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THEREW TH BACKGROUND OF THE | NVENTI ON (1) FIELD OF THE | he
present invention generally relates to coatings of the type used to protect
conponent s exposed to high tenperature environnents, such as the hostile
thermal environment of a gas turbine engine. Mre particularly, this
invention is directed to a predom nantly beta-phase Ni Al (bNi Al') overlay

coating alloyed with haf ntal coating and as a
bond coat for a thernmal I~li']!fgljrﬁrﬁier %@@Iﬁéc%w| ON OF THE RELATED ART
Conmponents within-the turbine, conmbustor and augnmentor sections of gas
turbine engines are §MHNGSYSTEMS)RORMEDH"MW§THCWrOSi on attack, in
addition to high tenperatures that can decrease their mechani cal
properties. Consequently, these conponents are often protected by an

environnmental coating alone or in conbination wth an outer thermal
barrier coating (TBC), which in the latter case is terméd a TBC system

Ceram ¢ BACKGROUNDADF THZINCENTEORNZr O2) partially or fully stabilized by
yttria (Y2G), negnesia (MJO or other oxides, are widely used as TBC

materials, _Various netallic coating systems have been used as

" envi r onméhx EIEIB &Y FYE INVENHON t ur bi ne engi ne conponents, the most widely
used being di ffusion coatings such as diffusion alumnides and platinum
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- further ammtcmemnmendal ccmﬁagamdlaédtbcncbd:mﬁﬁathml batrier coating.

(2) DESCRIPTION OF THE RELATED ART

Components within the turbine, combustor and augmentor sections of gas turbine
engines are susceptible to oxidation and hot corrosion attack, in addition to high
temperatures that can decrease their mechanical propertiés. Consequently, these
components are often protected by an environmental coating alone or in combination
with an outer thermal barrier coating (TBC), which in the latter case is termed a TBC
system. Ceramic materials such as zirconia (ZrO,) partially or fully stabilized by
yttria (Y203), magnesia (MgO) or other oxides, are widely used as TBC materials,

Various metallic coating systems have been used as environmental coatings for gas
turbine engine cofnponents, the most widely used being diffusion coatings such as
diffusion aluminides and platinum aluminides (PtAf). Diffusion aluminide coatings.
are formed by reacting the surface of a 'component with an aiumihum—containing
vapor to deposit aluminum and form various aluminide ihtermetaliics that are the
“products of aluminum and elements of the substrate material. Diffusion .aluminide
coatings formed in a nickel-base superalloy substrate contain such enviroﬁmentally—
resistant intermetallic phases as beta NiAl and gamma prime (c') NizAl.. By
1 _ _




PWand Pt Al2, and platinumin solution in the N Al i nterr‘{ﬁnﬁl I |t;2é)8 ases.
Anot her w deI y used coating systemis an overlay coating Al X,
where Mis iron, cobalt and/or nickel, and X is an active element such as
yttrium or anot her rare earth or reactive el ement. MxAl X overl ay coatings
are typically deposited by physical vapor deposition (PVD), such as

el ectron beam PVD (EBPVD) or sputtering, or by plasma spraying. MorAlX
overlay c coatjngs as a result of
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the substrate. |f dep05| ted on a nickel -base supera Substrate, an
MCr Al X coating wl onprise a netallic solid solutlonthat contai ns both
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as environnent al The Ni Al beta phase exists for

and bgnd coat erials.
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di scl oses. q(gtl erI a%/ bond coat optionally containing one or nore active
el enent s, I{ais %im cerium zirconiumor hafnium and
comonl y- assi gned U S. Patent No. 6,291,084 to Darolia et al., which

di scl osedsed i AbmBHRLbEWISORB NG dmﬁ;ﬁbh%hum1ﬁmatcﬁ'rgl'ggﬂg§gh§ﬂ%s“gb%g 001 to

zirconium Commonl y-assi gned U S. Patent Nos )
R gney etCIFEs apmfombeastt tmadhess hecTBGdb yhe mithdynigsubsﬂmﬂe bFhaaluptiass Ni Al

_ bond - coat,angh ik Bgﬁﬁapoa?ma?e?-%is ;'ﬁ%vﬂa 8s for e sﬁow-lg-poewt eotf(?a s%%g gthérent
continuous aluminum oxide layer (alumina scale) at elevated temperatures. This
thermally grown oxide (T GO). protebts the bond coat from oxidation and hot
corrosion, and chemically bonds the TBC to the bond coat.

More receutly, overlay coatings (i.e., not a diffusion) of predominantly beta-phase
nickel aluminide intermetallic have been proposed as environmental and bond coat
materials. The NiAl beta phase exists for nickel-aluminum compositions of about 30
to about 60 atomic percent aluminum, the balance of the nickel-aluminum
composition being nickel. Notable examples of beta-phase NiAl coating materials
include commonly-assigned U.S. Patent No. 5,975,852 to Nagaraj et al., which
discloses a NiAl overlay bond coat optionally contaihing one or more active elements,
such as yttrium, cerium, zirconium or hafnium, and commonly-assigned U.S. Patent
No. 6,291,084 to Darolia et al., which discloses a NiAl overlay coating material
containing chromium and zirconium. Commonly-assigned U.S. Patent Nos.
6,153,313 and 6,255,001 to Rigney et al. and Darolia, respectively, also disclose beta-
phase NiAl bond coat and environmental coating materials. The beta-phase NiAl
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2 10 August 2006 alloy disclosed,by Rigney et al. contai chr,an Lm

haf ni um and/or titanium and optionally tantalum sili co‘ﬁ?*“&z‘if*%%ﬁ]

zirconium calcium iron and/or yttrium while Darolia's beta-phase N Al

al .oy contains zirconium The beta-phase Ni Al alloys of Nagaraj, Darolia

et al., Rigney et al., and Darolia have been shown to inprove the adhesion

of a ceramic TBC | ayer, thereby inhibiting spallation of the TBC and
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I ncrease the service |ife of TBC systens by inproving the spallation
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Di scl osegichgih Brd i verlay. coatingyfor articles used in
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predom n y - ) ' overlay coating for use as a bond coat for a
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0.2Ga, and Ni-45.5A1-1.04Ti-0.14Hf. Based on these results using up to 0.5 atomic

percent hafnium, it was projected that, when combined with chromium, titanium, etc.,

as much as 2.0 atomic percent hafnium would be beneficial to a beta-phase NiAl bond

coat,

Even with the advancements discussed above, there remains a considerable and
continuous effort to further increase the service life of TBC systems by improving the

spallation resistance of the thermal insulating layer.

BRIEF SUMMARY OF THE INVENTION

Disclosed herein is a protective overlay coating for articles used in hostile thermal

- environments, such as turbine, combustor and augmentor components of a gas turbine

- engine. Also disclosed herein is a predominantly beta-phase ‘NiAl overlay coating for
. use as a bond coat for a thermal barrier coating (TBC) deposited on the overlay

coating. Hafnium at levels significantly higher than previously expected can be

incorporated




I ncorporated 3 10 August 2006 into a N Al -based coating conposition,
yi eI‘dPng a coating sgst em capabl e of exhibiting i nprovedﬁf?}%f’?tgrtobgn .
resi stance as conpared to prior bond coat materials, nost notably platinum
al urninide diffusion coatings. A preferred conposition for the beta-phase
Ni Al overlay bond coat may further contain about 2 up to about 15 atomic
percent chrom um Oher possible alloying el ements of the bond coat include
t i t ani umintot anNaAlthased dcaiting ocdmiposithsn, ayibkligy pihaagh{g Aystérit Giﬁﬁﬁte?g!‘ |e ?ébf Se
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recipit gy i n fromfine a-C phases dispersed within the
Eeta Bhagég&%?nfaﬁg%%g‘??ﬁg. gV\V‘len present together in a beta-phase NNA
overlay bond coat, these phases have been shown to inprove the spallatlon
resi st ané¥ dbetg-phae Nedointarmetabie, thecowwviay |cagtitgpomh camdin 30h@ SOeatoaiphase

i ' I8 | ti.on i I beli eved to have application,
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for cont piibmingnidy r oRetiRl HebrRinl Ghasel MwileNHeal daidR2 0P d nalfit, afd uat or's
attached at respective joints to an actuation ring In a gas turbine engine

exhaust AvHay éomﬁna}salmonmkﬁﬂéimc?nhftfmﬁhfwn ]rsurt&i as %@Pg?ﬁt ieg 2 hOI) f
each of ' cituat or.. gLAts: . i ndependently cal culating s )
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therefor to position said nozzle. in a second aspect, there is provlde a
control <EsER selid sefntiom stréngthesingdise cfontimeend precipitation strengthening

from fine a-Cr phases dispersed within the beta phase of the coating. When present

D

together in a beta-phase NiAl overlay bond coat, these phases have been shown to
improve the spallation resistance of a TBC deposited on the overlay bond coat. The
beta-phase NiAl overlay coating of this invention is also believed to have application

as an environmental coating.

In a first aspect, there is provided a method for controlling stroke of three
circumferentially spaced apart actuators attached at respective joints to an actuation
ring in a gas turbine engine exhaust nozzle comprising: specifying circumferential
angular location of each of said actuator joints; independently calculating stroke for
each of said actuators using said joint locations in response to pitch and yaw
commands; and operating said actuators to effect said respective strokes therefor to

position said nozzle.

In a second aspect, there is provided a control system for controlling stroke of three
circumferentially spaced apart actuators attached at respective joints to an actuation

ring positionable to vector thrust in a gas turbine engine exhaust nozzle comprising:




circurnferentially spaced apart actuators attached at resBective joints to
an actuation ring positionable to vector thrust in a gaé t P ngi ne
exhaust nozzle conprising: 4 10 August 2006 neans for specifying
circunferential angular |ocation of each of said actuator joints; neans
for independently calculating stroke for each of said actuators using said

| oI nt ' LR - t e nd..yaw,co d;,and neans for
bperat i REAEE R Beind SROME- Ry Db T e BTSN i BRURSE st or 1o
posi t i omeans fhrrindspeadently calcuhting saslpetir eatth6f eid actistorsi wagy a@ididilod for
controlling stroke of thre ciécuraferentiall spaced apart actuators
oper abl QP“]*‘@?%%P {EPIIE Pﬁ?h ard IRy &?Wﬁ%mﬁ m&@%ﬁ’%f’?%‘@ui‘%isﬂlds to an

act uat i gftusitofigo icffedt sBidSedpettdd BroRBMMBRIEND BUStioN @4d h§zz1£LONMPr i si ng:
specifying in said controller circunferential angular |ocation of each of

said ac uqat 05, ! oints; calculating. trigononetric functions of said angul ar

| ocati o eiBffthe ﬁl{m!r? g apreutdad | mgmehpdiior | spnirgllingc siielicolof efdeor each of
sai d actiinfefentiaily ghaSad Qpar%h&%rébﬁgrﬁﬁge@g@ iig] bodirdidP&id SiRntdar ©SPONSE

to pitch and yaw conmands; and operl. ~actuators to effect said
r espect FSFBRESiVe olodfs t e prof astuation pusg tinoa gasi turbinez ghgive lemhaust onazele aspect,

there i | s £ Qr trolli troke of . three

circur n?%@%lg%{#éﬁ%agﬁ% Qgg%{l)g?){ﬁ%&rucaﬁcgrpg 5@%@%@8&%{00qéoélp%%?a}cyeoﬁ oints to
an act usiid cwtuatdrnginits) ealgdainguirigonemeinigi fidckorsaot tait amghlar dogadionsi Ng:
definin enericall .Stroke. equation ipcludin jtch and yaw conponents
based oﬁldg?ﬁm@ ye?aéaﬁ}l%g SEHE%}%&I%P‘B’&@E b rgfthms%ﬁgqgi)mrg psingisaids -

speci f yedignlatad drigbhidinetfie rfandtions iaN@ipcise |t8CHtdhORSE 3ﬁw Eafaids; SARd actuat or
joints; calculating trigononetric functions of said angular [Iocations for
sai d eqPREMHE t8d Gltustass ¢o raftlest saidi respestvs stipltes theksfiest tor positiere seiddent | y

cal cul atipg, stroke for each of said actuators using said equation and
constants in response to pitch and yaw commands; and operating said

actuators to effect said respective strokes there for to position said
nozzl e.Iny g ourthr pspegls phere, ist hevideds a pmethiod efibr acomroHing ftovkec ofitthikel i ng

stroke, afeubERfual) SR B5ETL Bkt FRRREF.ARILLAOEIHMG &' dashe] =
- ring in a gas turbine engine exhaust nozzle comprising: defining generically a stroke
equation including pitch and yaw components based on circumferential angular
location of said actuator joints; specifying said circumferential angular locations of
each of said actuator joints; calculating trigonometric functions of said angular
locations for said equation to obtain corresponding constants therefor; independently
calculating stroke for each of said actuators using said equation and constants in
response to pitch and yaw commands; and operating said actuators to effect said

respective strokes there for to position said nozzle.

In a fifth aspect, there is provided a method for controlling stroke of three
circumferentially spaced apart actuator attached at respective joints to an actuation ring
in a gas turbine engine exhaust nozzle comprising: specifying circumferential angular
location of each of said actuator joints in a generic stroke equation including pitch and
yaw components based thereon; calculating trigonometric functions of said
- circumferential angular locations for use in said equation; calculating stroke from said
equation for each of said actuators using said pre-calculated trigonometric functions;
and ope_rating_ said actuators to effect said respective calculated strokes therefor to

position said nozzle.
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in a gas turbine engi ne exhaust nozzle conprising: specifyin
circugferential angglar | ocati on of eachngf saig ac?uatéﬁﬁP%Pﬁ€@0§n a
generic stroke equation including pitch and yaw conponents based thereon;
calculating trigononetric functions of said circunferential angul ar

| ocations for use in said equation; calculating stroke fromsaid equation
~for each of said actuators using said pre-calculated trigononetric
functions; and operating said actuators to effect said respective
cal cul ated strokes therefor to position said nozzle. 4a 10 August 2006

O her obb ctsband-advagtagéf of this invention will be better appreciated
from t he V151908 RFNhatenfages gt dais iinysngan Ve erbetes@RprTiad PMTIHE DRAW NGS

Fi gure |ﬁh§wﬁm?ﬁﬁﬁgﬁqk£aﬁﬁﬁh?MlOf a high pressure turbine blade. Figure 2
is a cross-sectional view of the blade of Figure | along line 2--2, and
shows a thernmal barrier coating systemon the blade in accordance with an
enbodi nent of this invention. 4b 10 August 2006 Figure 3 is a graph
illustrating the relative furnace cycle test spallation perfornmance of

Ni Al Cr i ' ¥p?ﬁﬁ i.ni ng varying anmounts of hafaiumin
accordanggﬂa?pﬁgpﬁgﬁ£ﬁggg)t | j@%@ﬁéﬁkﬁbETAlLED DESCRI PTI ON OF THE

| NVENTI ON The present invention is generally applicable to conponents that
oper at e Figtifei Inis apemspeaiveridws ofh highGrethzectbiié Higleat i vel y hi gh tenperatures,

and are therefore subjected to severe thermal stresses and thernal
cycling h conponents include the high and | ow
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i ncl udesnegmtiahr f oi | 12 agai nst whi ch hot conbustion gases are directed
during
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operation of the gas turbine engine, and whose surface is_.therefar
subjected to severe attack by oxidation, corrosion and zpdgﬁﬁﬁFRW§e
airfoil 12 is anchored to a turbine disk (not shown) with a dovetail 14
formed on a root section 16 of the blade 10. Cooling holes 18 are present
in the airfoil 12 through which bleed air is forced to transfer heat from
the bl ade 10. Wi le the advantages of this invention will be described

with refgp L0 the .high .pressu t urbi ne bl ade 1Q. shown _in Figure 1, and
parti cul gfflg‘@%?i*%ggﬁpg‘a‘s%“&d‘t% e ?V?)#‘HB%‘? cgf’i“ttﬁ% spallstion RerfrmaRcEPhur e 1,
the teachNingSr iaferinBiallid rBoRA! codls AEchtARME" Fhiyin@ PRAGERP!F LOMARY fOMPONent
on which a coating systemmay be used to protect the conponent fromits
envi r onméseordames vatiuthe reseRf ifventies. 2 is a TBC system 20 of a type that
benefits fromthe teachings of this invention. As shown, the coating

. system 20 includes a ceramc |layer 26 bonded to the blade substrate 22
with a Ni Al overlay coating 24, which therefor serves as a bond coat to
the ceramic |ayer 26. The substrate 22 (blade 10) is preferably a

hi gh- t enp¥t BALLTED PRESEIRIRTION @ITHE IBNFVENTDION ni ckel or cobal t - base
superalloy. To attain a strain-tolerant columar grain structure, the

ceramc Ir_@%er 26, .is preferably deposited by physical vapor deposition
(PVD), t gl?{e%ef‘hé?"e&@ﬁ{ss‘?tge& Iy eﬁ’ﬁf\‘F d0 CHmRPsRIs (Bgdopssatpr witkir ed
mat eri al ehdforiniits Shaft@rizay Yy %aaﬁ@dfglggﬁt {e&&%raﬁuégoﬁmgg% gfﬁgge ore

stabilized zirconia (YSZ), with a sul € comnposi t out 3 to
~about 20subjggterhto spersethermyal tstresses b thghmalt dyeling.e Nutible erdngplesadBswehul d be

used, su tri opst abil,ized zirconji.a, or zircppiag stabilized b
ceria ('Og@ﬁésneé%alﬁﬁﬁlgc(t )and low; essure,irbing noggles E‘Ef gﬂ?g » phEpEds, 26 | sy
deposi t edorhbustortlltiepdkiisughitnior hirdwhlkd bELRNhrHife Bidaydsd ‘?)rg:ltslﬁgh < Hpieed

ade

thermal protection for the underlying substrate and 0," general ly
on the oksdée high pEseure tobineyblage U0 BO@nnincFigneet ér sTheAbladd 1A generallyart TBC

syst ens, - r h ver.l.ay coating.24 oxidizesg, to form an oxi de
surface 1“5&@?5 ?@céﬁ%@ gg é%agls\?\hv?lgf‘h %iﬁ’g C@é‘}bé’fgﬁ“i’:“ | &Y Er a@Ga’&?Fé‘ﬁ;{ A41Pg bonds.
Accor di ngpdratidnnsf they@ytuite edghte, bhdWwhesaitfYe EaRbieRfe stbjdctedtbeeRg: nant |y of

the beta N Al phase (beta-N AIJ with limted alloying additions. The N Al
over | ay %t@&{ciQYQO)QQatlon, corrosion and erosion. The airfoil 12 is anchored to a turbine

disk (not shown) with a dovetail 14 formed on a root section 16 of the blade 10.
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Cooling holes 18 are present in the airfoil 12 through which bleed air is forced to
transfer heat from the blade 10. While the advantages of this invention will be
described with reference to the high pressure turbine blade 10 shown in Figure 1, and
particularly nickel-base superalloy blades of the type shown in Figure 1, the teachings
of this invention are generally applicable to any component on which a coating

system may be used to protect the component from its environment.

Represented in Figure 2 is a TBC system 20 of a type that benefits from the teachings
of this invention. As shown, the coating system 20 includes a ceramic layer 26
bonded to the blade substrate 22 with a NiAl overlay coating 24, which therefor
~serves as a bond coat to the ceramic layer 26. ‘The substrate 22 (blade 10) is
preferablyl a high-temperature material, such as an iron, nickel or cobalt-base
| superalloy. To attain a strain-tolerant columnar grain structure, the ceramic layer 26
is preferably deposited by physical vapor deposition (PVD), though other deposition

. -techniques could be used. A preferred material for the ceramic layer 26 is an yttria-




I's preferably deposited using a PVD process such as sputtﬁri ng, iOﬁg pl asna,
cathodic arc, or nelting and evaporation with an el ectrdf i Aser or

ot her higher energy source. It is foreseeable that other deposition
techni ques coul d be used, such as thernmal spraying of powders or

el ectropl ating. According to the invention, a suitable thickness for the
overlay coating 24 is about 15 mcroneters to protect the underlying
substrate 22 and provi de an adequate supply of alum num for oxide

f or mat i onstabiledHrconkd WS'ET)FIS@% af syt ¢ Jsﬁi(ﬁibgéiﬁ% Loout™ Gb Oa%ﬁ{ltiﬁ@ aar €

believed to be suitable. e above PVD techniques are prefera rried
out to rewight pareendiyiirias thonghfothen e Irmgteriais abiuldthe2dsednfwwht Reytaishst r at e

22. Pref | .- d iti f th A | 24 lts i t ual |
vo ai 11 udPB Mtz ERRE, 35 7Ri iy SaBliEed B seriatnirtEy seancia Gosds or piber ng
subsequenssidve ATHe oA Ny 061iS biykfied 85k Mhidkned! BEPACAAABRTBLES,GYr I ng the

deposition process, a very thin ftision zone, typically not nhore than
about f i ke regpieedthermaalproivatiordfor dleomdenyingisubditae 2atd bladatOygederalsy t Wo t o

- four hour 1 tg 2 .about 980C to ahout 1150C) in a vacuum
or an i né’?‘ttﬁ%?&rrffg)ggﬁfél?oeﬁqggé%glé%u%gﬂgérﬁl?mwt%{ﬁ %isnwﬁﬁnmlﬁpﬁyﬁemss

i nt er met ahd suefapiabthe dveRayNecdking v8 okidlizes 96 FdritarPéki o8 layl i has an

al um num cont ent of about)N%0 1{1% 68 at%m’ C percent@%%%?g%aggwgg@oﬁ 30 to

50 at oni do paichdhe ceramip lapere?Guhemigalipibpnds. the stoichionetric ratio of 1:1

with nickel. According to this invention, hafiiiumis also deposited to

formthe [ b . f..at least 0.01.atom rcent up to as

nuch as ﬁgﬁ@i@gﬁﬁ%i%ﬁegg%ewg%%&ayfRa B‘HS E&?%W?ﬁ‘t%b&e tlhl?é"f’@oat i ng

24. For @HAbhphase (bdta-Niadtving liddicdallofas haditiond TR M%kﬂ@@@aﬁng%excess of
a

| atom c_perég% whi ch exceeds the anmount taught by Nagaraj et ., or in
excess ofS B¢ deppsited yeing i YR peosssbaichiasespriiering ionoplgéma, logthBiligney et

o The 0 PRATRAD ST LS LR Kot SRS RO B
enbodi mesdurcd. tlhés iforesrablerthatt dtherc degostion2kchifiqiad’ dRgl balsy efich Qs contain
about 2 to ahout 15 atom ¢ percent chromum nore preferably about 2 to
thermal spraying of powders or electroplating. According to the invention, a suitable
thickness for the overlay coating 24 is about 15 micrometers to protect the underlying
substrate 22 and provide an adequate supply of aluminum for oxide formation, though
thicknesses of about 10 to about 125 micrometers are believed to be suitable. The
above PVD techniques are preferably carried out to reduce the diffusion of the overlay
coating 24 into the substrate 22. Preferably, deposition of the overlay coating 24
results in virtually no diffusion between the overlay coating 24 and substrate 22.
During subsequent heat treatment to relieve residual stresses generated (iuring the
: deposition process, a very thin diffusion zone, typically not more than about five
micrometers, may develop. A suitable heat treatment is two to four hours at about

1800°F to 2100°F (about 980°C to about 1150°C) in a vacuum or an inert atmosphere

such as argon.

To attain the beta-NiAl intermetallic phase, the NiAl overlay coating 24 of this

invention has an aluminum content of about 30 to 60 atomic percent, preferably about

30 to 50 atomic percent, and more preferably at the stoichiometric ratio of 1:1 with

nickel. According to this invention, hafnium is also deposited to form the coating 24,

in an amount of at least 0.01 atomic percent up to as much as about 4 atomic percent

(about 14 weight percent) of the coating 24. For example, the coating 24 may contain
6




about 10 atom c percent chrom um According to U.S. Pate . B 1,084 to
Darolia et al., the presence of chromumin a bet a-phaseqhi‘(l;?guétv?é)ﬁgay
coating 24 has a significant effect on the spallation resistance of the
ceram c | ayer 26 adhered to the N A overlay coating 24 to formthe TBC
system 20 as a result of solid solution strengthening by chrom um and
precipitation strengthening fromfine a-Cr phases dispersed within the
beta phase of the coating 24. According to the invention, beta-phase N Al
overl ay GAakiddofquibmicher&enalhicl o0l £ saat Ly igher than
previ ously predicted ha\r;% begﬁgﬁg\%ﬂ%&%gs ﬁ%ﬁ@tgé&g{eé*%@%@élmof

spal | at i oh exesss of 3atamit peregnt avhich exdeedsathe depast thaght b RipeeyNitAl, Tayer | ay
0 be the result of the Hensler phases

coating. ) enefit e believed t ¢

(N 2t i YRR SR s fiaan oo Pty menorucd e Hy sastioenadbrn

previ ous coléposRiongth @BNiIAE nfhterialRi gney et al ., it was unexpected that
haf ni um woul d have a beneficial effect at levels as high as 4 atomc

percent. During an investigation |eading to this invention, furnace cycle
tests (FaT)? petared,embediment of trpdneptivantheeomitiogi Hgisbfinthee atibged o5 med of
Ni Al +Cr + e 04t | , ich were then conpared to FCT test data
conpi | ed %t%‘ﬁP%%%&i t?’f%}soilugg§ aéég{gfcl Bﬂégéﬂ*»‘-pﬁ@mgﬁ@re elerabls abpute treposi t ed
to have abasnidaidniorpedient ichrahiaf.C AdRSIERN o 1R8O PhieTVANGNTFY to
about 3. 4% t}af ni En‘}BﬁabOUt 40% al um num tﬁge] bal ancg n?\g){zeél’)ﬁlwg ?:bgati ngs

ver e dep&reLEEt gh, e PregeRceras chimiym ia ashetayblsse Nidl averlagepatimg 2lasknown as
7.2%

a5, 759 eog OB O e JoRATLh 18y Rics obindBobbe 196636 adhered ol b, 0. 0196
Y, the biAhoeeryckeitingERCto frar HRYTBOAsheh 0S| £l -d?ysoﬁafsog.&mm ation

using an EBPVD process to_a thickness of about 2 mls (about 5
m cr onet SrEethening amiug gu¢ peniRifation sitisngthering tframatfimena-Catplabsut  1975' F

(about é&sﬂ;&séﬂjﬂﬂgﬂltﬂgf}éﬁgl %%Q)Q@eéo%pnggg.m two hours to bond thestresses

Ni Al +Cr + coatings to t r substrates™and to relieve residual
generated during the deposition process. Al of the buttons were then
' coated bjcE&REND toithé: irvsotian, fhietaephrist NiAdboeraylHatifys ERAREDafifltim at

levels significantly higher than previously predicted have been shown to provide a
desirable level of spallation resistance for a ceramic layer deposited on the NiAl
overlay coating. These benefits are believed to be the result of the Heusler phbases
(NiAlHf), which are believed to strengthen the coating 24. Based on previous
investigations, e.g., Rigney et al., it was unexpected that hafnium would have a

beneficial effect at levels as high as 4 atomic percent.

During an investigation leading to this invention, furnace cycle tests (FCT) were
performed on TBC systems employing bond coats formed of NiAl+Cr+Hf overlay
coatings, which were then compared to FCT test data compiled for PtAl diffusion
coatings. The overlay coatings were deposited to have a composition of, in atomic
percent, about 5% chromium, up to about 3.4% hafnium, about 40% aluminum, the
‘balance nickel. The coatings were deposited on buttons formed of a single-crystal
superalloy known as René N6, with a nominal composition of, by weight, 12.5% Co,
4.2% Cr, 7.2% Ta, 5.75% Al, 5.75% W, 5.4% Re, 1.4% Mo, 0.15% Hf, 0.05% C,
0.004% B, 0.01% Y, the balance nickel. Each overlay coating was formed by co-
evaporation using an EBPVD process to a thickness of about 2 mils (about 50

micrometers), followed by a vacuum diffusion heat treatment at about 1975°F {about

7




7%SZ as the TBC material. The spallation |ife potentials of these coating
systens. were then evaluated by FCT at about 21250F (abodlo‘ﬁi‘%‘étl Swith one

hour-cycles. Testing was termnated for a given specinen when

appr oxi rrately 20 percent of its TBC had spalled. The results of the

i nvestigation are illustrated in Figure 3, which evidences that coating
performance was strongly dependent on hafniumcontent. The results confirm
the conclusions of U S. Patent No. 6,153,313 to Rigney et al. as to the

benefi ci allOS(E’b)@'@xtaHéﬁtﬁﬁf!ﬁﬂéﬁ@&oﬂdﬁ}i@!l\ﬁAPlfCﬂﬁftCQatﬁl\gg EPs%HRﬁ.&% a{ﬁh 'n the

presence of chrom-um However, the results also e ence t ni um
level s si Bnielipesiesidyaltughrss gcmmteé doringitherdepositiorcprotesar Albefithé battarls. Mor e

Do o porelen - Risttl by CHBP o0 bl BT B e (Sun dal Ricbeiewbied st ent |y

benefi ci av%yrsz:marm@ dteridl, h%@%ﬁﬂlmﬂaﬁ 16 PbteRRA1 of BRES coatidp gline
average FCT lives for PtAl _diffusion bond coats are shown In Fsgure 3 to be

about 238Wetgcthen evﬂﬁafééﬁﬁd?qgéhaquélﬂﬁﬂ (abput- H60PE) withpeei ven syclet ai ni ng
greater t r nlumexh bited an average FCT |ife of
about 8001‘%?/121 A t‘éﬁh%agﬁ fﬁF gA"“t Sr%’é"%mb?"e%(t‘“&‘r alfﬁ{aﬂntalt?éy @A?ef%’&& efithe. Life
vari ati on"SBthﬁidrspﬂﬂ:dat sonme hafniumlevels were believed to result from
variations in the distribution of the hafiiiumrich phases in the coatings

or coati | eader content, leading to the conclusion that inproved process
control tbaesulis ofjihe inysstigations Aenilustiated te tFigysh ak ewhish Atvidenaes tigt woul d

provi de [ ent with the best specinens
for a gi \t}?ﬁhﬁgp %Euma%%‘%lt%g'% tﬁﬁiéf?t @%%ﬁd%lggﬁg N caylent, r;@‘e\ﬁﬁ“itsﬁ hase
Ni Al bondheccanslumom af il.SgPatentt Mo 46 A5BB1 3 o Rigwiyt ethal i TR Berilbipved 1o

exhi bi t Egdﬁ"FCT I ves ver TBC systens with PtAl bond coats. Wile
t he abovee Hng aklsvele BPr?%é’r Ouptomic pereent dn ithsnpressice lof chiogriumnd

haf ni um i i ded that TBC
syst ens vqﬂ?ﬁgege@gqgﬁgggﬂ Ni QR&% g%oaﬁéﬁr@\g@f %‘%ﬂ‘&%ﬁ‘ﬁf% }é‘ era{hﬁ?ntzco per cent
" haf hi um atemi pﬁreentcaa@bbﬂwéicﬁ dwébrd)pztrtlagaﬁquliaﬂﬁhﬁl msldf\@gmeﬁﬁmﬁ@ph t he

above results agree \g/l %g conclusion of U.S. Patent 5,975,852 to
Nagar aj HOBIC P (FPDHG2 B3 AlorHE PSICoRY A4 ED 89 3 diptomic percent wers shown

to be consistently beneficial in comparison to the baseline PtAl bond coats. The
baseline average FCT lives for PtAl diffusion bond coats are shown in Figure 3 to be
about 238 cycles. In comparison, the NiAI+Cr+HF test specimens containing greater
than 2 atomic percent hafnium exhibited an average FCT life of about 800 cycles, or
about 3.4 times greater than the PtAl baseline. Life variations observed at some
hafnium levels were believed to result from variations in the distribution of the
hafnium-rich phases in the coatings or coating leader content, leading to the
conclusion that improved process control to better distribute hafnium in a beta-phase
NiAl coating would provide better spallation resistance consistent with the best
specimens for a given hafnium content. On this basis, TBC systems with beta-phase
NiAl bond coats containing up to 4 atomic percent hafnivm are believed to exhibit

improved FCT lives over TBC systems with PtAl bond coats.

- While the above evaluation was performed with combinationé of chromium and
hafnium in beta-phase NiAl bond coats, it was also concluded that TBC systems with
beta-phase NiAl bond coats containing up to 4 atomic percent hafnium alone are
papable of exhibiting suitable FCT lives. As such, the above results agree with the
conclusion of U.S. Patent No. 5,975,852 to Nagaraj et al. as to the beneficial effect of

8




10 August 2006 hafniumat levels of up to 1.0 in beta-phase N and
furtherpore that hafiiiumlevels significantly higher tﬂ@rﬁ‘igué%pgm C

percent are beneficial. Wiile the invention has been described in terns of
a preferred enbodinent, it is apparent that nodifications could be adopted
by one skilled in the art. For exanple, based on investigations reported
in US Patent No. 6,153,313, it is believed that the overlay coating of
this invention could be nodified to further contain one or nore of, in
atom c pe ; DAL %Rt 1% to 5%
silicon, hﬁ%gh(l).a glleg}?%gpgégg/g tz)ln?g%ﬂgllpt%& %ﬁlb% [ {r{%%gl?ﬁ(%g{&sg%%u%iwfeﬁe

i nvent i onsiggificantljehigh¢nthare i0atinyiclpgrdehtart behafitialg cl ai ns. 9 10 August 2006
CLAIMS: 1. A method for controlling stroke of three circunferentially
spaced apght: ctuators attached at respective joipts to an actuatjion ring
in a gas taﬂ}llgl %5 en nl%ﬁ)g hag, hest deserted, in @H%Pf@i Wﬁ%@ﬂé‘é‘i‘b"ﬁi‘%@ts it is

ci r cunt er gifjaket td @ dificatiofRbha beTads e b9fons Akl @h HALY. FQ Uafitple.
mdependentlg cal cul ating stroke for each” of salg actuat ors usi nd’ Sai d
joint | oeased epdnyaestizatings meported ipili.8hPatent Nawé, L disis betievedphstathing sai d

actuators ff pd.respective.strokes therefor tqQ position said
" nozzl e. 2(.“1;e laﬁé:{) ﬁlg&& %?h%r"é\r OPSOEﬁﬁerﬂl?'%ﬁﬁ%%Qaﬁ\‘i'.?‘e"s%ﬂ“&a"épp%%mofft?@des
conponent i dtoimicc peros, Atvedo S titniugi, 0C1% 1839 YRMIGh, 63060 EdNgiicgnd sai d
pitch and yaw cgqrjrg;)nent s.include trigononetric functions of sali d angul ar
| ocat i onsand30.0nia ko ziteonitmn g Acoorglinglyn the fsappehof theompentismis to Beeci f yi ng
- said anguﬁlﬁ;te& 81%3%'3?9@{0%‘;);1@@& -n%ncg; calculating said trigononetric
of sal ati ons;

functions ngular




ng i said . . ti ongoof 22 £
| ocations; and using said stored trigononetric functions i'n %lﬁseguent |y
calculating said stroke as said pitch and yaw conmands change. 4. A nethod
according to claim3 wherein said actuator stroke is a summation of. said
axi al slide; product of sine of said pitch conmand and cosi ne of said joint
angul ar location tines a radius froma centerline of said ring; and
product cplhigigne of said yaw command and sine of said joint angular |ocation
times said ring radius. 10 10 August 2006 5. A nethod according to claim3
wher ei n sai d exhaust nozzle includes a fourth actuator attached at a
fourth foi ntAt sethidd ferc corfralbirg rstrake cofr duesn fancomférentially benaged rapart pai r  of

said th t ULt onpriSLag: ifyln i renti al
angul ar B, AR ARl il SORPRLaMAR dRRE'L Hho oSl BT T
act uat oexhanstmegzlenemptisingai d pitch and yaw commands; neasuring stroke for
each of said_actuators: and re-cal cul at.ing.styoke.for said.fourth actuator
as a functi Owegg*ﬁnggpgc%%gqypgﬁangﬁaf E%@ém? gﬁe glogsac‘%?‘g'éat%-'?ﬂﬁ?’ors to verify
di spl acenent indépchderly talgulatingd steskentir dicBN. said acthatoR! hafl 3idOJostitng to

claim5 wherei.n said recalculated fourth actuator stroke is a function of
angul arl0gaons iR FrsRsE & pchAnd YA <ommaands; #6ur j oi nt angul ar | ocations and

each ot her. ipaﬁdgesﬁch@%grgi &ect Qaifll REFBAvVBLSIRE thers ik 9o fRWAiLA act uat or
stroke includes differential trigononmetric functions of sal angul ar

di f f er eydéknozzleni d differential trigononmetric functions thereof are
‘calculated and stored in said nenory; and

storing in nmenory said calculated trigononetric functi ons gngul ar

2. A method according to claim 1 wherein:

said stroke includes components for common axial slide, pitch, and yaw of said
ring; and

said pitch and yaw components include trigonometric functions of said angular

locations.

3. A method according to claim 2 further comprising:

specifying said angular locations at least once;

calculating said trigonometric functions of said angular locations;

storing in memory said calculated trigonometric functions of said angular
locations; and

using said stored trigonometric functions in subsequently calculating said

stroke as said pitch and yaw commands change.

4. - A method according to claim 3 wherein said actuator stroke is a summation of:
said axial slide;
product of sine of said pitch command and cosine of said joint angular location
times a radius from a centerline of said ring; and |

product of sine of said yaw command and sine of said joint angular location

times said ring radius.
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said fourth actuator stroke is subsequently cal cul ated uai sq%%oitored
differentials functions as said pitch and yaw commands ¢ 3283?5 : met hod
according to claim 3 wherein: said exhaust nozzle further includes
secondary exhaust flaps joined at aft ends to corresponding outer links in
turn joined to said actuation ring; primary exhaust flaps, and joined at
aft ends to forward ends of said secondary flaps defining a throat having

a flow area gi ﬁi&?&i Q&o&d?n@td‘@l%ﬁh% @gérleﬁtsafhaéc’iihﬁgst%oHl]Q‘i‘hclﬁ‘&eﬁaa? fodfil further

conprising specl fying nozzl e comuands 1 ncluding nozzle pitch and yaw for
vect or i afuaten aftachesz atl @ foumthdiosditd saidr avfuation etngacictumferantiallyi betwtersai d out | et

to said_t : erti said nozzl e commands to ring conmands
i ncl udl%%pé%%}é“ﬁ&%%c%%&éﬁaﬂ&g’% oS E Rie to position said ring and in tam

sai d outer |ipekifyingdirameforeaidalanigliapfochtion sfsapofoagh jdisr eto. - -------- 10
August 2006 . A nmethod accqrding to claim@8 further conprisjng applying
pr edet er m ne‘&?c@ﬁwgﬂo g fglbsaé‘éﬂjﬂurﬂbi‘%@%&}rﬁeéﬁﬁéset% saisk Bt #B%ing
comandsmrfadsA Met hod according to claim3 further conprising: nmeasuring
stroke of each of said actuators; and controlling actuator stroke in
f eedback cl oBe¥uring pEokedongashef seid gptuptersepeds bet ween sai d cal cul ated and

measured strQkeggfkin %%k@%&#?&i@rf %ctuﬁo{@%gofﬁn&gﬁ%fjéﬁg n’ié&svﬁjeg' m 10
conprising calculatifig sard ring slide, pirtch, "and yaw from sal d neasured
st r ok esstroipsifor saidhtlyes ecteatons ltavedifychsplaesient ofsaiddirgin wabomson plag. A net hod
according to claim 11l wherein: said calculated ring slide, pitch, and yaw
are functions of trigononetric functions of angular differences between

each of6.sai dAtnhutiel dcooidingaio@ldiars herdin Ribreailtulatd burti Adiatorasn@dksai d
trigononetyi c,funfcti ons .of sai d_ angul ar di}fer nces, are cal cul ated and
stored ¥@ éféﬁtm“yo f%}gugaﬁg gﬁ%% bglygeen each of said four joint angular locations

and each other.

7. A method according to claim 6 wherein:

said fourth actuator stroke includes differential trigonometric functions of said
angular differences;

said differential trigonometric functions thereof are calculated and stored in
said memory; and

said fourth actuator stroke is subsequently calculated using said stored

differentials functions as said pitch and yaw commands change.

8. A method according to claim 3 wherein:

said exhaust nozzle further includes secondary exhaust flaps joined at aft ends
to corresponding outer links in turn joined to said actuation ring;

primary exhaust flaps, and joined at aft ends to forward ends of said secondary
flaps defining a throat having a flow area diverging to a nozzle outlet having a flow
area; and further comprising |

specifying nozzle commands including nozzle pitch and yaw for vectoring said

- nozzle, and said throat area and area ratio of said outlet to said throat; and

converting said nozzle commands to ring commands including said ring pitch,

yaw, and slide to position said ring and in turn said outer links and secondary flaps in

‘response thereto.
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13. A control systemfor controlling stroke of three cirqgg{erqg%%glly
spaced apart actuators attached at respective joints to -2y on ring
positionable to vector thrust in a gas turbine engi ne exhaust nozzle
conprising: neans for specifying circunferential angular |ocation of each
of said actuator joints; nmeans for independently cal culating stroke for
each of said actuators using said joint |locations in response to pitch and

yaw congand; Aaﬂﬂtm;ata%g?fe@g% RPElah | mmdcoﬁfpg@%gggz@éﬁﬁﬁ&g%mﬁfédd

respective strokes to position sal system

accor di sehetglestomiaid kg zigrvommiands tradtdaig paidiringicognmadss i ncl ude a digit al
menory; said cal cul ati ng neans include a digital programmable controller;
and said operating neans include a hydraulic controller operatively joined
to eachiO.of aanethedheratdingto dains®fiether veahpristd:endi ng and retracting
respective output. rods thereof . .12 10 August 2006 15. A system according
to claim 14 W?Eﬁ”é‘l“ Str ‘E)‘%"F?Bf(@‘qlm%?fé?s mponents for conmmon axi al

slide, pitcheontddtlingauét@ftos fkdke il R28dback &ciad JodPst 16 AR ManrERARNENt S
include, trigononetric functions of said angular |ocations. 16. A system

accor di hgfvesn sidraicuiaied png siepsused rokenefspid astyateres st ored val ues of  sai d
trigononetric functions of said joint angular |ocations. 17. A nethod for
controlling stroke of three circurnferentially spaced apart actuators
oper abl ¥1.j oi Aagdethod acevoding ¢¢ ckim dfccoatprzuizca]alatingsypilcting dijeppittls t o an

actuati ring in s turbine engine exhaust nozzle conprising:
speci fyi%{rg:l %wngglgisal%gg%s}'roeﬁlsgf’g%ﬁ ?ﬁ?@ﬁﬁlﬁt@gﬁ%aﬁﬁﬁmw OEB%E?F%?FO%I‘ each of
said actuator joints; calculating trigononetric functions of said angul ar
| ocat i 0{12s; . . )
.~ A method according to claim 11 wherein:

said calculated ring slide, pitch, and yaw are functions of trigonometric
functions of angular differences between each of said three joint angular locations and
each other; and

said trigonometric functions of said angular differences are calculated and

stored in memory for subsequent use.

13. A control system for controlling étroke of three circumferentially spaced apart
actuators attached at respective joints to an actuation ring positionable to vector thrust
in a gas turbine engine exhaust nozzle comprising:

means for specifying circumferential angular location of each of said actuator
joints;

means for independently calculating stroke for each of said actuators using said
joint locations in response to pitch and yaw command; and

means for operating said actuators to effect said respective strokes therefor to

position said nozzle.

' ~14. A system according to claim 13 wherein:
said specifying means include a digital memory;
said calculating means include a digital programmable controller; and
-said operating means include a hydraulic controller operatively joined to each

of said actuators for selectively extending and retracting respective output rods thereof.
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i ndependently calculating stroke in said controller for §2¢ of ﬁ%d
actuators wusing said calculated trigononetric functions i 'ﬁ@gﬁ@ eto
pitch and yaw conmands; and operating said actuators to effect said
respective strokes therefor to position said nozzle. 18. A nethod
according to claim 17 wherein: said stroke includes cal cul ated conponents
for comon axial slide, pitch, and yaw of said ring;, and said pitch and

yaw co nen i i I trigononetric functions of said
m??. Assg'st’éﬁl Alég&d%\?g ntgtcﬁag#g% wef

angul ar [ocati ons. according to claim 18 further conprising:
speci fyi ng ssdid saekpuihelndésomatpooenss tmlcpmommegxial alide; Ipitth,ragd iyawsdiiseidcont r ol | er
sai d tng%Q%Hetric functions of said angular |locations; storing in nmenory
said calcC ed trigononetric functions of said angular |ocations; and 13
10 August 208fid pitch mgl gaw dorsparestd ihcligromigordmeteicfumeiohoobsdidarmghaequent | y
calculating said stroke as said pitch and yaw commands change. 20. A

met hod 195 ®ntrol ling stroke of three circurnferentially spaced apart
actuators attached at respective joints to an actuation ring in a gas

turbi ne_engi ne exhaust _nozzle conprising: defini nq@(%}eneri cally a stroke

equat i oS- ncAUIFIeE gsrerdingnglajm Sovimpein srdsnemerydacleges staredivilegserft i al
angu’ ar 3@ itlohBiec BALfbn36E AL RlindafbilbSlocaRfS! fyIng sal d circunferential
angul ar locations of eacll} of sal d actuat or jornts; calculating
trigononetric functions of said angular |ocations for said equation to

obt a1 " CALAARE 5Bt SRSKY .y GREASRiLa, el R0 ot ko
actuators operably joined to a controller and attached at respective joints to an
actuation ring in a gas turbine engine exhaust nozzle comprising:
specifying in said controller circumferential angular location of each of said
actuator joints; |
.calculating trigonometric functions of said angular locations;
independently calculating stroke in said controller for each of said actuators
using said calculated trigonometric functions in response to pitch and yaw commands;
and
| operating said actuators to effect said respective strokes therefor to position

said nozzle,

- 18. A method according to claim 17 wherein:
said stroke includes calculated components for common axial slide, pitch, and
-yaw of said ring; and _
said pitch and yaw components include said calculated trigonometric functions

of said angular locations.

19. A method according to claim 18 further comprising:

specifying said angular locations only once;

calculating in said controller said trigonometric functions of said angular
- locations;

~storing in memory said calculated trigonometric functions of said angular

| locations; and’
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to obtain corresponding constants therefor;

independently calculating stroke for each of said actuators using said equation
and constants in response to pitch and yaw commands; and

operating said actuators to effect said respective strokes there for to position

said nozzle.

21. A method for controlling stroke of three circumferentially spaced apart actuator
attached at respective joints to an actuation ring in a gas turbine engine exhaust nozzle
comprising: '

specifying circumferential angular location of each of said actuator joints in a
generic stroke equation including pitch and yaw components based thereon;

calculating trigonometric functions of said circumferential angular locations for
use in said equation;

calculating stroke from said equation for each of said actuators using said pre-

_ calculated trigonometric functions; and
operating said actuators to effect said respective calculated strokes therefor to

position said nozzle,

22, A method according to claim 21 wherein said stroke equation includes axial

translation, and pitch and yaw based on said pre-calculated trigonometric functions.
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