?f?#ﬁ%a%% 11 Aap s S0 Foramies o

on the crucible 56, the pattern 97 is first automatlcally
repositioned to a known position, from which the pattern
97 can then be manually moved under the direction of the
15 operator toward the ceramic buildup. - By automatically
" returning the pattern 97 to a known position, the
likelihood of errors that could lead to damage of the
crucible 56 is reduced. Alternatively, the position of
the pattern 97 could be preprogrammed so that the
20 operator can enter the location on the crucible 56 onto
which the pattern 97 is to be projected. Ceramic buildup
on the crucible 56 that cannot be readily removed with
the pattern 97 can often be removed with the manipulator

77 shown in Figure 7. ’

25 Magazines 102 that house and feed the ingots 26
up through the floor of the coating chamber 12 and into
the crucibles 56 can be seen in Figures 1 through 7. As
most readily seen in Figures 2, 6 and 7, each magazine
102 has a number of cylindrical channels 104 in which

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

35 and thereby optimize the coating zone over which the
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30 the ingots 26 are held. The nmgazines 102 rotate to i ridesbriany@08426
into alignment with the crucibles 56. The magazi nes 102 can al so nove
toward and away fromeach other (i.e., laterally relative to the coating
chanber 12) in order. to nmake adjustnents for crucible separation 35 and
thereby optimze the coating zone over which the 21 4 February 2004 WO

01/57288 Peops¥sg 1175 devi ation of coating thickness is ac @f@%@lm

feed nechanisns used to grip and feed the ingots '26 into th
56 generally include clanping arns 60, each of which is disposed at an
angle from horizontal and adapted 5 to hold the evaporating ingots 26 in

pl ace whi l %etﬂeatlr@rgaéfn%o]a(izlﬂg tﬂ%?&ﬁgss-rp]%l ?ﬁ?ﬁépeggégf ngaﬂgle | ngo 26

engages the evaporating ingot h fac
in an up\/val"tfca?alflb"ﬁ‘i‘%nu\‘ﬁﬁ@h ten gBeiRvargr feediithouingptswidfy ihsocithepi ng

arm 60 to &Jmﬂﬂ_bllce@os\w@éﬂetra\a@wd ﬁ:émméoelé\rhpﬂﬁgl bl g CRaWBS of

determ ned ause amﬂ n%(éof the fee hani’sm =~ Accor di na to the
g

i-nvention, :I"'F‘Féoi aEe&&eﬁﬂ q A% M 1FB Rkt apAgedapsed th
t he | ower mmd hodet hEhevaqsmpcbrmtgmggdtng?tﬁ:sM Rlgi nihhepridei mlﬁﬁ taad 15

t he el evat feed he _n t 265intQ the c nber 12 beh| nd
t he evaporati 9%12 |n(r31ego? % i %Il&ud%\%ggr %rl}ﬁ‘ nﬁPPFﬁté"‘lﬁ gor‘? tHE™ 6

deposi tion emgatgﬁs cetrleri cevaposatingon ingetpar2és 20uhﬂ'd:ﬂm vfawﬂalita%&snot ed
0, ref e engRdio i €4S 3020 bBr ouh & | AN L URAS! JRMAL 1 ool

Fi gure 13. The viewport 48 I's configure permt the operato e
appar at us FEERtHS R Vi HORBaR L AGWaBEr éﬁlﬁoﬁlﬁwnﬁjﬁi@n €Betparsisdeo

bei ng aoat @dwrierdookswairanol sen wmmalt hepcraeifd:ﬁ&ﬁ or s 3} @f ougd ot he
cruci bl es %\%t and thcﬁ 2|?5 mani pul at ors ve ‘the reflectors 80. As
8

shown, the % gBRErSl | Qag‘ﬂué"ﬁm 6’ uré:l'{enat eedc| pgevagism.
fl ui d-cool ecd:cmmhmg e plate 4B€ w tinventiopti onaack ndanadfBiher med gof

sapphire '%éﬂﬂgﬂﬁléily aligns the next ingot 26 with the lower end
of the evaporating ingot 26 within the crucible 56, and

15 the elevator 61 feeds the next ingot 26 into the coating

" chamber 12 behind the evaporating ingot 26, with no or

minimal interruption of the deposition of the ceramic
material on the parts 20. | ‘

The viewport 48 noted in reference to Figures 3

20 through 5 is shown in greater detail- in Figure 13. The
viewport 48 1is configured to permit the operator of the
apparatus 10 to observe the coating operation, including
the parts 20 being coated, the pools of molten ceramic,
the reflectors 80 around the crucibles 56, and the

25 manipulators 77 used to move the reflectors B80. As
shown, the viewport 48 is generally an enclosure that
includes a fluid-cooled aperture plate 106 with an
optional window 108 formed of sapphire .in order to
withstand the high temperatures (roughly 800°C or more)

30 in proximity to the coating process. A shielding gas is
shown as being directed toward the ‘aperture plate 106
through a port 110 for the purpose of minimizing coating
deposition on the window 108 or equipment behind the
aperture plate 106. Within the viewport 48, a rotating

35 strobosco‘pié drum 112 serves to minimize exposure of a

22



wi thstand the high tenperatures (roughly 800C or nore) 304if¢bprasx2®@4y to
the coating process. A shielding gas is shown as being directed toward the
aperture plate 106 through a port 110 for the purpose of mnim.zing
coating deposition on the window 108 or equi pnment behind the aperture

pl ate 106 Wthin the viewort 48, a rotating 35 stroboscopic drum 112

serves to m exposure of a 22 4 February 2004 WO 01/ 57
PCTI USOCO Z‘Y?'Pégyvﬁgvm ng wi ndow 114 to radiant heat, light and © 3?001175

radi ati on fromthe coating chanber 12. In accordance wi th known practice,
the drum 112 has slots 116 through its wall and rotates at a high rate to
elimnate visual 5 fljcker tothe eye. e rver e W 14 is
pref er abl y VAL GWARF p|vE: Quat z & %;‘?@Q' g‘i‘} gl asdd L&nd?&%dc&t

gl ass. The ;a4 i gh agyopm ouhdexqsﬁg/‘smgalchasr&remg&h t herd eadcgtralsmce
provides protectjon fromx: ray d r o] S e reduce
light to int 9 Wih &R et\bp ’t Eﬁgf ﬁlr i ﬁ%égcﬁgaesﬁg&nga lf? ft?x&oh cle
seal that prwmm;laahmctﬂ‘rcntmm agbr @ \Bighinratealtd (ﬁlehbn%teoff@%@[ll c

drum Anot etbednd caldr of @@abbgeev&em%ﬁe%ﬂdw degsa s
stereoscopl |ew of the interior t he coating chanber 12, by which 15

one or mr@m@mlelx @anmel hiiPLaneans| yCobsBaFE4 helagsat i SRAGhGHSSE whi | e

retaining depjh,pe b@ng188ewn iThdigia A4gissa preteaeedprgiticell panel
118 for cont h?llongagﬁi‘ ITD?]I'[OI‘II’] the%ﬁ gl&ss P p@?gl

PVD a ratus 10__ of
i nventi on. Slﬂrr’ée@ﬁ)ﬁr oFRBahERd1 833 Z%‘P‘s\f‘n ?Eﬁ?ﬂgfﬁogcﬁer@t ¢ of
t he apparatygd 10ragd idslotspogtats, |:m:I uulsegulndltm a #@fucer ildgdihei dual
conmponents (e.g.,.the cqating. ger ) S [
i ndi cat¥ts HFQ"?Q‘F%%'éYed gjg}eaceﬁgaggg ?cf%ﬁigﬁ r%rsga%(l ?l%%lt gkic
operating spattbcbé tdmalb tquoom‘ed%md asmhﬂ@ﬁ!efremrtaei%ng@w
operation g _{hefggr r Eﬁ@onglt%w@t Ardhe panghoth8yri spﬁérf%fﬁre@ﬂ y

surrounded y gauges for qyantl yi ng process
feature is that the viewport 48 provides a stereoscopic

view of the interior of the coating chamber 12, by which

15 one or more operators can simultaneously observe the
| coating chamber while retaining depth perception.

Shown in Figure 14 is a preferred control panel

118 for controlling and monitoring the EBPVD apparatus 10

of this invention. The control panel 118 is shown as

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

25 components, and switches 124 to change the operation of

the corresponding components. The panel 118 1is
preferably surrounded by gauges for quantifying process
parameters, such as pressures. With the panel 118,

information regarding the operating status of the EBPVD
30 apparatus 10 can be quickly and accurately noted to allow
the operator to make any appropriate adjustments to the
apparatus 10 and the coating process. '

In operation, the apparatus 10 of this
invention fnay initially appear as shown in Figures 1 and
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paraneters, such as pressures. Wth the panel 118, i nfor fdtgtwary @984 di ng
the operating status of the EBPVD 30 apparatus 10 can be quickly and
accurately noted to allow the operator to nake any appropriate adjustnents
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 23 4
February 2 o3,04/ 57288 PCTI LIS00/ 21175 2. As di scussed preyi ousl?é- t he -
parts 20 to be coated are |oaded onto the rakes 22 within t & Vo Mj’s
chanbers 16 and 18. The parts 20 nay be formed of any suitable nmaterial,
such as a nickel -base or cobalt-base superalloy s if the parts 20 are

bl ades of gas r Qi 3N C as r i ne, engi ne bl ades,
prior to ciza'ti néywa%ﬁegﬁgggpgjaﬁeﬁj&u%%f' t%ggsgaflgccs’e55§f _%ebﬁar LLGY |
typical |y Breréonded wnt® fheornekesaR2omiltidwn thenpoaiinon drmmbarsissed
previously.1 A\ §83PMIPr t @hi0 HENOST bhNg e ] G aT f of the
bond coat is preferabl \éegrit bl ast ed t‘oavgle%%nrftag%aﬂggor%ge c%ﬁ? Zsﬁ{lft:aﬁvg_e and

produce an HHteFift suFPERe2fi & IH GRRpIRASE (oF cobpdsirbase coinsmslld PPVD
cerani ¢ £oaif nghe- pAlrt® @0 Oiret BlAcResidi W §he ¢RHANidfe COALIAL, - 13—{‘

al um na scaEIe is_ 19 p(r;eferab;% korrred on, t he Eond coat at an el evate

t enper at ur 1% FFER0E ahiesFORLEP S HPERR | R{29%Re PHIAK nhOsEAAEINsT t en
referred tovigsh athleerappéyaguewio oxittte osudfiyedewd ophel eaFOXi datzion of
the alumn canf A, ni b 0 ei thr h_expasure to_.el evated 20
t enper at ur 8 pr |v-o_rf¥o grg d%@l e%os% :Eic-)ln c%f tlﬁ%nger,grﬂad: cog ing‘,ncfﬁn by
way of a .MapPesipkeat ke tdbscwened speevitualyy per Adsoed prdio hito

pur pose.g A | N | Sel i t p f |y
bt eheat s Lar Abost JAD0C. Lo R A g at TepRAr e el Ot bEPRY G98F 25 to
preheat paritSs PXELRFRPHY eBELE E’Héﬁg&d 2 i gireftdranPynd napataisnef aste about

600C to i rird zeptddutenpanat bpeimuangeurTady cheiheskhaphglhitdd S for

subj ect ed %ﬁé&tﬁng columnar EBPVD ceramic coatings.. Also prio.rr

to depositing the ceramic coating, an alumina scale is

15 preferably formed on the bond c¢coat at an elevated

- temperature to promote adhesion of the coé.tin’g. The

alumina scale, often referred to as a thermally grown

oxide or TGo; develops from oxidation of the aluminum-

containing bond coat either through exposure to elevated

20 temperatures prior to or during deposition of the ceramic

coating, or by way of a .high témperature treatment

‘specifically performed for this purpose. According to

‘this invention, the parts 20 are preferably preheated to

about 1100°C in an argon atmosphere.  When not being used

25 to preheat parts 20, the preheat chamber 14 is preferably

maintained at about 600°C to minimize the temperature

range to which the chamber 14 is subjeéted during a
campaign.

After preheating within the preheat chamber 14,

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

35 process, a quick vacuum check is preferably performed to
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canpai gn. After preheating within the preheat chamber 14, 4 Bebrutyy 208kes 22
are further extended into the coating chanber 12. As previously noted, the
apparatus 10 of this invention is particularly configured to deposit- a
ceram ¢ coating under the elevated pressure conditions taught by Rigney et
al. Prior to initiating the coating 35 process, -a quick yacuum check is

pr ef er abl dto 24 J 4 February 2004 WO 01/57288 PCT}l(H§ﬁ§y 0211780
track thexvg%i/é@%lrerate and pressure achieved within each t he coati ng,

pr eheat and Ioadlng chanmbers 12, 14, 16 and 18 during a set tinme period.
Doi ng so serves to determ ne the vacuun1integrity of the apparatus 10,

whi ch 5 wags,. Q%ﬁvtﬁgspﬁrr@%'d‘w‘%f ek aﬂdppreésafé EBBY@v@raewexﬁ% ed & ough

an OX|dat|on est perforned on sacrl sSpeci The chanbers 12, 14,

16 and 18 afe t&ﬁac@%@’é%ingw prehesd aHPE‘QP Bu “%Ifﬁ offat fdsphEfi c
pressure, saRd ]gd‘leau@lli)&go\/\@r seymenmed pdeiodr essmasmgdrstp ts@r&re@un@bIO 20
nbar:. The cr ogenlc . referablg éﬁrted es ur

Tbout Sx1008L RRRANE CASMBRAIT THESITTEY, SEnERR: FPREOT U AL

are stast egagobrédiegm@t | Pgr Botmede kdai qhalrmerarﬁ.Z EBrPGFDlébpldfmtBons
pressure of_ about 5x10° 2 nb r ed pra res
Vi thin t het'084FRg &b- p?’éﬁ 't-'laﬁangzgegsl 1%&%%’?{9 gnar e§% ff%%&i’

10-1 nbar, spetlilmenst abl®he cobainhgrpr d2surlds bed n@n@bé@t e ZET@C%WI@
5x10" 2 ”ba{% tgﬂg LbepsadthAg 05@1%9“3@9@1%61 QﬁmbB?hBQ‘i@ S&reésure,_

dual - el ene I'on gauge 55 provi a manual 20 ‘'valve 57 is
préf er abl yandethes . r?ee@tﬂ“@lf HeoRaeneht WREBsBreSRMTNSh MR ddatFRg RRanber

12. By ,Ysi Bg angaege §§erﬁdgﬁiﬁpﬁn@ambl y3ppersabpectbeaBlls, seitbed
el errent can be selected for usgfnvmthout g ; typtm% the coatin
sEpkPat cd"By”

oper at i on. WARPer ifat i BEP§SUFGRo i99n gARGRSs at ed a 25 va’r'?/%gk&%ﬂrd be
provi ded, sBetrkafteirt, hathegaligifwoidnl pemps 32 and 34 are started for

the coating and preheat chambers 12 and 14 when a
pressure of about 5x107° mbar is, reached. Suitable
15 process pressures within the loading and preheat chambers
'14, 16 and 18 are about 107 to 10" mbar, with .suitable
coating pressures being about 10°%? to about 5x107° mbar
within the coating region defined by the hood 52. A
dual-element ion gauge 55 provided with a manual shutoff
20 valve 57 1is preferably used to measure the vacuum
pressure within the coating chamber 12. By using a gauge
55 with independently operable elements, either element
can be selected for use without interrupting the coating
operation. Alternatively, two ion gauges separated by a
25 valve could be provided, so that either gauge could be
used or swiﬁéhed without interrupting the c¢oating

operation.

In a preferred aspect of this invention, the

cryogenic pump 32 is preferably started prior to the

30 diffusion pump 34, contrary to prior practice in which
both pumps 32 and 34 were typically started at the same
time to minimize ice buildup on the cryogenic pump 32.
Starting the cryogenic pump 32 before the diffusion pump

34 has been found to significantly reduce the amount of

35 time re(quiied to attain the coating chamber pressures
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used or switched without interrupting the coating oper at i#digbryaty g004
preferred aspect of this invention, the cryogenic punp 32 is preferably
started prior to the 30 diffusion punp 34, contrary to prior practice in
whi ch both punps 32 and 34 were typically started at the same tine to
m-nimze ice buildup on the cryogenic punp 32. Starting-the cryogeni-c punp

32 before 3§ ofiksoh4/Si on punp 34 has been found to si gnificag;%éﬂ%%gﬁ% t he
S

anount of 35 tinme required to attain the coating chanber pre

February 2004 WO 01/57288 PCT/ US00/ 21175 desired for this invention. Wile
starting the cryogenic punp 32 prior to the diffusion punp 34 pronotes ice
bui | dup on &keicegofenri chispBintivs. | CRhthe beatreidved hatcipsgend. of a

coat i ng canpalgn . Ot her cqnveni.e s tine, During the coatin

oper ati on, ngﬁégelgﬁct ?Fgoynlé)%egcr% Sar g1;t1§83§.8& oR*"Re #ﬁgoﬁ’go‘%?e?hef‘é%y

;grnbagl‘thbu#bdupnOpo¢h§(ﬂrxngenﬁq:Emmpva@orshishated@mmﬂpeCE?P¢¢Edparts
: ile vagi i .. u : re ed ceramc

mat eri al fo?ET%%\%(%gﬁitﬁgrg?%rsgﬂth e%lc&r{]rl otl%qugit?tié gi ro%gz%ra %&E‘b tent

partiall§ oF*®ALly stabilized by yttria (e.g., 3% 20% preferably 4% 8%
Y203), though yttria stabilized with magnesia, ceria, calcia, scandia or

other oxides coul d bepugedg ThelS coOBihdy Speratien, contiues duttidythe
desired thickness ., for the coatipng on the parts 20 is obtalned,_ after which
Tt gh (e p

the parts 28°3PE 3%andF8r FEFYFFbu BEREE dfanbeRerelyt Femeiadadi ng
chanber 16,th§t@b3@dnﬁpbbésl@ﬂﬂingramhaMmﬂdlﬁaparsemmattaegb@Q%phﬁEe
ner ease ¢ REEGoBTRE 1, WHLbrnofbiTos| Sotificn BHGUT-Tb. RN et er
to avoi 80 divsefbi AgPIesETIRE SeAMipIRsterEatofioanitBEnt(end ttherefwre
fg?[‘?:{fylzthé‘l,i&&i@é‘d 26P. RO ABIRHARASARro,| "BurbLales 18Pl iy
stabilized by vyttria (e.g., 3%-20%, preferably 4%-8%
¥,0;), though vyttria stabilized with magnesia, ceria,
calcia, scandia or other oxides éould be wused. The
15 coating operation continues until the desired thickness
for the coating on the parts 20 is obtained, afﬁer which
the parts 20 are transferred through the preheat chamber
14 to the loading chamber 16, after which the loading
chamber 16 1is vented to atmosphere. The wvents are
20 preferably at least 30 mm in diameter in order to
increase the venting rate, but generally less than about
60 mm in diameter to avoid distﬁrbing dust and other
possible contaminants within the chambers 12, 14, 16 .and
18. For this reason, it may be desirable to initially
25 vent with a smaller diameter valve, followed by a larger
diameter valve.

While our invention has been described in terms
of a preferred embodiment, it is appareﬁt that other
forms could be adopted by one skilled in the art.

30 Accordingly, the scope of our invention is to be limited
only by the following claims.
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25 vent with a smaller dianmeter valve, followed by a | arger dianeter

val ve. While our invention has been described in terns of refe
enbodi ment, it is apparent that other formnms could be adopﬁ@&gﬂyw%zgig

skilled in the art. 30 Accordingly, the scope of our invention is to be
limted eqlpyqy. the following clainms. 26 4 February 2004 CLAIMS: 1. An
el ectron beamphysi cal vapor deposition coating apparatus conprising: a
coating chanmber containing a coating material, the coating chanber being
operable gt an _ele at%g tegperat re. and a subat nospheri c pressure; an
ol ectron Heam Gl SHESIEEE RGHh PEYEAERIn 'BERH FRPGS HHE T GRETHE % hamber and
onto the ¢@alir@uBiRAlisinke el ectron beam gun being operable to nelt
the coating  material and to evaporate nolten coating naterial; nmeans for
supporting an & tGoaitd nign chisgbegacong adhameer coatiingt medssris lof thige coati ng
mat eri al i rt.icle:; iLewpor.t Vi ew | ten
coati ng A%ﬁ%ﬁiﬁé(a%a %ﬁ %ﬁéh ogpﬁﬁggéﬁaé%egg F%gggﬁgépgﬁ%g%g%ﬁglgp
flui d- coolaedi zamtibzaviosgphe riagpekiscuparticle seal, the viewport providing
a stereoscopic view of the coatbggschanber. 2. Anéﬁlectron beam physi cal

I

vapor depositi GR EFEGTHGD RF5HEY PZEIGFHRG B8 EL&SHTPR RFéMe iR Hone

viewport +GMRJa%e%A hRh@leiN@ndd LRSS ¢BRI CodrumMyt RiaeWdh i ¢t he article
and the nolten coating naterial is viewed. 3. An el ectron beam physi cal

vapor depe&diecitaenc saeingunapsangt epeaebdediteg med teltdiemcbatimer ei n t he
viewport patdtiaA% 2 flou 'e%é§%%'a%% %{loﬁk%nwctogt%?lﬁagn%rtte%ri%ls-.epar ating the
viewport fromtheé coating chanber.” 4.77An el €Ctro eam physi cal vapor
deposi tion coatigags dRpalapesrader Gnngricd clleaiim FhewWaemiimdt ke avwibaapor t
further conprises neans for directing a shielding gas at the

30 that wvapors of the coating material déeposit on the

article; and

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

a stereoscopic view of the coating chamber.

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

article and the molten coating material is viewed.

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

the viewport from the ccoating chamber.

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

aperture,
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aperture. 27 4 February 2004 5. An el ectron beam physi cal vapor deposition
coating apparatus according to clainl, wherein the viewport__conprises: an
~encl osure; a window to the enclosure; a fluid-cooled plat e%ebwaﬁkﬁz%ﬁf‘ert ure
separating the enclosure fromthe coating chanber; a rotating stroboscopic
drumw thin the enclosure through which the nolten coating material is
viewed; and a shielding gas flowing along the aperture. 28 (12)
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R (57) Abstract: An electron beam physical vapor dépasition (EBPYD) apparatus {10) and 2 method for using the apparatus (10) to

=~ produce a coating (e.g., a ceramic thermal barrier coating) on an article (20). The EBPVD apparaius (10) generally includes a coating
chamber (12) that is operable at elevated temperatures and subatmospheric pressures. An electron beam gan (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

a on the article (200, The operation of the EBPVD apparatus (10) is enhanced by the inclusion of a viewport (48) for viewing the
coating process performed within the apparatus (10),




