THI N 7YSZ, | NTERFACI AL LAYER AS CYCLI C DURABI LI TY ( SPALLATION) LIFE
ENHANCEMENT FOR LOW CONDUCTI VI TY TBCs BACKGROUND OF TEE I NVENTION (1) Field
of the Invention [0001] This invention relates to ceramc nmaterials for
thermal barrier coatings applied to nmetallic parts wherein an interfacial

| ayer of sti&dN i"Zed zi DGR feEfodet Déilnde PURMR e &P T ION)
coating. (2) Descrip&h@@:@hﬁﬂy@éﬁgﬁgebemﬂdw[dgg§§c§¥vﬁff” je engines are
wel | devel oped nechanisns for converting chemcal potential energy, in the
formof fuel, to thermal energy and then to nechanical energy for use in
propelling aircraft, generatj I C_pawer I fluids etc. At this
time, the major avail able av§§g§8#§ﬁﬁﬁn§Fo§£ﬁ Iﬁ?#ﬁ?#@ﬁcy of gas turbine
engi ne appedysrteilecskhendsengbnchibgher operating tenperatures. H(:wever,
the netallTcmatériars used in gas turbine engines are currently very near
t he upper [PPRALls Wiis Haiventheymmaielatds 14a yeramihendloer 83l s pberi theohal
nodern gas,turbine gn L%e%,aneﬁ§ghi oML r&qu are use at .gas_ tenperatures
above theipaﬁﬁﬁ?rnﬁ % FhEs. ?ﬁey Suryi Ve Becéﬁsgartﬁey Sr&*4 Acool ed. But
provi di ng ahtee0abiny nagueesresgapeliebhi i eaeyial Q803htAegdidn Watweldher e
has been extensive devel opnent of thermal barrier coatings for use with
cool ed gastharBrEE 2Bfr Ehaf €OR&ABEare. By using a thermal barrier coating
(TBC), the amount of cooling air required can be substantially reduced,
thus providing a corresponding increase in efficiency. One common TBC

utilized tg2prpoeeekigasoangifnehet Rebabedpart.s conprises 59 w o Gd203 - 41

Zra2. Wile , , .
[0002] Gas turbine engines are well developed mechanismsg for

{ converting chemical potential energy, in the form of fuel, to
thermal energy and then to mechar.ical energy for use in
propelling aircraft, generating electric power, pumping fluids
etc. At this time, the major ava:lable avenue for improved
efficiency of gas turbine engines appears to be the use of
higher operating temperatures. However, the metallic materials
used in gas turbine engines are :rurrently very near the upper
limitg of their thermal stability. In the hottest portion of
modern gas turbine engines, metallic materials are used at gas
temperatures above their melting points. They survive because
they are air cooled. But providing air cocling reduces engine

i efficiency.

[0003] Accordingly, there has been extensive development of
thermal barrier coatings for use with cooled gas turbine
aircraft hardware. By using a thermal barrier coating (TBC},
the amount of cooling air required can be substantially
reduced, thus providing a corresponding increase in
efficiency. One common TBC utilized to protect gas engine
turbine parts comprises 59 w/o Gd;0; - 41 ZrO,. While
providing low thermal conductivity, such Gd-Zr based TBCs may
exhibit lower gpallation resistance than conventional yttria

stabilized zirconia, e.g. 7YSZ. It is believed that this



providing |low thermal conductivity, such Gd-Zr based TBCs may exhibit | ower
spal l ati on resi stance than conventional yttria stabilized zirconia, e.g.
7YSZ. It is believed that this 1 susceptibility to spallation arises from

the | ower fracture ,tpﬁlghness characteristic of Gd-Zr systens. [0004] In
respons, iTUHRERPHERN FolntP t#Ra 1+t porat $9% BROMi hiei dPwer hfrarhyee

(nom nal Q. RidndBdd OafadhidfLent Oﬁt@@uif2§€@€%$gpnia, e.g., 7YSZ enhances
Z |

£
the spallation resistance of Gd-Zr systens. e not fully understood,

such i ncr et kpahl akesponsesiist anse beekelfpuand $ésitf riomdripghert 1 fg aat ur e

t oughness of. the 7YSZ, a=l| ow 11t esi st t tress t hat devel op at
the TBC/ boJr'le.choa:‘\’ (@?il?r;'%y%r Fg%mﬁ?fyétiéfamﬁ . n%§| %yé??gfﬁ?a‘f ace.

Anot her possdibl Bi z&@nef+ &bl a efd e%t of véheerdYdcbBt enbayghiigchbkel y rel ated
to the negation of the potentially detrinental interaction between

Gadol i ni a weRistange upd ed séal evystens f orfsibn rhe fyilyavedefsthedsubschat e
all oy or blond é:é)aéd SReegIa{ dlfgs of i d herl rrec{u_a]gi M at . wor kf |t gashbeen shown
that the addiiTon of PE 1R 7Y nifaercf%ye'r %o‘ﬁp%ﬁ%sol?%s FOF thE Fower
fracture f:eu@hnesst@ighihessShZrthasedsdBG SDo@snd 01 enbanegs sgal taki on
resistance. [0005] In addition to spallation resistance, there is also a
need to prfdiRESes THE W kxhi o} tshe ERGflapr@ €eakr 68 oRPTEEr 0si on occur s

e e B LGB JocsiGior 1LpeEpt o Deagh, CrghoeLgRaiael BFo 120

of the TBGdnomdaisl oiifdatceofiovmmarvsz Timt eal hyeronsyl veeyyspaalirpartbel es
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{ between Gadolinia and the Alumina scale that forms on the
surface of the substrate alloy or bond coat. Regardless of
the mechanism at work, it has been shown that the addition of
a thin 7YSZ interlayer compensates for the lower fracture
toughness of the Gd-Zr based TBC 30 as to enhance spallation
resistance.
[0005] In addition to spallation resistance, there is also a
‘need to produce a TBC which exhibits resistance to erosion.
Erogion occurs when fine particulates ingested or liberated by
an engine impact the TBCs at very high velocity during engine
operation,. This results in attrition of the TBC from its
i surface downward. Typically, only very small particles of TBC

are eroded away with a given impact event, since only fine
particles tend to make it into the turbine, as large particles
are centrifuged out in the compressor. Such erosive events
liberate tiny chunks of TBC per event, locally reducing the
thickness of the TBC slightly. Lower thermal conductivity
TRCs (such as 59 GdZr) which exhibit lower fracture toughness
are prone to erosion.
[00606] However, while Gd-Zr based TBCs, in particular 59 w/o

Gd,03 - 41 ZxO;, exhibit relatively low coefficients of therxrmal

conductivity, there is a need for TBCs which exhibit even



particles tend to nake it into the turbine, as large particles are
centrifuged out in the conpressor. Such erosive events |iberate tiny chunks
of TBC per event, locally reducing the thickness of the TBC slightly. Lower
t-her mal conductivity TBCs (such as 59 GdZr) mhich exhibit | ower fracture

par 11 oul ar 65/ 6000 EL e VP Y B 16 SMEREEoBPPECI ents of |

t her mal Qg@ﬂhb&tﬂ@ﬁYanﬁhéf@sLﬁnaré@ﬁﬂtﬁﬂ&eTBﬁSnWﬁbChuEXhhbIby@t@msLOWBr
thermal conductivity. Such TBCs pay exhibit_|less Eallation and erosion
resi st anceS¥HANT 8Bl 2ERRERt tQySPakkat igicHonedi sfaAseYt BaBpAPFEL L6RCMSULE
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the underlying part as we as a resistance erent |ayers rising
a TBC t o saparas ewehe ésoataaetheanc@OEGE]dﬁﬁﬁerahtylapeabiugmpmésahgia

materials have coefficients of thernmal expanSion whi ch exceed those of
ceramc naT%Qi%?sseE%ﬁgﬁﬁu%H?l§rOBn@n8F Bhe problems that nust be addressed

in the deveh@piENicedferaUGE Sk dd IRl DA inflerCi0Ald NOSyd S to match nore
cl osely the coe ficient of thermal ~ 'expansion of the ceramc nmaterial to the

metal | i c subsffateesos @ﬁathapmnlheapang;omhehlcheesubsdrahesexpénds t he
ceramc coatinﬁ natgr doeé not craﬁi. Zirconi.a gas a Eagh gge ficient
of ther mal “BXPanSsi B 3ﬁﬁa%ﬁis PUSGAPPRHAYy rBEsSh “PEr PrRRIEHE &8t pust
zirconi a ase aa8d8LESBLADAAT LRE HBLELbPheRR offekakbbbgsgubsthatRsl HAPOSEr
Despite the success with the current use of electron_ beam physical vapor

deposi t ed ¢Patbpya bastocvatrhgeorehetesesy aheoperhbiiagenssrethsrmpipr oved
coatings w@kﬁ&ngfgﬁb5k the ceramic material to the metallic substrate so

that upon heating, when the substrate expands, the ceramic
coating material does not crack. Zirconia has a high
coefficient of thermal expansion and this is a primary reason
for the success of zirconia as a thermal barrier material on
metallic substrates.
[0008] Despite the success with the current use of electron
beam physical vapor deposited zirconia base coatings, there is
a continuing desire for improved coatings which exhibit
superior thermal insulation capavilities, especially those
improved in insulation capabilities when normalized for
coating density. Weight is always a critical factor when

; designing gas turbine engines, particularly rotating parts.
Ceramic thermal barrier coatings are not load supporting
materials, and consequently they add weight without increasing
strength. There is a strong desire for a ceramic thermal
barrier material which adds the minimum weight while providing
the maximum thermal insulation capability. In addition, there
are obviously the normal desires for long life, stability,
economy etc.
[0009] What is therefore needed is a coated part comprising a
thermal barrier coating offering lower thermal conductivity

but which exhibits suitable resistance to spallation.



superior thermal insulation capabilities, especially those inproved in

i nsul ation capabilities when normalized for coating density. Wight is

al ways a critical factor when designing gas turbine engines, particularly
rotating parts. Ceramc thernmal barrier coatings are not |oad supporting
materials, and consequently they add wei ght w thout increasing strength.

There is a strong desire for auegRLR® 6rtHEEMvER@FBer material which adds
the m ni num wei ght while providing the maxi mumthernmal insulation

capabi | i t yl0QLPlad8tcovainpghpr eitate ebvblisly vifie ther paleseedi reweintridnong
life, stakilit . econony etc. .[000 at i.s th fore. needed Is a coated
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SUMVARY OF THE | NVENTI ON [ 001 Accordingly, it is an object of the present
i nvent i on ig diigraxpnaredt yehweeindiley izaxrt fand tHe nedatbbng i ee toareéags the
applied to tal.li ¢ parts wherei interfacial |layer of 7YSZ is

i nter posedg%ae 1V\a/etelnont hrgesplasfrtana#led ?%th%:eoa cfgnrg"r%%' i ncrease the spallation

resi stance[gfi1iiheraoatcbgdahfelyl chntaecptdarae Wnkanthenpr aseffalildearini on,
a spallation resistant nmetallic article conprises a netallic substrate, at
| east one X&FiFRaENT Rt Hard e o HITREEotHr? ST bl 1ei siehnt B2 basertand at

T, m B G D, D B T L e e IR rare
earth oxi des;corscarigisemarahdat nddasy <@g Gt oer asl emdaondsebattedchired e at
least a portlon MasfiG SiPsifale and hetween the melalli® o by, mo,

{ Br, Tm, Yb, Lu, Sc¢, In, ¥, Mo and C, rare earth oxides,
gcandium, and indium, and a ceramic bond coat lcocated on at
least a portion of the substrate and between the metallic
substrate and the at least one ceramic thermal barrier coating
wherein the ceramic bond coat is composed of yttria stabilized
zirconia (YSZ).

[0012] In further accordance witn the present invention, a
spallation resistant metallic article comprises at least one
ceramic thermal barrier coating having a thermal conductivity
less than about 1.5 W{M °C).

[0013] In further accordance with the present invention a

{ method for reducing spallation in metallic articles comprises
the steps of: providing a metallic substrate, coating the
metallic substrate with at least one ceramic thermal barrier
coating comprising a zirconia base and at least one other
element selected from the group consisting of La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, ¥Yb, Lu, Sc¢, In, ¥, Mo and C,
rare earth oxides, scandium, and indium, and interposing a
ceramic bond coat between the metallic substrate and the at

least one ceramic thermal barrier coating wherein the ceramic

bond coat is composed of yttria stabilized zirconia (YSZ).



substrate and the at | east one ceramc thermal barrier coating wherein the
ceram c bond coat is conposed of yttria stabilized zirconia (YSZ). [0012]
In further accordance with the present invention, a spallation resistant
nmetallic article comprises at | east one _ceramc thermal barrier coating

having a tif&Mdl EBnAbEERTFt §oCPESENERANABokPC1PESRERCCDVEDGLST I & f ur t her
accor dfanc%'p‘%!lt h, i, REESEMad I WRMA10N @ o et had g6+ £duci é‘%é@é‘iiﬁé' on 1 n
nmetallic articles conprises the steps of: prOV|d|ﬁ% a netallic substrate,
coati ng t mmbatetadld i atsulrstatataaeniddrantid edsirmome keeraec ¢hetimyg barri er
coating conprising a zirconia base and at |east one other elenent sel ected
from the GRE oS & 1Hg i D38 P A, Loagh B oo B0ke, B,
TTm Yb, Lel@otdd).frém Mhafhdup dHE Saidd Oxides. cscapd] uga, agd, i Bdi um
and interposing a ceram c bond coat between the netallic substrate and the
at | east Gshe Tor &v ¢ HherBinl Tar riler lavat3ang Wherei iMe handef antare bond coat
is conposed qﬁhyttr'a stabh&ized zZir onh§W£YSZ .4 0014% Ig.further
accprdanceea\ﬁ_ Ftie epgf’essec WentTon, Hat r?)’al AT esTRAntRet al 1i ¢
article cogtuess thdeieddilc c Siisdd s Bid | EaStaONB£6F aBhE EHeImBE
barrier coating conprising a zirconia base and at |east one other elenent
sel ect ed fwHAMHe RpWlE T oiRaESNhgharesE e Mmrang Spmpdmeat G Th, Dy,
Ho, Er, T , , : qng¥ .fare. e OXi ium and
i ndi um argcoem an%ég{—]bcjo]"ﬁémct:o]'la]trh %ea}gv\\%eln gz lrrlre?cglsl? Tc s%%)st r‘Jia?L?§ %%%&?% at | east
one cer amdrovierntiple bargolerlpeat i ing- avhesst i hdreveet arive hondl toat i s

conposed of yttria stabil.ized zirconia (YSZ), a thernal
P suﬁgtrate and the ceramicrLoné cogt, and a metgllic bond coat

( layer between the TGO layer and the metallic substrate.
[0015] The details of one or more embodiments of the invention
are set forth in the accompanying drawings and the description
below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings,

and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] FIG. 1 Depicts a ceramic bond coat layer interposed
between a ceramic coating and a metallic substrate of the
present invention.

{ [0017] FIG. 2 Depicts a ceramic bond coat layer interposed
between a ceramic cocating and a thermally grown oxide (TGO)
coat of the present invention.

[0018] FIG. 3 Depicts an embodiment of the present invention
wherein an outer ceramic coat is applied.

[0019] FIG. 4 Depicts an embodiment of the present invention
wherein a ceramic layer of YSZ is interposed between two
ceramic thermal barrier coatings.

[0020] FIG. 5 Depicts a metal bond coat layer interposed
between a TGO coat and a metallic substrate of the present

invention.



grown oxide (TGO |ayer interposed between the netallic substrate and the
ceram c bond coat, and a netallic bond coat |ayer between the TGO | ayer and
the netallic substrate. [0015] The details of one or nore enbodi nents of the

invention are set forth_ in the acconpanying _draw ngs and . the_description
bel ow. O HOO2dat ke, rebprence Bﬂﬁb§H§aﬁPQgé§569nPEéOn?n&@n?@@nVﬁFPP“Se
apparent f4 - 1t 1inhgs, and fromthe clains. BRI EF
DESCRI PTI %@%Eq%}ﬁa%t&qﬁﬁél%@g% Depicts a ceram c bond coat | ayer

i nterposed between a ceramc coating and a netallic substrate of the
present invention. [0017] FIG 2 Depicts a ceram c bond coat |ayer

i nterposed between a ceramc coating and a thermally grown oxide (TGO

coat of the present invention. [0018] FIG 3 Depicts an enbodi nent of the
present invention wherein an outer ceramc coat is applied. [0019] FIG 4
Depi cts an enbodi nent of the present invention wherein a ceramc |ayer of
YSZ is interposed between two ceramc thermal barrier coatings. [0020] FIG
5 Depicts a netal bond coat |ayer interposed between a TGO coat and a
metallic substrate of the present invention. [0021] Like reference nunbers
and designations in the various drawings indicate |ike elenments. 5 DETAILED
DESCRI PTION [0022] It is therefore a teaching of the present invention to
provide a netallic article having a netal substrate,

0y



preferably a gas turbine engine conponent, conprising a ceramc thernal
barrier coating (TBC) and a ceram c bond coat of a stabilized zirconia
i nt erposed between the ceramic TBC and the netal substrate. A preferred

cerami c bond coat is 7YSZ alt %‘I i abilized zirconia, e.g.,
stabilized zirconia including abou ﬁgﬁmﬁﬁggéféﬁzéﬁtria. The ceramc TBC in
al | cases [oounli SBS Zé rcloniar Hosea t vesbhthghas theepradert OAGcAE i BAr £oOf

the follow ng elenents: La, Ce, Pr, Nd,, Sm Eu, G, Th, Dy, Ho, Er, Tin,
Yb, Lu, SBrovadeya metasdiccarticdeedaftnskiad&etaly istsimatsoandi um and

i ndi um wh [ I n [ r f =90, r.ef erably 2-40
nol e% of ? P%glf%ﬁggﬁgx?dgg\%mtgr%}g% ﬁ?ﬁregfe Z%gr}ltteo C{Oﬁ?q}feﬁtéd e%{ei)qr%%lgl.ge *he yttria
st abi | i zedezbmdenitae¥sZ) bexhiikirt odednablTaC)mecliar calranite oty @ldtow ng
it to wthstand the_stresses generated when the netallic article to which
it is att2EnhédstéPllpgerlnPiy cOydiPed LA PYSESs RSt WasHe & SR HShdTRoat  of

YSZ acts gy Rt AklbhzLugcbrlige DAl pRd e deialdie AdiflRAand o the
ceramc T%C t hus inc?éasing tﬁé spa?l tion reS|staﬁtéﬁbgkﬁ¥ﬁé§§§?gﬁic TBC.
[ 0023] W UhSZefértbooght otBe®@ vitrtikersdals liildadgstaiatoechitehe e .eonfi gurati on of

the netallic,part 10 of the present. .invention_ consjsting of netalli
subst r at esffbflgrlﬁlelj‘?g Ze &N Cal AN Ao éer_a::fl"ioc WFBC,Q% e ¢ iC

bond coat ceThaiar treel §nMAY 1 g d RehiHe & etidldds Hydbard gaath hetaeen

the substrate and ceramic bond coat, such as an overlay (MXrAlY) bond coat
or an al ulverde agikiech omgy cal sorienclfudd epriedi-ous neetedlementis :edgat iGeel BT .t he

PUDSL T 2 e HOTRLL o8P FBLSTAR) siAnaRle et vhor 100 i sileceny SN,
the part tQ B&re earth oxides, iritrium, scandium, and indium wherein

the elements are present from 1 - 50, and preferably 2-40
mole% of the M203 oxide where M r:=fers to the listed elements.
The yttria stabilized zirconia (Y>Z) exhibits desirable
mechanical integrity allowing it to withstand the stresses
generated when the metallic article to which it is attached is
thermally cycled. As a result, the ceramic bond coat of YSZ
acts as a gtabilizing bridge between the metallic article and
the ceramic TBC thus increasing the spallation resistance of
the ceramic TBC.
[0023] With reference to FIG. 1, there is illustrated the

! configuration of the metallic part 10 of the present invention

| consisting of metallic substrate 11 forming the metal article,
the ceramic TBC, and the ceramic bond coat. The article may
also include a metallic bond bond coat between the substrate
and ceramic bond coat, such as an overlay (MCrAlY) bond coat
or an aluminde which may also include preciocus metal.
Alternatively, the substrate may comprise a material capable
of forming an adherent alumina layer and thus not need a
metallic bond coat. Metallic substrate 11 forms the part to be

coated with ceramic TBC 15. Preferably, metallic substrate 11

ig formed of steels, superalloys, titanium alloys and copper



coated with ceramc TBC 15. Preferably, nmetallic substrate 11 is forned of
steels, superalloys, titaniumalloys and copper 7 alloys. As noted, a

ceram ¢ bond coat |ayer 13 conposed of yttria stabilized zirconia (YSZ) is
deposited to an outer surface of netallic substrate 11. Ceram c_bond coat
layer 13 §ld icef drablF bt e IPTBM PP Hi 9225 nlavRekhbssompied of ef erabl y

appr oxi ma 'tBh] a;elséer”gﬂ tidkd t’gg&g%% Hé%"“ﬁ& @p%&e‘{%&ﬁT%g LS a@pplied to

t he outer ceram coat’ | ayer céeram c TBC
15 may be sapflaced dfo nedrzdit icc bordsktooste 11y efexiBniy }aozv@ra:@éty Ddyer oresses.

Such processes incl but are not |imted to, thermal spr processes
such as |ﬁsa|313f?ﬂr§§ﬂé' HKEAPS) | arf%v? pﬂ”els%ulrré ]a"s]ﬁ%e§ ang%‘EPPS) hi gh
vel ocity Qxgesy S Ve iR ct?t&mféméggun%i}&w%@) .5 and

sputtering. A pr ef erre met hod of" depositing ceramc TBC 15 I nvol ves

el ect ron beamanphy SiBsalisy apgrl debds ttilon oEBRVEYt Useenfo EBRVERwi¢ drend
certain advar)ct gs as use of EBPVD devel ops a structure suited for extrene
t enper at ure? g%lefatjl ons and is therefore nore suitable for coating hot

section ttqrdvm COARORERhAmi c TBEME &RYABePhEHES SN 0Lk ct Benadvaatage
of coatin arge conmponents of conplex shape and is nore suitable for
coati ng cgiﬁ)mreritiis bstieh e b st pEOCe§0R5]SUeh garoeeR i mel rpbideat i ons,

t he backsi det %9§0I%ég1e1 eaC{I aceﬂg‘%rﬁaltt%e ééoggﬁ%léuc Iyﬁlscool i anral r

( ‘3 sur am C be’ exposed

to el evat gf i aatdir e@pdieatldw gyreddurd | Owmdnonadhey OLPRS) susfgiee 21 to
the cool ed surface backside 19 and the quantity of the heat flow w Il be
subst ant i é{ql)PC'rJé'dU(%ﬁ’%%ﬁ fuel processes (HVOF), via detonation guns (D

( Gun), and sputtering. A preferred method of depositing ceramic
TBC 15 involves electron beam physical vapor deposition
(EBPVD) . Use of EBPVD offers certain advantages as use of
EBPVD develops a structure suited for extreme temperature
applications and is therefore more suitable for coating hot
section turbine components. Thermal spray processing offers
the advantage of coating large components of complex shape and
is more suitable for coating components such as combustors.
[0025] In gas turbine applications, the backside 19 of the
metallic substrate 11 will be cooled by cooling air (not
shown} and the outer surface 21 of the ceramic TBC 15 will be

' exposed to elevated temperatures. Heat flow will flow from the
outer surface 21 to the cooled surface backside 19 and the
quantity of the heat flow will be substantially reduced by a
ceramic TBC 15.

[0026] With reference to FIG. 2, there is illustrated an
alternative embodiment of the metallic part 10 of the present
invention. Metallic part 10 is augmented by the addition of a
thermally grown oxide (TGO} 17 interposed between metallic
substrate 11 and ceramic bond coat layer 13. As before,

ceramic bond ccat layer 13 is preferably between approximately



ceramic TBC 15. [0026] Wth reference to FIG 2, there is illustrated an
alternative enbodi nent of the netallic part 10 of the present invention.
Metallic part 10 is augnented by the addition of a thermally grown oxide

(TG 17 interposed between netallic substrate 11 and_ceram ¢ bond coat
| ayer 13. &< tﬁ@f%r%-o HmM PO 1By RReferpbLY cPBBFg*BbBRGBEN

approxi mately 8 0.3 adh Sdetbd | s in thickness, nost preferably approxi mately
1.0 ml in thickness. (0027] Wth reference to FIG 5, there is illustrated
an al ter nERQ3/d eWbbhi mehereheecete TIfet &l Boedecdat ildyetrmted amappl i ed
bet ween net.gl lic substrate.11 and .ceram c_bond t__laye 3. The_ net al
bond coat a}lgﬁ/eeﬁn%ll‘fes %n(;% %ls%e atofw}éer%lo%t?nr&e%%ﬁ?}g?ﬂﬁin g%ﬁ u%’?}ﬁﬁﬁ’n ggI'h?as
conposi ti QpgifiddisetRiat |hétaXoat | figbdisr&HOSEN sStehcéhahia BOREI RYQHS,

thin, slowgrow ng alum numoxide_ |layer forms on the netal bond coat during
oper at i on.laMfi® & uniTimmesdale bandineeat shaygr knbwhsi gonpesedrefas t he

thermal |y ' r_ TGO, ' | ayers. Rl | de
N oG AL Y ST R i RS P e PO O S SETE R r BRE R
t echni quessoasiniel1s ashoddyh , R titaat 4 ngsnt Dieds byt el ect sOplagiogiky, then

vapor coating N Al and diffusion heat-treating the coati ngs to form
(N, Pt) A 2IAUHSR PR el 2T S thermp sehceior et #kt BPnBorgat cdafindyer 51, a

TGO | ayer L0018, betmesan 4 Rl bk £ae SPOSLE L6431 PP LB CRR2PLE_bond
coat Iayerc;l%e& For systens iv}nﬁrt‘ net al Clieé %oﬁ%ﬁcoaltr a%grs :.,ft ﬁ%gTGO
| ayer 17 fartrsas betevedreturel hetgidwn dyonde coat TéQyer Thpiaad tdeatebandc bond

coat layercola3ti 1Tac§;f%rléiysef 11ch L;]cﬁé:l&\rllfégcgif‘ft}@érq é}lrycgé%ir?gg deposited by
{ APS, LPPS, cathodic arc, and other techniques, as well as

(Ni,Pt)Al coatings formed by electroplating Pt, then vapor
coating NiAl and diffusion heat-treating the coatings to form
(Ni.,Pt)}Al. As noted above, in thke absence of a metal bond
coat layer 51, a TGO layer 17 forms between the metallic
substrate 11 and the ceramic bond coat layer 13. For systems
with metallic bond coat layers 51, this TGO layer 17 forms
between the metallic bond coat layer 51 and the ceramic bond
coat layer 13. TGO layer 17 thickness are typically 0.1-0.5
microns thick on an as-ceramic-ccated part, and grow to a
thickness of 10 microns in servize. The TGO layer 17 is
respongible for providing the superalloy part with oxidation
resistance, since oxygen diffuses through aluminum oxide very
slowly.
{0028] With reference to FIG. 3, there ig illustrated an
alternative embodiment of the metallic part 10 of the present
invention. In addition to interposing a ceramic bond coat
layer 13 comprised of 7YSZ between the ceramic TBC 15 and the
metallic substrate 11, there is additionally applied an outer
ceramic coat 31. Outer ceramic coat 31 forms the outermost
coating of the metallic substrate 11. Comprised as it is of

YSZ, outer ceramic coat 31 possaesses inherently good
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m crons thick on an as-ceram c-ccated part, and grow to a thickness of 10
mcrons in service. The TGO layer 17 is responsible for providing the
superal l oy part with oxidation resistance, since oxygen diffuses through
al um num oxi de very slowy. (0028] Wth reference to FIG 3, there is

i 11 ust r at BECRAN1GR eﬂﬁaﬁwet_é’fwﬁ@eﬁ REFYEST tohd uFshan ieelipdiae Bpaolatien
present  iouedthge tB 2ddkidRn hddllienpQsl B difehanic 1PHngdayer 13

conprised o YSZ between the ceramc TBC 15 and the netallic substrate 11
there is eddrtiapnal.l fnappdicdcan owuttenr cgramicc meat 331 .ddaresrsecertdm ¢ coat

31 fornms the outernost .coating of the tallic substrate 11. ri sed as
it is of t?%ﬁ?nﬁﬁtgnrbépgnp@t@%gps§lSﬁﬁ%%ﬁ?éég i 9 P&fdod ani cal

integritycaRdesebnesrt echdriike-carhance SpaldRtden y rshalance to stresses
experienced by netallic part 10 under opération. I'n addition, outer ceramc

coat 31 deprrzazamatidy teirdemsy 3f.¢r miHe dut edvivsmensy . f avereofpueadteatdhly part

10 to erode. Cute% éer nbc cqat. 3% L%kﬁ{eterably between approxinmately 0.5
and 3.0 nfPETPARCERNeds Mre 1Bt &FErABISTS "approxi mately 1.0 nil in

thi cknesEfob0929]wWih hrépépsgpeecbOoFEGG a4, rheseissiiihystaakadaan

al ternative enbodinent of the nmetallic part 10 of the present invention
wherei n atlrezsetiws eapeds mente&fakihe TEGaE i partgldd ¢dpddia aragsort
metal lic substrat , r ci.fjcall t ram d at
‘ayer 15 So3arkithy hesllh BY deHHE ol Bk oY O SRR A 0
Separ at i ngrehaepwe icetaniponl e 13,1l Fubssateenani addayerra33 conpri sed of
YSZ. Ceram c | ayer .33 conprised of YSZ, preferably 7YSZ, between two
ceraiiic FREsifgceddvyedpoy the ceramic bond coat layer 13 separating

( metallic substrate 11 from the ceramic TBCs 15, 15'.
Separating the two ceramic TBCs 13, 15' is a ceramic layer 33
comprised of ¥YSZ. Ceramic layer 33 comprised of ¥YSZ,
preferably 7YSZ, between two ceramic TBCs 15 serves to
increase the mechanical integrity by which the ceramic TBCs
15, 15' are attached one to the other. As a result, an overall
increase in the resistance of the multiple ceramic TBCs 15,
15' to spallation is increased. Ceramic layer 33 is preferably
between 0.5 and 3.0 mils, most preferably approximately 1.0
mils in thickness.

[0030] EB-PVD coating trials using two electron beam guns was
performed wherein a variety of compositions were applied to a
metallic substrate 11 to form a ceramic thermal barrier.
Resistance to spallation was measured for each composition so
as to arrive at a baseline value for spallation of each
composition. Next, a YSZ ceramic bond coat, specifically a
7YSZ bond coat, of approximately 1 mil in thickness was
interposed between the metallic substrate 11 and the ceramic
thermal barrier. Resistance to spallation was again measured
and compared to the baseline values. The compositions
comprising the EBPVD applied TBCs and the process by which

they were formed are as follows:
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i ncrease the mechanical integrity by which the ceramc TBCs 15, 15 are
attached one to the other. As a result, an overall increase in the

resi stance of the nmultiple ceramic TBCs 15, 15 to spallation is increased.
Ceramic layer 33 .s preferahly between 0.5 and 3.0 mls, nost preferably
appr oxi mat el 4 SE Olayréaqeé:{i"hlt[, i“?ﬂ’(neé%".’e [DIBOTOER:PYD € 0BV RRGTRF L8PS 7USEng t wo
el ectron BE¥mYrE i< e @b e reei Y2 vanq 8i9) of conpositions were

applied to a netallic substrate 11 to forma ceramc thermal barrier.

Resi st ance t% Spatitdt iwmnt fgagn Meas{iPreel Jun eondt comipseévaporabings7¥8Zarri ve
at a baseltlme atdlare darstspdl 1ntéevapafatedod Maonposition. Next, a YSZ ceramc
bond coat, specifically a 7YSZ bond coat, of approximately 1 ml in

thi ckness wesrsi ntsfdresedvat veen(dhe et abdn e SUIB) rab pdda gt hesgeram c

thermal bafd fchd3es]tanes 110 Shalbédd ofvyasy agabn neasured and conpar ed
to the baseline values. The conpositions conprising the EBPVD applied TBCs

and the Process, Ry, i.ch. Y, e for ar.e follows; 10 - | ayer ed
with Mo (Qne qur Q%lot\r%gtlg%%%t:;gv%éﬁ%? i%%gz?fg ,tarﬁley ot her - & %%?%aﬂy%’ bet ween
7YSZ and %’3@1 . VARTIS| ¥ or AR gun' constantly evaporating 7YSZ,
the other constantly evaporating Md). - 7YSZ |ayered with C (One gun
const ant | y AR | Ry emesy, witthdiot hedna 3¢t e sp bel ieterysSzt g 9. -
7YSZ wi t h G orheC Ut ot B | Beewerpora? i $RE 7 YSzd Mehe ot her
constantly evaporating ("). - 59 GdZr |ayered with Mo (One gun constantly
evapor at i ng B9 GdAIZrwi theurot frerm afid et Oz | ang b weeean BBy Gehlapanalt Mg . 59

GdZr, the other constantly evaporating Mo) .

{ - 59 GdZr layered with C (One gun constantly evaporationg 59
GdZr, the other alternating between 7YSZ and C).

- 59 GdZr with uniform C (One gun constantly evaporating 59
GdZr, the other constantly evaporating C).

[0031)] In all instances, use of 4 pure 7YSZ ceramic bond coat
layer approximately 1 mil thick improved spallation resistance
to equivalent or better than the naseline. Spallation
resistance of the 7Y8Z ceramic bond coat layer enhanced
compositions were measured to be between 150 and 300 hours,
[0032] One or more embodiments of the present invention have
been described. Neverthelesgss, it will be understood that

! various modifications may be made without departing from the
spirit and scope of the invention. Accordingly, other

embodiments are within the scope of the following claims.
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- 59 GdZr with uniform M (One gu:: constantly evaporating 59 GdZr, the

ot her constantly evaporating M). 59 GdZr |layered with C (One gun constantly
evaporationg 59 GdZr, the other alternating between 7YSZ and C). - 59 GdZr
with uniformC (One gun constantly evaporating 59 GdZr, the other
constant|y evaporating C). [0031] In all instances, use of a pure 7YSZ

cer ani ¢ "8Gtd 605t a1 PeY et approximately 1 mil thick inproved spallation

resi stance to equivalent or better than the baseline. Spallation

resi stance of the 7YSZ ceram c bond coat |ayer enhanced conpositions were
nmeasur ed .t 0 heshel heteironl 5@ sded a380mboal Bic 032)e Gaapeisipge enbodi ments cf
the present invention have been described. Nevertheless, it wll be
under st ood t Rafe IO RBRSdRtS¢at i ons may be made wi t hout departl ng from

the Spirit 20chseopedl ddenivential es0 qu{;%' i o8t UBh £EPOGI ot o are

wi thin the scope o Iovmngcalms “1. A
spal | at imdnrcoesbsbant amd add i kartt Io@ﬂeeotﬁﬁfﬁl’t'ﬁdnfﬂ@lt e IRitald |f(foﬁlub§§r@f@ip at

| east one ceranmic thermal barrier coati ng conprising a zirconia base and at
| east orfé’”@tlﬁélmél efehts sededtted N ot hEUgr @tip kaor%{rstﬂ%glﬂéf: Ea, te, Pr,

Nd, Sm Ilzty S ’YDyMo gg)ndl':d" r-QPe ggrt L8} 1(?‘&5, I% ndlum, an% Lane earth

1hd% T
oXi des scan um and I ndlrun a ceram-cC coat vveen Sal C. allic

substrate and s@irdmat bbrRASEoDNE CRIAIM @atlbemaahlbﬁérsws&@dd RGAVRER & At
said ceram c bond coat is conposed of yttria stabilized zirconia (YSZ); and
wher ei n 1@3ShePREI F§T RNt ixites RGOl eragerting | vhesaids & ifecaganic shprp

”Etal|'Qxﬁ&b§grggﬁpgggdsg%cbégyfynéiaggeg288a£irconla (¥Sz): and

wherein a thermally grown oxide (TGO) layer is interposed between

said metallic substrate and said ceremic bond coat.

2. The article of claim 1 wherein —he metallic substrate is
selected from the group censisting of steels, superalloys, titanium

alloys and copper alloys.

3. The article of claim 1 wherein said c¢eramic bond coat has a
thickness between approximately 0.5 and 3.0 mils, preferably

approximately 1.0 mils.

4, The article of claim 1 wherein an outer ceramic coat is
applied to an outside surface of said at least one ceramic thermal
barrier said outer ceramic bond coat comprising a zirconia base and
at least one other element selected from the group consisting of Sm,
La, Yb, Ce, Lu, Mo, rare earth oxides, yttrium, scandium, indium and

combinations thereof.

5. The article of claim 1 wherein a ceramic layer interposed
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2. The article of claim1l wherein -:he netallic substrate is selected from
the group consisting oi steels, superalloys, titanium alloys and copper
alloys. 3. The article of claim1l wherein said ceram c bond coat has a

t hi ckness between approximately 0.5 and 3.0 mls, preferably approximtely
1.0 mls. 4. The article of claim1 wherein an outer ceramc coat is

appl i edpkewas, oufsige suf age 10t sajde ale 1 HAY ¢ %ﬁ‘:mg?ﬁémaé?e%&?é ﬁba”ief

said outer ceram c bond coat conprising a zirconi a base an one

ot her ekem@ntesshiertled < avmbheedr ofipy€onsi sting of Sm La, Yb, Ce, Lu, M,
rare earth oxides, yttrium scandium indiumand conbinations thereof. 5.
The article of claiml1 wherein a ceramc |ayer interposed 12 between two of

sai d at ¢l eagt Ope; CRI ¥ Gither @Huhgééiheéafoaéé%lé%g &eham g kﬁyeﬁn ss

conposed of YSZ. 6. The article of claim5 wherein said ceram ¢ l'ayér has a
t hi cknebstwben wasrr apprasdliyaleby a@d53andmBl 9, npiesfeuiafverapiplryxapptoxy npi@l y
1.0 mls. 7. The article of claim1l wherein said at | east one ceramc

t her mal ™b&Fri er coating is applied by a process selected fromthe group
consisting of thermal spraying, sputtering, and el ectron beam physical

vapor deposition (EBPVD) and wherein said at | east one ceram c thermal
barrier7coat Thg hasiald hef relaicoddubtireitysd st tlkastabast cérdmi¥ nC. 8. The
article of claim1 wherein the article defines a gas turbine engine

conponehPer@l BaF LRy Qo8 tdnIch&i Hlﬁﬂﬁﬁﬂi6héFP§eé§nﬁ?ﬂ§FE%daf?ﬁﬂeﬂﬂq ¢ bond
coat |ayerhel ek S cFCPnkayel apfasald BIAler G ngyUPShEaL Bectron beam

physical vapor deposition (EBPVD) and wherein said at least one
ceramic thermal barrier coating has a thermal conductivity less

than about 1.5 W/m°C.

8. The article of c¢laim 1 wherein the article defines a gas

turbine engine component.

9. The article of claim 1 additionally comprising a metallic bond

coat layver between said TGC layer anc said metallic substrate.

10. The article of claim 9 wherein szid metallic bond coat is
formed of a material selected from the group consisting of overlay
(MCrAlY) and aluminide and wherein said metallic substrate is
formed of a nickel based superalloy capable of forming an alumina

layer.

11. A method for reducing spallation in metallic articles

comprising the steps of:
providing a metallic substrate;

coating said metallic substrate with at least one ceramic

thermal barrier coating comprising a zirconia base and at
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10. The article of claim9 wherein said netallic bond coat is forned of a
material selected fromthe group consisting of overlay (MAlY) and

al um ni de and wherein said netallic substrate is fornmed of a nickel based
superal | oy capable of formng an alumna layer. 11. A nethod for reducing

spallation in netallic articles conprising the steps of: providing a
metal | i c substrat £238baPPhP M SHErEnti £e36H5eF af & tle Sraueasenshsting

ceramic thermal barpierc&oati NGicGORRY, I 8LNYGA, 2t CORY 2 RAseandyat v, 13, | east
one other elenent selected fromthe group consistin of La, , Pr, Nd,” Sm
Eu, Gd, Tb, Dy, H6S:EF} T M anduC. s@re| paryh qupi Geangliemearpfl oxi des,
scandium and i nghypgi nterposing a ceram c bond coat between said netallic
substrate and said at | east one ceramic thermal barrier coating wherein
said ceram c bond coat is conposed of yttria stabilized zirconia (YSZ);and
provi di ng a irHerpelsipggroahr axidd¢rrEQrdtapetwisni asdd pusteal 1iet ween sai d
metal lic substrate an aid geranic bqu coat. 12. The thod of claim 11
wherei n sai d int sFPosinig sald tarantc 155id 05art Eompri SRS MMt hdidsioty sai d

cerani c bond coatcavindd wherbhhckaesscbaineeboaRPEeXE Mt ebyndoSe@ng 3.0
mls, preferably approximately 1.0 mls. 13. The nmethod of claim1l1l wherein

sai d providi ng stepmenptiebedizpdovidionisdidéZierall i c substrate sel ected
fromthe group consisting of steels, superalloys, titaniumalloys and
copper

providing a thermally grown oxide ({(TGO) layer is interposed
between said metallic substrate and said ceramic¢ bond

coat.

12. The method of claim 11 wherein said interposing said ceramic
bond cocat comprises interposing said ceramic bond coat having a
thickness between approximately 0.5 and 3.0 mils, preferably

approximately 1.0 mils.

13. The method of claim 11 wherein said providing step comprises
providing said metallic substrate selected from the group
consisting of steels, superalloys, titanium alloys and copper

alloys.

14. The method of claim 11 comprising the additiconal step of
applying an outer ceramic coat to an cutside surface of said at
least one ceramic thermal barrier said outer ceramic bond cecat
comprising a zirconia base and at least one other element selected
from the group consisting of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, Sc, In, Y, Mo and C, rare earth oxides,

scandium, indium and combinations thareof.
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all oys. 14. The nmethod of claim 11 conprising the additional step of
applying an outer ceramc coat to an outside surface of said at |east one
ceramic thermal barrier said outer ceram c bond coat conprising a zirconia
base and at | east one other element selected fromthe group consisting of
La, Ce, Pr, Nd, Sm Eu, &, Th, Dy, Ho, Er, Tm Yb, Lu, Sc, In, Y, M and
C, rare earth oxides, scandium indiumand conbinations thereof. 14 15. The
met hod of claim 11 conprising the additional step of interposing a ceramc
| ayer bébweBre trwd hofd Qéidlaﬂmléhs@ompmﬂsﬂngwMMEcadhéthahabastépwoﬁoating sai d
ceramc, Ia%gr co osed of 16. The nmethod of claim15 wherein sa,d

i nt er posith @r&ﬁf@mlFa BYCE TR, G0t 8fpSeigaSal ePekrnf ¢ | ayer

havi ng &Eﬁ%%maﬁeb\é@%ﬂeﬁp&%@&ﬁ%t%ﬁﬁ Qe2aflE 3a0ef LSmpdd &l &IARISY .
approximately 1.0 mls. 17. The od of claim11l mhereln sai d coat’i ng

sai d netallic substrate with said at | east one ceram c thermal barrier
coatlng r|s§§§§P |Eg,saig ﬁ? | east one ;.eram ¢ thermal barrier
coatlng &l EEE&T 7 ofRE R Ty ru &8ﬁ§FEP?h@go?a{¢mﬁ?ﬁﬁmlc
sprayi ngay@f)%&ﬁfﬂl@%’s %B@e?b@giﬁﬁmsQﬁ?@@&ﬁ'cCQEy&?pﬁév ?O 'Eﬂl ne(sgBPVD)-
18. The nmethod of claim 11 wherein said coating Sard neta strate
wi t h sabeteten eagtroorigatefgndcot wed Nl 0 barles, epredatahdy appqwxfmﬁtam@atlng
W th said at. | east one ceram c thernmal barrier coating having a thermal
conduct v@t@*ﬁ%ss than about 1.5 WntC. 19. A spallation resistant netallic
article conprising: a netallic substrate; at |east one ceram c thernal
barrier coating conprising a

17. The methed of claim 11 wherein said ceoating said metallic

substrate with said at least one ceramic thermal barrier cecating

comprises applying said at least one ceramic thermal barrier

coating by a process selected from the group consisting of thermal

spraying, sputtering, and electron beam physical vapor deposition

(EBPVD} .

18. The method of claim 11 wherein said cecating said metallic
substrate with said at least one ceranic thermal barrier coating
comprises coating with said at least one ceramic thermal barrier

coating having a thermal conductivity less than about 1.5 W/m°C.

19, A spallation resistant metallic article comprising:

a metallic substrate;

at least one ceramic thermal barrier coating comprising a
zirconia base and at least one other element selected from the
group consisting of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Y¥b, Lu, Sc¢, In, Y, Mo and C, rare earth oxides, scandium, and
indium;

a ceramic bond coat between said metallic substrate and said at
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zirconi a base and at | east one other elenent selected fromthe group
consisting of La, Ce, Pr, Nd, Sm Eu, Gd, Th, Dy, Ho, Er, Tm Yb, Lu, Sc,
In, Y, Me and C, rare earth oxides, scandium and indium a ceram c bond
coat between said netallic substrate and said at 15 | east one ceranc
thermal barrier coating wherein said ceram c bond coat is conposed of

yttria stabkl bgedcgideianither ) badrhi Ber 884 n Pt Q4 46 16TE ah Y Sond
i nt erposed between said netallic substrate and said ceram c bond coat; and

a net al lcegthbpdcempesdchydr Wétmienstshi di 76D 1 iaeaniand YS€aird netal lic

substrate. 2Q. The article of cl.ajm reint-.e netallic substrate is
sel ect ed froﬁ1fﬁ8rﬁ?%%% %%ﬁg}sfFﬁ% é#%gygg?é?rS{EﬁﬁEQQ%ﬁALb%ﬂﬁfgﬁiun1 al | oys
and coppehdahkeysli@lsubdte Al iaghe saf actatamild el eidatsaiadqcer am ¢ bond
coat has a thickness between approximately 0.5 and 3.0 mls, preferably

approxi mat el ¢ heQapifs b gt drtvies] bedveehasamd T @helrsiar andout er cerami ¢
coat is _applied.to an outside surface of said at | east one ceram c thernmal
barrierf§ﬁf§H5§Fé 1EeFART e Hond coat comprising a zirconia base and at

| east one other elenent selected ::romthe group consisting of Sm La, Yb,
Ce, Lu, Mo, rare earth oxides, yttrium scandium indiumand conbi nations

t her eof 2023Th&herai¢iela afl admaildh ¥Bewhin el e anederldnice slubpgeraicat £s posed

bet ween tﬁo of said at |east one ceramc thernmal barrier ggating .said

y&

cer ani ¢ SPAFEFSEohpIB S DIIPEP. CORSIFHENAr T cHE DS cISRMT23 LR Er eF ht 34T
ceram c zhayet RAs Gopltdd cknegss; between approximately 0.5 and 3.0 mils,

preferably
21. The article of claim 19 wherein said ceramic bond coat has a
thickness between approximately 0.5 and 3.0 mils, preferably

approximately 1.0 mils.

22. The article of claim 19 wherein an outer ceramic coat 1is
applied to an outside surface of said at least one ceramic thermal
barrier sald outer ceramic pond coat comprising a zirconia base and
at least one other element selected :Irom the group consisting of
Sm, La, Yb, Ce, Lu, Mo, rare earth oxides, yttrium, scandium,

indium and combinations thereof.

23. The article of claim 19 wherein a ceramic layer interposed
between twe of said at least one ceramic thermal barrier coating

said ceramic layer composed of YSZ.
24. The article of claim 23 wherein said ceramic layer has a

thickness between approximately 0.5 and 3.0 mils, preferably

approximately 1.0 mils.
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approximately 1.0 mls. 16 25. The article of claim 19 wherein said at |east
one ceramc thermal barrier coating is applied by a process selected from
the group consisting of thermal spraying, sputtering, and el ectron beam
physi cal vapor deposition (EBPVD) and wherein said at | east one ceramc
thermal barrier coating has a thermal conductivity less than about 1.5

Wit 285 The atdighe g ehal 19 WSRID JNe ak! hehe: dgle nes . gas  tur bine

engi ne conmponent. 27. The artic wherein said ne I ¢ bond
coat i sthéomaedofrirmaberial $el gepkitkd tomat beogeeapsedastsd | fprofthever | ay

(NCrAIY% and alum nide and wherein said netallic substrate is forned of a
ni ckel BASHEY SUperdliidy °lapaBrBabf RGNy RUATFGRIAS, PRYefleqiron beam

physical vapor deposition (EBPVD) and wherein said at least one
ceramic thermal barrier coating has a thermal conductivity less

than about 1.5 W/m°C.

26. The article of claim 19 wherein the article defines a gas

turbine engine ccmponent.

27. The article of claim 19 wherein s3id metallic bond coat is
formed of a material selected from the group consisting of overlay
(MCrAalY) and aluminide and wherein said metallic substrate is
formed of a nickel based superalloy capable of forming an alumina

layer.
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