;efele’j g|">6t TDI PHYSI CAL VAPCR DEPOSI TI ON APPARATUS AND PROCESS FI ELD

OF THE | NVENTI ON i nvention generally relates to i

appar at uses of thmﬁ“mm“mmmw“lto deposit cerami c and netal li c@ﬂm\mﬁw ml\m)re
particularly, this |nyC$&52Lon relates to a physical vapor dep on D)
apparatus and process Tor depositing a coating whose conposition*é8fit ai ns
elements with relatively ow and rel atively high vapor pressures, such as a
ni ckel al um ni dery$wYEad VWRGR DEPOBITION ARFARATUSYANDI RROG@BISOr cerium
DESCRI PTI ON OF THE RELATED ART Conponents within the turbine, conmbustor and
augnent or sections of gas turbine engines axe susceptible to oxidation and
hot corrosion attack, in addition to high tenperatures that can decrease

t heir nechani cal properties. Consequently, these conponents are often

prot ect ed i oating alone or in conbination with an outer
t her mal ba@ﬁyogg\gﬁﬂg(’?&@ycmhi ch in the latter case is ternmed a TBC
system Diffusion coatings, such as diffusion alum nides and particularly
pl at i num alThenrpresete Sinydritiah) genaratly oelatdsay aating ragparatuaest o tHeatyby ustt A6 X

all oys (where Mis iron, cobalt and/otr, nickel nd, X is an active, el enent
Such as yraePP RIS Oth B AL EoRer n Mspe Patiek: Ute risRhon SRRy used
as envir ongmRiical veRRt dpesitibe" (PYAY) hppabitRe aR PrH&s§ TOPABFRthg SedodfThE
materials such as zirconia (Zr02) partially or fully stabilized by yttria
(Y203), maghessi comipogitipn wontanseslements awith ralasiviglydlowy and eddatielyr BEhneaper i al s.
Used in combination, wth. di. f.f usd on .al.um.ni de and.Mcr Al X.over |

coat i ngs. SEPVRREs AR5 hgickebp g TRt B R e i oY

substr at e.cefiagh. al um num cont ent of these bond coat nmaterials provides for
the slow growth of a strong adherent continuous al um num oxi de | ayer

(al um na scal eg@t el evat ed ten&ger atures. This thermally grown oxide (TGO
protects t RESEBIRRITIOD, OF TRERELAEY R end hot corrosion, and - ~emcally

bonds the TBC to the bond coat. 1 Sui t abl e processes for depositing

MCr Al X coathgsndniC it tHaChubhe, SRS o CAhigRRnr as%@@oxﬁpé@%/és”ﬁuﬁﬂ@' hi gh
vel ocity oxyfuel (HVOF) processes, and Ehy5| cal vapor deposition (PVD)

processes engoiesame shseptibla theanidgpiopsansdahotvepronsiane pitaskt iroaddiEBP\D) high
magnetron sputterin cathodi c arc.. ion. pl.asma, and pulsed | aser .deposition
(PrDy - PvoepiPeteies e GGy P i chRBNER "Bron By Dol EbSned SR e
essenti al | onffonbhtg abaftdmErokRMALS 4 fVirdamkeh@Ncoating alBRE ih QOmbImaEbh Ny a
vapor of the coating source material in the presence of a substrate that

wi || accepvith g opisathergal tErder eating CHGh tvhich! inythe latiee sesatis teampdptiBfn of an
EBPVD coatjng apparatus 20, including a coating chanber 22 in which a
conponent I'S suspended for coating. An overlay coating 32 is represented

as being deposited on the conponent 30 by nelting and vapori zi ng an i ngot
10 of the Ddfisioadcoativgs, sgehrastdiffusion alutiinides &ldguartiatarkyeplati@én phundiucies by an
el ectron beam.gun, 28. . The intensity. o am 26 i s sufficient pr oduce
o Stream 32 AD g Srertavatod B dncidily MEATS Re (bhed oisr okt ver | ay
coating 3ZndAs MbiRWNand KeisvaPadiveldleast ek W RArRLESr hh@fit@rap® hrtH br Of
molten coating material contained within a reservoir formed by a crucible
12 that suteagiveckiement), aspaviddydised as pavitongental goatings der pas wrkinhengisei t abl e
cooling nmediumflo thr.ough cool | asSSa 16_def.i ne 1t i

cruct bre 1o Eetalip Heta e s PR RO F R L PPy ne i
i's gradual yiytiz oniNEda@esia@1E@Pess btheO Bxides Ges widdl aised @O ITBLO niaferials.
increnentally fed into, the, chanber. 22 through an airlock 24. Mre, recently,

overlay codsddnigscqmbigationywith TR ¢ diffysign plumingie: and MEs AR jovreay soatimgni de
Ve, ¢ . . | t
mt or 1 al s, LR Rphd Sod Whatae P TBRORCe Wafiiig SRILS TR, oot

about 30 tanxdnof thefe bdmindoat metecial3tpraxtides forithe stdve glvaithio€ @ swbng fdherent

ni ckel -al um num conposi ti on, bejn i.ckel . abl e ex | es of beta-.phase
Ni Al coat i TREUAHES Q@H@W&"&g@eiaé’ghz%m%gqa iy qﬁf‘@.te n&fwatm.s' 51,61955, 852
to Nagaraj th@ﬁmﬁiy- ’grdw xidh %@G@?eﬁro?ec{\l' e B8R4 | Yt IRAY &Q&dtcAPRAPRLI Y |
containing one or nore active elenents, such as yttrium cerium zirconium
or haf ni ungorensibng ahormicalydiogdethe UBS. tdrthe dnnd dent. 6, 291, 084 to Darolia et
al ., which discloses a Ni Al overlay cogting material containing chromum
and zirconium Commonly-assigned U S. Patent Nos. 6,153,313 and 6, 255, 001
to Rigney 2 et al. and Darolia, respectively, also disclose beta-phase
Ni Al bond coat and environnental coating materials. The beta-phase N Al
all oy disclosed by Rigney et al. contains chrom um hafnium and/ or
titanium and optionally tantalum silicon, gallium zirconium calcium
iron and/or yttrium while Darolia s beta-phase Nl Al alloy contains
zirconium The beta-phase N Al alloys of Nagaraj et al., Darolia et al.,

Y o



MCr Al Y-type coatings have been deposited using PVD and thermal spray
processes interchangeably to achi eve acceptable | evels of environnental
protection. Al though no advantages have been found for either deposition
technique in ternms of environnental performance, PVD processes have often
been preferred for producing snooth as-coated surface finishes and coating
t hi ckness uniformty. In contrast, betaN Al coatings have been found to
exhi bi t si GiltableCigotdsyes ma@p@mn%mtﬂrmx 0Bat g8 sdlencChemid spryinganoras al
properties if deposited by a PVD process. However, difficulties have been
encount er eplawpe sprayingngndi kigh tvslasity oxiyfugh dHY. QW) Aprogesses: igd MAIYPis§levepiE t h

zi rconi um Y] rj er.l sm an a el J t] e as
required b%ilég)t% %lgbﬁl%%c%r%gé%%e?o%@ﬂoﬁ gl\ééée%lfrogj %g%]nafj }.1¥S?%gr€6q\ﬁl a (heei) Hglan Ri gney
et al., an@EBPVD), ngnéiton uaeing cathbéic add, i@nplasmg and palsad tisat depasitiomgot  of
Ni Al +Zr or Ni Al +Cr +Zr, deposition rates are |ow and the chem stry of the
coating ha®lhbenPHiD mreqssses irgqwesm theopresgisepy aLg0ing serresHRACRJIERIPAEON The
present in i | :anp f it ating

P om mul t1 5 e o Incedii R 3G o ek ARE A higins B RERRE L PSS HET "0 e
parti cul aré¢oatingtsemde dndterialepabe tpresendec & h -sobstmté tae wilt awkcéptche @astingg, such

as the ganga phase Ni (.Co, Fe, Cr, Mo, W.Re)]) or hase (/3N A whi ch
S B} oy o Ul or A HAGKAIIE GRPATh &1 PATHAT 1 IRV I8 PRGNS RO bt her
reactive elnermy MOFRe\ BHRRbPIEHS Which & cSinBBidat 3815 kilspeRNEN fok RBRidde

constituents of ‘the nickel-base intermetallic. According to the invention,
a di f f er enAnenwvgplay apiting Iatierdpoesented s bedeg tenwsited onethe soinponendeXkshyy to

hi hi gher d it : d . ol of coat i
cher st ry. Aafing 388 B8l 58 168 0ol B BbeE ey Bl S B B
provi di ng Bdanl 26rodubed pysEaeREtréth beas pun28:h Tk iheasity bivheBéaat 28lis are

fed into a coating chanber, and neans for nelting each of the materials to
f or m nol t epfiieientstor preducsta seam B4toloyappn thafgondansessom ke eorBprRsBE @ iton wit h

a higher v I pr re t a f I i ng
means i s o%g@atgf)gsft?#rrelaﬁgg Eze 1A ?’;'rssgltg a’gh%es\;g grn%%% %f#%fpg a% %I(lmﬁfagfd é)trllt

rates. Fi nkd by mditer capay mhtesial cmitaided withims réervatfpmedibyo amcibid 12 e

wi thin the_ coating chanber. As a_result of t resence of .t separate

mol ten poofl8! SUreiBie g gepRotnd 05 5y Ingo 8 igﬁ%&e@eﬁﬁomﬁrtwtﬁb MOtR&nber ,
necessi t at jBguhAdwi ﬁ']?o@htdoBliﬁg Féssﬁée@ﬁ%%ﬁh&ﬂw‘itﬁirﬁhb ¥Ricftle 198 MARR! ten
pools in order to deposit a coating with a controlled conposition that is a
m xt ure of thehwudibleeld all an aTddeptabbotesperutien gApribisegedimdly ¢tnmsuwmeld by riber at ed
by depositing beta-phase nickel.al.um nide,c L mat.er i al nt ai ni ng

o7 Cont am BPRERBLASHHRS S| o.B MFiBlehhuf 80 oY (R LRRR PR SBBHE Bl nt i on
is al so apglibglapd.e to other PVD processes and to conbinations of PVD and

t he use of gaseous sources of minor alloying elenments. The denonstrated
process produced coati nlgés with controlled chemistries, and at deposition

rates hi ghMorg Frgantho S¥FIveceatings Gicnglod 2 HEBsoRIR Retarphase micke! alyminide coni um

wer e evapofaat:aeh : j et ggﬁ f LSy 1 L ikl be
better app{ﬁeﬁcllg L rg%lr%]t ae%fbgflﬁggap??g&g%% al eai% gré%lg?:?dpk%fa&agwali
DESCRI PTI OrhéRiAlHietDhtANE bkists Foghickel-hhihiauwm @ngobitivat bLalioepBe seatioat 6on of a
portion of a prior art EBPVD apparatus used to deposit a coating of a
ni ckel - bas@Omit EeteeRtaplmAnype: tiej balance; of thesnickel-alupigum gerapasitintnhging
represent abi-plS 9btaRR’bRBRs Yf HeREMRsRA !%Bé{ﬁxgsm A dhadad e rhﬁ‘{% ly-
enbodi ment s1 of th(lgg invenplf%gn. F?P rg 5 ;RS a grap corsrparlgng (t) e my
per f or mancassjgotd bt $.dtasenit do. SEHLIAIGg0 MNagessi teal., byhitln diselBRYM Nidlcesslapf t hi s
Fnvention Yt GPattondily ISRt he B rort RS e B Yeul P OSER Sseritim,
zirconium or hafnium, and commonly-assigned U.S. Patent No. 6,291,084 to Darolia
et al.,, which discloses a NiAl overlay coating material containing chromium and

zirconium, Commonly-assigned U.S. Patent Nos. 6,153,313 and 6,255,001 to Rigney

2



DETAI LED DESCRI PTI ON OF THE | NVENTI ON Three enbodi nents of a coating
apparatus 120 are shown in Figures 2, 3 and 4 as being simlar to the
apparatus 20 of Figure 1, and representative of a type suitable for
depositing nickel -base internetallic coatings. A particularly preferred
coating material that can be deposited with the coating apparatus 120 is a
bet a- phase ni ckel alum nide, though it is also foreseeabl e that gama- phase
ni ckel intgraetaldl Dafolia9ubshebieveligpaish t @cloden bltagphase NiAl hsor@ppastabad 120 is
shown as conprising a crucible 112 through which a pair of ingots 110 and
111 are f edviranwenfakengting gnaterialp e Tha ota-phase Mk leallan dislossd i %@py §tin 128
generates gn r m hat,, i i nat | 1 trell ed beam
j unpi ng teaghﬁﬁ%g%@,g cgn&nt%gﬂ‘f hl%aﬁg%ﬁﬁegﬁdé%rr t&g@go%}‘%b%@&%gg@a@% %124 ™11 to
produce segpihahezif@nien @ochs, Irbd adebr Ithivah, White ID¥g6lia’ srbb@rphaks NML hi n t he

crucible 112. Wth such a technique, the beam 126 is briefly projected (in
the mlli sdlogsantasgarornme atie hetryBase NiALAllpys of Nagarap et ale fiﬂ%lmt aif time

on each i Ngghey {aRNthalidrobeiHA0e B! St 8P irhfidke P a@RSIAYrO4 bl aChi eves
t he energy Dal'ance required to obtain conpositional control. As an

al t er nat i VBEB€ dayeheaherskey mkreasisg tigl seri®® fierof 1R8I BAaysiemn Fi gure 2, two or
nore EB guns coul d be used to produce separate el ectron beans for

i nt aini | t |'s 114 and. 115.. {th, th tus 20 of
Froure 1 SRR foslab Rt riad aReied Rrine Vi ol A SEAERBRP RS S oo
that an ovigfek@¥nsQ@dly fachfdeiade tdveR dIMenkEnBEHTRONSRCidBO0 Athodgh esul t

of the nelting and vagorl zing of the ingots 110 and 111, which produces
streans 131 adyanta@sohaxeapees fonad on edepesitiva  tashpidnenin 13ms The

t 130 ] t t | t t.s th
Commonent. 3fohfeRHERRHAlafL PO RE Sk hORLRG KAR OBk FDRNGRY 0% o,
is a mxtwntooth ad-beatédgefacefiniBhéstdrgl coding thigknasseur@foadlital Iy comnnsy ed- by t he

deposition process, the ingots 110 and 11| are increnentally fed into the
chamber 1291Aligoatings haxe Seent foupd i eyubit significaptly smproyed spallationeregistngg o Ag

known in t ek net gt i r’rﬁy},% I y flows
t hr ough co%\%i %ﬁrgassatg{ag&?i%@gggﬁg%%v% ?’E?ﬁ"fﬁ@"ﬁ%ﬁ%. e %Ig d’?fg%{r%gg%]t ain
the cruci tiaye bien abcomnteaat whtabitempimgp ar deposit. beta-NiMcamtidgnallayedavigh ef er r ed

aspect of the jnvention, the conpositions of the ingots 110 and 111 are
chosen s0 %lwaplmia%%ami KU CorLan, apdlor Snglher oRgui? _weéxtanaeﬂtrgﬂwe@'l i erial .
Not abl e exgaNi&schpd¥ithins ReNagaapétai | E‘aﬁ)lﬁre?a%.hﬁgﬁe;}détsﬁ.', afEDatoliaNFgar aj et

al., Rigney et al., Darolia, and Darolia et al., di'scussed previously,

whi ch ar e éxempld, awbenh adtempting olonevaparate oux iingps ehdNibbr ooavg\f-Gr+4ras

t ur bi ne engine.. lLications., These N Al -.hased.coati,ngs ef.er abl ontain
about 20 (SPASGRPuR AL R BEERETP Y 5T R R RS PR aRSL el (Rtef
achi eve the beta phase, and may contain one or nore of chrom um hafnium
titani um BRIEBSUMMARY O6THEANVENTION rconi um cal cium iron, cerium
and/or yttrium These alloying ingredients have different vapor pressures

than beta-N Al, which this i ntion has determned leads to l.im.ted
oo ti arThdpresctlitalich e PY PP es oA ABORR Iy Or doRSe DS L AEPELITS 1 or

the coatinguddfe sdiddd dMBIBIRE fllerialty €Thé PRocebNARF agpdrMs Bk pHEEQGIIENL S
with significantly | ower vapor pressures, nost notably zirconium hafnium
yt t ri um anigtended tondepositan otitiest-bassaintarmetadice pegiing, sugheayp they geromaj phaseie of

the i t .. J. i t it i , h
N A and. HPSEemeTrMbeREll S en et Ry o E BPEEEH Fafe o her
ingot {e. gzircoillill%,aha-ﬁlﬁﬁm‘? |}@t?ﬁ1f19rbefilﬁlﬁn&rk2& &rﬁatl}ié’l‘%ad%ﬁ'%delérﬁeﬂfe\bvhoﬁgﬁap%ﬁpori ze

the ingots 110 and 111 at controlled but different rates to produce a
coat i ng 13mressutchisssigmiBetintlydbwer thaarthe constituentspelr the qutkst-basehiatesmekatlicof t he

beam 126 i | unpe 0 .an_appropid.ate level .to imze th | ting.and
Vapor i 21 ng P IBE By 1R BVesRRR] EBIePAR so B Thich otk TS el Beich 15

ected, so fdeadsatyneo CﬁéﬁfeaHhiEl@d?OQéﬁdsﬁi@nrﬁit@ aad He@ed RGHEEISOE tABGcdatifg
uniformty of the coating chem stry inproved. The power |evel inputs to the

pool s 114 emistys ar e adj usted based in part on the coating chemstry, in
addition to the relative sizes of the pools 114 and 115. For ingots 110 and
| 11 of the sane dianeter, the required3power |level is |ower for an ingot of
zirconium and other reactive el enents as conpared to the N Al ingot.
Because of the different nelting and vaporizing rates, the ingots 110 and
111 are fed into the chanber 122 at different rates as they are gradually
consuned by the deposition process. As an exanple of the above, deposition
of an Ni CrAl overlay coating containing about 1 weight percent zirconium
has been perfornmed using separate ingots ( 110 and 111 ) of beta-phase

Ni Al +Cr and Zr, in which the nolten pool size of the zirconiumingot is

o o o o r o o o Y Y Y o " -



The enbodi ment of Figure 3 differs by nodifying the crucible 112 to feed a
wre 136 of the |lower vapor pressure material into the chanber 122, instead
of the ingot 111. The wire 136 is shown as being dispensed with a feed
system | 38 that includes a spool 140 fromwhich the wire 136 is pulled by a
wire feed device 142, which feeds the wire 136 through a guide 144 to the
nol ten pool 115. Alternatively, the wire 136 7 could be fed by the wire
feed devi Cehel #¥D hipPatdihsBarPpERES f GhideinbaRibneiithil NprbVidingPRE leasUEk@ce of
the crucible 112, as shown in Figure 4. Qther than appropriately nodifying
t he cont r opasefges Hwomh yihich1 #gleass twohmatptialy age ded &vo avegstnatchamberaead t he
enbodi nent s_of Fi 4 TR f.. ELgur

advant age %FmFefgﬁg‘ﬁfgtﬁé egércrgl% él}e %%%ﬁl%ftsg}r) f(\%r} Eén%llttg}??) h%gé%%gﬁ"ll‘fgtféyo gem)re
accurat e npagHalenRRta Gonipbsitibh ghigh avalghe® vhpadpressuee Nhae apasshdlof theth this
i nvention, as conpared toQ the accuracy possible with art ingot that is

| arger in WpEHBlscnd the melting Beanses opgiableds melhie fsigandoesondwaterials atj near

f eed a8 i .aGhi . . _
Var i ous. SRR AORA Fndif, hellrbliehf iR 0MG FeddFo0 &RFcntRld WiEar 8 yifth ©

processes tiesouniife dhalmere, As acksdi of) tHehpresssee @ff tonesepararomeltermpoolspeans
instead of the el ectron bea 26 to nmelt the ipgots 110 and 111 or wire
136. O hern%hygsoga}eovaaaporofg&é % PR SIHHR dE%_sCH%B{’Hrd negesyiahae déaé&?w

i ncl udi ng sRgRES frAlpsRd febltive %o t}ﬁ%%(?l%l?en]ﬁfo%ls ih @RdeP :t@géﬁ%sit RWbadtk WaARer

deposition (PLD), and conbinations thereof. Particular conbinations of PVD
t echni quesa conttolidé cEBpRA4ition thht is atrhigtlire ofithe mEBRIH wit h i on pl asma, EBPVD
with sputtering, EBPVD with PLD, sputtering with PLD, and cathodic arc with

) i ti 2 hni ld b ' ' .
gaseous colcabne Sl srSERT bt BestCteflani bl OG0 b Sl o

(zi rconi umlumafité bsatingthatetials avsthdingCEfdoniim by IEBRVD v Shu@dingpthoughdi ng to
this invention, beta-phase N Al-based coati n&\: were deposited onto six sets
of but t onsit ia@8Peciashihahghes inygnidorc jsyalse appligsblieato eher RYkh pEcesiehandgo The

targeted coppasidd e I j ! : 0 40 to
48% 3l uni nGAPld drBBEbT ity g%&t OB Soursl & AP BRAEEDemeBROThE 0 L0
process usdandmstraedoprdeesshepradiaed ngeatingedwith icnptodlledf chelis@iest hatd vahs
continuously nelted apd, evapor at by one el ectron, heam. ile an.ingot of
S r cont am deeeSBoRFetes BEaFy BRE PPt Is e SoalsopErcyme Suabrd ErdlitBa beam
In this mgpRlevapdtg@l. chem stry was used to obtain the relative desired

| evel s of nickel, alum numand chrom um while the el ectron beam paraneters

were adjusted to vary the zirconiumcontent fromone button set to another.
Duri ng t heOthsatobiegtspansicedvantagpteob this arventien avitlrbenbester tappreciateduGeme the vapor

cloud in a.manner  si.mil . that 8 represented in Figure 2. The coatings
wer e deposfoglggmrf%dezéllgﬁli(% cﬁ}é)glghbf about 2 mls (about 50 mcroneters), after
whi ch the coated buttons were subjected to a vacuum di ffusi on heat

treat rent BRIEHDESCRIPFRONOIOTHEIIRAYINGS about two hours. On a second set
of Rene NS buttons, N Al Cr+Zr coatings with conpositions of, in atomc

ercent, apout 47.4% al uninum about 5% chrom um. and about 0, 2- %
DT Cont um iRt dC3iNs achanily Somteelof S0 R gritiof i) € Tetth ottt Taf v
M cr onet er gopakhithdWhed i H&Hds) &lcBStigYofRMERR bate Mdmhetal R B ErifIPr @y process.

The buttons were diffusion heat treated at about 1975F (about 1080C) for
about two hours in a vacuum after which their N Al Cr+Zr coatings were

subj ect ed Figueasrd dcandyt predsohgmetc repsessiiationesl patipnnek EBPYIL peparatesege| ow
100 m croi t . M , such that the HVOF coatings had
surface flﬁc%sgﬁ(g%é%ﬂ ceé‘gti"?h‘géﬁ?c E@é@“&ﬁ?‘form ty conparable to the EBPVD
coatings. Al of the buttons were then coated by EBPVD with about 5 mls
(about 125Figunr Hieh eraph afmmringaherpbrfmnanice poratisls rigr ¢ABGEs deposir&SBy
(zirconia stabilized by ahout .7 weight percent yttria), such that the

Ni Al Cr +2r ﬁ@%#\ﬁé Weriad! U BBTeOMY srneyieppte ha el Seghel 1 o
potenti al sy0fedshe TBC coatings were then eval uated by furnace cycle testing
(FCT) at a maximum tenperature of about 2125F (about 1160C) usi ng one- hour
cycles. The results of the experinments are plotted in Figure 5. In addition
to evidencing that FCT perfornmance was gtrongly influenced by zirconium
concentration, the plotted data show that the perfornmance potentials for

t hose coatings deposited by the PVD process of this invention were clearly
superior those thermal sprayed coatings having the sanme bond coat

chem stry. In addition to achieving greater FCT performance as conpared to
coatings deposited by HVOF, the coating process of this invention was found
to proceed nore rapidly than when a single ingot containing the sane
conposition desired for the coatings was evaporated with a single electron

S "




processes noted above. Finally, it is believed that simlar results would
be obtained by intermttently (instead of continuously) nelting the
zirconiumingot with an el ectron beam as discussed above. Wile the

i nvention has been described in terns of a preferred enbodinment, it is
apparent that nodifications could be adopted by one skilled in the art.
Accordingly, the scope of the invention is to be limted only by the

fol | owi ng PEFAMBED BESCIOIPAMON Of THE INWENFRONVapor deposi tion apparat us
(120) conprising: a coating chanber (122); nmeans (112) for providing at

| east two ’Fassages (124,12S) through which at |east two materials (
110, 111, 13Tlgge an@Oflr@@nﬁmoﬁapn@tmgomnawgu%t%ﬂmr@rshpwnzg)ﬁgws |2easatnda4 BSrst (

110) of th@el & l'aiaoth{‘: i; Q Q}eﬁreg Rf%'otf'aoc gher
vapor pressu A g8 9 f e materials ( B f
means ( 12&pﬂ;ﬁﬁhgfmf:kdmia§d rigtehhaalﬂmr sdsatfmg@l s@cqﬁdtldmdrgr Ipaéférréd htﬁtlﬁgl 13 6)

to formnolten pools ( ‘r‘ﬁi? t hereof, the nelting neans | 26,,128) bei ng
oper abl e tIBatﬁ’éPltth%‘éanflPer é@poa with dheicotingrapppiatys 120 fﬂetqshe}seamcl@ﬂfferent

rates; andalumlmde, though it is also foreseeable that gamma-phase nickel intermetallics could

be deposited.

In Figure 2, the apparatus 120 is shown as comprising a crucible 112 through which a
pair of ingots 110 and 111 are fed into a coating chamber 122, and an electron beam
(EB) gun 128 generates an electron beam 126 that, in combination with a controlled
beam jumping technique, melts the upper surfaces of both ingots 110 and 111 to
produce separate molten pools 114 and 115 of the ingot materials within the crucible
112. With such a technique, the beam 126 is briefly projected (in the millisecond
range) on each ingot 110 and 111, with the amount of time on each ingot 110 and 111
being adjusted so that the energy output achieves the energy balance required to
obtain compositional control. As an alternative to the use of a single EB gun 128
shown in Figure 2, two or more EB guns could be used to produce separate electron

beams for maintaining both molten pools 114 and 115.

As with the apparatus 20 of Figure 1, a component 130 is suspended within the
coating chamber 122, so that an overlay coating 132 is deposited on the component
130 as a result of the melting and vaporizing of the ingots 110 and 111, which
produces streams 134 and 135 of vapors that condense on the component 130. The
component 130 is supported on planetary tooling 118 that transports the component
130 over both pools 114 and 115, so that the overlay coating 132 is a mixture of the
ingot materials. As they are gradually consumed by the deposition process, the ingots
110 and 111 are incrementally fed into the chamber 122 through separate passages
124 and 125 in the crucible 112. As known in the art, water or another suitable
cooling medium preferably flows through cooling passages 116 defined within the

crucible 112 to maintain the crucible 112 at an acceptable temperature.
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means (118) for suspending an article (130) within the coating chanber
(122), the suspending neans ( 118) transporting the article ( 130) within
the coating chanber ( 122) relative to the two nolten pools ( 114,11 S) so
as to deposit a coating ( 132) on the article ( 130) with a controlled
conposition that is a mxture of the first and second materials (

110,111, 136). 2. The physical vapor deposition apparatus (120) according to

claiml, whe&&alagttm Z&éi@weai Sk BANR lﬁv&ﬁ%h th% calrfpbsiﬁbﬁé 8f the lidgots i1MoWhi ch
the two passages 4,12S) are defined. 3. bﬁAlca vapor “deposi ti on

appar at us z(ndllzla)araclwpm sm@hat thegpoatimg 132is aietmmse Hméerrmtatllm@aﬁmahs (

vapor abpoSPBPiSppararhaupThans Retes s bo ABRRRel B Dol DR TR

mel ting neRigney etla6 riaa&)a iand DNl ldaehdsed pReadisly, Wifoh ArBdbrmhdated
sequentially prOJected on each of the first and second materials

(110, 11 1, 1®nvirgnmypial enpfiaps and b@r}sb‘roaéﬁeﬁ%gm tt@binaspﬁnam@lmﬂqmﬂ%eor di ng

e ot ron bNn o POLER ekdifral, bt B0 435 il BEERCIeRo 500 pean
( 126) on itbmicpaond) aaineunato 4ch1e1vl: tﬁébﬁza phélsl: and®majl bmtpﬂnycmemlmoramr

deposi tion apparatus. (l20) according to e of the preceding clains,
wher ei n t heroRgpehadpiug, stltemm t@fﬁw)n éfl@OP’ngQIH‘émf GHFRTBYM; GRjrugl, ivon, The

phySI cal VapRm ARPASHEhAD PRARGAbHAG ingtelint@haR HiRRnt PaRP YrddfifeOthak! @l M8 1

beta-NiAl, which this invention has determined leads to limited deposition rates and

difficulties in achieving controlled chemistries for the coating 132.

With the present invention, those alloying ingredients with significantly lower vapor
pressures, most notably zirconium, hafnium, yttrium and cerium (or another reactive
element), are provided in one of the ingots (e.g., 111), while those with higher vapor
pressures, such as NiAl and chromium (if desired in the coating 132), are present in
the other ingot (e.g., 110). The electron beam 126 is then used to melt and vaporize
the ingots 110 and 111 at controlled but different rates to produce a coating 132 with a
predictable chemistry. In particular, the power of the beam 126 is jumped to an
appropriate level to optimize the melting and vaporizing rates of the particular ingot
material on which it is projected, so that the overall deposition rate can be increased
and the uniformity of the coating chemistry improved. The power level inputs to the
pools 114 and 115 are adjusted based in part on the coating chemistry, in addition to
the relative sizes of the pools 114 and 115. For ingots 110 and 111 of the same
diameter, the required power level is lower for an ingot of zirconium and other
reactive elements as compared to the NiAl ingot. Because of the different melting
and vaporizing rates, the ingots 110 and 111 are fed into the chamber 122 at different
rates as they are gradually consumed by the deposition process. As an example of the
above, deposition of an NiCrAl overlay coating containing about 1 weight percent
zirconium has been performed using separate ingots (110 and 111) of beta-phase
NiAl+Cr and Zr, in which the molten pool size of the zirconium ingot is maintained to

have a surface area of nearly fifty percent smaller than the pool size of the NiAl+Cr
6



5, wherein the first material (110) is in the formof an ingot and the
second material (111,136) is in the formof a wre (136). 8. The physical
vapor deposition apparatus (120) according to any one of the preceding
clains, wherein the first material ( 110) conprises beta-Ni Al. 9. The

physi cal vapor deposition apparatus ( 120) according to claim@8, wherein
the first material (110) further conprises at |east one el enent chosen from
the group ggpsi 'ld?z@eroéf)v@?rl%l liHbutt ist A Wméﬁtﬁﬁ@lﬂé%oﬁéd hﬁ@éhlurﬂaﬁzddlum

cal cium andiron. physi cal vapor deposition apparatus (

accor di ng besagdeaifitsSmallprsizd a5 welbas the doweratapor piesgure o 31rdomnmg¢mpm®r| ses
chrom um 1 The §§§8I0a| vapor deposition apparatus ( 120) according to
any one of © 1 g ™ Clalns wherein the second material (111,136) is
chosen fron1the group consisting of zirconium hafnium yttrlun1and cerium
12. A physiMhile ot aivo ARESES i 111004hdPI DIC eSshoipin Figuge Lhét Bt fpsseadble phiadvi di ng
at | east two passages ( .124, 125). throygh which at |east two materials (

110, 111, 136ltmlecnedles yith multipls inggts of sathetype of pujeriyf ceuld by sppatyeddpor
deposi ti Onlg)@féﬁ?er ﬁte e (of %l‘?eoédatlté Z&I%a%{tw?l atf‘%‘n Fﬁaml‘er]lég) Aqgo f'otﬁgseg?t}lg S tﬁJ: s (

110, 111, 13 aving a conpositron wt ner vapor pressure t
second (1lﬂse186)mg1fts tcloatarmﬁgermlﬂhﬁle( ddrﬁtlhﬂ:ﬂltslaﬁ)the rmhmngﬁgw h@.d., mikehnd

second mat r| al s %a%o 111, 136}%to form nol ten ooI ) é{y 115) th%r eof, the
first and ghrogjium aeAreseng jn Bf‘éﬂaF?é FReinscPidne dnaot-e ARREher at es;
and sus pe“&lte?ﬂatﬁr@ i85 b @s&p&ﬁa@é inot Frbab e BRALEMENtE ABTRA fof He2doatiRg

transporting
132. For example, for a coating 132 of NiAl alloyed with chromium and zirconium,

four separate nickel, aluminum, chromium and zirconium ingots could be used, each
compositionally homogeneous and each individually melted to produce single-
element pools that are co-evaporated. Again, the power levels of the electron beam
used to evaporate the individual ingots would be controlled to optimize evaporation

rates and promote the ability to obtain the desired chemistry for the coating 132.

In each of the different embodiments discussed above, the chemistry of the vapor
cloud resulting from the vapor streams 134 and 135 will be quite different from one
location to another within the cloud. Therefore, and particularly if multiple
components or surfaces are to be coated at a single time, the location of the surfaces
being coated within the vapor cloud will effect the coating chemistry. Therefore, the
planetary tooling 118 shown in Figure 2 is preferably employed to achieve more
uniform chemistry control by transporting the component 130 above both pools 114
and 115, so that the component 130 passes through those regions of the vapor cloud

with different chemistries.

The embodiment of Figure 3 differs by modifying the crucible 112 to feed a wire 136
of the lower vapor pressure material into the chamber 122, instead of the ingot 111.
The wire 136 is shown as being dispensed with a feed system 138 that includes a
spool 140 from which the wire 136 is pulled by a wire feed device 142, which feeds
the wire 136 through a guide 144 to the molten pool 115. Alternatively, the wire 136

7



the article (130) relative to the two nolten pools (114,115) so as to
deposit a coating 12 (132) on the article (130) with a controlled
conpositiron that is a mxture of the first and second material s

(110,111, 136). 13. The physical vapor deposition process according to claim
12, wherein the two passages (124,125) are defined by a crucible (112). 14.
The physi cal vapor deposition process according to claim12 or 13, wherein

the first ol beeansy et wire dbal debidd MRLihiAfh apssaml 1/RTdMMrel wWithigltRet r on
beam (126) or a | aser beam _15. The physical vapor deposition process

accor di ng unpet pufaee 10f the cnmibloddR epsnshayn in Figureafd Qiet Hanrmppeaprigtedy
110,111,1 Al I ] aral gl e '

sequent i alz}?%/dlg{lg% g’r;et Eeo %SWOEQ%:%E%&?%?%% és:qihﬁe&ﬁf g%gpgél&%fgﬁ%%é@:{aéé’ he

(110, 111, lefhodirhénts Af Higisecalandapare sigplastd tan of Qes 2. agaciddaimged of cl ai m
12 or 13, wherein the fjrst and second ngterials ( 110,111, 13 6) arg mel t ed
by a firstfeedingasgrllgedismeter ygse is,the carabEy of appreracewateaeaspregtent o 10) and
a second _ ' . d ' , 136) .
L The. prug TR YBRAR loed R RA b i AR ol R pal A 2 1,
to 16, wheaceumcy pessiblowithtaenngut shat i51argt i) diameter,rantlikeréforaneghiresnigoes. 18.

The physical, vapor depgsition, process accqrding to any one of clains 12 to
16, wher ei RORECAPRErte Jimear o s spmparad 1o arieirg Bachiore Hie SMSONPY 1 he
second matggd Ailte.

Various modifications could be made to the physical vapor deposition processes
described above, including the use of one or more laser beams instead of the electron
beams 126 to melt the ingots 110 and 111 or wire 136. Other physical vapor
deposition techniques could also be used, including magnetron sputtering, cathodic
arc, ion plasma, pulsed laser deposition (PLD), and combinations thereof. Particular
combinations of PVD techniques include EBPVD with cathodic arc, EBPVD with ion
plasma, EBPVD with sputtering, EBPVD with PLD, sputtering with PLD, and
cathodic arc with PLD. In addition, a PVD technique could be combined with the use
of a gaseous source of a minor alloying element, such as the reactive element

(zirconium, hafnium, yttrium and/or cerium).

In an investigation leading to this invention, beta-phase NiAl-based coatings were
deposited onto six sets of buttons made from the single-crystal superalloy known as
René N5. The targeted composition for the coatings was, in atomic percent, about 40
to 48% aluminum, about 5% chromium, and about 0.1 to 1.2% zirconium. The
EBPVD process used to deposit the coatings used an ingot of NiAlCr that was
continuously melted and evaporated by one electron beam, while an ingot of
zirconium was continuously melted and evaporated by a second electron beam. In
this manner, ingot chemistry was used to obtain the relative desired levels of nickel,
aluminum and chromium, while the electron beam parameters were adjusted to vary
the zirconium content from one button set to another. During the coating process, the

buttons were transported through the vapor cloud in a manner similar to that
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(111,136) is in the formof a wire (136). 19. The physical vapor deposition
process according to any one of clains 12 to 18, wherein the first material
(110) conprises beta-N Al. 20. The physical vapor deposition process
according to claim19, wherein the first material (110) further conprises
at | east one el enment chosen fromthe group consisting of chromum

titanium tantalum silicon, gallium calciumand iron. 21. The physi cal

vapor depogpidséiie{OFR8fe ACThE @batéhgk Gveéit Abposited toVhehitkdbss BE abdut ot miTgt eri al
(120) further conprises chromum 13 22. The physical vapor deposition

process ac@bewi Hymigomaigronaftesfwhirtthescopted buttons viie sebiectedhéto 8 sgem
materi al @ gflm%ﬁ%leat Raltl 3 ﬁﬁatififf’_f@/jg?glg&{oﬁgwgg%osrta'bQﬁ't Qb Holufconi um

haf ni um um an CEerium
| . AYYE. A33I A3FY. AF3Y. AF3I . AFFE. A33Il . AF . AFFY. AF3Y4Kv {

LU SHASS! SOB% Jecondwethuf REréay § dutans; Niad(edr cahtiwdscwith @pmappsitadesadf;ap ca) ca] c
l,s077p777;
{i Lg%&ﬂ g?zl gl%%gcgﬂl:r%gxltca é:uz%]4<;]a‘!} a um}n(l:l?n about §9%- lhro!n%im and about '0.2-0.4%
RRORRR, SS%&BnM%@ﬁSsn?@d‘i@hﬁél&@ﬁ 3k a6& 23h{ bk ﬁﬁ}%%ﬁ%%x] cajca
] ca] ca] ca] ca] ca] ca] cal Ca] ca] cal ca] ca calcalca]cajcal T' UhU r X{
YuYYZ' z2Z[ 4 Wgh\waladifykdsiyfuel (HVOF) thermal spray process. The buttons were diffusion
heat treated at about 1975°F (about 1080°C) for about two hours in a vacuum, after
which their NiAlCr+Zr coatings were subjected to surface grinding to improve their
surface finishes to below 100 microinches (about 2.5 micrometers) Ra, such that the

HVOF coatings had surface finishes and coating thickness uniformity comparable to
the EBPVD coatings.

All of the buttons were then coated by EBPVD with about 5 mils (about 125
micrometers) of a thermal barrier coating (TBC) of 7%YSZ (zirconia stabilized by
about 7 weight percent yttria), such that the NiAICr+Zr coatings served as bond coats
for the TBC. The spallation life potentials of the TBC coatings were then evaluated
by furnace cycle testing (FCT) at a maximum temperature of about 2125°F (about
1160°C) using one-hour cycles. The results of the experiments are plotted in Figure
5. In addition to evidencing that FCT performance was strongly influenced by
zirconium concentration, the plotted data show that the performance potentials for
those coatings deposited by the PVD process of this invention were clearly superior

those thermal sprayed coatings having the same bond coat chemistry.

In addition to achieving greater FCT performance as compared to coatings deposited
by HVOF, the coating process of this invention was found to proceed more rapidly
than when a single ingot containing the same composition desired for the coatings
was evaporated with a single electron beam, essentially as depicted in Figure 1.
Although the above results were obtained with NiAl-based coatings deposited by
EBPVD, it is believed that similar results can also be achieved by depositing NiAl-

based coatings by magnetron sputtering, as will as one or more of the other PVD
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ApAMN4 L xsnid_Z] ] ca]ca] ca] ca] cal cal ca] ca] ca]ca]ca] ca]calca]ca]ca)lcalcalcalc
a] calca]l caljca]ca]calcalcalcalcalcalcalcal4_j__ _aMaaabYb_bbb, ¢’ ccddgdde5fffg
0ggg" huhhi dii } xsnid_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]c
aJcajca] calcal calca]calcalca]ca]calcalcalcalcaliibj]j jaabYb_bbb, c’ ccddgdde
5f f f goggg” huhhi di i } xsni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cadKf H) F

10% & () - Yﬁ)rla&%)sgs fidted Eﬂ&%’ 8F 1(1511 Hill {{%efie(dd that similar results would be obtained

Sy109&' () 10% & () - & ( -M/xyz{ rdv7F F 10%& ()-1 10m m 10m
m 10m by 1nterm1ttently (1nstead of continuously) melting the zirconium ingot with an

electron beam, as discussed above.

While the invention has been described in terms of a preferred embodiment, it is
apparent that modifications could be adopted by one skilled in the art. Accordingly,

the scope of the invention is to be limited only by the following claims.
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CLAIMS:
1. A physical vapor deposition apparatus (120) comprising:
a coating chamber (122);

means (112) for providing at least two passages (124,125) through which at
least two materials (110,111,136) are fed into the coating chamber (122), at least a
first (110) of the materials (110,111,136) having a composition with a higher vapor
pressure than a second (111,136) of the materials (110,111,136);

means (126,128) for melting the first and second materials (110,111,136) to
form molten pools (114,115) thereof, the melting means (126,128) being operable to
melt the first and second materials (110,111,136) at different rates; and

means (118) for suspending an article (130) within the coating chamber (122),
the suspending means (118) transporting the article (130) within the coating chamber
(122) relative to the two molten pools (114,115) so as to deposit a coating (132) on
the article (130) with a controlled composition that is a mixture of the first and second
materials (110,111,136).

2. The physical vapor deposition apparatus (120) according to claim 1, wherein the
providing means (112) is a crucible (112) in which the two passages (124,125) are
defined.

3. The physical vapor deposition apparatus (120) according to claim 1 or 2, wherein

the melting means (126,128) comprises an electron beam (126) or a laser beam.

4. The physical vapor deposition apparatus (120) according to claim 1 or 2, wherein
the melting means (126,128) is a single electron beam (126) that is sequentially

projected on each of the first and second materials (110,111,136).

5. The physical vapor deposition apparatus (120) according to claim 1 or 2, wherein
the melting means (126,128) projects a first electron beam (126) on the first material
(110) and a second electron beam (126) on the second material (111,136).
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6. The physical vapor deposition apparatus (120) according to any one of the

preceding claims, wherein the two materials (110,111) are in the form of ingots.

7. The physical vapor deposition apparatus (120) according to any one of claims 1 to
5, wherein the first material (110) is in the form of an ingot and the second material
(111,136) is in the form of a wire (136).

8. The physical vapor deposition apparatus (120) according to any one of the

preceding claims, wherein the first material (110) comprises beta-NiAl.

9. The physical vapor deposition apparatus (120) according to claim 8, wherein the
first material (110) further comprises at least one element chosen from the group

consisting of chromium, titanium, tantalum, silicon, gallium, calcium and iron.

10. The physical vapor deposition apparatus (120) according to claim 8, wherein the

first material (110) further comprises chromium.

11. The physical vapor deposition apparatus (120) according to any one of the
preceding claims, wherein the second material (111,136) is chosen from the group

consisting of zirconium, hafnium, yttrium and cerium.
12. A physical vapor deposition process comprising the steps of:

providing at least two passages (124,125) through which at least two materials
(110,111,136) are fed into a coating chamber (122) of a physical vapor deposition
apparatus (120), at least a first (110) of the materials (110,111,136) having a
composition with a higher vapor pressure than a second (111,136) of the materials
(110,111,136);

melting the first and second materials (110,111,136) to form molten pools
(114,115) thereof, the first and second materials (110,111,136) being melted at

different rates; and

suspending an article (130) within the coating chamber (122) and transporting
the article (130) relative to the two molten pools (114,115) so as to deposit a coating
12
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13. The physical vapor deposition process according to claim 12, wherein the two

passages (124,125) are defined by a crucible (112).

14. The physical vapor deposition process according to claim 12 or 13, wherein the
first and second materials (110,111,136) are melted with an electron beam (126) or a

laser beam.

15. The physical vapor deposition process according to claim 12 or 13, wherein the
first and second materials (110,111,136) are melted with a single electron beam (126)

that is sequentially projected on each of the first and second materials (110,111,136).

16. A physical vapor deposition process according to claim 12 or 13, wherein the first
and second materials (110,111,136) are melted by a first electron beam (126)
projected on the first material (110) and a second electron beam (126) projected on

the second material (111,136).

17. The physical vapor deposition process according to any one of claims 12 to 16,

wherein the two materials (110,111) are in the form of ingots.

18. The physical vapor deposition process according to any one of claims 12 to 16,
wherein the first material (110) is in the form of an ingot and the second material

(111,136) is in the form of a wire (136).

19. The physical vapor deposition process according to any one of claims 12 to 18,

wherein the first material (110) comprises beta-NiAl.

20. The physical vapor deposition process according to claim 19, wherein the first
material (110) further comprises at least one element chosen from the group

consisting of chromium, titanium, tantalum, silicon, gallium, calcium and iron.

21. The physical vapor deposition process according to claim 19, wherein the first
material (110) further comprises chromium.
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