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THEREW TH BACKGROUND OF THE | NVENTI ON (1) FIELD OF THE | i 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 (bN Al) overl ay

coating alloyed with hafyy ¢ ntal coating and as a
bond coat for a thernmal %ﬁ%ﬁmﬁg@cﬁ%w| ON OF THE RELATED ART
Conmponents within-the turbine, conmbustor and augnmentor sections of gas
turbi ne engines are €0CHPIG BYSTEMORORMED THBREWOTHCOr rosi 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 (Y2@3), nagnesia (MJO or other oxides, are widely used as TBC

~materials, _Various netallic coating systens have been used as
envi r onméht EIEEB QN FHE INVENHON t ur bi ne engi ne conponents, the nost widely
used being di ffusion coatings such as diffusion alumnides and platinum

alumnid ( e D EE IS Uy i coaking are for by reacting
the surf 32‘8 lg;% sbég} ég%lfgégnéeﬂ\%ap k I;grllﬁgﬁdgomcﬁgﬁné go‘?\fi thentYRs ngor p%{‘Efe(geposi t
al um nuncemgofantsexpasédtoshigh uainperdare sheitomicats, sGch e Rdsld thermf)r oduct s
of alum num and el Fmants Qf the substrate material. D ffusion alum nide

coat i ngs SRYFIRREDT AL 2875 WRRe enedre- SMgEs paigyark; s investionistditented de A
envi 1 OBk SR N1 BNIRD Il BRARE G ed GhA nhm B9

- prime (c¢) Ni3AL. "By 1 10 Aug
: as an envjronmental coating and as a bond coat for a thermal barrier 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
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i ncorporating platinum the coating further includes PtAlL.inter I1ic
phaseg, usualgl 5 PWand Pt A12, andgpl atinumin solution iquf{]‘f%‘s@k?
intermetal lic phases. Another w dely used coating systemis an overlay
coating known as MCrAl X, where Mis iron, cobalt and/or nickel, and X is
an active elenent such as yttriumor another rare earth or reactive

el ement. MCrAl X overlay coatings are typically deposited by physical vapor

depositio . such as .el ect.ro eam PVD (EBPVD) or sputtering or by
pl asma sp?&&&%@tm aiﬁn%n(b\%eﬁo n%@ﬁ%?eﬁé‘?hﬂgﬁ% integpet@llictRhasesnusmiivi ni de
coat i ngs ReAland ®5All,} andfplith@nEinaeRRoh ih &mi&@ﬁﬁﬁ%&ﬁnﬁﬁﬁaﬁabﬂ rate surface
and the processes by which they are deposited, which can result in only

limted di fftfi on into the substrate. If deposited on a nickel -base
super al | o§leigekVHglveused soaimeystesd it ameyeriay kchatingrimoivaeasaMGeA B, [viersol i d

sol ution : 00 [ I.e and bet nj ckel .al um ni de phases.
Used in c%dqn%itlﬁ)glf F%l%ltvr%ﬁi ?ﬁp#g&gﬁgﬂggﬂsfsﬂ% VaF Wleﬁ}i st’féhi‘)’? W%%Wg’ﬁ ay
coating raseeardsorasactiveaidnanatMOpABd Besrtayt RtidEGrb eypibaLyHadRkikad 1\5}9
substrate., The al um num_ content of these bond coat naterials provides for

the sl ow RjPSicehvager denopiign § Yiauehes cleetran hran RVRIGBPVIM anspditeringy er
(alumna&cgjl ) te e - Thi t her mally. grqwn. oxi de (TGO
protects the gpgﬁﬂa ggg? “%F o%%%?%a‘%‘l%%%& g’%ﬁ“ﬂ%tdslff%roﬁ?lgg%#mgnagmeﬁ'é% cally
bonds t hecomtdpst as nhesidond the aleméds dransfeasd |ty ,the \tebdtAYe ceFdeNGs] (e €., Not
nickel alumnide internetallic

a diffusion) of predaomnantly beta-phase ) mr _inter
have bee rvaB%eéf?Sé’gd"e‘th ey pretrposited. Wineh ssTesuligaonlylamited diffisiondatoNi Al bet a

phase exi ni - ] 0 [, t about 60

at oni ¢ pet%g%qsggtleugﬁr%ﬁét%;eﬂ pafekeroas h%%{gﬁbﬁfl %&%@%ﬁ&ﬁ%&éﬁﬁ&% sition

bei ng ni ckidll conrisaly eretatlimpbdled solutibetthatplimsand\bdth @@ahi NEin@bed ibdlas

I ncl ude co | y-assigned U. S. Patent No. 5,975,852 to Nagara; et al.,

whi ch dirg‘[tgggélgémﬁ (Nﬂ%sesoverl ay bond coat optionally containing one or nore
active elenents, such as yttrium cerium zirconiumor hafnium and

common! y {524igeghbhiafion RAHETBC, bdififisiaR hiififlide brRLLAIR il coadtld! Ch

di scl oses a NI Al overlay coating materi a contai ning chrom-uma
zi r coni ulfIVED AN RPYA eent iqyaderetts, TR e the dokrlying substrate. The aluminum

content of these bond coat materials provides for the slow growth of a strong adherent
continuous aluminum oxide layer (alumina scale) at elevated temperatures. This
thermally grown oxide (TGO) | 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

2




6, 153, 313 and 6, 255,001 to Rigney,et al. and Daroli a, re%@%(ﬁtl Oé al so
di scl ose beta- phase NI Al bond coat and environnental coa We'eti al s.
The beta-phase NNAl 2 10 August 2006 alloy disclosed by Rigney et al.
contains chrom um hafniumand/or titanium and optionally tantalum
silicon, gallium zirconium calcium iron and/or yttrium while Darolia's
bet a- phase Ni Al alloy contains zirconium The beta-phase N A alloys of

" Nagar aj , dewvolischosed byl Rigniy grien}. edntaihs ch@ftludg hefnibn A& tesiushayg to

i nprove th h n of...a cer mc TBC | ayer therebylnhlbltlng spal | ation
of the TE® ‘SH%FY %ﬂ‘%‘f‘&%s?"dﬁo%i%é WiR,\ Aircaniuy, éa@fnm,n@nrm@ysﬁt@nn Whide r ol e

h haf -
t hat haf mbatelipk d¥e-rHasd NE’APH!I(BBQ coR&ih %frfxﬂﬂﬁgesf Rt 9&& ?h&[ Ig éfgi eagog%gfér al

i nvestigated by Nagaraj and Rgnhey et a garaj
Ni - 49. 8A|Nagar%1Dme 1alef @;;,sRlawm e(t@h;:htuti@drdlilaatave rmemﬂ@km & lith fhe

t t t h
neTytirt GanERit He oSBT Jevecollershy Tbititne ¥Be bancaleihe 550 avbi s of up

to 1.0 ahml@&h@gd}vweﬁﬁg@pmeqtg@g stapfivestigated other Ni Al alloys
containing hafiiium such as N -49. 5AI -0.51-1f, N -48.5AI-1.0Cr- 0.51-1f,

Ni - 49. 45 0. Hf - 0. 05Ga, N|48 3Al- LOTi - 0. 511f - 0.2Ga, Ni-47.15Al-2. OCr -
0. 25Fe- 0.  ithat atoiem glays o mmwmgBSlﬂfdﬁném{reﬁsﬁﬁa: of a TBC was

- Ni - 44. 3ALsvs] 5AI -.1. O4Ti - 95501]& n these
resul ts usi %gé%edobfﬁgggfgja%ﬁa— er c lﬁmStlg?te bi?gﬁ?t hat when

conbi ned 0WiHfallops, anil wonclbdédttat fﬁ)pl@i!é‘d spauaﬁoﬂr}gaﬁtaﬁ\ée %o@lda}e%ﬂtﬁn&ﬁffce“t

haf ni um woul d be benefi ci al to a beta-phase NI Al bond coat. Even with the

advancenPf OF §lo8t QXKH-agH¥ G &lementy, suele pnivHeuem, hafrdind e ceriing, zxmdmlmqnt i nuous
effort tgef WdrdSresbit ry i fe of TBC syste roving the
spal | ation’ res??tegncggtg?é&%w%lﬁérgna? %%ﬁ%lﬁlpgfceﬁb @gs’éﬁg%'@ RY OF THE
| NVENTI Ohthe¥ dGAb sliolysheortaininigs hafnimit ek iad ENDYB5 A RY. 5q,galNlng 94101 GFlicl es
used in onpents, such as turbine, conbustor and
augnent 06 9@34;1‘3 Héﬁ?éméfg (Séééq,uwhﬁgém 1.0Ti-0.5Hf-0.2Ga, Ni-47.15A1-2.0Ct-

0.25Fe-0.5Hf-0.1Y, Ni-48.05A1-0.75Ti-0.5Cr-0.5Hf-0.2Ga, Ni-44.3Al-5.0Ti-0.5Hf-

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 hlgher than prev:tously expected can be
mcorporated B




engi ne.. Al so disclosed herein is a predom nantly beta- phjﬁe Ni Al erlay
coating for wuse as a bond coat for a thermal barrier codfi ft?@%’l
deposited on the overlay coating. Hafiliumat |evels significantly higher
t han previously expected can be incorporated 3 10 August 2006 into a

Ni Al - based coating conposition, yielding a coating system capabl e of

exhi biting inproved spallation resistance as conpared to prior bond coat
mat er i al dhto roBiAhbased| goaingt torposidion; nyisldiey di cbatsigoRyaaat ta@sdle OHf
preferred ﬁﬁ)ﬂtﬁ)osjtion (Eor he beta-phase Ni Al overlay bond coat may
further CORPPHIE WHIgYe S%lta{lﬁn Zastitance s gogpaed t9apriasriondmoghingtarialy; her

possi bl radt uaby SR ik ATRAO o6k | AChrSFrch BT it 2 um and

zirconium As a beta-phase NI A 1 nterne C, € over can
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amount with nickel, so as to be predomnantly of the beta-N phase. Wth
t he addi PPGRtHrEMN.Qther passible allpwing sleraemis phtye bayd avat dnchadet titamivinaf i ri um

i nt er met ynkdiEmRRaSHo iﬁ#&h as beta prinme (b') (or Hensler) phases
(Ni 2AI Hf ), which are rbe Il eved to precipitate strengthen the beta-N Al

phase. Wth the addition, of chromum the coating can benefit from
i npr oved Aot befamhases N, intesmietglliso khet \enlag tooatirgt been corgail\30cfor SOviatomic and

i pi t 3L ing. fromfine a-Cr ph i d within th
et a phabeceft Fnial By, it OF lfioReris, BERGE il 2Eh 40 MalooM Al
over|ay prdomimaafly bhefie [HeasKmlhdhasede s hgen aﬁi@iﬁoh”%?oﬁﬁﬁﬁl.ﬁrﬁ $hel ation

e e

resi stance of a TBC deposited on the overlay bond coat. T t a- phase
Ni Al ovePyealpy eoatingmeyodlsa deintini imfisinti inemrhetaliic phases Isicdvabetagringy/®’)app! | cati on

' t al RO, ] | LSt .. th ' | ded t hod
For “cont PP BAAEs (RBRIRST pich e et 37 Gieciiele, stspitben B Bott a0 at or <

at t achedplaise.r e5@egiel ARitioal R chidhnifR, ed Y8inB can' bé}gﬁf Brofh gﬂ?ro%'c{ hipe engine
exhaust nozz] e cogrl si ng: specifying circunferential “angutar 1ocation of
each of HF§oRcelitt selufiest mrengtiiening tsn dewidiymg ahd: praipitators strelghdniig

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




each of said actuators using said joint |ocations in respgnse to pitch and
yaw commands; and operating said actuators to effect saﬂﬁf?EQ Pve
strokes therefor to position said nozzle. In a second aspect, there is
provi ded a control systemfor controlling stroke of three
circurnferentially spaced apart actuators attached at respective joints to

an actuat] rd 1.t ] | e to vector .thrust .in.a.gas turbine engine
exhaust Tags for pRLAE bRty Ml a0nhe o Rhcther Pif pubt AT,

ci r cunf ercand foxlindepgudanrly lcak-alating sebkefie kach of adidl adaituat Bing Qlidjdint Neans
for indf(%egdentl¥-cal cuj atj&g séroke for each of said actuators using said
j oi nt BUPTS0 HY TESRODPSES 9o AU 284 pfaic ROBAWNG- dnd dRseah dor QReratiag, faids or
oper at i Agustdisto clettualdatsetidveafitoREd theRirst tb B5NBEH iN@nsiALkes therefor to
position said nozzle. Ina third aspect, there is provided a nmethod for

controlling stroke of three circuraferentially spaced apart actuators
oper abl j"’oi[ﬁ‘é‘é aspect dhske ris) pravidsd ga anethed el@r agontrollinge strokee of othrges t o an

act uat i gicunh RELnkifllR 8 byl BB &0 g - SRR RN
specifying in ggali_ (S;I%%t roller ci r_cu%?%?lgﬁgﬁg‘?%oaﬁgﬁg}?q ocat |a!8§éd(;?[ each of
sai d actaspective] wins sto  am| astlagion nyng ringengaseturbinef enging embawt mmzld angul ar

| ocat i 0QSwerd: . I i stroke.in said controller for each of
sai d act ua?%érngg‘;s??&r} }[%Sﬁ@é:&é'{rﬁg "ed© Irni%rgnﬁt@?’r@?g‘?%r ]foﬁ?lt&ni on nOt(r)es ponse
to pit céaidritupton joorsrecaiailatmgdirigopemeatricnfinstiom 6f kaldtangalat dogiiosst sai d

respective strokes therefor tpo position said .nozzle. In a fourth aspect,
thore 1 EpEUPRLGScEint stoke o BBREuRIen B SeroRa dctyiers wsing said
ci r cur n¢Andimed atigyndpage dud@Rht i ClebidnRé SoapitACARH yal ESsREeRds: Vidid) 0i nts to
an actuation ring in a %as t ur bi_ne engi ne exhaust "'nozzl e conpri si ng:

I t

def i ni n@PSGEHE Faid|acipators itp piflect sajd desnsstive sireleasnigersiarcle pesitigmsaidonponent s

based of,&id cunferential angular |ocation of said actuator joints;

speci fying said circunferential angular |ocations of each of said actuator
joints; calculating trigononetric functions of said angular |ocations for
sai d eqati Brartho aspigetaj thergoisr peyitedi agmetindt font eontiolingf etrqkei nfidberdent | y

circumferentially spaced apart actuators attached at respective joints to an actuation
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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cal cul ating stroke for each of said actuators using said Sgijati %5 gnd
constants in response to pitch and yaw commands; and opé qgﬁif 9% d
actuators to effect said respective strokes there for to position said
nozzle. In a fifth aspect, there is provided a nethod for controlling
stroke of three circunferentially spaced apart actuator attached at
~respective joints to an actuation ring in a gas turbine engi ne exhaust
nozzl e conprising: specifying circunferential angular |ocation of each of
said actuator joints in a generic stroke equation including pitch and yaw
corrponenbzl}ﬁt‘_)az)ed t her epn; cal cgl ating trigononetric functions of said
circunfe i© ﬂecasniﬂi{ advapiess obMus pyentior Wil keabettes pparscipted FamctbEat i ng
stroke ffdyml?éggtaigq%g&ﬁﬂi&lpr each of said actuators using said

pre-cal cul ated trigononetric functions; and operating said actuators to
effect said respective calcul ated strokes therefor to position said

nozzl e. 4a 10 August 2006 O her objects and advantages of this invention
will be better appreciated fromthe follow ng detailed description. BRIEF

DESCRI PT; Pgﬁ%l_%(ﬁsr i .S, a perspective view of a high
pressur ei3 ur@ggt‘gla €. |guﬁgq¥£ﬁg¥}r§®r oss-sectional view of the blade of
Figure | along line 2--2, and shows a thermal barrier coating system on
t he bl adBigine lais apertpoadivewidwi ofa hightpeehsarenbrbite Hidles | nvention. 4b 10 August
2006 Figure 3 is a graph illustrating the relative furnace cycle test
spal | at I@Erwpﬁtrf ormance of N Al gr internetal i c bond coats containing
varyi ng Grtls 2 Grosprapetionnh Yiew of thedladsrnf Figyire B along lincskehand shasysd on.

DETAI LEQh&EGERCRLAL St #ﬁn'd}l\{ LT el invention is.generally
applicable to corrponeﬁrﬁg;t at ogég@g%lmw&?ﬂﬁlaﬁée‘%hageﬁlbochmem of His .

invention,
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environments characterized by relatively high tenperatures,, and .ar
therefore subjected to severe thermal stresses and therﬁéﬂ“@?gﬁﬁﬂg.

Not abl e exanpl es of such conponents include the high and | ow pressure
turbi ne nozzl es and bl ades, shrouds, conbustor |iners and augnentor
har dwar e of gas turbine engines. One such exanple is the high pressure
turbi ne blade 10 shown in Figure 1. The bl ade 10 generally includes an

airfoil i.nst i.eh hot combustian gases, are directed during
oper at i oﬁjf%%'ﬁgt% ﬁggéﬁa\ﬁ‘tluw .ggglwgrleﬁﬁyeﬁﬂa yle tegispallaion performaneo el
subj ect eNitAICS eiveiictatlid dad D oAXT SRfdiRRg GRHIRS| AodiRd & ﬁﬁfn%ﬂn ihe
airfoil 12 is anchored to a turbine dis% (not shown) with a dovetail 14
formed orfceprdaise viethe presed invenfipm. bl ade 10. Cool i ng hol es 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
particul arly ni ckel -base superall oy bl ades of the type shown in Figure 1,
t he teacDEIGSILED DESCRIPRIGNOBDTHETRIVIENEION | y appl i cabl e to any conponent
on which a coating systemnmay be used to protect the conponent fromits
envi ron t. Represent.ed .in Figyre 2. .s.a TBC system 20 of a type that
benef it rsm[?“? o?ﬁe%@ﬁg IERURR rfésgenﬁlgﬂi’ rﬁpé’thﬁ%}% {9 i E¥PoRsnts Hbnoparsle withini ng
Syst em 2@nviRsiineah ' : d S te 22

P RCARN SY YRID | RECRaRllE Shd e “HaRSS

with a Nl Al overlay coatin ' nd coat to

Ich t
“the cer afibjedted, tor seyere themal shressenom] @R il yaling. 0 Natable praadpdesadf such

hi gh- t ial . i ron, .nickel I't-
cuner ar | BgBYnfs, HBAEE LAY ek 479, 18R s it o 2t Bloncse EHPBS.¢ e
ceram ¢ t@uBistainctSard Ripficalr haRRAS bt 88 MMbiRDYisR! OiRRA h%&?ﬁht I on

(PVD), though other deposition techniques could be use preferred
mat er i al i5f e highe praspure tarbling blade d 0 shown int Figiee 15 Tie Bladud0 g2oaally

stabiliz i Niae (Y4 . . Wiith.a.syitable conposition RQein qut 3 to
about 2oﬁ1q5\‘§ia%h %‘2@:@% %ﬁaflﬁ{ ea“,’h‘?lhgl?ghc"&%lﬁ’ﬁ?g'géaa?ﬁ 3R el R8s L g e
used, sueferatonydfithé gas turtdisénpiid, ha®Whédd ePMEQis tRérefré SHdRedtbabidk zed by

.ceria (CeOZ)(, scandi a (SC203) or other
attack by oxidation, 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.
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-




oxi des. The ceramc layer 26 is deposited to a thickness that is fficient
to provide the required thermal protection for the undeﬂpfpﬁaﬂéﬁ%,trate 22
and bl ade 10, generally on the order of about 100 to about 300
mcronmeters. As with prior art TBC systens, the surface of the overlay
coating 24 oxidizes to forman oxide surface |ayer (scale) 28 to which the
ceram c | ayer 26 chemcally bonds. According to the invention, the N Al
overlay coating 24 is predomnantly of the beta N A phase (beta-N Al)

with |1 mgailidl dydoth FUST) I o bR Alm@URidbeifif 3bbiis 3 avbl BhCT e ab!y
deposited using a PVD process such as sputtering, 1on plllasma, catt odi ¢
arc, or ridightreereand yéiviap thoagh ethenicetansin medtexials enuldelemusedpseh arytatdier

hi gher ener ..source. .1t is foresgeab t hat ot her deposition techni ques
coul'd be pRepbigaHHEEnid. br dfedis SRREAR 6 A bR Gotaitesds Oppier n.
Accor di ngxides! el R¥aIi9Rr 28 i§ UbjRlke1o 5*&5%[&%?&12& ¥ sulff? o4 ('5&53&03“ ng

24 is about 15 microneters to g;ot ect the underlying subs and
provi de dhe waugehthermaappipcioon B dhe undmilyiog solstoite 2Dambbladin 0, ghaughy

-t hi cknes 1 abou 5.mcroneters are believed to be

sui t abl e%ﬁilﬁéégr(%gggéb{fﬁlﬁbﬁé%%ﬁ?“&aéé e férfs'eﬁéﬁ’l"?h B%?rr%ﬁBQWS$@Sf educe
the diff ukd @mfané of the 09uesy @iting 02 bkidieed fo KitrPad SBICUBRLE Per QX! er abl V.
deposition of the overlay coating 24 results in virtually n('o I'fTusi on

bet ween th&hishdhe egramisalayergocheminsllyosds.ate 22. During subsequent heat
treatnment to relieve residual stresses generated during the deposition

, typical Ly.not h t fi
P or ot eteiing fohd ilchlibd, ORI ACMTriab KB R o iibaBiney SE0E 61 hour s a
about  180AFphase ZHAMNiARbwith 1iBBRL atioyiak additidas 0 Nﬂuao%ﬁﬁyaﬁtﬁg 2an inert
al 11

~at nosphere f“ %s ar_g(?n., To attain the beta-N Al internmet phase, the
N Al ovetd B f{«’@gy RBPESHRC Yping 1 BVD inkecens sush dsputiering, ion plasma; eathedic of about

30 to 60 tg' ' r 0 tp 50 atpm.c percent, and

nore pre eFaE| yltg?gr %ﬁ{e]gysa glfa?fﬁﬁo%%gg&a%ﬁ 5’%‘)‘?’ %3% QFi 4ther Ighek snerexc cor di ng
to this sowent iloiy fdrafeeablerthitsothtrsdepdeitioni feckhifesf @ul bhasPafcR%s24, 1N
an anmount. of at | east_0.01 at o@T ercent up to as nmuch as about 4 atomc

1 C_per ¢ . ] A L
per cent ﬂ{egﬁwraﬂng/\&f RYdesepeptisopkitingh Acegrdingty the inveptionuawithisle t he
coating dffckiBy 6P e varlay 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




6 10 August 2006 in excess of | atom c percent, which e eeds tJ&ﬁ anmount
taught by Nagaraj et al., or in excess of 2 atomc perc tA g PHOexceeds
t he -amount taught by Rigney et al. The desired anmount of hafniumis
preferably incorporated into the coating 24 by codeposition with the N Al
material. In a preferred enbodi nent of the invention, the coating 24 is
further alloyed to contain about 2 to about 15 atom c percent chrom um
more preferably about 2 to about 10 atomic percent chrom um According to

U.S. Pat gifexs of 1280mR8dkrécht, WRICR lekdeeal 1 mafg?%@hf gp@gmg J off ;g?rén umin a

bet a- phase Ni Al overlay coating 24 has a signi
spal | at i dn exeass of dataaigfperdent, dicinexcetdsythe adbuaithegte bytRighdiect aNi Aheover | ay
s aresult of solid solution

coating 0 h system

corengendsri ittt o fimink - Biefemils. RoPorsich rnofien gomign2ts by a- G
phases @b&ﬂﬁsﬁﬁﬂ%ﬁ@bmlhmﬁla@{a@ phase of the coating 24. According to the
I nvention, beta-phase N Al overlay coatings containing hafiiiumat |evels
S|gn|f|cantly hlgher than previously predi cted have been shown to provide a
desi r abl én Iaei?@l fersrd emhedisent of the iinvemtion, fher cantiog r2dmisc firtieeralidpabso t ed on

the N Al benefits are believed_t be the resuIt of

the Hensl er %@ggﬁ %l\%%f I—g?‘ﬁ&aﬁ R ?‘B%Pﬂ“&%éa"f@d’f coating
24. Bas edb@ut 10 @vdngiv Sper¢eny @hidrgiad, 0NSdcofiifly to RT.GNPYreht NY. -6 %g lt
unexpect ﬁd t hat hafni um woul d have a beneficial effect at Tevels as hi gh

as 4 at oMakolisit @bnthe prasencelhromivesiniadetd-phast 8641 overiay cbbmfg 2hlerd i on,

f TBC. t b d
cont o 1 of EalfeabERickt Oy silaBon RENBIERT 188 oSRREHSHERE AfNERd S Mar od 1 o
FCT test Niat avenhrypcdaﬁdgfm toPfohn ﬂief TBE! §Rtent 20 tds W eesult T QUATdoRMigrOat | NgS

wer e deposlted {o gg) corrposltlon of, in atomc percent, about 5%
chr oni unftregHesng, sy and, Mﬁﬁml&@@utst@o&ﬂl@mmﬁnmmﬁmmcmﬂiamce

ni ckel . ;ﬁg :ﬁ&f‘@vltﬂﬂstpeg‘ﬁétﬁ afsg%ﬂtﬁ]e&aﬁﬂ Httons formed of a single-crystal

super al | oy novvn as i hal conposition of, by weight,
12. 5% Co,

According to the invention, beta-phase NiAl overlay coatings containing hafnium 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




4.2% Cr, 7.2% Ta, 5.75% A, 5. 75% W 5.4% Re, 1.4% Mo, O. bS%Hf 2% 5% C,
0.004% B, 0.01% Y, the bal ance nickel. Each overlay coat g8 08¢ ned by
CcOo- evaporation using an EBPVD process to a thickness of about 2 mls
(about 50 mcroneters), followed by a vacuum di ffusi on heat treatnent at
about 1975'F (about 7 10 August 2006 10800C) for about two hours to bond
the N Al +Cr+Hf coatings to their substrates and to relieve residual
stresses generated during the deposition process. Al of the buttons were

then coat e08(%Y) ERA¥Rurivd haRo¥Ebdidisie Wil BrhaP@bat g:)«?h{éﬁrosgﬁgtﬁﬁés)anﬂf TR(SZ

as the TBC naterial. The spallation life potentia ese coatl ng
systens {tielevarenidugliugsace genpyateduring tisalspottd@bmbeésab il of th&BdnsWi t h one

bt o, a1, 156k K9 EBPYE. Bt ooyal e Il ook d 29 cRisrerseten) afe
i nvesti gay¥isZasethe TBG aadrRd. The kh&AWHRN Jifc PhlcAfialS b @fe@%ﬁéat%ng:sérfteﬁlgat i ng

per f ormance was strongl% dependent on hafni um content. ts confirm
t he concl Wereothsn graluptad bpdichet akput @125°F (@boutt B éRPGheythainedour agclén t he

benefi ci a fect, of. haf.nd um |l evels of ,up to 2.0 atqm ¢ percent in the
presence %?St@%r‘g%ﬁ t&%nma%g\?ggg rg?‘t’ct%%’ef"’é%q?l Wgergﬁ@gogmaae@ﬁ@‘ Rel‘f%ﬂt REMBI um

| evel s sigBCfHadapalled. hi gher than 2.0 atomic percent are beneficial. Mre
particularly, hatniurn levels of greater than 2 atom c percent (about 2.25

atom c percent)_ an tﬂp fo 3.4 atomc percent were shown to be consistently
benefici alt§ FesEBnphrthe davestsating presilustsatedbtin Figian B, cohich. evidemced dimel i ne

FGhiihd PLAL il ' t in Fi 3tob

About Joaeonink peforRinot b etbrchy 34RRdt AR bESRIR oBhnt "Hitenils oMot ai i ng.
greater thhaondusibasof UpEr Baievit Naf 6 6318 X b Wigrg é:tnal,ayﬂ@%% E&[Eﬁlbg'afe of f

aseline. Life

Var at i orfEiebb bRy E5HHE of HathP P BiePSows it dsepiesod of chwesut | om
Lo oy o B L B GG
~control tatotbiet pacendiase bedxficeal.h d¥ibienparticularl Reiafniphakeels of greater than 2

atomic percent (about 2.25 atomic percent) and up to 3.4 atomic percent were 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




Ni Al coating would provide better spallation resistance clg)n i St w th the
best specinens for a given hafhiumcontent. On this basis, “I%?fez@)gterm
wi t h. beta-phase N Al bond coats containing up to 4 atom c percent hafnium
are believed to exhibit inproved FCT |lives over TBC systens with Pt Al bond
coats. Wiile the above eval uation was perfornmed w th conbi nati ons of

chrom um and hafniumin beta-phase Ni Al bond coats, it was al so concl uded
that TBC systens with beta-phase Ni Al bond coats containing up to 4 atomc

per cent. hakfiiuiuele0dls oPiffto £.0RRBER s NILIhd REnSHILE BlE nfilh INER, A9

such, the above results agree wth the cohclu
5, 975, 852signifidantiy highertthan .0atomio petvenban dbhaficidl. ef fect of 8 10 August
2006 hafniumat levels of up to 1.0 in beta-phase Ni Al, and furthernore
that hafi {hy evel s .. signi.ficantl igher than 1.0 atom c percent_ are
benefi ci aWh‘(%ﬁ!.hFe‘“%’?Pé“’f‘ B eﬁ%fzbegeig‘nwﬂ@%@ idpRrgierngd eanbodimenta ithisef er r ed
embodi menippakdnt ifsat nRiRAEEBAs EMAY bERAbHE B iRBSKERY d &q@r one
skilled in the art. For exanple, basﬁed o% i nvest?éa#?ﬁg E@%or d’in US.
~ Pat ent Nobasgd paanweptigationsirepdsieriin L6 8. Patant Noved,1 8323, dtyis belitvedghar the hi s

i nvention pfi.ed to further cantain.one or nore of, in atomc

" percent, %'eﬁfé} t% 85)@%%&&%&‘08 .cf%dt% %@‘ﬁﬁﬁ‘if%ﬁﬁ%ﬂ YR OBe SUMEFE Plson,  and
0.01% t 0 jh f8mid perostitUON YARCSTedithmiuh, 0L 198 t§%%%n9jlurhh§.l%"iﬁe%isgﬂ ds to be
limited only by the follow ng claims. 9 10 August 2006 CLAT MBS 1. A met hod
for cont rad pﬁé/osfq 41086 girconipme diceondiriady, cthe isabpey of (e tentixar is toabé uat or s
~attached lﬂ}ﬁt%tfﬁlﬁg% itl\{eefdllgw clgﬁ}san actuation ring in a gas turbine engine

exhaust nozzle c n%rl sI Nng: s%s)em ying circunferential angular |ocation of

each of said actuator joints; independently calculating stroke for each of
said actuators using said joint




| ocations in response to pitch and yaw commands; and opeﬁgglqglﬁﬁbg
actuators to effect said respective strokes therefor to p SHER aid
nozzle. 2. A nethod according to claim| wherein: said stroke includes
conmponents for comon axial slide, pitch, and yaw of said ring; and said
pitch and yaw conponents include trigononetric functions of said angul ar

| ocations. 3. A nethod according to claim2 further conprising: specifying
sai d angylagqst ocations at | east once; calculating said trigononetric
functions of said angular |ocations; storing in nenory said cal cul ated

trigononetric functions of said angul ar locations; and using said stored
trigonoketrié metad ders comfralling strobeitofy thre¢ cicamiferentiably dspased aipertas sai d
pitch ang, n . Or d] 0, Cil-aj . wher ei n

sai d act uaétfgﬁry @@%@ﬁfg&%@ﬂ%ﬁsoﬁ %?%&%g%@ﬁﬁgéﬁ%ﬁgé%ﬁ Eﬁ;’lﬁ%gg tﬂl\céé{] of sine
of sai deybiatgtimoezievemgrisingt cosi ne of said joint angular location tines a
radius froma centerline.of said i . ..and.product of sine. of said yaw
command and F%HeE cgﬁluﬁfefe&tlﬁf%&ﬁ Pc%?tl?lbﬁg‘%cﬁﬁysaﬁl ?r‘ggatglélloﬂl??’i ng radi us. 10
10 August 20B@epdnderlyredlbglokige seskd it daeh Cdfedald 3ctuliefseiiding @hid Pihaust

nozzl e ]i8ncludes a fourth actuator attached at a fourth joint to said

act uat i Y9RRLHANS & EssPase e Bitchand ypprogepapdenand  pair of said three actuators,

and further GOERHoSIAD acthiitSf foYdt %aia%gge%ﬁ%ﬂs&aies%&%@&ol Glohon of said
fourth joint; calculating stroke for said fourth actuator 1 n response to

‘sai d piidnegate yaw

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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commands; neasuring stroke for each of said actuators; agg re- ctaj p@l ating
stroke for said fourth actuator as a function of said ne Lﬂ’uﬁs 8 okes for
said three actuators to verify displacenent of said ring in a cormon pl ane.
6. A method according to claim5 wherein said recal cul ated fourth actuator
stroke is a function of angular differences between each of said four
joint angular |locations and each other. 7. A nethod according to claim®6

wherei ng sai g f ; r Lo I ff at tr4 onetric
functions of sai&%‘]&i g%%ﬁlgg&dé?lta ?ﬁergg\ﬁ%erg];ﬂggy%éﬁ%tﬁ g?ielggl? déll T %’gﬁ@rret ric
f unct i omtuatdresttiohednatea dairthyjoiitted saiddactuatios dirigneircsaiferentéatiyr hetweerdasai d

fourth Lr I.Ss.subsequent|y.cal cul ated using said stored

di ffereﬁaﬁx};gjfstsa?(#tll}ﬁe&a% ?rsagmgg*r%%blc?r%ffs&% yaw conmands change. 8. A nethod
accor di ng t ospetidying Sirsvnefessntial sgulir Bchiotséf saiizfoheh foifits her i ncl udes
secondary exhaust. fl aps j.oi ne t aft ends to correspondin uter links in
turn joi ned ‘Eailc"i%n& %‘g’;ﬁg‘?ﬁ ﬁ?dgrfg‘r‘ig‘ APRIRE IR, TESRPISG P S?Rla ch ¥Y#%i ned at

aft endsrhaddar war d ends of said secondary flaps defining a throat having

a flow area diverging to a nozzle outlet having a flow area; and further
conpri si ng sPEVFDg pEpkedoreash of paid aelyatorse Bdli ng nozzl e pitch and yaw for
vect oring salechai iRk SeroR o Blidl P LALP S AnAIE0f B nbursdi d out ! et
to said throat; and converting sald nozzle cormands to ring comrands

i'ncl udi sipkesifod saifd tlyepadtediors ty awovifyahispladeindat dfeaawigin@rcogmeh plamg and in tam
said outer links and secondary flaps in response thereto. - -------- 10
August 2006 9. A nethod according to claim8 further conprising applying

pr edet ef.m ned method according to claim 5 wherein said recalculated fourth actuator stroke

is a function of angular differences between 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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schedul es to said nozzle commands to obtain said ring co ds.@g A
nmet hod according to claim3 further conprising: neasuri Y598t each
of said actuators; and controlling actuator stroke in feedback cl osed | oops
to mnimze differences between said cal cul ated and nmeasured strokes of
said actuators. 11. A nethod according to claim 10 conprising cal cul ating
said ring slide, pitch, and yaw from said neasured strokes, and fromsaid

angul ar gl ocati f i r ) 0 :Cor di | aim 11
wher ei n9 sai % giagﬁjggl %t eﬁ@%%grﬁd%%ﬁcﬁ?, pﬁ‘ﬁ@%ﬁ%@?@ p?%dr%gcﬁﬂglﬁg of

t r i gonosehediles tofsgidnazelesonimandg t ehtaidisiideingrroesndsdsmveen each of said three
joint angul ar | ocations and each other; and said trigononetric functions
of said angul ar differences are calculated and stored in nenory for
subsequétt usenethGd adkoeding toodlaigy? fiethef com@dsiig:ol [ i ng stroke of three

circunferentially spaced rt. actuators attached at respective joints to
an act uati on™f nﬁﬁ‘é@f‘?%ﬁ%&@ﬁ"ﬁ%ﬁ“&ﬁ ust in a gas turbine engine

exhaust nOZZh@t&g&g herher stFBIRNS foldbadl *Adsbd 18hsCb! HiHhBLaN bRhcngul ar
| ocati on of each of said actuator oints; means for independently

cal cul abstgenssaidraicylyged and meaturegstrokeref pmtdactuaterbng said joint | ocations
in response to pitch and yaw conmand; and neans for operating said
actuators to effect said respective strokes therefor to position said
nozzl e. 114, A me¢tbodavcardiogdé eipinh d Ocdoaipmsit® catverating: sarbring slides pitgti,ng neans

i ncl ude I gkt al nory. .said cal cul ati. ans incl ude . igital
pr ogr anfra éﬂg %élﬁtsP@IEIP%%S?{fegﬁgog% %nd(:) %‘Pé?ﬁﬂ%agﬁéﬁﬁgati(}?é Iogtqﬁﬁﬁc Faul i c
controller operatively joined to each of said actuators for selectively
ext endi Pég ang retracti respective output rods thereof. 12
. 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.

12




10 August 2006 15. A system according to claim 14 wher eg&: Sait%O@%r oke
i ncl udes conponents for common axial slide, pitch, and vy Pbl*gu§ 1 ring;
and said pitch and yaw conponents include trigononetric functions of said
angul ar locations. 16. A system according to claim 15 wherein said nenory
i ncl udes stored values of said trigononetric functions of said joint

angul ar locations. 17. A nethod for controlling stroke of three

Ci rcurnflgrenhiss,lsge%a%g@lg BREEL 1436Hdi@hor s operably joined to a controller

and attached at respective joints to an actuation ring in a gas turbine
engi ne exhausaid sigoke iaclodespomyionents Speominydnmxial slidgipdcl,end yewlofsaid

Ci rcuMﬁB%%i al angul ar location of each of said actuator joints;

cal cul at1 g firi gononetric functions of said angul ar | ocations;

i ndependent | yaié pliclubmil vavg cahparieatsiincladd digoamnedic!femctions obsidargfulaai d

act uat O[?% .using said calculated trigononetric functions in response to
pitch a a%ﬁ/ commands; 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 conmk®n aRisyptes) acgerding tp chpimdgavheyeiwseifl memeryringlgdesatpgedsealeespift ch and

yaw Com@%?Oh@ﬂcﬁCt@gngf odﬁ%t%g@a“oi‘:&%gm”i c functions of said

angular lo ons. according to claim 18 further conprising:
speci fying said angul ar |ocations only once; calculating in said controller

sald tr i’ﬂonoj{e trr{eitl'(l:odf e tc!)n noﬁlir?é s r%i(g " galil'&leea rcirclln% eaf'téliltPaﬂ§(; spaced apart

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’




storing in menmory said calculated trigononmetric functl on(s)‘ $ avg)ogngul ar
| ocations; and 13 10 August 2006 wusing said stored trig R uncti ons

in subsequently calculating said stroke as said pitch and yaw conmands
change. 20. A nethod for controlling stroke of three circurnferentially
spaced apart actuators attached at respective joints to an actuation ring
in a gas turbine engine exhaust nozzle conprising: defining generically a

stroke equat |@fe i 3l %feagtﬁgohsaeercdﬁmwoﬁsoﬁma pﬁem Basatu e s
circunferential angular |ocation of said actuator jornts; speC| ?lyl ng said

ci r cunf &rakstas spid prfg pred yavoeemingrds abingach of sai d actuator joints;

calculating trigononetric functions of said angular |ocations for said
equation to obtain corresponding constants therefor; independently
cal cul akd.ng At metterd dor eamtolivig stiokle aeft datordrcusiforentindy dspagedhtdpart  and

const ant e to pi.tch .apd yaw conmands; .and operating said

ot vt op St B BB & fetpRlks ol & AERATH Rak R BrBibe sai d
nozzl e. exhhustholEE bedipfighg:control | ing stroke of three circunferentially
spaced apart gctuator —attached at respective joints to an actuation ring

in a gas turBfHE% gEReHsally & a%%(e fopatien inchiding Bitely 2nd yawi eqpnppgents
ci r cunf giseitbh Bhod @Ml 496AE iRAIGH oERTad datérgbfﬂtsad uator joints in a

generic stroke equation |nc u ing pitc w conponents based thereon;
cal cul ati ng neridvng faid cireumigrantinbangubs lmtlmmfmmf@ammoram ar

| ocations fof, %ﬁﬁétﬁgﬁl‘?ﬂrgﬁg‘ﬁﬂ [Felak ggg\r g4 ?rn%f:st g e fr(grﬁn%t%s?gftogl gquatl on

for each of sal ors using sal
functi dloszbtaamdomqmpomdmglgorfsaintt thatfoaf ors to effect said respective
cal cul ated S1El[igpl(e:%aent y ca?cu?aung 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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position said nozzle. 22. A nmethod according to claim?21 1@’%&% rbo%
stroke equationincludes axial translation, and pitch an d on
sai d pre-calculated trigononetric functions. 14 10 August 2006 ABSTRACT

NI.CKEL ALUM NI DE COATI NG AND COATI NG SYSTEMS FORVED THEREW TH A
predom nantly beta-phase Ni Al overlay coating (24) for use as an
environnental coating or a TBC bond coat for articles (10) used in hostile
thermal environnents, such as conponents of a gas turbine engine. The
coating (2BPTRAKilains up to about 4 atonic percent hafnium such as in
"excess of 1.0 atom c percent hafnium The coating may al so contain about 2
to about 15 atom c percent chromum Figure 3 15.

NICKEL ALUMINIDE COATING AND

COATING SYSTEMS FORMED THEREWITH

A predominantly beta-phase NiAl overlay coating (24) for use as an
environmental coating or a TBC bond coat for articles (10) used in hostile thermal
~environments, such as components of a gas turbine engine. The coating (24) contains
up to about 4 atomic percent hafnium, such as in excess of 1.0 atomic percent

hafnium. The coating may also contain about 2 to about 15 atomic percent chromium.

Figure 3




