METHOD FOR FABRI CATI NG A COATED SUPERALLOY STABI LI ZED AGAI NST THE
FORMATI ON OF SRZ This invention relates to a superalloy that is susceptible
to the formation of a secondary reaction zone when coated with an
al um num cont ai ning coating of a protective systemand, nore particularly,
to the inhibition of the formation of the secondary reaction zone.

BACKGROUND OF TH i f I engine, air is
drawn into the f%w*:ﬁgw&%%{:gw gwgw%nount ed
conpressor, and ni xgUAWILIZHVAGATNGG THE FORMATIONWPSRed, and the

resul ting hot conbustion gases are passed through a turbine nounted on the

sane shaft. The flow of hot conbustion gas turns the turbine by contacting

an airfoid. s e ade ur t.he haft and provi des
power tolIlthf]Sg8 %%%%ﬂé@é%%%% eﬁil)lf)yéahssufce\égé%soh O@Ffl?t@r’?\ e back of the
engi ne, seboharigedctioR Behe Wkeradoatedatith drodlw@irthm -Ihesi Yamsidbftd onal |y be a
bypass fan that forces_  air around the center core t he engi ne, driven by
a shaft ésat%cmp AYSte gRd-tpre partisnlsely, todhe mhibitiamed the &matl@m]ef nperature of
t he hot he greater the efficiency of the engine. There is
therefore an&ﬁkégﬁPgeng% operate the materials of the engine at ever-

hi gher tenperatures and | oadings. A variety of techni qgues have been used to

achi eve ing, for exanple, inproved all oy
conposi tﬁwgémmﬁ&mﬁrm and single crystal turbine bl ades,
thermal barrier coatings that provide environnental protection and act as

insulation applied to the turbine blades, and physical cooling techniques.
Ni ckel - bas slaizgarpl ged tludalse éctéemld%la},r igidrmainagtot the fronefahé atgna;f construction

of gas turbine hl.ade s. One t of .co to t he surface
of the nfeRarsdd Sy Cmn o i o0h AP RGeSy coati no
The al uncowiBdted, bh@theQadulting 1% bslmzeﬁmh%aée@ram ]i)a%ﬂqcﬂlhtbﬁgﬁ 4indkiede surface
coating durin treatment or in service. um num )

mounted on the same shaft. The flow of hot combustton gas turns the turbine by

contacting an airfoil portion of the turbine blade, which turns the shaft and provides

power to the compressor. The hot exhaust gases flow from the back of the engine,

driving it and the aircraft forward. There may additionally be a bypass fan that forces

air around the center core of the engine, driven by a shaft extending from the turbine

section.

The higher the temperature of the hot combustion gas, the greater the efficiency of the
engine. There is therefore an incentive to operate the materials of the engine at ever-
higher temperatures and loadings. A variety of techniques have been used to achieve
higher temperatures, including, for example, improved alloy compositions,
employment of oriented and single crystal turbine blades, thermal barrier coatings that
provide environmental protection and act as insulation applied to the turbine blades,
and physical cooling techniques. Nickel-based superalloys are widely used as the

materials of construction of gas turbine blades and vanes.

One type of coating applied to the surface of the nickel-base superalloy is an
aluminum-containing overlay coating. The aluminum in the coating oxidizes to form

an aluminum oxide surface coating during treatment or in service. The aluminum
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1 oxide surface coating renders the coated article nore resistant to
oxi dation and corrosion, desirably without inpairing its nechani cal
properties. An insulating ceramc thermal barrier coating nmay be applied
overlying the alum numcontaining coating. Recently it has been observed
t hat, when sone advanced ni ckel - based superal |l oys, especially those

cont ai ni ng. hi rhen um ¢ nts r opated w th m nu cont ai ni ng
coating ggﬁigtsﬁxg Ceec>?6 Oee ™ %fsgl%rQ?PEeg a%ﬁ%ﬂ%ﬁ %?Flé{?msté’ro\ﬂ%ﬁoﬂaﬂ | tions, a
secondar Yofr6a6i, idestradneithSRBnphieih Fts hfbchﬂﬁcd]@ﬁ?’ehiﬂsn%niﬂﬁﬂétﬁl ol oy. This SRz
region is observed at a dep tﬁ of from about 50 to about 250 'm croneters
(about ocm@th@m@albpﬁtqﬁégatlwmm wwlisd pyerhang Bgpéunainpmycostaiiiage t hat has
recei ved al um ni de coating. The presence of the SRZ reduces the
mechani c& pﬁbpertles in the affected region, because the material in the
SRZ is weak. The formation of the SRZ is a major problemin sone types of
tur bi ne conponents, because there are cooling channels | ocated about

500- 750 MCEFBIEE w&eela%iﬂvqﬁ thaigwhen spmey adyaneseyugel-besed sprralloysne surface
of the aregﬂ ?laﬁﬁ tERe b Gind gr hl%lg Ol‘fe uﬁn‘ggolﬁé}ft?légéﬂ'coa&eta%ﬁlﬂ &@ﬁ} e Bring

operation’o e engl ne, strucdture ns in the
regi on bebmemmgdmatisgjaricbtﬂ:en expbsth® seoadd m@nnh]ateﬂalervmetcdmﬂmoas,gnl ficantly

weaken a mm or.tion t hi.ckness, qf. the t b e i.n that
Feqi on aeroRly rBRon gone S derh Senedinerteled rur SR2veon | he
article. jSeyseRal af @séma ap8smhBYE: m—%@b@ﬁt%@%@i@m&&térﬁ%ﬁt @boR¥HE the

formation of SRZ. However, none has been fully satisftfactory, and there is

al ways ainebes) below da ongmabmrallawpwfmﬁhatchaas edeived thealuminiledionting. he

I nci denc f_SRZ i kel -base Th L esent

| nvent | on P BIETRES i SA Saot BE FetPRRG RPBTHeS et Y arar i ant ages.
SUMVARY %aﬁkﬁhbhh&éﬁﬁlﬂ\tﬁwsmm I nvention provides an inproved
approach for preparing a superall oy

The formation of the SRZ is a major problem in some types of turbine components,
because there are cooling channels located about 500-750 micrometers (about 0.020-
0.030 inches) or less below the surface of the article. Cooling air is forced through
the channels during operation of the engine, to cool the structure. If the SRZ forms in
the region between the surface and the cooling channel, it may significantly weaken a
major portion of the thickness of the turbine blade in that region and can lead to
reduced strength and fatigue resistance of the article.

Several techniques have been proposed to reduce or avoid the formation of SRZ.
However, none has been fully satisfactory, and there is always a need for an improved
approach to reducing or avoiding the incidence of SRZ in advanced nickel-base
superalloys. The present invention fulfills this need, and further provides related

advantages.

SUMMARY OF THE INVENTION

The present invention provides an improved approach for preparing a superalloy

article having an aluminum-containing coating thereon. The superalloy is potentiaily
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article having an al um num contai ni ng coating thereon. The superalloy is
potentially 2 susceptible to the formation of an SRZ when coated with an
al um num containing coating. Wth the present approach, the formation of
the SRZ is reduced and, desirably, elimnated. A nethod for preparing a
coated superalloy article conprises the steps of furnishing a nickel-base

super al | tmﬁ Vi - | £ L Interdiffused with
al um numgé{sfcé msé g’a%lgg%%lggrgg Ofaelggglﬁﬁﬂﬁz]gﬁgt,e W?ﬁ@‘%ﬁé@ﬁ%ﬂ“é@“é%%‘%i ng a

pr ot ect i eatipatWily tietpresehtappréaoh ahs frfracion of tHelSR NMisebdicedast super al | oy
substrate. 'I;g st.ep of  applying includes the steps of placing the

ni ckel - b&4&Yr ﬁb@lﬂ@ma&iﬁ- substrate into a deposition apparatus, thereafter
depositing a carbon-containing | ayer overlying and contacting the surface
of the nickel-base superalloy substrate, and thereafter depositing an

al um numfcmathad dorgepanpnera couted Isypang]lgyrmtticlo nomptisasdghd dtepsaedifinmishingent ai ni ng

i Che <AL SISO B PSR bR s PR ag BHC By e it

car bon- cQR@hith"Brhs¥ 8Econdity r&c&ibﬂ%&ne?éﬂpﬁlief&ﬁrep{?pﬂﬁﬁé(ﬁ iR@sesuperal | oy
substrate to an anbi ent atnbspheric condition. Typically, the substrate

has at | easiingsbucretowsiugice pishe sickelrraee puperalloyadbsigte. dlwrstepSHZ- suscept i bl e

A L R T P e S e A S

ci r cunst dss@fionApp AR sthbicaferiepbditis £6drbokbOMBining bR ovBNIAE bivd as MX4
all oy, has a _nom nal conposition, in weight percent, of about 16.5 percent
cobal t, &p@atting thesurtase of disriskelrhfscauparalley Sbstre.cadthaeaffernum about 8. 25

per cent #rg.‘ OconPf R : . rcent rhenium
about 3 tggé%gln rut enlﬁln%ong%%%gl égﬂ%@@%“&‘ﬁ%%%&%%? 4 gﬁt 0. 03 percent
car bon, atwetainig 1dgerpdhe aieh ol dépusiting thdaluininn-G0dkaip@iedendr ibper@simedabout 0. 01
per cent t&’rgi um _.bal ance ni ckel i noy el ements.  The deposjition

d
appar at u sARe AERosHIon 2RPFARS aﬁial%r}e*&g:sq 1deBpsitng e stiben-cantgmirgsayson

and without exposing the nickel-base superalloy substrate to an ambient atmospheric

condition.

Typically, the substrate has at least about 4 weight percent rhenium, leading to an
SRZ-susceptible composition, although in some cases nickel-base superalloys with
less than about 4 weight percent rthenium may exhibit SRZ formation in some
circumstances. A composition of interest, known in the industry as MX4 alloy, has a
nominal composition, in weight percent, of about 16.5 percent cobalt, about 2 percent
chromium, about 5.55 percent aluminum, about 8.25 percent tantalum, about 6
percent tungsten, about 5.95 percent rhenium, about 3 percent ruthenium, about 2
percent molybdenum, about 0.03 percent carbon, about 0.15 percent hafnium, about
0.004 percent boron, about 0.01 percent ytirium, balance nickel and minor elements.
The deposition apparatus is preferably a vacuum deposition apparatus. A deposition
apparatus of interest is an electron-beam physical vapor deposition apparatus.
Examples of other deposition apparatus include sputtering apparatus and ion-plasma

deposition apparatus.



apparatus of interest is an el ectron-beam physical vapor deposition
apparatus. Exanples of other deposition apparatus include sputtering
apparatus and ion-plasma deposition apparatus. 3 The carbon-contai ni ng

| ayer may be deposited as substantially pure carbon, or it may be sonmewhat
i mpure. The carbon is deposited in a formthat is not a netallic carbide.

Desi r abl - i.ni [ | 0 hi_c ss of from
sbout 5 ibe bABE BN PUNG Addllcd o8 HEPATLES PutRafoh LATRESS °% ot
15 m cr ovek@nswhak impatel he ¢abon i dipositd th ayerm tiat et e hidedlic eabdeer | ay

coating. The alum num contajning is nost preferably a nickel alum nide
over| ay &8Iy thy cahonveeniainang s isAereginditp g thigkness of fem about 5 to

al unmi PU%G&][%tléinﬁl:f&}ﬁt@rﬁ,%oﬂeiar&%Bﬁﬂ &l ab&ﬁ%.ﬂb%%ﬁtafsemi’&&ﬂe&ﬁ.e car bon-
contai ning layer and the alum nun¥containing layer thereon 1s preferably
heat treated at a tenperature greater than about 1800F. There is typically

sonme interdiffusion of ., .the carbon-cont ai niq | ayer 'tgl t he substrate when
t he carbof® lﬁ‘i“HTct‘?BtaP’é%‘%YFrs‘Sp okl B e vet %éq’qé’:{r‘ﬁg'e § &HPE M ure, but this

separ at € ch@anirgli§ Ao¥ESYefRN Q&iﬁﬁelaalﬁhﬁﬁ&eeéverlgf%ﬁ&g% ah MEfalif fusi on of the
carbon atons into the near-surface region of the sSubstrate. The carbon

f rom t he ogentdymeaagit ai ni ng | ayer forns carbides with the refractory netals
in the substrate superalloy. The availability of these refractory netals
in solution to formthe SRZ is reduced, thereby reducing the incidence of

SRZ in fer HwuhinaeecdRghial 18fer shRpsdiRa! thakbsteRtwie e cirbod- ceram ¢ | ayer
I s deposited overlying and contacting the al um num containing |ayer,

ei t her bépwpiinglaygriapd thepdumipupoerntainiagdayer Swrsongs peefoyehly destdeeatedn one
embodi ment , L e 5he %I&ftetr%eﬁloa%lotllkfﬂ)oﬁﬁ] el“l?e?é %%ic%lyﬁogne{ ]%tep(?l%ﬁlgllbg%g in the

sanme depositron apparatus as e step o S e carbon-cont ai ni ng
| ayer anthd daebosit-a@mtainihg typowith itgsubiteataivhion thercat@nt @ntinige lagyeis, and

wi t hout exposi ng the nickel - bas uperal | qy substrate to an anbient
at nos pheﬂPPPSéefﬂeﬁ @EI?V&FP% {PRDSIAEH Rt %%a?rﬁteﬁwﬁt freatment achicves a greater

degree of interdiffusion of the carbon atoms into the near-surface region of the
substrate. The carbon from the carbon-containing layer forms carbides with the
refractory metals in the substrate superalloy. The availability of these refractory
metals in solution to form the SRZ is reduced, thereby reducing the incidence of SRZ

in the subsurface region of the substrate.

Optionally, a ceramic layer is deposited overlying and contacting the aluminum-
containing layer, either before or after the optional heat treating is performed. In one
embodiment, the step of depositing the ceramic layer is performed in the same
deposition apparatus as the step of depositing the carbon-containing layer and the step
of depositing the aluminum-containing layer, and without exposing the nickel-base
superalloy substrate to an ambient atmospheric condition. In another embodiment,
the step of depositing the ceramic layer is performed in a different deposition
apparatus than are the step of depositing the carbon-containing layer and the step of

depositing the aluminum-containing layer.

Thus, in a preferred approach, a method for preparing a coated superalloy article

comprises the steps of furnishing a nickel-base superalloy substrate containing
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the step of depositing the ceramc layer is perforned in a different
deposition apparatus than are the step of depositing the carbon-containing
| ayer and the step of depositing the alum numcontaining layer. Thus, in a
preferred approach, a nethod for preparing a coated superalloy article
conprises the steps of furnishing a nickel-base superalloy substrate

cont ai ni o, &Rl B ARk A U556l VickRa gl BB, o for m 2
R St e

secondary reaction’zone. ase superalToy s 2t €%as at | east
about 4 ®Wat gltkelgsise siierdllvgsubyitatethasak tasteibbiel weight gt Fupium €Al S
thereafter applied to a surface of the, nickel-base superall oy substrate.
The st epPERECHNp OIS Stueturrdie shargpdtes ppplied &9 a suriace od thayackaldred - base
superal | t | V, Lyt d -gvacuating the
vabuum dapsEpshBkt M S TR ASRCRL B0 RESn Ahiin B

car bon- c baesupéralioy supstrate indo a vadliunk dgssitioh appaatuabodievasuitmgaheut 15

m croneters ov(grl élfnfcl’ and cog};glacti ng the  surface otb t he nj Ckei - base

super al | 83FeTbdPesitiar appajatis dracafier v acry JarosiEips 8 icibry-cgpfamning layer

al um nuUMEHHiAnBAHY oY B0 86 hiydul 95 MErorRrd6ldriingd AR GAfRARg BRNT ai ni ng

| ayer. The step of depositing the alum numcontaining |ayer Ts perfornmed
in the saunfacdopdsi mckahbawmyneratiosubstrathamdtitbpreaier depowi dépogitingen

car bon- cont ai ni n ayer, and w.t hout .exposi n t he nickel - base suyperall oy

st r at Supghih enlsfSK 100y EhhndR b BB R e SfeodrlSrina ey fBs”

t her eaf t efep vagdepoitihgake A@atunBorthiQingURYd: idh& otk irt e staE BeFLsitiANt ai ni ng
| ayer and the al um num containin Ia%/(;r thereon at a tenperature greater

t han abo@bPargpDs thysiep of deposttingihe ereon-eatainingdayenand wHboweppesing on of t he
car bon- cgnt.ai;nh ag. | t ] cont ai ni ng

| ayer beﬂ%e@#%lrl ﬁgso? Sﬁﬁg{aﬁgpglgrsrgerﬁgép%giﬁﬂntg{rllpﬂrggépahreg? ﬁgll}&{%rgug%er bon- cont ai ni ng
| ayer (whiethvddhdoddsythéreaftdr wacuum héat Srestinpethe nitgtrdichitshd cambal from t he
substrate) is.nqt expgsed. to, the anhi ent atnosphere after it is deposited
but bef oFePIRRIEARYF2A Fh%wum-%ﬂ%lygﬂaxeg{%&ﬁa@it £ duperatuke gEedtel hon-

cont ai ni gaylBYGr1goe°Eexposed to the anbi ent atnosphere before the al um num

The present approach requires that the deposition of the carbon-containing layer and
the deposition of the aluminum-containing layer be performed in the same deposition
apparatus. The carbon-containing layer (which also typically contains some
interdiffused metal from the substrate) is not exposed to the ambient atmosphere after
it is deposited but before the aluminum-containing layer is deposited. If the carbon-
containing layer is exposed to the ambient atmosphere before the aluminum-
containing layer is deposited, the resulting oxide and contamination must be removed
before the aluminum-containing layer may be deposited. The removal of oxide and
contamination is typically performed by shot blasting or grit blasting. Shot blasting
and grit blasting tend to implant small amounts of the grit and contamination in the
surface. Even a small amount of this foreign matter has a disproportionate effect on
the final properties, because it interferes with the desirable diffusion. The result
would be an undesirable surface state for the deposition of the aluminum-containing
layer, and potentially to the removal of the carbon-containing layer, if used as part of
the present approach. In the present approach, there is no opportunity for oxide or

contamination to reach the surface of the carbon-containing layer prior to the time that
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containing layer is deposited, the resulting oxide and contam nation nust
be renoved before the alum numcontaining | ayer nay be deposited. The
renoval of oxide and contam nation is typically perforned by shot bl asting
or grit blasting. Shot blasting and grit blasting tend to inplant small
anounts of the grit and contamnation in the surface. Even a small anpunt
of this rel . ] i ri] f on, .1,he final
properti fé%ﬁ%lgglgﬁ%é&rﬁ mq‘%’? 3@% gslr(féegf)%/%\n%? h&{dﬁgglggoglgpégféémagﬁlﬁlsefon. The result
woul d be ch¢micaldgsnirgdrehgsicdlatanBigateh ddhot blasttienasirt bRetigd) i§ hed

al um num contai ning |ayer, and potentially to the renoval of the

car bon- c BAseR Hiepteps pE Hepgsitingdhgicatoeentaigng layee apd depositingdhi oach. In the
pr esent 0act i rs j j ol tam.pation to
Feach 1 hatgpan tonlifhglaler, DheaRilih tibloted el Bline SOMTAREAT ! Phat ’s
t he al unsmenaloyrariacle) asgomayed with abeqhiesiatied aparoatht wissreih dhieecanbors| eani ng

(either chem cal cleaning or physical ¢leaning sych.as shot blasting or
grit bl aSPTAgR ﬁéyﬂéégﬂ‘e&g¥%€ﬁ‘"¥%m% %Yeéﬁfed%%%?egil%eﬂaﬁée

car bon- caplAhné Ao hBkaE efRRERRAR! datiih-dditiniBk MYPHE MbRNPI N | ayer. The
result is inproved performance in the final coated superalloy article, as

conpar ed atgiasphem. al t er nati ve approach wherein the carbon- containing |ayer
and the alum num containing |ayer are deposited in separate apparatus and
there is exposure of the carbon-containing |ayer to the anbient

at mospheigher @eres hpPidlaBH e f tRSMRNR 8Ren86n FAIELPIRILMRE fibAviRAti on wi | be
apparent fromthe follow ng nore detailed description of the preferred
enbodi nefllovipk B9re detaidedjeserintion of Wermietferred smbodimenyitakgndn awi ngs, whi ch

illustrate,: - . Q%I ol DLl QG the invention. The scope
of the i tﬁgnﬁ (i;ﬁlg\rf}@?(lgpﬁlgt% é \Kagzlgﬁ,dpﬁlﬁﬁ’g@ @%ﬁlﬁgﬁ%t% bﬁrﬁ‘é%ye? reé%mgir}c‘bodi ment .

BRI EF DESERIrffitipliN dfhelidkeDRAWINESScofel dfulicintentionads pet; BpeeisrManivédtey of a gas
turbine blade;,. Figure 2 is an enlarged schematic sectional view of the gas

t ur bi ne BPsPEETETedEmppdanent.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a perspective view of a gas turbine blade;

Figure 2 is an enlarged schematic sectional view of the gas turbine blade of Figure 1,

taken along line 2-2, in a case where the SRZ is allowed to form;

Figure 3 is a block flow diagram of an embodiment of a preferred approach for

practicing the invention;

Figure 4 is an enlarged schematic sectional view of the gas turbine blade of Figure 1,
taken along line 2-2, where the present approach is used to inhibit SRZ formation and

after deposition of the carbon-containing layer; and.

Figure 5 is an enlarged schematic sectional view of the gas turbine blade of Figure 1,
taken along line 2-2, where the present approach is used to inhibit SRZ formation and

after the interdiffusion heat treat.



taken along line 2-2, in a case where the SRZ is allowed to form Figure 3
Is a block flow diagram of an enbodi nent of a preferred approach for
practicing the invention; Figure 4 is an enlarged schematic sectional view
of the gas turbine blade of Figure 1, taken along Iine 2-2, where the
present approach is used to inhibit SRZ formati on and after deposition of
the carbon-containing layer; and. Figure 5 is an enlarged schematic
sectional view of the gas turbine blade of Figure 1, taken along line 2-2,
wher e t h®EFASEN DESPRIBEION OFUBEE INVENTHON t SRZ fornmation and after the
I nterdi ffusion heat treat. 6 DETAI LED DESCRI PTI ON OF THE | NVENTI ON Fi gure |
depicts a nickel -base superalloy article 18 in the formof a gas turbine

bl ade 2@%&3‘?/ i A8pieR a%iiélie@bhse?s%?é’fgﬁéfﬁicmiﬁﬁ 1 fohRWr QlcabiRfLinOBRHST | ON gas

| npi nges ng service operation.” The gas turbine blfade 20 al so includes
a downwaihyvieg eeadfail22 agasnskwanh agdinv afhaticombhstmtgas mmpinges duringof a

dovetail 26.which,.attaches .t he S r-bi ne, hl ade 20 tq, a gas,.turbine disk
(not shoWA) G°Pr ’ﬁ‘&%azﬁ? Wﬁp@ge&ﬂ@c}e@’ algp mﬂ“ﬁ? i %&%‘ﬁﬂgl& %ﬁ%‘éh]fgr ansver sel y
out war dl yhaik 2, heTai ARhbeiie et fohtft ofthdbeéthil 28 whith dachesIREghiand, and the
shank 24 and dovetail 26, on the other hand. The airfoil 22°is holl ow,

wit h i nt &ihie blags|201g 2 pas Bulkjae disk (eatshenynX ofdhs sasdnibingsenginst Ahown) in the
bottom o V. ' i N iLf 9l and to
opent nos PR IR g oyl Qe bl O peiBlech I MGG 0, i, D1C 1O ¢
t he airf ont haid, ahdithesharkeXdvimdaiovetait 28] vyt bhndi Thd firfodrgéd under
pressurehtaﬁr“(?u‘gh t he int e{inal cool i ng passages and out_ the openings 30.

1‘

The cool hgilewyEibintampleopling Bassages exlending froppopsrungs fn§ sRowakiBithe bl ade 20,
ne cool : . _ e bla
al | owi N pifrorh @ e HvBrall Yt ﬂ?@ﬂﬁﬂé‘ﬁ%&b{?ﬁg%_aﬁ@%mﬂ%@? gﬁ%ﬁ{gg@qn e the

case. Figure 2 is a sectional view o air se where the
present &ppaisd huiface ofithe aidfeld 22 end etdthe tp SRT of hermafoib22. DEinusesicd, 4, and 5
are not gélgt\{%h} Sool %1ar|ise fo)rceﬁ under pressure through the internal cooling passages and

out the openings 30. The cool air removes heat from the airfoil 22 of the gas turbine

blade 20, allowing it to run in hotter combustion gas than would otherwise be the

case.

Figure 2 is a sectional view of the airfoil 22, in a case where the present approach is
not used to reduce SRZ formation. (Figures 2, 4, and 5 are not drawn to scale.) A
protective coating structure 32 is applied to the surface of the airfoil 22, which serves
as a substrate 34 for the protective coating structure 32. The protective coating
structure 32 typically includes an aluminum-containing layer 36, which is applied to
the surface 38 of the substrate 34. An upper-surface 40 of the aluminum-containing
layer 36 subsequently oxidizes to form a thin aluminum oxide protective scale 42 that
inhibits further oxidation. A ceramic layer 44 that serves as a thermal barrier coating
1s optionally applied overlying the aluminum-containing layer 36 to provide thermal

insulation against the hot combustion gas.

Where the nickel-base superalloy of the substrate 34 is an alloy that is susceptible to
the formation of SRZ when interdiffused with the aluminum-containing layer 36, the

interdiffusion of the aluminum-containing layer 36 with the substrate 34, during
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protective coating structure 32 is applied to the surface of the airfoil
22, which serves as a substrate 34 for the protective coating structure
32. The protective coating structure 32 typically includes an

al um num contai ning | ayer 36, which is applied to the surface 38 of the
substrate 34. An upper-surface 40 of the alum numcontaining Iayer 36

That 1 nhr ST e e Qe o RS b oS 2

thermal KSRZ) 46. "ﬂmaﬁormgmm cﬁ‘mmahedelcyrcampﬂah@é mwelrl Hyduhgentdiieand
' rovi de t I nsul ati on agai nst the hot

al um num_con | ng | ayer

combust i Sﬁscﬁg %ﬁ@l{%é‘lﬁgcﬂ@@ﬂ P2t %@pér“éﬁllag) P9%.8&l;@bdstrate 34 is an
al l oy that t fused with
210, Bia47055 ARt or A o TR Aol

al um numestendsttiorai degthl afyfeom BiGoutiSo ko sret Qﬁ(ﬂ)ﬂnwameteﬂafl(aboiuromg -0 ocessi ng

d/ | ¢ t d t
(SR2) 40P ISP b5 5hane FRope dc e SR e B0 B ledBt ument ed
and deSWebﬁ)Séjcoré\}zire@%ﬁm&nglﬁhl%e?ﬁlcﬁml& f'énés’»fﬂle%@@suaé #HS5, 1207 5, 695, 821,

and 6,447,932 ose disclosures are i'ncorporated by reference. The SRZ 46
typically extends to a depth of fromabout 50 to about 250 m croneters

(about 0.0 iches). bel ow t .su face .38. of trate 34. The
S o § L 870% LR e P B et s B oy PepHueg g
super al | ee ddsigh, mer‘ca@hﬂgmmtgbaahﬁyma%a chysBR approfcb tHé\ﬁlrfhfceBB%fCOC" i ng
passages 48 is also seen in Figure 2. Depending upon the design, the

cool i ng FAEs3RgE A ieeponalsd raxcgq%@rgt(a‘t@y poae ke Qh?ui #83Q inchede TBBs.0of from
about 50 4 r t I nches
Thug ags gé&h%?rgﬁugaﬁﬁ ﬁ‘af g‘??”%%,(tﬁg\g/g‘% L{%hlggeqﬁ V%Hﬁ%%h% %ﬁeggscer el ati 3/e| y
thin, itsayrdegedeée pmperﬂm;xf&hi@sxﬂ)bmtpmmbng}emwstahﬁam:aatne.loﬁ4 t hr ough
bst ant | al ti 1/2 t [ 3--of the wall thickness
betweon ehi/Aal{E-or el otknrts toausaghs well i iheRelmeA a8 SHBAGHS ¢ he
subst r at gurdtbe 38RE IS4 04 STRE ﬁ%ﬁ@ﬁ@ol@?re@éﬁﬁ@ of B&: ttﬁé @nf%zﬂsqu therefore

presents a maj or concern when the airfoi IS ma -susceptible
therefore presents a major concern when the airfoil 22 is made of the SRZ-susceptible

superalloy composition, because the SRZ has reduced mechanical properties as

compared with the bulk substrate 34.

Figure 3 illustrates in block diagram form a preferred approach for preparing a coated
superalloy article that reduces, and desirably eliminates, the incidence of SRZ
formation in an SRZ-susceptible superalloy. The method includes furnishing, step 60,
a nickel-base superalloy substrate having a composition which, when interdiffused
with aluminum, forms a secondary reaction zone. Not all nickel-base superalloys are
subject to the formation of SRZ. Those subject to SRZ formation may be determined
experimentally by coating the alloy in the manner depicted in Figure 2, and assessing
from the microstructure and/or the physical properties whether there is SRZ
formation. In general, however, the alloys that are most susceptible to SRZ formation
are those containing at least about 4 weight percent rhenium, although some nickel-
base superalloys with less than about 4 weight percent rhenium have exhibited SRZ
formation in some circumstances. A nickel-base superalloy composition of particular

interest and SRZ susceptibility, known as MX4 alloy, has a nominal composition, in
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superal | oy conposition, because the SRZ has reduced nechani cal properties
as conpared with the bulk substrate 34. Figure 3 illustrates in block
diagram form a preferred approach for preparing a coated superalloy
article that reduces, and desirably elimnates, the incidence of SRZ
formation in an SRZ-suscepti bl e superalloy. The nethod includes furnishing,
step 60, ' - Vi te hayi a.conpasiti.en which,
wnen 1 nt SRt pEEEY, SERBAPLE pc R eoBE b o AR BRRBL S S8ne Not a1
ni ckel - baseesiyhanmubnysonBe25 fedehenhtalon dbeuf Opdrednt Qmgelen SBGut Ihose subj ect
to SRZ formatipn may be determ ned  experinentally by coating the alloy in
t he mann@FrCaRipheniEy; ahputp gercentruthspiym, abed < negeent %M&P@W@P@%@-Wuct ure
and/or t ViSieal ' her ' ' I n general,
homever,B?ﬁ%“é%#%@édgﬁggggﬁéﬁﬁ%@?&%ﬁg%g%?&gﬁgh?gggéim%%L%§§$gﬁn are those
cont ai ni percent yttemst, balancet nidkelend hiinqretaeenits. rFresubsyatab4 saiegitatdpne ni ckel -

base superalloys wth |ess than _abouf 4 weight. percent rheni um have
exhi bi tegurgﬁ%e‘}/?bﬁ\ﬁm%ﬁyiﬂﬁeg o P @ﬁﬁﬁ&h’&%@?&}@sﬁisﬁwit 88% superal | oy
conposi t ingpinehidaarpl cul ar interest and SRZ susceptibility, known as M4

all oy, has a nom nal conposition, in 8 weight percent, of about 16.5
percent cobalt, about 2 percent chrom um about 5.55 percent alum num

about 8. ercent tantalu ut. 6 rcent tungste 0 5.95 percent
r heni um %‘gﬁgfﬁte vﬁ@?% Swg%lﬁegﬁﬁ%ergﬁgeﬁf’p leﬁlé?@%rﬁ“rﬁm%ﬂ’g m about 0.03
percent @ikbobhse slstilldy-shbstidgd T4 Rieplt2f By Wul rofesfOfigRgs gent  boron,
about 0.0Q1 percent yttrium balance nickel and m nor elenents. The

subst r at dlustrates theggeteeiliocoating siruske 32 gt suntrmediatg stageof herpfgired or m of t he
ticle Wa)e C : ' | . 28., The .protective
coat i ng SppsaiB BRkessR° L8R RPO A8 Supoic) (B HESE e RGBT LY

ni ckel - bdegosiioperpphratng, sel®4. r BieadcPdsitish efpabdus B ypreferablytd Edcapmpr ocess.
Figure 4, illustrates the protective coatjng structure 32 at an
i nt er med GBI APRAZRS fﬁfﬂérﬁ MRS GENOFTHOR epRAatys Seasdectron-braa

ni ckel - bagRiSYRES R |dl3ﬁ’déit§diﬁ§§-ﬁ’(/ﬁ) %ﬂpdrﬁ‘ug' Ofifer %&Qﬁg déﬂbtsﬁio?l apparatus

include, for example, magnetron sputtering apparatus and ion-plasma deposition

apparatus. Such deposition apparatus is known in the art for other applications and is
available commercially. The deposition apparatus is supplied with the starting

materials that are required for the subsequent deposition operations.

A carbon-containing layer 80 is thereafter deposited overlying and contacting the
surface 38 of the nickel-base superalloy substrate 34, step 66. The carbon-containing
layer 80 is preferably substantially pure carbon, but it may be a carbon-containing
mixture. Preferably, however, the carbon is deposited in a form that is not chemically
reacted with another element, such as a metallic carbide. Fine metallic carbide
particles are formed after deposition of the carbon by a chemical reaction between the
deposited carbon and the refractory metallic elements in the nickel-base superalloy
that forms the substrate 34. If the carbon were deposited in an already-reacted form,
it would not be available for this subsequent chemical reaction. The carbon-
containing layer is preferably deposited to a thickness of from about 5 to about 15
micrometers, more preferably from about 7.5 to about 15 micrometers, to provide a

sufficient layer for completely or largely avoiding the SRZ.
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deposition apparatus, step 64. The deposition apparatus is preferably a
vacuum deposition apparatus. A preferred vacuum deposition apparatus is an
el ectron- beam physical vapor deposition (EB-PVD) apparatus. O her operable
deposition apparatus include, for exanple, magnetron sputtering apparatus
and ion-plasma deposition apparatus. Such deposition apparatus is known in

the art r _pther a bcation nd is. available commercially. The

depost t i O APl SRR PR Beniie R iR b PR Piaclog gy o e
requi r ed chdbncb@tamitisiagrsnt The RRHIFSI Fdepsraim the BRmiMnBoRRMIEORY& Ni ng

| ayer 80 is thereafter deposited overlying and contacting the Surface 38
of t he nPéiererfamed yuihesane dpositiontapparatus as thetstgp @eof depesiérg then- cont ai ni ng
| ayer 80..] 18 S | al I t it my a

car bon- cgﬁgﬁﬁﬁﬁgﬁlﬁ% %Y%;geéi H%E tes#egrégﬁf ga&ﬁr{)n\%g\y&e)lﬁl%mf %Oélgéﬁ%en%fﬂg&'deposi ted in
a form t bade superaiivy aibemate akt kyan srabiehesdmospieria Bohdifdon, eht@emhiringsheh as a
netallic ca(régiog . Fine netallic carbide particles are forned after

deposi ti 8P VSR BI5iStapy 08 apf8F £AF used bt nambicRbamosphere Jefs% i t ed
carbon a frac t ' ] i I : eral | oy
Chat for noF RETRR SR RS hpRR Froshft FYEORALS h R ELeT T Trafs Sufte

al r eady- theaicpesitidwstaps aré perfimuied inatvabimnadepdsatohepparatus the vaulngeiguent

chem cal reactian. The carbon- cgntaining.|layer .is eferably deposited to
a"thi oknBeSHgken ettt bestiine GBS 68 snd fheihe ke BY. iRy pRaseanl y 1 rom
about 7. gt QibaRMsHo AR WIhGEQRBICRIiS orki@atRinOMi $8n@misiibhi QlseRtd hayar for
conpletely or largely avoiding the SRZ. 9 The al um num containing |ayer 36
i s deposi tams deppsiposgppasaiey’ | apdile bmdincludesa bt ingot limitedy, tereagssnt ai ni ng

port or mod i 5 e8Bao flipBEIE R o A WS el eS8 dds M eriposi ting the
car bon- cdgicited gng tig8sm8Gype UTeowt e B8 sirfie Pl el cavbbiesitai@kiposi ng t he
ni ckel - base superal ] oy substrate 34 to an anbi ent atnospheric condition,

ei t her dlAYFRSP aKkthe shuayney-coptagupgpksyer I dergsiedssingdiffeent (yrss abed herein,
"anbi ent p : p e re
B e Lt O L

containing layer 36 are deposited using the same type of source in different chambers

that are interconnected in a manner so that the substrate is never exposed to the
ambient atmosphere when it is moved between the chambers, and the carbon-
containing layer 80 and the aluminum-containing layer 36 are deposited using
different types of sources in different chambers that are interconnected in a manner so
that the substrate is never exposed to the ambient atmosphere when it is moved

between the chambers.

The aluminum-containing layer 36 is preferably an overlay coating that is complete
without the need for substantial diffusion of elements from the substrate 34 into the
aluminum-containing layer 36. The overlay coating of the aluminum-containing layer
36 is preferred because the carbon-containing layer 80, and the interdiffusion zone
between the carbon-containing layer 80 and the substrate 34, serve as at least partial
diffusion barriers to interdiffusion between the substrate 34 and the aluminum-

containing layer 36.
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the deposition steps are perfornmed in a vacuum deposition apparatus, the
vacuumis not broken between the beginning of step 66 and the end of step
68, thereby exposing the substrate to air, with its associ ated oxi dati on
and contam nation. As used herein, "sanme deposition apparatus” and the

i ke includes, but is not [imted to, the cases where the

carbon-cqntai njng.l ayer 80 and fhe al um num cant ai ni l.ayer .36 are
depost t ed BE PR Aheripy el SRe YErs o A el R ERAY e

car bon- c gRisBinfikeDalum@Hes owlad '@Qath%eha@ldgrﬂ AU RIoBIHDE i &bRfic 36 are
deposi ted usi n_g% different types o sources but in the sane chanber, the

car bon- coercentmit 3§ to 8§ percen inpime2 & Uirberaent chmiamadgl.2 agieent36 ar e

deposi ted. usi.ng t+he sane _type rce.in di.fferent chambers that are
o Lo R, B Akt P Mot cEuslodllibl BARE 2 BORMRE > 1120 %l be
anbi ent 3% W& & weight petcehSoMOVESpdiedritarimihii, o) @Moscscenfésbalthe car bon-
cont ai ni n ayer 80 and the alum numcontaining |ayer 36 are deposited

usi ng di18f2érP@Fﬁeﬂ'E pesivgt, sl Oqescenhytirivm.cialanee aigkpl dihgse oerlanr e | )
| o1 COnBRREE ) 8 RSN 536 o BB REUESE ERKSnL DS RRecRYpRE Lo the

al um numvardnisalemeigs thatydapositihie hieperimisaionof de orcelal ayatgat i ng that is

conplete wthout the need for substantial diffusion of elenments fromthe
substrate 34 into the alum numcontaining |ayer 36. The overlay coating of

the alu "‘gﬁ;‘ﬁﬂhﬁﬁ}]ﬁ@ dabRdc gzg»é?g% Idn% b %ﬁ]?:(;sﬁt‘:@ 6{}&}?}&11}?&%%&%% the

car bon-contai ni'ng |ayer he interdiffusion zone between the
car bon- c elwtranmiregniagyeg lagér natep A8. Thbstmumielager, maeba/depasitaltbyt @yst parti al

di ffusion barriers to Jnterdiffusi bet n.the substrate 34 and, the
al Ui nunePEBHE APREAGT 1 ayer cSoiinEe FotT0 B SPrPLE i NG (PEORE ai mi ng
| ayers 36 pirfor@kd itthe 8arRé 86RRIt0dARDH MRS hatheRRPHS dTidelSitid) HBLARLER over | ay
coating having a nom nal conposition in atom c  percent of 30 to 60 percent
al unmi nunrotainggllayes &P cad thetterodd efrdepositing the abunisamtcondinipg fyendo.bal ance
nickel:  of mfcNEThl &rBNR! deB¥sifi SRl Jo 1A fnda RRHLHkposing the nickel-

base superalloy substrate 34 to an ambient atmospheric condition, from the beginning

of step 66, including step 68, and to the end of step 70. In another embodiment, the

step 70 of depositing the ceramic layer 44 is performed in a different deposition

apparatus than the step 66 of depositing the carbon-containing layer 80 and the step

68 of depositing the aluminum-containing layer 36.

The deposition step 66 of the carbon-containing layer 80 and the deposition step 68 of
the aluminum-containing layer 36 are typically performed at an elevated temperature,
typically from about 1800°F to about 2000°F. However, the temperatures and times
depend upon the type of deposition apparatus that is used. At these elevated
temperatures, there is some interdiffusion of the carbon-containing layer 80 with the
adjacent portion of the substrate 34 during the deposition steps 66 and 68. This
interdiffusion results in the chemical reaction of the carbon and the refractory
elements such as rhenium, chromium, tantalum and tungsten in the substrate 34,
reducing the amount of these elements available to react to form the undesirable SRZ.

The result 1s a carbide-containing interdiffusion zone 82 shown in Figure 5.
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conposition in weight percent of 12-18 percent alum num up to 30 percent
cobalt, 10-25 percent chromum O0.1-1.0 percent yttrium bal ance nickel.
These overlay coatings may be deposited froma pre-alloyed ingot, or from
mul ti ple sources of the various elenents that deposit the net comnposition
of the overlay coating. Optionally, the ceramc |ayer 44 may be deposited

overlyin t: 4 A ) 4 h R I ep 70. The

cor am o Py ayel BB R0 ar BocR B E 8L B i X Ry cHen 30 °F

enbodi meptodutdthesiesiped/dtant ofithe dstetdi figsidheore§2awhivhldayiedbl éxtends aper forned in
66 .of depositing the_carbon-

th d It t t t
coﬁt Z?ﬁﬂg&ﬁ%@éﬁﬁ%—ﬁﬁﬁﬁ%ﬁg&&sﬁo 5 Segﬁééiﬁof“h etSH'é‘-‘t’Zi‘FWﬁE‘?ra%ont ai ni ng

| ayer 367, jhétedRitse &ﬁaﬁgﬁgqagn%ﬁiﬁmisn Q&fél L@E.gn%aéﬁﬁbaggﬂ e BHshaeed

wi t hout exposing the ni ase supera ubstrate to an anbi ent

at nosphesiudaced8olithe erbstrite Srwitiethb egrbomiconfainufg Isyarpnd Ge dlmoimdi-ng st ep 68,
and to the end aof st 70. 1 n_anot her epbodinent, the step 7Q of

epost t | HIPEREIBYS Eeqisehes TRl ueH GhAbR TIPS eR R0 i on
appar at uggtdtanpreheatiy &Bubonf 19RPPR AHole2 f0ter CArReRnEeD Hitéiltildhn! ayer 80 and
the step 68 of depomhgg@the al um num contai ning | ayer 36. The deposition

step 66 beattieatneant B s 2 GROQAF fonytimaywdR2 Meorsaiherh éhedeptionaltdetamict ep 68 of

t he al um | 4N er. 36.are typically.performed at.an.el evated

t enper at S%Htﬁ’?‘ y%%?%cﬁ ]1% e% Fo daélg’ J’tea%éﬁm}%Slegﬁgd?aYZWﬁ%%g\ﬁ%’Ff’ t he

t enper at yoesir@ndy Withpsr af@de fRtpUo IFuriher inydpdi flakiod epast Hingf @ppar at us t hat

Is used. At these elevated tenperatures, there is sone interdiffusion of
the car b&HYESRE hafioalgdiagidds 80 with the adjacent portion of the substrate
34 during the deposition steps 66 and 68. This interdiffusion results in
the chem cal reaction of the carbon and the refractory elenents such as

r heni um Tobhopparsnyfadeatit l thoralamdntmHogsthiming laydri3é is oxidizedtefo3dh, the r educi ng t he

anount of these elegnents.availghle to react to farmthe undesirable SRZ

The. r es FRITIGE cXMEATAEC EGTCEE A2 SO B a 1 0P UHD SHEReSb USHEGR | n Fi gur o

:SnSl]j %Lf :-lg:é%%f’ 'b%y gtsiéﬁarhﬂéts%@ﬁihgﬂ'&@sstiﬁ@br GRS cdeSIARE iSBuBRckA8 My be
into service. The partial pressure of oxygen required to achieve the oxidation is low,

so that the necessary oxidation may occur even during vacuum processing.

The present mvention has been reduced to practice using the preferred approach of
Figure 3 and as discussed above. Specimens prepared by the present approach were
comparatively tested against baseline specimens to which no carbon-containing layer
was applied (as in Figure 2), and specimens having a carbon layer prepared by the
approach of US Patent 5,334,263. The specimens were prepared with an MX4
substrate alloy, a carbon-containing layer overlying the subsirate where appropriate, a
nickel aluminide layer overlying and contacting the substrate (if no carbon-containing
layer is present) or the carbon-containing layer (where present), and a thermal barrier
coating of yttria-stabilized zirconia overlying and contacting the nickel aluminide
layer (and any aluminum oxide scale that had already formed). Baseline specimens
were prepared in an otherwise identical manner but without any deposited carbon-

containing layer.
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produce the desired extent of the interdiffusion zone 82, which desirably
extends a depth of about 5-10 mcroneters into the substrate 34 fromthe
substrate surface 38. To increase the extent of the interdiffusion zone 82
(i.e., its depth below the substrate surface 38), the substrate 34 with

t he carbon-contai ning | ayer and the alum num containing |ayer thereon are

heat tre bout, _1800F,
pref er ab?xgg?i r %%Blgg%ruﬁvi%%)toﬁlrb%&g%é%%%%g%és%Qﬁapurcéepgﬁ f g(?ggl‘éﬁtog(ra" P¥¥ usi on
heat tr eayclensf /2 8insinate h2QQE 45 atindtesd a2 26TF, 2and19 Gr19. mMher @oldeemapt | onal

ceramic deposition step .70 is perfornmed, the heat treatnent step 72 may be
per f or me @ BRIGAREIANIES BPEFIEAE PiFPRe Ry ths Prasenbapnrerchdiad gn averager t her

i nterdif fj;usi i i t i ~gThe upper
U face. AR P BRI, e e o o e

al um nuntlei2d2 pptent ledtan\areragalifetia® ofilbeyclduri ng t he deposition and heat
treatnent steps, by a separate step during processing, or after the coated
article is introduced into service. The partial pressure of oxygen

requi r ed i @ s@ohl @Y @phravokkid gl Biens SydrOWsted $Psttdidtudrh® 10REESSRRY OXi dation
may occur even during vacuum processi ng. The present invention has been

reduced fiostshresstripturedoading eorslifpmedfel808TF andptl¥Opouhds Firgguaze ticknd as

compar at VAT s Tag Aa Do ae BT AL epaar ERET o Rp e pieo ot

car bon- c@ptdmBhGrepBYE by thdmséElpl dppbaldehbRiTdéHBorPdont ARG 39@9 hiTens havi ng
a carbon | ayer prepared by the approach of US Patent 5,33%, 63. The

speci mendllyes erespaipidepnsgaugntiing spbstang glannquat of SRE gyas farmedy hasharcont ai ni ng

| ayer ov LGt r [ o j ckel m._ni de | ayer
overlyi ng{’%ﬁ{% cgﬁ?géf?{ﬁ%&t ﬁ{eggégg%ﬁ rgté‘tasgpl{ﬂ 1e%§§dg%§o§gﬁ%o§noffazpﬁ¢)dﬁganﬁl ayer is
pr esent ) 26,000 peuraiampeosyuacnine hiadimg| speeimchabperedbgsedpiesendagbraadsher nal
barrier _cpating of yttria-stabilized zirconia overlying and contacting the
ni ckel aha%iw_ agqlafge_%géla T%W%?%WWWIW%‘E%YéG%ﬁMEad al r eady
tormed) . aBB8edH Wherdiefol ARM-cofififing LELALGH Wﬁlp?flkgir?{ﬁbﬁréﬂ Herabfiff dcal manner

but wi thout any deposited carbon- taining lI'a
219 hours.

Specimens prepared by the present approach therefore tested superior to specimens
where no carbon-containing layer was present and specimens prepared by the

approach of the ‘263 patent.

Although a particular embodiment of the invention has been described in detail for
purposes of illustration, various modifications and enhancements may be made
without departing from the spirit and scope of the invention. Accordingly, the

mvention is not to be limited except as by the appended claims.
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12 In a first conparative test, furnace cycle testing was conducted in
repeat ed one-hour cycles of a 5-8 mnute heat up, 45 mnutes at 2125F, and
a 7-10 m nute cooldown to roomtenperature. Specinens prepared by the
present approach had an average lifetime of 393 cycles before failure,
wher eas speci mens prepared by the approach of the 263 patent had an
average lHfgitde of 170 cycles. In a second conparative test, specimens
were tested 1 n stress rupture loading. In a first stress rupture |oading
condition of 1800F and 40, 000 pounds per square inch |oading, specinens

prepared_by the esent approach had an average life of 407 hours.
Speci mend- pr egaﬁ“g%‘o%&rtﬂﬁ aﬂagéﬂowﬁawﬂgkywrwa%r@mnﬁwgélﬁ geps-dont ai ni ng
| ayer at all was present, and consequently a substantial anmount of SRZ was

formed, had an average life of 251 hours. In a second stress rupture
| oadi ng fwnshingamidfel-R&RGEpemidoy 2bsH46 hpdug dsompositiouehichi whén | oadi ng,

speci nens_ pr.epared.by.the present appr.oach had an avera life of 341
hour s, V\Hggrg SS%&@&EH%‘“ E‘eg’m& spyPRdpRY TEaRdion;zAge; a&éﬁ?% Twherein no
carbon-containing layer at all was present had an average life of 219
hours. Speci nmens prepared by the present approach therefore tested superior
t o speci ABMEMEAIEPlEctie coatitpsirusbre i asurtack oy the nigksl-passsuperalloyd speci mens

pr epar ed e r f .t . 263 patent. Although a particul ar
enbodi rreﬁl?aég%{étwg |ﬁ\?g%§| g%gﬁﬁéslg%géﬁledgg?&g ‘bed in detail for purposes of

illustration, various nodifications and enhancenents nay be nade w thout
departing fromthe spirit and scope of the invention. Accordingly, the
i nvent i oRCRSItHGR QAP oReconfaiRing tyexeepngsang conisating,ibe saderecf diens. ~ 13 CLAI VB

of T iR e oy e R Dot rat e having & composi tion
whi ch, when

depositing an aluminum-containing layer overlying and contacting the carbon-

containing layer, wherem the step of depositing the aluminum-containing layer is

performed in the same deposition apparatus as the step of depositing the carbon-

containing layer and without exposing the nickel-base superalloy substrate to an

ambient atmospheric condition.

2. The method of claim 1, wherein the step of applying a protective coating
structure includes the step of:

placing the nickel-base superalloy substrate into a deposition apparatus.

3. The method of claim 2, wherein the step of placing the nickel-base superalloy

substrate into a deposition apparatus includes the step of:

furnishing an electron-beam physical vapor deposition apparatus as the deposition

apparatus.

4, The method of claim 2, wherein the step of placing the nickel-base superalloy

substrate into a deposition apparatus includes the step of:
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interdiffused with alumnum fornms a secondary reaction zone; and
thereafter applying a protective coating structure to a surface of the

ni ckel - base superall oy substrate, the step of applying including the steps
of . depositing a carbon-containing |ayer overlying and contacting the
surface of the nickel-base superalloy substrate, and thereafter depositing
an al um num containing | ayer overlying and contacting the carbon-
containing |layer, wherein the step of depositing the alum nunm containi ng

| ayer i s furpihingfaXRemirh depRitarpaanesh theitpagiad aipasatas t he step of
depositing the carbon- containing | ayer and w thout exposing the

ni ckel - base superall oy substrate to an anbi ent atnospheric condition. 2.
The net hqd of i , i t i tive coating
struct urd i not a Do SRR P bt €5, BheRBPl 1B F ALBHEE )T 7

subst r at aickal-tasa supepadiyisibstratpipaludedithe s@@p ofhe met hod of claim 2, wherein
the step of placing the nickel -base superalloy substrate into a deposition
apparatus includes the step of: furnishing an el ectron-beam physi cal vapor
deposi ti gp,RRRRN kot @%‘ﬁ{ . d of claim
2, wherein til%%glt?ée%h%g %P%F%gﬂtgﬁﬁeﬁdrl\?%ﬂg - as’g{ﬁ%ﬁ%ﬁrg%?/ d}“sﬁh Strate into a
deposi t i d6.5gppanttabsltj abohiZlipscetiehmmpmofbout 4,56 perestdlmmirany aboutm

d it t h iti . 5. The.met hod of
of "ot ai e TS alRlh AR I Ui TS bercer B8 Luper a1 | oy
subst r at gercB&!rifhesiui) 8ot peRient MblyBHSIHM AbERD.GIRSELRERLIRLBG @ nomi nal

conposi tion, in weight percent, of "about 16.5 &Ercent cobal t, about 2
per cent @HA@eragni hafhioom, A 9.094 peeasnt karemviahowh 0.@bprrcent gttdgmpbalanest
tantal um_. ut r,cent. tungsten, about 5.95 percent rhenium about 3
per cent rC?%%W§§%PB§%%B?&§ percent nol ybdenum about 0.03 percent carbon,
about

6. The method of any one of claims 1 to 4, wherein the step of firnishing a

nickel-base superalloy substrate includes the step of:

furnishing the substrate having at least about 4 weight percent rhenium.

7. The method of any one of the preceding claims, wherein the step of depositing

the carbon-containing layer includes the step of:

depositing the carbon-containing layer as substantially pure carbon.

8. The method of any one of the preceding claims, wherein the step of depositing

the carbon-containing layer includes the step of:

depositing the carbon in a form that is not chemically reacted with another element.

9. The method of any one of the preceding claims, wherein the step of depositing

the carbon-containing layer includes the step of:
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0. 15 percent hafnium about 0.004 percent boron, about 0.01 percent
yttrium bal ance nickel and m nor elenents. 6. The nethod of any one of
claims 1 to 4, wherein the step of furnishing a nickel-base superall oy
substrate includes the step of: furnishing the substrate having at | east
about 4 wei ght percent rhenium 7. The nethod of any one of the pr ecedi ng
cl ai ns, f. de ositi n t he rbo t. ai I ayer
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subst ant hat;ﬂomefwge carbon. 8. The nethod of any one of the pr ecedi ng
clainms, wherein the step of depositing the carbon-containing |ayer

i ncludes the step of: depositing the carbon in a formthat is not

chenmi cal re t T f of t he
pr ecedi nggcl alﬁir%S%\t/\wgro}eflaﬁ{)%glgf?gEﬁﬁ&h%ﬁ%ﬁli| ng {lﬂ%%t ¥OS Si ni ng

| ayer i neHed@ainihecaitapinglayel mctigipothetstepdpft he car bon- cont a| ni ng Iayer to a
t hi ckness of from about 5 to about 15 mcroneters. 10. The nethod of any
one of the preceding cl ains, mherein the step of depositing the

al um nu - chRGnHES | L6k

al um nuﬁ%ﬁg#al gtllﬂgunayer Cgﬁe} ect %Egir%&% g"g{%gg c%ncglhgsltgtllﬁr%%o a nickel
al um ni dmcka]mhkmyudamte’rlagcmthhgand MCMCAIK\ovetlay ceatiagi ng. 16
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