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WO 03/061961 PCT/US03101057 - 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 invention al so

rel ates towyhheb&s having ceramc thermal barrier ande@hisasigldse coatings
and to nmet hods of produci ng these coatings. Background of the Invention
[0002] Thermal barrier coatings (TBCs) are used to reduce the flow of

t hermal energy through the coating bétween its interface with the external
environment and the substrate upon which the coating is applied. The
primary conponent of nMELTIIRGERAIHERYAL AARRGERI GQRTING a ceram ¢ because of
the low thermal conductivity of many ceramc materials. Thermal barrier
coating systens wusually include netallic undercoats to enhance the bond
strength of tfHeldoaf itle ttavekheisubstrate, provide corrosion protection for

t he substrate, and imprave.the thermal shock and thernmal. fatigue

resi stance oﬁotoﬁéij coat g TR r%i?F?%rt%ocaetrla%g %%ém Sy uses,

i ncluding a nwakesrofuFlli eatbes tvher@as bardidre afaga®es. Mdern gas
turbine engines for_aircraft, ship, o round- based propul sion or for
electrical poweralksrer aftsn1 B EGR iaﬁlﬁgl FSLFRFENEQ RPEUHTGier gas operating
t enper at ur es ha®ihfCéLATE O¥REAhd1 HdrixGeeNgyd ardedBblascdaniigies operate at
such high gas tenperatures that_directly heated netallic conponents such as
combustors, BPSdES, "RPAPaRESPIRANT HFaFBeSe \R93F18A8rt life, if not given a
protective ceramc thermal barrier coating. W 03/061961 PCTI US03/ 01057

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

e 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 barri er coati ngs, 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
met al | i ¢ sYH3¥X0419€1 (conponent), and over the bondcoat Rcoeseamiosy | ayer,

usual |y based on zirconiumoxide (zirconia), is applied. Zirconia has very
| ow thermal conductivity conpared to,netallic alloys and many other

ceram cs. The zi rconi a layer of the coating is usually rather thin, say

from10 mls 0. 25 on bl ades and vanes up to 80 mls(2m*r) on
combustors. &34 ne cﬁ‘aﬁlienﬁr‘éa‘f‘ﬁl}yedﬁféa?h%n%ﬁ%ttlhﬁ@a% bagriser ature by 100

to nore tha%o%@@ng§9r&?s%d|:@ﬂrﬁ@%éterﬁé@st%I@ft%dt kap thd degrees Celsius),
depending on the “hot and cold side boundary conditions. [0004] The bondcoat

usual | 'y serxﬂ@@tangl@a%tthehce@tlrm:mégseﬁ IWﬁﬁfb\lﬂé§dtﬁ’é end strength,
protects the,, %&!gété&&p%nfelh‘a@ oxi ﬁg Oh o f.ar gﬁugi orrosion, and
mal sﬁoc d’ '

provi des inproved resi'stance to t fatigue. There
are many borﬂmdaedcmpﬁm mepaklig rmib@d;lirﬁge N[GQMPO@JIeMQ/s dchetvedi ng the Ni- Al

i nternetall Itt%h bo n coat Ilcg¥§lfurcl\/(irar¥§rgll ﬁ{glf ereq s Fe, _ Ni, Co, or a

conbi nati on ereof and ontain Si, Pt, and other
active el enexitrepniumidxfig dnlad:cmmam des, apphiadmumzahrunnmdees or ot her

nodi fied al ym_ni There are.a nunber of nmethqods o | yi ng t hese
bondcoat s dSBERaY B PR oM oS R e g e al opr oy (ai
pl asma sprayllogw apd essyr ether waamicpl. asTise spinaynibi Yayemeladci ty oxyfuel ,

oL e PR SRRSO, ol Rl 0 0o

When (0.25 mm) on blades and wvanes 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
Fe, Ni, Co, or a combination thereof and the alloy may
also contain ¥, HE, 8i, 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
bressure 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



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 treat MERO3PF! be done either before or after the eerasis@@oati ng is
applied over the bondcoat. [00051 The ceram c coating is usually based on
zirconia, which may be fully or partiqlly stabilized wth yttria, the rare
eart h oxi des, nmgnesia, hafnia, or other oxides. The ceram c coating may be

deposited by thermal_ spray (principally plasm spray), electron beam
physi cal vap%?P%ﬁé’gi PYO‘FPG(@H&VB?Faﬁt‘T‘Fé’)erPWszo’r‘P iFelvsugt1Bt her t echni ques.

The m crost r4etddRr9f t&hEeatC e @ALCLEL rRRAYatl d€CE Sildrs t hermal and _
t her nonechani cal properties. The mcrostructure of an EBPVD thernmal barrier

coating typi emPsratase ate ot ifHartese¥ rhogeether LRRRRRATEOrABLE asti ¢ nodul us
in the plane;,ofyd Q‘é?ﬁ?ﬁ%'k@g sﬁmew%.eam%hﬁeweéf@altn%ec%a@nd t her mal

fatigue resistance o at1 ng. e nos common m crostructure for a
t her mal spr abe comeniedéthehdrafdreharr afrex ghei agrévigigpstingneswi th a hi gh

| evel of poggﬁiit%i. Dehigh eyl 9f porosity can be achieved by proper
sel ection of € deposrtion parameters or by incorporating a fugitive

mat eri al suclio@@sla polrpestsmramiion cohbinpadtsi ngudlly epsgebosi tion. The fugitive

material is gsubsequent €cQnpas i gng] Gl i ng additional
porosity in ?ﬁecoéloéfiﬁé¥c}gwlaé?n;%§t %gl%fa%whgrgﬁggggﬁ% uc |1\C/lf1?§&rreasur enent s
have been cawitlkedttoit, shehrase kaseh @uldse,t hagnedizli fifadsigjty tests

conth ned v BRI LRERT S0 RIS SRESHE SR . hpothpLact o 26 the
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 colummar
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



PCT/ US03/ 01057 4 shock test rigs have been devel oped to sinul ate engine
thermal shock. It is generally found that a uniform ceram c coating, such
as one hawegeoest ant density and structure throughorCt/ises/etdsi ckness, has
a thickness limtation for good thermal shock performance. For exanpl e,
sinple yttria-stabilized zirconia appli,ed by plasm spray nethods at a
density of about 85 percent of theoretical (15 percent true porosity) can

pass nost therpal cycling tests up to about 20 mil 0.5 M) ceramc

t hi ckness. ﬁ?"oﬁggﬁ?%e/ i O ﬁ‘é%sb‘?ﬁgé\?é(F?c’p% atq ﬁlf"Biaé%ner@c}Eﬁr, dependi ng on
the severit trRfrmhiieshddier mat shagdadresty FOQRPJtHam a gastdd bi ne engi ne
there are blades and air (gas) seals in the conpressor section of the gas

turbine, WhESEFHFpeRAE LY.t BUFhETLDE PRELRY ciftanhndentiddper ature of the

air by mul tiplesblada st 2aesudhe deld ¥8EMREdB NinGh- Br essik@sai I to the
conbustor. In the conbustor section, fuel is injected and the fuel- air

m xt ure bur Hegitat e dine gved ythrymale peacki prrehormpressureyyaseous conbustion
products. T@a%?&%bh%}ég?ﬁy g_&odglggtzégnzﬂr%%t ggiéié combust or and

d
work to rotate n the turbine section, thé thermal energy
i's thus conudertsed sprawecikihpdslat englegpitynohddiqutoA5t pexsis®tat i ng a gas
t ur bi ne engi i g t , r t gtors that
contribute td(}beé:]ﬁlg%ﬁge%e |3?gn§§?§%%%§§t ﬁ%%gé]ﬁ:ft %gﬁ g%osuh@ 1i(§f air in the
conpr essor ddwriveh cyckiggbbsst®np dus abputhel tmilisi A6 -Sewt)i on that fl ows over

the tips of .Lhe;pl QAgVangs gflaéa*%%ﬁc Eﬂf&ﬁrﬁéﬁ"ﬁh%%%’é!fr the blade airfoil
i'he !

surfaces. Mnim zi ng this anount Nncr eases
; spallation can occuxr, depending on the severity of the

thermal shock test.

fooos] 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 ailr 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,
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turbine efficiency. This is acconpli shea-:'b;ﬂi placing radially adjacent to
the tips of the rotating bl ades, WD 03/061961 PCT/US03/ 01057 5 but
slightly spaced away fromthe tips, an outer gas seal ring or segnents of a

ring. Theseggpéiss; Segnents are stationary and are set ﬁdﬁ“ﬂ%‘%@oﬁs smal | a
gap between the surface of the gas seal and the rotating blade tips as

possi ble. The smaller the gap, the | ess |eakage of the high-pressure gas
fromone turbine or conpressor stage® to the next. A similar situation
exi sts between rotating knife edges and inner gas seals on stationary

vanes. [000&&itTheighplpeipaeed ahey FasmseRe sipd acm andet lyms bl ade tips (or
the knife edges) needs to be mnimzed to prevent gas pressure |eakage

bet ween t he g84ng | 9T sagmeghy % B Poo CPOIR THHENSFt is possible that

the bl ade tdpmefBY 40 Jthe igasrpedla suef a6e. td MY s@EQUR due to
i ncreased bl ade |l ength due to thermal expansion or_to centrifugal forces

resul ting frén bREVesR gihe slafren afpddg. opf PRl gIS F8Sset too Foose, such

that a tip rulpeHLd NEKEN 1RECHE . psdinAe . ef £heT SRA kSchedpd,ficed. In the
case of a rub, either the bllade tip or the gas seal surfacé or both wll

experience Widwr lespebeakaspulofsthe high-pysssere maserfiram ¢2om the bl ade or
air seal. MALGHiRL bOSSodtielBbL! ¥eddePTa! BReDhELS, ty P sififed he effect of

t 9%
permanently 1 ncreasing the gap. Wear 0SS. nmain mthe gas seal is nore
desirabl e. Giguatéahsexistsdbetyaen witaghnpykai fereddegnandeimgiezde wi dth so

that a wearvéa[{]l%gailg &li‘es.t%.itrif:ﬁgﬁlz dshed groove as wide as the blade tip
t at

chord, but sone nmateria the leading and trailing edges of the air
seal not rub¥@dl Thi Theasey beprestt déw gababgal murfaickeatd dige

blade tips (or the knife edges) needs to be minimized
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 anmount of wear were all on the blade tip.

So it is Wod3be&a961 PCT/ USO3/ 0107 6 preferred that l;énl%swﬁlro_})e primrily
. . . . YA .
into gas seal segnent surfaces and minimzed on blade tips. It is possible
to force the mpgjority of wear to the gas seal segnent by coating it with an
abradabl e coating, and coating thé Blade tip with a wear-resistant coating,
or even an abrasive tip coating. It is advantageous, particularly in the
tur bi ne secbirefiemtesl ehbt thy wsenbebprivoadsaniytof ghs tdealabr adable to al so
be a thermal barrier coatin tallic aﬁal. substrate. This

tq protect th
i ncreases t REIBFRY ﬁugﬁéﬁe%fa’?q1éﬂl@ﬁ5Fﬁ%gW a‘itaﬁgrtl%% owi'ng®hi gher gas

operating t@BBEIFLdINRS f8¥chYrhd aYeirngy tdre waaRuBb e Ryaspassicool ing air
necessary to keep the seal segnments wthin their al] owabl e operating

t enper at ur e SEERRRE YOGOBFIMBNYE AHtRi Bt atePLlRagectFDbeaREt  si mul t aneously

by a coatingo9p; gy S8Rl p3888eMp Gfithl AOved NGldidihant asodtalgd above, that it
may have to be both abradable and a thermal barrier. The abradability of a

material isedeR AR EEASETE St HUMRAC1BE - f kit diSs aPHBRERAIRYS t he material ' s
mechani cal @&@Mﬂuﬁife@ﬁ' t¥e tdridli Lidthod GAREEAL M PhvRAer ation, nature

of interacting at 1tS rub surface, etc. Laboratory scale rub tests have
been devel opedneerasay, gfiPtcthehabrrdpble &5 atwpebpat Whsrmeds abradability.

The resul tspgf-all cota%ihj_:;ngotﬁ}:&%tci% PAY &neilawn ot Bal; thgsaguat and

di stribution of wear depend not only on the material providing the
abr adabl e gdbisecHicreagesatbe officiencymbrihy cogingdy WIBH8E tip. An early

attenpt to allowing 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 ox 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
_providing the abradable gas seal, but also on the
material on the rubbing tip. BAn 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.

di scl ose ipcr ing the abradability of zirconia by increasing its WO
03/ 061961 &é‘?%%éé@/OlOS? 7 porosity. In this case, tWéjT@@&S(‘P&Fé system

consists of a netallic MCrAl'Y bondcoat 5 to 10 mls (0.13 to 0.25 mm)
thick and an yttria partially stabitiZzed zirconia top coating with a
porosity of 20 to 35 volune percent, 25 to 50 this (0.6 to 1.3 nm thick

mat ed agai NshoAdkitJ0r agh vigns adgel i ﬂué’rcd&'&iii'xﬁ_ s¢@en Foasekigcsd ve thickness
of this coating is_Ilimted however, since this aPproach rovides too little
t hi ckness fo? TeiRlligphfraldt bondcoapondle A9 méiedGbevee PhéSeffective

thi ckness Ofumdn¥ﬂic%h§ﬁg?%1Rﬁk%%?r aféﬁéjlgiE@Qb?ﬁﬁﬁk§%i&@gﬁiathernal shock

resi stance decreases as ei'r ckness I'ncreases. Yet, thicker ceranmc
coati ngs ar etopsiqaédngf witlyas poeabsty coir@dt tongdh casliung pheremt, i nsul ati on

requirenments | | for g r. Lngur s . I i or ot her wear
and to have ze?lgtuog%wnamtl{é?i gcfast i%r?i Pl‘glu‘?@ %?lé%%n{ngf%é)ﬁaggﬁst&hgﬁgas seal ring to
be case- groabchdiveabladaltigh mengnbdfie edpe .| aThereffectgaeti cul arly i nportant

when the gas,_seal ring.is ground. to.a . diameter. the origin of which is

of fset from f%e&hgghgﬁl@gl SERTEFIot® thd ng. "['90%] € approach to a
somewhat t hi this aalpradabl grovildesnabo barttiler thaakhewp iforamaulst i pl e- | ayer
nmetal and cerain'cc system described by Matarese et al., in U S Pat. No.
4,588, 607. TRFPRMSSAPRE  consists of first a netallic bondcoat, then a
graded net al [0adder anks hatyet abaveh therefifiealtliye i ticidasisagofer am ¢ cont ent
and ff“a"y most thermal barriers is limited because their thermal
shock resistance decreases as their thickness
increases. Yet, thicker ceramic coatings are desired
for gas seals to meet increasing thermal insulation
requirements, allow foxr 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



~an optional ceramc outer layer. Production of the coating involves conpl ex
stress analysis and control of nmany variables, primarily the

t he . subst
coating sy
difficult
U S Pat.

and coating, during the thermal spray depositi
oft foepg

t enper at ure of
on of the

is thus an WD 03/061961 PCT/ US03/ 010871/US03/@1057 nher ent | y

process to control and expensive. Sinilarly, Bossha
Nos. 4,481,237 and 4,503, 830 describe nultilayer co

contain a netallic bondcoat, internediate |ayers with increas
content, and ceram c.auter,layer. The nultiha er coatin a
1nﬁe ené;%,%lgg%%ul% ocFﬁs t% % ntro Xnds? i%n5193.

control ratio ©

ess streng an erefrore alrn 1nt

rt et al., in
atings that
ing ceramc
ttenpt to

he coating by

control of thaileriper @beskafs &A@l .l ayeruis. PdepoNos edt, 48gak®7 this is a
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U S Pat.
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this coati
and t hernma

cul rocess t control _and hence expensjive. (0011
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gengead 1M Usbhdeyit | ldtskabil dZed AicrgoRign The mc
ng, utiljizes vertical crack segnentation to enhance
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t hermal spray
rostructure of
t hermal shock
little

l'ong-range irREeRNAl1 13468SSoRNhdY abtebf ERARBRrot0RiEE be very high

t hi ckness

and still be resistant to thermal shock. The maj or

i npedi ment to

utilizing tBEsesgdm iskgeBgth s theapiese i stralngAndehRiaoptand, hence, its
limted abragabihidot. ok00R] tARRIAeLraPRs Qathh hayepneyhat thicker abradable

t hermal ba

rrier coatings is a conplex nultilayer coating desc

ri bed by

Ni ssley et &ppogiad-S. Apain, Ngissip08, vaay ffiisndt apraqesal ¥obondcoat is
foll oved wi tBha -2 rag@Nhanchosndald;gn” | ayer consisting

[oo11] Taylor, in U.S. Pat. No. 5,073,433 disclqses
a relatively dense ceramic thermal spray coating,
generally using yttria-stabilized zirconia. The
microstructure of this ceoating, utilizes vertical crack
segmentation to enhance thermal shock and thermal
fatigue resistance. Furthermore, this coating has
little long-range internal stress and by itgelf 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. BAn 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



of a specific mxture of different zi rconi a conposi tions. MUl t i pi el aﬂyé‘r's‘
are then deposited on. the foundation |ayer. Each |ayer has a different
proportion of the zirconia conpositions. Finally a top |layer of a nore

abr adabl e W08PMB1Iof t he zirconia

centinmeter).

and is |im 8@ FROSHE CPnESECTRF AbBRt1CEH FRImENERt3oRnyracka )

conpositions i s depagiriuses/oiiBie deposition
paranmeters 4 WD 03/061961 PCTI US03101057 - 9 are chosen to generate
vertical segmentation cracks in all gthe zirconia layers with 4 to 8
segnentation cracks per linear inch (1.6 to 3.1 cracks per linear

This coating requires nultiple blends or mxtures of oxides

ry of the

Invention [QA%3Lndhei iRWEAT i QP QMicfies 8o Bl dd@%Bht £64 &WaGKsCOating for

applying thermal barrier protection to a substrate. It has an inner

ceranic

| ayer coati Mprt heneaybschat(e: 6 THe 3-Aneragks afxc iager has a plurality of

macr ocr acks

. gt heduhed &REQU%Q&&H}%[ Q@qFﬂP@é uﬁgrtaghg bl @RS orAN outer
ceram c |l ayer coafs the inner ceramc °[ayer. _
subst anti al Inixtnees aff oxedescamd niecldwibe®ksin BhiicknBescrd pbiovh of t he

he“outer ceram c | ayer

is

Dr awi ngs [0%4%5%9@;.%%%5_ a mcrograph of a polished cross section at

100X magni ficati

I'tilayer coating of Exanple 1. Shown at the

bottomis the substrate alloy with a 5 ml (0.13 mm thick H/OF CoN CrAlY
bondcoat, t rrlnm%O rrci, S (90 25 of a plasma sprayed vertically cracked

segnented yt

Inventio

mm) of pl asit@18pr ayethd dwvernsin \priov5&esf a thddridbyeal yenantic a

coating for applying thermal barrier protection to a
substrate. It has an inner ceramic layer coating the
subgtrate. The inner ceramic layer has a plurality of
macrocracks distributed throughout the inner ceramic
layer. An 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 CoNiCrAlY
bondcoat, then 10 wmils (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

ized zirconia, then at the top 40 mls d



partially stabilized zirconia. [0015] Figure 2 is a mcrograph of a polished
cross section at SOX magnification of a nultilayer coating of Exanple 2.
Shown at t%(@ai amls the substrate alloy with a 5 ml (0.13 m) thick
HVOF CoNi Cr ondcoat, then 115 mils (2.9 m) of pl RGFE8HP18Yed
vertically WO 03/061961 PCT/US03/01057 - 10 cracked segnented yttria
partially stabilized zirconia, theno40 mls (1 mm) of plasma sprayed | ow
density (65% of theoretical) yttria partially stabilized zirconia. [ 0016]
Figure 3 is_a Qgrap hed. S n magni fi cation
of a coati nﬁraﬁme&anﬁf“ent§ akttma éalgtr]i%} d%%geflze% Fg%ﬁ of Exanple 3
t hat successheth |40 padsedl tte) kﬂepmnémaﬂupﬁaybaslowuddmsﬁﬁy $pas |l ati on and only
B% edge crac% g? after 000 cycl es 255 (13 shown at the bottom
is the subStrHPTEH6§ €u¥§F a5pﬁ¥W1? Yi? 1135 C Rt F8§ﬁ% sprayed

CoNi Cr Al'Y beodrsyat, thgarsd6 nid g ﬁlﬂcﬂagﬁgpl'ﬂfbf pl gsinehepr ayeds yttri a
partially stabi]ized zirconia with 63 CPlI (cracks per linear inch) or 25
cracks per SerkeRr aEml9¥timeamifératkehPiamd ©9a%4 Mt itk Erfg™Pheasured on the

full width ef the ;sagPhe)ckdPiahkety B aHePbbBNot AkbibiLhis invention
provi des coatings that are excellent thermal barriers, excellent

abr adabl es, Bt pcessErl hamassed, the haarpdnehesk el WaEh et i ngs  t hat

facilitate Qﬁ@pﬁattﬂoagaﬂacanmls@keagé herdmdi nBakFL&F 2000akiBSs t han previously
was possible; and these thicker coatings retain excellent thernmal shock and

t her nal fathu%SFr%squt(aﬁ%% ot p&Bevm|at wibehbobktly dift ithRal t hernmal barrier
coatings. TBEr&OAHNAI1cF0MH 851 | @ 83l aMerenfic paRaRLC materials with

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 Desgcription

[0017] This invention provides coatings that are
excellent thermal barriers, excellent abradables, or
both. 1In 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 cbatings
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 tewperature turbine section



different microstructures that provide the coating systemw th nmuch greater
t hermal shock resistance. The ceramc materials used in the invention are
usual ly oxides, nost often based on zirconia, and are thus capable of

oper ati onVR%8FH t enperat ures, such as those obtai neRCHYSIFHE i gh
tenperature turbine section MD 03/ 061961 PCTI US03/ 01057 - 11 of gas
tur bi ne engi nes. The coating systemsimay also find utility in the
conpressor section of gas turbine engines and in other applications. [0018]

As noted ingt *{f‘a@%ﬁ%ﬂ&ﬂé‘”&hﬁ%%%‘ ONrAD QR 1 hGVEy HEnR tnﬁé%;oéigc? coatings,

particularly I'ow density Zirconia coatings; are good thernal barriers and
may have gﬁumiawnédablimlqhe bgmpE@sﬁDnmﬂﬁhtaonfwﬁﬂgaa:tunbnmtoat they usually

do not have_adequ t her Q thernal fatigue resistance, if they
b e B8E (] i

are nore tham P¢k. Thi cker coatings are required
for many appbsiedti onss fx@tredamrrphe Barnlm@unﬁusmtrnearem@ones lav provi de

adequat e th rnal rot ctlo and to'@éqé- fqﬁu hi ckness to all ow for
initial 5+ %s??ﬁ1ﬁﬂ§ﬁer%ﬂ5 e\ %ﬁﬁl ¥ incursion of the
bl ade ti ps aﬂﬁbdihbeboaeﬁﬂigs Thire §6od Fiﬁfef:rlrrﬁm Batyidrdianfionagoat i ngs used as

abradabl e hernal ba# Wg an esls in gurblne ngi nes.
Advant ageouB#YF ?ﬁﬁ%ﬁ#yr ?EuﬁﬁFQaw&B %g;%gen1that has an outer
| ayer of IOMbﬂmwtt yheylﬁkﬁlallpaablm&aﬁvsé baaqd@mlmérmalcom a, that is a
good abradah t gg q{r rr and that na% be s bstanti al | t hi cker than
20 nmils (0.% ?é% a&ﬁd T3 Iﬁf&égﬁﬁe¥ﬁﬁ&%§anF er Wl " ¥ 0Bk aHES her nal fati gue
resi stance. th&0 Epbutkt 2bagi heen . fowad tHiak.coahi dger WdaRifnystiple |ayers,
wherein an i nner | agyer Petmeen t he. substrate_or

are required for many applications, for example in gas

turbine engines to provide adequate thexmal protection

and to provide adequate thickness to allow for initial

grinding to design tolerances and to allow for

incurgion 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.

foo1s] 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



bondcoat and the | ow density oxide outer |ayer has a unique nmacrocracked

m crostructure, can be produced wth an unusually thick | ow density top or
outer layer coating and still retain adequate thermal shock and thermal
fati gue r¥9i%P8Me. This is nost unexpected, since i tPGEOIHOWDr mal |y be

t hought that cracks would Ilead to spallation of the top |layers of a coating
under WD 03/061961 PCT/ U503/ 01057- 32 12 conditions of thermal shock or
thermal fatigue such as those experienced in gas turbine engines. [0020]

Macr ocracks, as_defined herein, .are those cracks.visible in a polished
cross sect F8ﬂgjotflcfnf’f’e°(%05g‘?’f??gl STH0RE i 'lcg?‘:b?ﬁe E&’\?S‘nf’lﬁgeogsl y, the

i Nnner cer afh6sé aa4glerS cABEA OLH aRiS tudbind/ &idgigak. Wi th respect to the
substrate. Vertical macrocracks are _those that are predom nantly
per pendi cultdP2t noMRSFOERACkSe a5 drpblRRd ?’r‘?é?eilﬁt e?FAddO5E the coating with

the substpapgeitilkipikepgtd Jdiaknbg &odLasbribg desgrr of 4 nils (0.1 mm
or one half the coating layer's thickness. If they are at |east half the

coating |&peFing @i dRAZsBagnIfdpanignal Sspatagrredilsedient ation or
verti cal _seqRentaLinn Ciagks: o AArbOFaOLE PASESERE 1 cdhi,a speci i cati on

hori zontal macrocracks are those at are predomnantly parallel to the
pl ane of t Kespeek ftac &hef swhgtmatest r Yertigrl d@shecYade ayegnent ati on crack

w th an adj t gneat a1 : £45§ quﬁ#%, tLhe inner ceramc
| ayer cont%?%%Q5ﬂ§§b%%?ng%%%éké#ﬁég tlcaeﬂgngﬁﬁg%ﬁggnta %acrocracks for
i ncr easi ngthheplarice off theeimignfiacgyef Wemtdoagingoepul} thee nultil ayer

coat i N’ S LNRSE A4 Yk LAV Eari ATt AYSAUSILbaBNYfdddal ofFmCr ocracks that

extend at | east esser about 1 mmin leng one hal f
4 mils (0.1 mm) or one half the coating layer’s

thickness. If they are at least half the coating
layer’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 innerlceramic layer contains a
combination of vertical and horizontal macrocracks for
inereasing 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 imner ceramic layer. In addition,
these vertical segmentation macrocracks advantageously
have a crack density of about 7.5 to 75 vertical
macrocracks per linear centimeter. When the multilayer

coating’s inner ceramic layer includes horizontal



the thickness of the inner ceramc |ayer. Mst advantageously these verti cal
macr ocracks are segnentation cracks that extend at |east one half the

t hi ckness“%f%;rorg 61i nner ceramc layer. In addition, these vertical

segnent ation Crocracks advantageously have a crack 0?@10?% about 7.5
to 75 vertical macrocracks per linear centineter. Wien the multil ayer
coating's inner ceram c layer includes-horizontal { WO 03/061961

PCT/ US03101057 - 13 macrocracks, the total horizontal macrocracks

advant ageoughyrsodeend , f £ 2RQut hd2i féheHI0 rBer-68Ricias cummul ativel y
measured across a plane normal to the interface of the substrate with the

mul til ayer a@@ntageounbystex@ngntagBo?UE 1ohéot b AlPHBIEE0ABal macr ocr acks
ext end fron%gmﬁtatggeﬁg r@% -Ge0L8Ss G hgt hyelyr ,{geq?;lgr ed across a pl ane
t of the s f) mul ti

normal to the interfac ubstraté wth the ayer coating.

[ 0022] The imteriasmpepfcoat iswpstsath witla ther oot dlayeisapatdngi ng, nost
advant ageousl y, ¢ Ln i.,ZO I LOGT { gq?! j to the verti cal
macrocracksﬁ?%t afodgrﬁa%\:?la%(lr;\?gc]lgl ?&‘% E?\Lf%fcthl?%re&\%\nh? ﬁigm mi tﬁagga of horizontal
cracks of | ergirhs firamgabopt 2eMtd 60 ddkent ss (OmiBldatwivaly M) and ext endi ng

col l ecti Ve'?ﬂ fromd15act (S 100 .per.cent 25 Jreasur ed %g 0S8S & %g_ne t hat extends

the width OFTHE CHaT! ng a(P&FélFr ed™t% nerein zligt Ticked i crostruct ure).

[0023] It hasbdreentef gttt tHwtmuatilepst @reial.t he -macrocracked
m crostruct lﬂég%r]of tti,gerrul ttll| a)gle;c cga%]j n S%%E‘ be S‘dé’a”to% ggusl y deposited
in a thick FAVA t hat e B HEYRT ROt et TS SHotR And 1978 Ral fati gue
resi st ance. bhéed hating| thayteadvantageesdy ebntabnsrhorizontal
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 exteﬁds 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



nore subl ayers of differently macrocracked mcrostructures, then the
coating may have even greater thermal shock and thermal fatigue resistance.
For exanple, the inner |layer may include a first cracked |ayer and a
second CSQQQQ@“Wﬁyer. Addi tional inner ceranic |ayer $CEUSEMPEI nacrocrack
orientations and densities can provide increnental increases to the

mul tilayer coating's |ife. For exanpke; alternating between inner ceramc

| ayers containing only vertical macrocracks and | ayers containing both

vertical ang, W0 031061961 PCTLUSAZ) 0408 e, 1 4bred i igant al mact ocracks may
2 _ _

further increase the multilayer coating's life. [0024] Optionally, the
i nner- and owkrileyeanteatimgyer dihave a porosity that increases fromits

i nner surf?&@Mt]o it QfgnearLliur AEe; nnl Syl ngﬁ@@lse&rggggsi ty at the outer
“t

surface reduces 't he coati ng ermal  conductivity and may increase its

abr adabi | i t Yayd®3025}e Taepamatik ggshats uaddrpabas ef nem tiitl énheyers  conpri si ng
the follow nv%ﬁa'é:) gn opt i onal metgl lic I%ondcga%éési id) an _inner ceramc |ayer
with one or® © LB EY STE T e 53R W T h & predererm e mBdtocrack pattern;
and, iii) aatoiHd QuOHS LeffalteC redtess |Myeekoanihdy et3erimaal |y no verti cal
macrocracks. The quter ceramc¢_|layer forns, a nIi.%uous or conti nuous
coating ovE™ %glﬁéEYoﬂiWycéﬁfﬁ Mhd 'SnﬁEFa(g% Wl ayer. Most

advant ageou$d9z51t he Dhé edoxtdnhgnl ashalylr haeet aubsiplw lagetkscal nmacrocracks.

[ 0026] The various | ayers_qf the coatjings are ual | roduced using one or
more t her meFOBPr " 9ptit S IOHERIAs a?g‘rrﬁpgb?ﬁ%l,s “Efé:t%ﬂrg?i on gun, high
vel ocity oxyorddilat(HYOF)an AhnBirgBey¥&hine illayeai withiedne 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



(HVAF). One or nore of the |layers may al so be produced wusing chem cal vapor
deposi tion, physical vapor deposition, electrolytic deposition, sol gel, or
ot her deposition techniques. [0027] Advantageously, a netallic bondcoat, if
one is usedyosisi chosen to enhance the bond strength ®CTWB®/0105Dati ng to the
substrate, provide corrosion protection for the substrate, and enhance the
thermal and nechani cal properties ofsthe coating, particularly its thermal
shock and thernal fatigue resistance. Wien the coating is used in the
turbi ne section of a gas WD 03/061961 PCT/US03/ 01057 - 15 turbine, the
substrate " I {jh‘g ?HbﬁFEFtSr1%db3&1atlgbas‘él‘aﬁjlo>9raﬁ8b%%’é bondcoat is
usual |y a nbgdeelal1al,ushdWReabbAlic@dt GTROUALLY & madkkied ni ckel al um num

al l oy or coqfound such as plati num nickel alum num _alloys or conpounds, or

an MOrAlY @lwsyingepéloy iar RPrpowRd, gy megigied ghsieat ROWRITWHEr eof and t he

alloy may & %Q"nEchaﬁbLEfd’ sibn & pi3Rd nfhhgicelenBkSaufS noted above,
when the bondcoat is deposited by thermal spray, it usually has
i nt er connecd BbysoresFenpauras, r eduredMdrpgY abloy tihere ¥r 6% &8t, the substrate
from oxi datdon or eOSPeéonﬁaggéﬁbRé‘-thE}!é%ft QS%QQ{Jed%%Byrﬁﬁé{y be heat treated
at a high tenperature to effect sintering and sealing” or’ elinination of
porosity. Thabawenteifertt, Wl ySisemidkdthendebenantar.-e depostiaded with as high
a density ossihl e ] f Ldat Lon ing deposition
These coat i%g%‘%ér glhglslu%ﬁ%oggggé??%% d%??%g%ege?}gﬁh\%%mbﬁ}f f’%}}'dense powder s
and torch phr ameediy hahdntensoneedmrpiperesiey tihay okdubes pdwder; and, as a
resul t, theé{bitlei'ig tg %?S/teecg LREALLVE M 3TROLR SHdR48n offowever, it has been
es, dependi ng on

found in sone ca
other corrosion. Thus 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 pm),
R,) enhances the bond to the subsequently 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



the specific ceram c conposition and mcrostructure, that a rough surface
on the bondcoat (i.e., greater than about 150 m croinches (3.8 pn) and in
sone cases preferably greater than about 300 mcroinches (7.6 pm), R)
enhances YR&PA¥MA to t he subsequently deposited ceramcaseymos. For these
cases, it has been found to be advantageous to use two sublayers in the
bondcoat structure. The first beinRg a very dense coating that can be
effectively sealed by heat treatnent and the second being a coating
produced with a rou%h surface. ~The |l atter be achi eved by using

ma
rel ativel y"todrddy MBLF otk poWdst - and<u H8°8%5d§¥1'8nh%%Faneters that do WO
03/ 061961 BeeHUd3034010R7indt a0Rbspidde oFeblet fEaPEEacdite, bondcoat can be

heat treated, in an inert atnosphere or preferably a vacuum either after
all its subltirer 2f5pE dkpodist syborYRHS @re tiﬁEO%%ﬁf%{P‘ & RAYRFs are deposited.

The thicknggs f [He 18p0dCQal BBY.Va s depROCL NGLQR LT S£ COPOSi tion and the

requi rements of the total coating system For the thermal spray coatings,
t he bondcokenddeatkmeysvasy depeadiyg abbuts3cropdditivn sndOtey to 2.5 nm) with

a_pref e”P%gJi%%nQL 8P%MUle §0E81290a[9i'n§ ggsa’éﬁnto}_‘%rStHg) . [0028] The
macr ocr acked” céram c | ayer or layers ar sually "a zi'rconi a-based ceram ¢
that is sté@ipiuadedpraytbeatings| ytioe hpaxdcioak| yhivkrdesgt tiei a, ceria, other
rare earthu8§#9§sabg§gn§gkgqo%r ?ﬂgtgp%7o§gd§ gqmmsxgghlgze at | east one of
t he tetragona r cubrc” crystallographic phases. ‘However, the ceram c |ayer
or | ayer sprsierdredorhrge cef aioos Sunh 28s malleni®al3 der Onbapm) or nmagnesi a
based oxi d?ioze[éoozglrhghﬁaéxoc%@rqgﬂé?t%%r%%ti%r &8%%”319 190! f coatings
optionally have a density of abou 09

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 oxr

-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



percent of theoretical. Advantageously, the outer <coating's density is
about 45 to 90 percent theoretical, nore advantageously 50 to 86 percent

t heoretical, and nost advantageously density is about 50 to 70 percent

t heor et i ca¥0O 03Maépreferred conposition of the | ow denBCL/ysosomsi ngs i S
usually stabilized zirconia that is fully or partially stabilized with
yttria, ceria, other rare earths, _ yggnesia, or other oxide. However, the

|l ow density outer ceramic may be other oxides such as alumna, chroma, or

magnesi a- The use of these |lowdensity coatings may be opt| onal or

unnecessar ySHH SEmEC 8B FioR Pgndn %O‘ﬁ‘tlopﬁog@?‘?’?%lté’h higl coating is not
WO 03/ 06196111&55;@4%%@;@57 17 subject to abrasion or in |ocations

adj acent to high hardness bl ades. [0030] In the nultilayer coatings of

zi r coni a- ba$@P0Inat efnaties mAs ilpgeretoatdnaacet vFispadagbagedly quite |ow

because of &Qg%é nher egﬂ? ,ﬁyg §r ), &pﬂ%@_ﬁ, égt%hcgadgzngﬁg?gl um oxi de.

However, in additlon een |scove the structures
devel oped f bow he”uaslsarubfﬂilwemhsysn’erﬁd\\a\t@eteal mQ;EiltdtalvltnrQiher modi fy the

thermal conductiwit Jhese jncl ude 1 ty,and thus high
porosity of %ﬁ%orhluf)%roxug 7 adabl eeFa dtdﬁe veftl cg?%%ilrbacﬂs devel oped for

t he segrrendésiconemedsthmtctsmpfat:ldetét&dm@nmarmwelmmdkﬁordevel oped for the

bri cked mcERstru u es. The E’ nduct | V|tyfu rreasured for several

of the indi VraudT T rATERS TSt S | SRRRPE P LR R *di ffusivity method.

The speci fi modibit t\hasthen@eﬂato@hyiun’ea\sitr}ed a?hdsethazldmeslthy of the coating

}[Mﬁz det er m ned flro%mdgltlglt)lr Mer si on éﬁl%%rgfsl ST I\él Eé 328 From t hese val ues,
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 énd second

layers combines the two different thermal



thermal conductivity was cal cul ated using standard equations. The thermnal
conductivity was found to be significantly different for the different

| ayers of the nultilayer system It has now been found that the

t hr ough- t WooRME%8 t her mal conductivity of the nmultil acargsemabszngs of this
invention can be selected and produced by adjusting the thickness of the

i ndi vidual |ayers. For exanple, the jnner ceramc |ayer, such as a
stabilized zirconia |layer, may contain a first layer having a first thermnal
conductivity and a first thickness and a second | ayer having a second

t her mal cosgudeetiviyigadard skamsd at eekrrss SotThepondutitivaltli ng t he t hi ckness

of the fir a d Lnes the two different thernmal WO
03/ 061961 é%ﬁ/%gﬁ%§%%§530£gylg c%%h %étivities and forns a desired total
conductivity and a desired total thickness. Test and Eval uati on Met hods

[ 0031] Stapdard.ne aléoggaghiﬁ éeéhniques.mere used to exam ne and
characteri,gEEé#g19 =% SHIo8E { he coatings. Cross sections of the
coating saripbes]l wer 8tahdasd wacllpgraphbgnaichdigheéd wareepsry t o preserve the
structure, _then enbeddgd i n standard netal | ographjc nn%pigﬁ and finally
ground and BofFENEE ABYeRPUA L TIEF0ERS JBTICSHARC ST FhFbligh the coati ng
per pendi cukaktihds.t hersebsieadionsVolytid ddwe imgakamgbeslaseel bed herein
include a variety of cracks; this is articularly true of thermal spray
coatings. SOREC oA W ReiTPIRRRatSY WHERNER By TROBTFHYS ar8®very fine and
are only reveateskd,nther Pbdddied i6r 868nd&Aal @RSl dbgrdpigle Magni fi cati ons.

[0032] A quantitative _characterization of_ the
~mounts, and finally ground and polished to expose a

cross 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. In 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



macrocrack patterns observed in the polished cross- section of the coatings
consisted of counting, at a nmagnification of 100X, only those verti cal
segnent at i on macrocracks that were | onger than one-half of the coating

| ayer thi CXh&¥81%Knowi ng the Iength of the coated sanPFBUSOBHESTCPI wer e

cal cul ated and then converted to cracks per centineter. The horizontal
macr ocracks had a different countinggrule. In many areas of the coating,
horizontal cracks connected two adjacent vertical segnentation cracks, and

i bet f t |
Irnraltcfggwrsacﬁgsesﬁarﬁttlegeof%%fqtg\ég Scﬁ?e?%g't rwgsgn “S?Du?llﬁrsdloen%‘%/rﬁro:‘ Cflhe | ongest

hori zont al &f ate isBréttlresadpgbleped sl fRag Wextickll andori zontal crack only
WD 03/ 061961 PCTI USO3/ 01057 19 contacted one vertical crack it was not
counted. SoMfEFIEPtRheS e lr 88° deRAH GFedSHEY ity "Pertical and hori zontal

cracks in opfcRRbbhY vidichakhaini e tU ar pscapivalvl, evoWage simlar to a
brick wall, so the value representing the hori zontal cracks was termed the

"percent bry@liengeprerantams bhEcReRERESlderaded was tereed Uof al |
hori zont al Cﬁ@fé%nlteﬂ_giéﬁn@@ros§e£@§nt wWiakg; ROl shed rehagsssection (their

collective I'ength), neeting the above rules, divided by the total |ength of
sanpl e obs elthe duTPef caht herilernhgl coraak rlang*éhs rasresgeEBe where no two

Urtical craslsy BT gAUnesked LG, SO RleRkaRK el 100 percent
secti on- - bureegioing bhhe akeve rudas., Iqih‘eldﬂd PYaﬁ@e Yayad3flenath mfor t ant
charact eri Sid£1Qf Obggr‘;é@tl RS cehf! Bl ME nhOLIEY N Blkadabh! 1ty and thermal
shock is %elr densit The genm ties 019 ﬁe coatl ngs eval uat ed

Zexro, where no two vertical cracks are connected with a '

horizontal crack, up to 100 percent where horizontal

cracks 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 demsity. The densities of the coatings evaluated

herein were determined using the immersion method (ASTM

B-328-73). A value of 6.05 gm/cm’ was used as the

theoretical density of fully dense 7 weight pexrcent

yttria-stabilized zirconia (¥SZ) 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

¥SZ 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



of 6.05 gmcnB was used as the theoretical density of fully dense 7 wei ght
percent yttria-stabilized zirconia (YSZ) bulk material assuming a
tetragonalw@oexyesisadl structure. The theoretical densitypédRoshfsi he density
of the material in a fully conpacted, pore-free state. The theoretical
density of YSZ varies slightly with the anmount of yttria and the

crystal | ographi c phases present. r06§41 A |l aboratory test was devel oped to
simulate the interaction of blade tips and seal rings or segnents in a
conpr essor oeukimebioes sect wodeof varigas tipripewslsepgidngncytsion used to

eval uate the , abr,adabi ity of coat,n nd,_t he wear .resjstance of bl ade
tips or blader S|p<180%?‘il‘ r%"g%?k S B e B BTt/ 01057 20
conbi nat i onseqakchtundelie wadsitouppatrat epeedeiqithd mounskdhiarat es (i nfeed

rates) of the blade tip_i,ntqQ the seal. se nt. The test apparatus or rig
had no auxi}F‘?%ﬁlfg'ha‘é‘fi’;Tg‘,CtBBPafe'rl?%ataﬁil&ﬁa}” gé&qbndr’mﬁgmﬁiﬁarf'pqp% some cases.
The seal segh@nieallNsédtient! @t tWAS Bedtl ahsphatEaraboute dbdud nch wide by 1.5
inch (3.8 x 3.8 cm I_on% and 0,375 inch (0.95 cn) thick. The seal coating
was deposi tbdP IGFhoNEdd PR e 5118y (31 85X 4ch 9. 4989328 A3 Faces. The bl ade

was_about 03, i 8CHs (dmP tekkl. ONghii deh1achhiing bisk aBfodiddss section of
0.75 by 0.10 inch (1.9 x 0.25 cn), The blade was held in a rotating

9
flywheel seRIPTEhSE iR biSad¥ Lip Hsde(Ppedca® & ™ efdfefotation 8 inches

(20 cm in phambae. wldaueR@l 8d55eRlcHS QENMENEm) Wahgh@lighi & @t xture that was
noved toward the rotating blade in the flywheel by a controlled stepping

nmotor dri veSiPTIARE 2atkett ERethPRJRE tb 78Ry akt1hidctull -9 x
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



into the seal segnment. The wear track in the seal was thus a 0.75 inch (1.9
cnm) w de 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 nls) and
t he i nf eedwpas/esiggs 0.05 mls/sec (0.0013 nms). The weaadsizmieh wear on the
seal segnent was taken to be the average maxi num depth of the wear track
and on the tip, the average |oss of J;ength (depth of wear) across the tip.
[0035] To give the test results betteéer conparability, a constant total wear
| oss (maxi mum depth in the seal plus depth of wear on the tip) of 10 nmils
(0.25 M) waS @hwessh lospned B fi myle h&t-lénﬁmhtancbma F¢ in every test

woul d be' exagrhaen sy db{1d Gt oo Ahe1upostialacod the start of

the rub, two tests were usua run for each set of itions, one WO
031061961 PEd/ USOBIGIAB725-mPl. Opeavapdro legpresd EHodes? nile (0.18 nmm and

one to abouyt_14 n{ | %O( Qaf’gufg{%’ t%ngls_ 1,tlg«E\thr %%Lrg'lf’t ig%i11{'1_£€3ert:|a5{<[é))l ated to 10 mls

(0.25 mm. &gu\l/\%y 0 "eXpr ess resu 0 cafculate the length

| o0ss by t hestinple shivjikdeddby i tded mayite depdhmom deetweaaf sthe imear scar in

the seal coating. .This is the, tip-to-seal, wear ratio a_comon term used by
t hose wor Ki %ei%eellhicé’aﬁ%?d. erhlﬁeélsl@ge gcjtﬁwgpt_ﬁggia"féa\ﬁeﬁ?g?’%ti o for a good
tip and seal cpandn iterabagéd byl thbsevesrikigict ek, tRidFEieAdot her paraneter

expressin e nme result is the fraction of total wear gn the tip. If WR
ispt he ti g Fg?gi ' \ﬁegrr"p'F%ﬁ??T,l YRET PR tf%éﬂ fr 42T o‘ﬁpofanghe t ot al IOwear on

the tip, tbealFdatx WB Abit 0 MRbr dtien Fdettert, espondi mgiokhea WR of 0.05 is
0.0476. That , . .
; 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 borme 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-0.358i-
.006B-bal.Fe) or Mar M 509 (Co-23.5Cr-7W-3.5Ta-1Ni-
0.6C-0.5Zx-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 éf all the
layers of the coating with no coating wrapping around

the substrate. The samples were held in a fixture that



is, 4.76 percent of the total wear would be borne by the tip, which wuld
be an acceptable result by engine designers. [0036] The thernmal shock

resi stance of the coatings was characterized in a cyclic thermal shock
test. Thewoowetideng of interest was deposited on one f a¢eeésnisspstrates of
alloy 718 (50-54Ni -.17-21Cr-1Co- 2. 8- 3. 3Mb-

4.75-5.5Nb-0. 65-1.1sTi-0.2-0.8A1-0.08C 0. 35Mn1-0. 35Si - .006B-bal . Fe) or Mar M
509 (Co-23.5Cr-7W3.5Ta-1Ni - O- 6C F57r - 0. 2Ti) superalloys that were 1 inch
(2.5 cm in dianeter and 0.125 inch (0.32 cnm thick. These sanples were

t hen groundoyadt e semppheryo too heatingnmagitioh gidd 4 fdisme2. 4 cn) exposi ng
t he edges . e f C I it i wr appi ng around
the substr aMBRHY SR sctSas afe AR it NePR B P85 6 061

PCTI USO3/ 0205€ec@is ,miared thea st dsn twhereheakl ngapedifiacen with a fl ane

i mpi ngi ng on the coated. fac ere they were hel d f 20 geconds, then to a

posi tion mﬁ??ec?%ecﬁa’&ggdaflg]caes sn%%%‘?%ed'l ﬁafhfgrb?gssfecgpaﬁitrogen gas for

20 seconds andapihfiiRalkbytw6e povitiosstwitnse wWher eatnbtesasgaled cooled in

anbient air, for, 20 seconds in eachﬂgosj tion, This .c%/cl errl_l\gas repeat ed 2000
FEaf y

times. Thelfr BRPLFHc&L5f LPRe?? GECRATE HoaASHy POSD Zched a

t enper at ur eyele wOWHepda00dt RBRAmEE. ( 1kl front424€ ,ofMthke the opposite,
uncoated side of the sanple reached a  tenperature of about 1200 to 1700 OF
(649 to 92FCEF™LF cAtdPEnEYRICHHY REATHGH H&ESBETaFIE® Sinpl es were  exani ned

for any eviageneezsdo sRabbbng or(13gpatatiqvef), LWheieoald ng after the test.
Exanple i (0037] An exan‘EI e of one of the enbodi nents of the
H opposite, uncoated side of the sample reached a
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 CoNiCraAlY
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. KXerosene 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-8Al1-0.5Y 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



i nvention conprised a seal coating with a CoNi CrAlY bondcoat, a segnented
zirconia first layer, and a |ow density zirconia second |ayer. The 5 m|
(0.13 mMm thick bondcoat was deposited using a JP-5000(r) HVOF torch using
a 16 i nch Wagy®iwm nozzle. Kerosene fuel at 6 gall ongcp@soshgdt (22 liters
per hour) and oxygen gas at 1650 scfh (46.7 snB8/h) fornmed the conbustion

m xture. An argon carrier gas inj e_(é%gd~130 grans/ mnute of an alloy with a
nom nal conposition of Co-32Ni -21Cf=8A1-0.5Y in weight percent. A Metco 3MB
torch was used to deposit both zirconia layers. The zirconia powder was
Praxair Suriass Béchhotogiss 'thgr rd8gasamhwhirealandl 40owesdteds + 325 nesh
(-105/+44 m cro r, havi,ng about 8§ Y% yttria, H9r the first WO

03/ 061961 %%@83%%3@2'3 f?(%gearrgg "iul'lcri\(I:\%onicez{f,)l'lyt(tk(l)ébt“’b(’)[}1 )gas m xture and

fl ow rates hydreed) ahd it DosmBt Wamrigenwandl B0 Ko(@. 8n¥mB/ h) hydr ogen,
and the powder carr'her was 1% cf.h %0.4 snB/h) _argon. The powder feed rate
was 50 granmd 8t nitAGtROWISH & eFGr € teﬁ/\/éf’?%%& T3 R°500"8hps at about 75
volts W thrige HOrACRaS NERA-a8E4680 Forchepsnabuiltodtl Fsnkeiesit e) and advance
of 0.25 inch/{revolution (6.4 mmrevolution) A crack segnentation pattern was
produced wi tHHBogtriBce rsRaed BEr 69 hdmebes/ Pigtti k 5p§‘9m1‘&‘é‘?ﬁ)i met er)
measur ed al 90y AvVahbe dar@ldselintp/tA>1usbsat (@t i nterface, each countable
crack being a | east half the ceram c coating thickness. The crack pattern

was neasur eFMESVRGURiPRYht AvicEREs cRisEeRt 2909, PHEGHT™ W88t i on. The coati ng

density waspahiidedBR¥en dRer abi eAlcidepsirt YncHheid i7 Hraks gy @ | ayer was
about 10 mls (0.25 mm) thick. For the second zirconia, |ayer, the ZrO 182
zi r.coni a poVRIETIMRASTh| BIRBESH fhong a line parallel to the

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%
theoreéetical 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 toxch
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



wei ght percent polyester fugitive material. The torch gas m xture and flow
rates were 80 cfh (2.3 sn8/h) argon and 15 cfh (0.42 snB/h) hydrogen, and
the powder <carrier was 13 cfh (0.36 snB/h) argon. The m xed powder feed
rate was 49ogsmémssiper mnute. The torch was operated aicrafRes@pps at about
65 volts with a surface speed of 1560 inches/mnute (40 mMmn.) and an
advance of 0.25 inch/revolution (6.4 mmrevol ution) The second zirconia

| ayer was about 40 mils (1 nmm thidK, had no segnentation cracks, and a
density of 65% theoretical density. The mcrostructure of the coating is
shown in Fi ghreedoft@@38¥t Theln wddibier aride sbtehecedairingndf this exanple

was shown t e tter .than.t f.the | Sj ihkrconi a coatings
representat fgl\}g ) ce%rhd: Zé;ﬁ(rz?ré}l? %%SF%JG%%\QP&% % Bs%é%‘%&% 24

st at e- of - t héeaelopdd wadli ood, tlidreal osilack aalsisganned rdtdnsdcond zirconi a

| ayer thickness that COE| d blﬁ de\égl opedg\{/i(i tg good %hetr r{tal_ hock resistance
retai ned wiBSHTRH GFEALEF tih XhiPhe £ NG WY e?t & aPe- of - the-art | ow
density zirensiact [10033kndhey mildcdohayer coating of this exanple was
evaluated in _the thermal shock test described above. In this test the front

face of thel883%hic rEscHett Hladsgnpertdtd CToffP3836XBP 1388 ), while the

opposite, upgDAERE Shdenef thdin9aBRbEX RAthedsari paPpeairyver e of about 1500
OF (816 C) at the end of the heating eriod. The nultllayer coating of this

exanpl e expBr FRitd@shotipaf reatt dacanet dilisy ceagBier 5RAGHRY 8f about 30% of
the periphetympérdthacCoat pHgo (Bvgnage of), Liniee sReCoHFENSel N this very

severe thermal shock  test.- The vertical nmacrocracks of the inner ceramc
uncoated side of the sample reached a temperature of
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 1§yer having
vertical microcracks (a segmented microstructure), 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



| ayer did not propagate through the outer ceramic |ayer. Conparable tests
of state-of-the-art low density coatings simlar to the second | ayer
coatings of this exanple, but with no inner |ayer, and of nearly the sane
t ot al thi oxmess19eperi enced no spallation, but averageced@sonmsacki ng of
67% over twice that of the coatings of this invention. Exanple 2 [00401 An
exanpl e of another enbodi ment of thgg present invention conprised a seal
coating with a CoN CrAlY bondcoat, a first zirconia |ayer having vertical
m crocracks (a segnented mcrostructure), and a second zirconia |ayer

havi ng a | oW HENSReYSANe HEWCh ARer drpefdikd onTRaranghers( 85 18%%m) t hi ck

CoN G ALY bopdegat s agdd Same eoimasist 9f-addt aagdepgss t ed WO 03/ 061961
PCTI US03/ 01057 25 using the same torch and deposition paranmeters as the

bondcoat i ndgbxewifsed 1simMhed013T, za repringll a§2f+ Masicgeposited using

Zr0o 137, a jnal .63 24 i _W-th ption of Zr02-7Y2038,
by wei ght %%%Hceer}n%}tgné] a ;ggﬁz%??nl\fg@e il%%b branclﬁ%%gg?igt ed at 170 anps

Wi th a m xtpexcent, 98ndfd FxxmignBodgl drigéntplrcls fkratked aydrdgen (1.1 snB/ h)

LOrCh 98 208,0%,8h0a STy 4P PRI eouLer g ol 2 sur (e
revol ution ¢th hydebgenolutl emf/hiTherebcoad addyer c6h 22rxoni a was deposited
using the sa owder an%| deposition gara,crrtristaer%L S ghg S¢ %@d zirconia
layer in Eﬁlggr?ﬁ‘ eI RSV r 631 TUEt dP8 Gt Ht $YEGRET NP TS “Shown in Fig. 2.
It consistes7sf iachesi pex Guikiter)s.s h/adnbondadaidvamcelbfni 125 2. 9 m) thick
first layer;of, (L' CONLACRR! ' R9.NAVENG HEELLSR aRd hgrigental cracks,
- layer of zirconia was deposited using the same powder

and depogition 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 wmm)

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.

f0041] 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



and a contiguous 40 ml (1 mm thick second |layer of |ow density zirconia
Wi thout a mcrocrack pattern and a density of 65%theoretical density.

[ 00411 The rub tol erance of the coating was the sane as that of the

| ow densiwg ozéeamsoni a coati ngs of Exanple 1 since thersewssdidsayer of
zirconia was the sane. However, the total ceram c coating thickness that
could be devel oped with good thermglk shock resistance retained was nuch
greater than with single layer of state-of-the-art |ow density zirconia.

[ 0042] The thernmal ,shock resistance of the coatin f this exanple was
char act er i zZER€ itPaEARI 1R ind- sH ‘ék“‘u]tté‘ﬁay&ﬁs‘é??‘b’é% QEOGE’.‘SI n this test the
t enper at ur eeRfmpitehexhas e &f AN epael 89 C noegebedea tcgiprr ature of 2600 OF
(1427 C), while the opposite, unc;oated face reached a tenperature of about
1200 OF (64Rr@)agagtionheor ERrapErD3DEIas1 sPEaFddsroeds°36 the heating
period. The.gultilayer coating of this exanple exhibited no spalling, no
vertical crac propagati on nor separation in this severe thermal shock
test. Exanple 3 [0043] An exanple of another enbodi nent of the coatings of
this invention are coatings W thgg metalldic bondcoat, a first zirconia
coating layer with a macrocrack—pat having a vertically cracked
segnent at i oh0&4Fluct ube expmpiiecbfi anet egbedhnenyl |afd thhori zont al crack
pattern (a i ,C. kCL.08] I, 3 AR AeYola) er with a | ow
Gonsi ty vt FotEh el B oEnd MCRHE Ry oA Lo RGP Wl SRR AT b First
zirconi a | agendagerte defirst mddcosiageertdogi §ayef widiperi nents ( DOE)

appr oach. Fﬁé%%é%f%%koaété@%ﬁ”ﬂaqﬁﬂéSa vertically 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 sgpecific 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 wvariables and the observed dependent

variables are shown below.



known. Several variables were held constant including the powder and powder
feed rate, standoff (distance fromthe torch to the substrate), and the
speci fi c WQP¥Ie1%hd torch operating paraneters. A PSTrpapdsiz/0is®8 pl asnma
spray torch was used with a current of 170 anps and an argon- hydrogen gas
m xture. The surface speed and advgnce rate of the torch were varied
according to the DOE. The zirconia layer for all of the coatings in the DOE
was 34-36 nj 0.86; 0..91 thick.. The bstrat were all 0.125 inch
(3.2 m) tﬁphg‘nl(\/ar %F@Ogeg?ggggftsﬁrﬁﬁl?g}%ss oﬁ air%% 25 cm in dianeter

W th a 5-mihtéPeds3 wate bpadeoaiicafl BhdShowieidgittil per£asd. Alrhedeposited using
a PST 1108 torch. _The DCE controlled _vari abl es and, the observed dependent
vari abl es §PEIShRwlipgl BRE VA5 GsP66ted1ten G3SF B8y ™7 [ 0044] The
dependent varieblies Qﬁqdpéﬁéz':%i ah thet es8stc1nREeatHesMaldn cal and hori zont al
cracks. The entire 8-line was repeated three times wwth new substrates
and change®aran¢trrsconPidl PEd-hfesaaPLed e sameneted sandy | of the sanpl es
were mount gd; 2otk RAHL$0801 $EPALLLYe Q36,08 " PRSEIMR] tovas used to

count all cracks, and three polish planes per specinmen were evaluated. The
DOE mat r i x candt obkle cragkep| anthd-hrger pehi shrileRiesgree resd™es| | ows. DOE

MAL LI X T Or wdD SPARERER] ZiiE G nREXEL ORIP UboePled 408 Shaed Advance
inch/mMn. mMmmn. 1inch/rev. cmrev. CPI* Cracks/cm % Bricking 950 2.4 0.0625
0.16 61, 58pescedt Igizking, ¥3r8®s 393009s6 0. 0625 0. 16 44, 49,52 17,19, 20
5,8,9 950 2.4 0.25 0.64 66, 64, 69 26, 25,27 32,21, 17

DOE Matrix for 3-D Segmented Zirconia Development

Suxface 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 5,8,9
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



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 *Aweroagasstal ues of the three 7olish planes per pcgafERfes7Showi ng t he
three separate coating runs for each of the 8 DOE |ines. Values were
rounded to whole nunbers for this tabulation. [0045] The results for CPl or
cracks per centineter and Percent Bricking were quite conparabl e between
the three runs for any given line of the experinent. The data were

anal yzed usiengimgter plere eveéhatedrfarethedsigrnis ifcehkobactdfs,st the two

controll ed f.actor t e ur o] or cracks per
VWO 03/ 0619&%@?@8@@?%&%&‘% et r%%dY?aé@% %a%%‘gpk%hgr the
si gni fi cantirftactiet $on Edtow bgt¥esn oidiamai spdat khodsadsaguar.ed factors and
the interaction factor betwen,surface speed, and advancg. .In this
anal ysi s, ﬁﬁbt’ Hep® Sty Faﬁ?éé?%ﬁéfggfY?Eﬁéglfﬁaﬁaﬁ?dféﬁﬁf (see Basic
Statistics,stdedatrbikedt (e Basit oy ildreoe| erobetTEdt t oo, Berdi ne, Air
Acadeny Press, 1999&il allomjggdthe most signifjcant variables to be

5

i denti i ed 2FOPTEPIICRYNT CePmEdermitysF ainesitym ACEARTY the main variabl es
and their sguasgsiowhih alfl@wﬁﬁ%eﬂ@&trddyﬁ begm £ iheicpenceabidy | cking data was
treated in the sane way, and _three terns energed as significant, the main
vari abl es dF’%ﬁﬁﬂé@%t%%ﬁﬁh aR8T GRbrartE8=pF&s™ FEISFIPAL 8F acti on. Knowing the
si gni ficantgiwaiiicabhgs, dHie rdahaviesafids badthemMishhauts, GRdinng using the
mul tiple correlation nethod. For the DOCE above and the range of independent
vari abl es 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 * 5SS — 109.79 * Ad +
0.0309*SS*Adv

where S8S 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 coatihg
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



+ 211. 2*Adv - 4.724*(SS/1000)2 -592.2*(Adv)2 Cracks/cmeCPl/2.54 % Bk =
53.16 - 0.01238 * SS - 109.79 * Ad + 0.0309*SS*Adv where 5S is the surface
speed (i noveesfogiser ) and Adv is the advance (inches/repelidoseny: |f there
was a need to design a coating with high bricking, for exanple, slow
surface speed and sl ow advance woul e favored. These results only
strictly apply to the coating density obtained using the PST nodel 1108
torch and the powder and deposition paraneters used here. However, the DOE
met hod desciEpbelel anst @owder beyshsisi- ed? t ®itgitlaar DOY W06 9688 PCT/ US03/ 01057

29 torch a e 0] Bﬁﬁ i sed. 40 devel op
crack patte?%%gag?%@}r{%l acpoﬁ%ke:ggg% t gn?/gt’)c%a%%%%d%rc%} [ 0046] The

t her mal shothkerMstict 8MBetafcti.he coatings in the DOE above was characteri zed
using the t shock, test .described ahave, .y the Lng in the

first line B&We Ddg?lgx%]il%ﬂaeld 52188 Ilr%sglso n’f:ﬁe(%]célol’é icﬁgfg?%%lés coating had

t he hi ghest iaotihs maE abooé wdsPlchbehatksi fetr ueend i thet atherantl Per cent

Bricking. Nope  of the coatings.of the other lines, exhibited any spalling
and had no @gﬁ‘ékcﬁ'ea?&kgﬁﬁcﬁbecfﬂlafoﬁfanororg]d'gé: ecPRRKYIY WhéR®exam ned at 30X
magni fi cati girsf 004hé oA thé tDdme&hiBySé®Brallfigremdidey be constructed
having a netal |l jc bondcoat, one of the coatings above with_bricked

mi cr ost r uct GPEFHHfher TPé?e?%at%?’é‘dsE]E%ﬁhlﬂ Er eGSR 8 havi ng the sane

low densitypzi (&Uke gesCédititheltBrFXaHd| RScénaNBlr Yok 24N Rone
of the coatings of the other lines exhibited any
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 zircomia 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 unigue
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 multilayexr 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 wvertical segmentation cracks per



mul til ay'é-r” coating would have the sarre rub toI' éra-n"ce' as described in
Exanpl e 1. However, because of the unique bricked mcrostructure, these
coatings may be used for rub tolerance without the addition of the
| ow densi wp o3segand | ayer of zirconia in sone appli caticansos/daygnpl e 4 [ 0048]
An exanpl e of another enbodi nent of this invention conprises designing a
mul tilayer coating to have a speci gi)c_thermal conductivity as shown in the
Tabl e bel ow using just two of the nul'tilayer coatings described above. The
first layer is a dense, vertically segnented yttria-stabilized zirconia
coating. THedbodePngradisalpoyt coRt Peateant dErsdoxAgonhwlirangle about 50
vertical seQEALALEOD &hAGKS ebsh IQDYOGIOGL RETLUSIAN0N0GL, 30 inch (20
cracks per centineter). e horizontal branc cracks that extend from sone
of the ver the ahacratési zzah inbpacthdryadther peeckrntn bparkiby t he percent bricking
defined earlier. JIn_this case the perce bricking,is ,assunmed to be about
10 percent ée["%’ﬁ’f& ¢ {(;lesre'coza %réﬂ‘/sércaisr? ?hg %%(rzfr?pteb%c}élrll%vlws density
abr adabl e |sminetihad o wWbdubeloseskamtt. he upper |ayer in the nultilayer
coat i ng. Th{so’;%iati has a dfnsity. o1jC about 65 percent of theoretical,
with no vet%%al sgg‘?ﬁarﬁegf’%n V¥EKS R6r TR e PetotM zabl e  hori zont al
cracki ng atddm¥a tRoapPddabl@X1apghni fhaakicald e awedl akhehgalgrdied cross
section. Fromthe individyal |ayer thermal conducti vi t%/ val ues, the table
bel ow denomt¥kt 48 the THEMEY ST oTRAREP i t PEhFPREPI BT at ed tenperature
drop acr ossdendilyabt mbdutl @gepercditi QENERSoLELIFRALN WsthZhem) for different
conbi nati ons qf !Lager t hi ckness of the inper .and outer Iaiyers.
‘ vertica egmentation cracks, nor little recognizable

horizontal cracking at the normal 100X magnification

view of the polished cross section. From the

individual layer thermal conductivity wvalues, the table

below demonstrates the thermal conductivity and the

calculated temperature drop across a total multilayer.

thickness of 80 mils (2 mm) for different combinations

of layer thickness of the inner and outer layers.

Layer 1
(Segmented Dayer 2 Apparent
zirconia) {(65% demnsity) Total Temp. Thexrmal
Thickness Thickness Drop Conductivity
mils wm 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.



Layer 1 (Segnmented Layer 2 Apparent zirconia) (65% denéhi'ty) Tot al Terrp
Thermal Thi ckness Thi ckness Drop conductivity mls mnm MIls MM OF ¢ vv/cn1 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 OwRQ46desiNe assunptions used in this sinplifi nstration
cal cul ation are one di nensional heat flow with no 3%3&%8 %Y convect i on,

and no interface resistance between |ayers, a heat fI ux of 60 watts, and a
temperature of 2550 OF (1399 C) af the outer surface of layer 2. WO

03/ 061961 PCT/ US03/01057 31 [0050] In practice, the conposite multilayer
woul d be n@@&0HNd tire pshaoticsysthemcnepssited mdithgagemstdidd such as the

| aser flas metgod t‘? %Fte Hnethe act ual edihe rrmal _conductivity of the
conposi t e. “Fh&2qct T PF%% Qt e S BpR AT TE £15¢08h2 T site multilayer
woul d depengicenakheh@lagal FEseriuba 0b ddwrviant thé agaand the effective

heat flux delivered to the front face by the actual environnent as well as
the tenperdegreloforietdypty ref éhz?nSOT"P%Shfe%t fhaxacql cal cul ation

i 11 ustrat exdperhbhtdelrobhabrEds &ﬁﬂda%br\@éé&t@e&uﬂel ibilities offered
by the nultilayer coating systens. [0051] Cenerally, the multilayer

coat i ngs prwﬂéedeﬁ&%lqneﬁbetmqﬁél tgmperaveraned skeefT@Ht abradabl es. They

facilitate fiavhAaNthe QikBOSvd Nl Gullahy s Jdiicakeh ERATERIRYI OUS! Y vas
possi bl e for excellent - thermal shock and thermal fatigue resistance
coatings. face by the actual environment as well as the

temperature of the substrate and its heat f£lux. The
calculation illustrates the further thermal
conductivity design possibilities offered by the
multilayer coating systems.

- [o051] 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 mm,
advantageously in excess of about 2 mm, and, most
advantageously, a total thickness of about 2 to 5 mm.
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



For exanple, the inner and outer |ayers may have a total thickness of about
0.2 mMmto about 10 mm advantageously in excess of about 2 mm and, nost
advant ageously, a total thickness of about 2 to 5 nm Mbst advantageously,
the out erWe&#8Mm?6d | ayer has sufficient integrity or PCTASeMOTO prevent
vertical macrocracks fromthe inner ceramc |ayer from propagating through
the outer ceramc |layer during the 3goating's initial thermal cycling. The
outer ceramc |ayer, however, may experience limted cracking over

ext ended operati.on of gas turbi evices, _but _the upique multilayer
structure of° %%YCS%WI%L ea%ieg gﬁ?oayleirﬁi ?ft%eerasmﬁgl fP agloaf?]tsen associ at ed
with crackiwigh diffagehitd maprost modiuresovhade dhey mabvhaertles coatings with a
predet erm ned thernal conductivity--these coatin 03/ 061961

PCT/ USD3/ 0 I35 10g2 SY Bl LG 2 B | FEaTHE t Flib?ré“aila%zlf’g of ceramc materials

w th differe;swaaeestructures that also provide the coating systemwth
much greater thermal shock resistance. [0052] The coating systens may find
utility in B8 t heThSPRENA Y HSHST BEEoF 1R UHidAS Yol » 2RER ur bi ne  engi nes
and in ot hethARRILEAL | IS coliffe $3MRIRL1bAS oS WRe RakBigoated is

advant ageously a coggo_nent of a gas .turbine engine, such as an air seal
for a gas tRIHINGE 2B GihethebsAPRENREagEousTSE (HETRUEE i Fafer coating is an
abradabl e cQaldiigi 206k ddiese é@&&%@e%ugggté NSeffnent PBE LA Giarly useful as
air seals that oppose a blade tip or knite edgé. [0053] Miany possible
enmbodi ment ssyrbjinigeengithe ofuchi @5 amadat s6al Wiethcugagepurbingy from t he scope

thereof, itendiSieUNdfsst QRahhes o5 1S that mil {1 TRhetoSeing Ofd h

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.



herein is to be interpreted as illustrative and not in a limting sense. 33
What is clainmed is: 1. Anultilayer ceramc coating for providing thernal
barrier protection to a gas turbine outer air seal that opposes a blade tip
or knife edge, said multilayer ceram c coating conprising an inner ceramc
| ayer coating the gas turbine outer air seal, the inner ceramc |ayer having
a plurality of nmacrocracks distributeqnthroughout the inner ceramc |ayer,
wherein the macrocracks conprise vertical segnentation macrocracks that
extend at [Veélagis ctabedii-f t he t hi ckness of the inner ceramc |ayer and there
are fromahout 7.5 to 75 vertical macrocrack rli r..centi . of
coating w dth, én u@ﬁy%ﬁ r(‘élr%lccc’eof‘1 @n '@Pgrg?"glé%glf%mﬁ:oﬁglr& gg%tc}lﬁnggt%%‘; }tﬁ%@?

ceram c | ayater, ait feel thaytopposescebladwitip aalinifkalge, eaill mpdilayoecengnis odasit@ennipsbing f r ee
of vertical _r I rei i gk C m ] has a
hi gh speeda?g%@{%¥§@§F3%€%%%F§??ggJﬁb§SfH§fgrg%%fﬁ%ﬁ%ﬂf%%ﬁgégy%$@%%£9|east
about 0.2 phyralignd neyotracks disgibaed thedughdut the sinst @repec laper whezein hapeeradranke of at

| east abou . 2. L ] [ | A ein the
cracks of %ﬁgéggggpu%5?%%§?Hﬁ£?g%g¥%%%ﬁ%%?@%@éﬁ%%%dggggﬁfﬁﬁgg e#ﬁ@?%%racks.
3. The nul tinnkeseemicleyemdthemate frogn abutc]. Aforis Yeniba marnacradke penimear cerdimater ¢ | ayer

i ncl udes a%fuhg

\Lid@l .d!’aﬁtou&e & gallr Bl 1 QLdCO i etﬁé)fﬂger%&gﬁlﬁq .el' e()ruter4' The
ﬂf F a|n1%%mf€% é%%

mul tilayer ceram c cbating of C ein e 1 nner cera ayer has a
porosity ftéramici spoadetds dayerf being avbsiantiedly fear dfacegicelf madrecraokneand owhresain 62id ayer to
an outer s . I I r.an r . i 1 C
coating of TS Grad ok 2 tiFs R Gpd AR weat mud BP0 TUE ke PRI SPEAT

i ncreases fleagrmbeut Gi2nmay amlieyiche therfal slivek oasistancecwnr tara tembergtare of @t keast ebauer
surface of ,thpprouter ceranmic layer. 6. The nultilayer ceram c coating of
claim2 wherein the total horizontal macrocracks extend from about 15 to
100% of the coating wdth as neasured across a plane normal to an interface

of the gasyl Urbirher@lalr Blafnici@Ring¥r khlint NGnbihlihd AYRL of @B Ihl%erafic 110E
mul tilayer ceramc coating of clarm erein the total horizontal

macr ocr ack gre vesical aed forigental mmotocrackst 0 60% of the coating wi dth as neasured
across a plane normal to an interface of the gas turbine outer air seal
with the nmultilayer coating. 34 8. A nultilayer zirconia-based coating for
provi di ng Bher n&he maltilayerrceppmiy eqatingoef dlaimgl whesein the inner ceramic layer includes at

least a first cracked layer and a second cracked layer.

4. The multilayer ceramic coating of claim 1 wherein the inner ceramic layer has a porosity
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.



turbine outer air seal that opposes a blade tip or knife edge, said

mul til ayer zirconi a-based coating conprising an inner zirconia-based |ayer
coating the gas turbine outer air seal, the inner zirconia- based |ayer
having a plurality of vertical macrocracks distributed throughout the inner
zirconi a- based | ayer, wherein the vertical macrocracks extend at | east one
hal f the thickness of the inner zircopja-based |ayer and there are from
about 7.5 to 75 vertical nacrocracks per linear centinmeter of coating

wi dt h, and an outer zirconia-based abradable | ayer coating the inner

zirconi a-based a lgy@iyer Tz#&nﬁ%é’eﬁ c%ktl’% o@iﬁ&g%e?ml%ﬂ@r%rdt@aﬁ% tdP£ightd
substantial |y free of vertical macroErac wherein said nultllayer

zi r coni a- bbeng ogtsuaif s¢gl thai sppesdsiadiede prerdnife ?ﬁg@,@alééalltllmlaaﬂrcma@b@edﬁoamlgl or
less, a thi ﬁ%ﬂﬁﬁgarﬂflne@tzlréoﬁﬁ%seal?agyntcogun% as ﬁlpgnect}ﬁfelr hi? séah%{emer SRefk

resi stance u a erature I"'east about . The multilayer
zi r coni a- beeswddayes havingp I@iﬂrabtb’é)if MerBcahmaere¢racks Hétrhb\#ﬂ‘éﬁlr%llgh%ﬁieam@a@@ﬁmii'ayer

i ncl udes hgg V\i]dzl%?eﬁ' a&hemm&a&macra&ack;faaemk Ioad: B Ehal g ﬁl‘?&hé’ss Bagehngoat i ng
of claim8 erein the inner zirconia-based [ayer includes at |east a first
cracked | a@@@nlah@echlaz@@%@ere prgditoaabpydy/eyto 74 YerticRhmaqiaracks pey Hpeay pantiBeieta- based

coating of ofcéogt-ﬁr%‘ VAN &dEinbutdn %1rédﬂﬁ%ase%l'aﬁ)ﬁgml@-l'apé%ggmkqyeefnner%%mf?a RLGOSi ty
that increases froman inner surface of the Inner zirconi a-based |ayer to an

outer surlpyEche puterirconigreased,abradgblp é&yara@@m subsyaatiallyjfpee of iyertiga]|mactogrpeks,

zi rconi a- bag&fhefeRAdaidnBuIRbyet £iRdoRlatba ¥l @b 4inp hisheniHdpedd -GN vRatiaRest ohiayer
has a porosity that increase: froman inner surface of the outer

zi r coni a- b¥sled: Pdbieknessoofadt least ahout §dr mae andyeyclip dhepngl shodk regigfancs-Baeéd | ayer .

13. The MUefnbdr@¥Rlof £1185BbA2bgsed coating of claim9 wherein the horizonta
macrocracks are fromabout 0.1 to 2.5 mmin length and the total horizontal

macr ocr acks extend fromabout 15 to 100% of the coating wi dth as neasured

across a pane THRIHBMilaje zidddnialbhRl icafifg Of clhiBes GRsteih WeRhAe zirdddiaasedildyers eal
with the nultilayer zirconia-based coating. 35 14. The multil ayer

zi rconi a- U@%@#Séﬁﬁpmﬁb“%ﬁmﬁﬁ%ﬁrn 13 wherein the total horizontal macrocracks
extend from about 20 to 60% of the coating width as neasured across a pl ane
nornmal to an |nterface of, the g t ur bi ne outeg%alr seal with thﬁ nul til ayer

zi rconi a- bdsed dapyliHayer Z‘i‘S’ma'Pﬂ%‘siﬁ’Bﬂ“PE PEGaIm & hereh ths IBSE BEFORBRRIAGYE ¢l ai m

8 wher ei n E18des uit 1edst ZfirsiCopatkétr IBRS &l d 583604 crafl@d lagerdensi ty of about 45 to 90%
of theoretical. 16. The nultilayer zirconi a-based coating of claim8 wherein
the outer zirconi a-based | ayer has a density of about 50 to 86% of
t heoreticajl. 17rheTJnﬂnlayek hirdoaiys%sea icb#tiap bAclbiasE Ghe€ia thelghed irdnaibaed lapker ei n
t he outer %IFCOHI %ase ayer

as a porosity that 1ncreases om 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.



has a density of about 50 to 70% of theoretical. 18. The multil ayer

zirconi a-based coating of claim8 wherein the inner and outer zirconia-
based | ayers have a total thickness of about 0.2 mmto about 10 nm 19. The
mul til ayer zirconia-based coating of claim8 wherein the nultilayer

zirconi a-based coating contains a stabilizing element for partially or
fully stabilizing the at | east one crystall ographic phase selected fromthe
group of tetragonal and cubic. 20. The nmultilayer zirconia-based coating of
claim 8 including a bondcoat between thé gas turbine outer air seal and the
i nner zirconi a-based |layer. 21. The nultilayer zirconia-based coating of
claim 20 wherein the bondcoat contains at |east one inner sublayer and an
out er subl ¥yer , Theneuitiryen gireqniashapidageatinhiaof  elaigud § avkersip uhn rietsk hefzoptel | east
about 3.8 | 4 ks j Mookl i A- based
| ayer to tﬂga r@%ﬁ?%?ﬁi*{i‘g?‘)a%w ?gttp'%fﬂgp% efl aglgé;y%}il %%%ﬁ%sg{}gggé%s %glgftlfng of

cl ai m 20 whmelitpan inerfbesiod e ses tubins eulleradr sepltwithdhe mdilayer zisconiseased cging. 23, A
gas turbine outer air seal having a nultilayer ceram c coating for providing
thermal barrier protection to at | east a portion of the gas turbine outer
air seal, the nihetriyltlpyer ziceoniarhiaged codsingiof glaisobrpherein Mty euter iziepaia-tawd davlc | ayer
coating th j o, od , the inner ceramc I|ayer having a
plurality %?q?%ggﬁggﬁggﬁgi %%% 1%%§%g%hout the inner ceramc |ayer, wherein
the cracks conprise vertical segnentation macrocracks that extend at | east
one half thg t hm‘ekr&ﬁéﬁy&fzircoﬁlla@oagéa%gﬁng%{c fiints WRKEH 1 hidr RERiattated fifyem about
7.5 to 75 vertical macrocracks per l[inear centineter of coating wdth, and
an outer céﬁﬁarﬁ?@lt}ibﬁa@@l‘&tﬁpé‘)%&yéﬁhWan the inner ceranmic layer, the outer
ceram c abradable | ayer being substantially free of vertical macrocracks,
and wherein said gas turbine outer air seal opposes a blade tip or knife
edge and shi-d niferpyliloyer ziseonigrhaged copingof glaind WaCTRIN dlie Qs @Hcanjahated Jaygh|  wear
rati o of Opsk JQEnsitfSfabodt 5b FINE/BeoRticAl | east about 0.2 mm and cyclic
thermal shock resistance up to a tenperature of at |east about 2500F. 24. A
gas turbine outer air seal having a nultilayer zirconia-based coating for

provi di ng 14.her pR! mb@hydr @frcdMiaal dodthgld? cRim BOAREeirPthD Mkl 411 fdfer LiRANGAS
turbine outer air seal e multilayer zirconia-based coating conprising an
f

, th
i nner st abPassdlayrsharediqtahthickpess ofadait Otgnm kpebgitd O M- bi ne outer air seal, the
inner stabilized zirconia |layer having a plurality of vertical macrocracks
distributed throughout the inner stabilized zirconia |ayer, wherein the

verti cal roct,acks..ext end at, | east.. one, habf .t he hiane s..of .the jnner
e abl [ rred sl PR SO R et B hine AR Bl kb O ERIS82iRnd BRed
macr ocr ackepapieg chntaiman stehilizinge tlemewf foc qattialyy owi fdthh  stahiliding nthe utt deass oedi | | zed

zlrconia crystallographic phase selected from the group of tetragonal and cubic.

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.



abradabl e | ayer coating the inner stabilized zireonia |ayer,

the o

ut er

stabilized zireonia abradable |ayer being substantially free of vertical
macrocracks, and wherein said gas turbine outer air seal opposes a bl ade
tip or knife edge and said nmultilayer zirconia-based coating has a high

speed tip- to-seal wear ratio of 0.1 or less, a thickness of at

0.2 mm and cyclic thermal shock resistance up to a tenperature of at
about 2500F. 25. The gas turbine outer>Qir seal of claim 24 wherein the
i nner stabilized zirconia |layer contains a first layer having a first

thermal copductjvity and a fir t hi ckness and .a secopd | ayer ., haying a
(e et rarih i P hegry

second th
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| east about

| east

di fferent BahRr pRtectidhOIdt Cabt\e portish @bk Fa0 turbiné BitBainsedl Stiel iltitaydr @abrathfoer nal
conductivity.and a.desired total thickne

coating comprising an inner ceramic layer coating t%g 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.



