18 February 2005 OXI DATI ON- RESI STANT COATI NGS, AND RELATED ARTI CLES AND
PROCESSES BACKGROUND OF THE I NVENTION I n a general sense, thBFebruaen2@m
relates to protective coatings applied to nmetals. Mre specifically, it
relates to netallic coatings which provide oxidation resistance and ot her
attributes to various netal substrates used at high tenperatures, e.g.,
superal | oy substrates. Metal alloys are often used in industrial

envi ronnments which include extreme operating conditions. For exanple, the
al l oys may be exposed to high tenperatures, e.g., above about 750C.

Mor eover, the alloys may be subjected to_  repeated nperature cycling,
e.g., exposure to high 53%@?@ }S?WTS\Q@@%%? ’ ing to room

tenperature, and then foRkpWagnbYRTRAIES ARDIPROCEREESAS an exanple, gas
turbi ne engines are often subjected to repeated thermal cycling during

operation. Furthernore, the standard operating tenperature of turbine
engi nes continues to be increased, to achieve inproved fuel efficiency.
The t ur bi nBAKKCROWDIHEEEHRE INVENI@Nher i ndustrial parts) are often
“formed of superalloys, which are usually nickel-, cobalt-, or iron-based.

Superal | oys can wi t g4 8eHdral satdé, vk Ihvertiortla®s mpecttel cogtirgs apblicdons.
However, they often nmust _be covered with coatingg.whi chdgrob%ct them from
envi r onmenttaimetidy rMersspenifically it relatgs i metpllic oauRgsFELEPIgY IR BF U o and

oxi dat i on. &@&%&&H%n REStfbufe® & 4R 8s AEE! W& htds st Ahadlempdgns) oys and
other types of high-pertformance netals. One type is based on a materi al

| i ke MCOr Al ¥,g., snherkoyMubstrateson, ni ckel , cobalt, or various conbinations
thereof . These materials can be applied by many techni ques, such as high

vel ocity oxy-fuel (HYEE:IHA30BaeniRERMH indifstrl &RAORMRS MRichaRMidedeposi ti on
(EB- PVD). Anot her type o?llg)?ga?ectfinve cégt isng is an alum nide material,

such as’ ni cketmebperatiigdenditiond. for pxamplt, dhealloyamanbneapesediakight echni ques can
be used to t?ﬁgéerFeQ,G es.ge:, zﬁ)%% Iat?o%% 7531]%C\.’\%J[c|>rémjt:38 the alloys may be subjected to

repeated temperature cycling, e.g., exposure to high temperatures, followed by

cooling to room temperature, and then followed by rapid re-heating. As an example,

gas turbine engines are often subjected to repeated thermal cycling during operation.

Furthermore, the standard opérating temperature of turbine engines continues to be

increased, to achieve improved fuel efficiency.

The turbine engine components (and other industrial parts) are often
formed of superalloys, which are usually nickel-, cobalt-, or iron-based. Superalloys
can \;rithstand a variety of extreme operating conditions. However, they often must
be covered with coatings which protect them from environmental degradation, e.g.,

the adverse effects of corrosion and oxidation.

Various types of coatings are used to protect superalloys and other
types of high-performance metals. One type is based on a material like MCrAlY,
where M is iron, nickel, cobalt, or various combinations thereof. These materials can
be applied by many techniques, such as high velocity oxy-fuel (HVOF); plasma
spray, or electron beam vapor deposition (EB-PVD). Another type of protective
coating is an aluminide material, such as nickel-aluminide or platinum-nickel-

aluminide. Many techniques can be used to apply these coatings as well. For
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-1 18 February 2005 exanple, platinumcan be electroplated onto the
substrate, followed by a diffusion step, which is then fol [I8etriayy 2005
al um ni ding step, such as pack al um ni ding. Regardl ess of coating mnethod,
the trend toward hi gher operating tenperatures continues to increase the
propensity for corrosion and oxidative attack of the coatings and the
underlying netal substrate. Thus, new coating conpositions for netal

substrates - es i all uperal | oy .substrates - |.d .he ane in the
art. Theexgg’ﬁgeogfaﬁfﬂd‘ﬁ's")‘l’gﬁSﬁ%ﬁgﬁ%lﬁéflé’PF@é’Brg'&ﬁ%&@ \é‘gtétwél'fﬁé’)ﬂ\,\%gtf‘f”8ﬂ resi st ance
than cur rse, hichlis @tbnCORsWEDBy an SlepeGidRe! syepdbudhss phelBlafftidigs greater than
about 1000C, and preferably, greater than about 1100C. Mbreover, the

oxi dation resistance should generally be maintai ned when the coated
substrate is subj echgrdifsdfeORHARERDY Gnd Y hiRREBHerdid! | N9, as

di scussed bel ow. Theéa_gr%éw-gprrposi tglq‘gns s’houﬁ'dﬁaﬁosp %e&ca@ﬁe gf bei ng

appl i ed Pymperatmsicquigepes to nereasethe propeasitydod ¢orosionand oxdativewdtanbr e, t he
conposi ti . S a varied. (jn type or
amoant) 15 1 RS Carttine B M SRR SrhiChed BBub B BOR " ho b o
not r equifoemetabsibscitesi apeaillcuptiallor aupaent wouldbebeldoniecivahsart.f or a

e o RS BRSBTS BRI et it S BRRBAT RS o b5
properti egedsdlings- &petiahy Nuselehpiranes sddtderdtad lout YOOSEOMMRRY OF THE

| NVENTI ON Accor di ngt to one as&)ﬁ:t of the present invention, there is

provi ded Prefrably; grsteighan ehout 109t C.0arepyes;, the exidetipngesigipncgishad conpri si ng:
about 40 oo RROM mABtaflcd Whbh M tith ; bout 3 atom
% t ant al ugtr%ewi th I?he pal ance corrp{raligﬂllbr?ggtgtls %&g%dgonécﬁggg}%}e%la@sel ect ed

f r om t he of thsupal cyding st diseysssfl balogkel , cobalt, iron, and combi nations
thereof. 2

The new compositions should also be capable of being applied by
techniques currently available in the art. Furthermore, the compositions should be
based on components that can be varied (in type or amount) to suit specific end uses.
For example, the compositions should not require the inclusion of costly components
at high levels, for a fairly broad spectrum of applications, Finally, other properties for
the new compositions should generally be maintained at acceptable levels, e.g.,

properties such as corrosion resistance and ductility.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, there is provided

an oxidation-resistant coating, formed of an alloy comprising:

about 40 to about 50 atom % aluminum; and
about 0.5 atom % to about 3 atom % tantalum;

with the balance comprising at least one base metal selected from the group

consisting of nickel, cobalt, iron, and combinations thereof.



18 February 2005 According to another aspect of the present invention,
there is provided an oxidation-resistant coating, formed ofl8dicbmarpy00s
conprising: abut 40 to about 50 atom % al um num about 0.5 atom % to about
3 atom % tantalum about 1 atom %to about 15 atom % chrom um and about
0.1 atom % to about 1 atom % zirconium wth the bal ance conprising at

| east one base netal selected fromthe group consisting of nickel and

ni ckel -cobal t. According to anof her as t of the present invention, there
is provided an oxi‘dSiFGHE [QaRUR FFPAC g’ie'i%ﬁ@resﬁ‘?ﬁlﬁié Ugp- BRre4F | oy conpri si ng:
about 40 grovidaden bxidBicH-RMistnatdHinE Uokmadefin Aloy @hiPAsiet analaous 3 at om %

tantalum about 1 atom % to about 15 atom % chrom um and about 0.2 atom %

to about 2Bt ¥ ¥am Heahunipsee AbeHt Oal #thm fedo BhoviActo Smprtaimgabaut| east one
base met g ,8&l BGh G0t 13 %torh %?%ﬁg%c%b%hf 09 affm % ©F o diolti £k el - cobal t.

Accordi ng to anot her aspect o fesent invention, there I's “provided a
met hod f catrcpniow; dvithcthe belancecosapirisingoat deastonedrase metal weleeted frapetie substr at e,

conpri si for.n ng. oating on the substrate, wherein the
coating [%gﬁ%ﬁonésfsﬁg%8%313%@8@??%%‘3&-&?%@# conprises: abut 40 to about 50 atom

% al um num and about 0.5 atom % to about 3 atom % tantalum wth the
bal ance conpri si ngAecobdiag tormicthcr aspeecdBifle bresonttibecntivoherednsi sti ng of
ni ckel , cobal,t

i ran,.. and copbi nations thereof. According t not her
Rspect | ofTOTEeL L EE i S ERb et PEPBR PO 5 SOTP R (o ADonpr | i no:
a net al - kases(Eatemt% ahMainaid st 0)9 faihi %o bkt Statdth % eRedlimdatdeer the
substrate, forned of an alloy conprising. about 40 to about 50 atom %

al umi num! #p@ %At ahoud 15 atam s dhrewiupcnd about GAatem YnioAabani 2-Qietom t he

bal ance o9 ni,€ I 608, j [ . 18
February /g(%HS&}fdr?ﬂgrg? @th%?%%g?rcgglﬂgﬁg%&t frf‘%?\ttcds?l ?@aﬁ&gﬁpg‘i}&g s%elifnncl udes a
pr eci ous thergoap censitingsf picke] amdmidkelgabdladi um Moreover, the alloy often
contains chrom um

According to another aspect of the present invention, there is
provided a method for providing environmental protection to a metal-based
substrate, comprising the step of forming a coating on the substrate, wherein the
coating has an alloy composition which comprises: abut 40 to about 50 atom %
aluminum; and about 0.5 atom % to about 3 atom % tantalum; with the balance
comprising a base metal selected from the group consisting of nickel, cobalt, iron,

and combinations thereof,

According to another aspect of the present invention, there is
provided an article comprising: a metal-based substrate; and an oxidation-resistant
coating over the substrate, formed of an alloy comprising: about 40 to about 50
atom % aluminum; and about 0.5 atom % to about 3 atom % tantalum; with the

balance comprising nickel, cobalt, iron, or combinations thereof.
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The chrom um can be obtained froman underlying substrate by way of

di ffusion, and/or it can be included as part of the deposi tlédFchkhiagy 2005
conposition. In the same manner, the base netal can diffuse fromthe
substrate, or can be included as part of the deposited alloy. Sone of the
enbodi nents descri bed bel ow al so i nclude other elenents in the alloy
conposition. Exanples include zirconium titanium hafnium silicon

boron, carbon, yttrium and conbinations thereof. Zirconiumis especially
preferred for some enbodi ments. Moreover, other conpositions within the

scope of this | nventlnQ%a?ndvgfé}'rg@%%'osc{%\eﬁtg'%euﬁﬁ)gm Ylpcﬂﬁféyghrepﬁugescr' bed

bel ow, some end use a Irnventl eneflt froma
| ower | evel mehl sabhung pslanmum o@allachthuMdBﬂ)vat,dm&Pby oftabmuatairtshreatiom % O her

d t t h bout 45
oot t oP Bt rang, i b obRineL Mol IR pd &l e s B R an my

i ncl ude sormmdok itdkh b@fnctuh@d gtﬂaarofq@m@pmea slid¥EdvinipoKiaen. aldaesarm@nd f urt her
described in this speC|f|cat|on Anot her enbodi ment, of this inyention is

di rected t dnanRpilidiese etal gnitiuse HgmeihG FybsHreRT SN by igeladed asmartol o
net al - basedysubRb#@ffMoySuch as a superalloy surface. In this method, the
all oy conposition desc ?I bed above is applied to the substrate, absent any

conponents (e.g., nickel or chromi un;; whi ch i ncorporated into the
conposi ti on from t he SewB&f thgembpdigen de@ﬁ‘h%‘?ﬁl?‘ﬁﬁ]é? inchdp AigLEement e used to

apply the Gpald 4 mﬂsgﬂp&ﬁw 'E%q%l@ﬁineme SO, He 4G, Hafdiith [ iIRR; St age

processes nay enbodi nent-of this invention is
directed t dogm, earbpm lystium candrcombingtiorsithereofgirgonivmdeespetitibtprefewed and -3 1 8

Febr uary 29%550% mtRRinP2hkIN1: Vel Silet baRposHRAL WA Scopd G EHDSL rat e,

formed of t
invention advantageously include molybdenum.

As described below, some end use applications for the present
invention benefit from a lower level of aluminum, i.e., about 30 atom % to about 45
atom %. Qther end use applications utilize a higher level of aluminum, i.e, about 45
atom % to about 55 atom %. 1In either case, the allox,:'compositions may include some
or all of the other components mentioned above, and further described in this

specification.

Another embodiment of this invention is directed to a method for
providing environmental protection to a metal-based substrate, such as a superalloy
surface. In this method, the alloy composition described above is applied to the
substrate, absent any components (e: g., nickel or chromium) which will be
incorporated into the composition from the substrate itself. Conventional techniques
are used to apply the coating, as described below. Single-stage or multiple-stage

processes may be used.

Still another embodiment.-of this invention is directed to an article,

comprising:

(i) a metal-based substrate; and



al l oy ,outlined above and further described below. In sone instances, the
oxi dation- resistant coating is covered with a thernmal barril8Fcbomry 2005 The
substrate is often a superalloy, and can be a conponent of a turbine
engine. In this description of the invention, alloy conmponents for the'

oxi dation-resistant coating are advantageously expressed in "atom percent".
Conversion of these values to "weight percent"” can easily be carried out,
using the atom c weights for each elenment. As an exanple for the

al um nuni t ant al unf base netal conposition described above, "about 30 to
about 55 atom % al unj hum cqrrespands to.about 15 .to about 35.5 wei ght
percent al umi num THE raﬁ'@@x‘g’t‘t‘o“‘ Gt Cﬁ?@gé{VB?ﬁh%S‘ftﬁgﬁ O%fm %&tg?n % °

tantal unt' gL LEAREISovk AndARiKEr desditied baldAUtn $6ndinsteRtc@the peidatont t ant al um
(The bal ance”is nickel or another base netal, as dlaﬁussed bel ow) .

Si mi | ar | y,refigantgoptingsis cevsaysonEng thermal parrige copting| Bhs RpRYae €8x enpl ary

preci ous IMBEert BPYESHiAL EnAse Ol 1 ows: 1) Al um numAt om %
RangeWei gﬁb%%ggd g%ﬂ%%f@ 364. 4 2) 'I!ant al um . At om % RangeWei ght % Range

0.5-32.1-10.0 3) Preci ousAtom % RangeWei ght % Range Metal |
(Pl at i num) 1- 104. 5- 29n thigdpseriptionied theanvensienjajoy pampousets ferttht . | n the case of

an Al/Tal C.all . I I G vi s hel pful (with
t he bal ancczgex1 éﬁﬁéﬁ%@@%@%&%@%%u %sgéfﬁﬁ% gfr% % Ir?(ge%e Wi ght % Range

30- 55 15- IorbeRRjonkeiiheat vahiotto ftweigRarsmsni\spy pasilyprasiged o, Bsimg theg- 10. 4 18

February 2a?9rr51ic weights for each element. As an example for the aluminum/tantalum/base
metal composition described above, "about 30 to about 55 atom % aluminum"
corresponds to about 15 to about 35.5 weight percent aluminum. The range of "about
0.5 atom % to about 3 atom % tantalum" corresponds to about 2.2 to about 10.3
weight percent tantalum. (The balance is nickel or another base metal, as discussed
below). Similarly, for a three-component alloy, using platinum as the exemplary

precious metal, the approximate ranges are as follows:

1) Aluminum  Atom % Range  Weight % Range

30-55 12.2-34.4
2) Tantalum . Atom % Range Weight % Range
0.5-3 2.1-10.0
3) Precious  Atom % Range  Weight % Range
Metal
(Platinum) 1-10 4.5-29.3

Again, the balance is the base metal.

Ini the case of an AVTa/Cr alloy system, the following conversion-table

is helpful (with the balance being the base metal):

1) Aluminum  Atom % Range  Weight % Range

7 30-55 15-35.5
2) Tantalum Atom % Range  Weight % Range
' 0.5-3 1.8-10.4

4.



3) Chr.om um At om % Range Wi ght % Range 1-10 1.2-10.6 Several other
range-conversi ons are provided below, for sone of the preféBfetmary 2005
enbodi ments of this invention. her details regarding the various features
of this invention are found in the remainder of the specification. BRI EF
DESCRI PTI ON OF THE DRAWNGS FIG 1 is a graph of oxidation resistance data
for various alloy sanples, wthin and outside the scope of this invention.
FIG 2 is a graph simlar to that of FIG 1, utilizing a nore specific
range for y-axis values (wei ght change neasurenents). DETAILED DESCRI PTI ON

OF THE | NVENTI ON As g*“f‘g“ abaysen wﬁ&g%nbwgl RE R@deel Ni s invention
enbraces a coating fornmed from an @Y conpri $hoge agbout 30 to about 55

atom % al um num and about 0.5 atom%to about 3 atom%tant alum The
bal ance (sonetines referred to herein as the "base netal ") conprises

ni ckel , cobalt, iron onbi n 8 . | of

al um num for sone en‘§8‘6firﬂ'é)ﬁle§mn§g &%?Sl@gg{e%%vm@ ‘%?ﬁ‘égérlrjst% HIggﬂaﬁt%om %
preferred |gseiredémbatihadteof this lmﬁmn QO theratetuibs Yoganiiahthervar®us ftabmesyo In sone
especially preferred enbgdi rren S, the al numﬁJs resent at a level in
the range of hipByentay asg ndan the tsRRdenef the SAFFEICAUGNY (he tantal umis
present at a level in the range of about 0.75 atonfoto about 1,75 atom %

In many endo@iFTeRLGRIPITEN [OH BHME ®RAsWRNES er abl y ni ckel , or a conbi nation of
ni ckel and cobalt, e.g., a nickel/cobalt ratio (by atom percent) in the

[ notances.  the sour Bl ARdieh 2 peafionsrigch ide kP ok Buanes

I nst ances, the sourc rreta S |
within and outside the scope of this invention.

FIG. 2 is a graph similar to that of FIG. 1, utilizing a more specific

range for y-axis values (weight change measurements).
DETAILED DESCRIPTION OF THE INVENTION

As mentioned above, one embodiment of this invention embraces a

coating formed from an alloy; comprising:
about 30 to about 55 atom % aluminum; and

about 0.5 atom % to about 3 atom % tantalum. The balance
(sometimes referred to herein as the "base metal") comprises nickel, cobalt, iron, or

combinations thereof.

A preferred level of aluminum for some embodiments is about 35 atom
% to about 55 atom %. A preferred level of tantalum is about 0.5 atom % to about 2
atom %. In some especially preferred embodiments, the aluminum is present at a
level in the fange of about 40 atom % to about 50 atom %; and the tantalum is present
at a level in the range of about 0.75 atom-% to about 1.75 atom %. In many
embodiments, the balance is preferably nickel, or a combination of nickel and cobait,
e.g., a nickel/cobalt ratio (by atom percent) in the range of about 99 : 1 to about 50 :

50.



substrate over which the coating is applied. Substrates nade from hi gh
tenperature alloys (e.g., the superalloys) contain one or ABfebofary MG
metal s. Wien the surface of such a substrate is brought into contact with
the coating at el evated tenperatures (e.g., above about 900C), substanti al
diffusion (i.e., mgration) of the base netal fromthe substrate into the
coating occurs. It should also be noted that the present invention
contenplates that a portion of the base nmetal may be included in the
coating as it is deposited, while another portion diffuses into the

coating fromthe substrate. The bas i ff o the
coating from the s uHsT9me BSIRFES ﬂi"'i‘?é’“rcﬁgﬁﬁa#éﬁf }ﬁe Ottfeﬁbgsseem&agl C}Féscussed

bel ow i n r&h&HLENGRr #Rich MUFa B BagylRl] StbsteRatiadgfonfhigthiemptymee (i .

wi t hout chromum have a | evel of oxidation_ resi s &g%a}gd u[[_4.‘,%ct| i ty whi ch

i s sui t abladloysole-godha wipprallpys) ceriain ppg ?fd'&?‘ie&fiéhesqjaf’ta coat i ngs
are sorret '({ﬁﬁch'“hss%a&l'até Qrbr&\%m infPdonABSwHnE Rodl: gﬁﬂéle{fa{w&ieﬂ@e:atur@r eat deal of
gre

exposure at tenperatures ater than about 0C, or which do not call
for a cons(b@eraameabamomcmubmemmdsfﬁmma (ng/omgwglon)rmheb@mmqt%d in the
met al | ur g

.0 det er t he
requi rene 01?31'” %ﬁ @3?%?0"’&'5%&?@%533 Sh%dduésl%#%qg%(ra]\%dﬁt rl{éagﬁﬁltaval uati on
t echni quesinvehifies Corddhilies GRNEHIrTESothe base lmeaatl maaa:suncdu@dpm theicodfingnet al ,
which often provides reate oxi dat.ion re tan e f.or th i ngs.
Exanpl es i%é! iadeposifdat Hﬁﬁ?‘“éﬁlpf“é’é?f‘lﬁ SFsr‘in Iﬁgﬁc’ﬂitth ?kfs%@t%l um and
m xtures R mefh@FilkofifRbe ind RAEIating |ﬁ%fntﬁé gstisoars whehale wi | | depend on
various factors, such as cost, avallablllt ﬁg{ctlht re uirements, and

oxi dat i on GogwoBeisdE Uﬁ%q&ﬂﬁ@wﬁt@b‘ﬂn&?femﬁﬁ? to ®fd rut henium are
the preferred precious netals, with platinumoften being most preferred.

The amount of preci %ﬁrﬂ@%@km@%k Axe dvithold che@iany heve 4 keeetfofokidatomot ed
above, as well as other ctonsidérations, e.g.,_ the sol ubi |I%% of the

preci ous mesisthnderand Hectilidy whichiiziaitabie fos cengip gndpseanpLSAtgRS- is used at a
| evel in the ran t Vvt her
or eci ous ncécf'igxpg ﬁlg §8{)tm%p% sopn[eﬁ‘xtngmse R aﬁ? EorilsQNlﬁEIQH&: %6t irl:

resen evel n the range of about | atom %
to about 3@estdesdotexpdiure at temperatures greater than about 1100°C, or which do not call

for a considerable amount of temperature cycling. Those skilled in the metallurgical
arts are able to determine if such coatings meet the requirement for a particular

application, using conventional evaluation techniques.

These alloys sometimes contain at least one precious metal, which
often provides greater oxidation resistance for the coatings. Examples inciude
platinum, palladium, iridium, rhodium, ruthenium, and mixtures thereof. Selection of
a particular precious metal will depend on various factors, such as cost, availability,
ductility requirements, and oxidation resistance requirements. Platinum, palladium,
and ruthenium are the preferred precious metals, with platinum often being most
preferred. The amount of precious metal employed will depend on the factors noted
above, aé well as other considerations, e.g., the solubility qf the precious metal in the
aluminide phase. Very often, platinum is used at a level in the range of about 1 atom
% to about 10 atom %. The other precious metals may be present at a level in the

range of about 1 atom % to about 30 atom %.



18 February 2005 In sone preferred enbodi nents, these alloys include
relatively mnor anounts of other elenents. For exanple, tA&Fehmary 0 ude
at- | east one conponent selected fromthe group consisting of zirconium
titanium hafnium silicon, boron, carbon, and yttrium The total anount
of these other elements is usually in the range of about 0.1 atom % to
about 5 atom % and preferably, in the range of about 0.4 atom % to about
2.5 atom% A preferred group of these additional elenents is zirconium
haf nium silicon, yttriun1 and various mxtures thereof. In many instances,

the inclusion of t add| t| nalbogln%%n&lgseféﬂr gPE]EluQE‘FHeﬁR'@@ wbdat i on

resi stance and rela amﬁP l'ati on characteristics.
Zi r coni um @mothath bf Mmzrle&m&&p%r a{ampqumymayenbludﬁ asdmtet QaRisoaPeReRt s. They are

usual |y enpl oyed at individual . |evels |nther f nl atom %to
about 1 at 6pleded Giom the EEpun caRFYtng Qi FFonum, tiagig; ﬁﬁlg&aﬁlgg(?#g ‘atom % I n

other pref pf6al 2 Hgﬁﬂum@ﬁétoﬁm alnBEntRE EReGthérelemdntsin psiatlp iratht capge
conposi tion includ denum The present .inventors gl SC gﬂthat t he

presence ofofatmuwélmmtorﬂé@lﬁﬁtaéﬂn N a%%fﬁ ¥t {egyisg © | on T esi stance
- gven \/gt zﬁogtti ¥ §to ? Mmlo‘ﬁ( l‘gféﬁ‘lzégl%tl? afﬂieaeradaiﬁa%&wmtsudaebonmhus one

illustrati i ses alum num .tantalym and :
ol ybdenumhaﬁlhmmgllwonrytmluel, blais*elrms &llxmcslﬁéfePﬁvlélmW A E um i s usual |y

in the r angrgﬁlﬂ%gqngof%lhe%% %(g’]lﬁ’l naPeIé\R?rH& E’%ﬁl}@‘t %lmu/&s oMBinonQbdi®ihce piief erred | evel s

of nol ybde ange o atom%to about 1.5 atom% In
sone especirelhled pﬂipe[fnef reﬁgd a&ﬁhpﬁlatmmchaxaCthSBCSaIzlll@ymmﬂf@a@ll%13 contain at

| east one precjqus as d i b Vi.O red
enbodi ment $SPecRBY @ |”ﬁ‘ FOR%C e@@ré ?rg%d egg\}/ee&sﬁg% erhil!;l(s) B@Eﬁa&gt om % to

about 15 atiam% e r@fBelWTabdR Y #dth &hto dbbex Wﬂﬂ@ﬁ@ﬁd @fefef@“’wmbpmﬂ &nhances
t he oxidation resistance and hot corrosion resistance of the <coating. In
many i nst arvtws % ko dSd YeMChr oni um decr eases t he need (or decreases the
preferred I evel) of other optional conponents which provide these

beneficial - characteg] &héﬁﬁefeﬁwemm[ﬂs ofthapriesmyt rvemasy the ehey whi ch
i ncl ude chrom um may
composition includes molybdenum. The present inventors discovered that the
presence of this element resu[ted in unexpectedly good oxidation resistance - even
when relatively low levels of aluminum were included. Thus, one illustrative alloy of
this type comprises aluminum, tantalum, and molybdenum, along with the base metal.
The level of molybdenum is usually in the range of 0.2 atom % to about 2 atom %.
Very often, preferred levels of molybdenum are in the range of about 0.5 atom % to
about 1.5 atom %. In some especially preferred embodiments, this alloy would also

contain at least one precious metal, as described previously.

In many preferred embodiments, the compositions described above

’ comprise about 1 atom % to about 15 atom 9% chromium. Very often, the presence of
chromium enhances the oxidation resistance and hot corrosion resistance of the
coatihg. In many instances, the use of chromium decreases the need (or decreases the
preferred level) of other optional components which prbvide these beneficial
characteristics. For example, coating compositions which include chromium may
only use relatively small amounts of more expensive elements, such as platinum or
palladium, while achieving substantially the same level of oxidation resistance and

corrosion resistance.
7-



only use relatively small anounts of nore expensive elenents, such as

pl ati num or pal |l adium while achieving substantially the sa3fdchbeipsy 295

oxi dation resistance and corrosion resistance. -7 18 February 2005 Many of
t hese chrom um contai ning coating systens conprise: about 30 to about 55
atom % al um num about 0.5 atom % to about 3 atom % tantalum about 1 atom
% to about 15 atom % chrom um w th the bal ance conprising nickel, cobalt,
iron, or conbinations thereof. A preferred I|evel of chromumis often in
the range of about 1.atom %to about 10 atom % As in the case of the base

metal, the source of,chromum.is t - Substrates nade
fromhigh tenperatu anélof@?ssc c(%g%ﬁx%?%ga@ﬁ%géag\ﬁg %E@J%g@zﬁs%y contain

chrom um Wen the surface of such a substrate is brought into contact
with the coating at abduedGteeaboncifpdomt’armigueg. , above about 900C),
substantial diffusion (i.e., magration) of chromuminto the coating

occurs. Thus, adiff%ﬁéu?g.sgagahgg%owa&&fv?faﬁmmﬂmys- For exanple, an

al um ni di ng process use e coating to the substrate at el evated
tenperatures can result in mgration of the chromumfromthe surface
region into the coatbouyl amint ¥rtnabdwtdSytaqo¥s dhroraigaiti on to such
deposition), a subsequent heat treatnent of the coated substrate wll

usually SRtk philnGNoRBHUM, giﬁgé%blgn,bir&@&gﬁmmﬁbas BRof: 1k préedcONt i ni ng

substrate 1S a conp ] e Subjected to high tenperatures
duri ng opdead bbehrémiun is ofent inrthé rregenfiibout 1 afomP6 teshopt 1Q Heme.
use-tenperatures will cause the chromumto diffuse into the coating. It

shoul d al 50 be not eq gl LRI neh RN, oPOEAITR Hsbilihas 2 por i on

of the chrom um may bBé I nc inthe cdoating as it is deposited, while
anot her  phy $ubstrateli $ilissatss inadeolrérh dighdemperatuferadioys (e Shosuperalleys) The anount

ot MO Rl contin PG Whth BE sHRELIRES ¥R BN N 11 the
| contact with the coating at elevated temperatures (e.g., above about 900°C),
substantial diffusion (i.e., migration) of chromium into the coating occurs. Thus,
diffusion can occur in different ways. For example, an aluminiding process used to
apply the coating to the substrate at elevated temperatures can result in migration of
the chromium from the surface regiori into the coating. Alternatively (or in addition
to such deposition), a subsequent heat treatment of the coated substrate will usually

result in chromium migration.

Moreover, if the chromium-containing substrate is a component which
will be subjected to high temperatures during operation (e.g., a turbine engine
component), these use-temperatures will cause the chromium to diffuse into the
coating. It should also be noted that the present invention contemplates that a portion
of the chromium may be included in the coating as it is deposited, while another
portion diffuses into the coating from the substrate. The amount of chromium in the
coating can be determined by techniques known in the art, e.g., electron probe

microanalysis; X-ray fluorescence techniques; or atomic absorption spectroscopy.

A preferred level of aluminum for the chromium-containing
compositions is usually about 35 atom % to about 55 atom %, although several
different aluminum-variable embodiments are noted below, Preferred levels of

8-



m croanal ysis; X-ray fluorescence techniques; or atom c absorption
spectroscopy. A preferred |level of alum numfor the chrom umSdbtwrn2OQs
conpositions is usually about 35 atom %to about 55 atom % al t hough
several different alum numvariable enbodi nents are noted bel ow. Preferred
| evel s of -8 18 February 2005 tantal um are as noted above, along with a

di scussion of a preferred base netal, e.g., nickel or nickel-cobalt.

Mor eover, the chrom um contai ni ng enbodi nents nay include at |east one
precious netal, as discussed previously in relation to the other

enmbodi nent s. The follo conyver si.on A | ar
AT 75 G T prianmyS s beds elone nut gl gF afheffed o AlLEXSTD &1
Al um numAt QR4 RaneaieY\ebiknt W@ramg ehhrSihitith-nBrnidg pbotamens mAt om %

RangeWei ght % Range 0.5-32,1-10.1 3) Chr umAt m % t % Range
1-101. 2- 9. 7indlydeatde asmwmﬂﬁus/m% aé\%%jﬁﬁ ‘“fe%%’gi?\%“g&g The
chrom um coniisfh enbodi ment s may al so cont ain the other elenents
descri bed previously, e. g., zirconium titanium hafnium silicon, boron,

carbon, yttrium and various m xtures thereof. Sel ecti qn of tlcular
el ement or conbi nat 1o (QlovanasasKersion BvEa 81V6h fran SR ?rg&%faf(??%ut es for

the coatin set forth above. Suggested
gat ‘r?gi%&@ri'l é ngl?] %hgtbﬁs% deA185 (HeAalRES:

| evel s for ve al so been prOV|ded previously. In sonme of
t he chrom um cont gini ng enbodinents (ac in.othe enbodirent s t he
i ncl usion of zi r cdrl) ddurisums peci Alom YpRanger r g elgkﬁ%ﬁiiagg_z_._r chi um
30-55 12.2-344
2) Tantalum Atom % Range Weight % Range
0.5-3 2.1-10.1
3) Chromium Atom % Range Weight % Range
1-10 1.2-9.7
4) Platinum Atom % Range Weight % Range
1-10 3.6-29.6

The chromium-containing embodiments may also contain the other
elements described previously, e.g., zirconium, titanium, hafnium, silicon, boron,
carbon, yttrium, and various mixtures thereof. Selection ofa particular element or
combination of elements depends on the desired aftributes for the coating, as well as
the other factors set forth above. Suggested levels for these elements have also been

provided previously.

In some of the chromium-containing embodiments (as in other
embodiments), the inclusion of zirconium is especially preferred. Usually, zirconium
is present at levels in the range of about 0.1 atom % to about I atom %, and
preferably, about 0.2 atom % to about 0.8 atom %. As the examples below

- demonstrate, the presence of zirconium often improves oxidation resistance, while
significantly reducing thermally-grown exide (TGO} growth. In some instances, a
precious metal is also present in the zirconium-containing alloys, as shown in the

examples.



IS present at
and preferably,
bel ow denonstrate,

resi stance, while significantly reducing thermally-grown oxide
(T&)-growth. In sonme instances, a precious netal is also present
zirconiumcontaining alloys, as shown in the exanples. -9 18 February 2005

The followi ng conversion table is given for an exenplary Al/ Tal/ Cr/ Zr
system (base netal as balance): 1) Al um numAt om % RangeWei ght % Range

:@'\%%1 ' w1{£§n{%&'ﬂ%\{?is en%l%?lrb‘i@m?iagi AlrdclPr4 3)

coni umAt om %

30-5515.2-35.7 2) T
Chr om umAt om % Rang

Nt ange 1-101 10.5 4

RangeWei gmllovosmcrgébﬂﬁmwmlas@amlcg) Sone of the chrom um cont ai ni ng

enbodi nent s advant ageousl y

per for mance advant aggs AfSSGL beq,_.\m%%p %‘fgdvgg;%h %q;faﬁégrrpl es. The

nol ybdenum i s usual | y'present at t

this invention may b

m

previously. As

um num w thin

| evel s in the range of about 0.1 atom % to about 1 atom %
about 0.2 atom % to about 0.8 atom % As theé Rekanpy 2605
t he presence of zirconiumoften inproves oxidation

in the

-al | oy

i ncl ude nol ybdenum Mol ybdenum provi des the

t he

alluded to earlier, gbwi?"ﬁ? 1?1: Oap | i Q/&l ogesI eve1g38 ? Ifaggé' ng conpositions of

broad range set fortg g ove. xftgm

degree of

E¥ ich require a high
oxi dati on E’t“éfﬂce al ﬁ’ig aé‘ ©l in a coating is
desirabl e, e.g., alevg in the ra/d of a ‘To about 55 atom %
4) Zirconium  Afom ange elght ange
0.1-1 0.2-2.1

Some of the chromium-containing embodiments advantageously
include molybdenum. Molybdenum provides the performance advantages described
above, and in the examples. The molybdenum is usually present at the levels set forth

previously.

As alluded to earlier, different applications for the coating
compositions of this invention may benefit from different levels of aluminum, within
the broad range set forth above. In some applications which require a high degree of
oxidation resistance, a higher aluminum level in a coating is desirable, e.g., a level in

the range of about 45 to about 55 atom %.

However, in other applications, higher aluminum levels sometimes
consume an excessive portion of the substrate material, e.g., in the case of the wall of
a turbine airfoil. This phenomenon appears to occur when aluminum migrates from
the coating into the substrate at elevated temperatures, forming a diffusion zone in the
interfacial area. In such an instance, a lower aluminum level may be desirable, such
as about 30 to about 45 atom %. The lower level appears to result in a smaller
reservoir in the initial coating for migration, while still providing good oxidation
resistance. Those skilled in the art will be able to select the most appropriate level of

aluminum for a given end use, based on the teachings herein.

-10-



However, in other applications, higher alum numlevels sonetines consune
an excessive portion of the substrate nmaterial, e.g., in thd8debmagf260e
wall of a turbine airfoil. This phenonmenon appears to occur when al um num
mgrates from the coating into the substrate at el evated tenperatures,
formng a diffusion zone in the interfacial area. In such an instance, a

| ower alum num | evel nmay be desirable, such as about 30 to about 45 atom
% The | ower |level appears to result in a smaller reservoir in the initial
coating for mgration, while still providing good oxidation resistance.

Those skitled in the AthcrthboddfetBl fisifvaBbf FlailbRe IPohemBREAP I at e | evel

"of alumnumfor a 61”\9 ased on the teachings herein. -10 18
February 239&i&ilﬂgfehﬁfonﬁféhﬁdbm&hﬁorab atrhtal-Hiapadesubstonte, | s wied boeiad 't o a et hod
for providing environnental, protection to.a al. - ate, As used
herein, " er?W’FQS'HFFé‘ﬁfB‘TOteﬁP‘&Q erg{efscfﬂ'prql@ng? gfg glrg%ﬁ %L{bgt&f%? grgmo plgﬁsiret al
substrate ffQEkyaicays s, ddMaicranetbesich. The@nethaddogmtisen and corrosion. The
met hod conprises: formng a coating on the substrate, having an all oy

conposition which conprises: agbout 30 to about 55 atom % al umni and
about 0.5 atom % to AYBURE BCORIBHPBAE SPRSEAGAYEF) @ﬂ%c%%P%ﬁg)émghgérgpri sing a
base netal ggleeied fromthe group consisting of nickel; cobalt, iron, and
conbi nati ons thereof As noted above, the base netal can be obtained from

t he underlying substrate by diffusion.,, Thus, as ysed herein, "formng a
coating on a substra@boutj3g ‘%@Qﬁfﬁt%o‘?‘r%?]ﬁﬂ’éﬁ%@“geposi tion of the entire
coating material, as well as the deposition of a portion of the coating

material, followed bypstitDfsusén R, Bfabbite dtertdb tintdum;onponents from t he
substrate into the deposited coating. As described previously, the coating
all oy often contains chrom um

atom % to apduthe balaggeromprising ?QP‘%&I&‘%@@%?%% %ﬁgtb? |gr(r51) HIB ? %I}SES'? ﬁg 8? SI aﬁbgﬁ; u ﬁt )
of chrom urgigan Bsall, HeR! RAl BB Matidts therddE. 80 abied gbdveptite base metal can be

obtained from the underlying substrate by diffusion. Thus, as used herein, "forming 2

coating on a substrate" is meant to include the deposition of the entire coating

material, as well as the deposition of a portion of the coating material, followed by

diffusion of the remaining coinponents from the substrate into the deposited coating.

As described previously, the coating alloy often contains chromium,
e.g., at a level in the range of about 1 atom % to about 15 atom %. Alternatively, a
portion (or the total amount) of chromium can be incorporated into the coating from
the substrate, by diffusion. The alloy may also contain at least one precious metal, as
discussed previously. One or more other elements may be incorporated into the alloy
in minor amounts, e.g., zirconium, titanium, hafnium, silicon, boron, carbon, and
! yttrium. Furthermore, some of the preferred embodiments include molybdenum in

the coating alloy.

Many different metals or metal alloys can be used as the substrate for
the present invention. The term “metal-based” refersto those which are primarily
formed of metal or metal alloys, but which may also include some non-metallic
components, €.g., ceramics, intermetallic phases, or intermediate phases. Usually, the

substrate is a heat-resistant alloy, e.g., superalloys which typically have an operating
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the substrate, by diffusion. The alloy may al so contain at |east one
precious netal, as discussed previously. One or nore other i18Fehanrg20®y be
i ncorporated into the alloy in mnor amounts, e.g., zirconium titanium
haf nium silicon, boron, carbon, and vyttrium Furthernore, sone of the
preferred enbodi nents include nol ybdenumin the coating alloy. Many
different nmetals or netal alloys can be used as the substrate for the
present invention. The term "netal - Cased" refers-to those which are
primarily fornmed of metal or metal alloys, but which may also include sone

non-net al | QEPONENE Sborf 1000-1 BBPANT R terkd sBH ARG hd wsuRRABRAdedOr
I nt er medi at!tﬂgl eE)ﬁases Usua(I) l'y, the subst r%teslg a (ﬁ*ezlit-reg?lstant al | oy,

e.g., supepambogs complch coliali onirkel-hased aawso’ﬁwamichge onejormgorEeleiary 2005

tenper at ur ferRlo Budis ML, A Bfpstéal BE)HAENIm, HRRLA! dr @b | S usuaLly

I nt ended race conpl ex co Al oys i ch include
one or m)re ot her elenents, such as rhenium al um num tungsten,
mol ybdenum titani urﬁupcraﬂws@rﬁ des@ihed imyarioys rejerenagasueh #5ddiSi Yatends i ous

references d®th§e:[|I3 ana fH l§‘72$ nﬁu?orp aéﬁ %%x%grlsogar@fkrélc& 19 %%Zlgm QQ&I\Q

|ncorporaté erence. oys are al so
general |y dlieg s:aineblsd glen‘erkliydesﬁﬂe:fml(&k sopregilopadia @f@wwf Technol ogy,

5 e, DLt SRR i gty 0

|11 ustraticyesg! hoskel- Bis@sﬁtﬁél@@ﬁty@f&abﬁ;’mbfhﬁehﬂé@alﬁtﬁﬂﬂﬂ&wﬂtWGNDEl (r),
Ni moni c(r), Rene(rﬁl Rene( r)80 Rene&r)% al.l oys), and Udi rret(r)

Cobal t - bas@%ﬁé@ alloysyee cgeﬂsn@:taql by theitrads pateesdnconel Nigoaie®: Bens® o o

Co |

Noozal oy 16E B0 KefoBET LN, itk OMielol. CoBACLBIMmBIIEN RN |\

substr at e indlyde/atigastatdet 30 wFsrCexGmphegiat MHmlﬂssater@senmébb&elmdc he form of
t ur bi t t d

Shrouds, HeReRGyRet) dreetond; SELED 3R CRRLY. MhneshiEl GreBBRmey fhe

coati ngs %ﬁsdﬁ'ﬂ?ﬁﬂﬂy Yity eIl For ckix@le] tE bitdRate may be in the form of various

turbine engine parts, such as combustor liners, combustor domes, shrouds, buckets,

blades, nozzles, or vanes.

Methods for applying the coatings are known in the art. They include,
for example, electron beam physical vapor deposition (EB-PVD); electroplating, ion
plasma depo_sif,ion (IPD); low pressure plasma spray (LPPS); chemical vapor
deposition (CVD), plasma spray (e.g., air plasma spray (APS)), high velocity oxy-fuel
(HVOF), and the like. Very often, single-stage processes can deposit the entire
coating chemistry. For example, the elements can be combined by various
techniques, such as induction melting, followed by powder atomization. Melt-type
techniques for this purpose are known in the art, e.g., U.S. Patent 4,200,459, which is
incorporated herein by reference. Those skilled in the art can adapt the present
invention to various types of equipment. For example, the alloy coating elements

could be incorporated into a target in the case of ion plasma deposition.

Multiple stages of deposition can alternatively be employed. As an
example, a precious metal like platinum is usually applied by a technique that reduces

waste, e.g., a direct deposition method like electroplating. As a non-limiting
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for exanple, electron beam physical vapor deposition (EB-PVD);

el ectroplating, ion plasnma deposition (IPD); |ow pressure pB&shmaspi@p
(LPPS); chem cal vapor deposition (CVvD), plasma spray (e.g., air plasm
spray (APS)), high velocity oxy-fuel (HVOF), and the like. Very often,

si ngl e-stage processes can deposit the entire coating chem stry. For
exanpl e, the elenments can be conbi ned by various techniques, such as

i nduction nelting, followed by powder atom zation. Melt-type techniques
for this purpose are known in the art, e.g., U S. Patent 4,200,459, which
i's 1ncor pofl@kr%@orh%eﬁir&t&% rﬁe%fl%ﬁr?ﬂ@&ec%ﬁ%& old thé Qebsirste Et!it‘ﬂac@rt can adapt

t he present to various types of equi pnent. For exarrpl e, the

al | oy coat |mkyoveelddjyﬁh¢ gherneab dembsition g obyp HVAF f 3 Pavedos comppiondl t he case of
ion plasma d S f tively be
enpl oyed. ﬂé‘?‘g @ guhjﬁ E‘F@g?%%gﬁgn f‘ﬁ“{?ﬁ%ﬁh‘% cglﬁhgﬁrgﬁ ?%s&lg(gﬂg] |y applied
by a teChn'tﬁIH@lpTeﬁﬁltre g@ﬂu@teﬁmxtn@s)f&xe peeogou,s nmtadlmmmhemmdshetqoehngret hod |ike

el ectroplating. As a nq 1 uar 005 tion, the
preci ous MECHPOHHPP- b%seﬂéei ﬁoc?ﬁthégé@“‘&‘fﬁ ““E“H é?e’%%’te%mls?tf& z%%"a fol | owed
by the thermal deposition (e.g., by HVOF) of a powder conposition of

ni ckel , tantal um andogtigés, hﬂe‘dtudﬁdleﬁtl1ep&|fﬁrmszftcrrthentﬂ@i0$i§0maﬂh§hen be

carried out,  to heIp ensure d.interm xin tal with
the rest ofcoptifig. EXaTPRY Wﬁﬁg% of hgmosRLzale Fgiy ”t‘tgr%lefglrs‘foﬁler vafi ous
al um ni di nq, BERABHIIRS-, g snﬂaﬁabahhﬂaeatseamemesne acitmatt it pBat caried | s
performed after the dep05|t|on of the coating ﬁ ary treat nts for

honogeni zatduoat atemiperaturaindratiafganti abwé@%%@@ﬁg“t 1200C & urya PREAY | ar gon-,

or vacuumheat treatnents. The treatnent is often carried out at a

t enper at ur %' t he range of about 950C to about 1200C, for up to about 10

hours. In some enbodi ments of this invention, a thermal barrjer coating

(TBC) can be appli edlmmemdummftblﬁﬂrvééﬁl@taﬂteﬂﬁﬁiz?@%m#ﬂ@ s provide a

E: gﬂe{ err{)g\rlibgﬁ) f %nhbe opli&P vk %Ki dMNG rdsRBnPLoblifs. OTBE s pRovae f?_l’fi@ﬁ’éed to very
level of heat resistance when the article is to be exposed to very high temperatures.

For example, they are frequently used in environments in which the TBC surface may
be exposed to temperatures greater than about 1300°C, while the underlying coating
is exposed to a temperature of about 1100°C. TBC’s are often used as overlayers for
turbine blades and vanes. In addition to its function in providing oxidation- and
corrosion resistance, the coating described above often promotes adhesion between

the TBC and the substrate.

The TBC is usually (but not always) zirconia-based. As used herein,
“zirconia-based” embraces ceramic materials which contain at least about 70%

! zirconia, by weight. In preferred embodiments, the zirconia is chemically stabilized
by being blended with a material such as yttrium oxide (yttria), calcium oxide,
magnesium oxide, cerium oxide, scandium oxide, or mixtures of any of those
materials. In one specific example, zircgnia can be btended with about 1% by weight
to about 20% by weight yttrium oxide (based on their combined weight), and
preferably, from about 3%-10% yttrium oxide. '
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For exanple, they are frequently used in environnments in which the TBC
surface may be exposed to tenperatures greater than about 18dEbruagh2P@S t he
underlying coating is exposed to a tenperature of about 1100C. TBC s are
often used as overlayers for turbine blades and vanes. In addition to its
function in providing oxidation- and corrosion resistance, the coating
descri bed above often pronotes adhesi on between the TBC and the substrate.
The TBC is usually (but not always) zirconia-based. As used herein,
"zirconi a- based" enbraces ceram c materials which contain at |east about

70% zirconia, by weight, In preferred enbodi ne ] | 8,1 S
chenical |y stabilizdtit k)erﬁgfeﬁé)“‘ﬁﬁleéﬁ%dl&e \ﬁe?ﬁo %Dp%@EF?g? %élﬂgﬁﬂéa}{s’%t trium

oxi de (yttgpavD GRhGhMT QXddden sori@RREsdes)d Masnthesprayaedhniquois wed, ssdandi um

oxi de, or mxtures of any of those paterials. |.Ii|. onglbg{%eoci f% exanpl e,
zirconi a casrritdasmasperyd ARS) hThase siillabm e barg familplw *PF6%by wei ght
yttrium oxj ( pa@g i E‘t}ﬁ@é@aﬂﬁﬂl ywei ght), and preferably, from about
3% 10% ytt#ﬁqﬁlr%fgm e?ﬁ%S 108 February62005 A nunber of techni ques can be

used to apply the TBC. Very often, an_ EB-PVD tec&mi gﬂg i S sled. In sone
i nstances, a pl asma Yjranptheeermbpdiment p§thisipyention ddiregled i pi ?)r?l'ég'rra spray
(APS). Thogg, Skl & de? ﬁe%etﬁfbgﬂéarsﬁbgu%@, hd @scbdbréviqusBp euad-idutiondet ai | s
for enploying each o Flese techniques. Still another enpodi nent of this
i nvent i on’ iesis@hr eatinglistdispasedaver the substrae, farnpqdgfan alley WSS CORBIEt al - based
substrate, as described previously. An oxidation- resistant coating is

di sposed over the s e Am@O¥ndMi ch conprises: about 30
to about 55 atom % a 3%%&%@%@3 agg%t 0.5 atom % to about 3 atom %

tantalum wth the bal ance conprising ni ckoel , cobalt, iron, or conbinations
thereof. As descri bexbopt®§atomsToyo abayb3 alombie BHRAL cont ai ns chromi um e. g.,
at a level in the range of about 1 atom %to about 15 atom % which may be

I ncor por at got e balance comprising nickel, cobalt, iron, or combinations thereof.

As described previously, the alloy often contains chromium, €.g., at a
level in the range of about 1 atom % to about 15 atom %, which may be incorporated
therein via diffusion from the substrate. The alloy may also contain at least one

" precious metal such as platinum, as discussed previously (with or without the
chromium component). One or more other elements may be incorporated into the
alloy in minor amounts, e.g., zirconium, titanium, hafnium, silicon, boron, carbon,
and yttrium. As also described above, molybdenum is often incorporated into the

alloy according to this invention.

The thickness of the oxidation-resistant coating will depend on a
variety of factors. Illustrative considerations include: the particular composition of
the coating and the substrate; the intended end use for the coating; the expected
temperature and temperature patterns to which the article itself will be subjected; the
presence or absence of an overlying TBC; and the desired service life of the coating.
When used for a turbine engine application, the coating usually has a thickness
(including any diffusion region) in the range of about 20 microns to about 200

microns, and most often, in the range of about 25 microns to about 100 microns. It
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therein via diffusion fromthe substrate. The alloy may al so contain at

| east one precious netal such as platinum as discussed préS8ikshsiayy 2003 h
or without the chrom um conponent). One or nore other el enents may be
incorporated into the alloy in mnor anobunts, e.g., zirconium titanium
haf nium silicon, boron, carbon, and yttrium As also described above,

mol ybdenumis often incorporated into the alloy according to this

i nvention. The thickness of the oxidation-resistant coating will depend on
a variety of factors. Illustrative considerations include: the particular

t th th bst r,at f th
Conting; ¢ navebit CopRl P8 o Caf PR RoRrd ARl ERe, 20 T

article |tsgggdsmhbarh@1@lgmel§é ed; the presence or absence of an overlying
TBC, and the desired service ife of the coati ng. Wen used for a turbine

I
G 1 usi on regron) | n ¥ A Hsoeapoagpyt 3R BT Spalifgoh 0 TOY

and nost of §ideé &h 4rhi6le b3 BGLriBdd BB/ in Qﬁxcmmroanﬁtmmreatstmt cokﬁﬁ)gm crons. It
-14 18 February 2005 shoul d be_noted, hou (gese rangsgs may be
I

vari ed consﬁmﬁiﬁxﬁ?%csélstdeicﬁéed?fé‘é‘ﬂ 361thea (::\f‘stq Gyt nehgva It shoul d

al so be appgg f:‘gt}?&he@ Ii?%{abﬁﬁttpﬂtdaﬁiat T8E tHfidkngssioTMRTTROWill dgpehdides an
article as escrl ove, whi ch the oxi dati on- reS|st t Coatlng is

covered by anTBay ofhe dastars sdié@hoﬂbéw ddgely, 1siacknges vl by fhot
al ways) for I | i gmqlmgagl of the
TBC wi | | deplgcﬁug 7I5 chmgsqg%&ﬂ hé{o %gcg%r éx? gx‘gfeﬂegﬁi’nﬁbgmggg%ﬂw ual | its

t hi ckness waé turliise cngntewamhcrg@oménts alothickss isiofien isthe gangs 96 ebo8dd ni cr ons.
I n preferred.enbodi (t:} or_end uses such as turbine engine airfoil
conponent s, THFRIE K3 EE‘II §gnI1%mBI”ten in the range of about 75 mcrons to
about 300 m crons. EXAMPLES The foll owi ng exanples are nerely illustrative,
and shoul d EXAMBLES

The following examples are merely illustrative, and should not be

construed to be any sort of limitation on the scope of the claimed invention.

The alloys listed in the table below were prepared by vacuum
induction-melting. Test coupons were machined from the resulting cast ingots.
Isothermal oxidation was performed at 1200°C for up to 518 hours, as shown in the
figures. The weight change of the test coupons was recorded and employed as a
measurement of oxidation resistance. Alloys with the lowest weight gain had the best
oxidation resistance. When oxide spallation occurred, a negative weight change was

indicated in the weight change-versus-time curve.

l TABLE

Sample# Base Pt* Al Ta Cr Zr Mo Other

Elements/
- Comments
1 Ni 8 38 1 1% Re
2 Ni 8 50
3 Ni 8 38 1 1
4 Ni 8 50 1 1% Re
5 Ni 8 38 1% Re,
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construed to be any sort of [imtation on the scope of the clained
invention. The alloys listed in the table bel ow were prepardd Hepruaay 3003

i nduction-melting. Test coupons were nmachined fromthe resulting cast

i ngots. Isothermal oxidation was perforned at 1200C for up to 518 hours,
as shown in the figures. The wei ght change of the test coupons was
recorded and enployed as a neasurenent of oxidation resistance. Alloys
with the | owest weight gain had the best oxidation resistance. \Wen oxide
spal | ati on occurred, a negative weight change was indicated in the weight
change-versus-tine curve. TABLE Sanpl e# Base Pt* Al Ta&ywZr M Q her

El ements/ Co nts 1N|8838 1%§e 2 NN 850 3N 81§114Ni8501
1% Re 5 N 1°/N Re, - February 2005 6N 8501 7 1 8Ni 85011

ONi 838 10Ni 378150 2 ill\n g

Ni 3?1 85 13Ni 501. 850. 2 e83815
1% W
9 Ni 8
10 Ni 3.8 i 5 0.2
11 Ni 50 1 5
12 Ni 38 1.8 5
13 Ni 50 1.8 5 0.2
15 Ni 8 38 1 5
16 Ni 8 38 . 5 0.2
i7 Ni 8 50 1 1
Notes:

* All amounts are listed in atom %, unless otherwise indicated.

FIGS. 1 and 2 are graphs of weight change as a function of heat
exposure. (FIG. 2 focuses on a narrower y-axis range). Curves which are closest to
zero-weight-change are indicative of optimum oxidation resistance. Curves which
increase with a greater weight change over exposure time are indicative of a
decreased level of oxidation resistance. Curves which show a negative weight change
over exposure time are indicative of a coating in which an overlying TGO is spalling.
Coatings with limited amounts of TGO spallation can still be very useful in certain

end use applications.

As shown in the tables, some of the samples were subjected to a
thermal cycling regimen (i.e., "cyclic" on the graph key). These samples were
brought up to a temperature of 2200°F (1204°C), held for 50 minutes; cooled for 10
minutes, and then again heated to 1204°C, to continue the cycle. The exposure time

for these samples represents the accumulated time over a number of cycles.

Sample 3, which included the addition of tantalum and molybdenum,
exhibited much better oxidation resistance than samples 2 and 9. This oxidation

resistance was achieved, even in the presence of a relatively small level of aluminum
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16Ni 838 -50.2 17 Ni 85011 Notes: * Al ampunts are listed in atom % unI ess
otherwi se indicated. 1%W 1%W %W 1%Re, |1%WFIGS. 1 1&dtebmagy 00
graphs of wei ght change as a function of heat exposure. (FIG 2 focuses on
a narrower y-axis range). Curves which are closest to zero-weight-change
are indicative of optinmm oxidation resistance. Curves which increase with
a greater wei ght change over exposure tinme are indicative of a decreased

| evel of oxidation resistance. Curves which show a negative wei ght change
over exposure time are indicative of a coating in which an overlying TG is

spal |'i ng. (%%Wf )%Eligcdsée'a'ai)@ﬂ: HIBSMrIevels o-f@nﬁﬁ«ﬂh bettprefarradin still be

very useful™1n certain use applications. ¥lvn in the abI es, sone
of the sanmeegnwmbedlmbjse%Wétﬁhteéte@ﬁ“’ft ‘H@FWS‘%‘}/'&WFF@” "eb‘iaﬂﬁ%a’ﬂ , cycl ic"

on the grap S {€s were brought up to a tenper ature of 2200F
(12040, hesf’gsl%‘fa}cl)ezco%lm%(%u es, cool ed for 10 mnutes, and then again heated

to 1204C, to continue the cycl e. The exposure tine for these éarrpl es
represents the accunﬂbmpbd4twh!ehm¢blde<éﬂm9ﬁﬁ@? taptalpy And ShroBYIm) 8593 - whi ch

i ncl uded the %q?i%gﬂ?‘ﬁf d%gn Ng};%&@ggﬁl f 013e&(1§1apgnuggecrruch better

oxi dati on ré‘g‘ n sarrp xidation resistance was
achi eved, exednium, tahahm,ehmnmnmnda higheateiveleif ylustiaum (3035 %%  al umi num - 16

18 Februar yexﬁl%xted excellent oxidation resistance, even in the absence of a precious metal.

A regression analysis of oxidation resistance data was also carried out.
A comparison of a number of samples was made, including samples 2,3, and 9, for
alloys containing various combinations of tantalum, tungsten, molybdenum, and
rhenium. The analysis demonstrated that the presence of tantalum was a positive

influence on oxidation resistance, as compared to the other elements.

Having described preferred embodiments of the present invention,
alternative embodiments may become apparent fo those skilled in the art, without
departing from the spirit of this invention. Accordingly, it is understood that the

scope of this invention is to be limited only by the appended claims.
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(38 atom % . As discussed above, the Iower |levels of alum numare preferred
in certain enbodinments in which extensive interdiffusion bd8Jebruarnados
coating and the substrate could be detrinental. Sanple 14, which included
zirconium tantalum and chrom um also exhibited excellent oxidation

resi stance. Moreover, sanple 13, which included zirconium tantalum

chrom um and a higher |evel of alumnum (50 atom %, exhibited excellent
oxi dat i on%ff'ﬁﬁ\hg't ance, even in the absence of a precious netal. A regression
anal ysi s dation resistance data was al so carried out. A conparison
of a nunmber of sanples was nmade, including sanples 2,3, and 9, for alloys
contai ni ng various conbinations of tantalum tungsten, nolybdenum and
rheni um Ihe aWapyiditiongesisancpatingdionhed of analloy sempRsngf tantal um was a

positive infl i i i Sia , as conpared to the other
el enent s. Havi%g%‘@&%@%ﬁ%@%ﬁ@ﬁ@%%fmms of the present invention,
al ternative erdbodlieatbs: Yy ativeit d aemapantalom;t o t hose skilled in the art,

wi t hout departing fromthe spirit of this invention. Accordingly, it is
understood that the scope of this invention is to be limted only by the

appended wittathobaladdd comprisiag it 1220ondBadé Matal deleofed foth dRidr@Ogr doBSiktiigaNnt

coating, forned of an alloy conprising: . about 40 to about 50 atom %

al uni numCtErgelasRbatt s ang combupatignaheizet 3 at om % tantal um with the bal ance
conprising at | east one base netal selected fromthe group consisting of

ni ckel, cobalt, iron, and conbi nations thereof. 2. The coating of claim1,
wher ei n tZhe t aidegpalingiof clainad ewherain the famtedim ispredest stadeps] iche mpgeit 0.5 at om

% to about 2 %tf%'(}tf(‘bj‘?%{[%rﬁ_%toca%%ﬂf?{oﬁf%.d aiml, wherein the tantalumis
vel | e‘range o

present at a le n about 0.75 atom % to about 1.75 atom %
4. The coating of claim1l1, wherein the alloy further conprises a precious
met al 3. The coating of claim 1, wherein the tantalum is present at a level in the range

of about 0.75 atom % to about 1.75 atom %.

4. The coating of claim 1, wherein the alloy further comprises a precious metal
selected from the group consisting of platinum, palladium, iridium, rhodium,

ruthenium, and mixtures thereof.

5. The coating of claim 4, wherein the precious metal is platinum, and is present

at a level in the range of about 1 atom % to about 10 atom %.

6. The coating of claim 4, wherein the precious metal is palladium, rutheninm,
iridium, rhodium, or mixtures thereof, and is present at a level in the range of
about 1 atom % to about 30 atom %.

7. The coating of claim 1, further comprising at least one component selected
from the group consisting of zirconium, titanium, hafnium, silicon, boron,

carbon, and yttrium.

8. The coating of claim 1, further comprising molybdenum,
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selected fromthe group consisting of platinum palladium iridiu

rhodium ruthenium and mixtures thereof. 5. The coating ofl CHOSWZOOS
wherein the precious netal is platinum and is present at a level in the
range of about | atom %to about 10 atom % 6. The coating of claim 4,
wherein the precious netal is palladium ruthenium iridium rhodium or

m xt ures thereof, and is present at a | evel in the range of about 1 atom %

to about 30 atgm % e coa claim1l1, further nprising at | east
one conpohent Cé’&‘?%"f q’@rﬁf"'ﬁ? t@d??é‘?‘g’cqfﬁ]@eweﬂ SribtaRedt | t ani um

haf ni um  si | i cdin aR Qhd; ng@%g@ﬁfbb)apg,‘yﬁ 8. The coating of claim1,
further conprising nol yg::lenum 18 "February 2005 9. The coating of claim 1
wherei n at Ieast a portlon of the base netal is obtal ned from an

under | yi subg, iilrﬁ%;f ThEmee 3

furt her ng)nprl S| ng a outy@%af 5t 0 agﬂl§aﬁ%§lé{a&n %" ¢ rgtofr)n'{at}((r}]n{‘1 )il The
coating of cl adhrnli@m. wherein the level of chromumis in the range of

about | atom % to about 10 atom % 12. The coating of claim 10, wherein at
| east a portion of the chromumis obtained froman underlying substrate
by way oflidi f fTiicominglod.clalihg OpwBdreingholeve batirodQmiiah Bigtabdioft ant al um i s
present at a level in the ran of about 0.5 atom %to about 2 atom % 14.
The coating of2°8Ph! #pB % BFO@OHTCJ%“T@,A’VWerei n the alloy further conprises a
precious netal selected fromthe group consisting of platinum palladium
iridium rhodium ruthenium and m xtures thereof. 15. The coating of claim
14, wherdi2n t Hihepoainmeiclas B, whergin at leasimpostion ofthpclrogremiat a | evel in
the range of afpplt.q 1&&}‘%@“‘4%‘%13@ %Q) ?7tv9§90/19 1#@3101:[% coating of claim

14, wherein the precious neta nrum

13.  The coating of claim 10 wherein the tantalum is present at a level in the range

of about 0.5 atom % to about 2 atom %.

14.  The coating of any one of claims 10, wherein the alloy further comprises a
precious metal selected from the group consisting of platinum, palladium,

iridium, rhodium, ruthenium, and mixtures thereof.

15. The coating of claim 14, wherein the precious metal is platinum, and is present

at a level in the range of about 1 atom % to about 10 atom %.

16. The coating of claim 14, wherein the precious metal is palladium, ruthenium,
iridium, thodium, or mixtures thereof, and is present at a level in the range of

about 1 atom % to about 30 atom %.

17.  The coating of any one of claims 10, further comprising at least one
component selected from the group consisting of zirconium, titanium,

hafnium, silicon, carbon, boron and yttrium.

i8. The coating of claim 17, wherein the total amount of zirconium, titanium,
' hafnium, silicon, carbon, boron, and yttrium is in the range of about 0.1 atom

% to about 5 atom %.
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iridium rhodium or mxtures thereof, and is present at a I%\(;qelbin gﬂgs
- range of about 1 atom %to about 30 atom % 17. The coati ng1 of
claims 10, further conprising at | east one conmponent selected fromthe
group consisting of zirconium titanium hafnium silicon, carbon, boron
and yttrium .18. The coating of claim 17, wherein the total anmount of
zirconium titanium hafnium silicon, carbon, boron, and yttriumis in
the range of about 0.1 atom %to about 5 atom % -19 18 February 2005 19.
The coating of claim 18, wherein the total anmount of zirconium titanium

haf ni um 8,1 i COIRb coaBiPOMIaROIROWherdiiGhd/fotdl bbhhtDf icduifn,(RAGEm 0f about 0.4
atom %to about 2.5 atom % 20. The coati ng of claim 17, wherein the

zi rconium i s phasiam siigong carens boton, andeytiripgyigin e ragge of abput0.489/m % t o about
1 atom % 21. ohg bisng, b, cl ai m 17, wherein the conponent is a mxture
of zirconium a%‘ag aﬁg‘?ni um 2/3. The coating of claim10, further conprising
about 0.2 atom % to about 2 atom % nol ybdenum 23. The coating of claim

22, furt c ri si.n out,.0. 5 at % t 0. about 2 .ato % t.antal um 24. An
2t onh oo I deRtSa R 170y Ber Bl R Ak BB Pres 3t S Bl bROL L a0 o
about 50 at om:¥mgd affuboutfl] #60UL tdaboubl a4t 0 about 3 atom % tantal um
about 1 atom % to about 15 atom % chrom um and about 0.1 atom % to about

1 atom % zirconium wth the bal ance conprising at | east one base netal

sel ect ed £1r om T oGisHT FRM75Whé&ein 1R combpfohBiht iddhitineleLir&RRgh bnd
hafnium.

22. The coating of claim 10, further comprising about 0.2 atom % to about 2 atom

% molybdenum.

23. The coating of claim 22, further comprising about 0.5 atom % to about 2 atom

% tantalum.

24.  An oxidation-resistant coating, formed of an alloy comprising:
about 40 to about 50 atom % aluminum;
about 0.5 atom % to about 3 atom % tantalum;
about 1 atom % to about 15 atom % chromium; and
about 0.1 atom % to about 1 atom % zrconium;
with the balance comprising at least one base metal selected from the group consisting

of nickel and nickel-cobalt.
25.  The coating of claim 24, wherein the alloy further comprises a precious metal.

26. The coating of claim 25, wherein the precious metal is platinum, and is present

at a level in the range of about 1 atom % to about 10 atom %.

27.  An oxidation-resistant coating, formed of an alloy comprising:
about 40 to about 50 atom % aluminum,;
about 0.5 atom % to about 3 atom % tantalum;

about 1 atom % to about 15 atom % chromium; and

-20 -



25. The coating of claim24, wherein the alloy further conprises a precious
metal . 26. The coating of claim25, wherein the precious netldFabsuasy 200hum
and is present at a level in the range of about 1 atom %to about 10 atom
% 27. An oxidation-resistant coating, formed of an alloy conprising:

about 40 to about 50 atom % al um num about 0.5 atom % to about 3 atom %
tantalum about 1 atom % to about 15 atom % chrom um and -20 18 February
2005 about 0.2 atom %t o about %.0 at om % r’rgl ybdenum with the bal ance
conpri sing at 3084542 8iem ¥4 abgrt Dratarp Pemobden ¢ he group consisting of
ni ckel angitiihe V@ﬁllané‘e%ﬁ{pﬁsmg 8t leddP BnEPRAE ikt HletdPirdth Be prbif SRSkt MPr | i ng
at | east one precious netal. 29. A nmethod for providing environmental

prot ect i o¥ nickekangpickel-enbgbd substrate, conprising the step of formng a
coating on the substrate, wherein the coating has an alloy conposition
whi ch comari sef, : ; O ] about 0.5 atom
%to aboLﬁtg "3 :?ngn%% ?/oﬂ%gaonft%%f%%la%ﬂyﬁ %&ﬁ%@?gﬁ%@tg@é r?fglll%ggtgl'base net al
selected fromthe group consisting of nickel, <cobalt, iron, and

conmbi natifns theregof.. 30 The nethod cl ai.m 29 el t least a

orti on @9t net BB furkovitlE Bl pRIANPH O e Sel By o

di f f usi orcomptising kie: seaptdfdsinoiig € bautinp 38 thewnbtate) whbRinathé eyatihy hidwer conpri ses
about 1 alom% t 0. abaut 15 atom % chrom um 32. The nethod of claim 31,
wher ei n 210V SYUPOSHAIGYRICH,COMAISE e chromiumis obtained from an underlying

substrate by wayuiafo t8bbdudSh eldm BHlunldeémBidiod of claim 29, wherein the
alloy further conprises a precious neta sel ected fromthe group

consi sting of a8PeitG haten %o e aheyt 3iatom Yo tentdlBms r hodi um

with the balance comprising a base metal selected from the group consisting of nickel,

cobalt, iron, and combinations thereof.

30. The method of claim 29, wherein at least a portion of the base metal is
obtained from the substrate, by way of diffusion.

31.  The method of claim 29, wherein the alloy further comprises about 1 atom %

to about 15 atom % chromium.

32.  The method of claim 31, wherein at least a portion of the chromium is

obtained from an underlying substrate by way of diffusion.

33.  The method of claim 29, wherein the alloy further comprises a precious metal
selected from the group consisting of platinum, palladium, iridium, rhodium,

ruthenium, and mixtures thereof.

34.  Themethod of claim 29, wherein the alloy further comprises at least one
component selected from the group consisting of zirconium, titanium,

hafhium, silicon, carbon, boron and yttrium.

35.  The method of claim 29, further comprising about 0.2 atom % to about 2.0

atom % molybdenum.
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ruthenium and m xtures thereof 34. The nmethod of claim 29, wherein the
alloy further conprises at | east one conponent sel ected frdéHRebeagy 2005
consisting of zirconium titanium hafnium silicon, carbon, boron and
yttrium 35. The nethod of claim29, further conprising about 0.2 atom % to
about 2.0 atom % nol ybdenum -21 18 February 2005 36. The nethod of claim
29, wherei n the netal - based substrate is a superalloy 37. An article,

corrpr|5| | - based supstra (ii an oxi dati op-resi st ant
coati ng otfier tﬁlée @gﬁegpéflélmg‘&r e‘&fﬂt‘%’i‘? 83ed s @B%ﬁtff sigypealiovit 40 to
about 50 atom % al umi num and about 0.5 atom % to about 3 atom % tantal um

w th the Pml anﬁﬁaﬁﬁ[@bbﬁbﬁgngl ckel, cobalt, iron, or conbinations thereof.
38. The article of claim37, wherein the all oy furt her conprises about 1
atom % to abditamstalbasedopbstatiingn 39. The article of claim 37, wherein

the alloy f“”@?ﬁn%ﬁ?ﬂ&ﬁé&&%}sﬁ’a&l%&ﬁfnlg ﬂi’i@%ﬁ‘ﬁsﬂ%ﬁé fiiRd kaRALPe o oup

consi sting of platinum pal crai odi um rut enium and
m xtures comgrsvig: 40. The article of claim37, wherein the alloy further

conpri ses at ect ed rom t he group consisting of
zi rconi um tltag’ﬁlatﬁ]%%%)g %Omg%’la?%lﬁm 3?% boron, and yttrium 41. The

article of cl abmﬂUSafdehmrabOﬁrmammMaﬁbm 0.2 atom % to about 2 atom %

nol ybdenum 2., The articl.e of Ia| further co i sipg a thernal
bart i er Utk i pelare ety Bickel SOtgls Hom o5 omBarEPETReRBhy | ng.

38.  The article of claim 37, wherein the alloy further comprises about 1 atom %

to about 15 atom % chromium.

39.  The article of claim 37, wherein the alloy further comprises a precious
metal selected from the group consisting of platinum, palladium, iridium,

rhodium, ruthenium, and mixtures thereof.

40.  The article of claim 37, wherein the alloy further comprises at least one
component selected from the group consisting of zirconium, titanium,

hafnium, silicon, carbon, boron, and yttrium.

41.  The article of claim 37, further comprising about 0.2 atom % to about 2

atom % molybdenum.

42.  The article of claim 37, further comprising a thermal barrier coating

disposed over the oxidation-resistant coating.

43.  The article of claim 42, wherein the thermal barrier coating comprises

zZirconia.
44.  The article of claim 37, wherein the metal-based substrate is a superalloy.

45.  The article of claim 37, wherein the metal-based substrate is a component

of a turbine engine.
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43. The article of claim42, wherein the thermal barrier coatin ri ses
zirconia. 44. The article of claim37, wherein the netal- basl&f UJ@SI @e is
a superalloy. 45. The article of claim 37, wherein the netal -based
substrate is a conponent of a turbine engine. 18 February 2005

OXI DATI ON- RESI STANT COATI NGS, AND RELATED ARTI CLES AND PROCESSES ABSTRACT
OF THE DI SCLOSURE An oxi dation-resistant coating is described, formed of an
all oy containing: about 30 to about 55 atom % al um num and about 0.5 atom
%to about 3 atom %tantalum wth a bal ance of nickel; cobalt, iron, or

conbi nati ons thereof The coatin ma%( al so incl udgw?hr om um and a precious
metal, as wel|l as ot hePXIRAAEHN STANECOUTINGS m or ol ybdenum A

met hod for appl ying themﬁ@m@@mﬁgmm@gggm to a substrate is also
descri bed. The substrate can ornmed of superalloy material, e.g., a

turbi ne engi ne conponent. Related articles are also discl osed. Figure 1

ABSTRACT OF THE DISCLOSURE

An oxidation-resistant coating is described, formed of an alloy
containing: about 30 to about 55 atom % aluminum and about 0.5 atom % to about 3
atom % tantatum; with a balance of nickei; cobalt, iron, or combinations thereof. The
coating may also include chromium and a precious metal, as well as other
components, such as zirconium or molybdenum. A method for applying the
oxidation-resistant coating to a substrate is also described. The substrate can be
formed of superalloy material, e.g., a turbine engine component. Related articles are

also disclosed.

Figure 1
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