STATIC CHEMICAL VAPOR DEPOSITION OF y-Ni + 71-Ni3AICOATINGS TECHNICAL FIELD)
[0001] The disclosure generally relates to techniques for forming a coating on a substrate.
BACKGROUND [0002] The components of high-temperature mechanical systems, such as, for
example, gas-turbine engines, must operate in severe environments. For example, the high-pressure
turbine blades and vanes exposed to hot gases in commercial aeronautical engines typically
experience metal surface temperatures of about 900-1000 C, with short-term peaks as high as 1150
'C. [0003] To reduce the surface temperatures experienced by these components, many of the

components of high-temperatsamechanioa cystemporep beeoaedNVr a thermal barrier coating
(TBC). The TBC typically includes a ceraiic-matesal SOATESGROr example, yttriastalizied zirconia
(YSZ). The YSZ layer may be deposited on the component as a porous layer to provide strain
tolerance for the thermal expansion and contraction experienced by the TBC. However, the
transparency of the YSZ layer to oxygen trBREFEN {pddoBBELRe requirement that the surface of the

component iggeated With iacRating At RIRtectshe cRMRENERLIRM @&k@@ﬁi&na@ﬁ%tkooml For

example, the surface of the component may be coated with a bond coat, which includes sufficient Al to
form a protective thermally grown oxide (TOO) of aluminum oxide on the surface of the bond coat. The

bond coat may include a y-Ni + y'-Ni3Al ph?ge%ra%gw% which matches the phase constitution of
the superalloy substrate. In addition to providing oxidation resistance, the bond coat bonds the IBC to

the componepfyl) %%Q‘C%I%g%{?grﬂk“&?HE’hHé%é/éxl}lwé'}@&%n?&?@&e%stx?éﬁ%@%P&%@aﬁ%ﬁg%ﬁ“d'a'one

coating that protects the substrate from oxidation.
turbine engines, must operate in severe environments. For example, the high-pressure

turbine blades and vanes exposed to hot gases in commercial aeronautical engines typically
experience metal surface temperatures of about 900-1000 °C, with short-term peaks as high
as 1150 °C.

[0003] To reduce the surface temperatures experienced by these components, many of the
components of high-temperature mechanical systems may be coated with a thermal barrier
coating (TBC). The TBC typically includes a ceramic material such as, for example, yttria-
stalizied zirconia (YSZ). The YSZ layer may be deposited on the component as a porous
layer to provide strain tolerance for the thermal expansion and contraction experienced by the
TBC. However, the transparency of the YSZ layer to oxygen transport imposes the
requirement that the surface of the component is coated with a coating that protects the
component from oxidation attack.

[0004] For example, the surface of the component may be coated with a bond coat, which
includes sufficient Al to form a protective thermally grown oxide (TGO) of aluminum oxide
on the surface of the bond coat. The bond coat may include a y-Ni + v'-NizAl phase
constitution, which matches the phase constitution of the superalloy substrate. In addition to
providing oxidation resistance, the bond coat bonds the TBC to the component. In some
embodiments, the y-Ni + v'-NizAl coating may also be used as a stand-alone coating that

protects the substrate from oxidation.




SUMMARY 100051 In general, the present disclosure is directed to forming a coating including a y-Ni
iy1-Ni3Al phase constitution over a substrate. The coating may include Ni and Al, and in some
embodiments, may further include additional elements, such as, for example, Hf, Y, Zr, Ce, La, Si, Cr,
or additional elements present in the substrate. The coating may be formed over the substrate using a
static chemical vapor deposition (static CVD) proe®¥ARich occurs in a closed system, as will be

described in further detail herein. In some embodiments, the coating further includes Pt, which is
deposited iMPA%&Y Jargrasstbrirorretrat sistlo s shseeed nesrircenipainmEiading tuating may be

formed oveythe, substiatedsStaiwe Rlemosg-seentinl &ialicGYR fleRae[RO98] I one aspect, the
present disclosure is directed to a method that includes heating within a closed retort a composition

comprising SPAFERACESAE- S99 e doskites W domrlicltemibersiure o 16raaPiraplr Phise

aluminum hadidea, hechl sostgrinridessyffisienhAtatosna-erating incuding & Y NistnyedNi3AL
phase constitution on a substrate enclosed in the closed retort and the composition is substantially

free of filler YHen EMRSHAS BN AGHHE SRSl G B ARRASHIOR (Slicthe BUBERSRE 13/ % the coating

including thecyoNi ih ¥ INIGAL phase Bonstibtinre {000 Tl anstharaseesh the prasent disclosure is
directed to a method that includes heating within a closed retort a first composition comprising a first

component T3 18T sEFp S BRdUB AN AHES 1S (FiBIfRde dSRISERGHt BYePAAebSRAfe Hdosed in
the closed reiae(he firstGempositieneisisdsiantialy begief filer nEhermethedalsosinsiyges heating

within the closed retort a second composition comprising a second component to form a second vapor

phase that BEPBIHS M LUESHAYSHR SISt OVEr Hi8Ssubstrate enclosed in the closed retort. The
second conpparEilian isalspsubsiaptintyfiee okiiller Htderstonaiibe firsticompangatiand the
second compﬁnent includes Al. and an amount of Al deposited on the substrate is sufficient to form a
coating compBHEMhE HPdite LR SARPIRESS CBREIEAR006T iR ah BRI ASTXEREE, the
disclosure isugliteietedeiapineatbod Lemprsing depesiting auiigreup Metak pyal-asHosdale; heating
rising Al, a reactive element, and a halide

within a closeg. retort the substrate and a composition com

activator to'& tffﬁ@iteﬁr t8 @rat&?a“ea%fmﬁw%wf hsgéﬁmmlaﬁﬁewawa%ﬁa%m&a&ivﬁrﬁge
reactive eiegnelabhiblidehenhesrrindoe: AhCamposes sutfiiciertidtiationmreceeatinginatbeingtiaoy-Ni +
y'-Ni3A1l phase constitution on the substrate enclosed i%&ge close&% retort, and Wher$i§ the

composition TS HEEAMRAINF R BEHE O Ay MB&S&MH& RS OAPENd Fe SRR RS HESOUET the
substrate to/fiim hevcodtingdacudingidoe. 7-Ni + 7'-Ni3Al phase constitution.

[06007] In another aspect, the present disclosure is directed to a method that includes heating
within a closed retort a first composition comprising a first component to form a first vapor
phase that deposits the first component over a substrate enclosed in the closed retort. The
first composition is substantially free of filler. The method also includes heating within the
closed retort a second composition comprising a second component to form a second vapor
phase that deposits the second component over the substrate enclosed in the closed retort.
The second composition is also substantially free of filler. At least one of the first
component and the second component includes Al, and an amount of Al deposited on the
substrate is sufficient to form a coating comprising a y-Ni + y'-NizAl phase constitution.
[0007-A] In an additional aspect, the disclosure is directed to a method comprising
depositing a Pt-group metal over a substrate; heating within a closed retort the substrate and a
composition comprising Al, a reactive element, and a halide activator to a sufficient
temperature to form a vapor phase aluminum halide and a vapor phase reactive element

halide, wherein the Al comprises sufficient Al to form a coating including a y-Ni -+ y'-NizAl
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10007-B1lin another aspect, the disclosure is directed to a method comprising depositing a Pt-group
metal over a substrate; heating within a closed retort the substrate and a first composition comprising
Al to form a first vapor phase that deposits the. Al over the substrate enclosed in the closed retort,
wherein the first composition is substantially free of filler; and heating within the closed retort the
substrate phtsasasthdicomptisitiobstetaprsinged iretictislesetbraont, anforhezesetioneympsitiohase that
deposits the BRGNS RAmEn AYRI-NEbRIRIR RAIRAER R hR.doaet (iR ANRIgTR e second
compositionis su stantia y free of f er, ahd wherein an amount of Al and an amount of reactive
element deygositedtordine bebstrate incufficettete-Torm aNoadtinghesnepnisitgtiaZ-Ni + 7'-Ni3A1 phase
constitutio 1 The techniques of the present disclosure,may provide advant . For example,
o atatic OB TaEbss oy HH I e s T B B e S v
process. |a Pagicupan csthticdd ¥ Bubtiliats zeatoseditbior dossthestotdhsbmbdmato atdstisonventional
CVD apparatuses, include a.retorf i ich t icle t ted i d rt ire a
separate devite t Ugtn ﬁgg%grfﬁg%égﬁﬂvégrﬁgtae?%iqu% %?%(%oga% ?gpgégﬁv?ﬁ.&ﬁ%@ﬁ %?rgegg?tgelg into the
retort usingnalpipihig strudsel EhetcompisrithofisioompetitnaliCubsappaiatiiceesdltinaadhigher
cost than ine apparaltis ilized s resepldessibed siatc YD eoniReR.IRPOR] Siate CVO
techniques may~also prowc?e enhanced flexibility compared to a pack cementation process.
Specificallglepmok todiorantasisnnd sapordupesitioh fsrséisshinteanicre alcalenenes, thoubsurids, or alloys
which are depeaial A el de.ara ARNAINRE 0.UK8 PaGK AT AIREHGM InA PRAS PRRKRO step In
contrast, static techniques may utilize co-deposition of two or more elements, compounds or
alloys, butanthy kdsorutii 2enseguentihpdé positisrpirrivisiediionel enenbasrlsited srs eompsitmressor alloys
are deposijted in.a firs in e or.mere slements, sampunds gy alloys, which may
include sir%n alr&%)erg(tj?#e%gﬁ}[aéﬁegr%%%)s?%%g%%%%r%ﬂm{alﬁ)ys 3ole;tjﬁpsited In the fi(r)st' coating step, are
deposited #0848 e Eontt duwtines stefhe Thisenadisakreas enthepprvistessinintiees afid proveskerebustness.
[0010] Staie, - Y3 B BARRSe B AR oL RIS LI5S B EQUBSHIR AR DR NIRION

processes. IS may reauce t' e amount (0] materlal necessary. In some cases, a static CVD process
may utiliz&"3{Dstaatistly nedilieuaoctaicAddbondines stalisQveiomay veusdebeoataeiitetior cavity

of an aftiCL%HL%%%LQU@{}%aB}ﬁ&ﬁE&%%%@@Q%@W%ﬂ%}{&%&%ﬁ@ig to be coated is placed, and

further require a separate device that heats the coating materials to form a coating gas, which



[00131 The details of one or more embodiments of the invention are set forth in the .accompanying
drawings and the description below. Other features, objects, and advantages of the invention will be
apparent from the description and drawings, and from the claims. BRIEF DESCRIPTION OF
DRAWINGS [0014] FIGS. IA and | B are block diagrams which illustrate an example system for
depositing over a substrate a coating including a 7-Ni + -/-Ni3A1l phase constitution. 100151 FIG. 2 is a
Bow diagram illustrating an example technique of depositing a coating including a y-Ni + y'-Ni3A.1
phase constitution. 10016] FIG. 3 is a cross-sectional diagram of an article including a Pt-group metal
layer. [0017]ifken 4iis@ccrogstisectianakidagpapmotancanticlEincluding gy layeceompiising Al deposited

over & POTOUA IR RIS, AO01EA RIS i 0 diaaram aaing spather sxampls teohique of

deposidng coating including a y-Ni y'-Ni3A ase constitution. 100191 FIG. 6 Is a block diagram
which illustrafe8dn \ex&fiplewistem for depositing over a substrate a first layer of a coating. [0020]

FIG. 7isa blmhﬂ@mwb@hﬂﬂw&%&% aREexaMple:system ﬂ@ﬁigﬁiQP@Hliﬂga&M% 8 skpstrate a second
layer of a coating. . : o . ‘ .
cementation process. Specifically, pack cementation is a co-deposition process, in which all
elements, compounds, or alloys which are deposited on an article are contained in the pack
and deposited in a single coating step. In contrast, static CVD techniques may utilize co-
deposition of two or more elements, compounds or alloys, but may also utilize sequential
deposition, in which one or more elements, compounds or alloys are deposited in a first
coating step, and one or more elements, compounds or alloys, which may include similar or
different elements, compounds or alloys deposited in the first coating step, are deposited in a
second coating step. This may increase the process window and process robustness.
[0010] Static CVD processes also do not require use of filler, in contrast to pack cementation
processes. This may reduce the amount of material necessary. In some cases, a static CVD
process may utilize substantially no filler.
[0611] Additionally, static CVD may be used to coat an interior cavity of an article.
[6012] Further, the static CVD apparatus may be portable.
[0013] The details of one or more embodiments of the invention are set forth in the
‘accompanying drawings and the description below. Other features, objects, and advantages

of the invention will be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIGS. 1A and 1B are block diagrams which illustrate an example system for
depositing over a substrate a coating including a y-Ni + v'-NisAl phase constitution.
[0815] FIG. 2 is a flow diagram illustrating an example technique of depositing a coating
including a y-Ni + y'-NisAl phase constitution.

[0016] FIG. 3 is a cross-sectional diagram of an article including a Pt-group metal layer.
[0017] FIG. 4 is a cross-sectional diagram of an article including a layer comprising Al

deposited over a Pt-group metal layer.




[00211 FIG 8 is a cross-sectional micrograph of an example Pt- and Hf-modified y-Ni + 71- NilAl
coating following thermal cycling. DETAILED DESCRIPTION [0022] In general, the present disclosure
is directed to font-ring a coating including a '(-Ni+ y'-Ni3A1 phase constitution (a y-Ni J-11-Ni3Al
coating) over a substrate. The coating may include Ni and Al, and in some embodiments, may further
include additional elements, such as, for example, Hf, Y, Zr, Ce, La, Si, Cr, or additional elements
present in the substrate. As used herein, an unmodified y-Ni + yI-NTIAI coating includes substantially
only Ni and Al, while a modified y-Ni -(-Ni3A1l coating includes other elements in addition to Ni and Al.
The y-Ni y!-Ni82¢] evating My kigaformedueverih ensthestaie pisinghaigiatic oheriieal vapor deposition
(static CVD) é%%%%gslgc \l/lv(ﬁi]ch oceurs i% /Silxoﬁeagesc\é% m,. as will be described in further detail herein. In
some embodimerts, tlhe )/%I\aliy+ y'-Ni3A1 ¢oating further includes a Pt-group metal, such as Pt, Pd, Jr.
Rh and Ru, fUE8Mmbiadtivnd therdoigramivhid dépositsdiosamhls syiistritedepastegarateastep from the
static CVD pracess: iniRemeemhediments, the y-Ni + y'-Ni3Al coating may be formed over the
substrate using two or more sequential static CVD steps, may be formed by co-deposition of two or

more elemett§ifldEinglis SRR CPEETE" P BOHrAOEP S ASRIS Y KEYERIPYNPE YR Al phase
constitution retersto-anqaloya.oscdatingdngluding a Ni phase (the 7-Ni phase) and a.N6A.1 phase (the

Y-NITAI phaggs I senic empodiments, the.coatina max.cansistesseniall ol g y-Niishl phase
constitution. That'is, the coating may inclide amounts of other phases te.g., no glyeater than
about 5 vol. %%)Adgehiiag [f0pexarHsiend a¥iARdn other embodiments, the coating may consist of a 7-
Ni yi-Ni3A1 phase constitution, and may include essentially no other phases, including H NiAl. 100241
A y-Ni -1 y'-Ni3A1l coating may include, for example, less than about 30 at. A) Al, less than about 30
at. % of a Pt-group metal, less than abqut 881ak s dasethemabout 15 at. A) Si, less than about 2
at. % of at least one reactive element, such as Hf, Y. La Cr or Zr, less than about 15 at. A Co, less
than about 18622 PanTdeiRe \We Peshhod ke @nck thditkes dnddhsibalaneanyintiugome eMbodiments, a

7-Ni -1 y'-NiZAL; coaling mavineliee, about 10,8tA 10,3004, 23,84, %, AL 30Ut 40,81, o about 25 at.
% of a Pi-group ﬁ%@é, efbouttz at. (V?at aboutt 203at.0%tcf?abou%l at, % foalgbout nat?%/b Si, about 0.2

at. % to aboubgude W B tetictives elehsarodnshtaseirthey iovwezddiwat SeaeggGeshabout 10 at.
% Co, less tharnrahauhd atr % Tir Re, W, JacMe; &Riabshihe i anethebalansade. As

used herein, an unmodified y-Ni + v'-NizAl coating includes substantially only Ni and Al,
while a modified v-Ni + v'-NisAl coating includes other elements in addition to Ni and Al
The y-Ni + v'-NizAl coating may be formed over the substrate using a static chemical vapor
deposition (static CVD) process, which occurs in a closed system, as will be described in
further detail herein. In some embodiments, the v-Ni + v'-NisAl coating further includes a Pt-
group metal, such as Pt, Pd, Ir, Rh and Ru, or combinations thereof, which is deposited over
the substrate in a separate step from the static CVD process. In some embodiments, the y-Ni
+ v'-NizAl coating may be formed over the substrate using two or more sequential static CVD
steps, may be formed by co-deposition of two or more elements in a single static CVD step,
or both.

[00623] As used herein, a y-Ni + y'-NisAl phase constitution refers to an alloy or coating
including a Ni phase (the y-Ni phase) and a NisAl phase (the y'-NisAl phase). In some
embodiments, the coating may consist essentially of a y-Ni + ¥'-NizAl phase constitution.
That s, the coating may include small amounts of other phases (e.g., no greater than about 5

vol. %), such as, for example, p-NiAl In other embodiments, the coating may consist of a y-




10025] FIG. |A is a conceptual block diagram illustrating a coating system 100 including a closed retort
102, a substrate 110, a coating material (or donor) 106 and an activator 108. Coating system 100 may
be used to deposit coating 112 over substrate 110 to form a coated article 104 using static chemical
vapor deposition (static CVD), as illustrated in FIG. 1B. As used herein, static CVD refers to a CVD
process in which each coating step is performed in a closed system; that is, a system in which no
material (e.g., mass) input or output occurs after beginning the coating step. For example, as shown in
FIG. I, closed retort 102 encloses substrate 110, coating material 106 and activator 108. Immediately
prior to commiengeNient pifdde statict(ow Rrstepydodtinganatenial 106taacactvaitorudosg éach include
sufficient m ri?I to form the desired coating 112 over substrate 110; no further coating material 106
or activator § is input into or output from closed retort 102 while the static CVD step is performed. A
static CVD ct#iAb/prodess/méyihetaties ome orchdrdstarmplyDestéprasigwcdtmg nistéeial 106 and/or

activator 10&may,he: agddedasremeyas frem relarthR2dsefate.commepgamant ofafter egmpletion of
a static CVD step. However, each static CVD step is performed in a closed system. [0026] As used

herein, "depdSitet GRS fo A Lo EiPais SRR MeCle RS r Ut bakiig tHa §¢ tepodited or formed
on top of anatherbayet dDucoatinglcantlaantompasses BotkeavirStalayier oy cdatingkdepasited or formed
immediately adiacert secend ayer,or goating and.a frstlayer, or coaing.depgsiied ar farmed on top
of a second layer or coating with one or more intermediate ayer or-coating presentabetween the first

and second kiyeis-drchatigdon 18onttase, ddepasiteddifectiyestranetdravedtdirtctiyion" denotes a

layer or coating,that 5 dgrasited.or fermeshimmediately; adiaren anoihenlayer ar aagting. i.e., there
are no intermediate layers or coatings, )00271 Closed retort 102 may be any furnace or other heating

v . L g Y DE ¢
chamber cagaHit'6rHERiHg Stibatrate 1 16; Chatiflg PhtErial 108 dREPALtvAIGr 10& S Tthperatures
used in the siatiet QVD. pidceks, W additiarkeansahediembaiments;cettrt 102 may include a fluid inlet
and a fluid Oiﬁlﬁféf‘ﬁfﬁ”%"iﬁt%%% t?bkfc?clp'd%er%noflg“ru%ﬂg bagkfined with ag,inert gas prior to
heating. For examiple, in 'some emBodiments, r&tort 102 may be purged of air Using & vacuum pump

and filled witkleskjoistRetdrt 4 9sialy tHerplsepuegaaiaiaHer son Withatlew acinimrp@np and filled

with fresh argopi{his RERCasSMABLERETALNRE engi A MO dmasdadmis theconcerttion of
oxygen in retort 102. [0028] Substrate 110 may include a Ni- or Co-based superalloy, such as, for

example, thoSE4v AR SRS SRR HoB S G RS HBR ey e be j()Pfesfésnation
MAR-M247, ihesacaxiailabie from Eannon:-Mibkegosns Gorghjdvieskegatindicplinder thver traide:
designation GMSX-4 and CMSX-10: and the like Substrate 110 typically includes a y-Ni.+ -1-M3Al
phase const%li\(t%ﬁ)}(.s.yﬁ)%?gglﬁ%gétallr%gtrﬁgaterfg\ ligg()rﬁ%gjefﬁl%%gd%’gﬁ% r lg/r% e gpmu%e%%ggﬁggs, or
compounds thREEIBEIsePEPEsiv 5veraupitratesorott fokm esknpg and. [fdresianple, coating

material 106 mgy:-ictude aaihbsesecs: Thes sanigs: My ingldaclemantal Anekmandnciude
elemental Al or an Al allgy, such as, for example, (by wei ht%ﬁ550A1;4 Cr, 30,A]@;7OCr, other Al-Cr
alloys, Al allo%t%iﬁﬁas?h%}lﬁglétre@eﬁ?g,t%‘f’ ﬂﬁaéeﬁif’li}&é aﬁ%lgga& SEFHSdNAEtS EsatHg material 106

may include_ oth;eriaslmﬁmshaldbyﬁedmommpmﬂmqgembhrmww m(ﬁmme@mrh@aﬁmgall% such as, f(_)r
example OX'dc%t&%ﬂJﬁ%sf@Q%‘?mEQ% i%?ﬁ%?%‘&'a&ef%%a&&s%?@!a‘ém"ﬂb‘i%ﬁ%dt%,ef ?ﬁ@é‘&%r&&% Ii?Xte”t of y-Ni

or ,(1- Ni3A1 phase constitution, or the like, For example, coating material 106 may Inc ude at least
one reactive BfeiRTERd Theadutivh 6paire REtRASSeTEMBtdBs bz THETfeBipFaRetst coating 112.

In some embgdimentsdha 1eactive.element MARmAChdRadeasiAne Oftdf Yokl 1 barneLe. Thus, if
sufficient reactive metal is added to the composition, ég%rggglq?%hase constituéi\gn may. comprise a

majority -i-NiSRTMSPEVAH sHINE SRR IR Addih ver, each static CVD step is

performed in a closed system.

[0626] As used herein, “deposited over” or “formed over” is defined as a layer or coating
that is deposited or formed on top of another layer or coating, and encompasses both a first
layer or coating deposited or formed immediately adjacent a second layer or coating and a
first layer or coating deposited or formed on top of a second layer or coating with one or

more intermediate layer or coating present between the first and second layers or coatings. In
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of a reactive element may decrease the growth rate of aluminum oxide scales, and may also improve
aluminum oxide scale adherence to coating 112. [0031] In some embodiments, coating material 106
may also include Si or Cr. Cr may be added to coating material 106 to produce a coating 112 having
improved oxidation and hot corrosion resistance compared to a coating 112 without Cr, while Si may
improve hot corrosion resistance. Coating 112 may also include a Pt-group metal, such as Pt. Pd, Er,
Rh and Ru, or combinations thereof, which may be deposited in a separate coating step, as will be
described in further detail below, and may further include one or more elements present in substrate
110, such asofdraexampiei@riicet Tine, RenPadingcdr ne deifo08RpIveiraditherits in which

coating mateyigl 408 NGldes mer&inan &u}%@m@m@mgié%lc@am%u ne, gRAtING material 106 may
include an alloy of the elements and/or compounds. Alternatively, closed retort 102 may enclose two

or more sepdtSt8'edatnNg atEAAETES6, each of which is a separate physical source for one or more
of the elemepugzandiosccaipourtisak 6k exafmple.ccoating neaiegiahd 06 mayaricludeamAl-Cr alloy, as
described aboye, which may be a physical source for bath Al and Cr. In other %mstgq%ir@ggts, a first
coating matesﬁéftiad% {r?r%? ?ﬁ%?ﬁdrelaﬁrﬁ%sstf %%@%lggﬁg%tﬁfcpe 3? ztae?}Fse{ %ggﬁﬁaéglgrﬁgnt?e.g.,_ Al) and a
second coatimngasratdnatid0enriayine o asboond. pHysital svureslfde 4 Beconlicadtngiifaterial (e.g.,

Cr). The firstgng seeanaPRYSICR SRUCES:feay 8 RRY Sicaly seRarais framyeasiuether within retort

102. 10033] Coating material 106 may he a powder or other solid source, such as a block or pellet, of

the coating dl&#HBRt SrarBP RGBS BRI S B XiRE a1t & helude an Al-Cr alloy
that has beenagrounshintapoidefarmsgnayRiactidecansAREr adloyrirdbidckear pellettfoim, or may

comprise a block, pellet, or er.of an elementﬂlor com our)% (e.gﬁ5 100341 Acrggpet% 108 may
include a hal‘ﬁgugﬁge%‘i@lsb tﬁgtjggv%%:t\g%}/i ﬁsgo% %“g material gg 0 form a oenoorl-]ﬁacl)lrogen éo}npound (e.g.,
a halide of addiot, tseictnesnd@13)! Thedonsstbraldgen compound may be formed from a solid-gas

reaction betvr]@@zsﬁgﬂgsﬁ%tm material £06\ang: a 98sphaseantyaen 1980whishhassblimated or
evaporate. The donor-halg{ggtn compound m:% also be formed b}/ a %%%%hase reaction between

coating matehaiols trst NEEsBrEtc s sttiifidtel! Bntr 4Rt DA 08 s WHIER YIS Blso evaporated
or sublimateds&or exampielsleeobodimentsliniebichcoating shatetialll 06dadhdesiAl, the halide

species may react with | and.f _gas phase.aluminum, halide, The gas,phase alyminum halide
may then di - Poatg) ‘gﬁ}g%% fﬂdﬁ@é&ﬂ%@g ﬁ)% \}\?eérr%l'%ﬁ%éat&ﬂ%@y%gﬁ% \}v}tll] 'E%e surface, deposit
on surface 1¥4Nm&bphirvg PpitaRehliberate the halogen. The halogen is then free to react with another

atom or molegighe pteaating materiak 106 t-fodnvanethes-deoRei-holaasn CRMRAMIGS that
are to be deposited over substrate 110 to form coating 112. For example, coating material
106 may include an Al source. The Al source may inciude elemental Al, or may include
elemental Al or an Al alloy, such as, for example, (by weight) S5A1:45Cr, 30A1:70Cr, other
Al-Cr alloys, Al alloys with other elements, or the like.
[0030] In some embodiments, coating material 106 may include other elements, alloys or
compounds which modify properties of coating 112, such as, for example oxidation
resistance, hot corrosion resistance, aluminum oxide formation rate, extent of y-Ni or y'-
NisAl phase constitution, or the like. For example, coating material 106 may include at least
one reactive element. The addition of a reactive element may stabilize the v' phase of coating
112. In some embodiments, the reactive element may include at least one of Hf, Y, Zr, La
and Ce. Thus, if sufficient reactive metal is added to the composition, the resulting phase
constitution may comprise a majority y'-NizAl, or even solely v'-Ni;Al. Further, the addition
of a reactive element may decrease the growth rate of aluminum oxide scales, and may also

improve aluminum oxide scale adherence to coating 112.
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100351 Similarly, a reactive element such as HT may react with the halide species to form a hafnium
halide, Cr may react with the halide species to form a chromium halide, or Si may react with the halide
species to form a silicon halide. 100361 In some embodiments, the activator may include NFI4CIl. NClI,
or another halide salt. 100371 in some embodiments, coating material 106 and activator 108 may not
be separate, but may instead include a solid donor-halogen compound. For example, the
donor-halogen compound may include a solid aluminum halide, such as AIC13, a reactive element
halide, a silicon halide, or a chromium halide. The solid donor-halogen compound may be a powder,
pellet, block, joo3hpilikenlO038) A ditistaiac imftS 1 VA andJld, iscatingi materiak 16 and activator

108 may not gp n t%%rgg%%t \{\élt?egglbm[gate 11(9. This may ﬁl&l{}ltate the use c?f st(?tlc CN(I;)}to coat a

to pro Hceac atin aving unproved, oxidation and hot
surface of an Intérior cavity of an article, 'such as, Tor example, aturbine blade or vane. In some

em_bodimentspthEivamispha@eOdmamdh@h)g@ﬁrcg)m%wﬁldu’r@y hildifeoted toptlecihtérior cavity of the
article by an ganpacaIyS.;sylL a8 & RRINGSYSIEM PHUNG ke 10039 addition.paating material 106

and activator 108 may be substantially free of any filler material. In the present disclosure,
substantially et filletHBaHMERIBNTGTBES tRANPEHERRISH I, B8R e edine Brhigbdtifents, coating
material 106 gngagtbéatpr o nia b e-essentiothyfeiet iillesdwhichimthe gsesentiselogure

indicates coating material 106 and activator 108 include no more than trace amounts of filler (e.g., an
amount presélﬁlf |tﬁa}:e()tlrel;1m(sel%%%iaﬁsa?\l})éi abled c%acé%hgonqglfﬁ%&%gl%r%tﬁ\/% %3%6081. in contrast, other
coating techri}fligs Isach@ispackicermiehtationg maipridilizé laryd amormisobfilefsseutradofor

example, a maiapty e wid M{éagflx @;ﬁ%ﬂé&Bﬁ@%‘ﬂn&zmﬁﬁ%@kﬂ&@t?&fé@?@m&w@- In this way,

static CVD ma¥ require less material and produce less waste than other coating techniques. [11(1401
In practice, a’SHSHRACYE> ste5drieltdd S2orsviansd s ey 8196° SEPEBSAX B g MaGHk 4H9-110), coating
material 106 angl activaiorkQ8pndeteit 402 .sReteriol Or-miay be @vacuriechalat/with a vacuum pump
and filled with an iner&i% such as, for.exam?ifle rgen. Retqrt 102@}&eﬂlheate to,1 gglt substrate

110, coating Materia BAEREVATST 168" For exarﬁnﬁtlel,nrcelfg?taf may be fieated 6 a temperature

of less than athout.28/00Fnahbet bhBAcaCsy fiore éxtiian and 2 Onhobrsenkodthientexatvples, retort 102
may be heated 108 Iemper S AT ADAKL %99%&93@9%&%991%(@@%&&9994%@ it 982C) for about

1 hour to about 20 hours, or retort 102 may be heated to a temperature of about 15 OF to about 1700F
(about 815C ?6%&)6‘%?@9%5‘@51?6%3&1 1 ouridrabieseeprsupRY sical source for a second coating

material (e.g., Cr). The first and second physical sources may be physically separate from
each other within retort 102,

[0033] Coating material 106 may be a powder or other solid source, such as a block or pellet,
of the coating elements and/or compounds. For example, coating material 106 may include
an Al-Cr alloy that has been ground into powder form, may include an Al-Cr alloy in block
or pellet form, or may comprise a block, pellet, or powder of an elemental or compound (e.g..
Al).

[0034] Activator 108 may include a halide species that reacts with coating material 106 to
form a donor-halogen compound (e.g., a halide of a donor, such as AICl;). The donor-
halogen compound may be formed from a solid-gas reaction between solid coating material
106 and a gas phase activator 108, which has sublimated or evaporate. The donor-halogen
compound may also be formed by a gas phase reaction between coating material 106 that has
evaporated or sublimated and activator 108, which has also evaporated or sublimated. For
example, in embodiments in which coating material 106 includes Al, the halide species may
react with the Al and form a gas phase aluminum halide. The gas phase aluminum halide

may then diffuse to a surface 114 of substrate 110, where the Al may react with the surface,
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[0041] During the heating of retort 102, at least some of activator 108, and in some embodiments
coating material 106, evaporate or sublimate to a vapor phase. The coating material 106 and activator
108 then react to form a donor-halogen compound, which may diffuse to surface 114 of substrate 110.
The donor in the donor-halogen compound may react with and deposit over substrate 110, which
liberates the halogen in the donor-halogen compound. The halogen is then free to react with another
donor to form another donor-halogen compound and continue the coating process. )00421 Because
substrate 110 is heated with coating material 106 and activator 108, the donor in coating 112 may

diffuse into sy@sisate: Jaél@aamtelememﬁgommainbew@etreteaﬂ&é@nmwdtiﬁ@enim@leoea'egolﬂ during
the static CVD pro lﬁgzs |n some emb ris this ma \}gn coatln ncluahnl% y- Ni
y1-Ni3A1 ph&Z& ' cONsHRGHRSh BBA'd Ot S 68 rééé% ) %rt grembotfitents,
substrate 110@nehwosiating 112 are exposed to a subsequent heat treatment to homogenize the y-Ni

YENLAl phasgesasiifion, annilbe deserbed o fuier detal el [R043LRY cantrpling the time

and temperature at which the static CVD process is performed, the composition of coating material

106, and the mdtintdidictivaier 198 thab @tphé%%tﬂﬂ?ﬂet&t@w fheorspbdiderPbP tdating 112, and
thus the phasea@mﬁt]lttug%],@e@yeb@gqgr}tﬁ%leqitﬁeﬁ gxaple, increasing the time or temperature of the
static CVD pr. increasi the Al content in coatln or increasi mount of

S etivator 200 RRL T STARE RS s A A LR SUGGh L A S HSEe o amount of
Al in coating {127 Conversehhdieoeasingtthe timeior lignpe mativgof fHenstatiot GV Pppracess,
decreasing ”B%ﬁké‘ffﬁ%%%‘&&%@@gom@&%%' HB Y ARHIAANPINE AU IGLINRILAO8 present in

a static C:VD step that deposits Al in coating 112, may decrease the amount of Al in coating 112.

Increasing ar?eﬁt@atﬁ @Pmrlﬁht%a%lﬁél‘ii@‘ﬁt&‘w&bﬁeﬁ%}%ﬁg’é@to&ﬁ%ﬁ% SINI A ghdse, while

decreasing aggmonnidef Aliriceating ddiddnaydesidtdona: lasgekptappdion afy-Niphase: The precise
composition of coating material 106 and amount of activator 108 that

time range, temperature ra
resultin a spgnﬁ%é Q’%éuﬁt ggif(gnd phase constitution may depend on a surface area of substrate 110
and a size of {38t 202110644 InA3@he xarmple ceatwp stepistadflc LV EBrpreces8imay betbsed to

deposit a coafing,on. a.GN &%#&ét‘ﬁ?”ﬁﬁ% RIS SAtE &XQ&ES& Y inclyge, a,coating material
106 comprising a 30Al:70Cr alloy, an activator 108 comprlsm%%ecout 40 grams of NI-14C1, and a

heating to ab8ut 532 B0 At 83T EEL Yt HbEUCE R sARENSECHA STAtRPE VDS may include a

coating mategabi@neamiprisiagos il et anactivaiapdd semprisingiabeuhdtgrams of NRACL, a
second coatln mat éf‘)l 106/ ctivator 108 comprisin about 50 9 HfCl4 and a heating to about

1532 (IF (abouvg?é %0 Ju%lbdﬂ%%?éu%ﬁe 83 GHRNG EoutIRg errlfay include about 19 at. % Al,

about 22 at. Y9%|alcut 1B atc%6iCr nalvout 606 atd%t@@toab@&U@ﬁ&at%%@@b@iﬂeloﬁaat/ % Ti. about
0.4 at. % Re, ghout J.n AL 7l , A0AK R Absth T@baRAMEQ- 6 AL MaMERAE the Ralancg N1 00451 As

described briefly above, coating 112 may nclude a y-Ni 71-Ni3Al phase constitution. in some
embodlment§®tﬁér‘ﬁhé§§§%§9 %Tﬁ@ea?éleﬂtfﬁ SRatiRg BREHIIEONIA PR BieP8 B Biments,
coating 112 naay qomsisicessemdallyrafiaiy tht bestliBAid phasencansditubinmel Raenay isclude no more
than about 5 voI % o (%ther i and/or TAT Ehases esugpﬁ%f(oroeé%@gounp NiAl. In yet other

embodiments, A ing mae "Consist h?n gce amotn present in
commercial avatlable coating material 106 or activator 108). In contrast, other coating
techniques, such as pack cementation, may utilize large amounts of filler, such as, for
example, a majority filler with minority amounts of coating material 106 and activator 108,
In this way, static CVD may require less material and produce less waste than other coating
techniques.
[0040] In practice, a static CVD step includes providing an article to be coated (e.g.,
substrate 110), coating material 106 and activator 108 in retort 102. Retort 102 may be
evacuated of air with a vacuum pump and filled with an inert gas, such as, for example argon.

Retort 102 is then heated to heat substrate 110, coating material 106 and activator 108. For
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yr-Ni3A1l phase constitution and be essentially free of other phases (e.g., may include no more than
trace amounts of other phases). 100461 FIG. 2 is a flow diagram illustrating an example technique of
forming over a substrate a coating including a y-Ni + yl-Ni-,Al phase constitution, which will be
described with further reference to FIGS. 3 and 4. First, a layer 304 including a Pt-group meta may be
deposited over substrate 110 (202). The Pt-group metal may be selected from, for example, Pt, Pd,
1r, Rh, Ru, and combinations thereof In some embodiments, Pt may he preferred. The Pt-group metal
may be deposited by any conventional technique, such as, for example, c,:lectrodeposition, and in

sorge em bf%ﬂaﬁ'ﬁgl& lmaug':)@gluﬁg Be Ha&giﬁt%a&%@@i@@ﬂﬂﬁ@%gLt@a@cwt?amliﬁrmtegs- 100471
Substrate 110 and Jaye including the Pt-group metal may then undergo a preliminary heat
treatment (202?.?%18%%% %%%%8??%&%%%? ﬁ%@?ﬁﬁlif%&ﬁiﬁ?grﬁﬁ% Tdibetiielen layer 304 and
substrate 11@:xmrmam®de@wﬂil awwm nBH@%@ﬁtmcté@m mak;odifﬂagéd_mcr keyer B_dewhile the
Pr-group mefgln, ;304 mav difiuse g substiale L4, This max tesultina Brgpriched surface

region 404, as shown in FIG. 4. The Pt-enriched surface region 404 may also include elements
present in thé A9Bs @it Ui e, AsreRampldoNPRItEh@HlOR MBS Firsfa, W, and the like. [0048] in

some embodiggntsthedrrelminay heattreatmeptMawminsiude/beating substratge 110 and layer 304
to a temperature of about 1000C (about 0]6832F) to abou% 1200C (about 2192F) for about 1 hour to
e

about 5 hour§™ i STREF &FBLM MAEKEE the prEfiNas) AT Rrsath el P ihtIIdS FELHRg substrate |
10 and layer 1364 rtal 40 anp eraturer A& biowut r2d00C of@bodb 20kt abopt iSO iabgut 2100 'F) for

about 1 10 abgkih,3 oL 0042b 1, ams. amPoflinents. e LisinRARdeatieaimant alsg results I

the diffusion of Al present in substrate 110 into Pt-enriched surface region 40 uses into
Pt-enriched stiffae! sgivii 204 sHustmeib: atvek Hbsraey- i hplogann Hhdsecedalstiition may result.

However, in seme gmbaodimentenantamorntofAlthatdifiisasiiie: Rienrehedsudage region 404
may be insu i%ent to form a y-%}r: yr-Ni3Alphase constitution after the preliminary heat treatment [0050]

Once the prelifriAdhy FEAHEARH S SIS Rifb&Hate 110, which includes Pt-enriched surface
region 404, nig8AbeRpiacsdsbsrretdnt0li02cand eohtingtbi2nauich! iclndestidbimmaysbedeposited over

substrate 11Q,{gQ8), &%&ingl%mmgs iﬁ%ﬂs%%@é?ﬂééﬁ'a%?&%K%9%91}{4?15&%&‘?1?%&%%‘3@'?90’ €.

Specifically, an Al source 406 and a halide compound 408 may be placed in retort 102 along with
substrate 11009IBHRativERcerdriddIdming Ferais MRy s Gsethifstssabidpsaratéinmgdurce 406

and halide campeuneb408: Al iRdetart 102vnay en haAvacHaled usingAVABWHT: RUmMP and retort

102 may be flsltlz?t(ljc \e{%%?olcréggt %il gfh%lr'l gg&%’irﬁ%u%)f?lm&lrgfea]rgooe?rid coating 112 are exposed to a
subsequent heat treatment to homogenize the y-Ni + y'-NizAl phase constitution, as will be
described in further detail below.
[0043] By controlling the time and temperature at which the static CVD process is
performed, the composition of coating material 106, and the amount of activator 108 that is
present in retort 102, the composition of coating 112, and thus the phase constitution, may be
controlled. For example, increasing the time or temperature of the static CVD process.
increasing the Al content in coating material 106, or increasing the amount of activator 108
present in a static CVD step that deposits Al in coating 112, may increase the amount of Al
in coating 112. Conversely, decreasing the time or temperature of the static CVD process,
decreasing the Al content in coating material 106, or decreasing the amount of activator 108
present in a static CVD step that deposits Al in coating 112, may decrease the amount of Al
in coating 112. Increasing an amount of Al in coating 112 may result in a larger proportion

of yv'~Nis Al phase, while decreasing an amount of Al in coating 112 may result in a larger

proportion of y-Ni phase. The precise time range, temperature range, composition of coating
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100511 Similar to the description of FIGS. IA and IB. Al source 406 may include elemental Al, or an Al
alloy, such as, for example, (by weight) 55A1:45C1r, 30Al:70Cr, other Al-Cr alloys, Al alloys with other
elements, or the like. Halide compound 408 may include, for example, NH4C1, HC1, or another halide
salt. Al source 406 and halide compound 408 may include powder, pellets, a block of solid material, or
the like. In some embodiments, Al source 406 and halide compound 408 may not be separate, and
may instead be an aluminum-halogen compound, such as, for example, Alai. [00521 Retort 102 may
then be heated to initiate the static CVD process by evaporating or sublimating at least some of the Al
source 406 and-halide campeiind 408t Ascdeseribedsabave ipelifihandetail thergasaeus halide and Al
may react to forrgnta%n alurr)igum Qalide. which QQIE‘%S%ES%’ a w&fg&fa%fi Suk rt@rt%'ggl%:],o (e.g., a surface of
Pt-enriched SUHace Tedion 484) " whére the Al feacts With the surtace and s deposited over substrate
110 in coatif§0#2P AT hecreaction oftveskbwithcthd Burfacesohsubstraiétd deplibératestitiseohalogen,
which is free tactith AnofeTA A & form-aneihpalumingm nalide:[90s31 A% described

above, static CVD mﬁzéy also be used to deposit other elements, such as, for example, Cr, Si, a reactive
element incladitg ERCYally, pa 3stiees 167 sea ke NS AR tar afdihkhtsamiasy 1oty properties of
coating 112, $uch18s? for @xamgie coxidatiepuresisiancehot Garkesion vesistanes, iallwminum oxide
scale formation rate, extent of y-Ni yiNi3 hase constitution, or the like, In s embodiments,
these elemeﬁ?éat‘rrﬁ%i}ﬂ %“é‘g-}&éfp‘sy%ﬁ é){al{}\ﬁt%&ﬁ? 'ﬁ%iéms]ﬁﬁ%g%t ét}g AV SeIB? 5%%%%? rgpé%qge present in
retort 102. AddestcrbedaboventheacditibiEhealerre it waypbeipr ebevit b daiidéléompadinds (e.g.,

HICIA and may,he RIeseRY IR AbSOINGE 4965 O BEBIRSEMLAS aSRRAIAIG SALIGR.ON SeRArate sources.
100541 Because the static CVD process occurs at a relatively high temperature, interdiffusion between

substrate 110°PtdeAPRIAA Eurfath FRYTOADL ARt L0HtIhG 4172 hiagPeecr durihGtn®Static CVD

process. Forexanmplerr Aband othereliements deposited, imeoatingtldkAwnayodiffuseinta, Pt-enriched

surface regioréodflg%,‘é/v?il}e %me ¥§’\?psr§\senetIQ;]I Pt-enriched surface region 404 may diffuse into coating
Inavy- -Ni

112. This ma%/ result fiv &° 1§Pyl ﬁ)chas'e constitution in the resulting coating 112. [00551 Once

coating 112 lie&tbeon depdsitddiolerisautssteteng 102 thevantirsartichél 410 Mnay pptionally be subject to
a post-dep084@9%%@5.trm%%ﬁﬁ%@&%w%m%@‘f%g iheelements iR ¢oating il 2:and

Pt-enriched surface region 404 and homogenize the resultant coating. The post-deposition heat

treatment may‘{Hellibedlise sig diniee: £2800s & e Mperansie rauBly 2opoe (ARl 18358 to about
1200C (aboutcat@RFyforahet ihdiedy do abauhim hooiiss abaesiperatiieaf aout 1 H06sE, (about

2012 F) to about 1150 C. atzo ] '}17) for.about 1 hour to about 3 hours, The p st;ggppsition heat
treatment masy%easéaﬁrig ol ei‘ﬁa%ﬁl%%r na}ﬁ%gghgﬁgr%‘fﬁﬂgﬁngévggamﬁ %Pﬁ?gcgﬁélitoo 1561 Pt may
reduce the thérModyramicoasiivitprofni in threrdodidtpd aDotherfabtsesuffisientPinebdtant gy reduce the

thermodynamig activity.Rfu iprceating 413 below the activity of Al in substrate 110, which may cause
Al to diffuse Lﬁ its concentration %;adient from substrate 110 into _coating 112. This may reduce and/or
O

substantially fih 88 A idérﬁ@ﬁb jagram illustrating an example technique of forming over a substrate
a coating including a y-Ni + y'-Ni3Al phase constitution, which will be described with further

reference to FIGS. 3 and 4. First, a layer 304 including a Pt-group metal may be deposited
over substrate 110 (202). The Pt-group metal may be selected from, for example, Pt, Pd, Ir,
Rh, Ru, and combinations thereof. In some embodiments, Pt may be preferred. The Pt-
group metal may be deposited by any conventional technique, such as, for example,
electrodeposition, and in some embodiments, may include a thickness of about 5 micrometers
to about 7 micrometers.

[0047] Substrate 110 and layer 304 including the Pt-group metal may then undergo a
preliminary heat treatment (204). The preliminary heat treatment may facilitate
interdiffusion between layer 304 and substrate 110. For example, Ni and Al present in

substrate 110 may diffuse into layer 304, while the Pt-group metal in layer 304 may diffuse
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from Bt-enriched surface region 404, which may reduce spallation of an aluminum oxide scale formed
on coating 112, increase the stability of the aluminum oxide scale layer, and increase the useful life of
the coating 112. 10057] in some embodiments, a static CVD process including sequential static CVD
steps may be used to deposit multiple layers of a coating, as shown in the flow diagram of FIG. 5 and
block diagrams of FIGS. 6 and 7. Each static CVD step in a sequential static CVD process may
including deposition of a single element, or may include co-deposition of two or more elements. Static
CVD processes including combinations of co-deposition and sequential deposition may further
increase the flexiiliivaof the statinGysprasesses it destficnradianger piosessnwiridowfor the static
CVD processgs. For example, Al may be deposited in a first static CVD, pracess, followed by
co-depositioﬁﬁclﬁ %\%I'%]ﬁl ﬁ?. Qgg%%eurg 1%?‘ ﬁwéglﬁy&g%)o@ﬁllﬁweig %gerﬁ%é)trl%ﬁ/eg,t %pﬁfy?ﬁg%&??ﬁ Sthce% first static
(ND process afoftowediipie c8ideh6sition Bf MoaRd. Fif.iiayrfd dlitdite the formation of y-Ni ni-Ni3A1
coatings inclygling, incteased i canieninvhile;incarparatingHt Asanaibenexample . sstatic CV()
process including sequential deposition or a combination of sequential deposition and co-deposition
may facilitate! {SrRA LB HANG ¢ SRaSFEBEGEHEIAhG S PRgh e dFcPedtd 2réatthi¥an about 1(1
at. 'A Cr), and wmay utiize donasimaiatials including athighGodartentisuchiiasR0AdA0Cr. [0058] First,
substrate 110 is placed in.retort 102 and a first layer 612 is osited over substrat om a first
coating sourd SO Lt A Hat SEHarsr Roen St B i e B BB g source
606 may incl{rtewiR8 3 moretcoatint fitatebiall Ieding fdoekamplounb IOHrS|, a reactive element

including HZ \fo 4} LA RlbtignfiaidenciResh ARRVR.aNR ARRRL OIS RALING: material say also be
present in separate physical coatlnog, sources. in some embodiments, first coating source 606 and first
)

activator 608 A8t Be seyaratd Jama ?ﬁ'ﬁ?rfﬁ]&géﬂr%éedeé&?o‘wﬁal}gge&o% pBle Githtas, for
example, AlGhy k&4 trihe:likes(0059itThefirsbstatia GMDrstepi 800 maycbesperformed at a

temperature of about 1400F.0 about 1800F (about 760C to about C) for abaut. 1 hour to about 20
hours, or a terr%sblg'ra ureof a nosl‘]-)ﬂefé%}i? g%%%sf §&§185)% g}%&@%éﬁgs a%ﬁgtﬁt' : Zegl(f%]feoq(r) about 1 hours
to about 6 hotrsaprefeiabt)umeaebaininéiiennosphere Msuestriberhaisovesmisodasyribed above,

because of the Jelativelyhigh iepaperature used for first static CVD step 600, some elements present
in substrate 110, such as, for example, Co, Ti, Mo, Re, Ta, W. or the like, may diffuse from substrate

110 to first Iamianégéﬁ]r@iﬁé@afﬁéie%)‘}@ﬁ@le?%égorgé’éﬁe&e%’éffé@,Iédséxgﬁﬂdiﬁi%ireﬂ? may be
deposited in amsetondustatic b Stemi00: Prcand eyt 1P isndepasitetl fromiskecamdieoating source

b oo oG RARYRIRE I8 WIIIHAE PR LM PR SAEISIRY AR el In frst stare
CVD, as described above. Specifically, an Al source 406 and a halide compound 408 may be
placed in retort 102 along with substrate 110. Alternatively, a solid aluminum halide may be
used instead of separate Al source 406 and halide compound 408. Air in retort 102 may then
be evacuated using a vacuum pump and retort 102 may be filled with an inert gas, such as,
for example, argon.

[0051] Similar to the description of FIGS. 1A and 1B, Al source 406 may include elemental
Al or an Al alloy, such as, for example, (by weight) 55A1:45Cr, 30AL:70Cr, other Al-Cr
alloys, Al alloys with other elements, or the like. Halide compound 408 may include, for
example, NH4Cl, HCL, or another halide salt. Al source 406 and halide compound 408 may
include powder, pellets, a block of solid material, or the like. In some embodiments, Al
source 406 and halide compound 408 may not be separate, and may instead be an aluminum-
halogen compound, such as, for example, AICls.

[0052] Retort 102 may then be heated to initiate the static CVD process by evaporating or

sublimating at least some of the Al source 406 and halide compound 408. As described
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[00611 Second coating source 706 may include one or more coating elements, such as, for example,
Al, Cr, Si, a reactive element including EIf, Y, Zr, La, Cc. or the like. In some embodiments, second
coating source 706 may include at least one coating element different from first coating source 606.
For example, as described above, first coating source 606 may include Al and second coating source
706 may include both Al and Hf. When second coating source includes two or more elements, the
elements may be formed in an alloy. mixture, or other combination, or may include separate physical
sources, as described in further detail above. 100621 Second static CVD step 700 may be performed

under an inegrtMaspheee dsimilaktedeseribrg: above addmaydiesasnadQutal Ruirriperature of
about 1400F t é?foaj 1800F %'bbout 760C toa {982C for abc tl hour to bout 20 hours, or at a

temperature 8V ‘ﬁ?ﬁ&:"( 6t 81585 8 about Erdor ABo éﬁ&‘ﬁ}?odr%}bﬁﬁ? TH8lurs to about 6
hours. Secont)étatibe@\VIR Qﬂepam@vmawremfkcmamem#ﬁasmd ofeelerants fionm sulostpaté2110, first

layer 612 and eqond o el T 12 A eTbodimenta: A 69RINATIA InGuding A NIXNISAT phase

constitution results from the interdiffusion that occurs urlng second static CVD step 700. 100631
Whether or neseet Ui 1oAY eleatiing o7 retista o useedits static CVD step 700, coated article

704 may be gyposedste-apest-gepasition test paiment (9Q6) Iéwm&@%mﬂgnshaasgreatment
may cause further dlfoS n within coati 14 to for %1 0% tk| se C?ﬁ itution and/or produce
a. more homéﬂeﬁﬁ‘%’g Eoating ali%cﬁ\f&?%ﬁﬂ%l %’Hﬁtﬁgl { 64} 1 &Bating was
prepared on adsiuperbtioysubstiateadsingrstaticeCMDoaing S@euc&il&y%ubmme wasiglaced in a
closed retort il gt AL G ARy AWRIONT. Sauee. A ASAU NG At The sure glloy

substrate, aluminum source and activator were heated to about 1532sF for about 6 hours'to deposit a
layer of alumiif BoEse HRESAPats Urohb5] e anrfhiPefnebatdissetats Washedr placed in a

retort with a s&lyﬁﬁ&@1»411%&01%%%%@@@@%@%&& fahadigy w%wg@ﬂms@w@eoanqka solid N1-141
activator. The co Hiﬂ?ﬁjs of th é ort we e heated to %bout 1532Ff r about 2 % IL:)rst ep05|t the Rf

and Al on the"§i ?HO(YSa ?1‘8% AIBIEFA IS CBEERY R %eﬁoﬁ?oﬁﬁ teld y-Ni

y'4N-i2,Al phasenconstipution. in Al source 406, or be present as a separate source or separate sources.
[06054] Because the static CVD process occurs at a relatively high temperature, interdiffusion
between substrate 110, Pt-enriched surface region 404 and coating 1 12 may occur during the
static CVD process. For example, Al and other elements deposited in coating 112 may
diffuse into Pt-enriched surface region 404, while elements present in Pt-enriched surface
region 404 may diffuse inte coating 112. This may result in a y-Ni + v'-NizAl phase
constitution in the resulting coating 112.
[0055] Once coating 112 has been deposited over substrate 110, the entire article 410 may
optionally be subject to a post-deposition heat treatment step to further interdiffuse the
elements in coating 112 and Pt-enriched surface region 404 and homogenize the resultant
coating. The post-deposition heat treatment may include heating article 410 to a temperature
of about 1000°C (about 1832°F) to about 1200°C (about 2192°F) for about 1 hour to about 5
hours, or a temperature of about 1100 °C (about 2012 °F) to about 1150 °C (about 2100 °F)
for about 1 hour to about 3 hours. The post-deposition heat treatment may be carried out in
an inert atmosphere, such as vacuum or argon.
[0656] Pt may reduce the thermodynamic activity of Al in the coating 112. In fact, sufficient
Pt content may reduce the thermodynamic activity of Al in coating 112 below the activity of
Al in substrate 110, which may cause Al to diffuse up its concentration gradient from

substrate 110 into coating 112. This may reduce and/or substantially eliminate Al depletion
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[00661 The coaled substrate was then exposed to a cyclic oxidation test in air. The cyclic oxidation
test included 100 one-hour cycles of heating to about 211)0F. The coating including the Pt- and
Hf-modified y-Ni y'-Ni3Al phase constitution formed a thin, protective aluminum oxide scale 804 on the
surface of the coating 802, as shown in FIG. 8. 10067] Various embodiments of the invention have
been described. These and other embodiments are within the scope of the following claims. MC
CLAIMS: 1.A method comprising: depositing a Pt-group metal over a substrate; heating within a
closed retort the substrate and a composition comprising Al, a reactive element, and a halide activator

to a SUffiCienfxtﬁﬂm%ﬁth&itQﬁMw I@U\y@pmmkxaﬁ@adwﬂmm halideanst anvapamphasaedeactive element

halide, wherein th o dspomprlsesoi ff|C|ent Al to fo ma CO?'[I c&‘mdUdm N| +\y| NBAA‘l phase

a oatin nerease t & sta 1UIM. 0
constitution SHR&” Re1btad 1A TRS BESEa ST, BIBIRTHS EampositisN'is substantially

free of filler; angease td:epa&uhhﬁg sUtficieatidd &Hd reactlve element over the substrate to form the

coating inCluﬁmgﬁhﬁ XéMEErXb‘M&%&tPQ@%ﬁlg%EH%Q&S including sequential static CVD steps
may be used to deposit multiple layers of a coating, as shown in the flow diagram of FIG. 5
and block diagrams of FIGS. 6 and 7. Each static CVD step in a sequential static CVD
process may including deposition of a single element, or may include co-deposition of two or
more elements. Static CVD processes including combinations of co-deposition and
sequential deposition may further increase the flexibility of the static CVD processes and
result in a larger process window for the static CVD processes. For example, Al may be
deposited in a first static CVD process, followed by co-deposition of Al and Hf. Because Hf
and Al deposition is competitive, applying Al in the first static CVD process, followed by co-
deposition of Al and Hf may facilitate the formation of y-Ni + y'-NizAl coatings including
increased Al content while incorporating Hf. As another example, a static CVD process
including sequential deposition or a combination of sequential deposition and co-deposition
may facilitate formation of y-Ni + yv'-Ni;Al coatings including a high level of Cr (e.g., greater
than about 10 at. % Cr), and may utilize donor materials including a high Cr content, such as
30AL70Cr.
[0058] First, substrate 110 is placed in retort 102 and a first layer 612 is deposited over
substrate 110 from a first coating source 606 using a first activator 608 in a first static CVD
step 600 (502). First coating source 606 may include one or more coating material,
including, for example, Al, Cr, Si, a reactive element including Hf, Y, Zr, La, Ce, or the like.
As described above, the one or more coating material may also be present in separate
physical coating sources. In some embodiments, first coating source 606 and first activator
608 may not be separate, and may instead be a donor halide compound, such as, for example,
AlCls, HfCly, or the like.
[0059] The first static CVD step 600 may be performed at a temperature of about 1400°F to
about 1800°F (about 760°C to about 982°C) for about 1 hour to about 20 hours, or a
temperature of about 1500°F (about 815°C) to about 1700°F (about 925°C) for about | hours
to about 6 hours, preferably under an inert atmosphere, as described above. Also described

above, because of the relatively high temperature used for first static CVD step 600, some
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/).The method of claim 1, wherein depositing sufficient Al and reactive element over the substrate
comprises depositing sufficient Al and reactive element over the substrate to form the coating
consisting essentially of the y-Ni + yr-Ni3A1 phase constitution on the substrate. 3. The method of
claim I. wherein depositing sufficient Al and reactive element over the substrate comprises depositing
sufficient Al and reactive clement over the substrate to form the coating consisting of the y-Ni +
y4NilAl phase constitution on the substrate. 4. The method of claim 1, wherein the Al and the halide
activator comprise an aluminum halogen compound. 5. The method of claim 1, wherein the Al
comprises atleashope:ahelemeaialAl ang.anAl eieyaapd, wherginthe halidevactivaioreomprises at

least one of NH4 ang NCI. 6. Th? B’Iet od of CJ%@ 1, wherein the reactive element comprises at
I RRITER RS he '

least one of V7 & m&thed 8¢ &k 1, wherein the composition further comprises Si.

[6060] Once first layer 612 has been deposited, a second layer 712 may be deposited in a
second static CVD step 700. Second layer 712 is deposited from second coating source 706
using second activator 708 within retort 102, which may be the same retort 102 used in first
static CVD step 600, or may be a different retort 102.

[0061] Second coating source 706 may include one or more coating elements, such as, for
example, Al, Cr, Si, a reactive element including Hf, Y, Zr, La, Ce, or the like. In some
embodiments, second coating source 706 may include at least one coating element different
from first coating source 606. For example, as described above, first coating source 606 may
include Al and second coating source 706 may include both Al and Hf. When second
coating source includes two or more elements, the elements may be formed in an alloy,
mixture, or other combination, or may include separate physical sources, as described in
further detail above.

[0062] Second static CVD step 700 may be performed under an inert atmosphere, similar to
described above, and may be carried out at a temperature of about 1400°F to about 1800°F
(about 760°C to about 982°C) for about | hour to about 20 hours, or at a temperature of
about 1500°F (about 8§15°C) to about 1700°F (about 925°C) for about 1 hours to about 6
hours. Second static CVD step 700 may result in interdiffusion of elements from substrate
110, first layer 612 and second iayer 712. In some embodiments, a coating 714 including a
v-Ni + v'-NizAl phase constitution results from the interdiffusion that occurs during second
static CVD step 700.

[0063] Whether or not a y-Ni + v'-NisAl coating 714 results from second static CVD step
700, coated article 704 may be exposed to a post-deposition heat treatment (506). The post-
deposition heat treatment may cause further diffusion within coating 714 to form a y-Ni + v'-

NisAl phase constitution and/or produce a more homogenous coating 714.

EXAMPLE
Example 1
[0064] A v-Ni + v'-NizAl coating was prepared on a super alloy substrate using static CVD.

The super alloy substrate was placed in a closed retort with an Al-Cr alloy aluminum source
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8. The method of claim 1, wherein the composition further comprises Cr. 9. The method of claim 1,
wherein depositing the Pt-group metal over the substrate comprises depositing at least one of Pt, Pd,
1r, Rh, and Ru over the substrate. 10. The method of claim 1, further comprising heat-treating the
substrate following depositing sufficient Al and reactive element over the substrate to form the coating
including the 7-1\11 71-Ni3A1l phase constitution. 11. The method of claim 10, wherein heat-treating
the substrate comprises heat-treating the substrate at a temperature of about 1000C to about 1200C
for about 1 hour to about 5 hours. 12. The method of claim 11, wherein beat-treating the substrate

comprises hegifeahns e sfistigle AlABIRRRIIG oL 80U AT IRARAULHInRG ag about 1

hour to about 3 hours. 13. The method of claim I. wherein heating within the closed retort the

composition EEHSBISHRY AL e FeaeaveueforpritoAifaHEHARIS ARt CORTgHs e REiting within the

closed retort mqomiaqmmwoawfw@@Aﬂa@aa@a@tﬂp@a@é@mem@mdvm@ hatliger@ctivatante a
temperature of ab?]ut .760C to @1 for about 1 ho %O gmﬁ hours. 14. The method of

soutceractivator, a U 111 %Blljtst urce an El FﬁQgVﬁ.&)Al {'ﬁ)él?gtgeﬁ‘\/e element

claim 13, wherein heating witH e composi
and the hahd@fﬁ(ﬁtmmcr\mmmawgo about 1532°F for about 2 hours to co-deposit the Hf and Al on the

aluminum-coated substrate to form the coating having a Pt- and Hf-modified y-Ni + v'-NizAl
phase constitution.

[0066] The coated substrate was then exposed to a cyclic oxidation test in air. The cyclic
oxidation test included 100 one-hour cycles of heating to about 2100°F. The coating
including the Pt- and Hf-modified y-Ni + y'-Ni;Al phase constitution formed a thin,
protective aluminum oxide scale 804 on the surface of the coating 802, as shown in FIG. 8.
[0067] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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MC 8 L. p heating within the closed retort the composition comprising Al, the reactive element, and the
halide activator to a temperature of about 815C to about 925C for about 1 hour to about 6 hours. 15.
A method comprising: depositing a Pt-group metal over a substrate; heating within a/gléséd retort
the substrate and a first composition comprising Al to form a first vapor phase that deposits the Al over
the substrate enclosed in the closed retort, wherein the first composition is substantially free of filler;
and heating within the closed retort the substrate and a second compaosition comprising a reactive
element to form a secOhAVEfsar phase that deposits the reactive clement over the substrate enclosed
in the closed retort, wherein the second composition is substantially free of filler, and wherein an
amount of Al and an amount of reactive element deposited on the substrate is sufficient to form a
coating comprising a y:-MiethpNi@Adppkiage constitution. 16. The method of claim 15, wherein the
amount of Al and the mount of rﬁgcyve %Iee ) R]ant degPo ited on the substrate is sufficient to form the
coating consisting esseﬁtla y /'oft %/(NP +ly )\l pSu & 88nstitution.

heating within a closed retort the substrate and a composition comprising Al, a

reactive element, and a halide activator to a sufficient temperature to form a vapor phase
aluminum halide and a vapor phase reactive element halide, wherein the Al comprises
sufficient Al to form a coating including a y-Ni + y'-Ni3Al phase constitution on the
substrate enclosed in the closed retort, and wherein the composition is substantially free
of filler; and

depositing sufficient Al and reactive element over the substrate to form the

coating including the y-Ni + v'-Ni3 Al phase constitution.

2. The method of claim 1, wherein depositing sufficient Al and reactive element
over the substrate comprises depositing sufficient Al and reactive element over the
substrate to form the coating consisting essentially of the y-Ni + y'-Ni3Al phase

constitution on the substrate.

3. The method of claim 1, wherein depositing sufficient Al and reactive element
over the substrate comprises depositing sufficient Al and reactive element over the
substrate to form the coating consisting of the y-Ni + v'-NizAl phase constitution on the

substrate.

4. The method of claim 1, wherein the Al and the halide activator comprise an

aluminum halogen compound.

5. The method of claim 1, wherein the Al comprises at least one of elemental Al
and an Al alloy, and wherein the halide activator comprises at least one of NH4Cl and

HCL
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17. The method of claim 15, wherein the amount of Al and the amount of reactive element deposited
on the substrate is sufficient to form the coating consisting of the yNi y'-Ni3A1l phase constitutipn: 18.
The method of claim 15, wherein heating within the closed retort the substrate and the first
composition mid heating within the closed retort the substrate and the second composition occur
substantially simultaneously. 19. The method of claim 18, wherein the first composition further
comprises a first halide activator, and wherein the second composition further comprises an Al source
and a second Kalide ddtivatsho@ol dthiennetiotedt tiairmatbyswiensint eatmgwithinatiesteged retort
the substrate aﬁg glil%irgaggar@gsition occurs sequentially with heating within the closed retort, the
subsiiiate. and the second composition. 21. The method of claim 20, wherein the first composition
further comprises a first halide activator, and wherein the second composition further comprises an Al

source, and a. second heliie AgHARL 32, R MADS8 L A, 30 harei e gt composiion

further comprises the reactive element and a first halide activator, and whe e second
composition further comprises a second halide activator. 23. The method or claim 15, wherein

depositing the pt-groug,metal QVeF (N&SYDSIRIE SOMRIBER HRBASIIAG ALIRARH QAR Pf PL Pd, 1r, Rh,

and Ru over the substrate.

9. The method of claim 1, wherein depositing the Pt-group metal over the substrate

comprises depositing at least one of Pt, Pd, Ir, Rh, and Ru over the substrate.

10.  The method of claim 1, further comprising heat-treating the substrate following
depositing sufficient Al and reactive element over the substrate to form the coating

including the y-Ni + y'-NizAl phase constitution.

11.  The method of claim 10, wherein heat-treating the substrate comprises heat-
treating the substrate at a temperature of about 1000°C to about 1200°C for about 1 hour

to about 5 hours.

12, The method of claim 11, wherein heat-treating the substrate comprises heat-
treating the substrate at a temperature of about 1100°C to about 1150°C for about 1 hour

to about 3 hours.

13. The method of claim 1, wherein heating within the closed retort the composition
comprising Al, the reactive element, and the halide activator comprises heating within
the closed retort the composition comprising Al, the reactive element, and the halide
activator to a temperature of about 760°C to about 982°C for about 1 hour to about 20

hours.

14, The method of claim 13, wherein heating within the closed retort the

composition comprising Al, the reactive element, and the halide activator comprises
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24. The method of claim 15, further comprising heat-treating the substrate following heating within the
closed retort the substrate and the second composition. 25. The method of claim 24, Whe%(;j‘%éa ,
heat-treating the substrate comprises heat-treating the substrate at a temperature of abou '"Y600€ to
about 1200C for about 1 hour to about 5 hours. 26. The method of claim 25, wherein heat-treating the
substrate comprises heat-treating the substrate at a temperature of about 1100C to about 1150C for
about 1 hour to about 3 hours. 27. The method of claim 15, wherein heating within the closed retort
the substrate drdithg firdticompositdnetoribrsimgpakitom prisesibieating thithiacthe closediretort the

substrate and (g EHLERAIRRHIAR ARG, A1, SR 1P & BrReaeatabout Jogeto abot

982C for about 1 hour to about 20 hours. e met claim 27, wherein eaatlng within the
closed retort tHeeitysthane hgutte first composition comprising Al comprises heating within the closed
retort the substrate and the first composition comprising Ad to a temperature of about 815C: to about

925C for about 1 hour to about 6 hours.
15, A method comprising:

depositing a Pt-group metal over a substrate;

heating within a closed retort the substrate and a first composition comprising Al
to form a first vapor phase that deposits the Al over the substrate enclosed in the closed
retort, wherein the first composition is substantially free of filler; and

heating within the closed retort the substrate and a second composition
comprising a reactive element to form a second vapor phase that deposits the reactive
element over the substrate enclosed in the closed retort, wherein the second composition
is substantially free of filler, and wherein an amount of Al and an amount of reactive
element deposited on the substrate is sufficient to form a coating comprising a y-Ni + 7'

NizAl phase constitution.

16. The method of claim 15, wherein the amount of Al and the amount of reactive
element deposited on the substrate is sufficient to form the coating consisting essentially

of the y-Ni + y'-Ni3Al phase constitution.

17. The method of claim 15, wherein the amount of Al and the amount of reactive
element deposited on the substrate is sufficient to form the coating consisting of the y-

Ni + v'-NisAl phase constitution.
18.  The method of claim 15, wherein heating within the closed retort the substrate

and the first composition and heating within the closed retort the substrate and the

second composition occur substantially simultaneously.
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19.  The method of claim 18, wherein the first composition further comprises a first
halide activator, and wherein the second composition further comprises an Al source

and a second halide activator.

20.  The method of claim 15, wherein heating within the closed retort the substrate
and the first composition occurs sequentially with heating within the closed retort the

substrate and the second composition.

21. The method of claim 20, wherein the first composition further comprises a first
halide activator, and wherein the second composition further comprises an Al source,

and a second halide activator.

22. The method of claim 20, wherein the first composition further comprises the
reactive element and a first halide activator, and wherein the second composition further

comprises a second halide activator.

23, The method of claim 15, wherein depositing the Pt-group metal over the

substrate comprises depositing at least one of Pt, Pd, Ir, Rh, and Ru over the substrate.

24, The method of claim 15, further comprising heat-treating the substrate following

heating within the closed retort the substrate and the second composition.

25.  The method of claim 24, wherein heat-treating the substrate comprises heat-
treating the substrate at a temperature of about 1000°C to about 1200°C for about 1 hour

to about 5 hours.
26.  The method of claim 25, wherein heat-treating the substrate comprises heat-

treating the substrate at a temperature of about 1100°C to about 1150°C for about 1 hour

to about 3 hours.
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27.  The method of claim 15, wherein heating within the closed retort the substrate
and the first composition comprising Al comprises heating within the closed retort the
substrate and the first composition comprising Al source to a temperature of about

760°C to about 982°C for about 1 hour to about 20 hours.

28.  The method of claim 27, wherein heating within the closed retort the substrate
and the first composition comprising Al comprises heating within the closed retort the
substrate and the first composition comprising Al to a temperature of about 815°C to

about 925°C for about 1 hour to about 6 hours.
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