METHODS OF DEPOSITING COATINGS WITH Y-NI + Y'N13Al PHASE CONSTITUTION
TECHNICAL FIELD [0001] The disclosure relates to methods for depositing coatings including a y-Ni +

Ni3Al phase G siufiiansSACKGROUND [0002] Platinum-modified aluminjde (RiM) gpatings have
been formed by electroplating Pt onto a substrate, applying a short high temperature heat treatment,

applying a layer of Al, and performing a diffusion heat treatment cycle. 100031 Using this basic
process, it is possible to make different classes of PtAl coatings. The resulting dphase structure of the
resulting coatir%{gEér ‘& d%Fpé)rElgousﬁgﬁNg fumber %fv%%?or%',l\guc*h ‘é'sbf%%‘lef%ﬁe, WEHERASEs of the
initial Pt plate, the post-plate diffusion cycle parameters, and the type of aluminizing cycle. [00041
When applied after the short high temperatyred@gatitreatnrery. p low temperature high activity

aluminizing cycle process (LTHA) typically yields a two-phasg, PtAl coating with an outer layer making
up about 65% bqotﬁg tbbg1 AR ST gt fﬂé‘k?itl}?ﬁgfogrz&’é’ﬂeeéﬁﬁﬂﬂﬁ%}“&mQ’ﬁ%ﬁJf%{‘tﬁi?d' of the

coating thickness,Al PHAdEesaasas@lso typically require a post-coat diffusion heat treatment to form
the final coating. For such two-phase coatings, the Pt content in the outer layer can range from about
25 wt. % to about 50 wt. % or higher. If a high temperature low activity (HTLA) aluminizing process is

applied following heat treatment, the resultingﬁelﬁg%l?gmy be either two-phase or single-phase,
depending upon the specific process parameters. The HTLA process usually includes adequately high

temperatures I oy AT S AH68401R I ESASIUEIES A 0bg pppication step. The

single-phase PtA Ings fo y a HTLA process generally have Pt contents in the 15-30 wt. %
range, with thectrstegpiaiireditthieic o athefiHaIRE B HABPAP SHEXI fRERHAE 0961 tHEAF S thickness. The

diffusion zone ig,generally fioRr Ao ANYEIAAROHRIY: o thadatakiiiskepss.
[0003] Using this basic process, it is possible to make different classes of PtAl
coatings. The resulting phase structure of the resulting coatings can depend upon a
number of factors, such as, for example, the thickness of the initial Pt plate, the post-
plate diffusion cycle parameters, and the type of aluminizing cycle.
[0004] When applied after the short high temperature heat treatment, a low
temperature high activity aluminizing cycle process (LTHA) typically yields a two-
phase PtAl coating with an outer layer making up about 65% of the total thickness,
with the diffusion zone accounting for only about a third of the coa;ing thickness.
LTHA processes also typically require a post-coat diffusion heat treatment to form the
final coating. For such two-phase coatings, the Pt content in the outer layer can range
from about 25 wt. % to about 50 wt. % or higher.
If a high temperature low activity (HTLA) aluminizing process 1s applied following
heat treatment, the resulting PtAl coating may be either two-phase or single-phase,
depending upon the specific process parameters. The HTLA process usually includes
adequately high temperatures to allow the aluminum to diffuse into the PtAl structure
during the application step. The single-phase PtAl coatings formed by a HTLA
process generally have Pt contents in the 15-30 wt. % range, with the outer zone of the
coating making up only approximately 50% of the total thickness. The diffusion zone
is generally from about 40% to about 50% of the total thickness.
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SUMMARY [0005] However, Pt electroplating solutions require careful maintenance of temperature
and pH, and may be susceptible to "poisoning" if impurities are inadvertently introduced during the
processing of parts. Some Pt plating solutions may also incorporate unacceptable levels of sulfur (S)
and/or phospHdr8tEES18hto the deposited Pt, which has undesirable effe®€ToHSg€3¢da%Rg properties.
Additionally, the masking of areas on substrates where Pt is not desired must be of materials that are
not attacked by strong acids (or bases depending on the process) and are able to withstand higher
temperatures. Further, some care is required to ensure that no strong acids or bases (depending on
the specific type bath used) that could initiate ¢ghemipgl aifack when exposed to higher temperatures in
subsequent processing are entrapped inside hollow part assemblies during the Pt electroplating.

100061 Curreqpps)aessesdoPpendueingtRaiingsinchdging aayeNil myiddadAkpbase constitution
require either pack cementati i an Al layer on the Pt

{ hemical ition (CVD),to appl
layer. Pack ceFutaHEHA I8 dgﬁ?péﬂ%&nr%i%’\é% ﬁ{%ﬂ%?g?iéégg%ﬁ)& a d%ﬁgg

%/‘Fégfg significant amounts
of waste that matbtdoeeidisposedust.dAtiditiortallyrdtessivey bfilbertsn enmal Rigdetingpmbiticamentation

e e s bWl et olseteri 1ofe AU 0 AChIHR ARG SN B15AIS fonuniforn
coating thicknessés, In parr]flcu ar, coating unlfeormlty or complex geometries may be challenging when
using pack cetrpeiatibRt, MIOCY haaleadeairalyiewfest CVDhmeanidris rippUEEs tOdBpRAEHNY Adayer,

specialized and, pafenialiy AXREOVE FAURE B MAPELG R IB P MR RASERSAIX $Rlety features

to protect the workers from the fluoride or chloride containing gases that may be generated. This also

may add costalterkied prssess ariduaribrcdrpeprine S8d8 RO TRIR &M AR AR TP ELE MM substrates

where coatingjsHeptigsiradmore ghalleaging seadectheraeryasiedatiio atgageous wactants
involved. f0008J Additionally, it may be difficult to co-d%sosit Al and a.reachive el menlk such as HI, as

is the current FresHEERFEASPBAE G CBEIRS ARG H Saticonld NgiRle SRETCE0H  tion. Reactive
elements suchpmbBhava & tegudifteipaamelerutabywgight fiacedingnadtbusapave diffidrent reactivity

in the gas phase, which can sfiect both peck peenigion and CVD co-deposiion of  reacive

[0006] Current processes for producing coatings including a y-Ni + y’-NizAl phase
constitution require either pack cementation or chemical vapor deposition (CVD) to
apply an Al layer on the Pt layer. Pack cementation expends tremendous amounts of
energy and may create significant amounts of waste that must be disposed of.
Additionally, the inert filler material used in pack cementation makes thermal
uniformity within a set of retorts more difficult to achieve, and can create a non-
uniform coating thicknesses. In particular, coating uniformity for complex geometries
may be challenging when using pack cementation.

[0007] Alternately, when CVD methods are used to apply the Al layer, specialized and
potentially expensive equipment may be required to provide necessary safety features
to protect the workers from the fluoride or chloride containing gases that may be
generated. This also may add costs to the process. In addition, CVD processes can
make masking of areas on substrates where coating is not desired more challenging
due to the pervasive nature of gaseous reactants involved.

[0008] Additionally, it may be difficult to co-deposit Al and a reactive element, such

as Hf, as is the current practice when producing coatings having a y-Ni + v'-NisAl
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[0009] In one aspect, the present disclosure is directed to a method including depositing a powder on
a substrate to form a first layer thereon, wherein the first layer includes a Pt group metal, Si and
reactive element selected from the group consisting of Hf, Y, La, Ce, Zr, and combinations thereof The
method also includes applying a heat treatment to the substrate and the .first layer upon deposition of
the first layer on the substrate and depositing on the first layer a second layer comprising Al. The
method further includes applying a heat treatment to the substrate, the first layer, and the second layer
during or aftephepasitismaidhe Resana kyercats thelfinstHeyrertoafoeny difeatimgredeeplising a yNi +

-yINijAl phase\&eq%gg{g%gm 100163 Tihe cantngdneieds deserbed iple RIgsGNLAisGiasuLs may

provide one or m antages. For example, the coating methods can provide more precise control
of the total anm8eheemarHitRAPNG Y aqrdpposbiany. ansactih plsaissh Bthe coating is more
compatible wihoig composifion ahthedsedediyingsaubsirhtecon which thie doatindiisaepliedingnd the

coating is more issintant to.gxidation, 100114 Qther.gvaniaass, pLovisecby ine.cqating.mefods

described in tﬁg%\?ieséﬁptﬁgg osure may indude a tower susceptibility

1 0 poisoning o
electrophoretigrpaphnssphpiraetteresiistetnmsiitisle piathirexc thsisrpup soaﬁt;tmgréf%%éf deposited Pt,
gﬂd th; OmiS%'f_e[lzaf,l @ﬁw&%kﬂﬁﬁ?ﬁlﬁgﬁr%ﬁ el%tiﬁ@dﬁ@&i&iﬁcbﬁmluﬁkﬁaﬁikﬂ%@@%é@ﬂ@é&ﬁﬂ@ﬁiﬂon o:] Pt,
I, and a reactlv element ma S more economical tha ectr atin , an a e easier than
the co-deposi*?oﬁ‘%? SR e r%gg}ﬁglgyg%%qggm ]%aoo?iﬁ%%éﬁé?% eeétgg&igrsg?%}/rd%%%rsll ion may
be less sensitivpdsiting gedmedtrst o theaparonhiclds contiiplated ] That iscthedchatirey deposited by
e'eetrophore%gs@%m@awaﬂﬁm% gRatings-having grsubsantialiyg @@%ﬁatnmaggfen on

parts with compleX three-dimensional gegometry. Eggl:%] The detaijls of one or more embodiments of the
invention are SEEFSRRCH AR FSmFAity T AR MG LA (R BeltAbBSRBRIS G BRAS Raires,
objects, and adivantaiyes\bpitaecinvestitoxioll be apparent from the description and drawings, and from

e clais. B6ESCRIETIAN AT BRMINGS LILAR FIR. Lo dasssasionsl vew of an

article with a thermal barrier coating. . 2 1s a flowchart illustrating’ an example method of

coating a subgteaterqouiager| & ongsaside Dretp A& raHe 4 SRRy KIS P IRTHR FSEE 9h an
electrophoretigfig¢hotal amount of Al in the y-Ni + -y’ Ni3Al coating. The composition of the coating

is more compatible with the composition of the underlying substrate on which the
coating is applied, and the coating is more resistant to oxidation.

[0011] Other advantages provided by the coating methods described in the present
disclosure may include a lower susceptibility to poisoning of the electrophoretic bath
compared to an electroplating bath, exclusion of S and P from the deposited Pt, and the
omission of acids or bases from the electrophoretic bath. The electrophoretic deposition
of Pt, Si, and a reactive element may also be more economical than electroplating, and
may be easier than the co-deposition of Al and the reactive elements.

[0012] Additionally, electrophoretic deposition may be less sensitive to the geometry of
the part which is to be plated. That is, the coating deposited by electrophoretic
deposition may deposit coatings having a substantially uniform thickness, even on parts
with complex three-dimensional geometry.

[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.



[0017] FIG. 4 is a side view illustrating a metallic substrate immersed in an electrophoretic bath coated
with a layer including a Pt-group metal, a reactive element, and Si. 100181 FIG. 5 is a side view
illustrating a metallic substrate coated with a layer including a Pt-group metal, a reactive element, and
Si immersedif! 208&eM8Belectrophoretic bath. 100191 FIG. 6 is a side viergittustratingsssmetallic
substrate immersed in an electrophoretic bath coated with a first layer including a Pt-group metal, a
reactive element, and Si, and a second layer including Al. (0020] FIG. 7 is a flowchart illustrating an

example method of coating a s ?&hﬁj of a cross-section of a
substrate coated with a y-Ni + u%t@f coa ing ggil E é g S aﬁ%otograph of a cross-section of a
substrate cop G Y NitoxNEabeoaiin felauaie ol xkiatanest.dggest Fio. 101s 2

photograph o oss -section of a su strate coate a layer |nc ing Pt | and EIf. 100241 FIG.

11 is a photodHh bHG 8ressieavaion ditsstsawratéé@mé@wm@ pigoating' N@A%r@tfating 100251
FIG 12 s a plagiegranh ofid.ciRsssrlianefmsubstaie caaachwithad in WNi3AL coating following

a cyclic oxidation test.
electrophoretic bath.

[0017] FIG. 4 is a side view illustrating a metallic substrate immersed in an
electrophoretic bath coated with a layer including a Pt-group metal, a reactive element,
and Si.

[0018] FIG. 5 is a side view illustrating a metallic substrate coated with a layer
including a Pt-group metal, a reactive element, and Si immersed in a second
electrophoretic bath.

[0019] FIG. 6 is a side view illustrating a metallic substrate immersed in an
electrophoretic bath coated with a first layer including a Pt-group metal, a reactive
element, and Si, and a second layer including Al.

[0020] FIG. 7 is a flowchart illustrating an example method of coating a substrate.
[0021] FIG. 8 is a photograph of a cross-section of a substrate coated with a y-Ni + -
v’ NizAl coating.

[0022] FIG. 9 is a photograph of a cross-section of a substrate coated with a y-Ni + -
y’NisAl coating following a cyclic oxidation test.

[0023] FIG. 10 is a photograph of a cross-section of a substrate coated with a layer
including Pt, Si, and Hf.

[0024] FIG. 11 is a photograph of a cross-section of a substrate coated with a y-Ni + -
v’ Ni3zAl coating.

[0025] FIG. 12 is a photograph of a cross-section of a substrate coated with a y-Ni + -
v’Ni;Al coating following a cyclic oxidation test.

[0026] FIG. 13 is a photograph of a cross-section of a substrate coated with a layer
including Pt, Si, and Hf. ‘



- [0026] FIG. 13 is a photograph of a cross-section of a substrate coated with a layer including Pt, Si,
and Hf. [00271 FIG. 14 is a photograph of a cross-section of a substrate coated with a y-Ni + -
y'Ni3Al coating. [0028] FIG. 15 is a photograph of a cross-section of a substrate coated with a y-Ni + -
y'Ni3AL coatiyAokesings a cyclic oxidation test. DETAILED DESCRIPTION1108208d0li3538e aspect, the
current disclosure is directed to methods for making coatings including a 7-Ni + y'-Ni3Al phase

constitution, vyehyiridis applicianraiersriocasaleynebing i ioresRrmaial Ninand Al in relative
concentration such that a y-Ni + y'-Ni3A1 phase constitution results in some portion of the coating. In

some embodiidhfs, ¢p&B8ncentration of Al is limited with respect to the concentration of Ni and the

Pt-group metghgsghrient sybstansialyag 48:Nidphags shusg areerablim k3 NiAl phase

structure, is present in the alloy, and the y-Ni + y'-N13A1 phase constitution predominates. Exemplary
alloys and co#tiWgd Wwiptiag RilowinxpaytlsHaddatendtitition are described in, for example, U.S.
Patent No. 7,273,662, which is incorporated by reference herein in its entirety. [00301 While coatings
including a y-Ni + y'-Ni3A1 phase constitution are generally preferred, the methods described herein
may be used to make coatings includiﬂbafﬁ‘f&ggo%mgﬁ%wmmch results in a coating having a
substantially 13-NiA1 phase structure. Thus, while this disclosure is primarily directed to producing
coatings havifi 20} JRionsasgesk 116 AREENEFHSIREHSAS HEFS ﬁ?ig}?tﬁgof{g??ﬁ’gﬁ‘éﬁ%%’&% Yoatings.
[0031] The y-Nithditi3AdicoatiNgsAMshadecampiiedoan alny subttratpphodianegfarticutarly well suited

for application on superalloy substrates including Ni and Co. Any conventiona erallgy substrate
may be used 2HR3dB ,]?&Xeétéﬁ{ﬁ?@,’fh% eﬂ\f‘aﬂ%aﬁlle“frgarlﬁtmgﬁ%ﬁ o UCL%H%eat%e@ég, MD, under

arlef a Corp.,
the trade designatian AR MRtutibasesavailabient gortcamfaheMuskaegdn @arp., Muskegon, M,

under the trade designation CMSX-4, CMSX-1Q; and the like. Typical superalloy substrate. constituents
such as, for e%mﬂsfgg‘,e&ﬁ’ ,‘i\?l%?‘i?g?ﬁr\/\)/f‘é\é,s gmtgor‘ﬁ' tlné?Féggg?O%eoconce rBHOSSE

and the Pt-group metal such that substantially no B-NiAl phase structure, preferably no
B-NiAl phase structure, is present in the alloy, and the y-Ni + y’-Ni3Al phase
constitution predominates. Exemplary alloys and coatings with a y-Ni + y'-NizAl
phase constitution are described in, for example, U.S. Patent No. 7,273,662, which is
incorporated by reference herein in its entirety.

[0030] While coatings including a y-Ni + y'-Ni3Al phase constitution are generally
preferred, the methods described herein may be used to make coatings including up to
about 33 at. % Al, which results in a coating having a substantially 3-NiAl phase
structure. Thus, while this disclosure is primarily directed to producing coatings
having a y-Ni + y'-NisAl phase constitution, the invention is not limited to such
coatings.

[0031] The y-Ni + y'-NizAl coatings may be applied on any substrate, and are
particularly well suited for application on superalloy substrates including Ni and Co.
Any conventional superalloy substrate may be used, including, for example, those
available from Martin-Marietta Corp., Bethesda, MD, under the trade designation
MAR-M247; those available from Cannon-Muskegon Corp., Muskegon, MI, under
the trade designation CMSX-4, CMSX-10; and the like. Typical superalloy substrate

constituents such as, for example, Cr, Co, Mo, Ta, Ti, W, Re, and combinations
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- thereof, may optionally be added to or present in the alloy composition to the extent that a y-Ni +
-y'Ni3A1 phase constitution is present. [0032] FIG. 2 shows an overview of an exemplary method of
coating a substrate, which will be discussed with further reference to FIGS. 3-5. The substrate can
initially be coaterhaitBsasfirst layer including Si, a Pt-group metal, and at lesst/oamegactdse element
such as, for example, Hf, Y, La, Ce, Zr and combinations thereof (30). Any suitable coating method
may be used tReanElyithedpisshayshandielesttephareticigpasitprdmprefesieth {R033LHIG. 3is a
block diagram illustrating a simplified exemplary electrophoresis bath apparatus 50. In an
electrophoretit¥ahing gr'é’c%@ég]tﬁgﬁﬁﬁg R BfSEHAtally coupled to a DC voltage source 60 as a
cathode. Substosy $20s Sstrnergeshvisrdeveldclicxannsiieyhadihod wiushimay dubltdea suspension 56
with a liquid carrier, sqli ,}gncludin tfge constituents of tckjﬁ atjn mpasition and any activator),
and any otherwéég}?rév addi |§/Cé1§,sgﬂgw éfu é%ﬁ?éfﬁa%ﬁ N B |z§r%', %r%?&‘éﬁ Eﬁe?gﬁar?eecgﬂ)spension 56 is
agitated by annitigéllbe bFatdothigr siiitldecagidiolitg Keepthasglidsahdadiditives imsuspension. A
suitable conductiye material 54.is electr] vplt ode and
submerged inr%aé#v%géﬂl B %‘8@3’3% é%%%%%&gg’\j\,‘%é%’su ’s%la%g%%%#{gl %tg%qa%%t%/%e&gaterial 54,
causing a curféd tofosuithis eorte mathodmae Joaiedenprh dedifsalaygrcetposition, which may

be present in (e RYIRCORIMN RE AR TR EIEeN (Co41 complex species, to be attracted to the cathode,
where they contact the substrate 52, are d(laﬁ%osited on the substrate 52 surface, and are bonded onto

the substrate @Q%ﬂrf&gbﬁﬁsaa@%k&?%{%”%' o HaANE &S TR GB e PIHBPLN AL SR SRS Fension 56

include a Pt-gsaupppatabsuch asafosiextrspriestRicRdinks, frdveRy tanghsarateisations thereof', and Pt is
preferred. The solids jn the Tg‘;pen ion 56 further inc gde at I%?s one Eetactivgzelement such as, for
example, Hf, FSHHCBY PHRIGY (OMBnIAOAS RIS ARE HPAK RTetetred: 1 hie addition of such reactive
elements tendsimstridiizarthieytppasetic taehfidavalldyreampdsidion stdpersions; Gfwulificient reactive
metal is incorporated into the comppsition, the resulti e ituti he prgdominately y', or
solely y'. In a(@&#féﬁj ,afﬁgr’s%(ﬁ%‘césiﬂﬁ%éﬁé%%%g%g%%eﬁgaé) a s%ociﬁi%?geg%“i?&%%%ﬂ The?solids may be
prepared by fasthimgraradeyymthaidestied idgives mehas rusledvaslaridicrantrSihyhcalloy may
then be grourigh 1i,B.RANISE A0 daRAVIEMhIHRG sHsPensiel: Taalangand suhsequent grinding

may result in an alloy powder having a substantially homogeneous compasition of Pt-group metal,

reactive elemenlidasi S DUSENGHRGIPL ) TekaNGFerianByR I RsHRer IRt RFIFAEE particles with

asize diStrib%&?leﬁhétI'b‘E DekAlnadiclasvinsthe Allaves Poviesase ndeasSaliln the same size (e.g.,
diameter). The alloyed powder may include a relativel%% ide, rar%ge of Pgﬁticle sizes, degetnding on the

parameters of BH8%I St RV ERICTFBHEIG SifiBRDFORARE R WEIEAR dmsadiments. itis preferred
that the size qf ais0ajatity @ipratticlesinihpalioyed gongddromiges froposibout whieh wazbeut 20 gm,
more preferably from about 5 pm.to about 10 pm. Gripdia g intradyce smallamgunts of
impurities intonglﬁséerglf(r)ly}e %‘8\%%15}%?%&%%%r#?%%ﬁ%e% ihto @é@ﬁo ed p’owdgr may include, for

example, Al athd @itiritnasihein tiney fornteof (h20@STOOB72. Tisedabiositad pofeTRSBASrably substantially
free of impurities, but, Ay INGINAEUR I APOM AL 95 IMpIities: (e stioxeshpawder Rise. preferably

includes less than about 3 wt. % 02. If the oxygen is combined with the reactive element in the alloy

such as Hf, it HRS#hdhpecifly im &b suratasioRteote s R8T AUR M RRISD ASh B TFRRifent. Special

precautions spchpasUNAgRLIEY Pexvitatich MeriyraseaPdyingshedranarmiias oftke alloy mixture,
pressing mixture into a compact, and performing the alloying in extrergel igrét L%n%c %h?t eliminates
traces of oxyJerPERNTY YA LT RS EARERNE Ferst ShaltR B! SR BéRetial ih producing alloy
powders containipg, Pt,«5l endbitiadostappedihaal Heéatmefirusedldaraddighoyifisuishiuseful in producing
a homogenous alloy.

reactive elements tends to stabilize the y’ phase in the final alloy composition.
Therefore, if sufficient reactive metal is incorporated into the composition, the
resulting phase constitution may be predominately y’, or solely y’. In addition, the
solids in the suspension 56 may also include Si.
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100381 In one embodiment, to provide a Pt-group-metal modified y-y' alloy in the first layer, the solids
in the suspension 56 include about 84 wt. % to about 93 wt. A Pt-group metal, about 3 wt. % to about
12 wt. % Si, and about 2 wt. % to about 6 wt. % of the at least one reactive element, based on the total

weight of soliste contessti#s the suspension 56. 10039] The total solids congentiRihg/suspeNsion may
be about 15 grams solids per liter liquid carrier to about 40 grams solids per liter liquid carrier,

preferably abqed ) granssiiselids,nerJitgrlicwis earighe AOMALiThediggigoarrishprefeiaply in the
suspension 56 may vary widely so long as it has compatibility with the solids therein, and a variety of
organic solveﬁ'f@%‘éfy%)eé“ﬁ%&f’?ﬁé IitRRid layrampsa bhaindai s RNV ARhTRI Siseos kedis preferably
essentially freia dfewatpenfoafeladaligyidcarisibalgachayarliipashpraat i highiggecific gravity and a
high dielectric 89\%%tra}1rét\.,.Pr%fe{l eg Iitqu]ild %arriers also dissolvet an eth)cgroghoreticil}‘y active agent up to
a concentration of about 5 g/t~ AGUHBRaN) M SESTEPEY SR EHRS dPHOP B witRAH Gctivating
agent such asldross,dedcsibed in further detail below. [0041] In one embodiment useful for making

-Ni + -y'Ni3 ; jqui ier incl b 9 t. % i | and
Sbout 36wt O oAtk 5 2Re Tt e e R o

isopropanol afidtabeiam Ot &% nitrathedrizies in 0o o Titkpsusise Ao Bestuithérdsamees an
electrophoretigally.actiyeaeept Stith.fs &Pt ilasYRENCIC Rt 0e M IRsEmgRd the like. The

electrophoretically active agent, in conjunction with an activating agent, may form a chelated complex

with the metaRTClR§1gE s JEREIgin e TsPAHBsIavRoias Gl cRENISES SRR RBtve agent is
present in the;e3epENEIQaradi R BRwLAiBidnts ahoutad@itd Marepreie kol 22p8Mic90431 The

suspension 56 further includes an activating agent. Suitable actiyating agents include. transition metal
itrates havind UIGAIPE ) TGOS AP Tt 4 EHAAEN e PTG PIFE B biRoretcaly
active agent. dhosohere nobaim e temnpréientinsantiyatisgiagehise melit enniclked oftiseuhexahydrate,
cobalt nitrate .hexahy and the like. The activating,agent is typically present in the suspension at
about 0,05 o1 LA e S B B R e B i The
chelated comigfesxforpledbypniéefaanaphyoreticaitymativsldgent and the activating agent may

surround the m{?‘i I%E“ﬁ‘l%?é@ 5%%@&%9%?&8’3&9 %thr‘} Free of impurities, but may
include up to about 5 wt. % impurities. The alloyed powder also preferably includes
less than about 3 wt. % O,. 1f the oxygen is combined with the reactive element in the
alloy such as Hf, it may not be fully incorporated into the substrate during diffusion
heat treatment. Special precautions such as using a dry box with high purity argon
during the preparation of the alloy mixture, pressing mixture into a compact, and
performing the alloying in extremely tight furnace that eliminates traces of oxygen
during the alloying process have been shown to be beneficial in producing alloy
powders containing Pt, Si, and Hf. A stepped heat treatment used during alloying is
useful in producing a homogenous alloy.
[0038] In one embodiment, to provide a Pt-group-metal modified y-y’ alloy in the first
layer, the solids in the suspension 56 include about 84 wt. % to about 93 wt. % Pt-
group metal, about 3 wt. % to about 12 wt. % Si, and about 2 wt. % to about 6 wt. %
of the at least one reactive element, based on the total weight of solids content in the

suspension 56.



- slight positive charge that causes the encased particle to migrate to and deposit on the negatively
charged substrate 52 (cathode). [00451 Electrophoretic deposition of the Pt-group metal, reactive
element, and Si may be carried out for up to about 6 minutes at a current density of about 1 to about 2
mA/cm2 betWgeiipesarmsde and cathode (substrate 52). Suitable voltagegcangadrgm about 35 V to
about 250 V, and may be chosen to provide the desired current density. The necessary voltage may

be influenceddnasheraomposisian obie elecionhipeatio Path andi e distansssheiwess;the anode and
cathode (sub. Pra&e 52). The suspension is mainé jned B,%mechanicaj agitation including, for example,

an impeller 57— Futher GEt5l & BTN FEREPS P HOPET CSE fadid s prs Rt bieaBriticd in U.S.
Patents No. 50515, 196laper 5958204 daotiaito Creech et. al, which are incorporated herein by

reference in thgi irety. The weight of the coating deposited may range from about 5 mg/cm2 to

about 30 mgj?f%!gﬁ;ig?g%ﬁ/ %%86%?8?%%—!?%310%6%%%58%%%.T@‘g%j%ﬁesroc?(?%?ét%n of the

electrophorefigsceparitibiinf with Pegaaids theteih, Shdnd atiéeast onareactivenelemgi the coated

substrate 52(524s 16RYE LaMLHAHHL B T06 93P SHRIALS 52102 s thay sublected 1o @ heat
p metal, i,

treatment step (32). The heat treatment enables the Pt-gro : nd af least one reactive
element to dffSRIHEY e elivatead srerted undirard staise dwvioatlifesionstolthdigbating. The heat

treatment stepaziay peaeyiarmesah iRaRenatlRSANPAGIHUN RRAY LIS BRI aRaYH,2200 F for
about 15 minute&gfg%about 1 hour. Preferably, the diffusion heat treatment step occurs in an inert

atmosphere 28 G AREHR 28R A PL-B RORARY IO R RhuK &kt Adgitinaatizst layer

coating incluglef&tpdoialiduaifal do ftatieast onm Ritprap MRl stih i akadt R REK@f at least one
reactive elemneput gnrddgp.g%g}bout 28 at.% Si. The first layer includes about 10 at.% to about 30 at.% of
a Pt-group metal‘:ta%outad at.9% to about 2 at.% of a reactive element, and about 2 at.% to about 28

at.% Si. Thelfifstiljrepoativgdinasn aisofiridudeakinipakiout 20VaIceAbyuPKe ARG Cr, and up
superalioy o b T oA ROl e s HRHRER! A5 b 20 a0.% Al about 2
at.% to aboutiBomethany taaboabdfitv. 46 Mttorabiband et BefeAdbbf thewabOwet values are nominal,
and may vary ook AROHaE# 6%, % nitromethane.

[0042] The suspension 56 further includes an electrophoretically active agent such as

zein, gliadin, synthetic methyl cellulose, and the like. The electrophoretically active

agent, in conjunction with an activating agent, may form a chelated complex with the

metals in the suspension that has a positive charge. The electrophoretically active

agent is present in the suspension at about 1 g/L to about 3 g/L, more preferably about

2.2 g/L.

[0043] The suspension 56 further includes an activating agent. Suitable activating

agents include transition metal nitrates having divalent (+2) charges that can form a

chelated complex with the electrophoretically active agent. In some embodiments,

preferred activating agents include nickel nitrate hexahydrate, cobalt nitrate

hexahydrate, and the like. The activating agent is typically present in the suspension

at about 0.08 g/L to about 0.20 g/L, and a concentration of about 0.14 g/L is suitable.

[0044] The chelated complex formed by the electrophoretically active agent and the

activating agent may surround the metal particles in the suspension 56 and impart a



- [00481 As an example, in one embodiment, the diffusion heat treatment resulted in a coating including
about 13 at. %Al, about 25 at, % Pt, about 5 at. % Si, about 1,5 at. % Hf, about 4 at. % Cr, about 6 at.
% Co, Ni, and incidental amounts of other superalloy substrate elements. In the same example, the
phase constWfighistiiesresulting coating was about 85 % y'-Ni3A1 and asOutvIB@0yshi3 100491 The
coated substrate 52/62 may then be coated with a second layer including Al (34). The second layer
may increasesiphtamotnt afA¢presentirdhiieftnahadaiingcthe Algepasition Byshemagomplished
using any conventional coati chnigue, including pack cementation. When pack cementation is
utilized, coatélggélljlggﬁ/zft%a /%%utgs rﬁtﬁe%fiﬁ%&c?(% mic boat by a pack. 100501 Coating thickness and
composition fédy3Edottepiedt iy dglesting apioPrigteupacktzk neectiatiofetimme saadd temperatures,

and also by cantigling e CARRSIan PLING BRck. KL ALGIEIRGrabadnaTs, s prck may include

about 0.5 wt. % to about 1 wt."%Al, about I'wt. % to about 5 wt. % organo halocarbon powder, and the
balance 90 ghv/sRimibritvcexitie qooB1and hetheskréa st erate -afdiighlsvategherphgsiadno a

temperature hegwesmaROioht7 SR abRM, 12 SsdRta BRIt dNA aiei RRQU A IS, (yhich causes

the coating materials in the pack to deposit on to the coated substrate 52/62. 10052] Additionally, one
or more reactié MefiRs RIREpBRdsdalurrase PrherRmRsiRoRAbLSE SRy e b6LE 5 wt. 9%, if
desired. The taglusi® hotinne ey raaredieartive eleme bhdibthe sesonct IsyerThaydssreass the

concentration of the one or more.reactive element in the final coating. 100531 Alternatively, the Al
depostion mEUP B AEH ISR R H T BpINgr ot BEBURTIGH BPBELEG o, & Bhown in FIGS. 5
and 6. Similadbydids FéGar@ingreleteripbphoietiegoattiondis rapared pdwatedicl LS sPatsuspEgnsion 76
including a cQai mpoEsiti vent or liquid carrier,,and any necessary, additives, such as
activators an%’a?tfgzg}iﬁ(g é [ﬁ?(sas %ﬁégég‘gléﬁ(gﬁ %dé%g&%tgﬁe%r’&hé% ierlnr%i _cerrp/Qf cger:dgt eéerlgaal i?able agitator to
keep the solitfaasrtatdiiviesiirstspehsivaigioxide sabdngmte Bt imalgentedigmeaupied to a DC

voliage sourge,f0.47 Hliade AptAnghatApRduGIlNe MAPLAF Td dsgRnBsgindhiv the DC voltage

source 80 as an anode. The coated substrate 52/62 and conductive material 74 are submerged in the

suspension 1804 1Fer orenpstiniecd st caesbarheppif HeRAAMLATCA 186 FEBTBPIBRI2ARY the
positively-chgrged imstahehelatad cumpiaxe3tRe £ormpesitian/ i dopasiianfiomrgasively charged

coated substg%"[eT %/gozaited substrate 52/62 is then subjected to a heat treatment step (32). The
heat treatment enables the Pt-group metal, Si, and at least one reactive element to
diffuse into the substrate and the substrate elements to diffuse into the coating. The
heat treatment step may be performed at temperatures ranging from about 1800 °F to
about 2200 °F for about 15 minutes up to about 1 hour. Preferably, the diffusion heat
treatment step occurs in an inert atmosphere, such as under a vacuum.
[0847] Following the heat treatment step, the first layer coating includes up to about
30 at.% of at least one Pt-group metal, up to about 2 at.% of at least one reactive
element, and up to about 28 at.% Si. The first layer includes about 10 at.% to about 30
at.% of a Pt-group metal, about 0.3 at.% to about 2 at.% of a reactive element, and
about 2 at.% to about 28 at.% Si. The first layer coating may also include up to about
20 at.% Al, up to about 8 at.% Cr, and up to about 8 at.% Co as a result of diffusion

from the superalloy substrate, as well as Ni and other superalloy substituents. The

first layer coating includes about 10 at.% to about 20 at.% Al, about 2 at.% to about 8



- [0054] In both pack cementation and electrophoretic deposition, the pack mix or suspension 76 may
include an organo halocarbon. Based on presently available evidence, the organo halocarbon can act
as an activator for the Al. The use of the organo halocarbon activator is particularly preferred for the
electrophoreti® defsesitieh process, as conventional halide salt activators atgmst@smpatible with this
process, but its use is also preferred for pack cementation. 100551 Suitable organo halocarbons
include, for exa¥hle afidatopolymersichtowpalymers, suchfasepdyvinwltiotdenanicihe like. fO056]
Suitable organ% halocarbonsfocgﬁegge;g‘qr_atgilt)'/o/l(:))e produced in granular form and are compatible with the

liquid carrier i hnéaglé%gt?!oup%or C suspension. One particularly preferred fluoropolymer is

polytetrafluor¥d8}iysea iR mEp) evhicimaraytod i oisrinbel diidng Du Ront e lumopreskitts ifvilmington, DE,

under the trade. designation QUBANGTS MNP TEE, 69-ancDEPapS mictonized RIFE poyyder, available
under the trade deSignation Dupont Zonyl MP-1200. [0057] During the electrophoretic process 70, the

organo haloc&rbdnahais Alhres ScibahaiRIRE-CorfcurtEntyidapieshtd snakricobREtSubstrate 52/62,
forming layersigeagosh@wiriiddEnn k00r 3. Tha LIeHpRNOre i SUSRERAIANIRMAY include a

coating composition, liquid carrier, and any necessary additives, such as activators and the like.

100591 Suitd6MiggitreaRsee bR RitfoaRaHE g aBRvid edhtaling about I to about 6 backbone

carbons, glyqoisishéndisa, sabstmixipes ahisariopacedanavitiirosaetaangyarenpredatged. In some

embodiments,]ti?ﬁq)ﬂj)% carri(?%gom rise:? %be%ut 5wt. % {[oJa ut 65 wit. g{? i§op[0$§trilr9l and about 35
wt. % to abOlﬁL{ it. 9% WHOmethane more p?%feFaW%%oot i }gop?obnﬁn(% AntFabout 40 wt.
% nitromethakte. Al deposition may be accomplished using any conventional coating technique,

including pack cementation. When pack cementation is utilized, coated substrate
52/62 is buried in a ceramic boat by a pack.

[0050] Coating thickness and composition may be controlled by selecting appropriate
pack cementation times and temperatures, and also by controlling the composition of
the pack. In preferred embodiments, the pack may include about 0.5 wt. % to about 1
wt. % Al, about 1 wt. % to about 5 wt. % organo halocarbon powder, and the balance
90 grit aluminum oxide.

[0051] The coated substrate and pack are then heated to a temperature between about
1475 °F to about 1925 °F for about 1 hour to about 4 hours, which causes the coating
materials in the pack to deposit on to the coated substrate 52/62.

[0052] Additionally, one or more reactive elements may be included in the pack
mixture in amounts up to about 5 wt. %, if desired. The inclusion of one or more
reactive element in the second layer may increase the concentration of the one or more
reactive element in the final coating.

[0053] Alternatively, the Al deposition may be accomplished using an electrophoretic
deposition process 70, as shown in FIGS. § and 6. Similarly to FIG. 3, an
electrophoretic bath 78 is prepared which includes a suspension 76 including a coating
composition, solvent or liquid carrier, and any necessary additives, such as activators
and the like. The suspension 76 is agitated by an impeller 77 or other suitable agitator

to keep the solids and additives in suspension. Coated substrate 52/62 is electrically
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[00601 The electrophoretic suspension 76 may include a total solids content (including the coating
composition) of about 15 g solids per L liquid carrier to about 40 g solids per L liquid carrier, preferably
about 30 g solids per L liquid carrier. [00611 The electrophoretic suspension 76 may further include an
activating ageru aund/@sigkectrophoretically active agent, including those desaribed®aysssSuitable
electrophoretically active agents include zein, and preferred concentrations include about I g/L to

about 3 g/L, meie RESEEDlY aheidk 2 A sPaliRbleaativalingRarniSingluge. cohel aitale

hexahydrate, and preferred concentrations include about 0.08 g/L to about 0.20 g/L, and a

concentration SFABHET (P 1AGACI K LRESBRUFE0E STt Il Sreriedmy Bsdinve gehehd the
activating ageginaytifermatcabelated coppiax Maiche may si4iteurs] the metat partiglesdarthe

electrophoretig suspension 76.and impart a slight pgsitive charge that causes the encased particle to
migrate to an(g %Séspégnﬁl[l%% fﬁ@%%%ﬁ\“fg n%i?aﬁﬁ%d acggtﬁlbed%(? i‘(%%?é'f B 6118%1&%‘%3%‘& in the
electrophoreticsusipersimg comaysintotide dipddisontbe nagadrganchhaletavaod achstaaar, and filler.
100641 The A%f/% rce may include elemental Al, or may include alloy powders such as, for example

(by weight) 55A1:45Cr, 42A1:40Cr:18Mn, 70A1:30Cr, other aluminum-chromium alloys,
organo-alumin(®ddolmpotinerskanschentatike anDdes e fillisrdeppsiten Herpaeiantiveobxide powder,

such as a'umiﬁ%%%ﬁl@@%‘%ﬂmdgtﬁpw n8hRRIIHIBROXlE . B ;SF@JH&?{)J\YQQS‘#B’ , the solids in the

suspension 76 include about 0.5 wt. % to about 25 wt. %of the Al source, about 1 wt. % to about 10
wt. % of the oFyiliBBKalbeAFBR AARSEGHY fitd BB ReE ler for denbl Thsitss 8fdbophoretic

deposition of theahHb MaydamEeRHIBd M Fo5HcaABOMEEMIA R SR AcetTeIraeh 8iyoeftataout 1
mAkm2 to about 2 mA/cm2 betwrgﬁn ?tﬂg anode and cathode (substrate 52). Suitable voléa es range

from about 3P IGSSCIEEHO 5B AHOURT TS YIS TR RIS M DR SR TSR TR). The
necessary voltagrenmeyldoeptefitenickad ckhemenwaasition of the electrophoretic bath and the distance

between the §ppde And G3INQIS SHRSHAER 2k [N% SHIRLASION 1A BAINKIAST,
chloropolymers, such as polyvinylchloride, and the like.
[0056] Suitable organo halocarbons can preferably be produced in granular form and
are compatible with the liquid carrier in the electrophoretic suspension. One
particularly preferred fluoropolymer is polytetrafluoroethylene (PTFE), which may be
obtained from DuPont Fluoroproducts, Wilmington, DE, under the trade designation
DuPont Teflon PTFE 60 and DuPont micronized PTFE powder, available under the
trade designation Dupont Zonyl MP-1200.
[0057] During the electrophoretic process 70, the organo halocarbon and Al are
substantially concurrently deposited on the coated substrate 52/62, forming layer 72,
as shown in FIG. 6.
[0058] The electrophoretic suspension 76 may include a coating composition, liquid
carrier, and any necessary additives, such as activators and the like.
[0059] Suitable liquid carriers include nitroalkanes, alcohols containing about 1 to
about 6 backbone carbons, glycols, and the like, and mixtures of isopropanol and
nitromethane are preferred. In some embodiments, the liquid carrier comprises about

55 wt. % to about 65 wt. % isopropanol and about 35 wt. % to about 45 wt. %
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* by mechanical agitation including, for example, an impeller 77. Furtlicr details regarding electrophoretic
deposition processes arc provided in U.S. Patents No. 5,057,196 and 5,958,204 both to Creech et al.,
which are incorporated herein by reference in their entirety. Adjusting either the current density or
deposition tiwie,200Hstiigsnay allow control over the green coat weight. Thecgresmevatsseight affects
the total amount of Al available to diffuse into the coating during subsequent heat treating steps.

Preferred gregneaahweightsd argerfiomaabaLdol21mg/sopdeaabbat S5 mgemz:, preferably about 15
mg/cna2 to arl%%t ?é%\%nn%/cmz. 100671 After application of the second layer 72, the entire article
52/62/72 may unf:Pergo a’'series of additional steps, including a second heat treatment (76), cleaning,
(78), and a fittilaH¢ diteedtnmmphstetic(86) casishd@wmiry FiGudet T heahealidseatment((76)dacilitates

interdiffusionef theAband NS BIBMSPIRAR (53 soRRbepLRUAIS Higal Healtipab!s pafucularly usefu)

when the Al is deposited using electrophoretic deposition. When electrophoretic deposition is used, the
Al is substanbilly devibpusicacwitiiable abgantdtasotidpisn L{Hass] samite not wishing to be bound by

any theory, pigrantivha\adlahigrevidence ndicates Hhat febealdrRRtmenmancauss e organo

halocarbon to decompose, releasing halogens, which may then react with the Al, activating the Al.

When the AlATA6GERRISTHGRINEAG N RRechb iREluding dhost trsccbatbebatipstiatedo/62, the Al reacts
with and is belgtgdishtherizsurfpee: e eaagtionddesaiesmihprdRlogess whithin enciige to react with

and activate another Al atom in_the green coat. Thus, the heat treatment step (76) can bind the Al to
the coated sﬁ%%‘ffgtg@ﬁ%i,?Htgo%ﬁl’l’orﬁq{)eﬁ%fg%ﬁra%% ﬂh?@f(%?féfo‘n %5{%2%?10883&% &Hfrate 52/62 and
layer 72. 10068ad8yskdéotingtthes tihgdautd, tend pecéitred ofiibenhreadiscativdatabiep (7B gthe total
amount of Ak(pgg(g\uq % /gir}c%?ﬁ %ﬁgﬁggo%ué)gé%ﬁgﬁg@%ﬁaag Sbtlat qﬂgyrolled. Typical heat treatments

range from about 14 or a our ou ours. The heat treatment is
preferably cdf0éd] olhdrelgpiopbaremeidly astine agsih enp Heres bratina s geartial foressure (about -5

inches Fig) %fh@rgeacwglM@Jﬁ%;@&&@%@%& RAIMER R, the galeisibglrate may be

cleaned (78), espeqallg if acg.reen coat was deposited by electrophoresis. The cleaning removes any
xcess greenSUSREAHAR I ShHCHENATEAINI HY Beaity Srrdager e Ghugee heiercaesikaping hiay be

accomplisheglipyatdl i@ e ke fRANAGHINNIVAETAL JIsRbN AL as methanol, or simply mechanically
removing th(-@r%%if | utyeacted bisqufgj%vith a s?gg bristle brush, ar the like. [0071] After the cleaning
step, the artide aLij;l}S’(éS(él OSSR 1 el RELoRASKRTR FHCRHS P80}° aeictitqRatate for pack cycles
with temperatuires, lighremeauigides danse intadjfindidinaf the Al with the substrate. The final heat

treatment fagiitates Mriher diffusion of the coating elements and produces a more uniform coating.
The final hegé t%gtm%n%]s%gg?g rpﬂae}{‘é?gmyec%?rrflee 5% éitoa{t%??f ﬁ%ﬁ%"éb‘”@ﬁ%ﬁ%ﬁ’ for about 1 to
about 4 houes; &ltiesagiriarycorniahleiiehpersdrbad@y 188/ nsddAl:30Cr, other

aluminum-chromium alloys, organo-aluminum compounds, and the like.

[0065] The filler may be a non-reactive oxide powder, such as aluminum oxide,
zirconium, titanium, or hafnium oxide, and the like. Typically, the solids in the
suspension 76 include about 0.5 wt. % to about 25 wt. % of the Al source, about 1 wt.
% to about 10 wt. % of the organo halocarbon activator, and the balance filler.

10066} Typical electrophoretic deposition of the Al may be carried out for up to about
6 minutes at a current density of about I mA/cm? to about 2 mA/cm?® between the
anode and cathode (substrate 52). Suitabie voltages range from about 35 V to about
250 V, and may be chosen to provide the desired current density. The necessary
voltage may be influenced by the composition of the electrophoretic bath and the

distance between the anode and cathode (substrate 52). The suspension is maintained
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100721 The coatings described in this disclosure can be used in a wide variety of applications, but are
particularly well suited to high-temperature mechanical systems, such as, for example, gas-turbine
engines, that must operate in severe environments. A portion of a typical metallic article 10 used in a
high-temperstoreomeshiasical system is shown in Fig. 1. The article 10 magcmnelsmesaiSsor Co-based
superalloy substrate 12, which may be coated with a thermal barrier coating (TBC) 14. The thermal

barrier coating,14dpehudes &iRasmalbinsiatbre carpmiaiopgeate?0 Aanduan snrerging metallic bond

coat 16. [0073] The topcoat 20, usually applied either by air plagsma s ing or electron beam
physical vaporlﬁ%ﬂ%t?ﬁﬁtﬁg%%fgf'81‘?8305‘&Vb?ré?ﬁﬁfﬁ%l?é?éffﬁi‘ééﬁ@&@r‘%{Zl‘ggrﬁ? fth a thickness of

about 300-609,usm, | PhemprSeitiesdobo(Sh inataciedion thainhad reanductivitedHiglrioxygen permeability,
and a relatively bigh coefficient.ot inexmal expansion, 100741 s, Y52,9pe0a4 20, 5 2150 made strain
tolerant” by depositing a structure that cbntaifis numerous pores and/or pathways. The consequently

high oxygen pretmeadyilidjosf thethoSaviogboated mpozeglihe ldenasraimanayeighhadesiictivond coat 16

must be resistant inuifaian altaiReRARd festitdbsialors shauebnanieluiieh n Al to

form a layer 18 of a protective thermally grown oxide (TOO) scale of a-Al203. In addition.fo imparting
oxidation resiggice reieTFOEIEBSE3 NEIERITIMELdEB P20 tEAHASBhd CekRU 65 [089B4: As noted

above, the methpds.flescsihad indhenPioert disclepiumPprovide enhance control over the Al content of
the metallic bond coat 16, as wel asréjrovide a surface composition s %%Z@j#oon exposure to

elevated temBIETlrd S n20RNG BIoRMAh 35 eRdHR BRI dé fith SBHEHRS! dPét thermally grown
oxide (TGO) layRi{d 8)sentendadbritfalofithe, ¥Sidopeoaidoydiatayinetherspgatatidenninge-bonding of
the layer from_ejther the.sulystrate or the Y S coal. This i eat practical impor e for
increasing t&%&rﬁ%‘ﬁﬁiﬁﬁ%? HsEBSH %ﬁ%ﬁé@ﬁ@%&aﬁ%l a%r&c)ﬁ/}gieﬁ%g afé\%sr%algn A E’r? vanes,

which operatéaatihiggs teremdéffatives fithm dricaad vianeclethgas tortinswitgyisebsEXANMPAUES Example |

10076] A CMSX-4 substrate was, fir tical ' j t 84 wt. % Pt, about
10 wt. % Si aﬁaa gﬂgfft% %%{8 %%ﬁ}(;ée?}&fﬁg%%qﬁ%%\? f?e%ﬁe%%ﬂgyggé %@é}g) ?'?%g}g ggout 30 minutes in a
vacuum. Thedspatiigeoipesitiontiopbpisiccissnositomiteiroddbadbif stantgli cos at. % Pt, 5 at. %

Si, 1.5 at. % QE 48t 08 of AreXpSRa08ghe balance Ni, with incidental amounts of substrate
0

elements (other than Cr and Co). i ,
[0068] While not wishing to be bound by any theory, presently available evidence

indicates that the heat treatment may cause the organo halocarbon to decompose,
releasing halogens, which may then react with the Al, activating the Al. When the Al-
halogen compound diffuses to the surface of the coated substrate 52/62, the Al reacts
with and is bound to the surface. The reaction liberates the halogen, which is then free
to react with and activate another Al atom in the green coat. Thus, the heat treatment
step (76) can bind the Al to the coated substrate 52/62, in addition to facilitating
interdiffusion between coated substrate 52/62 and layer 72.

[0069] By selecting the time and temperature of the heat treatment step (76), the total
amount of Al bound to the surface of coated substrate 52/62 can be controlled. Typical
heat treatments range from about 1475 °F to about 1975 °F for about 1 hour to about 4
hours. The heat treatment is preferably carried out in an oven under an inert
atmosphere, such as a partial pressure (about -5 inches Hg) of argon.

[0070] After the second heat treatment step, the coated substrate may be cleaned (78),

especially if a green coat was deposited by electrophoresis. The cleaning removes any
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- (0077] A pack mixture (PM 1) containing about 1 wt. % Al powder, 1 wt. % PTFE type 60 powder, and
a balance of 90 grit aluminum oxide was prepared. The sample was buried in PM 1 in a ceramic boat.
The boat, PM 1 and sample were subjected to a temperature of about 1475 F for about 1 hour in a
partial pressw@200%¥gfossof about - 5 inches Hg. After removal from the pachk; tiseosampdeshad a
composition gradient with the near-surface composition being about 25 at. % Al, 6 at. % Pt, 17 at. %

Si, 0.2 at. % Hic&atréénCoa ikt % Lo anshibalpdancediy ane-the composition iTthamyuddle of the
coating bein %bq)uetalc% at. %’?ld 5 a}t. g/é’ I;’té (CSIat. % S, 1.7 at. % HIT’ 5 at. % Cr, 5 at. % Co, and the
balance Ni. ARSY A fival Reat Beatrant 5F Aot D000 M r b At Kot SuHbas aF Ritthed average
composition toraptiepitiiratolyt thmiorg tisswaslabloutr@8.5db ik éd vlihat s66t Btj sTlabrshSi, 4 at. % Cr,
6 at % Co, 0.8,.afA)Hf 0.4 at. % W (diffused from the substrate) and the balance Ni. Example 2

100781 A second sanyle was prepared similarly to Example 1. However, the pack deposition was
carried out atl 88utAlesiE MeateasEhdle Miglpariabprogssrs of arier tabontaBistdhes Hg). The

higher tempesatireowas &xpgetrd itesyibina soatingsimiieiadhat fmen igibigh.iemperature low

activity when_ compared to Example 1. After pack deposition, the coating was Cleaned by blasting with

220 grit alumiRGFAIBRRIeNATABS AL 26 tP<heribttfpitherBinkleat erlasnhEighitaiaid sthsbout 4

mg/cm2. Metgitagrapbiexasninatiseshoawes prolreRicher tof fsye cydthan Byerdeneear-surface
composition of about 27.5 at. /éeAl’ about. 13 at. % Pt, apout 6 at. % Si, about 0,7 at. % Hf, about 4 at.

% Cr, about 5 A ENCREPIREBRNRAETISH 24 AHe5 19079 E&ﬁgﬂ%rzggﬂwme&gf RHEX-4 was
electrophoreticatlyutddiedrsyahhéRg A han doneaiitneatathataabe uh P08 sdor about 30 minutes in a

vacuum. A sgpnd pRck i (ML) as RreRared atdnclded anout Q.5 it Je. 0l gbout 5 wt. % 111,
about 5 wt. % PT typeaég‘ esin powder, an the balance 90 grit aluminum oxide. The sample was
buried in PMappficatiesrarbic roateaine: lekn welhsoilest talbigh-leATse R faone abenhati by stempartial

pressure of afgan,(aRout 5 Ehes HabiA RAsteoahditisionheAt trealment.af Alok200K F for about

1 hour was applied, and the avera?e_ composition'was about 14 at. % Al, 17 at. % Pt, 3 at. % Cr, 6 at.
% Co, 1 at. WIHOWRhARPIsalaneeINs, aHE ik deptdnahitinteraraabse mectrrtehissCdritpared to

Example 1, Ribvrshiovyed a slightendaomentaéindas el aoashivgraaseaifinsibiieantent of the

coating. Example 4 [00801 After demonstrating PTFE type 60 resin powder is an effective activator for
Al, the ingredi&H BrIHEE SaRies hebSHEsHSBrEE 4GRS i BiGe SpHAveteBath *¥0155 11 The
electrophoretisafiaghl ioluedssotidsaaimptisingiaboetiatbcwbpto ARG antl 2 iBEfyiype 60 resin powder
and about 80 wt.. % gne IumipéJm oxide powder. The

metallic bond coat 16.

[0073] The topcoat 20, usually applied either by air plasma spraying or electron beam

physical vapor deposition, is most often a layer of yttria-stabilized zirconia (YSZ) with

a thickness of about 300-600 pm. The properties of YSZ include low thermal

conductivity, high oxygen permeability, and a relatively high coefficient of thermal

expansion.

[0074] The YSZ topcoat 20 is also made “strain tolerant” by depositing a structure

that contains numerous pores and/or pathways. The consequently high oxygen

permeability of the YSZ topcoat 20 imposes the constraint that the metallic bond coat

16 must be resistant to oxidation attack. The bond coat 16 therefore should be

sufficiently rich in Al to form a layer 18 of a protective thermally grown oxide (TGO)

scale of a-AlyO3. In addition to imparting oxidation resistance, the TGO bonds the

ceramic topcoat 20 to the bond coat 16.
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- solids Were nixed at a concentration of about 30 g total solids per liter liquid carrier into about 60 Wi.
% isopropyl alcohol and about 40 wt. A nitromethane. Along with the solids, about 2 ef. zein and about
0.14 0. cobalt nitrate were added. A portion of a sample previously coated with XP-71 was submerged
in the electropboreticsbeth, attached to a DC voltage source as a cathoderandusoededieash about 64.1
mg/cm2 of solids. [0082] The sample was then subjected to a heat treatment cycle of about 1925 CF

for about | honirs p pariadpaesser e ofatgeds (@otbed inchesHght Thelswifagepfidpe sample was

then cleaned wijth b ,Sl:?‘liastin with 220 grit aluminum oxide at ahout 20 _psi. Metallographic evaluation
revealed a cheélhaléc%’; m“i%’é%?&%id?& gﬁ%ﬁﬁﬁ’i%ﬁ:#@éﬁﬁﬁ%f%?& & g@i Yy v e MG &is (XEDA)
revealed an avelage neprssivfane caating@ompositiomafi abott 83:prdomds, akoiit-11 at. A Pt, about

2.5 at. % Si, ahQiit 0-2 le L d i akout 1. 5at. % Cf‘hasbodf{[ 3 at- o Co,and the bal I After further
heat treating %t abo%’t 2030 F c))t}%aeb%ctllﬁ? r ﬁ%lm,egtihe a{/earageeecqurﬁ%%g%g in \fﬁ’eor)ﬂfgﬁcm%ﬂbhe coating
was about 253%€r% Bl cutsods thali Robthaledt B reo%bSidelbping0le spaldatifnaboisttbaditg Cr, about

6.6 at. 9 Co.aus nsdpalance N PXAIRIG.S 00R3NAUbsIale o CHSXERIshigselyed a heavy

(about 29 mg/cm?2) green coat of XP-71 by electrophoretic deposition, and was then heat treated at
about 1900 FTACHBBR % nfrraas Meeluthibie Wa¥ enraedsen wahies snaiadsidxie powder.

Another packpixiggdaeduded akoUivhiv oot hhidk RO dnichenizad£0ay| MB=4200 powder
(hereinafter referred to.as Zonyl MP-1200), about 1 wt. % Al, and about 98 wt. % of 90 grit aluminum

oxide powdeFf1 %33%5?)‘?%‘ was immersed in the pack mixture, placed in a crucible and processed at
about 1515 F for about 1 hour in an Ar (-5" Hg) partial pressure. After removal of the unreacted bisque,
the sample Wﬁ&tﬁf}%@%mcessed by heat treating at about 2000F for 1 hour in vacuum. The sample
was lightly blasted with 220 grit aluminum oxide to provide a clean surface for metallographic Ni
plating and pkeparalioh for mounting in cross-section, and polishing. XEDA analysis of the 10 micron

thick surfacelfye] SeWRAEN AerRee, GOMRPSHUAN BhAAUARE BkidS luRPAlhr 8ot P, abOULS

at. Si, ai-,,c'rt 0.8 at. % Hf, about 5 at. % Cr, about 5 at. % Co, with aft |Dalanee Ni, and incidental

amounts of Sthetrafeléiehentd kampiamt about 6 wt. % Hf (XP-71), and heat treated at

about 1900 °F for about 30 minutes in a vacuum. The coating composition after the
heat treatment was about 13 at, % Al, 25 at. % Pt, 5 at. % Si, 1.5 at. % Hf, 4 at. % Cr,
6 at. % Co, and the balance Ni, with incidental amounts of substrate elements (other
than Cr and Co).
{0077] A pack mixture (PM 1) containing about 1 wt. % Al powder, 1 wt. % PTFE
type 60 powder, and a balance of 90 grit aluminum oxide was prepared. The sample
was buried in PM 1 in a ceramic boat. The boat, PM 1 and sample were subjected to a
temperature of about 1475 °F for about | hour in a partial pressure of argon of about -
- 5 inches Hg. After removal from the pack, the sample had a composition gradient
with the near-surface composition being about 25 at. % Al, 6 at. % Pt, 17 at. % Si, 0.2
at. % Hf, 2 at. % Cr, 7 at. % Co and the balance Ni, and the composition in the middle
of the coating being about 15 at. % Al, 25 at. % Pt, 6 at. % Si, 1.7 at. % Hf, 5 at. % Cr,
5 at. % Co, and the balance Ni. After a final heat treatment of aboﬁt 2000 °F for about
1 hour, the near-surface average composition to a depth of about 10 microns was about
23.5at. % Al, 12 at. % Pt, 7 at. % Si, 4 at. % Cr, 6 at. % Co, 0.8 at. % Hf, 0.4 at. % W
(diffused from the substrate) and the balance Ni.
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- [0084] A PtSiHf alloy powder with a nominal composition of 91 wt. % Pt, 4 wt. % Si and 5 wt. %(XP-74)
was electrophoretically deposited at a green coating weight of about 21.0 mg/cm2 on to a CMSX-4
substrate. The green coat was subsequently diffused at about 2125 F. for about 30 minutes in a
vacuum. A secandvakeatrophoretic bath was prepared including about 10 wtT#6sZ0AM0413€3r alloy
powder, about 5 wt. % PTFE Zonyl MP-1200 powder and about 85 wt. % 1 micron nominal particle size
alumina powder mixed into a liquid carrier including about 60 wt. % isopropanol and about 40 wt. %
nitromethane, with a total solids content of about 30 g solids per liter liquid carrier. Additionally, the
electrophoreﬁé‘ﬁ‘aﬁﬁtluded about 2 g/L zein and about 0.14 g/L cobalt nitrate hexahydrate. The
sample was ifgmerseddtoihbseleay ophpieparbatinaindlganmeiaditol a BE&vwoliage:gaukee as a cathode.

Electrophore?’g deio§ition resulged in gre rll?acgagl:o; arlb ut tZilhng‘tj:)r/cmz op[igfe substrate. [0085] The

. . SUTC O . .
substrate inc ugloné t Ie%?éétargbehé)r% i 3e(|)ou03| was p AceTh a Sicibre Elirodhaed with 90 grit white

aluminum oxideoar{dbexpesethesdligeal trehighent et pdvattrd 4725 @xﬁ@cta@@te_zthbms under a partial
pressure of Ay, After remaval fram the funage:ihe slecirophorelic depasit bisgis rempants were

carefully removed and the sample further heat treated for about 1 hour at about 2080 F to form the
final coating. EraEpisat-stiffacpaekdnposition. detsanimedsy Sepad hadlagg w8E20628E about 19 at.

% Pt, about 1i3rah ¥ Skidb Ui @28%s10 e 3BRIM 2sBAle 4t (o &RP WAL o)id GibRiad 4he balance
Ni. Example 7 A CMSX-4 substrate was processed by electrophoretically depasiting XP-74 onto the

substrate frofigireleMrsHiRFRREIp SR TR B SA Weld RBEABHIRENFEHZT The green coat
was diffusedape faesabsiraie: usigaiieabirestiuiom akabpull 2b2atH for adaett, MBdnirgudes in a

vacuum. The sample was then, processed usipg an approximately 20 psi rit aJuminum oxide blast
cleaning step/.f S‘s&%ﬁ?iﬁé’&‘tr@%ﬁ%ﬁé‘@aﬁ% v(?a?p?%ﬁg?%by%n#?iﬁ&%%’gﬁ%a%ﬁ? 5'Al, about 5 wt. %
VHF Zonyl MP-1200 powder and about 86 wt. % 1 micron nominal particle size alumina powder in a

liquid carrierﬁomnprisigg about 60 wt. % isopropanol and about 40 wt. A nitromethane, producing a
. ple . . . . .
suspension with attotal solids concentration of about 30 g/L. Also included in the suspension was

about 2 g/L 48{iY Andrdiber naleal €OBSNK dinarecrokaimdratisalimeostas piahwsB-dliBRtersed in the
electrophorefic,bath @R CHINEFHRY ¢ FoPLH KA RIMFAER 2SRRI HIAZRE Hie

electrophoretic d]%gosition resulted in a green coat of about 27 mg/cm2. The sample was then heat

treated at abdOf 23 YeErieraagbibel Msinder bt ordsgud-GPary rivtaliolit-8oemed g). The

residual, undiffesedt bisr D Wam gakeiiullyareniayes aid doeysanmefurinaidealkeateglat about 2080 F
for about 1 hour jn a vac to form the final cogting. The final composjtiqn as measured by XEDA at
2 dlopth of B RLIOr DI SREPGHFEE' AB b SSLE: 850K o 14 ORAK about | at. o6

Si, about 0.2%at i iraliqutGat 86 Lgonwitbaine balameeHy). Thedmabeoditifhigihadiatypical iy-y
microstructu&eeg(%e% osth &Vggtiﬁ'()gb@l?%or about 1 hour was applied, and the average composition

was about 14 at. % Al, 17 at. % Pt, 3 at. % Cr, 6 at. % Co, 1 at. % Hf, with the balance

Ni, and incidental amounts of substrate elemems. Compared to Example 1, PM 2

showed a slight enrichment of Al as well as an increase in the Hf content of the

coating.

Example 4

[0080] After demonstrating PTFE type 60 resin powder is an effective activator for
Al, the ingredients of the pack mix were incorporated into an electrophoretic bath.
[0081] The electrophoretic bath included solids comprising about 15 wt. % Al, 5 wt.
% PTFE type 60 resin powder and about 80 wt. % fine aluminum oxide powder. The
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- Example 8 [0087] A CMSX-4 sample was processed by electrophoretically depositing XP-74 at a
green coat weight of about 30 mg/cm2. The sample was then heat treated at about 2125 F for about
30 minutes in a vacuum. The average surface coating composition to a depth of about 10 microns was
about 9 at. %/'8\Loakosriiy at. % Pt, about 3 at. % Si, about 0.3 at. % Hf, about$ets/843€3 about 7 at.
% Co, with the balance Ni, and incidental amounts of substrate elements. A second electrophoretic

bath was preparias Wy mixing aboub Ak nvtato b about ) wiol Rk ganytMRJR0Qprwder and about
85 wt. % 1 micron nominal particle size alumina powder in.a liquid carrier compyising about 60 wt. %
isopropanol R 5@85& “v'\{/)t./@/ésﬁﬁf%m'el} he(r)}?)dg)%%bc%tg@ %S&e‘ﬁ’ﬁ%’%}i’t {4 té\rs Ingo\i\fgg concentration
of about 30 gthe Adsdinaiuded i the isaspebsio . Wwag/labout Cnétkagewe anatldixbuAGddigilg fcobalt

nitrate hexahydrate, Thewas submeraedindbs, clectrophorelic; bath and 4 green coglpf about 42
ing/cm2 was é%o |1tee @ Vllgoifgio'?ﬁe sam%#e was §1en suéj%cteg1 .toeélhgaigéreatm%ntzof about 1515 F
for about 1 hatiedhes partiaCorekses swirre gapoath®lgraematie] WiHeakssitbrhl bt vwas removed and
the sample was;firther heat treated at about 2080 F for about 1 hour. XEDA results for the 10 micron

thick surface Izé%er showed an average composition of about 23 at. % Al, about 10 at. % Pt, about 0.3

at. %1-1f, abd0REZhil lop seFRie (e Than oweier Gt tBCAHIESARBINT CHAIE RIGIENtAPAMAUS of other

substrate elemgntst Faiampier&14026k A0 exante.0bthestiirxide filmHosnredonfthe sample from
Example 7 above was subjected tq a%%liycggﬂ?dation est at 1150 C (2100 F) for 10 %cles consisting
r

0
of 50 minuteSSHBRIB Wi hE LBk tOG BT B EURR §%iaER 28 s well adhered to
the substrate paindvibisi legfalue: tovshme it aclitioled|Rifdngeatimgerostructure and a thicker

coating. X-ray energy dispersive analysis (XEDA) revealed an average near-surface
coating composition of about 33 at. % Al, about 11 at. % Pt, about 2.5 at. % Si, about
0.2 at. % Hf, about 1.5 at. % Cr, about 3 at. % Co, and the balance Ni. After further
heat treating at about 2080 °F for about 1 hour, the average composition in the middle
of the coating was about 25 at. % Al, about 7 at. % Pt, about 5 at. % Si, about 0.6 at.
% Hf, about 4 at. % Cr, about 6.6 at. % Co, and the balance Ni.

Example 5

[0083] A substrate of CMSX-4 first received a heavy (about 29 mg/cm?) green coat of
XP-71 by electrophoretic deposition, and was then heat treated at about 1900 °F for
about 15 minutes. The sample was then cleaned using aluminum oxide powder.
Another pack mixture included about 1 wt. % PTFE DuPont micronized Zonyl MP-
1200 powder (hereinafter referred to as Zonyl MP-1200), about 1 wt. % Al, and about
98 wt. % of 90 grit aluminum oxide powder. The sample was immersed in the pack
mixture, placed in a crucible and processed at about 1515 °F for about 1 hour in an Ar
(-5” Hg) partial pressure. After removal of the unreacted bisque, the sample was
further processed by heat treating at about 2000°F for 1 hour in vacuum. The sample
was lightly blasted with 220 grit aluminum oxide to provide a clean surface for
metallographic Ni plating and preparation for mounting in cross-section, and

polishing. XEDA analysis of the 10 micron thick surface layer showed an average
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Example 10 100911 A CMSX-4 sample was lightly blasted with 220 grit aluminum oxide at about
20-25 psi and then immersed in methanol and ultrasonically cleaned to loosen any grit particles that
may have been embedded in the surface of the sample. A green coat weighing about 13.72 mg/cm2 of
XP-74 was efegttophesetically deposited on the substrate, and the samplerwas $mat/tiesied for about
30 minutes at about 2125 'F in a vacuum. The sample was then etched with a solution of 33% acetic
acid (CH3COQhp33temitrithacid £ dNO3), 186unydrafluoric asid(klm), sine3300 water.tafeveal the
resultant microstructure, FIG. 10 shows resulting mjcrostructure, including a coating 110 ranging
from about O.@goﬁ%i%satto %{’b ruf‘%??égn?ﬁsot%l K. @i&rpﬁ?pf%fﬁ%n&ﬁ%?eeﬁh%e%fﬁl %g}%ri’és\ﬁgs processed
similar to the salrsipieeinldxample 10, except that the green coat weight was about 19.38 mg/cm2. In a
second step, a green coat composition of about 5 wt. % Al, 5 wt. 'A PTFE Zonyl MP-1200, and 90 wit.
% alumina (Ip nominal particle size) was electrophoretically deposited onto the sample and heat
treated in a fubrraoeple@ler a partial pressure of Ar (about -5 inches Hg) at about 1515 F for about 1
hour. The enggIUEHR TR IATPARE Alile GhARAUIADIRIINNIE, M S, condlision of the

heat treatment, the furnace was'gas fan cooled to near ambient temperature. Upon removal from the

furnace, the e3bEtntedEEd tidyte A HariRrshraty danrsed sgrpRecorHBE:YRIEE Yas then

placed back intptheifdrnrefosapastesat heablieatmené draer dReWINsabalaeh?P00 F for about 1
hour. After a low-pressure (about OZOFIO a outh? si) dry hone clean-lélsp with 220 tgrit aluminum oxide,
the sample wAEESHhAARTHLF H3emit etV 8P B GV e éoﬁqaifsﬁ BREBHS to
determine thesfithahaoatipgred maphsitignateigure Wi $hoivd -G resblng wierosthauctbinet ffter the second
step with an lgyer is somewhat enriched.ig Al. The overall I composition of the
101 surface e L o o S Ao e B B o 17,4
at, % Pt, aboufunBnatp&v&ir aidowt D107 &ig i ratsouelidingtabeut p0with thiserikerieeitharily Ni. ‘The
coating was e&%ﬁﬁ%w %mﬁo%%%ﬁ{},te?m{hE%ém%'&iépct&n?éﬁ@ﬂyziﬂg%\% SRR @Yer 124 in

comparison to the underlying CMSX-4 substrate 126. Example 12 10092] The coating from Example

11 was exposéuis cpotesyAddispnalbochexierrrpharaiic tab wnrdnded spei e &/ brastn#iflutes under the

high temperatyys, followed byvh} minuiasQ5i5eRiRg Withiousifanadieningaantig:samples to cool them
to near ambient temag‘gature. After 100 cycles, the samgles were etched and photographed as shown

in FIG. 12. THASHRRRIGRGISE B OXIaE Ty A 132 Y& RURSHS &R 2CSetallographic nickel plate
134, they + y'Kleatifithd 26 c ARgoie B VSN tddsuisiraia coat of about 21 mg/em” on the
substrate.

[0085] The substrate including the electrophoretic deposit was placed in a crucible
surrounded with 90 grit white aluminum oxide and exposed to a heat treatment at
about 1475 °F for about 2 hours under a partial pressure of Ar. After removal from
the furnace, the electrophoretic deposit bisque remnants were carefully removed and
the sample further heat treated for about 1 hour at about 2080 °F to form the final
coating. The near-surface composition determined by XEDA was about 18 at. % Al,
about 19 at. % Pt, about 1.3 at. % Si, about 0.25 at. % Hf, about 2.5 at. % Cr, about 6

at. % Co, and the balance Ni.

Example 7
A CMSX-4 substrate was processed by electrophoretically depositing XP-74 onto the

. . 2
substrate from an electrophoretic bath to a green coat weight of about 21 mg/cm”,
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138.- Example 13 (00931 Anotner CMSX 4 sample wiis lightly blasted with 220 grit aluminum one at
about 20-25 psi and then immersed in methanol and ultrasonically cleaned to loosen any grit paitielcs
that may have been embedded in the surface of the sample. An electrophoretic suspension including
solids compnsihgyEsat84 wt. % Pt, about 5 wt. % Si, and about 6 wt. % Pif;rwithotise trakance
impurities including a small amount of oxygen (XP-96) was prepared, and the CMSX-4 sample was

submersed inThe gYspepsiaksAGRRRA GRatieaighingahott 2h&3 mra/cm? of ibeuXPr9$ was deposited
on the CMSX-f4, atpdth% sample was heat tre;l—).ged\ at albout 2t Q0 F for about.30 minutes in a vacuum
furnace, The sample wasTHER&tEHEEARM A SOUTBAFST ABdLT 399% agatic At @H3COOH), about
33% nitric acidpfiioND&)ebiitupE % hydiofluoricuacick ()] aancd albowg 8886 vatepid reveal the resultant

microstructure, In.FIG. 13 includin SX-4 substrate 142 and goating 144, ple 14
100941 Anothé%ggﬁggg&ﬁ %%rant%l\g% §CB?%%%\§A%§1‘ 'Sir ifgofg_t{lo the 'sa?_npl’e In _Exar_nple ]iﬁ?z(,?gcept that the
green coat welghy M4B-aBoipd8R6 and/drmat $8 arsdedrdisten ramgred pedatcompdeition of about 5 wt.

% Al, 3.5 wt. % EIEEZ0MyME200 ARH a2 ¥ hcAMMIN& SR amINal PREHGI8IZR) Yyas

electrophoretically deposited onto the sample and heat treated in a furnace under a partial pressure of

Ar (about -5 iMEREINa: RIBEE 18 B ESRER MR U th AdeiR! PARALFAPSTAGHONAEARRLEY to 1515 F at a

rate of about & Fimipute1fcthe erosldpioniof thes heatdreatimesnh dhe fusnace wgs.gasdan cooled to
near ambient temperature. Upon removal from the furnace, the excess unreacted bisque was gently
K rp RN e RS o

removed fronT tHESAFBIY d5HE sHIR S SR PIRAEE SSERPRYRHESY ost-coat heat
treatment undenacvaduusn RCaldug 2000k de tarthboathddeour. After a low-pressure (about 20 to about

25 psi) dry ho -up with 220 grit.aluminum oxide,.the sample Lbnist g%!ora
semi-quantita@?eég j?é%/eé%eecr%%}? ?srﬁg?sﬂi\? Oastlrég)lry}srfss 1&@[%3 %eggt%??nw(g?esa%e %\éﬁ gtrlln'g composition.
Figure 14 sholis tampbsuléngienibeastrentturet altevithélScedol sbeptvittoer thia partallayer 152 that is

somewhat en&%@?&é%ﬂrg—gl}ﬁa%\()%@g W&i&%g%?ﬂqﬂé)?é&%al, undiffused bisque was carefully
removed and the sample further heat treated at about 2080 °F for about 1 hour in a
vacuum to form the final coating. The final composition as measured by XEDA at a
depth of about 2 microns below the surface was about 23 at. % Al, about 13 at. % Py,
about 1 at. % Si, about 0.25 at. % Hf, about 6 at. % Co, with the balance Ni. The final

coating had a typical y-y' microstructure 92, as shown in FIG. 8.

Example 8

~ [0087] A CMSX-4 sample was processed by electrophoretically depositing XP-74 at a
green coat weight of about 30 mg/cm®. The sample was then heat treated at about
2125 °F for about 30 minutes in a vacuum. The average surface coating composition
to a depth of about 10 microns was about 9 at. % Al, about 17 at. % Pt, about 3 at. %
Si, about 0.3 at. % Hf, about 6 at. % Cr, about 7 at. % Co, with the balance Ni, and
incidental amounts of substrate elements. A second electrophoretic bath was prepared
by mixing about 10 wt. % Al, about 5 wt. % PTFE Zonyl MP-1200 powder and about
85 wt. % 1 micron nominal particle size alumina powder in a liquid carrier comprising
about 60 wt. % isopropanol and about 40 wt. % nitromethane, producing a suspension

with a total solids concentration of about 30 g/L. Also included in the suspension was

19



of the 10 pt surface layer 154 was clearly in the y -1- y' PtAl composition range of about 20.0 at.")/0 Al,
about 16.1 at. % Pt, about 2.5 at. % Si, about 0.38 at. Vol-If, about 2.8 at. % Cr, with the balance
primarily Ni. The coating was etched with same etchant as in Example 10 to clearly show the surface
layer 154 in\eoraparigarsso the underlying CMSX-4 substrate 156. Exampie T8/ 10096L8Fhe coating
from Example 14 was exposed to 100 cycles of 1150C (2100 90 in air. The cycles consisted of 50
minutes undeibthe high temperatieefolibived bybil minwes afisdediag with-fousiéawssblowing on the

samples to coal them to near ambient temperature. After 100 cycles, the samples were etched and
photographeagﬁa{sm SHSWATAEl p."”fgp g 6 {ﬁ%ﬁgﬁ%gm}"@gﬁmc tolzficégqﬁg/qesr %3210% shéwn along with a
metallographiepiicked plate 164, the? y' coating 166, and the CMSX-4 substrate 168, 10096] Various

embodiments o iyerlign haxs beenesclibed TSse, ARG UL SIS agBihin the
scope of the following claims. MCSLLP CLAIMS:

hour in a partial pressure of Ar (about -5 inches Hg). The residual bisque was

removed and the sample was further heat treated at about 2080 °F for about 1 hour.

XEDA results for the 10 micron thick surface layer showed an average composition of

about 23 at. % Al, about 10 at. % Pt, about 0.3 at. % Hf, about 3 at. % Cr, about 7 at.

% Co, with the balance Ni, and incidental amounts of other substrate elements.

Example 9

[0090] An example of the thin oxide film formed on the sample from Example 7
above was subjected to a cyclic oxidation test at 1150 °C (2100 °F) for 100 cycles
consisting of 50 minutes hot/10 minutes cooling. The results are shown in FIG. 9.
The oxide 100 is well adhered to the substrate, and thin relative to some traditional

PtAl coatings.

Example 10

[0091] A CMSX-4 sample was lightly blasted with 220 grit aluminum oxide at about
20-25 psi and then immersed in methanol and ultrasonically cleaned to loosen any grit
particles that may have been embedded in the surface of the sample. A green coat
weighing about 13.72 mg/cm® of XP-74 was electrophoretically deposited on the
substrate, and the sample was heat treated for about 30 minutes at about 2125 °Fin a
vacuum. The sample was then etched with a solution of 33% acetic acid (CH3COOH),
33% nitric acid (HNO3), 1% hydrofluoric acid (HF), and 33% water to reveal the
resultant microstructure. FIG. 10 shows the resulting microstructure, including a

coating 110 ranging from about 0.93 mils to about 1.29 mils thick.
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- 1. A method, comprising: depositing a powder on a substrate to form a first layer thereon, wherein
the first layer comprises a Pt group metal, Si and a reactive element selected from the group
consisting ofY, La, Ce, Zr, and combinations thereof; applying a heat treatment to the substrate
and the firstyayesoaftes ideposition of the first layer on the substrate; depositimgremndkeifisst layer a
second layer comprising Al; and applying a heat treatment to the substrate, the first layer, and the
second layer gdusimgeriafter deposition of the second layer on the first layer to form a coating

hase constitution.. 2. The method of.c rein t Pt-group

#Zectglmcrgﬁglr?ég% g}efeéﬁf%}g%f“gf) IWRHPRACRHS ﬁﬁlﬂ?r'lzﬂ e %%W(%ﬁdflg e @ %greln the

coating furthehsotnpgises atdeastghnevas about 19.38 mg/ecm®. In a second step, a green coat
composition of about 5 wt. % Al, 5 wt. % PTFE Zonyl MP-1200, and 50 wt. %
alumina (1p nominal particle size) was electrophoretically deposited onto the sample
and heat treated in a furnace under a partial pressure of Ar (about -5 inches Hg) at
about 1515 °F for about 1 hour. The temperature was ramped to 1515 °F at a rate of
about 15 °F/minute. At the conclusion of the heat treatment, the furnace was gas fan
cooled to near ambient temperature. Upon removal from the furnace, the excess
unreacted bisque was gently removed from the sample. The sample was then placed
back into the furnace for a post-coat heat treatment under vacuum at about 2000 °F for
about 1 hour. After a low-pressure (about 20 to about 25 psi) dry hone clean-up with
220 grit aluminum oxide, the sample was submitted for a semi-quantitative x-ray
energy-dispersive analysis (XEDA) to determine the final coating composition.
Figure 11 shows the resulting microstructure after the second step with an outer layer
122 that is somewhat enriched in Al. The overall average composition of the 10 p
surface layer 124 was clearly in the y + v' PtAl composition range: about 21.8 at. %
Al, about 17.1 at. % Pt, about 1.5 at. % Si, about 0.17 at. % HIf, about 4.4 at. % Cr,
with the balance primarily Ni. The coating was etched with same etchant as in

Example 10 to clearly show the surface layer 124 in comparison to the underlying

CMSX-4 substrate 126.

Example 12

[0092] The coating from Example 11 was exposed to 100 cycles of 1150 °C (2100 °F)
in air. The cycles consisted of S0 minutes under the high temperature followed by 10
minutes of cooling with four fans blowing on the samples to cool them to near ambient
temperature. After 100 cycles, the samples were etched and photographed as shown in
FIG. 12. The thin thermally grown oxide layer 132 is shown along with a
metallographic nickel plate 134, the y + vy’ coating 136, and the CMSX-4 substrate

138.
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of Cr, Co, Mo, Ta, Ti, W, and Re. 4. The method of any of claims 1 to 3, wherein the powder
comprises 84 wt. % to 93 wt. % Pt, 3 wt. % to 12 wt. /1) Si and 2 wt. % to 6 wt. % 5. The method of
any of claims 1 to 4, wherein the at least one of the first and 24second layers are deposited by
electrophoregis.2iQ&11BP 6. The method of claim 5, wherein the second tayievigioiEpiesited from an
electrophoretic suspension comprising solids including 0.5 wt. % to 25 wt. % of an Al source, 1 wt. %
to 10 wt. % of e aigaric halocarbon activator, and a filler. 7. The method of claim 6, wherein the Al

source compr t east o ment |A| n organo-aluminum
Compound orﬁaﬁ?a UmnI%Lll}ﬁ% -C romlum an a%ﬁqs%ﬁ!l‘ﬁgﬁagn& R%ld at qumum%xm

about 20-25 psi and then immersed in methanol and ultrasonically cleaned to loosen
any grit particles that may have been embedded in the surface of the sample. An
electrophoretic suspension including solids comprising about 84 wt. % Pt, about 5 wt.
% Si, and about 6 wt. % Hf, with the balance impurities including a small amount of
oxygen (XP-96) was prepared, and the CMSX-4 sample was submersed in the
suspension. A green coat weighing about 19.53 mg/cm? of the XP-96 was deposited
on the CMSX-4, and the sample was heat treated at about 2000 °F for about 30
minutes in a vacuum furnace. The sample was then etched with a solution of about
33% acetic acid (CH;COOH), about 33% nitric acid (HNO3), about 1% hydrofluoric
acid (HF), and about 33% water to reveal the resultant microstructure shown in FI1G.

13 including CMSX-4 substrate 142 and coating 144.

Example 14
[0094] Another CMSX-4 sample was processed similar to the sample in Example 13,

except that the green coat weight was about 18.36 mg/cm®. In a second step, a green
coat composition of about 5 wt. % Al, 3.5 wt. % PTFE Zonyl MP-1200, and 91.5 wt.
% alumina (1 nominal particle size) was electrophoretically deposited onto the
sample and heat treated in a furnace under a partial pressure of Ar (about -5 inches
Hg) at about 1515 °F for about 1 hour. The temperature was ramped to 1515 °F ata
rate of about 15 °F/minute. At the conclusion of the heat treatment, the furnace was
gas fan cooled to near ambient temperature. Upon removal from the furnace, the
excess unreacted bisque was gently removed from the sample. The sample was then
placed back into the furnace for a post-coat heat treatment under a vacuum at about
2000 °F for about | hour. After a low-pressure (about 20 to about 25 psi) dry hone
clean-up with 220 grit aluminum oxide, the sample was submitted for a semi-
quantitative x-ray energy-dispersive analysis (XEDA) to determine the final coating
composition. Figure 14 shows the resulting microstructure after the second step with a

thin outer layer 152 that is somewhat enriched in Al. The overall average composition
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8. The method of any of claims 1 to 4, wherein the second layer is deposited by pack cementation.
129.The method of claim 8, wherein the pack comprises 0.5 wt. % Al to 5 wt. % Al, 1 wt. % to 10 wt. %
organ halocarbon activator, less than 5 wt. % of at least one reactive element comprising Ulf, Y. La,
Ce, and Zr,YaRd 4%ifE18%10. The method of any of claims 1 to 5, wherein R¢&SEHP 1857 is deposited
from a source comprising Al and an organo halocarbon. 11. The method of claim 10 wherein the
organo halocarbsnl ¢tisieechnririsesvpsipleardfliotsethyle ReA tRnPhei osthrod of Brlyoof claims 1-11,

wherein the ¢eajing KOMPIRRS ARArGHANNALBIYY2PNASe, QNFHIULBR824. 9% Hf, about 2.8
at. % Cr, with the balance primarily Ni. The coating was etched with same etchant as
in Example 10 to clearly show the surface layer 154 in comparison to the underlying

CMSX-4 substrate 156.

Example 15

[0095] The coating from Example 14 was exposed to 100 cycles of 1150 °C (2100 °F)
in air. The cycles consisted of 50 minutes under the high temperature followed by 10
minutes of cooling with four fans blowing on the samples to cool them to near ambient
temperature. After 100 cycles, the samples were etched and photographed as shown in
FIG. 15. The thin thermally grown oxide layer 162 is shown along with a
metallographic nickel plate 164, the y + v' coating 166, and the CMSX-4 substrate

168.

[0096] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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MCSLLP 13. The method of any of claims 1 to 12, wherein applying the heat treatment to the
substrate and the first layer after deposition of the first layer on the substrate comprises heating the
substrate and the first layer to a temperature between 1800 F and 2200 F for Métaldeh 15 minutes and
1 hour after the first layer is deposited on the substrate. 14. The method of any of claims 1 to 13,
wherein applying the heat treatment to the substrate, the first layer, and the second layer during or
after deposition of the second layer on the first layer comprises heating the substrate, the first layer,
and the secor@g%? .uring or after deposition of the second layer on the first layer to a temperature
between 1475 925 97 for between 1 hour and 4 hours. 1215.The method of any of claims 1 to
14, further comprising applying a final heat treatment at a temperature of between 1975 I' and 2080F
for between 1 hour and 4 hours. 16.The method of any of claims | to 15, wherein the first layer
comprises uplo 30 &t vactfed Peamouipingetal, up to 2 at.% of a reactive element, and up to 28 at.% Si.

depositing a powder on a substrate to form a first layer thereon, wherein the first
layer comprises a Pt group metal, Si and a reactive element selected from the group
consisting of Hf, Y, La, Ce, Zr, and combinations thereof;

applying a heat treatment to the substrate and the first layer after deposition of
the first layer on the substrate;

depositing on the first layer a second layer comprising Al; and

applying a heat treatment to the substrate, the first layer, and the second layer
during or after deposition of the second layer on the first layer to form a coating

12 comprising a ¥ -Ni + y ’-Ni3Al phase constitution.

2. The method of claim 1, wherein the Pt-group metal comprises at least one of Pt,

Pd, Ir, Rh and Ru.

3. The method of claim 1 or 2, wherein the coating further comprises at least one

of Cr, Co, Mo, Ta, Ti, W, and Re.

4. The method of any of claims 1 to 3, wherein the powder comprises 84 wt. % to

93 wt. % Pt, 3 wt. % to 12 wt. % Si and 2 wt. % to 6 wt. % Hf.

5. The method of any of claims 1 to 4, wherein the at least one of the first and

24 second layers are deposited by electrophoresis.
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| 7.The method of claim 16, wherein he first layer comprises up to 20 at.% Al, up to 8 at.% Cr, and up
to 8 at.% Co. MCSLLP

6. The method of claim 5, wherein the second layer is deposited from an
electrophoretic suspension comprising solids including 0.5 wt. % to 25 wt. % of an Al

source, 1 wt. % to 10 wt. % of an organo halocarbon activator, and a filler.

7. The method of claim 6, wherein the Al source comprises at least one of
elemental Al, an aluminum-chromium alloy, an organo-aluminum compound, or an

aluminum-chromium-manganese alloy.

8. The method of any of claims 1 to 4, wherein the second layer is deposited by

pack cementation.

12 9. The method of claim 8, wherein the pack comprises 0.5 wt. % Al to 5 wt. % Al,
1 wt. % to 10 wt. % organo halocarbon activator, less than 5 wt. % of at least one

reactive element comprising Hf, Y, La, Ce, and Zr, and a filler.

10.  The method of any of claims 1 to 5, wherein the second layer is deposited from a

source comprising Al and an organo halocarbon.

11.  The method of claim 10, wherein the organo halocarbon activator comprises

polytetrafluoroethylene.
12.  The method of any of claims 1-11, wherein the coating comprises a

predominately y -y’ phase constitution.

24
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12

MCSLLP

13. The method of any of claims 1 to 12, wherein applying the heat treatment to the
substrate and the first layer after deposition of the first layer on the substrate comprises
heating the substrate and the first layer to a temperature between 1800 °F and 2200 °F

for between 15 minutes and 1 hour after the first layer is deposited on the substrate.

14. The method of any of claims 1 to 13, wherein applying the heat treatment to the
substrate, the first layer, and the second layer during or_after deposition of the second
layer on the first layer comprises heating the substrate, the first layer, and the second
layer during or after deposition of the second layer on the first layer to a temperature

between 1475 °F and 1925 °F for between 1 hour and 4 hours.

15. The method of any of claims 1 to 14, further comprising applying a final heat
treatment at a temperature of between 1975 °F and 2080 °F for between 1 hour and 4

hours.

16.  The method of any of claims 1 to 15, wherein the first layer comprises up to 30

at.% of a Pt-group metal, up to 2 at.% of a reactive element, and up to 28 at.% Si.

17. The method of claim 16, wherein the first layer comprises up to 20 at.% Al, up

to 8 at.% Cr, and up to 8 at.% Co.
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