METHOD FOR FABRI CATI NG A COATED SUPERALLOY STABI LI ZED AGAI NST THE
"FORVATI ON OF SRZ This invention relates to a superalloy that is
susceptible to the formation of a secondary reaction zone when coated

wi th an al um num containing coating of a protective system and, nore
particularly, to the inhibition of the formation of the secondary
reaction zone. BACKGROUND OF THE INVENTION In an aircraft gas turbine
(jet) engine, air is drawn into the front of the engine, conpressed by a
shaft - mount ed JdEPHEES6OR BABRACASING A KCOAEED SURERAKLOKe i s conbust ed,

and the resulting st L on hrough a turbine
nounted on the saﬁggéﬂgﬁﬁggfﬁégﬁﬁgﬁﬁgﬁiﬁ@?ﬁﬁgﬁﬁﬁgﬁﬁﬁﬂﬂéas turns the
turbine by contacting an airfoil portion of the turbine blade, which
turns the shaft and provides power to the conpressor. The hot exhaust
gases fThuinyeswniplated ik sufetallor teaigs susceptihd¢ toi thg farmatodofoie ai rcraft

f or war re nmay _additional Ly, be a bypass fan that force air around
the. cesie S Te T B har Ratt i, B BRERuredias erinheTrr om ¢ he

t ur bi ngrot&ivtisOfiem BRe, Mb@hRkdUNEY eMpendivfidn of iHeBmhlonGemust i on gas,
the greater the efficiency of the engine. There is therefore an incentive
to opePHOBIUNECHPREPRE-s of the engine at ever- higher tenperatures and

| oadi ngs. A variety of techniques have been used to achi eve higher
tenperatures, including, for exanple, inproved alloy conpositions,

enpl oy B&GIKGROAM e T HENMN ENGI@N cr yst al turbi ne bl ades, thernmal barrier
coatings that provide environnental protection and act as insulation
applied to the turbine blades, and physical cooling techniques.

kel spasesosuges ooty e sy g Rbechals o cone vt on
sur f aceompresded bryi actheft-rhaisedempepradsbn and snized with findl NThe sdxttuaiini ng over | ay
coati ngdmg@s?ef lallljmhrt]el{'rensdlt?ngt IIPO% c%l%%glsi;tpo g%)éésd:;ré Ieagsstec? ﬂxfrc%grlrl] a turbine

mounted on the same shaft. The flow of hot combustion 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 temperatire 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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an al um num oxi de surface coating during treatnment or in service. The

al um num 1 oxi de surface coating renders the coated article nore resistant
to oxidation and corrosion, desirably without inpairing its nechani cal
properties. An insulating ceramc thermal barrier coating may be applied
overlying the alum numcontaining coating. Recently it has been observed

that, whegidaiEaadnaneetbnibskid cdutsidtisl peoratdstyty (o @8painadndy t hose

cont ai ni ng hi.gh rhenium contents, are coated with _an al um num contai ning
coating &REosMRflesxgbs wihed mwaymgdtsgpechanighl areppraes A mselghBg t i ons, a
secondar i Ln: 11Q {ay. This SRz
agion FeBRe e 3R e MAY B ol R clABE O BRLTHREA B ot ors
(about 0.08Hhg). 010 inches) below the original superalloy surface that has
received the alum nide coating. The presence of the SRZ reduces the
mechani cal properties in the affected region, because the material in the

SRZ I's wagkent] eﬁ?iss?&gg%%ég th%@%h@ﬁgo&lé a@ﬁ@é@ﬁial@él&%e?ﬁdggrggg%?at ypes of

t ur bi ne conpo ecause there are cool 1 ng chann bout
500- 750 rspacohiptierss cOptiaoung Bigh 28enidn @8Mlenticdre sdated witbss abmhiowmt he surf ace

of the article. Coalin ir is forced through, the channel.s during

oper at | orf BT fecaGE AR Tep KBTI ETEF BT Fery e CGREOeSY fs T ¢ he
regi on bebtupghrytBetisHzbAC &S RMNdotNeinRe ihdel petalloy.t TARSREA #Bidhi cant |y
weaken a major portion of the thickness of the turbine blade I'n that
regi on anglobsarve ehaldemh of Eguragut 56 trafont 2X{bmiczerneiges (Pewit SHMWRLOF t he

article. .Sever.al techni gues ha bhee oposed to .reduce.or, avoid t he
o mat | ot AR R Sl o R APPSRl R R Be 8308 1 1 ¢ |
al ways a Teegesbate dihd SRZQ¥@Res ARIAQAGHCA ProRetike in gheOd fiRwdirdbing, the

i nci dence of SRZ in advanced nickel -base superalloys. The present
i nvent i obegayse thesatemaldn HieeRRZ diWeakur t her provi des rel ated advant ages.

The formation of the SRZ. is a major problem in some types of turbine corﬁponents,
because there are éooling 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 thjchless 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

Disclosed is an improved approach for preparing a superalloy article having an

aluminum-containing coating thereon. The superalloy 1s potentially



SUMMARY CF THE | NVENTI ON Di scl osed is an inproved approach for preparing a
superal l oy article having an al um num containing coating thereon. The
superalloy is potentially 2 susceptible to the formati on of an SRZ when
coated with an alum numcontaining coating. Wth the present approach,
the formation of the SRZ is reduced and, desirably, elimnated. In a
first aspect, there is provided a nmethod for preparing a coated superall oy
articl e, sussepiihle & thy femmeationoh an SRZ wgngostadiytihamalerearunyseaiginger al | oy
subst rat e havi REA 1 SQIDG éﬁﬂrg&h\!\ﬁ{e(fgrr? Vé{%%%fﬁétﬁf'i {eH&c%Q At h al um num
forns a secoﬁdary reattion PZone: “and therearter appl'yrng a protective
coating siksitidlyeBmimital. surface of the nickel - base superal |l oy substrate,
the step of applying including the steps of. depositing a
carbon-contai ning | ayer overlying and contacting the surface of the

) Chel D8R SR SHOSHER) e SRR PPN AR

al um numco ayer- over yleng ar?d con ting t

| ayer, whemetising lie: s¢miofurtisiing b hidkgl-bdshaupdralioyrsmbsteaahaiing ag | ayer is
performed in the s deposi ti apparatus, as the step of depositing the
car bon-cGﬁ@QPﬂfl%WSgeWﬁgth“W&ﬁﬁfﬁa@& LR %Fgmﬁiaéﬁ NIRRSEACiOlper al | oy
subst 1 al Goh@ At tRADIERhprH RS AGIekEcRAthd iARnud R LIPRe GPIRFARAT | NT
coat ed superalloy arti c?e conprises the steps of furnishing a nickel-base

super al | bysesupstatlay subistraientpe ateportippplyingonclnding the sibpsrofi deprsdingfaused wit h
alum num_ forns _a.secpndary reacti.on zone,  and_.t her.eaft.er lying a
protecti V& 08?98{1%&}1@“%@? ffc‘f‘%lﬁ’ﬁ&”tg&mg cQpiAFREhE FULRcE Orﬁﬁbekrﬂgkeﬂ)g’g% super al | oy
subst r at QupeFIRyySquBBr AL, and RRYARY dbpiliides dhainsheasmtahinpliagtng the

ni ckel -base superal |l oy substrate into a deposition apparatus, thereafter
deposi t i eyeyisarhdbecnsantingithd eagbomgentaipipgrtayargheeia thegen etddpagitinge surf ace

of the nickel - base superal, oy .substrat.e d thereatter depositing an
a1 um num SRR RTGSHEFLR 107 UrTEE B 4Bk R R Chopa PR S Ul
step of depositing the carbon-containing layer and without exposing the nickel-base

superalloy substrate to an ambient atmospheric condition.

A method for preparing a coated superalloy article comprises the steps of furnishing a
nickel-base superalloy substrate having a composition which, when interdiffused with
aluminum, forms a secondary reaction zone, and thereafter applying a protective
coating structure to a surface of the nickel-base superalloy substrate. The step of
applying includes the steps of placing the nickel-base superalloy substrate into a
deposition apparatus, thereafter depositing a carbon-containing layer overlying and
contacting the surface of the nickel-base superalloy substrate, and thereafter
depositing an aluminum-containing layer overlying and contacting the carbon-
containing layer. The step of depositing thé 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.

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 rhenium may exhibit SRZ formation in some

a
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containing |ayer. The step of depositing the alum numcontaining |ayer is
performed in the sane deposition apparatus as the step of depositing the
carbon-contai ning layer and w thout exposing the nickel-base superall oy

substrate to an anbi ent atnospheric condition. Typically, the substrate

has at | east about 4 weight percent rhenium |eading to an

SRZ- suscepti bl e conposition, although in sone cases nickel -base

super al | 6ySumpFtanFes.| ALOMPPEHIoRINE intergStn iyt inghe mlystry peMiXialipayhaséni bit SRz
formation jF oI Mo OReRd & | f. 4 t in the
industry%g%&ﬁﬁgggP@g§%£%ggégﬁPﬁﬁéﬁﬁg?ﬁ%bnpoé§P%gﬁﬁcPﬁﬂ&gﬁg gyeggggﬂt; of
about 16 chropgumetiout 613alperceabaivinidimpeiboetrt.25 phicamtamzivababdut . 55 percent
al um num about 8.25 percent tantalum about. 6 percent tungsten, about
5.95 per CEIFENGTTHRENMROAB S PETG5EF BISHIUN 3PN RFTFC0A BEhignigm, %@ﬂ% nt

nol ybden -haf [l about
At e S R A S A e i e AR AN
el enent s 0.00Fherasposon,iabnuapphpatces yitsiupy, bflenabiiyka andoummm elkepods.t | on
apparatusm;18 deﬁpsition ag aratus of interest.is an el ectron-beam

physi cal Q O PP 15 BpAHAbY S vac R SepaRiqr angrigDis. bR toRn

appar at ugppdigiul BinBdRbkt i£4d &6ciARPEaa! pisysRAPvApRP dBARITR apf@BRRS] tion
apparatus. 3a The carbon-containing |ayer nmay be deposited as

subst ant Exkmyples of etbendd¢ponitionapparap yneligle spotienvitgapparausraad idhplasmabon i s
deposite inwg formthat is not a netallic carbide. Desirably, the
carbon-c ﬁ?%ﬁ?ﬁﬁﬂfp??bﬁr is deposited to a thickness of fromabout 5 to
about 15 microneters, nore preferably fromabout 7.5 to about 15

m croneters. The alum numcontaining |ayer is preferably an overlay
coating. The alum num containing is nost preferably a nickel alum nide
overlay coating or an MCrAl X overlay coating.
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After the alum numcontaining |ayer is deposited, the substrate with the
carbon- containing |ayer and the al um numcontaining |ayer thereon is

preferably heat treated at a tenperature greater than about 1800F. There
is typically some interdiffusion of the carbon-containing |ayer with the
substrate when the carbon-containing layer is deposited at el evated

tenperature, but this separate heat treatment achieves a greater degree
of interdiffusion of the carbgn atons .into the Bear-surfaoe region of the

subst r at¥ carE- et aBREd RO PRI 38 ATREttAYY PRFEATI08r 5t XY bi des wi t h
the refd a6l Hﬁﬁﬁéthgc&rﬂ@n %l!ﬁ?&sﬁéh%%%ﬁﬁ aiak Rt Iﬂfetemf@b 9@4 lity of
these refractory metals in solutfon to formt I's reduce t her eby

r educi nijeditablyi, tiwi odﬂawecomtanﬁﬁglayemstdwosteﬂstu laftlaclmasegf fmomabotthetosubst r at e.
Opt i onal.| ceramic |la i.S 05| ted rl nd contacting the

ar Ut n ol bR B PregeR B ot B SRS Snal | Reat
treating is performed. In one enbodinment, the step of depositing the

cerami c layer is perfornmed in the sane dep05|t| on apparatus as the step
of depo’EhetaIwgmunecwamUrg leymtimpuefaneply ay evedarcaatiog.sTapalugfinweposi ti ng t he

al um num ¢ ont al nin hout ., expasi ng_.t he ni

super al(fogfl%lﬂ%éﬁxpgﬁéﬁ?a%méw %Wﬁ“f\(!rr"l# ‘%(5??’ (Q,gact]t?l%’ ta??rf}@ ‘ﬁl%aanot her

enbodi I’@fﬁ‘lﬁyc@gﬂﬁlgstep of depositing the ceramc layer is perforned in a

di fferent deposition apparatus than are the step of depositing the

carbon-containing |ayer and the step of depositing the

al um nu i nmet hod for

prepar |%8§ﬂ%g%lw | sucgéfaiaqlfl%wgrr]fs nggslt%HethglﬁtgsggéﬁﬁﬁPﬁgQargggf furni shing a
ckel -doasgning paeabidihe sltbsihiat@ntonhglajen glf:l-‘ﬂoﬁ| IQpEfﬁtrsblyxheaihreawﬁe n

“interdiffused with alunmnu far condar action ne.. The

ni ckel -BASETRUBBFABIBIF" %g}?? Bh"}s erg @&é’%/w Eb%?ﬂn%n 1§HFOP &S cent
rheni ungye AurbBh @b SGIIYE AV feShbMikd vBerl theldBionabhainiAPRibed to a
surface of the nickel-base superalloy substrate. The step of applying

i ncl udedepbhitedstt elssatefl tephparatng, bighisisehashte heat treatment achieves a greater

-degree of interdiffusion of the carbon atoms into the near-surface region of the

substrate. The carbon from the ca;rbon—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.l

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

R

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 m a different deposition
apparatus than are the step of depositing rthe carbon-contaming 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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base superall oy substrate into a vacuum deposition apparatus and
evacuating the vacuum deposition apparatus, thereafter vacuum depositing
a carbon-containing layer to a thickness of fromabout 5 to about 15

m croneters overlying and contacting the surface of the nickel-base
superal | oy substrate, and thereafter vacuum depositing an

al um num contai ning | ayer overlying and contacting the carbon-containing

| ayer. The step.of depositing,th | um num containing | ayer is perforned
in the SEREEIbED: PR mt%fsﬁj&ﬁg@ ﬁ’é&aﬁi‘“‘f“r‘?@“’s %Bl%ﬁeca%%g FeaCHign Eone-
car bon-gantiak Oiyage hp¥iiof BehWald Wbt RXRABLMY whiBh: Pir&dselrdagse auperal | oy

substrate to an an{n ent at mospheric condition. 11%ﬁe met hod 1 ncl udes
t her eaf pretectiac cnating strocttreas thengftehappdigh $¢ 4 surddogiof thettheked-drfzon- cont ai ni ng

| ayer and the al.um pum.contai.ni ng. | ayer .t hereon a.tepperature greater
han abgRrrlBy o e e S tapiitrooehr Fel St alRRas i on o L he
car bon-gREt@IPMIRG duBMBle RRSla vhdiRnA@RRSIHoh appRhtut Bed &ladRatiignheont ai ni ng

| ayer be performeéd in the same deposition apparatus. The
car bon-ashemi deporitidmgnparatysh theteadies vaquypl deppijing o sedppsosieming layver di f f used

metal fromthe substrate)., i 0 Q nbi ent _at ppsphere after
TR oLl REeS BBk I Ay P BASRIC S AP BERRERRCL T 5 1
t he cardf@face 6Ptk aidkicNBask Aisdralicy wibp@sechnt ahdrbfion Whduai dglosBiaphar e bef ore

the al um num contajning |ayer is deposited, the resulting oxide and
cont am HeDiE-peRengg lpweyedying apd centpitmedhs carbeireessiniedayrg: Thger nay be

deposi t . | 105 :.0%] Nt am. aat | | 1€ per f or med
by shot&%f %s@ﬁ%ﬁggﬂ%rﬁlﬁﬁgﬁs%ﬁgﬁﬁgﬁ%?%ﬁ%@?%g@{haﬂrl% S%ﬁ‘?? E@Sg}sﬁtn i ng tend
- 0 i npl guphrasusadslthastep of depofiting chegrartoracrohtaioing dayien atd without ekpesing ur f ace.

‘ Bven a snal | unt of this foreign tter has a disproportionate effect
on thgtﬁﬁﬂféfﬁﬁ 6y SuBEE e Kb %mnglﬁ?mle?@&ﬂm S5 D1 r abl o
di f f usi BBthod pRIERS %éreaﬂépumuﬁﬁh@wuﬁﬂﬁgl&hé alsBarWiltAme cabahe for the

deposi tion of the alum num containing ayer, and potentially to the
r enoval copfaining laysr biohthe ehmainwinrgpnlaigisg lavief thereed ahs tepaperatofe gredter pr esent
approactlﬁ.anglgoﬁttq%o%esent approach, there is no opportunity for oxide or

The present approach requires that the deposition of the carbon-containing layer and
the deposition of the aluminu:tﬁ—co'ntaining, layer be performed 1n 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-

R containing layer is exposed to the ambient atmosphere before the aluminum-

St L

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 potentia.lly to the removal of the carben-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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contam nation to reach the sﬁrface of the carbon-containing |ayer prior to
the tinme that 5 the alum numcontaining |ayer is deposited, and therefore
no cleaning (either chenm cal cleaning or physical cleaning such as shot

bl asting or grit blasting) is used between the steps of depositing the
carbon-contai ning | ayer and depositing the alum numcontaining |ayer. The
result is inproved performance in the final coated superalloy article, as
conpared with an alternative. apprqach rei.n the carbgn- containing | ayer
and t helBgRIHRYR-eBARIE 13T }Saf{}B?S“é"Flea&fg‘G%‘?ﬁ?ré&Oickag@gé?lg}eé appar at us and
there i 1 i RGsiCARARMEANLRANEHNY b] ot Rit bRHAGS GRd

at msphgéegﬁp%%ﬁé@%oé?uggs zgnd ggvant ages ofa%o p@esent nvention will be
appar enbetiveennitichseeps fob Hbpaiting thocabaetenthsthgleprrngdtiempsitof thhe preferred

enbodi nent,. taken in onjunction wWith the acconpanyi dr.awi ngs, which

i |1 ust r_%?f‘gl,‘mli?‘c\%?l%?g ’é%ﬂjn#\?,m 'tﬁé_uﬁ}’foﬂ%ﬁ? B?IE@T%CT %’etggﬁ%lrﬁof“& . The scope
of the Lol ARidls 28 bmpARWeNaIan dlichid:ige a%ﬂoaélh@ﬁer@ﬁﬁﬁ@éz_{rﬁ&l-e nbodi nent .

BRI EF DESCRI PTI ON OF THE DRAWNGS Figure 1 is a perspective view of a gas
t ur bi necdsitsiding 1Fyeyane i@ dlemmbmeenniainied layds ereddpesiteddn sepagdte vi ew of the gas
turbine blade of Fiqure 1, taken along lLi.ne 2-2 . in a case where the SRZ
i s all ofiF§ 1 %tﬁfl%ﬁf Gthog"s O?léheaca%?c’&lé th?lgwgé?%e&oa%egfn%ﬁl?enbodi nent of a
pref err gghdpmireach 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

formati _ . car-hon- i.0i . r; and.
Fi gure ?ﬁ}eg@%ﬁurg% adr %&ei%ﬂ%g‘}%stedntg% @eg%@%%ﬁ%?ﬂ%li%@%@%n@%gﬁ%? ur bi ne bl ade
-of  Fi gufadlodving hidkedetailcdnipsdriptien 2f the prhfered ehibofinesgnbkengpr oach is used to

“inhibit SRZ formation and X ) L
conjunctionr\rzvaith the accompanying drawings, which illustrate, by way of example,

the principles of the invention. The scope of the mvention is not, however, limited to

this preferred embodiment.
' 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 casc 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 1s 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.



after the interdiffusion heat treat. 6 DETAI LED DESCRI PTI ON OF THE

| NVENTI ON Figure 1 depicts a nickel-base superalloy article 18 in the form
of a gas turbine blade 20 having an airfoil 22 against which a fl ow of

hot conbustion gas inpinges during service operation. The gas turbine

bl ade 20 al so includes a downwardly extending shank 24, and an attachnent
in the formof a dovetail 26 which attaches the gas turbine blade 20 to a
gas turbine disk (not shown) of the gas turbine engine. A platform 28
extends transversely outwardly at a | ocation between the airfoil 22, on
the o zggﬂ , / il 26, on the other hand. The
airfoipﬁ% |gﬁ)%%ﬁF%QFT§?$Eh?ﬁﬁgﬁﬁgﬁggggp?ng passages extending from

openi ngs (not shown) in the bottomof the dovetail 26, through the

interiqr of the airfoil 22, and. to njngs, 30 in . the |lateral surface of
the ai nfi@ie | 85pisfhs mipkelhads sUBoRHAY AR LS B P e of2 SBvPH T ce,

rel ati velveah afisil 25 afLi% QhidHOR6w P BESetnthshie® paindpges dighgal cool i.ng
passages and  out the openings 30. The cool air renoves heat fromthe

ai r f oi Iseviveaiperationgdbe gag ortine blpfled@ alsg inclydes widagynimardly exignding hot t er
conmbust | 0 S_than ul d, otherw se- b ¢ ' IS a sectional
Vi ew ofSh’f‘rﬁ%ﬁgia?ﬁi g Fﬁ%\%{ne Hnatﬁ%fao\s%l 0\%/{%r?oér%{%ﬁé2 6&?@?@%@%%{)@8%&: is not used
t o redyedirsRladeR0®Bta @B turbinediskgaoshodn) anthe pagngbinoenginawn. to scale.) A
protective coating structure 32 is_applied, tqQ the surface of the airfoi

22, mhhiléﬂfof’@rlﬁe@(tﬂﬁé transyigrsshyr utwargly #tgylogationiehyesgythe airtor % ARy thst r uct ure
32. T i bx £ rue _ - | v i .
, eon@ 'jngfri{g %&1 )fl?e s%ronglg/ %ir] g&%{?&{%ﬁ?&%ﬁ %n%]ge (13 .Qt’ 1%@%1.0 ¥he Qﬁkdffjfﬁlsan

al um numc al ni ng is applie the surface 38 of the

~subst r dolloR4witAinteppbeocding passegesGxeidingerah wptnings (nohshewm) mythel ayer 36
~subsequent |y oxidi zes for thin alym nu i de, protectiye.scale 42
That - hopRtardhe et 26 sugh Bn maeudheifl B, S BiReihin Gt o as

o,
W

t her maly, bRkdAieh 16028 # AT airfodl DR EL t§3 SR fiRslaiera kY Dgidehervice,
al um num containing |ayer 36 to provide thermal )
relatively cool air 1s forced 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
protéctive 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
is 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
7



I nsul ati on agai nst the hot conmbustion gas. Were the nickel -base
superal l oy of the substrate 34 is an alloy that is susceptible to the
formati on of SRZ when interdiffused with the al um num containing | ayer 36,
the interdiffusion of the alum numcontaining |ayer 36 with the substrate
34, during 7 processing and/or service, results in the formation of a
secondary reaction zone (SRZ) 46. The formation of SRZ in these
circunstances is mell,docunente%_ g described,, for exanple, in US

and
Pat ent $IISESFIE Ekor ssrviess re9is 18] rigation of pecendagyregedion se discl osures
are i ngegk t : I Gl dsgjto a depth of
18kPPAG ’tffge g&érgs&&gg{gﬁn; in 36 SREnABl ¥k SRl dbeumtheddsd

froma ut croneters (about 0.002-0.010 inches) bel ow
t he surdbtatide@Fonbxanipde, SubEt Patws 3434.203; HRDS, UR); 5HO6Satandel y brittl e and

weak as conpared with_ the origi nal superall oy that t.he.substrate 34.
A por t %t 6P 2ol Oﬁf‘ﬁﬁq}fégu%cﬂr? O'WQEBZE‘BQFGI e%‘/qf' %éﬁgtxpwaﬁ”gure 2.

~ Dependiggn4PQN ddpiifo €8SthABout MR GBAL 130 MREHRAAES {fhoiiRy.002:0018 Cl osest
approach to the surface 38 of fromabout 500 to about 750 m croneters

(about ikhedbelwv dlecurface PBOf tha shizntipte 3ph ukhe SBE 46 hvelrtivelydirite 4nd ust r at ed,
even though the SRZ 46 is relatively. thi |t rese - may degrade the
pr oper t7 aﬁfoqlﬂ%r%%&tt‘%f’%g@%t %“ﬁ?’-@ﬁa%n??g"u gﬁ%érisfuﬁg?aqggﬁt i o%- - ag nuch as

1/2 to 1/3--of the wall thickness between the wall of the cooling passage
48 and the surface 38 of the substrate 34. The undesirabl e presence of
even t Hepemion oSpre abthe coeling raseagss 48 srlio seend) Biguech daensndmeiPPRe airf oi |

22 is d f e §B§ | ( .t use the SRz
has r egﬁ%gﬁ?%}é‘%ﬁ) I'C ﬁ%?%%glirgt @éﬁhg@%@é@%ﬁl é&a\%mﬂﬁ(ﬁﬁ%eﬁgﬂgﬁ %ﬂgﬁbst rate 34.
7 F gur e fibnh hbdig S0@teshoun7 5 nidronlictgy @boitd). 08060 pbette).030dnehup). oHls, f or
s preparing a coated_ superalloy articl t reduces,. and desirably
B 46 B i eeHED S5 Sk TG 00 Gl e URATSREERa | bl o
super al oy, 2 (HELRBEHERGE A Qabdatd T Sihdldh sSUBRaE pofionl- X Rlcipase
- super al+%yyde§1£%§t r a% eﬁﬂ'gv?ng a conposition which, whelr:{ i nterdiffused
as 1/2 to 1/3—-of the wall thickness between the wall of the cooling passage 48 and the
-surface 38 of the substrate 34. The undesirable presence of even the thin SRZ 46
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 methed 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 rthenium 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
8



with alum num fornms a secondary reaction zone. Not all nickel-base
superal l oys are subject to the formation of SRZ. Those subject to SRZ
formati on nay be determ ned experinmentally by coating the alloy in the
manner depicted in Figure 2, and assessing fromthe mcrostructure and/or
t he physical properties whether there is SRZ formation. In general,
however, the alloys that are nost susceptible to SRZ formation are those
containing at |east about 4 wei ght percent rhenium although sone nickel -
base supeighildeosest, Wil 6bputd6< nacent et abbuh pgieentpbrareinm, ahextisih have

exhibited S formation, ALh _so ci r,cunst ances. ni ckel - ba per al | oy
conbositresA Bpmulig bhis 23 pREaT dEt D St B A TR B  ne. M
al | oy, peasentriRaiiigabo@sReSdnt hileniif, atdure palentRESIgEMumOkbaikous3 16. 5
percent cobalt, about 2 percent chrom um about 5.55 percent al um num
about gepEnhesrbehabeu ki parcenh baftuos abenice A4 pamerns been, aisoti0.05. 95 per cent
rheni u -3 -k ' el | vbdenum about 0.03
per cen'EB CE%BE%&&’%E@%BTE%%;QE@%@ Fl%?‘l%%'u %}hga DSJE”& ggf)ﬁesﬁrggfée nt boron,
about Cufhiishepér eubistaniiily the finabfinandehdaraklelof anerest fioh aelien@R/t s. The
substrate 34 is desirably fam shed in substantially the final formof the
articl duding Mads st | such as the gas turbine blade 20. The protective
coating structure 32 is thereafter applied to the surface 38 of the

ni ckel - base superall oy substrate 34, step 62, by a nultistep process.

Fi gur e The profettingt coaties sttivturp 33 tietherca8ecapplicdi p the surtice38 a¥Zhat an

I nt er medi,a stage of the preferred. ,application process 62. The

A cicel TR Detisapar oy et . B2t A e PIReBF TAPB4 deposi ti on

- appar atjligsirakdseRe %tecﬁb@c@h%g%trhétafe BRIt ddFatPEBELSARE YrefeYRCUUM
~deposition apparatus. A preferred vacuum deposition apparatus is an

el ect r cwpbesiion ppdegst ¢l Theapokel depowipeialiay EBURYDY ia b phicodint@r her

oper abl Sjti rat ys . nclude xanpl €., magnetron sputtering
appar at RS Py SRR oA T B G Cappl SRRy BIBEH on Bppar at U
I s Knowdepbditibgppardtud X pasferesd wephmGRbOMIG Gpdratis is an electron-beam

physical vapor deposition (EB-PVD) apparatus. Other operable deposition 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 net chemically
reacted with another element, such as a metallic carbide. Fine metaliic 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.
9



_substrg,%e 4 to an. a
68 or bet _ ; _
Tef ers “sdifie R sRRNMRharaRe” ahdie ke ifclRdRSBu IEn@ Mithik@NBERE chdds Whi ch we
+ive.) That is, where the deposition steps are perforned in a vacuum

,avail abl e comercially. The deposition apparatus is supplied with the
starting materials that are required for the subsequent deposition
operations. A carbon-containing |ayer 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 mxture. Preferably, however,

the carbon is deposited in a formthat is not chemcally reacted with
anot herThglalramum-enngdiniag layerdé i deposites Biep 63, Eieeingsndichntecting the de

particles are for.ned after..depositign of-the carbon b chem cal reaction
bet weerf 3%98'00 Jol3 ?%’8‘ %:(gr%%enﬁégé P ﬁ%eproélfuﬁlg?feor Wn%%¥?xﬁ%lngg?ﬁ%eﬁt s in the
ni ckel -38as perFotaediah tieysantehpodinsmBppai@us Bt 6Rp 66 I depdsitidgahear bon were
deposited 1 n an_already-reacted form it would not be available for this
subseqarponeaiiniag laventd. | he stames spaponncd yithaptaxpesingipemickslpr ef er abl y
deposi i.ci r.Qm: ahest 1 Micr-oppt ers, nore

or of or a1 AR EAGR" A bl R hosp LA BiRtHor b ablRERI]

suf f i cisept6s ahetwdenrthe stopd &4 aldy68or(Asarsge hyreay tarbiog didhesphie” réfedshe

al um num cont aia{‘ni ng |layer 36 is depasited,.st 68, ,Oéeﬂb%/i.n and
cont act® Hy Hoxeal ene-BIeSRRSHT- BISHTHG SPujimen In which stediyegs That idfsEs ting t he
al Ut Nuyes QLR Isfls bR forrifl inba PRIDAY dBB6sitibh bffrSAI T PRATN i ON
apparatus as the step 66 of depositing the carbon-containing [ayer 80.
The st apt B®kes betmetn thrdg gwinitzefistepx@oaidibe embohdteked, thdrchsecxpogiegal | oy

n, .either the step

i t t. heri.c diti i
st S R it RSB ARA A ign GAE foasPberiSn . A5 oo L oe er -

- deposi tilsre thgpartenontapies layeuhandthe ghmigpakentapangtaaar 3haebegi nni ng of

o1 0 9RO I5aE N Ap Ao P BRAEE ) DR SURRLIRG °. 2
deposi tlayen 86ppd it dsdirabdcddiginingkdeydr3e] anclésposined usig different typtesk t o, the
cases sources but in the same chamber, the carbon-contaming layer 80 and the aluminum-

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 mterconnected in a manner so

that the substrate is never exposed to the ambient atmosphere when it is moved

%3 . 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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where the carbon-containing |ayer 80 and the al umi num containing | ayer 36
are deposited using the sane type of source in the sanme chanber, the
carbon-containing |ayer 80 and the alum numcontaining |ayer 36 are
deposited using different types of sources but in the sanme chanber, the
carbon-containing layer 80 and the alum num containing |ayer 36 are
deposited using the sane type of source in different chanbers that are

i nterconnected in a manner so that the substrate is never exposed to the

anbi entThetmes prefemeddeminum-centainedays 4o ere either ¢ pedpaintlyhelat he car bon-

cont ai ni,ng, 1. r " ag - 6 deposi ted

ising MRy UPRETan iRl by, Bl Ml 3R B S B, By hE 27T

I nt er cqeAsat 6030 © 6D peadtae Alustnurh/Bto Isersub slivoalien] & 111eVpsrcaxposed to the

anbi ent at nosphere when it is noved between the chanbers. The

al umi nuzkceBMta PAlRAES Mekadrorzw YIS TAke pusrkiy| cpalans RayEtd ayorelat i ng that s

conpl et Lthou f @425 A0t dighidlint fldsh a0 o2 | nts fromthe
- subst ract?’gl p%hlgﬁ;ﬁ?)w%%? ﬁ%F%ﬁionumg nt a?n%lngnﬁgﬁie# 36. pT{?g&loc\?’gﬁra’ay coating

of the 1-2percent chrvindinmi 6.4 -1.Qpercent36triue, pakher miekklb&bessswetline

car bon-cont ai ni %a er(gg, and the interdif usiqg. one between the

car bonj@ﬁﬂ‘i‘%lﬂ?ﬂgﬂ g{}@l!te PRRPTE TR O¥JREtapTom] M SOYECSR! Heast - parti al

di f f usi\QRoRAEIEMBAS thad deptisartae Bétté%k@esia@ﬁ WEBR ohvBBapiaghgat e 34 and the

al um num containing |ayer 36. 10 The nost preferred al um nuntcontai ni ng

| ayers 36 are either a predomnantly beta phase nickel alum nide overl ay

coatin avi nom nal conposiiion in atom ¢ rcent,.of .30 to 60
per cent%)lgtf%ﬁﬁg’tfﬁ? C?ajf’bca]f rper%@ﬁ{)e @?ﬂ%ﬁ‘ﬁ?ﬁeﬂ&ﬂfﬁ?ﬁfoﬁtﬁng&q}e zi rconium -
( bal anceithiiel-cor@Ainig 146k A86t€y F0.| Be ed@ticlgydd alyte RpoRet Bglany COMPosi tion
“in o wei ght@gercent of 12-18 ger_cent al um nunt] up .to 30 percent cobalt,
10- 25 pwerblianrashi inpnosnbadioepl thestp T efrdenpsitingibsseani bien 44 These
OmJV le[ ! g%ise pgrg%%xiceggﬁ Otl#?s?éﬁqt%e UefIERASH bi5fhrdth P40 fle Bef 58 LE BYRAiNBUHRS carfin-T F OM
-containing layer 80 and the step 68 of depositing the aluminum-contaiming layer 36.

Tn this case, the ceramic deposition step 70 is performed without exposing the nickel-
base superalloy substrate 34 to an ambient atmosphenic 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 layel; 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 aﬁd tungsten in the substrate 34,
reducing the amount of these elements available to react to form the undesirable SRZ.

The result is a carbide-containing interdiffusion zone 82 shown in Figure 5.
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various el ements that deposit the net conposition of the overlay coating.
Optionally, the ceramc |ayer 44 may be deposited overlying and contacting
the alum numcontaining |ayer 36, step 70. The ceram c | ayer may be
deposited by any operabl e approach. In one enbodinment, the step 70 of
depositing the ceramc |layer 44 is performed in the sanme deposition
apparatus as the step 66 of depositing t he carbon- containing | ayer 80 and
the step 68 of dep03|t|ng the al um numcontaining layer_36. 1In this case,

the cerdgWeveadpe iteidfisionghatascins ) steporhra of maBhE 11@%5%%?1}#@% he ni ckel -

base s I t ,0n; fromthe
begi nn:ﬁr%g&@g ﬂ%’dg}%@%%{@#ﬁﬁéﬁrﬁgﬁ?@?ﬁ%@% g%‘ddﬂﬂéﬁ’ﬁ §1fa% ds!t ep 70. In

anot herdeptthaftiboeii- Jomaommuﬂ@ﬂmfsudﬁmm frogn mbeumaamucfaba}@r 44 is
perfor d.in a differen i 0 rat us n the te 66 of
flepos! { ThicTeRe 5 BGA LHE HTTRHE ARG (G 4R L b ahe SibsHsosi ¢ i ng
the al uRALMHOMALMIEL IAXRR tREeardEcHRRAARILIARP afd AR Bl e
carbon-contai ding | ayer 80 and the deposition step 68 of the

al unmi nwentaonnhglayendiefeapare 136t reaed,\spapcil, hiya tempeniture greaterdmansdbouvat ed

L emper syt g PRt b eA0 s PR 0D Sl dRARAST at uet nat

i S usetheatfredtinese726k i 20080F FRARhabi? B6urs! Maicge ihe opBiBBalicatatei f f usi on of
t he carbon-containing |ayer 80 with the adjacent portion of the substrate

34 dur idegosifien gfepds F%P%f?f@ﬁéﬁbe Beat disatng®t sivp 73 mayrhegregiormed befares esul ts in
the chemcal. rﬁ%ﬁﬂ %P@&&Q?te jbb%ﬂnﬁ‘%qn&%ﬁ{;ﬁ&ﬁé&%&{éfuq@rggems such as

rheni um chro al umahd 't ungs € subsira reduci ng
7tThe anmgnticodf thbheseeddrdolent s avai | abI e to react to formthe undesirable
- . The result is a carbide-containing interdiffusion zone 82 shown in
Figure 5. 11 However, the interdiffusion that occurs in steps 66 and 68

~may be mawpa SHERL 46 Of tRIAUHE G- Do AR 180 S¥5.88taE tdprhther di T 1 usi on
Zzone 82 ich desirably extends a dep ?hg(%fr about 5-10 mrﬂgr oneters into
t he subdumamer Gddé¢ poactifie sclib4 eitlies dsung thealeB&sition and heat treatment
steps, by a separate step during processing, or after the coated article is introduced
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 invention has been reduced to practicé using the preferred apﬁroach 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 2 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 substrate 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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" To increase the extent of the interdiffusion zone 82 (i.e., its depth

7

/"car bon-atlomisgiradeny and ayeeqicitiyraasidstantiab ambhat of &SRYOWa< fominad rHiadgnl ayer (where
‘?esent), and a thermal barrier  coatin IO ttria-stabi]i zgg zirconi a

-

bel ow the substrate surface 38), the substrate 34 with the
carbon-contai ning | ayer and the alum num containing |ayer thereon are
heat treated, step 72, at a tenperature greater than about 1800F,
preferably from about 1900F to about 2100F. A preferred interdiffusion
heat treatnment 72 is at 2000F for a tinme of 2 hours. Were the optional
ceram ¢ deposition step 70 is perfornmed, the heat treatpent step 72 nmay

be per iBAHEH wEmgraEve tesh fumaremals teingwagsondpeted m gpeatedpnerour Fyr ¢ her

| nt erdic%fg%fgs% u&&%{r@mstrﬂﬁmé% Yiﬁ@F,%dtahﬁWﬁﬁﬁlggc dmitnghgoorThe upper

surface 4 the alum numt'containing layer 36 is oxidize m t he
al um nuocomtérdperptuod. iyfecingens padparetlbetht peasefupprgelt hed alepasagei on and heat

treat t. st b epar.ate step duri.n rocessjng, or aftefr the

coat ed IHPHME PEST LRl DR LI r 8 POT B ED e bY e pPRdEhPE of oxygen
requi r ggk ©@33RMNNENRI 4 \RrePipledAEHAR of $70 QWes. SO that the necessary oxidation
may occur even during vacuum processing. The present invention has been

reduced to practice using the preferred approach of Figure 3 and as
di scussed above. Speci nen repared by the. present, approach. were
conpar A AT cRPaTYg IhsPea g Vhe tepelinhires g etk WE
car bon-frerudbdYupfiré RY8ing cha&ition I il 860°F agd 40,060 Eb&ﬁtﬁls%)er sqiaek impIeCi Mens

having a carbon | ayer prepared by the approach of US Patent 5,334, 263.
The spdeadiem spormenyrepraedly feaniesent approack hpd ap ayearagg lifsyof 457 hours.

o ckol SIPCICR BRep S OURa K AR Hoah B B BB BOE 2, 7 0

0 _
over | yiaygragaffcefrid donry n gecspmdiabiesmpiireg gregydinon ghO%hY 28¢ uni num
Oxi de_sRao gollfls R dodt BRIMoIERERHcimBRSSL)IE] BPARIJHEAA: affRSen T epar ed i n
an ot herw se | denltkk?cgl rranne(r) bu%z%g/i ctﬂt][1lout g#ly d%%osi ted ca bon- containing
| ayer . hb@ an average life of 341 hours, whereas specimens prepared by the baseline
approach wherein no carbon-containing layer at all was present had an avérage life of

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.

{3  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
invention is not 1o be limited except as by the appended claims.
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In a first conparative test, furnace cycle testing was conducted in
repeat ed one-hour cycles of a 5-8 mnute heat up, 45 m nutes 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 nens prepared by the approach of the 263 patent had an
average lifetine of 170 cycles. In a second conparative test, specinens
were tested in stress rupture loading. In a first stress rupture |oading
condi t ildMABAS 1800F and 40, 000 pounds per square inch |oading, specinens
prepared by the present approach had an average life of 407 hours.

Speci nens prepared by the baseline approach wherein no carbon-contai ni ng
layer at (\ Ahletiwdsopprepaitg a eatbdaupsaliopadticle, eompish@iheistlps agount of SRZ
was formed, had an average life of 251 hours. In a second stress rupture
| oadi ng condition of 2000F and 20,000 pounds per square inch |oading,
speci - RE e 1k ] {ﬂ?ﬂ : ife of 341
hour s, é@%&%ggggg?ﬁ%%%ﬁﬁgﬂﬁg?@%mggﬂﬁﬁg&ggée |ﬁ§ﬁn§%%§§g§ﬁ£mherein no
car bon-aterdi fluseidvgtl dyeinuad, fadnks v@esopdaey enattidrezbnanammitberagler | fe of 219
hours. Speci nens prepared by the present approach therefore tested
superior to speci nens where no carbon-containing | ayer was present and
speci EPFORR!] reTaYel Mo} X F t hough a
particu gpﬁgnbogﬁﬁgﬁ?m%?ﬁgﬁe invgﬁ?ﬁgﬁaﬁggwﬁigﬁhﬂg%%?%%€§ﬂ$%'detail for
pur pos esbsifatd, thaser eltapplyingacivding thostepsd efat i ons and enhancenents naybe
made w thout departing fromthe spirit and scope of the invention.
Accordingly, the invention is not to be |inmted except as by the appended

-6l ai M5 .depesifhgd B@bdﬁ'—corﬂaiﬂﬁ%hﬁ)ﬁbr boErlEheRAT EdiBacking B REfs4pemal | oy article,

~.gonprising the steps of.

O

] urni shing a nickel -base superall oy substrate
havi ng Téckebhpsssnpsraboxubetrate. g thereatter

- depositing an aluminum-containing layer overlying and contacting the carbon-
containing layer, wherein 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:

fﬁrnishjng 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 contai ning | ayer overlying and contacting the
carbon- containing |layer, wherein the step of depositing the

al um num contai ning |ayer is perforned in the same deposition apparatus

h f_de I d h
gipgs?r%n?%ég%?&&l%%ia% %gopeP oygssil%'%%[ as[@c'n{‘%; i e;nglnen}[m ;t ?nl;tspheri C

condition. 2. The nmethod of claim1, wherein the step of applying a
protective coati ntg structure includes the step of placing the nickel-base
superald-oy sUissnethod of aroone efehaes i t@ﬁ wpprsteibe step of furpishimgahod of cl ai m

2, Wnerng &1%Q&ﬁ§8@1§is‘msgﬁ eggclﬁﬁ Elgh pbase superalloy substrate into

a dep05| Ion app I'n of furnishing an el ectron-beam
physi cal vapor deposi ti on apparat us as the deposition apparatus. 4. The

met hod of 2 \/\herel n the ste | aci ng t.he nickel - base superal |l oy
subst raﬁ’%m’r SHRSSRES Ravane apgming ‘ﬁ@“l? H}%E’SW?IE@R@F@Bt&fa QU f urni shi ng
a vacu r heudenRs he met hod

of anyqz)@nsejﬁégg étcglgﬂnts%&ﬁza%éﬂ&\?ﬁgﬁl n the s%geggg?&?%?{u sﬁ?ﬁ]@% -[I’ll ckel - base

super al8.2peabs tadalen dmwawraehemsgﬂm@bouﬁﬁﬁﬁpesmmmmhm shbstt¥ at e havi ng

a nom nal osi.tio cent out e cent cobal t,
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nickel and minor elements.

6. The method of any one of claims 1 to 4, wherein the step of furnishing a
nickel-base superalloy substrate includes the step of:

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

T The method of any one of the preceding claims, wherein the step of depositing
the carbon-contaming 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 deposmng

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—contaiiling_ layer includes the step of:
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percent ruthenium about 2 percent nol ybdenum about 0.03 percent carbon,
about r’) 0.15 percent hafnium about 0.004 percent boron, about 0.01
percent yttrium balance nickel and mnor elenents. 6. The nethod of any
one of clains 1 to 4, wherein the step of furnishing a nickel-base
superal | oy substrate includes the step of furnishing the substrate having
at | east about 4 weight percent rhenium 7. The nethod of any one of the
precedi ng clainms, wherein the step of depositing_ the carbon-containing
| ayer idepositiessthe karbongpnisiningllayerstoaithigkndse o€ pmobosbhtoeabenhld | ayer as
subst ant. al | ure carbon. 8. The method of any one of the preceding
clainsfnﬁHEW%? "the step of depositing the carbon-containing |ayer
i ncludes the step of: depositing the carbon in a formthat is not

- chemcally reacted with another elenent. 9. The net hod of any one of the

precedilfy” clBiermsthoshel atyrpnerd the Rpeedingrdyag; wheigin thy slep of BeResiéivat ai ni ng
| ayer ijcl u h i lh kL the carbon-containing layer to a
thickné@%dgigigégsg%%ﬁﬁg@;?Hﬁgﬂgﬁﬁﬁigébﬁ?croneters. 10. The nethod of any

one of the preceding clains, wherein the step of depositing the
- al um num cont ai_ni ng | ayer inqlu?es t he Stﬁ of depositi n %ge

al umi nuiepedvraihsiHEIPEPIonkUniae fEr 1Y O dhoBioUR SARISEERG30f a  ni ckel
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