THERMAL BARRI ER COATI NGS W TH LOVWER PORCSI TY FOR | MPROVED | MPACT AND
EROSI ON RESI STANCE BACKGROUND OF THE | NVENTI ON This invention relates to
i nproving '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 article. Conponents operating in the gas path environnment of gas
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wel |l as other articles that are expected to operate at or be exposed to

high tenperatures, and thus cause the thermal barrier coating to be
subj ected to high surface teprrﬂvp&eratures Exanpl es of turbine engine parts

and conBBRELRO i THE INVERNTIONY mal barrier coatings are desirable

i ncl ude turbine blades and vanes, turbine shrouds, buckets, nozzles,
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.- well as other articles that are expected to operate at or be exposed to high
temperatures, and thus cause the thermal barrier coating to be subjected 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 depositéd 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 pperating 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 superalioy).

- 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 yitria-stabilized zirconia, scandia-stabilized zirconia,
calcia-stabilized zirconia, and magnesia-stabilized zirconia. The thermal barrier
coating of choice is typically a ytiria-stabilized zirconia ceramic coating. A

representative yttria-stabilized zirconia thermal barrier coating usually comprises
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calcia-stabilized zirconia, and nagnesi a-stabilized zirconia. The thernmal
barrier coating of choice is typically a yttria-stabilized zirconia

ceram c coating. A representative yttria-stabilized zirconia thermnal
barrier coating usually conprises -1 about 7 weight %yttria and about 93"
weight % zirconia. The thickness of the thermal barrier coating depends

upon the netal part or conponent it is deposited on, but is wusually in the
range GPORY bWeighbYt yiia andabeut O3 oeight § tifeonin. Afwithickbess of dhroternial 78
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resistance, as well as resistance to particle erosion, “especially at the
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t he cheptGaly GOTRO %Bét.h%nagefs S rtilrﬁé.StﬁgxiNlmi/ezr,e ich modifications can also
unintentionally interfere 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 {o 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 yttria-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 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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zi rconi a- based thermal barrier coating systens to provide such reduced
thermal conductivity, yet still retain at |east acceptable inpact and
erosion resistance in such coatings. BRI EF DESCRI PTI ON OF THE | NVENTI ON An
enbodi ment relates to inproving the inpact and erosion resistance of a
thermal barrier coating having reduced thermal conductivity that is wused
with an underlying netal substrate of articles that operate at, or are

- exposed, t bigh-t2mpeghiréssmpbr atfixsteesspedtmfathéiinmﬁanphene isfprovided aviartiabn t here
is provided a thermal barrle(ifﬁ oating .for ﬁf’ un met al .substrate
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1.0110 and stabl i zed t he tetragonal phase by a stabilizing anmbunt of a
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resi st ance 5 685?91083? S %@zlggmle gfu 8’n arzflcgﬁog vP}%’rml as: (a)
| = exp.[5.85 - (144 x s) - (3.68 x p)]; (b) E [187 - (261 x p) - (9989
x s)]; wherein & = dfifdtioh of potdity of from 4bous0.1H e dWaae DS ar@l porosity; | is

at |east about 70 g/ml; and Eis at |east about 80 g/ml. Discl osed
herein, there is provj ded a(ihermally prot ect ed artlcle conpri si

metal substrateB- B. a‘b’ﬁ‘?ﬁ"’@hé‘? Srogiop seristanss ipronsylyrdefiapd 0¥ 5t logg as® rI ayl ng

the netal substratg @ﬂ%ﬁm@igher mal barrier coating (as previously
~descri bed) adjacent to a

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

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.

Disclosed herein, there is provided a thermally protected article comprising:

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 abseﬁt).

In a second aspect of the invention, there is provided a thermally protected article,

which comprises:

A.  ametal substrate; and




overlaying the bond coat |ayer (or overlaying the netal substrate if the
bond coat |ayer is absent). In a second aspect of the invention, there is
provided a thermally protected article, which conprises: A a netal
substrate; and -3 B. a thernmal barrier coating which conprises a

zirconi a-containing ceram c conposition having a c/a ratio of the zirconia
lattice in the range of fromabout 1.0057 to about 1.0110 and stabilized
in the tetragondl phalsemblbariatabiing which camptisds adfircaniatcahalnizg ng net al
oxide, the thermal barrier coatin [ fraction oflgrosmy of

having: 1.
from about 0.15 to aﬁffﬁ?“‘bcoﬁg’osgﬁﬁ%ﬁwnﬁﬁC?"rﬁﬂﬁ%f’%ﬁc?"@?@% iagceiadist ance

property defined by angb%ﬁﬁbm%suﬂfodmo a%@ﬁtllml'@gmﬁgfam @c?mtﬁ@) I = exp.
[5.85 - (144 x s) - (3.68 x p)]; (b) (9989 x s)1;
wherein s = 1.0117 -terb/aaorraéphaspbp a|s!;1btlim1g al‘a@lntoﬁaetfabﬂngmgsmttgd oxidg, s | east
about 70 g/ml; and_E st aboH /mI Al so disclosed, there is

provi ded a net hod fof ﬁL‘érBﬁ‘ Yt e ’E‘%E barrier coating on a netal

substrate to provide a thernally protected article. This nmethod conprises
the steps of. A optionally form ng a bond coat |ayer on the netal
substrate; B. déposi ¢ ifagiwrefiperosiiyed fromeabout.éf t¢ ghoubfl.2brmndnet al substrate
in the absence of the bond coat |ayer) the zirconia-containing ceramc -3a

2. an impact and erosion resistance property defined by at least one of the
following formulas:

(2) 1= exp. [5.85 — (144 x 5) — (3.68 x p)]:
(b) E=[187— (261 x p) — (9989 x s)];

wherein s = 1.0117 — c/a ratio; p is the fraction of porosity; 1 is least about 70 g/mil;
and E is least about 80 g/mil.

Also disclosed, there is provided 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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conposition previously described to formthe thermal barrier coating

havi ng the previously described porosity and inpact/erosion resistance
properties In a third aspect of the invention, there is provided a nethod
for preparing a thermal barrier coating for an underlying netal substrate,-
the nethod conprising the step of depositing over the netal substrate a
zirconi a-contai ning ceram c conposition having a c/a ratio of the zirconia

lattice in the range ®bpbkiath @Musiﬁl QeRfibk® t@hﬁfﬁtthe ta @k vanfbrshakid i zed
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magnesi a, india, | anépp%@t gadol i ni a, neodym a, sanmaria, dysprosia, erbia, -
ytterbia, europia, seogym' a, and m xtures thereof to forma thernal
barrier coating having: A a fraction of porosity of fromabout 0.15 to
about 0. 25]n anbirBaspent d)ﬂ1thad:1tveaﬁmh ehaeimprm@csédsdﬁaﬁed psigRepinngeticnas by at
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flexibilit n_usin a vari i con ai ni erani c .conpositions
‘that can e¥u6p1a, pras dymia, iridhikoies ﬁlereo fo forin a thermat Darrier coarpmg having:

A. a fraction of porosity of from about 0.15 to about 0.25; and

B. an impact and erosion resistance property defined by at least

one of the following formulas:
(a) I=exp.[5.85~(144x5s)—-(3.68 x p}];
(b) E=[187~(261xp)—(9989 x 5)];

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

The thermal barrier coatings disclosed may provide several significant benefits

when used with metal substrates of érticles exposed to high temperatures, such as
- turbine components. The thermal barrier coatings disclosed may provide a

desirable balance of reduced thermal conductivity for the thermally protected article
with improved impact and erosion resistance, This improvement in impact and
erosion resistance for the thermal barrier coating can be achieved while allowing
ﬂexibility in using a variety of zirconia-containing ceramic compositions that can
impart to the thermal bamer coating desirable reduced thermal conductivity
properties.




inmpart to the thermal barrier coating desirable reduced thernal
conductivity properties. -4 BRI EF DESCRI PTION OF THE DRAWNGS 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 levels of the zirconia lattice as a function
of yttria, lanthana or ytterbia content. FIG 3 represents graphical plots
of the preBRIEEDBSURBTIGR OF THEDRAFSINKESINCe val ues of thermal barrier
coatings at various porosities as a function of yttria equivalent. FIG 4
represents phi cal plots_of predicted normalized erqgsiaon resistance
val ues of Fﬁuaair Wa{essrg??igéarphgahvlaohggthgtcalﬁahtma o of theetircquiadattignas i on of
yttria equgﬁﬁ{cﬁ&gof%ﬁhﬁmﬁté $ a side sectional view of an enbodiment of the
thermal barrier coating an coated article of this invention. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON As used herein, the term "zirconia-containing
ceram ¢ collss? remesshtsr ghphisalt plotscef & calodatpd stabilvy dewste vf the eiromia i s t he
primary c onent .t hat are usef as hermal barrier coatings that are
capabl e o%ﬁlecﬁﬁﬁﬁﬁ‘émﬁgﬁ? ?"It%f\‘lv? Wé’réhﬁg’ﬂar?ﬂnrtﬁj‘%rret al 4a substrate of the
article, i.e., forming a thermal barrier, and which have a nelting point
that . is typkE 3l kyresdnts i pPots of Brediddtd G69malRBd ifiPAce rdsidpineavhined N t he
range of from about. f%g%habgﬁt 3450 to about 4980F r_i(?{_om about 1900 to
about 2750W)thermakbysiericastings 3 varipes paspsities asaciunetionoft Yol squivplent ef ers t o
the volune fraction of porosity defined by unity (i.e., 1), mnus the
ratio of U ackhalendenapliva Potk BE pHIRiIPhormbREL §bsi6O Msidbhob QalubSof
t heoretical density.

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 "conprising"” means vari ous conpositions,

conpounds, conponents, |layers, steps and the |ike can be conjointly

enpl oyed in the present ‘invention. Accordingly, the term"conprising"
enconpasses the nore restrictive ternms "consisting essentially of and
"consisting o" Al amounts, parts, ratios and percentages used herein are
by nol e unless otherw se specified. Zirconia-containing ceramc
conposistbyre offhe gticlenie.nfoyming s thermal bamprar and which ek a tsltimggioitonduct i vi ty
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diffusivity, pis the fraction of porosity, e specifi¢ heat (in
J*Kl'g), and Dt is the theoretical density. As be seen fromequation (1)
above, Ashusedt krseing thec temaiu Efracrionyofdperesityd’ mifiers Her thm| vodurhé Usdctibh yofand

por osi i;table zirconi a-containing.coppositions useful herein include

t hose foéﬁyggﬁnpetd?ugem@tG‘Fe&g‘tmﬁlﬂ%ﬁ}e rglio Hgﬁ'@ "«%“z"? ey £f thgtheidli cal Iy from
about 9Barried codtipiglio Ay tH¥BteBicIbdegbiconi a, nore typically fromabout 93.5 to
about 95 nole % zirconia. These zirconia-containing conpositions further
conprise a stabilizing anpunt of stabilizing -5 met al oxide. This

st abi | % Wy nRarein. B %@ncﬂnumswr’emw Yarions (qesngsitiops, cesmeposning of
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m xt ur eventier. e Hccoffiezlpattiei erhafcompriving? eatorhpdssesiicainofX radaidiat i s

- stabilizing" w.ll depend op a yariety of factors, including the netal
“oxi de t??élﬁ g‘ﬂ’c‘i}/‘l’ilﬁ%e%@g‘@n]g’r&gﬁ’éﬂ |GPpSENg s st ance. Typically, the
stabil'i zing netal oxide conprises fromabout 3 about 9 nole % nore
typi caAlllyarhéudi8, 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(l-p)xC,x Dy (1)

where o 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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about 5 to about 6.5 nole % of the conposition. The zirconia-containing
ceram c conpositions used herein typically conprise yttria, |anthana, or
m xtures thereof as the stabilizing nmetal oxide, and nore typically
~yttria. The zirconia-containing ceram c conpositions used herein can al so
optionally conprise small anmobunts of hafnia, titania, tantala, niobia and
m xtures thereof. Particularly suitable zirconia-containing ceramc
conposithetakpxide  This stabilizimgimetnloxidti el bysselbcied fomp dredirogp thrSistingnfr ovi si onal
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m xtures _thereof;. .and a rd rretal oxi.de ﬁj a trivalent netal atom

f:. t hi
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. t,her eohatmniy Bitahdd, tantalh 1BSKa 6RA Alftthres BRARSISI L1 Ons conprise from about 91 to
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~zirconia and fromabout 3 to about 9 nole % nore typically from about
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' COMPOSITIONS USEFUL FOR THERMAL BARRIER COATINGS HAVING
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 ét 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

.




-6 3 to about 6 nole % nore typically fromabout 3 to about 5 nole % of
the ceram c conposition; the second metal oxide (typically lanthana or

- gadolinia) can conprise fromabout 0.25 to about 2 nole % nore typically
fromabout 0.5 to about 1.5 nole 9% of the ceram c conposition; and the
third netal oxide (typically ytterbia) can conprise fromabout 0.5 to
about 2 nole % nore typically fromabout 0.5 to about 1.5 nole % of the
cer am & ocbpoks mabdan Yo, widrh tyfhienllyafrom abbut heo stemoSdnsteta) ofake deratie the third

' t.ypi cal | [ in. the r f fromapouf 0.5 to about 2, nore
e SR et o i e S ook o apopaas Ut 2
conposiftdn® a5 i(5ZY @S®Bui 2 nidle 95 eRGRyMtally ok d@bﬁﬁ’?@.@% l'ﬁgmﬂﬁlg& hfodd ' ONs

conprise at |east about 91 nole % zitconi"a and a stabilizi anount up to
about denef theogasimis eompsitiane rand otlrp thizdtmetehpxide i(hpicallyi yirtbiaptal oxi de

havi n f 1,O e group,consisting of. yttria, -calcia ceria,
scand?g,&%hgg%grgllna%boﬁ hgl tggagﬂﬁpm B oéfsm?'%etm’ﬁﬁ}éﬁama?@é‘.&@ﬁdton%@éﬂ oxi de of
a trivalsenblew, af i embel Reifeitich! Aithithe rdio0MNhe Wohd hadl Ghiad ant hana,

gadol i ni a, .neodym a, saparia, dysprosia, erbia, ytterbia, and m xtures

t her eofhe thirgimeipl gxide ppically being v tho mngsiof ifoms abairs teatfous d) mam)gtS 91|to ”
about : 0n 74 ' pically fromabout. 92 to about nle %
zi rconi Ianﬁor{%%%@?mﬂgapgﬁt:lb%%t 9 nole % nore typically fromabout 5 to
about 8 nmole % of the conposition of the stabilizing conponent; the first
net al ke darcoptay@intaihg gerdmicapompositeispdissséd G thbsetordl of Mbgut 6 nol e
% nore t%lﬁi cal rom abaqut 4 to about 5 nole % of the ceramc

ly f 9 C ral
~ conposftR mgtquﬁgaépgﬁ&o%pgq ablepgbopt Yhmeks Vo zircominanhe sghidigingni a or

" ytterbhmoy /R of al Bk i 0.5 to
Ut Bk Py DA B g Qi S MARBA 01 P
cer ani badibgrpdseted Siom thederame censistingeofitria, Yalcial barixkcadiomagiesial oxi de

i( ﬁ ?h’einrdgaﬁég]{edqu(%@% %l'eiort-1 !':11% X%éc%gl in%")taltogiit{ei cgfS a:[ trir\Trgltegtl mgt)z(li gtgm(s%le%ie’d yttria) is

' from the group consisting of lanthana, gadolinia, neodymia, samaria, dysprosia, erbia,
ytterbia, 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 5 to about

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

| (typically yttria) 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 typicaﬂy 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 0.1 to about 0.5, typically fromabout 0.15 to about 0.35, nore
typically from about 0.2 to about 0.3. Thernal barrier coatings of this
i nvention conprise a zirconia-containing ceramc conposition that is
stabilized in a certain region of the tetragonal phase. The inpact and
erosion resistance properties of these thermal barrier coatings can be
predicted on the basis of the effect of the zirconia lattice stability
equi vah)erfbnma‘nce heve bpdotnd & be felatedicathe oirtaiid lattce sabiliyCeq@dripagi t i ons.
rformance have been found to be rel ated

| -
tgp ? ﬁte@f %@HP@{' ?03&1‘% e St B C'e %iqugateghﬁ%%ﬂw ratipiof the zBrqmia {atigui val ent

can be gﬁh%g&g@dgﬁﬁ ﬁtog 9 of the zirconia lattice parameters c
and a u5| ng erquatlon ge%e ogvj’lzé&‘QL (rj-rz,)yxm+k2l (I; VZ.)xm (2)

wherein c,a are the 2|rcon|a tetragonal lattice paraneters, r, is the ionic
radius of the first netal oxide, V; is the valence of the nmetal ion of the
nmetal oxide added, m is the m)l e fracti on of the netal oxide added and k1l
and k2 are c &th &, — BERx M Ak, ¥ Ef)x@f Ta205, ZCB and H Q2 Al l oying
on the Trans ity O Y20 tabl ized Tetrag Zr2," J.Am Ceram
.Soc., (1990) 73 (1) pp. 115- 120. Usi ng equation (2) above, the | attice
~stability of these zirconia-containing ceramc conpositions in the
tetragonal phase can be cal cul ated, including the effect of increnental
additions of the stabilizing netal oxide, such as yttria. This is
illustrated. by FIG 1 which represents a graphical plot of calculated c/a

rati oswhefeirt 0@ a#d tHeUicanial Blrddontl Riticd patedtdONy; &f ¥ libhik FafiQNbLMe. The
—dotted |ine base | i ne in FIG 1 represents a zirconia-contalning-ceramc

~_conposfitst ieta oxistel Vzléd e alpncerd thepmeizhioarmf thd metad okidé addel, en; 96 (BYSZ) t hat
has a | ar, .l attice sta I \ can al so
be cal %%a%%io r%%a[glgéé%a}lg%eja%%éll gnéi%lapflé)(ﬁa@f CogpiRRts- ?te gl%r f’lﬁ%&rret al
QXI desof Ta;Os, NbyOs, and HfO, Alloying on the Transformability of Y,0;-Stabilized

Tetragonal ZrO,,” J.Am. Ceram. Soc., (1990) 73 (1) pp. 115-120.

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 yitria 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.e., lowering

the yttria level improves the impact and erosion resistance performance of the
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such as lanthana and ytterbia. This is illustrated by FIG 2 which

represents graphical "plots of the calculated stability level s (s = 1.0117

- c/laratio) of the zirconia lattice as a function of yttria (base line),

| ant hana 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 ceramnmc

corrposiztrmmaCQIﬁ@nmga:ermmm‘onwnsmomel y increases. It has been further found

‘that, as the c/a ratio increases, inpact and erosion resistance inproves,

i.e., ftrialeve npr.oves .l.npact and_er osi Lon resi stance

per f or mancelo(geest /?cé‘h {éo ¥ FHHORE (if)ﬁaé]f‘t‘fl ~CEBHPO STARPR D | e

| ncr eagemgaltyhBngrodes tHel mpai:t ke eFdsIonOfREBtaB O hatfBinHics O e GesGRINROSI tion

general |y |rrpr oves the inpact and erosion reSistance performance of the

r esul t thegmak hasriereioating these wpﬁgatm@scehwemmgmﬁpmmad ndesitable have a

SI gnl f | asi n er conduct Ivity
R R BTk g Bl T RVRRS By £

2| r conhaieed;nhalzncmgamemah‘iu@g canmis tormpaiticlls dffithis InRRivhi B xbaifdepr ovi de
thermal, barrjer coatings with reduced thermal conductivity have |lower c/a
rat i osthsrmalpgtier @a@M“DW&h neduced thenal gapdugtivity ihgve fraver i Eaties ofr om about
1. 0057 t f ut 1.0069
o abortor 10080 o 1635 sl TRy kRl £t b ot EDE7 B aHLOTVERRY G of
thi s i mpentypicallyamethe omege of aﬁrcmatabost 1.0069 to hiebmall 0b96.r iBxcawseathe ngs
resulting fromt.hese co 03|t|0 ‘étlc alsoIedt hav poorer inpact and
- erosi oft"f % CPURIRIRE SaFany ﬁ‘ﬁW@BSI IIPVeI}I’é’In 3vG dOWEY 3 Ertosghe pr epar ed
£ T 0M 7¥SEnSlobRAG bbamSs r@ﬁﬁtﬂ{gjﬁ’aﬁi thes@d ?sgmaﬁscwlm tefgngafed in order
to achieve satisfactory erosion and inpact resistance perfornmance for

t her maPOOTBaHAPast 286 4PFigs rpsisiprace picrfarovmed; esspediilily orlativec bneedtinigng cer ani ¢

Conposblteb%& ﬁt])%/ NSz chﬁgtgslt%nas rﬁccor(?lngly, another mechanism is needed in

order to achieve satisfactory erosion and impact resistance performance for thermal

barrier coatings prepared from these zirconia-containing ceramic compositions having

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 perfonnance_, it has been found that the porosity level of the
resultant thermal barrier coating also has a very significant effect on impact and
{’i-_:.{') 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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While the c/a ratio of the zirconia-containing conposition has a very
strong, exponential effect on inpact resistance perfornmance, and a | ess
strong, linear inpact on erosion resistance perfornmance, it has been found
that the porosity level of the resultant thermal barrier coating al so has
a very significant effect on inpact and erosion resistance perfornmance.

Mor eover, while decreasing porosity has an exponential effect in inproving
i mpact epesidroresistanes have & fsctivmeot fovwdityarf ffam abodtd. atoeaboond.g5amorr e | i mit ed,
|l i near effect.in incr jng th | conductivity (i.e., increasing the K
val ue) tmmqf?’eﬁ“ﬂﬁlalbﬁ‘étr(ffé{” 33’85%@%‘3? Accordingly, by controlling the porosity
| evel of the thernmal barrier coating formed froma zirconi a-contai ni ng

cer am dnC&ROS beOdble 18\deR@t ZRVWGHia-eoRtainftlg Ceradiid Rbpbdifods@RAnPROVI di ng
desired reduced thermal conductivity, an appropriate balance of reduced

t her malbalaseriok satizfaciory arpacitand fezasiasy Kesistanos perforanaticé hpacntralng tteance

perfor . o) i.ped. The.porqsity.level of t.h t hermal .barrier
coatin spof)éfty &ﬁl{}lslrpﬁir?v‘g%?%dénm? 3 laaé’iff)%f Ugegh FW“3>9°‘E‘I’:‘§E‘Y5%8E‘P?}H“‘?}Falpor osity
of t he dafaaisi ¢tgaindd @nt thesmia| cobddtivey, k ResistaticRl atld &sibh irSsidtie@Nt i on that

provide an , appropriate bal ance of reduced thermal conductivity with
sat i sf REINSFUES| HfpacYaright coalngs rand eamposiiioss.antiermal sonductiviey idata isf por osity

of I ombalRl b 1k ARG neltio>: SUPASTM ¥RinGldl #1106, AbRAc: OB L0 about
0.20. I'n order’ to be able to select zirconia-contalning cefam'c
conpos ietasimsedistanceglata (ib glmiticie obfaired thystsitigthstmalrpatitr eadngy Bsihen

resi stance perfa nce by caontrolling tl’i;g} porosity within the c/a ratio
_-range Hﬁ%gﬁgﬁﬁﬁﬂl ﬁﬁ#n&ﬁe%%%’tti‘\filt 2Ced e Fardirpsion apddmppd obt ai ned
on themegb f&GONduabl Badidr CoARASY qfrﬁ)%iffg?ana&s.. of)! PRUNIHEFHSHARRS
properties of a varietyrcoatinbs an onposﬁ??&ﬁé.ﬁ#ﬁe?%gﬁbt%ﬁﬁgctivity
data i & insorpeirsted Hyy refheenées éFhif |dathobteined dby $iee BiGEVstimddar thek1461- 01.

| pae noM el ) MBS ARLEREE (2pAvide"a Mipale 'Ra ol Sack’ dht> ' "
- represents the impact and erosion resistance of the coating at a thickness of 1 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 = f(c/a, p) (5)

wherein K is thermal conductivity, I is the normalized impact resistance (i.e., impact
index), 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,
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met hod described in Bruce, "Devel opnent of 1232C (2250 F) Erosion and

| npact Tests for Thermal Barrier Coatings,” Tribology Trans., (1998),

41(4); 399-410, which is incorporated by reference. This data obtained by

the Bruce nethod is then normalized by coating thickness to provide an

i npact and erosion index that represents the inpact and erosion resistance

- of the coating at a thickness of 1 ml. Generally, the higher the index
is, theagatiansr Qi I(#) bed t(@e dapphetsolied sinvdianepuskys ite taptivdze @ircotie- coat i ng.

The (nor i- i N for thermal con tivity, .i npact resistance,
and (e%cc)’glp‘ E)dr%ﬁg géﬁa%[?%ﬁ%rﬁg%r %eo gglé'ﬁ %%gﬁg?eéﬁecg'ﬁg&%ﬁlﬂt%nﬁ!?ra 1885 f unct i ons.
These tthanabethe desinal badifee af feduCql méﬁﬂe_ilfédndiﬁ:tiﬁ/ﬁx aWSsatiffactofy iffa@t P) (3) |
=f (cla, p).(4) . Ef(c/a,p) (5 _wherein Kis thermal conductivity, | is

the norREIEFosian iesisianee peskirmangee From satisticahsaslysisederge popwatioreofior mal i zed

; : ; e v ! o ot betore  and
5 %% ho GpERnSAE Sal fabBu 5B 83 SRRt wipor hukfioh (G B miBeCogu, o "
- 10 equedistame ([)Cdnd theransfel fubdticna(s) e Gedivettskidiot (ByweaSbind @ wpti m ze

zirconia- contgining ceram gnpositions that can be processed into
t her mlfeﬁfﬁmegr%yc%ﬁgwﬁﬁ@?a{‘%ﬁﬁbﬁ 3 the desired bal ance of reduced thernal
conductivity with satisfactory inpact and erosion resistance perfornmance.
From statistical analysis of a |arge popul ation of experinental data
(about 50 data points), the transfer function (4) for inpact resistance
(1) and the transfer function. @g for erosion resistance (E) were found to
be represerlfeﬁipbﬁ-?ﬁrﬁiﬁl‘lafss)(—eé- dp){ b) below | = exp. [(®. 85 - (144 x s) -
7(3.68 x p)] (a) |

E=[187-(261xp)—-(9989xs)] - - (b)

wherein s = 1.0117-c/a ratio; and p is the fraction of porosity. The regression fit is

about 85% for formulas (2} and (b) above. "

Using formulas (a) 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

Ml

of ¢/a ratio 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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_ [187 - (261 x p) - (9989 x s)] (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 (a) and (b) above, FIGS. 3 and 4
graphically represent plots of predicted normalized inpact and erosion
resistance values (in g/ml), respectively, of thermal barrier coatings at
various porosities (i.e., defined by the fraction of porosity) as a
functi diablsfl yttria equivalent (in nole %, the yttria equival ent also
corresponding to particular c/a ratios. FIG 3 shows inpact resistance to
be an |on of , c/la ratio and porosity, while FIG 4 shows
er osi o%@@@?@ﬁgﬁﬁg a%PTelSlﬁ‘@Q? @%’ﬂb‘#l on of c/a ratio and porosity.
These nornmal i zed |npact and erosion resistance values are also presented
inthe followng Tables 1 and 2: -11 Table 1 Predicted Normalized | npact

Resistance (g/ml) Porosity c/a Yttria 0.1 0.15 0.18 0.2 0.25 0.27 0.3
0.33 RatioEquivalent (Myle 04 ..1.0167 1.6 494 411 368 342 284 264 237 212

1.0148 2.5 370 308 276PU8Et213 198 177 159 1.0138 3 321 267 239 222 185
171 1%4 137} 1.0117 4 249 200 179 166 138 129 115 103 1.91}9 4. 1Ag}§ 182
103 TRy 2t Idd 00 20 1T QWP S TR T3 e 190 2P 9037 o7 © 19
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
[10138 |3 321 267 239 222 - | 185 .171 154 137
11.0117 { 4 240 200 179 166. 138 129 115 103
- LOllO 4.1 218 182 163 151 126 117 105 94
1.0096 |5 180 150 134 125 104 96 86 71
: 1.0077 | 6 135 112 101 |94 78 72 65 58
J | 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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1.0069 6.4 122 102 91 85 70 65 59 52 1.0057 7 101 84 75 70 58 54 49 43
-12 Table 2 Predicted Normalized Erosion Resistance (g/ml) Porosity <c/a
Yttria 0.1 0.15 0.18 0.2 0.25 0.27 0.3 0.33 Ratio Equivalent (Mdle %
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 128atl2@ 115 102 97 89 81 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
therna% r % |§§s of Jthis IQ&F ion are defined in terms of the c/a
rati o Of° ?F? f EIOSH RPFIFARPAE™MN ¢ conposition, the fraction of
porosity p, and an inpact and erosion resistance property defined by at

| east one aof the above fornulas (a) or (b), and nore typically defined by
both of formulas (a) and (b). For thermal barrier coatings of this

Il nventdion-having the previously specified c/a ratios (for the zirconja- -13
cont at ni ng der ani ¢ coﬁb6§ﬁV|on) and fraction of por05|ty, | is typicplly at
| east | about
c/a Yittria 0.1 0.15 0.18 {02 025 |[027 |03 0.33
Ratio | Equivalent
(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 1141 133 128 115 110 102 |94
1.0096 |5 141 128 120. {115 102 97 89 81
10077 |6 21 |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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70 g/ml, nore typically at |east about 90 g/ml, while Eis typically at

| east about 80 g/ml, nore typically at |east about 100 g/ml. Sone
illustrative zirconia-containing conpositions having the previously
specified c/a ratios that can be fornulated into therrmal barrier coatings
havi ng the previously specified fraction of porosity, to satisfy the

i ndi cated jnpact and erosion resistance properties | and E are as follow
‘Tabl e SoWBIHIE @ride comylosition) ashiiedsian afrpotosiiynbisstypicatty 2t leZitrabouti a 94. 0

95.0 |...St abi | i 0.5.0 Yitria.4 . 8§.3.6. L 1.2 1. P i
0. 18- 0. 37508 bR GrstiBont o Rl T 2 5 SRR ot AP 80 o et
W th agihillemyrr typicillpht leustliboa: 1@NGE S6me ilusdtivé dirbddifceitsinie) parts and

conponents that are forned fromnetal substrates conprising a variety of
net al s CoMBesHEens hayingothe previensiisnepiBer efaatatios that gaml be foungpieddnted at, or

_ bl vled
Gur i ng K bAaL e FERE A Hee pFAREE pelinhl Ao FRRRRN R M monent <

can i néleildicated binpet and &rokios radistincepréeniited aad & aranesollor bi ne shrouds,
turbi ne nozzles, conbustor conponents such as liners and deflectors,
augnen&p%%gﬁrdmare of gas turbine engines and the |ike. The thernmal
barrier? ings of this invention can also cover a portion or all of the
nmet al substrate. For exanple, with regard to airfoils such as bl ades, the

t her maMdAT04i8¢ (MORYLN03 Qmfddion NVENORhodtion oY Hi cal |y used to protect,
cover|or overlay portions of the nmetal substrate qQf the airfoil rather than
the eptire conponent, e g , the ther ' oatings could cover the
| eadi pgireetge, possibly |9%4 95.0
Total Stabilizer 6.0 5.0

| Yttria 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

A  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 c0mpo'nents such as liners and deflectors, augmentor 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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part of the trailing edge, but not the attachnent area. Wile the foll ow ng
di scussion of the thermal barrier coatings of this invention will be with
reference to netal substrates of turbine engine parts and conponents, it
shoul d al so be understood that the thernmal barrier coatings of this

i nvention are useful wth netal substrates of other articles that operate
at, or are exposed to, high tenperatures. The various enbodi nents of the

t her malpatiaf theetraiing tdgeg budfiottthe sttachuent aen EVidlef the félowing disusdsioat ed by
reference, to the draw ngs.as described hereafter. Referring to the

dr awi ngg,thfrq gl BAGIES Chathishe 0 B¢ IIBTEANIOD | W) b b HEEAFTEMEIGA! t he

t her Malshiystrald o iirbirte QofrdOnattS Sfhd Wohtbohbiits, B kibu1d YRS WeahReRloo@ i i cl e

I ndi catsed generalli/ as 1,{&% As shgv}é}OPn E’I Gﬁdg‘, artigl e E%ok?as a netal
subst r gheethemail batreed cgativgs alf lthis asvefidon arsuiseful avith Metalcsbsicoepofi gberany of a
variety_o tals, or nore typical metal alloys, that are typically

pr ot ec%ﬁﬁﬁeﬁgﬁﬁtﬁg?%atb?frarr?g’ﬂ}/cg%(gﬁ h‘é?,terpﬂ?f?wa‘?sng t hose based on nickel,
cobalt and/or iron alloys. For exanple, substrate 14 can conprise a high

t enper ghuvasioleaibddBabiit 30 thedthbidYal barrfbr cotinky RE AL kf¥nti &R HHes
tenperature alloys are disclosed in various references, such as U S. Pat.

No. 5, Bistrated tyRefereaee i fthe deaydags anisdestiibed  hergdisr.aReferrdg Pathe No.
4, 116, : lhze I ' ed Qggwr k978 b lhch are
i ncor pgfai‘f'é ’ ngG'r rgf%lrc’levﬁcéegﬁgﬁsgﬁtﬁg{éirper atoar%g egﬂﬁoggrgelgr%%f’gge%g&er ally
descr i badlict Dodfingkusell with the rhetaly albepstdict aafarfigle mdisdted gelvrallyogy10.3rd Ed.
Vol . 1%@ p. 417-479 (1980), and Vol . 15, gp. 787-800 (1981). Illustrative
hi gh n%@m By E1Gii exartickad@ohag) 2 ayadalasubsiuals igdigated gepesaly asy be names
* hnconek(ipdmate N BN HSHse RFHFEVa n pi Jaiys 2l 1 0ys),
“and Udlbrret (are) . As d%gslf:rsiebe abc?\?(gﬁr (?%lgett%;%bgl( %%mgg'glsctarﬁg?lg&%fﬂgg% vary
wi del ythabuate iypicadlyr mpteetdntathormal bhmier tdoatifgsr inchafing thase ased part or
conponen S as.an.airfoil (e.g., blade) or r bi ne shroud,, shown in
R itk el 50RO AR bl e 1 AR reomidtd Bishgener al |y
as 18 Hﬁﬂserat&e,aﬂéa@@&mtaﬂtguay,de.g.y@ ShpR MoK DifchHigh dhpeBRRd 083 ac@yer 18 is
ypically ) _ ‘ ‘
_ _dlsclosed in various references, such as U.S. Pat. No. 5,399,313 (Ross et al), issued
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

'.\_ _/l

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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formed froma nmetallic oxidation-resistant material that protects the
underlying substrate 14 and enables the thermal barrier coating indicated
generally as 22 to nore tenaciously adhere to substrate 14. Suitable
materials for bond coat layer 18 include MIAY alloy powders, where M
represents a nmetal such as iron, nickel, platinumor cobalt, or N Al (Zr)
conpositions, as well as various noble netal diffusion alum nides such as
ni ckel thbsenformed withoyt! mdhilerunetals) m Thislhondscoae|lhyers1&icapl e appliedni des

(i.e., ,-15 those, forned w thout_ noble tals), This bond coat |ayer 18 can
f)e appldeapsited QI pibsnvise g}’mﬁ‘ﬁ Q8 SHP&tEate 3p:$dm8’n°§'£‘|6’§{1?‘é(t%f awvegtional,” of a

‘ . ] ! : H e e
(PvDy . teSiqies R 88 BiyolchE Vabeh Boposit (VDR MR WRGOLBREE ' D1 o
spray, physicaldiapgr @pO(Sjipiloaiﬁﬁ-ﬁﬂbhplzﬁﬂdﬁsprayaiﬁdludﬁrgr,]ajnﬂnakm? sprag RARY) (1YPSI) , or
h h I it I, velocjty ,oxy-fue
e gt Bt PR (MRS et G eyl e deapitian et sHeh 4 on- ( VD)
‘pack cqag%arohw@:@%mmvourwas%ﬁaﬁldelfagaﬁ%{,g& wetﬁﬁafa&ﬁnﬁéalg%P@Bﬂenden ot

di ffusi on al umnidés (see, for exanple, U’S. Patent 4,148, 27
al), i gspesition$;YIP), pack qanentationend Papentthase dedinidibg (Héweaase effmeth) , i ssued

v o iR S e P ERUE Y Lo T8 S PRSI B! b 25

di scl ogeprildin] QUE); AP SaP&entss,or8]7IRHGMed fe0 bl), BRRKYIURE2 T fH9siens&a un ni de
coatings, or conbinations of such techniques, such as, for exanple, a

conbi ndf-SoRatert GPASEH SMentiowsld afialk dsshesh Mareh? hi H00; &l 1ok ek aredTypi cal ly,
| . ' i ' ' oat
Payer (BRI, ) betithOl shESHILIUERIAL SO, IFlads® BEPIRBRADRIE T (e

‘range applyfngodiffakiontaliminédeadratihgs @r khindidatiommfhetttedmidues admohitas 500 _
m crons). For bond cqQat _layers 18 deposited by PVD techni ques such as
- EB- PVD% XAREs P FYTUNRATCR; %tgpéﬂpﬁé&@’eé?& OHESon alupuuide; tschpiguest ypi cal |y

i n the ThaRaRy, Ofladh® @b WitdifudbiP WehRightd &re employed to deposit bond coat
| 'layer 18. Usually, the deposited bond coat layer 18 has a thickness in the range of

from about 1 to about 20 mils (from about 25 to about 500 microns). For bond coat
laszers 18 deposited by PVD techniques such as EB_—PVD or diffusion aluminide
‘prl‘écesses, the thickness is more typically in the ranée of from about 1 about 3 mils
(from about 25 to about 76 microns). For bond coat layers deposited by plasma spray
tebhniques such as APS, the thickness is niore typicaliy 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
variety 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 contraét, 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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(from about 25 to about 76 microns). For bond coat |ayers deposited by

pl asma spray techniques such as APS, the thickness is nore typically in
the range of fromabout 3 to about 15 mls (fromabout 76 to about 381
mcrons). As shown in FIG 5, the thermal barrier coating (TBC) 22 is

adj acent to and overlies bond coat |ayer 18. The thickness of TBC 22 is
typically in the range of fromabout 1 to about 100 mls (fromabout 25 to
about ZEwCcomipositios)andrtbickidst of eipebehdugman 18yer 18] ARt YBOf2X @ettgpisally ncl udi ng
the design paraneters for article 10 that_ are involved. For exanple, for

t ur bi né‘dgﬁpe ultfs proyige QEPIPE“%t9p(§E}§$ 1y mimies thepanalj gregsasabetyyesm thae range

of f romaﬁ_gﬁlé"fa?/gl@ ah@ 1M A0 144 ﬁlaé%ﬁﬂﬂéi % 21% 1 bﬁ%%o %%%t{n;)cr ons),

nore typically fromabout 40 to a rom about
1524 nifomo rsepstrat®yl 4cantads bther. n Inhgenerd ethef CTEs ifnihe blegsbedye TBEr22 i s

typically thil | S. VAN th f f bout 1t bout 30
Pl R R SRR 2 SR S T B 250,200, 2
about 3k Wwest CTEORMiBORSHA c68t ThPeraiRAE ﬂé%%lﬁeésggg.s) . -16 The conposition

and thickness of the bond coat” | ayer 18, 22 are typically adjusted
to provide appropriate CTEs to mnim ze thermal stresses between the

var i ouaferiag do i FIGeS,sTBE 22020 Bedappbied hdaposited omotherwsis¢ &yeed ar e | ess

prone hstrate .14 or e ther. In.general, the CTEs of
Phe r coBa ERLAVE, 18 B9 TNRRLIAYF kel BYDR 88 i BesBH B a2 1 6

bond c®aimiphysital Mpor depositibBERL WIBiStectniquds OWRS pafibilar Yhhiqudags coat |ayer
18 has the highest CIE. Referri n%_ to the FIG 5, TBC 22 can be applied, -
deposi T¥HARNYIBEHESPRFLERE 05 osavise TomaiRg 18222  wilkctypicsllydeptndsorc e vapor .

Gopos! Aol Py a0 Mkt L oR 60 OSSR AL AL 0,

appl yi A@BC d2pBYx fenbniquesdedrbtovbesesefud imforenidBTBRZ2 haiink a4 stpicalldryntdepend on

the conposition of T .its.thickness and especially.the physical
struct ﬁggmalég isiiné(auqeor%ng %2 18 typlcaﬂy _tJ(()rmeds frgm zuco%?a—contai%mg cera?m%é
.compositions of this invention by EB-PVD techniques to provide a strain-tolerant

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 zircorﬁa—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 _5 coating chamber with a gas (or
gas mixture) that preferably includes oxygen and an inert gas, though an oxygen-free
cdating 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 ca_rri_ed out during deposition of the zirconia-containing ceramic
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TBC 22. PVD techniques tend to be useful in formng TBCs having a
strain-tolerant columar structure. TBC 22 is typically fornmed from
zirconi a-containing ceramc conpositions of this invention by EB-PVD
techni ques to provide a strain-tolerant columar structure. Various types
of PVD and especially EB-PVD techni ques well known to those skilled in the
art can also be utilized to formTBCs 22 fromthe zirconi a-containing

cer am composipers di itlenborBemat fayer £ dnyplagticulir $he Prasant abd/6dEnfRmngR cker by et
al), issued July 997 (especially col. 3, lines 36-63) and U. S. Patent
5,716, ¥ ?Wﬁﬁﬁﬁ?%?rﬁﬁ?ﬂ@ﬂ£cﬁgﬁ$ﬂgmy 10, 1998) (especially col. 5, lines
24-61) and U. S. Patent 6,447,854 (Rigney et al), issued Septenber 10 2002,
whi ch aWigleakpecifitc @bolRiAts BY th&RABROE @f thEi frefhe intRbY e chzhques for
use herein typically involve a coating chanber wth a gas (or gas mxture)
t hat pd@ﬂcébgglly wiH dreuenparenk yoy drosarsiiilled inrthe tartgthet varimsgnodificgtiongen- f r ee

coatin re n als e | oyed, The.zirconi a-containing ceramc
conposi e?%ﬁncﬁgrf%&a%gv%%lb?ugt%aa@gghE%’Pe@Fr%r‘P cquc?,-@)@& B or exanpl e,
i ngot sinvehtidhes dufinadircthe appaded ¢leim$0 as to produce a vapor of netal ions,

~ oxygen ions and one or nore netal oxides. The nmetal and oxygen ions and
met al oxi des reconbine to form TBC 22 on the surface of metal substrate
14, or nore typically on bond coat |ayer 18. The porosity of TBC 22 can be
-controlled within the desired range previously described by adjusting the
condi ti ons under which the PVD/EB-PVD technique iis carried out during
deposition of the zirconia-containing ceramc -17 conposition on the bond
~coat layer 18, in particular the pressure and/or tenperature conditions

- (e.g., by reducing the pressure). Wile specific enbodi ments of the nethod

“of the present invention have been described, it will be apparent to those

- skilledin the art that various nodifications
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thereto can be nade w thout departing fromthe spirit and scope of the
present invention as defined in the appended clains. 18 CLAIMS 1. A
thermal barrier coating for an underlying netal substrate which conprises a
zi rconi a-contai ning ceram c conposition having a c/a ratio of the zirconia
~lattice in the range of from about 1.0057 to about 1.0110 and stabilized
in the tetragonal phase by a stabilizing anobunt of a stabilizing netal

oxi de, th&LAIMSml barrier coating having: A a fraction of porosity of
fromabout 0.15 to about 0.25; and B. an inpact and erosion resistance

- property defined.h | east _one.of th f.oll om ng for

[5.85 - (%214 x%s eﬁn?? agT copyne for apyin IW%WG%@SQBtf%%S@O‘ﬁp%‘ﬁ; a V\/ner ein
s = 1. Ollﬁlrcorﬁé-aoﬁtaﬁlh% cdParhi® ddﬁﬁ)dcsftﬁaﬁtlia@fihg?_i cROAS lof Yhe hréo?n@fattk&eiﬁt about
70 g/ml; and Eis at |east 80 g/m|l he coating of claim1 which has

a strain- tﬂtﬂ I@ﬂ&%f’f’@@mmbﬁﬁ‘rlg@iﬂ@tahoéﬂgllqm gakitizadgndhe tetragonab phdser ei n t he
c/a rati o r bout 1 Q0. bout. .1. 0096. .4. The
coating o gﬁ‘ﬁ%@ﬁl\%%ﬁgﬁlﬁ {} %Bég%m%nm% lgg’sfl} lgnaflr]%ﬁweotrbfi(lﬁu §.18 to

about O. 2ﬁavlﬁg. The coating of claim2 which has an inpact and erosion
resi stance property defined by both of formulas (a) and (b). 6. The

coating of claim5 erein is.at | east about 90 g/m| and E is at |east
about 100 g/ i A action of porosity of from about 0.15 to about 0.25; and
B. an impact and erosion resistance property defined by at least one of the

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

wherein s = 1.0117 - c/a ratio; p is the fraction of porosity; I is at least about 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 claim 2 wherein the ¢/a ratio is in the range of from about

1.0069 to about 1.0096.

4. The coating of claim 2 wherein the fraction of porosity is from about 0.18 to
about 0.20.
5. The coating of claim 2 which has an impact and erosion resistance property

defined by both of formulas (a) and (b).

6. The coating of claim 5 wherein I is at least about 90 g/mil and E is at least
about 100 g/mil.

7. The coating of claim 2 wherein the stabilizing metal oxide
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~ 7. The coating of claim2 wherein the stabilizing netal oxide 19 is

sel ected fromthe group consisting of yttria, calcia, ceria, scandia,
magnesi a, india, |anthana, gadolinia, neodym a, samaria, dysprosia, erbia,
ytterbia, europia, praseodym a, and m xtures thereof. 8. The coating of
claim7 wherein the stabilizing netal oxide is selected fromthe group
consisting of yttria, |anthana, and m xtures thereof. 9. The coating of
claim8 wherein the stabilizing netal oxide is yttria. 10. Athermally
protected article, which conprises: A a netal substrate; and B. a therma

barrier cqat&n§:¥@jchtcoq?rises.f ziéﬁﬁgia-fontalnin . ceram c copposition
having a o SOFaft GOBk hE g P FOBRTES PaltTe &4 PR StaftHe "BE"PY B Mdbout

1. 0057 to jamBata, 1 gfdolRiAndesdyaih) | #@chriad BPGrodiet AIANAlttePHAS Cedpid
stabilizing amount of a stabilizing netal oxide, the tthermal barri'er

coati ng hd¥pssgdymia, endimixgurentherspfpor osity of from about 0.15 to about 0. 25;
and 2. an inpact and erosion resistance property defined by at |east one of

the follawi ng -horiulas: = [ - - 1388 X an) 1 (b)
E = [187 EW( 2611%)% "’é?*“?gs‘zfgf'g%@ Jg(wgﬂ%&i) %ér?aé’uﬁ%‘%g éé@f‘é’?f‘%is-selceﬁ‘géd&g"t‘?@;@ Dis
t he fract igroupfonsistingof ytirial lanthaheamtl neiktuwés thetegf M | ;  and E is | east about
80 g/ml. 20 11. The article of claim 10 which further conprises a bond

coat | ayer, adj acent to overl ayi t tal substrate and wherein the
i nner | gy L JS jcgetit}ﬁof?: q%wﬁere};l trﬁg sta{}i?izmneg metal oxtlp € 1s yitria.

10. A thermally protected article, which comprises:
A. a metal substrate; and

B. a thermal barrier coating which comprises a zirconia-containing
ceramic composition having a c¢/a ratio of the zirconia lattice in the
range of from about 1.0057 to about 1.0110 and stabilized in the
tetragonal phase by a stabilizing amount of a stabilizing metal oxide,

. the thermal barrier coating having:

1. a fraction of porosity of from about 0.15 to about 0.25; and

2. an impact and erosion resistance property defined by at least one of the
following formulas:
(a) I=exp. [5.85- (144 x 5) — (3.68 x p)];
(b) E=[187 - (261 x p)— (9989 x s)];

- wherein s = 1.0117 — ¢/a ratio; p is the fraction of porosity; I is least about 70 g/mil;
and E is least about 80 g/mil.
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overlies the bond coat |ayer. 12. The article of claim 1l wherein the
thermal barrier coating has a thickness of fromabout 1 to about 100 mls.
13. The article of claim12 wherein the thernmal barrier coating has a
strain-tolerant columar structure. 14. The article of claim 13 wherein
the c/aratiois in the range of fromabout 1.0069 to about 1.0096. 15.
The article of claim 13 wherein the fraction of porosity is fromabout 0.18
~to . about 0.20. 16. The article of claim13 wherein the thermal barrier

coating h an _[nmpact and , erosion resistance property defined by both of
f or mul as (alj) a e(‘lﬁjcﬁ‘? ‘1“9333’?}1130 B’P%‘ihcfllﬁh‘gfcoﬁpélﬁ‘?ﬁ?l@%f@?telﬁyprla@%?f&ttoI east
about 90 %beemgﬁhéﬁle%sﬁmfemﬂ cift Bk éplﬁy(frgsf%d%gn{%ﬁ%t%raﬁlﬁde of claim

13 wherein the stabilizing nmetal oxide Is selecte group

consi st i ngveflieytherbioad ceallayea, ceria, scandi a, magnesia, india, |anthana,
gadolinia, neodym a, samaria, dysprosia, erbia, ytterbia, europia,
praseodym a, and mixtures thereof. 19. The article of claim 18 wherein the

stabi | i zi ng. metrak aaza&@fdlﬁnﬁpgc hERHh the MBI anKr AR EORS SthicFeRbr YL LT &,

| ant hana, and m xtures thereof 20. The ariticle of claim 19 wherein the

st abi i zi dpmnehoat [ oxalepmt 180 puilsr i a. 20a 21. The article of clai m13 which
is a turbine engine conponent. 22. The article of claim21 which is a
turbine shroud and wherein the thermal barrier coating has a thickness of

from about1330 tTheahitd ofiaiffi 15wh&3in thE thedhbli KakPer@battl P a%kaibiofRarts a

turbine airfoil and wherein the thermnmal
- colunmar structure.

14.  The article of claim 13 wherein the ¢/a ratio is in the range of from about

1.0069 to about 1.0096.

15.  The article of claim 13 wherein the fraction of porosity is from about 0.18 to
~ about 0.20.

16.  Thearticle of claim 13 wherein the thermal barrier coating has an impact and

erosion resistance property defined by both of formulas (a) and (b).

17.  The article of claim 16 wherein I is at least about 90 g/mil and E is at least
about 100 g/mil.

18.  The article of claim 13 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.

19.  The article of claim 18 wherein the stabilizing metal oxide is selected from the

'group consisting of yttria, lanthana, and mixtures thereof.

- 20. ~The ariticle of claim 19 wherein the stabilizing metal oxide is yttria.
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barrier coating has a thickness of fromabout 3 to about 20 mls. 24. A

nmet hod for preparing a thernmal barrier coating for an underlying netal
substrate, the nmethod conprising the step of depositing over the netal
substrate a zirconia-containing ceram c conposition having a c/a ratio of
the zirconia lattice in the range of from about 1.0057 to about 1.0110 and
stabilized in the tetragonal phase by a stabilizing anount of a stabilizing
nmet al oxi de selected fromthe group consisting of yttria, calcia, ceria,

scandi a, gnesia..indig,. | apnt hana, gadolini.a, neodym a, sanari a,
dyspr osi_a,ﬂgr bﬁj’,ea%}tfcrl%?%‘?}g?@ ﬁ&’?‘&&lﬁ?%ﬁ%&@g}ﬁf%}m Lni xtures thereof to
forma thermal barrier coating having: A a fraction of porosity of from

about 0.15 to about 0.25; and B. an inpact and erosion resistance property
defined by2at [Tdgstticlopkclaim 2hwhichlis awirbige sioomnd kad whemjn thetheempl [ 5. 85 -

(144 x s) o 69 e = [187 -,.(,26 ~ (9989 x s)]; wherein s
= 1.0117 b C acc?%{rfégf;ﬁ ;%@g@%%&ﬁ%%ﬁ%%‘ﬁmgfm é?%gi%%r?’:ls'l is | east about 70
g/ml; and Eis at |east about 80 g/m|. 20b 25. The nethod of claim 24
wherein a bond coat | ayer is_adjacent to and overlies the netal substrate

and wher ei?A: t hdheReiciedt daim 2ewhichas # hgbing airfrilend vhereinéhetbamnaloat | ayer .
compos 1 o g F R R O 0% orma. € her ma
‘barrier coating having a strain-tolerant columar structure. 27. The
met hod of claim 26 wherein the thermal barrier coating is forned so as to
aVe o BRACt AR R Phegaie s ermal bORREr by Kohan Shdetiing omerat* ™ °°
substrate, the method comprising the step of:
depositing over the metal substrate a zirconia-containing ceramic composition
having a ¢/a ratio of the zirconia lattice in the range of from about 1.0057 to about
1.0110 and stabilized in the tetragonal phase by a stabilizing amount of a stabilizing
metal oxide selected from the group conmsisting of yttria, calcia, ceria, scandia,
magnesia, indta, lanthana, gadolinia, neodymia, samaria, dysprosia, erbia, ytterbia,
europia, praseodymia, and mixtures thereof to form a thermal barrier coating having:
A. a fraction of porosity of from about 0.15 to about 0.25; and
B. an impact and erosion resistance property defined by at least

one of the following formulas:
(a) I=exp. [5.85-(144xs)~ (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 about 70 g/mil;
and E is at least about 80 g/mil.

~ 20b




(b). 28. The method of claim?27 wherein the thermal barrier coating is
formed to have an inpact and erosion resistance property defined by
formulas (a) and (b) such that I is at |east about 90 g/m | and E is at

| east about 100 g/m|. 29. The nethod of claim 26 wherein the thernal
barrier coating is formed froma zirconia-containing ceram c conposition
stabilized with a stabilizing netal oxide selected fromthe group
~consisting of yttria, |anthana, and mixtures thereof. 30. The nethod of
claim 27 wherein the thernal barrier coating is forned to have a fraction

f ty f about, 0,20 rom Zi rconi a-
gonltoglr grSIng%cgr gfr% gﬂ%@&?gf;?i 7of ts"@jef)ellf'l ;’%dﬁﬂtﬂa}ﬁrt‘? ?‘&a?ggg%% (hvé’ 3¢/ a
ratio in tthemefaamgﬁtr&fe ahd oMo the tHerfdbBartier @gHE islfol88&Pen #RBond coat

layer.

26.  The method of claim 25 wherein the zirconia-containing ceramic composition
is deposited by physical vapor deposition to form a thermal barrier coating having a

strain-tolerant columnar structure.

-27.  The method of claim 26 wherein the thermal barrier coating is formed so as to

have an impact and erosion resistance property defined by both of formulas (a) and

(b).

28.  The method of claim 27 wherein the thermal barrier coating is formed to have
an impact and erosion resistance property defined by formulas (a) and (b) such that I

is at least about 90 g/mil and E is at least about 100 g/mil.

29.  The method of claim 26 wherein the thermal barrier coating is formed from a
zirconia-containing ceramic composition stabilized with a stabilizing metal oxide

selected from the group consisting of yttria, lanthana, and mixtures thereof,

30.  The method of claim 27 wherein the thermal barrier coating is formed to have
a fraction of porosity of from about 0.18 to about 0.20 and is formed from a zirconia-
containing ceramic composition stabilized with yitria and having a c/a ratio in the

range of from about 1.0069 to about 1.0096.
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