THERVAL BARRI ER COATI NGS W TH LOWER POROSI TY FOR | MPROVED | MPACT AND
EROSI ON RESI STANCE BACKGROUND OF THE | NVENTI ON This invention relates to
i mproving the inpact and erosion resistance of thermal barrier coatings
havi ng reduced thermal conductivity. This invention further relates to
articles having such coatings and nethods for preparing such coatings for

the arti ORA, 3t | | as
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Environnental coatings and especially thermal barrier coating are an
I nportant elenent in current and future gas turbine engine designs, as

wel |l as other articles that are expected to operate at or be exposed to
hi gh tenperatures, and thus cause the thermal barrier coating to be

subj ect E@A@E{GR@UN@GI‘@H@W?I@NWS- Exanpl es of turbine engine parts

and conponents for which such thermal barrier coatings are desirable
i nclude turbine blades and vanes, turbine shrouds, buckets, nozzles,
conmbust i dhis invenizomarelatdeto émprmving thedinpast lahd eerosivre sesistaiserofathehmealr i er

coati ngs Lcall onprise t external .portian.or surface of these
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onto a hAfkstatinglsaeioalingd ARl MEthads v pidphihesdch coalds F6r e hgicence) from
whi ch the part or conponent is forned to reduce heat flow (i.e., provide

thermal inpsulation) and to limt (reduce) the operating tenperature the
under | yi G§MHReNENts GRsEting: @ 8 gpk Pathy sRYIEoNAt fogasoehin ¢ngineshiéct ed to.
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cobal t, 3&%/0? ir%n gasefﬁgiﬁoy ?@E;ﬁ, a Pgﬁiggh%é gaﬁPﬁ%gﬁﬁgﬁgﬁﬁoy). The
t her mal lad corosivoatvirngurieatsu sEmtitopnentab @oathgh raadeapacediBnihermmA tbariaal , such
as a chemcall met al oxjde) stabilized.zirconia,.Exanples of such
hen cal FYPLpIRASE 2 SRR SIS R Tt Sh BIiAseEs oibing SR Jeri2B 31 1 coni a,
scandi a- fefibhd I ARG FCRONNB: ard @lkpéded tBDbNdAE tatZbf BRNERposBdGdo hich
magnesi a- st abi l'i zed zirconia. The thernal ‘barrier coating of choice is
t ypi cal | yemepoyatiresaand &dbisl ¢aneel thd theomil bamsien woatingpént bagubjgcted to high

surface temperatures. Examples of turbine engine parts and components for which

such thermal barrier coatings are desirable include turbine blades and vanes, turbine

shrouds, buckets, nozzles, combustion liners and deflectors, and the like. These

thermal barrier coatings typically comprise the external portion or surface of these

components are usually deposited onto a metal substrate (or more typically onto a

bond coat layer on the metal substrate for better adherence) from which the part or

component is formed to reduce heat flow (i.e., provide thermal insulation) and to limit

(reduce) the operating temperature the underlying metal substrate of these parts and

components is subjected to. This metal substrate typically comprises a metal alloy

such as a nickel, cobalt, and/or iron based alloy (e.g., a high temperature superalloy).

The thermal barrier coating is usually prepared from a ceramic material, such as a
chemically (metal oxide) stabilized zirconia. Examples of such chemically phase-
stabilized zirconias include yttria-stabilized zirconia, scandia-stabilized zirconia,
calcia-stabilized zirconia, and magnesia-stabilized zirconia. The thermal barrier
coating of choice is typically a yttria-stabilized zirconia ceramic coating. A

representative yttria-stabilized zirconia thermal barrier coating usually comprises
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representative yttria-stabilized zirconia thermal barrier coating usually
conprises -1 about 7 weight % yttria and about 93 weight % zirconia. The

t hi ckness of the thernmal barrier coating depends upon the netal part or
conponent it is deposited on, but is wusually in the range of from about 3
to about 70 mls (fromabout 76 to about 1778 mcrons) thick for high

boen. maaSofn el AR pBFuRR g b R ThO RN R BEHRREE" or ©
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BRI EF DESCRI PTI OF _THE | NYENTI. ON

unintentionally mterfere with desired spallation resistance, as well as resistance to

particle erosion, especially at the higher temperatures that most turbine components

are subjected to. As a result, the thermal barrier coating can become more susceptible

to damage due to the impact of, for example, objects ingested by the engine, as well

as erosion.

Accordingly, it would be desirable to be able to improve the impact and erosion
resistance of thermal barrier coatings having reduced thermal conductivity. It would
be further desirable to be able to modify the chemical composition of yitria-stabilized
zirconia-based thermal barrier coating systems to provide such reduced thermal
conductivity, yet still retain at least acceptable impact and erosion resistance in such

coatings.

BRIEF DESCRIPTION OF THE INVENTION

An embodiment of this invention relates to improving the impact and erosion
resistance of a thermal barrier coating having reduced thermal conductivity that is

used with an underlying metal substrate of articles that operate at, or are exposed, to
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An enbodi nent of this invention relates to inproving the inpact and erosion
resi stance of a thermal barrier coating having reduced thermal conductivity
that is used with an underlying nmetal substrate of articles that operate
at, or are exposed, to -2 high tenperatures. This thermal barrier coating
conprises a zirconia-containing ceramc conposition having a c/a ratio of
the zirc i ab .0 1. 0110
and st abl tegll I%Ht{nﬁ%g f‘ %Qg%‘lr}fg" %Hgseé%agﬁg St aSF?lz&l %’ggon%aﬁ%un&ﬁhg

stabili zma:gmmt:aﬂnpasumteha\hhg atdﬁslrdithi obéfer zitoniaolatticodn hy irirge of fr@nfraction
of por osu@g %g boulfl] g out . 0.25; and B.. an_i npact, and erosion
resi st an@B%rk 041G pn Fta é%q inphe teragonal Pl?%?lbéfvﬂ fabiligngul as: (a)
I = exp. aﬁﬁuﬁ@ofa&a‘o‘fﬁzﬂﬁﬁkmo&ﬁeQﬁeﬁeﬂ%hbaﬁ@rcgatrg[ (261 x p) - (9989
x s)]; whereins =1 aratio;, p1s the ctl of porosity; | is
at |east about 70 g/ml; and Eis at |east about 80 g/m|l. Another

enbodi nent of A.hi 8 frantiemof pmosityl oftfeen aous Otlido abdut\. 3% endkct ed article. This
protected article conprises: A a netal substrate; B. optionally a bond
coat | ayer adj cen . nd,over| ayi.ng t he

Chor it bar i & coairRsAe Sl Rt oRPhOer B it o e ©

overl ayi ng the boifsligedag fdriy®is: (or overlaying the nmet aI substrate if the
bond coat layer is absent). Another enbodinent of this invention relates to
a nmethod for preparing the thernmal = barrier coating on a netal substrate to
provide a thermal | {pr of s@XBddtT 148 X sii(3-68¥ghiod conprises the steps of:
A. optionally form ng a bond coat |ayer on the netal substrate;

() E=[187—(261 xp)— (9989 x 5)];

—

wherein s = 1.0117 — ¢/a ratio; p is the fraction of porosity; I is at least about 70 g/mil;
and E is at least about 80 g/mil.

Another embodiment of this invention relates to a thermally protected article. This

protected article comprises:
A. a metal substrate;

B. optionally a bond coat layer adjacent to and overlaying the metal

substrate; and

C. a thermal barrier coating (as previously described) adjacent to and
overlaying the bond coat layer (or overlaying the metal substrate if the

bond coat layer is absent).

Another embodiment of this invention relates to a method for preparing the thermal
barrier coating on a metal substrate to provide a thermally protected article. This

method comprises the steps of:
A. optionally forming a bond coat layer on the metal substrate;

B. depositing on the bond coat layer (or on the metal substrate in the

absence of the bond coat layer) the zirconia-containing ceramic
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B. depositing on the bond coat |ayer (or on the metal substrate in the
absence of the bond coat |ayer) the zirconia-containing ceramc -3
conposition previously described to formthe thernmal barrier coating
havi ng the previously described porosity and inpactlerosion resistance
properties. The thermal barrier coatings of this invention provide several

significant benefit ' S t 1] exposed
to high tenperat urecéfnp}g%@ﬁn ﬁeﬁﬁ%ﬁé’}){)?ensgﬁ %%in%)o%%%t@gﬁ%g‘%[ R%ﬁjﬁ%ﬁb%%ﬁri er
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conductivity for the thermally protected article wth inproved inpact and
erosi on resi st ance PFAFESSi nprovenent in i npact and erosion resistance for

the thermal barrier coating can be achieved while allowing flexibility in
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 represents a graphical plot of the calculated c/a ratios of the zirconia lattice as

a function of yttria content.

FIG. 2 represents graphical plots of the calculated stability level s of the zirconia

lattice as a function of yttria, lanthana or ytterbia content.

FIG. 3 represents graphical plots of the predicted normalized impact resistance values

of thermal barrier coatings at various porosities as a function of yttria equivalent.

FIG. 4 represents graphical plots of predicted normalized erosion resistance values of

thermal barrier coatings at various porosities as a function of yttria equivalent.

FIG. 5 is a side sectional view of an embodiment of the thermal barrier coating and

coated article of this invention.
DETAILED DESCRIPTION OF THE INVENTION

As used herein, the term “zirconia-containing ceramic compositions” refers to
ceramic compositions where zirconia is the primary component that are useful as
thermal barrier coatings that are capable of reducing heat flow to the underlying metal
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As used herein, the term"zirconia- containing ceramc conpositions” refers
to ceram c conpositions where zirconia is the prinmary conponent that are
useful as thermal barrier coatings that are capabl e of reducing heat flow
to the underlying netal -4 substrate of the article, i.e., formng a
thermal barrier, and which have a nelting point that is typically at |east

about 26 4 apd. nore typigallyv.in.the ran of fraom about from
about 34%8&[“(3%%?&% mﬁ’ﬁ%ﬁ)k&( h@f‘#ﬁ%%@%%&@b \Sﬂlgﬁga}%%weﬂ%g}{? d herein,
t he ter mihderigefpiellyodt 108 @5dut Y600 Er42640), bhe® i@k WiRcdIfant theRafde ofPOr osity
defined by unity (r.e., 1), mnus the ratio of the actual density of the

t her mal frsam abat froopationtj3459°ite sbauh 488GSFi(fram dbent]1209° thsbans 8850TE).ei n, t he
term "conprising” means vari ous conpositions, conpounds, conponents,

| ayers, steps .apnd the |ike gan be conjoint)y .enployed in t resent

| vent ] o ReedoPaiFig e " Re “Faint: SoRMOREY nipeis ot aliue Fasti,
restrict ipeosity Aefified GPMSBE N ) SRRAE heAlatiy oPthe AR ERNT oTithd Bhehal” Al |
amounts, parts, ratios and percentages used herein are by nole unless

ot her wi s®arrigpeedtingdd its eordrledepsiit-ai ni ng cerami ¢ conpositions useful in
this invention inpart inproved thermal conductivity properties to the

resul tingt ary | coal | » [N rti : r, ral
conduct i \9/} % ggdﬁééﬁlﬁhﬁﬁécg% uc?nltﬂl'vé} g 3“ ‘%(a{l?lgaddc'e?u?rgogla @%ﬁﬂqﬁgmhggﬁ%&%%quat ion
(1): K =cambingyss Ceyeds, stéph)anthirelile ta bbeohjoattiyabmgiolédisn thd presgnti s t he

i the specific,heat (in 3*Klg) and Dt is the

fraction,of porosity, . IS " ]|
t heor et i d&YeR %si‘%‘?ﬁ%}rﬁggge thee Amf rOMBBIE | GROMPISSeDh Jite MOTH EEStRGHRE m|

conduct i yiiny <denengls e%nﬁgls;@plmglicggﬂgg}ﬁ{%gf{:a and porosity. Suitable

zi rconi a-cont al ni ng conposi‘tions usefu erein include those which conprise

at | east about 91 nmole % zirconia, and typically fromabout 91 to about 97
nol e % All amounts, parts, ratios and percentages used herein are by mole unless otherwise

specified.

Zirconia-containing ceramic compositions useful in this invention impart improved
thermal conductivity properties to the resulting thermal barrier coatings, and in
particular lower thermal conductivity. Thermal conductivity K is defined by the

following equation (1):
K=ax(1l-p)x Cyx D, (1)

where « is the thermal diffusivity, p is the fraction of porosity, C, is the specific heat
(in J*K/g), and D is the theoretical density. As be seen from equation (1) above, the

thermal conductivity depends on thermal diffusivity and porosity.

Suitable zirconia-containing compositions useful herein include those which comprise
at least about 91 mole % zirconia, and typically from about 91 to about 97 mole %
zirconia, more typically from about 93.5 to about 95 mole % zirconia. These

zirconia-containing compositions further comprise a stabilizing amount of stabilizing
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zirconia, nore typically fromabout 93.5 to about 95 nole % zirconi a. These
zirconi a- containing conpositions further conprise a stabilizing anmount of
stabilizing -5 metal oxide. This stabilizing metal oxide can be sel ected
fromthe group consisting of yttria, calcia, ceria, scandia, nagnesia,

I ndia, |anthana, gadolinia, neodym a, Sanari a, dysprosia erbia ytterbia,
eur opi a, ) . h h articul ar unt of this
ot ol o PARAYRRGS TRt el el B%ideitah 62 el OE B b BltaBloon RN

i ncl udi ngttiiaecalEh,aleriaxdcdfdibSaderanid, inde, mme,ngaalaﬁnﬂamaﬂgnﬁze%mhﬁ@ce
Typically, the stabilizing netal oxide conprises from about 3 about 9 nole
% nore {ypTes Sfoia, BiRTbiaLBUPPis, praseapyia. and mipheesoherent. (e RastigNAi ti on.
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conpositio used herei.n can .al so op al | e smal |, apount s of
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COMPCSI Tlcmomseﬁ(h%réﬁh-lmlymrﬁﬁ YOOAT laNGEnHANM NG tureE DRIEETD aEHERMAL

CONDUCTI VI TY;! r,g Seri al 0/ 748,508, filed.Decenber 30,
2003, At to% 8’5'? ot osukt, miTR' Bpichliy EMacon e L CRERDE | N
THERVAL B&B&&Bofﬁ@&&i OsSuddVhdieim ERDAicdd wmy%ommaa Murh¥unts 3 t sberg
et al), Serial No. 16/ 748,520, filed Dec%anber 30, 2003, Attolrnrl1ey Docket

No. 1299@8ﬁn%é¢ﬁﬁll%ﬁaﬂﬁéﬂ?ﬂhﬁaﬁéﬂdmﬁéﬁp@eﬁ@d by reference. The
zirconi a-containing ceramc conpositions disclosed in the first of these

oPe hout YatRRlaobaRE SOARE 8y ahink ARkm AP ihocthud fr ! AR Be A"C UP

t o about a st I zer rrponent conprisin metal oxi de
sel ect ed dischsed hia gopendingo 1$.Sst nongrefisignd r applicabrsi antltl@?{ | ‘@ ERANIIDI a,

ragnes! &y B Rrlihs TR SrORC ARk AL SEARMEI LA RIS shv TV e
REDUCED THERMAL CONDUCTIVITY” (Spitsberg et al), Serial No. 10/748,508,
filed December 30, 2003, Attorney Docket No. 129967 and “CERAMIC
COMPOSITIONS USEFUL IN THERMAL BARRIER COATINGS HAVING
REDUCED THERMAL CONDUCTIVITY” (Spitsberg et al), Serial No. 10/748,520,
filed December 30, 2003, Attorney Docket No. 129968, both of which are

incorporated by reference. The zirconia-containing ceramic compositions disclosed in
the first of these copending applications comprise at least about 91 mole % zirconia
and up to about 9 mole % of a stabilizer component comprising a first metal oxide
selected from the group consisting of yttria, calcia, ceria, scandia, magnesia, india and
mixtures thereof; a second metal oxide of a trivalent metal atom selected from the
group consisting of lanthana, gadolinia, neodymia, samaria, dysprosia, and mixtures
thereof; and a third metal oxide of a trivalent metal atom selected from the group
consisting of erbia, yiterbia and mixtures thereof. Typically, these ceramic
compositions comprise from about 91 to about 97 mole % zirconia, more typically
from about 92 to about 95 mole % zirconia and from about 3 to about 9 mole %, more
typically from about from about 5 to about 8 mole %, of the composition of the

stabilizing component; the first metal oxide (typically yttria) can comprise from about
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group consi sting of |anthana, gadolinia, neodym a, samaria, dysprosia, and
m xtures thereof; and a third netal oxide of a trivalent netal atom
selected fromthe group consisting of erbia, ytterbia and m xtures
thereof. Typically, these ceramic conpositions conprise fromabout 91 to
about 97 nole % zirconia, nore typically fromabout 92 to about 95 nole %

21 7 coni 2 L LOSHARONE bl Qe URLE b JBBLES nlaPhER i LEg2DOU!

f rom about to abou e corrp05| ron o I"zi ng
Corrponentcon'tpbﬁtlf)m ritht seminglmersl oeidé (yyplcany Ilantmhrdragadcmm@:emmlﬁms‘er om about
-6 3 to gbout | e 9% rmreE |call¥a§{lromabout to about 5 nole % of
the cerarfena oossitf’l%ﬁut%ﬁ@ e e il Jiqry aboytyed tnphopt L grinplgna or

gadol i ni 3}, &AMCORcSComPdRIBA AN M 1Ry bidPMile gtygfahg% ﬁﬁﬁgﬂe cdpy Pi cal Iy

from about’ 0.5 to about nofe % e ceram and the
third rretcahmuxe fem(abppi Géltb;abyuttiénmla%,me ty,;ncqj}y femfabont @Bbdoitabét5 t o

about 2 0 i cal | rom about 0.5 t bout 1.5 mole % of the
ceramc gooirﬂ'k?g 141’8?;%19/\%’? }!‘198?%18110‘1“ ﬁlée’é"@e&%d ¢rsqeand ;G OX{%5 ©f he t hird
metal oXitglerinRh&al &:Mdé)%ﬂﬁlly Belndtin RO BRE bf HoRMIRRP VS B aboh2,aRGdt 2, nore
typically fromabout O to about 1.33. "The zirconia-contalining ceranmc

conposi t itypieallyi fsuh ebat 0115 tolaboetdsdhd of these copending applications
conprise at | east about 91 nole % zirconia and a stabilizing anmount up to

0 | i d
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scandi a, cop&iesd applicativiis zoapdsiraXlcustebotith®lr gofe Wﬁr@n&eﬁr@r&jstﬁﬁl@ingom de of
atrivalent netal atomselected fromthe group consistin | ant hana,

gadol i ni émq%b'&m aRouisHmRlG %, of dyséabilivst aomﬁmphcomm%% biles ?rr&ﬁﬁi oidet ur es
e 2oL WUBLSENS AT GO GICOIS oo ROl SE ket 5L 1,
zi r coni a ixhal afid oumtades ther®ftaod alseacnd Inetall axidé ofrariwaleyiinetal htymf selotedbout 5 to
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% nore tyRibedlahd nlik@8s thereof. Typically, these ceramic compositions comprise from

about 91 to about 97 mole % zirconia, more typically from about 92 to about 95 mole

% zirconia and from about 3 to about 9 mole %, more typically from about 5 to about

8 mole %, of the composition of the stabilizing component; the first metal oxide

(typically ytiria) can comprise from about 3 to about 6 mole %, more typically from

about 4 to about 5 mole %, of the ceramic composition; the second metal oxide

(typically lanthana, gadolinia or ytterbia, and more typically lanthana) can comprise

from about 0.5 to about 4 mole %, more typically from about 0.8 to about 2 mole %,

of the ceramic composition, and wherein the mole % ratio of second metal oxide (e.g.,

lanthana/gadolinia/ytterbia) to first metal oxide (e.g., yttria) is in the range of from

about 0.1 to about 0.5, typically from about 0.15 to about 0.35, more typically from

about 0.2 to about 0.3.

Thermal barrier coatings of this invention comprise a zirconia-containing ceramic
composition that is stabilized in a certain region of the tetragonal phase. The impact
and erosion resistance properties of these thermal barrier coatings can be predicted on
the basis of the effect of the zirconia lattice stability equivalent of the respective

zirconia-containing ceramic compositions. Impact and erosion resistance
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about 4 to about 5 nole % of the ceram c conposition; the second netal
oxide (typically lanthana, gadolinia or ytterbia, and nore typically

| ant hana) can conprise fromabout 0.5 to about 4 nole % nore typically
fromabout 0.8 to about 2 nole % of the ceram c conposition, and wherein
the nole %ratio of second netal oxide (e.g., |anthana/gadolinial/ytterbia)

to first t L5, : O 0.1to
about 0, $orpfrai e bltattound 1 b ubdd e sfol P e it g ReufRRAY, 7, 0
about 0. Zhistahitityt edhiGalenthoan el camlatédbased ainl the Tadd oflmesmmemattwa conpri se
a zirconi a-containing ceramc corrp05| tion that is stabilized in a certain
regi on oﬁ’afqlf?t?rét:la%‘ﬁéﬁémgﬁﬂ%’@n (FHeelowpact  and erosion resistance
properties of these thermal barrier coatings can be predicted on the basis
of the effect of the zirconia lattice stability equival ent of the
respective zirconia-contai ni ng ceram c conpositions. |npact and erosion

resi stance -7 perf oynd to be related to the zirconia

| attice stabil ¥y lggﬁ ?@ﬂ? m%tg%ﬂflty equi val2¢nt can be cal cul at ed
based on the ratio of the zirconia lattice paraneters c and a using
equation (2) below ~ a=k,J(r,.-rzr)xm +k2(V,.-V .) xnml (2) wherein c,a are
the zirconia tetragonal lattice paraneters, r; is the ionic radius of the
first metal oxide, Vi is the valence of the netal ion of the netal oxide
added, m is the nole fracti on of the netal oxide added and k1 and k2 are
constants.. See Ki Nb206 , and Hf Q2 Al on the

"Effe | Qyi
Tr ansf or NHIFIR % t%ﬂ?og{aatﬁ r?g%ﬁg%’ﬁ?tﬂﬂé?d’bﬁ%fls Iype-10nig r%ﬁe’/ I gﬁhﬁm Soc.

(1990) 73irétMhetBRoxidel 7 120c vhishito QAN At o Dh@RRYE oxtdaadliat b Gemst abi 11 ty
of these zirconia-containi ng ceram c conpositions in the tét ragonal phase

can be cam(d@:fra@tm ofi th@msféhl @Qld@hldd%i drsldt) a0f! ks iarceamstantsalSea dding ‘Bifectof t he

\?\L?(l?lhl Iré:o?grs df apgl caf? p tt“ ﬁW ﬁ%?fglgﬁ%t}lg Y 3{ :’fﬁl? %B%bb%?gl S: rconi a

lattice a&tragcfnahZf(Dﬂ’nJﬁfn Wekdrh. aso@qmse;tmp 73 thopdots-egol i ne (base line) in
FIG 1 represents a

Using equation (2) above, the lattice stability of these zirconia-containing ceramic
compositions in the tetragonal phase can be calculated, including the effect of
incremental additions of the stabilizing metal oxide, such as yttria. This is illustrated
by FIG. 1 which represents a graphical plot of calculated c/a ratios for the zirconia
lattice as a function of ytiria content. The dotted line (base line) in FIG. 1 represents a
zirconia-containing-ceramic composition stabilized with the equivalent of about 4
mole % (7YSZ) that has a c/a ratio of about 1.0117. Similar lattice stability values
can also be calculated for the incremental addition of other stabilizing metal oxides
such as lanthana and ytterbia. This is illustrated by FIG. 2 which represents graphical
plots of the calculated stability level s (s = 1.0117 — ¢/a ratio) of the zirconia lattice as
a function of yttria (base line), lanthana or ytterbia content. As can be seen in FIG. 2,

lanthana addition has the greatest effect on lattice stability.

Referring again to FIG. 1, as the level of yttria decreases in the zirconia-containing
ceramic composition, the c/a ratio conversely increases. It has been further found
that, as the c/a ratio increases, impact and erosion resistance improves, i.€., lowering

the yttria level improves the impact and erosion resistance performance of the
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zi rconi a- cont ai ni ng-ceram ¢ conposition stabilized with the equival ent of
about 4 nole % (7YSZ) that has a c/a ratio of about 1.0117. Simlar

| attice stability values can also be calculated for the increnental
addition of other stabilizing netal oxides such as |anthana and ytterbia.
This is illustrated by FIG 2 which represents graphical plots of the

cal cul at %gc&gg?g%%%nlyngn&g&??{)% 85_1? 0117 - c/a ratio) of the zirconia

| attice as ase line), lanthana or ytterbia content.

As can be seen in FIG 2, lanthana addition has the greatest effect on

| atti ce S¥hild lintrgasiigefthe rdé/agratigaph the HtoGnialgonssniheetamie! condpogitioni a

decreases in ]ihe zi rconi a- contgi%qﬂi n%. ceram c conpositi og the c/a ratio
FGh

conver sel&NSTALY FHRPYes fhe yupact o resistap e gerienmance Q& the, gespltingy at i o

i ncr _easesheﬁna’p@&ﬁe@mﬁﬁ%qaés%rmgﬁe% Eﬁt@ﬂ@aikﬂﬁﬁvﬁﬁgﬁhc&t anil QPBEdA0e the
yttria level inproves the inpact and erosion resiStance performance of the

- 8 zi r comflacton maeasingghemrad souductvipobiet,ithniK wahid ie higheredsudycadtiege/ a rati o
of the zir oai@;cont ai ni ngsceram c.co osi.tti on tgen.eral ]oﬁ ihn;t)rov% t he

i mpact and EroSE A PRSI OIS SEAFYT FERRPILIS H PP QyFoRghal VIS8l barri er
coating, thdMdSPbitrighesatingd with tedbcedl Hemha\eBnduchivEditah€ dWerddns ratitdesyi r abl e
effect in increasi ng@tﬁherm&l conductivity (i.e., the K value is higher) of

e
such coatabeiyd. 0110 dess, andrzpigalhcisrtharangn rhitemapose AP Ttcahopbs Ol 1®ns of

ch coaehpigs. 01 0udess, an _ o QST cmhpbs M ibns of
conduct | STy AD] LA HAge o AR ARRY o WBRLER0%  SUEREGER, LT

i n the rairgenistoitaidingadepathiclconPoditivns abis inteftiohOhave oW e ¢/ypativa) thg i n the
range of fron]asbo,ut 1.0069 tq .abqut 1.0096. Because the

zi r coni a WAL PRITITH ceringsi eswEnp dom ifsss compepifiens Nilrmlsoirnddoehasner c/ a
r?‘t I 0s, ?B@rer BE?E%db@xroHoﬁrreﬁgﬁhé@gérféﬁgﬁ%é,' eéiﬁﬁymrélgﬁee & WRRRL 1 ons
will also ten 0 have poorer | npact and erosron resistance periormnce,
especi al pyepasdafrome’ Y2 conppsitiens. pAepadmgly, raonth@l Béchaismp ds ineeded Sin

Accor di ngl anat.her hanismis needed in .order to achi eve satisfactory
or osi on ST ASHEVG SR LR SRy B mmas! FesistRe PAPIBSF ATcBeRRAL | ngs

pr epar ed bhirRALOARSS prphie@ Hon BRES FkddniedRliAk CeeRIP OsthbdHishs MaVing Y

lower c/a ratios.

While the c/a ratio of the zirconia-containing composition has a very strong,
exponential effect on impact resistance performance, and a less strong, linear impact
on erosion resistance performance, it has been found that the porosity level of the
resultant thermal barrier coating also has a very significant effect on impact and
erosion resistance performance. Moreover, while decreasing porosity has an
exponential effect in improving impact performance, it has been further found to have
only a more limited, linear effect in increasing thermal conductivity (i.e., increasing
the K value) of thermal barrier coating. Accordingly, by controlling the porosity level
of the thermal barrier coating formed from a zirconia-containing ceramic composition
having lower c/a ratios within the range providing desired reduced thermal
conductivity, an appropriate balance of reduced thermal conductivity and satisfactory
erosion and impact resistance performance can be obtained. The porosity level of the
thermal barrier coatings of this invention is defined herein by the fraction of porosity
of the coating. The thermal barrier coatings useful in this invention that provide an

appropriate balance of reduced thermal conductivity with satisfactory impact and
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| ower c/a ratios. While the c/a ratio of the zirconia-containing
conposition has a very strong, exponential effect on inpact resistance
performance, and a |less strong, linear inpact on erosion resistance
performance, it has been found that the porosity |evel of the resultant
thermal barrier coating also has a very significant effect on inpact and

er osi on resi r TRNGE. reover,. Wi | r-£asin osity has an
exponent ieg(? 102-1& %g%?nlgeﬁﬁ%‘%parn%%&ﬁa ‘?'\fbrPﬁé%s%tyé”é [fzf-og} ﬁg%ugg)?l 5%10 E}l?ggt @gé’nm? rt her
found t o thgivally fsrhwbeutIEtolabsid ®2Y. | i near effect in increasing thernal
conductivity (i.e., increasing the K value) of thermal barrier coating.
Accordingly, gy cgnt rci)l ling the, porosity |evel of the thernal barrier
coating fBrofer 14 8 s ite SSlech ZEerniacontpiginge FAMIC compesitiansohaviRga® ng | ower
c/a rati ke R ] r,Qyi.di S gHﬁﬁ h .
conduct i \?JI% %a\;‘j{bé g%%%%?&%??% aéd?l?g?{aegdggwl o’%@%iggﬁégg%f?t er ?rea%y géﬂr@dléltlg %/I}et y and
sat i sf actporgsityeritisn the cimchtionmpage havew sthacedehererd oombuotieity; @apdrimehilai ned.

The porosjty.level of the thernal. barrier coatings of this invention is
def i hed_ HEPLisnoignedon Bermrdl GRmdreisavo it SR NG BaebHgn Y e nal
barrier GpeidrtkaSofaSfadety Bodtios dnlVEMIRIchS Al TR-RYI dendRtiviaPREAPL at e
bal ance of reduced therrmal conductivity with satisfactory inpact and -9

erosi on robtairadabic éhehlager Hashr methodn Hée PSTdSistapdaid Er4sih-Glbolmpact Hdt o about

0. 25, . i.cally.,f boud 8 0.2 . b bl
e R R

sat i sf actrdtliod d¥fibed it Beldes FDevelsth&it TCR3REr (050 qRodiyn GRATAPRE NY the
porosity within the c/a ratio rangEe havi ng reduced thermal conductivity,

exper i menkests forgBesmakBasien Caalingsn kriolosn Trephdd 893N H1(); 399HE: whiski st ance

and erosi: i rt i | 0 sitions.
Ther i~ dosEprSEAN, re@IABET (S Bl JpuAdchy FOBLTRAN FOMRAS L' Aot
st andar d naim#lize0 1by |qvpticg thickineser s prvidee ah Singpace addt erofibn ipdest |thati S
obtained by testing thermal barrier coatings by .the nmethod descrjbed in
Bruce, " B@%@?BBE A {mBRct 138 Rroqion seigiance oS g fOE 3t Aylugkness of T mil.

Generally, the higher the index is, the better will be the impact and erosion resistance

of the coating.

The (normalized) data obtained for thermal conductivity, impact resistance, and
erosion resistance are used to develop appropriate transfer functions. These transfer

functions are represented as follows:

K =f(c/a, p) 3)
I=1f{(c/a, p) (4)
E=1f(c/a, p) (5

wherein K is thermal conductivity, I is the normalized impact resistance (i.e., impact
mdex), E is the normalized erosion resistance (i.e., erosion index), c/a is defined as

before, and p is the fraction of porosity. Using a standard Excel “solver” procedure,

-10-



Tests for Thernal Barrier Coatings,"” Tribology Trans., (1998), 41(4);
399.410, which is incorporated by reference. This data obtai ned by the
Bruce nmethod is then normalized by coating thickness to provide an inpact
and erosion index that represents the inpact and erosion resistance of the
coating at a thickness of | ml. GCenerally, the higher the index is, the

better w | t ' rQsi es] of the coating. The
(normal i zeghﬁtﬁ)glgt Q(iok)@gl%%&eo@ Fgcraﬁ tﬁersgrglleﬁ C%%agth%?efﬁglsly y?o ioprﬁrél%: © %%%%?’ance, and
er osi on reestaiii@g ceramicccomgmaitions digat &ho pe ppEueceded iaifocthbimad Yatier fdalgidsons.
These transfer functions are _represented as_fallows; K= f(c/a, p)(3)

| =f (c/ a, ﬁ‘r):%tllja‘@hé desired/balange oEyedyprsl thprmak corducHgtyrinth saiffREeVIPICt | i s t he
normal i z [ t..Les [ s ol : ' i zed

er osi on %ggieggtgg%crg&??#%@%%géécgh P;r?l g%% %ﬁ%allgﬁ ggé%ig*cfg%dége ggtﬁﬂ%g}r onarsfl e, and p
i s the freaptrimentdf§ dgar Gbouty SO Usata gpaants), athd atrahsFerc finctism | (dprfdr pmpaedur e, - 10
equations (3), ) _an 5) .C be s ed sinultaneously to _optimze

zi rconi a-resé%‘%ﬂcﬁi((ﬁiaﬂatg‘%é‘%‘%ﬁf?aiﬁ%ﬂ%‘ ' “[%ﬁéosﬂ%’fes"é?ﬁc%é)ﬂ?’%'éé oibst o

ther mal hagiredeBfedRAbIMAGSS (a?Qﬁ&(Hj%\é}%uﬁ:he desi red bal ance of reduced thernal
conductivity wth'satisfactory inpact and erosion resistance perfornmance.
From statistical analysis of a |large popul ation of experinental data
(about 50 data points), the transfer function (4) for inpact resistance
(1) and the transfer function (5) for erosion resistance (E) were found to
be represented I ) below. | = exp. [5,85 - (144 x s) -
(3.68 x p)] (g) %%:Eﬁ%gk%fégl é%%)x(@(QQSQ x s)] (b) V\/ner( ins =
1.0117-c/a ratio; and p is the fraction of porosity. The regression fit is
about 85% f or BEo{7-a&6( x)p)an@9§dx sgbove. (b)

wherein s = 1.0117-c/a ratio; and p is the fraction of porosity. The regression fit is
about 85% for formulas (a) and (b) above.

Using formulas (2) and (b) above, FIGs. 3 and 4 graphically represent plots of
predicted normalized impact and erosion resistance values (in g/mil), respectively, of
thermal barrier coatings at various porosities (i.e., defined by the fraction of porosity)
as a function of yttria equivalent (in mole %), the yttria equivalent also corresponding
to particular c/a ratios. FIG. 3 shows impact resistance to be an exponential function
of c/aratio and porosity, while FIG. 4 shows erosion resistance to be a linear function
of ¢/a ratio and porosity. These normalized impact and erosion resistance values are

also presented in the following Tables 1 and 2:
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Using fornulas (a) and (b) above, FIGs. 3 and 4 graphically represent plots
of predicted normalized inpact and erosion resistance values (in g/ml),
respectively, of thernmal barrier coatings at various porosities (i.e.,
defined by the fraction of porosity) as a function of yttria equival ent
(in nmole %, the yttria equivalent also corresponding to particular c/a
rati os. Faﬁb 3 shows inpact resistance to be an exponential function of
c/a ratio anJ porosity, while FIG 4 shows erosion resistance to be a
linear function of c/a ratio and porosity. These nornalized inpact and
erosi on PesiictdNoanalided &mpavt Resizlance @@ymented in the following Tables 1 and
2: Table 1 Predicted Normalized | npact Resistance (g/ml) Porosity c/a
Yttria Rat i oEqui val ent 0. 10. 150. 180. 20. 250. 270. 30. 33 (Mol e %

1.01671. 6494411368342284264237212 1.01482.5370308276256213198177159

1.01383321267239222185171154137 1.01174240200179166138129115103
1. 01104. 1218182163151126}1&33{%594 1. 00965180150134125104968677
1.007761351121j019478726p58 1.°00696. 4122102918570655952
1.0057710184757058544943 Tahle 2?2
c/a Yittria 0.1 015 (018 |02 025 1027 |03 0.33
Ratio | Equivalent
(Mole %)
1.0167 | 1.6 494 411 368 342 284 264 237 212
1.0148 | 2.5 370 308 276 256 213 198 177 159
1.0138 | 3 321 267 239 222 185 171 154 137
1.0117 | 4 240 200 179 166 138 129 115 103
1.0110 | 4.1 218 182 163 151 126 117 105 94
1.0096 |5 180 150 134 125 104 96 86 77
1.0077 | 6 135 112 101 94 78 72 65 58
1.0069 | 6.4 122 102 91 85 70 65 59 52
1.0057 |7 101 84 75 70 58 54 49 43
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Predicted Nornalized Erosion Resistance (g/ml) Porosity c/a Yttria

Rat i oEqui val ent 0. 10. 150. 180. 20. 250. 270. 30. 33 (Ml e %
1.01671.6211198190185172166159151 1.01482.5191178170165152146139131
1.01383181168160155142137129121 1.01174161148140135122117109101

1.01104. 115414113312811511010294 1. 00965141128120115102978981
1.007761%%%%3%009582776961 1. 00696.4114101938875706254

1. 005771 7562574941 The thermal barrier coatings of this invention are
defined in terns of the c/a ratio of the zirconia-containing ceramc
conposi t PeslictedBofmaltded Bnosidn Resistariceyg/mil)and an i npact and erosion

resi stance property defined by at |east one of the above fornulas (a) or
(b), and nore typically defined by both of fornmulas (a) and (b). For

thermal barrier coatings of this invention having the previously specified
c/a ratios (for the zirconia -13 containing ceram c conposition) and

fractiof of pgrosity, T popodtypi calTy at Teast about 70 girml, nore
typicallly at lleast abouyt 90 g/ml, while Eis typically at |east about| 80
g/ml, more typically gt least aboyt 100 g/nmil Sone illustrative
Zi r coni a<ctont di Yitiy ~ coMplosi 0dds havidng| PRe pr82Bous0L7spelBdfi ed0.33 a
ratios tlﬁag carEbe formul ated into
atio quivalent
(Mole %)
1.0167 | 1.6 211 198 190 185 172 166 159 151
1.0148 | 2.5 191 178 170 165 152 146 139 131
1.0138 |3 181 168 160 155 142 137 129 121
1.0117 | 4 161 148 140 135 122 117 109 101
1.0110 | 4.1 154 141 133 128 115 110 102 94
1.0096 | 5 141 128 120 115 102 97 89 g1
1.0077 | 6 121 108 100 95 82 77 69 61
1.0069 | 6.4 114 101 93 88 75 70 62 54
1.0057 |7 101 88 80 75 62 57 49 41

The thermal barrier coatings of this invention are defined in terms of the c/a ratio of
the zirconia-containing ceramic composition, the fraction of porosity p, and an impact
and erosion resistance property defined by at least one of the above formulas (a) or
(b), and more typically defined by both of formulas (a) and (b). For thermal barrier

coatings of this invention having the previously specified c/a ratios (for the zirconia-
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thermal barrier coatings having the previously specified fraction of
porosity, to satisfy the indicated inpact and erosion resistance
properties | and E are as follow Table 3 Metal Oxide (Ml e % Conposition
1Conposition 2 Zirconi a94.095.0 Total Stabilizer6.05.0 Yttria4.83.6

Lant hanal. 21. 4 Porosity0. 18-0. 200. 23-0. 25 Thermal barrier coatings of this

I nventio . W . f gas
t ur bi ne gngtrr ﬁml)ljgsggr%lsc g&]%boglé?ﬁn%g%é&/nﬁﬁétﬁ% t%e?rrée br rreéip lfﬁg’fnntﬁgéglagogtubst rat es
conpri si g ghnylamoeet typifallyat Rhs a&ﬁﬁi gtep/adil, sltileySis typichlldatgast dbaitaol oys, and

are operate exposed to, high tenperatures, especially higher
t enper at & ’EHH& tYPES’é‘HIﬁ at least; qli’@“'fn 115 ngPme psiiative gicomTaeaEalninghi ne

engine p t I bl ades
and vane??&?u g%sgﬂshr%ﬁ% ﬁrew%?'}g?r ggrlrggcg %glraﬁwﬂl ué{ glF fglgﬁrrﬁgg%en ts such as
| i ners arkkrmel baatoemtingigpving the pi‘mrrcﬂmb_,r@eaﬁeg&acumﬁpomm@nm saeisfyand t he
i ke. The, t her nal barrre coatings of this. i I‘%eag n also cover a
portion &€ Eficalsd impact 3ad groswogy %%IIC@PIWI‘@Q&H% ©ff {loMegard to airfoils
such as bl ades, the thermal barrier coatings of this invention are

typi cal | yrayred to protect, cover or overlay portions of the netal
substrate of the airfoil rather than the entire conponent, e.g., the
thermal bharrier coatings could cover the |leading edge, possibly -14 part of
the tr ai|Metal @aide Molg%onot| Cemapasiticachme fCommnosition®i e t he fol | owi ng

di scussijon of the thermal barrier coatiings of this |invention will be with
ref er eng etal—substT torbi igrme—parit s and conponents, it
shoul d clr%s“LS8%‘é{ under st ood ﬁﬁ? t he ther(r?glr{)l barrier |coatings of this
invention are useful with |netal substrates of other | articles that operate

at, or armetdSpbiiedrt o, hi ghe.0 enperat uress.0
Yitria 4.8 3.6
Lanthana 1.2 1.4
Porosity 0.18-0.20 0.23-0.25

Thermal barrier coatings of this invention are useful with a wide variety of turbine
engine (e.g., gas turbine engine) parts and components that are formed from metal
substrates comprising a variety of metals and metal alloys, including superalloys, and
are operated at, or exposed to, high temperatures, especially higher temperatures that
occur during normal engine operation. These turbine engine parts and components
can include turbine airfoils such as blades and vanes, turbine shrouds, turbine nozzles,
combustor components such as liners and deflectors, angmentor hardware of gas
turbine engines and the like. The thermal barrier coatings of this invention can also
cover a portion or all of the metal substrate. For example, with regard to airfoils such
as blades, the thermal barrier coatings of this invention are typically used to protect,
cover or overlay portions of the metal substrate of the airfoil rather than the entire

component, ¢.g., the thermal barrier coatings could cover the leading edge, possibly
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The various enbodi ments of the thernmal barrier coatings of this invention
are further illustrated by reference to the drawi ngs as descri bed
hereafter. Referring to the drawings, FIG 5 shows a side sectional view
of an enbodi nent of the thermally barrier coating used with the netal
substrate of an article indicated generally as 10. As shown in FIG 5,

article #%%%h %ﬁ?}ngledgéj l%ﬁt ﬁ&ttﬁe at@%jc'hrn ege%\?ﬂlﬁe thg fo q%wlg}g ﬁg{s:gﬁgls&glr ?g; s, 14

can conprise any more typic

t hat ar e dfythé dhérinsl mﬁi@cdoadngsyof i 1313 rrﬁirenlaaﬁ rwgr b€ oAt eferentd €d WAty t hose
based on I ckel , cobalt and/or iron alloys. For example, substrate 14 can
conpri se SAOTaRS oftturhing ensinccbartiemd. qo@ﬁl%%tht it should alsg bg undgrstaedethal | oy .

Such hig r such as
05 pat P EEREATRING bR inthith B3 B b BB IR S Pt
No. 4, 116yirdS thidaiperasd atabl)arelemedit@hpghetafﬁperaﬁlﬁes 1978, both of which are
i ncorporated by reference. H gh tenperature alloys are also generally

d b Kir hper | f Techpol d Ed.
Vol - 15 T Valiole b fiisnd o Wi s Baitic? cogfines o tin omeRogh e farhlst rat | ve
high t emmtedrey hefekake BaSRd d@elwlagss ad ' Rs@eh Rt £dr DYR DR fadﬁ] names

I nconel (r Ni monic(r), Rene(r) (e g., Rene(r) 80-, Rene(r) 95 alloys),
and Udi Wlpgs AEGl s sliaviseal sidghiseldonal h’eew y)ﬁelnwmthManethE&h@mallwar y

wi del y, r esnatlve of 2 Ly rbin

conponent st egidngd SRASTR U mfal YoosBale o e BoasPortd ST Bdo ghown 1 n
FIG 5, ad bigdven 10 RIGD Salasiielé nol meaanétgln@hbmaﬁe inditetedi pieealesk general Iy
as 18 that . is adjacent to and overlies substrate 14. Bond coat |ayer 18 is

typi cal | YubptEterdd can sompriseeany) of acvasietyaf mekls o5 morapicely sngtal alloydt
pr ot ectstﬁzgearyrigﬁﬁéxyg &Pﬁ "Rlifhal haRld c%af’H? eﬁnéﬂ&ﬁ y,é, Q@é} as &" Wl er
gen ra y a

coating indicat 0 nore ¢i ous Sreto Substrate
14. Sui t alidkel, mabelt iaatler fimn dinyd. cBat edapds, sthtram: lldden ddaipNsY a highoy

owders, ,where M represents metal such_as jr ni ckel, platinum or
(F:)obal t, ?mRﬁrﬁ\WeZﬁ‘fgc’SﬂﬂB%t qlll%gﬂgg 4SURRIRIOY, S '%Fg‘rh‘%lhgenm?ﬁﬁémr?@@éﬁ A& f f usi on

al ‘é{l] n gl%ﬁsrcrz]lo‘ré”é'tglie}ls@%@s%ﬁ}erﬁééj B SeURNDap!I .1 1898, H VR ean Rl | as
March 21, 1995 and U.S. Pat. No. 4,116,723 (Gell et al), issued September 26, 1978,
both of which are incorporated by reference. High temperature alloys are also
generally described in Kirk-Othmer’s Encyclopedia of Chemical Technology, 3rd Ed.,
Vol. 12, pp. 417-479 (1980), and Vol. 15, pp. 787-800 (1981). Illustrative high
temperature nickel-based alloys are designated by the trade names Inconel®,
Nimonic®, René® (e.g., René® 80-, René® 95 alloys), and Udimet®. As described
above, the type of substrate 14 can vary widely, but it is representatively in the form

of a turbine part or component, such as an airfoil (e.g., blade) or turbine shroud.

As shown in FIG. 5, article 10 can also include a bond coat layer indicated generally
as 18 that is adjacent to and overlies substrate 14. Bond coat layer 18 is typically
formed from a metallic oxidation-resistant material that protects the underlying
substrate 14 and enables the thermal barrier coating indicated generally as 22 to more
tenaciously adhere to substrate 14. Suitable materials for bond coat layer 18 include
MCrAlY alloy powders, where M represents a metal such as iron, nickel, platinum or
cobalt, or NiAl(Zr) compositions, as well as various noble metal diffusion aluminides

such as nickel aluminide and platinum aluminide, as well as simple aluminides (i.e.,
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those fornmed wi thout noble netals). This bond coat |ayer 1S can be applied,
deposited or otherwi se forned on substrate 10 by any of a variety of
conventional techniques, such as physical vapor deposition (PVD),

i ncludi ng el ectron beam physical vapor deposition (EB-PVD), plasma spray,
including air plasma spray (APS) and vacuum plasma spray (VPS), or other

h I W h hi gh |.oci - f . HVOF
Spray. aSORLPERE UG APEL RGO IAfE nptt Al EOBE IL el ¥ 4B paci

cement at ideposited or afidrwieadanal uiisibsliatg 10 Hytdhg fos eadty Etcdhveniichdlusi on
al um ni des (see, for exanple, U S. Patent 4,148,275 (Benden et al), issued

Apri | 10, techoiayes, sush psbiysica, g 79epopitionatRYR) arlndings sleslgorm egin27, 1999:
ds P : ‘,(dya ] ) , 2000,
glnl ofe ev\/r}f y@ﬁ"%r@f’&mn?g?gg‘?éﬁ% by’ E%F@%%ﬁggﬁ%ﬁlgh%ia@ﬁﬁ%&\@g vari ous

appar at usmdvdcuvet phssiafspray (¥PS),yorngheti thérsil epragldeposiiictemethatis Bgh, asor
o norm. Gy ey S SBET e e G e T ShPSS AR ooty
or di ff usieQRid GV BaciedetnBRbAKRM véﬁb{gyﬁ%silﬁmﬂﬁclﬂﬂ%ﬁp% cadeDfPHietdIS-

Usual |y, the deposited bond coat |ayer has a thickness 1n the range of
f r om abouliffisiemalabonite2Geeri fbs exXdmpden AiSo Bated6b4,1 48,200 (Berslen ehiel)y sas)l. For

ai T ust orteal N A7 U B Bty e s ek sbel 1Pl £ P and s ¢ ne
range of tf.80omamosI3d.8 B aUbntBowili et al)f [@RRERRKL 25 2000280 6F wificHTher Ons) -

For bond coat |ayers deposited by plasma spray techniques such as APS, the
t hi cknesdnqosparefed by piferangey andy wiheh disalpee ofaripuoappasens a8d methedsofir 15 nil s

(from ab O 1. mcrons). hpwn in F 5, the thermal
barrier %ggﬁn%gﬁlﬁggﬁ%%ea&%@g%sh%ﬂ £ g%gﬁl&g%%se? %ué:ié‘ %Gohgjnqéle%osgf h Ia%tyer 18.
The t hi ckoessamile,TBGoRibinasiohyqt pladthy sprayt hel deRgRnoblufnitide abdiaiques. t 0 about

100 mlIs (fromabout 25 to about 2540 mcrons) and will depend upon a
variety OPPIAY-oplasms seuay g syfepen trebmighesyaie maleyed oodepgpit berg ca® t hat are

and i 5 STl 1 {RARL e dhositsh BRE oS A1 G Bl HPbE R 0 PEC
762 to alimm aliodiZ8 toiabpwnd) milegfrem about 25 to about 500 microns). For bond coat
layers 18 deposited by PVD techniques such as EB-PVD or diffusion aluminide
processes, the thickness is more typically in the range of from about 1 about 3 mils
(from about 25 to about 76 microns). For bond coat layers deposited by plasma spray
techniques such as APS, the thickness is more typically in the range of from about 3

to about 15 mils (from about 76 to about 381 microns).

As shown in FIG. 5, the thermal barrier coating (TBC) 22 is adjacent to and overlies
bond coat layer 18. The thickness of TBC 22 is typically in the range of from about 1
to about 100 mils (from about 25 to about 2540 microns) and will depend upon a
vanety of factors, including the design parameters for article 10 that are involved. For
example, for turbine shrouds, TBC 22 is typically thicker and is usually in the range
of from about 30 to about 70 mils (from about 762 to about 1778 microns), more
typically from about 40 to about 60 mils (from about 1016 to about 1524 microns).
By contrast, in the case of turbine blades, TBC 22 is typically thinner and is usually in
the range of from about 1 to about 30 mils (from about 25 to about 762 microns),

more typically from about 3 to about 20 mils (from about 76 to about 508 microns).
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typically fromabout 40 to about 60 mls (fromabout 1016 to about 1524
mcrons). By contrast, in the case of turbine blades, TBC 22 is typically
thinner and is usually in the range of fromabout 1 to about 30 mls (from
about 25 to about 762 microns), nore typically fromabout 3 to about 20
mls (fromabout 76 to about 508 microns). -16 The conposition and

t hi cknessy.0f  the .bond at, | ayer .1 nd_TBC 22 ar lhcally .adjusted to
provi de iBBr"%’PP%E@“ ﬁ%@"flgwﬁ%/ﬂ{me%@n?ﬁgﬁg s é@géls@/(gggxﬁé%ﬁ’?ﬂ%gjy vari ous

| ayers aang@jubtae toupekidet gpptdpride IGTHs 1o eniMikiz® YberhY @fr8ssa$ dehv®a fheone to

separate from substrate 14 or each other. In general, the CTEs of the
respect i Varpuplayes and thie substsaty Icsocthatethe wamions layareereiless psenerieceparateo bond

coat | ay k... 14 1LBC P [ . CO ayer 18
has t he %‘F’gﬁ%%‘eé‘f&%g.” Fégf eear%ﬁi ‘ﬁg&t owf‘?gh%%%%g%c\ég éﬂegén?’gg‘“’%p%&?ﬂéd,
deposi t edypicallytih@exdedn thodinationnf TBI A2 cobdnd eyatlaykd 18yi.HYBC2 hagapor

deposition (PVD), and jn particul ar_electron beam physical vapor
deposi ti m?lé”E’BSt%= W%%P&G@%‘.layﬂﬁégé‘éﬂhﬁmﬁt ¢EEnhni que used for
appl yi ng, depositing or otherwise formng TBC 22 will typically depend on

the compRuitihgh He FRC LB bS craﬁib%g@ﬁﬁéd, oSRASSH RhérWwidd®rRBY pheal

structure desited for TBC 22. PVD t niques tend to be useful in form ng
TBCs haviband soaftlapérnl& by ehasical wpbudepnsitenr PMDR); end TB@agRuls dsqioval | y

f d f ' i a- cont ai.ni ' iti f this i tion b
cB D ¢ S PhURS By REen Baf PR eimitiR The bRTRHE: cotide B, var  ous
types of f&Vippdnfle efpesiting by ofRrwiYRyiEsH THLI03 wmltbpi%ﬂ%waeﬁe@dtdipﬁl@ skilled

in the art can also be utilized to form TBCs 22 fromthe

zi r coni acewneaiion ahTBeZdnite thicknessoyidi gsperialbethe physical singihee degirgl fapat ent

5, 645, 89 b4 K : e . [ 3, lines
36- 63) aﬁrﬁ%_ﬁv@ﬁeg&rﬂl% fﬁr@s%’%q’(séﬁ‘lrl %‘h%"fm‘?ﬁ%gé i raﬁsgljraél"t%g%m’ffggs)
(especi akblymmat strictudel NEBC22R Gl jypivatly WolmedPbmntirdoniddontdiding Riegadely et al ),
i ssued Septenmbher 10,2002, which are _all incorporated by reference. Suitable

EB- PVD t SEHAPHIFS ¢y, SWepdre PH EB;SNMMMQH%Fq/eroa'i%%aﬁtrﬁgl-f@F%%er with a

gas (Or columnar structure.

Various types of PVD and especially EB-PVD techniques well known to those skilled
in the art can also be utilized to form TBCs 22 from the zirconia-containing ceramic
composition. See, for example, U.S. Patent 5,645,893 (Rickerby et al), issued July 8,
1997 (especially col. 3, lines 36-63) and U.S. Patent 5,716,720 (Murphy), issued
February 10, 1998) (especially col. 5, lines 24-61) and U.S. Patent 6,447,854 (Rigney
et al), issued September 10 2002, which are all incorporated by reference. Suitable
EB-PVD techniques for use herein typically involve a coating chamber with a gas (or
gas mixture) that preferably includes oxygen and an inert gas, though an oxygen-free
coating atmosphere can also be employed. The zirconia-containing ceramic
composition is then evaporated with electron beams focused on, for example, ingots
of the ceramic composition so as to produce a vapor of metal ions, oxygen ions and
one or more metal oxides. The metal and oxygen ions and metal oxides recombine to
form TBC 22 on the surface of metal substrate 14, or more typically on bond coat
layer 18. The porosity of TBC 22 can be controlled within the desired range
previously described by adjusting the conditions under which the PVD/EB-PVD

technique is carried out during deposition of the zirconia-containing ceramic
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gas m xture) that preferably includes oxygen and an inert gas, though an
oxygen-free coating atnosphere can al so be enpl oyed. The

zirconi a-containing ceramc conposition is then evaporated with el ectron
beans focused on, for exanple, ingots of the ceram c conposition so as to
produce a vapor of netal ions, oxygen ions and one or nore netal oxides.
The net al : j 0X] reconbi 0., formTBC 22 on the
surface S?ﬁrgrg?g%&ygﬁghsétga e&%g}agglﬁ ?érfnﬁr}?aﬂ;gcglllaég% ﬁ?%%%u?%é% orc%g .pera\%ér?er 18.
The por osonditiafs (€BG b¥dedimingthe prasure). | ed within the desired range

previ ously described by adjusting the conditions under which the PVD EB-PVD

techni que_j.s carried qut. durin eposjtjo f the zirconi a-contai ni ng
ceramc %Vlyge éB it maEﬁ‘i‘tSt RE ¢ %ﬁaeth%%% 'g?eﬁre%F RYEDEaR thayg | bgent he
pressur e qaneihed, SN Shsarnt 40 Mlisk | RNRAGR: Hle artPihal SHYSIsNHodiRBatRIESSUT ©) -
Whi | e specific enbodi nents of the nethod of the present invention have been
descri betheréto aan| be pemdappihantdepartingofemsthe| dpeit amd séupeaof thehptesardr i ous
nodification§ tﬁgﬁetg.gin bg@ﬁqgelmjthout departing fromthe spirit and
scope of "B P} BT FHVEAPPEHCLE2H8% i ned in the appended clains. CLAI VB
1. Athernial barrier coating for an underlying netal substrate which
conprises a zirconia-containing ceramc conposition having a c/a ratio of
the zirconia lattice in the range of from 1.0057 to 1.0110 and stabilized
in the tetragonal phase by a stabilizing amount of a stabilizing netal

oxi de, the thermal barrier coating having: A a fraction of porosity of
from0. 15 to 0.25; and B. an inpact and erosion resistance property
defined by at |east one of the following fornulas: (a) | exp. [5.85 - (144
X s) - (3.68 x p)]; (b) E[187 - (261 x p) - (9989 x s)]; wherein s. =
1.0117 - c/aratio; pis the fraction of porosity; | is at least 70 g/m|l;
and E
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is at least 80 g/ml. 2. The coating of claim1l which has a

strain-tolerant columar structure. 3. The coating of any of clains 1 to 2

wherein the c/a ratio is in the range of from 1.0069 to 1.0096 and wherein

the fraction of porosity is fromO. 18 to 0,20. 4. The coating of any of

clainms | to 3 wherein | is at least 90 g/m!l| and Eis at least 100 g/ml.

5. The CQ?E' of any of clains | to 4 wherein the stabilizing netal oxide
e

is selec romthe group consisting of yttria, <calcia, ceria scandia,
magnesia, india, |anthana, gadolinma, neodym a, samaria, dysprosia, erbia,
ytterbial. eurffiieanal hardaeodyng for aanddedpingimes] siistralefwiich dhapieati ng of

any of claine | to. 4 wherein the stahilizing, metal oxide is _ selected from
the gr ouf U EOHECERPIYEFCTIHIC, GORIPASLIQNHIAYHIE %1%@ A Of rtgf'leF‘HE'F?e@#lcfll@ 7. A

t her mal | ¥npuidecliettonl 1ioebe 1o NIDPID GAMRIHABS infthe deikAll phRE!EALE: B. 2
bond coat layer that 1s adjacent to and overlies the tal “substrate; and
C. the t lstabreingoEmaing pf g stabiliaggohetalroxids, thel thémml bartier éatihghavisgiadj acent to
and overlies the bond coat layer. 8. The article of claim7 which is a

t ur bi ne enging, co nent and erein rma] barrier coating has a

t hi ckness of f‘ﬁf"oma cﬁgnﬁé%o%%]y&@ﬁoé?bgs tﬁbp?ﬁt for preparing a thernal
barrier coating on a bond coat |ayer adjacent to and overlaying a netal
substrate, the.methesdpsanpd iefisit febistatepropértg @pMdttyndg 1easebné betheond coat
| ayer a zirconia-containing ceram c conposition having a c/a ratio of the
zirconia |attice®HPWREQIBWES: of from 1.0057 to 1.0110 and stabilized in
the tetragonal phase by a stabilizing amount of a stabilizing netal oxide

sel ected fromthe ghoup | Bl trd cia, ceria, scandia,
magnesi a, india, QAOUP 105! BENI(1 YHUBHR LR

(b) E=[187—(261 x p)— (9989 x s)];

wherein s = 1.0117 — c/a ratio; p is the fraction of porosity; 1 is at least 70 g/mil; and E

is at least 80 g/mil.
2. The coating of claim 1 which has a strain-tolerant columnar structure.
3. The coating of any of claims 1 to 2 wherein the ¢/a ratio is in the range of from

1.0069 to 1.0096 and wherein the fraction of porosity is from 0.18 to 0.20.

4, The coating of any of claims 1 to 3 wherein I is at least 90 g/mil and E is at
least 100 g/mil.

5. The coating of any of claims 1 to 4 wherein the stabilizing metal oxide is
selected from the group consisting of yttria, calcia, ceria, scandia, magnesia, india,
lanthana, gadolinia, neodymia, samaria, dysprosia, erbia, yiterbia, europia,

praseodymia, and mixtures thereof.

6. The coating of any of claims 1 to 4 wherein the stabilizing metal oxide is

selected from the group consisting of yttria, lanthana, and mixtures thereof.
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| ant hana, gadolinia, neodym a, samaria, dysprosia, erbia, ytterbia,

europia, praseodyma, and m xtures thereof to forma thermal barrier
coating having: A a fraction of porosity of fromO0.15 to 0.25;and B. at

| east one inpact and erosion resistance property defined by the follow ng
formulas: (a) I= exp. [5.85 - (144 x s) - (3.68 x p)]; (b) E =187 - (261

X p) - (92989 x : erein.s =.1.0.117 - ¢/a ratio; pis the fraction of
por osi ty;gﬁl iéb‘ﬁ%%g?l‘@?fc%?%dla‘}ﬁ%%avqé}f%Omlfrgsgg‘t 80 g/ml. 10. The method of
claim9 wherein the zirconia-containing ceram c conposition is deposited

by physical vapor dapaalsubstiaté;o forma thermal barrier coating having a
strain-tol erant columar structure. -20

B. abond coat layer that is adjacent to and overlies the metal substrate;

and

C.  the thermal barrier coating of any of claims 1 to 6 that is adjacent to

and overlies the bond coat layer.

8. The article of claim 7 which is a turbine engine component and wherein the

thermal barrier coating has a thickness of from 25 to 2540 microns.

9. A method for preparing a thermal barrier coating on a bond coat layer adjacent
to and overlaying a metal substrate, the method comprising the step of:

depositing over the bond coat layer a zirconia-containing ceramic composition
having a c/a ratio of the zirconia lattice in the range of from 1.0057 to 1.0110 and
stabilized in the tetragonal phase by a stabilizing amount of a stabilizing metal oxide
selected from the group comsisting of yttria, calcia, ceria, scandia, magnesia, india,
lanthana, gadolinia, neodymia, samaria, dysprosia, erbia, ytterbia, europia,
praseodymia, and mixtures thereof to form a thermal barrier coating having:

A.  afraction of porosity of from 0.15 to 0.25;and

B. atleast one impact and erosion resistance property defined by the

following formulas:
(a) I=exp. [5.85- (144 x 5) - (3.68 x p)];
(b) E=[187-(261xp)—(9989 x s)];

wherein s = 1.0117 — c¢/a ratio; p is the fraction of porosity; I is least 70 g/mil; and E is
least 80 g/mil.

10.  The method of claim 9 wherein the zirconia-containing ceramic composition is
deposited by physical vapor deposition to form a thermal barrier coating having a

strain-tolerant columnar structure.
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