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

| ayer of stabilized zirconia is interposed between the part and the
coating. ThaN Deser,i pivreRralrihhe IReRt ad A1 10002RAEAS 1t DidYa18AGITRS are
wel | devel oped nechani snms for converting chem cal potential energy, in the
formof fuel, to LHEENMENHANGEYNENINFORhEAW EOMBEIRIAIVAETY Elslsgy for use in
propelling aircraft, generating electric power, punping fluids etc. At this
time, the major avail abl e avenue for inproved efficiency of gas turbine
engi nes appears to be the BEEKEROUND gber TP eI MWENTI G1@nper at ur es. However,
the netallic_mterials used in gas turbine engines are currently very near
the uppefl) I Fhptd 8f R8I FUYRBEHEL stability. In the hottest portion of
modern 08§04 DirhE LAGARS: IPLA I ML AR Y Galttad Als 025 dermEnatures
above their nelting points. They survive because they are air cooled. But
provi di ngaariecoctangngedapesiedgiaemeéll teepayts|[ 9088¢1iAcanrdingly, there
has been.egtefsiveld vel opnent o%. theénal barri et coatings far use with
cool ed ghBELFBFhe! LRYSEFaPt RarBharEedBs  ESPAY?atE helhEFPBERT BFEEBERI ng
(TBO), the papuningfreeokbAgiagl required can be substantially reduced,
thus providing a corresponding rncrease in efficiency. One common TBC
utilized to protect gas engine turbine parts conprises 59 wei ght percent

Gd203 - %%)Zﬁg§Cription of the Related Art

[0002] Gas turbine engines are well developed mechanisms for
converting chemical potential energy, in the form of fuel, to
thermal energy and then to mechanical energy for use in
propelling aircraft, generating electric power, pumping fluids
etc. At this time, the major available 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 currently very near the upper
limits 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 cooling reduces engine
efficiency.

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

vttria stabilized zirconia, e.g. 7¥SZ. It is believed that



Whil e providing | ow thermal conductivity, such Gd-Zr based TBCs may exhi bit
| oner spallation resistance than conventional yttria stabilized zirconia,
e.g. 7YSZ. It is believed that 1 this susceptibility to spallation arises
fromthe lower fracture toughness characteristic of Gd-Zr systens. [0004]

In respo [ een, tound that-incorporatin n _ipjtial, thin |ayer
(noninaIQgig-§u%$§?gﬁgl%l§¥fE%r%ﬁ?liggéﬁ I?f%ﬁegifESWigheeESW?r7YSZ enhances
t he spal fastotrer esughnese ohatdcZersysienss Whike BoktEmkly understood,

such increased spallation resistance |ikely arises fromhigher fracture
t oughnes$9BP#1 hdr¥sEPAIg ovithdide Resty dsidid et sinesyaratiats ddvel op at

the TBCband;goatchfh FRYELPRALREHLR! bYSL fen2d UNbRaal GYEEL LALE!! ace.

Anot her possible benetfitral ect of the InterlTayer s likely rel ated
to the atghilbnedf ziheopbdéeneigl | y7deEr enkatatsi nher aphildathehween

Gadolinia and_the Alum,na_scale that forns on th urface of the substrate
al | oy orr%%hatiﬁﬁ?.OE@@@FaFeEESB?mftheﬁ%giﬁaﬂ?Enfﬁ%fﬁoPﬁgeFFtﬁaé'b%Bﬁhshomn
that the;addit0a 8baldathbA FYSLstnher! ayrL1ogpensat eschohithey! over
fracture toughness of the Gd-Zr based TBC so as to enhance spall ation

resi st anfeactooestoughaddst pénthe SParl arldawiengi stahcerecheteths al so a

need to oduce a, . IBC ich exhjibjts i,stance t r osi on. Er osi on occurs
when fingEﬁg???%uF% ks ?ﬁ%egPeakokﬁ?i%§¢é5883b§oagn?8ﬁgWﬁ£einpact t he TBCB

at very phgbivel 9ei{yrHyr ADgmengi Deyeopeiatéphace Thi SnberEkt pokBiBLEri tiON
of the TBC fromits surface downward. Typically, only very small particles
of TBC heeeéivded ahagchi h Bhei VERZ| ipherlavent issipkelynrglatad to

the negation of the potentially detrimental interaction
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 so as to enhance sgpallation
resistance.

[0005] In addition to spallation resistance, there is also a
need to produce a TBC which exhibits resistance to erosion.
Ercgion occurg when fine particulates ingested or liberated by
an engine impact the TBCg at very high velocity during engine
operation,. This results in attrition of the TBC from its
surface downward. Typically, only very small particles of TBC
are eroded away with a given impact event, sgince only fine
particles tend toc 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
thicknegs of the TBC slightly. Lower thermal conductivity
TBCg (such as 59 GdZr) which exhibit lower fracture toughness
are prone to erosion.

[0006] However, while Gd-Zr based TBCs, in particular 59
weight percent Gdp0; ~ 41 Zr0O,, exhibit relatively low

coefficients of thermal conductivity, there is a need for TBCs




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
thermal conductivity TBCB (such as 59 GdZr) which exhibit |ower fracture

t oughnesg, e t o] d CB, in
par 1 ool ari 85 °eRAPAR:  SuEh TRo00 RN TDARSREL IRV Trgh DBRS PG

coef fi ci exhsbof 1hesn9pabbadﬂoniahdyerbheéﬁ teshsterdef ohalBds aumbenh

exhi bit even | ower ermal . conductjvit exhi bi t

spallatlﬁﬁsgﬁﬁsero§V% Te8iStance tha ﬂ%§ E??%h?ouggsf@ﬁil1Su?ﬁn?g§?gtance

to spalIﬁis@nprﬁlgotﬁeélfasﬂgaaﬁgétoflEﬁ@lfgcnt@0§@p§ra@él§£@m0@h@f the TBC
to separate fromthe wunderlying part as well as a resistance for different

| ayers ¢oaprising Bamcﬁsowgbbaaat@ mémt@m@nﬁ@hemf@@emm Cayeral | y
speaklng ials_have o] lents o t hermal expansi on whi ch
exceed t r1§1n%e$g%§é ?%t%??afatg 5 t?y {%ne of the probl ens that

must be[addvpss:&dlelmm@esﬂ%\a@l@@mmet@flls_@ccﬁ&&@mlaltéﬁefm barrier
coatings is to match nore closely the coeffjcient of thermal expansion of

the cer afPelhbeeenes ¢6 Fh%rﬁ@%a?xpén§h%@tw%%%hs%XC?ﬁﬁtthﬁ%ﬁ fikati ng, when
the SUbS&%I@éXﬁlSXTH Qélai%‘ ESﬁééflqﬁ?nfEﬁg Sﬁge”&‘z%hé' QBBge{ﬂﬁt tAEACKust

Zirconia has a coe cient "o expan5|o isTs a primry
reason berad@eesaedesﬁ bhezdevehopmastaofhamueésbﬁmllEhenmaérbatrDEr

netallic substrates 0008 |te t he. success h the current use of
electroncoﬁﬁéﬂ$§h§§lE% m@%%%rma %og%?%ﬁl¥|F%%n?%g%g§%1%65tPﬁgEHEFW@ eis

expansion of 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
guperior thermal insulation capabilities, 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 obviousgly the normal desires for long life, stability,
econcmy 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.



a continuing desire for inproved coatings which exhibit superior thernmal

i nsul ation capabilities, especially those inproved in insulation
capabilities when normalized for coating density. Wight is always a
critical factor when designing gas turbine engines, particularly rotating
parts. Ceramc thermal barrier coatings are not |oad supporting materials,
and consequently they add weight without increasing strength. There is a
strong desire for a ceramic thermal barrier material which adds the m ni num
wei ght while providing theSHRPARYMOFhEHFaINVESTI&N on capability. In

addi tion e vi-ousl.y t.he norpal desi for long life, .stability,
econony (L.?é:i]g{ Ogﬁgrf%%tglg@ t%erl%f Sre Orl?éeegg_’d Cﬁf;%}ec at e r%arltnvcéélr}:ﬁﬁnsi ng a
t hermal barptrevideaténgmod festagibdpefot hehamhatobgduei exi bygathbugswhi ch
exhibits sujitable resistance to spallation. 3 SUMWARY.  OF THE | NVENTI ON

[0010] ARR®tHFRGEY, MPE2T 51 AnPBB} BcYPBY St RedPr bRERT T RAVRAL 1BKSTt 8T pr 697 de
ceramc {Blehtalsolof bOELOBL DALILEF: COAL! PHS -BREILENDOIAREBLLLCLRAN LS
aci al of 7YSZ

wherein an 1 nter ial layer is I nterposed tween the part and the
coating spalbzreaser¢histapad| afi bheresasimgmce of the coating. [00111 In

accordan 1 fh_the present invention, a spallation_.resistant tallic
articlo CORPH Sde' 3 REEHE TR e P aEeHre 2 B For dm P AG T
barrier £031tPInCONPEASING art ZE1E08bRpPASE: Ut a1 RSt sOBELOLBE! gLenent
selected fromthe group consisting of La, Ce, Pr, Nd, Sm Eu, G, Tb, Dy,

Ho, Er,laast Yone | gergpic| pheymalpbandier e¢opklivar chmpxidésg ascandi um and

i ndi um %Egcgnfgrgggg gg@dagoféaggcgﬁgdogﬂegtelement gelected from the
group consisting of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, 8c, In, ¥, Mo and C, rare earth oxides,
gcandium, and indium, and a ceramic bond coat located 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 with 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/me°cC.
[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 consgisting of La, Ce, Pr, Nd,
Sm, Bu, G&, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc, In, Y, 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).



| east a portion of the substrate and between the netallic substrate and the
at |l east one ceramc thernmal 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 netallic

IOl ERTBEL 53T HkRRSl OBy SRS PSRN ol o Coat g havi na 2

accor danggad 4hibherps eseaht i veallon @rtﬂ@I@OQoﬁpfléeguelmgtépaibation in
metallic articles conprises the steps of: providing a netallic substrate,

coating THeSthetal |t Led3trane vﬂﬁmaff theasrabneatbiaki €orhéRdal barrier

t t | ect ed
From t he rBip. b st ha ot o Laog ANk 8 L eas OF SUEF SPRRRt o .

™Tm Yb, ﬁﬁleétedlﬁrom'thb gnduﬁ:comaxeteugt@fd&ade@e sEanden1SmndEund|un1
and i nterposing cera nd goat_between_the netalli ubstrate and the
at Ieas@g e$%n1§ Cth ?na MhatPi el ot i nh whér eif ?ﬂé %erﬁﬁ?% bond coat
i's conpoeeﬂt@foyiaés a stahalhAedaglr £ofi @n( YL erdmi 80844al Bokyrt her
accordance with the present invention, a spallation resistant netallic

article b©ﬁ®¢¢%e§he.met®llle sebpsTaEe eandt theast brestepani cerasifmal
barrier |n b&QPPé'S&QQ 1”%:%ggglgﬂb %Bgn%ﬁﬁgﬁuggéé 8§Stother el ement

selected rom group const's , Tb, Dy,

Ho, Er, a@de@edL@f Peerif, sabMigsd Lirtafiea €vgth, oxi geermsTapdi um and
|nd|un1 a ceramc bond coat between the netallic substrate and the at | east
one cer a@¥ewntpetnal (BaPt i ervebat N horipeeei Petveck ok Afi Bebdhdicoat is

substrate and the ceramic bond coat, and a metallic 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,

arnd from the claims.

BRIEF DESCRIPTION COF 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 coating and a thermally grown oxide (TGO)
coat of the present invention.
[0018] FIG. 3 Depictg 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.



conposed of yttria stabilized zirconia (YSZ), a thermally 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. [00151 The details of one or nore enbodi nents of the invention
are set @53y i n.ithe AGCOMRRANY INGHILANNLS R e 9RSCIPRN vAelQw ot her
features, objects, and advantages of the invention wll be apparent from

t he descdravings abdddeant nyske ahdménom the clai ns. BRI EF DESCRI PTI ON OF THE
DRAW NGS [ 00161 FIG 1 Depicts a ceram c bond coat |ayer interposed between
a ceramc coating and a netallic substrate of the present invention. [00171
FIG 2 Depicts a ceram c bond coat |ayer interposed between a ceramc
coating and a thermally grown oxide (TGO coat of the present invention.
[00181 FIG 3 Depicts an enbodi nent of the present invention wherein an
outer ceramc coat is applied. [00191 FIG 4 Depicts an enbodi nent of the
present invention wherein a ceramc |ayer of YSZ is interposed between two
ceram c thermal barrier coatings. [0020] FIG 5 Depicts a netal bond coat

| ayer interposed between a TGO coat and a netallic substrate of the present
invention. 5 [0021] Like reference nunbers and designations in the various
drawi ngs indicate |like elenents. 6 DETAI LED DESCRI PTI ON



[0022] It is therefore a teaching of the present invention to provide a
nmetallic article having a netal substrate, preferably a gas turbine engine
conponent, conprising a ceramc thermal barrier coating (TBC) and a ceram c
bond coat of a stabilized zirconia interposed between the ceramic TBC and
the metal substrate. A preferred ceramc bond coat is 7YSZ although ot her

yttria stabilized zirconia, eD@TAILgbaPF%béegT§bkconla i ncluding about 1 -
20 wt. % yttria. The ceramc TBCin a cases conprises zirconia base to

whi ch ha$00®2En Tadded tdree sdrommee tafacdhhiad olfl dbiengrelssmentistvereidde,tdPr,

Nd, Sm Eu Tb Ho, Im._Yb, Lu, Sc Y..M._and C, rare earth
oxi des, SERRGIAAT RCET MU WhETS) RRTHES B BRERT P WPECARE ent (1om 1 - S0,
and prefefebéyalalﬁoar@ée‘V@@fblﬁeeeﬁ@meoes@dpoMeﬁte dbigtessngoat he |isted

el ements. The yttria stabilized zirconia éYSZ exhi bits desirable

nmechani c@franhe egRerPahl PRWFAETI €ofbingt REB@hd2EAea sERESEES BaRdr aPell when

the metablic arthel e i@ whichail L5 aLlachedl s, Lhe PRL! Yo GyElednchs a

resul t, e ceram ¢ bond coa s as a Izl ng rldge bet ween
t he netahhdcthetmetelaﬂdbehEateeran1prafﬁkt@@sceﬂamEasb@gdtheaspablatlon
resi stance of ceram ¢ TBC. [0023 th reference to FIG 1, there is
iIIustra?gﬁztﬂith%%ﬁhlﬁﬁ?%fl5Et6Latﬁ%ihgih??@czb§??ni®'o? ‘Phe present

'nVent'0QtaEQD§£éé'QQr@&nﬂ§t§£&18d§H§5£B§u€ il f@é”hﬂg ﬁhﬁteeael arhicl e,
the ceramc TBC, and the ceram c bond coat. The article nay also include a

met al | i ccooadl®oRdC coat abkt eeast hemsubses azercanta ceaaal tobwhicbohag such

S 20 OUSLLEY AN RO, 000, Bhe 28 ALAde MALEh, g2y, 81 o6 g e

capabl e Nd, sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc, In, Y, Mo and
C, rare earth oxides, sgscandium, and indium wherein the
elements are present from 1 - 50, and preferably 2-40 mole% of
the M203 oxide where M refers to the listed elements. The
yttria stabilized zirconia (YS8Z) 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 ¥YS8Z acts as a
stabilizing 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 inventicn
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 (MCraAlY) bond coat
or an aluminde which may also include precious 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

is formed of steels, superalloys, titanium alloys and copper



of form ng an adherent alumna |ayer and thus not need a netallic bond
coat. Metallic substrate 11 forns the part to be coated with ceram c TBC
15. Preferably, netallic substrate 11 is formed of steels, superall oys,
titanium alloys and copper 7 alloys. As noted, a ceram c bond coat |ayer 13
conposed of yttria stabilized zirconia (YSZ) is deposited to an outer

surface gf18586al AbCnsUbS! rat 8eddmi £ehaAH CcHPNT] £P8L 1 8YEEmb3sehiSopr ef erably
between .5 and 3 mls in thickness, nost preferably approxinmately one m |l

i n thicknegsialskabisezed zteranis (BEZI siappepeditedt he autenhwst |ayer of
coram ¢ bond.oCogt haveln 13- (LR0zdl Ihe, ceralle, JRCAR HRYLDE,G0R! Led to

ceranic ond coa ayer y a vari ety ol processes. uc rocesses

i ncl ude, isbtteBeealidy bétwviked (9, ahesmallspiAaytipickesses sugh as in air

pl asma spray (APS), |ow pressure plasm spra%h(LPPS), high vel ocity oxygen
f uel proﬁﬁ%g alp YRR T QX AN e bR aP O ghing? (B 1 eX§SS andLapavi&si ng. A

preferre POS) r ani Cc i esee
physicaIgsg%%?QSE%%s?%i%%bi%%%ng»eH%B%ud%SE%%@ﬁﬁ%g%%r§fc%§?éﬁ%8a§§§ﬁlages

as use ofoatEBPMPedeVvel ops a structure suited for extrene tenperature
applicati nd.i s therefor re suitable far coating hot .secfion turbine
conponen#@&fﬁﬁegﬁﬁ C§5P§ych% essi Mo eP?Plﬁﬁg'iﬁbéﬁggﬁgfb#’ 99 | ar ge
conponent sy&f £ONByexX SHAPEtANIE hBolBLEE=SUI §@bh eptoEe50aL1 NE-EQaBONENt S
such as conbustors. [00251 1n gas turbine applications, the backside 19 of

the nethittiareubstrhteitadwil beeroal edpbyy covbeagsasr seabt asshowajrand

D QUL SUL AR B, BApAT PR ARG I L BcagtREBE) {Onglgvat e
velocity oxygen 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
ig more guitable for coating components such as combustors.
[0025] In gas turbine applications, the backside 19 of the
metallic substrate 11 will be cooled by cocling 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 1% and the
quantity of the heat flow will be substantially reduced by a
ceramic TBC 15.
[0026] With reference to FIG. 2, there isg 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 coat layer 13 is preferably between approximately



outer surface 21 to the cool ed surface backside 19 and the quantity of the
heat flow will be substantially reduced by a ceramc TBC 15. [00261 Wth

reference to FIG 2, there is illustrated an alternative enbodi mrent of the
nmetallic part 10 of the present invention. Metallic part 10 is augnented by

the additign t he y id T {.inter b n
netallicé'gu%gﬁrgt% %ﬁi%ﬁd£c%ggﬁﬁge%%hdﬁ%%%gg?%§%¥éﬁg¥ %égﬁgféﬁéggf eram c
bond coat.bayer i3 tkipkeéesably between approximately B 0.5 and 3.0 mls in

thicknesio nnit@freferabl %gproxinatel 1.0 mil in_thickness. [0027] Wth
ref erence??o7 k| @1t TEH&TERE 89 JdG afed FRF T aliteindiisfE adfisbdthent wherein

a metal bopdroalvé a¥Rbodintst #RELESH Dehyesd BBLA! LbgrSyhgbrate 14 and
ceram ¢ bond coat |ayer 13. The netal bond coat |ayer 51 is conposed of a

coati ng appt d¢qdi bgtwtem mehrlThe saehposite obhl ofindhésramial bond coating is
chosen such th a continuous, thin | oW gr owi n al um num oxi de | ayer
forns onf?%%r al g%%dm%%%y %ﬁ??naéagpg?%g?o : gﬁigog?aﬁ?ahﬂfoﬁide is
uni ver satbyt kieWBohPaiRengasiu@sntbe thee nBbhyogi ovBnostdehos f&n1Typi cal

metal bond coat |ayers 51 include Ni CoCrAlY overlay coatings deposited by
APS, LPPXakhR%oH? cClapBen apdcht Haat t chpngiRdouas Weln, aSloWNEreYipg

coati ngs ned. b C at] r atj |. Al _and diffusion
heat-tre%%?ﬁg t eg%ggfi%%gg%o£?%@%fg?hﬁﬁ%gT%ngAgoﬁgt%%nggggﬁn n the
absence ofematredal bDhils gbabhihayesxbde as TEiVayesally knows bet wken the
nmetallic substrate 11 anfgthe ceram ¢ _bond coat |ayer 1%. For s%gggns W th

met al | i c@bond® ot FRFEFRIEY, ITAVE FE5¢a9ErT4q- f of gical metal

coat layers 51 include NiColrAlY overlay coatings deposited by
APS, LPPS, cathodic arc, and other techniques, as well as
(Ni,Pt)Al ceoatings formed by electroplating Pt, then wvapor
coating NiAl and diffusion heat-treating the coatings to form
(Ni,Pt}Al. As noted above, in the absence of a metal bond
coat layer 51, a TGO layer 17 formg 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-coated part, and grow to a
thickness of 10 microns in service. The TGO layer 17 is
regsponsible for providing the superalloy part with oxidation
resistance, since oxygen diffuses through aluminum oxide very
gslowly.

[0028] With reference to FIG. 3, there is 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 ocuter
ceramic coat 31. Outer ceramic coat 31 forms the outermost
coating of the metallic substrate 11. Comprised ag it is of

YSZ, outer ceramic coat 31 possesses inherently good



between the nmetallic bond coat |ayer 51 and the ceram c bond coat |ayer 13.
TGO | ayer 17 thickness are typically 0.1-0.5 mcrons thick on an

as-ceram c-coated part, and growto a thickness of 10 microns in service.
The TGO | ayer 17 is responsible for providing the superalloy part with

oxi dat i | n | g LEfuse g LN I ery
oonry TRCBER G TN e g b IEE AMORD ALY G R B MO AL MU S XL E
al t er nat reeienbode nent sofeshes nekpériengadtbiOmetal hécppesenti0 undention. In

addition to interposin .ceram c bond coat. layer 1 onprised of 7YSZ

bet ween PHETREI AN BT SHA"  HeCOReParTPic sapak AL eITTEoprEF P

addi ti ongéhdeasdpl f68 BRe OBLLErmEESE 28hEf88at oBIlme UL BI cCRARAT ¢oCRAt 31 forns
the outernost <coating of the netallic substrate 11. Conprised as it is of

YSZ, out®@Foger afiecEoatr @i possesses LahereherybyvoleYwaeBhani cal integrity
and serv$§ £8x1#£§%f% gnhange spallaglon, %ﬁf#ﬁﬁggge &8rgtégg§g§agfgerlenced
R n Inadditio

by net al par der ~operation. n, obuter céramc coat 31
decr easespphexithebdency. d omil henotuheernssssurface of netallic part 20 to
erode. Quter ceram c coat 31 is preferably between  approximtely 0.5 and

3.0 mi | sPP2Phi dRidssehrsre s &erfdifl -y 4 afhissd et il UBTraRad iaf ¢ hi ckness.
[00291 V!i@efﬁ&@i@@CQmE€dfﬁght4OEBB§§9?%§alilHS%%fﬁ?gOan.@héﬁ%?@ééﬁ@

enbodi ment of the netallic part e prese i nvention ereln at
| east twbnVeyeisnofhereanm gt TBEx46, tdSllagees deposeradiapBRCnibal Lb¢

subst ol ¢ 31a:30d, 10ac 28EHLL Ly unoh, Lhe, opfar g bgngecost | aver 13
specifically upon the ceramic bond coat layer 13 separating
metallic substrate 11 from the ceramic TBCs 15, 15'.
Separating the two ceramic TBCs 15, 15' is a ceramic layer 33
comprigsed of ¥SZ, 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 gpallation 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
compogition. 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. Resgistance 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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Separating the two ceramic TBCs 15, 151 is a ceramic |ayer 33 conprised of
YSZ. Ceram c |ayer 33 conprised of YSZ, preferably 7YSZ, between two
ceram c TBCs 15 serves to increase the mechanical integrity by which the
cerami c TBCs 15, 151 are attached one to t he ot her As a result an overal |

increase_ipn the res fgéaﬁf&%oth??ﬁy' b goxcfgtgn ¥a% pog 7‘%% and 3.0

spallatl n 1S ing r

mils, DS pre?%?a%fge]é%%%gﬁng‘?%‘f’?/ g?‘n "Tu%g h| ckness [00303 EB- PVD
coating trials using two el ectr?n beam guns was _perforned wherein a variety
of conposj {1oAsYWet e B3ppPTRIMP 0 ' GRe nEER| ??I&SE%E%Ya‘FEaE‘irFBlFSr ff8%cerani c
thermal B3¢ reeRer REITStaRELY t 8V3PAr*EiNdM s neasured for each conposition
SO as to arrive at a baseline value for spallation of each conposition.
Next, a YSZIB2rhayerddndithaf, $peeificatdysbant¥BSZehapdrebang @Sz,

appr oxi melhel gtHem dlterhdht thoesstwasn TNSEraoded) bet ween the netallic
substrate 11 and the ceramc thernmal barrier. Resistance to spallation was
agai n neasuyed wafld ¢oParRdct ohleghasebhdeanel yesvadbeatoAnosibrons

conpri si e t henEBRVEL 8pRhi ed g@%oggglﬁ%gcpr ocess by which they were forned
are as follows: 10 - 7YSZ Iayer ed with (One gun constantly evapor ating

7YSZ,  thesothey aﬁgépg&"pg eel JS%J&ng M0 e 1 7 YSGaub D, vk gpm MO
n iy Mb
(e gunasapstall | d-Rensiel e, S il o Beaggiel %Y@géﬁetvﬁﬁ"o?h'ei‘g :
alternating between 7YSZ and C). - 7YSZ with uniform C (One gun constantly
evaporatfngg r with uniform Mo (One gun constantly evapor ting 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 (Cne gun constantly evaporating 59
GdZr, the other constantly evaporating C}.

[0031] In all instances, use of a pure 7Y8Z ceramic bond coat
layer approximately 1 mil thick improved spallation resistance
to equivalent or better than the baseline. Spallation
resistance of the 7YSZ ceramic bond cocat layer enhanced
compeositions were measured to be between 150 and 300 hours.
[0032] One or more embodiments of the present invention have
been described. Nevertheless, 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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the other constantly evaporating C). - 59 GdZr |ayered with Mo (One gun
constantly evaporating 59 GdZr, the other alternating between 59 GdZr and
Mo). - 59 G&dZr with uniform Mo (One gun constantly evaporating 59 G&dZr, the
ot her constantly evaporating M). - 59 GdZr | ayered with C (One gun
constantly evaporationg 59 GdZr, g ?r alternating between 7YSZ and C).
- 59 GdZr with uniform C (One gun cons antly evaporating 59 G&dZr, the other
const anttiyaevapochbimgdCQes:[0031) In all instances, use of a pure 7YSZ
ceram c bond coat |ayer approximately 1 m| thick inproved spallation
resistance to equivalent or better than the baseline. Spallation resistance

of ‘the 7¥SZ ceragheibondnopabikayst esbanced asoposi Lhansiueng, measured to

be between 150 and 300 hours. [0032] One or nore enbodi rents of the present
i nventi on hava m@@@hld@s@mb%@natﬁbvertheIess it will be understood t hat
vari ous nDdlflcailon Jug:] be n%de houi egartln%% % Elrit and
scope of the ThventTion: ccor a ﬁ%l 2 ehbsai 7ef %n%rEOWPF PH¥nd scope

of the foitevwhig bhadénsndldt CLALMD wﬂ@toﬂseﬁlélwmélntsSelecé\eapa{:bat tna
resistant netallic article conpr|S|n$ a netallic substrate; at | east one
Fsi

cerani ¢ R RafoBatFFERIcaht Fag €8np Ng aSMzi FeonFa: bike A¥d HP: | east one
ot her el sedgect feom gr p IS r, Nd, Sm Eu,
Gd, Tb, %gEnﬁE :ﬁ :EQ é@b iﬁ * ﬁg aﬁ&Y? éPQ 8 rg?a?%?gggfh OXIdeS
scandlun$camd1mmd|mmm andium; and
a ceramic bond coat between said metallic substrate and
said at least one ceramic thermal barrier coating wherein said

ceramic bond coat is composed of yttria stabilized zirconia

(Ysz) .

2. The article of c¢laim 1 wherein the metallic substrate is
selected from the group consisting of steels, superalloys,

titanium alloys and copper alloys.

3. The article of claim 1 wherein a thermally grown oxide
(TGO} laver 1g interposed between said metallic substrate and

sald ceramic bond coat.

4. The article of claim 1 wherein said ceramic bond coat has
a thickness between approximately 0.5 and 3.0 mils, preferably

approximately 1.0 mils.

5. The article of c¢laim 1 wherein an outer ceramic coat is
applied to an outside surface of said at leagt one ceramic
thermal barrier said cuter ceramic bond coat comprising a
zirconia base and at least one other element selected from the
group consigting of Sm, La, Yb, Ce, Lu, Mo, rare earth oxides,

yttrium, scandium, indium and combinations thereof.
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a ceram c bond coat between said netallic substrate and said at |east one
ceram c thermal barrier coating wherein said ceram c bond coat is conposed
of yttria stabilized zirconia (YSZ). 2. The article of claim1l wherein the
metallic substrate is selected fromthe group consisting of steels,

superal | gys, TltxétéPtH&é'&Pyéléﬂq f%@fefﬁlgyéergmlghfa éy 911@@9%0&&&' mi

wherein a thermally grown oxid ayer is I nterposed between sa
nmet al | i chstisen ateo and saaddatelanﬁt boadcevanic thdhmadr backeenf claim 1l

wh d th t i t el 0.5
And 3.0 TTSHEE BT B EAm S ol SR Rer aTHOASS T 1 5oEs, The arti ol 6 of &l aim 1

wherein an outer ceramc coat is applied to an outside surface of said at
| east one ceramic thermal barrier said outer ceram c bond coat conprising a
zi rconi a’ baseTapda Bt 1 tbasef opbadnhérweeentnt satl eeeedmi £ ohPYRE N@foap

i um o CRE hale BRER nE BB TA s ThES A 07 ¥ e o, MG ERREPLT L T

ceram c éppemximaeebpsndo bheigeen two of said at | east one ceramic thernal
barrier coating said ceramc |ayer conposed of YSZ. 7. The article of claim
7 wherein said ceramic |layer has a thickness between approximtely 0.5 and

3.0 mlsg prefgLablyi-apPsexETRIAQ! Y &h@r@lﬁssaﬁﬁ dbe18nkt chBeObethgim 1
wherein said at | east one ceramc thernmal barrier coating is applied by a

process sktenabdodrphertheaginupigoaspbieadgonfatberrabsspedgrngd Spant eri ng,

and the group consisting of thermal spraying, sputtering, and

electron beam physical vapor deposition (EBPVD} and wherein
gaid at least one ceramic thermal barrier coating has a

thermal conductivity less than about 1.5 W/me°C.

9. The article of claim 1 wherein the article defines a gas

turbine engine component.

10. The article of claim 1 additionally comprising a metallic
bond coat layer between said TGO layer and said metallic

gsubstrate.

11. The article of claim 10 wherein said 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.

12. 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 least one other element selected from the

13



el ectron beam physical vapor deposition (EBPVD) and wherein said at |east
one ceramc thermal barrier coating has a thermal conductivity | ess than
about 1.5 WntC. 9. The article of claim1l wherein the article defines a gas
turbi ne engi ne conponent. 10. The article of claim1 additionally conprising
a netallic bond coat |ayer between said TGO | ayer and said netallic

substrate. 11 Thesfghyclenolsclalmiduahesel nosai faebal | b bepd sgat is

formed of a material selected fromthe group consisting of overlay (MxrAY)
and al um ni de and Wher®pn Bai dTmet @bl i bu, stbst Fat €Y sMboanBdCof rarai ckel
based superall oy ca 9€£e of forniqg an alumna Layer. 12. A nethod for
reduci ng spal | ati on°T A*n@FafTPe areretels Eovpridiig’ t A%%t eps of: provi di ng
a metallic substeapesicgahi ogrsaid pehal tbst sSpbsheaheswmiihmatal east one
ceramc thermal barrier coating conprising a zirconia base and_at |east
one other el ement ¥ePeeratefabt shed 18t gloupt consi eeragief tharnad, pr, Nd,

Sm Eu, Gd, Tb, Eﬂarf?erE%oagyﬁ%Y@hefginsgaiéncegémk@ ngdCéoégr§%eearth

oxi des, scandium and i1 ndiun and I nfterposing a ceram c bond coat t ween
said netallic substmptecdndfspitrat tealsilonedceiacbeibhér8d) . barrier

coating wherein said ceramic bond coat is conposed of yttria stabilized
zirconia (YSZ). 13. The nethod of claim 12 wherein said interposing said

ceram ¢ PONATEOahe COIR! b ES1 4 eI POShELe SR1 §a £8T 8t £rPO8InG08LI g
ceramic bond coat comprises interposing said ceramic bond coat
having a thickness between approximately 0.5 and 3.0 mils,

preferably approximately 1.0 mils.

14. The method of claim 12 wherein said providing step
comprises providing said metallic substrate selected from the
group consisting of steels, superalloys, titanium alloys and

copper alloys.

15, The method of claim 12 comprising the additional step of
providing a thermally grown oxide (TGO) layer is interposed

between said metallic substrate and said ceramic bond coat.

16. The method of claim 12 comprising the additional step of
applying an cuter ceramic coat 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
gselected 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 thereof.

17. The method of claim 12 comprising the additional step of
interposing a ceramic layer between two of said at least one
ceramic thermal barrier ccating said ceramic layer composed of

YSZ,

14



havi ng a thickness between approximately 0.5 and 3.0 mls, preferably
approximately 1.0 mls. 14. The nethod of claim 12 wherein said providing
step conprises providing said nmetallic substrate selected fromthe group
consisting of steels, superalloys, titaniumalloys and copper alloys. 15.
The met hod of claim 12 conprising the additional step of providing a
thermally grown oxide (TGO layer is interposed between said netallic

subst r at €8 andTsai metleedndt dbadncbatwhdbBeiTheanet hodeoposiagned2dconpri sing
t he addiéional siep of ggﬁi%ing.an outer cerapic _coat,.to,an ou%side surface
of said “&t*tTeastone ¢&F 7 hEP et PBRFPY eV 43I CChUFer ta¥ahi 65hoHE  coat
conpri si AgtiAi CkfieSDi Be Dasen alfoBbx 1 gacE 1 pne. thed |l eneils, sprecéedbiyom the
group consisting of_La, Ce, Pr, Nd, Sm Eu, G&d, Th, Dy, Ho, Er, Tm Yb, Lu,
Sc, In, ¥WPRpHARtEYrhre mehFth oxi des, scandium indium and comnbi nations
thereof. 17. The nethod of claim 12 conprising the additional step of
interposing a ceramc | ayer between two of said at | east one ceramc

t hermal barri e coathod shi dlganan? cwheyein conpdsedaning YSZidlde1811The

met hod of claim17 erein.said intergosin sajd ceranc | ayer conprises

e
i nt er posP WIS SER T CBTER 221 yRF haThgea TRT TRHesER R eR5hpFExi matel y 0.5

and 3.0 @bising'&bfpAbLys Iffﬁgaégia de 01838 oAE- «dhemiBt PRErAAI Cl @l m 12
wherein said coating said netallic substrate with said at | east one ceramc

thermal barrier ceabindgoyoappieessapptiengedafdont thieagrovpe ceranic
thermal  Darrier, Sogki NGB BEOSEES,SeLoct €8 [19M 1§ 98P ron peanm

physical vapor deposition (EBPVD) .

20, The method of claim 12 wherein gaild coating said metallic
substrate with said at least one ceramic thermal barrier
coating comprises coating with said at least one ceramic
thermal barrier coating having a thermal conductivity less

than about 1.5 W/me°C.

21. 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, ¥Yb, Lu, Sc, In, Y, Mo and C, rare earth oxides,
scandium, and indium;

a ceramic bond coat between said metallic substrate and
gaid at least one ceramic thermal barrier coating wherein said
ceramic bond coat is composed of yttria stabilized zirconia
(YSZ) ;

a thermally grown oxide (TGO) layer interposed between
sald metallic substrate and said ceramic bond coat; and

a metallic bond coat layer between said TGO layer and

said metallic substrate,
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consisting of thermal spraying, sputtering, and el ectron beam physical
vapor deposition (EBPVD). 20. The nmethod of claim 12 wherein said coating
said netallic substrate with said at |east one ceramc thermal barrier
coating conprises coating with said at |east one ceramic thermal barrier
coating having a thermal conductivity less than about 1.5 WnC. 21. A
spallation resistant netallic article conprising: a netallic substrate; at
| east orx2 cerdm cattisrimlobark¥aise Thathewge conghie sheigp Bl izi sdomt vat@ses and at

| east one ot her_ elenent selected fromthe oup consistin La, Ce, Pr,
NS T e T OB it S SReqE, \PRE AP rare oarth
oxi des, tsEadikiMa1 Bk | 1eh Wapee & BIB-Es bond coat between said nmetallic
substrate and said at | east one ceramic thermal barrier coating wherein

said ceram c bond coat is conposed of yttria stabilized zirconia (YSZ); a

ther mal |y, or o, oxicle. (TGO daysf dntaRosed belyeen . sald drA allde
substrat’e and sai d ceram C bondl coat; and a metallic %ond coa ayer between
sai d TGhdayertiaiwknss: bapiedn | Lostdsinately 10, RZandhe. @armitée of claim 21
wherein the nmetallic substrate is selected fromthe group consisting of
steel s, R o) SPPEF A Rd A1+ o "Bk copper al l oys. 23. The article of
claim?21 wherein said ceram c bond coat has a thickness between

approximately 0.5 and 3.0 mls, preferably approxinmately 1.0 m|s.
24. The article of claim 21 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 consgisting of Sm, La, Yb, Ce, Lu, Mo, rare earth oxides,

vttrium, scandium, indium and combinations thereof.

25. The article of claim 21 wherein a ceramic layer
interposed between two of said at least one ceramic thermal

barrier coating said ceramic layer composed of ¥YSZ.

26. The article of claim 25 wherein said ceramic layer has a
thickness between approximately 0.5 and 3.0 mils, preferably

approximately 1.0 mils.

27. The article of claim 21 wherein said at least one ceramic
thermal barrier coating is applied by a process selected from
the group consisting of thermal spraying, sputtering, and
electron 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.

28. The article of claim 21 wherein the article defines a gas

turbine engine component.
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24. The article of claim?21 wherein an outer ceramc coat is applied 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 el enent
selected fromthe group consisting of Sm La, Yb, Ce, Lu, M, rare earth
oxi des, ay1tr4hn o SCAREL UL w&iw%m@h&o@mr@éimﬁewfifefboﬁé cJhe article
of cIa|n121 wherein ceram c |l ayer interposed between two of sald at | east
one cer ah$ cfotreedradb £ @amat@w1@ba$¢l@pﬁﬁﬁmﬁrmmamh@ $ayer conpbseingfo¥SZ. 26.
The article said.cera | ayer has.a thickness between
2ppr oxi RTET 6. ERTRTD) o SRR s S ook Tars 9oatbinT I 0. 27, The
article @ﬁb@&mm Zﬂs whereed Sai 4 2ickenstadne @@@ﬁ&]?loirh@épabléa@fi er
coating is applied a process selected from the group consisting of

t her mal %?#@@@%gans$ﬁ@m%@¢nbaY%ﬁd 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 WnC. 28. The article of claim 21
wherein the article defines a gas turbine engine conponent. 16 29. The
article of claim21 wherein said netallic bond coat is fornmed of a materi al
selected fromthe group consisting of overlay (MrAlY) and al um ni de and
wherein said netallic substrate is forned of a nickel based superall oy
capable of formng an alumna |ayer. 17
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