12 January 2007 PROCESS FOR A BETA- PHASE NI CKEL ALUM NI DE RLAY. COATI NG
FIELD OF THE I NVENTION This invention relates to protectivel8¥ePr§0%yst ens
for conponents exposed to high tenperatures, such as the hostile thernal
environment of a gas turbine engine. More particularly, this invention is
directed to a beta-phase nickel alumnide overlay coating and to a process
for nodifying the grain structure of the coating to inprove its oxidation
resi stance and pronote the formation of a protective oxide scale on the

coati ng t haPROSESSFSRRAIBERTAYWHASS NIEKER! NGRS RELATED
ART Conponents of the turbine, con%gstor an augrrgmgl&s‘e t@ﬁ‘?ﬂgp gas
turbine engines are often protected by a netallic environnmental coating

and/or a thermal barrier coating (TBC), the latter of which is typically a

cerami c material bonded to the conponent surface with a netallic bond

coat. CoatpRgp8f G ave been wdely enployed as environnental
coatings and bond coa@%ﬁ?#cﬂ@e diffusion alum nide coatings and Mo Al X
overlay coatings (where Mis iron, cobalt and/or nickel, and X is yttrium

or anot herThiginzentint foladsetrgmbtbctivEwoatihy BysiiR £RbRBbnGts el RSP RLE! | al s
provi des for the slow grﬁowth of a strong adherent and continuous ~al um num
oxi de | ay dPTPHRRFRSHch @s the hostilethespanl cavirament af agas furbine chgipeoMmts the -
coati ng ampdrtichisl rihvd SUBSIERLUE 2 fHLRMQX i-on _and hot .corrasi on. \Wen
the coat ?ﬁg “ser gggﬁéis“y%ﬁ%gnd cogeia tﬁgrb e%%é 1%? %éé ag%“a‘m%ﬁe?"gfé%i ‘é’agf‘%o

chemi cal | pnédadsprokess foemsodifying deogiaid etridi@rebeMtheC@iting @ NeiprévPfs Of
bond coats that have been pro oseé) i ncl ude

! | coat i

bet a. phas e L FesiiRe AP orRpta) B doaalien elonpratgmivel oriGoneasn o ¢ he

af or ement bﬁuiﬁ@tﬁ@is%uﬁstﬁﬂﬁdliﬁeecdﬁﬁﬁegiz which are netallic solid solutions
e Ni

containing internetal lic phases, Al beta phase is an internmetallic
conpound that exists for nickel-alum num conpositions containing about 30

~to about 60 atonmic

DESCRIPTION OF THE RELATED ART

Components of the turbine, combustor and augmentor sections of gas turbine engines
are often protected by a metailic environmental coating and/or a thermal barrier
coating (TBC), the latter of which is typically a ceramic material bonded to the
component surface with a metallic bond coat. Coating materials that have been
widely employed as environmental coatings and bond coats include diffusion
aluminide coatings and MCrAIX overlay coatings (where M is iron, cobalt and/or
' nickel, and X is yitrium or another rare earth element). The aluminum content of
these materials provides for the slow growth of a strong adherent and continuous
aluminum oxide fayer (alumina scale) at elevated temperatures, which protects the
coating and its underlying substrate from oxidation and hot corrosion. When the
coating serves as a bond coat for a TBC, the alumina scale also chemically bonds the

ceramic topcoat to the bond coat.

Other types of environmental coatings and bond coats that have been proposed
include beta-phase nickel aluminide (NiAl) overlay coatings. In contrast to the
.aforementioned MCrAIX overlay coatings, which are metallic solid solutions
containing intermetallic phases, the NiAl beta phase is an intermetallic compound that

exists for nickel-aluminum compositions containing about 30 to about 60 atomic
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1 12 January 2007 percent alum num Notable exanples of beta-phase N Al
coating materials are disclosed in commonly-assigned U S Ry 194
5,975,852 to Nagaraj et al., 6,291,084 to Darolia et al., 6,153,313 to
Rigney et al., and 6,255,001 to Darolia. These N Al conpositions, which
preferably contain a reactive elenent (such as zirconium and/or hafnium

‘and/ or other alloying constituents (such as chromun), have been shown to
i nprove the adhesion of a ceramc TBC, thereby increasi ng the spal | ati on
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t echni ques;palvutihhr&diﬁaﬁ&%ﬂtﬁe tH@t open grain boundaries are typically

present at the coating surface, with the grains physically separated
referred, to as | eaders. For Ni Al coatings of the type taught

ther eby b
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t hat recr fisuchireiofaa beta-phase NiAl overlay bond coat can be modified to improve the

spallation resistance of a ceramic TBC deposited on the bond coat. The NiAl overlay
coating is deposited by methods that produce a generally columnar gram structure,
e.g., physical vapor deposition (PVD) techniques, with the result that open grain
boundaries are typically present at the coating surface, with the grains physically
separated thereby being referred to as leaders. For NiAl coatings of the type taught by
the aforementioned U.S. Patent Nos. 6,153,313, 6,255,001 and 6,291,084, leaders are
characterized by both a physical separation and chemical differences, and has been
associated with reduced oxidation and spallation resistance as a result of providing a
pathway for oxidation. To reduce the preseﬁce of deleterious leaders, Spitsberg et al.
recrystallize the NiAl coating during or after deposition, resulting in the formation of
new surface grain boundaries. Recrystallization.is achieved by depositing the coating
on a substrate maintained at a sufficiently high temperature so that recrystallization
occurs during deposition, or by cold or warm working the coating surface and then

heat treating the coating at a temperature sufficient to cause recrystallization.

A particular technique disclosed by Spitsberg et al. for cold or warm working the

-coating surface is shot peening. In practice, stainless steel shot peening media has

been used. However, NiAl overlay coatings peened in this manner have been found

to form an iron-containing spinel scale that can promote the spallation of a ceramic
2




occurs during deposition, or by cold or warm working the coating surface
and then heat treating the coating at a tenperature suffi ci’dAt@?%€ause
recrystallization. A particular technique disclosed by Spitsberg et al. for
cold or warmworking the coating surface is shot peening. In practice,
stainl ess steel shot peening nedia has been used. However, Ni Al overl ay
coatings peened in this manner have been found to forman iron-containing
spi nel ~séeatngidenesited an prevpstiegst he spal l ation of a ceramic 2 12 January
2007 coating deposited on the coatings. BRI EF SUMVARY OF THE | NVENTI ON One
aspect of the present invention provides a process for inproving the

oxi dation resistance of an overlay coating, the process conprising the
steps of: depositing the overlay coating on a surface of a substrate, the
over | ay BBAEF SHNIMARY OFPAEINYENIIOMN to be characterized by as-deposited
grains that define as-deposited grain boundaries that intersect the outer
surface pf the overlay coating, at |east sone f.the as-deposited grain
boundar i @élet?s er(fg °§S§ &t° F‘févegmrépmsv efa?c%mfﬁ?sstfﬁrelwgwpﬁﬁge Bﬁ@f‘?%; peeni ng
t he over t@tanoabf Agowlai coatidg! thi prdRéLeomifistgltRE SBgk sf a conposi tion '
cont ai ni ng ni ckel and al umi num and then heating the overlay coating to a

tenperatyre suffjcient to cause the overlay coating to recrystallize and
f or m newtghesitine Bt AYclayeoating pn grsurfacs obp spbsirgte; fe Qyigtlay ceafieeinmi  t he

overl ay i r : [ ] ' QV] t he
process gési%g{é I %%Agg({)lg\g/éih %%\aﬁg%eél?fr)\y %E?@g%%% %l#%ﬁl%g?bﬁ%e%g%ﬂp?@u ate nedi a
conpr i segram baindhti¢scthatahtetsesiothatontn sudfac aftthe averfayydoatinglmt lensdscine t her

conprising,the steps .of .producing.the particulate dia to have relative
finer antl BsaFalEpopia gl BOURdAen bepeediegaAtdbF OpisF siltcs<oti e ONEEsheeni ng
step, angbaghgsne spraying the finer particles on a second substrate to form
a

peening the overlay coating with a particulate media formed of a composition

containing nickel and aluminum; and then

heating the overlay coating to a temperature sufficient to cause the overlay coating to
recrystallize and form new grain boundaries that are not open to the outer surface of

the overlay coating.

Another aspect of the present invention provides the process as defined above,
wherein the composition of the particulate media comprises a metallic solid solution
and contains yttrium, and further comprising the steps of producing the particulate
media to have relative finer and coarser particles, using the coarser particles in the
peening step, and plasma spraying the finer particles on a second substrate to form a

NiCrAlY coating on the second substrate.

A further aspect of the present invention provides the process as defined above,
further comprising the steps of depositing a ceramic coating on the overlay coating to
form a thermal barrier coating system, and then subjecting the thermal barrier coating
system to an elevated temperature to form an oxide scale between the overlay coating

and the ceramic coating, the oxide scale being substantially free of spinel.

Disclosed  is a process for forming an overlay
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Ni CrAl'Y coating on the second substrate. A further aspect of the present

i nvention provi des the process as defined above, further cEdprerEiZA¢ t he
steps of depositing a ceram c coating on the overlay coating to forma
thermal barrier coating system and then subjecting the thermal barrier
coating systemto an elevated tenperature to forman oxi de scal e between
the overlay coating and the ceram c coating, the oxide scal e being

subst ant fedting thatae swfabipfoneke abDh dohdseat fosa shqpmellesserf aratihg(TBGY aan overl ay
3 12 Janyar.y ,2007 cpatjng .that is suitable f use as, a bond co for a
Chermal BAFFVEY SBRORAGE (HES org OysEhyi SRS duaniet 6T humIEh Sial over | ay
coat i ngsini@fmeRUiQf DRRlcAed Radrr M Amethdt! 6f FRUAVINLGhe braif k@&l srdher is a

met hod of npdifying the grain structure of an” over[ay coating in order to
i mprove YfElayxgoatng bnondss i iraprese dfe exidatiovaresigignemd theecoatipaanditlicon

resi stan : . i .1 he rl coat.l ng rlay. coatings
di scl os eg‘ﬁé@#@%&é‘gg‘%ﬁf@’ﬁ%@dﬁﬁ ﬁ%%s o g&é 0‘6@31@‘8{ ucg)garég‘ g(e)H%rra Iorofgg%ﬁ ummar
grain sdisclosadr eani be wapeditedriai Reethodddhathprodher @ ghatallybailidadr gain can
extend through the bond coat, fromthe outer surface of the bond coat to
the sur f SEHCEE 14 Yaick ghaps, ati@ﬂw?fwei%ﬁntbﬁ@l%ﬁa capgrtepdthayehdhe bepd
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surface. The oxidation resistance of an overlay coating of a type described
above anthetbond cegsas feposidet. rButhetmoressonic of (HBE giasip beuhdmties var beopaner | ay

coating ¢ e J oved by nodifying the mcrostructure of the overl ay
coat i ng.at%ﬁ%g?ﬂffecl%?éi}‘r@fﬁti ng can be first deposited on a substrate surface
to have as-deposited grains that define as-deposited grain boundaries

exposed Fhe bkidatet edsistibé € NOEvetla &H@ﬂ% 8¥ aG9pd dBribad ab&@Shnd aEe of
whi ch can he_open to the outer surtface of the overlay coating. The overlay

coati ng Sheptitseropistapceeleh dBGalenesitedoent thecavedex continigran deripwprofed by
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deposited on a substrate surface to have as-deposited grains that define as-deposited

grain boundaries exposed at the outer surface of the overlay coating, at least some of

which can be open to the outer surface of the overlay coating. The overlay coating

can be then peened with a particulate media formed of a composition containing

nickel and aluminum, followed by heating the overlay coating to a temperature

sufficient to cause the overlay coating to recrystallize and form new grain boundaries

that, though exposed at the outer surface of the overlay coating, are not open fto the

outer surface. In accordance with the aforementioned U.S. Patent Application Serial

‘No. 10/248,056 to Spitsberg et al., the new grain boundaries exposed at the surface of

- the recrystallized overlay coating are significantly less susceptible to accelerated

oxidation than are the original grain boundaries of the as-deposited overlay coating,

such that the oxidation resistance of
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sufficient to cause the overlay coating to recrystallize and form new grain
boundaries that, though exposed at the outer surface of tH@JE‘%Pé'ﬁ’IQW
coating, are not open to the outer surface. In accordance with the

af orenentioned U. S. Patent Application Serial No. 10/248,056 to Spitsberg
et al., the new grain boundaries exposed at the surface of the

recrystal lized overlay coating are significantly |ess susceptible to

accel er athedveday ehating s infpaovedr e the origi nal grain boundaries of the
as-deposited overlay coating, such that the oxidation resistance of 3a 12
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DESCRI PTI ON. OF, THE DRAW NGS Figure_1 is a perspectjve view of_ a_ high

~ pr essur eSARfbi Beths) ghssncerp @pe Spenificagt @amewat b spinsharalp.cibeespeliation on of a
TBC systeEQRooriHE {dafid @AY N be fishificantly improved.

Other objects and advantages of this invention will be better appreciated from the

following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a perspective view of a high pressure turbine blade.

Figure 2 is a cross-sectional representation of a TBC system on a surface region of the
- blade of Figure 1, and represents the condition of a beta-phase NiAl overlay bond coat

that has been processed in accordance with this invention.

Figure 3 is a cross-sectional representation of an NiAl overlay bond coat of the TBC

system shown in Figure 2, but in the as-deposited condition.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is generally applicable to components that operate within
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bl ade of Figure 1, and represents the condition of a beta- phase Ni Al
overlay bond coat that has been processed in accordance w {2H2#u3[yg2007
invention. Figure 3 is a cross-sectional representation of an N Al overlay
bond coat of the TBC system shown in Figure 2, but in the as-deposited
condi tion. DETAILLED DESCRI PTI ON OF THE | NVENTI ON The present invention is
general ly applicable to conponents that operate within 4 12 January 2007
environnments characterized by rel atively hi gh tenperatures, and are

t herefore d evere the sses and therngal cycling.
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coating or TBC system may be used to protect the component from its environment.

Represented in Figure 2 is a thermal barrier coating (TBC) system 20 that includes an
overlay bond coat 24 and a thermal-insulating ceramic layer 26, or TBC, on a
superalloy substrate 22 that is typically the base material of the blade 10 in Figure 1.
Suitable materials for the substrate 22 (and therefore the blade 10} include equiaxed,
directionally-solidified and single-crystal nickel and cobalt-base superalloys. The
bond coat 24 adheres the ceramic layer 26 to the substrate 22 through the growth of an
oxide scale 28 when the bond coat 24 is exposed to an oxidizing atmosphere, such as
during high temperature exposures in air and during deposition of the ceramic layer
26. As shown, the ceramic layer 26 has a strain-tolerant grain structure of columnar
grains 30 achieved by depositing the ceramic layer .26 using physical vapdr deposition
(PVD) techniques known in the art, such as electron beam physical vapor deposition
(EBPVD). A preferred material for the ceramic layer 26 is an yttria-stabilized
zirconia (YSZ), a preferred composition being about 4 to about 8 weight percent
yttria, though other ceramic materials could be used, such as yttria, nonstabilized
zirconia, or zirconia stabilized by magnesia, ceria, scandia or other oxides. The
ceramic layer 26 is deposited to a thickness that is sufficient to provide the required

thermal protection for the underlying substrate 22 and blade 10, generally on the order
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bond coat 24 adheres the ceramic layer 26 to the substrate 22 through t he
growth of an oxide scale 28 when the bond coat 24 is expos%kﬁ@%?y
oxi di zing atnosphere, such as during high tenperature exposures in air and
during deposition of the ceramc |layer 26. As shown, the ceram c |ayer 26
has a strain-tolerant grain structure of columar grains 30 achi eved by
depositing the ceram c | ayer 26 using physical vapor deposition (PVD)
techni ques known in the art, such as el ectron beam physical vapor

depositio ff’ §Q&ab«‘fﬁt%§§ﬁ%@§%”§t erial for the ceramc layer 26 is an

yttria-sta zrrconra ‘a preferred conposition being about 4 to
about 8 weight percent yttria, though other ceramc materials could be
used, suchiman thrlraiya;oatimg] ditabinterdéffusion 6@ Betwodn the 'boadicaatssdd iheed by

magnesi a, ﬁs %fgandlg or.other oxides. The ceramc layer 26 is
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on the order 5 12 Januar out m croneters.
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and the trate 22 duri s well _as a subsequent heat
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i nventi onjs therfdre AtbetLphasd NilAs mtfen%'iémhétﬂ%i n'ldgr SHntdth Qﬁ@%ﬁxﬁ@r& ?dcﬁﬂb!nag“e of
comonl y- aSSI gned U.S." Patent Nos. to Righey et a 55, 001

'to Dar ol i alloxing Censzmeﬂwﬁ‘htﬁd()mrvdiemktm aircqmvandhaﬂnmm hdlrerhnm aadfoet a- phase

const i tuoRp ot ighRn B0 B R EnPlnelonS: Hesissaranpone Brndie o

anot her eRémeRtcofliabe ioA6hid Perbdit, Dot TR hEe doRaleRintdn, a6& (ereai®! e, the
bond coat _ 24 rraoy contain, in atom c percent, about 30%to about 60%

al uni num 2e@HUL2. al%opwm,aemﬁnamym 10 rabowii UhYe chromdima IaydLI-be thalasbout 15%
i cr omet ef o iR R iR S St allebotegra s HEBIEIEE R BFR A of ect
t he under NyAhborslbsit 24tte piateanthenimdei giag BNbALHESI 92taRd provide an adequate
' supply of aluminum to form the oxide scale 28 (i.c., an alumina scale), though
thicknesses of about 10 to about 125 micrometers are believed to be acceptable.
While overlay coatings formed of beta-phase NiAl intermetallic are preferred and
discussed below in reference to this invention, the teachings of this invention are also
believed to be applicable to overlay coatings formed of other materials capable of

providing environmental protection in hostile environments, such as MCrAlX.

The bond coat 24 is represented in Figure 2 as having been deposited and processed in
- accordance with this invention so that grain boundaries 34 that intersect the surface 36
of the bond coat 24 are substantially closed (adjacent grains 32 are not physically
separated by spaces), and any precipitates 40 within the bond coat 24 are located
primarily within the grains 32 of the bond coat 24, and largely absent from the grain
boundaries 34. In contrast, Figure 3 represents the overlay bond coat 24 as it would
appear if deposited and processed in accordance with conventional practice, e.g., in an
| as-deposited condition without any additional treatment. The type of microstructure
represented in Figure 3 may be observed in NiAl overlay coatings deposited by PVD,
including EBPVD, sputtering and directed vapor deposition (DVD). In Figure 3, the
bond coat 24 is characterized by grains 42 that extend through the bond coat 24, from
the surface 36 of the bond coat 24 to thé surface 38 of the substrate 22, such that the
6




supply of alumnumto formthe oxide scale 28 (i.e., an alum na scal e),

t hough thicknesses of about. 10 to about 125 m croneters abel* B ¥9éd to
be acceptable. Wile overlay coatings fornmed of beta-phase N Al
internetallic are preferred and discussed belowin reference to this

i nvention, the teachings of this invention are also believed to be
applicable to overlay coatings forned of other materials capabl e of
provi di ng environnmental protection in hostile environnents, such as MxAl X

The bond coat 24 is represented in Figure 2 as havi ng been deposjted and
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that interig@gduré he IR erédlnte®fin FlRrdoNe gfefgl%se%f Bg&eg%rgiégguﬂﬁ%iﬁglﬂy cl osed

(adj acent tgregl ns 32 are not physically ‘sep any
preci pi t atthsl mersestithe surfage Moolithe dand 2datdlde Tloe gtadmd boyrderies 44, ymaniytdfi n t he

[ 32 of. .the b 24 d I t,f th [
Boundar i eathigh & PERrp Ao pod Mrralt HEd adieceins e BpY BrEmeda 24 as
it would “bppesr aid sHOAROS Helifh RRGrRIGFHBS HREpitie 246 RriRA TRt iihosmpy ent i onal

practi ce, e.gge in an as-deposited condition w thout any additional
t r eat ment .of thie begd goair24vine mepsld mesulirfeom rtbep pessemteedf incdRigoy bafdiumaor be

observed i | - 1.ngs. .depqsit.ed by PYD, includi ng EBPVD,
sputteri n&%%%#é@%@%%%ﬁ&egg%&fﬁ'{?rﬁ'ﬁ%ﬁ?n 'n Figure 3, the bond coat

24 is characterized by grains 42 that extend through the bond coat 24, from

the surf ade dussed tih ehedOr8d Pateat Apglidation Berd WS Ao 430056 o topastrnpet s1at e 22,
Q07 . grains 42 are_general Iéa,col umar wth a

such that the, 6 12 Jan(yp%gygiz ) . .

| arger as¥cPIsQtUstHrR Hrpitied dp Figdresd igaperet mgisfant fp guidaton than ghe o

repr esent gfdcofnfch@ UEpiatedtin & kNS i _ ] at
|t or seot T oRnihy Uepisied HTRle Tt tn e, e B R e 0T rany
of  whi chimFiguspynepositedenithe ombedat 241§ moes Rbistant thedpatiatiar aheordide t hat may
be terned ;

-l.eaders, are shown as .bejng decorated with precipitates 40
formed duld ﬁ@%ﬁ%&éiaﬁ-r 8?51%3%?“ PHETHYA %g@tn bopindarisp opgdht gramscih t he
presence @ffiowing 8P 'alz'é@leﬂlaﬁﬁ%ﬂﬂiﬁoﬁr thr&gh! B eodtilE thtkhQ¥] "Bn CARSHAsisuent s

within the NNAl material.
mnproved oxidation resistance of an NiAl overlay bond coat, and therefore the

spallation resistance of a TBC .deposited on the bond coat, can be achieved by
eliminating grain boundaries 44 that are open to the coating surface 36 and contain
precipitates 40, particularly Zr-rich precipitates. In accordance with the teachings of
- Spitsberg et al., an equiaxed NiAl overlay bond coat of the type represented in Figure
2 can be achieved through bulk recrystallization of the bond coat during or following
coating deposition, resulting in the elimination or “healing” of the leader gréin
boundaries 44 represented in Figure 3. For example, high deposition (substrate)
temperatures on the order of about 1200°C and greater have been shown to cause bulk
-recrystallization during deposition with fewer open grain boundaries, yielding a bond
coat similar to the bond coat 24 of Figure 2. Alternatively, improvements in oxidation
resistance of a NiAl overlay coating can be achieved with coatings deposited at lower
substrate temperatures, but then caused to recrystallize by appropriate post-deposition
- processing. For example, recrystallization can be induced by a surface mechanical
treatment (e.g., peening) that infroduces cold working into the bond coat, so that at
least the surface if not the entire overlay coating undergoes recrystallization when
sufficiently heated to drive the recryétallization process. In each case, improved

oxidation and spallation resistance are attributed at least in part to the fewer number
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As discussed in the U S. Patent Application Serial No. 10/248,056 to
Spitsberg et al., the microstructure depicted in Figure 2 }2J2mgpez007
resistant to oxidation than the mcrostructure depicted in Figure 3, with
the result that a TBC (the ceramic layer 26 in Figure 2) deposited on the
bond coat 24 is nore resistant to spallation. According to Spitsberg et
al ., oxidation occurs via the grain boundaries 44 along the grains 42,

al l owi ng for accel erated oxidation through the coating thickness. On this
basis, | n‘ﬁ:oved xi@atj oln 1r ?i stance of apn N_Al overl ay. bond _coat, and

t her ef or e THECHIFAT RETUSRIAFE GrdtchRigeiprtatss wRrZeepuainiedVidd aing)dhd coat

can be achicew@tt #¥ orfh bRk edb&-vRqHH | . r o the
coating surface.36g£1ndlbcont aFﬂgf%rgggi It at ggB%gfcoéggﬁlgﬁﬁlérang%ﬁ%ePch

pr eci pi t attedhe ongind colurnac graim bourndades efitheiangspasited SpAt bdrer epae(Fighre, an
equi axed NyAI overlay bond coat of the type represented in Figure 2 can be
achi eved through bulk recrystallization of the bond coat during or
following coating deposition, resulting in the elimnation or "healing" of
t he | eadern gnanvestipationdiidieg té4hik GRVRSIN! R vdsbisbidbd ehat NikOhof 38R e, high
deposition (substrate) tenperatures on the order of about 1200C and

great er h&{ReEHEE by dhoppstUispesiipnarasning teghmiquealesdribed abovermay exhibit desposi t i on
with fewe . s LESi Yl ' d coat.simlar to the bond
Coat 24 of o enired Gl BNk on L hdld G EPSREARN el shimb L1 Bnce
of a Ni Al itowes |farpheroatiservgd ahat the Guitic avsld @Btid Eigadel DPsokiepesidpamisat | over
substrate %tn% erlatures, but then caused to recrystallize by appropriate
post - depoBfFHANY Brogeenaimng spipsls.apthepthen alpharalumine) scalgthasis kaewndée | nduced
by a surf geadiE ; : (e W ' I_nt cold

wor ki ng i%t o] thgalgég%)gla‘%:fo%%%ﬁ%gé?ﬁ%%n%étﬂs% %Fepélﬁ'gé%nh’?%%gﬂitbggggnqﬁ%e entire

over | ay coparatiop haddemey pefomast with atdinleststah shdten thepdching mediby Iheas ed to
each case, |nproved oxidation and

dri th i zat.i o
IR A T N SN TR 7 O T
7 12 Janudwith s&ﬁWmn&&t%ﬁ%d}'xﬂﬁ{e}?ﬁleﬁRﬁffhée@ihﬁ'ﬁhX shtfades Of i GGiPLIAL €S Tn a

Zr-containing Ni Al coating) tha ,
during subsequent processing, including the post-peening heat treatment. As a result,

following TBC deposition and subjecting the coating system to an elevated
temperature, the oxide scale that grew on the surfaces of the bond coats became
contaminated with iron from the peening media, leading to the formation of a scale
comprising iron-containing spinel-type oxides (e.g., Fe;Os, Fe;O4) that are not

adherent to the bond coats.

Based on the above, the present invention makes use of peening media whose
composition is selected to be chemically compatible with the bond coat material and
essentially free of deleterious spinel-forming elements, i.¢., elements whose oxides, in
contrast to slow-growing protective alumina (Al,O3), is not “protective” in that they
allow for relatively rapid diffusion of oxygen. An example of a deleterious spinel-
forming element of particular concern with this invention is iron. In view of the
- above requirements, media compositions containing nickel and aluminum are well
suited for peening overlay coatings containing nickel and aluminum, such as the beta-
phase NiAl(X) overlay coatings (where X is zirconium, hafhium, chromium and/or
another element) disclosed in the aforementioned patents to Rigney et al., Darolia,
and Darolia et al. Particularly suitable compositions for the peening media include
beta—phase NiAICtZr intermetallic and NiCrAlY, the latter of which is an MCrAlX
' 8




decorate the grain boundaries of the recrystallized bond coat (Fiqure 2) as
compared to the original columar grain boundaries of the aEL%%EEgW9%d N Al
bond coat (Figure 3). In an investigation leading to this invention, it
was observed that N Al bond coats processed by the post-deposition peening
techni que descri bed above may exhibit |l ess than desired oxidation and
spal l ation resi stance. On exam nation of such specinens, it was further
observed that the oxide scale (28 in Figure 2) contained spinels,
particular&%nirgn-coq&a“gin%ﬁsginels,_rather t han al pha-al um na scal e t hat
FBsed BHEE PET I form ensrrommentah seatings andsbond epafsdpr B

is known tO

convent i OngitemisNe TRE SUnidsitiBRS oF N ATRp A& REE] ?{) @ﬂn }["éllgﬁgﬁ{?rhfége SS

steel shot as the peening nedia. It was "“theorized ss steel
shot nmay HRYEopsemtahsoatingcandiEB@ibahd boats arccmnsolled 4rid ssuffdiénthngmiitusinof i ron,

b ocessi na oL ai et BReTonCH: vy el erRenthioned ol pasEES
fol | ow ng NiBICERPOBHCIAIY powdsURireatd Be: LG o?%fﬁcﬁ%tssﬁ%ﬁgiﬁ][ %{a o cevat ed
e pon

tenperature, the oxide scale that grew on the surfaces o coats
became cdPREREFate@pmlvt the | icawirdd: cpmptessipe shiessgs e dhe, cobtiagli24gwitbottthe

formati on pf : . risl | [OR-cont ai ni ILnel -type oxides (e.g.,
Fe20B, Feéiglgt@%r%gﬁé glrleu%ﬁ%' %%Fse {)ﬁﬁegbef%@’aﬁﬁﬁ\ﬂ%tcgmpgé@@@ Bif%Re above,
the presedom thveedating 24edfethistiaieertion e haflr MR RIOMAPS Sand RIFRBEI4OR | S

sel ected to he chgqm’ cally conpatible with the bond coat material and
essent i al [HAYsepregirreddnedia forolhe pepning operstian.n gNiAlEs van bei manufactisdent s
whose oxi gd&se grék t I | i ve alun Al2B), is
ot pr ot aan pribesER MR 1 et 3 B BAIGE RICLAE,) (0 RIGTRITT phERGR b
oxygen. Aforelasmy spraying demisittont i ustheRnbregthe cbﬁf#)m:iﬁgn @lf @ MEAI(0f pvader i cul ar
concern with.this jhjt%e titﬁn s iron. In view of the above requirenents,
medi a confidsibei R 5i tH iOh PERENE ARgralionni Fomexreplkelthe ampupe@ff or
peeni ng oyRkliAvn CaAeRATed ARt hidnflim" LEk& AN g alcH e beta-
phase Ni Al (X) overlay coatings (\%\‘ﬂgrrnébﬁg(ﬁlsm% %gbﬁﬁag%ﬁgﬁ%%ﬁ%ﬁ%&;m um
and/ or amounts to tailor the chemistry of the media for the particular composition of the

coating 24, as well as to increase the hardness of the media.

Because recrystallization is expected to be dependent on peening intensity, a
sufficient peening intensity is believed to be critical to achieving improved oxidation
resistance by way of recrystallization. For this reason, the peening media must be in
the form of particles of a size to achieve sufficiently intense peening, preferably at
least about 400 micrometers in diameter, such as on the order of about 600
micrometers in diameter. The shot peening process itself should preferably achieve
full surface coverage and an intensity of at least 4A. Following peening, the coating
is heat treated at 2 temperature of at least about 900°C, such as about 980°C to about
'1100°C for a duration of about 0.5 to about 4 hours in an inert or otﬁerwise low-
oxygen atmosphere (e.g., a vacuum on the order of about 10 to 10~ Torr (about

1.3x10 to about 1.3x10° mbar), to drive the recrystallization process.

' According to one aspect of the invention, the peening media can be obtained as a by-
product of processes used to form NiCrAlY powders that are plasma sprayed to form
environmental coatings and bond coats for TBC. Under manufacturing conditions for
powders intended to be plasma sprayed, the particle size distributions are controlled to
produce particles of a relative fine size for plasma spraying, e.g., typically on the

9 _




anot her elenent) disclosed in the aforenentioned patents to Rigney et al.,
Darolia, and Darolia et al. Particularly suitable conposi ti2d#&apgPot he
peeni ng nmedi a i nclude beta-phase NNAICrZr internmetallic and NNCrAl'Y, the
latter of which is an MCrAl X 8 12 January 2007 conposition used in the
past to form environnental coatings and bond coats for TBC systens. The
conpositions of NiCrAl'Y powders used to form pl asna-sprayed environnent al
coatings and TBC bond coats are controlled and sufficiently simlar in

chem stry i (o] 1.hat i of. an _qverlay coati 4 f.or.med, of

bet a- phas e‘gl‘aﬁfﬁf&g ??t %&n ﬁ (%gg\dgllpr eg?rﬁl e% %Praéseﬁlnfg‘if 181 18 df“l”vll@ﬁlé’nt
strength amddidedahd elimitaed e Sasteduf] YTHeob@d W iRIp MR iR aliMLisSt I esses
to the coating 24 wi thout disintegrating on inpact. P%mders of the

bet a- phas 20\ RImake use phaidrast 8 pertipadd this codres fraction ie thetpepyng aparhtianh s
invention are harder than NCrAl'Y, and for this reason my be preferred

medi a for Wl i I be uf d__usjing

or ocesses e PR ER AP BAE bl Al dest ot len G A R i Bligp Y B0 e

f O\r,_vd pl as mpsgﬁmyﬂigig?wagﬁ?ms icogld Harjladobadrhyr@e difileedcmngae itf imfaﬁrea?hbli Al ﬁ X)
powder can be ified for shot peeni ng_ operation. For exanple, the
amount - of ¢ etﬂ#%t% eengE 1Q, 3¢ ‘@He‘gﬂﬂyéﬁ OlRyving ¢laisM um etc., can be
added in controlled anmounts to tailor the chemistry of the nedia for the
particul ar conmposition of the coating 24, as well as to increase the

har dness of the nedia. Because recrystallization is expected to be
dependent on peening intensity, a sufficient peening intensity is believed
to be critical to achieving inproved oxidation resistance by way of
recrystal lization. For this reason, the peening nmedia nust be in the form
of particles of a size to.achieve sufficiently intense peening, preferably
at | east about 400 mcroneters in dianeter, such as on the order of about
600 mcronmeters in diameter. The shot peening process itself should
preferably achieve full surface coverage and an intensity of at |east 4A
Fol | ow ng peeni ng, the coating
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is heat treated at a tenperature of at |east about 900C, such as about 980C
to about 1100C for a duration of about 0.5 to about 4 hour¥ PHeRE%%hert or
ot herwi se | ow oxygen at nosphere (e.g., a vacuumon the order of about 10-3
to 10-5 Ton (about 1.3x10-3 to about 1.3x10-5 nbar), to drive the
recrystallization process. According to one aspect of the invention, the
peeni ng nedi a can be obtained as a by- product of processes used to form

Ni Cr AlY powders that are plasm sprayed to form environnental coatings and
bond coat _Rﬁ@EBC- Under manufacturing conditions for powders intended to
be plasma Sprayed, the particle size distributions are controlled to
produce particles of a relative fine size for plasma spraying, e.g.,

typi cal Iy lorA phecesfot inpraving e d88Aiondesisan@f ofdl Q4briay2ddatiiE The Hrodss _
m cr omet ersé‘;g A coarser fraction is inevitably produced and elimnated in
a waste stPERHSINgike Herscdss of the present invention is able to make use
of at least a portion of this coarse fraction in the peening operation.

Wi |l e theg At cli it f err di ment ,
T e apnchiig B Ve Cn RO kiRl 4 bR o BB el fifl B e
art. Ther dfpositedtshens todmpehacdcterized ibyvanddpositddSgrains [Rat! defint e8-depbsitely t he
fol |l ow ng cl.aibms. 10 ﬁ% Januar¥ 2007 CLAIMS: 1. A process for inproving
the oxi da®fh PPerqdasies that tersect, the aaptersariasa of fity, oveRlay pratiagsdt ld PP si ng t he

steps of: Oﬁﬁ@ﬁ—aéﬂaﬁtédhgraﬁvﬁddnﬁ%i&%ggga‘g g@g%%uft&%rﬂée 8f Ei'ébéJe'i‘ e, the

overlay coating being deposited so as t aracterized by as-deposited
grai ns t h&eatdgf i ne as-deposited grain boundaries that intersect the outer
surface of the overlay coating, at |east sone of the as-deposited grain

boundar egediid thRIBIAY cbilfhgCWi' 2 PHridife Thedif Toel ‘o cSABLAG

containing nickel and aluminum; and then

heating the overlay coating to a temperature sufficient to cause the overlay coating to
recrystallize and form new grain boundaries that are not open to the outer surface of

the overlay coating.

2. The process according to claim 1, wherein the heating step comprises heating the

overlay coating to a temperature of at least 900°C.

3. 'The process according to claim 1 or claim 2, wherein the overlay coating is

primarily beta-phase nickel aluminide intermetallic.

4. The process according to any one of the preceding claims, wherein the as-

deposited grain boundaries contain more precipitates than the new grain boundaries.

' 5. The process according to any one of the preceding claims, wherein the overlay

coating contains at least one of zirconium and hafnium.

6. The process according to claim 5, wherein the composition of the particulate media

is an intermetallic and contains at least one of zirconium and hafnium.

7. The process according to any one of the preceding claims, wherein the

composition of the particulate media is substantially free of iron.
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peening the overlay coating with a particulate nmedia formed of a
conposition containing nickel and al um num and then heat |1r?da1%‘ﬁ§’78%rl ay
coating to a tenperature sufficient to cause the overlay coating to
recrystallize and form new grain boundaries that are not open to the outer
surface of the.overlay coating. 2. The process according to claiml,
wherein the heating step conprises heating the overlay coating to a
tenperature of at |east 900C. 3. The process accordi ng toclaiml or claim

2, wherein, th |l ay coatin prlrrar beta enlc el .al ym ni de

i nt er net alr}i %h% p‘%cf‘f'?gg/ arcg%rggﬁé%c%ﬁydpﬂa ? ﬂi}nyﬁi‘}ﬁ@ f“ﬁ@ pt S8 H’ﬁ cl ai s,
wher ei n t h@npositide PO Hel Reki@Ab hrARUAMITIES 2 RRMIAE Ebﬁmgo@utmn%umoh@hﬁs than
the new grain boundaries. 5. The process according to any one of the
precedi ng WY4hs, wherein the overl ay coating contains at |east one of
zirconiumand hafnium 6. The pr ocess according to claim5, wherein the
conposi ti n._inter [ ins at

| east onecy(;fﬁzl? P@g%#?%kg@ lg‘;fo fcl’%l um gaglﬂh%go%?nsné%g% asc%)grogl g&{lc ?11;% one of

t he precedartguttainnglja W draee nelatiee IO bd:e@ﬂarqfarﬁrﬂas pRidg the adasdredi a is
substanti al I% free of iron. 11 12 January 2007 . The process accor ding to
any one ofP2Htielesinghe perring sigprend \plisma sPreyBs %ﬁﬁ@spﬂléﬁﬁsw 2 jgecond

part ] cul alsandiR 8 SATPNCASIVAGIEREbh i SObidhubalyk.! on and contai ns

yttrium 9. The process accor to clarm8 urther conprising the steps
of producing the particulate rredl a to have relative finer and coarser
particles 10u§hﬁgf¢tﬂh@ aseendsrgrto apyone of gw precetih‘g qimma; fugthst @ymprising; the asma

sprayin artlc €S on.a sec ubst ma, N CAY
cgat ¥n990%{3§ %%f @@88 g8 & (eI feating pn @ﬁ@vﬁ 3(¥c9;‘-’§ gb’%?l“&lan crpl DAt ne of
t he precedbdlihglysteb and theh REbjc@RFANE Hehal Berier coatlng system to an elevated

temperature to form an oxide scale between the overlay coating and the ceramic

coating, the oxide scale being substantially free of spinel.
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steps of depositing a ceram c coating on the overlay coati ng, \t o fgg a
thermal barrier coating system and then subjecting the t her A ier
coating systemto an elevated tenperature to forman oxide scal e between
the overlay coating and the ceram c coating, the oxide scal e being
substantially free of spinel. 12 PROCESS FOR A BETA- PHASE NI CKEL

ALUM NI DE OVERLAY COATI NG ABSTRACT A process for form ng a beta-phase

ni ckel alum nide (N Al) overlay coating that is suitable for use as a bond
coat for a PRECRBS FON A'@T&%@@WEE‘BQAE%{&YBE@VE@E%‘ cBATNGUeposi ted
by a nethod that produces a generally colunnar grain structure’in - which
grains extend through the coating such that at |east sone grain boundaries
are open at the coating surface. The coating is then peened with a
particulate nedia, followed by heating the overlay coating to a
terrperatur&Bg-P{{%'tﬁi ent to cause the overlay coating to recrystallize and
formnew grain boundaries that are not open to the outer surface of the
coating and significantly | ess susceptible to accel erated oxidation than
the origi nulprgess for foundara Bga-pliite makel akininide ((NEAI)oVesla) CoARY Mt i@
conposition, abg% taining nickel and alum num such that an oxi de scal e that

forms on {5 Prase asfa bppé cedfafor igthsrealrbarties grabing (@B6DerEhre overlay
SareL ot Rbbiing it BGtfied 6y &R RatBtbalfes § BRI Sonadih Phit sl QTR 1 M O
: which grains extend through the coating such that at least some grain boundaries are

open at the coating surface. The coating is then peened with a particulate media,

followed by heating the overlay coating to a temperature sufficient to cause the

overlay coating to recrystallize and form new grain boundaries that are not open to the

outer surface of the coating and significantly less susceptible to accelerated oxidation

than the original grain boundaries. The particulate media is formed of a composition

containing nickel and aluminum, such that an oxide scale that forms on the surface of

the coating after the peening operation is substantially free of deleterious oxide

compounds, notably iron-containing spinels.

(Figure 2)

13




