METHOD OF SELECTI VE REG ON VAPOR PHASE ALUM NI ZI NG FI ELD OF THE | NVENTI ON
The present invention is directed to a nethod of vapor phase al um ni zi ng.
More particularly, this invention relates to applying a vapor phase

al um nide coating to bare alloy non Iine of sight regions. BACKGROUND OF
THE | NVENTI ON The operating tenperature within a gas turbine engine is both

capabi 11 {106 THOB EUERECRERIYE RBGIAR, VAROR CHARR AR NI el @
and cobal t - based superall oys and the use of environnmental coatings capable

of pr ot ecimop SPEHRI NN TN oxi dation, hot corrosion, etc. In the
conpressor portion of an aircraft gas turbine engine, atnospheric air is

conpressed to 10-25 tinmes atnospheric pressure, and adi abatically heated to
800 - 1250hepresenthrveption ssbirectprite a msthasidofanpgorpaps demidziagr Mae di r ect ed
into a conbust.or where .it i.s mxed.with fuel. The fuel is.ignited, and
the combu SR BHANRBIEViuab sieElo GRubE { yiEppech i ilinsoriadiPeare
excess of aB&PRorHincléareglfigse hot gases pass through the turbine, where
airfoils fixed to rotating turbine disks extract energy to drive the fan
and conpressor of the engine, and the exhaust system where the gases

supply thB@s(EK@BO;SﬁSBQF HEWEN@QN To inprove the efficiency of

operation of the aircraft engine, conbustion tenperatures have been

rai sed. Ofheepkrsfng Rthpkfiur 5 ésqaghfé@%s@é-% |tferhB3GHa Steps nust be
taken to prevg‘xﬁt t%erﬁal dggra atléon ro t e r%atgtrhl a?s 22rmdng the flow
pat h for thessieallohostides Bgmificand abvmicesin. high/emperiture cafabilgxs htva dene engi ne

has a so-cal.le ] ressure Turhi.ne ((HPT) to rive its conpressor. The
ipT s otdieir il HeSRyapnetiolig. bk hud St PRt oEE ISy ou and
exper i enc @ dshef bihak@sientat BREMES LRLRMY pRIEEHY SBpdreN)sSrdn8RidadRdd,Y - 3000
F (1850 C) and 300 psia respectively) developed 1 n the engine. The HPT

al so oper 80erRsionesty. hi gh speeds (10,000 RPM for |arge turbofans, 50,000
for small helicopter engines). There may be one or two stages of airfoils
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compressed to 10-25 times atmospheric pressure, and adiabatically heated to 800° -
1250° F in the process. This heated and compressed air is directed into a combustor,
where it is mixed with fuel. The fuel is ignited, and the combustion process heats the
gases to very high temperatures, in excess of 3000° F (1650° C). These hot gases
pass through the turbine, where airfoils fixed to rotating turbine disks extract energy
to drive the fan and compressor of the engine, and the exhaust system, where the
gases supply thrust to propel the aircraft. To improve the efficiency of operation of
the aircraft engine, combustion temperatures have been raised. Of course, as the

combustion temperature is raised, steps must be taken to prevent thermal degradation

of the materials forming the flow path for these hot gases of combustion.

Every aircraft gas turbine engine has a so-called High Pressure Turbine (HPT) to
drive its compressor. The HPT is located immediately aft of the combustor in the
engine layout and experiences the highest temperature and pressure levels (nominally
- 3000° F (1850° C) and 300 psia respectively) developed in the engine. The HPT
also operates at very high speeds (10,000 RPM for large turbofans, 50,000 for small

helicopter engines). There may be one or two stages of airfoils in the HPT in order to
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are always air-cooled and constructed from advanced alloys. Wile a
straight turbojet engine will usually have only one turbine (an HPT), nobst
engi nes today are of the turbofan or turboprop type and require one (and
sonetinmes two) additional turbine stage(s) to drive a fan or a gearbox.
This is called the Low Pressure Turbines (LPT) and i medi ately foll ows the
HPT in th el gﬁfg acr oss
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usual | y r etpalweysaresded atcagmsm(anemﬁbmmdu&ced)aﬂ@ys) to extract the povver.
Conponents formed fromiron, ni ckel and cobal t - based superal |l oys cannot
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oxi dati on and hot corrosion. Coatin erials hat have found w de use
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of  whi chlqss epgigeiedfluifl pad pal) brually meeisavpralstagay (useal bn t@mw tp exirast ant

i nt er net altﬂc}& wageneral ly represented by MAI, where Mis iron, nickel,

cobal t, e netal or conbinations ther eof dependi ng on the substrate
mat er i aI . Beneath the additive layer is a diffusion zone conprising various
i nt er met aldeompoaes fopet dgncabn, ytictklebami hek-&dsed(sifdhll@aagsottwitistahdr m duri ng
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al um num oxi de (alum na) scale or layer that Tnhibits oxidation of the
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alaminum deposited by chemical vapor deposition (CVD), slurry coating, pack

cementation, above-pack, or vapor (gas) phase aluminide (VPA) deposition.

A diffusion aluminide coating generally has two distinct zones, the outermost of
which is an additive layer containing an environmentally resistant intermetallic
generally represented by MAL where M is iron, nickel, cobalt, a noble metal or
combinations thereof depending on the substrate material. Beneath the additive layer
is a diffusion zone comprising various intermetallic and topologically close packed
(TCP) phases that form during the coating reaction as a result of compositional
gradient(s) and changes in elemental solubility in the local regions of the substrate.
During high temperature exposure in air, the additive layer forms a protective
aluminum oxide (alumina) scale or layer that inhibits oxidation of the diffusion

coating and the underlying substrate.

Currently, the majority of HPT blades are protected from the environment with PtAl

environmental coatings or thermal barrier systems (PtAl bond coat with ceramic top



tenperature capability and i nprove repairability of conponents. Different
coating conpositions and processes are required to achieve this
capability. However, the new processes being used are limted to

| i ne-of -sight regions of the blade. This limtation highlights the need
for cost-effective processes to apply coatings in the non line-of- sight
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Conpany, ‘&ﬁé"ecwp‘i"ﬁ@m&eg%ﬁ ESERGWIAVERRY COfiBEhi ch are  hereby

i ncor porat ed by reference. Unfortunately, due to the nature of the

pr ocesses Red&REN, hjgh@gp%ﬂmh*i'l?%%tzfﬂlra% rﬁbké}%ﬁﬁnlﬁ%t(m@m) BRes ogdggoat i ngs
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and/ or th% ext erior, shadowed surfaces of the conponents, then excess
i°§

al uni num &2 Phassguskel alumpingn (FrdNiAD baped cogtings aig disclperd indl.8. PatentiNeh a
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on the substrate material’ e ‘anount an donor e‘rl al’? the
anount andUSﬁmmNaaéﬁBWﬁB@Blusté}eﬂtetﬂber 1&3@091 athicke aefassigiel @l um ni zat i on

process. t hout, t he depositjion of a diffusion alumnide coating into the
sections gen?rﬁgﬁl E‘r‘?ﬁgﬁ‘gﬂ@yt SPSSE:%WF!S? thyPressat Byenfiopnandghich 21§ Al - base
coati ngs, nhbRBy ARSHRPAE] by fferthce. tlh}ﬁ‘oﬁﬁ)ﬂg?ﬁ e t¥Hel aHﬁ'e 6??(’1% Podksdekm ted.

However, excess alum ni zati on adversely affects t e per rrance of the
(3- Ni Al - bassst tbapplyshess Siit]-tiase eratides) thesbandrmoaiingsednndt driappliedita o
dep05|t|on

nt norl:():)obhng gassag%ways of components that use film cooling, nor can the
processes be used to coat exterior portions of the components that are shadowed due
the complex geometry of such components. If standard chemical vapor deposition or
vapor phase aluminization processes are used to coat the interior cooling passageways
and/or the exterior shadowed surfaces of the components, then excess aluminum is
deposited into the 8-NiAl coatings. The rate at which a diffusion aluminide coating
develops on a substrate is dependent in part on the substrate material, the amount and
type of donor material, the amount and type of activator used and the temperature of

the aluminization process.

Without the deposition of a diffusion aluminide coating into the sections of the
component that cannot be coated with the 8-NiAl-base coatings, the operable life of
the component will be severely limited. However, excess aluminization adversely

affects the performance of the 3-NiAl-base layers.



al um niding (VPA), or above the pack alum nzation process that wll
alum nide the desired bare regions of the airfoil (internal and external),

but that will not substantially affect the surface chem stry of the
pre-deposited coatings. The present invention provides an alum nization
process with novel process paraneters for alum nizing non- |ine-of-sight
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at nosphere, that, permts %t}le al um ni zati on of the surface of .
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sel ected fromzth rou onsisting. of yttriu er rare earth el enent,
and conbilﬁlﬁquﬂé‘t ?%‘Fg FOIEP‘P‘?“W@%B?" @%HW&%@&%H@&PE&% Af 8€%Loat i ng
conpri si NGlurfinid® JakAgsC Aeslypplied a reactive elenent, selected fromthe
group consi sting of %afni um “yttrium zirconium and/or a noble netal

sel ected fromthe group consistin of platinum rhodium palladium and
conbi nat i oh OF T3HE BNYERNIGNG f usi on  al umi de coating, such as slurry
processes and tape processes, conprising alumnum chromum and a

reactive ; - : LSE: I ttrium
Zi rconi umqlhgﬁg&%%ﬁg%ﬁ%%ﬁ F]Jsvrlc?%g% g&%ﬁgﬁgﬁég%hlgg%%aelpﬁg&lec edyf romthe
]gr oup consztm?}s{phgredhat;pbaﬁﬂtmﬂha‘alumﬁni_ihm ofxat hattcy \% nﬁﬂdn@eﬁ}@i!ghﬂfe'gi?ﬁs ot Eer eof
or use in | t enper at uy e i cations, but _whose non-line-of sight
regi ons ar"é S?Bf? loyrsubsiratss tﬁ@&g'g%y_a}faé@ a‘ﬂ‘i’é“%ﬁhhﬁhﬁﬂigfﬁe&?aﬁ%éﬁémﬁ t he
present i n¥eRLNPREAUREODS afl MEAIK QAR WHRNG £28ti Méct%alrﬁ&ﬂ fydar e

portions of the substrate, but does not deposit excess um numonto the
f1-N A baseipcepasising ¢fayay nishelncotuit andeonpenftonstiveemfofid wherejX MaAl  base

coating layer.is ,adversely affected..Th resent jnventi eposits and

di ff uses niaﬁml ﬁﬂﬁ&?‘ﬁﬁSmttﬁ%gﬁplﬁpﬁmﬁ%ogy%H% H@Otil%fxy%'ic egﬁﬁﬁld ab e wei ght
percent alcofibiatiosd tharyf, d ek bf kight diefubidn MuMinli8 e6athdohiisin@yer is in the
range of about 22 weight percent alum numto about 30 wei ght percent

al um num abBanERgChIPBMR 398 Bardtive clemrent, seletiah froml thp geperconsistingfoft he

13-N AL b %ﬁﬁmﬁ'ﬂm,lzﬁxgﬁuﬁ[ gncggng 1‘?0%%1 mie{al gqucted from the group consisting
of platinum, rhodium, palladium, and combinations thereof., or a pack diffusion
alumide coating, such as slurry processes and tape processes, comprising aluminum,
chromium, and a reactive element selected from the group consisting of hafnium,
yttrium, zirconium, and combinations thereof and/or a noble metal selected from the
group consisting of platinum, rhodium, palladium, and combinations thereof for use in
high temperature applications, but whose non-line-of sight regions are bare uncoated
substrate. The aluminization process of the present invention develops diffusion
aluminde coatings on the bare portions of the substrate, but does not deposit excess
aluminum onto the §-NiAl base coating layer such that the performance of the 8-NiAl
base coating layer is adversely affected. The present invention deposits and diffuses
aluminum into the 8-NiAl base coating layer such that the weight percent aluminum
at any depth in the 8-NiAl base coating layer is in the range of about 22 weight
percent aluminum to about 30 weight percent aluminum. Coating growth potential
and mechanical properties of the 8-NiAl base coating layer are degraded if the
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4 percentage of aluminumin the |ayer rise above about 30 wei ght percent
alum numat any point in the layer. Certain donor materials and activators
in combination with a range of process paraneters are necessary to achi eve
the benefits of this invention. Mre particularly, the process of this
invention entails placing one or nore substrates in a chanber that

contai i g bl BHITLSLAHL 0% A0R0 o TPL 84 P b0 QUhsR oLl U ATt OF - The

;
al um num at nospRere I's produced-usi ngaa um num a

chr om um ahypointin tht laygr. Gertaibddrior ahaterialvandadctioytorsdfl combiratibuwitham al | oy, a
titaniumal um num all oy or any conbinations thereof, The al um nization
process GEWE 04 PHRECTRITAERIIFES AFOICCOHRANIR 2/RIGVS he beprfithahihisgnventiennal i de
activator : MGk b 3 : NHAF,
NCL N PR o s pRigkss S i ghor e ol onclbdohe s

t her eof , ammnbambdndhat corfhias ah alimioum d¢omemingpdanor alatarial aldmbalidey a

chrom um al um num al l oy, a cobalt- alum num alloy, an iron-alum num all oy,
a titani ufFRY4H num al | oy or conbinations thereof. The halide activator
may be many of the halide activators known to the art, including AJF3,

Ai C13, Al B3 alidihdm aNthﬁheﬂHﬁ@inbduHﬂ“L@Eng Nitthor nfakdridl ofifshfhuntaBr 3,  and/ or

Cr13, and conbi nations thereo among_ ot hers. The operable transport gases
are hydr ogbwmigmopdymingm lisyen ceblt-dembiummelicyn 8n irpeabwtinumiadog,oncent r at i on

of the hali Gt I.vatar, . i I [ hic foot of transport
gas flow ;lt)%ér?ﬁﬁg&?dr%@h@ea&og\?\ng | nox%&g@éoéng?ﬁ%%?oé% I:i‘rl?lgfalg ,lm%ﬁﬁl%hprf’) 3er§§e depends
on the temparsialide acivatdipwhichaessndade inaey bethg hhlidy activaersdinotvhao peocess.

The tenperatuye. of the ocess is preselected froma tenperature in the
range of | ABOBE TSR AOGOAE, Ao NI1gyPERCL T8 Nb&aFuIGBSE, of t he
range, thepEOMEN ahi 8omBinafidis (& | js not bel ow about 1 g/ft3/hr
or above ago%f 5 gg’f 13%}?. ‘?’ﬁe Straﬁgggél%gﬂ%g%eﬁas a flowrate in the range

of about 40 ft 3/hr to about 120 ft3/hr. The substrate is alumnized for
about 2 hdbeglumynampsinoriatanalris almisim acipenamekininum hioy,amgpbalef about

1350F (40§f 10 a?gut 1902§FH&105OQ .. According to t hy%s) I nvent.ion, these
process p %‘H’E {1 AlloYe A Afon-alyminiim. & Mihf At PREE T HaPY G &S5 £ usi on
al um nde @eaédfnNJhe BAliddRHPABEMAP bE ARG 0P ThelHABdS BRI Bhown to the art,

including AlF3, AlCls, AlBrs, Alls, NH4F, NH,Cl, NH;Br, NH,I, CrF;, CrCls, CrBrs,

and/or Crls, and combinations thereof, among others. The operable transport gases

are hydrogen, argon, nitrogen and combinations thereof.

The concentration of the halide activator in grams of activator per cubic foot of
transport gas flow per hour is kept within a preselected range, which range depends
on the temperature of the process and the length of time of the process. The
temperature of the process is preselected from a temperature in the range of about
1350°F (400°C) to about 1925°F (1090°C). Regardless of the range, the
concentration of halide activator is not below about 1 g/f*/hr or above about 5
g/ffhr. The transport gas has a flow rate in the range of about 40 ft*/hr to about 120
fi’/hr. The substrate is aluminized for about 2 hours to about 10 hours at a
temperature in the range of about 1350°F (400°C) to about 1925°F (1050°C).

According to this invention, these process parameters create an aluminum atmosphere

that develops diffusion aluminde coatings on the bare portions of the substrate,



5 without adding a substantial anount of additional undesired alum numto
the f -NiAl- base layer. As a result, gas turbine conponents such as high
pressure turbine conponents conprising iron, nickel, and cobalt-based (and
conbi nati ons thereof) superalloys can be initially coated with a P-N Al

| ayer and then internally coated with a diffusion alum nide coating

Wit hout aqBioaeaduift 4 Sbislaifalldifouht 8 4daidl B¥Aindeling BOARSRI o' dY glﬁih?-” 's also
a superal l oy substrate partrally coate (%y a process o 9 resent
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appl i ed by diffggoelbmdnity canting fwithout 4dveRply affeeting the Gelbih laygphysi cal vapor
deposition (EB-PVD), ion plasma deposition, or other |ine-of- sight

processes.Anot her. advant age of th r nt inventiop.s that the alum num
concent r atiPSH AR en\{lgﬁﬂ%%%oea 5‘}P65§18?'g§f?3§{é}&‘1 WI%%B'I 18t djbg-al\ﬁ?rﬁ\?esﬁf)ﬁ}i'ﬁ coati ng
can conpemps@bst ihwntiony ThOSbsthtes alayMatelin Bitbirhd) Padsapé tiRfeih 8tinei S 3hmeNt .

Anot her advantage of the present invention is that the /9-N Al alloy |ayer
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tenperatu r har r . coat s..or £Qviranment al
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associated with this process than with the current practice of slurry
coati ng t e svantagnef thé psselitinyeation isthe afilitynte psatpeirragibay/ofIOPPoRded S.
Anot her advan t he.met hod of th resent inyention is that the outer
| ayer of t"ﬂ&’ é‘&%&f ﬁbyﬁaﬁﬁﬁpﬂﬁﬁ&%ﬁ'ﬁg V%Bﬁ‘tw H’Qy'ﬁ?\{ﬁﬁ{gﬁ)%pﬁl%ﬂt’iﬂm%ﬁ%
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whi ch has presggsgs.i or envi ronnmental properties, can be applied to presel ected
portions of the hot section of a superalloy conponent, while the remnai nder
of the su t J - pr.oyi ded wit.h the non-J.i ne of sight
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surface of a previously applied 8-NiAl alloy coating can compensate for any loss of
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aluminum during a prior heat treatment.

Another advantage of the present invention is that the 8-NiAl alloy layer of the bond
coat or environmental coating can withstand higher temperatures as compared to prior
art bond coats or environmental coatings. Another advantage of the present invention
is lower costs associated with this process than with the current practice of slurry

coating the non-line-of-sight portions of the superalloy components.

Another advantage of the method of the present invention is that the outer layer of the
diffusion aluminide bond coating is high in aluminum, providing an aluminum source

for the formation of an alumina scale.

Another advantage of the present invention is that the 8-NiAl alloy layer, which has
superior environmental properties, can be applied to preselected portions of the hot

section of a superalloy component, while the remainder of the superalloy component



invention wi thout adversely affecting the j-Ni Al alloy Oher features and

advant ages of the present invention will be apparent fromthe follow ng
nore detail ed description of the preferred enbodi nent, taken in
conjunction with the acconpanying drawi ngs which illustrate, by way of

exanple, the principles of the invention. BRI EF DESCRI PTI ON OF THE
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t he atnosphere and the capability toIn inre lonship to

t he i nver sevenfion withvwtradeeratly nffectrigghe B-Nisl allgy ocess flow chart illustrating

t he VPA process of the present invention. FIG 3 is a perspective view of a
Cross-sectiognal view. rb ne bl ade of

t ur bi ne bl FIG a a the tu
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of the present rnvention. FIG is a graph show ng the results of an

el ectron ﬁpmﬂ@%mmﬂathmay@n@anm&nwmssw ichilbrstiates by tvast oRexanNB, the n

sanpl es af were treated with the VPA process of the present
i nvention: hﬁéﬁ&?ﬁ&%\%@@?&ﬂ ON OF THE | NVENTI ON The present invention is
generally directed to the alum nization of superalloy conponents that have
bar e subsBRIEE DESCRIPTEONIOB ITHE DRAGVINGS W th ot her regions that have

been coated with a 13-Ni Al al | oy Iayer a coating generally represented by
el ected fromthe group COI’ISI sting of

an MCr Al atin a net
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sel ect ed gomither an im @]@ﬁ@éﬁtﬂaﬁg iyt arth el ement,
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conpri sing_al um num chrom um and a noble nmetal selected fromthe group
consi sti n%lgafl 19 p pracassrilow pledt Wiastradimi|taalVB A pregeds otbapiasentilovmitioher eof
and/or a reactive elenent selected fromthe group consisting of 7 hafnium

yttrium g ﬁ'a‘H@rﬁ)@ 1 qg&ra%lnﬂgﬁwtbﬁ%r eof, but do not use flow ng gases,

or a pack d|f usi‘on-a coatin SUch as sl urry processes and tape
processes, conprising aI um num chr om um and a noble netal selected from
t he group F&@nﬁtissatdrm-sectional view of a the turbine blade of FIG. 2 with a 8-NiAlCrZr

layer applied to the outer surface and a diffusion aluminide coating applied to the

inner surface using the method of the present invention.

FIG. 5 1s a graph showing the results of an electron microprobe analysis various 8-
NiAICrZr coated Rene N5 pin samples after the samples were treated with the VPA

process of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

The present invention is generally directed to the aluminization of superalloy
components that have bare substrate non-line-of-sight regions, with other regions that
have been coated with a 8-NiAl alloy layer, a coating generally represented by an
MCrAlX coating, where M a metal selected from the group consisting of iron, nickel,
cobalt, and combinations thereof and where X is a material selected from the group
consisting of yttrium, another rare earth element, and combinations thereof, a line of
sight diffusion aluminide coating comprising aluminum, chromium, and a noble metal
selected from the group consisting of platinum, rhodium, palladium, and

combinations thereof and/or a reactive element selected from the group consisting of
7



of hafnium yttrium zirconiumand/or a reactive elenment selected fromthe
group consisting of hafnium yttrium zirconium and conbinations thereof.
Wil e devel oped for gas turbine engi ne conponents, and particularly high
pressure turbine airfoils conprising nickel-base superalloys, the

t eachi ngs of this I nvention are generally applicable to any situation in

whi ch it %u%ﬁi H:%ﬂw doﬂseﬂr%%tfeof $uPRY mgtet%e it ngn%a%gbglr E:sen t

ni ckel , ang [ roh ase€ super i ndt’ions hereo

I nvent i on ora pack diffusionianmiide Boatfngpﬂreﬁ avBlOR® pPEcRERS @ndrizpe pfo%leé‘se@nd
par anmeters have been found to devel op diffusion al um nide coatings on the

uncoat ed CHEW“FWH@ fugpinum ghrorpiugy B rtslﬂﬂeamatakseétﬁ% T dhengremr FRISPIDA o Ut
depositin ;rrlf'ilﬂug{“z t ave

prgvr ousI;gr) een coated wt %E?Ejfoﬁlgx%gg‘aés)éele#gﬁesgg e%%?tehtgg%% p|hnvent i on
utilizes ccbnmtmlof\haﬁrmlmdﬁpnmu tzirooni(@ya)d cominnasme theracdpHhifghase

al um ni zatj o VPA) and_.above.the pack al um nization. processe VPA is the
pref erred dﬁ‘r’ eéeéjsﬁ% 8ts t’tlﬂ’é“ep‘?”&?rﬁm{)pﬁt}%rﬁfﬂ% parRicy léfrhtﬁjmfesst‘?ﬁ@rsb“?%vent i on
over cones atdifIsRbhipeisi ?11&'3@55’5%'3@1)&911@5% Plaghifgs StRisNAvknkibA §re0f - Si ght

regi ons of a conponent whose |ine- of sl ght regrons have already been coated

with a (Zenirally appliealtle sa amysituaon inewhigh ersﬁdiesaddim alummlacymn lemet-(brfer has to
be applie terrper res h ar suffr nou cause
di f f usi ongﬁgﬁ%onéérhs? aﬁulelﬁ]féqh eS‘fpaf M RFH’WS reCP or i s

subj ected to a diffusion heat treat ment prior to the alum nr zation process

of the pr dheptestimigvdntion is oiatemifizdtioa pfbdé&sbsbhdba@eodegyﬁatehals ahat erdi f f used
into the underlying substrate Therefore, the (3-N Al base | ayer is not
entirely GaRFGersadvs begy foundin devalondiffugipn ﬁh@tl@t@efeﬁelga Rade yicealed- Ni Al

base | ayer .. I efers to the
entire bo% né{g{g}[ﬁ?\é%hg{eggmﬁ Qﬁﬁﬁﬁ %HAP&ggésdé}nta t%@;t:ﬁgﬁ%sgﬂﬁs es{so t he

substr at ea(lmmdulpomm tekionsl of fhesbmpoher that haegiredpysly hednubated witheg- el enent s
substi t ut res in the vario hase. matrice ch as C
ona zr TRBAEbt IRV e Ao ot Bin S fhtisnl apan demoriRt (Bds t o and

di ffuses @Rodeiss, %bif)ﬂ S atﬁﬂmatnoe Wb\qrﬂl@%@rﬁlé) pidR&Idmniafbn Pase | ayer.
The t her nal perforrrance of the f base | ayer is not adversely affected

by the dipfdogsieanVPAiis thermeferradprosessdbr tike préseutrimventiont Recdrdinglythibase
![ ﬁgegl u§1 Vﬁ\h\}elgf ?r\éﬁtrrergolfﬁes € %Qcﬁﬂfecgstagf al qgm%ggl%rg thr%alto%r lllr?el 3t- 5181'9 be used for
regions of a component whose line-of-sight regions have already been coated with a
B-NiAl base coating. As the 8-NiAl additive layer either has to be applied at
temperatures which are sufficiently high enough to cause diffusion of the constituent
elements of the 8-NiAl base layer or is subjected to a diffusion heat treatment prior to
the aluminization process of the present invention, some of the 8-NiAl-base layer is
interdiffused into the underlying substrate. Therefore, the §-NiAl base layer is not
entirely (-NiAl base, but rather has a diffusion zone under the 8-NiAl base layer.
However, as referred to herein, "8-NiAl base" refers to the entire bond coat created
when $-NiAl base alloy is applied to the substrate (and possibly diffusion heat
treated), including other elements substitutionally present in the various phase NiAl
matrices, such as Cr and Zr. The aluminization process of the present invention
deposits and diffuses an insignificant amount of aluminum onto the 5-NiAl base layer.

The thermal performance of the 8-NiAl base layer is not adversely affected by the

diffusion this small amount of aluminum into the 8-NiAl base layer.



process of the present invention, chrom umal um num alloys, cobalt-al um num
alloys, iron-alumnum alloys and conbi nati ons thereof are preferred.
Sufficient alum num donor naterial is provided to saturate the

al um ni zation atnosphere with Al, as is known in the art. In a nore
preferred enbodi nent, the al um num containing donor naterials are a

chrom um ajal M8l at 1S - 'agm bum.. and about
30 wei ght percent ugﬁwlﬁ%ﬂ]%g{aggggﬁéﬁoéﬁ%#ﬁ%m alqgg{fgf}tlbgtt&rég&g}%%%m 0

wei ght permpeesss efthaptesan dnveiltivg ichtdmiperdeminuat alidyspdobaRalinii@tmalilops, num
alloy that., ig about 40 wejght percent iron and about 60 wei ght percent

al uni num lwﬁwmumﬁﬂoa’ﬁ_ FRITP BRIy thorae! argp@gw@- wfa@eaﬂrﬁluragwabm

titani um adoahewtiaff pRidHto RRLGR the aRintRZ AR athddsiHAG WRR IR erred
enbodi ment, the al um hum contai ning donor nateri al’l's a chrom um al umi num
al | oy t hatknpwnabthetart7 (nwengrhprgferebembatiment theahmainudeconeiighg dpmorc ent

al um num _The.anount .of .al um num donor  nateyi al,_provided for the process
of the prés ?ﬁ}aq? ?‘W&W%W%QWQWP@%&PUS é‘?‘ﬁr@t“é"jl%}}’ié’e{cfeﬁt_r@ﬁ?ﬁ“cunbas and
the hal i dadabditBotviiglderoshi ddinii, A¢Bba Nl bi@HBaf1dhbslg sect i vat or's
creating the alum numactivity required by the presént invention could

f or seeabl yvaght peeant qohelt pad i@ weteht herterd @lunsinimaamiren-aluminur3lioythat 3,

Al Br3, ALll 4 Br wn I F3.. Cr G CGrBr3, .and Crl13. The

rore pr efsou el e RitbRng M o e Rt apgmlnai iy 2 Tang
Crd 3. Thelumistm fhloe el ietbonesd deighchdryat ttanhi@h ahidgboat Bl ghhér@éntpr ocess
of the present invention is _ AlF3. The concentration of the ALF3 activator

required HTHPEHudR thetoy Prrfemehsmbadipenhbealyragumr@gtaing Aengr esent

i nventi on . .S..t ] : f I . port gas
o about &5 15 RybATER AR A o o R ckOLFo Refeh Sehcial il 408

enbodi ment30 wedight leroeninalmm atuno sPikeasoune gfizlomsmeat doror negeridl pAibf®edder ft 3/ hr

of transport gas ow. When other, fl yorine halide activators are used, the
nunmber of %)er%rf’g%gs8¥{hfelpﬁ%gre?trf8v§ﬁ‘8i}ll§is‘g§mf”?féo§§Hﬁ‘t‘°a ett’ﬁgsﬂ%q%’éaﬁgﬂﬁ uori ne
used for thARdJPAdidatoRrehd Wath Blunfipisentration. If G F3 is used as the halide
activator, the concentration of the CrF3 activator required to produce the

al um num at nosphere of the present  invention is about 1.29 g of CF3 per
ft3/ hr of Whilhessions balids act valbisirreating thaplohinGnFatiyiy requirgd by thuf preseahspor t

gas_ In a. . ' | um .at npsphere requi.r about
0955 oo IO bl RIRADERY used e MO UL FORRR Fo T UG, 12" he
hal i de AlBr;, Alls, NH4F, NH,Cl, NH4Br, NH4I, CrFs, CrCls, CrBrs, and Crl;. The more

preferred halide activators are AlFs, AlICl;, NH4F, NH4Cl, CrFs, and CrCls. The most

preferred halide activator for the aluminization process of the present invention is
AlF;. The concentration of the AlF; activator required to produce the aluminum
atmosphere required by the present invention is in the range of about 1 g of AlF; per
ft*/hr of transport gas to about 5 g of AlF; per ft*/hr of transport gas. In a preferred
embodiment, the aluminum atmosphere requires about 1 g of AIF; per f/hr of
transport gas flow. When other fluorine halide activators are used, the number of
moles of fluorine should be the same as the moles of fluorine used for the AlF;
activator concentration. If CrFis used as the halide activator, the concentration of
the CrF; activator required to produce the aluminum atmosphere of the present
invention is about 1.29 g of CrF; per ft*/hr of transport gas to about 6.48 g of CrFs per
f/hr of transport gas. In a preferred embodiment, the aluminum atmosphere requires

about 1.29 g of CrF; per ft*/hr of transport gas flow. If NH4F is used as the halide



9 activator, the concentration of the CrF3 activator required to produce
the al um num atnosphere of the present invention is about 0.44 g of NH4F
per ft3/hr of transport gas to about 2.21 g of NH4F per ft3/hr of
transport gas. In a preferred enbodi ment, the alum num at nosphere requires
about 1.29 g of NHAF per ft3/hr of transport gas flow. 1In the case of

fluorine gdgma%m}@@boﬁ%hqﬁ?ﬁsﬂhg@&P;a%uv&t&e d @gﬂ&dq ??l# Offunfhu{1€ nunber

of nol es F pér transport gas TUGr I He- cont ai ni ng
hal i de actmesharof thdwesennbwentaf irabas Ocf4 foﬂéﬂﬁﬁ@/ﬁh of rinispog PR t gas
6 nol es ft3/hr of transport gas flow

fl houl d f 0
toogbzu?ud i‘%ourtrgezé £ Oultﬁi'/%f)f’ trgqsg%g t Fagerershembgdimeny s ous vapor
transport fagigsmkmaviphert bfifrdabo A de of'ﬁﬁgF e oq}gfaﬁ%ﬁht%s flow.

al um ni zati on process of the present ihventl o I nclu rogen, helium
argon, niln thegpase ofoflureineicnrtainingleadisle aciinitars the irapdrentfactue issthé nuiber

preferred t.ransp dro and comhi nations thereof.
The nost 8&&0&?802#36?%83{1’31&8@5@8 ‘Wdf%@ﬁﬁueﬂ{@'%nﬁﬁwlﬁgg ‘fon process is
run for aapevdies, thé nlmb& dfindlBEof RAGE A ofBAMNportZal W ShbRdRPAEHY hours
dependi ng on t he tenperatuyre at which the alumnization process is run. In

a preferr@EO‘ér%@@lﬁ%lﬁ%Peftﬁ]QH@[fﬁmleﬁeﬁaﬁ 8awgp ebesd). 1&melen pérolt’/lr of peri od of
tinme in t%ﬂ%}ﬂ) wAbout 2 hours to about 10 hours. In a nost preferred
enbodi nment urri r'1i zation process is run for a period of about 6 hours.
The alum nization process of the present invention is run at a presel ected
t enper at urVéhilgwarione vagam g[eanorlagmsmknb%(}ﬁ ﬂ(e?zﬁ‘ﬂ@)n Heusad) dithe 4QAsfon( 1050C) .

Wt hout wi shi.ng to be bou theor is pbelieved that the actual
anount of F“é%‘ﬂ%té?rbﬁ’mf:%ss 8? ﬂ"ﬁd%ﬁ?nﬁ IPY ’é’Pa]HPIUd% }}Yéﬁ@e&@e&lﬁ#ﬂf» AEEPBNt  al umi num

i's producegd I peral | oy
to Phor eacirigin thethhert BeglTLONBHEARAN Ot dle1TpHE] RpfpBl callt o7
deposi t i ofyétogal, argos, gm/@miadatbyls Cheb@fsTEc emst Erfngy tnanmrmsad i ons, which

d th d t Fi.ck' ff h ts forth
Che ! Tol me EEERERL TR ifae B pRocsR B ke W alHiad Pt tre i fhrats ofdheis oLt at e

surf aces. 2Apufsab ab&uttld Holrddepbnding6s Haderthpdyatife @\iﬁlé&?ih@%lmﬂ‘iﬁ%raﬁorp I's the

concentration of atons in a material in nunber of atonms/cnB8, Dis the
di  f usi on Prasessis rel data nreferae srbediment, ghe alaminigation pfocdsstis nwi nai n cm and t

I's the ti %6&0&%9 e range of about 2 hours to about 10 hours. In a most preferred
embodiment, the aluminization process is run for a period of about 6 hours. The
aluminization process of the present invention is run at a preselected temperature in

the range of about 1350°F (730°C) to about 1925°F (1050°C).

Without wishing to be bound by theory, it is believed that the actual amount of
activator is probably irrelevant, as long as sufficient aluminum is produced to allow
the aluminum content of the surface of the superalloy to increases over time. The
driving forces for the diffusion and deposition of Al are govermned by Gibb's Free
Energy considerations, which drive the deposition and Fick's Second Law of
Diffusion, which sets forth the relationship for the diffusion of the deposited Al into
the substrate surfaces. As set forth in Fick’s Second Law of Diffusion, where C is the
concentration of atoms in a material in number of atoms/cm’, D is the diffusion
coefficient in cm?/sec, x is the depth of diffusion in cm, and t is the time in seconds,
the time rate of concentration change, AC/At, is related to the second derivative of the
concentration gradient through the diffusion coefficient as set forth in Equation 1
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the tine rate of concentration change, AC/At, is related to the second
derivative of the concentration gradient through the diffusion coefficient
as set forth in Equation 1 10 bel ow, assum ng that the diffusion
coefficient D is independent of concentration and applies to a

one-di nensional gradient. AC At = D(A2C/ Ax2) Equation 1 The diffusion

al um ni zat,| J: I i - Flck's Law
of D1 11 st o ARy DAL ERAIRIGRRRAA T iRk B ol i P00
Equat i on 2ppledsaova oxe-diriknsiondl gradiati. on 2 The val ue of D is can be cal cul ated
by the an equation that utilizes two constants, nanely Do, a constant

having th nit $ /sec and Q the activation energy, which is

deri ved, Mﬁg?i)(gfq/&r%%e bbs Free Energy considerati on%?é“ﬁ%‘i]ng the units
of callmol, with T representing the tenperature in K and R being the

uni ver sal Thadiffikhsdlaminizatidn peceéstithe PRbRWiBneHR b O8n&l bIPFKPO exp
(-Q RT) Equation 3 From Equation 3, it can be seen that the value of Dis
t enper at ul@wWgdgafgean, wiige is expanensially ralatoditotemptrapire pheet Soréll iner t he depth
of diffusi at?o\ﬁeibélg\% sane length of time for various solutes. The val ue
of Do for I's greater in superalloys than Do for Al in N A alloys,
while Dis different for the same alloy at different tenperatures. The
activatiom=eR€rgy Q is also materials system dep&qdstivn 22nd drives the
tenperature dependency. Q for the /3-NNAI/A is expected to be nuch

reater than that .far th erall Qy/ Al interactign. The ability of a
gi ffusion Sé{?]iuﬁﬁfbrlﬁ%%ge ‘E%‘I’J'ﬁ?tg‘gt’%aé a&?ﬂlf"?tﬁﬁl tg?t 1:5{815@%&“51 Wnﬁqﬁp“ék%ess and
Al concenha@blyan,, @RohdMht Biha e Wiits 3f SHPBLAINIQY, (RORRAEM cHSREMISHN 2

nunber of factors including the Al activity in the transport gas, the
react i vi t s &xiveddn parts aee QibsFreeioergpiconuder féonadoaptgtls uniti ot i s af f ect ed

abi 11y 1opunagt BT RPRER RS Brlerddf in B AR RbsR P sems i 1 use

away, Whi ebnstant,tadsesforth belohsinRpetioydty) . As shown in general formin FIG
1, two of these factors, nanely alum numactivity in the atnosphere and the

ability o
y ED =D, exp (-Q/RT) Equation 3

From Equation 3, it can be seen that the value of D is temperature dependent. The
smaller the value of D, the smailer the depth of diffusion over the same length of time
for various solutes. The value of D, for Al is greater in superalloys than Dy for Alin
NiAl alloys, while D 1s different for the same alloy at different temperatures. The
activation energy Q, is also materials system dependent and drives the temperature
dependency. Q for the S-NiAl/Al is expected to be much greater than that for the

superalloy/Al interaction.

The ability of a diffusion coating process to create a coating of a certain thickness and
Al concentration on the surface of a superalloy component depends on a number of
factors including the Al activity in the transport gas, the reactivity of the surface (how
much Al can be accepted, which is affected by the equilibrium concentration at the
process temperature), and the ability for Al to diffuse into the base metal (how far it
can diffuse away, which in turns affects reactivity). As shown in general form in FIG.
1, two of these factors, namely aluminum activity in the atmosphere and the ability of

alumimum to interdiffuse are shown as a process of inverse absolute process
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alumnumto interdiffuse are shown as a process of inverse absol ute process
11 tenperature. The lines in the figure are to illustrate the theory of the
relative diffusion of the Al into 13-NiAl alloy and are not neant as an
actual plot of data points. Plotting the graph in Fig. 1 in such a manner
provides an illustration of the activation energy for the process. At any

one t er’rperté}ﬁ riturel hﬁle"ﬂ c&hil t'h¥ .F%?;i\,r_ei a% E ﬂg&ga@ {h% tgéoiry Sptthg¥elat?\pe;[ %gﬁgglgfx ol evel ,

donor material type and gas onor” materrtar, w and
act i vat or of tdret&nhtogf-dli Abaibydad ack mit iorant ax dnfeetal plecoBdavd pginsc @sting
fhat i ncreases in ess. tenperat.ure i ncrease the

t enper at ur.g, ani.ng . rocess.

activity &€ W&%EW%EEI 396k 2 magper RIAYAeY %@?lth@gp he AgEVoOnGRET® ow and
activator ' : ets of lines
that corr g@gﬁ%ﬁ%ﬁ%%q%gg%%eﬁ%?’ %Eglﬁéﬂl‘?gﬁnﬁ%ﬂf %Jrggls useb}isnt o the

subst r at e aoiivat@-ledeh|donsr mhteriektype at gaQflRW. Winller schdgnos etatarfal,gan floti ons

tabl i shi fixed Al. activity in.the at h th f f th
component A Hfi¥alsh SRS ronsidried tisionto B GHECH GEP LGS BPi B accept A i
the equi | inRahiAB R inorédsys MAFoRS teifPler B8 InRERE BMERtvAY ohADREhe VAIHREr at ur es

where the process generally has higher Al activity in the gas, can be
readi |y deqsediandap ynicel ngeef geedlowrand actvper eantand wioyldhilgiigdadlh that the

Al can ea%iogg of {h@ru%f)%' sfeis%ﬁitnie{'{hgt %o?lgesé)&%te[ ?lllel: & abi-grpyf (ffscﬁg & c:[ | ¢ shows that

changes i n process enperature a CtlS e lnter usion nore than

changes i mtprdiffiesntaclid subbtyate BLIB-Nial istthevgueaf eQ/Ri.f f usi on rate a hi gher
tenperatures, the resulting coating Al levels on a bare superalloy are

conparativyely | ow en coatings. are depagsited at |ower tenperatures,
whi ch. meatBaRARY Seheheonidions peiiidishimg adie VHEgtYiRy indbe amaseiertie | ow

di ffusion keSddntno ' : fead: | I 0 ' plied to
a bare sgfpl)lgécgi%lfoy. 'tdrﬁlgnatngig\g/gﬁét?(g%{g%% {Jfé’stle&gﬂgmkp d%%t@?%éy{h%c%ﬁe

at nospher &1 if the equEbdiwrnagtivityokzadi nog yetdrepo settieed. atdhigher thopessunes | | not
h ith tipme. Achievi he .desired.. | f tJ hi ck nd
chanse vt ek BEpe 50 SR IraRE ARSI et SRR, 0%,

in the at hed Qnt_éfé.dsuﬁﬂ&?t'l‘lﬁtt&nb&ﬁﬁ&éﬁt}iﬂ\;\%]l?eﬁdﬁgﬂﬁﬂa‘t’ﬁle Altafleglifyf usi on. Based
on such understandi ng of the process by ich a diffusion alumnide coating

forms, théteddasearfosbasealhey dlkeschematiregions dhat gharigagingyreeasm which is a
di ffusion temperature affects the interdiffusion more than changes in process activity. Due to
the greater diffusion rate a higher temperatures, the resulting coating Al levels on a
bare superalloy are comparatively low. When coatings are deposited at lower
temperatures, which means that there is a lower Al activity in the atmosphere, low
diffusion rates result in high Al concentrations in the coating applied to a bare
superalloy. With a given temperature and Al activity in the atmosphere, the resulting
coating composition and thickness will not change with time. Achieving the desired
levels of coating thickness and coating Al concentration requires a balanced level of

process Al activity in the atmosphere and substrate temperature to drive

interdiffusion.

Based on such understanding of the process by which a diffusion aluminide coating
forms, the expected way to produce the desired coating system, which is a diffusion
aluminide coating of the internal elements of the component, but with little interaction
with the 8-NiAl overlay, a higher temperature process would presumably be more
effective than a lower temperature process. However, the present invention has
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al um ni de coating of the internal elenments of the conponent, but wth
little interaction wth the (3-N Al overlay, a higher tenperature process
woul d presunmably be nore effective than a | ower tenperature process.
However, the present invention has 12 established that this is not the case
in the experinents |eading up to this invention as set forth bel ow showed

the opposi esab ﬁ%%& ltﬁa% ﬁhlﬂsﬂa fhe%' n3he %@eﬁsﬂneﬁ %adﬂ%pl%{to%lgh \i@%ﬁ% grature | ed

to S|gn|f|can eve5|n coatl ng eto

suf fi ci entset fotth lbdiofwf shoived tiasopposipateadltst \ltunatiding aridNiAtdoathey £ hagh oy
substrate. At |lower  tenperatures, Al deposition and diffusion were
i nhi bi t ed FEPRERIES 1519 # Y Highar Al Jevelsipdbesneting. notangrly 8900 of t he

di ff usi on s@fidy rf'irﬂ&dm:l%fbg a@%o{ném@ﬂ’% tHaPRuRE va e dio Pﬁsﬂﬁstra% hgf ossper al | oy

| ocati ons can e coat cting a process tenperature where diffusion
i s inhibi tedpératutdseAl @spllsismbn andiiflsioactdry irthybited, tebdting imloph&l gickvdopn t he
process is held where diffusion rates are lowinto the (3-NAl is

Chat ?ﬁéeﬂﬁaﬁéﬁrﬁ%@aﬁw&%{@ﬁ? it S il A R Bispden 680y ae

set forth dier by @qwﬂﬁﬁ&@dnwe&%u{ea%ytseie@mhgbaﬂl%@é’f 5 térApd e WhSe Shown to be
ef fective, whi I e 19 1080C) was shown to I neffective. Referring now

to FIG 2 diffesien issinbibi lrtﬂhéﬁr%WoMfAltalﬁi@W@r b atniasplsye whan ther ) appl yi ng
| t
an a um nyg(?cegsiogﬁibﬂ%iﬁe?e alf ldg% 5‘%& %rquw Il g aN’AU:: Pﬁgg%ger\?\ia & er el n

al
defined b ernal surface, an ex 1?485 al ready

been coat &Mithdut Rvishifig i Al boaas by lﬁm&@/ (m@bell;m& khat THeQuppbt feimpbrasiire inf t he
process 100.is the provision of trate having an internal passage
therei n dét ikdytaRe geut Ker %105%@} f%ﬁ:@t foringhe @saeélm%tal E9REREo%MNd havi ng

at | east 6199@#{01@@0@ tvw%aﬁéh@?ﬁ gcf%aﬁfe;p@%%ﬁe 1@9#@10%&&3 vhslsB¥&h 16l ect ed

fromthe group consi ase | ayer ating generally
r epr esent eueffegtimn MCr A1X coating, where Ma netal selected from the group
consi sting of iron, nickel, cobalt and conbi nations thereof and where X is

a mteri selecte on5| ttriu apot her rare
earth el e%ﬁﬁm %ﬂﬂwq%kig@hﬁfﬁdg Sélf‘n“tﬁ?ii ?r}g[h%p@%( eng iyt usi on

al um ni de agpigrigne ﬂﬂﬂﬁnd&%&ﬂﬁﬁ@to@sub@ﬂr&!@hwﬂg alt Hr@AL 1P RBE tiRrdRbl € et al
selected fromthe group consisting of platrnum rhodium palladium and

conbi nat i daBneder wbitespad swifacs, anshio: gxjemd|surfage, which has already been coated
with a 3-NiAl base bond coat layer. The initial step of the process 100 is the

provision of a substrate having an internal passage therein defined by an internal
surface, and an external surface and having at least a portion of the external surface
coated with a layer selected from the group consisting of a 8-NiAl base layer, a
coating generally represented by an MCrAlX coating, where M a metal selected from
the group consisting of iron, nickel, cobalt, and combinations thereof and where X is a
material selected from the group consisting of yttrium, another rare earth element, and
combinations thereof, a line of sight diffusion aluminide coating that comprising
aluminum, chromium and a noble metal selected from the group consisting of
platinum, rhodium, palladium, and combinations thereof and/or a reactive element
selected from the group consisting of hafnium, ytirium, zirconium, and combinations
thereof, but do not use flowing gases, or a pack diffusion alumide coating, such as
slurty processes and tape processes, comprising aluminum, chromium, and a noble
metal selected from the group consisting of platinum, rhodium, palladium, and
combinations thereof and/or a reactive element selected from the group consisting of
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selected fromthe group consisting of hafnium yttrium zirconium and
conbi nations thereof, but do not use flow ng gases, or a pack diffusion
al um de coating, such as slurry processes and tape processes, conprising
al um num chromium and a noble netal selected fromthe group consisting
of platinum rhodium palladium and conbinations thereof and/or a

reactive t : fro |Stl fai yttrium
zi rconi umqﬁaang conbi n’%@glrllﬁslﬁlf Egé&r gekg?l.gfl@%&gﬁlge?% 'etrh? ggregé%%dgﬁ ner(li{ﬁjfléﬁpat | east a
portion ofat idagt agporemaef ths exttaabsurfiat echisd with a FISiANibAke hageatdywRereinand

wherein the f].-N Al  base | ayer s previoqusly. applied using a high

vel ocity 6&@6%6%%&3@5?35 P‘%/q\"/@ﬂ\j?ﬁ’ Jpplied Ysing pBighvelegdy Eéﬁ"ﬁiPiBE’rceﬁfeposi tion
( EV- PVD) Vi A qﬁg&% € Lment, the
substr at eQﬁagth&%ent er r?gilfn p ss??gpbﬁﬁpgﬁgﬁ&%??{l@dyﬁog ?lﬂ%ler nal airfoil
surface, anetesses.ekt @moud praferfediembedinieat shasubstrite hpBan iNiefhal lpagsege al so

: e . ! . o L con. = Fpet
ool T ad um OB G airr o St e B en ef i sod Spifafeuridhe B
enbodi MENtNiAl Rer S5OSIhRisRs bBromiGASzitddhiin) afieh NRtAATRARSA pI MG an

internal passage therein defined by an internal airfoil surface, and an
ext ernal aladias, dediumhand @mbimtionsihsreofialn amord prdferngd empodmdinn i@y Zr al | oy

particles | .S ' . ent age of ni.ckel .in the, ran of about
B35 et giitoiaeS it Bl Ehlinb R B i LR bshaets R ge ot
al um num by ahlitemangefoilfsudheyind4h sx@érgfltsupfRECaid the B—Mh@lﬂgeﬁ@ay\@pﬁ}ﬂ@&

ercent, a . weight percentage_ of chromumin the range of about 2 wei ght
p dg P )

percent t OSHESFRIAIETZE alloyparticlss comprisimg @ weightingrrentsee ebrickeldn 8% zi r coni um

in the ra . . | ent

Izi rconi umli]glpgr?(?)f:ft~ aﬁ%is?? gprso“é?:léwggﬁé%%’g“? F)gr@;l%s %@Pg%éerﬁﬁ %T’@%gggé%%%@%%} was

appl i ed wiof hlumikivdin freaergofabout@0(vesihtAlerdeaste abblitB0 peght pekeat, aconpri si ng
bout 60 weight percent_.nickel,. about 27 i ght rcent alum num about 12

aei ght per¢&nt P Pﬂﬁg%ﬁﬁ‘g‘ﬁ?}n’é‘%&%ﬁirﬂﬂgf‘Qﬁ%ﬁ’b‘glg@@g%%??‘ic@gﬁf’&%m%ﬁe opt i onal
next st ep vRfght percBhOSRBS Wikt pétcehtRAUr ZREGRuLIIE Al TBile df%%ﬁ%%&v%éi%?d smoot h

the coatings in preselectéed conponent regions as required. een
t r eat ment pefcent to dberi iy waighbtpereand zgeandarhi frya znoet preferrell eoindirent,les art . The

next, 2D oA SsPHBSTTR TR i K FOE b b NRL S SR
Q NI Al - bagembadag abdil 60 i & Petcematiéked taBButblB0veight percent aluminum, about

12 weight percent chromium and about 1 weight percent zirconium. The optional

next step of the process 110 is a shot peen treatment to densify and smooth the

coatings in preselected component regions as required. Shot peen treatments for

densification and smoothing are well-known in the art. The next step of the process

120 is cleaning the substrate to remove any dirt or other particles contaminating the

external surface of the component or 5-NiAl-base layer. The optional next step 130

of the process is masking any preselected external portions of the substrate that would

be adversely affected by an aluminide coating with an alumina powder or other

effective maskant.

The next step 140 of the process is the aluminization of the substrate using aluminum,
a titanium-aluminum alloy, chromium-aluminum alloy, cobalt-aluminum alloy or
iron-aluminum alloy donor material, a halide activator, and a hydrogen or argon vapor

transport gas. The aluminization may be performed using a CVD process, a VPA
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of the process is masking any presel ected external portions of the
substrate that would be adversely affected by an alum nide coating with an
al um na powder or other effective maskant. The next step 140 of the
process is the alumnization of the substrate using alumnum a
titaniumal um num all oy, chrom um al um num all oy, cobalt-alum numalloy or

| ron-al uni iR abl 8y 0R e ﬁ%ffﬁgﬁ%}itimﬁprt]@és%.??h@&lhi;ﬂr@%ﬁfgg O Lichuglhogen of

argon vapor fransport gas. umni zat'i on” na ornmed UsI'ng a CVD
process, a tuRperithrpimahesmge of atwut ARHTE (4002Ch eckbotie pRESCFi(DIS0PCRCESRS. The

alum ni zatjon process is.run at .a tenperature.in the ran of about 1350F
hpwypizat for e b

(400C) to? HYHRIECTEH50E) O aHEe 1B gFRaCAfEPow Phuesed re)gt bouwsr a tine
in the raraeﬁelﬁtngﬂé}ma tenpERAthR JrehRBtlss 1 QuffRithns al dbagt rf-?;ﬂfﬁ:h‘?s

tenperature of the process. Sufficient alum numdonor material I's provided
t 0 sat ur apeovides! talsatuiaté thatalvpminizahos phespherg sisiskiovovin thaart.nds dret . As t he

al um ni zatjon process is.run at re ively | ow tenp ture, very little
21 i num PR RGERRecs i el s rdag R it ErbaBite, R EE AR on of 1t he
Al F3 acti vigfged b6 tid @NiALBasB 18RHCEhd Oficahtkhiion Wit ABS BR R ator rEdiitcied by the
present invention is in the range of about 1 g of AIF3 per ft3/hr of

transport t@BEdues tpelumnisuy agnosnbes rpguireftby/the prgsent invanderoistin egangen a

preferred [ t ' her i\hes. about g of AlF3
per ft3/ hr()?g?&?rlgés}fo%lﬁB%afgh#%\%%%}g%ggf%%rﬁ?#g(;%lrfli}\rlue’pr%%i }ﬁléoéct ivators are
used, t he tratspoergaef Inmdbeteridd dnbedinhas, thealuhinie atrhesphaBeqsret BBoutal es of
fluorine wused for the ALF3 activator concentration, |If G F3 is used as the

hal i de ac®idABrPerdhr of Banseni &as flow. SYhentheyflering haliderastivaters@s ed t o

produce t g2kt Thiifl f HBRR1E fifofile stoll @ﬁgsﬁﬁ%@ésﬂ{gp&gf@ogneut 1299

of CrF3 per ft3/ transport gas to abou er f13/ hr of
t ranspor t ugakfor the AlFprahatarednentyetdmelfi CrF4ib esa@l asnthehaiide attivs@heice requi res

about 1.29 g of OrF3.per. ft3./hr of transport gas flow |f NH4F i used as
the-hal | agetkehiraartnt B heogtanipagi o srodne Teabnaiin gmeBheretiui r od 1 o
produce t g #hitit BVELRITRIPNRM129Y of OF Béﬁﬁﬁﬁtofhaﬁ%h;ﬁtd SHAPBUR /gg 44 g of
NH4F per ft3/hr of transport gas to about 2. 21 g of F per ft3/hr of

t r anspor t of&sks penfighr pf tedneport gase b e girefered embedimkntyihewluminnos pher e requi res
opou L 2R A PR Sl ek 85
used as the halide activator, the concentration of the CrF activator required to
produce the aluminum atmosphere of the present invention is about 0.44 g of NH,F
per ft*/hr of transport gas to about 2.21 g of NH,F per ft'/hr of transport gas. Ina
preferred embodiment, the aluminum atmosphere requires about 1.29 g of NH4F per
f*/hr of transport gas flow. In the case of fluorine containing halide activators, the
important factor is the number of moles of F per ft*/hr of transport gas flow. For all
fluorine-containing halide activators, the number of moles of F per ft*/hr of transport
gas flow should range from about 0.036 moles per f*/hr of transport gas flow to about
0.18 moles per ft*/hr of transport gas flow. The resulting diffusion aluminide layer
formed on the bare portions of the substrate is about 0.0005 inch to about 0.003 inch
thick. A small amount of aluminum is interdiffused into the 8-NiAl-base layer,
however the B-NiAl-base layer is not over-aluminided to the point where the
oxidation resistance properties of the 8-NiAl-base layer are adversely affected by the
aluminization. The transport gas has a flow rate in the range of about 40 ft*/hr to
about 120 ft'/hr.
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| nportant factor is the nunber of noles of F per ft3/hr of transport gas
flow For all fluorine-containing halide activators, the nunber of noles
of F per ft3/hr of transport gas flow should range from about 0.036 nol es
per ft3/hr of transport gas flow to about 0.18 noles per ft3/hr of
transport gas flow The resulting diffusion alumnide |ayer fornmed on the

bare porti | . 0: 003 inch

hi okt ARG plchStiasldaihéin ok ARkt ab LRI RoF BRSPS Dace

| ayer, hcohmwdnmtdiemBui Aloyithstds hlaymﬂOm&lglmpemmrchﬁdmlmTMﬂaﬂ) weighthe poi nt
where the oxid tlon re5|sﬁ nce operi)F the f3-N Al - base | ayer are
adver sel ypﬁlf"‘F’ét&‘é‘HIW aF ﬁ?ﬂ for g Pt m‘ﬁrigcfrﬁ%?ﬁ@ﬁcﬁaﬁ lsgaégoqﬁa@aa flow rate
in the rangg {‘ef&pé?f"gm en{lfr?t/t!% af ﬁ)rq)g&sfistl%ﬁr& atel-l?%t tutd ¢ IS a

preferred enb di ment t um num onor um num al
chrom um abwhlﬁﬂﬁ‘il%\ﬂlDéQPQ)lfartaﬁlmeaB@haut Bhrowssi gﬂmﬁﬂﬁgm@mmd:ddrtonhmm and 30

wei ght  perce al u he h de.activa s Al F3, d . the transport
gas is ar §53F° Sslariiaiater?gfigg'ﬁﬁ &%@8%@8 %ﬁlﬂ#&?&l&?{ﬂ%‘fﬁr&fﬁﬁﬁ}ﬁ f)rocess i s
run at a %LBHRSVAHre THE resaRB ik funiidOlaler foRhedort ie®aRfplsist 6 hours.
The AIF3 is provided to the process at a rate of about 1 g per ft3 /hr of

argon andof Be Sab%jtﬁfﬁ isabpitdl/d lJetclathick. rAaswald pmonmioftahpginfmds/ hr . The

resul ting er formnmed t ortlons of the
substrat e r?%Irda ou 1188%1!1’ n‘%i{llll ERAS? % Ek hox(ev%atﬁ? 8 é\?}%‘&g’ '3llﬁﬂ?tn°LYFff i s

i nterdi ffuhssinided @ thegofdt Mheéte thasgidhidttresishavepepertibeofhdBAADase: | ayer is
not over- alumnided to the point where the oxidation resistance properties

of the O RVEl lspduersely affgpted ky the Adyeanzatigns Brq B pRieforsd gmbelimenhtthon. In a
more pref enradi eanos bfu{eﬁﬁeseﬂﬂ 1H%rﬂfoﬁ?ﬁér9#ep{h%%§1tt?)fe#eﬂteofpr esent

I nventi on 1 ncreases t ercent o um num e surface of the
P- Ni Al Cr Zrlinayen atthe&brfad:c &f?chmé-ll\gmcmrlmnto abblne2 hexight perderpossi bl y fi nal,
step of the process 150 is cooli ng the substrate to arrbi ent tenperature.

The optional next i bl ste of t 160 is a
surface fiqiill%lﬁ tt@ggp g‘% %PS# (5’“?9?5% 015 {20 Flﬁb at&f the coating
surface. aRbedht frifetitret MRBLPRMaS néﬁcéﬂ&%sﬁﬁw frdan %Eepcmzhe sdcdsaqgo i eat nent s
as known in the art. For exanple, such surface treatment could include a

t unbl i ng pﬁu@mﬁw}mﬁ@m@ﬁn@pe@ﬁ@n tq)@éncqﬁhgcmgssswﬁate dogtifipfurfased by a

tumbling RLOE SinFace k‘rréat%]e%{s th&h&& zgny functional surface treatments as known in the art.

For example, such a surface treatment could include a tumbling process alone or a
shot peen processes that is followed by a tumbling process. In a preferred
embodiment, the surface finish of the coating surface is reduced to less than about 80
micro inches. In a more preferred embodiment, the surface finish of the coating
surface is reduced to less than about 30 microinches. Such a reduction in the
roughness of the surface finish improves the aerodynamic efficiency of an aircraft
engine component that does not have a thermal bond coat (“TBC”) applied. Such a
reduction in the roughness of the surface finish improves the durability of the TBC on
aircraft engine components that have TBC layers applied. The next optional, and
possibly final, step of the process 170 is the application of a TBC layer to the exterior
surface of the 3-NiAl-base layer, which will include oxidation of the substrate as is
known in the art.

FIG. 3 depicts a component article of a gas turbine engine such as a turbine blade or
turbine vane, and in this illustration a turbine blade 20 coated with the 8-NiAlCrZr
16



enbodi nment, the surface finish of the coating surface is reduced to |ess
than about 80 mcro inches. In a nore preferred enbodi nent, the surface
finish of the coating surface is reduced to | ess than about 30

m croi nches. Such a reduction in the roughness of the surface finish

| nproves the aerodynam c efficiency of an aircraft engine conponent that

does not : . 0 N ' ' ction in the
roughness Eh?}éﬁtdﬁfgﬁ 82(%{ @ﬁ?ﬁyééhﬁ?dn%}?(g\?@s& P ﬁa@&% E Sggll tﬁ?? 5”% s c{fﬁggTBC on
aircraft ermgemeénwatiponthd sirhihablaia2@ isiBfntdymy cppnbleatatedileanieixt opti onal ,

and possibly final, step.of the process 170 is the application of a TBC

| ayer to Pffégré%@@flilw %g?ipéi&%bagtrbﬁsﬁéuﬁerﬂhyﬁt eraRanatgpa therggd) chheni 11

i ncl ude oxiBRkibPRe 20 ix?ﬁ@de%‘éﬂ%{rfcﬁ{)ﬁ é’g%iﬂs?whi%ﬂ%\@ﬂb@ or 6t & ust':!lﬁs 3 depicts
a conponent article of a gas turbine engine such as a turbin ade or

t ur bi ne vdirestechnbhd turling kladd 2Ustmatntaitoa thdids digk ploastewa() byaatosetaili t h t he

P-N Al CrZ 16 layer, diffusion al um.ni | ayer, and TBC | ayer prepared
i th the- gt SRR eu B donavagty S BreaPl £5md Yrabedh trvie r BB BNt or med
of any opey AfemIB4 ettbrds lomithdindily Bae¥ £ aBhYihaArdahiiere Ak alfedil BX iscobal t - base
superal |l oy (or conbinations thereof). The turbine blade 20 includes an

ai rfoi | 2mMiaghioribe dewsiath A hembérgf intbrmiabeocding passagesextand thigigletheed. The

t ur bi ne bl ade | S . ed .to.a tur.bi di.sk ot own). . a vetail 24
L ot oS ford thoaifiBl 90 “halel 1R ohHiRkl's SRKRARER oE BRMN0ilY 2GRN o

t urbi ne dioSkoolind affl iairedted BeougktiedtiterhAREblinbRMkY, t@rddnee thef rom t he area
where the airfoil [ ' to the dovetail. A nunber of internal

22 is joined to t ] I
cool i ng pidapsgaarcatileairipn 23y dhe el may g deseribad ashaviggerept end30 ending in
openi ngs ' $ﬁ; : LEEA) A i air is
directed %ﬁ?gﬁéh t EH?%?ggﬁg%dgggpﬁ%g%gggggég%ﬁb%%P$%ﬁﬁ%gg?ﬁ%nﬂ?enperature
of the ai dbwithil22. The airfoil may be described as having a root end 30
adj acent to the dovetail 24, and an oppositely disposed tip end 32 renote

f th tail 24..FIG 4 i | onqi i.nal section.through, the airfoil
o howi EiCwEls Monfigina ferinn tirof e Sttt Shosing ah&Rt BRATERAL hr ouah an
interior @6ollﬂg€pa§éagéé334 etendind@rduph @b Ao Cqhé NeONIVS AL iRérARS an

internal surface 36, and there is also an external airfoil surface 38 of
t he net al cp@ingmassagn 3bhas sreinterngl ginifaceB6, and there is also an external airfoil

surface 38 of the metallic portion of the airfoil 22.

A diffusion aluminide protective layer 40 is formed on the internal airfoil surface 36.
The diffusion aluminide is formed by diffusing aluminum into the passageways where
1t deposits onto the substrate material 42 of the airfoil 22. The aluminum is
interdiffused with the material of the substrate 42 to form the aluminum-enriched
protective layer 40 lying below the internal airfoil surface 36. The diffusion
aluminide protective layer 40 has a composition with the aluminum concentration
highest near the internal airfoil surface 36, and decreasing aluminum concentration
with increasing distance into the substrate 42 from the internal airfoil surface 36. The
diffusion aluminide protective layer 40 is typically from about 0.0005 inch to about
0.003 mch thick. When exposed to a high-temperature oxidizing environment, the
aluminum-enriched layer at the internal airfoil surface 36 oxidizes to form a hi.ghly
adherent alumina protective scale (not shown) at the internal airfoil surface 36,
inhibiting and slowing further oxidation damage. The aluminum-enriched layer
serves as a reservolr to heal any loss of aluminum during normal operation. A bond
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A diffusion alum nide protective layer 40 is forned on the internal airfoil
surface 36. The diffusion alumnide is fornmed by diffusing alum numinto

t he passageways where it deposits onto the substrate naterial 42 of the
airfoil 22. The alumnumis interdiffused with the material of the
substrate 42 to formthe alum numenriched protective |ayer 40 |ying bel ow
the inter |k f0l f f US| - al: U0 l.ye | ayer
40 has o conpaichRdlecliied AR 2B pprlof e ARl RS AEA BT T

i nt ernal aiot fiseilland had @t de@bapplied od dey iassnd girfdilstrfacs3g&oncentration with

I ncreasing distance into the substrate 42 fromthe internal airfoil surface

0. 0005 1 néhber SeBbaE WiEis s ¢ Ayt fpsdd BOGhidpot nper at ur o

oxi di zi ng oayVSi ACHRRA! ovdrii& andlcUifal MERAdRAGS fiRYREc8B8 T Bicd Biar nal airfoil
surface 36 oxidizes to forma highly adherent alumna protective scale

(not showspatati4 areegenatally kndwain theiart, slthough epegdfjc commvisitions ngyantbs| ow ng
further oxidati danmmge., .The. al um num enri,ched | ayer serves. as, a
reservoir 8Wﬂ'eg@w§r?§fp$s§g§° 8%@Ftﬁwpﬁ{?ﬁ’}rﬁﬁﬂd}@%ﬁv PmST}eﬁ’ﬁ_tsP%ﬁfe % hond 17
coat, suclon®cehit 44 bskiLbs i fdrm e gRIPRIdh&ent Durhidg peotk@fveatald (tdt Shdwn)
(substrat e% surface 38 is_ not used and has not been applied on the

i nternal &t thesxiemal pyrdacs ofthe bengd eaet Adoihititing sudd dowing fithengidation

O N Al CrZr raf . . ' thi.gk, overlies and
contacts td ﬁ‘lga%ﬁgt%rﬁla: g%ﬁ#@f}ﬁﬂ u‘?e?’é{%:‘gedg’gﬁg%ﬁ%ﬁ‘”}%g"n&{ Efc%ﬁrg%ﬁﬁ are generally
known in ttditiandl thaimhhoogbtispieitie darfoidRosi ti ons may not be known. Wen

exposed to a high-tenperature oxidizing environnent, the surface the bond

coat 44 oxjdizes.to form Lghly adherent al um . na_protective scale (not
chown) | aDuiE 5B i stion Jrtiio S it oh 4 oo AHRRREnS NRHR FRRSand SI owi ng

further oxj.dabinpRteddAIRAEng I%w[@?%cﬂﬁigh?r &H@i‘tﬁﬁ?érla}'m?ﬂlﬁﬁg‘t {&d vafodop of bond

coat 44 to provide additional thermal protection for the airfoil 22.
Duri ng anNiAvelamigizies. oA pirisdi sedd cplinder that inaboti b5, loag ted ebangilAy iRene N5 pin

sanpl es S CO ete val ' | omer and higher activit)

ovglr) -al um%?ﬁg%?eh&g%ﬁwo%@%ik&%ﬁ a@%@ﬂ <t Pfeggj.gr © ARyEsit ténsglhfed cyl i nder
that is aﬁ@auihi% &r' B-NRAIC TR elidbesthpobittbn W4y abiies el Keightlperesht iif Fer ent
(3-NNAICrzr alloys were used for the i nvestlgatl on. The first high O
f1-N A Cr Peight pergertaipalaut i dweight persenitCraod 2bowi Ighweisht pasernt.Nhe 27

second 3-NiAlCrZr. The second high Al 5-NiAlICrZr alloy composition was about 55

weight percent Ni, about 32 weight percent Al, about 12 weight percent Cr and about
1 weight percent Zr. The third 8-NiAICrZr alloy composition was about 60 weight
percent Ni, about 27 weight percent Al, about 12 weight percent Cr and about 1
weight percent Zr. A total of 27 pin samples were prepared, 9 samples with each test
B-NiAlCrZr alloy. After the 8-NiAlCrZr was initially applied to the pins with an
HVOF process, the pins were subjected to a diffusion heat treatment (DHT). The
DHT was performed in a vacuum. From ambient temperature, the pins were
increased in temperature at a rate of about 1700°F per hour to about 2000°F. The pins
were held at about 2000°F for about two hours. The pins were then allowed to cool to
room temperature. Three pins per chemistry were subjected to a cyclic hot

corrosion/oxidation (CHCO) test as a baseline for performance.

Three pins were treated with a first higher aluminum activity HVOF process of the

present invention. The higher aluminum activity HVOF process was run at about
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wei ght percent Al, about 12 wei ght percent Cr and about 1.8 wei ght percent,
the second ON A CZr. The second high Al ,a-NiAlCrZr alloy conposition was
about 55 weight percent Ni, about 32 weight percent A, about 12 wei ght
percent C and about 1 weight percent Zr. The third f3-NNAICrZr all oy
conposi tion was about 60 weight percent N, about 27 weight percent Al,

about 12 ' o . i gh recent Zr...A total of 27
pi n sanpl ‘ggb%(éﬁﬁ g@arlé%e s%tarf%?HeéSD\%\nh?%@‘eggh 0?@5’1&1 lé}?‘s fa (f\t]}VA@Cr Zr all oy.
After the aRmivhvsh @indwasather et ifed 4 QHEOPckted et gluith %eﬁbﬂiﬁan% bhthamighHVOF

process, the pins were subjected to a_diffusion heat treatnent (DHT). The
DHT was pérfypmBaciintalY S niaveser Ope ahedagh activiiy plhumipem pisevasithean wer e

The pins. “Baraene o Ao epaticRph oy Rk (LRIBEE 1R UEn ey IR S0 hen

al | owed t thecsmofacd of the pown t enperature. Three pins per chem stry were
subjected to a cyclic hot corrosion/oxidation (CHCO test as a baseline

Boti vty G of ieE Bish. P PP e fthise iakgrt viedt e BRFAL AR num-
activity W@cﬁiﬁgﬁ;ﬁ:’i’e t]:f@a'iedwﬂh alseaP@USw hRidiRORRCAHOARVOF fokesd. gET 0d Of
e o

about six hours. of the higher activity alumnumpins was then used
for a CHCBW ekmmingn actayityl ¥ OFarroenssvae sinoft abowt 18751 (188 niere aetiod/i t y HVOF

: ] i | M i.num pi h bj d
Gl cotron o abeulull, SRRl A IR Pl e IR el b e

surface oCHQ® tgt dsevaltiate geefosmaicetdftietop didmin@aCAttivit) HYOF bcegch set
having a different test (3-NiAICrZr alloy coating were treated with a
second | oWREFERPRA SehoddeW ertiityeinypypas werethen subjsgied to an MR Ade i vity HVOF

process wﬁlﬁﬁgt@tqh@}ﬁ%q]eggégsﬁﬁg)éqaf@m%éigg_ a period of about six hours.

One set ow activity “alum num pi ns e then used for a CHCO test to
eval uate performance of the |ow al um numactivity HVOF process. The second
set of | oWeftingneow taFIini 5 thergisssentbe EMP nesslib for chetva stsaof pildHA tho

cvel vate e, ook S, LIS, SHELASerohy IR DLOS BBl Es g o (0 11
a graph.  ThgaceloXie ShaGieneRts ReRELakisdvell Bfo Hreaddicdtdnt bggidaIngh into
the NiAlCrZr layer on the surface of the pins. As defined on the graph, the notation “Al-

JP12” refers to a proprietary base 8-NiAlCrZr layer comprising about 27 weight

percent aluminum, about 12 weight percent chromium, about 1.8 weight percent

zirconium, with the balance nickel. As defined on the graph, the notation “Al-JP13”

refers to a proprietary base 8-NiAlCrZr layer comprising about 32 weight percent

aluminum, about 12 weight percent chromium, about 1.0 weight percent zircontum,

with the balance nickel. As defined on the graph, the notation “Al-JP0” refers to a

proprietary base 5-NiAlCrZr layer comprising about 27 weight percent aluminum,

about 12 weight percent chromium, about 1.0 weight percent zirconium, with the

balance nickel. The notation “LOW™ refers to two VPA process parameters having

relatively low activity as compared to the other process parameter where the process

was run with sufficient aluminum donor material to saturate the VPA atmosphere, the

temperature was about 1900°F (1040°C), about 50g of AlF; activator was used, the

transport gas was Ar, a total of about 40 ft* of transport gas was provided, and the

process was run for a time of about 6 hours. The notation “HIGH” refers to VPA

process parameters having relatively high activity as compared to the other process
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surface of the pin in mcroneters as the x-axis, well into the surface of
the original f3- NNAICrZr | ayer on the surface of the pins. As defined on
the graph, the notation "Al - JP12" refers to a proprietary base i 3-N ALCrZr
| ayer conprising about 27 wei ght percent alum num about 12 wei ght percent
chrom um about 1.8 weight percent zirconium wth the balance nickel. As

et ned 05,1595 b B8 811 80 il FAS i FLBRSIE, Befigpl L ory Dase

-Ni Al Cr ayer conprisin percent a U about 12

\Ael ght persa‘tﬁfﬁte thia P Hﬁﬂospb@ﬂ,tth&te@np&iﬁt@htwds%b@lﬁrl'@?Z‘PF @0BOCN abot b t he
[ defined on the graph, the notation "A -JPQ" refers to a

bal As
p?ogpfgt g:ogAE]?:\is@U(%tQWﬂ&@eﬂrt he FRIPOEERH a8 AR @%Ma@lﬁ\%@ﬁbﬁ‘f pg;g:m
S F Cont urn et gt St e R br R B Qi oGupbEL POMRE BT o

process paraneters having relatively Iow activity as corrpared to the other
process pdhagetprcleshlyrsbovhthapmockes®re slamimumwas tiffused itecthestrfatewrfi num donor

RETO h a R E EE CTTR ai
total of abgieRdv Adm@Hur I&Bﬁﬁﬁfu%h&ﬁ&hé"ﬁﬁv DbAuesbtivdhidshe  process was
run for a tine of about 6 hours he notation "HIGH' réefers to VPA process

par amet er siewamtragwtbata@rwletﬂy ahlmghulacxas\ﬂuﬁfgseégntg (dlm%l’@ﬂl(fr& {dyer ofither process

ot ool APl (REAGER ! Sl 3 Wl a8 1 e K000 BB ) o 75

(10800, @b@mmlﬁﬂg froﬂ‘f thérxﬁ& BfickssdhItha\Bevisasld depdited BN BEie gas was Ar, a
total of about 20 ft3 of _transport gas was provided, and the process ware

run for aCPtgsofoRyBERlY.ahbigher acﬁrﬁléy gnsdiions Il@jaﬁolsyb%%% dfvsionpi#e nor e
al um num Igﬁlfnflffl%qﬂe &1 %/%Ecﬁh'tﬂ Cwmrﬁsutapﬁc d1R8sd Q%a[lf’\ﬁa(sg aﬁ&jbj ected to

the high alum num acti |ty pro ess atlvély ow al um num | evel
t hr oughoutrontbasd mpeaalllupmmhstmms,tlmm ahytnmunsactldﬂyrtuadﬂ toadxeemsivealunvieny little

al um num di ff dlntot fI- Zr | ayer of the pins.

Sur pri si ngHsIEHER S AR EJLE*F cey a&aﬁ%aéﬁhea FAY il g I o no

di f fusi Onan@ rREATEANEAF AL DR YRAREASERSuENt O the previously

deposited, 6-Ni Al base coatings. Conversely, the higher activity conditions

led to substantlal diffusion of the alumnuminto the ,6-N Al base
coat i ngs. The{HGQRQ mesults wetesds-Tobieses: Tlsblai alaamaantivity first test 8-NiAICtZr

pin failed after 320 cycles; The low aluminum activity second test 8-NiAlCrZr pin
failed after 321 cycles; The low aluminum activity third test 8-NiAlCrZr pin failed
after 401 cycles; All three high aluminum activity pins failed after 418 cycles; The
first and third test 8-NiAlCrZr pins failed after 378 cycles; The second test SNiAICrZr
pin failed after 365 cycles. The CHCO results demonstrated that the low aluminum
activity third test S-NiAICrZr alloy performed better than the bare pin sample and the
high aluminum activity pin with the same alloy on a per mil basis and performed
better than the other two low aluminum activity test 8-NiAlCrZr alloys. The
performances of the low temperature aluminided samples were in line with those of
the uncoated samples (within one inspection cycle) on a per mil basis. The higher
temperature (high activity) HVOF-overcoated samples appear to have longer lives,
but the apparent longer lives resulted because of the thicker coating. The high

activity HVOF-overcoated samples actually have shorter lives on a per mil basis.
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i ron-base superall oy substrates, |ow alum numactivity |eads to extensive
alum num diffusion into the substrate. The conbination of the relatively
| ow al um num activity and process tenperatures has led to a desirable

result. The CHCO results were as follows: The | ow al um numactivity first
test f3-NiA1CrZr pin failed after 320 cycles; The | ow al um num activity

second t eSim.; i . i i V.G . | M num
activity t |§%thy E‘geg&ﬁ}? aﬁf%ertp@%#ﬁ \gﬁg{;el%éﬁtéraﬂig%ngygﬁgg;1\%&?4,1 hree hi gh
al um num adllibeiuhyerpood by gickeskiHéd Rirthd 4 tiey ohrdals chiligzes hiayde madiid ahbi rd t est

, 6-N Al CrZr ,Bi ns failed lglf_ter 78 cycles; The.second test PNIAICrZr pin
failed af €ayivalgas Hay hesubsiige seent erepenihattdapating Ham ia&capsw

al um num [BYA i r.ditest = N f.Or t han t he
bare pin g ggrr%lﬁglééﬁr?gﬁ{q}ggdﬁligghmgj}yu%b%%@? ?{llzll)é[)[%/é rgiﬁ{r‘;J t\?\ﬁa?ﬁqtaﬁ)ghiscgl!% al l oy on
a per ni| sivemion oanthtgriat foothertwchibgt o&the ivantidiheitbédteepdrting from thé um num

activity test .£.3-N AlCr | | gys.. The rfaormances, of the |ow, tenperature
al um ni de§5€H |38%P€\%?f85§5 Therefatens ?ﬁ“@?@géﬂfﬁﬁh‘? WH%‘“M&B%H“%‘&W es (within
one i NSpeeHd G4l eBboliinght BREISd astBS bést mbag chitehglated BFRREAEEG (hi gh
activity) HVOF-overcoated sanples ap&gar to have longer |livés,” but the
appar ent [Iisgwentiony but thetshé inventivacwilisisclofle alhembpdiolcsts felbagiwitun thike hi gh
activity Iglv e-ogsﬁ%eracoéat(ﬁgc?angl es actually have shorter lives on a per ml
basis. 20 (l HEPPHVENMT YN has been described with reference to a
preferred enbodinent, it wIll be understood by those skilled in the art

t hat various changes may be nmade and equivalents nay be substituted for
el enents thereof w thout departing fromthe scope of the invention. In
addi tion, many nodifications may be nade to adapt a particular situation
or material to the teachings of the invention w thout departing fromthe
essential scope thereof. Therefore, it is intended that the invention not
be limted to the particul ar enbodi nent disclosed as the best node
contenplated for carrying out this invention, but that the invention wll
include all enbodinents falling within the scope of the appended cl ai ns.
21 CLAIMS 1. A process for formng diffusion alum nide coatings on an
uncoat ed surface of
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a substrate, wthout interdiffusing a sufficient amount of alumnuminto a
coating layer to adversely affect the coating growh potential or

mechani cal properties of said coating |ayer, conprising the steps of.
providing a netal substrate conprising an external surface and an internal
passage therein defined by an internal surface, at |east a portion of the
ext er nal rAﬁ?‘ﬁ of the substrate being coated with a coating | ayer
selected fromthe group consisting of f- N Al-base, MCrAl X, a |line-of sight
di ffusion alum nide, a non-line-of-sight diffusion alumnide, a pack

di f f usi on lal umAnpbegssdodfoamsiguliffysich dlfvisiidacadtings on aeutvasdisdriaceudfst r at e;

cleaning the, external surf of the substrate;. subjecting the netal
subst r at e S3bsiratg, W@HHW%%gﬁSlBE&s“'E%H’é%‘B%‘F‘PWr?fﬁfUBEE%@ 8 3o8i%&d usi ng a

fl'uori ne- qant &) MiveBe Bt AhE CostRleST bRt JdiOMal Hemed L §Ed f AJF3,
Cr F3, NMF@}and conﬁ?ﬁgatei ons ?herggggf, aI{ a 1raate Int %ﬁ?gﬁégrgégo‘?ﬂ% out 0.036
mol s of flcoatirigieygyeconfipridgthesteps efasport gas to about 0.18 nols of fluorine

per ft3/hr of transport gas, at a tenperature in the range of about 1350F

to about 1925F. usi a, .transport gas_sel ect fram t.he group consisting
of argon, P??ﬁ&%éé‘ﬁ?eq%ﬂi?%a'&%?"_ m%%%ﬂ?ﬁis gcetaﬁlgragdﬂe“%‘;@asg?gﬁnsport gas
bei ng pr ovheteid dafinéd by @Wnterh@ sifadeN gt 16408 fofion o BHExtetalfshiFhdy ofitRe about 120
ft3/hr for a period of time in the range of about 2 hours to about 10

hours; anduRssalq bring sratesirpish # seading Jayer pleqied emghogroup spwaistingWiér ei n t he
coating 1 RYRf.phe, MEAKA [hASLs bR usior atyhiFIL Mo e Fi ifFifiopNer €1 1

the coating layef 1s a a- ayer. € process of~clal mog, wher ei n
the / - N Al@uididecopidkrtiffudyesluminiyie,ianda shbnudiffu&idn dlunshigbongsidcent ni ckel
to about 64.5 wei ght percent nickel, about 20 weight to 22 about 30 wei ght
per cent alsﬁ}fﬁt‘ﬁfﬁ%} about 2 wei ght percent to about 15 wei ght percent

chrom um and about 0.5 wei ght percent to about 1.5 weight percent

zi r coni Umgleaningige AiQ68ISerfale 6 18L Ritkirateherein the f3-N A CrZr coating | ayer
conpri ses abou 60 wei ght percent nickel, about 27 wei ght percent

al um num about 12 wei ?ht percent chromum and about 1 weight percent
Zi r coni umsubjecting the metal substrate to a aluminum vapor phase deposition process

performed using a fluorine-containing activator selected from the group consisting of
AlF3, CrFs, NH4F, and combinations thereof, at a rate in the range of about 0.036
mols of fluorine per ft*/hr of transport gas to about 0.18 mols of fluorine per f*/hr of
transport gas, at a temperature in the range of about 1350°F to about 1925°F, using a
transport gas selected from the group consisting of argon, nitrogen, hydrogen, and
combinations thereof, the transport gas being provided at a flow rate in the range of
about 20 f*/hr to about 120 ft*/hr for a period of time in the range of about 2 hours to

about 10 hours; and

cooling the substrate.

2. The process of claim 1, wherein the coating layer is a §-NiAl-base layer.
3. The process of claim 2, wherein the coating layer is a §-NiAICrZr layer.
4. The process of claim 3, wherein the 8-NiAICrZr coating layer comprises about

53.5 weight percent nickel to about 64.5 weight percent nickel, about 20 weight to

22



6. The process of any one of clainms 1 to 5 wherein the coating layer is a

non- |ine-of-sight diffusion alum nide |ayer conprising alum num chrom um
and a material selected fromthe group consisting of a reactive elenent, a
nobl e netal, and conbinations thereof. 7. The process of any one of clains

1 to 5, wherein the coating is a pack diffusion alum nide |ayer conprising

LSSt . . | Sti f
PR T B B S an S ERLEH po LA BEPT YR RORLK! N of 2
of any onehoimiohmabmbabibut O.SSNelglh@lement tohibowtda’ weight geracrd lzirconiumdi f f usi on

al um num
reactive

al um ni de
fromthe
conbi nat i
wherein t
group con

addi ti onal

peen tre
substrate.

| ayer conprising aluninun1 chromum and a material selected

I st t bl t al d
e P e rasess biind st e RS TS O eo B8 e pBedtes B ai o,
15 v?éi@ﬁt'p'&ﬂ:ehﬁiﬁ@lEel I a‘boui\@ ®kikht ]!k\é}%ﬁ alMnlisurd, 4030l 2 S8 g?lhbéyéeﬁtr om t he

sisting of iron, cobalt, nic and conbi nations

er eof
The proce§brqmlualn9n€b$’£@ut)i “telt@tpme@dumgmumal ms further conprising the
step of densifying and snoot hi ng t he coating Iayer usi ng a shot

B TN TRk esd & i) n8 bERrafhs FIANHIRkiA B XS APk, jSHLbACS Of the

hne of—sxght diffusion aluminide layer comprising aluminum, chromium, and a
material selected from the group consisting of a reactive element, a noble metal, and

combinations thereof.

7. The process of any one of claims 1 to 5, wherein the coating is a pack
diffusion aluminide layer comprising aluminum, chromium, and a material selected
from the group consisting of a reactive element, a noble metal, and combinations

thereof.

8. The process of any one of claims 1 to 5, wherein the coating is a shury
diffusion aluminide layer comprising aluminum, chromium, and a material selected
from the group consisting of a reactive element, a noble metal, and combinations

thereof.

9. The process of any one of the preceding claims, wherein the coating layer is

MCrAlX, where M is a metal selected from the group consisting of iron, cobalt,

nickel, and combinations thereof.

10.  The process of any one of the preceding ciaims further comprising the
additional step of densifying and smoothing the coating layer using a shot peen

treatment prior to the step of cleaning the external surface of the substrate.
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