WD 03/061961 PCT/ US03/01057 - 1 MULTILAYER THERVAL BARRI ER COATING Field
of the Invention [0001] This invention relates to ceramc coatings that are
useful as both thermal barriers and as abradables. The_inve gion al so
rel ates tWO&MI¥les having ceramic thermal barrier arﬂf%@?’é‘ﬁ Bl e coatings
and to met hods of producing these coatings. Background of the Invention
[ 0002] Thernmal barrier coatings (TBCs)-are used to reduce the flow of
thermal energy through the coating between its interface with the external
environment and the gubsiinate vpesvhipahrtbe epativeg 1S applied. The
primary conmponent of MDST thernmal barrier coatings 1s a ceramc because of
the low thermal conductivity of many ceramc materials. Thermal barrier
coating systegpy Msuald ¥nloglude netallic undercoats to enhance the bond
strength of ubstrate, provide corrosion protection for
t he substratefoihd i Meventérdiophaehates o keaAdie heeardingst at i gue
resistance of the . Goatdng., NSHTRL DALY 8,503k NG dave many uses,
i ncl udi ng a nunbéer of applications I'n gas turbine engines. Mdern gas
t ur bi ne engehesddloresai r Chaf ipvergliop, abso gradwiesbbsedripradmsl si on or for
electrical ,ponel qeneratienane contipuald whushed. Lo.fgher gas operaling
tenperatures-to 1 ncreass over al eFF|C|ency. OMe gasS turbines operate at
such hi gh gasdtespestdiodsest miwatucdngethéese hemttédgaet al | i ¢ conponents such as
conmbustors, blades, and vanes would have a very short |ife, if not given a
protective ceramc thermal barrier coating. W 03/061961 PCTI US03101057
Background of the Invention

[0002] Thermal barrier coatings (TBCs) are used to
reduce the flow of thermal energy through the coating
between its interface with the external environment and
the substrate upon which the coating is applied. The
primary component of most thermal barrier coatings is a
ceramic because of the low thermal conductivity of many
ceramic materials. Thermal barrier coating systems
usually include metallic undercoats to enhance the bond
strength of the coating to the substrate, provide
corrosion protection for the substrate, and improve the
thermal shock and thermal fatigue resistance of the
coating. Thermal barrier coatings have many uses,
including a number of applications in gas turbine
engines. Modern gas turbine engines for aircraft,
ship, or ground-based propulsion or for electrical
power generation are continually pushed to higher gas
operating temperatures to increase overall efficiency.
Some gas turbines operate at such high gas temperatures
that directly heated metallic components such as
combustors, blades, and vanes would have a very short
life, if not given a protecfive ceramic thermal barrier

coating.



2 [00031 There are many variations of thermal barrier coatings, based on
the materials selected for the <coating and the coating processes. Wen used
on gas turbine conponents, a netallic bondcoat is usually applied to the
netal |ic SUBEY®I6L (conponent), and over the bondcoat PETHEMMMISE | ayer,

usual |y based on zirconiumoxide (zirconia), is applied- Zirconia has very
| ow thermal conductivity conpared t@ netallic alloys and many ot her

cerami cs. The zirconia |layer of the coating is usually rather thin, say

from10 m | .25 on_bl ades .and van t.o 80 m.l nm on
conbustors.ﬁW%%?the oéF?ﬁﬁecgﬁn¥évdgg'ﬁﬁggsﬁgg?Fg?ngbafgﬁ%%rature by 100
to nore thawat@@gdegheasi bahthaheiteriEie toelemrel thvanthkl degrees Cel sius),

depending on the ho nd col d side boundary _conditions. [00043 The bondcoat
usual |y serSReE1RE PRASTRS FPBLING RIRFEESSS ¢ Tt SR8 PReIBONd strengt h,

protects tharbiubstombshdtem axheledilgr ebnetbet formmaliycorrosion, and
provi des inproved resistance_to thermal shock and thermal fatigue. There
are many bGRIddEE EQnPsiMStaASIC FIITIRAES AFOMPORaN Yy s 2P idYSHdi ng the Ni - Al

i nter met al 1S honbbo&¥ Alde@¥®ic MAAr alays1{Wedds Mnis Fe, Ni, Co, or a
conbi nation thereof and the alloy may also contain Y, Hf, Si, Pt, and other
active el erdfconiunger¥desi (GArapetdni dés 2PpLied nurAidcoRiai 8@, or ot her

modi fi ed alyupnhdgsendhRlie Bhaué NHHeoRbarBl NRdhfhi12ep! yi ng these
bondcoat s depénding on their conposition including: thermal spray (air

pl asma spr @L1avewandreasl osher GeEiAsp| aSha shregplshilgievethbcei ty oxyf uel ,
etc.,), Phygieaba¥ 2RO S18RR8N I | 0P dtRYDknine! 86§ raRlAtiong;14nd diffusion.
Bondcoats usually range 1in thickness from3 to 10 nils (0.08 to 0.25 m)
vwhen (0.25 mm) on blades and vanes up to 80 mils (2 mm) on

combustors. Yet the coating can reduce the substrate’s

temperature by 100 to more than 200 degrees Fahrenheit

(56 to more than 111 degrees Celsius), depending on the

hot and cold side boundary conditions.

[0004] The bondcoat usually serves at least three

purposes. It improves the bond strength, protects the

substrate from oxidation or other forms of corrosion,

and provides improved resistance to thermal shock and

thermal fatigue. There are many bondcoat compositions

including Ni-Al alloys (including the Ni-Al

intermetallics), Ni-Cr alloys, MCrAl alloys (where M is

J Fe, Ni, Co, or a combination thereof and the alloy may

also contain Y, Hf, Si, Pt, and other active elements),

diffusion aluminides, platinum aluminides, or other

modified aluminides. There are a number of methods of

applying these bondcoats depending on their composition

including: thermal spray (air plasma spray, low

pressure or vacuum plasma spray, high velocity oxyfuel,

etc.,), physical vapor deposition (PVD),

electroplating, and diffusion. Bondcoats usually range

in thickness from 3 to 10 mils (0.08 to 0.25 mm). When



WO 03/ 061961 PCTf US03/ 01057 3 deposited by thermal spray techniques, it is
usual ly necessary to heat treat the bondcoat at a high tenperature to
elimnate _or close the inherent porosity in the coating by sintering. This
heat treaPHM8ly be done either before or after thePCEYSAI®STOAti Ng iS
applied over the bondcoat. [0005) The ceram c coating is usually based on
zirconia, which may be fully or partsially stabilized wth yttria, the rare
eart h oxi des, nmgnesia, hafnia, or other oxides. The ceram c coating may be

T L e T

t echni ques netBesdi-£ reshedet breaioftHhBondesamat st heggl y affects its thernal
and thermomechani cal properties. The m crqstructure of an . EBPVD ther mal

barrier codtFRETRYHITEA FLABENAE T ATumhare e JORGrenE P rdbei ng the el astic

nodul us i n itthenp! anginef byheiseatiRg angid nfasechbRehbhaidi®l shock and
thermal fatigue resistance of the coating. The npbst common mcrostructure
for a ther gl depe A deraRPEore HEF PdltebatRs TeT@FdEi RG2FESidfpl y one with a

hi gh level 50 ; DO Q3 ¥hePrBh@bbdievel of porosity can be achieved by proper
sel ection 01‘p the deposition paraneters or by incorporating a fugitive

materi al sU®0BE a [Bleyssramic|ePatiadcoat ipldat PA§SEepdsiti on. The fugitive

material is;subsequentln degosposady! Sﬁvx%]aﬂ&i%qu?sségﬂi_lfiéﬁati ng addi ti onal
porosity in the coating. A variety “of thermal Conductivity neasurenents

have been ®dthi getrigut theushrascanidepxpitse magmesar  dhafuisi,vity tests

conbi ned widehosRECIdiaReat RO LR L ¥odBARN hBFEBES abfos 24T act eri ze the

thermal properties of coating systens-
by thermal spray (principally plasma spray), electron
beam physical vapor deposition (EBPVD), other PVD, sol
gel, or other techniques. The microstructure of the
ceramic strongly affects its thermal and
thermomechanical properties. The microstructure of an
EBPVD thermal barrier coating typically has a columnar
structure for reducing the elastic modulus in the plane
of the coating and increase the thermal shock and
thermal fatigue resistance of the coating. The most
common microstructure for a thermal spray ceramic
thermal barrier coating is simply one with a high level
of porosity. A high level of porosity can be achieved
by proper selection of the deposition parameters or by
incorporating a fugitive material such as a polyester
in the coating during deposition. The fugitive
material is subsequently decomposed leaving pores and
creating additional porosity in the coating. A variety
of thermal conductivity measurements have been carried
out, such as laser pulse thermal diffusivity tests
combined with specific heat and density measurements to
characterize the thermal properties of coating systems.

In addition to this, isothermal and gradient thermal



PCTf FIS03/ 01057 4 shock test rigs have been devel oped to sinul ate engine

t her nmal is generally found that a uniform ] ating, such
as one has‘e?gg%é%%stant density and structure thr oughg’g{rﬂﬁ‘@l&gi ckness, has

a thickness limtation for good thermal shock performance. For exanpl e,
sinple yttria-stabilized zirconia ‘ap?pl“l ed by plasma spray nethods at a
density of about 85 percent of theoretical (15 percent true porosity) can
pass nost dhekmakscyicigsnaveshbsenpldvelapedt t@GimullatéOeigimy ceram c

t hi ckness. At greater .t hi ckness however spal l.ati on_cap occur, depending on
the severi t§' G he°Per il 1§h%%rl’<e3ia\él Y beg‘g@altnaauﬂé °%Ur bi ne engi ne
there are hl<a@d@scasfatidid, 60oB)asemlss Halrihfecoiamesaensseet i on of the gas
turbi ne, whose purpose is to jncrease the pressure and , tenperature of the
air by mul t395 SthPSHE-SRGEUILAE Hel iNPEFRRF I Magh 2pFRLITSair to the

conmbust or. Jimithheok OFHNISHEE ERE AN sHoeRl ptsfdiadeked poel the fuel - air
m xture burned to produce very hot, even higher pressure gaseous conbustion

products. THETRIE- hFHIRLHYESTLR o5ttt igePoRI FFTHFc £BPekPE Bhe conbustor and

work to rotatfnrhhepbhpdRenbAst B 4 WdeySeet i WBepercdifte thermal energy
is thus converted %o mechani cal energy. In addition to operating a gas

t ur bi ne engihdhegrehigH Jas PerpeRtatiites Porpette)acémoPhes Mftt or s t hat

contribute d 441 BEcFifrld €8PS Yup M Mouthgbeniis tes agpunt of air in the
conpressor section or conbustion gas in_the turbine section that flows over
the tips ofcedaiédchratddess - vahesarerteer thhahnesoWoN§vever the bl ade airfoil

surfaces. MoThzisg ddH ScRUPUNEepdHdi®RS68 EAE severity of the
thermal shock test.
[0006] In a gas turbine engine there are blades and
air (gas) seals in the compressor section of the gas
turbine, whose purpose is to increase the pressure and
temperature of the air by multiple blade stages and
deliver warm-high-pressure air to the combustor. In
the combustor section, fuel is injected and the fuel-
air mixture burned to produce very hot, even higher
pressure gaseous coﬁbustion products. The hot-high-
pressure combustion products exit the combustor and
work to rotate the blades in the turbine section, where
the thermal energy is thus converted to mechanical
energy. In addition to operating a gas turbine engine
at high gas temperatures, there are other factors that
contribute to engine efficiency. One of these is the
amount of air in the compressor section or combustion
gas in the turbine section that flows over the tips of
the blades or vanes rather than flowing over the blade
airfoil surfaces. Minimizing this amount increases the
turbine efficiency. This is accomplished by placing

radially adjacent to the tips of the rotating blades,



turbine efficiency. This is acconplished by placing radially adjacent to
the tips of the rotating bl ades, WD 03/061961 PCTI US03/ 01057 5 but slightly
spaced a the tips, an outer gas seal ring or segnents of a ring.
These ri\é\géo%{r;awéegrrents are stationary and are set tCHAPEM'shal|l a gap
bet ween the surface of the gas seal and the rotating blade tips as

possi ble. The smaller the gap, the5l ess |eakage of the high-pressure gas
fromone turbine or conpressor stage to the next. A simlar situation

exi sts bet n i Lhe nghpd S n stationary
vanes. [003%% sr%lgélgéalap%gfg\%énaﬁg%gg g%%ln@gt;ﬁ'f %?eogﬁgft%‘ﬁ% bl ade tips (or
the knife s¢gés¥impens segmppteiafi @ zédg-t ol eringgasr pressure | eakage
between th L i t C then_jt,4i S possi bl e that
the bl ade%teg%ggﬁ%ya%eubs t%ﬁ%"%%% saeéljlS g%ﬁrgg%e4&%v§ rgrgysrhat)lclc%r due to

i ncreased ljaadbetwesmyt thetueurbatherfimihe gapasrsalomndr the centrifugal forces
resulting fr the. high rotation speed. if, the i s set too | oose, such
that a ti prro?lglc\l/\%lb aﬁ%vétrlp%cacsu ,°Sesﬁ§|§ﬁé e%l?el csimgﬁggri ghe s5&ificed. In the
case of a ik, 1ess Herakiae bEades thHigh-pretberegamssEabmsernd ace or both wil |
experience wegr.. Wear results in thg Igﬁs of Jmat rial . fromthe bl ade or
air seal. NEEEMEICT SSEPFFRRRTITVH 5 the B de i B™HEY the effect of

per manent | witnet as i axj sttleebgapee/ait at i 0g skt enledgksoand hemngas seal is nore
desirable- Gas seals are designed slightly wider than the blade width so
that a wead3fr 88%1F (P FE25LPERAIVA"ESa groove as wide as the blade tip
chord, but wiobh] sonmerheaapi hétwden tthe feadsew) andrfarai indighedges of the air

seal ot - nybled, , Thi o 0 Qove, provi des) 8 Labyri P L ke, flaw

to prevent gas pressure leakage between the stages. If

the gap is set too close, then it is possible that the
blade tips may rub the gas seal surface. This may
occur due to increased blade length due to thermal
expansion or to centrifugal forces resulting from the
high rotation speed. If the gap is set too loose, such
that a tip rub would never occur, engine efficiency is
sacrificed. In the case of a rub, either the blade tip
or the gas seal surface or both will experience wear.
Wear results in the loss of material from the blade or
air seal. Material loss primarily from the blade tip
has the effect of permanently increasing the gap. Wear
loss. mainly from the gas seal is more desirable. Gas
seals are designed slightly wider than the blade width
so that a wear track in the air seal is a groove as
wide as the blade tip chord, but with some material at
the leading and trailing edges of the air seal not
rubbed. This groove provides a labyrinth-like flow
path for the high pressure gas that does not result in
as much gas pressure drop as would occur if the same

amount of wear were all on the blade tip. So it is



path for the high pressure gas that does not result in as much gas pressure
drop as would occur if the sane anount of wear were all on the blade tip.
So it is Wo@®p6t961 PCTI US03/ 01057 6 preferred that pehesisRagsybe primarily
into gas seal segnent surfaces and mnimzed on blade tips. It is possible
to force the mpjority of wear to the gas seal segment by coating it with an
abradabl e coating, and coating the blade tip with a wear-resistant coating,
or even an abrasive tip coating. It is advantageous, particularly in the
turbi ne sedrREATHREIEAt thRyWeRterPe PEiIHRERSSAMFC P8F ¢! abradable to al so

be a ther n@ﬁgmgﬁé rd el 0Rat LAG hiohiRliQkaChn IR dEtabLi ¢ peals substrate.  This

i ncreases t efficiency of the engine by either "allow ng higher gas

oper ati ng trespébbe ureFozcepyhe realipriity ehevearoluet tbe &¥ys esd cooling air
necessary t MR Rl ei . akowahle operating

t enper at ur §%F‘§§§§P°‘;18%6‘ﬁ%a§§g“ét t r%g\a%%gé%a%/l g\?g%%%gbe r?gt si mul t aneousl y
by a coati npabing gealbledgnbmp wrth iangearticdsiditegt asaimied cabove, that it

may have ftoevt%g Qgt%})ra%q%%dg%ﬁ%%%gn%rt hﬂn“lag ataa\\,% it%éeoﬂ’e abradability of a

material is a function o factors 1 nc g "the material's
mechani cal mwsrtéogidrlydémsichy, tuflirgbisket yon twérqrer atumay cfvegper ati on, nature

of interacgting at its rub rface c.. Laborator ale ., rub tests have
been devel %ﬁeag?%s%aeﬁyﬁ 58Fd§H? hagbrcaﬁi&%é% t%faqnsiﬁ téDr'ei él gg%lfm&}]t s abradability.
The resul t dagkiat|cozadtdsig hg pootaite thaveesdidwie tskeal shestarament and

di stributi .gf s ear sdep g net. o.nelr% on tq?ee‘rga}lt eﬂli al  pr (;R/eirdi ng the

abr adabl e 352‘ SEAT. B gplso or- ¢ he YmaFe A1 SRPEheY r Th! ng tip. An early

attenpt toallowing higher gas operating temperatures or by

| reducing the amount of by-pass cooling air necessary to

. keep the seal segments within their allowable operating

temperature range.
[0008] Many attributes may have to be met
simultaneously by a coating on a seal segment or ring
including, as noted above, that it may have to be both
abradable and a thermal barrier. The abradability of a
material is a function of a number of factors including
the material’s mechanical strength, density,
friability, temperature of operation, nature of
interacting at its rub surface, etc. Laboratory scale
rub tests have been developed to help guide the choice
of material for its abradability. The results of all
testing to date have shown that the amount and
distribution of wear depend not only on the material
rproviding the abradable gas seal, but also on the
material on the rubbing tip. An early attempt to
provide increased abradability combined with a wear
resistant tip is illustrated by Vine et al., in U.S.
Pat. No. 4,936,745. Vine et al. disclose increasing

the abradability of zirconia by increasing its



provi de increased abradability conmbined with a wear resistant tipis
illustrated by Vine et al., in US Pat. No. 4,936,745. Vine et al. disclose
i ncreasi ngo obboabr adabi l ity of zirconia by increasi ngedigsedes3/ 061961
PCT/ US03/ 01057 porosity. in this case, the coating systemconsists of a
metal lic MrAl'Y bondcoat 5 to 10 mls (0.13 to 0.25 mm) thick and an yttria
partially stabilized zirconia top coating with a porosity of 20 to 35

vol une percent, 2Sto 50 mls (0.6 to 1-3 nm thick mated agai nst an
abrasi ve blpekosiiy.or IRntlHis cage, The edatdagi vestemiaskisdsssopft his coating
islimted f.: S thl r kde 0 ld bt t hi ckness for
many appl E%\éﬁ%lc ggg@f hﬁgggg %g%?/elw E}%%Q ?‘% e%tl vebt hlgckness of nobst
t her mal barmmlertshiick Iahdi aredfttm"dausertim?llry tsebitl zeg idekeonési st ance

decr eases as_ t heir .thi ck ess I NGk eases-, Y%t g (-1 ceramg coatings are
coatin t or081 YO cen
desired for gasseafs” I'ncCreasi ng thef ral Cihsufat on requirenents,

all ow for gmeaicelsoi mmgs'(@)m drb tha whadehidk materﬂ agdiexstwear and to have

enough materjal . resent 1o IIow s.seal ring to be
case- gr ound*¥* d‘vﬁ h’gf"g I’ISI FoRtt iRes ﬁ?gﬁte 9% Fv%Cul arly inportant when
t he gas seathidkigsissogr thikd cobmlagdisarf&tnemedt hew@srmgl rigtewhi ch i s of fset

fromthe chani cal nter 1(% 1 roach to a sonmewhat
t hi cker abr‘glala% aé’prf’ﬁggn%ﬁo"bl%re ?ocjojg‘%i]r?g ?’éc neﬁﬁ,ﬁt C%pg‘aflgyer netal and
ceram ¢ sysagsidesdonbed by Matarese et al., in U S. Pat. No. 4,588, 607.
This coatin Si st of fi | i ondcaat hen gr aded
netal lic/ ce?%?cwq I ay C{] %"é’?agﬁé %/J'ficeﬁgrlgﬁsqwdﬂ%ﬁsé;m content and
finally anmegt itmé&knamebmxer@u&erlirawd Heécadeet i rofcheltal

shock resistance decreases as their thickness

increases. Yet, thicker ceramic coatings are desired

for gas seals to meet increasing thermal insulation

requirements, allow for greater incursion of the blade

tips or other wear and to have enough material

initially present to allow the gas seal ring to be

case-ground to a final dimension. The latter is

particularly important when the gas seal ring is ground

to a diameter, the origin of which is offset from the

mechanical center of the ring.

[0010] One approach to a somewhat thicker abradable

thermal barrier coating is a multiple-layer metal and

ceramic system described by Matarese et al., in U.S.

Pat. No. 4,588,607. This coating consists of first a

metallic bondcoat, then a graded metallic/ceramic layer

with a gradually increasing ceramic content and finally

an optional ceramic outer layer. Production of the

coating involves complex stress analysis and control of

many variables, primarily the temperature of the

substrate and coating, during the thermal spray

deposition of the coating system. It is thus an



coating invol ves conpl ex stress analysis and control of rmany vari ables,
primarily the tenperature of the substrate and coating, during the thernal
spray deg&&%bkgglof the coating system It is thus an WD 03/061961

FCTf US03101 inherently difficult process to contPEIUEE1%%pensi ve.
Simlarly, Bosshart et al., in U S Pat. Nos. 4,481,237 and 4,503,130
describe multilayer coatings that -ceantain a netallic bondcoat, internediate
| ayers with increasing ceramc content, and a ceram c outer layer. The

mul til ayer . i =T .ol .rati f t .QStrength and
therefore & gg%éﬁgﬁ?'?ﬁg%g§§%$ﬁ6&’ %Sc%%tééﬂé%? Fﬁé %ﬁ%%ﬁ%aﬁure as each | ayer
i s deposi sédiladglar,nBoskhart seta aler,yidi §f$ cHat .pNosess, 483, 2688nt rol and hence

expensive. _. [0 lar, in US. . Pat. No. 5.073, 4 di scloses a
o ot vel y 28rbe Purati Qeprblhm s Sovebaianty Rt ik S e0E ng
yttri a- st abi hézed id boadtaat Thntenneddste ucdtysre efithhi s coating, utilizes

vertical crack segnentation to enhance.thernmal ,shock and thermal fatigue
resistance?nﬁﬁ??ﬁéhQﬂﬁFﬁ?mfﬁigpQﬁﬁﬂﬁ’nanﬂai C?ﬁﬁﬂ}FeoPgﬁ@HVQﬁﬁé internal stress
and by itseht @artiheyegoabetindgs \w@itympt gbo tdurmtiaessatdsl ot i || be resistant
to thermal shock. The nmmjor iéﬁgﬂ? n%nt to utili zi this,k6 coating as a gas
seal is itStheEh ‘ReiFEPIERAn &eLore SHIaT &8 BBT fhbitPPty. 100121

Anot her appkoasitidl LEMenBatedgircikaie abradabliaytheisnl barrier coatings is
a conplex multjlayer _coating described by N ssl et al. in US. Pat. No.

5, 705, 231- 48ROPHT]T -al ARRIA dSodt VEEY 4%ﬁﬁ%&m§§ AFR9PSE ZPrconi a

' f oundat i ogont ByErarohehsti Bgoerdfiva.specific m xture of different zirconia

[0011] Tayloxr, in U.S. Pat. No. 5,073,433 discloses
a relatively dense ceramic thermal spray coating,
generally using yttria-stabilized zirconia. The
microstructure of this coating, utilizes vertical crack
segmentation to enhance thermal shock and thermal
fatigue resistance. Furthermore, this coating has
little long-range internal stress and by itself can be
coated to very high thickness and still be resistant to
thermal shock. The major impediment to utilizing this
coating as a gas seal is its high density and, hence,
its limited abradability.

[0012] Another approach to somewhat thicker
abradable thermal barrier coatings is a complex
multilayer coating described by Nissley et al. in U.S.

- Pat. No. 5,705,231. An initial MCrAlY bondcoat is
followed with a zirconia “foundation” layer consisting
of a specific mixture of different zirconia
compositions. Multiple layers are then deposited on
the foundation layer. Each layer has a different
proportion of the zirconia compositions. Finally a top
layer of a more abradable mixture of the zirconia

compositions is deposited. The deposition parameters



conpositions. Miultiple |ayers are then deposited on the foundation |ayer.
Each Iayer has a different proportion of the zirconia conpositions. Finally
atop aﬁgq) &%ﬁ nore abradable m xture of the zirconia conp05|t|ons is
deposi t ed eposi tion parameters WO 03/ 061961 PCTIRIEIHYEY7 are chosen
to generate vertical segnentation cracks in all the zirconia |layers with 4
to 8 segnentation cracks per linear®i-nch (1.6 to 3.1 cracks per I|inear
centineter). This coating requires nmultiple blends or mxtures of oxides
and is |'”Ehﬁgchgséﬁ”&¥@ﬁ§ér£9eaﬁﬁHﬁca§osE§$éh&éEf%n”glad§ymgﬁry of the

I nvention [0013) The invention provides a multilayer ceramc coating for
appl yi ng t Fddmihe bairqariaplayers it ¢ 50 SudramemtatipR ¢macksn i nner ceranic
| ayer coati e i4n r G 4l r has a plurality of
macr ocr ack |s?§?% qgg;th?oﬁgﬁgﬁ%zkﬁgﬁfﬁﬁé%g%éf§%¥% | ayer. An outer
ceramc IayenmgmatsrkheTﬂnﬁecoexﬁnﬂnn?quhayermulﬁmyleubéen®%ﬂahlc | ayer is
substanti al f i Sgri n of the

Dr awi ngs [dﬁ%%fgﬁgdﬁge IS §§%1%$§93§%%8 ?na po Egdgér%%%% section at
100X magni f9catilen(df3 anmyul ti | ayer coating of Exanple 1. Shown at the
bottomis the substrate alloy wwth a 5 ml (0.13 mm thick HVOF CoNi CrAl'Y
bondcoat, then 10 mls (0.25 mm of a plasma sprayed vertically cracked
segnent ed yhmmhaypaftﬁhdIImvestB@mlized zirconia, then at the top 40 mls (1
mm of pla 3$Pray. d Iom1d @6of t oretlcal ttrla partially
stabilized |rc nla.f%ﬁxfﬁgfn é%éY| SSa%m ¢F o rgbﬁ %ra pollshed Cross
section at daEX1nggwmf|appmwmngothermaﬂ balcayer pxnﬂacmgonfto a

substrate. It has an inmer ceramic layer coating the

substrate. The inner ceramic layer has a plurality of
macrocracks distributed throughout the inner ceramic

layer. 2An outer ceramic layer coats the inner ceramic
layer. The outer ceramic layer is substantially free

of vertical macrocracks.

Brief Description of the Drawings

[0014] Figure 1 is a micrograph of a polished cross
section at 100X magnification of a multilayer coating
of Example 1. Shown at the bottom is the substrate
alloy with a 5 mil (0.13 mm) thick HVOF CoONiCrAlY
bondcoat, then 10 mils (0.25 mm) of a plasma sprayed
vertically cracked segmented yttria partially
stabilized zirconia, then at the top 40 mils (1 mm) of
plasma sprayed low density (65% of theoretical) yttria
partially stabilized zirconia.

[0015] Figure 2 is a micrograph of a polished cross
section at 50X magnification of a multilayer coating of
Example 2. Shown at the bottom is the substrate alloy
with a 5 mil (0.13 mm) thick HVOF CoNiCrAlY bondcoat,
then 115 mils (2.9 mm) of plasma sprayed vertically



Exanpl e 2- Shown at the bottomis the substrate alloy with a 5 ml (0.13
mm thick HVOF CoN CrAlY bondcoat, then 115 mls (2.9 mm of plasnma sprayed
verti caII V§ ?fg/ 061961 PCT/ US03/ 01057 10 cracked segnented yttria
partially QEOYPLed zirconi a, then 40 mls (1 mm of PEI/ESAFAISPr ayed | ow
density (65% of theoretical) yttria partially stabilized zirconia. [00161
Figure 3 is a mcrograph of a polished cross section at 100X magnification
of a coating of Exarrple 3. |s a bri cked coati ng of the DOE of Exanple 3
t hat successfullﬁ alaﬁ? g é a i Kk rest Wi t rcospal | ati on and only
8% edge cr &ERTNY etgg‘ren 690" ?arHD 3FTBRIISYY B °8A8n at the bottom
is the sulnﬁéﬁa4@ rﬁJ]Jsoylvunmh cﬂf Fplms*na(ébﬂa'ydmilowmiaksnpjyaam sprayed
CoNNCrAlY b coat ne. sprayed yttria.
partially § a ?‘?%&c?ﬁpc Fﬁ%a \Ha%ﬁl%%{ngﬁtaﬂo&géﬁé Per“PiHear inch) or 25~
cracks per [obispar GicueetsCi L£mAekbfgasinb34%6lisdangrogeasured on the
full width of the sanple). Detail ed Description [00171 Thi.s invention

provi des cEEEFHPS 5tthaltooar magnificatinr ehet r%atbaﬁr?%r%‘a"@%@el | ent

abradabl esg _orr: bof b prRcREE dd@ngt BE Sthd\RRE benERs@ides coatings that
facilitate degom ting much thicker thermal barrier coatings than previously

was possi bitBat oFiraasedally iprsesd £B8t FrrjanalesBPRK eb@t VBt PRer mal shock and

t her mal fafsﬁgyfaifﬁﬁi %haneﬁly% RRSSI Qfacmrtdﬁ afeepVesdd QRhether mal barrier
coati ngs e_coatj ngs rise nultiple l'ayers of ceramc materials with

different &Pcfedlr LFct(&F’@% that PhOYPdRE e (?GaFPlﬁgls st emwith nuch greater
thermal shagkstLfisStAN68 wihle a GLMAM Co MBS Qi) akai Liegsh ddmat he invention are
usually sprayed CoNiCrAlY bondcoat, then 36 mils (0.9 mm) of

plasma sprayed yttria partially stabilized zirconia

with 63 CPI (cracks per linear inch) or 25 cracks per

linear cm vertical cracking and 34% bricking (measured

on the full width of the sample).

Detailed Description

[0017] This invention provides coatings that are
excellent thermal barriers, excellent abradables, or
both. In addition, this invention provides coatings
that facilitate depositing much thicker thermal barrier
coatings than previously was possible; and these
thicker coatings retain excellent thermal shock and
thermai fatigue resistance not possible with
conventional thermal barrier coatings. The coatings
comprise multiple layers of ceramic materials with
different microstructures that provide the coating
system with much greater thermal shock resistance. The
ceramic materials used in the invention are usually
oxides, most often based on zirconia, and are thus
capable of operation at high temperatures, such as

those obtained in the high temperature turbine section



oxi des, nost often based on zirconia, and are thus capable of operation at
hi gh tenperatures, such as those obtained in the high tenperature turbine

section WpoQ3pd&i961 PCTf US03101057 of gas turbine eng ’Iﬂf'sﬁlml_hfe coating
systens may also find utility in the conpressor section gas turbine

engines and in other applications. £00181 As noted in the Background section
above, low density oxide coatings, “particularly |ow density zirconia
coatings, are good thernmal barriers and may have good abradability, but
even wth sofrgkal tuchbidwreagoaest héighetw@atliygohysmmashaag abeyuat e t her nal
shock and t| 1er rrau_l,rﬁ atl glue shgl% nce Epggn 4 gurthan about 20 mls

(0.5 mMm t er coa i ng ref’rgtaorr gaw red many appﬁlcatl ons, for

exanple in @z’@ﬁnetsuabcﬂrtﬂzedtgnemesmnqatdmhde adequate thermal protection and
to provide ate thickness to allow for nltlal i ndi to design
t ol erances Qﬁﬁggo al PO hnt \#959“? S HGE %{’B‘ée zlg’ot her wear .
This is paiddssul,abkydd rd&tflﬁgquaéﬁm@sllaseg p@”aiyhaaapl e thermal barriers
on seal s in gas turbine engines. vantageously, thls i nvention includes a

coati ng sy%‘tré:ﬁf‘tlﬁa?o?’nta’sngéﬂ Bﬁ?e‘io‘?da}é‘terﬂ? | RFdSTSi BP9 e, particul arly

| ow densi t \hagier 6888 aabtdiibillst, Qﬁﬁ,dev%mﬁﬂ@}b'@ ddtenmat barrier and that may
be substantially thicker than 20 mls and stil] have adequate

thermal shRASRaEL HRsmatsReLY giR %@Vﬁnééeﬂﬁ@l@fepf‘a%as been found that

coatings WdHboRUbhé Ptigermay €asigudefiiktancé NNEf dndyehrdehyeen the substrate
or bondcoat and_the | ow densH%tBél de ,outer Iayer has a uni que
macr ocr acked@® ePget rt e (8 ﬁ?’&&ﬁcedT KT SR2EHYERial Iy thick | ow

density t o reghered a6y nabPaippldARdoski | For abaimpladegupde thermal shock

and turbine engines to provide adequate thermal protection
and to provide adequate thickness to allow for initial
grinding to design tolerances and to allow for
incursion of the blade tips and other wear. This is
particularly true for coatings used as abradable
thermal barriers on seals in gas turbine engines.
Advantageously, this invention includes a coating
system that has an outer layer of low density oxide,
particularly low density zirconia, that is a good
abradable thermal barrier and that may be substantially
thicker than 20 mils (0.5 mm) and still have adequate
thermal shock and thermal fatigue resistance.
[0019] It has been found that coatings with multiple
layers, wherein an inner layer between the substrate or
bondcoat and the low density oxide outer layer has a
unique macrocracked microstructure, can be produced
with an unusually thick low density top or outer layer
coating and still retain adequate thermal shock and
thermal fatigue resistance. This is most unexpected,

since it would normally be thought that cracks would

lead to spallation of the top layers of a coating under



thermal fatigue resistance. This is nost unexpected, since it would
normal |y be thought that cracks would l|ead to spallation of the top | ayers
of a coatin% under WO 03/061961 PCTI US03/ 01057 conditions of thermal shock
or ther ma"%%3P%8e such as those experienced in gas tREBVISOWYi nes. [ 0020)
Macr ocracks, as defined herein, are those cracks visible in a polished
cross section of the <coating at 1Q2X-Jmgnification. Advantageously, the
inner ceram c |layer's nacrocracks are vertical with respect to the

substrate. e c s.ar a : rgg?pi antly
per pendi culcgrg&%‘;lc%{c?’r %I Eﬁ%mﬁe%%lcgnéo earll tr?fag? %%e 0 talr%e coating with
t he subst tabse vextgerdehendt im tdeat tusbate |sasineishe | esser of 4 mls (0.1 MM

or one half coatjng layer's thickness. |f the re at least half the
coating | J}?é?gls t hit”{(?l?%%&xg)ﬁ’efsngfigéﬁl%%sfbere&&’I 3# gtelbor?eent ation or
vertical segaens atigibler anks.pdidhkar cpodpasesioh of hilse speci ficati on,
hori zontal nmacrocracks are those that ar redom nantly parallel to the

pl ane of tKE2LLRF fdcd 08K PRe” r8te ECHSohe ment ati on crack

with an adjiageptcsegiient ayesns wrekcrMbBd amdvartaggousith the inner ceramc
| ayer contains a conbinatjon of vertical and horizontal nacrocracks for

i ncr easi ng YEARSFY 5@ et ABPRLTRGS -ay ERTEHRY FECTPEB294S R nul ti | ayer

coating' s itABE WRIARKe bay@bmiraavapt ggeeisdir-ulas ¥erhdamll macrocracks that
extend at |east the |esser of about 0.1 mmin length or one half the

thi ckness &PethERs & thEr e iagrePt W (SRR RA XGRBULS t hese verti cal

Macr ocr ackguBEerateeGARNAL At 1 O aGks {Hadt exdapdrat 1&asdr e half the
t hi ckness of the inner ceramic layer. In addition, these vertical

segnent at i dn"iker derladRd aBVARR dgdbushy coating layer’s
thickness. If they are at least half the coating

layexr’s thickness, they may also be called segmentation
or vertical segmentation cracks. And for purposes of
this specification, horizontal macrocracks are those
that are predominantly parallel to the plane of the
surface of the substrate and connect one segmentation
crack with an adjacent segmentation crack. Most
advantageously, the inner'ceramic layer contains a
combination of vertical and horizontal macrocracks for
increasing the life of the multilayer coating.

[0021] The multilayer coating’s inner ceramic layer
advantageously has vertical macrocracks that extend at
least the lesser of about 0.1 mm in length or one half
the thickness of the inner ceramic layer. Most
advantageously these vertical macrocracks are
segmentation cracks that extend at least one half the
thickness of the inner ceramic layer. In addition,
these vertical segmentation macrocracks advantageously
have a crack density of about 7.5 to 75 wvertical
macrocracks per linear centimeter. When the multilayer

coating’s inner ceramic layer includes horizontal



have a crack density of about 7-5 to 75 vertical

centineter.
hori zont al

hori zont aVV Ol d¥r acks

as

substrate with the nmultilayer coatdi ng. - Most advant ageously,

When the multilayer coating's inner ceram c |ayer

macr ocracks per |inear

i ncl udes

WO 03/ 061961 PCTI US03101057 - 13 nmcrocracks, the total

advant ageously extend from aboRffT/49381857100 per cent

cummul atively neasured across a plane normal to the interface of the

hori zont al

mul tilayer coating

t he total

macrocracks extend from about 20 to 60 percent as cunmul atively

neasured a ne gl 4t e e substrate with the
%&&%&a%?o Otzxgt-ii c’%&ﬁ:gl rrg %{'?oﬂtrgl h@cEcPickd

ayer coating, such as a zirconia- based

coati ng, nn@dvantaaﬁbagEMNﬁﬁﬁpndoﬁramn$b¢un11§onba100rnﬁnqamta@ks in addition to
the vertical macrocracks to r rick~like structur th a multitude of
horizontal Cracks of %ngefaﬁsureg abEe ?raoﬁlgh 0" Hba% ﬁ% eth%no

S ranglng 13

to 2.5 m)

and‘extendlimparﬁahecbfvEﬁQ/dub3MKb3etwﬁthuﬂhepmnmenaagﬁrlu@asmngd across a

pl ane t hat
bri cked m

TR ?east one ofvthe

S ererres oo S1e) ik irdohbEhdH AR B Feast one

macr ocr ack egktareY @gbhushaute 2 00tot be pm&deinltayer ctoaiiaigivetgn be
advant ageousl y deposited in g t hi ck I%yg%hgg retains Eng t hermal shock
and t her el MRS e SFESTS (R AIERS] FOTTE it alel AYETTT9C % Sipbed of two of

nmore subl aygusstafatdi &€l edtid yhuua@m;zéﬁcdeeﬁmgl crostructures,
coating may Ve eve er. ther shock and t her nal fatlgue resi st ance.
R e Ty i

For

exanpl

in

2¥Ey F‘ﬁ H?:?e &

t hen t he
r3t TradikEdt3rayer and a

second cr ackfekd @At indddhdstoBdlahbigEoudlIsgr abheal iy &icri®bnyari ed macrocrack
orientations and

macrocracks in addition to the wvertical macrocracks to
form a brick-like structure with a multitude of
horizontal cracks of lengths ranging from 5 to 100 mils
(0.13 to 2.5 mm) and extending collectively from 15 to
100 percent as measured across a plane that extehds the
width of the coating (referred to herein as a bricked
microstructure) .

[0023] It has been found that at least one of the
macrocracked microstructures of the multilayer coating
can be advantageously deposited in a thick layer that
retains high thermal shock and thermal fatigue
resistance. If the inner layer is composed of two or
more sublayers of differently macrocracked
microstructures, then the coating may have even greater
thermal shock and thermal fatigue resistance. For
example, the inner layer may include a first cracked
layer and a second cracked layer. Additional inner
ceramic layers of varied macrocrack orientations and
densities can provide incremental increases to the
multilayer coating’s life. For example, alternating
between inner ceramic layers containing only vertical

macrocracks and layers containing both vertical and



densities can provide increnental increases to the nultilayer coating' s
life. For exanple, alternating between inner ceramc |ayers containing only
vertical _ nacrocracks and | ayers contai ning both vertical and WO 03/061961
PCT/ USO3/MAB¥#P1 14 hori zontal macrocracks may furt h&FTURGPEEe t he
multilayer coating's life. [00241 optionally, the inner and outer ceramc

| ayers have a porosity that increasé$ fromits inner surface to its outer
surface. This increased porosity at the outer surface reduces the coating's

thermal  copduebhVvil RS chBYkE L Esethes ahdadali khty. 10025] The coatings
usual Iy have multiple layers conprising the followng: i) an optional

nmetatlic BeRdédayer iGoatangi ankkf®eranic layer with one or nore subl ayers,

each with ajgpnaqet erginied B¢’ 0OiAGkneRaLLE MitdNderhihid @ contiguous
ceramic outer layer "wth essentially no vertical macrocracks. The outer

cerani c | aj@veksrhavea xorrpglibyistint dosreascusiroattagineer the
macr ocr ack-gontalni 0g JNAGE FeL G L.d aYehig %{Es ea%%é%@%ﬁ%ﬁﬁl?' y, the outer

ceram c |layer contains no vertical nacrocra e-various | ayers
of the coatdtngdeavetensuaifhye predumssd thei agatoire‘er therwal her nal spray

process such lasma spray, d L g i ..velocity oxy-fuel
(HVOF), or ﬁﬂnéﬁmgle%éf taf/1 af"%yfhtg‘%xoen%s\/ggf %CPa(])O?L Iir%?’é of the layers may

al so be prowesd ustheg cohéimgal use@ddy Hepesmiitdmplephygecal vapor
deposition, electroly iec d gosi tion, or, ot deposi tion
nEss

I .,sal gel her . .
t echni ques.“TBH271"A Vst 4)néfa ?%Orba&ngggﬁé}l‘ff one is used, is
chosen t o dédndiecet} hiei)bandisheengdtandic Lhger with one or more
sublayers, each with a predetermined macrocrack
pattern; and, iii) a contiguous ceramic outer layer
with essentially no vertical macrocracks. The outer
ceramic layer forms a contiguous or continuous coating
over the macrocrack-containing inner ceramic layer.
Most advantageously, the outer ceramic layer contains
no vertical macrocracks.
[0026] The various layers of the coatings are
usually produced using one or more thermal spray
process such as plasma spray, detonation gun, high
velocity oxy-fuel (HVOF), or high velocity air-fuel
(HVAF). One or more of the layers may also be produced
using chemical vapor deposition, physical vapor
deposition, electrolytic deposition, sol gel, or other
deposition techniques.
[0027] Advantageously, a metallic bondcoat, if one
is used, is chosen to enhance the bond strength of the
coating to the substrate, provide corrosion protection
for the substrate, and enhance the thermal and
mechanical properties of the coating, particularly its
thermal shock and thermal fatigue resistance. When the

coating is used in the turbine section of a gas



coating to the substrate, provide corrosion protection for the substrate,
and enhance the thermal and nechani cal properties of the coating,
particularly its thermal shock and thernal fatigue resistance. \Wen the
coating iwoemethéi n t he turbine section of a gas WO 03P08US&M®BCT/ USO3/ 01057
- is turbine, the substrate is usually a nickel or cobalt base alloy and

t he bondcoat is usually a nickel _ahgnminumalloy or conpound, a nodified

ni ckel alum num alloy or compound such as platinum nickel alum num alloys
or conpounds, .or an MCr ALY al |l oy, where is N or. Fe or conbi nations

Y. WY N, .Co,
t her eof andtTPaP8r | bY° RHPStERES LoMSHat 1Pt @ Mckedi orafgPdther el enents. As

noted abowseMiglolhendamdcoahaéSardapRosishietiPya thieserl spray, it usually
has interconnected porosity that reduces its _ability to protect the

substrate fFoigRrdatiSh Br coBpPAErd et MEsibked THirdetha l BBHitdbat may be heat
treated atyady b LEARALAL Yieht 2 fif-RGhuri Ri&EdING13RERSRAl i ng  or
elimnation of "porosity. The nost effectivel seal ed bondcoats are

deposi t ed viltleygsohi gemrpuddasi 0y amdiFdddi plbownderreM éas¥ianount of

oxi dati on Qi B9 £deROSIdritar T05S GiRARLENGRG Ak UaYBY! Yagleposited using
relatively Ti'ne, dense powders and torch paraneters hat” ensure conplete
mel ting of alw» powtein BindHfasSa, andksyher ehemerttend Ro haved a rel atively
snoot h surf V, i e ad_j e pendi ng on the
specific cea?D%Snzed g‘g%r%o%% Pg%lg-g%%t Fnlsg?ig tgggg?%rbj%mt%ﬁgitﬁa%?%%éh surface on

t he bondcoait (Usuellygraatieterthamectirslpotbbiny dilwitneldsceésd. B&s-inm) and in
sone cases r r apl t tpﬂ? t s ineh (7.6 pm, R)
enhances tﬁgggg%g ?g %ﬂ%ﬁgﬁbgéauen 1§£§%pg§%?é§b%%§ﬁ§%igélayers- For these
cases, it hashereepnrfosiwh.t 0Thus the bondcoat may be-heat treated

at a high temperature to effect sintering and sealing
or elimination of porosity. The most effectively
sealed bondcoats are deposited with as high a density
as possible and the least amount of oxidation during
deposition. These coatings are usually deposited using
relatively fine, dense powders and torch parameters
that ensure complete melting of the powder; and, as a
result, they tend to have a relatively smooth surface.
However, it has been found in some cases, depending on
the specific ceramic composition ‘and microstructure,
that a rough surface on the bondcoat (i.e., greater
than about 150 microinches (3.8 pm) and in some cases
preferably greater than about 300 microinches (7.6 pum),
R,) enhances the bond to the subseguently deposited
ceramic layers. For these cases, it has been found to
be advantageous to use two sublayers in the bondcoat
structure. The first being a very dense coating that
can be effectively sealed by heat treatment and the
second being a coating produced with a rough surface.
The latter may be achieved by using relatively coarse,

porous powder and using deposition parameters that do



be advantageous to use two sublayers in the bondcoat structure. The first
being a very dense coating that can be effectively seal ed by heat treatnent
and the second being a coating produced with a rough surface. The latter
may be acWoas@elsdly using rel atively coarse, porous pop€Eiseddfhstsi ng
deposition paraneters that do WO 031061961 PCTI US03/ 01057 - 16 not fully
melt the powder. The bondcoat can_ heat treated, in an inert atnosphere
or preferably a vacuum either after all its sublayers are deposited or
after the ceramic |layers are deposited. The thickness of the bondcoat may

vary depen8Phgfwhly e lEokpesPevdsy -andhe Rendceqli Femerft S156¢ the total coating
system Fog % eq ! hef gl ‘ﬁQJE@yat‘FxB%%-AQQé’ 4 Qﬁ:e&%??ﬁ?fta thigkpess is usually
]i 0. 0% W t% a er

about 3 to mls ( to 2-5 pre ed range of about 5 to
20 nmls (OeiBhen Atermll if90RBla¥hes g clepeskedd cer @fiter] ayer or | ayers

B apla! b P03y S S HALEC LOA b $RABRI G BhLDET Tully of

partially Iia, cerra, rare earth oxi
oxi de to bbaddtddtzenagt vhegsfiepneliof dheltetacagoration aubitte

crystal | ographj c phases- ver,. the ceram ¢ |ayer or . |layers may be ot her
cerani cs sOC ujalée“ge]’%rﬁ R, tg%f%‘%a& COBF A GHE: |e§1"ba%%ﬁ &% des. [00291 The | ow
density outkermEl aspirayoroaxings, chat bogdcat ithiakhyshawe a density o]‘ about
{8,500, BELER b SoteLlGel AR PO pf heiter comtings
percent tpeefettedlrangedofvaiordsantageanislsy (density d.5 abput 50 to 70
percent tNoghses o2l mINGaBLELEIASY SOURRSLQR 8 10w density coatings

usually a zirconia-based ceramic that is stabilized

either fully or partially with yttria, ceria, other

rare earth oxides, magnesia, or another oxide to

stabilize at least one of the tetragonal or cubic

crystallographic phases. However, the ceramic layer or

layers may be other ceramics such as alumina, chromia,

or magnesia based oxides.

[0029] The low density outer ceramic or oxide

coatings optionally have a density of about 45 to 90

percent of theoretical. Advantageously, the outer

- coating’s density is about 45 to 90 percent

theoretical, more advantageously 50 to 86 percent

theoretical, and most advantageously density is about

50 to 70 percent theoretical. The preferred

composition of the low density coatings is usually

stabilized zirconia that is fully or partially

stabilized with yttria, ceria, other rare earths,

magnesia, or other oxide. However, the low density

outer ceramic may be other oxides such as alumina,

chromia, or magnesia. The use of these low-density

coatings may be optional or unnecessary in some

applications; e.g., those in which the coating is not



stabilized zirconia that is fully or partially stabilized with yttria,
ceria, other rare earths, nmagnesia, or other oxide. However, the |ow
density outer ceram c nay be other oxides such as alum na, chroma, or
magnesi a. WarPE0sI%E of these |owdensity coatings may BETESeI0I or
unnecessary in sone applications; e.g., those in which the coating is not
WD 031061961 PCTI US03101057 17 subject to abrasion or in |ocations adjacent
to high hardness blades. [00301 In the nmultilayer coatings of

zi rconi a- based terials, the thermal, conductivity is.already quite | ow
because ofSPﬁéﬁ?éﬁi r@hfaﬁ%%?t?ﬁui ﬁog?ﬁﬁﬁﬁﬁi%%PF§e ? £SitHE8ni um oxi de.

However, | magdfédd ;ladek.has been discovered that sone of the structures

devel oped for his _nmultil ayer, system have features that further nodify the
Cher ol coQBae] vi ¢ 7 FhesBH Homias CRES LTt P B G ToRfld t hus. hi gh

porosity ofathe;dmnertheabhadadl &dnayetivitdie iverl keady chacks devel oped for
the segnented mcrostructures, and the horizontal cracks devel oped for the

bri cked mi éPBsPecrRusSE 5. tirpeliiaiemal 10 oLy FPYIvRlsi Wdds@fed for several

of the indi¥id4dum |AYEES UsdiG drh)eihas@didilashithesgabeddi ffusivity nethod.
The specific heat was separately neasured and the density of the coating

was det er nidAggoYexRd ttlli‘ét FARRr GﬁenﬁFﬁﬁF‘HFSAQWBQB%.fOFr om t hese val ues,
the thermhigqmgmtﬂa%&ysy@é%mla%l abodnusl Rea8t andafd- equations. The

thermal conductivity was found to be S|gnificantIY different for the
di fferent Fagéfs We thermad | endnrei vyt erfhese haSIwdsv heen found that the

through- t hijgkpess, astaRl sonduatd vty Sirddiey BEl Lhd aygle coatings of this

i nvention can be sel ected
abradable layer, the vertical cracks developed for the
segmented microstructures, and the horizontal cracks
developed for the bricked microstructures. The thermal
conductivity was measured for several of the individual
layers using the laser flash thermal diffusivity
method. The épecific heat was separately measured and
the density of the coating was determined from the
immersion method of ASTM B-328. From these values, the
thermal conductivity was calculated using standard
equations. The thermal conductivity was found to be
significantly different for the different layers of the
multilayer system. It has now been found that the
through-thickness thermal conductivity of the
multilayer coatings of this invention can be selected
and produced by adjusting the thickness of the
individual layers. For example, the inner ceramic
layer, such as a stabilized zirconia layer, may contain
a first layer having a first thermal conductivity and a
first thickness and a second layer having a second
thermal conductivity and a second thickness. Then
controlling the thickness of the first and second

layers combines the two different thermal



and produced by adjusting the thickness of the individual |ayers- For

exanpl e, the inner ceramic |ayer, such as a stabilized zirconia | ayer, my
contain a first layer having a first thermal conductivity and a first

t hi cknessWaR#Ha%3econd | ayer having a second thernal mo@eednszity and a
second thickness. Then controlling the thickness of the first and second

| ayers conbines the two different_thermal WO 03/061961 PCTfUS03/01057 - 18
conductivities and forns a desired total conductivity and a desired total

t hi ckness. Test and Eval uati on Methqds, [0031] Standard netal |l ographic

t echni quesCRRFETTe1es PRKHATTE andetirhdCErl zeOrMe HivaEdst ruct ures of the

coatings. ShSs £RELLANS.f1 e &@akkNg sanples were first vacuum
i npregnated with an epoxy to preserve the structure, then enbedded in

standard netal | ographic nounts, and finally ground and polished to expose a
cross sectipgpal ;R %Qg%ﬁggp&gmett@%dgo_ati ng .perpendicular to the substrate.

Many of th ein include a variety of cracks; this is
particul ar[[903}%e oftandaymmaeipldpgrenltihgechgsmpepfwenchasedacks in ther nal

spray coat %Qg‘%}fg iheV &hY éﬂa&%@c’é@izﬁgggg%iycrro%‘ﬁ%?\gréé‘ de¢nRO! I shed cross

sections a magni f 1 cations. 1 A quantitative characterization of
t he macroceatkngsmat t €ross ochserived pPh the qEeltishedampbss-wegecti on of the

coati 195 copsietaiglh SRUNLIRClRy TRULELCOL SP0L-ARK, only hose

coati ng | aperutthimkneben dmmmudeg tihestamipidd oftthbogxamdtied sanpl e, the CPI

were Calcukgag%gf”y%dtgfﬂally ground and polished to expose a
crogs sectional plane through the coating perpendicular
to the substrate. Many of the coatings described
herein include a variety of cracks; this is
particularly true of thermal spray coatings. Some of
the cracks in thermal spray coatings are very fine and
are only revealed in the polished cross sections at
high magnifications.
[0032] A quantitative characterization of the
macrocrack patterns observed in the polished cross-
section of the coatings consisted of counting, at a
magnification of 100X, only those vertical segmentation
macrocracks that were longer than one-half of the
coating layer thickness. Knowing the length of the
coated sample, the CPI were calculated and then
converted to cracks per centimeter. The horizontal
macrocracks had a different counting rule. 1In ﬁany
areas of the coating, horizontal cracks connected two
adjacent vertical segmentation cracks, and in some
cases at several levels between a given pair of
vertical macrocracks, similar to a ladder structure.

Only the length of the longest horizontal crack in such

a patterh was measured. If a horizontal crack only



converted to cracks per centineter. The horizontal nmacrocracks had a
different counting rule. In many areas of the coating, horizontal cracks
connected_two adjacent vertical segnentation cracks, and in sone cases at
sever al IM@@“B@# ween a given pair of vertical macroR¢HERSNI0§T nilar to a

| adder structure. Only the length of the |ongest horizontal crack in such
a pattern was neasured. |If a horizonbal crack only WO 03/061961

PCTI US03101057 19 contacted one vertical crack it vvas not counted. Some of

t he structur %ﬁ:t c@vglﬁrpeeq,er%ch?ngrgcq{ tlItC% Samgic gntaé &f acks in one

coating, such m Cf OSCOpI C Vi ew was Si Bri ck wal |, so the
val ue repr eﬂ"thengtr\km:dml ﬂenéhd:p@da‘cadsmmas xtesq*tme:dlt had " percent br| cki ng".

P t bricki, d th f all tal k I'ength
T 05 t he THGRE B TAE CPoSEe SHRTN" (PHET 01 FBRL 1 ve | ength) . ot i ng

the above mil@%scdpyi dedwdwatheiholat doeagbhl@f wadanpke elserved. Percent
bricking could range from zero, where no two vertical cracks are connected

with a hor{3oiet ZEPESSRLINGpT P8’ RO ZRBENEXIFET &af0FPEBRE a1 cracks ran the

full w dth Qfeddatpetighiedcr ogércée@tmqeklbgltwarsotdelfanadcaf)gltI nuous line or
plane. [00331 An inportant characteristic of the coatin relative to their

abr adabi | i tSPeaf™ REral homdERnTRl RSy LgBALHT \RCTPRE § ?ISI ties of the

coatings eualdiat %hmé@lc&o\é@tsesei@ﬂ nithedr Usb NG dtheel MERgsion met hod (ASTM
B-328-73). A value of 6.05 gmcnB was' used as the theoretical density of

fully densereetigggkbe ;f’é?oé’énFUI??t riridedhbyi Yol tAtedohPRITYSD bul k materi al

assuni ng asatr@lreaggg@llvéa YSbakceht L&%Mxﬁngw@ui&\%ﬁ@@ ¢abm density (TD) is
the density of the material in a full
zero, where no two vertlcal Cracks are connected with a

horizontal crack, up to 100 percent where horizontal
cracksg ran the full width of the polished cross-
section--but not in a continuous line or plane.

[0033] An important characteristic of the coatings
relative to their abradability and thermal shock is
their density. The densities of the coatings evaluated
herein were determined using the immersion method (ASTM
B-328-73). A wvalue of 6.05 gm/cnﬁ was used as the
theoretical density of fully dense 7 weight percent
yttria-stabilized zirconia (YSZ) bulk material assuming
a tetragonal crystal structure. The theoretical
density (TD) is the density of the material in a fully
compacted, pore-free state. The theoretical density of
YSZ varies slightly with the amount of yttria and the
crystallographic phases present.

[0034] A laboratory test was developed to simulate
the interaction of blade tips and seal rings or
segments in a compressor or turbine section of a gas
turbine engine. It is used to evaluate the
abradability of coatings and the wear resistance of

blade tips or blade tip coatings in various



conpacted, pore-free state. The theoretical density of YSZ varies slightly
with the amount of yttria and the «crystallographic phases present. [00341 A
| aboratory test was developed to sinulate the interaction of blade tips and
seal ringwoms/osig@gnents in a conpressor or turbine secgdsodbiosy gas turbi ne
engine. It is used to evaluate the abradability of coatings and the wear
resistance of blade tips or blade,fip coatings in various WO 031061961
PCTI US03/ 01057 20 conbinations and under various tip speeds and incursion
rates (infeed rates) of the blade tip into the seal segnent. The test

appar at us eembigakirnmenduwndenryaripeat Fp,spegdst prdtimhalsieat i ng was hi gh
in sonme ca t I jpl ate about 1.5
inch wi de EC%%TS H}ﬁ%ﬁie%?g gggﬁg% eé{r;ﬁ %Fh&e ﬁ%d g@g ghél%c (0.95 cm thick.
The seal ccsagmagtwasrhdaepestt@pamtusnerohg hedlnd dyxilimdynch (3.8 x 3.8 cm
faces. Thehbl gd a%outto 5 |nch £ wa g}l g 19 sothca flat tip and a
cross section of90. §16 17 nc (ti g S 0-8 heI1°8de was held in a
rotating flttylwheeél &gnhntham t s ttlea;dewisspa cf&acrpb&tleaahnutcl e of rotation 8

inches (20_cn) 0 I h ina fixture
that was m}vé’dl{1 h %tjeﬁcf 33 g e3a18n ??%V\?fé 10 %yga control | ed

st eppi ng Awkar (drmy&m)Tthcﬂeausmé stelbd:@ectﬁnmwagnaagdsm cut into the

seal segnent. The track i e hus. a 75 inch (1. 9 cm

wi de scal | 55 REGi ® eréd?u]%Y J;fé 4%cRe E%s %nf‘“) F%?C of the

experi ment $hedbiadd hed BbsEt NO . SEhei.ntchp(speeﬁl\)msn@%lﬁﬁ/asmatm 5 ms) and
the infeed rate glvas 0. 05 mIs/secf(0.001§ 2( The rreasure of wear on
0.75 0 10 nch X

t he seal SédHEﬁP vj<ross section o
0. 25_cm). The blade was held in a rotating flywheel

such that the blade tip described a circle of rotation
8 inches (20 cm) in diameter. The coated seal segment
was held in a fixture that was moved toward the
rotating blade in the flywheel by a controlled stepping
motor drive. This caused the blade to contact and cut
into the seal segment. The wear track in the seal was
thus a 0.75 inch (1.9 cm) wide scallop having a radius
of 4 inches (10 cm). For all of the experiments
described herein, the tip speed was 156 ft/sec (47.5
m/s) and the infeed rate was 0.05 mils/sec (0.0013
mm/s) . The measure of wear on the seal segment was
taken to be the average maximum depth of the wear track
and on the tip, the average loss of length (depth of
wear) across the tip.

[0035] To give the test results better
comparability, a constant total wear loss (maximum
depth in the seal plus depth of wear on the tip) of 10
mils (0.25 mm) was chosen. Since obtaining that amount
exactly in every test would be experimentally difficult
due to the uncertainty of the start of the rub, two

tests were usually run for each set of conditions, one



taken to be the average maxi num depth of the wear track ~and on the tip, the
average |loss of length (depth of wear) across the tip. [0035] To give the
test results better conparability, a constant total wear |oss (maxinum
depth in wosssasd: pl us depth of wear on the tip) of 10pciidoSofs 25 MM was
chosen. since obtaining that anobunt exactly in every test would be
experinmentally difficult due to the uncertainty of the start of the rub,
two tests were usually run for each set of conditions, one WO 03/061961
PCTf US03101057 - 21 to a wear |loss of about 7 mls (0.18 mm) and one to
about 14 nitosa(@ed6 Ings, ofdnabetie T aghbt §0i 1 aemjokadeene th® 10 nils (0.25 nm).
One way to e he, tes sul_t . 0 I gth loss by the
tip sanpl é_’l%élﬂ\%i ggd“t};s t(ﬁégﬁa@ﬁﬁur‘# e?ﬁ’% ](T)?C&{lic;tleé %g?£‘€(§1§!rt%‘lﬁn t he seal
coating. ThioslDsmihe ¢0.25t omsealOnsearnyr b i expresscbhaoredter m used by t hose

working in_this field. deally, .a tip-10-seal ,we ratio for a good tip and
seal pair ir§SSEBUJ{S 0L S rl;_Lc @%‘F\é/bté}et g?ggé? PSSRt gé? “¥far anet er expr essi ng
t he sane reaublei itidted bgcthemoafimhotiaptivedt the wher tdqar Eh WR i s the

tip-to-seal wear _ratiaq, and FT is e fraction of the toqtal wear on the
tip, then ﬁ‘ezsw/Ccﬁtli’g\nR)Thﬁ%elsFSfp‘Soh%‘s RECAg"Ed & ARCef 0. 05 is
0.0476. That coim@ion 4eftm peedeby tHodeheothimd Meahiwofi€lde borne by the tip,

whi ch woul d .be_an acceptable result by engine designers. [00361 The thernal
Shock 1 osi SERRAEYofs (1B LOAEPHy oAl bhas bt & B0t TP # el o 1 hor mal
shock. t est .sedepatoaid RGot 0N eesvenabettoposiot.ed. ommstheirace of

parameter expressing the same result is the fraction of
total wear on the tip. If WR is the tip-to-seal wear
ratio, and FT is the fraction of the total wear on the

tip, then
FT = WR / (1 + WR).

The FT corresponding to a WR of 0.05 is 0.0476. That
is, 4.76 percent of the total wear would be borne by
the tip, which would be an acceptable result by engine
designers.

[0036] The thermal shock resistance of the coatings
was characterized in a cyclic thermal shock test. The
coating of interest was deposited on one face of
substrates of alloy 718 (50-54Ni-17-21Cr-1Co-2.8-3.3Mo-
4.75-5.5Nb-0.65-1.15Ti-0.2-0.8A1-0.08C-0.35Mn-0.3581-
.006B~-bal.Fe) or Mar M 509 (Co-23.5Cr-7W-3.5Ta-1Ni-
0.6C-0.5Zr-0.2T1) superallbys that were 1 inch (2.5 cm)
in diameter and 0.125 inch (0.32 cm) thick. These
samples were then ground on the periphery to a diameter
of 0.94 inch (2.4 cm) exposing the edges of all the
layers of the coating with no coating wrapping around

the substrate. The samples were held in a fixture that



substrates of alloy 718 (50-54Ni-17-21Cr - 1Co- 2. 8- 3. 3Nb-

4.75-5.5Nb-0. 65-1.1STi -0.2-0. BAI - 0. 08C- 0. 35VWnh- 0. 35Si -
509 (Co-23.5Cr-7W3.5Ta-1Ni -

-006B-bal . Fe) or Mar M
O 6C-0.5Zr-0. 2Ti) superalloys that were 1 inch

(2.5 cnm) wpmsiget er and 0.125 inch (0.32 cm thick. sorasesnsapl es were

then ground on the periphery to a dianeter

of 0.94 inch (2.4 cm exposing

the edges of all the |Ilayers of tbgﬁgqating with no coating w apping around

t he substrate. The sanples were hel
PCTf [ JS03/ 01057 22 noved the sanples to a heatin

in a fixture that WO 03/ 061961
position with a flane

i pi ngi ng Gﬁvﬁﬁet%a%aéﬁlﬁﬁcéovﬁlé?eétﬁﬁéyp%féq?elwéghoﬁ fhapeseconds, then to a
poSi L1 on whepenbiis; GoALEE £866a YaBLCARLEE idyh a-bl ASta dloxni Lrogen gas for

20 seconds, "and finally to two positions where the sanples cooled in
anbi ent ai 20f secisedbrtstne ensitponi vhere the soatgd| kaagas repeat ed 2000

times. The o] ; h I g, ¢ ' Lcagll qﬁ%hed a
t;nperaturgé%fgg%.%ﬁﬁn% 0% ?%aﬁgégn%gt%%%%an%}%%%7gé3¥é%%l ¢ the opposite,
uncoat ed siagdd binahly sanpke pesidhiedsavhersrpdreatarplofs eboled 1200 to 1700 OF
(649 to 927 Quple LG g0 9§ ddheoheating. deriad.;The samml es were

e

exam ned for any evi

the test.

i nvention %%ggrised .,
zirconia firs

(0.13 nm

a 16 inch QAO.G.

per hour)

nce of spalling or Separation of

€ coating after

Exaipl ead ®pRaF2dAR0@Xaipks . of Tl whtt fecenbbditeent s of t he

seal coati-ng_wt Ni Cr ALY _bondcoat,
b8 et SR PR kb A bt
abhit k2 bahdeoab00asF dgEidi tedl 41 1) ,a whR16008e 0 HVOF

RBOSlgg? AR éfe?%%n%hguggmple re

and oxygen

temperature of about 1200 to 1700 °F (649 to 927 °C) at
the end of the heating period. The samples were
examined for any evidence of spalling or separation of

the coating after the test.

Example 1
[0037] An example of one of the embodiments of the
invention comprised a seal coating with a CoNiCrAlY
bondcoat, a segmented zirconia first layer, and a low-
density zirconia second layer. The 5 mil (0.13 mm)
thick bondcoat was deposited using a JP-5000° HVOF
torch using a 16 inch (40.6 cm) nozzle. Kerosene fuel
at 6 gallons per hour (22 liters per hour) and oxygen
gas at 1650 scfh (46.7 sm’/h) formed the combustion
mixture. An argon carrier gas injected 130
grams/minute of an alloy with a nominal composition of
Co-32Ni-21Cr-8A1-0.5Y in weight percent. A Metco 3MB
torch was used to deposit both zirconia layers. The
zirconia powder was Praxair Surface Technologies’ ZrO-
182, a nominal -140 mesh / + 325 mesh‘(—105/+44 micron)

powder having about 8 wt. % yttria. For the first

ﬁ) Q
zi rconra second | ayer.

a segnent ed
The 5 m |
torch using

at Ga%%EEOQS per hour (22 liters



gas at 71650 scf 'hh(46-7 sm—} h')'for med the combustion mixture.
carrier gas injected 130 grans/mnute of an alloy wth a nom nal

conposition of

An ar gon T

Co- 32Ni -21Cr-8Al -0.5Y in weight percent- A Metco 3MB tor

was used mo@®poei t both zirconia |ayers. The zirconi pcﬁggg%{?syvas Pr axai
Surface Technol ogies' ZrO 182, a nom nal -140 nesh + 325 nesh (
m cron) powder having about 8 w. yttria- For the first WO 031061961

PCTI US03/ 01057 23 | ayer of zirconi

were 80 cf

grans per

with a surface spee

- 105/ +44

h (2-3 sm/h) argon and 30 cfh (0.8 suOd h) hydrogen, and the
powder car riagerwa ABcxfiia(Otlhe stidth gaegoixtdte spowdéow fredesr at e was 50

m _nut he rch S _operate t 0 s_at,, about 75 volts
Nt ey c%il O(rzt .g&oamiz‘ argon a cg 3?)1§§% r‘r?%tseﬁ‘ /h

nchesFm nu

i nch/ r evol Myidabgéh, damdnthey pbufién arkieraeks SEX) et d0i. onsPaht er n was

produced with about 40 crack r inch (15,7 cracks per centineter)

neasur ed al®FHg™a I'hh%%? Ing‘ﬁorat ewaéuggtg?ﬁr@g ipr?lrgpf'%‘éte?' each count abl e
crack bei ngrhat tokerskahaperbbed cer &voc appat atngaddiutcksessitsThe crack pattern
was neasured usi ng a_light rricrgscope af 100X magnifizati an.

density wadi&Boft

wobRCq (FB6PE: PE A0 EREPES/ WS (g ™

about 10 Mdnd GBvaScemBf tohieKin&iofrebbeusesengs z4 rconia |ayer,

zirconia powder was bl ended with 4 wei
material . THE TEBPERCL1QY

The coating

PIES’a | ayer was

the Zr O 18

ht percent pol yester fugitive
s nPxChRek ATEPDHF IOt RAGRSTE 8BScfh (2.3 sad h)

ch
r

> the torch gas m xture and flow rates

nd advance of 0.25

2

argon and IroghiBed Oviizh HHouR) 4bYekR¥eNpeandndiie(mwderackdigerer Was 13 cfh
h) argon. The m xed {)owder feed rate was 45 grans per m nute.

(0.36 snd
torch was

GRELRERY MBSO EAPRIAT Fpddbe sBRARA YL Wit hhe

substrate interface, each countable crack being at
least half the ceramic coating thickness. The crack
pattern was measured using a light microscope at 100X
magnification. The coating density was about 89%
theoretical density. The first zirconia layer was
about 10 mils (0.25 mm) thick. For the second zirconia
layer, the Zr0-182 zirconia powder was blended with 4
weight percent polyester fugitive material. The torch
gas mixture and flow rates were 80 cfh (2.3 sm’/h)
argon and 15 cfh (0.42 sm’/h) hydrogen, and the powder
carrier was 13 cfh (0.36 sm’/h) argon. The mixed
powder feed rate was 45 grams per minute. The torch
was operated at 500 amps at about 65 volts with a
surface speed of 1560 inches/minute (40 m/min.) and an
advance of 0.25 inch/revolution (6.4 mm/revolution).
The second zirconia layer was about 40 mils (1 mm)
thick, had no segmentation cracks, and a density of 65%
theoretical density. The microstructure of the coating
is shown in Figure 1.

[0038] The rub tolerance of the coating of this
example was shown to be better than that of the low

density zirconia coatings representative of the current

The



surface speed of 1560 inches/mnute (40 mMnmin.) and an advance of 0.25
inch/revolution (6.4 mmrevolution). The second zirconia | ayer was about 40
mls (1 mm) thick, had no segnmentation cracks, and a density of 65%
theoreti cao@esmst y. The microstructure of the coatingpci/gsesfip in Figure
1. [00381 The rub tolerance of the coating of this exanple was shown to be
better than that of the low density zirconia coatings representative of the
current WO 03/061961 PCT/ U803/01057%/ - 24 state-of-the-art. In addition, the
total coating and the second zirconia |ayer thickness that could be

devel oped witehegobtthehentral Shovlditesnst bime e atetlaicretingvandruch greater than

with a singbe Lavels ofi abate- ploct Resflclonndensihyazifconia. [0039J The
mul til ayer Ccoating of Ths exan\fﬁe was eval uated In the thermal shock test
descri bed @eoetoped rwitthi gobésthdtwalf shatk froes safantkereexiardd reached a

tenperature_of 2530 OF (13 00, .whi l e the opposite uncqQat ed side of the
sanpl e readR&d™a° e?ﬁ?@rt%ﬁ?ga%f‘zltg‘bf}u?nﬁg% ]dgpe(rSf o3t %i°% he end of the
heati ng peheodrt They mehktikayeiremdti.ng of this exanple experienced no
spal | ati on an nly edge c¢racking of . abou 0% of the periphery of the
coating (‘av@rosag of T%%F‘é‘gtéﬁﬁ%?’%é:ﬁgfq}% ¢ itg’”vc'e?ifag‘gg%r"éast her mal shock
test. The ehlhgtéd MaCroer 8EkEn shbeki beed Iycriibed avyes. di d not propagate
t hrough the outer ceramc arable tests of state-of-the-art | ow

density codti hgsssteiy &let Blrg%tgrf?é’gggg FaS 77 04E AGESRY @ hi s exanpl e, but
W th no i nkempkayeire &Td2680neAr {1388t Re) sawki tottale bPppekitRss experienced no
spal lation, DUl &SI f98 2008 SIATK D2 e o et it s d hat of the

about 1500 °F (816 °C) at the end of the heating

period. The multilayer coating of this example

experienced no spallation and only edge cracking of

about 30% of the periphery of the coating (average of

three specimens) in this very severe thermal shock

test. The vertical macrocracks of the inner ceramic

layer did not propagate through the outer ceramic

layer. Comparable tests of state-of-the-art low

density coatings similar to the second layer coatings

of this example, but with no inner layer, and of nearly

the same total thickness experienced no spallation, but

average edge cracking of 67%, over twice that of the

coatings of this invention.

Example 2
[0040] An example of another embodiment of the

present invention comprised a seal coating with a
CoNiCrAlY bondcoat, a first zirconia layer having
vertical microcracks (a segmented micréstructure), and
a second zirconia layer having a low density without
microcracks. The 5 mil (0.13 mm) thick CoNiCrAlY

bondcoat had the same composition and was deposited



coatings of this invention Exanple 2 [00401 An exanpl e of another enbodi nent
of the present invention conprised a seal coating wth a CoNiCrAY
bondcoat, a first zirconia | ayer having vertical mcrocracks (a segnented
m cr ost r uouse§igérland a second zirconia | ayer having apdwvsesiensi ty w t hout

m crocracks. The 5 m| (0.13 mm thick CoNNCrAlY bondcoat had the sane
conposi tion and was deposited WO 034061961 PCTILJS03/91057 25 using the
same torch and deposition paranmeters as the bondcoat in Exanple 1. The
first zirconia | ayer was degosited using Zro-137, a nomnal -63/+l1 mcron
powder wi t HS3PgoRpRsTatcokosrhzang -deposi8lon PREANSHErSpaf it , and a Praxair

Model 1108 B tieBaOPEL 3h:86hpAk 170 TS YT Bi Acdhvd WEGePfwd) CTh (2.5 snB/h)
argon plus 40 cfh hydrogen (1.1 srQ h) torch /qas and go cfh (2.5 snB/h)

argon powdelepegite@rugjay Eirthla’ s Me@énapeceB/ofll 825000 nches per nminute
(9.5 mmn. @P%ﬁ:lc i 500 I B -BEI7 8VOIL L,QR 6. 4 mMirevol ution).
The second E}%wgggr 0 % ‘r%ggl iogl\%va%n cﬂ;p:)ogi fec}{zu%'i n thegsarre powder and
deposi ti on gracenet exsl & Prhzasecdetblzilieé8nterdlaymeratadBxdaiplle 1. The

(0 13 ) TEEcR-bh th SRRk r 5o, B 9.5 /), Eood WBEES 20T 2 Foomi
coating ha\nﬁﬁghyércbsimml(landstmﬁ,fh)z@n_trah grmchel 90anfhalZaentiguous 40 nmil (|
and o denct{PorRE, ERadettAERS L R EGPR B e e hee of the |
coati ng was31slteiselnes ey mhautef (3 e n/mindensid adrencenpf ©E@4&t i ngs of
Exanple 1 SIACES NERBGRIn ¥CE /1 2WEER0] ShMasS rhile s 33Uk
) layer of zirconia was deposited using the same powder

and deposition parameters as the second zirconia layer

in Example 1. The microstructure of this coating is

shown in Fig. 2. It consisted of a 5 mil (0.13 mm)

thick bondcoat, a 115 mil (2.9 mm) thick first layer of

zirconia coating having verfical and horizontal cracks,

and a contiguous 40 mil (1 mm) thick second layer of

low density zirconia without a microcrack pattern and a

density of 65% theoretical density.

[0041] The rub tolerance of the coating was the same

as that of the low-density zirconia coatings of Example

1 since the second layer of zirconia was the same.

However, the total ceramic coating thickness that could

be developed with good thermal shock resistance

retained was much greater than with single layer of

state-of-the-art low density zirconia.

[0042] The thermal shock resistance of the coating

of this example was characterized in the thermal shock

test described above. 1In this test the temperature of

the face of the ceramic reached a temperature of 2600

°F (1427 °C), while the opposite, uncoated face reached

a temperature of about 1200 °F (649 °C), at the end of



However, the total ceram c coating thickness that could be developed with
good thermal shock resistance retained was nuch greater than with single
| ayer of state-of-the-art |ow density zirconia. 100421 The thernmal shock
resi st anckoe¥osigse coating of this exanpl e was char actreriuzesshios1 t he t her mal
shock test described above. In this test the tenperature of the face of
the ceram c reached a tenperature 0be2600 OF (1427 OC), while the opposite,
uncoated face reached a tenperature of about 1200 OF (649 OC), at the end
of WD 03/0 96]h PLCTLYUS03/ 01057 1, 26 {he S,rg ReriQd,, The multilayer
coating of exanpre extii bi Ped no sp |ng, c();vertl C3l crack
pr opagat i onexmp];eepahabim s (0} Bbaslﬁeg/,em veetiedl sfrack test. Exanple 3

0043] A le of anoth di nent_qf th f thi t
are cbat | ngt SRR SORGT [1P-2BORTRORt 14 °f PPEr~S | AL €83t ng | ayer w th

a rracrocra:gé@mattern having a vertically cracked segnmentation structure to
which is added a controlled horizontal crack pattern (a bricked

m crostructure), and a second zirconia |layer Wth a | ow density without a
crack pattern. The paraneters fogxgagpnsisting the first zirconia- Iayer wer e

det erm ned usigp?g a design of experinments (DOE) approach. From previous
experi ment s[04 pashe AFRHE &5 f‘ﬂ%’ihearfﬁ Pd?r‘é‘?‘ﬁ c%f-l EBRd hori zont al

cracki ng wesgadiRanos Seves alnveakh sl 5% wRheihgh dvitdPRSkabkiife! uding the
powder and powder feed rate, A standoff (distance fromthe torch to the

subst r at e) , PongaPatmed shikst i TCORER RRFINSr LAYSHErdtt Ay parameters. A PST
nmodel 1108 pl@&¥RasR! S¥: £t halasy Us 8k Wikh12y cracked

segmentation structure to which is added a controlled
horizontal crack pattern (a bricked microstructure),
and a second zirconia layer with a low density without
a crack pattern. The parameters for depositing the
first zirconia layer were determined using a design of
experiments (DOE) approach. From previous experiments
the basic variables that affect vertical and horizontal
cracking were known. Several variables were held
constant including the powder and powder feed rate,
standoff (distance from the torch to the substrate),
and the specific torch and torch operating parameters.
A PST model 1108 plasma spray torch was used with a
current of 170 amps and an argon-hydrogen gas mixture.
The surface speed and advance rate of the torch were
varied according to the DOE. The zirconia layer for
all of the coatings in the DOE was 34-36 mils (0.86-
0.91 mm) thick. The substrates were all 0.125 inch
(3.2 mm) thick Mar M-509 alloy substrates one inch (2.5
cm) in diameter with a 5-mil (0.13 mm) bondcoat of Ni-5
weight percent Al, deposited using a PST 1108 torch.
The DOE controlled variables and the observed dependent

variables are shown below.



current of 170 anps and an argon hydrogen gas nrxture The surface speed
and advance rate of the torch were varied according to the DOE- The
zirconia layer for all of the coatings in the DOE was 34-36 mls (0-86-
0.91 mm) waeaes196The substrates were all 0.125 inch (3czusndorddhri ck Mar M 509
all oy substrates one inch (2.5 c¢cm in diameter with a 5-m| (0.13 nm
bondcoat of N -5 weight percent Alj;7deposited using a PST 1108 torch. The
DCE controlled vari abl es and the observed dependent variables are shown
bel ow. mo %?tQGlIPCTfUSOBIO 57 2%1%00441 The dg endent vari abl es of
particul ar r est? e P EPERE Ve r APt aR O h AT SREAR  cracks. The entire
8-1ine Dmlmeréepeﬁxed thBr eertidas aWdt RofbMsontalbsisaakes ark changes in the
controlled de osition E@raneters of t he sanpl es. were nounted and

pol i shed s&pk& E?eﬁytuﬁh oﬂ%5"¥ﬁﬁﬁ%F€Qr hyek WIES Yothc¥ht all cracks, and
three poli shpplaness RRIG SRBEEEB NN WRIkE cBNeddAlRd aepbgi O Fn Mt ri x and
observed CPI and percent bricking were as follows.. DOE Matrix for 3-D
Segment ed PRreBaFer DeveéfldpAtnthe SaMPiee Sperdoa@FsAcardnch/ nin. i mn.

oy rev. GBtieed QRaxkasts/ CRD) BheCkonier 80 Zad 050635 016 61, 58, 65
24, 23,26 45,53,30 3 50 9.5 0~0625 0.16 44,49,52 17,19,20 5,8,9 950 2.4
0.25 0.64 GEUBRtBLL ZFapksa7and threp pplishoplales pepssPRGMEID, 48, 56 20, 19, 22
9,8.6 2350c6e0c0. 06230, 16n46if 3825, 26 Thotdvld &y £360 6-0 0.25 0. 64
69, 72, 68 27,28,27 15,14,16 950 2.4 0.125 0.32 63,69, 68 25, 27,27 32, 20, 22
3750 9.5 0Pezsent Irizkigg, B§r90*2§°22093 10, B *Average val ues of the three
pol i sh pl anes per

DOE Matrix for 3-D Segmented Zirconia Development

Surface Speed Advance

inch/min. m/min. inch/rev. cm/rev. CPI* Cracks/cm % Bricking
950 2.4 0.0625 0.16 61,58,65 24,23,26 45,53,30
3750 5.5 0.0625 0.16 44,49,52 17,19,20 5,8,%
950 2.4 0.25 0.64 66,64,69 26,25,27 32,21,17
3750 9.5 0.25 0.64 50,48,56 20,19,22 9,8,6
2350 6.0 0.0625 0.16 64,67,58 25,26,23 22,17,17
2350 6.0 0.25 0.64 69,72,68 27,28,27 15,14,16
950 2.4 0.125 0.32 63,69,68 25,27,27 32,20,22
3750 9.5 0.125 0.32 50,59,55 20,23,22 9,10,8 '

*Average values of the three polish planes per
sample, showing the three separate coating runs for
each of the 8 DOE lines. Values'were rounded to whole
numbers for this tabulation.

[0045] The results for CPI or cracks per centimeter
and Percent Bricking were quite comparable between the
three runs for any given line of the experiment. The
data were analyzed using multiple correlation methods
as follows. First the two controlled factors and the

three measurement values for CPI or cracks per



sanpl e, show ng the three separate coating runs for each of the 8 DCE

| ines. val ues were rounded to whole nunbers for this tabulation. [00451 The
results for CPl or cracks per centineter and Percent Bricking were quite
conpar abl ¥OWéPiRdn the three runs for any given |ine REI/gsSesoexperi ment. The
data were anal yzed using nultiple correlation nethods as follows. First the
two controlled factors and the three aeasurenent values for CPlI or cracks
per WO 03/061961 PCTI US03/ 01057 28 centinmeter were evaluated for the

st gni fi cant £ aGloLs, w@ée'b%%ﬂgaégé o Qh@aisi‘%égﬁit&%gl . g3apgped factors and

the interaction %’act or between Surface spee vance. " In this
anal ysi s, taldowiedgpeondanithy aniabfastover,estihaséd Sicandar dhd echd see Basi c

Statistics,, Fourth Editiaon, th Ki I Schm dt d Berdine, A
Acadeny PrEEETaTOsE) LR PREVERS TOSEoR DRTTT AR “ATREBI s o be

identified.rfFehi6Phnalyrils,t €hesipdEsgREndSvasigilidd Gk, fihe main vari abl es
and their squares, wth no_interaction term The percent bricking data was

treated i n YREIEALZGRy Sen §2FAF 2 ErTE CBnef Y¥F AL RGRi fi cant, the main

vari abl es ofuttidi-bageendieed sanaidadyvan Gk HE, tAw: mdadkayyacti on. Knowi ng the
significant_variables, the data was fit to them w thout _coding using the
multipl e cdiiesFat L8R3% etHd@VIESr tih doBoR gBbV - ald VERdaPt®R)e of i ndependent

variabl es igehRctdntifiedor Fekatb o RAWALEORS WMR@edSakol | ows. CPI= 38.15 +
0.0174*SS + 211.2*Adv - 4.724* (SS/j.000)2 -592.2*(AdV)2 Cracks/cneCPI/2.54

% Bk = 53. ¥Inifigang thesgain pariaplespgnd theipcorgseaqywith

no interaction term. The percent bricking data was
treated in the same way, and three terms emerged as
significant, the main variables of surface speed and
advance plus their interaction. Knowing the
significant variables, the data was fit to them without
coding using the multiple correlation method. For the
DOE above and the range of independent variables

selected, the correlation equations were as follows.

CPI= 38.15 + 0.0174*SS + 211.2*Adv -
4.724*%(88/1000)% —-592.2* (Adv)?
Cracks/cm=CPI/2.54

% Bk = 53.16 - 0.01238 * SS — 109.79 * Ad +
0.0309*SS*Adv

where SS is the surface speed (inches/min.) and Adv is
the advance (inches/revolution). If there was a need
to design a coating with high bricking, for example,
slow surface speed and slow advance would be favored.
These results only strictly apply to the coating
density obtained using the PST model 1108 torch and the
powder and deposition parameters used here. However,

the DOE method described here can be applied to other



where SS is the surface speed (inches/nin.) and Adv is the advance
(inches/revolution). if there was a need to design a coating with high
bricking, for exanple, slow surface speed and sl ow advance woul d be
favored. woDlmas@dsiesults only strictly apply to the coagdimgoseessi ty obtai ned
using the PST nodel 1108 torch and the powder and deposition paraneters
used here. However, the DCE net had,described here can be applied to other
WO 03/ 061961 PCT/ US03/ 01057 - 29 torch and powder systens. A simlar DCE
matrix was used tqQ develop crack patterns using Zr0O 182 powder and the

Met co 3MB tRTIR apgoreydethSYEhENfal %rﬁiﬂ%lﬁﬁs?gﬁgmlﬁff wgfe coatings in the
DOE above vaseLhay ael€ldy edauki P_Qt’&&éhé henAgl zrSheek doqabr dgseri bed above.
Only the coating in the first Tine of the exhi bited spalling of the
coating. Thike MeacengMhdePidie hi ghest conbination of CPl (cracks per
centimeter) rapubiPer CoRt Bl s NBnoMONRs 18k ahbE SOAMINYSaPindde ot her lines
exhi bited any spalling and had no edge cracking or only mmnor edge

cracki ng whin téyeaPPRetbcite 3e% rhghatiaritdednusjm4ie Ahguiel | ayer system
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spalling and had no edge cracking or only minor edge
cracking when examined at 30X magnification.

[0047] A multilayer system could readily be
constructed having a metallic bondcoat, one of the
coatings above with bricked microstructure inner layers
and a second layer of zirconia having the same low
density zirconia described in Examples 1 and 2. Such a
multilayer coating would have the same rub tolerance as
described in Example 1. However, because of the unique
bricked microstructure, these coatings may be used for
rub tolerance without the addition of the low-density

second layer of zirconia in some applications.

Example 4
[0048] An example of another embodiment of this
invention comprises designing a multilayer coating to
have a specific thermal conductivity as shown in the
Table below using just two of the multilayer coatings
described above. The first layer is a dense,
vertically segmented yttria-stabilized zirconia
coating. The coating is about 92 percent dense and

would have about 50 vertical segmentation cracks per



[ 00481 An exanpl e of another enbodinent of this invention conprises
designing a nultilayer coating to have a specific thermal conductivity as
shown in the Table below using just two of the nmultilayer coatings

descri bedw@9d0@91The first |ayer is a dense, verti cal IpcTasgswmoied
yttria-stabilized zirconia coating. The coating is about 92 percent dense
and would have about 50 vertical _sggnentation cracks per WO 03/061961

PCTf US03/ 01057 30 inch (20 cracks per centineter). The horizontal branch
cracks that extend fromsonme of the vertical cracks can_ be characterized in

part by thens8r &Rt CHRIEKPRY CERiiTRE dar | TR DOFAZPRFRL s The percent
bricking i %ra@%%uﬁﬁgt O Regabesth é&neo%'fcﬁﬁé vdrRQ491 dhgaisecend layer in the
exanple is a low density abradable |ayer that woul d be used as the upper

| ayer in tthe shRraresiizegoan, ﬁ@rtm@éoa@mﬁ;lmé@laklmnsu ty of about 65
per cent of ddjeREa! LeALier { BnNOn ¥ RUdsleCBhe SEUMRAALL OB ELAGKS, nor 11 tt] e
recogni zabl e hori zontla cr agkl nlg ata t he %or mal 100X rragn?fcli cation view of
t he poli sh@diselm@ést@éwﬂ iadeut Ftoripedwenti.ndi vi dual | ayer thernal conductivity
val ues, theha lghe ‘&Ve@‘éﬁﬁr‘fﬁeﬁt 8%, the % el ;gondygtivity and the

cal cul at ed [terrperature rop across 'a tota 'fLayer thi ckness of 80 mls
(2 mMm) for ddinsfiey ealbraimiiendeyen st hagf WbailérbEt mseklnesstm ygper nner and outer
| ayers. re ) 5% density) Tot al
Tenp. Ther %Iyelc % essﬂﬁ %%s%o%rqgg n& UCtIVI ?h& o é MW MIle MOF C
Wenl' K G@ehs5t200f)_23303$1621ﬁefx:e&058>3 theoretlcal, wa.th no

vertical segmentation cracks, nor little recognizable

horizontal cracking at the normal 100X magnification
view of the polished cross section. From the
individual layer thermal conductivity values, the table
below demonstrates the thermal conductivity and the
calculated temperature drop across a total multilayer
thickness of 80 mils (2 wmm) for different combinations

of layer thickness of the inner and outer layers.

Layer 1
(Segmented Layer 2 Apparent
zirconia) {65% density) Total Temp. Thermal
Thickness Thickness Drop Conductivity
mils mm Mils mm F °c W/em/°K
60 1.5 20 0.5 381 212 0.00583
40 1.0 40 1.0 499 277 0.00511
20 0.5 60 1.5 605 336 0.00460

The assumptions used in this simplified demonstration
calculation are one dimensional heat flow with no
radiation or convection, and no interface resistance
between layers, a heat flux of 60 watts, and a
temperature of 2550 °F (1399 °C) at the outer surface
of layer 2.
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calculation illustrates the further thermal
conductivity design possibilities offered by the

multilayer coating systems.

- [0051] Generally, the multilayer coatings provide

excellent thermal barriers and excellent abradables.
They facilitate providing coatings that are much
thicker than previously was possible for excellent
thermal shock and thermal fatigue resistance coatings.
For example, the inner and outer layers may have a
total thickness of about 0.2 mm to about 10 wm,
advantageously in excess of about 2 mm, and, most
advantageously, a total thickness of about 2 to 5 wmm.
Most advantageously, the outer ceramic layer has
sufficient integrity or strength to prevent vertical
macrocracks from the inner ceramic layer from
propagating through the outer ceramic layer during the
coating’s initial thermal cycling. The outer ceramic
layer, however, may experience limited cracking over
extended operation of gas turbine devices, but the
unique multilayer structure of the coating appears to
limit the spalling often associated with cracking. In
addition, it can provide thermal barrier coatings with

a predetermined thermal conductivity--these coatings

S

a



macrocracks fromthe inner ceramc |ayer from propagating through the outer
ceram c |layer during the coating's initial thermal cycling. The outer
ceramic |layer, however, nay experience |limted cracking over extended
oper at i onWEP3AW1t ur bi ne devi ces, but the unique nul tHATAPEF01837r uct ur e of
the coating appears to limt the spalling often associated wth cracking.
In addition, it can provide thermaB2barrier coatings wwth a predeterm ned
t hermal conductivity--these coatings WO 03/061961 PCTfUS03/01057 - 32

usual ly co ' i.pd f j i i di fferent
m crostr uc[ﬁagrdgéﬁy Rg%éﬂols% %)n%g%glegtlha&%%c%?i %%}%ls?? (l[an%t\?\n %fsr’ruch greater
t hermal shockh désiEstanceicfO66R2dctihrescoabt nglsy strevidaayhéind utility in

both the turbi.ne and conpressor, sections, of urbine engines and in

ot her appl i &1 68s SY ™ l&ﬁpfmé?ht%reeat§5b§$?5r?%afc%‘§tc d i s advantageously a
conponent ofesAsgance.turbine engine, such as an air seal for a gas turbine
engi ne. Mbs ant ageousl y .t he | tilayer coating.. s .an ahradabl e coating;
and these atqog’gib! e @beatqo_ $ngr gys f’%‘éﬂ 5&’1"‘? 'ffslg'flﬁiy égnﬂ?'%l seal s t hat
oppose a bl@agde tukrbRnéraddlicbRpedgsor (R83bnbboy quasThlbenenbodi ments nmay be
made of this .invention wthout departing fromthe scope thereof, it is

under st ood $HEREFoPRd t HaCtEer ARt Tatderst or FPr 976 LR i EP€o be interpreted
as illustrahingerabd 80itdd isAablahidRGusePss. cétpondhal okSachad med is: 1. A
mul til ayer ceramc coating for providing thermal barrier protection to a gas
turbi ne odtwPiRer eBELNe t FACRoPPRR LT FRAYLPT P GRSk APFRIRRIge, said

mul tilayer &fyiad Cc Rost 4082608866841 the multilayer coating is
V an abradable coating; and these abradable coatings are

particularly useful as air seals that oppose a blade
tip or knife edge.
[0053] Many possible embodiments may be made of this
invention without departing from the scope thereof, it
is understood therefore that all matter set forth
herein is to be interpreted as illustrative and not in

a limiting sense.



an inner ceramc |layer coating the gas turbine outer air seal, the inner
ceram c |layer having a plurality of nmacrocracks distributed throughout the
inner cerami c |ayer, wherein the macrocracks conprise vertical segmentation
macrocracks that extend at |east one half the thickness of the inner
cerami c layer and there are fromabout 7.5 to 75 vertical macrocracks per

| i near centineter of coating w dth, 3? an outer ceram c abradabl e |ayer
coating the inner ceramc |ayer, the o ceram c abradabl e | ayer being
substanti aWIhgtifsblemadfns vertical macrocr acks and wher ei n sai d rrul tilayer
ceram c coating,h hi.gh . R e rati ss, a

t hi ckness gf atA el Bt & & aml &fg fo%rowdlgg ﬁle Tﬁr ?ro{%ftloél ht?)é1 kga? gusﬂi’ls? ance up
to a tenpeowdr unee@tha&bppbmstbladbupbr krﬁﬁ(bﬂ@l,:salcﬂmuﬂilwerrmtamld ewetlg czompamg:
coating of ani In er cexJammg e?lcgat%g?hec%g?ukrgi rha T Ae re ifiter %eranguc l%}éﬂlaw

vertical afid hortzontal  Mecrocr acks. 3 = F ayer ceram-c coa ng of
clai m | whgnmlitp of macroanavks disteibwted throughoet the mod:rwdramlcalayer Ivdhastn the hagratracky acked
layer and ot %sceov“e‘?ncaf ?gﬁgﬁanq%yrﬁe{croc“acksﬂﬂ% X ehé { 45t foné ﬁaﬁl?[ﬂe%hi%%%és' pf claim
| wherein ¥ i nner R a poro Ch Nncreases Trom an

i nner sur fiace caghmichgyer addhercae &mncabblay' érto 7 bvaimcabmaceocrahs peadieeaptentitmeter nner
ceramc | aé(fecoat ng wlé'[i? S Bﬁtl:racléx%tlcca%Fa@%% ?la?&%&tﬂg o I%élr A hik 14 {h% 'o[?te§ he
outer ceramc ’has a porosi at Tncrea froman | surface of
t he outer wmmabraﬂaézipelay@obm mbttmtlalsm fitaoé veticl heacmsrta@ks ao@w@mem baidyer . 6.
The mul til ani pat I ' I

macr ocr ac k@é(lﬁ@%é%@ﬂc%g% g hh&ghl%srj%w{iﬂ% ?%%?%%rﬁg&c%@ﬁ (%rgés\?\n adt'?ﬁﬁdaegs%n%gs ured
across a pleashebaybf Auhmtandagpiclici thermpk shoek thistarise ugde attempsratere ofiateleashpous eat
with the myqhdd ayer coating. 7. The multilayer ceramic coating of claimé6
wherein the total horizontal macrocracks extend from about 20 to 60% of the
coating width as neasured across a plane normal to an interface of the gas
turbine oujer ape @by }%érmmk RGacib bf aélalyle&he@aﬁme kst thefinndf cBPthic idyRy €7

zi rconi a- based coatln rovidrng thermal barrier protection to a gas

t ur bi ne ouvewmamkm@é@ﬂﬂmﬁ%mm@@@%$%s a blade tip or knife edge, said

mul tilayer zirconia-based coating conprising an inner zirconia-based |ayer
coating the gas turbine outer air seal, the inner zirconia- based |ayer
having a phur al Theynuilaxes cerpmis| copfinierad claue Ik svhareisy the innererramie dyghisdlides 8 i nner
zirconi a- RASLHrs GYRED 1a¥]@?§ﬁcﬁd Redd@ravilatidye@l macrocracks extend at |east one
hal f the thickness of the inner zirconia-based |ayer and there are from
about 7.5 to 75 vertical nacrocracks per linear centineter of coating

wi dth, andsan %%ult?lh{ep&@éxﬁc basiggotdidaileRin BY BihercORid8yet BR ol J3RSHy

zi rconi a- based
that increases from an inner surface of the inner ceramic layer to an outer surface of the inner

ceramic layer.

5. The multilayer ceramic coating of claim 1 wherein the outer ceramic layer has a porosity
that increases from an inner surface of the outer ceramic layer to an outer surface of the outer

ceramic layer.

6. The multilayer ceramic coating of claim 2 wherein the total horizontal macrocracks
extend from about 15 to 100% of the coating width as measured across a plane normal to an

interface of the gas turbine outer air seal with the multilayer coating.

7. The multilayer ceramic coating of claim 6 wherein the total horizontal macrocracks
extend from about 20 to 60% of the coating width as measured across a plane normal to an

interface of the gas turbine outer air seal with the multilayer coating.



| ayer, the outer zirconia-based abradabl e | ayer being substantially free of
vertical macrocracks, and wherein said nultilayer zirconia-based coating
has a high speed tip-to-seal wear ratio of 0.1 or less, a thickness of at

| east about 0.2 mm and cyclic thermal shock resistance up to a tenperature
of at |east about 2500'F. 9. The nultilayer zirconi a-based coating of claim
8 wherein the inner zirconi a-based Iayer i ncl udes horizontal macrocracks.
10. The multilayer zirconia-based coatlng of claim8 wherein the inner
zirconi a- based | ayer includes at |east a first cracked |ayer and a second
cracked | ay r [ I wherein
t he i nner 2| r coljr}n%Ii é‘“@?&g\" 40Ha_b%%§ Coa&n{fgpb@??@g%ﬁ%&?%%ﬁg g(];st%cgw?lrt%%an i nner
surface of tutbire outerwer sealithat oppoaestadoiaddtm enjaife ¢dge.aaid oultdayer upfiabeedfoatie i nner
%;?g:’]hat Ee g %1%13% %eﬂner %%oa&@gsemyy%ll JOQtYn%rtlhe al &I%ﬁe%upéfsﬁg?aﬁ%%tlbr%g%igcgrslgl a:c Il:n0r8n
an inner shasdddayer ba‘vntgi'veplmahterof xérticad maerocbmedlstlrlayted tlim)lgbcwt thetimner zisgnihace of

t he outer | a- e I 11, 4- . ting of
cl'ai m'9" iy 8 AeRBO WAHE madirad Bl & IR RE vt BEBRUARRBLRY 0P 18 P
| engt h andzitchrda-basedlayenend therm izl fromeabo @ JrSeto RS vaticabmekréaraphs pey dintar ¢dhtimeter 100% of
the coati ncg' c\édat ?hw@tﬁ maa% ?egz ﬁ({ Qahso%se% Bl e ?Jr%gtl thé'inl érrgl Sleiaﬁa%ecPf the
gas turbine air sea Nt ayer zirconl a- base coating. 35
14. The mulayer,| thg/etrterzzurpmb@ed)@bs@dble dryeri W@gcﬁflbsmnmlm ft® affverticdl mmacteerackst al

hor | zont al gy BREAGKAGHRiISEE SRS IR RBRME h&G: fich 06 AL LOR WeBFhtqE o dih as
measured across a plane normal to an interfac as turbine outer air
seal with arhessnalthifinasseof atileasbabout Bdswen, ewhechg thermd shqkerepisipnce| wrytera

zi rconi a- 3F 1B Qboth3dger 8 Wherein the outer zirconia-based |ayer

has a dengeﬁégﬁﬁg Eguts45°to 90% of theoretical. 16. The multilayer
zirconi a-based coating of claim8 wherein the outer zirconia-based | ayer

has a densjty the%fﬁﬂ&yeﬁ?iréo&a%@séﬂ QBanTnE%PélﬁH §§herelﬂ-¥he il Zidbhialta Y 8y et

zi rconi a-based coating of claim8 whefein the outer zirconia-based | ayer

has a densm@ykeﬂﬂébﬁﬁﬂmEUW@@G7096of theoretical. 18. The nultil ayer
zirconi a-based coating of claim8 wherein the i nner and outer zirconia-
based Iayers have a total thickness of about 2 mmto about 10 mm 19. The

mul ti | ayerlOi r cnimtasedrepiattrieg corting phelpme? V(Pfe?lef‘h‘? ipnes ziggpniathaged dayer

zi rconi a- baagds aQ0RLd Me FRREAMTS arfl 2S5bARH Liaddc@yg! ement for partially or
fully stabilizing the at | east one crystallographlc phase selected fromthe

group of tetragonal and cubic.
11. The multilayer zirconia-based coating of claim 8 wherein the inner zirconia-based layer

has a porosity that increases from an inner surface of the inner zirconia-based layer to an outer

surface of the inner zirconia-based layer.

12. The multilayer zirconia-based coating of claim 8 wherein the outer zirconia-based layer
has a porosity that increase: from an inner surface of the outer zirconia-based layer to an outer

surface of the outer zirconia-based layer.

13. The multilayer zirconia-based coating of claim 9 wherein the horizontal macrocracks are
from about 0.1 to 2.5 mm in length and the total horizontal macrocracks extend from about 15 to
100% of the coating width as measured across a plane normal to an interface of the gas turbine

outer air seal with the multilayer zirconia-based coating.



20. The nmultilayer zirconi a-based coating of claim8 including a bondcoat
between the gas turbine outer air seal and the inner zirconia-based | ayer.
21. The multilayer zirconi a-based coating of claim20 wherein the bondcoat
contains at |east one inner sublayer and an outer sublayer, and the outer
subl ayer has a surface roughness of at |east about 3.8 ~im as neasured
before the application of the inner zirconia-based |ayer to the outer

subl ayer. 22. The multil ayer zirconi a-based coating of claim20 wherein the
bondcoat is sealed with a heat treatmdht. 36 23. A gas turbine outer air
seal having a nultilayer ceram c coating for providing thermal Dbarrier
protection to at |least a portion of the gas turbine outer air seal, the

mul ti | ayerldeer dlifiecmuléiberi pigeoarhpsed s¢aatingaref | dver 1T evherdie thayelal derérontaly t he
gas turbi %?0%1 2 e I ty of
cracks di rsl? r ?(E'La? lEesd t g%o'thhtg y?%\@?%ﬁ%ﬁnngc& gjésrm@a\é lg?gl@rﬁ&tﬁgﬁﬁécr acks
conpri se viormal ¢xdn lste@mn the gasriurhine pwenairekal with e r@»lmlemzwmla@asﬂ cepting.hal f t he
t hi ckness of the inner ceramic |ayer and there are fromabout 7.5 to 75
vertical macrocracks per linear centinmeter of coating width, and an outer
ceran ¢ ab¥adablhe mutjlesier girrapiathased seating abelaimes wharein thgyositer zirqopia-bated dayercer ani ¢
abradabl e {,ay 8&ns#BdrRB0 YORIANM drdlebiérifdi.ee of vertical macrocracks, and
wherein sald gas turbine outer air seal opposes a blade tip or kni f e edge
and said multilayer ceramic coating has a high speed tip-to-seal wear ratio
of 0.1 or {e€ss,thd n&uﬁﬁl%f‘ﬁ?c%nﬁ%a@@l cbiag bf GARUW whkrdn BB outeRBitbofid Baded 1dyBeT MRl
shock resistance up to a tenperature of at |east about 2500'F. 24. "A gas

t ur bi ne outaep depsify %féh?“tﬁ%%%é’ of thegreti¢alayer zi r coni a- based coating for
providing thermal barrier protection to at least a portion of the gas
turbine outer air seal, the nultilayer _zirconia-based coati n% conprising an
i nner st ablt i zaide AUty arqoalyévﬁseéa‘éat%af Hlie fywergin phsionier gitnoaia-bagd faygeal , t he

i nner st abfak b d&8MinZdflabQUR @t MYESr theadetie @ plurality of vertical macr ocr acks
di stributed throughout the inner stabilized zirconia |ayer, wherein the

vertical nmacrocracks extend at | east one half the thickness of the inner

stabilizedgzir Cltheln@llth@éﬁhr@ﬂﬁ bhde@ [cBatil Bf EIL@B dMBeretn the MnérOand Dutel BFdohigal
macr ocr acks oating width, and an outer stabilized
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outer stabilized zirconia abradable |ayer being substantially free of
vertical macrocracks, and wherein said gas turbine outer air seal opposes a

bl ade tip Kk n dcoatln has a
hi gh spee d@t ip r:'Ilh ?nu?tﬂ%%r zrc%msa% sgd r&'zltl%‘né Bﬁ{lgm Ber911 % rtnﬁ 1tayer Zrcon lgas e | east
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20. The multilayer zirconia-based coating of claim 8 including a bondcoat between the gas

turbine outer air seal and the inner zirconia-based layer.

21. The multilayer zirconia-based coating of claim 20 wherein the bondcoat contains at least
one inner sublayer and an outer sublayer, and the outer sublayer has a surface roughness of at
least about 3.8 pm as measured before the application of the inner zirconia-based layer to the

outer sublayer.

22, The multilayer zirconia-based coating of claim 20 wherein the bondcoat is sealed with a

heat treatment.



contains a first layer having a first thermal conductivity and a 'first

t hi ckness and a second | ayer having a second thernmal conductivity and a
second thickness for conbining two different thernmal conductivities and for
formng a desired total thermal conductivity and a desired total thickness.

36

23. A gas turbine outer air seal having a multilayer ceramic coating for providing thermal

barrier protection to at least a portion of the gas turbine outer air seal, the multilayer ceramic
coating comprising an inner ceramic layer coating the gas turbine outer air seal, the inner ceramic
layer having a plurality of cracks distributed throughout the inner ceramic layer, wherein the
cracks comprise vertical segmentation macrocracks that extend at least one half the thickness of
the inner ceramic layer and there are from about 7.5 to 75 vertical macrocracks per linear
centimeter of coating width, and an outer ceramic abradable layer coating the inner ceramic layer,
the outer ceramic abradable layer being substantially free of vertical macrocracks, and wherein
said gas turbine outer air seal opposes a blade tip or knife edge and said multilayer ceramic
coating has a high speed tip-to-seal wear ratio of 0.1 or less, a thickness of at least about 0.2 mm,

and cyclic thermal shock resistance up to a temperature of at least about 2500°F.

24, A gas turbine outer air seal having a multilayer zirconia-based coating for providing
thermal barrier protection to at least a portion of the gas turbine outer air seal, the multilayer
zirconia-based coating comprising an inner stabilized zirconia layer coating the gas turbine outer
air seal, the inner stabilized zirconia layer having a plurality of vertical macrocracks distributed
throughout the inner stabilized zirconia layer, wherein the vertical macrocracks extend at least
one half the thickness of the inner stabilized zirconia layer and there are from about 7.5 to 75
vertical macrocracks per linear centimeter of coating width, and an outer stabilized zirconia
abradable layer coating the inner stabilized zirconia layer, the outer stabilized zirconia abradable
layer being substantially free of vertical macrocracks, and wherein said gas turbine outer air seal
opposes a blade tip or knife edge and said multilayer zirconia-based coating has a high speed tip-
to-seal wear ratio of 0.1 or less, a thickness of at least about 0.2 mm, and cyclic thermal shock

resistance up to a temperature of at least about 2500°F.

25. The gas turbine outer air seal of claim 24 wherein the inner stabilized zirconia layer
contains a first layer having a first thermal conductivity and a first thickness and a second layer
having a second thermal conductivity and a second thickness for combining two different thermal

conductivities and for forming a desired total thermal conductivity and a desired total thickness.





